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Abstract 

T h i s  p a p e r  c o n s i d e r s  t h e  foca l  d i s t r i b u t i o n  of  s u b c r u s t a l  e a r t h q u a k e s  a n d  
the dynamic features of seismic wave propagation under some volcanic areas of 
Kamchatka. Under active volcanoes there are aseismic areas of anomalous 
attenuation of seismic waves. These features suggest the presence of low viscos- 
ity zones under volcanoes, in which there are no concentration of sufficient 
stresses to generate earthquakes. These zones extend down to the focal layer. 

Introduction 

The presence of the focal layer zone, in which intense f rac tur ing 
movements  are taking place at  the ocean-continent boundary ,  is a 
typical feature  of volcanic belts fringing the Pacific Ocean. I t  has 
been noted many  times that  this zone of ear thquakes  wi th  interme- 
diate focal depth are directly under  the belt of active volcanoes 
(WADATI and IWAI, 1954, 1956, MAGNITSKY, 1965; FEDOTOV, 1963; TOBIN 
and SYKES, 1966; OCOLA, 1966; HAMILTON and GALE, 1968). In SmMO- 
ZURU'S opinion (1963) all the data  directly indicate the depth of 
magma fo rmat ion  under  the active volcanoes. 

AKI (i966), DICKINSON and HATHERTON (1967) and TARAKANOV and 
LEVIY (1967) consider tha t  magma  format ion  can occur in the inter- 
section of the asthenospherical  layer at 100-150 km depths with the 
focal zone descending under  the continent .  

* Paper  presen ted  at  the  Sympos ium ~ Volcanoes and  Their  Roots  ~, Oxford, 
England,  Sept. 1959. 
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The study of earthquake focal mechanisms showed that the focal 
zone is a compressional zone (BALAKINA, 1962), which is probably 
impermeable for magma. It was therefore assumed that magma up- 
lift takes place directly from the magma formation zone by vertical 
movement (FEDOTOV, 1966). 

Detection of magma uplift areas has been recently done in Kam- 
chatka. The presence of a zone apparently enriched with magmatic 
material (FEDOTOV and FARBEROV, 1966) was determined by means of 
S wave-seismic ray attenuation (GORSHKOV, 1956, 1958) under the 
Avacha-Koryakskaya volcanic group at 20-80 km depths. 

High attenuation of S waves was also marked under the Kliu- 
chevskya group volcano at 40-140 km depths (ZOalN, 1969; Fins-roy 
and SWmOKOV, 1969). 

In this paper the AA. make an attempt to localize the area which 
caused the high attenuation of S waves under the Avacha-Koryakskaya 
group volcanoes. Dynamic features of seismic wave propagation and 
the distribution of earthquake foci were examined in detail in this 
area. The spatial distribution of subcrustal earthquake foci was com- 
pared with the position of some active volcanoes of Kamchatka. 

The data on Kamchatka seismicity for 1961-1968, published in 
the seismological bulletins of the USSR Far East, were taken as initial 
material. In addition, data were used on the location of weak earth- 
quake foci with energy E >~ l06 joule for the region of the Avacha- 
Koryakskaya and Zhupanovo-Dzenzurskaya volcanic groups for the 
period 1964-1967 (GOREI.CIIIK, 1969). 

P h e n o m e n a  o f  A n o m a l o u s  A t t e n u a t i o n  o f  S - w a v e s  

Phenomena of anomalous attenuation of S waves under the Ava- 
cha-Koryakskaya group volcanoes was done from the seismograms of 
earthquakes with focal depth H = 25-120 km and epicentral distances 
A = 80-300 km. The records were from the stationary stations Petro- 
pavlovsk (Ptr) and Topolovo (Top) and from the temporary stations 
1, 2 and 3 which operated in 1966-67. 

All the stations were equipped with regional type apparatus with 
fiat frequency response in the 1 to 5 c/s range and magnification from 
7,000 to 10,000. 

The maximum amplitude of displacement A and the correspond- 
ing period T of direct transverse waves were measured on the seismo- 
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grams. On the record these waves are dominant in the considered 
interval of epicentral distances. From the measurement data of both 
horizontal components, the absolute values of the complete vector 
for the transverse waves, polarized in the horizontal plane, were cal- 
culated - -  (/i/T)sa. All the measurements were made on the record 
interval which has a 3-5 sec duration from the moment  of S wave 
arrival. About 400 earthquakes were studied. 

