Historical review of seismic studies

on siruecture of Voleanoes (*)

R. PERAMATTEL —~ WW. M. ADAMS {(**)

Received on June 20th, 1973

Rrassuxto. — Metodi sismiei i investigazione in zone yuleaniche
possono csscre considerati di tipo attivo, in eni la sorgente di energia ¢ con-
trollata dall'investigatore (esplosioni), o passivo, in cui la sorgente di encr-
aia & naturale (seosse sisiniche). QGuesto lavoro intende dare un guadro delle
ricerehe pin signifieative che sono state fatte in Giappone, linione Sovictiea,
Stati Uniti ¢ altrove.

BuMMARY, — Seismie stuldies of voleanie areas can be considered cither
active, in which the sowree is eontrolled hy the investicator, or passive, in
which the natnral sources are used.  This paper reviews some of the more
significant worle that has been done in Japan, Russia, the United States,
and elsewhere,

INTRODUCTION

Voleanoes and voleanological phenomena have been studied for
many years using petrology, mineralogy, seismology, and other disei-
plines of geology and geophysies. Direet exploration of the Toarth
beneath active voleanoes is not yet feasible, henee, generalizations made
on the mechanism of eruption and internal structure have had {o be
mostly of a qualitative or speculative nature. It is only in the past
decade that quantitative studies ou the strueture of voleanoes und the
mechanies of voleanic phenomena have started to appear in the litera-
ture, and the bulk of them have appeared in the past three or four
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vears.  Most of the knowledge aequired during this “greal leap for-
ward”™ was obiained from geismic data recorded partly by standard
permanent stations but mostly by temporary stations equipped with
high-frequeney, high-gain instruments.,

[n the study of voleanoes we are faced with the situalion thai
the geophysicist nsuadly encounders in most of his work, namely, he
has a set ol data observed on the surface and caused by phenoniena
oceurring at depth,  The approach is then basically one of construet-
ing models to 1it the observations i this usually leads to 4 non-unigue
solution,  The use of 41l 1he tools of geophasics is required o reduce
the number of acceptable models (o 4 minimum.

Beismie stwlies of voleanie arcas ean be grouped into two catego-
ries: (1) aclive seismic experiments, i.e., refraction and reflection sur-
veys; andd {2) passive seismic experiments, i.e,, analysis of earthquake
or micrgearthgquake data from permanent or temporary stations. We
will review the recent literainre lo oblain a general picture of the
progress nuade so fur.

ACTIVE BEMIC KEXPERIMMERTS (ERrrACTIoN AND REFLECTION SURVEYH)

For several reasons, reflraction and reflection seisnology have not
been employed very frequently in voleano studies.  The most impor-
{tant of these reasons are: (1) the heretodore Inek of economie motiv-
ation — which now exists in relation to the new importance assumerl
by voleanoes as possible sourees of thermal energy; (2) the high aften-
ualion of scismic energy by the highly fractured and porous voleanie
maferialy and loose deposits, such as ash and pyroclastic deposits;
{3) the high noise levels; aml (1) the logistie difficulties due 1o the
rnggedness of voleanie tervain,

Jaray — The few attempts that have been maile fo use active
methods have met with varying degrees of suceess in Japan., Some
of the earliest seismic surveys on voleanoces were carried out on Showy
Shinzan (%) and on Ase voleano (32).

ILawarr — Several seismic surveys have been carried out in the
Hawailan Tslands.  One, nsing reflraction traverses, both on land and
offshore, resulted in a structural model (shown in Figare 1) of ihe
Koolauw voleanie range ('%), which is the youngest of the two major
ranges comprising most of the island of Oahu, The instrumentation
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used in this study counsisted of II8 L5 eps geophones, Fortune Elec-
tronics model T-1 transistorized ampliliers, and 811 oscillographie
cameras.  One of the inferesting discoveries of {his study was the pre-
senee of high veloeity, 7.6-7.7 km/sec, material at shallow depth, 5 to
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— A structwral eross section of Kooluu Veleano on the island of
Oalm, Hawaiian 1slands [from Forumolo et al. (1)

Pig. 1.

6 km under the rift zone, and in the plng of the voleano at abont 2 km
depth, During the course of the same study, the dimensions and the
depth of the high-velocity plug underlying the ealdera were obtained
from refraction datag the possible presence of a magma chamber (shown
in Figure 2) at a depth of between 3 and 4 km was inferred from reflee-
tion arvivals (2).

The island of ITawadi, the only island of the ITawaiian Islands
clhiain with active voleunoes, was the site of a refraction snrvey cuarried
out with the same instrumentation nsed in the previously mentioned

Koolau survey (1), This survey, carried out on a cinder cone at an
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elevation of over 13,000 feet on the top of Manna Kea voleano, wag
the fivst on the internal strueture of a einder cone. It failed to show
the presenee of a hidden lava plug or any solid layers.  The interpre-
tation of the travel-time data used Lhe method of aplanatic surlaces (12)
beeanse conventional interpretation techniques conld not he nsed due
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Tig. 2. — Interprefation ol the refraction data obtained on Keolan Veleano,
Oalhn, Hawadtan Islands [from Adams and Purumoto (23],

to the great scatter in the data points. This method, previeusly
applied enly te outline the structure of salt domes, proved Lo be guite
afficient in this study, and probably could be advantageously used in
seismic invesfigalions of other voleanie features such as calderas,
eraters, and so forth.

