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S U M M A R Y
On the 2021 January 15 (local date), an MW 6.2 earthquake struck the Mamuju and Majene
regions of West Sulawesi, Indonesia. This event killed more than 100 inhabitants, leaving at
least 30 000 people displaced from their homes, and damaged almost 8000 buildings within a
radius of ∼30 km from the main shock’s epicentre location (as shown on our damage proxy
map). This event was generated by an active fault that continues to the Makassar Strait Thrust
(MST) offshore West Sulawesi. The hazard potential of this fault remains poorly understood. In
this study, we use seismic and Global Positioning System (GPS) data to investigate the source
characteristics of the main shock. The results suggest that the main shock partially ruptured
one segment of the MST, activated a secondary fault structure, and likely brought the updip
unruptured section of the MST segment closure to failure. Our analysis of interseismic GPS
velocities indicates that the Mamuju and Majene regions have a higher crustal strain rate than
other nearby regions. The results (partial rupture of the MST segment, the updip unruptured
section of the MST and high strain rate in the Mamuju and Majene regions) together suggest a
significant seismic hazard potential in West Sulawesi, particularly in the Mamuju and Majene
areas.

Key words: Radar interferometry; Space geodetic surveys; Waveform inversion; Earthquake
hazards.

1 I N T RO D U C T I O N

Active faulting on the island of Sulawesi, eastern Indonesia, accom-
modates relative motion between at least four microblocks (Socquet
et al. 2006; Simons et al. 2007), due to its location at the triple
junction between the Philippine Sea, Sunda and Australia plates
(Hamilton 1979). In Central Sulawesi, for example, the relative
motion between the Makassar and the North Sula blocks is accom-
modated by the Palu-Koro strike-slip fault (Socquet et al. 2006)
which generated the 2018 MW 7.5 Sulawesi earthquake (Fig. 1). In
West Sulawesi, the Makassar block marks the eastern boundary of
the Sunda plate (Simons et al. 2007). The relative motion between
the Makassar block and the Sunda plate is accommodated by the

Makassar Strait Thrust (MST, Bergman et al. 1996; Puspita et al.
2005; Socquet et al. 2006) which has been divided into the Somba,
the Mamuju (hereafter referred to as ‘MSTM’), the Central (here-
after referred to as ‘MSTC’) and the North (hereafter referred to as
‘MSTN’) segments (Fig. 1, Irsyam et al. 2017). Whilst the slip rate
of the MST is approximately one quarter that of the Palu-Koro fault
(Socquet et al. 2006), the MST still presents earthquake hazards to
population centres along the western coast of Sulawesi. The MST
generated the 1969 MW 7.0 Majene and the 1984 MW 6.7 Mamuju
earthquakes (Storchak et al. 2013, 2015; Di Giacomo et al. 2018,
Fig. 1) within the last 100 yr; 64 people lost their lives due to the
1969 event (Prasetya et al. 2001). Recently, the MST ruptured dur-
ing the 2021 January 15 MW 6.2 Mamuju earthquake (Gunawan
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Figure 1. The 2021 January 15 MW 6.2 Mamuju earthquake occurred near the active MST system and was preceded by foreshock events, the largest one was
an MW 5.9 earthquake. Before the Mamuju event, the recent largest earthquake was the 2018 MW 7.5 event which ruptured the Palu-Koro fault ∼300 km to
the northeast. The closest MW > 6 earthquakes were the 1969 MW 7.0 earthquake ∼25 km to the south–southwest and the 1984 MW 6.7 earthquake ∼25 km
to the northwest. Focal mechanisms for the MW 6.2, MW 5.9, MW 7.0, MW 6.7 events are from this work, the U.S. Geological Survey (USGS) earthquake
catalogue, Fitch (1972) and the GCMT catalogue (Dziewonski et al. 1981; Ekström et al. 2012), respectively. Coloured circles represent earthquakes during
1963–2009 (Storchak et al. 2013, 2015; Di Giacomo et al. 2018), 2009–2018 (Supendi et al. 2019; Supendi et al. 2020) and 2018–2021 (USGS catalogue).
The bathymetric high south of the NW-SE black dashed line is the Paternoster Platform, which is bounded by the North Makassar Basin (NMB) and the South
Makassar Basin (SMB, Puspita et al. 2005; Hall 2011). The inset figure shows that Sulawesi is located within the triple junction of three tectonic plates.
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et al. 2021), with a short main shock rupture duration and high
stress drop (Supendi et al. 2021).

