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Abstract: We conducted MT measurements in the Bajawa geothermal field in central Flores
Island, eastern Indonesia, under a joint research project among the Geological Survey of Japan,
New Energy and Industrial Technology Development Organization, and Directorate of Mineral
Resources Inventory, Indonesia. Then, we have applied two-dimensional (2-D) and three-
dimensional (3-D) inversions to the MT data for the geological interpretation of geothermal res-
ervoirs. The inversion algorithms used in this work are based on the linearized least-squares
mversion with smoothness regularization. In addition to the subsurface resistivity structure,
static shifts in apparent resistivity were also solved simultaneously in the 3-D inversion. The
comparison of 2-D and 3-D models has revealed consistent results with each other and that the
3-D 1inversion technique has become practical. However, there still are some drawbacks in both
2-D and 3-D inversions. When applied to real 3-D environments, the 2-D inversion may create a
distorted structure caused by a 3-D structure beneath or off the survey line. On the other hand,
since the 3-D technique applied in this work assumes a homogeneous media when computing the
Jacoblan matrix (sensitivity matrix), it may also create ambiguous anomalies when applied to a
structure of large resistivity contrast. The 3-D resistivity models of the major survey area,
Mataloko, in Bajawa have the following features. The surface layer is mostly resistive, corre-
sponding to less-altered volcanic rocks, except the geothermal manifestation zone, where
resistivity 1s low from the surface. Below this surface layer is a very conductive layer that
spans almost the entire survey area. Beneath the manifestation zone, resistivity 1s approxi-
mately 1 ohm-m and its thickness 1s approximately 400 - 500 m. This layer is interpreted as the
clay-cap of the reservoir system. Pilot drilling data revealed the existence of montmorillonite in
this zone. The resistive basement below the low-resistivity layer is interpreted as the hot-water
circulation zone. The basement is the shallowest at the manifestation, approximately at a depth
of 500 m, while it becomes deeper rapidly in the western half of the surveyed area.

1. Introduction

The electromagnetic (EM) method is one of the
most essential tools for investigating geothermal
reservoirs. Among various EM methods, the mag-
netotelluric (MT) and controlled-source audio-
frequency magnetotelluric (CSAMT) methods are
most commonly applied to geothermal exploration
worldwide. The reasons are: 1) these methods can
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investigate at considerable depths which are suitable
for geothermal exploration, 2) productivity and
quality of the data have been greatly improved by
new field equipment developed in the past decade,
and 3) new sophisticated interpretation techniques
have been developed and used in many case studies
(e.g., Romo et al., 1997; Los Banos, 1997; Bromley et
al., 2000; Uchida et al., 2000).

A typical resistivity structure of a geothermal
reservoir is characterized by the following two fea-
tures (e.g., Uchida, 1990; Johnston et al, 1992;
Arnason and Flovenz, 1992; Uchida and Mitsuhata,
1995; Uchida, 1995; Arnason et al, 2000; Ussher et
al., 2000).

Keywords: magnetotellurics, 2-D interpretation, 3-D inter-

pretation, resistivity, geothermal reservoir, Bajawa geo-
thermal field, Flores Island, Indonesia
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* A reservoir zone generally has lower resistivity
than the surrounding non-geothermal areas, be-
cause the formation resistivity decreases as the
formation temperature increases.

The lowest resistivity in the reservoir system is
usually associated with the cap layer where low-
temperature clay minerals, such as mont-
morillonite, are abundant. On the other hand, the
zone of high-temperature hot-water -circulation,
which 1s beneath the cap layer, has a higher
resistivity than the clay-cap.

These key interpretations have been gradually ac-
cepted by geothermal engineers worldwide in the
past decade due to the accumulation of high-quality
EM case studies by many EM geophysicists.

However, resistivity structures in real geothermal
fields are not always simple and vary among geo-
thermal fields. Therefore, more detailed investiga-
tions by EM methods at many geothermal fields are
necessary for an appropriate interpretation.

In this work, we conducted an MT survey in the
Bajawa geothermal field, central Flores, Indonesia in
September 1999. It is under the research project
called "Exploration of Small-Scale Geothermal
Reservoirs in Remote Islands in Eastern Indonesia,"
which 1s being jointly conducted by the Geological
Survey of Japan (GSJ), New Energy and Industrial
Technology Development Organization (NEDO), and
Directorate of Mineral Resources Inventory (DMRI).
The purpose of the MT survey is to provide inte-
grated information on the electrical resistivity dis-
tribution of the Mataloko, Bobo and Nage mani-
festation areas, in conjunction with the CSAMT
data obtained by NEDO and DMRI in 1999 and DC
resistivity data obtained by DMRI in 1997 and 1998
(Andan et al, 1997; Uchida and Andan, 1999). We
have applied two-dimensional (2-D) and three-
dimensional (3-D) inversions to the MT data.

