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ABSTRACT 

I n  1978 Lawrence Berke ley  Labora tory ,  i n  
c o o p e r a t i o n  wi th  Comisibn F e d e r a l  d e  E l e c t r i c i d a d ,  
began a program of d i p o l e d i p o l e  r e s i s t i v i t y  
moni tor ing  a t  t h e  Cerro  P r i e t o  geothermal  
f i e l d .  D i p o l e - d i p o l e  measurements were f i r s t  
made i n  1978,  then  r e p e a t e d  i n  1979: ( a )  t o  
d e t e r m i n e  whether  t h e  f i e l d  boundar ies  could be 
d e f i n e d  by s u r f a c e  r e s i s t i v i t y  measurements; and 
( b )  t o  d e t e r m i n e  i f  changes i n  r e s e r v o i r  
c o n d i t i o n s  due t o  p r o d u c t i o n  may be monitored 
by s u r f a c e  measurements. 

I n  1979 d a t a  accuracy  was improved t o  
where e s t i m a t e d  measurement e r r o r s  were less 
t h a n  3%. I n  a d d i t i o n ,  d a t a  c o v e r a g e  on a l i n e  
o v e r  t h e  f i e l d  w a s  expanded by 40% f o r  g r e a t e r  
d e p t h  of i n v e s t i g a t i o n  and more i n f o r m a t i o n  on 
t h e  newer, e a s t e r n  p a r t  o f  t h e  f i e l d .  R e s i s t i v i t y  
modeling of  t h e  expanded 1979 p r o f i l e  i n d i c a t e s  
t h a t  t h e  r e s i s t i v e  body a s s o c i a t e d  wi th  t h e  zone 
of  p r o d u c t i o n  ( W i l t  e t  a l . ,  1978)  d i p s  s t e e p l y  
e a s t w a r d ,  and may u n d e r l i e  t h e  e a s t e r n  p a r t  of 
t h e  f i e l d .  The model a l s o  shows a t h i n  s t e e p l y  
d i p p i n g  conductor  a d j a c e n t  t o  t h e  r e s i s t i v e  
body t h a t  may be a s s o c i a t e d  wi th  f a u l t i n g  and 
f l u i d  movement. Model p e r t u r b a t i o n  s t u d i e s  have 
shown t h a t  small changes a s s o c i a t e d  wi th  co ld-  
w a t e r  i n f l u x ,  f a u l t  zone m i g r a t i o n s ,  and f o r m a t i o n  
of a steam zone would a l l  be d e t e c t a b l e  w i t h  
p r e c i s i o n  d i p o l e - d i p o l e  measurements. T e l l u r i c  
p r o f i l e  measurements taken  a long  l i n e  E-E’ were 
found t o  y i e l d  a s i g n i f i c a n t  amount of reconnais -  
s a n c e  i n f o r m a t i o n  b u t  are u n s u i t a b l e  f o r  moni- 
t o r i n g  purposes .  

INTRODUCTION 

I n  1978 Lawrence Berke ley  Labora tory ,  
i n  c o o p e r a t i o n  wi th  Comisibn F e d e r a l  d e  
E l e c t r i c i d a d ,  began a program of  d i p o l e - d i p o l e  
r e s i s t i v i t y  s t u d i e s  a t  t h e  Cerro  P r i e t o  geo- 
thermal  f i e l d .  For c o l l e c t i n g  g e o p h y s i c a l  d a t a ,  
two east-west survey  l i n e s  were e s t a b l i s h e d ;  one 
(E-E’) c r o s s i n g  t h e  c e n t r a l  p a r t  o f  t h e  produc- 
t i o n  area n e a r  t h e  power p l a n t ,  and t h e  o t h e r  
(D-D’) a b o u t  4 km n o r t h  of  t h e  p l a n t ,  p a s s i n g  
immedia te ly  s o u t h  of t h e  C e r r o  P r i e t o  v o l c a n o  
( F i g .  1 ) .  D i p o l e - d i p o l e  r e s i s t i v i t y  measurements 
were then  conducted i n  1978 and 1979. The utmost  
care w a s  t aken  t o  a c h i e v e  t h e  best accuracy  
o b t a i n a b l e  w i t h  t h e  a v a i l a b l e  i n s t r u m e n t a t i o n .  

The g o a l s  of t h i s  p r o j e c t  are t o  c o n s t r u c t  
a r e s i s t i v i t y  model of t h e  Cerro  P r i e t o  r e g i o n  
c o n s i s t e n t  w i t h  known geology,  and t o  d e t e r m i n e  
i f  changes i n  r e s e r v o i r  c o n d i t i o n s  d u e  t o  
p r o d u c t i o n  (e .g .  f o r m a t i o n  of  a vapor  zone,  
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F i g u r e  1. P r o j e c t  l o c a t i o n  map, LBL r e s i s t i v i t y  
p r o j  ec  t. 

changes i n  p o r o s i t y  a t  t h e  p e r i p h e r y  of the  
r e s e r v o i r )  may be monitored by means of a c c u r a t e  
s u r f a c e  r e s i s t i v i t y  measurements. 

R e s u l t s  of  t h e  1978 s u r v e y  were presented  
i n  an  e a r l i e r  paper  ( W i l t  e t  a l . ,  1 9 7 9 ) ;  a 
summary of t h e  s i g n i f i c a n t  f i n d i n g s  is given  
below. 

