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INTERPRETATION OF DIPOLE-DIPOLE 
RESISTIVITY MONITORING DATA AT CERRO PRIETO 

M. J. W i l t  and N .  E .  G o l d s t e i n  

Berke ley ,  C a l i f o r n i a  94720 
Lawrence Berke ley  L a b o r a t o r y ,  U n i v e r s i t y  o f  C a l i f o r n i a  

ABSTRACT 
a 

R e p e t i t i v e  d i p o l e - d i p o l e  r e s i s t i v i t y  d a t a  have 
been t a k e n  on a y e a r l y  b a s i s  by LBL a t  Cerro P r i e t o  
s i n c e  1978.. S t a t i o n s  a l o n g  a s i n g l e  p r o f i l e  l i n e  
e x t e n d i n g  from t h e  Cucapi  Mountains t o  t h e  c e n t e r  
o f  t h e  H e x i c a l i  V a l l e y  and p a s s i n g  over  t h e  p r e s e n t  
p r o d u c t i o n  zone have been remeasured w i t h  s u f f i -  
c i e n t  accuracy  t o  d e t e c t  s u b s u r f a c e  changes i n  re- 
s i s t i v i t y ,  same of which are probably  r e l a t e d  t o  
f l u i d  p r o d u c t i o n .  The p r e c i s i o n  of t h e  most r e c e n t  
measurements (November, 1981) a v e r a g e s  about  1 per-  
c e n t .  R e s u l t s  from t w o  and one-half  y e a r s  o f  moni- 
t o r i n g  i n d i c a t e  a 5 p e r c e n t  annual  i n c r e a s e  i n  ap- 
p a r e n t  r e s i s t i v i t y  over  t h e  p r e s e n t  p r o d u c t i o n  area 
and d e c r e a s e s  i n  apparent  r e s i s t i v i t y  o f  t h e  same 
magnitude i n  t h e  r e g i o n s  immediately eas tward  and 
westward from t h e  p r o d u c t i o n  zone. 

The i n c r e a s e  i n  r e s i s t i v i t y  i n  t h e  p r o d u c t i o n  
zone is most l i k e l y  due t o  d i l u t i o n  of  reservoir 
f l u i d s  w i t h  f r e s h e r  water,  a s  evidenced by a drop  
i n  c h l o r i d e  c o n t e n t  of produced waters. 
was made t o  de te rmine  whether  s p e c i f i c  l i t h o l o g i c  
zones i n  w e l l b o r e s  show r e s i s t i v i t y  changes w i t h  
time by comparing w e l l  logs from newly d r i l l e d  
w e l l s  w i t h  logs from o l d e r  nearby w e l l s .  R e s u l t s  
show t h a t  lateral  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 i n  
s t r a t i g r a p h i c  u n i t s  between c lose ly-spaced  wells 
a r e  s u f f i c i e n t  t o  obscure  p o s s i b l e  temporal  changes.  

The a r e a  of  d e c r e a s i n g  r e s i s t i v i t y  i n  t h e  east- 

An a t t e m p t  

srn  p a r t  o f  t h e  f i e l d  i s  a s s o c i a t e d  w i t h  a s t e e p l y  
d i p p i n g  c o n d u c t i v e  body, a zone of h i g h e r  thermal  
g r a d i e n t s  and an i n c r e a s e  i n  s h a l e  t h i c k n e s s - i n  t h e  
s e c t i o n .  Well l o g  a n a l y s i s  shows t h a t  t h e  low 
r e s i s t i v i t y  is m o s t l y  due t o  h i g h e r  tempera tures .  
Decreas ing  r e s i s t i v i t y  i n  t h i s  a r e a  may be caused 
by an i n f l u x  of  h o t t e r  and more s a l i n e  b r i n e s  from 
d e p t h .  

Recent measurements also show a d r a m a t i c  in- - c r e a s e  i n  near -sur face  r e s i s t i v i t y  a t  t h e  wes tern  
end of t h e  monitored Line. This  is most l i k e l y  due 
t o  r e c e n t  changes i n  l o c a l  i r r i g a t i o n  p r a c t i c e s  LI 

vhich  r e s u l t e d  i n  a g e n e r a l  improvement i n  ground- 
’ water q u a l i t y .  

\ 

To i n v e s t i g a t e  t h e  phenomenon of r e s i s t i v i t y  
changes caused by groundwater movement and chemical  
r e a c t i o n s ,  w e  propose t h e  e s t a b l i s h m e n t  of an addi-  
t i o n a l  r e s i s t i v i t y  l i n e  c r o s s i n g  both t h e  new e a s t -  
e r n  p r o d u c t i o n  zone and t h e  p r e s e n t  survey  l i n e  a t  
an a n g l e  o f  60°. T h i s  Line would permit  t h e  acqui-  
s i t i o n  of  b a s e l i n e  d a t a  over  t h e  f u t u r e  p r o d u c t i o n  

