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Abstract

The island of Sumatra was formed through complex tectonic processes that produce a variety of geological resources,
including geothermal potential. Fault structures, particularly the Great Sumatran Fault (GSF), are associated with sur-
face geothermal manifestations. The objective of this investigation is to conduct a thorough assessment of the geother-
mal potential in southern Sumatra by utilising a combination of magnetic and gravity data. The results show that the
heat source in Sumatra is intrusive volcanic rocks with a density of 2.8 g/cm? and a susceptibility value of 0.007, extend-
ing from west to south in a northwest-southeast pattern. These rocks are part of the Kikim Formation (Tpok) from the
magma residue of Mount Bukit Besar, Bukit Lumut, and Bukit Balai, at a depth of more than 7 km. The reservoir layer in
the center is likely caused by the Sumatra Fault fracture zone or sedimentary rocks, consisting of the Hulusimpang and
Gumai formations, with a density of 2.6 g/cm? and a susceptibility of 0.075 at a depth of 1000-1500 m. The heat flow
ranges from 55.1 to 79 mW/m?, and the geothermal gradient is between 21.1 and 31.6°C/km. Another finding is the high
geothermal gradient observed beneath volcanic complexes, including the Bukit Barisan Mountains area. The northwest-
southeast fault structure parallel to the GSF suggests that this fault controls the geothermal system in Sumatra, providing
new insight into the fault control mechanism of the geothermal system. The integration of gravity and magnetic data
reveals new relationships between tectonic structures in the GSF zone and previously unexplored geothermal potential.
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1. Introduction cluding Semangko, Komering, Manna, and Ketaun in
Southern Sumatra. Additionally, Patah Hill, Lumut Hill,
Subduction of the Indo-Australian and Eurasian plates  and Balai Hill are part of the Bukit Barisan Mountains
created the Sunda volcanic arc systems, of which Suma-  especially in Southern Sumatra. The hill is controlled by
tra is a component. This process results in the formation  the SFZ structure, which is characterized by the pres-
of Vqlcanoes alor'lg the arc. A significant geological fea-  ence of a caldera structure like the one on Lumut Hill.
ture in Sumatra is the Great Sumatran Fault, a dextral  Generally, these hills are composed of young volcanic
strike-slip fault zone known as the Great Sumatran Fault  ynits consisting of andesite, breccia andesite, and basal-
(GSF) (Hamilton, 1979; Bellier and Sébrier, 1994;  tic andesite (Nurseto et al., 2020).

Sieh and Natawidjaja, 2000; Curray, 2005; Burton The Great Sumatran Fault (GSF) facilitates the up-
and Hall, 2014; Veloso et al., 2015; Natawidjajaetal, .14 flow of geothermal fluids through fractures and
2017; Widiantoro et %ll., 2024). The GSF zone provides faults, making areas around GSF highly prospective for
a complex geodynamic context and is one of the areas geothermal exploration due to permeable pathways cre-
potentially most affected by .slgmﬁcant tectonic aclivity 404 by tectonic activity. The island of Sumatra also has
(Sukmono et al., 1996; Bellier et al., 1999). The Great  |;0anic activity and geodynamic zones, which may in-
Sumatran Fault (GSF) is divided into 19 segments, in-  gicate similar conditions for geothermal exploration.
Further studies of near-surface magmatic activity and

* Corresponding author: Irfan Prasetyo geodynamic conditions in Sumatra could help identify
e-mail address: irfangeofisika@gmail.com zones of high geothermal potential. Another indication
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Figure 1: A geologic map showing the Great Sumatran Fault (GSF) in the southern part of Sumatra Island

of geothermal potential is the manifestation of hot water
at the surface (Hochstein et al., 1996). This manifesta-
tion occurs due to the propagation of heat from below
the surface and the existence of orientations such as frac-
tures allowing the flow of geothermal fluid to rise to the
surface, which is a characteristic feature of geothermal
systems (Siringoringo et al., 2024).

This study focuses on the southern part of Sumatra, as
shown in Figure 1. The study area crosses several fault
segments, such as the Manna Fault Segment, the Kumer-
ing Fault Segment, and the Semangko Fault Segment.
Several geophysical studies in the southern part of Su-
matra Island show that there is volcanic activity in the
Sumatra segment, which is characterized by a low veloc-
ity zone (Liu et al., 2021). Hochstein et al. (1996) relate
volcanic activity to geothermal potential from various
high-temperature systems and volcanic activity along
the active Sumatran arc. Sumatra has at least half of its
active volcanoes that are connected to volcanic geother-
mal reserves that hold magmatic gases and acidic fluids.
This volcanic activity contributes to high geothermal
gradients and the existence of geothermal systems. Due
to the thinning of the continental crust and the presence
of magma from the rising mantle, geochemical measure-

ments from the southern island of Sumatra show high
heat flow (Siringoringo et al., 2024).

Some previous researchers have focused on subsur-
face modelling and aspects of geological data for the
Sumatra region. The integration of gravity and magnetic
data has uncovered previously unexplored relationships
between tectonic structures and geothermal anomalies.
The combination of these two methods has been widely
used in the identification of geothermal potential
(Moghaddam et al., 2016; Zaher et al., 2018; Zhang et
al., 2020; Basantaray and Mandal, 2022; Gaber et al.,
2024; Hilemichaeil et al., 2024; Kongpet and Kanjan-
apayont, 2024). Gravity and magnetic methods of ex-
ploration of geothermal resources are quite effective be-
cause they can delineate geological structures in the
form of faults (Zhang et al., 2020), which are very im-
portant in controlling the distribution of surface mani-
festations. Magnetic methods can estimate demagnet-
ized rocks due to changes in temperature and acidity
(Kauffman and Keller, 1981). To fill this knowledge
gap, a geophysical technique makes use of the Curie
point depth (CPD), where temperature approaches CPD
of magnetite or loses magnetization (580°C) (Abdel Za-
her et al., 2018; Kongpet and Kanjanapayont, 2024).
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Figure 2: Research data: (a) a topographic map of the study area Hirt et al. (2014); (b) gravity observation data
from Hirt et al. (2013); and (c) magnetic data from EMAG2v3 for the southern Sumatra region (Meyer and Saltus, 2017).

