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ABSTRACT 

A three-week s t u d y  i n  s p r i n g  '1978 r evea led  
more moderate ea r thquake  a c t i v i t y  (one o r  tm 
even t s /day ,  ML 2 1 )  i n  t h e  Cerro P r i e t o  pro- 
d u c t i o n  zone. P l o t t i n g  these e v e n t s  on a Wadati 
diagram we e s t ima ted  an 0.4 Poisson 's  r a t i o  f o r  
t h e  upper 1 t o  2 km of  t h e  f i e l d .  Ihe e v e n t s  
were cen te red  near t h e  v e s t e r n  edge of  t h e  pro- 
d u c t i o n  zone, nea r  well M-6, and i n d i c a t e d  s t r i k e -  
s l i p  movement on north-south f a u l t s .  

To monitor t h e  ea r thquake  a c t i v i t y  and propa- 
g a t i o n  c h a r a c t e r i s t i c s  w i t h i n  t h e  p roduc t ion  zone, 
a f i v e - s t a t i o n ,  semi-permanent a r r a y  was p u t  i n t o  
o p e r a t i o n  i n  September 1979. 
c l o s e l y  spaced (1 t o  2 km), su r round ing  a c e n t r a l  
s t a t i o n  a t  M-6. Each s t a t i o n  c o n s i s t s  of a three- 
component 4.5-Hz geophone i n  a 100-m w e l l  connected 
t o  a 12-b i t  triggered-digital-cassette r eco rde r .  
Although each s t a t i o n  o p e r a t e s  i ndependen t ly ,  t hey  
are in t e rconnec ted  v i a  a hard-wire l i n k  t o  a cen- 
t r a l  s i te .  The purpose o f  t h i s  l i n k  is tvo fo ld :  
f i r s t ,  t o  a l l o w  t e l e m e t r y  of  any s e l e c t e d  s t a t i o n  
t o  t h e  c e n t r a l  s i t e  f o r  v i s u a l  monitor ing;  second,  
t o  p rov ide  an  au tomat i c  d a i l y  t i m e  c a l i b r a t i o n  t o  
keep i n t e r - s t a t i o n  e r r o r s  t o  less than 5 ms. The 
d a t a  from t h e s e  s t a t i o n s  w i l l  be used t o  monitor  
ea r thquake  a c t i v i t y  and wave p ropaga t ion  charac-  
ter is t ics  a s s o c i a t e d  wi th  f l u i d  withdrawal  and /o r  
i n j  ec t i o n  i n  t h e  geothermal  r e s e r v o i r .  

The s t a t i o n s  are 

INTRODUCTION 

The u t i l i t y  of  microear thquake s t u d i e s  i n  
geothermal  r eg ions  i s  n o t  r e s t r i c t e d  t o  explora-  
t i o n  a p p l i c a t i o n s .  In fo rma t ion  from t h e s e  s t u d i e s  
may be impor t an t  i n  d e l i n e a t i n g  r e s e r v o i r  bound- 
ar ies  and i n  monitor ing env i ronmen ta l  e f f e c t s  such 
as  subs idence  and induced s e i s m i c i t y .  By us ing ,  
t h e  v a r i a t i o n  i n  p ropaga t ion  c h a r a c t e r i s t i c s  of P 
and S waves as  w e l l  as t h e  s o u r c e  c h a r a c t e r i s t i c s  
o f  microear thquakes,  i n f o r m a t i o n  r e l a t i n g  t o  t h e  
stress f i e l d ,  t empera tu re ,  and f l u i d  s ta te  can be 
ob ta ined .  Continuous monitor ing of  t h e s e  proper-  
t i es  i n  producing geothermal  f i e l d s  may p rov ide  a 
means t o  d e t e c t  dynamic r e s e r v o i r  boundaries ,  
areas o f  r e c h a r g e ,  and changing f l u i d  state.  

As a r e s e r v o i r  i s  produced, t h e r e  w i l l  
be r e l a t i v e l y  l a r g e  stress and the rma l  g r a d i e n t s  
produced by t h e  withdrawal  and r e i n j e c t i o n  of 
f l u i d s .  S t r e s s  g r a d i e n t s  may a f f e c t  t he  n a t u r e  of  
s e i s m i c i t y ,  e s p e c i a l l y  i n  a r e g i o n  as t e c t o n i c a l l y  
a c t i v e  as the  S a l t o n  Trough. Although t h e  Cerro 

P r i e t o  f i e l d  and o t h e r  geothermal  r eg ions  i n  the  
Imper i a l  Va l l ey  ( such  as  Eas t  Mesa) are f l u i d  
dominated, cont inued p r o d u c t i o n  may induce  a r e a s  
of  steam dominat ion.  Recent l a b o r a t o r y  wave 
p ropaga t ion  s t u d i e s  (Nur and Winkler 1979) ind i -  
cate t h a t  r e l a t i v e  P- t o  S-wave a t t e n u a t i o n  
s t u d i e s  may be p a r t i c u l a r l y  u s e f u l  f o r  d e l i n e a t i n g  
r e g i o n s  of  p a r t i a l  s a t u r a t i o n .  The re fo re ,  w e  hope 
t h a t  con t inuous  microear thquake monitor ing with 
o c c a s i o n a l  d e t a i l e d  wave p ropaga t ion  s t u d i e s  w i l l  
be a b l e  to  d e t e c t  s u b t l e  changes i n  the s t a t i c  and 
dynamic p r o p e r t i e s  of  t he  r e s e r v o i r .  

