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ABSTRACT 
combined reservoir simulation and geochemical data 

other reservoir processes occurring in the part of 
the Cem Prieto, Mexico, geothermal field (is., Ceno 
Prieto I area). 

tures are calculated based on simplified models of the sys- 
tem, considering different reservoir boundaq conditions 
and zones of contrasting initial t e m p m m s  and reservOh 
properties. B~ matching the computed with 
geothmometer-based temperature and enthalpy histories 
Of producing Weus. the main proctsses active in the 
WCStcTn area Of CtXI'O f ie to  are identified. This Part Of 
the geothermal systcm is strongly inAuenced by nearby 
groundwater Wifa; cooler Waters d Y  recharge the 
rescNoiTs. h response to exploitation, the natural influx 
of cold Water into the Shallower alpha reservoir is d Y  

the Cem Prieto I area located west of the railroad tracb 
see Fig. 1). Large-scale production from the deeper beta 

in the early 1980s; by 1986 most fluids at Cem Prieto 
were extracted fromthisreservoir- 
At the beginning, it was not clear whether the fluid 

rock, or lateral from neighboring aquifers. 
it is evident that groundwater recharges this 

reservoir both horizontally from the west and south and 
vertically through the normal Fault L (see Fig. 1; Stallard 
et d.. 1987; 'Ifuesdell et al., 1989; Lippmann et d.. 1990). 
Because of its later development, less data is available on 
the beta -oh. Our present understanding indicates 
that it is recharged by groundwaters from the west, east 
and southeast. There Seems to be no significant colder 
fluid influx from above or from the north (Halfman- 
Dooley et al., 1989; Truesdell et al., 1989; and Lippmann 

analysis are used to investigate the effects and reservoir which extends over the entire field sm-tcd only 

Enthalpy-based tempcratuns and boaomhole tempera- the alpha reservoir was vertical. tlll.ough a 

beta reservoir in this 
teral, from the west an 

Geothermometers should 

some geothemometers 
in reservoir temperature 
ve the thermal history of 

arameter is the en 

Initial fluid production began from the shallower alpha 
reservoir found only in the western part of the fie .( 

As discussed by Truesdell et al. (1989), at Cmo Prieto 
there are several processes active in the reservoir which 
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Figwe l Location of geothermal wells and faults at Cem fieto. 
Fault H zone is shown at the beta reservoir level; Fault L is 
subvertical (after Halfman et d., 1986). 

may be identified by comparing the evolution of the 
different tempcrams (Le.: TNaKCa, TSil and TE). The 
following cases have been observed in the field: 

(1) TE = TNaKCa = mil : Indicates overpressured fully 
equilibrated liquid (no reservoir boiling). Example: 
well M-42. 

(2) TE > TNaKCa > TSil : Indicates near-well boiling 
and ongoing heat transfer from the reservoir rocks to 
the fluid (expanding boiling zone). Example: well 

(3) TE = TNaKCa > TSil : Indicates near-well boiling 
after fluid and rock have reached thermal equili- 
brium (stabilized boiling m e ) .  Example: well M-31 
after 1979. 

(4) TE > TNaKCa = TSil : Indicates mixing near, or in, 
the well of steam from generalized reservoir (not 
near-well) boiling and thermally equilibrated liquid 
Example: well EA. 

(5) TE = TSil> TNaKCa : Indicates cool water sweep- 
ing heat from hotter rocks without the water reach- 
ing complete chemical equilibrium. Example: well 
M-35. 

’ 

M-31 UP to mid-1979. 

Several of these cases have been observed in a single well 
during its production history. 

Tempcram histories based on gmthcrmomcter and fluid 
enthalpy data have been developed for all Cem Prieto I 
production wells. This allowed us to chsracterize the 
wells on the basis of their geochemical and thennal 
behavior. The various well histories reflect differcnccs in 
the amount and characteristics of the recharging fluids 

and in the processes that arise in response to reservoir 
exploitation CIfUesdell et al.. 1989). 
The purpose of this paper is to investigate what type of 
initial and boundary conditions, and reservoir Properties 
can explain the observed enthalpy and chemical changes 
observed in some of the wells in the western Gem, Prieto 
area 

