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ZUNIL GRAVITY STUDIES 

Introduction 

Both regional and detailed gravity surveys have been 

completed by INDE in the Zunil area. A regional survey extends 

from Quetzaltenango on the north to south of Cerro El Galapago, 

covering approximately 90 sq km. A more detailed survey of 

approximately 30 sq km covers the Zunil I geothermal project area 

(CyM/MKF, 1988). The locations of the gravity survey are not 

indicated on the available maps with the exception of the main 15 

sq km area of the detailed survey. The principal facts of the 

gravity data (latitute, longitude, station location, station 

elevation, elevation accuracy, terrain corrections, etc.) were 

not available for review. 

A draft report which describes gravity models of the Zunil 1 

area (Cordon, 1989) and other information refer to a Bouguer 

gravity anomaly map computed for a density of 2.67 gm/cc. 

Although this is a commonly used density for igneous, metamorphic 

and sedimentary terrains, it is almost always too high for young 

volcanic provinces. Use of an incorrect density in gravity data 

reduction will lead to false anomalies. U. S. Geological Survey 

studies on Hawaii (Kirioshita et al, 1963) and by Wool lard (1951) 

on Oahu indicated that a density of 2.30 gm/cc was most 

appropriate even in this province of basaltic lava flows. 

Williams and Finn (1982) concluded the bulk densities of most 

Cascade volcanic edifices fell in the range 2.15 to 2.35 gm/cc in 

their studies of si lie volcanoes of the Cascades. Couch et al. 

(1982) used a Bouguer density of 2.43 for data reduction in their 

study of the Western and High Cascades of Oregon. A density of 

2.45 is often used for the Tertiary volcanics of the Basin and 

Range province in the Western United States. The 2.30 gm/cc 

average density reported by Cordon (1989) for 620 m of volcanic 

rocks in well Z-11 is in good agreement with both the Cascade and 



Hawaii studies. 

A quick correlation between the Zunil gravity maps and the 

topographic maps, using transparent overlays, shows high spatial 

correlations between gravity lows or negative gradients, and 

topographic highs or positive gradients. This is additional 

confirmation that the 2.67 gm/cc used in the Bouguer gravity 

reduction is too high. 

Basic Gravity Formulation 

The successful utilization of gravity data is quite 

dependent upon good field procedures and the careful application 

of a number of corrections to the observed gravity values. , 

Gravity data reduction has been described in detail by Dobrin 

(1960), Telford et al (1976), and numerous others. It is 

appropriate to review some points here. 

The value of the earth's gravity field, g, at any point on . 

the earth's reference spheroid is given by the following formula, 

adopted by the International Association of Geodesy in 1967: 

g = god +o( sin^^ + ̂  sin^2^) (1) 

where g = equatorial gravity = 978.0318 gals at sea level, ^ = 

latitude, and the constants oC and ^ are oL = +0.0053204 and ^ = -

0.0000058 respectively. 

Following the notation of Telford et al (1976) the Bouguer 

gravity g^ is given by, 

gg, = observed g + (tidal + drift corr.) + latitude corr. (2) 

+ free air corr. + Bouguer corr. + terrain corr. 

The reduction of observed gravity data to Bouguer gravity 

values, in metric units, is given by 



S B = Sehs + cl̂ .+̂  +0.8122 s i n 2^ mgal/km +0 .3085 h mga l / m 
-0.04188 h<rmgal/m + t.c. (3) 

The latitude correction is positive as one approaches the 

equator; h is the elevation of the station above the datum plane 

in meters; <r is the density of the earth slab between the station 

and the datum plane (often chosen to be 2.67 gm/cc). The free-

air correction is positive for stations above the chosen datum 

plane, while the Bouguer correction is negative for stations 

above the datum plane. The terrain correction is always 

positive. . 

The Bouguer anomaly is 

G& = ge, - gr (4) 

where gr^s a local reference station value, or ĝ- = g from eq.l. 

The density used for data reduction occurs in eq. 3 in the 

Bouguer correction and in the terrain correction. Many.^.computer 

routines for gravity data reduction calculate the Bouguer gravity 

for several densities simultaneously. In areas of high 

topographic relief such as the Zunil area the incorrect choice of 

the density used in the Bouguer and terrain corrections can give 

rise to misleading gravity maps. The variation in the Bouguer 

correction for several different densities and station elevations 

above or below the datum elevation is illustrated in Table 1, 

be 1ow. 



Table 1. Bouguer Correction (mgal) 

Station Elev, 

(m) 

1.0 

10.0 

100.0 

200.0 

400.0 

600.0 

800.0 

1000.0 

<S'=2.3 

0.0963 

0.9632 

9.6324 

19.2648 

38.5296 

57.7944 

77.0592 

<5=2.45 

0.1026 

1.0261 

10.2606 

20.5212 

41.0424 

61.5636 

82.0848 

Cr=2.55 

0.1068 

1.0679 

10.6794 

21.3588 

42.7176 

64.0764 

85.4352 

96.3240 102.6060 106.7940 

<y=2.67 

O.1118 

1.1182 

11.1820 

22.3639 

44.7278 

67.0918 

89.4557 

111.8196 

Surface elevations within the area of the detailed gravity 

survey vary from less than 2000 m near the Samala River to almost 

3200 m on Cerro Candelaria. From Table 1 we note that the 

difference in the magnitude of the Bouguer corrections for an 

elevation difference of 1000 m and densities of 2.67 and 2.45 

gm/cc is 9.21 ragals. Similarily the difference, in Bouguer 

corrections for an elevation difference of 400 m and densities 

of 2.67 and 2.30 gm/cc is 6.20 mgals. We believe that a 

substantial portion of the gravity minima occuring over major 

topographically high areas are due to an improper density 

(2.67) in the Bouguer.correction. 

Terrain Corrections 

From the data reviewed it is not clear to what degree 

terrain corrections may have been applied. Survey procedure in 

areas of extreme topographic variation such as Zunil should 

include the estimation of near-station corrections (Hammer zones 

A-D, or 0-170 m) in the field and the application of outer-zone 

terrain corrections by hand or by computer. An example field 

sheet for the determination of near-station terrain corrections 

is included as Figure 1. The quality of older topographic maps 

may have made terrain corrections for outer zones difficult or 



impractical. Terrain corrections for many of the Zunil gravity 

stations could range from 5 to more than 10 mgal, with a high 

probable error. Since terrain corrections are always positive, 

incomplete terrain corrections probably contribute to the large 

gravity minima which correlate with major topographic highs. 

Gravity Modeling by M-K 

Cordon (1989) reports on the results of preliminary gravity 

modeling of the graben area within the detailed survey. Because 

his modeling attempts to match the Bouguer gravity data, which 

has been reduced with an incorrect density, the models are 

dominated by low density bodies northwest of the graben. The 

computed gravity values do not provide a detailed fit to the 

observed gravity data over the granodiorite body, even though 

care has been taken to use drill control on the depth to the 

granodiorite (from ZCQ wells 1-6) and density data for overlying 

volcanics from well Z-11. 

Cordon (1989) recognized the probable effect of an incorrect 

density in the reduction to the Bouguer gravity, but proceeded 

with the modeling study as requested by the Advisory Committee. 

He concludes, correctly, that the graben itself is not 

responsible for the large negative gravity anomaly. 

Nevertheless, attempting to match the observed data, and not 

removing the regional gradient due to the low density volcanic 

center, yields misleading results. The presence of a 10 km wide, 

6 km thick intrusion with a density of 2.0 to 2.1 gm/cc, as he 

concludes, is highly unlikely. Documented densities for the 

lightest igneous rocks include (Telford et al, 1976): rhyolite 

(2.35-2.70); dacite (2.35-2.8); and obsidian (2.2-2.4). Also, a 

magma body of the size, depth, and density indicated is unlikely, 

without ongoing, catastrophic eruptive activity. 

