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INTRODUCTION 

Since 1973, the Department of Energy (previ- 
ously the Energy Research and Development Adminis- 
tration), through the University of California's 
Lawrence Berkeley Laboratory and Berkeley Seismo- 
graphic Station, has been investigating the 
utility of detailed microearthquake surveys for 
delineating geothermal reservoirs and as an aid in 
determining reservoir properties (Majer, 1978; 
Majer and McEvilly, 1979). 

As part of this program, two detailed micro- 
earthquake surveys have been carried out at the 
Cerro Prieto Geothermal Field in northern Mexico. 
The first survey was conducted in February of 1978 
(Majer et el., 19781, and the second in December 
of 1980. Each survey had similar array dimensions 
and overall sensitivity, with a lower magnitude 
threshold near M~"1.0. 
for 4 weeks, as compared to 17 days for the 1980 
study. Both experiments ,used the same sensors and 
FM telemetry equipment, with the exception that no 
horizontal geophones were used in 1980. 

As can be seen from Figures 1 and 2, the di- 

The 1978 survey lasted 

mensions of the arrays were quite small when 
compared to the more conventional seismic monitor; 
ing being carried out by the Centro de Investiga- 
ci6n Cientffica y de Educacih Superior 
de Ensenada (CICESE). 
stations have been added to the CICESE array, 
their station spacing is still such that our 
entire array can fit between any two of the CICESE 
stations. We have found from our previous geo- 
thermal studies that to attain sufficient location 
accuracy relative to detailed tectonic features 
and production-related activities, it is necessary 
to have station spacings on the order of 0.5 t 
1.0 km. This station density also provides , 
sufficient sensitivity to define seismicity 
patterns with a survey of reasonable time duration, 

an FM analog 14-channel magnetic tape recorder 
with frequency response from D.C. to 80 Hz. The 
'980 data were digitized at 100 samples per sec 

ar' ield using the Automated Seismic Processor, or 
ASP system, developed at LBL (McEvilly et el., 
1980). 

Although two additional 

Data from the first survey were recorded on 

th 12 bit resolution and analyzed on-line in the 

This ASP system was developed to maximize 

the efficiency of microearthquake surveys , allowing 
flexibility in experimental procedures with a 
minimum of the traditional labor intensive post 
processing. 

Briefly, ASP is a parallel processing system 
designed around the RCA 1802 CMOS microprocessor. 
It is a low powered system (1 W per channel) that 
can be operated from 12 V batteries for extended 
periods of time. 
each of which automatically detects events, 
measures arrival times and amplitudes, and computes 
.and fits Fast Fourier Transforms (FFT) for long 
period level, corner frequency, and high frequency 
slope €or both P- and S-waves. As each channel 
microcomputer, or WORKER (see Figure 3 ) ,  detects 
an event, it transmits this information to a 
central microcomputer, or BOSS, which then deter- 
mines the nature of the detection from validity 
criteria specified by the user. After the BOSS 
has determined an event to be an earthquake of 
interest, it uses the collected data from the 
WORKERS to calculate the hypocenter location, 
running b-values (for both P and S amplitudes), 
event count and categorization, P-wave first 
motion data, and source properties (moment, stress 
drop, source radius, fault displacement, high 
frequency spectral slope) using the spectral model 
of Brune (1970, 1971). 
processing results, including the body of WOORKER 
data, may be printed out. 
is automated and done on line in the field, ASP 
has proven to yield results equal in detection 
capabilities and quality to the-more tradipional 
laboratory network data processing. 

The system has 15 data channels, 

Any or all of the above 

Although all processing 

1978 WORK AT CERRO PRIETO 

Shown in Figure 1 is the station distribution 
and results of the 1978 survey. 
regions are areas of detected earthquake activity 
outside of the network where location accuracy was 
poor. It is notable that the shaded region , 
southeast of the production zone slong the railrpad 
track, was the location of the February 1978 ML= 
4.7 event which occurred one day after the comple- 
tion of the 1978 study: During 4 weeks of monitor- 
ing, 74 events were recorded with s-P times of 
less than 5 seconds. Six of these events were 

The shaded 
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located r e l i a b l y  within the  production zone. 
s i x  events were part  of a swarm of 20 events 
having almost i den t i ca l  S-P t i m e s  which occurred 
over a two-day period. The earthquakes were 
located a t  depths between 2 and 3 km near s t a t i o n s  
4 and 5. The subsurface model consisted of two 
layers  over a ha l f  space. 
were (2.0, 0 . 8 ) ,  (3.5, 2.0) and (5.5, 2.3) km/sec 
respec t ive ly ,  with layer  thicknesses of 1 and 2 
km f o r  the  top  and second l aye r ,  respec t ive ly  
(sandstones, shales i n  the  a l l u v i a l  sec t ion ,  
g r a n i t i c  basement). Adequate azimutnal coverage 
fo r  f i r s t  motion s tudies  was obtained f o r  only a 
few events occurring within the  a r ray ,  providing 
f a u l t  plane so lu t ions  cons is ten t  with s t r i k e - s l i p  
motion. However, t he  f a u l t  plane so lu t ion  ambi- 
gu i ty  could not be resolved between r i g h t  l a t e r a l  
movement on a v e r t i c a l  northwest trending f a u l t  
and a l e f t  l a t e r a l  s l i p  on a v e r t i c a l  northeast  
trending f au l t .  

The 

P and S v e l o c i t i e s  

Considering the  general  t ec ton ic  na ture  of t he  
Salton Trough, t he  complex f au l t i ng  and s t ruc tu re  
within the  Cerro P r i e t o  production zone, and 
conventional wisdom a t  t ha t  time regarding geo- 
thermal se i smic i ty ,  it was somewhat su rp r i s ing  
t h a t  microearthquake a c t i v i t y  should be so low. 
However, t h e  East Mesa geothermal region located 
about 50 km northeast  of Cerro P r i e t o  a l s o  exh ib i t s  
a lack of seismicity within the  geothermal zone 
(McEvilly and Schecter, 1978). On the  o ther  hand, 
The Geysers geothermal f i e l d  i n  Northern Ca l i fo rn ia  
i s  seismically active.  
t o  know i f  the  seismic charac te r  of t he  f i e l d  was 
changing over time, and, i f  so, whether these  
changes could be cor re la ted  t o  the  on-going hea t  
and mass extraction. 
such behavior c a l l s  fo r  rapid f l u i d  withdrawal i n  
zones of high temperature where in su f f i c i en t  
recharge may cause loca l ized  zones of p a r t i a l  
water depletion, r e s u l t i n g  i n  a change from 
a s ing le  phase ( l i qu id )  r e se rvo i r  t o  a two phase 
system. Volumetric changes, thermal stress and 
weakening of mater ia l  may a l so  a l l  occur and lead 
t o  t r i gge r ing  of microearthquake a c t i v i t y  within 
t h e  production zones. 

It was c l e a r l y  important 

A poss ib le  mechanism f o r  

I 

1980 WORK AT CERRO PRIETO 

Shown i n  Figure 2 a r e  t h e  s t a t i o n  d i s t r i -  
bution and r e s u l t s  f o r  t h e  November-December 
1980 microearthquake survey. During 17 days 
of recording, 119 events were detected by 4 o r  
more s t a t ions .  
located wi th in  t h e  production region. Twenty- 
n ine  of the  40 were judged t o  be good qua l i ty  
loca t ions  with epicenter e r ro r s  less than f0 .5  
km. The estimated e r r o r  i n  depth i s  f l . O  km. 
A s  can be seen i n  Figure 2, t he  events seem t o  
l i e  along the  Hidalgo f a u l t  zone with a s l i g h t  
tendency t o  c l u s t e r  near the  center of the  
main production zone. 
quakes i n  t h i s  region var ied  from 2 t o  5 km. 