The problem was to determine what part of the S wave dynamic 
characteristics was conditioned by the presence of obstacles on the 
propagation paths of seismic waves to the Topolovo, and 1, 2, 3 
stations. These stations are situated on the opposite side of volcanoes 
with respect to the considered earthquakes. The Petropavlovsk station 
was chosen as a reference standard because the waves form the foci 
of the examined earthquakes were propagating to it avoiding the 
volcanic areas. 

The relationship of the ratio values 
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Fro. 1 - Diagram of  [ (g /T)va  1 3°° [(~/T)s~[ Ptr versus  a z imu ths  f r o m  s ta t ions  to  e a r t h q u a k e  epi- 

cen te r s :  a - e a r t h q u a k e s  w i t h  H = 25-55 k in ;  b - e a r t h q u a k e s  w i th  H = 60-120 
kin. The gravi ty  c e n t e r s  a re  i nd ica t ed  by l ight l i t t le  c i rc les ;  the  f igures  above  
t h e m  ind ica te  n u m b e r  o f  da t a  p o i n t s  wh ich  f o r m  a c o r r e s p o n d i n g  gravi ty  
cen te r ;  t he  conf idence  o f  t he  gravi ty  cen te r s  a re  s h o w n  by  th in  ver t ica l  l ines ;  
conf idence  l imi ts  a t  level 0.7 a re  s h o w n  by  sol id  th ick  lines.  
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was studied with respect to the azimuth to the earthquakes epicenter. 
To eliminate the influence of S wave attenuation depending on dis- 
tance, the values ( A / T ) s .  for each pair of the comparable stations 
were reduced to the single epicentral distance. For this reason, cor- 
responding corrections were introduced into the values ] (~/TsH I Top 1, 2, 3 
according to the curves J / T  = f (A, H), calculated for Kamchatka by 
S.A. Fedotov, with allowance for the difference in epicentral distances 
A Top-A Ptr, A 1-A Ptr, n 2-A Ptr. 
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to the  ep icenter  for  the e a r t h q u a k e s  w i t h  H > / 4 0  k m ;  the  conf idence  l i m i t s  
at  level  0.7 are ind ica ted  by the d o t t e d  l ines .  The  o t h e r  d e s i g n a t i o n s  are  the  
s a m e  as  in F i g .  1. 

To remove the direction factor effect of seismic energy radiation 
from the focus, the AA. considered only those earthquakes with azi- 
muths to hypocenters which differed not more than 25 ° for comparable 
pair of stations. 

It was assumed that ground-geological conditions under the 
stations equally affect the value (A/T)sH irrespective of the azimuth 
of seismic wave arrivals. 
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For example, the results of experimental  data evaluation for the 
stations Top-Ptr are shown in Fig. 1. In this case the ear thquakes 
were divided into two groups according to their depth of loci H = 25- 
55 k m  (Fig. la) and H = 60-120 km (Fig. lb). The results of the 
experimental data evaluation for earthquakes with focal depth H ~ 40 
k m  are shown in Fig. 2 for the stations 1-Ptr and 2-Ptr (1). 

The general feature of all drawn curves is the presence of mini- 
m u m s  situated in azimuths corresponding to the direction f rom the 
seismic station to the Avacha-Koryakskaya group volcanoes. The 
values of the confidence intervals of the average centers are consider- 
ably less than the oscillation ampl i tude of the observed curves, which 
supports  the significance of the minimums.  The estimations calculat- 
ed for all curves indicate that  the probabili ty of the observed dif- 
ferences being random chance are only about 10 %. 

