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ABSTRACT

As the exploitation of the Cerro Prieto, Mexico, geother-
mal field continues, there is increasing evidence that the
hydrogeologic model developed by Halfman et al. (1984,
1986) presents the basic features controlling the move-
ment of geothermal fluids in the system. At the present
time the total installed capacity at Cerro Prieto is 620
MWe requiring the production of more than 10,500
tonnes/hr of a brine-steam mixture. This significant rate
of fluid production has resulted in changes in reservoir
thermodynamic conditions and in the chemistry of the
produced fluids.

After reviewing the hydrogeologic-geochemical model of
Cerro Prieto, some of the changes observed in the field
due to its exploitation are discussed and interpreted on
the basis of the model.

INTRODUCTION

The Cerro Prieto field has been extensively studied by the
Comision Federal de Electricidad (CFE) of Mexico and
by various U.S. groups participating in cooperative
agreements between CFE and the U.S. Department of
Energy (DOE).

The exploration and development of the Cerro Prieto
field and the early changes resulting from its exploitation
have been discussed in numerous papers and reports; a
recent summary is given by Lippmann and Mahnbn
(1987). The purpose of this paper is to review generally
accepted hydrogeologic and geochemical models
developed for the Cerro Prieto geothermal system and
illustrate how these models can explain the changes
being observed as the exploitation of the field continues.

NATURAL STATE HYDROGEOLOGICAL MODEL"

The hydrogeological model of Cerro Prieto that best
describes the movement of geothermal fluids in the sys-
tem under natural state conditions is that of Halfman et
al. (1984, 1986). The model developed on the basis of
electric, lithologic and temperature well logs, as well as
on information on well completion, demonstrates the
importance of lithology and faults in controlling fluid cir-
culation.

The Halfman et al. natural state model shows that in the
Cerro Prieto system there is circulation of geothermal
fluids generally from east to west. Hot (about 350°C)
fluids enter the system from the east-southeast, and are
discharged in the area of surface manifestations located
west of the wellfield (Figs. 1 and 2). The geothermal
fluids seem to ascend from depth through the SE-dipping,
normal fault H. (The results of recent isotope and self-
potential surveys have given further evidences of fluid
movement through this fault; Stallard, et al., 1987; Gold-
stein et al., this volume).

As the hot fluids flow up fault H, they tend to move
laterally into the more permeable layers (Figs. 2 and 3).
An unknown amount recharges the deepest reservoir
identified so far (gamma reservoir); it corresponds to
layer K found below 3300 m depth (Fig. 3). The bulk of
the hot fluids flow westward into layer Z (beta reservoir)
following the general east-west gradient prevalent in the
system; only a smaller fraction seem to penetrate layer Z
cast of the fault (Fig. 3).

" The westward movement of the geothermal fluids has an

upward component since it follows the bottom of the less
permeable shale layer O, which is dipping toward the
northeast. In the region of well M-10A (Fig. 2) a
significant part of the fluids manages to ascend because
of the absence of a shale caprock; this region has been
called the "sandy gap". The rest of the fluids move into
the western continuation of the beta reservoir (below
1600 m depth in the western area of the field).

The movement of fluids through the sandy gap was
reflected by the self-potential anomaly observed in 1977
over the Cerro Prieto field (Goldstein et al., this volume).
As the hot fluids ascend through the gap, boiling occurs.

_ The vertical flow of the geothermal fluids is eventually

stopped at about 1000 m depth by the presence of low
permeability sandy materials sealed by mineral precipita-
tion (Lippmann and Bodvarsson, 1983). At this point, the
fluids continue to flow westward through a shallower
permeable layer (alpha reservoir), between about 1000
and 1500 m depth. The alpha reservoir is restricted to the
western region of the field, i.e., west of the railroad tracks
(Fig. 1). It generally corresponds to the hatched region
shown in the west-central part of Figure 2. Under natural
state conditions the westward movement of hot fluids in
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Figure 1. Cerro Prieto. Depth (in meters) to the top of the Sand Unit Z (see Fig. 2). The arrows indicate the direc-
tion of geothermal fluid flow away from fault H. The fault zone is shown at the beta reservoir level
(from Halfman et al., 1986)
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Figure 2. Southwest-northeast geologic cross section of the Cerro Prieto field showing schematically the lithology
and the flow of geothermal fluids (from Halfman et al., 1984)
the alpha reservoir continues somewhat west of the nor- The important control of fault H on the recharge of
mal fault L. However, most of the fluids flow up this geothermal fluids to the Cerro Prieto system is made evi-
fault (Fig. 2), reaching a shallower aquifer where mixing dent by the high production rates being observed in wells
occurs with colder ground waters. Some of the hotter with open intervals within, or near the fault zone. As an
fluids leak to the surface west of the wellfield. example, Figure 4 illustrates the excellent production

