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Abstract. The Palu-Koro Fault system in Central Sulawesi is a major strike-slip fault associated with
significant seismic hazards. This study investigates the fault dynamics and associated surface ruptures
using gravity anomaly data and derivative-based geophysical methods. The Simple Bouguer Anomaly
(SBA) values, ranging from —2 to 56 mGal, reveal substantial density contrasts in the subsurface,
delineating fault boundaries and localised geological structures. Residual anomaly maps highlight
sharp density gradients, which correspond to active fault zones. The derivative analyses, including
First Horizontal Derivative (FHD) and Second Vertical Derivative (SVD), further refine the fault geometry
and movement mechanisms, confirming the predominantly strike-slip nature of the Palu-Koro Fault,
with localised normal faulting in certain segments, particularly in pull-apart basins and fault stepovers.
The identified fault structures are consistent with previously mapped surface ruptures and aftershock
distributions, indicating a strong correlation between gravity-derived density contrasts and active fault
segmentation. These findings offer critical insights into fault behaviour, contributing to more accurate
seismic hazard assessments and disaster mitigation strategies. The results reinforce the importance
of gravity-based geophysical techniques in fault characterisation and highlight their potential for
integration with other geophysical datasets in seismic hazard analysis.
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The tectonic framework of the Palu region in
Central Sulawesi, Indonesia, is characterised
by a highly complex interaction of active fault
systems, including the Palu-Koro Fault (Fig. 1a, b).
This fault is one of the primary tectonic features
responsible for the region's high seismicity (Bellier
et al. 2001; Watkinson 2011; Fang et al. 2019). The
convergence of major tectonic plates — the Pacific
Plate, the Indo-Australian Plate, and the Eurasian
Plate - has led to the formation of active faults
with varying mechanisms, including strike-slip,
reverse and normal faulting (Hall 2002; Irsyam et

al. 2020; Yu and Sun 2022). The Palu-Koro Fault,
extending ~500 km from the Makassar Strait to
the Bone Bay, is a left-lateral strike-slip fault and
represents a significant seismic hazard for the area
(Walpersdorf et al. 1998; BMKG 2019; Supendi et
al. 2019; BMKG 2023; Purba et al. 2024).

A significant tectonic earthquake that struck
Palu occurred on September 28, 2018, with
a magnitude of Mw 7.5, demonstrating the
destructive potential of the Palu-Koro Fault. The
Global Centroid Moment Tensor (GCMT) solution
for this event (Fig. 1a) indicates a predominantly
strike-slip faulting mechanism with minor oblique
components. The first nodal plane (strike =
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348°, dip = 57°, slip = -15°) closely aligns with
the mapped geometry of the Palu-Koro Fault by
PuSGeN (2017), confirming left-lateral motion
along a north-northwest (NNW) striking plane.
Meanwhile, the second nodal plane (strike = 87°,
dip = 77°, slip = —146°) suggests an alternative fault
plane with a steeper dip, likely accommodating
secondary faulting (Ekstrom et al. 2014). Focal
mechanism solutions provide critical insights
into fault slip direction and orientation, serving
as essential tools for characterising fault zones
and regional stress regimes based on seismic data
(Khalid et al. 2015; Cheng et al. 2023; Rong et al.
2023).

The 2018 Palu earthquake not only produced
complex fault rupture patterns but also triggered
cascading hazards, including tsunamis and
extensive liquefaction, leading to widespread
displacement and significant loss of life. By
October 21, 2018, the disaster had claimed 2,256
lives, with fatalities distributed across the affected
regions: 1,703 in Palu, 171 in Donggala, 366 in
Sigi, 15 in Parigi Moutong, and 1 in Pasangkayu.
In addition, 1,309 people were reported missing,
4,612 were injured, and 223,751 were displaced
across 122 evacuation sites (Valkaniotis et al. 2018;
BNPB 2019; Natawidjaja et al. 2021). Notably, the
earthquake's surface rupture deviated from the
fault line previously mapped by PuSGeN (2017),
traversing densely populated areas in Palu (Ekstrom
et al. 2014; Valkaniotis et al. 2018; Natawidjaja et
al. 2021). This raises critical concerns for urban
planning and disaster mitigation, emphasising the
need for accurate mapping and proactive strategies
to address such hazards in the future (Daryono
2016; Valkaniotis et al. 2018; Purba et al. 2024).

The difference between the observed surface
rupture and the mapped trajectory of the Palu-
Koro Fault (Fig. 1b) communicates a gap in
understanding the fault's detailed behaviour and
seismic hazards associated with such activity.
Traditional seismic hazard models often rely upon
historical fault mapping, which may not capture
unmapped or secondary faults. This study therefore
seeks to improve disaster mitigation strategies
by using gravity anomaly data to delineate fault
structures and surface ruptures in a more accurate
manner (Stanley 1977; Reynolds 1997; Biasi and
Wesnousky 2016; Valkaniotis et al. 2018; Burger
et al. 2023).