INTRODUCTION 

I n  1978 Lawrence Berke ley  L a b o r a t o r y  (LBL), 
i n  c o o o p e r a t i o n  w i t h  t h e  C o m i s i h  F e d e r a l  de 
E l e c t r i c i d a d  (CFE), began a p r o j e c t  of m o n i t o r i n g  
changes i n  s u b s u r f a c e  r e s i s t i v i t y  by making d i p o l e -  
d i p o l e  s u r f a c e  r e s i s t i v i t y  measurements over  an 
a r e a  of  i n t e n s e  steam and w a t e r  p r o d u c t i o n  a t  t h e  
C e r r o  P r i e t o  geothermal  f i e l d  ( F i g u r e  1 ) .  The pro- 
j e c t  g o a l s  were t o  d e l i n e a t e  s u b s u r f a c e  r e s i s t i v i t y  
s t r u c t u r e  a t  C e r r o  P r i e t o ,  i n c l u d i n g  p o s s i b l e  reser- 
v o i r  b o u n d a r i e s ,  and t o  d e t e c t  changes i n  t h e  sub- 
s u r f a c e  r e s i s t i v i t y  due t o  c o n t i n u i n g  f l u i d  e x t r a c -  
t i o n .  The p l a n  vas t o  e s t a b l i s h  a permanent a r r a y  
of  e l e c t r o d e s  one km a p a r t  and t o  r e p e a t  t h e  meas- 
urements  a n n u a l l y  ae an i n d i r e c t  means f o r  observ-  
i n g  changes i n  t h e  reservoir r e g i o n  due t o  produc- 
t i o n .  A s h o r t  summary of  some s i g n i f i c a n t  r e s u l t s  
from t h i s  p r o j e c t  is g i v e n  below. 

U . S . A .  
_,-- _-- ------ 

M E X I C O  i R X l C A U  

I 

CFE -/ 
ScNurnb.rgn Ibw no.1 

\ y p L \  

Sonoro 8 C. 

SCALE - 
0 s IO IS  

\ I  
XBL 788-1632 

zone,  CPII. and,  i n  c o n j u n c t i o n  wi th  t h e  p r e s e n t  l i n e ,  
would e s t a b l i s h  a g r i d  of s t a t i o n s  which could  be 
used t o  map s u b s u r f a c e  groundwater  f r o n t s .  

F i g u r e  1 .  Loca t ion  nap of  t h e  resistivity monitor-  
in8 lines. 



F i g u r e  2 shows t h e  working two-dimensional 
r e s i s t i v i t y  model t h a t  w e  d e r i v e d  by f i t t i n g  f i e l d  
d a t a  t a k e n  o v e r  l i n e  E-E' t o  d a t a  c a l c u l a t e d  by 
means of  a two-dimensional r e s i s t i v i t y  model ing pro- 
gram (Wil t  and G o l d s t e i n ,  1 9 7 9 ) .  F i g u r e  3 shows t h e  
p o s i t i o n  o f  t h e  l i n e  i n  r e l a t i o n  t o  t h e  p r e s e n t  
w e l l  f i e l d .  Two o f  t h e  s i g n i f i c a n t  c h a r a c t e r i s t i c s  
of  t h e  r e s i s t i v i t y  model are t h e  r e l a t i v e l y  h i g h  
r e s i s i t i v i t y  zone (4 .0  ohm-m) a s s o c i a t e d  w i t h  t h e  
r e s e r v o i r  r o c k s  and t h e  s t e e p l y  d i p p i n g  ( 1 . 5  ohm m) 
c o n d u c t i v e  body l o c a t e d  e a s t  of  t h e  p r o d u c t i o n  zone.  
The h i g h  r e s i s t i v i t y  r e g i o n  s u r r o u n d i n g  t h e  produc- 
t i o n  i n t e r v a l s  can  be a t t r i b u t e d  t o  reduced p o r o s i -  
t y ,  main ly  o f  t h e  s h a l e  u n i t s ,  a s  a r e s u l t  of  se- 
condary  m i n e r a l  d e p o s i t i o n  and hydro thermal  metamor- 
phism ( W i l t  and G o l d s t e i n ,  1979; E l d e r s  e t  a l . ,  
1981). The s t e e p l y  d i p p i n g  c o n d u c t i v e  body is asso- 
c i a t e d  w i t h  h i g h  thermal  g r a d i e n t s  and an i n c r e a s -  
i n g  t h i c k n e s s  of  s h a l e s  i n  t h i s  p a r t  of  t h e  s e c t i o n  
(Halfman ec a l . ,  1982) .  During t h e  i n i t i a l  t w o  
y e a r s  o f  r e s i s t i v i t y  m o n i t o r i n g ,  s i g n i f i c a n t  appar-  
e n t  r e s i s t i v i t y  changes were observed  t h a t  we be- 
l i e v e  r e f l e c t  changing s u b s u r f a c e  c o n d i t i o n s  a t  re- 
s e r v o i r  d e p t h s  ( W i l t  and G o l d s t e i n ,  1981) .  Over t h e  
p r o d u c t i o n  zone,  f o r  example, a p p a r e n t  r e s i s t i v i t y  
was i n c r e a s i n g  a t  an annual  r a t e  of  5 t o  10 p e r c e n t .  
T h i s  change was a t t r i b u t e d  t o  ( a )  a n  i n f l u x  o f  cool-  
e r ,  f r e s h e r  water r e p l a c i n g  t h e  hot  b r i n e  and ( b )  
p o s s i b l e  p o r o s i t y  r e d u c t i o n  caused by t h e  p r e c i p i t a -  
t i o n  of  secondary  c a l c i t e  as t h e  c o o l e r  water came 
i n t o  c o n t a c t  w i t h  h o t  rock  ( E l d e r s  e t  a l .  1981; 
W i l t  and G o l d s t e i n ,  1 9 8 1 ) .  Immediately eas tward  
and westward o f  t h e  o r i g i n a l  p r o d u c t i o n  area, con- 
c u r r e n t  d e c r e a a e s  i n  a p p a r e n t  r e s i s t i v i t y  of  t h e  
same magnitude were observed .  The c a u s e  of  decreas-  
i n g  r e s i s t i v i t y  i n  t h e s e  areas are more d i f f i c u l t  
t o  e x p l a i n .  