Alternative Interpretations 



In view of the foregoing critical evaluation, it is 

appropriate to illustrate what might happen using approximately 

corrected gravity data and an alternative interpretation method. 

Without exact station locations, elevations, and other principal 

facts for the gravity data, one cannot complete an accurate 

reduction of the gravity data. Using adjustments to the gravity 

data appropriate to a density of 2.3 for the Bouguer correction 

from Table 1, and rough esimates of station location and 

elevation from 1:40,000 scale maps, the gravity data along 

profile A-A' have been adjusted as shown in Figure 2. No 

adjustment for the effect of changing the density in the terrain 

correction could be made because we had no information on the 

magnitude of the terrain corrections. Both regional and residual 

gravity data along M-K profile A-A' are shown. Where the data 

overlap, the detailed gravity profile is 8 to 20 mgal higher than 

the regional gravity indicating reference to a dfferent datum or 

base station, or additional corrections. Both profiles show an 

inverse trend to the plot of station elevation taken from the 

regional scale (1:40,000) topographic map. Profile g^ estimates 

the change in Bouguer gravity for a density of 2.30 above a datum 

of 1800 m. The negative anomaly on the northwest is reduced by 

as much as 17 mgals as compared to the Bouguer gravity for a 

density of 2.67. Complete terrain corrections might have further 

reduced this minimum-

Figure 3 illustrates the manual fit of a low frequency curve 

to the adjusted Bouguer gravity data. This curve simulates a 

regional gradient probably due to the low density units 

associated with volcanic centers (Volcan Santa Maria; Cerro 

Candelaria) below the 1800 m datum plane, and perhaps to 

incomplete terrain corrections. The residual anomaly results 

when the regional gradient is removed from the adjusted gravity 

values. Numerical modeling of this profile, at an expanded 

vertical scale, would be appropriate only if accurate station 

locations, elevations, and other data would justify the 

additional effort. Data processing such as this would result in 



a more realistic model for the Zunil I area. The approximate 

position of three faults inferred from the steeper gravity 

gradients of this residual anomaly profile are shown. 

Figure 4 illustrates an alternative (interim) interpretation 

of fault locations suggested by the detailed gravity data. The 

positions of three faults interpreted from the residual anomaly 

of profile A-A' are indicated along this profile. While there is 

some agreement with structures previously interpreted by INDE, 

the position of some faults is different and additional 

northwest-trending structures are indicated. This qualitative 

interpretation assumes that the existing data are sufficiently 

accurate as presented (even with a 2.67 density and existing 

terrain corrections) to support the steep gradients indicated by 

the contour map. No new numerical modeling has been undertaken 

to support this interpretation, but some of the northwest 

trending structures agree with linear features that have been 

interpreted from topographic expression and aerial photos. 

If the interpretaion of three faults just west of ZCQ-6 is 

correct, this may indicate a zone of considerable fracturing and 

permeability important to the siting of future production wells. 

The detailed gravity survey now in progress will provide detailed 

data with good elevation and location control suitable for in-

depth numerical modeling to test this interim interpretation. 

Experience in geothermal areas throughout the world 

indicates that gravity data will not delineate all faults which 

may be of interest. Detection of faults depends upon the density 

contrast, the depth to and displacement along the fault, and 

survey parameters such as station spacing and survey precision. 

Faults interpreted from the gravity data are often two or more 

faults which have not been sufficiently resolved by the survey 

data. Such may well be the case for structures interpreted from 

the Zunil gravity data-



Recommendations 

The granodiorite intersected in Zunil drill holes appears 

to be well expressed in the gravity data, and major structures 

which might indicate areas of higher permeability can be inferred 

from the gravity data. Additional gravity data modeling would be 

warranted if existing survey data have sufficient accuracy 

(observed gravity, station location, station elevation, terrain 

corrections) and the data are reduced using a density of 2.30 

g/cc for the Bouguer correction. If there is concern about the 

level of accuracy of existing data, further modeling should await 

the completion of the new gravity survey. Care should be taken 

to complete near-station terrain corrections in the field, and to 

complete outer zone corrections as well. It may be wise to 

reduce the data using several densities for the Bouguer 

correction, such as 2.30, 2.40, and 2.45 g/cc. 
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comple;-; regional gradient with a strong northeast component of 
-15 mg/3 km (-Smg/km) to the northeast. A simple linear gradient 
of -5mg/km to N 45 E was judged to be the most certain and least 
biased regional gradient in- the Zunil I a rsA , and this regional 
gradient was then removed from the 2.30 g/cc detailed survey 
data. This resulted in a Residual Sravity Anomaly map, Plate II. 

The residual gravity anomaly map has been interpreted 
qualitatively to identify probable structures, and these a r e 
compared to structures interpreted earlier. The residual map 
shows a weak 2 mg positive anomaly which trends N 60 E adjacent 
to a similar low, suggesting a horst-graben geometry. Northwest 
trending structures including one near ZCQ-6 can also be 
inferred. 

Numerical Modeling 

Numerical modeling of the residual gravity map is now in 
progress. Most portions of the map show three-dimensional 
anomaly patterns rather than two-dimensional anomalies. This is 
especially true in the main area, of intrest, near wells ZCQ- 3, 
-5, -6. The UURI three-dimensional gravity modeling program GME 
was judged to be most appropriate for modeling these data. 

Results to date indicate that most of the anomaly patterns, 
particularly the higher frequency features, can be attributed to 
density contrasts between the surface and the granodiorite, i.e. 
above depths of 800 m. This does not mean that structures a r e 
not present in the granodiorite, just that the density contrasts 
in the overlying volcanics and closer to the gravity meter, a r e 
dominant in the gravity data. Preliminary gravity model results 
a r e presented here to support these observations. 



g/cc. This corresponds to a maximum correction of 11.S mg for a 
density of 2.0 g/cc and 1-3.6 g/cc for a" density of 2.30 g/cc. 
The difference in terrain corrections e;;cedes 3.0 mg (at p=2.30 
g/cc) for adjacent stations at several locations. An error of 10 
to 30 percent is common in estimating terrain corrections for 
cases of severe topography, suggesting a possible error level of 
1.4 to 4,1 mg from inaccuracies in terrain corrections alone. 
The contoured data suggest an error level somewhat less than 
this, perhaps indicating a diligent effort in terrain corrections 
by INDE. 

UURI determined Bouguer corrections and topographic 
corrections for all stations for densities of 2.20 and 2.30 g/cc, 
plotted Bouguer anomaly maps, and contoured these maps at 0.5 mg. 

Qualitative Interpretation 

Bouguer anomaly maps for densities of 2.00, 2.20, and 2.-30 
g/cc were superimposd over topographic maps at a scale of 
1:10,000 and evaluated for topographic correlation. All three 
maps showed less correlation with topography than the 2.67 g/cc 
Bouguer Anomaly map, with the 2.00 and 2.20 g/cc maps showing the 
least correlation. 

Geologic structures were interpreted from the steep gradient 
areas of all three maps. These gradients a r e thought to arise 
from subsurface density contrasts along linear features, most 
probably faults. The high frequency content (i.e. steep gradient 
and short e;-;tent normal to the trend) of most gradients suggest 
many of the density contrasts occur within 500 m of the surface 
(and hence above the granodiorite) or result froms a) other near 
surface density variations, or b) inaccuracies in the data 
collection and/or reduction. 

Structures interpreted from the data a r e compared for the 
three Bouguer anomaly maps and summarized on Plate I. The 
agreeement of structures qualitatively interpreted is rather 
good. A structure which trends northwest near ZCQ-6 is the most 
consistantly interpreted structure, and is most likely to extend 
to considerable depth. Several northeast-trending structures are 
also indicated on multiple maps. The agreement is best for 
structures interpreted form the 2.20 and 2.-30 g/cc maps. A 
direction of fault movement is suggested for several faults, 
assuming that the density contrast results from movement on top 
of the more dense granodiorite. This sense may disagree with 
fault directions observed at the surface in volcnic rocks. 

