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Abstract: Active seismic activities have been reported in the Lahad Datu area in Sabah due to the presence of active faults, 
which has led to frequent, moderate to large earthquakes occurring within the area. According to USGS statistics, Lahad 
Datu was struck by a powerful earthquake with a magnitude of 6.6 in 1923 and a magnitude of 6.2 in 1976. Monitoring 
activities commenced in 2019 following the installation of 12 Global Navigation Satellite System (GNSS) monuments by 
the Department of Mineral and Geoscience (JMG), and the data until October 2024 was assessed in this study. Vertical 
movement rates, measured using GNSS, range from -8 mm (downward) to +7 mm (upward), whereas horizontal movement 
is between 4 and 15 mm. The vertical movement of the GNSS monuments is attributed to the dynamic collision between 
the Northeast and Northwest Borneo Troughs. The compression of the Pacific-Philippine plate is causing the NE Borneo 
Trough to migrate westward, which is indicated by the earth’s crust moving westward. The existence of NW-SE sinistral 
faults and ENE-WSW thrust faults suggests NW-SE compression. It has been determined that the following faults are 
active: Tomanggong, Tabin, Bakapit, Bakahak, Permai, Makuo, Silabukan, Silam, Sakar, Lamak, Sepagaya, Puyut, Lahad 
Datu, Salyawak, Tamaco, Lipad, Kulamba, Terusan Segama, and Manalanun. 
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INTRODUCTION
The Lahad Datu region in Sabah exhibits significant 

tectonic activity and seismicity, evidenced by prominent 
earthquakes recorded in 1923 and 1976. Data from the 
Global Navigation Satellite System (GNSS), which provides 
precise measurements of ground movement, confirm the 
region’s ongoing crustal deformation. Notably, Sabah is 
located near three major tectonic plates: the Indo-Australian 
Plate, the Philippine Sea Plate, and the Eurasian Plate, 
which shift at rates of approximately five, ten, and seven 
centimeters per year, respectively (Simons et al., 2007) 
and since the end of the Tertiary period, the extension of 
the South China Sea proto-plate and its collision with the 
Pacific-Philippine Plate and the Indo-Australian Plate have 
contributed to crustal deformation in Sabah (Figure 1). This 
ongoing deformation is responsible for seismic activity 
around the region (Tongkul, 2017). Furthermore, Sabah is 
subjected to both an extensional stress regime, leading to 
the formation of normal faults, and a compressional stress 
regime that generates active strike-slip and thrust faults, as 
indicated by earthquake focal mechanism analyses (Figure 
2). In Lahad Datu, several active faults contribute to seismic 
activity, including the Tabin Fault, Lahad Datu Fault, Sakar 
Fault, and Silam Fault. These faults play a crucial role in 
accommodating crustal movements and are potential sources 
of future earthquakes in the region.

Sabah’s geological structure and tectonic framework 
are shaped by complex interactions between regional stress 
fields and active deformation processes. The region is 
located within the tectonically active zone of Southeast Asia, 
influenced by the collision between the Eurasian, Philippine 
Sea, and Indo-Australian plates. These interactions have 
resulted in varying stress regimes across different parts of 
Sabah, which significantly impact geological formations 
and structural stability.

The eastern and southeastern regions of Sabah experience 
compressive stresses primarily due to the ongoing subduction 
of the Sulu and Celebes Sea plates. These stresses have led to 
the formation of thrust faults, folding, and uplifted terrains, 
contributing to the rugged topography observed in these areas. 
The intense compression also increases the risk of seismic 
activity and slope instability. In this regard, these factors 
must be considered in construction and land-use planning.

Conversely, the northern and western parts of Sabah 
are dominated by extensional stresses, likely related to 
regional back-arc spreading and crustal thinning processes. 
These stress conditions have resulted in the development 
of normal faults and subsidence zones, which can influence 
groundwater dynamics and geohazard susceptibility. The 
presence of extensional features suggests localized tectonic 
adjustments accommodating the overall compressive regime 
acting on the broader region.
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Figure 1: Tectonic position of Sabah showing major plate boundaries (thick yellow lines) and plate 
movement (arrows). Sabah is located hundreds of kilometers from the active plate boundary of the 
Philippine Trough (Tongkul, 2017).

