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INTRODUCTION 

P r e c i s i o n  g r a v i t y  measurements (accompanied 
by f i r s t -  and second-order l e v e l i n g )  were i n i t i a t e d  
a t  Cerro P r i e t o  i n  1978. A t  t h a t  t ime,  60 permanent 
s t a t i o n s  were e s t a b l i s h e d  on c o n c r e t e  pads w i t h i n  
a 500-km2 a r e a  cen te red  i n  t h e  geothermal f i e l d .  

The primary purpose of t h e  s tudy  i s  t o  d e t e c t  
g r a v i t y  changes t h a t  might be m a n i f e s t a t i o n s  of 
changing r e s e r v o i r  condi t ions--notably,  n e t  mass 
d e p l e t i o n ,  compaction and subsidence,  d e n s i f i c a t i o n  
by secondary mine ra l  p r e c i p i t a t e s ,  and formation of 
a steam cap because of reduced r e s e r v o i r  p re s su res .  
The time s c a l e  of t h e s e  changes would depend on t h e  
r a t e  of f l u i d  p roduc t ion ,  and r e s u l t i n g  r e s e r v o i r  
dynamics, and chemical k i n e t i c s .  The measure of 
g r a v i t y  used t o  d e t e c t  t h e s e  temporal changes is  
t h e  so-cal led observed g r a v i t y  value.  

A secondary purpose f o r  t h e  p r e c i s i o n  
g r a v i t y  survey m s  t o  p r e p a r e  a Bouguer anomaly 
map from t h e  a p p r o p r i a t e  r educ t ion  of t h e  da t a .  
Bouguer anomaly v a l u e s  a r e  t h e  measure of spat ia l  
v a r i a t i o n s  i n  t h e  g r a v i t y  f i e l d ,  and can be 
i n t e r p r e t e d  i n  terms of subsu r face  l a t e r a l  d e n s i t y  
va r i a  t i ons .  

Th i s  paper  w i l l  c o n c e n t r a t e  on t h e  f i r s t  
purpose of t h e  work. as  o u t l i n e d  above, and i n  
p a r t i c u l a r  on i n t e r p r e t i n g  t h e  f i r s t  annual  
r e p e t i t i o n  of t h e  measurements du r ing  January 
through March 1979. A p r e s e n t a t i o n  of Bouguer 
anomaly v a l u e s  and a q u a l i t a t i v e  i n t e r p r e t a t i o n  of 
t h e s e  v a l u e s  ( t h e  second purpose o u t l i n e d  above) 
w s  presen ted  i n  t h e  Proceedings of t h e  F i r s t  
Symposium on t h e  Cerro P r i e t o  Geothermal F i e l d ,  
Baja C a l i f o r n i a  (Chase e t  a l . ,  1979);  no th ing  new 
w i l l  be added h e r e  t o  that i n i t i a l  work. 

The r e p e t i t i v e  g r a v i t y  obse rva t ions  a r e  being 
accompanied by second-order l e v e l i n g  conducted by 
t h e  Comisibn Fede ra l  d e  E l e c t r i c i d a d .  This  
p r e c i s e  l e v e l i n g ,  when r epea ted  , a l l o w s  u s  t o  
s e p a r a t e  g r a v i t y  changes due  t o  mass e f f e c t s  from 
those  which rpay be due t o  e l e v a t i o n  changes; Le. 
l o c a l  subsidence due  t o  compaction and r e g i o n a l  
t ec ton ic s .  Indeed, f o r  p r e c i s e  r e s u l t s ,  l e v e l i n g  
and gravimetry must proceed t o g e t h e r ,  s i n c e  t h e  
p rope r  i n t e r p r e t a t i o n  of observed e l e v a t i o n  changes 
depends on t h e  magnitude and n a t u r e  of any 
s imultaneous g r a v i t y  change (Whitcomb, 1976). 

FIELD PROCEDURES 

b r i n g  t h e  f i r s t  r e p e t i t i o n  of g r a v i t y  
measurements i n  e a r l y  1979, we followed essen-  
t i a l l y  t h e  same f i e l d  procedures  a s  i n  t h e  
i n i t i a l  occupat ions.  A d e t a i l e d  d e s c r i p t i o n  of 
t hose  procedures  h a s  been publ ished (Chase e t  
a l . ,  1979) ,  and a summary i s  provided here .  

