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ABSTRACT 

A hydrogeological model of the Ahuach geothermal flr ogic structure of the Ahuachapan ana is 
field has been developed It considers the lithology and of a n d  
Structural featw~s of the afta and diXemS their impact America, w h m  several lithospheric plates interact with 
on the movement of cold and hot fluids in the SYS~CIXI. one moth= weyl, 1980). El Salvador is loca& on 
Thret aquifers w m  identified, their zones of mixing and Caribbean PI= which is m&-st by the Cocos plate. 
flow patterns were obtained on the basis of temperature subduction is responsible for the chain of active vel- 
and geochemical data from Wells and S u r f a c t  manifesta- 
tions. 

INTRODUCTION 

uenced by 

canes extenfig kmen Guatemala and Costa R i a  and 
for the fracture tectonics of the ana 

El Salvador is one of the world‘s most intense seismic 
arcas, giving rise to dillkrent inqntations of the 

identified seven fault a n &  listed as: WNW-ESE, N W -  
AS a pan of a ~~~0~ evaluation effm he E& sei- COU~W’S complex geologic smcture- Wiesemann (1975) 

~ i a i ~ ~  of the L~~~~ ~ ~ k l ~ ~  hbtory 

is located in the 

the presence of four 
lithologic data wcrt 

Chinameca, Chipilapa, San Vicente, Coatepeque and 
other areas. 

Rtvious stNd maps Of the 
well as numerous papers and unpublished reports. 

upd Bs 
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Table 1. 
Lithologic units and aquifers identified at Ahuachaph 

young 
Agglomemcs 

Alpif= 
Shallow 
Aquifer 

Regional 
Sarurattd 
Aquifer 

Salinc 
Aquifer 

(-1 
saline 

Aquifer 

GEOLOGIC MODEL 

Lithology 

The known lithologic column at Ahuachaph consists 
mostly of the San Salvador Formation (Table 1) with only 
the basement rock from the Balsamo. The column has 
previously been divided into the following units: upper 
brown mf€. gray ignimbrite, pink ignimbrite. lower brown 
tuft gray agglomerate, blue ignimbrite, old andesitic 
lavas, and ancient agglomerate (Jonsson, 1970). For this 
study, four major units have been defined, which arc 
similar to those of Aumento et al. (1982). These are: 
Surficial Materials (SM), Young Agglomerates (YG), 
Ahuachaph Andesites (AA). and Older Agglomerates 
(oc). 
The Surficial Materials occur in the top 100-15Om and 
contain the “Shallow Aquifer”. Beneath this unit therc 
is a sequence of young pyroclastics and andesites, 300 to 
800 m thick. These arc the Young Agglomerates when 
losses in circulation are attributed to the “Regional 
Saturated Aquifer”. Below these rocks one h d s  the 
Ahuachaph Andesites. a highly fractumi 200 to 600 m 
thick unit that hosts the “Saline Aquifer,” which is the 
main gcothennal reservoir, The permeability of this unit 
is enhanced by columnar jointing and contact surfaces. 
The lower pan of the Younger Agglomerates is highly 
hydrothermally altered, fonning an impermeable barrier 
between the Saturated and Saline Aquifers. The Oldcr 
Agglomerates (basement rocks) consist of dense breccias, 
agglomerates and andesites with little matrix pumeabil- 
ity, but some fiacturing. 

Faults 

The structure of the Ahuachaph field appears to be dom- 
inated by seven majof and five rninor faults (Fig. 2). 
Thest faults have been identified on the basis of litholo- 
gic logs, atrial photographs and existing structural maps. 

The Surficial Materials arc rartly displaced by the faults. 

- 

I\ 

Figurt 1. Location of the geothermal wells and cross- 
sections in the Ahuachapan geothermal field. 

Young Agglomerates are of fairly uniform thickness 
except in wells AH-18 and AH-32, which is believed to 
be due to a high-angle rtvcrse fault (Fadt LO), and in 
AH-14 on the outskirts of the field. Within the welliield, 
the Ahuachapan Andesites arc fairly uniform in thickness 
with small displacements due to recent faulting. How- 
ever, near the boundaries of the field these andesites have 
not been found (e.g., in wells AH-8. AH-9, and AH-IO). 

and AH-32 the Ahuachapan Andesites arc found af a 
lower elevation than in the center of the wellfield The 
Older Agglomerates an not penetrated by most of the 
wells so their extent is largely i n f d  However, in 
AH-8, AH-9, and AH-10 these agglomerates arc found at 
the elevation usually occupied by the Ahuachapan 
Andesites. This suggests an unconformity and a possible 
erosional surface. 

