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ABSTRACT 

The d e t o n a t i o n  of n u c l e a r  bombs i n  deep  d r i l l h o l e s  i s  
a s s o c i a t e d  w i t h  t h e  sudden r e l e a s e  of h e a t  energy  
which v a p o r i z e s  and f u s e s  rocks  i n  t h e  immediate 
v i c i n i t y  of t h e  e x p l o s i o n ,  c r e a t i n g  a " c a v i t y" .  
Sur rounding  rocks  around t h e  c a v i t y  are  i n t e n s e l y  
s h a t t e r e d ,  and c o l l a p s e  i n t o  t h e  c a v i t y  c r e a t i n g  a 
v e r t i c a l  "chimney" s t r u c t u r e .  S i g n i f i c a n t  f r a c t u r i n g  
a l s o  e x t e n d s  upwards beyond t h e  chimney. I n  s a t u r -  
a t e d ,  permeable r o c k s ,  c o n d e n s a t i o n  of h o t  g a s e s  
t a k e s  p l a c e  and t h e  t e m p e r a t u r e  of t h e  f l u i d s  s e e p i n g  
i n t o  t h e  b a c k f i l l e d  c a v i t y  i s  r a i s e d .  A f t e r  e q u i l i -  
b r a t i o n ,  t h e  volume of s h a t t e r e d  rocks  f i l l e d  by 
h e a t e d  pore  w a t e r s  c o n s t i t u t e s  a geo thermal  
r e s e r v o i r .  

Simple two- dimensional models f o r  h y p o t h e t i c a l  explo-  
s i o n  chambers benea th  Mururoa A t o l l  are  p r e s e n t e d  
which show t h e  r o l e  of the rmal  c o n v e c t i o n  i f  t h e  
r e s e r v o i r  c o o l s  by c o n v e c t i v e  h e a t  t r a n s f e r .  These 
models i n d i c a t e  t h a t  h i g h  p e r m e a b i l i t i e s  of t h e  o r d e r  
of 10. t o  50 Da c a n  be c r e a t e d  by s u c h  e x p l o s i o n s .  
Computed mass f l o w  r a t e s  p o i n t  t o  f l o w  v e l o c i t i e s  of 
t h e  o r d e r  of 25 t o  150m/yr w i t h i n  t h e  i n n e r  and o u t e r  
f r a c t u r e  zones s u r r o u n d i n g  t h e  e x p l o s i o n  chamber. 

I n t r o d u c t i o n  

Underground t e s t i n g  of n u c l e a r  bombs has  been 
conducted more f r e q u e n t l y  s i n c e  a tmospher ic  tests  
have been banned. I f  underground t e s t i n g  i s  con- 
d u c t e d  i n  s a t u r a t e d ,  permeable r o c k s ,  a n  a r t i f i c i a l  
geo thermal  system is  c r e a t e d  a s  a r e s u l t  of t h e  h e a t  
g e n e r a t e d  by t h e  e x p l o s i o n .  Thermal c o n v e c t i o n  of 
h e a t e d  porewate r s ,  con tamina ted  by r a d i o  n u c l i d e s ,  
w i l l  produce s e c u l a r  f l u i d  movement. 

Underground t e s t i n g  a t  Mururoa, an  u n i n h a b i t e d  a t o l l  
abou t  5000 km NE of New Zea land ,  h a s  caused some 
concern  i n  N e w  Zealand and o t h e r  P a c i f i c  c o u n t r i e s  
abou t  t h e  long  term e f f e c t s  of t h e s e  t e s t s .  The 
e f f e c t s  can  o n l y  be a s s e s s e d  from r e a l i s t i c  e s t i m a t e s  
of movements of r a d i o a c t i v e  w a s t e s  benea th  t h e  a t o l l .  
A s c i e n t i f i c  m i s s i o n  w i t h  s c i e n t i s t s  from A u s t r a l i a ,  
New Zea land ,  and Papua N e w  Guinea v i s i t e d  Mururoa i n  
1983 and p r e s e n t e d  i t s  f i n d i n g s  i n  t h e  form o f '  a n  
o f f i c i a l  r e p o r t  (NZ MFA 1984) ;  . the m i s s i o n  found no 
s i g n i f i c a n t  ev idence  f o r  a d v e r s e  long  term e f f e c t s .  
The r e p o r t s  h a s  been c r i t i c i s e d  (Re id  1985)  because 
no independent  assessment  of t h e  l i k e l y  movement of 
r a d i o a c t i v e  was te  was a t t e m p t e d ;  t h e  r e p o r t ,  
however, c o n t a i n s  d a t a  which a l l o w  a n  assessment  of 
t h e  problem. 

The problem of c o n v e c t i v e  h e a t  t r a n s f e r  i n  under; 
ground n u c l e a r  e x p l o s i o n  chambers has  a p p a r e n t l y  not  
been s t u d i e d .  O l d e r  s t u d i e s  have d e a l t  w i t h  chambers 
s t a n d i n g  i n  u n d e r s a t u r a t e d  o r  d r y  rocks  where con- 
v e c t i o n  i s  no t  main ta ined  because of t h e  l a c k  of 
r e c h a r g e  f l u i d s  (Heckman 1964).  A l i t e r a t u r e  s e a r c h  
showed t h a t  d a t a  f o r  chambers i n  s a t u r a t e d ,  permeable 
rocks  a r e  a v a i l a b l e  o n l y  f o r  Mururoa A t o l l  and 
Amchitka I s l a n d  (Alaska) ;  bo th  a r e  P a c i f i c  v o l c a n i c  
i s l a n d s .  

I n  t h i s  paper  t h e  r e s u l t s  of model s t u d i e s  of f l u i d  
f l o w  w i t h i n  and o u t s i d e  a n u c l e a r  e x p l o s i o n  chamber 
a r e  . p r e s e n t e d .  The problem was s t u d i e d  by u s i n g  a 
computer program ( P r u e s s  1983; O ' S u l l i v a n  e t  a l .  
1983) which i s  wide ly  used t o  s t u d y  f l u i d  movements 
and energy  t r a n s f e r  i n  geo thermal  sys tems .  Da ta  from 
t h e  Cannik in  underground n u c l e a r  t e s t  a t  Amchitka 
I s l a n d  ( C l a a s s e n  1978) were a l s o  used  t o  o b t a i n  
a d d i t i o n a l  r e s t r a i n t s  f o r  t h e  model. 
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Fig .  1: G e o l o g i c a l  s e t t i n g  of a n  underground 
n u c l e a r  e x p l o s i o n  chamber a t  Xururoa A t o l l .  

