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Abstract: Bawean Island is a result of volcanic activity in the back-arc volcanism zone located on the
north side of Java Island. Bawean Island was formed due to the geological structure being controlled
by the Paleogene-Neogene tectonic line in the Meratus Pattern. The mantle tearing resulted in the
formation of the Bawean Arc. The Kepuhlegundi Hot Spring is a component of the volcanism product
on Bawean Island. To analyze the formation of hot springs in more detail, we conducted magnetic
method measurements and integrated the data with gravity satellite and Fault Fracture Density
(FFD) methods. The three methods were used to determine the continuity of the mapped geological
structures surrounding the hot springs. The FFD method can be used to map the weak zone of the
hot spring, which is caused by the lineament surrounding it. The magnetic and gravity methods
reveal anomalous contrasts that extend towards the hot springs in the direction of the structure. The
magnetic and gravity methods reveal anomalous contrasts that extend towards the hot springs in
the direction of the structure. Based on regional anomaly analysis, spectrum analysis indicates that
the structure is located at a shallow depth of 15 to 80 meters. The drawing in each method shows
a dominant orientation in the Northeast-Southwest direction, which corresponds to the orientation
of the Meratus Structure Pattern. Kepuhlegundi Hot Spring is formed due to the control of geological
structures, allowing hot fluids to flow through fractures as an aquifer.
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1. Introduction

Bawean Island is located on the north of Java Island, Indonesia, which was formed
due to volcanic activity. The island is in a region of Quaternary back-arc volcanism [Usman
et al., 2010]. Tectonic processes initiated volcanic activity in this area during the Pre-
Paleogene period, forming graben structures in the basement. Magma rises to the surface
through fractures in the structures formed [Hendratno and Khoir, 2019]. The volcanic
rocks of Bawean Island have characteristics indicating that they originate from two distinct
magmas: one resulting from the subduction of the Indo-Australian Ocean Plate at the
Eurasian Plate boundary, and the other from magma in the mantle. This suggests that
Bawean Island is a Back Arc Volcanism zone with a subduction depth of up to 600 km
[Setijadji et al., 2006].

Kepuhlegundi Hot Spring is one of the many hot springs scattered across some islands
as a manifestation of volcanic activity. When a heat source such as intrusion or magma
heats an aquifer in the subsurface, hot springs can form [Rosli et al., 2022]. Geological
structures, such as faults or fractures, can control the occurrence of hot springs by causing
hot fluids to flow in weak zones until they reach the surface [Bense et al., 2013]. Through
the geological conditions of the hot springs, research was conducted on subsurface con-
ditions to understand comprehensively and deeply the control of geological structures
in their formation, which has not been studied before. This research is expected to be
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the preliminary stage in the process of potential geothermal development, especially the
potential that can be explored and validated by the geological conditions that have been
mapped previously based on geophysical and spatial analysis.

Spatial data analysis can be used to mapping the weak zone through Fault Fracture
Density (FFD), which is typically formed by structural presence, it is important to note
that FFD is a form of remote sensing [Danakusumah and Suryantini, 2020]. Geophysical
measurements were conducted through ground magnetic surveys in the vicinity of the
hot spring area, oriented towards the regional structure of Bawean Island. The magnetic
method is expected to effectively reveal subsurface conditions, particularly the geological
structures that control geothermal systems. Volcanic rocks predominantly make up the
research area and are expected to show a strong magnetic response [Alvarez and Yutsis,
2015]. The magnetic method and the gravity method were also combined to make it easier
to figure out what structures are below the ground, get more accurate results, and get
a better picture of how hot springs work. This is because both methods are effective in
determining the geometry of subsurface structures [Araffa et al., 2018; Sismanto et al., 2018].
Using the methods can be a preliminary stage in understanding the potential of geothermal,
especially in utilizing open source data and field data that is regional in nature, so that it
can be a reference in detailing the next research.

