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ABSTRACT

Halmabhera Island is the result of the interaction between the Indo-Australian Plate, the Molucca Sea Plate, and
the Philippine Plate, which gave rise to many active geological structures that are vulnerable to seismic activity
around the island. The complexity of this geological structure makes Halmahera Island very interesting to study. This
study aims to identify geological structures by integrating remote sensing and gravity satellite data. Surface lineament
analysis using the remote sensing method was carried out based on Sentinel-1A imagery data. The gravity method
uses GGMPlus satellite data to clarify the continuity of geological structures that cannot be clearly mapped on the
surface. Lineament analysis on gravity data uses techniques such as fast sigmoid edge detection (FSED) and Euler
deconvolution. The results of lineament interpretation based on integrating remote sensing and gravity satellite data
show that the NE-SW structure controls the northern and northeastern arms of Halmahera.

In contrast, the southern arm is dominated by the NW-SE structure. The Euler depth estimation shows that the
Halmahera area contributes to having geological structures at various depths. Deep structures reach 4 km, while
shallow structures are found at depths of up to 2 km. Earthquake hypocenter data strengthen the interpretation of this
geological structure. This comprehensive study yields an excellent correlation between gravity and remote sensing
techniques in describing the general structural framework of the area. The new finding is an NE-SW trending
geological structure on the northern Halmahera arm, which may be caused by two different tectonics first, the
subduction of the Molucca Sea Plate with the Halmahera Plate in the west. Second, the strike-slip movement is
trending NE-SW, which cuts the northern and northeastern arms due to the rotational movement of the thrust fault
with the Philippine Plate to the west.
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1. Introduction complexity and lies over the three major

Halmahera Island is one of the parts of the conjunction plates: The Eurasian Plate, The
Indonesian Archipelago that has geological Australian Plate, and The Pacific Plate in the
west, south, and east, respectively (Fig. 1)
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2018). These plate propagations probably
cause the geological structures to rise, which
is considered a source of seismic activity.
Tectonic movements, an eastward Molucca
Sea Plate collision, are located approximately
100 km below the Halmahera and generated a
strong earthquake on February 26, 2020, with
a magnitude of 5.2, equal to the V MMI scale
(Rachman et al., 2022). An earthquake
occurred on April 18, 2022, with a magnitude
of 5.2, produced by an active fault. It caused
several damages, collapsed a building, and
injured people in Tobelo, North Halmahera
(BNPB, 2022). Eastward subduction beneath
the Halmahera arc occurs at an angle of 450
and depths reaching approximately 230 km, as
Cardwell and Karig (1980) reported.
However, recent investigations indicate that
the slab is at a depth of around 400 km
(Puspito and Hirahara, 1993; Hall and
Spakman, 2015; Zenonos et al., 2019).
Seismic activities recorded in the region
indicate the presence of numerous active

geological structures beneath Halmahera.
Several  researchers  have  effectively
delineated geological features, such as

lineaments and surface fault structures, using
remote sensing approaches with Synthetic
Aperture Radar (SAR) data (Elhag et al,
2019; Mohcine et al.,, 2022). The broad
coverage of these SAR images facilitates
comprehensive observations of regional-scale
geological  structures.  Successful  fault
interpretations using Sentinel-1A imagery
extraction have been applied in various fields
(Ahmadi and Pekkan, 2021; Ghosh et al.,
2021; Dhara et al., 2022), including the work
of Khakim et al. (2023) to investigate ground
surface subsidence in Jakarta; Menichetti et
al. (2023) for identifying rupture at Mts.
Sibilini and Mt. Etna Volcano and Vajedian et
al. (2023) map the fault distribution causing
displacement in Kerman using Sentinel-1A.
However, it should be noted that remote
sensing  imagery only  provides a
representation of surface conditions, which
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may not accurately represent the geological
settings. Subsurface faults and those obscured
by vegetation or other materials are
challenging to interpret using satellite
imagery. Due to these facts, this research
combined remote sensing and gravity data to
elucidate subsurface structures not identified
by remote sensing data.

