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ABSTRACT 

Stephen Vonder Haar and J. H. Howard 
Iawrence Berkeley Ia bora t o r y  

U n i v e r s i t y  of C a l i f o r n i a  
Berkeley,  C a l i f o r n i a  94720 

The northwest-southeas  t t r e n d i n g  Cerro  P r i e t o  
f a u l t  is p a r t  of a major r e g i o n a l  l ineament  that  
ex tends  i n t o  Sonora and has c h a r a c t e r i s t i c s  of 
both a wrench f a u l t  and a n  oceanic  t ransform 
f a u l t .  It a p p a r e n t l y  p e n e t r a t e s  deep i n t o  t h e  
b s e m e n t  and c r u s t a l  rocks  i n  t h e  area and s e r v e s  
a s  a c o n d u i t  f o r  both l a r g e  and rap id  h e a t  flow. 
Near w e l l  M-103, where t h e  M i c h o a d n  f a u l t  zone 
o b l i q u e l y  i n t e r s e c t s  a s h o r t e r  nor theas t - southwes t  
t r e n d i n g  f a u l t ,  l a r g e  c i r c u l a t i o n  l o s s e s  d u r i n g  
d r i l l i n g  i n d i c a t e  g r e a t e r  p e r m e a b i l i t y  and 
hence increased  n a t u r a l  convec t ive  f l u i d  flow. 
I n  t h e  s o u t h e r n  p o r t i o n  of t h e  f i e l d ,  t h e r e  is a 
s h e a r  f a u l t  zone in t h e  v i c i n i t y  of w e l l s  M-48, 
M-91, and M-101. Temperature contour  maps sugges t  
t h a t  t h i s  s h e a r  zone a i d s  i n  r a p i d l y  d i s t r i b u t i n g  
geothermal  f l u i d  away from t h e  Cerro  P r i e t o  f a u l t  
zone, t h u s  enhancing recharge.  

We have s t u d i e d  the d i s t r i b u t i o n  of l i t h o l o g i e s  
and tempera ture  w i t h i n  t h e  f i e l d  by comparing d a t a  
f rom w e l l  c u t t i n g s ,  c o r e s ,  w e l l  l o g s ,  and geochemi- 
cal  a n a l y s e s .  Across t h e  earliest developed p o r t i o n  
of t h e  f i e l d ,  i n  p a r t i c u l a r  a long  a 1.25-km 
nor theas t - southwes t  s e c t i o n  from w e l l  M-9 t o  M-10, 
i n t e r e s t i n g  c o r r e l a t i o n s  emerge t h a t  i n d i c a t e  a 
r e l a t i o n s h i p  among l i t h o l o g y ,  m i c r o f r a c t u r i n g ,  and 
tempera ture  d i s t r i b u t i o n .  In the upper  p o r t i o n  of 
R e s e r v o i r  A o f  t h i s  s t r a t i g r a p h i c  s e c t i o n .  between 
1200 and 1400 m y  the percentage  of sands tones  
ranges  from 20 t o  55. Temperatures are 225O t o  
275OC based  on w e l l  l o g s ,  c a l c i t e  i s o t o p e  maxima, 
and Na-K-Ca i n d i c e s .  Our s t u d y  shows t h a t  an iso- 
thermal high i n  this v i c i n i t y  cor responds  to the 
lowes t  t o t a l  percentage  of sands tones .  Scanning 
e l e c t r o n  microphotographs of w e l l  c o r e s  and 
c u t t i n g s  from sands tone  and s h a l e  u n i t s  r e v e a l  
c l o g g i n g ,  m i n e r a l  d i s s o l u t i o n ,  and minera l  p r e c i p i -  
t a t i o n  a long  m i c r o f r a c t u r e s .  Our working 
h y p o t h e s i s  is that  t h e s e  sandy s h a l e  and s i l t s t o n e  
f a c i e s  are most amenable t o  i n c r e a s e d  micro- 
f r a c t u r i n g  and ,  i n  t u r n ,  such m i c r o f r a c t u r i n g  
a l l o w s  f o r  h i g h e r  tempera ture  f l u i d  t o  rise t o  
s h a l l o w e r  depths  i n  t h e  r e s e r v o i r .  

