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ABSTRACT 

Tracer  and geochemis t ry  measurements i n  
f r a c t u r e d  Hot Dry Rock ( H D R )  geothermal 
r e s e r v o i r s  a r e  u s u a l l y  performed a f t e r  a 
f r a c t u r e  connec t ion  has been e s t a b l i s h e d  and 
c o n s t a n t ,  n e a r l y  equa l  i n l e t  and o u t l e t  f low 
r a t e s  have been achieved .  However, d u r i n g  
h y d r a u l i c  f r a c t u r i n g  exper iments  des igned  t o  
c r e a t e  a low-impedance f r a c t u r e  connec t ion  
between two w e l l s ,  t h e  i n l e t  and o u t l e t  f low 
r a t e s  can be d r a m a t i c a l l y  d i f f e r e n t  and can 
va ry  d u r i n g  t h e  t e s t ,  f o r c i n g  us  t o  r e v i s e  
t h e  common a n a l y t i c a l  methods f o r  
i n t e r p r e t i n g  t r a c e r  response  cu rves  and 
geochemis t ry  behavior .  

This s tudy  p r e s e n t s  t r a c e r  and geochemis t ry  
d a t a  from s e v e r a l  h y d r a u l i c  f r a c t u r i n g  
exper iments  a t  t h e  Fenton H i l l ,  NM, HDR 
geothermal  r e s e r v o i r .  T race r s  have been 
i n j e c t e d  a t  v a r i o u s  t i m e s  d u r i n g  t h e s e  tests: 
1 )  i n i t i a l l y ,  be fo re  any f low communication 
e x i s t e d  between the  w e l l s ;  21 s h o r t l y  a f t e r  a 
f low connect ion  was e s t a b l i s h e d ;  and 3 )  a f t e r  
t h e  o u t l e t  f low had i n c r e a s e d  t o  i t s  s t e a d y  
s t a t e  va lue .  An i d e a l i z e d  f low model 
c o n s i s t i n g  of a combination of main f r a c t u r e  
f low p a t h s  and f l u i d  l eakof f  i n t o  secondary  
p e r m e a b i l i t y  e x p l a i n s  t h e  d i f f e r e n t  t r a c e r  
response  curves  f o r  t h e s e  c a s e s ,  and a l lows  
us  t o  p r e d i c t  t h e  f r a c t u r e  volume of t h e  main 
p a t h s .  

The geochemis t ry  d u r i n g  t h e s e  exper iments  
suppor t s  our p r e v i o u s l y  developed models 
p o s t u l a t i n g  t h e  e x i s t e n c e  of a h igh  
c o n c e n t r a t i o n  ind igenous  “pore f l u i d  . “ Also,  
t h e  q u a r t z  and Na-K-Ca qeothermometers have 
been used s u c c e s s f u l l y  t o  i d e n t i f y  t h e  
t empera tu res  and dep ths  a t  which f l u i d  
t r a v e l e d  wh i l e  i n  t h e  r e s e r v o i r .  The q u a r t z  
geothermometer i s  somewhat more r e l i a b l e  
because a t  t h e s e  h igh  t empera tu res  ( abou t  
250”C) t h e  i n j e c t e d  f l u i d  can come t o  
e q u i l i b r i u m  wi th  q u a r t z  i n  t h e  r e s e r v o i r .  
The Na-K-Ca geothermometer relies on 
o b t a i n i n g  a sample of t h e  ind igenous  pore  
f l u i d ,  and thus  i s  somewhat s u s c e p t i b l e  t o  
problems of d i l u t i o n  wi th  t h e  i n j e c t i o n  
f l u i d  . 

INTRODUCTION AND BACKGROUND 

The ho t  d r y  rock geothermal concept  c u r r e n t l y  
be ing  developed a t  t h e  Fenton H i l l ,  NM and 
Rosemanowes Quarry,  Cornwall  UK geothermal 
s i t e s  c o n s i s t s  of c r e a t i n g  a network of 
h igh -pe rmeab i l i t y  f r a c t u r e s  between two 
we l lbo res  d r i l l e d  i n t o  h o t  g r a n i t e  o r  
c r y s t a l l i n e  basement rock of low i n h e r e n t  
p e r m e a b i l i t y  ( s e e  F igure  1 ) .  Water is 
c i r c u l a t e d  down one we l lbo re ,  through t h e  
l a r g e  volume of h o t  rock de f ined  by t h e  
f r a c t u r e  network, and i s  c o l l e c t e d  and 
brought  t o  t h e  s u r f a c e  a s  hea ted ,  p r e s s u r i z e d  
water  t o  be u t i l i z e d  f o r  e l e c t r i c i t y  
gene ra t ion .  The c r e a t i o n  and 
c h a r a c t e r i z a t i o n  of t h e  downhole f r a c t u r e  
network of t h e  Fenton H i l l  r e s e r v o i r  has  been 
t h e  goa l  o f  t h e  Los Alamos HDR p r o j e c t  f o r  
t h e  p a s t  t h r e e  yea r s .  The r o l e  of t r a c e r s  
and geochemis t ry  i n  t h i s  e f f o r t  is r e p o r t e d  
i n  t h e  p r e s e n t  s tudy .  

I n  p rev ious  HDR r e s e r v o i r  s t u d i e s ,  t r a c e r s  
and geochemis t ry  have been used e x t e n s i v e l y  
i n  systems which have a l r e a d y  been c r e a t e d  
and s t eady  s t a t e  c i r c u l a t i o n  e s t a b l i s h e d  
(Tester e t  a l . ,  1982, Gr igsby ,  1983, Robinson 
and T e s t e r ,  1984) .  Trace r s  a r e  used t o  
measure t h e  f r a c t u r e  volume of both m a i n a n d  
secondary  f low p a t h s  and t o  e s t i m a t e  t h e  f low 
s p l i t  among f r a c t u r e s  of va r ious  
p e r m e a b i l i t i e s  (Robinsonoand T e s t e r ,  1984) .  
The t r a c e r  modal volume V, t h e  produced f l u i d  
volume cor responding  t o  t h e  peak of t h e  
t r a c e r  response  cu rve ,  is a good measure of 
t h e  f r a c t u r e  void volume of t h e  main f low 
pa ths .  I n  p r e v i o u s l y  ope ra t ed  r e s e r v o i r s  i n  
which tracer and long>-term engrgy e x t r a c t i o n  
measurements have been made, V can be 
c o r r e l a t e d  roughly  wi th  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  as determined from 
produced f 1ui.a tempera tufe  d e c l i n e  over  t ime. 
F igu re  2 i l l u s t r h t e s  t h i s  c o r r e l a t i o n .  The 
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  i s  t h e  
a r e a  of a s i n g l e  f r a c t u r e  which would r e s u l t  
i n  t h e  measured r a t e  of produced f l u i d  
cooldown, and thus  i s  obv ious ly  a 
s i m p l i f i c a t i o n .  Nonethe less ,  t h e  c o r r e l a t i o n  
i m p l i e s  t h a t  a s i n g l e  measurement of f r a c t u r e  
volume us ing  t r a c e r s  can p rov ide  an e s t i m a t e ,  
s u b j e c t  t o  u n c e r t a i n t i e s ,  of t h e  h e a t  
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t r a n s f e r  c a p a c i t y  of an HDR r e s e r v o i r .  
Geochemical behavior  i n  t h e s e  c i r c u l a t i n g  
sys tems can be t r e a t e d  wi th  a n a l y t i c a l  
t echniques  s i m i l a r  t o  those  of t r a c e r  
s t u d i e s .  Grigsby (1984)  has  o u t l i n e d  t h e  
theo ry  necessa ry  t o  e v a l u a t e  exper iments  i n  
which t h e  geochemical c o n t e n t  of t h e  i n j e c t e d  
f l u i d  i s  changed t empora r i ly .  The q u a r t z  and 
Na-K-Ca geothermometers have a l s o  been used 
i n  r e s e r v o i r  e v a l u a t i o n .  

