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ABSTRACT

Sulawesi Island, located in eastern Indonesia, lies at the triple junction of the Australian, Sunda, and Philippine
Sea plates. It exhibits a distinctive K-shape, with each arm having undergone independent geological evolution.
Driven by the latest Miocene collision (~5 Ma) between the Banggai-Sula microcontinent and the East Arm, the
deformation is accommodated by the corresponding motion of individual blocks at various locations, resulting in
specific patterns of seismic moment release. In this study, we investigate the distributions of shallow earthquakes
(< 60 km) based on the ISC-EHB and BMKG catalogs, as well as the focal mechanisms based on the GCMT
catalog, to study the seismotectonics of Sulawesi. The results are grouped into five regions with characteristic
seismic patterns well corresponding to tectonic signatures and geodetic observations. The main findings can be
summarized in two parts. First, thrust earthquakes release seismic energy due to oceanic plate subduction,
including, in order of moment release, those along the North Sulawesi Trench to the north, the Makassar Strait
Thrust to the west, and the Tolo and Buton Thrust to the southeast. Notably, there is a seismic gap near the center
of the North Arm that may indicate potential risk for damaging earthquakes, while those of the Batui Thrust are
only minor. The second part involves left-lateral strike-slip motions along the Central Sulawesi Fault System. The
occurrence of the 2018 Mw 7.6 Palu earthquake not only filled the gap of seismic deficiency on the Palu-Koro
fault but also triggered overall seismic activity in Sulawesi. Additionally, note the low seismicity on the
segment offshore northwest Sulawesi, which may be beyond the high relative motion between the Makassar and
North Sula Block.

1. Introduction

In the Middle Miocene, the Banda slab rollback fragmented the Sula
Spur into several microcontinents, leading to the collision of two

Sulawesi Island, located in the eastern Indonesian archipelago, is
situated at the triple junction of three tectonic plates: the Indian-
Australian, Sunda, and Philippine Sea (Fig. 1a). This distinctive “K”
shape of the island has resulted in a complex and dynamic geological
history (Hall, 2012). The island can be divided into two provinces:
Western Sulawesi (North and South Arms) dominated by plutono-
volcanic rocks, and Eastern Sulawesi (East and Southeast Arms) char-
acterized by ophiolites and metamorphic belts (Otofuji et al., 1981). The
plutono-volcanic rocks of Western Sulawesi were mostly produced by
the northwest subduction of the Indian Oceanic Lithosphere during the
Paleogene, which ceased in the Early Miocene due to the collision be-
tween the northern edge of the Australian continental plate (Sula Spur)
and the North Arm of Sulawesi (referred to as the “Early Miocene
collision” hereafter) (van Leeuwen and Muhardjo., 2005; Hall and
Sevastjanova, 2012). Eastern Sulawesi’s geology developed after this
collision (Silver et al., 1983a).
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microcontinents with Eastern Sulawesi: The Buton-Tukang Besi micro-
continent with the Southeast Arm (~11 Ma) and the Banggai-Sula
microcontinent with the East Arm (~5 Ma) (Fortuin et al., 1990; Hall,
2002). The latter is referred to as the “Latest Miocene collision” here-
after. This collision triggered significant deformations, including the
initiation of clockwise rotation of the Northern Blocks (North Sula and
Manado) and the counterclockwise rotation of the Southern Blocks
(Makassar, East Sula, and Banda Sea) (Fig. 1b) (Socquet et al., 2006).
This collision also initiated the Celebes Sea subduction along the North
Sulawesi Trench and the formation of the Central Sulawesi Fault System
(Palu-Koro and Matano Faults) (Walpersdorf et al., 1998a, 1998b).
Seismic activities in and around Sulawesi are not only vigorous but
also versatile, reflecting its complex tectonics (Fig. 1c). In this study, our
aim is to understand the tectonic forces driving the occurrences of
earthquakes by analyzing earthquake distributions and types of focal
mechanisms. Furthermore, we will use the results to better constrain
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Fig. 1. (a) Principal tectonic map of Indonesia. Black arrows represented the plate motion of three plates (IAP, PSP, CAP) relative to the SUP. The rate of plate
motions based on DeMets et al. (2010) and Koulali et al. (2016). (b) Simplified tectonic division of Sulawesi Island, modified after Otofuji et al. (1981). The red line
depicts the tectonic blocks from Socquet et al. (2006). The red curved arrows represent block rotations relative to Sunda Block. (¢) The tectonic settings of Sulawesi.
The tectonic structures were taken from Hall and Wilson (2000); Watkinson et al. (2011); Pholbud et al. (2012); Jaya (2014); Camplin and Hall (2014); Irsyam et al.
(2020); Hall (2018); Titu-Eki and Hall (2020); Hutchings and Mooney (2021). Topography/bathymetry data were obtained from Tozer et al. (2019). The purple
arrow with a number near the tips is the GPS velocity (mm/s) of Socquet et al. (2006) relative to Sunda Block. The red triangles represent volcanoes from the
Smithsonian Institution Global Volcanism Program (Siebert and Simkin, 2002). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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tectonic scenarios in Sulawesi. The seismotectonic studies here address
issues such as (but not limited to): (1) strain accumulation and seismic
behavior of the CSFS, particularly focusing on the role of the Mw 7.6
Palu earthquake on September 28th, 2018, (2) the potential for future
tsunamigenic earthquakes along the NST, (3) seismic activity associated
with the latest Miocene collision. The results derived from these analyses
are examined within the framework of (a) tectonic and geological
structures, (b) topography and bathymetry information, (c) models of
slab subduction, (d) finite fault models of significant earthquakes, (e)
seismic tomography results, and (f) distributions of volcanoes, aiming to
achieve a comprehensive understanding of Sulawesi seismotectonics.
Results are focused on earthquakes with depths shallower than 60
km depth. We defer those with depths >60 km to another study. The
distributions and types of shallow earthquakes (< 60 km) generally
agree with the tectonic configurations of Sulawesi, with the left-lateral
motions of the PKF (Palu-Koro Fault) and the subduction of the Cele-
bes Sea plate being the most active zones. The northernmost segment of
the PKF and the central segment of the NST (121°E - 121.7°E) exhibit
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zones of relatively low seismic activity, which can be explained by
different mechanisms. We note that overall seismicity in and around
Sulawesi increased significantly after the occurrence of the Palu earth-
quake on 28 September 2018 (Mw 7.6).

