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Abstract: Self-potential (SP) surveys were carried out in the Mataloko and Nage geothermal
fields, Flores Island, East Nusa Tenggara, Indonesia. As a result, the highest positive SP anom-
aly in Mataloko was observed at the geothermal manifestation area. The numerical simulation
result shows the limit of the upflow zone. On the other hand in Nage, no single clear positive
anomaly can be seen. The SP profile along the Wae Bana River in Nage suggests the existence
of multiple local discharge zones along the river.

1. Introduction

The SP surveys were carried out in 1998 and 1999
at the Mataloko and Nage geothermal prospects,
Flores Island as a part of the Japan-Indonesia coop-
erative research project "The Exploration of Small-
scale Geothermal Resources in the Eastern Part of
Indonesia". This project 1is conducted by the
Geological Survey of Japan, New Energy and
Industrial Technology Development Organization
and Volcanological Survey of Indonesia. Throughout
this project, geological, geochemical and geophysical
surveys were widely performed in the middle part of
Flores Island including a resistivity survey that is
essential for detailed SP data analysis.

The SP survey has been widely conducted for geo-
thermal field exploration. However most SP data
have been interpreted merely qualitatively. Generally
a positive SP anomaly is interpreted as a discharge
zone and negative as a recharge zone. However the
exact location of these flow zones are not necessar-
ily corresponding to the biggest SP anomaly be-
cause of the heterogeneity of the subsurface
physical structure (Yasukawa et al, 1993). Therefore
a SP data analysis in consideration of the hydro-
logical and electrical structure is valuable for its in-
terpretation (Yasukawa and Mogi, 1998).
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The first part of this paper presents the SP sur-
vey in the Mataloko geothermal area conducted in
1998. A two dimensional numerical model (cross-
sectional model) of fluid flow and its induced SP
along a survey line in Mataloko will be introduced.
The result of this numerical simulation suggests the
existence of a high permeability zone and indicates
its extent. The SP survey in the Nage geothermal
area in 1999 will be explained. At the end of this
paper, the differences of the Mataloko and Nage
geothermal fields based on the SP survey results
will be discussed.

2. Mataloko and Nage geothermal prospects

The Mataloko and Nage geothermal fields are lo-
cated about 10 km southeast of Bajawa town, in the
middle of Flores Island, Nusa Tenggara, Indonesia
(Fig. 1). Active volcanoes Inerie and Inelika exist
south and north of Mataloko, respectively. The
basin between these two volcanoes has a length of
10 km in the NNW-SSE direction. The older volca-
noes exist only at the edge of this basin while
younger volcanoes widely exist in the inner part.
Therefore this basin 1s considered as a caldera
(Muraoka et al, 2000).

A surface manifestation of geothermal steam and
hot springs can be seen in the Mataloko area (Fig.
2). The main manifestation area, which elevation is
around 1000 m, is located along the valley of the
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Fig. 1 Locations of the Mataloko and Nage geothermal fields.

Wae Luja River which runs eastward. Some altera-
tion zones can also be seen around this river.

Nage, elevation i1s around 500 m, has a considera-
bly large amount of geothermal manifestation along
a valley, with a hot stream named Wae Bana. A
vast alteration zone can be seen along the Wae
Bana River.

3. SP survey in Mataloko

3.1 SP measurement and results

In July 1998, a SP survey in Mataloko was con-
ducted in around the Wae Luja River, across the al-
teration zones 1identified by geological surveys.
There were 430 SP measurement points with a spac-
ing of 100 m along the survey lines. The surveyed
area 1s about 5 km and 6.5 km in the E-W and N-S
directions, respectively.

Figure 3 shows the location of the SP survey
points around the Mataloko main manifestation
area. The electric potential at the survey point P1 is
assumed to be zero. Loop corrections were applied
to thee measured SP data. Figures 4 and 5 show the
resultant SP profiles along P and V survey lines,
respectively. Dotted lines represent raw SP values
and solid ones show the SP value after loop correc-
tions. The contour lines shown in Fig. 3 are cor-
rected SP in the Mataloko main area.