In this context, the objective of this investigation is to
evaluate the gravity and magnetic response anomalies to
estimate geothermal potential. Gravity research was
conducted using high-resolution earth gravity informa-
tion derived from the Global Gravity Model Plus (GGM-
plus) by Hirt et al. (2013), Earth Residual Terrain Mod-
el (ERTM) 2160 by Hirt et al. (2014), and Shuttle Radar
Topography Mission version 2 Gravity (SRTM2gravity)
by Hirt et al. (2019). Meanwhile, magnetic research
uses the Earth Magnetic Anomaly Grid 2-arc-minute
resolution (EMAG2v3) by Meyer and Saltus (2017).
Furthermore, the data were combined to understand the
subsurface geological structure, map lithological bound-
aries, and determine the depth and location of heat
sources. In addition, the data were used for subsurface
configuration and its association to thermal characteris-
tics by identifying CPD to locate heat source. This anal-
ysis is supported by edge detection analysis using the
Fast Sigmoid-Based Edge Detection (FSED) edge gradi-
ent technique (Pham et al., 2023). Edge detection tech-
niques are capable of delineating fault structures (Pham
et al., 2023; Safani et al., 2023; Aprina et al., 2024;
Pham and Prasad, 2024). We performed quantitative
interpretation to model the subsurface structure of a lo-
cation using 2.5D joint forward modelling of gravity and
magnetic data. This combination’s results can help pro-

vide a conceptual model for the development of geother-
mal potential in southern Sumatra.

2. Material and methods
2.1. Data

This research is located in southern Sumatra, within
the geographical coordinates of 3°00°00”* - 6°00°00” S
and 102°00°00” - 106°30°00” E. Based on the UTM
projection (datum 48S WGS84), the area is defined by
UTM X coordinates ranging from 166,000 to 667,500
and UTM Y coordinates from 9,335,000 to 9,669,000,
encompassing a total area of approximately 500 km by
400 km. Figure 2 depicts the research area. The south-
ern part of Sumatra Island is characterized by high to-
pography known as the Bukit Barisan Mountains, which
are situated in the west, and sediment is dominant in the
east. The highest elevation on this island is 3,200 m (see
Figure 2a). Research data collection in the form of sat-
ellite data from various sources includes GGMPlus
gravity data (Hirt et al., 2013), total magnetic anomaly
data from EMAG2v3 (Meyer and Saltus, 2017), topo-
graphic data from SRTM2610 (Hirt et al., 2014), and
SRTM2gravity (Hirt et al., 2919).
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This study used global gravity and magnetic data:
GGMplus gravity acceleration and quasi-geoid (Hirt et
al., 2013). Elevation data was collected from the GGM-
plus SRTM2160 gravity elevation reference model. The
GGMplus gravity elevation reference model uses resid-
ual SRTM2gravity data to correct the free air anomaly
(FAA) data. Additionally, magnetic data were obtained
from EMAG2v3, which is the latest version of EMAG2
with a resolution of 2 arc minutes with an upward con-
tinuation of 4 km (Meyer and Saltus, 2017).

2.2. Processing gravity data
2.2.1. Average density estimation

This study uses the Parasnis method to estimate the
average density (Rao and Satyanarayana, 1973), with
calculations showing a consistent value of 2.3 g/cc for
the study area. Figure 3 illustrates the calculated aver-
age density value. Using this value as a variable, the
Complete Bouguer Anomaly (CBA) for southern Suma-
tra can be determined.

Density Estimation by Parasnis Method
350
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Figure 3: Average density estimation results
of the Parasnis method

2.2.2. Analysis of the Power Spectrum

Spectrum analysis is performed to estimate the win-
dow width and depth of gravity anomalies. Additionally,
spectrum analysis can be used to compare the spectrum
responses of various filtering methods. Spectrum analy-
sis is conducted by Fourier transforming predefined
tracks. The Fourier transformation of gravity anomalies
observed in the horizontal plane is provided (Blakely,
1996). The window width estimation is conducted to de-
termine the window width that will be used to separate
regional and residual data. To obtain an optimal window
width estimation, the amplitude spectrum resulting from
the above Fourier transformation (Equation 1) is loga-
rithmized, yielding a straight-line equation. The compo-
nent k£ becomes directly proportional to the amplitude
spectrum.

Ln P=(z,~2 )|k (1)

From the equation above, linear regression is used to
obtain the boundary between the first order (regional)
and the second order (residual), with the value of (k) at
this boundary taken as the determinant of the window
width. The relationship between wavelength (1) and (k)
is derived from the equation (Blakely, 1996) where (7)
is the window width.

kzzf;i:n-Ax (2)

2.2.3. Separation of the gravity anomaly

The moving average method (Robinson, 1988) is
used in this study with a 21x21 grid point window and 2
km grid spacing to separate the Bouguer anomaly's parts,
such as surface noise, residual, and regional anomalies.
This technique produces more accurate anomaly maps
and facilitates geophysical interpretation, which is es-
sential for identifying deep geological features and re-
moving noise effects. Equation 3 mathematically dis-
plays the moving average equation for the 1-D case.

_ Ag(a—n)+...+Ag(a)+...+Ag(a+n)
N

Ag, (a) 3)

Applying a moving average to a two-dimensional
map, the value of 4g, at a point can be calculated by
averaging all the values of 4g, in a square box, with the
center point being the point from which the value of 4g,
will be calculated. Equation 4 provides an example of
applying a moving average in a 5x5 window on two-di-
mensional data.

