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ABSTRACT 

Chemical analyses of production fluids from 
Ahuachapan, El Salvador, have been uaed to 
indicate natural state reservoir fluid temper­
atures and chloride concentrations and reser­
voir processes resulting from exploitation. 
Geothermometer temperatures (Na-K-Ca and Si02) 
and calculated aquifer Cl for early flowa ahow 
a gradient from about 265•c and 9000 ppm Cl in 
the western part of the well field co 235•c 
and 6000 ppm Cl in the eastern part. The geo­
chemical temperatures are 10-2o•c higher than 
early downhole measurements. Since exploita­
tion atarted, pressures have declined over 
moat of the drilled area with boiling and 
exceas-enthaloy discharges in the eastern and 
ve1tern parts. In the center of the field, a 
number of vella ahow mixing with cooler, leas­
saline water. These wells are nearly coinci­
dent with a major NE-SW oriented fault that 
may be the conduit for downward recharge of 
cooler fluids from an overlying aquifer. 

INTRODUCTION 

In 1987-88 a collaborative study of the 
Ahuachapan, El Salvador, geothermal reservoir 
vaa started by the Comi1ion Ejecutiva 
Hidroelectrica del Rio Lempa (CEL), the 
Lawrence Berkeley Laboratory (LBL), and the 
U.S. Geological Survey (USGS) through a 
subcontract with the Loa Alamos National 
Laboratory (LANL). Part of this atudy 
coneiata of interpretation of the chemical 
and saa analyses of Ahuachapan well fluida 
collected and analyzed by CEL. Chemical 
atudiea of produced fluids from geothermal 
wells provide informacion on the temperature, 
salinity, physical etate, and flow of fluids 
in the reservoir. Extrapolation to the time 
of firat production provides estimates of 
initial conditions, and changes in fluid 
co~oaicion indicate reeervoir procesaes, 
including boiling, entry of different (usually 
cooler and less aaline) fluide, and conductive 
heat transfer. The initial study of Ahuacha­
pan vell discharges concentrated on the inter­
pretation of geochermometer temperatures and 
aquifer chlorinity as a function of time. 
These time-aeries diagrams have been used to 
indicate initial conditions and identify 
reservoir proceesee. 
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G!OTHERMOHETRY 

Fluid geothermometera depend on temperature­
aenaitive reactions of fluids with rock min­
erala or fluid components. In a producing 
field, downhole temperatures may be convenien­
tly estimated through the use of geothermom­
eters applied to analyses of produced fluids, 
provided the geothermometer reaction is in 
equilibrium at downhole conditions (Mahon, 
1966). Ceothermometer reactions differ in 
kinetic rates, that is in how rapidly they re­
equilibrate in response to a change in condi­
tions. If the temperature of the fluid flow­
ing co a well changes by boiling, by passage 
through hotter or cooler rocks, or by mixing 
vith hotter or cooler fluids, or if the fluid 
hal specific enthalpy higher than that expect­
ed for liquid at the prevailing temperature, 
thea comparison of geothermometer temperatures 
aay indicate reservoir processes. A particu­
larly ueeful set of temperature indicators for 
this purpoee includes the Na-K-Ca cation gee­
thermometer, the quartz-saturation geothermom­
eter, and the calculated "enthalpy temperature." 

