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Abstract: Lombok Island has a high level of earthquake vulnerability due to
local tectonic activities. Although most earthquakes on land have small
magnitudes (M < 5), their proximity to settlements has the potential to cause
significant impacts. This study aims to identify the potential for active faults
using a multi-data approach, specifically utilizing gravity anomaly data from
GGMplus. In addition, Sentinel-1 data is used for surface lineament extraction
and DEMNAS for topography. Analysis of gravity data utilizing GGMPlus
reveals that the Batujahe Fault exhibits thrust faulting characteristics, whereas
the South Lombok Fault displays normal faulting behavior. Automated
lineament extraction yielded a total of 54 surface structural lineaments within
the study area, spanning a cumulative length of 478 km. These results provide
a shorter fault length than the existing fault map. Statistical analysis of the
extracted lineaments revealed three dominant trends: N-S, NE-SW, and NW-
SE, with the N-S trend being the most predominant. Notably, these findings
diverge from prior studies, which classified the Batujahe Fault as a strike-slip
fault and the South Lombok Fault as a thrust fault, underscoring the
complexities of fault dynamics in the region, however derivative methods fail
to detect the Alas Strait strike-slip fault.
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Introduction

Generally, earthquakes in the northern mainland of
Lombok are caused by the Flores Back Arc thrust, but
there are several earthquakes that have different
movement patterns and there are also shallow
earthquakes that occur in the southern part of Lombok
Island. This indicates the presence of local fault activity
on the mainland of Lombok Island. In a period of 56
years (1963 - 2018), it was recorded that the Flores Back
Arc Thrust system north of Bali to Lombok triggered
seven significant and damaging earthquakes (Mw > 6.0)
(Gunawan et al., 2020). On the other hand, on March 17,
2019, another significant earthquake was reported to
have caused damage. The earthquakes with magnitudes
Mw 5.4 and Mw 5.1 that occurred within minutes were
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reported to have caused damage to buildings in the East
Lombok area and were felt as far away as Bali. However,
interestingly, unlike the characteristics of the Flores Back
Arc Thrust earthquake, based on the catalog from The
Global Centroid-Moment-Tensor (CMT) Project, both
earthquakes had a normal fault type source mechanism
(Dziewonski et al., 1981; Ekstrom et al., 2012).
According to the National Earthquake Study Center
(Irsyam et al., 2017), the Lombok region features several
faults, including the Flores Back Arc Thrust Fault,
Lombok Strait Strike-slip Fault, and Sumbawa Strait
Strike-slip Fault, primarily located offshore. However,
no active faults are mentioned for the mainland area of
Lombok Island. In contrast, based on active fault
Indonesia map (Soehaimi et al., 2021) identifies three
faults on Lombok Island there are Batujahe Strike-slip
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Fault, South Lombok Thrust Fault, and Alas Strait Strike
Slip Fault. Based on seismicity and the existence of faults
that currently exist, there are differences where many
shallow earthquakes do not have corresponding faults.
This is because there is still a lack of research on faults in
the Lombok area and it is still very possible for new
faults that have not been identified.

Advanced remote sensing techniques, particularly
radar and gravity datasets, provide powerful tools for
studying such challenging terrains and wide area. In
addition, as supporting data from seismicity, since the
end of the 2010s, BMKG has increased the sensor
network so as to increase the completeness of the
earthquake catalog in the Lombok region in earthquake
analysis. This can be seen spatially from the decrease in
the magnitude completeness (Mc) value in areas with the
addition of new sensors and temporally from the
decrease in the gradient of the Mc value over time
(Pratama et al., 2021).

Mapping of fault areas on the mainland of Lombok
using remote sensing methods is needed to identify
faults on Lombok Island. Determination of the position
and type of fault is then validated with seismicity data
and geological maps. This processing will produce the
location, type, and model of the subsurface structure of
local faults in Lombok. The results of this study are
expected to be used as an update of active faults on land
and earthquake hazard maps on Lombok Island.

Method

The data used in this study were retrieved from the
earthquake catalogues of the International Seismological
Centre Engdahl-van der Hilst-Buland (ISC-EHB)
(Engdahl et al., 2020) dan The Agency for Meteorology,
Climatology, and Geophysics of the Republic of
Indonesia (BMKG). Analyzing data from different
sources, such as satellite imagery, high-resolution
DEMs, and geological surveys, to enhance the
understanding of fault geometry and activity (Ha et al.,
2025).