The g r a v i t y  network c o n s i s t s  of 60 s t a t i o n s ,  
4 l oca t ed  on bedrock ( 2  in t h e  S i e r r a  Cucapa west 
of t h e  f i e l d ,  2 on Cerro P r i e t o  volcano a t  t he  
no r thwes t  co rne r  of t h e  f i e l d ) ,  and t h e  remainder 
on v a l l e y  f i l l  sediments.  The bedrock s t a t i o n s  
a r e  presumed t o  be s t a b l e  and unchanging, a t  least 
over  t ime i n t e r v a l s  of a few years .  

Each s t a t i o n  w s  occupied a n  ave rage  of 
f o u r  t imes ,  twice each with two La Coste  and 
Romberg G model g r a v i t y  me te r s ,  and each occupat ion 
c o n s i s t e d  of a minimum of f o u r  r ead ings  taken by 
two persons.  Poss ib l e  l e v e l i n g  and o r i e n t a t i o n  
e r r o r s  were d i s t r i b u t e d  by p ick ing  up, r o t a t i n g ,  
and r e l e v e l i n g  t h e  meters  between r e a d i n g s ,  and 
t h e  occupat ions were d i s t r i b u t e d  i n  t i m e  t o  
minimize t h e  e f f e c t s  of i n s t r u m e n t a l  d r i f t ,  wind 
and e x t e r n a l  temperature  s h i f t s ,  and small tares 
due t o  t r a n s p o r t a t i o n  Over rough roads. We used 
t h e  looping technique,  i n  which a n  i n t e r n a l  bese 
was occupied,  located n e a r  t h e  main road t o  the  
geothermal  f i e l d ,  a t  t h e  beginning and end of each 
loop (spanning f i v e  hours  a t  most). No s t a t i o n  
was occupied more than once w i t h i n  a n  i n d i v i d u a l  
loop. 

Nearly a l l  of t he  o r i g i n a l  60 s t a t i o n s  were 
reoccupied. Those n o t  occupied had been l o s t  
t o  road c o n s t r u c t i o n  i n  t h e  i n t e r v e n i n g  y e a r ,  
and had n o t  y e t  been r ep laced  i n  t i m e  f o r  t h e  
r eoccupa t ion  e f f o r t .  

I n  a d d i t i o n  t o  t h e  s t a t i o n  r eoccupa t ions ,  
t h r e e  days  w e r e  devoted t o  con t inuous  t i d a l  
monitor ing a t  a s h e l t e r e d  l o c a t i o n  on t h e  s i d e  
of Cerro P r i e t o  volcano. The o u t p u t  from one of 
t h e  two g r a v i t y  meters  used i n  t h e  1979 e f f o r t  
(G 300) was con t inuous ly  recorded du r ing  t h a t  
t ime i n t e r v a l  u s ing  a s t r i p  c h a r t  r eco rde r .  The 
second meter (G 423) was opera t ed  a t  n i g h t ,  
r ead ings  taken manually every 1 5  minutes.  These 
d a t a  were needed t o  e s t a b l i s h  v a l u e s  of t h e  
t i d a l  c o n s t a n t s  f o r  later d a t a  r educ t ion .  
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DATA REDUCTION 

A t i d a l  a n a l y s i s  was r equ i r ed  be fo re  we 
could reduce t h e  da t a .  The t i d a l  d a t a  were 
converted t o  g r a v i t y  v a l u e s  us ing  t h e  meter 
c a l i b r a t i o n  c o n s t a n t  f o r  t h e  a p p r o p r i a t e  g r a v i t y  
i n t e r v a l .  These raw g r a v i t y  v a l u e s  were then 
p l o t t e d  and compared with t i d a l  c o n s t a n t s  calcu-  
l a t e d  f o r  t h e  same time i n t e r v a l  (Longman, 1959). 
Comparison of t h e  c a l c u l a t e d  v e r s u s  observed 
g r a v i t y  cu rves  confirmed t h a t  t h e  u s e  of two t i d a l  
constants--a v a l u e  of 1.16 f o r  t h e  conformance 
f a c t o r ,  and a n  assumption of zero phase lag--is 
a p p r o p r i a t e  f o r  t h e  Cerro P r i e t o  area and causes  
raaximum e r r o r s  of on ly  1 o r  2 pga l s .  

The s t a t i o n  g r a v i t y  d a t a  were reduced t o  
observed g r a v i t y  v a l u e s  by t h e  fo l lowing  s e t  of 
s t e p s  : 

DATA INTERPRETATION 

1. The r a w  meter  r ead ings  were m u l t i p l i e d  
by t h e  a p p r o p r i a t e  c a l i b r a t i o n  f a c t o r s ,  conve r t ing  
t h e  r ead ings  i n t o  mgals and p a r t s  of mgals ( t h e  
v a l u e s  w e r e  obtained t o  thousandths  of mgals,  
L e .  uga l s ) .  