Agy :%'[(Ag31)+(Ag32)+(Ag33)+ """" +(Ag325):| (4)

2.2.4. Edge detection filter

Techniques of edge detection are utilised to identify
the boundary of the anomaly cause. Fast Sigmoid Edge
Detection, also referred to as FSED, is one of the tech-
niques. FSED is an edge detection filter that gives the
maximum amplitude to the anomaly source’s edge. Ac-
cording to Oksum et al. (2021) and Pham et al. (2023).
Anomalies from both deep and shallow geological ori-
gins can be balanced simultaneously by this filter. Equa-
tion 5 illustrates this technique mathematically.

FSED = 171 (5)
1+| R|
OHG
R= 0 ©6)

) {2
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Figure 4: Distribution map of CPD estimation points with a 100 km x 100 km window width

2.3. Processing magnetic data
2.3.1. Reduce to pole from magnetic data

Reduce to the pole (RTP) transformation is a standard
method for eliminating dipolar effects (Cooper and
Cowan, 2005). According to the International Geomag-
netic Reference Field (IGRF), RTP uses an inclination of
-8.1° and a declination of -0.01°. Finlay et al. (2010)
adjusted the magnetic anomaly to conditions of 90° in-
clination and 0° declination.

2.3.2. Curie Point Depth

Curie Point Depth (CPD) is the depth at which the Cu-
rie temperature is reached by minerals in the Earth’s crust,
marking the point where the geological materials that
make up the lithosphere transition from the ferromagnetic
phase to the paramagnetic phase (Okubo et al., 1985).
The magnetization of rocks is influenced by their compo-
sition, specifically the quantity of magnetic minerals they
contain, and by the temperature. When calculating the
thickness of the Earth’s magnetized crust, it becomes evi-
dent that two issues related to vertical compositional
changes lead to rocks losing their ferromagnetic proper-
ties (Abdel Zaher et al., 2018; Nuiiez Demarco et al.,
2021; Kongpet and Kanjanapayont, 2024). The mag-
netic properties of rocks are primarily influenced by fer-
romagnetic minerals, as the majority of minerals are para-
magnetic or diamagnetic and exhibit extremely low mag-
netic susceptibility (Nifiez Demarco et al., 2021).

Okubo et al. (1985) devised spectral analysis tech-
niques that conducted CPD calculations from magnetic
data in the study area. Spector and Grant (1970) in-
vented the fundamental 2D spectral analysis technique
for estimating the peak depth of a magnetic rectangular
prism (Zt) from the slope of a log power spectrum. Bh-
attacharyya and Leu (1975, 1977) advanced this tech-
nique to determine the depth of the center of mass of a
magnetic source object (Z0). Later, Okubo et al. (1985)
developed a method to estimate the bottom depth of a
magnetic source (Zb). For a two-dimensional body with
a random, uncorrelated magnetization distribution, the
power density spectrum, P(k), of the total magnetic field
is expressed in terms of the top depth and thickness of
the magnetic body (Blakely, 1995) and can be simplified
as shown in Equation 7.

P(k) = Ae 2N (1- e KIZ=2) )2 (7)

where k is the magnetic field wavenumber and 4 is a
constant. The depths of the magnetic source to the top
and bottom are denoted by Zr and Zb, respectively.

For magnetic bodies that are thicker, the right side of
Equation 7 is reduced to Equation 8.

P(k)= e (8)

This equation is illustrated in Equation 9 for wave-
lengths that are less than twice the thickness of the layer.
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ln{P(k);} =A-k|Z, )

The radially averaged power spectrum’s slope for the
higher wave number part is used to estimate the mag-
netic source’s top depth (Z7).

Equation 10, which was adapted from Okubo et al.
(1985) and Tanaka et al. (1999), is used to estimate the
depth to centroid depth (Z0) of deeper magnetic sources
by dividing the slope of the lower wavenumber of the
radially averaged power spectrum by the wavenumber.

[P(k)"”]

lnTzB—|kZ (10)

o

where B is a constant. Okubo et al. (1985) have deter-

mined that the magnetic source’s lower bound (Equa-

tion 11) can be calculated as:
Z,=272,-Z, (11)

Z, is presumed to represent the Curie point depth,
which is the depth at which ferromagnetic minerals tran-
sition to paramagnetic minerals at a temperature of
580°C for magnetite.

The temperature gradient (d7/d_) within the study
area was estimated utilizing the equation formulated by
Tanaka et al. (1999), as presented in Equation 12.

dar _ 580°C

d. Zb (12)

Equation 13 defines the mathematical correlation be-
tween the temperature gradient and the heat flow (q).

(13)

where k_ represents heat conductivity, the average ther-
mal conductivity values for the oceans crust and conti-
nental crust are 2.0 W/m°C and 2.5 W/m°C, respectively.

The CPD mapping technique utilizes wavelength
magnetic anomalies related to substantial magnetic

sources within the Earth's crust, extending to depths of
several tens of kilometres. To improve the accuracy and
spatial continuity of the CPD map, the CPD is calculated
within a square magnetic data window with a 50% over-
lap. The distribution of CPD calculation points in the
study data is illustrated in Figure 4.

3. Results

3.1. Gravity anomaly

The radially averaged power spectrum, or RAPS, de-
picted in Figure 5 demonstrates the calculated average
depth for each of the segments. We performed RAPS
analysis on the CBA data by performing a Fourier trans-
form to generate amplitude (4) and wave number (k).
We then present the results in a graph to estimate depth.
The spectral analysis yielded anomaly depth values and
wave number (k) cut-off values, revealing a steep gradi-
ent indicating a regional anomaly depth of 19.8 km, re-
sidual anomaly depth of 3.4 km, and noise at depth of
1.4 km.

