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I .  Tempera ture .  

Tempera ture  was s t u d i e d  w i t h  t h e  same o p t i c a l  pyromete r ,  

which I used  i n  the Hekla e r u p t i o n  of  1947-48 ( 1 ,  p .  2 2 ) .  Two - 
r u n s  o f  l a b o r a t o r y  compar isons  w i t h  a  thermocouple  were done 

d u r i n g  t h e  e a r l i e r  s t u d i e s  and a  t h i r d  was added now i n  c o l -  

l a b o r a t i o n  w i t h  P r o f e s s o r  T h o r b j o r a  S i g u r g e i r s s o n .  The r e s u l t s  

a r e  shown i n  F i g .  1. The a c c u r a c y  of  a  s i n g l e  pyrometer  measure- 

ment a p p e a r s  t o  be  20-25Oc. I n  t h e  t h i r d  r u n  compar ison was 

a l s o  made w i t h  S i g u r g e i r s s o n ' s  thermocouple ,  which he used i n  

S u r t s e y  o n  1 5 t h  Qct.  1964. 

On t h e  second day of  t h e  e r u p t i o n ,  Nov. 1 5 t h ,  1963,  I 

obse rved  a t  c l o s e  q u a r t e r s  from t h e  Coas t  Guard v e s s e l  A l b e r t .  

I n  d a y l i g h t  no glowing m a t e r i a l  c o u l d  b e  p e r c e i v e d  i n  t h e  

e r u p t i o n  columns.  I n  d a r k n e s s  s p o r a d i c  g lowing s t o n e s  were s e e n ,  

t h e  t e m p e r a t u r e  n o t  s u r p a s s i n g  6 5 0 - 7 0 0 ~ ~ .  A t  t h i s  t i m e  t h e  

e r u p t i o n  was submar ine ,  and t h e  m a t e r i a l  thrown o u t  had no doubt  

been c o o l e d  by t h e  w a t e r .  The low maximum t e m p e r a t u r e  is ,  never-  

t h e l e s s ,  r e m a r k a b l e .  When.one c o n s i d e r s  t h a t  a  bomb o f  20  c m  

d i a m e t e r ,  su r rounded  by c o l d  w a t e r ,  s h o u l d  r e t a i n  its c e n t r a l  

t e m p e r a t u r e  u n a f f e c t e d  f o r  a b o u t  1 0  m i n u t e s ,  one might  e x p e c t  

t o  f i n d  o c c a s i o n a l l y  t h e  o r i g i n a l  t e m p e r a t u r e  o f  t h e  magma when 

s u c h  and l a r g e r  bdmbs s p l i t  i n  t h e  a i r .  I t  seems p o s s i b l e ,  t h e r e -  

f o r e ,  t h a t  t h e  magma t e m p e r a t u r e  was v e r y  low. 

The c h a r a c t e r  of  t h e  e r u p t i o n  remained t h e  same f o r  

s e v e r a l  months ,  i . e .  t h e  m a t e r i a l  was non-luminous, o n l y  

sporaddc  bombs o f  a  deep  r e d  glow were o b s e r v e d .  I n  t h e  b e g i n n i n g  



of  A p r i l  1964 l a v a  began t o  f l o w .  On A p r i l  9 t h  I obse rved  t h e  

l a v a  f o u n t a i n s  i n  t h e  c r a t e r  from a n  a i r p l a n e ,  i n  broad d a y l i g h t .  

The c o n d i t i o n s  were n o t  f a v o u r a b l e  f o r  a  t e m p e r a t u r e  measure- 

ment ,  b u t  my e s t i m a t e  was c l o s e  t o  9 0 0 ~ ~ .  On August 1 9 t h  I 

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

t e m p e r a t u r e  1 0 0 0 ~ ~ .  On October  1 5 t h  I g o t  1 0 7 0 - 1 1 0 0 ~ ~ .  On t h e  

same day I found 1 0 7 0 ~ ~  i n  a  l a v a  tongue a t  t h e  l a v a  f r o n t  900 m 

from t h e  c r a t e r  a l o n g  t h e  f low p a t h .  By t h r u s t i n g  a  thermocouple  

deep  i n t o  t h i s  tongue ,  S i g u r g e i r s s o n  o b t a i n e d  1 1 1 0 - 1 1 3 0 ~ ~ .  The 

d i f f e r e n c e  may b e  due t o  some s u r f a c e  c o o l i n g .  I n  l a t e r  s t u d i e s  

S i g u r g e i r s s o n  found t e m p e r a t u r e s  around 1 1 4 0 ~ ~  w i t h  a  thermo- 

c o u p l e  ( t h i s  r e p o r t ) .  

I t  would appear  from t h e s e  d a t a  ( F i g .  2 )  t h a t  t h e  l a v a  

t e m p e r a t u r e  i n c r e a s e d  v e r y  markedly from b e g i n n i n g  t o  t h e  end 

of  t h e  e r u p t i o n .  U n f o r t u n a t e l y ,  compar isons  w i t h  thermocouple  

s t u d i e s  a r e  n o t  p o s s i b l e  f o r  t h e  p e r i o d  where t h e  main r i se  

took p l a c e .  But t h e  pyrometer  o b s e r v a t i o n s  a r e  s u p p o r t e d  i n -  

d i r e c t l y  by a  s t u d y  o f  t h e  e r u p t e d  m a t e r i a l ,  c f .  111. 

11. V i s c o s i t y .  

For  t h e  e s t i m a t e  o f  v i s c o s i t y  i n  t h e  f l o w i n g  l a v a  t h r e e  

methods were used:  I )  Lava-penet rometer ,  i . e .  a n  i r o n  s t i c k  

t h r u s t  i n t o  t h e  l a v a  ( c f .  - 1, p .  1 5 ) ;  2 )  V e l o c i t y  o f  f low;  

3 )  Waves i n  t h e  c r a t e r  l a k e .  The f i r s t  method was d i f f i c u l t  

t o  u s e  because  o f  t h e  g r e a t  f l u i d i t y  o f  t h e  l a v a .  A f t e r  s e v e r a l  

a t t e m p t s  I f i n a l l y  (Oct .  1 5 t h  1964) o b t a i n e d  a s  a  f a i r  measure 

o f  t h e  v i s c o s i t y  i n  a  l a v a  tongue a t  t h e  f r o n t  t h a t  t h e  s t i c k  

s i n k s  1 0  c m  i n  0 . 5  seconds  under i ts  own w e i g h t .  With t h e  

a s s i s t a n c e  o f  M r .  B r a g i  Arnason o f  t h e  U n i v e r s i t y  P h y s i c a l  

L a b o r a t o r y  t h i s  was found t o  cor respond  t o  a  v i s c o s i t y  of  

5 * 103 p o i s e s .  



For t h e  same l a v a  tongue t h e  formula f o r  t h e  v e l o c i t y  
2  4  v  = g  h  3 s i n @ / 2 7 ,  g i v e s  7 2x10 p o i s e s ,  w i t h  t h e  v a l u e s  

v  = 40 cm/17 s e c ;  o( = 5'; and e s t i m a t e d  d e p t h  h  = 2 5  c m .  The 

b r e a d t h  was 35  c m .  The v i s c o s i t y  found i n  t h i s  way is  probab ly  

a  l i t t l e  t o o  g r e a t ,  a s  forming of  c r u s t  w i l l  impede t h e  f low 

o f  s u c h  a  s m a l l  tongue .  

