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Progress Report on LBL's Numerical Modeling Studies on Cerro Prieto 

\ 
Resumen 

Un modelo de urplotaci6n para el sistema potcrmico de 
Cem Rieto es neccsario para detuminar la capacidad 
energ6tica del campo,zstimar su vida productiva y elaborar un 
plan 6ptixno de manejo del yacimicnto. El &lo &be con- 

do pn- 

- 

siderar las condiciones del estado natural (is., est; 
explotaci6n) del sistema y tcner la capacidad de pndecir 10s 
cambios en ias condiciones termodinficas (y en 
caracteristicas qufmicas de 10s fluidos) del yacimiento debidos 
a la produccidn (e inyeccidn) de fluidos. En cstc aabajo se 11 
presentan 10s resultados de una simulacidn nt 
sional de las condiciones naturales del campo de Ccrro F'rieto y 

I 3 

drica uidimen- 

n 1983-1987 10s 

installed 
'hne major rem- 

sc comparan para el perfodo de explotacid 
cambios de psiones y de 
calculados. 

INTRODUCTION 
, MOnthan15Odttp 
Prieto area (Figs. 1 and 2). Presently, about 85 wells are sup- 
plying steam to thnc power plants in the field (total 
electrical generating capacity: 620 W e ) .  'I 
voirs (or reservoir zones) have been identified at Cem, Prieto: 
(1) the a reservoir, the shalIowest one between about 11 
1500 m depth, restricted to the westem part of the field (CPI 
region, west of the railroad tracks); (2) the - . . - - - - 1 ,,," reservoir extend- 

SI OOO and 

ing over the entire field, between about 1500 and 3wlo m 
depth; and (3) the y rescx%oir found below 3000 m Amth nnlv 
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ing to the a n rise up Fault L, and flow westward fluids 
(permeable sandy layers and less pcnneable shales) and the 
normal Faults H and L (Halfman et al.. 1984; Figs. 5 and 6). 

cmo Prieto. These ax. the lithology 
through the shallower sandstone [betwen M-29 and M-9 (800 - loo0 m)]. Eventually the geothermal fluids either mix with 

to the Nw and the down- 
SE sides of the model arc 

FoUowing Halfman et d’s h 
4A shows the geothermal fluid flow 

between elements. 
* some wells. the decrease of chloride cantent 

fluids and by the propsive disappearance 
ifcstations (lhcsdell and Lippmann, 1986). Then ate also 
evidences of colder wata influx inm the dif6mnt nscnroirs in 
Qk anas of the field. 

the model (not allowing recharge 
izontal direction perpendicular to 
modclcd). a good pressure match 
tion period was not possible. 

(4 (Natural ctate mndltlons) 

The model discussed h a  includes an expanded 3-D c~mputa- 
tional mesh to obtain a 
state conditions in the 

METHODOLOGY 
The LBL three-dimensional, multi-phase 

KOM ( R w s s .  1988) was used to compute th 
flow in the system. 

mID1-7427 

1 obtained. After section of the Ccm, 

1988). 

Computational Mesh 
cortc tranmcrsal esquedtico oestccste del 
campo de Cem, Rieto indican& el tlujo del fluid0 
ptdrmico y la ncarga de agua subtemlnea (GW) 
Ha, (a) antes y (b) durante la exprotacidn (de 

the most important scologic features that control the flow of Lippmann et al., 1989). 
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XBL 849-99228 Elgurc 5. Plan view of the computational tnesh used in tm study. 
Vista en planta de la d a  de c6mputo utilitada en fste estudio. 

Elements were addtd to the upthrown p teservoir to mon 
accurately model the gressurt and enthalpy changes observed 
in the tield. 

F i b  6 depicts a SW-NE m s s  section of the upthrown 
blodc showing the internal elements only. The mesh incor- 

tion of the 'thnt most permtable units (reservoirs a, p, and y). 
Cross sections of the downthrown block haw similar 
configuration. The blank elements represent permeable zones 
arid the hatched mes low permeability zones. Tht rtchargc of 
gtothermaz fluids into the field is modeled by injecting hot 
350% duids into the detpest easternmost element o€ the Fault 
H zone (not shown in Fig. 6). Most of this fluid ascends along 
the fault and flows westward and laterally through the various 
pmeable zones. it tlischarges mainly 
southwestim bo ode an the ypthrown element nearest 
the fault zone. 

p ~ r a t c ~  details of the S l l b S e  ~ C O ~ O ~ Y ,  inclvding the l a -  

Material Properties 

the various &ah tones were simiiar to &e OMS used by 
Lippmann and Bodvmson (1983). These material propenies 
(especially permeabilities and thennal conductivities) wtrc 
adjusted as the modeling work prognssed. in order to match 
the obstrvtd and computed empmmrcs and pressures. Tabk 

s used h &e 1 and Figmes 7A and fB shows the mck 
best model, tim is. the model that gave the best itlatchts 
between observed andcalculated values. 

