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Abstract: On 28 September 2018, an Mw 7.4 earthquake, followed by a tsunami, struck central
Sulawesi, Indonesia. It resulted in serious damage to central Sulawesi, especially in the Palu area.
Two descending paths of the Advanced Land Observation Satellite 2 (ALOS-2) synthetic aperture
radar (SAR) data were processed with interferometric synthetic aperture radar (InSAR) and pixel
tracking techniques to image the coseismic deformation produced by the earthquake. The deformation
measurement was used to determine the fault geometry and the coseismic distributed slip model with
a constrained least square algorithm based on the homogeneous elastic half-space model. We divided
the fault into four segments (named AS, BS, CS and DS, from the north to the south) in the inversion.
The BS segment was almost parallel to the DS segment, the CS segment linked the BS and DS
segments, and these three fault segments formed a fault step-over system. The Coulomb failure
stress (CFS) change on the causative fault was also calculated. Results show that the maximum SAR
line-of-sight (LOS) and horizontal deformation were −1.8 m and 3.6 m, respectively. The earthquake
ruptured a 210-km-long fault with variable strike angles. The ruptured pattern of the causative fault
is mainly a sinistral slip. Almost-pure normal characteristics could be identified along the fault
segment across the Palu bay, which could be one of the factors resulting in the tsunami. The main slip
area was concentrated at the depths of 0–20 km, and the maximum slip was 3.9 m. The estimated
geodetic moment of the earthquake was 1.4 × 1020 Nm, equivalent to an earthquake of Mw 7.4.
The CFS results demonstrate that the fault step-over of 5.3 km width did not terminate the rupture
propagation of the main shock to the south. Two M>6 earthquakes (the 23 January 2005 and the
18 August 2012) decreased CFS along CS segment and the middle part of DS segment of the 2018
main shock. This implies that the stress release during the previous two earthquakes may have
played a vital role in controlling the coseismic slip pattern of the 2018 earthquake.
Keywords: Palu earthquake; InSAR; coseismic slip model; source characteristics; step-over

