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Abstract Java Island has several geothermal prospects, one of which is located in the Arjuno—
Welirang area in East Java. The objective of this study is to determine the subsurface geological
structures that have the potential to generate geothermal energy in the region. The study utilizes a
gravity-based method that is based on the Global Gravity Model Plus. Complete Bouguer
anomalies, first horizontal derivative, and second vertical derivative were analyzed to identify fault
structures. Additionally, 2D modeling was performed using inversion modeling implemented in the
ZondGM2D software. A total of six major faults were identified four normal faults and two reverse
faults primarily distributed near active geothermal manifestations such as Padusan hot springs,
Coban Hot Springs and Mount Welirang. Furthermore, 2D gravity inversion modeling was
performed along two main profiles (A—A' and B—B'). The inversion results revealed three key
subsurface layers: (1) a low-density zone (<2.3 g/cm?) interpreted as a clay cap formed by
hydrothermal alteration, (2) an intermediate-density reservoir zone (2.3—-2.5 g/cm?®) composed of
fractured volcanic rocks, and (3) a high-density magmatic intrusion zone (>2.6 g/cm?) serving as
the heat source.
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Introduction

Geothermal energy is a renewable energy source with great potential to support the fulfillment of national
energy needs in the future [1]. Compared to fossil fuels, geothermal power plants are more sustainable
and environmentally friendly [2]. The growing energy demand driven by population growth and
industrialization, along with the environmental and health impacts of fossil fuel consumption, has
increased the urgency to transition toward clean and sustainable energy sources. As a renewable
resource capable of providing continuous and reliable energy, geothermal energy offers a viable pathway
to replace fossil fuels while enhancing national energy security [3].

Efficient subsurface exploration methods are needed to optimize geothermal energy utilization and
identify the characteristics of geothermal systems [4]. Identifying and mapping subsurface geological
structures are critical steps in exploring geothermal potential, particularly in understanding the geological
controls on geothermal system components. An effective geophysical method that supports this study is
satellite-based gravity methods. The gravity method is utilized to detect subsurface structural features,
including stratigraphic layering and fluid pathways, which correspond to recharge and discharge zones
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within geothermal systems. The fundamental principle underlying this method is the variation in rock
density, where thermal sources and subsurface heat accumulation zones generate measurable density
contrasts relative to the surrounding geological materials [5]. Based on this principle, low density gravity
anomalies are commonly interpreted as geothermal reservoirs or hydrothermally altered zones, whereas
high density anomalies are associated with intrusive or molten bodies acting as geothermal heat sources
[6]. In this study, gravity data derived from the Global Gravity Model Plus (GGMplus) are utilized to
capture these density variations. Previous studies have demonstrated that a comparison between
GGMplus gravity disturbance data and terrestrial Bouguer gravity measurements shows a high
correlation, indicating that satellite derived gravity data can represent subsurface density variations
consistently with field observations [7]. In Indonesia, researchers have utilized GGMplus data to identify
active faults [8], assess liquefaction potential [9], delineate hydrocarbon accumulations [10] and evaluate
geothermal potential [11]. The gravity modeling results from these studies show good similarity with
geological information, seismicity data, as well as resistivity and magnetotelluric survey results. As a
result, this method is cost and time efficient, as it reduces the need for extensive direct field surveys
without compromising data accuracy. Satellite based gravity imagery provides sufficient density contrast
to identify subsurface anomalies, playing a crucial role in assessing the geothermal system potential [12].

Java Island has eleven geothermal prospects, accounting for about 5% of the national total [13]. One of
these prospects is located in the Arjuno-Welirang area in East Java [12]. The Arjuno-Welirang area
consists of two stratovolcanoes: Mount Arjuno, which reaches 3,339 meters above sea level, and Mount
Welirang, which reaches 3,156 meters. The area has been designated a Geothermal Working Area since
2017, with an estimated potential of 200 MW. PT Geo Dipa Energi has an initial development plan of 150
MW. Hot springs and fumaroles at the summit of Mount Welirang indicate the presence of an active
geothermal system [14]. In this context, gravity methods are used to identify subsurface geological
structures and map the distribution of rock density associated with the geothermal system in the Arjuno-
Welirang area.

