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ABSTRACT 

Since 1981 t h r e e  w e l l s  have been d r i l l e d  t o  
depths o f  between 2.0 and 2.6 km i n  t h e  
Carnmenel 1 i s  g r a n i t e ,  Cornwal l ,  Engl and i n  
o rder  t o  c r e a t e  a HDR geothermal system. 
These w e l l s  a r e  separated by between 150 and 
300 m and have been h y d r a u l i c a l l y  connected by 
massive i n j e c t i o n s  o f  b o t h  water  and v iscous  
g e l  (50 c p o i  s e l .  Pass ive m i c r o s e i s m i c  mon i t -  
o r i n g  o f  t h e  h y d r a u l i c  s t i m u l a t i o n  and c i r c u -  
l a t i o n  exper iments has been used s i n c e  1982 t o  
de termine t h e  s i z e  and s t r u c t u r e  o f  t h e  
r e s e r v o i r ,  and m n i t o r  i t s  growth.  

The a c t i v e  se ismic  survey techn iques  o f  
c r o s s - h o l e  s e i  smics and v e r t i c a l  seismic 
p r o f  i 1 i n g  (VSP) have been i n t r o d u c e d  t o  comp- 
lement t h e  pass ive  mic rose ismic  m o n i t o r i n g  i n  
c h a r a c t e r i  s i n g  t h e  r e s e r v o i r .  

The c r o s s - h o l e  se ismic  surveys i n d i c a t e  t h a t  
t h e  m i c r o s e i s m i c i t y  d e f i n e s  t h e  area o f  j o i n t  
d i l a t i o n .  The a t t e n u a t i o n  o f  h i g h  f r e q u e n c i e s  
i n  t h e  r e g i o n  o f  m i c r o s e i s m i c i t y  suggests t h a t  
t h e  r e s e r v o i r  i s  composed of a complex zone o f  
c racks  r a t h e r  than a s i n g l e  l a r g e  f r a c t u r e .  

VSP surveys a l s o  show a good agreement between 
t h e  t h e  m i c r o s e i s m i c a l l y  d e f i n e d  r e s e r v o i r  and 
se ismic  s i g n a l  a t t e n u a t i o n .  

Recent improvements i n  hardware, computer 
p rocess ing  and i n t e r p r e t a t i o n  i n d i c a t e  t h a t  
a c t i v e  se ismics  w i l l  p l a y  an i n c r e a s i n g l y  
i m p o r t a n t  p a r t  i n  mapping and unders tand ing  
geothermal r e s e r v o i r s .  

INTRODUCTION 

The Camborne School o f  Mines (CSM) has been 
r e s e a r c h i n g  i n t o  h o t  d r y  r o c k  (HDR). geothermal 
energy s i n c e  t h e  mid 1970 's .  The development 
of an HDR r e s e r v o i r  a t  2 km depth  has been 
underway s i n c e  1980. T h i s  has been des ignated  
Phase 2, Phase 1 be ing  a 300 m system dev- 
e loped i n  t h e  l a t e  1970 's .  Phase 2 i s  s p l i t  
i n t o  Phase 2A ,and Phase 28. Phase 2A 
compr ised t h e  d r i l l i n g  o f  two w e l l s  (RH11 and 
RH12) and t h e  subsequent c i r c u l a t i o n  of water  
between t h e s e  two w e l l s .  Phase 28 commenced 
w i t h  t h e  d r i l l i n g  o f  a t h i r d  w e l l  (RH151 
f o l l o w e d  by t h e  f r a c t u r i n g  o f  t h i s  and t h e  
c i r c u l a t i o n  o f  water  between RH12 and RH15. 

Several  aspec ts  o f  t h e  p r o j e c t  have been 
presented  a t  p r e v i o u s  S t a n f o r d  Workshops 
( B a t c h e l o r  1986, P ine  1984).  These d e t a i l s  
w i l l  n o t  be repeated  here.  