The 2-D inversion is now routinely used for the
interpretation of MT and CSAMT data in geother-
mal exploration and has been successfully providing
detailed resistivity information on geothermal reser-
voirs, because of advanced field equipment and so-
phisticated 2-D inversion codes that have been
developed in the past decade (e.g., deGroot-Hedlin
and Constable, 1990; Smith and Booker, 1991;
Uchida and Ogawa, 1993; Uchida, 1993; Ogawa and
Uchida, 1996; Siripunvaraporn and Egbert, 2000;
Rodi and Mackie, 2001).

However, due to complicated geological environ-
ments, which we often encounter at geothermal
fields, a 2-D interpretation sometimes fails to pro-
duce realistic models. The TE-mode data are more
sensitive to a deep conductive anomaly in a 2-D
situation than the TM-mode data. However, unless
the subsurface structure is almost 2-D, we usually
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can not achieve a good fitting for the TE-mode data
in a 2-D inversion. On the other hand, the fitting of
the TM-mode data in a 2-D inversion can be more
easily achieved even for a 3-D like structure. This is
why we often utilize only TM-mode data for 2-D in-
version in geothermal exploration. However, even if
the data misfit of the TM-mode data is small, the
resultant 2-D model may be unrealistic or contain
false anomalies. Particularly, the resistivity model
of deeper parts of the reservoir structure is often
ambiguous. This is also the case for other natural
resource exploration and geoscientific researches,
such as oil exploration or volcano studies. There-
fore, sophisticated 3-D interpretation techniques are
now greatly needed for the understanding of true
resistivity structures in various applications.

To meet such requirements, there have been inten-
sive researches on 3-D MT inversion in the past
decade (e.g., Sasaki, 1999, 2001; Newman and
Alumbaugh, 2000; Zhdanov et al, 2000; Sasaki and
Uchida, 2001; Hursan and Zhdanov, 2001; Mackie et
al., 2001). Since the EM inversion is mostly a non-
linear problem, we usually apply a linearized itera-
tive least-squares scheme in the inversion. For 1-D
and 2-D cases, these inversion methods are per-
formed successfully within a relatively short compu-
tation time. However, for a 3-D case, a great
amount of computation time is required for the
linearization in a full 3-D modeling. To overcome
this, several approximation approaches have been
developed and reasonable resistivity models have
been reported (Zhdanov et al, 2000; Mackie et al,
2001). In this work, we use an inversion method
that i1s based on the conventional linearized least-
squares scheme (Sasaki, 2001; Sasaki and Uchida,
2001). In this method, the Jacobian matrix (sensitiv-
ity matrix) 1s approximated for a homogeneous
media to save the computation time.

We applied the 3-D inversion technique to the MT
data obtained in the Bajawa geothermal field in
Indonesia. This is one of the first applications of a
3-D interpretation to MT data in geothermal explo-
ration in the world. Our aims are to evaluate how
the 3-D program works on real field data and ex-
amine the 3-D resistivity features of the geothermal
area.

2. MT Data

Flores Island is located in the Nusa Tenggara
Timur (NTT) Province, eastern Indonesia. It is one
of numerous volcanic islands along the Sunda Island
Arc, which spans almost the whole Indonesian coun-
try from west to east. The Bajawa geothermal field
1s located in the central part of the Flores Island
(Fig. 1).

Figure 2 is a blown up map of the Bajawa and
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Fig. 1 Location of Flores Island and the Bajawa area.
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Fig. 2 MT survey stations (black dots) on a topography contour in the Bajawa area. Open squares
are major surface manifestations; dashed lines indicate major lineaments of young volcanic cones.
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Fig. 3 Survey lines for 2-D interpretation. The CSAMT sites were arranged every 100
m on the survey lines. Station numbers are shown for several MT sites. Thin solid

lines are major local roads.

surrounding areas. The survey area is on a high-
land, whose average elevation is approximately 1000
m. The area i1s underlain mostly by young volcanic
formations (WestJec and MRC, 2000; Muraoka et
al., 2000). There are two active volcanoes; Mt. Inerie
and Mt. Inerika are west and north of the survey
area, respectively. Also, there are numerous small
volcanic cones that are younger than 0.5 Ma. Three
major surface geothermal manifestations, Mataloko,
Bobo and Nage, are located in the studied area. We
can recognize a north-south trending lineament of
volcanic cones from Mt. Inerika to Bobo. Another
trend in the NW-SE direction is seen from the vicin-
ity of Bajawa City to the Mataloko area.

