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Geothermal reservoir prediction using electrical resis-
tivity maps: A case study of Lili Sepporaki Indonesia
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The objective of this study is to predict the location of the geothermal reservoir through interpretation of Mag-
netotelluric depth-resistivity maps, with reference to Lili-Sepporaki geothermal area. Lili-Sepporaki is a non-
magmatic prospect located in Polewali Mandar, Western Sulawesi-Indonesia. The study area is dominated by an-
desitic to trachytic to trachytic tertiary volcanic products. The only thermal manifestations in the area are the
hot springs and rock alterations. Previous geochemical studies found out the hot spring water has temperature of
98°C and the reservoir temperature of 190°C. A big portion of the surface rocks are weathered and hydrothermally
altered owing to findings from magnetic and Bouguer gravity surveys. This research utilized two-dimensional mag-
netotellurics data to locate resistivity anomalies in the subsurface. MT data was processed using SSMT2000 and
MTEditor software programs while WinGLink software was used in the interpretation of the data. Four resistivity
maps were obtained, each corresponding to one of the depths: 500 m; 1000 m; 1500 m; and 2000 m. There is a
general sharp reduction in resistivity as opposed to the conventional resistivity of fresh igneous rocks. Analysis
shows that the reservoir appears between depths of 1000 m and 2000 in different parts of the survey area, with
prospect boundaries located in the South, South West and South East. A three-dimensional MT data analysis and

exploration drilling are recommendable in order to get a detailed geothermal model.

I. INTRODUCTION

Energy is a very vital factor for human survival. However,
many energy resources are a source of environmental pol-
lutants, such as Carbon dioxide, and their associated haz-
ards [1, 2]. Geothermal is a clean and renewable energy
source that can serve to alleviate the problem of Pollution.
Geothermal energy, can not only be used for electricity gen-
eration, but also in many human activities that require heat-
ing such as Agriculture [3, 4].

Indonesia occupies a big part of the ring of the “Ring of
fire”, and therefore has a huge geothermal potential due to
a large chain of volcanoes spread along the several islands
that make it up [5, 6]. Despite the big potential, Indonesia
still heavily depends on non-renewable energy sources such
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as Hydrocarbons which are associated with production of
pollutants [7]. This fact calls for massive research and in-
vestment in the geothermal sector.

Lili Sepporaki is one of the many geothermal prospects
found in Polewali Mandar District, Western Sulawesi-
Indonesia. Sulawesi Island is located at the site of inter-
action of 3 tectonic plates namely: Indo-Australia; Eurasia;
and Pacific; and this makes Sulawesi so active tectonically
[8, 9]. Tectonic activity is a very good aspect in geother-
mal exploration, especially in relation to permeability and
fluid pathways. The only surface manifestations in the area
are the hot springs with average temperature of 98 °C and
rock alterations [10, 11]. Heat associated with plutonism is
most likely to be the heat source for the geothermal system
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of Lilli-Sepporaki area [12].

Electrical resistivity techniques such as MT are deployed
in several fields around the world to aid in location and
delineation of the geothermal reservoirs at depth [13, 14].
Rocks are electrical conductors in nature owing to the fact
that they possess conducting particles such as ions and elec-
trons. Highly resistive rocks such as igneous and metamor-
phic, tend to have drastic reductions in resistivities when
they exist in geothermal conditions. The MT techniques al-
ways target such areas with resistivity anomalies, as they
can give information about the extent of the geothermal
field and the characteristics of the geothermal system of an
area under investigation [15].

The objective of this research is to predict the location
and delineation of the reservoir of Lili-Sepporaki geother-
mal prospect through analysis of depth resistivity maps ob-
tained from MT data processing.

II. LITERATURE REVIEW
A. Geology

Lili Sepporaki prospect lies on a zone of depression which
is due to tectonic activity that occurred during Oligocene.
According to [16], this area is dominated by andesitic to
trachytic volcanic rocks, which are tertiary volcanic prod-
ucts. These rocks are said to have undergone intensive
fracturing thus responsible for permeability of the geother-
mal system. Tectonic activity that occurred in the Miocene-
pliocene, is responsible for the formation of North West-
South East (NW-SE) trending faults that allegedly provide
geothermal fluids paths ways to the surface. According to
[12], Lili Sepporaki area consists of 12 stratigraphic units:
The most dominant units at the surface are the Insperable
volcanics (Tvt), Buttu Dambu andesitic lava (T1ld), Porphyry
Andesite (Tp) and Walimbong volcanics (Tvw). Tvt is silici-
fied at one point, argillic at another point and made of an-
desitic to basaltic lava; Tld is a lava dome composed of tra-
chytic andesite; Tp is composed of porphyritic andesite lava
which is partially crystallised, fractured and weathered, and
some small quantities of Pyrite minerals. Tvw is made up of
andesitic lava which has experienced weathering, fractur-
ing and chlorination in some parts [12]. According to the
geologic model of the area, Tvw and Tp extend to a depth of
more 2000 m in some parts of the survey area [12].