Unfo r tuna te ly ,  d u r i n g  t h e  h y d r a u l i c  
f r a c t u r i n g  of an HDR r e s e r v o i r ,  t h e  
i n t e r p r e t a t i o n  of t r a c e r  and geochemis t ry  
d a t a  i s  much more complex and s u b j e c t  t o  
uncer ta in t .y .  In  t h e  f r a c t u r i n g  exper iments  
desc r ibed  below, l i t t l e  o r  no h y d r a u l i c  
communication e x i s t e d  when pumping began. A s  
a tes t  proceeded, t h e  o u t l e t  f low r a t e  
i n c r e a s e d ,  and t h e  r a t i o  of f l u i d  produced t o  
f l u i d  s t o r e d  i n  t h e  f r a c t u r e  system 
dec reased .  Thus t h e  t iming  of the  t r a c e r  
i n j e c t i o n  and t h e  i n l e t  and o u t l e t  f l u i d  f low 
r a t e s  a f f e c t  t h e  t r a c e r  response  i n  a manner 
u n l i k e  t h a t  exper ienced  i n  t h e  s t e a d y  s t a t e  
tests,  Geochemistry is d i f f i c u l t  t o  
i n t e r p r e t  a s  a t r a c e r  i n  t h e s e  expe r imen t s ,  
b u t  t h e  geothermometers a r e  a c t u a l l y  more 
u s e f u l  i n  t h e s e  t r a n s i e n t  t e s t s  f o r  
de te rmining  t empera tu res  and dep ths  a t  which 
f l u i d  i s  be ing  produced. F r a c t u r i n g  
exper iments  of the so -ca l l ed  Phase I1 
r e s e r v o i r  a t  Fenton H i l l  a r e  desc r ibed  below, 
and t r a c e r  and geochemical t echn iques  a r e  
developed t o  e v a l u a t e  t h e  r e s e r v o i r  f r a c t u r e  
system. 

THE FENTON HILL PHASE I1 CAMPAIGN 

The Phase 11 campaign a t  t h e  Fenton H i l l  
geothermal s i t e  is  des igned  t o  demonst ra te  
t h e  commercial f e a s i b i l i t y  of t h e  HDR 
geothermal  energy  concept .  The f i r s t  
r e s e r v o i r s  proved t h e  t e c h n i c a l  m e r i t s  of t h e  
concept ,  b u t  t.he r e s e r v o i r  l i f e t i m e s  and 
thermal  energy  p roduc t ion  l e v e l s  were too  
sma l l  i n  t h e s e  p ro to type  sys tems t o  be 
commercially i n t e r e s t i n g .  F igure  3 p rov ides  
a u s e f u l  r e f e r e n c e  f o r  t h e  fo l lowing  
d e s c r i p t i o n  of e v e n t s .  In August 1982, two 
new we l lbo res  (EE-2 and EE-3) were d r i l l e d  t o  
a dep th  of abou t  3.9 km, wi th  t h e  f i n a l  1.4 
km i n c l i n e d  a t  an ang le  up t o  35' from 
v e r t i c a l .  S e v e r a l  h y d r a u l i c  f r a c t u r i n g  
exper iments  w e r e  performed i n  both  w e l l s  
w i thou t  ach iev ing  t h e  d e s i r e d  f low 
communication between EE-2 and EE-3. The 
most impor t an t  of t h e s e  w a s  Experiment 2032, 
i n  which a t o t a l  of 21000 m of wa te r  was 
i n j e c  ed i n  EE-2 a t  an average  f low r a t e  of 
0.1 m / s e c  and 48 MPa s u r f a c e  p r e s s u r e .  
House e t  a l .  (1985)  p re sen ted  an a n a l y s i s  of 
t h e  microse ismic  e v e n t s  l o c a t e d  du r ing  t h i s  
f r a c t u r i n g  exper iment ,  and one p e r s p e c t i v e  of 
t h e s e  e v e n t s  a r e  shown i n  F igure  3. 

A s  evidenced by t h e  s e i s m i c i t y ,  t h e  i n j e c t e d  
f l u i d  s t i m u l a t e d  a series of f r a c t u r e s  which 

3 

s 

were e s s e n t i a l l y  p a r a l l e l  t o  t h e  two 
w e l l b o r e s ,  and t h u s  t h e  i n t e r s e c t i o n  of t h e  
two h o l e s  wi th  a network of f lowpaths  was n o t  
p o s s i b l e  wi th  t h i s  w e l l b o r e / f r a c t u r e  
geometr ic  c o n f i g u r a t i o n .  Thus it was dec ided  
t o  r e d r i l l  t h e  bottom p o r t i o n  of we l lbo re  
EE-3 t o  i n t e r s e c t  t h e  3-dimensional "c loud"  
of mic rose i smic i ty  l o c a t e d  d u r i n g  Experiment 
2032. F igure  3 a l s o  shows t h e  n e a r l y  
v e r t i c a l  t r a j e c t o r y  of t h e  new s e c t i o n  of 
we l lbo re  c a l l e d  EE-3A. 

Th i s  r e d r i l l i n g  was i n t e r r u p t e d  and fo l lowed 
by s e v e r a l  h y d r a u l i c  p r e s s u r i z a t i o n  
exper iments  i n  t h e  new EE-3A we l lbo re ,  two of 
which were s u c c e s s f u l  i n  c r e a t i n g  t h e  d e s i r e d  
f r a c t u r e  f low communication between t h e  two 
h o l e s .  Hydraul ic  f r a c t u r i n g  i s  a lmost  
c e r t a i n l y  a misnomer h e r e ,  a s  t h e  pumping 
most l i k e l y  r e s u l t e d  i n  r e s t i m u l a t i o n  of t h e  
e x i s t i n g  f lowpaths  c r e a t e d  d u r i n g  Experiment 
2032 desc r ibed  above. However, a f t e r  s e v e r a l  
y e a r s  of f l u i d  d i f f u s i o n  away from t h i s  
s t i m u l a t e d  zone, t h e  j o i n t s  r e q u i r e d  more 
p r e s s u r i z a t i o n  t o  i n c r e a s e  t h e i r  h y d r a u l i c  
c o n d u c t i v i t y .  This was done us ing  a newly 
des igned  openhole packe r ,  which allowed 
s p e c i f i c  i n t e r v a l s  of we l lbo re  EE-3A t o  be 
p r e s s u r i z e d  independent ly .  Another e s s e n t i a l  
reason  f o r  t h e  openhole packer  i s  t h e  
e x i s t e n c e  i n  t h e  openhole r eg ion  a t  3.1 km 
(10250 f t )  of a h igh -pe rmeab i l i t y  zone which 
a c c e p t s  l a r g e  amounts of f l u i d  a t  low 
p r e s s u r e s .  This  zone i s  n o t  connected t o  
EE-2, and e l i m i n a t e s  any a t t e m p t  t o  pump 
f l u i d  i n t o  t h e  format ion  a t  lower dep ths  
wi thou t  a packe r .  