The MT survey lines were arranged to cross the
major trend of volcanic cones (Fig. 3). Five NE-SW
survey lines, Lines B-F, were arranged around the
Mataloko manifestation zone. Two NW-SE survey
lines, H and I, were set from the Bobo manifesta-
tion to the Nage manifestation zone. The total num-
ber of MT stations 1s 53; 41 on the Mataloko lines
and 12 on the Bobo-Nage line. The station interval
1s approximately 600 m on the lines. The line spac-
ing in the Mataloko area is approximately 500 m. A
remote reference site was set up at the Mengeruda
manifestation, which 1s approximately 15 km away
north of the Mataloko area (Fig. 2). The MT signal
recording was done for 15 hours from evening to
the next morning simultaneously at three or four
stations, including the remote site. Synchronization
between the survey sites and remote site was
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maintained by a GPS clock signal.

Figure 4 shows examples of MT data at two sta-
tions in Mataloko. Figure 4a is an example of good
quality data at Station 128 (Line E) and Fig. 4b is
an example of poor quality data at Station 111 in a
village (Line C). No error bars can be seen in the
graphs of apparent resistivity and phase in Fig. 4a,
although those with a size of one standard deviation
are actually plotted. Small noises at around 60 Hz
and 0.1 Hz can be observed at Site 111. The quality
of the data is generally very good at most stations
as shown in Fig. 4a, not only because there is no
large artificial electromagnetic noise sources like
power lines, but also the remote reference analysis
eliminated local man-made noises or wind noises.

Figure 5 shows distributions of determinant ap-
parent resistivity and induction vectors at four fre-
quencies in the Mataloko area. Apparent resistivity
1s high at 120 Hz, decreases at 8 Hz and 0.3 Hz, and
it becomes large at 0.01 Hz. The contours at 8§ and
0.3 Hz show a large low resistivity anomaly located
at the center of the survey area, which is near the
manifestation zone. The total conductance of the
low-resistivity layer must be large in this zone.

The tipper amplitude is small at high frequencies
above 1 Hz; then increases as the frequency de-
creases (Fig. 4). The induction vector points toward
a zone whose resistivity is smaller than the station.
When the tipper is small (the induction vector is
short), lateral change of resistivity is small. On the
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Fig. 4 Examples of MT data in the Mataloko area: (a) Station 128 on Line E, and (b) Station 111
on Line C. Apparent resistivity (upper-left), phase (lower-left), tipper magnitude (upper-right),
and strikes and rotation direction (lower-right) are shown. The impedance is rotated to the di-
rection of -45 degrees (northwest). Error bars of one standard deviation are also shown.
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Fig. 5 Distribution of determinant apparent resistivities and induction vectors in the Mataloko area at 120 Hz (up-
per-left), 8 Hz (upper-right), 0.3 Hz (lower-left) and 0.01 Hz (lower-right). The unit of the induction vector cor-

responds to the length of 2 km.

other hand, if the tipper is large, the station is lo-
cated on a zone of rapid resistivity change in the
lateral direction. For example, the vectors generally
point northwestward at 0.3 Hz. It means that a
large low-resistivity zone is located in the north-
western part of the survey area. A typical depth of
such a low-resistivity layer is approximately 2 km,
which 1s the skin depth when we assume a
resistivity of 5 ohm-m at 0.3 Hz. At 0.01 Hz, all the
induction vectors are large and point southward, be-
cause there is a huge low resistivity zone far to the
south, which is the Indian Ocean (Sabu Sea).
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3. 2-D Interpretation

3.1 Inversion Procedure

We carried out a 2-D inversion for all survey lines
in the Mataloko and Bobo-Nage areas. Since
CSAMT data were obtained by NEDO and DMRI at
the same time, we also incorporated them into the
inversion (Fig. 3).

We rotated the MT impedance to the direction of
the survey line, assuming that the strike direction
is perpendicular to the line. We used so-called TM
mode data, which is an electric field in the line di-
rection and a perpendicular magnetic field, for the
inversion. The number of frequencies used was 12,
ranging from 0.07 Hz to 120 Hz.
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Fig. 6 The 2-D models of the survey lines in the Mataloko
area. Both MT (TM mode) and CSAMT data were used
for the inversion. Site numbers are shown only for MT
stations.
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The interval of CSAMT and MT sites was 100 m
and approximately 600 m, respectively. At a site
where both CSAMT and MT data were obtained,
the MT apparent resistivities were shifted to fit the
CSAMT apparent resistivities. The number of
CSAMT frequencies used was 8, ranging from 8 Hz
to 1024 Hz. The CSAMT phases at high frequencies
were somewhat biased, so they were removed from
the observed data.