B. Geochemistry

According to [17], Lili Sepporaki area has two hot springs
and analysis of Cl-SO4-HCO3; diagram shows that they both
have chloride water chemistry, indicating that the water
comes from the reservoir. The waters also have a neutral
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pH. The Na-K-Mg diagram provides that both hot springs
are in the partial equilibrium zone indicating that that hot
fluid interacted with the contacted subsurface rocks as well
as mixing with surface meteoric water. The Cl-Li-B diagram
also confirms the former. The Na-K geothermometer indi-
cates a reservoir temperature of 190°C [16].

C. Geophysics

The magnetic anomaly survey shows the distribution of
sharp low magnetic anomalies in the West, Centre, North
East (NE), and South East (SE) [17]-this is interpreted as
hydrothermal alteration of volcanic rocks associated with
hot areas. The residual Bouguer anomaly survey shows low
anomalies in the North West (NW), Centre, South and East
of the survey area [17]- and this is a reflection of weathered
and hydrothermally altered rock formations.

D. Electrical Conductivity of Rocks

The conducting particles in rocks are the ions, electron
and electron holes [18]. Increase in porosity, salinity and
amount of conducting minerals, raises the ionic conductiv-
ity of rocks [19]. Hydrothermal alteration of rocks into clay
reduces their resistivity by increasing their bulk conduc-
tivity [13, 20, 21] . The presence of conductive fluids in
a rock raise the rock bulk conductivity [22]. Increase in
temperature raises the solubility of ionic compounds. Com-
paction and precipitation reduces the conductivity of a fluid
saturated rock by reducing the connectivity of pore spaces,
thereby favouring resistivity [18, 22].

According to [23], metamorphic and igneous rocks have re-
sistivity values of 1000 Ohm-m or more in their natural
state. Weathered or hydrothermally altered igneous rocks
have their resistivities lowered to less than 500 Ohm-m.
Clay minerals have resistivity values less than 100 Ohm-m
[24].

IIlI. METHODOLOGY
MT data was collected by PSDMBP in 2011 and data for 22
MT stations was processed and interpreted in this survey.

A. Theory of MT Technique

MT is a passive technique that depends on the natural vari-
ations in earth’s magnetic field as a power source for induc-
tion of Electromagnetic (EM) field in the earth. This tech-
nique measures the variation of Electric (E) and Magnetic
(H) fields in orthogonal directions at the surface of the earth
[25].
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B. Maxwell’s Equation

These equations describe the behavior of EM fields at any

frequency with in the conductor [18, 25, 26]. In other
0B

Where: E = Electric field (Vm™)

B = Magnetic induction (T)

H = Magnetic intensity (Am™)

D = Electric displacement (Cm?)

Jy = Electric current density owing to free charges(Am)
ns = Electric charge density owing to free charges (Cm™®).

C. Skin Depth

This is also called the penetration depth, P(T), it tells us how
deep the EM waves penetrate into the earth and thus able to
study the conductive properties of the subsurface at depth.
The skin depth depends on the resistivity (p,) of the pen-
etrated rock formations and the time (7T) for which the MT
sounding is carried per cycle. The skin depth relation is thus
described in the Equation 2.

P(T) ~ 500/Tpq (2)

D. Apparent Resistivity and SSMT2000 Software Pro-
gram

SSMT2000 program integrates the measured E and H field
data into complex algorithms and the output of which is ap-
parentresistivity data, displayed by MTEditor software pro-
gram. Impedance (Z) compares the measured E and H val-
ues in orthogonal directions as described by the Equation 3.

Eac _ Zzz Zmy Hx/,uf()
( By ) - ( Zye Ly ) ( Hy /o ) )

Where E, and E, are the horizontal components of the
Electric field; H, and H, are the horizontal components of
the magnetic field; Z,,, Z,,, Z,» and Z,, are components
ofimpedance; pg is the magnetic permeability of free Space.
Apparent resistivity, p,, refers to the average resistivity of
an equivalent uniform half space of the earth [25]. Each
component of impedance has both magnitude and phase
(¢). According to [26], apparent resistivity is described in
Equation 4 and the phase of the impedance in Equation 5.

2 |E?
pa = 0.27|2|% = 0.2T| B (4)
1 (imag {ED
p=tan 'L 1/ (5)
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words, the measured E field and the corresponding induced
H fields in the earth are generated according to the chain of
equations (Equation 1).

oD
ot
Where

E = The horizontal electric field in mv/km
H = The orthogonal horizontal magnetic field in gamma

i V.B==0;V.D =n; 1)

P is the apparent resistivity in 2-m and T is the period in
seconds.