1. Introduction
Eastern Indonesia, a region of a complex neotectonics [1], is located at the convergence zone of
the Philippine Sea, and the Australian and Sunda tectonic plates [2,3] (Figure 1). The Australian and
the Philippine Sea plates subduct beneath the Sunda plate at rates of 6 and 9 cm/yr, respectively [4].
Consequently, eastern Indonesia is highly seismically active; rapid rotations of local small tectonic
blocks occur in this region [3]. The Palu-Koro Fault (Figure 1), the most prominent active fault of
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On 28 September 2018, at 10:02:45 (UTC), an Mw 7.4 earthquake hit central Sulawesi, Indonesia.
The epicenter (0.256◦ S, 119.846◦ E), determined by the United States Geological Survey (USGS),
was located about 80 km north of Palu City (Figure 1). Both the USGS and the gCMT (global
CMT: https//:www.globalcmt.org) provided the focal mechanism solutions, which indicated that the
earthquake occurred on the north section of the Palu-Koro Fault, a predominantly sinistral fault
with a normal component. The event resulted in catastrophic soil liquefaction; it heavily destroyed
infrastructure and dwellings, and killed around 2101 people in the central Sulawesi region [6].
Another important factor that led to such a severe disaster was the tsunami that followed the main
shock. The tsunami generated massive waves of 2–6 m in height and inundated the region along the
coast of Palu Bay.
Synthetic aperture radar (SAR) images large areas with high spatial resolution in all weather
conditions. Spaceborne or airborne SAR data are used for estimating the damage produced by natural
and anthropogenic hazards [7–9]. The interferometric synthetic aperture radar (InSAR) technique,
used for mapping very small surface motions [10], was successfully applied for the first time to
detect coseismic deformation by Massonnet et al. [11]. Weston et al. [12] showed that the differences
of seismic moments computed from InSAR and gCMT are relatively small. Presently, the InSAR
technique plays a vital role and is widely used for the measurement of surface deformation produced
by earthquakes [13–17].
It was known that the Palu-Koro Fault is capable of generating super-shear ruptures [1].
Socquet et al. [18] provided evidence, derived from optical and SAR data, that a segment of the
Palu-Koro Fault was ruptured at super-shear velocities. Zhang et al. [19] estimated the rupture process
of the main shock by jointly inverting the InSAR and seismic data. Bao et al. [20] demonstrated that
the 2018 Palu earthquake ruptured at a sustained velocity of 4.1 km/s, and characterized an early
and persistent super-shear rupture using tele-seismic and satellite image data. Super-shear rupture
characteristics of this event was also proved by Fang et al. [21] by inverting InSAR and broadband
regional seismogram data. Song et al. [22] also investigated the fault rupture and slip model of this
earthquake with ALOS-2 InSAR data. However, the previous studies payed less attention to the
complex fault structures and their implications on the rupture termination. No detailed study has
been carried out yet on the impact of the historical regional earthquakes on the slip patterns of the
2018 event.
In this study, we firstly map the coseismic deformation field using two tracks of ALOS-2 SAR
data with InSAR and pixel tracking techniques. The horizontal deformation map derived in this study
is used to delineate the fault trace. Then, we use InSAR data to infer the distributed slip model of the
earthquake and analyze the source characteristics of this event. Finally, we calculate the CFS change on
each segments of the earthquake fault and discuss the potential effects of previous M ~6 earthquakes
on rupture termination during the earthquake.
2. Materials and Methods
2.1. ALOS-2 SAR Data and Processing
Before and after the 2018 Palu earthquake, several SAR satellites collected measurements covering
the Sulawesi Island. C-band (wavelength of 5.6 cm) Sentinel-1 SAR data were provided freely by the
European Space Agency. These post-event data have been used for rapid building damage mapping
for this event [23]. However, due to the short wavelength, the Sentinel-1 SAR coseismic interferograms
show strong decorrelation in this area, so they were not used in this study. L-band (wavelength of
24 cm) ALOS-2 SAR data were provided by the Japan Aerospace Exploration Agency (JAXA) under
research announcement (RA). In dense vegetation areas, L-band data maintains high coherence during
InSAR processing. In this study, we used two descending ALOS-2 ScanSAR (wide swath) paths from
JAXA spanning from 21 August 2018 to 11 October 2018 (Table 1) to image the coseismic deformation
associated with this event.
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Table 1. Details of ALOS-2 SAR data used in this study.
Path Number

Acquisition Time (M-D-Y)

Heading Angle (◦ )

Incidence Angle (◦ )

