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S U M M A R Y
On 28 September 2018, a Mw 7.5 strike-slip earthquake occurred in Sulawesi Island, In-
donesia, and it unexpectedly triggered a tsunami. To clearly understand the spatiotemporal
evolution process of source rupture, we collected the far-field body wave data and utilized the
back-projection method together with finite fault inversion method to investigate the rupture
kinematics of this earthquake. Results obtained with the two methods have good consistency
and complementarity. We hold that the rupture expanded from the epicentre and propagated
bilaterally towards the north and south along the strike direction during the first 24 s, and then
to the south. Therefore, the whole rupture process consists of two main stages. For the second
stage, the fault segment experienced most of the moment release between 0 and 15 km depth,
while the fault plane tended to slip at greater depth (down to 20 km) in the first stage. The total
length of the rupture was about 200 km and the seismic moment was ∼2.48 × 1020 Nm, which
was equivalent to Mw 7.5. The surface rupture was evident and the maximum slip of 6.24 m
was observed in the Palu basin, which was close to Palu city. The rupture was dominated
by left-lateral strike-slip with both normal and thrust components as well. The normal slip
exhibited in the shallow part of the fault on the north side of Palu bay together with the special
geographical location of Palu bay likely favored tsunami genesis.

Key words: Inverse theory; Earthquake dynamics; Body waves; Wave propagation; Earth-
quake source observations.

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

On 28 September 2018, a Mw 7.5 earthquake struck Su-
lawesi Island, Indonesia, triggering a tsunami (Mai 2019). Its
shaking, for its magnitude, seemed especially powerful, caus-
ing widespread soil liquefaction and landslides (Socquet et al.
2019). The earthquake and tsunami killed more than 2000 peo-
ple and forced tens of thousands of people to evacuate their
homes (Mai 2019). The city of Palu, about 75 km from the
epicentre of the earthquake, was seriously affected. According
to the determination results of the United States Geological
Survey (USGS, https://www.usgs.gov/natural-hazards/earthquake-
hazards/earthquakes), the epicentre of the earthquake was 0.256◦S,
119.846◦E, and the focal depth was 20 ± 1.8 km. The focal mech-
anism solution determined by the Global Centroid-Moment-Tensor
(GCMT, https://www.globalcmt.org/) shows that the seismogenic
fault has a strike of 348◦, a dip angle of 57◦ and a slip angle of –15◦,
so the rupture is a rupture event dominated by sinistral strike-slip
and having normal fault characteristic.

The Palu earthquake occurred at the junction of the Australian,
Sunda and Philippine plates, with strong tectonic activity in the focal
area (Fig. 1a, Puntodewo et al. 1994; Rangin et al. 1999; Socquet

et al. 2006). Sulawesi Island, Indonesia has very complex geological
conditions and it is a natural disaster-prone area with such natural
disasters as earthquake, volcanic eruption and tsunami (Vigny et al.
2002; Watkinson & Hall 2016). In the past near 100 yr since 1927,
the area has been hit by six tsunamis, including two ones occurring
in the Palu Bay (Prasetya et al. 2001). The basin where the city of
Palu is located is a nearly N–S trending valley formed by the long-
term sinistral strike-slip activity of the Palu-Koro fault, and there
are active faults developed in both the eastern and western margins
of the basin. Palu-Koro is the main plate boundary structure that
accommodates the relative motion between the Makassar block to
the west and the North Sula block to the east (Walpersdorf et al.
1998). The strike-slip fault connects to the Minahassa subduction
zone to the North, and to the Matano strike-slip fault to the south
(Fig. 1b). The sinistral strike-slip Palu-Koro fault divides Sulawesi
Island into two parts, and GPS data shows that the slip rate is
35 ± 8 mm a–1 (Bellier et al. 2001) and the locking depth is ∼12 km
(Socquet et al. 2006; Walpersdorf et al. 1998; Stevens et al. 1999).
Historic earthquake studies show that in the past 100 yr, there have
been about 12 earthquakes of magnitude 6.5 or more occurring in
Sulawesi Island (Vigny et al. 2002). The largest one out of these 12
earthquakes was the 1996 Tomini Mw 7.9 earthquake (Gomez et al.
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Figure 1. Tectonic setting. (a) Main plates and structures around Sulawesi Island (modified from Socquet et al. 2006). Straight and dark blue arrows show
the magnitude and direction of the Australian and Philippine plates’ velocities relative to Sundaland. (b) Regional plate tectonic map for the Sulawesi region
of Indonesia (modified from Bellier et al. 2006). Black lines are the plate boundary faults. Triangles designate subduction zones. Brown arrows show relative
plate motion across these faults. Curved and green arrows depict the rotation of the Sula block towards the Minahassa trench, and the associated counter
rotation of the South Sulawesi block relative to Sundaland. The red and green five-pointed stars denote the epicentre locations of the main shock and the largest
foreshock. The red and green beach-balls are the focal mechanism solutions of the mains hock and foreshock, respectively. The black beach-balls depict only
earthquakes of magnitude larger than 6 between 1 January 1991 and 1 June 2000 occurred on Minahassa trench. Focal mechanisms are from GCMT catalogue.
(c) Foreshocks and aftershocks with magnitude above 4 within 24 hr before and after the earthquake (data from USGS catalogue). The green dots indicate
foreshocks and the yellow dots indicate aftershocks.