C h a r a c t e r i s t i c s  of a n  a r t i f i c i a l  geo thermal  system 
c r e a t e d  by a n  underground n u c l e a r  e x p l o s i o n  

A t  Mururoa a 500 t o  lOOOm deep  h o l e  i s  d r i l l e d  i n t o  
t h e  v o l c a n i c  p e d e s t a l  of t h e  a t o l l  ( s e e  F i g .  1 ) ;  
a f t e r  t h e  n u c l e a r  bomb i s  i n s e r t e d ,  t h e  h o l e  i s  
permanently s e a l e d .  The n u c l e a r  e x p l o s i o n  produces 
t empera tu res  g r e a t e r  t h a n  105°C and g a s  p r e s s u r e s  of 
more t h a n  1 Mbar which cause  rocks i n  t h e  immediate 
v i c i n i t y  t o  v a p o r i z e  and f u r t h e r  away t o  m e l t .  The 
e x p l o s i o n  t h e r e f  o r e  c r e a t e s  a " c a v i t y"  whose s i z e  
depends on t h e  y i e l d  (measured i n  k i l o t o n n e s  ( k t )  of 
e q u i v a l e n t  TNT), s a t u r a t i o n  of t h e  porous r o c k s ,  and 
upon b u r i a l  dep th .  On c o o l i n g ,  t h e  mol ten  rocks 
s o l i d i f y  a t  t h e  bottom of t h e  c a v i t y ,  t r a p p i n g  most 
of t h e  r a d i o n u c l i d e s .  The e x p l o s i o n  a l s o  f r a c t u r e s  
rocks  around t h e  c a v i t y ,  t h e  roof of which c o l l a p s e s  
i n t o  t h e  c a v i t y  t h u s  c r e a t i n g  a v e r t i c a l  chimney 
s t r u c t u r e  above t h e  c a v i t y  ( s e e  F ig .  1 ) .  A f t e r  t h e  
e x p l o s i o n ,  pore  w a t e r  from o u t s i d e  t h e  c a v i t y  
condenses t h e  h o t  g a s e s  ( g a s  b u b b l e ) ,  s e e p s  i n t o  t h e  
b a c k f i l l e d  c a v i t y ,  i s  h e a t e d  bu t  a l s o  c o o l s  t h e  
fragmented rocks  u n t i l  e q u i l i b r i u m  tempera tu res  a r e  
reached.  The h e a t e d  f l u i d s  move then  by convec t ion  
i n t o  o t h e r  permeable s t r a t a .  S i n c e  f o r  a normalized 
y i e l d  t h e  c a v i t y  r a d i u s  and hence t h e  i n i t i a l -  
geo thermal  r e s e r v o i r  d e c r e a s e s  w i t h  dep th  of t h e  
e x p l o s i o n ,  t h e  t empera tu re  r i s e  a f t e r  i n i t i a l  
e q u i l i b r a t i o n  i n c r e a s e s  w i t h  dep th .  A d i f f e r e n t  
s i t u a t i o n  occurs  i n  chambers s t a n d i n g  i n  h o t ,  d r y  
rocks where e q u i l i b r a t i o n  does not  o c c u r  and where 
h e a t  t r a n s f e r  is o n l y  by conduc t ion .  
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For  mode l l i ng  t h e  f l u i d  movement a s s o c i a t e d  wi th  a 
n u c l e a r  underground e x p l o s i o n  i n  s a t u r a t e d  permeable 
rocks ,  t h e  f o l l o w i n g  i n f o r m a t i o n  i s  r equ i r ed :  
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1. t h e  o r i g i n a l  p e r m e a b i l i t y  s t r u c t u r e ,  thermal  
p r o p e r t i e s  and i n i t i a l  t empera tu re  f i e l d  of t h e  
s e c t i o n  shown i n  F ig .  1; 

2. dimensions  of t h e  geothermal  sys tem,  i . e .  
d imension of c a v i t y ,  chimney, and f r a c t u r e  zones;  

3 .  h e a t  l i b e r a t e d  du r ing  t h e  e x p l o s i o n  and s t o r e d  i n  
t h e  r e s e r v o i r ;  

4. p e r m e a b i l i t y  s t r u c t u r e  of t he  s e c t i o n  a f t e r  t h e  
e x p l o s i o n ,  and t empera tu re  changes i n s i d e  t h e  
r e s  e r v o i  r . 

I n  a d d i t i o n ,  t h e  f o l l o w i n g  p o i n t s  I have t o  be 
cons ide red :  

5 .  e f f e c t  of a d d i t i o n a l  h e a t  r e l e a s e d  by decay of 
r a d i o n u c l i d e s  w i t h i n  t h e  c a v i t y ,  and 

6 .  e f f e c t  of nearby e x p l o s i o n  chambers. 

I n fo rma t ion  cove r ing  p o i n t s  1 t o  3 and p o i n t  5 i s  no t  
d i r e c t l y  a v a i l a b l e  bu t  can  be e x t r a c t e d  from d a t a  
c i t e d  i n  t h e  Mis s ion  Repor t  (NZ MFA 1984) ,  i n  Glas- 
s t o n e  and Dolan (1977) ,  and C laas sen  (1978).  I n f o r-  
mat ion  abou t  p o i n t s  4 and 6 was o b t a i n e d  from com- 
p u t e r  models by r e t a i n i n g  t h e  p e r m e a b i l i t y  s t r u c t u r e  
around a n  e x p l o s i o n  chamber as parameter .  

1. O r i g i n a l  p e r m e a b i l i t y  s t r u c t u r e  and i n i t i a l  
t empera tu re  f i e l d  of Mururoa test  s i tes  

Over 70 underground n u c l e a r  tests  have been c a r r i e d  
o u t  a t  Mururoa s i n c e  1975; t h e  g e o l o g i c a l  c ros s-  
s e c t i o n  of t h e  a t o l l  i s  w e l l  known, and a s i m p l i f i e d  
s e c t i o n  of a r ee f  t es t  s i t e  is shown i n  Fig .  1. 
Temperature  p r o f i l e s  from some u n t e s t e d  h o l e s  a r e  
a l s o  known (NZ MFA 1984) ;  a t empera tu re  p r o f i l e  from 
one h o l e  (ZOE, s o u t h e r n  p a r t  of t h e  r e e f )  i s  shown i n  
Fig .  2 t o g e t h e r  w i t h  a t empera tu re  p r o f i l e  of t h e  
o u t e r  r e e f  ( s e a  t empera tu re  p r o f i l e ) .  It can be s e e n  
from Fig .  2 t h a t  t h e  bottom l a y e r  (do lomi t e )  of t h e  
l i m e s t o n e  cap  i s  h i g h l y  permeable a s  i n d i c a t e d  by t h e  
t empera tu re  i n v e r s i o n  a t  abou t  350m dep th .  S i m i l a r  
t empera tu re  p r o f i l e s  were observed i n  o t h e r  o t h e r  
h o l e s  and i t  can  be i n f e r r e d  t h a t  some s t e a d y  s t a t e ,  
l a t e r a l  movement of s e a w a t e r  occu r s  which i n f i l t r a t e s  
t h e  i s l a n d  from t h e  seaward s i d e  and which upon 
h e a t i n g  rises s l o w l y  th rough  t h e  l i m e s t o n e  cap t o  t h e  
s u r f a c e  i n s i d e  t h e  lagoon.  

