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ABSTRACT

Determining how faults behave during large earthquakes can
help provide insight into the mechanism of regional tectonism.
Here, we use Advanced Land Observing Satellite-2 (ALOS-2)
and Sentinel-1 Interferometric Synthetic Aperture Radar
(InSAR) data to estimate the source parameters of the 2017
M,, 6.6 Poso carthquake, castern Indonesia. The results show
that the coseismic rupture was predominated by normal faulting
at depths of 3—10 km, whereas some distinct dextral strike slip is
also resolved along the down-dip direction of normal-faulting
zones. We analyze the background seismicity, regional topogra-
phy, and fault kinematics to investigate the present-day tectonics
of central Sulawesi as well as its evolutionary processes. Our pre-
ferred slip model provides support for the proposed kinematic
model that attributes the extension in central Sulawesi to gravi-
tational collapse, in which mass lateral extrusion along the large-
scale Palu-Koro strike-slip fault played an important role.

Electronic Supplement: Table of Synthetic Aperture Radar
(SAR) data used in this study, and figures showing decomposed
vertical displacement from ascending and descending ALOS-2
SAR data, uncertainty analysis of the source parameters, trade-
off curve between slip roughness and weighted misfit of data,
uncertainty of the inverted distributed slip model, and checker-
board test of slip inversion of 2017 Poso earthquake.

INTRODUCTION

The K-shaped island of Sulawesi (Fig. 1a) developed as a com-
plex tectonic unit in eastern Indonesia in response to
Cretaceous and Cenozoic accretion by accommodating the
convergence among three tectonic plates in that region (i.c.,
the Australian, Eurasian, and Pacific plates; Hamilton, 1979).
Some kinematic explanations, such as a model involving elastic,
rotating microblocks (e.g., Socquet ¢z a/., 2006), have been pro-
posed to investigate the tectonic movements in Sulawesi, in
spite of the ongoing controversy regarding the number of mi-
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croblocks (Cummins and Meilano, 2017). Sulawesi has expe-
rienced numerous different M > 6 carthquakes, especially
along the boundaries of the aforementioned microblocks,
indicating that this region is undergoing complex tectonic
processes involving collision (Silver ez al., 1983; Hall and
Spakman, 2015) and transtension (Bellier ¢z a/., 2006).

As an active part of Sulawesi, central Sulawesi was
produced from the multistage subduction and collision of the
tectonic plates (Bellier ez al., 2006). It is bifurcated by the large-
scale northwest-trending Palu-Koro fault and divided into two
parts: western central Sulawesi (northern part of the MKB,
shown in Fig. la) and eastern central Sulawesi (hereafter
ECS, shown in Fig. 1b). Western central Sulawesi presently
moves as a rigid block that features a low level of seismicity
(e.g., Stevens ez al., 1999). In contrast, ECS presents significant
northeast—southwest-oriented extension, as revealed by Global
Positioning System (GPS) measurements (Socquet ez al., 20065
Sarsito et al., 2017) and geomorphic investigations (Spencer,
2010, 2011). This activity is consistent with focal mechanisms
of local earthquakes (Fig. 1b); four M, > 5.5 normal-faulting
carthquakes with nodal planes oriented northwest—southeast
occurred within ECS. These normal-faulting earthquakes are
the most obvious embodiment of the active northeast—south-
west extension of ECS. Although it is widely accepted that
extensional tectonic settings provide an environment for the
formation of normal faults, explanations for the driving force
of extension differ significantly. For instance, Molnar and Tap-
ponnier (1978) proposed that the east—west extension in
Tibetan plateau (hereafter, TP) may have directly resulted from
gravitational collapse, whereas others (e.g., Copley ez al., 2011)
treated such extension in TP as a result of strike-slip faulting.
Elliott ez /. (2010) examined the relation between moment
release of normal-faulting earthquakes and surface heights that
highlights the strong dependence of extensional faulting on
gravitational potential energy. Accordingly, mechanisms that
are responsible for the extension in ECS remain largely un-
known. Hence, the determination of how normal faults behave
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A Figure 1. (a) Kinematic block model of Sulawesi (Socquet et al, 2006) with the
block boundaries depicted by blue dashed lines. The red arrow represents the
direction of collision between the Banggai-Sula block and the eastern arm of
Sulawesi. The red rectangle outlines the bounds of panel (b). (b) Tectonic back-
ground of the 2017 Poso earthquake. The focal mechanism plots represent the Global
Centroid Moment Tensor (CMT) of the 2017 Poso earthquake (red), the M,, > 5.5
historical earthquakes (blue), and the 2018 Palu M,, 7.5 earthquake (black). Yellow
dots represent the aftershocks recorded by the International Seismological Centre
(ISC). Black circles represent the ISC M > 2 historical background seismicity, absent
those that occurred within one month after the M,, > 5.5 earthquakes. Black lines
denote the regional faults. The red line shows the up-dip projection of the fault plane
determined through uniform slip modeling. Red dashed lines depict the model of a
funnel-shaped structure we propose in this study. Thick red arrows indicate the
southern inlet and northern outlet of the funnel-shaped structure. The blue rectangle
outlines the coverage of the synthetic aperture radar (SAR) data. NSB, North
Sulawesi block; MAB, Manado block; ESB, East Sulawesi block; MKB, Makassar
block; NST, North Sulawesi trench; PF, Palu-Koro fault; CS, Celebes Sea. The color
version of this figure is available only in the electronic edition.

