


DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



Presented a t  the 4 th  Symposium on the  
Cerro P r i e to  Geothermal Field,  Guadalajara, 
Mexico, August 10-12, 1982. 

LBL-14894 
CP-22 

. 

. 
CORRELATION BETWEEN 

PRECISION GRAVITY AND SUBSIDENCE MEASUREMENTS AT CERRO PRIETO 
,c z (L'" 

c 

4 

R. Z e l w e r  and R. B. G r a n n e l l  
Earth Sciences Division 

Lawrence Berkeley Laboratory 
University of Cal i fornia  

Berkeley, California 94720 

October 1982 



CORRELATION BETWEEN PRECISION GRAVITY AND 
SUBSIDENCE MEASUREMENTS AT CERRO PRIETO 

R. Zelwer and R.B. Grannell 
1L.wfence Berkeley Laboratory , University of California  

Berkeley, Cal i fornia  94720 
2&lifornia  S t a t e  University at Long Beach 

Long Beach, Cal i fornia  90840 

1 2 
’ 

Precis ion g r w i t p  measurements were made in 
t he  region of the Cerro Prieto geothermal f i e l d  a t  
year ly  in t e rva l r  from 1977 t o  1981 t o  assess the 
f e a s i b i l i t y  of using gravi ty  t o  determine rubsur- 
f ace  reservoir  ChaRGes with time. 
changer we rought t o  detetrPiac the extent  of mass 
recharge in rtspouso t o  t h e  continued production 
of f lu lds  from t h i s  f i e ld .  

Among these 

Changes fa grav i ty  and ground elevat ion vere 
obaerved throughout the region f o r  the period of 
observation. 
changes observed vere the r e s u l t  of the Magnitude 
6.1 (Caltech) Vic tor ia  earthquake of 8 June 1980. 
The epicenter  e f  t h i s  earthquake was located 25 km 
routheast  of the  f i e l d  on the  Cerso Pr ie to  Fault, 
+With bounds the  f i e l d  t o  the routhweat. 
ridencc of up t o  55 cm was measured east of the 
pover plant ,  in the  region between the northern 
end of the Cerro Pr i e to  Fault and the  southern end 
of the Imperial  Fault. 
l a ted  to be the rite of an a c t i v e  rpreading center  
or pull-apart  basin, and haa been charac t r r i ted  by 
a high lewl of reiamic a c t i v i t y  during the last 
10 year.. 

Resultr ind ica te  t h a t  the l a rges t  

Sub- 

Thb area has been postu- 

Minor rubsidence and small related gravi ty  
changer €or the period preceedlng the 
earthquake suggest tha t  
productton rates, the r 
completely recharged and t h a t  & aeasutablt 
increase in rubrutface den 
place. 

ground motions made In t h i s  area are discussed in 
The r e s u l t r  of measur 
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The a t t r a c t i o n  of large amounts of f l u i d s  
from l i q u i d - d ~ ~ t e d  f-da can cause ground 8ub- 
8ldenc0, wfth at tendant  damage t o  rurface inrtal- 
la t ions.  Such rubsidence has ocurred in areas  
h e r e  extensive explo i ta t ion  of petroleum and 
ground va te r  has taken place. Widespread rub- 
ridence has also been observed i n  the  l iquid-  
dominated geothermal f i e l d s  of New Zealand 
( b t U l u e l l  et ale, 19761, and t o  a lesser extent  
a t  the vapor dominated The Geysers f i e l d  in north- 
ern California  ( Isherwed,  1977). 

Drawlug from the  experience with the Rev Zea- 
land geothermal f i e lds ,  the Comisida Federal de  
Electr lc ldad of Mdiico (CFE), together with the 
Direccldn Cancra1 de Es tudloa d e l  Terr i tor io-  

. 

~ 

Nacional (DETENAL) (Carck ,  1978) , undertook a 
program of f i r s t  order  leve l iag  surveys. The put- 
pose of t h i s  program vas to  measure changes in 
sur face  elevat ion in the  Uexicali Valhy rcgioa, 
including the  Cerro P r i e to  f i e ld .  
-mediate region of the f i e l d  i t a e l f ,  CFE s t a f f  
also i n s t i t u t ed  a second order  lweliag progrm t o  
monitor local elevat ion changes. 