The Mamuju earthquake struck the western coast of Sulawesi
in the regions between Mamuju and Majene on an early Friday
morning (Fig. 1). According to Indonesia’s National Search and
Rescue Agency, the event resulted in over 100 casualties (Merdeka
2021a), with over 7800 houses damaged (BNPB 2021), and no less
than 37 000 people displaced (Merdeka 2021b). Previous work by
Supendi et al. (2021), who relocated foreshocks and aftershocks
recorded between the 2021 January 14 and 20, suggest that the
causative fault of the Mamuju earthquake is the MSTM (Supendi
et al. 2021, Fig. 1). This earthquake raises questions regarding
seismic hazard in the Mamaju and Majene regions which remain
poorly understood.

In this study, we use seismic observations and Global Position-
ing System (GPS) data to investigate the source of the earthquake
rupture. First, we use teleseismic data to estimate the main shock’s
focal mechanism and coseismic slip distribution. We then relocate
several new aftershocks that were not included in previous studies.
Second, we determine the fault plane that ruptured during the main
shock event by comparing teleseismic-based synthetic displace-
ments with our GPS data. We perform a nonlinear inversion using
our GPS data to obtain further evidence identifying the ruptured
fault plane. Third, in addition to studying the underlying faulting
mechanism, we create a damage proxy map (DPM) using Sentinel-1
Synthetic Aperture Radar (SAR) scenes, which allows us to eval-
uate the effect of the main shock on damaged buildings. Fourth,
we analyse the effect of Coulomb stress changes induced by the
main shock on the along-depth distribution of aftershocks. Lastly,
we perform strain rate analysis using interseismic GPS velocities
to evaluate the seismic hazard potential in the Mamuju and Majene
regions.

2 DATA A NA LY S I S , M O D E L L I N G
S T R AT E G Y A N D DA M A G E P ROX Y M A P

2.1 Moment tensor inversion

We performed broad-band waveform modelling of teleseismic data
to determine the focal mechanism and depth of the earthquake
(Fig. 2). Conducting our own modelling, rather than using solu-
tions provided by routine catalogues, allows us to explore how well
resolved the solution is and to overcome trade-offs between event
parameters that exist for long-period inversions such as the Global
Centroid Moment Tensor (GCMT) catalogue (Tsai et al. 2011). We
conducted waveform inversions at higher frequencies (Fig. 2b) than
the GCMT catalogue (Ekstrom et al. 2012), which should allow
better resolution of fault geometry and centroid depth.

We downloaded available teleseismic waveforms from the Incor-
porated Research Institutions for Seismology (IRIS) Data Manage-
ment Centre (Figs 2b and c) and removed stations with a low signal-
to-noise ratio or with complex waveforms that cannot be modelled
with a global 1-D velocity model. We used extended P and SH
waves with 90 s windows containing the direct and depth phases
(Fig. 2b). These phases travel near-vertically through the crust and
so are less sensitive to complex crustal velocity variations. We used
the Cut-and-Paste (CAP) method to invert these waveforms to find
the best-fitting double couple focal mechanism and centroid depth
(Zhu & Helmberger 1996). The best-fitting source parameter was
determined to give the highest cross-correlation coefficient between

synthetic and real waveforms. Waveforms were shifted indepen-
dently to maximize the cross-correlation coefficient, to account for
velocity variations from the 1-D global model used (IASP91, Ken-
nett & Engdahl 1991). We ran the inversions using a range of source
durations to find the best-fitting depth (Fig. 2d). The results for the
focal mechanism and depth of the earthquake are shown in Fig. 2
and Table S1 (Supporting Information).

2.2 Earthquake relocation

The regional seismic network of Indonesia’s Meteorological, Cli-
matological, and Geophysical Agency (BMKG, Fig. S1, Supporting
Information) recorded seven foreshocks of magnitude 2.8 to 5.9—
the largest earthquake during the 12 hr prior to the main shock.
The network recorded 27 aftershocks of magnitude 2.4–4.9 up un-
til 2021 July 15. In this study, we combined the relocated events
from Supendi et al. (2021), during the period 2021 January 14–20,
with four new events of magnitude 2.5 to 3.8 from 2021 January
20 to July 15. All new aftershocks were relocated using the same
procedures employed in Supendi et al. (2021)—more details about
the relocation procedure can be found in Supendi et al. (2021). The
relocation results are shown in Fig. 3.