P i  ?A indicates the  mate^^ assigned to the t b n t s  

Figm 6. The 31 zone ?eprescnts a cooler quifer overlying h e  . 
geothermal field. A series of mdstones (SKI) and shales 

ermal a n d y .  Thm 5s leaky c q  rock fC1) abovt khe a 

separated limn the a rtmoir by a low permeability shale 

In the &st -&mlhtion M S  the rocfc propemes assigned to 

in the SW-NE uoss &on d ihe apthtbwn blmk Shown h 

(CKl, m) represent rhe fftltobgy inferred west of the geoth- 

rescrvox (S2). Thc westem @ rcskrvoir -(?rmks s 3  an8 $33) is 
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Figure 6. Southwest-northeast crass section through the grid elements just nonh of the Fault H. Hatched zones -sent layus 

Cone fransversal SO-NE mostrando 10s elemcntos de la malla ubicados al nm y junto a la Falla H. Las zonas rayadas 
representan capas de baja permcabilidad. 

of lower permeability. 

(a). The sandy gap (S7) cornsponds to zone of higher per- 
meability connecting the B and a reservoirs. C5 zone 
represents an impermeable barrier believed to be caused by 
mind precipitation. thc nsult of the interaction between 
shallow. cooler groundwaters and the upflowing geothermal 
fluids (ZJppmann and Bodvarsson, 1983). The eastcm B ~ s c r -  
voir (S5) is capped by the impermeable shale (a), which is 
overlaid by a permeable sandstone (S4). A low-permeability 
shale (C6) separates the sandstones of the yreservoir (S6) from 
the upper p reservoir. 

sections is very similar (Figs. 7A and 7B). However, in the 
downthrown block the a reservoir, the westemmost part of the 
p reservoir (material S3 in Fig. 7A) and the sandy gap an not 
found. In this block these zones are shalier and less permeable 
than in the upthrown block and an represented by material 0. 

md and 

were based on normal t e ~ r a n n C  graditnu for this area. "he 
presslrnasdgnedtotheupperboundaryelements (along the 
w e s t e m s t  row of elements) of the upthrown and fault m e  
i s  73 bars (800 m depth); and those of the downthrown section, 
11 1 bars (1200 m depth). Below the yrescrvoir and the eastern 
portion of the B close to the fault, the boundary conditions are 
simulated by including heat sources equivdent of 1 to 3 watts 
per square meter of interconnection area into the nearby inter- 
nal elements. These sources simulate the heat flux associated 
with the cooling of igneous dikes believed to have intruded 
into the sedimentary fill of the Mcxicali Valley (Eldm et al.. 

In general, the boundary elements along the top of the 
mesh represent an impexmeable shale, exctpt dong the 
cxtnme southwestern side where a -able sandstone exists. 
Most of the lateral boundary elements to the Southeast. 
southwest, and northwest have the same permeabilities as the The results of the best model indicates that the permcabil- they are to. - exceptions 
arc for a few of the boundary elements to the northwest, which 

h general, the litholou Of the Upthrown and d0WnthroWll 1984; ~ ~ l h ~ h  et ala, 1984). 

Of the sandy matcri'' and 
that Of tk shale layers between .005 and 1 md (Table 1). The are c m s i h d  to be impemable b d e s  because of 

, horizontal permeability of the reservoirs (4 B. and u) is 
100 md while the vertical value is between 1 and 10 md 

well tests and with values used in earlier simulations of the 

munication. 1988). A constant rock density of 2650 kghn3 was 
used for all materials. Thermal conductivities ranged from of 

precipiation from the inttraction bttween di&rent 
watm. Most of the boundary e,enu to the ndeast are 

thrown sections they a -able sandstone. 

ing forconduc~ve heat transfer. 

pemabilides a m  reasonably with the of impermeable, except along the top mw of the up- and down- 

field (Lippmann and Bodvmson. 1983; AYuso, F o n d  corn- I m p m b l e  boun- elements the pwsc of account- 

2.35 to 3.00 W/m°C, depending on rock type (these values arc 
somewhat high especially for shaly materials, however that 
effect on the results are minimal). 

