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EXPLORATION .AND DEVELOPMENT OF THE CERRO PRIETO GEOTHERMAL FIELD 
I 

'M.J. Lippmann, N.E. Goldstein, S.E. Halfman, and 
P.A. Witherspoon 

E a r t h  Sciences Division, Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720 

ABsTRAcr 

A multidisciplinary effort  to Locate, deli- 
neate, and characterize the geothermal system a t  
cerro Prieto, Baja California, Hudco, began about 
25 years ago. It led to the identification of an 
important high-ttmperature, liquid-dominated ge- 
thermal system w h i c h  went into production in 1973. 
Z n i t i a l l y ,  the effort  was uu 
by the Mexican electric pave 
Federal de Electricidad tCFE 
group of U.S. organizations 

r ie to  has shown that: 
face electrical resis t ivi ty  and seismic 
surveys u e  useful in defining targets for acp 
ratory drilling, 2) the mineralogical studies o 
cores and cuttings and the analysis of w e l l  logs 
are important in designing the completion of 
wells, identifying geological co~trola on fluid 
movement, determining thennal effects and infer- 
ring the the- Utory of the field,  3) g e o c h e  
ica l  m m y s  help to define zones of recharge and 
paths of fluid nrigration, .nd 4) reservoir engi- 
neering studies are necessary i n  establishing the 
characteristics of the reservoir and in predicting 
its response to fluid production. 

The C u r 0  Prieto geothermal f ie ld  is located 
i n  the M e x i C a l i  Valley, Baja California, M e x i c o ,  
about 30 km south of the U.S. border (Fig.  1 1. 
has been in production since 1973, when it became 
the f i r s t  liquid-daninated geothermal system in 
North America fran which significant electrical  
power w a s  produced. 

It 

The general geologic similarity between Cerro 
P r i e t o  and the geothermal fields of the neighbor- 
ing Imperial Valley (southern California), and the 
experience gained by the Comisidn Federal de Elec- 
tricidad of xexico (CFE) i n  locating and develop- 
ing the resource were the main factors that led to 

the signing, i n  1977, of a five-year agreement be- 
tween CFE and the U.S. Energy Research and Deve- 
lopment Administration, now the U.S. Department of 
Eaergy (DOE), t o  conduct a cooperrtive study of 
Cerro Prieto. The Lawreuce Berkeley Laboratory 
(LEL) coordinated 0.S. technical activities car- 
r ied out under the agreement. 
cess of this cooperative program, discussions are 
being held t o  sign a pew DOE/CFE agreement t o  
study Cerro Prieto md other geothermal areas in 

Because of the mc 

eothennal energy in the 
n in the late 1950'~~ and 

the f i r s t  de tion wells were dril led in 
1960/61 Over the thermal anomaly. By early 1983, 
about 120 deep wells (up to 3550 m i n  depth) had 
been drilled, delineating a good portion of the 
geothermal reservoir (Fig. 2). Presently, 180 MW 
of electricity are being generated; CFE, which 
manages and operates Cerro Prieto, is building two 
new power plants that  will increase the output to 
620 Me & mid 1985. 

mer the years, a vast amount of data on the 
subsurface of the area and on the characteristics 
mf +he gaoducing wells have been gathered making 
Cerro Prieto one of the m o r e  thoroughly documented 
and best unders+ood geothexmal systems. 
pose of this paper i s  to review the exploration 
effor t  which led f i r s t  to the discovery of the 
field,  then to the delineation of the resource, 
and finally t o  the definition of the *surface 
fluid md heat circulation. Other studies carried 
out on Cerro Prieto are Mmmarited elsewhere.2 

GEOLOGIC sXTTING OF THE AREA 

The pur- 

Cerro Prieto is situated in the southern pol? 
t ion of the Salton Trough, which is an actively 
developing structutal depression filled w i t h  sedi- 
ments. It is the landward continuation of the 
Gulf of California (Fig. 1) and a region of high 
seismicity and high heat flow. The Salton Trough- 
Gulf of California is the result of tectonic m i -  
vity that has created a series of spreading cen- 
ters and ttansform faul ts  which link the East 
Pacific Rise, an oceanic ridge, with the San 
m e a s  faul t  system, a transform boundary (Fig.3).3*' 



ter where t h e ' w  
lateral  str%kkcsl$ 
stresses an axtens 
apart basin)5*6 would begin to form as the litho- 
where thins and begins to subside. 
ning of the crust and basin development is rapid, 
there w i l l  occur an uprelling of nragma fran the 
asthenosphere creating a new oceanictype crust. 
The r i f t ing and intrusion generate high heat flaws 
and induce metamorphism of the sedimentary rocks 
a t  relatively shallow d , consolidating the 

Where thin 

section into n e w  crust. F"" 
The Cerro Prieto f ie ld  is located in a 

tensional area developed at the md of the right- 
stepping en echelon strike-slip Cerro Prieto and 
Imperial faults (Fig. 4).3.4 The tensional f o r  
'ces produce crustal spreading and thinning; Savin0 
e t  al.8 indicate that the crust a t  Cerro Prieto is 
about 13.5 km thick, canpared to more than 30 km 
a t  the margins of the Salton Trough. 