2.3 GPS processing

According to an empirical formula that approximates the radius of
influence of an earthquake (Herring et al. 2016), coseismic off-
sets of more than 1 mm will be detected by GPS stations within
∼107 km from the main shock’s epicentre. Therefore, we processed
the daily recordings (from 2020 December 14 to 2021 February
14) of three GPS stations from Indonesia’s Geospatial Informa-
tion Agency (BIG) that are within the radius of influence (Fig. S2,
Supporting Information). We processed the BIG GPS data using
the GPS at MIT (GAMIT)/Global Kalman filter software packages
version 10.71 (Herring et al. 2018). The GAMIT software employs
double-differencing techniques to estimate station positions, atmo-
spheric delays, satellite orbits and earth orientation parameters from
ionosphere-free linear combination GPS phase observations. Dur-
ing the GAMIT processing, we fixed the satellite orbit parameters
to the International GNSS Services (IGS) final orbit. In addition, we
included 12 IGS stations (ALIC, COCO, DARW, DGAR, GUAM,
HYDE, IISC, LHAZ, PIMO, PNGM, XMIS and YARR) to obtain
the loosely constrained positions of GPS stations. Then, we com-
bined our solution with the global GPS solution developed by the
MIT analysis centre. In this step, we mapped the loosely constrained
solution into a well-constrained reference frame by minimizing the
position and velocity differences of selected sites with respect to
a priori values defined by the realization of the International Ter-
restrial Reference Frame 2014 (ITRF2014, Altamimi et al. 2016).
Finally, we examined the position time-series to estimate the co-
seismic offsets following the method of Feng et al. (2015, Figs
S3–S5, Supporting Information). Since the MW 5.9 foreshock event
occurred on the same day as the main shock event, it is not possible
to isolate the main shock offset because high-rate (1 s sampling)
data are not available. Thus, our coseismic offsets (Table S2, Sup-
porting Information) include surface displacements due to both the
foreshock and main shock events.
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Figure 2. CAP inversion results for the MW 6.2 main shock event. (a) Moment tensor solution for the two nodal planes of the main shock event. (b) Waveform
fits. (c) Distribution of teleseismic stations used and the cross-correlation coefficients for P and SH waves. (d) Best-fitting depth (16 km) based on the rms
value, and for different source duration.

2.4 Modelling earthquake source

We conducted kinematic slip inversion modelling of teleseismic
body waves to estimate the slip distribution of the main shock
(Kikuchi & Kanamori 1982, 1991, 2003). We avoid jointly inverting

teleseismic and geodetic data for two reasons: (1) the GPS coseis-
mic offsets are contaminated by surface displacements of the MW

5.9 foreshock and (2) interferograms based on the available C-band
Sentinel-1 scenes (2021 January 10 and 22) and L-band ALOS-2
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Figure 3. Relocation results for the foreshock, main shock and aftershock events. The dashed line represents the preferred main shock fault plane in the
subsurface, dipping to the east.

scenes (stripmap imaging mode, 2020 April 14 and 2021 January
19), processed using modules of the InSAR Scientific Computing
Environment (Rosen et al. 2012; Liang & Fielding 2017), do not
show obvious coseismic surface displacements (Fig. S6, Supporting
Information). In the teleseismic slip inversion, we used broad-band
seismograms within the distance range of 28◦–90◦ downloaded from
the IRIS Data Management Centre. We used 43 P waves on the ver-
tical component and 13 SH waves on the transverse component with
a time window of 40 s. The instrument response was deconvolved to
obtain displacement waveforms, which were then bandpass filtered
between 2 and 200 s (or 0.005 and 0.5 Hz) for P waves, 5 and 200
s (or 0.005 and 0.2 Hz) for SH waves. The higher frequency filter
ranges were adopted to resolve the details of the earthquake slip
distribution. We computed Green’s functions using the 1-D veloc-
ity model derived from the Crust1.0 model (Laske et al. 2013) for
the source region and the 1-D IASP91 velocity model (Kennett &
Engdahl 1991) for areas outside the source region. We set a slightly
larger fault area (21 × 21 km) than that based on the Wells &
Coppersmith (1994) magnitude to rupture area relationship, to ac-
commodate the complexity of the coseismic slip distribution. Then,
we divided the fault area into 3 × 3 km grids and fixed the strike and
dip angle of the fault to our moment tensor solution (Fig. 2a). We
allowed the rake to vary within ± 45◦. We tested the two fault planes
obtained from our moment tensor solution (Fig. 2a). Since the rup-
ture velocity (Vr) influences the slip model significantly, we tested
various Vr values from 1 to 4.5 km s−1. We also varied the hypocen-
tre location, and found that the best waveform fits were obtained for

a hypocentre at 15 km depth. The coseismic slip modelling results
are shown in Figs 4 and 5.