Thus the presence of seismic shadow zones is determined with 
good certainty at the stations surrounding the volcanic group. The 
seismic shadow shows a possible posit ion of an obstacle within the 
limits of some area. The shadow boundaries do not coincide with 
the boundaries of the geometric shadow because of wave diffraction 
(H;iNL, 1964). The physical shadow width behind the obstacles slightly 
depends upon the physical parameters  of the material  in it (DUWALO 

and JACOBS, 1959; RUBINOV and KELLER, 1961; Ka'qOPOFF and GILBERT, 
1 9 6 1 ;  NUSSENZVEIG, 1965; PERWSHIN, 1967), and it is mainly deter- 
mined by distances (source-obstacle expressed by X0, and obstacle- 
receiver expressed by X), and by the ratio between wave length ), and 
cross dimensions of the obstacle, expressed by d (FRIDLENDER, 1962; 
NUSSENZVEIG, 1965; PERVUSmN, 1967). 

Minimum dimensions of the obstacle can roughly be calculated 
from the size of the seismic shadow zone (2). The calculations were 
made for two possible positions of the examined obstacle center - -  
under  the Avacha or the Koryaksky volcanoes. On the basis of the 

(') In  drawing the curves, the division of exper imenta l  points  into  intervals  for  
the calculat ion of the  posi t ion of average centers  was  done by the  me thod  of 
sliding intervals  wi th  50 % intersect ion.  The confidence level of e r ro r  calculat ion of 
the poin t  center  was taken  to be 0.7. The confidence l imits  are shown in Fig, 1 and 2 
by solid or dot ted  lines depending on the  n u m b e r  of exper imental  points  which form 
the average center.  

(2) This  was calculated by the formulas  for  de terminat ion  of zone length of the 
physical  shadow beh ind  the obstacle  in the  form of a disk (PRIMAKOVF, 1947), a smooth  
convex cylinder (RUBINOW and  KELLER, 1961), and  an a rb i t ra ry  form inclusion (So- 
KOLOV, 1961). 



- -  2 1 7  - -  

data  of the Topolovo and 1, 2~ 3 stat ions,  the min imum cross  dimen- 
sions of the obstacle  are approximate ly  8-30 km. 

As the length of the considered t ransverse  waves  is k ~ 1.8-4.5 
kin, then, in ou r  case, is apparent ly  poss ible  to take d /k  ~ 4.5; dis- 
tance X0 ~ 5-130 X, and X ~ 10-70 X. 

The es t imat ions  of the values Xo/L,  X / L ,  d/~. al lowed us to 
del ineate the obstacle  by the method  worked  out  for  geoacoust ical  
sounding of ore bodies  in mines (PERVUSHm, 1967), taking into 
account  the theoret ical  calculat ions of diffracted S wave  fields (SHOLTE, 
1956; NAGASE, 1956; DUWALO and JACOBS, 1959; SATO, 1968; TENG and 
RICHARDS, 1968a, b) and the results of u l t rasonic  modell ing of S wave 
scat ter ing by obstacles  of finite dimensions  (KNOPOFF and GILBERT, 
1961 ; TENG and Wu, 1968). 

The sharp peak of the curves in the center  of the ,, seismic shad- 
ow ,, zone (Fig. la  and b) can be explained by ray focussing, diffract- 
ed f rom the lateral surfaces of the obstacle,  i.e. by the ,, Poisson 
spot  ,~ effect. The peak can also be explained by  the presence of two 
separate  obstacles.  In our  case it is difficult to calculate a coefficient 
of the resolving capaci ty of the S wave ray a t tenuat ion method  for 
two closely si tuated obstacles  (PERvUSII IN,  1967) because of the asym- 
metry  of  the experimental  curves. 

The maximum value of the peaks of bo th  curves is 70 % higher 
than the value h (/i/T)sH [vop/1 (A/T)s,  i P,,- for  the ,, normal  level ,, (3). 
In our  case X/'/. Top % 60, the 70 % value indicates a possible pres- 
ence of two obstacles  (PERVUSHIN, 1967), but  still this p rob lem is 
uncertain because there are no theoretical  and model  investigations 
of this p rob lem for S waves. 

According to the paths  of S wave propagat ion  f rom the loci of 
the considered ear thquakes  to the receiving stations,  the examined 
obstacle  or  obstacles  are s i tuated at c,o30-100 km depth interval. 
Contours  of the obstacle  or  obstacles  at co 30-40 km and co 45-100 
km depth  intervals are shown in Fig. 3a and b. Es t imated  relative 
error  of the posi t ion determinat ion of the boundar ies  is within 50 % 
(PERVUSHIN, 1967). 