Ongoing r e s e a r c h  is  aimed a t  a c h i e v i n g  
a c o h e r e n t  g e o l o g i c a l  model t h a t  i l l u s t r a t e s  
r e s e r v o i r  c a p a c i t y ,  and a t  unders tanding  f l u i d  f low 
a l o n g  major f a u l t s ,  la teral  d i s t r i b u t i o n  through 
f a u l t  s h e a r  zones,  and v a r i a b l e  movement w i t h i n  
d e l t a i c  c l a s t i c s  t h a t  have i n  p a r t  been micro- 
f r a c t u r e d .  

INTRODUCTION 

Geological  e v o l u t i o n  of t h e  Cerro  P r i e t o  
r e g i o n  (Fig. 1) has  been a complex blend of 
r i f t i n g ,  r a p i d  d e l t a i c  sed imenta t ion ,  and l a r g e -  
s c a l e  s t r i k e - s l i p  f a u l t i n g .  To understand geother- 
m a l  f i e l d s  i n  t h i s  r e g i o n ,  i t  is  impor tan t  t o  be 
f a m i l i a r  wi th  t h e  f a u l t  i n t e r s e c t i o n s  and wi th  t h e  
e f f e c t s  of tec tonism and ka ter-rock i n t e r a c t i o n s  
on i n i t i a l  sands tone  p o r o s i t y  and permeabi l i ty .  
I n  t h i s  paper ,  we f i r s t  e x p l o r e  a n a l o g s  f o r  t h e  
p a t t e r n  of f a u l t i n g  a t  Cerro  P r i e t o  and then  focus  
on secondary p o r o s i t y  and p e r m e a b i l i t y  i n  the  
producing horizons.  

SALTON TROUGH FAULTING 

I n  F igure  2 ,  a d e t a i l e d  compi la t ion  of 
f a u l t i n g  i l l u s t r a t e s  a number of f a u l t  i n t e r -  
s e c t i o n s .  These d a t a  were compiled from more than 
100 publ i shed  and unpubl ished a r t i c l e s  wi th  m n y  
of t h e  s p e c i f i c  key r e f e r e n c e s  shown i n  F igure  3. 
The S a l t o n  S e a  area has a d i s t i n c t  n o r t h e a s t -  
southwest  series of f a u l t s ,  each approximate ly  

F i g u r e  1. Lacation map of t h e  r e g i o n a l  geology of 
the  Cerro  P r i e t o  geothermal  f i e l d .  
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Figure  2. 
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3 km long  between t h e  Banning/Mission Creek s t r i k e -  
s l i p  f a u l t  ( p a r t  of t h e  San Andreas system) and 
t h e  no r the rn  end of t h e  Brawley/Imperial  s t r i k e -  
s l i p  f a u l t  (Pig.  4;  a l s o  Meidav and Homrd,  1979). 

S i m i l a r  northeast-southwest  t r e n d i n g  a c r o s s  
f a u l t s  a t  t h e  Cerro P r i e t o  f i e l d  (Fig.  5 )  have 
been confirmed by r e c e n t  s t u d i e s  (Vonder Haar and 
Puente C . ,  1979; Puente C .  and de l a  Pesa L., 
1979) .  The northwest-southeast  t r e n d i n g  Cerro 
P r i e t o  f a u l t  and a p a r a l l e l  f a u l t  segment,  t h e  
Michoacin f a u l t ,  a r e  p a r t  of a major r e g i o n a l  
l ineament  t h a t  r eaches  i n t o  Sonora ( G a s t i l  and 
Krummenacher, 1977) and has  c h a r a c t e r i s t i c s  of 
bo th  a wrench f a u l t  zone and an ocean ic  t r ans fo rm 
f a u l t  ( s ee  Vonder Haar and Puente C . ,  1979).  Th i s  
major r e g i o n a l  l ineament is b e l i e v e d  t o  p e n e t r a t e  
deep i n t o  t h e  c r u s t a l  and basement rocks ,  which 
range from 7 km t h i c k  in t h e  no r the rn  Gulf of 
C a l i f o r n i a  ( P h i l l i p s ,  1964) t o  as g r e a t  a s  20 km 
a t  t h e  Mexican/United S t a t e s  i n t e r n a t i o n a l  
boundary (B ieh le r  e t  a l . ,  1964) .  This s t y l e  of 
f a u l t i n g ,  namely a deep p e n e t r a t i n g  r e g i o n a l  f a u l t  
w i th  down-dropped blocks a t  f a u l t  i n t e r s e c t i o n s  is 
important  i n  connect ion wi th  t h e  occurrence of 
geothermal  r e sources  because they appa ren t ly  s e r v e  
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Figure 4. 