There a r e  f o u r  packer  f low s t i m u l a t i o n  t e s t s  
f o r  which t h e r e  a r e  t r a c e r  and/or  
geochemis t ry  d a t a  of i n t e r e s t .  Experiment 
2032, t h e  massive h y d r a u l i c  f r a c t u r i n g  
exper iment  i n  we l lbo re  EE-2, was desc r ibed  
e a r l i e r .  Experiment 2059 was t h e  f i r s t  
s u c c e s s f u l  a t t e m p t  i n  t h e  Phase I1 r e s e r v o i r  
t o  ach ieve  h y d r a u l i c  communication between 
t h e  w e l l s .  I t  was performed wi th  t h e  packer  
s e t  a t  a r e l a t i v e l y  sha l low depth  i n  EE-3A. 
A second s t i m u l a t i o n  test, Experiment 2061, 
p r e s s u r i z e d  a r eg ion  much deeper  i n  t h e  
we l lbo re ,  w i th  a much g r e a t e r  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 t a r g e t  
p roduc t ion  r e g i o n s .  I n  t h i s  i n s t a n c e  
h y d r a u l i c  communication was no t  e s t a b l i s h e d .  
F i n a l l y ,  Experiment 2062 c r e a t e d  a second s e t  
of f low p a t h s  connec t ing  t h e  w e l l s .  The 
packer  was set  a t  an i n t e r m e d i a t e  dep th ,  and 
a f t e r  8 hours  of pumping, i n t e r w e l l  f low was 
achieved .  

TRACm DATA ANALYSIS 

The pr imary  g o a l  of HDR r e s e r v o i r  modeling i s  
t o  e s t i m a t e  t h e  r e s e r v o i r  h e a t  t r a n s f e r  
c a p a c i t y  and t h u s  t h e  p o t e n t i a l  l i f e t i m e  of 
t h e  system. The t r a c e r  modal volume V has  
been shown t o  be u s e f u l  i n  t h i s  r ega rd  when 
s t e a d y  s t a t e  c i r c u l a t i o n  exper iments  a r e  
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performed ( F i g u r e  2 ) .  Since  t h i s  volume i s  
b e s t  thought  of  as t h e  f r a c t u r e  volume 
a s s o c i a t e d  w i t h  t h e  main f r a c t u r e  f l o w  p a t h s ,  
t h i s  c o r r e l a t i o n  is n o t  s u r p r i s i n g :  t h e  most 
d i r e c t  h y d r a u l i c  connec t ions  a r e  l i k e l y  t o  
c o o l  most r a p i d l y ,  and t h u s  c o n t r o l  t h e  h e a t  
t r a n s f e r  c a p a c i t y .  

When t r a c e r  exper iments  are c a r r i e d  o u t  
d u r i n g  t h e  pumping exper iments  d e s c r i b e d  
below, t h e  i n l e t  f l o w  r a t e  was l a r g e r  than  
t h e  o u t l e t  r a t e  as t h e  h y d r a u l i c  connec t ion  
was developed.  This  n e t  accumula t ion  of  
water  i n  t h e  r e s e r v o i r  must be accounted f o r  
t o  c a l c u l a t e  t h e  volume of  t h e  main f r a c t u r e  
f l o w  p a t h s .  This  s i t u a t i o n  i s  d e p i c t e d  
s c h e m a t i c a l l y  i n  F igure  4, which assumes 
i n t e r w e l l  f low through t h e  main j o i n t s  and 
f l u i d  l e a k o f f  i n t o  secondary  p e r m e a b i l i t y .  
Tracer  t r a v e l s  through t h e  main f r a c t u r e s  
m o s t  r a p i d l y  near  t h e  i n l e t  and s l o w s  down 
due t o  w a t e r  l e a k o f f  w i t h  d i s t a n c e  o r  volume 
u n t i l  i t  is  t r a v e l i n g  a t  t h e  p r o d u c t i o n  f low 
r a t e  when i t  l e a v e s  t h e  system. The unknown 
i s  t h e  main f r a c t u r e  volyme (assumed t o  be 
t h e  tracer modal volume V ) ,  which i s  found 
from t h e  f o l l o w i n g  i n t e g r a t i o n :  

0 Jo 
z i s  t h e  measured modal r e s i d e n c e  t i m e  and 
t h e  independent  v a r i a b l e  V is t h e  f r a c t i o n a  
v o l q e  of  t h e  main p a t h s  ( 0  a t  t h e  e n t r a n c e  
and V a t  t h e  e x i t ) .  An e x p r e s s i o n  f o r  Q = 
Q ( V )  i s  needed so d e r i v e  an a n a l y t i c a l  
e x p r e s s i o n  f o r  V. The s i m p l e s t  p o s s i b l e  
r e l a t i o n  is o b t a i n e d  by assuming a l i n e a r  
d e c l i n e  i n  f l o w  r a t e  wi th  V ,  or 

S u b s t i t u t i n g  Eqn. ( 2 )  i n t o  ( l ) ,  w e  o b t a i n ,  
a f t e r  i n t e g r a t i o n  and rear rangement :  

( 2 )  

( 3 )  

Perhaps a more r e a l i s t i c  r e p r e s e n t a t i o n  of  
t h e  f low ra te  i s  o b t a i n e d  by assuming a 
l i n e a r  p r e s s u r e  d e c l i n e  a l o n g  t h e  main 
f r a c t u r e s ,  imply ing  t h a t  t h e  f r a c t i o n a l  water 
loss l i n e a r l y  d e c r e a s e s .  Assuming no water 
loss t o  t h e  format ion  a t  V=V, t h e  a p p r o p r i a t e  
e x p r e s s i o n  f o r  t h e  f l o w  r a t e  f o r  t h i s  model 
i s  

Q = Qin - 2(Qout-Qin) (+[3 - t) ( 4 )  

\ I When Eqn. ( 4 )  is  s u b s t i t u t e d  i n t o  Eqn. ( l ) ,  
t h e  r e s u l t i n g  e x p r e s s i o n  f o r  V 
i s  

0 
- +  

Qout ( Qin-Qout ’ 
Qou t 

( 5 )  

Equat ions ( 3 )  and ( 5 )  w i l l  be used t o  
e v a l u a t e  two of  t h e  tracer exper iments  below. 