?in area of seismicity connects the cerro 
Prieto and Imperial faults (Pig. 51, corresponding 
possibly t o  a zone where magma i s  inmding  to 
form a ccxplex of dikes and si l ls9*10 IS described 
by 
diabasic amposition, have been farad in wells 
dril led in the eastern part of cerro Prieto.12113 

Granodioritic and metamorphic rock8 outcrop 

These basement rocks have 

Soate of these dikes,  of b a s a l t i c  

on the western Qdge of the Mexicali Valley foxming 
the Sierra de -a$. 
been intersected in three wells dril led on the 
western margin of the Cerro Prieto field (~1-96, 
M-3, 5-262; Pig. 2 1. Elsewhere in the field, the 
wells penetrate alluvial, deltaic, estuarine and 
sha l lw marine deposits without reaching the base 
of the sedimentary column. Seismic studies indi- 
cate that at the U.S.-ne.xican border near the cen- 
te r  of.the trough, the basement, possibly consis- 
ting of metasediments, is a t  4.8 km depth, and 
that  below it, a t  10 km depth, there is a subbase- 
ment camposed possibl of intrusive rocks of 
basaltic ccmposition. 3 
RECm GE0K)GIC HISTORY OF THE AREA 

About 15 million years before present 
(Ma b.p.), during the Miocene, extensional t e e  
tonism resulted in the foxmation of a 'proto-Gulf 
of California' which was the f i r s t  major invasion 
of marine water preceding the foxmation of the 
Gulf proper. The present configuration of the 
Gulf began to develop by major cxustal extension 
about 5 na b.p., during the early Pliocune, when 
the transform faul t  along the oceanward side of 
Ba)a California "Ipoved' inland, spl i t t ing Baja 
California f r a  the Mexican mainland. txtension 
has continued at short spreading centers within 
deep basins separated by long transform faults.14 

~ ~ 1 ~ 1 5  indicates that  colorado ~ l v e r  deltaic 
sediments, which form the bulk of the Cerro Prieto 
section, began depositing into the northermnost 
reaches of the Gulf of California a0 early as  the 
la te  wiocene or ea r ly  Pliocene (7 to 5 
The progradation of the delta into the Cerro 
Prieto area began in mid -e l a t e  Pliocene (3 t o  2 
Ma b.p.). 
advance of the delta vas essentially canplete, re- 

b.p. 1. 

By la te  Pliocene, the oouthviesterly 

CgRRO PRlEPo OEOTBERXAL MELD 

sulting in the conversion of the Salton basin into 
a nonmarine depositional basin with delta plain 
sedimentation in the Cerro Prieto area. 16 BY mid- 
Pleistocene tiae, the marine connection between 
the 6ulf of California to the south, and the 
Imperial valley t o  the north, was severed.15 

On the basis of geological and geophysical 
data, Lyons and van de Kamp16 concluded tha t  dur- 
ing the l a t e  Plairtoccne (about 0.11 M a  b.p.1 a 
new faulting episode began at Cerro Prieto, which 
seems to have been synchm~xls w i t h  the induration 
of sediments by hydrothermal alteration and the 
onset of volcanism at the Cerro Prieto volcano, 
northwest of the field. Since t h a t  time, there 
have been a t  least  five eruptive phases of tha t  
volcanic ampla .  l7 Contemporaneously, repeated 
faulting and the anplaeunent of a plurus of dikes 
and sills into the sediments occurred which resul- 
ted in fracturing and sealing of fractures by 
hydrothermal alteration, and development of seccm- 
dary porosity in altered sandstones. 
the dikes encountered in mane of the walls has not 
been determined, but the present-day seismic acti- 
vity might be related to continued crustal aten- 
.ion and magma movement. Another indication of 
recent magmatic-hydrothermal d v i t y  are the 
phreatic explosions ( 2 )  i n  the area of Laguna Vol- 
cano daperibad by aewspnper acccmnts (the la tes t  
possibly on January 1, 1927).18 

The age of 

EARLY E X P L O ~ T I O N  AND FIELD EVEIOPMENT AfXIV1TIF.S 
(1959-1975 ) 

In 1959, atudies of aerial  photographs were 
follaved up by f ie ld  geologic surveys in  the M e x i -  
C a l i  Valley t o  determine the geothermal energy 
potential of the area.19820 The studies were con- 
centrated near the Cerro Prieto volcano, a Quater- 
nary rhyodacitic canplex rising about 210 m above 
the valley floor, and a t  the nearby Laguna Volca- 
no, consisting of l ow h i l l s  bui l t  up by continued 
hot springs and phreatic activity surrounded now 
by conspicuous geothermal surface manifestations 
(Le., hot springs, funaroles, and mud volcanoes) 
(Fig. 6 ) .  Between 1959 and 1%1, t h e e  explora- 
tion wells (up to 755 m deep) were drilled east of 
the Cerm Prieto volcano. One vel1 (M-IA, Fig. 2 )  
produced geothermal fluids but of low enthalpy.21 

Basement configuration and fault  patterns 

A block-faulted 
were determined i n i t i a l l y  fran ear ly seismic re- 
fraction and gravity studies. 
basement, with blocks generally becoming deeper 
toward the east and major faults striking north- 
west-southeast, w a s  indicated by ear ly seismic 
refraction and gravimetric sUtVCys.22*23 the 
basis of subsurface data, four deep q l o r a t i o n  
w e l l s  were dril led in 1964. Well M-3 encountered 
relatively hot (-270%) fluids between 650 and 
900 m depth; it reached granodioritic basement a t  
2532 m. Well M-5, the discovery w e l l  for the 
field, produced fluids hotter than 300.C fran 
about 1100 and 1300 m depth.21 
low temperature gradient w e l l s  (about 50 m deep) 
were drilled. l9 
when 11 additional w e l l s ,  up to 102 m deep, were 

tures measured in  these wells is shown in  Figure 
7. The 'hottest' areas correspond to places with 
abundant surface manifestations (see Fig. 61, and 
not to  the geothermal reservoir a t  depth; the 

In 1965, 50 shal- 

This study was l a t e r  actended 

The distribution of maximum tempera- 
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trend of the isotherms reflects the faults con- 
troll ing the leakage of geothernral fluids to the 
surface. 

