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Abstract: The 28 September 2018 Mw 7.5 Palu earthquake occurred at a triple junction zone where
the Philippine Sea, Australian, and Sunda plates are convergent. Here, we utilized Advanced Land
Observing Satellite-2 (ALOS-2) interferometry synthetic aperture radar (InNSAR) data together with
broadband regional seismograms to investigate the source geometry and rupture kinematics of this
earthquake. Results showed that the 2018 Palu earthquake ruptured a fault plane with a relatively
steep dip angle of ~85°. The preferred rupture model demonstrated that the earthquake was a
supershear event from early on, with an average rupture speed of 4.1 km/s, which is different from the
common supershear events that typically show an initial subshear rupture. The rupture expanded
rapidly (~4.1 km/s) from the hypocenter and propagated bilaterally towards the north and south
along the strike direction during the first 8 s, and then to the south. Four visible asperities were
ruptured during the slip pulse propagation, which resulted in four significant deformation lobes in
the coseismic interferogram. The maximum slip of 6.5 m was observed to the south of the city of
Palu, and the total seismic moment released within 40 s was 2.64 X 102 N-m, which was equivalent
to Mw 7.55. Our results shed some light on the transtensional tectonism in Sulawesi, given that the
2018 Palu earthquake was dominated by left-lateral strike slip (slip maxima is 6.2 m) and that some
significant normal faulting components (slip maxima is ~3 m) were resolved as well.

Keywords: Palu earthquake; supershear rupture; joint inversion; interferometry; broadband
seismograms

1. Introduction

Indonesia is located in the triple junction zone where the Philippine Sea, Australian, and Sunda
plates meet and acts as one of the most seismically active zones in the world [1], within which many
microblocks and intense faulting are developed (Figure 1). On September 28, 2018, a strong earthquake
with a moment magnitude (Mw) of 7.5 struck the Sulawesi, Eastern Indonesia, with the epicenter
located at about 70 km to the north of the city of Palu (Figure 1c). This seismic event triggered
catastrophic soil liquefaction, landslides, and a tsunami as well. The earthquake ruptured along
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the Palu—Koro fault [2], which runs offshore through the narrow Palu Bay to the north of Sulawesi
connecting with the North Sulawesi trench and extends southwards with the Matano fault in the
southeast (Figure 1b). Although the triple junction zone is highly seismically active, the Palu—Koro
fault hosts a relatively low level of seismicity, with a recurrence interval of about 700 years for Mw
~7-8 earthquakes inferred by palaeoseismological investigations [3]. However, previous studies
documented that the Palu-Koro fault shows a fast transtensive behavior, with a left-lateral strike slip
rate of 39 mm/y and an extension rate of 11~14 mm/y [1]. As one of the most active structures, the
large-scale Palu-Koro fault is considered to make great contributions to the regional crustal deformation
and mass lateral extrusion in the region of Sulawesi [4] and represent great seismic hazards [5,6].
Therefore, a strong earthquake is expected on this fault.
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Figure 1. Tectonic setting of the 2018 Mw 7.5 Palu earthquake. (a) Dark red arrows show the convergent
rates between the Philippine Sea, Australian, and Sunda plates. The red star marks the epicenter
of the 2018 Palu earthquake. Blue triangles are the broadband regional stations used in this study.
(b) Microblock model of Sulawesi [1] with the block boundaries depicted by dark blue dashed lines
(modified from Wang et al. [4]). Red rectangle outlines the bounds of the panel (c). PF, Palu—Koro fault;
MF, Matano fault; NST, North Sulawesi trench; NSB, North Sulawesi block; MAB, Manado block; ESB,
East Sulawesi block; MKB, Makassar block. (c) Close-up of the epicenter region. The white circle shows
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the location of the city of Palu. The focal mechanism plotted in red represents the 2018 Mw 7.5 Palu
earthquake. The magenta ones denote the 2018 Mw 6.1 foreshock and the 2012 Mw 6.3 earthquake.
The black ones denote the Mw > 5.5 historical earthquakes. The yellow dots are the aftershocks within
nearly four months following the 2018 Palu earthquake. All the focal mechanisms are from the global
centroid moment tensor (gCMT) solution. The gray dashed line depicts the fault trace used in the joint
inversion. Black lines denote the regional fault traces, with the fault mechanism shown as well.

