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ABSTRACT Hydrogeology 

Modeling studies of Ahuachapan include analyses of 
interference test data, modeling of the fieldwide pressure 
decline and the development of a three-dimensional 
natural state model of the field. The main objective of 
this work is to obtain reasonable estimates for the 
transmissivity and storativity of the reservoir and to 
investigate fluid and heat flow patterns in the system. 

The analyses of the interference test da the long 
tern pressure decline data indicate that the average nser- 

Four mjor Lithologic units are prtsent at Ahuachapan. 
From top to bottom, they arc the Elluvials (EL). Young 
Agglomerates (YA), Ahuachapan Andesites (AA) and 
Older Agglomerates (OA). The Elluvials are composed 
of colluvium and a series of altmd pyroclastics and 
lavas. The Young Agglomerates, found below the EL, 
arc composed of pyroclastics and andesites ranging in 
thickness from 300 to 800 m. The bottom of this unit is 
highly hydrothermally altered, forming a penmability 
barrier between the YA and the underlying Ahuachapan 

ports an overall average m s m i s  
indicates that the system is rech 

from 200 to 6oom. The underlying Older Agglomerates 
arc a combination of dense breccias and andesites. with 
low ma& permeability but some fracturing. Three 
aquifers identified in the field appear to coincide with the 

be about 250 MW,. 

of their impartant tindings in relation to the modeling stu- 
dies are sumn?arized below. 
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Initial Temperaturt and Pnssure Distribution 

The precxploitaton pressure distribution in the reservoir 
was near-uniform with values in the range of 32-36 barg 
at 200 masl. The overlying Saturated Aquifer has a pres- 
sure potential about 4-8 bars higher than the geothermal 
reservoir. 

Temperatures exceeding 240 "C are found in the AA and 
temperature inversions are observed in most wells when 
entering the OA. All productive wells show similar 
profles, with the top of the convective gradient coincid- 
ing with the top of the AA. Increasing temperahncs an 

voir temperature (245 "C) has been measured. This sug- 
gests hot fluid recharge from the southeast into the field. 

Observed toward the ~outhea~t, Whtrr the highest rem- 

Fluid Movement 

It is believed that upflow of saline, high temperature 
(above 250 "C) fluids occurs underneath the nearby vol- 
canic complex (probably Laguna Verde), southeast of 
Ahuachapan. Only a small k t i m  (approximately 10%) 
of the upwelling fluids fctd the production area at 
Ahuachapan. Some of the fluids feed the nearby Chipi- 
lapa field, but the majority discharges 10 lan to the north 
at El Salitre Springs. Faults restrict fluid flow to the north 
and west of the Ahuachapan field (See Figure 7 in Lalq' 
et al., this volume). 

INTERFERENCETESTING 

Several interference tests have been conducted at 
Ahuachapan. One such test was caxried out during the 
period from May 6 to August 19.1982, to obtain data for 
determining the reservoir transmissivity and storativity. 

During the test period the produced fluids were reinjected 
into wells AH-2, AH-8, and AH-29. Well AH-25 was 
used as an observation we& its pressure response is 
shown in Figurc 1. Because most of the Ahuachapan 
wells wen flowing for an adequately long timc prior to 
the test. the wellfield pressures were in a state of quasi- 
equilibrium. Thus, rhost wells with no changes in flow 
rates during the test were not considcrcd in the analysis. 
Table 1 gives the flow mtes of the producers and injectors 
that a!%xted the pressure response in AH-25 during the 
test period. 

In the analysis the computer modcl VARFLOW, 
developed at the Lawrence Berkeley Laboratory (EG&G 

s w s  at each observation point by superimposing the 
pressure transients, calculated using the Theis solution, of 
all produccrs/iijcctors. The pgram can handle variable 
flowrates, an anisotropic medium and a single linear 
hydrologic boundary. The reservoir transmissivity and 
the storativity were varied until a reasonable match to 

best match between the obsemd and computed pressure 
is shown in Figurc 1. For this calculation. a reservoir 

and LBL, 1982). was used. The pr~gram  calculate^ PS- 

Observed ~ ~ ~ S S I U C S  at well AH-25 WBS Obtained The 

0 io ' ;o i o  i o  loo de 
Time (days) 

