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Abstract   

 Research with gravity data in the area of Semeru volcano has been undertaken. The study aims to 

determine the subsurface fault structure of the Semeru volcano by utilizing derivative analysis of gravity 

data anomalies. A comprehensive dataset of 1,929 measurement points, spaced 500 m apart, was analyzed 

to identify variations in the Bouguer anomaly. Complete Bouguer anomaly values ranged from 37 to 111 

mGal. The contrast of Bouguer anomaly variations effectively delineates the boundaries of different rock 

formations: Mandalika, Wuni, Quarter Volcanic Semeru and Quarter Volcanic Jembangan. These 

formations are instrumental in causing significant variations in gravity anomalies, indicating an underlying 

geological structure. The derivative analysis, encompassing horizontal (FHD) and vertical (SVD) 

anomalies, unveiled a pronounced fault structure southeast of the Semeru crater, characterized by a NE-

SW orientation. Advanced modeling, informed by residual anomaly incision lines and depth estimates 

derived from the radial spectrum, revealed a complex subsurface stratigraphy consisting of 5 types: 

Volcanic clastics, tuff, breccia, basaltic lava and andesitic lava. This research advances our understanding 

of the Semeru volcano’s subsurface architecture. It introduces an enhanced methodology for fault detection 

and characterization in volcanic areas, showcasing the potential of gravity data in geological investigations.  
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Introduction 

 Modeling the subsurface structure is vital for understanding tectonic activity and seismic risk [1,2]. 

Movement within geological structures, local and regional faults, can create zones of weak ground, 

triggering movements that manifest as earthquakes and landslides [3,4]. Subduction earthquakes sometimes 

result in significant destruction within the fault zones [5]. For example, in Pohgajih, Malang, numerous 

homes were damaged directly atop a fault’s location [6]. Similarly, in China, faults primarily governed the 

spread of landslides post-earthquakes [7]. 

 East Java, located along the southwestern boundary of the Eurasian Plate within the Sunda Arc, 

experiences orthogonal subduction above the Indo-Australian Plate [8,9]. This geographical location can 

trigger a high seismicity risk, typically ranging in magnitudes from 4.8 to 5.5 [10]. In addition, the 
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volcanoes in East Java play a significant role in the region’s seismicity [11]. Semeru volcano is the highest 

volcano in Java [12] and one of the most active lava producers [13]. The occurrence of damage from the 

effects of volcanoes and tectonics cannot be prevented, but its impact can be minimized through effective 

mitigation and reduction of vulnerability. A key strategy involves identifying subsurface geological 

structures, including fault detection, and determining the types of rock formation in the subsurface. 

Therefore, a comprehensive understanding and monitoring of these geological structures is vital for 

developing the disaster awareness and response plans in East Java. 

 Various gravity techniques have illustrated the subsurface, with past research [14-16] employing 

gravity methods to detect the location of faults, determine the type of faults [17,18], and model the fault 

structures of Lawu Volcano [19], demonstrating gravity data’s efficacy in estimating rock layer depths [20]. 

Nonetheless, few studies have focused on integrating detailed fault structure mapping with extensive rock 

formation analysis in the Semeru region. The complexity of subsurface geological features, compounded 

by steep terrain, presents obstacles to the direct acquisition methods [21], especially for large-scale 

modeling efforts. There remains a need for a more efficient approach to obtaining detailed subsurface 

information. These limitations highlight the importance of exploring alternative approaches, such as 

utilizing gravity satellite data to determine the subsurface structure. According to Suprianto et al. [22], 

satellite gravity data is known for its high resolution. Gravity data consist of latitude, altitude and free air 

anomaly [23,24], marking it less susceptible to subsurface interference than ground-based measurements, 

which may be affected by local topography variations and instrument use inaccuracies. Thus, gravity data 

provide a more consistent source of information for accurately characterizing and interpreting subsurface 

structures.  