Source edges help map the boundaries of
anomalous sources. Edge detection techniques
can map the structure's lineament (Pham et al.,
2023). Eldosouky et al. (2020, 2022), Prasad
et al. (2020), Oksum et al. (2021), Nzeuga et
al. (2022), Pham et al. (2021, 2022, 2023),
and Alvandi et al. (2023) have put this
approach into action and tested how well it
works, especially when it comes to finding the
edges of gravity and magnetic anomaly
bodies. This research aims to use one of the
edge detection techniques introduced by
Oksum et al. (2021), namely fast sigmoid
edge detection (FSED), to be applied to real
gravity data in mapping main structural
lineaments. The FSED is a method for
detecting subsurface rock masses at varying
depths, supported by subsequent studies
(Altinoglu, 2023; Kamto et al., 2023; Pham et
al., 2023). Furthermore, the Euler approach is
utilized to approximate the location of an
anomalous source (Thompson, 1982; Reid et
al., 1990; Marson and Klingele, 1993; Cooper,
2004; Chen et al., 2022; Pham et al., 2023).
This method is expected to accommodate
geological structures at continuous depths that
the FSED technique cannot accommodate.

The geological structural interpretation in
our study is supported by the validation
process, which utilizes earthquake hypocentre
data. It is postulated that geological structures
can be identified as areas of reduced strength
that have the potential to undergo
displacement. Consequently, the release of
energy from these structures can initiate
seismic events (Haiyun and Xiaxin, 2003;
Dong and Luo, 2022). Halmahera's extensive
and isolated geographical area poses
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difficulties when carrying out direct study employs a regional methodology and
evaluations. This study utilizes satellite data aims to investigate the trends of lineaments
from gravity and imagery databases to and geological formations in the Halmahera
identify, analyze, and evaluate the geological region of North Molucca. Moreover, the
structure of Halmahera, logated in the Noﬁh findings of this study are considered to serve
Molucca region. The application of satellite
data offers valuable insights into Halmahera's
geological and  geophysical attributes,
obviating the necessity for expensive and catastrophe mitigation, geological mapping,
intricate physical investigation methods. This  and environmental mapping.

as a valuable resource for informing decision-
making processes in diverse domains, such as
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Figure 1. The location of Halmahera is located in three active subduction zones: the western part is
bounded by a volcanic arc, which is a product of the Eurasian collision with the Halmahera Plate; the
eastern part contains the Philippine Trench; and the strike-slip fault in the southern part is an
accommodation for the collision of the Pacific microcontinent with Indo-Australia (modified from van
Gorsel, 2018)
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2. Geological Settings

From a geotectonic perspective, the island
of Halmahera is characterized by the presence
of a subduction belt in its western region,
subduction of the Philippine Sea Plate in the
northeast, and the Sorong Fault, which

exhibits strike-slip motion in the southern part
of the island (see Fig. 1). This tectonic process
in the creation of a multifaceted
formation

results

geological and governs the

of geological characteristics
The geological framework of
Halmahera Island comprises many
components, including arc fragments, a
microcontinent, and an oceanic sea floor basin
(van Bemmelen, 1949; Hall and Spakman,
2015; Konopka et al., 2022). Halmahera's

geological configuration began through the
convergence process involving the eastern
portion of the Molucca Sea Plate (Hall, 1987).

evolution
(Fig. 2).
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Figure 2. Regional geological map of Halmahera Island (modification from Sukamto and Samodra, 1995)
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The process described involves the
occurrence of subduction beneath the
Halmahera region, wherein the Halmahera
Plate actively consumes the Molucca Sea
Plate. The ophiolite rocks under consideration
are the result of subduction processes,
followed by their subsequent uplift due to the
collision between the Halmahera Plate and the
Eurasian Plate above the Molucca Sea Plate
(Cardwell and Karig, 1980; Mccaffrey et al.,
1980; Hall and Hidayat, 1988; Hall et al.,
1995; Milsom, 2001; Hinschberger et al.,
2005; Dong et al., 2022). The collision event
results in the formation of a volcanic arc
before the tertiary period, characterized by
ongoing volcanic activities and volcaniclastic
rock that overlies the ophiolite basement in
the western region of Halmahera. This
information is depicted in Fig. 2, as
referenced by Hall and Wilson (2000),
Waltham et al. (2008), Dang (2015), and Bani
etal. (2021).