Coseismic displacement map derived from geodetic data [2,7] and early aftershocks recorded
by the US Geological Survey (USGS) clearly show a long rupture extension of the 2018 Mw 7.5 Palu
earthquake (over 150 km). This feature combined with the short duration of the most seismic moment
release (less than 25-30 s, USGS) suggests the possibility of supershear of this earthquake. Bao et al. [2]
indicated that the earthquake is an early and persistent supershear rupture event as investigated by
teleseismic back-projection and far-field Rayleigh Mach waves. This supershear feature has also been
documented by Socquet et al. [7] through the analysis of the space geodetic data. Ulrich et al. [8]
further revealed the pervasive supershear rupture by a joint analysis of geodetic, seismic, and tsunami
records. The fault slip mechanism of this earthquake was constrained by Song et al. [9] using geodetic
observations. However, the published slip models vary discernibly from each other. Socquet et al. [7]
showed visible thrust slip in the Sulawesi Neck, which were not resolved by Song et al. [9]. However,
Socquet et al. [7] revealed a large misfit in residual line-of-sight (LOS) displacement map in the
Balaesang Peninsula.

In this study, we first determined the source geometry utilizing the ALOS-2 descending data.
Then we inverted for the rupture kinematics of the 2018 Palu earthquake, jointly using the ALOS-2 data
and the fortunately unclipped broadband regional seismograms. From our rupture model, we obtained
insights into supershear rupture features and transtensional mechanism of Sulawesi.

2. Data and Method

2.1. Data Processing

Due to the decorrelation problem of the Sentinel-1 data in this study area, we used the ALOS-2
descending SAR imagery to map the coseismic deformation caused by the 2018 Mw 7.5 Palu
earthquake. The ALOS-2 interferogram was processed using the GAMMA remote sensing software [10].
The topographic effects in the interferogram were removed using the 30 m resolution shuttle radar
topography mission (SRTM) digital elevation model (DEM) [11]. The interferogram was unwrapped
using the branch cut method [12]. The unwrapped interferogram was geocoded to the WGS-84
geographic coordinates with 30 m resolution, and the relevant unwrapped phase data were converted
to LOS displacement. To reduce the number of LOS displacement points and consequently improve
the computational efficiency, a uniform down-sampling method [13] was employed, and finally,
we obtained 3077 observations. The standard deviation was 17 mm for the interferogram, which was
estimated from the ALOS-2 InSAR data in the nondeformation area using a 1-D covariance function [14].

The maximum LOS displacement is 1.1 m, and four main lobes of deformation are clearly visible
(Figure 2a and Figure S1), which is in agreement with Socquet et al. [7]. The asymmetric fringe pattern,
which shows more fringes on the eastern side of the fault, could suggest that the fault plane dips to
east. The LOS displacement (Figure S1) shows a four-quadrant distribution pattern, which conforms
to a strike-slip event. According to Socquet et al. [7], at the east of the fault, south of the city of
Palu, the negative LOS displacement indicates a range increase, which is agreeable with left-lateral
strike-slip and possible subsidence, as the satellite LOS direction is nearly perpendicular to the strike
of the fault and the flight direction is almost southward. By contrast, the positive LOS displacement
shows a range decrease, which suggests uplift, supporting local transpression at the Sulawesi neck [7].
Additionally, the deformation zone to the south of the epicenter in the Sulawesi Neck is much broader
than that in other deformation regions concerning the sense of spatial extension (Figure 2a), which
suggests that the earthquake has ruptured into a deeper part of the crust in this region [15]. By contrast,
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the deformation region to the south of the city of Palu is featured by more densely distributed fringes,
allowing for a shallower rupture on this segment.
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Figure 2. The observed (a), modeled (b), and residual (c) coseismic LOS displacement of the 2018 Palu
earthquake based on the joint inversion. The gray dashed line in (a) shows the fault trace used in the
joint inversion. All the results are rewrapped in the range of 0 to 20 cm.