2. Tectonics and geological settings of Sulawesi

Sulawesi Island has commonly been subdivided into four main tec-
tonic provinces based on its tectonic and geological structure: the West-
Sulawesi Plutono-Volcanic Arc, the Central Sulawesi metamorphic belt,
the East Sulawesi ophiolite, and the microcontinental blocks of Banggai-
Sula and Buton-Tukang Besi (Hamilton, 1979; Hall and Wilson, 2000)
(Fig. 2). The West-Sulawesi Plutono-Volcanic Arc, which is equivalent to
the West Sulawesi Province mentioned in the Introduction, consists of
the South and North Arms. Both arms are dominated by plutonic and
volcanic rocks. However, the characteristics and evolution of the South
and North Arms can still be distinguished based on their different
basement lithologies, magma types, and sediment provenances.

Fig. 2. Summary geology of Sulawesi. The geological structure has been modified after Hall and Wilson (2000); Watkinson et al. (2011). The tectonic structures and

volcanoes are identical to Fig. 1c.
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The South Arm of Sulawesi originated from the Australian margin of
Gondwana, which underwent rifted in the late Jurassic period and
subsequently docked to the Sunda plate in the Late Cretaceous. It further
developed from the southeastern tip of the Sunda plate, which experi-
enced rifting due to the opening of the Makassar Strait in the Middle
Eocene (van Leeuwen et al., 2007, 2016). During the Early Paleocene
until the Mid-Oligocene, the South Arm exhibited calc-alkaline mag-
matism, which is typically associated with subduction behavior. This
magmatism is proposed to be related to the northwestward subduction
of the Indian oceanic lithosphere beneath the South Arm of Sulawesi
(Polvé et al., 1997). However, during the Oligocene, there was a coun-
terclockwise rotation of the South Arm, which transformed the active
continental margin into a predominantly strike-slip margin. As a result,
the subduction ceased, and no late Oligocene calc-alkaline magmatism is
recorded in this area (van Leeuwen and Muhardjo., 2005).

On the other hand, in the North Arm of Sulawesi, the northward
subduction of the Indian oceanic lithosphere beneath it commenced in
the Early Oligocene. As the oceanic lithosphere was consumed by sub-
duction, a collision between the Australian continent (Sula Spur) and the
North Arm of Sulawesi occurred, resulting in the formation of the Early
Miocene collision (Nugraha et al., 2022). The basements of the North
Arm of Sulawesi are predominantly underlain by an oceanic crust
associated with the back-arc spreading of the Celebes Sea in the Middle
Miocene, as indicated by geochronological and geochemical data
(Zhang et al., 2022).

What developed ensuing the Early Miocene collision are the Central
Sulawesi Metamorphic Belt and the East Sulawesi Ophiolite. The former
consists of the Pompangeo Schist Complex (PSC), the Mekongga Meta-
morphic Complex (MkMC), and an ophiolitic mélange mainly located at
the junction of the East and Southeast Arms (Fig. 2). PSC and MkMC to
the west are predominantly metamorphic rocks underlain by the crust of
the Australian continents, while the ophiolitic mélange to the east,
overlying the metamorphic sole represents the initial stages of oceanic
subduction (Parkinson, 1996; Parkinson, 1998). The latter constitutes a
dominating sequence of the East and Southeast Arms, resulting from
obduction onto the Sula Spur continent by the ocean north of it (Silver
et al., 1983a).

Likewise, the north-dipping Indian Oceanic slab detached at ~200
km due to the Early Miocene collision. While the lower slab sank into the
lower mantle, remnants of the upper slab have persisted until now,
specifically the Sula slab. This is evidenced by combined observations of
seismicity, tomography, and geology (Hall and Spakman, 2015). On the
other hand, the rollback of the Banda slab, which occurred further
westward, initiated around 15-12 Ma (Hall and Sevastjanova, 2012) and
played a significant role in shaping the tectonics of modern Sulawesi.
The rollback not only initiates the opening of the North and South Banda
Seas, which formed around 12.5-7 Ma and 6.5-3.5 Ma, respectively
(Hinschberger et al., 2000, 2001), but also induces stretching and
fragmentation of the Sula Spur. As mentioned in the Introduction, the
present block rotation in Sulawesi, subduction of the Celebes Sea plate
along NST, and development of CSFS are all have been initiated by the
latest Miocene collision (~5 Ma) between the Banggai-Sula micro-
continent and the East Arm.

Current fault systems in and around Sulawesi are a result of the latest
Miocene collision, which has been monitored through geodetic studies
(Walpersdorf et al., 1998a, 1998b; Socquet et al., 2006). The most
prominent fault system is the Central Sulawesi Fault System (CSFS),
extending southeasterly and encompassing the Palu-Koro, Matano, and
Tolo thrust. The Palu-Koro and Matano faults, classified as left-lateral
faults, accommodate the relative motions of MKB-NSB and MKB-ESB,
respectively. Additionally, the Tolo thrust, which dips to the west, re-
sults from the convergence between the North Banda Sea and the
Southeast Arm.

