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Quantitative Model of the Cerro Prieto Field 

S. E. Halfman, M. J. Lippmann, and G. S. Bodvarsson 

Lawrence Berkeley Laboratory 
Earth Sciences Division 
University of California 

Berkeley, California 94720 

ABSTRACT 

A three-dimensional model of the Cerro Prieto geother
mal field, Mexico, is under development. It is based on 
an updated version of LBL's hydrogeologic model of 
the field. It takes into account major faults and their 
effects on fluid and heat flow in the system. First, the 
field under natural state conditions is modeled. The 
results of this model match reasonably well observed 
pressure and temperature distributions. Then, a prel
iminary simulation of the early exploitation of the field 
is performed. 

The results show that the fluid in Cerro Prieto under 
natural state conditions moves primarily from east to 
west, rising along a major normal fault (Fault H). Hor
izontal fluid and heat flow occurs in a shallower region 
in the western part of the field due to the presence of 
permeable intergranular layers. Estimates of per
meabilities in major aquifers are obtained, and the 
strel1.~th of the heat source feeding the hydrothermal 
syst.em is determined. 

INTRODUCTION 

The Cerro Prieto geothermal field is located in the 
southern part of the Salton Trough--about 20 miles 
south of the United Stat~s-Mexico border in Baja Cali
fornia, Mexico (Fig. 1). Approximately, 140 deep wells 
have been drilled in the area (Fig. 2); the wells produce 
from three major aquifers (Q, /3 and "I reservoirs). To 
date, the installed electrical power generating capacity 
at the field is 400 ~·!We; by the end of 1986 it is 
expected to reach 620 MWe. A reliable model of the 
field is needed to assess its ultimate generating poten
tial and to optimize the reseI\"oir exploitation strategy. 
The model must consider the pre-exploitation condi
tions of the system and be able to predict reservoir 
pressure and temperature changes during fluid produc
tion. This paper presents preliminary results of a 
three-dimensional numerical simulation of the pre
exploitation and early prod uction states of the Cerro 
Prieto field. 

The basis for the three-dimensional numerical model 
presented here is an updated version of Halfman et al.'s 
(I 9~4) hydrogeologic model th at depicts prep rod uction 
subsurface geothermal fluid flow patterns in the Cerro 
Prieto field (Fig. 3). This model explains the role of 
layers of different permeabilities (i.e., sandstones, sandy 

shales, and shales) and the effects of major faults on 
fluid flow. According to Halfman's model, the hot 
fluids originate at great depths in the eastern portion 
of the field flowing through the deepest reservoir 
iden'tilled up to now (the "I reservoir; not shown in Fig. 
3). Then the fluids 

(1) rise along Fault H, 

(2) flow westward through the Z sandstone 
(between wells M-1l7 and M-123) 
corresponding to the /3 reservoir, 

(3) ascend into a sandy gap in the 0 shale (in 
the vicinity of M-I0), 

(4) flow westward through a sandy shale layer 
within the 0 shale [between M-14 and M-25 
(1200-1400 m)) corresponding to the Q reser
voir, 

(5) 'rise up Fault L, and 

(6) flow westward through the shallower sand
stone [between M-29 and M-9 (~OO - 1000 
m)). 

Eventually the geothermal fluids either mixes with the 
cold water surrounding the geothermal anomaly or 
discharge to the surface in mudpots. fumaroles. hot. 
springs, and hot pools. These postulated fluid flow 
patterns are consistent with mineralogic (Elders et. al.. 
1981, 1984), thermal (Mercado, 19i6). and resenoir 
engineering and geochemical (Grant et aI., 1984) studies 
conducted on the Cerro Prieto field. 

Lippmann and Bodvarsson (1983) developed a two
dimensional numerical model of the field that was 
based on a portion of Halfman et al.'s (1984) hydrogt'o
logic model. They obtained a good match with the 
observed natural-state pressures and tt'mperatures. 
However, because of the two-dimensional nature of tht' 
model (not allowing recharge of the syst.em along a hor
izontal direction perpendicular to the cross section). a 
good match with reported 19i3-19i9 pressures was not 
possible. The three-dimensional model presented here 
extends the Lippmann and Bod\'ar:;..~on·s (19S3) model 
to three dimensions, thereby not rest.rict.ing the 
recharge to the produced reseI\"oir. First. a natural
state model of the field will be discus..~('d, gi\'ing esti
mates for the mass and heat flow and for the permea
bility distributions in the system. Then, using thl' 
same model preliminary results of res<.'r\'oir behavior 
under exploitation will be desnibed. 