T h i s  phenomenon c a n  be  used t o  o b t a i n  a n  approximate  
p e r m e a b i l i t y  s t r u c t u r e  of t h e  i s l a n d  by computing t h e  
t empera tu re s  of a few models which reproduce t h e  
observed t empera tu re  p r o f i l e  of F ig .  2 ,  r e t a i n i n g  t h e  
p e r m e a b i l i t y  of t h e  v a r i o u s  l a y e r s  as a v a r i a b l e .  
T h i s  h a s  a l r e a d y  been a t t empted  by French a u t h o r i-  
t i e s ,  and a s t e a d y- s t a t e  p e r m e a b i l i t y  s t r u c t u r e  . of 
t h e  i s l a n d  is l i s t e d  i n  t h e  Miss ion r e p o r t  (NZ MFA 
1984, F ig .  20) .  

We re- asses sed  t h e  o r i g i n a l  g r o s s  p e r m e a b i l i t y  
s t r u c t u r e  by u s i n g  t h e  model shown i n  F ig .  3 .  As 
model we used a two- dimensional s t r u c t u r e  (w id th  of 
b locks  = 100m) s i n c e  t h e  i s l a n d  i s  e longa ted  i n  E-W 
d i r e c t i o n ;  symmetry w i t h  r e s p e c t  t o  t h e  median a x i s  
was assumed. The t e r r e s t r i a l  h e a t  f l ow  was t aken  a s  
80 m!J/m2 beneath  t h e  a x i a l  l i n e  (0 km i n  F ig .  1) 
which d e c r e a s e s  l i n e a r l y  towards  t h e  r e e f ;  under  t h e  
r ee f  ( 2  km i n  Fig .  3 )  i t  is  about  45 mW/mZ. These 
v a l u e s  a g r e e  w i t h  h e a t  f l ows  i n f e r r e d  from undis-  
tu rbed  t empera tu re  g r a d i e n t s  i n  deep d r i l l h o l e s .  A 
h o r i z o n t a l  s t r u c t u r e  was a l s o  assumed ( s e e  F ig .  3 ) ;  
t h e  l i m e s t o n e s  and do lomi t e s  ( l a y e r s  2 and 3 )  
d e c r e a s e  s l i g h t l y  i n  t h i c k n e s s  towards t h e  c e n t r e  of 
t h e  lagoon;  t h i s  i s  compensated by an  i n c r e a s e  i n  
t h i c k n e s s  of t h e  s u b a e r i a l  v o l c a n i c s  ( l a y e r  5). 
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Observed and computed t empera tu re s  f o r  h o l e  
ZOE (Mururoa); a l i t h o s t r a t i g r a p h i c  column 
i s  shown on t h e  l e f t  hand s i d e  ( t h e  enc i r c-  
l e d  numbers i n d i c a t e  l a y e r s  a s  l i s t e d  i n  
Tab le  1). 

These  changes ,  however, do no t  a f f e c t  t h e  t empera tu re  
p r o f i l e  benea th  t h e  r e e f ,  and t h e  s t r u c t u r e  shown i n  
F i g .  3 can be r e c o n c i l e d  w i t h  t h e  a c t u a l  s t r u c t u r e  by 
assuming t h a t  t h e  t r a n s m i s s i v i t y  of t h e s e  e q u i v a l e n t  
l a y e r s  approximates  t h e  “ i n  s i t u ”  t r a n s m i s s i v i t y .  
The t h i n  wea the r ing  l a y e r  ( l a y e r  4 )  w a s  neg lec t ed .  
The MlTLKOM program (P rues s  1983)  w a s  used t o  compute 
t h e o r e t i c a l  t empera tu re s  and mass f low r a t e s  f o r  t h e  
model i n  Fig .  3 .  

An und i s tu rbed  t empera tu re  p r o f i l e  of t h e  model 
benea th  t h e  r e e f  i s  shown i n  Fig .  2; t h e  p h y s i c a l  
pa rame te r s  used (model A )  a r e  l i s t e d  i n  Tab le  1. The 
model w a s  run  t o  reproduce s t e a d y  s t a t e  c o n d i t i o n s  
a f t e r  5 x 106 y r .  The p e r m e a b i l i t y  d a t a  l i s t e d  i n  
T a b l e  1 might  be  u n c e r t a i n  by a n  o r d e r  of magnitude; 
t h e  d a t a ,  however, a r e  similar t o  t hose  ob ta ined  by 
French a u t h o r i t i e s .  Using a p p r o p r i a t e  p o r o s i t i e s ,  
t h e  computed mass f l o w  r a t e s  can  be conver ted  t o  f l ow 
speeds .  It was found t h a t  f l ows  i n  t h e  v o l c a n i c s  do 
n o t  exceed 0.3 m/yr and t h a t  on ly  i n  t h e  h i g h l y  
permeable do lomi t e s  a r e  v a l u e s  of t h e  o r d e r  of 30 
m/yr i n d i c a t e d .  These d a t a  a r e  s i m i l a r  t o  t hose  
quoted i n  t h e  Mis s ion  Repor t  (p.124) based on French 
a s se s smen t s .  

Some of t h e  r e s u l t s  ob t a ined  by model A can a l s o  be 
o b t a i n e d  by a s imp le  h e a t  ba l ance  c a l c u l a t i o n .  I f  
a l l  t h e  f l u i d  movement i s  assumed t o  be conf ined t o  
t h e  h i g h  p e r m e a b i l i t y  condu i t  a t  approximate ly  350m 
dep th ,  t h e  t empera tu re  r i s e  of approximate ly  1 h 0 C  
a l o n g  i t  must ba l ance  t h e  h e a t  i n p u t  from depth  of 60 
mW/m2 (on ave rage ) .  A s imp le  c a l c u l a t i o n  g i v e s  a- 
r e q u i r e d  mass f l ow of 0.3 k g / s .  T h i s  mass f low 
co r r e sponds  t o  ave rage  volume f l u x e s  of l-5m/yr f o r  a 
t h i c k n e s s  of t h e  h i g h  Pe rmeab i l i t y  do lomi t e  l a y e r  
between 20-100m and f l u i d  speeds  of 10-50m/yr f o r  a 
p o r o s i t y  of 0.1. These f i g u r e s  a g r e e  w i th  r e s u l t s  
from t h e  computer model. 
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Pig .  3: Model of Mururoa A t o l l  used t o  compute s t e a d y  s t a t e  f lows and dynamic f lows 
caused by a r t i f i c i a l  geothermal  sys t ems  i n  underground e x p l o s i o n  chambers 
(Mururoa I ,  11). The model shows on ly  h a l f  of t h e  s e c t i o n ;  w id ths  of b locks :  100m. 