In wells AH-2, AH-11, AH-12, AH-14, AH-18. AH-19, 

HYDROGEOLOGIC MODEL, 

Aquifers - 
Thne aquifers have been identilied st Ahuachap&c the 
Shallow Aquifer, the Regional Saturated Aquifer, and the 
Saline Aquifer. This classification is based an the chem- 

aquifers to seasonal variations in precipitation. The three 

cussed above (Table 1). 

istry of the fluids and the pnssure rtsponst of the 

aquifers appear to coincide with the lithologic units dis- 
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The Shallow Aquifer is unconfined and shows very rapid 
response to precipitation. The waters arc generally of 
calcium carbonate type, locally sulfatic with residues 
below 0.5 gm/l (Romagnoli et al., 1976). In the wellfield 
the temperatures in this asoifer range from 40' to 100 O C ,  

with decreasing temperatures towmi the north. 

The Regional Saturated Aquifer is recharged by dircct 
infiltration but its response to variations in rainfall is 
much slower than that of the Shallow Aquifer. The water 
is of calcium-sodium carbonate type, with residues gen- 
erally below 0.4 g/l (Romagnoli et al., 1976). In the 
wellfield the temperatures in the Regional Saturated 
Aquifer range from 110' to 130 O C  (Aunu, et al., 1989). 
decreasing toward the north w h m  a temperature of 46 
O C  was recorded in M-1, an exploratory drill hole. 

The Saline Aquifer (geothermal reservoir) is thought to 
be recharged from the voicanic belt of Laguna de las 
Ninfas-Laguna Verdc and Cem, de lag Ranas, southeast 
and east of the wellfield. In this belt, deep water 

infiltration is facilitated by the presence of highly permc- 
able volcanic chimneys. The waters of the Saline 
Aquifer arc of sodium chloride type and high salinity 
(residues up to about 22 g/l; Romagnoli et d.. 1976). The 
temperatures range from 214' to 240 O C  in the reservoir 
with i n f d  minimum recharge temperawes of 245O to 
250 O C  (Aunu, et al., this volume). 

Initial Thermodynamic conditions 

The initial pressuse in the &rent aquifers reflect l i  
ited hydraulic communication between them as'their 
hydraulic potentials arc diffennt Fig. 3). The hydraulic 
potential is lowest in the Saline Aquifer and thcrtfm 
there is a potential for cold water nxhargc into the reser- 
voir from the overlying Saturated Aquifer. Within the 
geothermal reservoir (Saline Aquifer) thcn is no 
significant variation in hydraulic potential; and at the 
reference level of 200 masl the pressure is about 36 bar- 

AH-12, AH-15). which arc not in hydraulic communica- 
tion with the geothermal reservoir, have pressures 

g. SO= Of the cold peripheral Wells (e.g. AH-10, 

exceeding 40 bar-g at the 200 ma~l level. 

Figurts 4 and 5 show the initial temperature distributions 
at Ahuachapan for 200 masl and sea level elevations, 
respectively. Both of these distributions basically reflect 
temperatures in the Ahuachapan Andesites. At 200 masl 

8 Shallow Aquifer 
O S a h P a t e d  Aquifer 

Wie Aquifer 

Figun 3. Plots of fluid pressure vs. elevation for the 
&&rent aquifers. 
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Figure 4. Initial temperatures distribution (in '0 at 200 

the highest temperatures arc found in the center of the 
wellfield (230-235'0, whereas at sea level elevation the 
highest tempcratuns (240-245'0 arc found in the 
southeast part of the wellfield This clearly suggests that 
the upflow zone is southeast of the present wellfield, 
probably beneath the Laguna Verdc volcanic complex. 
Exploitation has greatly a k t e d  the thermodynamic con- 
ditions of the system as discussed by Steingrimsson et al. 
(this volume). 

maSL 

Fluid Movement 

In the field, the groundwater flow in the Shallow Aquifer 
is not significantly affected by the faults since few move- 
ments have been recent enough to displace the Elluvials. 
A study of weIl circulation losses suggests a ratha uni- 
form permeability in these less consolidated materials. 

In the Regional Saturated Aquifer groundwater flow 
tends to be influenced by the fault P a m .  The role of 
Faults 4,5. and 6 seems to be especially important (Fig. 
2). as indicated by the lost circulation zones observed 
duringdrilling. 

