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Abs t rac t  

Dipole-dipole r e s i s t i v i t y  measurements f o r  the  
combined purposes of r e s e r v o i r  d e l i n e a t i o n  and 
r e s e r v o i r  monitoring were f i r s t  made a t  Cerro  
P r i e t o  i n  1978 and have continued on approximately 
an annual b a s i s  s i n c e  then. Two 20 km-long dipole- 
d i p o l e  l i n e s  with permanently emplaced e l e c t r o d e s  
a t  1-km spac ings  were e s t a b l i s h e d  over  t h e  f i e l d  
a rea .  R e s i s t i v i t y  remeasurements have been made on 
one l i n e  a t  6- t o  18-month i n t e r v a l s  u s ing  a 25 kW 
gene ra to r  capable of up t o  80A output  and a micro- 
processor -cont ro l led  s igna l -averaging  r ece ive r .  
This high-power, low-noise system provides  h ighly  
a c c u r a t e  measurements even a t  l a r g e  t r a n s m i t t e r  
r e c e i v e r  s epa ra t ions .  Standard e r r o r  c a l c u l a t i o n s  
f o r  c o l l e c t e d  da ta  i n d i c a t e  e r r o r s  less than  5% f o r  
a l l  po in t s .  

Resu l t s  from f o u r  y e a r s  of monitoring (1979- 
1983) i n d i c a t e  a 5% average  annual i n c r e a s e  i n  
apparent  r e s i s t i v i t y  ove r  t he  p re sen t  product ion  
area, and l a r g e r  dec reases  i n  apparent r e s i s t i v i t y  
i n  the  reg ion  t o  t h e  east. The i n c r e a s e  i n  resist- 
i v i t y  i n  t h e  production zone is most l i k e l y  due t o  
d i l u t i o n  of r e s e r v o i r  f l u i d s  wi th  f r e s h e r  water, as 
evidenced by a drop i n  ch lo r ide  con ten t  of produced 
waters .  The area of dec reas ing  r e s i s t i v i t y  east of 
t h e  r e s e r v o i r  is assoc ia t ed  w i t h  a s t e e p l y  d ipping  
conduct ive  body, a zone of h igher  thermal g r a d i e n t s  
and an  inc rease  i n  s h a l e  th i ckness  i n  t h e  sec t ion .  
Decreasing 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 high tempera ture ,  s a l i n e  water from 
depths  of 3' km through a sandy gap i n  t h e  sha le s .  

Monitoring d a t a  a l s o  show t h a t  t he  t r end  of 
i n c r e a s i n g  r e s i s t i v i t y  a s s o c i a t e d  wi th  the  shallow 
a r e s e r v o i r  has r eve r sed  dur ing  t h e  18-month period 
from f a l l  1981 t o  s p r i n g  1983 whi le  a r e s i s t i v i t y  
decrease  i n  t h e  reg ion  east of t he  r e s e r v o i r  con- 
t i n u e s  t o  i n t e n s i f y .  On the  b a s i s  of a continued 
d e c l i n e  i n  ch lo r ide  con ten t  of t he  geothermal 
b r i n e s  from t h e  a r e s e r v o i r  due t o  f r e s h  water 
recharge ,  one would expect t o  observe only  increas-  
i n g  r e s i s t i v i t i e s  over  t h e  main p a r t  of the  f i e l d .  
The dec rease  i n  apparent  r e s i s t i v i t y  may be caused 
by t h e  d isappearance  of b o i l i n g  zones due t o  a 
p rogres s ive  cool ing  of the  r e s e r v o i r .  

Q u a n t i t a t i v e  estimates of r e s i s t i v i t y  change 
w i t h i n  a 2-D mesh r e p r e s e n t i n g  t h e  subsur f  ace were 
obta ined  by means of an  au tomat ic  l ea s t - squa res  
op t imiza t ion  code . 