Ryall and Bennett (¢7) published the results of a 115-lan long,
partly reversed, vefraction profile carried out in 1963 on Hawaii, from
Hilo on the castern seabonwd, across Kilauea voleano, to Kalae on
the southern seaboard (see Figure 3). Ralial arrays of six vertical
2 ¢ps seismometers spaced 0.5 km apart received the signal produced
by explosions of charges ranging in size from 48 up to 250 pounds
ol nitro-carbo-nitrate defonated offshore at: two positions, at each end
of the profile. One additional 100-pound charvge was detonated on land
near the Hawaii Voleano National Park Lo obtain additional data for
the portion of the profile covering the summit of Kilanea. The record-
ing was accomplished photographically by a low-frequency refraction
system (VLE-1, Texas Instruments). Additional data were provided
by the Hawaii Voleano Observatory Kilanea network, whose stations
use short-period 1 eps seismomelers aid peak magnifications of 20,000
Lo L0000 at: 0.2 see, and by a system, consisting of matehed short-
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period seismometers, amplifiers, il a2 multichannel photographic
recording oscillograply, used by a team of visiting Japuanese scientists.

The composite travel time eurves shown in Fignre {a, consisting
of the Milo and Kalae profiles plotted together, show evidence of the
diffieulties encountered in the interpretation due to the following
rensous: (1) the Pr branch of the Hilo profile has two breaks in slope
rather than being a straight line and overlaps the Kalae line [or only
25 lkmy; (2) the lack of reversal for the other two branches of the travel
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Fig. 3. — A topographic map of the island of Hawaiiin the Hawaiian Islands.

Elevations are in feel. Riff zones are denoted by short-dashed lines; fanlkt

systems, by long-dashed lines, Cireled dots show location of the sholpoints;

solid triangles show locations of the fixed siations. Solid dets are temporvary

stations for the Ililo shots; open eircles are temporary stations for the Kalae

shots. Cireles thal are half-closed show locations of lemporary stations
used for hoth shotl sevies [from Ryall and Bennet (373].
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fime ewrves: aul (3) the gross disparity between the apparent veloeity
awld the intereept time of the infermediate branches,  Due to these
diftieulties, seistie veloeities for the various layers had to he asswned
and the interpretation of the travel-time data hal to be earried ont
by approximmtions based on these ionitially assumed values.  From
all the aceeptable structiral models obtained in this manner, an aver-
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age erusfal structure consisting of three layers was obtained (see Fig-
ure by This model shows the presence of 2 normal fault with a total
vertieal oftset across it of 7.0 km, This fault could be reluted to either
the northeast rift of Maunn Loa or the east pift of Kilauea or both
{sec Figure 3) through observativug nuule at two of the fixed stations
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of the Hawaiiun Voleano Observatory at which o dlelay of 1he arrivals
wias observed

as expeeted if the fanlt crosses the refraction line in a
northwesterly direction.

The interpretation of Ryall and Bennett seems to receive support
from the gravity profile shown in Figure de after removal of the two
highs above the daghed poriion of the line, if 1hese highs are assumed to
be due fo near-surface zones of dense materinl — a shallow maging
chamber under the summit of Kilanea and dense material at the south-
west rift zone of Manna Lea.

Additional seismnie refraction surveys along the northeast, sonth-
west, and west eoasts of Hawail, caoried out in 1964 by UL 8, Geologieal
Burvey, were reporied by Hill (%), Five refraction units, each con-
sisling of six vertical seisnomeiers (1 ops) in a linear array 2.5 km long,
hoth magnetie and pholographic mualti-channel recovders, were placed
aft 25 km infervals along each coast to monitor shots congisting of 300
to 400 pomuds of nitraanen fired olfshore at 10-lan intervals.

Additienal recordings were provided by 1he fixed sialions of 1he
Hawalian Volecano Obgervatory network, which also recorded the
data frem three 500-ton chemical charges deloded by the TJ. 8.
Navy in 1968 on the Islaul of Kahoelawe as part of the Sailor Iat
program.  The latter were also recorded by two mohile units,  Figure
& gives the location of stations and shotpoints as well ag the loeation
of two seismic refraction profiles shiod by Servipps Institution ef Oceano-
graphy in 1962,