Cation geothermometera use temperature­
dependent cation exchange reactions with rock 
al~inosilicates to indicate temperature. Some 
of these reactions are either too slow or too 
rapid to be of interest in reservoir studies. 
The .oat generally useful one is the empirical 
Na-l-Ca geothermometer developed by Fournier 
and Truesdell (1973) that depends on the 
exchAng~ of t• ion for Na• and ca•• on 
al~inosilicate minerals. The kinetics of 
chi• reaction are strongly dependent on the 
salinity of the fluid and on the amount and 
type of aineral 1urfaces present. With high­
salinity fluid a large amount of mineral 
traneformation ia required to change fluid 
compos1t1ona. If no aluminoeilicate surfaces 
are available (a• might occur if channelways 
are •antled vith quartz) then the cation ex­
chance vill not occur. Becau•e of these fac­
tor• the Na-K-Ca geochermometer i• slow to 
reapond to changes in temperature of even 
•oderately saline fluids (e.g., Cl > 2000 ppm) 
and responds particularly.alovly to decreases 
in tempera:ure 1ccompanied by quartz precipi­
tation. Hose changes in fluid temperatures 
involve cooling eo mantling of surfaces by 
quartz (or other eilica miner•ls) is very 
COIIIIIOn. 
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Silica geothermomet~ uses the experimental­
ly determined solubility of quartz and other 
silica minerals to indicate temperatures. In 
high-temperature reserv.,ira ( > 2oo•c), quartz 
ia the stable polymorph of silica. At these 
temperatures the precipitation and solution of 
quartz are relatively rapid (hours at > 26o•c; 
daya at > 22o•c) and dissolved silica remaina 
in equilibrium with quartz through moat reaer­
Yoir processes including mixing and boiling 
induced by exploitation. Thua the quartz 
aeothermometer indicate• temperatures cloae 
to those at the well bottom unlesa mixing 
occurs in the vellbore. Further diacuaaion of 
quartz and cation geothermometry may be found 
in Fournier (1981). 

"'Enthalpy temperature" is the temperature of 
liquid water calculated from the enthalpy of 
the total fluid, assuming that there it no 
vapor entering the well. If, in fact, the 
fluid that enters the well is entirely liquid 
with no vapor, then the enthalpy temperature 
is the same as the actual· inflow temperature. 
If there is excess ateam, the enthalpy temper­
ature vill be higher than the actual inflow 
temperature. The comparison of geothermometer 
and enthalpy temperatures can indicate excess 
steam or mixture with cooler water. Enthalpy 
temperature it calculated from Iteam tables, 
using data for temperature and enthalpy of 
vapor-aaturated.liquid. For this calculation, 
both liquid and vapor phatel mutt be pretent, 
10 there it tome inaccuracy for compressed 
liquid conditions. Thia error is small 
because the enthalpy of water ia a weak 
function of preaaure. A more serious limita­
tion ia that enthalpiea exceeding that of 
water at the critical point (2100 kJ/kg at 
374•c for the pure water Iteam tables used) 
cannot be represented by enthalpy temper­
atures since vaoor-aaturated liquid cannot 
exitt with these enthalpiea. 

AQUIFER CHLORIDE 

Chloride ia a conservative element in 
aeothermal fluids. It ia not an eaaential 
conatituent of any minerals normally found in 
aeothermal tyatema and it not affected by 
temperature-sensitive reaction• with rock. 
Concentration• of chloride are affected by 
boiling and mixina and may be uaed to identify 
theae proceaaea. Changea in aquifer chloride 
concentration may, for example, provide indi­
cation• of the chemical breakthrouah of leas­
saline water or of the amount of boiling and 
ate•• loat. Chloride concentration• in aur­
face aample• ere atrongly affected by boiling 
and ateam teparation, 10 for quantitative 
compariaona the aquifer chloride concentration 
.uac be calculated. 

Vater from geothe~al vella ia uaually 
aampled fr~ the weirbox of the ailencer or 
fro• the separator through a cooling coil. If 
the enthalpy of the aquifer liquid ia known, 
the fraction of ateam teparating and the 
change in tolute concentration• can be calcu­
lated. Utina enthalpy and chemical balances, 
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Cl,aquifer • Clteparator x WFsep 
VFaep • (Eateam, aep - Evater, aqu) I 

(Esteam, tep - Ewater, tep) 

for tamplea collected from the separator 
through a cooling coil. For veirbox samples 
there are the additional equations: 

Claeparator • Clweirbox x WFailencer 
WFailencer • (Eateam, ail - !water, aep) I 

(!steam, til- !Water, ail), 

in which WF ia the water fraction, and the 
enthalpy of ateam and water at teparator (sep) 
and ailencer (ail) preaaures are obtained from 
ateam tablea. For vella with no excess Iteam, 
the meaaured enthalpy ia assumed equal to the 
aquifer liquid enthalpy for calculating 
aquifer chloride. 