I n t r o d u c t i o n  

Beginning i n  1978 Lawrence Berkeley Laboratory 
(LBL), i n  coopera t ion  wi th  Comisidn Fede ra l  de 
E l e c t r i c i d a d  (CFE), began making r e p e t i t i v e  d ipole-  
d i p o l e  r e s i s t i v i t y  measurements over  t h e  Cerro  
P r i e t o  geothermal f i e l d  (F igure  1). The o b j e c t i v e s  
were t o  d e l i n e a t e  subsu r face  r e s i s t i v i t y  s t r u c t u r e ,  
such as p o s s i b l e  r e s e r v o i r  boundaries,  and t o  
d e t e c t  any changes i n  subsur face  r e s i s t i v l t y  due t o  
cont inuing  f l u i d  e x t r a c t i o n .  A permanent a r r a y  of 
e l e c t r o d e s  w a s ,  e s t a b l i s h e d  one km a p a r t  along two 
l i n e s  and t h e  measurements were repea ted  on a near- 
l y  annual  b a s i s  on t h e  l i n e  t h a t  passes  d i r e c t l y  
over  t h e  product ion  area ( l i n e  E-E'). 
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Fig .  1. Location map of t h e  Cerro P r i e t o  geothermal 
f i e l d  and d ipo le -d ipo le  l i n e s  D-D' and E-E' 
over  t h e  f i e l d .  
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W i l t  e t  a l .  
Data Acqu i s i t i on  2 0  RESISTIVITY MODEL, LINE E - E '  (1979) 

A schematic  diagram of f i e l d  system i s  shown i n  
F igu re  2. The 25 kW gene ra to r  is capable  of pro- 
v i d i n g  square-wave c u r r e n t s  of up t o  80 A peak-to- 
peak i n t o  t h e  ground a t  up t o  1200 V for per iods  
from 1 t o  100 seconds. This power source is  easy 
t o  move y e t  powerful enough t o  provide  adequate  
s i g n a l s  a t  d i s t a n t  s t a t i o n s .  For t h e  Cerro  P r i e t o  
surveys  40-second pe r iod  c u r r e n t  was used t o  
minimize induc t ive  coupl ing  e f f e c t s  due t o  t h e  low 
res is t ivi t y  ground . 

Signa l s  are measured s imul taneous ly  a c r o s s  fou r  
c o l i n e a r  d ipo le s  spaced a t  i n t e g e r  mul t ip l e s  (n) of 
1 t o  10 times t h e  1 km t r a n s m i t t e r  d ipo le  length .  
The s i g n a l s  are de tec t ed  w i t h  porous copper-copper 
s u l f a t e  e l ec t rodes  and t h e n  low-pass f i l t e r e d  t o  
remove 60 Hz and t e l l u r i c  no i se .  Af t e r  ampl i f ica-  
t i o n ,  t h e  s i g n a l s  are d i g i t i z e d ,  s t acked ,  and 
decomposed i n t o  F o u r i e r  components using a mul t i -  
channel  d i g i t a l  s i g n a l  p rocesso r  (Morrison et al . ,  
1978). This  system is very  e f f e c t i v e  f o r  ob ta in ing  
h igh  q u a l i t y  da t a .  Measurement e r r o r  levels f o r  
t h e  Cerro  P r i e t o  surveys  have v a r i e d  between 0.1 
and 5%.  The e r r o r  level rises wi th  inc reas ing  
d i p o l e  sepa ra t ion  and levels of c u l t u r a l  and t e l l u -  
r i c  noise .  

Resistivity Model 

Figure 3 shows t h e  2-D r e s i s t i v i t y  model t h a t  
w e  der ived  by t r i a l  and e r r o r  f i t t i n g  of f i e l d  da t a  
t aken  over  l i n e  E-E' t o  r e s u l t s  c a l c u l a t e d  by means 
of a 2-D r e s i s t i v i t y  modeling program (Wil t  and 
Golds te in ,  1981). F igure  4 shows t h e  p o s i t i o n  of 
t h e  l i n e  i n  r e l a t i o n  t o  t h e  p re sen t  w e l l  f i e l d .  
Two of t h e  most s i g n i f i c a n t  c h a r a c t e r i s  t ics  of t h e  
r e s i s t i v i t y  model are t h e  zone of r e l a t i v e l y  high 
r e s i s t i v i t y  (4.0 ohm-m) a s s o c i a t e d  wi th  t h e  reser -  
v o i r  rocks and t h e  s t e e p l y  d ipp ing  (1.5 ohm-m) low 
r e s i s t i v i t y  body l o c a t e d  east  of t h e  product ion  
zone 