2000) with an epicentre of ∼120 km north of the earthquake studied
in this paper, and it occurred in the Minahassa Trench subduction
zone and was a thrust-type rupture event (Fig. 1b). The high slip
rate and shallow locking of the Palu-Koro fault make the area have
high risk of strong earthquake (Walpersdorf et al. 1998).

The source rupture process of large earthquakes can show the
whole rupture duration, rupture scale and total energy released, as
well as the spatial distribution of slip on the rupture surface and
the kinematic process of seismic moment with time (Kikuchi &
Kanamori 1991). Thus, we can calculate the changes in deforma-
tion and static Coulomb stress change in the surface and at a certain
underground depth according to the slip distribution model of the

seismic fault, and then evaluate the damage degree of surface build-
ings caused by the earthquake and the influences of the earthquake
on the active faults in and around potential focal areas (King et al.
1994; Stein 1999; Parsons et al. 2008). For marine earthquakes,
thrust faults or normal faults are one of the main causes of tsunamis
(Kanamori 1972). The deformation of seabed can be calculated
based on the slip distribution model of seismic faults, and then
tsunami simulation can be carried out to realize tsunami warning
(Titov et al. 2005; Kanamori & Rivera 2008). The Palu earthquake
represents one of the first instances in which both the shallow and
deeper slip can be very well resolved for a mature continental plate-
boundary strike-slip fault (Socquet et al. 2019). The evidences from
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both seismology and geodesy suggest that the Palu earthquake is a
supershear rupture event (Bao et al. 2019; Fang et al. 2019; Li et al.
2019; Socquet et al. 2019). The supershear earthquake will result in
more strong shaking at large distance to the fault plane rather than
intensive near-fault field ground motion, which is attributable to the
generation of S-wave Mach front, which can persist farther distance
and the seismic energy transmitted further with large amplitudes,
which will definitely exacerbate the hazard (Dunham 2005; Bao
et al. 2019; Fang et al. 2019). The Mw 7.5 earthquake in Palu,
Indonesia, provides a good opportunity for us to study supershear
rupture, Palu-Koro fault tectonic activity, regional seismic risk and
even the causes of tsunami.

The back-projection (BP) method is simple and quick, and it can
be used to study the relative magnitudes of focal rupture velocity
and energy and the spatiotemporal distribution thereof (Ishii et al.
2005; Ishii 2011). The resolution of BP is determined by the aper-
ture and density of stations within seismic arrays, as well as the
slowness properties of the seismic phases utilized. Combining ar-
rays or phases can significantly improve resolution (Kiser & Ishii
2017). After the Palu earthquake in Indonesia, Bao et al. (2019)
studied the source rupture process of this earthquake using the BP
method with the far-field body waves obtained by the Australian
seismic network. Their result reveals that the 2018 Mw 7.5 Palu
earthquake was supershear rupture event from early on, with an
average rupture speed of 4.1 km s–1. Abundant observation data is
an important guarantee to obtain the details of source rupture (Kiser
& Ishii 2017). The data provided by Australian seismic network is
limited, and the application of combined seismograph networks in
the study with the BP method provides an useful way to enrich the
data.

