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ABSTRACT

The San Ignacio geothermal field is located in the central
part of Honduras. The rocks in the area are primarily of
Paleozoic metamorphic origin, overlaid by Tertiary Padre
Miguel Group tuffs and alluvial deposits. One-dimensional
interpretation of Schlumberger resistivity soundings revealed
that the alluvial deposits have a relatively low resistivity
and hence obscured possible interesting resistivity structure
in the underlaying basement. The geothermal surface
manifestations are located where a NE-trending zone of most
recent tectonic activity, west of the Arenal-fault,
intersects a WNW-trending fault bordering the northern part
of the Siria valley. A low-resistivity anomaly is present in
the southwest extension of the zone, covering an area of 15
km2. All this together with the presence of the sinter
deposits north of La Tembladera might suggest that the
geothermal activity is related to this NE-trending fault zone
and the low resistivity could be caused by geothermal fluids
conducted by these faults and infiltrated into the valley
110
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1. INTRODUCTION

1.1 Scope of Work

In this report the author presents the results of the work
carried out during 6 months at the UNU Geothermal Training
Programme in Iceland in 1988.

The training programme started with 5 weeks of introductory
lectures. They were followed by an introduction to the
theory of DC-resistivity soundings and the resistivity of
rocks. Practical training in geophysical exploration was
included in the programme with special emphasis on
geoelectrical methods, such as Schlumberger soundings and
head-on profiling.

To get acquainted with the practical applications of the
geoelectrical methods, the author was in a field-crew
participating in performing Schlumberger soundings and head-

on profiling.

The main research project of the author was the
interpretation of 81 Schlumberger soundings from the San
Ignacio geothermal field in Honduras. These soundings were
analyzed and interpreted with a one-dimensional inversion
program using the PC-computer facilities at the UNU.
Resistivity cross-sections and iso-resistivity maps were made
in order to understand the resistivity structure of the area.
The results were compared with the tectonics and other
geological features of the area as well as gravimetric and
magnetic results, leading to an integrated model of the
geothermal field.

The author also participated in a magnetic survey,carried out
for locating a borehole and a magnetotelluric survey, whose
purpose was to map resistivity structure at great depths.



1.2 Resistivity Survey in Geothermal Exploration

Almost all geophysical methods have been used for exploring
various types of geothermal systems. The success of a
geophysical method detecting a particular physical parameter
depends upon the contrast of that parameter inside and
outside of a geothermal system giving rise to certain
geophysical anomalies. Resistivity surveys are of particular
importance in mapping temperature anomalies, faults,
fractures, lithological contacts, thermal brine, and zones of
hydrothermal alteration. Thermal waters become increasingly
conductive with increasing salinity and with increasing
temperature up 300°C above which conductivity slightly
decreases.

According to Hochstein (1980), resistivity surveys used for
geothermal prospecting can be broadly grouped into:

- Reconnaissance mapping (also called profiling or
traversing). It is usually the first type of survey made to
determine the gross resistivity features of geothermal
prospects.

- Vertical electrical sounding (VES). It involves a survey
to determine the vertical resistivity structure.

- Location of steep boundaries. It involves a follow-up to
define the boundaries and boundary structure of geothermal

reservoirs.

The aim of resistivity soundings is to get information on the
electrical properties of the earth which can reflect the
strata at different depths. Resistivity is directly related
to parameters like salinity, temperature and porosity,
parameters that characterize the reservoir to a great extent.
The physical relevance of resistivity, its geothermal
importance, is discussed in chapter 2. The next task is to
show how to arrive at the resistivity of the earth.
Resistivity is defined through Ohm’s law i.e.:
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E = pj

Where E (V/m) is the electric field and j (A/m?) is the
current density. By introducing a known current into the
earth and measure the corresponding electric field (potential
difference between two closely spaced points, E = AV/L), one

can get an information on the resistivity structure of the
subsurface.

Various techniques have been used depending on the
information needed. The most common electrode configuration
is the Schlumberger array. Other configurations include the
head-on profiling, the equatorial dipole and to a smaller
extent the quadrupole, Wenner and coaxial dipole
configuration. 1In chapter 3 two of these will be discussed
i.e. Schlumberger soundings and head-on profiling, both
theory and field procedure. The interpretation of
Schlumberger soundings is the task of chapter 4, while the
instrumentation is described in chapter 5. The usefulness of
resistivity soundings is demonstrated in chapter 6.



2. THE ELECTRICAL RESISTIVITY OF ROCKS
2.1 Introduction

Of all the gecphysical methods that have been used to
prospect for geothermal reservoir particularly in areas where
hot water fields dominate, those which measure the electrical
resistivity at depth in the ground have been the most useful
(Lumb, 1980). One of the main reasons for this success is
that the resistivity variations observed are related directly
to properties of the actual object of the search (hot water)
and not only to the host rocks. Thus resistivity maps can
indicate the areal extent of a hot water reservoir over
whatever depth range the survey technique is able to probe.

The resistivity of a body of rock containing an electrolyte
depends on the resistivity of the electrolyte and the
temperature and to a lesser extent on the resistivity of the
rock itself. The measured resistivity also depends on the
porosity and the extent to which the voids are filled with
electrolyte. In a geothermal field the electrolyte involved
is the geothermal fluid and its resistivity is inversely
related to the concentration of ions that it carries. The
temperature dependance of the resistivity decreases with
increasing temperature (Keller and Frischknecht, 1966) and
according to Risk et al. (1970) changes due to variations in
porosity dominate above 150°C.

