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ABSTRACT 

on e x i s t i n g  d a t a ,  d i f f e r e n t  boundary 
c o n d i t i o n s  and m a t e r i a l  p r o p e r t i e s  w e r e  s imula ted  
us ing  a computer program t o  c a l c u l a t e  h e a t  and 
mass t r a n s p o r t  i n  l i q u i d - s a t u r a t e d  noniso thermal  ,/ 
media. In  t h e s e  s i m u l a t i o n s ,  meassumed t h a t  
i n i t i a l l y  Cerro P r i e t o  w a s  e s s e n t i a l l y  a one-phase 
(l iquid-dominated) geothermal system.' 

vario<roduction recharge  a r k i s -  

&------ 
L.a.Ue-- 

a t e a d y - s t a t e  tempera tures  f o r  
L 

charge  boundary cond i t ions .  The r e s u l t s  a r e  
d i scussed  and compared w i t h  pub l i shed  i n i t i a l  
t empera ture  d i s t r i b u t i o n s  i n  t h e  Cerro P r i e t o  

1 system. - 
INTRODUCTION 

The Cerro P r i e t o  geothermal f i e l d  is p r e s e n t l y  
producing 150 MW of e l e c t r i c  power. 
1979 t h e  c a p a c i t y  of t h e  power p l a n t  was doubled 
(from 75 t o  150 MU) as two new u n i t s  came i n t o  
ope ra t ion .  Consequently t h e  f l u i d  product ion  
r a t e  has  inc reased  from about 2800 t o  4200 tonnes  
per hour. B e r m e j o  M. et a l .  (1979) e s t i m a t e  t h a t  
about  1.2 x lo8 tonnes  of steam-brine mixture  
has  been e x t r a c t e d  f rom' the  f i e l d  as of l a te  1978. 
F igu re  1 shows t h e  l o c a t i o n  of over  60 deep w e l l s  
t h a t  have been completed i n  t h e  f i e l d .  

In  A p r i l  

By 1985 t h e  Comisi6n Fede ra l  de E l e c t r i c i d a d  
expec t s  t o  i n c r e a s e  t h e  cumulative p l a n t  capac i ty  
a t  Cerro P r i e t o  t o  400 MW. Improved e s t i m a t e s  of 
t h e  t o t a l  c a p a c i t y  of t h e  f i e l d  vi11 be e s s e n t i a l  
i n  s tudy ing  t h e  f e a s i b i l i t y  of f u r t h e r  developments 
of t h e  area. 

A r e a l i s t i c  geohydrologica l  model is of 
fundamental  importance t o  estimate t h e  capac i ty  and 
longev i ty  of t h e  Cerro  P r i e t o  f i e l d .  A number of 
pape r s  i n  t h i s  volume d i s c u s s  t h e  v a r i o u s  e f f o r t s  
under way t o  determine t h e  dimensions,  s t r u c t u r e  
and s t r a t i g r a p h y  of t h e  f i e l d ,  t h e  p r o p e r t i e s  and 
i n t e r c o n n e c t i o n  between t h e  v a r i o u s  a q u i f e r s ,  and 
t h e  c i r c u l a t i o n  of f l u i d  and h e a t  w i t h i n  t h e  
geothermal system and a c r o s s  i ts  boundar ies .  

The purpose of t h i s  s tudy  is t o  e s t a b l i s h  t h e  
p rep roduc t ion  recharge  and d i scha rge  cond i t ions  
of t h e  f i e l d .  A s  a f i r s t  s t e p ,  a s i m p l i f i e d  

CERRO PRIETO GEOTHERMAL FIELD 
k WELL LOCATIONS 

Figure  1. Well l o c a t i o n s  a t  t h e  Cerro P r i e t o  
geothermal f i e l d ,  as of November 1979. 

g e o l o g i c a l  model of t h e  system waa developed on 
t h e  b a s i s  of t h e  a v a i l a b l e  da t a .  Then, t h e  hea t  
and mass f low through t h i s  model was c a l c u l a t e d  
numer ica l ly  us ing  a computer program. T h e - l o c a t i o n ,  
tempera ture ,  and s t r e n g t h  of t h e  r e s e r v o i r  recharge  
and d i scha rge  areas, t h e  thermal  and hydrau l i c  
boundar ies  of t h e  model, and t h e  p r o p e r t i e s  of t h e  
d i f f e r e n t  materials were v a r i e d . i n  a n  a t tempt  t o  
reproduce t h e  preproduct ion  tempera tures  given by 
Mercado G. (19761, and E lde r s  .et al .  '(1978). No 
e f f o r t  was  made t o  ma tch -ea r ly  qese rvo i r  p re s su res  
s i n c e  pre-1973 p r e s s u r e  d a t a  are only  a v a i l a b l e  f o r ,  
few w e l l s  i n  t h e  c e n t r a l  p a r t  of t h e  f i e l d  
(Sdnchez R .  and de la Peiia L., 1980).  

Tine sou rces  and s i n k s  i d e n t i f i e d  by t h i s  
s tudy  could  a l s o  be used f o r  s imula t ing  t h e  
behavior of t h e  f i e l d  a f t e r  1973. However, t h e i r  
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c h a r a c t e r i s t i c s  would change due t o  l a rge - sca l e  
product ion.  The mass in f low from t h e  sou rces  i n t o  
t h e  r e s e r v o i r  is  expected t o  i n c r e a s e  s i g n i f i c a n t l y  
i n  t h i s  open system and a dec rease  is a n t i c i p a t e d  
a t  t h e  s i n k s  due t o  e x p l o i t a t i o n .  In a d d i t i o n ,  
a r e a s  surrounding t h e  producing r e s e r v o i r  a r e  a l s o  
expected t o  d r a i n  ( co ld  o r  h o t )  f l u i d s  i n  response 
t o  t h e  changes i n  t h e  p r e s s u r e  d i s t r i b u t i o n  in t h e  
f i e l d .  

