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SEI~OLOCICAL m I E S  AT TEE CEPBO PBIETO FIELD: 1978-1982 
1 2 '  

I E.L. Majer andT.V. HcEvilly 

a l i fo rn ia .  Department of Geology and Ceophyrica 
bwrence Berkeley Laboratory, Univerri ty of Cal i forn ia  

Berkeley, Cal i forn ia  94720 

I10 N tcaaonr t h a t  t h e  .rei i r  undergoing a tramforma- 
t i o n  from a r e i d c  creep t o  d i r c r e t e  f a i lu re .  hro * 

Since February of 1978, the  Univerri ty of  d i f f e ren t  mechmimr t o  produce t h i r  %tick-rl ip" 
Cal i forn ia  a t  Berkeley SeirmagraDhic S ta t ion  (UCB) behavior are uropored: 

'and Lawrence Berkele; LaboratGy- (LBL) haue conduct- 
e d r a r i e d  r e imolog ica l  r t u d i t r  t o  determine t h e  
r t a t i e  and dynamic proper t ies  of the  Cerro P r i e t o  
geothermal f i e ld .  
wave propagation cha rac t e r i r t i c r  and microearth- 
quake a c t i v i t y  t o  rueh fea turer  as 'production bound- 
a r i e r  , recharge zone#, hea t  aourcea, f l u id  a t r a t a ,  
l i tho logy  md  r t ruc tu re  Direusred here w i l l  be 
the r e r u l t s  of the  r tud ie r  ca r r i ed  out by UCB-LBL 
r ince  1978 i n  l i g h t  of t he  current knowledge of t h e  
Cerro P r i e t o  f i e ld .  Alro included w i l l  be the  inter- 
pre ta t ion  of the r e f l e c t i o n  rurveys car r ied  out  i n  
the  h e d i a t c  production are-. 

SEISKICITY 

Sought have been the  r e l a t i o n  of 

The Cerro P r i e r0  geothermal f i e l d  l i e  
the  tec tonica l ly  ac t ive  Salton Trough which 'fa 
dominated by r igh t  l a t e r a l  r t r i ke -# l ip  f au l t i ng .  
It ha1 been hypothesized by o ther r  t ha t  the  occur- 
rence# of geothermal a c t i v i t y  within the  Sa l ton  
Trough coincides v i t h  area# of transform fau l t ing  
It i r  argued tha t  there  rpreading centera r e s u l t  i n  
c r u s t a l  thinning and allow magma to arcend t o  ahal- 
low depthr providing a 
ac t iv i ty .  

I f  transform fau l  
heat aource A t  the  Cerro P r i e t o  geothermal f i e l d  
one could expect t he  earthquake mechani'sms t o  be 
conr ia ten t  v i t h  northwest-routheart tenaion, i.e. 

-normal f au l t i ng  i n  the  tranrformed zone. Alro due 
t o  the  t e l a t i v l y  ac t ive  tec tonic  nature of t he  
Sa l ton  Trough. it vould not be unreasonable t o  ex- 
pect there .rear- to  be re i rmica l ly  ac t ive  (arauming 
near noma1 b-vrtuer).  
P r i e to  f a u l t  ayatems, which form the  # t r ike-# l ip  
portionr of t he  transform fau l t ing  i n . t h i r  region, 
have been t h e  location of revera l  l a rge  earthqulker 
i n  the par t  revera1 y t a r r  (H~-6.6, 16/79; H~-6.7, 
8/80)(Alborer e t  a l . ,  1980; Wong and Frez, 1981). 
Thir ind ica te r  t ha t  due t t h i r  high a c t i v i t y ,  the  
earthquake a c t i v i t y  i n  t h  Cerro P r i e t o  f i e l d  a rea  
rhould be qu i t e  high, ana ing t r an r  f orm f aul Ling. 

