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Abstract 

A large Mw 7.5 earthquake occurred at 18.03 on 28 September 2018 in the Donggala–Palu area of Central Sulawesi, 
Indonesia, which triggered a tsunami, liquefaction, and landslides. A 160-km rupture zone was formed on the surface 
along the NS to NNW–SSE trending Palu–Koro fault (PKF) system through three regencies: Donggala, Palu, and Sigi. 
Obvious surface ruptures associated with the earthquake were not observed in the epicentral area. Surface ruptures 
with a small displacement of both sinistral and westerly downward slip components appear south of the epicentral 
area in the Donggala area. The event induced widespread subsidence of the Donggala coastal area on the west side 
of the rupture zone. Passing across the Palu bay, the rupture cuts through the urban area of Palu city and extends 
across alluvial fans along the western side of the Palu basin showing large displacements with a predominant sinistral 
slip up to 4.2 m and subordinate easterly downward slip components. Approximately 5 m of anomalously high verti-
cal displacement with 3 m of horizontal displacement occurs in an extensional bend in the southern area of the Palu 
basin. In the Sigi valley, the rupture zone follows the previously known PKF trace showing predominant sinistral and 
subordinate easterly downward slip, of which displacement is 0.9 m sinistral and 0.5 m easterly downward at the site 
60 km south of Palu city and gradually smaller toward the south. These distributions of rupture zones and displace-
ments suggest that rupture of the 2018 earthquake unilaterally propagated southwards and resulted in the move-
ment of the eastern side of the fault towards the NNW.

Keywords: Palu–Koro fault, 2018 Donggala–Palu earthquake, Displacement, Surface rupture, Subsidence, 
Liquefaction
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Introduction
An Mw 7.5 earthquake occurred in the Donggala–Palu 
area of Central Sulawesi, Indonesia at 18.03 on 28 Sep-
tember 2018 (hereafter referred to as the 2018 earth-
quake). The main shock focus is estimated approximately 
80 km north of Palu city (Figs. 1, 2; 0.2559°S–119.8462°E) 
and 20  km deep (USGS 2018; Fig.  6). Several minutes 
later, it was followed by a tsunami around Palu bay, sig-
nificant liquefactions and hundreds of landslides. This 
earthquake caused heavy causalities and severe damages 

to houses and infrastructures in this region, especially in 
the communities around the rupture zones in the Dong-
gala, Palu, and Sigi regencies, which the Palu–Koro fault 
system runs through.

The Palu–Koro fault (PKF) is known as one of the 
major regional active fault systems in the Sulawesi area, 
consisting of a series of strike–slip faults that generally 
trends N–S and NNW–SSE (Bellier et  al. 2001, 2006; 
Socquet et  al. 2006; Fig.  1). The PKF has been consid-
ered a significant source of the regional seismic hazard 
in Central Sulawesi due to a long fault trace over 200 km 
(Bellier et  al. 2006; Watkinson and Hall 2017), and fre-
quent occurrences of large and moderate earthquakes 
(Mw 6–7.6) (Pelinovsky et  al. 1997; Go´mez et al. 2000; 
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Prasetya et al. 2001). Based on this information, a proba-
bilistic model for seismic hazard in Sulawesi has been 
proposed (Cipta et  al. 2017). However, records of this 
seismicity have been limited to minimal information on 
the year of occurrence, epicentre, and magnitude, and 
mostly contain vague information. Furthermore, the 
positions of the seismic sources are generally offshore 
the Makassar Strait except for the event in 1938 (Mw 7.6) 
and a few Mw 6 class events in the southern part of the 
PKF. Therefore, PKF lacks fundamental information for 
seismic hazard assessment.

It is essentially important for the prevention of future 
disasters to clarify the characteristics of rupture asso-
ciated with the activity of the PKF that involves extent, 
distribution, displacement, and sense of shear. Surface 
ruptures of the 2018 earthquake were exposed in a large 
area along with the PKF system. It is crucial to record 
field data of surface ruptures immediately after the event 
since they rapidly disappear due to human activities and 
erosion by rainfall. In this paper, we report the prelimi-
nary results of a field survey on distribution, orientation, 
displacement, and slip sense of the ruptures associated 
with the 2018 earthquake, which was conducted mostly 
within 7 weeks of the event.

