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Modeling subsurface conditions using gravity anomaly data, focusing on
density contrasts, provides critical insights into subsurface structures and
supports identifying rock types. This study aims to define residual gravity
anomalies in the Sumba region and utilize them to develop a three-dimensional
subsurface model of Southwest Sumba, characterizing density contrasts and
associated rock formations. Gravity data from the TOPEX dataset were
employed in this research. The Airy isostasy model was applied to separate
regional and residual anomalies, followed by a three-dimensional inversion
using the Generalized Cross-Validation (GCV) method. The results reveal
residual gravity anomalies range from -170 mGal to 211 mGal, with the Java
Trench exhibiting the highest anomaly. The 3D modeling shows a relatively
homogeneous density contrast at shallow depths, transitioning to more erratic
variations at greater depths, extending to 15 km beneath Southwest Sumba
Island. Furthermore, the calculated densities are consistent with the region's
known geological background. The Java Trench, located south of Sumba,
notably demonstrates a consistently high-density contrast from shallow to
deeper depths, highlighting its tectonic complexity.

Copyright (c) 2025 by Author(s). This work is licensed under a

Creative Commons Attribution-ShareAlike 4.0 International License.

Introduction

The island of Sumba has a distinctive position about the Sunda-Banda arc, representing an
isolated piece of continental crust against the volcanically active island arc (Sumbawa, Flores)
within the forearc basin (Figure 1). The island is situated within the transition zone of the
Sunda-Banda Arc, where the tectonic setting shifts from subduction processes along the Sunda
Arc to an arc-continent collision along the Banda Arc [1]. The subduction and collision in this
region are caused by the northward movement of the oceanic lithosphere of the Indo-
Australian plate and the Australian continental lithosphere [2], [3]. The difference in the
convergence speed of the oceanic plate (60-70 mm/year) [4] and the continental plate (70
mm/year) [5] certainly has implications for the geological and geodynamic order in this
transition zone. One of the manifestations of the dynamics of the earth is seismic activity [6].
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The east of Sumba Island tends to have little seismic activity, possibly due to the arc-continent
collision. Meanwhile, the west of Sumba Island tends to have high seismic activity and is
dominated by normal fault earthquakes around the trough. This pattern indicates the
heterogeneity of the subsurface structure of the transition zone [7].
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Figure 1. Geological setting of surrounding Sumba Island with a figure
from [1]. A red dashed line depicts the Research area in South-West
Sumba, Indonesia (90 - 120 S and 1180 - 1200 E).

The presence of a fault can offer both benefits and risks. While it may be a source of
economically valuable minerals, it can also cause tectonic earthquakes due to fault movements.
Therefore, identifying active fault structures and maintaining a fault database is crucial for
disaster mitigation [8], [9]. By mapping these faults, communities can be better prepared for
potential earthquakes. However, this mapping can be challenging, especially when faults are
hidden beneath the surface. To overcome this, seismic and non-seismic (geopotential) methods
provide valuable tools for fault identification.

Geopotential methods such as magnetic and gravity are geophysical methods that can depict
subsurface structures [10]. The use of gravity data has gained popularity recently due to the
availability of satellite-based datasets such as TOPEX [11], GOCE, and GRACE [12] and some
gravity models[13], [14]. These satellite gravity data can assist in identifying fault structures
through derivative methods, including the First Horizontal Derivative (FHD) and Second
Vertical Derivative (SVD) [15], [16], [17] or to identify the sediment thickness [18] [19].

Gravity methods have been effectively utilized for fault identification in the Southwest Sumba
region, as evidenced by previous research [15]. Building upon these findings, this study aims
to refine subsurface interpretation by integrating residual gravity anomalies as input for three-
dimensional modeling. The modeling process focuses on characterizing the density contrast
within the Southwest Sumba region, enabling a more detailed understanding of subsurface
structures. By linking the residual anomalies to the 3D model, this approach provides insights
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into density variations, which are critical for interpreting the geological and tectonic
framework of the region.

Experimental Method

The data utilized in this research were derived from satellite gravity models, specifically from
CryoSat-2, Envisat, Jason-1, Geosat, and ERS-1, collectively referred to as Topex data [20],
[21], [22]. This satellite data is particularly suitable for the study area (Figure 1, marked by the
red dashed line), which is primarily located in the ocean, as Topex data is believed to provide
more accurate gravity data in oceanic areas compared to continental regions. The satellite
data were retrieved via the following link: https:/ /topex.ucsd.edu/cgi-bin/get data.cgi.

