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ABSTRACT 

D u r i n g  t h e  most r e c e n t  c i r c u l a t i n g  f l o w  t e s t  
o f  t h e  Fenton H i l l  Ho t  Dry Rock (HDR) geo- 
thermal  r e s e r v o i r ,  t h e  geochemical b e h a v i o r  o f  
t h e  produced f l u i d  was m o n i t o r e d  c o n t i n u o u s l y  
t o  de termine t i l -  L m c w t r a t i o n s  o f  d i s s o l v e d  
an ions  and c a t i o n s  and d i s s o l v e d  gases. 
Chemist ry  r e s u l t s  ‘lave a ided i n  t h e  deve lop-  
nent  o f  r e s e r v o i r  models and i n  t h e  
d e t e r m i n a t i o n  o f  p o t e n t i a l  chemis t  r y - r e 1  a t ? d  
o p e r a t i o n  problems such as c o r r o s i o n  and 
h a n d l i n g  i n  f u t u r e  energy e x t r a c t i o n  tes!:: 
R e s u l t s  o f  two r a d i o a c t i v e  t r a c e r  exper iments 
sug!?st f l o w  th rough a l a r g e ,  h i g h l y - f r a c t u r e d  
r e g i o n  o f  rock .  T h i s  r o c k  volume i s  equ iva-  
l e n t  t o  a sphere o f  d i a m e t e r  a p p r o x i m a t e l y  
equal t o  t h e  s e p a r a t i o n  d i s t a n c e  between t h e  
i n j e c t i o n  and p r o d u c t i o n  p o i n t s  i n  t h e  two 
w e l l s .  

INTRODUCTION 

A 30-day ~c!~~i -~- I - l  )‘);I c i r c u l a t i o n  t e s t  o f  t h e  
c u r r e n t  HDR r e s e r v o i r  a t  Fenton H i 1  1 ,  NM has 
been perfor:ni?: l  i;o d i? iermine t h e  h y d r a u l i c ,  
se ismic ,  and chemical  c h a r a c t e r i s t i c s  o f  t h e  
r e s e r v o i r ,  i n  a n t i c i p a t i o n  o f  a l o n g - t e r m  
energy e x t r a c t i o n  t e s t  scheduled t o  s t a r t  i n  
January 1988. Hendron (1987)  summarized t h i s  
f l o w  t e s t ,  f o c u s i n g  on t h e  o v e r a l l  r e s e r v o i r  
performance. The p r e s e n t  s t u d y  examines t h e  
g a c h e m i s t r y  and t r a c e r  r e s u l t s  o b t a i n e d  f rom 
cont inuous  sainpl i n g  o f  t h e  p r o d u c t i o n  f l u i d  
and t h e  i n j e c t i o n  o f  r a d i o a c t i v e  t r a c e r s  t o  
measure f r a c t u r e  volumes and d i s p e r s i v e  c h a r -  
a c t e r i s t i c s .  

GEOCHEMISTRY OF THE FLOW TEST 

GEOCHEMISTRY DATA 

Sampling Apparatus and Procedures:  The ap- 
p a r a t u s  used t o  c o l l e c t  produced f l u i d  gas and 
l i q u i d  samples i s  shown i n  F i g u r e  1. Hot, 
p r 2 s s u r i z e d  f l u i d  f rom a s ides t ream o f f  t h e  
p r o d u c t i o n  we l lhead f lowed t o  a smal l  chem- 
i s t r y  l a b o r a t o r y  c o n t a i n i n g  t h i s  equipment. 
The f l u i d  was coo led  under p r ? s s u r c  i n  a h e a t  
exchanger and d i r e c t e d  t o  t h e  v a r i o u s  
appara tus  i n  t h e  f i g u r e  e i t h e r  manua l ly  o r  

a u t o m a t i c a l l y ,  depending on t h e  
c o l l e c t e d .  F i l t e r e d  and u n f i l t e r e d  l i q u i 8  
samples were c o l l e c t e d  manua l ly  t h r o u g h  

sample b e i n  
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F i g u r e  1. 
f o r  p r o d u c t i o n  f l u i d  l i q u i d s  and gases. 

Schematic of t h e  sampl ing  appara tus  

t h e  p o r t s  l a b e l e d  1 and 2. A l t e r n a t i v e l y ,  
f l u i d  passed t h r o u g h  an ins t rumented m a n i f o l d  
k e p t  a t  a p r e s s u r e  s u f f i c i e n t  t o  p r e v e n t  
degass ing.  The eH, pH, and e l e c t r i c a l  
c o n d u c t i v i t  o f  t h e  f l u i d  were recorded 
d i i t o m t i c a l f y  i n  t h i s  m a n i f o l d .  The gas 
s e p a r a t i o n  equipment on t h e  r i g h t  s i d e  o f  t h e  
f i g u r e  s u p p l i e d  gas samples f o r  t h e  gas chro-  
matograph ic  and radon analyses.  T h i s  
s e p a r a t o r  was opera ted  c o n t i n u o u s l y ,  w i t h  gas 
samples d i r e c t e d  p e r i o d i c a l l y  t o  t h e  gas chro-  
matograph a f t e r  p a s s i n g  t h r o u g h  a c o l d  t r a p  t o  
remove any r e m a i n i n g  m o i s t u r e .  I n  a d d i t i o n ,  
t h e  l i q u i d  e f f l u e n t  f rom t h i s  s e p a r a t o r  was 
d i r e c t e d  t o  t h e  gamma c o u n t e r  d u r i n g  t h e  
r a d i o a c t i v e  t r d c e r  exper iments.  

The o t h e r  gas s e p a r a t i o n  u n i t  was used t o  
s i i n u l t a n e o u s l y  measure gas and l i q u i d  f l o w  
r a t e s  t o  o b t a i n  t h e  gas lnass f r a c t i o n  i n  t h e  
produced f l u i d .  The s e p a r a t o r  was manua l ly  
a d j u s t e d  t o  ach ieve  3 c o n s t a n t  l i q u i d  l e v e l  
and gas f l o w  r a t e ,  and t h e  gas and l i q u i d  f l o w  
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r a t e s  were measured s imu l  t a i ~ ? o i r s l y .  S ince t h e  
gas was predominant ly  C02, t h e  c o n c e n t r a t i o n  
o f  CO2 ( i n  weight  p e r c e n t )  i n  t h e  produced 
f l u i d  was determined d i r e c t l y .  

The procedures employed a t  Fenton  H i l l  f o r  an- 
a l y z i n g  gas and l i q u i d  sam 1 ~ s  f o r  d i s s o l v e d  
anions,  c a t i o n s ,  gas concen!rations, suspended 
s o l i d s ,  and o t h e r  s p e c i e s  i s  d e s c r i b e d  i n  
d e t a i l  elsevrhere ( T r u j i l l o  e t  al., 1986). 

