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 The local active fault in Bali has a small magnitude (M<5) but 
has destructive potential because it is very close to residential 
areas. Mapping the fault area on Bali is needed to identify the 
parameters of faults. This study used gravity data from 
GGMplus, topographic data from DEMNAS, and lineaments 
using ALOS-2 PALSAR-2 data. Validation and interpretation 
using the geological map of Bali and seismicity data. We 
interpret the subsurface using the gravity derivative method to 
identify the type of fault movement. Identify fault locations 
using lineament extraction from SAR data processed by 
directional filters. The composite image red-green-blue (RGB) 
for HH, HV, and VV polarization was used for automatic 
lineament extraction and then corrected manually. The results of 
the gravity method succeeded in identifying 29 of the 30 faults 
from the geological map of the Bali sheet and a new spot from 
PALSAR-2. Bali land has 12 thrust faults, 11 strike-slip faults, 
and six normal faults. The image of PALSAR-2 (L band) has 
succeeded in making a fault lineament map for the Bali region. 
The lineament extraction results from PALSAR-2 obtained four 
new faults (Pesanggaran, Sepang, Tegal Badeng, and 
Banyuwedang), while four faults were not identified 
(Tampaksiring Fault, Plaga, Mambal, and Munduk-Rajasa). NE-
SW dominates the strike directions, and the dip angles are 45-80 
degrees. We propose 30 faults in Bali, including 26 defects from 
geological maps with changes in length and location shift and 
four new marks extracted from automatic lineament. 

  

Keywords: 
Remote Sensing 
Earthquake 
Derivative Gravity 
Lineament 
SAR 

 

  

Corresponding Author 
E-mail: 
checkmate.mail1@gmail.com 

 

 
INTRODUCTION 

Indonesian Archipelago is strongly 
related to quarternary plate tectonics 
(Verstappen, 2010). Indonesia is located at 
the confluence of three of the world's main 
tectonic plates: the Eurasian, Indo-
Australian, and Pacific. Besides that, there is 
also the Philippine microplate, which is 
moving southward to the north of Sulawesi. 
Therefore, it is unsurprising that Indonesia's 
Archipelago is prone to tectonic 
earthquakes. As a result of tectonic processes 
that occur, earthquakes often occur in most 
parts of Indonesia. One source of the 

earthquake identified is the active 
subduction zone in the western to the 
eastern part of Indonesia. In addition, the 
remaining energy from the collision process 
between the plates will result in faults on 
land or sea in several islands and seas of 
Indonesia. The potential for earthquakes in 
Indonesia must be a concern in reducing 
disaster risk because it can cause fatalities. 
During 1815-2019, earthquakes were natural 
disasters that generated the highest death 
toll in Indonesia, with a percentage reaching 
49% (Fitriyani et al., 2021). 

https://jurnal.unimed.ac.id/2012/index.php/geo/article/view/40772
https://doi.org/10.24114/jg.v15i1.40772
http://jurnal.unimed.ac.id/
https://portal.issn.org/resource/ISSN/2549-7057
https://portal.issn.org/resource/ISSN/2085-8167
https://orcid.org/0000-0002-4540-1065
https://orcid.org/0000-0003-4700-6832
https://orcid.org/0000-0003-3881-634X


 

https://doi.org/10.24114/jg.v15i1.40772  Pratama, I.P.D et al., (2023) 

Identification of Fault Zone in Bali| 47  

 

The earthquake in Karangasem on 
October 15, 2021, proved that mainland Bali 
has several active faults. These local active 
faults have a small magnitude (M<5) but 
have the potential to damage because of 
their location, which is very close to 
residential areas. Other earthquake events, 
such as the Tejakula swarm in May 2017, the 
Kubutambahan swarm in April 2019, and 
most recently, the sequence of earthquakes 
in the Gerokgak area in February 2022, are 
ence of the earthquake in Bali land. 

For the mainland area of Bali, there is 
no mention of an active fault. However, 
based on the geological map of the Bali sheet 

(Hadiwidjojo et al., 1998; Soehaimi & 

Setianegara et al., 2015), there are several 
faults and lineaments on Bali land. Based on 
the National Earthquake Study Center 
(PuSGeN, 2017) in the Bali region, the Flores 
Back Arc Thrust Fault in the Bali Sea and the 
Lombok Strait Strike-slip Fault in the 
Lombok Strait, east of Bali. 

