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Abstract

Indonesia is a country that has abundant geothermal resources. The purpose of this research is to investigate the geother-
mal system in the Lainea non-volcanic geothermal field, Southeast Sulawesi Province, Indonesia. This includes (i) esti-
mating the geothermal reservoir basins, cap rocks, and basements; (ii) estimating the heat source; and (iii) evaluating
the subsurface faults. The first two objectives were achieved by using the improved structural gravity inversion. The third
objective was achieved by using advanced processing techniques, namely 3-D Euler deconvolution, tilt angle of horizon-
tal gradient (TAHG), and fast sigmoid edge detection (FSED). Inversion of gravity data exhibits the reservoir basins that
are located at depths from 600 m to goo m with a density range of 2865 < p < 2942 kg/m?. Several rock blocks with den-
sities ranging from 2608 to 2865 kg/m? function as caprock. The caprock is located at depths ranging from several tens
of meters to 1000 m. The basement underlying the reservoir rock is the integration of rock layers with densities of 2948
< p < 3045 kg/m? and 3046 < p =< 3122 kg/m?>. The upper boundary of the basement is located at a depth of several ten
meters to 1500 m below sea level. Intrusive plutonic rocks with maximum density of 3174 kg/m? are located at depths
ranging from 1500 m to more than 3000 m. The TAHG and FSED demonstrate the presence of subsurface faults with
northwest-southeast and southwest-northeast trends. Euler deconvolution results support the fault model of the TAHG
and FSED.

Keywords:

gravity; geothermal reservoir; heat source; underground fault; Lainea field

1. Introduction There hasn’t been much research on Indonesia’s non-
volcanic geothermal potential. Only a few papers discuss
There are two categories of geothermal potential in  thjs topic, such as Nahli et al. (2016), Rony et al. (2019),
Indonesia: volcanic and non-volcanic. A collection of  Arrofi et al. (2022), and Kusmita et al. (2023). The re-
volcanically active islands in Sumatra, Java,. and Nusa  gearchers have conducted several geological, geochemi-
Tenggara, part of the Sunda Arc, host volcanic geother- a1 and geophysical studies at the Lainea non-volcanic
mal energy. The southern Sulawesi region categorizes geothermal field (LNVGF) in the Southeast Arm of
geothermal as non-volcanic (Idral, 2010). Several main gy jawesi. Estimating temperatures in geothermal reser-
factors, including heat sources, reservoirs and fluids, cap | .. using geochemical methods (Idral, 2010), forward
rock, and fault systems, influence the existence of a geo- modelling of subsurface by gravity method (PSDG,
‘Fhermal system (Gupta and Roy, 2010). In non—volgan— 2010), and interpreting intrusive rocks as heat sources by
e geothermal systems, the presence .Of a pretertiary combining magnetotelluric and time domain electromag-
basement is an imp ortant aspect of interpreting heat netic methods (Zarkasyi, 2014) are some of the studies
sources. The pretertiary basement horizon is a zone that have been done in this geothermal ficld. PDSG
where intru.sive heat sources (intrusive bodies) occur in (2010) did not present a geometry model of the r.eservoir
nonil\folzc(;l(;g(.: %;e otl:erma; sli/sten;(s)fgamanyu and Saka- basins, basements, and heat source based on the gravity
gucth s Lsuipta and 8oy, ) data inversion approach as well as subsurface faults based
* Corresponding author: Jamhir Safani on advanced gravity processing techniques. Although
e-mail address: jamhir.safani@uho.ac.id several studies have been conducted, there are still insight
Received: 23 April 2025. Accepted: 5 September 2025. gaps regarding the components that build and control the
Available online: 2 January 2026 geothermal system at the LNVGF.
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Figure 1. Geological setting of the Lainea geothermal area: a) southeast arm of Sulawesi Island;
b) geological map, edited from Hadi et al. (2010).

The gravity method is a geophysical exploration ap-
proach that is commonly employed in geothermal stud-
ies (Geng et al., 2000; Lewerissa et al., 2000; Xu et al.,
2021; Ozsoz, 2021; Carrillo et al., 2022; Li, 2023; and
Perez-Flores et al., 2024). Advanced gravity data pro-
cessing techniques, such as 3-D Euler deconvolution
(Marson and Klingele, 1993), tilt angle of the gradient
amplitude-TAHG (Ferreira, 2013), and fast sigmoid
edge detection-FSED (Oksum et al., 2021), have been
developed and are widely used to determine the depth of
anomalous sources and confidently estimate the configu-
ration of geological structures (Safani et al., 2023;
Pham, 2024; Dogan and Sayin, 2024). Furthermore,
inversion techniques for gravity data are widely utilized
to evaluate geothermal models (Bekhit et al., 2024;
Gaber et al., 2024; Boling et al., 2024). Camacho et al.
(2021) created a growth inversion, which is one of the
novel inversion modelling techniques for structural
gravity inversion. The benefits and limitations of this in-
version approach have been explored in a variety of ap-
plications, including the identification of elongated thin
bodies (Bodi et al., 2023) and the interpretation of vol-
canic unrest (Vadja et al., 2023).

The lack of detailed understanding of reservoir ba-
sins, cap rocks, basements, heat sources, and subsurface
faults that control the geothermal system at the LNVGF
necessitates the use of new approaches. Therefore, this
research utilizes the advanced data processing and inver-

sion techniques for gravity data with the aim of 1) esti-
mating geothermal reservoir basins, cap rocks, and base-
ments, i) estimating heat sources, and iii) evaluating the
subsurface active fault that controls the Lainea geother-
mal system.

2. Geological Settings

The research area is in Lainea Village, South Konawe
Regency, Southeast Sulawesi Province. This area is lo-
cated on the southeast arm of Sulawesi Island, Indonesia
(see Figure la). According to Hadi et al. (2010), the
Lainea non-volcanic geothermal area is made up of sev-
en rock units that range in age from Triassic to Recent.
These are the metamorphic rock units (Trm), the meta-
limestone unit (Trmbg), the meta-sandstone unit
(Trmbp), the non-carbonate sandstone unit (Tbpm), the
calcareous sandstone unit (Tbpg), the conglomerate unit
(Qkg), and the alluvium deposits (Qa) (see Figure 1b).

The constituent rocks of the metamorphic unit consist
of slate, phyllite, schist, and quartzite. The central part of
the study area distributes metamorphic rock units,
stretching from west to east to form a range of steep hills
with rough relief. This unit exhibits numerous surface
hot water and alteration locations, particularly in the vi-
cinity of the Kaendi, Amowolo, Landai, and Lainea riv-
ers. This unit has experienced a strong deformation pro-
cess (PSDG, 2010).

Rudarsko-geoloSko-naftni zbornik 2026, 41 (1), pp. 143-156, https://doi.org/10.17794/rgn.2026.1.11
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Figure 2. Research data (a) Topography (DEMNAS, 2023), (b) Complete Bouguer Anomaly (CBA),
(c) Bouguer density estimation using Parasnis approach, where the gradient
of the straight line represents the Bouguer density.

Metamorphized limestone makes up the meta-lime-
stone unit, which is located around the Landai area. This
unit has undergone changes to form clay minerals and
has experienced strong deformation. Numerous intense
cracks, reaching a width of up to 10 cm, are present filled
by the mineral calcite, a hydrothermal solution. This unit
reaches a thickness of >300 m. The meta-limestone unit
is Triassic in age, the same as the meta-sandstone and
metamorphic units. In contrast to the meta-limestone
unit, whose outcrop appears in the center of the study
area and has lithological contact only with the metamor-
phic unit, the outcrop of the meta-sandstone unit runs
along the Boroboro Fault from the northwest to the cent-
er of the study area. The meta-sandstone unit has litho-
logical contact with the metamorphic unit in the north
and the conglomerate unit in the south (Hadi et al.,
2010).