Both apparent resistivity and phase were used as
the observed data. Minimum noise assumed was 3 %
in the apparent resistivity and an equivalent
amount in the phase for MT data. A 5 % noise was
assumed for all CSAMT data, because no informa-
tion on observation errors was available. The for-
ward modeling was done by the finite-element
method with topography incorporated. The inversion
method that was used is the linearized least-squares
scheme with smoothness regularization. The minimi-
zation of the data misfit and model roughness is si-
multaneously achieved by introducing the Bayesian
likelihood (Uchida and Ogawa, 1993; Uchida, 1993).

3.2 Mataloko Lines

Figure 6 shows the resistivity models obtained by
2-D inversion of the five survey lines in the
Mataloko area. Notice that the same two sites, 138
and 139, were used on the left end of Lines B and
C. Sites 140 and 141 were used for the right end of
Lines D and E. Figure 7 compares the observed and
modeled MT responses of all sites on Line E.

The inversion was stably performed. Although the
final root-mean-squares (rms) misfit is still 1.7 for
Line E, the fitting between the observed and theo-
retical apparent resistivities and phases is very good
(Fig. 7). The detailed shallow structure, shallower
than 1 km, was determined very well due to the
dense CSAMT sites.

The typical features of the 2-D models are as fol-
lows:

* There 1s a thin surface layer of high resistivity,
except the zone around the Mataloko manifesta-
tion. It corresponds to volcanic rocks and tuffs
that have experienced only a little alteration.
Below this surface layer is a very low-resistivity
layer. It i1s distributed almost over the entire sur-
vey area. An average thickness at the center of
the area is several hundreds of meters, and
resistivity 1s very low, as low as 1 ohm-m.
Although the surface manifestation is observed
only around Lines D and E, the area of this low
resistivity layer is much wider. The low resis-
tivity layer becomes thicker in the western part
of the area, but resistivity also becomes higher.
There 1s a high resistivity layer in a deeper zone.
The average elevation at the center zone 1is
slightly above the sea level. Resistivity of the
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Fig. 8 The 2-D model of the survey lines in the Bobo-Nage area. Preliminary geothermal

interpretations are also shown.

layer 1s generally higher at the eastern side of
the area, where a maximum resistivity of more
than 1000 ohm-m was interpreted.

These models are consistent with 2-D models ob-
tained by the inversion of Schlumberger data ob-
tained in 1997 and 1998 (Uchida et al, 2002). A
detailed interpretation of the Mataloko MT data
will be discussed in the section of 3-D interpretation
later.

3.3 Bobo-Nage Line

Figure 8 shows the 2-D inverted model of the
Nage-Bobo line. The data of both Line H (west half)
and Line I (east half) were inverted simultaneously.
Line H crosses the Bobo manifestation that is lo-
cated on a slope of a volcanic cone. Line I does not
directly cross the Nage manifestation zone that is
located in a basin structure (Fig. 3), but passes the
southern edge of the Nage manifestation. Since the
topography 1s very steep in the Bobo and Nage
areas, the quality of the MT data at some sites and
phase data at many CSAMT sites was poorer than
the Mataloko data.

The resistivity structure of the Bobo-Nage line is
more complicated than the Mataloko area. The shal-
low part of the Bobo area is characterized by a re-
sistive body that corresponds to young volcanic
cones. A shallow low-resistivity anomaly can be rec-
ognized at the Bobo manifestation corresponding to
the alteration zone in the manifestation. Below the
resistive body, there is a large low-resistivity layer
at around the sea level. It continues westward then
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upward to the Bobo manifestation. On the eastern
side, it outcrops around sites 206 and 207, where an-
other surface alteration zone and fumarole are rec-
ognized at the surface. The low-resistivity layer at
the sea level might be associated with a high-
temperature zone of the Bobo volcanics.

On Line I, there is a shallow low resistivity
anomaly at Nage. However, its size is small and its
resistivity, around 10 ohm-m, 1s not so low com-
pared with the Mataloko manifestation. Also, there
is a large high-resistivity zone below sea level.

There are a large surface alteration zone and out-
flows of hot water and steam in the Nage area. The
geological survey indicates that the volcanic rocks in
the Nage area is older than 1 Ma and form a base-
ment of the young post-caldera volcanics (Westdec
and MRC, 2000). The high-resistivity body in the
deeper portion may correspond to the old volcanic
rocks that have not experienced intensive alteration.
However, the resistivity model can not tell the loca-
tion of the upflow path where the deep geothermal
water moves to the surface.

