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Fs. 2. Locatiws d thewells andmajortkrmalfeaturcs m the zutlil Geotfiamat area. 

with investigations of fluid and rock samples from the 
.wells andnumehlmmodefing of the pmdwtkmdatahave 
led to the development of a vay detailed model of this 
complex system Summaries of these data are presented 
by Quijano (1985). and Nieva et al, (1986). lke field 

The production wells at Los Amfres discharge low 
~ f l u i d s t h a t a c h a r a c t e n z e d  ' by a wide range of gas 
contents and enthalpies (Nieva et. al, 1983, 1985; 
Truesdell et al., 1987; Quijano et al., 1989). The 
presence of excess steam has greatly complicated 
calculation of the reservoir liquid compositions. Far the 
purpose of this communication, we have taken the 
composition of Az-13 (assuming reservoir steam) 
presented by Truesdell et al. (1987) as being 

thenorthem part ofthe fiddnearlhewdsthatwe studied 
indetail. FhaidfromAZ-13wouldhaveanice-m~g 
tanperahae of appmxhatdy -03% (Table 1). 

presentfy produces 80 Mw. 

representative ofthe deep liquid. Well AZ-13 is located in 

INCLUSIONS 
Fluid inclusions are common in the vein minerals 
occurring at both Los Azufres. (Combredet and 
Guilaumou, 1987; Gonzales et al., 1989; Leruieux et al., 
1989) and Zunil. Although the majority of the 
m~enlsfromthcsefieldswerrmademqwrkand 
calcite, irldumm ' suitable for study have also been found 
inanhydrite, epidote, wairakite, and barite a t h  Anbres. 
With the exception of a sin& sample from Zunil, all of 

liquid and vapor at room temperature. Three phase 
t h e d a t a a f r o m t w o p ~ c 0 s t h a t m t a i n e d ~  

inclusions, containing various proportions of a 
miceaceous mineral, were found in quartz crystals from 
Zunil. However, the phase relationships suggest that the 
solidmayhavebeenacd&ntlytmpped. 

TABLE 1 
FluidCanposilionsCmppm) 

Zuni1 Los Aarfns 
ZCQ-3 Spin~Z-16 AZ-13 AZ-13 

source 1 2 3 4 
Na 683 2'73 ' 761 462 
K 144 37 228 132 
ca 9.1 45 3.6 03 
Mn 60 0.01 
Si& 610 
&si04 708 ' 398 
Q 1149 162 1390 881 
so4 

4 0 0 3 6 0 0  Hcq 1005 
%ic$C) -0.16 

22 169 5.3 
60 669 35 4. 

-0.06 -0.16 -0.22 

1. CnQn y M c u ~ W U - - ~ ~ ~ S C I I  lingineerq 1989. c.larlation of Ilmid 
compos*on by D. Midrtr 

3. Truedell e l d .  1987. dculakdusing WATCH .Wminpresavoir rtum 
4. Tmedeletll. 1987:calahtedudngEQQYACMlmingmavoirnerm 

2. ncA.19n 

The microthermometric measurements reparted in this 

indusions. Because no systematic differences were 
obsavedinaursEudybetweentheppimaryand~cIary 
indusions, we havenotdisbInguishedbetweenthemfnthe 
discussion below. In general the homgenization 
temperaturesofthem~onsconespandcloselytothe 

pa~er~ere made (M primary and Jecondary liquid-rlch 
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Fhld Inclusion Data from Zunlll 

cc 500 l8Sto23l(lO) 0.0 to 4 . 3  (8) 4.0 - cc 53S 145to224(13) O.Oto-0.1(11) - - cc s8s 204to229(3) 4 . 3  0 4.1 - cc 6SS 2?9to248(6) O . O t o - 0 2 ( 5 )  - 
cc 195 cc 1020 e cc 1170 195 to 235 (7) 0.0 to -0.1 (S) - - cc 1220 l%to241(14) O.Oto-0.Z(19 - - 