Phase 2A work s t a r t e d  i n  1981 w i t h  t h e  
d r i l l i n g  o f  w e l l s  R H l l  and RH12 i n  a Hercyn ian  
g r a n i t e  t o  t r u e  v e r t i c a l  depths ( T V D )  of 
2038 m and 2058 m. The w e l l s  have a maximum 
d e v i a t i o n  o f  30" a t  t h e  base and a c l o s e s t  
approach o f  150 m i n  t h e  uncased s e c t i o n s .  
D u r i n g  18 months o f  f r a c t u r i n g  and c i r -  
c u l a t i o n ,  300 000 m3 of water  was i n j e c t e d  
i n t o  t h e  system and o n l y  100 000 m3 recovered.  
I n  t h e  p e r i o d  i n  which 200 000 m3 o f  water  was 
l o s t  30 000 mic rose ismic  events  were d e t e c t e d  
o f  which o v e r  5000 were l o c a t e d .  ( B a r i a  e t  
a l ,  1985).  The mic rose ismic  l o c a t i o n s  showed 
a sys temat ic  downward growth and suggest t h a t  
t h i s  was where t h e  l o s t  water  went ( P i n e  and 
B a t c h e l o r  1984) .  Th is  phase o f  t h e  p r o j e c t  
was completed i n  1983. 

Phase 26 s t a r t e d  i n  1983 and i n v o l v e d  t h e  
d r i l l i n g  o f  a t h i r d  w e l l .  

Based on t h e  a n a l y s i s  o f  t h e  m i c r o s e i s m i c  d a t a  
a h i g h l y  d e v i a t e d  t h i r d  w e l l  (RH15) was 
d r i l l e d  t o  a d e p t h  o f  2653 m TVD, beneath R H l l  
and RH12 t o  i n t e r s e c t  t h e  r e g i o n  o f  s e i s -  
m i c i t y .  RH15 was d r i l l e d  i n  1984 w i t h  a gas 
( n i t r o g e n )  l i f t  t e s t  run  immedia te ly .  F low 
l o g s  r u n  d u r i n g  t h e  t e s t  showed t h a t  t h e  o n l y  
f l o w i n g  zones were i n  r e g i o n s  where t h e  w e l l  
i n t e r s e c t e d  m i  c r o s e i  smi c i  t y  ( B a r i  a and Green 
1986). 

The h y d r a u l i c  c o n n e c t i o n  between RH1 5 and RH1 2 
was s t i l l  n o t  adequate f o r  a pro longed 
c i r c u l a t i o n  t o  t a k e  p lace .  A massive v iscous  
i n j e c t i o n  o f  RH15 was des igned t o  improve t h e  
h y d r a u l i c ,  connect ion .  The bot tom 365 m o f  
RH15 was sanded o f f  so t he  h y d r a u l i c  energy 
c o u l d  be c o n c e n t r a t e d  on a 146 m s e c t i o n  o f  
open w e l l  between t h e  c a s i n g  shoe and the  t o p  
o f  sand. The i n j e c t i o n  t o o k  p l a c e  on 
4 J u l y  1985 when 5500 m3 o f  v iscous  ge l  
(50 c p o i s e )  was pumped i n t o  RH15 over  an 
8 hour p e r i o d  a t  an average f l o w  r a t e  o f  
198.2 l / s .  T h i s  was f o l l o w e d  by 200 m3 o f  
water .  The peak wel lhead pressure  was 15 MPa 
d u r i n g  t h e  v iscous  i n j e c t i o n  and 16.3 MPa 
d u r i n g  t h e  water  i n j e c t i o n .  
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A t o t a l  o f  270 m ic rose ism ic  events  were 
de tec ted  d u r i n g  t h e  t e s t  o f  which 202 were 
l o c a t e d  ( B a r i a  and Green 1986).  The m a j o r i t y  
o f  t h e  s e i s m i c i t y  was de tec ted  d u r i n g  t h e  
f i r s t  2 hours, a f t e r  which t h e  event  r a t e  
d e c l i n e d .  The s e i s m i c i t y  was l o c a t e d  i n  a 
v e r t i c a l  t u b u l a r  s t r u c t u r e  approx ima te l y  70 m 
by 70 m by 200 m encompassing a volume of 
800 000 m 3 .  

The h y d r a u l i c  connec t ion  between RH1 5 and RH1 2 
(Phase 2B)  was much b e t t e r  than t h a t  o f  t h e  
o l d  RH11/RH12 system (Phase 2A). The hyd- 
r a u l i c  impedance reduced f r o m  about 
1.9 MPa/ l /s (RHll/RH12) t o  about 1 .O MPa/l /s 
(RH12/RH15) and t h e  water  l o s s e s  i n  c i r c u l -  
a t i o n  reduced f r o m  70% t o  20%. The impedance 
has subsequent ly reduced t o  0.6 Mpa/ l /s.  