To further identify the fault plane that ruptured during the main
shock, we used the GPS coseismic offsets in two approaches. First,
we performed forward modelling using the obtained teleseismic slip
models to produce synthetic displacements at the GPS stations, and
then compared the synthetic displacements with the observed GPS
offsets. Second, we conducted a nonlinear grid-search inversion
using the GPS offsets. In these approaches, we computed Green’s
functions using dislocation models in an elastic half-space (Okada
1985).

We compared observed data with modelled synthetic data using
a misfit function defined as:

X 2 = (d − G(m))T C−1
d (d − G(m)) (1)

where d corresponds to GPS offsets, G to the Green’s functions,
m to the free parameters of the fault and Cd to the covariance
matrix of the GPS offsets. In the grid-search nonlinear inversion,
we assumed uniform slip on a rectangular fault, and searched only
for the rectangular fault’s location (longitude, latitude and depth
associated with the upper left corner of the rectangular fault). We
fixed the slip rake, the strike and dip of the rectangular fault to
our moment tensor solution (Fig. 2a). We also fixed the length and
width of the rectangular fault and prescribed a uniform slip based
on empirical relationships for a typical thrust earthquake of MW 6.2
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Figure 4. Preferred teleseismic slip inversion results based on the east-dipping fault. (a) and (b) Coseismic slip distribution with a maximum slip of ∼90 cm at
a depth of 14 km. The red star is the hypocentre location, and the blue arrows represent the rake angle in each grid. (c) A moment-rate function for the coseismic
slip distribution. (d) A variety of rupture velocities tested for the slip inversion. The preferred rupture velocity (3.0 km s−1) is marked as a blue circle.

(Wells & Coppersmith 1994). Additionally, while we specified a 50-
km grid-search range from the epicentre location in the west, south
and east directions, we restricted the northern limit of the grid search
to the distribution of the relocated foreshocks and aftershocks. We
applied this constraint to avoid bias in the inversion result, which
will locate the rectangular fault towards the CMJU GPS station since
it is the only station that recorded significant offset. The forward
and inversion modelling results are shown in Fig. 6.

2.5 Damage proxy map

We derived a DPM (Yun et al. 2015; Jung et al. 2017) from 12
Copernicus Sentinel-1 SAR interferometric coherence images ac-
quired between 2020 November 23 and 2021 January 16, to eval-
uate the effect of the Mamuju earthquake on damaged buildings.
To obtain the DPM, we used the method of Jung et al. (2017),
which removes decorrelation effects that contaminate the coher-
ence signals after a destructive disaster such as an earthquake. The
method calculates probability density functions of the historical
change of each SAR pixel and constructs a map of damage prob-
ability due to the earthquakes. The resulting DPM contains pixels
associated with damage scaled by damage probability from 0.9 to 1,
where a higher damage probability corresponds to more severe dam-
age, such as completely collapsed buildings (Fig. 7). False alarms

may be present over vegetation where coherence changes may be
random.

3 R E S U LT S

Our moment tensor solution shows that the main shock event rup-
tured either a steep west-dipping fault plane or a shallow east-
dipping fault plane (Fig. 2a). The event could be generated by the
steep west-dipping fault plane related to the north–south surface
geomorphic expressions in the epicentre location (Fig. 3). How-
ever, comparison between the strike of the east-dipping fault plane
and the spatial distribution of the relocated events, suggests that the
east-dipping fault plane is the more likely (Fig. 3). Determining the
ruptured fault plane based on our teleseismic modelling results is
inconclusive. Both the east- and west-dipping fault planes fit the
waveform data equally well and result in a similar variance: 2.82
for the east-dipping fault and 2.81 for the west-dipping fault (Figs 4
and 5, Figs S7 and S8, Supporting Information). These similar re-
sults are not surprising given the main shock magnitude, the use
of teleseismic data and the faulting style (waveforms generated by
thrust earthquakes are not as unique as those caused by strike-slip
earthquakes).