2. T ida l  d r i f t  was removed from t h e  c a l i b r a t e d  
v a l u e s  by us ing  Longmn’s (1959) a l g o r i t h m s  and t h e  
t i d a l  c o n s t a n t s  of 1.16 and 0 r e s p e c t i v e l y .  

3. The p o r t i o n  of t h e  d r i f t  remaining a f t e r  
t i d a l  c o r r e c t i o n s  were performed w s  presumed t o  
be l i n e a r  and was d i s t r i b u t e d  l i n e a r l y  t o  a l l  
s t a t i o n s  in a loop between hnse s t a t i o n  occupat ions.  
Although t h e  d r i f t  is  probably composed of tares 
of va ry ing  amounts, and i n  r e a l i t y  is  a t  least 
p a r t i a l l y  non l inea r .  t h e  a p p l i c a t i o n  of t h i s  
d e d r i f  t i n g  procedure g r e a t l y  improved t h e  p r e c i s i o n  
of measurement when s t a t i s t i c s  were performed. 

4. Means were ob ta ined  f o r  t h e  f o u r  v a l u e s  
a v a i l a b l e  f o r  each occupation. 
were then s u b t r a c t e d  from t h e  base mean f o r  each 
loop ,  producing g r a v i t y  d i f f e r e n c e s  between t h e  
h s e  and I n d i v i d u a l  s t a t i o n s .  Since f o u r  occupa- 
t i o n s  were performed a t  each s t a t i o n ,  producing 
f o u r  g r a v i t y  d i f f e r e n c e s ,  t h e s e  f o u r  d i f f e r e n c e s  
were then averaged,  producing a mean g r a v i t y  
d i f f e r e n c e  value.  These means were r e fe renced  t o  
t h e  h s e  I n  t h e  S i e r r a  Cucapa. 

The s t a t i o n  means 

The mean v a l u e  f o r  each s t a t i o n  c a l c u l a t e d  by 
t h e  above procedure should remain c o n s t a n t  from 
yea r  t o  yea r  i f  no geothermal ,  t e c t o n i c ,  o r  c u l t u r -  
a l l y  induced changes occur  beneath o r  a d j a c e n t  t o  
t h a t  s t a t i o n .  A l t e r n a t e l y ,  i f  changes due  t o  
e i t h e r  mass o r  e l e v a t i o n  e f f e c t s  occur ,  t h e  g r a v i t y  
d i f  f e r ences  c a l c u l a t e d  i n  t h i s  f a s h i o n  should 
change i n  magnitude wi th  t i m e .  

An a d d i t i o n a l  s t e p  was teken wi th  t h e  g r a v i t y  
d i f f e r e n c e s  c a l c u l a t e d  a b e  , i n  t h a t  s t anda rd  
d e v i a t i o n s  were obtained f o r  t h e  f o u r  d i f f e r e n c e  
v a l u e s  a s s o c i a t e d  with each s t a t i o n .  Comparison 
of t h e  p r e c i s i o n  from y e a r  t o  yea r  f o r  i n d i v i d u a l  
s t a t i o n s  a l l o w s  some de te rmina t ion  as t o  whether o r  
n o t  changes i n  magnitude of t h e  g r a v i t y  v a l u e  are 
s i g n i f i c a n t .  

Although sma l l  g r a v i t y  changes of up t o  t e n s  
of u g a l s  were seen  a t  a few s t a t i o n s ,  t h e s e  
changes can be explained by l a c k  of accu racy  i n  
t h o s e  d a t a  sets. Accuracy i n  t h e  measurements d i d  
improve d u r i n g  t h e  second year.  During 1978 h a l f  
t h e  s t a t i o n s  were c h a r a c t e r i z e d  by s t anda rd  devia-  
t i o n s  of 1 5  p g a l s  o r  less, whereas in t h e  1979 
d a t a  se t ,  t h i s  f i g u r e  was reduced t o  10 ugals .  I n  
g e n e r a l ,  then,  changes i n  t h e  g r a v i t y  d i f f e r e n c e s  
would have t o  exceed approximately 20 p g a l s  t o  be 
considered s i g n i f i c a n t  (more in s p e c i f i c  i n s t a n c e s )  
and such changes were no t  seen. We t h e r e f o r e  
conclude that no s i g n i f i c a n t  changes i n  g r a v i t y  
occurred du r ing  t h e  I n t e r v a l .  Level ing v a l u e s  
conducted by CPE confirm t h i s  r e s u l t ;  no s i g n i f i -  
c a n t  e l e v a t i o n  changes i n  t h e  second o r d e r  l e v e l  
l i n e s  occurred du r ing  t h i s  t i m e  i n t e r v a l  e i t h e r .  