RECENT RESULTS 

The most r e c e n t  measurements of  d i p o l e -  
d i p o l e  r e s i s t i v i t y  on l i n e  E-E' were made i n  
November 1981. 
a m p l i f i e r s ,  w e  o b t a i n e d  measurements w i t h  t h e  low- 
e s t  e r r o r  l e v e l s  t o  d a t e  and i n  t h e  s h o r t e s t  f i e l d  
t i m e  span.  The average  s t a n d a r d  e r r o r  of  1981 d a t a  
is  1 . 1  p e r c e n t ,  which is  a 2 5  p e r c e n t  improvement 
o v e r  t h e  b e s t  p r e v i o u s  d a t a .  The p r o j e c t  r e q u i r e d  
12 f i e l d  days  from s t a r t  t o  f i n i s h ,  compared t o  16 
d a y s  f o r  p a s t  y e a r s .  

Using newly des igned  d i f f e r e n t i a l  

1 :i m.0 

F i g u r e  2.  Two-dimensional r e s i s t i v i t y  model over  
l i n e  E-E'. 

CERRO PRIETO GEOTHERMAL FIELD 
W f L L  LOCATIONS 

JANUARY 1981 ' 

F i g u r e  3.  S t a t i o n  l o c a t i o n  map f o r  d i p o l e - d i p o l e  
r e s i s t i v i t y  l i n e  E-E' i n  r e l a t i o n  t o  t h c  
w e l l  f i e l d  

F i g u r e  4 shows p e r c e n t  s t a n d a r d  e r r o r  for 
d a t a  p o i n t s  t a k e n  i n  1981.  The f i g u r e  shows v e r y  
low e r r o r s  f o r  t h e  smaller e l e c t r o d e  s e p a r a t i o n s  (n- 
s p a c i n g  5 4 )  and l a r g e r  e r r o r s  of 1 t o  3 p e r c e n t  
f o r  s e p a r a t i o n s  out  t o  11x8. Less than  10 p e r c e n t  
of  t h e s e  d a t a ,  however, had s t a n d a r d  e r r o r  l a r g e r  
t h a n  3 p e r c e n t .  T h i s  low l e v e l  of measurement e r r o r  
a l l o w s  f o r  improved anomaly d i s c r i m i n a t i o n  and more 
c o n f i d e n c e  i n  t h e  i n t t ? r p r c t n t i n n s  

F i g u r e  5 shows a p p a r e n t  res 
r e l a t i v e  to  b a s e l i n e  d a t a  t a k e n  i n  
pseudo-sec t ions  f o r  time i n t e r v a l s  
2 .5  y e a r s  a f t e r  t n e  5 a s r I i n c  d o t a  

s t  i v  
I Y  19 
of  1 
clken 

t y  changes  
p l o t t e d  as 

1.5 and 
i n  1979. 

F i g u r e  4. Pseudosec t ion  p l o t  of p e r c e n t  s t a n d a r d  
e r r o r s  f o r  t h e  F a l l  1Y81 d a t a  set .  

2 



kilometers 
I 2 3 4 5 6 7 8 9 10 1 1  I2 13 14 15 16 17 18 19 

I I , ,  I I r '  

14 1. 

05 -1.1 0.9 

SPRING 1980 

kilometers 
I 2 3 4 5 6 7 8 9 10 II 12 I3 14 I5 16 17 18 I9 

1 I I I - .  . 1 1  1 I I I I 1 - 1  

FALL 1980 

kilometers 
0 I 2  3 4 5 6 7 8 9 IO I I  I2 1 3 1 4 1 5  16 I718 19 

P 1 ' I ' I I  1 1 1 1 1 1 1 1 ,  I l l 1  

IC 

Fall 1981 

4 DIFFERENCES % 
XBL 825-10150 

F i g u r e  5 .  P s e u d o s e c t i o n  p l o t s  o f  a p p a r e n t  resist ivitv d i f f e r e n c e s  relative 
t o  S p r i n g  1979 d a t a  se t .  ( a )  Spring 1980 (b)  F a l l  1980, 
(c )  F a l l  1981. 

The d a t a  are p l o t t e d  a s  p e r c e n t  change r e l a t i v e  t o  
t h e  1979 d a t a .  A s i m i l a r  t r e n d  of  change i s  observ-  

- e d  f o r  a l l  t h r e e  p l o t s .  L i t t l e  change is observed 
f o r  small n-spacings over  t h a t  p a r t  o f  t h e  l i n e  
t h a t  c r o s s e s  t h e  p r o d u c t i o n  zone;  t h e  p a r t  of  t h e  

- l i n e  a d j a c e n t  t o  t h e  Cucapl  Mountains. however, 
shows l a r g e  changes a t  small n-spacings,  e s p e c i a l l y  
i n  t h e  more r e c e n t  measurements. T h i s  i m p l i e s  t h a t  
measurements t a k e n  a t  p o i n t s  l o c a t e d  over  t h e  pro- 
d u c t i o n  f i e l d  w i l l  mainly show t h e  e f l e c t  of deep 
changes w i t h i n  t h e  s u b s u r f a c e  whereas measurements 
a t  p o i n t s  a d j a c e n t  t o  t h e  Cucaph's may be domi- 
n a t e d  by t h e  n e a r - s u r f a c e  e f f e c t s .  The p a t t e r n  of 
apparent  r e s i s t i v i t y  d i f f e r e n c e  f o r  n-spacings 
g r e a t e r  t h a n  2 i s  remarkably s i m i l a r  on a l l  t h r e e  
p l o t s .  A l l  p l o t s  show a s i g n i f i c a n t  i n c r e a s e  i n  
apparent  r e s i s t i v i t y  f o r  p o i n t s  c o r r e s p o n d i n g  t o  
t h e  p r e s e n t  p r o d u c t i o n  zone.  They also show a 

s i g n i f i c a n t  d;creer- i n  a p p a r e n t  re:. . , t i v i t y  f o r  
p o i n t s  a t  s i m i l a r  l t h s  bu t  l u r a t e d  east  of t h i s  
zone. The changes a lso seem t o  be i n t e n s i f y i n g  
w i t h  t i m e .  In t h e  p r o d u c t i o n  zone,  apparent  resis- 
t i v i t y  seems t o  be i n c r e a s i n g  a t  an annual  ra te  of 
about  5 p e r c e n t :  t o  t h e  east o f  t h i s  zone,  t h e  an- 
n u a l  ra te  o f  d e c r e a s e  i s  perhaps  7 p e r c e n t .  

