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A B S T R A C T 

 

Landslide mitigation in active tectonic regions is a critical component of geo-environmental risk management, particularly in areas with steep 
topography near active fault zones. This study applies the Euler deconvolution formula on gravity data to delineate the presence of a localized 
secondary fault associated with the Toru Segment (a part of the Sumatran Fault Zone), within the landslide-prone road corridor in Batu 
Jomba. Previous studies in this area have primarily focused on fault slip rates and shallow-depth fault mapping, therefore, the detection of 
secondary fault activity intersecting the Toru Segment has not been explored. To address this gap, high-resolution gravity anomaly data from 
the GGMplus model (~200 m resolution) were processed using geophysical inversion to image subsurface density variations and Euler 
deconvolution formula was applied to estimate the depth of these two areas. The Batu Jomba area is characterized by a low Bouguer density 
of 2.0454 g/cm³, consistent with the Sihapas Formation dominated by weak sandstone lithology. Field observations corroborate the presence 
of sandstone boulders within the landslide body, indicating low material strength. Euler deconvolution results reveal the absence of direct 
structural expression beneath the Batu Jomba. However, clustered depth solutions in areas surrounding Batu Jomba delineate the presence of 
localized secondary fault at depths of 193-530 m, nearby the main Toru Segment. Regional Euler depth patterns indicate tectonic activity at 
depths of 193-590 m in part of the Toru Segment and 193-1,082 m in the Angkola Segment.  The shallower depth extent of the Toru Segment 
and Batu Jomba area when compared to the Angkola Segment supports the interpretation of localized crustal thinning in the Toru Segment 
region at shallow depths. These findings indicate that the Batu Jomba landslide-prone road corridor is controlled primarily by weak lithology 
and the nearby presence of secondary fault rather than the main Toru Segment. The results highlight the effectiveness of gravimetric methods, 
particularly Euler deconvolution in characterizing fault activity and geo-hazard assessment, offering practical implications for engineering 
planning and disaster-risk reduction. 
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1. Introduction 

Landslides occurring within active fault zones represent a major geo-
environmental hazard in many tectonically complex regions worldwide. 
Recent studies, such as the investigation of the Nanpeng River fault zone 
in China [1] have shown that fault activity can directly influence slope 
deformation and strongly affect the spatial distribution of unstable 
slopes. Understanding the behaviour of subsurface structures is 
therefore essential, as these structures including stratigraphic layers, 
geological formations, faults, folds, aquifers, and mineral or 
hydrocarbon deposits. Depending on geological settings, these 
subsurface elements may be homogeneous with uniform hydraulic 
conductivity or highly heterogeneous, exhibiting variations in 
conductivity across locations [2, 3]. Accurate information of these 
structures is crucial for guiding engineering decisions and development 
planning, particularly in landslide-prone areas such as Batu Jomba. 

The Batu Jomba region, located at the North Sumatran crossroads, 
has repeatedly experienced ground deformation and landslides since 
1997. The area is situated on the left side near the Toru Segment of the 
Sumatran Fault Zone. A major landslide in Aek Latong in 2002 resulted 
in the relocation of residents [4]. Previous geophysical investigations,  

 
 
 
including the Schlumberger geoelectrical surveys, have indicated the 
presence of weak zones and rock fractures that trigger soil deformation 
around Batu Jomba [5]. In addition, Ground Penetrating Radar (GPR) 
analysis has identified fault traces cutting through soil and rock layers 
beneath the road, as well as deformation within breccia and tuffaceous 
sand layers. These fractured units facilitate displacement without 
significant energy accumulation, suggesting that the Toru Fault 
Segment may be deforming in an aseismic manner, without generating 
large earthquakes. 

The Toru Segment itself plays a central role in regional tectonic 
activity, exhibiting a slip rate of 9,3 mm/year with an uncertainty of ±1,8 
mm/year [6]. Observations by the National Road Management Agency 
I indicate that ground displacement in Batu Jomba continues at 
approximately 1–5 cm every two weeks [7]. This segment forms part of 
the Sumatran Fault Zone, located between latitudes 1,2° N and 2,0° N 
and is characterized as a strike-slip fault with a length of 95 km. 
Historically, the Toru Segment has generated significant earthquakes in 
1984 (Ms 6.4) and 1987 (Ms 6.6). The segment also connects to deeper 
seismicity within the Benioff Zone at depths of 125-155 km [8]. Despite 

Article History: 
Received: 26 December 2025. 
Revised: 19 February 2026. 
Accepted: 22 September 2026. 
 