Dur ing my v i s i t  of  August 1 9 t h  1964 I obse rved  waves i n  

t h e  l a v a  pond. The pond was 10-12 m i n  d i a m e t e r  and su r rounded  

by p e r p e n d i c u l a r  w a l l s .  A t  a  c e r t a i n  s p o t  a r o s e  10-15 m h i g h  

f o u n t a i n s  i n  a  r a p i d  s u c c e s s i o n ,  t h i s  b e i n g  t h e  main e x i t  of 

g a s ,  o r  t h e  t o p  o f  t h e  f u n n e l .  Each t i m e  a  b i g  f o u n t a i n  a r o s e ,  

a  broad wave s t a r t e d  from t h e  s p o t  and moved towards  t h e  w a l l s ,  

Here t h e  l a v a  s u r f a c e  t h e n  r o s e  f o r  a s h o r t  t ime  by 2-3 m ,  

a f t e r  which t h e  s u r f a c e  became p l a i n  a g a i n .  There  was no 

r e f l e c t i o n  o f  t h e  wave, t h e  energy b e i n g  l o s t  t h r o u g h  t h e  

g r e a t  v i s c o s i t y .  B e s i d e  t h e  main e x i t  of  g a s ,  b i g  b u b b l e s  

exploded h e r e  and t h e r e i n  t h e  e n t i r e  pond l i k e  vapour  b u b b l e s  

i n  a  p o r r i d g e ;  t h e y  produced 1/2 - 1 m h i g h  g u s h e s ,  b u t  no waves 

were formed.  These  o b s e r v a t i o n s  s u g g e s t e d  a  method f o r  o b t a i n i n g  

t h e  v i s c o s i t y  i n  t h e  l a v a  pond. 

H. Lamb ( 2 ,  pp.  625-28) h a s  c o n s i d e r e d  t h e  i n f l u e n c e  of - 
v i s c o s i t y  on s u r f a c e  waves. With r = n/ = k i n e m a t i c  v i s c o s i t y ,  3' 
c = v e l o c i t y  o f  t h e  waves,  = wave l e n g t h ,  he d e f i n e s  a  number 

8 = 
2 T r  
c-h* Then t h e  t y p e  of  mot ion  c a n  be judged by t h e  r o o t s  

o f  t h e  e q u a t i o n  (x2 + 1 ) 2  = 16 g3*(x - $1. Two complex r o o t s  

c a n c e l  o u t  a s  t h e y  v i o l a t e  c e r t a i n  c o n d i t i o n s .  The r e m a i n i n g  

r o o t s  a r e  a d m i s s i b l e  and may be  r e a l  o r  complex a c c o r d i n g  t o  

t h e  magnitude o f  Q .  For  a  low v a l u e  o f  t h e  v i s c o s i t y  and n o t  t o o  

s m a l l  w a v e l e n g t h s  8 is s m a l l .  The r o o t s  a r e  complex and g i v e  

o r d i n a r y  waves o f  s l o w l y  d e c r e a s i n g  a m p l i t u d e  w i t h  t ime  and 

d i s t a n c e  o f  t r a v e l .  I n  t h e  c a s e  of  a  ve ry  v i s c o u s  f l u i d ,  s u c h  

a s  t r e a c l e  o r  p i t c h ,  Q may be  l a r g e  even when t h e  wave-length 

is  c o n s i d e r a b l e .  The a d m i s s i b l e  r o o t s  a r e  t h e n  b o t h  r e a l .  One 

r o o t  r e p r e s e n t s  a  s low c r e e p i n g  of  t h e  f l u i d  towards  a  s t a t e  



o f  e q u i l i b r i u m  and t h e  o t h e r  r o o t  r e p r e s e n t s  a  wave d y i n g  o u t  

r a p i d l y .  Obvious ly  t h e  margin between p e r i o d i c  and a p e r i o d i c  

mot ion  i s  found where t h e  two r e a l  r o o t s  merge t o g e t h e r .  T h i s  

I found t o  occur  f o r  Q = 1 . 3 1 .  Hence wave mot ion  is found f o r  
27i-I- - = 1 . 3 1 ;  w i t h  c = (g  ;\/2~ii ) w e  g e t  r b  2 .61X 
c h  

3v2 ( c f .  F i g .  3 )  

o r  7 = 2 . 6 1 Q  h 3/2. The meaning o f  t h e  formula is: i n  a  f l u i d  of  

g i v e n  v i s c o s i t y ,  l o n g  p r o g r e s s i v e  waves a r e  p o s s i b l e ,  b u t  below 

a  c e r t a i n  wave-length,  g i v e n  by t h e  above c o n d i t i o n ,  no s u c h  waves 

a r e  p o s s i b l e .  Observ ing  t h e  s h o r t e s t  o c c u r r i n g  waves t h e n  g i v e s  

t h e  v i s c o s i t y .  

During my f i r s t  o b s e r v a t i o n  it was c l e a r  t h a t  t h e  o c c u r r i n g  

waves were of  t h e  o r d e r  of  a  ve ry  few m e t r e s .  A second t i m e ,  

October  1 5 t h ,  1964,  I was b e t t e r  p r e p a r e d  f o r  what t o  o b s e r v e  

and c o n d i t i o n s  were ve ry  f a v o u r a b l e ,  c f .  F i g .  4 .  The l a v a  r u s h e d  

up i n  f o u n t a i n s  a t  A ,  t h e n  f lowed w i t h  g r e a t  speed and i n  g r e a t  

q u a n t i t y  down a  low f a l l  F  i n t o  a  broad s t r e a m  S and t h e n  d i s -  

appeared  i n t o  t h e  t u n n e l  G.  Waves, 1 m h i g h  and 1-2 m b r o a d ,  

c o n t i n u a l l y  r u s h e d  down t h e  main s t r e a m  S .  A t  t h e  s i d e  o f  t h e  

main s t r e a m  was a  q u i e t  pond V ,  p a r t l y  s h e l t e r e d  from t h e  f a l l  

by t h e  promontory B. But e v e r y  now and t h e n  waves were formed 

a t  t h e  promontory and moved i n t o  t h e  pond. I obse rved  t h e  waves 

from C ,  i n  s h e l t e r  o f  t h e  narrow w a l l  a round t h e  c r a t e r .  The 

waves were c l o s e  t o  1 m broad and d i e d  o u t  a f t e r  a  t r a v e l  of  

1-2 m from B. S m a l l e r  waves were n o t  s e e n ;  l a r g e  g a s  b u b b l e s  

exploded h e r e  and t h e r e  i n  t h e  pond, and e s p e c i a l l y  i n  t h e  main 

s t r e a m ,  b u t  t h e y  n e v e r  caused wave mot ion .  Taking t h e  b r e a d t h  

o f  t h e  obse rved  wave t o  co r respond  t o  a  h a l f  wave-length,  we 
4 g e t  w i t h  g =  1 . 5  ( c f .  1 1 1 ) ,  = 1x10 p o i s e s .  A s  t o  t h e  s t a t e  

o f  t h i s  l a v a  c f .  111. T h i s  is probab ly  t h e  b e s t  v a l u e  f o r  t h e  

v i s c o s i t y .  The low v a l u e  o b t a i n e d  w i t h  t h e  p e n e t r o m e t e r  i s  

p robab ly  caused by t h e  advanced p o r o s i t y  of  t h e  l a v a  i n  t h e  

tongue - t h e  l a v a  was f o a m l i k e .  But a l l  methods a g r e e  a s  t o  

t h e  o r d e r  of magn i tude .  