The BP method cannot determine the real energy magnitude and
rupture slip distribution (Kiser & Ishii 2017). The finite fault inver-
sion method (FFM) came into being earlier than the BP method.
This method can determine the spatiotemporal distribution of focal
rupture slip, and it has been quite mature and widely used (Kikuchi
& Kanamori 1991). Socquet et al. (2019) and Song et al. (2019) ob-
tained the coseismic deformation caused by the earthquake through
calculation with the InSAR data, and inverted the static coseis-
mic rupture slip distribution of the earthquake, but study on the
kinematic rupture process of the earthquake needs to be deepened.
According to the statistics by USGS, there were 12 foreshocks with
magnitude 4 or more before the Palu earthquake. The largest fore-
shock (Mw 6.1) occurred ∼3 hr before the main shock, and is located
at ∼20 km south of the main shock, with source type being the same
as that of the main shock (Fig. 1c). The maximum aftershock mo-
ment magnitude is 5.8. The Palu earthquake not only triggered a
tsunami, but also caused soil liquefaction in the Palu basin (Socquet
et al. 2019). Influenced by the foreshocks and aftershocks, as well
as the tsunamis and soil liquefaction, the surface deformation cal-
culated from the data of synthetic aperture radar (SAR) and optical
images is not entirely caused by the main shock, and the error is dif-
ficult to eliminate. In addition, partial rupture of the Palu earthquake
occurred in the bay, so it is difficult to obtain the seabed deformation
caused by this segment of rupture by means of observation of syn-
thetic aperture radar (SAR) and optical images. Furthermore, the
kinematic source rupture process cannot be obtained from the static
near-field deformation data. The high frequency seismic wave data
recorded by the Incorporated Research Institutions for Seismology
(IRIS, http://ds.iris.edu/ds/nodes/dmc/data/) provides reliable data
support for the study on the focal rupture process of this earth-
quake. The USGS corrected the focal location and origin time of
this earthquake on 1 December 2018 by moving the epicentre ∼8 km

southwards (Fig. 2a), increasing the focal depth from 10 to 20 km,
and delaying the origin time by ∼1.8 s. BP method requires lit-
tle a prior information to be applied, which facilitates the study of
complex rupture properties including segmentation, multiple-fault
triggering and frequency dependence (Ishii et al. 2004; Kiser &
Ishii 2017). However, the accuracy of the focal location, origin time
and rupture velocity, which are used as the prior information for
obtaining the source rupture process, is crucial for the results of
finite fault inversion (Olson & Apsel 1982; Zhang 2008).

Therefore, this paper took the corrected focal location and origin
time as prior information. First, the far-field body wave data with
high signal-to-noise ratio from the combined seismograph networks
was collected, and then the velocity and spatiotemporal distribution
of rupture were researched using the BP method. Secondly, the
source rupture process of the earthquake was studied using the
FFM, with the rupture velocity obtained by the BP method as known
condition, and the far-field body wave collected from the IRIS as
constraints. Finally, the results obtained with these two methods
were compared and analysed comprehensively, giving a complete
and reliable spatiotemporal evolution process of focal rupture of the
Palu earthquake.

2 M E T H O D A N D R E S U LT S

2.1 Back-projection method

BP method is a type of array processing that images the source
of seismic waves coherently recorded at stations throughout the
seismic network (Kiser & Ishii, 2017). The method is characterized
by stable results, high positioning accuracy and fast calculation
speed, etc., and it can be used to quickly estimate such kinematic
parameters as rupture zone, rupture duration, and rupture velocity
(Wang & Mori 2011; Kiser & Ishii 2017). Another advantage of the
method is that it can be used to process data at almost all frequencies,
even data at high frequency more than 1.0 Hz (Koper et al. 2011,
2012; Kiser & Ishii 2017). High-frequency seismic signals, such
as rapid changes in rupture acceleration and slip amplitude, have
important guiding significance in the study on structure and seismic
dynamics in seismic engineering (Campillo et al. 1989). However,
the BP method cannot be used for effective quantitative calculation
for the Green’s function which affects the regional distribution of
seismic wave energy (Ishii et al. 2005), so that the estimation of
the actual slip distribution or seismic moment density distribution
cannot be obtained using this method.