 The gravity data are commonly used to detect rock formations based on Bouguer anomaly and gravity 

field variations [25]. The distribution of Bouguer anomalies is related to local variations, which refer to 

deep anomalies. Accordingly, the gravity methods provide a clear vision of the subsurface geological 

structure and rock density distribution. Geological structure can trigger the contrast of density in the fault 

zone [26,27]. In particular, the analysis derivative, First Horizontal Derivative (FHD) and Second Vertical 

Derivate (SVD) can detect the contrast change of Bouguer anomaly in the subsurface. Offering detailed 

insights into subsurface geological geometries [28]. FHD shows the difference in the anomaly value of 

geological boundaries horizontally [29]. Meanwhile, SVD distinguishes between shallow and regional 

anomalies, helping to delineate geological structure boundaries. It has a high absolute value on the FHD 

map curve and a value of 0 mGal/km (0 isoline) on the SVD map curve [1]. Thus, the FHD and SVD curves 

will validate each other when a fault is along the derivative line [30]. Detailed research will use gravity to 

estimate subsurface geological structures and Bouguer anomaly discontinuities that indicate faults. The 

results of this study are expected to be a reference for subsurface structure research in areas dominated by 

faults and fractures.  

 

Materials and methods 

 Geology of study area 

 Semeru volcano is located between Lumajang Regency and Malang Regency in East Java. The 

volcano is highest in Java, with Semeru being the compound cone that forms its highest peak [31,32]. The 

topography of the Semeru volcano ranges from an altitude of 490 to 3,676 m above sea level with UTM 

coordinate boundaries, the boundaries of which research area are shown in Figure 1. This volcano is a 

composite volcano that is still active and one of the most prolific producers of lavas [33,34].  

 



Trends Sci. 2024; 21(9): 8050    3 of 15   

 

Figure 1 The geological map of the Semeru composite cone is based on the geological map [35]. Displaying 

stratigraphic unit for easy identification.  

 

 

 Based on Figure 1, Semeru rock formations consist of Wuni, Mandalika, Semeru volcanic deposits 

as well as volcanic deposits of Jembangan [35]. The contact boundaries of these formations at the volcano 

facilitate the development of geological structures, including geological contacts and local faults [36]. In 

this research, the subsurface fault structure geophysical methods to map the distribution of anomalies 

associated with Semeru volcano. This subsurface structure model includes the type of rock, the rock 

formation’s thickness and the fault structure’s illustration. 

 

 Gravity 

 The gravity satellite data extraction in this research utilizes the Global Gravity Model plus (GGMplus) 

as a preliminary exploration tool to measure the subsurface structures with optimal resolution and large-

scale measurement coverage [18]. GGMplus integrates data from various sources, including the GRACE 

(Gravity Recovery and Climate Experiment), GOCE (Gravity field and steady-state Ocean Circulation 

Explorer), EGM 2008 (Earth Gravity Model) and the gravitational topography effects, to improve 

resolution through integration [37]. The dataset allows for spaces up to 500 m between measurement points. 

Data processing to determine the subsurface fault structure in Semeru volcano used 1,937 data extraction 

points.  
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Figure 2 Research map design (this figure was made using Google Earth map). The red point donates the 

locations of gravity satellite data points. 

 

 The GGMplus gravity satellite data was downloaded from the website https://murray-

lab.caltech.edu/GGMplus/index.html, in Text Document (.txt) format, includes disturbance gravity 

information and can be processed using Microsoft Office Excel. Elevation data necessary for processing 

can be obtained from https://earthexplorer.usgs.gov/. Processing involved using Microsoft Office Excel to 

correct the data, converting raw gravity readings to free-air anomalies, necessitating Bouguer and terrain 

corrections to obtain the complete Bouguer anomaly [38]. The Complete Bouguer Anomaly (CBA) will be 

transformed into a flat plane to minimize distortion and for more straightforward data interpretation [39]. 

