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ABSTRACT 

Deep dc resistivity surveying has been performed at the 
Ahuachm Geothermal Field in wHem El Salvador. The 
field lies on the north base of the volcanic range t h l  funs the 
length of the country and is the site of a significant active 
geothermal powerplant. The technical purpose of the 
surveying was to assess the geophysical properties of the 
geothermal regime amund the existing field. The survey was 
carried out as a colinear dipoiedpole survey using dipole 
spacings of 500m and 1000m, and dipole separations of up to 
fourteen dipole lengths. Results included (1) the observation 
that the geothermal reservoir was not eadily detectable due to 
surface lithologic changes and extensive cultural effects, (2) 
the hydrothermally altered areas are readily reccgnked by their 
low resisthrities, (3) kcal lithologies appear to be mappable 
based on their b situ resistivities, (4) the greater field logistical 
convenience of the shorter 500m dipole spacings is negated 
by the Increase in topographic effects, and (5) 1( appropriate 
dipole separations am used, there Is no need to tun surveys of 
both 500 and lo00 meter dipole spacings to gather shalbw 
and deep information. 

INTRODUCTION 

A deep resistivity geophysical Survey was 
Alarachap&I geothermal field (AGF), the site Oi a 90 megaw 
powerplant, in western El Salvador between November 1987 

LOCATION 

The AGF, as shown In Fie. 1, is located at the westemend of 8 
Salvador immediately north of a chain of volcanic mcumains 
that run the length of El Salvador. Sue elevation is 
approximately 800 meters. The mountains to the south rise to 
approximately 1800 meters. None of the volcanoes is active 
but soma are young enough to have well defined crate= The 
geothermal field is named after the nearby town of 
AhuachapaninthestateofAhuachepan. 

Ftg. 1. Locaf-lon map of the Ahuachapi4n Geothermal Field, 0 

1. identifying and mapplng the relevant physical properties 

geothermal and recharge potential in that area. 
performed with only the 500m spacing, U pdequate cunsnt Is 
in]ect& info the ~m&. In situations where adequate 
current is not achievable, m e r  dipole spadngs rmrst be used 
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Previous resistivity work performed by CEL included 
Sdrkrmbrger array vertical eiedrical soundii (VESs) in a 
grid covering the Ahuach8piln area and extending to the 
northeast towards Turin. This grid is outlined in Fig. 2. 
0u;ilitatlve and quantitative data comparisons between the 
dlpoledlpoie amy work and the VESs are quite good. The 
dlpoledipole data, because of Instrumental design. albwed 
deeper penetration with minimal interference from 
electromagnetic (EM) response, whereas the VES data, 
because of instrumental design limitations, appeared to suffer 
from EM response at the larger spacings. The data for the 
larger current-electrode spacings for the VESs were 
qualitatively corrected for the EM response but the qUantiathre 
interpretation for those spacings was still questbnable. 

Fii. 2. Location map of tines 1 and 2 for the dipole-dipole dc 
resistivity program of 1987-1988. 

Survey Program 

The survey consisted of four lines, three of which wem 
oriented due eastwest. approximately parallel to each other. 
and eight kilometers bng. These lines were one-half kibmeter 
apart and located so that they would conned the known amaof 
the AGF to the Chipjlapa area by aossing the southwestern 
comer of the grid of existing VES data. This would then 
extend the resistway Momtion to the swth of the grid. The 
fourth llne (Line 1) was oriented approximately N25W 0 that it 
would cross the western end of the VES grid, cross the 
established limits of the AGF, and extend to the south over the 
mountains. 