Gravity anomaly analysis has been widely
recognised as a powerful tool for investigating
subsurface geological structures, particularly in
seismically active regions. By analysing variations
in Bouguer Anomaly values, geophysicists can
infer density contrasts associated with fault zones,
which are critical for understanding fault dynamics
and identifying potential rupture zones (Blakely
1995; Hiramatsu et al. 2019; Eppelbaum et al. 2020;
Umar 2023). Advanced techniques such as First
Horizontal Derivative (FHD) and Second Vertical
Derivative (SVD) further enhance this analysis by
delineating the boundaries of geological structures
with greater precision (Elkins 1951; Stanley 1977;
Reynolds 1997; Fedi and Florio 2001; Du and
Zhang 2021).

The Palu-Koro Fault system, as depicted in
the geological map (Fig. 1b,c) provides a critical
context for such analyses. The alignment of varying
lithologies, including clastic sedimentary rocks,
metamorphic sequences and alluvium, highlights
the complex tectonic evolution of the area (Sukamto
1982; Natawidjaja et al. 2021). Integrating gravity
anomaly analysis with these mapped geological
features enables a more detailed delineation of
fault zones and their associated density contrasts,
particularly for the Palu-Koro Fault, where
surface rupture and lithological variations suggest
significant subsurface heterogeneity.

In the context of active fault mapping, these
methods have been applied successfully in various
tectonic settings. For example, FHD and SVD
techniques can highlight regions with abrupt
density contrasts, which often correspond to
fault zones (Rosid and Siregar 2017; Dewanto
et al. 2022; Rosid 2023; Murdapa et al. 2024).
Such analyses provide critical insights into the
movement mechanisms of strike-slip faults,
including those similar to the Palu-Koro Fault,
by identifying patterns of stress accumulation and
release along fault lines. Integrating these gravity-
based methods with other geophysical tools, such
as seismic and remote sensing data, has proven
effective in creating comprehensive fault models
that improve hazard assessments (Fedi and Florio,
2001; Du and Zhang, 2021; Purba et al. 2024).

Although the Palu-Koro Fault is well-
documented, gaps remain in understanding the
interactions between major and secondary faults.
Studies such as those by Bellier et al. (2001),
Daryono (2016) and Valkaniotis et al. (2018)
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Fig. 1. Map of Tectonic and geological setting around Sulawesi and the study area: a) Distribution of active
faults and centroid moment tensor (CMT) solution of the 2018 Mw 7.5 Palu earthquake (modified
from Ekstrom et al. 2012; Irsyam et al. 2020; PuSGeN 2017, 2022, 2024); b) Location of the Palu-
Koro Fault segment within the study area (modified from PuSGeN 2017); ¢) Geological formations

surrounding the study area (modified from Sukamto 1982)
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have identified the fault’s significant role in the
region's tectonics but do not fully account for the
observed deviations in rupture patterns during
the 2018 earthquake. Furthermore, traditional
geological mapping techniques fail to capture
the complexities of fault behaviour in urbanised
settings (Daryono 2016; Andriamamonjisoa and
Hubert-Ferrari 2019; Valkaniotis et al. 2018;
Williams et al. 2020).

Advanced geophysical methods, such as gravity
gradient analysis and satellite-based remote
sensing, have shown promise in addressing these
gaps. However, their application in the Palu
region remains limited, particularly in integrating
derivative analyses with geological data to enhance
fault mapping and seismic risk assessment (Bellier
et al. 2001; Daryono 2016; Purba et al. 2024). This
lack of comprehensive data integration represents
a critical research gap.

The primary objective of this study is to
investigate the surface rupture patterns associated
with the Palu-Koro Fault and their relationship
to gravity anomalies. In addition, this study aims
to provide a scientific foundation for long-term
earthquake hazard mitigation in the Palu region by
identifying active fault segments and understanding
their subsurface characteristics. Specifically, the
study seeks to determine the extent to which
gravity-based analyses, such as FHD and SVD, can
be used to accurately delineate fault structures and
predict potential surface rupture zones.

The novelty of this research lies in its application
of derivative-based gravity analysis techniques
to the Palu-Koro Fault system, which has not
been extensively explored in previous studies. By
integrating these methods with existing geological
and seismic data, the study aims to provide a more
comprehensive model of fault dynamics and rupture
behaviour. This innovative approach addresses the
limitations of traditional mapping techniques and
offers new insights into the complex interactions
between primary and secondary fault systems.

The scope of the study includes the use of
gravity anomaly data to identify and analyse
the spatial characteristics of surface ruptures,
with a particular focus on their implications
for disaster mitigation and urban planning. The
findings are expected to guide local government
policies while providing a valuable reference for
geophysical researchers studying Palu City and

other regions. Ultimately, this research aims to
enhance community resilience and preparedness
(mitigation) against future seismic events.

Materials and methods

Gravity

Gravity is central to one of the geophysical methods
based on the measurement of variations in the
acceleration value of the earth's gravity (Telford
et al. 1990; Gabo et al. 2015; Phillips 2015). This
method is used to identify and describe the shape
of subsurface geological structures based on
variations in the Earth's gravity field produced by
density differences between rocks (Telford et al.
1990; Phillips 2015). This method studies variations
in gravity acceleration value due to variations in
rock mass density in the subsurface. Therefore,
this research focuses on the difference in the
acceleration value of gravity from one observation
point to another. One of the applications of the
gravity method is to map geological structures
in the form of faults (Sarkowi 2010; Layade et al.
2020; Khogali et al. 2024). Therefore, this method
can be used to estimate locations and types of
faults.