The subsequent step involves applying an upward continuation filter to transform potential field data from 

a specific surface to a perceived higher surface level. Upward continuation also serves to eliminate noise 

from near-surface objects. The field reduction process distinguishes regional and residual anomalies, 

separating them based on the radial average power spectrum value [40]. Regional anomalies denote gravity 

anomalies indicative of deep rock distributions. Residual anomalies represent rock distribution in shallow 

areas. The residual anomaly data obtained is then subjected to derivative analysis. The Derivative analysis 

involves plotting fault structures, encompassing the First Horizontal Derivative (FHD) and Second Vertical 

Derivative (SVD). The calculation discrete approximation of the analysis derivative along the x-axis [41] 

is shown in the equation: 
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 Based on Eqs. (1) - (2), (
𝜕𝑔

𝜕𝑥
) and (

𝜕𝑔

𝜕𝑥
) represent the gradient along the 𝑥 and 𝑦 direction, signifying 

the interval between 2 adjacent measuring points [41]. FHD is utilized to identify subsurface lineaments 

deduced from the peak point of the gravity anomaly contour [42]. The SVD analysis is associated with 

shallow structures, characterized by a 0 point on the analysis curve. A perpendicular incision is executed 

on the derivative anomaly map, aligning with the derivative analysis curve output. The fault’s location is 

deduced by referencing the FHD curve’s maximum point and the SVD curve’s 0 point, coinciding with 

identical coordinates [43]. Furthermore, based on the fault location, slicing was made to model the 

subsurface structure based on the thickness of the rock formation and rock density. Data processing was 

started by creating Bouguer anomaly maps using Oasis Montaj software. Then, modelling was done to 

obtain 2-dimensional profiles using GYM-SYS software in Oasis Montaj.  

 

Results and discussion 

 Complete bouguer anomaly 

 The result of gravity data processing from the distribution of anomaly Bouguer shows anomaly 

variations based on the geology of the study area. The Complete Bouguer Anomaly (CBA) is categorized 

into 2 distinct types, low anomaly and high anomaly, based on their contrast. The low anomaly in the 

northern region corresponds to the peak of Semeru volcano, which is indicated by a blue color. This is 

interpreted to represent the location of an active magma chamber. The high anomaly areas, illustrated in 

red and extending from the east to the southwest, are presumed to represent Mount Semeru’s frozen lava, 

indicative of dense and extensive igneous rock formations [44]. 

 

 

Figure 3 Complete Bouguer Anomaly (CBA) contour map distributed on a horizontal surface. 
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 Separate residual anomaly 

 Spectrum analysis is performed to distinguish between regional and residual anomalies, utilizing an 

upward continuation filter for this separation. The principle of this filter is to weaken the effect of shortwave 

anomalies (residual anomalies), amplify the effect of longwave anomalies (regional anomalies) and elimate 

noise from objects near the surface. In the radial average spectrum curve (Figure 4), according to the 

formula [40], the black circle in the upper part indicates a regional anomaly. The red color identifies the 

residual anomaly characterized by the line equation A = − 8.5497k + 0.9066, so the residual depth obtained 

is 1.3 km or deeper. The black circle in the lower part also represents the noise. 

 

 

Figure 4 Radial average power spectrum graph of the Bouguer anomaly divided into 3 anomaly sections. 

The straight line represents a linear function to determine the depth of each anomaly. 

 

 

 The residual anomaly in this research shows anomaly contrasts confirmed as rock formation 

boundaries (Figure 5),  in alignment with the regional geologic map [35]. The contrasting boundaries of 

low and high anomalies signify lithological contacts between subsurface rock units. The low anomaly in 

the north is predicted to result from a combination of the Qvs and Qvj formation. Volcanic clastics 

characterize the Qvs formation, whereas the Qvj formation comprises basaltic lava, tuff and sand. The high 

anomaly in the east is attributed to the Tmw and Tomm formations, dating from the late Oligocene to the 

middle Miocene. The Mandalika Formation includes andesitic lava and breccia, while the Wuni Formation 

predominantly features breccia. The most visible anomaly contrast pattern is in the southeast, with a 

northeast-southwest orientation in the black box. This pattern is influenced by shifting rock contacts or 

faults, creating structurally weak zones within the fault areas [3]. However, precisely identifying geological 

structures based solely on the anomaly map is challenging [45,46], necessitating derivative analysis to 

enhance interpretation clarity. 
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Figure 5 Contour map of anomaly residual. The black line corresponds to the lithological boundary based 

on the geological map [35]. The black box represents the estimated fault. The dashed black line is slicing 

for subsurface structure modeling. 