Data Presentation 

Dipole4pole data am Qeneally presented in pseudosection 
format. This rneth~! of data presentatbn displays the 
cdlected data in a manner such that the horizontal scale is 
lineardlstance and is scaled in unitsof dipole length and the 
vertical scale is in units of dipole separation and may be either 

linear or kgalimk The veftkal axis is positive downrrard. 
Although the appearance is that of a geologic section. we must 
emphasize that the kcation of the pbtted points is not 
necessarily representative of depth. 
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Topog~phic  Modellng 

The effects of topography on a resistivity w e y  am well 
known. These effects are due mostly to two causes: lackof 
collinearity of the four electrodes represented by any given 
data point. and compression or elrpansbn of the 
equipotenttals observed on the e m s  surface related to the 
transmitting dipole. 

For the work herein, the method of Schwarz4ristoffel 
conformal transformation was used to approxime the 
topographic effects. This method allows the topography abng 
thesuNey U n e t o b e m o d e l e d a s P Y w e r e a ~ n s b n a l  
structure. In the case of Une 1, where it crosses the Hoyo de 
Cuajuste crater, there are severe topographic effects and they 
are not twodimerrsknat However, the 2-0 model results give 
a qwliathre idea of the Wends and magnitudes of effects 
anticipated from the modeled shudures. 

Topographic effects are determined by the severity of the 
topography relathre to the dipole size. At Ahuachapan. 
topographiceffedsweremaxknumwheretheEneaossedthe 
highest elevatbn and the Cuajuste crater, FMges produce an 
imease of the observed apparent resistivities, h this case with 
1000m dipoles, up to fifty percent greater than a flat surface. 
Valleys, or flanks of was, reduce the obsetvad apparent 
resistivities, approximately twemy-five percent less using 
1000m dipoles. In spite of the @e topographic effeds 
present, the general patterns present in the uncorrected loo0 
meter apparent resistivity pseudosection were still present 
after removing the topographic effects q e s t i n g  that 
lithologic changes occurred sympathetically wah the 
topography. Prior to geobgic modeling. the modeled 2-0 
tomraphii effects were subtram from the observed field 
data. 

Geologlc modeling 

Modeling of apparent resistivity due to complex earth 
structures is more computationally intensive than the 
topographic modeling. For this work, 2-0 geobgk models 
using a finite element agprithm were used to approximate the 
observed data. The fiiiteelement routine used is a 
commerdallyaMilableprogram 

Drilling has shown that the AGF resmir is limited in I a t d  
extent and therefore three-dimensional. Nevertheless. 2-0 
approximations are the most readily available and should 
wfflce to gulde the interpretatbn of the obsenred daia. 
Physlcal property values for the model were based on repofted 
laboratory-measured physical properties performed by CEL 
and estimated physical properties from short-bgole-spacing 
field data. The laborawry resistfvDty measurements were made 
fora frequency range of 5 to 1O.OOO &and three pressures of 
100.500. and lo00 psi. The laboratory results show resenroir 
fo&s (andesite andbrecda) to have true resistivities hthe 
range of 5 to 50 ohmmeters, whewas overlying bdls and h a s  
range from 10 to 1000 ohmmeters. The reported trends of 
increasing restitivay with decreasing frequency am 
acknowledged, but eMapolatbn to dc is not pludent as 
induced polarizatbn effects am also inferred to be present h 
the laboratory data. The inverse relationship of resistivity WtUI 
pressure at the bwer frequencies is also adurowledged. This 
would only tend to decrease the observed apparent 



resisthrities in the fleld data. Mhough there appearblo be a 
tendency for the tufts and Was to be of moderate to’hiih twe 
resistivity, hydrothermal alteration of any of the lithologies 
present wili produce bw resfstivities. 

JNTERPRETATION 

LINE 1 (8 P 1oOOm) 

Observed values ranged from 2.3 to 250 ohm-meters. In 
general, the apparent resWvitfes fall into two groups, bw (2 to 
20 ohmmeters) and moderate (20 to 200 ohm-meters). The 
bw values correlate with the surface expression of 
hydmthefmally-altered Utholoqies and with deeper stratifled 
lithologies, most likely those of the andesites and saturated 
agglomerates in the kwer auatemafy San Salvador Formation. 
There is no evidence In the resistivity data that older lithologies 
such as the Plbcene Balsam0 Formation were detected. The 
moderate apparent resistivities correlate with the shalbwer 
tuffs and iavas where they appear to formcap-rcdc and in the 
high-topographic-relief area where the survey line crosses the 
mountains. 