during large earthquakes can help provide insight into the
mechanisms of the extension of ECS.

On 29 May 2017 (UTC 14:35:21), an M, 6.6 carthquake
struck the central part of Sulawesi, eastern Indonesia. The epi-
center, as reported by the Global Centroid Moment Tensor
(CMT) catalog (see Data and Resources), was located at 1.24° S

and 12040° E approximately 39 km west—
northwest of the town of Poso. The 2017 Poso
earthquake, which represents the largest shallow
event that has struck central Sulawesi since the
implementation of modern seismic instruments,
ruptured a mountainous region with a high
mean elevation of ~2300 m (Fig. 1b), indicating
the presence of a high-gravitational potential en-
ergy and the preferential occurrence of litho-
spheric extension (Dewey, 1988; Ge ¢t al., 2015).
In this article, we use coseismic ground
deformation data derived from synthetic aper-
ture radar (SAR) satellite sensors to constrain
the fault geometry and invert for the slip distri-
bution of the 2017 Poso carthquake. Based on
the inverted finite slip model, we analyze the
background seismicity, regional topography, and
fault kinematics to obtain insights into the
mechanisms of extension throughout ECS and
the associated structural evolution processes.

INSAR DATA

We utilize ascending- and descending-orbit
data from the Advanced Land Observing
Satellite-2 (ALOS-2) and Sentinel-1 satellites
(Table 1) to map the surface deformation attrib-
utable to the 2017 Poso earthquake (see Data
and Resources). The ascending (T126A) and
descending (T025D) data of ALOS-2 were
acquired in Stripmap mode and ScanSAR
mode, respectively, and the Sentinel-1 descend-
ing (T134D) data were acquired in the terrain
observation with progressive scan (TOPS) im-
aging mode (hereafter, IM). Each interferogram
in this study is processed from single-look
complex products. The Gamma software is
employed to process all of the data, including
the alignment of single-look complex images
and the subsequent interferogram generation,
filtering, and unwrapping processes. The
detailed SAR data processing procedure is de-
scribed in the supporting information (®
Text S1, available in the electronic supplement
to this article). Taken that the postearthquake
images were observed 2—-39 days after the earth-
quake (Table 1), eight Sentinel-1 SAR images,
spanning from 1 June to 4 September 2017,
are further analyzed to evaluate the early post-
seismic displacement transients and their im-