The complete Bouguer anomaly contains information
about anomalies at regional and local depths (see Figure
6). Separation of the local and regional components is an
important step in gravity studies in the Bouguer anoma-
ly, especially in geothermal exploration. Figure 6 dis-
plays the gravity anomalies in the area, ranging from 15
to 111 mGal. The north and center primarily exhibit low
anomalies (15—47 mGal) due to the deeper bedrock and
thick layers of sedimentary rocks. The high anomalies
(79—111 mGal) in the west and south are likely due to the
exposure of bedrock at the surface, which has a higher
density than the surrounding rocks (see Figure 6a).

In this study, the moving average technique is em-
ployed to enhance the accuracy of the anomaly map, al-
lowing for better identification of geological features at
greater depths and reducing the impact of near-surface
noise. We eliminate regional anomalies to acquire re-
sidual anomalies that originate from the target source.
The regional anomalies show values between 20 - 86

Radially Average Power Spectrum
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Figure 5: Radial average power
spectrum curve graph

of southern Sumatra Island
CBA data
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Figure 6: (a) Complete Bouguer anomaly map; (b) regional gravity anomaly map, (c). gravity residual anomaly map
and (d) gravity anomaly noise map.

m@Gal, with high anomalies dominant in the west and
south, following a northwest-southeast pattern (see Fig-
ure 6b). The residual anomalies, ranging from -14 - 18
m@Gal, are influenced by anomalous objects that are rela-
tively shallower and near the surface, illustrating the
geological structure of the study area (see Figure 6c).
The noise sources are also shown in Figure 6d.

3.2. Edge detection

In the application of FSED edge detection, calcula-
tions are performed based on Equation 5. The positive
amplitude peaks from the FSED are used to identify the
boundaries of geological structures. Fault structures are
characterized by abrupt changes and steep gradients,
while lithological boundaries produce smoother anoma-
lies with gradual gradient changes; a combination of
methods such as FSED analysis and correlation with geo-
logical maps can ensure accurate interpretation (Pham
dkk., 2023; Aprina dkk., 2024). Figure 7a shows the
interpretation results of the boundary of lineament ob-
tained from the FSED technique. The lineament pattern
formed has a northwest — southeast (NW-SE) direction,
in accordance with the direction of the GSF structure the
distribution of sedimentary basins. In Figure 7b, the line-
ament of the fault structure is marked with a red line,
which is dominant along the west, which is the Bukit Ba-

risan mountain complex. The yellow line shows the inter-
pretation of lithological boundaries or rock formations
with lineament patterns that follow the direction of the
fault structure in the study area (see Figure 7b).

3.3. Magnetic anomaly

The application of RTP to the magnetic anomaly data
produced a map showing anomalous values within the
range of -200 nT to 200 nT. High anomalies ranging
from 80 nT to 200 nT are predominantly seen in the
western region, following a northwest to southeast di-
rection (see Figure 8). These are in line with the residu-
al anomalies from gravity data, which suggests that there
may be complex geological structures there, like faults,
folds, magma intrusions, or zones with a lot of minerals.
In the central region of the study area, the low anomalies
ranging from -200 nT to -80 nT may be attributed to
non-ferromagnetic rocks such as sandstone, clay, or vol-
canic rocks, which lack magnetic minerals.

3.4. Curie Point Depth

For depth estimation, the area of interest should be at
least three to four times the depth of the magnetic source
(Saada et al., 2021), which represents the ideal window
size for determining the target depth. According to the
gravity data’s RAPS analysis, the boundary of the re-
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Figure 7: Interpretation of the geologic structure on southern Sumatra Island: (a) interpretation map of margin boundary
with FSED and (b) Interpretation map of lithologic boundary and fault lineament.
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Figure 8: Magnetic anomaly map after reduce to pole

gional anomalies is 19.8 km. Therefore, the window
width used for the CPD calculation is 100 km x 100 km,
with 78 points scattered as shown in Figure 4 to obtain
the depth of the upper boundary (Z) and centroid bound-
ry (Z,). From Figure 9, the depth Z is 13.45 km, calcu-
lated from the (regional) low-frequency gradient of
169.03, divided by 4=, following Spector and Grant
(1970) methodology. Figure 9 shows a depth Z of 4.92
km from the (residual) low-frequency gradient of 61.875
rad, divided by 4.

Follow the steps outlined in Figure 9. Table 1 dis-
plays the estimated depth of the CPD for each block,
along with the geothermal gradient and heat flow values

for each segment. The heat flow value distribution is il-
lustrated in Figure 10.

The depth of CPD ranges 18.4 km to 26.3 km. Heat-
flow and CPD plots show an inverse relationship in the
study area. This means that as surface heatflow increas-
es, CPD values are likely to decrease, and vice versa.
The relationship may indicate a link between the surface
heatflow distribution and the subsurface structure (see
Figure 10). The thermal gradient values range 21.1 -
31.6°C/km. We detected the lowest thermal gradient of
21.1°C/km in the eastern part. The existence of a sub-
stantial sedimentation zone in the eastern region, where
the topography tends to be lower, likely influences this,
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unlike the western region where the volcanic complex of
Bukit Barisan dominates. We have observed high ther-
mal gradients beneath volcanic complexes, including the
Bukit Barisan Mountains, reaching values of up to
31.6°C/km. This finding suggests a close relationship
between the presence of volcanic complexes and signifi-
cant geothermal activity. Seismic tomography modeled
by Liu et al. (2021) shows volcanic activity below 30
km in the southern Sumatra region. This activity is de-
fined by the presence of numerous geothermal manifes-
tations on the surface, such as hot springs and fumaroles.
These manifestations suggest an ongoing, active mag-
matic process under the volcano. This magmatic process
contributes to heating subsurface water, which subse-
quently ascends to the surface as hot springs.