Outline of the Palu–Koro fault system
The PKF is a major strike–slip fault cutting through the 
central part of Sulawesi Island (Fig.  1), extends close to 
northern tip of the Matano Fault to the south and west-
ern part of the Celebes Sea to the north, where the North 
Sulawesi subduction zone is located (e.g., Hamilton 1979; 
Bellier et al. 2006; Socquet et al. 2006). The seismicity and 
tectonics of the Central Sulawesi fault system (CSFS), 
which consists of the PKF, Matano fault, Poso fault, 
Lawanopo fault and Kolaka fault have been reported by 
numerous researchers (e.g., Tjia 1981; Hamilton 1979; 
Silver et al. 1983; Bellier et al. 2001, 2006; Watkinson and 
Hall 2017). The activity of the CSFS is associated with the 
westward motion of the Sula platform, which causes the 
sinistral displacements along the faults and intensive seis-
micity within the region. Slip rate of the PKF has been 
estimated at 35 ± 8 mm year−1 using GPS, which is simi-
lar to the long-term slip rate estimated from geomorpho-
logical investigations (e.g., Silver et al. 1983; Walpersdorf 
et  al. 1998a, b; Bellier et  al. 2001, 2006; Socquet et  al. 
2006).

The epicentre of the mainshock of the 2018 earthquake 
is located 80 km north of Palu city (0.2559°S–119.8462°E). 
The rupture zone can be divided into two parts depend-
ing on general trend; the northern 80  km running 
through the Donggala regency from the epicentre to the 
Palu bay is N–S trending, while the southern part which 
passes through the Palu basin and Sigi valley shows 
NNW–SSE trend (Fig. 2).

Methods
We conducted a field survey within 7 weeks of the main-
shock of the 2018 earthquake (9–12 October and 6–17 
November) and mapped associated surface ruptures for 
a distance over 200 km, in the area from 10 km north of 
epicentre to 80 km south of Palu city. A field survey was 
conducted along the roads and rivers crossing the area 
with intense deformation of ground surface and damage 
of constructions. Since the rupture area is quite extensive, 
we have used some remote sensing data such as InSAR 
data produced soon after the earthquake (e.g., GSI 2018) 
and information from the local community as guidance 
to identify the trace of coseismic ruptures, especially in 
the northern and southern parts of the survey area. To 
ensure the relationship between rupture distribution and 
geomorphological features, we used the Digital Elevation 
Model (DEM) based on Shuttle Radar Topography Mis-
sion (SRTM) 1 arc second global 30 m resolution (https 
://earth explo rer.usgs.gov/), data processing used Global 
Mapper software. We also used satellite imagery from 
Google Earth (updated 2016 and 2018) for certain areas. 
All images dataset were integrated into ArcGIS.

We adopted criteria for judgment if fractures of ground 
surface are surface ruptures associated with the 2018 
earthquake that have: (1) lateral continuity, (2) displace-
ments that show a common slip sense in each site, and 
(3) fresh appearance without erosion that indicate coseis-
mic. Other coseismic fractures are referred to as ground 
fissure in this paper. We measured orientation data of 
fractures (strike and dip of fracture planes, and the rake 
of slickenline on the plane), lateral (strike–slip) and ver-
tical displacements, slip sense and width of the rupture 
zone defined as the range in which ground is flexurally 
deformed using reference markers (e.g., roads, channels, 
and walls) by conventional instruments for field survey 
such as a hand-held GPS receiver, clinometer, tape meas-
ure, and hand level.