One interpretation is that hydrothermal water
flows from the roots of the Bobo volcanoes, proba-
bly below sea level, to Nage as indicated by the
large low resistivity layer that continues from the
deeper part of Bobo to Nage. Another interpretation
is that the geothermal system beneath Nage does
not produce much low-temperature clay minerals,
such as montmorillonite, and the formation
resistivity does not become low, even though there
are fluid paths in the basement from directly be-
neath the Nage area.
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4. 3-D Interpretation

4.1 Inversion Scheme

The 3-D inversion scheme used in this work is
based on the linearized iterative least-squares
method with smoothness regularization (Sasaki,
1999, 2001). The forward modeling for a given arbi-
trary 3-D earth was by the finite difference method
(FDM). The electric field was first solved in fre-
quency domain. Then, the magnetic field was com-
puted from the obtained electric field. For a finite
difference with a staggered grid, the solution re-
gion, including both air and earth, was discretized
into rectangular cells. The topography was not in-
corporated.

The Jacobian matrix consisting of partial deriva-
tives (sensitivities) of MT responses with respect to
block resistivities in the 3-D model should be evalu-
ated from an estimated model at each iteration in
the usual iterative least-squares inversion. However,
in this work, sensitivities of the MT responses were
once obtained for a homogeneous earth, and the
same sensitivities were used at all iteration steps.

In addition to block resistivities in a 3-D model,
static shifts were also treated as unknowns in the
inversion (Sasaki, 2001). A static shift is caused by
shallow small inhomogeneities, and observed as a
frequency-independent bias on apparent resistivity
values, without changes in phase values. The

amount of the shift is completely arbitrary and im-
possible to estimate from the observed apparent
resistivity data. In our inversion, a Gaussian distri-
bution of static shifts was assumed. We applied a
regularization that the norm of static shifts is close
to zero.

To stabilize the model correction at each iteration
step, smoothness regularization was adopted. An op-
timum smoothness was searched based on the misfit
minimization at each iteration. However, optimiza-
tion of the weight for the static-shift minimization
was basically by a trial-and-error basis.

The objective function U to be minimized in the
inversion is defined as

U=|Wld—F (m)— Gs)|*+ 2:(| Cml*+ B s|%) (1)

where W is the weight defined from observation er-
rors, d is the observed data (apparent resistivity and
phase), m i1s a 3-D resistivity model, F' is a non-
linear function that works on the model m to pro-
duce MT responses, C is a roughening matrix, s is
static shifts, and G is a matrix that relates static
shifts and the MT responses. The first term of the
right-hand side is for the misfit minimization and
second term 1s for roughness and static-shift mini-
mization. The A and S are trade-off parameters
for roughness minimization and static-shift minimi-
zation, respectively, with regard to the misfit mini-
mization.
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Fig. 9 Two mesh settings, Case-1 and Case-2, for 3-D interpretation in the Mataloko area.
Rectangles indicate the zones of fine grid for the finite-difference mesh discretization.
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We applied the 3-D inversion to the MT data at
the Mataloko area (Fig. 9). There were 39 MT sites
used for the 3-D inversion. Since the 3-D inversion
code currently utilizes only the off-diagonal compo-
nents of the impedance, Z, and Z., it may be im-
portant to choose an appropriate rotation direction.
Therefore, we selected two rotation directions: 90
degrees (x-axis 1s east) and 45 degrees (x-axis is
northeast). We refer to the former case as Case-1
and the latter as Case-2. Then, we carried out 3-D
inversion for each dataset with different mesh
discretization (Fig. 9) in order to compare the effect
of the rotation direction in the final models.

Twelve frequencies, from 0.03 Hz to 60 Hz, were
used for the inversion. The size of the cells at the
surface in the interpreted zone (shown by rectangles
in Fig. 9) was 200 m (or 125 m) horizontally and 100
m vertically. Gradually coarser cells were added out-
side the interpreted zone. The number of finite dif-
ference cells was approximately 50 - 60 in the x
and y- directions and 33 in the zdirection. In the
inversion code, MT stations must be at the surface
nodes of the finite difference mesh. Therefore, the
location of each MT station was shifted to the near-
est node point on the mesh.

The initial model was a homogeneous half space,
whose resistivity was the average of the observed
apparent resistivities. The partial derivatives were
obtained from the initial model. The underground
resistivity structure was represented by numerous
rectangle blocks whose resistivities were dealt un-
known in the inversion. The size of the blocks is ap-
proximately 400 m horizontally. The numbers of
observed data was 1870, and the number of model
parameters was 1900 for Case-1 and 1820 for Case-2.
The MT responses used for the inversion were ap-
parent resistivities in natural logarithmic domain
and phases. For the weighting matrix W, a noise
floor of 1 % was assumed.

