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Abstract: Understanding the subsurface structure is vital geophysical investigations, precisely 

local fault detection. Gravity anomalies were measured using satellite data from Global Gravity plus 
(GGMplus), and direct acquisition was used to achieve this goal. The residual anomalies range from 
-4.9 mGal to 3.6 mGal for the satellite and between -1.6 mGal to 0.94 mGal for direct acquisition. 
First Horizontal Derivative (FHD) and Second Vertical Derivative (SVD) analyses were performed 
based on the residual anomaly contrast. By integrating direct acquisition and GGMplus gravity data, 
this study aimed to analyze the existing local fault distribution in the research area. The preliminary 
result indicates the presence of faults with NW-SE orientation. Additionally, 2-D stratigraphic 
modeling includes three formations: andesitic lava, breccia, and tuff. The research provides a deeper 
understanding of subsurface structures using a combination of gravity data.   

 
Keywords: Fault detection; subsurface structure; derivative analysis; gravity acquisition; 

GGMplus.  
 

1. Introduction  
The intersection between tectonic plates and plate 

discontinuities has the potential to generate faults1,2). 
These faults create zones with weak ground stability, 
triggering movements that manifest as earthquakes and 
landslides3). Based on synthesis documentation of 
Indonesia’s seismotectonics, East Java is one of the 
provinces with a high risk of earthquakes, predominantly 
with magnitudes of 4.8 to 5.5. The subduction zone is part 
of the Sunda arc, where the Eurasian plate subducts 
orthogonally beneath the Indo-Australian plate4,5). In 
addition to the subduction zone, regional and local fault 
activities trigger earthquakes in the East Java region. 
Many faults in East Java still need to be accurately 
identified, and the Geological Agency’s research is 
ongoing. 

One of the unidentified active faults that became a 
source of loss of human life and significant infrastructure 
damage was the earthquake in Cianjur, which had a 
magnitude of 5.66). Based on preliminary data from the 
Meteorology, Climatology, and Geophysics Agency 
(BMKG), the source of the earthquake was the Cugenang 
fault located near the Cimandiri zone with a northwest-
southeast direction. Identifying local faults and subsurface 

structures is vital for developing disaster mitigation, 
considering the potential risks caused by faults such as 
seismic damage and landslides.  

Detailed research was conducted using the gravity 
method to determine the location of faults and subsurface 
geological structures. The gravity data in this research 
utilized the Global Gravity Model plus (GGMplus) and 
direct acquisition using a gravimeter. The preliminary 
study employed GGMplus data because it is accurate, 
valid, easily accessible, and continuously improved in 
quality. Satellite data will enchance the accuracy of 
gravity acquisition data by correcting various factors, such 
as measurement procedure errors, station position errors, 
and instrument sensitivity. This study focuses on 
determining subsurface characteristics based on Earth’s 
gravity field variations due to lateral density differences 
in direct acquisition and satellite data. First Horizontal 
Derivative (FHD) and Second Vertical Derivative (SVD) 
analyses were performed to estimate the accurate location 
of the fault. 2-D modeling estimated the subsurface 
structure, which is informative for understanding the 
complex geological structure7).  

Gravity methods are primarily applied at local to 
regional scales in geophysical and geological studies. In 
geophysical and geological analyses, the gravity method 
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can be used for disaster mitigation such as fault detection 
and modeling8–10), mapping natural resource exploration 
such as geothermal identification and modeling11–13), 
volcanic modeling14,15), and other subsurface 
reconstructions16–19). Satellite data enable the resolution of 
resource assessment and disaster mitigation challenges 
over large areas regardless of the weather conditions20). 
Integrating direct acquisition and satellite gravity data is 
considered more effective, fast, and accurate for disaster 
mitigation.  

 
2. Materials and method 
2.1 Research area 

GGMPlus data extraction in this research focused on 
the Semeru volcano, which is situated geographically 
within the 49 zone. The elevation range for the satellite 
gravity area around Semeru volcano spans from 490 
meters above sea level (m.a.s.l) to 2590 m.a.s.l, with 
coordinates stretching from 696327E to 720518E and 
9086313N to 9109525N, based on the Universal 
Transverse Mercator (UTM) system. For this research, the 
GGMplus data demarcation also encompassed a specific 
gravity direct acquisition zone within Pronojiwo Sub-
district, Lumajang Regency bounded by 713183E to 
718514E and 9086084N to 9092525N. The spatial extent 
of both the satellite and direct acquisition data regions is 
depicted in Fig. 1. 