Based on the temperature contours given in 
Figure 7 and assuming an average 75-m depth to 
the isotherms, an average annual surface tempera- 
ture of 24.5°C25, and a therrml rock c ivity ~ 

of 3 x 10-3 cal/Cm%tc*C, it was calm that 
the conductive heat losses to the surface mount 
t o  about 45 rn over the 61.5 km2 area encompassing 
temperatures 25% or higher. 

In 1966, a geochemical study of the hot 
springs and fumaroles w a s  canpleted. 
found that the temperatures of the manifestations 
correlated w i t h  the NA/% and Cl/SO4 ratios in the 
hot-springs. Ke estimated that the total  flow of 
the =face manifestations was about 5 x 106 m3/yr 
and their  heat output t o  be about 40 ”W. Based on 
results of this wurk and on geological and geo- 
chemical data from the few deep wells dril led in 
the area, Uercado26*27 developed a model of the 
f ie ld  rhowing the circulation of fluids in +he 
subsurface. The model indicated the entrance of 

Mercado26 

other parameters of the resource. 

A number of s tr ikrs l ip  md -1 faults 
were located by a regional aeramgnetic 8urvey 
carried a a t  in 1971.29 Between 1972 and 1975 de- 
tai led electrical resist ivity surveys of the area 
shoved that the f ie ld  was associated with a large 
NW-SE elongated resist ivity 
low pover of the equipment used to anplace cux- 
rent, and the high conductivity of the surface 
materials it was not possible to  achieve muffi- 
c i t n t  depth of exploration to determine the e 
dimensions of the field. These W e y s  also indi- 
cated a number oil faults including a malor normal 
fault ,  downthrown to the NE, parallel  md near the 
railroad tracks , ( la te r  called Nichoacb F a d t t  

Because of the 

. 

Fig. 91. 
t 

me depth and the production inttrvals of 
the f i r s t  wells dril led a t  Cerro Prieto were 
based mainly on temperature logs. geophysical 
well logo and well cuttings. I n  some instances, 
wells perforated at  various depths resulted in 
the scaling of the production casing because of 
chemical reactions between the different waters 
a t e r ing  the well bore. 
hottest zones indicated by the ttmperature logs 
produced l i t t l e  fluid.   an these experiences, 
CFE placed greater importance on lost circulation 

In other cases, the 

coma, twnperature of the returning dril l ing mud 
and the percentage of randstone i n  the cuttings 
for selecting production intervals. 31 

- m e n  n& wells were dti l led a t  cerro 
Prieto between 1972 and 1974. The parpose of 
exploration w e l l  W-53 (Fig. 2) ,  located about 
1.5 la wrt+east of the production area a t  tha t  
time, m a  to‘study the eastern region. A hot 
(340%) reserpoir w a s  reached at about 1900 m 
depth (about 600 m deeper than i n  the westyn 
area). This seemed to confirm the existence of 
the major normal fault  parallel to the railroad. 

A geologic model of the field developed by 
CFE mainly on the basis of well-cutting l i tholo- 
gies and surface geophysical data, shaved a can- 
pluc horst-and-graben basement etntcture and faul- 
ting of the sedimentary f i l l  (Fig. 101.32 p r r  
paring t h i s  m o d e l ,  the A/B ccnrtact between =COW 
solidated (Unit A) and the underlying consolidated 
(Unit B) sedimenta was used as a ctratigra#ic 
marker brizon. Later, it was found that this 
contact was the result of postdepositional altera- 
tion. This finding has led to the reinterpreta- 
tion of the geology of the area. 

RECENT DCPLORATION AND ReSKRWIR DEFINITION 
STUDIES - 

After 1975, with the expansion of p e r  pro- 
duction in mind, CPE increased its exploration 
effort a t  Cerro Prieto. 
groups began studying the field. 
theae recent studies, and an evaluation of their 
impact on the exploration and development of Cerro 
P r i e t o  follow. 

In 1977 the DOE-sponsored 
A discussion of 

al 6tudies have played an mrtant 
the exploration and development of C a r 0  
The data and interpretations have been 

Same of the r r  
Prieto. 
reviewed by Truesdell et  al. 33 
sults are emmarired below. 

Isotopic studies indicated local recharge 
from the area immediately to the west of the 
field,  leakage of shallower waters into the reser- 
vo i r ,  and a suggested age for the fluids between 
56 and 10,000 years.34 On the basis of canputed 
deuterim and chloride concentrations i n  the rea- 
ervoir brines and C V B r  ratios it was concluded 
tha t  the geothermal fluids at Cerro Prieto are a 
mixture of Colorado River water and a saline brine 
of marine origin. 35 A similarity in iwtopic can- 
position and ratios of major elanents was observed 
between the Imt aprings and the podwing wella, 
suggesting that the geothermal reservoir and the 
aprings are closely related.36 

Geology and Geophysics 

Passive s e i d c  studies, which b & n  in 1974, 
indicated ~ - S E  striking right-lateral , strike 
s l i p  faults of the Cerro Prieto-Imperial transform 
faul t  system, and dip-slip faulting along sane of 
the UE-SW striking Volcano aystun (Fig. 91. 

