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One may assume a centre of volcanic activities beneath the 

edifice o f  an active volcano, which is here called the focus of 

the volcano. Sometimes it may be a magma reservoir I f .  Its 

depth may differ with types of magma and change with time. In 

this paper, foci of volcanoes are discussed from the viewpoints of 

four items. 

1. Geomagnetic changes related with volcanic aztivities 

Theresearches of the changes in geomagnetic field related 

with volcanic eruptions as well as those with earthquakes have 

been one of the aims of the geomagnetic surveys throughout Japan 

which were commenced by A. TANAKADATE in 1893. Many observational 

data accumulated since that,time have given a large effect on ths 

images of physical mechanisms and energetics of volcanic activ- 

ities in this country. At the time of the 1940 great eruption of 

Miyake Volcano, a few geophysicists observed the anomalous changes 

in geomagnetic field independent each other. These observations 

convinced Japanese geophysicists that the geomagnetic changes ac- 

companied by volcanic activities might be expected on basaltic 

volcanoes such as Miyake and Oosima Volcanoes, Izu. 
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On t h e  occasion of t h e  1950 g r e a t  e rup t ion  of Oosima Volcano, 

R ik i t ake  ( 1951 ) made t h e  geomagnetic s t u d i e s  a t  i t s  e a r l y  s t a g e :  

from t h e  obse rva t ions  of t h e  changes i n  magnetic d i p ,  he deduced 

t h a t  a s p h e r i c a l  p a r t  of about 2 km i n  diameter a t  a depth of a- 

bout 5.5 km benea th  t h e  volcano w a s  hea ted  above t h e  Cur ie  temper- 

a t u r e  and l o s t  i t s  magnet izat ion.  S i n c e  1951, a cont inuous obser-  

v a t i o n  of t h e  changes i n  geomagnetic d e c l i n a t i o n  has been  made a t  

a po in t  on t h e  western coast of Oosima I s l a n d  i n  order t o  detect 

t h e  r e l a t i o n  between vo lcan ic  a c t i v i t i e s  and geomagnetic changes. 

This obse rva t ion  p o i n t  i s  deemed adequate  f o r  t h e  purpose because 

d e c l i n a t i o n  t h e r e  i s  expected t o  be prone t o  change i n  connect ion 

w i t h  t h e  changes of magnet izat ion of t h e  volcano as seen f r o m  t h e  

d i s t r i b u t i o n  of d e c l i n a t i o n  on O o s i m a  shown i n  F ig .  1. The magne- 

tometer which has  a magnet suspended wi th  a f i n e  phosphor-bronze 

r ibbon i s  i n s t a l l e d  i n  a cave. The semi-monthly means obta ined  

f r o m  hour ly  va lues  and f r o m  d a i l y  means s u c c e s s i v e l y  are p l o t t e d  

i n  F ig .  2. I n  t h e  f i g u r e ,  a lso t h e  a c t i v e  p e r i o d s  of t h e  volcano 

are shown by t h e  columns, bu t  t h e  1950-51 e r u p t i o n  w a s  very l a r g e  

comparing w i t h  t h e  o t h e r  a c t i v i t i e s :  

w e r e  e r u p t e d  by t h i s  e r u p t i o n  and about 1 X l o6  ton  of l a v a s  by 

about 5 X lo7 t o n  of l a v a s  

t h e  1953-54 e r u p t i o n .  In t h e  f i g u r e ,  t h e  d i f f e r e n c e s  between 

Oosima and  Kakioka Magnetic Observatory which i s  s i t u a t e d  a t  a 

d i s t a n c e  of 180 km nor th -eas t  f r o m  Oosima, are ob ta ined  i n  o rde r  

t o  e l i m i n a t e  t h e  effects of geomagnetic d i s t u r b a n c e s  of o u t e r  o r i -  

g i n .  Dec l ina t ion  a t  O o s i m a  has  changed eastward after t h e  climax 

of t h e  e r u p t i o n  i n  1951, r e p e a t i n g  s m a l l  o s c i l l a t o r y  changes and 

reached a sympto t i ca l ly  a c e r t a i n  l e v e l  about  1957. The double  cir-  
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cles i n  F i g .  2 d e n o t e  t h e  semi-monthly means which are calibrated b y  

t h e  a b s o l u t e  o b s e r v a t i o n s  by means of a G. S .  I. ( Geograph ica l  Su r -  

vey I n s t i t u t e  ) t y p e  magnetometer.  From t h i s  f i g u r e ,  i t  may be con- 

c l u d e d  t h a t  t h e  d e c l i n a t i o n  a t  t h e  w e s t e r n  coast changed g r a d u g l l y  

abou t  7 minu tes  of arc eastward f o r  6 y e a r s  1951 t o  1957 as t h e  af- 

tereffects of t h e  1950-51 e r u p t i o n .  Taking i n t o  c o n s i d e r a t i o n  t h e  

d i f f e r e n c e  of t h e  rate of t h e  s e c u l a r  changes  i n  d e c l i n a t i o n  be- 

tween Oosima a n d  Kakioka, i .e .  0 . 2 5  and  0.15 minu tes  of arc per y e a r  

for  1950  and  1 9 6 0  r e s p e c t i v e l y  a c c o r d i n g  t o  t h e  G. S. I . ,  w e  may s a y  

t h a t  t h e  anomalous change amounted abou t  5.5 minutes of arc  per 6 years, 

If t h e  changes  i n  geomagnet ic  f i e l d  d u r i n g  1951 t o  1957 i s  ap- 

proximated  by a d i p o l e  f i e l d ,  i t s  moment and  d e p t h  can  be deter- 

mined by  t h e  r e s u l t s  of t h e  c o n t i n u o u s  o b s e r v a t i o n  of d e c l i n a t i o n  

and t h e  temporary  ones  of d ip  on Oosima. Thus,  t h e  d e p t h  o f  t h e  

dipole is estimated at 1 

of 3 X 1013 emu. 

