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A b s t r a c t  Exper imenta l  r e s u l t s  and re- eva l  ua- 
-the Phase I Hot Dry Rock Geothermal 
Energy r e s e r v o i r s  a t  t h e  Fenton H i l l  f i e l d  
s i t e  a r e  summarized. T h i s  r e p o r t  t r a c e s  
r e s e r v o i r  growth as demonstrated d u r i n g  Run 
Segments 2 th rough  5 (January  1978 t o  December 
1980). Rese rvo i r  growth was caused n o t  o n l y  
by p r e s s u r i z a t i o n  and h y d r a u l i c  f r a c t u r i n g ,  
b u t  a l s o  by  heat  e x t r a c t i o n  and thermal  con- 
t r a c t i o n  e f f e c t s .  Rese rvo i r  h e a t - t r a n s f e r  
area grew f rom 8000 t o  50 000 m2 and r e s e r v o i r  
f r a c t u r e  volume grew f rom 11 t o  2663m . Des- 
p i t e  t h i s  r e s e r v o i r  growth, t h e  water  l o s s  
r a t e  increased o n l y  30%, under s i m i l a r  pres-  
su re  environments.  For comparable temperature  
and pressure c o n d i t i o n s ,  t h e  f l o w  impedance (a  
measure o f  t h e  r e s i s t a n c e  t o  c i r c u l a t i o n  o f  
water  t h rough  t h e  r e s e r v o i r )  remained essen- 
t i a l l y  unchanged, and i f  reproduced i n  t h e  
Phase I 1  r e s e r v o i r  under development, c o u l d  
r e s u l t  i n  " s e l f  pumping." Geochemical and 
se ismic  hazards have been nonex i s ten t  i n  t h e  
Phase I r e s e r v o i r s .  The produced water  i s  
r e l a t i v e l y  l ow  i n  t o t a l  d i s s o l v e d  s o l i d s  and 
shows l i t t l e  tendency f o r  c o r r o s i o n  o r  s c a l -  
ing .  The l a r g e s t  microear thquake assoc ia ted  
w i t h  heat  e x t r a c t i o n  measures l e s s  t h a n  -1 on 
t h e  e x t r a p o l a t e d  R i c h t e r  sca le .  

I n t r o d u c t i o n  The HDR r e s e r v o i r s  a t  Fenton 
H i l l  a re  l o c a t e d  i n  t h e  Jemez Mountains o f  
n o r t h e r n  New Mexico. The r e s e r v o i r s  were 
formed between two w e l l s ,  GT-2B and EE- 1,  
d r i l l e d  i n t o  ho t ,  low p e r m e a b i l i t y  rock  and 
h y d r a u l i c a l l y  f r a c t u r e d .  Rese rvo i r  p e r f o r -  
mance was f i r s t  eva lua ted  by a 75-day p e r i o d  
o f  c l osed- loop  o p e r a t i o n  f rom January 28 t o  
A p r i l  13, 1978 ( T e s t e r  and A l b r i g h t ,  1979). 
The assessment o f  t h i s  f i r s t  r e s e r v o i r  i n  EE-1 
and GT-2B i s  r e f e r r e d  t o  as "Run Segment 2"  
o r  t h e  "75-day t e s t . "  (Run Segment 1 c o n s i s t -  
ed o f  a 4-day p recu rso r  experiment conducted 
i n  September 1977.) Hot water  f rom GT-2B was 
d i r e c t e d  t o  a w a t e r - t o - a i r  h e a t  e x c h a n g e r  
where t h e  water  was coo led t o  25°C b e f o r e  
r e i n j e c t i o n .  Makeup water,  r e q u i r e d  t o  r e -  
p lace  downhole l osses  t o  t h e  rock  su r round ing  
t h e  f r a c t u r e ,  was added t o  t h e  coo led wa te r  
and pumped down EE-1, and then th rough  t h e  
f r a c t u r e  system. Heat was t r a n s f e r r e d  t o  t h e  
c i r c u l a t i n g  w a t e r  b y  t h e r m a l  c o n d u c t i o n  
th rough  t h e  n e a r l y  imperv ious rock ad jacen t  t o  
t h e  f r a c t u r e  sur faces.  

Run Segment 3 (Expt. 186), t h e  Hiqh Back- 
Pressure F1 ow Experiment (Brown, i n  prepara-  
t i o n )  was r u n  d u r i n g  September and October 
1978 f o r  28 days. The purpose o f  t h i s  e x p e r i -  
ment was t o  e v a l u a t e  r e s e r v o i r  f l o w  c h a r a c t e r -  
i s t i c s  a t  h i g h  mean-pressure l e v e l s .  The h i q h  
back pressure was induced by t h r o t t l i n g  t h e  
p r o d u c t i o n  w e l l .  F o l l o w i n g  Run Segment 3, t h e  
EE- 1 cas ing  was recemented near  i t s  cas ing  
bot tom t o  p reven t  leakaqe o f  f l u i d  i n t o  t h e  
annulus. An en la rged  r e s e r v o i r  was then  form- 
ed b y  ex tend inq  a h y d r a u l i c  f r a c t u r e  f rom an 
i n i t i a t i o n  depth  o f  2.93 km (9620 f t )  i n  EE-1, 
about 200 m deeper than  t h e  f i r s t  f r a c t u r e  i n  
EE-1. The f r a c t u r i n g  was conducted i n  March 
1979, w i t h  two f r a c t u r i n g  experiments.  These 
experiments a r e  r e f e r r e d  t o  as "massive" hy-  
d r a u l i c  f r a c t u r i n g  (MHF) Expts.  203 (March 14) 
and 195 (March 21). P r e l i m i n a r y  e v a l u a t i o n  o f  
t h e  new r e s e r v o i r  was accompl ished d u r i n g  a 
23- day h e a t - e x t r a c t i o n  and r e s e r v o i r -  
assessment experiment t h a t  began October 23, 
1979  (Murphy,  1980) .  T h i s  segment o f  
o p e r a t i o n  w i t h  t h e  EE-l/GT-2B w e l l  p a i r  was 
Run Segment 4, o r  Expt.  215. 

The l ong- te rm r e s e r v o i r  c h a r a c t e r i s i c s  were 
i n v e s t i g a t e d  i n  Run Segment 5, o r  Expt. 217, 
which began March 3, 1980 (Zyvo losk i ,  1981). 
Because o f  t h e  l a r g e  s i z e  and r e s u l t i n q  slow 
thermal  drawdown, a l e n q t h y  f l o w  t i m e  o f  286 
days was necessary t o  e v a l u a t e  t h e  rese rvo f  r. 
Run Segment 5 ended w i t h  t h e  2-day S t ress  
Un lock ing  Experiment (SUE) (Murphy, 1981). 