Forty of these  events were 

The depths of earth- 

Compared t o  t he  1978 r e s u l t s ,  there  seems 
t o  be an increase i n  a c t i v i t y  within the  produc- 
t i o n  zone. 
25-30 km southeast  of the  f i e l d  i n  June of 1980, 
we have no reason t o  r e l a t e  t he  apparent increase  
i n  a c t i v i t y  t o  t h i s  event. The a c t i v i t y  within 

Although an M~'6.7 event took place 

the  production zone i s  not on the  same f a u l t  zone 
(Vic tor ia )  t ha t  produced the  magnitude 6.7 event. 
Since the  completion of t he  December 1980 study, 
one monitoring s t a t i o n  as been kept operational 
near well M-6. Two months of recording have shown i' 
t h a t  t he  microearthquake a c t i v i t y  within a 5-6 km 
rad ius  (S-P times less than 1 second) around w e l l  
M-6 has been constant and on the  order of 2-3 
events per day. 
a c t i v i t y  some 10-15 km from M-6 (S-P times grea te r  
than 2 seconds). This a c t i v i t y  may be par t  of t he  
aftershock sequence of t he  June 1980 shock, 
however, t h e  a c t i v i t y  within t h e  f i e l d  area does 
not exhib i t  t he  c h a r a c t e r i s t i c  decay r a t e  of 
aftershock sequences. Although aftershock sequences 
of ten  tend t o  migrate towards the  ends of t he  main 
f a u l t ,  i t  i s  unusual t o  have aftershock a c t i v i t y  
on a completely d i f f e r e n t  f a u l t  system. On t h e  
other hand, t he  events observed t o  occur within 
the  f i e l d  may have been induced or  t r iggered  by 
t h e  June 1980 event i n  the  sense tha t  t he  increased 
s t r e s s  a t  t he  ends of t he  Vic to r i a  f a u l t  t h a t  
produced the  June 1980 event,  may be a cause of 
t h e  a c t i v i t y  within the  geothermal f i e l d  where t h e  
mater ia l s  may be more suscept ib le  to  f a i lu re .  
Monitoring by CICESE has indicated l i t t l e  or  no 
a c t i v i t y  a t  the  other end of the  Vic tor ia  f au l t .  

There has been occasional swarm 

POSSIBLE EFFECTS DUE TO PRODUCTION 

Shown i n  Figure 4, a r e  the  bottom hole  pres- 
sure  values as a function of time fo r  w e l l s  within 
t h e  main production zone and i n  the  region of 
microearthquake a c t i v i t y  (Goyal et a l .  , 1981). 
These values were ca lcu la ted  from wellhead pres- 
sures with cor rec t ions  for  s ca l ing  and va r i ab le  
well diameters. Two s ign i f i can t  fea tures  should 
be noted. The f i r s t  i s  t h a t  t he  general reservoi r  
pressure dec l ines  with time. The second is t h a t  
t he  pressure d i f fe rence  a t  1200 m depth between 
t h e  wells is decreasing. Similar. trends can a l so  
be seen i n  the  calculated temperature values fo r  
t he  same wells a t  t he  1200 m l eve l  (Figure 5). 
Even though these ca lcu la ted  temperature values 
a r e  subject t o  inaccuracies,  they support a trend 
toward a general decrease and equal iza t ion  of 
pressure and temperature within the  main production 
zone. The temperature values obtained from 
geochemical analysis of waters from these  wells 
a l s o  ind ica te  a temperature decrease and equaliza- 
t i o n  of the  same magnitude (Goyal et a l . ,  1981). 

Given t h a t  there  has been an increase  i n  seis- 
mic a c t i v i t y  within the  production zone, what, i f  
anything, does t h i s  i nd ica t e  about reservoi r  para- 
meters? As previously s t a t ed ,  t h e  areas of 
pressure and temperature decrease coincide with 
areas of increased seismic a c t i v i t y .  The Geysers 
steam f i e l d  i n  northern Cal i forn ia  has a l s o  
exhib i ted  an increase i n  microearthquake a c t i v i t y  
with increased production (Marks et a l . ,  1981). 
The Geysers a c t i v i t y  is undoubtedly r e l a t ed  t o  the  
dynamics of t h e  subhydrostatic system t h a t  is 
cons tan t ly  undergoing change from increased 
production a c t i v i t i e s .  
s imi l a r  loca l ized  subhydrostatic pressure conditior- 
a t  t he  Cerro P r i e t o  f i e l d  i s  seen i n  the  trend 
toward an equal iza t ion  of pressures and tempera- 
t u re s  i n  the  older pa r t s  of the  production zone. 
Another ind ica t ion  of subhydrostatic condition is  

Evidence of the  onset of a 
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t he  ease with which water i s  accepted back i n t o  
the  r e se rvo i r  region a t  i n j ec t ion  well M-9 (M-9 is 
the  only in jeq t ion  well a t  t he  present time). 
‘dd i t iona l  geophysical evidence pointing t o  

anging r e se rvo i r  conditions comes from the  $I‘ ipole-dipole r e s i s t i v i t y  monitoring experiments 
t h a t  have been ca r r i ed  out during the  l a s t  two 
years over t h e  production region ( W i l t  and 
Goldstein, 1981). These measurements have shown 
a s ign i f i can t  increase i n  the  high r e s i s t i v i t y  zone 
a t  reservoi r  depths i n  the  center of the  production 
zone. 
be due t o  an expanding steam region due t o  net f l u id  
withdrawal. 

This expanding area of high r e s i s t i v i t y  may 

The net mass lo s s  by f l u i d  withdrawal may a l so  
lead t o  a net volume change which has been shown t o  
be r e l a t ed  t o  earthquake a c t i v i t y  (McGarr, 1976). 
Fa i lu re  would be i n  a d i r ec t ion  cons is ten t  with the  
maximum pr inc ipa l  stress, which fo r  t h i s  region is  
hor izonta l .  First-order leve l ing  s tud ie s  have shown 
a s l i g h t  subsidence (approximately 10-20 mm) i n  the  
f i e l d  area s ince  1977, ind ica t ing  tha t  volume change 
is occurring within the  production area (de l a  Peiia, 
1981). 
motion, t he  1980 study a l s o  indicated normal fau l t -  
ing within the  production region. In addition, the  
1978 events occurred a t  the  edge of the  production 
region, possibly associated with the  Cerro P r i e t o  
f a u l t  system ra the r  than t h e  Hidalgo f a u l t ,  which a t  
present seems t o  be con t ro l l i ng  the  se i smic i ty  
within the  immediate production zone. 

While our 1978 study indicated s t r i k e - s l i p  

Yearly r e p e t i t i v e  prec is ion  gravi ty  measure- 
ments ( f 1 5  %a l l  have not indicated a change with- 
i n  the  reservoi r  area (Grannell et a l . ,  1981). 
Therefore, any change i n  g rav i ty  due t o  net mass 
lo s s  from f l u i d  withdrawal may be p a r t i a l l y  o f f s e t  
by a mass increase (although there  would s t i l l  be 
a volume decrease) due t o  p rec ip i t a t ion  of minerals 
i n  the  reservoi r  region. Elevation changes of 
only severa l  centimeters o r  more can be detected 
by the  g rav i ty  measurements. However, the  grav i ty  
s tud ie s  did de tec t  the  same 30 cm of subsidence 
and sur face  slumping i n  t h e  f i e l d  apparently 
caused by the  June 1980 magnitude 6.7 quake: 
b-values f o r  microearthquakes ins ide  the  production 
zone as compared t o  events ou ts ide ,  a r e  another 
ind ica t ion  t h a t  t he  stress d i s t r i b u t i o n  within the  
production zone is anomalous. For the  two months 
following the June 1980 earthquake, the  events 
within the  production zone have a 1.25b value, 1 
versus 0.8 f o r  events ou ts ide  the  reservoi r  
region. Microearthquakes a t  the  Geysers a l s o  2s 
exh ib i t  a s l i g h t l y  higher b-value f o r  events 
i n s ide  the  production zone versus outs ide  
‘?lajer and McEvilly, 1979; 
1981). 