Nevertheless, our forward and inverse GPS modelling results in-
dicate that the main shock event ruptured the east-dipping fault
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(a)

(b)

Figure 5. (a) Teleseismic waveform fits based on the preferred coseismic slip model. Data (black) and synthetic (red) waveforms are filtered to 0.5 Hz for P
wave and to 0.2 Hz for SH wave. Each waveform is labelled with the station code, type of seismic wave and station azimuth. (b) Station distribution for P- and
SH-wave data used in the inversion.
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Figure 6. Forward and inverse modelling results indicate that the main shock ruptured the east-dipping fault plane. (a) and (b) Comparison of GPS offsets and
teleseismic-based synthetic displacements generated using the east-dipping fault (a) and the west- dipping fault (b). The east-dipping fault results in synthetic
displacements with a better fit to the GPS offsets (X2 = 44) compared to that based on the west-dipping fault (X2 = 61). We note that the synthetic displacement
at the CMJU GPS (a) is far smaller than the observed offset. We attribute the misfit to the fact that the synthetic displacements are based on only the teleseismic
slip of the main shock event. In contrast, the GPS offsets include surface displacements due to both the MW 5.9 foreshock and MW 6.2 main shock events. (c)
and (d) Nonlinear grid-search inversion results based on the east-dipping fault (c) and the west-dipping fault (d). The east-dipping fault results in synthetic
displacements with a better fit to the GPS offsets (X2 = 25) compared to that based on the west-dipping fault (X2 = 34).

plane, explained as follows. Forward modelling shows that the syn-
thetic displacement based on the teleseismic slip using the east-
dipping fault better fits the coseismic offset at the CMJU GPS sta-
tion (X2 = 44) than that based on the west-dipping fault (X2 = 61,
Figs 6a and b). We notice that the synthetic displacement at the
CMJU GPS station (Fig. 6a) is far smaller than the observed offset.
We attribute the large misfit to the fact that the synthetic displace-
ment is based on only the slip model for the main shock event,
whereas the GPS offsets include surface displacements due to both
the MW 5.9 foreshock and MW 6.2 main shock. In addition to the
forward modelling results, our nonlinear inversion results show that
the east-dipping fault plane produces synthetic displacements with a
better fit to the coseismic offset at the CMJU GPS station (X2 = 25)

than that based on the west-dipping fault plane (X2 = 34, Figs 6c
and d, Figs S9 and S10, Supporting Information). Taken together,
these results from forward and inverse modelling of GPS data, as
well as relocated aftershocks, suggest that the main shock ruptured
the east-dipping fault plane.

Our preferred coseismic slip model, shows that the main shock
has a maximum slip of ∼90 cm at a depth of 14 km (Fig. 4). As-
suming a shear modulus of 32 GPa around the fault, our preferred
coseismic slip is equivalent to MW 6.29. In addition to the main
shock’s source characteristics, our DPMs show that the Mamuju
region ∼30 km from the epicentre location experienced more dam-
aged buildings than the Majene and south Mamuju regions ∼10–
15 km from the epicentre location (Fig. 7). Besides the difference
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Figure 7. A DPM shows that the Mamuju region ∼30 km from the epicentre location of the Mamuju earthquake (red star) experienced more building damage
than the south Mamuju and Majene regions ∼10–15 from the epicentre location. Light to dark blue pixels show increasingly significant levels of damage due
the earthquake. The white polygon indicates the map extent.

in population density, both regions may have experienced different
seismic ground motions due to the difference in sediment thickness,
thus leading to distinct impacts on buildings.