From (his work the crustal strueture was found to he composed
of an uppermost layer formed by the acenmulation of lava 4 to 8 km
thick, with P velocities increasing within it from 1.8 o 3.3 kmjsec.
This layer overlies what i probably ihe original oceanic crust, also
having a thickness ranging hetween 1 and 8 km, with P velocitics of
7.0-7.2 kum/see which in turn overlies the upper mantle with a I velo-
city of 8,2 lanfsec under most of the island and 8.1 km/see nnder Kilauea.
The structure under the northeasi and southwest flank of Kilauea is
also composed of two layers, of whiel the upper has £ velocities ran-
eging from 1.8 to 5.1 km/sec, and the lower, 7.7 kins Their combined
thickness is 11 to 12 kni.  Figure 6 shows an idealized erustal siructure
of 2 Hawaiian voleano, basel on Kilauea mostly.  The struelure under
the central part of the voleano is perforee lnrgely hypothetical, and

more data are needed.
ALasEa — Lamont Geological Observatory’™ seismological pro-
grim in Alaska’s Katimual Peningula included refraction fraverses in
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Tig, » — Topographic map of Hawail in the lawaiian Islands. Elevalions
are in feet, Loeations of shotpoints, mohile recording units, and permanent
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Abbreviations for seismograph station lecations are;

A, Aliua; D, Desert; Ka, Kamuela; Ke, Kealakcekua; ML, dMauna Lioa;
MP, Makanpuhi: NB, Norih Bay; NP, North I’it; Pa, ’alioa; U, Gwekahuna;
W, West Tt [[rom 1L (73],
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Mg, 6, — Cvoss-seetion of a typieal Hawailan voleane (based largely on
data from Kilauea)., Dashed lines indicate less definite boundaries betweoen
L wave veloeities, siven in kuwfsee, The seetion to the vight of the vent shows
the stroetmee under a major vifl zone; the seetion to the left, the shmetare
under a typieal flank. The struclure umder the swimmit represents the
shallow magma ehamber and main conduit of the voleano suggested hy
Baton and Murata (%) and a possible configmation of the enmnlate-filled
fossil magnin chamboer sugeested by Jackson (#¥). The deercase in P-wave
velocity sugeested at 60 km s hypothetical [from 1l (7))

the Kalmai Nutional Monument. The instrumentation for the tra-
verse reported by Ward and Matumoto (30}, whose interprefation is
shown in Figwe 7, consisted of a Lamont short-period amplilier, a
chart recorder with & mm/sec speed, and a geoplhone with 4.5 ¢ps
natural frequeney. Three more refraction fraverses (see inlerpreta-
tion in Fignre 8) were carvied out Iy Sbhar and Matumoto (28) using
four HS-1 4.5 eps geophones, a 8. 1. E. Model GTR-200 fonr-channel
amplifier, and o Century 666 six-channel oscillegraplh using divect
writing paper. The loeations of these profiles are shown in Figure 9.

Even though <due Lo National Parks regulations explosives conld
not be used and the only energy source was a 10-pound sledge hammer
striking an aluminum wedge, these traverses provided information on
the thickness and extent of the 1912 pyroclastie deposits in the Valley
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of Ten Thousand Smokes and revealed the presence of moraines in
the tuff. Two or three layers found, depending on location in the
main body were interpreted as different phases or eruption; the in-
creasing thickness of the deposit near Novarupta suggested it as the
center of eruption,

P~ e D T

BV - BADHEN T

L

Fig. 9 — Map of the Valley of Ten Thousand Bmokes, Katmai, Alaska,
showing the loeation of the seismic refraction profiles of Ward and Matu-
moto (%), denoted by I, and of Bbar and Matumote {1972), denoted
by =<1, =||=2, =|]=3. The broken lines indicate fopographic henchies seen
along the slopes of the surrounding ranges [from Sbar and Matumoto (%)),

KAMCOHEATES — A seismie refraction survey in a very active vol-
canie area is the one reported by Balesta and Farberov (3) of Piip Crater
on the flank of the Kliuchevskoi Voleano in Kamchatka. Those anthors
were able to determine the structure and the size of the injection area
of magma in the upper part of the conduit feeding the crater. TFigures
10, 11, and 12 show the locations of the profiles and interpretations of
the data. This is a first step towards understanding the mechanism
of the formation of adventive eraters on this voleano.

In their study, Balesta and Farberov carried ont measurements
of the velocity of seismic waves through flnid lava in the area of magma
injection. Their observed P-veloeities, ranging between 750 and
860 m/sce, scem low compared to laboratory studies.



536 k. PIERMATTEL — W. M. ADAMS

-
. Og Line of bocas
e c
L3t - P
fo-o, Frofite 4
L] \ . -
| |
Crater .

explosion funnel

Profile 1

Fig. 10, — Map of scismic profiles around IMip voleano i Kamehatka,
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struments; amd solid lines, the profile arrangements [redrawn after Balesta
and Farberov (*)].
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Tig. 11. — Model for seismic scetion along the lower proflile, =|- 1, of Figure 10,
The break-through fraciure is at the center [redrawn after Balesta and
Farberov (M].