E. MT Editor Software Program

MT Editor displays the resistivity and phase curves with in-
dividual crosspowers. This programme also eliminates the
crosspowers that were affected by noise by editing one fre-
quency at a time. The edited cross-power power data are
then converted into industry-standard EDI files format [24].

E WinGLink Software Program

This software was used for editing MT sounding data, Two-
Dimension (2D) inversion and producing depth resistivity
maps. MT sounding editing involves static shifting and data
smoothing; 2D Inversion is concerned with prediction of the
real valued model parameters of the earth’s resistivity from
real valued MT field experiment data; resistivity maps are
produced from the resulting 2D resistivity models.

IV. RESULTS, ANALYSIS AND DISCUSSION
A. Results and Analysis

A total of 4 depth maps were made from the best five 2D
resistivity models. Each map is made up of processed data
from 22 MT stations. Each map represents a depth in the
subsurface that is to say; 500 m, 1000 m, 1500 m, and 2000
m. The resistivities on the maps are classified into 4 groups,
that is: low resistivity (< 50 Ohm-m), medium resistivity
(50-100 Ohm-m), high resistivity (100- 250 Ohm-m) and
very high resistivity (> 250 Ohm-m).

1) Resistivity map at depth of 500m: Low resistivity domi-
nates the more than half of the study area especially in the
North, NW, SE and Eastern parts (Figure 1). This is evi-
dence of weathering where the near-surface volcanic rocks
are changed into the conductive clay rich rocks. This is
the inseparable volcanic rock formation according to geol-
ogy. Clay rich rocks have a tendency of adsorbing conduc-
tive ions on their surfaces, hence an increase in conduc-
tivity. Medium resistivity runs from the west, through the
centre into the SE and reflects the hydrothermally altered
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rocks. The zone between the medium and high resistivity is
marked by an increase in contour density as evident in the
southern section of the survey area. The increase in contour
is probably due to the presence of a structure in the south-
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ern section with a NW-SE orientation (Figure 5). The very
high resistivity seen in the south is probably response from
andesite lava rock possibly from Tvt and Tp formations- its
contours open to the south.
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Fig. 1. Resistivity map ata depth of 500 m with colour contrast representing

resistivity in Ohm-m

2) Resistivity at a depth of 1000m: The low resistivity
anomaly shrinks and its now only evident in the North and
East- its contours open to the North in the Northern section
(Figure 2). The medium resistivity area spreads more to the
North and NW- this is due to the fact there are more par-
tially hydrothermally altered rocks at that depth than the
previous map. High resistivity appears for the first time in
the centre around station MTLL-17A towards the NE. This
is because of the transition from the cap rock to the rock
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formation filled with hot fluid- allegedly the reservoir rock
(Figure 5). A very high resistivity anomaly (> 250 Ohm-
m) appears in the South as in the previous map but with
a higher value of resistivity- this is probably a typical re-
sponse from andesitic rocks. The contour density increases
during the transition zone from medium to high resistivity
in the South- the structure allegedly available in southern
section penetrates up to this depth.
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Fig. 2. Resistivity map at a depth of 1000 m with colour contrast represent-

ing resistivity in Ohm-m
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3) Resistivity at a depth of 1500 m: As seen in Figure 3, the
low resistivity disappears in the North and it is only persis-
tent in the SE- the latter observation can be interpreted as a
structure that forms the reservoir or prospect boundary in
the SE. The medium resistivity dominates the North- it acts
as the cap rock for the reservoir in this geothermal system.
The medium resistivity contours in this region are open to
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the North. The high resistivity spreads even to the NW of
the survey area and has almost the same distribution in the
centre through the NE but with a higher value of resistivity-
this is interpreted as the reservoir at this depth (Figure 5).
The very high resistivity in the south has the same distribu-
tion as in the previous map, with an open contour.

RESISTIVITY MAP
DEPTH = 1500 metres
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Fig. 3. Resistivity map at a depth of 1500 m with colour contrast signifying

resistivity in Ohm-m

4) Resistivity at a depth of 2000 m: The low resistivity
anomaly that was present on both the previous map and this
map in the SE probably forms the reservoir boundary and
thus prospect boundary in this part of the survey area. Also,
the low resistivity anomaly in the SW can also be referred to
as boundary structure for the reservoir (Figure 4 and Fig-
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ure 5). The reservoir rock that was present in the previous
map in the NE and NW changes into a very high resistive
rock, most likely a metamorphic rock- the contours in these
sections are open. The high resistive rock or the reservoir
is still evident in the centre and North at this depth.
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Fig. 4. Resistivity map at a depth of 2000 m with colour contrast signifying

resistivity in Ohm-m
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All the resistivity maps at different levels are represented
below on a typical layered earth model (Figure 5). The sim-
ulated reservoir delineation at each elevation is marked,

Depth (m)

500 -

1000 -

1500 -

2000 -
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plus the boundary of the reservoir or prospect in different
regions of the survey area.