Boundary Conditions 
Constant temperature and pressure boundary elements are 

located along all sides of the computational mesh (is., sur- 
rounding the internal elements), except in some areas along the 
bottom. The temperatures assigned to the boundary elements 

Natural State Model 
The natural sate model provides quantification of the 

fluid (and heat) movement, and the distribution of tempcra- 
tuns, pressures, and steam saturations in the system before 
commercial fluid production started in March 1973. The vali- 
dity of the model is supported by comparison to the geothermal 
fluid flow pattern inferred by the hydrogeologic study of Half- 
man et al. 11984) and the reasonable mtch obtained with best 
known initial temperatures and pressures at Cerro Prieto per- 
mejo et al.,1979; and FJ. Bermejo. personal communication, 
1982; M.A. Ayuso, personal communication, 1988.) 
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Table 1. hoperties of the materials assigned to the mdci used in the tnodcl, as shown in 
Figurc 7A and 7B 

SW 
1000 

c 
Q 

NE 

n 

E - 2000 r 

I I al n 
3000 t 
SW 

Figure 78. Cross section through the southernmost SW-NErow of clcmlnts representing dihiiiit materials assigned to &e down- 
thrown block. 

Cone aan*end a travls de la h i lm SO-Nk m;ls m&diohd de elementos, indicando 10s di 
hados al bloque hundido. 
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Temperatures 

Figures 8A and 8B represent the observed and cdculated 
temperature distribution along the section given in Figure 6 
(upthmwn block). Both figures show the s y n c  general 
features. East of the sandy gap, the temperatures match fairly 
well. Both indicate a high thermal gradient in the cap rock 
zone (C4 of Fig. 7A) indicative of conductive heat flow. The 
main discrepancy in this area is in the uppermost element east 
of the sandy gap. The computed temperatures here are some- 
what high. The model shows a small portion of thc geothcrmal 
fluids flowing from the SW to the NE along the uppermost row 
of elements. instead of king entirely to thc west as inferred by 
Halfman et al. (1984). The dashed isotherms shown west of 

the sandy gap cornspond to an area where the initial tempera- 
tures arc not well known; there arc data from only three wells 
(Fig. 8A). Well 0-473 located in the southwestemmost 
column of elements in the mesh, has relatively cool tempera- 
tures. Well M-105 located to the south, in the second column 
of elements from the SW, has temperatures rcxiching 300°C at 
about 1400 m. Well M-181. a centrally located well in the 
same set of elements, also has these high temperatures at s k i -  
lat depths. According to this data the calculated tcmperatun 
(300OC) is approximately 50°C too low in this rcgion rig. 8B). 
However. Figurr 17 of Bermcjo et al. (1979) shows that 
downhole temperatures in well M-181 never exceed 275'C. 
Also, Mercado (1976) shows temperatures less than 300°C in 
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Figurt 8A. Cross section given in Figure 6 showing obstrved temperatwe distribution (in "0. 
Cone a a n s v d  dado en la Figura 6, mostfando la distribuci6n obstrvb de tempatwas (en "(2). 

2 SW NE 

Distance (rn) 
Figure 8B. Cross section given in Figure 6 showing calculated temperature distribution (in "0. 

Corn transversal dado en la Figura 6. mosanda la distribuci6n calculada de temperatuns (en "0. 
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this general region,of the field Thmfm. we consider our cal- 
. culated temperature distribution in the vicinity of M-181 to 

a p e  nasonably well with measured downhole data. 
Figuns 9A and 1OA show the observed temperam dis- 

tributions for the a reservoir (lux) m depth) and the western /3 
nservoir (1700 m depth), respectively. The isotherms were 

Figure 9A. 

plotted using well log data (MA. Ayuso. pefional canmunia- 
tion, 1988) and the calculated ttmpcr;uures for normal thermal 
conditions along the boundaq of the mesh. The dots =present 
the data points (location of wells) used to generate the plots. 
For comparison. F i  9B and 103 show the computed em- 
pent& distributions. 