Electrical conductivity of a matter (o) describes the ability
of that matter to conduct electrical current. The reciprocal
of conductivity is resistivity (p). It describes the ability
to resist an electrical current. Resistivity has the unity
ilm. Resistivity of a matter is defined as the ratio of
potential difference (AV) to current (I) across material
which has a cross-sectional area (A) of 1 m?2 and is 1 m
length (L).
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Table 1 shows typical electrical resistivity of Icelandic
rocks.

Formation Resistivity ((m)
Recent lava flow 5.000-50.000
Dense intrusives 10.000~15.000
Basalt 100-300
Palagonite 20-100
Basalt (T>50°C) 30-100
Palagonite (T>50°C) 10-15

Rocks with brine 5-15

High temperature areas, fresh water 1-5

High temperature areas, brine areas 1-4

TABLE 1. Electrical resistivity of Icelandic rocks

As already mentioned in the beginning of this chapter the
electrical resistivity depends on:

-Amount of water (saturation)
-Pressure

-Salinity of the water
-Temperature of the water
-Pore structure of the rock
-Alteration

2.2 Resistivity Versus Water Content and Pressure

In geothermal areas the rocks are water saturated. Ionic
conduction in the saturated fluid depends on the number and
mobility of ions and the connectivity of flow paths through
the rock matrix. Usually the saturating fluid is among the
dominant conductor in the rock and the degree of saturation
is of great importance to the bulk resistivity.

5



Resistivity of water increases about one order of magnitude
because of the lithostatic pressure down through the earth’s
crust. Thus the pressure dependance is neglible to the
temperature dependance provided that the pressure is
sufficiently high so that there is no change in phase.

2.3 Resistivity Versus salinity

Salinity of electrolytes, such as NaCl in water, affects
resistivity in nearly inversely linear manner (Keller and
Frischknecht 1966). At T=0°C we have:

p = 9.545 ¢~0-937 = 10/¢C
Where C (g/l) is the concentration of NacCl.
2.4 Resistivity Versus Temperature

For temperatures upto 150-200°C the resistivity of the pore
fluid decreases with increasing temperature. The dominant
factor is increasing mobility of ions caused by lower
viscosity of the water. Dakhnov (1962) has described this
relation:

Py = Pwo
1+a(T-Tg)

Where:

Puo : resistivity of the fluid at temperature T,
a : temperature coefficient of resistivity, a = 0.023 c-1
for To=23°C, and 0.025 for To=0°C.

Figure 1 shows the resistivity of NaCl solutions as a
function of temperature. It also shows how resistivity
depends on the concentration of the electrolyte. The
concentrations are typical of geothermal brines (Ucok,
1979) .



At high temperatures a decrease in the dielectric
permittivity of the water results in a decrease in the number
of dissociated ions in solution. Above 300°C this starts to
increase fluid resistivity (Quist and Marshall, 1968).

2.5 Resistivity Versus Porosity

Porosity is defined as the ratio between the pore volume and
the total volume of a material. There are mainly three types
of porosity.

- Intergranular: The pores are formed as space between grains
or particles in a compact material. Example: Sediments.

- Joints: A net of fine fractures caused by tension and
cooling of the rock. Example: Lava.

- Vugular porosity: Big and irregular pores, formed as
materials are dissolved and washed away or pores formed by
gas (lava).

Archie’s law describes how resistivity depends on porosity if
ionic conduction in the pore fluid dominates other conduction
mechanism in the rocks (Archie, 1942). It is valid if the
resistivity of the pore fluid is of the order of 1 {lm or
less, but doubts are raised if the resistivity is much higher
(Duba et al., 1978).

p = py.age™ 0
Where:

p : bulk resistivity

pPy: resistivity of pore fluid

¢+: porosity

a : empirical parameter, varies from less than 1 for
intergranular porosity to over 1 for joint porosity,
usually around 1



n : an cementation factor, an empirical parameter, varies
from 1.2 for unconsolidated sediments to 3.5 for
crystalline rocks, usually around 2

Figure 2 shows the bulk resistivity as a function of the
total porosity for samples taken in Iceland at 500 m depth
(Floévenz et al., 1985). The resistivity has been corrected
for variable temperature and refers to T = 23°C.

2.6 Resistivity Versus Alteration

Water-rock interaction results in an alteration of the rock
matrix. The type of alteration minerals formed is dependent
upon the temperature and the chemical composition of the
fresh rocks and the saturating fluid. Results from
Nesjavellir high-temperature area in Iceland show the
following correlation between temperature, alteration and
resistivity (Arnason and Hersir, 1988). At temperatures
below 200°C clay minerals are dominant but chlorite and
epidote above 250°C. Between 200°C and 250°C there is a
transition, called mixed-layer. Clay minerals are well-
conducting and can dominate the conductivity of the
saturated rock, but chlorite and epidote are resistive.



3. THE THEORY OF DC-RESISTIVITY SOUNDINGS

3.1 Schlumberger Soundings

The Schlumberger configuration shown in Figure 3a is used to
determine the apparent resistivity. In the Schlumberger
array two potential and two current electrodes are placed
along a straight line, the array being symmetrical around the
middle point, O. Current electrodes are placed at A and B
and potential electrodes are placed at M and N. The distance
between the potential electrodes MN, 2P, is kept much smaller
than the distance between the current electrodes AB, 2S (at
least five times smaller). We will see how the Schlumberger
array gives the resistivity of a homogeneous earth in terms
of the injected current and the measured potential difference
between the potential electrodes. The resulting formula will
be used to define the term apparent resistivity for a non-
homogeneous earth.