 

 

Derivative analysis 

 The fault location is confirmed through the analysis of FHD and SVD data. The fault structure is 

identified at the FHD’s maximum value, depicted in red and the SVD’s 0 value, positioned between its 

maximum and minimum values, illustrated in white. Thus, using the predicted fault zone and derivative 

analysis, the presumed fault structure is delineated with a black line in Figure 6. We conducted a derivative 

analysis delineation on the FHD and SVD maps to verify the fault’s presence, producing a power spectrum 

graph (Figure 7) with UTM coordinates for easy tracking on FHD and SVD maps. The alignment of the 

FHD and SVD graphs confirms the fault’s location, indicating it is consistent across both mappings. The 

fault structure is indicated when the incision passes through the structure boundary. The FHD curve’s 

maximum point aligns with the SVD curve’s 0 point, demonstrating a correlation between the 2. 
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Figure 6 Contour map at Semeru volcano (a) First horizontal derivative (left panel) and (b) Second vertical 

derivative (right panel). The black line represents the fault structure. The dashed brown line is an incision 

for subsurface structure modeling. 

 

 

 

 

Figure 7 Derivative analysis curves observed from the incision on FHD (blue color) and SVD (red color) 

maps, (a) The result of incision A-A’ (upper panel) and (b) The result of incision B-B’ (lower panel). 

 

 

 Based on Figure 7, the FHD and SVD curves show the presence of fault structures. The incision on 

the FHD curves identifies a fault zone at the maximum gravity anomaly point, signifying a significant rock 

density contrast in the subsurface [47]. Similarly, with the SVD curve, the presence of faults is indicated 

by extreme maximum and minimum anomalies with 0 point on the SVD curve. This 0 point correlates with 

a density contrast transition, pinpointing the anomaly source in the subsurface [48]. The maximum point 

on the FHD and 0 point on the SVD at the same coordinates indicate a fault zone [49]. Together, these 

points corroborate the presence of faults in the Semeru area, as shown by the A-A’ and B-B’ derivative 

analysis curves. The A-A’ incision line demonstrates that at matching coordinates where the FHD value 

peaks, the SVD value is 0, a pattern also observed for B-B’. The A-A’ and B-B’ incision lines mutually 

validate the existence of a fault zone at their intersection. 
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 Subsurface structure model 

 The model illustrates subsurface structures in distance (x) and depth (y) positions. This modeling 

utilizes the GM-SYS filter for forward modeling, employing residual gravity anomalies. The model verifies 

the presence of geological structures, delineating rock formations boundary and fault structures along with 

their estimated depths. Rock types were identified by analyzing the density contrasts between igneous and 

sedimentary rocks [50]. An incision was made across the residual anomaly profile with the same orientation 

and coordinates as the derivative analysis structure (Figure 5). An incision aligned with the orientation and 

coordinates of the derivative analysis structure was applied across the residual anomaly profile. The model 

displays the subsurface structures with reference to the geology of the Semeru volcano [51]. The cone 

predominantly comprises Semeru pyroclastic fall deposits, while the underlying rock formation is believed 

to be primarily ancient andesite [34]. 

 

 

Figure 8 Two-dimensional subsurface structure profile models of A-A’ incision.  

 

 

 The composition trend of the component rocks depicted in Figures 8 and 9 are consistent across both 

incisions, encompassing volcanic clastics, tuff, breccia and andesitic lava. However, incision A-A’ has 

different component rocks, such as basaltic lava. In both incisions, the volcanic clastic rock formation, 

characterized by a low 1.6 g/cm³ density, predominates the near-surface, reaching 0.48 km above sea level 

in incisions A-A’ and 0.36 km in B-B’. At greater depths, the increasing density values, indicative of 

andesitic lava’s dominance, reach 2.9 g/cm3 at 0.72 km below sea level in incisions A-A’ and 1.2 km in 

incisions B-B’.  
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Figure 9 Two-dimensional subsurface structure profile models of B-B’ incision.  

 

 The modeling incorporates derivative analysis curves that confirm anomalies identified as faults. 