2. Geological Setting

The Bawean island is located on the Muria-Bawean volcanic back-arc line, which is
a type of back-arc volcanism. The Bawean Arc is a plateau formed by the Muria-Bawean
Back Arc Volcanic Line, which bisects the North Basin of East Java [van Bemmelen, 1949].
The Bawean Arc Volcanic Line follows the same direction as the Peleogene-Neogene tectonic
line in the Meratus Pattern, which extends from the north of Mount Muria to the Meratus
Mountains in South Kalimantan. Both lines run in a northeast-southwest (NE-SW) direction
[Hamilton, 1974; Pulonggono and Martodjojo, 1994]. Tectonic processes trigger the tearing
of the mantle layer during the formation of graben structures in pre-Paleogan bedrock.
This process causes magma to rise to the surface and form the Bawean Arc [Hendratno and
Khoir, 2019]. The formation of graben is initiated by the Paleogene Extensional Rifting
period, a tectonic event that results in basin formation with hydrocarbon potential. This
is followed by the Neogene Compression Wrenching period, which is characterized by
pressure that causes magma to rise and form Bawean Island. [Hutubessy, 2003; Sidarto and
Sanyoto, 1999]. Geothermal systems can form in the back-arc basin area due to rollback and
pull-apart subduction mechanisms, which trigger the formation of geological structures
in the subsurface. This creates a fracture system that serves as a pathway for hot fluids
[Siringoringo et al., 2024]. The formation of hot springs in non-volcanic areas, such as
Kepuhlegundi Hot Spring, can occur due to the release of water and fluids from slab
sediments and rocks to the mantle boundary because of magmatic fluids originating in the
subducting ocean plate [Hosono and Yamanaka, 2021].

Based on the structural pattern of the Java Sea (Figure 1), Bawean Island follows the
Meratus Pattern, with a structural orientation that tends towards the northeast-southwest
direction. Tectonic processes have shaped the complex structure that formed Mount
Bawean [Puswanto et al., 2022]. These processes include extensional rifting during the
Paleogene period, compressional wrenching during the Neogene period, and compressional
thrust-folding during the Plio-Pleistocene period [Suprijadi, 1992; Usman, 2012]. The
geological structure on Bawean Island tends to be a sinistral fault with a northeast —
southwest orientation, following the Meratus Pattern structure [Arifin and Lugra, 2016].

Regional structure controls the formation of Bawean Island, resulting in a local
surface structure with a consistent direction. Geological structure plays a significant role
in the formation of hot springs. Geological structures, such as faults, can cause secondary
structures to form around the fault line [Choi et al., 2016]. Secondary structures, such as
fractures, can form a damage zone that increases the rock's permeability. This allows hot
fluids to flow through the gaps in the fracture zone [Keegan-Treloar et al., 2022].
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Figure 1. The map displays the structure pattern of Java Island with the Meratus Pattern (red line)
passing through Bawean Island (dashed line), modified from [Pulonggono and Martodjojo, 1994].
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Figure 2. a) Geological map showing lithologies, lineament, and faults in the area, modified from
[Aziz et al., 1993] b) Outcrops of travertine deposits from hot springs ¢) Volcanic rock outcrops in
the form of lava with the type of andesite — basaltic d) Fossilized leaf molds in travertine deposits
around hot springs.

The geological map of the Bawean sheet (scale 1:100,000) shows that marine sedi-
mentary rocks, volcanic rocks, and alluvial deposits make up the research area (Figure 2a).
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These rocks are estimated to be from the Holocene to late Oligocene periods [Aziz et al.,
1993]. The Gelam Limestone Formation (Toml) consists of reef limestone, clastic limestone,
and crystalline limestone. These rocks are marine sedimentary products that formed during
the late Oligocene age. The Balibak Volcanic Rocks (Qv) consist of alternating layers of lava,
volcanic breccia, and tuff, overlying the Quaternary age (Figure 2b). The volcanic rocks
on Bawean Island have a more basaltic nature compared to the volcanic rocks found in
Quaternary volcanoes on Java Island. This is caused by the process of mixing two different
magmas (self-mixing) between the Indian-Australian subduction plate and the magma.
[Hafizh, 2022]. Travertine deposits (Figure 2¢) form around the hot springs as carbonate
hydrothermal sediments precipitate from solutions in the soil and water table [Luo et al.,
2021; Shiraishi et al., 2020]. The results of travertine deposits from hot springs have a wide
distribution and the field also found the presence of fossil leaf molds in these deposits
(Figure 2d), which can indicate that they have a young rock age period. In groundwater
systems in volcanic areas, lapilli tuff rocks have a high hydraulic conductivity value and
can become aquifers or permeable layers, whereas lava rocks become impermeable layers
[Fajar et al., 2021].