The datasets obtained include Free Air Anomaly (FAA) and topographic data, both provided
in a gridded format (point data). The gravity data corresponds to version V32.1, while the
topography data corresponds to version V27.1. Figure 2 visualizes the data after converting
it from point data to raster format. The topography data displays a wide range of elevations,
from the depths of the Java Trench (approximately -7000 m, depicted in dark blue) to the
elevated regions of Sumba Island (~800 m). The FAA distribution shows the highest
anomalies over the inland areas, with lower FAA values primarily found in the ocean.
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Figure 2. Topography and Free Air Anomaly maps from the data
source in the WGS 84 coordinate. The point data are rasterized using
TIN interpolation with a resolution of 0.01 x 0.01 pixel and using the
cubic method.
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The first step of processing is to determine the average density (p) of the research area using
the Parasnis method [23], the slope value between FAA and topographic data. However, we
find the density value is too small, which is 0.6 g/cm3, and does not match typical rock
densities. Because of that, we prefer to use a commonly used average crustal density for
Bouguer correction, which is 2.67 g/cm? for the area equal to or more than 0 Mean Seal Level
(MSL), and we use differences between crustal density and water density for the area in the
ocean (2.67 g/cm3 - 1.04 g/m?3). The density value is then used to compute the Bouguer
correction Bc Using Eq. (1). The second step is to calculate the Simple Bouguer Anomaly
(SBA) Value using Eq. (2). After obtaining the SBA value, the calculation continues to produce
Complete Bouguer Anomaly (CBA) by adding SBA with Terrain Correction (Tc). Terrain
correction is achieved through forward modeling, which requires constructing a 3D model of
basic geometric shapes. In this study, we utilized rectangular prisms to represent the
topographic masses. The gravitational influence of each prism is then calculated at each
designated computation point. We used the terrain correction algorithm [24] provided in the
Harmonica package [25]. To accomplish this, a regular grid of topographic heights, or Digital
Elevation Model (DEM), for the Sumba region is required. We utilized the same topographic
data from the Topex website, extending the grid with an additional 1-degree buffer beyond
the original research area in Figure 3.
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Figure 3. The region used for terrain correction consists of internal and
external bounds. The internal bound, represented by orange dots,
marks the primary locations for gravity data collection, while the
external bound is shown with blue dots. Both bounds utilize
topography data from V27.1 obtained from the TOPEX website.
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Bc = 0.04193ph )
SBA = FAA — Bc ®)
CBA = SBA + Tc 3)

Following the calculation of the CBA, the next step is to separate the regional and residual
anomalies. The CBA is largely affected by variations in Moho depth due to significant density
contrasts and thicknesses. To isolate the signal from the shallower intrusions within the study
area, referred to as the residual, removing the influence of deeper, more extensive sources,
known as the regional component, is essential. In this study, we generate the residual
anomaly by modeling and removing the Moho effect using an Airy isostasy model, assuming
all topography is locally compensated by variations in Moho depth [24]. The residual
anomaly calculations were performed using the Harmonica package [25].

The final step involves modeling the 3D subsurface structure of the gravity anomaly data. For
this purpose, the Grav3D package was utilized to analyze variations in subsurface density
across the study area. A three-dimensional mesh was constructed with dimensions of 125 x
125 x 150, representing the easting, northing, and vertical directions, respectively. The cell
sizes in each direction correspond to distances of 1760 meters, 2656 meters, and 100 meters,
respectively. This configuration results in a horizontal area of 220 km x 332 km, covering
72,040 km?2, with a vertical extent of 15 km.

Residual gravity data served as the primary input for the inversion process, and Gaussian
noise was added to the dataset prior to inversion to simulate realistic conditions. A noise level
of 0.01% was specified for both the percentage and minimum values, ensuring a virtually
noise-free dataset. The inversion was performed using default parameters, including depth
weighting, wavelet compression, initial model configuration, length scales, bounds, and
reference model settings. The Generalized Cross-Validation (GCV) [26] method was
employed as the inversion mode. Additionally, the topography used in the model was
sourced from the TOPEX dataset, maintaining consistency across the analysis.

Results and Discussion

The Simple Bouguer Anomaly (SBA) and Complete Bouguer Anomaly (CBA) results are
depicted in Figures 4a and 4b, respectively. The spatial distribution of anomalies indicates that
high anomaly values are concentrated in the Java Trench and its surrounding regions, whereas
low anomaly values are primarily associated with Sumba Island. The SBA values range from
51 mGal to 394 mGal, while the CBA values range from 85 mGal to 860 mGal. This difference
underscores the importance of considering terrain corrections when calculating gravity
anomalies, as terrain variations significantly influence the results.