The northern and southwestern parts of the investiga-
tion area contain sandstone-limestone units. This unit is
Late Miocene to Pliocene in age. The non-carbonate
sandstone unit unconformably overlies this unit, which
deposited itself in shallow to neritic marine environ-
ments. On the southern side of the metamorphic unit
(and also the meta-sandstone unit), the conglomerate
unit dominates. This rock unit acts as the lithological
contact for metamorphic units and meta-sandstone units
along the Boroboro Fault in the study area. Alluvial de-
posits are located to the south of the conglomerate unit
(PSDG, 2010).

The main fault that controls the Lainea geothermal
system is the Boroboro Fault. The northwest-southeast
trend of this fault aligns with metamorphic units (Sug-
ianto et al., 2011). The large plates around it, namely the
Australian Plate moving to the North and the Pacific
Plate colliding with the East Asian Plate to the West, ac-
tivate this fault. Subsequent tectonic activity produced
faults trending southwest-northeast and north-south, such
as the Kaendi Fault, Landai Fault, Lainea Fault, Windo
Fault, and Demba Fault. These secondary faults play a
role in the formation of fractures, thereby producing a
subsurface permeable layer that acts as a reservoir in the
Lainea geothermal system (Hermawan et al., 2011).
Around the Boroboro Fault in the Lainea area, there are
approximately 10 geothermal manifestations with a
northwest-southeast trend following the direction of the
Boroboro Fault. This geothermal manifestation is associ-
ated with three rock units, namely metamorphic rock,
meta-limestone, and meta-sandstone (see Figure 1b).

3. Dataset and Methods

3.1. Gravity data

This study uses elevation data from the Indonesia Dig-
ital Elevation Model (DEMNAS), as shown in Figure 2a,
as well as complete Bouguer gravity anomaly data (see
Figure 2b). The gravity data we utilize is a combination
of field data we measured and data from the Indonesian
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Geological Resources Centre (PSDG). The total number
of data points is 344. A total of 216 data points have regu-
lar grids with intervals of 250 m spanning from west to
east, while the remaining 128 data points have intervals
ranging from 250 m to 550 m. Hot springs, represented by
red squares, are located on the hillside.

We calculate the complete Bouguer anomaly (CBA)
data by applying several corrections to the observed
gravity data. This correction begins with tidal correc-
tion, instrument height correction, latitude correction,
free-air correction, Bouguer correction, and terrain cor-
rection. The last two corrections are very dependent on
the Bouguer density, namely the density of the rock lay-
er between the mean sea level (MSL) and the measure-
ment points. The Bouguer density used was 2.6281 g/
cm?. The estimated Bouguer density was calculated us-
ing the Parasnis method, which is represented by the
gradient of the elevation scale (0.04192 k) versus the
free-air gravity anomaly (see Figure 2¢). This estimated
density is comparable to those presented by the PSDG
(2010), which used an average density of 2.65 g/cm? for
field rock samples. Figure 2b shows the CBA contour,
which varies in the range of 39 mGal to 55 mGal. The
distribution of CBA forms a trend in the northwest-
southeast and northeast-southwest directions. Geother-
mal manifestation points are located around high gravity
anomalies with a value range of 50 mGal to 55 mGal.
The presence of high-density rocks or the position of the
basement near the surface may be associated with high
gravity anomalies.

3.2. Upward continuation

This step involves the process of separating residual
and regional anomalies. For this purpose, we use the up-
ward continuation technique on CBA data. This tech-
nique applies a mathematical filter that amplifies data at
low frequencies associated with regional anomalies. In
contrast, this upward continuation technique weakens
high-frequency data associated with residual anomalies
(Chisenga et al., 2019; Kebede et al., 2020). Therefore,
this technique emphasizes regional scale anomalies.

Figure 3 shows the upward continuation technique.
The gravitational attraction per unit mass, dm, of an
anomalous body at mean sea level, B(x,, y,, z, = 0), and
a distance R from the source point, B(x, y, z), may be
determined using the following equation (Jacobsen,
1987; Kebede et al., 2020):

Gdm Gdm
R2 (x_xo)2+(y_yo)2+(z_zo)2

The source’s gravity anomaly, Ag,, at the mean sea
level point, is given by the vertical component, dg .

dg = (M

Gdm z z
dg. = Ag, =—2 2 _ Gdm— =
8. go R2 R mR3
= Gdm : @)

(-3 + =)+

At the upward continued surface, point A, the source’s
gravity anomaly, dg , equals

Gdm z+h z+h
dg, = IR =Gdm & =

— Gdm hl 3)

(=2 + =y ) + 4]

3.3. Edge detection technique

Several recent edge detection techniques are often
used to analyze the Bouguer gravity map and refine the
edges/boundaries of the subsurface causative bodies.
Numerous mathematical strategies are available for en-
hancing the accuracy of gravity gradient data in edge
detection. As a result, distinct lineaments appear at
slightly different spatial coordinates. This study used
two edge detection approaches, which will be discussed
below.

According to Ferreira et al. (2013), the TAHG (tilt
angle of the gradient amplitude) is the arctangent of the
gradient amplitude’s derivative ratio. The TAHG filter
highlights both shallow and deep geological contacts that
cause gravity anomalies at the surface (Pham et al., 2023;
Safani et al., 2023). It can be expressed as follows:

aHG/\/(aHszJ{aHGj @
oz Ox Oy

Where 0HG/0x and 0HG/0y are the first-order horizontal
derivatives of the horizontal gradient magnitude (HG),
and 0HG/0z the first-order vertical derivative.

FE
Ox oy

Where 0G/0x and 0G/0y are the first-order horizontal de-
rivatives of the gravity field in the x and y directions.

An additional technique for enhancing source edges
is presented by Oksum et al. (2021). This filter is known
as fast sigmoid edge detection (FSED), which operates
on gradient amplitudes. This filter can strengthen the
edges of shallow and deep structures simultaneously.
The mathematical equation is as follows:

TAHG = atanatan

R-1
FSED = R (6)

Where:

RzaHG/\/(aHGj +(aHGj )
oz Ox oy
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Figure 3. [llustration of the
upward continuation technique
(Kebede et al., 2020).
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3.4. Euler deconvolution depth solutions

Recently, the Euler deconvolution (ED) methodology
has emerged as a highly effective method for semi-quan-
titative analysis of potential field data (Hinze et al.,
2013; Chen et al., 2022; Safani et al., 2023). The ED
approach has been applied to gravity data to enhance the
characterization of geological structures and ascertain
their depth. Marson and Klingele (1993) devised the
Euler deconvolution for vertical gravity data to enable
this method to function with grid gravity data sets, as
illustrated in the equation below:

o°G o°G o°G oG

(r=a) oz F =) o (F-2)Zr=Ng ®
Where (x,, y,, z,) denotes the coordinates of the anoma-
ly’s source in the (x, y, z) axis. G represents the gravita-
tional force at the coordinates (x, y, z). N represents the
degree of homogeneity as a structural indicator (SI). The
index structure delineates the geological conditions that
produce the anomaly (Marson and Klingele, 1993;
Pham et al., 2023). 0G/0x and 0G/0y represent horizon-
tal derivatives in the x and y planes, respectively, where-
as 0G/0z denotes a vertical derivative.