Regional Geology of the Arjuno-Welirang Area

The Arjuno-Welirang area is located in the administrative regions of the Malang and Mojokerto
Regencies. The area's geology is dominated by Quaternary volcanic rocks, indicating relatively recent
volcanic activity and the potential for geothermal energy generation [15]. An important aspect of
geothermal system studies is understanding the regional geological and stratigraphic conditions, which
describe an area's volcanic history and geodynamic evolution. Figure 1 shows the regional stratigraphy
of the Arjuno-Welirang Volcanic Area and its surroundings.
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Figure 1. Geological Map of the Arjuno-Welirang Volcanic Area[16]

These areas are composed of rock units resulting from volcanic activity from several different eruption
centers, which are classified by their geological age. The oldest formation originated from Mount
Anjasmoro and formed during the early Pleistocene. Next, volcanic deposits from the Ringgit-Pundak-
Butak volcanoes formed during the Middle Pleistocene. Finally, volcanic activity at the end of the
Pleistocene formed the Arjuno-Welirang-Kembar | and Il volcano complexes. The youngest eruption
products originate from Mount Penanggungan, formed during the Holocene [17].
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The Arjuno-Welirang Area region has a complex geological structure characterized by normal faults,
strike-slip faults, caldera rim structures, and subsidence zones. The fault patterns in this area generally
cut directly through the mountain body, primarily oriented north-south, northwest-southeast, southwest-
northeast, and west-east. The caldera rim structure is located in the central part of the volcanic complex,
indicating significant ancient volcanic activity. A subsidence zone has been identified in the southern
sector of the Arjuno-Welirang peak. It opens toward the southeast and northeast, indicating deformation
caused by the interaction of volcanic and tectonic processes [18]. The presence of geothermal energy
sources beneath the surface of the area is indicated by the emergence of hot springs in the western part
of the Arjuno-Welirang area, such as in Cangar, Padusan, and Coban. While the volcanic rocks in this
region are generally Quaternary in age, further exploration of the potential for heat sources in the form
of hot igneous rocks and magmatic intrusions could support the development of geothermal energy [19].

Materials and Methods

The gravity method used in this study is based on Newton’s Law of Universal Gravitation, which states
that gravitational force is proportional to the product of two masses and inversely proportional to the
square of the distance between them [20]. Mathematically, we can formulate this principle as follows:

— I mym; - 1
Fi; = =G i22r12 A

In geophysical applications, variations in the measured gravitational field are primarily controlled by
lateral and vertical contrasts in subsurface mass density [21]. Therefore, gravity data are widely used to
infer subsurface geological structures. However, gravity measurements generally contain contributions
from multiple sources, including non geological effects, which must be corrected and processed to isolate
anomalies related to subsurface density variations [22].

The study area is located in the Arjuno-Welirang Mountain region, with geographical coordinates
112°31'22"E — 112°39'1.2"E and 7°48'49"N — 7°39'1.7"N. This study uses GGMPIlus gravity model data,
which can be downloaded from the website https://ddfe.curtin.edu.au/gravitymodels/GGMplus/,
GGMplus provides high resolution gravity field data with an approximate spatial resolution of 200 m,
enabling detailed detection of subsurface density contrasts relevant to geothermal exploration [23]. The
gravity data obtained from the GGMPIlus model is free air anomaly data [24]. Since FAA only considers
the elevation difference between the measuring instrument and the datum level, additional corrections
are needed to obtain the Complete Bouguer Anomaly (CBA) value. The CBA value also accounts for the
mass above or below the datum surface that is influenced by topographic variations and surface mass
distribution [25]. Therefore, a Bouguer correction process is required to obtain the Complete Bouguer
Anomaly (CBA), calculated using Microsoft Excel 2019 software based on the following equation:

BC = 0.04193ph )