pacts on the derived coseismic displacement (® Text SI).
Although the source region is covered by a dense rainforest
with thick vegetation, the L-band ALOS-2 interferograms
(shown in Fig. 2a,d) can still maintain excellent coherence,
and dense fringes around the seismogenic fault are generated
from both the ascending-track and the descending-track data.
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A Figure 2. Coseismic line-of-sight (LoS) displacement of the 2017 Poso earthquake. (a) Observed LoS displacement from the ascending
Advanced Land Observing Satellite-2 (ALOS-2) satellite track 126 (stripmap mode), (b) model prediction, (c) residual between (a) and (b).
All results are rewrapped in the range of =5 to 5 cm. The fault plane determined through uniform slip modeling is shown in the blue
rectangle, and its up-dip projection at the surface is shown by the blue line. (d—f) Same as (a—c), but for the descending ALOS-2 satellite
track 25 (ScanSAR mode). (g—i) Same as (a—c), but for the descending Sentinel-1 satellite track 134. The color version of this figure is
available only in the electronic edition.

The ascending- and descending-orbit ALOS-2 interferograms subsidence (® Fig. S1), and thereby suggest possible normal

share the comparable deformation magnitudes and produce faulting during the Poso earthquake. The continuous north-
fringe patterns consistent with major motion away from the west—southeast-oriented elliptical spatial pattern may suggest
satellite, reflect that vertical displacement is dominated by the that the 2017 Poso earthquake did not break the Earth’s surface
Table 1
Synthetic Aperture Radar (SAR) Data Used in This Study
Master Date Slave Date Perp. B o* At
Satellite Mode Track (yyyy/mm/dd) (yyyy/mm/dd) (m) (cm) (km)
ALOS-2 Strip T126A 2017/02/03 2017/07/07 -89 2.33 5.4
ScanSAR T025D 2017/05/11 2017/06/22 —-143 1.77 3.3
Sentinel-1 IM T134D 2017/05/19 2017/05/31 —88 2.83 3.3
Perp. B, Perpendicular Baseline; ALOS, Advanced Land Observing Satellite.
*o is the standard deviation (1c) estimated from the pixels far from the deformation region.
') is the e-folding correlation-length scale of the experimental semivariogram.
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with major slip on a buried fault. Furthermore, despite its
serious decoherence in the near field, the C-band Sentinel-1
data can still provide us with some information regarding rel-
atively far-field deformation signals (Fig. 2g). Our postsecismic
analysis shows that the early cumulative postseismic displace-
ment (2-39 days after the mainshock) is minor and can be
neglected (® Fig. S3), suggesting that the interferograms
shown in Figure 2 can well represent the coseismic deforma-
tion signals. However, the postseismic line-of-sight (LoS) dis-
placement generated from the C-band Sentinel-1 data has a
relatively low signal-to-noise ratio due to the effects of the
dense vegetation in the region. More observations are still re-
quired to further clarify the possibility of the potential post-

seismic slip.

SOURCE MODELING

Coscismic displacement fields derived from Interferometric
Synthetic Aperture Radar (InSAR) data represent the
kinematic responses of the Earth’s surface to finite fault dislo-
cations at depth. Such internal finite dislocations can be quan-
titatively analyzed through the dislocation geometry and
magnitude, which are often called source parameters. To recon-
struct the source parameters of the 2017 Poso earthquake, we
follow a two-step procedure: uniform slip modeling is first per-
formed to determine the fault geometry, and then distributed
slip modeling is conducted to image the detailed slip distribu-
tion. The open-source geodetic Bayesian inversion software de-
veloped at Leeds University (Bagnardi and Hooper, 2018) is
employed to perform the uniform slip modeling to obtain the
best-fitting fault-geometry parameters. The Markov chain Monte
Carlo and Metropolis—Hastings algorithms are subsequently
employed to find the posterior probability distributions of rel-
evant parameters. Green’s functions are calculated using the elas-
tic half-space homogeneous dislocation model (Okada, 1985)
while assuming a Poisson ratio of 0.25. During the inversion,
uncertainties in the SAR measurements are estimated from
the experimental semivariogram (Webster and Oliver, 2007).