In the North Banda Sea, several faults have been identified based on
remote sensing observations (Titu-Eki and Hall, 2020). These faults
include the West Buru Fault Zone (WBFZ), the Tamponas Fault Zone
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(TFZ), and the Hamilton Fault Zone (HFZ) (Fig. 2, in southerly order). To
the south of the Matano fault, the Lawanopo and Kolaka faults trend
northwest to southeast and are separated by the MkMC. While Socquet
et al. (2006) interpret the Lawanopo fault as the boundary between
MKB-ESB, recent geodetic studies (Rahmadani et al., 2022) have only
observed a slip rate of approximately 0.1 mm/yr, categorizing it as non-
active (Bellier et al., 2006; Natawidjaja and Daryono, 2015). On the
other hand, the Kolaka fault consists of several segments dominated by
strike-slip behavior with slightly normal components in the center and
the southeastern end of the fault (Watkinson and Hall, 2017).

Faults in the South Arm of Sulawesi distribute into two groups — the
Makassar Strait Thrust (MST) to the west and the Walane Fault System
(WES) to the south (Fig. 2). The MST, including North, Central, Mamuju,
and Somba segments, is an east-dipping thrust fault bordered the
Makassar Strait (Irsyam et al., 2020), with a newly identified segment
between the North and Central (MST Central-North) by Hutchings and
Mooney (2021). The NNW-SSE trending WFS consists of the Masupu
fault to the north (right-lateral strike slip), and the East Walane Fault
(EWF, east-dipping thrust segment to the north and left-lateral strike slip
to the south) and the West Walane Fault (WWF, generally strike slip) to
the south (Jaya, 2014).

The clockwise rotation of NSB and MB induced by the latest Miocene
collision also triggered the subduction of the Celebes Sea, which is part
of the Sunda Block, along the NST (Socquet et al., 2006; Hall and
Spakman, 2015). The pole of the Sunda Block — NSB/MB relative motion
was placed towards the eastern end of the North Arm (Socquet et al.,
2006), resulting in westerly increasing convergence rates, evidenced by
the right-lateral strike-slip motion of the Gorontalo Fault and the
growing thickness of the accretionary wedge to the west (Silver et al.,
1983b; Kopp et al., 1999). However, the maximum depth of the Celebes
slab is not at the western end but near the center of the NST. Song et al.
(2022) proposed that the discrepancy could be due to being out of the
North Arm range for the western end and growth space limited by the
preexisting Sangihe slab for the eastern end. On the other hand,
Greenfield et al. (2021) suggest that variations in gravitational potential
energy may also play a key role in influencing the deformation in the
northern arm of Sulawesi.

There is no present-day subduction volcanism associated with Cele-
bes Sea subduction. The volcanic chain to the east of the North Arm is
due to the subduction of the west-dipping Sangihe slab (Hall, 1996). The
active Una-Una Volcano, situated 250 km south of the NST, together
with offshore extension and subsidence south of the NST, rapid subsi-
dence offshore in Gorontalo Bay, and exhumation of the PMC, MMC, TC,
and PSC, all are results of the Celebes Sea slab rollback since the Pliocene
(Cottam et al., 2011; Advokaat et al., 2017; Fig. 2).

3. Dataset and methods

Focusing on the region within 118°-126°E and 7°S-40°N, earthquake
data from the ISC-EHB, the BMKG, and the GCMT catalog were sorted
out for seismotectonic studies. Additional constraint data related to
tectonic structures (Irsyam et al., 2020; Titu-Eki and Hall, 2020;
Hutchings and Mooney, 2021), geological features (Hall and Wilson,
2000; Watkinson et al., 2011), topography and bathymetry information
(SRTM15+ data; Tozer et al., 2019), slab subduction models (Slab 2.0;
Hayes et al., 2018), finite fault models (United States Geological Survey;
Hayes, 2017), seismic tomography model (UU-PO7 model; Amaru, 2007;
Hall and Spakman, 2015), and volcanoes (Siebert and Simkin, 2002)
were also included.

We employ the ISC-EHB catalog (Engdahl et al., 2020) to analyze
overall seismic distributions between 1964 and 2019, while the period
between 2020 and July 2022 is supplemented by the BMKG (Badan
Meteorologi, Klimatologi, dan Geofisika) catalog. The ISC-EHB catalog
was used because of its incorporation of depth phases (pP, sP, pwP) at
each iteration of hypocenter determination, avoiding trade-offs between
depth and origin time (Engdahl et al., 1998). The BMKG catalog is
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primarily determined through the Locsat method (Bratt and Bache,
1988) implemented in the SeisComP 5 program (Potsdam, 2008) using
local-regional stations. For earthquake focal mechanisms and scalar
seismic moment between 1976 and August 2022, we obtain data from
the GCMT catalog (Dziewonski et al., 1981; Ekstrom et al., 2012). We
homogenized the magnitude of different catalogs into Mw of the GCMT
(Mw-GCMT) using established global relations (Scordilis, 2006) for the
ISC-EHB and linear regression (Fig. S1a) for the BMKG. As a result, the
magnitude of completeness (M.) of the BMKG events is Mw 3.8
(Fig. S1b), while the minimum magnitude for ISC-EHB catalog is Mw
4.3. Earthquake data were exclusively utilized for the shallow part,
limited to depths shallower than 60 km. The focal mechanisms of
earthquakes were classified into strike-slip, thrust, and normal types
(Frohlich and Apperson, 1992; Chen et al., 2015) (Fig. S2). The shallow
part of Sulawesi was further divided into five coherent regions for an
analysis of patterns of seismicity and focal mechanisms (Fig. 3).

