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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
approxihately-SO 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, 1988) and other information refer to a Bouguér
gravfty anomaly map computed for a.density'of 2.67 gm/cc.
Although this is a commonly used density for igneous, mgtamorphic
and sedimentary terrains, it is almost always too high fgr young
volcanic provinces. Use of an.ihcorrect density in gravity data
reduction will lead to false anomalies. U. S.'Geological Survey
studies on Hawaii (Kinoshita éftal, 1963) and by Woollard (1951)
on Oahu indicated thaﬁ a density'df 2.30 gm/cc waé‘most
appropriate even in this province of basaltic lava flows.
Williams and Finn (1882) concluded the bulk densities of most
Cascade volcanic edifices fell in the range 2.15 to 2.35 gm/cc in
their studies of silic volcanoes of the Cascades. Couéh 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 2Z-11 is in good aéreement with both the Cascade and



Hawaii studies.

A quick correlation between the Zunil gravity maps and the
topographic maps, using'transparent averlays, shows high sﬁatial
.correlations between gravity lows or negative gradients, and
topographic highs or positive gradiénts. 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
(1860), 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 byvthe following formula,

adopted by the International Association of Geodesy in 1967:

g = go(1 +osin g +@sin”2¢) (1)
where g = equatopial gravity = 978.0318 gals at sea level, }f =
latitudé, and the constants K and @ are & = +0.0053204 and B = -
0.0000058 respectively.

!

Foilowing the‘notation of Telford et al (1976) the Bouguer
gravity gg is given by, '

ggp = observed‘g + (tidal + drift corr.) + latifude 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



\

gn = 8ebs *+ diyg +0.8122 sin 2¢ mgal/km +0.3085 h mgal/m
~0.04188 hQq mgal/m + t.c. - | (3)
Xy

The latitude correction is positive as one approaches the
equator; h is the elevation of the station above ihe datum plane
in meters; O 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 Bouguér correction isﬁﬁegative for stations
above the datum plane. The terrain correction is always

positive.
The Bouguer anomaly is
Gep = ge ~ 8r - : . 4)
where ge¢is a local reference station value{ or g+ = g from eq.1.

7The density used for data reduction oécurs in eq. 3 in the
Bouguer correction and in‘the terrain correction. Many_ computer
routines for gravity data reduction calculate the Bouguef 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,

below.



Station Elev.

(m)
1.0
10.0
100.0
200.0
400.0
600.0
800.0
1000.0

Table 1.

G=2.3

0.0963
0.9632
9.6324
19.2648
38.5296
57.7944
77.0592
96.3240

G =2.45

0.1026
1.0261
10.2606
20.5212
41.0424
61.5636
82.0848
102.6060

9=2,.55

- 0.1068

1.0679
10.6794
21.3588
42.7176
64.0764
85.4352

106.7940

Bouguer Correction (mgal)

$=2.67

0.1118
1.1182
11.1820
22.3638
44,7278
67.0918
88.4557
111.8186

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

gm/cc is 9.21 mgals.

and densities of 2.67 and .2.45

Similarily the diffefence&ih 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

(2.67) in the Bouguer. correction.

Terrain Corrections

areas are due to an improper density

From the data reviewed it is not clear to what degree

terrain corrections may have been applied.

areas of extreme topographic variation such as Zunil

Survey procedure in

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 Figuré 1. The quélify 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 terraiﬁ 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 ﬁorthwest of the graben. The
computed gravity valueé do not provide a detailed fit to the
observed gravity data over the granodicrite 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 thé modéling study‘aé 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, ahd not
remdving the regional gradient due to the low density vﬁlcanic
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 un)ikely. Documented denéities.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 densify indicated is unlikely,
without ongoing, catastropﬁic eruptiye activity.

B ]

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 comﬁlete an accurate
reduction of the gravity data. Using adjustments to the gravity
data appropriate to a density of 2.3 for the Bouguer caorrection
from Table 1, and rough esimates of station lbcation and
elevation from 1:40,000 scale maps, the gravity data along
profile A-A' have been adjusted as showﬁ in Figure 2. No
adjustment for the effect of éhanging the density in the terrain
correction could be made because we hadrno 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 eievation taken from the
regional scale (1:40,000) topographic map. . Profile gg estimates
the change in Bouguer gravity for a densit? of 2.30 above a datum
of 1800 m. The negative anomaly on the northwest is rgguced by
as much as 17 mgals as compared to the Bougher gravity féf 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
assaociated with volcanic centers (Volcan Santé Maria; Cerro
Candelaria) below the 1800 m datum plane, and perhaps to
'incoﬁplete 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, elevati¢né, 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 graQity 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
north&est—trending structures are indicéted. This qualitative
interpretation assumes that the exisﬁing 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 topogréphic expression and aerial photos.

'if thevinterpretaion of three faults just west of ZCQ-6 is
Copreét, this may indicate a zone of considerable fracturing and
permeability important to the siting of future productiongells.
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 granddiorite intersected in Zunil drill holes appears
to be well expressed in the gravity data, and major structurés
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, stafion elevation, terrain
corrections) and the data are redﬁced using a density of 2.30
g/cc for the Bouguer correction. If there is concern ébout 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

carrection, such as 2.30, 2.40, and 2.45 g/cc.
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compler regional gradient with a strong northeast component of
~-1%5 mg/3 km {(~85mg/km) to the northeast. A simple linear gradient
of -Smg/km to N 435 E was judged to be the most certain and least
biased regional gradient in- the Zunil I area, and this regional

gradient was then removed from the 2.30 g/cc detailed survey

“data. This resulted in a Residual Gravity Anomaly map, Flate II.