Table 2 and ® Figure S4 show the estimated source
parameters and associated confidence intervals. Our preferred
uniform slip model exhibits a strike of 104° and a dip of 44",
with a length of 16 km and a width of 11 km. The uniform slip
has a magnitude of 1.2 m that does not reach the Earth’s sur-
face, because the top edge of the uniform fault plane is buried
at a depth of ~4 km. The optimal rake angle is estimated to be
—95° suggesting predominantly normal faulting during the
Poso carthquake, along with some dextral slip component.
Moreover, our optimal dip angle is fairly steep relative to
the Global CMT and U.S. Geological Survey (USGS) solutions
(Table 2).

After fixing the optimal strike, dip, and location of
the source plane determined from our uniform slip modeling
(Table 2), we then invert for the detailed slip through distrib-
uted slip modeling. The fault plane is enlarged to be 39 km
long and 30 km wide to avoid edge effects and then parameter-
ized by 1170 discrete, rectangular subpatches with dimensions

Table 2
Source Parameters of the 2017 Poso Earthquake

Strike

Depth

Top
(km)

Length Width
(km) (km)

Rake

Dip

Latitude

Longitude

Mw

(km)

()
-101
-78
—95.007 8728

(©)

30

()
100
m

103.965 132028

(©)

-1.292

-1.24
—1.3067 %

(©)

120.431

120.40
120.391+ 0504

Model

6.6
6.6
6_47+0.0336

12
12

USGS
Global CMT

34
44.07108%2

—0.0169
6.65

375810502

113134578

15.4611077%

InSAR*

InSAR?
USGS, U.S. Geological Survey; Global CMT, Global Centroid Moment Tensor; InSAR, Interferometric Synthetic Aperture Radar.

30

39

104 44

—1.306

120.391

"

u

*The parameters of the uniform slip model. Longitude and latitude are the coordinates of the top center of the fault plane with the buried depth denoted by “Top”.

Superscripts and subscripts attached to each parameter are the 95% confidence intervals.

The parameters of the distributed slip model.
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A Figure 3. (a) Finite slip distribution of the 2017 Poso earthquake for a fault plane that is 39 km long and 30 km wide with a strike of 104°
and a dip of 44° to the south—southwest. White arrows denote the slip direction of each subpatch. The orange dashed ellipsoid depicts the
zone with little or no slip in the shallow parts of the fault plane. Two significant asperities are marked by crimson dashed ellipsoids. (b) The
decomposed (blue dots) and predicted (green dots) vertical deformation along the profile marked by a dotted blue line (a) together with
the topography within 6 km of the profile: the averaged topography is plotted with a black curve, and the maximum and minimum topog-
raphy are plotted with gray curves. The red line marks the location of the fault plane. (c) Slip contours of the main rupture and projected
onto a strike-depth plane. Red arrows show the orientation of mass migration. Depth-dependent frictional properties on the fault plane are
also indicated. The color version of this figure is available only in the electronic edition.