At the surface of a homogeneous and isotropic earth the
potential at a point at the distance r from a point of
current injection is given as:

pL

Vi) - 21r

Where :

the potential
the resistivity

the current strength
: the distance from the current source to the measuring

H H® <

point.

For distances marked as in Figure 3a and the current I
transmitted to the ground at A (-I at B) the potential at N
will be:



Vy = Vy(A) + vy(B) = _PT & PR
; 2M(S+P) 21 (S5-P)

The potential at M is:

Vi = Vy(A) + Vy(B) = _ Pt 5 PR
27 (S-P) 27 (S+P)

The potential difference becomes:

AV = vy - vy = _PT 2, 1 1 y =, SOIP
2m S-P  S+P n(s2-p2)

This equation can be solved for p and which can thus be
calculated from the measured transmitted current and the
corresponding measured potential. The resistivity for a
homogeneous earth becomes:

m(S2-P2)AV
2PI

If the earth is not homogeneous the resistivity which is
calculated from the measured values of the current and the
potential is defined as the apparent resistivity, pa i.e. the
resistivity a homogeneous earth would actually have to give
those particular measured values for the current and the
potential.

Therefore the apparent resistivity is given by:

AV w(S2-p2?)

Pg = __
I 2P

10



3.1.1 Field procedure

In resistivity surveys the field procedure depends on the
type of electrode configuration used. 1In the Schlumberger
array four electrodes are symmetrically positioned along a
straight line (see Figure 3a). The distance between current
electrodes (AB) is considerably larger than that of the
potential electrodes (MN). The distance between the current
electrodes is increased in certain steps and measurements are
made for each point. The distance between the current
electrodes is increased exponentially usually with 10 point
per decade. 1In Iceland the starting length of half the
current electrode spacing (AB/2) is usually 2.51 or 10 m, and
the maximum spacing is usually 1780 m, sometimes as high as
3000 m. As the current electrode spacing increases the
potential signal decreases. Therefore half the potential
electrode spacing (MN/2) is increased in steps, from 1 to 100

m.

By increasing the current electrode spacing, the current
penetrates deeper into the earth and information is received
on resistivity at greater depths. When the apparent
resistivity has been calculated it is plotted as a function
of half the current electrode spacing on a log-log paper and
is ready for interpretation.

It takes 4 people to carry out a Schlumberger sounding. One
controls the instruments. One writes down the results and
plots the apparent resistivity curve. Two people move the
current electrodes, one in each direction. At each point
they push the electrodes into the ground and connect them to
the transmitter cable, step back and announce in a portable
walkie-talkie that all is set. Then the measurement at that
point takes place. At the end of the sounding, a check for
current leakage is made, one current electrode is
disconnected, then a high voltage is put on the transmitter
cable and the potential between M and N measured as well as
the transmitted current. This is made for both electrodes.
11



If the measured potential signal is about 10% of the signal
obtained when both current electrodes are connected or
higher, something is wrong and has to be mended.

3.2 Head-on Profiling

Schlumberger soundings are useful in pointing out areas of
low resistivity. They can be used to compare different areas
and together with thermal gradient measurements they may be
helpful in selecting promising fields for further
investigation. The resolution of the Schlumberger soundings
is, however, too limited to detect and map a single
waterbearing dike or fracture. The prospecting method which
seems to be the most powerful one in locating permeable, near
vertical structures is the so called head-on resistivity
profiling (Cheng 1980; Flévenz 1984). The set-up is shown in
Figure 3b.

This method differs from usual profiling with Schlumberger
arrangement by the use of a third current electrode, (C),
placed at "infinity" (OC>4AB). The voltage between M and N
is measured when current is transmitted between A and C, B
and C and A and B, and three corresponding values of the
apparent resistivity calculated, pAC, pBC and pAB.

In head-on profiling the array is kept unchanged and all four
electrodes are moved along the profile, with a constant
distance between measured points. The resistivity is plotted
as a function of the location of the center of the array.
Only two of the three resistivity values are independent.

The pAB is just an average of the two other resistivity
values and could just as well be calculated from them.

In the case of homogeneous or horizontally layered earth, all
the resistivity values are identical. 1In the vicinity of
vertical or nearly vertical resistivity contrasts, the curves
for ppc and pge versus location behave in different ways.
A theoretical head-on resistivity profile across a low

12



resistivity dike covered with 25 m thick surface layer is
shown in Figure 4. The plot of pag shows a minimum
directly above the dike but the curves for ppc-ap (=fac-PaAB)
and pge-aB (=Ppc-Pap) have a different sign on each side of
the dike and cross directly above it. At the National Energy
Authority in Iceland, head-on profiling data is interpreted
by a two-dimensional modelling using a finite element
program, named: FELIX.

13



4. RESISTIVITY INTERPRETATION

4.1 One-dimensional Interpretation

4.1.1 Introduction

The resistivity structure below a measuring site can be
derived from the measured apparent resistivity curve. 1In
one-dimensional interpretation the basic assumption is that
the earth is divided into horizontal layers of infinite
extent. The layers are electrically homogeneous and
isotropic. A change in resistivity is assured to occur only
in one direction i.e. with depth.

In Iceland one-dimensional interpretation is often used for
low-temperature areas. Sometimes the conditions are more
complicated and the resistivity distribution is clearly two-
dimensional or even three-dimensional. In high-temperature
areas there are often sharp vertical boundaries around low
resistivity areas. Apparent resistivity may appear too low
or too high if the current electrodes cross a vertical
resistivity boundary.