67 ) ,  t h e  magne t i c  dipole which approx ima tes  t h e  geomagnet ic  anom- 

a l ies  observed on Oosima V cano,  i s  s i t u a t e d  a t  a depth of about  

2 km below sea l e v e l  a t  t h e  c e n t r e  of t h e  i s l a n d  and  h a s  t h e  moment 

\ 

2 km and the increase in moment as the order 

As a l r e a d y  d i s c u s s e d  by t h e  p r e s e n t  a u t h o r  ( 1 9  

6, 
1 4  u t  7.1 X 10 emu. The above  d i p o l e  i n t e r p r e t i n g  t h e  anom- 

a l o u s  changes  for  6 y e a r s  m o -  

ment of t h a t  c o r r e s p o n d i n  

I n  t h e  f o l l o w i n g ,  a process t o  i n t e r p r e t  t h e  

o b s e r v e d  i n c r e a s e  i n  dipo e d i s c u s s e d :  If w e  as- 

sume t h a t  t h e  normal tern 

t h i s  v o l c a n o  

100°C b y  1951 

i s  15OoC and  i t  had been  e l e v a t e d  n o t  so  much, s a y  by  

when t h e  a c t i v i t i e s  w e r e  h i g h e s t ,  and  i t  r e c o v e r e d  t o  
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t h e  almost normal s t a g e  af ter  6 y e a r s  as t h e  a c t i v i t i e s  d e c l i n e d ,  

t h e  rocks  t h e r e  would restore m a g n e t i z a t i o n  about  2 X emu/g 

a c c o r d i n g  t o  t h e  r e s u l t  of t h e  measurement of t h e  Oosima l a v a s  

by Nagata  ( 1951 ) .  If w e  s u b s t i t u t e  t h e  above d i p o l e  b y  a s p h e r e  

i n  t h e  s e n s e  of  a v e r y  rough approx ima t ion ,  i t s  r a d i u s  is  0.9 k m  

and i t s  volume amounts t o  3 X 1015 cc. 

as compared w i t h  t h a t  o f  t h e  over f lowed l a v a s  ( about  2 X 10 cc ) 

b u t  t h e  magma which i n t r u d e d  i n t o  t h e  f i s s u r e s  i n  t h e  s p h e r e  might  

be n o t  so  voluminous.  And i t s  a c t u a l  shape  may be r a t h e r  oblate 

Th i s  volume i s  v e r y  l a r g e  

13 

v e r t i c a l l y  a l o n g  t h e  c o n d u i t s  and  i t s  p o s i t i o n  is approx ima te ly  

t h e  s a m e  t o  t h a t  of  t h e  d i p o l e  i n t e r p r e t i n g  t h e  geomagnet ic  anom- 

a l ies  on O o s i m a  Volcano as shown i n  F ig .  3 which w a s  p roposed  by 

t h e  a u t h o r  ( 1969 ) as a s c h e m a t i c  s t r u c t u r e  of  t h e  vo lcano .  Taking 

d e n s i t y  and  s p e c i f i c  h e a t  of t h e  l a v a s  as 2 . 5  g /cc  and  0.2 cal/g°C 

r e s p e c t i v e l y ,  w e  g e t  t h e  t o t a l  h e a t  n e c e s s a r y  t o  change t h e  mean 

t e m p e r a t u r e  of t h e  l a v a s  b y  100°C as about  1 . 5  X 1017 cal .  

The a c t i v i t i e s  of magma b e n e a t h  t h e  v o l c a n o  would be h i g h e s t  

a lmos t  a t  t h e  same t i m e  as t h e  h i g h e s t  surface ac t iv i t i e s  i n  1950  

or 1951.  For 6 y e a r s  af ter  t h e  climax of  t h e  e r u p t i o n s ,  t h e  mean 

t e m p e r a t u r e  of t h e  l a v a s  a t  t h a t  par t  might  have  r e c o v e r e d  by  n e a r -  

l y  100°C. The mol ten  magma which had f i l l e d  t h e  v e n t s  and  f i s s u r e s  

i n  t h e  s p h e r i c a l  p a r t  a t  t h e  most a c t i v e  p e r i o d ,  ove r f lowed  t o  t h e  

e a r t h  s u r f a c e  or retreated back  t o  t h e  d e p t h  and  hence ,  t h e  h e a t  

s o u r c e  of h i g h  t e m p e r a t u r e  h a s  d i m i n i s h e d  i n  acco rdance  w i t h  t h e  

d e c l i n e  of t h e  a c t i v i t i e s .  The t e m p e r a t u r e  might have  decreased by 

10G°C for  6 y e a r s  n o t  o n l y  by h e a t  conduc t ion  b u t  by steam e m i s -  

s i c n ;  t h e  m o s t  probable h e a t  s o u r c e  of l o w  t e m p e r a t u r e  at  a d e p t h  
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of 1 - 2  km must be meteoric water. At Oosima Island, it rains 

about 300 cm in a year. If we assume that the rain water within 

the caldera ( about 10 km2 in area ) contacts with the lavas and 

evaporates, the heat absorbed for 6 years amounts to about 1.1 X 

lOI7 cal. This is approximately equal to the heat required for 

the cooling process as before-mentioned. The evaporated water 

partly expands through the crater into the air as volcanic clouds. 

Though a mor4 quantitative discussion of the above cooling pro- 

cess is not impossible, it will be not completely successful be- 

cause it necessarily needs a few assumptions concerning the con- 

crete structures and physical conditions beneath the volcano. Thus, 

it may be safely said that the mean temperature of the spherical 

part corresponding to the dipole could be lowered by 100°C in 6 

years. 

In a summary, the geomagnetic changes related with the activ- 

ities of Oosima Volcano are interpretable by the possible thermal 

processes at about 2 km deep beneath the volcano. 

2. Crustal deformations related with volcanic activities 

Crustal deformations associated with great eruptions of both 

tic and andesitic volcan s have proved to be elastic as a 

rough approximation, and defo ation analyses on some volcanoes 

such as Hawaii and Sakurazima have given some clue to the processes 

of the volcanic activities and their subsurface structure. 