Within the  

Among the a c t i v i t i e s  of a j o i n t  eooperatioe 
program betvecn CW and the U. S. Department of 
Energy (DOE) t o  r tudf  of the Carro P r i e to  fftld, 
in i t l . t ed  i n  1977, vas a precision g r a v i q  mod- 

program (Chase et  81.. 1978; Crannell  e t  
979, 1981a, 1981b. 1982). Thes 
were carr ied au t  in conjunction 8 

recond-order level ing surveys. M r o ,  f 
t h i a  cooperative program, hor izonta l  d i s tance  
aeasurementr were made by the  U. S. Geological 
Survey (USCS) (Marsey, 1981) . 

The use of precise gravi ty  measuranenta a 
t o o l  t o  monitor water deplet ion i n  l iquid- 
damiaatcd geothermal reservoi r r  was prop:sed and- 
dunonstrated by Kunt (1970, 1977). Thin approach 
is based nn the rupposit ion tha t  changes in t he  
value of Gravity over Cime can be in te rpre ted  in 
tellas of elevat lou changes and phase changes 
and/or t ransport  of rubsurface f luids .  -o ther  €ac- 
t o r s  remaining unchanged (Ishervood, 1977) 

t h ree  primary objectives.  The f i r s t  was t o  make 
r epe t i t i ve  mewurements over time, which, when 
combined with aecond order  level ing (~urveya, vould 
provide information about changes in the  subsur- 
f ace  with time* The second object ive of the  g n v -  
i t y  measurementa vas to  produce a Bouguer grav i ty  
map of the f i e l d  (Chase et  a l a ,  1978; Crannell  et 
a l o e  1981a). The thi rd objec t ive  was t o  assess 
f i e l d  and da ta  reduction procedures. Thio report  
dea ls  only wlth the temporal grav i ty  and elevat ion 
changes. 

SETTING 

The gt&Vity measurements at  Cerro Prieto had 

The Ccrro Pr ie to  f is located in the Uex- 
icali Valley, which is p a r t  of the Salton Trough, 
an arma which ia tee n i c a l l y  one of the most 
ac t ive  i n  the vorld. Signif icant  rubsidencc (3.5 
cdyr tlofgren, 19781) due to  na tura l  causes has 
been measured in the Imperial Valley north of the 
U. S.-Eiexican border. These elevat ion changes are 
re la ted  to  the tectonic  a c t i v i t y  responsible f o r  
t he  focmatioo of the trough. In the  v i c i n i t y  of 
t h e  Cetro Pr ie to  f i e l d ,  t he  Mexicall Valley i r  
erosred by major en-echelon r t r ike - s l ip  fault. of 
t h e  $an Andreas Fault rystem. 
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pisure 1. 
t h e  Salton trough. 

Iacatlm of t h e  &rro  P r i e to  Field and 

The heat source f o r  t he  Cerm P r i e t o  f i e l d  is 
thought t o  be wsoe ia t ed  with a spreading center  
located between the e - e r h e l o a  .trike-slip Cerro 
P r i e to  and b p e r i a l  Faults (ret Oigure 11, a8 pos- 
t u l a t ed  by Lomnirt et al. (1979) and Elders et d. 
(1972) , in accordance wZth obserwationr of f t u l t -  
bounded basins found fa the Gulf of California 
(Elders , 19 79) 

FLELD WeMlJRm?lTS 

Four retr of precision g rav i ty  observatlonr 

The sleasurtments 
were made on an annual basis w i n g  La Corte and 
Romberg G-type gravi ty  meters. 
were made duting the winter months of 1977-78, 
1978-79, 1979-80. and 1980-81. Details on the 
da t a  rcquisit lon.  reduction, a d  error analysis  
can be found i n  O I u e  et al. (1978) . and Crannell 
e t  al. (1979,1981a. 1981b. 1982)- 

Sixty s t a t i o n r  vere established Over an area 
of approximately SO0 km2 centered on the  Cerro 
Prieto geothermal f i e l d  (Figure 2). The r t a t i o n s  
coasi8ted of permanent concrete monuments with 
de$p footings and f l a t  tops, l a r g e  enough t o  
acemodate the gravimeter. The same monuments 
were wed f o r  the recond order leveling 8urveys 
'carried Out  a t  approximately annual intervals by 
CFE. 