4.1.2 The inversion program SLINV

SLINV is a non-linear least-square program for inversion of
Schlumberger soundings. The program uses an iterative
Levenberg-Marquardt inversion algorithm described by
H.K.Johansen (1977) together with a forward routine based on
the linear filter method as described by H.K.Johansen (1975).

This program was written by Knatur Arnason for the United
Nations University Geothermal Training Programme in
Reykjavik, Iceland (Knitur Arnason and Gylfi Pall Hersir
1988).

The inversion program SLINV, like most inversion programs,
14



works in such a way that it reads the measured data points
(apparent resistivity curve) and prompts for a starting
model. The interpreter guesses, by visual inspection of the
data curve, the number of layers and initial model parameters
(resistivity values and thicknesses of the layers). The
program then iteratively adjusts the resistivity values and
layer thicknesses to get the best fit between the measured
curve and the curve calculated from the model. It is
important to realize that the program does not change the
number of layers during the iteration process. It is
therefore in most cases necessary to check models with
different number of layers to find the model that best fits
the data. It is advisable to keep the models simple and the
number of layers as few as possible. It should also be kept
in mind that the model resulting from inversion can depend on
the initial guess and a bad initial guess can lead the
inversion process astray. One feature of the program is that
a layer parameter, i.e. resistivity and/or thickness of any
layer in a model can be fixed during the iteration process.
The fixed parameter values determined manually may come from
some geological concepts or simply the values may already be
known from other studies.

4.1.3 Problems and limitation in one-dimensional
interpretation

4.1.3.1 Introduction

Every calculated apparent resistivity value contains a
certain error. There are always some errors in reading the
transmitted current and the corresponding potential
difference. There is also some error in deciding the exact
distance between the electrodes. Various things in the
surroundings can make shortcuts for the current such as
underground cables or pipelines, telephone cables, fences and
metallic junk laying on the ground.

If the sounding is placed too close to the sea, the sea-water
15



can cause shortcut for the current. In the case of a
shortcut, the measured potential difference is below

the correct value and the measured apparent resistivity value
will be too low. Other causes for errors are e.g. due to
irregular landscape (hills, valleys).

Resistivity surveying is an efficient way of delineating
shallow layered sequences or vertical resistivity
discontinuities. It does, however suffer from a number of
limitations as outlined by Kearey and Brooks (1984).

- Interpretations are ambiguous. Consequently independent
geophysical and geological controls are necessary to
discriminate between valid alternative interpretations of
the resistivity data. The so=-called equivalence layers are
an example of this and will be discussed in chapter 4.1.3.3.

- Interpretation is limited to simple structural
configurations. Any deviations from these simple
situations may be impossible to interpret.

- Topography and the effects of near-surface resistivity
variations can mask the effects of deeper variations.
Topographic effects are discussed in chapter 4.1.3.2.

- The depth of penetration of the method is limited by the
maximum electrical power that can be introduced into the
ground and by the practical difficulties of laying out long
lengths of cable. The practical depth limit for surveys is
about 1 km.

4.1.3.2 Topographic effects

Since geothermal exploration is often done in mountainous
terrain where the topography can produce spurious resistivity
anomalies, knowledge of the nature of these effects and their
inclusion in the interpretation models are important.
Treatment of the raw resistivity data obtained from these

16



rugged areas could produce topographic-related anomalies that
may lead to ambiguities in the interpreted models if one does
not take into account the significance of topographic
effects. Topographic effects are geometric effects which are
inherent to the relative locations of the current and
potential electrodes and the nature of the terrain itself
where resistivity survey lines are carried out. Because of
these conditions, current flow lines are distorted with
corresponding effect on equi-potential lines. Thus the
actual voltage readings get distorted which can be critical
to field measurements and data interpretation. Finally it
should be mentioned that the topography is a part of the
input in the two-dimensional finite element program used at
Orkustofnun (see chapter 4.2).

4.1.3.3 Equivalence layers

If the earth is horizontally layered, each layer having
constant resistivity and if each apparent resistivity value
is without error, there is a one-to-one correspondence
between resistivity structure and apparent resistivity curve
and hence only one solution to our problem. The fit between
the measured apparent resistivity curve and the calculated
curve from the interpretation model would be perfect. This
is never the case though, so the final model will only be
obtained within certain limits. There is an ambiguity in the
interpretation.

There exist two types of the so-called equivalence layers.
Equivalence layers of the s-type occur when a relatively thin
layer of low resistivity exists between layers of
considerably higher resistivities. For such a layer, it is
only the longitudinal conductance (the radio of the thickness
and the resistivity) that can be determined with some
accuracy. Another type of equivalence layers, called t-type
equivalence layers, is also common in one-dimensional
resistivity models. They occur when a relatively thin layer
with high resistivity is over- and underlain by considerably
17



lower resistivities. For these layers it is only the
transverse resistance (the product of the thickness and the
resistivity) that is determined with some accuracy.

4.2 Two-dimensional Interpretation

In two-dimensional interpretation the assumption is made that
the resistivity changes with depth and in the direction of
the profile but not perpendicular to it.

In two-dimensional interpretation a model is designed of
resistivity blocks along a profile, the blocks having
different resistivities but infinite extent perpendicular to
the profile. The computer then finds apparent resistivity
curves corresponding to this model. They are compared to the
measured curves. If they do not fit, the model is changed
and new curves calculated and recompared and so on until a
reasonable fit is obtained between measured and calculated
data.