Fig. 12. — Behematie section acress the break-through fracture of Piip
voleano, The central maderial (1) is injected lava, surrounded on both
sitles by pyroclasiic material (2) [redrawn after Balesta aud Parberov (3)].
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PASsSTVE SEISMIC EXPERIMENTS

Sinee the work of Omori and others in the 19th century, the stuily
of earthquakes from voleanic areas hus proved vuluable in providing
information on the internal strueture of voleanoes. Depending on {he
amount and quality of the available (data, two major diveetions of
investigation ean be ccnsiilered; these are (A} seismicity studies, and
(B) studies te determine the presence amdd size of zoues of melting
below the surface by analysing the attenuation of seismic body waves
travelling through then, or the screening effect of sueh zones on the
shear waves,

Although the firsf reports on the attenuation of seismic waves by
melien magma bdies were based on seismograms oblained  from
standard seismegraph stations, most of the work in recent years used
portable microeartliquake recovding-systems. The latfer have the
advantage of supplying a great amount of data in a short peried of
time, and in arens far from standard seismograph stations.

KayMeHATEA — Portable stations used in eonjunciion with con-
ventional seismie stations gave goodl results in locating magma cham-
bers midder some of the Kamehatka veleances, considering the short-
comings of standard stations, i.e. the constraint of the wave paths (over
which there is no control), the seareily of slations at suitable loealions,
and the fact that standard seismographs have teo low a frequeney
response to detect the shadow eaused by magma chambers less than a
few kilometers in diameter,

The [(irst observational work on loeating magma chambers was
reporicd by Gorshlkov (). Ile estimated the depth of the mugma
reservoir below the Kliuchevskaya veleanie group at a «depih of 50
to 70 km, based on the atltenuation of & waves from disiant earthguales.
After these promising results, the study of the attenuation of transverse
seismic waves under the Kamchatka voleanoes was intensifiel.  Fedo-
tov amd Farberov (8), using seismograims from five stations, discovercd
the presence of a zone where § waves are sereeneil at a depth of 20 to
&0 km under the Avachinskaya group of Kamehatka voleanoes. The
diameter of this zene is about 25 km aud the absorption of & waves
there is four times higher than that for the entire region, ie., 0.039 |
(012 km al 1 Lo 2.5 Hz.

Other zones of low viscosily at 30 {o 140 Ikm depth where high
altenuation of § wauves oecwrs, interpreied as magma chambers, have
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been reported by Gorshkov (1) to have been identified below certain
voleanoes of eastern Kamchatka and in the Klinchevskaya group,
a8 & result of the work of Farberov and Gorelehik (°) and that of Fir-
stov and Shirokov (?). The latter anthors investiguted the screening
of both 2 and § waves from intermediate focus events near the Kliu-
chevskaya voleanic region. The anomalous zones where the seismic
energy of both P and 8 waves is seattered and attenuated lie at depths
of 35 to 110 km. The method of analysis used in this study involves
the use of seismograms from two stations whose locations are such
that the paths of the seismic waves from the foci of the events con-
sidered penetrate the chamber volume for one station and lie outside it
for the other station, as shown in Figure 13. The ratios of amplitudes
at the two stations are caleulated for both P and § waves for all events
considered; after reduction to a single hypocenfral distance and cor-
rection for conditions at the stations they should be elose to 1.0 if the
atfenuation characteristics along the two paths are similar, sinee the
other factor that could possibly aifect these ratio, — the effect of
focal mechanism — could be neglected because of a solid angle of less
than 20° from focus to stations. The value of the amplitude ratios was
[ound to deviate considerably from 1.0 for deep earthquakes, and the
rafios of periods at the two stations for both P and 8 waves corres-
ponding to maximum amplitudes were also found to be greater than
expected, indicating that the station for which the wave paths pass
through the voleanic region records greater pericds for anomaglous
events.

The values of amplitude and period ratios indieate the presence
of anomalous features acling as obstacles along the path of the waves,
possibly magma chambers which seatter and absorb the seismic energy,
For first arvrivals of about 5-km wavwvelength, it can be assumed that the
wave front propagates along the shortest time path. P and 8 veloei-
ties are practically constant befween 35 and 200 km depth in the Kam-
chatka region, and a scismie ray is therefore a straight line and can be
determined by azimuth and angle of incidence on the Mohorovicie
discontinuity.

A plot of the anomalous carthquakes in terms of these angles
defines the areas of possible melting, shown in Figure 14, as projected
on the Earth's surface. These zones are concentrated at depths of
35 to 40 km, 40 to 45 km, and 110 km with portions reaching 60 to 80 kmn
and are entirely ageismic as would be expected if they represent pockets
of low vigcosity material. A ditferent approach was used by Farbe-
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Fig. 13, — Map of the epicenters of deep-focus earthgquakes in the vicinity
of the Kliuchevskaya group of voleanoes, Kamehatka, for the time interval

1964 to 1968 [from Firstov and Shirokov (#)).
The diameter of the open cireles is proportional to the energy of the

carthquake. Specifically, define K = log cnergy (joules), then,

Cirele 1 2 3 4 5 6 7

Fid 13 12 11 10 9 8B 7

The depth of the focus 18 coded in the interior of the ecircle.
L0 11 12 13 14

Symbnol 8 9
101-125 126-150 151-175 176-200 more than 200

Depth (km) 0-20 76-100

and the other symhbols:

15 seismic stations

16 active voleanocs

17 ridges

18 the main tectonic fractures

19 line through the active volecanocs

20 projection of anomalous zoncs on the surface
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Fig. 14, — Projection of the carthqnake rays on the unit sphere abont
Kozurevsk station in Kamchatka, Projeetion (A) is for 8-waves; pro-
jection (B) for M-waves. The meaning of Lhe symbols is obiained by de-
fining A7 as the amplitude ratio of {the respeetive wave at any station to the
same wave ohservid al Kozuwrevsk [from Pirstov and Shirokov ()],

Then, following, the legend,

Hymbol Meaning

Chien oirele Normal depih earthgunkes with A more than 0.66.