4. Results

4.1. Residual gravity anomaly

The complete Bouguer anomaly (CBA) combines
both local and regional anomalies. We use the upward
continuation technique to separate the two anomalies.
The continuation process involves several elevation lev-
els, starting from an elevation of 100 m to 700 m above
mean sea level (MSL) to obtain representative regional
anomalies. We chose a continuation result, 500 m above
MSL, to represent the regional gravity anomaly (see
Figure 4a). This is because the contour patterns in these
results tend to be stable, and the influence of local anom-
alies tends to diminish. Subtracting the regional gravity
anomaly from the complete Bouguer anomaly produces
a local Bouguer anomaly with varying values ranging
from -7.7 mGal to 8.8 mGal (see Figure 4b).

Negative gravity anomalies shown in Figure 4b may
indicate the extent of sedimentary layers from the sur-
face to the sedimentary basin layer. Meanwhile, positive
gravity anomalies, with a maximum value of 8.8 mGal,
may indicate the presence of harder, thicker rocks sur-
rounding the sedimentary rocks. This assumption will be
discussed further in the inversion model of gravity data.
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Figure 4. Separation of gravity anomalies a) regional anomaly data and b) residual gravity anomaly data.
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Figure 5. Horizontal depiction of subsurface layers at various depths: a) 200 m, b) 500 m, ¢) 800 m,
d) 1200 m; e) 1500 m, f) 2000 m, g) 2500 m, h) 3000 m, and i) 3500 m below sea level (bsl).
Red indicates high density contrast and blue indicates low density contrast.

In general, however, we can see the correlation between
gravity anomalies and rock units representing the sur-
face geology of the study area. A correlation of the grav-
ity data with the geological map (see Figure 1b) shows
that positive anomalies are generally associated with
metamorphic, meta-sandstone, and meta-limestone
units. Gravity anomalies ranging from -2.0 mGal to -0.2
mGal are generally associated with conglomerate rock
units. Smaller gravity anomalies (i.e. less than -0.2 mGal
to -7.7 mGal) are more prevalent in alluvial units. Hot
spring manifestations are generally located in the high
gravity anomaly zone, with gravity anomalies ranging

from 1.8 to 8.8 mGal. Some coincide with the transition
zone between positive and negative anomalies, such as
hot springs M1 and M10.

4.2. Inversion of gravity data

The study aims to estimate the three-dimensional
structure of the subsurface layers of the Lainea geother-
mal region, utilizing gravity data and the GROWTH 3.0
tool developed by Camacho et al. (2021). This package
offers both default values and user-specified options.
This coding package utilizes all default values, except

Rudarsko-geoloSko-naftni zbornik 2026, 41 (1), pp. 143-156, https://doi.org/10.17794/rgn.2026.1.11
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Figure 6. Vertical depiction of the subsurface layer in various directions:
a) West-East direction at latitude 9516500 UTM, b) Southwest-Northeast direction with an azimuth of 75°,
¢) North-South direction at longitude 455500 UTM, and d) North-South direction at longitude position 458700 UTM.
Red indicates high density contrast, and blue indicates low density contrast.
The position of the four vertical slices is shown in the uppermost right figure.

for a few specific ones. Through trial and error, we se-
lected a balance factor of 800 rather than the package’s
default of 80, as an increased balance factor results in a
greater percentage of cell filling in the subsurface layer.
We used a flattening coefficient of 10 and a lateral
smoothing value of 0.3 (selected after trying various op-
tions) to enhance cell filling stability.

The inversion results of the residual gravity data de-
scribe the subsurface layer in two ways: horizontally
(see Figure 5) and vertically (see Figure 6).

Figure 5 presents the horizontal slicing at depths of
200, 500, 800, 1200, 1500, 2000, 2500, 3000, and 3500
meters below sea level (bsl). The horizontal slicing re-
veals an intrusive rock pattern with a density contrast of
546 kg/m?. The peak of the intrusive rock (dark-red) oc-
curs at a depth of roughly 1500 meters bsl and is consist-
ent in deeper zones. The pattern of intrusive rock branches
from west to east. In shallower zones (< 1200 m), density
contrast varies from -20 to 366 kg/m?. These may demon-
strate the diversity of rock types in the shallow zone.

The high-density contrast (red) in Figure 5 is associ-
ated with the high-gravity anomaly in Figure 4b, while

the lower-density contrast (blue) is correlated with the
lower-gravity anomaly. The lower-density mass anoma-
ly in the shallow zone, extending to a depth of about
1,500 meters below sea level (see Figures 5a to Se),
contributes to the lower-gravity anomalies in the study
area. Surface hot spring manifestations are generally lo-
cated at the boundaries between areas of high and low-
density contrasts. The presence of near-surface mass
anomalies with large density contrast gaps around hot
springs may indicate weak zones caused by geological
structures, such as fractures and/or faults. The Boroboro
Fault, Kaendi Fault, Landai Fault, and Laineca Fault, as
shown in Figure 1, support the above interpretation.
These faults are located around hot springs or the bound-
ary zones between high- and lower-density contrasts.

The vertical slicing of the inversion model is presented
in three variants based on direction: West-East, North-
South, and oblique slices with certain azimuth angles.
Figure 6 shows four vertical slices through the peaks of
maximum anomalies, which actually coincide with the
hot spring manifestations. The image in the top right of
Figure 6 is included only to show where the four vertical
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slices are located. These slices are labelled (a), (b), (c),
and (d). The first vertical slice runs West-East through
latitude 9516500 UTM (see Figure 6a). Figure 6b illus-
trates the vertical slice’s oblique direction, positioned at
an azimuth angle of approximately 75°. These two mod-
els clearly indicate the presence of the vertical intrusive
rock model with a maximum density contrast of 546 kg/
m?® in the West-East and Southwest-Northeast orienta-
tions. Furthermore, the layering system’s strata, which are
defined by density contrast differences ranging from -20
kg/m? (dark-blue) to 546 kg/m?* (dark-red), are plainly
evident. In addition, the layering model reveals the pres-
ence of basin-shaped and fault patterns in the environ-
ment surrounding the intrusive rock body. These basins
are characterized by layers with varying density contrasts
ranging from 237 kg/m? (light blue) to 314 kg/m? (light
orange), where the layer with a density contrast of 263 kg/
m? (very light gray) complements the basin’s central zone.

Figures 6¢ and 6d, respectively, represent the vertical
slice model trending North-South at longitude positions
455500 UTM and 458700 UTM. Each of these slices
passes through the top of an intrusive rock. The intrusive
rock model, characterized by a density contrast value of
546 kg/m® (a dark-red color), is modelled very clearly.
The model also shows layering strata according to their
density contrast and displays the presence of basin and
fault patterns.

5. Discussion
5.1. Geothermal system at LNVGF

In this section, we discuss the geothermal system at
the LNVGF, which includes reservoir basins, basements,
heat sources, and subsurface faults that control geother-
mal activity. For this purpose, we created two geological
models (namely, Figures 7a and 7b), utilizing the grav-
ity inversion model from Figures 6a and 6¢. The choice
of these two inversion models is considered appropriate
because they represent two different cutting directions
and cross the area where hot water manifestations occur.
This model improves the interpretation models of PSDG
(2010), Sugianto (2011), and Zarkasyi et al. (2014), es-
pecially in describing the patterns and geometry of ba-
sins, basements, and heat sources.