The westward motion of the Philippine Sea
Plate resulted in three instances of subduction.
One of these events involved the Eurasian
Plate and led to a strike-slip movement along
the Philippine Fault in the northeastern region
(Hamilton, 1979; Waltham et al., 2008) (see
Fig. 1). The formation of the Philippine
Trench can be attributed to the subduction of
the Philippine Sea Plate beneath the Eurasian
Plate, as well as the subduction of the
lithosphere of the Molucca Sea Plate beneath
the Philippine Sea Plate in the western region,
namely below Halmahera. This explanation is
supported by studies conducted by Silver and
Moore in 1978, Zhang et al. in 2017, and
Rachman et al. in 2022. The primary
geological feature of the eastern portion of
Halmabhera is a Mélange Complex, which has
formed due to deformation on the underlying
ophiolite basement (Hamilton, 1979; van
Gorsel, 2018; Konopka et al.,, 2022). The
strike-slip on the eastern Halmahera arm can
be attributed to the continued movement of

the Philippine Sea Plate, as noted by Silver
and Moore (1978). This observation is further
corroborated by the seismic activity reported
in this region by Hall (1987). Several stages
of geological structure development are in the
southern arm of Halmahera. It begins with the
tectonism of the Sorong Fault, causing the
basement to be deformed (Hall et al., 1991).
Metamorphism accompanied the deformation
of the lithology surrounding the area. This
deformation pressed the contact block of the
major fault, followed by intensive folding
with the local over-thrusting positioned in the
junction of the west arc and the east back-arc
region. It uplifted and ended up by erosion.

3. Data

This research utilizes two satellite data.
The first dataset uses GGMplus gravity
satellite data by Hirt et al. (2013), and the
second uses satellite data as sentinel 1-A. The
satellite gravity data has proven to be an
effective method for characterizing subsurface
structures, as demonstrated by studies
conducted by Nigussie et al. (2022) and
Alreface et al. (2022). This approach is
particularly advantageous when dealing with
extensive regions that present difficulties in
terms of accessibility, whether they are
located on land or in marine environments.
The gravity data utilized in this investigation
were acquired from GGMPlus, a dataset
developed by Hirt et al. (2013), which offers
information on the acceleration caused by
gravity. The dataset can be downloaded at the
following website: https://murray-
lab.caltech.edu/GGMplus/index.html. The
GGMPlus model integrates multiple elements,
including the GOCE/GRACE satellite gravity
data, the Earth gravity model (EGM2008),
and topographical gravity derived from the
SRTM topography as outlined in the works of
Hirt et al. (2013) and Hirt et al. (2014).

Furthermore, the acquisition of elevation
data was facilitated by using imagery from the
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Shuttle Radar Topography Mission (SRTM),
sourced from the official website of the
United States Geological Survey (USGS) at
https://usgs.gov. In addition, remote sensing
data was acquired from the Sentinel-1A
satellite and analyzed using the Single-Look
Complex (SLC) technique, which accounts for
slant distance geometry, phase preservation,
and natural pixel spacing. The raw data
of Sentinel-1A was obtained by downloading

it from the Alaska Satellite Facility
(ASF) official website at
https://search.asf.alaska.edu/.