1. The p r o d u c t i o n  r e g i o n  a t  Cer ro  P r i e t o  
i s  c h a r a c t e r i z e d  by a r e s i s t i v i t y  h igh  r e l a t i v e  
t o  t h e  s u r r o u n d i n g  rocks .  Average format ion  
r e s i s t i v i t i e s  are 2.0 ohm-m o r  less ,  i n c r e a s i n g  
t o  a t  l e a s t  4.0 ohm-m w i t h i n  the  zone. Analyses  
of w e l l  l o g s  and d r i l l  c u t t i n g s  ( E l d e r s  and 
Hoagland, 1979)  s u g g e s t  t h a t  t h e  i n c r e a s e  Is 
p r i m a r i l y  due  t o  t h e  f o r m a t i o n  of reduced p o r o s i t y  
zones caused by hydrothermal  metamorphism w i t h i n  
t h e  r e s e r v o i r  r e g i o n .  
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2. Modeling s t u d i e s  s h o d  t h a t  r e s i s t i v i t y  
v a r i a t i o n s  w i t h  t i m e  are t h e o r e t i c a l l y  d e t e c t a b l e  
by means of s u r f a c e  d i p o l e - d i p o l e  measurements. 
However, t h e  d e g r e e  of  a c c u r a c y  needed t o  o b s e r v e  
such v a r i a t i o n s  must be g r e a t e r  t h a n  5%; a better, 
accuracy  t h a n  we could  a c h i e v e  a t  l a r g e  e l e c t r o d e  
s p a c i n g s  i n  1978. 

PROGRESS I N  1979 

I n  1979 l i n e  E-E‘ was remeasured w i t h  1-km 
d i p o l e s  but  w i t h  s i g n i f i c a n t l y  g r e a t e r  a c c u r a c y  
t h a n  i n  1978, p r o v i d i n g  better model ing con- 
s t r a i n t s  and e s t a b l i s h i n g  a r e l i a b l e  baseline 
f o r  f u t u r e  o b s e r v a t i o n s  of  r e s i s t i v i t y  changes.  
The LBL 25-kW motor g e n e r a t o r  vas used as t h e  
power s o u r c e  i n  both y e a r s ,  bu t  g r e a t e r  a c c u r a c y  
w a s  ach ieved  i n  1979 because of s u p e r i o r  r e c e i v e r  
i n s t r u m e n t a  t i o n ,  mechanica l  improvements t o  the 
power s o u r c e ,  and t h e  e x p e r i e n c e  ga ined  from t h e  
p r e v i o u s  y e a r .  N e w  s i g n a l - a v e r a g i n g  r e c e i v e r s  
were used t o  a v e r a g e  1 0  c y c l e s  of t h e  40-sec- 
p e r i o d  square-wave p u l s e  s u p p l i e d  t o  t h e  ground 
by t h e  t r a n s m i t t e r .  A t  each  p o i n t  of  measurement 
a minimum of 70 c y c l e s  were averaged and t h e  
mean and s t a n d a r d  d e v i a t i o n s  vere computed. The 
40-sec per iod  was s e l e c t e d  as  t h e  best compromise 
f o r  speed of  s u r v e y  and avoidance  of  electro- 
magnet ic  c o u p l i n g  e f f e c t s .  Improvements t o  t h e  
t r a n s m i t t e r  i n  1979--namely a r e c o n d i t i o n e d  
e n g i n e ,  new c a b l e ,  and lower c o n t a c t  r e s i s t a n c e  
a t  e lec t rodes- -a l lowed us t o  i n j e c t  up t o  40 A 
compared with 15 to 25 A i n  1978. 

I n  1979 d i p o l e - d i p o l e  measurements were 
extended 4 km f a r t h e r  eas tward  and t h e  maximum 
t r a n s m i t t e r  r e c e i v e r  s e p a r a t i o n s  were i n c r e a s e d  
from N = 6 t o  N = 8,  t h e r e b y  y i e l d i n g  a g r e a t e r  
d e p t h  o f  e x p l o r a t i o n .  I n  a d d i t i o n  t e l l u r i c  
p r o f i l e  measurements were made a l o n g  l i n e  E-E’ 
t o  tes t  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 v e l y  
f a s t  and i n e x p e n s i v e  method f o r  r e s o l v i n g  
s u b s u r f a c e  s t r u c t u r e .  

Fol lowing d a t a  a c q u i s i t i o n ,  t h e  expanded 
and more a c c u r a t e  r e s u l t s  were used t o  d e v e l o p  
a n  improved two-dimensional  r e s i s t i v i t y  c r o s s -  
s e c t i o n  f o r  l i n e  E-E’ (F igs .  2 and 3). N e w  
model p e r t u r b a t i o n  s t u d i e s  were performed 
t o  i d e n t i f y  p o i n t s  of  maximum l i k e l y  i n t e r e s t ,  
such  as p o i n t s  where r e s e r v o i r  changes might  be 
most e a s i l y  r e c o g n i z e d ,  and t o  examine t h e  
magnitude of  r e s i s t i v i t y  change f o r  s e v e r a l  
p o s s i b l e  r e s e r v o i r  changes.  An a n a l y s i s  o f  
measurement e r r o r s  vas done wi th  t h e  1978 and 
1979 d a t a  and t h e  two sets were compared t o  see 
i f  ( a )  new measurements (1979) f a l l  w i t h i n  t h e  
p r e d i c t e d  e r r o r s  and ( b )  i f  d a t a  a c c u r a c y  i s  
s u f f i c i e n t  t o  i s o l a t e  any changes  i n  r e s e r v o i r  
c o n d i t i o n s .  