of 1 km x 1 km. Without fixing the rake angle during the
modeling, the normal and strike-slip components are solved
for each subpatch using the bounded-variable least-squares
method (Stark and Parker, 1995); in this case, only the normal
slip is allowed for the dip-slip component, whereas the strike-
slip component can move freely. To avoid abrupt nonphysical
variations in the slip estimation, an improved Laplacian con-
straint (Wang ez al., 2017) is applied in the inversion. The
smoothing factor that balances the variables between the
weighted misfit data and slip roughness is determined from
the trade-off curve (® Fig. S5). In addition, model solutions
from 100 noise-perturbed datasets are used to evaluate the un-
certainties in the coseismic distributed slip by using a Monte
Carlo bootstrap-simulation technique (Parsons ez al., 2006).
Figure 3a shows the best-fitting distributed slip model,
which clearly identifies two asperities connected along the
down-dip direction. The first asperity is located at depths of
3-10 km and manifests predominantly as a normal fault with a
peak slip of 1.8 m. However, the second asperity requires con-
tinued slip in down-dip zones of the first asperity and manifests
predominantly as pure dextral strike slip with a peak slip of
~0.9 m. Checkerboard test (® Text S2) and slip uncertainty
analyses demonstrate that this deep asperity is a robust slip

feature that can be retrieved from the data (® Figs. S6 and S7).
Furthermore, limited slip is found in the up-dip region of the
first asperity suggests that the coseismic rupture of the Poso
earthquake did not propagate to or rupture the ground surface.
The Poso carthquake contributes to the northeast—southwest
extensional strain state and therefore the crustal thinning of
ECS to some extent, due to the downward motion caused
by the main rupture (Fig. 3b). The distributed-slip model yields
a geodetic seismic moment of 1.16 x 10" N .m that corre-
sponds to an M, 6.65 earthquake, assuming a shear modulus
of 30 GPa. The static stress drop released by this earthquake
is estimated to be 1.41 £ 0.2 MPa by using the law of Ac =
CM /) A** (Kanamori and Anderson, 1975), in which A is the
area of the rupture, M is the seismic moment, and C is chosen
to be 2.53 for rectangular cracks with an aspect ratio of 1. The
predicted displacements from the best-fitting slip model fit the
observations well. The root-mean-square misfits of the best-fit-
ting model are 5.1, 3.8, and 4.8 cm for ALOS-2 ascending and
descending data and Sentinel-1 descending data, respectively,
all of which are within the range of an admissible error of
36 (Table 1). The residuals can be partially explained by atmos-
pheric artifacts in consideration of the tropical rainforest
climate and possibly by early postseismic deformation.
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DISCUSSION

Implications for Extrusion Tectonics in Central Sulawesi
Understandably, extensional tectonic settings readily provide
an environment for the formation of normal faults, whereas
some normal faults preferentially occur in mountainous
regions usually characterized by strike-slip tectonism. For
example, the 2008 M, 7.1 Yutian earthquake occurred on a
north—south-oriented normal fault (e.g., Elliott ez 4/, 2010)
50 km south of the active Altyn Tagh fault that is dominated
by a left-lateral slip rate of 9.4-11.5 mm/yr (e.g., Daout ez 4L,
2018). In addition to the northern TP, there are a large number
of scismically active north-south-oriented normal faults
formed across the TP during the tectonic movement of
large-scale strike-slip faults in the interior of the TP (e.g., Elliott
et al., 2010; Ji et al., 2017). The frequent seismicity throughout
the TP apparently indicates an ongoing mass transportation
processes involving mass accumulation and extrusion in which
the transformation of gravitational potential energy plays an
important role (Elliote ez al., 2010; Ge et al., 2015), and thus
this transformation has been proposed as a responsible mecha-
nism for the lateral extrusion of the TP (e.g, Molnar and
Tapponnier, 1978). Its reasonability in interpreting the
regional tectonics has been evaluated in terms of the rupture
of normal-faulting events in the TP (e.g. Elliott ez 4/, 2010).