M a j o r  D i s s o l v e d  Species:  F i g u r e  2 shows t h e  
c o n c e n t r a t i o n - t i m e  b e h a v i o r  o f  t h e  major  d i s -  
s o l v e d  a n i o n s  and c a t i o n s  i n  t h e  p r o d u c e d  
f l u i d .  Tab le  1 shows t h e  c o n c e n t r a t i o n s  i n  a 
sample c o l l e c t e d  s i x  days i n t o  t h e  f l o w  t e s t ,  
a f t e r  t h e  geochemical b e h a v i o r  had reached a 
quasi  -s teady s t a t e .  The c o n c e n t r a t i o n s  o f  
' t o s t  s p e c i e s  a r e  2 - 3  t i m e s  h i g h e r  t h a n  i n  
>rev ious  s h a l l  ower r e s e r v o i  r s ,  p r o b a b l y  be- 
cause o f  h i g h e r  r e s e r v o i r  tempera tures  and a 
l a r g e r  c o n t r i b u t i o n ,  f r o m  t h e  i n  s i t u  p o r e  
f l u i d .  The t o t a l  d i s s o l v e d  s o l l d s v e l u e  o f  
4300 ppm, e q u i v a l e n t  t o  i o n i c  s t r e n g t h  I = 
0.05 m, i s  l o w  enough t h a t  ma jor  b r i n e  ban- 
d l  i n g  problems are  n o t  expected. 
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F i g u r e  2. C o n c e n t r a t i o n - t i n e  b e h a v i o r  o f  t h e  
mjI?r d i s s o l v e d  spec ies  i n  t h e  p r o d u c t i o n  
f l u i d .  

-- 
Non-Cm-lensabl e Gas Anal ses : Gas a n a l y s i s  
c o n s i s t e d  5 f T i X a T d  r a t e  ( F i g u r e  3 )  
and 3.15 c i i r 3 i i d t x j r a p h  a n a l y s i s  o f  t h e  d r y  gas 
compos i t ion .  A f t e r  t h e  i n i t i a l  t r a n s i e n t  i n  
t h e  f i r s t  few d a y s  o f  t h e  f l o w  t e s t ,  t h e  
average gas f l o d  r a t e  was about  0.2% COz by 

we igh t .  D i s m i s s i n g  t h e  h i g h  gas f l o w  r a t e s  
d u r i n g  a n i t r o g e n  i n j e c t i o n  exper iment  on day 
20, t h e  h i g h e s t  va lues were observed d u r i n g  
t h e  exper iment  s t a r t - u p .  The h i g h  va lue  o f  
0.9% i s  t h e  h e s t  e s t i m a t e  o f  t h e  C02 concen- 
t r a t i o n  i n  t h e  pore  f l u i d .  H igher  gas 
c o n c e n t r a t i o n s  may have been p r e s e n t  d u r i n g  
p e r i o d s  o f  two-phase f low,  b u t  o u r  sampl ing 
apparatus d i d  n o t  enable us t o  o b t a i n  a r e p r e -  
s e n t a t i v e  sample o f  t h e  f l u i d  d u r i n g  two-phase 
f low.  

Gas chromatograph analyses determined t h e  d r y  
gas t o  be predominant ly  C02 ( t y ? i c a l l y  90- 
9 5 X ) ,  w i t h  l e s s e r  q u a n t i t i e s  o f  N 2 ,  and m i n u t e  
amounts o f  H2S, 02, and o c c a s i o n a l l y  CH4 and 
CZH6. 

Tab le  1. 

Typical Ion Concentrations 
(Sample Collected on Day 6) 

Component 

As 
B 
Br 
ca 
CI 
F 
Fe 
HC03 
K 
Li 
Na 
PH 
Si 0 2  

so4 

TDS 

Concentration (ppm) 

0.6 
48 
11.5 
42 
1814 
10.4 
2.1 
408 
114 
23.4 
1180 
5.79 
452 
183 

4300 (I= 0.05m) 

INTERP9ETATION OF GEOCHEMISTRY 

Time-Depzident Behav io r :  When f l u i d  o f  d i f -  
f e r e n t  c o n c e n t r a t i o n  t h a n  t h e  underground pore 
f l u i d  i s  i n j e c t e d  i n t o  a c i r c u l a t i n g  I iDR 
r e s e r v o i r ,  t h e  r e s u l t i n g  produced f l u i d  eo- 
c h e m i s t r y  b e h a v i s r  w i l l  he governed by t;iree 
mechanisms: 1) d isp lacement  o f  t h e  downhole 
f l u i d  by t h e  i n j e c t e d  . r? ter ,  2 )  rock-water  
d i s s o l u t i o n ,  p r e c i p i t a t i o n ,  o r  a l t e r a t i o n  
r e a c t i o n s ,  and 3 )  adsor ; ) t ioq  o f  chemical  
spec ies  on t h e  r e s e r v o i r  rock.  Throughout 
most o f  t h e  f l o w  t e s t ,  t h e  d o m h o l e ,  i n j e c -  
t i o n ,  and makeup f l u i d s  were a l l  a t  s i a i l a r  
c o n c e n t r a t i o n s  ( a p p r o x i m a t e l y  those 1 i s t e d  i n  
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T a b l e  1). Howevr?r, e a r l y  i n  t h e  t e s t  t h e  
i n l e t  and o u t l e t  c o n c e n t r a t i o n s  were d i f f e r -  
e n t ,  and can be i n t e r p r e t e d  most e f f e c t i v e l y  
by d e f i n i n g  a wn-d i i i i ens iona l  c o n c e n t r a t i o n  c*  
( G r i y s b y ,  1 9 8 3 ) :  

c - c  
i n  

c*  = ~ 

c - c  
o i n  

where Cin i s  t h e  i n j e c t i o n  c o n c e n t r a t i o n  and 
C i s  t h e  i n i t i a l  produced f l u i d  concent ra -  

t i o n ,  wh ich  i s  t h e  t r u e  downhole c o n c e n t r a t i o n  
o f  t h e  component i f  t h e  sample i s  c o l l e c t e d  
immedia te ly  a f t e r  t h e  w e l l b o r e  f l u i d  i s  d i s -  
placed. The most common b e h a v i o r  i s  t h a t  o f  

0 

o ! , , , , , , , , , , , , , , ]  
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F i g u r e  3. 
p r o d u c t i o n  f l u i d .  

D i s s o l v e d  COz c o n c e n t r a t i o n  i n  t h e  

-- 

an i n e r t  , nonadsorb i  ng spec i  es, which behaves 
l i k e  a t r a c e r  f o r  a n e g a t i v e  s t e p  change i n  
i n j e c t i o n  c o n c e n t r a t i o n .  I n j e c t e d  f l u i d  
g r a d u a l l y  sweeps t h e  c a n c e n t r a t e d  underground 
pore f l u i d  f rom the r e s e r v o i r  u n t i l  the pro-  
duced f l u i d  c o n c e n t r a t i o o s  approach t h e  
i n j e c t i o n  va lues  ( F i g u r e  4 ) .  C h l o r i d e  i o n ,  
C1, as ,we,ll as B, Br, K L i ,  Pld, e l z c t r i c a l  
c o n d u c t i v i t y ,  and t o t a l  b i s s o l v e d  s o l i d s  a l l  
f a l l  i n  t h i s  ca tegory .  