characteristics of well M-147; the initial enthalpies of the
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Figure 3.  Northwest-southeast cross section of the eastern Cerro Prieto welifield showing geothermal fluid flow pat-
tern (after Halfman et al., 1986)
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Figure 4.  Characteristic curve for well M-147 (after Mercado and Bermejo, 1987).



produced fluids exceeded 2000 kJ/kg. The high produc-
tion rates, enthalpies and wellhead pressures recorded in
M-147 have led Mercado and Bermejo (1987) to postu-
late that it is fed by a fracture connected to a steam
chamber located below the producing reservoir. We do

not necessarily agree with their hypothesis of a deep

steam chamber; we consider that the behavior of M-147
is related to its proximity to fault H through which hot
compressed liquid recharges the system.

NATURAL STATE GEOCHEMICAL MODEL

The original temperatures and sources of the Cerro Prieto
field reservoir fluids, as well as the processes active in the
system mainly after the start of fluid production, have
been discussed in several papers and summarized by
Truesdeli et al. (1984b) and Truesdell (1988).

Inital hydrogeologic models of the Cerro Prieto field
were mainly developed on the basis of geochemical
information (e.g., Mercado, 1976). Later models, like the
one discussed above, had to show the "subsurface plumb-
ing" inferred from the interpretation of the chemistry of
the initially produced fluids. Thus, there is general agree-
ment between the natural state circulation models
developed for Cerro Prieto by geologists, reservoir
engineers and geochemists.

Geochemical studies established the origin of the geoth-
ermal brines as mixtures of Colorado River water and
marine hypersaline brine contained in the deltaic sedi-
ments of the Mexicali Valley (Fig. 5). These studies also
showed that N, and Ar originate from the atmosphere,
CO,, H,S, HC, “He and NH; from thermal metamor-
phism of sediments, and a minor amount of 3He from
magmatic sources.

§ o
Cemro Prieto Fault
€ Vimperta! Faut

EXPLOITATION HISTORY OF CERRO PRIETO

Before the initial 37.5 MWe unit began operating in April
1973, long-term production tests of wells completed in
the alpha reservoir had been carried out. Very litile data
are available for this early period. However, starting in
1973 careful records have been kept on the rate of pro-
duction and on the chemistry of the produced fluids.

The present installed electrical generating capacity at
Cerro Prieto is 620 MWe. Initally the total capacity at
the ficld grew slowly, but in 1986-87 it expanded sub-
stantially, as indicated in Table 1. Accordingly, the rate
of fluid production has significantly increased (Fig. 6).
To date only small-scale reinjection tests have been car-
ried out; all the separated brine is being disposed into a
evaporation pond located west of the wellfield (Fig. 1).
Recently, the pond has been expanded to cover an area of
about 16 km? (Mercado and Bermejo, 1988).

Table 1
Instalied electrical generating capacity at Cerro Prieto
Date Total installed capacity (MWe)
April 1973 375
October 1973 75
January 1979 112.5
March 1979 150
November 1981 180
January 1986 400
September 1986 510
June 1987 620

Kilometers
W N .- O

Figure 5.

XBL 06510823

Schematic diagram of the geology and fiuid flow across the Mexicali Valley (from Halfman et al., 1986).
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Figure 6.  Total annual fluid production at Cerro Prieto.

Due to the large fluid extraction rate, significant changes
have been observed in the reservoirs and production
wells. The bulk of available information on reservoir
changes is on the alpha reservoir, the first one to be
exploited. Even though fluid production from the beta
reservoir began in the late 1970s, only a few studies have
dealt with the changes occurring in this reservoir. There
are no data on the evolution, if any, of the gamma reser-
voir; only a few welis (e.g., M-112) are producing from
it.

For administrative purposes the present wellfield has
been divided into three areas: CPI (Cerro Prieto I), west
of the railroad tracks; CPII, the southeastern area; and
CPI1I, the northeastern area.