In order to interpret the crustal deformations observed around 

volcanoes, already MOGI ( 1958 ) presented a model of pressure 
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s o u r c e  of e x p l o s i v e  or i m p l o s i v e  t y p e s .  On t h e  o t h e r  hand, t h e  

a u t h o r  ( 1971 ) ,  f o r  t h e  same purpose ,  p roposed  a n  a l t e r n a t i v e  

model w i t h  p r e s s u r e  s o u r c e  of t h r u s t  t y p e .  The former  model has  

p r e s s u r e  d i s t r i b u t i o n  e x p r e s s e d  i n  s p h e r i c a l  harmonics  P 0 ( cos 9) 
0 

and reminds u s  of magma r e s e r v o i r s  w h i l e  t h e  l a t te r  h a s  P: ( cos 6 ) 
d i s t r i b u t i o n  symbol i z ing  t h e  p o i n t s  of d i k e s .  The d e f o r m a t i o n s  of 

t h e  s e m i - i n f i n i t e  elastic body caused  b y  a n  i n t e r n a l  p r e s s u r e  

s o u r c e  of b o t h  t y p e s  w e r e  a l r e a d y  c a l c u l a t e d  by YAMAKAWA ( 1955 ) 

and SOEDA ( 1944 ) r e s p e c t i v e l y .  The d i sp lacemen t  c u r v e s  of  t h e  

t w o  models shown i n  F ig .  4 are n o t  s u b s t a n t i a l l y  d i f f e r e n t  f r o m  

each other.  H o w e v e r ,  t h e  v e r t i c a l  d i s p l a c e m e n t s  of t h e  s u r f a c e  
3 2  2 r i g h t  above  t h e  s o u r c e s  depend upon 3/4 ( a /f ) and 5/6 ( a /F ) 

r e s p e c t i v e l y ,  where a d e n o t e s  r a d i u s  of t h e  s o u r c e  s p h e r e , & a n d  

F d e p t h s  of t h e  p r e s s u r e  s o u r c e s  of both  t h e  t y p e s .  If w e  take f 

= F = 10a and t h e  o t h e r  c o n d i t i o n s  remain t h e  s a m e ,  t h e  l a t t e r  i s  

rwc - - 
% w 

abou t  10 t i m e s  l a r g e r  t h a n  t h e  former: In  o t h e r  words, t o  c a u s e  

t h e  s a m e  v e r t i c a l  d i s p l a c e m e n t s ,  Po model needs  t h e  s o u r c e  pres- 

s u r e  o n l y  one t e n t h  of Po model. 

1 
0 

By c u r v e - f i t t i n g  t o  t h e  obse rved  v e r t i c a l  d i s p l a c e m e n t s  i n  

F ig .  4,  t h e  d e p t h s  of t h e  p r e s s u r e  s o u r c e s  can  be de te rmined .  And 

also t h e  d i s t r i b u t i o n s  of h o r i z o n t a l  d i s p l a c e m e n t s  e n a b l e  u s  t o  

estimate a p p r o x i m a t e l y  t h e  d e p t h s  of t h e  p r e s s u r e  s o u r c e s  as t h e  

radial d i s t a n c e s  where t h e  h o r i z o n t a l  d i s p l a c e m e n t s  t a k e  maxima. 

Whether one adopts Pz model or Po model, one must p r e f e r  a 1 

s i r , g l e  model t o  supe rposed  p l u r a l  models b e c a u s e  t h e  mutua l  

effects of t h e  p l u r a l  boundary c o n d i t i o n s  are n o t  a lways n e g l i g i b l e  

i n  t h e  l a t t e r  case. 
i 
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Example 1 : t h e  1914 e r u p t i o n  of Sakurazima,  J apan  

The r emarkab le  d e p r e s s i o n  a round Sakurazima i n  i t s  1914 erup-  

t i o n  i s  shown i n  F i g .  5. Mogi ( 1958 ) i n t e r p r e t e d  t h i s  d e p r e s -  

s i o n  b y  a model of Po" t y p e  and g o t  t h e  d e p t h  of p r e s s u r e  s o u r c e  as 

10 k m  assuming t h e  maximum d e p r e s s i o n  t o  amount t o  150 c m  a t  p o i n t  

A i n  F ig .  5. 

t h e  above d e p r h s s i o n  and  o b t a i n e d  t h e  d e p t h  of p r e s s u r e  s o u r c e  as 

4 km. I n  F ig .  6 t h e  d e g r e e s  of f i t n e s s  of b o t h  t h e  t h e o r e t i c a l  

The a u t h o r  ( 1971 ) a p p l i e d  a model of Py t y p e  t o  

c u r v e s  f o r  t h e  observed v a l u e s  are almost i n d i s c r i m i n a t e .  

The p r e s s u r e  change at  t h e  s o u r c e  i s  d e t e r m i n a b l e  when t h e  

v e r t i c a l  d i s p l a c e m e n t  a t  t h e  s u r f a c e  r i g h t  above t h e  p r e s s u r e  

! 

--. 

d.J 
i 

s o u r c e  and  t h e  d e p t h  of t h e  s o u r c e  or E- are known. For t h e  Pz 
11 model w i t h &  = 10a = 10 km and 10 

t h e  p r e s s u r e  change  amounts t o  20 Kbar. 

c . g . s .  as r i g i d i t y  of t h e  c r u s t ,  - 
For t h e  Py model w i t h  F = 

rr\rc 

10a = 6 k m  a n d  t h e  same r i g i d i t y  as t h e  above,  t h e  p r e s s u r e  change 

i s  3 K b a r .  On t h e  o t h e r  hand,  t h e  p r e s s u r e  of e x p l o s i o n  of Sakura-  

z i m a  may be a p p r o x i m a t e l y  estimated b y  t h e  maximum h o r i z o n t a l  ar- 

r i v a l  d i s t a n c e  of t h e  projected f r a g m e n t s .  

jected i n c a n d e s c e n t  s t o n e s  r a g g i n g  b e h i n d  them t h r e a d s  or t a i l s  

of g r e y  vapors, l i k e  meteors, are said t o  have  f a l l e n  h o t ,  abun- 

d a n t l y  and  h i s s i n g  i n t o  t h e  sea t o  a distance of 3 -  3.5 km f r o m  

wn 

S t r o n g  showers  of pro- 

t h e  v e n t .  Hence, t h e  i n i t i a l  v e l o c i t y  i s  estimated a t  170 m / s e c .  

and  t h e  pressure of e x p l o s i o n  as a b o u t  300 bar. The d i f f e r e n c e  

between t h e  e s t i m a t i o n  by  Py aodel ( 3 K b a r  ) and t h a t  of t h e  ex-  - 

p l o s i o n  p r e s s u r e  ( 300 bar ) may n o t  be unreasonab le .  

