Lawrence Berkeley National Laboratory
Recent Work

Title
EXPLORATION AND DEVELOPMENT OF THE CERRO PRIETO GEOTHERMAL FIELD

Permalink
https://escholarship.org/uc/item/39s574pt

Authors
Lippmann, M. J.
Goldstein, N.E.
Halfman, S.E.

Publication Date
1983-07-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/39s574pt
https://escholarship.org/uc/item/39s574pt#author
https://escholarship.org
http://www.cdlib.org/

5594

~ DE84 002571




DISCLAIMER

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



DISCLAIMER

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



-y

DISCLAIMER

\

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-

* fulness of any information, apparatus, product, or process disclosed, or represents
- that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-

turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or

- reflect those of the United States Government or any agency thereof.



‘o be presented at the Society LBL-15594
of Petroleum Engineers of AIME ' NOTICE
58th Annual Technical Conference
and Exhibition, San Francisco, CA, . PORTIUNS OF THIS REPORY ARE ILLEGIBLE.
October 5-8, 1983. it has been reproduced from the best
available copy to permit the broadest
possible avallability.
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/
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P.A. Witherspoon

Earth Sciences Division, Lawrence Berkeley Laboratory
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ABSTRACT

A multidisciplinary effort to locate, deli='
neate, and characterize the geothermal system at’

Cerro Prietc, Baja California, Mexico, began about

25 years ago. It léd to the identification of an
important high-temperature, uquid-cominated geo—
thermal system which went into production in: 1973.
Initially, the effort was undertaken principally

by the Mexican electric power agency, the ‘Comigién’

Federal de Electricidad (CFE). Starting in'1977 a
‘group of U.E. organizations sponsored by the U.S.
Department of Energy, joined CFE in this endeavor.

 an evaluation of the ditfergnt studies car-
‘ried out at Cerrc Prieto has shown that: 1) sgur—

face electrical resistivity and seismic reflection
surveys are useful in defining targets for explo~ -

ratory ‘drilling, 2) the mineralogical studies of
‘cores ‘and cuttings and the analysis of well logs
are important in designing the completion of
wells, identifying geological controls on fluid.
movement, determining thermal effects and infer-
ring the thermal history of the field, 3) geochem-
ical surveys help to define gones of recharge and
paths of fluid migration, and 4) reservoir engi- .
neering studies are necessary in establishing the

characteristics of the reservoir and in predicting )

its response to fluid production.

INTRODUCTION

The Cerrc Prieto geothermai field is located

‘in the Mexicali Valley, Baja California, Mexico,
about 30 km scuth of the U.S. border (Fig. 1). It
has been in production since 1973, when it became
the first liquid-dominated geothermal gystem in
North America from which ugniﬁ.cant electrical
povex' was produced,

The general geologic similarity between Cerro
Prieto and the gecthermal fields of the neighbor=
ing Imperial Valley (southern California), and the
experience gained by the Comigién Federal de Elec~
tricidad of Mexico (CFE) in locating and develcp-
ing the regcurce were the main factors that led to

References and illustrations at end of paper.

the signing, in 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
Energy (DOE), to conduct a cooperative study of
Cerro Prieto.} The Lawrence Berkeley Laboratory
(LEL) coordinated U.S. technical activities car-
ried out under the agreement. Because of the suc-
‘cess of this cooperative program, discussions are
being held to sign a new DOE/CFE agreement to
-study Cerro Prieto and other gectheml areas in
‘Mexico.

. Exploration for geothermal energy in the
Cerro Prieto area began in the late 1950's, and
the first deep exploration wells were drilled in
1960/61 over the thermal anomaly. By early 1983,
about 120 deep .wells (up to 3550 m in depth) had
been drilled, delineating a good portion of the
geothermal reserveir (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 Mwe by mid 1985,

: Over the years, a vast amount of data on the
subsurface of the area and on the characteristics
of the producing wells have been gathered making
Cerro Prieto one of the more thoroughly documented
and best understood geothermal systems. The pur-
pose of this paper is to review the exploration
effort which led first to the diszcovery of the
field, then to the delineation of the resource,
and finally to the definition of the subsurface
-£fluid and heat circulation.  Other studies carried
out on Cerro Prieto are summarized elsewhere.2

GEQOLOGIC SETTING OF THE AREA

Cerro Prieto is situated in the socuthern por-
tion of the Salton Trough, which is an actively
developing structural depression filled with 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 Saltcn Trough-
Gulf of California is the result of tectonic acti-
vity that has created a series of spreading cen~
ters and transform faults which link the East

Pacific Rise, an oceanic ridge, with the San
s fireas tault systenm, a transform boundary (rig.S).

DB TS TCDAERT 15 VLT Qy@
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stresses an extensional sedimentary basin (pullw i, .

apart basin)5/6 would begin to form as the litho-
sphere thins and begins to subgide. Wwhere thin-
ning of the crust and basin development is rapid,
there will occur an upwelling of magma from the
asthenosphere creating a new oceanic-type crust,.>
The rifting and intrusion generate high heat flows
and induce metamorphism of the sedimentary rocks
at relatively shallow d;pths, consolidating the
section into new crust.