S i m i l a r  estimates u s i n g  Darcy ' s  law show t h a t  such a 
h i g h  f l ow r a t e  i n  a r e l a t i v e l y  t h i n  l a y e r  can  on ly  
occu r ,  d r i v e n  by t h e  d e n s i t y  d i f f e r e n c e  between c o l d  
sea water and warm s a l i n e  w a t e r ,  i f  t h e  p e r m e a b i l i t y  
i n  t h e  do lomi t e  l a y e r  is  10-100 D a .  I n  model A, a 
v a l u e  of 50 Da w a s  u sed ,  and i n  t h e  Mis s ion  Repor t  a 
f i g u r e  of 30 Da i s  quoted f o r  t h e  French model. 

Tab le  1: P h y s i c a l  pa rame te r s  of s t e a d y- s t a t e  f low 
benea th  Mururoa (Model A) 

Layer  Geology Assumed P a r t i c l e  I n f e r r e d  Thermal Average 
th i ck-  d e n s i t y  p o r o s i t y  conduc- permea- 
nes s  (103 kg/m 3 )  t i v i t y  b i l i t y  
(m) (W/mK) ( d a r c y )  

2 l imes tone  100 2.5 0.1 1.8 0.1 

3a l imes tone  200 2.5 0.05 1.8 0.1 

3b do lomi t e  100 2.5 0.03 1.8 50 

4 c l a y r i c h  

5 s u b a e r i a l  

v o l c a n i c s  (0)  n.a.  n.a. n .a .  n.a.  

v o l c a n i c s  100 2.5 0.2 2.0 0.1 

6 dense  
b a s a l t  i n f i n i t e  2.85 0.1 2.5 0.01 

2 .  Dimensions of geothermal  sys tems c r e a t e d  by 
underground n u c l e a r  e x p l o s i o n s  

Data  i n  G l a s s t o n e  and Dolan (1977) ,  C laas sen  (1978) ,  
and Bu tkov i t ch  and Lewis (1978)  i n d i c a t e  t h a t  t h e  
c a v i t y  r a d i u s  cr ( i n  rn) f o r  s a t u r a t e d  rocks  i s  approx- 
i m a t e l y  g i v e n  by: . 

cr = 100 wO.333/(-, 0.307 
P )  

where W i s  t h e  y i e l d  i n  k t ,  t h e  ave rage  overburden 
d e n s i t y  ( i n  lo3 kg/m3), and z t h e  dep th  ( i n  m)  of t h e  
exp los ion .  R e s u l t s  of t h e  Cannikin  underground 
e x p l o s i o n  on Amchitka I s l a n d  (C laas sen  1978)  i n d i c a t e  
t h a t  t he  e f f e c t i v e  r a d i u s  cr  e f f  of t h e  gas  bubble  
when condensa t ion  took p l a c e  was about  1 .4  c;-'. 
I n i t i a l l y  i t  was assumed t h a t  t h e  d imension of t h e  
o r i g i n a l  geothermal  r e s e r v o i r  a f t e r  condensa t ion  i s  
g i v e n  by c r  e f f .  I m p l i c a t i o n s  w i th  r e s p e c t  t o  t h e  
l i k e l y  ene rgy  i n p u t  w i l l  be d i s c u s s e d  i n  t h e  nex t  
paragraph.  

The r a d i u s  of t h e  i n n e r  f r a c t u r e  zone around t h e  
e x p l o s i o n  chamber, where a l l  rocks  have been s h a t-  
t e r e d  and f ragmented,  i s  a b o u t  4.2 cr acco rd ing  t o  
Bu tkov i t ch  and Lewis (1978) .  T h i s  v a l u e  i s  u s u a l l y  
t a k e n  t o  d e f i n e  t h e  t o p  of t h e  c o l l a p s e d  chimney 
s t r u c t u r e  and which h a s  been checked by d e v i a t e d  
h o l e s  d r i l l e d  i n t o  t h e  c a v i t y  a f t e r  exp los ions .  
Rocks a r e  a l s o  f r a c t u r e d  beyond t h e  i n n e r  f r a c t u r e  
zone. A t  Amchitka I s l a n d ,  where a 5 M t  bomb was 
d e t o n a t e d  a t  1.79 km d e p t h  ( c r  = 133m), f r a c t u r e s  
extended from t h e  t o p  of t h e  chimney up t o  t h e  
s u r f a c e  a s  i n d i c a t e d  by t h e  r a p i d  d rop  of w a t e r  
l e v e l s  i n  a d e v i a t e d  w e l l  which showed t h a t  ground- 
water was a b l e  t o  e n t e r  t h e  e x p l o s i o n  chamber about  
100 days  a f t e r  t h e  exp los ion .  W e  w i l l  u s e  t h e  term 
"extended chimney" t o  d e s c r i b e  t h i s  s t r u c t u r e  and 
assume i n  t h e  f o l l o w i n g  t h a t  a n  extended chimney 
s t r u c t u r e  a l s o  occu r s  a t  Mururoa which, acco rd ing  t o  
t h e  Amchitka d a t a ,  c an  ex t end  t o  d i s t a n c e  of a t  l e a s t  
1 3  cr. 

The i m p l i c a t i o n s  f o r  a geothermal  sys tem c r e a t e d  by 
a n  underground e x p l o s i o n  on Mururoa a r e  t h e r e f o r e :  

( a )  t h e  i n i t i a l  s i z e  of t h e  r e s e r v o i r  a f t e r  
condensa t ion  of t h e  gas- bubble i s  g i v e n  approx- 
i m a t e l y  by a n  e f f e c t i v e  r a d i u s  of about  1.4 cr; 

( b )  mixing of hea t ed  f l u i d s  c a n  a l s o  occu r  i n i t i a l l y  
w i t h i n  t h e  chimney s t r u c t u r e ,  whose h e i g h t  would 
be abou t  4.2 cr; 

( c )  v e r t i c a l  movement of f l u i d s  i s  p o s s i b l e  w i t h i n  a n  
extended chimney s t r u c t u r e  whose h e i g h t  i s  of t h e  
o r d e r  of 13  cr. 

3. Heat  i n p u t  i n t o  a n  underground n u c l e a r  e x p l o s i o n  
chamber 

Only a few pub l i shed  d a t a  a r e  a v a i l a b l e  which a l l o w  
a n  a s se s smen t  of t h e  magnitude of h e a t  c r e a t e d  d u r i n g  
a n  underground exp los ion .  A minimum va lue  E,in = 0.6 
x J / k t  i s  c i t e d  i n  G l a s s t o n e  and Dolan (1977, 
p.510) f o r  t h e  energy l i b e r a t e d  as h e a t  i n  t h e  f i r e -  
b a l l  of a n  a tmosphe r i c  e x p l o s i o n ;  a va lue  of E = 1.45 
x 1 O I 2  J / k t  i s  c i t e d  (G las s tone  and Dolan, p.277) f o r  
t h e  t o t a l  r a d i a t i o n  l i b e r a t e d  d u r i n g  such  a n  explo-  
s i o n .  I n f o r m a t i o n  i n  t h e  Mis s ion  Repor t  (NZ XFA 
1384, p .84)  i n d i c a t e s  t h a t  u l t i m a t e l y  up t o  2 . 3  x 
1012 J / k t  could  be produced. 