Line 1 (a=l000m) data are shown in bgarithmic pseudosectbn 
in Fig. 3. increased data density was desired h the immediate 
vicinity of the AGF, 80 the received data were coliected with 
halfdipole moves for the transmitter resulting in double density 
coverage. The portion of the AGF crossed by the line is 
between stations 2 and 3. Blank spaces ccarrring beneath 
dipoles 4-5 and 6-7 Indicate unreliable or unreadable data. 

A quatititathre Investigation of the data in Fig. 3 indicates 
considerable variatbn in the near-sufface apparent 
resistivities. me bwest values (3.8 ohm-meters) for the 
shallowest dataoccur at station Swhichwas W e d  m n g  
fumaroles. Low values also occur at the AGF (5.5 ohmmeters) 
and next to Cem Btanco (another hydmthermally altered area) 
at statlon 6 (4.0 ohmmeters). In me highdensity portbn of the 
pseudosection these b w  apparent resistivities are flanked by 
sliihtly higher values ranging from 5 to 17 ohmmeters. 

Moderate-valued near-surface appare 
the extreme northern and southern ends of the line and 
midwa 

is in acuktvated area Generally, shallow data are artiliciaqr bur 
due to the increased soil moisture content typical of cufthrated 
areas. Consequently, the slightly-hiiher-valued shallow data 
seen in thls area demonstrate that the bwer-valued shallow 
data seen elsewhere are not due solely to surface mdshrre. 
The moderate-valued apparent resistivities o a x r ~  in the 
southem end of the line are inthe areaof outcrop and hQh 
topographic relief. Therefore, they would be expected to be 
higher-valued than data in h e r ,  cultfvated mas. The 
significance of the very kw values meRioned previousty k that 
they occur where extensive hydrothermal afteratbn Is quite 
evident at surface. Wth increasing depth (presue), 
saturatbn, and temperature. the true resistivities should 
decrease considerably. Therefore it is expeQed tha! bwer 
apparent resistilties should appear for mer dipole 
separations, espectally in the vicinity of the Qeothermal field 
where extensive hydrothermal alteration has taken ptace. 

Of particular interest is the moderately-valued shallw data 
between stations 3 and 4, These data are fiafdced by kwer 
values. Therefore, this W, moderately-resisthre area 
probably represents a near-surface, relatively unaiIered 
lithologic Modc that may be representattve of caprodc material 
The bkdc is likely 100 to 200 meters thick and pernaps up to a 
kibmeter M e  in the dlrectbn of the survey line and is 
restridad to the area between stations 3 and 4. 

st values OcQlr immediately beneath this b c a l i  
near-surface, moderately-res&Uve block. Model data show that 
the bw closure for the 3 ohmmeter contour is a constNctive 
interference phenomenon and that more representative true 
resistivities would be around 5 to 10 ohm-meters. The 
interference phenomenon resub from the h e r  near-wtace 
resistivities which modeling suggests to be around 5 ohm- 
meters or less. 

WM increasing dwle separation the apparent reslsthrlties 
appear to increase (for exarrple, between stations 4 and 5) 
perhaps suggesting a deep, resistive medurn The presence 

tha! surtace resistivities also bmease to the south which, as 
already indiied, will produce constructive interference for the 

of 8 deep reSisthre or layer k UnfeSOlvable due to the fact 

meters for 1000 meter dipole spacinq. 
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The gradient brdlcated in the contoured data between statbns 
6 and 7 suggests a lithologic change occurrhg on the north 
sbpe of the mountains. This gadlent bcatkn coincides with 
the contact between the Laguna Verde volcanics and the 
central graben pyrodastrcs. The moderately resistive material 
likely represents the unaltered Laguna Verde mountain- 
building volcanics. This is supported by the constancy of the 
shallower apparent resistivities to the south of the gradient that 
suggest the lithology remains the same within the vicinity of the 
sunrey he. 