F i g u r e  6 shows a p p a r e n t  r e s i s t i v i t y  changes 
o v e r  l i n e  E-€' f o r  a one y e a r  i n t e r v a l  from F a l l  
1980 t o  F a l l  1981. The p a t t e r n  of apparent  resis- 
t i v i t y  changes appears  v e r y  s i m i l a r  t o  t h o s e  i n  
F i g u r e  5 o v e r  t h e  c e n t r a l  and e a s t e r n  p a r t s  of  t h e  
l i n e  but  somewhat d i f f e r e n t  f o r  t h e  wes tern  p a r t  
I n  c o n t r a s t  t o  F i g u r e  5 F i g u r e  6 shows an increaa-  
ing  r e s i s t i v i t y  over  t h e  w e s t e r n  p a r t  of t h e  sec-  
t i o n .  T h i s  is p a r t i c u l a r l y  e v i d e n t  f o r  n-spacings 
of  1 t o  1 whrre t h e  i n c r e a s e  can  be as l a r g e  a s  50 

3 



kilometers 
0 I 2 3 4 5 6 1 8 9 .  IO I I  I2 I3 14 I5 I6 I7 I8 19 

aL 
5 

Foil 1981 Compared toFoll 1980 

PA DIFFERENCES % 
maza-an 

F i g u r e  6 .  Pseudosec t ion  p l o t  of  one y e a r  apparent  
r e s i s t i v i t y  d i f f e r e n c e s  over  t h e  p e r i o d  
F a l l  1980 t o  F a l l  1981 

p e r c e n t .  The most l i k e l y  c a u s e s  of  t h e s e  s h a l l o w  
i n c r e a s e s  are from changes i n  t h e  p a t t e r n  of  i r r i g a -  - 
t i o n .  Large near -sur face  changes would, t end  t o  
mask changes o c c u r r i n g  d e e p e r  i n  t h e  s e c t i o n  b u t  
f o r t u n a t e l y  t h e  i r r i g a t e d  a r e a  a t  t h e  w e s t e r n  end 
o f  l i n e  E-E' l i e s  s u f f i c i e n t l y  f a r  from t h e  w e l l -  
f i e l d  as t o  not  o b s c u r e  r e s i s t i v i t y  changes i n  t h e  
r e s e r v o i r .  

Although t h e  g e n e r a l  p a t t e r n  of  a p p a r e n t  resis- 
t i v i t y  change over  most of  l i n e  E-E' a p p e a r s  t o  be 
w e l l - e s t a b l i s h e d ,  t h e  l o c a l  p a t t e r n s  o f  change may 
v a r y  g r e a t l y .  
h a s  changed a t  n i n e  d a t a  points over  t h e  c o u r s e  of 
t h e  exper iment .  S i x  of t h e s e  p o i n t s  ( F i g u r e s  7a and 
7b) a r e  from t h e  zone of  d e c r e a s i n g  a p p a r e n t  res is t i -  
v i t y  e a s t  of  t h e  p r e s e n t  producing  zone.  The remain- 
i n g  t h r e e  ( F i g u r e  7c)  a r e  from t h e  p r e s e n t  p r o d u c t i o n  
zone ,  where r e s i s t i v i t y  is  i n c r e a s i n g .  The error b a r s  
s i g n i f y  t h e  95 p e r c e n t  c o n f i d e n c e  i n t e r v a l .  Where 
d a t a  p o i n t s  were r e p e a t e d  d u r i n g  a f i e l d  s e s s i o n  
p o i n t s  are p l o t t e d  a d j a c e n t  t o  each o t h e r .  The t h r e e  
p l o t s  i n  F i g u r e  7a show a s t e e p  d e c l i n e  i n  a p p a r e n t  
r e s i s t i v i t y  over  t h e  f i r s t  1 . 5  y e a r s  fol lowed by l i t-  
t l e  change o v e r  t h e  p a s t  y e a r .  I n  c o n t r a s t ,  t h e  p l o t s  
i n  F i g u r e  7b show small i n c r e a s e s  over  t h e  i n i t i a l  

I n  F i g u r e  7 we  d i s p l a y  how r e s i s t i v i t y  
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1.5  y e a r s  b u t  a s t e e p  d e c r e a s e  o v e r  t h e  p a s t  y e a r  
a s i m i l a r  f a s h i o n ,  F i g u r e  7c shows a p p a r e n t  r e s i s t i v i -  
t y  change over  t i m e  f o r  t h r e e  p o i n t s  i n  t h e  produc- 
t i o n  r e g i o n  Again we o b s e r v e  t h a t  a l t h o u g h  a l l  
p o i n t s  show r e s i s t i v i t y  i n c r e a s e s  w i t h  time, t h e  
p a t t e r n s  o f  change v a r y .  These d i s t i n c t l y  d i f f e r -  
e n t  p a t t e r n s  of  change s u g g e s t  t h a t  t h e  s u b s u r f a c e  
r e s i s t i v i t y  i n  t h e  r e s e r v o i r  r e g i o n  i s  changing  i n  
a f a i r l y  complex manner. Although t h e  r e s i s t i v i t y  
changes should  be v e r y  s e n s i t i v e  t o  changes i n  
groundwater  t e m p e r a t u r e  and s a l i n i t y ,  as d i s c u s s e d  
i n  t h e  next  s e c t i o n ,  mapping t h e  movement o f  ground- 
water  f r o n t s  would r e q u i r e  a d d i t i o n a l  measurements 
on new l i n e s .  