The high r e s i s t i v i t y  r eg ion  a s soc ia t ed  wi th  the  
product ion  zone can be a t t r i b u t e d  t o  reduced poro- 
s i t y  of t h e  in te rbedded  s h a l e  u n i t s  (Wilt and 
Golds te in ,  1981; Elders  e t  a l . ,  1981). The ad ja-  
cen t  s t e e p l y  d ipping  conduct ive  body is  as soc ia t ed  
wi th  high thermal  g r a d i e n t s  and a n  inc reas ing  
th i ckness  of s h a l e s  i n  t h i s  p a r t  of the  s e c t i o n  
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Fig.  2. Schematic diagram of t h e  d ipole-d ipole  d a t a  
a c q u i s i t i o n  system. 
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Fig.  3. Two-dimensional subsu r face  r e s i s t i v i t y  
model f o r  l i n e  E-E', based on t h e  1979 
d a t a  set .  

(Halfman e t  a l . ,  1984). There a l s o  seems t o  be a 
"sandy-gap" i n  t h e  sha ley  caprock east  of t h e  
product ion  zone which appa ren t ly  a l lows  geothermal  
f l u i d s  t o  ascend i n t o  t h e  "att  r e s e r v o i r  which l i e s  
a t  depth  of 1.2-1.4 km (Halfman et a l . ,  1984). 

Resistivit ies i n c r e a s e  east of t h e  power p l a n t  
due t o  t h e  t r a n s i t i o n  from s a l i n e  t o  f r e s h e r  water 
as one approaches t h e  Colorado River (Lyons and van 
de  Kamp, 1980). 

CERRO P R I I I O  GEOTHERMAL FIELD 
WELL LOCATIONS 

JANUARY 1981 

XBL 811-25321) 

Fig.  4. Detail of d ipole-d ipole  r e s i s t i v i t y  l i n e s  
E-E' ( t r end ing  NE-SW) and F-F' ( t r end ing  
NW-SE) i n  r e l a t i o n  t o  t h e  w e l l  l o c a t i o n s  
numbered c i r c l e s ) .  Not a l l  p r e s e n t  wells 
a r e  shown. The producing wells supply ing  
steam t o  t h e  f i r s t  power p l a n t  (CP1) are 
loca ted  t o  t h e  immediate west-southwest of 
t h e  power p l an t .  
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Apparent R e s i s t i v i t y  Changes 

F igure  5 shows apparent  res is t ivi ty  changes 
r e l a t i v e  t o  1979 d a t a ,  p l o t t e d  as pseudosec t ions  
f o r  times of 1, 1.5, 2.5, and 4.0 yea r s  a f t e r  t h e  
1979 d a t a  were taken. The pseudosec t ions  are 
p l o t t e d  i n  u n i t s  of percent  change r e l a t i v e  t o  t h e  
b a s e l i n e  1979 d a t a .  There are s i m i l a r  t r ends  of 
change observed i n  a l l  of t he  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  of 
t h e  l i n e  t h a t  c r o s s e s  t h e  product ion  zone; t h e  
wes te rn  end of t h e  l i n e ,  ad jacen t  t o  t h e  Cupapl 
Mountains, however, shows l a r g e  changes a t  small 
n-spacings due t o  f r e s h e r  water used t o  i r r i g a t e  
new farming p l o t s .  

I -  
.- F2-  
u 3 -  

E",: 
C 6 -  

7 -  
8 -  

W i l t  e t  a l .  

corresponding t o  t h e  product ion  zone the  apparent  
res is t i v i  t ies have inc reased  a t  an average annual 
ra te  of about 5 % .  This  is 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  a r e s e r v o i r  i n  
response t o  the  drop  i n  p r e s s u r e  caused by f l u i d  
product ion  dur ing  t h e  1979-1982 per iod  (Wil t  and 
Go lds t e in ,  1984). I n  suppor t  of t h i s  b e l i e f ,  i t  
has been noted t h a t  c h l o r i d e  concen t r a t ions  i n  t h e  
water produced by many of t h e  Cerro  P r i e t o  wells 
have decreased  over  t h i s  t i m e  period (Grant et at., 
1984; T ruesde l l  e t  a l . ,  1984). Geochemical d a t a  
sugges t  t h a t  f r e s h  water e n t e r s  the  system from t h e  
s i d e s  and from above through a leaky caprock (Grant 
e t  al., 1981). The r e s i s t i v i t y  d a t a  do not c l e a r l y  

Over t h a t  p a r t  of the  p r o f i l e  approximately 

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

1 ' " " ' ~  1 1  I 1 1 1  I I I I 1 1 1 '  

. I  -1,2 1.3 

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

kilometers 
0 I 2 3 4 5 6 7 8 9 IO I I  12 13 14 15 16 17. 18 19 
I I 1 ~ ~ ~ ' ~  1 1  1 . 1  I I I 1 1  

kilometers 
0 I 2 3 4 5 6 7 8 9 IO II 12 13 14 15 16 17 18 19 

Fig. 5 .  

