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bstract 

Ccno Rieto geothermal memoirs tend to exhibit good 
hydraulic communi&on with adjacent cool groundwater 
aquifers. Under natural state conditions the hot fluids mix with 
the surroull(lrn ’ g colder waters along the margins of the geoth- 
crmal system, or discharge to shallow levels by flowing up 
fault L. In rrsponsc to exploitation reservoir prtssurts 
decrras~, leading to changes in the fluid flow P W  in the VS- 

andtopundwatcrinflux. 
The various Ccm, Rieto memoirs have nsponded 

dif6trcntfy to production, showing localized near-well or gen- 
aaliztd boiling, depending on their access to cool-water 
recharge. Signiticant cooling by dilution with groundwater has 
only been obscmed in wells located near the edges of the field. 
In general, entry of cool water at Ccm, Riem is beneficial 
because it tends to maintain nmoir pnssurcs, rtstrict boil- 
ing, and lengthen the life and productivity of wells. 

Introdudion 
geological map of the Salton trough, 

the Cem, Prieto field, SE of 

produd tempg.ahut and . detailed information concerning lithology and tcnpcrawts wenu fid boiling. nscsv~ir, de the 

New Zealand systems, was not well scaled and connections to 
cooler aquifers must haw been relatively open. S i e y  (1990) 

invaded by cooler water 
y fed surface discharges. 

The Ccm, Ricm 
fomia. Mexico. is developed in the deltaic sands and shales of 
the southern Salton trough Fig. I). Extensive drilling by the 
Comisidn Fedual de Electricidad (CFE), has provided fairly 

from about 800 to 3OoCl m depth in the uppct P a  Of the SYS- 
em. Gem, fieto has two thoroughly a P 1 d  geothd 

’difftr from somt other exploited nSerYOifS (The GCYS~S, 
Wairakci) in having “lcaky” boundaries where the hot geoth- 
ermal fluids exist in dynamic equilibrium with much  COO^ 
waters. Originally the boundaries of the system wen main- 
tained by an upward flow of hot water that eventually 

rrsavoiff ind lnother that is lcSs Well b o w .  The* - o h  &md that d e r  e x p l & & n  Wgirakei pnd der NCw a- 

- 
d 

Boiling and dilution in the natural state differ from the 
same procwscs during exploitation. In the natural state steam 
&&g from m g  may with liquid or xparatt to 
form a stcam zone. me flow of mixaaes of steam and watcr 
through pons (or d ! k t u r e S )  may be re&& by nla!ive 

a d  f a  WairaLei and Broadlands by Grant Cf d. (1984). At due &d pnc ip idoa  of thae is to 
W W  boiling M Bt the top Of the n ~ o i r  but d i l ~  fluid flow. u e  exploitation ~~~n~~ fluids m y  
don W8S F a t e d  by EhtivCIy WCU-scaled At 

surrounding cold aquifers. 
in high-tem 

rtsQyoiR is s ~ ~ ~ l i t d  an upward flow Of hot fluid. This fluid 
tion) 

s have 
mustcool by -g by -g with coo 
to eventually reach surface temperatures. Th 
been descsibed for shallow 01 (alpha) nWOk pamcability effects possibly by gamtability &&on 

be ]&y g a d  by w g  and m d  w g h  
B-, boiling took Place h % h o u t  the rcservoir and 
dilution was very limited. In contrast, the a Cmo Pricto rtser- 

holes. so long-distance transport of steam-water mixtures dots 
not-. 

- -  - - .  . . .  
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In the natural state, dilution within a reservoir rcquirrs 
that cook warn enters along the same. permeable connections 
tbrough which hot fluids discharge. This counterffow of hot 
and cold fluids was shown in the natural a t e  simulations of 
Cem, Meto by Lippmann and Bodvarsson (1983). The com- 
petition of boiling aad dilution may act to hold tcmpcratuns at 
the boiling point to depth without much boiling. Hotter, less- 
diluted liquid would boil and its upward flow would be 
impeded by relativt pcrmeabilty and mined dtposition. 
Fluids diluted just enough not to boil would not be hindend by 
t h a  CEUS but would be m ~ n  buoyant than o o ~ k ,  m ~ n -  
diluted fluid. This could explain the adherence to b o i i g  tcm- 
peraanrs in the shallow a m o i r  (Grant et d.. 1984) even 
though lit& boiling OCCUK 

NaturaIState Hot and Cold Aquifers at Cerro Rieto 

Halfman a d. (1984, 1986) and Lippmann cf d. (1989) 

These descriptions arc based on lithologic and temperannr 
logs and on modcling of heat and fluid flows. The g e n d  pat- 
M of circulation ineach of the Ccm, Meto m o i r s  is 

- similar. Hot fluids enter each rcscNoif from Wow and flow 

have desnibtd the natural sate hydrology of cmo Rieto. 

upward and toward the margins. 
In the natrpal state the cerro Rieto rcsQyoirs arc fed by 

hot brine from adtcp source. These fluidsappear to be heattd 
by innusion of igneous dikes into the sediments. A complex of 
mafic and silicic dikes have been intercepted in deep wells in 
the E part of the field (Elders u d., 1984). 