METHODOLOGY 

A natural steady-state model of Cerro Prieto was 
developed by varying the rock properties and boundary 
conditions of the model until reasonable matches 
between calculated and observed temperatures 
(Navarro et aI., 1982; Rivera et aI., i982) and pressures 
(Ayuso, 1984) were obtained. After that, the early 
(1973-1979) exploitation of the field was simulated to 
validate the model against the observed reservoir pres
sure decline (Bermejo et aI., 1979). 

A three-dimensional, multi-phase, multi-component 
simulat.or MULKOM (Pruess, 1983) was used to com
pute the heat and mass flow in the system. 

Computational Mesh 

The three-dimensional mesh used in this study was 
designed on the basis of the geologic characteristics of 
the field. One side of the model is oriented in a NW
SE direction along the approximate strike of Fault L 
(Fig. 4). The SW-NE side of model is parallel to Fault 
H. Both of these faults are important features in the 
hydrogeological model of Cerro Prieto (Halfman et al.,· 
1984). In plan view, the region modeled extends over 
an area of 8500 m (SW-NE) by 9000 m (NW-SE). The 
thickness of the model varies, considering depths 
between 800 and 4000 m. The mesh consists of 242 
elements: 146 internal elements and 96 boundary 
blocks. 

Figure 5 shows the computational mesh for a SW-NE 
cross section in the upthrown block. The elements are 
designed to reproduce schematically the geology and 
characteristics of th.e various layers comprising the sys
tem. The region modeled. is below 800 m depth; the 
shale layer above 800 m is assumed to be impermeable. 
In general. the lateral boundaries are also assumed 
impermeable. The recharge of hot fluids is modeled by 
injection into the mesh elements representing the deep 
""f reservoir. The discharge of the fluids is through 
boundary elements located along the western margin of 
the grid, at 800 m depth. We also assume that the 
rocks below the !3 reservoir are of low permeability, 
except for the sandy ""f reservoir. Similar assumptions 
are made for the corresponding downthrown block. 

Material Properties 

Differen t material properties were assigned to various 
zones in the mesh (Figs. 6A and 60). In the early 
simulations, we used values for rock densities, porosi
ties, permeabilities, and heat conductivities similar to 
those defined from the modeling work of Lippmann 
and Dodvarsson (1983). Later on, during the matching 
process with observed temperatures and pressures, the 
material properties (especially permeablities and ther
mal conductivities) were adjusted somewhat. Those 
used in the "best" model are given in Table 1. 

Figure 6A shows the materials used in the cross section 
given in Figure 5. The Kl zone represents the thick 
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sandstones lying to the west of the main geothermal 
anomaly. The SI zone is the cooler aquifer overlying 
the Q and !3 reservoirs. The Cl zone is a leaky caprock 
to the Q reservoir (S2 zone). The relatively low per
meability C2 zone separates the Q and /3 reservoir in 
the western portion of the field. The F1 zone 
corresponds to Fault L. The S3 and S3B zones are the 
f3 reservoir in the western portion of the field. S4 is a 
sandy zone overlying the C4 zone which is the caprock 
to the sandy f3 reservoir (S5 zone) in the eastern por
tion of the field. The C5 is a low-permeability zone 
due to mineral precipitation in the upper part of the 
sandy gap (S7 zone). C6 is a shaly zone separating the 
f3 reservoir from the sandy ""f reservoir (S6 zone). 

Figure 6B shows the zones (materials) in a cross section 
along a SW-NE downthrown row of elements. The Kl 
and SI sandstones are equivalents to those of the 
upthrown block. A new C7 shaly zone is identified in 
this cross section because no Q reservoir exists in th is 
area of the down thrown block. A shale zone (C8) is 
arbitrarily assigned to part of this section because of 
lack of well data in the area. The rest of the zones in 
this section are similar to those of the upthrown sec
tion (Fig. 6A). 