I n  addition to  the  ac t ive  tec tonic  nature of 
t h i r  region, there may be other contributing 
factor# t o  t he  r e i m i c i t y  i n  the  production zone. 
Work a t  The Gcyrerr geothc-1 f i e l d  i n  northern 
Cal i forn ia  har ahom a d e f i n i t e  r e l a t i o n  between 
incrcarca i n  production a c t i v i t i e r  and earthquake 
a c t i v i t y  (both i n  m x h m  magnitude and m b e r  of 
event#) (Mark# et  a1. , 1978). 

n e  Imperial and Cerro 

Several d i f f e ren t  acchanirrm have been hypo- 
th r r i r ed  t o  explain t h i r  phenomenon. Allir (1981) 

- . -  
1) reduction of pore prer rure  r e r u l t i n g ' i n  an 

kcreare i n  e f f ec t ive  a t r e r r ,  and 

2) 

Denlinger and Bufe (1981) and Denlinger et  a1 (1981) 
have'put fo r th  another pors ib le  cauae f o r  t he  reir- 
micitp iacreare.  They por tu la te  t ha t  due t o  cooling 
of t h e  reaerPoir,  the  thermal contraction of t he  
rockr cauaer a decreare i n  the  e f f ec t ive  r t r e r a ,  
thur cauring an increare i n  the reismicity.  S t i l l  
ye t  mother  cauae may be. t he  increase i n  pore prer- 
l u r e  due t o  in jec t ion  a c t i v i t i e r ,  however, t he  in- 
j e c t i o n  prer rurer  are ve l1  below the  hydror ta t ic  
grad ien t ,  i n j ec t ion  i r  probably not a major caure 

an increase i n  the  coef f ic ien t  of f r i c t ion .  

c i ty .  

I(B0 PKIE 

i n  Figure 1 Ir a runanary of the  measur- 
i n  t h e  immediate production roner 

using the  
from three  period# of monitoring by UCB-LBL. 
1980 and 1381 r tud ies  were iden t i ca l  
lame r t a t i o n  placcment and ihrtrumentation (4.5 Hz 
vertical geophoaer with the  da t a  PH telemetered t o  
H-6 where they were d ig i t i zed  a t  100 r&ler/rec md 
proceraed on-line i n  r e a l  time with ASP) (HcEvilly 
and Hajer, 1982). The 1978 rtudy aged # l i g h t l y  
d i f  fe ren t  r t a t i o n  placement but t he  dimensfonr 
were r imi la r  and the  da t a  were obtained with the  
rune inatrumentation. Eovevct, the d a t a  io the 
1978 rtudy were recorded on magnetic tape (band- 

H d  and returned t o  Berkeley f o r  

The 

I n  addition t o  the# a i l ed  r tud ie r  i n  
February 1978, November 1980 and November 1981 of 
f ive ,  four, and four Weka re rpec t ive ly ,  a 3-compo- 
nea t  4.5 Hz downhole geophone ha8 been i n  a 100 
meter well near w e l l  H-6 r ince  November of 1980. 
The da ta  are PH telemetered t o  the  office'complex 
and tecorded on a pen and ink drum recorder a t  60 
mm/aec. The purpore of t h i r  #ingle r t a t i o n  i r  t o  
t i e  the  re i rmic i ty  r a t e r  obrerved i n  the  de t a i l ed  
r tud ie r  t o  the  overa l l  a r iamic i ty  rater. I n  t h i r  
way, a bareline of rmicity rater can be -in- 

udy (Hajer e t  81.1 indicated low 
r e i m i c i t y  level# (HLL 1) within the  immediate pro- 
duction zone.. During.the f i v e  week rtudy, only two 
day6 had any significant ac t iv i ty .  Only r i x  eventr 
were recorded on r i t  or more r t a t ions .  These eventr 
were located at depthr of 2-3 kilometerr routh of 
well H-9 (rhaded area  i n  Figure 1). 



The 1980 a d  1981 s tudies  revealed s ignif icant-  

Shown i n  Figure 1 are the  locatable  events. 
ly d i f f e ren t  earthquake pa t te rns  and rates of ac t i -  
vi ty .  
Although there  were a similar d e r  in 1980 and 
1981, the  t o t a l  number of  events detected 00 four 
o r  more s ta t ion6  increared from 3 per  day i n  1980 
t o  7 per day i n  1981. Although there  vas a major 
earthquake i n  June of 1980 which could account for  
the  increase from 1978 t o  1980 it is d i f f i c u l t  t o  
explain the 1980-1981 increase by aftershock ac t iv i -  
ty. 
-indicates t h a t  although the number of events detect- 
ed i s  increasing, t he  magnitude of  t he  events ia 
not increasing. This may be due t o  a l h i t e d  source 
region and/or the upper threshold on the  s t rength 
of the mater ia ls  i n  the  production zone has been 
reached. 