for excess-steam vella, the measured total 
enthalpy is not equal to the enthalpy of the 
reservoir liquid ao another method ia used. 
Because the liquid enthalpy of most interest 
to ua i• that at a distance from the well 
unaffected by near-well boiling, liquid ~nth­
alpy based on the Na-K-Ca temperature is used 
for calculation• of aquifer chloride presented 
in this paper. An advantage of this procedure 
is that excea1 enthalpy produced by near-well 
boiling without reequilibration of Na-K-Ca 
temperatures does not affect calculation of 
aquifer chloride concentration• away from the 
vell. A poaaible disadvantage is that the 
chloride values do not help to distinguish 
between sources of exceaa enthalpy. 

TEHP!RATUR!-cHLOKIDE-TIHE PLOTS 

The chemical indic•tora discussed above are 
ca.bined aa temperature-time and chloride-time 
plota that are interpreted to indicate reser­
voir proceatea. Na-l-Ca temperatures are 
aa.u.ed to repreaent the temperature of the 
fluid at a diaeance from the well not affected 
by aixing and boiling near the well. This 
rslatively distant fluid it assumed co have 
remained at ita indicated temperatures long 
enough to be fully equilibrated. Silica 
(quartz-saturation) temperature• are assumed 
to repreaent near-well temperatures and are 
uaually fully equilibrated. For several vella 
at Cerro Prieto, calculated well-bottom tem­
perature• (Goyal et al., 1981) have been shown 
to acree reaaonably well with quartz-satura­
tion aeothermometer temperatures (Truesdell, 
1988 and unpublithed data, 1982). Finally, 
enthalpy temperature• indicate either the 
actual temperature of the liquid if only 
liquid enters the vell or indicate the rela­
tive amount of exceaa steam. In this 1econd 
caie 0 the indicated temperature doe• not 
correapond to any real reservoir temperature. 

IMITIAL CONDITIONS 

Ceothermometer and aquifer chloride versus 
time plots allow reaaonable ettimates of 
initial reaervoir fluid temperature and 
chloride. The drillinc and development of 
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wells disturbs reservoir conditions in various 
ways. Drilling water may locally dilute 
reservoir fluids, and pressure decrease from 
extensive testing may cause boiling or cold­
water entry. Analysis of fluids proauced at 
low flow during well development may be 
affected by cooling from both wellbore heat 
losa and boiling. These data cannot then be 
uaed to calculate quartz-saturation tempera­
tures or aquifer chloride because the amount 
of steam loss is not known, although Ma/K and 
ueually Ma-K-Ca geothermometers are applicable. 

For these reaeone, chemical and enthalpy 
.. asurements for the first year or so of full 
flow production are usually best for eatimat­
inc initial conditions. The Ma-l-Ca geother­
mom.ter has a long memory and aquifer chloride 
ie unlikely to change rapidly. Often a trend 
in data can be extrapolated to the start of 
aajor production. Example• of these e•tima­
tion• will be given later. 

CHEMICAL PATTERNS 

As noted earlier, the different rates of 
response of the Na-K-Ca and quartz geother­
mometer combined with the enthalpy temper­
ature provide indications of fluid stste and 
of fluid temperature near and far from wells. 
Aquifer chloride provides additional indica­
tions for dilution and boiling proceeees. 
These indicators are molt useful when a 
relatively long hietory is available with 
data collected at frequent intervals. These 
numeroue data are needed for the interpreta­
tion of certain procesees auch as cold-water 
1veep and allow errors to be e1tim.ted. Thi• 
interpretive method has been applied to Cerro 
Prieto (Truesdell, et al., 1979, 1984; Trues­
dell, 1988) and i1 applied here to Ahuachapan. 
Although only •~e of the poesible sequences 
have been observed st Ahuachapan, we will for 
completeness and po1sible application else­
where also include those found at Cerro 
Prieto. The temperature• are abbreviated •• 
TNaKCa, TSil and TE indicating Na-K-Ca, quartz 
and enthalpy temperature•, re1pectively. 

