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The Southeast Asian Tin Belt is characterized by extensive granitoid intrusions that may act as long-
lived heat sources for non-volcanic geothermal systems. On Bangka Island, Indonesia, hot spring
manifestations in the Pemali area (North Bangka Regency) indicate active geothermal circulation
unrelated to recent volcanism. This study aims to characterize the subsurface structure and identify
the principal structural controls governing the Pemali geothermal system, with particular emphasis
on delineating buried granite intrusions and associated fault zones that may facilitate heat transfer
and fluid migration. Secondary satellite-derived gravity data (TOPEX) were analyzed through
regional-residual separation and three-dimensional inversion modeling to reconstruct subsurface
density distribution. The regional gravity anomaly ranges from 21.7 to 38.1 mGal and reflects deep-
seated high-density basement or intrusive bodies consistent with granitoid emplacement. Residual
anomalies vary from —2.4 to 1.5 mGal, indicating shallow lateral density contrasts. Prominent low
residual gravity zones are interpreted as fractured and altered rocks with reduced density, likely
associated with geothermal fluid pathways and structural discontinuities. These anomalies spatially
correlate with surface thermal manifestations, suggesting structurally controlled geothermal
circulation. The results support a conceptual model in which heat is conducted from subsurface
granite bodies into overlying Tanjung Genting Formation rocks, while faults and fractures enhance
permeability and fluid flow. This study demonstrates that integrated gravity inversion provides an
effective reconnaissance tool for identifying heat sources and structural controls in non-volcanic
geothermal settings, offering a geophysical basis for further detailed exploration in the Pemali
geothermal prospect.

Satellite gravity data
3D gravity inversion
Granite intrusion
Structural control

reducing exploration risk and improving resource assessment.
The Southeast Asian Tin Belt, extending from Myanmar
through Thailand and Malaysia to Indonesia, is characterized by

1. Introduction

Global demand for sustainable and low-carbon energy
resources has intensified interest in geothermal systems,
particularly those that are not directly associated with active
volcanism. While volcanic geothermal systems are widely studied
due to their high enthalpy and surface manifestations, non-
volcanic geothermal systems hosted by intrusive bodies represent
an underexplored but potentially significant energy resource [1,
2]. In many tectonically stable or post-magmatic regions,
granitoid intrusions can act as long-lived heat sources capable of
sustaining geothermal circulation through conductive heat
transfer and structurally controlled fluid flow. Understanding the
subsurface configuration of such systems is therefore essential for
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widespread Mesozoic granitoid intrusions associated with tin
mineralization [3-5]. Bangka Island, located in western
Indonesia, forms part of this metallogenic province and is
dominated by granitic and granitoid rocks emplaced during
regional tectono-magmatic events [6, 7]. These intrusive bodies
are known to possess elevated radiogenic heat production due to
the enrichment of uranium, thorium, and potassium-bearing
minerals, which may contribute to long-term subsurface heat
anomalies (Fig. 1). Although the region lacks active volcanism,
several thermal manifestations, including hot springs, have been
reported, suggesting the existence of non-volcanic geothermal
systems potentially related to buried granite intrusions [8—10].
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One such manifestation occurs in the Pemali area, North
Bangka Regency, where hot springs indicate ongoing geothermal
circulation. Unlike volcanic geothermal systems, where magma
chambers and recent eruptive activity provide clear heat sources,
the thermal regime in Pemali is likely controlled by conductive
heat transfer from intrusive granite bodies and enhanced by
structural permeability [3, 11]. In this context, faults and fracture
systems play a crucial role by facilitating the migration of heated
fluids from depth toward the surface. Therefore, identifying
subsurface intrusive bodies and mapping structural
discontinuities are key steps in evaluating the geothermal
potential of the area [12, 13].

Geophysical methods offer a cost-effective approach for
regional reconnaissance in geothermal exploration, particularly
in areas where drilling data are limited [6, 14, 15]. Among these
methods, gravity surveying is widely applied to delineate
subsurface density contrasts associated with lithological
variations, intrusive bodies, and structural features [4, 16].
Granite intrusions, depending on their composition and
alteration state, may exhibit density contrasts relative to
surrounding sedimentary or metamorphic rocks. In addition,
fault zones often appear as localized density anomalies due to
fracturing, hydrothermal alteration, and fluid saturation.
Consequently, gravity anomaly analysis can provide valuable
constraints on subsurface geometry and structural architecture
[17,18].