International Journal of Mining and Geo-Engineering IJMGE 

- R E S E A R C H    P A P E R - 

https://ijmge.ut.ac.ir/
https://dx.doi.org/10.22059/ijmge.2026.408790.595349
https://dx.doi.org/10.22059/ijmge.2026.408790.595349


348 N.A Zuhriyyah et. al.  / Int. J. Min. & Geo-Eng. (IJMGE), 60-3(2026) 347-35691-199 

 

its active behaviour, the extent to which deeper fault structures 
influence the recurrent landslide in Batu Jomba remain unclear. 
Geophysical method, particularly gravity surveying is widely used to 
detect subsurface density variations and has long been applied in 
hydrocarbon exploration [9]. When applied to fault zones, this gravity 
anomalies offer an effective means of mapping fault geometry due to 
density contrasts across fractured and unfractured rock masses [10]. A 
key advancement in gravity interpretation is Euler deconvolution, which 
estimates the depth, position, and geometric nature of anomaly sources 
by applying Euler’s differential equation to gravity data [11]. This 
approach has been successfully implemented to find the depth of 
Lembang Fault [12] and tin-bearing zones in Okeso, Nigeria [13]. 

Recent applications show that Euler deconvolution is also capable of 
resolving secondary and deep-seated fault systems. Studies in Victoria, 
Australia, have used depth-solution clustering from aeromagnetic and 
global magnetic datasets to map both major and subsidiary faults from 
shallow to deep crustal levels [14]. Similar approaches in the Adamaoua 
Plateau (Cameroon) confirmed known fault structures while revealing 
previously unmapped fault systems at depths >20 km [15]. In northeast 
India, the application of 3D Euler deconvolution has also successfully 
delineated thrust-faults, validating existing boundaries while identifying 
additional secondary faults within the tectonically complex Himalayan–
Indo-Burman convergence zone [16].  

These findings demonstrate the method’s strength in identifying 
hidden structural controls in tectonically complex regions. Despite 
extensive research in Batu Jomba and the Toru Segment, previous 
studies have predominantly focused on fault slip rates and shallow 
structural mapping, leaving the possibility of deeper or secondary fault 
activity largely unexplored. To address this gap, the present study 
applies high-resolution gravity anomaly data from the GGMplus model 
(~200 m resolution) combined with Euler deconvolution to determine 
whether the subsurface depth characteristics beneath Batu Jomba 
correspond to the geometry of the Toru Segment or indicate the 
presence of a previously unidentified secondary fault. 

2. Geological setting 

2.1. Regional geology 

Batu Jomba is located in Luat Lombang Village, Sipirok District, 
South Tapanuli Regency, precisely at coordinates 1°37’40’’ North 
Latitude (N) and 99°12’10’’ East Longitude (E). This area comprises a 
newly constructed national road segment that is highly susceptible to 
ground deformation, particularly landslides. Previously, this road was 
relocated from the route in Aek Latong Lama Village, which had similar 
conditions. In the Batak language, Batu means “stone” and “kilometer,” 
while Jomba means “leaning,” “tilted,” or “sliding forward”.  

This name reflects the geographical characteristics of the area where 
the terrain is steep and unstable. Situated within the influence of the 
Toru Segment, Batu Jomba is highly vulnerable to tectonic activity and 
slope failures. Continuous displacement and repeated landslides have 
made this corridor a critical zone for geological and geotechnical 
investigation, particularly for understanding fault-controlled 
deformation and its implication for infrastructure stability.  

Figure 1 presents a 3D perspective map, illustrating the regional 
setting, including the Batu Jomba landslide-prone road corridor (upper-
left inset) and major geological structures such as the Sarulla Graben 
and the stratovolcanoes Sibualbuali and Lubukraya. Several nearby 
towns such as Sipirok, Batang Toru, and Padang Sidempuan—are also 
indicated to provide spatial context.  