I n  

INTERPRETATION AND DISCUSSION 

The observed  r e s i s t i v i t y  d a t a  w i l l  be d i s c u s -  
sed  i n  r e l a t i o n  t o  t h e  e f f e c t  of  t e m p e r a t u r e  and 
pore  water s a l i n i t y  on t y p i c a l  s e d i m e n t s .  F i g u r e  8 
( E r s h a g h i  e t .  a1 , 1981) i n d i c a t e s  t h a t  r e s i s t i v i t y  
i n  t h e  r a n g e  o f  20 t o  200OC d e c r e a s e s  s h a r p l y  w i t h  
i n c r e a s i n g  t e m p e r a t u r e  b u t  t h e n  l e v e l s  o f f  and may 
a c t u a l l y  i n c r e a s e  s l i g h t l y  above 300OC 
some i n t e r e s t i n g  i m p l i c a t i o n s  a t  Cerro P r i e t o .  In 
t h e  reservoir r e g i o n ,  f o r  example,  where t h e  temper- 
a t u r e s  exceed 250OC. modest changes i n  t e m p e r a t u r e  
s h o u l d  n o t  be accompanied by changes i n  r e s i s t i v i t y .  
In t he  r e g i o n s  a d j a c e n t  t o  t h e  r e s e r v o i r  where temper- 
a t u r e s  are i n  t h e  range  from 20 t o  20O0C even s m a l l  
changes  i n  t e m p e r a t u r e  may have s i g n i f i c a n t  e f f e c t  on 
t h e  r e s i s t i v i t y .  F i g u r e  9 shows how r e s i s t i v i t i e s  of  
aqueous s o l u t i o n s  v a r y  w i t h  sa l t  t y p e  and concent ra -  
t i o n .  For  a l l  s o l u t i o n e  w i t h  c o n c e n t r a t i o n s  less t h a n  
10 p e r c e n t ,  t h e r e  i s  a s h a r p  d e c r e a s e  i n  r e s i s t i v i t y  
w i t h  an i n c r e a s e  i n  s a l i n i t y  
groundwater  s a l i n i t i e s  are i n  t h e  range  from 0 . 1  t o  
3 p e r c e n t  by weight  so t h a t  s m a l l  changes i n  water 
s a l i n i t y  should  have a s i g n i f i c a n t  e f f e c t  on forma- 
t i o n  r e s i s t i v i t y .  Other  f a c t o r s ,  such a s  p o r p s i t y  
and i o n  exchange c a p a c i t y  o f  m i n e r a l s  ( e . g . ,  c l a y ,  

This h a s  

A t  Cerro Pr ie to .  
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F i g u r e  7 P l o t  of  t h e  a p p a r e n t  r e s i s t i v i t y  v a r i a t i o n s  f o r  n i n e  s e l e c t e d  d a t a  p o i n t s  
w i t h i n  t h e  r e s e r v o i r  r e g i o n .  Error b a r s  a r e  95 % c o n f i d e n c e  l i m i t s .  
( a )  p o i n t s  e a s t  of t h e  reservoir w i t h  mutual  s t e e p  d e c r e a s e ,  
( b )  p o i n t s  e a s t  of t h e  reservoir showing r e s i s t i v i t y  d e c r e a s e  l a t e r  
( c )  p o i n t s  w i t h i n  t h e  reservoir showing r e s i s t i v i t y  i n c r e a s e .  
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F i g u r e  8. R e s i s t i v i t y  v a r i a t i o n  w i t h  t e m p e r a t u r e  
f o r  " t y p i c a l "  water s a t u r a t e d  s e d i m e n t s  
( a f t e r  E r s h a g h i  e t  a l . ,  1981) .  

q u a r t z  and z e o l i t e s ) .  a l s o  i n f l u e n c e  format ion  resis- 
t i v i t y ,  b u t  t h e s e  a r e  b e l i e v e d  t o  be r e l a t i v e l y  less 
impor tan t  a s  causes  of  t h e  s h o r t - t e r m  r e s i s t i v i t y  
changes  observed .  

I n t e r p r e t a t i o n  o f  R e s i s t i v i t y  Changes 

Apparent r e s i s t i v i t i e s  have i n c r e a s e d  dramat i -  
c a l l y  at t h e  w e s t e r n  end of  l i n e  E-E'.  I n c r e a s e s  of  
up t o  211 p e r c e n t  have been observed  over  t h e  last 
2 . 5  y e a r s ,  wi th  an average  i n c r e a s e  o f  more t h a n  20 
p e r c e n t  f o r  t h e  n e a r - s u r f a c e  over  t h e  w s t e r n m o s t  
4-5 k i l o m e t e r s  of  t h e  l i n e  ( F i g u r e  5 ) .  Two f a c t o r s  
a r e  l i k e l y  f o r  t h i s  o v e r a l l  r e s i s t i v i t y  i n c r e a s e  
F i r s t .  a number of  s m a l l  f a rming  p l o t s  have r e c e n t -  
l y  been e s t a b l i s h e d  a t  t h i s  end of  t h e  l i n e  and 
t h e  water s u p p l i e d  mainly v i a  i r r i g a t i o n  c a n a l s  is  
s i g n i f i c a n t l y  f r e s h e r  t h a n  t h e  n a t i v e  groundwater .  
A second f a c t o r  is t h a t  groundwater  q u a l i t y  a s  mon- 
i t o r e d  i n  Mexica l i  V a l l e y  water wel ls  h a s  shown a 
g e n e r a l  improvement over  t h e  p a s t  s e v e r a l  y e a r s  
(B. T e r r a z a s ,  1982, p e r s o n a l  conununication) T h i s  
improvement is b e l i e v e d  due t o  a g r e a t e r  amount of  
Colorado  R i v e r  water r e c h a r g e  because  of  h e a v i e r  

- p r e c i p i t a t i o n  and run-off i n  t h e  United S t a t e s .  

