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ABSTRACT

The “Nyi Sindurejo” geothermal manifestation in Batu City, East Java, is an
atypical geothermal feature. It is located in the central part of Batu City,
relatively distant from the active volcanic center. Although it is close to the
Kasinan and Songgoriti geothermal systems, no previous specific
geoscientific study has evaluated its structural framework and geothermal
potential. This study aims to analyze the structural controls of Nyi Sindurejo
and assess its possible relationship with adjacent geothermal systems. We
utilized Digital Elevation Model (DEM) data to extract geomorphological
lineaments and GGMplus data to examine anomaly contrasts. Lineaments
were identified and mapped based on topographic features. The gravity data
were analyzed to delineate subsurface density differences.
Geomorphological lineament analysis reveals a dominant N-S trend with a
secondary NNW-SSE orientation. No structural trends appear to connect Nyi
Sindurejo with the Kasinan-Songgoriti geothermal systems. The residual
Bouguer anomaly indicates local variations in subsurface density without
significant continuity toward adjacent geothermal areas It represents a local
system rather than being connected to the nearby Songgoriti-Kasinan
geothermal areas.
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1. INTRODUCTION

The availability of energy is a crucial component in supporting sustainable national development.
Indonesia’s primary energy structure remains dominated by fossil fuels, whose reserves are increasingly
being depleted (Ministry of Energy and Mineral Resources, 2024). Natural gas reserves are projected
to last for only about two decades, while petroleum resources may be exhausted within approximately
62 years (Anderson & Rezaie, 2019; Nasruddin et al., 2016). This situation necessitates an accelerated
transition to renewable energy sources with baseload capability, among which geothermal energy
stands out for its reliability, continuous availability, and strategic significance for long-term energy
security (Algahtani et al., 2023; Feng et al., 2025; Puppala et al., 2023).

East Java is an active volcanic region hosting several geothermal systems, characterized high-
temperature fumaroles, magmatic gases such as H,S and SO,, and solfatara zones at the summits of
active volcanoes (Daud et al., 2019; Novianti et al., 2024). These surface manifestations reflect active
hydothermal alteration and the development of geothermal systems along the volcanic arc (Pereira et
al., 2022). Batu City is located in the northeastern sector of the Arjuno-Welirang Volcanic Complex and
is also influenced by surrounding volcanic systems, including Kawi-Butak and Anjasmoro (Aris et al.,
2021). These volcanic complexes form a structurally complex region in which geological lineaments and
fault systems play a critical role in controlling hydrothermal fluid pathways (Utama et al., 2025). The
interaction between volcanic activity, regional structural frameworks, and variable rock permeability
creates geological conditions conducive to the formation of geothermal manifestations (Suryantini et al.,
2025).

Several geothermal manifestations have been identified in Batu City, namely Cangar, Kasinan,
and Songgoriti, each of which develops within distinct geological areas and volcanic structural domains.
The Songgoriti geothermal system is hosted within volcanic breccia and lava units (Lestari et al., 2020),
whereas the Kasinan system occurs in more massive volcanic rocks (Lestari et al., 2023). Between
these two systems lies a newly observed thermal manifestation known as “Nyi Sindurejo,” located in the
central part of Batu City and relatively distant from the active volcanic centers. Its urban location,
combined with the absence of clear surface geological indicators, makes the characteristics and
structural controls of this manifestation difficult to interpret. Understanding surface lineament patterns
and shallow density variations is therefore essential, as surface information alone is insufficient to
identify weak zones that may govern hydrothermal fluid pathways (Zaini et al., 2022).

In this study, geospatial lineament analysis and gravity-based geophysical approaches are
employed to provide an initial assessment of the structural factors controlling the newly observed “Nyi
Sindurejo” geothermal manifestation. The lineament analysis derived from SRTM DEM data is used to
identify surface-level structural orientations and potential fracture zones (Prabowo et al., 2021; Rauf et
al.,, 2023), while residual gravity anomalies extracted from GGMplus data help evaluate shallow
subsurface density variations that may govern geothermal pathways (Puspita et al., 2024). These two
methods are widely applied in early-stage geothermal investigations because lineament patterns and
gravity anomaly contrasts are often associated with fault-controlled permeability and shallow
hydrothermal alteration zones (Barkah & Daud, 2021). Such approaches are particularly advantageous
in areas with limited geological exposure, such as urban environments, where direct field observation
of structural features is restricted.