The two-dimensional program used at ORKUSTOFNUN is named:
FELIX. The topography of the profile is a part of the input
in the program. The interpretation program has two units.
One of them reads in parameters for defining a two-
dimensional vertical section through the earth, including
topography as well as locations of all soundings measured
over the profile and writes this information in files. It
also has options for correcting and changing the model and
plotting the model on a paper and a graphics terminal. The
model consists of arbitrarily shaped quadrilaterals and
triangles and the resistivity is defined as a constant within
each of them. The second program is a finite element program
which calculates the resistivity curves.

18



5. INSTRUMENTATION

The equipment needed to conduct resistivity measurements
consists of a transmitter unit, for introducing the current
into the earth and a receiver unit, for measuring the
corresponding potential difference. The instruments in use
in Iceland are designed and made in the electronic laboratory
at ORKUSTOFNUN in cooperation with Ortélvutzkni
(Microprocessor Technology). The following is a description
of the Icelandic equipment.

The transmitter is used for transmitting the current into the

ground. The transmitter consists of the following
components: Power supply, control module, four inverters and
measuring module as well as buttons, switches and meters on
the front panel. The transmitter runs on 24 volts DC. It
transmits a square wave of variable frequency. The output
transmitting power is 500 W.

The receiver consist of a microprocessor module, hand held
terminal and three differential input amplifiers. The
advantage of having three independent amplifiers is higher
efficiency in the measurements of Schlumberger soundings.

The microprocessor module is specially designed for this kind
of resistivity measurements. It controls the amplifiers and
calculates the results of series of measurements. The
results of the measurements appear on the terminal as soon as
they reach the microprocessor module i.e. the value for
transmitting current, the measured potential (between the
potential electrodes), the number of measurements made, their
mean value and the standard deviation. Each value of the
potential obtained is thus the mean value of several
measurements. In difficult conditions a few such mean values
are collected for measuring one point. Finally a weighted
mean value is obtained from all the mean values where the
weighting is determined by the standard deviation in each
case. The microprocessor then uses the final potential value
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for determining the resistivity at that point and the results
appear on the terminal

The wire used as connector to the current and potential
electrodes is a copper wire, 0.5 mm? in diameter with a PVC-
insolation. The first 126 m of the current transmitting wire
as well as the potential wire are screened. This is done to
reduce capacitance and inductive coupling where current wires
and potential wires lie parallel. The screen of the
potential wire is connected to the frame of the receiver and
the screen of the current wire is connected to the frame of
the transmitter. The unscreened part of the current wire is
kept on reels, three 500 meters reels for each half of the
current dipole. To prevent leakage the reels are put in a
solid plastic bag at the connection and the innermost reel
(closest to the potential electrodes) fastened to a stick so
that it does not touch the ground.

The current electrodes are approximately 50 cm long steel
poles, 2 cm in diameter (shape of a nail). For current

dipoles less than 600 m only one pole is used for each
current electrode. With increasing dipole length or high
contact resistance between the pole and the earth the number
of poles is increased.

The potential electrodes are 12 cm long copper sticks

submerged in saturated copper-sulfate solution in a holder.
The tip of the holder is made of permeable ceramic. The
contact between the electrode and the earth occurs as the

solution seeps through the tip.
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6. INTERPRETATION OF SCHLUMBERGER SOUNDINGS FROM SAN IGNACIO

6.1 Introduction

The San Ignacio geothermal field is located in the central
part of Honduras, approximately 65 km Northeast of the
capital, Tegucigalpa. It is at an elevation of 700 m, under
the slopes of a mountain-range which reaches 1200 m and
borders the wide Siria valley, which has a N60W direction
(see Figure 5).

The San Ignacio geothermal field was first investigated
during a UN mission in 1976 (Einarsson, 1976; Cuellar, 1976).
A geothermal feasibility study was performed by Geonomics
(1977) . Geochemical investigation and geological mapping was
made in 1979-1980 (Gislason, 1980) and a reconnaissance study
in 1987 by Aldrich et al. (1987). Dal and Geotermica
Italiana (1988) made extensive studies in San Ignacio
including geological mapping, gravimetric, magnetic and
resistivity surveys. The resistivity soundings have been
interpreted by the author and the results are discussed in
this chapter.

Thermal manifestations in Honduras appear to be related to a
large-scale thinning and fracturing of the crust in the
region, possibly due to large-scale extension (Aldrich et
al., 1987). The hot springs in San Ignacio geothermal field
are located along several major faults that serve as conduits
for the geothermal water (Aldrich et al., 1987). The
measured surface temperature ranges from around 50°C to
100°C. Calculated reservoir base temperature, based on
geochemical samples is according to Dal and Geotermica
Italiana (1988) approximately 200-210°C, but 200°C according
to Robert 0. Fournier (personal communication, 1988).

6.2 Geological and Geophysical Setting

Figure 5 shows the main geological units and tectonics as
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they have been mapped by Dal and Geotermica Italiana (1988).
In the immediate vicinity of the San Ignacio geothermal
field, paleozoic metamorphic rocks, silicified Padre Miguel
Groups tuffs, and alluvial deposits are exposed. The
metasediment rocks outcrop extensively and are related to two
different metamorphic facies. The first is of low
metamorphic grade and includes phyllites, quarzites and
marbles while the second is of higher metamorphic grade,
granatiferous schists. The metamorphosed igneous rocks are
exposed at the north part of the area and are composed of
gneiss mylonitic with lenses and strata of greenschists.
Augen schists derivated from granitic rocks are mainly
composed of quartz, muscovite, biotite and plagioclase. They
are found in the zone of thermal manifestations, covering a
surface of approximately 15 km2.

The limestones of Yojoa Group outcrop in the northern east
zone, to the south and east of the town Cedros. They are
thick to thinly bedded and include also thin intercalations
of dolomite and levels of calcareous lutites.