25

09-27-2018
10-11-2018

195

39

26

08-21-2018
10-02-2018

195

39

The ALOS-2 SAR data provided by JAXA were in the single look complex (SLC) format. We used
the SARscape 5.4 software to generate coseismic interferograms. To obtain the along-track deformation,
we used an automated processing system, gInSAR [15], which was originally developed to work
with the GAMMA software [24] at the Canada Centre for Remote Science (CCRS) of the Natural
Resources Canada. The multi-look of azimuth and range for both tracks are 15 and 2, respectively.
The 90 m resolution shuttle radar topography mission (SRTM) v4.1 digital elevation model (DEM)
data [25] were used to resample slave SAR image to master ones, remove the topographic phase in
the interferograms and geocode the unwrapped interferograms into WGS-84 geographic coordinates.
To better improve the quality of the interferograms before unwrapping, an adaptive Goldstein filter
method [26] was used in the processing. The minimum cost flow algorithm [27,28] was applied to
unwrap the interferograms. Orbital and ionospheric effects in the final interferograms were reduced
by fitting and subtracting a polynomial model [29]. The coseismic interferogram of path 26 has similar
viewing geometry as the path 25 interferogram (Figure 2b, Table 1) and does not cover the entire
deformation area of the earthquake. Therefore, for the inversion we selected the path 26 along-track
deformation (Figure 2a) and the path 25 line-of-sight (LOS) deformation (Figure 2c) converted from
the unwrapped interferometric phase. Another two tracks of RADARSAT-2 data were also processed
in this study. Due to strong decorrelation, only along-track measurements were selected to validate the
final slip model, which were not used in the inversion.
Figure 2 shows that the area affected by this event is about 100 km in width and 200 km in length.
The pixels with an interferometric coherence less than 0.3 were masked out due to limited reliability.
The coseismic deformation fields show that the PALSAR-2 data maintain a reliable interferometric
coherence in central Sulawesi. An obvious boundary line between positive and negative horizontal
deformation values can be spotted in Figure 2a, implying that the earthquake broke the surface during
the main shock [30]. On the right side of the fault trace, the northern displacement at the surface
reached −3.6 m. The southern displacement on the left side reached 3.6 m. This deformation pattern
directly implies that the left-lateral strike-slip mechanism of the earthquake occurred, which is identical
to the focal mechanism derived from seismic data. It should be noted that the along-track deformation
field does not cover the whole region of the main seismic zone. Figure 2b shows that the densest
fringes are found in the region around Palu City, which is the reason why Palu City was significantly
damaged by this event. The presence of another area of large deformation implies slip partitioning
during the earthquake. The right area moves away from the satellite at a maximum of −1.8 m, and the
left area moves toward the satellite at a maximum of 0.7 m.
Using the pixel tracking technique, we obtained the sub-pixel offsets along the satellite track
by maximizing the cross-correlation coefficient [31]. Precision in this technique depends on the size
of the SAR image pixel, which is generally low [32]. In this study, we only used the LOS coseismic
deformation to constraint the slip model. The along-track deformation was only used to delineate the
fault trace. The obtained LOS deformation is made up of tens of millions of pixel observations, and
it is impossible to include all the samples in the inversion. We therefore down-sampled the original
observations using a uniform sampling [33] to reduce the number of observations to 7709 (Figure S1).
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2.2. Modeling Method
The premise of inverting for the fault slip model is to determine the geometric parameters of
the seismogenic fault. Based on the along-track deformation map, the earthquake broke surface and
the location of the seismogenic fault can then be fixed in a similar way to Feng et al. [34]. It can be
seen from the along-track deformation map that the trace of the surface rupture is a very irregular
curve. For simplicity, we identified that the part on the Sulawesi Neck area is the first segment of the
fault. The south part of the fault trace around Palu City shows a straight linear trend, therefore, this
section was used as the second segment. At the south of the second segment, there is a nearly straight
northwest-southeastern trace part. This would be the third segment of the seismogenic fault. At the
southernmost end of the third segment, only a small portion of the trace can be seen. According to the
geomorphological features shown in the SRTM DEM, we defined this segment as the fourth segment.
For the sake of calculation, we extended these four segments appropriately. From north to south, the
four segments were named AS, BS, CS and DS. Consequently, the geometric parameters (Table 2),
including strike, length and geometric position, were determined based on the along-track deformation
field. The focal mechanism of this event provided by USGS had a dipping angle of 67◦ to the east.
Walpersdorf et al. [35], using GPS data, and Socquet et al. [3], using GPS and earthquake slip vector
data, pointed out that the locking depth of the Palu-Koro Fault is 12 km. The locking depth between 2
and 8 km has also been inverted using GPS measurements by Stevens et al. [5]. Therefore, we fixed the
width of the fault to 20 km and the dip angle to 67◦ in the inversion.
Table 2. Geometric parameters of the causative fault.
Segment
Name