The Cerro Prieto field ig located in a
tensional area developed at the end of the right—
stepping en echelon strike-slip Cerrc Prieto and
Imperial faults (Fig. 4).3s* The tensional for-

‘ces produce crustal spreading and thinning; Savino

et al.® indicate that the crust at Cerro Prieto is
about 13.5 km thick, campared to more than 30 km
at the margins of the Salton Trough.

An area of geismicity connects the Cerro
Prieto and Imperial faults (Fig. 5), corresponding
possibly to a zone where magma is intruding to .
form a complex of dikes and 8111593+10 aa Gescribed
by Hill.!} some of these dikes, of basaltic-
diabasic composition, have been found in wells
drilled in the eastern part of Cerro Prieto,12,13

Granodioritic and metamorphic rocks outcrop
on the western edge of the Mexicali Valley forming
the Sierra de Cucapi. These basement rocks have
been intersected in three wells drilled on the
western margin of the Cerro Prieto field (M-96,
M-3, S~-262; Pig. 2). Elsewhere in the field, the
wells penetrate alluvial, deltaic, estuarine and
shallow marine deposits without reaching the base
of the gedimentary column. Seismic studies indi-
cate that at the U.S.-Mexican border near the cen-
tex of the txough, the basement, possibly consis-
ting of metasediments, ig at 4.8 km depth, and
that below it, at 10 km depth, there is a subbase-
ment composed yossiblg of intrusive rocks of
basaltic composition.

RECENT GEOLOGIC HISTORY OF THE AREA

About 15 million years before present

(Ma b.p.), during the Miocene, extensional tec-
tonism resulted in the formation of a “"proto~Gulf
of California®™ which was the first major invasion
of marine water preceding the formation of the
Gulf proper. The present configuration of the
Gulf began to develop by major crustal extension
about 5 Ma b.p., during the early Pliocene, when
the transform fault along the oceanward side of
Baja California "moved” inland, splitting Baja
California from the Msxican mainland. Extension

~has continued at short spreading centers within

deep basins separated by long transform faults.l"

Ingle15 indicates that Colorado River deltaic
sediments, which form the bulk of the Cerro Prieto
section, began depositing into the northernmost
reaches of the Gulf of California ag early as the
late Miocene or early Plioccene (7 to 5 Ma b.p.).
The progradation of the delta into the Cerro
Prieto area began in mid-to~late Pliocene (3 to 2
Ma b.p.). By late Pliocene, the southwesterly
advance of the delta was essentially camplete, re-

sulting in the conversion of the Salton basin into
a nonmarine depositional basin with delta plain
sedimentation in the Cerro Prieto area.l® By mid-
Pleistocene time, the marine connection between
the Gulf of California to the south, and the
Imperial Valley to the north, was severed.lS

On the basis of geclogical and geophysical
data, Lyons and van de Kampl® concluded that dur-
ing the late Pleistocene (about 0.11 Ma b.p.) a
new faulting episode began at Cerro Prieto, which
seems to have been synchronous with the induration
of sediments by hydrothermal alteration and the
onset of volcanism at the Cerro Prieto volcano,
northwest of the field. Since that time, there
have been at least five eruptive phases of that
volcanic complex. 17 Contemporanecusly, repeated
faulting and the emplacement of a plexus of dikes
and gills into the sediments occurred which resul-
ted in fracturing and sealing of fractures by
hydrothermal alteration, and development of secon~
dary porosity in altered sandstones. The age of
the dikes encountered in some of the wells has not
been determined, but the present—day seismic acti-
vity might be related to continued crustal exten—
sion and magma movement. Another indication of
recent magmatic~hydrothermal activity are the

phreatic explosions (?) in the area of Laguna Vol-

cano described by newspaper accounts (the latest
possibly on January 1, 1927).18

EARLY EXPLORATION AND FIELD DEVELOPMENT ACTIVITIES

£1959-1975)

In 1959, studies of aerial photographs were
followed up by field geologic surveys in the Mexi~
cali Valley to determine the geothermal energy
potential of the area. 19,20 ghe studies were con-
centrated near the Cerro Prieto volcano, a Quater-
nary rhyodacitic complex riging about 210 m above
the valley flcor, and at the nearby Laguna Volca-
no, consisting of low hills built up by continued
hot springs and phreatic activity surrounded now
by conspicuous geothermal surface manifestations
(i.e., hot springs, fumarcles, and mud volcanoes)
(Fig. 6). Between 1959 and 1961, three explora-
tion wells (up to 755 m deep) were dArilled east of
the Cerro Prieto volcano. One well (M-1A, Fig. 2)
produced geothermal fluids but of low enthalpy.?2l

Basement configuration and fault patterns
were determined initially from early seismic re~
fraction and gravity studies. A block-faulted
basement, with blocks generally becoming deeper
toward the east and major faults striking north~
west-goutheast, was indicated by early seismic
refraction and gravimetric surveys.22,23 on the
bagis of subsurface data, four deep exploration:
wells were drilled in 1964. Well M~3 encountered
relatively hot (~270°C) fluids between 650 and
900 m dQepth; it reached granodioritic basement at
2532 m. Well M~5, the discovery well for the
field, produced fluids hotter than 300°C frcm
about 1100 and 1300 m depth.2! 1In 1965, 50 shal-
low temperature gradient wells (about 50 m deep)
were drilled.l!% This study was later extended
when 11 additional wells, up to 102 m Qeep, were

completed.2* fThe digtribution of maximum tempera-

tures measured in these wells ig shown in Figqure
7. The "hottest” areas correspond to places with
abundant surface manifestations (see Fig. 6), and
not to the geothermal reservoir at depth; the
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trend of the isotherms reflects the faults con- -
trolling the leakage of gecf.hernal tluids to the
surface.