Referring to Sumintadireja et al. [48], based on the density transition in the SVD curve, the second 

derivative value of the maximum gravity anomaly |g”max| is greater than the minimum gravity |g”min| (Figure 

7), the fault model is plotted with an inward sloping edge. Integrating the density values and the regional 

geological map [35], the fault structure modeling for the Semeru area reveals a northeast-southwest 

orientation.  

 Tectonic activity in the subduction zone located south of Java Island triggers the subsurface geological 

structures. Tectonic activity in the subduction zone south of Java Island instigates these subsurface 

geological structures, positioning the western rock blocks relatively below the fault plane (footwall) 

compared to those above the fault (hanging wall). This finding aligns with the geological and morphological 

map of Mount Semeru, showing it is largely composed of volcanic lava rock deposits [52,53]. Moreover, 

the Semeru/Mahameru eruption deposits, along with tuff and andesite residues from the Oligocene-

Miocene period, delineate rock boundaries manifesting as normal faults due to the compression and vertical 

uplift of rock blocks within the subduction zone south of Java Island [36]. 

 

 Discussion 

 Analyzing subsurface structures in geophysics presents a complex and time-intensive task. Utilizing 

satellite data-based gravity methods for subsurface structure analysis can provide quantitative insights into 

mass distribution variations attributable to different rock types and their material properties. The anomaly 

contrast indicates a low anomaly centered on Mount Semeru’s summit, the lava production of young Mount 

Semeru.  

 Through subsurface estimation, GGmplus gravity data analysis can reveal the complexity of 

subsurface geological structures, especially fault structures. In estimating fault structures within the Semeru 

region, this study employs analytical methods to enhance the identification and characterization of 
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subsurface geological structures. Identifying geological structures is crucial due to their potential to induce 

geological instability.  

 The GGmplus data requires validation using ground-based data [54]. Hence, correlating with 

reference field data is essential, with this study utilizing regional geological maps from the Geological 

Research and Development Centre [35]. Based on Figure 5, contrasting high and low Bouguer anomaly 

transitions suggest underlying geological structures; overlaying this with a geological map delineates 

contact boundaries among the Wuni Formation, Mandalika, Jembangan Volcanic Quarter and Semeru 

volcanic Quarter. Another finding is the fault zone located southeast of the Semeru crater. Subsequent 

processing, including derivative analysis with perpendicular incisions, confirms this fault zone. 

 Figure 7 presents a derivative analysis curve to ascertain a fault zone’s presence, indicated by the 

maximum FHD value and 0 SVD value. Fault zones were reassessed using regional geological data for 

estimation. Consequently, a fault zone suggested by the derivative analysis profile curve but unverified on 

the regional geological map cannot be definitively classified as such. The derivative analysis curve profile 

and regional geological map indicate that the fault zone is positioned southeast of the Semeru peak, 

exhibiting a northeast-southwest orientation. A subsurface structure model was developed, incorporating 

rock formations and identified fault structures. As this research serves as an initial investigation, subsequent 

in-depth studies are required to comprehensively elucidate the subsurface geological structures. Future 

research could employ the magnetotelluric method to enhance the detection of anomalies suggestive of 

subsurface faults, utilize the geoelectrical resistivity method to delineate various rock formations beneath 

the surface and incorporate drill data for calibrating and validating the interpretations derived from 

geophysical analyses previously conducted.  

 

Conclusions 

 Residual anomalies represent rock densities at shallow depths as indicators to estimate subsurface 

geological structures. The residual anomaly map reveals values ranging from −26.55 (indicating low 

density) to 7.83 mGal (indicating high density). In the map, blue-colored areas signify low-density regions, 

whereas red-colored areas represent high-density regions. The transition from red to blue in the anomaly 

indicates the presence of geological structures, signifying contact between different rock formations and 

potential fault lines. The derivative analysis profile curve (FHD and SVD) fault structures, confirmed by 

regional geological data, identifying fault structures at 3 rock contact boundaries with a northeast-southwest 

orientation in Mount Semeru’s southeast region. Additionally, the subsurface structure model delineates a 

formation composed of volcanic clastics, tuff, breccia, basaltic lava and andesitic lava extending in a 

southeast-west direction and a formation of 4 rock types volcanic clastics, tuff, breccia and andesitic lava 

in the east-west part of Mount Semeru.  
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