The h o r i z o n t a l  d i s p l a c e m e n t s  of t h e  t r i a n g u l a t i o n  p o i n t s  on 
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a n d  a round Sakurazima d u r i n g  t h e  p e r i o d  1898  t o  1914 af ter  i t s  

e r u p t i o n  are shown i n  F ig .  7 where l i n e & d e n o t e s  t h e  f i s s u r e  

l i n e  w i t h  craterlets and e l l ipse BB does  t h e  convergent  area o f  

t h e  d i sp lacemen t  v e c t o r s  which i s  i n d e n t i c a l  w i t h  t h e  c e n t r e  of 

d e p r e s s i o n  found  by t h e  precise l e v e l s  a l o n g  Kagosima Bay shown i n  

F ig .  5. As mentioned b e f o r e ,  one may estimate t h e  d e p t h  of p r e s s u r e  

s o u r c e  at about  3 k m  b e n e a t h  t h e  vo lcano  f r o m  t h e  d i s p l a c e m e n t s  a t  

b o t h  Though t h e  f i s s u r e  a l r e a d y  ap- 

peared a t  t h e  e a r t h  s u r f a c e  and  t h e r e f o r e ,  s t r i c t l y  s p e a k i n g ,  t h e  

e las t ic  t h e o r i e s  are n o t  appicable, t h e  r ange  of maximum h o r i z o n -  

t a l  d i s p l a c e m e n t s  may be approx ima te ly  d e t e r m i n a b l e  from t h e  r e s u l t  

of t r i a n g u l a t i o n .  

- 

sides of f i s s u r e  l i n e  A&. 

Example 2: t h e  1967-68 e r u p t i o n  of  K i l a u e a ,  H a w a i i  

The 1967-68 e r u p t i o n  of K i l a u e a  w a s  d i s c u s s e d  by  FISKE and 

KINOSHITA ( 1969 ) f r o m  t h e  s t a n d p o i n t  of g e o d e t i c  o b s e r v a t i o n s .  

During t h e  period J a n u a r y ,  1 9 6 0  t o  October ,  1967 ,  t h e y  r e p e a t e d  1 4  

s u r v e y s  of l e v e l  and  t i l t  and  7 geodimeter  s u r v e y s  and  found t h e  

m i g r a t i o n  of t h e  c e n t r e  of u p l i f t  as shown i n  F i g .  8, by de te rmin -  

i n g  t h e  s u c c e s s i v e  c e n t r e s  assuming t h e  P m o d e l s .  0 
0 

The m i g r a t i o n  of t h e  c e n t r e  of  u p l i f t  may be t h e  wandering of 

t h e  upward t h r u s t s  i n  s i l l s  and  d i k e s  which are approximated  by 

t h e  Py m o d e l  better t h a n  Po0 model. 

d i s p l a c e m e n t s  of bench marks a round  K i l a u e a  f o r  t h e  p e r i o d s  J a n u a r y  

- J u l y ,  1960  and  August - Octobe r ,  1967 are a n a l y z e d  by t h e  Py 

models. The r e s u l t s  are shown i n  F i g .  9 ( a ) and  ( b ) ,  respec- 

Two examples  of  t h e  v e r t i c a l  
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/ t i v e l y ,  where t h e  d o u b l e  circles d e n o t e  t h e  r e f e r e n c e  p o i n t s .  I n  

b o t h  t h e  cases, t h e  d e p t h s  of t h e  p r e s s u r e  s o u r c e s  are o b t a i n e d  

as 2 -  3 km b e n e a t h  t h e  r e s p e c t i v e  p o i n t s  i n  F ig .  8. FISKE and 

K I N O S H I T A  ( 1369  ) d r e w  a h i g h l y  s t y l i z e d  diagram of t h e  Ki l auea  

magma r e s e r v o i r  as shown i n  F i g .  10 where t h e  r e s e r v o i r  would con- 

w sist  of  d e n s e  s i l l s  and  feeder d i k e s .  

The p r e s s u r e  change a t  t h e  s o u r c e  o f  t h e  de fo rma t ion  d u r i n g  

t h e  p e r i o d  J a n u a r y m J u l y ,  1966 i s  estimated a t  640 bar fo r  a Py 

model w i t h  F = 2 k m .  - 
From t h e  h o r i z o n t a l  d i s p l a c e m e n t s  of  20 geodimeter  l i n e s  du r -  

i n g  t h e  period J a n .  6 t o  Feb. 21,  1967 ,  FISKE and KINOSHITA ( 1 9  

69 ) est imated t h e  d e p t h  of t h e  p r e s s u r e  s o u r c e  a t  2 km which i s  

e q u a l  t o  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  v e r t i c a l  d i s p l a c e m e n t s  i n  

t h e  above .  

In  a brief summary, t h e  p r e s s u r e  s o u r c e s  c a u s i n g  c r u s t a l  de- 

f o r m a t i o n s  a t  s e v e r a l  vo lcanoes  are located a t  t h e  d e p t h s  of 2 - 6  

km . 
I w 

3. Magma t r a n s f e r  th rough v o l c a n o e s  

The idea of  magma r e s e r v o i r s  i s  a n e c e s s i t y  of a working hy- 

p o t h e s i s  which i n t e r p r e t  d i f f e r e n t i a t i o n  of magmas b e n e a t h  vo lca -  

noes .  The e x i s t e n c e  of magma r e s e r v o i r s ,  t h e  a u t h o r  t h i n k s ,  h a s  

n o t  been proved beyond a p o s s i b i l i t y  of doubt  i n  f i e l d  s t u d i e s  

thoilgh s e v e r a l  p a p e r s  have  d i s c u s s e d  i t  f r o m  t h e  s t a n d p o i n t s  of 

a t t e n u a t i o n  a n d  c o n v e r s i o n  of t h e  s e i s m i c  waves through magma res- 
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e r v o i r s .  In  t h i s  S e c t i o n ,  t h i s  w i l l  be discussed by  magma t r a n s f e r  

t h rough  v o l c a n o e s ,  i n  o t h e r  w o r d s ,  by  dynamics of magma. 