Based cn 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 thermal rock conductivity |
of 3 x 10°3 cal/cm?sec®C, it was calculated that
the conductive heat losses to the surface amount
to about 45 MW over the 61.5 km? area encompassing
temperatures ZS'C or higher.

In 1966, a- geochemical ltudy of the hot
springs and fumaroles was completed. Me::ca:!o26
found that the . temperatures of the manifestations
correlated with the Na/K and C1/804 ratios in the
hot-springs. -He estimated that the total flow of
the surface manifestations was about 5 x 106 m3/yr
and their heat ocutput to be about 40 MW. . Based on
results of this work and on geological and geo~
chemical data from the few deep wells drilled in
the area, Mercado26,27 developed a model of the -
fielda showing the circulation of fluids in the
subsurface. The model indicated the entrance of
cold water from the northeast and the scuthwest.
These waters are heated in. the eastern part-of the
field by a deep heat source, and move westward.
toward the area of well M~-6. There, the tlulds

" leak to. the surface via a fault zone (Fig. 8).

The -general fluid circulation pattern and tempera-
ture distribution in the field given by Mercado's
model , -based mainly on measured values and Na/K -

ratios in the fluids, have.been confirmed by later' o

studies, especially in the: western part of the.
field.

Between !1966';:&:1 1968, 15 development wells
were completed in the area west of the x‘nilrood :
tracks. After successfully testing the wells, CFE
ordered the first two 37.5 MW turbo-generators .
which went on line in 197328, and continued explo-
ration actlvicies to ascerni.n the dimensgions and .
other pa:ameterl of the rescu:ce.

A number of ltrike-slip and normal faults
were located by a regional leromagnetic survey
carried out in 1971.29 petween 1972 and 1975 de-:
tailed electrical resistivity surveys of the area
showed that the field was associated with.a large
NW-SE elongated resistivity low.30 Because of the
low power of. the equipment used to emplace cur-
rent, and the high conductivity of the surface
materials it was not possible to achieve suffi-
cient depth of exploration to determine the true .
dimensions of the field. - These surveys also indi= .
cated a mumber of faults including a major normal
fault, downthrown to the NE, parallel and near the
rajlroad tracks, (late: called Michoacén Fault;
!‘ig. 9). : K :

The depth and the production intezvale_ of
the first wells drilled at Cerro Prieto were
based mainly on temperature logs, geophysical .
well logs and well cuttings. - In some instances,
wells perforated at various depths resulted in
the scaling of the production casing because of
chemical reactions between the different waters
entering the well bore.. In other cases, the
hottest zones indicated by the temperature logs
produced little fluid. From these experiences,
CFE placed greater importance on lost circulation

gones, temperature of the returning drilling mud
and the percentage of sandstone in the cuttings
for gelecting production intervals.

Fourteén new wells were drilled at Cerro
Prieto between 1972 and 1974. The purpose of
exploration well M-53 (Fig. 2), located about -
1.5 km northeast of the production area at that
time, was to gtudy the eastern region. A hot
(340°C) reservoir was reached at about 1900 m
depth (about €00 m deeper than in the western .
area), This seemed to confirm the existence of
the major normal fault parallel to the rajilrcad.

: A geologic nodel of the ﬁeld devel@ed by
CFE mainly on the basis of well-cutting litholo~
gies and surface geophysical data, showed a com=-
plex horst-and-graben basement structure and faul-
ting of the sedimentary f£ill (Fig. 10).32 1In pre-
paring this model, the A/B contact between uncon-
golidated (Unit A) and the underlying consolidated
(Unit B) sediments was used as a stratigraphic
marker horizon. - Later, it was found that this
contact was the result of postdepositional altera-
tion. This finding has led to the reinterpreta-
f.:lon‘of the geology of the area.

RECENT EXPLORATION AND REERVOIR DEFINITION
ETUDIES

©. . After 1975, with the expansion of power pro-
duction in mind, CFE increased its exploration
effort at Cerro. Prieto.  In 1977 the DOE-sponsored
groups began studying the field. A discussion of
these recent studies, and an evaluation of their
impact on the exploration and development of Cerro
Prieto follow.

EM
Geochem.ical studies have - played an important:

" role ' in the exploration and development of Cerro

Prieto. The data and interpretations have been
reviewed by Truesdell et al.33 scme of the re-
sults are summarized below.