Figure 2: Active fault on the west coast of Sabah with a NE-SW orientation which is a normal fault while on 
the coast with a NW-SE and NE-SW orientation which is a horizontal fault and a thrust fault (Tongkul, 2017).
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Sabah’s tectonic deformation is further evidenced 
by active fault systems, such as the Lobou-Lobou Fault 
and the Mensaban Fault, which exhibit signs of both 
compressional and extensional movements. Understanding 
these stress variations and their geological implications is 
critical for infrastructure development, hazard assessment, 
and sustainable land management in the region. Therefore, 
incorporating these geological and tectonic considerations, 
engineering, and planning efforts can better address 
the challenges posed by Sabah’s dynamic geophysical 
environment.

Although Sabah has many active faults (Ismail et 
al., 2015), their exact location and movement cannot be 
determined due to the lack of a geodetic monitoring system. 
Earlier studies had detected crustal deformation in Sabah 
using sparse GNSS data, primarily from campaign-based 
and continuous GNSS observations (Simons et al., 2007; 
Mohamed, 2012; Sapin et al., 2013; Mustafar et al., 2014 & 
2017). These studies, conducted over varying timeframes—
from short-term measurement campaigns spanning weeks 
to long-term monitoring extending over several years—
provided insights into regional-scale deformation patterns. 
However, due to the limited spatial distribution of GNSS 
stations, particularly with large gaps between observation 
points (often tens of kilometers apart), these datasets lack the 
resolution necessary to capture localized fault movements 
with high precision.

According to Mustafar et al. (2017), Sabah exhibits 
a slight clockwise rotation in addition to extensional 
and compressive stresses (Figure 3). In this light, crustal 
deformation data are not very effective in identifying local 
movements of active faults due to the large distances (tens 
of kilometers) between GNSS sites. For example, previous 
GNSS studies in Sabah (Mustafar et al., 2014; 2017) recorded 
regional-scale deformation trends, such as the overall slight 
clockwise rotation of the region and broad extensional and 
compressional stress regimes. However, these data failed 
to detect measurable displacement along certain known 
active faults, such as the Tabin Fault, Sakar Fault, and the 
Lahad Datu Fault, due to the sparse distribution of GNSS 
stations. In some cases, even faults with historical seismic 
activity, such as the Lobou-Lobou Fault and Mensaban 
Fault, exhibited no significant movement in GNSS records, 
likely because the nearest station was located too far away 
to resolve localized strain accumulation. This limitation 
highlights the need for a denser geodetic network to improve 
the resolution of fault-specific deformation studies in Sabah. 
Recognizing this limitation, the Department of Mineral and 
Geoscience Malaysia (JMG) initiated a dedicated GNSS 
monitoring program in 2019, installing stations in key areas 
such as Ranau and Lahad Datu to enhance the understanding 
of fault dynamics in Sabah. Some initial findings from the 
GNSS campaign in the Lahad Datu area are presented in 
this study, providing a more detailed assessment of crustal 
movements and potential seismic hazards.

TECTONICS OF SABAH
Sabah is located in the Sundaland block, which also 

includes Java, Sumatra, Borneo, Peninsular Malaysia, 
Thailand, Indochina (including Cambodia, Laos, and 
Vietnam), and the shallow oceanic area of ​​the Sunda Shelf. 
The tectonic plates surrounding the Sundaland block are 
the Pacific-Philippine Plate to the east, the Australian 
Plate to the south, the Indian Plate to the west, and the 
Eurasian Plate to the north. Sabah is situated between the 
Pacific-Philippine Plate and the Eurasian Plate, making 
it highly susceptible to tectonic activity. This positioning 
has resulted in faulting across various areas, including 
Labuk Bay (Paitan-Beluran), Marudu Bay (Kudat-Kota 
Marudu-Pitas-Pulau Banggi), the West Coast of Sabah 
(Ranau-Tenom-Keningau-Tambunan-Telupid), and the 
Semporna-Lahad Datu Peninsula. The collision zone 
between the Pacific-Philippine Plate, the Indian-Australian 
Plate, and the Eurasian continent is the location zone for the 
Southeast Asian continental landmass complex, ophiolite 
complexes, volcanic island arcs, and small ocean basins. 
Large-scale seismic activity and volcanic eruptions are 
common in intercontinental collision zones, also known 
as interplates.