210 I52 to 199 (9) 4 . 3  (6) 4.0 - 
cc 24s 0.0 (3) - cc 310 C 4 . 3  (1) 3.9 - 
cc 33s 19W) - - 

890 260to290m -0.Oto-I.t(9) 2 5  cc 9M zUto262(3) -0.lto4.5(3) - 0.8 

- 
4.1 to 43 (12) 4.1 - 

17' 4.210 -1.6 (S) - 3.7 

=Q-3 

4.0 

- 0.9 
- l i s  

160toZ14(18) 2tt%.l(13) 4 . 1  (2) 
21610264(19) O.Oto-0.4(18) 
208 to 300(12) -0.1 to -03 (IO) 

cc 

ZM) 1S1tozOaO -0.lt0-0.4(4) - 0.5 

300 157 to 211 (14) 0.0 to -05 (S) 0.8 

230 209to241tS) 4 . 1  to43Q 4.1 
zcos cc - 2 260 213 tom(8) -0.1 to-O.2(6) - - 

Qe US 210to26S(14) O.Oto-0.3(IS) +03(S) 4.0 0.3 % sso 216 U) m (221 -0.3 to -0.7 c1z) 1.3 
1.4 

-_ 
cc 900 B8tomiisj o .ot0-0 .7( i~)~  ce 940 YSto276(lS) O.Oto-O.l(l2) - 

Table 3 
Fluld Indullon Data from La Azufresl 

-".. \., 
4.2 to -1.4 (7l 3.4 

Az-28 cc izo i841oi%(10) 0.4to4.5(8) I 0.8 

I404 259 to 281 (8) 9.0 to -0.1 (3) - cc 492 242102%(3) .. - 
4 . 1  to 4 . 3  (3) 4.2 - Qe 1566 241 to264(9) 0.0(4) Qe Qlz 1680 249to261(4) -0.2to0.6(4) - 1.1 

9% 25Sto267(10) -O.Oto-0.9(10) 1.9 
I 0.3 % 9% 2S10280(6) -0.2to-0.3(6) cc 1308 266to274(3) .. - 

cc u66 Wto256(4) O.Oto-0.1(3) - 
Az-29 

.. 
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Fa. 3. Location map of Los Anbres. 

. . . . . . .. .. . . .. ' . .~~.~~.~.~.~~.~~~.~~ .._..........._ ~. 

I 

~ : 
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Fg. 4. General features of the Los Azufra geothermal 
field. Wells discussed in this paper are shown by d i d  
tides. Solid lines show the location of faults. The 
slippled pattern shows the distribution of hydrothermal 
alteration. Geologic data from R a m  et al. (1989) and 
unpubkhcdCFEmap. 

contents ofthe in- rrlative to a nservoirfluidwith 
an ice-melting temperature of -0.z'C are shown in Tables 
2 and 3. In contrast to inclusions with law ia-melting 
temperatures, melting tern- between 0.0' and 

-0.1.C indicate that the inciusitm fluids have less than .17 
equivalent weight percent NaCl. The high 

with small Quantities of reservoir fluid 

Some of the liquid-rich inclusions had sumdent CQ to 

up to 2.CC andanobviaus phase changeduringfrrepng 
at temperatures near -3O.C. The co2 contents of the 
iudusicmsSfromthemelUngtemperaturesofthe 
clathrate are presented in Tables 2 and 3. These data 

range fmn 3.8 to 4.8 weight percent 

Many dthe  samples from 2bi l  and- Azufres were 
crushed to test the hypothesis that the inclusions are 
indeed enriched in (2%. Samples that contained 

homoge&ation temperatures of thee in- suggest 
theyrepresentcondensedgteamorsteamthathasmixed 

geIlemteco2dathrateupanfreezhg. Thesemclllsim 
=-byp=mW4)=-- 

indicatelhatco2ccmtent,dclathrate-bearing~ons 

inclusionscharacterizedbylargevariaticmsinicamdting 
tempetaauPsorbypasitivevdueslypicallyreleasedagas 
wbich expanded when the samples were crushed in 
gbrccrine. ?higexpsionindicatcsthatthegasnmsthave 
beentrappedatpreswesabovelatmosphere. Whenthe 
iuclusions were d e d  in alkaline BaCl2, the bubbles 
disappeared instantly indicating that the gas was 
C=l==d of CQ (Roedder, 1984). 

