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I t  has been proposed t h a t  an a r t i f i c i a l  geothermal r e s e r v o i r  c o u l d  be 
c rea ted  by i n j e c t i n g  water  under h i g h  pressure  through a h o l e  d r i l l e d  i n t o  
a h o t  d r y  b a t h o l i t h .  By d r i l l i n g  a second h o l e  t o  i n t e r s e c t  t h e  p l a n e  
c rea ted  by h y d r a u l i c  f r a c t u r e ,  a f l u i d  c i r c u l a t i o n  system c o u l d  be c rea ted  
by pumping c o l d  water i n t o  one h o l e  and e x t r a c t i n g  h o t  water  o r  steam through 
t h e  o t h e r  ho le .  We have c a r r i e d  o u t  a number o f  l a b o r a t o r y  exper iments t o  
i n v e s t i g a t e  v a r i o u s  aspects o f  t h i s  p r o j e c t .  

I t  i s  u s u a l l y  assumed t h a t  d u r i n g  h y d r a u l i c  f r a c t u r e  a s i n g l e  t e n s i o n  
f r a c t u r e  i s  formed w i t h  i t s  p l a n e  p a r a l l e l  t o  t h e  d i r e c t i o n  of  maximum 
p r i n c i p a l  s t r e s s .  I n  l a b o r a t o r y  exper iments we have found t h a t  a t  h i g h  
i n j e c t i o n  r a t e s  t h i s  i s  c o r r e c t ,  b u t  i f  t h e  rock  i s  under shear s t r e s s  and 
t h e  f l u i d  i s  i n j e c t e d  s l o w l y  enough, shear f r a c t u r e s  a r e  formed w i t h  t h e i r  
p lanes o r i e n t e d  about 300 t o  t h e  d i r e c t i o n  o f  maximum p r i n c i p a l  s t r e s s .  
This otcurs  n o t  o n l y  i n  sandstone, b u t  a l s o  i n  v e r y  low p e r m e a b i l i t y  rocks 
such as o i l  sha le  and Wester ly  Gran i te .  The e f f i c i e n c y  o f  an a r t i f i c i a l  
geothermal r e s e r v o i r  depends i n  p a r t  on t h e  s u r f a c e  area o f  t h e  h o t  rock  
w i t h  which t h e  c i r c u l a t i n g  f l u i d  comes i n  c o n t a c t .  Our l a b o r a t o r y  r e s u l t s  
suggest t h a t  i t  may be p o s s i b l e ,  i n  reg ions  o f  h i g h  t e c t o n i c  s t r e s s ,  t o  inc rease 
t h e  f r a c t u r e  s u r f a c e  area s imp ly  by v a r y i n g  t h e  f l u i d  i n j e c t i o n  r a t e  and thus 
t o  c r e a t e  n o t  o n l y  a t e n s i o n  f r a c t u r e  b u t  shear f r a c t u r e s  as w e l l .  

A major  problem i n  c r e a t i n g  a f l u i d  c i r c u l a t i o n  system i s  knowing 
e x a c t l y  where t o  d r i l l  the second h o l e  t o  i n t e r s e c t  the  f r a c t u r e s .  We 
found t h a t  t h e  s p a c i a l  d i s t r i b u t i o n  o f  t h e  f r a c t u r e  p lanes can be determined 
a c c u r a t e l y  by de termin ing  the l o c a t i o n  o f  t h e  a c o u s t i c  emiss ion events  t h a t  
occur  d u r i n g  f r a c t u r e .  T h i s  technique should be a p p l i c a b l e  i n  l a r g e - s c a l e  
f i e l d  p r o j e c t s  as w e l l .  I t  should a lso  be p o s s i b l e  to  c a l c u l a t e  t h e  t h r e e -  
dimensional  d i s t r i b u t i o n  o f  the f r a c t u r e  planes from t h e  change i n  magnet ic 
f i e l d  a t  t h e  e a r t h ' s  s u r f a c e  caused by t h e  i n j e c t i o n  o f  m a t e r i a l  of  h i g h  
magnet ic s u s c e p t i b i l i t y  i n t o  t h e  f r a c t u r e .  

Once t h e  c i r c u l a t i n g  system i s  formed, how does t h e  p e r m e a b i l i t y  of  
t h e  system change w i t h  t ime? We have measured t h e  p e r m e a b i l i t y  o f  g r a n i t e  
under c o n f i n i n g  pressure  and d i f f e r e n t i a l  s t r e s s  a t  temperatures to 4 0 0 O C .  
I n  a l l  cases t h e  i n i t i a l  p e r m e a b i l i t y  a t  e l e v a t e d  temperature was found t o  
be h i g h e r  than t h e  p e r m e a b i l i t y  a t  room temperature. T h i s  was probab ly  
caused by thermal c r a c k i n g  t h a t  c o u l d  be de tec ted  by m o n i t o r i n g  t h e  a c o u s t i c  
emiss ion from t h e  r o c k  d u r i n g  t h e  exper iments.  The h i g h  i n i t i a l  p e r m e a b i l i t y ,  
however, d i d  n o t  p e r s i s t  and i n  n e a r l y  a l l  cases decreased s i g n i f i c a n t l y  
d u r i n g  t h e  f i r s t  h a l f  day o f  water  f l o w  through t h e  rock.  D i s s o l u t i o n  o f  
t h e  m i n e r a l s  was concent ra ted  near t h e  i n l e t  where t h e  pressure  was h i g h e s t ,  
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and p r e c i p i t a t i o n  occur red  throughout t h e  sample owing t o  o v e r s a t u r a t i o n  
as t h e  pressure  dropped. T h i s  p r e c i p i t a t i o n  a lmost  c e r t a i n l y  caused t h e  
r e d u c t i o n  o f  p e r m e a b i l i t y .  I n  many cases, p a r t i c u l a r l y  a t  t h e  h i g h e s t  
temperatures,  measurable f l o w  o f  water  through t h e  sample ceased a f t e r  a 
few days, even i n  samples t h a t  con ta ined a p r e - e x i s t i n g  f r a c t u r e  p lane.  I f  
t h e  same phenomenon occurs i n  a l a r g e - s c a l e  f i e l d  p r o j e c t ,  then o u r  r e s u l t s  
suggest t h a t  t h e  system would tend t o  c l o g  un less  p r e v e n t i v e  s teps were 
taken. 

REFERENCES 

1 .  

2. 

3 .  

4. 

D. Lockner and J. Byer lee,  H y d r o f r a c t u r e  i n  Weber Sandstone a t  h i g h  
c o n f i n i n g  pressure  and d i f f e r e n t i a l  s t r e s s ,  submi t ted t o  J .  Geoph. Res., 
i976. 

P. Solberg,  D. Lockner, and J. Byer lee,  Shear and t e n s i o n  h y d r a u l i c  
f r a c t u r e s  i n  l o w - p e r m e a b i l i t y  rock,  submi t ted t o  Pure and A p p l i e d  
Geoph. , 1976. 

J. Byer lee  and M. Johnston, A magnet ic method f o r  de termin ing  t h e  
geometry o f  h y d r a u l i c  f r a c t u r e s ,  Pure and App l ied  Geoph, v.  114,  p.  
425-433, 1976. 

R. Summers, K. Wink le r ,  and J. Byer lee,  P e r m e a b i l i t y  changes d u r i n g  
t h e  f l o w  o f  water  through Wester ly  G r a n i t e  a t  temperatures o f  lOOOC 
t o  4OO0C,  submi t ted t o  J. Geoph. Res., 1976. 

- 199- 