4. Methods

4.1. Remote sensing

The Synthetic Aperture Radar (SAR)
Sentinel-1A uses advanced remote sensing
technology to overcome the limitations of
optical imagery, such as the ability to
penetrate clouds and vegetation cover (Dhara
et al.,, 2022; Dai et al.,, 2023). Sentinel-1A
adopts the C-band, offering spatial resolutions
of 5 x 5 5 x 20, or 20 x 40, with a
wavelength ranging from 3.75 to 7.5 cm
(Ahmadi and Pekkan, 2021). SAR works
without the sun's electromagnetic waves
because it uses an active source (Li et al,
2022; Zhao et al., 2023). This allows for
effective operation and the collection of
surface information. In addition, the signal's
wavelength is powerful in detecting the
physical properties of materials on the
surface. Moreover, the applications of SAR
imagery extend to lineament delineation.

The Yamaguchi method focuses on two
factors to recognize geological features:
image scale and orbit. A smaller scale is more
efficient for observing lineaments over larger
areas, but it may reduce the image quality.
Conversely, employing a larger scale yields
more excellent reliability in examining
characteristics within the localized data. To
investigate this matter, Yamaguchi (1985)
defines the relationship between resolution
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and image scale as  written in
the Equation below:
Rx §=0.1mm (D)

where R is the resolution and S is the scale of
the remote sensing data.

4.2. Gravity

The utilization of gravity anomalies,
vertical derivatives, and the integration of
gravity anomalies with horizontal derivatives
has demonstrated that it is successful in the
identification of edges and determination of
depths within the subsurface rock formations.
In a recent study, the derivative technique of
gravity data has been reported to enhance the
sharpness of discontinuity boundaries beneath
the surface, as documented by Oksum et al.
(2021), Altinoglu (2023), Alvandi et al.
(2023), Kamto et al. (2023), and Pham et al.
(2023). The utilization of derivatives is well-
known in the context of edge detection filters.
One such filter employed in this research is
the fast sigmoid edge detection (FSED).
FSED is the ratio of the first derivatives of the
gradient amplitude. This approach
demonstrates a maximum response over the
edge of the anomaly source (Oksum et al.,
2021; Alvandi et al., 2023).

This filter can balance anomalies
originating from various depths by tilizing the
vertical and horizontal derivatives of gravity
gradient data. The proposed FSED Equation
by Oksum et al. (2021) is illustrated in
Equation (2):

FSED = 1 2)
T 1+ |R|
with
OTHG
R = dz 3)

(aTHG)2 (E)THG)Z
dx dy

where dTHG /0z is the vertical derivative of
total horizontal gradient dTHG, 0THG /0x
and O0THG/0y denote the horizontal
derivative of total horizontal gradient in the x
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and y directions, respectively. The FSED
effectively mitigates amplitude anomalies
arising from causative bodies at varying
depths and with distinct properties, enhancing
resolution and accuracy in delineating source
edges. Notably, this filter avoids generating
spurious edges in cases where anomaly
sources exhibit opposing density contrasts
simultaneously, as demonstrated by Oksum et
al. (2021), Eldosouky et al. (2022), Kamto et
al. (2023), and Pham et al. (2023).

In addition to FSED technique, depth
information is acquired through the Euler
deconvolution method. The Euler
deconvolution method was first employed to
determine the positions of lineament in
magnetic data (Thompson, 1982; Reid et al.,
1990; Cooper, 2004; Pham et al., 2023).
Marson and Klingele (1993) endeavor to
employ the Euler approach, as elucidated by
Pham et al. (2023). The Equation of Euler is
formulated as seen below:

G-xL vy L sy LY 4

X7 XG0, T T Yo 0zdy 270 9,2 = g, )
f denotes the gravity field at the point of x, y, corresponding actual  positions, hence
z affected by the anomaly source at xy, yo,2Z, mitigating the perceptibility of layover,

position. In this study, the parameter N, where
N is defined as the sum of the structural index
(SI) and the vertical gradient order of the
gravity data (n), represents the structural
index that characterizes the geometric
parameters of the source (Huang et al., 1995;
Cooper, 2004; Stavrev and Reid, 2007; Pham
et al., 2023). In the gravity case, SI = -1
represents lithological contact or fault, 0 for a
thin sheet, 1 is used for a horizontal cylinder,
and 2 is a geometric sphere (Reid and
Thurston, 2014; Abdullahi et al., 2023).