Quantitative Interpretation 

Inspection of regional Bouguer Gravity maps (at p = 2.00, 
2.50, and 2.67 g/cc), and the new detailed data indicate the 
presence of strong regional gradients in the Zunil I a r e a . The 
most important northwest-trending gradient on the 2.67 g/cc map 
is due to the incorrect density reduction. All maps indicate a 
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PRELIMINARY INTERPRETATION 

DETAILED GRAVITY SURVEY, ZUNIL I AREA 

Introduct ion 

The UURI study of the 1989 Zunil I detailed gravity data has 
included several elements including ^;view of INDE Bouguer Gravity 
maps and principal facts, measurement of densities, computation 
of the Bouguer Gravity anomaly for densities of 2.20 and 2.30 
g/cc, contouring, qualitative interpretation, and numerical 
modeling. A brief review of the results to date follows. 

Density Studies for Bouguer Gravity Data Reduction 

Density determinations were completed for Zunil I drill core 
available at UURI. Saturated densities for seven volcanic rock 
core samples from drill holes Z-2, Z-11, and ZCQ-2 averaged 2.25 
g/cc. The saturated density for a granodiorite (altered) core 
sample from ZCQ-4 was found to be 2.58 g/cc. These few density 
values a r e in good agreement with density values reported by 
Cordon (1989) in a more extensive density study of core samples 
from well Z-11. 

Also in support of the density study, Bouguer anomaly 
profiles were calculated for lines 2, 3, 7, and S using eight 
density values ranging from 1.7 to 2.67 g/cc. These profiles 
were compared to elevation along the profiles following the 
density determination method of Nettleton. These profiles 
suggest that densities of 2.1 and 2.2 g/cc result in Bouguer 
gravity profiles which have the least correlation with 
topography, and a re therefore most appropriate for the densities 
used in Bouguer and topographic corrections. , The Nettleton 
method is somewhat limited because of three-dimensional effects 
near the profiles and by subsurface density variations. Regional 
Bouguer gravity maps for densities of 2.00, 2.50, and 2.67 .g/cc 
were also correlated with topography. The 2.00 and 2.50 density 
maps showed much less correlation with topography than the 2.67 
density map. We conclude, on the basis of this evidence, density 
measurements, and experience in other volcanic areas, that 
densities of 2.20 and 2,30 g/cc a r e most appropriate for Bouguer 
and topographic corrections for depths to 1000 m in the Zunil I 
area. A density of 2.0 to 2.1 may be most appropriate for depths 
of 0 to 300 m. 

Bouguer Map Preparation 

UURI contoured E<ouguer Gravity maps reduced at densities of 
2.00 and 2.67 g/cc which were telefaxed to UURI from CyM/MKE. 
Contouring the maps at 0.5 milligals (mg) allowed identification 
of questionable data values and provided one indication of the 
noise level of the data. Review of principal facts provided by 
INDE reveals numerous topographic corrections exceding 12 mg, and 
a maximum topographic correction of 15.8'mg for a density of 2.67' 



serie de perfiles (con una sola densidad, 2.2 por ejemplo) sobre el 

campo de Zunil I. 

Se podria empezar con un modelo de 4 capas : 

1. Capa superficial (volcanitas) 

2. Capa representativa de las formaciones alteradas (capa conductora de 

IDS sondeos electrlcos) 

3. Capa andesltica que representa el reservorio 

4. Basamento 

Siendo la geometria del campo bastante bien conocida se podria intentar 

(fijando los dates cuantitativos) estudiar las posibilidades de variaci£ 

nes de las densidades en el interior de cada capa y en modo particular 

en el basamento. 

Este conjunto de perfiles tendria que permitir localizar con mas preci -

sion las principales discontinuidades (zonas de mayor fracturacion prob£ 

ble) y contribuir a un mejor conocimienco de la estructura d'e el campo 

de Zunil I. 

3.6 Pruebas de Pozo (P.E. Liguori) 

3.6.1 Pruebas de corta duracion 

Estas pruebas consistieron en poner en produccion uno a la vez, durante 

una semana mas o menos, los tres pozos ZCQ-3, 5 y 6 dejandoles descargar 

libremente el silenciador con posicion de valvula fija. Durante la pro­

duccion se midleron caudales de agua y vapor, se sacaron unos perfiles -

de presion, temperatura y "spinner" y se tomaron muestras quimicas. An­

tes de terminar la produccion se bajo en el pozo un clemonto de presion 



^3.5 Geoflsica (A. Duprat) 

3.5.1 Gravimetria 

En el ano 1989 MKF efectuo un estudio gravlmetrico de detalle en el cam­

po de Zunil I. Los resultados de este estudio ban sido presentados: An£ 

malia de Bouguer con mas densidades, residuales (anomalia regional esco-

gida = piano inclinado) que permitieron trazar las discontinuidades gra-

vimetrlcas principales para cada una de las densidades. El perfil de 

Nettleton muestra que la densidad de correccion mas conveniente esta com 

prendida entre 1.9 y 2.2. 

Un mapa con d = 2.3 ha sido escogido para la interpretacion, MKF modelo 

solamente un perfil con parametros demasiados senclllos (2 capas con den 

sidad del basamento de 2.6). 

3.5.2 Electrica 

Para lo que concierne el estudio electrico, solo se efectuo una diferen-

clacion cualitativa entre sondeos electrlcos: los que han alcanzado un 

substrato resistive y los que han alncanzado un substrate conductor. 

Se puede sugerlr a MKF : 

- De establecer cortes electrlcos cuantitativos en los dates de inver -

sion de los sendees electrices. Para cada sendee que ha alcanzado el 

substrate resistive efectuar una prueba de equivalencia para la capa 

conductora que sobre yace el substrato. 

- Utilizando estos dates electrlcos corapletados, con las Informaciones 

litologlcas y cuantitatlvas de los pozos prefundos, de realizar una 
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This could be started with a model of four layers: 

1. Superficial layer (vulcanites) 

2. A layer representative of the altered formations (conductive layer 
of the electrical probes 

3. Andesitic layer which represents the reservoir 

4. Basement, 

Since the geometry of the field is fairly well known, aii attempt could be 
made (fixing the quantitative data) to study the possibilities of variations 
in the densities on the interior of each layer and particularly in the 
basement. 

This set of profiles would have to make it possible to locate more 
precisely the main discontinuities (zones of greater probably fracture) and 
contribute to better knowledge of the structure of the field of Zunil I. 

3.6 Weil Tests 

3.6.1 Short Duration Tests 

(P. E. Liguori) 

These tests consisted in placing into production, one at a time, for one 
week more or less, the three wells ZCQ-3, 5 and 6, allowing them to 
discharge the muffler freely with fixed valve position. During production, 
the rate of flow of water and steam was measured, and profiles of 
pressure, temperature and "spinner" were mode and chemical samples 
were taken. Before production was shut down, a pressure element was 
lowered into the well and, when the well was closed, a limited build-up 
test was performed on wells ZCQ 3 and 5. The data were presented in 
a well organized fashioned and are sufficiently clear to interpret the 
results of the tests even if these are not amply described. 

PAGE 2 
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3.5 Geophysics 

3.5.1 Gravimetrics 

(A. Duprat) 

In 1989, MKF carried out a detailed gravimetric study in the field of 
Zunil I. The results of this study were presented: Bouguer Anomaly 
with greater densities, residuals (regional selected anomaly - inclined 
plane) which made it possible to trade the main gravimetric 
discontinuities for each of the densities. The Nettleton Profile shows 
that the correction density most appropriate is between 1,9 and 2,2 

A map with d - 2.3 was chosen for the interpretation; MFK modeled 
only one profile with parameters which were too simple (2 layers with 
basement density of 2.6). 

3.5.2 Electric 

With respect to the electric study, only a qualitative differentiation was 
made between electrical probes; those which reached a resistant 
substratum and those which reached a conducting substratum. 