In this study, the author estimates the
location of the fault in the study area based on
the Simple Bouguer Anomaly response and the
First Horizontal Derivative and Second Vertical
Derivative analysis.

Simple Bouguer Anomaly

The Simple Bouguer Anomaly (SBA) is a widely
used gravity anomaly in fault interpretation studies,
representing the difference between the observed
gravity value and the theoretical (normal) gravity
value (Gabo et al. 2015; Armada et al. 2020; Layade
et al. 2020). The SBA in this study was calculated
without explicit terrain corrections, as the primary
objective was to identify fault structures rather than
to refine absolute gravity values. Although terrain
effects can influence SBA computations, previous
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studies (Sembiring et al. 2023; Godah et al. 2024)
have shown that these effects are more pronounced
in regions with significant topographic relief. Given
that the Palu region exhibits moderate elevation
variations, the omission of terrain correction is
unlikely to introduce significant biases in the
identification of fault-related anomalies.

Furthermore, SBA results derived from GGM-
plus data already incorporate a degree of terrain
modelling, reducing the need for additional
correction steps (Pavlis et al. 2012). However, it
is acknowledged that residual terrain effects may
still be present, potentially contributing to localised
variations in FHD and SVD results, particularly in
areas with steep density contrasts (Gunawan and
Permana 2024). The SBA value in this study was
computed using the following equation (Blakely
1995):

SBA = (gobs — go + 0.3085h) — (0.04192 ph) (1)

SBA = FAA - BC ()

Where SBA is the Simple Bouguer Anomaly, g, is
the observed gravity, g, is normal/theoretical gravity
at the relevant latitude, p is the mass density, 4 is the
measurement altitude, FAA is the free air anomaly,
and BC is the Bouguer correction.

First Horizontal Derivative (FHD)

First Horizontal Derivative (FHD) is a method used
to show the boundary of a geological structure
based on its weight anomaly seen from the change
in the weight anomaly value from one point to
another horizontally with a certain distance, which
has sharp characteristics in the form of maximum
or minimum values at the anomalous contact. This
method is formulated as follows (Stanley 1977;
Sarkowi et al. 2022):

_ a_g 2 0_g 2
FHD = (6x) + (63/) (3)
dg dg
Where: _?C and 3, are the first derivative of
the Eartgs gravity ﬁeld in the x and y directions,

respectively.

Second Vertical Derivative (SVD)

The Second Vertical Derivative (SVD) is the second-
order derivative value of the gravity anomaly,
which is used to bring out the shallow effects of
its regional influence and also to determine the
boundaries of the structures present in the study
area. Mathematically, the Second Vertical Derivative
method can be obtained from the horizontal
derivative because the gravity field satisfies the
Laplace equation (Elkins 1951; Saibi et al. 2016;

Sarkowi et al. 2022): (4)
VAg-0 with viag =208, Tle, 7y
0x2 dy? 9z2
So, the equation becomes: Y
0% (A 0% (A 0% (A
(Ag) 0°(ag)  9°(Ag)
0x? dy? 0z2
(5)
0% (Ag) __ 0*(Ag)  0%(Ag)
0z? ox? dy?

Since the value of y is constant for each incision or
cross-section data, equation 5 becomes:

0*(8g) _ <02(Ag>> ©

0z2 dx?

The first derivative in the one-dimensional case can
be found by dividing the difference of the gravity
values at two locations (x(i) and x(i+1)) against the
distance between the two locations (Ax)

0Ag(x;))  {g(xiy1) — g(x)} (7)
ox Ax

Then, the second derivative is calculated by finding
the difference between the first derivatives of the
two adjacent points, which results in the following

equation:
0*Ag(x) _ {g(xs) —29(x) + g(x)}
oxz (Ax)? ®

From the equations above, it can be seen
that the Second Vertical Derivative of a surface
gravity anomaly is the negative value of the
derivative obtained through its horizontal second-
order derivative. Meanwhile, the method used
in this study to classify fault types is adapted
from the approach introduced by Bott (1962),
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which originally aimed to determine the slope
direction of subsurface density boundaries, such
as the interface between sedimentary basins and
basement rocks. Bott (1962) demonstrated that
the second vertical derivative (SVD) of a gravity
anomaly highlights density contrasts, with the
relative magnitudes of the maximum and minimum
SVD values providing insight into the geometry of
subsurface structures. In this study, this principle
has been adapted to classify fault types by analysing
the maximum and minimum values of the SVD,
based on the assumption that variations in density
gradients reflect different faulting mechanisms.
While this adaptation provides a useful tool for
fault delineation, it is important to acknowledge
that SVD alone does not directly determine fault
kinematics and should be interpreted alongside
seismic (Supendi et al. 2019, 2020) and geological
data (Sukamto 1982; Natawidjaja et al. 2021) for
greater accuracy. To determine the type of fault
structure can be determined by using the equation
(Bott 1962; Sarkowi 2010; Reynolds 1997).