The two geological models show the underlying lay-
out in the research area, which determines the mecha-
nisms of the geothermal system. We interpreted six rock
units in the LNVGF based on rock density values. The
first rock units have a density range of 2608 < p <2762
kg/m?3. These density values are the sum of density con-
trasts (-20 < Ap < 134 kg/m?) and Bouguer density (2628
kg/m?). The second rock units have a density range of
2762 < p <2865 kg/m?, after summation of the Bouguer
density and the density contrast 134 < Ap < 237 kg/m?.
The density range of the third rock units is 2865 < p <
2942 kg/m? (with the range of density contrast of 237—

314 kg/m?®). The fourth rock units have a density range
of 2948 < p < 3045 kg/m? (the density contrast in this
stratum ranges from 315 to 417 kg/m?®). The fifth rocks
have a density of 3046 < p < 3122 kg/m* and a density
contrast 418 < Ap < 494 kg/m*. The sixth rock unit,
which is the bottom layer, has a density of p = 3174 kg/
m? or a density contrast 546 kg/m?, indicating the pres-
ence of an intrusive rock shape.

Figure 7a shows subsurface basin formed at depths
ranging from 500 m to about 1200 m represented by the
rock units with the density range of 2865 < p <2942 kg/
m?. This basin appears deeper on the West and East sides
of the cross-section than the one in the middle. The max-
imum thickness of this layer is about 300 m. The forma-
tion of the basin and its flanking faults is associated with
metamorphic exhumation that began in the Middle Mio-
cene and continued into the Pliocene (Mawaleda et al.,
2018; Muzani et al., 2023). Furthermore, the develop-
ment of the basin and its associated normal and strike-
slip faults was predominantly driven by persistent exten-
sion caused by Banda rollback (Nugraha and Hall,
2022). This extension caused crustal thinning and mag-
matic activity, creating an environment conducive to
pull-apart basin formation. These basins created optimal
conditions for geothermal activity and hot spring forma-
tion. Based on these characteristics, the central basin
zone likely acts as a reservoir basin in the LNVGF. The
central basin zone has depths ranging from approximate-
ly 600 to 900 meters. Using magnetotelluric and time do-
main electromagnetic methods, Zarkasyi et al. (2014)
estimated the existence of a reservoir at a depth of 750-
1000 m, which is comparable to the reservoir estimate
from this study. This reservoir layer is likely composed of
metamorphic rocks (PSDG, 2010; Zarkasyi et al., 2014)
with densities ranging from 2865 kg/m? to 2942 kg/m®.

Above the reservoir basin there are several rock blocks
with various densities that act as cap rock. The cap rock
layer is located at a depth of several tens of meters above
sea level (asl) to a depth of about 1000 m bsl (see Figures
7a and 7b). PSDG (2010) and Zarkasyi et al. (2014) sus-
pect that the cap rock comes from altered metamorphic/
sedimentary/limestone rocks. Our study also suspects the
potential of the altered metamorphic, meta-sandstone and
meta-limestone rocks to function as cap rock in the
LNVGEF. Rocks with density ranges of 2608 < p <2762
kg/m? (interpreted as meta-limestone) and 2762 < p <
2865 kg/m? (interpreted as meta-sandstone), as well as al-
tered metamorphic rocks (with densities equivalent to
meta-sandstone), located in the western to southern zones
of the Boroboro Fault, act as caprock. In the northern to
eastern zones, a combination of altered metamorphic
rocks and meta-limestone acts as caprock.

Under the reservoir layer, there are two high-density
rock units with the density range of 2948 < p <3045 kg/
m?® and 3046 < p <3122 kg/m?, respectively. These rock
outcrops appear on the surface and represent metamor-
phic rocks (see Figure 1b). The difference in density
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Figure 7. Geological model of the Lainea geothermal system: a) West-East direction at latitude 9516500;
b) North-South direction at longitude 455500. The top image shows the positions of Lines (a) and (b),
which represent the West-East and North-South positions of the geological model, respectively.

between these two metamorphic rocks may be due to the
different pressures and mineral deposits they experi-
enced during their alteration. The higher density of the
metamorphic rocks at depths of 2-4 km is considered to
result from a combination of intrusive bodies located di-
rectly below it and mineral deposition from thermal wa-
ter in that depth zone. This condition resembles the geo-
thermal field depicted in the Imperial Valley, California
(Gupta and Roy, 2010). These two metamorphic layers
located on the left and right sides of the cross-section
can be thousands of meters thick. However, the exhuma-
tion and extension during Miocene-Pliocene uncon-

formity (Nugraha et al., 2022) cause the metamorphic
rocks thinning in the center of the research area.

The interpretation of the faults in Figure 7 is based on
the geometric pattern of the resulting density model (see
Figures 6a and 6¢), as well as the geological information
in the area (see Figure 1b). The interpretation of the
Boroboro Fault as a normal fault in Figures 7a and 7b
aligns with the geological data (see Figure 1b), which in-
dicates that the northwest-southeast trending Boroboro
Fault is a normal fault. Figure 7a shows the location of
the Boroboro fault on the west side of the M3 hot spring
manifestation. However, this visual cannot explain the

Rudarsko-geolosko-naftni zbornik 2026, 41 (1), pp. 143-156, https://doi.org/10.17794/rgn.2026.1.11



J. Safani, R. Wirawan, K Ibrahim et al.

152

western Boroboro fault as a conduit for the M3 hot spring.
The Boroboro Fault also lies beneath the M7 and M8
manifestations, and it is suspected that this fault acts as a
conduit for both. The faults beneath the M5 and M6 man-
ifestations may be part of the Boroboro Fault system due
to their similar fault patterns and proximity to the hot
spring manifestations. The Boroboro Fault and the Landai
Fault are suspected to act as conduits for the M5, M6, M7,
and M8 hot springs due to the confluence of the two faults
around the four manifestations. The fault beneath the M3
hot spring in Figure 7a is suspected to be associated with
the Boroboro Fault but requires confirmation with addi-
tional evidence. Meanwhile, the suspected fault located
east of the M7 and M8 hot springs is based solely on grav-
ity model interpretation; there is no geological evidence to
confirm it. These estimated faults are located at depths
ranging from a few hundred meters to about 2000 m bsl.
The Boroboro Fault extends into the upper basement at a
depth of approximately 2000 m bsl.

Figure 7a also demonstrates the existence of intru-
sive/plutonic rocks at depths ranging from 1500 m to
more than 3000 m. The form is quite vast, widening
from west to east, with the peak located in the center of
the track. This intrusive rock contains branches that pro-
duce two dome summits. This rock is the result of mag-
matic activity after metamorphic exhumation and crustal
thinning resulting from extension driven by the Banda
rollback in the eastern part of the SE arm (Nugraha and
Hall, 2022). The intrusive plutonic rock serves as a heat
source in the Lainea geothermal system. In line with this
study, Zarkasyi and Widodo (2014) demonstrated the
presence of the plutonic rock model at the depth of 1500
m using a magnetotelluric method. The gravity-based
inversion model in this study has the advantage of pre-
senting a model of underlying layered strata based on
rock density contrast, which makes interpretation easier.