Wi th in  t h e  p r o d u c t i o n  zone t h e  a p p a r e n t  re- 
. s i s t i v i t y  h a s  i n c r e a s e d  a t  an annual  r a t e  of about  

5 p e r c e n t .  T h i s  h a s  l a r g e l y  been a t t r i b u t e d  t o  an 
i n f l u x  of  f r e s h e r  groundwater  i n t o  t h e  system i n  
r e s p o n s e  t o  t h e  d r o p  i n  p r e s s u r e  caused by f l u i d  
p r o d u c t i o n  (Wil t  and C o l d s t e i n ,  1982) Secondary 
c a u s e s  may be t h e  format ion  of  two-phase zones due 
t o  l o c a l  b o i l i n g  n e a r  t h e  w e l l s  and p o r o s i t y  reduc- 
t i o n  due t o  p r e c i p i t a t i o n  of ca lc ium c a r b o n a t e  as 
c o o l  w a t e r s  come i n t o  c o n t a c t  wi th  hot  rock .  Chlor ide  
c o n c e n t r a t i o n  i n  produced w a t e r  h a s  shown a s h a r p  and 
c o n t i n u a l  d e c r e a s e  f o r  many of  t h e  C e r r o  P r i e t o  wells 
over  t h e  p a s t  2 . 5  y e a r s  (Grant  e t  a 1  , 1 9 8 1 ,  A.H. 
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F i g u r e  9 .  R e s i s t i v i t y  v a r i a t i o n s  f o r  d i f f e r e n t  
s a l i n e  aqueous s o l u t i o n s  w i t h  i n c r e a s i n g  
s a l t  c o n c e n t r a t i o n  a t  lOOoc ( a f t e r  
Ershaghi  et a l . .  1981) .  

T r u e s d e l l ,  1982, p e r s o n a l  communicat ion) .  S i n c e  t h e  
amount of  d i l u t i o n  is c o n s i s t e n t  w i t h  t h e  o b s e r v e d  
i n c r e a s e  i n  r e s i s t i v i t y ,  i t  i s  l i k e l y  t h a t  d i l u t i o n  
is  t h e  major c a u s e  f o r  t h e  observed  r e s i s t i v i t y  in-  
c r e a s e .  T h i s  b r i n g s  up t h e  q u e s t i o n  of how t h e  re- 
c h a r g e  waters e n t e r  t h e  reservoir r o c k s .  Geochemical  
d a t a  s u g g e s t  t h a t  f r e s h  water e n t e r s  t h e  sys tem from 
t h e  s i d e s  and from above through a l e a k y  c a p r o c k  
(Grant  e t  a l . ,  1981) .  The r e s i s t i v i t y  d a t a  d o  n o t  in- 
d i c a t e  a p a r t i c u l a r  pathway f o r  f l u i d  e n t r y ,  s i n c e  
measurements are l i m i t e d  t o  one p r o f i l e .  Water en- 
t r ies  coming from out  o f  t h e  p r o f i l e  p l a n e  t h e r e f o r e  
cannot  be d i s t i n g u i s h e d  from movement p a r a l l e l  t o  
t h e  p r o f i l e .  S i n c e  groundwater  t o  t h e  n o r t h  and 
n o r t h e a s t  of  t h e  f i e l d  i s  c o n s i d e r a b l y  less  saline 
(more r e s i s t i v e )  than  i n  t h e  r e s e r v o i r  r o c k s  (Grant  
e t  a l ,  1981) i t  is  p o s s i b l e  t h a t  water  may be e n t e r -  
i n g  t h e  sys tem from t h i s  d i r e c t i o n .  C l e a r l y ,  an 
a d d i t i o n a l  measurement l i n e  i s  needed t o  e s t a b l i s h  a 
d i r e c t i o n  f o r  s u b s u r f a c e  f low.  

In an e f f o r t  t o  o b t a i n  more d e t a i l e d  informa- 
t i o n  on t h e  c a u s e  o f  t h e  r e s i s t i v i t y  changes i n  t h e  
producing  zone ,  we examined g e o p h y s i c a l  e l e c t r i c  
logs f o r  w e l l s  i n  t h e  p r e s e n t  w e l l  f i e l d .  The d e e p  
i n d u c t i o n  logs from t h e  r e c e n t l y  d r i l l e d  w e l l  E-3 
w a s  compared t o  l o g s  from o l d e r  nearby  wells M-25 
and M-29 ( F i g u r e  1 0 ) .  These w e l l s  are l o c a t e d  a t  
t h e  w e s t e r n  end o f  t h e  w e l l  f i e l d  and a l l  l i e  with-  
i n  a few hundred meters o f  each o t h e r .  Se l f -poten-  
t i a l  and deep- induct ion  r e s i s t i v i t y  l o g s  were used 
i n  c o r r e l a t i n g  i n d i v i d u a l  L i t h o l o g i c  l a y e r s  between 
t h e  wells. Techniques used f o r  c o r r e l a t i o n  a r e  
d e s c r i b e d  i n  Halfman e t  a 1 . , ( 1 9 8 2 ) .  Although,  i n  
g e n e r a l ,  t h e  i n d i v i d u a l  s t r a t i g r a p h i c  u n i t s  corre- 
l a t e  v e r y  w e l l ,  i n i t i a l  t r i a l s  w i t h  t h i s  t e c h n i q u e  
proved d i s a p p o i n t i n g  because  t h e  l a t e r a l  resist i-  
v i t y  v a r i a t i o n s  w i t h i n  s t r a t i g r a p h i c  u n i t s  were 
found t o  be l a r g e  enough t o  o b s c u r e  t h e  observed  

