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Abstract

Controlled-source audio frequency magnetotelluric (CSAMT) survey consisting of 60 soundings has been carried
out in the Kamojang geothermal field to delineate resistivity structure correlated to the present geothermal
reservoir. The transmitter site was located about 3 — 5 km in the south-west of the survey area. The sounding sites
were distributed irregularly and the distance between each of them varied from 200 to 500 m, covering the
Kamojang Geothermal area. The two dimensional (2D) inversion scheme was applied to interpret the CSAMT data.
The results show that the subsurface resistivity structures in the Kamojang geothermal field consists of three types
of resistivity features correlated to the existing geothermal reservoir in the area, that is, the overburden (first layer)
having resistivity value of 30 — 150 ohm.m and thickness of 30 to 100 m overlaying the intermediate (second) layer
which has an extremely low resistivity of 3 — 10 ohm.m with 500 — 1200 m thick. This low resistivity layer can be
considered as a hydrothermal alteration zone comprising the impermeable layer or sealing cap rock. Finally, the
third layer which is relatively more resistive than the second layer with resistivity of 30 — 100 chm-m. From the 3D
view of the low resistivity anomaly (<10 ohm.m) considered as a hydrothermal alteration zone, it is obtained that
altered zone is deep in the south-west and becomes shallow in the north-east of the area.
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Introduction source which is used in the magnetotelluric (MT)
method. The advantages of this technique are that the
polarization of the fields can be selected by the
orientation of the transmitting antenna and the signal
strengths do not depend on the natural electromagnetic
source as in MT method. | n the CSAMT method, the
non-plane wave nature of the source limits the
interpretation of the data if we use MT interpretation
scheme. Recognizing this, the CSAMT measurement
must be carried out at a distance greater than 3 — 5
skin depths from the transmitter site where the plane
wave approximation is valid. However, the CSAMT
data still contain some near-field effect when the
frequency of the transmitter signal is low (correlated

A Controlled-source  audio  frequency
magnetotelluric (CSAMT) measurement, in the
operating frequency range of 0.25 Hz to 8192 Hz, has
been conducted in the Kamojang geothermal field
(Figure 1). The location of transmitter was about 3 — 5
km in the southwest from the survey area. The
sounding sites were distributed irregularly and the
distance between each of them varied from 200 to 500
m, covering the Kamojang Geothermal area. (Figure
2). The purpose of the measurements is to demonstrate
the capability of the CSAMT method used for a
geothermal exploration by locating an anomalous low
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geothermal reservolr in the area. . . . for a near-field effect is necessary before applying the
The Kamojang geothermal field which is MT  interpretation  technique®.  Since the
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Figure 1. The location of the Kamojang geothermal
field.
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Figure 2. The location of the CSAMT survey in
Kamojang field.
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Figure 3. A generalized geothermal system®.
2. CSAMT Theory

Basic theoretical principle for CSAMT theory
can be described in terms of Maxwell’s equations.
Since CSAMT measurements employ a grounded
electric dipole, in a source free region, the electric and
magnetic field can be decomposed into terms of
Schelkunoff potential A and F 7,

E=-VxF,(X,y,X,0)z - (iou)A,z
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where E is the electric field intensity, H is the

magnetic field intensity, z is the unit vector in the

vertical direction, o is the electrical conductivity, ¢ is

the electrical permittivity, x is the magnetic

permeability, and w is the angular frequency.

The general solutions of a tangential
component of electric field (E,) and a radial
component of magnetic field (H,) from equations (1)
and (2) are expressed in cylindrical coordinates® as
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where dl is the dipole length, r is the source-sounding
distance, and I, and K, are modified Bessel function
of the m-th order.

Far from dipole source, equations (3) and (4)
approach the following limits, with quasi-static
assumption,
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For a homogenous earth, the azimuthal E-field
is independent of frequency and directly proportional
to resistivity. The horizontal H-field components are
frequency-dependent and a function of the square root
of ground resistivity. Hence H-field is fully responsive
to resistivity change and frequency.