Top Center Lon

Top Center Lat

Strike

Dip

Length

Width

◦

◦

◦

◦

km

Km

AS
BS
CS
DS

119.8278
119.8558
119.9258
120.0171

−0.3187
−0.9587
−1.2140
−1.5109

359.14
349.98
316.72
347.11

67
67
67
67

90
50
10
60

20
20
20
20

The USGS and gCMT focal mechanisms suggest an overall average mechanism of the entire rupture
history of the earthquake. Zhang et al. [36] proposed a method to estimate source mechanism variations
using geodetic data based on point dislocation sources with multiple uniform slip fault segments
along the rupture, which is useful to better understand the variations of ruptures. Zhang et al. [19]
also investigated the Palu earthquake with the six separate fault segments using this method. In order
to achieve more details about the source mechanism variations, here, we divided the four segments
into 21 sections, each with a length of 10 km. As the geometric parameters of each section have been
fixed, the slip on each section is linear only to the surface displacements based on the homogeneous
elastic half-space rectangular model [37]. Assuming that the northmost and the southmost sections
did not slip, we used a constrained bounded linear least squares method to solve for the slip and the
source mechanism variations.
To reveal more details of the source characteristics, we inverted the coseismic LOS deformation
for the distributed slip of the 2018 Palu earthquake. The width of the fault was extended to 30 km,
and a depth-based fault dividing method [38,39] was applied to split the individual fault segment
into distributed sub-faults, in which the size of individual fault patches varied with depth, and a
damping factor of 1.05 was adopted. We finally created 813 small fault patches to use in the inversion.
We re-calculated the Green’s matrix of the unit slip with the 813 faults based on Okada’s analytical
solution model [37]. We set up zero-slip on the fault patches along the fault boundaries in the inversion,
while the fault patches on top were allowed to slip [40]. The slip on each fault patch then could be
retrieved by reaching the minimum of an objective function [41,42] with the bounded constrained least
squares method:
F(s) = k G s − d k2 + κ2 k L s k2
(1)
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where G is the source dislocation Green’s matrix, s is the distributed slip, d is the LOS surface
displacement observations, and L is the finite difference approximation of the Laplacian operator. κ is
the smoothing factor, which can be determined from the trade-off curve function between the misfit
and the solution roughness. In this study, we selected the smoothing factor of 0.9 (Figure S2).
2.3. CFS Change Calculation
It is believed that coseismic CFS change can play an important role in investigating the interactions
between fault segments [17,43,44] during earthquakes. Based on the previous seismic data solutions of
the previous studies [19,20], the Palu earthquake ruptured unilaterally from north to south. Therefore,
we calculated the CFS change on the four fault segments caused by the rupture of the four segments in
turn from north to south, to quantitatively investigate their interaction during the rupture. The receiver
and the source parameters of each fault segment, including the strike, dip and rake angle, were all
from our inverted slip model.
When a slip happens on a source fault, the CFS can be added in the neighboring region permanently.
The CFS change consists of the shear stress change (positive in the slip direction) and the normal stress
change (positive when the fault is clamped). A CFS change can then be calculated as follows [45]:
∆CFS = ∆τ + µ0 ∆σn

(2)

where ∆τ is the shear stress change, ∆σn is the normal stress change and µ0 is the effective coefficient of
friction on the fault.
An increase in CFS (positive values) on the receiver fault promotes failure, and oppositely
a decrease in CFS (negative values) retards failure. In this study, we applied the friction coefficient
of 0.4 in the computation. We used the open source software Coulomb v3.4 [46] to calculate the CFS
change on the four fault segments during the source rupture.
3. Results
3.1. Slip Model
The solved spatial source mechanism variations are presented in Figure 3. From north to south,
there are thrust, right lateral slip, sinistral strike-slip, and normal motion-dominated mechanisms.
Assuming the rigidity modulus is 30 Gpa, we observed a segment with the largest moment magnitude
of 6.8, which is located at the northern second 10 km-long section (Figure 3). The smallest magnitude
was 5.7, except for the northernmost and the southernmost section, located at the southern third
10 km-long section. It was noted that an almost pure normal slip could be observed along the segment
around the Palu Bay. We reproduced the LOS observations (Figure S3) based on the multiple-segment
uniform slip model of the earthquake. The root mean square (RMS) misfit of the model is 8.4 cm.
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The preferred coseismic distributed slip determined from the InSAR displacements is shown in
Figure 4, which reveals that the earthquake was dominated by sinistral motions with normal and thrust
components in several individual segments. The maximum slip of ~4 m reached the surface along the
segment of BS (Figure 4), and the major slip (>1 m) was concentrated in the fault zone shallower than
16 km in depth. With a shear modulus of 30 Gpa, the estimated geodetic moment is 1.4 × 1020 Nm,
equivalent to an earthquake of Mw 7.4, which is smaller than previous studies [21,22]. We calculated
the synthetic LOS displacements (Figure 5a) based on the preferred fault slip model, and the residual
Figure 3. Spatial source mechanism variations. Red beach balls are drawn using the mechanisms of
between the synthetic and observed displacement is shown in Figure 5b. The RMS misfit decreased to
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Figure 5.
5. (a) The synthetic line-of-sight (LOS) displacement based on the preferred distributed
distributed slip
model. (b) The residual between the observed and the synthetic LOS displacements.
displacements.