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

Numerical Modeling

Numerical modeling of the residual gravity map is now in
progress. Most portions of the map shqy thiree-dimensional
anomaly patterns rather than two-dimensional anomalies. This is
pgpecially true Iin the main area of intrest, near wells Zde A
-5y . 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 B0OO m. This does not mean that structures are
not present in the granodiorite, Jjust that the density contrasts
in the overlying volcanics and closer to the gravity meter, are
dominant in the gravity data. Freliminary gravity model results
areg presented here to support these observations.
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g/cc.  This corresponds to a maximum correction of 11.8 mg for a
density of 2.0 g/cc and 13.6 g/ce for a density of 2.30 g/cc.

The difference in terrain corrections excedes 3.0 mg (at p=2.30
g/ce) for adjacent stations at several locations. An error of 10
to L0 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 ferrain corrections alonhe.

The contoured data suggest an error level somewhat less than -
this, perhaps indicating a diligent effort in terrain corrections
by INDE.

UURYI determined Bouguer corrections and topographic
corrections for all stations for densities of 2.20 and Z.30 g/cc,
plotted Bouguer anomaly maps, and contoured these maps at 0.5 mg.

flualitative 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
1210,000 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. .

beologic structures were interpreted from the steep gradient
areas of all three maps. These gradients are thought to arise
from subsurface density contrasts along linear features, most
probably faults. The high frequency content (i.e. steep gradient
and short extent normal to the trend) of most gradients suggest
many of the density contrasts occur within 300 m of the surtace
(and hence above the granodiorite) or result from: a) other near
surface density variations, or bl inaccuracies in the data
collection and/or reduction.

Structures interpreted from the data are compared for the

three Bouguestr anomaly maps and summarized on Flate I. The

agressement of structures qualitatively interpreted is rather
good. A structure which trends northwest near ZCA-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 taults,
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 surtace in volonic rocks.

Guantitative Interpretaﬁion

Inspection of regional Bouguers Gravity maps (at p = 2.00,
2.50, and 2.67 g/ccly, and the new detailed data indicate the
presence of strong regional gradients in the Zunil I area. The -
most important northwest-trending gradient on the 2.467 g/cc map

ig due to the incorrect density reduction. All maps indicate a
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FRELIMINARY INTERFRETATION
DETAILED GRAVITY SURVEYQ ZUNIL 1T A&REA
Introduction

The UURI study of the 1989 Zunil I detailed gravity data has
included several slements including %View ot INDE Bouguer Gravity ——
maps and principal facts, measurement of gensities,'computation
of the Bouguer Gravity anomaly for densities of 2.20 and 2.30
g/ce, contouring, qualitative interpretation, and numerical
modeling. A brief review of the results to date follows.

Density Studies for RBouguer Gravity Data Reduction

Density determinations were completed +or Zunil I drill core
available at UURI. Saturated densities for seven volcanic rock
core samples from drill holes Z-2, Z-11, and ZCO-2 averaged 2.25
g/cc. The saturated density for a granodiorite (altered) core
sample from ZCH-4 was found to be Z2.38 g/cc. These few density
values are in good agreement with density values reported by
Cordon (1989) in a more extensive density stuwdy 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 8 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 protfiles which have the least correlation with
topoagraphy, and are theretfore most appropriate for the densities
usad in Bouguer and topographic corrections. . The Nettleton
method is somewhat limited because of three-dimensional effects
near the profiles and by subsurface density variations. HRegional
Bouguer gravity maps for densities of 2.00, Z2.50, and 2.67 g/cc
were also correlated with topography. The Z.900 and 2.50 density
maps showed much less correlation with topography than the Z.67
density map. We conclude, on the basis of this evidence, density
measuremants, and experience in other volcanic areas, that
densities of 2,20 and 2.7230 g/cc are most appropriate for Bouguer
and topographic corrections for depths to 1000 m in the Zunil 1
area. A density of 2.0 to 2.1 may be most appropriate for depths
of O to JZ00 m.

Bouguer Map Freparation

UURI contoured Bouguer Gravity maps reduced at densities of
2.00 and 2.67 g/co which were telefaxed to UURI from CyM/MEE.
Contouring the maps at 0.5 milligals (mg) allowed identification
of gquestionable 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 myg, and
a maximum topographic correction of 15.8 mg for a density of 2.67
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3.6

3.6.1

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

campo de Zunii:I.

‘

podria empezar con un modelo de 4 capas :
Capa superficial (volcanitas) -

"Capa iepresentativa de las formaciones alteradas (cépa conductora de
lloé'épﬁ&eosveléctricos) ' |

3. iCapa ;ndesiti;a que'repreéenté.éi reser§brio

4.  Basamento

Siendo la geometria del campo bastante bien conocida se podria intentar
(fijando. los datos cuantitativos) estudiar las posibilidades de variacio
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 -

s16n las principales discontinuidades (zonas de mayor fracturacidn proba

I

ble) y contribuir a un mejor conocimiento de la estructura de el campo

de Zunil I.