Conventional detection of geological 
lineaments in the field is costly and time-
consuming, and sometimes, it is even 
impossible due to physical and geographical 
challenges (Ahmadi & Pekkan, 2021). 
Remote sensing has become a suitable tool 
for identifying large numbers of faults. 
Identifying faults, it can be done with data 
from the gravitational field, topography, and 
lineament patterns. Knowing the source of 
local earthquakes on Bali land can be a 
reference for earthquake-prone areas. 
Knowing the direction and type of fault is 
necessary to identify wave propagation 
patterns and regions with more potential for 
significant shaking. Mapping the fault area 
on the mainland of Bali using remote sensing 
methods is needed to identify faults on the 
island of Bali. The determination of the 
position and type of responsibility was then 
validated with earthquake data and 
geological maps. This process will produce 
the place, style, and model of the subsurface 
structure of the local fault in Bali. 

This paper used gravity data from 
GGMplus, topographic data from 
DEMNAS, and lineaments using ALOS-2 

PALSAR-2 data. GGMPlus has better 
resolution than TOPEX and BGI free-air 
gravity data (Suprianto et al., 2021). 
Compared with other gravity satellite data, 
the GGMplus data set offers a higher 
resolution (Camacho & Alvarez, 2021). In 
processing gravity from satellite data, 
topographic correction is required. 
Therefore DEM (Digital Elevation Model) 
data is needed. DEMNAS is still relatively 
new and has not been fully utilized for 
research in Indonesia (Marindah et al., 2018). 
Optical remote sensing data capabilities are 
limited due to persistent cloud coverage in 
the study area. Geological contours can be 
detected using high-resolution SAR 
imagery. However, effective digital 
processing techniques are needed to 
minimize inherent distortions (Ghosh et al., 
2022). The l-band sensor in PALSAR-2 can 
penetrate the canopy of the trees, allowing 
us to obtain information about the ground 
surface, such as geological structure (Pour & 
Hashim, 2016). 

Identifying fault patterns provides an 
overview of the fault location, strike, dip, 
and subsurface structure model on the fault. 
For BMKG and other related stakeholders, 
this information is used as a reference for the 
micro-earthquakes vulnerable area that has 
the potential to damage. For the community, 
this information is essential to increase 
awareness of the potential earthquake 
disasters in their area, so building 
construction needs to pay attention to the 
condition of the site and the appropriate 
building structure. This study will 
contribute preliminary information and 
considerations on active fault renewal from 
the National Earthquake Study Center 
(PuSGeN, 2017) on the Bali land. 

 
RESEARCH METHODS 

The research framework (Figure 1) has 
been designed based on the research 
background, which used satellite data, a 
seismicity catalog, and a geology map of 
Bali. Data division is based on processing 
gravity and SAR data which are then 
combined in interpretation with geological 
field surveys for some fault locations. The 
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data combinations are used to determine 
and validate the type, location, and 
parameters of the faults in the mainland area 
of Bali. 

The study area is located throughout 
the mainland of the island of Bali (Figure 2). 
This study obtained quad polarization 
PALSAR-2 scenes from The Earth 
Observation Data Utilization Promotion 
Platform Japan 
(https://satpf.jp/spf/?lang=en/) for the 
Bali mainland area. For gravity analysis, 
secondary gravity anomaly data from 
gravimetric satellite measurements were 

obtained from GGMplus 
(http://ddfe.curtin.edu.au/gravitymodels/
GGMplus/data/dg/) the form of data 
disturbance gravity or free air anomaly. The 
topographic data using the DEMNAS can be 
obtained from the web 
https://tanahair.indonesia.go.id/demnas/
#/demnas. Supporting data for validation 
are focal mechanism data from The Global 
Centroid-Moment-Tensor (CMT) and the 
geological map of Bali from the Geological 
Agency, Ministry of Energy, and the Mineral 
Resources Republic of Indonesia. 

 

 
Figure 1. Research Framework 

 

 
Figure 2. Distribution of Seismicity in Bali (Data catalog from BMKG 1963-2021, focal 
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mechanism from Global CMT, and seismometer location in Bali) 
Data Collection and Preprocessing 

The research data comes from gravity 
data from the GRACE (Gravity Recovery 
and Climate Experiment) and GOCE 
(Gravity field and steady-state Ocean 
Circulation Explorer) satellite measurements 
combined into GGMplus data (Hirt et al., 
2013). This data is easy to download and 
greatly facilitates research compared to 
information with direct measurements. The 
downloaded GGMplus gravity data consists 
of Free Air Anomaly (FAA) data and 
DEMNAS, the altitude or topographic data. 