Experiment 2 0 5 9 :  This  exper iment  was  t h e  
f i r s t  f r a c t u r i n g  t es t  i n  t h e  Phase I1 
r e s e r v o i r  which r e s u l t e d  i n  a s u c c e s s f u l  
connec t ion  between t h e  w e l l s .  To prove t h a t  
t h e  v e n t  f l u i d  a t  EF-2 w a s  indeed caused by 
f l u i d  i n j e c t e d  a t  EE-3, 1 kg of  sodium 
f l u o r e s c e i n  dye was p laced  i n  t h e  i n j e c t i o n  
w e l l  b e f o r e  pumping began. C o l o r i m e t r i c  
measurements o f  t h e  produced f l u i d  u s i n g  a 
W - v i s i b l e  spec tophotometer  v e r i f i e d  t h e  
p r e s e n c e  of  t h e  dye. U n f o r t u n a t e l y ,  t h e  
s t r a t e g y  of  p l a c i n g  t h e  t r a c e r  i n  t h e  w e l l  
b e f o r e  pumping began made t h e  e x t r a c t i o n  of 
q u a n t i t a t i v e  i n f o r m a t i o n  about  t h e  r e s e r v o i r  
n e a r l y  imposs ib le .  A f t e r  t h e  p r o d u c t i o n  w e l l  
had vented t h e  e n t i r e  w e l l b o r e  volume, tracer 
immediately appeared i n  t h e  f l u i d ,  s u g g e s t i n q  
t h a t  t h e  tracer f r o n t  had t r a v e r s e d  t h e  
e n t i r e  w e l l b o r e  s e p a r a t i o n  d i s t a n c e  b e f o r e  
v e n t i n g  began. Given t h i s  s i t u a t i o n ,  i t  i s  
d i f f i c u l t  t o  e s t i m a t e  t h e  t racer  t r a n s i t  t i m e  
* t o  use  i n  Fqns. ( 3 )  and (5). 

The only  r e l i a b l e  q u a n t i t a t i v e  i n f o r m a t i o n  
from t h i s  tracer t e s t  i s  t h e  t o t a l  mass o f  
t r a c e r  c o l l e c t e d  d u r i n g  t h e  v e n t .  I n  t h i s  
t e s t  3 2 %  of t h e  t r a c e r  i n j e c t e d  i n t o  EF-3 was 
c o l l e c t e d  a t  EE-2, compared t o  an expec ted  
maximum of 47%,  which is t h e  r a t i o  of  t h e  
water volume vented  t o  t h e  amount i n j e c t e d .  
T h i s  recovery  (68% of  t h e  expec ted  maximum) 
seems q u i t e  h igh ,  e s p e c i a l l y  s i n c e  t h e  
r e s e r v o i r  w a s  n o t  a c l o s e d ,  conf ined  system 
w i t h  l i m i t e d  boundar ies  d u r i n g  t h e  t es t .  
Thus t h e  d a t a  s u g g e s t  t h a t  a s h o r t - c i r c u i t i n g  
f l o w  p a t h  probably  e x i s t s  between t h e  w e l l s ,  
a l l o w i n g  most of  t h e  i n j e c t e d  t r a c e r  t o  reach  
t h e  p r o d u c t i o n  w e l l b o r e  r a p i d l y .  S i n c e  a 
commercial ly  v iab le  h o t  d r y  rock r e s e r v o i r  
r e q u i r e s  a sweep of  f l u i d  through a l a r g e  
rock  volume, t h i s  d i r e c t  i n t e r w e l l  connec t ion  
is n o t  an  a c c e p t a b l e  r e s u l t ,  and f u r t h e r  
h y d r a u l i c  f r a c t u r i n g  exper iments  were c a r r i e d  
o u t .  

Experiment 2062: T h i s  t e s t  w a s  t h e  second 
SUCCeSSfUl a t t e m p t  t o  connec t  w e l l b o r e s  EE-3 
and EE-2 w i t h  a se t  o f  h y d r a u l i c a l l y  
s t i m u l a t e d  f r a c t u r e s ,  t h i s  t i m e  w i t h  t h e  
i n j e c t i o n  r e g i o n  a t  a d e p t h  a b o u t  150 m 
deeper  i n  EE-3A. The d i f f i c u l t i e s  i n  
q u a n t i t a t i v e l y  a n a l y z i n g  t h e  d a t a  of  t h e  
p r e v i o u s  t r a c e r  t es t  l e d  to  changes i n  t h e  
tracer i n t e r r o g a t i o n  s t r a t e g y  f o r  t h i s  
exper iment ,  w i t h  s i g n i f i c a n t l y  improved 
r e s u l t s .  The foremost r u l e  l e a r n e d  from 
Experiment 2059 w a s  t h a t  tracer should  be  
i n j e c t e d  o n l y  a f t e r  a h y d r a u l i c  connec t ion  i s  
achieved .  A l s o ,  d u r i n g  t h e  tracer tes t  t h e  
i n l e t  and o u t l e t  f l o w  rates should  be k e p t  a s  
c o n s t a n t  a s  p o s s i b l e  to  minimize unwanted 
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t r a n s i e n t s .  Two t r a c e r  exper iments  were 
performed d u r i n g  Experiment 2062. The f i r s t  
w a s  a 0.91 kg ( 2  l b )  sodlum f l u o r e s c e i n  dye 
p u l s e  i n j e c t e d  e a r l y  a f t e r  t h e  p r o d u c t i o n  
v e n t  began. I n  t h e  second exper iment ,  a f t e r  
t h e  i n l e t  and o u t l e t  f l o w  rates  w e r e  more 
n e a r l y  e q u a l ,  t h r e e  tracers w e r e  i n j e c t e d :  
0.91 kg ( 2  l b )  sodium f l u o r e s c e i n  dye ,  113.6 
kg (250 l b )  sodium bromide, N a B r ,  and 22.7 kg 
(50 l b )  sodium n i t r a t e ,  NaN03. The_ N a B r  and 

N a N 0 3  w e r e  ana lyzed  f o r  B r  
r e s p e c t i v e l y ,  u s i n g  an an ion  chromatograph. 
F i g u r e s  5 and 6 show the t r a c e r  responses  f o r  
t h e s e  two exper iments ,  w i t h  t h e  o r d i n a t e  
c o r r e c t e d  f o r  background l e v e l s  and wel lbore  
r e s i d e n c e  times, and t h e  c o n c e n t r a t i o n  i s  
normalized so t h a t  t h e  a r e a  under  t h e  curve  
would be u n i t y  f o r  complete  recovery  of  a l l  
i n j e c t e d  t r a c e r .  F igure  5 compares the 
normalized response  c u r v e s  f o r  t h e  t h r e e  
t r a c e r s  i n j e c t e d  i n  t h e  second exper iment .  
S ince  t h e  peak response  f o r  a l l  t h r e e  t r a c e r s  
o c c u r r e d  s i m u l t a n e o u s l y ,  a l l  t racers are 
non-adsorbing t o  w i t h i n  t h e  l i m i t  of  
m e a s u r a b i l i t y .  The d i f f e r e n c e s  i n  response  
c u r v e s  a r e  most l i k e l y  due t o  measurement 
d i f f i c u l t i e s  a t  h igh  c o n c e n t r a t i o n  i n  t h e  
case of  t h e  dye,  and p o s s i b l e  d e g r a d a t i o n  of  
NO- f o r , t h e  n i t r a t e .  Nonethe less ,  t h e  modal 
vo3ume V can be a c c u r a t e l y  detgrmined:  based 
03 t h e  produced f l u i d  volume, V i s  260 220 
m .  