T e l l u r i c  d a t a  taken  i n  1979 vere a n a l y z e d ,  
and e r r o r s  were e v a l u a t e d  t o  d e t e r m i n e  i f  i t  
i s  p o s s i b l e  t o  u s e  t h i s  method f o r  r e s i s t i v i t y  
moni tor ing .  

DIPOLE-DIPOLE RESULTS 

M p o l e - d i p o l e  a p p a r e n t  r e s i s t i v i t y  d a t a  taken  
i n  1979 and t h e  accompanying two-dimensional  
r e s i s t i v i t y  model are shown i n  F i g u r e  3. The 
agreement  be tveen  c a l c u l a t e d  a p p a r e n t  r e s i s t i v i t i e s  
and observed  d a t a  is  good. About 20 t r i a l - a n d -  
e r r o r  i t e r a t i o n s  were r e q u i r e d ,  however, t o  r e a c h  
t h e  model shown, even though t h e  i n i t i a l  model was 
t h e  f i n a l  one developed i n  1978 (F ig .  2 ) .  I n  
g e n e r a l ,  t h e  1978 and 1979 models are v e r y  similar,  
a l t h o u g h  i n  1979 t h e  d imens ion  of  t h e  p s e u d o s e c t i o n  
was i n c r e a s e d  by 40%. A d d i t i o n a l  measurement 
p o i n t s  were needed t o  p r o v i d e  coverage  o v e r  t h e  
newly d i s c o v e r e d  e a s t e r n  p a r t  o f  t h e  f i e l d ,  and 
t o  o b t a i n  i n f o r m a t i o n  t o  g r e a t e r  d e p t h s  than  t h e  
1 .5  km o b t a i n e d  i n  t h e  1978 survey .  

A n a l y s i s  of  t h e  d i f f e r e n c e s  i n  c a l c u l a t e d  
a p p a r e n t  r e s i s t i v i t y  between 1978 and 1979 d a t a  
sets i n d i c a t e s  that  v a r i a t i o n s  t o  as much as 25% 
e x i s t  between t h e  two sets ( F i g s .  2 and 3 ) .  
Most of  t h i s  v a r i a t i o n  is  probably  due  t o  
i n a c c u r a c i e s  i n  t h e  1978 d a t a  s e t  s i n c e  a l l  
d e v i a t i o n s  f a l l  w i t h i n  t h e  p r e d i c t e d  scatter f o r  
t h o s e  p o i n t s  ( W i l t  e t  a l . ,  1979) .  Because of 
t h e  l a r g e  sca t te r ,  we made no a t t e m p t  t o  i n t e r p r e t  
r e s i s t i v i t y  changes  due  t o  changing r e s e r v o i r  
c o n d i t i o n s .  Standard e r r o r  f o r  t h e  1979 d a t a  is 
c o n s i d e r a b l y  lower than  for 1978 d a t a .  However, 
e r r o r s  f o r  most d a t a  are less than  3% and f o r  
a l l  d a t a ,  less than  10%. 

A comparison of  t h e  bottom s e c t i o n  of f i g u r e s  
2 and 3 show where t h e  1978 and 1979 r e s i s t i v i t y  
models d i f f e r .  The Impor tan t  d i f f e r e n c e s  i n c l u d e  
a r e d e f i n i t i o n  of t h e  r e s i s t i v e  body w i t h i n  t h e  
p r o d u c t i o n  zone,  a more a c c u r a t e  e s t i m a t e  of  t h e  
r e s i s t i v i t y  of  t h e  d e e p e r  h o r i z o n s ,  and some new 
i n f o r m a t i o n  o v e r  t h e  newer, e a s t e r n  p a r t  of t h e  
f i e l d  . 

Ihe newer d a t a  i n d i c a t e  that  t h e  r e s i s t i v e  
body, which w e  a s s o c i a t e  w i t h  t h e  zone of i n t e n s e  
hydro thermal  a l t e r a t i o n  and t h e  r e s e r v o i r  u n i t s ,  
d i p s  e a s t v a r d  by a p p r o x i m a t e l y  30 t o  50 d e g r e e s ,  
deepening  i n  t h e  r e g i o n  of new p r o d u c t i o n  east  of 
t h e  power p l a n t ;  t h e  d i p o l e - d i p o l e  method i s  n o t ,  
however, p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  d i p  of 
i n c l i n e d  bodies .  The d a t a  a l s o  s u g g e s t  t h a t  
t h i s  zone is f a i r l y  e x t e n s i v e  and e x i s t s  as a 
f l a t - l y i n g  h o r i z o n  i n  t h e  e a s t e r n  p o r t i o n  of t h e  
f i e l d .  The w e s t e r n  boundary of t h i s  u n i t  l i e s  
a b o u t  halfway between k i l o m e t e r s  9 and 10, which 
c o r r e s p o n d s  t o  a p o i n t  a b o u t  0.5 km vest of w e l l  
M-9. The bottom of t h i s  zone c a n n o t  be a c c u r a t e l y  
f i x e d  because of  t h e  i n s e n s i t i v i t y  of t h e  model 
t o  changes a t  g r e a t  d e p t h .  For t h e  same r e a s o n  
t h e  p o s i t i o n  of t h e  basement is  n o t  a c c u r a t e l y  
d e t e r m i n e d ;  t h e  d a t a  d o  s u g g e s t  t h a t  t h e  basement 
l i es  a t  l e a s t  3 and 4 km below t h e  s u r f a c e ,  
r e s p e c t i v e l y  vest and east of t h e  power p l a n t .  
The p o s i t i o n s  of t h e  s t e p  f a u l t s  shown i n  F i g u r e  
3 are  p o o r l y  de te rmined .  