Isotopic studies indicated local recharge
from the area immediately to the west of the

.field, leakage of shallower waters intoc the reser—

voir, and a suggested age for the fluids between
50 and 10,000 years.3" On the basis of computed
deuterium and chloride concentrations in the res-

" ervoir brines.and Cl/Br ratios it was concluded

that the geothermal fluids at Cerro Prieto are a

. mixture of Colorado River water and a saline brine
. of marine origin.35 A similarity in isotopic com-

position and ratios of major elements was observed
between the hot springs and the producing wells,

‘suggesting that the geothermal reservoir and the

springs are closely related. 36

Geology and Geophvsics

. Passive seimic studies, which be'gan in 1974,
indicated NW-SE striking right-lateral, strike-
slip faults of the Cerro Prieto-Imperizl transform
fault system, and Qip-slip faulting along some of
the NE-SW striking Volcano system (Fig. 9).9

Self-potential surveys conducted in 1977
and 1978 defined a dipolar voltage anamaly whose
axis runs through the center of the production
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field (Fig. 11). ' The source of the eiectrical
anomaly may correspond to a north-trending fault,

.along which moving fluid produces a streaming po-

tential.37 The existence of this upflow zone has
been indicated by various authors. 12,26,27,38

St&rting in 1977, CFE began a renewed program
of geophysical investigations consisting of deeper
Schlumberger resistivity soundings, gravity, mag-

. metic and reflection seismic studieg to define the

extent of the field.39,40,%1 ghege gtudies showed
that the Cerrc Prieto field is not associated with
either gravity or magnetic anomalies (Figs. 12 and
13). However, it is now agreed that large-scale
gravity and magnetic effects can be interpreted in
terms of the spreading center concept, including
contributions from igneocus intrusion, basement
structure -and hydrothermal metamorphism. The

. gravity highs observed over a portion of the field
. were originallx interpreted as reflecting a base-
© | ment horst.33,40

i ‘the gravity anomalies could be explained by a com-

.- However, later it was shown that

bination of hydrothermal metamorphism of the gedi-

-} ments*2:%3 . ana local basement ‘highs found from

-} a-illing. :Lyons and van de Kampl
- seismic and other data and did not find any con-

' wincing geophysical evidence for a major. Cexro

- Prieto horst. - They did find, however, that the

| gravity high could be reasonably explained by

' hydrothermal densification of the sghale units

.| below the A/B contact.

reviewed the

The hydrothermal alteration of Cerrc Prieto

- sediments was first reported by Reed“, and a sys=
| tematic mineralogic study of well cuttings and

cores began in 1977 which led to the recognition

| and description of hydrothermal mineral zonation

around the reservoir.l!2/%5 jxt the top of the res-
ervoir detrital or authigenic clay minerals, like

} mentmorillonite and kaolinite, are progressively
replaced by pore-filling chloride, illite, and

calcite. This sealing process causes the sedi-

. ments to be highly indurated at the top of the

. reservoir. In the main production zone, above

| ZZ5°C, there is a zone of progressive decarbona-

| tion and calcium aluminum silicates are formed.

. At the highest temperatures so far measured,

. hydrothermal biotite and vermiculite form. This

. zonation (Fig. 14) could be correlated to present-
, day formation temperatures and chemistries of both
¢ brines and recharge waters. This work led CFE to
. include results from their well cutting analyses
: in designing well cmpletions.n

: carbonate or silica cement, and the appearance of
. key minerals like epidote (T > 230-250°C) are now
. carefully studied and recorded.

The presence of

The mineralogic studies by Elders et al.'S
and the analysis of geophysical well logs 16,38
indicated that the A/B contact which has a dome-
like configuration similar to the temperature dis-
tribution in the field (Figs. 15 and 16), is an
induration boundary that cross-cuts sedimentary
Izyers, confirming that postdepositional -altera—
tion is the cause of this boundary.

Resistivity, density and sonic velocity logs
in the altered zone indicate a sudden reduction
in ghale porcsity and an increase in density at
the top of the altered zone. On the other hangd,

some sandstone units increase in porosity below

the A/B contact, implying secondary porosity de-
velopment due to chemical dissolution of umstable
grains and cement.l® fThese alteration effects
were confirmed by Vonder Haar and Howard® who
studied porosity variation by means of scanning
electron microphotographs of well cuttings and
cores. : :

. The. induration of the shales also resulted in
a decreage in drilling rate.*’ Generally: in Cerro
Prieto wells the production intervals  straddle or
underlie the top of the high-resistivity, high
density shales. Sandstones in the altered zone
commonly have fair to good porosities (15% to 35%
or higher). Fractures often appear to be sealed
by hydrothermal mineralization. According to

Lyons and van de Kampl® secondary matrix permeabi-

lity in the Cerro Prieto reservoirs is more impor-
tant volumetrically than fracture permeability.
(Well tests performed at Cerro Prieto indicate
that the reservoir permeability is in the order of
tens of millidarcies).