 

 
Fig. 1: Research area coverage (this figure was made using 

DEM SRTM and Google Earth maps). The red rectangle is for 
the GGMplus, and the purple rectangle is for the direct 

acquisition area. 
 

An analysis of the geological map reveals that the 
Semeru volcano straddles the intersection of five 
geological formations: Wuni, Mandalika, Semeru 
volcanic deposits, and the volcanic of Jembangan. (Fig.2). 
These formations consist predominantly of volcanic rock 
types such as andesitic lava, breccia, and tuff21–23). The 
geological structure that developed in the Pronojiwo was 
dominated by fault. Notably, the Pronojiwo regions’s 
geological structure is characterized by a prominent fault 
at the juncture of the Wuni and Mandalika formations, 

extending in a northwest-southwest direction. This fault 
line, as identified on the geological map, serves as a 
crucial reference point for subsequent gravity data 
collection efforts. 

 

 
Fig. 2: Geological map of the Semeru, modified based on the 
geological map21). The area in the box covers direct gravity 

acquisition. 
 
2.2 Data collection and data correction 

This research utilized primary (direct acquisition) data 
and satellite data. The GGMplus satellite data includes 
latitude, longitude, altitude, and disturbance gravity data, 
equivalent to gravity readings for free air correction. In 
contrast, the direct acquisition data, gathered using a 
Romberg & Lacoste gravimeter model G-1053, 
underwent initial conversion to milliGal units, followed 
by a series of corrections. Given the Earth’s deviation 
from a perfectly spherical form, these adjustments must 
account for geographical variations in gravitational 
acceleration. In contrast, GGMPlus data offers 
comprehensive regional insights, and ground-based 
gravity measurements hone in on localized or residual 
gravitational anomalies. The integration of these disparate 
data streams significantly enchances the accuracy of the 
ensuing subsurface structural analysis. 
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Fig. 3: Research coverage for GGMplus data with 200m 

space between each point. 
 

The GGMplus satellite gravity data sourced from 
https://murray-lab.caltech.edu/GGMplus/index.html, 
obtains the gravity data from multiple sources, including 
the GRACE (Gravity Recovery and Climate Experiment), 
GOCE (Gravity field and steady-state Ocean Circulation 
Explorer), the EGM 2008 (Earth Gravity Model), along 
with considerations for topographic gravity influences24). 
The precision of this data is notable, offering high-
resolution outputs with an estimated granularity of 200 
meters25). This study utilized 1937 data points, as shown 
in Fig. 3, arranged in a grid pattern to ensure 
comprehensive spatial representation 26). 

 

 
Fig. 4: Acquisition points for direct gravity measurements. 
 

Processing raw gravity data entailed multiple corrective 
adjustments, including tidal, drift, free air, Bouguer, and 
terrain. Factors affecting direct gravity values are 
differences in latitude, topographic conditions, variations 
in rock mass density, and elevation. Thus, some 
corrections must be made to remove unnecessary gravity 
effects26). Subsequently, the Parasnis method was applied 
to determine the local density in the study area employing 
the CBA (Complete Bouguer Anomaly). The CBA value, 
reresents the difference between the observed gravity 
value (gobs) and the theoretical gravity in the reference 
calculated at a certain point27). Gravity data obtained at the 
observation point cannot be used directly to interpret 

geological subsurface conditions28). Still, they must be 
corrected to common data by reducing gravity data to the 
geoid. The topographic surface variations of the area can 
distort the gravity data. The following equation28) obtains 
CBA. 

 
𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑔𝑔ϕ + 𝑔𝑔𝑔𝑔𝑔𝑔 − 𝐺𝐺𝐺𝐺 + 𝐺𝐺𝐺𝐺 (1) 

 
CBA is expressed in mGal, 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 are the value of gravity 
acceleration at each acquisition point, 𝑔𝑔ϕ  is latitude 
correction, 𝑔𝑔𝑔𝑔𝑔𝑔  is free air correction, 𝐺𝐺𝐺𝐺  is Bouguer 
correction, and 𝐺𝐺𝐺𝐺 is terrain correction.  