It has been g e n e r a l l y  assumed t h a t  r e g i o n s  of 
s e i s m i c i t y  d e f i n e  t h e  areas o f  enhanced 
p e r m e a b i l i t y .  There has been some suppor t  f o r  
t h i s  f r o m  t h e  comparison o f  t h e  f l o w  zones i n  
RH15 and t h e  Phase 2A m i c r o s e i s m i c i t y  des- 
c r i b e d  above. However i t  i s  n o t  c l e a r  whether 
t h e r e  a r e  aseismic areas were f l u i d  f l o w  and 
inc reased  permeabi l  i t y  a1 so occur .  

A c t i v e  se i sm ic  surveys p r o v i d e  a means of 
determi n i  ng t h e  r e 1  a t i  on s h i p  between t h e  
h y d r a u l i c  r e s e r v o i r  and t h e  m ic rose ism ic  
r e s e r v o i r .  The two techn iques  employed were 
c r o s s - h o l e  se i sm ic  surveys and l a r g e  o f f s e t  
v e r t i c a l  se ismic p r o f i l i n g  (VSP). 

Both t y p e s  o f  surveys were performed i n  a l l  
t h r e e  w e l l s  b e f o r e  and a f t e r  t h e  Phase 28 
v i scous  i n j e c t i o n s .  The c o l l e c t e d  d a t a  s e t  i s  
l a r g e  and i t  i s  o n l y  proposed t o  examine a 
smal l  p a r t  i n  t h i s  paper.  

The VSP d a t a  c o l l e c t e d  a f t e r  Phase 2A b u t  
be fo re  t h e  Phase 26 v i s c o u s  i n j e c t i o n  w i l l  be 
examined t o  de te rm ine  t h e  e f f e c t  o f  t h e  
Phase 2A c i r c u l a t i o n .  

The c r o s s - h o l e  d a t a  c o l l e c t e d  immed ia te l y  
b e f o r e  ( p r e - s t i m u l a t i o n )  and a f t e r  ( p o s t -  
s t i m u l a t i o n )  t h e  Phase 28 v i scous  i n j e c t i o n  
w i l l  be compared t o  assess t h e  a f f e c t  o f  t h e  
i n j e c t i o n .  

VERTICAL S E I S M I C  PROFILES 

V e r t i c a l  se i sm ic  p r o f i l e s  were per formed on 
a l l  t h r e e  w e l l s  (RH11, RH12 and RH15) a f t e r  
t h e  f r a c t u r i n g  and c i r c u l a t i o n  between RH1 1 
and RH12 (Phase 2A). These surveys were 
des igned t o  image t h e  Phase 2A r e s e r v o i r  and 
p r o v i d e  a base f o r  surveys c a r r i e d  o u t  l a t e r ,  
a f t e r  t h e  Phase 28 v i s c o u s  i n j e c t i o n .  

The surveys were l a r g e  o f f s e t  (2 .4 km) surveys 
u s i n g  250 gm o f  e x p l o s i v e  i n  a water  f i l l e d  
qua r ry  as a source. The r e c e i v e r  was a 
hydrophone w i t h  r e c o r d i n g s  taken  every 2.5 m 
i n t e r v a l  i n  t h e  open h o l e  s e c t i o n s  ( F i g u r e  1 ) .  

The ampl i tude,  v e l o c i t y  and f requency  o f  a 
se ismic wavelet  a r e  a l l  s e n s i t i v e  t o  changing 
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F i g u r e  1. The l o c a t i o n s  o f  t h e  t h r e e  w e l l s  

r o c k  p r o p e r t i e s .  The amp l i t ude  i s  a p a r t -  
i c u l a r  s e n s i t i v e  parameter,  however a source 
w i t h  a c o n s i  s t e n t  s i g n a t u r e  i s necessary and 
bo reho le  e f f e c t s  need t o  be taken i n t o  
account.  