I -  
2 -  

7 -  
8 -  
9 -  

t 

-5  
0 SPRING 1983 

XBL 825-10150A 

Apparent r e s i s t i v i t y  changes a long  l i n e  E-E', p l o t t e d  i n  pseudosec t ion  form, r e l a t i v e  
t o  t h e  1979 d a t a  set. 
change i n  apparent  r e s i s t i v i t y  1, 1.5,  2.5, and 4.0 y e a r s  a f t e r  t h e  1979 b a s e l i n e  
d a t a  were acqui red .  
5%. 

From top  t o  bottom t h e s e  pseudosec t ions  show t h e  percent  

Areas of da rk  s t i p p l e  show r e s i s t i v i t y  i n c r e a s e s  g r e a t e r  than  
Areas of l i g h t  s t i p p l e  show r e s i s t i v i t y  decreases  g r e a t e r  t han  5 % .  
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Wilt e t  a l .  
i n d i c a t e  pathways f o r  f l u i d  f low as measurements 
a r e  ( a )  heav i ly  volume-averaged and (b )  d a t a  are 
l i m i t e d  t o  one p r o f i l e .  

The zone of dec reas ing  r e s i s t i v i t y  i n  the  re- 
g ion  east of t h e  p re sen t  product ion  area, between 
s t a t i o n s  12 and 16, is  a major f e a t u r e  i n  F igure  5, 
bu t  i ts cause  is not  w e l l  understood. The 2-D 
r e s i s t i v i t y  model (F igure  2) i n d i c a t e s  t h a t  t h i s  
r eg ion  is  as soc ia t ed  w i t h  t h e  e a s t e r n  f l a n k  of t h e  
thermal  dome which is marked by a s t e e p l y  d ipping ,  
1.5 ohm-m conduct ive  region. Analys is  of tempera- 
t u r e  measurements and geophys ica l  w e l l  l ogs  show 
t h a t  t h e  1.5 ohm-m zone c o r r e l a t e s  wi th  an area of 
high thermal g r a d i e n t s  and w i t h  t h i c k e r  s h a l e  u n i t s  
i n  t h e  s e c t i o n  (Halfman e t  a l . ,  1984). To a l low 
f o r  such l a r g e  scale changes i n  t h e  subsur face  
r e s i s t i v i t y ,  major ad jus tments  must be  occurr ing  i n  
t h e  groundwater tempera ture ,  s a l i n i t y  o r  both. 
Some of t he  change may be expla ined  by no t ing  t h a t  
farming a c t i v i t y ,  hence i r r i g a t i o n ,  ceased i n  t h e  
r eg ion  i n  1981 t h u s  sha l low groundwater has  l i k e l y  
become more s a l i n e  and warmer. This  predominately 
a f f e c t s  t h e  small n-spacings of the  pseudosec t ions  
(n=l  and 2) i n  F igu re  5 ,  but  dec reas ing  r e s i s t i v i t y  
i n  t h e  deeper p a r t s  of t h e  s e c t i o n  sugges ts  changes 
i n  t h e  temperature o r  s a l i n i t y  are occur r ing  a t  
depth.  I f  t he  percent  change pseudosec t ions  are 
examined i n  sequence from s p r i n g  1980 t o  f a l l  1982 
t h e  area of apparent  r e s i s t i v i t y  dec rease  appears  
t o  i n t e n s i f y  and change shape. The -10% contour  
appears  t o  move upwards and westward wi th  time, 
sugges t ing  a pu l se  of ho t  water ascending i n t o  t h e  
r e s e r v o i r  reg ion  through a sandy gap i n  t h e  sha ley  
caprock, as proposed by Halfman e t  al. (1984). 
About t h e  time of the  b a s e l i n e  measurements f l u i d  
product ion  w a s  about doubled a t  Cer ro  P r i e t o ,  and 
so t h i s  pu l se  may r e p r e s e n t  a groundwater response 
t o  t h e  p re s su re  change due t o  the  inc reased  produc- 
t i o n .  Using some s imple  r e s e r v o i r  engineer ing  
c a l c u l a t i o n s ,  we estimate t h a t  such a pu l se  would 
r e q u i r e  less than  5 y e a r s  t o  move t h e  2.5 km from 
east  of t h e  r e s e r v o i r  i n t o  t h e  product ion  zone 
(G .S.  Bodvarsson, 1984, pe r sona l  communication). 