Pruebas de Pozo o ' ' (P.E. Liguori)

Pruebas de corta duracidn

Estas pruebas consistieron en ponér en produccidon uno a la vez, durante
una semana mas o menos, los tres pozos ZCQ-3, 5 y 6 dejandoles descargar
libremente el silenciador con posilcidén de valvula fija. Durante la pro-

duccién se midieron caudales de agua y vapor, se sacaron unos perfiles -

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

tes de terminar la produccidén se bajé en el pozo un elemento de presidn




3.5.2

Geof{sica ‘ (A. Duprat)

Gravimetria

En el afio 1989 MKF efectud un estudio gravimétrico de detalle en el cam-

po de Zunil I. Los resultados de este estudio han sido presentados: Ano

‘”f*mélia de Bouguer con mis densidades, residuales (anomalia regional équf'

. glda = plano inclinado) que permitieron>trazar las diécbntinuidades'gra;

A.Vimétricas'principales para cada una de las densidades.  EL perfil de

Nettleton muestra que la densidad de correccidn mds conveniente estd com

prendida entre 1.9 y 2.2,

Un mapa con d = 2.3 ha sido escogido para la interpretacidn, MKF modeld
sélamente un perfil con par@metros demasiados sencillos (2 capas con den

sidad del basamento de 2.6).

Eléctrica
Para lo que concierne el estudio eléctrico, solo se efectud una diferen-

clacidn cualitativa entre sondeos eléctricos: los que han alcanzado un

substrato resistivo y los que han alncanzado un substrato conductor.
Se puede sugerir a MKF :

— De establecer cortes eléctricos cuantitativos en los datos de inver -
sidn de los sondeos eléctricos. Para cada sondeo que ha alcanzado el
substrato resistivo efectuar una prueba de equivalencia para la capa

conductora que sobre yace el substrato.

- Utilizando estos datos eléctricos completados, con las informaciones

litoldgicas y cuantitativas de los pozos profundos, de realizar una
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3.6.1

IDEM JOB NO. 89-10-123

++.;.. This could be started with a mode} of foﬁ_r layei's:

| 1. - ZgSuperficia_ﬂ_ 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, an 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 L.

Well Tests (P. E. Liguori)
Short Duration Tests

These tests consisted in placing into production, one at a time, for one
week more or less, the three wells ZCQ-3, S 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 made 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 fashloned and are sufficiently clear to interpret the
results of the tests even if these are not amply described,

PAGE 2
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~ IDEM JOB NO. 89-10-123

: Geophysics | . ' ' (A. Duprat)

Gravimetrics

In 1989, MKF carried out é 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 a
~ basement density of 2.6). ‘

352

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 MKE:

- 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 substratum,

- 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 fieid of
Zunil L. o

PAGE 1
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With the help of the models, céhsidering the gezcmetry of the

- cecticns and the various;densities elected. it is
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mezsuwred curve.

It this happened,A it will mean that the Qraben effect is

‘enbugh to explain the anomaly. If:this does hot happen, it

will be necessary " to identify which modifications give the
densities (without moditying the geametry) to reproduce the
measured curve. This is a short term job, that can be done

with a micreprocessor and an interactive program.
Electrical Resistivity
The information indicated in the Mision de Enfoque report are

purely qgualitative. The conductive anomaliss are enhanced,

considered as the representatives of the most faverable

ZONnEes. The caucse of these anomalies is not univocal. These

are caused by the seal cap behavior:  relatively developed

alteration, clay presence, temperatuwre, salted fluid.: The

[y

resistivity of the agranodicorites, even though they re

4

ractured and with & hotter fluid, it will always be higher

than the sealed cap alteread, this 1is the reason why the

analysis  of these anomelies does net give any information

~about the basement nature. T!

of the studisd zons. Thi

-h

profors 1t seems very imporitant

to make & guantitative interpretation cf all the electrical

csoundings with the cbjisctive of giving a structural outline

W

integrpretaticn appears in the INDE



identify another cause for this ancmaly, like: density

Y.

variation in the covering or in the baseﬁent. producing a
little decrease, that could be explained by a fisgure a

little more develcoped in sOome part of the basement.

It is clear ﬁhat these arevhypothesis that can be proved by &
series of modelihgs; .thfee perpendicular profiles to the
.graben could be drawn that cut it in the ZCA-& and ZCQ-4 well

Z.0On

i1

=
=

. The height of the caoverages and the tectonics of the

grancdicrite ceilings will be deduced frem the well

i

Therefore three genlogical séctions, assigning densities to

the different formations evidenced by the weslls {and the
@lectrical scundings) could be done. This can be schedulsd

as follows:
- Upper level with high density (e.x. d=2.6)
- Intermediate level, with lower density (s.x., ¢=2.4)

b

- Brancdioritic basement (e.x., d=2.6%5)

Thi=s density wvalues are 1ndicative. Measwement on zamples

taken from the wells will permit its better definition.
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-~ Two discontinuities im  the NE-SW +that bound the
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- 1Betweén this discontinuities desvelops the 1little

hégati&e.anqmaly.ending to the SW beyond Cerro E1l

Gaiapago. - This laéf shows as & negativé circular
anamaly - étrongiy . pronounced and that can be
disassociated from the genera; ancmaly. "ne reason of
tﬁis anomaiyv‘is probably that Cerro €1 Gal apago

represents a high fractured bleck with a possible high
watesr content (surface infiltratione). The existence
of a discontinuity in the E-W ccould be imagined that

goes through between the ZC0-6 well and Cerro. El
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wells., This enhances a fault between well

4 marked by a little gravimstric gradient.