I n  t h e  t h r e e  yea rs  d u r i n g  which these  r e s e r -  
v o i r  t e s t s  were conducted, ou r  unders tand ing 
o f  r e s e r v o i r  behav io r  has s t e a d i l y  improved. 
S i m p l i f i e d  models t h a t  were developed f o r  Run 
Segment 2 were s i g n i f i c a n t l y  m o d i f i e d  by  t h e  
t i m e  o f  Run Segment 5. Consequent ly,  t h e  
p rev ious  t e s t s  were reanalysed i n  a c o n s i s t e n t  
manner u s i n g  t h e  l a t e s t  models. F u r t h e r ,  t h e  
growth of t h e  r e s e r v o i r  w i t h  t i m e  was t r a c e d  
and pe r iods  o f  growth a t t r i b u t e d  t o  thermal  
c o n t r a c t i o n  and hea t  e x t r a c t i o n  e f f e c t s  were 
i d e n t i f i e d  as apposed t o  qrowth caused by 
p r e s s u r i z a t i o n  and h y d r a u l i c  f r a c t u r i n g .  

H e a t  P r o d u c t i o n  and H e a t - t r a n s f e r  M o d e l i n g  
H e a t - t r a n s f e r  model i n g  o f  t h e  r e s e r v o i r s  has 
been p e r f o r m e d  w i t h  t w o  n u m e r i c a l  mode ls .  
Both  models use two-dimensional s i m u l a t o r s  i n  
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which heat  i s  t r a n s p o r t e d  by  conduc t ion  w i t h i n  
t h e  rock  t o  t h e  f r a c t u r e s .  The most r e c e n t l y  
developed model ( t h e  m u l t i p l e - f r a c t u r e  model) 
assumes t h a t  t h e  r e s e r v o i r  c o n s i s t s  o f  t h r e e  
p a r a l l e l  f r a c t u r e s  i d e a l i z e d  as r e c t a n g l e s  i n  
which t h e  f l o w  i s  d i s t r i b u t e d  u n i f o r m l y  a long  
t h e  bot tom o f  each f r a c t u r e  and wi thdrawn 
u n i f o r m l y  across t h e  top.  The f l o w  i s  t h u s  
o n e - d i m e n s i o n a l ,  and t h e  s t r e a m l i n e s  a r e  
s t r a i g h t  v e r t i c a l  l i n e s .  Consequently f l u i d  
dynamic c o n s i d e r a t i o n s  do n o t  d i r e c t l y  e n t e r  
i n t o  t h e  h e a t - e x t r a c t i o n  process, t h e  sweep 
e f f i c i e n c y  i s  i m p l i c i t l y  assumed t o  be 100%. 
However, a r i g o r o u s  t w o- d i m e n s i o n a l  h e a t -  
conduc t ion  s o l u t i o n  i s  i n c o r p o r a t e d  f o r  t h e  
rock  between t h e  f r a c t u r e s ,  and t h i s  p e r m i t s  
Val i d  c o n s i d e r a t i o n  o f  thermal  - i n t e r a c t i o n  
e f f e c t s  between t h e  f r a c t u r e s .  I n  c o n t r a s t ,  
t h e  o l d e r  model ( t h e  independent- f rac tu res  
model) ,  assumes t h a t  t h e  f r a c t u r e s  ( two i n  
number) a r e  c i r c u l a r  and a l l o w s  p roper  l o c a l  
p o s i t i o n i n g  o f  t h e  i n l e t  and o u t l e t s ,  i.e., 
t h e  p o i n t - l i k e  i n t e r s e c t i o n  o f  t h e  i n j e c t i o n  
w e l l  w i t h  t h e  f r a c t u r e  can be modeled, as can 
t h e  i n t e r s e c t i o n  o f  t h e  main h y d r a u l i c  f r a c -  
t u r e s  and t h e  s l a n t i n g  j o i n t s  t h a t  p r o v i d e  t h e  
connec t ions  t o  GT-26. However, as was cau- 
t i o n e d  e a r l i e r ,  w h i l e  t h e  f l u i d  dynamic e f -  
f e c t s  o f  t h e  j o i n t s / o u t l e t s  can be f a i t h f u l l y  
mode led ,  t h e  h e a t - t r a n s f e r  e f f e c t  o f  t h e  
j o i n t s  cannot ;  t h e  area o f  t h e  j o i n t s  must be 
lumped w i th  t h e  main f r a c t u r e s .  I n  v iew o f  
t h i s  more f a i t h f u l  r e p r e s e n t a t i o n  o f  i n l e t  and 
o u t l e t s ,  and t h e  f a c t  t h a t  a complete two- 
d i m e n s i o n a l  s o l u t i o n  t o  t h e  N a v i e r - S t o k e s  
f l u i d  dynamic equa t ions  i s  incorpora ted ,  t h e  
i n d e p e n d e n t - f r a c t u r e s  model r e s u l t s  i n  a more 
r e a l i s t i c  assessment o f  t h e  e f f e c t  o f  f l u i d  
dynamics and sweep e f f i c i e n c i e s  upon heat  ex- 
t r a c t i o n .  The p e n a l t y ,  however, i s  t h a t  i n  
t h e  p resen t  two- dimensional  v e r s i o n  o f  t h e  
code, thermal  i n t e r a c t i o n  as t h e  tempera tu re  
waves i n  t h e  r o c k  between f r a c t u r e s  o v e r l a p  
cannot be r e a l i s t i c a l l y  represented,  as i t  i s  
w i t h  t h e  m u l t i p l e - f r a c t u r e  model. 

