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I N T R O D U C T I O N  

C h a r a c t e r i s t i c s  of a Hot Dry Rock ( H D R )  geothermal  r e s e r v o i r  were 
deduced by matching a geochemis t ry  model which i n c o r p o r a t e s  r o c k  
d i s s o l u t i o n  and d i sp lacemen t  o f  an ind igenous  p o r e - f l u i d  t o  chemical  
a n a l y s e s  of r e c i r c u l a t i n g  geothermal  f l u i d .  Two r e s e r v o i r s  were 
c r e a t e d  between a p a i r  o f  wells by h y d r a u l i c  f r a c t u r i n g .  The geometry 
of t h e s e  r e s e r v o i r  systems, as  well a s  o p e r a t i o n a l  c o n d i t i o n s  d u r i n g  
f low expe r imen t s  and g e n e r a l  h e a t  e x t r a c t i o n  and water lcss performance 
are d e s c r i b e d  i n  a p receed ing  paper  by Murphy e t  a l . ( l ) .  The f i r s t  o f  
t h e  r e s e r v o i r s  was e v a l u a t e d  by a 75-day f low t e s t  d e s i g n a t e d  a s  
Segment 2. Subsequent o p e r a t i o n s  r e q u i r e d  t h e  cementing o f  t h e  
i n j e c t i o n  well t o  s t o p  a l e a k  behind t h e  c a s i n g ,  and t h i s  cementing 
o p e r a t i o n  c l o s e d  t h e  c o n n e c t i o n  t o  t h e  f i r s t  r e s e r v o i r .  The second ,  
l a r g e r  r e s e r v o i r  was e v a l u a t e d  w i t h  two f low t e s t s  -- t h e  f i r s t  had a 
d u r a t i o n  o f  24 d a y s  and i s  c a l l e d  Segment 4 and t h e  second ,  c a l l e d  
Segment 5 ,  w i l l  e n d  on December 19 ,  1980 a f t e r  284 d a y s  o f  o p e r a t i o n .  
D e s c r i p t i o n s  o f  t h e  f l u i d  geochemis t ry  i n  t h e  f i r s t  r e s e r v o i r  have 
a l r e a d y  been p r e s e n t e d  by Grigsby and T e s t e r ( 2 1 ,  and a p r e l i m i n a r y  
a n a l y s i s  o f  t h e  Segment 4 t es t  h a s  a l s o  been p u b l i s h e d ( 3 ) .  
d i s c u s s i o n  w i l l  be ma in ly  concerned wi th  t h e  geochemistry o f  t h e  second 
r e s e r v o i r .  O f  p a r t i c u l a r  i n t e r e s t  i n  a HDR geothermal  r e s e r v o i r  i s  t h e  
r e l a t i o n s h i p  between t h e  mixed-mean t e m p e r a t u r e  o f  t h e  geothermal  f l u i d  
a s  measured w i t h  a downhole t h e r m i s t o r  and t h e  t e m p e r a t u r e s  g i v e n  by 
t h e  s i l i c a  and t h e  Na-K-Ca geochemical thermometers.  As w i l l  be shown, 
t h e  t e m p e r a t u r e s  p r e d i c t e d  by a p p l y i n g  t h e  chemical  geothermometers  
d i r e c t l y  t o  t h e  produced f l u i d  composi t ion a t  a g iven  time do n o t  
r e p r e s e n t  t h e  t r u e  c u r r e n t  r e s e r v o i r  t e m p e r a t u r e .  