Self-potential mameya conducikd in 1977 
m d  1978 defined a dipolar voltage ananaly whore 
u i a  runs through the center of the production 
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field (pig. 11). The wurce of the electrical 
ancnnaly may correspond to a north-trending fault, 
dong which moving fluid produces a streaming po- 
tenti11.37 me existence of this -flow zone has 
heen indicated by various authors. 12#26?27* 38 

Starting in 1977, CFE began a renewed program 
of geophysical investigations consisting of deeper 
Schl\lmberger resist ivity soundings, gravity, mag- 
==tic and reflection seismic studies to define the 
a n t  of the field.39*40*41 These studies showed 
t h a t  the Cerro Prieto field is not associated with 
either gravity or magnetic ananalies (Pigs' 12 and 
t3)- However, it is now agreed that largescale  
gtravity and magnetic effects can be interpreted in  
terms of the spreading center concept, including 
contributions from igneous intrueion, basement 
structure and hydrothermal metamorphism. The 
gravity highs observed over a portion of the f ie ld  
were original1 
ment horst.39,Xo Howwe. later it vas that 
the gravity anomalies could be urpla.lned by a can- 

metamo*sm of the sedi- 

interpreted as reflecting a base- 

ement hi hs found from 
deKamp 11 reviewed the 

s&smic and other data and did not find any COP 
evidence for 6 major Cerro 
b i d  find, however, that  the 

qxavity high could be reasonably explained by 
hydrothermal densification of t he  shale unit. 
below the A/B contact. 

The hydrothermal alteration of Cerro Prieto 
sedixuents vas f i r s t  reported by Reed44, and a .ya- 
-tic mineralogic study of w e l l  aattings and 
cores began in 1977 which led to the recognition 
and description of hydrothermal mineral zonation 
azound the reserooir.12r45 A t  the top of tk res- 
ervoir detrital or authigenic clay minerals, l i k e  
montmorillonite and kaolinite, are progressively 
mtplaced by pore-filling chloride, i l l i t e ,  and 
calcite. 
menta to be highly indurated a t  the top of the 
rrserrroir. In the main production zone. above 
ZZ5-C. there is a zone of progressive decarbona- 
t&an and calcium aluminum s i l ica tes  are formed. 
kt the highest temperatures 80 far measured, 
hydrothermal biotite and vermiculite fonn. This 
zonation (Fig. 14) could be correlated to present- 
day f o m t i o n  temperatures and chemistries of both 
bkhes and recharge waters. This  wrk  led CPE t o  
include results from their w e l l  cutting analyses 

The presence of 
carbonate or silica cement. and the appearance of 
key minerals l ike  epidote (T > 230-250%) are now 
carefully studied and recorded.46 

This sealing process causes the sedi- 

designing w e l l  ocmpletions.31 

The mineralogic studies by ELders et 
an& t)le analysis of geophysical w e l l  logs16.3a 
indicated that the A/B contact which has a &ne- 
U e  configuration similar to the temperature d i p  
tribution in the field (Pigs. 15 and 161, is an 
rnduration boundary thjlt cross-cuts sedimentary 
m s .  confirming that  postdepositional altera- 
tion k the cause of this boundary. 

Resistivity, density and sonic velocity logs 
in the altered zone M i c a t e  a ~ d d e n  reduction 
Pn shale porosity and an increase in density a t  
the top of the altered zone. 
some sandstone units increase in porosity below 

On the other hand, 

the A/B contact, implying secondary porosity de- 
velopment due to chemical dissolution of rmstable 
grains and cement.16 These alteration effects 
were confinned by Vonder Haar and Howard6 who 
studied porosity variation by means of scanning 
electron microphotographs of w e l l  cuttings and 
cores. 

The induration of the shales also resulted in 
a decrease kt dril l ing rate.47 Generally in cerro 
Prieto w e l l s  the production intervals straddle or 
undel ie  the top of the high-resistivity, high 
density shales. 
comm~nly have f a i r  to good porosities (15% to 35% 
or higher). 
by hydmthenml mineralization. According to 
Lyons and van de -16 secondary matrix permeabi- 
l i t y  in the Cerro Prieto reservoirs is more impox- 
tant volumetrically than fracture permeability. 
( W e l l  tests performed a t  C e r r o  Prieto indicate 
that the reservoir permeability is i n  the order of 
tens of millidarcies). 

Sandstones in the altered zone 

Fractures often appear to be sealed 

The hydrothermal alterution dame was also 
detected by means of surface electrical m e a s u r e  
ments. 
w i t h  l-km-electrode separations was used along two 
NE-SW lines; one directly over the reservoir and a 
subparallel line several k i lamet t r s  to the north 
near the C e r r o  Prieto volcano. careful data col- 
lection and interpretation for the line E-E' over 
the production zone in 1978 rwealed, t o  wery- 
one'a i n i t i a l  surprise, t h a t  the production inter- 
vals correlated with a more resistive zone (4 
ohm-=) than the surrounding rock ( 1  t o  2 ohm-m) . 