Independent- Fractures Model i ng The f i r s t  ap- 
p l i c a t i o n  of t h i s  model was t o  t h e  e a r l v  
r e s e a r c h  r e s e r v o i r ,  when o n l y  a sma l l  s i n g l e  
h y d r a u l i c  f r a c t u r e  e x i s t e d .  T h i s  r e s e r v o i r  
was t e s t e d  e x t e n s i v e l y  d u r i n g  Run Segment 2. 
Based upon sp inner  and tempera tu re  surveys i n  
t h e  p r o d u c t i o n  w e l l ,  t h e  depths o f  t h e  i n t e r -  
s e c t i o n s  o f  t h e  p r o d u c t i o n  w e l l  w i t h  t h e  
s l a n t i n g  j o i n t s  were es t imated  as w e l l  as t h e  
f l o w  r a t e s  communicated by  each j o i n t .  I n  t h e  
c a l c u l a t i o n s ,  t h e  a c t u a l  temporal  v a r i a t i o n s  
o f  p r o d u c t i o n  and i n j e c t i o n  f l o w  r a t e s  were 
u t i l i z e d .  Wi th  t h i s  i n f o r m a t i o n ,  e s t i m a t e s  o f  
t h e  thermal  drawdown were c a l c u l a t e d  w i th  t h e  
model f o r  v a r i o u s  t r i a l  va lues  o f  f r a c t u r e  
r a d i i  and v e r t i c a l  p o s i t i o n  o f  t h e  f r a c t u r e  
i n l e t .  A f r a c t u r e  r a d i u s  o f  60 m w i t h  an 
i n l e t  l o c a t e d  25 m above t h e  f r a c t u r e  bot tom 
r e s u l t e d  i n  a good f i t  t o  t h e  measurements. A 
r a d i u s  o f  60 m i m p l i e s  a t o t a l  f r a c t u r e  area 
(on one s i d e )  of 11 000 m2; however, because 
of hydrodynamic f l o w  sweep i n e f f i c i e n c i e s  t h e  

n e t  area e f f e c t i v e  i n  hea t  exchange was o n l y  
8000 m'. 

D u r i n g  Run Segment 3 ( t h e  h i g h  back- pressure 
exper iment)  thermal  drawdown suqgested t h a t ,  
accord ing  t o  t h e  i n d e p e n d e n t - f r a c t u r e s  model, 
t h e  e f f e c t i v e  hea t  area was n e a r l y  t h e  same. 
However, f l o w  r a t e  ( s p i n n e r )  surveys i n  GT-2 
i n d i c a t e d  t h a t  because of t h e  h i g h e r  p r e s s u r e  
l e v e l  most of t h e  f l o w  was e n t e r i n g  GT-2B a t  
p o s i t i o n s  t h a t  averaged 25 m deeper t h a n  dur-  
i n g  Run Segment 2. I n  e f f e c t  t h e  r e s e r v o i r  
f l o w  paths were shor tened about 25%. It was 
concluded t h a t  w h i l e  p r e s s u r i z a t i o n  d i d  indeed 
r e s u l t  i n  p a r t i a l  s h o r t  c i r c u i t i n g  o f  t h e  
s t r e a m l i n e s ,  i t  a l s o  r e s u l t e d  i n  a n o t a b l e  
decrease i n  impedance, which a f f o r d e d  b e t t e r  
f l u i d  sweep and b a t h i n g  o f  t h e  rema in ing  area. 
The r e s e r v o i r  was en la rged  d u r i n g  t h e  f r a c -  
t u r i n g  o p e r a t i o n s  o f  1979, t h e  MHF Expts. 195 
and 203. For  t h e  independent- f rac tu res  model 
t h e  en la rged  r e s e r v o i r  i s  p o r t r a y e d  as two 
f r a c t u r e s ,  t h e  o l d  one o p e r a t i v e  i n  Run Seg- 
ments 2 and 3, w i t h  a new and l a r g e r  one. The 
en1 arqed r e s e r v o i r  was eva lua ted  d u r i n g  Run 
Segment 4 and Run Segment 5. To summarize t h e  
Run Segment 4 s t u d i e s ,  i t  was found t h a t  t h e  
o l d  f r a c t u r e  had an e f f e c t i v e  h e a t - t r a n s f e r  
area o f  15 000 m2 and t h e  new f r a c t u r e  had an 
e f f e c t i v e  area o f  a t  l e a s t  30 0002 m . The 
area determined i n  Run Segment 4 f o r  t h e  o l d  
f r a c t u r e  was a t  l e a s t  t w i c e  t h a t  determined i n  
Run Segment 2. T h i s  t r e n d  o f  i n c r e a s i n g  area 
i s  now a t t r i b u t e d  t o  thermal  s t r e s s  c r a c k i n g  
e f f e c t s  (Murphy, 1979). 

B e t t e r  es t imates  o f  t h e  t o t a l  e f f e c t i v e  heat-  
t r a n s f e r  area of b o t h  f r a c t u r e s  were o b t a i n e d  
i n  Run Segment 5, d u r i n g  which t h e  thermal  
drawdown was o n l y  8°C. The mean o u t l e t  tem- 
p e r a t u r e  a c t u a l l y  inc reased  s l i g h t l y  d u r i n g  
t h e  e a r l y  p o r t i o n  o f  Run Seqment 5. T h i s  
temporary i n c r e a s e  i s  due t o  t r a n s p o r t  o f  
deeper, h o t t e r  wa te r  t o  t h e  p r o d u c t i o n  w e l l ,  
as w e l l  as t o  some i n t e r a c t i o n  o f  t h e  f r a c -  
t u r e s .  For  s i m p l i c i t y  t h e  e f f e c t  was n e g l e c t -  
ed i n  t h e  independent- f rac tu res  model as i t  i s  
f a i r l y  smal l ,  l e s s  t h a n  2OC. The d a t a  a r e  f i t  
v e r y  w e l l  by  a model w i t h  a combined area o f  
50 000 m2,  some 5000 m' g r e a t e r  t h a n  t h e  area 
t e n t a t i v e l y  es t imated  d u r i n g  Run Segment 4. 

A summary of t h e  heat-exchange areas d e t e r -  
mined w i t h  t h e  i n d e p e n d e n t - f r a c t u r e s  model i s  
presented i n  F ig.  1. As can be s,een, a s teady 
inc rease ,  f rom 8000 t o  50 000 m , i s  i n d i c a -  
ted.  As i n d i c a t e d  by t h e  q u e s t i o n  marks i n  
F i g .  1, t h e  area i n c r e a s e  due t o  t h e  MHF ex- 
per iments  (195 and 203), i s  u n c e r t a i n .  The 
h e a t - t r a n s f e r  area was n o t  measured u n t i l  t h e  
l a t e r  s tages of Run Segment 4. Consequently, 
t h e  area i n c r e a s e  measured i s  due t o  t h e  com- 
b ined  e f f e c t s  o f  a l l  t h e  f r a c t u r i n g  and Run 
Segment 4 o p e r a t i o n s ,  and cannot  be i n d i v i d -  
u a l l y  a s c r i b e d  t o  t h e  separa te  opera t ions .  