Present 

GEOCHEMISTRY 

F i y i d  samples  were analyzed - f o r  pH, Eh, c o n d u c t i v i t y ,  SiO,, Na+, 
K+,  Ca , L i + ,  B, SO,-, C1-, HCO, , and F- and samples  o f  t h e  g a s  
d i s s o l v e d  i n  t h e  l i q u i d  were analyzed f o r  H , ,  N,, 0,, CO,,  H,S and Rn.  
The d a t a  f o r  SiO, and C1- are p l o t t e d  v s  time f o r  Segments 4 and 5 i n  
F i g u r e s  1 and 2 t o  i l l u s t r a t e  t h e  behav io r  o f  t h e  s y s t e m . .  The r a p i d  
d e c l i n e  i n  b o t h  s i l i c a  and c h l o r i d e  shown i n  t h e  f i r s t . e i g h t  days  i n  
F i g .  1 i s  due t o  open-loop o p e r a t i o n  when t h e  produced f l u i d  was 
d i s c a r d e d  r a t h e r  t h a n  r e - i n j e c t e d .  
e s t a b l i s h e d  i n  day 8, t h e  produced f l u i d  is r e - i n j e c t e d  and t h e  s i l i c a  
and c h l o r i d e  c o n c e n t r a t i o n s  r a p i d l y  a t t a i n e d  s t e a d y - s t a t e  l e v e l s .  The 
g r a p h s  i n  F i g .  2 a l s o  show d e c l i n e  from t h e  h i g h  i n i t i a l  c o n c e n t r a t i o n s  

After c losed - loop  o p e r a t i o n  was 
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t o  s t e a d y - s t a t e  l e v e l s ,  however ,  due  t o  t h e  a b s e n c e  of a l o n g  p e r i o d  of 
open- loop  o p e r a t i o n  i n  t h e  Segment 5 t e s t ,  s t e a d y - s t a t e  c o n d i t i o n s  were 
r e a c h e d  much more r a p i d l y .  

c h e m i s t r y .  I n  t h e  f i r s t ,  t h e  c o n c e n t r a t i o n  o f  an a q u e o u s  s p e c i e s  i s  
f i x e d  by  m i n e r a l - w a t e r  e q u i l i b r i a .  An example  of t h i s  i s  t h e  
q u a r t z - w a t e r  s y s t e m  which f i x e s  t h e  s i l i c a  c o n c e n t r a t i o n s  i n  s o l u t i o n .  
On t h e  other  hand c e r t a i n  s p e c i e s  l i k e  C1-  and B,  d o  n o t  r e s u l t  from 
e q u i l i b r i u m  w i t h  any  known m i n e r a l  i n  t h e  rock.  The c o n s t a n t  r a t i o  o f  
bo ron  t o  c h l o r i d e ( 3 )  s u g g e s t s  t h a t  these s p e c i e s  a r e  p r e s e n t  i n  t h e  
rock as  i n t e r s t i t i a l  s a l t s  or p o r e - f l u i d .  When a flow e x p e r i m e n t  i s  
i n i t i a t e d  i n  a f r a c t u r e ,  some o f  t h i s  p o r e - f l u i d  is d i s p l a c e d  
i m m e d i a t e l y ,  r e s u l t i n g  i n  t h e  h i g h  i n i t i a l  c o n c e n t r a t i o n s  of C1- 
o b s e r v e d  i n  F i g s .  1 and 2. Long-term c i r c u l a t i o n  w i l l  e v e n t u a l l y  
sweep t h e  f l u i d  from t h e  rock p o r e s  and m i c r o c r a c k s  t h a t  a r e  c o n n e c t e d  
t o  t h e  main flow sys t em.  The d i s s o l v e d  i o n s  i n  t h e  p o r e - f l u i d  w i l l  
m a i n t a i n  a c o n s t a n t  r a t i o  i n  t h e  f l u i d  produced  a t  t h e  s u r f a c e  when t h e  
e f f e c t s  o f  a d d i t i o n  of d i f f e r e n t  s p e c i e s  c o n c e n t r a t i o n s  i n  t h e  make-up 
w a t e r  are a c c o u n t e d  fo r .  These  r a t i o s  i n  t h e  p o r e - f l u i d  a r e  m o s t  
e a s i l y  s e e n  by p l o t t i n g  t h e  nond imens iona l  c o n c e n t r a t i o n  < C >  d e f i n e d  a s  