Swall fifled cirele lutermediate depth  earthquakes with K be-
tween 042 and (L66.

Large filled eirele Anmaalons carthquakes with A less than 0.42,

Triangle The stalion, Kozurevsk, to which the projeclion
is e,

Pruneated trivngle Azimuths te the active veleanoes.

(ilob of solid spols Zones of concendration of anomalous earthguakes,
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rov and Gorelehik {#) to locate the zones of anemalous attenuation of
seismic waves in the region of Avacha-Koryakskaya group of voleanoes,
Those authors made use of seismograms from five stations whose in-
struments have a flat frequency response in the 1 to 5 Hz range and a
magnification of 7,000 to 10,000. One of the stations was nsed as ref-
erence since the paths from the foei fo the station lie cutside the vol-
canic region. The parvameter considered for analysis is the absolute

) Y
E-Kor\pkshy Mt. Avacha m-““"‘#“!‘f"* o M1.Avacha
o1 . A o —jipse b N o fAz7, feant
700 B0 90 100 10 120 130 Top-epicenler 70 80 90 100 N0 120 IRFRRICRNLCE

Fig. 15. — Denote the ratio of the amplitude Lo the period for the S wave
by (A/Tsn. Then form the ratio of a pair of these ratios, the denominator
being the reference station, Petropavlovsk, Depleted are dingrams of the
radio of ratios versus azimuths from the stations Lo the earthquake epicenters,
On the left iz the dingram for earthquakes having foeal depth from 25 to
55 Lkm; on the rvight, from 60 fo 120 km. The means are plolted as open
cireles, with the number of data points writfen nearby. The 709, confidence
limits have Leen ineluded [from Farberov and Gorvelehik {#)).
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value of the maximum amplitude-to-period ratio of SH waves, as oh-
tained irom both horizontal eomponents for each of the 400 events
studied at each station. This ratio is then compared to the correspond-
ing one for the reference station. All the other fuctors affecting the
attenuation of the wawve are corrected for in the same manner as des-
cribed for the previously discussed work of Firstov and Shirokov (%),

The results of the analysis for one station are shown in Figure 15,
where the events studied are divided into two groups on the basis of
focal depth; and in Figure 16 for two more stations. The minima in
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H: 40 km
i H 2 40 km 1
2t | i 117
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\ ¢5 | \'!
v/ 0z \ !
»
a3k ' \ nl i,
ol \ i
.! \l
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0z - ot o Ly
|4 I
Iy I
: M A . ML Koryahak ,!' ML Avath ’
L :{: Km“:;i/\;‘ :1:3 :;hltén "t t-epleenter - Enmli; Yﬁah 150 mn |:n 'q’-:--pu--nt"

Fig. 16. — The notation is similar to that of Figure 15. On the left is the ratio
of ratios versus azimuth from station to the epicenter for temporavy station
L; on the right, for temporary station [from Farberov and Gorelehik (%)].
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these curves correspond to the azimuths from the stations to the vol-
canoes. The parameters necessary for tlie determination of the mini-
mum size of the obstacles causing the attenuation of the 8§H waves
are the source-to-obstacle distance X, the obstacle-to-station distance
X, and the ratio between the wavelength and the cross dimensions of
the obstacle.

Minimum dimensions of the obstacles were caleculated and found
to be & to 30 km across, and their depth ranged between 30 and 100 km.
A contour map is shown in Figure 17. The boundaries of the obslacles
also delimit ageismic areas, ag expected if these zones contain materials
of viseosity low enough to prevent the build-up of stresses large enough
to generate carthqualkes.

The map shown in Figure 18 is a summary compiled by Fedolov (7)
of the magmatic chambers discovered to date under the Kamchatka
voleanoes by studying the attennation of seismic waves.

References to many other Russian studies on the subject arve
listed in the works discussed above,