The highest SP anomaly in the Mataloko area is
observed at P36 in the manifestation area along P
and V lines. On the P line, which goes across Wae-
Luja, a spike of a SP anomaly was observed. This
positive anomaly i1s limited only to the vicinity of
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the stream. On the V line, which goes along the
stream, a rather smooth slope can be seen east of
the highest anomaly but a steep drop occurs to the
west. This suggests that surface manifestations may
be present east of P36. It is consistent with the fact
that there are some hot springs in the east but
none have been identified in the west.

A large negative anomaly, not corresponding to
the topography, was observed around Y8 east of the
main manifestation area. A SP profile across this
zone 1s numerically analyzed in the next section.
The other SP profiles are rather flat and the main
causes of the anomalies are topographic effects or
artificial noise around residential areas.

3.2 Two dimensional modeling of subsurface

fluid flow and surface SP

A two-dimensional SP model was completed along
an E-W survey line (line C' in Fig. 3) with a coupled
fluid flow and SP simulator PTSP (Yasukawa et al,
1993). Line C' is located approximately 500 m north
of resistivity survey line C conducted by VSI
(Andan et al., 1997), which crosses the main mani-
festation area. The solid red line in Fig. 6 shows the
observed SP profile along line C'. This SP profile is
clearly different from the pattern expected from its
topography: the higher the elevation, the lower the
SP. Therefore effects of heterogeneity of physical
properties may exist.

In PTSP, temperature and pressure distributions
in a system are calculated based on the energy and
mass conservation equations for proper boundary
conditions. The distribution of the fluid velocity is
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Fig. 2 Geological map around the Mataloko area (after NEDO et al, 2000).

— 287 —



Bulletin of the Geological Survey of Japan, vol. 53 (2/3), 2002

- i contour; elewation {mij)

Ny L 1] _.-—:;-
gy WA SP Burvey resull (V) 30~ 0
Tk = 4 B 4050 W 4020
0 F: 1k 20-40 [ -60 - -40
[ — [Jo- 2o MM -80--60

—S51'00°

Fig. 3 SP survey points (0) in the Mataloko area.

175
1150
1125
1100
1075
1050
1025
1000
avs
S50
825
Qo0

Elevation (m)

P30 F33 P36 P39 P4z
pamnt 1D
Fig. 4 Observed SP and elevation profiles; P-line.

— 288 —



Self-potential mapping of Mataloko and Nage, Indonesia (YASUKAWA et al.)

fo W_ e 1175
Gl 1150
50 1125
40 1100 _
_ 30 1075 E
£ 20 1050 §
2 10 1025 =
0 1000 &
10 —alavation 975
-20 - raw 5P 450
.30 —e—courected 5P 525
-4 = QO
Vi Wie Wid W2 w0 P WP Wh Wi W1
peint (0
Fig. 5 Observed SP and elevation profiles; V-line.
i i Pl 3 T 1-|[;1
C-4000 T4 500 C-5000 C-5500 -0 C-a500 C-Fing
F | 1 1 I r 1 vamo
10 = 1300
| 1 20
T - 110
- E
=40 | s
r—ﬁ =30 | = L0 E
.40 | (L0 ] s
-5 a0
= pbmerved 59 == galadated 5P
50 | real  elevabon == model alEvation &30
-TO i - L —t 00
8 3.0 1.7 14 1.6 58 a.0 4.2 4.4

E-W Distanca (km)

Fig. 6 Comparison of observed and calculated SP profiles along C'-line.