The flow in the geothcnnal resc~oir is also controlled by 
the faults. Most notably to the north and west, where 
Faults 3 and 11 act as barriers and limit the extent of the 
reservoir. Fault 4 is seen to cause similar effects to the 
northeast This is strongly suppcntcd by the temperannt 
distributions in the reservoir Figs. 4 and 5). Other faults 
act primarily as conduits to flow rather than flow barriers. 

Several geologic cross sections have been developed and 
illustrate the lithology, faulting and temperature distribu- 
tion in the field (Figs. 6.7 and 8). The locations of these 
cross sections are shown in Figun: 1. Cross section 

3 

1 I I 

Figure 5. Initial temperatlxc distribution (in 'C) at mcan 
sea level elevation. 

C1 - C2 (Fig. 6) traverses the fieki fmm north to south. 
The sharp decline in temperanvt north of Fault 3 indi- 
cates that it acts as a barrier to flow, although the 
Ahuachapan Andesites arc found north of this fault; north 
of Fault 1 the AA unit is not found. The ismhams 
clearly show that the Young Agglamcnucs act as a 
caprock to the system and the increasing depth to the 
reservoir (the AA unit) toward the south. The faults 
o&t the AA from 50 to 200 meters. The cross d o n  
shows that in the natural state a small two-phase zone 
was present in the reservoir. 

Cross section D1 -D2 Fig. 7) represents an westcast 
traverse of the field. The isotherms indicate that Fault 2a 
acts as a barrier to the hot water How, resulting in low 
t e m p c r a m  in well AH-15. Only a thin AA Unit is 
found in this well. The section also shows Continuity of 
the reservoir to the east, although the depth to the M is 
somewhat greater. In the center of tht wellfield, the 
isotherms suggest rtvcrsals in many of the wells, 
although the extent of the rtvcrsals is poorly h m  due 
to the limited well depths. The cross section shows a 
good correlation between tempcram contours and 
lithology. 

Cross section F1 -F2 (Fig. 8) the field from the 
north to the southwest Due to the circuitous mute of this 
section several of the faults are crossed twice. This does 
not include Fault 9 which bounds the dome-like smcturc 
arounc? wells AH-6 (not shown) and AH-26. Faults 1 and 
2b displace the AA unit, which is not found in wells AH- 
9 and AH-10. This cross section again shows the i n f d  
two-phase zone. evidence of temperame iuvcrsions and 
the good correlation between ttmptrahlrts and lithology. 
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Figure 6. Section C1- Cz: cross-section through wells AH-10 to AH-18 showing lithology. faults, and isotbgms. 

, 

Figure 7. Section D, - &: cross-don through wells AH-15 to AH-14 showing lithology, faults, and isotherms 
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Figurc 8. Section F1- F2: cross-seCtion through wells AH-10 to AH-9 showing lithology. faults and isotherms. 

THEAHUAC"-C"IPlLAPAGEOTHERMAL 
SYSTEM 

In the Vicinity Of Ahuachapm, g e o t h d  surface man- 
ifestations arc spread over m0rc than 100 h2 (Fig. 9). 
These manifestations can be divided into high empera- 
tun fumaroles and steaming grounds on the northern 
slopes of the volcanoes located in the southern part of the 
area. and hot (40-100 "C) springs on the plain north of 
Ahuachapan. 

The major fumaroles arc: Cuyanausul on the northem 
slopes of Cem Cuyanausul. cast of Laguna Verdc (out- 
side the area shown in Fig. 9); El Sauce on the northan 
slopes of Laguna Vcrde, Agua Shuca and Playon de 
Ahuachapan near the wellfield; and La Labor in the Chi- 
pilapa region. Chemical analyses of gas samples from 
Ahuachapan and Chipilapa show similar gas composition 
indicating a commOn g c o t h d  source fluid (Sigvalda- 
son and Cuellar, 1970). A marktd increase in hydrogen 
content in fumarole steam toward the southeast suggests 
that the g e o t h d  upflow zone is located in the arc8 of 
nearby volcanoes. probably the Laguna Verde volcano. 
Data from Ahuachapan and Chipilapa wells suggest that 
the source fluid is highly saline (rnorc than 8000 ppm CI) 
and that the upflow temperatures an above 250 OC 
(Aunm et al., this volume). 