In addition, we also utilized unclipped broadband regional records from the event with a roughly
homogeneous coverage on the azimuth (Figure 1a) to investigate the rupture kinematics, which
could ensure high resolution of the kinematic model, whereas they were rarely used in the study
of moderate-to-strong magnitude earthquake due to clipped records arising from strong shaking.
We removed the instrumental response and applied a 0.02-0.2 Hz Butterworth filter considering (1) the
effect of low-frequency baseline shift of near-field seismic data, (2) the effective response of frequency
band of the broadband waveforms [16], as well as (3) the point-like source approximation condition
of the subfault without aliasing [17,18]. Finally, three-component full displacement waveforms were
obtained and used in the inversion. Although waveforms at higher frequencies can ensure higher
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model resolution [18], they are sensitive to the local velocity structure [19], and it is difficult to model
them accurately at present due to the fact that they could introduce large errors during the inversion.
By contrast, waveforms at lower frequencies are less sensitive to the velocity structure and usually have
a higher signal to noise ratio. Therefore, in order to make a compromise between the model residual
and resolution, the corner frequency of 0.2 Hz was determined according to an approximate formula
of feur ~ %& [17,18], where Vs indicates the shear wave velocity and AL depicts the extension of
the subfault.

2.2. Modeling Method

We adopted a two-step procedure to construct the rupture model of the 2018 Palu earthquake:
A nonlinear inversion to constrain the source parameters assuming a uniform slip model in an elastic
half-space, followed by a linear multitime window inversion to construct the rupture kinematics
of the event. In the first step, we used a hybrid minimization algorithm based on the multipeak
particle swarm optimization method (MPSO) [20,21] to invert the ALOS-2 InSAR data for the fault
geometric parameters, by minimizing the misfits between the observed and modeled data, assuming a
Poisson ratio of 0.25 and a shear modulus of 3.3 X 10'? N/m?. This algorithm combines particle swarm
optimization (PSO) [22] and the downhill simplex algorithm (DSA) [23]. The PSO was employed to
carry out a global search to find several local minima, and the global minimum was achieved using
the DSA based on the PSO-derived local minima [24]. To simplify the fault model, we used only one
fault segment to approximate the seismogenic fault, and the strike of the fault model was fixed to 352°
according to the ALOS-2 InSAR interferogram pattern (Figure 2a). During the inversion, we assumed
that the dip angle of the seismogenic fault was not varied along the strike. The parameters of the fault
geometry obtained by inverting the INSAR observations within the most significant deformation zone
at the south of the city of Palu (Figure 2a) were simply treated as the optimal parameters of the entire
seismogenic fault. In addition, model solutions from 100 simulations perturbed with noise from the
statistic properties based on previous 1-D covariance function in the nondeforming area [14] were
used to evaluate the uncertainty of the source parameters by employing the Monte Carlo bootstrap
simulation technique [25] (Figure S2).

Once the fault geometry was determined, we then extended the size of fault plane to be 200 km X
28 km and discretized it into 50 subfaults in the strike direction and 7 subfaults in the dip direction,
with each subfault patch size of 4 km X 4 km. To take advantage of both the geodetic and seismic
data, we followed the linear multitime window approach [26,27] to construct the rupture kinematics
of the 2018 Palu earthquake using the ALOS-2 coseismic LOS displacement and broadband regional
seismograms. The InSAR observations show good spatial resolution and can ensure the accuracy
of static variables (fault geometry, total slip, stress drop, etc.), while the seismic waveforms present
good temporal resolution, which can guarantee the time signal of the rupture process. In the joint
inversion, the Green’s functions for both InNSAR and broadband seismograms were computed using the
frequency-wavenumber integration method [28] based on the CRUST 1.0 1-D layered velocity model.
The maximum rupture velocity was set to 5.2 km/s to account for the possibility of supershear rupture,
which is nearly the Eshelby speed [2]. We allowed slip on twenty-four 50% overlapping triangles with
0.8 s risetimes [29]. The rake angle was allowed to vary from —45° to 45°. Data weight determination is a
tricky and cumbersome process. We followed the procedure described in Melgar et al. [30-32] and Chen
et al. [33,34], where the relative weight ratio between ALOS-2 InSAR and broadband regional records
was adjusted by trial and error repeatedly until the minimum misfit was obtained (Figure S3). We
employed first derivative temporal regularization on the slip windows and Laplacian regularization on
the total slip at each subfault [35]. We applied the formalism of Akaike’s Bayesian information criterion
(ABIC) [36] to determine the optimal value of the temporal and spatial regularization parameters
and then obtained the preferred kinematic rupture model of the event. Model solutions derived by
inverting 100 sets of INSAR simulations perturbed by the standard deviation based on the previous
1-D covariance functions and 100 sets of broadband waveforms simulations perturbed by the standard
deviations of 60 s of pre-event noise were used to estimate the model uncertainty.
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3. Results