The dipole-dipole dc resist ivity method 

The dipole-dipole survey vas repeated in 1979 
wing better instruments and improved sumey tech- 
niques to reduce s ta t i s t ica l  errors in the field 
measurements. This work resulted in a more reli- 
able subsurface resist ivity model for the eastern 
part of the field.43 %e model (Fig. 17) rwealed 
that the 4 ohm-m body associated with the produ- 
cing zone dips eastward at 30 t o  50- to a depth 
greater than 2 km. The n a r r o w ,  steeply dipping 
1.5 0 b - m  zone immediately t o  the east was intex- 
preted as a possible fault  zone and conduit for 
ascending hot waters. 
intervals within the 4 ohm-m dame are undetectable 
by means of the dc resist ivity method for various 
reasons of peametry and physical parameters involved, 

The conductive production 

Over a period of three pars starting i n  
1978, a number of magnetotelluric (m) stations 
w e r e  occupied in the area of the field. The ini- 
tial purpose of the m soundings vas to provide 
additional and deeper subsurface resist ivity data 
to supplement the dipolrdipole and Schlumberger 
~ e y s  conducted in the region. Subsurface r e  
s i s t iv i ty  models developed jointly f r m  the 
dipole-dipole resist ivity and MT data sets helped 
define the deep resist ivity structure of the 
field. The models also shoved: (a)  the inferred 
position of faults in the systemi (b) a front of 
cooler, less saline Colorado River water entering 
from the east; and (c) the A/B contact between 
nonconsolidated and consolidated sediments. Later 
Ul' studies were conducted to help delineate a pos- 
sible boundary on the south side of the thermal 
area. 48#49 

w .  

b 



-other inrportant ccortribution of Lyons and 
van de Itamp's study16 was their  atart on a d e  
tailed geologic model of the f ie ld  using mvailable 
well sample descriptions and regional geology in- 
tegrated w i t h  geophysical w e l l  logs md surface 

' 

geophysical data. These authors ptoposed a litho- 
facies and depositional model for  the region that 
showed a transition frcm a deltaic environmeat in 
the east, t o  a marine environment in the west. 
They found evidence for three groups of faulta of 
different ages based on w e l l  logs, air photo linr 
unents and surface geophysical data Iseismic, 
gravity and Pagnetic). They also &owed that  
reservoir is not werlain by a continuow lorper- 
=ability layer, but that  colder and less saline 
ground water were entering the reservoir f r u n  
above, a5$ocess also indicated by the geochemical 
studies, Their analysis of available geophysi- 
cal data indicated that there seaaed to be a gen- 
eral deepening of the basement in a SE direction 
across the field and no evidence for the much 
debated underlying basement borst. 
de Kamp did mte a zone of chaotic reflections 
coincident with the hydrothermal altezation zone, 

Lyons m d  van. 
* 

* 

These authors estimate that the top of the main 
magnetic source body is about 3.5 km below the 
surface, axid that the present m e l t  zone m y  be at 
9-10 km depth, as detezmined from Peismic (carth- 
quake) observations and a Curie isotherm analysis. 

Elders et al. l2 f i t t ed  the present. subsurface +cnr 
perature distribution determined fran deep -11s 
t o  a single stage of ampatic intrusion in the 
form of A funnd-shapea gabbroic body whose top is 
some 4 km across and a t  a depth of 5 km. The 
model age for ouch an event is 40,000 t o  50,000 
years, which is i n  the range of the 6ge for the 
volcanic ic t ivi ty  a t  cerro prieto.17 The aepth of 
the thermal model body is deeper than the mkcn 
intrusive body inferred by Goldstein et a l . 1 3  from 
magnetic data, but the thermal model assumes a 
twcrdirnensional source and a a g l e  phase of ~ g m a  
cmplacunent. These .rrsrrmp+ions greatly affect  the 
sire, depth, and age of the model heat aource. 

fn a related study based on thermal modeling 

As part of m aggressive dzilling.program, 
o t a r t e d  in 1977, t o  establish new production and 
define the extent of the geothermal field, an 
exploratory w e l l  (E-1 , drilled in the western 

f ield discwered in 1980 a deeper 
This reservoir (E or 6) is a t  about 

1550-1800 m depth, and has a temperature of about 
335*C, canpared to the .hallowsr reservoir (A or 
a) , urploited since 1973, which is a t  about 1000- 
1400 m depth and has a present average temperature 
of about 285*C. A number of additional wells 
(e.g. E-series, Pig. 2 )  have tapped this hot 
aquifer. 

On the basin of geophysical and lithological 
vel1 logs, the geologic model of Lyons and van de 
&zapa6 has been recently extended'and hprovcd by 
mfman et d . 3 8  me newer podel shows an inter- 
connection between the reservoir in the eastern 
part of the .yoten (also called B or  6) md both 
reservoirs in the west, and confirmed the l ack  of 
a XUtadly COntinuouS CQ rOCk OVCf the f ie ld.  

By nrperimporring, dovnhole temperature, 
and well ccmpletion data on the geologic model, 
~alkman et d .38  were able to atermine the M~U- 

fluids in the region . 18 and 19). In gene- 
rystcm discerned agrees 
developed mainly frcrn 

geochemical and mineralogical data. 12*26* 27 
Halfman's model, based on detail& analyses of 

hot 
, frcm 
into 

the sedimentary f i l l  of the valley. Then, mwing 
westvard through permeable layers. and upwards 
through faulta uad sandy gaps i n  the uhaly layers, 
the ht fluids gradually reach shallow depths. 
Eventually, in the western margin of the f ie ld ,  
part of the geothermal fluid. leak to the surface 
and the rest mix with local colder grormdvaterr. 