As shown in equations (5) and (6) the
horizontal fields in the far-field zone all decay as
1/r3, thus the far-field apparent resistivity can be
determined by measuring the perpendicular E and H,
that is

E

2
1|E
=—|— 7
Pa= H, @)
which is commonly called the Cagniard resistivity or
MT apparent resistivity.

Because of the need to minimize the
transmitter-receiver separation for maximum signal,
the far-filed zone is restricted by this situation;
therefore, most CSAMT data sets will contain some
near-field and transition zone data. To overcome the
source effect problem, a correction technique to
CSAMT data should be applied to obtain apparent
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resistivity value equivalent to the far field situation. In
this paper, a simple technique to correct near-field
CSAMT apparent resistivity, proposed by Yamashita
et al.¥ is used. The technique suggests that the plane
wave apparent resistivity is the apparent resistivity
calculated by near field equation for the lower
frequency and the apparent resistivity calculated by
Cagniard equation for the high frequency.

The 2D inversion has been used for many years
to interpret automatically CSAMT data. This
technique makes the interpretation more objective and
less time-consuming then the trial-and-error approach
but it does not yield a unique solution. Nevertheless, a
common approach to fitting a 2D CSAMT data set is
to construct a cross-section of the area based on prior
geological knowledge and the model parameterization
to solve for the conductivities by least-square
inversion. A 2D inversion scheme using the non-linier
conjugate gradients (NLCG) algorithm proposed by
Rodi and Mackie” was applied to the corrected
CSAMT data of transverse magnetic mode. The
NLCG scheme minimizes an objective function that
penalizes data residuals and the second spatial
derivatives of the resistivity.

Tikhonov’s method defines a regularized
solution of the inverse problem to the model that
minimize the object function

¥(m)=(d—F(m))" V*(d—F(m))+A|L(m-m,)[
(8)

where d is observed data vector, m is an unknown
model vector, m, is a priori model, F is a forward
modeling operator, V is an error covariance matrix, L
is a linier operator, and A is a regularization parameter.
Each datum d; is log amplitude or phase of transverse
electric (TE) or transverse magnetic (TM) mode of
complex apparent resistivity at a particular station and
frequency. The model vector is also log resistivity as a
function of position (m(x) = log p(x)). The Laplacian
operator can be written as follow

JLam-m,)[ = [(AmMX)-m(x))) dx (©)

NLCG directly solves to minimize the objective
function  of equation (8). The model sequence is
given by

Mj.q =M;j+ajh; (11)

where ¢ is a size step, h; is a search direction, C; is a
preconditioner, g; is a gradient of objective function
and f; is a scalar calculated as
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3. CSAMT Field Survey

A schematic of the basic equipment
configuration of CSAMT field measurement is shown
in Figure 4. The transmitter dipole (typically 1 — 3 km
long) is located far enough from the receiver dipole,
which is more than three skin depths at the lowest
frequency being used. The receiver setup consists of a
100 — 200 m long grounded electric dipole oriented
parallel to the transmitting dipole for maximum
electric field pickup and a high-gain magnetic coil
oriented at right angle to the dipole for magnetic field
detection. The magnetic coil is centered on this dipole
and located on 5 — 10 m off line, away from receiver
operator, to minimize noise generated by motion of
the operator.

The CSAMT measurement, in the operating
frequency range of 0.25 Hz to 8192 Hz, has been
conducted in Kamojang geothermal field under the
funding of Incentive Program Research from the
Ministry of Research and Technology (RISTEK) in the
year of 2007. The main electromagnetic equipments
used in the survey were the CSAMT survey
equipments from Zonge Engineering and Research
Organization (GGT-10 and GDP-16).