M u l t i p l e - F r a c t u r e  Mode l ing  F o r  t h e  m u l t i p l e -  
f r a c t u r e  model t h e  f o l l o w i n g  procedure was 
used t o  f i t  t h e  data.  
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TO 1 INDEPENDENT FRACTURES MODEL 
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F i g u r e  1 Heat t r a n s f e r  area growth d e t e r -  
mined by  t h e  independent f r a c t u r e s  model i n  
t h e  Phase I r e s e r v o i r s  d u r i n g  Run Segments 2 
th rough  5 

0 The measured GT-2B f l o w  r a t e  and e s t i -  
mated r e s e r v o i r  i n l e t  tempera tu re  were 
programmed as f u n c t i o n s  o f  t ime. 

0 The i n i t i a l  f r a c t u r e  area was a d j u s t e d  t o  
o b t a i n  t h e  b e s t  f i t  a t  e a r l y  t imes.  

0 The f r a c t u r e  area was a l lowed t o  i n c r e a s e  
so as t o  p r o v i d e  a good f i t  t o  t h e  
rema in ing  data.  For  computa t iona l  sim- 
p l i c i t y ,  t h e  area i n c r e a s e  was assumed t o  
occur  i n  d i s c r e t e  s teps  r a t h e r  than  i n  a 
smooth, p iece- wise  l i n e a r ,  fash ion .  

As i n d i c a t e d  e a r l i e r ,  t h e  i n d e p e n d e n t -  
f r a c t u r e s  model was n o t  a b l e  t o  d e t e c t  any 
i n c r e a s e  i n  t h e  e f f e c t i v e  h e a t - t r a n s f e r  area 
d u r i n g  a c t u a l  drawdown, b u t  t h e  m u l t i p l e  f r a c -  
t u r e  model i n d i c a t e s  t h a t  t h e  h e a t - t r a n s f e r  
area inc reased  by a f a c t o r  o f  two. 

S i m i l a r  model ing was c a r r i e d  o u t  f o r  Run Seg- 
ments 3, 4 and 5. F i g u r e  2 summarizes t h e  
growth o f  t h e  heat-exchange area, accord ing  t o  
t h e  m u l t i p l e - f r a c t u r e s  model, th roughout  Phase 
I. The general  s i m i l a r i t y  w i t h  t h e  summary o f  
t h e  i n d e p e n d e n t - f r a c t u r e s  model, F ig .  1, i s  
noted, b u t  t h e r e  a r e  d i f f e r e n c e s  i n  d e t a i l .  

mnm 
MULTIPLE FRACTURE MODEL 

I 4 I 1 
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CALENDAR VEAJI 

F i g u r e  2 Heat t r a n s f e r  area growth d e t e r-  
mined by model f i t s  t o  drawdown d a t a  and 
w e l l b o r e  tempera tu re  l o g s  i n  t h e  Phase I 
r e s e r v o i r s  d u r i n g  Run Segments 2 th rough  5 

The i n i t i a l  area o f  7500 m 2  was e s t a b l i s h e d  by  
many p r e s s u r i z a t i o n s  and some c o o l i n g .  T h i s  
area grew t o  15  000 m2 i n  Run Segment 2. As 
i n d i c a t e d  e a r l i e r  t h e  h i g h  back p ressure  of 
Run Segment 3 caused a r e d i s t r i b u t i o n  o f  f l o w  
r e s u l t i n g  i n  f l u i d  dynamic s h o r t - c i r c u i t i n g .  
However,  u n l i k e  t h e  i n d e p e n d e n t - f r a c t u r e s  
model, t h e  new model i n d i c a t e s  t h a t  t h e  i n i -  
t i a l  heat-exchange area was a c t u a l l y  l e s s  t h a n  
t h a t  o f  Run Segment 2, s t a r t i n g  a t  6000 m2; 
b u t  i t  t h e n  grew t o  12 000 m 2  d u r i n g  t h e  28- 
day t e s t .  The system was p r e s s u r i z e d  t o  h i g h  
p ressures  severa l  t i m e s  d u r i n g  MHF Expts. 203 
and 195 and Run Segment 4 b u t  no area o r  v o l -  
ume measurements were made u n t i l  Run Segfient 
4. A f t e r  Run Segment 4, t h e  EE- 1 temperatur: 
l o g s  i n d i c a t e d  t h a t  between 6000 and 9000 m 
had been added t o  t h e  lower  p a r t  o f  t h e  r e s e r -  
v o i r  by  t h e  recement ing and p r e s s u r i z a t i o n  
p r i o r  t o  and d u r i n g  Run Segment 4. T h i s  i n -  
creased t h e  measured heat-2exchange area t o  
between 2 1  000 and 24 000 m . The area meas- 
urements d u r i n g  Run Segment 5 a r e  somewhat 
u n c e r t a i n .  The b e s t  e s t i m a t e s  a r e  t h a t  t h e  
heat-exchange area was q r e a t e r  t h a n  45 000 m 2  
a t  t h e  end o f  t h e  exper iment .  The l a c k  o f  
recovery  o f  t h e  o u t l e t  tempera tu re  i n d i c a t e s  
t h a t  t h e  a d d i t i o n a l  area i s  i n  t h e  dep le ted  
upper h a l f  o f  t h e  r e s e r v o i r  o r  was p a r t l y  
added t o  t h e  lower  h a l f  as Run Segment 5 p ro-  
ceeded. 

T r a c e r  S t u d i e s  and F r a c t u r e  Volume Growth The 
main o b j e c t i v e s  o f  r e s e r v o i r  t r a c e r  s t u d i e s  
a r e  t o  assess t h e  volume changes a s s o c i a t e d  
w i t h  t h e  c r e a t i o n  o f  t h e  Phase I system and t o  
de te rmine  dynamic b e h a v i o r  o f  t h e  system v o l -  
ume as t h e  system undergoes long- te rm hea t  ex- 
t r a c t i o n .  The f r a c t u r e  modal volume i s  s i m p l y  
t h e  volume o f  f l u i d  produced a t  GT-2B between 
t h e  t i m e  t h e  t r a c e r  p u l s e  was i n j e c t e d  and t h e  
t i m e  t h e  peak t r a c e r  c o n c e n t r a t i o n  appeared i n  
t h e  produced f l u i d .  The w e l l b o r e  volumes a r e  
s u b t r a c t e d  f rom t h e  t o t a l  volume produced t o  
g i v e  t h e  t r u e  f r a c t u r e  modal volumes. The 
modal volume i s  cons idered  t h e  most r e l i a b l e  
i n d i c a t o r  o f  r e s e r v o i r  volume change. Large 
changes i n  t h e  modal volume a r e  observed a f t e r  
t h e  h y d r a u l i c  f r a c t u r i n q  o f  t h e  system between 
Run Segments 3 and 4 and d u r i n g  t h e  SUE, which 
f o l  1 owed Run Segment 5. 