Figure 7b shows the geological model in the North-
South direction, which cuts perpendicular to the West-
East cross-sectional model (see Figure 7a) at the longi-
tude position 455500 UTM. The shape of plutonic rocks
in the North-South cross-section is much narrower than
the shape in the West-East direction. This represents the
orientation of the extension process, which tends to be
west-east due to the Banda Rollback, which is located
east of the Southeast Sulawesi arm. As previously ex-
plained, tectonic processes such as metamorphic exhu-
mation, extension, crustal thinning, and magmatism cen-
tered in the central part of the study area cause the north-
ern and southern basins to become thicker and deeper
than the middle basin. The northern fault in Figure 7b is
suspected to be the Kaendi Shear Fault, which is associ-
ated with the M1 and M2 hot spring manifestations. The
southern fault is suspected to be the Boroboro Fault,
which acts as a conduit for the M3 manifestation.

The basement is the layer underlying the reservoir
rock. Based on the geological model in Figure 7, the
basement is the integration of rock layers with densities
of 2948 < p < 3045 kg/m*® and 3046 < p < 3122 kg/m?,

which are metamorphic rock groups. Geological infor-
mation (see Figure 1b) confirms the occurrence of the
upper and bottom basement on the surface, which is rep-
resented by the same rock formation (i.e. metamorphic
rock units). The identification of the basement is very
important. It is a zone where plutonic intrusions occur,
which are the heat sources of non-volcanic geothermal
energy. Based on the model in Figure 7, the upper
boundary of this basement is located at a depth of sev-
eral meters asl to a depth of 1500 m bsl.

5.2. Subsurface fault lineament model

Fault systems play a crucial role in geothermal sys-
tems, serving as permeable conduits for the ascent of hot
fluids or steam from the reservoir to the surface, as well
as facilitating heat transfer from thermal sources into
shallower strata. Advanced gravity data processing ap-
proaches, including tilt angle horizontal gradient
(TAHG), fast sigmoid edge detection (FSED), and Euler
deconvolution, demonstrate dependability in estimating
subsurface faults (Safani et al., 2023).

Figure 8 illustrates the application of TAHG and
FSED techniques to residual gravity anomaly data. The
TAHG method shows a very clear contrast between the
strong (red) and weak (blue) amplitudes of the gravity
anomaly (see Figure 8a). Meanwhile, the FSED method
emphasizes positive amplitudes by degrading negative
amplitudes (see Figure 8b). Both edge detection meth-
ods exhibit analogous positive amplitude patterns. The
highest amplitude reveals the edges of anomalous sourc-
es that appear to depict subsurface fault characteristics
(thick black lines) inside the research area. This is be-
cause the alignment of the identified subsurface faults
exhibits two directional trends, northwest-southeast and
southwest-northeast, which typically correlate with the
pattern of surface faults observed using the geological
approach (yellow). The orientation of the Boroboro
Fault, identified as a normal fault, indicates that its
northwestern and southeastern ends were once aligned.
Additionally, the Windo and Kaendi faults, which are
strike-slip faults, consistently bend in a southwest-north-
east orientation. This type of fault aligns with the geo-
logical information presented in Figure 1b. The core of
these evolving faults aggregates all geothermal manifes-
tations. The activity of these faults and the fractures they
generate significantly influence the migration of hot flu-
ids to the surface. Further discussion of the identified
subsurface faults using other geophysical approaches is
needed. There is very minimal evidence of earthquake
activity around the faults during the period 1972-2024.
Only two earthquakes (yellow asterisks in Figure 9) are
recorded throughout that period.

Euler deconvolution (available in Oasis Montaj soft-
ware) was applied to the gravity anomaly data in order to
estimate the depth of the anomaly source. The solution
was found through trial and error while considering the
deconvolution window size. After trying various options,
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Figure 8. Subsurface fault alignment model at LNVGF,
Southeast Sulawesi, Indonesia: a) from the TAHG technique;
b) from the FSED technique.

the optimal deconvolution window size for estimating the
depth of anomalous sources was found to be 10 x 10. This
study used a structural index (N) of 0 to represent the geo-
logical contact response formed in the study area. This
index is suitable for estimating geological structures, such
as faults (Pham et al., 2023; Safani et al., 2023). Figure

9 depicts the solution of Euler Deconvolution represented
by dots with colors varying from dark blue to dark red.
This figure illustrates depth variations of subsurface geo-
logical structures ranging from 168.6 to 1998.4 m. These
depth variations align with the fault depth interpretation
shown in Figure 7. The hot springs in the central part of
the study area are surrounded by shallow geological struc-
tures (blue dots), while deeper structures (light pink to
dark red dots) surround the hot springs at more distant
positions. This pattern of structure depths also illustrates
the uplift pattern that occurred in the area. Figure 9 shows
the locations of geological structures associated with
strike-slip fault lineaments in the study area. These in-
clude the Windo Fault, Kaendi Fault, Lainea Fault, and
Damba Fault. These strike-slip faults have shallow depths,
as indicated by the blue dots.

The solution of the Euler deconvolution reveals sub-
surface anomaly direction trends that are analogous to
those estimated with TAHG and FSED. This good agree-
ment may be due to selecting an appropriate index struc-
ture (N = 0) to describe the geological contact in the
form of a fault. Figure 8 and Figure 9 illustrate the
northwest-southeast (NW-SE) oriented Boroboro Nor-
mal Fault, which developed during the extensional pro-
cess, followed by crustal thinning. Strike-slip faults
trending NE-SW cut the Boroboro Fault relatively shal-
lowly after crustal thinning. These strike-slip faults
formed as secondary faults after the main fault devel-
oped during the Miocene-Pliocene deformation phase.
The rose diagram of the resultant data constructed from
the FSED’s predicted faults indicates that the predomi-
nant orientation of the geological structures is south-
west-northeast, succeeded by northwest- southeast. The
presence of two earthquake occurrences (yellow aster-
isks) in the center of Figure 9 indicates the dynamic na-
ture of the geological features in the studied area.
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Figure 9. Euler deconvolution depth solution for the Lainea geothermal system, Southeast Sulawesi, Indonesia. Dots
with various colors from dark blue to dark red represent variation depths of subsurface geological structure of the area.
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6. Conclusions

We present several conclusions based on studies us-
ing advanced data processing techniques and inversion
methods for gravity data:

1) The reservoir basins are located at depths from
600 m to 900 m with a density range of 2865 <p <
2942 kg/m*. The caprock covering the reservoir
layer consists of several rock blocks with densities
ranging from 2608 to 2865 kg/m3. The caprock is
located at a depth of several tens of meters above
sea level to a depth of approximately 1000 m be-
low sea level. The basement underlying the reser-
voir rock is the integration of rock layers with den-
sities of 2948 < p < 3045 kg/m* and 3046 < p <
3122 kg/m?, which are metamorphic rock groups.
The upper boundary of the basement is located at
a depth of several meters above sea level to a depth
of 1500 m below sea level.

2) Intrusive plutonic rocks with maximum density of
3174 kg/m?® are located at depths ranging from
1500 m to more than 3000 m. The intrusive plu-
tonic rocks act as heat sources of geothermal en-
ergy at the LNVGF.

3) The use of TAHG and FSED edge detection tech-
niques demonstrates the presence of subsurface
faults with northwest-southeast and southwest-
northeast trends. These subsurface faults corre-
spond to surface fault trends from a geological
standpoint. Euler deconvolution shows subsurface
anomaly direction trends that are similar to the
TAHG and FSED techniques. Geological struc-
tural anomalies (estimated faults) from the Euler
deconvolution show depth variations ranging from
168.6 to 1998.4 m, which aligns with the modelled
fault depths from gravity data inversion.

Acknowledgement

The research team would like to express its highest
thanks to the Directorate of Research, Technology, and
Community Service; the Directorate General of Higher
Education, Research, and Technology; the Ministry of
Education, Culture, Research, and Technology, Republic
of Indonesia for providing funding support for basic re-
search.