Geologlc modal 

A geologic model for Une 1 is presented In Fig. 4. This model 
is based on the lo00 meter drpole data. Four media of 
different We resistivities were used to generate the model: 
medium 1 (100 ohmmeters); medium 2 (10 ohm-meters): 
medium 3 (500 ohmmeters); and medium 4 (5 ohmmeters). In 
theknmediatevidnitydtheAGFor4.medial,2,and4am 
relevant for the purpose of defining resenroir characteristics. 

Model medlum 1 (100 n-m) 

Medium 1 is intended to represent the unaltered (or only 
panially altered) surface pymks&s and lava of younger San 
Sahrador age. The moderate resistivity of 100 ohmmeters 
suggests Ilmied hyr$aulic permeability and @xd potential for 
caprock formation Medium 1 is vertically limited to the upper 
600 meters. Laterally, medium 1 is modeled at the north end of 
the Ine. between stations 5 and 9, and in the previously- 
discussed isolated bbdc between stations 3 and 4. In general, 
the base of medium 1 corresponds to the contact between 
reservoir lithologies and overlying lithologies. The depth to 
this contact in well AH-12 is reported at 550 meters, whereas in 
weils AH-1 and AH-20 the depth is 450 to 500 meters. In an 
area of variaMe iithology this is considered g o d  agreement. 

Model medlum 2 (lo a-m) 

Medium 2 represents kwer resistivity material ocarning from 
300 meters to depth (greater than 1000 meters) and forming a 
vertical "plume' between stations 3 to 5. This plume-lika 
vertical extension of lower resistiviiies corresponds very well 
with the shallow depths to high temperatures between stations 
3 and 4. The northem extent or contact of the plume-like tow 
resistivitiesocaas at station3 and is coincidentwith avertical 

fault. To the south, the plume-like feature contaus kwer 
reslstlvity material (medium 4) at statbn 5 beneath the SoCcBr- 
field funmoles. Two lesser bbcks of medium 2 are modeled at 
surface near station 7 to the south and W e e n  stations 1 and 
2 to the nom. These lesser bbcks are regarded as being 
transitional material, probably less aflered, between media 4 
and 1. The thickness of these bkt&s is 100 meters. which 
corresponds well with the known auuvhl thidoress. 

Modal m e d l w  3 (500 a-m) 

Medium 3 represents a high r e s W i  medium occuning to the 
south of aation 7 and corresponding to the aforementioned 
Laguna Verde wlcanics of the high plateau in the vkinity of 
Apaneca b g h  resisrfvity data am available in that area rn 
suggest that the Laguna Verde volcanics overlie mora 
conducthre lithologies represented by medium 2 Although 
medium 2 shows continuity from the AGF to approximately 
statkn9, there is nothing else hthe elec!dtAdatato SuppOR 
continuity for the thermal characteristics. Nevertheless, this 
area should not be disregarded for future geothermal potential. 

Model medlum 4 (5 n-m) 

Medium 4 is intended to represent extensive hydmthermal 
aeration regardless of lithology. The dose association of the 
kw apparantresistivitleswiththe fwnarokaaivayandsurface 
alteration suggest that these low resistiviies am likely a result 
of hlgh porosity and hiah clay content. Hydraulic permeability 
is probably higher than the less altered Uthologies in @e of 
the increase in day conterct 

Although no medium 4 Is presented in the modal bebw 600 
meters, a simple trade-off exists from the modeling swdpoii 
Consider the large, inegular blodc of medium 4 beneath 
Jtations 2 to3. By removing some oftha! bbdc of medium 4 
and placing It bebw 600 meters in the same general area would 
produce similar model results. This exemplifies the inherent 
non-uniqueness of any modeling procedure. The choice of 
not modeling medium 4 beneath 600 meters was made to 
determine the resolvability of a conductive deep body with this 
particular data set. In this h ~ ~ ,  a deep body of only 
moderate resistivity contrast with the ovedyii material is very 
difficult to detect, because of the complexity of the overlving 
gm-. On the other hand, in an ama of less surface 
complexity such as extensive cap- and minimal surface 

. 