This study utilizes pre-processed Sentinel-1 C-band
dual-polarization (VV and VH) SAR data accessed via
Google Earth Engine (GEE), a cloud-based geospatial
analysis platform. Within GEE, the standard
preprocessing steps include thermal noise removal,
radiometric calibration, and terrain correction. Given the
inherent salt-and-pepper noise characteristic of SAR
data, speckle filtering is a critical preprocessing step. To
address this, a time-series of Sentinel-1 Ground Range
Detected (GRD) SAR data acquired over the study area
in 2018 was employed to perform multi-temporal
speckle filtering. This approach effectively reduces
speckle noise while preserving spatial resolution and
essential information content (Ghosh et al., 2021). The
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filtering process involves computing the mean
backscatter value for each pixel across multiple temporal
acquisitions. Subsequently, all Sentinel-1 SAR datasets
were co-registered and resampled to a spatial resolution
of 25 meters.

To minimize the misclassification of high-contrast
land cover features —such as water bodies, agricultural
fields, and urban areas —as geological lineaments by the
LINE module, slope data derived from the Shuttle Radar
Topography Mission (SRTM) Digital Elevation Model
(DEM) was used to mask flat terrain regions in the SAR
imagery. Following this, automatic lineament extraction
was conducted using the PCI Geomatica software. The
LINE tool, specifically designed for radar imagery, was
employed to extract linear features and represent them
in polyline vector format. The extraction process consists
of two main stages: contour detection and line detection.
Contour detection is performed using the RADI (filter
radius) parameter via the Canny edge detection
algorithm, which effectively delineates feature
boundaries within the SAR images.

PuSGeN Fault

(Irsyam, et al,, 2017)
Lombok Lsland Fault
(Soehaimi, et al., 2021)
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Figure 1. Seismicity of Lombok Island (data from ISC-EHB
and BMKG)

Geologically, Lombok Island is composed of the
youngest rocks in the Holocene era to the oldest in the
Tertiary era (Mangga et al., 1994). Rocks with Holocene
and Pleistocene (Quaternary) ages dominate the central
and southern parts of Lombok Island which are
composed of surface deposits, sedimentary rocks and
volcanic rocks, while Tertiary age rocks dominate the
southern coast of Lombok Island.

The gravity data used in this study are Free-Air
Anomaly (FAA) data with a spatial resolution of
approximately =~ 200  meters,  obtained  from
https:/ /ddfe.curtin.edu.au/ gravitymodels/ GGMplus/
data/. The model combines satellite-derived gravity
data from GRACE and GOCE, the EGM2008 global
geopotential model, and high-resolution topographic
data from SRTM, as described by Hirt et al. (2013).

806


https://ddfe.curtin.edu.au/gravitymodels/GGMplus/data/
https://ddfe.curtin.edu.au/gravitymodels/GGMplus/data/

Jurnal Penelitian Pendidikan IPA (JPPIPA)

Rock Formation

. o
. on
N Qal
I ohipy
B Qnwiry
Qe
ol
Tmdl

8400

5000

T T T
116,100 116,400 116,700

Figure 2. Geological conditions of Lombok Island
(reprocessed from ESDM (2024) and Soehaimi et al. (2021))

The Free-Air Anomaly data were then corrected
using a simple Bouguer correction, assuming an average
crustal density of 2.67 g/cm? resulting in a Simple
Bouguer Anomaly. To further account for complex
surface relief, a terrain correction was applied, yielding
the Complete Bouguer Anomaly (CBA), following
standard gravity data processing procedures (Telford et
al., 1990).

Complete Bouguer Anomaly (CBA) data were
analyzed to separate the regional anomaly components
and residual anomalies. Separation was done by
differentiating high frequencies for shallow depths and
low frequencies for deeper structures. Spectrum analysis
with Fourier transform of the relationship between
amplitude (A) and wave (k) (Blakely, 1996).