and NO3, 

F i g u r e  6 compares t h e  dye tracer responses  
f o r  t h e  t w o  tracer tests i n  Experiment 2062. 
The d i s c r e p a n c y  i n  peak response  volumes can 
be e x p l a i n e d  u s i n g  t h e  c o n c e p t u a l  r e s e r v o i r  
models d e s c r i b e d  e a r l i e r .  The f i r s t  t e s t  was 
o p e r a t e d  a t  h i g h e r  i n j e c t i o n  and l o w e r  o u t l e t  
f l o w  r a t e .  Using Fqns. ( 3 )  and (5) t h e  modal 
volume e s t i m a t e s  f o r  t h e  t w o  exper iments  a r e :  

Eqn. ( 3 )  3 Experiment 1:  550 m 3  
Eqn. (5) 

3 371 m 
Experiment 2: 470 m Eqn. ( 3 )  

388 m Eqn. (5) 

For e i t h e r , o f  t h e  models, t h e  c a l c u l a t e d  
v a l u e s  of V f o r  t h e  t w o  tracer tes ts  a g r e e  
adequate ly .  However, t h e  c h o i c e  of t h e  model 
a f f e c t s  t h e  r e s u l t ,  m a k i n g o i t  d i f f i c u l t  t o  
a s s i g n  a p r e c i  e v a l u e  t o  V. I n  round 
numbers, 400 m i s  our  b e s t  e s t i m a t e  f o r  
modal volume f o r  Experiment 2062. As s e e n  i n  
F igure  2,  t h i s  volume is l a r g e r  t h a n  t h a t  of  
any f r a c t u r e  system p r e v i o u s l y  c r e a t e d  a t  
Fenton H i l l .  Consequent ly  the r e s e r v o i r  
l i f e t i m e  should  be c o r r e s p o n d i n g l y  h i g h e r .  
Future  o p e r a t i o n s  w i l l  a t t e m p t  t o  e n l a r g e  t h e  
r e s e r v o i r  s t i l l  more and i n c r e a s e  t h e  
h y d r a u l i c  c o n d u c t i v i t y  between t h e  w e l l s .  

GEOCHEMISTRY RESULTS 

Geochemistry i n  t h e  Fenton H i l l  r e s e r v o i r  i s  
c o n t r o l l e d  by both  a c t i v e  d i s s o l u t i o n  o f  
m i n e r a l s  and d isp lacement  of ind igenous  pore 
f l u i d .  I n  t h e  s t e a d y  s t a t e  o p e r a t i o n a l  mode, 
i n j e c t i o n  of  f r e s h  water  l o w  i n  c o n c e n t r a t i o n  

3 

of  d i s s o l v e d  i o n s  r e s u l t s  i n  behavior  q u i t e  
similar t o  an  i n t e r w e l l  t r a c e r .  However, 
d u r i n g  a h y d r a u l i c  f r a c t u r i n g  exper iment ,  
t r a n s i e n t  e f f e c t s  dominate t h e  e a r l y  
geochemical  behavior .  When a p r e s s u r i z e d ,  
s h u t - i n  p r o d u c t i o n  w e l l  i s  f i r s t  opened, a 
r u s h  of almost pure  pore f l u i d  e n t e r s  t h e  
wel lbore .  As t i m e  p roceeds  and t h e  i n t e r w e l l  
connec t ion  improves,  t h e  pore  f l u i d  becomes 
more and more d i l u t e d  w i t h  i n j e c t i o n  f l u i d  
u n t i l  c o n s t a n t  c o n c e n t r a t i o n s  a r e  reached.  
T h i s  s i t u a t i o n ,  though s imple  t o  d e s c r i b e  
q u a l i t a t i v e l y ,  does n o t  provide  much 
i n f o r m a t i o n  about  f r a c t u r e  volume or 
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 .  

Despite t h i s  f a c t ,  geochemis t ry  i n  t h e  form 
of chemical  geothermometers p r o v i d e s  v a l u a b l e  
i n f o r m a t i o n  about  t h e  f l u i d  tempera ture  and 
hence depth  when it r e s i d e d  i n  t h e  r e s e r v o i r .  
This  tempera ture ,  combined w i t h  a background 
tempera ture  l o g ,  y i e l d s  t h e  d e p t h  a t  which 
f l u i d  t r a v e l e d  i n  t h e  f r a c t u r e  system. The 
t w o  most e f f e c t i v e  geothermometers f o r  t h e  
Fenton H i l l  HDR r e s e r v o i r s  a r e  t h e  q u a r t z  and 
Na-K-Ca geothermometers ,  a l though t h e i r  
a p p l i c a t i o n  i s  somewhat d i f f e r e n t  due t o  t h e  
d i f f e r e n c e  i n  e q u i l i b r a t i o n  t i m e s ,  a s  
d e s c r i b e d  below. 

p u a r t z  Geothermometer: The s o l u b i l i t y  of  
q u a r t z  i n  water  i s  a s t r o n g  f u n c t i o n  of 
tempera ture ,  and t h u s  t h e  c o n c e n t r a t i o n  of  
s i l i c i c  a c i d  i n  a f l u i d  sample can be r e l a t e d  
t o  an  underground f l u i d  tempera ture .  
R i m s t i d t  (1979)  compiled t h e  a v a i l a b l e  
e q u i l i b r i u m  d a t a  and o b t a i n e d  t h e  f o l l o w i n g  
c o r r e l a t i o n  : 

3 
( 6 )  

(1 .881-2.028~10 T-l560/T) 
Cm = 6x104 x 10  

where F' i s  t h e  e q u i l i b r i u m  s o l u b i l i t y  ( i n  
ppm) and T t h e  a b s o l u t e  tempera ture  ( i n  K ) .  