F igu re  5. F a u l t s  i n  t h e  v i c i n i t y  of t h e  Cerro 
P r i e t o  f i e l d  shoving c r o s s - f a u l t s  and 
t h e  v e r y  p roduc t ive  well M-103. 

as condu i t s  f o r  high h e a t  f low. The ob l ique  
i n t e r s e c t i o n  of t h e  Pdtzcuaro f a u l t  zone and 
t h e  Hichoacdn f a u l t  zone are a s s o c i a t e d  wi th  w e l l s  
having g r e a t e r  pe rmeab i l i t y  and a r e  thus  a r e a s  
presumed t o  have inc reased  n a t u r a l  convect ion.  
The p r o l i f i c  p roduc t ion  of w e l l  M-103, l a r g e  
amounts of l o s t  c i r c u l a t i o n ,  and t h e  s u r f a c e  
m a n i f e s t a t i o n s  of t h e  Laguna Volcano a r e a  southwest  
of w e l l  H-101, suppor t  t h i s  conclusion.  (See t h e  
articles by D e  Boer ,  1980; a l s o  Valette and Esquer 
P., 1979,  f o r  magnetic and geochemical d a t a  
r e l a t e d  t o  t h e s e  f a u l t  i n t e r s e c t i o n s . )  

Another f a c e t  of f a u l t  i n t e r s e c t i o n s  is  t h e i r  
r o l e  i n  a i d i n g  d i s t r i b u t i o n  of t he  geothermal 
f l u i d s  away from a deep p e n e t r a t i n g  f a u l t  such a s  
t h e  Cerro P r i e t o  f a u l t .  Such a f a u l t  is  believed 
to be a l i n e a r  o r  perhaps even a d i s c r e e t  p o i n t  _. _ _  - 
s o u r c e  a t  a g iven  moment i n  geo log ic  time ( s e e  
k l a n e y  and P o l l a r d ,  1980). Such a s i n g l e  con- 
t r o l l i n g  f a u l t  should l e a d  t o  a f i e l d  that c lus -  
ters w i t h i n  a few hundred meters of it. However, 
i nc reased  pe rmeab i l i t y ,  r echa rge  c a p a c i t y ,  and 
s t o r a t i v l t y  that r e s u l t  from t h e s e  f a u l t  shea r  
zones c r e a t e  geothermal f i e l d s  on t h e  o r d e r  of 
2 t o  1 0  km widths.  

WELL DOCUMENTED 
LESS WELL DOCUMENTED 
UNCERTAIN 
NORMAL 

\ 

XBL797-2,2,A 

S t r u c t u r a l  map of t h e  S a l t o n  Sea r eg ion  A t h i r d  a r e a  of c r o s s - f a u l t i n g  is (Pig.  2)  
t a sed  on combined geophys ica l  da t a .  app rox ima te ly  100 km s o u t h e a s t  of Cerro P r i e t o ,  
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where t h e  Cerro P r i e t o  Lineament e n t e r s  t h e  Gulf 
of C a l i f o r n i a .  These f a u l t s  have been confirmed 
by f i e l d  s t u d i e s  ( O r t l i e b ,  1978). Although t h e r e  
is  a n  en  echelon s t y l e  t o  t h e  Cerro P r i e t o  f a u l t  
zone i n  t h i s  a r e a ,  f l ood ing  frequency and d u r a t i o n  
d a t a  (Vonder Hear and G o r s l i n e ,  1979) i n d i c a t e  that 
s a l i n e  s u r f a c e  m t e r s  would hamper ground-level 
geophys ica l  su rveys  and d r i l l i n g  of sha l low wells 
for h e a t  f l u x  da ta .  Presumably a geothermal  
r e s o u r c e  is  p r e s e n t  a t  depth.  

S t i l l  a n o t h e r  f a c e t  of f a u l t i n g  i n  t h e  S a l t o n  
Trough m y  p e r t a i n  t o  t h e  o r i g i n  of Cerro P r i e t o  
volcano and t h e  a d j a c e n t  geothermal  f i e l d .  Both 
m y  be t h e  r e s u l t  of y e t  a n o t h e r  f a u l t  i n t e r s e c t i o n ,  
namely t h e  meeting of t h e  kas in  bounding San F e l i p e  
f a u l t  zone (Fig.  2) with t h e  Cerro P r i e t o  Lineament. 