The compositional vmiatiuns displaycdby the iuclusion 
fluids canbeusedto develop geochermcal * crosssections 
ofthe upper portions of the geothermal qstems at Zunil 
andLasAzufres. AtZunil,fourgroupsofhdusiomcan 
be dMngui&ed on the basis of the mtcmthtnnometric 
measuffments. Thedistributionofthesegroupsin3 
production welk, ZCQ-5,-3, and -1, and the measured 
dawnhole temperatures areshownin F ' i  5. The fluid 
inclusions m the uppermost portion of the reservoir are 
dLaracterized by low salinities, low gas contents, and 
temperatures up to 200%. These inclusions extend to 
depths of approximately 200 m. Below this zone is a 
thick region that is miably axiched in C@ dative to the 
deep reservoir fluids discharged from the production 
weIls. The highest- contents OCCUT at the topofthis 
region. Some of the mclusions from this part of the 
resemoirf~CQdathrateandhave~contentsupf0 
4.3 weight percent Lower but significant eontents of 
coz charactenz ' e the underlying inclusions. Here, 
inclusions have C@ concentrations of up to 2.8 weight 
percent 'Tke high flux of CO2mthis region of the 
rese&riadmesthatsteam-heatingisaxxnringandthat 
asecondarybiuubonatemervoirhasdevcloped. Fluid 
indusi~aimiiar~amlpositiontothosedischargedfrom 
the production web have low C02 contents and law 
salinities. Theseinclusionsarecharactenzed ' by ice- 
melt@ tanparrturcs ranging fnrm 0.0 to -0.4%. 

Figure 5 mdicates that the region of wdched fluid 
~ ~ t h i ~ f K n n t h e w e s t e r n t o e a s t e m p o r t i o P l o f  
the well field. The mclusitm data and the tempmature 
pattnns suggestthat both llpwangofthedeep fesemoir 
fluid and downwelling ofthe cooler CQ-cnrichtd fluids 
are OQWrriLLg. Ztmes of upwelling are indicated by the 
pmena  of mdusim with high kmperalurcs and low 
~ C O n t e n E .  r n d o n o f t h e m e n r i c h e d ~ i n t o  
deeperportionsofthe~ocansnearzcQ-3a1xion 
the eastern edge of the cross sectionnear ZCQ-1. The 
praence of bicarbcmate-rich springs along Rio Samala 
d a n a n s t r a t e l h a t t h e s e ~  fluidSamlimetothe 
cast beyondthe limit ofthe cross sectian. 

For comparison, Figure 6 illustrates the major 

northeastemmatgin. Thecrosssectionshowsthatthe 
u per portion of the geothermal system k also 
c&m&med by mclusim that form C% ctathrate on 

4.8 weight percent ("able 3). The regionofthe mervoir 
ootltaininginclusions with amtents greater than 3.8 
weightpercent is thinnest(less than 120 m) in the vicinity 
ofwen AZ-28.  his wen WBS dri~led near the -&the 
upflowzonewhem shallow h.acturfng k most intense. 

