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Abstract

We use optical satellite data tmap theco-seismic displacements for the Mw=7.5
strike-slip earthquakef 28 September 201i® Palu, Sulawesi, Indonesia. This was a
strike-slip faulting event at shallow depth that occurred within the interior of the
Molucca Sea microplate, which is part of tBenda tectonic plate. Using optical image
correlationfrom Sentinel2 and Planet imagery, we mapped the surface rupture extent
of the earthquake and calculated the-sesmic offsets. Beforeand after the
earthquake image acquisitions were analyzed usiimdlac software and théMPIC-

OPT service orthe ESAGeohazards TEPlatform. Our results include the mapping of

a) the detailed trace of the ruptured fault at the southern part of the region (Palu
segment) and b) a more complex deformation pattern aottteern part of the rupture.
Analysis of the horizontal displacement field and sequential profiles across the fault
also enable mapping ofthe fault zone complexity, secondary faulting, fault zone width
and large ceseismic gravitational phenomena. A madisplacement of-3 metresvas
calculated for a total earthquake rupture length of more th@rkrh. Our results agree

with the focal mechanism solution for the earthquake which indicates that the rupture
occurred on a leflateral, northsouth strikingfault. The significance of this event is
also associated with thevezity of the tsunami impact attributed to a strike slip fault.
Further investigation is necessary to determine the source of the tsunami as primarily
tectonic or due to another mechaniaithough a more complex mechanism is likely.
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1. Introduction

A momentmagnitude 7.5 earthquake struck north of Palu, Indonesia on September 28,
2018 at 6:03 pm local time (10:03 am UTChe earthquake caused severe damage to
buildings and infrastructure and is responsible for two thousand dead and many more
injured (numbers are likely to increase). The impact of this event is attributed to ground
shaking, major liquefaction, landslidesdaa tsunamiThe Indonesian archipelago is
known for its catastrophic earthquakes and tsunamis as well as the occurrence of
landslide induced tsunami$his was darge,strike-slip faulting event at shallow depth

that occurred within the interior of thedWicca Sea microplate, which is part of the
Sunda tectonic plate.
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Figure 1. Tectonic setting and seismicity of Sulawesi island, Indonesia. Major
active tectonic structures and faults are shown. Red dotted box nekBalu
Koro fault zone,associatedwith the M7.5 September 2018 earthquaketures
Yellow solid circles areristrumental M>5 seismicity from IR1$1970-2018), and

red solid circles are epicentres fraime M7.5 earthquake sequenceith M>4).
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Sulawesi IslandFig. 1)is locatedn the triple junction othe Australian, Philippine and
Sunda plateqthe Sunda plate is the eastern part of Eudaslde Australian and
Philippine plates subduct beneath the Sunda plate avithte of75 and 90 mm/yr,
respectively.To the south of Sulawesihe E-W trendingplate boundary zone which
extends from eastern Indonesia to the New Guinea Trench accomsaibeatelative
motion between Australian and Pacific plates by transpressive faulting and block
rotations (Tregoning et al., 2000Vallace et al., 2004). The subducti@i the
Australian plate beneath the Surmlateis taking place athe SundaBanda Arcwhere

it transitionsto the Java trenchThe Java Trench evolves into the collision with
Australiaabout 600 km to theouth of Sulawesi. Sthe Sulawesi Island accommodate

the convergere of the continental fragments with the active trench of Sunda and it is an
example of how the collision occurs without mountain building but with the rotation of
crustal blocks (Socquet et al., 2006)here isa 42 mm/yrof relative block motion that
isaccommodated on the Pal u Ko (seretlxfintFigl at er al
1; Socquet et al., 2006).