4. Results

We categorize the shallow part (<60 km) of Sulawesi into five re-
gions and present the results in order.

4.1. RegionI (Fig. 4)

The majority of earthquakes here are inter-plate type, associated
with the subduction of the Celebes Sea slab, based on two observations:
(1) they are located offshore north of the North Arm and distributed
parallel to the NST at depths of around 20-60 km (Hayes et al., 2018),
and (2) almost all significant earthquakes exhibit a focal mechanism of a
shallowly south-dipping plane with a trench-parallel strike. Among
them, the largest event is the 1996 Mw 7.9 earthquake near the western
end of the subduction zone, where the convergence rate reaches its
maximum value with the direction to the north relative to the Sunda
block (Socquet et al., 2006). The strike-slip events in this region,
although their distribution is not entirely clear, suggest a variation in the
convergence rate along the trench of the Celebes Sea subduction. Some
of them might be related to the crustal earthquake.

On the other hand, seismic activity in the crust of the overriding plate
is low, despite the estimated ~11 mm/yr rate of right-lateral motion
around the Gorontalo Fault (Socquet et al., 2006). It is noted that a
historical earthquake with a magnitude of 7.2 in 1941 occurred at the
Gorontalo fault at a depth of 35-50 km (ISC On-Line Bulletin). The
uncertainty and insufficiency of earthquake data from back then make
the origin of the event undetermined. In any case, the potential of a
future large earthquake on the Gorontalo Fault cannot be ruled out.

4.2. Region II (Fig. 5)

The main driving mechanism of earthquakes here is the left-lateral
strike-slip Palu-Koro Fault, which is the main active structure in Sula-
wesi accommodating approximately 42 mm/yr of MKB-NSB relative
motion (Socquet et al., 2006). If the motion is solely locked on a single
fault, the frequency of earthquakes is predicted to be one magnitude 7
event every 100 years (Socquet et al., 2006), which is not seen in the
trenching study of the Palu area (Bellier et al., 2001). Furthermore, the
seismic moment release since 1964 was apparently low before the
occurrence of the 2018 Mw 7.6 Palu earthquake, with only ~5 earth-
quakes with Mw > 6 from the GCMT catalog. Such seismic deficiency is
even worse when considering that some of the Mw > 6 events are
associated with the Tambarana fault, the Sapu Valley fault, the northern
segment of the Palu-Koro fault, or the normal faulting type of the pull-
apart basin.

However, the 2018 Mw 7.6 Palu earthquake fills the gap of seismic
deficiency to some extent and demonstrates the importance of catalog
completeness in seismotectonic studies. The Palu event, predominantly
characterized by a southerly propagating rupture, featured a primary
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asperity located inland south of Palu Beach, evidenced by identifiable
surface rupture extending southward (Natawidjaja et al., 2020). The
exact location and initiation mechanism of the preceding rupture remain
unresolved. While remote-sensing data favor the presence of an un-
known, concealed fault (NS-PF in Fig. 5; He et al., 2019), a study inte-
grating field measurements, LiDAR, swath bathymetry, and seismic-
reflection suggests that the earthquake originated at the center of the
Donggala segment (the yellow line in Fig. 5; Natawidjaja et al., 2020).
Irrespective of the exact origin, a substantial amount of the MKB-NSB
motion was released during the Palu earthquake. Additionally, recent
Coulomb stress studies have revealed that the 1996 Mw 7.9 Minahassa
thrust earthquake (northeast of the Palu-Koro Fault) significantly
increased the Coulomb stress change at the hypocenter of the 2018 Palu
earthquake, making it more susceptible to rupture (Liu and Shi, 2021,
2022).

Lastly, some clusters of normal-type earthquakes existed beneath the
Tokorondo complex to the east of the southern Palu-Koro fault,
reflecting extensional settings. The largest earthquake (Mw 6.6) in this
zone occurred on 29 May 2017, with a southwest-dipping normal
mechanism (Wang et al., 2018; Daniarsyad et al., 2021). This earth-
quake exhibited extensional behavior due to gravitational collapse,
which correlated with lateral mass extrusion facilitated by the Palu-Koro
fault during the Quaternary (Wang et al., 2018).

4.3. Region III (Fig. 6)

The seismotectonic sources here mainly include the east-dipping
Makassar Strait Thrust (MST) offshore west of the South Arm, the
Mamasa zone in central, and the Walane Fault System (WFS) in southern
South Arm.

The MST accommodates the convergent motion between the Sula-
wesi and Sunda blocks at rates of 5 to 11 mm/year (Socquet et al., 2006).
It is composed of five segments: MST North, MST Central, MST Central-
North, MST Mamuju, and MST Somba (Irsyam et al., 2020; Hutchings
and Mooney, 2021). Among these segments, MST North experiences the
least seismic activity, while MST Central-North exhibits moderate
earthquakes predominantly of thrust type. MST Central has shown an
increasing seismic activity since September 2020, starting with a
magnitude 5 event and culminating in a magnitude 5.5 event. The other
two segments, MST Mamuju and MST Somba, experienced the highest
magnitudes of 6.7 and 7.1, respectively, with the events occurring in
1984 and 1969. Following 1984, seismicity in MST Mamuju remained
inactive until the Mamuju-Majene earthquake on 14 January 2021, with
magnitudes of Mw 5.7 and 6.3. In contrast, the last earthquake with a
magnitude equal to or >5.0 in MST Somba occurred in 1970, exhibiting
a characteristic of seismic silence.