The ignimbrites of Padre Miguel Group are of primarily
rhyolitic, rhyodacitic and dacitic composition. The sequence
of ignimbritic beds range from well welded to moderately
consolidated.

The tectonics of San Ignacio is shown on the geological map
in Figure 5. The Siria valley constitutes an asymmetrical
graben. The most significant fault system is a system of
WNW-trending normal faults that define the northern border of
the valley. The elevation of the northern border is greater
than the southern one which is affected by a system of normal
faults with a small vertical displacement. Another system of
faults and fractures is having a traverse direction with
respect to the depression. The Arenal-fault, which has a NE-
trend is of particular interest since it seems to control the
thermal manifestations that are confined to La Tembladera
(Aldrich et al., 1987). The Arenal-fault probably also

22



controlled the upwelling of the El Pedernal dome of rhyolitic
composition, southwest of La Tembladera (see Figure 5). The
group of faults and fractures that are parallel to the
Arenal-fault and restricted to the area around La Tembladera
are probably the youngest tectonically activity in San
Ignacio. Certainly other faults have controlled the location
of springs in the past. Many of the hills along the north
side of Siria valley are mantled by older sinter deposits
generally at higher elevations than those near the active
springs. The older deposits are more extensive, suggesting a
long history of thermal activity (Aldrich et al., 1987).

Dal and Geotermica Italiana (1988) have carried out
geophysical surveys in San Ignacio during the last two years.
The purpose was to identify zones of fracture permeability
along the faults and beneath the thin cover of valley fill of
conglomerates and sandstones. A part of this project was the
drilling of a 500 m deep borehole, 1-1.5 km south of La
Tembladera. The location of the borehole is shown on Figure 5
and the temperature logs are given in Figure 6.

The gravimetric and magnetic surveys showed the followings
results (Dal and Geotermica Italiana, 1988):

- The main structural trend has a direction N70W-N80W. In
the northern part of the area this corresponds to series of
subvertical faults that constitute a structure similar to a
graben.

- A geological body characterized by high density and
magnetic susceptibility is located in the western part of
Siria valley, south of El Porvenir and El Terrero. It is
about 5 km long and lies between The Quebrachal zone and an
airstrip. The edges of this body are in general very sloped
and it might constitute a basic intrusive body.

- The area of surface manifestations around La Tembladera is
located approximately along a zone characterized by a
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magnetic high. This indicates that the upwelling of the
thermal water is along a fracture-plane, where there is no
lateral infiltration and insignificant hydrothermal
alteration.

The manifestations are associated with a small gravimetric
minimum, elongated in the SW-NE direction.

6.3 Resistivity Soundings
6.3.1 Introduction

A total of 85 Schlumberger soundings were performed between
January and May 1987 by Dal and Geotermica Italiana (1988).
The location of the soundings is shown on Figure 7. They are
orientated either perpendicular or parallel to the graben.

In this report the results of a one-dimensional
interpretation of 81 Schlumberger soundings is shown together
with the results of a two-dimensional interpretation of one
profile. The aim of the interpretation was to look for a low
resistivity anomaly and to get a general picture of the
resistivity structure of the area.

6.3.2 One-dimensional interpretation

A non-linear least-square inversion program described in
chapter 4.1.2 was used to interpret the Schlumberger
soundings from the San Ignacio area. The program assumes
that the earth is horizontally stratified with each layer
electrically homogeneous and isotropic. It calculates the
apparent resistivity curve from a given model, compares it
with the measured curve, adjusts the model, calculates a new
curve, recompares and so on until a reasonable fit between
measured and calculated data is reached. The results of the
one-dimensional interpretation for each sounding and the
corresponding calculated and measured apparent resistivity
curves are shown in appendix I.
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Seven resistivity cross-sections have been made. Their
locations are shown in Figure 7. Five cross-sections lay
across the Siria valley (Figures 8-12) and two along the
valley (Figures 13 and 14). Three iso-resistivity maps were
made as well, showing resistivity at 500 m, 400 m and 300 m
above sea-level (Figures 15-17).

Here each resistivity cross-section and iso-resistivity map
will be described.

Resistivity cross-section A-A’ (Figure 8), crosses the

eastern part of Siria valley. It includes 6 soundings with
half the current electrode spacing (AB/2) generally extending
upto 700-1500 m. The surface layers are thin and have a
resistivity of more than 100 film. They correspond to a thin
cover of valley fill, foothill deposits and alluvial deposits
which cover most of the surface in the area. Beneath the
surface layers, in the southwest part of the section,

there is a low-resistivity layer of 5 to 10 {im, about 100 m
thick. This low-resistivity layer might be correlated to old
alluvial deposits or clay. Beneath the surface layers in the
rest of the section there is a layer of 10 to 50 (m
resistivity. It is 100-500 m thick and might be correlated
to a sandstones and conglomerates (Red beds). Beneath these
layers there is a high resistivity layer, of more than 50 (im.
It reflects, most likely, the metamorphic basement. This
layer will hereafter be called the resistive-basement.

Resistivity cross-section B-B’ (Figure 9), includes 7

soundings with half the current electrode spacing ranging
upto 1000-2000 m. As in profile A-A’ the surface layers can
be correlated to a thin cover of valley fill. Beneath the
surface layers there is low-resistivity layer (5-10 {lm) with
an average thickness of 100 m. This layer is thicker in the
southernmost part of the section. Beneath this layer there
is another low-resistivity layer of less than 5 {ilm and about
100-200 m thick. It may either represent clay deposits or a
structure of the area connected with the geothermal system.
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Clay deposits is a more likely explanation. These low-
resistivity layers are not present beneath the northernmost
sounding (n200).