A complete rev iew o f  t h e  t r a c e r - t e s t  d a t a  f rom 
Segments 2 t h r o u g h  5 has revea led  p e r t i n e n t  
i n f o r m a t i o n  r e g a r d i n g  t h e  growth o f  t h e  r e s e r -  
v o i r  due t o  hea t  e x t r a c t i o n  and p r e s s u r i z a t i o n  
e f f e c t s .  The r e s e r v o i r  growth due t o  heat  ex- 
t r a c t i o n  i s ,  t o  be p r e c i s e ,  r e a l l y  a therma l-  
c o n t r a c t i o n  e f f e c t  -- as t h e  rock  sur round ing  
t h e  f r a c t u r e s  s h r i n k s ,  t h e  f r a c t u r e s ,  and con- 
sequent l y ,  t h e  measured volumes, expand. I n  
s p i t e  o f  n o n l i n e a r  coupled e f f e c t s  of thermal  
c o n t r a c t i o n ,  pore  and f r a c t u r e  i n f l a t i o n  due 
t o  s u s t a i n e d  p r e s s u r i z a t i o n ,  and l o c a l  i r r e -  
v e r s i b i l i t i e s  r e s u l t i n g  i n  f r a c t u r e  propaga- 
t i o n ,  a s imp le  c o r r e l a t i o n  between A V  and A E  
e x i s t s .  Fur thermore,  t h i s  s i m p l e  r e l a t i o n s h i p  
p e r s i s t s  even i n  t h e  presence o f  t h e  c o n f i n i n g  
s t r e s s e s  sur round ing  t h e  a c t i v e  r e s e r v o i r ,  
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which induce  a c o n s t r a i n e d  behavior .  For  
p r a c t i c a l  purposes, t h e  r e g i o n  between t h e  
low-pressure da ta  and t h e  f r e e  thermal  volume 
1 i n e s  d e f i n e s  an envelope o f  r e s e r v o i r  opera- 
t i n g  c o n d i t i o n s .  As s t r e s s e s  a r e  r e l i e v e d ,  
f o r  example d u r i n g  SUE, o r  t h e  h i g h  back- 
p ressure  t e s t  o f  t h e  o r i g i n a l  r e s e r v o i r  (Run 
Segment 3 ) ,  o r  t h e  h igh- pressure,  h y d r a u l i c -  
f r a c t u r i n g  s t a g e  a t  t h e  b e g i n n i n g  o f  Run 
Segment 4, one moves away f rom t h e  n o r m a l l y  
c o n s t r a i n e d  c o n d i t i o n  toward t h e  f r e e  thermal  
expansion l i n e .  

Perhaps t h e  most p romis ing  aspect  o f  t h e  t r a c -  
e r  t e s t s  i s  t h e i r  p o t e n t i a l  f o r  e s t i m a t i n g  t h e  
e f f e c t i v e  h e a t - t r a n s f e r  s u r f a c e  a r e a  o f  a 
r e s e r v o i r .  T h i s  becomes c l e a r  when t h e  modal 
volume ( p l o t t e d  vs t i m e  i n  F ig.  3 )  i s  compared 
t o  t h e  cor respond ing  h e a t - t r a n s f e r  area ( p l o t -  
t e d  vs t i m e  i n  F igs.  1 and 2 ) ;  t h e  s i m i l a r i -  
t i e s  o f  t h e  growth o f  area and volume a r e  
q u i t e  s t r i k i n g .  T h i s  can be q u a n t i f i e d  by  
c o n s i d e r i n g  t h e  r e l a t i o n s h i p s  between area, 
volume, and a p e r t u r e  ( o r  e f f e c t i v e  f r a c t u r e  
opening) .  The volume, V, i s  s i m p l y  t h e  prod-  
u c t  o f  t h e  area, A, and t h e  mean aper tu re ,  w: 
V = A w . D u r i n g  hea t  e x t r a c t i o n  and/or  
p r e s s u r i z a t i o n ,  t h e  area and a p e r t u r e  can b o t h  
vary ;  t h e r e f o r e  t h e  volume i s  a f u n c t i o n  o f  
t w o  v a r i a b l e s  r a t h e r  t h a n  one. F o r  cons tan t  
a p e r t u r e ,  t h e  t r a c e r  vo lumes s h o u l d  s c a l e  
d i r e c t l y  w i t h  h e a t - t r a n s f e r  area. F u r t h e r  
d e v e l o p m e n t  o f  t h i s  e m p i r i c a l  c o r r e l a t i o n  
c o u l d  p r o v i d e  a d i r e c t  and independent method 
of d e t e r m i n i n g  r e s e r v o i r  h e a t - t r a n s f e r  area 
w i t h o u t  r e q u i r i n g  thermal  drawdown, which i s  
t i m e  consuming and expensive t o  o b t a i n ,  par-  
t i c u l a r l y  so f o r  t h e  l a r g e r  Phase I 1  r e s e r v o i r  
under development . 
Impedance C h a r a c t e r i s t i c s  The impedance o f  a 
c i r c u l a t i n g  geothermal r e s e r v o i r  i s  u s u a l l y  
de f ined  as t h e  p ressure  d rop  between t h e  i n l e t  
and o u t l e t  o f  t h e  f r a c t u r e  caused by  f l o w  i n  
t h e  f r a c t u r e ,  d i v i d e d  by  t h e  e x i t  v o l u m e t r i c  
f l o w  r a t e .  I t s  u n i t s  a r e  pressure-s/volume, 
and i n  t h i s  r e p o r t  we t y p i c a l l y  use Giga 
Pascals p e r  c u b i c  meter  p e r  second (GPa s/m3) 

o r  i n  E n g l i s h  customary u n i t s ,  pounds p e r  
square i n c h  p e r  g a l l o n  p e r  m inu te  (psi/gpm). 
Because p ressures  a r e  u s u a l l y  measured a t  t h e  
sur face,  a "buoyancy" c o r r e c t i o n  shou ld  be 
made f o r  t h e  d i f f e r e n c e  i n  h y d r o s t a t i c  pres-  
sures i n  t h e  h o t  p r o d u c t i o n  w e l l  and t h e  c o l d  
i n j e c t i o n  w e l l .  The dep th  a t  which t h i s  co r-  
r e c t i o n  i s  c a l c u l a t e d  corresponds t o  t h e  b o t -  
tom o f  t h e  i n j e c t i o n  w e l l ,  t h a t  i s ,  buoyancy 
i n s i d e  t h e  f r a c t u r e  i s  i n c l u d e d  i n  t h e  h o t  
leg .  Impedances o f  about 1 GPa s/m3 a r e  con- 
s i d e r e d  d e s i r a b l e .  For  example, i n  t h e  deeper 
and h o t t e r  Phase I 1  r e s e r v o i r  b e i n g  completed 
now, such a l o w  v a l u e  o f  impedance c o u l d  ac tu-  
a l l y  r e s u l t  i n  "se l f -pumping" o f  t h e  r e s e r v o i r  
because o f  buoyancy e f f e c t s .  