Response of the alpha reservoir to production

As indicated earlier, the alpha reservoir is restricted to
the region west of the railroad tracks (CPI). Between
1973 and 1980 most of the fluids produced at Cerro
Prieto came from this, the shallowest (1000-1500m
depth), hot water aquifer. Exploitation of the alpha reser-
voir continues but on a smaller scale as a reduced pro-
duction enthalpy (i.e., steam/water ratio) make some of
the wells uneconomical. These are being replaced by new
wells completed in the deeper beta reservoir ("E-wells”).

As a consequence of production, the pressure in the alpha
reservoir has dropped, resulting in localized boiling
around some of the wells and an increased influx of
colder, less saline water (Grant et al., 1984; Truesdell et
al.; 1984a). Large excesses in enthalpy temperatures and
deficiencies in silica temperatures compared to Na-K-Ca
temperatures indicate initial boiling around some wells
(Janik et al., 1982; Nehring and D’Amore, 1984; Trues-
dell et al., 1984a; 1989). With time, these boiling zones

tend to expand and stabilize; the history of well M-31
illustrates such behavior (Fig. 7). This type of well
response can be simulated by a radially symmetric sys-
tem showing a constant pressure boundary at a given dis-
tance from the well (Fig. 8). Boiling has deposited large
amounts of quartz and calcite in the near-well region
resulting in flow declines, sometimes leading to the loss
of wells (Truesdell et al., 1984a)

As the alpha reservoir is bounded below by low permea-
bility rocks, and above and to the west by an interface of
colder waters (Fig. 9), pressure drawdown results in cold
recharge from the west and/or through fault L (Fig. 2)
that breaches the overlying shale layer. Once in the
reservoir, the cooler waters tend to sweep the hot waters
as they move toward the producing wells (Grant et al.,
1984; Truesdell and Lippmann, 1986). Because of their
location near the natural recharge areas or in less
exploited parts of the field, some of the alpha wells never
developed a boiling zone (e.g., M-42; Grant et al., 1984).

Fault L, which under natural state conditions allowed the
upward leakage of geothermal fluids, now acts as conduit
to the downward flow of colder groundwater into the
reservoir. The evolution of the chemistry of the fluids
produced by wells completed in the alpha reservoir

" clearly indicates the importance of this fault in the cold-

water recharge of this aquifer (Truesdell and Lippmann,
1986; Stallard et al, 1987).

Response of the beta reservoir to production

The beta reservoir is officially considered to have been
discovered in 1974 in the eastern part of the field with the
drilling of well M-53. It was not until later studies by
Halfman et al. (1984) that it became evident that some
carlier wells in the southem region of CPI had partially
penetrated this reservoir (e.g., M-51 completed in 1972).
The beta reservoir extends over most of the Cerro Prieto
field. It is found below about 1600 m depth, deepening
towards the east (layer Z in Figs. 1 and 2).

Even though fiuid production from this reservoir began in
the late 1970s in the southwestern (i.e., southern CPI) and
southeastern (i.e., CPII) regions of the field, it increased
markedly with the completion of the deeper E-wells in
CPI (started in 1980) and more recently with the start up
of the new CPII and CPII power plants (Table 1).

Only a small number of studies have been made on the
response of the beta reservoir to production. However, a
general picture of its behavior can be obtained from the
available wellhead data. Because of its significant depth,
and with its top and bottom sealed boundaries (Figs. 2
and 3), the beta reservoir has restricted natural fluid
recharge. This is especially true in the eastern areas
which presently are being heavily exploited. In the CPI
region lateral influx from the west seems to be readily
available; a similar situation could exist along the
southeastern edge of the field.
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Numerically simulated enthalpy and bottomhole temperatures (B.H.T.) for a radially symmetric system

with a constant pressure and temperature boundary.

Most beta wells show high production rates and tempera-
tures initially. The enthalpy of the produced fluids tends
to increase immediately due to reservoir boiling (indi-
cated by excess steam). Evidences of boiling in the beta
reservoir have been reported by Semprini and Kruger
(1984), Stallard et al. (1987), de Le6n Vivar (1988), and
Truesdell et al. (1989).