However the terciary and cuaternary covering i1z practically
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- If the negative anomaly that goss  through Z00-& well to

ZE—-1 1= totzally caused by the graben efrect.
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It could be possible " to think that re-elaborating the

oy

- _— 5Ei;mic:1 data will allcw ‘obtaining better . guality
sections, clean of all noises and with 5eﬁter continuity’
in the seismical levels. -At ‘the actual fstgte of @he
deVelbphéhtjnbfA the _Zuh;l i sﬁudies and,;onsidefing tﬁe;i
location "of the Seiémic.'pro+ileé inohe . of fﬁem Viér
‘im:ortant in the deep soundings ZCE—E,—4—S—65, it seems
that're—eléborafing these data is not justified. In fact
the zore actually Cdnsideredtinteresting is in the ZCQ-3
and ZCL-6 sector. On the other hand, this taék could be

us=ful in the Zunil II study.

b Gravimetry?l Yariocus maps present the EBouger anomaly
(c¢=Z.%, 2.5, 2.47 and Z.9): this maps cover a bigger
exta2ncsion. of the zone actually cormsidered of interest for

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

2.7 density where the deeper souncings is particularly
chiracterized. This zone 1is precented as a little

n;gative arnomaly oriented SW-NE, limited in'the MW and- SE
by a SmalllpogitiveAgradient. '.quards the . NW  a high
nezcative gradiént is enhanced by the' densiﬁy value
elected. The gradieh£ is notably lower in the map witﬁ*
d=z.%.

Limiting to the intefest Tone, particulafly’fepregented

by the .deep sounding secltor, the map with d=2.67
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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 wjth 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
2CQ wells. Two or ihree dipole-dipole 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 dipole-dipole array would be compatible with
the terrain northeast of ZCQfG,and most topographic effects could .
be accounted for in the numerical modél interpretation of the

data.

.
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ZUNIL ELECTRICAL RESISTIVITY STUDIES
Introduction

Electrical resistivity surveys completed earlier have been
reviewed in support of the CyM/MKF Zunil | 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 Jabanese scientists (JICA) in 1876-77 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 2CQ-3, -4, -5, -6 and are
generally south and west of the town of Zunii (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. T;é 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 locafions of JICA and INDE VES station centers are

shéﬁn on Figure 1.
INDE Survey.

The INDE survey (Palma A., 1977) included 17 soundings along
Lines 1, 2, 3, and 4 and approkimately,18 additional soundings,
using AB separations of 1,000 m, 1,600 m, and 2,000 . m. ‘A notable
Vresult of this work was the delineation of a low resistivity zone
at depths approaching 100 m in the area of wells ZCQ-1 and 2CQ-2,
which extends to the southwest. The INDE data are reported in

much more detail by Palma A., (1977) who includes VES ploté 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 quantitativg 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

xeffort was justified. Using the INDE resistivity-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 rgsistivity cross sections are shpwn in Figures 2 énd 3,
with>the positions of JICA stations incicafed for reference.
While these stations are in general agreement with thegm
resistivity-depth diagram from the JICA data (CyM/MKF Fié 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. 'Dn Line 1,
JICA resistivities of 6.5, 5.6, and 8-14 ohm-m contrast wiﬁh 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
soundingé they cannot be evaluated in detail. ThelJfCA VES
results are used to supplement the interpretation of the INDE
data.



Figure 4 summarizes the principél results of the INDE and
JICA }esistivity data. Discontinuities betwen reéistivity layers
are ﬁhterpreted as faults on Figures 2 and 3, and these have been
transifered to Figure 4. Unfortunately most of this information
is east of the portions of the reservoir tested by 2CQ-3, -4, -5,
and'ﬂﬁ, due to the steep topography in the area which has been
drilled. Projection of the interpreted faults to the northwest
is oﬁ)current exploratipn interest however. Since the position
of the discontinuity can oﬁly be estimated between adjacent VES
centérs, the trend and continuity of the structures must be

infeﬂred from geologic and topographic information.

Several soundings indicate very low resistivities (1-6 ohm-
m) iﬁ 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 thé low
resistivi%ies may indicate hot, relatively undiluted reservoir
flgids circulating near faults, and/or incfeased clay alteration
resulting from geothermal fluids. These areas are éhowqﬁon

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 éurvey type andvresolution are also important factors.
Discqntinuities which are interpreted as faults are often major
strudtures important as structural controls to the geothermal
'system, or as fluid'conduité; Discontinuities . interpreted as
faufgs are often several structures which cannot be resolved by

the observed data.
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MEMORANDUM

TU: Joe Moore
FROM: ' Howard Ross
DATE: July 21, 1989

SURBJECT: Zunil Gravity Interpretation

This week | 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. Eoth 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 approximate (gquick
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 excellant job of data
acquisition, survey elevation and terrain corrections. Une value
(~104.314 mg, middle of Lihe &) could be incorrect and the
corrections should be checked. The same station appears normal

5y

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 ftoo high a density (at 2.47 g/oc) was used in
the Bouguer (and topographic 7)) 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 are only a few milligals and are nearly lost in
the regional trends.

Bouguer Gravity at 2.00 g/ce
The Bouguer Gravity values for this reduction differ by

about 9% mg from the 2.67g/cc map, clearly illustrating the
importnce of using the correct density in Bouguer and terrain



N

corrections. The correlation between gravity and topographic
contours is much weaker than for the 2.67 g/ce 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 18
muech more meaningful than the 2.467 g/cc map. Gravity indications
of & northeast trending graben-horst structure are very weak, 1f
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 &, but this gravity
gradient is due in part to the 2.00 g/cc density used. There is
only a weak suggestion (O-1 mg) of northeast-trending structuwres,
in marked contrast to the earlier 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. 1
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 shouwld be checked +or all gravity values
which result in major pertubations of the contours, for the

gravity expression of most structures is weak. Numerical

model ing of these data is not warranted until we are 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 in drill hole siting. '
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' analyses is to determine the location of the recharge zones.