RELEVANT WORK 

Knowledge about  t h e  r echa rge  and d i scha rge  
c h a r a c t e r i s t i c s  of t h e  f i e l d  is e s s e n t i a l  t o  
p r e d i c t  i ts f u t u r e  behavior .  Based on d a t a  from 
r e c e n t  and e a r l i e r  s t u d i e s ,  zones of recharge and 
d i r e c t i o n s  of f low of t h e  recharged f l u i d  may be 
i n f e r r e d .  Unfortunately not  a l l  t h e  d a t a  p o i n t  t o  
e x a c t l y  t h e  same zones and d i r e c t i o n s .  

On t h e  o t h e r  hand, no p r e c i s e  l o c a t i o n s  a t  
depth a r e  a v a i l a b l e  f o r  t h e  zones where some of 
t h e  f l u i d  and h e a t  t r a n s p o r t e d  a c r o s s  t h e  geo- 
thermal  r e s e r v o i r  f i n d  t h e i r  way t o  t h e  s u r f a c e .  
It is s a f e  t o  say t h a t  h e a t  is conducted through 
t h e  caprock,  and t h a t  f l u i d s  and h e a t  c a r r i e d  by 
convect ion a r e  discharged t o  t h e  s u r f a c e  along 
t h e  main f a u l t  zones in t h e  a r e a .  

Using w e l l  t empera tu res ,  p r e s s u r e s ,  en tha lpy ,  
f low d a t a ,  and geothermochemical c o r r e l a t i o n s  of 
t h e  f l u i d s  discharged by t h e  w e l l s ,  Mercado G. 
(1976) developed a hydrogeo log ica l  model of 
t h e  Cerro P r i e t o  a r e a .  H e  p o s t u l a t e d  t h a t :  (1) ho t  
f l u i d s  ascending in t h e  e a s t e r n  and c e n t r a l  zones 
of t h e  f i e l d  flow towzrd t h e  w e s t ,  (2)  t h e  h e a t  
sou rce  is l o c a t e d  i n  t h e  e a s t e r n  and deeper  p a r t  
of t h e  f i e l d ,  (3 )  t h e  r e s e r v o i r  is recharged 
mainly from t h e  west ( i n  t h e  a r e a  of a l l u v i a l  f a n s  
of t h e  S i e r r a  Cucapa) and a l s o  t o  some e x t e n t  from 
t h e  east by t h e  underflow of t h e  Colorado River  
wa te r .  F igu res  2 and 3 show t h e  p rep roduc t ion  
temperature  d i s t r i b u t i o n s  in t h e  f i e l d  a long  two 
d i f f e r e n t  c ros s - sec t ions  (Mercado G . ,  1976).  

According t o  T r u e s d e l l  e t  a l .  (1979b) t h e  
comparison of measured deuter ium c o n t e n t s  of t h e  
Cerro P r i e t o  geothermal wa te r s  and t h e  i n t e r -  

SE NW 

Figure  2. Preproduct ion temperature  d i s t r i b u t i o n  
i n  t h e  r e s e r v o i r  a long  a sou theas t -  
northwest  c ros s - sec t ion  (adapted from 
Mercado G., 1976).  
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Figure  3. Preproduct ion temperature  d i s t r i b u t i o n  
i n  t h e  r e s e r v o i r  a long a southwest-  
n o r t h e a s t  c ros s - sec t ion  (adapted from 
Mercado G . ,  1976).  

p o l a t e d  composition of co ld  Mexical i  Va l l ey .  
ground wa te r s  sugges t s  t h a t  t h e  r echa rge  t o  t h e  
system could have occurred a long  a narrow zone 
running from Mexical i  on t h e  n o r t h ,  pas s ing  j u s t  
w e s t  of t h e  f i e l d ,  and cu rv ing  n o r t h e a s t  t o  t h e  
Mesa Arenosa on t h e  e a s t .  This recharge from 
t h e  w e s t  ag rees  wi th  p a r t  of Mercado's (1976) model. 

C o r w i n  e t  a l .  (1979) c o r r e l a t e d  t h e  dipolar 

They con- 
s e l f - p o t e n t i a l  anomaly d e t e c t e d  in t h e  Cerro 
P r i e t o  a r e a  wi th  geothermal a c t i v i t y .  
c luded t h a t  t h e  s u r f a c e  anomaly could be t h e  
r e s u l t  of a v e r t i c a l  f a u l t  o r  f r a c t u r e  zone a long  
which a v e r t i c a l  component of f l u i d  and/or  h e a t  
f low e x i s t s .  Figure 4 shows t h e  s e l f - p o t e n t i a l  
anomaly and t h e  i n f e r r e d  l o c a t i o n  of t h e  g e o l o g i c a l  
d i s c o n t i n u i t y .  Based on t h e s e  d a t a  t h e  ho t  water  
upflow zone is  d i s t r i b u t e d  a long  an  approximately 
north-south area pass ing  nea r  w e l l  M-48. 