Figure 3: Red arrows indicate extension, blue arrows represent 
compressive stress, and green arrows indicate shear. (b) Red wedges 
represent the clockwise rotation rate, and blue wedges indicate the 
counterclockwise rotation rate (Mustafar et al., 2017)
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Research on Sabah’s tectonic setting has been conducted 
by numerous authors since the early 1970s, focusing on 
various aspects of its geological evolution. Early studies by 
Tokuyama & Yoshida (1974) and Hamilton (1979) provided 
foundational insights into the region’s tectonic framework. 
Subsequent research by Holloway (1982), Wood (1985), and 
Rangin et al. (1990) expanded on fault structures and basin 
development. Tan & Lamy (1990), Tongkul (1990, 1991), 
and Hinz et al. (1991) further explored tectonic deformation 
and crustal dynamics. More recent studies by Hall (1996, 
2013), Hutchison et al. (2000), and Hall & Wilson (2000) 
refined previous models, incorporating new geological and 
geophysical data to improve the understanding of Sabah’s 
complex tectonic evolution. According to Hall (2013), the 
region’s deformation is influenced by interactions between 
the Eurasian, Indo-Australian, and Philippine Sea plates, 
which continue to shape its tectonic landscape.

The convergent movement of the proto-South China Sea 
block towards the southeast has influenced the geological 
development in Sabah’s north and west (Tongkul, 1990). This 
movement ended in the Early to Middle Miocene (Taylor & 
Hayes, 1983; Briais et al., 1993; Barckhausen & Roeser, 2004). 
The Crocker Range, which is oriented NE-SW, is the result of 
the substantial uplift that occurred on Sabah’s west coast (Hall, 
2013). This high mountain range spread northwestward into 
the Sabah Trough due to gravitational instability (Hall, 2013; 
Sapin et al., 2013). An erosional episode linked to the Deep 
Regional Unconformity (DRU) is thought to have occurred 
during the Middle Miocene (Bol & van Hoorn, 1980; Levell, 
1987; Hutchison, 2004, 2005). Within the Crocker Range, 
the igneous intrusion that forms Mount Kinabalu extends 
across the borders of the Ranau and Kota Belud districts. 
Mount Kinabalu, classified as an igneous intrusion, has a 
peak elevation of approximately 4,095 meters above mean 
sea level and is believed to be rising at a long-term rate of 
about 0.5 mm per year (Hall et al., 2009). Ranau is prone to 
significant seismic activity, with most earthquakes occurring 
at depths of less than 50 kilometers.

PREVIOUS STUDY OF CRUSTAL 
DEFORMATION IN SABAH

Compared to the inflexible Sundaland block, Sabah 
appears to rotate clockwise and experience slow and free 
deformation (Rangin et al., 1990; Simons et al., 2007; Sapin 
et al., 2013; Mustafar et al., 2017). According to studies 
by King et al. (2010), Sapin et al. (2013), and Hall (2013), 
the crustal movement in the western Sabah area is due to 
gravitational sliding. Other researchers, including Simons 
et al. (2007), Franke et al. (2008), and Hesse et al. (2009), 
concluded that crustal shortening is the main cause of 
deformation in western Sabah. The remaining convergence 
between the Sundaland Plate and the Philippine Sea Plate 
in this region has been accommodated by compressional 
and extensional stresses occurring offshore Sabah (Franke 
et al., 2008) and Hesse et al. (2009).

According to Sapin et al. (2013), the main mechanism 
to compensate for the offshore deformation deficit is the 
extensional movement of the Crocker Range. Active crustal 
deformation in western Sabah was demonstrated by the 
strong earthquake that struck Ranau on 5 June 2015, with 
a magnitude of 6.0ML. Crustal deformation is currently 
being studied intensively using more sophisticated GNSS 
system technology. 