An o r d e r  of magnitude e s t i m a t e  can a l s o  be ob ta ined  
from t empera tu re s  observed i n  d e v i a t e d  h o l e s  d r i l l e d  
i n t o  e x p l o s i o n  chambers. I n  t h e  fo l lowing  w e  
c o n s i d e r  o n l y  e x p l o s i o n  chambers which s t a n d  i n  
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porous , permeable , s a t u r a t e d  rocks where e q u i l i b r a-  
t i o n  of f l u i d  t empera tu res  c a n  o c c u r  i n s i d e  t h e  
chamber. These t e m p e r a t u r e s  a r e  n o t  n e c e s s a r i l y  
r e p r e s e n t a t i v e  of t h e  average  t empera tu res  of t h e  
r e s e r v o i r  bu t  c o n s t i t u t e  t h e  most s u i t a b l e  pa ramete r  
a l l o w i n g  a n  assessment  of t h e  h e a t  t r a n s f e r  of 
v a r i o u s  models. Using r e a l i s t i c  v a l u e s  f o r  average  
p o r o s i t y ,  the rmal  c a p a c i t y  of r e s e r v o i r  rocks  and 
pore  f l u i d s ,  a n  o r d e r  of magnitude e s t i m a t e  f o r  t h e  
energy  i n p u t  (normal ized  f o r  y i e l d )  can  be o b t a i n e d  
from observed t empera tu res .  

I f  one assumes t h a t  t h e  r a d i u s  of t h e  gas  bubble a t  
t h e  t ime  of c o n d e n s a t i o n  ex tended  t o  1.4 c r  and t h a t  
mixing of h e a t e d  p o r e  f l u i d s  took  p l a c e  w i t h i n  t h i s  
volume, one o b t a i n s  a v a l u e  of 0.8 x 1012 J / k t  f o r  
Cannik in  e v e n t  n e g l e c t i n g  h e a t  loss d u r i n g  t h e  f i r s t  
250 days ,  and about  0.9 x 1012 J / k t  f o r  a Mururoa 
chamber a t  abou t  500-600m dep th .  These f i g u r e s  ( s e e  
T a b l e  2.1)  l i e  w i t h i n  t h e  range  of pub l i shed  v a l u e s .  
D i f f e r e n c e s  c a n  be e x p l a i n e d  by t h e  unknown s t a t e  of 
mixing and d i f f e r e n c e s  i n  volume of t h e  i n i t i a l  
t h e r m a l  r e s e r v o i r .  

- 

F o r  t h e  mode l l ing ,  a mean i n p u t  of 1.5 x 1012 J / k t  
was assumed and t h e  models were r e s t r i c t e d  t o  a 
h y p o t h e t i c a l  e x p l o s i o n  chamber a t  550m d e p t h  c r e a t e d  
by a 10 k t  e x p l o s i o n  and one a t  lOOOm d e p t h  (100 k t  
e x p l o s i o n ) .  O r i g i n a l l y  w e  cons idered  a f r a c t u r e d  
r e s e r v o i r  whose volume i s  g i v e n  by t h a t  of t h e  c a v i t y  
and t h e  chimney ( r e s e r v o i r  I i n  T a b l e  2.2) .  T h i s  w a s  
t h e n  i n c r e a s e d  by 25% ( r e s e r v o i r  11) t o  o b t a i n  agree-  
ment between observed and t h e o r e t i c a l  t empera tu res  
for t h e  550m deep  chamber, i . e .  t o  match t h e  observed 
t e m p e r a t u r e  r i s e  i n  t h e  s h a l l o w  chamber and which i s  
shown i n  F ig .  4 ;  t h e  t i m e  d e l a y  between e x p l o s i o n  
and condensa t ion  of t h e  g a s  bubble  was neg lec ted .  A s  
c a n  be s e e n  from d a t a  l i s t e d  i n  Tab le  2.2, t h e  volume 
of r e s e r v o i r  11 f o r  a n  e x p l o s i o n  a t  550m d e p t h  i s  
about  2.5 x lo5 m3 which c a n  be modelled by a s i n g l e  
b lock  of 5 0 m  x 50m x lOOm ( b l o c k  EL12 i n  F i g .  3 ) ;  
t h e  volume of r e s e r v o i r  I1 a t  lOOOm dep th  i s  about  
1.5 x 106 m3 which was modelled by t h r e e  b locks  (J 
11, 1 2 ,  13)  i n  F i g .  3 .  The h e i g h t  of t h e  ex tended  
chimney i s  about  300 and 600m r e s p e c t i v e l y ;  t h e  
p o s s i b i l i t y  t h a t  f r a c t u r e s  i n  t h e  o u t e r  f r a c t u r e  zone 
can  ex tend  i n t o  t h e  permeable do lomi tes  ( l a y e r  D i n  
F i g .  3 )  was a l s o  cons idered .  

T a b l e  2.1: Energy i n p u t  i n t o  underground e x p l o s i o n  
chambers a t  Amchitka and Mururoa 

S i t e  - 
Depth (m) 

Y i e l d  ( k t )  

Av. p o r o s i t y  

Obs. maximum AT ("C) 

Obs. d e c l i n e  AT ("C) 

I n f e r r e d  volume (m3 ) 

Normalized energy  

i n p u t  (J /k  t ) 

Amchi t ka Mururoa 

1 7  90 550 

5000 10 

0.1 0.3 

6 1  (256d)* 20 (50d)  

n.a. -9 (250d) 

2.67 x . 1 ~ 7  1.59 105 

>0 .8  x 1 0 l 2  0.9 x 

* The observed max. AT v a l u e  was t aken  Erom a 
t empera tu re  p r o f i l e  t a k e n  256 days a f t e r  t h e  e v e n t  
c i t e d  i n  M e r r i t t  (1973).  