Location and date of product created 
in Earth Intelligence Collection and Shearing 

(EICS) system on September 16, 2022. This 
study uses strip map full polarimetric 
(HH+HV+VV+VH) PALSAR-2 scenes from 
The Earth Observation Data Utilization 
Promotion Platform Japan 
(https://satpf.jp/spf/?lang=en) for the Bali 
Area (11 data). The SAR images were 
provided as the HBQR: High-sensitive Full 
(Quad.) polarimetric mode data with the 
processing level 1.1 (JAXA, 2014). The 
temporal repeat of strip map full 
polarimetric is one coverage per 5 years 
(JAXA, 2022). The data summaries of ALOS-
2 PALSAR-2 in this study are shown in Table 
1. 

 
Table 1. ALOS-2 PALSAR-2 Data Summaries 

No. ID 
Acquisition 

Date & Time 
Off Nadir 

Angle 
Data Size 

1 ALOS2051537020-150507 2015-05-07 16:37:27Z 28.4 5382.4 

2 ALOS2051537030-150507 2015-05-07 16:37:27Z 28.4 5382.4 

3 ALOS2049467020-150423 2015-04-23 16:37:27Z 30.9 5646.1 

4 ALOS2047397010-150409 2015-04-09 16:37:19Z 33.2 6913.6 

5 ALOS2047397020-150409 2015-04-09 16:37:19Z 33.2 6888.2 

6 ALOS2055677010-150604 2015-06-04 16:37:18Z 35.3 6522 

7 ALOS2055677020-150604 2015-06-04 16:37:18Z 35.3 5382.4 

8 ALOS2053607030-150521 2015-05-21 16:37:27Z 25.5 6742 

9 ALOS2053607010-150521 2015-05-21 16:37:27Z 25.5 6742 

10 ALOS2053607020-150521 2015-05-21 16:37:27Z 25.5 6742 

11 ALOS2049467010-150423 2015-04-23 16:37:27Z 30.9 5668.1 

(Source: Data Summary, 2022). 
 

The processing includes (a) 
radiometric calibration, (b) speckle noise 
reduction using a Lee Sigma filter with 7×7 
pixels window size and 0.9 sigma factor, (c) 
terrain correction, (d) mosaic, and (e) subset 
image for the Bali area. The data are geo-
referenced and geo-coded data, which 
enables the images to be oriented so that the 
north direction of the observed image 
corresponds to the upper direction of the 

image (Pour & Hashim, 2015). Multilook is 
optional because terrain correcting was 
applied, and unlike the previous ALOS, 
ALOS-2 did not need deskewing (Veci, 
2015). 

 
Data Processing 

The gravity method helps detect deep-
buried structures beneath the land surface 
that contribute to earthquakes (Yan et al., 
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2019; Choi et al., 2020). Topographic 
correction is required in processing gravity 
from satellite data; therefore, DEM (Digital 
Elevation Model) data is needed. The 
advantage of this DEMNAS data is that it 
has a 0.27 arc-second higher spatial 
resolution compared to the other DEM data 
resolution. The gravity anomaly data from 
satellite imagery is in the form of Free Air 
Anomaly (FAA) data, so the value of the 
Simple Bouguer Anomaly (SBA) and 
Complete Bouguer Anomaly (CBA) are 
expressed as: 

 
𝑆𝐵𝐴 = 𝐹𝐴𝐴 − 𝐵𝐶 (1)  

𝐶𝐵𝐴 = 𝐹𝐴𝐴 − 𝐵𝐶 + 𝑇𝐶 (2)  

 
Where BC is Bouguer Correction, and 

TC is Terrain Correction. This method was 
performed on a Complete Bouguer Anomaly 
(CBA) with Oasis Montaj Software. The 
study area's rock mass density or rock 
density can be determined using the 
Parasnis method. This method uses the 
observed gravity equation in which the 
density component is moved to the left in the 
formulation. The formulation is as follows: 

 
(𝑔𝑜𝑏𝑠 − 𝑔𝑡 + 0.3086ℎ = (2𝜋𝐺ℎ)𝜌 + 𝐵𝐴 (3)  

 
Where 𝑔𝑜𝑏𝑠 is value gravity observed, 

tide, drift, and closing correction, 𝑔𝑡 Is the 
value of theoretical gravity at the place of 
observation, ℎ is the elevation of the 
observation point, and 𝜌 is rock density. The 
moving average method averages the 
anomaly values. Indirectly, the moving 
average filter is operated by dividing by a 
number limit derived from an input signal to 
produce each limit on each output signal; the 
equation can be written as follows: 

 

𝑔[𝑖] =
1

𝑀
∑ 𝑥𝑀−1
𝑗=0 [𝑖 + 𝑗]  (4)  

 
Where x(i,j) is the input, M is the 

average of the input value, and g[i] is the 
value of the regional anomaly. The moving 
average method requires window size [i,j] in 

the calculation process. Residual gravity 
anomaly is the result of simple subtraction of 
the Bouguer anomaly to the regional gravity 
anomaly in the following equation: 