105.000 107.000

Radiogeni heat production
® <45
45-65
65-95
®95-13
®>13
&) Hot spring
G vranwm
@ncentation
O«<s
@5-10
0 10-15
0 15-20
®>n

2200
2200

105.000 107.000
Fig. 1. Radiogenic heat production map of Bangka Island based on
uranium concentration.

Recent advances in satellite-derived gravity datasets, such as
TOPEX/Poseidon, have enabled large-scale gravity investigations in
regions where ground-based measurements are sparse or logistically
challenging. Although satellite gravity data generally have lower spatial
resolution compared to detailed terrestrial surveys, they are particularly
useful for regional structural mapping and preliminary geothermal
prospect evaluation [3, 6, 16]. By separating regional and residual
gravity components, it is possible to distinguish deep-seated density
structures from shallow heterogeneities. Furthermore, three-
dimensional (3D) inversion modeling allows reconstruction of
subsurface density distributions that are consistent with observed
gravity anomalies, thereby providing a more quantitative basis for
geological interpretation [19—21].

In geothermal exploration, integrated gravity inversion has been
successfully applied to identify heat sources, intrusive bodies, caldera
structures, and fault-controlled permeability pathways. For non-
volcanic geothermal systems, gravity methods are especially relevant
because the primary heat source is often associated with crystalline
basement or granitoid intrusions that may not produce strong surface
expressions. In such settings, density variations related to intrusive
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emplacement, structural segmentation, and alteration zones can be used
to construct a conceptual geothermal model.

Despite the geological significance of Bangka Island within the
Southeast Asian Tin Belt, geophysical investigations targeting
geothermal potential remain limited. Previous studies have focused
primarily on mineral exploration, particularly tin deposits, while the
geothermal implications of granitoid intrusions have received
comparatively little attention. In the Pemali area, the presence of hot
spring manifestations indicates that subsurface heat and fluid
circulation are active, yet the geometry of the underlying heat source and
the structural framework controlling fluid migration remain poorly
constrained. A regional-scale gravity analysis can therefore provide
fundamental insights into the subsurface configuration and help
establish a preliminary geothermal exploration model [3, 6, 16].

This study aims to characterize the subsurface structure of the
Pemali geothermal prospect using satellite-derived gravity data
(TOPEX) combined with regional-residual anomaly separation and 3D
inversion modeling. Specifically, the objectives are: (1) to delineate
deep-seated density anomalies that may represent granite intrusions
acting as heat sources; (2) to identify shallow structural discontinuities
potentially associated with fault-controlled permeability; and (3) to
develop a conceptual geothermal model that integrates gravity-derived
subsurface structures with surface thermal manifestations [6, 14, 15].

The methodological approach involves processing gravity anomaly
data to separate regional trends from residual components, followed by
quantitative 3D inversion to reconstruct subsurface density contrasts.
Regional anomalies are interpreted to reflect deep crustal or basement-
scale structures, whereas residual anomalies are analyzed to highlight
shallow density variations linked to geothermal features. Low-density
residual zones are evaluated in relation to possible fracture systems and
hydrothermal alteration, while high-density anomalies are assessed as
potential intrusive bodies [19—21].

By integrating gravity anomaly interpretation with geological
context, this study seeks to provide a reconnaissance-level assessment
of the Pemali geothermal system. The results are expected to contribute
to a better understanding of granite-hosted, non-volcanic geothermal
systems within the Southeast Asian Tin Belt and to demonstrate the
applicability of satellite gravity data in early-stage geothermal
exploration. Ultimately, this research provides a geophysical foundation
for more detailed investigations, including ground-based geophysical
surveys, geochemical analyses, and exploratory drilling, to further
evaluate the geothermal potential of the Pemali area.