The s m e  number of events t h a t  u e  locatable  

-2- 

Although r e l i a b l e  source mechanisms were d i f -  
f i c u l t  t o  obtain,  the 1978 events indicated s t r ike-  
s l i p  fau l t ing  on northwest-southeast trending 
f au l t s .  'Ihe 1980 and 1981 s tudies  e r e  ambiguous 
and f s u l t  planer conair tent  with e i t h e r  normal o r  
s t r ike-s l ip  fau l t ing  could be f i t t e d  t o  the  P-vave 
f i r s t  motion patterns. 

< 
The d i s t r ibu t ion  i n  space of the  1980 and 1981 

events is worth noting. In 1980, the events were 
cluctered near the center  of the  production zone on 
a nearly north-south l i n e  extending from U-101 t o  
the  p w e r  plant. The depths varied from 2 t o  5 kilo- 
meters and formed a f a i r l y  well defined plane. 
However, t he  1981 study revealed a r a the r  d i f fuse  
pa t te rn  of events concentrated on the  western edge 
of the f i e ld .  rhis d i f fuse  pa t te rn  with no defined 
f au l t  system is a l so  cha rac t e r i s t i c  of earthquakes 
a t  The Geysers. Although the  two u e a s  are geologi- 
ca l ly  qui te  d i f f e ren t ,  mechanisms which t r igge r  the 
events may be similar. A t  Cerro P r i e to ,  the w e l l  
log information, geophyrics, m d  geological mapping 
have shown a very complex tone of fau l t ing  i n  the 
production f i e ld .  Depending upon the  age md state 
of the  transform fruiting, there  may be addi t ional  
f au l t i ng  superimposed upon the transform system. 
The d i f fuse  pa t te rn  of these events and the  in- 
crease i n  seismici ty  may be an ind ica t ion  tha t  t h i s  
area is undergoing a transforxiation from aseismic 
creep t o  s t ick-s l ip  behavior, accelerated by produc- 
t i o n  a c t i v i t i e s .  

Continuous monitoring by the  s ing le  s t a t i o n  of 
U-6 has revealed no abatement i n  earthquake ac t iv i -  
t y  within the  f ie ld .  
a c t i v i t i e s  make it d i f f i c u l t  t o  m n i t o r  seirmic ac- 
t i v i t y ,  but  due t o  the  complex nature of the  f i e l d ,  
the  microseismicity may of fe r  important c lues  t o  
the dynamic behavior of the  rerervoir .  Coldstein et  
a1. (1982) from magnetic da ta  has indicated a possi- 
b l e  dike complex on t he  eastern edge of the  f ie ld .  
I f  t h i s  i s  the  e lur ive  heat rource, the cooling and 
in t rus ion  uould be a source of microeuthquskc ac- 
t i v i t y ,  although not on a continuous bas is  i f  the  
in t rus ion  process were episodic. 
quake a c t i v i t y  var detected i n  t h i s  region, it m y  
be due t o  lack of r t a t i o a  coverage and high noise 
levels .  By atplacing several  dovrrhol t  geophones 
i n  t h i s  region, important information could be 
obtained. 

Construction and production 

Although no earth- 

AHALYSIS OF SEISXIC E F L E m O H  RESULTS 

Shhovn i n  Figures 2 ,  3, 4, and 5 are re f l ec t ion  
sections h, E, D, and E, respect ively obtained by 
CFE. The locat ion of  these l i n e s  is ihown in  Figure 
6 .  The processing scheme v i t h  the parameters u e  
l i s t e d  i n  Table 1. 

TULE 1 
Parmeters  of the  Seismic Reflect ion Survey - 

Srmple Pate 4 milliseconds . 
60/80 
16/24 

High cut f i l t e r  
Lov c u t  f i l t e r  
tiumber of v ibra tors  3 
&amber of nceps /v ib ra t ion  4 
Sweep pa rme te r r  , 16-72, 20-80 Hz 

l inear ,  v u i s v e e p  
4.8 see l i s t en ing  

Sta t ion  interval 110 f t  

F 

Coverage 

Line A 24 fo ld  
B 47 fo ld  
D 97 fo ld  
E 22 fo ld  
F 33 fo ld  

Procer s i n g  

1. Demultiplex 
2. Vari sweep-crorscorrelation 
3. Line geometry 
4 .  Elevstion statics 
5 .  Residual s t a t i c s  
6. CDP gathers 
7.  "0 veloc i ty  
8. Front and t a i l  m t e  
9.  HMO and multifold s tack  