111. Study o f  some t y p e s  o f  m a t e r i a l  produced i n  t h e  e r u p t i o n .  

D e s c r i p t i o n  o f  samples  from d i f f e r e n t  t i m e s  of t h e  e r u p t i o n :  

1 )  F a l l e n  on deck o f  t h e  Coas t  Guard v e s s e l  A l b e r t  a t  9  o ' c l o c k ,  

1 5 t h  Nov. 1963 (second day of t h e  e r u p t i o n )  when t h e  s h i p  

s a i l e d  under t h e  a s h  c l o u d .  The m a t e r i a l  c o n s i s t s  o f  s m a l l  

g l a s s  f r a g m e n t s  l e s s  t h a n  5  mm i n  d i a m e t e r ;  i n  t h i n  s e c t i o n  

t h i s  is t r a n s l u c e n t  brown s i d e r o m e l a n e  w i t h  v e r y  s m a l l  g a s  

b u b b l e s  i n d i c a t i n g  t h e  v e r y  b e g i n n i n g  o f  g a s  r e l e a s e ;  

p r a c t i c a l l y  unexpanded g l a s s ,  A l l  g r a i n s  s i n k  i n  w a t e r .  

Bulk d e n s i t y  o f  wa te r soaked  m a t e r i a l  1 . 4 .  The g l a s s  is  

a l l  of  a  s i n g l e  t y p e  i n  c o n t r a s t  t o  2 ) .  There  is a  f a i r  

amount of  l o o s e  c r y s t a l s  which is n o t  t h e  c a s e  i n  2 ) .  

2 )  F a l l e n  on deck o f  t h e  Coas t  Guard v e s s e l  A l b e r t  Nov. 1 6 t h .  

The m a t e r i a l  c o n s i s t s  mainly  o f  expanded i r r e g u l a r  s m a l l  

lumps, 1-2 c m  i n  d i a m e t e r .  About 1 / 1 3 t h  by weight  f l o a t s  

i n  w a t e r .  I n  e a c h  lump one r e c o g n i z e s  g e n e r a l l y  two o r  

t h r e e  t y p e s  o f  g l a s s :  a )  a  dark-grey  s k i n ,  1 mm t h i c k ;  

i t  is much c r a c k e d  and d i s t o r t e d  a s  a  r e s u l t  o f  e x p a n s i o n  

of  t h e  i n t e r i o r  of t h e  lump. But t h e  g l a s s  i n  t h e  s k i n  is 

devo id  o f  b u b b l e s .  C l e a r l y  t h e  s k i n  was formed by quenching 
.$ C of e a c h  lump b e f o r e  e x p a n s i o n  began.  b)  under  t h e  s k i n  is  

brown g l a s s  w i t h  f i n e  p o r e s .  Sometimes i t  o c c u p i e s  a l l  t h e  

i n t e r i o r ,  b u t  m o s t l y  t h e  c e n t r a l  p a r t  c o n s i s t s  of  c) much 

expanded g l a s s  o f  b l u i s h  l u s t r e ,  due t o  a x y d a t i o n  of  t h e  

i r o n ;  t h e r e  is  no s h a r p  l i m i t  between b )  and c ) .  

These  s m a l l  lumps of  pumice a r e  i n  p r i n c i p l e  s i m i l a r  t o  t h e  

much l a r g e r  b r e a d - c r u s t  bombs, which one c o u l d  o b s e r v e  i n  

t h e  Hekla e r u p t i o n  o f  1947-48 (1, - p .  5 4 ) .  Summarizing t h e  

g e n e s i s  o f  t h e  S u r t s e y  pumice o f  sample 2 )  we conc lude :  

B e f o r e  g a s  was r e l e a s e d ,  i . e .  under  c o n s i d e r a b l e  p r e s s u r e ,  

t h e  magma was s p l i t  i n t o  s m a l l  f r a g m e n t ,  mos t ly  below 1 crn 

a c r o s s .  The f r a g m e n t s  were t h e n  quenched on t h e  s u r f a c e  and 



i t  seems t h e  most l i k e l y  t h e o r y ,  c o n s i d e r i n g  l a t e r  

o b s e r v a t i o n s  o f  t h e  f l o w  of  l a v a  i n t o  t h e  s e a ,  t h a t  

s p l i t t i n g  and quenching took p l a c e  a t  t h e  sea-bottom 

( d e p t h  130 m ,  p r e s s u r e  1 4  a t m . ) .  A s  t h e  smooth s u r f a c e  of 

t h e  o r i g i n a l  s k i n  s u g g e s t s  a  f r a c t u r e  s u r f a c e ,  we s h o u l d  

v i s u a l i z e  t h e  p r o c e s s  of  s p l i t t i n g  a s  s h a t t e r i n g  due t o  

r a p i d  uneven c o o l i n g .  Immediately a f t e r  f o r m a t i o n ,  t h e  

g r a i n s  come under  low p r e s s u r e ,  i. e .  they  were formed i n  a n  

e x p l o s i o n  and immedia te ly  thrown i n t o  t h e  a i r .  Coo l ing  of 

s u c h  s m a l l  g r a i n s  must be a  m a t t e r  of  a  v e r y  few m i n u t e s  a t  

mos t ,  b u t  s t i l l  t h e r e  was t i m e  f o r  e x p a n s i o n  o f  t h e  

i n t e r i o r  and f o r  o x y d a t i o n  of  t h e  i r o n .  The l a t t e r  f a c t  

is o f  s p e c i a l  i n t e r e s t .  

I n  my s t u d y  o f  t h e  Hekla bombs quoted  above ,  i t  was p o i n t e d  

o u t  t h a t  t h e  i n t e r n a l  o x y d a t i o n  was r e l a t e d  t o  t h e  d e c r e a s e  

of p r e s s u r e ,  b u t  because  of  t h e  s low c o o l i n g  of  t h e  v e r y  

much l a r g e r  p i e c e s  t h a n  w e  a r e  d e a l i n g  w i t h  h e r e  t h e  p r o c e s s  

was n o t  f u l l y  c l e a r .  Here we have a  magma which must have 

approached t h e  s u r f a c e  r e l a t i v e l y  s lowly  and i t  had been 

r e l e a s e d  of  most o f  t h e  o r i g i n a l  p r e s s u r e  (many thousand 

a tmospheres )  when i t  was s h a t t e r e d .  Y e t ,  i t  was i n  a  v e r y  

s h o r t  t ime  a f t e r  s h a t t e r i n g  and a f t e r  t h e  f i n a l ,  b u t  

r e l a t i v e l y  s m a l l  r e l i e f  of p r e s s u r e ,  t h a t  o x y d a t i o n  took  

p l a c e  t o g e t h e r  w i t h  r e l e a s e  of  g a s .  I t  i s  t h e r e f o r e  c l e a r  

t h a t  i t  is t h e  r e l e a s e  of g a s  which i s  t h e  d i r e c t  c a u s e  of 

t h e  o x y d a t i o n .  I t  i s  probab ly  t h e  l o s s  o f  hydrogen and t h e  

consequent  a v a i l a b i l i t y  of oxygen i n  t h e  m e l t  t h a t  oxyd ized  

t h e  i r o n .  

B e s i d e s  t h e  p r imary  f ragments  of  pumice, which we have d i s -  

c u s s e d ,  t h e r e  is i n  t h e  sample some amount o f  s u c h  unexpanded 

g r a i n s  a s  we found i n  1 ) .  These a r e  a lways  much worn. Most 

o f  t h e  l a t e r  m a t e r i a l  was worn, and we may remark a t  once  

t h a t  t h e  o r i g i n  of  t h e  wear ing  was obv ious :  t h e  g r e a t e r  p a r t  



o f  t h e  m a t e r i a l  which was thrown up i n  a n  e x p l o s i o n  dropped 

back i n t o  t h e  c r a t e r .  I t  was t h e r e f o r e  thrown o u t  many t i m e s  

and much worn i n  t h e  t u r b u l e n t  s e a  i n  t h e  c r a t e r  b e f o r e  it 

f i n a l l y  s e t t l e d  a s  l a p i l l i  o u t s i d e  t h e  c r a t e r .  