Bouguer Correction (BC) is expressed in milligals (mGal) and is calculated based on the rock density (p)
and the elevation of the study area (h). The rock density, denoted by p, is measured in grams per cubic
centimeter (g/cm?®) and represents the density of the subsurface material in the region. Elevation (h),
measured in meters (m), is a critical factor in the correction process as it contributes to the gravitational
effect that must be accounted for. The optimum Bouguer density was determined using the Parasnis
method, which is based on the linear relationship between free air anomaly and Bouguer slab correction.
In this method, the density value is obtained by minimizing the correlation between FAA and elevation,
thereby reducing the influence of topographic effects and yielding a representative average density for
gravity data reduction [26]. This estimate is then used in terrain correction to overcome the effects of
uneven mass distribution around the measurement location. Terrain correction accounts for the
gravitational effect of surrounding topography, including hills and valleys, which may either increase or
decrease the observed gravity value depending on their relative position to the measurement point [27].
Therefore, the measured gravity value must be corrected for terrain. Terrain correction is performed
using Oasis Montaj and Global Mapper software. The Complete Bouguer Anomaly (CBA) value can be
calculated using the following equation once the Bouguer correction and terrain correction values are
obtained [25] is calculated using the equation:

CBA = FAA — BC +TC 3)

The gravitational force values at a given point on Earth can differ from the surrounding values due to
variations in mass density beneath the surface. Gravity field anomalies are defined as the difference
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between the measured and theoretical gravity field values at a given point on the surface [28]. The
Complete Bouguer Anomaly (CBA) is expressed in milligals (mGal) and is obtained by considering
several gravity correction components the free air anomaly (FAA), Bouguer correction (BC), and terrain
correction (TC). CBA contour maps are used to identify anomalies near and far from the surface,
including residual, regional, and noise anomalies that cause interaction and overlap [29]. Therefore, an
anomaly separation method using Butterworth filtering is required. After filtering with the Butterworth
filter, regional and residual anomaly contour maps are obtained [30]. Anomaly separation was conducted
using a Butterworth filter with a cutoff wavelength of 7.25 km and a filter order of 23. The resulting regional
anomaly reflects gravity responses from deeper sources, whereas the residual anomaly was calculated
as the difference between the Complete Bouguer Anomaly (CBA) and the regional anomaly, representing
shallow density variations [31].

The first horizontal derivative (FHD), also known as the horizontal gradient (HG), is a method used to
determine the location of horizontal density contrast boundaries based on gravity data. It is the first
derivative of the gravity anomaly value in the horizontal direction [32]. The FHD method detects lateral
changes in the gravity field caused by variations in density contrast at the boundaries of geological
structures. Gravity anomalies produced by an object tend to show significant changes in gradient at its

The FHD value will reach its maximum when there are striking differences in gravity anomalies at object
boundaries or between layers. This maximum value can be used to indicate the presence of geological
boundaries based on measured gravity data [34]. The next step was to use the Second Vertical
Derivative (SVD) method to analyze the data. Applying the SVD method to Bouguer anomaly data aims
to separate the effects of shallow and deep structures [35]. The SVD method clarifies zero anomaly
information contained in gravity data. A value of 0 mGal/m? indicates lateral density contrast, often
associated with faults [36]. The SVD value is determined by calculating the second derivative using the
following equation [37]:

Jdi-n-290 + 9i-0 (5)

SVD = ax?

The Second Vertical Derivative (SVD) was applied to highlight lateral density contrasts, and faults or
fractures were identified from sign changes and zero-crossing patterns of the SVD anomalies on the
residual gravity map [38]. Subsequently, profile slicing was performed along zones with significant
anomaly contrasts to support further structural interpretation. Fault zones were interpreted from the
distribution and polarity of positive and negative SVD anomalies, which indicate sharp density contrasts
related to faulted structures [39].

The next step is Inversion modelling, Inversion modelling is often referred to as the opposite of forward
modeling, as in inversion modeling, the subsurface model is derived directly from observational data.
Inversion theory encompasses a set of mathematical and statistical techniques aimed at extracting useful
information about a physical system based on observations of that system. The physical system refers
to the phenomenon under investigation, the observation refers to the collected data, and the information
to be derived from the data constitutes the model or its associated parameters [40].