This model seems t o  indicate that the 
nichoacdn faul t  (Fig. 91, h r a l l e l  to the rail- 
road track. does not exint in the area of the 
field of does not continue aoutheast of the gene 
ral area of w e l l  U-114. This study has identified 
three faults (called H, L, m d  s on Figs. 18 and 
19) which seem to control the mwement of geother- 
m a l  fluids in the subsurface. Reflection seismic 
data, +be location of boiling zones in the field, 
and the results of numerical studies provide i n d e  
pendent confirmation on the d n t e n c e  of these 
faults. 51,52, 53 

Resemoir Engineerinq 

Since the mid 1970'8, a number of twerate  
flaw and interference well tests have been carried 
out. The reported permeability-thickness products 
obtained from these tests vary between 3.6 and 40 
darcymeters. Uoreover, +he data of one of the 
tes t s  clearly indicated communication between the 
a and 6 reservoirs.54 

Reservoir modeling studies confirmed the 
open-nature of the cerro Prieto tield.53,55*56 
was ahown that in its natural state the field is 
recharged from the east by hot (.bout 355%) deep 

It 
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water and fran both the east and west by colder 
(between 50. and 150.C) waters fran shallower 
aquifers. Same boiling occurs as the hot water 
ascends through a sandy gap i n  the shaly layers. 
The study of the reservoir response to q l o i t a -  
tion showed that  most of the fluid recharge to the 
a reservoir comes from the west and f r m  shallow 
waters flowing through Fault L (Fig. 19). The re- . 
charge from the east seemed t o  be minor due to the 
presence of a two-phase zone i n  the sandy gap 
ccumnunfcating the a and 8 reservoirs, near well 
M-10.53 

Since 1979-1980 CFE's exploration activity at  
Cerro Prieto vas confined nninly t o  new develop- 
ment dril l ing to the east. These step-out wells 
will wentuaIly help to establish the hydrogeole 
gic boundaries of the field. CFE has also devoted 
considerable effort  toward locating and evaluating 
other geothermal areas in the nudcali  Valley and 
neighboring areas. 

RESERVOIR m E S  DUE TO PRODUCTION 

The cero Prieto field has been under large- 
scale production since 1973. The rate of fluid 
extraction has increased over the years as new 
generators were added to the p e r  plant (Le.: 
June 1975 175 me):  2000 tonnes of steam-water 
cure per hour; June 1982 (180 me): 4400 
tonnes/h). Aa a result of this exploitation 
changes have occurred i n  the reservoir(s) which  . 
have been detected and monitored downhole, at  the 
wellhead and over the field. 

Geochemistry 

The geochemical data indicating changes &I 
the reservoir due to production have been dis 
cussed in detail  by ~ruesde l l  et al.33 A general 
decrease in reservoir temperature has been ob- 
served. According to Fausto et the Na-K-Ca 
geothexmaueter indicates that between 1973 and 
1978 the temperature in the a reservoir has 
dropped ~p to 30.C. 

Production-related dcawdown caused the leak- 
ing  of lmerchlor ide (colder) fluids into the 
reservoir and boilinib w i t h  excess steam reaching 
the producing w e l l s .  No extended vapor zone has 
formed. only local boiling occurs near most w e l l s  
because ample recharge of colder waters fran shal- 
lower aquifers and from the western margins of the 
field helps maintain presnrre.58 

The near-well  boiling causes enthalpy uxces- 
ses in the produced fluids that decrease or d i s a r  
pear w i t h  time as the boiling front stabilizes. 
The boiling resul ts  i n  s i l i ca  deficiencies i n  the 
produced fluids and deposition of quartz near the 
wells.58 other changes in the characteristics of 
the produced fluids and interference effects b e  
tveen w e l l s  have also been detected and are dip 
cussed elsewhere. 33 

A study of the canposition of the gases pro- 
duced fran the wells seem to indicate that the 
boiling zone is not expanding.52 ~n the other 
hand, Semprini and 1Drugers9, show tha t  based on 
the concentration of radon and ammonia in the pro- 
duced fluids the *phase zone is expanding in 
the northeastern part of the field and is decreas 
ing in the southeast. 

Reservoir Engineerinq 

The pressure in the a reservoir decreased 
about 330 psi  between June 1973 and December 
1979.60 
been obaerved in this aqaifer as fluid production 
has shifted increasingly to the deeper 8 reser- 

Lately, a partial pressure recovery has 

voir. 61 

A study of the production characteristics of 
the Cerro P r i e t o  wells over the 1973-1980 period 
indicated that production fran individual wells 
generally decreased w i t h  time due to relative 
permeability effects, a reduction in permeability 
and/or a reduced pressure gradient in the r e s e r  
voir. The average enthalpy of the produced fluids 
has varied wer  the years. The incrkases in en- 
thalpy were usually the result of bringing higher 
enthalpy wells on line. The decrease in the aver- 
age enthalpy was thought to be due t o  the mixing 
of relatively colder water w i t h  the geothermal 
reservoir f luib.62 

Geophvsics 

Repetitive high-precision, dipoledipole 
resist ivity measurements taken since 1979 along 
line E-E' showsd a con6iirtent pattern of 8pparent 
resist ivity changes. A zone of increasing resis- 
t ivi ty  is related to the region of the areservoir 
and presumed caused by decreasing tanperatwe and 
sal ini ty .  Above and flanking t h i s  region, reds-  
t i v i t i c s  show a systematic decrease w i t h  t i m e .  
These changes are more diff icul t  to explain, but 
there seems to be a component related to ascending 
hot, more saline, fluids a t  the eastern edge of 
the ptoducing zone.63 