Observed tempenture distribution (in "0 at 1300 m depth, based on data fmn M. A. Apso (pmonal c c x n m h -  
tion, 1988). 

de M A .  Ayuso 
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- 
Figure 1OA. Obscrved temperature disnibution (in "0 at 1700 m depth based on data from h4. A. A p s o  ( p o n d  communica- 

tion, 1988). 

Distribucidn obsewada de tempemtuns (en "C) a 1700 m de profundidad, basah en datos de M.A. Ayuso 
(comunicacidn personal. 1988). 
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Figure 1OB. c;llculared temperature disrribuaon as I700 m depth. 

Disbibucidn cdculada de temperatwas (en ‘Q a 1700 m de profundidad. 

F i w  11. Observed (34. A. Apso, personal communicaaon, 1988) pressm data (shown as dots) with pssure values and con- 
tom of calculated pressure at 1300 m 
1300 m de profundidad. Resiones observadas indicadas por 10s puntos (MA. Apso, m u n i w i d n  personal, 1988); 
Ios contornos corresponden a pnsioncs calculadas. . - 
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v 
Figure 12. Obsmed (Apso, personal communication, 1988) prtssun data (shown as dots) with pressure values and contours of 

calculated pressure at 1700 m. 

- 
E 

f 
Y 

Q 

B 

1700 m de profundidad. Rsioncs OM indicadas por 10s puntos (M.A. A~USO. cotnunicacidn personal. 1988); 
10s contornos cornsponden a prrsiones calculadas. 
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Figure 13. Generalized fluid Row pattern for the cross section shown in Figure 6. The dashed m w  between the p and y rem- 

voirs indicates vertical flow in the fault zone (located to the southeat). 

Patr6n genenlizado de flujo del fluido mmspondente al cone n ; t n s v d  dado en k Figuaa 6. La flccha punteada 
t n t ~  10s yacimientos p indica el flujo vertical en la zona de falla (ubi- a l  sudeste). 

fluids move into the sandy gap where some boiling occurs and 
continue to flow westward through the a reservoir. Our natural 
state model indicates that the a reservoir is also nchargcd with 
fluid flowing directly from Fault H (this di&rs with the hydro- 
geologic model that indicates geothermal fluids =charge only 
from the sandy gap). From the a reservoir the fluids ascend up 
Fault L, moving westward through the shallow aquifer and 
then eventually migrate to the surface along the westward edge 

lier (Fig. 13). For the best model. a constant 80 kgls recharge 
rate of 35OOC (1671 W/kg enthalpy) water was computed; 
source located in the deepest easternmost element of the Fault 
H section. The model shows that geothermal fluids rise along 
the Fault H zone. A small amount of fluid enters the sandstones 
of the y reservoir Figure 13). but most of the fluids move 
upward along the fault and then migrate laterally and westward 
into the sandstones of the p reservoir. From the p reservoir the 
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Figure 14. Simplifid plan view of the computational mesh (Fig. 5 )  showing the western upthmm, eastern uptbrown, westem 
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of the field. Figure 13 shows only a schematic of the flow pat- 
tern because of the three-dimensional nature of the model. 

Exploitation Model 

In the second phase of this E numerical modcling study, 
fluid production at Cem Prieto was simulated between 1973 
and 1987; the +fman et al. (1986a) study only consided 
production up to 1979. Actual production data from individual 
wells (provided by CFE) was simulated by assigning appropri- 
ate fluid sinks to various mesh elements. Computed pressure 
and enthalpy changes in the a and P reservoirs were compared 
against observed values. 

;Table 2 lists the .average annual fluid pmducfion rates for 
the vari~~,geothermal.~wrvoirs:snd-zimes i n a d  ~l fa r  Fault 
H and L &at were incorporated into the model. T$c a rem- 
voir was the 6rsc ZD be exploited; & its exploitation continues 
today. .Roducdon ,from the p .reservoir s t M t d  in l978. 
Presently. the bulk of the fluid is being produced from this 
deeper reservoir. 

four sections. A given area i s  assigned to one of these sections 
depending whether i t  is east or 
the upthrown or downthrown 
eastern upthrown section roughly.oomsponds to CPIIJ in the 

In the model. the,pTewrvQir has ken.subdivided into 
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northeastern area of the field, and the eastcm downthrown sec- 
tion to CPII. in the southeast. In the model the western two 
sections of the fi reservoir represent the up- and downthrown 
portions of this reservoir in CPI. To represent the eastcm and 
western upthrown block of the fi reservoir more accurately, a 
more detailed mesh than the one shown in Figure 2 was con- 
structed. 