2. Conceptual geological setting
2.1. Regional Tectonic Framework

Bangka Island is part of the western Indonesian region and
belongs to the Southeast Asian Tin Belt, a major metallogenic
province extending from Mpyanmar through Thailand and
Malaysia to Indonesia. The tectonic evolution of this belt is closely
related to Mesozoic magmatic activity associated with subduction
and subsequent post-collisional processes along the Eurasian
margin. During the Late Triassic to Cretaceous, large volumes of
granitoid intrusions were emplaced throughout the region,
forming extensive batholithic complexes that are now widely
exposed in Peninsular Malaysia and the Indonesian islands of
Bangka and Belitung.

The granitoids of Bangka Island are generally classified as I-
type to S-type granites, commonly associated with tin
mineralization and enriched in radiogenic elements such as
uranium (U), thorium (Th), and potassium (K). These elements
contribute to internal heat production through radioactive decay,
allowing the intrusive bodies to retain elevated thermal conditions
over geological timescales. Although the region is not
characterized by recent volcanism, the presence of such granitoid
bodies suggests the potential for non-volcanic geothermal systems
sustained by long-term conductive heat transfer.

Structurally, Bangka Island is influenced by regional fault
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systems related to past tectonic deformation phases. These
structures include NW—-SE and NE—SW trending faults, which are
interpreted to reflect compressional and extensional regimes
associated with plate interactions between the Sundaland block
and adjacent tectonic domains. Such fault systems not only
control mineralization patterns but may also provide structural
pathways for geothermal fluid circulation.

2.2. Lithological characteristics of Bangka island

The lithology of Bangka Island is dominated by intrusive
granitoid rocks and sedimentary formations. The granitic
intrusions are typically medium- to coarse-grained and locally
weathered, forming extensive plutonic bodies across the island.
These granitoids intrude older sedimentary sequences and are
often associated with contact metamorphism and hydrothermal
alteration.

In the northern part of Bangka, including the Pemali area,
granitoid rocks are overlain or juxtaposed with sedimentary
formations such as the Tanjung Genting Formation. This
formation generally consists of sandstones, siltstones, and
claystones that may exhibit varying degrees of compaction and
alteration. The density contrast between crystalline granite and
overlying sedimentary rocks provides a favorable condition for
gravity-based subsurface investigation.

From a geothermal perspective, the granite bodies serve as the
primary heat source, while the overlying sedimentary and
fractured zones may act as reservoirs or cap rocks, depending on
permeability distribution. The degree of fracturing and
hydrothermal alteration significantly influences the effective
porosity and permeability of these units, thereby controlling fluid
migration and heat transport.

2.3. Structural control and fluid circulation

In non-volcanic geothermal systems, structural features play a
fundamental role in governing subsurface fluid circulation. Unlike
volcanic systems where magmatic heat is typically shallow and
intense, non-volcanic systems rely on deep-seated heat sources
and permeable pathways to transfer thermal energy toward the
surface. Faults, fractures, and shear zones enhance permeability
and allow meteoric water to infiltrate, circulate at depth, and
return as thermal manifestations such as hot springs.

In the Pemali area, surface hot spring occurrences suggest
active hydrothermal circulation. The structural framework likely
consists of fault-controlled conduits that connect deeper heated
zones within granite bodies to shallow sedimentary layers.
Fracturing associated with regional tectonics may create localized
zones of reduced density due to increased porosity and alteration,
which can be detected as residual gravity anomalies.

The interplay between intrusive emplacement and tectonic
deformation is particularly important. Granite intrusions may
generate thermal metamorphism and induce stress
redistribution, potentially reactivating pre-existing faults. These
reactivated faults can subsequently serve as preferential pathways
for geothermal fluids. Therefore, mapping structural
discontinuities is crucial for understanding the geometry and
sustainability of the geothermal system.

2.4. Heat source mechanism in granite-hosted systems

Granite-hosted geothermal systems differ fundamentally from
magmatic volcanic systems. The primary heat source is not a young
magma chamber but rather residual and radiogenic heat within
crystalline basement rocks. Radiogenic heat production in granites is
largely controlled by the concentration of U, Th, and K-bearing minerals.
Over geological time, this internal heat production may sustain elevated
geothermal gradients, especially in regions with relatively thick crust and
limited convective cooling.

Heat transfer in such systems occurs predominantly through
conduction from the granite body to surrounding rocks. However, once
permeability pathways are established through faulting and fracturing,
convection may significantly enhance heat extraction and surface
expression. The interaction between conductive heat flow and convective
fluid movement defines the geothermal system's efficiency.