3 )  Sample t a k e n  by D r .  T h o r l e i f u r  E i n a r s s o n  c l o s e  t o  S u r t s e y  on 

Mov. 2 1 s t ,  1963.  Very f i n e - p o r o u s  t r a n s l u c e n t  g l a s s  con- 

t a i n l n g  a  c o n s i d e r a b l e  amount ( 10%) of  c r y s t a l s .  The 

b i g g e s t  g r a i n s  a r e  3-4 mm,  b u t  t h e  most common s i z e  is  

o n l y  0 . 0 5  m. Worn m a t e r i a l .  

4) Sample t a k e n  from a  c r a t e r  w a l l  on D e c .  1 6 t h ,  1963,  by 

P r o f e s s o r  T h o r b j o r n  S i g u r g e i r s s o n .  Bulk d e n s i t y  o f  d r y  

m a t e r i a l  1 . 2 0 ;  water-soaked 1 . 6 2  ( c o n t a i n e r  f i l l e d  w i t h  

d r y  m a t e r i a l  g i v e s  t h e  f i r s t  f i g u r e ;  a d d i t i o n  of w a t e r  

u n t i l  a l l  is  soaked and t h e  wa te r  s t a n d s  a t  t h e  edge of  

t h e  c o n t a i n e r ,  g i v e s  t h e  second f i g u r e ) .  Average d e n s i t y  

o f  i n d i v i d u a l  g r a i n s  i s  t h e n  2 . 0 6 .  Washing c l e a n s  away 

18% o f  t h e  mass a s  f i n e  s i l t .  I n  t h e  remainder  a r e  g r a i n s  

mos t ly  i n  t h e  i n t e r v a l  1-8 mm; g r a i n s  of  3-8 mm g e n e r a l l y  

worn. 

On August 1 9 t h  1964 I took  t h e  t h r e e  f o l l o w i n g  samples  

from a  c r a t e r  w a l l  on t h e  e a s t  s i d e  o f  S u r t s e y .  The s e a  

had e roded  t h e  s o u t h e r n  h a l f  o f  t h e  c r a t e r  s o  t h a t  a  good 

sect i o n  was a v a i l a b l e ,  

5 )  Base o f  w a l l .  D e n s i t y  of  d r y  m a t e r i a l  1 . 3 6 ;  water-soaked 

1 . 7 2 .  Average d e n s i t y  o f  g r a i n s  2 . 1 1 .  Washing c l e a n s  away 

48% o f  f i n e s t  m a t e r i a l .  I n  r e m a i n d e r ,  d i a m e t e r s  of 1-3 mm 

most common, b u t  a  few g r a i n s  of  5-10 mm o c c u r .  G r a i n s  a l l  

e q u i d i m e n s i o n a l  and c o n s i d e r a b l y  worn. 

6 )  Layer  a t  6-8 m d e p t h  on i n n e r  s i d e  o f  c r a t e r ;  one o f  t h e  

c o a r s e r  l a y e r s  i n  t h e  s e c t i o n .  G r a i n s  of  5-20 mm common. 

D e n s i t y ,  d r y  1 . 3 0 ;  water -soaked 1 . 6 5 .  Average d e n s i t y  of  



g r a i n s  2 . 0 2 .  Washing c l e a n s  away 31% of  t h e  m a t e r i a l ;  t h e  

remainder  mos t ly  i n  i n t e r v a l  1-10 mm; e q u i d i m e n s i o n a l  

worn g r a i n s .  Higher l a y e r s  mos t ly  f i n e r  t h a n  6 ) ;  a l t e r -  

n a t i o n  o f  l a p i l l i  and l a y e r s  w i t h  s m a l l  bombs, i r r e g u l a r  

p i e c e s  o f  pumice and f r a g m e n t s  of s a n d s t o n e  from t h e  s e a  

bot tom.  Sample 7 )  is  t a k e n  from a  l a p i l l i  l a y e r .  

7)  D e n s i t y ,  d r y  1 . 2 4 ;  water-soaked 1 . 6 8 ;  a v e r a g e  d e n s i t y  of  

g r a i n s  2 . 2 0 .  Washing l e a v e s  86% of  m a t e r i a l ,  i n  t h e  i n t e r v a l  

1-10 mm; equ id imens iona l  and worn. C r y s t a l l a t i o n  o f  same 

d e g r e e  a s  i n  3 ) .  The samples  41,  51 ,  6 )  and 7 )  g i v e  ve ry  

s i m i l a r  v a l u e s  f o r  t h e  d e n s i t y .  The a v e r a g e  of  t h e  d r y  

m a t e r i a l  is 1 . 2 8  and t h e  a v e r a g e  f o r  g r a i n  d e n s i t y  is 2 . 1 0 .  

T h i s  g r a i n  d e n s i t y  c o r r e s p o n d s  t o  23.5% bubb le  volume i n  

t h e  a v e r a g e  g r a i n ,  i f  t h e  d e n s i t y  of  t h e  d e n s e  g l a s s  is 

t a k e n  a s  2 . 7 5 .  

I n  t h e  S u r t s e y  mound o f  g l a s s y  m a t e r i a l  a s  a  whole,  t h e  

m a t e r i a l  is c o n s i d e r a b l y  compressed and t h e  bu lk  d e n s i t y  

must b e  h i g h e r  t h a n  1 - 2 8 .  But i t  must be lower t h a n  2 . 1 0  
1 

and t h e  a v e r a g e  of t h e s e  f i g u r e s ,  1 . 6 9 ,  may be  t a k e n  a s  a  

r e a s o n a b l y  c o r r e c t  v a l u e .  To c o n v e r t  t h e  volume of  t h e  

mound i n t o  volume of  compact g l a s s  of  d e n s i t y  2 . 7 5  we 

must t h e n  m u l t i p l y  by t h e  f a c t o r  1 . 6 9 1 2 . 7 5 ,  

A s  a  c r u d e  measure o f  t h e  mound I t a k e  h e r e  a  cone  w i t h  

30° s i d e  i n c l i n a t i o n ;  h e i g h t  130 m below and 3 0  m above 

s e a - l e v e l ;  a r e a  of  s e c t i o n  a t  s e a - l e v e l  2  km2. The volume 

is t h e n  0 .395 km3, c o r r e s p o n d i n g  t o  dense  g l a s s  o f  0 .243 km3. 

T h i s  is  a b o u t  60% o f  H e k l a 9 s  p r o d u c t i o n  i n  t h e  e r u p t i o n  o f  

1947-48. I t  must be emphasized t h a t  t h e  assumed geometry 

of  t h e  mound is an i d e a l i z a t i o n .  

$1 On O c t .  1 5 t h  1964 I took some samples  of s p a t t e r s  which had 

r e c e n t l y  been thrown o v e r  t h e  r i m  o f  t h e  c r a t e r  i n  f ~ u n -  

t a i n  a c t i v i t y .  The d e n s i t y  o f  two p i e c e s  w i t h  a weight  o f  



413 g  i s  1 . 4 2  and o f  two o t h e r  p i e c e s  of weight  372 g  is 

1 . 4 3 .  I n  t h e  2-4 c m  t h i c k  s p a t t e r s  t h e  p o r o s i t y  i s  

c o n s i d e r a b l y  g r e a t e r  i n  t h e  middle  t h a n  towards  t h e  s u r f a c e  

and t h e  expanded i n t e r i o r  h a s  t h e  c h a r a c t e r i s t i c  b l u e  

l u s t r e  due t o  h i g h e r  o x y d a t i o n  of i r o n .  I n  a  t h i n  s l i d e  

a c r o s s  a  2-3 c m  t h i c k  s p a t t e r  t h e  p o r e s  a r e  0,15-1.05 rnm 

i n  the  c r u s t ,  i . e .  i n  t h e  o r i g i n a l  s p a t t e r ,  b u t  i n c r e a s e  

t o  3-4 mm i n  t h e  c e n t r e .  A p r o b a b l e  f i g u r e  f o r  t h e  d e n s i t y  

of  t h e  o r i g i n a l  s p a t t e r  is 1 . 5  which c o r r e s p o n d s  t o  a  p o r e  

volume of  45%, o r  a b o u t  t w i c e  t h e  v a l u e  found f o r  t h e  

m a t e r i a l  o f  t h e  e a r l y  e x p l o s i v e  phase  of  t h e  e r u p t i o n .  T h i s  

s u g g e s t s  a n  e a s i e r  expans ion  of  t h e  g a s  b u b b l e s ,  due t o  

h i g h e r  t e m p e r a t u r e  and lower v i s c o s i t y  t h a n  e a r l i e r  i n  t h e  

e r u p t  i o n .  