In thisreportwe use the method ofptical image correlatioto map the surface rupture
extent of the earthquake and calculatesesmic offsetsThe shallowness of the source
and the magnitude of the evestable the excellent opportunity taiseremote sesing

to map theruptures andassociatedsecondary effects (landslides étcOur ramote
sensing data comprise®kentinel2 (10-m resolution)and Planebptical imagery(3-m
resolution) lefore and after the earthquakéeimage acquisitions were analyzed using
MicMac software and th&IPIC-OPT service onE S A Geohazards TEPThe MPIG
OPT is aMultiple-Pairwise Image Correfi@n technique which targets the detection and
measurement of horizontal ground motion based orpsud image correlation. Our
results include thextraordinarymapping of a) the detailed trace of the ruptured fault at
the southern part of the region (Palu segment ) a more complex deformation
pattern at the northern part of the rupture. Our results agree with the focal mechanism
solution for the earthquake which indicates that the rupture occurred onlatdedit,
north-south striking faultln addition, weanalyze the horizontal displacement field and
constructsequential profiles across the faimtorder to magpisplacement distributign
secondary faulting, fault zone width and largesetsmic gravitational phenomena. The
significance of this event is alsmssociated with the severity of the tsunami impact
attributed to a strike slip fault.

2. Characteristics ofthe seismic event

The 28 SeptembeR018, M 7.5 earthquake on Sulawesi, Indonesia occurred as a result
of strikeslip faulting at shallow depths within the interior of the Molucca Sea
microplate, part of the broader Sunda tectonic piHte. focal mechanism solutions for

the earthquaké€Fig. 2) indicatethat therupture occurred on either a ldditeral (north-

south striking fault, or along a rigktateral (eastwes) striking fault. At the location of



the earthquake, the Sunda plate moves south with respect to Molucgdateeat a
velocity of about 3610 mm/year.

The rupture kinematics of the event was stskp as it was determined by USGS,
EMSC, CPPT, GCMT and IPGP moment tensor inversion (Table 1) while the
hypocenter depths were shallow, atZ km. The epicent of the main event was

| ocated at 0.20AS, 119.88AE, according
city. The September 28, 2018 earthquake was preceded by a series @¢bsnaderate
sized earthquakes over the hours leading up to this event; the lId8&&dfour (4)
other earthquakes of #4.9 and larger in the epicentral region, beginning with=614
earthquake three hours earlier and just to the south of #eSWvent. There has also
been an active aftershock sequence, with 40 events=éfAvand largein the first five
days following this earthquake. The largest aftershock in this-ftiamee was Mb5.8,
about 12 minutes after theZM.5 earthquake.

Table 1. Palu earthquakeadal planes data from moment tensor inversias publisbd by various
institutions

Source | Lontitude | Latitude |Depth (km) Strike Dip Rake | Strike2| Dip2 | Rake2
CPPT | 119.88E 0.20S 15 354 75 2 264 88 165
USGS | 119.84E 0.18S 13.5 350 67 -17 87 74 -156

GFZ 119.86E | 0.22S 10 350 58 -7 84 83 -147
IPGP 119.80E 0.20S 22 262 80 159 356 69 11
GCMT | 119.94E | 0.59S 12 348 40 -9 85 84 -130
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Figure 2. Relief map with moment tensor solutiorf$able 1)and the main tectonic structurés the
region ofSulawesi Yellow star indicateghe epicentre of Palearthquake.
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3. Measuring caseismic deformation from opticalimage correlation

We used optical satellite acquisitions after the earthquake in order to measure horizontal
displacement from the fault rupture. Spilxel correlation method (Scambos et al.,
1992 Van Puymbroeck200Q Leprince efal., 2007) applied otwo images acquired at
different times and ortheectified, enables detection of homologous points by
correlation methods with a theoretical sensitivity of /10 a pixel. Shift between
correspondingpoints on the two imageeelatesto the displacementhat occurred
between the acquisition of the two images.

Subpixel correlation applied to higresolution satellite images $ashown the
efficiency of this technique for measuring ground displacements due to earthquakes
(Klinger etal., 2006 Barisin etal., 2009 Rosu etal., 2014). A 2D displacement field

with two components, 8V and NS is produced thaan beanalysedand interpreted in

order to identify and measure horizontal displacements.