In Sabah, the Department of Survey and Mapping 
Malaysia (JUPEM) is implementing the Malaysian Real-
Time GNSS Kinematic Network (MyRTKnet), a GNSS 
program with continuous monitoring. However, this network 
does not identify local active fault movements. Mustafar 
et al. (2017) used the latest continuous GNSS dataset to 
analyze GNSS data from the JUPEM network in Sabah and 
measure the deformation of the Sabah crust. Using GNSS 
technology, JUPEM and JMG conducted the first geodetic 
campaign in Kundasang, Sabah, in 2010. A passive GNSS 
monitoring monument was built in the Kundasang area, 
which is part of the Mensaban and Lobou-Lobou fault zones. 
According to the monitoring results, the displacement of 
the crust in the Kundasang area is between 3 and 5 cm per 
year, indicating significant tectonic movement and ongoing 
deformation in the region (Mohamed, 2012). Mustafar et 
al. (2017) and Golutin (2020) used the International GNSS 
Service (IGS) realization based on IGS08 (Rebischung et 
al., 2012) and the International Terrestrial Reference Frame 
2008 (ITRF 2008) (Altamimi et al., 2011) to calculate GNSS 
movements in defining the Sundaland block movement and 
measuring the deformation of the Sabah crust. Similar to 
the study by Sapin et al. (2013), these studies concluded 
that gravity sliding did not occur. Thus, further studies were 
recommended to closely monitor active fault movements 
in Sabah to provide detailed insights into local tectonic 
dynamics and potential seismic hazards.

GEOLOGY OF LAHAD DATU
The general geology of the Lahad Datu area comprises 

ophiolite rocks consisting of ultrabasic, amphibolite, sys-
gneiss, gabbro and chert-spilite, the Tabanak Formation, 
the Labang Formation, the Sebahat Formation, the Togopi 
Formation, the Libong Tuff, the Ganduman Formation, 
the Chert-Spilite Formation and the Ayer Formation. The 
Lahad Datu area is formed by the geology of the Chert-
Spilite Formation for Early Cretaceous - Early Eocene rocks 
consisting of sedimentary association rocks (sandstone, 
chert, shale, and limestone) and volcanic rocks, basalt, 
and spilite which are interpreted to be deposited in the 
geosyncline basin (Fitch, 1955). According to Fitch (1955), 
the “Crystalline Schist” and Danau Formation rocks were 
included due to hybridization and metasomatism processes. 
Ultrabasic rocks were also distinguished from Danau 
Formation rocks based on the age of the rocks. He also 
believed that the tuff outcrops at Segama and Darvel Bay 
and the basalts at Mostyn were Pleistocene in age based on 
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lithology, lack of erosion, undisturbed structure, and traces 
of swamp sediments carried by lava flows. The use of the 
name “Miocene Rocks” is also to describe the mixture of 
various rocks found in Segama.

Haile & Wong (1965) first introduced the term 
‘Crystalline Basement’ for a mixture of schist and igneous 
rocks while naming the ‘Ayer Formation’ for disturbed 
formation rocks, further classifying them into Layered 
Tuff Facies and Layered Block Facies in Segama. They 
also grouped the Ayer Formation, the Libong Tuff, and 
the Tungku Formation under the Segama Group. Kirk 
(1968) later expanded the definition of the Crystalline 
Basement to include schist, gneiss, limestone, gabbro, 
tonalite, diorite, granite, serpentinite, amphibolite, and 
migmatite. The Northwest Borneo Geosyncline Theory was 
applied to explain the presence of these mixed igneous and 
metamorphic rocks, attributing their formation to ophiolite 
and flysch deposits, volcanic activity, and granite intrusions.

Leong (1974)’s study in Segama Valley and Darvel 
Bay concluded that the Crystalline Basement rocks are the 
oldest rocks up to the Lower Triassic, and the metamorphic 
rocks are igneous rocks that were metamorphosed during 
the Jurassic-Cretaceous period. The Chert-Spilite Formation 
rocks, deposited in the eugeosyncline environment, date 
from the Upper Cretaceous to Early Tertiary period, 
likely extending into the Middle Eocene age. These 
rocks experienced breccia during the Miocene Orogeny. 
Clennell (1992) conducted a study of the mélange found 
in Sabah including the mélange in the Lahad Datu area. 
He found that the mélange in Sabah contains associations 
of sandstone, limestone, mudstone, siltstone, serpentinite, 
basalt, greenstone, agglomerate, chert, and other rock blocks.

SEISMOTECTONIC SETTING OF LAHAD DATU
This study has identified seven major active fault 

zones through a combination of detailed field observations 
and remote sensing analysis. Field investigations involved 

geological mapping, fault scarp measurements, and structural 
analysis to assess fault orientation, displacement, and recent 
activity. Remote sensing techniques, including interpretation 
of satellite imagery, digital elevation model (DEM) analysis, 
and Shuttle Radar Topography Mission (SRTM) data, were 
employed to detect surface deformations and lineament 
patterns indicative of fault movements. Additionally, GPS-
based geodetic measurements were utilized to quantify 
ground displacement rates, providing further validation of the 
detected fault activity. These integrated approaches enhance 
the accuracy of fault zone identification and contribute to a 
better understanding of Sabah’s tectonic dynamics. These 
zones can be categorized into three main orientations, namely 
NE-SW, NW-SE, and WSW-ENE (Figure 4). 