There a r e  o t h e r  i n d i c a t i o n s  of f a u l t  i n t e r -  
s e c t i o n  i n  t h e  S a l t o n  Trough/Upper Gulf of C a l i f o r -  
n i a  a r e a .  Magnetic d a t a  sugges t  r e a c t i v a t i o n  of 
e a r l i e r  r i f t i n g  f a u l t s  ( s e e  de Boer,  1980) 
and r e g i o n a l  g r a v i t y  d a t a  i n d i c a t e  t h a t  t h e  G i l a  
Lineament ex tends  i n t o  t h e  S a l t o n  Trough from 
Arizona t o  n e a r  t h e  I m p e r i a l  f a u l t ' s  southernmost 
end. 

TECTONIC ANALOGS TO CERRO P R I E T O  

The Dead Sea r i f t  zone, oi l -producing h s i n s  
i n  sou2hern C a l i f o r n i a ,  and t h e  Afar r eg ion  i n  
A f r i c a ,  among o t h e r s ,  provide s t imu la  t i n g  compari- 
sons t o  t h e  Cerro P r i e t o  region.  However, perhaps 
t h e  most u s e f u l  models f o r  f a u l t i n g  f o r  S a l t o n  
Trough geothermal  f i e l d s  come from t h e  d e t a i l e d  
o b s e r v a t i o n s  by deep d i v i n g  submers ib l e s  a long  
t r ans fo rm f a u l t s  and hydrothermal c e n t e r s  i n  
t h e  FAMOUS a r e a  of t h e  mid-Atlantic r i d g e  and i n  
t h e  Gulf of C a l i f o r n i a .  

Underwater exp lo ra  t i o n  of t ransform f a u l  t "A" 
i n  t h e  FAMOUS a r e a  is  summarized i n  a t h ree -  
dimensional  block diagram (Fig. 6 ) .  on a s c a l e  
a p p r o p r i a t e  t o  t h e  Cerro P r i e t o  f i e l d .  As shown 
f u r t h e r  i n  F igu re  7 ,  c r o s s - f a u l t s  and normal f a u l t s  
extend f o r  up t o  5 km on both s i d e s  of t h e  p r e s e n t  
zone of a c t i v e  t ransform movement, which bas l oca t ed  
i n  a 200-m-wide c e n t r a l  zone. Rydrothermal a c t i v i t y  
(Fig.  8)  was noted i n  t h i s  zone, a s  were numerous 
s t e p  f a u l t s  with a s  much a s  250 m of cumulat ive 
displacement .  

D r i l l i n g  a t  t h e  mouth of t h e  Gulf of C a l i f o r -  
n i a  by t h e  Deep Sea D r i l l i n g  P r o j e c t  (DSDP) 
(Geotimes, J u l y  1979) r e s u l t e d  i n  a h y p o t h e s i s  
a b o u t  t h e  opening of t h e  Gulf t h a t  bears on i n t e r -  
p r e t a t i o n  of t h e  s t r u c t u r a l  geology i n  t h e  v l c i n i t y  
of t h e  Cerro P r i e t o  f i e l d .  The sequence began 
approximately 20 m.y. ago wi th  weathered g r a n i t e  
and a l l u v i a l  o u t w s h  g rave l s .  Perhaps by t h e  la te  
Miocene (5 t o  10  m.y. ago)  a r i f t i n g  s t a g e  took 
p l a c e  wi th  l i s t r i c  f a u l t s  (concave upbard wi th  a 
d e c r e a s e  d i p  a n g l e  a t  dep th )  i n  t h e  basement. 
Around 4.5 m.y. ago ,  subs idence  w s  a c t i v e  and t h e  
opening of t h e  g u l f  began, with a t ransform-faul t -  
r e l a t e d  opening of t h e  p r e s e n t  gu l f  around 3.5 m y .  
( s e e  a l s o  Te r re s  and C r o w l l .  1979). To d a t e ,  
geophys ica l  s t u d i e s  nea r  Cerro P r i e t o  have no t  
r evea led  l i s t r i c  f a u l t s  i n  t h e  basement. Rowever, 
r o t a t i o n a l  f a u l t s  r e l a t e d  t o  e a r l y  r i f t i n g  m y  be 

, 
0 

XBL 797-7503 

Figure  6. I n t e r p r e t i v e  block diagram of a 
p o r t i o n  of t h e  ocean ic  t ransform f a u l t  
"A" i n  t h e  FAMOUS a r e a  of t he  Mid- 
A t l a n t i c  Ridge ( a f t e r  Choukroune e t  
a l . ,  1978). The i n t e r s e c t i n g  f a u l t s  
and 200-m-wide a c t i v e  zone of s t r i k e -  
s l i p  movement w i t h i n  a 4-km-wide trough 
sugges t  t h e  p o s s i b l e  complexity of 
f a u l t i n g  a l o n g  the  Cerro P r i e t o  f a u l t  
and w i t h i n  t h e  p roduc t ion  f i e l d .  