F i g u r e  4 summarizes t h e  impedance h i  s t o r y  over  
Segments 2 t h r o u g h  5 and t h e  SUE exper iment .  
Impedance i s  dependent on f r a c t u r e  aper tu re ,  
w. T h e o r e t i c a l l y ,  i t  decreases as l / w 3  i n  b o t h  
l a m i n a r  and t u r b u l e n t  f l ow.  Aper tu re  may be 
inc reased  i n  severa l  ways: (1) by  p r e s s u r i -  
z a t i o n  o f  t h e  f r a c t u r e ,  ( 2 )  c o o l i n q  o f  t h e  
sur round ing  rock,  ( 3 )  d i s s o l u t i o n  o f  m i n e r a l s  
l i n i n g  t h e  c rack  by  chemical t r e a t m e n t  o f  t h e  
f l u i d ,  and (4 )  by  geomet r i c  changes r e s u l t i n g  
f rom r e l a t i v e  d isp lacement  o f  one f r a c t u r e  
.face w i t h  respec t  t o  t h e  o ther .  Run Segments.2 
and 3 were e s p e c i a l l y  u s e f u l  i n  demons t ra t ing  
t h e  c o r r e l a t i o n  between impedance and p ressure  
and  t e m p e r a t u r e .  The impedance changes  
observed a f t e r  SUE were p robab ly  due t o  add i-  
t i o n a l  " s e l  f - p r o p p i n g "  c a u s e d  b y  s l i p p a g e  
a long  t h e  f r a c t u r e  faces  near  t h e  e x i t  o r  b y  
o t h e r  pressure- induced geomet r i c  chanqes. 

The c o n c e n t r a t i o n  o f  impedance near  t h e  e x i t ,  
shown i n  a l l  t h e  l o w  back- pressure f l o w  exper-  
iments, may be d e s i r a b l e  when t h e  system i m-  
pedance i s  reduced by m u l t i p l e  f r a c t u r e s .  I n  
t h i s  mode o f  r e s e r v o i r  development, t h e  pos- 
s i b i l  i t y  o f  u n s t a b l e  "runaway" (one f r a c t u r e  
c o o l i n g  and t a k i n g  much o f  t h e  f l o w )  e x i s t s ,  
and t h e  e x i t  impedance c o n c e n t r a t i o n  w i l l  
p reven t  t h i s  u n t i l  r e s e r v o i r  c o o l i n g  has been 
ex tens ive .  E v e n t u a l l y ,  t h e  problem o f  f l o w  
c o n t r o l  i n  t h e  i n d i v i d u a l  f r a c t u r e s  may a r i s e ,  
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and methods o f  f l o w  c o n t r o l  near t h e  f r a c t u r e  
en t rance  may be requ i red .  

Dur ing  normal , l o w  back- pressure c o n d i t i o n s  
f r a c t u r e  impedance appears t o  be concent ra ted  
near  t h e  e x i t  w e l l ,  a t  l e a s t  a f t e r  a s h o r t  
p e r i o d  of o p e r a t i o n ,  and t o t a l  impedance does 
n o t  depend s t r o n g l y  on w e l l b o r e  separa t ion .  
Impedances a r e  s u f f i c i e n t l y  l o w  t o  a l l o w  oper-  
a t i o n  o f  e f f i c i e n t  HDR g e o t h e r m a l  e n e r g y -  
e x t r a c t i o n  systems. The impedance i n  a l a r g e  
system does n o t  change r a p i d l y ,  and t h e  prog-  
n o s i s  f o r  o p e r a t i o n  o f  t h e  m u l t i p l e - f r a c t u r e ,  
Phase I 1  system seems favorab le .  

Water Losses The wate r  l o s s  o f  an HDR system 
i s  v e r y  i m p o r t a n t  because t h i s  wa te r  must be 
p rov ided  f rom some o u t s i d e  source. T h i s  i n -  
fo rmat ion  can be v i t a l  f o r  envi ronmental  as 
w e l l  as economic reasons. The w a t e r - l o s s  
r a t e ,  t h a t  i s ,  t h e  r a t e  a t  which wate r  perme- 
a t e s  t h e  rock  f o r m a t i o n  sur round ing  t h e  f r a c -  
t u r e  system, i s  t h e  d i f f e r e n c e  between t h e  
i n j e c t i o n  r a t e  and t h e  produced, o r  recovered, 
r a t e  a t  GT-26. T h i s  l o s s  r a t e  i s  a s t r o n g  
f u n c t i o n  o f  system pressures  and f l o w  r a t e  and 
would a l s o  be expected t o  be a f u n c t i o n  o f  
r e s e r v o i r  s i ze .  

The w a t e r - l o s s  f l o w - r a t e  da ta  o f  each e x p e r i -  
ment c o n t a i n  many t r a n s i e n t s  due t o  o p e r a t i o n  
shu tdowns,  pump l i m i t a t i o n s ,  and v a r i o u s  
leaks.  Consequently, t h e  accumula t i ve  volume 
o f  water  l o s s  i s  bes t  s u i t e d  f o r  comparisons 
s i n c e  many o f  t h e  t r a n s i e n t s  a r e  smoothed 
o u t ,  and t h i s  c o m p a r i s o n  i s  p r e s e n t e d  i n  
F i g u r e  5, f o r  Run Segments 2, 3, and 5. Run 
Segment 4, o n l y  23 days long,  was excluded 
from t h i s  comparison because o f  t h e  d i s p a r a t e  
c o n d i t i o n s  under which i t  was conducted. 