The result of our model indicates that the permeabilty 
of the shale layers varies generally bet.ween 0.00.5 and 1 
md, and that of the sandy materials between 1 and 100 
md. In the three reservoirs ( Q, /3, and ""f), the horizon
tal permeability is 100 md and the vertical 
permeability ranges between 1 and 10 md. Thl'se 
values agree reasonably well with thl' result.s of WI'II 

tests and with permeabilitil's used in earlier simulations 
of the field (Lippmann and Bodv arsson , 1983; Ayuso. 
1984). 

A thermal conductivity of 2.0 W 1m' C is uSl'd for the 
different zones except for a few zones where it· is 
slightly higher. A constant rock density of 2,650 kg/m3 

is assumed for all materials. 

Boundary Conditions 

In our model, boundary elements are located along thl' 
west, north, and top sidl's. Conductive heat transfer is 
allowed from all boundary elements. The temperatures 
for these elements were selected on basis of tempera
ture log data (Bermejo et aI., 1979; and Bermejo. per
sonal communication. 1982). Five of t.he boundary ele
ments located along the WE'st.ern edge on tht' t.op row 
were open to fluid How. The constant prt'ssure for the 
fault and two upthrown open boundary elements is 68 
bars and those for the two downthrown open boundary 
elements are 100.3 and 101.1 bars, respert.ively. For 
the best model, a constant rate of hot fluid recharge of 
100 kgls is assumed in the ""f reservoir along the eastern 
edge of the model. 

Natural State Model 

The natural state model describes the heat. and fluid 
flows, and the distribution of pressures. temperatures, 
and steam saturations in the system before commercial 
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fluid production is initiated. The model discussed in 
this paper is the one that presently best matches the 
field data. 

The properties of the different zones in this "b~st" 
model are given in Table 1. The total rate of hot (1512 
kJ/kg) water recharge along the eastern side of the 
model is about 100 kg/so Figures i A and 7B show the 
observed and computed isotherms respectively, for the 
SW-NE cross section shown in Figure 5. In the eastern 
portion of the field (east of the sandy gap), there is a 
good temperature match. The isotherms between 150' 
to almost 300' C indicate a high-temperature gradient 
in the caprock (hatched zone). As the hot fluids ascend 
through the sandy gap in the caprock, the isotherms 
rise to shallower depths, as is confirmed by the field 
data. In the western part of the cross section (west of 
sandy gap) the agrt'ement between observed and com
puted tt'mperaturt's is not as good; the computed ones 
are generally too high (about 50' C). 

The discrepancies in the western region may be due 
partly to two factors. First, the field temperatures 
used reflect temperatures more closely associated to 
those found along cross section A-A' of Halfman et 301. 's 
(1984). This section is about 1000 m northwest of the 
section shown in Figures 7A and iB. Tht're is evidence 
that a few wells such as M-181 are hotter, especially 
west of Fault L. This suggests that the temperatures 
given in Figure 7 A should be somewhat higher towards 
the west. 

The second and probably more accurate reason for the 
temperature discrepancy along tht' western rt'gion is 
the t'xistence of cold water recharge between 1200 and 
1400 m depth along the western margin of the field 
(Lippmann and Bodvarsson, 1983). This recharge was 
not considered in tht' model discussed here; it will be 
taken into account in our future modeling work. 

The temperature distribution at 1300 and 1750 m 
depth are given in Figures Sand 9, respectively. Fig
ures SA and 9A show observed values as reported by 
Navarro et 301. (1982); Figure 8B and 9B are the com
puted ones. For the temperatures at 1300 m there is a 
reasonable match. East of the railroad tracks the 
regions between isotherms are narrow, rellectin~ the 
presence of Fault H that controls the upllow of hot 
fluids. \Vest of the tracks, the isotherms sprt'ad out; in 
a i\-S direction (Fig. SA) and in a NW-SE direction 
(Fig. SB). The main difference between observed and 
calculated temperatures is that the computed tempera
ture distribution along the western edge of the field is 
spread over a wider area than that shown on Figure 
8A. One could argue that tht' actual temperature dis
tribution in this part of the field is not well known 
because of a scarcity of well data. However, an alter
nate possibility is natural cold water inflow along the 
western margin of the field; this will be tested in future 
sim u lations. 