The s p a t t e r  i s ,  f u r t h e r m o r e ,  crowded w i t h  c r y s t a l s ;  a  

measurement by S .  S t e i n t h o r s s o n  gave 60% g l a s s ,  27% f e l d -  

s p a r ,  and 13% o l i v i n e .  The o l i v i n e  c r y s t a l s  a r e  u s u a l l y  

much t h i c k e r  t h a n  t h e  g l a s s  w a l l s  between t h e  b u b b l e s  and 

i t  is  a l s o  c l e a r  f o r  t h e  f e l d s p a r  t h a t  i t  must have e x i s t e d  

i n  t h e  m e l t  i n  t h e  c r a t e r .  There  a r e  no s u c h  c r y s t a l l i t e s  

o r  n e e d l e s  t h a t  might s u g g e s t  c r y s t a l l i z a t i o n  i n  t h e  s p a t t e r  

i t s e l f .  Thus we may s a f e l y  conc lude  t h a t  t h e  magma is 

a l r e a d y  40% c r y s t a l l i z e d  when i t  a p p e a r s  i n  t h e  c r a t e r .  

T h i s  is 3-4 t i m e s  t h e  amount of c r y s t a l s  found i n  t h e  g l a s s  

of t h e  e x p l o s i v e  p h a s e ,  which may be  a n  i n d i c a t i o n  o f  

d i f f e r e n c e  i n  v i s c o s i t y .  From t h e  p o i n t  of  view o f  v i s c o s i t y  

we s e e  t h a t  t h e  f l u i d  we a r e  d e a l i n g  w i t h  i s  very  s p e c i a l :  

g a s  b u b b l e s  make o u t  one h a l f  of  t h e  volume, w h i l e  t h e  o t h e r  

h a l f  is  n e a r l y  e v e n l y  d i v i d e d  between a  f l u i d  m e l t  and 

l o o s e  f l o a t i n g  c r y s t a l s .  

The h i g h  d e g r e e  of  c r y s t a l l i z a t i o n  h a s  a l s o  a  c l e a r  r e -  

l a t i o n s h i p  t o  t h e  t e m p e r a t u r e .  The h e a t  o f  c r y s t a l l i z a t i o n  

is a b o u t  90  c a l / g  and t h e  s p e c i f i c  h e a t  is a b o u t  0 . 2 5 .  

Complete c r y s t a l l i z a t i o n ,  t h e r e f o r e ,  r e l e a s e s  h e a t  which 



would s u f f i c e  f o r  r a i s i n g  t h e  t e m p e r a t u r e  by 3 6 0 ' ~ .  By 

t h e  40% c r y s t a l l i z a t i o n  of  t h e  r i s i n g  magma t h e  tempera-  

t u r e  might  r i s e  143O i f  no h e a t  was l o s t ,  S. S t e i n t h o r s s o n  

( t h i s  r e p o r t )  found t h a t  t h e  o l i v i n e  was a b o u t  t h e  same i n  

t h e  s p a t t e r  a s  i n  t h e  e a r l y  m a t e r i a l .  The d i f f e r e n c e  l i e s  

i n  t h e  27% o f  f e l d s p a r  found i n  t h e  s p a t t e r .  T h i s  d i f f e r e n c e  

i n  c r y s t a l l i z a t i o n  c o r r e s p o n d s  t o  a  d i f f e r e n c e  i n  tempera-  

t u r e  o f  a b o u t  1 0 0 ~ ~ .  I t  i s  most l i k e l y  t h a t  t h e r e  was no 

t ime  f o r  l o s s  o f  t h e  h e a t  r e l e a s e d  by c r y s t a l l i z a t i o n  and 

t h a t  o f  t h e  1 1 4 0 ~ ~  measured i n  t h e  l a v a ,  a b o u t  loo0 wepe 

a c q u i r e d  t h r o u g h  c r y s t a l l i z a t i o n  o f  f e l d s p a r  d u r i n g  t h e  

r i s e  o f  t h e  magma. The t e m p e r a t u r e  "proper"  o f  t h e  magma 

would t h e n  have  been n e a r  1 0 4 0 ~ ~ .  We t h e n  a r r i v e  a t  t h i s  

p i c t u r e :  I n  t h e  b e g i n n i n g  of  t h e  e r u p t i o n  t h e  magma r e a c h i n g  

t h e  s u r f a c e  o f  t h e  e a r t h s  c r u s t  was p robab ly  r a t h e r  c o o l  

due t o  l o s s  o f  h e a t  t o  t h e  c o l d  w a l l s  o f  t h e  f r a c t u r e ,  The 

t e m p e r a t u r e  may have been c o n s i d e r a b l y  below 900°c, p o s s i b l y  

even a s  low a s  7 0 0 ~ ;  t h e  t e m p e r a t u r e  a c t u a l l y  found i n  

e x p l o d i n g  bombs. A t  t h i s  t i m e  t h e  m e l t  was t o o  v i s c o u s  f o r  

any c r y s t a l l i z a t i o n  t o  t a k e  p l a c e  i n  t h e  r i s i n g  magma. 

Slowly t h e  e r u p t e d  magma became h o t t e r  a s  t h e  l o s s  o f  h e a t  

t o  t h e  w a l l s  d e c r e a s e d  b u t  d u r i n g  t h e  e a r l y ,  e x p l o s i v e  

phase  t h e  change was s m a l l .  

The e r u p t i o n  changed o v e r  t o  e f f u s i o n  a s  a  r e s u l t  of  

b l o c k i n g  o f  sea-water  and t h e  t e m p e r a t u r e  a p p e a r s  t o  have 

been s t i l l  a s  low a s  9 0 0 ~ ~  a t  t h a t  j u n c t i o n .  But now gradu-  

a l l y  a  c e r t a i n  c h a i n  r e a c t i o n  b e g i n s  t o  work: i n c r e a s e  of  

t e m p e r a t u r e  l o w e r s  t h e  v i s c o s i t y ,  which i n c r e a s e s  c r y s t a l -  

l i z a t i o n ;  t h i s  i n  t u r n  r a i s e s  t h e  t e m p e r a t u r e  and s o  o n .  

There  a r e  i n t e r e s t i n g  a s p e c t s  of  g e n e r a l  i n t e r e s t  i n  t h i s  

p r o c e s s  i n  a  r i s i n g  undercooled  magma. Suppose t h e  o r i g i n a l  

magma t e m p e r a t u r e  is  1200'. Small  amount o f  c r y s t a l l i z a t i o n  

r a i s e s  t h e  t e m p e r a t u r e  t o  1250° and t h i s  t e m p e r a t u r e  w i l l  



b l o c k  f u r t h e r  c r y s t a l l i z a t i o n ,  s o  t h e  p r o c e s s  c a n n o t  go 

f u r t h e r .  I n  a n o t h e r  example t h e  a r i g i n a l  t e m p e r a t u r e  be  

900°. Then i t  a p p e a r s  t h a t  t h e  p r o c e s s  c a n  r u n  t o  s u c h  a  

l e n g t h  t h a t  t h e  magma c r y s t a l l i z e s  c o m p l e t e l y  d u r i n g  r i s e ,  

and t h e  p r o c e s s  s t o p s  t h e  e r u p t i o n .  I n  a  m e l t  o f  i n t e r -  

m e d i a t e  t e m p e r a t u r e  t h e  p r o c e s s  seems t o  be  o f  impor tance .  