Fig. 4. Twodimensional geo-electric model for Line 1 based on topographic corrected apparent 
resisuvi data using a finite element program. 
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alteratbn, a deep condudhfe body should be readily 
mappable. 9 r r l  

meter dipole Spacings as bng as; 1. SMlow data are OOlleCted 
for the larger dipole spacings, or 2. deeper data are CQUeded 
for the shorter dlpole spacings. The oriQinal work plan was 

LINE 1 (a I: m m )  oriented towards using the lo00 meter dipole data for deep 
investigatkn and the 500 meter dipole data for shalbwer 
controL The field work performed at AGF shows that both 
sbatbns may be satisfied with a single dipole spacing, if 
appropriate dipole separatbns are used. 

Fbule5showsthedata(orIlnel (a-500m). Asmightbe 
expected from the lo00 meter dipole data, the observed 
reSWVitieS m e  from 1.8 to 250 ohmmeters. To be as 
compatible as possible, data were co~eaed for dipole 
separations ranging from 0 2  to 14. Within the accuracy of the 
method, the 1000 meter and 500 meter pseudosections are 
vely similar. The same pattern exists for the two sections and 
consequently the same intelpretatbn wwld apply. The 
differences that are observed a~ not significant enough to 
W eang changes. 

This simihity of results illustrates hrro important points. First, 
there is probabty no need to collect data at both 1000 and 500 

Topcgfaphic effects for the shorter dipole spacing are 
considerably larger and more complex. Fmre 6 shows the 
modeled topographic effects in the vicinity of the Cuajuste 
crater. In this case the We effects may increase the amrent 
resistivtties by upto looo/1, whereas the valley effects deaease 
apparent resistMties by approxlmely 50%. These extremes 
In topographlc conedkns suggest that the logistical 
advantage of shorter dipole sizes may be offset by more 
complex topographic effects in the resultant data. 

1 2 3 4 7 e 9 10 KM 11 

DC resist ivity pseudosection, Line I (a=SOOm), AGF, El Salvador 

Fig. 5. Pseudosection of Une 1 showing the apparent ft3SistMtieS 
meters for 500 meter dipole spacing. 

Fig. 6. Logaithmic pseudoseCIion of topographic effects on 1 cJue to the lllcwntains south of the 
site for 500 meter dipole spacings. 

- 11s- 



UNE 2 (a = 10oom) 

Line 2 is oriented approximately east-west and crosses Line 1 
roughly 250 meters north of statbn 4. The point of 
intersedon on Line 2 is approximately 250 meters west of 
statbn 6 (see Fig. 2). Apparent resisthraies ranged frwn 3.4 to 
105 ohmte rs .  With only a few exceptions, the entire 
pseudoseubn shows resistivitles less than 20 ohmmeters, 
however, the general pattern of kw-to-high apparent 

of pattern would be desirable for twodImnsional modelkrg If 
the features appeared parallel. They do not mar parallel and 
do demonstrate the threedimensbnality of the area. 

The apparent resistivity data are presented in Fig. 7. The 
b e s t  near-surface resistivities occur at statbn 4 near the 
Agua Shuca I t rmles.  The kw apparent resistivities appear 
to extend to station 5, located just east of the Rlo Los Ausoles. 
Higher resistivities are encountered at station 7 and are 
suggestive of the Wued moderate resistivity bbck occurring 
on Line 1 between stations 3 and 4. There does not appear to 
be a direct annectbn between these two bcalized resistive 
bkcks. A! surface, another kw resistivity area occurs to the 
east arpund station 10 wh& is reasonabJy dose to the 
Cuyanausul fumaroles. These near-surface, apparent 
resistivity lows further support the previous observation that 
they are assodated with extremely altered lithologies. 