Resistivity cross-section C-C’ (Figure 10), crosses the
central part of the valley. It includes 7 soundings with half

the current electrode spacing ranging upto 1500-3000 m. In
this cross-section only three resistivity layers were
identified. The surface layer, a low-resistivity layer (5-10
(im) and the resistive-basement. The low-resistivity layer is
present in all the soundings and has a thickness of about 300
m Five soundings from this profile have been interpreted two-
dimensionally. The results are discussed in section 6.3.3.

Resistivity cross-section D-D’ (Figqure 11), crosses the

western part of the valley. It includes 9 soundings. In this
section the low-resistivity layer (5-10 {lm) is only some 50 m
thick and restricted to the northern part of the section
(middle of the valley). The resistive-basement is at rather
shallow depth.

Resistivity cross-section E~E’/ (Figqure 12), is the

westernmost section which runs through the valley.

Low resistivity layer (5-10 {lm) is only present in the two
northernmost soundings (n236 and n237), southwest of El
Porvenir. The resistive-basement is at very shallow depth in
this section, 500 m a.s.l. except for the southernmost
sounding (n213), where it is at 300 m a.s.l.

Resistivity cross-section F-F’/ (Figure 13), runs along the
middle of the valley. It includes 13 soundings with half the
current electrode spacing generally extending upto 700-3000
m. The resistivity layering is similar to the other profiles
described above. Low-resistivity layer is found in all the
section except beneath the western- and easternmost
soundings. The thickness varies from 50 to 250 m. The
resistivity of this layer is especially low (< 5 im) on the
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part of the section which lays south of El Terrero and La
Tembladera.

Resistivity cross-section G-G’ (Figure 14), runs along the

northern side of the valley and is almost parallel to section
F-F’. It includes 12 soundings with half the current
electrode spacing generally extending upto 700-2000 m. The
geological stratigraphy of the borehole has been projected
into the section (Dal and Geotermica Italiana, 1988). The
borehole is located, where abrupt horizontal resistivity
changes occur. It is therefore almost impossible to
correlate the lithology in the borehole to the resistivity
layering. It seems though reasonable to conclude that the
surface resistivity layers reflect the alluvial deposits,
seen in the borehole. Low-resistivity is found south of El
Terrero and in particular southwest of La Tembladera.

Iso-resistivity maps: The general picture of the resistivity
structure at the San Ignacio geothermal field is shown on
three iso-resistivity maps. Figure 15 show the resistivity
at 500 m above sea-level, Figure 16 shows the resistivity at
400 m above sea-level and Figure 17 shows the resistivity at
300 m above sea-level. The maps are based on the one-
dimensional interpretation of the Schlumberger resistivity
soundings. The model for each sounding is shown in appendix
I. Most of the models appear in the resistivity cross-
sections which have already been described in this chapter.
The resistivity values at the appropriate depths are written
on the maps in {Im for each sounding and iso-resistivity lines
have been drawn. At 500 m a.s.l. (Figure 15) there is a low
resistivity anomaly (resistivity less than 10 {im) in Siria
valley running from La Tembladera in the east. The anomaly
is rather wide between La Tembladera and El Terrero. There
it becomes a narrow strip stretching to the west as far as
Schlumberger soundings have been made. At 400 m a.s.l.
(Figure 16) the anomaly is restricted to the area southwest
of La Tembladera. At 300 m a.s.l. (Figure 17) the anomaly is
even smaller and the resistive-basement (resistivity higher
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than 50 (m) covers most of the map. The part of the low-
resistivity anomaly which is present at 500 m a.s.l. but
absent at 400 m a.s.l. is most likely caused by alluvial
deposits. Comparison with the geological map (Figure 5)
shows the correlations between the alluvial deposits and the
low-resistivity anomaly at 500 m a.s.1l. On the other hand
the low-resistivity anomaly southwest of La Tembladera, the
area where geothermal surface manifestations are confined, is
probably related to the geothermal field. The geological and
geothermal interpretation of the resistivity structure is the
task of chapter 6.4.

6.3.3 Two-dimensional interpretation

One-dimensional interpretation of Schlumberger soundings can
often be misleading if the earth if far from being
horizontally layered. In two-dimensional interpretation the
resistivity is assumed to change both with depth and in the
direction of the profile but not perpendicular to it. Two-
dimensional interpretation is described in chapter 4.2.

One profile from the San Ignacio geothermal field has been
interpreted two-dimensionally, profile C-C’. Its location
and the associated 5 Schlumberger soundings are shown in
Figure 6. Only soundings laying parallel to the profile can
be used. The resistivity cross-section resulting from the
one-dimensional interpretation (Figure 10) was used as a
starting model for the two-dimensional interpretation. After
the model had been changed 10 times, an acceptable model was
found. It is shown in Figure 18. The location of the
Schlumberger soundings on the profile is shown as well. The
curves for the calculated and measured apparent resistivity
is shown in appendix II. They show that the model data fits
pretty well with the measured data for each sounding.

The two-dimensional model is similar to the one-dimensional
model but it seems to be more trueworthy. It shows surface
layer/layers, a low-resistivity layer of different
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resistivity (4-10 (m) and beneath it is what has been called
the resistivity-basement (100 and 200 (m). The low-
resistivity anomaly is only (4-5 {lm) between soundings n206
and n208. This is in the middle of the low-resistivity
anomaly at 400 m a.s.l. The two-dimensional interpretation
shows that the resistivity of this anomaly is twice as high
to the north of sounding n208.