(See figure on next page.)
Fig. 1 Map showing the distribution of ruptures, ground fissures, hot springs, subsidence areas, liquefaction zones, and landslides associated with 
the earthquake that occurred on 28 September 2018 in the Donggala–Palu area of Central Sulawesi, Indonesia. Structural lineaments are modified 
after Watkinson and Hall (2017). The base map is a 30 m DEM-SRTM (USGS). Original data to make distribution of surface rupture Fig. 1 are compiled 
in Additional file 1

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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Results
The northern (Donggala) area
In the northern (Donggala) area, the rupture zone associ-
ated with the 2018 earthquake does not coincide with any 
previously inferred fault trace, but runs through a coastal 

plain and small inland basin chain, contrasting with the 
southern parts (Palu basin and Sigi valley) where new 
surface breaks follow the clear fault trace of PKF. Since 
significant damages were reported mostly to the south of 
the epicentre, observations have not been made further 

Fig. 2 Displacements of surface ruptures measured in the field. a Horizontal and vertical displacement along the surface rupture zone. Black 
column: surface rupture, grey column: ground fissures that are not confirmed as surface rupture. b Distribution of surface rupture formed by 
the 2018 earthquake (red line), ground fissure (blue line), and tectonic lineament of presumed fault (grey line). The length of ruptures and 
ground fissures showed on the map are exaggerated. The base map is a 30 m DEM-SRTM (USGS). Rose diagrams of fracture orientations are also 
shown. Original data to make distribution of surface rupture in Fig. 2 are compiled in Additional file 1
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north of the region approximately 10 km north of epicen-
tre (0.1258°S–119.8043°E) in our survey.

Around the epicentre and to the north, serious dam-
ages such as intense ground fissures, rock falls, landslides, 
destruction of houses and discharges of high-tempera-
ture hot springs that infer deep-reaching fractures, are 
distributed along an approximate N–S direction (Fig. 3f ). 
In Dampal village close to the epicentre (Table 1), num-
bers of discontinuous and short ground fissures which 
orient NW–SE were observed in a dried coastal marsh. 
They accompany sand eruption indicating liquefaction 
(Fig. 3f ). In the areas 8 km and 20 km south of epicen-
tre (Tondo and Tamarenja villages; Figs.  1, 2, Table  1), 
ground fissures trending from NW–SE to NE–SW 
are formed concentrated in the zone of several tens of 
metres, respectively. However, in our surveys crossing 
the area where crustal movement is inferred from remote 
sensing images (e.g., GSI 2018), distinct surface ruptures 
were not observed.

A few displacement measurements were made for rup-
tures in several sites south of the epicentral area. In Amal 
village, approximately 40  km south of the epicentre, a 
clear NW–SE trending surface rupture zone is exposed 
linearly over 900 m in length (Figs. 1, 2, 3g; Table 1). At 
the site it crosses a road and a water channel, the main 
rupture almost vertical and striking about 300° shows 
sinistral and westerly downward slip with 0.4  m hori-
zontal and 0.7  m vertical displacements in the flexural 
deformed zone of 3.2 m wide (Figs. 2, 3g; Table 1). In Lero 
and Labuan villages in the southern coastal area of Dong-
gala area, NNW–SSE striking ruptures are exposed, both 
are single fractures and show almost vertical or steep dip 
and small offsets less than 20 cm in both horizontal and 
vertical displacements (Figs. 1, 2, 3i; Table 1). Observed 
horizontal slip senses are inconsistent with each other.

Coastal areas on the west side of the rupture zone are 
widely subsided. Although detailed mapping of subsid-
ence has not yet been performed through the region, 
coasts near the epicentre (Sirenja coast) and the south 
end of the rupture zone in the Donggala area (Lero coast) 
show particular significance, where a transgression of 
coastline and a widespread flooding at high tide have 
occurred resulting from subsidence as much as 3 m since 
the 2018 earthquake (Fig. 3c, h).

The southern area
The Palu basin
A rupture zone cut through the western part of the Palu 
basin trending NNW–SSE (Fig.  2). Although the clear 
geomorphological feature suggesting a recent fault activ-
ity is recognised by straight mountain fronts and triangu-
lar facets in the western side of the basin, the new rupture 
zone does not follow it and runs several hundreds of 

metres east of mountain base across the alluvial fans. 
Even though the distance from the epicentre is over 
80 km, the horizontal displacement of rupture is largest 
around Palu city (Figs. 1, 2). We observed ruptures cross-
ing the urban area (Fig.  4). A narrow zone with intense 
destruction and abrupt bending of the road is continu-
ous for several kilometres southwards. The rupture zone 
is formed approximately 2.9 to 16.0  m wide and shows 
common sinistral and easterly downward slip sense. Hor-
izontal and vertical components of slip range from 2.1 to 
4.2 m and from 0.2 to 0.35 m, respectively (Figs. 1, 2, 4b, 
d; Table 1).