The BP method is a signal delay superposition method, and its
core idea is to discretize the energy released by an earthquake into
many subevents (Ishii et al. 2005; Kiser & Ishii 2017). The focal
area is gridded, each grid node is regarded as a possible rupture
event, and the theoretical traveltime of P wave from a grid node to
each station in the network is calculated. The seismic wave from
each station is translated to the time of the grid node according to
the theoretical traveltime difference and the obtained seismic waves
are superimposed. The superimposed waveform is intercepted by a
time window and a slip time step, and then the energies radiated at
different time points at the grid node are obtained by accumulating
the waveforms in the time window. The grid node with the largest
energy at a time point is the rupture front at this time point. Eq. (1)
gives the superposition method for calculating the energy radiated
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Figure 2. Source rupture process of Palu earthquake. (a) Spatial distribution of energy released by the Palu earthquake. The gray circles denote the energy
released by the earthquake; the yellow five-pointed star is the epicentre location determined by USGS before correction, and the red five-pointed star is the
epicentre location after correction; (b) Focal rupture process obtained using the back-projection method. The black curve is the source time function obtained
using the back-projection method; (c) Distribution of stations in the combined network. The red five-pointed star is the epicentre location; the green triangles
represent the station locations; (d) Rupture velocity distribution diagram obtained from 1000 random tests using the back-projection method with 40 stations
selected from 84 ones. The blue dots are the rupture velocity values in segment A (average ∼3.05 km s–1), the red dots are the rupture velocity values in
segment B (average ∼4.98 km s–1), and the green dots are the rupture velocity values in segment C (average ∼4.03 km s–1).

in each subevent—the Nth root superposition method.
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where u j is the vertical waveform record at the j th station, t P
i j is the

theoretical traveltime of direct P wave from the j th station to the
i th grid node, �t is the time correction for the j th station relative
to the reference station, of which the purpose is to remove the
influence of medium inhomogeneity on the theoretical arrival time,
w j is the weight for the j th station, and M is the total number of
stations involved in the calculation. When n = 1, eq. (1) is linear
superposition. Linear superposition cannot improve signal-to-noise
ratio, while high-order root superposition can weaken the spikes
or glitches in a waveform, to better enhance the signal energy and
suppress the noise interference (Ishii et al. 2005). Fourth-order root
superposition algorithm, namely n = 4, is usually used.

In this paper, when the focal area was gridded, the epicentre was
set to 119.846◦E and 0.256◦E, the fault strike was 348◦, the focal
depth was 20 km and 33 and 21 grid nodes were set at intervals of
10 km along the strike direction and dip direction, respectively. The
higher the frequency of P wave, the higher the spatial resolution of
the rupture front in the rupture process of earthquake, but the higher
the frequency of seismic signal, the lower the similarity between the
homologous signals at different stations, so the optimal frequency
range 0.2−1.0 Hz was selected with various factors being compre-
hensively taken into account. In this frequency range, the horizontal
resolution and waveform continuity achieved the best balance for
obtaining optimal focal images. Bao et al. (2019) believed through
comparative analysis that the Australian seismic network was more
suitable for studying the source parameters of the Palu earthquake
with the back-projection method. To obtain more abundant obser-
vation data, 84 stations with azimuth angle and epicentre distance
falling in the ranges of 115−190◦ and 30−65◦, respectively were
selected to form a combined network, covering the Australian seis-
mic network. The seismic waves within the epicentre distance range
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mainly propagated in the lower mantle with relatively homogeneous
medium, effectively weakening the influence of the inhomogeneity
of materials in the crust, upper mantle and core–mantle boundary.
To eliminate the influence of different types of instruments in dif-
ferent networks, the instrument response was deducted from the
original observation data. The minimum traveltime difference be-
tween PP and P seismic phases is 71 s. Since the PP phase might
interfere with the focal rupture imaging and the signal-to-noise ra-
tio of vertical component P wave was higher than in the horizontal
component, the 1-D velocity model IASP91 was used to calculate
the theoretical arrival time of direct P wave, and a total of 80 s of
vertical component waveform data was intercepted, including 10 s
before and 70 s after the arrival time of direct P wave used as the
reference time. Owing to the inhomogeneity of the earth medium,
there was a deviation between the actual arrival time of direct P wave
and the theoretical arrival time The correlation test was conducted
for a total of 15 s of waveform, including 5 s before and 10 s after
the arrival time of direct P wave, with the correlation coefficient
agreed as 0.65, and the arrival time of direct P wave was corrected
using the cross-correlation technique. After the stations with poor
signal-to-noise ratio for vertical component waveform and those
with poor correlation were removed, there were 71 stations finally
left for vertical component waveform (Fig. 2c).