The following can be suggested to MKF: 

To establish quantitative electrical cuts in the inversion data of the 
electrical probes. For each probe which reached a resistant 
substratum, carry out an equivalence test for the conducting layer 
which rests upon the sabstratum. 

Using these complete electrical data, with lithological and 
quantitative data of the deep wells, to carry out a series of 
profiles (with one single density, 2.2, for example) on the field of 
Zunil I. 

PAGE 1 



With the help of the models, considering the geometry of the 

gsGloqical sections and the various;densities elected, it is 

possible to ca.lculate a theoretical curve identical as the 

measured curve. 

If this happened, it will mean that the graben effect is 

enough to explain the anomaly. If this does not happen, it 

will be necessary to identify which modifications give the 

densities (without modifying the geometry) to reproduce the 

measured curve. This is a short term job, that can be done 

with a microprocessor and an interactive program. 

c) Electrical Resistivity 

The infcrmation indicated in the Mision de Enfoque report a r e 

purely qualitative. The conductive anomalies are enhanced, 

considered as the representatives of the most favorable 

zones. The cause of these anomalies is not univocal. These 

a r e caused by the seal cap behavior: relatively developed 

alteration, clay presence, temperature, salted fluid. The 

resistivity of the granodiorites, even though they a r e 

fractured and with a hotter fluid, it will alvjays be higher 

than the. sealed cap altered, this is the reason why the 

.analysis of these anomalies does not give any information 

about the basement nature. Thsrefor-e it seems very important 

to make a" quantitative interpretation of all the electrical 

soundings with the objective of giving a structural outline 

of the studied zone. This interpretation appears in the INDE 



- Or if, to the contrary, considering that the density of the. 

recent for" mat i oris i s • constant," there I'ji 11 be no need to 

identify another cause for this anomaly, like: density 

variation in the covering or in the basement, producing a 

little decrease, that could be explained by a fissure a 

little more developed in some part of the basement. 

It is clear that these a r e hypothesis that can be proved by a 

series of miodelings; three perpendicular profiles to the 

graben could be drawn that cut it in the ZCQ-6 and ZCQ-4 well 

zones. The height of the coverages and the tectonics o-f the 

granodiorite ceilings will be deduced from the wells. 

Therefore three geological sections, assigning densities to 

the different formations evidenced by the wells (and the 

electrical soundings) could be done. This can be scheduled 

as follows: 

-Upper level with high density (e.x. d=2.6) 

- Intermediate 1evel, with lower density (e.x., d=2.4) 

- Granodioritic basement (e.x., d-2.65) 

This density values are indicative. Measurement on sample: 

taken from the wells will permit its better definition. 



- Two discontinuities in the NE-SW that bound the 

positive sector where ZCQ—5 is located. 

- One discontinuity parallel to the above mentioned 

passing to the E of Cerro El Galapaqo, 

- Between this discontinuities develops the little 

negative anomaly, ending to the SW beyond Cerro El 

Galapago. This last shows as a negative circular 

anomaly strongly pronounced and that can be 

disassociated from, the general anom.aly. ^ne reason of 

this anomaly is probably that C s r r o El Galapago 

represents a high fractured block with a possible high 

water content (surface infiltrations). The existence 

of a discontinuity in the E-W could be imagined that 

goes through between the ZCD-6 well and Cerro- El 

Galapago. 

From the qualitative point of view, the infcrmation given by 

the gravimetry in the deep well sector is very good according 

to the structural geology as it can be deducted from the 

wells. This enhances a fault between wells ZCQ-5 and ZCQ-3, 

4 marked by a little gravimetric gradient. 

However the terciary and cuaternary covering is practically 

the same for ZCD-3, 4, 5 (920 - 950 m.) wells, therefore we 

c a n q u e s t i o n : 

If the negative anomaly that goes through ZL-Q-6 well to 

ZCQ-1 is totally caused by the graben effect. 



nA 

It could be possible • to think that re-elaborating the 

seismical data will allow obtaining better . quality 

sections, clean of all noises and with better continuity 

in the seismical levels. At the actual "state of the 

development of the Zunil I studies and considering the 

location of the seismic profiles (none of them is 

important in the deep soundings ZCQ-3,-4-5-6), it seems 

that re-elaborating these data is not justified. In fact 

the zone actually considered interesting is in the ZCD-3 

and ZCQ-6 sector. On the other hand, this task could be 

useful in the Zunil II study. 

b) Gravimetry: Various maps present the Bouger anomaly 

<d=2.0, 2.5, 2.67 and 3.0); this maps cover a bigger 

extension of the zone actually considered of interest for 

Zunil. I. The map with more contrasts is the one with 

2.=7 density where the deeper soundings is particularly 

characterized. This zone is presented as a little 

negative anomaly oriented SW-NE, limited in the NW and SE 

by a small positive gradient. Towards the . NW a high 

negative gradient is enhanced by the density value 

elected. The gradient is notably lower in the map with-

d-2.5. 

Li~:iting to the interest zone, particularly represented 

by the .deep sounding sector, the map with d=2.67 

evidences: 
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Figure A. Summary of INDE and JICA electrical resistivity 
results, Zunil area. 
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Figure 1. Location of JICA and INDE Schlumberger vertical 
electric soundings (VES). 



This review has not yielded new data or interpretative 

results, but does provide familiarity with and confidence in the 

JICA and INDE work completed several years ago. The resistivity 

data suggest that the least-diluted thermal fluids are 

transmitted along structures near the western limit of the survey 

area, near the ZCQ wells. The locations of faults inferred from 

the data should be integrated with other information to improve 

the understanding of faulting and permeability in the area. 

It is possible that additional electrical resistivity work 

would aid in better delineation of fractures in the area of the 

ZCQ wells. Two or three dipo1e-dipo1e lines which trend roughly 

northeast parallel to Line 1, using an electrode separation of 

200 m, would map resistivity structure to depths of 400-500 m and 

would probably detect major fault offsets and zones of upwelling 

thermal fluids. The dipo1e-dipo1e array would be compatible with 

the terrain northeast of ZCQ-6 and most topographic effects could 

be accounted for in the numerical model interpretation of the 

data. 
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Figure 3 Identification of a regional gradient along profi 
A-A', and its removal to form a residual anomaly 
suitable for numerical modeling. 
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Figure -4. Location of faults in the Zunil 1 area as inferred from 
the detailed gravity survey. This interpretation has 
not been supported by numerical modeling. 
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ZUNIL ELECTRICAL RESISTIVITY STUDIES 

Introduction 

Electrical resistivity surveys completed earlier have been 

reviewed in support of the CyM/MKF Zunil I project. It appears 

that two electrical resistivity surveys have been completed in 

the Zunil 1 area, both of which employed the Schlumberger array 

to complete vertical electric soundings (VES). The first survey 

was completed by Japanese scientists (JICA) in 1976-77 and the 

second survey by INDE in 1977. 

JICA Survey 

The JICA data were obtained as a series of VES stations with 

centers at intervals between 150 m and 250 m along Lines 1, 2, 3 

and 4. All of these station centers are located north and east 

of the area which includes wells ZCQ.-3, -4, -5, -6 and are 

generally south and west of the town of Zunil (CyM/MKF, 1988). 

Difficult terrain conditions precluded the extension of the VES 

soundings to the southwest. The maximum depth probed by the JICA 

soundings was limited by the AB/2 distance of 750 m. The data 

were presented in map and block diagram form (CyM/MKF Figs. 3.3-

20, 3.3-21) but individual VES plots were not available for 

review. The locations of JICA and INDE VES station centers are 

shown on Figure 1. 

INDE Survey 

The INDE survey (Palma A., 1977) included 17 soundings along 

Lines 1, 2, 3, and 4 and approximately 18 additional soundings, 

using AB separations of 1,000 m, 1,600 m, and 2,000.m. A notable 

result of this work was the delineation of a low resistivity zone 

at depths approaching 100 m in the area of wells ZCQ-1 and ZCQ-2, 

which extends to the southwest. The INDE data are reported in 

much more detail by Palma A.,(1977) who includes VES plots of 



resistivity versus AB/2 as well as final interpretative results. 