3. Data and Methods

This research will integrate three methods, namely Fault Fracture Density (FFD),
Ground Magnetic Method, and Gravity Satellite Method, to analyze the structure alleged
to be the formation of Kepuhlegundi hot spring. The FFD method analyzes the density of
a lineament based on the topographic shape of the research area. The topographic data
utilizes DEMNAS (National Digital Elevation Model) data with an 8-meter resolution. This
is a combination of several data sources, including IFSAR (5m resolution), TERRASAR-X
(5m resampling resolution from the original resolution of 5-10m), and ALOS PALSAR
(11.25 m resolution) [Badan Informasi Geospasial, 2018]. The process of creating a lineament
drawing involves converting elevation data from a DEM into a multidirectional hillshade.
This allows for a clear visualization of the line's shape from eight different directions
(0°, 45°, 90°, 135°, 180°, 235°, 270°, 315°). The calculation process of lineament density is
based on the number and length of lineament in each grid area then the value on each grid
will be contoured with the results in the form of a FFD map [Nahli et al., 2016]. In this
method, a cell size of 1x1 km is chosen because this size is quite effective in calculating the
correlation between fracture density and geothermal features, in this case is hot springs
[Soengkono, 1999]. The effect of selecting this cell size will have an impact on the level
of exaggeration and smoothness of the density distribution calculated [Haeruddin et al.,
2016]. In this study, we used a grid size of 0.25x0.25km and a pixel size of 0.25%0.25
to get a smoother distribution of values. The azimuth magnitude of each lineament was
plotted on a rose diagram to identify trends in azimuth orientation in the Kepuhlegundi
Hot Spring area [Nabhan et al., 2024].

The Geotron Model G5 Proton Memory Magnetometer was used to measure ground
magnetic data. Hills and community plantations dominate the measurement area, with hot
springs located in the middle of the 90-hectare plot. The lot shape is determined by the
orientation of the dominant structures in the study area. The measurement method employs
the Base-Rover system with 50 to 70 meters between measurement points, resulting in
110 stations. During the measurement process, we perform data quality control by taking
5 to 7 iterations of data at the same location. Processing the magnetic data involves applying
diurnal correction and IGRF (International Geomagnetic Reference Field) correction to
obtain the Total Magnetic Intensity (TMI) value. The Reduce to Equator (RTE) filter process
is used to transform the dipole anomaly into a monopole, ensuring that the anomaly is in
its true position. [Baranov, 1957]. To separate residual and regional anomalies, a spectrum
analysis stage is performed to determine the depth of each anomaly using an upward
continuation filter.

The gravity method uses secondary data obtained via satellite, specifically GGM
(Global Gravity Model) Plus. This model is the outcome of collaborative research between
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Figure 3. Topographic map of Kepuhlegundi Hot Spring along the positions of magnetic survey
points (blue colored plus) and gravity satellite points (yellow-colored stars).

Curtin University and the Technical University of Munich. GGMplus is a composite of
GRACE and GOCE satellite gravity, EGM2008 and short-wavelength topographic gravity
effects at about 200 m resolution for all terrestrial and near-coastal areas of the Earth
between +60° latitude [Hirt, Ch. et al., 2013]. 63 gravity data points are distributed across
all lots in the magnetic method. The data obtained from GGMplus is in the form of gravity
disturbance data, which is equivalent to a free air anomaly. Therefore, it is necessary to
make corrections using the SRTM2gravity field correction model to obtain the Complete
Bouguer Anomaly (CBA) [Pohan et al., 2023]. Data processing in the CBA separates residual
and regional anomalies using the upward continuation method, which undergoes the same
spectrum analysis stage as the magnetic method.