Two o t h e r  c h a r a c t e r i s t i c  c o n c e n t r a t i o n - t i m e  
r e s p o n s e s  a r e  e x h i b i t e d  i n  F i g u r e  5. The 
d i s s o l v e d  s i 1  i c a  c o n c e n t r a t i o n  remained 
c o n s t a n t  d u r i n g  t h e  i n i t i a l  sweep o f  p o r e  
f l u i d  f rom t h e  r e s e r v o i r  and th roughout  t h e  
e n t i r e  30 day t e s t .  Q u a r t z  d i s s o l u t i o n  
s u p p l i e s  a c o n s t a n t  source o f  s i l i c a  t o  t h e  
u n d e r s a t i r a t e d  i n j e c t i o n  f l u i d ,  a l l o w i n g  t h e  
s o l u t i o n  t o  r e a c h  e q u i l i b r i u m  i n  one p a s s  
t h r o u g h  t h e  r e s e r v o i r .  The t h i r d  t y p e  o f  
t ime-dependent b e h a v i o r  i s  f o r  spec ies whose 
c o n c e n t r a t i o n  decreases t o  a va lue  below t h e  
1 n j e c t  1 on Val ue. T h i s  r e s u l t  imp1 i es con- 
sumpt ion o f  t h e  component, e i t h e r  by  
a d s o r p t i o n  on t h e  rock  sur face  o r  p r e c i p i -  
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F i g u r e  4. D imens ion less  c o n c e n t r a t i o n  versus 
produced f l u i d  volume f o r  i n e r t  spec ies  d u r i n g  
i n i t i a l  r e s e r v o i r  o p e r a t i o n .  C J n c e n t r a t i o n s  
s t a r t  a t  h i g h  downhole va lues  and d e c l i n e  t o  
i n j e c t i o i i  ii 1 i  1 ,:,,ncentration. 
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F i g u r e  5. D i f f e r e n t  types o f  c o n c e n t r a t i o n -  
volume b e ! i d v i o r  ohserved d u r i n g  i n i t i a l  
r e s e r v o i r  o p e r a t i o n .  

t a t i o n  r e a c t i o n s .  D i v a l e n t  c a t i o n s  such as Yg 
c l e a r l y  show a p r o p e n s i t y  t o  adsorb  on 
g r a n i t e ,  and, as shown i n  t h e  f i g u r e ,  f a l l  
i n t o  t h i s  t h i r d  ca tegory .  Calcium, b i c a r b o n  
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a t e ,  and i r o n  a l s o  e x h i b i t  t h i s  b e h a v i o r ,  
though t h e  :nechanisms f o r  these t h r e e  com- 
ponents a r e  as y e t  unc lear .  F i n a l l y ,  a few 
spec ies  such as Ba, Yn, and so4 e x h i b i t  
anomalous t i m e  dependences which have n o t  been 
e x p l  a i  ned. 

Sources o f  D i s s o l v e d  Species:  The o r i g i n  o f  
d i s s o l v e d  spec ies  i n  h o t  d r y  rock  geothermal 
f l u i d s  has been t r e a t e d  b y  G r i g s b y  e t  a l .  
(1983). The two p r i m a r y  sources o f  d i s s o l v e d  
spec ies  a r e  d isp lacement  o f  downhole p o r e  
f l u i d  and d i s s o l u t i o n  o f  m i n e r a l s .  C u r r e n t  
models p o s t u l a t e  a cont inuous  e x t r a c t i o n  of 
t h e  o r i g i n a l  pore  f l u i d  f rom t h e  f r a c t u r e d  
rock  mass o v e r  l o n g  p e r i o d s  o f  t ime.  The most 
compel 1 i ng argument s u p p o r t i n g  t h i s  t h e o r y  i s  
t h e  presence and c o n t i n u e d  supp ly  o f  chemical  - 
1 i n e r t  spec ies  such as boron and c h l o r i d e ,  
w{ich are  n o t  found i n  t h e  r e s e r v o i r  g r a n i t e  
and hence a r e  n o t  s u p p l i e d  by  a d i s s o l u t i o n  
r e a c t i o n .  

S ince  most r e s e r v o i r  f l u i d  samples are  com- 
posed o f  t h e  o r i g i n a l  downhole f l u i d  a f t e r  
d i l u t i o n  w i t h  i n j e c t e d  f l u i d ,  t r u e  va lues  o f  
t h e  p o r e  f l u i d  c o n c e n t r a t i o n s  a r e  d i f f i c u l t  t o  
o b t a i n .  Gr igsby  (1983)  has demonstrated t h a t  
even when t h e  p o r e  f l u i d  i s  d i l u t e d ,  t h e  
r a t i o s  o f  i o n s  i n  s o l u t i o n  should remain 
c o n s t a n t  f o r  t:s)tiservative spec ies  s u p p l i e d  
o n l y  by p o r e  f l u i d ,  r a t h e r  t h a n  by m i n e r a l  

P' 
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F i g u r e  6. B v e r s u s  C1 f o r  f l u i d  s a m p l e s  
c o l l e c t e d  i n  t h e  Fenton H i l l  HDR r e s e r v o i r  
over  t h e  p a s t  e i g h t  years.  

d i s s o l u t i o n  o r  a l t e r a t i o n .  When t h e  concen- 
t r a t i o n  o f  one component i s  p l o t t e d  d i r e c t l y  
a g a i n s t  another ,  t h e  d a t a  shou ld  f a l l  on a 

- 
s i n g l e  s t r a i g h t  l i n e  i f  t h e  source o f  t h e  p o r e  
f l u i d  i s  t h e  same. F i g u r e  6 i s  a p l o t  o f  B 
versus C1 f o r  t h e  l a t e s t  f l o n  t e s t  and p r e -  
v i o u s  Fenton H i l l  c i r c u l a t i o n  exper iments  and 
events  o f  t h e  p a s t  e i g h t  years.  The new d a t a  
a l l  f a l l  . on  t h e  same s t r a i g h t  l i n e s  as those 
f o r  o t h e r  f l u i d  samples c o l l e c t e d  a t  Fenton 
H i l l .  The ev idence now even more s t r o n g l y  
suppor ts  t h e  pore  f l u i d  h y p o t h e s i s  and sug- 
g e s t s  t h a t  a s i n g l e  underground f l u i d  s u p p l i e s  
t h e  c o n s g r v a t i v e  spec ies  found i n  f l u i d  
samples a t  t h e  Fenton H i l l  s i t e .  

Rock-water r e a c t i o n s  a r e  a l s o  i m p o r t a n t  i n  t h e  
p r o d u c t i o n  o r  consum t i o n  o f  some species.  
F o r  example, q u a r t z  f i s s o l u t i o n  c o n t r o l s  t h e  
c o n c e n t r a t i o n  o f  d i s s o l v e d  s i l i c a  i n  t h e  
p r o d u c t i o n  f l u i d .  The c o n s t a n t  c o n c e n t r a t i o n  
w a s u r e d  d u r i n g  t h e  f l o w  t e s t  i m p l i e s  t h a t  t h e  
k i n e t i c s  o f  q u a r t z  d i s s o l u t i o n  were r a p i d  
enough f o r  t h e  f l u i d  t o  reach s a t u r a t i o n  i n  
one pass th rough t h e  system. Robinson (1382)  
measured t h e  r a t e  o f  q u a r t z  d i s s o l u t i o n  as a 
f u n c t i o n  o f  tempera ture  and rock  s u r f a c e  area 
and determined t h e  f o l l o w i n g  r e l a t i o n :  

I n  CJ = I n  [-] C" - c = -ka* t  ( 2 )  
-m - 

i n  L - L  

where a* i s  t h e  q u a r t z  s u r f a c e  area t o  f l u i d  
volume r a t i o  ( 2 f  / b  f o r  a f l a t  f r a c t u r e ,  where 

b i s  t h e  f r a c t u r e  a p e r t u r e  and f i s  t h e  
f r a c t i o n  o f  q u a r t z  p r e s e n t  i n  t h e  g r a n i t e ) ,  C" 
i s  t h e  s a t u r a t i o n  c o n c e n t r a t i o n ,  and k i s  t h e  
r a t e  c o n s t a n t  f o r  d i s s o l u t i o n .  To o h t a i n  a 
minimum v a l u e  f o r  a*, o r  a inaxi inm va lue  f o r  
t h e  average f r a c t u r e  a p e r t u r e ,  t h e  f o l l o w i n g  
va lues  w i l l  be used: 