The material propcrrics and boundary conditions used for 
the exploitation model were identical to thm of the natural 
state model. The hot warm recharge (80 kgls of 350"C water) 
into the deepest easternmost element of the Fault H section 
was assumed to be constant and un;lffected by rtservoir draw- 
down. The constant pressure and temperature boundaries were 
considertd to be adequate for simulating the early exploitation 
history. These boundary conditions will have to be modified 
for predicting the later behavior of ctm Rieto system 
(i.e.. after 1987). 

In response to production-induced drawdown, the model 
indicated a rearrangement in the direction of Ruid movement, 
similar to what is shown in Figurc 4. 

Response of the a reseffoir. The reported observed 
1973-1987 pressure for the a remoir (M.A. Apso, personal 
communication, 1988; &mjo et al., 1979) wen often 
obtained by extrapolating and interpolating measurements 
from a few observation and temporarily shut-in production 
wells. For each year and particular area, the pressure for a 
representative well, or wells, wen averaged and plotted for 
comparison against corresponding calculated values. 

Figure 15 shows the obscrvtd and calculated pressures in 
the a reservoir at 1200 m depth. The solid curve represents the 

pressures given by Bermejo et al. (1979) and the 
represent reported well M-38 presms. The solid curve shows 
for the 1973-1979 period a pressure drawdown of about 22 
bars (fiom about 110 to 88 bars). On the other hand well M- 
38 shows between 1973 and 1977 an initial drawdown of about 
6 bars (from 97 to 91 bars), followed by pressure ICCOVQY. 
These results reflect the effects of changes in fluid production 
rates and an increasing influx of colder ground waters. 

Prtssures reported for other wells in the ~ m t  area and for 
the same depth, ax often higher than those of well M-38. For 
instance. in 1977 and 1978 these pssures were about 14 b q  
higher than those reponed for M-38. We do not know the w- 
son behind these differcncts. 

closely (Fig. 15). Initially. the model shows a prcssurc draw- 
down, which starting about 1976 io followed by a partial 
recoVery. 

In the a reservoir the observed enthalpy historiw vary 
from well to well, however in most wells enthalpies rarely 
exceed 400 kcavLg (about 1675 kJ/kg). Some wells show 
fairly constant enthalpy values; other wells show a dencase. 
Finally. for a number of wells, higher enthalpies were okmed 
in the mid 1970s. which then decreased and soon aftawards 

considertd it to represent the enthalpy behavior of the a reser- 
voir (Fig. 16). 

F i p  16 also shows the calculated enthalpy history for 
the main portion of the a reservoir between Fault L and the 
sandy gap. The model shows a decreasing trend in enthalpies. 
It agrrts fairly well with the observed changes except around 

The calculated presruns match the M-38 prcssuxes quite ' 

lc~eled off. WC Chose well M-26 Out Of this last group ;md 

72 73 74 75 74 77 70 79 80 81 82 83 84 85 86 87 88 89 
YEAR 

Figure 15. Obsmed (well M-38 and Bermejo et al.% data, 1979) and calculated pressure histones for the arescrvoir. 
Historia de Ias presiones observadas (porn M-38 y dams de Bermejo et d., 1979) y dculadas pan el yacimiento a 
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the i975-1976 period when higher enthalpies were observed 
associated with localized reservoir boiling et id., 

computational mesh arc much too coarse to simulate the boil- 
ing around wells, therefa our model dots not show the higher 
enthalpies observed in the field, though in the model the a 
remoir is on the verge of boiling. If the reservoir p e m b i l i -  
ties arc reduced by only five percent, the model shows inter- 
mittent boiling fnrm 1974 to 1977. If the pcrmeabilities arc 
reduced by ten pucent. the model indicates that the a reservoir 
bois continuously during the same period. So. even though 
our btst model shows no W i g ,  the fact that it is on the verge 
of it, is consistent wish field observations. 