ALASKA — The cffeet of the anomalous zones on the period was
also observed by Matumoto and Ward () for P waves whose paths
intersect tlie Alaska voleanic belt. The only voleanic arvea in the
U.B.A. wlere seismic wave attenuation studies have been aimed at
detecting magma reservoirs is the Katmai Peninsula of Alaska. In a
program started in 1965, four stalions were established (7) and equipped
with instrumentation eapable of recording microearthquakes of Richter
magnitndes down to ranges below zero and frequencies between 1 and
10 Hz. Two of the stations had three components and the other two
had vertical component seismometers. The recording was accomplish-
ed by a chart recorder and slow-speed magnetic-tape recorder. TUsing
a method based on P and & arrivals, a high value of Poisson’s ratio
of 0.3 was found for the upper mantle, indicating the possibility of the
existence of low-rigidity material, possibly magma. This evidence
was corroborated by negative Bouguer gravity anomaly values, also
indieating tlie possible presence of low dengity material. A study on
the location of magma chambers in the region, hased on the screening
of 8§ waves, was reported by Kubota and Berg (). A map with the
stations and epicenters located by using a struetural model for the
region derived by Berg et al. (4) is sliown in Figure 19. It was observed
that the amplitude of the rccorded ST waves was always very small
compared to that of the SH, and the theory shows that this shonld
indeed be the case, if tlhe magma pockets are assumed to have the
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Fir, 17, — Two maps of earthguake epicenters in the Avacha Koryakskaya
group of voleanoes, in Kamchatka, for 1961-1883. The mpper map (4A)
is for those with normal foeal depth {0 to 70 km}; the lower, (13}, {Hor those
with intermediate foeal depth (70 to 250 k).

1. Btationary seismic slations, 2. Temporary scismic stations; 3. Aective
voleanoes: [, Mt. Avacha; 11, Mt. Koryaksky; VI, Mt. Zhnpanovsk; VIT, Mt.
Dzenzursky, 4. Extinet volecanocs: 111, Mi, Kozelsky; TV, Mt. Arie; V,
Mt, Aag, 5, and 6, Contours of the discoversd seismic abstacle(s). 7. [dmit
al the arvea with earthguakes having energy preater than 108 jonles, 8, The
catimated eenter of the obstacles [from Farberovy and Gorelehik (8)].
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Fig. 18. — Map of the rvegions which serven P aml 8 waves at depths of
30 to 100 km in the apper mantle beneath Kawchatka. Legend: (1) siles
throngh which £ waves pass poorly to three or more near stations; (2} siles
for which § waves pass poorly to three or more near stations; (3) sites throngh
which P waves pass poorly Lo two near stationg; (4) sites through which §
waves pass poorly to two near stations; (5) boundaries of ithe hand within
which longitudinal wave velocities 77, in the upper mantle layers are less
than 7.8 km/see: (6) isolines showing the mean pesition of carthquake foei
having depths 0 to 50 km (nominally 20}, or 50 to 150 km (nominally 90),
or 150 to 250 km (nominally 1864), as denoted on the respective isoline;
(7) active voleanoes; (8) seiswie stations. [Redrawn from Pedotov 7).
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@ VOLCANO
© SEISMOGRAPH STATION
EPICENTERS FOCAL DEPTH IN KM. %
OOR IO e
20 OR 30
40 OR 50 .
60, 70, 80, 0R 90
100 OR MORE

X m & OO0

0 50 100 KM

L e, b

Tig. 19. — Map of epicenters located near Shelikof Strait, Alaskua. Sce legend
for meaning of symbols.
Seismic station abbreviation are: BME, Baked Mountain; BR(, Brooks;
KOD, Kodiak; SVN, Savonoski [from Berg et ¢f. (3)].
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shape of oblate spheroids, Figure 20 shows the behavior of the ratio
of sereening cross section for SH to that of ST waves (o) as a funetion
of the ratio of the vertical to horizontal axis of a spheroid (s} and a
factor () which is inversely proportional to the wavelength.

p =07
0.6
08 |-
0.5
0.4
0.6
0.3
a
St 0.2
G.2 0.1
0 ] L ] J
0 5 10 15 20
“

Fig. 20. - The ordinate is the ratio of the areas of shadow cross sections

PaiPy; the abscissn is 2m times the ratio of the horizontal axis te the wave-

length; and p is the ratio of the vertical to the horizontal axis of the ob-

stacle. To use this fisurc: enter on the horizontal axis at the appropriate

value, proceed upward to the desired value of p, and then left to the vertieal

axis to read off the ratio of screecning cross-scetion of 8K to that of SV,
[from Kuhota and Berg (3],

The absence of an § wave at a station only indicates that a magma
chamber may be present somewlere along the ray path from the focus
to the station. For two stations and two events, the lack of 8§ waves
can indicate either the presence of one magma chamber at the inter-
section hetween the two ray paths, or two separate magma chambers,
as shown in Figure 21, hence the analysis consists in calculating as many
wave paths as possible to all stations through the various layers of the
erustal model for the region and mapping as many intersections as
possible, thus minimizing the uncertainty inherent to the method, The
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results of snel an analysis are shown in Figure 22, The relinbility of
the method depends on the number of these inlerseelions.  The use of
this method led 1o the identification of Len magma chambers shown in
Tignres 23 and 24,
The aceuracy of the method is resiricted by the factors dis-
cussed below:
(1) Size and shupe of the chambers as compared to seismic
wavelengths,  With regard to this problem AMalumolo () pointed
out that, if the assamption is made that the size of magma chambers

(a) (»
: 2
1a-— (0 — 1 1 b 1
el
-~ 7’
( .".j i
3 ’
’ /
: [
i
2 2 M - magma pockets
A- stations

Fig, 21, — Diagram showing the ambiguity inherent in the interpretation
of atlenuated seismie waves.  Either A or B can cause the sauue observational
duta.  See Adams (1) for further details.

is comparable to that of calderus, and the valies given by Williams
a1l MeBirney (1) for the average diameler of ealderas of basaltie and
silicious voleanoes are talken as representative, 6.3 and 13.9 km respec-
tively, then most standard seismic-station short-period instruments
such as the Beniolt (T, —= 1 sec, Ty = 0.2 see) have their penk response
ol frequencies so low that the normalized amplitude ratio does not
change enough 1o be eusily discernible.