INDE Resistivity Interpretation 

Most of the INDE VES plots indicate good data and a 

reasonably layered resistivity structure which is important to 

the correct interpretation of the VES data. INDE completed both 

qualitative and quantitative interpretations. The quantitative 

interpretation of individual soundings appears to have been 

completed using graphical and curve matching techniques. The 

interpretations appear valid and no attempt was made to verify or 

reinterpret these sounding plots. This could be done using the 

UURI Schlumberger inversion computer program if the additional 

effort was justified. Using the INDE res istivity-thickness 

solutions, resistivity cross sections were plotted for Profiles 

1, 2, 3, and 4. These sections are similar to those completed by 

INDE (which were not readable in the copied document). 

The resistivity cross sections are shown in Figures 2 and 3, 

with the positions of JICA stations incicated for reference. 

While these stations are in general agreement with the .̂  

resistivity-depth diagram from the JICA data (CyM/MKF Fig 3.3-21) 

some differences were noted. The INDE data with the larger AB/2 

respond to a resistive layer not seen by JICA on Line 1. The 

depth to the top of the conductive layer and it's interpreted 

resistivity often differ between the two surveys. On Line 1, 

JICA resistivities of 6.5, 5.6, and 8-14 ohm-m contrast with INDE 

values of 2.1, 1.5, and 3.75 ohm-m for VES 11, 10, and 9 

respectively. On Line 2, JICA data show resistivity values of 5-

6 ohm-m compared to 7.4 and 13.6 ohm-m interpreted by INDE. The 

shorter distances between stations of the JICA data provide some 

additional detail and therefore more indications of faulting. 

Without the detailed resistivity, versus depth plots of the JICA 

soundings they cannot be evaluated in detail. The JICA VES 

results are used to supplement the interpretation of the INDE 

data. 



Figure 4 summarizes the principal results of the INDE and 

JICA resistivity data. Discontinuities betwen resistivity layers 

are interpreted as faults on Figures 2 and 3, and these have been 

transfered to Figure 4. Unfortunately most of this information 

is east of the portions of the reservoir tested by ZCQ-3, -4, -5, 

and -6, due to the steep topography in the area which has been 

drilled. Projection of the interpreted faults to the northwest 
I! 

is of current exploration interest however. Since the position 

of the discontinuity can only be estimated between adjacent VES 

centers, the trend and continuity of the structures must be 

inferred from geologic and topographic information. 

Several soundings indicate very low resistivities (1-6 ohm-

m) in the conductive layer. These include VES 11, 10, and 9 on 

Line 1; the area between VES 6 and 4 on Line 2; west of VES 12 on 

Line :3, from JICA stations 21 and 31; and JICA station 81 on the 

west end of Line 4. These areas are important because the low 

resistivities may indicate hot, relative1y undi1uted reservoir 

fluids circulating near faults, and/or increased clay alteration 

resulting from geothermal fluids. These areas are showr) on 

Figure 4. 

Summary 

Experience in geothermal areas throughout the world 

indicates that electrical resistivity surveys will not delineate 

all faults and fractures which may be of interest. The detection 

of these structures requires a significant physical property 

contrast, perhaps in the form of a vertical offset along a fault. 

The survey type and resolution are also important factors. 

Discontinuities which are interpreted as faults are often major 

structures important as structural controls to the geothermal 

system, or as fluid conduits. Discontinuities . interpreted as 

faults are often several structures which cannot be resolved by 

the observed data. 



H E M 0 F« A N D U M 

TOs Joe Moore 

FROMs Howard Ross 

DATES July 21, 1989 

SUBJECTS Zunil Gravity Interf-Jretat ion 

This week I received from Luis Merida Bouguer Gravity data 
for the new gravity survey at Zunil. One map was reduced with a 
density of p = 2.00 g/cc for the Bouguer correction, the other 
with a density of p = 2.67 g/cc. Eioth data sets had been 
corrected for topography, but the density used for the terrain 
corrections was not indicated, 

I have contoured both data sets in an appro;;imate (quick 
interpolation) manner, and then recontoured the 2.00 g/cc data at 
0.5 mg using careful interpolation. For the most part the data 
contour quite smoothly, suggesting an eKcellant job of datai 
acquisition, survey elevation and terrain corrections. One value 
(--104,314 mg, middle of Line 6) could be incorrect and the 
corrections should be checked. The same station appears normal 
on the 2,00 g/cc map however, 

BOuguer Gravity at 2,67 g/cc 

This map shows a strong correlation between higher 
topographic elevation and increasingly negative gravity values, 
and an elongate gravity high corresponding to the low topography 
of the Rio Samala valley. The close correspondence of the 
contours indicate too high a density (at 2.67 g/cc) was used in 
the Bouguer (and topographic ?) corrections. This correspondence 
dominates, the map and obscures the gravity indications of buried 
structures, A few indications of structure may be present when 
the gravity contours cut across topography (see map). Note that 
these features a r e only a few milligals and a r e nearly lost in 
the regional trends, 

Bouguer Gravity at 2,00 g/cc 

The Bouguer Gravity values for this reduction differ by 
about 55 mg from the 2.67g/cc map, clearly illustrating the 
importnce of using the correct density in Bouguer and terrain 



corrections. The correlation between gravity and topographic 
contours is much weaker than for the 2,67 g/cc map, but a 
positive correlation (topo high, gravity high) is present in the 
west, northwest, and southeast portions of the survey. This 
suggests that the 2.00 g/cc is too low a density, but this map is 
much more meaningful than the 2,67 g/cc map. Gravity indications 
of a northeast trending graben-horst structure a r e very weak, if 
present at all. This agrees with preliminary numerical modeling 
which suggests only 1-3 mg anomaly for a Zunil graben structure, 
using drill hole depths as control, A northwest-trending 
structure may be indicated along Line 6, but this gravity 
gradient is due in part to the 2,00 g/cc density used. There is 
only a weak suggestion (0-1 mg) of northeast-trending structures, 
in marked contrast to the e a r l i e r data presented by INDE and 
modeled by Cordon. 

Discussion 

The gravity expression of northeast-trending structures is 
very weak, 0-3 mg, and previous interpretations should be 
disregarded unless the older data can somehow be verified, I 
still believe that a density of 2,30 may be optimum for Bouguer 
and terrain corrections, and recommend that the data be reduced 
with this density for comparison with the 2,00 and 2,67 g/cc 
maps. The corrections should be checked for all gravity values 
which result in major pertubations of the contours, for the 
gravity expression of most structures is weak. Numerical 
modeling of these data is not warranted until we at^e certain that 
we have the best possible Bouguer Gravity map. It may be that 
the .gravity data will offer little new structural information for 
use indrillholesiting. 
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4.4 Stable Isotope Studies 

Stable Isotope studies (ox1gen-18, deuterium) will be carried out on 
selected samples of fluids and rocks. The primary objective of the flî id 
analyses Is to determine the location of the recharge zones. Samples of 
ithe production fluids, thermal and non-thermal springs will be obtained. 
(See Geohydrology - Geochemical Sampling Plan). Data from the non-thermal 
springs (or local precipitation) will be used to construct a local meteoric 
water line. The thermal waters will be compared to the meteoric 
oxygen-deuterium^ relationships to establish the elevation of the recharge 
zones, the relative extent of interaction with the reservoir rocks, and the 
importance of boiling, mixing, based on the results of the alteration 
studies. Rock samples will be selected for stable isotope analysis. If 
appropriate, samples of unaltered and altered rocks produced by the 
geothermal fluids will also be selected. From these data, the isotopic 
.composition of the fluids, and data on the temperatures of alteration the 
^Integrated fluid flux through the system will be estimated. 