The 

In  addition t o  mass, hea 
drawn from t h i s  region [approx 
ca lo r i e s  since 1973 (Goyal e t  a l , ,  1981)l. 
cooling e f f e c t  may be r e su l t i ng  i n  the  buildup of 
thermal s t r e s ses .  It has been proposed t h a t  
microearthquakes i n  geothermal regions may occur 
i n  response t o  thermal contraction which increases 

e e f f e c t i v e  normal stress (Denlinger and Moench, 
U 7 9 )  . I f  t h i s  mechanism i s  operating, microearth- 

This 

quakes may be ind ica t ing  regions of maximum 
cooling (thermal cont rac t ion) .  
cross-section, t he  earthquake c l u s t e r  l i e s  beneath 

I n  a north-south 

the  production ’wells (Figure 6 ) .  Although the  
accuracy of t he  hypocenter locations i s  only a 
kilometer, t he  location of the  c l u s t e r  r e l a t i v e  t o  
t h e  known reservoi r  extent and production ac t iv i -  
ties area is in t r igu ing .  

The microearthquakes may a l so  be ind ica t ing  
the  s t ruc tu re  tha t  i s  cont ro l l ing  f l u i d  flow. 
Shown i n  Figure 7 i s  a three-dimensional contour 
of the  hypocenter locations i n  the  main production 
zone. The contoured surface was constrained a t  t he  
surface t o  be t h e  t r ace  of the  Hidalgo f au l t .  
Figure 7 i s  a view from the  southeast  looking 
along the  r a i l road  t racks  towards Cerro Pr ie to .  
This contoured zone does not necessar i ly  correspond 
t o  an exact f a u l t  sur face ,  bu t  r a the r  it may 
represent a zone of weakness where f r ac tu re  
permeability may dominate and cont ro l  t he  recharge- 
discharge f o r  t he  reservoi r  region. 
quake sur face  coincides almost exac t ly  with a 
v e r t i c a l  source d i s t r ibu t ion  used by Corwin et a l .  
(1978) t o  explain a se l f -poten t ia l  (sp) anomaly 
centered on the  f i e ld .  Assuming t h a t  t he  SP 
anomaly is indica t ive  of f lu id  flow (i.e. streaming 
po ten t i a l  e f f e c t )  then t h i s  may a l so  be another 
ind ica t ion  t h a t  t h i s  microearthquake-self po ten t i a l  
plane is r e l a t ed  t o  a fea ture  which i s  con t ro l l i ng  
f l u i d  movement within the  production zone. 

This earth- 

S tudies  of well logs f o r  dens i ty  va r i a t ion  
within the  production zone (Howard e t  al., 1981) 
show t h a t  t he re  is  a general  decrease i n  poros i ty  
with depth. However, t h e r e  are l o c a l  sones within 
t h e  producing horieons t h a t  show secondary poros i ty  
or dens i ty  reductions. 
deficiency, possibly due t o  material d i s so lu t ion ,  
occur t o  the east of t he  microearthquake self 
po ten t i a l  plane, terminating a t  i ts  boundary. 
This suggests that the  f l u i d  flow i s  from the  east 
t o  the  cen te r  of  the  production eone. Before 
production, f l u i d  flow was probably cont ro l led  
exclusively by na tu ra l  discharge,  i.e., mud 
volcanoes, hot spr ings ,  etc. These na tu ra l  areas 
of  discharge would allow mineral p reo ip i t a t ion  
possibly forming the  dens i f ied  zones observed in 
t he  center  of the  main production region. Many of 
these  discharge f ea tu res  appear in t he  same region 
as the surface expression of t h e  se l f -po ten t i a l  
anomaly. Furthermore, t h e  r e p e t i t i v e  dipole-dipole 
r e s i s t i v i t y  s tud ie s  ind ica t e  that the  predominant 
f l u i d  flow is from east t o  west towards t h e  center  
o f  the  production eone. This is re f l ec t ed  by t h e  
d i f f e r e n t i a l  r e s i s t i v i t y  between 1978 and 1980. 
These s tud ie s  support s t rongly  an encroachment of  
f l u i d  a t  depth towards the  base of t he  microearth- 
quake self po ten t i a l  plane. The dipole-dipole and 
microearthquake s tud ie s  ind ica t e  that the  dissolu- 
t ion-prec ip i ta t ion  process is  still an on-going 
phenomenon within t h i s  area, t h a t  is, a c t i v e  
f a u l t i n g  implies that conduits may still e x i s t  
that caused the  developnent of t h i s  geothermal 
region. 

These areas of n e t  mass 

CONCLUSION 

There appears t o  be an increase i n  seismic 
a c t i v i t y  within the  Cerro P r i e to  production zone 
s ince  e a r l y  1978. 
now more or less constant a t  a rate of 2-3 events  
pe r  day. 

The microearthquake a c t i v i t y  is  

The b-values within the  f i e l d  are 



significantly higher inside the production zone 
than are those for events on faults outside of the 
production region. 
controlled by the Hidalgo fault, although slight 
clustering was observed in the center of the main 
production region. 
production zone may reflect the reservoir dynamics 
associated with heat and mass withdrawal. Mecha- 
nisms such as volume change, thermal stresses and 
weakening of materials associated with boiling 
(i.e., phase changes, dissolution) may all be 
responsible for the increased seismic activity. 
Although a small reinjection program has started, 
the pressure drawdown conditions existing within 
the field would imply that increased pore pressure 
resulting from the injection activities is not 
responsible for the increased seismic activity. 

The earthquakes seem to be 

The earthquakes within the 
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Figure 1: Stat ion d i s t r ibu t ion  and r e s u l t s  from 
1978 survey- Note the dense s t a t i o n  spacing 
r e l a t i v e  t o  the CICESE array dimensions, and the 
lack of seismicity within the production zone. 

Fi ,urd  1. 
d e 1  1 c J a n t m i e n t o  d e  1973. sdtese e l  denso 
e s p a c i s l d e n t o  d e  e s t a c t o n e s  r e L a t i d o  a las 
dri:misiones Je  La red d e  CICESE y l a  f a l t a  d e  
s i s i i i c i d a d  Lentro d e  l a  zona d e  produccidn. 

D r s t r i b u c i d n  d e  c s t a c i o n e s  y r e s u l t a d o s  

CBB 803-3236 

Figure 3: 
"I field-ready s t a t e .  

l i s t o  p a r a  ser usado en e l  c a q o .  Ver e l  t e x t o  
p a r a  l a  expl icac idn .  

The Automated Seismic Processor (ASP) 
See t e x t  f o r  explanation. 
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Figure 2: 
1980 survey. 

Stat ion d i s t r ibu t ion  and r e s u l t s  from 

Yigura 2. 
d e l  levantainiento de  1980. 
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Figure 4: Computed downhole pressures a t  1200 m 
depth i n  production wells M-19A, M-25, M-30, M-31, 
and M-35 under flowing conditions (from Goyal e t  
a l . ,  1981). 

P i j u r a  4. 
1203 u1 de profuudidad en 10s i ~ozos  productores  
M19-A, M-25, X-30, bl-31, y :*I-35 bajo condic iones  
d e  f l u j o  (de  Goyal e t  al.. lY81). 

P r e s i o n e s  d e  fondo de pozo conputadas a 
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Figure 5: 
depth i n  production wel l s  M-19A, M-25, M-30, M-21, 
and M-35 under flowing conditions (from Goyal et 
al., 1981). 