There is a bend section where rupture zone obliquely 
traverses across the southern part of the Palu basin, 
along a fault trace the red surface rupture trace that 
links Rogo with Saluki known as the Saluki fault trend-
ing NW–SE (Figs.  1, 2; PuSGeN 2017). We refer to this 
section as Rogo bend. At the west end of the Rogo bend, 
a steeply dipping rupture with anomalously high verti-
cal displacement of 5 m and horizontal displacement of 
3 m is observed (Fig. 4f ). Net displacement is estimated 
approximately 5.8 m assuming vertical rupture plane. In 
the Rogo bend, ruptures show relatively large vertical dis-
placement (Table 1).

One of the striking phenomena of the 2018 earthquake 
is intense liquefaction with mudflow. In the Palu basin, 
at least four huge liquefactions with mudflows occurred: 
Balaroa area (370,000 m2) in the west side of the rupture 
zone, Petobo (1,539,000  m2), Jono Oge (1,690,000  m2) 
and Sibalaya (1,000,000 m2) on the east side. Liquefaction 
areas are located on gently inclined slopes 2–60 m high 
at the foot of high mountains, where there are old allu-
vial fans with a very shallow water table (Fig. 1). Surface 
water of irrigation systems and topographic slopes ≥ 1.5° 
have been suspected to have induced the liquefaction 
with landslide in eastern Palu Valley (e.g., Bradley et  al. 
2019; Watkinson and Hall 2019). Therefore, sides of the 
basin where thick alluvial fan materials cover are hazard 
areas of large-scale liquefaction.

The Sigi valley
This area is located south of the Palu basin, and the trace 
of the PKF is considered to pass along a narrow and 
straight valley. Fractures of the ground surface orient pre-
dominantly NNW–SSE and subordinately NW–SE. The 
rupture zone generally follows the trace of PKF show-
ing sinistral and easterly downward slip sense. Both the 
maximum horizontal (3.0 m sinistral) and vertical (1.0 m 
westerly downward) slips of rupture were observed on 
the western slope of a hill in the northernmost part of Sigi 
valley, a little south of Rogo bend (Figs. 1, 2, 5b; Table 1). 
However, data of vertical slip component in this site are 
not certain since there is a possibility that the western 
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Fig. 3 a Site map of surface rupture, ground fissures, hot springs, and subsidence areas in the Donggala area. Structural lineaments are dawn 
after Watkinson and Hall (2017). The base map is a 30-m DEM-SRTM (USGS). b The subsidence area around Sirenja coastline (overlaid on Google 
Satellite imagery, darker updated from 2016 and lighter updated from 2018) and c Lero coastline (overlaid on Google Satellite imagery updated 
from 2018). d The shoreline retreated landward due to subsidence at Dampal-Lenden Tovea village. e Maximum tide as evidence of subsidence 
at Dampal-Lenden Tovea village. f Fissures and sand eruption at Dampal village. g A surface rupture cutting a road in Amal village. h The shoreline 
retreated landward and eroded houses and coastal forests due to subsidence at Lero village. i A displacement across the road at Labuan village
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Fig. 4 a Site map of surface rupture, ground fissures, hot springs, and liquefaction areas in the Palu basin area. Structural lineaments are drawn 
after Watkinson and Hall (2017). The base map is a 30-m DEM-SRTM (USGS). b The rupture zone crossing the urban area of Palu city, in which 
constructions are seriously damaged. Abrupt bending of roads indicates a sinistral slip. (overlaid on Google Satellite imagery updated from 2018). 
c Liquefaction in the Balaroa area. d Surface rupture crossing Cemara I street in Palu city. e Surface rupture of Dolo Barat. f Surface rupture of Rogo 
village (5 m). g Surface rupture extending in a rice field in Pakuli village
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ground surface on the slope side fell down along the frac-
ture. In the Bolapapu 1 villages (1.4272°S–119.9828°E), 
60  km south of Palu city, a surface rupture cuts roads 
and extends rice fields showing sinistral and easterly 
downward slip with 0.9  m horizontal and 0.5  m verti-
cal displacements in a zone approximately 6 m in width 
(Figs.  1, 2, 5d; Table  1). In the area further south, clear 
surface ruptures were not found. Besides ground fis-
sures, landslides, destruction of roads and houses are 
not so severe compared to the north. Although our field 
survey does not provide perfect data of rupture distribu-
tion due to bad road conditions to the south and lack of 
roads crossing the valley parallel to the PKF trace, these 