The seismicity in the Mamasa zone exhibited swarm characteristics
and was dominated by normal and strike-slip mechanisms simulta-
neously (Supendi et al., 2019). Due to the Banda slab rollback, this zone
experienced a Late Miocene intermediate-felsic magmatic explosion of
approximately 7-6 Ma, related to the extension behavior (Zhang et al.,
2020). Additionally, the tomography model showed that low-velocity
layers densely covered this zone (A-A’ profile in Fig. 9). Both are justi-
fied by the normal-type mechanism of the Mamasa swarm. The
remaining earthquakes of the predominantly right-lateral strike-slip
mechanism may be controlled by the north-south trending Masupu fault.
Considering the Mamasa swarm, which occurred in November 2018,
about one month after the 28 September 2018 Palu earthquake, we
suggest that the swarm activity in the Mamasa zone might be correlated
with the Palu earthquake. This is also consistent with the positive
Coulomb stress change in the Mamasa region transferred by the 2018
Palu earthquake (Wibowo et al., 2020) and the increasing seismicity and
seismic moment after the 2018 Palu earthquake (Fig. 10).

To the south, the Walane Fault System (WFS) is expressed by two
segments: the East Walane Fault (EWF) and the West Walane Fault
(WWF). The EWF segment is more seismically active than the WWF
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Fig. 3. Distributions of earthquakes from the GCMT catalog (1976-08/2022). The earthquakes are represented by different symbols, scaled to moment magnitude,
indicating various types of mechanism (triangle = thrust-type, star = strike slip-type, square = normal-type), with the depth colour-keyed (Classification of
mechanisms refer to Fig. S2). The red lines represent the region division of study area (I-V). The tectonic structures are identical to Fig. 1c. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Earthquake (1964-07/2022) and focal mechanism (1976-08/2022) distributions for the shallow part (<60 km) in Region I (red-line shape). The colour-
keyed marks the centroid depth and is scaled by magnitude. The dots represent the seismicity with the depth colour-keyed. The white dots are the seismicity
beyond the highlighted region. Earthquakes with Mw > 6.5 are highlighted with corresponding events labelled (shown as [year/mw]). The highlighted earthquake
without focal mechanism (white circle) is the event that occured before the start time of GCMT catalog. The tectonic structures are identical to Fig. 1c. Blue dashed
lines represent slab Benioff zone contours of Celebes sea subduction zone from Hayes et al. (2018). The purple dashed square indicates the area lacking interplate
earthquakes. Gray-colored area indicating the ruptured area of these four major events (ordered from the left to the right): 1996,/7.9, 2008/7.3, 1991/7.5, 1990/7.6
(USGS; Hayes, 2017; Zheng et al., 2023). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

segment. Overall seismicity of WFS was low, attributed to a slip rate of
only 0.5 mm/yr (Rahmadani et al., 2022). Lastly, a few events offshore
south of the South Arm are associated with the activity of the Selayar
Fault Zone.

4.4. Region IV (Fig. 7)

This region is the site of the latest Miocene collision, where the
Banggai-Sula microcontinent collided with the East Arm, and exhibits
the most complex seismicity patterns among our study area. The west-
ward translation of the Banggai-Sula microcontinent via the South Sula
fault (Hinschberger et al., 2003; Titu-Eki and Hall, 2020) might have
triggered the largest earthquake since 1964 (the 29 November 1998 Mw
7.7 earthquake) and could be responsible for the occurrence of other
left-lateral strike-slip earthquakes in this zone. On the other hand, the
collision was marked by the surface expression of the Batui thrust,
Balantak right-lateral strike-slip fault, and Peleng left-lateral strike-slip
fault (Simandjuntak, 1986). The 4 May 2000 (Mw 7.5) strike-slip
earthquake can be attributed to either the Balantak or Peleng fault
due to point source equivalence of two nodal planes. Based on the NE-
SW distributions of aftershocks (Fig. S3) and the consistent left-lateral
type with that of the Peleng fault, we propose that left-lateral slip on
the NE-SW nodal plane is most likely the true fault plane. It is consistent
with the finite fault model analysis, which identified NE-SW striking as a
true fault plane (Hayes, 2017; https://earthquake.usgs.gov/earthq
uakes/eventpage/usp0009sbh/finite-fault).

To the southwest of the Peleng fault, the Tolo Bay zone was occupied
by a cluster of seismicity that became active in April 2019, preceded by
the 12 April 2019 Mw 6.8 with a strike-slip mechanism. The last sig-
nificant seismic activity prior to April 2019 occurred in August 1999,
with magnitudes of 6.1 and 5.5. By observing the seismicity patterns and
the type of focal mechanisms, we concluded that the off-coast south-
western continuation of the Peleng fault might extend to Tolo Bay,
producing the strike-slip mechanism and clustered seismicity with NE-
SW trending.

The seismicity near the northern edge of the East Arm was mostly
dominated by normal-type earthquakes, possibly related to the Lalanga
ridge, the Togian ridge, or several possible faults with extension
behavior. Some strike-slip earthquakes in this zone could represent the
transform boundary between the Lalanga and Togian ridges. Addition-
ally, other strike-slip earthquakes were likely generated by an uniden-
tified fault. Interestingly, the Batui thrust exhibited a low level of
seismicity, and no available solutions are found in the GCMT catalog. In
this zone, the last earthquakes with a magnitude greater than five
occurred in 1964, 1966, and 1981 with magnitudes 6.7, 6.5, and 5.5,
respectively. These are most likely originated from the Batui thrust.