Comparisons between Run Segments 2 and 5, b o t h  
conducted under normal, l o w  back- pressure con- 
d i t i o n s ,  can be made as f o l l o w s .  D i r e c t  com- 
p a r i s o n s  i n d i c a t e  t h a t  t h e  wate r  l o s s  f o r  Run 
Segment 5 i s  approx imate ly  40% h i g h e r  t h a n  
t h a t  o f  Run Segment 2 a t  comparable t i m e s  
a f t e r  t h e  b e g i n n i n g  o f  h e a t  e x t r a c t i o n .  
However, because t h e  o p e r a t i n g  p ressure  was 
10% h i g h e r  d u r i n g  Run Segment 5, t h e  wate r  

@RUN SEGMENT 2 
@RUN SEGMENT 2, SCALED ON PRESSURE 
@RUN SEGMENT 3 

TIME Idnp) 
F i g u r e  5 Cumulat ive water  l o s s e s  vs t i m e  
f o r  Run Segments 2, 3, and 5 

l o s s  f o r  Run Segment 2 shou ld  be sca led  up by 
10% as i n  c u r v e  2 o f  t h e  f i g u r e ,  i n  o r d e r  t o  
be d i r e c t l y  comparable t o  Run Segment 5. Then 
i t  i s  seen t h a t  t h e  Run Segment 5 wa te r  l o s s  
i s  o n l y  30% h i g h e r  t h a n  Run Segment 2, d e s p i t e  
a s e v e r a l - f o l d  i n c r e a s e  i n  h e a t - t r a n s f e r  area 
and volume. An obvious c o n c l u s i o n  i s  t h a t  t h e  
heat-exchange system u t i l i z e s  o n l y  a smal l  
p o r t i o n  of a much l a r g e r  f r a c t u r e  system t h a t  
c o n t r o l s  wate r  l o s s .  T h i s  l a r g e ,  p o t e n t i a l  
f r a c t u r e  system was n o t  a l t e r e d  t o  any l a r g e  
e x t e n t  by  t h e  MHF exper iments o f  Segment 4. 
F u r t h e r m o r e ,  i n  c o m p a r i s o n  t o  t h e  h e a t -  
t r a n s f e r  areas, t h e s e  o t h e r  areas d i d  n o t  grow 
s i q n i f i c a n t l y  f rom Run Segments 2 t h r o u q h  5. 

F l u i d  Geochemistry A n a l y s i s  o f  t h e  f l u i d -  
c h e m i s t r y  d a t a  f rom t h e  Phase I r e s e r v o i r s  
shows severa l  i n t e r e s t i n g  f e a t u r e s  t h a t  a r e  
p e r t i n e n t  t o  t h e  s i z e  o f  t h e  r e s e r v o i r s .  
S t rong  ev idence f rom each o f  t h e  Phase I heat-  
e x t r a c t i o n  exper iments i n d i c a t e s  t h e  e x i s t e n c e  
o f  e s s e n t i a l l y  two  p a r a l l e l  f l o w  pa ths :  (1) a 
f rac tu re- domina ted  f l o w  p a t h  (perhaps cons is-  
t i n g  o f  m u l t i p l e  f r a c t u r e s )  t h a t  i n c l u d e s  t h e  
h e a t - t r a n s f e r  s u r f a c e s ,  and ( 2 )  a h i g h -  
impedance f l o w  pa th  c o n s i s t i n g  o f  t h e  connec- 
t e d  m i c r o f r a c t u r e s  and pores i n  t h e  rock  sur-  
round ing  t h e  h e a t - e x t r a c t i o n  p o r t i o n  o f  t h e  
r e s e r v o i r .  Displacement  o f  t h e  ind igenous  
pore f l u i d  con ta ined  i n  t h i s  high- impedance 
f l o w  p a t h  i s  t h e  s i n g l e  most i m p o r t a n t  geo- 
chemical e f f e c t  observed i n  t h e  h e a t - e x t r a c -  
t i o n  exper iments t o  date.  T h i s  i s  d iscussed  
f u r t h e r  by Gr igsby  e t  a l .  (1981). 

I n  summary, s e v e r a l  c o n c l u s i o n s  s h o u l d  b e  
d rawn f r o m  g e o c h e m i s t r y  r e s u l t s  t o  d a t e .  
F i r s t  o f  a l l ,  t h e  o v e r a l l  c i r c u l a t i n g  f l u i d  
q u a l i t y . i n  a HDR system i s  l a r g e l y  f i x e d  by  
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  and d isplacement  
r a t e .  Under t h e  v e r y  wors t  c o n d i t i o n s  ( t h a t  
i s ,  100% o f  t h e  produced f l u i d  i s  pore f l u i d )  
t h e  maximum 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 o l i d s  
would be around 5000 mg/R f o r  t h i s  r e s e r v o i r  
-- w i t h i n  t h e  Envi ronmental  P r o t e c t i o n  Agency 
(EPA) wate r  q u a l i t y  s tandard  f o r  con t inuous  
i r r i g a t i o n  o f  s a l t - t o l e r a n t  p l a n t s .  However, 
t h e  s t e a d y- s t a t e  c o n c e n t r a t i o n  o f  t o t a l  d i s -  
so lved  s o l i d s  i s  t y p i c a l l y  2500 mg/R -- s i m i -  
l a r  t o  wate r  used f o r  human consumption i n  
many p a r t s  o f  t h e  coun t ry .  The pH o f  t h e  
wate r  i s  6.5 f 0.5, n e a r l y  n e u t r a l ,  and prob-  
lems w i t h  c o r r o s i o n  o r  d e p o s i t i o n  upon s u r f a c e  
equipment such as p i p i n g ,  hea t  exchangers, and 
pumps have been min imal .  

A second c o n c l u s i o n  f r o m  t h e  f l u i d -  
geochemist ry  s t u d i e s  concerns t h e  v e r y  l a r g e  
volume o f  pore f l u i d  t h a t  has been d i s p l a c e d  
f rom t h e  rock  sur round ing  t h e  f r a c t u r e  system 
i n t o  t h e  f r a c t u r e  system. Because t h i s  f r a c -  
t u r e  system i s  everywhere p r e s s u r i z e d  above 
h y d r o s t a t i c  pressure,  c i r c u l a t i n g  f l u i d  shou ld  
be c o n t i n u o u s l y  l o s t  t o  t h e  sur round ing  ma- 
t r i x ,  which i s  s u b h y d r o s t a t i c .  P o r e f l u i d  f rom 
t h i s  s u b h y d r o s t a t i c  p ressure  f i e l d  would have 
t o  f l o w  a g a i n s t  a p ressure  g r a d i e n t  i n  o r d e r  
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t o  en te r  t he  f l o w i n g  system. However, second- 
a r y  f l o w  pa ths  w i t h  impedance i n t e r m e d i a t e  t o  
t h a t  o f  t h e  main f r a c t u r e  system and t h a t  o f  
t h e  u n f r a c t u r e d  r e s e r v o i r  rock p r o v i d e  a means 
f o r  t h e  p ressure  l e v e l  i n  t h e  main f r a c t u r e ( s )  
t o  d i s p l a c e  t h e  pore  f l u i d  i n t o  t h e  f l o w  sys- 
tem. F i n a l l y ,  t h e  f l o w  f rom these secondary 
pa ths  appears t o  be p a r t i a l l y  s e n s i t i v e  t o  t h e  
p r e s s u r e  d i f f e r e n c e  be tween t h e  i n l e t  and 
o u t l e t  and probab ly ,  t o  t h e  o v e r a l l  l e v e l  o f  
p r e s s u r i z a t i o n  o f  t he  r e s e r v o i r .  