In the inversion process, field data are typically analyzed by performing curve fitting between the
observed data and the mathematical model. The primary objective of the inversion method is to estimate
the physical parameters of subsurface conditions that are not directly observable. Inversion modeling
techniques for gravity anomaly data have been widely applied, both to corrected primary gravity anomaly
data and to regional and residual anomaly data, as well as to complete Bouguer anomaly datasets [41].
Therefore, in this study, inversion methods were employed for subsurface modeling purposes.

The inversion results for the study area were obtained by modeling the local gravity anomaly data down
to a depth of approximately +3000 meters. Data processing was conducted using the ZondGM2D
software, which involved generating two cross-sectional profiles oriented west-east (W-E) and northwest-
southeast (NW-SE). Based on the modeling results, subsurface density boundaries were interpreted
along with the identification of potential heat source zones associated with the geothermal system in the
area.
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Results and Discussion

Complete Bouguer Anomaly of the Arjuno-Welirang Volcanic Area
The Complete Bouguer Anomaly map shown in Figure 2(a) indicates that gravity anomaly values in the
study area range from -23 to 61.9 mGal. For interpretation purposes, the gravity anomalies were
classified into three categories (low, moderate, and high) based on the distribution of anomaly values
and their geological relevance. Low gravity anomalies, ranging from -23 to less than 18.8 mGal, are
predominantly distributed in the central to southern parts of the study area and indicate low density zones
that are likely composed of altered rocks, sediments, fractures, and steam pockets associated with
geothermal systems. Moderate gravity anomalies, ranging from 18.8 to less than 40.5 mGal, are
observed in the southwestern and northeastern regions and are interpreted as fractured volcanic rocks
that may serve as pathways for the migration of geothermal fluids. High gravity anomalies, with values
greater than or equal to 40.5 mGal up to 61.9 mGal, are mainly located in the northwestern part of the
area and are associated with high-density rocks, such as igneous intrusions. These intrusions are
interpreted as potential heat sources within the Arjuno-Welirang geothermal system.
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Figure 2. Gravity anomaly maps of the Arjuno-Welirang volcanic complex:(a) Complete Bouguer Anomaly, (b) Regional Anomaly, (c)

Residual Anomaly

Regional and Residual Anomalies of the Arjuno-Welirang Area
Separating the regional components from the complete Bouguer anomaly provides more information
about the density distribution at intermediate depths. The results show that the gravity anomaly values
in the study area range from -18.73 to 63.11 mGal. The low anomaly zone (-18.73 to 7.67 mGal)
distributed across the central and southeastern regions, indicates the presence of low-density materials,
such as altered rock or fracture zones. The moderate anomaly zone (7.67 to 29.02 mGal) is located in
the northwest and southwest and reflects a transition zone likely traversed by pathways of hot fluid
migration. The high anomaly zone (29.02 to 63.11 mGal) is found in the west and northeast and is
associated with intrusive igneous rocks that serve as the heat source of the geothermal system.
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Residual anomaly analysis, which represents shallow geological conditions, shows values ranging from
-9.38 to 6.74 mGal. The low anomaly zone (-9.38 to -1.42 mGal) is distributed around Mount Arjuno and
Mount Welirang, which associated with altered volcanic rocks and fracture zones that serve as migration
pathways for geothermal fluids. The moderate anomaly zone (1.14 to 6.74 mGal) lies between the low
and high zones and reflects lithological transitions, being influenced by structures such as the Padusan
and Ledug faults. The high anomaly zone (1.14 to 6.74 mGal) is in the western and northeastern regions
and is believed to be the location of high-density igneous rock intrusions that are the heat source of the
Arjuno—Welirang geothermal system.

Derivative Analysis of the Arjuno-Welirang Volcanic Area

The presence of fault structures in the study area was analyzed using the First Horizontal Derivative
(FHD) method shown in Figure 3 (a) and the Second Vertical Derivative (SVD) method shown in Figure
3 (b). The correlation graph in the "Second Vertical Derivative" and "First Horizontal Derivative Anomaly"
sections can be used to identify areas identified as fault zones. In analyzing the presence of subsurface
geological structures, important aspects to consider are the zero contour values in the SVD anomaly and
the maximum values in the FHD [42]. The SVD technique was employed due to its capability to clearly
highlight density contrast boundaries, thereby enabling effective identification of fault structures in the
study area. In Figure 3 (b), the SVD contour map shows the contrast between areas with high and low
anomalies. These anomalies can be interpreted as an indication of the presence of fault structures
beneath the surface.