APPROACH 
Temperature changes in porous medium, radially- 
symmetric reservoir models wen computed using the 
heat and mass transfer numerical code MULKOM 
(Fhess. 1988). The calculated mnds in produced fluid 
enthalpies and bottomhole tempersnves wen compared 
respectively against o b m e d  well histories of enthalpy 
(TE) and silica mil) temperatures. Changes in NaKCa- 
temperatures wen not computed since presently MUL- 
KOM does not have a particle-tracking module. However, 
the latter temperatures can be inferred from the assumed 
initial reservoir tempcram distribution. 
We consider that a reasonable match between the 
observed and calculated trends indicates that the simu- 
lated characteristics and processes in the model approxi- 
mate those of the geothermal reservoir. No exact 
correspondence is expected since simple radial models 
cannot reproduce the complexities of a real wellfield 
under exploitation. 
Constant mass rate production is assumed in the simula- 
tions. There are no significant differences in the results if 
the flow rates are allowed to vary with time in response to 
changes in reservoir pressure and fluid mobilities (assum- 
ing similar average rates). In all cases thermal conduction 
is neglected. 
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In three simulations the reservoir is repsented as a 100 
m-thick isotropic ptnmable layer, but in one case it is 
subdivided into four 25 m-thick anisotropic layers. The 
production well is assumed to be totally penetrating the 
reservoir and having a one-meter e5xtivc radius. In the 
multi-layer case the fluid is extracted from each of the 
layers, the individual contributions being a function of the 
reservoir pressure and fluid mobility. The computational 

coarser with radial distance (e.g. Ar = 20 m at r = 100 m; 
Ar = 25 km at 125 km, the last element in the mesh). 
The radially symmetric computational mesh has a no-flow 
boundary (i.e., it is closed) at r 3 125 km. However the 
system behaves like an infinite one, since for the condi- 
tions and time of simulation, the radius of influence is 
smaller than 125 km. 

The rock Propertits used in the computations are indi- 
cated below in the figures that show the simulation 
results. For all materials the relative pameability curves 
are linear, with residual saturations of 0.4 and 0.05 for 
liquid and steam, respectively. The fluid is assumed to be 
pure water. 

CASES STUDIED 
The locations of the Cerro Prieto I wells whose geother- 
mometer temptrature mnds were numerically simulated 
are shown in Fig. 2. 

s mesh is very fine near the well (Ar = 0.6 m) and becomes 

the end of 1978 (see Fig. 3). From then on. the reservoir 
has been producing fully equilibrated liquid (Case I). 
Careful observation shows that there is a slight drop in 
temperatures with time. 

Considering that the well is located near the northwestern 
edge of the geothermal anomaly, we assume in the 
numerical simulations that initially there is a gradual tem- 
perature decrease away from the well. The properties, ini- 
tial conditions and assumed flow rate are indicated in Fig. 
4. This figure also shows the two computed temperature 
histories for a well completed in this quasi-infinite radial 
system. Here, as well as in the other simulations described 
below, the enthalpy temperatures [T (enthalpy)] are cal- 
culated on the basis of the computed enthalpies of the 
produced fluids, and the bottomhole temperatures 
(B.H.T.) cmspond to the average temperature in the 
simulated well, at reservoir level. 
The initial conditions in the model assume the presence of 
liquid water throughout the entire reservoir. As produc- 
tion begins, the fluid richarge toward the well is not 
sufficient and boiling occurs; indicated by T (enthalpy) > 
T (initial) > B.H.T. However, after about a year, an ade- 
quate presswe gradient (and fluid recharge) is established 
in the reservoir, and the near-well b o i g  zone collapses; 
Le., T (enthalpy) = B.H.T. As production continues, 
cooler waters from neighboring reservoir regions begin to 
a&ct the well temperatures and the model shows a gra- 
dual tempera- decrease (The rate of temperature 
change is a function of the size of the inner W 0 C  zone 
and the temperature of the outer regions). 
This example shows the behavior of a well located in an 

harge (or of low exploita- 
is slightly a&cted by the 
cooler water. There is only a 

short period of near-well boiling and a small but continu- 
ous decrease in temperature (and in chlori&, see Trues- 

ul., 1989). 

then decreased. These 

south, and a &lay 
emical and thermal 

end of 1981. The 
lack of well interference, 

well biting (Case 2, see above) has occumd up to about surrounding beta wells (e.g.. M-84, 515 m away, began 
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Figure 3 Indicated aquifer temperatures for well M-42. 
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Figure 4 Calculated temperature histories for the model shown in the 
insert (compare trends against those in Fig. 3). 