The Bouguer anomaly is a combined anomaly of the 
subsurface structure’s deep, medium, and shallow 
anomalies29,30). Therefore, a spectrum analysis is needed 
to segregate regional and residual anomalies, employing 
an upward continuation filter to isolate these components 
distinctly. The following process is flat field reduction by 
converting the Bouguer anomaly values still affected by 
the topography at the acquisition point to a flat field at a 
certain height. Reduction of the Bouguer and regional 
anomalies results in a residual anomaly31). Regional 
anomalies represent deep subsurface geological structures. 
Residual anomalies indicate the geology above the 
regional anomalies or are associated with the shallower 
geological structure. The raw data processing and 
correction produce CBA values using Microsoft Excel. 
Then, the CBA anomalies are separated to obtain residual 
anomalies using Oasis Montaj Software. 

 
2.3 Derivative analysis 

Derivative analysis of the gravity data is based on FHD 
and SVD analysis to indicate the boundaries of geological 
structures. This analysis aims to show discontinuities in 
subsurface structures that can indicate faults29). The FHD 
curve’s peak adis in pinpointing discontinuities or faults 
within the subsurface matrix32,33). Meanwhile, SVD 
analysis can describe the residual fault anomalies in 
shallow structures with zero values between maximum 
and minimum values. The SVD zero contour anomaly 
correlated with the maximum point of FHD tends to 
estimate the fault structure in the study area. 

 
3. Result and discussion 
3.1 The gravity anomalies 

Based on GGMplus data and direct acquisition gravity 
data, the Parasnis approach was utilized to determine the 
study area’s average regional rock density. These density 
values were derived from Bouguer anomalies at varying 
shallow and deep depths. The computations yielded an 
average rock density of 2.48 g/cm3 for the GGMplus 
satellite gravity data and 2.68 g/cm3 for the primary 
gravity measurements. 
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Fig. 5: CBA contour map a) GGMplus data. b) Direct 

acquisition. Area in the box is the coverage of direct gravity 
acquisition. 

 
The CBA values, which reflect variations in subsurface 

rock density, ranged from 37 mGal to 111 mGal for the 
GGMplus data, as shown in Fig. 5. High anomalies were 
predominantly located in the eastern to southwestern 
regions, whereas low anomalies were identified in the 
northern and some northwestern parts. The elevated 
anomaly values signify igneous rocks, likely residuals 
from ancient volcanic activities. Meanwhile, CBA values 
from direct gravity acquisitions spanned from 176 mGal 
to 198 mGal, with high-density areas observed in the 
south, southeast, and northeast. Conversely, lower 
anomalies were noted in the north, northwest, west, and 

part of the southwest, suggesting these regions have less 
dense subsurface structures compared to areas of high 
anomaly34). 

 

 
 

 
Fig. 6: Residual anomaly contour map a) GGMplus data b) 

Direct acquisition. The dashed black line is an estimation of the 
fault zone. The black line is slicing for derivative analysis. Area 

in the box is coverage of direct gravity acquisition. 
 

The first step in modeling and interpretation of gravity 
surveys involves eliminating regional anomalies. The 
process of distinguishing the CBA from regional 
anomalies facilitates the derivation of residual 
anomalies34). As illustrated in Fig. 6a, the residual 
anomaly values display a range from -4.91 mGal to 2.88 

- 1669 -



Fault Detection and Subsurface Model Based on Gravity Data in Pronojiwo, Lumajang, Indonesia 

 
mGal, with high anomalies stretching from 1.02 mGal to 
2.62 mGal and low anomalies from 0.49 mGal to -4.91 
mGal. 

The residual anomaly derived from the direct gravity 
data, as depicted in Fig. 6b, varies from -1.6 mGal to 0.94 
mGal. The high anomaly values range from 0.31 mGal to 
0.94 mGal, whereas the low anomalies vary from -1.5 
mGal to -0.32 mGal. The proximity of high and low 
anomaly areas on the residual map suggests interactions 
or contacts between different geological structures or 
anomalies, potentially indicating zones of geological 
weakness. Such zones are often associated with faults or 
fractures within the Earth’s crust. The analysis identified 
five potential fault zones within the GGMplus residual 
anomalies, with one of these estimated fault zones in the 
southeast corresponding to a fault zone detected in direct 
acquisition. This fault zone is consistent with the regional 
geological map, enhancing its credibility. A particular 
approach in the derivative analysis is needed to confirm 
this fault zone and identify the presence of deeper 
geological structures. 