| | | ——
@Y=

Depars
Facalty of Mathemaii ral Sciences
Jendoral Socdirman University

Second Vertical Derivative (SVD)

First Horizontal Derivative (FHD)
Map of the Arjuno-Welirang Area

Map of the Arjuno-Welirang Area

Scale 1:64828
o 1000

7 1
Scale 1:64828
1000 o 1000 2000
—— 2000
(mators)
WS 007 UTM 2000 455

INSET MAP

INSET MAP

iy

22220 RERE e RE 8RR RT828358

&

Figure 3. Derivative Analysis: (a) First Horizontal Derivative (FHD) Map, (b) Second Vertical Derivative (SVD) Map
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Figure 4. a) FHD and SVD profiles along cross-section A—A', b) FHD and SVD profiles along cross-section B—B'
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In gravity derivative analysis, structural boundaries such as faults and lithological contacts can be
effectively highlighted using the FHD and SVD of the gravity field. Maximum values in the FHD map are
commonly interpreted as zones of sharp lateral density contrast, which are typically associated with fault
contacts or structural discontinuities. Meanwhile, zero crossing zones in the SVD map represent
transitions between positive and negative curvature of the gravity anomaly and are widely interpreted as
the surface projection of fault planes or major subsurface structural boundaries. As illustrated in Figure
4, the alignment between FHD maxima and SVD zero crossing zones provides a robust basis for
delineating fault structures within the study area [43].

The interpretation of the residual gravity anomaly map overlaid with fault structures derived from SVD
analysis and geological data reveals a strong correlation between fault zones and the presence of
geothermal manifestations in the Arjuno-Welirang area. Several identified faults, such as F1 and F4, are
located near geothermal manifestations in the form of hot springs at Coban and Padusan, respectively.
Meanwhile, faults F2, F3, and F6 are situated around the summit of Mount Welirang, where significant
fumarolic and solfataric activities occur. These fault structures are inferred to act as migration pathways
for hydrothermal fluids, indicating that the geothermal system’s outflow zone is situated in the
southwestern part of the study area [44]. This interpretation is consistent with the conceptual models
proposed by Daud et al. [34] and Hadi et al. [35], which suggest that the upflow zone is located beneath
the Mount Welirang volcanic complex, as evidenced by a dome-shaped resistivity structure and the
presence of surface fumarolic activity.

The outflow zones are distributed toward the west and northwest, in alignment with the occurrence of
bicarbonate hot springs at Coban, Cangar, and Padusan, as depicted in Figure 5. These are structurally
controlled by major faults, such as the Ledug Fault (west-east direction) and the Padusan Fault
(northwest—southeast direction). Overall, the structural interpretation based on gravity data in this study
supports the existing conceptual models and reinforces the critical role of geological structures in
controlling subsurface fluid dynamics within the Arjuno—Welirang geothermal system.
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Figure 5. Residual Bouguer gravity anomaly map of the Arjuno—Welirang geothermal area with fault
interpretations derived from derivative analysis and geological data
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2D Subsurface Structural Modeling of the Arjuno-Welirang
Volcanic Area

The results of the 2D gravity modeling along the A—A' cross-section, which extends west to east from the
Coban Hot Springs to Mount Welirang, reveal subsurface structures that are closely associated with the
Arjuno—Welirang geothermal system. The model delineates three primary zones based on variations in
rock density.