5. Data processing

5.1. Imagery Pre-processing based on remote
sensing approach

The Synthetic Aperture Radar (SAR) data
were obtained under dry conditions on April
4, 2017, utilizing ascending and descending
orbits and dual polarization. The dataset of
Sentinel-1A  imagery  encompasses a
considerable geographical extent, hence
requiring the segmentation (TOPSAR-Split)
of segments to extract imagery relevant to the
study area and mitigate the inclusion of
extraneous pixel data. The data is subjected to
radiometric  correction to mitigate the
presence of speckles. Using the Sentinel
Applications Platform (SNAP) software
facilitates the alignment of pixels to their

shadow, and foreshortening effects (Gyeltshen
et al., 2022). Lineament extraction is
performed on the geometrically corrected
SAR imagery at a scale of 1:280.000.

5.2. Anomaly separation and enhancement
data using gravity method

The data obtained from the GGMPlus
satellite remains in the form of gravity
acceleration. Hinze et al. (2013) employed a
methodological approach using various
theoretical ~ gravity corrections, namely
latitude, free-air, terrain, and Bouguer gravity
corrections, to obtain complete Bouguer
anomaly (CBA) values. The present study
utilizes the Kriging interpolation technique to
create CBA data on a 220 x 220 m grid. Two
processing stages have been applied to the
CBA data: anomaly separation and edge
detection. Generally, short wavelengths
represent residual anomalies and noise, while
long wavelengths are associated with regional
anomalies (Abdelrahman et al., 1985). This
research uses bandpass filters to separate the
residual from the CBA.

Implementing the FSED data enhancement
method involves the CBA map as input data,
followed by horizontal and vertical gradient
component  computation  through  the
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numerical derivative technique in the
frequency domain. The delineation of
subsurface source edges is performed at the
maximum value of FSED, representing
formation boundaries and geological structure
(Oksum et al., 2021; Eldosouky et al., 2022;
Pham et al., 2023; and Kamto et al., 2023).
The rock body boundaries are drawn using the
FSED method, supported by research
established by Oksum et al. (2021), Pham et
al. (2023), and Kamto et al. (2023). In
addition to FSED, Euler edge detection is
further practiced in this study to approximate
the depth of anomalies. This study applies
Euler deconvolution with an N of 0 derived
from Equation 3 using SI=-1and n = 1.

Additionally, several studies' proposed
window size parameter is 10 x 10 km, as
mentioned in Castro et al. (2020) and Pham et
al. (2023). Here, we applied the Euler
deconvolution method by assuming a contact
model with a 10 x 10 moving window to
locate possible subsurface structures from
gravity data.

6. Results

6.1. Lineament analysis using Sentinel-14
imagery

The geological feature, specifically the
lineament identification, was analyzed by
combining two scenes, the ascending and
descending imagery. A total of 6203
lineaments were discovered throughout the
entire Halmahera Island. The lineament map
interpretation considered three factors: the
dominant strike direction of the lineaments the
continuous lineaments' avoidance of radial
volcanic trends. Lineaments were delineated
in each arm of Halmahera Island, including
the northern arm (Fig. 3), the northeastern arm
as illustrated in Fig. 4, the central arm
(Fig. 5), and the southern arm, which can be
seen in Fig. 6.
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Figure 3. Lineament analysis of Sentinel-1A dual
orbit ascending (blue line) and descending (orange
line) imagery on the northern arm of Halmahera
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Figure 4. Lineament analysis of Sentinel-1A dual
orbit ascending (blue line) and descending (orange
line) imagery on the northeastern arm of
Halmahera
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Figure 5. Lineament analysis of Sentinel-1A dual orbit ascending (blue line) and descending (orange line)
imagery on the central arm of Halmahera
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Figure 6. Lineament analysis of Sentinel-1A dual
orbit ascending (blue line) and descending (orange
line) imagery on the southern arm of Halmahera