4 4 Stable Isotope Studies

Stab]e isotope studies (oxigen-18, deuterium) will be carried out on
selected samples of fluids and rocks. The primary objective of the flldd
Samples of
the production :+ fluids, thermal and non-thermal springs will be obtained.
(See Geohydrology ~ Geochemlcal Sampling Plan). Data from the non-thermal
springs (or local precipitation) will be used to construct a local meteoric
water 1line. The thermal waters will be compared to the meteoric
oxygen—deuter1um relationships to establish the elevation of the recharge
zones the relative extent of interaction with the reservoir rocks, and the
jmportance of boiling, mixing, based on the results of the alteration
studies. Rock samples will be selected for stable 1isotope analysis. If
‘appropriate, samples -of unaltered and altered rocks produced by the
geothermal fluids will also be selected. From these data, the 1isotopic

‘bompos1tion of the fluids, and data on the temperatures of alteration the

f1ntegrated 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 viliage
lof Zunil. Several resistivity anomalies were observed. These could be due
‘to clay -alteration, the presence of saline fluids differences in rock
11tholog1es As a result a quantitative interpretation of the existing
ve1ectr1ca1 soundings has been recommended. The objective of this
‘interpretatiop will be to provide a better structural outline of .the' area

‘covered by the e]ectr1ca1 resistivity surveys.

4.5.1.2 Result

-The quantitative interpretation of the existing electrical data will be==
designed towards producing a resistive substrate ceiling map. The map
>shou1d show the substrate ceiling near the granodiorite ceiling 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

iZun11 2CQ well field. The modeling will wuse formation densities as
represented from the different formations. The densities recommended are

-as fofTOWS' _ 2}3,

_-upper level with and high density (d 2. 6)”Eg

'ﬁ A - 1intermediate level with a lower density (d 2.4)

- Granodiorite basement (d= 2. 65)
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above density values are indicative of typical volcanic granodiorite
rocks.! Measurements of densities from borehole samples should be used to
refine! the above suggested values. The modeling should use actual
densit1es taken from borehole samples. The model selected to be used “is
the MAGIX gravity forward and inverse model for personal computers. The
mode] js a real time 1interactive 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 1s calculated and displayed on the screen automatically. Forward
mode11ng the MAGIX model provides a synthetic gravity curve up to 9 bodies
with a/total of 80 vertices spread among the bodies.. Each body is

'calcu1ated from published Talwani-style polygon algorithms with the density

spec1f1ed in terms of .density contrast. MAGIX will provide 1nverse

-so]utions from a starting mode) within the same parameters as mentioned

above. ! The user can fix parameters of the body he wishes to remain
unchanged. The Imman style inversion routine contained in the program will
vary tﬁe other parameters to obtain the least squares fit. The parameters
of a=bedy that are variable include its vertices and physical property.

In normal operat1on the best fit to the observed data would be
obtained using the interactive forward model then optimize the model
parameters using the inverse solution features. Output is in the form of
graph1cs with the operator setting the dimensions of the plot. The screen
d1sp1ay 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 dens1t1es

- 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 fs presently 1hterpreted as the Zunil Graben.

These cross sections will be generated as ‘a result of the modeling. These

cross sect1ons will be perpendicular to the Zunil Graben and go through the

2cQ-4 and 2¢Q-6 well zones. The granodiorite contact, amount of overlying

volcan1cs and tectonic nature of the top of the granodiorite will be deduced
from the ex1st1ng ZCQ well data for input into the interpretation.

»e,4 5.3 &Deta11ed Gravity Survey

The fol1ow1ng information provides overall "guidelines for a detailed
grav1ty survey within the Zunil I geothermal field. The suggested field
exp]orat1on 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.:

F1e1dvjprocedures as these should follow general standards applicable to
gravityﬁfield measurements. It should be noted, however, that the rugged
topography 1in the Zunil area may require special consideration both during
field measurements and later during data reduction. The area being
1nvest19ated consists of 75% moderately sloping ground and 25X steeper
s1opes and rugged terrain. _ .

Neos ’ : B ' . 1¢




f a Worden or LaCoste-Romberg gravimeter with a sensitivity of .01
¥ recommended. Once the final field exploration program is selected

the gravity stations located on a topographic map, a survey crew will
e jout the survey lines and. obtain accurate station coordinates and
Povations. It is conceivable that barometric leveling may be required for
some ‘selected Yocations.

4.5.3.1 ‘Field Exp]oration

The currently proposed 1nvest1qat1on program cons1sts of a detailed gravity
survey, of approximately 130 to 150 stations spaced every 100m along 7
survey; lines (lines 1,2,3,4,6,8,9) and every 200m along -2 lines "(lines 5
and 7) Refer to Fiqure 4-1 for the approximate location of the survey
"Tines and station density. The survey is oriented -to obtain maximum
coveraqe of the inferred Zunil Graben and associated faults depicted in
F1qures 3-7 and 4-1. A greater number of stations are Jlocated along the
; southwest part of the Zunil I area in order to assist in the interpretation

of a prev1ous]y detected gravity low in the vicinity of Cerro E1 Galapago.