Computed downhole temperatures a t  1200 m 

Fieura 5.  
cornputadas a 12UO n de profundidad en 10s pozos 
productores >l-l9A, M-25, ?1-30, 6-31, y :-I-35 bajo 
condiciones de f l u j o  (de Goyal e t  a l . ,  1981). 
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Figure 6: 
quake d i s t r i b u t i o n  i n  t h e  Cerro P r i e t o  production 
zone. 

North-south c ros s  sec t ion  of microearth- 

FiLura 6. 
d i s t r ibuc idn  de microsfstnos en l a  zona de 
produccidn de Cerro Prieto.  

Corte t ransversa l  norte-sur de l a  

Figure 7: A 3-dimensional contouring of t h e  micro- 
earthquake d i s t r i b u t i o n  i n  the  Cerro P r i e t o  produc- 
t i o n  zone. The contoured sur face  was constrained 
a t  ground l e v e l  by the  t r a c e  of t he  Hidalgo f a u l t .  

Figura 7. Dis t r ibuc idn  tridimensional d e  
microsismos en l a  zona d e  produccidn de  Cerro 
Pr le to .  ha supe r f i c i e  sfssmica fue  constreiiida a 
co inc id i r  con l a  t r a z a  de  l a  f a l l a  ilidalgo en l a  
super f i c  ie. 
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ESTUDIOS MICROSISMICOS DETALLADOS EN 
EL CAMPO GEOTERMICO DE CERRO PRIETO 

I)esde 1973, e l  Departacitento d e  Energfa 
(previamente Energy kesearch  and Ueveloprient 
A d n i n i s t r a t i o n )  a trave's d e l  Lawrence Berkeley 
Laboratory (LBL) d e  la  Upidersidad d e  C a l i f o r n i a ,  
y la Estac idn  Sismogrdfica d e  Berkeley han e s t a d o  
i n v e s t  igando l a  u t i l i d a d  d e  levantatnientos  
n ic ros l ' su icos  d e t a l l a d o s  para  d e l i n e a r  yaciinientos 
geote'nnicos y CO~I IO ayuda e n  l a  ' d e t e r d n a c i d n  d 
propiedades d e l  yaci tniento (> la je r ,  1973; d a j e r  
AcZvil Ly , 1 Y  79). 

Coino parte d e  es te  programa, se han l l e v a d o  a 
cabo d o s  l e v a n t a n i e n t o s  d e t a l l a d o s  en e l  caupo 
g o e t h r u i c o  d e  Cerro Pr ie to  en e l  n o r t e  d e  cldxico. 
E l  pr imer  levantainiento se e f e c t u d  en f e b r e r o  de  
1978 ( t ~ a j e r  e t  a l ,  1978),  y eL segundo en 
d i c i e n b r e  d e  1980. En ambos l e v a n t a u i e n t o s  l a  red 
twdo diinensiones y s e n s i b i l i d a d e s  t o t a l e s  
si.nilares, con un u i h r d  mfnimo d e  madnitud 
cercano  a ~ 4 ~ ~ 1 . 0 .  El levantamiento d e  1978 durd  4 
setnanas en t a n t o  que e l  d e  1980 tomd 17 dfas .  
h b o s  experimentos u t  i l i z a r o n  10s uismos s e n s o r e s  
y equipo d e  telenetrfa %H, con l a  excepcidn d e  que 
en en 1980 no se usaron gedfonos h o r i z o n t a l e s .  

Cor~io puede o b s e r v a r s e  en las Fiduras  1 y 2. 
l a s  diinensiones d e  las r e d e s  fueron  b a s t a n t e  
pequeiias s i  se l a s  conpara con e l  inonitoreo 
s f s n i c o  rads corivencional e fec tuado yor  en Centro 
d e  I n v e s t i g a c i d n  C i e n t f f i c a  y d e  Educacidri 
S u p e r i o r  de Ensenada (CICESE) .  Aunque se han 
agregado dos e s t a c i o n e s  a d i c i o n a l e s  a l a  red d e  
CI~ESE, e l  espaciainierito e n t r e  e s t a c i o n e s  es ta l  
que toda n u e s t r a  red puede ubicaroe  e n t r e  dos d e  
las e s t a c i o n e s  d e  CICESE. D e  n u e s t r o s  e s t u d i o s  
geotdnnicos  p r e v i o s  encontrawos que para  lograr 
s u f i c i e n t e  p r e c i s i d n  d e  l o c a l i z a c i d n  r e s p e c t o  a 
las  caracteri'sticas t e c t d n i c a s  d e t a l l a d a s  y las 
r e l a c i o n a d a s  a a c t i J i d a d e s  d e  produccidn,  es 
n e c e s a r  i o  tener espaciaraientos  e n t r e  estaciones 
d e l  orden de  0.5 a 1 ku. Esta densidad d e  
e s t a c i o n e s  provee t a r h i &  suf i c i e n t e  s e n s i b i l i d a d  
p a r a  d e f i n i r  p a t r o n e s  de s l smic idad  con un e s t u d i o  

r l evantamiento  se 
r e g i s t r a t o n  en un grabador  inagnktico FY ana ldgico  
d e  14 c a n a l e s  con una r e s p u e s t a  d e  f r e c u e n c i a  que 
se e x t i n d e  e n t r e  CU y 80 Liz. Los d a t o s  d e  1980 se 
d i g i t a l i z a r o n  a 100 muestra  por  segundo, con una 
r e s o l u c i d n  d e  12 b i t s ,  y se a n a l i z a r o n  en l i n e a  e n  
e l  campo con el Procesador  
sistetaa ASP, d e s a r r o l l a d o  e n  LBL ( t lcEvi l ly .  1980). 
Dlclio sistema ASP se  d e s a r r o l l d  p a r a  maximizar l a  
e f i c i e n c i a  d e  10s e s t u d i o s  sfssmicos, per ini t iendo 
f l e x i b i l i d a d  en 10s procedimlentos  exper imenta les  
con un mfnino d e l  pruces  
p o s t e r i o r  usado corzuiunente 

fsmico Au t o a d t  ico, o 

Bredemente, ASP es  un s i s t e u a  d e  
ocesamiento p a r a l e l o  disei iado a l r e d e d o r  d e l  u croprocesador  KCA 4802 CMOS. Es un sistena d e  

b a f o  consumo de  e n e r g f a  ( I d  por c a n a l )  que puede 
o p e r a r  por  l a r g o s  per fodos  con b a t e d a s  d e  12 V. 

E l  sistecna t i e n e  15 c a n a l e s  d e  d a t o s ,  cada  uno d e  
10s cuales d e t e c t a  eventos  sutomaticamente,  mide 
10s t i e n p o s  d e  l l e d a d a  y ampl i tudes ,  y couputa  y 
a j u s t a  Transformadas hilpidas d e  F o u r i e r  (FFT) p a r a  
n i J e l  d e  l a r g o  perfodo,  f r e c u e n c i a  d e  rincdn, y 
pendiente  d e  a l t a  f r e c u e n c i a  p a r a  ondas P y S. 
s e d i d a  que cada c a n a l  nicrocoiaputador, o iJOU?KPR 
(ver Figura  3) ,  d e t e c t a  un evento,  t r a n s m i t e  l a  
i n f o r s a c i d n  a un r i icrocoaputador  c e n t r a l ,  o BOSS, 
e l  que determina luedo l a  n a t u r a l e z a  d e  l a  
d e t e c c i d n  d e  acuerdo a c r i t e r i o s  d e  v a l l d e z  
e s p e c i f i c a d o s  por  e l  usuario.  
d e t e n n i n d  que un evento  es un sisrJo d e  i n t e r & ,  
u t l l i z a  10s d a t o s  r e g i s t r a d o s  por  10s WORKERS p a r a  
c a l c u l a r  l a  ubicac idn  d e l  h igocent ro ,  v a l o r e s  
aproximados de  b ( p a r a  a a p l i t u d e s  P y 31, 
c a t e g o r i z a c i d n  y conteo d e l  evento ,  d a t o s  de 
primer uovimiento d e  onda P, y yropiedades d e  l a  
f u e n t e  (momento, disminucidn d e  e s f u e r z o ,  r a d i o  d e  
l a  f u e n t e ,  desplazamiento d e  l a  f a l l a ,  pendiente  
e s p e c t r a l  de  a l t a  f r e c u e n c i a )  u t i l i z a n d o  e l  nodelo 
e s p e c t r a l  de brune (1970, 1971). Cada uno o todos 
10s r e s u l t a d o s  prcesados a r r i b a  d e s c r i t o s  pueden 
i i n p r i m i r s e ,  incluyendo e l  conjunto  d e  10s d a t o s  
d e l  iJ0WH. 
automdtico y e fec tuado e n  l f n e a  en e l  campo, ASP 
ha dezaoutrado r r n d i r  r r s u l t a d o s  i g u a l e s  e n  
capacidad d e  d e t e c c i d n  y e n  c a l i d a d  a1 mds 
t r a d i c i o n a l  procesalniento d e  d a t o s  e n  e l  
l a b o r a t o r i o .  