Figure 1. Match between observed and computed 
pressures at well AH-25 for the May- 
August 1982 interference test 

transmissivity of 25 Dm and 8 storativity of 2.5 x le 
m/pa Were uscd. 
If one assumes an e&ective reservoir thickness of 300 m 
and a porosity of 10%. a total compressibility of about 
1 x 1 r 7  pa-' can IX computed iiom the stomivity.  his 
compressibility value is about two orders of magnitude 
higher than that of water at 240 O C  and about two orders 
of magnitude lower than two-phase compsibility at 
240 "C, which is reasonable given the partial two-phase 
conditions of the memoir. 

PRESSURE DRAWDOWNHISTORY MATCH 

pnssures in Ahuachapan wells were f a y  anifann @or 
to exploitation; production has caused si@cant draw- 
down (approximattly 15 bars). Drawdown has been 
monitored by annual pressure surveys in al l  wells accts- 
sible to logging, and by daily pressure mfaSultmnt at 
200 mas1 in well AH-25. 

The pressure history of Ahuachapan has been simulated 
using simplified models of the field. Grant (1980) did 
modeling studies in an attempt to match the 1975-1978 
psessmz: changes resulting from fluid extraction. The 
results did coarsely match the observed pressure history, 
and both a high storativity coement  and permeabity 
were necessary to achieve rcasonable matches. 

In the prcsent study, a simple model was wcd to mafch 

of this work was to obtain coarse estimates of the average 
reservoir msmissivity and s d v i t y ,  to be used as ini- 

model assumes an isothermal. horizontal, homogeneous, 
fully-saturated porous medim reservoir of constant 
thickness and of infinite anal extent. The system is 

all wells were assumed to fuUy penetrate the TtscNoif. 
The data were analyzcd using the VARFLOW code. 

the p s s u r e ~ h i s t ~  Of Ahua~hapan. The main Objective 

tial input parameters for the natural state modcL Tht 
* 

closed above and below by impermeable boundancs * a n d  



Table 1 

1982 Interference Test 

Figue 2 shows the best match of the prtssun history in 
observation well AH-25, obtained for a medium with a 2. to quantify n a w  mass heat f10w in the 

1. to verify the conceptual model of the systtm. 

better understand the hydrology of the ti&. 

ction the e&u of the 

model MULKOM (Prucss, 1983) with the following 
objectives: Figun 2. Pnssun history match for Wd AH-=. 
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Comparison of pressure decline with or 
without reinjection. 

Time (years) 

Figure 3. 

Approach 

The natural state model of Ahuachapan should repsent 
all important features of the conceptual hydrogeological 
model of the field as defined by Laky et al. (this volume): 
1. Hot fluid recharge into the production site occuts 

southeast of well AH-18. The temperature of the 
recharge fluids must exceed 250 O C .  (See Figure 7 
in Laky et al., this volume). 
The bulk of the hot fluids flow towards the north, 
with only small fractions of the total flow recharg- 
ing the Ahuachapan and the nearby Chipilapa reser- 
voirs. The main outflow for the system i s  at El Sali- 
ae. some 7 km north of the Ahuachapan field. 
The Ahuachapan Andesite unit is highly permeable 
and serves as the main conduit for lateral fluid flow. 
The reservoir is bounded by low permeability bar- 

north (towards well AH-10). 
5. Relatively cold, low-salinity waters fmm the north 

recharge the system in the eastern part of the field 
6. RCSCIVO~~ fluids  SO discharged at V ~ ~ ~ O U S  SUT- 

face manifestations in the AhuachapdChipilapa 

2. 

3. 

4. 
rier~ in the west (close to well AH-15) and in the 

ma 

The computational mesh used in this study consists of a 
three-dimensional, three layer grid containing 46 ele- 
ments per layer, covering an ana of some 50 km2. The 
grid includes the inferred upflow zone, Ahuachapan. Chi- 
pilapa, and the outflow m a  of El Sal ia .  The 
thicknesses of the layers were determined based on lithe 
logic and feed zone data. The top of the model is at 350 
masl, which approximately coincides with the top of the 
AA unit. The model extends down to -600 masL The 
anal dimensions of the grid arc shown in Figrur: 4. 