The two inset graphs provide supporting seismic information; (a) A 
Vp/Vs cross-plot showing two distinct clusters where the higher Vp/Vs 
values (pink region) represent fluid-bearing and fractured sediments 
within the graben. (b) The spatial distribution of these anomalous 
seismic zones along the Sarulla Graben, suggesting that fluids migrate 
along fault conduits and may transport heat from deeper crustal levels 
to the surface [17]. Together, these datasets highlight the active tectonic 
and hydrogeological processes that contribute to slope instability in the 
Batu Jomba region. 

 
 

 
Figure 1. Geological and tectonic setting of the Batu Jomba Road Corridor along the Sumatran Fault Zone (SFZ). The map shows the inter-provincial road and Sarulla 
Graben, accompanied by (a) Vp/Vs clustering that differentiates dry sediments from fluid-bearing fractured sediments, and (b) the spatial distribution of these seismic 
anomalies within the graben [17].
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Figure 2 illustrates the complex tectonic and topographic setting 
surrounding Batu Jomba. Figure 2a presents a Digital Elevation Model 
(DEM) with 30 meters resolution derived from SRTM data, displaying 
elevation variations ranging from -43 to 4,485 meters above sea level. 
The color-coded legend indicates elevation zones: gray for the lowest 
elevations (-43 to 862.6 m), yellow-green for moderate elevations (862.6 
to 2,673.8 m), blue for higher elevations (2,673.8 to 3,579.4 m), and red 
for the highest peaks (3,579.4 to 4,485 m). The map clearly delineates 
the Batu Jomba Road corridor (outlined in red) situated in proximity to 
major tectonic features, including the Toru Segment of the Sumatran 
Fault Zone (shown by red lines) and the Sarulla Graben to the 
northwest. The southern region is dominated by the Sibualbuali and 
Lubukraya stratovolcanoes, visible as prominent red peaks indicating 
high elevations exceeding 3,500 meters. The topographic variations 
across the landscape reflect active deformation associated with these 
major geological structures.  

The Toru Segment forms part of the dextral strike-slip Sumatran 
Fault and extends from Central Tapanuli Regency to South Tapanuli 
Regency, playing a significant role in accommodating crustal 
deformation in North Sumatra. Geodetic and geological studies indicate 
that the Toru Segment exhibits creeping behavior along parts of its fault 
plane, where the fault slips aseismically due to low frictional resistance. 
Fault creep allows gradual displacement without the build-up of 
significant elastic strain, resulting in limited large-magnitude 
earthquakes. 

This is consistent with the historical seismic record which shows that 
the Toru Segment has not generated major events (M≥7), with its most 
notable earthquake being the 1987 Ms 6.6 event. Modern estimates place 
the slip rate of the Toru Segment at approximately 9–10 mm/yr, with an 
uncertainty of ±1.8 mm/yr [6] confirming its status as an active but 
predominantly creeping structure. This creeping behavior has important 
implications for slope instability in Batu Jomba, where continuous slow 
deformation likely contributes to repeated landslide occurrences along 
the road corridor. 

2.2. Local geology 

Batu Jomba, the research area, is of Miocene age, formed 
approximately 23–5,3 million years ago. Marine sandstones and 
limestones of Miocene age occur along the margins of the back-arc basin 
of Sumatra. The Silangkitang well, drilled within the Sarulla Basin, 

encountered conglomerates rich in volcanic clasts, overlain by more 
than 2 km of interbedded tuff and lacustrine siltstone. Radiometric 
dating of volcanic rocks in the Sarulla area indicates that volcanic 
activity commenced around 1,8 million years ago. Mount Sibualbuali is 
a stratovolcano composed of successive andesite lava flows and breccias, 
intercalated with several tuff layers, with ages ranging from 0,7 to 0,3 
million years ago. The distribution and basal elevation of the older tuffs 
of Mount Sibualbuali indicate that these tuffs have migrated northward 
from the volcano [18]. 

The geological time scale shown in Figure 3 (left) illustrates the 
chronological system used to describe Earth’s history based on the age 
of rocks, fossils, and geological events from 4,6 billion years ago to the 
present. For the research area, the digitized geological time scale 
indicates the Middle Miocene period, which occurred approximately 
15,97 to 11,63 million years ago.  

This period was characterized by a warmer climate and the 
emergence of many new species. The migration of volcanism in 
northwest Sumatra during the Middle Miocene was influenced by the 
far-field effects of the Eurasian Plate collision, which caused the oblique 
subduction system in Sumatra to evolve into a plate boundary with 
dextral strike-slip motion [19]. The magmatic arc shown in Figure 3 
(right) represents the zone where magma is generated beneath the 
earth’s crust as a result of partial melting of the mantle caused by plate 
subduction.  

