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Abstract - The most seismogenic fault of South Sulawesi region is Walanae Fault, which has a moderate seismicity
history with magnitudes ranging from Mw 4 to Mw 5. The largest earthquake occurred in 1997 with a magnitude of
Mw 5.9. After the Donggala-Palu earthquake assailed Sulawesi Island in 2018, the fault in this region were reacti-
vated, including the Walanae Fault system that has pair parallel faults, West Walanae Fault (WWF) and East Walanae
Fault (EWF). This fault zone has a 150-km-long and 3-km-wide fault traces, and should have seismicity potential to
produce larger earthquakes than the events measured to date. The resulting radiocarbon ages obtained from the dating
of organic samples collected on two tranches along with the EWF support that the Walanae Fault zone has a longer
earthquake history in the ranges of 4,000 BP (3,050 cal BP and 3,990 cal BP) and 100-300 AD (101 AD pMC and
340 cal BP). The results of age evidence suggest that the Walanae Fault system is an active fault, and must remain of
concern as an earthquake source with potential hazards in the region, comprising the West Walanae Fault (WWF) and
the East Walanae Fault (EWF). Both faults are separated by a narrow lowland area of Walanae Depression (25 km).
The lowland area sandwiched by these two faults harboring a potential seismic amplification that might be generated
by thick sediment filled the lowland.
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Background

Sulawesi Island is located in a complex tec-
tonic setting involving three large lithospheric
plates: the Eurasian Plate to the west, Pacific
Plate to the east, and Indian-Australian Plate to
the south. Neogene tectonic history of Sulawesi
is characterized by a continent-continent collision
that occurred between Sundaland- and Australian
Craton-derived blocks (Hamilton, W., 1979; Cof-
field et al., 1993; Priadi et al., 1994; Bergman et

in the development of large-scale active strike-
slip faults, active thrust faults and extensions,
and magmatism related to extensive lithospheric
melting (Bergman et al., 1996; Cipta et al., 2017).
Most large-scale active faults found in Sulawesi
Island have potential to be earthquake sources.
The crustal tectonic relation are Gorontalo strike-
slip fault in the north arm of Sulawesi; Palu-Koro
strike-slip fault and Poso thrust fault in the central
of Sulawesi; Matano strike-slip fault, Balantak
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Fault, Tolo thrust fault, and Batui thrust fault in
the east arm of Sulawesi; Lawanopo and Kolaka
strike-slip faults and Buton thrust Fault in the
southeast arm of Sulawesi; and Makassar and
Majene thrust faults, and Masupu, Walanae, Se-
layar strike-slip faults in the south arm of Sulawesi
(Figure 1).

The variety of faults in this region is associ-
ated with intense seismic activities on individual
faults, within the slab, and on the thrust faults.
The structures of Sulawesi have moderate to high
slip rates, and produce earthquakes with magni-
tudes of Mw 6-8 for individual faults and Mw >
8 for thrusts within the slab (Cipta et al., 2017,
PuSGeN, 2017). The MMI (Modified Mercalli
Intensity) seismicity scale from V-IX is based on
the 500-year return period, and almost all faults
in the region have lowlands with accumulated

sediment that has a high amplification potential
(Cipta et al., 2017). Earthquake that occurred in
2018 with a Mw 7.2 magnitude, Donggala-Palu,
followed by the Mw 6.2-magnitude Majene earth-
quake in 2021, proved that this region is prone to
earthquakes; reflecting on the production of the
two earthquakes, more severe damage occurred
in lowland areas in the Palu and Mamuju Cities,
even though the epicentres of the earthquakes
were quite far (tens of km) from these two cities.