/' 4.5.3.2 Data Reduction and Results

Standaqd correction factors (drift, latitude, free-air, Bouguer, terrain)
| will be applied to all gravity field measurements during data reduction
i procedurvs with special consideration to terrain correctijon. The
! corrncted station values will be plotted on a topographic map along with
! stat1on identification and location.” The end result will produce a Bouguer
g anoma]% map of the area investigated and the accompanying interpretation
i with appropriate profiles. A report, accompanying this map should include

all data (raw and corrected) including a clear description of the data

reductwon path followed to obtain the final station value. A descr1pt1on :

? of computer data-reduction programs used will also be included.

¥ i1

4.6 Merbury Soil Surveys
| -

Mercury? (Hg) 1is a common and highly mobile trace element in geothermal

systems, Because Hg is then supported as a vapor, it can be deposited ‘in

soils above fault zones . that are connected to the geothermal reservoir.
Mercury surveys-have proven to -be a cost effective means of locating the
surface. traces of permeable fault zones, and have been wutilized
successfully in a range of geologic environments. They are particularly
I useful 1n 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
i film dete tor which has a detection 1imit of five parts per billion (ppb).
The resu]ts of the analyzes will be contoured on large scale maps to
delineate zones of high permeability.

Neos T , ‘ ‘ ' 17
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o /z’ INTRODUCTION

Gravity measurements 1in the Zumil area (EBcucuer arcmaly map, dz2.47 gr/cc Q)

by INCE) {cdemic:t a small., eloncatea negative .anomaly with a NE-SW
orientatior within the Zunil [ geothermal field. The maximum gravity low

occurs in the area between Cerro Ei Galapage ang Las hajacas with the

anomaly dec reasing toward the northeast ang termipating acoroximately lkm

southwest of the town of Zunil. Refer to Figure L. The presence of tnls<,<:Glu£QQﬁ)
ancmaly -enhanced the ccncsot of '_a grapen struciure in the subsurvace, z

pcssibly in the grancdicrite bedreck, Wwitn & similar orientation . and .
bouncdaries' as the gravity ancmaly, (Misicn de EnToque Recert og8). T
existence of a graben  1s sucporied Dy driiihote data #unich  snow /Qg&bzcaéaﬂ
disolacemeqt of aoproximately  £5%5T 1n the bedrock aleng the nNW bounoarv 2C8s )
and a shallower basement to/7¥ne Sgr fhis 1s furtner supported by

electrical resistivity surveys (INDE}, Geceleciric FRecort, 1977) which

inaicate a'deepening or tne‘;esistive trata (becrocx) towarc Cerro EL

Galaraco. The gravity anomaiy may e a refleciicn of this sutsurface

structure or the result ot btner faczors\such as cen51tv changas or other

. struc;ures.\é)dlﬁc, k\,qV'ﬂ : _ zl1

e
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o
N

. " OBJECTIVE | o (ol n

The cbjective of the gravity mccel 1is to resclve whether the negative @
anomaly is i(a.) caused by the Graten effect, or (b.) the result of density.
variations 1in the covering'or in the basement. The grapen would tend to
decrease the gravity measurements as the basement deecens, providea the

upper volcanics maintain a fairly constant density. The amount ofF
displacement of the graben hcwever, may not be sutficient to alter the
measurements. If this is the case then another cause or the anomaly has to

be found: this may be a less denser body 1ip tne grancaiorite or
ccnsideraple density variations in the volcanics above the gran iorite.

fouﬁbp _ im0 32 othunmall B

Three (perpendicular protfiles to the graben’were cnesen: line A-a’ e%tends

R 2.9 km¥througn well ICQ-¢ ,and shows - variation frem =115 mgals to

§§ —96mgals' line B-8’ extencs 2.78 km &ﬁ?oucn well ICQ-3 and varies fTrom -120

3 to -101 mgal;} line C-C’ extends 2.392km througn well ICQ-2 and varies fronm

§ -125 to -106 mgals. The larce decrease 1n the gravity measurements to the

Shes northwest (Figure 1) 1s scmewnat enhanced by the density value selec*edV’C%ﬂ=+ZRﬁL:>

A

: el by Sl 7 “’J’/v

3 4%. PROGRAN DESCRIPTION \u 42 typo 3 . w

. | (0 rai )ﬁQ M‘-t*"‘" 4

=< The graviiv pregram used feor this stuady i/,n laceiszag aclx Tor-wardoM ;;Zu'

;f* mcceiing program  for personat  comeutars. £ {Magix  provices A& synthetlc ﬂbibg

%i’____L;;BCLEL;:iil_S:EZS for uo to 9 beales Wwith a total.of 80 vertices soread o, .20
amcng  the bodiesA  Each begy 183 calculatee trem  incustrv  accenteq, *]7ébﬂ-
pLolizneg, Ialuanz-style polygon algorithas. The Zensity of the gravity ...

moc2l is specifieq in taras OF density contrasts. Data 1s entared into the 0Q4QAV\
pregranm files anc a gracnically orienteg earth medel egitcr allcows for/~ ,1» ;_
changes :o_:“e bedies on the2 screen; the forwara respgense curve for the new L/FJ%
mcc2l 13 sugsequently calculatec arc gizclayec on ine screen Pefxremenh;?n /bz)zzzA

; 2y fhg \-———— ,
N T e T Z T e o WP

T/AF T At aravi sy SF
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oF the SynTReTIc curve 1S TNRrarore POssSiDLR tNrouan a saries of‘ed1t1hq'
and iterations until @ cicse it wiln the cosErveg curve 1S cotaineq. For
purccses OT tnis sSTucy rerinement 1leratlons ceaseg arter d betlar tnan 95%

N A ,ZW/ QJJM//! WAJLCQ/JO/Q}; Y

fit was cota*nec. z ﬂa/
‘ J'J?H?(-,M
/ i 4. miqv 2&}0(i0n2a&4@%w

re=1st*v1+y stuciess? arﬁ*dﬁ%a Trcm wells zL,-' tnroucn ICa-5 orov1ded the

deoth to the grancdiorite basement and the ~thickness 'of the overlying.
strata (Tert-arv and Almolonga volcanics). Table 1 summarizes the geclogic .

control at. these points.