Tra ns f or m Fa u I t "A" 
Famous Area Mid-Atlantic Ridge 

IOhm 
I 

l lrom CHOUKROUNE t others ~ 1978) 

YBL 798- 11490 

Figure  7. Magram i l l u s t r a t i n g  t h e  complex 
f a u l t i n g  nea r  a n  ocean ic  t ransform 
f a u l t ;  a p o s s i b l e  ana log  t o  S a l t o n  
Trough f a u l  ts. 
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Figure  8. Sec t ion  a c r o s s  t h e  ocean ic  t ransform 
f a u l t  " A "  based on deep-submersible 
d i v e s  showing a c t i v e  f u l a t i n g  w i t h i n  
a wider f a u l t  zone. 

Zone (200rn wide) 
of E-W transform 

confined t o  a r e a s  50 km o r  more west and southwest  
of t h e  geothermal f i e l d  ( s e e  G a s t i l  e t  a l . ,  1979; 
Dokka and Merriam, 1979). It is impor t an t  f o r  a 
g e o l o g i c a l  model of Cerro P r i e t o  t o  i n c l u d e  o l d e r  
basement f a u l t s  t h a t  may couple  with more r e c e n t  
s t r i k e - s l i p  generated f a u l t s .  Such coupl ing would 
i n c r e a s e  t h e  p o t e n t i a l  f l u i d  f low network a long  
f r a c t u r e s  t h u s  extending t h e  a r e a  of maximum 
energy a v a i l a b l e  f o r  product ion.  

Submersible s t u d i e s  i n  t h e  Guaymas Basin i n  
t h e  c e n t r a l  Gulf of C a l i f o r n i a  (Lonsdale and 
Lawror, 1980) a r e  a l s o  i n t e r e s t i n g  when cons ide r ing  
t h e  geology of t he  Cerro P r i e t o  f i e l d .  They show 
a t ransform f a u l t  that has a s h e a r  zone approxi-  
mately 1 km wide. Cross - f au l t s  cover an  a r e a  1 
t o  2 km wide, and t h e  seabed has hydrothermal 
mine ra l s ,  which oxygen i s o t o p e s  i n d i c a t e  p r e c i p i -  
t a t e d  between 220° and 24OoC. 

E a r l i e r  i n v e s t i g a t i o n s  i n  t h e  Gulf of 
C a l i f o r n i a  by Sharman (1976) p rov ide  y e t  ano the r  
impor t an t  p o s s i b l e  model (Fig.  9) f o r  t h e  zone 
between t h e  Imper i a l  and Cerro P r i e t o  f a u l t s .  As 
drilling progresses at Cerro Prieto reservoir 
modelers should cons ide r  t h a t  m u l t i p l e  b a s i n s  
s e p a r a t e d  by up ra i sed  b locks  were formed sequen- 
t i a l l y .  Perhaps such an arrangement of b a s i n s  
r e p r e s e n t s  e p i s o d i c  s h i f t s  of t h e  h e a t  sou rce  on 
a s c a l e  of 5 t o  20 km. 

Another a s p e c t  of f a u l t i n g  r e l a t e d  t o  
sp read ing  c e n t e r s  i s  i n d i c a t e d  i n  F igu re  10. The 
i n t e r s e c t i o n  a n g l e  between main f a u l t  and c r o s s  
f a u l t  need n o t  be 900. Thus the.geometry of 
t h e  basins  east of t h e  p r e s e n t  Cerro P r i e t o  f i e l d  
can have m r g i n s  a s  much as f20° from n o r m 1  o r  
parallel t o  t h e  major r e g i o n a l  f a u l t .  

F igu re  11 r e p r e s e n t s  one of many p o s s i b l e  
modes of e v o l u t i o n  of ocean ic  t ransform f a u l t s . a n d  
sp read ing  c e n t e r s .  
f o r  they sugges t  p a t t e r n s  t h a t  m y  f i t  r e g i o n a l  
geophysics  da t a .  For example, t h e  Tule  Check geo- 
thermal a r e a  15  km northwest  of Cerro P r i e t o  could 
be a n  abandoned f r a c t u r e  zone, a s  seen i n  F igu re  
11 (D) wi th  a remnant h e a t  anomaly t h a t  is  now c u t  
o f f  from t h e  main Cerro P r i e t o  and Imper i a l  p u l l -  
a p a r t  s y s  t e m .  