3.1. Geometric Parameters

Our result shows that the 2018 Mw 7.5 Palu earthquake is dominated by left-lateral strike-slip
and accompanied by a significant normal-slip component, which is consistent with the transtensional
tectonic mechanism of the region. The dip angle determined from the geodetic data is ~85°, steeper
than some published results (Table 1). This is consistent with the result of Ulrich et al. [8], which
shows a vertically dipping fault at the southernmost segment. We think it is reasonable, as steeply
dipping faults are more common in strike-slip events (Table S1), e.g., the 2001 Mw 7.9 Kokoxili
earthquake [37-39], the 2004 Mw 5.9 Parkfield earthquake [40], the 2010 Mw 6.9 Yushu earthquake [41],
and the 2015 Mw 7.2 Tajikistan earthquake [42]. Our determined rake angle is comparable with the
result from Ulrich et al. [8], which reveals a rake angle up to —30° to the south of the city of Palu,
corresponding to the most significant LOS deformation zone. In addition, the errors of the source
parameters are relatively small, indicating that our result is stable and reliable (Table 1 and Figure S2).

Table 1. Source parameters estimated from different institutions.

Source Strike (°) Dip (°) Rake (°) Seismic Moment (102° N-m)  Moment Magnitude (Mw)
CPPT® 354 75 2
UsGs® 350 67 -17 2.497 75
GFZ ¢ 350 58 -7 7.5
IPGP 4 356 69 11
gCMT © 348 57 -15 2.82 7.6
Socquet et al. [7] variable 60 34 7.618
Song et al. [9] f 355 64 -6.8
Song et al. [9] & 22(5) gg :;é 2.4 7.43
65
Ulrich etal. [8]M  variable 65 -30~30 7.57
90
This study 3521 84.7 +0.14 -25.7+0.30 2.64 7.55

a CPPT: Centre Polynésien de Prévention des Tsunamis, the French Polynesia Tsunami Warning Center; ® USGS:
US Geological Survey; ¢ GFZ: GeoForschungsZentrum, German Research Centre for Geosciences; ¢ IPGP: Institut
de Physique du Globe de Paris, Institute of Earth Physics of Paris; ¢ gCMT: the global Centroid Moment Tensor
catalog; f The one-segment fault model of Song et al. [9]; 8 The two-segment fault model of Song et al. [9]; ! The
three-segment fault model of Ulrich et al. [8]; i The strike angle is determined from the ALOS-2 InSAR interferogram
pattern and fixed during the inversion.