The variation between SBA and CBA results emphasizes the critical role of accurate terrain
modelling in geophysical analyses. The inclusion of terrain corrections in the calculation of the
CBA accounts for the gravitational effects of topographic masses, leading to higher anomaly
values compared to the SBA. This adjustment provides a more precise representation of the
subsurface density variations and geological features. The Java Trench, associated with
subduction processes, shows high anomalies due to dense materials in the crust, while Sumba
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Island's lower anomalies suggest less dense or structurally distinct materials. These findings
provide valuable insights into regional tectonic and geological processes.
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Figure 4. Simple Bouguer Anomaly (a) and Complete Bouguer
Anomaly (b) in the WGS 84 coordinate. The point data are rasterized
using TIN interpolation with resolution 0.01 x 0.01 pixel and cubic
method.

The Complete Bouguer Anomaly (CBA) presented in the previous figure reflects the combined
contributions of both shallow and deep sources. A separation of regional and residual
anomalies is required to better distinguish these sources. The regional anomaly represents
contributions from deeper geological structures, while the residual anomaly corresponds to
the influence of shallower sources. This separation clarifies the subsurface features at different
depths, allowing for more detailed interpretations of the gravitational field.

The results of the anomaly separation are shown in Figures 5a and 5b. The regional anomaly
(Figure 5a) highlights the broader, deeper features of the study area, with values ranging from
110 mGal to 757 mGal. In contrast, the residual anomaly (Figure 5b) emphasizes localized,
shallow features, ranging from -170 mGal to 211 mGal. This differentiation reveals the
dominance of deep-seated structures in shaping the regional gravitational field while allowing
the residual anomaly to isolate and highlight near-surface variations. Such a separation is
critical for interpreting geological processes and structures at varying depths.
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Figure 5. Map of regional anomalies (a) and residual anomalies (b).
The regional and residual separation are calculated using the
harmonica [25] package using the airy isostasy model. The point data
are rasterized using TIN interpolation with a resolution of 0.01 x 0.01
pixel and using the cubic method.

Based on the residual anomaly (Figure 5b), residual profiles were extracted along two selected
transects, A-A” and B-B’, as shown in Figure 6. These profiles provide insights into the
subsurface structures along their respective lines. The residual anomaly profile along line A-
A’ begins in the northern part of the study area and shows a notable increase in residual values
as it crosses Sumba Island, reaching approximately 100 mGal. Southward, as the profile
traverses the ocean region, the residual values exhibit fluctuations characterized by alternating
increases and decreases. Interestingly, a sharp change is observed as the profile intersects the
Java Trench or subduction zone, where residual values peak at approximately 200 mGal. This
sharp gradient likely reflects the tectonic complexity and density variations associated with
the subduction process.

For the residual anomaly profile along line B-B’, which starts west from an oceanic region, the
profile initially displays a general decline in residual values, reaching a minimum of
approximately -40 mGal. As the profile approaches Sumba Island, residual values rise,
suggesting the influence of near-surface density variations associated with the island’s
geological structures. This trend indicates the contrasting density properties of oceanic and
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terrestrial regions and highlights the importance of profile-based analysis for understanding

subsurface density distribution in tectonically active regions.
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Figure 6. Cross-section profiles of residual anomalies along transects
A-A'and B-B'. The X-axis represents the distance in degrees, while
the Y-axis shows the residual anomaly values in mGal.
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Figure 7. 3D density contrast modeling at depths of 0 km, 5 km, 10
km, and 15 km, represented in pixels with a view from the top.
Dashed lines indicate profiles C-C' and D-D', as shown in Figure 8.
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3D modelling based on gravity anomaly data was performed to understand the subsurface
dimensionality better. The results of this modelling are represented as density contrasts at
various depths, as shown in Figure 7. The density contrast ranges from -1.5 g/cm?®to 1.5 g/cm?.
At the surface level (0 meters depth), the density contrast appears relatively homogeneous in
the northern region, except for localized variations in the Java Trench area. As depth increases
(5-10 km), the density contrast becomes more pronounced across the entire region. At a depth
of 15 km, the density contrast in the subduction zone appears homogenized but with
consistently high values, indicative of significant density variations in this tectonically active
zone.

D D'
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-1.5 -0.75 (1] 0.75 1.5

Figure 8. 2D line density contrast profiles derived from 3D modeling.
The top profile corresponds to the Java Trench (subduction zone),
while the bottom represents the Sumba Profile. Both profiles are
vertically exaggerated for clarity.