It has been suggested from geochemical arguments, that 
the deep recharge to the ceno Rim system is formed tknn 
hypersaline brines of marine origin that mix with colorado 
River warn in SeVQal stages flmesdeu er al.. 1981). This 
tnixing was, as will be described later, the major process for 
cooling the can, Rim twines in the natural state. 

The hot brine (at 35OOC what 6rsz c n c ~ u n d )  flows up 
normal fault H (Fig. 2) and as discussed next. enters the deep 7 
(gamma) and 6 (beta) reservoirs and then flows through pat of 
the fi rtsQvoit to the shallow aresavoir. Each of these mer- 
voirs has complex co~ections through more or less permeable 
intabeddtd sandstones and shales to the hot brine and in most 
parts tocooler warm. 

The yrrsavoir has btu, found only SE of fault H at 
depths grcata than 3300 IIL vay few wells product h m  this 
aquifer. We do not know in extent and have no information on 
COMtCtiOtlS with cold-warn aquifers. The entry of hot WateI 
suggests amnhon and tlow to cold aquifers to maintain 
paann#. 

*B- * is the largest in the exploited fitld. It 
underlies the entire areservoir and extends 3-4 h t o  the NE 
of the railroad (Fig. 2). The depth to this rescmoir is about 
1500 min the W to more than 27OOmin the E. It is divided by 
the SE dipping fault H into upthrown and downthrown blocks. 
Fluids rsctnding along fault H flow NW and SE into these two 
partsofthe B rwmoir. About two t h i i  of the j3 rescmoir lies 
in the upthrown block Fluid ttmpaaturrs range fmm 320“ to 
34ooc in the central reservoir and dtffease to 240% toward 
the margins 

The fi memoir residing in sand unit “z” (Fig. 3) is am- 
necfed with cold-water 4uifas to the S and W. Wells near 

XBL 9048342 

Figure 2 Location of cem, Rieeo wells discussed in the 
papa (darkened circles) and faults H andL Fault 
H zone is shown at the 6 reservoir level; fault Lis 
subvaical(* Halfman a al., 1986). 

these boundaritt show evidence of &emid brrakthrough d 
lower Cl, lower 6lSO waters (Stallad er d., 1987; T d d  et 
al., 1989) indicating dilution. Wells in the N and NE, however, 
do not show dilution but present high excess steam indicating 
nscndr boiling. Modeling by Lippmann et d. (1989) shows 
that most of the fluid entering the j3 reservoir from fault H 
enters the upthrown block (to the NW). A large proponion of 
this fluid flows into the aresmoir but part is dispersed into 
cold aquifers within the thick sandstones present along the 
w e s m  edge of the field (Halfman et d., 1985). Probably a l l  of 
the flow out of the dowritiuown block is into 811 adjacent cold- 

dtcnases in temperahlrc and alteration (El- et d., 1984). 
Then is no evidence of self sealing by m i n d  deposition at 
My Of the hXCXd boundaries. 

Most ofthe hot fluid leaving the Epaxt of the rrservoir 
flows upward through a sandy gap in shale “0” into the a 
reservoir @g. 3; Halfman a al., 1984). Modeling by 
Lippmann and Bodvarsson (1983) indicates that the fluid boils 
as it ascends ttnough the sandy gap. Row into the aTcsQvoif 
is from both fault H and the E pan of the rtsQvoir (SE 
Halfman-Dooley, pas. COmrrrmL, 1990). 

The shallow areservoir is found in the w part of the field 
(wof the railroad in Fig. 2). It extends from 1OOoto 1 m m  
depth and originally had temperanrns from 260’ to 310% 
Unlike the reservoir, the 0crcSQvait is not confined to a sin- 
gle sandunit but resides in mixed sands and shales in the upper 
pan of shale “0”. Flaw upward may be limited by more sha- 

water aquifer. The edge of the j3 nsavoir is defined by 

j 

Icy l a p  or by precipitation of calcite or quartz, The sand- 
stone above it carries cooler waters with tcmperaaats <looOC 
in the E, inneasing to UOOC in the W what hot waters enter 
from fault L (Fig. 3). Fault L is the major outflow conduit for 
fluidsfrom the aIcsQvoir, as indiwtd by the pancrn of cold- 
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Figure 3. Cross section of the Cmo Rieto field f& SW to NE showing faults, lithofacies groups, 

On the tempuaturc profiles, the points corresponding to 300°C arc located below the rtspec- 
tive wells. The heavy lines on these profiles indicate temperatures of ulooC or greater (aftcr 
Halfman et d., 1986). 

downhole tempuature profiles, production in- and geothermal fluid flow directions. 

water entry under (Stallad et al., 1987; Lippmann 
et d., 1989). 