The first zone is characterized by low-density values (approximately 2.00-2.30 g/cm?®) and dominates
the subsurface region beneath Mount Welirang, extending westward toward the Coban Hot Springs. This
zone is interpreted as a clay alteration cap formed by sustained hydrothermal activity. Such layers are
typically conductive and impermeable, acting as a seal above geothermal reservoirs. Notably, this zone
exhibits a dome-shaped geometry beneath Mount Welirang, a common morphological indicator of an
upflow zone in geothermal systems [44]. The second zone represents an intermediate-density region
(approximately 2.30-2.55 g/cm?®) situated beneath the clay cap. This zone is interpreted as the
geothermal reservoir, consisting of relatively compact rock with sufficient porosity and fracturing to permit
the storage and migration of thermal fluids. This interpretation is further supported by magnetotelluric
(MT) inversion results, which reveal resistivity values ranging from 20 to 60 ohm'm at corresponding
depths and locations typical of geothermal reservoir rocks. Lithologically, this zone aligns with the old
Arjuno—Welirang lava unit (Qltaw) and Welirang lava unit (Qlw), which consist of porphyritic andesitic to
basaltic lava. These rock types are relatively permeable and capable of retaining geothermal fluids.
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Figure 6. a) 2D gravity inversion modeling section along Line 1, b) Resistivity section derived from 3D magnetotelluric (MT) inversion[45]

The high density zone (>2.60 g/cm?) identified beneath Mount Welirang at depths greater than 1.5 km is
interpreted as a magmatic intrusive body that serves as the primary heat source of the Arjuno—Welirang
geothermal system. This interpretation is consistent with previous studies based on Magnetotelluric (MT)
data, which indicate high resistivity values at similar depths and locations, characteristic of intrusive and
unaltered rocks[45].

In addition, the relatively low-density zone observed near the surface around the Coban Hot Springs is
interpreted as an outflow zone [16], where geothermal fluids migrate laterally from the upflow region
before discharging at the surface. This interpretation is also in agreement with MT based interpretations
reported in reference [45], which associate conductive layers in this area with geothermal outflow
processes. Collectively, the results of this gravity-based interpretation demonstrate a high degree of
coherence with established regional geological models and prior geophysical investigations, particularly
MT studies. No significant discrepancies were identified, and the gravity inversion model offers enhanced
resolution of both vertical and lateral subsurface structures, which are often not discernible from surface
geological data alone. Consequently, it may be concluded that the 2D gravity inversion effectively
characterizes the Arjuno—Welirang geothermal system and significantly contributes to a more
comprehensive understanding of the spatial configuration and interrelation among the upflow, reservoir,
and outflow zones.
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The B-B' profile represents a northwest-southeast oriented cross section across the Arjuno—Welirang
geothermal area, designed to intersect major structural trends and surface geothermal manifestations.
This trajectory is expected to capture key subsurface features related to fluid pathways, alteration zones,
and heat sources within the geothermal system. The results of the 2D gravity inversion along the B—B’
profile are presented in Figure 7.
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Figure 7. a) 2D gravity inversion modeling section along Line 2, b) Resistivity section derived from 3D magnetotelluric (MT) inversion[45]

The interpretation of the 2D gravity inversion modeling along the B—B' profile (northwest to southeast),
as illustrated in Figure 7 (a), within the Arjuno—Welirang geothermal area, predominantly reveals
subsurface structures that support the existence of an active geothermal system. The primary focus of
this analysis is to delineate low-density zones, indicative of hydrothermal alteration and potential
geothermal reservoirs, as well as high-density zones associated with intrusive igneous bodies that
function as the system’s heat source. Validation of this model is performed through comparison with
previous Magnetotelluric (MT) studies.

Based on the gravity inversion results, three main density zones are identified: (1) a low-density zone
(<2.3 g/cm?) extending from the Padusan Hot Springs area to the western flanks of Mt. Welirang, (2) an
intermediate-density zone (2.3-2.5 g/cm?) at mid crustal depths, and (3) a high-density zone (>2.6 g/cm?)
prominently located at greater depths beneath Mt. Welirang. The low-density zone is associated with
hydrothermal alteration and is interpreted as a clay cap layer. This interpretation is strongly supported
by MT data, which identify a conductive layer with resistivity values ranging from 1 to 10 ohm-m that
thickens towards Padusan and Coban [45]. The clay cap is believed to have formed through intensive
hydrothermal alteration processes in the upper part of the system and serves as a sealing layer that
confines geothermal fluids beneath it.