In the context of Pemali, the conceptual model assumes that
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subsurface granite intrusions provide a long-term heat reservoir. The
overlying Tanjung Genting Formation may act as a host for circulating
fluids, while structural discontinuities facilitate vertical and lateral flow.
Zones of hydrothermal alteration may further modify physical properties
such as density, magnetic susceptibility, and electrical resistivity, making
them detectable through geophysical methods.

3. Method
3.1. Study area and data source

The study was conducted in the Pemali geothermal prospect,
located in North Bangka Regency, Bangka Island, Indonesia.
Geographically, the study area lies between 1°45’—2°08’ S and
105°47'-106°45’ E. The region is characterized by granitic
intrusions associated with the Southeast Asian Tin Belt and
surface hot spring manifestations indicative of geothermal
activity. Data processing and modeling were carried out between
October 2021 and July 2022 at the Geophysics Laboratory,
Physics Study Program, Institut Teknologi Sumatera, Indonesia
(Fig. 2).

This study utilizes secondary satellite-derived gravity data
obtained from the TOPEX database (https://topex.ucsd.edu

), accessed on November 30, 2021. The dataset consists of
gridded Free Air Anomaly (FAA) values in ASCII-XYZ format,
including latitude, longitude, elevation, and gravity anomaly
values. Topographic data were obtained from the Shuttle Radar
Topography Mission (SRTM) dataset provided by the United
States Geological Survey (USGS). Regional geological maps were
used to constrain lithological interpretation and density
parameter selection.
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Fig. 2. Geothermal observation point of gravity data in Pemali, Bangka
Island, Indonesia with geology information.

3.2. Gravity data processing

Gravity data processing was conducted in two main stages: (1)
gravity correction and Complete Bouguer Anomaly (CBA)
calculation, and (2) anomaly separation and subsurface modeling.
[14, 22, 23]. The raw dataset consisted of Free Air Anomaly (FAA)
values. To obtain the Complete Bouguer Anomaly (CBA), the
following corrections were applied:

e Free Air Correction (FAC)

e Bouguer Slab Correction

e Terrain Correction (TC)

The Bouguer correction accounts for the gravitational effect of
the rock mass between the observation point and the reference
datum. Terrain correction compensates for topographic variations
surrounding measurement points and was computed using SRTM
elevation data.
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An optimal Bouguer density was estimated through correlation
analysis between elevation and Bouguer anomaly values using
density variations ranging from 1.7 to 2.3 g/cm3. The density value
that minimized correlation between gravity anomaly and elevation
was selected as the representative surface density. The Complete
Bouguer Anomaly (CBA) was calculated as:

CBA = FAA — Bouguer Correction + Terrain Correction ... (1)

The corrected dataset was subsequently converted into UTM
Zone 48S coordinates for spatial analysis.

3.3. Spectral analysis and regional-residual separation

To estimate source depth and separate regional and residual
components, spectral analysis was performed using Fourier
Transform techniques implemented in Oasis Montaj. The
logarithmic power spectrum was analyzed by plotting log
amplitude against wavenumber. The slope of the spectrum was
used to estimate the average depth of anomaly sources. A cut-off
wavenumber was determined based on the transition between deep
(regional) and shallow (residual) sources, supported by the
coefficient of determination (R2) as a control parameter. Regional
and residual anomalies were separated using frequency-domain
filtering:

> Low-pass filter — isolates deep regional anomalies

» Band-pass filter — highlights shallow residual anomalies

Residual anomalies are interpreted to represent shallow density
contrasts related to structural features and geothermal circulation
pathways.

3.4. Two and three-dimensional forward modeling

Two-dimensional forward modeling was conducted along
selected profiles crossing significant gravity anomalies. The
objective was to estimate subsurface geometry and density
distribution consistent with observed gravity responses. Modeling
was performed using Oasis Montaj, integrating geological
constraints. A trial-and-error forward modeling approach was
applied until the misfit between observed and calculated anomalies
was minimized (error <5%). The minimum and maximum density
values obtained from 2D modeling were used as constraints for
subsequent 3D inversion modeling.