Adjacent  t o  t h e  r e s i s t i v e  u n i t  ( F i g .  2 )  
i s  a t h i n  e a s t w a r d - d i p p i n g  c o n d u c t i v e  body. 
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F i g u r e  2. M p o l e - d i p o l e  a p p a r e n t  r e s i s t i v i t y  p s e u d o s e c t i o n  f o r  1-km d i p o l e s  a long  l i n e  F-E', 1 9 7 8 ;  
f i e l d  d a t a ,  model-generated d a t a ,  and two-dimensional r e s i s t i v i t y  model. 

T h i s  1 . 5  ohm-m u n i t  c o n t r a s t s  s h a r p l y  w i t h  t h e  
4.0 ohm-m body t o  t h e  w e s t  and t h e  5 . 0  ohm-m 
body t o  t h e  east. The body is approximate ly  
1 . 5  km v i d e  and d i p s  eas tward  a t  between 30 and 
50 d e g r e e s  t o  a d e p t h  of  between 2 and 2.5 km; 
east  of  t h i s  i t  a p p e a r s  t o  be f l a t  l y i n g .  
Because the  d i p p i n g  p o r t i o n  of  t h i s  u n i t  cor -  
responds  remarkably  w i t h  t h e  l o c a t i o n  of t h e  
p l a n e s  of c h a r g e  proposed by Corvin (1979) on 
t h e  b a s i s  o f  s e l f - p o t e n t i a l  measurements ,  i t  

p o s s i b l y  r e p r e s e n t s  a zone of upward moving h o t  
water t h a t  l i n k s  t h e  d e e p e r  e a s t e r n  a q u i f e r s  t o  
t h e  s h a l l o w e r  p r o d u c t i o n  vest o f  t h e  power 
p l a n t .  I f  t h i s  a s s e r t i o n  is c o r r e c t ,  then  
changes a s s o c i a t e d  wi th  t h e  d e e p e r  p r o d u c t i o n  In 
t h e  east may be r e f l e c t e d  i n  changes i n  the  
r e s i s t i v i t y  of t h i s  body. I t  would then  be an 
e x c e l l e n t  t a r g e t  f o r  r e s i s t i v i t y  moni tor ing  of 
changes  i n  t h e  newer p r o d u c t i o n  r e g i o n .  
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E -  E' I km OBSERVED DATA (1979) 
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Figure 3. Mpole-dipole  apparent r e s i s t i v i t y  pseudosection for  I-km dipoles  along l i n e  F-L', 1979;  
f i e l d  data,  model-generated data,  and tvo-dimensional r e s i s t i v i t y  model. 

4 



N g u r e  3 a l s o  i n d i c a t e s  t h a t  east o f  t h e  
power p l a n t  t h e  r o c k s  g r a d u a l l y  become more 
r e s i s t i v e  than  t h e  rocks  west o f  t h e  r e s e r v o i r ,  
by a f a c t o r  of 5. Zhese rocks  are shorn  as a 
series o f  b locks  d i p p i n g  g e n t l y  eas tward  t o  a 
d e p t h  of abou t  2 km. The major  cause  of t h e  
i n c r e a s e  i n  r e s i s t i v i t y  i s  t h e  t r a n s i t i o n  from 
b r a c k i s h  po re  water t o  f r e s h e r  water (Lyons and 
van  d e  Kamp, 1980) .  The c o n f i g u r a t i o n  o f  t h e s e  
u n i t s  s u g g e s t s  a t r a n s i t i o n  zone from d e l t a i c  
waters t o  more s a l i n e  sea waters (Lyons and van  
d e  Kamp, 1980) .  

MODEL PERTURBATION STUDIES 

F igure  4 is a n  expans ion  o f  t h a t  p o r t i o n  of 
t h e  r e s i s t i v i t y  s e c t i o n  co r re spond ing  t o  t h e  
r e g i o n  of f l u i d  p r o d u c t i o n ;  f o r  r e f e r e n c e ,  
some w e l l  l o c a t i o n s  are p l o t t e d .  Dashed l i n e s  
are p l o t s  of metamorphic m i n e r a l  zona t ion  (Lyons 
e t  a l . ,  1980) ,  t h e  f i r s t  occu r rence  o f  t h e  meta- 
morphic m i n e r a l  e p i d o t e  ( E l d e r s  and Hoagland, 
1979) ,  and t h e  boundary between unconso l ida t ed  
and c o n s o l i d a t e d  sed imen t s  i n  t h e  w e l l s  (Puente  
C. and d e  l a  Peaa L., 1979).  The f i g u r e  
d e m o n s t r a t e s  t h e  a s s o c i a t i o n  between t h e  above- 
mentioned r e s i s t i v e  body and t h e  occur rence  
of h i g h  t empera tu res  and metamorphic m i n e r a l s  i n  
t h e  p r o d u c t i o n  r eg ion .  It a l s o  s u g g e s t s  t h a t  
changes  i n  t h e  r e s e r v o i r  m u l d  be r e f l e c t e d  i n  a 
r e l a t i v e l y  r e s t r i c t e d  p a r t  of t h e  r e s i s t i v i t y  
model,  o r  t h a t  p a r t  a s s o c i a t e d  wi th  t h e  r e s e r v o i r  
and i t s  r e c h a r g e  and d i s c h a r g e  sys tems.  This 
l i m i t s  t h e  " r eg ion  o f  i n t e r e s t "  t o  abou t  60 
o b s e r v a t i o n  p o i n t s  from t h e  o r i g i n a l  133. For 
t h e s e  p o i n t s  f u t u r e  o b s e r v a t i o n s  should  be 
p a r t i c u l a r l y  impor t an t .  