This integrated method provides an initial analytical framework for evaluating whether the Nyi
Sindurejo geothermal manifestation is structurally aligned with the verified geothermal systems of
Songgoriti and Kasinan, or whether it reflects a more localized geothermal setting. The findings at this
stage are intended to support the development of targeted hypotheses for subsequent geophysical
surveys and higher-resolution investigations. Accordingly, this study offers early structural insights and
establishes a foundation for more detailed subsurface assessments, ensuring that further exploration
efforts are methodologically justified and geologically relevant.

2. METHODOLOGY
2.1. Research Sites

Batu city is part of the northeastern sector of the Arjuno-Welirang volcanic complex, which forms
part of the active Quaternary volcanic arc of East Java (Hadi et al., 2010; Zulaikah et al., 2023). The
geological conditions of the study area are compiled from the Geological Map of the Malang Sheet and
the Geological Map of the Kediri Sheet, which delineate three main lithostratigraphic units: (1) the Old
Anjasmara Volcanic Formation (Qpat) in the northern sector, consisting of volcanic breccia, lava, tuff,
and intrusive bodies; (2) the Kawi—Butak Volcanic Formation (Qpkb) in the western area, characterized
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by volcanic breccia, lava, tuff, and laharic deposits; and (3) the Upper Quaternary Volcanic Deposits
(Qv(p)) in the southern sector, representing volcanic products of Mount Panderman (Figure 1).
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Figure 1. Geological map area of interest, modified based on the geological map of Malang sheet and Kediri sheet (Santosa &
Atmawinata, 1992)

These Quaternary volcanic units produce the hilly to mountainous terrain that characterizes the
landscape of Batu City (Mao et al., 2024). The Songgoriti manifestation develops on volcanic deposits
derived from Mount Kawi and Mount Panderman, composed primarily of andesitic lava and pyroclastic
material in the upper stratigraphic layers. This zone is also associated with older andesitic—basaltic units
belonging to the Anjasmoro Complex, which constitute the regional structural basement. The Nyi
Sindurejo geothermal manifestation is located in Sumberejo Village, directly behind the Batu City Among
Tani Hall, and lies within the structural corridor connecting the Kasinan and Songgoriti geothermal
systems. Geographically, it lies in the central part of Batu City and serves as an important surface point
for understanding the geological context of the regional volcanic system.

2.2. Lineament Morphology

DEMNAS (National Digital Elevation Model of Indonesia) data used for linaeament morphology
extraction obtained from http://tides.big.go.id/DEMNAS/, which integrates IFSAR (5 m), TERRASAR-X
(5 m), and ALOS PALSAR (11.25 m) sources and is published by the Indonesian Geospatial Information
Agency (BIG, 2018). The DEM provides a sufficiently high-resolution representation of surface
morphology, allowing detailed visualization of topographic discontinuities that are suitable for detecting
structural lineaments in volcanic terrains, including those associated with geothermal activity (Barkah &
Daud, 2021). Processing data involved generating shaded relief images at five illumination angles (0°,
45°, 90°, 135°, and 180°) using PCl Geomatica and ArcGIS (Figure 2). Lineament extraction was
performed semi-automatically on multi-directional shaded relief images using the LINE algorithm in PCI
Geomatica 2016 (Abduh et al., 2021; Bakker, 2024). Lineament extraction was performed semi-
automatically using the LINE module in PCI Geomatica 2016, supported by multi-directional illumination
filtering. This approach has been widely applied in recent structural mapping studies using DEM-based
lineament detection (Alaoui et al., 2025; Ranjbari et al., 2023). The resulting lineaments were compiled
to produce a Fracture Frequency Density (FFD) map, and structural trends were analyzed through rose
diagrams (RockWorks) (Figure 3). Overlay analysis with gravity residual anomalies was then conducted
to evaluate whether Nyi Sindurejo exhibits structural continuity with the Kasinan—Songgoriti geothermal
systems or represents a localized geothermal domain.
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Figure 2. Multi-azimuth shaded relief generated from DEM with illumination directions of 0°, 45°, 90°, and 135°
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Figure 3. Lineament mapping flowchart derived from DEM-based hillshade and structural orientation analysis