10. Frequency f i l t e r i n g  
11. F i n d  display 

As can be seen, the  procersing was conventional 
with no migration analysis  performed The sect ions 
are a l s o  time sect ions with no time to  depth comer- 
s ion  done. Due t o  t h i s  lack of processing it would 
be hatardour t o  in t e rp re t  these sect ions i n  any 
great  de t a i l .  However, several  s ign i f icant  fea tures  
can be noted, espec ia l ly  with the a id  of the exten- 
s ive  well log ana lys i r  car r ied  out by Halfman et  al. 
(1982). Shovn i n  Figure 8, is  a cross-section of 
the f i e l d  from well log analysis .  
A h  contact, the  f a u l t  at W-150 t o  M-117, and f m -  
t i on r  3, 4 ,  5 ,  and 6 .  These features  a l s o  appear on 
the seismic crors-section m d  can be correlated 
from l i n e  t o  l ine .  In general the h / B  contact is 
t r a c e a b h  as the  top of the  tone of no r e f l ec t ions  
The 45/11 contact appears a t  i ts  s h a l l w e s t  depth i n  
the  area of U-9 and deepens towards the edges of 
the f i e l d  and f i n a l l y  disappears a l together .  As 
can also be seen, the  A/B contact  cu ts  across the  
bedding plmes. 

Of note u e  the  

$ 

CI 

Also of note 'is one s ign i f i can t  f s u l t ,  ident i -  
f i ed  by Ealfman e t  a1. (1982) i n  the well logs. 
Thir f au l t  is best  seen on Line D of the  seismic 
data. This f au l t  is i n  th'c approximate locat ion of 
the  Hidalgo fau l t ,  although accordhg t o  Halfman it 
is not the  rame f a u l t  and there  i r  no evidence on 
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the  vell logr for  the  Hidalgo fault. 
t a c t ,  M well aa un i t r  4 and 5, can +be p a c e d  on 
Liner A, m d  1. 
A, and c a p e d a l l y  D and E, the bedding can be reed 
dipping and truncated by the  Cerro P r i e to  f a u l t  #pa- 
t cm.  I n  general the  f a u l t #  are d i f f i c u l t  to  ident i -  
fy; no migration was performed, and the  lateral Geodetic m a l y a i r  of re rervoi r  deplet ion 

rc f lec t ionr .  Ala0 a time t o  depth converrion uring nia: Journal of Ceophprical Rerearch, Vol 86, 
varying ve loc i ty  m a l y a i r  as vell M ronic  logr 
vould grea t ly  add t o  the  in t e rp re t a t ion  of the  data. 

CONCLUSIONS 

1) 

The A/B c o r  Denlinger, L P . ,  m d  C.C. Bufe, 1981 
induced by a t e m  production at The Ceyrera 
r t e b  rerervoi r ,  northern California: ma=- 
r c r i p t  i n  preparation. 

1981. 

S e i r d c i t y  

Alro, a t  the  veatern edge of Liner 

Dcnlinger, P.-P., W.F. Irherwood, m d  R.L. Kovach, 

w heterogeneity addr another complication from r ide  at The Ceyrerr a t e m  f i e l d  i n  northern Califor- 

p. 6091-6096. 

.) Goldatein, N.E., M.J. W i l t ,  m d  D.J. Corrigau, 1982. 
Analyrir of the Nuevo Leon rmrgnetic anomaly 
m d  i t a  r e l a t ion  t o  the  Cerro P r i e to  Hagmatic- 
Hydrothermal ryrtcm, ( t h h  volrrme) . S e r k i c i t y  has incrcared from 1978 frm 1-2 

eventr/day t o  7-8 evenfa per day i n  the  irmnedi- 
ate production tone (HL ? 1). . Halfman, S.E., W . J  Lippmann, R.  klver  m d  J.E. 

Howard, 1982. Fluid f l w  model of t he  Cerro 
There event# appear t o  be production re la ted  P r i e to  geothermal f i e l d  bared on vell log in te r -  
and veakly connected t o  the  major tectonic  pra te t ion ,  ( t h i r  volume). 
event# i n  the area. 

Majer, E.L., T.V. &Evilly,  A. Alborert and 8. Diaz, 

2) 
- 

3) Uonitoring rhould continue v i t h  de ta i led  1980. &iamological r tudiea a t  Cerro P r i e to ,  
r tud ier  covering the  newer production area 
east of the ra i l road  t rack.  