Selection of the optimum smoothness was done
based on the misfit minimization. Among several
candidate values of A, the value that provided the
smallest misfit was chosen at each 1iteration.
Regarding the trade-off for the static shift minimi-
zation, we tried a few values of B and compared
the final misfits.

Figure 10 shows how the rms misfit decreased as
a function of iteration with respect to parameter
B for Case-1. When B 1s large, the solved static
shifts are relatively small. On the other hand, when
B 1s small, the bias of apparent resistivity curves
tends to be explained mostly by static shifts. We
can recognize that if we do not include static shifts
as unknowns, the rms misfit can not become small
after a certain number of iterations. If B 1is too
small (e.g., B=1), the rms misfit does not decrease
much after several iterations. When S is 2 or 4, the
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Fig. 10 The rms misfit as a function of iteration numbers
in the 3-D inversion for Case-1. Four values of B were
tested for the trade-off between the minimization of the
data misfit and norm of static shifts.

misfit continues to decrease. Although the final rms
misfit of approximately 8 is still a large value, we
decided to use the model using B=2 in this case.

4.2 Inversion Results

The 3-D models obtained by the inversion for
Case-1 and Case-2 are shown in Figs. 11 and 12 as
depth-slice sections. Figure 13 shows examples of
MT responses on Line E.

When there is a gap between apparent resistivities
of the two components, Z, and Z,., at high frequen-
cies and we do not consider static shifts in the in-
version, high frequency apparent resistivities can
not be explained by a 3-D model (see Site 124 in
Fig. 13a). However, these gaps can be well matched
by assuming appropriate static shifts (Fig. 13c). In
the latter, the pure 3-D responses mostly try to fit
to the phases and the shape of apparent resistivity
curves (Fig. 13b). This means that the consideration
of the static shift is necessary for the 3-D inversion
unless we use very small blocks for shallow layers.

Although the data look different between the two
rotation directions, Case-1 and Case-2, both data
were well explained by individual inversions (Figs.
13c and 13d). Also, the two models obtained by in-
versions for Case-1 and Case-2 are very consistent
with each other in the interpreted zone (Figs. 11
and 12), showing the same resistivity patterns in de-
tails on each depth slice. The average of the esti-
mated static shifts is approximately 0.3 in natural
logarithm for both cases. These results indicate that
the rotation direction is not so crucial for a 3-D in-
version even though we only used the off-diagonal
components of the impedance.

In the 3-D discretization, we moved the location of
the MT stations to the nearest node points on the
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Fig. 11 The 3-D depth slice model of the inversion for Case-1. The trade-off parameter for static shift, 8, is 2. Small

black dots indicate MT stations.

3-D mesh by a maximum of 100 m. These move-
ments are almost random and different between
Case-1 and Case-2. Judging from the similarity of
the two 3-D models, it seems that the effect of these
movements 1s not significant.

When we compare the apparent resistivities of the
Case-1 and Case-2, the splitting between the two
components, Z, and Z,, at lower frequencies 1s big-
ger for Case-1 than Case-2 (Fig. 13). It indicates
that the major strike direction in the deep structure
1s either N-S or E-W. It is consistent with the shape
of the high resistivity anomaly detected by the two
3-D models in Figs. 11 and 12.

When we check the impedance skew in the origi-
nal data, the skew values are generally small, less
than 0.3, at many stations. It means that three-
dimensionality 1s not so significant in this field.
However, there are observed high skew values,
greater than 0.3, at low frequency data at several
stations in the northeastern part of the surveyed
area. The reason 1s that the deep high-resistivity
basement has a 3-D shape and creates a significant
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three-dimensionality.

The western half of the deep model is character-
ized by a low-resistivity zone from a depth of 400 m
to 1.5 km. When we assume an average resistivity
of 1 - 2 ohm-m, this is consistent with the induction
vectors at 0.3 Hz that point west or northwest di-
rections (Fig. 5), suggesting that the low resistivity
body expands to this direction outside of the sur-
veyed area.

Figure 14 compares the 3-D models with 2-D in-
version models on survey lines B and E. Note that
the 2-D models utilize the dense CSAMT data as
well as the MT data. The horizontal size of the sur-
face blocks is 100 m for the 2-D models and 400 m
for the 3-D models. Therefore, the 2-D models can
provide a more detailed structure for shallow parts,
while resistivity distribution in the 3-D models is
smooth. Even so, the general features of these sec-
tions agree very well.