1. TNaKCa • TSil • TE indicates all-liquid 
fully equilibrated reservoir fluid. 
2. TE > TNaKCa > TSil indicatea fluid 
boiling during flow to the well in re1pon1e 
to decreaee in well-bottom pre11ure. Boiling 
lover• near-well fluid temperature• (and TSil 
values) and cause• heat transfer from hotter 
rocks. If pre1sures are controlled by a 
con1tant pressure boundary, well-bottom 
pres1ure1 gradually 1tabilize and expan1ion 
of the boiling zone 1low1 and 1top1. Within 
the 1tabilized boiling zone, temperature• 
equilibrate and heat is no longer tran•ferred 
10 exce•• enthalpy decrease• •lowly and 
dilappears. TSil i• 1till depressed because 
near-well boiling and temperature decrea1e 
continue•. The order then become• T! • 
TNaKCa > TSil. 
3. TNaKCa > TE • TSil rnult1 from mixing 
with cooler water and reequilibration of TSil 
but not TNaKCa. 
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4. T! > TNaKCa • TSil indicate• mixture of 
equilibrated liquid with 1team formed by 
boiling away from the well. Wells with two 
inlet zone• may 1how this pattern. 
5. TNaKCa > TSil > T! 1how1 mixture in the 
well of cooler more dilute water with equili­
brated liquid. The lower TSil reeults from 
aixture without reequilibration with TNaKCa 
not 1ignificantly affected by moderate dilu­
tion. Inflow of shallow cooler water into a 
well with multiple fluid entrie• could produce 
thil pattern. 
6. TE • TSil > TNaKCa indicates chemical 
breakthrough of cooler water. TNaKCa still 
partly retain• the memory of equilibration at 
lover temperatures •lthough the fluid has been 
heated by flow through hot rock. Aquifer 
chloride will also indicate chemical 
breakthrough. 

Other cases can occur by combination of 
theae processe1; for example, boiling in the 
re1arvoir could be combined with cool water 
entry into the well. Some of these combina­
tior.s produce 4mbiguous indications. Consid­
eration of changes in aquifer chloride is of 
value in sorting out these processes. 

AHUACRAPAN INDICATORS 

Ahuachapan vella usually exhibit either 
pattern 2 or 5 and lese often 3 and 4, with 
pattern 1 found in the earliest production. 
Example• of typical behavior are shown in 
fi&uru 1-4. 

Well AR-23 (Fig. 1) generally 1how1 excess 
enthalpy and low 1ilica temperature (pattern 
T! > TNaKCa > TSil). The initial tempera­
ture of 245•c ia belt indicated by Na-K-Ca. 
Early calculated silica temperatures were 
probably depressed by the presence of drilling 
fluid or by wellbore heat loss as indicated 
also by low enthalpy temperatures. 

~~----------------------------~ 
U 310 
CJI 

a TNIKCA 
+ TSll 

u 
'1:1290 

.; 
~ 270 
.w .. 
;250 
a. 
& 
:!. 230 

• TE • 

• 

210~------------------------------------------~ 
71 10 It 12 83 ... 1!1 16 17 88 

Year 
Figure 1. Temperature indicators versus time 
for Ahuachapan 23 generally showing boiling 
and axce11 enthalpy. Symbol•: •quare, TNaKCa; 
plua, TSil; and triangle, T!. 

Well AH-28 (Fig. 2) 1hov1 generally low fluid 
temperature• (lhown by enehalpy tempera-
ture), but more or lela con1tant Ma-K-Ca tem­
perature• and intermediate 1ilica temperatures 
(TNaKCa > TSil > TE). Thil pattern is caused 
by the entry of cooler water into the well, 



p~obably th~ough a shallow feed zone where it 
•ixes with the reservoir fluid. The tempera­
ture of the ''hoc" reservoir fluid is about 
245•c. similar co ita initial temperature. 
The temperature of the mixture in the well ia 
about 22o•c. If the mixing had occurred away 
f~oa the well, then the silica temperature 
would also be near 220•c. The initial Ka-K­
ea. silica (exce~c two earliest values 
affected by conductive cooling), and enthal~y 
Cft1Peracures are all 250 ~ s•c. 
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a 
• TSU 
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.. . ; .. 
• ..... • I • 

• •• .. . 
.. .. .. 
....~ ...... .. .. .. 