Cold water recharge through Fault L and from the west is 
reflecvd by a dencase in enthalpy starting abut  1976, in she 
observed M-26 enthalpies and in the general decrease m calcu- 
lated enthalpies. Unlike field data from which one infers a 
predominant recharge through Fault L, our numerical model 
shows most recharge originating from the west. This can be 
accounted €or by the presena in the model of om d thc  sinks 
(simulattd well) in the upper portion of Fault L, which disrupu 
the recharge through the fault into the a reservoir. llae model 
wil l  be modified in the fume. 

1984.1989; Lip- et al.. 1989). The Of OW 3-D 

- 

I l l l l l l l l l f t i i l ! '  

Responses in the f3 reservoir 
Eustern upthrown block. Figure 17 shows the 1973-1987 

obsemd and calculated pressures for the eastern upthrown 
block of the B ~cservoir Fig. 14) at 2100 m depth. Between 
1979 and 1982 the observed representative pressures for the 

arca near wen M-150 (data from welts M-150 nnd M-133) 
show a slight decrease fmm €88 to €80 bars. Then they steeply 
dedine to about 155 bars in 1986 (Fig. 17). This rapid and 
sudden decrease in pressure nAects stre coming MI linc d 
power plant CPU. as production greatly increased firm about 
105 kg/scc in 1985 to 840 kg/sec in 1986 (Table 2). 

The calculated and oboerved pmsuns match extremely 
weil. The calculated pnssures in &e vicinity of M- 150 show a 
pressure decline from 1% han in 1973 to 178 bars in 1985. 
fallowed by a sharp dccnase to 149 bars in 1986 {Fig. 17). 

In the eastern n p h w n  block of the B szservoir, nvo 
slightly difkent mads arc sten in the obsuved well enthalpy 
histories. in thc mnin pnkm d this pan ofthe producing field 

5). a mnd soward increasing enthalpies is obsernd; up to 600 
kcaVkg (about 2510 Hkg; cg.. well M-120, Fig. 18). The &ta 
indicates reservoir boiling due to sttpptd-up fluid production 
and the lack of significant fluid recharge into this portion of the 
IcscNoir (Scxnpfini and h g e r .  1984; Srallard et d.. 1987; 
Urn de Vivar, 1988; Lippmann ct al., 198% 'snesdcll et al. 
1989). 

Farther away &m Fault R rpptoaching the northern 
edge of the field (near wcll M-133, Fig. 5). increasing enrhal- 
pies arc also observed. Cut in ?his area theenthalpies axv lower. 
they do not excced 450 W g  (about 14380 kJnCg; eg., well 
M-133, Fig. 19). me location of the northern boundary of the 
field is inferred by the sudden and sharp &deepening of the 
300'C isotherm. from about 2000 m in well M-133 IO below 
3800 m in M-172 (Halfman et al.. 1986b). showing the hot 
fluids not migrating north much beyond well M-133. The 

(nonh ab Fa& R UP (0 wells s M-120 and M-150. Fig. 
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observed enthalpies indicate that reservoir boiling has occurrcd 
at least during 1986 and 1987. The lower observed enthalpies 
in this region as compand to the zone neam to the fault, indi- 
cate that there is cold water nchuge in this northan fringe 
area of the geothermal system. 

possibly in response to variations in annual fluid production 
rates (Table 2). 

There is good agnemcnt between the observed and com- 
putcd pressures for 1985 and 1986. but the 1984 calculated 
pressure is 10 bars higher than the observed one. The calcu- 

F~~ the podon of the block of be p 
resewoh ncmSt to Fault H the calculated hcrems in 
enthalpy an slightly delayed with respect to the observed ones 
(Fig. 18). This &lay can be explained by mtsh discretization 
effects. The calculated enthalpies for this m a  tend to be con- 
stant between 1979 and 1985 (around 385 kcdkg; about 1610 
Wkg). and then start to increase in 1986 Fig. 18). This a n d  
reflects the boiling in the model starting in 1986. 

In the region farther away From the fault (e.g.. neu well 
M-133) the calculated and observed enthalpies (Well M-133) 
match well Wg. 19). The enthalpies between 1978 and 1985 
an constant (around 380 h m g ;  about 1590 kJkg) and then 
rise to 460 h d k g  (about 1925 kJ/kg) by 1988. the 
shows resexvoir boiling beginning in 1986. 