The looping technique of r t a t i o n  occupation 
-8 wed f o r  the gravi ty  measurements. 
of the base was followed by occupation of several  
StatioDd, followed by a re turn t o  the base (Gran- 
n e l l ,  1982). Each s t a t i o n  war occupied from 2 t o  
4 times Ln reparate loops, and during each occupa- 
t ion,  a alnimum of 5 readings were made. 
standard deviations of b a r e - t e s t a t i o n  differences 
ranged from 7 t o  15 aicroga18. 
ment errors f o r  an individual year were about 8 
microgals at  the 95% confidence level. 
of obsented changes between tw years war about 12 
aicrogals.  

Occupation 

Median 

Standard measure- 

Precirion 

Qanges in gravi ty  exceeding 1s-20 

a 

xu m - m w  

q u r e  2. Gravity changes (in microgals) between 
1979-1980 and 1980-81. 

a ic roga l s  were c l e a r l y  s ign i f i can t .  To es t ab l i sh  
t h e  eonfolmancr f a c t o r  and lag time necesscry f o r  
making tidal correctLonr, t i d a l  g rav i ty  was mod- 
tored on t h e  Cerro P r i e t o  Volcano f o r  a period of 
t h ree  days. 

8randard f lrst- and second-order leveling surveya 
carr ied out at  approximately annual intecvals.  
The f i r s t  order  level ing surveys coveted an area 
of the Mexicali-Imperial Valleys extending from 
south of the geothermal f i e l d  t o  north of the U-S- 
border so t h a t  it i n  t i e d  t o  benrhmarka of USGS 
f i r s t  order leveling networks (de l a  PeBa, 1981a). 
The second order surveys were l imited t o  the 
immediate area of the production f i e l d  and were 
ca r r i ed  cut Ln eonjunction VLth the  gravi ty  meas- 
uramentr, using the  same monuments ( d e  la Peffa, 

Ground elevat ion measurements were made using 

, 198Lb) e 

GRAVITY W G E S  AND CaOUND HOTIONS WITH TIME 

The most important g rav i ty  nd surface elma- - 
t i o n  changes appeared as a r e s u l t  of the 9 June 
1980 Victoria earthquake! (described below) . Fig- 
u r e  2 shows a contour map of the changes fn grav- 
i t y  between 1979-80 and 1980-81, t h a t  is, before 
and after the  Victor ia  earthquake. Tho observed 
increase in gravi ty  ind ica t e s  t ha t  subsidence took 
place. 
Cerro P r i e to  Fault. %e t ou r s  suggest even 
g rea t e r  subsidence t o  t h  
of intense aftershock ac 
t o r i a  earthquake (Uong and Fru, 1981). 
shows the corresponding changes in elevation 
obtained from recond order leveling surveys before 

Uost of t he  changes ocurred east of the 

utheast. in a r e g i a  
ty  following the vic- 

f igure 3 

2 
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Figure 3. 
betveen 1979 and 1981. 

Surface elcvatioo changes ( i n  lam) 

and after t h e  efirthqualra. The pat te rn  of sub- 
sidence agrees w i t h  the  pa t te rn  of grav i ty  
increases  shorn in Figure 2. 

6.1 (Caltech) and an epicenter  near t h e  v i l l a g e  of 
Guadalupe Victoria,  about 25 km routheast  of Cerro 
Prieto.  This event ocurted near the northwest end 
of  the  Cerro P r i e t o  Fault (Wow and Fret, 19811, 
which bounds the  geothermal f i e l d  t o  the routhuest 
and ends a t  the  err0 P r i e t o  Volcano. dctwecn the 
southeast  end of the  Imperial Fault and the 
Northwest end of the  Cerro P r i e t o  f a u l t  are a 
series of tectonic fea tures  including a series of 
normal f a u l t s  roughly perpendicular to the Cerro 
Prieto-Imperial f a u l t  p a i r  ca l led  the Volcano 
Paplt System. A c r u s t a l  spreading center  is 
be1;eved t o  be located in t h b  area. 
liong and R e i  (1981). t h e  main event of t h i s  
earthquake txc i ted  af tershocks in severa l  pre- 
ex is t ing  nests at  the northwestern end of the  
Cerro Pr ie to  Fault, in the muthear te rn  portion of 
t h e  area ahorn in f igures  2 and 3. Wo s l g n i f k a n t  
af terrhock a c t i v i t y  took place in the neighborhood 
of the main event. The pa t te rn  of aftershock 
a c t i v i t y  was interpreted by Uong and Fru (1981 
t o  be re lated t o  the higher rubsurface tempera- 
tures and the spreading center  located between the 
ends of the Imperial and Cerro P r i e t o  Faults. 