thus obtained and the current source distribution
caused by fluid flow 1is calculated for a given
electro-kinetic cross-coupling conductivity as follows;
S=—-VL, u— L,V +u (1)
where S, L, and u are electrical current per unit
volume (Amp,/m?), velocity cross-coupling conductiv-
ity (Amp-sec/m?) and velocity field (m/sec), respec-
tively. The induced SP distribution 1is then
calculated for a given resistivity structure. There-
fore input data of permeability, resistivity and
cross-coupling conductivity distribution, in addition
to boundary conditions are required for the calcula-

tion by PTSP. For more details, see Yasukawa et
al. (1993).
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In PTSP, the temperature dependence of cross-
coupling conductivity will be automatically calcu-
lated. According to Sill (1983), the variation of L
with temperature T below 300 °C is approximately
described by;

L, (T) =L, 1+ CAT), AT=T —1T, (2)
where Cis a constant and subscript 0 indicates the
reference temperature 7. This equation 1s intro-
duced in PTSP with the constant C = 0.01 (°C"),
which 1s consistent with the experimental results of
Ishido and Mizutani (1981), as well as those of
Morrison et al (1978).

The upper part of Fig. 7 shows the resistivity
grid of the numerical model. It is based on the re-
sult of resistivity surveys conducted by VSI (Andan
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Fig. 8 Calculated SP profiles for different permeability models.

et al, 1997). A low resistivity layer (5 ohm-m)
reaches to a shallower depth at the vicinity of Wae-
Luja. Since a negative SP anomaly on a topographic
slope cannot result from a resistivity structure
alone (Yasukawa and Mogi, 1998), a permeability
model was also introduced.

A homogeneous permeability model and heteroge-
neous permeability models with a dome-shaped ge-
ometry same as the resistivity model were applied.
The calculation results of these models are shown in
Fig. 8 as "homogeneous" permeability model, "dome"
model and ‘'reverse dome" model, respectively.
However, the SP anomaly shown in Fig. 6 was not
reconstucted by these homogeneous or dome-shaped
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permeability models. The permeability values
adopted for these models and their calculation re-
sults are shown in Table 1 and Fig. 8, respectively.
The cross coupling conductivity L, i1s homogeneous
for these models. Whereas even with different L,
values for each layer, the tendency of the calculated
SP profiles are still the same.

Therefore a vertical contact model was considered;
a higher permeability column was assumed near the
negative anomaly zone. This model represents sub-
surface structures such as vertical faults. The calcu-
lation result for this model is shown as a "vertical
contact” model in Fig. 8 matched with the observed
SP profile. A lower permeability column was also
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Table 1 Physical property values applied for the homogenous and "dome" models.

tested, but the SP profile shown in Fig. 6 was re-
constructed only with a higher permeability column.
The width and the contrast of the high permeability
zone were adjusted until the resulting SP profile

reaches a good match with the observations.
Permeability in Fig. 7 1s thus obtained as the
finalmodel.

For the fluid flow calculation, the following
boundary conditions were adopted; a constant pres-
sure and temperature surface (1 atm, 20 °C), imper-
meable side boundaries and a constant temperature
bottom (70 °C), which gives a normal geostatic tem-
perature gradient. The L., 1s assumed as a function
of permeability because its variation 1is mainly
caused by the chemical components, which change is
considered to be small in a single reservoir.

The comparison of the observed and calculated SP
1s shown in Fig. 6. A quite good match was ob-
tained for this grid size (100 x 100 m?). High fre-
quency anomalies in the observed SP are probably
caused by the shallower features. The location of
the high permeability zone is consistent with the
fact that no hot springs occur west of P1 while
some hot springs are present east of P1. However,
according to the fluid flow simulation, the fluid in
this zone flows downward. Therefore the surface
manifestations near this line must be a quite local
phenomena. In most of the high permeability zone,
the fluid is considered to flow downward. A large
negative SP anomaly along line C' is thus caused by
this downflow.

4. SP survey in Nage

The SP survey in the Nage geothermal field was
conducted in August to September, 1999. Figure 9
shows the SP survey points in Nage and its resul-
tant SP distribution. Twenty-two survey points out
of forty-two are located along the Wae Bana River.

The Wae Bana River runs northeast to southwest.
At the upper stream around C3, the river is merely
a narrow cold stream. When the stream is mixed
with geothermal hot springs around A0, it results
in a hot river with a width of about 10m at A16.