The posit ion offset in the plan of contours  at different depths  
shows an inclination of the detected obstacle,  its lower  par t  being 
displaced to NW with respect  to the upper  part .  

(~1 The mean of the lirst diffracted peak. 
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FIG. 3 - Map o f  e a r t h q u a k e  ep icenters ,  a:  w i t h  n o r m a l  foca l  depth  (0-70 k m ) ;  b:  w i t h  
i n t e r m e d i a t e  d~pth  o f  the  f o c u s  (70-250 k m )  f o r  the  r e g i o n  o f  the  Avacha-  
K o r y a k s k a y a  g r o u p  v o l c a n o e s  f o r  the  p e r i o d  1961-1968: I - s t a t i o n a r y  s e i s m i c  
s ta t ions ;  2 - t e m p o r a r y  s e i s m i c  s t a t i o n s ;  3 - act ive  v o l c a n o e s  (I - Mt. Avacha;  
II - Mt. K o r y a k s k y ;  VI - Mt. Z h u p a n o v s k ;  VII - Mt. D z e n z u r s k y ) ;  4 - ex t inc t  
v o l c a n o e s  ( III  - Mt. Koze l sky;  IV - Mt. Ar ic ;  V - Mt. Aag);  5 and  6 - c o n t o u r s  
o f  the  revealed s e i s m i c  obs tac l e  o r  obs tac l e s ;  7 - l i m i t  o f  the  area  w h e r e  
e a r t h q u a k e s  w i t h  E / >  106 jou le  are  l oca ted ;  8 - the  c o n d i t i o n a l  center ;  9 - t h e  
equa l  v o l u m e  c o n c e n t r i c  layers .  
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The method of observations and the location of the earthquake 
foci in the region did not allow us to detect the revealed obstacle to 
greater depths into the mantle or to shallower depths within the 
earth's crust. 

Earthquake Foci Distribtttion under Some Volcanic 
Groups of Kamchatka 

The maps of the earthquake epicenter distribution with focal 
depth 0-70 km and 70-250 km are shown in Fig. 3a and b for the 
region of the Avacha-Koryakskaya group volcanoes for the period 
1961 to 1968 (4). 

From both maps one can see that crustal earthquake foci with 
E > l0 b joule are situated not nearer than 10 km from the craters 
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FIG. 4 - The plot of seismic energy and n u m b e r  o f  e a r t h q u a k e s  i:n the equal volume 
concentric layers versus distance from the Avacha-Koryakskaya group vo l -  
c a n o e s ,  a: for depth interval 0-30 k i n ;  b :  f o r  depth interval 70-170 k m ;  1 - 
e n e r g y  o f  e a r t h q u a k e s ,  E rE; 2 - n u m b e r  o f  e a r t h q u a k e s ,  N Z • 

(4) C o o r d i n a t e s  o f  the Foci are determined by depth and epicenter with a n  e r r o r  
not more than _ 15 k i n .  L o c a t i o n  e r r o r  o f  the possible position of earthquake epi- 
centers nearest the active volcanoes are shown by thin lines in  F ig .  3b .  
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of the Avacha and Koryaksky volcanoes. Subcrustal  ear thquake foci 
at 30-100 km depths are displaced away f rom the volcanoes to a 
distance of co 30-50 km, and then at 100-170 km depths they re turn  
again to about 10 km distance. I t  should be noted that  seismicity at 
30-70 km depths is negligible for the whole volcanic belt of Kam- 
chatka. 
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Fro. 5 - Map of  the e a r t h q u a k e  epicenters  wi th  in te rmedia te  dep th  of  focus  (70-250 km)  
for  the per iod  1961-1968. a:  the region of the Kl iuchevskaya  g roup  volcant~es 
(I - Mr. Kliuchevskiy;  I I  - Mt. Bezymyanny ;  I I I  - Mt. Plosky Tolbachik) ;  
b:  the  region of the  central  p a r t  of the Eas te rn  volcanic belt  of  K a m c h a t k a  
( IV - Mt. Kra shen inn ikova ;  V - Mt. Kikhpinych;  VI  - Mt. Uzon;  VII ,  V I I I  - Mt. 