The main q u e s t i o n  of t h e  a p p l i c a b i l i t y  of  
t h i s  r e l a t i o n  r e s i d e s  i n  t h e  assumption o f  
e q u i l i b r i u m .  If i n j e c t e d  f l u i d  does  n o t  s t a y  
i n  t h e  r e s e r v o i r  long  enough t o  r e a c h  
e q u i l i b r i u m ,  e r r o n e o u s l y  l o w  geothermometer 
r e a d i n g s  w i l l  r e s u l t .  
d i s s o l u t i o n  has  been s t u d i e d  by many workers  
( K i t a h a r a ,  1960, Van L i e r  e t  a l . ,  1960, 
S i e b e r t  e t  a l . ,  1963, W e i l l  and Fyfe,  1964, 
S t o b e r ,  1967, and R i m s t i d t ,  19791, and t h e  
r e s u l t s  w e r e  reviewed and f u r t h e r  exper iments  
performed by Robinson (1982) .  The accepted  
ra te  l a w  i n  a c l o s e d  v e s s e l  is :  

The k i n e t i c s  of  q u a r t z  

- dC = ka*(Cm - C )  
d t  ( 7 )  

where k i s  t h e  d i s s o l u t i o n  r a t e  c o n s t a n t  ( i n  
m/sec) and a *  th?  rock  s u r f a c e  area t o  f l u i d  
volume r a t i o  (m- ) .  Thus l /ka*  i s  a 
c h a r a c t e r i s t i c  r e a c t i o n  t i m e ,  and e q u i l i b r i u m  
may be  s a f e l y  assumed f o r  downhole f l u i d  
r e s i d e n c e  t i m e  g r e a t e r  t h a n  t h r e e  times t h i s  
r e a c t i o n  t i m e ,  or z > 3/ka*. I n  a f r a c t u r e d  
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r e s e r v o i r ,  a* = 2/b, where b i s  t h e  average  
f r a c t u r e  a p e r t u r e .  In  r e a l i t y  t h e  f r a c t i o n  
of rock  which i s  q u a r t z  should  a l s o  be 
i n c l u d e d ,  b u t  f o r  t h i s  approximate 
c a l c u l a t i o n  t h i s  r o r r e c t i o n  i s  unnecessary .  
The rate c o n s t a n t  k was found by Robinson 
(1982)  t o  obey en Arrhenius  tempera ture  
dependence wi th  E = 78.3 kJ/mol and A = 
2.112 m/sec. 
c a u i l i b r a t i o n  of t h e  q u a r t z  geothermometer i s  

Thu; t h e  c r i t e r i o n  f o r  

( 8 )  

where 7 i s  i n  hours ,  b i n  m ,  and T i n  K. 
Fquatio; ( 8 )  should  always be used t o  
e v a l u a t e  t h e  l i k e l i h o o d  of chemical  
e q u i l i b i u m  of t h e  q u a r t z  geothermometer, as a 
l a c k  of  e q u i l i b r i u m  w i l l  r e s u l t  i n  
e r r o n e o u s l y  l o w  t e m p e r a t u r e s .  A t y p i c a l  
average  f r a c t u r e  a p e r t  re f o r  HDR r e s e r v o i r s  -Y 
i s  on t h e  o r d e r  of  10 m ( 1  m m ) .  Using t h i s  
v a l u e ,  t h e  approximate e q u i l i b r a t i o n  times 
for  f l o w  i n  h y r a u l i c a l l y  s t i m u l a t e d  f r a c t u r e s  
a t  150, 200, and 250'C a r e  690 h r ,  66 h r ,  and 
10  h r  r e s p e c t i v e l y .  In  t h e  f r a c t u r i n g  
exper iments  ana lyzed  h e r e ,  t h e  downhole 
r e s i d e n c e  t i m e s  a r e  long  enough and 
tempera tures  h i g h  enough f o r  e q u i l i b r a t i o n .  
Note however t h a t  i n  geothermal  systems o f  
i n t e r m e d i a t e  t e m p e r a t u r e  (150-200"C) t h e  
q u a r t z  geothermometer must be used w i t h  
c a u t i o n  when e v a l u a t i n g  t h e  geochemis t ry  of  
i n j e c t i o n - f l o w  exper iments  of l i m i t e d  
d u r a t i o n .  

Other  p o t e n t i a l  problems w i t h  t h e  q u a r t z  
geothermometer are p o l y m e r i z a t i o n  o r  
d e p o s i t i o n  of s i l i c a ,  mixing of f l u i d s  of 
d i f f e r e n t  t e m p e r a t u r e s ,  and f l a s h i n g  d u r i n g  
sample c o l l e c t i o n .  In g e n e r a l ,  t h e  q u a r t z  
geothermometer i s  n o t  a f f e c t e d  s t r o n g l y  by 
d e p o s i t i o n  u n l e s s  long  r e s i d e n c e  times a t  
l a r g e  d e g r e e s  of s u p e r s a t u r a t i o n  are 
encountered ,  such a s  i n  an above ground h e a t  
exchanger  or i n  an i n j e c t i o n  w e l l .  A s  a 
r a s u l t ,  i f  a f l u i d  e q u i l i b r a t e s  w i t h  respect 
t o  q u a r t z  a t  one tempera ture  and t h e n  
e n c o u n t e r s  a section of r e s e r v o i r  a t  a l o w e r  
t empera ture ,  t h e  geothermometer r e a d i n g  a t  
t h e  h i g h e r  tempera ture  i s  preserved .  F l u i d  
d i l u t i o n  and mixing w i l l  o b v i o u s l y  a f f e c t  t h e  
r e a d i n g ,  a l t h o u g h  r e e q u i l i b r a t i o n  a f t e r  
mixing can i n  many cases e l i m i n a t e  t h e  
problem. F l a s h i n g  o f  steam w i l l  r e s u l t  i n  a 
h i g h e r  c o n c e n t r a t i o n  i n  t h e  remaining f l u i d  
sample,  b u t  t h i s  e f f e c t  can be accounted f o r  
p r e c i s e l y  by c a l c u l a t i n g  t h e  steam f r a c t i o n  
u s i n g  an  e n t h a l p y  ba lance .  

Na-K-Ca Geothermometer: T h i s  geothermometer 
p r o v i d e s  a measure of  rock  tempera ture  
through t h e  r a t i o s  of t h e s e  i o n s  i n  s o l u t i o n ,  
which are c o n t r o l l e d  by c a t i o n  exchange 
r e a c t i o n s  among the f e l d s p a r s  and f e l d s p a r  
a l t e r a t i o n  m i n e r a l s  ( F o u r n i e r  and T r u e s d e l l ,  
1973) .  The e m p i r i c a l  r e l a t i o n s h i p  proposed 
by Fournier  and T r u e s d e l l  i s  

where c o n c e n t r a t i o n s  a r e  i n  ppm, T i n  K ,  and 
B = 1/3  f o r  T > 100°C and 4/3 f o r  T < 100°c. 
The major  d i f f e r e n c e  of  t h i s  geothermometer 
from t h e  q u a r t z  measurement i s  t h a t  t h e  
d i s s o l u t i o n / a l t e r a t i o n  r e a c t i o n s  r e q u i r e  much 
l o n g e r  t i m e s  f o r  e q u i l i b r i u m .  Thus o n l y  
f l u i d  p r e s e n t  i n  t h e  r e s e r v o i r  f o r  l o n g  
p e r i o d s  of  t i m e  w i l l  r e f l e c t  t h e  downhole 
tempera ture ,  and i n j e c t e d  f l u i d  w i l l  n o t  
reach  e q u i l i b r i u m  i n  a t y p i c a l  s h o r t  t e r m  
f l o w  test. Nonethe less ,  t h e  e f f e c t s  of  
d i l u t i o n  caused by i n j e c t i o n  o f  c l e a n  f l u i d  
are n o t  g r e a t  s i n c e  t h e  ra t ios  of  i o n s  i n  
s o l u t i o n  a r e  used i n  Equat ion ( 9 ) .  A s  long  
as t h e  f l u i d  samples  c o n t a i n  some of t h e  
r e s e r v o i r  pore f l u i d ,  t h e  geothermometer w i l l  
p r o v i d e  a good measure of downhole 
tempera ture .  Mixing of  f l u i d s  of  somewhat 
d i f f e r e n t  tempera tures  w i l l  a f f e c t  t h e  
r e a d i n g ,  w i t h  t h e  measured r e s u l t  f a l l i n g  i n  
between t h e  tempera tures  of  t h e  f l u i d s  b e f o r e  
mixing.  