Detailed seismological studies conducted in 
the area showed that  in the immediate production 
zone seismicity had increased fran 1-2 events/day 
(& > 1) in 1978 to 7-8 events/day i n  1981, and 
that  these wents aReared to be production re- 
lated. l t i n g  a 1980 study the seismic wents 
were clustered near the center of the production 
area, a t  depths fran 2 to 5 km, on a fa i r ly  w e l l  
defined -south plane extending fran well 
lt-101 t o  the power plant. On the other hand, the 
1981 events were distributed in a rather diffuse 
pattern concentrated on the western edge of the 
field. The diffuse pattern of the 1981 events and 
the increase in seismicity may indicate that the 
area is undergoing a transformation fran aseismic 
creep to stick-slip behavior, which is accelerated 
by +he extraction of fluids frcln the field.51 

Subsidence Monitorin3 

First-order leveling surveys performed be 
tween 1977 and 1979 indicated subsidence wer  the 
production area of the field. 
clear hw much of it was due to fluid extraction 
and how much to ground shaking related to the 
strong (6.2 June 8, 1980 "Victoria" earth- 
qaakc.64 Between 1978 and 1981 inward ground- 
surface movement toward the production area was 
detected by resurveying horizontal control net- 
works. This  mwcment was considered to result 
frm the exploitation of the field.65 

However, it was not 

Precision gravity surveys conducted over the 
f ie ld  since 1978 seem also to indicate production- 
induced subsidence. 66, 67 The interpretation of 
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the data is complicated by the gr- deformation 
resulting frcnn the natural earthme activity 
characteristic of the Salton Trough area. 

The monitoring of the f i e l d  w i l l  cont.lnue and 
w i l l  be further expanded into the east- areas of 
Cerro Prieto; e.gr recently a new NW-SE dipole- 
dipole resist ivity l ine crossing these areas has 
been established. This effor t  w i l l  aSlm t o  con- 
tinue t o  study the response of the reserooir(s), 
especially as  the extraction of fluids is signifi- 
cantly increased to supply steam to the oew power 
plants due to come on Line in the next f y  Tears. 

pNausIcxJs 

The Ceno Prieto case study demonstrated the 
value of a multidisciplinary effor t  for exploring 
and developing a geothexmal field. 

There was no problem in recognizing the gee- 
thermal potential of the Cerro Prieto area because 
of the many obvicas nuface manifestations. E o r  
ever, the delineation of the geotherrpal resemoir 
a t  depth w a s  not 90 rtraightforward. Wells 
Qilled near the abundant surface mantfestat 
only produced fluids of relatively l aw enthalpy. 
L a t a  it wad de tedned  that these zones of M 

f a d t s  and f ra  
discharge areas where 

allowed thexmal flui,PB 
not t o  the m a i n  geoth 

of a higher density tone of hydrotherrpa 
g the geothennal res- 
s e n t  harst in +e 
hypothesized that  

l l ing  the upward 
tempting to penetrate the sedlmentary 

reach the Vaasement horst-, CEE disc 
ered the a geothermal reservoir ( in  w e l l  13-51. 
The continuation of the geothermal aquifer Iactu- 
ally the 6 reaervoirl east  of the original well 
f ie ld  was la te r  confirmed by a deep 
w e l l  (n-53). 

The experience of Cerro Priato ahowed the 
importance of chemical ratios, and geothernwneters 
i n  general, i n  establishing the subsurface tempera- 
tures and fluid flow patterns. Fluid chemical and 
isotopic compositions have also been helpful to 
determine the o r ig in  of the fluids, fluid-produc 
t ion mechanisms and production induced effects on 
the reservoir. 

The dneralogic and petrographic studies of 
w e l l  aattings and cores established the hydrother- 
m a l  alteration of the sedFPlents &e to tempera- 
ture-dependent rock-fluid interactions. The dn- 
eral zonation and isotopic ratios in the rocks 
helped to define the shape af the reservoir, the 
preproduction fluid flaw patterns in the system, 
and its thermal history. 
hydrothennal minerals reflecting high subsurface 
temperatures was Important in the design of w e l l  
completions. 

The appearance of key 

Interpretation of temperature, geophysical 
and Uthological well logs allowed CFE t o  mrwe 
the completion of Cerro Prieto geothermal wells. 

"he analyses of these logs were also very useful 
in the development of a hydrogeological d e l  of 
the geothermal system. Well tests and reservoir 
lpodelling 6tudies determined reservoir parameters, 
and helped to  define the role of certain geologic 
features in the transport and recharge of heat and 
maas in the geothermal system. 

veys were used extensively to  help define an-- 
lies the region. Although these data permitted 
simple i n i t i a l  interpretations, it w a s  generally 
found that these contained flaws. Experience a t  
Cerro Prieto showed that the analyses of electri- 
cal resist ivity (dipolsdtpole and magnetote1lu- 
tic1 data were useful in defining the (resisti- 
vity) structure of the field and the location of 
faults uzd fronts of waters of different proper- 
ties. These studies indicated that  the reservoir 
region had higher resist ivity than the surroun- 
dings because of the hydrothermal alteration of 
the shales in the reservoir area. The l o w  resis- 
Udty zone associated with the f ie ld  w a s  &own 
t o  be &e to h ig i~ ly  conductive nearsurface sedi- 
e a t s ,  particularly i n  the discharge areas. 