The thrust and strike-slip earthquakes on the northeast side of the
Batui thrust might be related to the North-Vergent thrust, the Balantak
fault, or other unidentified faults offshore. Conversely, the clustered
seismicity on Una-Una Island is associated with the active Una-Una
volcano. Rather than being generated by the Celebes subduction, the
Una-Una volcano was formed due to crustal thinning related to the
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Fig. 5. Similar to Fig. 4 but for region II. Earthquakes with Mw > 6.0 are highlighted. The blue line denotes the northern segment of Palu-koro fault (NS-PF). The
yellow line is the Donggala segment (Part of the major Palu-Koro fault). The purple and green lines are the Tambarana Fault and Sapu Valley fault (SVF), respectively.
TC = Tokorondo complex. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Similar to Fig. 4 but for region III. Earthquakes with Mw > 6.0, related to Mamasa swarm, and mentioned in the result are highlighted. The blue dashed line
corresponds to swarm activity in the Mamasa zone. MST = Makassar Strait Thrust. MST-M = MST-Mamuju. WWF=West Walane Fault. EWF = East Walane Fault.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Y. Serhalawan and P.-F. Chen

Tectonophysics 883 (2024) 230366

Fig. 7. Similar to Fig. 4 but for region IV. Earthquakes with Mw > 6.5 and in Tolo Bay zone are highlighted. The blue dashed line depicted possible faults (Pholbud
et al., 2012). N-VT = North-Vergent Thrust. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

extensional settings (Cottam et al., 2011). This is consistent with the
occurrence of normal-type earthquakes and the low-velocity perturba-
tion observed in the tomography model within this zone (B-B' profile in
Fig. 9).

4.5. Region V (Fig. 8)

Seismotectonic sources in this region belonged to the Matano fault,
Tolo thrust, Buton thrust, Kolaka fault, Lawanopo fault, Hamilton fault,
and sporadic patterns off the coast of the Southeast Arm that might be
related to the fault zones in the North Banda Sea. Along the Matano
fault, seismicity patterns and the type of earthquake focal mechanisms
reveal left-lateral strike-slip motions with a WNW-ESE trend, consistent
with stream offsets of the fault (Hamilton, 1979). The 1980 Mw 6.1 and
2011 Mw 6.1 earthquakes are the two largest, accommodating the ~7
mm/yr slip rates (Rahmadani et al., 2022). The eastern edge of the
Matano fault was interpreted to link with the arcuated Tolo thrust
(Silver et al., 1983b; Hinschberger et al., 2005; Titu-Eki and Hall, 2020).
The Tolo thrust was considered a possible future subduction zone (Hall,
2018), despite exhibiting a low level of seismicity with a few thrust
mechanisms correlated to the trench. This zone also displayed clustered
normal-type earthquakes with a striking perpendicular to the trench,
which might be due to the Banda slab rollback.

The Buton thrust to the south exhibits low level of seismic activity as
well, with a few thrust-type events near this fault’s southern end off the
coast. In the Southeast Arm, the seismicity related to the Kolaka strike-
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slip fault only lay near its center with the normal-type earthquake,
consistent with the study from Watkinson and Hall (2017), which found
that the downthrown side existed to the south of this area. Seismic ac-
tivity on the Lawanopo fault was low as well except for the 1980 Mw 6.1
near the center with dominantly normal type that might occur in the
extensional step-over or pull-apart basin area (Watkinson and Hall,
2017). The Lawanopo fault’s eastern continuation was connected to the
Hamilton fault off the coast (Titu-Eki and Hall, 2020). The 2011 Mw 6.1
earthquake occurred at the junction of the two faults with a left-lateral
strike-slip motion.

The Tamponas Fault Zone (TFZ) in the North Banda Sea Basin hosts
the largest earthquake in the region, which occurred on October 19,
2001, with a magnitude of 7.5. This earthquake had a strike-slip
mechanism near the western segment of the TFZ. While the event
might have been triggered by the offshore continuation of the Lawanopo
fault (Yeats, 2012), the centroid location and the distribution of after-
shocks trending in a north-south direction suggest that the fault plane is
likely the western segment of the TFZ. The latter possibility would
require the reactivation of the TFZ’s western segment from a left-lateral
to a right-lateral strike-slip fault.

5. Discussions

Since the available period of the ISC-EHB catalog is between 1964
and 2019, we adopted data from the BMKG catalog to cover the period
between 2020 and July 2022. Although there is a difference in the
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Fig. 8. Similar to Fig. 4 but for region V. Earthquakes with Mw > 6.0 are highlighted.

completeness of magnitude (Mw 4.3 for ISC-EHB and Mw 3.8 for
BMKG), missing earthquakes of small magnitude are not going to
invalidate the results of this study. Large earthquakes are representative
of the patterns of seismic moment release (the moment release of one
Mw 5.0 event is equivalent to that of 900 Mw 5.3 events). We justify this
claim by including events with magnitudes less than Mw 4.3 between
2010 and 2019 and magnitudes less than Mw 3.8 between 2020 and
2022 from the BMKG catalog (Fig. S4).

The latest Miocene collision (~5 Ma) between the Banggai-Sula
microcontinent and the East Arm of Sulawesi greatly impacted the
deformation and stress patterns in and around Sulawesi Island. This
impact is evident in the complex seismicity patterns and diverse earth-
quake mechanisms, providing valuable insights into the region’s tec-
tonic processes. For instance, in Region IV (Fig. 7), strike-slip
earthquakes predominantly occur along the Balantak, Peleng, and
South Sula faults. Additionally, relative motion between the Lalanga and
Togian ridges may contribute to the strike-slip earthquakes near these
two ridges. Thrust earthquakes are primarily associated with the Batui
Thrust and the North-Vergent thrust, with the relative motion between
these structures potentially contributing to the strike-slip earthquakes
situated between them. Normal-type earthquakes are attributed to the
extensional behavior of the Tojo Una-Una volcano, Lalanga Ridge, and
Togian Ridge, supported by the presence of a low-velocity zone in this
region (Fig. 9).