In contrast, the volcanic arc refers to the chain of volcanoes that form 
at the surface due to volcanic activity driven by the magma produced in 
the magmatic arc. In the research area, the tectonic setting corresponds 
to a Subduction Continent-Oceanic type (Back-Arc), which is the region 
located behind the volcanic arc formed when the oceanic plate subducts 
beneath the continental plate.  

This process often results in the development of a back-arc basin that 
serves as a site for sediment accumulation. The back-arc is characterized 
by decreasing temperature and pressure, as well as the generation of new 
magma that can trigger volcanic activity. Mantle upwelling in the 
Sumatran back-arc basin supplies magma and generates a heat flow 
exceeding 100 mW/m², making it one of the highest heat flow regions in 
the world. This thermal anomaly indicates significant potential for 
geothermal energy utilization in the Sumatran back-arc basin [20]. 

The geological map of the Batu Jomba area shown in Figure 4 reveals 
the region's topographic and lithological characteristics. 

 

 
Figure 2. Topographic map of the Batu Jomba area: (a) Digital elevation map (DEM) showing the Sumatra Fault Zone (SFZ), the Sarulla Graben, stratovolcanoes (Mt. 
Sibualbuali and Mt. Lubukraya) and the Batu Jomba Road corridor as the main research location (left side), and (b) Sumatra map index showing the regional context of 
the study within North Sumatra (right side). 
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Figure 3. Geological framework of the Batu Jomba Road corridor in Sipirok District highlighting middle miocene geological time scale map (left side) and subduction 
continent-oceanic boundaries in relation to the Sumatra Fault Zone (SFZ) (right side). 

 

 
Figure 4. Lithological map of the Batu Jomba area by Sihapas Formation, characterized by sandstone lithology. 

  
Figure 4 presents the detailed lithological distribution, showing that 

the region is dominated by several rock formations, with the Sihapas 
Formation (Tms2) being the most prominent. This formation is part of 
the stratigraphy of the Central Sumatra Basin, dated to the Early to 
Middle Miocene. It is composed of quartz sandstone, carbonaceous 
shale, siltstone, and conglomerate, and serves as a major hydrocarbon 
reservoir [21]. The upper part of the Sihapas Formation consists of 
fluvial–deltaic sandstones derived from the Malaysian Shield, deposited 
through a braided river system and a deltaic river system that prograde 
into the sea [22]. 

3. Materials and methods 

3.1. Gravity method 

The gravity method is based on variations in the density of subsurface 

materials. As a passive geophysical method, measurements are carried 
out without injecting any signal into the Earth. This method is often 
applied as a preliminary survey in exploration, particularly to identify 
subsurface geological structures [23]. Earth’s gravity is influenced not 
only by elevation and geographic position but also by subsurface 
geological factors. Variations in rock density, the presence of geological 
structures such as faults, folds, joints, fractures, material distribution, 
and even magma intrusions can generate gravity anomalies in a given 
region. A study of barite deposits in the Red River Hills of Sudan using 
multispectral and hyperspectral satellite data, integrated with field 
investigations, revealed that barite mineralization zones are associated 
with high gravity anomalies in the range of 0,0007–0,0009 mGal [24] 

In this study, gravity data were obtained from the GGMPlus dataset, 
a high-resolution global gravity model available at 
https://ddfe.curtin.edu.au/models/GGMplus/ with a spatial resolution of 
~200 meters. The dataset incorporates a combined solution from three 

https://ddfe.curtin.edu.au/models/GGMplus/
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satellite missions, namely GOCE/GRACE, EGM2008, and topographic 
gravity data [24]. The accuracy of GGMPlus gravity data compared to 
field measurements has been reported to reach 1,45% [25]. 

The GGMPlus dataset downloaded using the coordinate tile code 
“N00E95” is initially in raw format and requires extraction to obtain 
usable data for subsequent gravity corrections. The extraction process 
was carried out using MATLAB by inputting the coordinates of the 
study area and applying a script containing an interpolation function. 
The MATLAB script used for the gravity data extraction is available at 
https://github.com/yayacomel14/Matlab-Script-for-Gravity-Data-
Extraction. 

