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PRELIMINARY INTERPRETATION OF RESISTIVITY AND SEISMIC 
REFRACTION DATA FROM THE SALTON SEA GEOTHERMAL FIELD 

Abstract 

Seismic r e f r a c t i o n  and e l e c t r i c a l  t o  i n f e r  t h e  boundar i e s  of a r e s e r v o i r  

r e s i s t i v i t y  su rveys  have been con- of s a l i n e  f l u i d .  One l a t e r a l  bound- 

ducted i n  t h e  S a l t o n  Sea Geothermal a r y  c l o s e l y  c o i n c i d e s  w i t h  a f a u l t  

F i e l d .  The r e s i s t i v i t y  d a t a  are used t h a t  w a s  l o c a t e d  by s e i s m i c  r e f r a c t i o n .  

Introduction 
J 

i Lawrence Livermore Laboratory 

h a s  sponsored a l a r g e - s c a l e  

s e i s m i c  r e f r a c t i o n  and e l e c t r i c a l  

r e s i s t i v i t y  su rvey  of t h e  S a l t o n  Sea 

Geothermal F i e l d .  The p r e l i m i n a r y  

r e s u l t s  p r e s e n t e d  h e r e  i n d i c a t e  

t h a t  t h e  n a t u r a l  f low p a t t e r n s  of h o t  

b r i n e  are i n f l u e n c e d  by a l a r g e  

f a u l t ,  t h e  l o c a t i o n  of  which w a s  

determined from seismic d a t a .  Upper 

and lower boundar i e s  of what i s  

b e l i e v e d  t o  be  a convec t ing  hydro- 

t he rma l  system were mapped from 

s u r f a c e  r e s i s t i v i t y  measurements. 

D e t a i l e d  i n t e r p r e t a t i o n s  of a l l  

t h e s e  d a t a  w i l l  be  p r e s e n t e d  i n  f i n a l  

r e p o r t s  by t h e  v a r i o u s  i n v e s t i g a t o r s  

i nvo lved  i n  t h i s  s t u d y .  

Seismic Refraction Survey 

T h e  s e i s m i c  r e f r a c t i o n  su rvey  The s e i s m i c  d a t a  p r e s e n t e d  i n  

w a s  performed by S. B i e h l e r  and F i g .  2 were r eco rded  a l o n g  p r o f i l e  1 

a s s o c i a t e s  and t h e  expe r imen ta l  and t h e  s h o t  p o i n t  A w a s  l o c a t e d  n e a r  

d e t a i l s  of t h i s  work w i l l  be  d i s -  Obs id i an  B u t t e .  A maximum of t h r e e  

cussed i n  a f u t u r e  r e p o r t .  a r r i v a l s  are  shown f o r  r e c o r d i n g  1 

The l o c a t i o n s  of two r e v e r s e d  s t a t i o n s  up t o  7000 m from t h e  s h o t  

s e i s m i c  r e f r a c t i o n  p r o f i l e s  are  shown p o i n t .  The q u a l i t y  of t h e  d a t a  i s  

on t h e  g r a v i t y  anomaly map i n  F i g .  1. e x c e l l e n t  and t h r e e  l a y e r s  w i t h  

Each p r o f i l e  i s  a t  leas t  20 km long  

and h a s  one end i n s i d e  t h e  d r i l l e d  geo- r e s o l v e d .  A l s o ,  d a t a  r eco rded  f a r t h e r  

t he rma l  f i e l d ,  t h e  area bounded by t h e  from t h e  s h o t  p o i n t  p r o v i d e  ev idence  

975-mi l l i ga l  g r a v i t y  anomaly con tour .  