Funding

This research was funded by the Directorate of Re-
search, Technology, and Community Service; the Direc-
torate General of Higher Education, Research, and Tech-
nology; the Ministry of Education, Culture, Research,
and Technology, Republic of Indonesia, grant number
049/E5/PG.02.00.PL/2024.

7. References

Arrofi D., Abu-Mahfouz 1.S., & Prayudim S.D. (2022). Inves-
tigating high permeable zones in non-volcanic geothermal

systems using lineament analysis and fault fracture density
(FFD): northern Konawe Regency. Indonesia. Geothermal
Energy, 10( 29).

Basantaray, A.K. and Mandal, A. (2022). Interpretation of
gravity—magnetic anomalies to delineate subsurface con-
figuration beneath east geothermal province along the Ma-
hanadi rift basin: a case study of non-volcanic hot springs.
Geothermal Energy, 10(6).

Bekhit, A.M., Sobh, M., Abdel Zaher, M., Abdel Fattah, T., &
Diab, A.I. (2024). Crustal thickness variations beneath
Egypt through gravity inversion and forward modeling:
linking surface thermal anomalies and Moho topography.
Progress in Earth and Planetary Science, 11(1), 39.

Badi, J., Vajda, P., Camacho, A. G., Papco, J., & Fernandez,
J. (2023). On gravimetric detection of thin elongated
sources using the Growth inversion approach. Surveys
in Geophysics, 44(6), 1811-1835.
https://doi.org/10.1007/s10712-023-09790-z

Boling, R.A., Tanesib, J.L., Sutaji, H.I., Lapono, L.A.S., &
Lewerissa. R. (2024). Re-evaluation of a geothermal sys-
tem model based on high-resolution gravity field inver-
sion: A case study of the Maritaing geothermal field, Alor
Regency, East Nusa Tenggara Province, Indonesia. Kuwait
Journal of Science, 51(2), 100187.

Camacho, M. and Alvarez, R. (2021). Geophysical Modeling
with Satellite Gravity Data: Eigen-6C4 vs. GGM Plus. En-
gineering, 13, 690-706.

Camacho, A.G., Prieto, J.F., Aparicio, A., Ancochea, E., &
Fernandez, J. (2021). Upgraded GROWTH 3.0 software
for structural gravity inversion and application to El Hierro
(Canary Islands). Computers & Geosciences, 150: 104720.

Carrillo, J., Perez-Flores, M. A., Gallardo, L.A., and Schill, E.
(2022). Joint inversion of gravity and magnetic data using
correspondence maps with application to geothermal
fields. Geophysical Journal International, 228(3), 1621-
1636. https://doi.org/10.1093/ gji/ggab416.

Chen, Q., Dong, Y., Tan, X., Yan, S., & Chen, H. (2022). Ap-
plication of extended tilt angle and its 3D Euler deconvo-
lution to gravity data from the Longmenshan thrust belt
and adjacent areas. Journal of Applied Geophysics. 206
(104769), 1-13. https://doi.org/10.1016/j. jappgeo.2022.
104769.

Chisenga, C,. Dulanya, Z., & Jianguo, Y. (2019). The struc-
tural reinterpretation of the lower shire basin in the South-
ern Malawi Rift using gravity data. Journal of African
Earth Sciences, 149, 280-290. https://doi.org/10.1016/j.
jafrearsci. 2018.08.013.

Dogan, M.B., Sayin, T.S., 2024. Comparing geologic struc-
tural mapping techniques in tectonically active region of
Lake Van using gravity and seismological data. Earth Sci-
ence Informatics. 17(3), 2763-2774.

ESDM, Press Release No. 55.Pers/04/SJ1/2024 Dated January
18, 2024. Government Pursues Target to Increase EBT Mix.
https://www.esdm.go.id/id/media-center/arsip-berita/
pemerintah-kejar-tingkatkan-bauran-ebt. (in Indonesia).

Feng, X., Ma, J., Guo, R., Zhang, J., & Yang, L. (2024). 3D
gravity and magnetic inversion reveal geothermal struc-
ture dominated by radioactive heat production of granites
in the Weihe basin. Tectonophysics. 874.

Ferreira, F.J.F., de Souza, J., de Bongiolo, A.BeS., & de Castro

Rudarsko-geoloSko-naftni zbornik 2026, 41 (1), pp. 143-156, https://doi.org/10.17794/rgn.2026.1.11


https://www.scopus.com/sourceid/21100843270?origin=resultslist
https://www.scopus.com/sourceid/28977?origin=resultslist
https://www.scopus.com/sourceid/28977?origin=resultslist
https://www.scopus.com/sourceid/21100324700?origin=resultslist
https://www.scopus.com/sourceid/21100324700?origin=resultslist
https://doi.org/10.1093/ gji/ggab416
https://doi.org/10.1016/j. jappgeo.2022.104769
https://doi.org/10.1016/j. jappgeo.2022.104769
https://doi.org/10.1016/j.jafrearsci. 2018.08.013
https://doi.org/10.1016/j.jafrearsci. 2018.08.013
https://www.scopus.com/record/display.uri?eid=2-s2.0-85169134084&origin=resultslist&sort=plf-f&src=s&sot=b&sdt=b&s=TITLE-ABS-KEY%28edge+AND+detection+gravity%29&sessionSearchId=423ca3e0dc2fa55152572306d9bac524&relpos=24
https://www.scopus.com/record/display.uri?eid=2-s2.0-85169134084&origin=resultslist&sort=plf-f&src=s&sot=b&sdt=b&s=TITLE-ABS-KEY%28edge+AND+detection+gravity%29&sessionSearchId=423ca3e0dc2fa55152572306d9bac524&relpos=24
https://www.scopus.com/record/display.uri?eid=2-s2.0-85169134084&origin=resultslist&sort=plf-f&src=s&sot=b&sdt=b&s=TITLE-ABS-KEY%28edge+AND+detection+gravity%29&sessionSearchId=423ca3e0dc2fa55152572306d9bac524&relpos=24
https://www.scopus.com/sourceid/14500154730?origin=resultslist
https://www.scopus.com/sourceid/14500154730?origin=resultslist
https://www.esdm.go.id/id/media-center/arsip-berita/pemerintah-kejar-tingkatkan-bauran-ebt
https://www.esdm.go.id/id/media-center/arsip-berita/pemerintah-kejar-tingkatkan-bauran-ebt

155 Investigation of Geothermal System Using Advanced Processing and Inversion of Gravity Data...

L.G. (2013). Enhancement of the total horizontal gradient
of magnetic anomalies using the tilt angle. Geophysics, 78
(3), J33-J41. https://doi.org/10.1190/ge02011-0441.1.

Gaber, G.M., Saleh, S., & Kotb, A. (2024). 3D Gravity and
magnetic inversion modelling for geothermal assessment
and temperature modelling in the central eastern desert and
Red Sea. Egypt. Scientific Reports, 14(1), 15266.

Geng, M.J.K, Welford, C.G., Farquharson, A.L., Peace, & Hu,
X. (2020). 3-D joint inversion of airborne gravity gradiom-
etry and magnetic data using a probabilistic method. Geo-
phys. J. Int, 223(1), 301-322. doi: 10.1093/gji/ ggaa283.

Gupta, H. and Roy S. (2010). Geothermal Energy: An Alterna-
tive Resource for The 21% Century. Elsevier, Amsterdam.