4. Results and Discussion
4.1. FFD Analysis

Fault Fracture Density (FFD) analysis is a way to look at the area and figure out where
the weak spots are. It does this by counting how many dense lineaments there are in
the area, which is caused by the geological structures in that area [Nayoan et al., 2023].
Based on the lineament interpretation (Figure 4a), the distribution of lineament structures
around the hot springs and around the geological structures that have been previously
identified. A total of 99 lineaments were interpreted with a length range of 0.18-2.34 km,
and the average length was 0.60 km (Figure 4b). Based on the rose diagram (Figure 4c), the
orientation of the interpreted lineaments tends to be parallel to the identified geological
structures, dominated by the 30-45 NE direction. Lineaments with directions that tend
to be the same as the regional geological structure can confirm that the research area is
controlled by sinistral faults. The tendency of the same direction or parallel to the main
structure is generally characterized by the strike-slip fault process that occurs in the area
[Blenkinsop, 2008]. Therefore, it can be validated that the research area is controlled by
sinistral fault and is in accordance with the mapped Meratus pattern structure.
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Figure 4. a) Lineament interpretation map of the study area with 8 directions of shad-
ing/multidirectional hillshade; b) Histogram and statistical summary of lineament length; c) Linea-
ment orientation in study area by rose diagram.

The result of FFD analysis shows the distribution of the density value of the lineament,
which has been interpreted in the form of a map (Figure 5), with the range of value in
the research area known as 0-4.45km/km?. The area around the hot springs is in an
area with a high FFD value, which is around 2.88-3.93 km/kmz. The increase in value is
consistent with the geological structures discovered near the springs. This is because the
destruction process weakens the area around the geological structure, creating a weak zone,
whereas coastal areas and alluvial plains have undergone a sedimentation process that can
cover traces of the destruction process [Manyoe and Hutagalung, 2022]. High densities are
dominant in the vicinity of geological structures such as faults, while small densities tend
to occur in coastal areas or alluvial plains. With high FFD, the zone can become highly
permeable, making it easier for fluids to flow through the cracks [Arrofi et al., 2022].

4.2. Magnetic Method

The total magnetic intensity (TMI) map is generated by applying the Krigging inter-
polation method to each magnetic measurement point in the field. The Reduce to Equator
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Figure 5. Fault Fracture Density (FFD) map of the Kepuhlegundi hot spring area with geological
structures based on the Bawean geological map.

(RTE) process is then used to get rid of the dipole effect in the study area. This makes
sure that the anomaly is in the right place (Figure 6). Anomalies on the TMI map reflect
changes on the RTE map, indicating the withdrawal of anomalies that tend to shift in
the north-south direction. This may be because of the magnetic field inclination in the
research area [Araffa et al., 2018]. The magnetic anomaly distribution expresses the level of
susceptibility or the ability to be magnetized in units of nT (nano Tesla).

According to the RTE map, the magnetic anomaly values in the study area range
from —1044 to 126 nT. The distribution of anomalous values in the research area is quite
varied. This may indicate that the area is geologically complex and influenced by geological
structures. Compared to literature on geothermal studies of hot springs, the magnetic
anomaly in this study area typically exhibits lower magnitudes. This may be due to the fact
that the research area is situated in a region with rock formations resulting from volcanic
eruptions, with bedrock taking the form of limestone.

The Radial Average Spectrum technique can determine the condition of regional and
residual anomalies at different depths. The Fast Fourier Transform (FFT) process calculates
this technique [Basantaray and Mandal, 2022]. Applying the Fast Fourier Transform (FFT)
converts magnetic field data from the spatial domain to the frequency domain. This allows
for the separation of regional and residual anomalies based on the breakdown of slope
data. Figure 7 shows the spectrum analysis results in the form of a regional linear line
(orange line) with an anomaly depth of 78 meters and a residual linear line (blue line) with
an anomaly depth of 14 meters.

The magnetic anomaly in the research area was determined using the upward contin-
uation filter process. This process involves lifting the data to a certain height to eliminate
interference effects. According lifting height is twice the depth of the anomaly, as deter-
mined from the spectrum analysis [Arellano et al., 2021]. Figure 8a shows the research
area's regional anomaly following the upward continuation process up to 156 meters. The
anomaly exhibits a regional and uncomplicated distribution, with values ranging from
from —470 to —341 nT. The hot springs are situated in an area with a medium anomaly
between the high and low regional anomalies. However, there are no significant regional
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Figure 7. Spectral Analysis from magnetic processing for separation and depth identify of regional
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anomalies on the structural lineament of the geological map. This suggests that the struc-
tures and hot springs did not form at a significant depth. At a depth of 78 meters, the
low magnetic anomaly value indicates that the area being researched is already part of
the bedrock of Bawean Island, specifically the gelam limestone. This suggests a strong
correlation between the research area and the island's bedrock. Magnetic residual anoma-
lies are geological anomalies at shallow depths that result from the removal of regional
effects on the RTE map or the difference between the RTE map and the regional anomaly
(Residual Anomaly = RTE Anomaly — Regional Anomaly) [Chouhan et al., 2022].
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Figure 8. a) Regional anomaly magnetic map; b) Residual anomaly magnetic map of the Kepuhle-

gundi hot spring area with geological structures and lineament indicated by magnetic measurements

(red dashed line) and lineament from Bawean geological map (black dashed line).