These "cartoons" a r e  i n t r i g u i n g  

\ 

'4- 1 0.3 million years 
'/f? \ , 
\gL >\. 

Preseni 

3 BASINS 

af te r  SbARMAN , 1976 

XBL 798-11489 

Figure  9. I n t e r p r e t a t i o n  of t he  e v o l u t i o n  of t h e  
Carmen Basin i n  t h e  Gulf of C a l i f o r n i a ;  
a p o s s i b l e  ana log  t o  p u l l - a p a r t  t a s i n s  
i n  t h e  S a l t o n  Trough. Note t h e  assyrnetry 
and mul t ip l e -bas in  formation between 
two transform f a d  ts. 

EARTHQUAKE DATA 

A map of e p i c e n t e r s  and m g n i t u d e s  f o r  t h e  
S a l t o n  Trough (Fig. 12 )  i n d i c a t e s  a high degree  
of t e c t o n i c  a c t i v i t y .  A s t o r y  is  shown by a 
r e g i o n a l  p l o t  of microseismic e v e n t s  (Fig.  13). 
Our i n t e r p r e t a t i o n  of t h e s e  e v e n t s ,  most of 1 t o  3 
R i c h t e r  magnitude, i s  t h a t  they a r e  predominant ly  
a s e r i e s  of northeast-southwest  c r o s s - f a u l t s  t h a t  
l i n k  t h e  Imper i a l  and San Andreas f a u l t s .  Over 
800 e v e n t s  a r e  p l o t t e d  i n  F igu re  14 with major 
c o n c e n t r a t i o n s  a t  4 t o  6 km depth.  The e r r o r  on 
t h e s e  d e p t h s  could be a s  much a s  f 2  km, (G. F u i s ,  
1978, p e r s o n a l  communication; see a l s o  F u i s  e t  a l . ,  
1977a,b,c ,  1978a, b ,c) .  

The f a c t  that d e p t h s  of occur rence  a r e  sha l low 
i s  impor t an t  evidence of r epea ted  a c t i v i t y  that 
ma in ta ins  f r a c t u r i n g  and a l l o w s  f l u i d  f low through 
f r a c t u r e s  a t  geothermal p roduc t ion  dep ths  i n  t h e  

-5- 
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Figure  10. C o n f i r m t i o n  of t h e  concept  that t r ans -  
form type f a u l t s  need n o t  be a t  90° t o  
sp read ing  c e n t e r s  ( a f t e r  Sharman, 1976). 

Events25, < 6  magnitude ,1932-1972 
6.501948 Events > 5  1912-1978 

- Transform fault 
Fracture zone 
Spreading center 

Coalescence of 
spreading centers and 
elimination of a 
transform fault 

C 

No fracture zone 
after  SHARMAN, '976 

XBL 7 9 8 - 1 1 4 9 3  

Figure  11. A c a r t o o n  of t h e  p o s s i b l e  e v o l u t i o n  of 
t h e  San Andreas,  I m p e r i a l ,  and Cerro 
P r i e t o  f a u l t s  i l l u s t r a t i n g  where 
f r a c t u r e  zones should e x i s t  i f  t h e s e  
f a u l t s  a r e  pure t r ans fo rm types.  

,/' 
/- 

/' 
/' Data f r m  Hileman, Allen and Nwdquist, 1973 Johnson 1979 
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XBL 797-7551 B 