The shapes of the high-resistivity surface layers
are almost the same. Lower boundaries of the low-
resistivity layers are also almost the same between
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Case-2 =2

Fig. 12 The 3-D depth slice model of the inversion for Case-2. The trade-off parameter for static shift, 8, is 2.

Small black dots indicate MT stations.

2-D and 3-D. Very conductive anomalies in this
layer, around 1 ohm-m, are more scattered in the 2-
D models, but are more concentrated beneath the
center of the lines in the 3-D models.

Resistivity distribution in the resistive basement
1s different between the 2-D and 3-D models. Very
resistive zones were obtained by 2-D inversions on
the right side of the sections for both Lines B and
E. The difference is more significant for Line B.
When we only use TM-mode data for 2-D inversion,
resolution for deep structures usually becomes poor.
We recognized from the 3-D models that the major
strike of the resistive basement is in the east-west
direction. However, the 2-D lines are oriented in the
NE-SW direction. Therefore, the deep resistive
anomaly in the 2-D model of Line B may be an ar-
tifact caused by a lateral effect from this 3-D-
shaped resistive basement east of Line B.

On the contrary, we should also note that these
3-D models contain ambiguities because the Jacobian
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matrix i1s based on the assumption of a homogene-
ous media. The deep resistive anomaly in the east-
ern half of the 3-D model may not be accurately
inverted, because the Jacobian matrix for these
blocks is inaccurate due to the very low-resistivity
layer located above them.

Although the quality of the observed data was
very good, the final rms misfit, normalized by the
1 % noise-floor weight, is approximately 8 for Case-
1 and 7 for Case-2. This means that the 3-D models
are not able to explain the observed data perfectly.
If it is a 2-D case of the TM mode, the inversion
can reduce the misfit more but produces some arti-
facts or extreme structures. However, for a 3-D
case, it is difficult to explain both the Z, and Z.
data simultaneously. Therefore, we can not help
staying on a smoother model. It may be a limita-
tion of the current 3-D technique and should be a
research subject in the near future.
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Fig. 13 Examples of 3-D responses on Line E in Mataloko. Circles are observed data, and lines are computed
data. Open circles are the xy-components and solid circles are yx- components (a) 3D responses for Case-1
without static shift consideration, (b) pure 3D responses for Case-1 with 8=2, (c¢) 3D responses and static shifts
combined for Case-1 with 8=2, and (d) 3D responses and static shifts combmed for Case-2 with 8=2.

5. Geological Interpretation

Figure 15 shows a preliminary geological and geo-
thermal interpretation of the 3-D MT models. A
surface alteration zone was recognized at the center
of the Mataloko area by a geological survey (Fig.
15, upper-right figure). The size of the alteration
zone 1s relatively small on the surface; approxi-
mately 1 km in length along a small creek in the
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east-west direction. A geochemical survey revealed a
high mercury concentration in the same zone, which
i1s widely extending in the NE-SW direction
(WestdJec and MRC, 2000). The surface low
resistivity anomaly, which is extending in the east-
west direction, i1s much wider than these two geo-
logical and geochemical anomalies (Fig. 15, upper-
right figure). There seems to be a shallow hidden
(does not outcrop) alteration zone that is surround-
ing the surface alteration zone and much wider than
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Fig. 14 Comparison of 2-D and 3-D models on Lines B and E in Mataloko. The 3-D sections are extracted

from models in Fig. 12.

the anomalies. The hidden alteration zone must be
overlain by a very thin high-resistivity layer, be-
cause even the highest frequency (120 Hz) data did
not detect it but directly responded to the low-
resistivity hidden alteration zone.

The low-resistivity layer at depths between 100 m
and 500 m widely spreads in the Mataloko area.
Particularly, the very conductive zone, around 1
ohm-m, has a size of greater than 2 km in the east-
west direction at a depth of 250 m (Fig. 15, middle-
right figure).

The NEDO drilled two shallow exploration wells,
MT-1 and MT-2, with a total depth of 207 m and
162 m, respectively, near the manifestation in
Mataloko in the year 2000 (WestdJec and MRC,
2001). From the analysis of the cuttings, they recog-
nized kaolinite and montmorillonite in volcanic
rocks as major clay alteration minerals. The very
conductive layer corresponds to the montmorillonite-
rich zone, and it can be interpreted as the cap layer
of the reservoir system. They also recognized
wairakite from the bottom of the wells. It indicates
that high-temperature hot water circulated up to
this depth level. However, thickness of the low-
resistivity layer is more than 400 m near the drill-
ing sites, and the thickness of the clay cap must
also be a similar value. Therefore, the high-
temperature hot water seems to have circulated up-
ward through permeable fractures in the cap layer.