T a b l e  2.2: Observed and i n f e r r e d  t empera tu res  i n  two 
e x p l o s i o n  chambers a t  Mururoa ( r e e f )  f o r  
E = 1.5 x 1012 J / k t  

Mururoa I Mururoa I1 -- S i t e  - 
Depth (m) 550 1000 

Y i e l d  ( k t )  10 100 

Av. p o r o s i t y  0.3 0.1 

Volume, r e s e r v o i r  I (m3) 1.9 x 105 1.1 x 106 

Volume, r e s e r v o i r  I1 (m3) 2.5 x lo5 1.45 x lo6 

AT r e s e r v o i r  I ("C) 28  56.5 

AT r e s e r v o i r  I1 ( " C )  2 1  42.5 

h b .  temp. ( " C )  24 40 

AT observed ( " C )  20 No d a t a  

4 .  Modell ing of h e a t  t r a n s f e r  w i t h i n  a n  underground 
the rmal  r e s e r v o i r  

Thermal c o n v e c t i o n  i s  q u i t e  s i g n i f i c a n t ,  a s  c a n  be 
s e e n  from t h e  t empera tu re  p r o f i l e s  shown i n  F ig .  4 
observed  o v e r  486 days i n  a n  e x p l o s i o n  chamber a t  
Mururoa and which i s  conf ined  t o  s u b a e r i a l  v o l c a n i c s ,  
i . e .  l a y e r  5 ( t a k e n  from F i g s .  8 and 22 of NZ MFA 
r e p o r t  ) . 
The s t e a d y- s t a t e  model a s  summarized i n  T a b l e  1 w a s  
used  as b a s i c  model; t h e  p e r m e a b i l i t y  s t r u c t u r e  
around t h e  e x p l o s i o n  chamber was changed f o r  t h e  
Mururoa ,I s i t e  u n t i l  t h e  t h e o r e t i c a l  t empera tu re  
d e c l i n e  w i t h i n  t h e  r e s e r v o i r  a t t a i n e d  v a l u e s  which 
were s imilar  t o  t h o s e  observed ( i  .e. maximum 
t e m p e r a t u r e s  shown i n  F ig .  4 ) .  The mode l l ing  was 
t h e n  ex tended  t o  a s s e s s  t h e  t r a n s f e r  i n  t h e  deeper  
chamber (Mururoa I1 s i t e ) .  

Temperature r i se  A T  ("C) 
0 5 10 15 20 

1 I I I 

486  d - 
Y 

C al 
V 

2- 

> 
0 
V 

Q\- 

c 

+ .- 

0 -  - 
E 
2 
.c 

al 
0 
c 
0 

u) 
c 

.- TEMP. AFTER INITIAL MIXING cl 

30' 4 Oo 
Observed Temperature ("C ) 

- 50 

Because of t h e  p r o p o r t i o n a l i t y  between energy i n p u t ,  F ig .  4 :  Temperatures  observed i n  a n  i n c l i n e d  
dimension of t h e  r e s e r v o i r ,  and y i e l d ,  t h e  l i k e l y  d r i l l h o l e  i n t e r s e c t i n g  a s h a l l o w  
t e m p e r a t u r e  r i s e  i n  o t h e r  underground chambers can  be e x p l o s i o n  chamber benea th  Mururoa; 
p r e d i c t e d  ( s e e  Mururoa I1 i n  T a b l e  2.2)  and which i s  e x p l o s i o n  occur red  i n  l a y e r  5 ,  i n f e r r e d  
a lmos t  independen t  of y i e l d .  d e p t h  abou t  525m; c r  .̂ 25m (10 k t ) .  
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Xururoa I s i t e  

F o r  t h e  f i r s t  model of Mururoa I s i t e  (model B ,  Tab le  
3 ) ,  i t  was assumed t h a t  i n c r e a s e d  p e r m e a b i l i t y  (1 
d a r c y )  i s  r e s t r i c t e d  t o  t h e  i n n e r  f r a c t u r e  zone. 
Heat t r a n s f e r  i s  l i m i t e d  and causes  a t empera tu re  
d r o p  of o n l y  abou t  0.5"C a f t e r  500 days.  I n  model C ,  
t h e  p e r m e a b i l i t y  of t h e  i n n e r  f r a c t u r e  zone was 
i n c r e a s e d  t o  10 d a r c y  and t h a t  of t h e  su r rounding  
f r a c t u r e  zone t o  1 darcy ;  a somewhat h i g h e r  convec- 
t i o n  was o b t a i n e d  which lowers  t h e  t empera tu re  by 
about  2°C a f t e r  500 days ( s e e  F ig .  5 ) ,  b u t  t h i s  
d e c r e a s e  i s  o n l y  a f r a c t i o n  of t h a t  .observed,  i . e .  
10°C. It shou ld  be no ted  t h a t  model C i s  s i m i l a r  t o  
t h e  c o n c e p t u a l  model as d e s c r i b e d  i n  t h e  r e p o r t  (NZ 
MFA 1984) ,  i .e.  a f r a c t u r e d  r e s e r v o i r  which has  no 
c o n n e c t i o n  w i t h  t h e  permeable do lomi te  l a y e r  ( l a y e r  
D )  and where h o r i z o n t a l  movements o u t s i d e  t h e  
f r a c t u r e  zone a r e  s i m i l a r  t o  t h o s e  of t h e  s t e a d y  
s t a t e  model. The r e s u l t s  of o u r  models B and C 
c l e a r l y  i n d i c a t e  t h a t  t h i s  c o n c e p t u a l  model has  t o  be 
modi f ied  and t h a t  t h e  e f f e c t  of t h e  ex tended  chimney 
must be c o n s i d e r e d  t o  a l l o w  c o o l e r  f l u i d s  t o  move 
i n t o  t h e  e x p l o s i o n  chamber. T h i s  was ach ieved  by 
e x t e n d i n g  t h e  o u t e r  f r a c t u r e  zone i n t o  t h e  permeable 
do lomi te  l a y e r .  

F o r  model D t h e  p e r m e a b i l i t y  of t h e  i n i t i a l  f r a c t u r e  
zone was i n c r e a s e d  t o  5 0  d a r c y  and t h a t  of t h e  o u t e r  
f r a c t u r e  zone,  which was ex tended  t o  b locks  1 0  and 
14 ,  t o  10 darcy .  T h i s  model produces some s i g n i-  
f i c a n t  c o o l i n g ,  and t h e  t empera tu re  i n s i d e  t h e  
i n i t i a l  r e s e r v o i r  dropped by about  7°C a f t e r  500 
days.  Although t h e  observed t empera tu re  d rop  i s  
somewhat g r e a t e r ,  we d i d  n o t  r e f i n e  model D s i n c e  i n  
terms of a c t u a l  energy  t r a n s f e r  it e x p l a i n s  abou t  2 /3  
of t h e  energy  l o s s  as i n d i c a t e d  by t h e  observed 
t e m p e r a t u r e  drop.  An i n c r e a s e  i n  wid th  of t h e  h i g h l y  
permeable chimney s t r u c t u r e  would produce h i g h e r  
c o o l i n g  r a t e s  a l t h o u g h  f l u i d  f l o w  might  no l o n g e r  
approx imate  Darcy f low. Another  impor tan t  r e s u l t  of 
model D i s  t h a t  t h e  speed of f l u i d  movements can  be 
a s s e s s e d .  