Three-dimensional gravity modeling was performed using
Grablox 1.6e, with visualization in Bloxer 1.6e. The workflow
consisted of:

1. Initial Forward Modeling

A block model representing the study area was constructed
based on gridded Complete Bouguer Anomaly data. Major and
minor blocks were defined according to spatial resolution and
area extent.

2. Density Parameter Assignment

Density values derived from 2D modeling were assigned as
initial constraints.

3. Inverse Modeling

An iterative inversion procedure was applied to adjust
density distribution and geometry to minimize misfit between
observed and calculated gravity anomalies. Optimization stages
included:

e Base model adjustment

e Density optimization

e Occam density smoothing

e Elevation adjustment

e Occam height smoothing

The inversion process aimed to reduce residual error and obtain
a geologically reasonable subsurface density model.

3.5. Data interpretation

Interpretation was conducted qualitatively and quantitatively.
For the qualitative interpretation, gravity anomaly maps (Complete
Bouguer, regional, and residual) were analyzed to identify patterns
associated with density contrasts. High gravity anomalies were
interpreted as potential granitoid intrusions or basement highs,
whereas low residual anomalies were interpreted as fractured or
altered zones possibly associated with geothermal fluid pathways.
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While quantitative interpretation, the cross-sectional models
from 2D forward modeling and volumetric density distributions
from 3D inversion were integrated with geological maps. Density
contrasts were correlated with lithological units and structural
features, particularly fault systems that may act as geothermal
conduits.

e The final interpretation focuses on identifying:

e Potential granite heat sources

e Structural controls (faults/fractures)

e Zones of reduced density indicative of hydrothermal

alteration

4. Results and discussion
4.1. Complete bouguer anomaly (CBA) map

The Complete Bouguer Anomaly (CBA) map is derived from
gravity data processing and represents the spatial distribution
pattern of subsurface rock density. In this study, the CBA map is
presented using the UTM coordinate system, Zone 48 in the
Southern Hemisphere, as shown in the corresponding figure. The
color range on the map indicates variations in gravity anomaly
values, which reflect differences in subsurface rock density within
the study area. This variation suggests that the subsurface
lithology is heterogeneous both laterally and vertically, resulting
in different CBA values across the region.

The obtained Complete Bouguer anomaly values range from
21.3 mGal to 38.4 mGal, and all values are positive. The
differences in the color scale (in mGal) indicate variations in
anomaly intensity across the study area. Low gravity anomalies
occur within the range of 21.3—29.7 mGal and are predominantly
distributed in the northwestern part of the study area. In contrast,
high gravity anomalies range from 29.7-38.4 mGal and are
mainly distributed in the northern and western parts of the study
area.

The presence of low gravity anomalies on the CBA map can be
interpreted as zones with lower subsurface density compared to
surrounding areas. Such conditions may indicate geothermal
manifestations, such as altered rocks, fracture zones filled with
fluids, or the accumulation of hot water beneath the surface.

However, the CBA map represents the combined effect of both
deep and shallow sources. Therefore, to better understand the
subsurface structure and to distinguish between deep regional
effects and shallow local anomalies associated with geothermal
features, it is necessary to separate the anomaly into regional and
residual components. This separation is carried out using spectral
analysis [24].

4.2. Spectral analysis

Spectral analysis was applied to estimate the depth of gravity
anomaly sources within the study area. This method also serves
as a reference for separating regional and residual anomaly
components. Regional anomalies generally originate from deeper
sources and are characterized by long wavelengths (low
frequency), whereas residual anomalies are associated with
shallower sources and exhibit short wavelengths (high frequency)
[20, 21, 25].

The spectral analysis graph in this study presents the
relationship between the logarithm of amplitude (In A) and the
wavenumber (k). Based on this graph, cut-off wavenumbers can
be estimated to determine the filter window width. Furthermore,
this curve is used to estimate the depth of regional, residual, and
noise anomaly sources.

The Fig. 3 shows the spectral analysis curve separating
regional, residual, and noise components. The Fourier Transform
produces a curve representing the relationship between
wavenumber (k) and the logarithm of amplitude (In A). The curve
displays three linear segments, each representing discontinuity
surfaces at different depths. These segments are identified based
on their coefficient of determination (R2), which indicates the
degree of correlation between the independent variable



Putriani et al.