The hydrothermal alteration dome was also
detected by means of surface electrical measure—
ments. The dipole~dipole dc resistivity method
with 1-km-electrode separations was used along two
NE-SW lines; one directly over the reservoir and a
subparallel line several kilcmeters to the north
near the Cerro Prieto volcano. Careful data col-
lection and interpretation for the line E-E' over
the production zone in 1978 revealed, tc every—
one's initial surprise, that the production inter-
vals correlated with a more resistive gone (4
ohm=m) than the surrounding rock (1 to 2 ohmm).

The dipole~dipole survey was repeated in 1979
using better instruments and improved survey tech-
niquesg to reduce statistical errors in the field
measurements. This work resulted in a more reli-
able gubsurface resistivity model for the eastern
part of the field.43 The model (Fig. 17) revealed
that the 4 ohmm body associated with the produ-
cing zone dips eastward at 30 to 50® to a depth
greater than 2 km. The narrow, steeply dipping
1.5 ohr~m zone immediately to the east was inter—
preted as a possible fault zone and conduit for
ascending hot waters. The conductive production
intervals within the 4 ohm~m dome are undetectable
by means of the dc resistivity method for various
reasons of geometry and physical parameters involved.

Over a period of three years starting in
1978, a number of magnetotelluric (MT) stations
were occupied in the area of the field. The ini-
tial purpose of the MT soundings was to provide

- additional and deeper subsurface resistivity data

to supplement the dipole-dipole and Schlumberger
surveys conducted in the region. Subsurface re-
sigtivity models developed jointly from the .
dipole-dipole resistivity and MT data sets helped

‘define the deep resistivity structure of the

field. The models also showed: (a) the inferred
position of faults in the system; (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
MT studies were conducted to help delineate a pos-
sible boundary on the south side of the thermal
area. 48,49
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Another important contributicn of Lyons and
van de Kamp's study 1€ was their start on a de-
tailed geologic model of the field using available

well sample descriptions and regicnal geology im~

tegrated with geophysical well logs and surface
geophysical data. These authors proposed a litho-
facies and depositional model for the region that
showed a transition from a deltaic environment in
the east, to a marine environment in the west.
They found evidence for three groups of faults of

different ages based on well logs, air photo line~ -

. aments and surface geophysical data {(seismic, . -
gravity and ‘magnetic). ~They also showed that the
reservoir is not overlain by a continuous low-per-
meability layer, but that colder and less saline °
' ground water were entering the reservoir from
above, a gtocess alsc indicated by the geochemical
studies. Y Their analysis of available gecphysi=-
cal data indicated that there seemed 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 horst. Lyons and van
de Kamp did note a zone of chaotic reflections :

coincident with the hydrothermal alteration zone, '

. suggesting that the seismic reflection method may
be a good ‘technique for detecting altered rock.
However, other geophysical data are necessary to

. elininate other sources . cf teflection-poo: zones.

A b:oad mgnetic high and & general grtvi.ty
‘low-about 5 km east of the: power plant are shown -
in Piqures 12 ‘and 13. These ancmalies were inter-
preted as indicating the: presence of. volcanics )
and/or dikes and sills within the basin £111.16°
This- 1nterpretation ‘wag confirmed by the- .u:tex'lee-
tions of mafic and minor rhyodacitic dikes at:
depths between 2500 and 3540 m depth in wells
"drilled:in- the eastern part of the field (e.q. p
H=2, NI..-1, '1‘-366, M=189).

: Recently, Goldstein et 01.13, analyzed this :
magnetic ancmaly. Their modeling studies, coupled
-with the analysis of cuttings of mafic dikes re-

"covered from well NL-1, and viewed in conjunction:. :

with other geological and geophysical data, gave’
further support. to.the hypothesis that Cerro -

. Prieto is located in a pull=-apart basin, into:

" which igneocus basic rocks are being emplaced.
These authors estimate that the top of the main
magnetic source body is about 3.5 km below the
surface, and that the present melt zone may be at
9-10 km depth, as determined from geismic (earth-

quake) cbservations and a Curie isotherm analysicr

In a related study based on thermal modeling
Elders et al.l2 fitted the present subsurface tem-
perature distribution determined from deep wells
to a single stage of magmatic intrusion in the
form of a funnel-shaped gabbroic body whose top is
some 4 km across and at a depth of 5§ km. The
model age for such an event is 40,000 to 50,000
years, which ig in the range of the age for the
volcanic activity at Cerro Prieto.l?
the thermal model body is deeper than the main
intrusive body inferred by Goldstein et al.l3 frem
magnetic data, but the thermal model assumes a
two~dimensional source and a single phase of magma
emplacement. These assumptions greatly affect the
size, depth, and age of the model heat source.

The depth of-

As part of an aggressive drilling.program,
started in 1977, to establish new production and
define the extent of the geothermal field, an
exploratory well (E-1), drilled in the western
part of .the field discovered in 1980 a deeper
reservoir.’ This reservoir (B or §) is at about
1550-1800 m depth, and has a temperature of about
335°C, compared to the ghallower reservoir (A or
a), exploited gince 1973, which is at about 1000~
1400 m depth and has a present average temperature
of about 285°C. A number of additional wells
(e.g. E~geries, Fig. 2) have tapped this hot
aquifer.