Few data arc available regarding the fluid and heat How 
at surface manifestations except for the El Saliae area, 
which had an estimated flow of 1300 Vs (= 1300 kgls) at 

Figure 4. Grid blocks and well locations. 

70 O C .  with an unknown amount of mixing between 
geothermal and colder waters (Sigvaldason, et al., 1970). 
The total energy output from the other surface manifesta- 
tions was coarsely estimated based on visual observa- 
tiom. 

In the model, the surface springs an rqmseneed by pres- 
sure dependent sinks that were designed so that proper 
spring outflows would be simulated when the correct 
pressure distribution was obtained. This featrnt of the 
model will be useful in the exploitation simulations to 
evaluate the spring outputs as a function of resemoir 
pressure. The conductive heat losses to the surface arc 
computed using an analytical algorithm &vel@ by 
Vinsomt and Westerfeld (1980). 

In the simulations, we wed a proccdun similar to tha! 
employed for the Kratla geothermal field (Eodviusson, et. 
al., 1984). The adjustable parameters during the model- 
ing iterations were the flowrate and temperatme of the 
upflow zone, spring flowrates and the global ptrmability 
distribution. The measured temptnuuns and pnssuns in 
the field were the main consnaining pammctm. A pro- 
cess of trial and errw was carried out until a set of 
parameters was found that gave rtasonabk matches with 
the three-dimnsional temperatme and pressure distribu- 
tions. The procedure employed was as follows: 

1. Assign sources and sinks to the appropriate nodes. 
2. Assign thcxmodynamic conditions to the cold and 

hot recharge fluids, 
3. Assign rock propertiCs and the pcrmtabitity dish- 

bution, 
4. pertonn simulation until steady-state therm+ 

dynamic conditions arc reachd 
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5. Evaluate the results and return to step 1 if computed 
temperature and pressure distributions do not fit 
those observed. 

Best Model 

A natural state model was developed that ces rea- 
sonably well the pncxploitation ttmptraturt and pres- 
sure in the field The matches between observed and 
simulated tempcratms and pssuns  an shown in Fig- 
ures 5-9. The model, however did not reproduce well the 
temperatures observed in well M-1, especially in the 

used for comparison with the simulated results was 
obtained in 1969. This i s  the only log available that 
penetrates to this depth, and may not show the stabilized 
temperature conditions in this well. 

The simulated results show somewhat colder tempcra- 

which is due to the fact that the well is not in the center 
of the gridblock, but farther to the east. As temperatures 
arc believed to decrease rapidly west of well AH-15. the 
temperature profile of this gridblock seems reasonable. 

lower two layers (Figurc 9). The temperature profile 

tures than those observed for well AH-15 F I ~ u ~  7). 
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The Slight diffenna betwan s h d a t e d  and Observed Figure 5. Match between observed and computed 
pressures (simulated pressure an slightly higher, Figun 
5) is due to the urcssure drawdown caused by well testing 

pressures for the best modeL 

during the fielddevelopment phase (1972-1973). A con- 
siderable pressure decline was observed during that 
period. Although the pressure recovered during the last 
one and a half ycan prior to exploitation, the 1974-1975 
data (initial pressures) indice about 1-2 bar low= pres- 
sures than in 1968. ' .' 

of 225 kg/s of 255 OC w a m  recharges the system 
southeast of the wellfield (in the ana of the Laguna 
Verde volcanic compkx). The total thermal throughflow 

Rock lLpe 2 represents the Ahuachapan Andesites, the 
main ~cothermal reservoir. 
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Figure 7. Match between observed and computed 
temuerature profiles for the best model 

wa t 

Figure 8. Match between observed and computed 
temperature profiles for the best model 
(other wells). 
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Figure 9. Match between obkrved and c q u &  
tempcramre profiles for the best model 
(other wells). 
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Figure 10. Dismbution 
layers in the 
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of rock types for the ditfmnt 
natural state model. 
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Table 2 