The measurement was carried out in irregularly
grid spacing stations consisting of 60 soundings. The
electric dipole source was located 3 — 6 km in the
southwestern part of the survey as shown in Figure 2.
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Figure 4. CSAMT field measurement arrangement'®
4. Interpretation of CSAMT Data
4.1 Two Dimensional Inversion

The inversion method relies on forward model
calculation into the relationship between observed and
real subsurface structure to obtain a reliable solution.
In this paper, a two dimensional (2D) inversion
technique based on a non-linier conjugate gradient
method® using finite difference discretization was
applied to invert the corrected CSAMT data. Since
measurements were made using the electric field along
the transversal direction of the geological strike and
the magnetic field parallel to the strike, it is assumed
that the data correspond to the Transverse Magnetic
(TM) mode?.

Applying the two dimensional inversion
scheme to obtain several resistivity sections, seven
line profiles (Line-1 — Line-7) were constructed. The
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location of each line is described in Figure 5. The
finite difference meshes used in this inversion consists
of 50 x 40 nodes and the initial value of the resistivity
is 100 ohm-m (homogenous earth model). The
inverted data are the apparent and the phase of TM
mode. To identify the capability of the 2D inversion
scheme, we display the fitting curve of the observed
and the calculated data of the sounding 20 and 31
(Line-1) as shown in the Figure 6. It is identified from
the figures that the root mean square (rms) error
obtaineq from the inversign is b‘etwee‘n 6 — 7 percent.
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Figure 5. Seven line profiles for 2D inversion analysis.
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Figure 6. Fitting curve of the observed and the
inverted data obtained from 2D inversion result of a)
sounding 20 and b) sounding 31.

Figure 7 shows 2D inversion results of Line-1
and Line-2 sections. It is identified from the figure
that the resistivity structures in those sections are
composed mainly by three types of resistivity
structures. The first layer has resistivity of 30 — 150
ohm.m within the thickness of 30 — 100 meters
overlaying an extremely low resistivity zone in the
second layer, which has resistivity value of 3 — 10
ohm.m and thickness of 500 — 2000 meters. This
second resistivity structure correlates to a layer of
strong hydrothermal alteration zone. The third or
bottom layer has resistivity value of 30 — 100 ohm-m
that is relatively more resistive than the second layer.
Moreover, the electrical discontinuity is found below
the sounding site S12 on Line-2 in the depth of 500 —
1000 m above sea level. Therefore, this zone can be
considered as a fault where the fracture type of
geothermal reservoir exists in this area.

It is identified from Figure 8.a) that a low
resistivity structure beneath the Line-3 along southeast
to northwest direction exists in the northeastern part of
the area starting from sounding S42. The anomalous
low resistivity zone becomes lower and thinner in the
northeast than in the southwest. Generally, the
subsurface resistivity structure in this section is also
composed mainly by three types of resistivity layer,
that is, a high resistivity in the first layer (50 — 300
ohm.m), low resistivity in the second layer (1-10
ohm.m) and high resistivity in third layer (60 — 500
ohm.m). Furthermore, from the inspection of Figure
8.b), it is found that anomalous low resistivity zone
can not be found in Line-4 (south-east to north-east
direction). Consequently, in this section a geothermal
reservoir may not exist in the subsurface of the area.

The inversion result of Line-5 is given in
Figure 9.a), whose profile orientation is in south-east
to north-west direction. The CSAMT data obtained
from eight soundings located on and close to this line
are used as the observed data in the inversion process.
The section shows that the subsurface resistivity
structure along this line is identified by three types of
resistivity structure. The first layer is characterized by
50 — 300 ohm-m resistivities within 50 - 100 m depth,
followed by a conductive (1 — 10 ohm-m) zone in the
second layer down to 300 - 1000 m depth. The
conductive layer is interpreted as an impermeable
layer consisting of a hydrothermal alteration zone. The
third layer is a resistive basement characterized by
relatively high resistivity (50 — 300 ohm-m) that may
be interpreted as a geothermal reservoir. Moreover,
the electrical discontinuity was found below sounding
S3 of Line-5 that may be interpreted as a fracture.