The observed heatflow values range from 55.1 - 79
mW/m?, giving an idea of the heatflow distribution con-
ditions in the area (see Figure 10). This range of values
indicates a significant variation in the distribution of heat
in the subsurface. The average heatflow of 67.8 mW/m?
indicates a consistent geothermal anomaly in the region.
However, of particular interest is the high maximum
heatflow value of 79 mW/m?. Figure 10 is often associ-
ated with active volcanic regions, where volcanic activity
drives higher than average heatflow. This result aligns
with the findings of Siringoringo et al. (2024), who pro-
pose that the heat flow observed from boreholes in the
Sumatra region is due to both the thinning of the conti-
nental crust and the ascent of magma to the surface. This
finding strengthens the hypothesis that the area has the
geological characteristics of an active volcanic region
due to subduction on the island of Sumatra.

In addition, the cause of the inverse relationship be-
tween heat flow and CPD values can vary and is highly
dependent on site-specific geologic conditions. For ex-
ample, geothermal activity in the subsurface can cause a
significant increase in heat flow, where high heat from
the geothermal source can cause a decrease in CPD val-
ues due to the increased temperature at a given depth.

The occurrence is the result of a rise in temperature,
which can modify the physical and thermal characteris-
tics of rocks beneath the surface, therefore impacting the
entire distribution of temperature. Conversely, high CPD
values can indicate the presence of cold, dense rock lay-
ers in the subsurface that inhibit heat flow. These rock
layers have low thermal conductivity. This suggests that
the measured heat flow is consistent even when there are
potential heat sources located below. In other words,
high CPD values indicate that the cold rock can effec-
tively absorb and trap heat, which in turn affects the re-
lationship between heat flow and CPD values (Kongpet
and Kanjanapayont, 2024).

4. Discussions
4.1. Geothermal potenty in Southern Sumatra

The geothermal potential was evaluated by analysing
gravity and magnetic data. The geothermal potential is
depicted through various analyses that have been con-
ducted. One indication of a geothermal system is the ap-
pearance of geothermal manifestations on the surface,
such as hot water, fumaroles, steamy ground, warm wa-
ter, and mud pools. These manifestations usually appear
in weak zones or fault systems. On the residual gravity
anomaly map, these weak zones or faults are situated at
the boundary between regions of high and low anoma-
lies (see Figure 11). Edge detection in gravity data fa-
cilitates geological interpretation, as lineament in gravi-
ty fields often reveal subsurface contacts, faults, and
other tectonic features. Positive values above 0 in the
FSED filter signify edge boundaries, interpreted as faults
and lithologic boundaries (Pham et al., 2023; Aprina et
al., 2024; Pham and Prasad, 2024).

A low gravity anomaly typically suggests the pres-
ence of a substantial sedimentary deposit. Typically,
these zones have low densities compared to the sur-
rounding rocks. In addition, the low contrast anomaly is

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 43-60, DOI: 10.17794/rgn.2025.2.4



Prasetyo, I.; Kadir, W.A.G.; Abdurrahman, D.; Dahrin, D.; Ibrahim, K.; Kurniawan, A. 52
Table 1: Calculation result of Curie Point Depth (CPD) estimation
Block Zo 7t Zb dT/dz Heat flow Block Zo 7t Zb dT/dz Heat flow
la 13.5 4.9 22.0 26.4 66.0 35 12.8 3.5 22.1 26.2 65.6
2a 13.7 58 | 21.6 26.9 67.2 36 13.5 4.0 | 23.0 25.2 63.0
4a 12.9 3.9 21.9 26.5 66.2 37 14.0 | 4.0 | 24.0 24.1 60.3
Sa 11.2 3.5 18.8 30.8 77.1 38 14.1 34 | 2438 23.4 58.5
6a 13.8 3.1 24.6 23.6 59.0 39 14.1 3.0 | 252 23.0 57.5
Ta 14.1 5.1 23.2 25.0 62.6 40 14.0 | 3.1 24.9 23.3 58.2
8a 12.6 | 438 20.3 28.5 71.3 41 11.4 3.9 19.0 30.5 76.2
9a 12.1 5.1 19.0 30.5 76.2 42 11.6 22 | 21.1 27.5 68.7
10a 134 | 79 18.8 30.8 77.1 43 13.7 | 43 23.1 25.1 62.7
1la 14.1 4.8 23.5 24.7 61.7 44 12.8 | 47 | 209 27.8 69.5
12a 14.1 43 24.0 24.1 60.4 45 13.3 3.7 | 229 253 63.3
1 12.0 | 3.5 20.4 28.4 71.0 46 13.0 | 24 | 235 24.6 61.6
2 13.6 | 4.7 22.6 25.7 64.2 47 139 | 2.5 25.3 22.9 57.3
3 12.8 50 | 20.6 28.2 70.4 48 14.1 3.0 | 252 23.0 57.4
4 12.0 | 0.6 | 23.3 24.9 62.2 49 144 | 25 26.3 22.1 55.1
5 14.3 7.7 | 20.8 27.9 69.7 50 13.3 5.3 21.3 27.2 68.0
6 114 | 44 18.5 31.3 78.3 51 129 | 4.0 | 21.7 26.7 66.7
7 11.8 3.7 19.9 29.1 72.7 52 11.9 32 | 207 28.0 70.0
8 12.5 4.1 20.8 27.8 69.6 53 12.0 | 438 19.3 30.1 75.2
9 13.7 | 4.0 | 233 24.9 62.2 54 11.7 4.5 18.8 30.8 77.0
10 14.7 8.3 21.2 27.4 68.5 55 13.0 50 | 21.0 27.6 69.0
11 1.1 3.4 18.8 30.8 77.1 56 10.7 1.4 | 20.0 29.1 72.7
12 12.4 3.1 21.7 26.7 66.8 57 11.0 3.0 19.0 30.6 76.5
13 12.9 3.6 | 22.1 26.2 65.6 58 11.4 3.0 19.9 29.2 73.0
14 13.8 3.3 24.3 23.8 59.6 59 11.5 2.9 | 20.1 28.8 72.0
15 13.9 | 42 | 23.6 24.5 61.4 60 122 | 4.6 19.9 29.2 72.9
16 12.3 34 | 21.1 27.4 68.6 61 13.1 4.7 | 215 27.0 67.4
17 11.0 2.9 19.2 30.3 75.7 62 11.9 3.9 19.8 29.3 73.2
18 10.6 1.5 19.8 29.3 73.3 63 11.2 3.0 19.4 29.9 74.7
19 11.8 4.3 19.3 30.1 75.1 64 11.9 3.3 20.5 28.4 70.9
20 14.9 5.3 24.5 23.7 59.3 65 10.7 | 2.1 19.2 30.2 75.5
21 144 | 44 | 244 23.7 59.3 66 11.3 3.3 19.3 30.1 75.2
22 147 | 49 | 244 23.8 59.4 67 11.3 2.9 19.7 29.4 73.5
23 132 | 4.9 21.5 27.0 67.4 68 11.9 34 | 204 28.5 71.2
24 124 | 43 20.6 28.2 70.5 69 10.8 2.5 19.0 30.6 76.5
25 12.3 5.3 19.3 30.1 75.2 70 10.6 | 2.9 18.4 31.6 79.0
26 11.2 2.9 19.6 29.6 74.0 71 14.5 4.1 24.8 23.4 58.4
27 11.3 2.6 | 20.0 29.0 72.5 72 144 | 46 | 242 24.0 59.9
28 11.4 24 | 203 28.5 71.3 73 13.1 42 | 219 26.4 66.1
29 13.3 3.1 23.5 24.7 61.7 74 14.3 5.3 23.4 24.8 62.0
30 13.0 | 3.1 22.9 25.3 63.4 75 13.8 32 | 244 23.8 59.5
31 14.2 3.7 24.8 234 58.4 76 13.7 | 24 | 249 23.3 58.2
32 134 | 44 | 224 25.9 64.8 77 124 | 438 20.0 29.0 72.4
33 12.4 5.1 19.7 29.4 73.6 78 11.8 2.8 20.7 28.0 70.0
34 12.6 52 19.9 29.1 72.8
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Figure 11: Geothermal prospect zone interpretation