The Walanae Fault system is a major structure
with prominent linear landform features that are
traceable over 150 km through the southern arm of
Sulawesi (Figure 1; Sukamto, 1975; van Leeuwen,
1981; Berry and Grady, 1987; van Leeuwen et
al., 2010; Jaya and Nishikawa, 2013; Cipta et al.,
2017). The system may even extend further into
the Masupu Fault to the north in central Sulawesi.
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Figure 1. Topographic map and the main active fault structures of the Sulawesi region (modified after Sukamto 1975; Hall
and Wilson, 2000; Watkinson, 2011; Cipta et al., 2017; PuSGeN, 2017; Koesoemadinata, 2020; USGS; BMKGQG).
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The Walanae Fault system comprises two paral-
lel faults, West Walanae Fault (WWF) and East
Walanae Fault (EWF), with a narrow topographic
depression in between with younger accumulated
sediments. The occurrence of a moderate earth-
quake with a Mw 5.9 magnitude was recorded in
1997, and the fact that this region has lowlands
with soft sediments inhabited by the highest hu-
man population in Sulawesi Island causing the
analysis of paleoseismicity and earthquake haz-
ards in this region to be very important. Therefore,
this study contributes new data for the evaluation
of seismic hazards in the region.

Geological Settings

The geomorphic trace of the EWF can be rec-
ognized as a distinct topography between Bone
Mountains and Walanae Depression, around
which an intensive deformation zone is charac-
terized by the development of faults, folds, and
related structures at various scales (Guritno et al.,
1996; van Leeuwen ef al., 2010). Therefore, the
EWF is thought to have played a major role in
the structural and landform developments in this
region during the Neogene. The predominance of
a sinistral strike-slip motion in the EWF has been
assumed based on the linear topographic features
and the shear sense of its neighboring major
faults, including Masupu Fault in the northern
area (Coffield et al., 1993; Guritno ef al., 1996;
van Leeuwen ef al., 2010; Jaya and Nishikawa,
2013). Recently, the EWF was activated as a NE-
SW-to-E-W-directed reverse fault with maximum
compression since the Pliocene with a dextral
slip component and pervasive development of
secondary structures in the narrow zone between
Bone Mountains and Walanae Depression (Jaya
and Nishikawa, 2013).

It has been estimated that since the Early
Miocene, the WWF Fault was involved in the
formation of sedimentary rocks in Sengkang
Basin. At a later stage, the EWF trace crossed
the sedimentary rocks in Sengkang Basin, so it
likely seems that the EWF is younger than the
WWF Fault (van Leeuwen, 1981; Grainge and
Davies, 1985; van Leeuwen et al., 2010; Jaya

and Nishikawa, 2013). In the central area of the
EWEF, topography is more pronounced, and the
Walanae Depression to the west and the high Bone
Mountains to the east are separated by the EWF
zone. The Walanae Depression is composed of
a Middle Eocene to Late Pliocene stratigraphic
succession consisting of marine sediments of
Salokalupang Group, marine volcanic rocks of
Bone Group, limestone of Taccipi Formation, and
shallow marine to fluvio-deltaic sediments of the
Walanae Formation (Figure 2). In the highlands of
the Bone Mountains, bedrock is more purely com-
posed of a succession of volcanic rocks, namely,
potassic volcanic rocks of Late Miocene consist-
ing of the Salokalupang Group and Bone Group
(van Leeuwen et al., 2010) or volcanic rocks of
the Kalamiseng Formation (Sukamto, 1982). The
northern edge of Bone Mountains forms the reef
knolls of Tacipi Formation, which are thought to
have grown in Late Middle-Late Miocene (Figure
2; Grainge and Davies, 1985; Ascaria et al., 1997).
Stratigraphic units are located in the fault zone be-
tween Bone Mountains and Walanae Depression
and are involved in the deformation related to the
EWF. Strata in this zone are sliced in variously
sized fragments and tend to dip moderately to
steeply eastward, running parallel approximately
3 km to the east. Several map-scale gentle folds
occur, and their NE-SW to NNW-SSE trends
are subparallel or slightly oblique to the general
strike of EWF (van Leeuwen et al., 2010; Jaya
and Nishikawa 2013). These folds are covered
by alluvial fan deposits provided via small rivers
from Bone Mountains, and fan morphologies are
scarcely distinct and are dissected by the channels.