The q u e s t i o n  arises a s  t o  why no changes were 
d e t e c t e d  i n  s p i t e  of our a b i l i t y  t o  d e t e c t  changes 
of 0.02 t o  0.03 mgals and changes l a r g e r  than t h i s  
have been observed i n  o t h e r  producing geothermal 
f i e l d s ;  e.g., t h e  0.12 mgal maximum change r epor t ed  
by Isherwood (1977) a t  The Geysers. Seve ra l  
p o s s i b i l i t i e s  can be advanced t o  e x p l a i n  t h e i r  
absence : 

1. I n s u f f i c i e n t  t i m e  may have elapsed t o  
d e t e c t  a g r a v i t y  change. U n t i l  r e c e n t l y ,  The 
Geysers produced approximately e i g h t  times t h e  
amount of e l e c t r i c i t y  as Cerro P r i e t o .  Even now, 
e l e c t r i c a l  o u t p u t  a t  The Geysers p l a n t s  i s  f o u r  
t imes g r e a t e r .  Thus the  t o t a l  mss removal a t  
Cerro P r i e t o  raay need t o  be inc reased  (with t ime) 
t o  produce d e t e c t a b l e  r e s u l t s .  

2. Unlike The Geysers ,  t h e r e  is adequa te  
r echa rge  t o  t h e  r e s e r v o i r ,  a lbe i t  t h i s  may be 
temporary. T r u e s d e l l  e t  e l .  ( t h i s  volume) r e p o r t  
r echa rge  from a n  ove r ly ing  a q u i f e r .  Also, t h e r e  
i s  evidence of h o r i z o n t a l  i n f l o w  of c o l d e r  wters 
recha rg ing  t h e  producing r e s e r v o i r .  

3. The g r a v i t y  coverage a t  Cerro P r i e t o  may 
n o t  be adequa te ly  dense ,  p a r t i c u l a r l y  a w y  from 
t h e  p roduc t ion  a rea .  It may be that t h e  a r e a  of 
a q u i f e r  d e p l e t i o n  and compaction i s  o r  w i l l  occur  
f i r s t  a t  d e p t h s  of 2 t o  3 km and w e l l  o u t s i d e  t h e  
geothermal  f i e l d ,  a s  has been observed a t  b i r a k e i ,  
New Zealand (Hat ton,  1970). 

FVRTHER PRECISION CONSIDERATIONS 

The improvement in p r e c i s i o n  from 1978 t o  
1979 was made p o s s i b l e  by (1) avoidance of high 
ambient tempera t u r e s  and concentra  t i o n  of t h e  
su rvey  i n t o  a s h o r t e r  t ime i n t e r v a l  i n  t h e  
c o o l e r  months of 1979; and ( 2 )  speedy d a t a  
r e d u c t i o n  by computer d u r i n g  t h e  cour se  of t h e  
g r a v i t y  work so that s t a t i o n s  c h a r a c t e r i z e d  by 
lesser p r e c i s i o n  could be i d e n t i f i e d  and 
reoccupied. Two problems s t i l l  remain,  however: 
(1)  t r a n s p o r t i n g  g r a v i t y  me te r s  over  rough roads 
accoun t s  f o r  tares, sometimes s i z e a b l e ,  which 
reduce accu racy  because of t h e i r  n o n l i n e a r  
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a f f e c t  on t h e  d a t a ;  and (2)  a t  some s t a t i o n s  
l o c a t e d  c l o s e  t o  producing w e l l s ,  o s c i l l a t i o n s  of 
up t o  0.05 mgals occur. (A similar problem is 
encountered a t  s t a t i o n s  on levees when heavy 
t r u c k s  p a s s  by.) To s o l v e  t h e  f i r s t  problem, 
a s p r i n g  mounted o r  a i r -compression t r a n s p o r t  
box, which dampens o u t  t h e  v i b r a t i o n s  i n  t h e  
f r e q u e n c i e s  genera ted  by au tomobi les  on rough 
roads ,  could be u t i l i z e d .  For t h e  second,  t h e  
only  s o l u t i o n  a p p e a r s  t o  be a l a r g e r  number of 
r e p e t i t i o n s  r e s t r i c t e d  t o  shor te r - t ime loops  
(perhaps loops  c o n t a i n i n g  only  one "noisy" 
s t a t i o n ) .  Both of t h e s e  changes are expected t o  
be implemented d u r i n g  t h e  1980 f i e l d  season. 
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