TKAHWU PIJ C E M O  PiIETO 6N 1978 

A 

LueLo que e l  BOSS 

Aunque todo e l  procesamiento es 

En l a  P igura  1 se  observa l a  J i s t r i b u c i d n  d e  
e s t a c i o n e s  y 10s r e s u l t a d o s  del e s t u d i o  d e  1978. 
Las zvnas sombreadas son drras d e  a c t t v i d a d  
sfssraica d e t e c t a d a  f u e r a  d e  l a  r e d ,  donde l a  
e x a c t i t u d  d e  l o c a l i z a c i d n  f u e  pobre. X e s u l t a  
n o t a b l e  que l a  z o w  sombreada a1 s u d e s t e  d e  l a  
zona de produccidn, a l o  l a r g o  d e  l a  r u t a  d e l  
f e r r o c a r r i l ,  f u e  l a  l o c a l i z a c i d n  d e l  e-dmto d e  
h ' 4 . 7  d e  f e b r e r o  d e  1378 que tuvo l u g a r  a1 d f a  
sizuiente de l a  f i n a l i z a c l d n  d e l  e s t u d i o . d e  1971. 
Durante  l a s  4 seaanas d e  monitoreo se grabaron 74 
e v r n t o s  con tilaepos S-I? d e  Lilenos d e  5 segundos. 
S e i s  de  d i c h o s  eventos  se l o c a l i z a r o n  
f idedignamente d e n t r o  d e  l a  zona d e  produccidn. 
Los seis fueron p a r t e  d e  un enjambre d e  20 eventos  
que o c u r r f e r o n  en un p e d 0  
t i e n p o s  S-P cas1 ide 'nt icos  
l o c a l i z a r o n  a prof undidade 
d e  l a s  e s t a c i o n e s  4 y 5. 
c o n s i s t i d  d e  d o s  e s t r a t o s  s o b r e  un semiespacio. 
Las ve loc idades  P y S fueron  (2.0, 0.8),(3.5, 
2 -01  p (5.5, 2.3) km/sec, r e s p e c t i v a n e n t e ,  con 
e s p e s o r e s  d e  e s t r a t o  d e  1 y 2 lun p a r a  e l  estrato 
s u p e r i o r  y e l  segundo, espect ivamente ( a r e a i s c a s  
y l u t i t a s  e n  l a  s e c c i d n  
g r a n f t i c o ) .  S d l o  para  uno8 pocos eventos  
o c u r r i d o s  d e n t r o  d e  l a  red se obtuvo una c o b e r t u r a  
a z l m u t a l  adecuada p a r a  e s t u d i o a  d e  pr imer  
urovimiento, prweyendo s o l u c i o n e s  d e  p lano  d e  
f a l l a  c o n s i s t e n t e s  con desplazamiento d e  rumbo. 
Sin embargo, l a  arnbigaedad e n  l a  s o l u c i d n  d e  plan0 
d e  f a l l a  no pudo r e s o l v e r s e  e n t r e  lateral  derecho 
s o b r e  una f a l l a  verxical con rumbo n o r o e s t e  y un 

E l  modelo d e l  subsue lo  

l u v i a l ,  basamento 
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d e s l i z a i n i e n t o  l a te ra l  i z q u i e r d o  s o b r e  una f a l l a  
v e r t i c a l  con ruiiibo n o r e s t e .  

Considerando la n a t u r a l e z a  tec t d n i c a  h e n e r a 1  
d e  la Debresicin d e  S a l t d n ,  e l  c o n p l e j o  f a l l a r n i e n t o  
y e s t r u c t u r a  d e n t r o  d e  l a  zona d e  p r o d u c c i d n  d e  
Cerro P r i e t o ,  y l o  que se s a b f a  e n t o n c e s  s o b r e  l a  
s i s t a i c  t dad  geotc?riuica, f ue  d e  a l g i n  nodo 
s o r p r e n d e n t e  que l a  ac t i d i d a d  microsfsilica f u e r a  
t a n  ba j a .  S i n  embargo, l a  r e g i d n  peote'mica d e  
East itesa, u b i c a d a  a unos  50 kin a1  n o r e s t e  d e  
Cerro P r i e t o ,  tarnbie'n e x h i b e  una € a l t a  de 
s i s u i c i d a d  d e n t r o  d e  l a  zona deote 'rrnica (i-icE-dilly 
y S c n e c h t e r ,  1978). Por otra  p a r t e ,  e l  campo 
geote'rioico The Geyse r s  e n  e l  n o r t e  d e  C a l i f o r n i a  
e s  s i s u i c a i n e n t e  activo. Es i m p o r t a n t e  s a b e r  s i  el  
caracter sfsmico d e l  caupo  v a r f a  con  e l  t i e i rpo ,  y 
d e  ser asf, si estos cambios podrdn relacionarse 
con l a  e x t r a c c i d n  d e  idasa y c a l o r  que t i e n e  l u g a r  
e n  e l  campo. Un inecanisoo p o s i b l e  p a r a  ta l  
c a i p o r t a i u i e n t o  serfa una e x t r a c c i d n  r d p i d a  de 
f l u i d o  e n  zonas  d e  a l t a  t e i a p e r a t u r a ,  donde 
i n s u f  i c i e n t e  recarga p o d r f a  crear l o c a l a e n t e  zonas 
d e  a d o t a u i e n t o  p a r c i a l  d e  agua ,  dando couo 
r e s u l t a d o  un c a n b i o  d e  yacimier i to  d e  una so l a  f a s e  
( l f q u i d a )  a un sistena d e  dos fases. 
pueden o c u r r i r  c a u b i o s  vo l rme ' t c i cos ,  e s f u e r z o s  
te'rinicos, y d e b i l i t a i n i e n t o  de material que 
provoquen act i v i d a d  microsfsnica d e n t r o  d e  l a s  
z o n a s  de  produccidn.  

Taubie'n 

TKABAJO EN C U R 0  PYIETO EiJ 1980 

La F i j u r a  2 m u e s t r a  l a  d i s t r i b u c i d n  d e  
e s t a c i o n e s  y 10s reSUltddOS d e l  e s t u d i o  
uocrosfsuico d e  novierab re-d i c  ierabre d e  1580- 
Duran te  17 d f a s  d e  r e d i s t r o  se  d e t e c t a r o n  119 
e d e n t o s  en d s  d e  4 e s t a c t o n e s .  C u a r e n t a  d e  
d i c h o s  e g e n t o s  se l o c a l i z a r o n  d e n t r o  d e  l a  zona d e  
produccidn.  
j u z g a d o s  corn0 l s c a l i z a c i o n e s  d e  buena c a l i d a d ,  con  
errores d e  e p i c e n t r o  menores d e  f 0.5 ka. E l  
e r r o r  es t i rnado e n  p ro fund idad  es d e  5 1.0 h a .  
Cow0 se obse rdd  e n  l a  P idu rd  2, 10s e v e n t o s  
p a r e c e n  u b i c a r s e  a l o  l a r g o  d e  l a  zona d e  l a  f a l l a  
d e  t i i da lgo ,  con  una pequeiia t e n d e n c i a  a q r u p a r s e  
cerca d e l  c e n t r o  d e  l a  zona p r i n c i p a l  d e  
produccidn.  La p ro fund idad  d e  10s sisiuos e n  es ta  
r e g i d n  v a r i d  e n t r e  2 y 5 ha. 