2.3. Gravity Method

The gravity method was applied to characterize subsurface density variations within the Kasinan,
Songgoriti, and Nyi Sindurejo geothermal areas. Gravity disturbance data were extracted from the
Global Gravity Model Plus (GGMplus), a high-resolution gravity model derived from ultra-fine
topography and satellite gravity measurements, offering spatial resolutions of up to ~200 m (Hirt et al.,
2013; Suprianto et al., 2021; Supriyadi et al., 2022). The gravity data were downloaded from the Murray
Lab, Caltech, in .txt format, includes gravity disturbance information. The elevation data were obtained
from the USGS Earth Explorer and height information. Elevation data required for topographic and
Bouguer corrections were acquired from the USGS EarthExplorer.

Quality control procedures were conducted prior to anomaly computation, including removal of
statistical outliers, verification of consistency between DEM-derived elevations and GGMplus height
information, and inspection for gridding artefacts. These steps ensured that the dataset was free from
numerical discontinuities before applying gravity reductions. Gravity readings were corrected to obtain
the Complete Bouguer Anomaly (CBA) using a workflow implemented in software Oasis Montaj. Free-
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air anomalies were computed using the standard free-air gradient (0.3086 mGal/m), followed by
Bouguer corrections using a reduction density p = 2.67 g/cm?, which is suitable for volcanic terrains in
East Java. Terrain corrections (TC) were computed using a combined inner and outer DEM approach
to minimize the effects of extreme topographical variations characteristic of volcanic landscapes, in
which high-resolution local elevation values were applied to the near-station (inner) zone, while the
broader topographic effects (outer zone) were modeled using DEM-based terrain corrections. This
procedure follows the hybrid inner—outer correction concept demonstrated in recent gravity studies in
Indonesian volcanic regions (Gunawan & S Alawiyah, 2021). The Complete Bouguer Anomaly (CBA)
was then obtained using:

Agcpa = Agpa —Agp — TC

To enhance deeper subsurface signals, CBA grid was processed using upward continuation.
Several continuation heights, 400 m, 700 m, and 900 m, were tested to evaluate the progressive
attenuation of short-wavelength anomalies and the stabilization of long-wavelength regional trends. The
procedure follows the approach (Kebede et al., 2020), showed the optimal continuation height is
obtained at the level where shallow, noise-dominated anomalies are sufficiently suppressed while
deeper, geologically meaningful features remain coherent and spatially consistent. Among the tested
heights, 900 m produced the most stable regional field, effectively smoothing high-frequency variations
without over-attenuating the broader anomaly patterns associated with deeper density structures. This
selected continuation height was then used to generate the regional field, which was subtracted from
the CBA to obtain the residual anomaly map, used for delineating geothermal prospective zones. The
workflow diagram is shown in Figure 4.
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Figure 4. Gravity processing workflow from GGMplus data
3. RESULTS AND DISCUSSION
3.1. Lineament Morphology