d i s t i n c t  seismic v e l o c i t i e s  can b e  

f o r  a f o u r t h  l a y e r .  
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7 Fig. 1. Bouguer gravity anomaly map of the Niland-Brawley area. Heavy 
solid lines show locations of two seismic refraction profiles; (X) represents 
location of the fault as determined from profile 1 (contours in milligals). 
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The 4060 m / s e c  a r r i v a l  i s  de layed  

by more t h a n  0 . 1  sec a t  a d i s t a n c e  

of 5000 m from t h e  s h o t  p o i n t .  An 

i n t e r p r e t a t i o n  of t h i s  d a t a  i s  

shown i n  F ig .  3.  The arrival-time 

d e l a y  i s  thought  t o  r e s u l t  from a 

n e a r l y  v e r t i c a l  f a u l t  w i t h  an  appa ren t  

v e r t i c a l  o f f s e t  of  220 m. This  i s  

t h e  s i m p l e s t  i n t e r p r e t a t i o n  t h a t  f i t s  

t h e  o b s e r v a t i o n s  but  o t h e r  more 

complicated models i n v o l v i n g  h idden  

l a y e r s  are p o s s i b l e .  

1 

2 
Recent microear thquake  s t u d i e s  

have i n d i c a t e d  an a c t i v e  f a u l t  

t r e n d i n g  t o  t h e  nor thwes t  through 

t h i s  r e g i o n  b u t  have n o t  a c c u r a t e l y  

determined i t s  l o c a t i o n .  Randal l  

has  examined w e l l  l o g s  and h a s  pos tu-  

l a t e d  s e v e r a l  f a u l t s  running  through 

3 

1 

- 

- 

- 

- 

- 

- 
- 

t h e  geothermal  f i e l d  w i t h  t h e  same 

8000 

s t r i k e .  The f a u l t  l o c a t e d  by 

seismic r e f r a c t i o n  i s  assumed t o  

a l s o  pa ra l l e l  t h e  a x i s  of t h e  I m p e r i a l  

Va l l ey .  

1710 

F i g .  3 .  Cross s e c t i o n  a long  p r o f i l e  1 
showing f a u l t  i n t e r p r e t a t i o n  and 
v e l o c i t y  l a y e r s  (meters  p e r  second) .  
Vertical  e x a g g e r a t i o n  2 : l .  
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Resistivity Survey 

Approximately 60 e l ec t r i ca l  

r e s i s t i v i t y  soundings  have been taken  

by Geonomics, I n c . ,  i n  t h e  v i c i n i t y  

of t h e  S a l t o n  Sea Geothermal F i e l d .  

The soundings were made w i t h  a v a r i e t y  

of e l e c t r o d e  geomet r i e s  and w i t h  

e f f e c t i v e  p e n e t r a t i o n  d e p t h s  of up 

t o  8000 m. (The d e t a i l s  of t h e  

measuring t echn ique  a r e  p r e s e n t e d  

i n  a paper  by Geonomics, I n c .  ) 
4 

SIMPLE INTERPRETATION TECHNIQUES 

For a g iven  e l e c t r o d e  s p a c i n g  

(AB), t h e  appa ren t  r e s i s t i v i t y  i s  

d e f i n e d  as t h e  r e s i s t i v i t y  of a n  

imaginary uil iform h a l f - s p a c e  which 

would produce t h e  observed v o l t a g e s .  

Because e l e c t r i c  c u r r e n t s  p e n e t r a t e  

deeper  f o r  g r e a t e r  e l e c t r o d e  s p a c i n g s ,  

t h e  appa ren t  r e s i s t i v i t i e s  determined 

f o r  d i f f e r e n t  spac ing  a r e  ave rages  

ove r  d i f f e r e n t  dep th  r anges  w i t h i n  

t h e  e a r t h .  I f  t h e  a c t u a l  r e s i s t i v i t y  

i n  t h e  e a r t h  changes w i t h  d e p t h ,  t hen  

t h e  apparent  r e s i s t i v i t y  w i l l  change 

w i t h  spac ing .  

F i e l d  d a t a  from a s i n g l e  sounding 

a r e  presentcbd i n  F i g .  4 as a log- log  

p l o t  of appa ren t  r e s i s t i v i t y  v s  t h e  

e f f e c t i v e  p e n e t r a t i o n  d e p t h  i n  a 

uniform h a l f - s p a c e  (AB/2). I n  t h i s  

f i g u r e ,  w e  see t h a t  t h e  r e s i s t i v i t y  

of t h e  e a r t h  i s  h i g h  n e a r  t h e  s u r f a c e  

( g r e a t e r  than 5 ohm-m), d e c r e a s i n g  t o  

approximatel-y 1 .5  ohm-m a t  1000 m ,  

and then  s h a r p l y  i n c r e a s i n g  w i t h  

d e p t h  t o  a xralue g r e a t e r  t han  

1 0  ohmom. 
5 Two methods f o r  r a p i d  i n l t i a l  

i n t e r p r e t a t i o n  of sounding d a t a  were 

used and a r e  d i s c u s s e d  below. 