Based on focal mechanism analysis, the active 
faults identified in Lahad Datu exhibit characteristics of 
compressional tectonics. The predominance of reverse and 
thrust faulting events suggests that these faults are driven 
by crustal shortening due to regional compressive stress. 
Seismic moment tensor solutions further support this, 
indicating a dominant compressional stress field, with the 
principal stress axis (σ1) oriented in an NW-SE or NE-
SW direction. Additionally, stress inversion analysis and 
earthquake focal mechanisms confirm that fault movement 
in the region is primarily accommodated by thrust faulting. 
These findings are further corroborated by GPS geodetic 
data, which reveal significant crustal convergence in Lahad 
Datu, and structural mapping, which identifies thrust-related 
geomorphic features such as uplifted ridges and fault scarps. 
Collectively, these results provide strong evidence of an 
ongoing compressional tectonic regime influencing the fault 
zones in Lahad Datu. 

The Tabin Fault Zone and the Sakar Fault Zone form 
the ENE-WSW-oriented thrust faults. Most of the earthquake 
epicenters are located in these fault zones. This study has 
identified seven major fault zones: the Tabin, Bagahak, 
Makuo, Tomanggong, Sepagaya, Sakar, and Lahad Datu 
Fault Zones. Based on this study, the identified active faults 
in Lahad Datu are primarily caused by compressional forces. 
These include thrust faults with an ENE-WSW orientation, 
such as the Tomanggong, Tabin, Koyah, Bakapit, Bagahak, 
Permai, Makuo, Silabukan, Silam, and Sakar Faults. 
Additionally, sinistral faults with a WNW-ESE orientation 
include the Lamak, Sepagaya, Puyut, Lahad Datu, Salyawak, 
and Tamaco Faults. The study also identifies the Sebahat 
Fault as an NE-SW trending fault, while dextral faults with 
an NE-SW orientation include the Lipad, Kulamba, Segama 
Channel, and Manalanun Faults, as shown in Figure 5.

METHODOLOGY
The selection of GNSS installation sites was guided 

by several key criteria, including fault positions, geological 
characteristics, stability, safety, and GNSS logistics. Pre-
installation assessments were conducted using Mackintosh 
and augering methods to evaluate soil stability, bedrock Figure 4: Rose diagram of the main faults in Lahad Datu.
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Figure 5: Map of the active Lahad Datu fault as shown in the red line.

type, soil lithology, and bedrock depth to ensure optimal 
site suitability for long-term monitoring. In total, 12 
GNSS monuments were installed, consisting of 10 passive 
monuments and 2 active monuments, as shown in Figure 
6 and Table 1.

The passive GNSS data were post-processed using 
Trimble T4D software to correct potential atmospheric and 
multipath errors, enhancing the accuracy of displacement 
measurements. The GNSS observations were processed and 
analyzed using Trimble Total Control software and T4D 

Figure 6: GNSS monument location map in the Lahad Datu area.
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Control software analytical tools. The study datum was 
the International Terrestrial Reference Framework 2014 
(ITRF2014). The Borneo RSO Timbalai 1948 coordinate 
system was used to post-process the data, determining 
the 2D displacements of the easting (x) and northing (y) 
coordinates relative to the Sundaland Plate’s movement. A 
positive number for x indicates movement eastward, whereas 
a negative value for x indicates movement westward. A 
positive value for y indicates travel to the north, whereas 
a negative value for y indicates movement to the south. 
TrimbleNetR9’s real-time monitoring is very accurate and 
dependable. The precision of network RTK is crucial in 
this study as it directly impacts the reliability of geodetic 
measurements used for monitoring crustal deformation and 
active fault movements. With a repeatability value of 3.5 
mm + 0.4 ppm RMS in the horizontal direction and 15 mm 
+ 0.5 ppm RMS in the vertical direction, this high level of 
precision ensures that even subtle ground displacements 
can be detected with confidence. Accurate measurements 
are essential for assessing fault activity, understanding 
regional tectonic behavior, and improving seismic hazard 
assessments. The ability to achieve millimeter-level 
accuracy in positioning enhances the study’s ability to 
differentiate between actual tectonic movements and 
potential measurement errors, thereby strengthening the 
overall validity of the finding.