I V .  Flow of l a v a  i n t o  t h e  s e a .  

S e v e r a l  c a s e s  e x i s t  i n  I c e l a n d  where i t  is e i t h e r  known o r  

c a n  be  s a f e l y  i n f e r r e d  t h a t  a  p o s t g l a c i a l  l a v a  h a s  f lowed i n t o  

w a t e r  and no ve ry  marked e f f e c t  o f  t h e  w a t e r  i s  d i s c e r n a b l e .  One 

f i n d s ,  i t  is  t r u e ,  one  p e c u l d a r i t y :  d i s t o r t i o n s  and g r e a t  c r a c k s  

t h a t  s u g g e s t  some havoc p i a y e d  by s team.  I n  my f i r s t  s t u d y  of  t h e  

l a v a  i n  S u r t s e y  I found j u s t  such  p e c u l i a r i t i e s  where s e a  e r o s i o n  

had opened a c c e s s  t o  t h e  i n t e r i o r  o f  a  l a v a  f l o w .  On March 2 0 t h ,  

1965, I obse rved  l a v a  f l o w i n g  i n t o  t h e  s e a  and saw how it  was 

c o m p l e t e l y  s p l i t  up i n t o  s m a l l  f r agments  on c o n t a c t  w i t h  t h e  

w a t e r .  A 1 m broad tongue  f lowed p r e t t y  r a p i d l y  down t o  t h e  beach 

d u r i n g  r e t r e a t  of t h e  s e a .  The n e x t  wave o v e r r a n  t h e  f r o n t a l  p a r t  

o f  t h e  tongue and changed it comple te ly  i n t o  s m a l l  f r a g m e n t s  t h a t  

r a n  down t h e  beach w i t h  t h e  backwash. I n  t h i s  way t h e  l a v a  was 

c o n s t a n t l y  c u t  o f f  a t  t h e  beach ,  b e i n g  changed i n t o  g l a s s  f r a g -  

ments  which t h e  waves c a r r i e d  a l o n g  t h e  s h o r e .  P a r t  o f  t h i s  

m a t e r i a l  formed a n  8-12O s t e e p  "sand" beach a l o n g  c l i f f s  o f  t h e  

i s l a n d ,  and much o f  it was t r a n s p o r t e d  f a r t h e r  t o  g a t h e r  a s  a  

b road  f l a t  on t h e  w e s t e r n  p a r t  of t h e  i s l a n d .  

I n  f r o n t  of  t h e  "sand" beach,  o n t o  which t h e  l a v a  was 

f l o w i n g ,  t h e r e  was a  40-45O submarine s l o p e ,  p robab ly  main ly  

"sand".  I t  is t h e n  c l e a r  t h a t  a t  l e a s t  i n  some c a s e s  t h e  t h e o r y  



p r e s e n t e d  f i r s t  by F u l l e r  ( 3 , 4 ) * i s  - - v e r i f i e d :  t h e  l a v a  e n t e r i n g  

wa te r  f i r s t  b u i l d s  a  " d e l t a q q  of  f o r e s e t  l a y e r s  o f  f r a g m e n t a l  

m a t e r i a l  on which i t  t h e n  g r a d u a l l y  p r o c e e d s  a s  i f  on d r y  l a n d .  

F o r e s e t  beds  of  b r e c c i a  covered  d i r e c t l y  by a  c a p  of l a v a s  a r e  

q u i t e  common i n  t h e  v o l c a n i c  b r e c c i a s  of  I c e l a n d  (5,6). - - Although 

t h e  S u r t s e y  m a t e r i a l  is  n o t  very t y p i c a l  f o r  t h e s e  b r e c c i a s ,  

some s i m i l a r i t y  of  o r i g i n  may b e  assumed. 

V. Some g e n e r a l  r emarks  on t h e  r e l e a s e  o f  magmatic g a s  and 

r e s u l t i n g  changes  i n  i t s  c o m p o s ~ t i o n .  

The multi-component g a s  g i v e n  o f f  by a  magma, and sampled 

f o r  a n a l y s i s ,  must g e n e r a l l y  be  expec ted  t o  have a  compos i t ion  

r a t h e r  d i f f e r e n t  from t h a t  of  t h e  g a s  o r i g i n a l l y  c o n t a i n e d  i n  

t h e  magma, due t o  t h e  c o m p l i c a t i o n s  s f  t h e  p r o c e s s  of  g a s  r e l e a s e .  

To a n a l y z e  t h i s  p r o c e s s  one  must c o n s i d e r ,  on one hand,  how t h e  

g a s  i n  g e n e r a l  is  g i v e n  o f f ,  on t h e  o t h e r  hand,  s t u d y  t h e  d i f f e r -  

e n t i a l  r e l e a s e  d u e  t o  d i f f e r e n t  s o l u b i l i t i e s  of  t h e  g a s  com- 

p o n e n t s .  Of some o f  t h e  r e l e v a n t  f a c t o r s  i n  t h i s  p r o c e s s  w e  have 

a  f a i r  i d e a ,  o t h e r s  a r e  q u i t e  unknown. 

* P'A f l u i d  l a v a  on e n c o u n t e r i n g  a  l o c a l  body o f  wa te r  would 
t e n d  t o  g r a n u l a t e  l i k e  mol ten  s l a g  and would t h u s  form a  
f i n e  b r e c c i a ,  which would accumula te  t o  a  d e p t h  a p p r o x i -  
m a t e l y  e q u a l  t o  t h a t  of  t h e  w a t e r .  The f i n e  b r e c c i a  
would s e t t l e  u n t i l  i ts s u r f a c e  a t t a i n e d  a n  a n g l e  o f  r e p o s e  
which ,  owing t o  t h e  r o u g h n e s s  of  t h e  f r a g m e n t s ,  would b e  
r e l a t i v e l y  s t e e p .  I f  t h e  mol ten  c a s c a d e  c o n t i n u e d  t o  
pour o u t  i n t o  t h e  w a t e r ,  t h e  accumula t ion  o f  g r a n u l a t e d  
g l a s s  would g r a d u a l l y  advance  l i k e  t h e  f o r e s e t  bedding of 
a  d e l t a .  The i n c l i n e d  bedd ing  would be p r e s e r v e d  by t h e  
t h i n  s h e e t s  and t h e  ropy o r  e l l i p s o i d a l  masses ,  which 
f a i l e d  t o  g r a n u l a t e .  Except  f o r  t h e  p o s s i b l e  e f f e c t s  o f  
r i s i n g  s t eam,  t h e  f l o w  would g r a d u a l l y  advance on t o p  of  
t h e s e  f o r e s e t  beds  a s  i f  on d r y  landg' .  



We c o n s i d e r  f i r s t  t h e  r e l e a s e  o f  g a s  i n  g e n e r a l .  The 

o b s e r v a t i o n  mentioned i n  111, 3 ,  concern ing  t h e  unexpanded 

c r u s t  o f  pumice, i n d i c a t e s  t h a t  when t h e  magma m e t  t h e  sea -  

w a t e r ,  p robab ly  a t  a  d e p t h  of  130 m ,  i . e .  under a  p r e s s u r e  of 

1 4  a tmospheres ,  g a s  r e l e a s e  by bubble-format ion had n o t  begun. 