3.2. Kinematic Rupture

The local shear wave velocity ranges from 3.4 to 3.8 km/s between the depths of 3-20 km
according to the CRUST 1.0 model [2]. Our result reveals that the 2018 Mw 7.5 Palu earthquake
was a supershear rupture event from early on (Figure 3), with an average rupture speed of 4.1 km/s,
which is consistent with the result of Bao et al. [2]. The rupture lasted for nearly 40 s, releasing a total
seismic moment of 2.64 x 102 N-m (Mw 7.55), most of which was released within the first 30 s. The
spatial-temporal slip evolution (Figure 3) demonstrates that the rupture expanded rapidly (~4.1 km/s)
from the hypocenter and propagated bilaterally about 30 km towards the north and south in the
along-strike direction during the first 8 s, and then to the south, resulting in four visible asperities as
illustrated in the total slip distribution (Figure 4a), which corresponds to four main lobes of deformation
in the coseismic interferogram (Figure 2a). A peak slip of 6.5 m was resolved on a shallow part of the
crust (asperity III), which is consistent with the most seismic moment released along this segment as
revealed by Bao et al. [2] and Socquet et al. [7]. The northern segment slipped at a greater depth down
to 20 km, coinciding with the result of Socquet et al. [7].
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Figure 3. Snapshots of the rupture propagation. The gray dashed lines represent the reference rupture
fronts moving at the 3.5 km/s, 4 km/s, and 4.5 km/s, respectively. Note that the initial rupture front
went beyond the reference velocity contour of 4 km/s in the first 4 s interval, indicating a supershear
rupture at the beginning of the event. The red star represents the epicenter. The moment rate function

is shown in the inset map.
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Figure 4. (a) Coseismic slip distribution from the joint inversion of INSAR and broadband regional
seismograms. Gray arrows denote the slip directions of each fault patches. Gray dashed lines are the
slip contours derived from Socquet et al. [7], with a slip magnitude greater than 1 m and a step of 0.5 m.
The red star denotes the epicenter. (b) and (c) are the strike—slip and dip-slip components, respectively.

(d) The uncertainty of the total slip model.
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The slip vector illustrated in Figure 4a indicates the focal mechanism is predominantly left-lateral
strike—slip with normal-slip components as well, which coincides with the transtensional mechanism
of the region. However, we found that the tectonic regime on the northern and southern part of the
fault varies on these asperities (Figure 4c). Thrust slip is observed at the Sulawesi Neck, which connects
to the North Sulawesi trench where subduction occurs (Figure 1b). Significant normal-slip components
are observed in two areas (the asperity I and asperity III in Figure 4a), corresponding to two major
releasing bends [7]: (1) Near the Balaesang Peninsula and (2) at the south of Palu Bay. The thrust-slip
in asperity IV is likely due to the geometric complexity of the fault bends (Figure 1b) where the rupture
terminated, which is consistent with the result given by USGS. In addition, the uncertainty of the total
slip model is relatively low, with an insignificant maximum of 0.1 m comparable to slip maxima of
6.5 m (Figure 4d), which ensure the stability and reliability of the model. The slip error is larger in the
area close to the surface, which can be ascribed to reduced observation constraints due to decorrelation.
Also, the broadband regional waveforms are explained satisfactorily by our rupture model (Figure 5).
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Figure 5. The observed (black) and synthetic (red) broadband displacement waveforms for the north
(a), east (b), and up (c) components respectively. Station names (e.g., TNTI) and corresponding
amplitudes for the observed (in black) and synthetic (in red) displacements are also labeled.

4. Discussion

4.1. An Early Supershear Rupture of the Palu Earthquake

Our preferred rupture model shows that the 2018 Mw 7.5 Palu earthquake is a supershear rupture
event. The supershear rupture has been observed in numerous historical earthquakes, e.g., the 1999
Mw 7.6 Izmit earthquake [43]; the 1999 Mw 7.2 Diizce earthquake [43]; the 2001 Mw 7.8 Kokoxili
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earthquake [44]; the 2002 Mw 7.9 Denali earthquake [45]; the 2010 Mw 6.9 Yushu earthquake [41]; the
2012 Mw 8.6 Sumatra earthquake [46]; the 2013 Mw 7.6 Craig earthquake [47]; the 2014 Mw 6.9 Aegean
Sea earthquake [48]; and the 2015 Mw 7.2 Tajikistan earthquake [42], which largely occurred on the
strike-slip faults. Bouchon et al. [49] showed that supershear events are generally associated with
faults that show simple geometry with small or even an absence of segmentation features. The surface
traces of these faults are typically linear, continuous, and narrow, as evidenced by the optical satellite
images [50], suggesting that stress—strength of the fault plane is mechanically homogeneous. What is
more, supershear events tend to show a “quiet” aftershock potential, as revealed by both numerical
simulations [51] and aftershock observations [49,52]. By contrast, aftershocks are likely to cluster on
the secondary structures off the fault plane [52]. Bouchon and Karabulut [52] also emphasized that
friction is relatively uniform over the supershear segments deduced by the post-earthquake quiescence
of the fault. As for the seismic hazard analysis of supershear ruptures, Zhang et al. [51] reported that
the supershear earthquake will bring in more strong shaking at large distance to the fault plane rather
than intensive near-fault field ground motion, attributable to (1) the generation of S-wave Mach front,
which can persist farther distance and (2) the seismic energy transmitted further with large amplitudes,
which will definitely exacerbate the hazard [2,53,54].