4 D I S C U S S I O N

Our interpretation of the east–west profile of the fault plane, com-
bined with focal mechanisms of the 1969 Majene and 2021 Mamuju
earthquakes and insights from regional cross-sections through the
MST (Calvert & Hall 2007; Morley et al. 2011), suggests that the
Mamuju earthquake ruptured a fault associated with the MSTM
(Fig. 8). Additionally, we find that coseismic slip mainly occurred
at depths greater than 12 km (Fig. 4b) and did not rupture the shal-
low section of the MSTM (Fig. 8), indicating that the Mamuju event
partially ruptured the MSTM. This partial-rupture behaviour is sim-
ilar to the mid-crustal ruptures observed during the 2018 Lombok
earthquake sequence, in which two MW 6.9 thrust earthquakes rup-
tured a shallow-dipping (25◦) mid-crustal seismogenic zone, but
the ruptures did not propagate to the shallow crustal levels of the
Flores Thrust (Salman et al. 2020; Supendi et al. 2020; Lythgoe
et al. 2021). The structural setting of the Lombok and Mamuju

earthquakes is notably similar; in both cases, the earthquakes are
located near the end of a larger fault system where the total slip of
the ramp thrust fault is relatively low, the ruptured ramp fault tran-
sitions upward into a shallowly dipping décollement overlain by
thick sediments, and the lower plate consists of previously thinned
continental crust along the margin of an incoming continental plat-
form. This specific geological situation may create the necessary
conditions for dominantly mid-crustal thrust faulting, where only
the largest ruptures involve coseismic slip of the upper ramp and
shallow décollement faults.

Another striking result is that most of the aftershocks align along
a plane that dips ∼40◦, suggesting the activation of a secondary
fault structure above the main shock fault plane (Fig. 8). We evalu-
ate the effect of stress changes induced by the main shock event on
the along-depth distribution of the aftershock events. For this pur-
pose, we use our preferred coseismic slip distribution to calculate
static Coulomb stress changes for optimal thrust faults using the
Coulomb software package version 3.3 (Lin & Stein 2004; Toda
et al. 2005) and a friction coefficient of 0.8 for thrust events (Par-
sons et al. 1999). Then, we plot the result along a vertical profile
from C to D (Fig. 8). The result shows that most of the after-
shocks dipping in a ∼40◦ plane correlate with more than 10 kPa
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Figure 8. A schematic profile of the Makassar Strait Thrust in West Sulawesi beneath the Mamuju and Majene regions based on the modelling results,
relocation results, moment tensor solution for the Mamuju event, focal mechanisms of the 1969 and 1984 events, combined with insights from a regional
cross-section through the MST (Calvert & Hall 2007; Morley et al. 2011). Different from the dipping angle of the main shock fault plane (19◦, red line), most of
the relocated aftershocks form a plane that dips at an angle of ∼40◦ (solid black line), indicating the existence of a secondary fault structure. The ∼40◦-dipping
secondary fault and the updip sections of the MSTM overlap with areas of more than 10 kPa positive Coulomb stress change (background colour). The MSTM,
the MSTC and the possible secondary fault form a series of imbricate thrust faults in West Sulawesi beneath the Mamuju and Majene regions.

positive Coulomb stress changes (Fig. 8), which is above the typical
earthquake triggering threshold (King et al. 1994; Hardebeck et al.
1998). To check whether a positive correlation exists between the
large Coulomb stress changes (≥10 kPa) and location of aftershock
events dipping in a ∼40◦ plane, we calculated the Coulomb stress
changes due to the main shock event (source) at the location of the
40◦-dipping thrust fault (receiver). Our calculation shows that only
∼50 per cent of the aftershock events are within ≥ 10 kPa Coulomb
stress changes (Fig. S11, Supporting Information). The remaining
aftershock events are within the negative Coulomb stress change
area. This result suggests that coseismic Coulomb stress changes
alone were not responsible for promoting all the aftershock events.
However, the main shock was likely to have been followed by after-
slip, which may have imparted cumulative positive Coulomb stress

changes on the 40◦-dipping thrust fault, thus promoting the occur-
rence of the aftershock events (e.g. Chan & Stein 2009; Jiang et al.
2021). Our calculation of the Coulomb stress changes suggests two
implications. First, the positive stress changes induced by the main
shock event promoted the activation of a secondary fault structure.
Second, the updip unruptured sections of the MSTM were likely
brought closer to failure due to the induced positive stress changes
(Fig. 8) and will potentially become the source of future earth-
quakes. Taken together, the MSTM, the MSTC and the possible
reactivated secondary fault form a series of imbricate thrust faults
in West Sulawesi beneath the Mamuju and Majene regions (Fig. 8).