One may estimate t h e  o r d e r  of magnitude of ene rgy  release f r o m  

a vo lcano ,  i f  t h e  d i s c h a r g e  rate of ejecta from t h e  vo lcano  i s  

known by  h i s t o r i c a l  r e c o r d s  or g e o l o g i c a l  s t u d i e s .  To estimate en- 

e r g y  t r a n s f e r  by  knowing m a s s  t r a n s f e r ,  t h e  f o l l o w i n g  fo rmulae  are 

a p p l i e d  a c c o r d i n g  t o  t h e  t y p e s  of ejecta: 

e s s e n t i a l  l a v a :  

E ( s o l i d  ) = M ( A T  X C + H ) J 

= M ( 1000°C X 0.25 c a l / O C  + 50 cal ) J 

= 1 . 2  x l o l o  M ( g e r g ,  

where 2- d e n o t e s  m a s s ,  T - t empe r a t u  r e d i f f e r e n c e ,  C s p e c i f i c  h e a t ,  
Ln/. 

€4 l a t c n t  h e a t ,  and  J h e a t  e q u i v a l e n t .  V o l a t i l e  material c o n t a i n e d  

i n  l a v a s ,  which i s  a l m o s t  a l l  w a t e r  vapour  and amounts t o  5 % i n  
* w 

w e i g h t ,  a lso carries the rma l  energy:  

E ( w a t e r  ) = M, ( A T  X Cw + Hw ) J 

= M X 0.05 ( 900°C X 0.5 c a l / O C  + 639 cal  ) J 

= 0 . 2  X 10 M ( g ) e r g .  10 

Adding b o t h  t h e  e n e r g i e s ,  w e  adop t  t h e  f o l l o w i n g  fo rmula :  

10 E ( l a v a  ) = 1 . 4  X 10 M ( g ) e r g ,  

p y r o c l a s t i c s  ( f r agmen ta ry  ejecta ) :  

E ( f r a g .  ) = M ( A T X C  ) J 

= M ( 5OO0C X 0.20 cal/oC ) J 

= 0 . 4  x 10" M ( g ) e r g .  

I n  t h e  f o l l o w i n g  d i s c u s s i o n ,  a l l  v o l c a n i c  ejecta are classi- 

fied i n t o  l a v a s  and  p y r o c l a s t i c s ,  and  ene rgy  releases by them w i l l  

be c a l c u l a t e d  by  t h e  above fo rmulae .  I n  o t h e r  words, t h e  e n e r g i e s  
! 
t 
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mean t h e r m a l  ones  t r a n s f e r r e d  by ejecta and  are p r o p o r t i o n a l  t o  t h e  

masses of t h e  ejecta. 

Example 1 : O o s i m a .  

One may refer t o  t h e  h i s t o r i c a l  records o f  t h e  e r u p t i o n s  of 

t h i s  vo lcano  up t o  t h e  7 th  c e n t u r y  b u t  t h e s e  records are n e i t h e r  

comple te  n o r  q u a n t i t a t i v e .  NAKAMURA ( 1964 ) estimated volume of 

t h e  ejecta a t  each  p e r i d  s i n c e  500 A.D. by l a b o r i o u s  s t r a t i g r a p h -  

i ca l  s t u d i e s :  H e  made t h e  c a l c u l a t i o n s  on t h e  basis of t h e  d is t r i -  

b u t i o n  maps of t w e l v e  m e m b e r s ,  which comprise two e l e m e n t s ,  i .e . ,  

i s o p a c h  c o n t o u r s  of t h e  f a l l  d e p o s i t s  a n d  d i s t r i b u t i o n  of  l a v a -  

f l o w s  and  scoria cones .  Applying t h e  same fo rmulae  as p r e v i o u s  t o  

t h e  volume o f  each  ejecta, he  g o t  t h e  release rate of' t he rma l  en- 

e r g y  as shown b y  t h e  twe lve  steps i n  F ig .  11. Roughly s p e a k i n g ,  

t h e  f i g u r e  may r e p r e s e n t  t h a t  t h e  vo lcano  h a s  c o n s t a n t l y  released 

ene rgy  a t  a rate of a b o u t  6 X erg /100  y e a r s  d u r i n g  t h e s e  1500 

y e a r s  or s i n c e  t h e  caldera f o r m a t i o n ;  e x a c t l y  s p e a k i n g ,  t h e  re- 

s p e c t i v e  rate of ene rgy  re1 t e a c h  period i n  t h e  

mains unknown. I n  F i g .  11, 1876 ,  ene rgy  releas 

s m a l l e r  t h a n  former; NAKAM 964 ) referred t o  them as 501- 

l o w s :  t h e s e  e r u p t i o n s  may p a b l y  be r e g a r d e d  as a mere episode 

r a t h e r  t h a n  a par t  of c o n s t r  i v e  a c t i v i t y  i n  t h e  l o n g  h i s t o r y  of 

t h i s  v o l c a n o ,  b u t  i t  may be possible t h a t  t h e  mode of a c t i v i t y  h a s  

Accord ing  t o  t h e  p r e s e n t  p r i n c i p l e ,  t h e  ene rgy  t r a n s f e r  corre- 

sponds t o  the mass transfer; 8 X e r g  c o r r e s p o n d  t o  6 .2  X lo9 t o n  
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d u r i n g  t h e s e  1500 y e a r s .  

Example 2: Vesuvius .  