•4.5 Geophysical Studies 

4.5.1 Electrical Resistivity 

4.5.1.1 Methods 

Electrical surveys by JICA and INDE, (1976-77) consisted of Schulumberger 
arrays and were conducted in the area of Zunil I southwest of the village 
lof Zunil. Several resistivity anomalies were observed. These could be due 
to clay alteration, the presence of saline fluids differences in rock 
lithologles. As a result a quantitative interpretation of the existing 

I electrical soundings has been recommended. The objective of this 
• interpretat1op will be to provide a better structural outline of the area 
covered by the electrical resistivity surveys. 

4.5.1.2 Result 

The quantitative interpretation of the existing electrical data will be^ 
designed towards producinig a resistive substrate ceiling map. The map 
I should show the substrate ceiling near the granodiorite celling and may 
indicate more exact information on the location of principal 
discontinuities which relate to the granodiorite basement. 

4.5.2 Gravity Modeling 

4.5.2.1 Methods 

Modeling of the Zunil I area using existing data has been recommended by 
the Advisory Panel to better define the subsurface structure beneath the 
Zunil ZCQ well field. The modeling will use formation densities as 
represented from the different formations. The densities recommended are 
as follows: 7 

• upper level with and high density (d=2.6)^'^ 
• Intermediate level with a lower density (d=2.4) 
• Granodiorite basement (d=2.65) 

N*ea 15 



^ e above (lensity values are indicative of typical volcanic granodiorite 
rocks.i Measurements of densities from borehole samples should be used to 
f-efine| the above suggested values. The modeling should use actual 
densities taken from borehole samples. The model selected to be used ^ s 
the MAGIX gravity forward and Inverse model for personal computers. The 
model )s a real time interactive interpretation program which uses an 
interactive graphically oriented earth model editor in conjunction with the 
real-time calculation and display of the forward response curve. As the 
earth model is varied on the screen, the forward response curve for the new 
model is calculated and displayed on the screen automatically. Forward 
modeling the MAGlX model provides a synthetic gravity curve up to 9 bodies 
with a I total of 80 vertices spread among the bodies. Each body is 
calculated from published Talwani-sty.le polygon algorithms with the density 
specified in terms of density contrast. MAGIX will provide inverse 
solutions from a starting model within the same parameters as mentioned 
above. The user can fix parameters of the body he wishes to remain 
unchanged. The Iiwnan style Inversion routine contained in the program will 
vary tipe other parameters to obtain the least squares fit. The parameters 
of a bc)dy that are variable Include its vertices and physical property. 

iHilPijI 

In normal operation the best fit to the observed data would be 
obtain4d using the Interactive forward model then optimize the model 
parameters using the Inverse solution features. Output is in the form of 
graph1(is with the operator setting the dimensions of the plot. The screen 
display is generally used for review prior to plotting the output. 

4.5.2.2 Result 

With the modeling, considering the geometry of the sections and densities 
used, a theoretical curve will be calculated which can be compared to the 
measured curve. This will allow a better Interpretation of the anomaly 
which is presently interpreted as the Zunil Graben. 

These cross sections will be generated as a result of the modeling. These 
cross sections will be perpendicular to the Zunil Graben and go through the 
ZGQ-4 and ZCQ-6 well zones. The granodiorite contact, amount of overlying 
volcanics and tectonic nature of the top of the granodiorite will be deduced 
from the existing ZCQ well data for input into the interpretation. 

_4.5.3 iDetailed Gravity Survey 

The following information provides overall guidelines for a detailed 
gravity: survey within the Zunil I geothermal field. The suggested field 
exploration program (survey lines, station density, field procedures) may 
be modified to obtain a better resolution of the objective. The area 
considered for the gravity study encompasses approximately four square 
kilometers centered on the Zunil I well field. 

Field procedures as these should follow general standards applicable to 
gravity field measurements. It should be noted, however, that the rugged 
topograjshy in the Zunil area may require special consideration both during 
field measurements and later during data reduction. The area being 
investigated consists of 75% moderately sloping ground and 25% steeper 
slopes and rugged terrain. 

Naoa 1C 
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a Worden or LaCoste-Romberg gravimeter with a sensitivity of ̂ .01 
recommended. Once the final field exploration pronram is selected 
gravity stations located on a topographic map, a survey crew will 

out the survey lines and obtain accurate station coordinates and 
evations. It is conceivable that barometric leveling may be required for 

selected locations. 

4,5.3.1 Field Exploration 

The currently proposed investigation program consists of a detailed gravity 
survey of approximately 130 to 150 stations spaced every 100m along 7 
surveyl lines (lines 1,2,3,4,6,8,9) and every 200m along-2 lines (lines 5 
and T|). Refer to Figure 4-1 for the approximate location of the survey 
Tines and station density. The survey is oriented to obtain maximum 
coverage of the inferred Zunil Graben and associated faults depicted in 
Figures 3-7 and 4-1. A greater number of stations are located along the 
southwest part of the Zunil I area in order to assist in the interpretation 
of a previously detected gravity low in the vicinity of Cerro El Galapago. 

1 4.5.3.2 Data Reduction and Results 

Standard correction factors (drift, latitude, free-air, Bouguer, terrain) 
will lie applied to all gravity field measurements during data reduction 
procedures, with special consideration to terrain correction. The 
correcl^ed station values will be plotted on a topographic map along with 
station identification and location. The end result will produce a Bouguer 
anoma^ map of the area investigated and the accompanying interpretation 
with appropriate profiles. A report, accompanying this map should include 
all data (raw and corrected) including a clear description of the data 
reduction path followed to obtain the final station value. A description 
of computer data-reddfction programs used will also be included. III!."-

S!»~-

4.6 Mercury Soil Surveys 

li 

Mercury. (Hg) is a common and highly mobile trace element in geothermal 
systems: Because Hg is then supported as a vapor, it can be deposited in ii"; 
soils above fajult, zones .that.are connected to the geothermal reservoir. 
Mercuryisurveys-have proven"to be a cost effective means of locating the 
surface traces of permeable fault zones, and have been utilized 
successfully in a range of geologic environments. They are particularly 
useful in areas where there is evidence of boiling within the reservoir and 
transfer: of.steam and gas to the surface. This is the case at Zunil, where 
the surface manifestations of the geothermal system consist entirely of 
fumaroles. 

Soil samples will be collected along a series of traverses where faults are 
known or suspected to occur. The samples will be analyzed for Hg by gold 
film detector which has a detection limit of five parts per billion (ppb). 
The results of the analyzes will be contoured on large scale maps to 
delineate zones of high permeability. 

Naos 17 
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INTRODUCTION 

Gravity measurements in the Zunil a r e a (Bcucuer ancmaiy mao, d='2.67 gr/cc 
.by INDE) iceoict a small, eionqaxea necative .anomaly with a NE-SW 
orientation wit.'^in the Zunil I geothermal field. The maximum gravity low 
occurs in the area between-Cerro El Gaiaoacc ana Las Maiadas with the 
anomaly decreasing toward the northeast ana terminating acoroximateiy IKm 
southwest of the town of Zunil. Refer to Figure 1. The oresenca of this 
ancmaiy -enhanced the ccncsot of a graoen structure in the subsurface, 
possibly in the granodiorite bearock, witn a similar orientation .and 
boundaries'' as the gravity anomaly, (hision ae Enfoaue Reoort:, 19H8). Tha 
existence of a graben is sucported Dy driiihoie data Klnicn snow a 
disolacement of aDproximately J S B r in the bedrccx along the NW bounaary^ 
and a shallower basement to /tne Si^. This is turtner supported by 

0 

(̂ caweiScj 

electrical resistivity surveys (INDEL Gecelectric Reoort, 1977) which 
inaicate a'deepening of the resistive strata (becrocx; toward Cerro El 
Galapago. The gravity anomaly may pe a reflection of this suosurfaca 
structure or the result bt ,6tner factors \such as densitv chances or other 

St ruct u res.-''yC 5ĉ <J2̂ -, - 9 ^ ^ w\ . 
(i^zcai) 

Ĵ " OBJECTIVE . C \ > ^ - ^ ' nO/'^AV--^ 

extends 
a variation from -115 maals to 

8 km ytnrouqn well ZCQ-5 and varies from -120 
tends 2.32km throuan well ZCQ-2 and varies from 

The objective of the gravity mcoel is to resolve whether the negative 
anomaly is !(a.) caused by the graben effect, or (b.) the result of density. 
variations in the covering 'or in the basement. The graben would tend to 
decrease the gravity measurements as the basement deepens, providea the 
upper volcanics maintain a fairly constant density. The amount of 
displacement of the graben however, may not be sufficient to alter the 
measurements. If this is the case then another cause of the anomaly has to 
be found; this may be a less aenser body in tne granoaiorite or 
considerable density variations in the volcanics aboVe the granodiorite. 