Figure 9A shows the observed temperatures at 1 i50 m 
depth. East of the railroad tracks the 150' and 

100 • C isotherms are not given. Ignoring the 
corresponding two contours in Figure 9B, in the eastern 
region the calculated and observed temperature con
tours show a similar trend of converging towards Fault 
H. West of the tracks, both the observed and calcu
lated isotherms show a general trend of spreading, in 
an N-S direction (Fig. 9A) and in a NW-SE direction 
(Fig. 9B). However, the observed temperature contours 
d.elineate a smaller region and show a distinct elonga
tion to the SW which is not shown in Figure 9B. The 
differences between observed and calculated tempera
tures can again be explained by the scarcity of data or 
by cold water inflow. There is very limited well data 
for the western region of the field, especially below a 
depth of 1750 m. An influx of colder waters if 
included in our model, could improve the m~tch 
between observed and computed temperatures. 

Table 2 shows some comparisons of observed pressures 
(Ayuso, 1984), calculated pressures from Lippmann and 
Bodvarsson's (1983) tW<rdimensional modeling study, 
and our calculated pressures. In the 0' and the western 
fJ reservoirs, the calculated pressures art" lower (6 and 
1~ bars, respectively) than those computed by 
Lippmann and Bodvarsson's (1983). Our calculated 
pressures should increase somewhat wht'n cold water 
recharge from the west is added to the model. In the 
section modeling Fault H the calculatt'd pressure agrees 
well with the observed pressure. In the eastern {3 reser
voir, the calculated pressure is 4.5 bars higher than the 
one reported by Ayuso (1984). 

From Halfman et al.'s (1984) hydrogt'ologic model, it 
was concluded that the general geothermal fluid flow 
pattern is from large depths in the east to shallowt'r 
depths in the west, and that somt' of tht' hot. fluids 
escape to the surface along tht' wt'stern margin of tht' 
field. Our three-dimt'nsional modt'l essentially shows 
the same flow pattern (e.g .. Fig. 10). Hot fluid enters 
the system through the "'1 reservoir in tht' east. The 
fluid moves westward and tht'n up Fault. H int.o t.ht' Z 
sandstone ({3 reservoir) where it sligh lIy spreads to tht' 
l\'E and SW. Then, the fluid in the Z sandstone flows 
predominately westward. In the vicinity of the sandy 
gap, most of the fluid in the model is either flowing 
through the S\\'-NE upthrown row of elt'mt'nt.s next. to 
or in Fault H zone, itself. A good portion of tht' fluid 
rises up the sandy gap, then flows westward into the 0' 

reservoir, up Fault L, and westward in the shallow 
sandstone aquifer and out the model through th.t' top 
western elements. Because of the three-dimensional 
nature of the model, the fluid flow pattern shown on 
Figure IO is only schematic. Perpendicular to this 
cross section there is also some fluid movement t'spe
cially from the Fault H zone, located to the SE, and at 
the western edge of the section from the sandy rt'gion 
(zone KI). 
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Production Model 

As part of the validation of our three-dimensional 
model of Cerro Prieto we simulated the t'xploit.ation of 
the 0' reservoir from 1973 to the end of 19i9. At this 
stage, we assumed yearly constant production rates. 



For the period considered, the flow rates were 345, 590, 
603, 69.5, 151, and 116 kg/sec. In Figure 11 the agree
ment between computed and observed 0' reservoir pres
sures is quite reasonable. This is very encouraging 
since it indicates that the physical parameters assumed 
for the model, especially for the 0' reservoir, are gen
erally correct. As we improve the natural state model 
of the field we expect to obtain a better match with the 
pressures reported by Bermejo et al. (1919). 