MONITORING PROCEDURES 

In  February 1978 a v e l o c i t y ,  a t t e n u a t i o n ,  and 
p r e l i m i n a r y  microear thquake s t u d y  was c a r r i e d  o u t  
a t  Cerro P r i e t o  (Majer e t  a l . ,  1979).  With the  
r e s u l t s  of t h a t  s t u d y  a permanent f i v e - s t a t i o n  
a r r a y  a s  des igned  t o  monitor  con t inuous ly  the  
temporal and s p a c i a l  v a r i a t i o n  i n  s e i s m i c i t y  
throughout  t h e  p roduc t ion  zone. The f i v e  c l o s e l y  
spaced s t a t i o n s  were l o c a t e d  t o  supplement t he  
d a t a  from t h e  CICESE s t a t i o n s  su r round ing  the  
p roduc t ion  r e g i o n  (Fig.  1). Also shown i n  Figure 
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F igure  1. S t a t i o n  l o c a t i o n  of permanent array 
r e l a t i v e  t o  1978 s t u d y ;  s e i s m i c  a c t i v -  
i t y  i s  i n d i c a t e d  by t h e  shaded r eg ions .  
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1 a r e  r e g i o n s  of t h e  h igh  s e i s m i c i t y  d e t e c t e d  
d u r i n g  t h e  1978 s tudy.  None of t h e  s e i s m i c a l l y  
a c t i v e  r e g i o n s  (shaded)  l i e  w i t h i n  the p r o d u c t i o n  
zone. Only s e v e r a l  e v e n t s  w i th  magnitude g r e a t e r  
than 1 were d e t e c t e d  i n  t h e  r e s e r v o i r  r e g i o n ,  a l l  
occur ing  on one day. The permanent s t a t i o n s  were 
l o c a t e d  so t h a t  minimum ambigui ty  vould occur  in 
f a u l t  p l ane  s o l u t i o n s  f o r  e v e n t s  w i t h i n  t h e  reser- 
v o i r .  The 1978 s t u d y  i n d i c a t e d  t h a t  t h e  e v e n t s  
w i t h i n  the  f i e l d  were on no r thwes t - sou theas t  
t r e n d i n g  f a u l t s  w i th  r i g h t  l a t e r a l  s t r i k e - s l i p  
motion. However, i f  t h e  Cerro P r i e t o  f i e l d  i s  i n  
a r e g i o n  o f  t r a n s v e r s e  f a u l t i n g ,  normal f a u l t i n g  
would be expected.  

I k t a  a r e  c o l l e c t e d  a t  each s t a t i o n  wi th  a 
three-component 4.5-Hz geophone i n  a 100-m bore- 
ho le .  
A t  t h e  top of each h o l e  an in s t rumen t  box houses  
a Sprengnether  DR-100 and f i v e  2.5-V McGraw-Edison 
a i r  c e l l  batteries (Fig.  2) .  Air c e l l  batteries 
were chosen due t o  t h e i r  h igh  amp-hour r a t i n g  
(z1200 A-hr), a l t hough  t h e i r  peak o u t p u t  is 
o n l y  between 1 / 2  and 1 A. The b a t t e r i e s  should 
l a s t  one yea r  w i th  t h e  DR-100. The DR-100 i s  a 
t r i g g e r e d  d i g i t a l  c a s s e t t e  r eco rde r .  The r e c o r d e r  
was s e t  a t  200 samples/sec wi th  t r i g g e r i n g  l e v e l s  
( sho r t - t e rm ave rage  and long-term ave rage )  set f o r  
microear thquake d e t e c t i o n  (Fig.  3). Although 
the s igna l - to -no i se  r a t i o  is improved by 20  d B  by 
p l a c i n g  t h e  geophones a t  d e p t h ,  o t h e r  problems 
were encountered.  I n  a d d i t i o n  t o  t h e  d i s a d v a n t a g e  
of permanent borehole  si tes,  t h e  warm t empera tu re  
of t h e  water  (50 t o  100OC) produced O-ring 
d e t e r i o r a t i o n  i n  t h e  sondes thus  c a u s i n g  t h e  
geophone packages t o  l e a k .  Standard O-rings 
should be r ep laced  wi th  v i t o n  o r  s i l i c o n  r i n g s .  
We a l s o  found t h a t  t h e  s t anda rd  rubbe r  c a b l e  
d e t e r i o r a t e s  i n  w a r m  temperatures .  The normal 
rubber  s h i e l d e d  c a b l e  was rep laced  wi th  a poly- 
u r e t h a n e  s h i e l d e d  cab le .  