On the basis of geophysical and lithological

. well logs, the geologic model ©f Lyocns and van de

Kampl® has been recently extended and improved by

" Balfman et al.38 The newer model shows an inter-

connection between the reservoir in the eastern
part of the system (also called B or g) and both
regservoirg in the west, and confirmed the lack of
a laterally continuous cap rock over the field.

By superimposing, downhole tempe:aturé,

and well completion data on the geologic model,

Balfman et al.38 were able to determine the natu~
ral movement of geothermal fluids in the region )
prior to exploitation (Figs. 18 and 19). -In gene~

ral, the fluid circulation system discerned agrees

‘with that of earlier models developed mainly from

" geochemical and mineralogical data.l2,26,27

|- Halfman's model, based on detailed analyses of

. -structure and stratigraphy showed that the hot

|- fluids enter the system from the southeast, from -
the area where igneous dikes have intruded into
the sedimentary f£ill of the valley. Then, moving

' westward through permeable layers, and upwards )
“through faults and gandy gaps in the shaly layers, .

: the hot fluids gradually reach shallow depths.
‘Eventually, in the western margin of the field,

- part.of the geothermal fluids leak to the surface

. and t:he test nix with local colder groundwaters..

‘This model leems to indicate that the

‘Michoacén fault (Fig. 9), parallel to the rail-

road track, does not exist in the area of the
field or does not continue southeast of the gene~
ral area of well M~114. This study has identified -
three faults (called H, L, and § on Figs. 18 and
19) which seem to control the movement of geother-
mal fluids in the subsurface. Reflection seismic
data, the location of boiling zones in the fiela,

.-and the results of numerical studies provide inde-

pendent conﬁmtion on the existence of these

faults, 51/ 52,5

Reservoir ‘Erngiheering

Since the mid 1970's, a mumber of two-rate -
flow and interference well tests have been carried
out. The reported permeability-thickness products

‘obtained from these tests vary between 3.6 and 40

darcy-meters. Moreover, the data of one of the
tests clearly indicated comunication between the

‘q and B reservoirsg. 3

Reservoir modeling studies confirmed the
cpen~-nature of the Cerro Prieto field.53,55,56 1t

~was shown that in its natural state the field is

recharged from the east by hot (about 355°C) deep
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water and from both the east and west by colder
(between 50° .and 150°C) waters from shallower
aquifers. Some boiling occurs as the hot watexr
ascends through a sandy gap in the shaly layers.
The study of the reservoir response to exploita-
tion showed that most of the fluid recharge to the
a reservoir comes from the west and from shallow
waters flowing through Fault L (Fig. 19).
charge from the east. seemed to be minor due to the
presence of a two~phase zone in the sandy gap
comux;%cating the o and £ reservoirs, near well
M~-10.

Since 1979-1980 CFE's exploration activity at
Cerro Prieto was confined mainly to new develop=-
ment drilling to the east, These step-out wells
will eventually help to establish the hydrogeolo-
gic boundaries of the field. CFE has also devoted
considerable effort toward locating and evaluating
other geothermal areas in the Mexicali Valley and
neighboring areas.

RESERVOIR CHANGES DUE TO PRODUCTION

The Cerro Prieto field has been under large-
scale production since 1973. The rate of fluigd
extraction hag increased over the years as new
generators were added to the power plant (i.e.:
June 1975 (75 Mwe): 2000 tonnes of steam-water
mixture per hour; June 1982 (180 Mwe): 4400
tonnes/h). As a result of this exploitaticn
changes have occurred in the reservoir(s) which
have been detected and monitored downhole, at the
‘wellhead and over the field.

Geochemistry

The geochemical data indicating changes In
the reservoir due to production have been dis-
cussed in detail by Truesdell et ai.33 a general
decrease in. reservoir temperature has been ob-
served. According to Fausto et al.57 the Na-K-Ca
geothermometer indicates that between 1973 and
1978 the temperature in the & reservoir has
dropped by up to 30°C.

Production-related drawdown caused the leak-
ing of lower—-chloride (colder) fluids into the
reservoir and laoi.l:l.ng6 with excess steam reaching
the producing wells. No extended vapor zone has
formed. Only local boiling occurs near most wells
because ample recharge of colder waters fram shal~-
lower aquifers and from the western margins of the
field helps maintain preuure.s .

The near-well boiling causes enthalpy exces-
ses in the produced fluids that decrease or disap-
pear with time as the boiling front stabilizes.
The boiling results in gilica deficiencies in the
produced fluids and deposition of quartz neaxr the
wells.58 other changes in the characteristics of
the produced fluids and interference effects be—
tween wells have also been detected and are dis—
cussed elsewhere.

A study of the composition of the gases pro-
duced fram the wells seem to indicate that the
boiling zone is not expanding. 52 on the other
hand, Semprini and Kruger3?, show that based cn
the concentration of radon and ammonia in the pro-
duced fluids the two-phase zone is expanding in

" the northeastern part of the field and is decreas-
ing in the southeast.

The re- .