3.2. CFS Change
To test the effects of the CFS changes between different fault segments, we calculated accumulated
CFS changes on the individual fault segments based on the slip model (Figure 4). As the earthquake
ruptured unilaterally with an initiation on the north, based on the previous studies [19,20], it is
reasonable to examine the permanent stress change processes on the earthquake fault from the slip of
the early rupture from north to south. As shown in Figure 6, the CFS increased mainly on the BS due
to the rupture of AS with up to 10 bar, and the CFS changes on the fault segments of CS and DS were
negligible (Figure 6a). At the next stage, the rupture of AS and BS resulted in a dramatic increase in
CFS on the CS fault segment, and an increase on the DS fault segment as well (Figure 6b). The ruptures
on the CS and DS fault segments can also mainly add stress perturbations on the later segments and do
not change the stress patterns in the previous segments (Figure 6c,d). Note that the shortest segment,
CS, always stayed in a loading status during the earthquake although it hosted limited slip (Figure 4).

Remote
Sens.
2019,
11, 11,
1999
Remote
Sens.
2019,
x FOR PEER REVIEW

10 10
of of
16 16

Figure
6. The
CFS
changeononthe
thefault
faultplane.
plane. (a)
(a) Caused
Caused by AS rupture.
Figure
6. The
CFS
change
rupture. (b)
(b)Caused
CausedbybyAS
ASand
andBSBS
rupture.
Caused
AS,
andCS
CSrupture.
rupture.(d)
(d) Caused
Caused by rupture
rupture.
(c)(c)
Caused
byby
AS,
BSBSand
rupture of
ofall
allfour
fourfault
faultsegments.
segments.

4. Discussion
4. Discussion
Our
distributed
slipslip
model
derived
by by
inverting
thethe
ALOS-2
SAR
datadata
is basically
consistent
with
Our
distributed
model
derived
inverting
ALOS-2
SAR
is basically
consistent
thewith
results
Fang etofal.Fang
[21], et
Ulrich
et al.Ulrich
[47] and
Song
et and
al. [22],
including
the including
moment magnitude
and
theofresults
al. [21],
et al.
[47]
Song
et al. [22],
the moment
magnitude
andThe
focalslip
mechanism.
The that
slip the
model
that the 2018
Palu earthquake
occurredFault,
on
focal
mechanism.
model shows
2018shows
Palu earthquake
occurred
on the Palu-Koro
the Palu-Koro
Fault,The
a sinistral
strike-slip.
The main at
slip
was concentrated
depths of 0–20
km.
a sinistral
strike-slip.
main slip
was concentrated
depths
of 0–20 km. at
Wanlpersdorf
et al.
[35]
Wanlpersdorf
et al. [35] to
used
GPS
measurements
to show
Palu-Korolocked,
Fault was
used
GPS measurements
show
that
the Palu-Koro
Faultthat
wasthe
previously
andpreviously
the locking
locked,
the locking
depth
wason
around
8–16model.
km based
on a simple
Stevens
al. [5]
pointed
depth
wasand
around
8–16 km
based
a simple
Stevens
et al. model.
[5] pointed
outetthat
the
locking
out
that
the
locking
depth
of
the
Palu
Fault
ranges
between
2–8
km.
Jiang
et
al.
[48,49]
believed
that
depth of the Palu Fault ranges between 2–8 km. Jiang et al. [48,49] believed that the coseismic
slip
the
coseismic
slip
depth
is
likely
to
be
greater
than
the
locking
depth.
In
our
study,
the
coseismic
slip
depth is likely to be greater than the locking depth. In our study, the coseismic slip area was a little
area than
was the
a little
deeper
thanThis
thedemonstrates
locking depth.
This
slip model
very
deeper
locking
depth.
that
ourdemonstrates
slip model is that
veryour
consistent
withisthe
fault
locking research. The main slip was concentrated in the area around Palu City, corresponding to the