E lde r s  et  a l .  (1978) recognized a number of 
r e g u l a r l y  d i s t r i b u t e d  mineral  zones i n  t h e  f i e l d  
by examining co res  and d r i l l  c u t t i n g s .  
developed maps i n d i c a t i n g  depths  t o  t h e  f i r s t  
occurrence of some temperature  d i a g n o s t i c  mine ra l s .  
For example, F igu re  5 shows t h e  p l o t  corresponding 
t o  e p i d o t e  i n d i c a t i n g  t h e  depth t o  t h e  230 t o  25OOC 
tempera tu re  zone. The mine ra l  d i s t r i b u t i o n s  
sugges t  t h a t  t h e  h o t t e s t  f l u i d s  r o s e  a long  a north-  
sou th  t r e n d i n g  zone pass ing  nea r  w e l l  M-105. This 
zone is d i s p l a c e d  toward t h e  w e s t  w i th  r e spec t  t o  
t h e  one i n f e r r e d  from t h e  s e l f - p o t e n t i a l  s tudy  
(Corwin e t  a l . ,  1979).  

They 

It should be recognized t h a t  t h e  i s o t o p i c  and 
mine ra log ic  d a t a  r e p r e s e n t  t h e  p rep roduc t ion  condi- 
t i o n  of t h e  system--that i s ,  b e f o r e  1973 when 
l a r g e - s c a l e  e x p l o i t a t i o n  of t h e  f i e l d  began. 

NUMERICAL COMPUTER PROGRAM AND METHODOLOGY 

The numerical  computer code CCC developed a t  
Lawrence Berkeley Laboratory was used i n  t h e s e  
s t u d i e s .  The program s o l v e s  t h e  h e a t  and mass 
f low equa t ions  f o r  l i q u i d - s a t u r a t e d  media. D e t a i l s  
on t h e  I n t e g r a t e d  F i n i t e  D i f f e rence  Method and on 
e x p l i c i t - i m p l i c i t  i t e r a t i v e  procedure t o  advance 
i n  t i m e  used in t h i s  program a r e  given given e l s e -  
where (Edwards, 1972; Narasimhan and Witherspoon, 
1976; Lippmann et  a l . ,  1977).  

- 2- 
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Figure  4. S e l f - p o t e n t i a l  contours  i n  t h e  Cerro  P r i e t o  a r e a .  
The heavy dashed l i n e  r e p r e s e n t s  t h e  trace of t h e  i n f e r r e d  s e l f - p o t e n t i a l  source  p lane  
and l o c a t i o n  of a p o s s i b l e  geo log ica l  d i s c o n t i n u i t y .  The heavy do t  i n d i c a t e s  t h e  c e n t e r  of 
t h e  source  r eg ion  (from Corwin e t  al . ,  1979).  

L ines  A-A* through F-F’ a r e  survey  l i n e s .  

I n  a l l  cases t h e  numer ica l  computations were 
run  u n t i l  a s t eady- s t a t e  p r e s s u r e  and tempera ture  
d i s t r i b u t i o n  was ob ta ined  i n  t h e  s imula t ed  system. 
The computed tempera tures  were then  compared wi th  
Mercado’s (1976) tempera ture  d i s t r i b u t i o n s  (F igs .  
2 and 3 ) .  

M 94 
* . Z W  

?ooo-- 
Using t h e s e  comparisons as a gu ide ,  t h e  

c h a r a c t e r i s t i c s . o f  t h e  s o u r c e s ,  s i n k s ,  and boundary 
cond i t ions  were modified t o  improve t h e  match. 
The changes were not  a r b i t r a r i l y  made but  were 
based on a v a i l a b l e  g e o l o g i c a l  and r e s e r v o i r  
engineering information. 

A number of d i f f e r e n t  models were used t o  
reproduce Mercado‘s preproduct ion  tempera ture  
d i s t r i b u t i o n s .  Only t h e  r e s u l t s  of two of t h e  
cases  s t u d i e d  v f l l  be d i scussed  here .  As wi l l  be  
show?, i t  was  no t  p o s s i b l e  t o  reach good agree- 
ments. We suspec t  t h a t  t h e  s i m p l i f i e d  geo log ica l  
model and boundary c o n d i t i o n s  used i n  t h e  simula- 
t i o n s  c o n t r i b u t e d  t o  tbe poor matches obta ined .  
Recent s t u d i e s  (Lyons and van de Kamp, 1980) 
i n d i c a t e  t h a t  t h e  l i t h o l o g y  of  t h e  f i e l d  i s  q u i t e  
complex, w i t h  l i t h o f  acies changes c o n t r o l l i n g  
l a r g e l y  t h e  . f l u i d  f low & t h i n  t h e  system. 

GEOLOGICAL MODEL 

\ 

Using’ the  informat ion  a v a i l a b l e  i n  mid-1979, 
a s i m p l i f i e d  g e o l o g i c a l  m d e l  of Cer ro  P r i e t o  w a s  
developed f o r  u s e  i n  s imula t ions .  
be l i eved  t o  be bounding and i n t e r s e c t i n g  t h e  a r e a  
i n i t i a l l y  developed by CFE (Cerro P r i e t o  I)  a r e  
shown on Figure  6. Based on t h e s e  d a t a ,  t h e  r eg ion  

The f a u l t s  
XBL 805-9508 

Figure  5 .  Depth t o  the f i r s t  occur rence  of ‘ modeled t o  reproduce t h e  preproduct ion  cond i t ions  
e p i d o t e  i n  sands tone  (from E l d e r s  et of t h e  f i e l d  was  r e s t r i c t e d  t o  t h e  a r e a  i n d i c a t e d  
a l . ,  1978).  on F igu re  7. 