Our result (Fig. 2) shows that the rupture of 2018 Mw 7.5 Palu
earthquake mainly propagated southwards, resulting in a rupture
length of ∼150 km (0.2◦S–1.4◦S) on the south side of epicentre.
The rupture also occurred on the north side (0.1◦N–0.2◦S), indicat-
ing that the earthquake is not a simple unilateral rupture event. The
whole rupture process performed in two main stages: (1) bilateral
rupture stage and (2) unilateral rupture stage. Coseismic deforma-
tion map derived from InSAR data (Fang et al. 2019; Socquet et al.
2019; Song et al. 2019; Ulrich et al. 2019) and early aftershocks
recorded by USGS (Fig. 1c) clearly indicate a long rupture exten-
sion of the Palu earthquake (over 150 km), which agrees with our
result. The non-linear spatial distribution of energy suggests that
the seismogenic fault is composed of multiple segments, coinciding
with the result of Ulrich et al. (2019). There are at least three visible
slip patches on the fault plane. The rupture lasted for about 40 s.
There are three rupture peak zones near 7th s, 19th s and 35th s, and
they correspond to three energy concentration zones, respectively,
which are located within 0−50 km, 50−100 km and 105–125 km
on the south side of the epicentre, respectively (referred to as seg-
ment A, segment B and segment C for short). The rupture velocity
along strike is ∼3.0 km s–1 in segment A, ∼5.0 km s–1 in segment B
and ∼4.0 km s–1 in segment C. The average rupture velocity in the
whole rupture process is about 4.0 km s–1, which is consistent with
results of Bao et al. (2019) and Fang et al. (2019). To verify the
reliability of the above calculation results, the source rupture pro-
cess of the Palu earthquake was recalculated using the BP method,
with 40 stations randomly selected from 84 ones. Statistical experi-
mental study shows that the calculation result in this paper is robust
(Fig. 2d).

2.2 Finite fault inversion method

The finite fault inversion method has a long history. The inversion of
source rupture process mainly depends on seismic waves. With the
rapid development of space geodetic technology, especially the high
frequency GNSS technology, geodetic data has been widely used
in study on focal rupture process (Atzori et al. 2009; Wang et al.
2011; Crowell et al. 2012). The finite fault inversion method can be

used to obtain detailed spatiotemporal distribution of focal rupture
(Xu et al. 2009; Song et al. 2019), and it makes up for the defect of
the back-projection method. The theoretical Green’s function from
the source to each station was calculated by assuming an initial
source model and believing that the region where the ray paths
pass through from the source to the stations has a known velocity
structure (Olson & Apsel 1982). If we want to obtain the time
process of source rupture, we often need to assume the initial rupture
point and rupture velocity, and constrain the shape of source–time
function of each subevent (Olson & Apsel 1982). As shown in
eq. (2), the simulation values are fitted with the observation values,
and the optimal approximation values of source parameters are
obtained by reducing the residual errors res between the theoretical
values and the actual observation values through constant correction
of the coefficient matrix m of the source model in an iterative
manner.

{
un (t) = ∑K

i

∑M
J

[
m1

i j · g1
nj

(�x j , t
) + m2

i j · g2
nj

(�x j , t
)] ∗ si j (t)

||ω (G · m − obs) ||2 + β2||L · m||2 = res,

(2)

where un(t) is the displacement response at the station �x j ; M is
the total number of subfaults; K is the number of time windows
corresponding to each subfault; mi j is the slip corresponding to
the i th time window of the j th subfault, 1 denotes the component
along the strike-slip direction and 2 denotes the component along
the dip-slip direction; gnj (�x j , t) is the displacement response of the
unit slip of the j th subfault at the station �x j , 1 denotes along the
strike-slip direction and 2 denotes along the dip-slip direction, so the
total number of unknown variables is 2 · M · K ; si j (t) = 1−cos(2π t/d)

d
represents the shape of a time window, and d is the width of the time
window; obs denotes an observation value; G · m = u denotes a
simulation value, and G = g ∗ s; m is the slip to be calculated; and
ω is the weight of an observation value, and ω = 1 for a single
type of data. Earthquake rupture is typically continuous, and its
smoothness can be described with Laplace second-order difference
operator L and smoothing factor β.