Remote Sens. 2019, 11, x FOR PEER REVIEW
Remote Sens. 2019, 11, 1999

11 of 16
11 of 16

consistent with the fault locking research. The main slip was concentrated in the area around Palu
City, corresponding to the epicenter area issued by USGS and the central area of the AS. The main
epicenter
by USGS
areapointed
of the AS.
mainetslip
also identical
to the
slip area isarea
alsoissued
identical
to theand
I, II,the
III central
asperities
out The
by Fang
al. area
[21].isHowever,
we cannot
I,
II,
III
asperities
pointed
out
by
Fang
et
al.
[21].
However,
we
cannot
find
a
large
slip
on
the
DS,
based
find a large slip on the DS, based on our slip model. A main normal slip area is observed in Palu Bay,
on
ouraslip
model.
A main
normaltoslip
is observed
in Palu
while a thrust
slip area
is located
while
thrust
slip area
is located
thearea
north
of Palu Bay.
The Bay,
characteristics
of these
two slip
areas
to
the also
northobserved
of Palu Bay.
Theresults
characteristics
twoand
slip Fang
areas et
were
in the
of
were
in the
of Ulrichofetthese
al. [47]
al. also
[21].observed
Song et al.
[22]results
showed
Ulrich
et
al.
[47]
and
Fang
et
al.
[21].
Song
et
al.
[22]
showed
different
slip
patterns
in
their
slip
model,
different slip patterns in their slip model, which may be because they introduced a submarine normal
which
fault. may be because they introduced a submarine normal fault.
This event was followed by a deadly
deadly tsunami.
tsunami. Several researchers discussed the control factors
of this
this deadly
deadlytsunami.
tsunami.Sassa
Sassa
et al.
thought
gravity
ofsignificant
the significant
liquefaction
et al.
[50][50]
thought
gravity
flowflow
of the
liquefaction
could could
cause
cause
the tsunami.
Heidarzadeh
et al.
[51] simulated
the tsunami,
and showed
the maximum
the tsunami.
Heidarzadeh
et al. [51]
simulated
the tsunami,
and showed
that thethat
maximum
coastal
coastal
amplitude
lessthe
than
the observed
tsunami
height.
The authors
deduced
amplitude
was farwas
lessfar
than
observed
tsunami
wavewave
height.
The authors
also also
deduced
thatthat
the
the
cause
could
be submarine
the submarine
landslides.
Omira
al. carried
[52] carried
outpost-tsunami
the post-tsunami
survey,
cause
could
be the
landslides.
Omira
et al.et[52]
out the
survey,
and
and
suggested
earthquake
contribute.
Zhang
[19]and
andBarnhart
Barnhartetetal.
al. [53] both
suggested
that that
the the
earthquake
diddid
notnot
contribute.
Zhang
et et
al.al.
[19]
suggested that landslides could have played a vital role in
triggering
the
tsunami.
So
far, the real
in triggering the tsunami.
mechanism of this tsunami is not
not fully
fully understood
understood yet.
yet. It is widely accepted that a vertical block
movement can create tsunami waves [54]. Kreemer
Kreemer et al. [55] thought that vertical deformation is
critical in producing a tsunami. Geist
Geist et
et al. [56] indicated that if earthquakes greater than M 6.5–7
occurring beneath an ocean produce predominantly vertical deformation,
deformation, they can generally generate
tsunamis. From our source mechanism variation and the slip model, we found that the magnitude of
the section in Palu Bay is 6.8, and that normal components are dominant on the northernmost BS and
southernmost
deformation
in in
thethe
seasea
floor
to
southernmost AS,
AS, which
whichcould
couldhave
haveproduced
producedenough
enoughsurface
surfacevertical
vertical
deformation
floor
cause
thethe
tsunami.
simulated
area.
to cause
tsunami.We
We
simulatedthe
thevertical
verticaldisplacement
displacement(Figure
(Figure7)
7) in
in the
the Central Sulawesi area.
From
submarine
near
thethe
Pantoloan
slumping
is about
0.7 m.0.7
Them.
de-tide
sea levelsea
records
From Figure
Figure7,7,the
the
submarine
near
Pantoloan
slumping
is about
The de-tide
level
show
that
tsunami
records were
caught
the Pantoloan
[51]. Previous
studies [47]
believed
that the
records
show
that tsunami
records
werefor
caught
for the Pantoloan
[51]. Previous
studies
[47] believed
vertical
in the PaluinBay
the main shock
the primary
tsunami
source
that thedeformation
vertical deformation
thegenerated
Palu Baybygenerated
by thecould
mainbeshock
could be
the primary
by
modelling
thebytsunami
amplitudes.
Ouramplitudes.
slip model can
significant
vertical
deformation
on
tsunami
source
modelling
the tsunami
Ourproduce
slip model
can produce
significant
vertical
the
sea
floor
and
therefore,
it
may
not
be
necessary
to
have
an
additional
normal
slip
fault
in
the
sea
deformation on the sea floor and therefore, it may not be necessary to have an additional normal slip
floor
observed
tsunami
in this case.
Notein
that
tsunami
simulation
requires
a certain
fault to
in explain
the sea the
floor
to explain
the observed
tsunami
this
case. Note
that tsunami
simulation
specialty,
been outwhich
of thehas
scope
ofout
thisofstudy.
requires awhich
certainhas
specialty,
been
the scope of this study.