F igure  6 d i s p l a y s  t h e  apparent  r e s i s t i v i t y  
changes ove r  t he  18-month per iod  of f a l l  1981 t o  
s p r i n g  1983. The r ecen t  p a t t e r n  of change is 

s i g n i f i c a n t l y  d i f f e r e n t  from those  shown i n  t h e  
earlier pseudosec t ions .  It sugges ts  t h a t  wh i l e  t h e  
r e s i s t i v i t y  d e c l i n e  is cont inuing  between s t a t i o n s  
13  and 16, a r e v e r s a l  i n  r e s i s t i v i t y  change has  
occurred  between s t a t i o n s  9 and 13; i.e., resistiv- 
i t ies  now seem t o  be d e c l i n i n g  w i t h i n  t h e  r eg ion  of 
t h e  a r e s e r v o i r .  This  r e v e r s a l  is d i f f i c u l t  t o  
e x p l a i n  because the  continued dec l ine  i n  c h l o r i d e  
con ten t  of t h e  b r i n e s  i n d i c a t e s  t h a t  coo le r ,  
f r e s h e r  groundwaters are recharg ing  t h e  r e s e r v o i r  
and t h e s e  should  produce a r e s i s t i v i t y  i n c r e a s e .  
One p o s s i b l e  explana t ion ,  cons i s t en t  wi th  changes 
i n  t h e  s i l i c a  con ten t  of t h e  produced b r i n e s ,  is 
t h a t  t h e  b o i l i n g  zones i n  t h e  a r e s e r v o i r  have 
decreased  i n  s i z e  as the  r e s e r v o i r  tempera ture  has  
dropped below t h e  b o i l i n g  p o i n t  f o r  t h a t  depth  
(A. T r u e s d e l l ,  1984, pe r sona l  communication), and 
t h a t  t h e  i n c r e a s e  i n  l i q u i d  s a t u r a t i o n  h a s  become a 
s i g n i f i c a n t  f a c t o r  on apparent  resistivities. 