distribution patterns are almost consistent with InSAR 
and PGA maps published after the earthquake (GSI 2018; 
USGS 2018; Bao et  al. 2019; Socquet et  al. 2019; Zhang 
et al. 2019; GEER 2019).

Discussion
In the past 100  years, a number of moderate and 
large earthquakes (≦ Mw 7.7) have occurred in Cen-
tral Sulawesi area (Pelinovsky et  al. 1997; Go´mez et  al. 
2000; Prasetya et  al. 2001, Fig.  6). However, the epicen-
tres of these earthquakes are widely scattered over the 
regions, mostly distributed offshore or beyond the 2018 
earthquake rupture zone. Previous studies predicted Mw 

Fig. 5 a Site map of surface rupture, ground fissures, hot springs in the Sigi valley. Structural lineaments are drawn after Watkinson and Hall (2017). 
The base map is a 30 m DEM-SRTM (USGS). Surface rupture in b Saluki village, c Laone, d Bolapapu 1 village, and e Boladangko village
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Fig. 6 Seismicity of Central Sulawesi area. Epicentres of moderate and large events (Mw 5–8) that occurred in shallow depth (< 35 km) from 1929 
to 2019 are shown. Magnitude source: Pelinovsky et al. (1997); USGS, and Indonesian Earthquake Catalog, the based map: peak ground acceleration 
(PGA) by USGS (2018). Rupture trace inferred from radar satellite imagery is also shown as dashed line after Socquet et al. (2019). Structural 
lineaments are drawn after Ratman (1976), Sukamto (1973), Simandjuntak et al. (1991), Sukido et al. (1993), Watkinson (2011), Watkinson and Hall 
(2017)



Page 11 of 13Jaya et al. Earth, Planets and Space          (2019) 71:144 

6.8–8.0 earthquakes to occur on the PKF with a recur-
rence interval less than 700  years based on paleoseis-
micity analysis (Bellier et  al. 1998; Watkinson and Hall 
2017). Therefore, the earthquake on 28 September 2018 
most likely corresponds to the upper end of that range 
of potential earthquake scenarios yielding surface rup-
ture as long as 160 km from the south of epicentre in the 
Donggala Regency to the Sigi Regency, and a maximum 
net displacement of approximately 5.8  m in the Rogo 
bend.

These field data were evaluated using the following 
empirical relationship between length and maximum dis-
placement of exposed fault and moment magnitude scale 
(Mw) (Wells and Coppersmith 1994):

and

where L and D are fault length and maximum displace-
ment, respectively. Based on Eqs.  (1) and (2), L and D 
are estimated approximately 123 km and 7.7 m, respec-
tively, for Mw 7.5 which has been determined for the 
2018 event (e.g., USGS 2018). The predicted length and 
the maximum displacement of rupture are much shorter 
and slightly larger than those obtained in our field survey, 
respectively. Therefore, 2018 Donggala–Palu earthquake 
is characterised by a long-distance rupture propagation.