Figure 8b shows a distribution of residual anomalies that is highly variable with
anomalous values ranging from —615 to 505nT. High magnetic anomalies indicate that
the subsurface rock response in the research area has a high content of magnetic minerals
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such as Fe. Igneous rocks with a high Fe composition, such as lava, basaltic, or andesitic,
typically exhibit a high magnetic response. Upon examining the previously mapped geology
distribution, we find that the research area falls within the volcanic rock region. Therefore,
we can interpret the high anomaly (from 200 to 505 nT in the hot water area as indicating
volcanic rocks, such as lava. Then, in areas with low anomalies (from —80 to —615nT),
it can be indicated by sedimentary rocks, with the case in this study being limestone
or deposits formed from the hot springs themselves, namely travertine deposits with
a magnetic mineral composition that tends to be low. In addition, anomalies that tend
to be moderate (from —26 to 100nT) can be interpreted as the result of volcanic rocks
in the form of tuff deposits. At the hot spring point, a demagnetization phenomenon
occurs which makes the magnetic anomaly tend to be low in the vicinity due to the hot
temperature. The geologic structure is interpreted by the boundary between the low and
high magnetic anomalies, marked by the dashed red line in Figure 7b. The geologic map's
lineament (black dashed line) outlines the region of anomalous contrast that exhibits
a northeast-southwest trend. A significant change in anomaly value, assuming a sudden
difference in rock type that characterizes the existence of a geological structure, leads to
the interpretation of the boundary as a structure. The structure's is also indicated by the
presence of anomalies that have the same value and are separated by what is believed to be
the structure's alignment. The hot spring is indicated to have formed due to the structure
continuity passing through the hot spring point.

4.3. Gravity Method

The satellite gravity method makes a map of where the Complete Bouguer Anomaly
(CBA) is found. The map is measured in milligals (mGal), which are related to how dense
a rock is [Hinze et al., 2013]. Figure 8 illustrates that the anomalies' distribution varies
within a range of —470 to —341 mGal. This similarity with the magnetic anomalies' results
is due to the complex geological conditions and structures in the research area. When
observing the values (Figure 9), it can be noted that hot springs are typically found in areas
with moderate anomalies, even between areas with low or high anomaly contrasts. Based
on the geological map, the lineament is a moderate anomaly. The rock's density affects the
gravity anomaly's value. A high anomaly indicates a higher density closer to the surface,
whereas a smaller anomaly indicates a lower density farther from the surface [Amir et al.,
2021].

The distribution map of CBA is still affected by regional anomalies in the research area.
Therefore, it should be separated into regional and residual anomalies, like the magnetic
method, using the Radial Average Spectrum. The spectrum analysis results (Figure 10)
indicate that the regional gravity anomaly in the research area is located at a depth of 139
meters, while the residual anomaly is at a depth of 86 meters.

The regional gravity anomaly is obtained by upward continuation, similar to the
magnetic method. Spectrum analysis determines the depth. The regional gravity anomaly
(Figure 11a) shows a regional and similar distribution of anomalies, with anomalies ranging
from 26.47 to 30.23 mGal. Anomalies with high values are interpreted as bedrock in the
research area, specifically gelam limestone with high density. The lack of anomalous hot
springs and geological structures in the study area suggests that such features did not form
at this depth.