In the  v i c i n i t y  of the  Cerro Pr ie to  f i e l d  the 
earthquake caused f i s s u r e s  on the surface,  as vel1 
as the  e jec t ion  of  ground water and formation of 
small rand volcanoes. 
survey was performed over part of the net  covered 

The Victoria earthquake had a magnitude of 

According t o  - 

A second order level ing 

by the previous f i r s t  order  surveys indicat ing 
subsidence of up t o  55 cm i n  places (de l a  Pe?ia, 
198ia). These e f f e c t s  were a t t r i b u t e d  t o  l o c a l  
l iquefact ion of unconsolidated sediments. 

The pa t te rn  of gravi ty  changes f o r  the two 
years preceding the earthquake is not  as clear. 
The magnitude of t h e  grav i ty  changes was very 
close t o  the precis ion l e v e l  of the measuremeats. 
Grannell (1982) performed a c a r e f u l  analysis  of 
t h e  data f o r  those years  a d  concluded that there  
is +n cl l ipt icr l -shaped region, shown in Figure 4, 
where pos i t ive  changes i n  gravi ty  exceed the 95 
percent confidence l e v e l  of the  measurtmentr~ The 
region agrees roughly with the locat ion of the  
production area in the  f i e l d ;  its major axis ia 
aligned with the  W-SE d i r e c t i o n  of the dominant 
s t r i k e - s l i p  f a u l t s  i n  the region. 

The f i r s t  order  level ing survey, which . crossed t h e  production region along a s i n g l e  l i n e  
p a r a l l e l  t o  the ra i l road  t rack,  showed there  vas 
rome 8ubaLdence between 1977 and 1379, wlth a max- 
lfnum of 7.5 an near the Cerro P r i e t o  power plant. 
Elevation chbges bctveen 1977 and 1979 observed 
by the  second order  lcvoliag surveyo showed a sub- 
sidence pa t te ra  (Mgure 5) t h a t  is r imi la r  io 
shape to the one following the  Victoria sar th-  
‘quake, bu t  of much lower magnitude. 
n o t i q  that  there  ia good overlap between the 
region of grea tes t  subsidence of figure 5 and the 
t h e  region of s i g n i f i c a n t  grav i ty  changes mapped 
by Crannell  (Figure 4). 
t h e  gravi ty  and elevat ion changes do not  seem t o  

. 

It is worth 

Bowever, the magnitude of 

c \ 
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Figure 4. 
observed betveen the spr ings of 1978 and 1980. 

&ea of s i g n i f i c a n t  grav i ty  increases  

. .  
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Figure 5. 
observed between December 1977 and a r c h  1979. 

Surface elevatlon changes ( in  mm) 

agree with each other  if they are t o  be explained 
by subsidence alone. If we assume a v e r t i c a l  
gravi ty  gradient of 2.2 microgals/cm, wei w a d  
expect t o  6ee gravi ty  changes of the  order  of 10 
microgals f o r  the observed subsidence. 
within the region defined by Grannell (1982) 
showed gravi ty  Increases ranging from 15 t o  34 
mierogals ( Figure 4 ) .  Therefore , subsidence 
accounts fo r  only pa r t  of the observed gravi ty  
increase. 

The point8 

tioIotLtOata1 surface motloas vere maa8urrd by 
t h e  USGS a t  repeated in t e rva l s  with tw networks 
of horizontal  control  using electronic  dis tance 
measuring instruments (Uassey, 1981). Xovemencs 
of up t6 6-7 cm tovards t h e  center  of t he  field 
were observed during 1978-1979. However, a f t e r  
t h a t  period and u n t i l  t he  t h e  of the Victoria 
ekrthquake, t h i s  motion towards the center of the  
f i e l d  seemed t o  have ceased. No movement r e su l t i ng  
from f l u i d  extract ion was evident outs ide the pro- 

'duct ion .rea. 
deformatloo assoelated wlth the  Victorla earth- 
quake shaved t h a t  deformation produced by fluid 
ex t r ac t ion  was e i t h e r  not observed or was masked 
by earthquake related changes (LisowsM and 
Prescott ,  1982). 