-3- 
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Figure  7. Plan view of  t h e  area modeled and t h e  
F igure  6. F a u l t  map f o r  t h e  area i n i t i a l l y  mesh used i n  t h i s  paper .  C o n t r a s t i n g  

ha tch ings  correspond t o  d i f f e r e n t  
t h i c k n e s s e s  of Uni t  A (unconsol ida ted  
sed iments ) .  

developed a t  Cerro  P r i e t o  (from Vonder 
Haar and Howard, 1980) .  

B a s i c a l l y ,  t h e  l i t h o l o g i c  column in t roduced  by 
A b r i l  G. and Noble (1979) w a s  i n c o r p o r a t e d  i n  t h e  
model (Fig.  8 ) .  According t o  them, i n  t h i s  area 
t h e  column may be subdiv ided  i n t o  t h r e e  u n i t s .  
The upper one (Unit A) c o n s i s t s  of unconsol ida ted  
sed iments ,  t h e  middle one (Unit  B) of c o n s o l i d a t e d  
materials, and t h e  lower one (Unit  C) of grano- 
d i o r i t i c  and metamorphic rocks .  Unit A a c t s  as 
t h e  leaky caprock o€ t h e  geothermal  system, 
w h i l e  Unit  C c o n s t i t u t e s  i t s  impermeable bedrock. 
Unit  B ,  o v e r l y i n g  t h e  basement formed by a l ter-  
n a t i n g  sands tone  and s h a l e  l a y e r s ,  can be d i v i d e d  
i n t o  f i v e  major s u b u n i t s .  

The top  l a y e r ,  Ll, c o n s i s t s  of sands tone  
l e n s e s  and s h a l e s .  
posedly  could be t h e  s o u r c e  of c o l d e r ,  less s a l i n e  
waters  which recharge  t h e  geothermal  r e s e r v o i r s  
below, as t h e i r  p r e s s u r e s  drop  i n  response  t o  fluid 
e x t r a c t i o n  ( T r u e s d e l l  e t  a l . ,  1979a) .  B e l o w  Layer 
L 1  i s  Layer L2, which is  c h a r a c t e r i z e d  by rocks  
w i t h  h igh  conten t  of carbonate  cement. The under- 
l y i n g  sandy s t r a t a ,  s e p a r a t e d  by a s h a l y  l a y e r ,  
are t h e  main geothermal  r e s e r v o i r s  A and B a t  
Cerro  P r i e t o .  

Its l e n t i c u l a r  a q u i f e r s  sup- 

The t o t a l  t h i c k n e s s  of t h e  sedimentary column 
v a r i e s  w i t h i n  t h e  Cerro  P r i e t o  f i e l d .  Bedrock w a s  
reached o n l y  in w e l l s  M-3 (2532 m), M-96 (2713 m), 
and S-262 (1470 m). The depth t o  t h e  b lock- fau l ted  

basement i n c r e a s e s  s i g n i f i c a n t l y  toward t h e  east 
(Fonseca L. and Razo M., 1980) .  For s i m u l a t i o n  
purposes t h e  top  of t h e  bedrock w a s  assumed t o  be 
a t  a c o n s t a n t  depth of 2500 m throughout  t h e  
modeled area. 

An isopach  map of Unit  A ,  based on d a t a  
grovided by CFE, is given  i n  F igure  9. For t h e  
z imi i la t ions  t h e  v a r i a b l e  t h i c k n e s s  of t h i s  u n i t  
was modeled as shown in F i g u r e  7. By assuming 
.:cnstant t h i c k n e s s e s  f o r  t h e  d i f f e r e n t  s u b u n i t s  of 
U n i t  R ,  t h r e e  b a s i c  l i t h o l o g i c  columns were used 
i n  t h e  model (Fig.  8 ) .  It is b e l i e v e d  (A. Mason M., 
p e r s o n a l  commun.) t h a t  i n  t h e  c e n t r a l  p a r t  of t h e  
Cej.ro P r i e t o  I area t h e r e  is p r e f e r e n t i a l  f l u i d  
aovement i n  a northeast-southwest  d i r e c t i o n  due t o  
presence  of more permeable f a c i e s  o r  h ighly  f r a c -  
t u r e d  rocks .  This f e a t u r e  w a s  i n c o r p o r a t e d  i n  t h e  
model as d i s c u s s e d  below. 

XSH USED I N  THE SIMULATIONS 

f ie  three-dimensional  r e g i o n  s t u d i e d  w a s  sub- 
d j v i d e d  i n t o  560 nodes ( o r  e lements ) .  The v e r t i c a l  
column, 2500 m t h i c k ,  w a s  subdiv ided  i n t o  8 h o r i -  
zontal l e v e l s  (each having 70 nodes) .  The lowest  
l e v e l  (100 l e v e l )  is 600 m t h i c k ,  above i t  t h e  200 
t o  /00 l e v e l s  each 200 m t h i c k ,  and t h e  upper l e v e l  
(800 l e v e l )  is 700 m t h i c k .  The d i f f e r e n t  t h i c k -  



Figure  8.  

UNIT 
A 

UNIT 
B 

Reservoir A 

XBL 1910-13051 

Basic  l i t h o l o g i c  columns used i n  t h e  
model f o r  t h e  areas wi th  d i f f e r e n t  
Unit  A t h i c k n e s s e s  ( see  Fig.  7 ) .  

Y - 3  " IO0 
\ 

Y - ?  

f . 0  

JJ 

Figure  9 -  U n i t  A i sopach  map. 

nes ses  were needed t o  account f o r  t h e  d i f f e r e n t  
l i t h o l o g i c  columns used i n  t h e  model (Fig.  8 ) .  