aZ A 62 A
( Zg) 9°(8g) =Reverse Fault
072 |min 022 max
2 2
0 (Ag)| < P9 = Normal Fault
072 lmin 022 max
aZ(Ag)| _ 0%(ag) — Qi i
022 lmin T a2 max ~ Strike slip fault

This research utilises gravity anomaly data obtained
from the GGMplus model, which provides ultra-
high-resolution gravity field estimates at ~200 m
spatial resolution (Hirt et al. 2013). These data
make it easy to access without requiring large costs
when compared to direct surveys. The study area
is located within the Palu region, Central Sulawesi,
Indonesia, covering the coordinates 0.8° - 1.2°
S and 119.7° - 120.0° E (Fig. 1b). The gravity data
used in this study consist of free-air anomaly (FAA)
values sourced from the gravity data folder (ga) of
GGMplus (https://ddfe.blazejbucha.com/models/
GGMplus/data/ga/). Additionally, topographic data
for Bouguer correction and terrain effect analysis
were obtained from the digital elevation model
(dg) folder of GGMplus (https://ddfe.blazejbucha.
com/models/GGMplus/data/dg/). Importantly,
while GGMplus incorporates topographic effects

in its gravity modelling, it does not independently
generate topographic data but rather integrates
external DEM sources such as SRTM, ASTER
and EGM2008 (Hirt et al. 2013). This study uses
SRTM-derived elevation data at 3 arc-second (~90
m) resolution for terrain corrections in Bouguer
anomaly calculations.

The data we used on fracture patterns served as
supporting data in this study, as seen in Fig. 1b from
Valkaniotis et al. (2018). The location of the fracture
pattern can then be compared with the analysis of
the derivative processing results that have been
carried out to study the subsurface structure of the
fracture pattern.

Data processing

The processing of gravity data began with the
computation of the Simple Bouguer Anomaly (SBA),
which required estimating the average density and
applying Bouguer corrections. The Parasnis method
(Parasnis and Cook 1952; Ritchie et al. 1966; Rao
and Satyanarayana 1973; Gabo et al. 2015; Armada
et al. 2020) was used to estimate the average density,
assuming that the Bouguer Anomaly value is zero.
The Bouguer correction was then calculated using
standard formulas, incorporating topographic
height variations derived from SRTM-based
elevation models (Hirt et al. 2013). The final SBA
values were obtained by subtracting the Bouguer
correction from the free-air anomaly (FAA) at each
grid point, ensuring the removal of terrain-induced
gravity effects.

To further refine the gravity anomaly data,
anomaly separation was performed using the moving
average method (Stanley 1977; Reynolds 1997; Fedi
and Florio 2001; Du and Zhang 2021). This approach
effectively differentiates regional and residual
anomalies, where long-wavelength anomalies related
to deep-seated geological structures were filtered
out, allowing short-wavelength residual anomalies
to be extracted for more precise fault identification.
The resulting residual anomalies were then utilised
for further geological structure analysis.

Once the SBA and residual anomalies were
determined, First Horizontal Derivative (FHD)
and Second Vertical Derivative (SVD) analyses
were conducted to enhance the identification
of subsurface structures. The FHD values were
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computed using the first-order finite difference
method along the x and y directions to highlight
lateral density contrasts, while the SVD values
were calculated as the negative of the second-
order horizontal derivatives, emphasizing vertical
density variations associated with fault structures.
These derivative calculations were performed using
Microsoft Excel, and the results were visualised as
thematic maps with Generic Mapping Tools (GMT)
(Wessel et al. 2019).

An essential aspect of the analysis involved
addressing the impact of terrain effects on SBA,
FHD and SVD results. Since the FAA values
obtained from GGMplus inherently include terrain-
induced gravity effects, additional residual terrain
modelling (RTM) was applied to minimise high-
frequency noise (Forsberg 1984; Hirt et al. 2010).
The influence of uncorrected terrain effects on
gravity-derived fault structures was evaluated
by comparing the results with mapped surface
rupture patterns from Valkaniotis et al. (2018). This
comparison ensured that the gravity-derived fault
traces were consistent with observed earthquake-
induced surface deformation, thereby improving
the reliability of fault identification.

The final step of the data processing involved
interpreting the derivative results in relation to
geological structures identified in previous studies.
The gravity-based fault delineations were cross-
referenced against existing fault maps, seismicity
records and geological data to assess their accuracy
in identifying active fault zones. The integration
of gravity anomaly analysis with geological and
geophysical constraints provided a comprehensive
understanding of subsurface faulting mechanisms,
which is crucial for seismic hazard assessment and
disaster mitigation. To enhance the clarity and
reproducibility of this study, a simplified research
flowchart is presented in Figure 2. This diagram
outlines the overall methodological framework
applied in this research.