Further southeast, directly beneath Mt. Welirang, the gravity model reveals a very low-density structure
with an up-dome geometry extending toward shallow depths. This feature is interpreted as the upflow
pathway for geothermal fluids, consistent with the MT model, which shows a high-resistivity anomaly,
suggesting the presence of a hot magmatic intrusion At the surface, this dome structure coincides with
active geothermal manifestations, including intense fumarolic and solfataric activity at the summit of Mt.
Welirang. This zone is therefore interpreted as the core of the geothermal system, where deep-seated
fluids ascend toward the surface.

The presence of several fault structures along the gravity profile, particularly in the Padusan area and
the flanks of Mt. Welirang, further supports the role of geological structures as migration pathways for
hydrothermal fluids. These faults facilitate the ascent of fluids from the reservoir zone to the surface,
giving rise to manifestations such as the Padusan Hot Springs. The intermediate density zone, located
between the low and high density regions, most likely represents the geothermal reservoir rocks. This
interpretation is corroborated by the MT model, which indicates resistivity values ranging from 20 to 60
ohm-m, situated directly beneath the clay cap and above the heat source zone [45].

The gravity model successfully delineates the subsurface architecture of the Arjuno—Welirang
geothermal system, revealing the geological structure pattern comprising an upflow zone beneath Mt.
Welirang, an outflow pathway extending toward Padusan, and clear indications of a clay cap and
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geothermal reservoir consistent with a high-temperature system. However, it should be acknowledged
that gravity inversion alone cannot uniquely resolve subsurface structures due to its inherent non-
uniqueness, whereby different density distributions may produce similar gravity responses[46]. Although
joint inversion was not performed in this study, the gravity-derived density model was systematically
compared with magnetotelluric (MT) models reported in previous investigations. The strong
correspondence between density variations and resistivity structures provides independent validation of
the gravity interpretation and helps constrain the identification of key geothermal system components,
including the cap rock, reservoir, and heat source.

Figure 8. 3D fence diagram constructed from gravity inversion sections along Lines A—A’' and BB’

Following the gravity inversion modeling along profiles A—A' and B-B', a 3D fence diagram was
constructed by integrating both cross-sections to obtain a more comprehensive spatial visualization of
the subsurface geometry. As shown in Figure 8, the fence diagram was developed by intersecting profile
A with the orthogonally oriented profile B. The primary objective of this construction is to delineate the
geometric relationships among density anomaly zones within the Arjuno—Welirang geothermal system.

The integrated model reveals a dome-shaped low-density structure (<2.3 g/cm?), interpreted as the
upflow zone, consistently located at the intersection of profiles A and B directly beneath Mount Welirang.
This orthogonal configuration reinforces the interpretation of a well organized 3 dimensional geothermal
architecture, exhibiting both vertical and lateral connectivity among key subsurface zones. The resulting
fence diagram plays a crucial role in enhancing the conceptual understanding of the geothermal system
and supports multi-profile integration for detailed subsurface mapping.

Conclusions

In conclusion, the results indicate the presence of a well developed geothermal system beneath the Arjuno—
Welirang volcanic area. The analysis of the First Horizontal Derivative (FHD) and Second Vertical Derivative
(SVD) of gravity data successfully identified six major fault structures in the Arjuno—Welirang geothermal
area, comprising four normal faults and two reverse faults. These faults play a crucial role as conduits for
hydrothermal fluid migration, particularly around Padusan and the flanks of Mount Welirang, where surface
geothermal manifestations such as hot springs and fumaroles are observed. The 2D gravity inversion
modeling along profiles A—A" and B—B’ delineates three primary subsurface density zones: a low-density
zone (<2.3 g/cm?®) interpreted as a clay cap formed by hydrothermal alteration; an intermediate-density zone
(2.3-2.5 g/lcm?) representing permeable reservoir rocks; and a high-density zone (>2.6 g/cm?®) associated
with magmatic intrusions acting as the heat source. A dome shaped structure beneath Mount Welirang
indicates an upflow zone, while the area toward Padusan is interpreted as an outflow pathway. These
interpretations are consistent with previous magnetotelluric (MT) studies, reinforcing the characterization of
Arjuno—Welirang as a high temperature geothermal system. These findings provide important constraints
for future geothermal exploration, indicating that zones characterized by low-density reservoirs intersected
by major fault systems represent promising targets for drilling and geothermal development.
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