Coincidentally, the coseismic surface displacement due to the 2018 Mw 7.5 Palu event, as revealed
by the optical satellite image [7], shows a very sharp contrast between two sides of the Palu fault. This
suggests that the rupture propagates in a linear, narrow, and smooth segment, and that the coseismic
deformation is highly localized. This rupture behavior is similar to the supershear rupture feature
observed in the 1999 Mw 7.6 Izmit earthquake [50]. From the viewpoint of aftershocks distribution
within nearly 4 months after the event (Figure 1c), post-earthquake quiescence of the fault (especially
in the Palu basin area) indicates relatively uniform frictional properties on the Palu fault [52], which
facilitates the supershear rupture. Aftershocks are mainly located at the Sulawesi Neck and south of
the city of Palu, most of which cluster off the fault plane (Figure 1c), coinciding with the feature in
other known supershear events, e.g., the 1999 Mw 7.2 Diizce earthquake, the 2001 Mw 7.8 Kokoxili
earthquake, and the 2002 Mw 7.9 Denali earthquake [52]. Studies have shown that the long, straight
Palu-Koro fault is capable of generating supershear rupture [6]. The Mw 6.1 foreshock occurring 3 h
before the Mw 7.5 mainshock may lead to strong stress concentration which was not completely released.
According to the Burridge—Andrews mechanism, supershear rupture is initiated with a “daughter”
rupture in the region of high shear stress [55]. Therefore, it is plausible that the rupture propagates at
the supershear velocity from very early on with high initial shear stress [2,56]. Further, pre-existing
damaged fault zones could also promote the early supershear rupture in the Palu earthquake [2,57].
This is different from an initial subshear rupture commonly observed in other supershear events,
such as the 1999 Mw 7.2 Diizce earthquake, the 2001 Mw 7.8 Kokoxili earthquake, the 2002 Mw 7.9
Denali earthquake, the 2010 Mw 6.9 Yushu earthquake, the 2012 Mw 8.6 Sumatra earthquake, and
the 2013 Mw 7.6 Craig earthquake, which propagate accompanied by a transition from subshear to
supershear rupture (Table 2), possibly due to the smoothness of the fault segment and the cumulative
stress distribution [41].
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Table 2. Comparisons with rupture speed of supershear events.

Initial Rupture = Supershear Rupture Shear Wave

Supershear Event Speed (km/s) Speed (km/s) Speed ! (km/s) Source
1999 Mw 7.2 Diizce 2.9 3.5~3.6 ~3.1 Birgoren et al. [58]
2001 MW. .7'8 2.6 5.7 3.3 Walker and Shearer [59]
Kokoxili
2002 Mw 7.9 Denali 3.3 5.5 3.4 Walker and Shearer [59]
2010 Mw 6.9 Yushu 0~1 5.0 3.0~3.6 Wang and Mori [41]
20;532;36 2~25 5.0 3.5~4.6 Wang et al. [46]
2013 Mw 7.6 Craig 3.0 7.0 3.8 Yue et al. [47]
5.0 5.0 2.5~3.1 Ulrich et al. [8]
2018 Mw 7.5 Palu 41 41 34-38 Bao et al. [2]
41 41 3.4~3.8 This study

! Shear wave upper crustal speed.