I 

G.IMB0 ( p e r s o n a l  communication ) h a s  a l r e a d y  i n v e s t i g a t e d  t h e  

volumes o f  ejecta a t  each  p e r i o d  of t h e  a c t i v i t i e s  of Vesuvius 

s i n c e  1631.  R e f e r r i n g  the,  h i s t o r i c a l  r e c o r d s ,  he  classified t h e  

a c t i v i t i e s  i n t o  t h e  t h r e e  t y F ? s ,  i . e . ,  l a v a  e f f u s i o n ,  p y r o c l a s t i c  

e x p l o s i o n ,  and  fo rmar ion  of cones  i n  t h e  craters ( St rombol i an  

t y p e  ) ,  and c a l c u l a t e d  t h e  volumes of t h e  ejecta p r e c i s e l y  on t h e  

t o p o g r a p h i c a l  maps. On t h e  basis of h i s  r e s u l t s ,  t h e  rate of t h e r -  

m a l  ene rgy  release i s  o b t a i n e d  as shown i n  F i g .  1 2 ,  where t h e  r i g h t -  

hand o r d i n a t e  approx ima te ly  r e p r e s e n t s  t h e  c o r r e s p o n d i n g  mass. 

The e r u p t i o n  i n  1631 o c c u r r e d  after 490 y e a r s '  q u i e s c e n c e  and  i s  

n o t  known w e l l  q u a n t i t a t i v e l y .  T h e r e f o r e ,  t h e  f i r s t  s t e p  of l a r g e  

amount of ene rgy  release p robab ly  may be smoothed f o r  a l o n g e r  peri-  

od. By a g l a n c e ,  t h e  ra te  of ene rgy  release from Vesuvius seems con- 

s t a n t  s i n c e  t h e  middle of t h e  1 8 t h  c e n t u r y  t o  1944.  By a minute  ex-  

a m i n a t i o n ,  i t  g r a d u a l l y  i n c r e a s e d  s i n c e  1631 and  a t t a i n e d  t h e  maxi- 

mum and  t h e n  h a s  decreased a s y m p t o t i c a l l y  t o  z e r o .  I n  fac t ,  one  

s h a l l  be able t o  d e t e r m i n e  t h e  r e c e n t  tendency  af ter  accumula t ion  

of t h e  f u t u r e  o b s e r v a t i o n s .  

Summarizing t h e  two f e a t u r e s  of energy  release obse rved  on 

Oosima and  Vesuvius ,  one may g e t  two s c h e m a t i c  d iagrams as shown i n  

F ig .  13. A t  both t h e  v o l c a n o e s ,  t h e  r e s p e c t i v e  chemica l  composi- 

t i o n s  of t h e  l a v a s  e f f u s e d  th roughou t  t h e  p e r i o d s  have.shown l i t t l e  

v a r i a t i o n ,  which s u g g e s t s  t h a t  magma r e s e r v o i i s ,  i f  any ,  have  n o t  L 1 
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been emptied, b u t  been under  t h e  s a m e  c y c l e s  of d i f f e r e n t i a t i o n .  
I 

F i g .  13 ( a ) shows c o n s t a n t  release of energy  or m a s s  as 

obse rved  on Oosima, which means c o n s t a n t  ra te  of magma supp ly  t o  a 

vo lcano  f r o m  t h e  deep. Magma r e s e r v o i r s ,  i f  any ,  b e n e a t h  t h e ' v o l -  

can0  do n o t  effect a p p a r e n t l y  t h e  release o f  magma. 

t h e  v o l c a n o  i n c l u d i n g  magma r e s e r v o i r s  i s  s t a t i o n a r y  and therefore 

i s  open t o  t h e  o u t s i d e ,  or b i g g e r  s o u r c e s  such  as t h e  man t l e .  

A system of 

F i g .  13 ( b ) shows a c u r v e  of energy  release, of which rate 

t a k e s  a m a x i m u m  and  t h e r e a f t e r  t e n d s  a s y m p t o t i c a l l y  t o  zero, as 

obse rved  on Vesuvius .  I n  an  open sys tem,  e n t r o p y  p r o d u c t i o n  rate 

depends ma in ly  on t h e  e x t e r n a l  s u p p l y ,  w h i l e  i n  a closed sys tem i t  

t e n d s  t o  zero approach ing  e q u i l i b r i u m .  I n  F i g .  13 ( b ) t h e  former 

s t a g e  does n o t  r e p r e s e n t  a closed sys tem,  b u t  t h e  l a t te r  s t a g e  i s  

p o s s i b l e  t o  r e p r e s e n t  a closed system. When once  t h e  sys tem i s  

c l o s e d ,  i t s  rate of magma release t o  t h e  craters depends on t h e  

r e s i d u a l  volume i n  t h e  r e s e r v o i r ,  and  consequen t ly  decreases w i t h  

t i m e .  The p r e s e n t  d i s c u s s i o n  is  concerned  w i t h  t h e  closed sys tem 

on1 If one assumes t h a t  h e  l a t te r  s t a g e  i n  F i g .  13 ( b ) re- 

s u l t s  f r o m  a closed sys tem may estimate t h e  i n i t i a l  c o n d i t i o n  

of t h e  sys tem.  I n  F i g .  1 2  s u v i u s ,  t h e  vo lcano  sys tem might  be 

i s o l a t e d  f r o m  t h e  deep i n  g i n n i n g  of  t h e  1 9 t h  c e n t u r y  and  af- 

terwards i t  h a s  been  closed t o  t h e  supp ly  s o u r c e .  S i n c e  t h e  peri-od 

of i s o l a t i o n ,  t h e  v o l c a n o  h a s  released abou t  1 . 6  X 10 m of  ejec- 

ta ,  which i s  e q u a l  t o  a s p h e r  f a b o u t  1.5 k m  i n  diameter. Th i s  

may r e p r e s e n t  t h e  minimum v o l  of t h e  magma r e s e r v o i r  which has  

formed a closed sys tem:  s t i l l  i t  may h o l d  r e s i d u a  and release them 

i n  f u t u r e .  T h e r e f o r e  t h e  t r u e  volume of t h e  r e s e r v o i r  may be l a r g e r  

L 

9 3  
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than the above value. In this interpretation, the magma reservoir 

can be replaced by a magma conduit. 