F igure  10  d e p i c t s  t h e  numbering used f o r  t h e  
nodes i n  t h e  400- leve l ,  a s i m i l a r  numbering scheme 
w a s  used i n  t h e  o t h e r  l e v e l s .  In  t h i s  t h r e e  d i g i t  
sys tem,  t h e  f i r s t  d i g i t  r e p r e s e n t s  t h e  l e v e l ,  
wh i l e  t h e  number of t h e  node is  r ep resen ted  by t h e  
o t h e r  two.  
l a y e r  and is v e r t i c a l l y  above nodes 118, 218, 318, 
418, 518, 618, and 718. 
i ts  shape  is e x a c t l y  t h e  same as t h a t  of node 418. 
F igure  10  shows t h e  nor theas t - southwes t  t r end ing  
h igh  pe rmeab i l i t y  a r e a ,  r e p r e s e n t i n g  a c o a r s e r  
f a c i e s  o r  a f r a c t u r e d  zone i n  t h e  f i e l d .  
h ighe r  permeable material w a s  r e s t r i c t e d  t o  t h e  
400 l e v e l  on ly .  

Thus, node 818 l i es  i n  t h e  800-level 

In t h e  h o r i z o n t a l  p l a n e ,  

The 

BOUNDARY AND INITIAL CONDITIONS 

, Boundary cond i t ions  which have t o  be s p e c i f i e d  
i n  t h e  model a r e :  (1) type  of boundar ies  whether 
open b r  c losed  t o  hea t  and mass f low,  ( 2 )  tempera- 
t u r e s  and p res su res  a t  t h e  boundar ies ,  (3)  l o c a t i o n  
and s t r e n g t h  of sou rces  and s i n k s ,  and ( 4 )  tempera- 
t u r e  of f l u i d  e n t e r i n g  t h e  system. 

i r i r is  r . L T I . - i l l l l l  

Figure  10. P lan  view of t h e  mesh used f o r  compu- 
t a t i o n .  Katched area i n d i c a t e s  an 
a r e a  of h ighe r  pe rmeab i l i t y  i n  t h e  
400 l e v e l  (1400 m dep th ) .  Node 
numbering for t h e  400 l e v e l ,  and t h e  
l o c a t i o n  oi t h e  A-A' and B-B' c r o s s  
s e c t i o n s  a r e  a l s o  shown. 
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I n  t h e  v a r i o u s  models developed f o r  t h e  Cerro 
P r i e t o  I area most of t h e s e  c o n d i t i o n s  were v a r i e d  
t o  s t u d y  t h e i r  e f f e c t  on t h e  p rep roduc t ion  tempera- 
t u r e  d i s t r i b u t i o n s .  However, i n  bo th  cases 
d i s c u s s e d  h e r e ,  we used t h e  fo l lowing  cond i t ions :  
(1) The in f low and ou t f low of f l u i d s  i n t o  and from 
t h e  r eg ion  were modeled by p l a c i n g  sources  and 
s i n k s  i n  some nodes l o c a t e d  a t  t h e  boundaries  
( i .e .  n e a r  geo log ic  f a u l t s ) .  (2)  A l l  v e r t i c a l  
boundaries  were c l o s e d  t o  h e a t  f low. (3) The top  
and bottom boundaries  were h e l d  a t  cons t an t  
t empera tu res .  The top  s u r f a c e  w a s  assumed t o  be 
a t  25OC; t h e  bottom e i t h e r  a t  15OOC or 280OC. 
( 4 )  The t o t a l  mass f low r a t e  a c r o s s  t h e  model (from 
t h e  sou rces  towards t h e  s i n k s )  was  a r b i t r a r i l y  
assumed t o  be 2.95 x lo7 kgfday. Th i s  r a t e  is 
about  2.15 t i m e s  t h e  p rep roduc t ion  d i scha rge  of 
t h e  s u r f a c e  m a n i f e s t a t i o n s  i n  t h e  area as r e p o r t e d  
by Mercado G. (1968). We cons ide red  t h a t  be fo re  
1973 a s i g n i f i c a n t  f r a c t i o n  of t h e  h e a t  and mass 
i n f low i n t o  t h e  geothermal  f i e l d  r o s e  t o  t h e  
s u r f a c e  mainly through t h e  f a u l t  zones.  

H y d r o s t a t i c  p r e s s u r e  and l i n e a r  temperature-  
dep th  d i s t r i b u t i o n  were used as i n i t i a l  c o n d i t i o n s  
f o r  t h e  system. 

FLUID AND ROCK PROPERTIES 

We assumed t h a t  (1) t h e  f l u i d  i n  t h e  system 
was l i q u i d  and had c o n s t a n t  p r o p e r t i e s ,  and 
(2)  t h e  p r o p e r t i e s  of t h e  s o l i d  ma t r ix  a r e  iso- 
t r o p i c  and c o n s t a n t .  

For t h e  f l u i d ,  pu re  water p r o p e r t i e s  a t  250OC 
w e r e  used. The s o l i d  ma t r ix  p r o p e r t i e s  are given 
i n  Table  1 and are r e p r e s e n t a t i v e  of t h e  d i f f e r e n t  
l i t h o l o g i e s  inc luded  i n  t h e  model. 

No temperature  or p r e s s u r e  dependency of 
t h e  p r o p e r t i e s  was used t o  reduce t h e  c o s t  of 
computat ions,  and we f e l t  t h a t  t h i s  s i m p l i f i c a t i o n  
would not  s i g n i f i c a n t l y  a f f e c t  t h e  computed 
s t e a d y - s t a t e  temperature  d i s t r i b u t i o n s .  We planned 
t o  i n c l u d e  temperature  and p r e s s u r e  dependencies 

once an a c c e p t a b l e  match between computed and 
pub l i shed  (Mercado G., 1976) temperatures  w a s  
ob ta ined .  