6.2. Gravity anomaly

The Complete Bouguer Anomaly (CBA)
shows regional wvariations, with positive
values ranging from 67 to 220 mGal, as
depicted in Fig. 7. The gravity anomalies seen
in the northern arm have a comparatively
greater magnitude of 220 mGal, in contrast to
the southern volcanic arc where the anomalies
measure 143 mGal. This discrepancy suggests
that the northern area possesses elevated
topography characterized by the presence of
materials with higher density. Conversely,
diminished gravitational anomalies within the
volcanic arc indicate a relatively lower density
of rocks compared to the surrounding areas.
The complicated geological
Halmahera have led to an intricate distribution
of rocks and subsurface structures, resulting in
a very varied gravity field response (Fig. 7).

The depth estimation uses the Radially
Averaged Power Spectrum (RAPS) adopted

events on
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from Spector and Grant (1970). The average
power spectrum's slope represents the
discontinuity depth between two different
anomalous sources. The part of the curve with
the lowest wavenumber value (cycle/km)
from 0 to 0.05 represents a deep anomalous

128°0’E

source. In contrast, wavenumbers greater than
0.5 are interpreted as signals from shallow
anomalies that could be noise. Wavenumbers
values in the range of 0.05 to 0.5 are
considered to be anomalous sources
represented by rocks near the surface.

129°0'E

2°0'N

1°0'N

0°0"

Complete Bouguer Anomaly
(mGal)

220,325

67,073

Figure 7. Complete Bouguer Anomaly (CBA) of study area
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Figure 8. Cut-off frequency in regional and residual gravity anomaly with Radially Averaged Power
Spectrum (RAPS)

The depth segment boundaries of this
anomalous source are shown in Fig. 8. After
the process of anomaly separation, the
resulting residual gravity anomaly displays a
variation between -6.651 and 6.42 mGal. This
observation indicates the presence of shallow
geological features, specifically residual
anomalies, as seen in Fig. 9. Moreover, the
geological characteristics are augmented by
the presence of FSED, which varies from -1 to
1, as illustrated in Figs. 10a-13a. The
estimated depths, derived from Euler
deconvolution (Figs. 10b-13b), shown by dot
plots with color variations representing the
different depths, indicate that these features
extend up to 5000 meters below the surface.

The FSED solution technique shows the

interpretation of the geological structure at the
boundary where the value is maximum
(Oksum et al., 2021; Pham et al., 2023). The
Euler depth analysis identifies the location of
geological features, such as
boundaries or faults, using the lineament

formation

estimation represented by the yellow line.
Regarding each arm of Halmahera Island,
these two analyses reveal an identical
dominant trend (Figs. 10-13).  This
visualization contributes to enhancing the
understanding of the geological features. In
FSED

technique has proven effective in interpreting

these results, implementing the
causative body boundaries by balancing the
anomalous response contributions from deep

and shallow structures.
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Figure 9. Residual anomaly map for Halmahera region
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Figure 10. Lineament extraction on gravity data is based on the application of edge detection techniques
on the northern Halmahera arm (a) FSED, (b) Euler deconvolution. The black solid line shows structural
delineation in FSED, while the yellow solid line shows structural delineation in Euler depth estimation
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Figure 11. Lineament extraction on gravity data is based on the application of edge detection techniques
on the northeastern Halmahera arm (a) FSED, (b) Euler deconvolution
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Figure 12. Lineament extraction on gravity data is based on the application of edge detection techniques
on the central Halmahera arm (a) FSED, (b) Euler deconvolution