A=(z—-2z,)VkV 1)

The depth of the density discontinuity field will be
proportional to the slope of the spectrum graph. The
window width estimation equation is as follows with the
window width (n), cut-off wavenumber (kc), and spatial

distance (AS).
n=2m/(AS. kc) )

The moving average filter is good enough to
remove regional effects originating from deeper sources,
leaving residual anomalies representing shallow
geological structures (Blakely, 1996). This method
produces regional anomalies that represent low-
frequency anomalies for deep structures. Subtracting
bouguer anomalies (CBA) from regional anomalies will
produce high-frequency residual anomalies for shallow
structures.

The residual anomaly is then subjected to the First
Horizontal Derivative (FHD) to display lateral changes
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in gravity values, which describe geological boundaries
such as faults or differences in rock structure (Hinze et
al., 2013). According to Cordell et al. (1982), it is
formulated as follows:

_ ag 2 ag 2
o = [@)7+ (9 ®
) 5}
with (ﬁ) and (ﬁ) the first derivative of the anomaly

in the x and y directions of the FHD has maximum and
minimum values that interpret differences in geological
structures or boundaries.

Next, a Second Vertical Derivative (SVD) filter is
performed based on the Elkins approach to strengthen
the indication of vertically adjacent structures, thus
assisting in the interpretation of direction and geometry
such as faults (Elkins, 1951; Sarkowi, 2010). The Laplace
equation for anomalies is as follows (Telford et al., 1990).

9%0g | 9%Ag _

2
V2Ag = Oatau%+ a2 T o2 =0 4)

a2 %A G
2= (224220 5)
0z ax ady

. . . 0%Ag
with Ag is gravity anomaly value, ——* for the second

derivative value of the vertical direction gravity field.
The SVD filter has an amplitude response as follows
(Elkins, 1951).
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-0,0833 -0,0667 -0,0334 -0,0667 -0,0833
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Figure 3. SVD Filter amplitude response

The difference in structure can be interpreted if the
SVD is 0. The type of fault can be seen from the (Telford
et al., 1990) resulting SVD value. SVD is used to
determine the type of fault with the following provisions
(Sarkowi, 2010).

a%(8g) a%(ag)
oz Y maks 7 5V

min, fOor normal fault (6)

2 2
9 4g) a(zAzg) Vo aks < Ba(zAzg) Vo onins for thrust fault (7)
2 2
aa(ZAzg Ly maks = : a(ZAZ‘g Dy min, for strikeslip fault  (8)

Then FHD and SVD were cut for interpretation of
subsurface structure.
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Result and Discussion

During the period 1963-2018, the total seismic
energy released of the Flores Back Arc Thrust zone of the
Lombok segment was not less than 1.50 x 1015 Joules or
equivalent to Mw 7.3 (Gunawan et al., 2020), while based
on Irsyam et al. (2017) it has the potential for an
earthquake with a maximum magnitude of Mw 7.4 or
equivalent to 2.01 x 1015 Joules. Most of the earthquakes
on the Lombok mainland that are indicated to be caused
by local faults are possibly triggered by the energy
release activity of a series of large earthquakes by the
Flores Back Arc Thrust system in 2018.

The Sentinel-1 SAR datasets processed with the
LINE module were evaluated to determine how SAR
sensor parameters like frequency, polarization, and look
direction impact the automatic extraction of geological
lineaments. Both qualitative and quantitative analyses
were conducted on the data derived from each
parameter, and a detailed comparison of these factors is
presented in the following sections.

The SAR dataset acquired at C-band frequency in
both like and cross polarization are considered for this
analysis. In order to compensate for the effect of look-
direction, SAR dataset acquired at nearly the same look-
direction were taken into consideration. The C-band
like-polarization SAR data acquired in ascending and
descending passes are used to analysis the influence of
sensor look-direction for lineament extraction. In
addition to this qualitative analysis, quantitative para
meters such as, number and length of lineaments in each
direction are measured for both ascending and
descending passes.

Integrating multi-look direction C-band SAR data
enhances the reliability of lineament mapping in the
study area. The process focused on lineaments oriented
between 270°-360° from ascending and 0°-90° from
descending tracks, due to their near-perpendicular
alignment with the SAR sensor's look direction during
data acquisition.

In the first stage of automatic lineament extraction,
a radius filter was performed. Based on terrain
correction in pre-processing, a pixel spacing of 25 m was
obtained. By using RADI = 5, the calculated pixel
distance must be longer than 125 m. Based on this value,
the local maxima were determined, so that pixels that are
not included in the edge pixel value of 5 are removed.
The results leave only a thin line feature. Finally, the
image pixel value that has a gradient value beyond the
maximum value was substituted with a value of 0.