The e x p l o s i v e  source proved t o  have a ve ry  
c o n s i s t e n t  source s i g n a t u r e  and t h e  l a r g e  
d i s t a n c e  f rom source t o  r e c e i v e r  meant t h a t  
t h e  r a y  ang le  t o  t h e  bo reho le  was s i m i l a r  f o r  
a1 1 hydrophone p o s i t i o n s .  

I n  o r d e r  t o  compare t h e  VSP r e s u l t s  w i t h  t h e  
m ic rose ism ic  d a t a  a s t i m u l a t i o n  index was 
determined f r o m  t h e  event  l o c a t i o n s .  T h i s  i s  
based on t h e  number o f  events  w i t h i n  50 m of a 
s t r a i g h t  l i n e  r a y p a t h  between each sho t  and 
r e c e i v e r  p o s i t i o n  (CSM 1986, Hearn 1986).  The 
d i s t a n c e  o f  50 m was based on t h e  accuracy o f  
t h e  l o c a t i o n s .  

Sei smograms w i t h  t h e  s t i m u l a t i o n  i ndex  and 
f i r s t  a r r i v a l  ampl i tude curves f o r  RH12 and 
RH15 a r e  shown i n  F i g u r e s  2 and 3. The 
a n p l i t u d e  o f  t h e  f i r s t  a r r i v a l  was determined 
f rom t h e  s i g n a l  envelope (Farnbach 1975).  

The d a t a  f o r  RH12 ( F i g u r e  2)  can be d i v i d e d  
i n t o  two groups; ( i )  above and ( i i )  below a 
measured dep th  (MD) o f  2000 m. The d a t a  above 

and t h e  VSP source. 
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F i g u r e  2. VSP r e s u l t s  f o r  w e l l  RH12. 
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F i g u r e  3. VSP r e s u l t s  f o r  w e l l  RH15. 

2000 m MD show h igh  ampl i tudes b u t  w i t h  l a r g e  
v a r i a t i o n s ,  w h i l e  t h e  d a t a  below 2000 rn MD 
shows o n l y  low anpl i t u d e s .  The s t i m u l a t i o n  
i ndex  shows t h a t  above 2000 m MD t h e  r a y s  
passed t h r o u g h  zones o f  low m i c r o s e i s m i c i t y  
b u t  below 2000 m MD t h e  r a y s  pass th rough  
zones o f  h i g h  m i c r o s e i s m i c i t y .  There i s  a good 
c o r r e l  a t i o n  between t h e  a t t e n u a t i o n  and s t imu-  
l a t i o n  index.  The v a r i a t i o n  i n  amp l i t ude  
above 2000 m MD i s  p robab ly  caused by f r a c -  
t u r e s  c l o s e  t o  t h e  bo reho le  w a l l .  

F i g u r e  3 c o n t a i n s  t h e  d a t a  f o r  t h e  VSP survey 
i n  RH15. The r e s u l t s  show a ,smooth i n c r e a s e  
i n  t h e  f i r s t  a r r i v a l  amp l i t ude  w i t h  dep th  
c o n s i s t e n t  w i t h  ' gradual  decrease i n  i n  t h e  
s t  imu l  a t i  on i ndex .  

The good c o r r e l a t i o n  between t h e  amp l i t ude  and 
s t i m u l a t i o n  index suppor t  t h e  v iew t h a t  t h e  
m i c r o s e i s m i c i t y  r e p r e s e n t s  r e g i o n s  o f  s t imu-  
l a t e d  rock  and t h a t  aseismic ares have 
remained l a r g e l y  u n a f f e c t e d  by t h e  Phase 2A 
f r a c t u r i n g  and c i r c u l a t i o n .  

CROSS-HOLE S E I S M I C  SURVEY 

The c ross -ho le  se i sm ic  method, whereby se i sm ic  
s i g n a l s  a r e  t r a n s m i t t e d  between we1 1 s, has 
been i n  use f o r  a number o f  yea rs  ( F e h l e r  
1982, McCann e t  a l ,  1986).  The advantage over  
s u r f a c e  methods i s  t h a t  i t  avoids t h e  
weathered su r face  rocks  which a t t e n u a t e  t h e  
h i g h  f r e q u e n c i e s  and reduce r e s o l u t i o n .  