Rock 'I)pe 3 

Rock Roperties Used in the Natural State Model 

Rock-2 I Rocktype3 Rock Qpe 4 

porosity 0.10 0.10 0.05 0.10 

Heat Conductivity 
W h -  OC 2.3 2.3 23 2.3 

Permeability. md 
horizontal 10 80 20 . 20 
V a t i e a l  0.2 16 4 2 

Heat Capacity 
Jkg- OC loo0 lo00 lo00 loo0 

represents the Older Agglomerates. In which a p e s  well with the estimate by Sigvaldason et aL 
pre&ous studies this unit-was considered (1970). 
impermeable. but we believe that this rock 
unit has a significant pcnncability, heat sinks w c ~ t  specified in the blocks with wells 
although much lower than the overlying -32. AH-18. AH-31 and AH-19 in ordcr to match the 
Ahuachapan Andesites. Several wells observed temperature inversions. The sangths of these 
(e.g. AH-28 and 29) encountered perme- 
able zones in this unit. 

Rock Type 4 was used only in Layer C Figure 10) and 
cornsponds to an agglomerate unit. simi- 
lar to the YA unit but with higher permea- 
bility. This material typc was necessary to 
simulate the infemd high flow from the 
upfiow -=ne toward El S a l i t ~ ~  Springs. 

sinks wen  3,6.1.5 and 3.75 W/m2, respectively. 

LAYERA 

ues used in the 

in Table 3. The 

OC warn at sh&ww depths, the total flowme of a 70 OC 
fluid to that area would be approximately 1290 kgls. 

Figure 11. Location of specified sources and sinks 
the natural state model. 
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Table 3 

I Flow Rates and Heat Outputs oUbe Diflerent Surface Manifestations 

f 

Only rhe outputs associated with geothermal fluids an given (see text). 

A source of 60 OC fluid was specified north of AH-lo. 
This was found necessary to match the temperature 
profile of well AH-10. The cold recharge was modeled 
using a constant pressure boundary of 42 bars in the 
uppermost layer (see Figure 11). The pressure at the 
boundary was specified so that the pressurts in the adja- 
cent blocks would be about 5 bars higher than in the rest 
of the wellfield. which is the observed pressure 
difference. 

CONCLUSIONS 

Various modeling studies have been conducted on the 
Ahuachapan field data including the analysis of interfer- 
ence test data, analysis of the average reservoir draw- 
down history and the development of a natural state 
model. The main conclusions of these studies are as fol- 
lows: 
(1) The analysis of the interference test data yields an 

average transmissivity of about 25 Dm and a stora- 
tivity of 2.5 x lod m/pa. This storativity value is 
consistent with the presence of a two-phase zone in 
the system. 

(2) The analysis of the pressure drawdown data (1969- 
1988) yields a transmissivity of 35 Dm and a stm-  
tivity of 3.5 x lod m/pa. both of these values agree 
well with the results of the interference test analysis. 

(3) Reinjection at Ahuachapan during the period 
1976-1982 significantly helped maintain reservoir 
pressures. 

(4) A natural state model of Ahuachapan has been 
developed that agrees well with the three- 
dimensional temperature and pressure conditions in 
the reservoir. 

( 5 )  Based upon the model, the horizontal permeability 
of the Ahuachapan Andesites is estimated to be 
about 80 md, yielding a transmissivity of about 30 
Dm for this unit. This transmissivity is consistent 
with the results of the interference test analysis and 

the analysis of the pressure drawdown history. The 
venical permeability of the Andesites is estimated 
to be about 16 md. 

(6) The permeability of the Older Agglomerates is 
estimated to be 20 md horizontally and 4 md vem- 
cally. 

(7) The total recharge to the AhuachapdChipilapa 
geothermal systems is estimated to be 225 kg/s of 
250 O C  water, yielding a total thermal throughflow 
of 250 MW,. Most of these fluids discharge in El 
Salitrc Springs (170 kg/s), but significant energy is 
lost through surface springs in the 
AhuachapiudChipilapa areas (a0 MW,) and through 
conduction to the ground surface (20 MW,). 
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