In many wells of the eastern region (e.g., M-147 dis-
cussed above) a decrease in flowrate has been observed,
that has been generally attributed to casing problems, but

‘may be also due to mineral deposition in and around the
well because of reservoir boiling, especially in CPIIl (a
more careful analysis of downhole data is needed). On
the other hand, the precipitation of silica in the wellbores
and/or wellhead separators is a significant problem in the
southeastern region of the field (CPII). This indicates that
in this region reservoir boiling is not yet extensive.

In some E-wells of CPI a decrease of fluid chloride con-
tent has been observed that could be explained by the
advance of cold water entering the beta reservoir from



Schematic Geothermal Fluid the western edge of the field (A cold water sweep similar
Flow Model for Cerro Prieto to the one occurring in the alpha reservoir; Truesdell et
al., 1989).

There is a remarkable spatial correlation between the
boiling zone in the beta reservoir and the location of fault
H. Semprini and Kruger (1984) and Stallard et al.(1987)
have shown boiling zones that generally agree with the
position of this fault. More striking is the correspondence
between de Leb6n Vivar's (1988) distribution of wells
showing reservoir boiling and Halfman et al.’s (1986)
trace of the fault H at reservoir level (Fig. 10). There is
clear evidence that the boiling beta wells are located near
the fault zone or in the upthrown block of fault H. A
simplified model of the beta reservoir simulating its
1 natural recharge and response to production (Fig. 11),
shows that because of relative elevation, location of pro-
ducing areas, and restricted recharge, the boiling in this
reservoir tends to start in the upthrown block of the fault.

Depth
[0)
E3

{Natural state conditions)

Figure 11a shows a schematic two-dimensional (x - z
plane), one-meter thick (y axis) numerical simulation
model of the Cerro Prieto beta reservoir system. Zone |
correspond approximately to CPI and CPII, and Zone 2 to
CPIIl. Figure 11b describes the assumed conditions that
were used to compute the pre-exploitation mass flow and
temperature distributions. No heat and mass transfer was
L= allowed between the reservoirs and surrounding forma-

" tions. LBL’s MULKOM code (Pruess, 1988) was used in

the calculations.
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Figure 9.  Schematic fluid flow model for Cerro Prieto. Zone 2. The computed temperatures are quite uniform
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Figure 10. Location of wells indicating reservoir boiling (de Ledn Vivar, 1988) and of the fault H zone (see Fig. 1).



under these "natural state” conditions, varying between
342 and 350 °C; no boiling is observed.

Figure llc describes the exploitation conditions that
were assumed for the model. The system is produced at a
total rate 40 times the natural recharge, while the hot
(350 °C) recharge is assumed to be 10 times the natural
value because of pressure drawdown. Figure 11d shows
the temperature distribution and location of the boiling
zone in the system after three years of production. The
effects of lateral cold-water recharge are refiected by the
isotherms; thermal fronts are advancing toward the pro-
ducing areas, but have not yet reached them. The boiling
is restricted to the upthrown block near the fault since

this particular region is isolated from the recharge areas.

The model shows that the boiling zone collapses with
time because of increasing system recharge and cooling.
Note that at 3 years (Fig. 11d) the total recharge slightly
exceeds total production.

Even though models like the one described in Figures 9
and 11 are very schematic, they can reproduce some of
the behavior of the beta reservoir. These simple models
may be used to outline a production/injection program at
Cerro Prieto that could reduce the boiling and induced
cold water recharge, and the related reservoir plugging
and cooling.
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Figure 11. (a) Schematic vertical cross-sectional flow model of the Cerro Prieto beta reservoir system.
(b) Pre-exploitation (initial) flow and temperature conditions.

{c) Assumed exploitation regime.

(d) Temperature distribution, fluid flows and location of boiling zone after 3 years of production.



CONCLUSIONS

We find a surprisingly clear control of fluid circulation in
the Cerro Prieto field by faults and lithology. The simple
geothermal fluid flow model given in Figure 9, describes
in very general terms the natural state circulation of hot
fluids in the system, as well as the recharge that results
from pressure drawdown due to exploitation. .

It was shown that simple models can explain the behavior
of individual wells and large regions of the Cerro Prieto
geothermal system. Development of a reservoir
management plan for this highly-productive field requires
more detailed numerical simulations. This effort is being
carried out in parallel by CFE and LBL scientists who are
studying the system using three-dimensional numerical
models that are quite sophisticated. The basic under-
standing of geothermal field processes obtained here
from analyzing simplified models is providing valuable
guidance in the development of more detailed numerical
simulation models of Cerro Prieto.
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