From the a fcsclyoir some fluids flow to the W and S 
margin but probably most flow up the subvertical nonnal fault 
L into the overlying cooler sandstone aquifer. At shallower 
depths the path is not certain but eventually most of the hot 
fluid feeds the springs and fumaroles W of the field. Solute 
concenuarions in the spring waters suggest b o i g  and dilution 
of hot brine originally at a ttmperature and chloride concentra- 
tion (3oooC and 9O00 mgkg) similar to brine in the a reservoir 
(Macado, 1968). 

In systems such as Ccm, F’rieto whcn the hottest fluids 
are Signidcantiy saline and cooler fluids are more dilute, most 
ascending fluid is cooled by dilution. Complex exchange 
between hot and cold aquifers occurs in the natural state. Cold 
watcr must enter hot aquifa and mix with hot fluid to produce 
the gadicnts in tcmpaaMe and chlorinity observed in the ear- 
liest samples from the field fliucsdell et 4.. 1979; Grant et &., 
1984). Cooling by dilution rather than boiliig must be favorcd 
by cpEcctive permeability decrease in zones of boiling. Rela- 
tively &e 8cccss of cooler water aquifers to g t o t h d  nsa- 
v o h  h the n a t d  itate has provided a mechanism for the 
throughflow of hot wata to maintain reservoir temperatures 
and has limited boiling through cooling by dilution. 

Response of Cerro Prieto Reservoirs to Exploitation 

pioduction of fluid from the a reservoir causes pnssun 

drawdown and a deficit of mass. t injection of liquid to 

cooler water will be drawn into the resuwir or fluid will boil 
fluid removed is filled by vapor or amler 

At Cam pries, the chemistry of produced fluids dong 
with measured enthalpy has bcm used to indim processes in 
the a”& flmcsdcU et d., 1989; Lippmann and Thesdcll, 

quara-saanation geothamometer and distant ttmperaaats by 
the Na-K-Ca geothamometer. The comparison of these tem- 
peranats (or equivalent liquid enthalpies) with measured total 

indicate dilution and boiling. 
started in 1973 

with the a iescrvoir supplying $team to the CPI power plant 
Electrical power production from this part of the field 

ing production from the ansavoir led to drilling the decpcr 
E - d e s  wells that produce fmm the f3 memoir in the same 
aw. Reduction from E-wells within the 8 1  area started in 
1981. The CPDI and CPm power plants (each 2u)-MWe capa- 
city) went on line in 19861987. These plants WQT fed with 
fluids from the B resavoir (and to a d extent, the yrcscr- 
voir) in the E part of the field (E of the railroad in Fig. 2). Thus, 
experience with rcsQyoir behavior is longest for the a TWQ- 

voir, shortest for the B reservoir in the E, and intermediate for 

replace the fluid deficit and maintain prcssun% s I lmudn  ‘ g  

1990). NUV-WCU fluid tempcranuts indicated by the 

enthalpy indifxues excess steam. changes in aquifer chloride 

Exploitation of Ccm, 

increased from 75 MWC initially to 180 Mwe in 1981. Dedin- 

wells in the w part of the Bnsavoir. 
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L I  1 -  ' 1  I I I '  ' I  I ' I . '  I '  " ' J  

340 - 
AA + M-50 A i 

The car0 Meto nservoirs have shown quite di&nnt 
behavior under exploitation. The a nsc~oir presented strong 
localiztd drawdown within a short time after the start of pro- 
duction. Atmost all wells showed near-well boiling with excess 
steam that decreased exponentially with rime. Afrer this initial 
boiling, wells in the N part of the a rtscNoir away from 
intense exploitation showed no boiling or dilution with near- 
constant liquid and total enthalpies Fig. 4). 