According to the GCMT measurements, the strike, dip angle
and slip angle of seismogenic fault of the Palu earthquake occur-
ring in Indonesia in September 2018 are 348◦, 57◦ and –15◦, re-
spectively. We assumed a single fault plane, whose geometry has
been chosen based on the focal mechanism solution determined by
GCMT. We extended the size of fault plane to be 240 km × 28 km
and discretized it into 60 subfaults in the strike direction and 7
subfaults in the dip direction, with each subfault path size of
4 km × 4 km (Fig. 3a). The initial rupture point (119.846◦E,
0.256◦S, 20.0 km) is located at (0, 0), which is the latest focal
location after correction. According to the results obtained by the
BP method, the rupture velocity along the strike of the fault was
set to 3.0 km s–1 in the first 50 km, then continues to propagate at
a speed of 5.0 km s–1 for 50 km, and finally the rupture velocity
changes to 4.0 km s–1. We used Global Seismographic Network
(GSN, https://www.iris.edu/hq/programs/gsn/) broad-band wave-
forms downloaded from the NEIC waveform server. We analysed 32
teleseismic broadband P waveforms selected based on data quality
and azimuthal distribution (Fig. 3c). Waveforms are first converted
to displacement by removing the instrument response and are then
used to constrain the slip history using a finite fault inverse algo-
rithm. The origin time was the latest result after correction by the
USGS, and a total of 60 s of waveform data was intercepted, in-
cluding 5 s before and 55 s after the arrival time of direct P wave
used as the reference time. The waveform was processed first to
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Figure 3. Coseismic rupture model of Palu earthquake. (a) Evolution process of the rupture and slip distribution of the Palu earthquake with time. The red
five-pointed star is the initial rupture point, that is, the focal location. (b) Source time function. (c) Observed and simulated waveforms. The black curves
represent the observation values. The blue dotted line is the simulated value at a uniform rupture velocity (4.0 km s–1). The red solid line is the simulated value
at non-uniform rupture speed. The station name, epicentre distance and azimuth angle are shown on the left-hand side. The correlation coefficients are shown
on the right-hand side.

remove instrument response, and the signal in the frequency range
of 0.01−1.0 Hz was extracted threw bandpass filtering.

To examine the fault rupture model, a non-negative least-squares
(NNLS) method was used to inverted the far-field wave data for
the rupture process on the fault plane, which minimize the res
misfit between the data and the model (eq. 2). Trying to explain the
misfit and check the non-uniformity of the rupture velocity, we re-
inverted the source rupture process with a uniform rupture velocity
of 4.0 km s–1. The inversion result shows that the model can better
fit the data when non-uniform rupture speed was used (Fig. 3c). In
consistent with the focal mechanism solutions, the slip distribution
on the fault plane presents four predominant slip patches, where the
motion is dominated by strike-slip with normal-slip components as
well (Fig. 3a). Significant normal-slip components are observed in
asperity I and III. However, obvious thrust slip occurred at asperity II
and IV, which is consistent with the result given by USGS. Fang et al.
(2019) held that the thrust slip observed at asperity II connects to the
North Sulawesi trench where subduction occurs and the thrust-slip

in asperity IV is likely due to the geometric complexity of the fault
bends where the rupture terminated (Fig. 1b). The rupture lasted for
nearly 42 s, releasing a total seismic moment of 2.48 × 1020 Nm
(Mw 7.5), most of which was released within the first 32 s (Fig. 3b).
The spatial-temporal slip evolution (Fig. 4) demonstrates that the
rupture propagated bilaterally towards the north and south during the
first 24 s, and then to the south, resulting in four visible asperities as
illustrated in the total slip distribution (Fig. 3), which corresponds to
four lobes of deformation in the coseismic interferogram (Socquet
et al. 2019). A maximum slip of ∼6.24 m was resolved on a shallow
part of the crust near ∼60 km away from epicentre. The northern
segment (asperity I and II) slipped at a greater depth down to 20 km,
which agrees with the model of Socquet et al. (2019).
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Figure 4. Snapshots of the rupture propagation. The red star represents the epicentre.

3 D I S C U S S I O N

3.1 Supershear occurred in Palu bay and Palu basin

Our rupture process model reveals that the 2018 Mw 7.5 Palu earth-
quake is a supershear event. The local shear wave velocity ranges
from 3.4 to 3.8 km s–1 between the depths of 3–20 km according
to CRUST 1.0 model (Bao et al. 2019; Li et al. 2019). The rup-
ture velocity is ∼3.0 km s–1 in the first 50 km, ∼5.0 km s–1 in the
range of 50–100 km and 4.0 km s–1 for the last 20 km, indicating
that the supershear occurred in south of Palu coastline (Fig. 2a).
The statistical analysis proves that the rupture velocity determined
by BP method is by no means accidental. The supershear feature
has been validated by seismologic evidence of far-field Rayleigh
Mach waves (Bao et al. 2019). Fang et al. (2019) further revealed
the supershear rupture by a joint inversion of seismic and geodetic
data. Ulrich et al. (2019) revealed the supershear rupture by a joint
analysis of seismic, geodetic and tsunami records. Socquet et al.
(2019) speculated through analysis of coseismic displacement that
the supershear occurred in south of Palu coastline (that is, south
of 0.9◦S). Our preferred rupture model provides seismological ev-
idence for the speculation. Our result determined by BP method
suggests an average speed of ∼4.0 km s–1 during the whole rupture
process, which agrees with Bao et al. (2019), Fang et al. (2019) and
Li et al. (2019), but smaller than the result of Ulrich et al. (2019)
which demonstrated an average speed of 5.0 km s–1. The findings of
Bao et al. (2019) and Li et al. (2019) indicate that the rupture dose
not extent toward the north side of the epicentre, coinciding with
the modelling result of Ulrich et al. (2019). However, the geode-
tic data shows that the earthquake results in obvious displacement
in this region (Fang et al. 2019; Socquet et al. 2019; Song et al.