For this analysis, we useitie MicMac opensource photogrammetry software, and
MPIC-OPT (Multiple Pairwise Image Correlation of OPtical image Tiseeiesi
Stumpf etal.,, 2017) service on Geohazards TEP. Optical imagery available for this
analysiswas Sentinel2 (10 m resolutior) from Coperntus/ESA covering the full
region, and Planet (& resolutior) from Planet Labs (Planet 2018) for ald@ part of

the fault near Palu. Pestairthquake acquisitions of Senti&Wwere maden October 2,
2018and for Planet imagesn October ¥, 2018, respdively. Preliminary esults from
MPIC-OPT processing of Sentin2lframes are shown at Figue

Although large parts of the area around the fault ruptgenissing due to cloud cover

or correlation failure, there is a clear delineation of the fault rupture at the
central/southern part, while northern part is poorly defined as a result of cloud cover and
poor coherence.
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Figure 3. Horizontal displacement of several metres along the M7.5 Palu, Sulawesi earthquake
rupture produced from Sentir2loptical imagery using the MPIOPT service. Leftateral
movement of the fault is apparent from theSNbomponent (right panel: red is tads north,

blue towards south). -/ component (left panel) is more indicative of large gravitational
coseismic features. Total fault rupture exceeded 140 km in length

Using the MicMac software (Rosu ail. 2014 Rupnik etal. 2017), wealsoobtained a
satisfactoryimaging of the earthquakdisplacement field from Sentinr@l images
(Figure4). The fault rupture trace is identified by the merging of opposing displacement
gradients. The dominant component of the fault4S Neftlateral slip) while the BV
componentmainly marks locations of large surface displacements (landslides, lateral
spreading). Based on optical correlation results, we mappet48 km rupture length

for the M7.5 earthquake. Fault slip is mainly strétgp (left-lateral) with a small
reversecomponent. Fault rupture probably involves multiple segments and a large part
of the PaluKoro fault. At least two major steps are involved, transferringsthike-slip
rupture through different segments and faults. The best documentstefeitonnects
Palu segmenwith the southernmost fault segméhtg. 4), where a normal (?) NV8E

fault at the eastern side of the valley was probabtwatedby the earthquake as it is
inferredby the EW displacement field.
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Figure 4. Left panel): Horizontal displacement {8l component) usingoptical image
correlation from Sentin€? imagery, processed with MicMac software. Areas in red color
moved to the north; areas in blue moved towards the south. The horizontal digpiacem
larger than 4 nalonga large portion of the rupture. Right pangdlinedion of the ryture trace
(thick black lines), with dotted linesdepicting ares showinglack of data or lowquality data.
The Pantoloan Port tide gaugesitionis marked vith a blue triangleRed solid circles indicate
USGS epicentre@M > 4) for the period Sep 280ct 12, 2018

Planet images with a high ground resolution oh 3vere used to map the fault rupture
zone inmore detail (Figure5). Because of mproved resolution over Sentin2| it
enablel a finer detail ofboth the fault horizontal deformation ants trace/structure.
Preliminary results for a 2&km section of the faulcrossing thePalu alluvial valley,
revealed a rather clear and simple rupture that can be followed hbmgstern part of
the valley. Apostearthquakdield report by PYMBGCVGHM (Pusat Vulkanologi dan
Mitigasi Bencana Geoloyincludedfault offset measuremenso as thisllowed us to
validate our image processing resultdsing a profile across the reped site, we
measuredb.4 m of fault offset from the Planet displacement data, which goed
matchwith respect tdhe 4.6 - 5.8 moffset measured by PVMBGVGHM geologists
(Figure 6). The maximum displacemenihorizontal) was mappedt the centreouth



part, along Palu fault segmer@ur resul$ indicate tht the rupture startednear the
epicentre(Fig. 4) where itwasaccommodated along a poodgfined fault zone at an
approximate NS orientation, themwas transferredtowards the soutllong the Paku
Koro fault, up to the southernmost end.

Figure 5. Detailed map of the cseismic displacementrace of the Palu fault
segment, obtained bymage correlation usingMicMac software and Planet
imagery (seemap location in Figure 4)Surface ruptureslong the Palu segment
show little complexity and a single rupture planghaded relieis from DEMNAS
8m digital elevation model (tides.big.go.id/ DEMNAS)ocation of Figure 6is
outlinedwith a whiterectangle

Figure 6. Comparson of displacement extracted from Planet imagery for Palu
fault co-seismic rupture, with field data reported from PVMB&G/GHM at the
same |eality https://twitter.com/vulkanologi_ing/status/1050396131216175105
Field measurementsange from4.6 - 5.8 m and validate the 5.4 m leftateral
offset measured from optical correlatiomhe data comprise &-W 50 m wide
swath profile Site locationis indicated inFigure 5
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