(wavenumber) and the dependent variable (logarithm of
amplitude).
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Fig. 3. Curve of spectral analysis of regional anomalies,
residuals, and noise separation.

From the curve, cut-off wavenumbers are obtained to
distinguish the regional, residual, and noise zones. The boundary
between the regional and residual zones is defined by a
wavenumber of k = 0.0634921, while the boundary between the
residual and noise zones is defined by k = 0.174603. These cut-off
wavenumbers are used to estimate the depth of anomaly sources
through spectral analysis, based on the filter window width
derived from the curve.

The depth estimation results are presented in Fig. 4, which
shows the spectral analysis curve and the calculated depth values
obtained from the Fourier Transform using Oasis Montaj
software. Based on the analysis, the regional anomaly is
estimated to occur at a depth of approximately 4.56 km, while the
residual anomaly is estimated to occur within a depth range of
approximately 1.68 km to 4.56 km.
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Fig. 4. Spectrum analysis curve and depth estimation.

The residual anomalies, which correspond to shallower
depths, are considered more relevant to the interpretation of local
geological structures and potential geothermal systems.
Meanwhile, the regional anomaly reflects deeper geological
structures that control the broader tectonic framework of the
study area.

4.3. Separation of regional and residual anomalies

The separation of regional and residual anomalies was carried out
based on the spectral analysis of the relationship between In A and the
wavenumber (k). After determining the cut-off wavenumbers, the
regional, residual, and noise components were separated through
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filtering of the complete bouguer anomaly (CBA) contour map. The
filtering process produced regional and residual anomaly maps that
were reduced from noise components.

The separation was performed using the Butterworth filter and
Bandpass filter in Oasis Montaj software. The Butterworth filter was
applied to separate the regional component (characterized by low
frequency and long wavelength) from the residual component.
Meanwhile, the Bandpass filter was used to reduce high-frequency noise
within the residual zone. This separation aims to distinguish between
deep-seated and shallow anomaly sources. Fig. 5 presents the regional
anomaly map, while Fig. 6 shows the residual anomaly map.
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Scale 1:373298
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Fig. 5. Regional gravity anomaly map.

The regional anomaly reflects deeper causative sources, whereas the
residual anomaly is associated with shallower subsurface sources. The
results show clear differences in anomaly magnitude and contour
patterns between the regional and residual components. The regional
anomaly exhibits positive values ranging from 21.7 mGal to 38.1 mGal.
In contrast, the residual anomaly displays smaller amplitude variations,
ranging from -2.4 mGal to 1.5 mGal, including both negative and
positive values. This indicates that the residual anomaly originates from
shallower sources with more variable density contrasts compared to the
regional component [16, 26, 27].
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Fig. 6. Residual gravity anomaly map.

The residual (local) anomaly was obtained by subtracting the
regional component from the Complete Bouguer Anomaly map. Based
on the residual values, low anomalies range from —2.4 mGal to —0.1
mGal, while high anomalies range from 0.0 mGal to 1.5 mGal.
Topographic variations may also influence measured gravity values.
Generally, higher elevations tend to produce lower gravity values, while
lower elevations correspond to relatively higher gravity values.
Therefore, topographic effects must be considered in interpreting the
residual gravity anomaly patterns.

4.4. 2D gravity anomaly modeling

Two-dimensional (2D) gravity modeling of the study area was
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carried out using the complete bouguer anomaly (CBA) map, supported
by geological data and regional stratigraphic information. The modeling
profile was constructed along the A—A’ cross-section, as shown in the
figure below. The profile extends from the southwest to the northeast
across the Pemali geothermal area, North Bangka Regency. Fig. 7 shows
the location of the A—A’ profile on the Complete Bouguer Anomaly map.
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Fig. 7. The A-A' line on the complete bouguer anomaly map.

The 2D modeling results consist of two main outputs: (1) the forward
modeling curve and (2) the subsurface density model. In the forward
modeling curve, the observed gravity data are represented by black dots,
while the calculated gravity response from the model is shown by the
black line. The red line represents the error (misfit) between the
observed and calculated values. The modeling produced an error value
of 3.478%, indicating a relatively good agreement between the observed
data and the calculated response. Along the A—A’ profile, the Bouguer
anomaly values range from approximately 20 mGal to 40 mGal. Starting
from point A, the profile crosses a positive Bouguer anomaly zone with
an initial anomaly value of approximately 28.4 mGal, then increases to
a maximum value of 38.4 mGal at a distance of about 39 km from the
starting point. Fig. 8 presents the forward modeling curve and the
resulting 2D gravity model of the Pemali geothermal area.