Figure  12 .  Farthquake e p i c e n t e r s  and recorded magnitudes i n  t e S a l t o n  Trough f o r  e v e n t s  of R ich te r  
m g n i t u d e  L 5. 
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Figure  13. C e n t r a l  S a l t o n  Trough e p i c e n t e r s  
showing the  connec t ing  a c t i v i t y  
between t h e  I m p e r i a l  and San A n d r d s  
f a u l t s  (da ta  from Johnson, 1979) .  
Epicenter  l o c a t i o n  e r r o r  less than 
2.5 km. ML r e f e r s  t o  l o c a l  R i c h t e r  
m g n i t u d e .  
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S a l t o n  Trough. More r e f i n e d  d a t a  on d e p t h s  of 
ear thquakes  are  needed f o r  t h e  Cerro P r l e t o  area 
(Fig. 15)  i n  o r d e r  t o  document whether t.hese e v e n t s  
a r e  i n  t h e  product ion  zone o r  a t  t h e  i n t e r f a c e  of 
t h e  d e l t a i c  sediment  and t h e  basement of granodior -  
i t e ,  v o l c a n i c s ,  and metasedimentary rocks. 
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Figure  15. Earthquake e p i c e n t e r s  in t h e  v i c i n i t y  
of  t h e  Cerro P r i e t o  and I m p e r i a l  f a u l t s ;  
d a t a  from Albores  et  a l . ,  1979.  
Tec tonic  i n t e r p r e t a t i o n s  of r e c e n t  
movement between major en echelon 
f a u l t s  are suppor ted  by t h e s e  d a t a  and 
similar d a t a  a l o n g  t h e  nor th- t rending  
zone between t h e  Imper ia l  an3 San 
Andreas f a u l t s .  

Figure 14.  Earthquake depths  i n  t h e  S a l t o n  Trough 
n o r t h  of t h e  Mexican-U. S. b o r d e r ,  
a l though d i f f i c u l t  t o  q u a n t i f y  i n  t h e  
S a l t o n  Trough, show a c o n c e n t r a t i o n  
near geothermal  f i e l d s  i n  a zone from 2 
t o  6 km. ( R i c h t e r  magni tudes,  l o c a l ) .  



SANDSTONE POROSITY 

Figure  16  ' r e p r e s e n t s  t h e  b s i s  of a working 
h y p o t h e s i s ,  namely t h a t  zones of lower t o t a l  
sands tone  percentage ,  approximate ly  20% t o  50%, 
a re  better f o r  geothermal  product ion  than zones 
o f ,  say ,  8 O X  t o t a l  sandstone.  This h y p o t h e s i s  has  
two c o r o l l a r i e s :  (1) secondary p o r o s i t y  caused by 
geothermal  f l u i d s  is  s p o t t y  throughout  a f i e l d ,  
and (2)  f r a c t u r e  p o r o s i t y  is r e l a t i v e l y  g r e a t e r  i n  
s i l t s  t o n e s ,  s h a l e s ,  and sands tones  tha t have been 
d e n s i f i e d .  Deta i led  comparison of sands tone  
p e r c e n t a g e ,  l i t h o f a c i e s  types ,  m i n e r a l  d a t a  , 
and r e s i s t i v i t y  a r e  i n  p r o g r e s s  but a v a i l a b l e  
i n f o r m a t i o n  s u p p o r t  t h e  h y p o t h e s i s  ( E l d e r s ,  1980, 
p e r s o n a l  communication; W i l t ,  1980, p e r s o n a l  
communication). 

Scanning e l e c t r o n  microphotographs of w e 1  1 
c u t t i n g s  and c o r e s  r e v e a l  minera l  d i s s o l u t i o n  
and minera l  p r e c i p i t a t i o n ,  c logging  of pore  
t h r o a t s ,  and a p p a r e n t  phases  of overgrowth. 
Se lec ted  photographs p r e s e n t  a n  idea  of t h e s e  
f e a t u r e s .  A laminated s i l t s t o n e  i n  w e l l  NL-1 
a t  1888 m (Fig. 17)  shows l i t t l e  p o r o s i t y  and 
l i t t l e  d e n s i f i c a  t i o n ,  while  deeper  samples i n  
NL-1 a t  2720 m i n  t h e  product ion  reg ion  (F igures  
18, 1 9 ,  20) i l l u s t r a t e  c logging  and p r e c i p i t a t i o n .  
F igures  2 1  and 2 2  a t  3209 m i n  t h e  same w e l l  
document a dramat ic  change t o  a metamorphosed zone 
with reduced secondary poros i ty .  Well M-38 
samples a t  1215 t o  1372 m show c l a y  and framework 
m i n e r a l s  (Figs .  23 and 24) and M-3 a t  2203 m (Fig. 
25) i s  a s p e c t a c u l a r  example of s i l i c a  minera l  pre-  
c i p i t a t i o n  a d j a c e n t  t o  c l a y  minera ls .  