In the northern part of studied area around
Sengkang area, EWF has also been crossed by
the EWF, causing the topography in the west
to become lowlands and that in the east to form
hills. The western lowlands, known as Walanae
depression, where Lake Tempe is located, are
generally filled with Quaternary sediments that
are composed of lake deposits and river alluvial.
While the hilly area to the east of the fault zone
known as East Sengkang Basin has a sedimen-
tary succession and comprises a series of Early
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Figure 2. Geological map of the southern arm of Sulawesi (after Sukamto, 1975; Jaya and Nishikawa, 2013).

Miocene marine to shallow marine sediments
(Mayall and Cox, 1988; van Leeuwen et al.,
2010). Locally, the upper part is also overlain by
unconsolidated sediments (Figure 3). The western
margin of the Sengkang Basin comprises the EWF
zone, forming a range of hills that are, structur-
ally, a propagating fault tip forming the Sengkang
anticlinal hill.

METHODS AND MATERIALS
Radiocarbon dating was performed on four
samples of organic matter included in the soil

shear band, and this organic-rich soil horizon
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was involved in deformation near the EWF trace.
Sampling was carried out at two sites in the cen-
tral and northern regions along the EWF scarps
(Figure 3). The first location was exposed along
a short cliff in the Lapaddata area around Bone
Mountains, which is the central area of the fault
trace. The area includes an alluvial fan derived
from the EWF that is located approximately 1 km
to the west of the main fault. Two sheared soil
samples with label numbers ST-28A and ST-28B
were collected in the wall of a quarry. The second
location was along the Pattirosompe Hill around
Sengkang area on the northern part of the EWF
line, located in the hills across the fault line on
the east side of Sengkang anticline. This region
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comprises scarp-derived colluvium from the most
recent event as a characteristic earthquake model
(e.g. Schwartz and Coppersmith, 1984). The
second collection of organic-rich soil samples
with sample numbers SKM-02 and SKG-03 were
collected in the wall of Pattirosompe quarry. The
sample position was stratigraphically located be-
neath the crystalline carbonate outcrop of Taccipi
Formation. All the samples were removed from
weathered surfaces to prevent contamination.
The collected samples were sieved to
separate root and plant debris, and then

treated with a hydrochloric acid (>3 N)
wash to remove carbonate minerals from
the organic matter. The samples were dated
using accelerator mass spectrometry (AMS)
at Beta Analytic Inc., Miami, Florida. The
measured radiocarbon ages were converted
to conventional radiocarbon ages (Stuiver and
Polach, 1977), and calibrated by the IntCal04
calibration curve (Reimer et al., 2004) and
the SHCAL13 calibration curve (Hogg et al.,
2013). The 613C values were reported relative
to PDB (Pee Dee Belemnite).
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Figure 3. A topographic map was obtained from the DEM collected by a shuttle radar topography mission and a structural
pattern map of the southern arm of Sulawesi (Jaya and Nishikawa, 2013). The distribution of epicentres from low to mod-
erate events (Mw 2-6) and earthquake events that occurred from 1960-2019 around the Walanae region (Supartoyo and
Surono 2008; PuSGeN, 2017; Koesoemadinata, 2020; USGS; BMKGQG), the liquefaction vulnerability zones around Wala-
nae region (Geological Agency of Indonesia, 2019), and each sample locality are also shown on the map.
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RESuLTS

Seismicity of the Walanae Fault

The earthquakes with low to moderate magni-
tudes ranging from Mw 4 to 5 lead to this region
are rarely studied. A significant earthquake oc-
curred in 1997 with a magnitude of Mw 5.9, at a
depth of 33 km. This event damaged infrastruc-
ture in Pinrang City and the nearest urban area.
To date, the slip rate is not yet known from GPS
(PuSGeN, 2017). However, a strain rate of 3 mm/
yr or less is suggested by GPS and seismological
observations of the area covering the Makassar
Block (Socquet ef al., 2006), which may include
the EWF. However, the slip rate obtained from
geological interpretations was recorded as 0.5
mm/yr (PuSGeN, 2017). Although their magni-
tudes were small, a series of earthquakes occurred
after a large earthquake of Mw 7.5 in the northern
Palu region on 28 September 2018: an earthquake
of Mw 3.1 took place in Sinjai to the south of
the EWF on 1 October 2018, and one of Mw 4.2
existed in to the north of the EWF on 9 October
2018 (Figure 3). A seismic hazard assessment of
Sulawesi region indicated that Walanae Fault is
classified as a high-intensity and moderate-hazard
zone at 8 scales (MMI: V - VII) based on the 500-
year return period and recurrence interval of 1.0
s (Cipta et al., 2017).