Figure
The simulated
simulated vertical
Figure 7.
7. The
vertical displacement.
displacement.

The Palu-Koro Fault was thought to be capable of generating super-shear ruptures and possessing
The Palu-Koro Fault was thought to be capable of generating super-shear ruptures and
the greatest seismic risk in Central Sulawesi [1]. The 2018 Palu earthquake occurred along the Palu-Koro
possessing the greatest seismic risk in Central Sulawesi [1]. The 2018 Palu earthquake occurred along
Fault and has been quantitatively shown to be a super-shear rupture event [18]. However, what
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However, what stopped the earthquake rupture is still unsolved. In this study, we calculated the CFS
changes on the fault to analyze the termination of the rupture. We found that the geometrical
stopped the earthquake rupture is still unsolved. In this study, we calculated the CFS changes on the
relationship between the three south fault segments is very fascinating. The BS is almost parallel to
fault to analyze the termination of the rupture. We found that the geometrical relationship between
the DS, with a distance between them of 5.3 km, and the CS links the BS and DS, with an intersection
the three south fault segments is very fascinating. The BS is almost parallel to the DS, with a distance
angle of 32°. This type of fault system is called a fault step-over. It is important to evaluate whether
between them of 5.3 km, and the CS links the BS and DS, with an intersection angle of 32◦ . This type
the fault step-over is capable of arresting and promoting the fault rupture. Bie et al. [57] pointed out
of fault system is called a fault step-over. It is important to evaluate whether the fault step-over is
that the fault steps may limit the earthquake size for strike-slip faults. Harris [58] studied the parallel
capable of arresting and promoting the fault rupture. Bie et al. [57] pointed out that the fault steps
strike-slip faults interaction, and the effect of fault step-over on fault ruptures. The results indicate
may limit the earthquake size for strike-slip faults. Harris [58] studied the parallel strike-slip faults
that a fault step-over wider than 5 km often impedes the rupture of a sinistral earthquake. For a strikeinteraction, and the effect of fault step-over on fault ruptures. The results indicate that a fault step-over
slip fault system without a linking structure, a 5 km width of fault step-over is also a limit for rupture
wider than 5 km often impedes the rupture of a sinistral earthquake. For a strike-slip fault system
propagation [59]. It seems that the 5 km width of a fault step is the limit for strike-slip fault rupture.
without a linking structure, a 5 km width of fault step-over is also a limit for rupture propagation [59].
However, through a statistical analysis to examine the effects of fault step-overs on the rupture
It seems that the 5 km width of a fault step is the limit for strike-slip fault rupture. However, through a
termination of 29 historical sinistral slip earthquakes in the world, Li et al. [60] found that the smallest
statistical analysis to examine the effects of fault step-overs on the rupture termination of 29 historical
fault step-over widths are different for different magnitude earthquakes. The step-over width in this
sinistral slip earthquakes in the world, Li et al. [60] found that the smallest fault step-over widths are
event is very close to the width limit. Calculation of the CFS change is an effective tool to study the
different for different magnitude earthquakes. The step-over width in this event is very close to the
effect of fault step-over in the rupture propagation. Hodge [43] used coseismic CFS change to analyze
width limit. Calculation of the CFS change is an effective tool to study the effect of fault step-over in
the fault step-over effects in a normal fault system. King et al. [45] showed that a 4 bars CFS increase
the rupture propagation. Hodge [43] used coseismic CFS change to analyze the fault step-over effects
on fault will hasten great earthquake one decade. Due to the unilateral rupture pattern of the 2018
in a normal fault system. King et al. [45] showed that a 4 bars CFS increase on fault will hasten great