Example 3: Kilauea, Hawaii 

As for the magma supply rate at Kilauea Volcano, 

SWANSON ( 1972 ) denoted that the three longest eruptions lasting 

4.5 months or longer during the period 1952 to 1971 produced lava 

at an overall constant rate of about 9 X lo6 m3 per month when re- 

calculated on a nonvesicular basis and this eruption rate might re- 

present the rate of magma supply from a deep source, probably the 

mantle. 

To verify that this rate of supply from the mantle is essen- 

tially steady, he mentioned the following evidences: Noneruptive 

periods are typically characterized by sw2lling of Kilauea's summit 

area, which indicates storage of an increasingly large volume of 

magma and Kilauea's eruptions usually end when the summit is rein- 

flating after initial deflation, which shows a continued movement 

of magma into Kilauea's conduit system. 

4. Subsurface structure of calderas & 

Almost all the calderas in Japan, about 15 in number, have 

been surveyed gravimetrically by the author. The results of these 

surveys afford us a basis for quantitative discussion about the 

subsurface structure of the calderas and will improve our un- 

derstanding of the mechanism of caldera formation. According to 

L 
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the present author ( 1963 ) ,  the calderas in Japan may be classi- 

fied into two types from the standpoint of gravity anomaly: the 

calderas of a high gravity anomaly type such as Oosima ( Fig. 14 ) ,  

associated with the effusive eruption of basaltic magma, to which 

Kilauea Caldera also belongs, and the calderas of a low gravity 

anomaly type such as Kuttyaro, Hakone and Aso,  formed by explosive 

eruptions of siliceous magmas. In 1968, gravity surveys on the 

Krakatau Islands in the Sunda Straits and on Batur Caldera, Bali, 

were carried out by the author and ,D. HADIKUSUMO ( 1969 ) :  the 

former proved to be of the low gravity anomaly type and the latter 

of the high gravity anomaly type. As for the high gravity anomaly 

type, the present author ( 1969 ) already discussed the subsurface 

structure of Oosima. Therefore, in the following, the discussions 

will be confined to the low gravity anomaly type i.e., Kuttyaro 

and Sikotu Calderas in Hokkaido. 

Example 1: Kuttyaro Caldera 

Kuttyaro Caldera, measuring about 20 km in diameter, is one 

of the largest calderas in Japan; and its western half is a lake 

of which the average depth is about 40 m. Pumice which was ejected 

at the time of the catastrophe of the caldera formation ( 20 - 
30,000 years B.P. ) is fund widely spread around the caldera. A 

ty survey on the s the frozen lake was carried out by 

the author ( 1958 ) ,  an ter supplemented repeatedly. 

The distribution of Bouguer anomalies on this caldera is shown 

in Fig. 15 where the dashed square contains about 100 gravity 
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p o i n t s  measured f o r  p r o s p e c t i n g  i n  1963.  The g r a v i t y  anomal i e s  

w e r e  a l r e a d y  a n a l y z e d  and a schemat i c  p ro f i l e  of t h e  s u b s u r f a c e  

s t r u c t u r e  of t h e  caldera w a s  p r e s e n t e d  b y  t h e  a u t h o r  ( 1 9 5 8  ) as 

shown i n  F i g .  1 6 ,  where t h e  d e n s i t y  contrast  (9 - f ) w a s  assumed 

t o  be 0.3 b/cc. 
0 I 

I n  1963 ,  a d r i l l i n g  1000 m deep f o r  deve lop ing  steampower w a s  

made i n s i d e  t h e  caldera ( a t  t h e  c e n t r e  of t h e  dashed  s q u a r e  i n  

F i g .  15 ) .  N I S H I D A  and t h e  a u t h o r  ( 1965  ) s t u d i e d  s e v e r a l  p h y s i -  

cal properties of t h e  cores f r o m  t h i s  d r i l l i n g .  Some of them, such  

as d e n s i t y  and  t h e r m a l  c o n d u c t i v i t y ,  t o g e t h e r  w i t h  t h e  d i s t r i b u -  

t i o n s  of t e m p e r a t u r e  and  heat f l o w  v a l u e  a l o n g  t h e  d r i l l i n g ,  are 

shown i n  F i g .  17 .  A t  t h e  d r i l l i n g  s i t e ,  t h e  d e p t h  of coarse mate- 

r i a l  which i s  r e s p o n s i b l e  f o r  t h e  obse rved  g r a v i t y  anomaly is  ex-  

pected t o  be less t h a n  2 km as shown i n  F ig .  1 6 .  T h e r e f o r e ,  almost 

a l l  material t o  t h e  d e p t h  of 1000 m must be c o a r s e  caldera d e p o s i t s .  

I n  fac t ,  t h e r e  are many par ts  which c o n s i s t  of ve ry  coarse material 

as i n d i c a t e d  by dots  i n  t h e  f i r s t  column of F ig .  17 .  The m a j o r i t y  

of t h e  c o r e s  are agg lomera te  t u f f .  D e n s i t y  i n c r e a s e s  f r o m  1 . 7  t o  

2.2 g / c c  w i t h  d e p t h  i n s i d e  t h e  caldera, w h i l e  i t  may u s u a l l y  i n -  

crease f r o m  2 .0  t o  2 .5  g / cc  o u t s i d e  t h e  caldera. T h e r e f o r e ,  t h e  

before-ment ioned  d e n s i t y  c o n t r a s t  0.3 g /cc  may be r e a s o n a b l e .  As 

f o r  t h e  h e a t  f l o w  th rough  t h e  caldera, i t  is  n o t  c o n t i n u o u s  b u t  i% 

h a s  a s i n k  and  a s o u r c e :  s o m e  h e a t  may f low l a t e r a l l y  a t  t h e  t w o  

d e p t h s .  