We assess the seismic hazard in the Mamuju and Majene regions
by deriving the principal strain and second invariant rates from in-
terseismic GPS velocities spanning 1998–2004 (Simons et al. 2007)
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Figure 9. Second invariant (coloured triangles) of the principal strain-rate tensors, derived from interseismic GPS velocities (cyan vectors) relative to the
Sunda reference frame (Yong et al. 2017). The inward red arrows represent compression of the principal strain rate, while the outward blue arrows represent
extension. Focal mechanisms are associated with the Mamuju 2021 earthquake and all instrumentally recorded MW > 6 earthquakes (Fitch 1972; GCMT
catalogue).

and 2010–2015 (Susilo et al. 2016; Table S3, Supporting Informa-
tion). We computed the strain tensors within elements of a triangular
network that connects each of our GPS stations (McCaffrey et al.
2000; Bock et al. 2003). Then, we estimated the principal strain and
second invariant rates in each triangular mesh. The results show
that principal strain patterns describe compression in the Mamuju
and Majene regions (Fig. 9). Additionally, our results indicate that
the second invariant rates are higher along the western coastline of
the Mamuju and Majene regions than in the surrounding areas to
the east (Fig. 9, see also Fig. S12, Supporting Information). This
result, combined with the fact that the region produced three MW

> 6 earthquakes over the last 100 yr, implies that the MSTC, the
MSTM and the MSTS pose substantial seismic hazard to popula-
tion centres along the western coastline of the Mamuju and Majene
regions.

The updip unruptured section of the MSTM could produce fu-
ture earthquakes similar to or larger than the magnitude of the 2021
Mamuju earthquake. Future larger earthquakes may potentially gen-
erate secondary hazards to coastal communities both along the west-
ern coast of Sulawesi and the eastern coast of Borneo (Fig. 1), such
as submarine landslide-triggered tsunamis (hereafter referred to as
‘SLTTs’). The SLTTs are possible to occur due to the existence
of numerous steep slope areas on the seafloor of the Makassar
Strait (Brackenridge et al. 2020), which could be destabilized by
the seismic shaking of earthquakes (Ten Brink et al. 2014). For
example, Brackenridge et al. (2020) have identified 16 submarine
landslide scars in the seafloor of the Makassar Strait that correlate

with locations of steep submarine slopes. Nugraha et al. (2020) also
identified one submarine landslide scar, known as the Haya slide,
located ∼30 km to the west of the epicentre location of the 1969
MW 7.0 earthquake (Fig. 1).

The 1969 event was followed by a moderate tsunami (Soloviev
& Go 1974) that killed 64 people (Prasetya et al. 2001). However,
tsunami simulations by Pranantyo et al. (2022) failed to reproduce
the highest 4-m tsunami height (Soloviev & Go 1974) if only con-
sidering seafloor displacements due to the main shock slip of the
1969 event. Their study suggests that the 4-m tsunami height could
be explained by a local submarine landslide induced by the 1969
main shock event. Therefore, although the actual age of the Haya
slide has not yet been confirmed, the proximity of the Haya slide
to the tsunami which followed the 1969 event, indicates the Haya
slide is a candidate for triggering the 1969 tsunami.

The threat of SLTTs has been further highlighted by Pranantyo et
al. (2021) based on tsunami modelling using two different scenarios
of submarine landslides on the Makassar Strait. The first tsunami
modelling scenario using a 5-km3-submarine landslide (Bracken-
ridge et al. 2020) generates ∼2.9 and ∼1.1 m maximum tsunami
amplitudes on the western coast of Sulawesi and the eastern coast
of Borneo, respectively. The second tsunami scenario using a 225-
km3-submarine landslide (Brackenridge et al. 2020) generates ∼11
and ∼4.3 m maximum tsunami amplitudes on the western coast of
Sulawesi and the eastern coast of Borneo, respectively.

The plan by Indonesia’s government to move the capital city
of Indonesia to East Borneo, puts this region under the spotlight,
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given the expected huge increase in the population of the area. Thus,
further studies are required to gain a comprehensive knowledge of
the seismic hazard potential posed by the MST, including possible
secondary hazards. Future work investigating the slip rate of the
MST would benefit from denser GPS stations on the western coast
of Sulawesi and the eastern coast of Borneo.