Geological structures constitute a primary controlling factor in geothermal systems, particularly in
volcanic environments, where faults and fractures act as preferential pathways for hydrothermal fluid
migration and circulation. Therefore, lineament analysis represents an essential preliminary step in
geothermal exploration, as it enables the identification of structurally weak zones associated with
enhanced subsurface permeability. In this study, lineament analysis was conducted to characterize the
dominant structural patterns within the study area using Shuttle Radar Topography Mission (SRTM)
Digital Elevation Model (DEM) data. The extracted lineaments, as shown in Figure 2, represent
topographic expressions such as stream alignments, valleys, faults, fractures, lithological contacts, and
geothermal manifestations (Arrofi & Abu-Mahfouz, 2023). Based on the extraction results, 28 lineaments
were identified within the study area. Individual lineament lengths range from 0.312 km to 1.926 km,
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indicating the presence of structures at local to intermediate scales. Most lineaments have lengths of
less than 1 km, whereas several lineaments exceeding 1 km in length suggest more persistent structures
that may control subsurface structural frameworks. Lineament density analysis reveals clear spatial
variations across the study area. Relatively higher lineament densities are observed in the Songgoriti-
Kasinan sector, which is characterized by numerous intersecting and overlapping lineaments. In
contrast, the Nyi Sindurejo area exhibits lower lineament density. However, lineaments in this sector
display more consistent and well-organized orientation patterns. These differences in lineament density
indicate distinct structural control mechanisms between the two areas. In the Songgoriti-Kasinan sector,
higher lineament density reflects greater structural complexity and the potential development of more
diffuse permeability pathways. Conversely, in the Nyi Sindurejo area, despite the lower number of
lineaments, the consistent orientation patterns suggest that the geothermal system is likely controlled
by more focused local to intermediate-scale structures, such as minor faults and discrete fracture zones.

Orientation analysis using a rose diagram (figure 5) indicates that the dominant lineament trend
in the study area is oriented north—south (N-S). In addition, a secondary dominant orientation is
identified in the north-northwest to south-southeast (NNW-SSE) direction. These orientation patterns
are consistent with the regional structural trends of the Batu area, which are influenced by the interaction
between volcanic activity and the regional stress regime of the Arjuno—Welirang Volcanic Complex. The
dominance of N-S and NNW-SSE orientations suggests that structures aligned along these directions
play a critical role in controlling surface morphology and subsurface permeability. Faults and fractures
developed parallel to these orientations are likely to act as preferential pathways for hydrothermal fluid
migration, particularly at zones of structural intersection.
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Figure 5. Lineament extraction map derived from DEM-based hillshade analysis, displayed over a Google Earth basemap. Black
lines represent extracted lineaments and red symbols indicate geothermal manifestations within the study area. The rose diagram
(right) shows the dominant fracture orientations identified from the lineament dataset.

3.2. Gravity

Gravity data processing using GGMPIlus reveals variations in gravity anomalies that reflect
differences in geological composition and subsurface structural configuration in the Batu area. The
Complete Bouguer Anomaly (CBA) map (Figure 6) shows gravity values ranging from 71.3 mGal to 78.4
mGal, indicating significant lateral density contrasts across the study area. CBA values are classified
into relatively low and high anomaly zones based on their distribution in the dataset. The low anomaly
zone is characterized by values closer to the lower boundary (approximately 71.3-74.5 mGal), whereas
high anomaly zone is characterized by values exceeding approximately 75.5 mGal. Spatially, low
anomaly zones, represented by blue to green color gradients, are predominantly observed in the
southern and northeastern parts of the study area. These zones are associated with volcaniclastic and
sedimentary formations, such as tuff and alluvial deposits. In contrast, high-anomaly zones (red to pink)
in the central to west area correspond to volcanic rocks, including andesitic lava and breccia of the Qpat
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formation (Sujanto et al., 1992). These high gravity values indicate compact, massive subsurface
materials, possibly related to older volcanic products of the Anjasmara volcanic complex.
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Spectral analysis was applied to separate the CBA into regional and residual components. The
residual gravity anomaly map (Figure 7), obtained by removing the regional component, highlights
localized subsurface density variations that are particularly relevant for geothermal interpretation.
Residual anomaly values range from —2.0 mGal to +3.5 mGal, indicating pronounced density contrasts.
Low residual anomaly zones (values lower than approximately —1.0 mGal) are mainly observed in the
northern part of the study area and are interpreted as regions of reduced subsurface density. These
zones are spatially associated with the volcanic body of Mount Kitiran and may reflect highly fractured
or altered volcanic materials that could serve as pathways for geothermal fluid circulation and potentially
indicate a local heat source. Conversely, higher residual anomalies (greater than approximately +2.0
mGal) suggest the presence of higher density subsurface materials, which are interpreted to be
associated with volcanic rocks. Zones exhibiting sharp lateral changes in residual gravity values indicate
strong subsurface density gradients, which are interpreted as structural or lithological boundaries. These
boundaries are likely controlled by fault systems that influence subsurface permeability and fluid
migration. The spatial association between low residual gravity anomalies, geothermal manifestations,
and structurally controlled features supports the interpretation that gravity anomalies in the Batu area
are closely linked to structural controls on the geothermal system, particularly in the Nyi Sindurejo
region.
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Figure 7. Contour map of residual anomalies derived from GGMplus gravity data
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3.3. Integrated Geology Structural and Gravity Interpretation