 A cubic interpolation function which employs a third-order 
polynomial, was used to estimate values between grid points. In 
interpolation, the higher the number of data points, the higher the 
polynomial order that can be applied. Cubic interpolation is generally 
preferred because it produces a smoother and more accurate 
approximation of the data [26]. 

3.2. Depth estimation with euler deconvolution 

Interpretation of geophysical data, including gravity data, is often a 
time-consuming process, particularly when dealing with large datasets. 
To address this, semi-automatic interpretation techniques are employed 
as an initial step to provide estimates of key parameters, such as the 
location and depth of anomalous sources. The Euler homogeneity 
function theorem plays an important role in both physics and 
mathematics, stating that for a homogeneous function of degree N, a 
specific relationship exists between the function and its partial 
derivatives [27]. By utilizing the horizontal and vertical derivatives of 
the gravity potential field, Euler’s equation can be applied to reliably 
estimate the depth of subsurface sources [28]. Beyond depth estimation, 
the Euler system of equations is also useful for delineating anomaly 
boundaries and discontinuity depths. The fundamental mathematical 
concept of Euler’s homogeneity equation for the gravity field can be 
expressed as follows: 

 

(𝑥 − 𝑥0)
𝜕𝑃𝑔

𝜕𝑥
+ (𝑦 − 𝑦0)

𝜕𝑃𝑔

𝜕𝑦
+ (𝑧 − 𝑧0)

𝜕𝑃𝑔

𝜕𝑧
= 𝑁𝑔(𝐵𝑔 − 𝑃𝑔)              (1) 

 

Equation (1) briefly describes the parameter of the gravity data 
observed at the point (𝑥, 𝑦, 𝑧) where 𝜗𝑃𝑔

𝜗𝑥
,

𝜗𝑃𝑔

𝜗𝑦
,

𝜗𝑃𝑔

𝜗𝑧
 represent the 

directional derivatives of the gravity potential field, which can ve 
computed using methods such as convolution in the Fourier domain. 
The variables 𝑥0, 𝑦0, 𝑧0 denote the coordinates of the gravity anomaly 
source, while 𝑥, 𝑦, 𝑧 correspond to the coordinates of the observation 
point. The parameter 𝑧0 indicates the depth of the gravity potential field 
source. Furthermore, 𝐵𝑔 represents the regional or background gravity 
field data, 𝑃𝑔  is the gravity potential value at the observation point 
(𝑥, 𝑦, 𝑧) and 𝑁 denotes the degree of homogeneity of the potential field. 

4. Data interpretation 

4.1. Average density 

After obtaining the Free-Air Anomaly and X-Parasnis values, the two 
columns of data were plotted into a graph. Based on the graph, a fairly 
strong positive linear correlation is observed, with a regression equation 
of y=2,0454x+4.3803 and a coefficient of determination of R²=0,8348. 
This coefficient indicates that approximately 83,48% of the variation in 
the average density accuracy within the study area is explained by the 
model, yielding an average density of 2,0454 g/cm³. The R² value is used 
to measure how well the independent variable (x) explains the variation 
of the dependent variable (y). The higher the R² value, the better the 
model predicts and explains the relationship between x and y [27]. 

According to the rock density table [28] this density value 
corresponds to sedimentary rocks such as highly porous sandstone, 
compacted clay, or fine-grained sedimentary rocks like shale or siltstone 
that have not undergone significant compaction or cementation. This 
indicates that the study area potentially contains thick sedimentary 
layers associated with structural basins or depressions. Acoustic 

impedance inversion and multi-attribute seismic studies on sandstone 
in the Bonaparte Basin also reveal sandstone lithologies with similar 
densities to those found in Batu Jomba, ranging from 2,1 to 2,3 g/cm³ 
which indicate hydrocarbon gas accumulation zones [29]. 

4.2. Bouguer anomaly 

The complete Bouguer anomaly (CBA) results present gravity 
anomaly data that have been fully corrected, including topographic 
corrections, thereby providing a more accurate representation of 
subsurface rock density variations. The CBA values in the study area 
range from –1141,116 mGal to –38,153 mGal. The map displays smooth 
color gradients and contours that reflect distinct differences in the 
distribution of geological mass. Blue-to-green gradients represent low 
gravity anomalies, which dominate the areas of Mount Lubukraya, 
Mount Sibual-buali, Aek Nabara, and Sipirok. Meanwhile, yellow-to-
pink gradients represent high gravity anomalies, covering 
Simangumban, Batu Jomba, Batang Toru, Padang Sidempuan, and 
Pargaroetan. The CBA value at Batu Jomba is –370,207 mGal. 