The second stage, thresholding was used to create a
binary image. Each image pixel represents an edge
element, the threshold value for each pixel was
determined based on the GTHR parameter. The GTHR
value affects the number of line segments resulting from
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the extraction process. All input data passed a re-
stretching process to become an 8-bit value, so that the
GTHR parameter is in the value range 0-255. From the
results of the input data used through a series of
experiments using trial and error, the value of GTHR =
50 was obtained. This value is appropriate because if we
use a low GTHR value there are too many line features
that are generated and close to each other (visually) and
vice versa.

The third stage, curve extraction is to extract curves
from binary images which consist of several extraction
sub-stages. The line thinning stage has a thinning
algorithm to produce a per-pixel curve frame. The
extraction stage for a series of pixels as a curve removes
values smaller than the parameter LTHR = 30 pixels or
750 m. The pixel-based raster data extracted results into
vector data by matching line segments so that the result
is a segment that has close proximity to the extracted
pixel pattern based on the maximum value of the fitting
error determined by the FTHR. The FTHR value
indicates the maximum tolerance for the distance
between a curve (pixel-based) and the segment pattern
formed. Lower values provide better fitting, but also
shorter segments in the polyline. The FTHR = 4 setting
used higher a pixel conforms to the default of the LINE
Module. Furthermore, the algorithm connects the line
segments are based on ATHR. The two ends of the
segments of the two polylines are opposite each other in
the same direction with an angle difference of less than
ATHR = 20 degrees. If the line is greater than 20 degrees
it will make the fault look very crooked.

-8.500

116.000 116.500

Figure 4. Lineament extraction from Sentinel-1 using LINE
module

A total of 54 surface structural lineaments were
extracted automatically in the study area, with a total
lineament length of 478 km. The automatically extracted
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lineaments display three major trends (N-S, NE-SW, and
NW-SE), with the prevalent being the N-S. The length of
the smallest lineament extracted in the area was 4 km,
while the largest lineament was 18 km in length with the
mean length was 8.7 km.

The clustering of high lineament density anomalies
in the northern and northeastern study area suggests a
strong link between structural features and geothermal
activity. This could be attributed to the influence of
igneous intrusions and recent tectonism. Conversely, in
the southern region, closer to the coastal plain and away
from thermal springs, the correlation between surface
and subsurface lineament densities weakens. For the
South Lombok region, the orientation of the lineaments
in this area is similar to Jundiy et al. (2023) which has
NNW-SSE lineament trends using DEM data. In
addition, the similarity of the lineament orientations is
also in accordance with Agung et. al. (2021) the general
direction in Sembalun Area is NE-SW.

This study underscores the significance of localized
minor folds, faults, and stress fields within a highly
tectonically active region. The structural anomalies
identified in the area provide critical insights into their
relationship with broader regional structural patterns.
Continued research in this domain will enhance our
understanding of the spatial distribution of geohazards
such as landslides and earthquakes, and will also
contribute to the detection of concealed or buried fault
systems.

Complete Bouguer Anomaly (CBA) (Figure 1)
describes the distribution of gravity anomaly values as
shown in the image above with the range of values is
from 40 to 190 mGal. High CBA values describe rocks
with higher densities in the subsurface structure which
it generally comes from the magmatic activity of Mount
Rinjani. North and East Lombok are usually dominated
by young volcanic deposits from Mount Rinjani. While
Central and South Lombok are older volcanic deposits.
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Figure 5. Complete bouguer anomaly (CBA) of Lombok
Island with slicing
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Ten slices were performed for spectrum analysis
consisting of 5 north-south slices, 4 west-east slices, 1
northwest-southeast, and 1 northeast-southwest. The
following (Figure 2) are the results of the spectrum
analysis performed to separate regional anomalies and
residual anomalies.