Reservoir Engineering

The pressure in the a reservoir decreased
about 330 psi between June 1973 and December
1979.50 pately, a partial pressure recovery has
been observed in this aquifer as fluid production
has shifted increasingly to the deeper £ reser—-
voir. 51

A study of the production characteristics of
the Cerro Prieto wells over the 1973-~1980 period
indicated that production from individual wells
generally decreased with time due to relative
permeability effectg, a reduction in permeability
and/or a reduced pressure gradient in the reser-
voir. The average enthalpy of the produced fluids
has varied over the years. The increases 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 to the mixing
of relatively colder water with the geothermal
reservoir fluids. 52

Geophysics

Repetitive high-precision, dipole-dipole
resistivity measurements taken since 1979 along
line E~E’' showed a consistent pattern of apparent
resistivity changes. A zone of increasing resis-
tivity is related to.the region of the o reservoir
and presumed caused by decreasing temperature and
salinity. Above and flanking thig region, resis-
tivities show a systematic decrease with time.
These changes are more difficult to explain, but
there seems to be a component related to ascending
hot, more saline, fluids at the eastern edge of
the producing zone. 53

Detailed seismological studies conducted in
the area showed that in the immediate production
zone seismicity had increased from 1-2 events/day
(4, > 1) in 1978 to 7-8 events/day in 1981, and
that these events appeared to be production re~
lated. During a 1980 study the seismic events
were clustered near the center of the production
area, at depths from 2 to 5 km, on a fairly well
defined north-south plane extending from well
M-101 to 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 from aseismic
creep to ‘stick=-slip behavior, which is accelerated
by the extraction of fluids from the field.5!

Subsidence Monitoring

First-order leveling surveys performed be-
tween 1977 and 1979 indicated subsidence over the
production area of the field. However, it was not
clear how much of it was due to fluid extraction
and how much to ground ghaking related to the
strong (6.2 My) June 8, 1980 "Victoria" earth-
quake. 5% Between 1978 and 1981 inward ground-
surface movement toward the production area was
detected by resurveying horizontal control net-
works. This movement was considered to result
from the exploitation of the field.S55

Precision gravity surveys conducted over the
field since 1978 seem also to indicate production-
induced subsidence.56:67 7The interpretation of
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the ‘data is complicated by the ground deformation
resulting from the natural earthquake activity
characteristic of the Salton Trough area.

The wmonitoring of the field will continue and
will be further expanded into the eastern areas of
Cerro Prieto; e.g. recently a new NW-SE dipole~
dipole resistivity line crossing these areas has
been established. This effort will allow to con-
tinue to study the response of the reservoir(s),
especially as the extraction of fluids is signifi-
cantly increased to supply steam to the new power
plants due to come on line in the mext: few years.

QNCLUSIW

The Cerro Prieto case ttudy demnstrated the
value of a multidisciplinary effort for o:ploring
and developing a geothermal field.

There was no problem - in recognizing the geo-

thermal potential of the Cerro Prieto area because v

of the many cbvious surface manifestations. How—
ever, the delineation of the geothermal reservei:
at depth was not so straightforward. Wells :
drilled near the abundant surface manifestations
only produced fluids of relatively low enthalpy.
Later it was determined that these zones of ‘high -
heat loss. corresponded. to discharge areas where
faults and ‘fractures allowed:thermal fluids to
leak to the curta.ce, and not to the main geother-

mal: uservoi.r.

g 'rhe ea:l.y gruvity lnd neismic retraction sur- .
_vcys ‘provided: important intomtion on- the general” :

structure of the area.  Unaware of the existence-

of a higher density zone of hydrothermally aleered g8

‘sediments capping the ‘geothermal reservoir,: CFE

‘interpreted a basement horst in the western part

of the field and hypothesized that the bounding

‘faults were controlling the upward flow of thermal
fluids. :

:Attempting to penetrate the sedimentary
column to reach the “basement horst®™, CFE discov-

‘ered: the o gecthermal reservoir (in ivell M=-5).

The continuation of the gecthermal aguifer (nctn-
ally the B reservoir) east of the original well
field was later confirmead by a deep exploration
well (M-SJ)-

The experience of Cerro Prieto showed the
importance cof chemical ratics, and geocthermometers
in general, in establishing the subsurface tempera-
tures and fluid flow patterns. Fluid chemical and
isotopic compositions. have also been helpful to
‘determine the origin of the fluids, fluid-produce
tion mechanisms and product!.on !.nd:uced ettects on
the reservoir.

The mineralogic and petrographic ltudies; of
well cuttings and cores established the hydrother-
mal alteration of the sediments due to tempera-
ture~dependent rock=-fluid interactions. ' The min-
eral zonation and isotopic ratiocs in the rocks
helped to define the ghape of the reservoir, the
preproduction fluid flow patterns in the gystem,
and its thermal history. The appearance of key
hydrothermal minerals reflecting high subsurface
temperatures was mportmt in the design of well
completions.

‘Interpretation of temperature, geophysical
and lithological well logs allowed CFE to improve
the completion of Cerro Prieto geothermal wells.

- geothermal fluids.

. thermal field.