Three rperpendicular profiles to the graben'-'were cnosen: line A-A' ex 
2.9 km-^hrouqn well ZCQ-6 . ana shows 
-96mgaisf line B-3' extencs 2.75 
to -101 mgals^ line C - C extend; 
-125 to -106 mgals. The large decrease in the gravity measurements to the -s,̂  
northwest (Figure 1) is scmewnat enhanced by the density value selectedr'C!"-^^^^'/^^ 

\$ ,^ laceied 'Maqi.x, 'a ' ^ o r u a r d ,y^^ ^ ^ ' ' w c i ^ f ' - f ' ^ ^ ' ' 
•jjhaqix provices a synthetic X ^ o l U ^ I & n C A f i l 

_(_thgcxarical) curve for uo to 9 bcoies with a total.of 80 vertices soreaa an,^^*^>'_ CA-'in̂ flÂ i 
among the bcaies.'i Each bcoy is caicuiattec rrcm incustry accepteo, ̂  _^-^^g,^^cj-»vj^ 
puDiished, Taiwani-style polygon aiqorithr:is. The density of the gravity ^^^.^^^^5^, y%JL 
mccei is scecifiea in ter::is or density contrasts. Uata is entarea into the âi?/ta-*̂ -̂J«̂ -̂A.qJZ/̂ . 
p^cc^.^n files ana a cracnically orienteq earth model eoitcr allows ' ^ ^ ^ ' / J I J J - J - / ' ^ M ^ ' J -

cnarce" to the bc-dies on the screen; the forwara resconse curve for the new n i o ^ j ^ c S i X S<i. 
mcxj.e L is 3uc:5p'r:L:Hntly caicuiatea ana aisciavec on 

9/- PROGRAM DESCRIPTION 

The g r a v i t v i i p rog ram used f o r t h i s s t u d y 
m c c e l i n q p rog ram f o r p e r s o n a l c c m o u t e r s 

: /•-, r .'*, r J V A * V a^ 

l U I 1.1 i c ncW Q i j ^ ^ ^ ^ c o j . S i . 
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of the synthetic curve is r.nî rerore pcssioie' tnrouon a series or-editing 
and iteratiions until a cicse fit witn tne ccservea curve is cotainea. For ' 
purposes OT this stucv rsrineraent iterations caasea .attar -a better than 9b'̂  . , 

Some geologic control was. avj.ilaqie. fxpniii; ariii;hole data"^ and electrical 
resistivity stuaies'f'^iara'data rrcm wells ZCQ-1 through ZCQ-6 provided the 
depth to the granodiorite basement and the thickness of the overlying 
strata (Tertiary and Almolonga volcanics). Table 1 summarizes the geologic 
control at; these points. 

Well 

ZCQ-1 
ZCQ-2 
ZCQ-5 
ZCQ-'i 
ZCQ-5 
ZCQ-6 

TABLE 1 

Oeoth to Granodiorite 

690 m 
780 
990 
975 ,.• . 

940 (altered to 1050) 
1035 

-

Total Well Deoth 

1310 m 
812 
1041 
1025 
1080 
1142 -

Density values from the Z (or ZP; wells were also avaiiaole'^ Vaiues from 
well Z-11,'.locatea next to ZCQ-3. provided the most accurate aensity vaiues 
within the -uoDer 620m or the geothermal'field. Ihe average density value 
for each 100m of depth is de.mcnstrated in the following taole. 

TABLE 2 

Well Z-11 

Deoth (B.) Avq. Densitv (gm/cc) 

0 -
100 -
200 -
300 -
400 -
500 -
600 -

100 
200 
300 
400 
500 
600 
t.20 

2.21 
2.21 
2.27 
2.29 JUenar VolcanicdP ^ucSlz. 
2.32 
2 . 4 5 
2 . 6 1 
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I t re.Tiains c l e a r rrcm t h i s w e l l and rrom w e n s Z-7 ana i - ^ t h a t the upper 
vo l can i cs have an average d e n s i t y g e n e r a l l y l ess tnan 2.5 gm/cc: Hithough / f j 
these ar ' i i jvolcanic rocks t h a t u s u a l l y e x n i o i t c e n s i t i e s o f ^ ^ . ^ to 2.6 gm/cc } r^ s H 
i n t h e i r n a t u r a l s t a t e , tne lower, d e n s i t i a s / i n t h i s area my r e r l a c t t h e i r axMh^^^f-^^^ 
f r a c t u r e d li c o n d i t i o n . No values were avaiy laole f o r the T e r t i a r y vo l can i cs 
bu t the dens i t y may vary between 2 .1 - 2 .4 i^ fcr the a n c e s i t i c ana a a c i t i c • 
rocks t o p o s s i b l y less than 2 . I v f o r the b recc ias and p y r o c i a s t i c s t h a t ar^ 
encounte.'-eq th rcucnou t t h i s s e c t i o n . Densi ty va lues f o r g r a n o d i o r i t e - a r^ 
quoted i n j textbock t a o l e s ^ o range between 2.67 and 2.79 gm/cc. This range 
seems a c o r c q r i a t a f o r the 'basement rccxs a t Z u n i l . r^n, \\,f\m \̂.viv -i.-t ̂ .>.ft:Lx'-.>.̂ t̂ îZJ:̂ . 

^ 5 . GEOLOGIC ANO VULCANOLOGIC CONSIDERATIONS 
/ i • 

! ) • 

The basic rock seauence witnin tne aenerai area or Zunii consists or 
volcanic rocks of various ccmcositions. rancina rrom basalts ana basaltic 

ii . - - ^ 

andesites to dacites, rnyoaacites. ana anaesitas over a qranoaioritic 
basement, i Within these volcanics,. pyrociastic bees and, breccias are 
interbeadeq tnroucnout tne iithoioqic column, so the' aensity; value will 
vary througnout tne site. The presence of dacitas ana rhycoacitss (with a 
lower density than the g.ranooiorites.) botn in tne near surracs ana at deoth 
is corrcboijated by numerous vulcanoicqical ana petroioqicai studies^ (Rose, 
1987; INDEj Informe Preliminar Geolcqico y Vulcanol6qico, 1977; Stoioer, 
1980). These also point out to the possible existence or magma cnamoers at i ^ 
shallow depths which may have partly solidiTied. U o j ^ ^^a^'^fynvr-j^huLCrsdJ^ <if 
historic eruptions- throughout the arsa and tne presence or various active 
volcanoes within 8 km of the Zunil rielo support tne existence of these 
shallow magma chambers, whicn may auite possibly be connected in view of. 
the close spacing among the volcanoes. Within .the 8 km' racius of the 
geothermal I field lie among the most nctaole: Volcan- Santa Maria, 
Santiaguitq, Volcan Siete Orejas, Volcan Cerro Guemado, Volcan Santo Tomas 
Pecul, Cerro de Zunil, Tzanjuyub, Cerro Ei Galapago, and Las Ma.iadas 
caldera. The once active crater at Las Majadas caldera for example may 
have ceased to erupt but the chamber in the subsurface, although 
solidified,' is still there. .The occurrence of the "Tiqnter" rocks (dacites 
and rhyodaqdtes) at shallow Bepths- is therefore quite plausible._^ /i /i f]f .̂  