Example 2: S i k o t u  Ca lde ra  
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I 

Lake S i k o t u  is  a caldera l a k e ,  measuring abou t  15  km i n  d i a m -  

eter and 368 m i n  i t s  maximum d e p t h .  The bottom p r o f i l e  i s  of 

t y p i c a l  c a l d r o n  shape.  This  caldera w a s  formed i n  t h e  P l e i s t o -  

cene :  t h e  a g e  of c a r b o n i z e d  wooden p i e c e s  found i n  t h e  S i k o t u  

w e l d e d  t u f f  w a s  de t e rmined  by t h e  r a d i o a c t i v e  method as abou t  18,000 

1 kd y e a r s  B.P. A g r a v i m e t r i c  s u r v e y  w a s  carried o u t  by means of a l a n d  

g r a v i m e t e r  a round  t h e  l a k e  and  a sh ipborne  survey  of to ta l  magnet ic  

force w a s  made on t h e  l a k e  i n  order t o  f i l l  t h e  gap  i n  t h e  g r a v i t y  
i 

su rvey .  

The d i s t r i b u t i o n  of Bouguer anomal ies  a round t h e  l a k e  i s  shown 

i n  F i g .  18. I n  t h e  e a s t e r n  h a l f  of t h e  l a k e ,  a r e s i d u a l  p o s i t i v e  

i 
i 

1 
i 

anomaly i n  t o t a l  magne t i c  f o r c e  amounts t o  abou t  4003 co r re spond ing  

t o  a r e s i d u a l  low g r a v i t y  anomaly of abou t  20 mgal. The s u b s u r f a c e  
I 

s t r u c t u r e  of S i k o t u  Caldera deduced from t h e  r e s u l t s  of t h e  above 

s u r v e y s  i s  s c h e m a t i c a l l y  shown i n  F ig .  1 9  where a lso t h e  s t r u c t u r e  

of t h e  e a s t e r n  ne ighbour ing  d i s t r i c t  o b t a i n e d  by  a seismic p r o s -  

p e c t i n g  i s  shown. The basement ( t h e  P a l a e o z o i c  ) i n  t h i s  d i s t r ic t  

1 
! 

rises towards t h e  east a n d  i s  a b o u t  2 km deep b e n e a t h  t h e  caldera; 

l a n d  t h e  d e p t h  of t h e  caldera d e p o s i t s  is  estimated a t  t h e  s a m e  v a l -  

ue .  Accord ing  t o  g e o l o g i c a l  ob r v a t i o n s ,  one may f i n d  t h e  Pa laeo-  

z o i c  f r a g m e n t s  i n  t h e  pumice-flow d e p o s i t s  a round t h e  caldera. 

Th i s  means t h a t  t h e  v i o l e n t  e x p l o s i o n s  might  occur  below t h i s  d e p t h  

p r i o r  t o  t h e  caldera f o r m a t i o n .  1 I , 

I n  a summary, caldera bottoms are u s u a l l y  composed of f a l l -  
i 

b a c k s  of caldera ejecta or p o s t - c a l d e r a  ejecta which c a u s e  l o w  re- 

s i d u a l  g r a v i t y  anomal i e s .  The d e p t h  of caldera deposits r a n g e s  2- 
s) 

I 
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f 4 km a c c o r d i n g  t o  diameter of t h e  calderas. A t  t h e s e  d e p t h s ,  g i -  

g a n t i c  e x p l o s i o n s  might occur  and a l a r g e  amount of pumice a n d  a s h  t 

w a s  e x t r u d e d  forming  a c i r c u l a r  c o n i c a l  d e p r e s s i o n .  ! 

i 
i 

[ 
In  c o n c l u s i o n ,  i t  may be summarized t h a t  t h e  foc i  of v o l c a n o e s  I 

are s i t u a t e d  a t  t h e  d e p t h s  2 ry 6 k m  b e n e a t h  them and t h e  s o u r c e s  of 

L v o l c a n i c  e n e r g i e s  p robab ly  may be c o n c e n t r a t e d  a t  t h e s e  d e p t h s .  
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Figure 1. Distribution of the westerly declination for 
for 195 6.0 on Oosima Island 

133 



Figure 2.  Variation of the difference of the semi-monthly mean 
of the westerly declination between Oosima and 
Kakioka. The encircled dots denote the values cali- 
brated by absolute measurements. 
denote the active periods of Oosima Volcano 
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Figure 3 .  Schematic section of Oosima Volcano. The numerals 

denote density in g/cc and the double circle a dipole 
responsible for the geomagnetic anomalies. 

YOG: Younger Oosima Graup 
OOG: Older Oosima Group 

SG: Senzu Group (Miocene) 
BV: Eros'ion remnant of basement volcanoes 
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Figure 4. Vertical and radial displacements of the ground surface 
due to  a pressure source of Po 0 or Py type 
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Figure 7 .  Horizontal displacements of triangulation points on 
Sakurazima and vicinity before and after its 1914 
eruption. AA and BB denote the fissure line with 
craterlets azd the zepression centre respectively 
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I I Km - 
Figure 8.  Migration of the centre of uplift observed 

during January 1966 to October 1967 in the 
1967-68 eruption of Kilauea. Heary lines 
indicate shifts in the centre of uplift that 
took place in 2 weeks or less  (after FISKE 
and KINOSHITA). 
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Figure 9. Radial distributions of the uplift observed in the 
1967-68 eruption of Kilauea. The curves show 
the calculated ones by the Pp models and the 
double circles do the reference points 

a) January-July 1966, corresponding to @ in 

b) August-October 1967, corresponding to 

Figure 8, 

@ -  @ in Figure 8 
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Figure -10. A highly stylized diagram of the Kilauea magma 
reservoir after FISKE and KINOSHITA 
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Figure 13. Schematic diagrams of cumulative energy release 
and rate of heat production from volcanoes 
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Figure 14. Distribution of Bouguer gravity anomalies on 
Oosima Volcano. Unit is mgal 
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Figure 15 .  Distribution of Bouguer gravity anomalies on 
Kuttyaro Caldera. Unit is mgal 
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2 km 

Figure 16.  A schematic profile of Kuttyaro Caldera. 
po - p1 = 0 . 3  g/cc 
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Figure 17 .  Some physical properties of the drilling cores obtained 
at Kuttyaro Caldera. 

D: density (g/cc), Temperature ("C), K thermal 
conductivity (X 10-3 cal/cm sec C), H. F. : heat 
flow (X cal/cm2 sec), At: agglomerate tuff, 
S: sand stone, Ag: agglomerate, Ad: andesite. 
Double circles denote lava gragments 
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