Results

Simple Bouguer Anomaly

The SBA (Simple Bouguer Anomaly) value is
obtained by making Bouguer corrections to the FAA

data. Before obtaining the Bouguer correction value,
the average density estimation is first determined
using the Parasnis method (Parasnis and Cook
1952; Ritchie et al. 1966; Rao and Satyanarayana
1973; Gabo et al. 2015; Armada et al. 2020). The
results obtained for the average density estimation
value in this study were 2.5183 gr/cm? as shown
in Figure 3.

The average density value obtained is then used
to determine the Simple Bouguer Anomaly (SBA)
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Fig. 2. Research flowchart
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value. Then the anomaly distribution mapping of
the SBA value in the study area is carried out.

The Simple Bouguer Anomaly (SBA) values
obtained in this study range from -2 mGal to 56
mGal, highlighting significant subsurface density
variations in the Palu region (Fig. 4). Lower anomaly
values are generally associated with areas of low-
density materials, such as sedimentary basins, while
higher values indicate denser geological structures
(Sunil et al. 2010; Lewerissa et al. 2017; Guglielmetti
and Moscariello 2021). Specifically, the Palu-Koro
Fault exhibits a pronounced gradient in anomaly
values, which is indicative of a sharp contrast
in subsurface densities. The anomaly variations
align with the tectonic complexity of the region,
particularly the northwest-southeast direction
of faulting, as previously identified in geological
studies (Fig. 1c).

This Simple Bouguer Anomaly value is
a combination of values between the residual
anomaly (shallow) and regional anomaly (deep),
so it is necessary to separate the two anomalies.
The purpose of anomaly separation is to determine
the source of deep and shallow anomalies (Stanley
1977; Reynolds 1997; Fedi and Florio 2001; Du
and Zhang 2021). In this study, separation is used
using the moving average method (Stanley 1977;
Reynolds 1997; Fedi and Florio 2001; Du and
Zhang 2021). This process is assisted by analysing
the spectrum to obtain the cut-oftf wave number
used to determine the window width in the moving
average process. From the separation results, the

regional and residual Bouguer anomaly maps are
shown in Figure 5.

The residual anomaly obtained through moving
average techniques further clarified the structural
details. The regional anomaly map showed smoother,
broader patterns, while the residual anomaly map
revealed localised density contrasts. This separation
provided a clearer understanding of the subsurface
features associated with active faulting, such as the
Palu-Koro Fault and adjacent surface rupture zones.

Determination of fault types

The study of subsurface structures may produce
mixed results, so in this study we used derivative
methods (FHD and SVD) to help learn more about
the determination of subsurface structures. The
calculation of the derivative method (FHD and SVD)
is done statistically using equations (3) and (8) with
the help of Microsoft Excel software. In areas where
there are geological structure boundaries, the First
Horizontal Derivative (FHD) of the obtained gravity
anomalies tends to have a characteristic maximum
or minimum value. Meanwhile, the Second Vertical
Derivative (SVD) of the gravity anomaly caused
by the geological structure will have a maximum
absolute value and a minimum absolute value and
is limited by a value of zero or close to zero as the
limit of its geological characteristics. The FHD and
SVD of the obtained gravity anomalies can be used
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Fig. 3. Application of the Parasnis method for estimating average rock density
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crustal blocks likely related to basement structures.
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Fig. 5. Gravity anomaly separation using moving average filtering. (a) Regional anomaly map showing broad trends of
crustal uplift and subsidence; (b) Residual anomaly map highlighting localised density contrasts, particularly along
the Palu-Koro Fault trace
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to determine the type of fault by geological sections
of the fault to be determined.

In this study, no fixed numerical threshold was
applied for delineating fault segments from the FHD
and SVD profiles. Instead, the process involved
a qualitative and empirical approach, based on
identifying prominent local maxima and minima,
as well as zero crossings, in the derivative profiles.
On FHD curves, fault boundaries are typically
associated with peaks (positive or negative) that
mark high-density lateral contrasts. On SVD profiles,
fault structures are often identified by zero-crossing
points, where the sign of the second derivative
changes, indicating vertical density discontinuities.
These features were visually inspected and interpreted
across all 11 cross-sections (Figs 6 and 7). Although
the numerical values of SVD commonly fall within
a narrow range (approximately 0.00001-0.0001), the
interpretation focused on relative contrasts rather
than fixed cut-offs. The interpreted segments were
then validated through spatial alignment with surface
rupture maps, relocated seismicity, and InSAR-
derived slip distributions (Fang et al. 2019; Supendi
et al. 2019; Natawidjaja et al. 2021). This combined
visual-empirical approach aligns with established
gravity interpretation techniques (Bott 1962; Sarkowi
et al. 2010; Sumintadireja et al. 2018).
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The Palu-Koro Fault and surface rupture are
suspected to be located in the surroundings of Palu
Bay. Therefore, 11 sections (Fig. 6) were made along
the border of the study area to determine the type of
fault on the Palu Fault and surface rupture.