Q u a n t i t a t i v e  Estimates of R e s i s t i v i t y  Change 

It is  a n  un fo r tuna te  a spec t  of the d ipo le -  
d i p o l e  percent  d i f f e r e n c e  pseudosections t h a t  they 
do n o t  c l e a r l y  r e v e a l  from s imple  examination where 
r e s i s t i v i t y  changes are a c t u a l l y  occur r ing  and 
t h e i r  t r u e  magnitude. The pseudosection represen- 
t a t i o n  is merely a convention f o r  p l o t t i n g  d a t a ,  
and does  not d e p i c t  the  t r u e  r e s i s t i v i t y  d i s t r i b u -  
t i o n .  Numerical models show t h a t  simple changes i n  
a r e s i s t i v i t y  model may produce complex changes i n  
t h e  pseudosec t ion  (Beyer, 1976). To improve our 
a b i l i t y  t o  q u a n t i t a t i v e l y  i n t e r p r e t  percent  change 
pseudosec t ions  w e  have made some pre l iminary  t r ia ls  
wi th  a n  au tomat ic  2-D l eas t - squa res  inve r s ion  code 
(Sasak i ,  1982). This code f i n d s ,  i n  an i t e r a t i v e  
f a s h i o n ,  a subsu r face  d i s t r i b u t i o n  of r e s i s t i v i t y  
t h a t  y i e l d s  a pseudosec t ion  matching t h e  observed 
pseudosec t ion .  From t h i s  w e  can see how t h e  
resistivities i n  d i s c r e t e  b locks  change w i t h  time- 
R e s i s t i v i t y  estimates i n  each block are v a r i e d  
u n t i l  a p o i n t  is reached where f u r t h e r  changes 
needed t o  improve t h e  f i t  are smaller than  some 
s p e c i f i e d  amount. The s t a r t i n g  model i n  t h e  inver -  
s i o n  i s  the  2-D model found from a l abor - in t ens ive  
i n t e r p r e t a t i o n  of t h e  1979 b a s e l i n e  d a t a  (Wilt et 
a l e ,  1980). 
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Apparent r e s i s t i v i t y  changes f o r  t h e  pe r iod  of f a l l  1981 t o  s p r i n g  1983. 
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The 2-D opt imiza t ion  code uses  a f i n i t e  element 
a lgo r i thm and a s l i g h t l y  d i f f e r e n t  mesh des ign  than  
w e  o r i g i n a l l y  used i n  ob ta in ing  the  Cerro  P r i e t o  
r e s i s t i v i t y  model, hence t h e  model sect ions  appear 
somewhat d i f f e r e n t  although they are e l e c t r i c a l l y  
equ iva len t .  The 2-D r e s i s t i v i t y  model ob ta ined  
from t h e  op t imiza t ion  procedure f o r  t h e  1979 d a t a  
is g iven  i n  F igure  7 .  It is very  similar t o  our 
o r i g i n a l  2-D model although the re  are d i f f e r e n c e s  
between t h e  two, p a r t i c u l a r l y  i n  the  sha l low p a r t  
of t h e  s e c t i o n .  F igure  8 is a r e s i s t i v i t y  model 
ob ta ined  by i n v e r t i n g  t h e  f a l l  1980 d a t a  set. 
Comparing Figures  7 and 8 t h e r e  are several areas 
of s i g n i f i c a n t  d i f f e r e n c e s .  Between s t a t i o n s  13 
and 16 a t  depths  between 1 and 3 km t h e  r e s i s t i v i t y  
has  decreased  by more than  40X. This sugges t s  t h a t  
profound changes i n  f l u i d  temperature and s a l i n i t y  

W i l t  e t  a l .  
are occur r ing  i n  t h i s  reg ion .  Since t h i s  area 
cor responds  t o  an  a r e a  of hot water recharge ,  as 
proposed by E lde r s  e t  a l .  ( 1 9 8 1 ) ,  Grant e t  a l .  
( 1 9 8 4 )  and Halfman e t  a l .  ( 1 9 8 4 ) ,  i t  is p o s s i b l e  
t h a t  t h e  changes a r e  due t o  increased  tempera tures  
and water s a l i n i t y  due t o  a d d i t i o n a l  hot water 
recharge.  Between s t a t i o n s  11 and 13 a 20% in-  
crease i n  r e s i s t i v i t y  is observed a t  depths  of 
between 1 and 3 km. This area corresponds t o  t h e  
p re sen t  product ion  zone and t h e  magnitude of t h e  
change is c o n s i s t e n t  wi th  changes i n  f l u i d  chemis- 
t r y  (Grant et a l . ,  1 9 8 4 ;  Truesde l l  e t  al . ,  1 9 8 4 ) .  
Between s t a t i o n  1 and 2 t h e  shallow r e s i s t i v i t y  has  
changed d rama t i ca l ly  l a r g e l y  because l a r g e  amounts 
of f r e s h  water have been used he re  f o r  i r r i g a t i o n  
of new farming p l o t s .  
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Fig. 7 .  A two-dimensional subsu r face  r e s i s t i v i t y  model produced by means 
of a f i n i t e  element,  au tomat ic  l ea s t - squa re  i t e r a t i v e  technique 
f o r  t h e  1979 d a t a  set. Compare t o  F igure  3. 
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Fig. 80 A two-dimensional subsu r face  r e s i s t i v i t y  model f o r  t h e  1980 d a t a  
set. 
of how subsur face  r e s i t i v i t i e s  changed dur ing  t h e  one-year per iod  

Compare b lock  r e s i s t i v i t i e s  t o  those  i n  F igure  7 f o r  a sense  
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W i l t  e t  a l .  