The focal mechanism of seismic data obtained
around the Walanae Fault trace is generally related
to oblique and reverse faults, and it was illustrated
that the current activity of the EWF is not only a
strike-slip fault but also a reverse fault, especially
in the onshore region and along the northern
EWF trace. A similar indication is also strongly
shown by paleostress data from a combination
of fault-slip and calcite twin data, and evidence
of sedimentary patterns suggests that the EWF
was originally a strike-slip fault, and has now
progressively become a reverse fault (Jaya and
Nishikawa, 2013).

The latest seismicity surrounding location 1
has occurred around 1993-2018 with a range of
Mw 2-5, the largest earthquake event was record-
ed to occurr in the northwest in 1997 (Mw 5.9)
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and the southeast (Mw 5.5). This area is mainly
composed of carbonate and clastic sedimentary
rocks of Walanae Formation which are covered by
colluvium derived fault scarp from Walanae Fault
(Figures 2 and 3). The latest seismicity surround-
ing location 2 has occurred in 1993-2018 with a
range of Mw 2-5, the largest earthquake event
recorded in the northwest in 1993 (Mw 5.0). This
area mainly consists of Taccipi Formation that is
cross-cut by the Walanae Fault (Figures 2 and 3).

Radiocarbon Dating of 613C Values

A sample representing the central area of the
EWF was taken on the western foot of EWF
scarps at the alluvial fan deposit sequence with
intervening paleosols unconformably overlying
the top of Salokalupang sequence (Figures 2 and
4). The samples used for radiocarbon dating were
soils intercalated in the shear fractures formed
in the weathered mudstone, which was intensely
sliced by fiexural slip folding that is most likely
associated with the activity of the EWF (Figure
4d). The soils include dark-brown organic mat-
ter. Samples ST-28A and ST-28B, which were
obtained 50 cm and 30 cm beneath the surface,
respectively, yielded ages of 3,050 cal BP and
3,990 cal BP (Table 1). These radiocarbon ages
were consistent with the stratigraphic order
(Figures 4 and 5). The 613C (PDB) values of the
dated soil samples are also shown in Table 1. Both
samples show similar and significantly negative
values, -18.4%o for ST.28A and -19.6%o for ST-
28B (Table 1), which are plausible for grassland
soils of grassland.

The samples representing the northern area
of the EWF were taken on Sengkang anticline
ridge. Two samples of organic-rich soil horizons
obtained underneath the crystalline limestone of
Walanae Formation at the same location of the
Pattirosempe Hill in Sengkang area (Figures 2
and 6), not indirectly in stratigraphic order but still
correlated in the field, were used for radiocarbon
dating, as shown in Figures 6d and 6c¢. These soil
samples came from a colluvial wedge on the east-
ern flank of The Sengkang anticline ridge. SKG-03
was collected 60 cm beneath the surface, while
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Figure 4. Photographs of: a) Outcrop exposure wall of mine quarry in location 1 of Bone area. b) Topographic map of the
central part of the EWF showing the morphology and the structural situation around 1 of the Bone Mountains area. The
EWF scarp-driven alluvial fans are on the western side and show the sample locality of the mining quarry. ¢) Sketches
of exposure wall of the outcrop of Figure 5a showing stratigraphic order (soil, colluvium, parent rocks), and evidence of
faulting, folding, sheared soils, and sample locality. d) Close-up of the occurrence of sheared soils that were sampled for
radiocarbon dating at the east side of the outcrop (rectangle c); dark grey soils (arrows) are intercalated among the intensely
sliced and weathered mudstone. e) Close-up of wall showing evidence of fault-slip cross-cut the colluvium layer (rectangle
¢). f) Close-up of wall showing the beds of mudstones are intensely sheared and the limestones are fragmented (rectangle c).