Section E-E' Resistivity 

Y 6  Y9 Y5 MI0 Y53 

8 5  

krn 

J 

F i g u r e  4. 

300 0 '1 t 
300.0 

YS 0 3 2 3 4tn 
L " ' ,  

M..l,UI.l *<.I. 
1 Well locotions 
.. . . .. ... Top of A - B  horizon _-__ Top of rnetornorphic zone fVonderHoor.19801 - First occurrence of epldote (Elders e l  0 1 ,  19791 

XBL 801-6761 

Expanded v e r s i o n  o f  t h e  two-dimensional 
r e s i s t i v i t y  model E-E'. Some w e l l  
l o c a t i o n s  are  p l o t t e d  a long  t h e  top  
of t h e  f i g u r e  and p o s i t i o n s  of 
v a r i o u s  m i n e r a l o g i c a l  and sed imen ta ry  
h o r i z o n s ,  a s  de te rmined  from w e l l  
c u t t i n g s  and logs, a r e  p l o t t e d  
below. 

To s t u d y  t h e  e f f e c t  o f  c e r t a i n  p o s s i b l e  
r e s e r v o i r  changes on t h e  a p p a r e n t  r e s i s t i v i t y  
o f  t h e  60 p o i n t s ,  w e  have  cons ide red  t h e  e f f e c t s  
from s e v e r a l  p e r t u r b a t i o n  models. From t h e s e  
model s t u d i e s ,  t h r e e  c a s e s  were s e l e c t e d  co r re -  
sponding  t o  t h r e e  s c e n a r i o s  of p o s s i b l e  r e s e r v o i r  
changes  ( F i g s .  5 t o  7 ) .  A t  t h e  bottom of each  
model the p e r c e n t  d e v i a t i o n  from t h e  o r i g i n a l  
model is  c a l c u l a t e d  and p l o t t e d .  Our a b i l i t y  t o  
d e t e c t  and i n t e r p r e t  r e s i s t i v i t y  changes should 
then  depend on o u r  a b i l i t y  t o  a n a l y z e  t h e s e  
p10 t6 .  

Case 1: Cold Water I n t r u s i o n  

Recent geochemica l  s t u d i e s  a t  Cerro  P r i e t o  
have found t h a t  drakdown in some o f  t h e  o l d e r  
producing  wel ls  is caus ing  c o l d e r  Colorado 
R ive r  water t o  move i n t o  t h e  producing  a q u i f e r  
t o  r e p l a c e  produced f l u i d  ( T r u e s d e l l  e t  a l . ,  
1979) .  Because t h e  f r e s h  r i v e r  water  is  r e -  
p l a c i n g  more s a l i n e  r e s e r v o i r  f l u i d ,  an i n c r e a s e  
i n  r e s i s t i v i t y  is expec ted  i n  t h e  producing  
r e g i o n  and in t h e  rocks  above  i t  and t o  t h e  
east .  

N g u r e  4 s i m u l a t e s  t h i s  change  on a f a i r l y  
l a r g e  s c a l e .  The expans ion  of t h e  4 ohm-m 
zone r e p r e s e n t s  t h e  r e g i o n  t h a t  would c o n t a i n  
f r e s h e r  water because  o f  t h e  i n c u r s i o n  and thus  
an  i n c r e a s e  i n  t h e  r e s i s t i v i t y  by a f a c t o r  of 
abou t  2.5. The changes  i n  c a l c u l a t e d  a p p a r e n t  
r e s i s t i v i t y  are f a i r l y  d r a m a t i c ,  up t o  20%, and 
they  occur  i n  banded r e g i o n s .  The predominance 
of h igh  v a r i a t i o n s  f o r  t h e  c l o s e r  s e p a r a t i o n s  
s u g g e s t s  t h a t  t h e  s o u r c e  o f  t h e  change is f a i r l y  
s h a l l o w  and t h e  banded n a t u r e  o f  t h e  p l o t  makes 
i t  d i f f i c u l t  t o  confuse  such  changes  wi th  random 
measurement e r r o r .  Some p o i n t s  i n  t h e  p l o t  
a c t u a l l y  d e c r e a s e  in a p p a r e n t  r e s i s t i v i t y  even 
though t h e  o n l y  model changes were i n c r e a s e s  i n  
r e s i s t i v i t y .  This p r e s e n t s  a s i g n a t u r e  f o r  such  
a model making i t  easier t o  i n t e r p r e t  a p p a r e n t  
r e s i s t i v i t y  changes  r e l a t e d  t o  t h i s  t ype  of 
r e s e r v o i r  change. 

Case 2 :  Discharge  Zone Migra t ion  

I f  t h e  c o n d u c t i v e  1 .5  ohm-m zone shown 
i n  F igu re  3 r e p r e s e n t s  a r e g i o n  of upward 
f lowing  w a t e r ,  then  changes  i n  t h e  r e s i s t i v i t y  
o f  t h i s  zone can  be expec ted  a s  r e s e r v o i r  f l u i d  
is produced. One p o s s i b l e  change  from c o n t i n u i n g  
p r o d u c t i o n  i s  t h e  expans ion  o f  t h e  4 .0  r e s i s t i v i t y  
b lock  eas tward  due  t o  more mine ra l  d e p o s i t i o n  
and t h e  i n f l o w  of lower s a l i n i t y  f l u i d  and t h e  
subsequen t  eas tward  m i g r a t i o n  of t h e  conduc t ive  
r eg ion .  I f  t h e  c o n d u c t i v e  r e g i o n  r e p r e s e n t s  a 
s h e a r  zone then  t h i s  might cor respond t o  an 
eas tward  m i g r a t i n g  f a u l t  zone a s  t h e  f l u i d  
moving through the  s h e a r  zone d e p o s i t s  m i n e r a l s  
and s t r e n g t h e n s  t h e  rock  m a t r i x .  