The residual anomaly is determined using the same method as for the magnetic
anomaly by separating the CBA from the regional anomaly. The results of the residual
anomaly (Figure 11b) show a varied distribution of anomalies, with anomalous values
ranging from —2.78 to 3.11 mGal Removing the influence of regional anomalies has re-
sulted in a shallow anomaly, making the anomaly value relatively small compared to the
CBA. The variation of the gravity anomaly will follow the distribution of rock types in the
research area by looking at the different density values of each rock. In this study area, high
anomalous values (from 0.79 to 3.11 mGal) are interpreted as rocks with a high density,
as in the geologic conditions which tend to be volcanic rocks with the possibility of lava
or breccia igneous rocks. Near the hot springs, previously magnetic was interpreted as
sedimentary rock in the form of travertine deposits from the hot springs themselves, this is
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Figure 9. Complete Bouguer Anomaly (CBA) map of the Kepuhlegundi hot spring with lineament by
Bawean geological map.
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Figure 10. Spectral Analysis from gravity processing for separation and depth identify of regional
and residual anomaly.

evidenced by the low anomaly results (from 0 to —2.81 mGal), which are rocks with low
density levels. The residual anomaly contrasts with the anomaly at the hot spring but has
the same continuity as the geological structure in the study area, which runs northeast-
southwest. The geologic map lineament (black line) is thought to be continuous because
the contrast between low and high anomalies is long. This suggests that rock lithology is
different between the anomalous values. The presence of contrasting lithological variations
along a straight line with a consistent trend may suggest a geological structure in the area.
Geological structures control the formation of hot springs.

The study employed three effective methods for identifying regional geological struc-
tures. The FFD method is particularly useful for mapping weak zones influenced by
structural control, while the magnetic and gravity methods are effective at identifying
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Figure 11. a) Regional anomaly map; b) Residual anomaly map from gravity satellite in the Kepuhle-
gundi hot spring area with geological structures and lineament indicated by magnetic measurements
(red dashed line) and lineament from Bawean geological map (black dashed line).

anomalous contrast boundaries that indicate geological structures in each area. The struc-
tures found in the three methods show a dominant direction of northeast-southwest, with
a focus on the study area. The structure's orientation matches that of Bawean Island's
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geological structure, as described by [Aziz et al., 1993] on the Regional Geological Map of
Bawean Sheet. The Meratus pattern may influence Bawean Island's geological structure
and show indications of a sinistral fault, as suggested by [Arifin and Lugra, 2016].

The study integrated magnetic and gravity methods to determine the location of the
structure in the hot spring area. It was found that the structure is in a residual anomaly or at
a shallow depth, indicating that it was formed after the end of the Miocene period, during
which the bedrock of Bawean Island, specifically the gelam limestone formation, was
formed. The formation of Kepuhlegundi Hot Spring is controlled by geological structures
in the form of continuous fractures (Figure 12) based on the analysis of the continuity and
weak zones around the hot spring by each method. The effect of fractures on the formation
of hot springs is due to the surrounding weak zone increasing the permeability of the rock
so that hot fluids will be very easily to pass through [Rafi et al., 2023; Zhou et al., 2023]. In
addition, the structure passes through areas with high magnetic and gravity anomalies that
may indicate the presence of solid volcanic rock. This could potentially facilitate heating
of the aquifer through the fracture zone. By integrating spatial and geophysical analyses, it
is possible to validate the relationship between the identified regional geological structures
and the formation of Kepuhlegundi Hot Spring. Furthermore, this study can serve as
an initial illustration for further investigation of Kepuhlegundi Hot Spring's subsurface
conditions.
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Figure 12. Map of the results of identifying the structural continuity that controls the formation
of Kepuhlegundi hot springs from the integration of magnetic, gravity satellite, and fault fracture
density (FFD) methods.

5. Conclusion

The Kepuhlegundi Hot Spring formation can be identified by analyzing and integrat-
ing three methods: FFD, magnetic, and gravity. The surface geological structure controls
this formation. The FFD analysis method can accurately identify weak zones around the
hot springs by analyzing the geological structures in the study area. This is achieved by
mapping the dense lineaments caused by these structures. Magnetic and gravity methods
can be used to determine the location and orientation of structures based on the contrast of
low and high anomalies that extend through the hot springs. Both methods predict that
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the controlling structure is at a shallow depth, between 15 to 80 meters below the surface.
This prediction is based on an analysis of both residual and regional anomalies. The orien-
tation of the structure formed at Kepuhlegundi Hot Spring is consistent with the Meratus
Structure Pattern, which runs in a northeast-southwest direction. This suggests that the
structure was formed by the Meratus pattern, as confirmed by the potential method and
FFD analysis. This research can be the first step in further investigation into the subsurface
conditions around hot springs, particularly the geological structure.
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