Hadi, M. N., Kusnadi, D., & Widodo, S. (2010). Book 1: En-
ergy Field Integrated Investigation of Geology and Geo-
chemistry of Lainea Geothermal Area, South Konawe Re-
gency, Southeast Sulawesi Province. (in Indonesia).

Hermawan, D., Sugianto, A., Yushantarti, A., Dahlan, Mu-
nandar, A., & Widodo, S. (2011). Non-Volcanic Geother-
mal Study in Southeast Sulawesi. In the Energy Sector.
Indonesian Geological Resources Center. (in Indonesia).

Hinze, W.J., Von Frese, R.R.B., & Saad, A.H. (2013). Gravity
and Magnetic Exploration: Principles, Practices and Ap-
plications. Cambridge University Press, New York, USA.

Idral, A. (2010). Potency of Non Volcanic Hosted Geothermal
Resources in Sulawesi-Indonesia. Proceedings World Ge-
othermal Congress 2010, Bali, Indonesia, 25-29 April.

IRENA (2022). IRENA reports 22% lower LCOE of geother-
mal power in 2022. https://www.irena.org/Energy-Transi-
tion/Technology/Geothermal-energy.

Jacobsen, B.H. (1987). Case for upward continuation as a
standard separation filter for potential-field maps. Geo-
physics. 52, 1138-1148.

Kebede, H., Alemu, A., & Fisseha, S. (2020). Upward continu-
ation and polynomial trend analysis as a gravity data de-
composition, case study at Ziway-shala Basin, central
Main Ethiopian rift. Heliyon. 6 (1), 1-11. https://doi.
org/10.1016/j. heliyon.2020.¢03292.

Kusmita, T., Tiandho, Y., Widyaningrum, Y., & Alawiyah, U.
(2023). Suseptibilitas Magnetik Sistem Panasbumi Non
Vulkanik Desa Terak Menggunakan Metode Geomagne-
tik. Jurnal Geosaintek. 9(3).

Lewerissa, R., Sismanto, Setiawan, A., & Pramumijoyo, S.
(2020). The igneous rock intrusion beneath Ambon and
Seram islands, eastern Indonesia, based on the integration of
gravity and magnetic inversion: its implications for geother-
mal energy resources. Turkish J Earth Sci, 29, 596-616.

Li, H. (2023). Integrated application of gravity, acromagnetic,
and electromagnetic methods in exploring the Ganzi geo-
thermal field, Sichuan Province, China. Energy Geosci-
ence. 4. https://doi.org/10.1016/j.engeos.2023.100207.

Marson, I. and Klingele, E.E. (1993). Advantages of using the
vertical gradient of gravity for 3- D interpretation. Geo-
physics, 58 (11), 1588-1595.

Mawaleda, M., Husain, J. R., Forster, M., Suparka, E., Abdul-
lah, C. I., Basuki, N. I. & Hutabarat, J. 2018. Miocene
tectonic of the Southeast Arm of Sulawesi, Indonesia:
Based on petrology data, geochemistry, and 40Ar/39Ar
geochronology of metamorphic rocks from Rumbia
Complex. IOP Conference Series:Earth and
Environmental Science, 212. 012043.

Muzani, M., Nabilla, L., Pratiwi, R. V. E. & Tan, F. 2023.
South Sulawesi Arm’s Evolution in the Past 50 million
years and Its Impacts on the Geology and Geomorphology.
Geology, Ecology, and Landscapes. 1-13. https://doi.org/1
0.1080/24749508.2023.2165627.

Nahli, K., Mulyana, F., Tsani, G.E., Alwan, M.A., Darojat,
M.H., & Hendrawan, R.N. (2016). Identifying Non-Vol-
canic Geothermal Potential in Amohola, Southeast Sula-
wesi Province, by Applying the Fault and Fracture Density
(FFD) Method. IOP Conf. Series: Earth and Environmen-
tal Science. 42. doi:10.1088/1755-1315/42/1/012015.

Nasruddin, Alhamid, M. L., Daud, Y., Surachman, A., Sugiyo-
no, A., Aditya, H.B., & Mahlia T.M.I. (2016). Potential of
geothermal energy for electricity generation in Indonesia:
A review. Renewable and Sustainable Energy Reviews, 53,
733-740.

Nugraha, A. M. S. & Hall, R. 2022. Neogene sediment prove-
nance and paleogeography of SE Sulawesi, Indonesia. Ba-
sin Research, 34(5). 1714-1730. https://doi.org/10.1111/
bre.12682.

Nugraha, A. M. S., Hall, R. & BouDagher-Fadel, M. 2022.
The Celebes Molasse: A revised Neogene stratigraphy for
Sulawesi, Indonesia. Journal of Asian Earth Sciences, 228.
105140. https://doi.org/10.1016/j.jseaes.2022.105140.

Oksum, E., Le, D., Vu, M., Hang, N., & Pham, L. (2021). A
novel approach based on the fast sigmoid function for in-
terpretation of potential field data. Bollettino di Geofisica
Teorica ed Applicata, 62(3), 543-556.

Osinowo, 0.0., Abdulmumin, Y., & Faweya, T.V. (2023).
Analysis of high-resolution airborne-magnetic data for hy-
drocarbon generation and preservation potential evalua-
tion of Yola sub-basins, northern Benue Trough, northeast-
ern Nigeria. Energy Geoscience, 4(1), 33-41.

Ozsoz, 1. (2021). Combined qualitative and quantitative re-
gional interpretation of the thermal results of magnetic
data in the Eastern Mediterranean Region. Turkish J Earth
Sci, 30, 665-680.

Pambudi, N.A. and Ulfa, D.K.. (2024). The geothermal energy
landscape in Indonesia: A comprehensive 2023 update on
power generation, policies, risks, phase and the role of

education. Renewable and Sustainable Energy Reviews,
189: 114008.

Parker, R.L. (1972). The rapid calculation of potential anoma-
lies. Geophysical Journal International, 31(4), 447—455.
https://doi.org/10.1111/j.1365-246X.1973. tb06513.x.

Perez-Flores, M.A., Carrillo, J., Schill, E., Lopez-Hernandez,
A., Sosa-Ceballos, G., Cornejo-Trivino, N., Jim'enez-
Haro, A., & Boijseauncau-Lopez, M.E. (2024). Density
and magnetization models for the Acoculco geothermal
field by joint 3D inversion. Geothermics, 117.

Pham, L. T., Oksum, E., Gébmez-Ortiz, D., & Do, T.D. (2020).
MagB_inv: A high performance Matlab program for esti-
mating the magnetic basement relief by inverting magnetic
anomalies. Computers and Geosciences, 134.. https://doi.
org/10.1016/j. cageo.2019.104347.

Pham, L.T., Oksum, E., & Dolmaz, M.N. (2021). GRV_D
inv: A graphical user interface for 3D forward and inverse
modeling of gravity data. Geofizicheskyi Zhurna, 43(1),
181-193. https://doi.org/ 10.24028/gzh.0203-3100.
v43i1.2021. 225546.