According to [30], negative Bouguer anomaly values are typically 
observed in sedimentary basins and indicate subsurface areas with low 
density. Study [30] reported that low Bouguer anomaly values, reaching 
–96 mGal, with relatively higher anomalies above them in the Sumatra 
Basin, indicate the presence of low-density mantle bodies intruded by 
higher-density igneous material. This pattern reflects crustal thinning 
beneath North Sumatra, caused by regional extensional stress from the 
mantle at depths of approximately 20 km. 

The regional anomaly values in this area range from –1109,4 mGal to 
–50,207 mGal. The map reveals smooth and widely distributed contour 
patterns, suggesting gradual changes in rock mass density at deeper 
levels around ~875,1135 meters. Low anomalies at this depth are 
distributed across Mount Lubukraya, Mount Sibual-buali, Sipirok, and 
Aek Nabara. In contrast, high anomalies occur in Simangumban, Batu 
Jomba, Batang Toru, Padang Sidempuan, and Pargaroetan. These high- 
and low-anomaly distributions help identify large structural zones that 
may influence basin formation and regional geological systems. 

Meanwhile, the residual anomaly map provides more detailed 
information on shallow geological structures at depths of ~278.7838 
meters. Residual anomaly values in the study area range from –130,112 
mGal to 118,126 mGal. The contour patterns appear denser, more 
complex, and exhibit tightly spaced color variations, reflecting 
subsurface density changes at shallow depths. Residual anomalies were 
obtained by narrowing the spectral filter range of the regional 
anomalies. Study [31] on gravity anomalies at Mount Sibual-buali 
reported residual anomaly values ranging from –0,1 mGal to 0,15 mGal. 

 

 
Figure 5. Average Bouguer density determined by the Parasnis method, with a 
regression equation y = 2,0454x + 4,3803 (average density = 2,0454 g/cm3; R2 = 
0,8348 indicating model reliability). 

4.3. Spectral analysis 

The analyzed Bouguer anomaly consists of a combination of regional 
and residual anomalies. Identifying the depths of these two types of 
anomalies is an essential step in the interpretation process to determine 
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the location and depth of the target. This process utilizes Fourier 
transformation to convert the data from the spatial domain into the 
frequency or wavenumber domain, thereby enabling a more detailed 
spectral analysis. Equation (2) describes the exponential attenuation of 
gravity anomaly amplitudes in the frequency domain as a function of 
source depth. After applying the Fourier transform to the gravity 
anomaly data, the logarithm of the radially averaged power spectrum is 
linearly related to the wavenumber. If spatial frequency f is used, the 
relationship can be expressed as: 

 

  𝐼𝑛𝐴(𝑓) = 𝐼𝑛𝐴0 − 4𝜋𝑧𝑓                                                                         (2) 
 

where 𝐴(𝑓) denotes the spectral amplitude, 𝑧 represents the depth to 
the anomaly source, and 𝑓  is the spatial frequency (𝑚−1) . This 
formulation follows the classical spectral analysis approach for potential 
field data [32]. In practical applications, depth estimation is performed 
by plotting the logarithm of the radially averaged power spectrum 
against the wavenumber. Under the assumption of randomly distributed 
sources at a common depth, the logarithmic spectrum exhibits a linear 
segment. The slope of this linear trend is directly proportional to the 
source depth. Therefore, the depth to the anomaly source can be 
estimated through linear regression applied to the selected portion of 
the log-spectrum. This method provides a robust and widely accepted 
approach for determining average source depths in gravity and magnetic 
data interpretation. 

Based on the spectral analysis of the potential field data presented in 
Figure 7, it can be observed that the spectral components are divided 
into three main zones: regional, local, and noise. The regional zone 
corresponds to the low-wavenumber (low-frequency) portion of the 
spectrum and reflects large-scale gravity anomalies related to deeper 
geological structures, such as the crust–mantle boundary. The local zone 
encompasses intermediate wavenumbers and represents shallower 
geological structures such as faults, intrusions, or sedimentary rocks. 
Meanwhile, the noise zone appears at high wavenumbers (high 
frequencies) and mainly reflects disturbances from surface effects. 