 
∆𝑔𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = ∆𝑔𝐶𝐵𝐴 − ∆𝑔𝑟𝑒𝑔𝑖𝑜𝑛𝑎𝑙 (5)  

 
Nowadays, the derivatives of gravity 

characteristic value are commonly used to 
detect the source horizontal edge (Ming et 
al., 2021). The derivative method is a method 
to determine local subsurface conditions. 
The derivative process is divided into the 
first horizontal derivative (FHD) and the 
second vertical derivative (SVD). This 
method enhances the near-surface effect on 
deeper values of the gravity anomaly 
(Telford et al., 2004). SVD delineates fault 
boundaries with oscillations between the 
minimum and maximum values, sliced 
perpendicular across each density contrast 
transition (Sumintadireja et al., 2018).  

GGMPlus gravity data is Free Air 
Anomaly (FAA) data. Hence, it is necessary 
to calculate a Bouguer correction using the 
topographic of DEMNAS to get the 
Complete Bouguer Anomaly value which is 
then carried out by First Horizontal 
Derivative (FHD) and Second Vertical 
Derivative (SVD) analysis to determine the 
type of fault and moving average calculation 
to obtain residual anomaly. This residual 
anomaly is used to make 3D modeling to get 
fault dip information. 

The Bali area is chiefly vegetated, 
which is challenging in structural field 
mapping. Geological contours can be 
detected using high-resolution SAR 
imagery. The wavelength of the L-band (24 
cm) is relatively long among microwaves 
such as C-band (6 cm) and X-band (3 cm), 
allowing to obtain information on the 
ground surface, such as geological structure 
(Pour & Hashim, 2016). For this reason, the 
latest Phased Array type L-band Synthetic 
Aperture Radar-2 (PALSAR-2) with the full 
polarimetric image is needed for lineament 
identification. The conventional method of 
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geological lineament is expensive and time-
consuming (Yeomans et al., 2019). 

On the other hand, the traditional 
approach is challenging to apply due to the 
geographical conditions of the study area. 
Geological lineament mapping by remote 
sensing leads to determining faults. The 
tectonic implications are a substitution of 

conventional methods (Ahmadi & Pekkan, 
2021) PALSAR-2 data is analyzed by 
preprocessing, including radiometric 
calibration, speckle noise reduction, and 
terrain correction. Furthermore, mosaics and 
data subsets were performed to combine 11 
images for HH, HV, and VV polarization.  

 
Table 2. Parameters used for the PCI Geomatica LINE Module  

Parameter Description Range and Unit 

Edge detection 

RADI 
Filter radius. It specifies the radius of the edge detection 

filter (Filter de Canny). 
0–8192 (pixel) 

GTHR 
Gradient threshold. It specifies the point for the minimum 
gradient level for an edge pixel to obtain a binary image 

(Filter de Canny) 
0–255 

Curve extraction 

LTHR 
Length threshold: It specifies the minimum length of the 

curve to be considered as lineament 
0–8192 (pixel) 

FTHR 
Line fitting error threshold: It specifies the maximum error 

(in pixels) allowed in fitting a polyline to a pixel curve 
0–8192 (pixel) 

ATHR 
The angular difference threshold is the maximum angle 

between two vectors to link them. 
0–90 (degrees) 

DTHR 
Linking distance threshold: It specifies the minimum 
distance between the endpoints of two vectors to be 

connected. 
0–8192 (pixel) 

(Source: Ustinov et al., 2022). 
 

Canny edge detection is a technique 
for extracting structural information to 
reduce processed data (Canny, 1986). The 
preprocessed image is then subjected to a 
7×7 directional filter. Then, automatic 
lineament extraction is performed with the 
PCI Geomatica LINE module (Table 2) and 
visual analysis for structural delimitation 
(Bannari et al., 2016; Ustinov et al., 2022). The 
automatic extraction results were validated 
manually by digitizing to obtain straightness 
results based on the PALSAR-2 image. Some 
field surveys and literature about geology 
research in Bali are used as a comparison. 

Spatial domain techniques are 
beneficial for removing random noise 
(Jensen, 2015). Then semi-automatic 
lineament extraction is applied for lineament 
identification based on several digital image 
analysis and visual interpretation 
techniques. The researcher's experience and 

a review of previous literature results reveal 
that a single process may not efficiently 
determine the exact geological lineage 
excluding artifacts. Therefore, it is 
recommended to produce a significant 
tectonic-geological lineament map using the 
integration of automatic and manual 
techniques.  