Western upthrown block. Figurc 20 shows the observed 
and calculated 1973-1987 pressures for the western upthrown 
block of the reservoir at 1800 m depth. Prior to any produc- 

(adjusted pressure from 1700 to 1800 m depth; Fig. 12). The 
first reported representative pressure in the ana near well E-9 

was 144 bars in 1981, a drop of 21 bars from precxploitation 
conditions. The pressure fluctuated between 1984 and 1986 

lilted p r t S S W S  Shows a decrease from about 161 bars hl 1973 
to 157 bars ill 1978 (Fig. 20) before Significant production had 
OCcurrtd flablC 2)* Then* with increasing producaon* the pres- 
sms &pPd to 141 bars in 1983* and then 
due to 

to 
production 

Some wells in the western upthrown block of the fl mer- 
voit characterid by inmasing enthalpies, while by 
their fairly constant values. The wells with increasing enthal- 
pies found in the main portion of this block; i.e. east of 
Fault L, west of the sandy gap, north of Fault H, and as far 
north BJ E-14 (Fig. 5). The enthalpy behavior of well E-2 (Fig. 
21) is typical for this ma. The enthalpies inmasc from about 
360 k c m g  (about 1505 kJkg) in 1984 to about 600 k;Ivlrg 
(about 2510 kJ/kg) in 1988, suggesting reservoir boiling staxt- 
ing around lgg6. This hiling in to an 
inmasing Overall exploitation Of the p flab1c 2)* 

naNal rechu&?e not &Ping Pace with production- Wn 

~ 

tion in the field (1973) the pressures wen about 165 bars de vivu (1988) and ThEdell et a. (1989) have also suggested 
reservoir in this don Of 

I 
i 
1 Northwest of the ana just d e s ~ b e d  is., wvt of Fault L 

(generally less than 400 kcpvkg (about 1675 kJ& e.g., well 
E-3, Fig. 22). The constant enthalpy shown by the wells ill this 

I (data from wells E-3, E-9 and E-14) after production started, and north of E-14, the enthalpies an fairly low and constant 

I 
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region indicate that there is no boiling and probably cold warn 
recharge is occurring from the north and west. 

In the main portion of the western upthrown 0 reservoir. 
the calculated enthalpies do not show the observed increasing 
trend. The model instead'presents a slow decrease in enthal- 
pies with time, and some tempomy boiling in 1982 (Fig. 21). 
Except for this early boiling, the o b s e d  and calculated 
enthalpies appear to be approximately the same until around 
1984. The increasing values observed after that year could be 
reproduced by the model by refining the computational mesh 
and reducing somewhat the permeability assigned to that pro- 
ducing area 

The calculated enthalpies for the northwestern area of this 
block, north of E-14, arc about 50 kcal/kg (about 210 kVkg) 
higher than those observed, and show a decreasing trend as 
opposed to fairly constant observed values. 

Western downthrown block. Ressun data at not avail- 
able for the western downthrown block of the j3 reservoir at 
2100m depth. The calculated pressures for this depth (Fig. 23) 
show a general decreasing trend between 1973 and 1978 (fmn 
188 to about 184 bm). and then the pressure generally 
&clines to 169 bys in 1985, reflecting changes in production 
rates. The decline in calcuIated p~ssures to'IS8 bars in 1986 
is p d y  due to an increase in production ntes in this m a  of 
about 30 kglsec, but i s  probably mostly bemuse of the 
significant increase in total flvid exmcted from the eastern 
regions of the 8 reservoir, associated with the coming 6n line 
of CPII and CPIII. This would decrease the inflow of geother- 

mal fluids &to the *stem ~ O W T I ~ O W I I  block d tht $ re=- 
voir. 

The =Us aompkted "in this 'pan sd the .field show k k t y  
constant enthalpies [about 340,kcaIkg (about 1425 Wkg); e.g.. 
well €4-73, Fig. 24). No reservoir boiling is occurring i n  this 
m. probabiy u because of the cold water =charge from the 
west andpossibly south. 

The calculated enthalpies fer this mgion an almost con- 
stant. However, they 831: about 140 aCWg (about 585 
lower that the obsemed ones. WJower calcularcd enthalpies 
could resuh from natural state model temperatu~s that artmo 
low in the regio!!. 