The d i f f i c u l t i e s  t h a t  have prevented i t s  
widespread a p p l i c a t i o n  a r e  t h e  des ign  o f  
r e l i a b l e  and easy t o  use downhole sources and 
r e c e i v e r s .  The CSM HDR p r o j e c t  has des igned 
and manufactured i t s  own source and r e c e i v e r .  
The source i s  a de tona to r  t o o l  h o l d i n g  up t o  
12 de tona to rs .  The r e c e i v e r  a h i g h  p ressu re  
mar ine hydrophone used bo th  as a s i n g l e  u n i t  
and as p a r t  o f  a t h r e e  hydrophone s t r i n g .  

The p r e - s t i m u l a t i o n  survey was performed i n  
May 1985, f o u r  months a f t e r  t h e  comp le t i on  o f  
RH15 and 2 months b e f o r e  t h e  Phase 28 v i scous  
i n j e c t i o n .  A t o t a l  o f  71 sho ts  were f i r e d  
w i t h  t h e  d e t o n a t o r  t o o l  i n  RH15, t h e  s i n g l e  
hydrophone i n  RH12 and t h e  t h r e e  hydrophone 
s t r i n g  i n  R H l l  ( F i g u r e  4 ) .  

The s h o o t i n g  i n  RH15 was s t a r t e d  a t  t h e  
bottom. As t h e  shot p o s i t i o n s  progressed up 
RH15 t h e  hydrophones were k e p t  s t a t i o n a r y  
u n t i l  t h e  source and hydrophone i n  RH12 were 
a t  t h e  same v e r t i c a l  depth.  The hydrophone 
and source were t h e n  p u l l e d  up t o g e t h e r  t o  
pe r fo rm a h o r i z o n t a l  scan. The t h r e e  hydro-  
phone s t r i n g  i n  R H l l  was kep t  s t a t i o n a r y  
throughout  t h e  survey. 

D u r i n g  t h e  survey t h e r e  was no wel lhead 
p ressu re  a t  RH15 o r  R H l l  and o n l y  a smal l  
p ressu re  on RH12 (0.2 MPa). 

The p o s t - s t i m u l a t i o n  survey was performed i n  
November 1985, 6 m n t h s  a f t e r  t h e  Phase 28 
v i scous  i n j e c t i o n .  The deeper 59 sho ts  o f  t h e  
p r e - s t i m u l  a t i  on survey were repeated, a s h o r t -  
age o f  d e t o n a t o r s  p r e v e n t i n g  a l l  t h e  sho ts  
be i  ng repeated.  

The wel lhead p r e s s u r e  and i n j e c t i o n  f l o w  r a t e  
a t  RH12 were ma in ta ined  a t  over  6 MPa and 
9 l / s  f o r  most o f  t h e  p e r i o d  o f  t h e  survey, so 
t h a t  t h e  r e s e r v o i r  would be i n f l a t e d .  RH15 
was shu t  i n  and ma in ta ined  a wel lhead p ressu re  
o f  between 6 and 7 MPa. R H l l  was vented 
between 0.5 and 2 l / s .  

As we have seen t h e  amp l i t ude  was observed t o  
be a s e n s i t i v e  measure o f  t h e  rock  p r o p e r t i e s  
i n  t h e  VSP surveys. However t h e  e f f e c t  o f  t h e  
bo reho le  w a l l  on bo th  t h e  source and r e c e i v e r  
i n  t h e  c r o s s - h o l e  survey make i t  d i f f i c u l t  t o  
e x t r a c t  t h e  p a r t  o f  t h e  a t t e n u a t i o n  t h a t  i s  
caused by j o i n t  d i l a t i o n .  The v e l o c i t y  and 
f requency  v a r i a t i o n s  have proved t o  be l e s s  
ambiguous t o  i n t e r p r e t .  

F i g u r e s  5 and 6 show t h e  p r e -  and p o s t -  
s t i m u l a t i o n  seismograms f rom t h e  bot tom hydro- 
phone i n  R H l l .  The f i r s t  a r r i v a l s  have been 
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a1 igned and t h e  anpl i tudes normal i s e d  f o r  ease 
o f  d i s p l a y .  F i g u r e s  7 and 8 show t h e  
f requency  s p e c t r a  f o r  t h e  same seismograms. 
It i s  c l e a r  t h a t  t h e  energy i n  t h e  3 t o  4 kHz 
band has been s e v e r e l y  a t t e n u a t e d  i n  t h e  
p o s t - s t i m u l a t i o n  survey f o r  sho ts  s h a l l o w e r  

F i g u r e  4. Source and r e c e i v e r  l o c a t i o n s  f o r  t h e  c r o s s - h o l e  se ismic  survey. 

t h a n  2480 m ( s h o t  12)  i n  RH15. 