RESULTS
Real-time GNSS monitoring and data analysis

Real-time GNSS monitoring plays a vital role in 
tracking crustal displacement and deformation. The two 
active monuments continuously record data, providing 
high-resolution time series that capture even the smallest 
ground movement fluctuations. By analyzing these datasets, 
researchers can determine annual motion trend lines, which 
are essential for assessing the behavior of the Earth’s crust. 
The generated graphs depict displacement patterns and offer 

significant insights into geodynamic activities, seismic risk 
assessments, and land stability issues.

Conversely, passive monitoring monuments are 
periodically surveyed to detect long-term displacement 
trends. Although they do not provide continuous data like 
the active stations, periodic GNSS measurements contribute 
to a broader understanding of tectonic processes over an 
extended timeframe. The integration of both active and 
passive systems creates a robust monitoring framework, 
facilitating accurate geohazard assessment and the 
development of effective mitigation strategies in Lahad 
Datu and its surrounding regions.

Observed displacement trends (2019-2024)
Based on five years of GNSS monitoring, from 2019 

to 2024, all monitoring monuments exhibited noticeable 
horizontal and vertical displacement trends. The horizontal 
movement rates ranged from 4 mm to 15 mm per year, 
reflecting the dynamic nature of the region’s geodynamics. 
The vertical movement varied between -8 mm (downward 
displacement) and +7 mm (upward displacement). These 
movements, including the northing and easting components, 
are detailed in Figures 7 and 8.

The dominant horizontal movement trend is toward the 
northwest (NW), indicating that tectonic forces and subsurface 
processes are actively influencing the region’s ground 
deformation. The fastest recorded horizontal movement was 
15 mm per year, which is relatively significant for a region 
affected by both tectonic activity and geological instability. 
The vertical displacement trends suggest localized subsidence 
and uplift, possibly linked to geological phenomena such as 
seismic activity, sediment compaction, and fluid dynamics 
within subsurface layers.

Influence of mud volcanoes on ground movement
One of the key factors contributing to the observed 

displacement trends is the presence of mud volcano activity 

Table 1: Active and passive GNSS monument in Lahad Datu. 

Category Number of 
Monuments Locations Monitoring Method Monitoring Period

Passive Monuments 10 Anjung Teduh, 
Jalan Dam, 
Kg. Jawa, 
Masjid Al-Raudhah, 
Silabukan-Tabin, 
Klinik Tambisan, 
Ladang Teck Guan, 
Tanjung Labian, 
Lahad Datu Hospital, 
Air Terjun Sepagaya

Trimble R10 GNSS 
survey instrument

Periodically (at least 
once a year) (Oct 
2019 – Oct 2024)

Active Monuments 2 SMK Silabukan, 
Silam SHELL

Continuously 
monitored by the 
JMG office in Kota 
Kinabalu

Continuous 
monitoring (Oct 
2019 – Oct 2024)
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near Lahad Datu, specifically at Teck Guan, close to Lahad 
Datu Airport. Mud volcanoes are geological formations that 
result from the expulsion of water, gases, and semi-liquid 
sediments due to overpressure conditions in subsurface layers. 
The continuous extrusion of mud and associated fluids affects 
ground stability, leading to fluctuations in elevation and lateral 
displacement, which are evident in GNSS monitoring data.

Mud volcanoes are known to cause localized ground 
subsidence due to the depletion of subsurface material. 
When overpressurized sediments and fluids escape, the 
surface layer gradually loses support, leading to gradual 
sinking or sudden collapses in some cases. In Lahad Datu, 
this process is reflected in GNSS data, which indicates a 
downward displacement of up to -8 mm. These geological 

Figure 8: Vertical movement of GNSS monuments in the Lahad Datu area.

Figure 7: Horizontal movement of GNSS monuments in the Lahad Datu area.
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processes may also influence the lateral movement observed 
in the NW direction, as subsurface fluid migration can create 
stress differentials that drive horizontal shifts.

Furthermore, mud volcano eruptions can result 
in episodic ground deformation. Notably, periods of 
increased activity may lead to temporary uplift, while the 
eventual settling of sediments results in subsidence. These 
fluctuations create a complex deformation pattern that must 
be continuously monitored to assess risks to infrastructure, 
settlements, and natural environments in the region.