F igu re  5 s i m u l a t e s  such  a c a s e  by s h i f t i n y ,  
t h e  eas tward  boundary of t h e  r e s i s t i v e  zone and 
t h e  a d j a c e n t  conduc t ive  r e g i o n  eas tward  by 500 m. 
Th i s  model r e p r e s e n t s  a f a i r l y  e x t e n s i v e  change 
t h a t  might n o t  be expec ted  t o  occur  ove r  a s h o r t  
t i m e  i n t e r v a l ,  but t h e  model is u s e f u l  f o r  showing 
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Model Perturbation Case I -Cold Water Influx 
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F i g u r e  5 .  Model p e r t u r b a t i o n  No. 1, c o r r e s p o n d i n g  t o  t h e  r e s i s t i v i t y  change due  t o  an i n f l u x  of c o l d e r  
water i n t o  t h e  s h a l l o w e r  p a r t  of t h e  system. 

t h e  e f f e c t  of r e s i s t i v i t y  changes a l o n g  t h i n  
l i n e a r  f r a c t u r e s  and e s t a b l i s h i n g  a p a t t e r n  f o r  t h e  l i q u i d  water i n  t h e  upper  p a r t s  of t h e  
such  bodies .  The p e r c e n t  v a r i a t i o n  of  a p p a r e n t  r e s e r v o i r .  
r e s i s t i v i t y  r a n g e s  t o  15% and maximum v a l u e s  
o c c u r  i n  e a s t e r n m o s t  l o c a t e d  p o i n t s .  

b o i l i n g  and m i n e r a l  d e p o s i t i o n  and t o  d e p l e t e  

I n  F i g u r e  6 t h i s  s i t u a t i o n  is s imula ted  
by i n c r e a s i n g  t h e  r e s i s t i v i t y  by a f a c t o r  of 2 
f o r  a 100-m-thick zone l o c a t e d  a t  t h e  top of 
t h e  producing  r e g i o n .  This  r e p r e s e n t s  a r e l a -  

Case 3: Steam Zone Formation 

This case s i m u l a t e s  t h e  f o r m a t i o n  of a t h i n  
s h a l l o w  steam zone i n  t h e  upper  p a r t  of t h e  
r e s e r v o i r .  Formation of  such  a zone f o l l o w s  
from t h e  o b s e r v a t i o n  t h a t  most of  t h e  w e l l s  n e a r  
t h e  power p l a n t  now produce  a two-phase water- 
steam m i x t u r e ,  whereas  t h e  f l u i d  o r i g i n a l l y  
produced was c o m p l e t e l y  l i q u i d  ( T r u e s d e l l  e t  al . ,  
1979) .  As t h i s  p r o c e s s  c o n t i n u e s  t h e  e f f e c t  
might  be t o  reduce  p e r m e a b i l i t y  because of  l o c a l  

t i v e l y  minor change i n  r e s e r v o i r  c o n d i t i o n s ,  but  
one t h a t  might  o c c u r  over  a s h o r t  t ime i n t e r v a l .  

The p l o t  of  p e r c e n t  v a r i a t i o n  ( F i g u r e  6 )  
shows a maximum of 5% d e v i a t i o n  due  t o  t h e  model 
p e r t u r b a t i o n .  These r e l a t i v e l y  s m a l l  changes 
i n  a p p a r e n t  r e s i s t i v i t y  should  be d i f f i c u l t  t o  
o b s e r v e  but  they  d o  o c c u r  a t  s h a l l o w  s e p a r a t i o n s  
when d a t a  accuracy  is g r e a t e s t  and they  a r e  
grouped so I t  would be easier t o  s e p a r a t e  them 
from random measurement e r r o r .  

6 



Model Perturbation Case 2 
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F i g u r e  6. Model p e r t u r b a t i o n  No. 2, c o r r e s p o n d i n g  t o  t h e  expans ion  of t h e  4 ohm-m zone eastward due 
t o  reduced t e m p e r a t u r e  and secondary  m i n e r a l  p r e c i p i t a t i o n .  

TELLURIC PROFILE RESULTS 

A 1 2 - s t a t i o n  t e l l u r i c  p r o f i l e  survey  was 
measured a l o n g  l i n e  E-E' i n  an  a t t e m p t  t o  
d e l i n e a t e  s u b s u r f a c e  s t r u c t u r e  and t o  assess 
t h e  u s e f u l n e s s  of  t h i s  r e c o n n a i s s a n c e  method 
i n  r e s i s t i v i t y  moni tor ing .  