2019). The rupture velocity of Li et al. (2019), based on the Hi-net
array, is less satisfying due to the unfavorable interference between
P phase an pP phase (Bao et al. 2019). Both Fang et al. (2019)
and Bao et al. (2019) indicate that the Palu earthquake is an early
and persistent supershear with the rupture speed of ∼4.1 km s–1.
The coseismic slip model of Fang et al. (2019) does not fit the
observation well, especially the broad-band regional seismograms.
Only Australian seismic network is selected by Bao et al. (2019)
to research the rupture process of the Palu earthquake. The New
Zealand array, in the southeast of Australian seismic network, gives
result that is overall consistent with that of the Australian seismic
network array (Bao et al. 2019). Abundant observation data with
good azimuth coverage is an important guarantee to obtain the de-
tails of source rupture (Kiser & Ishii, 2017). The application of
combined seismograph networks in our study with the BP method
is more reasonable. Reliability of the rupture speed can be reflected,
to some extent, by fitness between observed waveforms and syn-
thetic waveforms. Therefore, we calculated synthetic waveforms for
32 stations based on the spatio-temporal rupture model constrained
by different rupture velocity. As shown in Fig. 3(c), the rupture
model with non-uniform rupture velocity constraint better fits the
observation data.

Bouchon et al. (2010) indicated that supershear rupture earth-
quakes are usually associated with faults that show simple geom-
etry 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, suggesting
that stress-strength of the fault plane is mechanically homogeneous
(Fang et al. 2019). South of the Palu coastline (0.9◦S), the north–
south displacement (Bao et al. 2019; Socquet et al. 2019) shows
a very sharp contrast between two side of the Palu fault, which
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suggests that the rupture occurs in a linear, narrow and smooth seg-
ment. North of Palu city, the rupture disappears offshore within the
Palu bay, and reappears 21 km further north within the Sulawesi
neck, where a much smoother displacement gradient can be fol-
lowed northwards for 60 km (Socquet et al. 2019). It implies that a
buried slip probably occurs on the segment, which is confirmed by
our coseismic rupture model (Fig. 2a). However, the supershear slip
of earthquakes, for example 1999 Izmit earthquake, 2001 Kunlun
earthquake, 2002 Denali earthquake, 2010 Yushu earthquake, etc.,
occurred on the shallow part of strike-slip faults, which indicates
that the supershear rupture occurred in the south of Palu coastline
and Palu bay, not the Sulawesi neck (Fig. 2), is reasonable.

3.2 Slip distribution and rupture characteristics

As two main methods to study the source rupture process, the BP
method and the FFM are independent yet verifiable and comple-
mentary. Both of them find that the rupture lasts about 40 s. The
total seismic moment released is ∼2.48 × 1020 Nm. Based on our
model, we find that the rupture is mainly concentrated on the south
side of the epicentre and also existed on the north side (Fang et al.
2019), which suggests that the 2018 Mw 7.5 Palu earthquake is not
a simple unilateral rupture event, and the rupture mainly included
two main stages.