The same p a t t e r n  i s  apparent  f o r  r e c o r d i n g s  on 
the  o t h e r  hydrophones i n  RH11. The r e c o r d i n g s  
on t h e  hydrophone i n  RH12 show a t t e n u a t i o n  o f  
t h e  h i g h  f requency  energy f o r  a l l  sho ts .  
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F i g u r e  5 .  P r e - s t i m u l a t i o n  c r o s s - h o l e  s e i s -  
miogram f o r  t h e  bot tom hydrophone 
i n  R H l l .  
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F i g u r e  6. P o s t - s t i m u l a t i o n  c r o s s - h o l e  seim- 
mogram f o r  t h e  b o t t a n  hydrophone i n  
RH1 1. 
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F i g u r e  7. Frequency s p e c t r a  o f  p r e -  
s t i m u l a t i o n  c r o s s - h o l e  se i  smogram 
i n  F i g u r e  5. 

F i g u r e  9 shows t h e  d i f f e r e n c e  i n  compress ional  
wave v e l o c i t y  between t h e  p re  and p o s t -  
s t i m u l a t i o n  survey f o r  t h e  m i d d l e  (hydrophone 
2 )  and bo t tom (hydrophone 3 ) i n  R H l l  and t h e  
hydrophone i n  RH12 (hydrophone 4 ) .  The t o p  
hydrophone i n  R H l l  d i d  n o t  occupy t h e  same 
p o s i t i o n  f o r  b o t h  surveys, so a d i r e c t  
comparison cannot  be made. 

F i g u r e  9 shows t h a t  f o r  sho t  depths i n  RH15 
sha l lower  t h a n  2500 m ( s h o t  10) the  compress- 
i o n a l  wave v e l o c i t y  recorded by t h e  hydro-  
phones i n  R H l l  has been reduced by up t o  
0.05 km/s. The v e l o c i t y  recorded by t h e  
hydrophone i n  RH12 i s  reduced by as much as 
0.07 km/s f o r  a l l  sho ts .  

The a t t e n u a t i o n  o f  t h e  h i g h  f r e q u e n c i e s  and 
t h e  r e d u c t i o n  o f  t h e  compressional wave 
v e l o c i t y  can be understood i f  t h e  r a y  p a t h s  
f o r  t h e  surveys a r e  superimposed upon t h e  
Phase 28 m i c r o s e i s m i c i t y  generated d u r i n g  t h e  
v i s c o u s  i n j e c t i o n  ( F i g u r e s  10 and 1 1 ) .  

F i g u r e  10 shows t h e  r a y  p a t h s  f o r  e x p l o s i v e  
shots i n  RH15 t o  t h e  bot tom hydrophone i n  
RH1 1. The 10 r a y s  f r o m  t h e  deepest sho ts  do 
n o t  c r o s s  t h e  m i c r o s e i s m i c i t y .  It i s  these 
r a y s  t h a t  show no a t t e n u a t i o n  o f  h i g h  
f requency energy o r  v e l o c i t y  r e d u c t i o n .  It 
can be shown t h a t  t h i s  i s  n o t  due t o  a change 
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F i g u r e  8. Frequency s p e c t r a  o f  p o s t -  
s t i m u l a t i o n  c r o s s - h o l e  s e i  smogram - 
F i g u r e  6. 

i n  t h e  shot c h a r a c t e r i s t i c  by i n s p e c t i o n  o f  
t h e  r a y  pa ths  t o  t h e  hydrophone i n  RH12 
( F i g u r e  1 1 ) .  A l l  t h e  r a y  pa ths  c ross  t h e  
m i c r o s e i s m i c  c l o u d  and a l l  sho ts  i n  t h e  
c r o s s - h o l e  survey show f requency  a t t e n u a t i o n  
and v e l o c i t y  r e d u c t i o n .  