V e r t i c a l  mass f l o w  r a t e s  of abou t  5 k g / s  occur  w i t h i n  
t h e  r e s e r v o i r  and t h e  chimney s t r u c t u r e ,  and hor izon-  
t a l  ( o u t f l o w )  r a t e s  of t h e  o r d e r  of 1 kg/s  a r e  i n d i-  
c a t e d  f o r  each  of t h e  l a y e r s  EL, EV, and D ( a f t e r  500 
days ). Using t h e  a p p r o p r i a t e  c r o s s- s e c t i o n a l  a r e a s  
f o r  t h e s e  b locks  and a v e r a g e  p o r o s i t i e s ,  speeds  of 50 
t o  150 m / s  a r e  i n d i c a t e d  f o r  t h e  upward, v e r t i c a l  
f l o w  w i t h i n  t h e  chimney and extended chimney, whereas 
s p e e d s  of 25 t o  75 m / s  a r e  i n d i c a t e d  f o r  t h e  hor izon-  
t a l  l a y e r s  i n t e r s e c t e d  by t h e  chimney s t r u c t u r e  w i t h  
a maximum i n  l a y e r  EL, i .e .  s u b a e r i a l  v o l c a n i c s  
d i r e c t l y  above t h e  e x p l o s i o n  chamber. 

MODEL E 

OBSERVED DECLINE OF 
MAX.  TEMPERATURES 
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100 2 00 300 400 500 
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The e f f e c t  of nearby  o l d e r  f r a c t u r e  zones  caused by 
h y p o t h e t i c a l  e x p l o s i o n s  su r rounding  t h e  o u t e r  
f r a c t u r e  zone of model D was s t u d i e d  by model E. I n  
t h i s  model t h e  o u t e r  f r a c t u r e  zone was ex tended  i n t o  
b locks  8, 9 and 1 5 ,  16 (10 d a r c y )  w i t h i n  l a y e r s  EU t o  
G. Such extension of t h e  o u t e r  f r a c t u r e  zone 
produces a widening of t h e  c o n v e c t i o n  p a t t e r n  bu t  
does  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  mass f low r a t e s .  

The computed average  v e r t i c a l  mass f l o w  r a t e s  of 
model D c a n  a l s o  be used t o  a s s e s s  t h e  r o l e  of 
a d d i t i o n a l  h e a t  r e l e a s e d  by t h e  decay of r a d i o  
n u c l i d e s  d e p o s i t e d  i n  t h e  e x p l o s i o n  chamber and t h e  
d e g r e e  of d i l u t i o n  of l i q u i d  r a d i o a c t i v e  waste .  
Model D i n d i c a t e s  t h a t  t h e  a v e r a g e  rate of energy 
t r a n s f e r  by c o n v e c t i o n  f o r  a r e s e r v o i r  c r e a t e d  by a 
10 k t  e x p l o s i o n  a t  550m d e p t h  i s  about  0.15 MW d u r i n g  
t h e  ' f i r s t  500 days ;  t h e  h e a t  i n p u t  by r a d i o a c t i v e  
decay ,  n a i n l y  24oPu, 239Pu, 137Cs, 90Sr,  i s  of t h e  
o r d e r  of 0.025 MW f o r  a 10 k t  e x p l o s i o n  (P.M. Lewis, 
p e r s .  comm.). The e f f e c t  of h e a t  produced by rad io-  
a c t i v e  decay c a n  t h e r e f o r e  be  n e g l e c t e d  f o r  t h e  
Mururoa I models, a l t h o u g h  t h i s  i n p u t  w i l l  be t h e  
u l t i m a t e  power s o u r c e  f o r  l o n g  t e rm movements. 

The i n p u t  of abou t  5 k g / s  of non- rad ioac t ive  s e a  
w a t e r  i n t o  t h e  r e s e r v o i r  of model D impl ies  a 
d i l u t i o n  r a t e  of abou t  0.51200 days f o r  a r e s e r v o i r  
of 2-51 x lo5 m3 w i t h  a n  average  p o r o s i t y  of 0.3, i . e .  
a f t e r  500 days  t h e  c o n c e n t r a t i o n  of r a d i o a c t i v e  was te  
s h o u l d  be o n l y  abou t  114 t h a t  of t h e  o r i g i n a l  concen- 
t r a t i o n  i f  l i b e r a t i o n  of a d d i t i o n a l  r a d i o  n u c l i d e s  by 
l e a c h i n g  of g l a s s y  m a t e r i a l  c a n  be neg lec ted .  A t  
Mururoa t h e  137Cs c o n c e n t r a t i o n  i n  a s h a l l o w  explo-  
s i o n  chamber remained a lmos t  c o n s t a n t  d u r i n g  a p e r i o d  
of 500 days ( r e f e r  t o  F i g .  23 of NZ MFA r e p o r t ) ,  t h u s  
i n d i c a t i n g  t h a t  r a d i o a c t i v e  c o n s t i t u e n t s  w i t h i n  t h e  
e x p l o s i o n  melts c a n  be l i b e r a t e d  by l e a c h i n g .  

Mururoa I1 s i t e  

The h e a t  t r a n s f e r  of a h y p o t h e t i c a l  deep chamber w a s  
a s s e s s e d  by o n l y  one model (model G ) ;  t h e  dimension 
of t h e  i n i t i a l  r e s e r v o i r  was t a k e n  a s  1.5 x 106 m3; 
dimensions and assumed p e r m e a b i l i t i e s  of i n n e r  and 
o u t e r  f r a c t u r e  zones are l i s t e d  i n  Tab le  3.  I n  t h i s  
c a s e  no observed  t empera tu re  d a t a  were a v a i l a b l e  f o r  
t h e  e x p l o s i o n  chamber and t h e r e  a r e  no r e s t r a i n t s  
w i t h  r e s p e c t  t o  t h e  l i k e l y  p e r n e a b i l i t i e s  w i t h i n  t h e  
f r a c t u r e  zones.  Because of t h e  g r e a t e r  dep th  we 
assumed t h a t  p e r m e a b i l i t i e s  a r e  somewhat lower (20  
and 5 darcy  f o r  i n n e r  and o u t e r  f r a c t u r e  zones 
r e s p e c t i v e l y )  t h a n  t h o s e  used  f o r  model D. 

The model showed t h a t  convec t ion  i n c r e a s e s  w i t h  t i m e  
and t h a t  computed mass f l o w  r a t e s  had n o t  reached a 
maximum a f t e r  500 days;  a t  Mururoa I s i t e  maximum 
f l o w  r a t e s  o c c u r r e d  a t  o n l y  100 days a f t e r  t h e  
e x p l o s i o n .  The t empera tu re  i n s i d e  Mururoa I1 r e s e r-  
v o i r  decreased  from 82.5"C t o  73°C a f t e r  500 days;  
t h e  average  h e a t  t r a n s f e r r e d  o u t  of t h e  r e s e r v o i r  was 
abou t  0.8 MJ. S i n c e  t h e  h e a t  genera ted  by rad io-  
a c t i v e  decay might be as h i g h  a s  0.25 MW f o r  a 100 k t  
e x p l o s i o n ,  t h i s  e f f e c t  becomes impor tan t  f o r  deeper  
chambers a l t h o u g h  i t  was n e g l e c t e d  i n  model G. 
V e r t i c a l  mass f low r a t e s  c a n  r e a c h  v a l u e s  of about  10 
k g / s  and s i g n i f i c a n t  v e r t i c a l  f l o w  ex tends  t o  l a y e r s  
300111 above t h e  chamber a f t e r  500 days;  i n f e r r e d  
speeds  of v e r t i c a l  f low a r e  of t h e  o r d e r  of 50 t o  - 
500m/yr; h o r i z o n t a l  f lows  can  a t t a i n  magnitudes of 
between 25 and 100 m/yr. 