Depth (k)

Fig. 8. Forward modelling curve and 2D modelling in the Pemali
geothermal area.

Based on the stratigraphic data of North Bangka, the A—A’ profile
intersects four main geological units. The Pemali Metamorphic
Complex (CPp) forms the basement of the Bangka region, consisting of
phyllite, quartzite, and schist, with an assumed density of 2.69 g/cm3.
The second unit is the Klabat Granite, composed of biotite granite,
gneissic granite, and granodiorite, with a density of 2.58 g/cm3. The
next unit is the Tanjung Genting Formation, dominated by sandstone
and claystone, with a density of 2.50 g/cm3. The uppermost unit
consists of alluvial deposits, composed of boulders, cobbles, gravel,
sand, clay, and peat, with a density of 2.10 g/cm3. Two faults were
interpreted along the A—A’ profile. These faults form a graben structure,
characterized by a down-dropped central block resulting from tectonic
processes. The graben structure is interpreted to play an important role
in the formation of a geothermal reservoir, as it provides space for
meteoric water to accumulate before being heated by the underlying
granite intrusion. The hot spring manifestation is interpreted to occur
within the Tanjung Genting Formation, which acts as a heat-conducting
unit after interacting with the granite body.
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As a result, the thermal manifestation in the Pemali geothermal area
is not associated with volcanic activity. Therefore, the temperature of
the hot spring is relatively low compared to volcanic geothermal
systems, ranging approximately between 40—60°C.

4.5. 3D gravity anomaly modeling

In the 3D modeling process, two main stages were carried out:
forward modeling and inversion modeling. During the forward
modeling stage, an initial model was constructed to represent the spatial
extent of the study area. The study area covers 107.5569871 km in the x-
direction and 44.273711 km in the y-direction. The area was then
discretized into 20 minor blocks in each horizontal direction, resulting
in a total of 400 minor blocks per layer.

In the vertical direction (z-axis), the model depth was defined up to
6.8 km and divided into 8 minor blocks, resulting in a total of 3,200
minor blocks for the entire 3D model. The density range assigned in the
initial model varies from 1 g/cm3 to 3 g/cm3. This density range was
determined based on the results of the previous 2D gravity modeling
conducted using Oasis Montaj software. After constructing the initial
model, the inversion process was performed by matching the modeled
gravity response with the observed field data using a mathematical
approach. The objective of this inversion stage is to estimate the
unknown subsurface physical parameters and obtain a model that best
fits the observed gravity data [16].

During the inversion modeling process, the Complete Bouguer
Anomaly (CBA) data were used as the primary input to generate the
subsurface model. After the CBA data were incorporated, the inversion
procedure was carried out through five optimization stages to reduce the
error (misfit) between the calculated model response and the observed
field data. These stages include: base optimization, density
optimization, Occam density optimization (Occam d), height
optimization, and Occam height optimization (Occam h).

The Occam height optimization (Occam h) represents the final stage
of the entire inversion process. This step aims to obtain the best-fit
Bouguer anomaly pattern by minimizing discrepancies between the
modeled and observed gravity data while maintaining model
smoothness and stability. The final optimized model was subsequently
used for further interpretation, as it represents the integrated result of
all optimization stages. After completing the optimization process, the
inversion modeling results were imported into Grablox 1.6e software to
visualize the subsurface structure in three dimensions. The 3D
subsurface model of the study area, based on the Complete Bouguer
gravity anomaly data, is presented in Fig. 9. The 3D model consists of
eight layers, extending to a maximum depth of approximately 6.83 km.

. =
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Fig. 9. 3D subsurface model of the Pemali geothermal area.