Q) 320: 

5 x 
>;. 300 a 
c, 
- a 

M-42 ] 

- n  

A 8 
+ ' 0  ' a  & a  
% AA - 

a + +  

Figme 4. Indicated aquifa liquid enthalpy values and mcas- 
urcd wellhead total Auid enthalpy values for well 
M-42 E Na-K-Ca is the enthalpy of liquid calcu- 
lated from the Na-K-Ca gcothcrmomctcr ampaa- 
trac; E silica is the enthalpy of liquid calculaed 
from the quam saturation geothumometcr tcm- 
Pa== 

260- 

WCUS near the edge Of the field &OW chemical and the- 
mal brraLthrwgh of coola, Iowa-CI waters. Wells near fault 
L Jhow sharp brrahhrough (Fig. 5). but wells in the w and s 
of the arrsQvoir and in the downthrown S block of the 8 
.rrscrvoir show mon g d u a l  duxases in temperanat and Q 
Figs. 6 and 7). 

Wells with p n o u n d  near-well boiling exhibit 
significant excess steam that decreases exponentially and 
lower& ncar-well taqaams Fig. 8). This has been shown 
by tipPmann and T m d  (1990) to mult  from W i g  in a 
rrstrvoir with a umstant pressure boundary. This near-wtU 
boiling in the a rcsQvoir was characteristic of the first six 
years of production of wells in the central part of this reservoir, 
where connection to cooler aquifers through fault L probably 
prmrided the constant pressure. Near-well boiling and resulting 
minaal deposition may lead to formation plugging (Truesdell 
d d., 1984). 

W i g  of a di&nnt sort is shown by wells in the p rcscr- 
voir. These wells an not as closely connected to cool aquifers 
aad boiling is mon widespread, not limited to individual wells. 

0 62 - 
-~ ' " ' " ' " " ' "~ '"" ' ' '~ l  

A 
0 

75 80 85 90 

Year 

Figure 5. Indicated aquifer liquid enthalpy and wellhead total 
fluid enthalpy values for well M-35 (see caption of 
Fig. 4). 

Almostall wells in the N W p m  of the p aquifii (Nof fault H) 
show high Qcccss enthalpy, which has increased with time 
nrhm than dccnasing exponentially F1g. 9). Although these 
wells have been prcduccd for only thne years, it appears that 
declining pressure has causal nearly rcservoir-widc boiling 
with gravity Sepgation of steam and brine. As the brine level 
drops and steam flow to the wells inaeases both enthalpy and 
whole-fluid gas concentrations increase (L Quijano, pcrs. 

I 

+ 
OENaKCa 
+ E dllca 
AE measured 0 



. 

'. 

T-388 

280 
a4 85 86 07 88 89 

Figwe 7. Indicated aquifer liquid enthalpy and wellhead total 
fluid enthalpy values far well T-388 (sec caption of 
Fig. 4). 

commun., 1989). The reservoir wells in the W part of the 
upthrown block (-1 arca) also show gcncral boiling but with 
cold sweep superimpwed Fig. 10). Temperanne and enthalpy 
decnase with the arrival of the t h d  front, presumably as a 
result of replacement of vapor with cooler water. 

Effeds of Cod-Water Entry on Production 

Cerro Prieto has been a very productive field. 

360 

340 

320 

300 

280 

70 75 80 85 

Year 
Figure 8. Indicated aquifer liquid enthalpy and wellhead total 

fluid enthalpy values for well M-31 (see caption of 
Fig. 4). 

ductivity has been achieved without liquid injection and with 
wells located on a grid paaern. We suggest that this success is 
due in part to the entry of cooler waters that have maintained 
pressuns, prevented boiling, and swept heat to the wells. Only 
in the Npart ofthe Bxescrvoir, where acccss of cool water is 
most lirnitcd, could liquid injection benefit the field. 

The cornparison of well produ&vity and longevity in 

arcsmoir has been productd forthe longest time and in the S 
and W has the strongest connections to cooler aquifers Wells 
in this part of the field have shown early chernical and thermal 

decnased slowly, however, and these wells have produced 
high s r c d o w  over long lifetimes (TabIe 1). 

down because this area has not been extensively drilled. These 

different parts of the cem, prieto reservoirs is insnnctive. The 

brrakthrough and little boiling. The enthalpy of the wells has 

Wells in the N part Of the u rcscNoir show little draw- 

A A  
A &  

A 
A B 

A a + E silica 
Y ' 500k AEmeasureU 

snd wellhead total 
137 (scc caption of 

wells show only slight initial boiling and no dilution. They 
have relatively long lives with mokratcly low steam flow 
(Table 1). 