F ig .  5: Observed and computed t empera tu res  
i n s i d e  Plururoa I e x p l o s i o n  chamber. 
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Tab le  3: P e r m e a b i l i t y  s t r u c t u r e  of i n n e r  and o u t e r  The e f f e c t s  of a l a r g e  (100 k t )  e x p l o s i o n  a t  lOOOm 
f r a c t u r e  zones of h y p o t h e t i c a l  Underground dep th  was a l s o  s t u d i e d ;  however, no t empera tu re  d a t a  
e x p l o s i o n  chambers a t  Hururoa were a v a i l a b l e  which could  be used t o  check t h e  

assumed p e r m e a b i l i t y  s t r u c t u r e  , and p r e d i c t i o n s  based 
on t h i s  model a r e  l i m i t e d .  The energy t r a n s f e r  
w i t h i n  a deepe r  chamber, however, appea r s  t o  be l ower  

Hodel INNER FRACTURE ZONE OUTER FRACTURE i n  comparison t o  t h a t  of sha l low chambers, and a 
Laye r  Block Permea- Layer  Block Permea- l o n g e r  t i m e  i s  i n d i c a t e d  f o r  t h e  s e t t i n g  up of t h e  

b i l i t y  b i l i t j r  convec t ion  c e l l s .  Heat i n p u t  by decay of r ad io -  
( d a r c y  1 ( d a r c y )  n u c l i d e s  i n s i d e  t h e  chamber can  no l o n g e r  be  

neg lec t ed  f o r  l a r g e ,  deep exp los ions .  

No in fo rma t ion  i s  a v a i l a b l e  which can  be used t o  
Mururoa I s i t e  assess t h e  movement of f l u i d s  between t h e  permeable 

do lomi t e  l a y e r  and t h e  s u r f a c e ,  and wi thou t  t h i s  
B EU t o  FL 11 t o  13  1 A s  f o r  model A i n f  o m a t i o n  t h e  l i k e l y  f l owra t e s  w i t h i n  t h e  l imes tone  

cap  cannot  de computed. The s t u d y ,  however, h a s  
shown t h a t  t h e  h e a t  t r a n s f e r  a s s o c i a t e d  wi th  under-  C EU t o  FL 11 t o  1 3  10 EU t o  FL 10, 14 

ground n u c l e a r  e x p l o s i o n s  i n  s a t u r a t e d ,  permeable 
D EU t o  FL 11 t o  13 50  EU t o  FL l o ,  14  ,lo rocks  can  be model led ,  and t h a t  t h e s e  e x p l o s i o n s  

E As f o r  model D 5 0  A s  f o r  model D 20 

F A s  f o r  model D 50 EU t o  FL 10, 14 10 References  

G 10 t o  14 

G 10 t o  14  c r e a t e  a r t i f i c i a l  geothermal  sys tems.  

G 10 t o  1 4  

BUTKOVICH, T.R.; LEWIS, A.E.  (1973): Aids f o r  EU t o  G 8 ,9 ;15,16 

e s t i m a t i n g  e f f e c t s  of underground n u c l e a r  
exp los ions .  Univ. of C a l i f o r n i a  Repor t  
UCRL-50929, Rev. 1, p.7. 

Mururoa I1 s i t e  

G EU t o  J 11 t o  1 3  20 EU t o  J 9 ,10;14,15 5 

D i scuss ion  

The s t u d i e s  d e s c r i b e d  i n  t h i s  paper  have shown t h a t  
t h e  i n i t i a l  p e r m e a b i l i t y  s t r u c t u r e  of Mururoa A t o l l  
c an  be model led  by u s i n g  und i s tu rbed  t empera tu re  
p r o f i l e s  of deep h o l e s .  The p e r m e a b i l i t y  of t h e  
bottom l a y e r  of t h e  l i m e s t o n e  ca,p i s  unusua l ly  h i g h  
( o r d e r  of 50 Da) and f l u i d s  can  move f r e e l y  w i t h i n  
t h i s  l a y e r  p r i o r  t o  any underground exp los ion .  

The p e r m e a b i l i t y  of t h e  v o l c a n i c  rocks  benea th  t h e  
l i m e s t o n e  cap  i s  s i g n i f i c a n t l y  i n c r e a s e d  by under-  
ground n u c l e a r  exp los ions .  Fo r  a chamber a t  550m 
dep th  c r e a t e d  by a 10 k t  e x p l o s i o n ,  i t  was found t h a t  
t h e  p e r m e a b i l i t y  w i t h i n  a n  i n n e r  (about  1 5 0 m  wide )  
and o u t e r  ( abou t  400m wide )  f r a c t u r e  zone i n c r e a s e s  
t o  about  50 and 10 Da r e s p e c t i v e l y .  These v a l u e s  a r e  
on ly  o r d e r  o€ magnitude e s t i m a t e s  and are based on a 
two- dimensional model; a c t u a l  p e r m e a b i l i t i e s  might  
be  somewhat lower i n  a three- dimensional  s e t t i n g .  
Average f l o w  v e l o c i t i e s  of t h e  o r d e r  of 25 t o  150 
m/yr a r e  i n d i c a t e d  f o r  t h e  i n n e r  f r a c t u r e  zone; 
h o r i z o n t a l  f l o w  reaches  a maximum of 25 t o  75 m/yr i n  
a l a y e r  of s u b a e r i a l  v o l c a n i c s  which i n c l u d e  hyalo-  
c l a s t i t e s .  The computed energy t r a n s f e r  i s  about  213 
of t h a t  i n d i c a t e d  by observed t empera tu re  drops  
i n s i d e  t h e  chamber. I n c r e a s e d  p e r m e a b i l i t y  around 
a d j a c e n t  h y p o t h e t i c a l  e x p l o s i o n  chambers i nduces  a 
broadening of t h e  convec t ion  c e l l s  but  does no t  
s i g n i f i c a n t l y  a f f e c t  mass f l o w .  r a t e s  w i t h i n  t h e  . 
chimney s t r u c t u r e .  The e f € e c t  of changes i n  p o r o s i t y  
upon t h e  mass f l ow r a t e s  i s  s m a l l ;  such changes ,  
however, d i r e c t l y  a f f e c t  t h e  i n f e r r e d  f low v e l o c i t y  
r a t e s .  
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