7. Discussions

7.1. Lineament analysis using the remote
sensing method

Remote sensing analysis is obtained to
determine the trend of structures near the
surface. The structural analysis was carried
out with a Rose diagram. The findings of the
investigation of this methodology are depicted
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in Figs. 3 to 6. The northern arm, as depicted
in Fig. 3, is dominated by a volcanic arc
extending in a NE-SW direction. This
volcanic arc is the product of volcanic
magmatism resulting from the collision
between the Molucca Sea Plate and the
Halmahera Plate. This collision plays a
significant role in forming the structural
history of the area. This structure with an NE-
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SW orientation is associated with the
subduction of the Pacific microcontinent
beneath the Eurasian Plate. In the northeastern
arm of Halmahera (Fig. 4), the NE-SW trend
is formed by a complex geological context
caused by tectonic processes. In addition, the
geological structure that develops on the
southern arm of Halmahera Island is affected
by the strike-slip motion of the Sorong Fault
as a result of the release of collision energy
between the Indo-Australian Plate and the
Pacific Plate to the mnorth and west,
respectively. Compared to the other arms, the
central Halmahera arm (Fig.5) has two
predominant trends, namely NW-SE and NE-
SW directions, whereas the southern arm
(Fig. 6) has an NW-SE trend.

7.2. Application of edge detection technique
and euler dpth estimation

The gravity anomaly has been spatially
analyzed and interpreted to understand
regional structural trends in the Halmahera
region. The FSED technique analysis of each
Halmahera arm supports the results of this
study. The northern arm is illustrated in Fig.
10a, the northern-northeastern arm in Fig. 11a,
the central arm in Fig. 12a, and the south arm
in Fig. 13a. The Euler depth solution defines
the estimated depth of the anomaly source
based on the vertical gravity data derivative
derived using the Euler deconvolution method
(Marson and Klingele, 1993; Pham et al.,
2023). Figs. 10b—13b shows each arm's Euler
depth estimation evaluation. The results of the
analysis of the FSED technique generate sharp
responses over the boundaries of anomalous
sources. Furthermore, Euler's technique
displays more detailed lineament trends of
geological structures represented by each
source depth. The Euler technique can identify
lateral and vertical anomaly source boundaries
simultaneously to provide the results of
structural continuity with depth.

The geological structure of the Halmahera
area is thought to be a source of deep

structures, reaching more than 4 km, while
shallow structures are at depths of up to 2 km.
It has been suggested that all Halmahera arms
are closely related to shallow structures (Figs.
10b-13b). However, the Euler deconvolution
method on all arms still generates an
imprecise solution due to several factors, such
as noise and interference from surrounding
anomalies (Chen et al., 2014).

The utilization of the FSED approach and
Euler depth solution revealed that the
boundary of the anomaly exhibited consistent
characteristics, providing geological insights
into the spatial limits of the anomaly's source
on Halmahera Island. The black solid line
represents the structural delineation from the
FSED approach, while the yellow solid line
corresponds to the Euler depth solution. The
Euler depth solution estimates the location of
geological features, such as formation
boundaries or faults, between different
volcanic rocks and the Mélange Complex in
the region (Sukamto and Samodra, 1995). The
dipping contact at the same source depth
determines the delineation of the geological
structure's boundaries. As a result, the
lineament of the boundary structure is
established with an NE-SW trend on the
northern (Fig. 10) and northeastern arms
(Fig. 11). Conversely, the southern arm
exhibits a predominant direction that is
opposite to the northern and northeastern arm,
explicitly =~ following an NW-SE trend
(Fig. 13). The minor structural trends seen in
the northeastern arm (Fig. 11), known as the
N-E and E-W trends, are believed to have
originated from compression folding. These
folding events are thought to be associated
with the migration of the Philippine
microcontinent, which involved  the
occurrence of shear faults along the Mélange
Complex. This interpretation is supported by
previous studies conducted by Hall (1987),
Sukamto, and Samodra (1995).
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Figure 13. Lineament extraction on gravity data is based on the application of edge detection techniques
on the southern Halmahera arm (a) FSED, (b) Euler deconvolution