The sections shown in Figure 6 are used to analyse
the graph of FHD-SVD values displayed in the form
of a scatter graph. The analysis of the FHD-SVD
graph is an indicator in determining the type of Palu
Fault and also the rupture surface in the study area.
Based on the FHD-SVD value graph, the FHD values
of the gravity anomaly in both the Palu-Koro Fault
incision and the surface rupture mostly show sharp
characteristics in the form of minimum or maximum
anomaly values. However, in the B-B', E-E" and F-F'
sections, the results obtained do not show any sharp
characteristics of the anomalous values. From all the
results of the FHD sections that have been made on
the Palu-Koro Fault and also the rupture surface,
they have a correlation with the zero value on the
SVD value graph. Therefore, it can be classified
that there is a geological structure boundary in the
sections area.

The SVD analysis for the Palu-Koro Fault shows
that nine of the geological sections have absolute
maximum values greater than their corresponding
absolute minimum values, while two sections exhibit
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Fig. 6. First Horizontal Derivative (FHD) and Second Vertical Derivative (SVD) maps. (a) FHD reveals lateral density contrasts
useful for detecting fault boundaries; (b) SVD highlights vertical density gradients that correlate with known surface

ruptures and seismicity
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eastern segments of the study area.

absolute maximum values smaller than their absolute
minimum values (Table 1 and Fig. 7). In contrast, the
SVD analysis for the surface rupture indicates that
seven of the 11 sections possess absolute maximum
values exceeding their absolute minimum values,
whereas the remaining four sections show higher
absolute minimum values compared to their absolute
maximum values.

According to the SVD criteria outlined in
Equations (9), (10) and (11), the nine sections along
the Palu-Koro Fault can be classified as strike-slip
faults with slight downward motion. Meanwhile,
two sections, namely B-B' and K-K, are categorised
as strike-slip faults with slight upward motion. For
the surface rupture, seven sections are identified as
strike-slip faults with minor downward motion, while
the other four sections, specifically A-A', E-E', G-G'
and K-K, are classified as strike-slip faults with slight
upward motion.

Based on the analysis of 11 sections along the
Palu-Koro Fault and the surface rupture, nine
sections of the Palu-Koro Fault exhibit strike-slip
faulting with minor downward displacement, and
two sections show strike-slip faulting with slight
upward displacement. Similarly, the surface rupture
analysis reveals seven sections as strike-slip faults
with minor downward motion, whereas four sections
are classified as strike-slip faults with slight upward
motion. These findings suggest that the Palu-Koro
Fault predominantly functions as a strike-slip fault
with slight downward displacement. Moreover, the
surface rupture in the study area is assumed to have
resulted from the same strike-slip mechanism with
minor downward motion.

The fault responsible for the surface rupture is
likely part of the same segment as the Palu-Koro
Fault, as indicated by the proximity of the surface
rupture to the fault and the similarity in FHD-SVD
patterns. This correlation confirms that the surface
rupture was caused by fault activity in Palu City, with
a northwest-southeast orientation. The mapping of
surface rupture paths, supported by this analysis,
provides a valuable reference for disaster mitigation
and the development of hazard-prone zone maps.

Discussion

The results of this study highlight the effectiveness
of Simple Bouguer Anomaly (SBA) analysis
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Table 1. SVD values of geological sections

SVD Value of Palu-Koro Fault

SVD Value of surface rupture

Cross-
sections Absolute Absolute Absolute Absolute
Minimum Maximum Minimum Maximum
A-A 0.0000226 0.0000512 0.0000036 0.0000019
B-B 0.0000486 0.0000372 0.0000029 0.0000033
c-C 0.0000099 0.0000173 0.0000096 0.0000127
D-D’ 0.0000139 0.0000158 0.0000014 0.0000037
E-F 0.0000147 0.0000317 0.0000146 0.0000129
F-F 0.0000112 0.0000247 0.0000112 0.0000131
G-G 0.0000574 0.0000612 0.0000034 0.0000076
H-H 0.00004 0.0000758 0.0000335 0.0000187
I-T 0.0000097 0.0000185 0.0000075 0.0000108
J-T 0.0000572 0.0000632 0.0000009 0.0000021
K-K 0.0000246 0.0000142 0.0000055 0.0000013

and derivative techniques (FHD and SVD) in
delineating fault structures and characterising
subsurface dynamics in the tectonically complex
Palu region. The SBA values, ranging from -2 to
56 mGal, reveal significant density variations within
the subsurface, where lower values correspond to
sedimentary basins, whereas higher values indicate
denser geological formations (Sukamto 1982; Sunil
et al. 2010; Lewerissa et al. 2017; Guglielmetti and
Moscariello 2021; Natawidjaja et al. 2021). These
findings align with the established geological
framework of Sulawesi, which is characterised by
active fault systems, particularly the Palu-Koro Fault
(Sukamto 1982; Bellier et al. 2001; Watkinson 2011;
Natawidjaja et al. 2021).

The gravity anomaly gradients identified
in this study correspond well with hypocentre
relocation studies from Supendi et al. (2019, 2020)
and Global Centroid Moment Tensor (GCMT)
solutions (Ekstrom et al. 2012), which identified
a NW-SE trending aftershock sequence following
the 2018 Mw 7.5 Palu earthquake. The alignment
between seismic activity and subsurface density
contrasts suggests a structural link between fault
segmentation and rupture propagation (Daryono
2016; Valkaniotis et al. 2018, Natawidjaja et al.
2021). Further supporting this hypothesis, double-
difference relocation results (Supendi et al. 2019,
2020) show that most aftershocks occurred along
the eastern side of the Palu-Koro Fault, at depths

shallower than 20 km, reinforcing the interpretation
that the fault system is structurally complex.