Model 1 

I n  model 1 a s  w e l l  as i n  t h e  one d i scussed  
l a t e r ,  we considered t h a t  t h e  r echa rge  and 
d i s c h a r g e  a r e a s  were c l o s e l y  a s s o c i a t e d  wi th  
t h e  bounding f a u l t s .  We assumed t h e  in f low of 
f l u i d s  i n t o  t h e  system t o  be d i s t r i b u t e d  as 
fo l lows  (Table 2 ) :  

1. .22% of t h e  t o t a l  mass r echa rge  is  a t  350OC. 
The sources  a r e  l o c a t e d  i n  t h e  lower p a r t  of 
Rese rvo i r  B (100 l e v e l ) ,  n e a r  t h e  i n t e r s e c t i o n  
of t h e  Michoacln and Pdtzcuaro f a u l t s  
(Fig.  6 ) .  

2. 61% of t h e  r echa rge  comes from c o l d e r  water  
sou rces  l o c a t e d  i n  t h e  upper p a r t  of Reser- 
v o i r  B ( l e v e l s  200 and 300, a t  208% and 
188OC, r e s p e c t i v e l y ) ,  n e a r  t h e  southwest  
r eg ion  of t h e  system, a long  t h e  Cerro P r i e t o  
f a u l t  zone. 

3. 17% of in f low of f l u i d  is  concen t r a t ed  a t  
the  i n t e r s e c t i o n  of t h e  Michoacdn f a u l t  and 
a northeast-southwest  t r e n d i n g  f a u l t  (Fig. 6 ) .  
The 250% source  (node 608) is l o c a t e d  i n  
Layer L1. 

The s i n k s  where t h e  f l u i d s  l e a v e  t h e  system 
were d i s t r i b u t e d  around i t s  northwest  and southwest  
c o r n e r s ,  n e a r  t h e  i n t e r s e c t i o n  of t h e  Cerro P r i e t o  
f a u l t  and northeast-southwest  t r e n d i n g  f a u l t s .  
The d i scha rge  occur s  through Layers  L 1  and L2, a t  
l e v e l s  700 and 500 r e s p e c t i v e l y .  The sinks were 
a r r anged  i n  a manner approximately s i m i l a r  t o  t h e  
s u r f a c e  d i s t r i b u t i o n  of t h e  geothermal  manifesta-  
t i o n s  i n  t h e  area given by Mercado G. (1968).  

The bottom of t h e  model (2500 m dep th )  was 
cons ide red  t o  be a c o n s t a n t  t empera tu re  boundary 
a t  15OOC. This  low v a l u e  was  used t o  d u p l i c a t e  

TABLE 1. PROPERTIES USED FOR THE SOLID MATRIX 

Heat I n t r i n s i c  
Densi ty  c a p a c i t y  Thermal cond. pe rmeab i l i t y  

M a t e r i a l  (kg /m ) J / k g  . OC (J /m * day. OC ) (md ) P o r o s i t y  

Unit  A 2500 935 1.92 l o 5  0.20 

Layer L1 2650 825 2.8 x 10  20 0.10 

Layer L2  2700 860 1.85 x 10  5 0.10 

5 

5 

5 

5 

5 

Rese rvo i r  A 2650 825 2.8 x 10  50 0.10 

Shaly l a y e r  2700 860 1.85 x 10  5 0.10 

Rese rvo i r  B 2650 825 2.8 x 1 0  80  0.10 

Highly 
permeable l a y e r  2650 

5 
825 2.8 x 10  100 0.10 
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TABLE 2. MODEL 1 - LOCATION AND CHARACTERISTICS 
OF SOURCES AND SINKS 

SOURCES 
Mass Flow Rate  Temperature 

Node (kg/day) (OC) 

101 2.5 x 106 350 
110 2.5 x l o 6  350 
119 1.5 x l o 6  350 
264 2.5 x 106 208 
265 2.5 x 106 208 

267 1.5 x l o 6  208 
268 1.0 x 106 208 
364 2.5 x 106 188 
36 5 2.5 x l o 6  188 
36 6 1.5 x l o 6  188 
36 7 1.5 x l o 6  188 
36 E 1.0 x 106 188 
60 8 5.0 x l o 6  250 

266 1.5 x l o 6  208 

SINKS 
Mass Flow Rate 

Node (knlday ) 

52 7 1.00 x 106 
536 1.00 x 106 
545 1.00 x 106 
554 1.00 x 106 
562 2.00 x 106 
563 0.50 x 106 
564 3.50 x 106 
565 2.75 x l o 6  
566 2.00 x 106 
727 1.00 x 106 
736 1.00 x 106 
745 1.00 x 106 
754 1.00 x 106 
762 2.00 x 106 
763 0.50 x l o 6  
764 3.50 x l o 6  
765 2.75 x l o 6  
766 2.00 x 106 

t h e  t empera tu res  of t h e  reg ions  away from t h e  hot  
r echa rge  zones.  
t empera tu res  near  t h e  bottom of t h e  model w i l l  
be r e f l e c t i n g  those  of t h e  r echa rge  f l u i d s  and 
not  t h a t  of t h e  boundary. 