According to the visualization results, Layer 5 is located at a depth
range of approximately 2.54 km to 3.41 km. This layer exhibits density
values ranging from 1.70 g/cm3 to 2.75 g/cm3, with an average density
of approximately 2.49 g/cm3. The average density suggests that this
layer is dominated by medium- to high-density rocks, which may
correspond to compact sedimentary formations or intrusive igneous
rocks at that depth.
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The advanced interpretation results are presented in the Fig. 8, that
the 2D model along profile A—A’, which indicates the presence of faults
associated with a graben structure expressed as a valley. This structure
is interpreted to control geothermal manifestations by forming a
geothermal reservoir. Meteoric water infiltrates from the surface,
accumulates within the reservoir zone, and is subsequently heated by
the underlying granite body. The heated fluid then rises back to the
surface through fractures and fault-controlled pathways, producing hot
spring manifestations.

Fig. 10 illustrates the conceptual model of a radiogenic geothermal
system, in which meteoric water penetrates into the subsurface and
accumulates in a reservoir located above the granite. The infiltrated
water interacts with the granite and is heated by radiogenic heat
generated from radioactive decay within the granitic rocks. The heated
fluid then migrates upward and emerges at the surface as geothermal
manifestations. Fig. 9 presents the 3D model of selected layers (Layer 4
and Layer 8), showing that the granite body (represented in red)
intrudes into the overlying formations (represented in yellow). The
granite is interpreted to dominate the subsurface lithology beneath the
Pemali geothermal area and acts as the primary heat source in the
geothermal system.

Meteoric water Reservoir

_ infiltration..

-

Fig. 10. Radiogenic geothermal system conceptual model in the
Pemali geothermal area.

Geologically, Bangka Island is composed of the Pemali
Formation/Complex, the Tanjung Genting Formation, alluvial deposits,
and granite rocks. The region is dominated by intrusive igneous rocks,
where residual heat has decreased over time but the granite bodies still
retain significant thermal energy. The presence of granite is interpreted
to be associated with radiogenic heat production due to radioactive
decay, which may contribute to heat accumulation and is closely related
to the occurrence of hot spring manifestations [28, 29].

The geothermal fluid in this system is mainly derived from meteoric
water (rainwater) that infiltrates deeply through fault and fracture
structures. The meteoric water is interpreted to absorb heat when
interacting with the granite body and subsequently forms heated
geothermal fluids. These fluids then migrate back to the surface through
structurally controlled pathways, producing hot springs as surface
geothermal manifestations [16].

5. Conclusion

Based on the gravity data analysis and modeling results, the
Complete Bouguer Anomaly (CBA) map indicates that high
gravity anomalies dominate most of the study area and are
interpreted as Triassic granitic bodies formed from acidic magma
intrusion. In contrast, lower anomaly zones observed in the
northwestern and northern parts of the Pemali geothermal area
are associated with the Tanjung Genting Formation and alluvial
deposits, which exhibit relatively lower densities. Spectral
analysis and anomaly separation reveal that the regional anomaly
represents deep-seated sources with an estimated depth of
approximately 4.56 km and positive anomaly values ranging from
21.7 mGal to 38.1 mGal, while the residual anomaly reflects
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shallower sources at an estimated depth of around 1.68 km, with
anomaly values ranging from —2.4 mGal to 1.5 mGal. The low
residual anomalies are interpreted as zones influenced by heat
transfer from the underlying granite to the overlying sedimentary
formations, indicating the presence of a geothermal system.

The 2D and 3D gravity modeling results further suggest that
the subsurface structure of the Pemali geothermal area consists
of the Pemali Metamorphic Complex as basement rock, granite
intrusion, the Tanjung Genting Formation, and alluvial deposits.
Fault structures forming a graben system were identified and are
interpreted to play a crucial role in controlling the geothermal
system. These faults act as conduits for meteoric water infiltration
and fluid circulation, allowing water to accumulate within a
reservoir zone above the granite body, where it is heated by
radiogenic heat generated from the granite. The heated fluids
subsequently migrate upward through structurally controlled
pathways and emerge as hot spring manifestations at the surface.
The relatively moderate temperature range of 40—60°C supports
the interpretation of a radiogenic geothermal system rather than
a volcanic geothermal system. Overall, the integration of gravity
anomaly analysis and subsurface modeling demonstrates that
granite intrusion and fault-controlled structures are the primary
factors governing the radiogenic geothermal system in the Pemali
area.
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