 
RESULTS AND DISCUSSION 
Gravity result 

Before getting the Bouguer correction 
value, the average density of the research 
area is calculated first. The straight-line 
gradient value obtained is the study area's 
average density value (ρ). There are 422.500 
gravity data to calculate average density. 
The average density estimation method used 
in this study is the Parasnis Method 
(Equation 3), by comparing the altitude 
value to the free air anomaly value. Based on 
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this method, the Bali region has an estimated 
average density of 2.4 gr/cm3 (Figure 3). 
This density value is similar to the research 

of (Astra et al., 2014) with the same method 
in northern Bali with the results of the 
average density value of 2.3961 gr/cm3. 

 

 
Figure 3. Average density estimation in Bali using the Parasnis method 

(Source: Gravity Processing Result, 2022) 
 

Within the perspective of 1D 
approximation, when |g''max| is greater 
than |g''min|, the anomaly corresponds to a 
sedimentary basin with inward-sloping 
edges. At the same time, if |g''max| is 
smaller than |g''min|, the anomaly source is 
a granite pluton with outward-sloping 
edges. Table 5.1 is the result of fault 
determination based on the derivative 

method. From the results of FHD and SVD 
data processing on 26 faults, it was found 
that ten thrust faults, 11 strike-slip faults, 
four normal faults, and one fault could not 
be identified. 

Based on the residual (local) anomaly 
contour map in Figure 4, the Bali region has 
a range of values between -348,33118 mGal 
to 85,22365 mGal. 

 

 
Figure 4. Residual (local) anomaly contour map of Bali 

(Source: Gravity Processing Result, 2022) 
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Analysis of gravity data using 
GGMPlus found that on the island of Bali, 
there are all types of faults: thrust, shear, and 
normal. The subsurface construction by 
derivative method and 3D models using 
GGMPlus and DEMNAS data found that the 
strike directions are dominated by NE-SW 
and dip angle range from 45-80 degrees. 
PALSAR-2 imagery (L band) successfully 
created a fault lineaments map for the Bali 
area. NE-SW dominates the strike directions. 
The lineament extraction result from 
PALSAR-2 obtained four new faults 
(Pesanggaran, Sepang, Tegal Badeng, dan 
Banyuwedang Fault). 

In comparison, four faults were not 
identified (Tampaksiring, Plaga, Mambal, 
and Munduk-Rajasa Fault). Two factors 
cause this: the faults are buried under the 
surface, and the areas are not spot zone. The 
presence of subduction in the south of the 
island of Bali, between the Eurasian 
Continent Plate and the Indo-Australian 
Ocean Plate, controls faults in Bali's land. 
Some spots are in the contact area of the 
lithological boundary, and the rest intersect 
the lithological boundary. Based on the age 
of the rock formations, these faults pass 
through with the age of the Quaternary 
rocks. All of these faults are categorized as 
active faults. All spots are associated with at 
least one earthquake occurrence and have 
the same fault type as their focal mechanism. 

The fault in Bali is dominated by the 
northeast-southwest (NE-SW) strike 
direction with a minor northwest-southeast 
(NW-SE) direction. From the direction of 
motion, the spots in Bali are dominated by 11 
strike faults, then 10 and 4 strike-slip and 
normal faults, respectively. The combination 
of gravity and SAR data can interpret marks 
well. However, more historical earthquake 
data is needed. Considering the current 

sensors, earthquake recording only takes 
time so that the fault zone will be identified 
appropriately. The observed image results 
are improving through the development of 
increasingly sophisticated remote sensing 
technology. Various methods of 
determining faults must be carried out, and 
straightforward measurements in the field 
must ensure each fault parameter. In the 
future, it is necessary to be aware of shallow 
earthquakes of medium-high magnitude 
because they can endanger residents around 
this fault zone, especially residents who live 
in houses or buildings that are not 
earthquake-resistant. The faults condition on 
the mainland of Bali land is controlled by the 
presence of subduction in the south of the 
island of Bali, between the Eurasian 
Continent Plate and the Indo-Australian 
Ocean Plate, due to the collision of these 
plates causing deformations on the surface 
of the island of Bali that mostly in East-West 
direction. 