J - 1 . %DDEL RESULTS 

The three '; modeled gravity sections are shown in Figures 2, 3 and 4. Both 
the observed and synthetic curves are drawn in the uooer section of each 
figure^' the geometric model ana densitv contrasts (with the host rocx)__axlg_____//3/) J^c^/oyi: 
shown in the lower halt. Density values for the uocer .volcanicslî ^̂ vdriea - ^ 
from -.45 I to -.47 maais with resoect to the qrancaiorita. Since the 
gravity program deals only witn aensitv contrasts. the value for tne 
basement rocx was the host rcc.K value to wnicn the remainina jcoites are 
ccncarec ./̂,;̂io, if-.a vaiue,,OTi -i.t)? qin/cc is cnosen ror the aranijci-jrit.-̂ . tnen 
the uccerV-j'Oica'nicsrSa** a aensity or 2.20 to 2.22 gm/cc. The thicknass or 
the AL.Tiolcrqa volcanics is close to 600 m in aii tnree seccicns witnin the' 
fieio, a value tanen from -«;fi»**, ar-iliholes * l Rerer to Ficures 2, 3 and 4) 

The Tertiary vcLcanics e.vtena to tne baserienc, ro<:̂ 2 in all nci-̂ "-; ana 
siniiari'/ in .iil qravitv sections. ' Ĵ 36—î £j:S33in .«d<* a-jsi-jn-̂ a a aer.3ity 
centrist of -.37 mq.iis tnus exnicitinq a sl.^ntlv censer, mass tnan tne 
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' r 
[ overlyina ••Imolonca rcrmaLLon. rne thic:-;ne3.-=i OT tne fertiarv - •/Oicanics . 
'I varieo wiin the c.acrccxvriCD'Oqracny anu "ninnec our., ne^iv tne ccwn or , iuriiij.,. ^ 
! where bear6<:k -.•jas catactea at a cectn or ̂ vi m in '.̂ eil /i-::. m i s '•^s^j^r.sn -̂ -̂''f f''-0<'-Mji 

is possiol-z-^'-ncst 5usceo::iCie to cnanaas in aensitv tnroucnout tne a r e a ' a s ^ " 
it contains tne breccias ana pyrcciastic oecs witnin tne Tractured 
ancesites-l' aotn or these - litnoicaic rormations (Aimoionaa ana Tertiary 
volcanics )4increase in thickness towara tne northwest. Out as previously /~\ \ / ^ 
nctea. tne laroe necative anomaiv oecraase tcwara this area may be the v32i» . '• J -
result or tne density value seiectea for tne Bououer mao i2.ti7 qm/ccj. '^it n * IJ 
snouia be mentionea that tnis area acarcacaag uerro uuemacQl.^na the less . /, j j -J 
denser rccKS asscciataa with this volcanic compiex. The irixJ±i<=Escâ  or t h e ^ j , ^ 
Quetzaltenango vailey pyroclastic ana pumice cepcsits may also influence j)*̂ ' '^^• 
the area within Cerro Guemaao ana Llano ael Pinal, an area only 1.5 km from 
the f leiG. I 30*,'tne representation on tne mcaei depicting consiaeraoiv thick 

., , volcanics and a cee';::er basement, mav only be partly accurate, r '', ,, ̂  ^ -

l a r i t f ^ ' - . t he geometry or the becrock fairly / constant ana tha aensity 
i values of ||the volcanics to vary only sligntlylf the synthetic curve results 

. y i j r ~ a ^ Q 2 % e'Irror with the measurea curve. . Jhis^. answer^^^^^he. question of^ . j . ..-fr^rrH-. 
^.^I^'-^ whether th'e graben is responsible fopTthe n'egativei'^no'maly. It is ^ ^ ' ^ ^ ^ ^ ' ^ J ^ I j ^ ^ ^ ^ ^ / ^ - ^ 
I' Apparently itne deotn and. wiotn of the graben and the variation of density .̂oi.i<>.a'>'.:ŷ  \io-
I contrasts b'etween the granoaiorite and the overlying rocks oo not exhibit a '̂ Ĵ. . 
\ sufficiently large contrast to proouca sucn a negative anomaly. Varying 
,} the densities of the, volcanics to minimum acceptable values only improve 
: the fit to k 50* 7\fr!^f^' 

,j The synthetic curve prcauced by these aforementionea parameters has a 
1 contrast ojf acoroximataiy +60 to -i-au mcais witn the opserved curve. 
' Thererore a', less censer pooy than the grancoiorite must be introaucad at • 

depth in orcer to lower tne synthetic curve to the -120 to' -96 maal range 
I • j - • - - = 

of measured!values. This booy could.well,consist of a dacite o r rnyodacite 
' with a density or 2.i to 2.22 qm/cc at a aeptn or 3 to 4 km. This aacitic 
i intrusion may therefore be related to the known "lianter" rocKs in the area " 

ana eoi"-'jCFUi ..uo^-—«'JJ.-—%it-^i the vuicanoioqic concepts ana petrologic 
investiqations. The bcay wouia oriqinate from a depth of approximately 10 

!. km in thai vicinity or Cerro Quemaco ana' extena lataraiiy uncer the field. 
i This correlates with the existence of a soiidiried maqma cnamcer at deoth 
' unoer Las lMajaaas Caioera ana connected to the cnamoer from Cerro Quemaco 
1 and Santa Maria voicances. The resultant synthetic curve unoer these . . 
i assumntions has a 95'S or better fit witn the coservea curve. The results 
i are demonstrataa in Figures 2, 3 ana 4. Figure 5 represents, a conceptual 
! configuration of this licntar intrusion, 

i It should ji remain clear that some variations in the model will orcouca the 
1 same fit; for exaniole, the density of tne dacitic intrusion mav be 

decreased in oraer to diminish the s u e or the boay. These variations a r e 
! nevertheless suoject to qeoicqic, vuicanoioqic, petroicqic, ana structural-

ccntrois. 1:44.-—r-̂ r̂i-i—ui.ll _j—w . i :J_'J—-J'.:-.—: 'i>-\-—"•v---i--;~ ^^^-^ j^ ccula 
J well be ihe [jcase that a hot macmatic bcay at deotn (witn a aensitv or less 
j than 2 gm/cc) prcouces the same result a:; the mcoeis in Figures 2, 3 and 4. / •—j 
\ , . The (icnricurition-j Tiav vary ana other nvpotneses can oe ror::iuiatea Put the •-•̂ vyl-j-w'T̂ '̂ '̂ "''''/" 

•jJt'iU'.^'-XSSsi t.h.it (a r-'Ss dense boav is oresent within the aranociorite unoer the 

j>v-,i<>5iK::̂ . i3>c;^i 
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Oi-'i'̂ /"̂ *®ravity medals of three sections across tne Zunii geothermai rieid-' snow 
>• • ^tnat the I gravity anomaly is aominatea by 3 deep intrusion with a density 

less than the basement rccK. It is ccncsivaDie this instrusion is a large 
dacitic oif rhycdacitic body , ly^^ 3t a deqtn of 3 to 4 km and extenaing 
from uncerjCerro Quemaco. Thisi'''̂ '̂ iŝ  succcrtad both by vuicanoiogic and; 
petrologic: studies. It may be that tnis boay is in a soiia state, sucn as • 
a solidified magma chamcer (as presented in tnis investicaticn), or in a - ' 
semisolid to molten state ana tnus of smaller aimensicns.than the solid 
state dacitic intrusion, • (y^aJ^^JLSX^. 

yrl\X .y(XJyt^^ • : ^ J ^ l "MOIAIA, "^ Ĵ̂ ^MMyijĵ A^ ^ j y u i c l l A co^.iLaJ~M<JA.<:iL x J ' ^ |̂ î ê ""-7̂ '.«iŜ _ -
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the detailed gravity survey. This interpretation has 
not been supported D'y numerical modeling. 
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