Experiment 2032: I n  t h i s  f r a c t u r e  exper iment  
which r e s u l t e d  i n  t h e  microseismic e v e n t s  
shown i n  F igure  3 ,  equipment f a i l u r e  r e s u l t e d  
i n  an u n c o n t r o l l e d  v e n t  back "9 t h e  i n j e c t i o n  
w e l l b o r e  a f t e r  pumping 21000 m of  f l u i d .  
A f t e r  34 hours  of  v e n t i n g  t h e  s i t u a t i o n  
became s a f e  enough t o  c o l l e c t  s e v e r a l  f l u i d  
samples .  Table  1 shows t h e  q u a r t z  and 
Na-K-Ca geothermometer r e a d i n g s  o f  t h e s e  
samples .  S i n c e  f l a s h i n g  occured d u r i n g  t h e  
v e n t ,  t h e  q u a r t z  geothermometer r e a d i n g s  
u s i n g  t h e  simple e q u i l i b r i u m  r e l a t i o n s h i p  a r e  
a r t i f i c i a l l y  h igh .  Grigsby and Matsunaga 
(1984)  have c o r r e c t e d  t h e s e  v a l u e s  f o r  t h e  
c o n d i t i o n s  a t  Fenton H i l l  (where t h e  b o i l i n q  
p o i n t  of  water  is 90°C) and o b t a i n e d  an 
average  v a l u e  of 216OC. Both geothermometers  
g i v e  a tempera ture  of  a b o u t  215OC, which i s  
approximate ly  e q u a l  t o  t h e  i n i t i a l  rock 
t empera tu re  a t  t h e  i n j e c t i o n  depth  d u r i n g  
t h i s  experiment .  This  s u g g e s t s  t h a t  t h e  
i n j e c t e d  f l u i d  t r a v e l e d  away from t h e  
i n j e c t i o n  r e g i o n  w i t h  no tendency t o  f low 
p r e f e r e n t i a l l y  e i t h e r  upward o r  downward. 
The s e i s m i c  e v e n t  l o c a t i o n s  ( F i g u r e  3 )  a g r e e  
w i t h  t h i s  c o n c l u s i o n .  Although t h i s  may n o t  
seem s u r p r i s i n g ,  a l a t e r  exper iment  d e s c r i b e d  
b e l o w  (Experiment  2061) r e s u l t e d  i n  a 
d i f f e r e n t  c o n c l u s i o n ,  and t h e  geochemis t ry  
e v a l u a t i o n  added t o  t h e  i n t e r p r e t a t i o n  o f  t h e  
test. 

Experiment 2059: T h i s  test  was t h e  f i r s t  t o  
r e s u l t . i n  i n t e r w e l l  f l o w ,  and the geochemical  
measurements i n  t h i s  case w e r e  of produced 
f l u i d  r a t h e r  t h a n  water  be ing  vented  back up 
t h e  i n j e c t i o n  w e l l .  The f i r s t  few samples 
w e r e  s imply  f l u i d  r e s i d i n g  i n  t h e  product ion  
w e l l  and n o t  i n d i c a t i v e  of r e s e r v o i r  chemical  
c o n d i t i o n s .  Once t h i s  f l u i d  was d i s p l a c e d ,  
t h e  Na-K-Ca c o n c e n t r a t i o n s  l i s t e d  i n  Table  1 
i n d i c a t e  a f l u i d  tempera ture  of  240-250OC. 
T h i s  range a g r e e s  w i t h  t h e  i n i t i a l  rock  
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t empera ture  a t  t h e  known i n j e c t i o n  r e g i o n ,  
determined p r e c i s e l y  from a tempera ture  l o g  
performed a f t e r  t h e  experiment .  The f l u i d  
a p p a r e n t l y  s h o r t - c i r c u i t e d  d i r e c t l y  from one 
w e l l  t o  t h e  o t h e r ,  and showed no tendency t o  
t a k e  a more c i r c u i t o u s  r o u t e  downward b e f o r e  
r e a c h i n g  t h e  p r o d u c t i o n  w e l l .  I f  i t  had 
t r a v e l e d  downward, h i g h e r  geothermometer 
measurements would have been o b t a i n e d .  The 
d e c l i n e  i n  t h e  geothermometer tempera tures  
d u r i n g  t h e  exper iment  are probably  due t o  
f l u i d  mixing which occured d u r i n g  t h e  
experiment .  These e f f e c t s  a r e  d i f f i c u l t  t o  
d i s c e r n  wi th  t h e  geothermometers ,  which smear 
t h e  a c t u a l  downhole tempera tures  i n t o  an 
average  tempera ture .  

Experiment 2061: During t h i s  u n s u c c e s s f u l  
a t t e m p t  t o  c r e a t e  more f r a c t u r e  f l o w  
c o n n e c t i o n s  between t h e  w e l l s ,  samples  of t h e  
ventback f l u i d  w e r e  c o l l e c t e d .  The q u a r t z  
and Na-K-Ca geothermometers do n o t  a g r e e  i n  
t h i s  case. W e  b e l i e v e  t h a t  d i l u t i o n  and 
mixing p r o b a b l y  a f f e c t e d  t h e  Na-K-Ca r e a d i n g s  
and t h a t  t h e  q u a r t z  v a l u e s  are more 
r e p r e s e n t a t i v e  of t h e  r e s e r v o i r  f l u i d .  The 
v a l u e s  of  t h e  q u a r t z  geothermometer ( 2 7 7  and 
286OC) are much h i g h e r  than  t h e  rock 
tempera ture  a t  t h e  i n j e c t i o n  r e g i o n ,  
i n d i c a t i n g  t h a t  t h e  vented  f l u i d  was be ing  
recovered  from a r e g i o n  much deeper  t h a n  t h e  
i n j e c t i o n  d e p t h .  S ince  t h e  t a r g e t  depth  i n  
t h e  p r o d u c t i o n  w e l l  w a s  above t h e  i n j e c t i o n  
zone b u t  t h e  w a t e r  t r a v e l e d  p r e f e r e n t i a l l y  
downward, it i s  n o t  s u r p r i s i n g  t h a t  t h e  
d e s i r e d  f low connect ion  was n o t  ach ieved .  
This  e x p l a n a t i o n  a g r e e s  w i t h  microseismic 
e v e n t  l o c a t i o n s  d u r i n g  t h i s  exper iment ,  which 
c l u s t e r e d  f a r  below t h e  i n j e c t i o n  reg ion .  
The geochemical  ev idence  c i t e d  h e r e  augments 
t h a t  f i n d i n g  and p r o v i d e s  a more complete  
p i c t u r e  of  t h e  downhole f l o w  geometry a t  
remote l o c a t i o n s  away from t h e  i n j e c t i o n  
w e l l b o r e .  