Figure 25 gives the relative amplitude of diffracted waves beliind
a spherical obstacle, The diameters of the magma chambers in Uhe
katmai voleanic region are in general comparable to or smaller than
the wavelengths corresponding to the frequency ranges for which the
shadow houndary is sharp, therefore making the nse of short-perimd
high-frequency response inslruments critical in such work.
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BRO, Brooks; KO, Kediak: 3VN, Ravenoeszki [from Kubota and Berg (2')).
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LOCATION OF MAGMA

N 28 MAGMA
sgl 10-15 DEPTH, KM
KODs seiSMIC STATION

A VOLCAND

BR

58" +

Lol

'
155" 154°

L
133*

L
156°wW
Fig. 23. - Locations deduced for the magma rescrvoirs, Seismic station
abbreviations are the sawe as in Figure 22 ().

YERTICAL DISTRIBUTION

10
20 0 STATION
4 VOLCANO

O MAGMA CHAMBER

DEPTH, KM
L
Lw ]

Ve

IS
o

50

Fig. 24. — (ross section of the magma chawbers northwest of Shelikof

Strait, projected onto a common vertical plane.  Bee legend. Seismic station

abbreviations are the same as in Figure 22 (*1).

-— POSSIBLE CONDUIT
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{2) Accuracy of the ray-path ploftings; whieh in turn rests on

the accuracy of the focal determination and on the availubility of a
good erustal structure model for the region.

Further work in the Katmai region was earried out by Matumoto

and Ward (2} following the installation of three stations, each consist-

ing of a tripurtite array of HS-10 (2 cps) vertical geophones and am-

o T T T T
& A=50 km 1
E % =20 km |
0B-% Vg=3 . 5km/sec H
8-% 1
o
e -]
] o9
0 GL T g \ -
B Gk
— 2 )
®04 > ]
@ - =2
= \0 5
a 294 2
I B 00, i B
o2} L > 131
S s - E £
e e w
—— i
O A 1 | 1 _j
1.0 08 06 04 02 0
¥/ Yo
Fig. 25. — Distribution of amplitude in the shadow resion of an obstaele,

as a funetion of frequency.  The distanee from the geometrie shadow honn-
dary (the high-frequency limit) is denoted by y; the distance from the sha-
dow axis to the shadow bonndiry by g.. The frequency of the incident

continuous wave is f and the amplitude is the Fresnel iutesral, D(E) [from
Matumolo (22)].

plifiers. The recording was accomplished by a 7-channel FM tape
recorder operated at slow speed., The response of the high-gain,
high-frequency system was 107 at ~ 80 Hz and ~ 7 - 103 af ~ 5 Hz
decreasing linearly in the range with a 6 db slope and with a 12 db slope
for lower frequencies. The locutions of the stations are given in Figure
26. Detection of magma chambers in the Katmai area was reported
by Matumoto {22} after analysis of records from thiz network showerl
S-wave screening and attenuation of the higher freqnencies of P waves.
The geismic activity was found to be concentrated in zones of active
volecanism and most of the epicenters to be ut shallow depth, usually
less than 10 km. The disappearance of shear wuves, attributed to a
shadow effect by magma chambers, is controlled by the diffraction of
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Pig. 26. — Map of Katmai National Monument in Alaska showing the

location of the recording sites, the voleanocs, and the miecrocarthquake
epieenters for swnmer 1965, See legend; the larger the symbol, the more
precise the hypocentral determination, basel on the time resolution of the
first wrrivals and the clarity of the & waves [from Matumoto and Ward (23)).

elastic waves, the geometry of the situation being strongly dependent
on the shape of the obstacle. Theoretical studies by Teng and Ri-
chards () and by Phinney and Cathers (%) show that, for a hollow
eylinder with a horizontally oriented axis, as the wavelength of an
incident wave inereases, the zone in which the amplitude of a wave
becomes half that of the incident wave becomes larger. Also, the
shadow zone is larger for incident P and SV waves and smaller for
incident SH waves, as seen in Figure 27, The theory thercfore points
out that the difference in amplitude of SV and SH waves can he account-
ed for without having to agsume a flat spheroidal shape for the chambers,
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Fig. 27, — Depewdence on {frequency of the effective shadow houndary shift