An analysis of the  horizontal  

0 IS CUS SION 

The clear co r re l a t ion  between the pat terns  of 
subsidence and gravi ty  Increases following the 
Victoria earthquake suggests t h a t  tectonic  forces  
are the dominant cause of subsidence i n  the 
region. 
t ian ualag the  observed elevat ion churges and 

~n f a c t ,  i f  ve apply a free ai? iorrec- 

assume a va lue  of 2.1 gm/cm3 f o r  the densi ty  of 
t h e  unconsolidated sediments , t he  computed gravi ty  
increases  match the  observed changes very w e l l .  
This means tha t  the subsidence induced by t h e  Vic- 
t o r i a  earthquake can account f o r  t he  l a r g e s t  
changes in g rav i ty  observed during the study 
period. 

The pa t t e rn  of seismici ty  observed in t h i s  
area ftan 1971 t o  19$0 indicates  s ign i f i can t  small 
earthquake and aftershock swam a c t i v i t y  in the  
regioa between the northern end of the  Cerro 
Pr ie to  Fault and t he  southern end of the  Imperial 
Fault (Albores et al., 1978; de l a  P e d ,  19818; 
Wong and Frez, 1981; Majet and McEvilly, 1981). 
This region includes t h e  port ion east of the  Certo 
P r i e t o  Fault in t he  area under study. 
t h e  geometries associated vith o the r  pull-apart 
basins  located between en-echelon f a u l t 8  in t he  
Gulf of California  t o  the south (Elders, 19791, 
which are characterized by depressions located 
between the ends of transform f a u l t s ,  i t  seems 
reasonable t o  expect t he  region under study t o  
s h w  evidence of s imi l a r  subsidence.' According t o  
Eldera (1979), continued sedimentation of t h i s  
area by t h e  Colorado River is the  maia f ac to r  that 
has kept a more aot iceable  topographic dapresaioo 
from ferming. 

I 

In v i e v  of 

One of the m k i n  object ives  of t he  
atudy -8 t o  assess the  urefulness of 
gravi ty  measurements amde in conjunction with 
accurate level ing eo measure subsurface changes in 
reponse to geothermal production. 
c i a l l y  Interested in whether i t  was posaible t o  
determine the extent  of recharge t o  the reservoir.  
In order t o  do this, M examined the  observed 
g rav i ty  and elevat ion changes f o r  t he  perlod 
preceding t h e  Victor la  earthquake. 

&an 1977 t o  1979, p 
the re  was o d y  a sliglit i accom- 
ponied by very sLight  sub ehe 
increase I n  g rav i ty  exceeds what w u l d  b e  expected 
on *e basis  of t h e  observed subsidence. This 
pa t t e rn  of subsidence and gravi ty  change does not  
match the  behavior observed a t  e i t h e r  Uafrakei or 
The Geysers f ie lds .  

We w e r e  espe- 

A t  Walrakei, another l iquiddominated f i e ld ,  
t h e  amount of substdence has been much greater ,  
exceeding 15 f e e t  1n.places ( S t l l l v e l l ,  1976). olr 
t h e  basla of s imi l a r  gravi ty  and surface elevat ion 
meanurments, Hunt (1970. 1977) cstlmated that in : 
t h e  ea r ly  years of production, recharge t o  the 
reservoir  amounted t o  about 10 percent of t he  pro- 
duction volume, increasing t o  about 85 percent in 
later years. Large pressure drops were observed 
in the  reservoir ,  although pressure has s t ab i l i zed  
i n  recent years. The thermodynamic and hydrogeo- 
log ic  cha rac t e r i s t i c s  of t ha t  reservoir  are such 
t h a t  production led t o  t h e  formation of an exten- 
r i v e  ateam zone or  cap in the reservoir  (Grant et 
al., 1981). Hunt (1970, 1977) shoved t h a t  a f t e r  
correccing f o r  e levat ion changes, t he re  was 
cor re l a t ion  between t h e  zone of g rav i ty  decrease 
and the  l imita of the  f i e l d ,  with t h e  maximum 
gravi ty  decreases observed near the main vel1 
f i e ld .  zhis suggests t ha t  t h i s  is the region of 
g r e a t e s t  water depletion. 