Resistivity, gravity and magnetic f ie ld  SUP 

Self-potential surveys were useful for  iden- 
tifying a permeable zone allwing the upflow of 
qeotherrpal fluids. CravFmetry seems better than 
magnetometry t o  define the zone of hydrothennal 
alteration/metamorphism associated with the g e e  
thermal field. Uo magnetite and anly sparse p y r  

ting M d  cores, 
c anomaly coinci- 

haotic seismic reflections 
athermal alteration zone 

suggests that seismic reflection can be a useful 
exploration method. However, other geophysical 
data w i l l  be necessary t o  eliminate alternate 

eon-poor zones. 

Surmoarizing, self-potential, dc resist ivity 
and magnetotelluric surveys were useful for loca- 
t ing the reservoir regions, but the fu l l  signifi- 
cance of these data was not 8pprcciated unti l  they 
could be compared to seismic reflection. gravity 
and geophysical and geological w e l l  logging re- 
rults. 
fluid geochemistry, dneralogy of cuttings and 
cores, geophysical well logs and resemoir engi- 
neering studies played important roles in uader- 
standing the nature of the geotherrpal system, such 
as origin of the geofluids, f luid circulation, 
dilution, and location of the heat source. 

After the f i r s t  wells had been ccmpleted, 

The usefulness of fluid geochamistry and res- 
ervoir engineering studies, as well as electrical  
resist ivity,  passive seiamic, precision gravity 
and ground-surface deformation mameys, for moni- 
toring the behavior of a geothermal f ie ld  under 
production has been prwen a t  Cerro Prieto. 
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Fig. 3: Fractures and spreading centers along 
part of the Pacific Coast of North mer- 
ica. Oceanic fracture zones (FZ) and 
continental faults (PI are  solid black 

Cerro Prieto Fault; EF, Elsinore Fault: 
IF, Imperial Fault: SAP, San Andreas 
Fault; SJF, San Jacinto Fault; SRF, Santa 
Rosa Fault. Postulated spreading centers 
in the Gulf of California are shown in 
black. 
recent volcanoest cp: Cerro Prieto 

- b e S .  ABF, A-8 Blanc& Fault; BF, 

Black triangles are Xolocene or 

0 

(after Ref. 4).  

Fig. 2: Location of w e l l s  i n  the Cerro Prieto 
field; the dashed lines approximately 

' outlines the geothermal ananaly. 
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Fig .  4: Postulated system of transform faul ts  and 
pull-apart basins in the Salton Trough 
area; O.B., O b s i d i a n  Butte; B, Brawley  
geothermal area; C.P., Cerro Prieto 
geothezmal area; C.R., Consag Roe; W, 
Wagner Basin (a f te r  Ref s. 3 and 4).  

- 

c-( 

32. IS' ' 

ap 
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e 
e I 
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a Epicenters 1971-75 ond 1977-78 I A Seismic rtotionr 

XBL 197-7516 

Fig. 5: Seismicity of  the Cerro Prieto area €or 
1971-75 and 1977-78 (after Ref. 9) .  

Fig. 7: Isotherm map for the Cerro Prieto area 
ohowing umxinnun temperatures measured be- 
tween 50 and 1.02 nt depth (af ter  Ref. 24). 

Fig. 6 :  Location of surface manifestations in the 
Cerro Prieto area (Ref. 6 8 ) .  
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Fig. 8:  Mercado'sZ7 convective model for the 
Cerro Ptieto system. 

It map for the Cerro Pricto 
area developed in 1980. 

IIm-sw 

Fig. 10: mente and de l a  P e n ' a ' ~ ~ ~  geologic 
model of Cerro Prieto. 
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t .- 
14 

Fig. 11: Self-potential ananaly over the C e r r o  
P r i e t o  field. 
best estimate of the source plane loca- 
tion ( R e f .  37). 

The dashed line indicates 

I t 

0 a - - -  'Fa,-,.,, C.1. = 5mGol 
xeLeos-ros9 

Fig. 12: BOUguer anomaly map € o r  the C u r 0  P r i e t o  
area ( a f t e r  R e f .  3 9 ) .  

c 

i 

0 - * m C.I. * 25 GAMMAS , .- 
XBL B05-7C60 

Fig. 13: Magnetic anomaly map € o r  the C e r r o  
Prieta area ( a f t e r  R e f .  39) .  

. 

h 
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Fig. 14: Temperatme ranger of hydrothermal al- 
teration mineral zones in Cerro Prieto 
randstones (Ref. 12). 
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Section E-E' Resistivity 

4 
] 300.0 

300.0 
' 1 6  : : ? ? ; '  well locotiom 

m l l l u  r*. - lop of A-B m i i o n  - fopof metamorphic zona - First oaurrmCe Of epldole 
XBL 8 0 I - m  

pig. 17: ~wo-dimenriondl resistivity model tor a 
southwest-northeast line crossing the 
Cerro P r i e t o  field. shown are also the 
position of the A/B contact, the top of 
the lnetarnorghic zone, and the first 
ozcwraice of the mineral epidote 
(Ref. 43). 

! c .U(L 

Fig. 18: Location of the main faults controlling 
the subsurface f law of geothermal fluida 
in the Cerro Prieto field. 
is the position of cross section A-A' 
given in FigUte 19 (after Ref. 38) 

Also shown 

XBL 8211-3221 

Fig. 19: Southwest-northeast geologic -8s 
section of the Cerro Prieto showing 
schematically the f l a w  of geothermal 
fluids (Ref. 38) .  
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