To determine the spectral analysis equation, linear regression 
(y=mx+c) was applied to each zone. The slope value (m) from the 
regression equation was then divided by 4π (m/4π) to calculate the 
depth of each zone. The results indicate that the regional zone has an 
approximate depth of 875,11 meters, the local zone is located at a depth 
of 278,78 meters, and the noise zone corresponds to a depth of 102,46  
 

meters. This analysis provides a conceptual understanding of the vertical 
distribution of subsurface anomalies based on the spectral response of 
gravity data in the Batu Jomba area. A similar study by [33] reported 
that the spectral analysis of the Great Sumatran Fault in the Dikit 
Segment yielded a regional depth of 1.051,8 m and a local depth of 196,54 
m. 

4.4. Euler deconvolution 

After performing residual anomaly separation, the Euler 
deconvolution process can be applied to determine the distribution of 
anomaly source depths, whether faults, basins, or reservoirs. Prior to 
conducting the analysis, parameters such as the structural index of the 
gravity anomaly, window size, and grid mode must first be specified. The 
following table presents the structural index values for gravity field data 
under different models. 

 

Table 1. Structural Index Values of the Gravity Field in Different Model (Layade, 
2025). 

Structural Index Gravity Field 

2 

1 

0 

-1 

Not useful 

point, sphere 

thin bed fault 

thin sheet edge, thin sill, thin dyke 

thick sheet edge 

Contact of infinite depth extent 
 

The selection of an appropriate structural index depends on the 
expected geometry of the subsurface anomaly sources. As summarized 
in Table 1, a structural index of 2 corresponds to point or spherical 
sources, representing compact bodies such as isolated intrusions. An 
index of 1 is associated with thin bed faults, reflecting elongated or 
planar discontinuities with limited thickness. A structural index of 0 
represents thin sheet edges, thin sills, or thin dykes, which are 
characterized by laterally extensive but vertically constrained 
geometries. An index of −1 corresponds to thick sheet edges, typically 
representing broader tabular structures. In contrast, contacts of infinite 
depth extent are considered not suitable for Euler deconvolution 
analysis, as they do not satisfy the homogeneity assumptions required 
by the method. 

 

 
Figure 6. Complete Bouguer anomaly map (left), regional anomaly map (top right), and residual anomaly map (bottom right) of the Batu Jomba landslide-prone road 
corridor. 
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Figure 7. Spectral analysis of gravity field data, categorizing the spectra into three 
main components: regional, residual (local), and noise. 

 

For fault detection and structural mapping in this study, a structural 
index of 0 was selected, as faults are generally modeled as thin sheet-like 

discontinuities in the gravity field. This assumption effectively captures 
the lateral density contrasts produced by juxtaposed rock units along 
fault planes, enabling reliable delineation of secondary fault structures 
within the Batu Jomba area [34]. 

the Batu Jomba area, clustered Euler solutions in adjacent zones 
indicate significant subsurface structural related to the area. 

The results of Euler deconvolution mapping in the Batu Jomba area, 
Sipirok District, reveal the distribution of anomaly boundary points 
representing subsurface structures with varying depths. No depth 
solutions were directly detected within the Batu Jomba area. Clustered 
Euler solutions in adjacent zones nearby area indicate significant 
subsurface structures with depths ranging from 193 to 590 m. The Toru 
Segment exhibits tectonic activity at depths of 193–590 m while the 
Angkola Segment at depths of 193–1.082 m. Batu Jomba is located within 
the Sihapas Formation (Tms2), which is characterized by sandstone. 
The calculated Bouguer density value is 2,0454 g/cm³. In comparison, 
the depth of the Lembang Fault, as determined through Euler 
deconvolution analysis, lies between 820 and 1.096 meters and is 
predominantly associated with the Cilanang Formation, characterized 
by limestone with a density ranging from 2,52 to 2,83 g/cm³ [12]. 

 

 
Figure 8. Euler deconvolution depth map of the Batu Jomba road corridor, Toru Segment, and Angkola Segment (appeared in map). While no depth solutions are directly 
detected along the Batu Jomba area, clustered Euler solutions in adjacent zones indicate significant subsurface structural related to the area. 
 