4 



I gravi ty  and elevat ion monitoring program 
had a l so  been established a t  llhe Geysers f i e l d  
(IsheWood, 1977) , a vapor-dominated geothermal 
f i e l d  in northern California characterized by 
minlmal natural recharge. Figure 6 shows tha t  
over a three year ,per'iod 
both gravi ty  and elevation. 
t h a t  there has been a net  l o s s  of  mass or l i t t l e  
recharge. 
decrease In elevat ion o r  subsidence would have 
been accompanied by an Increase in gravity.  

In l i g h t  of t he  above, the bes t  explanation 
t h a t  can be advanced f o r  t he  observed gravi ty  
increases and related rubs wence at  Ccrro Pr ie to  
is t h a t  t he re  must be c lose  t o  100 percent 
recharge of t he  producing aquifer8 t o  replace the  
extracted f luids .  I f  t he re  had been l i t t le  
recharge, t h e  tst imated mass extracted (of t he  
order  of 75 x lo6 tons) ,  together with the  
obsewtd  mbridence w u l d  have resulted i n  a grav- 
i t y  decrease- 

Support f o r  widespread recharge of the reser- 
v o i r  comes from many sources. Dipoledipole 
r u r t r t i v i t y  morrltorfag over the  same perlod of 
time ( W i l t  and Coldstein, 1981, 1982) noted an 
increase i n  r e s i s t i v i t y  over the c e n t r a l  portion 
of the reservoir, suggesting i a f l o v  of f r e she r  
Colorado River-originated waterw Theoretical  cal- 
culat ions by Whiteomb in Crannell et  ale (198lb) 
a l s o  rhow that i f  t he re  were no replacement o r  
recharge, t h e  gravi ty  decrease would have been 
q u i t e  large and e a s i l y  aeasurable. 
measurements have 8hown a sharp decl ine,  t o  about 
one half the o r ig ina l  value, I n  t he  concentration 
ot  chlorides l a  the  e e n t r a l  portion of the reset- 
vo i r ,  a l so  suggestive of f r e sh  water inflow 
(Fausto et  ala, 1981). Grant et  al., (L98l) 
shoved tha t  no generalized steam tone ha 
which would be Indicat ive of a large net  
due to lack of replacement of the extracted 
f luids. 

there were decreases i n  
This would suggest 

I f  t he re  vas 100 percent recharge, a 

Geochemical 

As a r e s u l t  of production there  has been some 
drawdown, i. e., loss of pressure, i n  the reser- 
volt. ETgura 7 shows the behavior of downholc 

UNCORRECTED GRAVITY CHANGE 
IN MICROGALS 

XBL 828-10853 

Figure 6. 
1974 t o  February 1977) and elevat ion change ( k t e  
1973 t o  late 1975) observed a t  TSIt Geysers (taken 
from Isherwood, 1977). 

Relation between g rav i ty  change (July 

pressure as a function of t i m e  f o r  some typ ica l  
wells. 
t h e  ear ly  years,  they seem t o  have s t ab i l i zed  in 
t h e  most recent years (Coyal e t  a le ,  1981). The 
d a t a  aean t o  indicate  a trend towards an equi l i -  
brium condition vhich might suggest t ha t  during 
t h e  time i n  which our measurements were made, t he  
rate of mass l o s s  t o  the reservoir  is approxi- 
mately balanced by a natural  recharge rate of 
s i m i l a r  magnitude. Analysis of vater l e v e l  and 
production d a t a  indicates  t ha t  the na tu ra l  
recharge. to  the western pa r t  of the f i e l d  is of 
t h e  order of 2500 tons/hr (M. J. Lippmann, 1982, 
personal communication). 

Although the  pressures declined rapidly in 

The l ack  of continued horizontal  motion at  
Cerro P r i t t o  described above can a l s o  be used as 
an argument f o r  f u l l  recharge. 
lar measurements made a t  Wairakei (Grlmsnu! et 
ala,  1978) showed horizontal  motions of the order 
of tens of centimeters as a r e s u l t  of production 
and accompanying the large subsidence occurring 
rhere. 

In contrast ,  slmi- 

The f a c t  that the measured increase in grav- 
Sty prior t o  the Victoria earthquake is grea te r  
than expected on t he  bas i s  of subsidence suggests 
t h a t  i n  addi t ion t o  f u l l  recharge of t he  reset- 
voir ,  an increase in densi ty  may have taken place 
in recent y e a r r ' l n  response t o  production. 
Several  mechanisms could account f o r  t h i s  
increase. 
i c a t i o n  of rediments due t o  mineral precipi ta t ion 
produced by local boi l ing assoclated with produc- 
tion. Densification is the main cause f o r  t he  
Eouguer anomaly observed i n  the region of the 
geothermal field. 
accelerated an a r e s u l t  of production. 