As shown in Figure 1b, the major fault systems and asso-
ciated high topography that outline the first-order tectonic
features of ECS delincate an upside-down funnel-shaped struc-
ture (hereafter, FSS). Seismicity in this FSS is more active than
in its surroundings areas (Fig. 1b), which is consistent with the
GPS measurements showing that the crust of the FSS absorbs
most of the elastic strain in central Sulawesi (Socquet ez 4L,
2006). The FSS is bounded by the active Palu-Koro fault
and metamorphic Tokorondo complex at its western and
castern boundaries, respectively. Along the western boundary,
the Palu-Koro fault cuts through the whole study region from
the southeast to the northwest and accommodates 39 mm/yr
of left-lateral strike-slip motion (Socquet ez 4/., 2006). There-
fore, because large-scale strike-slip faults are commonly consid-
ered related to mass lateral transformation processes (e.g.,
Molnar and Tapponnier, 1975; Tapponnier et al., 1982), the
active Palu-Koro fault likely dominates the mass transforma-
tion of ECS. What's more, geological investigations show that
Quaternary deformation is broadly distributed along the
northern segment of Palu-Koro fault but is relatively narrow
and localized along the southern segment (Bellier ez 4l., 2001).
The lateral extrusion along the northern segment of the Palu-
Koro fault (i.e., the outlet of the FSS) appears to be more active
than its southern part (i.e., the inlet of the FSS), which is also
confirmed by the dense seismic activity that is observed at the
former (Fig. 1b). The castern boundary of the FSS displays
a contrasting topography that drops from ~2300 m in the west
to ~500 m in the east over a lateral distance of 10 km (Fig. 3b),
suggesting a high probability that this region experienced
massive orogenesis in the past. The expected large gravitational
potential energy could make the eastern boundary to be

a hotspot for crustal extension. Although the TP and our study
region differ significantly with regard to their spatial scales,
the extension in ECS likely appears to be related to a similar
kinematic process, that is, gravitational collapse, considering
their similar tectonic regime settings (Sulawesi and TP are both
encompassed by lithospheric convergence and extension).
Therefore, the existing kinematic models of the TP may lend
support to an interpretation of the extensional mechanism in
ECS, and vice versa.

To understand the tectonic movements and evolution of
ECS, a kinematic model (Fig. 4) is proposed based on multiple
sources of data, including the regional seismicity, fault kin-
ematics, and topography. Two phases are involved in the
model: mass accumulation and mass divergence (Fig. 4). In the
first phase, the Banggai—Sula block collided with the eastern
arm of Sulawesi in the late Miocene—ecarly Pliocene (Bellier
et al., 2006), resulting in the northward motion of ECS accom-
panied by northward mass migration (Bellier ez al, 2006).
Considering the local mass balance (Dewey, 1988) and the fact
that the cross-sectional area of the inlet is broader than that of
the outlet, this northward mass migration contributed to mass
accumulation within the FSS, especially along its boundaries,
where orogenesis was occurring. The second phase began dur-
ing the Quaternary and has extended through the present day,
and it is thought to have a close relationship to the formation
of the North Sulawesi trench (NST; Bellier ez al., 2006), along
which the floor of the Celebes Sea is subducting beneath the
island of Sulawesi (Fig. 1a). In this phase, the Palu-Koro fault
facilitated mass divergence toward the north, including mass
injection through the southern inlet and mass extrusion
through the northern outlet. This northward mass extrusion
likely dominated the mass transformation process due to
the greater activity of the northern segment of the Palu-Koro
fault (Bellier ez al., 2001; Socquet e al., 2006), resulting in a
mass deficit at the tail end of the northern segment. As a resul,
mountains began to experience extensional collapse to achieve
mass balance through isostatic adjustment (Dewey, 1988).
Such a long-term process is believed to produce large internal
deformation within the ECS and thereby accumulate substan-
tial strain energy that will be eventually released by earthquakes
in the way of normal faulting.