 
3.2 FHD and SVD  

Fault detection in this study was analyzed by 
correlating geological maps (Fig. 2) with the results of 
derivative analysis performed on gravity data. The 
research employed a derivative method, effectively 
identifying shallow sources to highlight anomalies 
associated with local structures, such as faults. The 
specific derivative analyses applied were FHD and SVD. 
These analyses enhance the visibility of fault zones due to 
the pronounced contrast in anomaly values. In the FHD 
analysis, areas exhibiting high gravity values, which 
signify zones of significant rock density contrast33,35), are 
depicted in red. Conversely, the SVD analysis helps to 
pinpoint fault structures based on variations in the gravity 
anomaly10), illustrated in white.  

The interpretation of residual anomalies involved 
comparing the peak values in FHD and the contrasting 
patterns in SVD to sketch a provisional outline of fault 
structures. This step was followed by delineating four 
fault structures oriented perpendicularly to the identified 
faults to confirm their existence. On the GGMplus 
derivative map, five potential fault structures labeled 
ABCDE were identified. Cross-referencing with the 
geological map (see Fig. 2) reveals that only one fault, 
directed southeast, aligns with the D structure identified 
in the geological and derivative acquisition data. 
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Fig. 7: Map view of FHD and SVD. (a) FHD anomaly map 

of GGMplus data. (b) SVD anomaly map of GGMplus data. (c) 
FHD anomaly map of gravity acquisition data. (d) SVD 

anomaly map of gravity acquisition data. 
 
Two cross-sectional analyses (c-c’ and d-d’) were 

conducted to substantiate the existence of the D fault. 
Additionally, one cross-section each was performed for 
faults A and C (a-a’ and b-b’, respectively), representing 
areas where the derivative analysis suggested faults not 
confirmed by the geological map. The same delineation 
procedure was applied to the direct acquisition fault zone 
corresponding with the D GGMplus fault, ensuring the 
cross-sections (aa-aa’ and bb-bb’) were analyzed at 
identical coordinates. The subsequent plotting of residual 
anomaly delineations (refer to Fig. 6) alongside FHD and 
SVD analyses (see Fig. 7) generated three graphical 
representations that corroborate the presence of these fault 
structures, as detailed in Fig. 8. 

 

 

  
 

  
Fig. 8: Slicing line graph: a). Slicing a-a’ chart of GGMplus 

data. b) Slicing b-b’ chart of GGMplus data, c). Slicing c-c’ 
chart of GGMplus data, d) Slicing d-d’ chart of gravity 

GGMplus data. e) Slicing aa-aa’ chart of acquisition data.f) 
Slicing bb-bb’ chart of acquisition data. 

 
The slicing results shown in Fig. 8 demonstrate that 

where the slicing line intersects a significant density 
contrast boundary, the FHD curve reaches its maximum 
value, and the SVD curve drops to zero. Straight lines on 
the FHD and SVD curves illustrate the correlation 
between high and low anomalies, suggesting a boundary 
contact along the slicing path, interpreted as a fault36). 
Figures 8a) and 8b) present the derivative analysis for the 
suspected faults A and C. Notably, the maximum FHD 
value aligns with a non-zero SVD value in these regions, 
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yet no corresponding faults are indicated on the geological 
map. Consequently, based on the principles of derivative 
analysis and its correlation with geological mapping, 
faults A and C are not confirmed as actual faults. Similarly, 
the lack of geological map evidence for the suspected 
faults B and D is not confirmed and thus are not identified 
as faults.  

The results of slicing the D fault of GGMplus data are 
presented in graphs 8c and 8d, while the derivative 
analysis of direct acquisition is shown in graphs 8e and 8f. 
These graphs demonstrate a maximum in FHD and a zero 
value in the correlated SVD, indicating that fault D 
constitutes a fault structure. The point where SVD equals 
zero corresponds with a density contrast transition, 
identifying the source of the subsurface anomaly37). This 
is also confirmed by the geological map from the 
Geological Research and Development Centre 21). The 
suspected fault D in the Pronojiwo sub-district is 
confirmed by meeting the derivative analysis criteria and 
referencing the geological map. 