Another, an perhaps more l i ke ly ,  cause of a 
densi ty  increase is the  recharge of the reservoir 
by colder and denser waters. 
dimensional gravi ty  modeling computer program we 
examined the e f f e c t  of recharge by cooler waters 
i n t o  a body whose dimensions correspond roughly t o  . 
t he  a (upper) reservoir in Certo Prieto.  The 
reSultS are-shown i n  f igure 8. 

One of these could be the rapid densif- 

This process may have 

Using a two- 

The calculated 

I9n nn4 m is76 Ign 1928 m IOBO 
Time (years) 

Figure 7. ' Computed downhole pressures a t .  1200 p3 
depth in several Cerro Pr ie to  production wells 
under flowing conditiona (from Coy81 e t  al., 
1981) 
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Figure 8. Two dimensional model of the effect of 
replacfng water of a ce r t a in  temperature by cooler . 
water. The body represents the a reservoir ,  with 
25 percent porosity. The top 3 curves show the  
e f f e c t s  of replacing the  hot  waters with colder 
waters. The lower curve shows the e f f e c t  of pro- 
d u c t i c i  without recharge. 

gravi ty  values were obtained by assumlng the  body 
t o  have 25 percent porosity and that its insterti- 
t i a l  waters, having some i n i t i a l  tcmperature and 
densi ty ,  were completely replaced by t h e  cooler 
waters, a l l  a t  100 bars pressure- 

The model gives some idea about the e f f e c t  of 
recharging the rgservoir with cooler water.o For 
instance,  i f  280 C water is replaced by 260 C 
water there  will b e  a maximum gravi ty  increase of 
30 microgals, which i s  of the same order of magni- 
tude as the observed gravi ty  increases. This tcm- 
perature  drop is very c lose  t o  those 8 C t ~ a l l y  
obsgrved in t he  f i e l d  (Fausto 8t al., 1981). I f  
280 C water i8 replaced by 1W.C water, the grav- 
it1 increase would be much greater ,  of the order 
of 170 oicrogals. I f ,  oa  the ,o the r  hand, a l l  the 
f l u i d s  =re tmtracted from the rock pores (i. e., 
no recharge) and there  was no compaction, t he re  
would be a gravi ty  decrease of around 1000 micro- 
gals. 

Although the e f f e c t s  of s a l i n i t y  change on 
f l u i d  density were not investigated,  they are 
expected t o  be of s ign i f i can t ly  lwer magnitude 
than those resul t ing from temperature changes. 

These ideas should be viewed vith a c e r t a i n  
amount of caution 011 two grounds. 
a c t i v t t y  may a f f e c t  the ground stotions in the 
v i c i n i t y  of Cerro Prieto so st rongly t h a t  perhaps 
all the  changes we have observed are only a 
r e f l ec t ion  of thla  ac t iv i ty .  
of observation has been r e l a t i v e l y  rhort .  

F i r a t ,  tectonic  

Secondly, the period 
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CONCLUSIONS AND RECOMMENDATIONS 

Simultaneous measurements of g rav i ty  and sur- 
f ace  elevat ion changes at  the  Cerro P r i e to  geoth- 
ermal f i e l d  wet a four -yearper iod  have shown 
t h a t  they were primarily produced by tectonic  
a c t i v i t y  in the  area. 
change in g rav i ty  and elevat ion suggest t h a t  the 
reservoir  i a  being almost completely recharged as 
production continues. . The da ta  a l s o  suggests t h a t  
a densi ty  increase is taklng place in the reser- 
v o i r  regiou. 

The aseismic.pat te tns  of 

Given the r e l a t i v e l y  s h o r t  durat ioo of t h i s  
moaitoring study, i t  is recommended that addi- 
tional measuremeats be  made in t h e  year8 t o  come, 
perhaps at  two year i n t e r v a l s  r a the r  than at  
yearly In t e rva l s  aa in the  past. Also, more pre- 
cise quant i ta t ive ana lys i s  should be made t o  
b e t t e r  characterize the processes occurrlng in the  
Cerro P r i e t o  geothermal system, such as the  = ten t  
of f l u id  recharge and t he  l i k e l y  densif icat ion 
mechanisms 
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