4.2. Comparisons with Published Results

Our rupture model reveals that the 2018 Mw 7.5 Palu earthquake was a predominantly left-lateral
strike—slip event with both thrust and extension components as well, which shows good agreements
with Socquet et al. [7]. Four visible asperities were ruptured during the slip pulse propagation, which
were not resolved in the model of Song et al. [9] and Ulrich et al. [8]. Based on our model, we can
speculate that the considerable normal slip in two offshore segments of the asperity I (~3 m) and
asperity III (~2 m) (Figure 4a) probably favors tsunami genesis [8,9]. Left-lateral strike-slip up to 6 m
with normal-slip up to 2 m was clearly seen around the Palu Bay, which is consistent with Ulrich et
al. [8]. Thrust slip (~2 m) was found (asperity II) in the Sulawesi Neck (0.35 °S), where a restraining
bend has been formed [8], which is consistent with Socquet et al. [7]. However, the slip model of
Song et al. [9] shows no obvious thrust slip component, which is likely due to the fact that some
near-fault data were cut off in their inversion. In addition, their model reveals that slip is confined to
the top 10 km depths and shows a relatively larger slip amplitude which can reach up to ~10 m. Our
slip model distinguishes the slip behavior with depth between the southern and northern segment.
The southern fault segment experienced most of the moment release between 0 and 15 km depth, while
the northern segment tended to slip at greater depth (down to 20 km). This can also be deduced from
the deformation pattern of the ALOS-2 interferogram (Figure 2a). The deformation zone to the south of
the epicenter is much broader than that in other deformation regions in the sense of spatial extension,
which suggests that the earthquake has ruptured into a deeper part of the crust in this region [15].
By contrast, the deformation region to the south of the city of Palu features more densely distributed
fringes, allowing for a shallower rupture on this segment. Slight thrust slip (~1 m) was reflected on
the southernmost part of asperity III, where a restraining bend has been formed, coinciding with
Ulrich et al. [8]. The asperity IV was characterized by thrust slip (~1.5 m), agreeable with USGS, which
is likely due to geometrical complexities of the Palu-Koro fault bends which extend southwards with
the Matano fault (Figure 1b). As for the rupture speed, our result shows an average speed of 4.1 km/s,
which agrees with Bao et al. [2], but smaller than the result of Ulrich et al. [8] which demonstrated an
average speed of 5 km/s. From the residual maps provided by Socquet et al. [7], we can see a large
misfit (up to ~50 cm) in the Balaesang Peninsula and some LOS deformation areas that are either
overfitted or underfitted. Our residual LOS map demonstrates a better fitting in the Peninsula, with a
misfit of ~20 cm (Figure S1).

Our simple model honors the available data at hand and matches key earthquake features revealed
by other published results, including the moment magnitude, rupture speed, and focal mechanism.
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We reproduce the major characteristics of the ALOS-2 interferogram deformation pattern and broadband
regional seismograms (Figure 2, Figure 5 and Figure 51), indicating that our rupture model is convincible.
To further validate our slip model, a forward modeling test of north-south displacements within the
most significant deformation zone was also conducted (Figure S4). The modeling result is consistent
with the findings of Ulrich et al. [8], Socquet et al. [7] and Song et al. [9], indicating a predominantly
left-lateral strike-slip of the Palu earthquake, with northward displacements at the east of the Palu fault
and southward displacements at the west. However, we should acknowledge that our simplified fault
geometry with uniform dip angle may have some limitations. More accurate geometric parameters
with more abundant datasets such as static and high-rate GPS measurements, strong motion data,
teleseismic waveforms, and tsunami records will be favorable to refine a more detailed slip model
and rupture kinematics. What is more, multisegment rupture scenarios will be taken into account
in the future work to test the impacts of geometric complexities on initiation and termination of the
rupture (especially for the supershear event) [7,60]. Our rupture model could be considered as a first
approximation of the 2018 Palu earthquake.