1 I I 

0 

,’ I Maximum 
/ I poss ib le  

I depth t o  

basement 

/ 
/ 

/ S - l i n e  I i n s u l a t i n g  

10 100 1,000 10,000 

E f f e c t i v e  pene t ra t i on  depth (AB/2)  - m 
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Fig .  4 .  R e s i s t i v i t y  sound- 
i n g  curve .  Dots and tri- 
a n g l e s  r e p r e s e n t  d i f f e r e n t  
measurement geometr ies .  



The S - l i n e  

I f  a l a y e r  i s  much more r e s i s t i v e  

t h a n  t h e  o v e r l y i n g  l a y e r s ,  sounding 

curves  w i l l  have t h e  c h a r a c t e r i s t i c  

;'tiape ;f CI s t r a i g h t  l i n e  w i t h  an  

upward s l o p e  of u n i t y ,  i n c r e a s i n g  w i t h  

dep th .  This  s l o p i n g  s t r a i g h t  l i n e  

i s  c a l l e d  t h e  S - l ine  and t h e  r a t i o  

of e f f e c t i v e  p e n e t r a t i o n  dep th  t o  

appa ren t  r e s i s t i v i t y  anywhere a long  

t h i s  l i n e  i s  e q u a l  t o  t h e  t o t a l  

conductance,  S ,  of t h e  o v e r l y i n g  

l a y e r s .  (Layer conductance i s  d e f i n e d  

a s  t h e  r a t i o  of  t h i c k n e s s  t o  

r e s i s t i v i t y  and t o t a l  conductance i s  

t h e  sum of t h e s e  r a t i o s . )  Many of 

o u r  sounding c u r v e s  have such a s l o p e ,  

i n d i c a t i n g  an  i n c r e a s e  of r e s i s t i v i t y  

below t h e  geothermal  system. 

Maximum P o s s i b l e  Depth t o  R e s i s t i v e  

Layer 

If t h e  ea r th  cons i s t s  of a 

s i n g l e  l a y e r  over  an  i n s u l a t i n g  

ha l f - space ,  t h e  r e s i s t i v i t y  and 

t h i c k n e s s  of t h a t  l a y e r  i s  g iven  

by t h e  p o i n t  of i n t e r s e c t i o n  

between t h e  sounding curve  and i t s  

S- l ine .  I f  s e v e r a l  l a y e r s  of d i f f e r -  

i n g  r e s i s t i v i t y  o v e r l a y  t h e  i n s u l a t -  

i n g  basement,  t h e  t o t a l  t h i c k n e s s  of 

t h e s e  l a y e r s  must b e  less t h a n  o r  

e q u a l  t o  t h e  e f f e c t i v e  p e n e t r a t i o n  

dep th  a t  t h e  i n t e r s e c t i o n  of t h e  S- 

l i n e  and t h e  sounding curve .  When 

soundings encounter  two r e s i s t i v e  

l a y e r s ,  t h e  maximum p o s s i b l e  dep th  

t o  t h e  top  of each  l a y e r  can b e  

determined from t h e  shape  of t h e  

soundin3  cu rves .  