The analyses of these logs were also very useful
in the develcpment of a hydrogeological model of
the geothermal system. Well tests and reservoir
modelling studies determined reservoir parameters,
and helped to define the rcle of certain geologic
features:in ‘the transport and recharge of heat and
mass in the geothermal system.

Registivity, gravity and magnetic field sur-
veys were used extensively to help define ancma-
lies in the region. Although these data permitted
simple initial interpretations, it was generally
found that these contained flaws. Experience at
Cerrc Prieto showed that the analyses of electri-~
cal resgistivity (dipole~dipole and magnetotellu-
ric) data were useful in defining the (resisti~
vity) structure of the field and the location of
faults and fronts of waters of different proper—
ties. These studies indicated that the reservoir
region had higher resistivity than the surroun-
dings because of the hydrothermal alteration of
the shales in the reservoir area. The low resis-
tivity zone associated with the field was shown
to be due to highly conductive near-surface sedi-
ments, particularly in the discharge areas.

Self-potential gurveys were useful for iden— .
tifying a permeable zone allowing the upflow of
Gravimetry seems better than
magnetometry to: define the zone of hydrothermal
alteration/metamorphism associated with the geo~
‘No magnetite and only sparse pyr— -
rhotite has been cbserved in cutting and@ cores,

chplaining the lack of a magnetic anomaly coinci-.
‘ dent ‘with: t,he teservoitl. B

. The occurrence of chaoti.c seismic reflections
coincident with the hydrothermal alteration zone

_-suggests that ‘seismic reflection can be a useful

exploration method. However, other geophysical
data will be necessary to eliminate alternate

H'ucux'ces of :etlection-poot zones.

Sumarizinq, selt-potential, dc resistivity
and magnetotelluric surveys were useful for loca-
ting the reservoir regions, but the full signifi-
cance of ‘these data was not appreciated until they
could be compared to seigmic reflection, gravity
and gecphysical and geological well logging re-
gults. After the first wells had been campleted,
f£luid geochemigtry, mineralogy of cuttings and
cores, geophysical well logs and reservoir engi-
neering studies played important roles in under-
standing the nature of the geothermal system, such
as origin of the geofluids, fluid circulation,

- ddlution, and location of the heat scurce.

. The usefulnesg of fluid geochemistry and res—-
ervoir engineering studies, as well as electrical.
resistivity, passive seismic, precision gravity
and ground-gurface deformation surveys, for moni-
toring the behavior of a geothermal field under
production has been proven at Cerro Prieto.
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Fig. 2: Location of wells in the Cerro Prieto
field; the dashed lines approximately
ocutlines the geothermal ancmaly.
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Fractures and spreading centers along
part of the Pacific Coast of North Amer-
ica. Oceanic fracture zones (FZ) and
continental faults (F) are solid black
lines. ABF, Agua Blanca Fault; CPF,
Cerro Prieto Fault; EF, Elsinore Fault;
IF, Imperial Fault; SAF, San Andreas

. Fault; SJF, San Jacinto Fault; SRF, Santa

Rosa Fault. Postulated spreading centers
in the Gulf of California are shown in
bBlack. Black triangles are Holocene or
recent volcances: (P: Cerro Prieto

‘(after Ref. 4).



Fig, 4:

Postulated system of transform faults and
pull-apart basins in the Salton Trough
area; 0.B., Obsidian Butte; B, Brawley
gecthermal area; C.P., Cerro Prieto
geothermal area; C.R., Consag Rock; W,
Wagner Basin (after Refs. 3 and 4).
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Location of surface manifestations in the
Cerro Prieto area (Ref. 68).
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Fig. 5: Seismicity of the Cerro Prieto area for

1971-75 and 1977-78 (after Ref. 9).
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Isother: map for the Cerro Prieto area
showing maximum temperatures measured be-
tween 50 and 102 m depth (after Ref. 24).
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" Fig. 9: Schematic fault map for the Cerro Prieto
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' _ Fig. 10: Puente and de la Peida's32 geologic
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Fig. 11:  Self-potential ancmaly over the Cerrxo
Prieto field. The dashed line indicates
best estimate of the scurce plane loca~
tion (Ref. 37).
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Fig. 13: Magnetic anomaly map for the Cerro

Fig. 12: Bouguer ancmaly map for the Cerro Prieto
g gu y map Prieto area (after Ref. 39).

area (after Ref. 39).
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Fig. 14:  Temperature ranges of hydrothermal al-
teration mineral zones in Cerrc Prieto
sandstones (Ref. 12).
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Fig. 17: Two-dimensional resistivity model for a

southwest-northeast line crossing the
Cerro Prieto field. Shown are also the
position of the A/B contact, the top of
the metamorphic zone, and the. first
occurrence of the mineral epidote

(Ref. 43).
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Fig. 18:

Location of the main faults controlling
the subsurface flow of geothermal fluids
in the Cerrc Prieto field. Alsc shown
is the position of cross section A-A'
given in Figure 19 (after Ref. 38)
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Southwest-northeast geologic cross
section of the Cerroc Prieto showing
schematically the flow of geothermal
£luids (Ref. 38).
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