9 

q .  

a = 0.1 ( e q u i v a l e n t  t o  t h e  d i s s o l u -  
t i o n  r e a c t i o n  r e a c h i n g  90% o f  i t s  
equ i  1 i b r i  um v a l u e )  

t = 10  h r  ( t h e  res idence t i m e  a t  t h e  
peak t r a c e r  response)  

k = 4 .13~10-8  m/s a t  250°C (Robinson, 
1982 ) 

fq = 0.3 

These assumpt ions y i e l d  a* = 1550 m - I ,  o r  5 = 
0.4 mm. I n  o t h e r  words, t h e  average a p e r t u r e  
encountered  by  f l u i d  shou ld  be no g r e a t e r  t h a n  
about  0.4 mm, and q u i t e  p o s s i b l y  l e s s  i n  o r d e r  
f o r  t h e  system t o  reach s a t u r a t i o n  w i th  r e -  
s p e c t  t o  q u a r t z  i n  one pass t h r o u g h  t h e  
r e s e r v o i r .  F u t u r e  models f o r  t h e  permeabi 1 i t y  
and t r a c e r  b e h a v i o r  o f  t h e  r e s e r v o i r  must be 
c o n s i s t e n t  # i t h  t h i s  i n f o r m a t i o n .  

4nother  s e t  o f  r e a c t i o n s  a f f e c t i n g  t h e  pro-  
duced f l u i d  chemis%ry  i s  t h e  d i s s o l v e d  carbon 
d i o x i d e - b i c a r b o n a t e  e q u i l i b r i i m  r e a c t i o r l s ,  
which a r e  coup led  t o  t h e  c a l c i t e  d i s s o l u t i o n  
r e a c t i o n .  Carbon d i o x i d e  i s  p r e s e n t  i n  t h e  
underground p o r e  f l u i d  and i s  produced a long 
w i t h  o t h e r  p o r e  f l u i d  elements. I f  c a l c i t e  
( c a l c i u m  carbonate,  CaC03) i s  p resent ,  i t s  
s o l u b i l i t y  i s  a l s o  a f f e c t e d  by  t h e  presence o f  
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d i s s o l v e d  CO,. F o r  a C02- r ich  f l u i d  i n  e q u i l -  
i b r i u m  w i t h  c a l c i t e ,  t h e  f o l l o w i n g  chemical  
r e a c t i o n  a p p l i e s :  

CaCO, + H,O + CO --+ Ca2+ + 2HCO; ( 3 )  
2(9) -  

w i t h  e q u i l i b r i u m  c o n s t a n t  K equal t o  eq 

The c o n c e n t r a t i o n s  a r e  i n  m o l / l ,  t h e  y ' s ,  t h e  
a c t i v i t y  c o e f f i c i e n t s ,  a r e  r e l a t e d  t o  i o n i c  
s t r e n g t h  and tempera ture  u s i n g  t h e  Debye- 
H u c k e l  e q u a t i o n  ( H e n l e y  e t  a l . ,  1 9 8 4 )  a n d  
Pco2, t h e  p a r t i a l  p r e s s u r e  o f  C02 i s  g i v e n  by  

( 5 )  

where KH, t h e  Henry 's  l a w  c o n s t a n t  f o r  Con, i s  
a f u n c t i o n  o f  tempera ture ,  and xco i s  t h e  

f r a c t i o n  o f  C O S  i n  t h e  l i q u i d .  U s i n g  t h e  
measured va lues  o f  a1 1 c o n c e n t r a t i o n s  and 
express ions  s u p p l i e d  by  Henley e t  a l .  (1984) 
f o r  K and t h e  y ' s ,  we may i t e r a t i v e l y  c a l -  
c u l a t t  t h e  e q u i l i b r i u m  tempera ture  a t  which 
these d i s s o l v e d  spec ies  were produced. F o r  
t h e  75 samples analyzed,  t h e  average c a l c u -  
l a t e d  tempera ture  was 211"C, w i t h  a s tandard  
d e v i a t i o n  o f  16°C. These tempera tures  a r e  i n  
reasonable agreement w i th  t h e  measured down- 
h o l e  p r o d u c t i o n  t e m p e r a t u r e  o f  about 232OC, 
suggest ing  t h a t  f o r  a g i v e n  downhole Pco , 
c a l c i t e  d i s s o l u t i o n  i s  g o v e r n i n g  t h e  e q u i l i -  
b r i u m  between d i s s o l v e d  CO b i c a r b o n a t e  i o n ,  
and Ca. As s i g n i f i c a n t  cranges i n  downhole 
tempera tures  occur  due t o  thermal  drawdown o r  
exposure o f  h o t t e r  f l u i d  f l o w  paths,  c o r r e s -  
ponding changes i n  t h e s e  c o n c e n t r a t i o n s  shou ld  
a l s o  occur. However, t o  use these e q u i l i b r i u m  
r e a c t i o n s  t o  e v a l u a t e  r e s e r v o i r  tempera ture  
p a t t e r n s ,  f u r t h e r  r e f i n e m e n t s  o f  t h e  c a l c u l a -  
t i o n s  w i l l  be r e q u i r e d  t o  e x p l a i n  t h e  20°C 
d isc repancy  between t h e  a c t u a l  and average 
c a l  c u l  a t e d  temperatures.  

Geothermometer Readings:  S ince  rock-minera l  
d i s s o l u t i o n  o r  a l t e r a t i o n  r e a c t i o n s  a r e  temp- 
e r a t u r e  dependent, the. c o n c e n t r a t i o n s  o f  
c e r t a i n  d i s s o l v e d  spec ies  w i l l  depend on 
temperature.  The c a l c u l a t i o n s  j u s t  p resented  
a r e  one example. Two more commonly used chem- 
i c a l  geothermometers wh ich  e x p l o i t  t h i s  
tempera ture  s e n s i t i v i t y  a r e  t h e  q u a r t z  and 
Na-K-Ca geothermometers. These two measure- 
ments a r e  shown f o r  samples c o l l e c t e d  
t h r o u g h o u t  t h e  f l o w  t e s t  i n  F i g u r e  7. The r e -  
corded geothermometer tempera ture  f o r  q u a r t z  
d i s s o l u t i o n  o f  about  250°C agrees f a i r l y  
c l o s e l y  w i t h  t h e  a c t u a l  downhole temperature.  
The r e a c t i o n s  govern ing  t h e  Na-K-Ca geother -  
mometer  do  n o t  r e a c h  e q u i l i b r i u m  i n  s h o r t  
t i m e s ,  however .  Thus ,  s i n c e  t h e  p r o d u c e d  
f l u i d  i s  a m i x t u r e  o f  t h e  i n j e c t i o n  f l u i d  and 
underground p o r e  f l u i d ,  t h e s e  geothernometer  
r e a d i n g s  a r e  n o t  as p r e c i s e .  The Na-K-Ca 

2 

2 

tempera tures  decrease f rom e s s e n t i a l l y  t h e  
known rock  tempera ture  t o  a somewhat l o w e r  
v a l u e .  I n  f u t u r e  w o r k  we w i l l  model t h i s  
behav io r ,  as w e l l  as t h e  carbon d i o x i d e -  
b i c a r b o n a t e  e q l l i l i b r i u m  r e a c t i o n s ,  as t h e  
m i x i n g  o f  f l u i d s  o f  d i f f e r e n t  c o n c e n t r a t i o n s  
and tempera tures  t o  a t t e m p t  t o  de termine what 
c o n c e n t r a t i o n s  and f l o w  f r a c t i o n s  a r e  r e q u i r e d  
t o  match t h e  r e s u l t s .  