Table 1. Radiocarbon Age Dating of Soil Samples

. Conventional
Locality Sample Lab sample Measured radio- 813C(%o) radiocarbon age Calibrated age 20
number number @ carbon age
(BP)®
Location 1: Cal BC 1410-1210, Cal BP 3360-
_ - + - ES
Central Arca ST-28A Beta-286412 2940 + 40 18,4 3050 + 40 3160 (95% probability)©
Cal BC 2580-2460, Cal BP 3530-
= - + - +
ST-28B Beta-286413 3900 + 40 19,6 3990 + 40 4410 (95% probability)©
Location
2: Norhern SKM-02 Beta-437032 101 + 40 -24.6 101 £50 pMC = percent modern carbon
Area
SKG-03 Beta-479286 34030 -19.6 340 + 30 A

BP (95.4% probability)@

(a) Processing and measurement of samples were carryout at Beta Analytic Inc. Miami, Florida.

(b) Conventional 14C ages were calculated according to Stuiver and Polach, 1977.

(c) Calibration of radiocarbon age to calendar years was performed using “IntCal04” (calibration of radiocarbon, volume 46, 2004).

(d) Calibration of radiocarbon age to calendar years was performed using “SHCAL13” (calibration issue of radiocarbon, volume 55, 2013).
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Figure 5. A calibration diagram and age distribution of radiocarbon dates of Walanae Fault. Calibrations were obtained using
IntCal04 curve (Reimer ef al., 2004) and “SHCAL13” curve (Hogg et al., 2013).
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Figure 6. a) The exposure wall of crystalline carbonate outcrops in the mining quarry in location 2 of the Sengkang area. b) Sketches of
exposure wall of the outcrop of figure 6a showing stratigraphic order (soil, colluvium, parent rocks), and evidence of fault scarp, layer rocks,
and sample locality. ¢) Topographic map and structural components of the central part of the EWF showing the morphology and structural
situation around location 2 of the Sengkang area. d) Close-up of the occurrence of the organic-rich horizons that were sampled for radiocarbon
dating of SKG-03 (rectangle b). e) Site of SKM-02 soil sampling (arrow); the “X” marking is the continuity of the horizon of SKG-03.

SKM-02 was collected 100 cm from the surface.  also consistent with the stratigraphic order (Table
Stratigraphically, SKG-03 was older than SKM-  1); SKM-02 yielded an age of 101 AD pMC, and
02 (Figures 6d and 6e). The dating results were ~ SKG-03 yielded an age of 340 cal BP. This ~200-
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year difference represents two different earthquake
events. The 613C (PDB) values of the dated soil
samples (Table 1) both show similar and signifi-
cantly negative values, -24.6 %o for SKM-02 and
-19.6 %o for SKG-03 (Table 1; Figure 5), which
are also plausible for grassland soils.

Compared to location 2 in the northern area
of the EWF, the age at location 2 in Sengkang
area represents the most recent faulting event at
this site. The gap of ~2,700 to ~2,900 years in
both locations shown in Table 1 is likely because
the sample at location 1 is a fissure and crack of
the alluvial fan located far away from the main
fault, approximately =1 km from the EWF scarps
(Figure 6b). Whereas the sample obtained from
location 2 represents a direct deposition wedge
from the Walanae Fault trace. All organic soil
data have revealed a good paleoseismic record
around the region. To assess seismic risk in the
future, more information is still needed to add to
the comprehensive study of this area.

DiscusSsIoON

Paleoseismicity of Walanae Fault

Although no obvious tectonic landform has
been found and the current seismicity around the
EWF seems relatively low compared to that in
Central and North Sulawesi (Socquet et al., 2006;
Bellier et al., 2006; Tanioka and Yudhicara, 2008;
Jaya et al., 2019), Late Quaternary deformation
associated with EWF activity is confirmed by our
radiocarbon dating results, yielding deformation
periods of approximately BC ~3,000 to ~4,000
and AD ~100 to ~300 (Table 1; Figure 4). Based
on seismotectonic studies, the present-day de-
formation and stress field in South Sulawesi are
characterized by a compressional regime with
ESE-WNW (N99°E)-trending o1, showing the
dominance of reverse faulting in South Sulawesi
(Beaudouin et al., 2003; Tanioka and Yudhicara,
2008; Jaya and Nishikawa, 2013). Therefore, it
can be accepted that the stress states of the E-W
to NE-SW general compression have continued
consistently since Late Miocene.