The structure in the central arm exhibits
two dominant intersecting trends (Fig. 12):
NW-SE and NE-SW. These lineaments of
interpreted structures are discernible through
the implementation of the FSED edge
detection (Fig. 12a) and Euler deconvolution
(Fig. 12b). The distribution trends of these
lineaments, along with their respective
orientations, exhibit a correlated relationship
as indicated by the rose diagrams on both
maps. Lineaments trending NW-SE display a
tendency  towards  strike-slip  faulting,
substantiated by findings from Hall et al.
(1991). Conversely, indications suggest dip-
slip fault for the orientation of the other
dominant lineament. This finding is consistent
with Sukamto and Samodra (1995) trend
analysis of regional structure (Fig. 2). On the
southern arm of Halmahera, the anomaly
boundary trends display a northwest-southeast
(NW-SE) orientation. This suggests a
continuance or extension of the geological
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structure (Hamilton, 1979; Hall, 1987; Hall
and Hidayat, 1988; van Gorsel, 2018)

7.3. Structural of Halmahera

Integrating geological structure
lineaments from gravity anomaly data with
remote sensing analysis yields
comprehensive outcomes related to the
structural trends that formed on Halmahera
Island. The findings from both approaches
exhibit an identical trend. Tectonic seismicity
data is needed to support interpreting gravity
data and remote sensing in delineating
geological structures. The compatibility of
the geological structure's lineament with the
hypocentre of the earthquake is evident from
the plotted positions of both entities (Figs.
14a—d). The geological conditions of
Halmahera Island are shown to be mutually
validated through interpretations derived
from gravity and remote sensing techniques.
The integration of the two techniques
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indicates that the northern region of
Halmahera Island has a structural lineament
that has not been documented previously.
The complex structure of the geological

127°36'E 128°6'E
=

formation in the northern arm is believed to
have a strong correlation with the Halmahera
Trench and the Philippine Trench (Hall and
Spakman, 2015; van Gorsel, 2018).
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The movement of the Philippine Sea Plate
to the west and the Sorong Fault with a
rotational movement suppresses the southern
part, forming a NE-SW strike-slip movement
in the north (Fig. 3, Fig. 10). This is supported
by Hall (1987) assertion of the existence of a

NE-SW fault that crosses between the
northern and northeastern arms. Finally, the
interpretation of the geological structure trend
in the northern and northeastern arms of the
island (Fig. 3, Fig. 4, Fig. 10, Fig. 11)
contrasts with the geological structure trend in
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the southern part of the island (Fig. 6, Fig. 13)
because the southern part of the island is still
strongly controlled by the Sorong Fault (Hall,
1987; van Gorsel, 2018; Patria et al., 2021).
Meanwhile, in the central arm (Fig. 5, Fig.
12), the structure is actively controlled by
Halmahera's subduction and the Philippine
Sea Plate's rotational movement (Hall, 1987).
There are distinctions between the
outcomes of these two interpretations. It is
believed that Halmahera Island is controlled
by two distinct tectonic processes: (1) the
southern part has a strike-slip fault due to the
northwest-southeast trending Sorong Fault,
and (2) the northern part is controlled by the
subduction zone of the Halmahera Plate and
the Molucca Sea Plate, as well as the strike-
slip, which is the accommodation of the
Sorong Fault and the Philippine Trench.

8. Conclusions

The lineament delineation based on remote
sensing imagery of Halmahera shows a
dominant trend in the NE-SW direction on the
northern and northeastern arms, while the
south arm is NW-SE. The central arm has a
trend in two directions, NE-SW and NW-SE,
which are combined trends of the northern
and southern arms. Also, identifying
structures in the Halmahera area based on the
gravity response from both FSED analysis and
Euler depth estimation gives an idea of
structures that can't be seen from the surface.
Interesting geological interpretations seen in
the north have geological structure trends that
have not been mapped before. The dominant
structure of Halmahera Island in the northern
arm trending NE-SW is associated with the
Philippine Sea microcontinent that collides
with the Halmahera Plate. The integration of
these two methods confirms and provides new
information that the southern part has a strike-
slip fault due to the Sorong Fault, which is
trending NW-SE, and the northern part is
dominated by the rotational movement of the
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southern Philippine Sea microcontinent,
which is subducting beneath the Halmahera
Plate. Based on the results obtained from the
analysis of the gravity method, it correlates
well with the remote sensing method in
delineating the regional geological lineament
of Halmahera Island, North Molucca.
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