- 

The relationship between Ahuachapan and Chipilapa has 
been disputed over the years. M y  drilling showed 
identical fluid chemistry and similar reservoir tempera- 
t u n s  (Sigvaldason and Cuellar, 1970). Later, a resistivity 
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suryey of the area indicated a high-resistivity body (bar- 
rier) that separated the two fields. Recent resistivity m- 
dies, however, do not show this barrier. The previous 
interpretation is believed to be in ~ R D T  because of 
incoma elevations used in the data analyses (James 
F& personal Communication. 1988). The data seem 
thmfort to indicate that the two fields an connected and 
fed by the samc g e o t h d  source. The ultimate p f  
of this connection would be pressure imrfacnce 
between the wells drilled in the two areas. The Simrple 
reservoir model used to match the drawdown history of 
Ahuachapan (Aunm et al., 1989) predicts a drawdown in 
Chipilapa of a few bars due to fluid extraction in 
Ahuachapan that began in 1968. However, as the wells 
in Chipilapa arc plugged at shallow depth this cannot be 
confinned 

The hot springs on the plain north of Ahuachaph arc at 
elevations below 580 masl, g e n d y  producing fluids 
from the Regional Sahnated Aquifer (Sigvakkm and 
Cuellar, 1970; Cuellar et al. 1981). The maximumeleva- 
tion of these springs matches with the pressure potential 
of the Regional Saturated Aquifer in Ahuachaph where 
600-660 mas1 water levels arc found. An urceptioa to 
this is the main hot spring area, El Sal ia ,  about 7 km 
north of Ahuachaph where more than lo00 Us of 68-70 
'C water used to be discharged. The fluid of these 
springs was, prior to exploitation at Ahuachaph, higher 
in dissolved sdids (especially chloride) than thar of the 
Regional Saturated Aquifer. The original chemistry of El 
S a l i a  has bcen explained to be due to mixing of thc fluid 
from the Regional Saturated Aquifer with 10-20 pactnt 
of geothermal fluids with considerable seam heating 
(Glover, 1970; Sigvaldason and Cuellar, 1970). 



The hydrologic model discussed above is summarized in 
the simplified illustrations shown in Figure 9. It is 
thought that an upflow.of saline, high temperature (above 
250 "C) fluid occurs underneath the volcanoes (probably 
Laguna Verdc), southeast of Ahuachapan. From the 
upflow zone. fluid channels toward the north. A fraction 
of it flows toward the northwest and ent& Ahuachapan 
near the southeast comer of the wellfield, as suggested by 
the shape of isotherms and increasing temperatures in 

tion flows toward the east to Chipilapa, however the main 
s t ~ e a m  mixes with fluids from the Saturated Aquifer and 
is discharged through several hot springs at the El Sa l ia  

AH-18 (SteingiimsSOn et al., this V O ~ U ~ C ) .  Anothtr frac- 

ana. 

SUMMARY 

Our present understanding of Ahuachapan suggests that 
the field is only an outflow of a deeper and much larger 
system and that the reservoir extends much farther to the 
east and southeast (Fig. 9). The main characteristics of 
the system are: 
1) The Ahuachapan-Chipilapa system is recharged by 

an upflow zone southeast of the Ahuachapan 
wellfield, probably beneath the Laguna Vcrdc vol- 
canic complex. The temperature of this upwelling 
fluid is believed to be 250 "C or higher, as suggested 
by geochemical tempcrarurcs of the discharged fluid 
flmsdell et al., this volume). 
Most of the upwelling fluids flow to the north with 
the main outflow for this system being in the El Sali- 
tre springs ana, located about 7 km north of the 
wellfield. The discharge is a mixture of geothermal 
and Regional Saturated Aquifer fluids, the mixing 
believed to occur in the vicinity of the springs rather 

2) 

than close to the geothermal field. 

r ' " ' l ' l ' r ' l ' l  

Figure 9. Fluid flow in the Ahuachapdchipilapa geoth- 
e d  system 

3) Colder fluids recharge the Ahuachapfin reservoir as 
evidenced by variations in chloride concentrations 
in the field. The cold water inflow is either laterally 
from the north or vertically downwards from the 
Regional Saturated Aquifer, which overlies the 
main reservoir and has a higher pressun potentid 

scrvoir rocks are the Ahuachapan 
Andesites and the underlying Older Agglomerates. 
Most of the produced fluids come from the 
andesites, although the pumeability of the Older 
AggIomcrates is significant, as evidenced by several 
feed zones encountered in this unit. 
Faults limit the extent of the Ahuachapan reservoir 
toward the north and the west. The tempramre 

of the field is limited toward the south. 

5) 

nvmal  in Well AH-32 also Suggests that the extent 

6) The Ahuachapan and Chipilapa fields seem to com- 
municate at depth and to be outflow zones of a large 
geothermal system. 
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