Tectonic implications and regional geodynamics
Lahad Datu is situated in a geologically active region 

influenced by both tectonic and sedimentary processes. The 
northwestward horizontal movement aligns with broader 
regional tectonic trends, where the Sunda Plate interacts 
with surrounding microplates. The movement of the Earth’s 
crust in this area is affected by plate boundary interactions, 
fault systems, and volcanic activity, all of which contribute 
to complex geodynamic behavior.

The GNSS monitoring results provide critical data 
for understanding regional strain accumulation and stress 
distribution. By studying the velocity and direction of 
ground movement, researchers can infer tectonic deformation 
patterns and assess seismic hazard potential. At the same 
time, the presence of active mud volcanoes adds another 
layer of complexity to these interpretations, as subsurface 
fluid migration can induce localized strain variations that 
modify tectonic stress fields.

Implications for construction and land use 
planning

The displacement trends observed have significant 
implications for construction, urban planning, and 
infrastructure development in Lahad Datu. Hence, 
understanding ground movement behavior is essential 
for designing resilient structures and mitigating risks 
associated with land subsidence, differential settlement, 
and ground deformation. Engineering projects in the 
region must consider GNSS-derived displacement data to 
ensure structural stability and longevity. For instance, road 
networks, bridges, and buildings near areas exhibiting high 
displacement rates must incorporate adaptive engineering 
solutions, such as deep foundation systems, flexible structural 
designs, and geotechnical reinforcements. Additionally, land-
use planning authorities should integrate GNSS monitoring 
data into zoning regulations to avoid construction in high-risk 
zones prone to subsidence and lateral movement.

DISCUSSION
The Lahad Datu tectonic model is developed based on a 

comprehensive literature review. It incorporates the analysis 
and interpretation of satellite images, field studies, and GNSS 
monitoring data. Additionally, earthquake-focused analysis 
and fault movement monitoring were conducted. The latest 

GNSS technology was used to ensure precise measurements 
of fault activity. The study in Lahad Datu found that NW-SE 
compressional forces drive tectonic movement in the area. 
This compression produces a thrust fault structure-oriented 
ENE-WSW and NE-SW.

Additionally, it generates sinistral faults along the 
NW-SE and WNW orientations. The thrust fault structure 
is characterized by overthrusting, where older rock layers 
are displaced over younger ones, influencing regional 
deformation. The results of five years of GNSS monitoring 
indicate that tectonic movement in the Lahad Datu area is 
influenced by the northwestward motion of the Pacific-
Philippine plate relative to the positioning of the region. The 
tectonic model in the Lahad Datu area, as shown in Figure 
9, depicts Lahad Datu as a major collision zone between the 
western and eastern plates—namely, the NW Borneo Trough 
and the NE Borneo Trough. During this plate collision, 
volcanic eruptions occurred in Tawau, Semporna, Kunak, 
and Lahad Datu. However, continuous tectonic movement 
caused these plates to merge, increasing crustal compression 
and leading to the closure of magma conduits. This process 
restricted the upward flow of magma, ultimately ceasing 
volcanic activity in the Semporna Peninsula, Tawau, and 
Lahad Datu. 

Ophiolite rocks in the Lahad Datu area are a combination 
of igneous, metamorphic, and deep-sea sedimentary rocks 
through the process of oceanic crust rocks intruding into 
continental crust rocks. This process produces various types 
of rocks, such as serpentinite, peridotite, gabbro, and basalt, 
which are part of the upper mantle and oceanic crust. The 

Figure 9: The Lahad Datu tectonic force field model shows that 
continuous NW-SE pressure on the thrust faults beneath Lahad Datu 
causes the formation of a NW-SE trending vertical plane structure 
that will move sinistrally and cause upward uplift.
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distribution of mafic and ultramafic igneous rocks in the 
Lahad Datu area indicates magmatic processes such as 
assimilation. This occurs when ascending magma interacts 
with and incorporates surrounding cooler wall rocks, altering 
its composition. As a result, mineral distribution is influenced 
by temperature variations, leading to the formation of more 
evolved and complex rock types such as granodiorite, 
dunite, diorite, anorthosite, harzburgite, anorthitic gabbro, 
pyroxenite, and others.