B o l s h o y  Semyachic ;  IX - Mt. Maty Semyachic ;  X - Mt. Karymsky .  The oth'er 
des ignat ions  are the same  as in Fig. 3b. 

Est imations of seismic energy and ear thquake number  in equal 
volume concentric layers under  the Avacha-Koryakskaya group vol- 
canoes are given in the form of diagram in Fig. 4. A conditional 
center, si tuated midway between the volcanoes, was taken for the zero 
of the coordinates. The calculations were made for the two depth inter- 
vals: 0-30 km and 70-170 km. The maximum distance was not extend- 
ed beyond 30 km from the chosen center because Zhupanovsky, 
Dzenzursky and other  volcanoes affect apparently the seismic field 
character at greater distances. 

Analysis of the ear thquake hypocenter  distr ibution (Fig. 3 and 
4) shows that  under  the Avacha-Koryakskaya group volcanoes there 
is an aseismic area with dimensions co 30 × 20 km, elongate in a 
N-W direction and descending into the focal layer at co 150-170 km 
depths. 

A study of the ear thquake distributions with intermediate depth 
of loci was also made for other volcanic regions of Kamchatka.  The 
observation period was also 1961-1968. 
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An aseismic area, the boundaries of which are fixed by earth- 
quakes with loci 110-230 km below the surface, is revealed under 
the Kliuchevskaya group volcanoes (Fig. 5a). In the central part  of 
the Eastern volcanic belt of Kamchatka there is also an area of 
absence of intermediate earthquakes on the periphery of which are 
situated Uzon, Kikhpinych and Bolshoy Semyachik volcanoes (Fig. 
5b). 

The presence of such aseismic zones under volcanoes is also 
reported for Japanese volcanoes - -  Mt. Asama, Mt. Fuji, Mt. Aso 
(WADATI and TAKAHASHI, 1965). SUGIMURA (1966) noted the comple- 
mentary distribution of volcanoes and epicenters of mantle earth- 
quakes in Japan. 

C o n c l u s i o n s  

The distribution of subscrustal earthquake foci under active 
volcanoes was compared with the upper mantle features in the same 
areas, detected by the method of S wave ray attenuation. 

The boundaries of the aseismic area in the region of the Avacha- 
Koryakskaya group volcanoes coincide rather well with the contours 
of the obstacle which causes the formation of a seismic shadow. 

The same phenomenon is observed in the region of the Kliu- 
chevskaya group volcanoes, where an anomalous attenuation of 
seismic waves is noted at c,o 40-140 km depth interval. 

The observed coincidence of the general location of the aseismic 
zones and the upper mantle heterogeneities which cause high atte- 
nuation of seismic waves, allows us to assume the same reason of 
the observed phenomena. As one of many possibilities, we suggest 
the presence of low viscosity zones under the volcanoes, in which 
there is no concentration of stresses sufficient to generate earthquakes. 
These zones descend into the focal layer. The presence of the verti- 
cally elongated local heterogeneities in the upper mantle under 
Kamchatka volcanic belt contradicts Shimozuru's ideas (1963) on 
magmatic zones as oblated spheroids. 

The minimum depth of the lower boundary of the heterogeneities 
can be estimated by the depths of earthquake foci surrounding the 
aseismic areas under the volcanoes: 120-230 km depth for the Kliu- 
chevskaya group volcanoes; 100-160 km depth for the Avacha-Kory- 
akskaya group volcanoes; 70-130 km depth for Uzon, Kikhpinych 

10 
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and Bolshoy Semyachic volcanoes. It is noted that  more  shallow 
intermediate earthquakes sur round the aseismic zones under  the 
volcanoes which erupt  more  acid lavas (Uzon); and more  deep-seated 
ear thquakes sur round the aseismic zones under  the volcanoes which 
are more  basic (Kliuchevsky). 

I t  is possible that  the heterogeneities descend more deeply 
through the focal layer zone and that they exist wi thout  connection 
wit processes which are taking place in the focal layer zone. However, 
the elucidation of this problem is beyond the scope of the present  
investigation. 

The authors realize that  the above conclusions are based on a 
short  period of observations (c~ 7.5 years), and should be considered 
as prel iminary ones. 
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