A deep high resistivity anomaly can be seen in
the eastern half of the 3-D model. The shallowest
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portion is beneath or east of the manifestation. This
can be interpreted as the reservoir zone of the geo-
thermal system. Of course, it is not possible from
the existing survey data to identify the locations of
the upflow zone of the geothermal circulation and
the heat source of the geothermal system. Also, it
is not easy to identify any fault structures or dis-
continuities in the high resistivity anomaly, other
than the discontinuity that is surrounding this
high-resistivity anomaly. However, we can say that
this portion is a potential target of future develop-
ment.

6. Conclusions

We conducted an MT survey in the Bajawa geo-
thermal field in central Flores Island, eastern
Indonesia, under a joint research project among
DMRI, NEDO and GSJ on the exploration of small-
scale geothermal resources of the remote islands in
Indonesia. We have applied 2-D and 3-D inversions
to the MT data for the geological interpretation of
geothermal reservoirs.

The 3-D inversion algorithm used in this work is
based on the linearized least-squares inversion with
smoothness regularization. In addition to the sub-
surface resistivity structure, the static shift in ap-
parent resistivity was also solved simultaneously in
the inversion.

The following were understood through the 3-D
nversion.
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Fig. 15 Interpretation of 3-D resistivity models for geothermal reservoirs in the Mataloko area. Zones of surface
alteration and soil mercury anomalies greater than 2.4 ng/cm® are shown in the upper-right figure (WestJec
and MRC, 2000). Drilling data for wells MT-1 and MT-2 are also shown in the upper-left figure (WestJec and

MRC, 2001).

« Although we used the Jacobian matrix of a ho-
mogeneous half space for all the iteration steps,
the inversion worked well for real field data.

* Inclusion of the static shift in the inversion is es-
sential to achieve a sufficient fitting for high-
frequency apparent resistivities.

* Rotation direction of the MT impedance and di-
rection of the mesh discretization are not crucial
for the final results.

Comparison of the 2-D and 3-D models has re-
vealed that the results are consistent with each
other and the 3-D inversion technique has become
practical. However, there still are some drawbacks
in both 2-D and 3-D inversions. When applied to
real 3-D environments, 2-D inversion may create a
distorted structure caused by a 3-D structure
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beneath or off the survey line. The deep resistive

anomaly obtained in the 2-D model of Line B may

be an artifact caused by a lateral effect from the 3-

D-shaped resistive basement located east of Line B.

On the other hand, since the 3-D technique applied

in this work assumes a homogeneous media when

computing the Jacobian matrix, it also may create
ambiguous anomalies when applied to a structure of
large resistivity contrasts.

The 3-D resistivity models of the Mataloko area
are characterized by the following features:

» Surface layer is mostly resistive, corresponding to
less-altered volcanic rocks, except the manifesta-
tion zone, where resistivity is low from the sur-
face. This low-resistivity zone is wider than the
area of surface alteration and soil mercury anom-
aly.
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* Below this resistive layer is a very conductive
layer that spans almost the entire survey area.
The resistivity is very low, as low as 1 ohm-m,
beneath the manifestation zone. Its thickness is
approximately 400 - 500 m at the manifestation
zone. This layer is interpreted as the clay-cap of
the reservoir system. Pilot drilling data revealed
the existence of montmorillonite in this zone.
The resistive basement, below the low-resistivity
layer, i1s the shallowest, at approximately a depth
of 500 m, beneath the manifestation. It rapidly
becomes deeper in the western half of the sur-
veyed area. This layer corresponds to the hot-
water circulation zone of the reservoir system,
and can be a target of future development.

The 2-D resistivity model of the Bobo and Nage
areas are as follows:

* Two manifestation zones, Bobo and Nage, are
characterized by small shallow conductive anoma-
lies.

* The bodies of the Bobo volcanic cones are resis-
tive. However, there is a deep conductive layer
around sea level. It may be associated with a
high-temperature zone of the volcano system.

* The path of hydrothermal water upflow to the
Nage manifestation is not interpreted clearly from
the resistivity model. It may be either from the
deep heat source beneath the Bobo volcanic cones
or from an unknown source directly beneath the
Nage area.

It is obvious that 2-D interpretation has limita-
tions when applied to complicated 3-D environments
in geothermal fields. The 3-D inversion has been ap-
plied to MT field data for geothermal exploration in
this work for the first time in the world. We have
recognized that the 3-D technique can be success-
fully applied and can produce a more realistic
resistivity model. However, the 3-D models that we
have obtained still have some ambiguities as de-
scribed above. In this respect, further improvement
1s necessary in the 3-D inversion technology.
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