Experiment 2062: This  exper iment ,  l i k e  
Experiment 2059, r e s u l t e d  i n  an i n t e r w e l l  
connec t ion ,  and t h e  samples  c o l l e c t e d  were 
p r o d u c t i o n  f l u i d  samples. The geothermometer 
d a t a  were q u i t e  similar t o  t h e  p r e v i o u s  t e s t ,  
wi th  downhole t e m p e r a t u r e s  close t o  t h a t  of  
t h e  rock  n e a r  t h e  i n j e c t i o n  r e g i o n .  Once 
a g a i n  t h e  i n j e c t e d  f l u i d  s w e p t  pore f l u i d  
from t h i s  d e p t h  t o  t h e  p r o d u c t i o n  w e l l ,  and 
t h e  geothermometer r e a d i n g s  r e f l e c t  t h e  
tempera ture  of t h e  rock  a t  t h i s  d e p t h .  

I n  summary, t h e  geothermometer measurements 
can  p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  
r e s e r v o i r  geometry d u r i n g  a h y d r a u l i c  
f r a c t u r i n g  exper iment .  S p e c i f i c a l l y ,  t h e  
d e p t h s  a t  which f l u i d  r e s i d e d  when i n  t h e  
r e s e r v o i r ,  and hence the f l o w  d i r e c t i o n  (e.9. 
upward or downward) can be de termined  from 
geochemical  a n a l y s e s ,  knowing the i n i t i a l  
rock  tempera ture  as a f u n c t i o n  of depth  from 
a background tempera ture  survey .  I n  the 
exper iments  d e s c r i b e d  above, t h i s  geochemical  
i n f o r m a t i o n  agreed  w e l l  wi th  microse ismic  

e v e n t  l o c a t i o n s ,  which i n d i c a t e  where t h e  
f l u i d  i s  t r a v e l i n g  i n  space .  This  s u g g e s t s  
t h a t  i n  pumping experiments  i n  which no 
m i c r o s e i s m i c i t y  i s  induced,  geothermometer 
r e a d i n g s  can be used t o  de termine  t h e  
l o c a t i o n  of f l u i d  f l o w  p a t h s  ( i n  t h e  v e r t i c a l  
d i r e c t i o n ) .  I n  one such i n t e r w e l l  f low 
exper iment  performed r e c e n t l y  a t  Fenton H i l l  
(Brown, 1985) t h e r e  was no m i c r o s e i s m i c i t y ,  
and a tempera ture  l o q  i n d i c a t e d  t w o  p o s s i b l e  
d e p t h s  f o r  f l u i d  e n t e r i n g  t h e  wel lbore .  The 
geochemical  ev idence  r u l e d  o u t  t h e  s h a l l o w e r  
of  t h e  t w o  e n t r a n c e  d e p t h s ,  and t h e  f low 
geometry was t h u s  de te rmined .  

CONCLUSIONS 

The Fenton H i l l  f i e l d  tests have i d e n t i f i e d  
s e v e r a l  p r a c t i c a l  c o n c l u s i o n s  r e g a r d i n g  t h e  
u s e  of tracers and geochemis t ry  d u r i n g  
h y d r a u l i c  f r a c t u r i n g  exper iments .  

1 .  T r a c e r  and geochemical  i n f o r m a t i o n  must he 
i n t e r p r e t e d  d i f f e r e n t l y  d u r i n g  h y d r a u l i c  
f r a c t u r i n g  due t o  unequal  i n l e t  and o u t l e t  
f l o w  r a t e s  and t r a n s i e n t  e f f e c t s .  
2. Two simple models of  f l o w  i n  main 
f r a c t u r e s  w i t h  water  s t o r a g e  i n  secondary  
j o i n t s  w e r e  developed.  These models a l l o w  
t h e  volume of  t h e  main f r a c t u r e  f l o w  p a t h s  t o  
be e s t i m a t e d  from an in te rwel ’ l  t e s t .  
3 .  During h y d r a u l i c  f r a c t u r i n g  t es t s ,  t racer  
should  be i n j e c t e d  o n l y  a f t e r  f low 
communication has  been e s t a b l i s h e d  between 
t h e  w e l l s .  
4. The q u a r t z  and Na-K-Ca geothermometers a r e  
u s e f u l  t o  i d e n t i f y  t h e  downhole tempera ture  
and hence d e p t h  a t  which f l u i d  i s  t r a v e l i n g .  
5. The q u a r t z  geothermometer e q u i l i b r a t e s  
r a p i d l y  enough i n  f r a c t u r e d  r e s e r v o i r s  a t  
25OOC t o  be used a c c u r a t e l y .  An approximate 
c r i t e r i o n  has  been developed t o  e v a l u a t e  t h e  
l i k e l i h o o d  of e q u i l i b r a t i o n .  
6 .  The Na-K-Ca geothermometer does n o t  
e q u i l i b r a t e  r a p i d l y ,  b u t  s t i l l  may be used i n  
i n j e c t i o n - f l o w  exper iments  because s u f f i c i e n t  
q u a n t i t i e s  of  ind igenous  pore  f l u i d  a r e  
c o n t a i n e d  i n  t h e  f l u i d  samples .  I t  i s  
somewhat more s u s c e p t i b l e  t o  problems due t o  
f l u i d  mixing and d i l u t i o n ,  however. 
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NOMENCLATURE 

a 

Ar r e a c t i o n  r a t e  pre-exponent ia l  f a c t o r  

b f r a c t u r e  a p e r t u r e  wid th  ( m )  
C d i s s o l v e d  s i l i c a  c o n c e n t r a t i o n  (ppm) 
eJ e q u i l i b r i u m  s o l u b i l i t y  of  q u a r t z  (ppm) 

rozlj 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/sec) 

-194- 



pa r e a c t i o n  r a t e  a c t i v a t i o n  energy 

k q u a r t z  d i s s o l u t i o n  r e a c t i o n  r a t e  

Q vo lumet r i c  f low rate  ( m  /set) 

Pin 

( k  J/mol) 

c o n s t a n t  (m/sec) 

i n l e t  vo lumet r i c  f low r a t e  (m34sec) 
o u t l e t  volumetr ic  f low rate  ( m  /set) 
tempera ture  ( K )  

8 f r a c t u r e  volume ( m  1 
y modal volume ( m  ) 
7 modal r e s i d e n c e  t i m e  ( s ec )  

3 

3 
t o u t  

3 

c h a r a c t e r i s t i c  r e a c t i o n  t i m e  f o r  q u a r t z  
d i s s o l u t i o n  ( see)  
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