Our rupture model shows that the Palu earthquake is a super-
shear event dominated by left-lateral strike-slip with both normal
and thrust components as well, which agrees with the results of
USGS, Socquet et al. (2019) and Fang et al. (2019). Four obvi-
ous asperities (Fig. 2a) are ruptured during the whole slip history,
which agree with the results of USGS and Fang et al. (2019), but
are not revealed in the models of Song et al. (2019) and Ulrich et al.
(2019). The slip model of Song et al. (2019) shows that a large as-
perity with predominant normal slip is found on the north segment
of epicentre, which shows good agreement with our model. Song
et al. (2019) hold that the off-shore (asperity I) normal faulting
likely favors tsunami genesis. Based on our model, the maximum
normal-slip reaches 2.02 m around the Palu bay, coinciding with the
results of Ulrich et al. (2019) and Fang et al. (2019), which prob-
ably is also responsible for the tsunami (Fang et al. 2019). Thrust
slip component in our model is found in Sulawesi Neck and north
part of Palu bay (asperity II), where a restraining bend has been
formed (Ulrich et al. 2019), which is consistent with Socquet et al.
(2019). However, no thrust slip is found in the model of Song et al.
(2019), which is probably due to the fact that near-fault InSAR
data are cut off in their inversion (Fang et al. 2019). Thrust slip,
occurred on the Saluki segment (asperity IV), is likely due to ge-
ometrical complexities of the Palu-Koro fault bends which extend
southwards with the Matano fault (Fang et al. 2019). The model
of Song et al. (2019) reveals that slip on main fault plane presents
two predominant slip patches above 20 km, where the motion is
dominated by strike-slip with a maximum slip of ∼7.7 m except a
normal component on the segment south of the Palu city. The slip
on the northern (asperity I and II) and southern (asperity III and
IV) segment in our rupture model expresses difference behaviors.
The southern fault segment experience 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), which is consistent with
Socquet et al. (2019) and Fang et al. (2019). After the 2018 Mw 7.5
earthquake, USGS first collected the GSN broad-band waveforms
to resolve the rupture process of Palu earthquake. Then, InSAR data
was involved in the analysis of coseismic deformation and research

of slip model (Socquet et al. 2019; Song et al. 2019). Fang et al.
(2019) combined InSAR data and broadband regional seismograms
to study the source rupture process. The model of USGS shows
that the slip is too discrete, and the maximum slip is not consis-
tent with the coseismic displacement. The residual maps of Socquet
et al. (2019) show a large misfit in the Balaesang Peninsula and
some LOS deformation areas that are either overfitted or underfit-
ted (Fang et al. 2019). Although the slip model of Fang et al. (2019)
has improved the situation, the broadband regional seismograms
fits poorly, which implies that the weight of seismic data in the
inversion is low. We should acknowledge that our simplified fault
geometry with uniform dip angle may have some limitations. More
accurate geometric parameters with more abundant data sets such
as static and high-rate GPS measurements, strong motion data, tele-
seismic waveforms, and tsunami records will be favorable to refine
a more detailed slip model and rupture (Socquet et al. 2019). Our
model could be considered as a first approximation of the 2018 Palu
earthquake.

4 C O N C LU S I O N S

We researched the rupture process for the 2018 Mw 7.5 Palu
earthquake by inverting the far-field body waves. Both the back-
projection method and the finite fault inversion method jointly re-
vealed the complexity of the rupture process of the earthquake. We
found that this earthquake has two main rupture stages. In the first
stage, the rupture propagated southwards and northwards simulta-
neously and was a bilateral rupture, and the rupture occurred in
both deep and shallow parts of the fault. In the second stage, the
rupture mainly propagated southwards and was a unilateral rupture,
and the rupture was concentrated in the shallow part of the fault.
Our rupture model shows that the Palu earthquake is a supershear
event dominated by left-lateral strike-slip with both normal and
thrust components as well. The total seismic moment ∼2.48 × 1020

Nm was released within ∼42 s. A maximum slip of ∼6.24 m was
resolved on a shallow part of the crust near ∼60 km away from epi-
centre. The rupture velocity was non-uniform and the supershear
occurred in the Palu bay and Palu basin.

We obtained the rupture process and slip model for the 2018 Su-
lawesi earthquake by inverting the far-field body waves. Both the
back-projection method and the finite fault inversion method jointly
revealed the complexity of the rupture process of the Mw 7.5 Palu
earthquake in Indonesia in 2018. We found that this earthquake
has two rupture stages. In the first stage, the rupture propagated
southwards and northwards simultaneously and was a bilateral rup-
ture, and the rupture occurred in both deep and shallow parts of the
fault. In the second stage, the rupture mainly propagated southwards
and was a unilateral rupture, and the rupture was concentrated in
the shallow part of the fault. The second stage of rupture showed
remarkable supershear rupture characteristics. At first, the rupture
propagated along the fault at a relatively slow velocity. When the
rupture jumped to adjacent fault, its velocity increased suddenly
and it turned into supershear rupture. These results show that the
back-projection method and the finite fault inversion method can
complement and verify each other in studying the kinematic details
of focal rupture. Our study has important implications for under-
standing the deformation mechanism in NW Sulawesi.
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