Vein te inuede  d e  10s 40 f u e r o n  

Couparando con 10s r e s u l t a d o s  d e  1973, p a r e c e  
que  e x i s t e i e r a  un fncreraento e n  l a  a c t i d i a a d  
d e n t r o  d e  l a  zona d e  produccidn.  
d e  1380 t u v o  l u g a r  un e v e n t o  d e  A p 0 . 7 ,  25-30 k , ~  
a1 s u d e s t e  d e l  campo, n o  hay r a z d n  p a r a  r e l a c i o n a r  
e l  a p a r e n t e  inc remen to  e n  l a  a c t i v i d a d  con este 
even to .  La a c t i d i d a d  sfsrnica d e  l a  zona d e  
p r o d u c c i d n  no se  h a l l a  s o b r e  l a  rnisiia zuna d e  
f a l l a s  ( V i c t o r i a )  que p r d u j o  e l  eirento d e  
n a g n i t u d  b.7. 
d e  d i c i e u b r e  d e  lYdO, se ha  w a n t e n i a o  e n  o p e r a c i d n  
und e s t a c i d n  d e  mon i to reo  cerca d e l  pozo 11-6. Dos 
meses d e  registro raos t r a ron  que l a  a c t i d i d a d  
microsfmica ha p e r a a n e c i d o  c o n s t a n t e  d e n t r o  d e  un 
r a d i o  d e  5-6 kn ( t i e u p o s  S-P menores d e  1 segundo)  
a l r e d e d o r  d e l  pozo Iy-6, con  2-3 e v e n t o s  por dfa .  
O c a s i o n a l a e n t e ,  ha h a b i d o  a c t i v i d a d  d e  e n j a n b r e  a 
unos 10-15 km d e  EL-6 ( t i e u p o s  S-P wayores  d e  2 
segundos) .  
s e c u e n c i a  d e  d p l i c a s  d e l  movirniento d e l  j u n i o  d e  
1960; sin embargo, l a  a c t i g i d a d  d e n t r o  d e l  &rea 

Aunque e n  j u n i o  

Desde la f i n a l i z a c i d n  d e l  e s t u d i o  

Dicha a c i d i d a d  p e d e  ser p a r t e  d e  l a  

riel cainpo no Ymestra el i n d i c e  d e  decai: i ieri to 
cardcter is t ico d e  l a s  s e c u e n c i a s  d e  r+licas.  
Aunque d i c l i a s  secuei ic  ias d e  r k p l i c a s  t i e n d e n ,  a 
iaeiiudo, a iuiLrar h a c i a  10s ex t r e i aos  d e  l a  f a l l a  
p r i n c i p a l ,  es  i n u s u a l  t e n e r  d c t i v i d d d  d e  r 4 p l i c a  , 

Por o t r d  p a r t e ,  10s e v e n t o s  que o c u r r i e r o n  d e n t r o  
d e l  catapo pueden hdbe r  s i d o  i n d u c i d o s  o provocados 
$or  el e t e n t o  d e  jcttiio d e  1930 en e l  s e i i t i u o  que 
e l  auiliento d e l  10s e s f u e r z o s  e n  10s extreii los d e  l a  
f a i l a  Victoria que prodUJ0' d i c h o  e g e n t o  puede ser 
unci c a u s a  d e  l a  a c t i d i d a d  d e n t r o  del  caupo 
Aeote'riiiico, donde 10s raaterialcs pueden scr uias 
s u s c e p t i o l e s  a l a  r u p t u r d .  il moriitorro d e  CICCSE 
i n d i c d  poca o riiiisuna a c t i d i d a d  e n  el o t r o  extre:ao 
de i a  Ealla Victoria. 

e n  un s i a t e m a  d e  f a l l a s  conp le t a rncn te  J i f e r e n t e .  L 

En la F i s u r a  4 se o b s e r v a n  10s d a l o r e s  d e  
p r e s i d n  d e  foildo d e  pozo e n  f u n c i d n  d e l  t i e n p o  
p a r a  pozos d e n t r o  d e  l a  zona p r i n c i p a l  rle 
producc idn  j en l a  r e c i d n  d e  a c t i d i d a d  
Liicrosisi . i ica ( s o y a 1  e t  a l . ,  1381).  i l icl ios - t a lxes  
f u e r o n  c a l c u l a d o s  a p a r t i r  d e  p r e s i o n e s  iie cabezial  
d e  pozo, con  c o r e c c i o n e s  por i n c r u s t a c i o n e s  y 
d i d m e t r o s  \rariaLles de l as  t u b e r f a s .  Pueden 
d e s  tacars e d os  c arac t er Is t icas ir.ip o r t a t n t e s . La 
p r i a e r a  es que l a  p r e s i d n  s e n e r a 1  d e l  y a c i n i e n t o  
d i sminuyc  con el t ie i ipo.  La segunda cs que estd 
d e c r e c i e n d o  13 d i f e r e n c i a  de p r e s i d n  e n t r e  10s 
pozos a 1200 ;.I d e  profur ididad.  Tendei ic ias  
s i n i i a r e s  pueaen v e r s e  t a n b i d n  e n  10s ;ralores d e  
t e n p e r a t u r a  c a l c u l a d o s  p a r a  10s misrnos pozos p a r a  
e l  n i d e l  de 12OU n ( F i g u r a  5). Xun cuando e s t o s  
d a l o r e s  de  t e r i p e r a t u r a  c a l c u l a d o s  pueden t e u e r  
e r r o r e s ,  r e s p a l d a n  l a  e x i s t e n c i a  d e  una t e n d e n c i a  
i i ac i a  una uis ininucidr i  e t G u a l a c i d n  d e  p r e s i d n  y 
t a . i p c r d t u r a  d e n t r o  d e  l a  zona p r i n c i p a l  d e  
g roducc idn .  
d e l  a n g l i s i s  geoqui inico de  l a s  a g u a s  d e  es tos  
pozos i n d i c a n  t a u b i k n  una disii i ir iucidn e i L u a l a c i d n  
d e  t e u p e r a t u r a s  d e  l a  i.rLsna n a z n i t u d  (Goyal  e t  
a l . ,  1981). 