Two t y p e s  of b e h a v i o r  are d i s c e r n a b l e  from a n a l y s i s  of t h e  f l u i d  

c= c <c> I (D 
c - cm 

f o r  s e v e r a l  d i s s o l v e d  s p e c i e s  v s .  time where Cm i s  t h e  c o n c e n t r a t i o n  
of  a g i v e n  s p e c i e s  i n  t h e  p o r e  f l u i d ,  C i s  t h e  c o n c e n t r a t i o n  i n  t h e  
make-up f l u i d ,  and C i s  t h e  c o n c e n t r a t i o n  of t h a t  s p e c i e s  i n  t h e  
produced  f l u i d  a t  time t .  P l o t s  o f  < C >  v s .  t ime for  sod ium,  
p o t a s s i u m ,  c h l o r i d e ,  Znd boron  f o r  t h e  Segment 4 t e s t  a r e  shown i n  
F i g .  3. V a l u e s  f o r  C f o r  e a c h  o f  t h e s e  c u r v e s  a r e  s i m p l y  t h e  
measured  c o n c e n t r a t i o n s  of these  s p e c i e s  i n  t h e  e a r l i e s t  s a m p l e s  t a k e n  
a t  t h e  p r o d u c t i o n  well  d u r i n g  t h e  s t a r t  o f  a f l o w  e x p e r i m e n t .  The 
v a l u e s  f o r  C a r e  t h e  measured  c o n c e n t r a t i o n s  i n  t h e  makeup f l u i d .  

MODELING 

m 

m 

It was found from t h e  r e s u l t s  of t h e  Segment  2 t e s t ( 4 )  t h a t  t h e  
geochemica l  b e h a v i o r  of t h e  e a r l y  s y s t e m  c o u l d  be  a d e q u a t e l y  descr ibed  
by  two p a r a l l e l  flow p a t h s  a t  d i f f e r e n t  t e m p e r a t u r e s .  Such a model is 
shown s c h e m a t i c a l l y  i n  F i g .  4.  The c h a n g e s  i n  c o n c e n t r a t i o n  o f  a 
c h e m i c a l  s p e c i e s  r e s u l t i n g  from m i n e r a l  d i s s o l u t i o n  or p o r e - f l u i d  
d i s p l a c e m e n t  i n  b o t h  flow p a t h s  are d e r i v e d  by w r i t i n g  a mass  b a l a n c e  
on  e a c h  species and on t h e  t o t a l  mass  i n  t h e  sys t em.  Many of t h e  
terms used  i n  t h e  model t o  a c c o u n t  for t h e  r a t e  of d i s s o l u t i o n  or  
d i s p l a c e m e n t  i n  t h e  s e p a r a t e  f low p a t h s  a r e  n o t  d i r e c t l y  m e a s u r a b l e :  
t h e r e f o r e ,  t h e  unknown p a r a m e t e r s  are  lumped i n t o  two t e m p e r a t u r e  
d e p e n d e n t  p a r a m e t e r s .  These  p a r a m e t e r s  are a d j u s t e d  w i t h i n  r e a s o n a b l e  
limits t o  ma tch  t h e  a c t u a l  b e h a v i o r  measured  unde r  open-  o r  
c l o s e d - l o o p  e x p e r i m e n t a l  c o n d i t i o n s .  Compar isons  of t h e  b e s t - f i t  
s o l u t i o n s  o b t a i n e d  for t h e  d a t a  from Segment 4 are shown i n  F i g .  5. 
The close f i t  of t h e  c a l c u l a t i o n s  w i t h  t h e  a c t u a l  d a t a  s u g g e s t s  t h a t  
a s i m p l e  model  w i t h  two p a r a l l e l  p a t h s  is s u f f i c i e n t  a t  t h e  p r e s e n t  
time t o  d e s c r i b e  p o r e - f l u i d  d i s p l a c e m e n t  i n  t h e  r e s e r v o i r .  
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GEOTHERMOMETRY 