The findings of this study are further validated
by InSAR-derived coseismic deformation patterns
(Fang et al. 2019), which indicate that the 2018
earthquake propagated at supershear velocity
(~4.1 km/s). This high rupture speed, along with
the presence of multiple slip asperities, suggests
that the Palu-Koro Fault is highly segmented. The
four major slip asperities identified in the InSAR
study correspond to areas of significant density
contrast in the SBA and residual anomaly maps,
reinforcing the fault segmentation model proposed
by Natawidjaja et al. (2021). Specifically, Fang et al.
(2019) reported a maximum coseismic slip of ~6.5
metres in the southern segment of the fault, which
aligns spatially with the most prominent residual
gravity anomaly and sharp SVD gradients observed
in this study. Although we did not reproduce their
slip distribution figure due to data access limitations
and authorship considerations, spatial comparisons
were made using published maps, providing a semi-
quantitative validation of the gravity-derived
segmentation. The integration of gravity data with
InSAR observations strengthens the argument that
density contrasts identified through SBA and SVD
analysis can effectively delineate rupture-prone
segments of the fault.

The regional and residual anomaly separation
provided further clarity on subsurface structures,
with residual anomalies capturing localised density
contrasts that are consistent with mapped fault traces
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(Fedi and Florio 2001; Du and Zhang 2021; Sarkowi
et al. 2022). The sharp residual anomaly gradients
along the Palu-Koro Fault indicate well-defined
geological boundaries, which align with seismic
relocation studies (Supendi et al. 2019, 2020) and
geological fault mapping (Sukamto 1982; Natawidjaja
et al. 2021). The derivative analysis (FHD and SVD)
further refined fault boundary delineation, with
FHD highlighting lateral discontinuities and SVD
capturing vertical density variations. The Palu-Koro
Fault is predominantly left-lateral strike-slip, but
localised vertical displacement (e.g., in segments
B-B' and K-K') suggests structural complexities
within the fault system. This observation correlates
well with previous studies that identified multi-
segment rupture behaviour, fault bends and pull-
apart basins (Daryono 2016; Supendi et al. 2019;
Natawidjaja et al. 2021).

These interpretations are further supported by
recent studies that explore the relationship between
gravity anomalies, fault segmentation and seismic
activity along the Palu-Koro Fault system. Hanif
et al. (2024) and Patria et al. (2023) demonstrated
that lithospheric thinning and variations in fault slip
rate — derived from gravity modelling - strongly
correlate with local subsurface complexity and
rupture behaviour. Gravity anomalies were shown
to correspond with deep basement structures and
potential rupture zones, consistent with findings in
this study. In addition, Putrie and Husein (2024)
applied focal mechanism analysis to map fault
plane geometry, which aligned with gravity-defined
segments. These independent datasets reinforce that
gravity-based techniques, especially when integrated
with seismic data, offer reliable insights into the
segmentation, stress accumulation and rupture
potential of active faults in Central Sulawesi (Bao
et al. 2019; Jayadi et al. 2023; Rosid 2023).

In addition to structural and seismological
validations, the lithological characteristics along
the Palu-Koro Fault also support the gravity-
based interpretations presented in this study.
The fault system traverses a geologically diverse
region composed of sedimentary, volcanic and
metamorphic units formed through long-term
tectonic processes (Polcari et al. 2019; Wang et al.
2019; Hanif et al. 2024). Variations in lithology -
such as young volcanic rocks, marine sediments
and reactivated thrust zones - affect subsurface
density distributions, which are captured as gravity
anomalies in the SBA, FHD and SVD results.

These geological contrasts contribute to the spatial
heterogeneity of seismic behaviour along the fault,
including the propagation of the 2018 supershear
rupture (Bao et al. 2019; Li et al. 2022; Jayadi et al.
2023). Integrating lithological context with gravity
and seismic data thus enhances the reliability of fault
segmentation analysis and provides critical insights
for hazard assessment in Palu and surrounding
regions (Jaya et al. 2019; Syamsuddin et al. 2024).

While SVD analysis effectively delineates fault
boundaries, its application in fault classification
remains debated. Sumintadireja et al. (2018)
emphasised that SVD alone cannot reliably
determine fault kinematics, as density variations
may be influenced by non-tectonic factors, including
lithological contrasts and sediment compaction.
In this study, the assumption that the relative
intensities of second vertical derivative peak values
can be used to classify normal, reverse and strike-
slip faults is adapted from Bott (1962), which was
originally developed for granitic intrusions and
sedimentary basins. However, as Sumintadireja et
al. (2018) suggests, caution must be exercised when
applying this method to complex fault systems like
Palu-Koro, where fault behaviour is influenced
by regional stress fields and local geological
heterogeneities. These findings highlight the need to
integrate SVD analysis with seismic and geological
data to improve fault classification accuracy and
avoid misinterpretations.