SANDSTONE STRATIGRAPHY 
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Figure .16 .  Sandstone u n i t s  d e f i n e d  by r e l a t i v e l y  cont inuous  major s h a l e  zones. Within t h e  product ion  
reservoir t h e  sands tone  p e r c e n t a g e ,  as i n  u n i t  3, varies from 20% t o  50% w i t h  a minimum near  
w e l l  M-14 ( s e e  F ig .  5 f o r  w e l l  l o c a t i o n s ) .  
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XBB 799-12528 
F i g u r e  17. Low-porosity l a m i n a t e d  d e l t a i c  s i l t s t o n e  

from w e l l  NL-1 a t  1888 m d e p t h ;  f i e l d  
of v i e w  a c r o s s  t h e  SEM photograph i s  
0.2 mm. 

F i g u r e  18. 

XBB 799-12516 

Sands t o n e  showing mixed secondary  
p o r o s i t y  and newly p r e c i p i t a t e d  hydro- 
thermal  m i n e r a l s  from p r o d u c t i o n  zone 
of w e l l  NL-1 a t  2720 m depth .  F i e l d  
of v i e w  a c r o s s  t h e  SEM photograph  i s  
0. 2 mm. 

XBB 799-12511 
F i g u r e  19. Sands tone ;  c l o s e u p  of t h e  same sample 

as  F i g u r e  18. Note t h e  long h a i r l i k e  
c r y s t a l s  ( i l l i t e ? )  and wafer-shaped c l a y  
o r  z e o l i t e  minerals p a r t i a l l y  f i l l i n g  a 
p o r e  t h r o a t  between sand g r a i n s .  Sample 
taken  a t  2720 m d e p t h  from w e l l  NL-1. 
F i e l d  of v i e w  a c r o s s  t h e  photograph  i s  
0.2 mm. This  i s  a n  example of a l t e r e d  
secondary  p e r m e a b i l i t y  e f f e c t s .  

F i g u r e  20. 
XBB 799-12518 

Sands tone ;  c l o s e u p  v i e w  of a p o r t i o n  of 
F i g u r e  18. During sample p r e p a r a t i o n  a 
g r a i n  was plucked l e a v i n g  behind t h e  
h y d r o t h e r m a l l y  p r e c i p i t a t e d  c l a y  cement. 
Sample from 2720 m d e p t h  i n  w e l l  NL-1. 
F i e l d  of v i ew a c r o s s  t h e  SEM photograph  
is 0.2 mm. 
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XBB 799-12524 

F i g u r e  21. Metamorphosed v e r y  d e n s e  s a n d s t o n e  from 
w e l l  NL-1 a t  3209 m depth .  F i e l d  of 
v i ew i s  1.0 mm. Th i s  i s  a n  example of 
a super -mature  secondary  p o r o s i t y  zone 
s u s c e p t i b l e  t o  m i c r o f r a c t u r i n g .  

XBB 797-9450 
F i g u r e  23. Clay and framework m i n e r a l s ,  o r  m i n e r a l  

overgrowth i n  a p o r e  space .  Sample 
taken  from w e l l  M-38, a t  d e p t h s  from 
1215 t o  1372 m ;  f i e l d  of v i e w  a c r o s s  
t h e  SEM photograph  is 0.1 m. 

F i g u r e  22. 

XBB 799-12527 

Closeup of F i g u r e  21  showing reduced  
p o r o s i t y  d u e  t o  p r e c i p i t a t i o n  of 
framework mine ra l s .  Note how g r a i n s  
were broken durng  sample p r e p a r a t i o n  
compared wi th  F i g u r e  18. Sample from 
w e l l  IJL-1 a t  3209 m dep th .  F i e l d  of 
v iew a c r o s s  t h e  SEM photograph  i s  0.5 mm. 

F i g u r e  24. 

XBB 797-9451 

Leaching of a c r y s t a l  f a c e  and a mass ive  
c l a y  m i n e r a l  a g r e g a  te. Samples taken  
from w e l l  M-38 a t  1215 m depth .  F i e l d  
of v i ew i n  t h e  SEM image i s  1.0 mm. 
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XBB 797-9459 

F i g u r e  25. Near ly  p u r e  s i l i c a t e  m i n e r a l s  (EDAX 
scan  shows o n l y  S i )  a d j a c e n t  t o  honey- 
comb c l a y s  (Fe ,  Mg, A l  r i c h )  overgrowths.  
Both f e a t u r e s  g r e a t l y  r e d u c e  permea b i l -  
i t y .  Sample from w e l l  M-3, a t  2203 m 
depth .  F i e l d  of v i e w  a c r o s s  t h e  SEM 
photograph i s  0.05 mm. 
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