210~--------------------------------~ 
10 ll 12 13 ~~ ~~ 16 17 88 

Year 
Figure 2. Temperature indicators versus time 
for Ahuacha~an 28 showing mixing with cooler 
water near the well. Symbols as in Figure 1. 

Vell 21 (Fig. 3) ahova the result of mixing 
further from the well with mostly TNaKCa > TSil 
• T! indicating equilib~acion of silica after 
aixing. Mixing occurred ao early in the his­
tory of this well chat only TNaKCa can be used 
co indicate the initial temperature of 26o•c. 
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li 
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210 
.. n: ,. 71 71 10 12 u 18 .. 

Year 
Figure J. Temperature indicators versus time 
for Ahuachapan 21 shoving mixing with cooler 
water farther from the well. Symbols aa in 
ficure 1. · 

The aquifer chloride of well AH-22 (Fig. 4) 
shove chemical breakthrough ~n 1981 with aqui­
fer chloride decreasing from about 7000 mg/kg 
co 6300 mg/kg by 1987. This breakthrough vas 
in rea~onae to decreased pressure in the 
central pare of the field, which caused flow 
fra. the ease where fluids were lesa saline. 
Ceochermometer temperatures for this well 
shoved immediate (1976) over-all boiling 
(T! > TNaKCa > TSil) independent of the later 
ch .. ical breakthrough. 
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Figure 4. Chloride concentrations versus 
time for Ahuacha~an 22 shoving breakthrough 
of leas-saline water. Symbols: plus, Cl 
concentrations aa analyzed; square, aquifer 
Cl concentrations calculated using TNaKCa for 
retervoir temperature. 

INITIAL TEMPERATURE AND CHLORIDE AT AHUACHAPAN 

Uting initial geothermometer and aquifer 
chloride valuet, or values extrapolated from 
early production, mapa have been prepared with 
contours of the natural reservoir conditions 
(Figs. 5 and 6). These mapa show a clear 
increase in both temperature and aquifer 
chloride concentration from eaat to vest. 
Liquid enthalpy value• (calculated from 
temperature) are almott linearly related to 
chloride concentration (Fig. 7), suggesting 
aixinc between a more-saline, hotter water 
and a more-dilute, cooler water. The low­
temperature end member cannot be defined from 
cheae data but ia not surface water (compare 
data for Cerro Prieto in Crane et al., 1984). 

The Ka-K-Ca geothermometer temperatures 
indicate that fluids produced from the wells 
vere equilibrated with rock minerals at tem­
peratures ranging from above 260ec in the vest 
eo belov 23s•c in the eaac. Theae tempera­
cure• are uniformly 10-2o•c higher than the 
dovahole measured temperatures in the same 
vella (aee Lakey et al., this volume). One 
possible explanation ia that the Ka-K-Ca geo­
chermometer ia not accurate for Ahuachapan 
fluida. Thi1 is unlikely because the Ahua­
cha~an fluids are in no way chemically unusual 
and because other geothermometers give similar 
cem,erature indications (Table 1). Another 
potaibility is that by the time downhole tem­
perature• vere meaaured, preaaure drawdovn had 
already affected temperatures either through 
boiling with resulting te~erature decrease 
or through cold-water mixing. 