Palu earthquake, it is very suitable for analyzing the step-over effect in the fault rupture by
earthquake one decade. Due to the unilateral rupture pattern of the 2018 Palu earthquake, it is very
calculating the CFS changes on the four fault segments. From the results of the CFS change calculation,
suitable for analyzing the step-over effect in the fault rupture by calculating the CFS changes on the
we found that the ruptures of AS and BS make the CFS on CS dramatically increase, with a smaller
four fault segments. From the results of the CFS change calculation, we found that the ruptures of AS
increase on the DS. As the AS, BS and CS ruptured, the CFS on the DS continued to increase. Therefore,
and BS make the CFS on CS dramatically increase, with a smaller increase on the DS. As the AS, BS
we cannot draw the conclusion that a step-over of 5.3 m width retarded or terminated the rupture of
and CS ruptured, the CFS on the DS continued to increase. Therefore, we cannot draw the conclusion
the fault.
that a step-over of 5.3 m width retarded or terminated the rupture of the fault.
Wei et al. [61] speculated that the rupture stopped due to a stress shadow caused by two
Wei et al. [61] speculated that the rupture stopped due to a stress shadow caused by two historical
historical earthquakes, which are around 40 km away from the 2018 event. They proposed that the
earthquakes, which are around 40 km away from the 2018 event. They proposed that the occurrence of
occurrence of the historical earthquakes could have created a stress shadow in the epicentral area of
the historical earthquakes could have created a stress shadow in the epicentral area of the 2018 event,
the 2018 event, which could have played a role in stopping the 2018 Palu earthquake. Following this
which could have played a role in stopping the 2018 Palu earthquake. Following this idea, we referred
idea, we referred to the earthquake catalog of USGS, and found that two previous earthquakes of
to the earthquake catalog of USGS, and found that two previous earthquakes of magnitude greater
magnitude greater than 6. The earthquakes of 23 January 2005 and 18 August 2012 occurred near the
than 6. The earthquakes of 23 January 2005 and 18 August 2012 occurred near the Palu area (Figure 1b).
Palu area (Figure 1b). We calculated the permanent CFS changes on the four fault segments induced
We calculated the permanent CFS changes on the four fault segments induced by the two earthquakes.
by the two earthquakes. We constructed the model parameters (Table S1) of the two earthquakes
We constructed the model parameters (Table S1) of the two earthquakes based on the moment tensor
based on the moment tensor mechanisms of USGS. The receiver fault parameters are also from our
mechanisms of USGS. The receiver fault parameters are also from our preferred slip model. The result
preferred slip model. The result (Figure 8) shows that the ruptures of the two M 6.3 earthquakes
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5. Conclusions
We obtained along-track and LOS InSAR coseismic deformation fields for the 2018 Palu earthquake
using ALOS-2 SAR data. Source mechanism variations and a preferred slip model were derived from
the coseismic deformation, indicating that the rupture of 2018 Palu earthquake is of mainly sinistral
slip and presents normal characteristics across the Palu bay. With a shear modulus of 30 Gpa, the
estimated geodetic moment is 1.4 × 1020 Nm, equivalent to an earthquake of Mw 7.4. The calculated
CFS change results show that the 5.3 km-width step-over did not retard the rupture to the south.
However, the Coulomb stress drop produced by the two previous earthquakes of the 23 January 2005
and the 18 August 2012 in the Palu area, may have arrested the continuous rupture of this event to
the south.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/11/17/1999/s1,
Figure S1: Downsampled line-of sight (LOS) deformation observations, Figure S2: Trade-off curve between misfit
and solution roughness, Figure S3: Synthetic LOS deformation based on the source mechanism variation model
and residual LOS deformation between the observed and synthetic deformation, Table S1: The source parameters
of the 2005 M 6.3 and the 2012 M 6.3 earthquakes constructed.
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