Los valores d e  t e a p e r a t u r a  o b t e n i d o s  

Dado que ha h a b i d o  un inc re r i en to  e n  l a  
a c t i d i d a d  sfsilica d e n t r o  d e  l a  zona d e  produccibr i ,  
que e f e c t o s  tuvo ,  s i  t n d i c a  e s t o . a l g o ,  r e s p e c t o  a 
10s pardmet ros  d e l  yaci i i i icuto? 
p rev iamen te ,  l a s  dreas d e  dis i i i iaucidn d e  p r e s i d n  y 
t m p e r a t u r a  c o i n c i i i e n  con las ar ras  donde ha  
aunen tado  l a  ac i d i d a d  sfsrnica. El c a ~ i p s  d e  v a p o r  
The Geyse r s  e n  e l  n o r t e  d e  C a l i f o r n i a  tanbie 'n  
m u s t r d  UII a w l e n t o  e n  l a  a c t t v i d a d  t n i c r o s h i i c a  a1 
i n c r e n e n t a r  la p r o d u c c i d n  (Xacks e t  al., 1981). 
I n d u d a b l e n e n t e ,  la a c t i d i d a d  e n  The Geyse r s  estd 
r r l a c i o n a d a  con  l a  d i n d u i c a  d e l  sisteiaa 
s u b t i i d r o s t d t i c o  que  c o n s t a n t e n e n t e  expe r i inen ta  
cainbios d e b i d o s  a c r e c , i e n t e s  a c t i d i d a d e s  d e  
produccidn.  
una c o n d i c i d n  s i n i l a r  d e  p r e s i d n  s u b h i d r o s t d t i c a  
l o c a l i z a d a  e n  e l  caupo d e  Cerro P r i e t o  e n  l a  
t e n d e n c i a  a una i j u a i a c i d n  d e  p r e s i o n e s  y 
t e n p e r a t u r a s  e n  l a s  zonas  mds a n t i g u a s  d e l  drea d e  
produccidn.  Otra i n d i c a c i d n  d e  c o n d i c i d n  
s u b h i d r o s t d t i c a  es la f a c t l i d a d  con que e l  pOz0 
A-9 a c e p t a  el agua r e i n y e c t a d a  a l a  r e g i d n  d e l  
y a c i m i e n t o  (-+y es e l  u'nico pozo i n y e c t o r  e n  l a  
a c t u a l i d a d ) .  E v i d e n c i a  g e o f f s i c a  a d i c i o n a l  
r e f e r e n t e  a1 cainbio e n  l a s  c o n d i c i o n e s  d e l  
yac i ine in to  p r o v i e n e  d e l  sonitoreo d e  l a  

Corn se expuso 

Se observa e v i d e n c i a  d e l  i n i c i o  d e  
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r e s i s t f v i d a d  dipOlO-dipOlo que se ha efec tuado en 
l a  zona de  produccidii d u r a n t e  10s u'ltimos dos aiios 
( g i l t  y Colds te in ,  1351). L s t a s  inediciones 
ariostraroii uii increuento  s i d n i f i c a n t e  d e  

s i s t i v i d a d  e n  l a  zona d e  a l t a  r e s i s t i v i d d  a bJ rofundidades  del yaciiniento en 21 c e n t r o  d e  l a  
zona de produccidn. 
r e s i s t i J i d d  en proceso d e  expnasidn puede deberse 
a l a  expaiisidn d e  una reAidii d c  vapor dehido a l a  
e x t r a c c i d n  n e t a  d e  f l u i d o .  

Uiclia ifrea d e  a ? t a  

La ygrdidad de  r,iasa n e t a  por e x t r a c c i d n  d e  
f l u i d p  puede conduci r  taidbie'n a un catibio d e  
irolur.ieri iieto que, con0 f u e r a  denos t rado ,  s e  
r e l a c i o n a  con l a  a c t i v i d a d  uicrosfsruica (dcGarr, 
197b). La r u p t u r a  e s t a r f a  en una d i r e c c i d n  
co i lpa t io le  con e l  e s f u e r e o  p r i n c i p a l  lodxiino, que 
es  h o r i z o n t a l  en esta regldn. 
n i J e l a c i d n  d e  priner orden wostraron uii pequeiio 
asentai.iiento d e l  terei io  (aproxiiaadaiiente 19-20 n d  
e n  e l  drea d e l  campo desde  1377, indicando que 
e s t d  ten iendo l u g a r  un caubio  en e ?  volurien d e n t r o  
d e 1  ifrea d e  produccidn (de  l a  Peiia, 1331). 
h i e n t r a s  que nues t ro  e s t u d i o  d e  1978 i n d i c d  
moJiiiiiento de desplazainiento d e  rur.ibo, e l  d e  1980 
tclinbie'n i n d i c d  f a l l a m i e n t o  normal d e n t r o  d e  l a  
zona de produccidn. Ademds, 10s eventos  d e  197d 
o c u r r i e r o n  en e l  lfinite d e  l a  zona d e  produccidn, 
asosc iados  posiblerliente con e l  sistema d e  f a l l a s  
d e  Cerro  P r i e t o  ids que con l a  f - l l l a  lfidalgo, l a  
q u e  en l a  a c t u a l i d a d  yarecs es tar  cont ro lando l a  
s i s a i c i d a d  dei i t ro  d e l  &rea d e  produccidn. 

Es tudios  d e  

d e d i c i o n e s  de  p r e c i s i d n  d e  gravedad r e p e t i d a s  
anualraente (+ 15 g g a l e s )  no ind icaron  un cainbio 
d e n t r o  de l  a'rea d e l  yacimiento (Grannel l  e t  a l . ,  
1981). Por c o n s i g u i e n t e ,  c u a l q u i e r  catnbio d e  
gravedad d e b i d o  a pdrd ida  d e  inasa iieta por  l a  
e x t r a c c i d n  d e  f l u i d 0  puede ser coapensado 
parc ia lmente  por un aurilento d e  nasa dcbido a 
p r e c i p i t a c i d n  d e  n i n e r u l e s  en la r e g i d n  d e l  
y a c i n i e n t o  (aunque h a b r f a  una disininucidn d e l  
voltmen). heediante idediciones d e  gravedad pueden 
d e t e c t a r s e  caiabios d e  e l e v a c t d n ,  d e  sdlo al&uiios 
cent fmet ros  o &s, S i n  enbarbo,  10s e s t u d i o s  d e  
gravedad J e t e c t a r o n  los inisinos 30 cm de  
a s e n t a a i e n t o  y liuiidiniento d e  l a  s u p e r f i c i e  en e l  
campo, ocasionaao aparrntemente por  e l  sisrno de  
masnitud 7.7 de ju i i io  de 1YW. Los valares de b 
pard  inicrosisnos d e n t r o  de  l a  zona d e  produccidn 
couparados con 10s e v e n t o s  f u e r a  d e  l a  aisma son 
o t r a  i n d i c a c i d n  d e  que l a  d i s t r i b u c i d n  de 
e s f u e r z o s  es andrdala d e n t r o  de l a  zona d e  
producci6n. Durante 10s dos :ueses p o s t e r i o r e s  a1 
sisino de j u n i o . d e  138i), 10s e v e n t o s  d c n t r o  d e  l a  
zona de producctdu tuv ieron  un valor d e  b de  1.25, 
c o n t r a  U.d para  eirentos f u e r a  d e  dicha zona. Los 
d c r o s i s m o s  en The Geysers exlii'aen talilbign un 
~ a l o r  b un poco ids a l t o  para eventos  d e n t r o  d e  l a  
ZOUJ de produccidn q u e  para  10s d e  a f u e r a  ( U j e r  y 
i icEvi l ly ,  1379; :farrs e t  al . ,  1981). 

Aparte  d e  l a  nasa, t a u b i i n  se e x t r a e  c a l o r  .le 
esta zona (ayroxii:iadanente 101 7 c a l o r f a s  desde  
1373 [Coyal e t  a l . ,  19811). E s t e  e f e c t o  d e  
enf r iamiento  puede ocas ionar  una acuimlacidn d e  

d u e r z o s  teri n i cos. Se proyuso que 10s 
rosisi,ios en red iones  geote'nnicas pueden ser una 

r e s p u e s t a  a l a  c o n t r a c c i d n  tPrmica que aunenta  e l  
e s f u e r z o  norinal e f e c t i v o  (Ifenl inger  y Moench, 
lY79). Si este iuecanisoo est5 actuando,  10s 

Eiicrosisnos pueden estar indicando reg iones  d e  
inifximo e n f i r a n i e n t o  ( c o n t r a c c i d n  tgrmica) .  En un 
c o r t e  t r a n s l e r s a l  norte-sur ,  e l  enjainbre d e  sismos 
yace d e a a j o  de  10s pozos en produccidn (F idura  b).  
h n q u e  la prec is id i i  d e  1as l o c a l i z a c i o n e s  d e  10s 
hipocent ros  es d e  s d l o  1 kin, l a  ubicac idn  d e l  
grupo relati-va a l a  e x t e n s i d n  conocida d e l  
yac i i i i en to  y 1as a c t i v i d a d e s  d e l  &ea d e  
produccidn es i n t r i g a n t e .  