If two p a r a l l e l  f l o w  p a t h s  a t  d i f f e r e n t  t e m p e r a t u r e s  and 
r e s i d e n c e  times are c o n d u c t i n g  f l u i d  t h r o u g h  t h e  r e s e r v o i r ,  t h e  
produced  f l u i d  c o m p o s i t i o n s  w i l l  r e s u l t  from t h e  c o m b i n a t i o n  of 
r e a c t i o n  r a t e s ,  r e s i d e n c e  times and flow r a t e s  i n  e a c h  of t h e  f l o w  
p a t h s .  E s t i m a t e s  of t h e  f l o w  s p l i t  between t h e  p a t h s  can  be made by 
c o n s i d e r i n g  a s p e c i e s  s u c h  a s  C1- which d o e s  n o t  r e s u l t  f rom 
m i n e r a l - w a t e r  r e a c t i o n s  i n  t h e  r e s e r v o i r .  From t h e , c l o s e d - l o o p  
p o r t i o n  of t h e  Segment  4 t e s t , 4 2 . 5 %  of t h e  f l u i d  p a s s e s  t h r o u g h  t h e  
main f r a c t u r e  sys t em w h i l e  t h e  o t h e r  7.5% p a s s e s  t h r o u g h  t h e  s e c o n d a r y  
p a t h .  Because  t h e r e  w i l l  be i n s i g n i f i c a n t  t h e r m a l  drawdown and l o n g  
c o n t a c t  times be tween f l u i d  and r o c k ,  t h e  f l u i d  p a s s i n g  t h r o u g h  t h i s  
s e c o n d a r y  flow p a t h  w i l l  t r u l y  r e f l e c t  t h e  mean r o c k  t e m p e r a t u r e  i n  
t h i s  p a t h .  The q u a r t z  g e o t h e r m o m e t e r ( 5 )  and t h e  Na-K-Ca 
g e o t h e r m o m e t e r ( 6 )  t e m p e r a t u r e s  h a v e  been  c a l c u l a t e d  for t h e  f l u i d  
p roduced  d u r i n g  Segments  4 and 5. Graphs  of t h e s e  t e m p e r a t u r e s  a s  
well  a s  t h e  downhole measured  t e m p e r a t u r e s  a r e  shown i n  F i g .  6. S i n c e  
no  t h e r m a l  drawdown was measured  i n  t h e  Segment 4 t e s t ,  it i s  n o t  
s u r p r i s i n g  t h a t  no d e c l i n e  i n  geothermometer  t e m p e r a t u r e  i s  seen i n  
F i g .  6 a .  There i s ,  however ,  m e a s u r a b l e  d e c l i n e  i n  downhole 
t e m p e r a t u r e  i n  t h e  Segment 5 t e s t .  T h i s  t e m p e r a t u r e  d e c l i n e  i s  
o b s e r v e d  i n  t h e  q u a r t z  geo the rmomete r ;  however ,  no s i m i l a r  d e c l i n e  i s  
s e e n  i n  t h e  Na-K-Ca geo the rmomete r .  Ir, a d d i t i o n ,  t h e  Na-K-Ca 
geo the rmomete r  i s  a f f e c t e d  s i g n i f i c a n t l y  l e s s  d u r i n g  t h e  open- loop  
p o r t i o n  o f  Segment 4 t h a n  i s  t h e  q u a r t z  geo the rmomete r .  This 
i n s e n s i t i v i t y  o f  t h e  Na-K-Ca geothermometer  t o  r e s e r v o i r  t e m p e r a t u r e  
d e c l i n e  and t o  c h a n g e s  i n  i n l e t  f l u i d  c o m p o s i t i o n  d u r i n g  a t e s t  i s  d u e  
t o  t h e  c o n s t a n t  Na/K r a t i o  i n  t h e  p o r e - f l u i d  which i s  d i s p l a c e d  from 
t h e  s e c o n d a r y  flow p a t h .  This Na/K r a t i o  i s  f i x e d  by e q u i l i b r i u m  w i t h  
t h e  f e l d s p a r s  a t  t h e  i n i t i a l  r o c k  t e m p e r a t u r e  ( z lgO°C)  and d i l u t i o n  o f  
t h e  p o r e - f l u i d  w i t h  f r e s h  w a t e r  d o e s  n o t  a f f e c t  t h e  Na/K r a t i o  i n  t h e  
produced  f l u i d .  Because  r e - e q u i l i b r a t i o n  o f  t h i s  geo the rmomete r  i s  
e x t r e m e l y  slow (see, for example ,  ref 7 )  t h e  Na-K-Ca geo the rmomete r  
r e f l e c t s  t h e  i n i t i a l  r o c k  t e m p e r a t u r e  r a t h e r  t h a n  c h a n g e s  i n  t h e  
reservoir  t e m p e r a t u r e  d u e  t o  h e a t  e x t r a c t i o n .  