The mic rose ismic  events  d e t e c t e d  d u r i n g  Phase- 
28 were caused by shear ing  o f  n a t u r a l  j o i n t s  
w i t h i n  t h e  g r a n i t e  ( B a r i a  and Green 1986).  
Shear ing  causes d i l a t i o n  o f  t h e  j o i n t s  and 
d u r i n g  p r e s s u r i z a t i o n  o f  t h e  system more f l u i d  
i s  s t o r e d  i n  t h e s e  j o i n t s .  It i s  t h i s  j o i n t  
d i l a t i o n  which i s  r e s p o n s i b l e  f o r  t h e  h i g h  
f requency  a t t e n u a t i o n  and r e d u c t i o n  i n  v e l o -  
c i t y .  

The c l o s e  correspondence between t h e  mic ro-  
s e i s m i c i t y  and t h e  c r o s s - h o l e  d a t a  i n d i c a t e s  
t h a t  t h e  r e g i o n s  o f  m i c r o s e i s m i c i t y  have 
enhanced p e r m e a b i l i t y  and t h a t  f u r t h e r m o r e  t h e  
ase ismic  r e g i o n s  do no t .  

CONCLUSION 

Cross-ho le  se ismic  and VSP surveys have shown 
t h a t  v a r i a t i o n s  i n  t h e  ampl i tude, f requency  
and v e l o c i t y  o f  a se ismic  s igna l  can be used 
t o  d e f i n e  r e g i o n s  o f  enhanced permeabi 1 i ty .  
These surveys i n d i c a t e  t h a t  r e s e r v o i r  g rowth  
d u r i n g  t h e  h y d r a u l i c  s t i m u l a t i o n  as mon i to red  
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by t h e  generated m i  c r o s e i  smi c i  t y  does r e -  
p resen t  r e g i o n s  o f  i nc reased  p e r m e a b i l i t y .  
There i s  1 i t t l e  ev idence o f  asei  smic r e s e r v o i r  
growth.  
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F i g u r e  9. D i f f e r e n c e  i n  v e l o c i t y  f o r  p r e -  and 
p o s t - s t i m u l a t i o n  c r o s s - h o l e  su r -  
veys. 

F i g u r e  10. Raypaths f r o m  t h e  sho t  i n  RH15 t o  
t h e  b o t t a n  hydrophone i n  R H l l  (H3) 
w i t h  t h e  se i  sm ic i  t y  generated 
d u r i n g  t h e  Phase 28 v i scous  i n j e c -  
t i o n  o f  we1 1 RH15. 

F i g u r e  11. Raypath f rom t h e  sho t  i s  RH15 t o  
t h e  hydrophone i s  RH12 (H4) w i t h  
t h e  s e i s m i c i t y  generated d u r i n g  t h e  
Phase 2D v i scous  i n j e c t i o n  o f  w e l l  
RH15. 

R e l a t i v e l y  s imp le  a n a l y s i s  has shown t h a t  t h e  
a c t i v e  se ismic surveys can p l a y  an i m p o r t a n t  
p a r t  i n  d e f i n i n g  t h e  shape o f  t h e  r e s e r v o i r  
and improv ing  t h e  i n t e r p r e t a t i o n  o f  t h e  
m i c r o s e i s m i c i t y .  The i n t e r p r e t a t i o n  o f  a c t i v e  
se ismic d a t a  can be improved by t h e  use of 
tomographic i n v e r s i o n  a lgo r i t hms .  However t h e  
h i g h l y  d e v i a t e d  n a t u r e  o f  t h e  w e l l s  makes t h e  
usual  two d imensional  app rox ima t ion  d i f f i c u l t  
t o  implement. To c o l l e c t  t he  l a r g e  amounts of 
d a t a  t h a t  a f u l l  t h ree -d imens iona l  i n v e r s i o n  
would demand r e q u i r e s  t h e  development o f  new 
t o o l s .  P a r t i c u l a r l y  i m p o r t a n t  i s  a f a s t  
r e c y c l i n g  downhole source w i t h  a c o n s i s t e n t  
source s i g n a t u r e .  The CSM HDR p r o j e c t  i s  
deve lop ing  such a source f o r  use n o t  o n l y  a t  
2 km b u t  a l s o  i n  any f u t u r e  6 km system. 
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