Los nicrosis ixos tai.ibie'n pueden i n d i c a r  l a  
e s t r u c t u r a  que estd cont ro lando e l  f l u j o  de 
f l u i d o .  En l a  f i g u r a  7 se Inuestra una s u p e r f i c i e  
t r i d i m e n s i o n a l  d e  l as  l o c a l l z a c t o n e s  d e  
h ipocent ros  e n  l a  zona p r i n c i p a l  d e  produccidn. 
Diclia s u p e r f i c i e  f u e  c o n s t r e a i d a  a c o i n c i d i r  con 
l a  t r a z a  d e  la f a l l a  Hidalbo en  l a  s u p e r f i c i e .  La 
Figura 7 es una v i s t a  desde  e l  s u d e s t e  a l o  l a r g o  
de  l a  -Jfa d e l  f e r r o c a r r i l  h a c i a  Cerro  P r i e t o .  La 
zoiia de t i ipocentros  no corresponde necesar iamente 
a una s u p e r f i c i e s  e x a c t a  d e  f a l l a ,  pero  puede 
r e p r e s e n t a r  inds b l d n  una zona d e  d e b i l i d a d  donde 
puede dordnar la preiiieabilidad de  f r a c t u r a  y que 
c o n t r o l a  l a  recarga-descarga d e  la reg idn  d e l  
y a c i s i e n t o ,  Gsta superf  i c i e  sfs inica c o i n c i d e  cas i  
exdctauente  con una d i s t r l a u c i d n  v e r t i c a l  d e  
f u e n t e  u t i l i z a d a  por Corwin e t  al .  (1981) p a r a  
e x p l i c a r  una anonal fa  d e  a u t o p o t e n c i a l  (SP) 
centcada  e n  e l  campo. Suponiendo que la anoi laIfa  
de  SP i n d i c a  f l u j o  de  f l u l d o  (i.  e., e f e c t o  de  
p o t e n c i a l  e l e c t o c i n d t i c o )  est0 puede en tonces  ser 
o t r o  f n d i c i o  d e  que es te  plaiio d e  
microsisaos/autopotencial se r e l a c i o n a  con un 
rdzgo que c o n t r o l a  e l  moviniiento d e l  f l u i d o  d e n t r o  
d e  La zona d e  produccidn. 

' Estua ios  de  v a r i a c i d n  d e  densidad d e n t r o  d e  
l a  zona Je produccidn u t i l i z a n d o  r e g i s t r o s  
g e o f f s i c o s  de  pozo (Howard e t  al .  , 1981) muestran 
que hay una dlsninucidr i  g e n e r a l  en l a  porosldad a1 
auieentar l a  profundidad. S i n  eabargo,  hay zonas 
l o c a l e s  o e n t r o  de  10s h o r l z o a t e s  de  produccidri que 
meustran porosidad secui idar ia  o reducciones d e  
densidad. Estas ifreas de n e t a  d e f i c i e n c i a  d e  
uasa ,  debida  p o s i b l e e e n t e  a d i s o l u c i d n  d e  
m a t e r i a l ,  se  dan a1 este d e l  p laao  d e  
iiiicrosiinsno/autopotencial , t e n i n a n d o  en este 
plano. Es to  s u p i e r e  que f l u i d o  f l u y e  desde  el 
este  hac ia  e l  c e n t r o  d e  l a  zoiia de  produccidn. 
Probableeente  a n t e s  d e  couenzar  l a  e x p l o t a c i d n ,  e 
f l u j o  de  Eluido estaba c o n t r o l a d o  exclusivainente 
por  la  descarga  n a t u r a l ,  i. e. ,  .volcanes d e  lodo,  
manant ia les  c a l i e n t e s ,  etc. Estas dreas n a t u r a l e s  
d e  descargea  p e r a l i t i r f a n  l a  p r e c i p i t a c i d n  d e  
minera les ,  forinando, pos ib lenente ,  las zonas 
d e n s l f l c a d a s  observadas e n  e l  c e n t r o  d e  l a  zona 
principii de  produccidn. 
mani fes tac iones  aparecen en l a  tnisma reg idn  que l a  
arioaalfa d e  au topotenc ia l .  
r e p e t i t t v o s  de r e s i s t i v l d a d  dipolo-dipolo i n d i c a n  
que e l  f l u j o  d e  f l u i d o  predoininante es d e l  este a1 
o e s t e ,  yasando por e l  c e n t r o  d e  l a  zona d e  
produccidn. E s t 0  se r e f l e j a  e n  e l  carabio d e  
r e s i s t i v i d a d  e n t r e  1978 y 1980. Es tos  e s t u d i o s  
apoyan fuer te iuente  una invasidn d e  f l u i d o  a . 
profundidad n a c l a  l a  base d e l  plano 
microsfsmico/autopotencial. LOS e s t u d i o s  
lnicrosfsisicos y d e  dipolo-dlpolo ind ican  que e l  
proceso de  d i s o l u c i d n  y p r e c i p i t a c i d n  es un 
fendmeno que todavfa est& ocurr iendo d e n t r o  d e l  
d r e a ,  o sea, e l  f a l l a m i e n t o  a c t i v o  impl ica  que aun 

:4uchas d e  estas 
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pueden e x i s t i r  conductos que c r e a r o n  e s t a  r e g i d n  
g e o t c h i c a .  

COXLUSZON 

Desde p r i n c i p i o s  de  1378 parece  e x i s t i r  un 
i n c r a a e n t o  en l a  a c t i q i d a d  sfsinica d e n t r o  d e  l a  
zona de produccidn e n  Cerro P r i e t o .  Ahora, l a  
a c t i v i d a d  iaicrosfsmica es in& o uenos c o n s t a n t e ,  
con una tasa d e  2-3 eventos  por  dfa .  Los v a l o r e s  
d e  5 e n  e l  campo son s i , p i f i c a t i g a n e n t e  rnQs a l t o s  
d e n t r o  de l a  zona d e  produccidn que 10s eventos  
re lac ionados  con f a l l a s  f u e r a  d e  d i c h a  zona. LOS 
sisinos parecen estar c o n t r o l a d o s  por  l a  f a l l a  
Hidalgo, anque se obscrvd  un l i y e r o  agrupaniento  
e n  e l  c e n t r o  d e  l a  zona p r i n c i p a l  d e  produccidn. 
Los sisinos d e n t r o  d e l  rlrea d e  produccidn podrfan 
r e f l e j a r  l a  dindmica d e l  yacicl iento a s o c i a d a  con 
l a  e x t r a c c i d n  de  c a l o r  y masa. Mecanismos tales 
COPO caabio  d e  voluraen, e s f u e r e o s  tr?nnicos y 
d e b i l i t a u i e n t o  d e  n a t e r i a l e s  asoc iados  con 

e b u l l i c i d n  ( i . e . ,  cdmbios de  f a s e ,  d i s o l u c i d n )  
pueden ser todos responsables  d e l  incremento d e  l a  
a c t i q i d a d  sfsiaica. Aunque se ha i n i c i a d o  un 
peyue'io prograna d e  r e i n y e c c i d n ,  l a s  condic iones  
d e  a b a t i u i e n t o  de  p r e s i d n  e x i s t e n t e s  d e n t r o  d e l  
caapo iinplicari'an que e l  increnento  de l a  p r r s i d n  
d e  poco que rrsultd d e  l a s  a c t i v i d a d e s  d e  
inyecc idn  no es resposnsable d e l  increaento  d e  l a  
a c t i v i d a d  sfssmica. 
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