Geothewicr, Vol. 9 ,  pp. 79-88. 

Mark#, S.M., R.S. Ludvin, I.!. Louie, and C.C. Bufe, 
4)  me r e f l ec t ion  da ta  indicate  d e f i n i t e  ref lec-  1978. Seirmic monitoring at Tbe Geyrerr 

5)  

t ionr  associated v i t h  the AfB contact geothennal f i e l d ,  Cal i fornia  
Survey, open-file report  78-798, 26 p. 

Thit A/B r e f l ec to r  i a  aeen only i n  ce r t a in  
pa r t r  of the  r e f l ec t ion  rect ions,  ind ica t ing  it HcEvilly, T.V. L. m j e r ,  1982. .ASP: Automated 
is not a l i t ho log ic  boundatp but porr ibly al ter- .  Seirmic Procerror for  microearthquake networks. 
a t ion  a t roc ia ted  with the  ho t t e r  par t#  of the Bul le t in  of Seir .  SOC. of Am., Vol. 72, No 1, 
f i e l d .  It may porr ib ly  be ured for  explorat ion p. 303-325. 
purposes. 

Detailed reprocerring rhould be car r ied  out  in 
the zone# of i n t e r e r t  t o  def ine b e t t e r  the  
a t ruc ture  asrociated with the production zone. 
Techniquer ruch a# migration before r tack md 
t ime-todepth converrions rhould be applied. 

The aeaimic data ,  both parr ive and ac t ive ,  i f  
used cor rec t ly ,  i r  a poverful method t o  analyze 

11 S. Geological 

Wong, 0. and J. Frez, 1981. 'Seirmici ty  md ar r iva l -  
6) time re r idua l r  from the  Victor ia  Earthquake of 

June 9 ,  1980 & Proceeding#, Third Symposium 
on the  Cerro P r i e to  Geothermal Field,  Lavrence 
Berkeley Laboratory, Berkeley, Cal i fornia ,  
LBL-11967, p. 338-343. 

7) 

Alborer, A., A. Refer, J.l Brune, J. Gonz&lez L. 
Carcilazo and F. S u k e z ,  1980. 
r tud ier  in the  region of the  Cerro Pricto gee- 
t h e m 1  f i e l d ,  CeotherPlicr, Vol. 9 ,  p. 65-17. 

A l l i r ,  R.C., 1981. Compariron of mechanirmr pro- ~ 

pored for  induced m i m i c i t y  a t  The Ceyrerr 
geothemal  f i e ld .  Proceeding# of H.Z. Ceother- 
mral Uorkrhop, Uziverrity of Auckland. 

Seirmicity 

. 
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Figure 1. Location o f  earthquakes during the 1978, 1980, and 1981 &tailed 
microearthquake aurveys. 

Line tine Line Line 

F 

ma 828-6852~ 

Fiigurc 2. kfkction section M'. W o t L a  thc U B  ref lect ion md its mlat ta~  to U t h O l O g f C  
units in  contact w i t h  it. 
Also notice the north dipping units at the southern end of the line. and the UXK of no 
nflecaicn h the asiter. a~msponding to the err0 Prieto fault system. 

Toraations 4 and 5 IIC &scribed in H a l f m a n  e t  al. (this nlume). 
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XBB 8286846A 

figure 3. Rrflectian section BB'. Ilotia, formations 4 md 5 m d  the A/8 contact. Also n o t i a  the 
relatively pood reflector along most of the line, indicating fairly cmtinuous Uth01ogy. 
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XBB 828-68SOA 
Figure 4- t t n e  m'. Probably the -st interesting seismic profile. This ltnc extends frca m*cral 

MlaPcten west of the pmduction &ne. through the e n t e r  of the field,  to the eutern 
edge of the field. Of note is the e l l - & f i n e d  bedding to the west. the dismnefnutty and 
mmnfornrities n e u  nll N-6, the dcfinitibn of the U B  amtact m d  t h e  faulting M u g  
foxmtions 4 rnd  5. 
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mB 828-6848A 

rig- 5. Line E'. 
u o r m d  the intersection of l ine A, the Cerro Prieto fault nystlm, and the dipping beds. 

A g m d  example of the structure in this repion, sotfa the lact of raflectoa 

XBL 802-6752 
ligure 6. Xndex pap sharing the loution of the seismic reflection line;. 
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