Figure 5 shows the fault's location 
along with graphical information on the 
analysis of the slicing FHD and SVD 
derivative methods in determining the fault 
boundaries and movement of the spot and 
the 3D model resulting from the Grav3D 
software. The color description indicates an 
anomaly density value from the subsurface 
with a range of -1,1 – 0,8 gr/cm3. To interpret 
the density value, we need to add the 
average rock density in Bali using the 
Parasnis method, which is 2.4 gr/cm3. From 
this anomaly range, the subsurface density 
ranges from 1,3 –  3,2 gr/cm3. The dip value 
is obtained from interpreting the image on 
the density contrast boundary. The results 
show that modeling can still be geologically 
accurate and reasonable even while little 
input is available concerning the subsurface. 
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Figure 5. Representative examples of derivative gravity analysis and 3D modeling in East Coast 

Bali Fault (Source: Gravity Processing Result, 2022) 
 

The GGMplus model indisputably 
demonstrated a higher spectral resolution in 
shallow cortical elements, reflected in better 
identification of local ingredients (Camacho 
& Alvarez, 2021). Gravity data processing 
can present fault patterns, and structures in 
BaliThe results of this study indicate that on 
the island of Bali, there are several active 
fault zones on land which are dominated by 
ascending faults, oblique faults, and several 
minor structures in the form of descending 
faults. The general direction of the upward 
and diagonal fault zone is NW-SE oriented, 
while the descending spot is found in the 
NE-SW order. The identified rising fault has 
a dip angle of 30-45, while the slope of the 
descending area is around 40, with a slope 
towards NW. The length of the fault varies 
between 5,7-18,6 km. All identified faults 
intersect Quaternary age rock. Seismic data 
analysis shows the association of shallow 
earthquake distribution with lineament 
patterns and geological structures. Based on 
the understanding that the fault structure 
can be categorized as an active fault if the 
deformation occurs in Quaternary-aged 
rocks and is associated with shallow 
seismicity, it can be interpreted that the spots 

identified are happening. To know the 
history of seismicity along these fault zones. 

All identified faults cut Quaternary 
period rock (now-2.58 million years ago) 
consisting of the Holocene and Pleistocene 
epochs. Rocks cut by a spot indicate the 
relative time of fracture. The faults identified 
carved rocks of varying ages and sometimes 
penetrated the surface, which suggests that 
the fault is still occurring today. Based on the 
definition of understanding, the fault 
structure is categorized as an active fault if 
the deformation occurs in Quaternary-aged 
rocks and is associated with shallow 
seismicity (Agasya et al., 2022; Helmi et al., 
2021). 

 
SAR Result 

Several combinations of threshold 
values were tested to identify optimal 
parameters for obtaining contours, and the 
parameters were finalized. The identified 
optimum parameters are as follows: RADI = 
10; GTHR = 200; LTHR = 50; FTHR = 3; 
ATHR = 30; DTHR = 300. There are 533 lines 
identified automatically using the LINE 
module of the PCI Geomatica software with 
an average lineaments length of 4,3 km 
(Figure 6). Analysis of the strike directions 
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indicates that the orientation of the contours 
is concentrated in the northeast-southwest 
(NE-SW) direction. 

There were 26 faults identified using 
PALSAR-2 data which has been carried out 
semi-automatic lineage extraction, including 
22 faults from geological maps and four new 

faults with an average lineaments' length of 
10,5 km (Figure 6). There are four faults from 
the geological map that PALSAR-2 did not 
identify. Of the 22 faults identified with 
PALSAR-2 data which is the same as the 
geological map, there are several differences 
in the length and strike of the fault. 

 
Figure 6. Lineament extraction using automatic (blue line) and semi-automatic methods 

(yellow line) (Source: SAR processing result, 2022) 

 
The frequency of lineaments in 

different directions has been shown in Rose 
Diagram (Figure 7). Generally, the fault 
lineaments based on geological sheet maps 
and semi-automatic extraction results from 
PALSAR-2 are dominated by the northeast-
southwest (NE-SW) direction. Meanwhile, 
the automatic extraction of PALSAR-2 is 
dominated by the east-west (E-W) direction. 
The NE-SW lineament pattern is spread 
across eastern and southern Bali through the 

Palasari Formation (QTsp) and Jembrana 
Volcanic (Qpvj). The NW-SE lineament 
pattern is spread over the east part of Bali 
through the contact area between the Buyan-
Bratan and Batur Volcanic (Qpbb), Agung 
Volcanic (Qhva) and Seraya Volcanic (Qpsv) 
rock groups. Then in southern Bali, the 
lineament pattern passes through the contact 
area between the Buyan-Bratan and Batur 
Volcanic (Qpbb), Alluvium (Qa), and south 
formation (Tmps) rock groups. 
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Figure 7. Rose Diagram of strike angles for fault from the geological map (red), automatic 

lineament extraction (blue), and semi-automatic lineament extraction (yellow). (Source: Data 
Processing Result, 2022) 
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We have plotted the frequency–
magnitude relationship (Gutenberg–Richter 
law) using the data from an initial location 
with the maximum likelihood method 
provided in the Zmap package (Wiemer, 
2001). With a reasonable magnitude of 
completeness (Mc) 2.3, the historical catalog 
of earthquakes on land in Bali will increase 
over time. The smaller the Mc value, the 
better the recording of earthquakes in the 
area. In addition, the development of 
increasingly advanced remote sensing 

technology will better identify faults on the 
island of Bali. In L-band SAR technology 
progress, the launch of new L-band satellites 
in the next few years, including ALOS-4, 
NISAR, and Tandem-L, will provide better 
and new data images to make exciting 
discoveries (Aoki et al., 2021). The 
earthquake catalogs records have increased 
significantly since 2017. This can be seen in 
the graph earthquake cumulative number 
(Figure 8). 