Topographic correctbns were not determined for Line 2. The 
eastern end of the line encountered moderate topographic 
relief but the la& of severe relief and the nonortho~~nal two- 
dimensionality of the topooraphy encountered minimized the 
necessity and usefulness of topographic correctbns, in this 
instance. 

reslstlvitles isswrprislngly similartotha! of Line 1. The shaamy 

The most salient feature of Una 2 is the presence of an 
apparent resisthrity low beneath statbns 4 to 6. It is most Rely 
that this feature Is related to the aforementbned 
hydmthennalty-altered lithologies. ms feature is quite similar 
to the apparent resistivity low OCQlnha on Line 1 beneath 
sta!bns 2 to 4 in the immediatevlcinay of the AGF. 
Interestingly, both wells AH% and AH-9 (which bracket Line 2 
between statlons 4 and 5) are nonproductive. The geologic 
kgs indlcate that the more permeable agglomerates are 
missing in these two holes but the temperature kgs hdicate 
that relathrely high tenperatures are stiil present. 

The consistent values of 10 to 15 ohnr-meters is suggestive of 
an elevated thermal environment between statbns 7 and 11. 
The lack of shallow, more resistive material that could s e m  as 
caprodcissomewtratofadrawbadcbutmsormd!thatthe 
area should be disregarded. Ns m a  lies between the 
Chipilapa and Cuyanausul surface expressions. 

The deeper appearing kcaazed highs and lows in the apparent 
resistivities are likely the result of interference effecfs from 
surface features. 

UNE 2 (a = 5oom) 

As with Line 1, the shorter dipole data display apattern quite 
similar to that of the lager dipoles. Apparent resistivities 
w e d  from 3.3 to 127 ohm-meten. Dflerencw in the 
observed values do not just-iry any change in*kterpretation of 
the larger dipole pseudo-section. The similarily of the 500 and 
1000 meter dipole data on both lines indicates that suffiient 
informatbn is available with only one dipole spacing 1 the 
appropriate dipole separations are used. 

’ 

7 8 9 10 

DC resist ivity pseudosection, Line 2 (a= l O O O m ) ,  ACF, El Salvador 

Fig. 7. Pseudosedbn of Line 2 showing me apparent resistivities bgarlthmically contoured h ohm- 
meters for 1000 meter dipole spacing. 
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SUMMARY 

The apparent resistivi data collected for Unes 1 and 2 a! the 
AGF display a three-dimensional complex caologic picture. 
TwodlmensbMl modeling demonstrates that known 
lithologies may be identifilled (where unaltered) by a limited 
range of redahfitled Reservoir rocks have interpreted true 
reslsthritles of less than 10 ohmmeters. Younger overlying 
rocks range from 20 to 200+ ohmmeters. Both of these 
lithologies may be hydrothermally aItered to have reslstivitles 
below 5 ohmmeters. 

The known reservoir at the AGF does not appear to have a 
sufficiently diagnostic electrlcaf signature to stand out relattve 
to the lnterterence effects of the near-sutface altered 
lithologies and possible cultural effects. It Is not unusual for a 
fracture-flow hydraulic regime to shmnf little or no electrical 
resistivity contrast with the country rodt. One of the results d a 
magnetotelluric survey performed previously indicated that the 
reservoir was a high-resistivity body relative to the country rock. 
These relatively-high resistivity characteriaics are not Seen in 
either the VES's or dipoledpole dc data. 

The severe topography encountered on Line 1 does not pose 
an interpretatbnal problem with lo00 meter dipole data as bng 
as it is taken into account. The 500 meter dipole data suffer 
more from the topography krt should not be left out of 
consideration for Mure work because the shorter dipoles have 
other logistical advantages. 
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