PRELIMINARY RESULTS OF R E S I S T I V I T Y  

SURVEY 

The l o c a t i o n s  of soundings and 

t h e  con tour s  of conductance are shown 

i n  F i g .  5. High t empera tu re  o r  

h i g h  s a l i n i t y  l a y e r s  have low 

8 8 - 
5 km 

F i g .  5. Conductance map f o r  surveyed 
area. Dots i n d i c a t e  l o c a t i o n  of 
soundings ;  broken l i n e  l o c a t e s  t h e  
f a u l t ;  conductance  i n  s iemens.  Some 
sounding cu rves  do n o t  con t inue  t o  
l a r g e  enough s p a c i n g s  t o  show an  
S - l ine .  For t h e s e ,  minimum v a l u e s  
of  conductance have been p l o t t e d  
( >. 
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r e s i s t i v i t y  and because  conductance ,  

S ,  i s  t h e  l a y e r  t h i c k n e s s  t o  resis- 

t i v i t y  r a t i o ,  h igh  conductance v a l u e s  

may i n d i c a t e  t h i c k ,  h o t ,  o r  s a l t y  

r e g i o n s  such  as a geothermal  system. 

However, l a r g e  amounts of c l a y  can  

a l s o  have a h igh  conductance and t h u s ,  

h i g h  S v a l u e s  do n o t  a lways  

i n d i c a t e  a geothermal  f i e l d .  

A h igh  conductance anomaly i s  

c l e a r l y  a s s o c i a t e d  w i t h  t h e  d r i l l e d  

geothermal  f i e l d  enc losed  by t h e  

3000-siemen con tour .  The r e s i s t i v i t y  

anomaly i s  much more e longa ted  a long  

t h e  s t r i k e  of t h e  v a l l e y  than  i s  t h e  

g r a v i t y  anomaly and appea r s  t o  b e  

bounded on t h e  n o r t h e a s t  s i d e  by 

t h e  f a u l t .  

Soundings i n d i c a t e  t h a t  two 

r e s i s t i v e  l a y e r s  a re  p r e s e n t .  Well 

l o g s  from w i t h i n  t h e  geothermal  system 

a r e  a v a i l a b l e  and t h u s ,  w e  can r e l a t e  

t h e s e  l a y e r s  t o  known f e a t u r e s  of t h e  

geothermal  system. F i g u r e  6 p r e s e n t s  

d a t a  from e l e c t r i c  and t empera tu re  

l o g s  from t h e  Elmore N o .  1 w e l l .  

A p r e l i m i n a r y  f l a t - l a y e r  i n t e r p r e t a -  

t i o n  of a s i n g l e  sounding n e a r  t h i s  

w e l l  w a s  made u s i n g  t h e  a u x i l i a r y  

cu rves  from Keller and Fr i schknecht . ’  

The r e s u l t i n g  r e s i s t i v i t y  v s  d e p t h  

curve  i s  shown by t h e  broken  l i n e  i n  

F ig .  6 .  

6 

E; 

A r e s i s t i ve  r e g i o n  is s e e n  i n  

t h i s  f i g u r e  between 550 and 860 m i n  

t h e  w e l l  l o g  and i n  t h e  sounding 

-6- 

i n t e r p r e t a t i o n .  Th i s  sha l low 

r e s i s t i v e  l a y e r  occur s  where t h e  

t empera tu re  g r a d i e n t  beg ins  t o  

d e c r e a s e  and probably  r e p r e s e n t s  a 

f e a t u r e  a s s o c i a t e d  w i t h  t h e  t o p  of a 

convec t ing  system. The sands tone  a t  

t h i s  d e p t h  h a s  h i g h  r e s i s t i v i t y  

r e s u l t i n g  e i t h e r  from l o w - s a l i n i t y  

p o r e  f l u i d  cIr from reduced p o r o s i t y  

due  t o  c i r c u l a t i o n  of f l u i d s .  Th i s  

sounding,  hcwever, d i d  n o t  p e n e t r a t e  

t h e  deepe r  r e s i s t i v e  l a y e r  i n d i c a t e d  

on t h e  w e l l  l o g  by t h e  g r a d u a l  

i n c r e a s e  i n  r e s i s t i v i t y  w i t h  dep th .  

The dep th  t o  t h e  top  of t h e  

sha l low r e s i s t i v e  l a y e r  i s  contoured  

i n  F i g .  7 .  The sha l low l a y e r  does  

n o t  appear  cln soundings  o u t s i d e  t h e  

ha t ched  arei and seems t o  t e r m i n a t e  

a t  t h e  f a u l t .  The soundings a l s o  

s u g g e s t  t h a t  t h e  t o p  of  t h e  system 

s l o p e s  down and away from t h e  h e a t  

s o u r c e .  I f  t h i s  l a y e r  i n d i c a t e s  t h e  

top  of t h e  convec t ing  sys tem,  t h e n  t h e  

geothermal  sys tem must b e  much l a r g e r  

t h a n  t h e  d r i l l e d  f i e l d .  