5 
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F i g u r e  10. Deep i n d u c t i o n  and long  normal r e s i s t i -  
v i t y  l o g s  f o r  wells M-25(a), E-3(b) and 
M-29(c). Well l o c a t i o n s  were g i v e n  i n  
F i g u r e  3. 

tempora l  v a r i a t i o n s .  R e f e r r i n g  t o  F i g u r e  10. f o r  
example.  sand l a y e r s  a t  3500 f t  i n  d e p t h  appear  high-  
e r  i n  r e s i s t i v i t y  i n  w e l l  E-3 t h a n  i n  M-25 b u t  t h e  
same o r  lower i n  r e s i s t i v i t y  t h a n  i n  M-29. The d i f -  
f e r e n c e s  may be due t o  format ion  damage e f f e c t s  o r  
m i s c a l i b r a t i o n  of  t h e  l o g g i n g  t o o l  b u t  i t  is  equal -  
l y  l i k e l y  t h a t  t h e  l a t e r a l  v a r i a t i o n  of r e s i s t i v i t y  
w i t h i n  t h e  sand i s  due t o  m i n e r a l ,  p o r o s i t y  and 
s a l i n i t y  v a r i a t i o n s .  

CFE h a s  been r e i n j e c t i n g  up t o  80 t o n n e s / h r  of 
u n t r e a t e d  b r i n e  i n t o  a s h a l l o w  aquiEer  (800-m d e p t h )  
v i a  w e l l  M-9 s i n c e  August 1979.  T h i s  w e l l  l i e s  d i -  
r e c t l y  on t h e  r e s i s t i v i t y  l i n e  between s t a t i o n s  10 
and 1 1 ,  and small changes i n  a p p a r e n t  r e s i s t i v i t y  
observed i n  t h i s  area may be t h e  r e s u l t  of r e i n j e c -  
t i o n .  The p a t t e r n  of r e s i s t i v i t y  change shown f o r  
n 1 and n 2 i n  F i g u r e s  5 and 6 is compl ica ted  
and w e  have n o t  y e t  t r i e d  t o  match t h e  changes by 
means of  numer ica l  s i m u l a t i o n  

The zone o f  d e c r e a s i n g  r e s i s t i v i t y  i n  t h e  re- 
g i o n  east  o €  t h e  p r e s p n t  p r o d u c t i o n  area,  between 
s t a t i o n s  1 2  and , l6, ,  is a major  f e a t u r e  i n  F i g u r e  5 ,  
b u t  i t s  c a u s e  i s  not  wel l -unders tood .  The two-dimen- 
s i o n a l  r e s i s t i v i t y  model ( F i g u r e  2 )  i n d i c a t e s  t h a t  
t h i s  r e g i o n  is  a s s o c i a t e d  w i t h  t h e  e a s t e r n  f l a n k  o f  
t h e  ' thermal  dome which i s  marked by a s t e e p l y  d i p -  
p i n g ,  1 . 5  ohm-m c o n d u c t i v e  r e g i o n  t h a t  is  impacted 
by c o o l e r ,  h i g h e r  r e s i s t i v i t y  water e n t e r i n g  t h e  
d e l t a i c  sed iments  from t h e  Colorado  R i v e r  A n a l y s i s  
o f  t e m p e r a t u r e  measurements and g e o p h y s i c a l  w e l l  
logs show t h a t  t h e  1 5 ohm m zone c o r r e l a t e s  w i t h  
an a r e a  of  h i g h  thermal  g r a d i e n t s  and,  i n  t h e  w e s t -  
e r n  p a r t ,  w i t h  an i n c r e a s e d  p e r c e n t a g e  of  s h a l e  i n  
t h e  s e c t i o n  (Halfman e t  a i . ,  1 9 8 2 ) .  The deeper  
p a r t s  o f  t h e  s h a l e  are thought  t o  act  as a "leaky" 
c a p r o c k ,  a l l o w i n g  groundwater  i n t o  t h e  sys tem b u t  
s t i l l  m a i n t a i n i n g  a r e l a t i v e l y  h i g h  thermal  
g r a d i e n t .  

To I l l u s t r a t e  t h e  e f f e c t  of t e m p e r a t u r e  on 
t h e  r e s l s t i v i t y  I n  t h i s  r e g i o n ,  F i g u r e  11 shows a 
deep i n d u c t i o n  r e s i s t i v i t y  log from w e l l  M-53. This 
f i g u r e  shows a smoothed c u m e  o f  measured reststi- 
v l t y  and t h e  cor responding  c u r v e  a f t e r  t e m p e r a t u r e  
e f f e c t s  were removed. C o r r e c t i n g  t h e  r e s i s t i v l t y  
l o g  f o r  t e m p e r a t u r e  n e a r l y  e l i m i n a t e s  t h e  low re- 
s i s t i v l t y  zone between 900 and 1500 m whlch i n d t -  
cates t h a t  t h e  s t e e p l y  d i p p l n g  low r e s i s t i v l t y  zone 
is predominant ly  t h e  r e s u l t  o f  s h a r p l y  i n c r e a s i n g  
t e m p e r a t u r e s .  Note a l s o  t h a t  by a d j u s t i n g  t h e  log 
f o r  t e m p e r a t u r e ,  t h e  p o s i t i o n  o f  t h e  A / B  contact 
which marks t h e  boundary between u n c o n s o l i d a t e d  
and c o n s o l i d a t e d  s e d l m e n t s  a t  C e r r o  P r i e t o  ( P u e n t e  
C.  and de  l a  Peffa, 1978) c o r r e l a t e s  b e t t e r  w i t h  
i n c r e a s i n g  r e s i s t i v i t y .  S i n c e  t h e  A / B  c o n t a c t  in- 
d i c a t e s  t h e  t r a n s i t l o n  i n t o  more c o n s o l i d a t e d  or  
a l t e r e d  r e s e r v o i r  rocks  it is l o g i c a l  t h a t  t h i s  
s h o u l d  a l s o  be a zone o f  i n c r e a s i n g  r e s i s t i v i t y .  