 

 
Figure 8. Cumulative number of earthquakes in Bali from 2017-2021 (top) and frequency 

distribution magnitude of the earthquake in Bali 1963-2021 (bottom). (Source: Earthquake 

Catalog Processing Result, 2022) 

 

Based on IAEA (2016), earthquakes are 

classified into two groups: earthquakes 

occurring on identified seismotectonic 

structures and earthquakes occurring in 

locations where no apparent correlation can 

be made with any specific geological 

structure, referred to as diffuse seismicity. 

From the 5 km buffer analysis using the fault 
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analysis of the PALSAR-2, obtained 37 

diffuse earthquakes. When the fault is 

combined with the spots from the geological 

map and PALSAR-2 lineaments, the diffuse 

earthquakes become 32 events. Diffuse 

earthquakes are caused by unidentified 

faults or ellipsoid errors in determining 

earthquake epicenters. For small-magnitude 

earthquakes, location errors depend on the 

geometry and noise levels of the stations that 

make up the network (D'Alessandro & 

Stickney, 2012).  

Based on geographics and the 
direction of the strikes (Figure 9), there are 
indications that the Pesanggaran Fault and 
Sepang Fault are extensions of the East Coast 
Fault and Pajahan Fault, respectively. 
Banyuwedang and Tegal Badeng faults are 
related to earthquake history, and 
specifically for Banyuwedang, there is also a 
hot spring in that area.  

 

 
Figure 9. New fault identification showing characteristic textural signatures of different 

lithological facies in the directional filter (a. Banyuwedang, b. Sepang, c. Tegal Badeng, and d. 
Pesanggaran) (Source: Data Processing Result, 2022). 

 
Some regions show a gap 

morphological condition, which indicates 
weak zones, weak zones, or non-resistance is 
also equal to the distribution of fault patterns 
and earthquake points. (Wijay et al., 2020) 
made observations of outcrop in Bubunan, 
Singaraja, an andesitic intrusion part of the 
Jembrana Volcanic Rock Formation. From 
their observations, a morphological 
displacement where the andesite intrusion 
body is cut off and moved away from each 
other is still part of the Busungbiu fault 
pattern Busungbiu fault kinematically has a 
left slip movement. Horizontal fault traces 
form a negative flower structure pattern in 
the alluvium outcrop. 

(Astra et al., 2014) interpreting in the 
western region of Buleleng resulted in an 
ascending fault model in which the SVD 
value on the minimum curve is more 
dominant than the maximum curve value 
but did not mention the fault name. We 
estimated this fault between the Seririt fault 
and Renon Mt Fault, and the results in this 
study resulted in both thrust faults. New 
spots identified using SAR data in the 
Banyuwedang area are related to the results 
study by (Purnomo & Pichler, 2015) that 
confirmed the fault-hosted geothermal 
system of Banyuwedang. (Agasty et al., 
2022) conducted a field study for the 
identification of the Rendang fault using 
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tectonic geomorphological methods and 
geological mapping obtained lineament data 
collection totaling 141 lineaments with a 
dominant direction of northeast-southwest 
(NE-SW), where the presence of Mount 
Abang and Agung Volcano also controls 
fault patterns in the area. The length of the 
Rendang fault based on (Agasty et al., 2022) 
analysis is 18 km; this result is not far 
different from the lineament method using 
PALSAR-2 in this study, which is 18,5 km. 

Indications of reactivation of the main 
fault on the East Coast of Bali are in the 
fluvial facies where a shear zone can be seen 
with a reverse fault mechanism N345°E/83° 

(Soehaimi et al., 2015; Ariantan et al., 2018). 
This result differs from the dip angle 
obtained from 3D modeling, which is 50°. 