The latest Miocene collision also led to the clockwise and counter-
clockwise rotation of the Northern and Southern blocks, respectively
(Walpersdorf et al., 1998a, 1998b; Socquet et al., 2006). This relative
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motion facilitated the development of several strike-slip faults in Sula-
wesi Island, including the formation of the Makassar Strait fault (Soc-
quet et al, 2006; Jaya, 2014), as indicated by the seismicity
distributions and focal mechanisms aligning with the active fault.

Various studies, including geodetic (Walpersdorf et al., 1998a,
1998b; Socquet et al., 2006), paleomagnetic (Otofuji et al., 1981; Sur-
mont et al., 1994), geological (Silver et al., 1983b; Kopp et al., 1999),
and seismic deformation analyses (Beaudouin et al., 2003) consistently
report a westward increase in convergence rate along the North Sula-
wesi Trench (NST), ranging from 13 to 65 mm/yr. Recent numerical
study (Dong et al., 2022) suggests that the latest Miocene collision
provided an external force to induce subduction of the Celebes Sea
initially, followed by spontaneous trench retreat of slab rollback due to
the negative buoyancy of the subducting oceanic lithosphere. The
presence of the Sangihe slab to the east restricts upper mantle space for
Celebes Sea subduction and results in an easterly reduction of trench
retreats, which in turn facilitates the clockwise rotation of the North
Arm.

However, our investigation revealed that interplate (thrust) earth-
quake seismicity was notably low near the center of the trench (the
purple dashed square in Fig. 4) compared to the east and west sides,
where some large interplate earthquakes with Mw > 6.5 had occurred
(Highlighted events in Fig. 4). Historical earthquake data (ISC-Bulletin,
USGS, BMKG catalog) also show a lack of large earthquakes (M > 6.5) in
this zone. This observation aligns with the rupture asperity of earth-
quakes with Mw > 7.3 (gray-colored area in Fig. 4), showing no rupture
in this low-seismicity zone. Whether the seismic gap represents low-
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Fig. 9. The seismic tomography model of Sulawesi. The tomography data is the UU-PO7 model (Amaru, 2007; Hall and Spakman, 2015). The maps show two vertical
cross-sections of seismicity distributions (white dots) and P-wave velocity perturbations (colour-keyed), with each profile having a 50 km width on both sides. The
red triangles are the volcanoes. The upper panel on each profile represents topography/bathymetry. The inset map displays the locations of the two profiles. The blue
ellipse represent the Mamasa zone, while the red triangle in profile B-B' is the Una-Una volcano zone. Noted that these two zones are identified as the zone with low-
velocity pertubation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

coupling zone [e.g., the Shumagin Gap in the Alaska-Aleutian subduc-
tion zone (Herman and Furlong, 2021)], aseismic behavior by slow-slip
events [e.g., the Guerrero seismic gap in the Middle American Trench
(Gualandi et al., 2017)], or a potential location of future large earth-
quake awaits the results of future geodetic studies.

Another significant consequence of the late Miocene collision is the
emergence of the left-lateral Palu-Koro fault (Villeneuve et al., 2001;
Bellier et al., 2006). While Hidayati et al. (2018) suggest a connection
between the Palu-Koro and the fault near the Northeast Borneo, recent
observations (Tiranda and Hall, 2024) revealed that the Palu-Koro fault
is linked to the North Sulawesi Trench (NST) instead, with no evidence
suggesting its extension into northeast Borneo. Furthermore, our seis-
micity analysis showed that the northernmost segment exhibits signifi-
cantly lower seismicity compared to other sections along the Palu-Koro
fault. This might be attributed to the location of this segment beyond the
radius of high relative motion between the Makassar Block and the
North Sula Block (Fig. 1b), implying that the influence of block in-
teractions on the Palu-Koro fault weakens towards its northernmost
extent, potentially contributing to the observed low seismicity.

Regarding the segment on land, present-day seismicity shows that
the Palu-Koro fault in Region II is classified as a high slip rate (32-45
mm/yr) fault with historically low seismicity (Bellier et al., 2001). The
occurrence of the 2018 Mw 7.6 Palu earthquake on 28th September not
only filled the seismic gap of the Palu-Koro fault but also potentially
triggered an overall increase in seismic activity in Sulawesi, particularly
within six specific regions (Fig. 10; Fig. S5). The selection of these re-
gions focused on areas that exhibited a significant increase in both the
cumulative number of earthquakes and the cumulative seismic moment
release following the 2018 Palu earthquake. Overall, these regions were
previously seismically quiet before the 2018 Palu earthquake. We
excluded areas close to the North Sulawesi subduction zone, as this re-
gion is already known to be tectonically active. To investigate the
temporal and spatial scope of triggering, we analyzed the cumulative
number and seismic moment of earthquakes as a function of time (year)
for each region. The number counts events greater than Mw 4.3 between
1964 and the present day. We list the results for each region in
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chronological order.