Th i s  p r e s s u r e  co r r e sponds  t o  t h e  weight  o f  a  50-65 m h igh  column 

of magma t h a t  is more o r  less porous .  We may t h e n  expec t  t h a t  

l a t e r ,  when t h e  l a v a  had a  f r e e  s u b a e r i a l  s u r f a c e  i n  t h e  c r a t e r ,  

g a s  r e l e a s e  by bubb le  f o rm a t ion  took p l a c e  on ly  i n  t h e  uppermost 

50 m o r  s o  o f  t h e  l a v a  column. The extreme f i n e n e s s  of t h e  

bubb les  ( l ess  t h a n  1 mm) i n  t h e  s p a t t e r  s t u d i e d  (111,  8) might 

even s u g g e s t  - t h a t  t h e  bubb les  began t o  form a t  a  much sha l l ower  

dep th ;  o t h e r w i s e  t h e  bubb les  would have expanded due t o  d e c r e a s e  

of  p r e s s u r e .  

Such s m a l l  bubb l e s  a r e  i n c a p a b l e  o f  r i s i n g  i n d i v i d u a l l y  
4  i n  a  m e l t  o f  v i s c o s i t y  1 0  p o i s e s :  t hey  move p a s s i v e l y  w i t h  

t h e  r i s i n g  magma ( a  bubble  of  1 mm d i ame te r  needs  abou t  2 hours  

t o  r i se  1 c m  t h rough  t h e  m e l t ;  S t okes  l aw) .  I t  is on ly  o r  mainly 

where d i f f e r e n t i a l  o r  s h e a r i n g  movement t a k e s  p l a c e  i n  t h e  magma 

t h a t  b u b b l e s  may c o a l e s c e  and form l a r g e r  bubb l e s  t h a t  a r e  

c a p a b l e  o f  marked r e l a t i v e  r i s e ;  such  bubb l e s  may be  s een  t o  

b u r s t  a t  t h e  s u r f a c e  of t h e  l a v a  ( c f ,  d i s c u s s i o n  o f  g a s  r e l e a s e  

i n  E i n a r s s o n  1949,  pp, 9-15). Foun t a in  a c t i v i t y  must be con- 

s i d e r e d  a s  due  t o  t h e  b u r s t i n g  o f  such  bubb l e s .  These l a r g e  

bubb les  may be s a i d  t o  be  o f  a  second g e n e r a t i o n ,  w h i l e  t h e  

s t u d y  of  v o l c a n i c  m a t e r i a l s  seems c l e a r l y  t o  show t h a t  t h e  f i r s t  

and pr imary g e n e r a t i o n  c o n s i s t s  of  a  dense  network o f  - ve ry  s m a l l  

bubb l e s ,  chang ing  t h e  magma i n t o  a  sponge.  T h i s  a f t e r  a l l  is 

t h e  normal p r o c e s s  of  g a s  r e l e a s e  from a n  o v e r s a t u r a t e d  f l u i d .  

I f  t h e  g a s  r e l e a s e  cou ld  be impeded u n t i l  t h e  magma was ve ry  

much s u p e r s a t u r a t e d ,  i . e ,  u n t i l  t h e  p r e s s u r e  had f a l l e n ,  s ay  

t o  a tmosphe r i c  p r e s s u r e ,  t h e  p r o c e s s  of  r e l d a s e  would be r a t h e r  

e x p l o s i v e  and t h e  r e l e a s e  would t a k e  p l a c e  i n t o  t h e  f r e e  atmos- 

phere  and n o t  i n t o  t h e  ' c losed  s p a c e s  o f  t h e  s m a l l  bubb les .  



Analogy t o  g e y s e r  a c t i v i t y ,  where t h e  wa te r  b o i l s  e x p l o s i v e l y  

a f t e r  s u p e r h e a t i n g ,  would t h e n  be  ve ry  c l o s e .  But s u c h  a  p r o c e s s  

seems n o t  t o  t a k e  p l a c e ,  c o n s i d e r i n g  t h e  g e n e r a l l y  f i n e  spongy 

s t a t e  of t h e  m a t e r i a l  thrown o u t  i n  f o u n t a i n s ;  e x p l o s i v e  r e l e a s e  

of  g a s  t h r o u g h o u t  a  mass would produce  a  d i f f e r e n t  t y p e  of  m a t e r i a l . _  

The main r e l e a s e  o f  g a s e s  from t h e  r i s i n g  magma t h e n  t a k e s  

p l a c e  i n t o  c l o s e d  s p a c e s  o f  b u b b l e s ,  f i r s t  a t  t h e  h i g h e s t  p r e s s u r e ,  

l a t e r  a t  a  g r a d u a l l y  lower p r e s s u r e ,  and i t  is  t h i s  g a s  t h a t  

becomes a v a i l a b l e  f o r  a n a l y s i s .  

I f  t h e  s o l u b i l i t i e s  o f  t h e  g a s  components were a l l  e q u a l  

t h e n  t h e  f r e e  phase  i n  t h e  b u b b l e s  and t h e  d i s s o l v e d  phase  would 

have t h e  same c o m p o s i t i o n ,  T h i s  i s  a t  any r a t e  t r u e  i f  t h e  g a s  

volume is  a s m a l l  p a r t  of  t h e  m e l t .  But f o r  a  Barge g a s  volume 

i t  is n o t  t r u e ;  v e r y  s p a r s e  components w i l l  t h e n  have a  l e s s  

p e r c e n t a g e  i n  t h e  f r e e  phase  t h a n  t h e y  had o r i g i n a l l y  i n  t h e  

d i s s o l v e d  p h a s e ,  

I f  on t h e  o t h e r  hand t h e  s o l u b i l i t i e s  a r e  d i f f e r e n t  f o r  

t h e  v a r i o u s  components ,  and t h i s  must be  assumed t o  b e  t h e  c a s e ,  

t h e n  t h e  f r e e  p h a s e  w i l l  be  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  

o r i g i n a l  d i s s o l v e d  phase ,  whether  t h e  g a s  volume is  s m a l l  o r  

l a r g e .  We do n o t  know $he s o l u b i l i t i e s  and a n  e x a c t  c a l c u l a t i o n  

o f  t h i s  d i f f e r e n c e  c a n n o t ,  t h e r e f o r e ,  be made. But f o r  s a k e  of 

d e m o n s t r a t i o n  o f  t h e  e f f e c t  w e  s h a l l  choose  some a r b i t r a r y  

f i g u r e s  . 
We s h a l l  f i r s t  c o n s i d e r  a  s t a g e  where t h e  volume of  t h e  

b u b b l e s  is 5% o f  t h e  magma and t h e  p r e s s u r e  is  assumed t o  b e  

1 0  a tmospheres  which  seems r e a l i s t i c .  The s t a g e  i s  assumed t o  

l a s t  l o n g  enough f o r  e q u i l i b r i u m  between t h e  two p h a s e s  of g a s  

t o  be r e a c h e d ,  I n  t h e  f r e e  phase  t h e  g a s  is assumed t o  have t h e  

f o l l o w i n g  c o m p o s i t i o n  i n  mole p e r c e n t a g e s :  H20 80%; SO2 5%; 

C02 8.8%; % 6%; A 0.2%.  Argon i s  a r b i t r a r i l y  i n c l u d e d  because  

o f  i ts  i n t e r e s t  i n  c o n n e c t i o n  w i t h  t h e  K/A d a t i n g  method. 