Although it is clear from t h e  above t h a t  tem- 
p e r a t u r e  has  a n  Impor tan t  e f € e c t  on observed  reslst- 
i v l t y ,  I t  is n o t  l i k e l y  t h a t  changing t e m p e r a t u r e  
a c c o u n t s  f o r  t h e  b u l k  o f  t h e  observed  r e s i s t i v l t y  
d e c r e a s e  s l n c e  t h i s  would r e q u i r e  a l a r g e  a d j u s t -  
ment in t h e  t e m p e r a t u r e  d l s t r i b u t i o n .  I t  is more 

WELL M -53 
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r e s i s t i v i t y  c o r r e c t e d  f o r  tempera ture .  
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l l k e l y  t h a t  much o f  t h l s  change I s  r e l a t e d  t o  
changes tn p o r e  f l u t d  s a l l n t t y .  The deeper  waters 
o f  t h e  Mexlcalt Val ley  are known t o  be q u i t e  s a l l n e  
and t h e s e  waters may mwe upward and l a t e r a l l y  i n  
r e s p o n s e  t o  p r o d u c t i o n  Induced p r e s s u r e  changes 
( T r u e s d e l l ,  1982,  p e r s o n a l  communlcat lon) .  It 1s 
p o s s l b l e  t h a t  d e c r e a s l n g  r e s l s t t v l t y  I n  t h e  shal- 
lower and i n l t l a l l y  c o o l e r  p a r t s  o f  t h e  r e g i o n  are 
predominant ly  caused by t e m p e r a t u r e  I n c r e a s e s  due 
t o  upward m w i n g  h o t  waters, f o r  example, t h r o u g h  
f a u l t  zones.  On t h e  o t h e r  hand, r e s l s t t v l t y  de- - creases I n  t h e  hot d e e p e r  p o r t t o n s  o f  t h e  r e g t o n ,  
where t e m p e r a t u r e  e f f e c t s  on r e s l s t t v l t y  are minor ,  
may b e  r e l a t e d  t o  a n  t n f l u x  of more s a l l n e  ground- 
water. 

SUMMARY AND CONCLUSIONS 

R e p e t i t i v e  d i p o l e - d i p o l e  r e s i s t i v i t y  measure- 
ments  taken  d u r i n g  t h e  p a s t  3 y e a r s  over  l i n e  E-E' 
have r e v e a l e d  a c o n s i s t e n t  p a t t e r n  of  change over  
t h e  C e r r o  P r i e t o  f i e l d .  A zone of  i n c r e a s i n g  resis- 
t i v i t y  i s  r e l a t e d  t o  t h e  p r e s e n t  r e g i o n  of  f l u i d  
wi thdrawal ;  zones of d e c r e a s i n g  r e s i s t i v i t y  l i e  
above and f l a n k  t h e  r e g i o n  o f  i n c r e a s e .  The resis- 
t i v i t y  i n c r e a s e  i s  most l i k e l y  due t o  t h e  i n f l u x  o f  
f r e s h e r ,  c o o l e r  water i n t o  t h e  sys tem t o  r e p l a c e  
t h e  h o t  b r i n e  withdrawn f o r  power p r o d u c t i o n  The 
r e s i s t i v i t y  d e c r e a s e s  i n  t h e  easter p a r t  of  t h e  
f i e l d  may be due to t h e  upward movement o f  deep  sa- 
l i n e  water or t o  local  i n c r e a s e  i n  t e m p e r a t u r e  due 
t o  upwel l ing  h o t  waters. R e i n j e c t i o n  of  s p e n t  b r i n e  
may a lso c o n t r i b u t e  t o  r e s i s t i v i t y  changes n e a r  t h e  
r e i n j e c t i o n  w e l l .  A s h a r p  i n c r e a s e  i n  r e s i s t i v i t y  
is o c c u r r i n g  i n  t h e  n e a r  s u r f a c e  a t  t h e  w e s t e r n  end 
o f  t h e  l i n e .  T h i s  is main ly  due t o  i n f l u x  of i rr i-  
g a t i o n  water f o r  l o c a l  a g r i c u l t u r e  and may a l s o  be 
r e l a t e d  t o  a g e n e r a l  improvement of groundwater  
q u a l i t y  i n  t h e  area. An impor tan t  a s p e c t  t o  t h i s  
i n c r e a s e  is t h a t  i t  t e n d s  t o  o b s c u r e  any changes 
o c c u r r i n g  d e e p e r  i n  t h i s  p a r t  of  t h e  s e c t i o n .  

been  o f  c o n s i d e r a b l e  h e l p  in p r o v i d i n g  s u p p o r t  f o r  
t h e  f i e l d  p r o j e c t  and i n  h e l p i n g  us  i n t e r p r e t  t h e  
r e s u l t s .  
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