CONCLUSIONS 

A three-dimensional model of Cerro Prieto is under 
de\·elopment. For pre-exploitation conditions the 
model gives fluid flow patterns consistent with those of 
Halfman et al.'s (1984). The calculated and observed 
temperature distributions match reasonably well. The 
computed pressures are somewhat lower than the 
observed ones. The computed pressure drawdown in 
the 0' reservoir also matches well with the observed 
1973-1979 pressure decline. We expect to improve the 
agreement between observed and computed data by 
refining our three-dimensional model and by including 
in the calculation cold water recharge along the edges 
of the field. These future improvements of the model 
will allow its use for predicting the behavior of Cerro 
Prieto as fluid production is expanded to the eastern 
areas and to deeper reservoirs. 
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Table 1. Properties of the materials assigned to 
the zones used in the model, as shown in Figure 
6A and 6B. 

Porosity Pt'rmt'ubility (md) 
Zones (%) x y z 

Kl,Sl,S2,S3,S4 16 100 100 10 
S38,S5,S6 14 100 100 
S7 14 100 10 10 
C1,C2 22 1 0.1 
C4,C5,C6,C1,C8 25 .5 .005 .005 
F1 14 50 50 50 



Table 2. Natural state model validation. Pressure comparisons. 

Region Depth 
(m) 

Observed 
Ay uso( 1984) 

Ct reservOir 1300 
/3 reservoir liOO 
(west. of sandy gap) 

Fault H 2600-2900 235 
/3 reservoir 2500-2840 228 
(east of sandy gap) 

11.-

Pressure (bars) 

Calculated Calculated 
(Lippmann & in this 

Bodvarsson, 1983) study 

118.8 112.8 
156.0 143.5 

233.8 
232.5 

]4' 

.,-,',,? Boundory of Solton Trough 

Foults (doshed where uncertoin) 

• Quoternory volconoes 

Kilometer, 
o 20 40 

10 20 30 

Milll 

XBL801-6718A 

Figure 1. Regional geology of Salton Trough (i.e., Imperial and Mexicali Valleys) 
and location of the Cerro Prieto field. 
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CERRO PRIETO GEOTHERMAL fiElD 

Figure 2. Location of some of the wells, principnl 
faults, and cross section A-A' at Cerro Prieto. 

Figure 3. Lithofacies cross section A-A', showing well locntions, lithofncies 
groups, faults, temperature profiles, producing intervals, AlB contacts, shale unit 
0, sand unit Z, and arrows indicating direction of fluid flow. On temperature:' 
profiles, points corresponding to 300· C are placed under the location of the 
respective wells. Parts of temperature profiles shown by heavy line:'s indicat,e 
temperatures 300· C or higher. 
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Figure 4. Plan view of the computationa.l mesh used in 
the work. 
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Figure 6.-\.. Cross section given in Figure 5 showing 
different materials used for the upthrown block. 
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Figure i A. Cross section given in Figure 5 showing 
observed temperature distribution (. C). 

SW NE 
1000 

E 2000 
.J::: a 
Q) 

0 3000 

4OOOL---~--~--~--~--~~--~~~--~--~ 
o 1000 2000 3000 4000. 5000 6000 7000 8000 9000 

Distance (m) 

Figure 5. Cross section through the S\V-i'\E row of ele
ments just north of the Fault H. Grid elements are 
shown, hatched zones represent layers of lower permea
bility. 
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Figure 6B. Cross section through the southernmost 
S\V-NE row of elements representing different materials 
used for the downthrown blocks. 
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Figure 7B, Cross section given ill Figure 5 showing cal
culated temperature distribution (. C). 
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Figure 8.\. Observed temperature distribution (. C) at 
1300 m depth (l\'avarro, et a!., 198::?). 

Figure 9A. Observed temperature distribut.ion (. C) at 
1 i·50 m depth (i'\avarro et aI., 198:2). 
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Figure 10. Generalized nuid now pattern for the cross 
section shown in Figure 5. The dashed arrow between 
the !3 and '1 resen'oirs indicates vertical now in the 
fault zone (loca"ted to the southeast). 
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Figure 80. Calculated temperature distribution (. C) 
at 1300 m depth. 
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Figure 00. Calculated temperature distribution at 
li50 m depth. 
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Figure 11. Comparisons of obsen·ed (Oermejo et aI., 
IOi9) and calculated pressure changes (in b:\Ts) in the Q 

reservoir. 
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