Sulawesi and the TP are both encompassed by lithospheric
convergence and extension, which are accommodated by a mix-
ture of active strike-slip and normal faults (e.g., Elliott ez al,
2010). The Palu-Koro fault in Sulawesi is believed to serve as a
transform fault that kinematically links the NST to the exten-
sional central Sulawesi (Bellier ez al, 2001; Socquet e al.,
2006). The role played by the Palu-Koro fault in the regional
tectonics is similar to that played by the Red River fault in the
northwestern Yunnan rift zone. The middle-southern segment
of the Red River fault has been more active than its northern
segment in the Quaternary (Guo ¢f al., 1996); this discrepancy
definitely results in a mass deficit at the northwestern tip of the
fault, thereby forming the Yunnan rift zone (e.g., Allen ez 4l,
1984; Guo et al., 1996). In addition to contributing to exten-
sional collapse, the active Palu-Koro fault, acting as the main
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A Figure 4. Tectonic-evolution model of the funnel-shaped structure (FSS). (a) The contractional growth (i.e., orogenic) process in the
late Miocene—early Pliocene, during which the mountain continued to rise, due to an increasing mass accumulation along the boundaries
of the FSS. (b) The extensional collapse process during the Quaternary, during which an enormous mass was extruded from the FSS along
the Palu-Koro fault. The extensional collapse of the orogen achieved mass balance and resulted in normal faulting. The color version of

this figure is available only in the electronic edition.

boundary of the crustal microblocks, may also dominate the
motion and deformation of tectonic blocks in ECS. As Sarsito
et al. (2017) noted, the northern part of the ECS rotates much
faster (at a rate of 120 mm/My) than its southern part (at a
rate of 2.5 mm/My ), and this is consistent with the segmen-
tation kinematics of the Palu-Koro fault. Alternatively,
although we cannot rule out the possibility that the northward
rollback of the slab beneath the NST also affects the tectonism
of ECS (e.g., Bellier ez al., 2006), we believe that the role of this
slab is minor compared with that of the active Palu-Koro fault
in the regional regime, due to the great distance between
ECS and NST and the limited slip rate of NST (Socquet ez 4.,
2006).

The kinematic model proposed above is supported by our
preferred geodetic slip model in the sense that the kinematical
characteristics of the proposed model are consistent with focal
mechanisms of normal or right-lateral faulting: the distinct
down-dip right-lateral faulting (the second asperity) reflects
the channel of mass northward extrusion (Fig. 3c); the up-
dip normal faulting (the first asperity) correspondingly reflects
well the gravitational collapse of lithosphere that developed
from the down-dip mass deficit, due to the northward migra-
tion of mass along the extrusion channel (Fig. 3c). One of the
striking features of the slip distribution is that the depth extent
of the second asperity is resolved at 10-18 km (Fig. 3c). These
deep-seated, almost pure strike-slip patches coincide with a
transition zone at 15-25 km that is often characterized by
high-thermal gradients (Scholz, 1998). It is possible that the

ductile deformation and mass extrusion are promoted under
this thermal state. The increasing tendency of mass extrusion
can, on the one hand, enhance the shear stress at depth, increas-
ing the possibility of strike-slip failure and on the other hand
bring out mass deficit, leading to the development of gravita-
tional collapse. The above investigations highlight that the
proposed kinematic model is fundamentally supported by
our geodetic inversion results, although we do not think it
can be confirmed using this event alone. However, we should
admit that this is a preliminary model that is responsible for
the mechanism of extension in ECS. More constraints from
geological, geophysical, and geodetic data are required to pro-
vide detailed insights into the extension in central Sulawesi.
Our kinematic model may have some implications for the
2018 M, 7.5 Palu carthquake that ruptured the northern
Palu-Koro fault (Fig. 1b). The 2018 M, 7.5 carthquake is pre-
dominated by left-lateral strike slip and could show an early
and persistent supershear rupture speed (Bao ez al, 2018).