A contciur p l o t  of t h e  dep th  t o  

t h e  t o p  of t h e  deeper  r e s i s t i v e  l a y e r  

i s  g iven  i n  F i g .  8 and a c r o s s  s e c t i o n  

of t h e  area showing t h e  sha l low and 

deep r e s i s t i v e  l a y e r s  i s  p resen ted  

i n  F ig .  9 .  Data from t h e  w e l l  l o g s  

sugges t  t ha t  t h i s  r e g i o n  i s  charac-  

t e r i z e d  by ii g r a d u a l  i n c r e a s e  i n  

r e s i s t i v i t y .  Th i s  i n c r e a s e  i s  prob- 

a b l y  a r e s u l t  of reduced p o r o s i t y  
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Fig .  6 .  Well l o g  and sound- 
i n g  i n t e r p r e t a t i o n  a t  t h e  
Elmore No. 1 w e l l .  Sand 
p e r c e n t a g e s  were e s t i m a t e d  
eve ry  30 m; i n d u c t i o n  l o g  
r e s i s t i v i t y  cu rve  ( s o l i d  
l i n e )  has  been smoothed. 

because  t empera tu re  and s a l i n i t y  are conc lus ions .  The g r a v i t y  and resis- 

a l s o  expec ted  t o  i n c r e a s e  w i t h  dep th .  t i v i t y  anomal ies  are r e l a t e d  t o  

Reduced p o r o s i t y ,  i n  t u r n ,  may b e  d i f f e r e n t  components of t h e  geother -  

caused by p r e s s u r e  compressing t h e  m a l  system. The g r a v i t y  p r i m a r i l y  

sed imentary  rock and may i n d i c a t e  r e f l e c t s  t h e  s o u r c e  of h e a t  and t h e  

t h e  bottom of t h e  e x p l o i t a b l e  r e s i s t i v i t y  i n d i c a t e s  t h e  l o c a t i o n  

geothermal  r e s e r v o i r .  of t h e  s a l i n e  f l u i d .  The f a u l t  acts  

Thus,  based  on t h e s e  p r e l i m i n a r y  as a b a r r i e r ,  exc luding  s a l i n e  f l u i d  

i n t e r p r e t a t i o n s ,  w e  draw t h e  fo l lowing  from t h e  area n o r t h e a s t  of t h e  f a u l t  

- 7- 



Fig .  7 .  Maximum p o s s i b l e  d e p t h  
(me te r s )  t o  t o p  of t h e  sha l low 
res i s t ive  l a y e r .  Do t s  i n d i c a t e  
soundings where l a y e r  a p p e a r s ;  t h e  
l a y e r  appe.srs t o  end a t  t h e  shaded 
r e g i o n .  

S a l t o n  Sea 

2000 

- F i g .  8. Maximum p o s s i b l e  d e p t h  
(me te r s )  t o  t o p  of t h e  deep resis- 

i n g s  where l a y e r  appea r s .  
t i ve  l a y e r .  Dots i n d i c a t e  sound- 5 km / *  

-8- 
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l i n e s  a r e  r e s p e c t i v e l y ,  t h e  v e l o c i t y  l a y e r s  and f a u l t -  i n t e r p r e t a t i o n  from 
F ig .  3 .  A s i m p l i f i e d  l i t h o l o g i c  column based on t h e  e l e c t r i c  l o g  from t h e  
Elmore No. 1 w e l l  i s  provided .  Shaded r e g i o n s  r e p r e s e n t  t h e  sha l low and 
deep r e s i s t i v e  l a y e r s  as i n f e r r e d  from r e s i s t i v i t y  o b s e r v a t i o n s ;  t o t a l  
conductance (s iemens)  above t h e  deep res i s t ive  zone i s  shown i n  pa ren theses .  
V e r t i c a l  exagge ra t ion  5:l. 
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