Around t h e  in f low zones t h e  

The computed s t e a d y - s t a t e  temperatures  are 
desc r ibed  by v a r i o u s  temperature  d i s t r i b u t i o n  maps. 
The e f f e c t  of sources  and lower pe rmeab i l i t y  l a y e r s  
on the  f l u i d  f low can be e s t a b l i s h e d  by ana lyz ing  
t h e  j so the rms  a t  d i f f e r e n t  depths .  
wa te r s  e n t e r i n g  t h e  system a t  t h e  deeper  l e v e l s  
move in response t o  t h e  p r e s s u r e  d i s t r i b u t i o n  
r e s u l t i n g  from t h e  sources  and s i n k s  l o c a t e d  i n  
t h e  model; i t  tends t o  move around t h e  less 
permeable l a y e r s .  

The h o t t e r  

The i so the rms  a t  1000 m (600 l e v e l )  and 
1400 m (400 l e v e l )  a r e  given i n  F igu res  11 and 1 2 ,  
r e s p e c t t v e l y .  In F igu re  11 t h e  25OoC i so the rm 
i n  t h e  n o r t h e a s t  p a r t  r e , f l e c t s  t h e  e f f e c t  of t h e  
sou rce  i n  node 608. 
s o u t h - c e n t r a l  p a r t  of t h e  system are caused by t h e  
h o t  w a t e r  r i s i n g  from beneath.  

The h igh  t empera tu res  i n  t h e  

In  F igu re  1 2 ,  t h e  

0 

3000 

E 
2000 - 

al 
V c 
0 
m 
t 

.- 
n 

1000 

0 
I O 0 0  2000 

Distance ( m )  XBL 804 - 7033 

Figure  11. Model 1. I so the rma l  map f o r  t h e  600 
l e v e l  (1000 m d e p t h ) .  

0 1000 2000 

XBL 804-7034 
Distance (rn) 

Figure  12. Model 1. I so the rma l  map f o r  t h e  400 
l e v e l  (1400 m d e p t h ) .  
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i so the rms  i n  t h e  s o u t h e a s t  co rne r  i n d i c a t e  t h e  
movement and coo l ing  of t h e  water  as it f lows away 
from t h e  350OC sources .  
toward t h e  w e s t  shows t h e  i n f l u e n c e  of 188OC 
sources  l o c a t e d  i n  t h e  300 l e v e l ;  t h e  26OoC i so the rm 
toward t h e  n o r t h e a s t  shows t h a t  of 250OC sources  
i n  t h e  600 l e v e l .  

The 190°C i so them.  

The c a l c u l a t e d  t empera tu res  a long  t h e  s e c t i o n s  
A-A‘ and B-B’ (Fig.  10 )  are shown i n  F igu res  1 3  
and 14. These p l o t s ,  when compared w i t h  t h e  t e m -  
p e r a t p r e s  given i n  F igu res  2 and 3 ,  i n d i c a t e  t h a t  
i n  t h e  southeast-northwest  s e c t i o n ,  t h e  computed 
temperatures  are h ighe r  everywhere except  i n  t h e  
a r e a  nea r  t h e  c e n t e r  of F igu re  13. I n  t h i s  r eg ion  
t h e  temperatures  seem t o  be dominated by t h e  
s t r e n g t h  and temperatures  of t h e  sou rces  l o c a t e d  
a t  t h e  s o u t h e a s t  co rne r  of t h e  f i e l d .  A comparison 
of F igu res  3 and 14 i n d i c a t e s  t h a t  t h e  temperatures  
match f avorab ly  n e a r  w e l l  M-9 and i n  t h e  c e n t r a l  
p a r t  of t h e  f i e l d .  
t empera tu res  a r e  h ighe r  t han  t h o s e  of Mercado. 

To determine t h e  e f f e c t  of i n c r e a s i n g  t h e  
t empera tu re  of t h e  lower boundary of t h e  model, i t  
w a s  changed from 150 t o  280OC. 
13 and 15  shows an i n c r e a s e  of t h e  temperature  
throughout  t h e  system. 
a t u r e  d i f f e r e n c e s  are i n  t h e  lower 1500 m ,  i n  t h e  
northwest  p a r t  of t h e  s e c t i o n .  
less toward t h e  s o u t h e a s t  because of t h e  p re sence  
of t h e  f l u i d  sou rces  whose temperatures  were kep t  
unchanged. 

General ly  t h e  c a l c u l a t e d  

Comparing F igu res  

The major observed temper-  

The e f f e c t s  a r e  

By modifying t h e  t empera tu re  of t h e  lower 
boundary no improvement of t h e  match wi th  F igu re  2 
and 3 w a s  achieved.  It was decided t o  modify t h e  
c h a r a c t e r i s t i c s  of t h e  f l u i d  sou rces  of t h e  model 
t o  a t t a i n  a c l o s e r  correspondence wi th  Mercado‘s 
p rep roduc t ion  t empera tu res .  
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F i g u r e  13. Model 1. Temperature d i s t r i b u t i o n  
a long  t h e  A-A‘ c r o s s  s e c t i o n .  
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Figure  14. Model 1. Temperature d i s t r i b u t i o n  
along t h e  B-B’ cross.  s e c t i o n .  
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Figure  15. Model 1, wi th  lower cons t an t  tempera- 
t u r e  boundary a t  28OOC. Temperature 
d i s t r i b u t i o n  along t h e  A-A’ c r o s s  
s e c t  i on .  