Given the regions of interest—Sumba Island and the Java Trench —two 2D vertical profiles
were extracted from the 3D modeling to provide detailed subsurface insights. These profiles,
oriented west to east, are shown as C-C’" and D-D’ in Figure 8. The Sumba profile (C-C’), which
focuses on the subsurface structure beneath Sumba Island, reveals that the first 5 km of depth
is characterized by a homogeneous density contrast close to 0 g/cm?. This suggests minimal
density variation near the surface. However, at depths exceeding 5 km and extending to 15
km, the density contrast becomes more erratic, indicating significant heterogeneity in the
deeper subsurface.
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In contrast, the profile across the subduction zone (D-D’) exhibits distinct characteristics. At
depths shallower than 10 km, the density contrast remains moderate, but beyond 10 km, the
density contrast increases significantly, reaching consistently high positive values of
approximately 1.5 g/cmd. This high-density contrast likely reflects the presence of dense
materials associated with subduction-related processes, such as the accumulation of mafic or
ultramafic rocks. These 2D profiles provide valuable insights into the subsurface structures
and the tectonic processes shaping the Sumba Island and Java Trench regions.

Based on the results of 3D modelling, it is insightful to compare the findings with the existing
geological map, which represents the real geological conditions. Due to the lack of well data
in the study area, the geological map of Sumba Island was used for this comparison, focusing
on the western part of the island, as shown in Figure 9. Given that the background density
for inland regions is approximately 2.67 g/cm? and for oceanic regions is 1.04 g/cm?, the
absolute density was estimated by adding the background density to the observed density
contrast.

Profile C-C’" spans from the ocean on the left to Sumba Island on the right, showing a density
contrast ranging from -1.5 g/cm? to 1.5 g/cm3. Over the oceanic region, most of the density
contrast is positive (0-1.5 g/cm?), resulting in an absolute density range of 1.04-2.54 g/cm?,
corresponding to water and igneous rocks. On the landward side of the profile, particularly
below 5 km depth, the density contrast ranges between 0-0.375 g/cm?, producing an absolute
density of 2.67-3.045 g/cm?. This range can be interpreted as a combination of sedimentary
and igneous rocks, as shown in the density table of rocks and minerals [27]. The calculated
density ranges were compared to the region's surface geology using the geological map to
refine these interpretations.

The western Sumba region is dominated by three main geological formations: Reef Limestone
(Pleistocene), Waikabubak Formation (Pliocene/Miocene), and Kananggar Formation
(Pliocene/Miocene) [28]. The Reef Limestone, also known as the Kaliangga Formation,
consists predominantly of reef sediments and is the primary formation on the outer parts of
western Sumba. The Waikabubak Formation, located mainly in the central region of western
Sumba, consists of extrusive igneous rocks, intermediate rocks, and pyroclastic materials. The
Kananggar Formation, dominant in the southeastern part of Sumba, comprises clastic
sedimentary rocks. The calculated absolute density range of 2.67-3.045 g/ cm? aligns well with
these surface geological formations, validating the interpretations. Interestingly, along the
same profile (C-C’), at depths exceeding 10 km, regions with very high-density contrast were
observed, suggesting the presence of distinct subsurface structures that warrant further
investigation.

The density contrast in the Java Trench region (Profile D-D’) is predominantly 1.5 g/cm?3.
Considering the background density of water (1.04 g/cm?), the absolute density in this region
is calculated as 2.54 g/ cm?. This value corresponds to andesite, an igneous rock between felsic
and mafic compositions. These results provide significant insights into the lithological and
tectonic characteristics of the study area, contributing to a deeper understanding of its
geological framework.
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Figure 9. Geological map of the West Sumba region, adapted from
[28], overlaid on a topographic map. The dominant formations in the
West Sumba region—Reef Limestone, Kananggar Formation, and
Waikabubak Formation—are represented with distinct fill styles. In
contrast, other formations are shown with a solid fill style.
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Conclusion

The residual anomaly was calculated using the Airy isostasy method, revealing that the Java
Trench exhibits the highest residual anomaly values. The results of 3D gravity modeling in the
western Sumba region align well with the dominant geological formations of the area, namely
the Reef Limestone, Waikabubak Formation, and Kananggar Formation. Additionally, a
region with a high-density contrast beneath Sumba Island indicates the potential for a distinct
subsurface structure, which warrants further investigation to better understand its geological
and tectonic significance.
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