CHEMICAL EFFECTS ON OPERATIONS 

C o r r o s i o n  S t u d i e s :  Due t o  t h e  l a r g e  number o f  
meta l  hardware f a i l u r e s  a t t r i b u t e d  t o  meta l  1 i c  
c o r r o s i o n  d u r i n g  t h e  d r i l l i n g  o f  t h e  i n j e c t i o n  
and p r o d u c t i o n  w e l l b o r e s ,  c o r r o s i o n  m o n i t o r i n g  
was p e r f o r m e d  d u r i n g  t h i s  f l o w  t e s t .  O f  
g r e a t e s t  concern a r e  t h e  h i g h  temperatures,  
gas c o n c e n t r a t i o n s ,  and_ c o n c e n t r a t i o n s  o f  c o r -  
r o s i v e  i o n s  such as C1 . T h i s  one month f l o w  
t e s t  p r o v i d e d  d a t a  f o r  f u t u r e  s u r f a c e  l o o p  
d e s i g n  . 
C o r r o s i o n  coupons were p l a c e d  on s i d e  streams 
o f f  t h e  mainst ream f l o w  on b o t h  t h e  h o t  and 
c o l d  s i d e s  o f  t h e  heat  exchanger. Each s t a -  
t i o n  c o n t a i n e d  two coupons a t t a c h e d  t o  a 
coupon h o l d e r  o f  s u f f i c i e n t  l e n g t h  t h a t  t h e  
coupons were exposed t o  a r e p r e s e n t a t i v e  
sample o f  t h e  f l u i d .  The coupons were o r i e n t -  
ed p a r a l l e l  t o  t h e  f l u i d  f l o w  t o  a v o i d  
p o s s i b l e  c o r r o s i o n  due t o  e ros ion .  S h u t o f f  
v a l v e s  p l a c e d  a t  b o t h  s t a t i o n s  a l lowed t h e  
coupons t o  be removed p e r i o d i c a l l y .  Pressure 
t a p s  w e r e  p l a c e d  a t  t h e  e n t r a n c e  and e x i t  

250- 
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8 *- 
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0 10 m 

TIME Idap) 

F i g u r e  7. S i l i c a  and Na-K-Ca geothermometer 
temperatures.  

3 

p o i n t s  o f  t h e  s i d e  s t ream p i p i n g  t o  d i r e c t  t h e  
f l u i d  f l o w  t o  t h e  coupons. The coupons were 
ana lyzed p e r i o d i c a l l y  f o r  c o r r o s i o n  r a t e  (by  
measur ing coupon w e i g h t  l o s s  o v e r  a s p e c i f i e d  
t i m e ,  t p i c a l l y  .150 h r ) ,  t y p e  o f  c o r r o s i o n ,  
and scaTe fo rmat ion .  

The c o r r o s i o n  r a t e s  a t  v a r i o u s  t imes d u r i n g  
t h e  f l o w  t e s t  a r e  p resented  i n  F i g u r e  8. The 
more r a p i d  c o r r o s i o n  r a t e s  o c c u r r i n g  on t h e  
h o t  s i d e  o f  t h e  heat  exchanger a r e  due t o  t h e  
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i nc reased tempera ture ,  wh ich  i n c r e a s e s  t h e  
a t t a c k  o f  meta l  hardware by e lementa l  spec ies  
p r e s e n t  i n  t h e  product ion.  f l u i d .  The h i g h e s t  
c o r r o s i o n  r a t e  o f  1 5  m l l s  p e r  y e a r  ( m p y ) ,  
o c c u r r i n g  w i t h  t h e  second s e t  o f  coupons, w i l l  
be used as t h e  des ign  c r i t e r i o n  f o r  t h e  s u r -  
f a c e  equipment f o r  f u t u r e  t e s t s .  I n  t h e  f i n a l  
s e t  o f  coupons, t h e  h o t - s i d e  c o r r o s i o n  r a t e  
decreased d r a m a t i c a l l y .  We a t t r i b u t e  t h i s  
r e s u l t  t o  e u i  inent m a l f u n c t i o n s  which p r e -  
vented l i q u i j  f f o w  f rom r e a c h i n g  t h e  coupons. 

The t y p e  o f  c o r r o s i o n  observed on b o t h  sample 
s t a t i o n s  was g e n e r a l i z e d  and un i fo rm.  T h i s  
b e h a v i o r  i s  t y p i c a l  o f  n e t a l  exposed t o  a c i d i c  
f l u i d  u n d e r  f l o w i n g  c o n d i t i o n s .  The o n l y  
d e v i a t i o n  from t h i s  p a t t e r n  was i n  t h e  f i n a l  
s e t  o f  coupons on t h e  c o l d  s i d e ,  where t h e  
c o r r o s i o n  r a t ?  i i i c reased and e x t e n s i v e  p i t t i n g  
vias o b s e r v e d .  T h i s  anomalous  b e h a v i o r  i s  
p r o b a b l y  due t o  t h e  i n c r e a s e  i n  d i s s o l v e d  
oxyyen observed a t  t h i s  t ime.  

When assess ing  t h e  p o t e n t i a l  f o r  c o r r o s i o n  
damage i n  g e o t h e r m a l  s y s t e m s ,  t h e  t y p e  o f  
c o r r o s i o n  i s  more i m p o r t a n t  than t i l e  r a t e  o f  
meta l  d i s s o l u t i o n .  A h i g h  c o n c e n t r a t i o n  o f  
C1- o r  d i s s o l v e d  02 i nduces  p i t t i n g ,  wh ich  
i n c r e a s e s  p o t e n t i a l  equipment f a i l u r e s  drama- 
t i c a l l y .  The l a c k  o f  heavy p i t t i n g  on o u r  
c o r r o s i o n  coupons suggests  t h a t  m a t e r i a l s  w i l l  
n o t  be s u b j x t e d  t o  j S v 2 r i i  c o r r o s i v e  a t t a c k .  
Nonetheless,  s u r f a c e  hardware d u r a b i l i t y  and 
psr formance i n  f u t u r e  f l o w  t s s t s  can be en- 
hanced w i t h  a p p r o p r i a t e  c o r r o s i o n  t rea tment .  
A l t e r n a t i v e l y ,  c o r r o s i o n - r e s i s t a n t  m a t e r i a l s  
o r  heavy-wa l led  p i p e  c o u l d  be used, b u t  i n  o u r  

16 1 
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F i g u r e  8. C o r r o s i o n  r a t e s  measured on t h e  h o t  
and c o l d  s i d e s  o f  t h e  heat  exchanger. Each 
v a l u e  i s  o b t a i n e d  f rom a we igh t  l o s s  d e t e r m i n -  
a t i o n  f o r  a coupon exposed t o  f l u i d  d u r i n g  t h e  
t i m e s  1 abe l  1 ed. 

case t h e  c o s t  advantages o f  l i g h t  carbon s t e e l  
equipment ou twe igh  t h e  p o s s i b l e  b e n e f i t s  o f  
t k s e  .j??roaches, p a r t i c u l a r l y  i f  d i s s o l v e d  
gases a r e  handled p r o p e r l y .  To m i n i m i z e  
c o r r o s i o n  d u r i n g  l o n g e r  p e r i o d s  o f  o p e r a t i o n ,  
d i s s o l v e d  oxygen i n  t h e  i r i j x t i o n  f l u i d  w i l l  

be k e p t  l o w  ( i n  t h e  p a r t s  p e r  b i l l i o n  range)  
by  i n j e c t i n g  an oxygen scavenger such as 
ammonium b i s u l f i t e  o r  hydraz ine.  