 
Figure 9. Field observation in Batu Jomba road corridor (a) A satellite map of Sumatra Island, Indonesia (b) Geological sheet of Padang Sidempuan from Ministry of 
Energy and Mineral Resources (c) A close-up view of the rocks shows layers and textures. 
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The depth variations indicate significant differences in subsurface 
geological characteristics, where the Batu Jomba area is dominated by 
shallow structures, while the Toru and Angkola Segments represent 
major and deeper fault zones. This suggests the presence of deep 
subsurface structures overlain by clusters of smaller, shallower 
structures. Geologically, this zone represents a stepped fault system, 
functioning as the main conduit for deformation or fluid migration, with 
secondary fractures forming above it as a response to deeper tectonic 
stresses [35]. The accumulation of anomalies at shallow depths above 
deeper anomalies reflects density contrasts and layered sources which 
may result from rock stratification, subsurface intrusions, or interactions 
between older and younger faults [36]. This visualization provides a 
more comprehensive depiction of the subsurface morphology in the 
Batu Jomba area and reinforces the interpretation derived from the 
previous two-dimensional analysis. 

Field analysis was conducted in Batu Jomba, Luat Lombang Village, 
Sipirok District, South Tapanuli Regency. Figure 9 illustrates the study 
area, which is in Figure 9a, the research location map on Sumatra Island 
shows the trace of the Sumatran Fault stretching from the northern to 
the southern part of the island. Figure 9b presents the regional 
geological map of the Padang Sidempuan Sheet, where the symbol Tms 
indicates the Batu Jomba area, representing the Sihapas Formation 
characterized by sandstone lithology. The discovery of sandstone blocks 
from landslide debris in Batu Jomba, as shown in Figure 9c, reinforces 
the statement that this area is dominated by sedimentary rocks with 
relatively low density, consistent with the measured average density of 
2,0454 g/cm³. Based on observations of local geological data, the 
dominant rock in this area is sandstone, which exhibits relatively high 
porosity, permeability, and density. These characteristics make it 
susceptible to weathering and mass movement when exposed to water. 

5. Conclusion 

Based on the research conducted, several conclusions can be drawn 
as follows: 

• The Batu Jomba area is characterized by a low Bouguer density of 
2.0454 g/cm³, consistent with the Sihapas Formation dominated by weak 
sandstone lithology. This low-density sedimentary rock exhibits high 
porosity and permeability, making it highly susceptible to weathering 
and mass movement when exposed to water. Field observations 
confirming the presence of sandstone boulders within the landslide 
debris support this interpretation and indicate that weak lithology is a 
primary triggering factor for slope instability in this area. 

• Euler deconvolution analysis reveals no direct structural expression 
beneath the Batu Jomba landslide body itself. However, clustered depth 
solutions in adjacent areas (193–590 m) indicate the presence of a 
localized secondary fault structure distinct from the main Toru 
Segment. Regional depth patterns show that the Toru Segment exhibits 
tectonic activity at depths of 193–590 m, while the Angkola Segment 
displays deeper structural features at 193–1,082 m. The shallower depth 
characteristics of the Toru Segment and Btu Jomba area compared to 
the Angkola Segment support previous interpretations of crustal 
thinning beneath North Sumatra, driven by regional extensional stress 
at depths of approximately 20 km. 

• The spatial distribution and depth variations of Euler solutions 
suggest a stepped fault system, where the main Toru Segment acts as the 
primary conduit for tectonic deformation, with secondary fractures and 
subsidiary faults forming in the shallow subsurface as a response to 
deeper tectonic stresses. The absence of direct fault expression beneath 
the Batu Jomba landslide body, combined with the proximity of 
secondary fault structures, indicates that landslide occurrence in this 
corridor is controlled primarily by the interaction between weak 
lithology and nearby fault-related deformation rather than direct 
displacement along the main Toru Segment. 

• Further investigation combining additional geophysical methods 
(such as seismic reflection, magnetotelluric, or InSAR) with detailed 
geological mapping and geotechnical analysis would provide a more 
comprehensive understanding of the subsurface structure and landslide 

mechanisms in the Batu Jomba area. Long-term monitoring of ground 
deformation using GPS or InSAR techniques could also help quantify 
the relationship between fault creep, secondary fault activity, and slope 
displacement rates. 
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