 
3.3 Subsurface Model 

Based on the occurrence of the D fault and potential 
fault of direct acquisition, a 2-D model of the subsurface 
structure will be created using the derivative analysis 
slices d-d’ from GGMplus gravity data and aa-aa’ from 
direct acquisition data (refer to Fig. 7). This model will 
include FHD and SVD curves to enhance the visualization 
of the fault target, aligning the predicted fault location 
with the peak of the FHD curve, which correlates with the 
zero point on the SVD curve. The density values inform 
the geological structure depicted in the 2-D model of 
igneous and sedimentary rocks in the study area34). 

The d-d’ slice in northwest-southeast orientation, as 
shown in Fig. 9 and extending 800 meters in length, shows 
a modeling error of 2,873 mGal, which is associated with 
the computations made in the software. This model 
comprises three rock formations, categorized based on 
their density distributions and the geological context of 
the study area, with densities ranging from 2.9 g/cm³ to 2 
g/cm³. The uppermost formation, rendered in pink, is 
classified as tuff with a 2 g/cm³ density. This tuff 
formation, part of the Semeru volcanic formation, extends 
from 200 m to 800 meters. The intermediate formation, 
depicted in yellow, is identified as breccia with a 2.67 
g/cm³ density. In the eastern section, this breccia 
formation ranges from 300 m to 800 m deep, whereas in 
the western section, it is found between 450 m and 650 m 
deep, suggesting potential uplift of the substrate in the 
west. The deepest formation is inferred to be andesitic lava, 
noted for its higher density of 2.9 g/cm³ and commencing 
at a depth of 500 m.  
 

 
Fig. 9: 2-D modeling of d-d’ slicing GGMplus data. 

 
The cross-section model from the aa-aa’ slicing, 

displayed in Fig. 10 and oriented in a northwest-southeast 
direction, presents density values ranging from 2.9 g/cm³ 
to 2 g/cm³ over 800 meters. This aa-aa’ model aligns with 
the d-d’ slice, encapsulating three stratified rock 
formations. Low anomaly values are attributed to the tuff 
and breccia formations, which are components of the 
younger Semeru volcanic formations. These low-density 
volcanic fallout deposits impact the correlation between 
the lithological properties and the observed low gravity 
anomalies within the volcanic region38). Conversely, the 
high anomaly values are likely due to denser igneous 
formations, specifically andesitic lava39). An error margin 
of approximately 1,473 mGal in the aa-aa’ model 
necessitates the correlation of this 2-D modeling with both 
GGMPlus and direct acquisition gravity data to ensure 
consistency and accuracy. 
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Fig. 10: 2-D modeling of aa-aa’ slicing gravity acquisition 

data. 
 

Based on Figures 9 and 10, the First Horizontal 
Derivative (FHD), Second Vertical Derivative (SVD), and 
2-D modeling curves collectively indicate the locations of 
faults, which are oriented in the northeast-southwest 
direction. These faults result in the downward 
displacement of the western rock block (acting as the 
footwall) relative to the eastern rock block (acting as the 
hanging wall) along the fault plane. This interpretation is 
supported by data from the geological and morphological 
map of Semeru Volcano Piedmont, composed of Alluvial 
and Laharic Piedmont40). Furthermore, the interaction of 
Semeru/Mahameru eruption deposits and remnants of lava 
with the older geological layers, such as the Oligocene-
Miocene Tuff and the Andesite Formation, delineates 
normal fault boundaries. These faults are attributed to 
vertical compression and the uplifting of rock formations, 
processes associated with the subduction zone located to 
the south of the volcano39). 

 
4. Conclusion 

The gravity analysis indicates the presence of a 

subsurface fault structure beneath the Pronojiwo sub-
district. The residual anomaly values range from -4.9 
mGal to 3.6 mGal for GGMplus data and from -1.6 mGal 
to 0.94 mGal for direct acquisition. The contrast between 
high and low anomalies, illustrated on the residual maps, 
delineates an estimated fault zone. The derivative analysis 
confirms this fault structure, as shown by the alignment of 
high and low anomalies along the slicing path and the 
intersection of the FHD curve’s peak with the SVD 
curve’s zero value. The FHD and SVD analyses also 
suggest that the fault orientation is predominantly in the 
northeast-southwest direction. 

The analysis and modeling results, integrating satellite 
gravity data and direct observations, reveal a consistent 
anomaly pattern, identifying three principal subsurface 
formations: andesitic lava, breccia, and tuff. These 
determinations are based on comparisons of regional 
geological maps and rock density data. 
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