1-1'

¢ Regional Residual Noise

Linear (Regional) Linear {Residual) Linear (Noise)

L 2
y=-1144x + 7.5434

X R?=0.8887
\\-- 2184
e —
S ———

y =-225.36x+5.712 e
R?=0.9792

y=-39.414x + 4.2001

LNA
O K N W A U N ® W

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
K

Figure 6. Spectrum analysis for section 1-1

Figure 2 describes a spectrum analysis for sample
section 1-1" with the x-axis as wavenumber and the y-
axis as In A. The sharp decreasing trend in the regional
section indicates a signal with low frequency or high
wavelength with a non-steep slope interpreting regional
anomalies in deep structures. The residual section has a
steep slope of high frequency or shorter wavelength
interpreting residual anomalies for shallow depth
structures. While the noise section has a gentle slope
with very high frequencies that can indicate
measurement noise or surface structure effects.

The following is a summary table of the results of
10 sections performed to separate regional and residual
anomalies.

Table 1. Spectrum Analysis Results

Slices Regional Residual K Cut off
1-1 1144.0 225.36 1.99x10-3
2-2' 2145.1 316.22 1.06 x10
3-3' 2655.0 306.51 9.80 x10+4
4-4' 24829 31751 1.00 x10-3
5-5' 1239.5 158.51 2.01 x10-3
6-6' 1265.8 205.33 2.24 x10-3
7-7' 2602.5 271.08 1.16 x10-3
8-8' 1061.0 217.48 2.10 x10+4
9-9' 1045.3 213.25 2.16 x10-3
10-10' 1298.1 240.93 1.64 x10-3
11-11' 1608.6 24436 1.53 x10-3

In general, the results of the spectrum analysis
describe the position of the geological structure. From
the table above, the highest regional value in slices 3-3
'and 4-4' with values 2655 and 2482.9 indicates a deeper
and larger structure, in accordance with the high
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residual value affected by the large structure in the
region. The lambda value which is also high or low
frequency describes the dominant deep structure from
the position of slices 3-3 'and 4-4' located close to Mount
Rinjani.

The N value is the wavelength to the data spacing.
In this study, the data spacing is 100 m and the N value
varies between 28-64. The higher the N value, the more
dominant the regional anomaly is in proportion to the
large wavelength and low frequency. For uniformity
and consistency in determining the N value, the value
that often appears ranges from 28-31, so the N value =29
is used.

After the anomaly separation is done using the
moving average method, regional anomalies are
obtained. To obtain residual anomalies (Figure 2), CBA
are subtracted from regional anomalies. In general, high
anomalies are in the northern region which is the Mount
Rinjani zone. In the central part, it shows a wide negative
anomaly depicting a sedimentary basin due to volcanic
activity. The structure on Lombok Island is quite
complex due to volcanic and tectonic activity.
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Figure 7. Residual anomaly of Lombok Island
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Figure 10. Slicing FHD and SVD of A-A’ line

The residual anomalies obtained are then filtered
using the First Horizontal Derivative (FHD) and Second
Vertical Derivative (SVD) (Figure 5) methods to identify
subsurface structural features, especially indications of
faults and to confirm existing faults.

Based on gravity data analysis, FHD and SVD
methods fail to detect the strike-slip fault in the Alas
Strait. Notably, our results contrast with previous
research, which characterized the Batujahe Fault as
strike-slip and the South Lombok Fault as thrust,
emphasizing the intricate nature of fault dynamics and
the importance of ongoing investigation to further
elucidate the region's tectonic framework.

Conclusion

An in-depth analysis of gravity data utilizing the
GGMPlus model reveals distinct faulting mechanisms
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for the Batujahe and South Lombok Faults, providing
valuable insights into the tectonic framework of the
region. Specifically, the Batujahe Fault exhibits
characteristic thrust faulting behavior, whereas the
South Lombok Fault displays normal faulting behavior,
highlighting the complex interplay of tectonic forces in
the area. Furthermore, automated lineament extraction
yielded a total of 54 surface structural lineaments within
the study area, spanning a cumulative length of 478 km.
Notably, these results indicate a shorter fault length
compared to the existing fault map, potentially
suggesting a more nuanced understanding of fault
distribution and geometry. Statistical analysis of the
extracted lineaments revealed three dominant trends: N-
S, NE-SW, and NW-SE, with the N-S trend being the
most predominant, implying a strong structural control
on the regional geology. Interestingly, these findings
diverge from prior studies, which classified the Batujahe
Fault as a strike-slip fault and the South Lombok Fault
as a thrust fault, underscoring the complexities of fault
dynamics in the region and highlighting the need for
continued research to refine our understanding of the
local tectonic setting.
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