Since the model from the two-dimensional interpretation is
similar to the model from the one-dimensional interpretation
it leads one to conclude that the area, at least around this
part of the valley, is electrically rather one-dimensional.

6.4 Results

The results of the interpretation of the Schlumberger
soundings can be summarized in the following. Almost all the
soundings were located in the Siria valley which is filled
with alluvial deposits. The interpretation of the
resistivity soundings revealed that the deposits have
relatively low resistivity and hence obscured possible
interesting resistivity structure in the underlying basement.

Comparison with modelling of the Bouguer gravity data (Dal
and Geotermica Italiana, 1988) shows that estimation of the
thickness of the valley filling is in good agreement with the
depth to the resistive-basement as revealed by the
resistivity interpretation. At 400 m a.s.l. the iso-
resistivity map (Figure 16) shows a low-resistivity anomaly
(less than 6 (Im) southwest of La Tembladera covering an area
of about 15 km2. All the geothermal surface manifestations
(see Figure 5) lay outside and to the north of this area. At
first glance there is no obvious connection between this low-
resistivity anomaly and geothermal fluids. The surface
manifestations north of the anomaly are at higher elevation
than the bottom of the valley and it is therefore rather
unprovable that they are fed by an upflow located in the
resistivity anomaly. On the other hand the surface
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manifestations are found where the zone of most recent
tectonic activity, west of the Arenal-fault, intersects one
of the faults bordering the northern part of the Siria
valley. This together with the presence of the sinter
deposits north of La Tembladera might suggest that the
geothermal activity is connected to the youngest tectonic
faults with the NE-SW trend.

The low-resistivity anomaly discussed above is in the
southwest extension of the most recent tectonics and could be
caused by geothermal fluids conducted by these faults and
infiltrated into the valley filling. This may seem to be in
contradiction to the conclusion drawn from the results of the
drilling of the borehole but it is located at the easter
border of the low-resistivity anomaly and hence outside the
region of infiltration. If this is the case then it is not
to be expected to see an extensive low-resistivity anomaly in
the basement because the geothermal fluids are confined to
the fractures and will not produce wide spread anomalies at
the shallow depths observable by the resistivity soundings.
It is therefore probable that a detailed resistivity survey
of the area surrounding the surface manifestations and in
particular the area north of them is needed to locate flow
paths and feasible drilling targets. The first phase in such
a survey could be to make Schlumberger soundings, densely
spaced (of no more than 500 m between soundings) and oriented
along the profiles, both parallel and perpendicular to the
valley. It is to be expected that a two-dimensional
modelling of the data will be necessary. Resistivity head-on
profiling along the profiles can be added later, if necessary
in order to delineate nearly vertical aquifers.
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7. DISCUSSION

There are many methods of resistivity surveying. Some make
use of the naturally occurring electromagnetic field within
the earth while others require the introduction of
artificially generated current into the ground. 1In this
report two resistivity methods are described, Schlumberger
soundings and head-on profiling.

The one-dimensional interpretation of resistivity soundings
was made in the early days with the help of master curves of
the apparent resistivity. At the present iterative methods
which make use of the linear filter method are extensively in
use. In this report one-dimensional interpretation using a
non-linear least-square program for inversion of Schlumberger
soundings was used to interpret resistivity data. A short
description of the program is outlined in the report. Two-
dimensional interpretation of resistivity data is also
mentioned.

81 Schlumberger soundings which were performed in the San
Ignacio geothermal field in Honduras have been interpreted.
The results of this interpretation are described in the
report. They have proven to be of importance in the
understanding of the geothermal field. It would have been
better though if more soundings were made, more densely and
covering a bigger area. As always an integrated
interpretation of geological and all available geophysical
results was necessary to bring out the geothermal meaning of
the results.
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8. CONCLUSION

1. Schlumberger resistivity soundings from San Ignacio
geothermal field in Honduras have been interpreted one-
dimensionally. Most of them were confined to the Siria
valley which is filled with alluvial deposits. The results
revealed that the deposits have a relatively low resistivity
and hence obscured possible interesting resistivity structure
in the underlaying basement. No soundings were made around
the hot springs in La Tembladera, except south of the area.

2. Comparison between the interpretation of gravity data and
resistivity data shows that the estimation of the thickness
of the valley filling is in good agreement with the depth to
the resistive-basement.

3. Surface manifestations are located, where a NE-trending
zone of most recent tectonic activity, west of the Arenal-
fault, intersects a WNW-trending fault bordering the northern
part of the Siria valley. A low-resistivity anomaly is
present at 400 m a.s.l. in the southwest extension of this
zone, covering an area of 15 km?. All this together with the
presence of sinter deposits north of La Tembladera might
suggest that the geothermal activity is related to this NE-
trending fault zone and the low-resistivity could be caused
by geothermal fluids conducted by these faults and
infiltrated into the valley filling. The only borehole in
San Ignacio is on the easternmost edge of this area.

4. A more detailed resistivity survey of the area around the
hot springs in La Tembladera and a better understanding of
the geology of the area, alteration and tectonics, is
suggested in order to find the flow paths and feasible
drilling targets.
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head-on configuration
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APPENDIX I
One-dimensional interpretation
of Schlumberger soundings:
Models, corresponding calculated apparent resistivity curves

(shown as continuous curves) and measured apparent
resistivity curves (shown as points)
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APPENDIX II
Two-dimensional interpretation
of Schlumberger soundings:
Measured apparent resistivity curves (shown as points) and

calculated apparent resistivity curves (shown as continuous
curves). The two-dimensional model is shown in Figure 18
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