l!S!RVOIR PROCESSES AT AHUACHAPAN 

A ••P can alao be drawn shoving predominant 
reeervoir proceaaes for e~ch vell. A well may 
ahov different proce11ea ~uring ita history 
but one process usually predominates. In 
response to preasure dravdovn, high-tempera­
cure reaervoira either boil or are flooded 
vich cooler recharae from the top or aidea of 

l 
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the field. In a large reservoir, evidence of 
boiling or dilution may be delayed unless the 
vell ia close to the location of boiling or 
cold-water entry. In these reservoirs local 
boiling may occur immediately but evidence of 
dilution is usually delayed. At Ahuachapan 
large amounts of fluid were irregularly 
discharged from vella during extended field 
development. This discharge may have caused 
some early dravdovn. The relatively early 
appearance at Ahuachapan of boiling or cold­
water mixing may result from extended field 
development or may indicate that fluid entries 
are near the top of the reservoir where pres­
aura dravdovn effects are firat manifest. The 
reaponse to exploitation at Ahuchapan has 
either been immediate boiling or immediate 
dilution. The locations of vella with these 
behaviors are shown in Figure 8. The vella 
have been divided into ·~oilers" (solid 
circles) and "diluters" (solid aquares), 
aimply according to whether TE > TNaKCa or 
TNaKCa > TE. 

The pattern shows a band of diluters running 
N-S through the center of the field with boil­
era on both 1idea. Comparing this map with 
Figure 9, the fault map of Laky et al. (this 
volume), ve 1ee a remarkable coincidence of 
the band of dilutera vith fault• 8 and 7. 
These faults are among the youngest in the 
field and probably allow hydrologic communica­
tion between the reservoir and the overlying 
Saturated Aquifer, which contain• cold water. 

... 

..... 

Figure 5. Natural 1tate re•ervoir 
temperature• for the Ahuachapan field • 

... 

..... 
...... 

eMil 

Fi&ure 6. Natural etate re•ervoir chloride 
concentration• for the Ahuachapan field. 
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Figure 7. Enthalpy-chloride contents for 
natural state Ahuachapan reservoir fluids. 
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Figure 8. Simplified map of response of 
Ahuachapan vella to exploitation. See text 
for explanation • 

(\ 

Figura 9. Fault •ap for the Ahuachapan field 
fro• Laky et al. (1989). 



IMPLICATIONS FOR THE AHUACHAPAN CONCEPTUAL 
MODEL 

The geochemical interpretations ~rovide 
.. jor constraints on the natural state model 
of the field. Aa described by Laky et al. 
(chis volume) and Steiagrimsson ec al. (this 
volume), the behavior of the field is control­
led by the major faults (Fig. 9). The main 
faulta believed to feed the Ahuacha~an 
reservoir are faulta 6, la and 10. In the 
natural ecate, mixing of the geothermal fluids 
vith cooler, leaa-aaline fluids occura in the 
eaatera part of the vell field. Theae cooler 
fluida probably come from the north via fault 
4; another poasibility is dovnvard recharge 
from the overlying Saturated Aquifer, vhich 
haa a higher hydraulic potential chan the main 
rwaervoir. Thia mixing explains the observed 
cradients in geothermometer temperatures and 
chloride concentrations across the field. 
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Table 1. Early Ceothermometer Temperatures 
!or Ahuachapaa Well Discharges in •c. 

Well Date TNaKCa TSil TNaK(l) TNaK(2) 

AH-1 07/74 256 251 247 263 
AH-4 06/75 246 237 237 256 
AH-5 02/72 248 242 259 
AH-6 07/74 257 246 252 266 
AH-7 04/75 262 256 260 272 
AR-16 03/87 240 238 231 251 
AH-19 03/85 233 228 218 241 
AH-20 07/76 255 234 250 268 
AH-21 04/75 256 248 250 265 
AR-22 07/76 239 237 226 247 
AH-23 09/80 249 233 243 260 
AR-24 09/78 262 252 260 273 
AH-26 09/76 253 229 246 262 
AH-27 10/80 263 246 262 274 
AH-28 07/80 254 239 249 264 
AR-31 04/85 260 250 257 270 

TNal(l) ia the Ellis-white Na-l ceother-
•oaeter from Truesdell (1976). This 
uaually indicates minimu• temperatures. 

TNaK(2) ia the Na-K geothermometer from 
Fournier (1979), vhich usually indicates 
•aximum temperatures. 
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