The h o l e s  were d r i l l e d  and cased by CFE. 
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F igure  3. S t a t i o n  e l e c t r o n i c s  showing t r i g g e r  
c o n t r o l  f o r  t ime f i d u c i a l  and vco 
f o r  v i s u a l  monitor  a t  c o n t r o l  s i t e .  

Each s t a t i o n  is  connected by a s i n g l e  
tw i s t ed  p a i r  of wires, forming a loop  around 
t h e  a r r a y  (Fig.  4). Also i n  t h e  l o o p  i s  a 
c e n t r a l  s i t e  housing a v i s u a l  monitor  and t ime 
code c l o c k .  On one wi re  of t h e  tw i s t ed  p a i r  
l o o p  a d a i l y  t r i g g e r  p u l s e  i s  c a r r i e d  t o  each 
s t a t i o n  a t  a s p e c i f i e d  t ime t o  c o r r e c t  for c l o c k  
d r i f t  a t  t he  remote s t a t i o n s  (F ig .  5A). The 
o t h e r  wire of t h e  tw i s t ed  p a i r  c a r r i e s  an  M 
s i g n a l  from one of t h e  f i v e  s t a t i o n s  t o  a d i s -  
c r i m i n a t o r  a t  t h e  c e n t r a l  s i t e  whose o u t p u t  is  

5 S t a t i o n  A r r a y  

conci 

100-150 m deep 1- 

cased w i t h  p v c ,  4’ 

w a t e r ”  
v a u l t  drlll hole, 6” 

2’1 3’1 2‘ 

HI 
slgnol cable 
r e t r i e v a l  c a b l e  

. .  

4 .5  H Z  3 - c o m p o n e n t  g t o p h o n s  
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F igure  2. S t a t i o n  c o n f i g u r a t i o n ;  i n s t r u m e n t s  a r e  
buried f o r  t empera tu re  c o n t r o l .  

2 

dua l  conductor 
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F igure  4. Array p l a n  showing connec t ion  t o  cen- 
t r a l  s i t e  with s i n g l e  t v i s t e d  p a i r .  
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F igure  5. C e n t r a l  s i t e  c o n f i g u r a t i o n  wi th  t i m e  
c l o c k  f o r  f i d u c i a l  i n fo rma t ion  f o r  
each o u t  s t a t i o n  and v i s u a l  monitor ing 
and playback equipment.  

p u t  on a drum r e c o r d e r  f o r  v i s u a l  monitor ing.  
P e r i o d i c a l l y ,  t h e  t apes  are picked up from each 
s t a t i o n  and s e n t  t o  LBL f o r  a n a l y s i s .  

"he a r r a y  became o p e r a t i o n a l  i n  September 
1979. However, s i n c e  the  magnitude 6.5 Imper i a l  

3 

Val l ey  ea r thquake  o f  October 15 ,  1979, t h e  a r r a y  
h a s  been s a t u r a t e d  wi th  a f t e r s h o c k s .  Other 
problems t h a t  are being addres sed  i n c l u d e  h igh  
n o i s e  levels i n  t h e  f i e l d  ( p a r t i c u l a r l y  when 
downhole packages f a i l e d  and we r e s o r t e d  t o  
s u r f a c e  geophones) ,  h igh  ambient  t empera tu res  i n  
t h e  summer, and wi re  breakage due  t o  c o n s t r u c t i o n  
a c t i v i t y .  Once these  problems are  overcome and 
downhole s e n s o r s  are aga in  o p e r a t i o n a l ,  a f i v e -  
s t a t i o n ,  15-component a r r a y  p r o v i d i n g  h i g h  q u a l l t y  
d i g i t a l  d a t a  w i l l  e n a b l e  us t o  make d e t a i l e d  
s t u d i e s  of  t h e  microear thquake ac t i v i t y  a s s o c i a t e d  
wi th  t h e  p roduc t ion  of the  Cerro P r i e t o  geothermal  
r e s e r v o i r .  Such s e i s m i c  s o u r c e  pa rame te r s  as 
f a u l t  o r i e n t a t i o n  and s l i p  d i r e c t i o n ,  i n  a d d i t i o n  
t o  moment and co rne r  f r equency ,  w i l l  p rov ide  
d e t a i l s  of  s o u r c e  dynamics r e l a t i v e  t o  the  with- 
drawal  and r e i n j e c t i o n  of f l u i d s .  Complementing 
the d a t a  will be e x t e n s i v e  geophys ica l ,  hydro- 
l o g i c a l ,  and geochemical s t u d i e s  c u r r e n t l y  being 
c a r r i e d  ou t .  
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