Additionally, terrain effects on gravity anomaly
analysis could introduce minor biases in fault
structure delineation due to the lack of explicit
terrain corrections in this study. High-resolution
topographic corrections have been shown to
significantly improve gravity anomaly accuracy
in regions with rugged terrain (Sembiring et
al. 2023; Godah et al. 2024). Although the Palu
region exhibits moderate elevation variations, some
residual terrain effects may still be present in the
FHD and SVD results, potentially influencing fault
interpretations (Gunawan and Permana 2024).
However, the alignment between gravity-derived
fault segments, InSAR coseismic deformation and
seismic aftershock distributions suggests that these
effects have not significantly distorted the structural
interpretations. Future research should incorporate
higher-resolution DEM-based terrain corrections
to refine gravity anomaly processing and further
improve fault mapping accuracy (Pavlis et al. 2012;
Ruiyin et al. 2024).
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These findings have significant implications for
seismic hazard assessment and urban planning in
Palu City and surrounding areas. The correlation
between gravity anomalies, surface rupture patterns
and aftershock distributions suggests the potential
for future fault activity along previously unmapped
segments. As indicated by Natawidjaja et al. (2021),
the multi-segment nature of the Palu-Koro Fault
implies that future earthquakes could rupture
different fault strands, increasing uncertainty in
seismic hazard prediction. The geophysical results
of this study further confirm that surface ruptures
tend to remain within the extent of the fault plane
(Schwartz and Coppersmith 1984; Mankhemthong
et al. 2012), but, in some cases, rupture propagation
may extend beyond mapped faults when strain
energy release exceeds fault plane limitations (Wells
and Coppersmith 1994; Eshaghzadeh et al. 2015;
Natawidjaja et al. 2021). Therefore, areas near the
fault zone should remain vigilant, as secondary
ruptures could develop during future seismic events
(Xu et al. 2008; Liang et al. 2021; Purba et al. 2024).

To further refine fault models and seismic
hazard assessments, future research should focus on
incorporating additional geophysical methods such
as seismic tomography for deeper fault structure
imaging (Biryol et al. 2013), seismic relocation
techniques to enhance hypocentre accuracy
(Waldhauser and Schaff 2007), and LiDAR drone
systems for high-resolution surface rupture mapping
(Chen et al. 2015). The integration approaches
further improve the classification of fault structures
and enhance earthquake risk assessment strategies
(Eppelbaum et al. 2020; Umar 2023; Purba et al.
2025).

In conclusion, this study reinforces the
importance of gravity-based geophysical methods in
fault characterisation, particularly in complex strike-
slip systems like Palu-Koro. By correlating gravity
anomalies with seismic, InSAR and geological
data, this research provides a comprehensive
understanding of subsurface faulting mechanisms.
The integration of SBA, FHD and SVD techniques
with previous seismic relocation studies (Supendi
et al. 2019, 2020), InSAR (Fang et al. 2019),
and geological study (Sukamto 1982; Sunil et
al. 2010; Lewerissa et al. 2017; Daryono 2016;
Guglielmetti and Moscariello 2021; Natawidjaja et
al. 2021) confirms that the Palu-Koro Fault is highly
segmented, with variations in rupture dynamics and
surface expression. These insights contribute to

disaster mitigation planning and the development
of resilience strategies for earthquake-prone regions.
The demonstrated effectiveness of derivative-based
gravity analysis highlights its potential for further
integration with other geophysical methods,
ensuring a more robust and reliable approach to
seismic hazard assessment and fault mapping in
tectonically active zones.

Conclusion

This study demonstrates the effectiveness of gravity
anomaly analysis - specifically Simple Bouguer
Anomaly (SBA), First Horizontal Derivative
(FHD) and Second Vertical Derivative (SVD) - in
delineating fault structures along the Palu-Koro Fault
in Central Sulawesi. These techniques reveal distinct
density contrasts and structural discontinuities,
which correspond spatially with mapped surface
ruptures, relocated seismicity and InSAR-
derived deformation. The integration of residual
and derivative gravity maps provides enhanced
resolution of fault segmentation, including strike-
slip and localised vertical displacements, consistent
with previous geological and seismological studies.

Importantly, the correlation between gravity
anomalies and slip asperities from the 2018 Mw 7.5
Palu earthquake validates the use of gravity-based
methods in identifying rupture-prone segments.
These findings confirm that derivative-based
gravity analysis can effectively characterise fault
complexity in regions with limited surface exposure
or incomplete geological mapping.

From a practical perspective, the study provides
actionable insights for seismic hazard assessment
and urban planning in Palu City and surrounding
areas. By identifying high-risk fault segments with
potential for complex rupture behaviour, this
research supports the development of more targeted
earthquake mitigation strategies. The methodology
presented here also offers a cost-effective and
replicable framework for fault analysis in other
tectonically active regions. Future work should
integrate additional geophysical datasets - such
as seismic tomography, hypocentre relocation and
LiDAR-based surface mapping - to further improve
fault characterisation and strengthen regional
disaster preparedness.
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