Fig. 5. Earth model with Resistivity layers at different depths: a = 500m; b
=1000m; c = 1500m; d = 2000m. Reservoir is enclosed in red dot-
ted lines while black dotted represent structures that act as reservoir

boundaries.

B. Discussion

1) Reduced resistivity between 1000m and 2000m: The
rock formations Tp and Tvw are found at depth in the survey
area and these formations are highly fractured and weath-
ered according to [12]. The fractures provide spaces and
connections for fluid storage and accumulation while the
weathering products have the ability to adsorb conducting
species (ions) at their surfaces. The reduced resistivity at a
depth of 1000 m or deeper as seen on the respective resis-
tivity maps (Figure 5), confirms that the respective forma-
tions contain either a conductive fluid or clay, responsible
for the reduction in resistivity. Geochemical studies found
out that the geothermal fluid is rich in chloride ions [10],
which are electrically conductive in nature. Electrical resis-
tivity of rocks at depth is lowered due to the presence of a
saline fluid at depth [19], however the resistivity at these
depths does not reduce below 100 Ohm-m as would be for

ISSN: 2414-3103
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clay-rich rocks. At this point, the existence of clay-rich rocks
as a factor for resistivity decrease at such depths, is negated.
Therefore, the delineated areas (red-dots) on the maps with
reduced resistivity undoubtedly correspond to fluid-filled
fractured formations.

2) Resistivity anomaly at 500m depth: Formations such as
Tp, Tvw and Tvt are exposed at the surface and near sur-
face, and the geological model of the area, provides that
these formations are argillic, propylitic and silicified [12].
All the above attributes are connected with hydrothermal
alteration of rocks, resulting into reduction of permeability.
The latter would rule out the fact such near-surface forma-
tions contain a fluid, and so it's only weathering products
that can account for a low resistivity anomaly in this case.
Clay-rich alteration products are electrically conductive and
thus have an anomalous negative impact on the bulk resis-
tivity on of rocks that host them [13, 20, 21]. Additionally,
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clay-rich rocks have resistivity values less than 100 Ohm-
m [22]. Magnetic and gravity survey results also show that
much of the surface rocks are weathered [17]. Thus low re-
sistivity formations at a depth of 500 m or shallower are
undoubtedly clay-rich rocks, part of which can serve as cap
rocks of the geothermal system of Lili-Sepporaki.

V. CONCLUSION, LIMITATIONS AND
RECOMMENDATIONS
A. Conclusion

There is a general reduction in electrical resistivity as op-
posed to the conventional values for typical igneous rocks.
The reservoir starts to appear at a depth of 1000 m down-
wards. Parts of the Walimbong and Porphyry andesite for-
mations serve as the reservoir. According to geology, Wal-
imbong and Porphyry andesite formations are fractured
and extend up to more than 2000 m deep. The rock for-
mations above the reservoir have even lower resistivities
and so they act as cap rocks. Cap rocks in geothermal sys-
tems are usually near-surface impermeable and conductive
rocks that are formed as a result of hydrothermal alter-
ation of parent rocks, in a geothermal environment. Ac-
cording to geology, Walimbong and inseparable volcanics
are weathered or hydrothermal-altered rock formations ex-
tending from the surface to the near-surface. Additionally,
magnetic and residual gravity surveys point to the existence
of weathered rocks at the surface. Geochemical surveys also

2019

provide for the interaction of hot fluids from the reservoir,
with the rocks they pass through to the surface, thus evi-
dence for rock alteration. Structures that serve as bound-
aries for the reservoir exist in the South, SE and SW of the
prospect area. The structure in the south with a NW-SE ori-
entation is allegedly a fault and cuts through the Sepporaki
hot spring according to the geology.

B. Limitations and Recommendations

The detailed available literature for magnetic and gravity
surveys was not accessible. Therefore, I did not as exhaus-
tively as I would wish, relate my analysis of findings to the
existing literature of the area. Also, there was not enough
data points for analysis and this affected the quality of res-
olution of the prospect.

Another MT survey with more survey stations than the pre-
vious survey, should be carried out in the area. The new
survey should basically target a three-dimensional MT data
analysis. A successful analysis should be followed by explo-
ration drillings in order to get a detailed geothermal model
and define potential drilling targets.
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