for waves diffracted from an hollow exlinder.  Caleunlated for three types of
waves (sec legend) for specifie values of the eylinder radius, a; the distance
behind the obstacle of the ohservation point, »; and the shear-wave veloeity,
Vs Note that there is significant shift for the shadow boundacy only for
the 8V and SH waves al relatively low {requencies. The 51 waves have
i positive shift of the shadow boundary, hence an enlargement of the shadow
zone, but the SI waves, which use the vight-hand seale, have a negalive,
inward shift of the shadow boundary, aetually a decrease of the shadow
zone.  The shift in the shadew boundary of £ wave is not signiiicant for
the range of frequencies shown, [From Matumote, 1971, as modifivid afler
Teng and Richiards (2]

as did Kubota and Berg (). For events from specific areas, high-
frequency (10 to 20 cps) I’ waves are strongly attenuated when the
S-wave is screened off. Using a erustal model of Matnmoto and age (21)
the ray paths for the best-located events were plotted and are shown
in Figure 28, The differences in travel time to the elements of un array
provide azimnuths of wave paths and apparent velocities; for a lhorizon-
tally layered medinni, using

e = By [ £OS Oy
k= 2 Dy tan §: = l Di 1 (va? — wi®) 0
i=1 =1
where #¢ — wave veloeity in layer €
d: = angle of emergency of wave in layer ¢

Dy = distance,
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Fig. 28. — Map of the Katmai Peninsula, Alaska, showing the epicenters

of earthqualkes having ray paths with a distincet contrast in S-wave amyplitules.

Triangles denote the active voleanves. The epicentral area of an carthquake

swarm recorded in 1945, is shown northeast of the Katmai Canyon seismic
station, encircled by a broken line. [Modified from Matumoto ()].
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thie depth & can be uniquely determined at a given distance D for a
crustal moidel with inereasing downward wvelocity, so that a plot of
azimuth versns apparent veloecity is equivalent to one of azimuth
versus depth. A comparison of such plots for events with and without
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Fig. 29. — Three figures showing data on graphs of apparent velocity (17.1)

at Overlook Hill seismic station (see Figure 28 for location) versus azimuth.

(A} shows those evenls having a clear § phase; (B) those with a very weak

or not identifiable 8§ phase. “The difference in the spatial distribution of

the events in (A) and {B) is considered significant. {C) shows specific domains

in which distinetive differcnees in the distribution are obscrved [from Ma-
tumote (22)].
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N waves allows delineation of zones of melting, ie., magma chambers,
as shown in Tigure 28, The key fuetor in the precision with which
those zones can be determined is the number of evenis along the mar-
rinal areas amd the accuraecy in array measurements, which in turm
depentls on its size, details of the crustal structnre available, and pre-
cision of phase readings, Tour chambers, three shallow (less than 10 ki)
aid one deeper (20 1o 30 km} were loeated and are shown in the mayp
of Tigure 30.

4 o8x (% DEPTH< |OKM 45873
el mas
! &3 20KM <DEPTH < 30KM 545
I av
. T
; . 27777
& -:,I‘Il,h'_...}" \l,‘.] 7, /,a
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TRIDENT 7
B L7 e Koy
(3] A MAGEIR
{ i O’/ MAGE K
MARTIN
] 10 20KM
| I
1555 15475
+58° + 5R®
i, 340 Map of Katmai Peningula, Alaglka, showing the snrface projection

of the loel of magma ehambers as determmned by the shadow effeed on the

Sowave, Three of them (1, 2, aud 3) are al shallow depth, probably less

than 10 kg el one {4) 18 probably betwoeen 20 10 30 k. Depths are deter-

mined by the apparent velocities corresponding 1o these in Figuwre 20 ('),
[Trom Matnmoto ()L

DISCUSHION

Trom the Russian work, magmatic chambers ave inferved at
depths ranging between 35 aml 110 ki, while from the work af Kadmai
they are found at shallewer depths, from less than 10 to 353 k. The
stily of the Katmad region was carried out on the hasis of the complete
sereening of the 8 waves, while that of 1Gimehatka was based on the
anomalous amplitudes of hoth P and § waves. Disappearance of 8
waves was not observed in Kamchatka, possibly hecause of the require-
ment that for 4 slddow zone Lo be effective the dimensions of the mag-
ma chambers must be comparable {0 or larger than the wavelengths;
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or, alternatively, because attenuation is more effective at high frequen-
cies: or, possibly becaunse of the difference in magma viseosities in the
two areas,

It is alse interesting to note from these two cases how the range
of depth of the magmatie chambers differs, raising the question, if
both studies are correct in their results, of the possibility of the existence
under a single voleanie edifice of deep chambers feeding more superfi-
cial ones, or alternatively, of their permancence in time.  Further work
in this lield seems reqguired in view of the possibility of [inding an answer
to this type of question that is directly related to the mechanism of
volcanism, and alse because determination of magma chamber loca-
tions — so far unattempted for the great majority of the world’s vol-
eanoes — could be important in the development of programs aimed at
ohtaining the geothermal power needed to satisfy the world’s inereasing
energy needs,  With regard to the last point, the delineation of magma-
filled eavities could be extremely useful sinee new techniques for the
extraction of geothermal energy from hot dry rock have now heen
proposed (26) and theoretical analyses that support the new techniques
have been made (15).
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