situated in the southern part of the GSF. We suspect the ~ GSF segment, derived from the FSED analysis, reveals
effect of the Sumatran Fault in lowering the value of the  that the fault structure trend in the southern Sumatra re-
gravity anomaly. The interpretation of the suspected gion is oriented northwest-southeast (NW-SE) (Burton
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Figure 12: Cross-section A-A’ of gravity and magnetic data modelling: (a) FSED response delineating the geological structure,
(b) residual gravity and magnetic response and (c) 2.5D gravity model of the geothermal prospect area.

and Hall, 2014; Natawidjaja et al., 2017; Alif et al.,
2020). Rose diagrams were used to analyse their orienta-
tion. The rose diagram is a visual tool for illustrating the
orientation and frequency of fault structures, which can
be created in QGIS by importing geospatial data and cal-
culating the direction of the faults. Once the direction
data is obtained, users can use the Processing Toolbox to
generate a rose diagram that shows the distribution pat-
terns of the faults. The use of rose diagrams helps to see
the trend of the GSF in the southern part. This structural
trend is also not continuous, so it is interpreted that there
are several large segments in southern Sumatra. The
identified faults include (1) the Manna segment, (2) the
Kumering segment, and the West and East Semagko
segments (see Figure 11).

4.2 Geological model interpretation

In this research, 2.5D modelling is performed with the
forward modelling method using residual gravity anom-
aly data, magnetic data that has been RTP, and support-
ing data such as regional geology, surface appearance,
and rock density from measuring rock samples in vol-
canic areas in southern Sumatra by the Geological Re-
sources Center (PSDG) (2004). The modelling of 2.5D
gravity data relied on these data for support. We con-
structed a subsurface model cross-section that crosses
the mountain range and intersects four northwest-south-
east trending faults. This model is also supported and
accommodated by the lithological conditions in Figure
1. Figures 12, 13, and 14 are the results of joint forward

modelling of gravity and magnetic data. The interpreta-
tion of the subsurface model indeed benefits from a clear
connection between parts (a) and (b). Figures 12a, 13a,
and 14a show the response profiles filtered by the FSED
filter, which enhances the structural boundaries that are
visualized in the cross-section models in Figures 12c,
13c, and 14c. Figures 12b and 12¢ display the gravity,
magnetic responses, and the subsurface model in sec-
tions A-A’, which span approximately 100 km and reach
a depth of approximately 7,000 meters. This model in-
terprets seven lithologies.

Tuff breccia (Qhv) with a density of 2.1 - 2.2 gr/cm?
and a rock susceptibility value of 0.001— 0.002 sus is at
the surface with a depth varying from 0 m to 1,000 m.
This rock was formed by volcanic eruptions. Seblat
(Toms) Formation, with a density of 2.2-2.3 gr/cm? and
a rock susceptibility value of -0.008—0.0014 sus, is lo-
cated on the surface at the western end of lines D-D’ at
a depth of 0—800 m. The Air Benakat formation, with a
density of 2.4-2.5 gr/cm?® and a rock susceptibility value
of 0.003 to 0.0031 sus, is located at a depth of 1,000 -
1,500 m. Gumai Formation, with a density of 2.5-2.61
gr/cm? and a rock susceptibility of -0.0026-0.119 sus, is
located at a depth of 1,500-2,500 m. Hulusimpang For-
mation (Tomh) with a density of 2.5-2.6 gr/cm® and a
rock susceptibility of 0.0075-0.202 sus, located at a
depth of 2,000-3,000 m. At a depth of 2,000-3,000 me-
ters, the Talangakar Formation is situated with a rock
susceptibility value of 0.065-0.003 sus and a density of
2.5-2.7 gr/em?. The Kikim Formation, which is situated
at a depth of 3,000-5,000 m and is in close proximity to
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the foundation layer, has a rock susceptibility value of  junction with geothermal and structural geology studies.
0.0007 sus and a density of 2.4-2.6 gr/cm?>. Figure 13a shows the location of the B-B' cross section