4.3. Transtensional Tectonics

Previous studies have shown that the Palu-Koro fault is an active structure with a dominated
left-lateral strike—slip rate of 39 mm/y and a significant extension rate of 14 mm/y [1]. The high
strain rate of the Palu—Koro fault has been proposed to account for the major active deformation in
Sulawesi [3,5] However, limited moderate-to-strong earthquakes have been observed on the fault, and
the recurrence cycle for the M 7-8 earthquake is expected to be 700 years [61]. Therefore, this Mw
7.5 earthquake could be a characteristic event expected to occur on the fault. In the past 50 years,
14 earthquakes of M > 5 have occurred on the Palu fault [62], which mainly concentrated on the
southern segmentation of the Palu fault. Large-scale strike—slip faults are generally considered to
be related to the mass lateral transformation process [4,63]. Wang et al. [4] proposed that the active
Palu—Koro fault could dominate the mass lateral extrusion of the region and particularly contribute to
the extensional deformation in central Sulawesi. In this case, the southern part of the Palu fault tends
to have intensive seismicity than the northern part [4]. On August 18, 2012, a moment magnitude
(Mw) of 6.3 earthquake occurred on the southern part of the Palu fault (Figure 1c). This earthquake
shows a strike—slip focal mechanism, whilst accompanied by normal-slip component, which is similar
to the source mechanism of the 2018 Mw 7.5 Palu earthquake. The seismic solutions of the 2012 Mw
6.3 earthquake and the 2018 Mw 7.5 earthquake are both consistent with the transtensional tectonic
regime of Sulawesi.

Socquet et al. [1] revealed that the triple junction between the Philippine Sea, Australian, and
Sunda plate in Southeast Asia is highly seismically active and the collision is accommodated by rapid
microblock rotations. The deformation in Sulawesi can be explained by a pull-apart structure [1]
characterized by both extensional and wrench structures. The combined effects of (1) the North
Sula Block (NSB, Figure 1) north-northwestward motion and clockwise rotation [1], together with
(2) extension related to back-arc spreading behind the North Sulawesi Trench (NST, Figure 1) [61],
as well as (3) mass lateral extrusion along the large-scale Palu—Koro strike-slip fault [4], are likely
to contribute to the transtensional regime in the region, which is well supported by our preferred
slip model that the source mechanism is dominated by strike—slip and accompanied by significant
normal-slip components.

The extension is prevailing in Sulawesi as revealed by slip-vector analysis [3] and GPS
measurements [64], which could play an important role in normal faulting. Therefore, vertical
deformation is anticipated to generate the tsunami. Ulrich et al. [8] produced an average vertical
displacement of 1.5 m on the offshore fault segment within the Palu Bay, which acted as a source of
the tsunami. Instead, Song et al. [9] emphasized that the submarine normal faulting in NW Sulawesi
resulted in the tsunami. From our slip model, although less well constrained by InNSAR observations in
the submarine region, the two offshore segments along the asperity I and III host significant normal
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slip components (Figure 4a), which are both likely the cause of the tsunami. However, this question
needs to be answered in further work.

5. Conclusions

In this study, the source parameters of the 2018 Mw 7.5 Palu earthquake were derived from
ALOS-2 InSAR data, with a dip of 84.7° and a rake of —25.7°, indicating that the 2018 Mw 7.5 Palu
earthquake is a strike—slip event with an almost vertically dipping fault, accompanied by a significant
normal-slip component. The rupture kinematics were constructed jointly using ALOS-2 InSAR and
broadband regional seismograms, which reveal that the 2018 Palu earthquake is a supershear rupture
event from early on with an average rupture velocity of 4.1 km/s, different from other supershear
events with a transition from subshear to supershear. The total seismic moment 2.64 x 10?0 N-m
(equivalent to Mw 7.55) was released within 40 s. The accumulative slip model shows that there are
four slip asperities, corresponding to four main lobes of deformation in the ALOS-2 interferogram,
with a peak slip of 6.5 m located at the south of the city of Palu. Our results also shed some light on
transtensional tectonism in Sulawesi.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/11/11/1330/s1,
Table S1: Review of dip angle in some strike—slip events, Figure S1: The unwrapped observed, modeled, and
residual coseismic LOS displacement based on the joint inversion, Figure S2: Uncertainties and trade-offs in
the source parameters based on the Monte Carlo bootstrap simulation technique, Figure S3: The relationship
between the misfit and the weight ratio in the joint inversion, Figure S4: The forward modeling of north-south
displacements within the most significant deformation zone based on the total slip distribution.
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