The 2D resistivity section of Line-6 along
south-east to north-west direction is presented in
Figure 9.b). The low resistivity zone (1 — 10 ohm.m) is
concentrated below the sounding S59 at the depth of
1300 m ASL. Another low resistivity zone is
concentrated in the southeast below site S9 at the
depth of 1000 m ASL.
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Finally, it is identified from Figure 10 that the low
resistivity zone in the section along Line-7, in south-
east to north-west direction, is deeper and thicker than
that in the north-east. The north-eastern part of this
low resistivity zone is intensive and shallower than
that in the south-western part. Consequently, the
underlying resistive layer correlated to the reservoir
zone is shallower in the northeast part.

Generally, the subsurface resistivity structure in the
Kamojang geothermal field is appropriate to the
typical structure of geothermal system mentioned in
the previous section. For that reason, The CSAMT
method applied at Kamojang Geothermal Field was
successful to locate an anomalously low resistivity
zone that may indicate a potential geothermal

reservoir.
SwW NE
S32 S20 g31 S22 S28  S29

(ohm-m)

Elevation (Sea Level) (meter)

400 600 800 1000 1200 1400 1600 1800 2000 2200
Distance (meter)

@

Elevation (Sea Level) (meter)

1500 2000
Distance (meter)

(b)

Figure 7. Resistivity section derived from 2D
inversion along a) Line-1 and b) Line-2
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Figure 9. Resistivity section derived from 2D
inversion along a) Line-5 and b) Line-6.
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Figure 10. Resistivity section derived from 2D
inversion along Line-7.

4.2 Three Dimensional View

To understand the resistivity distribution in
term of three dimensional (3D) geological structure,
the 3D model of resistivity structure was constructed
from 2D resistivity sections for all lines (Line-1 —
Line-7). The 3D view of the resistivity structure and
the low resistivity anomaly (<10 ohm.m) in the area
are shown in Figure 11 and Figure 12, respectively.
The figures show that the conductive (second) layer is
deeper in the south-west and becomes shallower in the
north-east of the investigated area.

Figure 11. Resistivity structure in 3D view obtained

from 2D inversion results

<10 0hm.m

Figure 12. Resistivity structure in 3D view of a low
resistivity zone (< 10 ohm.m).

5. Discussion and Conclusion

The CSAMT method applied at Kamojang
Geothermal Field was successful to locate an
anomalously low resistivity zone that indicates a
potential geothermal reservoir. Employing the 2D
inversion to CSAMT data, the reasonable resistivity
structure correlating to the existing geothermal
reservoir has been successfully obtained in Kamojang
Geothermal Field.

Generally, the subsurface resistivity structures
in Kamojang geothermal field are composed mainly
by three types of resistivity feature obtained from 2D
inversion results of CSAMT data. The overburden
(first layer) has a resistivity of 30 — 150 ohm-m and
thickness of 30 to 100 m. The intermediate (second)
layer has an extremely low resistivity of 3 — 15 ohm.m
with 500 — 1200 m thick. The low resistivity layer as
an anomalous feature can be considered as a
hydrothermal alteration zone (impermeable layer/cap
rock). Finally, the basement (third) layer that is
relatively more resistive than the second layer with
resistivity of 30 — 100 ohm-m. It is confirmed from
the 3D model of the low resistivity anomaly (<10
ohm.m), that the conductive (second) layer, which
correlates to the layer of a hydrothermal alteration
zone, is deeper in the south-west and becomes
shallower in the north-east of the investigated area.
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This paper demonstrates the capability of the
CSAMT method for geothermal explorations. Within
the scope of this research, the final results of the
method successfully determine the subsurface
resistivity structure in the area that importantly
characterizes the geothermal system at Kamojang
field. One should note that the information of the
subsurface structure regarding the existence of the
geothermal reservoir in the Kamojang geothermal
filed can not be fully understood only using this
method to describe the real geological subsurface
structures. Further information of other geophysical
data interpretations (i.e. gravity and magnetic method)
supported by well information (i.e. temperature, loss-
circulation, permeability, pressure, production rate) as
well as geological formation are required for a
complete interpretation of the system. Once the
integrated information constructed, we can predict the
extension of promising area for further geothermal
exploitation in the Kamojang geothermal filed.
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