 Ophiolite rocks, the Chert-SpilitSpilite Formation, and 
the G. Silam ultrabase are ophiolite complexes formed during 
the Triassic to Eocene. This is evidenced by petrological 
studies and formation temperatures by Shariff (1994), which 
proves that the ultrabasic rock in this area is part of the 
ophiolite. In this area, the distinction between the Crystalline 
Basement, ultrabasic, and Chert-SpilitSpilite Formation 
rocks is crucial for understanding the geological history 
and tectonic evolution. The Crystalline Basement, which 
represents the older metamorphic foundation beneath the 
sedimentary layers, plays a key role in defining the region’s 
structural framework. This differentiation is important 
because each rock type reflects specific geodynamic 
processes: the Crystalline Basement indicates ancient 
metamorphic events, the ultrabasic rocks are associated 
with mantle-derived magmatism, and the Chert-Spilite 
Formation is linked to subduction-related oceanic crust 
formation. Understanding these differences helps reconstruct 
past tectonic environments and their influence on present-
day geology. The formation of compressional faults, which 
resulted in the formation of strike-slip faults trending 
ENE-WSW and horizontal faults trending WNW-ESE and 
NW-SE, is consistent with the Riedel movement structure 
and flower structure which resulted in the formation of 
horizontal faults and vertical planes (Figure 10).

Flower structures are significant features in horizontal 
fault zones and serve as key indicators of fault movement in 
tectonic studies (Christie Blick & Biddle, 1985; Cunningham 
& Mann, 2007). In the Lahad Datu area, these structures 
provide critical insights into the regional stress regime 
and fault dynamics, helping to characterize the geological 
evolution of the region. Their presence suggests zones of 
transpressional or transtensional deformation, which can 
influence seismic activity by accommodating strain within 
the fault system. Understanding these structures is essential 
for assessing fault behavior, potential earthquake hazards, 
and the overall tectonic framework of Lahad Datu. Harding, 
1985, 1990; McClay & Bonora, 2001; Flower structural 
features are characterized by faults that have a folding 
structure with a continuous linear shape (Harding, 1985, 
1990). This flower structure can be clearly observed in the 
Lahad Datu area, both through satellite images and field 
evidence. Past case studies showed that flower structures 
usually occur in horizontal fault zones, where blocks move 
parallel to each other and move due to the collision of two 
tectonic plates (Cunningham & Mann, 2007; Harding, 1985; 

Harding & Lowell, 1979; Holdsworth et al., 1998; Schellart 
& Nieuwland, 2003)

CONCLUSION
The interpretation of the seismotectonic position in the 

Lahad Datu area, based on GNSS monument monitoring, 
indicates that NW-SE compression results from tectonic 
forces driven by the convergence of the Pacific-Philippine 
and Eurasian plates. This compression is primarily generated 
by regional plate movements, which create a complex stress 
regime involving both compressional and shear forces. The 
GNSS data reveal active strain accumulation, suggesting that 
this stress contributes to fault activity and potential seismic 
hazards in the region. Understanding this compression is 
crucial for assessing the area’s tectonic evolution and its 
implications for seismic risk. NW-SE compression induces 
vertical uplift and downward movement in the Lahad Datu 
area, which is associated with the westward deformation of 
the NE Borneo Trough

GNSS-based monitoring of tectonic movements has 
provided detailed insights into the ongoing crustal dynamics, 
revealing a correlation between measured displacements 
and seismic activity in the Lahad Datu area. Long-term 
GNSS monitoring indicates that the crust in Lahad Datu 
is undergoing westward displacement at an average rate 
of 10–15 mm per year. This suggests that the compressive 
influence of the Pacific-Philippine Plate on the crust 
beneath Sabah is stronger than that of the Eurasian Plate. 
The upward thrust movement simultaneously induces 
sudden oblique displacements, which are linked to fault 
reactivation. GNSS monitoring indicates that in Lahad Datu, 
this thrust motion is localized along vertical fault structures 
associated with a positive flower structure. Certain horizontal 
movements opposite of the prevailing tectonic stress, along 
with localized downward displacement, are attributed to 
stress redistribution following seismic events. This process 
leads to fault reconfiguration, where accumulated strain is 
released, and stress is redistributed along interconnected fault 
networks. Such adjustments, often influenced by regional 

Figure 10: Positive and negative flower structures.
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tectonic forces, including plate convergence and differential 
crustal deformation, facilitate stress rebalancing along fault 
lines and may induce weak to mild earthquakes as the crust 
gradually accommodates these changes.
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