Natural hot spring sources are identified near A2,
B0 and C1. There might exist some other hot fluid

Miodels Permeabilty {rmd) for grid with R= Lw o
_Stil} i!.-:l-.rn] ; 50 {-m) E{-m) | {mA-secim’)
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discharges around these points. The water tempera-
ture around A0 is 70 to 80 °C while that around
A16 is about 50 °C. Therefore, mixing with the cold
discharge might also be occurring between AT to
A16 beside the atmospheric cooling effect on the
river.

Figure 10 shows the observed SP profile along the
Wae Bana River. The general trend of SP, increas-
ing in the downstream, is considered to be caused
by the topographic effects: higher the elevation,
lower the SP for homogeneous ground. The sharp
positive anomaly at Cl and Al might correspond to
the surface discharge points. The other positive SP
anomaly might also indicate possible discharge
zones (or negative points be recharge zones), but
their anomaly 1s not as clear as Cl or Al so that
they are not necessarily corresponding to fluid flow
(discharge or recharge zones).

Contour lines in Fig. 9 shows that the northeast-
ern area, where some hot spring sources exist, is
not the highest SP zone of the whole survey area.
Southern survey points along the road have higher
SP even though their elevations are about 10 m
higher than the survey points along the Wae Bana
River. It 1s the opposite tendency of the topographic
effect. This result suggests, on a larger scale, a con-
siderable amount of upflow from a deep thermal
fluid source exists not under the manifestation
zones, but in the southern part of the area.

5. Discussion

In Mataloko, a single sharp positive SP anomaly
was observed at the surface geothermal manifesta-
tion zone. That is the highest SP anomaly observed
in the Mataloko area.

In the numerical modeling of Mataloko, the possi-
ble permeability model that can achieve the SP pro-
file matching with the observed data is not unique.
The vertical extent of the high permeability zone
might possibly be shallower. However, the SP nu-
merical modeling proves the existence of a high per-
meability zone and suggests the surface extent of
this zone. Therefore the combination of a resistivity
survey and SP survey is quite convenient to investi-
gate the permeability structure.
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For this numerical model, no hot fluid source was
assumed because there is no clear surface manifesta-
tion along the C' line. This SP modeling was per-
formed assuming the SP anomaly is caused only by
topographic effects, resistivity structure and perme-
ability structure. Since the SP profile along the C'
line was constructed by a model without an upflow
from a depth, this modeling suggests that the sur-
face discharge is a local phenomenon.

In Nage, the highest SP was observed at a higher
elevation along a road in a zone with no manifesta-
tions. The surface discharge identified along the
Wae Bana River might be constrained by the topog-
raphy and near surface structure; an upflow zone
from a depth might exist south of discharge zone,
where a higher SP was observed.

6. Concluslons

The SP survey was conducted in the Mataloko
and Nage geothermal areas. In Mataloko, the high-
est positive anomaly was observed at the main geo-
thermal manifestation area along the stream "Wae-
Luja" running eastward. The SP value drastically
drops toward the north, south and west while the
value gradually decreases toward east. It is consis-
tent with the fact that there exist some more hot
springs only east of the main manifestation area.

A two-dimensional numerical model for hydrologi-
cal and electrical structure was constructed for an
east-west cross-section, which 1is parallel to the C
line of the resistivity survey. The permeability
structure of this model was improved by the trial-
and-error method to obtain a good match with the
observed data while the resistivity structure is sim-
ply adopted from the result of the resistivity sur-
vey. The result suggests existence of a high
permeability zone around the main manifestation
area. However the surface discharge is considered to
be merely a local phenomenon.

On the other hand, in Nage, the geothermal dis-
charge zone does not correspond to the highest posi-
tive SP anomaly in this area. The sharp anomalies
along the Wae Bana River might correspond to the
surface discharge zones. An extensive upflow zone
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from a deep thermal fluid source might exist in the
southern part of the survey area.
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