'Ihe b a s i s  of  t h e  technique  is t h e  s i m u l t a -  
neous measurement o f  n a t u r a l  e lectr ical  f i e l d s  i n  
two o r  more a d j a c e n t  segments  o f  a s u r v e y  l i n e  
and a n a l y s i s  of  t h e  d i f f e r e n c e s  i n  observed ampli- 
t u d e  and phase  o f  t h e  incoming s i g n a l .  Because 
t h e  s o u r c e  of t h e s e  s i g n a l s  is t h e  same, a n a l y s i s  
of d i f f e r e n c e s  is u s e f u l  f o r  i n t e r p r e t i n g  d i f f e r -  
e n c e s  i n  geology beneath t h e  measurement p o i n t s .  
For a more comple te  d i s c u s s i o n  see Yungul e t  al.. 
1973. 

F i g u r e  7 s h o w  a p l o t  of  t h e  ampl i tude  and 
phase  r a t i o s  f o r  s u r v e y  l i n e  E-E'. The E-E' 

s t a t i o n s  cor respond t o  t h e  same ones  used f o r  
t h e  d i p o l e - d i p o l e  p s e u d o s e c t i o n s  (F ig .  3) .  'Ihe 
t e l l u r i c  s i g n a l s  were recorded  a t  a per iod  of 
25 s e c ,  which c o r r e s p o n d s  t o  a naximum d e p t h  of 
i n v e s t i g a t i o n  of  a b o u t  3 km; l o n g e r  per iod  
s i g n a l s  would p e n e t r a t e  d e e p e r ,  and s h o r t e r  
p e r i o d s  n o t  as deep .  The p r o f i l e  then  g i v e s  a 
running  r a t i o  of t h e  bulk  r e s i s t i v i t i e s  beneath 
t h e  l i n e .  The method is  e s p e c i a l l y  u s e f u l  i n  
d e t e c t i n g  l a t e r a l  r e s i s t i v i t y  c o n t r a s t s  s i n c e  
t h e s e  form b a r r i e r s  t o  n a t u r a l  h o r i z o n t a l  
c u r r e n t  flow. For t h i s  r e a s o n  and because of 
t h e  s i m p l i c i t y  of t h i s  method i t  was chosen t o  
be t e s t e d  a t  Cerro  P r i e t o .  

A sample record  f o r  s t a t i o n  7 of l i n e  
E-E' is  shown i n  F i g u r e  8.  The ampl i tude  and 
phase p o i n t s  a r e  de te rmined  from the  s c a t t e r g r a m  
and v e c t o r  p l o t s  by s e l e c t i n g  t h e  v a l u e  t h a t  
c o r r e s p o n d s  t o  t h e  outermost  c l u s t e r  of the  
p l o t t e d  observed v a l u e s .  This  procedure  is 
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Model Perturbation Case 3-Thin Steam Cap 
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F i g u r e  7. Model p e r t u r b a t i o n  No. 3,  cor re spond ing  t o  t h e  fo rma t ion  o f  a s h a l l o w  s team zone. 
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F i g u r e  8. P l o t  o f  ampl i tude  and phase  r a t i o s  
from t e l l u r i c  p r o f i l e  p l o t  E-E'. 

fo l lowed because a two-dimens iona l  e a r t h  ene r -  
g i zed  by e l e c t r i c  f i e l d s  i n  a l l  d i r e c t i o n s  w i l l  
y i e l d  t e l l u r i c  ampl i tude  r a t i o s  wi th  a bimodal 
d i s t r i b u t i o n ;  r a t i o s  n e a r  1 correspond t o  
g e o l o g i c  s t r i k e  and t h e  f a r t h e s t  c l u s t e r  of 
p o i n t s  cor respond t o  t h e  d i r e c t i o n  p e r p e n d i c u l a r  
t o  s t r i k e .  S ince  t h e  p r o f i l e  was i n c l i n e d  
approx ima te ly  p e r p e n d i c u l a r  t o  s t r i k e ,  we chose  
v a l u e s  co r re spond ing  t o  t h a t  p o l a r i z a t i o n .  

An a n a l y s i s  of F igu re  8 r e v e a l s  a problem 
i n h e r e n t  t o  t h i s  method t h a t  l i m i t s  i t s  v a l u e  
where h i g h  accu racy  is  needed. Even i n  t h e  
absence  o f  n o i s e  t h e r e  is a n a t u r a l  s c a t t e r  
because  o f  random f i e l d  p o l a r i z a t i o n .  ?h is  
i n t r o d u c e s  e r r o r  i n t o  t h e  e s t i m a t i o n  of r a t i o s .  
T h i s  e r r o r  may be s i g n i f i c a n t l y  l a r g e r  than  t h e  
p r e c i s i o n  necessa ry  f o r  a c c u r a t e  moni tor ing .  
Another problem v i t h  t h i s  method is  t h a t  t h e  
d e p t h  t o  t h e  s o u r c e  o f  p e r t u r b a t i o n s  is  d i f f i c u l t  
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t o  d e t e r m i n e  because the measurement is done a t  
o n l y  one f requency .  