The behavior of wells in the central, heavily exploited 
zone of the a rtsQyoir has been varied. Some wells on the N 
edge of this zone (e.g. M-14) behave as those in the N part of 
the reservoir. Others arc close to the L fault and have shown 

billed with modtratc initial boiling. Their sttam production has 
~ l y  Chemical and t h d  breaLthrough, ~ometimes c ~ m -  

been high and their longevity has been exceptional (Table 1). 

to cool water, have high excess enthalpy and reduced fluid sil- 
ica contents, indicating near-well boiling and m i n d  @pi- 
tation in the reservoir. These wells were initially high steam 
producers but have shown rapid declines and relatively short 
l i ~  (Table 1). 

Other wells (e.g. M-31, M-ZlA), pahaps ~CSS well COIUICC~~~ 

. _  
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A h  €4 
1 

+ 
0 E NaKCa 
+€dm 
A€ measured 

a!&& + 
O Fa0 

0 

250 
80 82 84 86 88 90 

Year 

Figurc 10. Indicated aquifer liquid enthalpy and wellhead 
total ff uid enthalpy values for well E4 (see cap- 
tion of Fig. 4). 

The deeper E-wells in the CPI area are on the average 

enthalpy after a few ycars and some almost immediately upon 
start of production Fig. 10). The excess enthalpy generally 
does not dencasc but remains high or incrrases except in the 
few wells that show thcnnal bnakthrough. None of these wells 
were produced befa 1981 so we cannot cornpart their 
longcviey to that of M.wclls. Silica in the fluid fnrm the E-wclls 

gingmay not become a p m b h  

ducing in most cases from 1986 or 1987 but many only from 
1988 or 1989, and as a rcsult the average steam production is 
high. The record is too short to show dearly the influence of 
0001-water access on longevity. As in the 01 resewok, the 
downthrown blockoftheB1.esavoit~SoffaultHintheCPEI 
area) shows prognssive dilution but no excess enthalpy (boil- 
ing). The wclls in the center of the CPEI area show high sttam 
productivity but a few of those in the far S show low enthalpy 
and low steam. 

Ftnaly, considuing the upthrown block of the B IcsQyoit 
N of fault H in the CPIII am, we find unusually high excess 
enthalpy that has increased in drc few years of production. 
Wells adjacent to fault H product unusually large flows (Table 

 mor^ productive than the shallower M-WCUS but only btcause 
they Y O U I ~ C ~  (Table 1). Somt Of the E-WCUS show cxccss 

is not depnsse& suggesting that m i n d  deposition and plug- 

wcllsin the eastern BTi and CPm im%g have been pro- 

w 

Table 1. Steam Flow and Reduction Life for Wells and Average Values for Diffcnnt 
cem, Rieto Anas 

Average Alpha 40.3 139.4 '9.3 - 
MA2 Northan Alpha 420 724 13.2* No boiling or dilution 
M-50 SouthanAlpha 59.0 99.9 11.1' Gradual dilution 
M-35 Central Alpha 55.5 120.0 15.8* Distinct dilution 
M-31 Central Alpha 46.2 85.0 9.7 Localboiling 

Average 
E - W S  W~sttrn Beta 521+ 126.4 3.8 - 
(a 0 
E 4  Wcstm Beta 59.7 126.4 8.2. General boiling 

Average EastcmBeta 63.1+ 178.4 3.0 - 
(SEI and CPm) 

T-388 s o U t h ~ & t a  57.8+ 
(an) 

76.1 4.0" Gradualdilution 

M-137 N o r t h ~ ~ ~ B t t a  75.8+ 111.7 4.0" Generalboiling 
(am) 

Production continues (as of January 1990) 
+ High average flow is panly related to short d d o n  of production mod 

I 

. 



1). The lack of cool-water enay and the intense boiling in this 
part of Can, Prieto suggest that liquid injection might be 
advantageous. - 

-B Condusions 

The ~bscrvations pn~enttd htn s~ggtst that c00l-water 
.. entry has incxcascd the average longevity of Ceno R i a  

cooled so that they now produce less steam, but pressures 
throughout the arcsQvoir and the S part of the p rcsemoir 
have been maintained, In these areas boiling has k n  
prevented in most wells, and the total amount of heat extracted 
fiom the lcsQvoiT has probably been increased rclarivc to the 

tivity of the N part of &e B rcsemoir, which shows little or no 
am1 water recharge, will be an intcmting test of these ideas. 
The present management of the Cmo Prieto field has produced 
good results that probably could not have been impnwed qm. 
A question for the funm: is the behavior of the B memoir in 
the N part of the field that might benefit from liquid injcctioa. 

.Remjcction into otha parts of car0 Rieto might be less cost- 
e&ctive since there is already natural recharge of groundwa- 
ter, mainly fiom the W and S. 

wells. Som wells at the extrcme edges of the field have bem 

PmOUnt exptcttd Without natlpal recharge. The futrne produc- 
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