Eustern dowmhrown block. Figure 24 shows the 
observed and calculated 1973-1987 prcssurcs for the eastern 
downthrown block of the j3 reservoir at 2700 m depth. The 
$observed pnssms for the mea mu AVC~I T-366 (data from 

between 1980 and 1987 a decrease -from 239 .to 188 ban. 
Bakd on the available production data, this type of decline 
was not .expected for th is  portion of,the nservoir. :Instead, 
the ptess~rr ms.mptcted to &cline in a similar manner as in 
the eastern upthrown block of the p rescrvoir, which showed a 
press- tiecrea~e ofiabotit 30 bars in.I9S6..when the+CPII and 
CPIII power plants came on line. -In pmicular,:for the e s m n  
downthrown block of the$ reservoir. .pre-1986 fluid produc- 
tion was rather insignificant. Fanging between 2 ;urd 50 kg/sec 
(Tabte2),.whkh should have only resulted in a general p e s -  
sure. decline of about '10 to 13 ban, at the most.  .Then, when 

wells T-366, T-348, T350. Prl-119, E-21.1E-23, and E=Z']),ShOw 
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the production increased from about 2 kg/sec in 1985 to about 
940 k&c in 1986. a significant drop of at lest  30 to 40 bars 
should have been observed: We cannot' explain the observed 
pressure history shown in Figure 24, unless it is due to 
significant fluid production of stand-by wells, most of which 
were "on-bleed'', befm they were connected to the new power 
plants. (If this production data becomes available. it will be 
incorporated into the model.) 

As indicated, the calculated and obsenred pressms for 
this area do not match (Fig. 24). However, the calculated pres- 
sures in the vicinity of T-366 do show a aend that one would 
have expected bas$ on the production history of Cur0 Prieto 
(Table 2). Between 1973 and 1985 these pressures gradually 
decline from about 243 to 235 bars. Then. in 1986 a pressurt 
drop of about 35 bars occurred when the new power plants 
came on line, followed by a small recovery of about 4 bars in 
1987. 

The 1982-1988 observed enthalpies arc fairly constant 
(340 kcalflrg; about 1425 kJAcg). The data suggests no mer- 
voir boiling; the area probably has cold water recharge €rom 
the east and south. 

The calculated enthalpies for this region also tend to be 
constant, however they arc about 180 kcaVkg (about 755 
k J k g )  lower than the observed ones. As in the case of the 
western upthrown block, in this part of the model the .nan\ral 
stats reservoir temperatures .in the model seem to be too low. 

CONCLUSIONS 
After a consideqble effort in calibration thrtt- 

dimensional simulation model of the Cerro Rieto geothermal 
field has been developed. Even though the computaaonal 
mesh needs to bc refined, it reproduces the basic features of the 
complex geology of this high-temperarun system. Far pn- 
exploitation ( ~ t u r a l  stare) conditions the model gives fluid 
flow patterns consistent with those of the hydrogeologic model 
of Halfman et al. (1984, 1986b). Then is relative good 
comspondence between the calculated and observed tempera- 
ture and pressure distributians throughout the tiel& 

The 1973-1987 exploitation period has been simulated 
using the geometry and parameters of the natural state model. 
Fluid production was modeled by incorporating time- 
dependent sinks in different mesh elements. There is a general 
good match between observed and computed reservoir pres- 
sures and enthalpies. However, some di&re.nces still exists 
that wil l  be reduced by refining she mesh and modifying vari- 
ous parameters in the model, especially permeability (e.g.. to 
change the rate of cold and hot water recharge) and porosity 
(e.g., to increaseldecnase reservoir boiling rates). Future 
efforts will also include the "tuning" or testing of the model 
against other type of data, for example changes in reservoir 
fluid chemistry and slKface (or downhole) resistivity. 

This study has shown and confirmed the results of other 
authors i.e., the on-going exploitation of the Cerm Rieto reser- 
voir has resulted in: 

k g e  reservoir pressure drawdown, especially in h e  
eastern regions of the field; 
significant influx of colder waters into the geothermal 
system along all but its northern boundjries; and 
generalized boiling in the upthrown block of the /3 rescr- 

voir. Then are evidences of localized boiling around 
wells completed in the a reservoir and some wells in the 
/3 reservoir k g .  Truesdell et al.. 1989); this is notrepro- 
duced by the model because of the coarseness of the com- 
putational mesh. 
Even though this is a progress report of an on-going reser- 

voir numerical modeling effort, we tentatively conclude that 
the reservoir management plan €or the Cerm Prieto system 
needs to be reevaluated to reduce pressure drawdown !hat 
results in reservoir boiling, and significant encroachment of 
colder groundwaters into the system. 
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