260 

240 

producing in March 1979, and E-1. 240 m away, in 
August 1981; Fig. 2). 
On the other hand, the lower reservoir layers contained 
initially compressed liquid. With exploitation a small sta- 
bilized near-well boiling zone is observed in the deeper 
layers (Case 3). Thus, the chemical charactexistics of the 
5uids produced at @e wellhead are a mixture of steam, 
resulting from generalized reservoir boiling, and ther- 

mally equilibrated liquid (Case 4). The effect of colder 
water encroachment followed later. 
The early behavior of E-4 can be simulated using a two- 
zone model of quasi-infinite radial extent wig. 6). The 
upper, 25-m thick, higher-permeability zone is assumed to 
have an initial high-steam (80 percent) saturation. The 
lower zone, divided into three 25-m thick layers, presents 
initially only liquid water. The permeability of both zones 

- 

- 
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low, 25 percent (0.03 qual- 
ity). 26 percent (0.02 quality) and 26 percent (0.02 qual- 
ity), axe produced respectively. 

the ten years of simulation; only a very slight negative 
slope in both c w e s  is observed. 
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Figure 9 Calculated temperature histories for the model shown in the 
insert (compare trends against those in Fig. 7). 

tinues today. 
The behavior of M-35 was simulated by a radial model 

The groundwaters flowing down Fault L after reaching 
the alpha ~ O k  movC Castwards towards M-35 

areally distributed venical leakage is of less importance 
than previously hypothesized (e.g. Grant et al., 1984). 

tures stabilize because of the influence of the constant 
pressure and temperature boundary. This boundary dom- 
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Lippmann, 1986). 

inates the later behavior of the simulated well; at early 
times the resemoir properties are more important The 
bottomhole temperature stabilizes at about 27OC lower 
than the initial fluid temperature showing that near-well 
Wiling continues. However, the stabilized T(Ent) is 
equal to the initial fluid temperam indicating that 
throughout the system fluid and rock have reached thcr- 
malquilibrium. 
In the model the boiling around the model is continuous 
over the 10 year simulated period, because of the large 
assumed ratio between the production rate and the 
pe rmeab i l i t y - t s s  product. We expcct that the boil- 
ing zone wil l  eventually collapse as the cooler waters 
continue to advance towards the well. 
The behavior of M-3 1 suggests that the particular interval 
within the alpha reservoir from which the well is produc- 
ing is strongly connected to an extensive aquifer, possibly 
the shallow groundwater body of the Mexicali Valley. It 
is not clear to us why the rtsponse of this well is &rent 
from that of M-35. which is only about 185 m away. Both 
wells are completed at similar depths and arc at similar 
distances from Fault L (Fig. 2). It might be possible that 
bcc,ahse of the geologic heterogeneity of the alpha reser- 
voir (Halfman et d, 1984, 1986), M-31 has lower per- 
meability (and more boiling) near the well but strong 
hydraulic communication with local groundwater aquifers 
at greater distances. 

CONCLUSIONS 
This study iuustrates the advantages of combining geo- 
chemid data hcqmtations with numerical g w t h d  
reservoir simulations. The compsrison between the 

changes observed in the fluids produced by Ctm, Prieto I 
wells against the results of modeling studies allowed us to 
further characterize the producing reservoirs, especially 
their recharge and boiling processes. 

* 

The co?d water recharge to the alpha reservoir does not 
seem to be related to extensive leakage through the over- 
lying less permeable layers. Insttad. groundwater fmm 
surrounding aquifers tend to descend through Fault L, as 
well as to move horizontally towards the producing wells. 
In most (or all?) alpha wells localized boiling is observed 
at least during part of their production history. The rate 
and thermal characteristics of the recharge control the 
longevity and extent of the boiling zone. It could collapse 
rapidly if the recharge is strong (well M-42). or expand, 
stabilize and then collapse (wells M-35 and M-31). The 
behavior of well M-3 1 seems to be a goad evidence of the 
strong hydraulic communication between the alpha reser- 
voir and the high-permeability groundwater aquifers of 
the Mexicali Valley. 
Cem Rieto I wells completed in the deeper beta reser- 
voir seem to be fed by difkent zones; an upper boiling 
zone and underlying liquid zones. The two-phase region 
appears to have developed before well E4 began produc- 
ing and be related to general reservoir boiling (not near- 
well boiling). Lateral colder water recharge into this 

Rieto. 
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