Figure 13 shows some of the results of modelling profile in the area, with geothermal markers (red circles)
gravity and magnetic data collected in the area in con- and FSED responses (black thick lines). The map dis-
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plays various geological formations, such as bedrock,
the Kikim Formation, the Upper Simpang Formation,
the Volcanic Andesit-Basalt Formation, and the Ranau
Formation, in different colours. The 2.5D forward mod-
elling results (see Figure 13b, c) indicate that the heat
source is located at a depth of 4 km. Several rock forma-
tions are identified, namely the Kikim Formation (Tpok),
with a density value of 2.3-2.6 gr/cm® and a rock suscep-
tibility value of 0.0001-0.049 sus. The Hulu Simpang
Formation (Tomh) has a density value of 2.5-2.6 gr/cm?
and a rock susceptibility value of 0.0075-0.22 sus, lo-
cated at depths varying from 1,500 m to 3,000 m. Young
volcanic deposits derived from the Ranau Formation
have a density value of 2.2-2.3 gr/cm® and a rock sus-
ceptibility value of -0.008—0.0014 sus. The fault shown
in the 2.5D model is also associated with the Kumering
segment fault of the GSF. The segment's cutting of
young volcanic rocks and the presence of geothermal
manifestations serve as evidence. Furthermore, Figure
14's model reveals an intrusive body within the Gunung
Kasih complex's rocks. To the west of this complex is a
fault that originates from the West Semangko segment.
This segment also controls the geothermal system lo-
cated in the southern segment of Sumatra. The subsur-
face models made from the three models (see Figures
12-14) add to what is known about rock types. They also
give us important information about the shape of the
heat source and the rock features that determine how far
it goes to the side. We can use this approach to pinpoint
specific areas that necessitate more thorough geothermal
exploration. Fault segments in the modelled GSF region
indicate the presence of significant structural features
that could play a role in geothermal fluid migration. As
such, the resulting interpretation provides a clearer pic-
ture of the region's geothermal potential and the geolog-
ic factors that influence it.

Several significant components of the conceptual ge-
othermal model in southern Sumatra are depicted in Fig-
ure 15 to understand the development of the geothermal
system in the region. The construction of the conceptual
model depicted in Figure 15 required an integration of
diverse geophysical and geological datasets to accurate-
ly represent the geothermal system. Key inputs included
magnetotelluric data from Dyaksa et al. (2016), provid-
ing critical subsurface resistivity insight relevant to geo-
thermal prospecting. Additionally, geological structures
were delineated using FSED filtering techniques, which
were subsequently interpreted and corroborated against
established geological models. Curie Point Depth (CPD)
calculations were utilized to generate heat flow contour
maps, which were then validated with empirical drilling
data published by Hamdani et al. (2020). The concep-
tual model in Figure 15 represents a novel synthesis of
these data and has not been previously published. It spe-
cifically encompasses a cross-sectional profile along the
A-A’ line, complemented by data from Dyaksa et al.
(2016) to advance the understanding of the geothermal

framework in southern Sumatra. The lithological refer-
ences depicted in Figure 1 provided foundational con-
text for the model’s construction, ensuring alignment
with known geological formations. The model depicts
the intricate interplay among heat sources, reservoirs,
claycaps, meteoric water, and faults, specifically those
believed to form part of the GSF. The heat source is situ-
ated at a depth greater than 3 km. and shown in red, is
the magma or hot rock that heats the water in the subsur-
face (see Figure 13). The heat source heats the hot water
that collects in the reservoir, which is located below the
ground surface and depicted in light blue. This reservoir
matches the low gravity anomaly value. A claycap layer
lies above the reservoir, preventing heat and fluid from
escaping to the surface too quickly. This helps maintain
reservoir pressure and temperature. The blue arrow indi-
cates that meteoric water (rainwater) seeps into the
ground and enters the geothermal system. Heat transfer
from the underground heat source to the reservoir is il-
lustrated by the red arrows. This heat warms the water in
the reservoir, increasing the temperature and pressure.
The hot water from the reservoir eventually reaches the
surface through certain pathways, causing the manifes-
tation of hot springs on the surface, as seen at Patah Hill,
Besar Hill, Lumut Hill, and Balai Hill (see Figure 15).

The dashed line indicates a fault in the area, which is
thought to be part of the GSF. These faults play an im-
portant role in circulating water and heat underground,
facilitating the movement of hot water from reservoirs to
the surface. Meteoric water descends through the fault,
absorbing heat from underground sources to form a res-
ervoir. High temperatures and pressures in the reservoir
cause the water to rise to the surface as geothermal man-
ifestations. Overall, this conceptual model reveals that
the geothermal system in southern Sumatra relies heav-
ily on fault structures, particularly the GSF, for heat and
fluid transport. These faults not only provide pathways
for meteoric water flow into the reservoir but also allow
heat from underground magma sources to heat the water
in the reservoir. By maintaining the reservoir's tempera-
ture and pressure, the claycap layer is essential to pre-
serving the stability of the system.