Currently, no data are available on the aver-
age rupture length or slip rate of Walanae Fault.
However, if empirical relationships are applied
(e.g. Wells and Coppersmith, 1994), when the en-
tire fault (~150 km) ruptures at once, by applying
the modern-magnitude earthquakes with average
magnitudes of Mw 5-6 that did not rupture the
surface in these areas, with such a rupture length,
the fault is likely to produce an earthquake with a
magnitude of Mw 6-7. This magnitude seems to
agree with the rupture scenarios of future events.

Earthquake Hazard of Walanae Fault
Individual earthquake hazards along the
Walanae Fault trace appear to be high, with the
lowlands along with the Walanae Depression
and Tempe Depression created by the fault lead-
ing to high ground motion amplification (at site
classes D and E) (Cipta et al., 2017). Part of the
depression area was classified as a moderate lig-
uefaction-vulnerability zone (Geological Agency
of Indonesia, 2019). The earthquake history was
recorded from 1993 to 1997 in the northern part
of Walanae Valley with an average magnitude of
Mw 4-5; an earthquake occurred in 1997 with a
magnitude of Mw 5.9 in the same area (Figure 2).
The earthquake was recorded to have caused the
deaths of sixteen people and destroyed hundreds
of buildings (local government and online news
information). These high-potential earthquake
hazards and paleoseismicity have been correlated
well with the historical damaging earthquakes in
the region, except for the damaging 29/12/1828
earthquake in Bulukumba, which had an MMI
scale of VIII-IX, earthquakes that have occurred
on the south coast of South Sulawesi, and even
the tsunami that occurred around Makassar in
1820 with MMI scale VII (Supartoyo and Surono,
2008). However, monitoring of the earthquakes
that occurred £200 years ago was not equipped
with coordinated information, and it is possible
that these earthquakes were caused by either The
Walanae Fault or an unmapped offshore extension
of this structure to the SE (Cipta et al., 2017).
However, in general, fewer historical earth-
quakes have been recorded in this region com-
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pared with those recorded over the entire island.
Research and documentation of earthquake haz-
ard data in this region should be continued since
the region contains several small towns inhabited
by significant populations, with an average of
50,000 inhabitants in towns in Walanae Valley
from north to south, such as Pinrang, Pangkajene-
Sidrap, Sengkang, Sinjai, and Bulukumba. It
can also be considered that the major faults in
the middle part of Sulawesi are quite large in
intensity and magnitude. Thus, if ground shaking
occurs due to a large earthquake in this area, it
may be influenced by Walanae region, such as
Palu earthquake of 2018. Another consideration
is that physiographically, this region is the bound-
ary between Walanae Valley and the northern
highlands of Majene and Masupu Faults, which
can be influenced by these thrust faults with high
earthquake intensities and seismicity. When a
major earthquake occurred in Central Sulawesi
in 2018, this region also showed a significant
activity.

CONCLUSIONS

The novel insights derived from the field
investigations, radiocarbon dating, paleoseismic
analysis, and earthquake hazard analysis of the
Walanae Fault in the southern arm of Sulawesi
can be summarized in the following points.

* The Late Quaternary radiocarbon ages of BC
3,050 cal BP and 3,990 cal BP obtained for the
sheared soils were collected from the western
fault scarp of East Walanae Fault in Bone
area (location 1) indicated two earthquake
events and suggested present-day deformation
around East Walanae Fault.

* The most recent two radiocarbon ages ob-
tained via dating of organic-rich soils (101
AD pMC and 340 cal BP) were measured in
the scarp-derived colluvium of main faults of
East Walanae Fault in Sengkang area (location
2), confirming paleo-seismic EWF activity.

» Thessignificant recent earthquake that occurred
in 1997 around Walanae Depression showed
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that both Walanae Fault and the lowlands have
high future potential earthquake hazards.
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