Based on the Probabilistic Seismic 
Hazard Analysis (PSHA) map for the Bali 
land (Pusgen, 2017; Pratama, 2020), the 
maximum value of earthquake ground 
acceleration is caused by the potential for 
earthquakes from the Flores Back Arc 
Thrust. The maximum intensity was caused 
by the 1976 sericite earthquake and the 1979 
kidnapping earthquake, both felt at VII MMI 
(Soehaimi & Setiawan, 2014). However, 
some local active faults cause some damage 

with low magnitude (<5). Based on a survey 
of 14 GPS points throughout Bali from 2013 
to 2015, The horizontal velocity of Bali GPS 
sites varies from 1.93 mm/year to 22.53 
mm/year in the NE direction. In contrast, 
the vertical rate ranges between -184.34 
mm/year to 33.79 mm/year (Sulaiman et al., 
2018). The relative velocity may associate 
with the tectonic activity due to the 
subduction at southern Bali, West Flores 
Back-Arc Thrust, and East Flores Back-Arc 
Thrust at the northern part; and Lombok 
Strait Fault and a fault at eastern Bali with 
magnitude (Mw) 7.1, 6.6, 6.8, 5.8, and 5.2, 
respectively. 

This study proposes 30 faults in Bali, 
including 26 spots from geological maps 
with changes in length and location shift and 
four new areas extracted from semi-
automatic contour (Figure 10). The 
combination of gravity and SAR data can 
interpret faults well. However, more 
historical earthquake data is needed. 
Considering the current sensors, earthquake 
recording only takes time so that the fault 
zone will be identified appropriately. The 
observed image results are improving 
through the development of increasingly 
sophisticated remote sensing technology. 

 

 
Figure 10. Fault identification results in Bali using GGMPlus Gravity and ALOS-2 PALSAR-2 

data. (Source: Data Processing Result, 2022). 
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This study highlighted the importance 
of the satellite data from the GGMPlus and 
ALOS-2 PALSAR-2 data combination and 
the proposed methodology to enhance 
geological features for mapping fault zone, 
particularly in Bali land. The results of 
automatic lineage analysis with the PCI 
Geomatica LINE module resulted in the 
identification of lineaments mainly in the 
western part of Bali, following (Helmi et al., 
2021) research results obtained a lineament 
delineation in a northwest-southeast (NW-
SE) direction. This is due to differences in the 
data and lineament extraction method used. 

Previous research on the identification 
of active faults on Bali land used DEM data 
by (Helmi et al., 2021), using gravity data by 
(Astra et al., 2014), and (Wijaya et al., 2020). 
However, the three studies did not do the 
research for the entire Bali area and with 
limited data. The results of this study 
provide a new understanding of the 
geometry of active faults on the island of Bali 
and the potential for future earthquakes to 
contribute to earthquake disaster mitigation 
efforts on the island of Bali. With the 
improvement in the quality of earthquake 
records, seen from the decrease in the value 
of Mc, it is stated that more small 
earthquakes can be adequately analyzed, 
thus increasing the number of historical 
earthquake catalogs available. Socializing 
potential fault hazards and earthquake risks 
to local communities and stakeholders in 
earthquake mitigation is necessary. 
Settlements (buildings, houses) must strictly 
follow the building code based on the 
acceleration value and local soil conditions. 

Remote sensing data for geological 
lineament mapping leads to determining the 
faults and tectonic implications by 
substituting conventional methods. 
Geological lineament extraction is directly 
associated with the interpreter's skill, 
experience, and remote sensing data 

(Ahmadi & Pekkan, 2021). 
Identification of active fault traces in 

Bali land has provided high disaster risks. 
We hope this study can properly mitigate 

and provide stakeholders with input about 
the threat of earthquakes due to local faults. 
In the future, we need to increase the 
awareness of shallow earthquakes of 
medium-high magnitude because they can 
endanger residents around this fault zone, 
especially residents who live in houses or 
buildings that are not earthquake-resistant. 
Socialization about potential hazards and 
earthquake mitigation needs to be 
improved, especially in fault zones. 

 
CONCLUSION 

This study proposes 30 faults in Bali, 
including 26 spots from geological maps 
with changes in length and location shift and 
four new areas extracted from semi-
automatic lineament. Places in Bali land are 
controlled by subduction in the south of the 
island of Bali, between the Eurasian 
Continent Plate and the Indo-Australian 
Ocean Plate. Some spots are in the contact 
area of the lithological boundary, and the 
rest intersect the lithological boundary. 
Based on the age of the rock formations, 
these faults pass through with the age of the 
Quaternary rocks. All of these faults are 
categorized as active faults. All spots are 
associated with at least one earthquake 
occurrence and have the same fault type as 
their focal mechanism. 

Various methods of determining faults 
must be carried out to ensure each fault 
parameter has straightforward 
measurements in the field. In the future, it is 
necessary to be aware of shallow 
earthquakes of medium-high magnitude 
because they can endanger residents around 
this fault zone, especially residents who live 
in houses or buildings that are not 
earthquake-resistant. 
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