5 C O N C LU S I O N

We study the 2021 January 15 MW 6.2 earthquake that struck the
Mamuju and Majene regions of West Sulawesi, Indonesia. This
event caused thousands of damaged buildings within a radius of
∼30 km from the main shock’ epicentre location, as shown on our
DPM derived from Sentinel-1 SAR scenes. Our analysis of seis-
mic and geodetic data indicates that the main shock event partially
ruptured the east-dipping fault plane associated with the MST seg-
ment offshore west Mamuju. Comparing Coulomb stress changes
induced by the main shock, with the along-depth distribution of
aftershocks, suggests a possible activation of another fault structure
after the main shock event. The main shock event also imparted pos-
itive Coulomb stress changes to the updip, unruptured section of the
MST segment, which may become the source of future earthquakes.
Our analysis of interseismic GPS velocities estimates that the Ma-
muju and Majene regions have a relatively higher crustal strain
rate than other nearby regions. The results (partial rupture of the
MST segment, the updip unruptured section of the MST segment,
and high strain rate in the Mamuju and Majene regions) together
suggest a significant seismic hazard potential in the Mamuju and
Majene areas.
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.

Figure S1. The BMKG seismic stations (green inverted triangles)
which recorded the foreshock, main shock (red star) and aftershock
events.
Figure S2. An empirical formula that approximates the radius of
influence of an earthquake (Herring et al. 2016) estimates that
coseismic offsets of 31 mm will be detected by GPS stations within
∼107 km from the Mamuju mainshock’s epicentre location (red
star).
Figure S3. Daily GPS time-series in CMJN station spanning a
month before and a month after the Mamuju earthquake. Green
dots are data we used to estimate the coseismic offsets, blue dots
are deleted outlier data and red lines are the model.
Figure S4. Daily GPS time-series in CMJU station spanning a
month before and a month after the Mamuju earthquake. Green
dots are data we used to estimate the coseismic offsets, blue dots
are deleted outlier data and red lines are the model.
Figure S5. Daily GPS time-series in CTOR station spanning a
month before and a month after the Mamuju earthquake. Green
dots are data we used to estimate the coseismic offsets, blue dots
are deleted outlier data and red lines are the model.

Figure S6. Interferograms of the Mamuju earthquake recorded no
obvious surface deformation related to the main shock event. (a)
Sentinel-1 SAR scenes (2021 January 10 and 22 January). (b)
ALOS-2 SAR scenes (stripmap imaging mode, 2020 April 14 and
2021 January 19).
Figure S7. Teleseismic slip inversion results based on the west-
dipping fault. (a) and (b) Coseismic slip distribution with a max-
imum slip of ∼90 cm at a depth of ∼12 km. The red star is the
hypocentre location. (c) A moment-rate function for the coseismic
slip distribution. (e) A variety of rupture velocities tested for the slip
inversion. The preferred rupture velocity (3.0 km s−1) is marked as
a blue circle.
Figure S8. Teleseismic waveform fits based on the west-dipping
fault. Data (black) and synthetic (red) waveforms are filtered to
0.5 Hz for P wave and to 0.2 Hz for SH wave. Each waveform is
labelled with station code, type of seismic wave and station azimuth.
(b) Stations distribution with P- and SH-wave data used for the
inversion.
Figure S9. A misfit function plot for the east-dipping fault. (a)
A misfit function plot for the longitude and latitude of the fault.
(b) A misfit function plot for the depth (upper left corner) of the
rectangular fault. Red symbol represents the longitude, latitude and
depth which result in the lowest misfit value.
Figure S10. A misfit function plot for the west-dipping fault. (a)
A misfit function plot for the longitude and latitude of the fault.
(b) A misfit function plot for the depth (upper left corner) of the
rectangular fault. Red symbol represents the longitude, latitude and
depth which result in the lowest misfit value.
Figure S11. Coulomb stress changes calculated using our coseis-
mic slip distribution (source) at the location of the 40◦-dipping
secondary fault (receiver). (a) The result shows that while ∼50 per
cent of the aftershock events are within ≥ 10 kPa Coulomb stress
changes (green line), the remaining aftershock events are within
the negative Coulomb stress changes. (b) An east–west profile that
shows the foreshock (square), aftershock (circle) events, the source
and receiver faults.
Figure S12. Second invariant rates based on the method of Hackl et
al. (2009), where GPS velocities are interpolated into a grid size of
0.5◦. We masked out the second invariant outside the GPS velocities
coverage to avoid overinterpreting artefacts due to the interpolation.
Table S1. Focal mechanism solutions of the main shock
event.
Table S2. Coseismic GPS offsets (mm) used in this study.
Table S3. Interseimic GPS velocities (mm yr−1) used in this study.
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