An a n a l y s i s  of F i g u r e  9 r e v e a l s  some of 
t h e  f e a t u r e s  of  t h e  Cerro  P r i e t o  f i e l d  d e t e c t -  
a b l e  w i t h  t e l l u r i c  p r o f i l e  measurements. The 
s t e e p  d e c l i n e  i n  t h e  f i r s t  several measurements 
i n d i c a t e s  t h e  e f f e c t  o f  t h e  Cucapa range  ( l o c a t e d  
2 km west of  s t a t i o n  1) f i r s t .  A d i s c o n t i n u i t y  
is e v i d e n t  between s t a t i o n s  9 and 10. This  c o r r e -  
sponds t o  t h e  wes tern  boundary of t h e  geothermal  
f i e l d  and c o r r e l a t e s  w e l l  wi th  t h e  l o c a t i o n  
de te rmined  from a d e t a i l e d  i n t e r p r e t a t i o n  o f  
d i p o l e - d i p o l e  r e s u l t s .  
ments taken  wi th  1-km d i p o l e s ,  however, is t h a t  
t h e  r e s o l u t i o n  of  l a te ra l  f e a t u r e s  is no better 
than  t h e  d i p o l e  l e n g t h .  T h e r e f o r e ,  i t  is  impos- 
s i b l e  t o  te l l  e x a c t l y  where d i s c o n t i n u i t i e s  occur  
unless t h e  d i p o l e s  are  made small. Another d i s -  
c o n t i n u i t y  is  e v i d e n t  between s t a t i o n s  1 2  and 13. 
T h i s  c o r r e l a t e s  w e l l  wi th  the area of  s t e e p  
d e c l i n e  of  t h e  r e s i s t i v e  body i n t e r p r e t e d  wi th  
d i p o l e - d i p o l e  d a t a  and may r e l a t e  t o  a zone of  
f a u l t i n g .  

The problem wi th  measure- 
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The t e l l u r i c  measurements s u g g e s t  a s l i g h t  
i n c r e a s e  and r e s i s t i v i t y  over  t h e  r e s e r v o i r  
r e g i o n ,  b u t  s i n c e  s e v e r a l  f a u l t s  are c r o s s e d  by 
t h e  wide ly  spaced s t a t i o n s  t h e  l a t e r a l  e f f e c t s  
cannot  be t o t a l l y  s e p a r a t e d  from the  v e r t i c a l .  
In g e n e r a l  t h e  phase changes  c l o s e l y  f o l l o w  
t h e  ampl i tude  changes  g i v i n g  more c r e e d e n c e  t o  
t h e  i n t e r p r e t a t i o n  b u t  n o t  supply ing  any new 
i n f o r m a t i o n .  

S ince  the  p r o f i l e  was measured i n  two d a y s  
by two people  and v e r y  l i t t l e  equipment w a s  
n e c e s s a r y ,  t h e  amount of r e c o n n a i s s a n c e  i n f o r -  
mat ion  o b t a i n a b l e  is  s i g n i f i c a n t .  It d o e s  n o t  
seem l i k e l y ,  however, t h a t  t h i s  method is  w e l l  
s u i t e d  f o r  r e s i s t i v i t y  moni tor ing .  

CONCLUSIONS 

The f o l l o w i n g  i s  a summary of some of our 
f i n d  i n g  s : 

1. The d i p o l e - d i p o l e  d a t a - g a t h e r i n g  
t e c h n i q u e  was improved i n  1979 t o  where e s t i m a t e d  
measurement e r r o r s  are  less than 3% f o r  most 
p o i n t s .  T h i s  is  s u f f i c i e n t  accuracy  t o  o b s e r v e  
small scale changes i n  r e s i s t i v i t y  t h a t  may 
o c c u r  over  s h o r t  t i m e  i n t e r v a l s .  

2. R e s i s t i v i t y  model ing of t h e  expanded 
1979 p r o f i l e  h a s  b e t t e r  d e f i n e d  t h e  r e s i s t i v i t y  
s t r u c t u r e  of  t h e  e a s t e r n  p a r t  of t h e  f i e l d .  The 
models s u g g e s t  t h a t  t h e  r e s i s t i v e  body a s s o c i a t e d  
wi th  t h e  producing  zone d i p s  eastward a t  30 t o  
50 d e g r e e s  t o  a d e p t h  of g r e a t e r  than  2.0 km. A 
narrow,  s t e e p l y  d i p p i n g  c o n d u c t i v e  zone l i e s  
immediately east  of  t h e  r e s i s t i v e  body and may 
be a s s o c i a t e d  wi th  a zone of r e c h a r g e  o r  f a u l t i n g .  

3. The r e s i s t i v i t y  modeling s u g g e s t s  a 
deep  s o u r c e  of f l u i d  i n  t h e  e a s t e r n  p a r t  of 
t h e  f i e l d .  There is  a l s o  some e v i d e n c e  of a 
c o n n e c t i o n  between t h e  o l d e r ,  s h a l l o w e r  and t h e  
newer,  d e e p e r  p r o d u c t i o n .  

4. Model p e r t u r b a t i o n  s t u d i e s  show t h a t  
a p p a r e n t  r e s i s t i v i t y  changes due  t o  model 
v a r i a t i o n s  normal ly  run as banded o r  grouped 
areas of  anomalous a p p a r e n t  r e s i s t i v i t i e s .  The 
s i g n a t u r e  of  such  models may a l l o w  d e t e c t i o n  
and i d e n t i f i c a t i o n  of changes  i n  t h e  p r e s e n c e  
of n o i s e .  The s t u d y  a l s o  he lped  d e f i n e  an 
"area of i n t e r e s t "  of 60 measurement p o i n t s  
p a r t i c u l a r l y  a s s o c i a t e d  w i t h  changes i n  the  
r e s e r v o i r  f o r m a t i o n .  

5 .  I n t e r p r e t a t i o n  of t e l l u r i c  p r o f i l e  
measurements done o v e r  l i n e  E-E' y i e l d s  a 
s i g n i f i c a n t  amount o f  r e c o n n a i s s a n c e  i n f o r -  
mat ion  about  t h e  f i e l d .  Because of  i n h e r e n t  
measurement u n c e r t a i n t y  however, t h e  method 
seems u n s u i t a b l e  f o r  moni tor ing  purposes .  
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XBL 7910-13021 
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