The q u a r t z  geo the rmomete r ,  on t h e  other  hand ,  is a f f e c t e d  by 
c h a n g e s  i n  t e m p e r a t u r e  i n  t h e  main flow p a t h  as  well a s  c h a n g e s  i n  t h e  
i n l e t  f l u i d  c o m p o s i t i o n .  T h i s  i s  s e e n  i n  t h e  f i r s t  e i g h t  d a y s  of t h e  
Segment 4 t e s t  ( F i g .  6 a )  as  well a s  i n  t h r e e  p e r i o d s  of open- loop  
c i r c u l a t i o n  a t  a b o u t  d a y s  102,  110 and 230 i n  t h e  Segment  5 t e s t  ( F i g .  
6 b ) .  The sudden  change  i n  i n l e t  f l u i d  c o m p o s i t i o n  i n  t h e  Segment 5 
t e s t  exceeded  t h e  a b i l i t y  of t h e  main flow p a t h  t o  d i s s o l v e  q u a r t z  and 
t h u s  r a i s e  t h e  s i l i c a  c o n c e n t r a t i o n  i n  t h e  produced  f l u i d .  
R e - e s t a b l i s h i n g  t h e  c l o s e d - l o o p  mode r e s u l t e d  i n  a r a p i d  r i s e  i n  t h e  
s i l i c a  c o n c e n t r a t i o n  back  t o  t h e  pre-open- loop  l e v e l s .  
of t h i s  r e s p o n s e  and of  t h e  a p p l i c a t i o n  of t h e  q u a r t z  geothermometer  
t o  t h e  HDR sys t em are i n  p r o g r e s s ,  however ,  i n c o m p l e t e  knowledge o f  
t h e  t e m p e r a t u r e  dependence  of t h e  r a t e  of d i s s o l u t i o n  of q u a r t z  h a s  
hampered f u r t h e r  d e v e l o p n e n t  of t h e  a n a l y s i s .  

I n t e r p r e t a t i o n  



CONCLUSIONS 

The resul ts  of t h r e e  major hea t -ex t rac t ion  experiments conducted 
i n  two hot  d r y  rock geothermal r e s e r v o i r s  i n d i c a t e  t h a t  the  f l u i d  
chemistry is l a r g e l y  i n f l u e n c e d  by the  i n t e r s t i t i a l  f l u i d  contained i n  
t h e  r e s e r v o i r  rock. This f l u i d  i s  slowly removed by  t h e  c i r c u l a t i o n  
o f  r e l a t i v e l y  f r e s h  water through the  f r a c t u r e  systems u n t i l  the  l e v e l  
of d i sso lved  s p e c i e s  i s  u l t ima te ly  f ixed by rock-water equi l ibr ium.  
Because t h e  sodium and potassium observed i n  t he  system were 
con t r ibu ted  by t h e  pore-fluid , t h e  Na-K-Ca geothermometer was 
i n s e n s i t i v e  t o  changes i n  t h e  rock temperatures .  The qua r t z  
geothermometer does r e f l e c t  t h e  changes i n  r e s e r v o i r  temperature ,  
however t h e  concent ra t ion  of s i l i c a  i n  s o l u t i o n  m u s t  be adjusted fo r  
t he  e f f e c t  of mixing of small  amounts of s i l i c a - s a t u r a t e d  pore-f luid 
with f l u i d  which has passed through t h e  main flow path.  When the 
pore-fluid con t r ibu t ion  i s  s u b t r a c t e d ,  t h e  r e s u l t i n g  concent ra t ion  of 
s i l i c a  i n  the  produced f l u i d  can be modeled w i t h ' a  k i n e t i c  model t o  
determine t h e  a c t u a l  temperature  of t h e  r e s e r v o i r  rock.  
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Figure 4 Schematic of the parallel-path model for the Fenton H i l l  
System. The main reservoir cons i s t s  of the short-residence 
time fracture system while the isothermal or secondary path 
has a long residence time. 
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