Gas Hand l ing :  To keep a geothermal f l u i d  con- 
t a i n i n g  d i s s o l v e d  C02 s ing le -phase,  t h e  t o t a l  
system p r e s s u r e  must be g r e a t e r  t h a n  t h e  sum 
o f  t h e  p a r t i a l  p ressures  o f  CO, and water :  

’ pco* + pw 

T h i s  e x p r e s s i o n  i s  v a l i d  f o r  a c l o s e d  system 
n o t  open t o  t h e  a t m o s p h e r e .  The p a r t i a l  
p r e s s u r e  o f  water ,  Pw, i s  a p p r o x i m a t e l y  equal 

i s  a t o  i t s  vapor pressure.  The t e r m  P 

f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  o f  CO i n  t h e  
l i q u i d  phase and i t s  Henry ’s  l a w  c o n s i a n t  Ky, 
as g i v e n  by  E q i .  ( 5 ) .  T’E c o n s t a n t  KH and Pw 
a r e  b o t h  f u n c t i o n s  o f  temperature,  F i g u r e  9 
shows t h e  minimum p r e s s u r e  r e q u i r e d  t o  keep 
t h e  s o l u t i o n  a s i n g l e  phase l i q u i d  f o r  
d i f f e r e n t  tempera tures  and c o n c e n t r a t i o n s  o f  
d i s s o l v e d  CO,. 

co2 
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F i g u r e  9. Pressure r e q u i r e d  t o  keep a Con - 
Y 2 0  s o l u t i o n  s ing le -phase f o r  d i f f e r e n t  co:! 
c o n c e n t r a t i o n s  and temperatures.  D o t t e d  l i n e  
i s  a t y p i c a l  (P,T) c u r v e  f o r  an elecnent o f  
f l u i d  p a s s i n g  t h r o u g h  t h e  s u r f a c e  l o o p  
equipment. 

D u r i n g  most o f  t h e  f l o w  t e s t ,  d i s s o l v e d  CO? 
remained i n  t h e  l i q u i d  phase and was r e i n j e c -  
t e d  a f t e r  energy e x t r a c t i o n .  A s imp le  c a l -  
c u l a t i o n  o r  use o f  F i g u r e  9 shows why t h i s  was 
p o s s i  b l e .  

- 
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The d o t t e d  l i n e  i n  F i g u r e  9, r e  r e s e n t i n g  t h e  
pressure-tc.:i;,er.ntllre b e h a v i o r  o! f l u i d  i n  t h e  
s u r f a c e  loop,  shows t h a t  o n l y  f l u i d s  w i t h  d i s  
s o l v e d  co:! COnCelLf.dtiIJ:lS y r e a t e r  t h a n  0.7% 
w i l l  cause f l a s h i n g .  F o r  t h e  t y p i c a l  v a l u e  o f  
0.2 - 0.3%, m i x t u r e  t w i l l  r e m a i n  a s i n g l e  
phase. O c c a s i o n a l l y ,  new r e g i o n s  o f  t h e  
r e s e r v o i r  were acc3ssed ,arid a t r d n s i e n t  p e r i o d  
o f  h i g h  CO, c o n c e n t r a t i o n  occurred.  Phase 
s e p a r a t i o n  i n  t h e  p r o d u c t i o n  w e l l b o r e  p r e v e n t -  
ed us f rom c o l l e c t i n y  a r 3 S r e s e n t a t i v e  sample, 
b u t  F i g u r e  9 shows t h a t  t h e  C O r  c o n c e n t r a t i o n  
m u s t  h a v e  b e z n  a b o u t  1% o r  g r e a t e r .  F o r  
f u t u r e  o p e r a t i o n s  'de w i l l  i n s t a l l  a h i g h  
pressure ,  h i g h  t?,!perature gas s e p a r a t o r  t o  
hand1 e these occas iona l  gas surges. 

Sca le  D e p o s i t i o n :  The two t y p e s  o f  s c a l e  
d e p o s i t i o n  which were o f  g r e a t e s t  concern  
b e f o r e  t h e  f l o w  t e s t  were s i l i c a  and c a l c i t e  
p r e c i p i t a t i o n .  :hen water  s a t u r a t e d  w i t h  
r e s p e c t  t o  q u a r t z  a t  r e s e r v o i r  tempera tures  i s  
cooled,  i t  b e c o m s  j i p 2 r s a t u r a t e d  w i t h  r e s p e c t  
t o  a l l  forms o f  s i l i c a .  Hence a d r i v i n g  f o r c e  
f o r  s i l i c a  s c a l i n g  i s  p resent .  C a l c i t e  p r e -  
c i p i t a t i o n  occurs  f o r  a d i f f e r e n t  reason. 
F l a s h i n g  o f  C O z  f r o n  s o i : r t i m  c r e a t e s  d i s -  
e q u i l i b r i u m  which, a c c o r d i n g  t o  e lementary  
chemical  thermodynamics, w i l l  cause t h e  
r e a c t i o n  o f  Eqn. ( 3 )  t o  proceed t o  t h e  l e f t  t o  
reach ieve  s q u i l i b r i u m .  Thus, c a l c i t e  (CaCO,) 
i s  depos i ted .  

O e s p i t e  these p o t e n t i a l  mechanisms, v e r y  
l i t t l e  s c a l e  d e p o s i t i o n  was uncovered i n  a 
pos t -exper iment  examinat ion  o f  t h e  s u r f a c e  
loop,  and t h i s  s c a l e  d i d  n o t  a d v e r s e l y  a f f e c t  
t h e  p e r f o r m a n c e  o f  t h e  e q u i p m e n t .  O n l y  a 
sinal l  amount o f  c a l c i u m  carbonate  s c a l e  was 
faund on a p i p e  l e a d i n g  t o  t h e  heat  exchanger, 
i v h i l e  110 s i l i c a  d e p o s i t s  bdere found. Hovrever, 
some ma n e t i t e  s c a l z  was d e t e c t e d  i n  t h e  i n l e t  
mani f o l l s  o f  t h e  heat  exchar i j z rs ,  a l t h o u g h  we 
cannot  de termine whether  i t  vras d e p o s i t e d  
d u r i n g  t h i s  o r  a p r e v i o u s  f l o w  t e s t .  I n  
a d d i t i o n ,  a y e l l o v r i s h  p r e c i p i t a t e  c o n t a i n i n g  
about  4% a r s e n i c  was d e t e c t e d  on t h e  c o r r o s i o n  
coupons on t h e  c o l d  s t a t i o n  o f  t h e  heat  ex- 
changer and i n  t h e  heat  exchanger i t s e l f .  