The integration of morphological lineaments and residual gravity anomalies was conducted
through spatial overlay and visual interpretation of georeferenced maps to identify spatial
correspondences between structural features, gravity anomaly patterns, and geothermal manifestations
in the Batu area. This integrated approach aims to provide a preliminary identification and comparison
of geothermal expressions. Based on the overlay results, three geothermal manifestation zones can be
identified, namely Nyi Sindurejo, Songgoriti, and Kasinan (Figure 8), each exhibiting distinct
combinations of gravity anomaly characteristics and structural patterns. The Nyi Sindurejo area is
characterized by predominantly low residual gravity anomalies spatially associated with volcaniclastic
deposits, such as breccia and tuff, which are generally indicative of lower subsurface density. These
features suggest the presence of altered volcanic materials or shallow zones with enhanced
permeability. The manifestation at Nyi Sindurejo is spatially associated with minor N-S-oriented
lineaments, indicating localized structural control. The possible influence of heat related to the Mount
Kitiran volcanic body to the north is considered at a conceptual level.

The Songgoriti and Kasinan manifestations display different gravity and structural characteristics
compared to Nyi Sindurejo. The Songgoriti area is associated with volcanic breccia and lava formations
and exhibits moderate residual gravity anomalies, which are commonly interpreted as reflecting fault-
controlled permeability pathways within volcanic terrains (Lestari et al., 2020). In contrast, the Kasinan
area is characterized by relatively higher residual gravity anomalies, suggesting denser volcanic rocks
and potentially deeper subsurface conditions. The spatial differences observed among these three
manifestation zones reflect variability in near-surface geological conditions and structural settings
across the Batu area. Overall, the integrated interpretation suggests that the distribution of geothermal
manifestations in Batu City is closely linked to variations in gravity anomalies and structural
configurations. Within the scope of this study, these results offer an initial framework for understanding
spatial differences among geothermal occurrences and serve as a basis for more detailed subsurface
investigations.
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Figure 8. Integrated map of residual gravity anomalies and morphological lineaments highlighting structural patterns and potential
geothermal zones in Batu City. Black lines represent extracted lineaments, red circles mark geothermal manifestations, and the
rose diagram illustrates the dominant structural orientations controlling the geothermal system

4. CONCLUSION

This study presents a preliminary gravity-based and structural interpretation of geothermal
manifestations in the Batu City area through the integration of residual gravity anomalies and
morphological lineament patterns. The analysis, conducted using spatial overlay of georeferenced
datasets, allows the identification and comparison of geothermal expressions. The results indicate that
geothermal manifestations in Batu City, namely Nyi Sindurejo, Songgoriti, and Kasinan, exhibit distinct
spatial associations with gravity anomaly characteristics and structural patterns. The Nyi Sindurejo
manifestation is predominantly associated with low residual gravity anomalies and localized N-S
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oriented lineaments, suggesting shallow subsurface conditions characterized by lower-density
volcaniclastic materials and localized structural control. These findings provide an initial geological
framework for recognizing and distinguishing geothermal expressions in Batu City based on gravity and
structural indicators. Further investigations incorporating additional subsurface constraints, such as
geophysical inversion, structural continuity analysis, or cross-sectional modelling, are required to
resolve deeper geothermal system architecture and inter-manifestation relationships.
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