S e i s m i c i t y  Seismic m o n i t o r i n g  was conducted 
f o r  a l l  t h e  run segments w i t h  a su r f ace  se i s-  
mic a r r a y  and d u r i n g  p o r t i o n s  o f  Run Segments 
4 and 5, and SUE, w i t h  downhole geophone pack- 
ages p o s i t i o n e d  i n  t h e  r e s e r v o i r  v i c i n i t y .  
The o b j e c t i v e  o f  t h i s  m o n i t o r i n g  was t o  eva lu-  
a t e  p o t e n t i a l  se ismic  r i s k s  assoc ia ted  w i t h  
HDR geothermal energy e x t r a c t i o n .  The l a r g e s t  
event  de tec ted  i n  Run Segment 4 w i t h  t h e  down- 
h o l e  package had a magnitude o f  -1.5. The en- 
ergy  re l ease  o f  a -1.5 magnitude mic rose ismic  
event  i s  r ough l y  equ i va len t  t o  t h a t  o f  a 10 kg 
mass dropped 3 m. Fur thermore,  t h i s  event  
occur red  du r i ng  t he  h i g h  back- pressure stage. 
Dur ing  t h e  low back-pressure stage, more t y p i -  
c a l  o f  o r d i n a r y  h e a t - e x t r a c t i o n  c o n d i t i o n s ,  
t h e  l a r g e s t  event  was -3. Du r i ng  t h e  286-day 
Run Seqment 5, 13 microearthquakes rang ing  
between -1.5 and 0.5 were recorded by t h e  
su r f ace  seismic a r ray .  These events were 
l o c a t e d  about 200 m n o r t h  o f  EE-2 a t  a depth 
o f  about 1 km. The events a re  n o t  r e l a t e d  t o  
Run Segment 5 a c t i v i t i e s ,  b u t  r a t h e r  t o  t h e  
d r i l l i n g  o f  EE-2 and EE-3. 

Conclus ions The r e s e r v o i r s  o f  t h e  Phase I HDR 
geothermal energy system have e x h i b i t e d  growth 
t h r o u g h  a l l  segments o f  o p e r a t i o n .  T h i s  
growth r e s u l t e d  f rom p r e s s u r i z a t i o n ,  c o o l i n g  
( thermal  c o n t r a c t i o n ) ,  and f r a c t u r e - f a c e  d i s -  
placement o r  movement. Du r i ng  t h e  e a r l y  t i m e  
exper iments (Run Segments 2 and 3) thermal  
drawdown was s i g n i f i c a n t  due t o  t h e  small s i z e  
o f  t h e  r e s e r v o i r  i n v o l v e d  (90°C f o r  Segment 2 
and 37OC f o r  Segment 3). I n  t h e  l a t e r  e x p e r i -  
ments, drawdown was much l e s s  s i g n i f i c a n t  due 
t o  t h e  l a r g e r  r e s e r v o i r .  No drawdown was 
observed d u r i n g  Segment 4, and d u r i n g  Segment 
5 ope ra t i ons ,  t h e  r e s e r v o i r  sus ta ined o n l y  an 
8OC thermal  drawdown a f t e r  286 days. Model ing 
o f  t h e  Phase I r e s e r v o i r s  l e d  t o  an es t imated  
h e a t - t r a n s f e r  area o f  8000 m 2  f o r  Run Segment 
2, w h i l e  by t h e  end o f  Run Segment 5 t h e  heat-  
t r a n s f e r  area was es t imated  t o  be 45 000 t o  
50 000 m2, about s i x  t imes l a r g e r .  Measured 
t r a c e r  volumes suggested a f r a c t u r e  area o f  
80 000 m 2  by t h e  end o f  Segment 5. Modal 
volume o f  t h e  r e s e r v o i r  has grown f rom 11 t o  
266 m 3  th rough t h e  course o f  Phase I e x p e r i -  
ments. 

Water l osses  were ve ry  encouraging because, 
f o r  comparable o p e r a t i n g  p ressure  c o n d i t i o n s ,  
o n l y  a 30% inc rease  o f  water  l o s s  was observed 
f o r  a s i x f o l d  i nc rease  i n  h e a t - t r a n s f e r  area. 
The impedance remained cons tan t  th roughout  Run 
Segment 5 a t  about 1.6 GPa s/m3. Th i s  i s  i n  

c o n t r a s t  w i t h  t h e  Run Segment 2 r e s e r v o i r  t h a t  
e x h i b i t e d  a sharp d e c l i n e  i n  t h e  impedance, 
presumably due t o  t h e  l a r g e  thermal  drawdown 
t h a t  t h e  sys tem e x p e r i e n c e d .  Geochemica l  
m o n i t o r i n g  o f  t h e  system p rov ided  va luab le  
i n s i g h t  concern ing  p o r e - f l u i d  d isplacement and 
f l ow  connec t ions  i n  t h e  r e s e r v o i r .  The con- 
c e n t r a t i o n s  o f  d i s s o l v e d  c h e m i c a l s  i n  t h e  
produced water  were r e l a t i v e l y  low and t h e  pH 
was near n e u t r a l ,  so t h e  produced water  was o f  
good q u a l i t y  and problems w i t h  c o r r o s i o n  o r  
s c a l i n g  of su r f ace  equipment have been m i n i -  
mal. Seismic a c t i v i t y  i n  t h e  Phase I rese r-  
v o i r s  has been i n s i g n i f i c a n t .  Events assoc i-  
a ted  w i t h  heat  e x t r a c t i o n  have measured l e s s  
than minus one on t h e  e x t r a p o l a t e d  R i c h t e r  
sca l  e, 
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