R A D I O A C T I V E  TRACER EXPERIMENTS 

PROCECIURES 

Two r a d i o a c t i v e  t r a c e r  exper iments,  t h e  f i r s t  
q n  d a y  1 0  and,  t h e  second 9n 2 5 ,  w e r e  
c a r r i e d  o u t  u s i n g  an i r r a d i a t e t a r o r m  o f  t h e  
water  s o l u b l e  s a l t ,  ainnonium bromide, NH,Br. 
The t r a c e r ,  '*6r, a gamma-emitt ing r a d i o -  
n u c l i d e  w i t h  a h a l f - l i f e  o f  35.3 h r ,  has been 
used as a c o n s e r v a t i v e  ( n o n r e a c t i n g ,  nonad- 
s o r b i n g )  t r a c e r  a t  Fenton H i l l  f o r  severa l  

(9o') i i lson and T e s t e r ,  1984). I n  each 
iF"a:r exper iment  a sample was i r r a d i a t e d  i n  
Los A1 3 105's 'hxp i l ? s t  n u c l e a r  r e a c t o r ,  
assayed, and t r a n s p o r t e d  t o  t h e  Fenton H i l l  
s i t e .  Account i r lg  F o r  r -dc l iodct ive decay d u r i n g  
t h e  t r a n s p o r t a t i o n ,  t h e  i n j e c t e d  p u l s e  

s t r e n g t h s  vrore 61.9 nCi and 70.2 m C i .  
Measurements of gamma a c t i v i t y  as a f u n c t i o n  
o f  t i m e  were o b t a i n e d  i n  t h e  m o b i l e  c h e m i s t r y  
l a b o r a t o r y  by  f l o w i n  a l i q u i d  s ides t ream 
t h r o u g h  a cont inuous  fyow c e l l  equipped w i t h  a 
NaI  s c i n t i l l a t i o n  counter .  

RESULTS 

To o b t a i n  a r e s i d e n c e  t i m e  d i s t r i b u t i o n  (RTD) 
c u r v e  f r o m  a p u l s e  i n j e c t i o n  t r 3 c e r  e x p e r i -  
ment, t h e  back round r a d i o a c t i v i t y  must be 
s u b t r a c t e d  and {he r e s u l t i n g  v d i  1 2  < J r r e c t e d  
f o r  r a d i o a c t i v e  decay. Then, t h e  RTD f ( V )  i s  
g i v e n  b y  

( 7 )  f ( V ) =  - C ( V 1 -  
m 

P 
where C(V2 i s  t h e  c o r r e c t e d  con,centrat ion a t  
produced l u i d  volume V, and in i s  t h e  l a s s  o f  
t h e  t r a c e r  pu lse .  P 

i lhen t h e  produced f l u i d  i s  r e c i r c u l a t e d ,  as i n  
t h e  f i r s t  t e s t ,  t h e  c o n c e n t r a t i o n - t i m e  
response must a l s o  be c o r r e c t e d  f o r  t h e  r e i n -  
j e c t i o n  o f  r a d i o a c t i v e  f l u i d  u s i n g  a 
mathemati c a l  deconvol u t i o n  t e c h n i q u e  (Robinson 
and Tes ter ,  1984). T h i s  c a l c u l a t i o n  was 
per formed f o r  t h e  f i r s t  exper iment ,  w h i l e  t h e  
second t e s t  was conducted i n  t h e  open l o o p  
i n j e c t i o n  mode w i t h  p r o d u c t i o n  f l u i d  r e t u r n s  
t e m p o r a r i l y  vented t o  a h o l d i n g  pw?d. Thus i n  
t h e  second t e s t  t h e  t r u e  RTD was o b t a i n e d  
d i r e c t l y  f r o m  Eqn. ( 7 ) .  

The RTD curves  f o r  t h e  two exper iments  a r e  
s h w n  i n  F i g u r e  10. The most s t r i k i n g  d i f -  
fe rence f rom t r a c e r  t e s t s  i n  p a s t  Fenton H i l l  
r e s e r v d i r s  i s  t h e  1394 r e c o v e r y  o f  t r a c e r .  The 
@'Br  t r 3 c e r  exper iment  i s  l i m i t e d  t o  2-3 days 
due t o  i t s  h a l f - l i f e ,  so t h e  low t r a c e r  recov-  
e r i e s  a c t u a l 1  imp ly .  t h a t  a . l a r g e r  percentage 
o f  t h e  f l u i d  {as res idence t imes l o n g e r  t h a n  '3 
days. Accord ing  t o  c u r r e n t  models o f  t.r.t:er 
f l o w  t h r o u g h  f r a c t u r e d  r e s e r v o i r s ,  t h e  p r e s e n t  
system must c o n t a i n  f l o w  paths  o f  l a r g e  volume 
which conduct  a t  l e a s t  h a l f  t h e  f l u i d .  I n  
a d d i t i o n ,  t h e  inodal valume (produced f l u i d  
volurrle a t  t h e  eak o f  t h e  response c u r v e ) ,  a 
s tandard  c o r r e f a t i n g  parameter  f o r  e s t i m a t i n g  
t h e  heat  t r a n s f e r  c a p a c i t y  o f  a f r a c t u r e d  HDR 
r e s e r v o i r ,  (Robinson and T e s t e r ,  1984) i s  
l a r g e r  by  r o u g h l y  a f a c t o r  o f  two t h a n  p r e v i -  
ous Fenton H i l l  r e s e r v o i r s  a t  a s i m i l a r  s tage 
o f  o p e r a t i o n .  Hence we e x p e c t  a l o l g e r -  
1 a s t i  ng r e s e r v o i  r w i t h  more gradual  p r o d u c t i o n  
f l u i d  tempera ture  drawdown than i n  t h e  pas t .  

Comparing t h e  two t r a c e r  curves,  t h e  response 
i s  s h i f t e d  t o  l a r g e r  volumes, and l e s s  t r a c e r  
w s  rocovered i n  t h e  second t e s t .  T h i s  r e s u l t  
i s  diie t o  t h e  t r a n s i e n t  s t a t e  o f  t h e  r e s e r v o i r  
d u r i n g  t h e  f l o w  t e s t  - th roughout  t h e  t e s t ,  
t h e  d i f f e r e n c e  o f  t h e  i n l e t  and o u t l s t  f l o w  
r a t e s ,  commonly t h o u g h t  o f  as water  l o s s ,  was 
i n  l a r g e  p a r t  g o i n g  i n t o  c h a r g i n g  t h e  r e s e r -  
v o i r .  Thus a d ramat ic  i n c r e a s e  i n  t h e  
i n t e g r a l  mean vo lune ( t h e  volume o f  a l l  
f r a c t u r e s  c o n n e c t i n g  t h e  two we1 l b o r e s ,  r e -  
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g a r d l e s s  o f  r e s i  IJrIce t i m e )  f r o m  2180 t o  
8440 m was observed. The pos t -exper iment  
vent  o f  the  r e s z r v o i r  suppor ts  t h e  i d e a  t h a t  
til? observed water  l o s s  was caused by t h e  need 
t o  f i l l  t h e  f r a c t u r e  system. O f  t h e  t o t a l  o f  
12000 m i  n e t  water  l o s t  t o  t h e  f r a c t u r e  
system, 6400 r n l  ;ids r ? t u r n e d  d u r i n g  t h e  vent .  
B s t h  o f  t'lese va lues  a r e  rough agreement w i t h  
th. f r a c t u r e  volume o f  8440 m3 measured i n  t h e  
sl?cond t r a c e r  t e s t .  

The f r a c t u r e  volume e s t i m a t e s  a i d  i n  t h e  de- 
velopment o i  r~ . i c?p t i i a l  models o f  t h e  f l o w  
system. Assuming a homogeneous f r a c t u r e  
network of k i o w  l ) t ) ros i  t y ,  f r a c t u r e  volumes 
may be used t o  c a l c u l a t e  t h e  swept r o c k  
volume. Th? ~ a l i ~ e  o f  f r a c t u r e  p o r o s i t y  may b e  
bounded between 0.0002 - 0.001, based measure- 

3 f  s ? i s , n i c i t y  and r e s e r v o i r  ments 
coinp r e s  s 
p o r o s i t y  

0.oOOe 

O.ooo5 

&i 
0 . m  - z 

e 0 . m  

0 . m  

o.ooo1 

0 

b i l i t y  c a l c u l a t i o n s .  F o r  a f r a c t u r e  
o f  0.001, t ' ~  rock  volumes c a l c u l a t e d  

DAY 10 k 
200 400 600 rn l m o  1200 1400 1600 1m i 

CUMULATIVE PRODUCED FLUID VOLUME (m31 

F i g u r e  10. Residence t i m e  d i s t r i b u t i o n  curves  
o b t a i n e d  f rom t h e  t.4:) r i J i s a c t i v e  t r a c e r  
exper iments.  