We nex t  assume t h a t  t h e  wa te r  c o n t e n t  o f  t h e  magma is 0.4% 

by Weight,  i n  e q u i l i b r i u m  w i t h  t h e  p a r t i a l  p r e s s u r e  8 atm. of  t h e  

vapour i n  t h e  bqbb l e s .  1 cm3 of t h e  mel t  t h e n  c o n t a i n s  54  c m 3  of  
0 

vapour ,  reduced t o  1 atm. and a  t empe ra tu r e  o f  1150 C ,  and t h e  
3  co r r e spond ing  s o l u b i l i t y  f o r  1 a t m . p a r t i a 1  p r e s s u r e  is  6 . 7 5  c m  . 

For t h e  o t h e r  g a s e s  we have no d a t a  and w e  must s e l e c t  

a r b i t r a r y  f i g u r e s .  The s o l u b i l i t y  i n  wa te r  a t  2 0 ' ~  and 1 atm. is 

SO2 3 9 . 4  cm3/cm3; C02 0 .878 c m 3 ;  % 0.0184;  A 0 .037 cm3.  We s h a l l  

t e n t a t i v e l y  assume t h a t  f o r  t h e  magma, and reduced t o  1 atm. and 

1150°c, t h e  s o l u b i l i t i e s  a r e  i n  a l l  c a s e s  1/5 o f  t h e  above v a l u e s .  

A s  t h e  p a r t i a l  p r e s s u r e s  i n  t h e  g a s  phase  a r e  g i v e n ,  we can f i n d  

t h e  g a s  d i s s o l v e d  i n  t h e  m e l t :  H20 54  cm3/cm3;  SO2 3 . 9 4  cm3;  

CO2 0.155;  H2 0 .0022;  A 0.00015.  

To t h e s e  amounts w e  now have t o  add t h e  f r e e  phase .  The 

q u a n t i t y  pe r  cm3 is m u l t i p l i e d  by 1 0  t o  r educe  t o  1 atm. p r e s s u r e ,  

and by t h e  f a c t o r  5/95 a s  t h e  g a s e s  a r e  5% of t h e  magma. We t h e n  

g e t  t h e  a d d i t i o n s :  H z 0  0.42 c m 3  g i v i n g  a  t o t a l  o f  54 .42 cm3; 

SO2 0 .0263,  t o t a l  3.9i7; C02 0 .0463 ,  t o t a l  0 .201;  H2 0 .0316,  t o t a l  

0 .0338;  A 0.0011,  t o t a l  0.00125.  The o r i g i n a l  p e r c e n t a g e s  a r e  

t h u s  i n  t h e  same o r d e r :  92 .7 ;  6.76;  0 . 34 ;  0 .058;  0.0021.  

The d i f f e r e n c e  between t h i s  and t h e  r e l e a s e d  g a s  is ve ry  

marked. I n  t h e  p r o c e s s  ve ry  l i t t l e  o f  t h e  wa te r  and SO2 has  been 

f r e e d ,  b u t  23% of  t h e  C02 ,  93.5% of H2 and 88% of  A .  

We now assume t h a t  t h e  magma p a r t  cons ide r ed  rises c l o s e  

t o  t h e  s u r f a c e .  The bubble  volume w i l l  i n c r e a s e  by a  f a c t o r  of  

1 0 ,  due t o  Change o f  p r e s s u r e ,  and become 34.5% o f  t h e  magma 

volume. A t  the  same t ime f u r t h e r  g a s  w i l l  be r e l e a s e d  and we 

assume a  s t a g e  w i t h  50% g a s  volume under a  p r e s s u r e  o f  1 atm. 

and e q u i l i b r i u m  between t h e  d i s s o l v e d  and f r e e  phase s .  The f r e e  

g a s  is cons ide r ed  t o  have t h e  same compos i t ion  a s  i n  t h e  f i r s t  

c a s e .  The g a s  pe r  c m 3  of m e l t  is  now i n  each  c a s e  l / l O t h  of what 

i t  was i n  t h e  f i r s t  c a s e ,  assuming v a l i d i t y  of  Henry 's  law. We 

t h e n  f i n d  t h e  f o l l o w i n g  p e r c e n t a g e s  f o r  t h e  o r i g i n a l  g a s  i n  t h e  



mel t :  91; 6 .52 ;  1 . 9 2 ;  0 . 88 ;  and 0 .03.  The f o l l o w i n g  amount of 

t h e  o r i g i n a l  g a s  was r e t a i n e d  i n  t h e  mel t :  H20 87%; SO2 89%; 

CO2 15%; H2 0.37%; and A 0.75%. 

The g a s e s  t h a t  f i n a l l y  l e a v e  t h e  m e l t ,  and e v e n t u a l l y  a r e  

sampled f o r  a n a l y s i s ,  w i l l  be a  m ix tu r e  o f  g a s e s  r e l e a s e d  a t  

v a r i o u s  d e p t h s ,  and would t h e n  cor respond  t o  i n t e r m e d i a t e  con- 

d i t i o n s  between t h e  two c a l c u l a t e d  c a s e s .  

A s  a  g e n e r a l  r u l e  i t  i s  c l e a r  t h a t  s m a l l  components o f  low 

s o l u b i l i t y  w i l l  v e r y  l a r g e l y  d i s a p p e a r  from t h e  m e l t .  

I f  w e  c o n s i d e r  a  f r e e  l ava  s u r f a c e  t h e n  g a s e s  w i l l  d i f f u s e  

o u t  o f  i t ,  no p a r t i a l  p r e s s u r e  w i l l  be b u i l t  up a s  t h e  g a s e s  a r e  

ca r r i e 'd  away i n  t h e  a tmosphere ,  and t h e  g a s  c o n t e n t  of  t h e  magma 

shou ld  d e c r e a s e  e x p o n e n t i a l l y  w i t h  t i m e .  But t h i s  p r o c e s s  is 

c e r t a i n l y  much slower t h a n  t h e  e x p u l s i o n  by means of  bubb le  

f o rma t ion  and canno t  c o n t r i b u t e  markedly t o  sampled g a s e s .  But 

i n s o f a r  it d o e s ,  t h e  d i f f u s i v i t y  of  t h e  v a r i o u s  g a s  components 

must i n f l u e n c e  t h e  p e r c e n t a g e s .  

In  summary, t h e  g a s e s  beg in  t o  be r e l e a s e d  a s  dense ly  s e t  

v e r y  s m a l l  bubb l e s  a t  a  d e p t h  o f  50 m o r  l e s s  i n  t h e  r i s i n g  magma. 

The s u r f a c e  o f  t h e  bubb l e s  be ing  r e l a t i v e l y  l a r g e ,  e q u i l i b r i u m  - 

may be  e s t a b l i s h e d  between t h e  f r e e  and d i s s o l v e d  phase s .  A s  t h e  

h y d r o s t a t i c  p r e s s u r e  d e c r e a s e s ,  t h e  bubb les  expand,  p a r t l y  wi th -  

o u t  and p a r t l y  due t o  f u r t h e r  i n t a k e  o f  g a s .  I n  s m a l l  bubb l e s  

e q u i l i b r i u m  between t h e  g a s  phases  may perhaps  be e s t a b l i s h e d  

n e a r  t h e  s u r f a c e  b u t  f o r  l a r g e r  bubb les ,  t h a t  have been formed by 

c o a l e s c e n c e  a t  a  g r e a t e r  d e p t h ,  t h i s  w i l l  h a r d l y  be t h e  c a s e .  

T h e i r  g a s  w i l l  t h e r e f o r e  be r e p r e s e n t a t i v e  o f  e q u i l i b r i u m  a t  a  

g r e a t e r  dep th .  I n  sampled g a s  t h e  components o f  low s o l u b i l i t y  

w i l l  be g r e a t l y  e n r i c h e d  i n  r e l a t i o n  t o  t h e  o t h e r  components.  
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