(1) The Mamasa zone swarm first commenced on November 2nd,
2018, and lasted for about a month or longer, resulting in an increasing
number of 11 seismic events and a seismic moment release of 1.21e+25
dyne-cm/s (shown as [11 events, 1.21e+25 dyne-cm]). Swarm activity
has calmed down since 2019 and continues to remain subdued (Fig. 10b;
Fig. S5b). (2) After the Palu earthquake, the Tolo Bay zone experienced a
significant increase in seismic activity [21 events, 1.96e+26 dyne-cm]
from April to June 2019, with the largest one being the Mw 6.8 earth-
quake on April 12th, 2019. Prior to the Palu earthquake, the Tolo Bay
zone had been relatively quiescent in terms of Mw > 4.3 events, except
for an Mw 6.1 earthquake followed by an Mw 5.5 earthquake in August
1999 (Fig. 10c; Fig. S5c¢). (3) The area east of MST central exhibited a
low level of seismicity during the periods prior to the Palu earthquake.
However, there was a significant jump in seismicity [8 events, 2.49e+24
dyne-cm] during the 2020 period, followed by a period of quiescence
that continues up to the present (Fig. 10d; Fig. S5d). (4) In the MST-
Mamuju zone, only 9 earthquakes with Mw > 4.3 are recorded in our
dataset, concentrating in 1984 and 2021. While the unrest in 1984
collectively released 1.28e+26 dyne-cm of the total moment through an
Mw 6.7 and an Mw 5.5 earthquake, the activity in 2021 was the
Mamuju-Majene sequence (Supendi et al., 2021; Meilano et al., 2022),
which accounted for the 3.69e+25 dyne-cm moment release (Fig. 10e;
Fig. S5e). (5) In the vicinity of the East Arm-Togian ridge zone, seismic
activity remains consistently active due to a complex tectonic environ-
ment, steadily increasing the cumulative number by an average of 1-4
events per year. Nevertheless, anomalously high activity was observed
in 2021 [10 events, 2.88e+25 dyne-cm], with the latter primarily
attributed to the 2021 Tojo Una-Una earthquake (Fig. 10f; Fig. S5f).
Finally, the Matano fault, serving as the southern extension of the Palu-
Koro fault, exhibited an increase in seismic activity in 2020 (Fig. 10g;
Fig. S5g). However, the seismic events occurring in 2017, prior to the
Palu earthquake, were even more remarkable. Understanding the
interaction and evolution of earthquakes on both the Palu-Koro and
Matano faults over time is a topic that warrants further investigation.

We investigated the spatial distributions of the five seismic regions
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Fig. 10. The cumulative number of earthquakes (blue bar) and cumulative seismic moment (red line) as a function of the time (year) in the 7 specific zones with +5
years relative to the 2018 Palu earthquake. For the longer time span, see Fig. S4. a = Palu-Koro fault zone, b = Mamasa zone, ¢ = Tolo Bay zone, d = MST Central
zone, e = MST mamuju zone, f = East Arm-Togian ridge zone, g = Matano fault zone. The inset map displays the location of specific zones (white coherence shapes)
with the distribution of seismicity (Mw > 4.3). The dots are scaled with magnitudes and colour-keyed in time (year). The blue-red contour is the Coulomb stress
changes at 10 km depth due to the 2018 Mw 7.6 Palu earthquake (Wibowo et al., 2020). The white star is the mainshock of Palu earthquake. The tectonic structures
are identical to Fig. 1c. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that experienced increased seismic activity due to Coulomb stress
changes induced by the Palu earthquake (Wibowo et al., 2020). All these
regions are situated within the zone of increasing Coulomb stress, except
for the area east of MST central. This suggests that the Palu earthquake
may have indirectly influenced seismicity in this region, potentially by
triggering activity on nearby faults. Overall, the results suggest that the
Palu earthquake indeed played a role in triggering seismic activity
throughout Sulawesi as a whole.

6. Conclusion

In this study, we investigate the distributions of shallow earthquakes
(< 60 km) based on the ISC-EHB and BMKG catalogs, as well as the focal
mechanisms based on the GCMT catalog, to study the seismotectonics of
Sulawesi. The conclusions are as follows:

6.1. Region I

Along NST, the Celebes Sea subduction zone exhibits predominantly
interplate thrust earthquakes dipping shallowly to the south. The
seismic gap near the center of the North Arm of Sulawesi (longitude
~121°-121.7° E) could be related to either seismic gap or aseismic slip.
On the other hand, the potential for a large earthquake associated with
the Gorontalo fault cannot be ruled out.

6.2. Region II

The occurrence of the 2018 Mw 7.6 Palu earthquake on 28th
September not only filled the gap of seismic deficiency of the Palu-Koro
fault but also triggered overall seismic activity in Sulawesi. The segment
of the Palu-Koro fault offshore northwest Sulawesi exhibits a low level of
seismicity, possibly due to being beyond the high relative motion of the
MKB-NSB.

6.3. Region III

Seismic moment release is driven by, in order of activity, conver-
gence across the Makassar Strait Thrust, swarms related to magmatic
activity in the Mamasa zone, and those of the East Walane Fault. Among
the five segments of MST, MST Mamuju and MST Somba, experienced
the highest magnitudes of 6.7 and 7.1, respectively.

6.4. Region IV

This region can be characterized as the most complex region in
Sulawesi, as reflected by the presence of various active faults, exten-
sional settings, volcanoes, and fault reactivation, including the largest
earthquake (Mw 7.7) in our study area. The Tolo Bay earthquake in this
region might be related to the southwest off-coast continuation of the
Peleng fault, which was previously unidentified.

6.5. Region V

Seismotectonic sources in this region belong to the Matano fault,
Tolo thrust, Buton thrust, Kolaka fault, Lawanopo fault, Hamilton fault,
and sporadic patterns related to the fault zones in the North Banda Sea
(the 2001 Mw 7.5 on 19 Oct.). We propose that the 2001 event likely
ruptured the western segment of the Tamponas Fault Zone, which would
require the reactivation of its western segment from a left-lateral to a
right-lateral strike-slip fault.
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