Surface ruptures are exposed only south of the epicentre 
of the 2018 earthquake, indicating a unilateral propagation 
toward the south. It is also a distinct feature of this event 
that little displacement was observed in the epicentral area, 
while the largest displacement was measured around the 
Palu basin, which is 80 km from the epicentre. The south-
ern part of the new rupture zone associated with the 2018 
earthquake (Sigi valley and Palu basin) generally follows 
distinct tectonic lineaments of the PKF system trending 
NNW–SSE (Watkinson and Hall 2017). In contrast, the 
surface ruptures to the north deviate from the presumed 
path of the PKF, which passes along the west side of Palu 
bay and extends northward offshore, but cuts through the 
Donggala Regency in the North Arm, where there are few 
distinct geomorphic features. Although the rupture zone 
is inferred N–S trending from the distribution of site of 
intense ground fissures, landslides, and hot springs as well 
as surface ruptures in the northern part, the continuous 
rupture zone cutting throughout the region is not clearly 
recognised since only a few sites of surface ruptures were 
confirmed due to their small displacements and NW–SE 
trends that may be oblique branches to the inferred main 
fault. These facts indicate that the northern part of the 
PKF system may be immature consisting of multiple faults 

(1)Mw = 5.16+ 1.12log(L),

(2)Mw = 6.81+ 0.78log(D),

diverged northward at the Palu basin or Palu bay. Another 
possibility is that the northern section of the earthquake 
did not originate on the PKF, but on a less mature fault 
system to the east of a mature PKF.

The surface rupture of the 2018 earthquake shows a con-
sistent sinistral slip all over the area. In contrast, except for 
the Rogo bend, the vertical slip component is subordinate 
through the rupture zone and shows some variation of slip 
sense between the regions; the northern part shows west-
erly downward slip, while slip sense of the southern part 
is predominantly easterly downward (Table 1). Subsidence 
areas along the Donggala coast are on the west side of the 
rupture zone, consistent with the vertical slip sense of the 
northern rupture zone. The main rupture zone extends in a 
very narrow orientation range between N–S (in the north-
ern part) and NNW–SSE (in the southern part). There-
fore, a subtle change of the rupture zone trend most likely 
controls slip sense of the vertical component. The relative 
motion of the east block of the rupture zone toward the 
direction slightly west from the north can account for this 
regional variation, and results in both contractional and 
extensional states in the northern and southern areas, 
respectively. A dominance of easterly downward slip in the 
NW–SE trending Rogo bend in the south end of the Palu 
basin indicates a progressive crustal transtension, which 
has most likely accommodated extension and subsidence 
of a narrow basin extending NNW by this block motion 
over a longer timescale.

The extent and displacement of the rupture zone 
observed in our field survey are generally consistent with 
interferometric images of crustal deformation created 
from ALOS-2/PALSAR-2 data (Fig.  6; GSI 2018; Soc-
quet et al. 2019), and slip displacement distribution based 
on GSN broadband waveforms provided by the USGS 
(2018). Nevertheless, a further detailed investigation is 
necessary for the elucidation of a precise rupture distri-
bution, morphology, and crustal deformation associated 
with the 2018 earthquake (Additional file 1).

Conclusions
The earthquake that occurred on 28 September 2018 in 
Central Sulawesi produced a 160-km-long surface rup-
ture with a maximum net displacement of approximately 
5.8  m and triggered a tsunami, liquefaction with mud-
flows and landslides. Surface ruptures with both sinistral 
and down-to-the-west extensional slip appear along the 
western coast of the Donggala area, south of the epi-
centre. A distinct rupture zone cuts through the urban 
area of Palu city and extends across alluvial fans along 
the western side of Palu basin, showing displacements 
with large sinistral and subordinate easterly downward 
slip components. The maximum vertical displacement 
appears in a transtensional bend in the southern area of 
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the Palu basin. In the Sigi valley, the rupture zone follows 
the previously known PKF traces with sinistral and east-
erly downward slip components. The 2018 earthquake-
induced widespread subsidence of coastal areas west of 
the rupture zone in the northern part. These distribu-
tions of displacement, slip sense, and crustal deformation 
suggest that the motion direction of the east block of the 
rupture zone was slightly west from the north.
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org/10.1186/s4062 3-019-1126-3.

Additional file 1. Locations of surface ruptures along the Donggala-Palu 
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