excess of 1580min Az-51 drilled 0x1 the nartheastern 

amlpositioIlalfeaburesofthenorthempostianoftheLos 
AzUfrcs geothermal system from its southwestern to 

freedng. T h e s e i n ~ h a v e ~ ~ o f u p t o  

H o w ~ v ~ ,  --rich incldm a r ~  fomd to depshs in 

margin. C@da~-bearingindusIarrsiromba4hzunil 
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NORTHWEST SOUTHEAST 

and Los Azufres an Bssoci8ted with planes of vapor-rich 
inclusions, suggesting that they were ?rapped at 
temperatures dose to the boiling point of the fluids. In 
*, OUT observations indiate thatthese illcmom 
trapped only a liquid phase. Comparison of the 
homogenization temperatures of the inclusions with 
baiting point to depth curves adjusted forthe Mghc0.1 
contents of the fluids shows that these inclusions plot 
within the vapor field if hydrostatic pressures are 
assumed 'Ihus,pressuresmusthaveteenlocallyhigher 
thanhyrostaticinthepast. Highetprcsmescouldhave 
d e v ~ i n ~ t I y 8 s l r a c t u r e p e r m e a b i l i t i f f w e r e  
reduced by mineral deposition during boiling, 8s wen as 
by the deposition of clay minerah resulting fropn the 
innux d cOz (Hedenquist, 1990). At Zunil, regions 
where overpmsures have developed are frequently 
associatedwithhydrothcrmalbrtcdas. Thecf€cdiivcness 
of$hallow sealing at Los Azufres is reflected in the 
absence of any sipifi'it recharge from the surface 
despite high rainfall andnumerous lakes (Nieva ad., 
1986). The appanntly steep northeastem barmdary ofthe 

ismmlledby a steeply dipping fautt 
~-cnlichedcap in this system suggests that its posith 

J 

Fig. 5. Conceptual model of the Zuni1 geothermal system 

sw NE 
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FiUidindusionsfrombOthLosAnrfresandzuIlitdispla~ 
systematic variations in their C02 umtcnts. These 
indusions define regions of the reservoirs that are en- 
riched in CQ relative to the deep liquids. These regions 
fcnmcaps overthe thermal systems that become p r o p  
sivelythick;atowdsthemarginsofthefiekfr. AtZunil, 
t h e m  cap is overlain by heated- 
charaderizedbylow~esandbwgas~B. 

Some of the fluid iuclusions from the upper portiws of 
thecapsintheseresavoirsformedCQclathratewhen 
frozen,iedicatingthattheycantain~cantentrincxccs 
of 3.8 weight percent The bwer porttons of the eaps 
contain fluids with variable but lower amtents. 
Comparison ofthe hamogenizationtemperatuns of the 
C~-enriched inclusions with appropriate boiling paint 
awes indicates that the C02 was trapped atpresmes 
g r e a t e r ~ h y ~ t i c .  Intheupperportiansofthme 
caps, thelrappingprrsurcs exceededhydromic values 
by up to several tens of ban. Mineral deposition 
8ccoII1pIII1yin8 boiling and the formath of day lninerals 
may have been responsible for decrrasing permeabilities 
andaI lowingpressuresto~ .  - 
Many of ourcolkagues have contributed to this project 
Ing. Antonio Ram M., hg. Rogelio Huitran E. and the 
staffofthecomisioa Federal de Electriddad provided 

of the Zunil geothmal system would not have been 
possible without the support of Morrison-Knudsen 
Enginens Inc. (MICE), Cordon y Merida Ings.(CyM), 
and the Irtstituto Nadonal de Electridicacion (INDE). 
We especially would like to thank Dr. Roy Mink, Ing. 
Luis Merida I.. Ing. Andres Caicedo A. and lug. Edgar 
Tobias 0. for their assistana. Studies of Los Azufres 
were funded by the U. S. Department of Energy under 

~1esanddatafromLosAzufies. WearegratCNfor 
theirsuppcrt,encouragementandhospitality. ourstudies 

contract rmmber DEAC07-8RDl2489. Work at Z d  
WBS supparted byMKEwh0, in partnership with CyM, is 
mdercadracttorNDE 
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