TABLE 1 o

well  Depth to Granocdiorite  Jotal Well Denth
©ICe-1 . 690 m , . 1310 m
L ICQ-2- 780 . - , 812
C2-3 990 - L 1041
IcQ-4 . 975 - - ' - 1025
1Ca-5 940 (alte'ed to 1080) . 10830
ICa-6 1035 ' ST 1142
\ | | audosd
Density values from the I (or IP) wells were aiso avaiiaple¥ Yalues Trom

well Z-11,:!locatea next to 1CQ-3. provided the most accurats cen31tv values

" within the- uooer 620m oT the geothermal field. 1he average den51ty value

for eacn lOOm of deoth 1s demcnstrated in the follcwlng taole.

JABLE 2

Well 7-11
'Déoth (n.) Avg. Density (én/cc):
0 - 100 C2.21
1C0 - 200 S 2.21
200 - 300 o 2.27
300 - 400 2.29 Joger Volcanicy Kocks
400 - 500 2.32 ‘
500 - 600 ~ 2.46
600 - 620 2.61

1/6GF/1T/93\Gravity GF _ , ' . 2
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[t rﬂna’nc clear trem this well and 7
voleanics pave an daverace Qensity gererally P
thesze ara WOLCEHLC rocks thnat usually. evnlolt
in their na*ural :ta_~, the lower aeq51t1 41
fractured | condition. No values were availa
but the dEWSLIY mav vary between|2.1 - 2.4¥fc
rocks to 90551bly less than 2.1Vf¥or the brec

rom wells

rk

-
LS &=/

anc [~ that the ucper
ess tnan 2.3 gmsce. ALThough

censities of, 2.3 tc 2.6 gm/cc
n this area mvy reTlact their
cle for tre Tertiary volcanics
r the ancesitic ana qQacitic:

cias and er”C1aSulCJ that are

e =

enccuntereﬂ threcucneout this seczion. Oensity values  for granodiorite- are

quoted in textbock: tacles,to range betuwesn 2.67 and 2./9 gm/cc This range

seens acoroor~at= ter trp;hacement rocxs at Zunil. kkguﬁuﬁ e
Bl Yf-; WQQEQerJﬁnﬂl §>f¢

) s T‘inmj_{,(_) f/? Ja,Q )9Té>
/
é/;. GcOLOGIC AND VULCANOLOGIC CCNSIDEQATIONS

The basic rock seguencs witnin the general area oOTr lunil <CoNsSisis  oT

volcanic rccks OT various ccmoesitlons. ranging Trem tasalts ang basaltic

andesites Eo dacites, rnycgac:itas., ang angesitas over a grancdioritic
basement. W Within these VCLlC3N1GS.,. Pyrociasilc bkbecs and, breccias are

interteadeg tnroughout the l1Tholcglc column, $Q  the q@ensity: value will

vary thro&gnout tne site. [he presence of dacites and rhyogacites (with a

lower density than the grancglorites) botn in

thne nezr surtace ang at deoth

is corrccoqatea by numercus vulcanolcgical anag Detroxcc.cal studies, (Rcse,

1987; INDE. [nTorme Preliminar Geolcgico y
1%80.).

shallow demths which may have partly
historic erupticns-

volcances within 8 km of the Zunil T1
shallow magma chamcers,

VULC&HOLOGICO
The=e also point ocut to the pcssible existence or magma cnamoers at
soliciTiec.
throughout the area anc the presence Or various active
eld sucport )
whicn may quilte possibly te ccnnected in view of

1v77; Stoicer,

IS CeGemamew St &££“

the existence oT these

the close sbacing ameng the volcances. Within -the 8 ka racius of the
geothermal* field lie amcng the mest ncotable:  Yoican: Santa Maria,
Sant1agu1to Volcan Siete Orejas, Yolcan Carrc Quemado, Volcian Santo - Tomds
Pecul, Cerro de Zunil, Tzanjuyub, Cerro E.L Galapago, and Las Majadas
caldera. The conce active crater at Las Majadas caldera for example may
have ceased to erupt but the champer 1in the subsurface, although
solidified,l i3 still there., The occurrence of the "Iignter” rocks . (dacites

and rhyocacwtes) at shallow

CUQFV!T\)

+ 4. YHODEL RESULTS

Pct s is therefore quite
van‘"x% Q*LAAuuéta,l

lau51b1e.

oj %L&u”NwAO£LQJ

The three gmodeled gravity sect

icns are shown in Figures 2,

3 and 4 Both

the observed and synthet
figure!
shown 1in the lower half.
frem .45 jto  -.47
gravity program dea
basement récx Was
ccmoarec. fnv 'f

is on
the
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he Lc:eeroxrxnwchﬁ;h Sén=ity or 2.
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ic curves are-drawn in the upper section each