-- 
f r o m  t h e  two t r a c e r  exper iments  cor respond t o  
a sphere o f  d i a m e t e r  160 m f o r  t h e  f i r s t  and 
250 in f o r  t h e  second. A l t h o u g h  t h e  v a l u e  o f  
p o r o s i t y  i s  i n e x a c t ,  t h e  r e s u l t i n g  sphere 
d iameters  a r e  o f  t h e  same o r d e r  o f  magni tude 
as t h e  we1l: iore s e 2 a r a t i o n  d i s t a n c e  o f  110 n. 
Thus t h e  conceptua l  model o f  f l o w  t h r o u g h  a 
l a r g e  network O F  f r ,3ctures w i t h  a p o i n t  source  
and s ink i s  a reasonable f i r s t  approximation. 

COYCLUS I O N S  

1. The g 3 o c h e v i s t r y  o f  t h e  p r o d u c t i o n  f l u i d  
a v e r  t h e  f i r s t  5 days o f  t h e  exper iment  f o l -  
lowed t h r e e  c h a r a c t e r i s t i c  t r e n d s :  1 )  t h e  
d e c l i n e  o f  i n e r t  sp1:'cies f rom t h e i r  i n i t i a l  
c o n c e n t r a t i o n s  t o  t h e  i n j e c t i o n  f l u i d  concen- 
t r a t i o n ;  2 )  no char l je  i n  c x i c e n t r a t i o n ,  
i n d i c a t i n g  a s u p p l y  o f  t h e  d i s s o l v e d  spec ies  
v i a  $ J i s s o l u t i o n  r , i n c t i o n s  (SiO2) ;  3 )  and 

d e c l i n e  o f  c o n c e n t r a t i o n  t o  b e l o w  t h e  i n -  
j e c t i o n  c o n c e n t r a t i o n ,  caused by a b s o r p t i o n ,  
$ r e c i p i t a t i o n ,  o r  i o n  exchange r e a c t i o n s .  . The rh-K-Ca and SiO,  geothermometers 
y i e l d e d  tempera tures  which agree w e l l  w i t h  t h e  
known d a m h o l e  k n p e r a t u r e .  A1 so i n  agreement 
w i th  these tempera tures  a r e  t h e  e q u i l i b r i u m  
rg?dctions o f  c a l c i t e  d i s s o l u t i o n  and 
b i c a r b o n a t e - d i  sso l  ved C02. 
3. C o r r o s i o n  coupon s t u d i e s  found g e n e r a l i z e d  
and u n i f o r m  c o r r o s i o n  a t  r d t e s  o f  19-15 mpy. 
One case o f  p i t t i n g  was observed, which we 
a t t r i b u t e  t o  i n c r e a s e d  d i s s o l v e d  02. An 
oxygen scavenger , 4 1 1  be i n j e c t e d  i n  f u t u r e  
o p e r a t i o n s  t o  m i n i m i z e  p i t t i n g  c o r r o s i o n .  
Sca le  d e p o s i t i o n  was min ima l  and d i d  n o t  
a f f e c t  o p e r a t i o n s .  
4. S e v e r a l  p e r i o d s  o f  h i g h  d i s s o l v e d  C02 
c o n c e n t r a t i o n ,  e s t i m a t e d  a t  1% by w e i g h t ,  
c r e a t e d  a temporary two-phdse f l o w  c o n d i t i o n  
a t  a shal1o.r ,depth i r i  t h e  p r o d u c t i o n  w e l l b o r e  
and i n  t h e  s u r f a c e  loop.  F u t u r e  o e r a t i o n s  
w i l l  req:i i :-? g q s  s + p a r a t o r  t o  h a n f l e  these 
t r a n s i e n t s .  
5. Two r a d i o a c t i v e  t r a c e r  exper iments r e s u l t -  
ed i n  modal volumes about t , d i ce  d s  l a r g e  as 
p r e v i o u s  r e s e r v o i r s  a t  Fenton H i l l .  
Fur thermore ,  t r a c e r  r x k i v e r i e s  a r e  lower ,  
i n d i c a t i n g  f l o w  t h r o u g h  a l a r g e  number o f  
f r a c t u r e s .  The t o t a l  s v q t  f r a c t u r e  volume 
i n c r e a s e d  d u r i n g  t h i s  f l o w  t e s t  as i n j e c t e d  
f l u i d  c o n t i n u e d  t o  f i l l  t h e  r e s e r v o i r .  The 
t o t a l  swept r o c k  volume, C;llClJlated f rom 
t r a c e r - d e t e r m i n e d  f r a c t u r e  volumes and reason-  
a b l e  e s t i m a t e s  o f  f r a c t u r e  p o r o s i t y ,  i s  
~ + q ~ i v a l e n t  t o  a sphere o f  d iameter  equal t o  
? ! )p rox imate ly  t h e  *e l  1 b o r e  s e p a r a t i o n  
Sl istance. T h i s  agreement l e n d s  credence t o  a 
, )o in t -source ,  p o i n t - s i n k  model o f  f l o w  t h r o u g h  
a network o f  f r a c t u r e s .  
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NOMENCLATURE 

a* 

b f r a c t u r e  a p e r t u r e  ( m )  
C c o n c e n t r a t i o n  (kg/m3) 
C*  d imens ion less  c o n c e n t r a t i o n  i n  Eqn. (1) 
C i n  i n j e c t i o n  f l u i d  c o n c e n t r a t i o n  (kg/m3) 

q u g r t 5  s u r f a c e  a r e a  t o  f l u i d  volume r a t i o  
(m /m 1 

Co  i n i t i a l  p r o d u c t i o n  f l u i d  c o n c e n t r a t i o n  
(kgIm3) 

C -  s i l i c a  s a t u r a t i o n  c o n c e n t r a t i o n  ( k g / a 3 )  

fq 
f r a c t i o n  o f  q u a r t z  p r e s e n t  i n  g r a n i t e  

f ( V )  r e s i d e o w  itiiw d i s t r i b u t i o n  c u r v e  (m-3) 
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k q u a r t z  d i s s o l u t i o n  r a t e  cons tan t  ( m / s )  
Keg, P q u i l i b r i u m  c o n s t a n t  

YH 
m mass of  t r a c e r  i n j e c t e d  ( k g )  

P 
P p ressu re  ( b a r )  
Pco2 p a r t i a l  p ressu re  o f  COz  ( b a r )  

Pw vapor p ressu re  o f  wa te r  ( b a r )  
t t i m e  ( s )  
V c u m u l a t i v e  produced f l u i d  volume (m3 
x C ~ ,  mole f r a c t i o n  o f  C O z  

yi a c t i v i t y  c o e f f i c i e n t  f o r  component i 

i i e , i r y ' s  l aw  cons tan t  (ba r /mo le  f r . )  

rP d imens ion less  c o n c e n t r a t i o n  i n  Eqn. ( 2  
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