Model 2 

To o b t a i n  a b e t t e r  match, t h e  sou rces  i n  t h e  
100 l e v e l  were d i s p l a c e d  towards t h e  southwest 
co rne r  of t h e  system and t h e  200-level sou rces  were 
taken out  and t h e i r  f low rates w e r e  added t o  t h o s e  
a t  t h e  100 l e v e l .  The temperature  of t h e  sou rces  
a t  t h e  300 and 600 l e v e l s  were changed t o  200OC 
(Table 3 ) .  The s i n k s  i n  t h i s  model were assumed 
t o  be equa l  t o  t h o s e  i n  Model 1 (Table 2 ) .  The 
temperature  of t h e  lower boundary was aga in  f i x e d  
a t  15OOC. 

Isotherms a t  1000- and 1400-m depths  (600 and 
400 l e v e l s )  a r e  given i n  F igu res  1 6  and 17. Tem- 
p e r a t u r e s  have changed wi th  r e s p e c t  t o  those  of 
F igu res  11 and 12 i n  response t o  t h e  change of 
sou rce  c h a r a c t e r i s t i c s .  

Isotherms along s e c t i o n  A-A‘ a r e  shown i n  
F igu re  18. A comparison wi th  F igu re  2 i n d i c a t e s  
t h a t  t h e  c a l c u l a t e d  t empera tu res  a t  w e l l  M-8 are 
c l o s e  t o  Mercado’s. Temperatures i n  t h e  c e n t r a l  
p a r t  of F igu re  18 a l s o  match f avorab ly  those  i n  
F igu re  2. 
h ighe r  i n  t h e  s o u t h e a s t e r n  p a r t  of t h e  f i e l d .  
Isotherms along s e c t i o n  B-B’ a r e  shown i n  F igu re  
19. A comparison of t h e s e  temperatures  wi th  those  
i n  F igu re  3 shows t h a t  t h e  e a l c u l a t e d  temperatures  
a r e ,  i n  g e n e r a l ,  h ighe r  t han  t h e  p rep roduc t ion  
t empera tu res  given by Mercado G .  (1976).  

The c a l c u l a t e d  t empera tu res  a r e  s l i g h t l y  

FINAL REMARKS 

A s i m p l i f i e d  three-dimensional  hydrogeo log ica l  
model of t h e  Cerro P r i e t o  f i e l d  was developed using 
t h e  a v a i l a b l e  d a t a  a t  t h e  t i m e .  We considered 
numerous mod i f i ca t ions  i n  t h e  model’s boundary 
c o n d i t i o n s  , e s p e c i a l l y  i n  t h e  c h a r a c t e r i s t i c s  and 
l o c a t i o n s  of sou rces  and s i n k s ,  and p r o p e r t i e s  of 
t h e  d i f f e r e n t  l i t h o l o g i e s  i n  t h e  model w i th  t h e  
purpose of matching t h e  computed s t e a d y - s t a t e  
t empera tu res  wi th  those  p rep roduc t ion  temperatures  
r e p o r t e d  by Mercado G .  (1976).  Only p a r t i a l  
matches w e r e  ob ta ined .  as i l l u s t r a t e d  i n  the  two 
examples d i scussed  above. To determine t h e  
p rep roduc t ion  recharge and f low c h a r a c t e r i s t i c s  of 

TABLE 3. MODEL 2 - LOCATION AND CHARACTERISTICS 
OF SOURCES 

Node Mass Flow Rate Temperature 
(kn/day) (OC) 

128 
137 
146 
155 
164 
165 
36 4 
365 
36 6 
367 
36 8 
608 

2.5 x lo6 
3.0 x 106 
3.0 x l o 6  
3.0 x l o 6  
2.5 x lo6 
1.5 x 106 
2.5 x l o 6  
2.5 x l o 6  
1.5 x l o 6  
1.5 x l o 6  

5.0 x 106 
1.0 x 106 

’ 350 
350 
35 0 
350 
350 
350 
200 
200 
200 
200 
200 
200 

3000 

c 

E 
2000 - 

W 
0 c 
0 
v, 
c 

.- 
n 

1000 

0 
0 I O 0 0  2000 

Distance ( m  1 
X8L 804-7035 

Figure  16. Model 2. I so the rma l  map f o r  t h e  600 
l e v e l  (1000 m d e p t h ) .  
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2000 - 
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.- 

1000 

0 
0 1000 2000 

Distance ( m 1 
YBL 804-7036 

Figure  17. Model 2. I so the rma l  map f o r  t h e  400 
l e v e l  (1400 m d e p t h ) .  
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Figure  18. Model 2. Temperature d i s t r i b u t i o n  
along t h e  A-A' c r o s s  s e c t i o n .  
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Figure  19. Mode.1 2. Temperature d i s t r i b u t i o n  
a long  t h e  B-B' c r o s s  s e c t i o n .  

t h e  f i e l d  , i t  wi l l  be necessa ry  t o  o b t a i n  no t  on ly  
more temperature  d a t a  bu t  a l s o  e a r l y  p r e s s u r e  
d i s t r i b u t i o n  d a t a  and t o  improve t h e  g e o l o g i c a l  
model of t h i s  system. 

Seve ra l  a u t h o r s  i n  t h i s  volume have p r e s e n t e d  
new in fo rma t ion  on t h e  s t r u c t u r e ,  l i t h o l o g y ,  and 
t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  f i e l d .  The 

-10- 

wea l th  of information becoming a v a i l a b l e  w i l l  
a l low t h e  development of an improved model of t h e  
f i e l d  which could be inco rpora t ed  i n  f u t u r e  simu- 
l a t i o n s  t o  e s t a b l i s h  t h e  pre-1973 c h a r a c t e r i s t i c s  
of t h e  a r e a  and t o  p r e d i c t  t h e  f u t u r e  behavior  of 
t h e  geothermal  f i e l d  as i t s  development con t inues .  
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