Ongoing Work References 

I n  1983 b a s e l i n e  measurements were made on a 
new NW-SE l i n e  (F-F') t h a t  c ros ses  E-E' a t  an angle  
of 60 . By having two moni tor ing  l i n e s  c ros s ing  
ove r  t h e  f i e l d  w e  w i l l  be i n  a b e t t e r  p o s i t i o n  t o  
t r a c k  l a r g e  scale movements of subsur face  f l u i d s .  
I n  a d d i t i o n ,  l i n e  F-F' c r o s s e s  an area of wells 
t h a t  w i l l  supply  steam t o  a new e l e c t r i c a l  genera- 
t i n g  p l a n t  (Cerro P r i e t o  XI), scheduled t o  s t a r t  up 
i n  l a t e  1984. The new power w i l l  more than double 
i n s t a l l e d  capac i ty  t o  a t o t a l  of 400 MW. Future 
measurements on t h i s  l i n e  may i n d i c a t e  how t h e  
r e s e r v o i r  is  responding t o  massive changes i n  f l u i d  
withdrawal and recharge .  

Summary and Conclusions 

R e p e t i t i v e  d ipole-d ipole  r e s i s t i v i t y  measure- 
ments taken  du r ing  t h e  p a s t  4 y e a r s  over  l i n e  E-E' 
have revea led  a c o n s i s t e n t  p a t t e r n  of change over 
t h e  Cerro P r i e t o  f i e l d .  A zone of i nc reas ing  re- 
s i s t i v i t y  is r e l a t e d  t o  t h e  p re sen t  reg ion  of f l u i d  
withdrawal;  zones of dec reas ing  r e s i s t i v i t y  l i e  
above and f l a n k  t h e  reg ion  of i nc rease .  The re- 
s i s t i v i t y  i n c r e a s e  is most l i k e l y  due t o  t h e  i n f l u x  
of f r e s h e r ,  c o o l e r  water i n t o  t h e  system t o  r ep lace  
t h e  hot  b r i n e  withdrawn for power production. 
r e s i s t i v i t y  dec reases  i n  t h e  e a s t e r n  p a r t  of t he  
f i e l d  may be due t o  t h e  upward movement of deep 
s a l i n e  water o r  t o  l o c a l  i n c r e a s e  i n  temperature 
due t o  upwel l ing  h o t  waters. 

The 

The r e v e r s a l  i n  r e s i s t i v i t y  change a s soc ia t ed  
wi th  t h e  reg ion  of t he  p re sen t  shallow production 
zone sugges ts  t h a t  l i q u i d  s a t u r a t i o n  has  s i g n i f i -  
c a n t l y  inc reased  dur ing  t h e  f a l l  1981 t o  sp r ing  
1983 pe r iod  due t o  t h e  c o l l a p s e  of b o i l i n g  zones 
around t h e  w e l l s .  

I n i t i a l  t r i a l s  were made wi th  a 2-D automatic 
l ea s t - squa res  i n v e r s i o n  computer program t o  he lp  
l o c a t e  s p e c i f i c  r eg ions  where change is  occurr ing  
and assess t h e  magnitude of the  changes. An inver- 
s i o n  of moni tor ing  d a t a  taken  18 months a f t e r  t h e  
1979 b a s e l i n e  measurements r e v e a l s  t h a t  w i th in  t h e  
product ion  zone r e s i s t i v i t y  had inc reased  by about 
20% and a t  similar depths  east of t he  production 
zone more than  a 80% dec rease  is observed. 

Acknowledgment 

The au tho r s  wish t o  acknowledge Don L ippe r t ,  
Ray Solbau, Wayne L e e  and Bob Davis whose e f f o r t s  
i n  the  f i e l d  con t r ibu ted  g r e a t l y  t o  t h e  success fu l  
a q u i s i t i o n  of t h e  h igh  q u a l i t y  r e s i s t i v i t y  da t a .  
We a l s o  wish t o  thank our  co l leagues  wi th  CFE i n  
Mexica l i  who have been of cons ide rab le  he lp  i n  
provid ing  suppor t  f o r  t h e  f i e l d  surveys  and d a t a  
i n t e r p r e t a t i o n .  

This  p r o j e c t  is  supported by t h e  A s s i s t a n t  
Sec re t a ry  f o r  Conserva t ion  and Renewable Energy, 
O f f i c e  of Renewable Technology, D iv i s ion  of 
Geothermal and Hydropower Technologies of the  
U.S .  Department of Energy under Cont rac t  No. 
DE-AC03-76SF00098. 