The identification of the reservoir from magnetotel-
luric data by Dyaksa et al. (2016) revealed that the res-
ervoir zone has higher resistivity values, located beneath
the claycap layer with resistivity values of less than 10
ohms. The geologic structure that forms the geothermal
system has a northwest - southeast direction, in line with
the GSF. Geothermal manifestations such as hot springs
and fumaroles are often found along this fault, indicating
subsurface geothermal potential. We displayed the ther-
mal gradient contours using CPD calculations of mag-
netic data correlated with temperature and pressure well
logs. In the Rantau Dedap area, Humaedi et al. (2016)
have conducted temperature and pressure measurements
using well logs, while in Lumut Balai, Hamdani et al.
(2020) also conducted similar measurements. The reser-

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 43-60, DOI: 10.17794/rgn.2025.2.4



57 New Insight into the Structural Model in Southern Sumatra Indonesia using Gravity and Magnetic Data...

AI

Elevation (km)

heatsource

Legend :

1023000 103000¢ 1043000¢

o) Manifestation Hotspring
Fault Lineament
—— Temperature

4°15'4.1'S 4°15'5.9'S

—>
—

Recharge flow
Heat flow

Figure 15: Conceptual model of geothermal in the southern Sumatra region

voir temperature is estimated to be between 200 to
280°C, helping to understand the geothermal potential
and determine the best location for well drilling. This
data also assists in assessing the efficiency and sustain-
ability of geothermal potential, which supports Indone-
sia's sustainable development of renewable energy.

5. Conclusions

The geothermal potential of southern Sumatra is com-
prehensively evaluated in this study using gravity and
magnetic data. This approach has proven effective in de-
lineating geological structures such as faults, which are
critical for geothermal exploration. According to the
study, the western part of the study area’s dominating
high magnetic anomalies, which are coincident with re-
sidual gravity anomalies, indicate the presence of com-
plex geological structures identified by FSED and are
coincident with GSF segments in the southern part
(Manna, Kumering, and Semangko segments). The
identified structural trend is NW-SE trending. The grav-
ity model revealed high subsurface anomalies, indicat-
ing magma intrusion, and low anomalies, indicating the
presence of a reservoir. Other results identified intrusive
volcanic rocks as heat sources, with thermal gradients
ranging from 21.1°C/km - 31.6°C/km and heat flow be-
tween 55.1-79 mW/m?. These high thermal gradients are
mainly found beneath volcanic complexes such as the

Bukit Barisan Mountains. The three resulting subsurface
cross-section models show that structural features of the
Sumatran Fault segments influence geothermal fluid mi-
gration. Modelling and interpretation of gravity data
combined with analysis of magnetic data suggest a con-
trol mechanism by the GSF on geothermal systems in
southern Sumatra.
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SAZETAK

Nove spoznaje o strukturnome modelu juZzne Sumatre u Indoneziji
dobivene koristenjem gravimetrijskih i magnetometrijskih podataka:
implikacije za geotermalne resurse

Otok Sumatra nastao je sloZzenim tektonskim procesima koji su rezultirali nizom geoloskih resursa, ukljuc¢ujudi i geoter-
malni potencijal. Rasjedi, posebice Veliki sumatranski rasjed (GSF), povezani su s geotermalnim pojavama na povrsini.
Cilj ovoga istrazivanja bio je napraviti temeljitu procjenu geotermalnoga potencijala u juznoj Sumatri koristenjem kom-
binacije magnetnih i gravimetrijskih podataka. Rezultati upuc¢uju na to da su izvor topline na Sumatri intruzivne vulkan-
ske stijene gustoce 2,8 g/cm? i vrijednosti susceptibiliteta od 0,007, koje se rasprostiru od zapada prema jugu u smjeru
sjeverozapad-jugoistok. Ove stijene dio su formacije Kikim (Tpok) nastale iz ostataka magme planine Bukit Besar, Bukit
Lumut i Bukit Balai, na dubini ve¢oj od 7 km. Rezervoarska zona u sredistu tijela vjerojatno je uzrokovana pukotinskom
zonom rasjeda Sumatra ili sedimentnim stijenama koje se sastoje od formacija Hulusimpang i Gumai gustoce 2,6 g/cm?
ivrijednosti susceptibiliteta od 0,075 na dubini od 1000 do 1500 m. Toplinski tok krece se od 55,1 do 79 mW/m?, a geoter-
malni gradijent krece se u rasponu izmedu 21,11 31,6 °C/km. Drugo je otkrice veliki geotermalni gradijent opazen ispod
vulkanskih kompleksa uklju¢ujuéi podrudje planina Bukit Barisan. Rasjedna zona s pruzanjem sjeverozapad-jugoistok i
paralelna s GSF-om upucuje na to da ovaj rasjed kontrolira geotermalni sustav na Sumatri, pruzajuci nove uvide u meha-
nizam kontrole geotermalnoga sustava. Integracija gravimetrijskih i magnetometrijskih podataka upuc¢uje na nove
odnose izmedu tektonskih struktura u GSF zoni i do sada neistrazenoga geotermalnog potencijala.

Klju¢ne rijedi:
gravimetrija, magnetometrija, geotermalni, Veliki sumatranski rasjed

Author’s contribution

Irfan Prasetyo (1) (M.Eng., geophysical engineer with expertise in applied geophysics, especially in geothermal explo-
ration) performed the gravity and magnetic data collection, provided magnetic data processing and interpretation, ori-
ginal drafting, edited the draft, and managed project administration. Wawan Gunawan Abdul Kadir (2) (PhD, Profe-
ssor of Gravity and Magnetics) interpreted the gravity and magnetic data, edited drafts, served as the first supervisor, and
managed project administration. Dadi Abdurrahman (3) (PhD, geophysical engineer with expertise in applied ge-
ophysics, especially in the gravity method) interpreted the gravity and magnetic data, served as the second supervisor,
and edited drafts. Darharta Dahrin (4) (PhD, Associate Professor, expert in gravity and magnetic methods) interpreted
the gravity and magnetic data, served as the third supervisor, and edited drafts. Khalil Ibrahim (5) (M.Eng., geophysical
engineer with expertise in geophysical exploration) prepared the manuscript, interpreted data, and edited drafts. Andri
Kurniawan (6) (M.Eng., geophysical engineer with expertise in seismology) interpreted data and edited drafts. All aut-
hors read and approved the final manuscript.

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 43-60, DOI: 10.17794/rgn.2025.2.4