Rudarsko-geolosko-naftni zbornik 2026, 41 (1), pp. 143-156, https://doi.org/10.17794/rgn.2026.1.11


https://www.scopus.com/record/display.uri?eid=2-s2.0-85197426368&origin=resultslist&sort=plf-f&src=s&sot=b&sdt=b&s=TITLE-ABS-KEY%28gravity+inversion+geothermal%29&sessionSearchId=423ca3e0dc2fa55152572306d9bac524&relpos=3
https://www.scopus.com/record/display.uri?eid=2-s2.0-85197426368&origin=resultslist&sort=plf-f&src=s&sot=b&sdt=b&s=TITLE-ABS-KEY%28gravity+inversion+geothermal%29&sessionSearchId=423ca3e0dc2fa55152572306d9bac524&relpos=3
https://www.scopus.com/record/display.uri?eid=2-s2.0-85197426368&origin=resultslist&sort=plf-f&src=s&sot=b&sdt=b&s=TITLE-ABS-KEY%28gravity+inversion+geothermal%29&sessionSearchId=423ca3e0dc2fa55152572306d9bac524&relpos=3
https://www.scopus.com/record/display.uri?eid=2-s2.0-85197426368&origin=resultslist&sort=plf-f&src=s&sot=b&sdt=b&s=TITLE-ABS-KEY%28gravity+inversion+geothermal%29&sessionSearchId=423ca3e0dc2fa55152572306d9bac524&relpos=3
https://www.scopus.com/sourceid/21100200805?origin=resultslist
https://www.irena.org/Energy-Transition/Technology/Geothermal-energy
https://www.irena.org/Energy-Transition/Technology/Geothermal-energy
https://doi.org/10.1016/j. heliyon.2020.e03292
https://doi.org/10.1016/j. heliyon.2020.e03292
https://doi.org/10.1016/j.engeos.2023.100207
https://doi.org/10.1088/1755-1315/212/1/012043
https://doi.org/10.1088/1755-1315/212/1/012043
https://doi.org/10.1080/24749508.2023.2165627
https://doi.org/10.1080/24749508.2023.2165627
https://doi.org/10.1111/bre.12682
https://doi.org/10.1111/bre.12682
https://doi.org/10.1016/j.jseaes.2022.105140
https://www.sciencedirect.com/journal/energy-geoscience
https://www.sciencedirect.com/journal/energy-geoscience/vol/4/issue/1
https://doi.org/10.1111/j.1365-246X.1973. tb06513.x
https://doi.org/10.1016/j. cageo.2019.104347
https://doi.org/10.1016/j. cageo.2019.104347

J. Safani, R. Wirawan, K Ibrahim et al.

156

Pham, L.T., Ghomsi, F.E.K., Vu, T.V., Oksum, E., & Steffen,
R. (2023). Mapping the structural configuration of the
western Gulf of Guinea using advanced gravity interpreta-
tion methods. Physics and Chemistry of the Earth, 129
(103341),1-12.https://doi.org/10.1016/j.pce.2022.103341.

Pham, L.T. (2024). An improved edge detector for interpreting
potential field data. Earth Science Informatics, 17(3),
2763-2774.

PSDG (2010). Report on Integrated Geothermal Survey of
Geology and Geochemistry of Lainea Geothermal Area,
South Konawe Regency, Southeast Sulawesi. (in Indo-
nesia).

Rony, P., Haryanto, A.D., Hutabarat, J., & Kusnadi, D. (2019).
Non-Volcanic Geothermal System in the Buntuna Area,
Tolitoli, Central Sulawesi, Based on Geological and Geo-
chemical Approaches of Hot Water. Padjadjaran Geosci-
ence Journal, 3(4), 254-260. (in Indonesia)

Safani, J. Ibrahim, K., Wa Deni, Al Rubaiyn, Firdaus, & Ha-
risma (2023). Interpreting structural configuration of the
Sengkang Basin of Indonesia using edge detection and 3-D
Euler deconvolution to satellite gravity data. Turkish J
Earth Sci, 32, 894-914.

Saibi, H., Amrouche, M., Batir, J., Gabr, A., & Fowler, A.R.
(2022). Magnetic and gravity modelling and subsurface
structure of two geothermal fields in the UAE. Geothermal
Energy, 10:28.

SAZETAK

Sari, C. and Timur, E. (2021). Interpretation of magnetic data
using boundary analysis and inversion techniques: a case
study from Golciik/Isparta (Turkey) region. Turkish J
Earth Sci, 30, 611-627.

Sugianto, A., Zarkasyi, A., Wardhana, D. D., & Setiawan, I.
(2011). Magnetotelluric Survey of the Lainea Geothermal
Area, South Konawe Regency, Southeast Sulawesi. Pro-
ceedings of the 2011 Activities of the Geological Resourc-
es Center. (in Indonesia)

Tamanyu, S. and Sakaguchi, K.. (2003). Conceptual model for
non-volcanic geothermal resources - examples from To-
hoku Japan. International Geothermal Association. https://
www.geothermal-energy.org/pdf/IGAstandard/EGC/
szeged/O-5-06.pdf.

Xu, Z., Wang, R., Xiong, W., Wang, J., & Wang, D. (2021). 3D
hybrid imaging based on gravity migration and regularized
focusing inversion to predict the Poyang Basin interface.
Geophysics, 86(4), G55-G67. doi: 10.1190/ge02020-0396.1.

Zarkasyi, A. and Widodo, S. (2014). Magnetotelluric (MT)
and Time Domain Electro Magnetic (TDEM) Survey of
the Lainea Geothermal Area, Southeast Sulawesi Prov-
ince. Proceedings of the 2014 Geological Resources Cent-
er Activities. (in Indonesia)

Istrazivanje geotermalnoga sustava koristenjem napredne obrade i inverzije
gravitacijskih podataka u nevulkanskome geotermalnom polju Lainea, Indonezija

Indonezija je zemlja koja ima obilne geotermalne resurse. Svrha je ovoga istrazivanja ispitati geotermalni sustav u nevul-
kanskome geotermalnom polju Lainea, pokrajina Jugoisto¢ni Sulawesi, Indonezija. To uklju¢uje (i) procjenu geotermal-
nih bazena rezervoara, krovnih i temeljnih stijena, (ii) procjenu izvora topline i (iii) procjenu podzemnih rasjeda. Prva
dva cilja postignuta su koristenjem pobolj$ane strukturne gravitacijske inverzije. Treci cilj postignut je kori$tenjem na-
prednih tehnika obrade, i to 3D Eulerove dekonvolucije, kuta nagiba horizontalnoga gradijenta (TAHG) i brze detekcije
rubova sigmoidom (FSED). Inverzija gravitacijskih podataka pokazuje bazene rezervoara koji se nalaze na dubinama od
600 m do 9goo m s rasponom gustoce od 2865 < p < 2942 kg/m>. Nekoliko blokova stijena s gusto¢ama u rasponu od 2608
do 2865 kg/m? funkcionira kao krovna stijena. Krovna stijena nalazi se na dubinama u rasponu od nekoliko desetaka
metara do 1000 m. Temeljna stijena ispod stijene rezervoara jest integracija slojeva stijena s gustocama od 2948 < p <3045
kg/m?3 i 3046 < p < 3122 kg/m>. Gornja granica bazne stijene nalazi se na dubini od nekoliko desetaka metara do 1500 m
ispod razine mora. Intruzivne plutonske stijene s maksimalnom gusto¢om od 3174 kg/m? nalaze se na dubinama u ras-
ponu od 1500 m do vise od 3000 m. TAHG i FSED pokazuju prisutnost podzemnih rasjeda sa smjerovima pruzanja sjeve-
rozapad-jugoistok i jugozapad-sjeveroistok. Rezultati Eulerove dekonvolucije podrzavaju model rasjeda TAHG i FSED.

Kljuéne rijeci:
gravitacija, geotermalni rezervoar, izvor topline, podzemni rasjed, polje Lainea
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