Beyer,  J .H. ,  1976. T e l l u r i c  and dc r e s i s t i v i t y  
techniques  app l i ed  t o  t h e  geophys ica l  inves ti- 
g a t i o n  of Bas in  and Range geothermal systems, 
P a r t  11: A numerical model s tudy  of t he  
d ipole-d ipole  and Schlumberger r e s i s t i v i t y  
methods: Ph.D. d i s s e r t a t i o n ,  U.C. Berkeley. 
Lawrence Berkeley Laboratory r e p o r t  LBL-6325, 
213 p. 

E lde r s ,  W.A., Will iams, A.E., and Hoagland, J.R., 
1981. An i n t e g r a t e d  model f o r  t h e  n a t u r a l  f low 
regime i n  t h e  Cerro  P r i e t o  geothermal f i e l d  
based upon p e t r o l o g i c a l  and i s o t o p e  geochemical 
cr i ter ia :  3 Proceedings,  Thi rd  Symposium on 
t h e  Cerro P r i e t o  Geothermal F i e l d ,  Baja Cal i -  
f o r n i a ,  Mexico, March 1981, Lawrence Berkeley 
Laboratory r e p o r t  LBL-11967, pp. 102-110. 

Grant ,  M.A., T r u e s d e l l ,  A.H., and A. Maiidn M., 1984. 
Production induced b o i l i n g  and co ld  water e n t r y  
i n  t h e  Cerro  P r i e t o  geothermal r e s e r v o i r  i nd i -  
ca ted  by chemical and phys ica l  measurements: 
Geothermics, V. 13, n. 1 / 2 ,  pp. 117-140. 

Halfman, S.E., Lippmann, M O J O ,  Zelwer, R-, and 
Howard, J .H . ,  1984. Geologic i n t e r p r e t a t i o n  
of geothermal f l u i d  movement i n  Cerro P r i e t o  
F i e l d ,  Baja C a l i f o r n i a ,  Mexico: Am. Assoc. 
Pet.  Geol. Bul l . ,  v. 68, pp. 18-30. 

Lyons, D . J .  and van de  Kamp, P.C., 1980. Subsur- 
f a c e  geo log ica l  and geophysical s tudy  of t he  
Cerro P r i e t o  geothermal f i e l d :  Lawrence 
Berkeley Laboratory r e p o r t  LBL-10540. 

Morrison, H.F., Go lds t e in ,  N.E., Hoversten,  M., 
Oppl iger ,  G . ,  and Riveros,  C. ,  1978. Descrip- 
t i o n ,  f i e l d  and d a t a  a n a l y s i s  of a con t ro l l ed -  
sou rce  EM sys tem (EM-60): 
Laboratory r e p o r t  LBL-7088, 150 p. 

Lawrence Berkeley 

Sasak i ,  Y., 1982. Automatic i n t e r p r e t a t i o n  of 
induced p o l a r i z a t i o n  d a t a  over two-dimensional 
s t r u c t u r e s :  Memoirs from t h e  Facu l ty  of Engi- 
nee r ing ,  Kyushu Unive r s i ty ,  Japan ,  v. 42, n. 1, 
pp. 59-70. 

T r u e s d e l l ,  A.H., Nehring, N.L., Thompson, J .M. ,  
J an ik ,  C.J . ,  and Coplen, T.B., 1984. A review 
of p rogres s  i n  understanding t h e  f l u i d  geochem- 
i s t r y  of t h e  Cerro  P r i e t o  geothermal system: 
Geothermics, V. 13, n. 1 / 2 ,  pp. 65-74. 

W i l t ,  M . J . ,  Go lds t e in ,  N.E., Razo A., M., 1980. 
LBL r e s i s t i v i t y  s t u d i e s  a t  Cer ro  P r i e t o :  
Geothermics, v. 9, n. 1/2,  pp. 15-26. 

W i l t ,  M . J .  and Go lds t e in ,  N.E., 1981. R e s i s t i v i t y  
monitoring a t  Cerro  P r i e t o :  Geothermics, 
v. 10, n. 3/4,  pp. 183-194. 

W i l t ,  M . J .  and Go lds t e in ,  N.E., 1984. I n t e r p r e t a -  
t i o n  of d ipole-d ipole  r e s i s t i v i t y  monitoring 
d a t a  a t  Cerro  P r i e t o :  Geothermics, V. 13, 
n. 1/2,  pp. 13-26. 

2 4 0  