2, thp geometric mcdel ang densitv contrasts (with the host rizsj,ﬁ£§~___[a “

Oensity values for the upper volcanicszé
to the grancdicrita. since the
contrasts, the value TrTor tne
tC whicn the ramdlning Jedies are
cnogen ror the garancgiorites, then
20 to 2.22 gmscc. The thickn=gs or
to 660 m in ali tpree secticns witnin  tha
lrole,d {ReTar Lo Figures 2, 3 and a).
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hcast rock value
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ovarlyirg : Lmulun: Tormatc /r . ne thicxness OT  trne lerziary ~001c1n1P°
4

| LLO
b variee wiin the tioroexvicoogracay and LNLNeG Oun near o2 tdwn ot 4| oL
; wnars becrock WaS CET2CT2A 4T 3 C2CTTH OT 4U0s M 1N well (-5, lHl’nggggzan 5”7 ﬁaﬁ&ﬂ
: is pos s1ol/9imosT suscentlple TO Shancas A2NS1TY LNrSUSNOUL the area as
! it contains the Breccias ana pyrcc.ast:c Dess  WlTAin  nhe  Tractured
{ ancec'tes.h Eotn  OT these - L11iolcgls TOrmatlons (Almolonad ana rertiary
1 volcanicz) lFC r2ass 1N thickness teward LhNe northwest. Qul  as  previously Ves
- nctea, tre larce necatlve anomalv Jgecrazsa tewdrt this ar2a may be the G%%uﬁ e
result or ﬁne censity value setectag ror\yre Bouguer map (Z.s7 gm/cc). ¥t Qowv»u~i#Lamw
shcula bef menticnsd  that tnis area aee#eécqeg Lerro gugggcqranc the less ;uﬂa y
CALAN0D QC a

danser rcc«s asscciataed wlith this volcanic ccmplex. The igzzﬁeace— OT the

Quetzzlz enanco vailevy Ppyroclastic and oumice Cencsits mav also influenca D“ S%"VUL
the area dl’h A Cerro Quemago ana Llano agel Plnal, an area only 1.5 km from

f the fielca. wfﬁi tile renresentaticon on the mcgel cen 1Ng consiceraply thick
L volcanics and a ceecer basement, may only Ce parz lv accuyrata
9/.\“&1"/-1 ' Z'j,«/ varL Q) ‘%"h )‘-'\6‘4’}"’1 MJ Q.CC—F{&.L"" 'LQQU.& .
nerd = 51he gecmetry Of the becrocik fairlylﬁéonsuant ana the density
values of ithe volcanics to vary only sligntly' the synthetic curve results

//fﬁ—zavaz% grror with the measuresda curve. N3s, . answers , .jhe question of R 7b;5L
Sy wheth sin is resmomeinie sorfRrRlEi vt ebean 7 Tl
o whether the graten 1s res consibie TO e nécative nomaly It is no ot QMﬂL
Apparently tne deotn and. wigtn oFf the graben and tne variation of densxt/ AMM3Q<¢¢VF?7
centrasts betwesn the grancgiorita and the overlying rocks o not exhibit a
. SUTflC¢Eﬂuly largs ccnirast to proguce sucn a negative ancomaly. varying

the densities of the, velcanics to minimum accecteble values only i1mprove
! ———n P
the fit to a 50% &XZ="

‘\
u .
The syntheth curve proauced by these artorementioned parameters has a
contrast oF agoreoximataly +60 to +8U mcals wltn  the obsarved curve.
Theretore aﬂlecs censer bcay than tha grancaiorite must be introguced &t
depth 1in orcer to lower tie synthetlc curve to the -120 to -Ye mgdal range
of measurec‘value This beay could well consist of a dacite or rnyodacite
_with a density orf 2.1 to 2.22 gm/cc at & destn or 3 to 4 km. [his acacitic
intrusicn mav I}eferore be reiated to the known “lignter” rocks 1in the area . —0o
ana cAiAfEbf;_ww ~e—v+=n The  VULCanologic concepts and petrologic
: investicat: ons. The toay woulc originats Trom a depTin of acproximately 10
' ka in th°vv1c*n1t/ or Cerro Quemaco ang extana laterally uncer the field.
y This correlates with the existence OT a sollditied magma chamcer &t depth
unger Las rhajacas Calagera and ccnnectecd to the champer from Cerro Quemaco
1 and Santa Maria volcances. The resultant synthetic curve uncer these
assumptions: has a 95%% or betier fil witn the omserved curve. The results
are demon;t"atec in Figures 2, 3 anag 4. Figure 5 represents. a conceptual
conftiguratién of this lignter intrusicn. ‘

It should Trpmaln clear that some variations in the mcuel Wwlll procuce the
same fit; r¢r axamnle, the density oT tre dacitic 1intrusion may be
decressed  1n orger to diminish the size o7 the bcay. Thece variaticns are
| never:nel,sﬁ 3uUDJRCL To qeclcq1c, vulcanologic, petroLlcglic., and structural
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well ta the 3@ that 3 Ot macmatlc Scdy 3t d@DLh (withn 3 o=2nsity oT  less

than 2 gm/cc) procuces tne same result as the mecels in Figures 2, 3 and 4. d/ ?ﬂ :
i -~ 3¢ .

,y. o [p8 penTizurazions aay vary and Olrer NYROINeses can o= roraulated out  tre fwwund 51204
J».,.AM’;:‘V/,: ‘hd’d‘r% .
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