Implications for Potential Hazards

The Poso earthquake contributes to the northeast—southwest
extension in central Sulawesi that is in agreement with the strain
state revealed by GPS measurements (e.g., Sarsito ez al., 2017).
However, because strong normal earthquakes (M, > 6) are
absent in ECS since the instrumental records, the 2017 Poso
carthquake may mark a critical point in time after which such
carthquakes will occur with greater frequency throughout the
study region. To assess the impact of the Poso earthquake on
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A Figure 5. The Coulomb failure stress (CFS) change at (a) a depth of 7 km and (b) along the profiles A-A’ and (c) B-B’. The two black
dashed lines mark the surface trace of the CFS profiles in Figure 5b,c. Black lines are regional faults. Red lines are faults with an in-
creasing risk of seismic hazards. Red dots represent the aftershocks recorded by the ISC. The yellow rectangle is the fault plane of the
uniform model. The color version of this figure is available only in the electronic edition.

the regional seismic risk, we calculate the Coulomb failure stress
(CES) changes (e.g,, Lin and Stein, 2004; Toda ez 4/, 2005) at a
depth of 7 km (where the maximum slip occurs), based on our
best-fitting distributed slip model that assumes a friction coef-
ficient of 0.4, with a receiver fault consisting of a strike of
104°, dip of 44°, and rake of —95°. Figure Sa shows that the
CFS along two faults located to the west of the main rupture
were increased by ~0.1 MPa, which greatly enhances the poten-
tial seismic risk if these two faults are prestressed and near the
critical taper. This is further validated by the CFS calculated on
the regional faults around the epicentral area, in which the var-
iable orientations were considered (® Fig. $8). In addition, no
significant slip was observed at shallow depths of 0-3 km; this is
possibly related to the presence of a metamorphic complex in the
shallow crust (Spencer, 2010, 2011), because layers of weaker
lithology could manifest through velocity-strengthening friction
(Scholz, 1998). A geometry variation at the shallow depths may
form a structural barrier with strong frictional resistance and
could also prevent the event from rupturing to the surface.
Therefore, although the CFS was also increased at shallow
depths of 0-3 km (Fig. 5b.c), we speculate that the potential
seismic risk remains low, due to the velocity-strengthening
friction of the metamorphic complex or the high-critical stress
on faults, whereas the possibility of aseismic creep cannot be
ruled out. However, it remains a challenge to investigate the
trigger mechanisms of aftershocks, due to the lack of relocated
aftershock sequences, which requires further study. What’s more,
the occurrence of the 2018 M, 7.5 Palu carthquake could be
hard-related to the static CFS triggered by the 2017 Poso carth-
quake (Fig. 5).

CONCLUSION

Source parameters of the 2017 Poso earthquake are investi-
gated using the InSAR data. Results show that the earthquake
ruptured along a moderate dip plane of 44°; the main rupture
was dominated by a normal-faulting mechanism at a depth of
3-10 km; some distinct dextral strike slip are also identified
along the down-dip zones of normal faulting. The coseismic
rupture supports the kinematic model proposed for the explan-
ation of regional tectonics in central Sulawesi. The model high-
lights that extension in regional central Sulawesi is primarily
driven by gravitational collapse, in which mass lateral extrusion
along the Palu-Koro fault played an important role.

DATA AND RESOURCES

The Advanced Land Observing Satellite-2 (ALOS-2) PAL-
SAR-2 synthetic aperture radar (SAR) data are provided by
the Japan Acrospace Exploration Agency (JAXA) through
the RA6 project (ID: 3048). The Sentinel-1 SAR data are
provided by the European Space Agency (ESA) through the
Copernicus Open Access Hub (https://vertex.daac.asf.alaska
.edu/, last accessed June 2017). The moment tensor solution
is from the US. Geological Survey (USGS; http://
earthquake.usgs.gov, last accessed June 2017) and the Global
Centroid Moment Tensor project (CMT; http://
www.globalcmt.org, last accessed June 2017). The aftershock
locations are from the International Seismological Centre
(ISC; http://www.isc.ac.uk, last accessed August 2017). The
slip model inferred in this study is available at the following
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link (https://github.com/shuaiwang123/PosoSlipModel.git, last
accessed December 2018). BY
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