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Abstract: A probabilistic seismic hazard assessment that includes the effect of site amplification
is undertaken for the island of Sulawesi, Indonesia. High seismic activity rates, both along fast-slip-
ping crustal faults including the major Palu-Koro–Matano Fault System and in regions of distrib-
uted deformation, contribute to moderate–high earthquake hazard over all but the SW part of the
island. Of particular concern in terms of seismic risk are the numerous cities sited on soft sedimen-
tary basins that have formed due to movement along presently active structures and that can be
expected to amplify earthquake ground motions, including the provincial capitals of Palu and
Gorontalo.

The island of Sulawesi is actively deforming and
experiences frequent seismicity in all but the most
SW part of the island. Although mass casualty
(1000+ fatalities) earthquake events have not pre-
viously occurred, more-frequent smaller disasters
regularly cause smaller numbers of fatalities and
economic losses. The most severe historical event
in terms of fatalities is the Toli-toli earthquake and
tsunami (Ms 7.4, 1968, as in Pelinovsky et al. 1997)
that killed 200 people (BNPB 2010). Steep topogra-
phy both onshore and offshore means that landslide
is a major secondary hazard, with the extension
of faults offshore meaning there is potential for
earthquake- and mass-movement-generated tsunami
associated with earthquakes. Characterizing earth-
quake sources and the seismic hazard due to ground
shaking is therefore an important step in understand-
ing better the threat from earthquakes faced by the
more than 17 million people (BPS 2010) who inhabit
the island of Sulawesi.

Hazard maps resulting from this assessment
were published by the Geology Agency of Indonesia
(Badan Geologi) for the six provinces comprising
the island of Sulawesi. The purpose of these hazard
maps is to inform resilient building design, local
spatial planning and the development of local disas-
ter management plans. In order to be appropriate for
these purposes, it is important that the effect of local
site conditions on seismic hazard is considered.
Site amplification is correlated with local surface
geology, and therefore site amplification factors
are estimated using proxy methods based on surface

geological and morphological data. Furthermore,
results are expressed both in terms of spectral accel-
eration for different periods of ground motion and as
felt intensities – with the former being more appro-
priate for informing building practices, and the lat-
ter providing a simpler description of hazard to
inform spatial planning and local disaster manage-
ment planning.

This paper first provides a brief review of the
geology and seismotectonics of the island of Sula-
wesi, and the implications for seismic hazard assess-
ment. Secondly, details of the hazard assessment
methodology, the Earthquake Risk Model (EQRM)
software package and input parameters used in the
model are described. A key aspect is a compari-
son of suitability of the site class proxy methods of
Matsuoka et al. (2006) and Wald & Allen (2007)
for estimating amplification due to local site effects.
In the final part of the paper, the hazard assessment
results are presented and discussed.

Geological and seismotectonic setting

The island of Sulawesi consists of a number of frag-
ments of lithosphere that display a complex geo-
logical history of subduction, collision and local
extension (Fig. 1). West Sulawesi, including the
southern arm, is underlain by relatively strong,
thick and cool lithosphere that was rifted from
Australia and accreted to Sundaland in the Creta-
ceous (Hall 2011). The SE and east arms are derived

From: Cummins, P. R. & Meilano, I. (eds) Geohazards in Indonesia: Earth Science for Disaster Risk Reduction.
Geological Society, London, Special Publications, 441, http://doi.org/10.1144/SP441.6
# 2016 The Author(s). Published by The Geological Society of London. All rights reserved.
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from fragments of continental Australia (Sula Spur)
that were accreted during the Miocene; the north
arm represents a volcanic arc formed by north-
dipping subduction in the early Miocene and asso-
ciated thrusting of ophiolites onto the Sula spur
during collision (Silver et al. 1983a; Hall 2011).
Subduction polarity of the north arm has reversed
and now the Celebes Basin subducts southwards
beneath the north arm at the North Sulawesi Trench.
Seismicity defines a north-dipping slab east of
122.38 E (McCaffrey & Sutardjo 1982 report 122.6
8E) and the south-dipping slab extends deeper west
of here.

East of the North Sulawesi Trench there is
double-subduction of the Moluccas Sea Plate (Sil-
ver & Moore 1978). Active thrust faulting above
the Molluccas Sea Plate verges away from the colli-
sion zone as frontal arc sediments are overthrust
onto the volcanic arc. This area is associated with

intense seismic activity both within the slab and
on the thrust faults. Deep earthquakes associated
with the subducted slabs occur beneath North Sula-
wesi; there is also a cluster of deep earthquakes that
appear to be associated with the enigmatic Una-Una
Volcano in the middle of the Gorontalo Basin (Hall
2011). The Gorontalo Basin may represent a zone of
extension resulting in the sharp topography changes
between the north arm, Gorontalo Basin and Central
Sulawesi (Hall 2011). Furthermore, low-angle
detachment zones have been identified in the Tokor-
ondo and Pompangeo mountains of Central Sula-
wesi (Spencer 2011). Thrusting also occurs in the
SE along the Tolo Thrust and to the west along
the Makassar Thrust. Seismic reflection profiles
(Puspita et al. 2005) show that the Makassar Thrust
is a significant feature that probably extends to meet
the Palu-Koro Fault, NW of Palu. This is consistent
with horizontal GPS velocities from Sulawesi that,

Fig. 1. Map of (a) the main active fault structures of the Sulawesi region.

A. CIPTA ET AL.

 at Australian National University on April 27, 2016http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


in general, are directed to the NW quadrant with
respect to a stable Sunda Block reference frame
(Sarsito et al. 2011).

Various attempts have been made to interpret
Sulawesi into a number of blocks or microcon-
tinents from GPS and gravity anomaly studies (Soc-
quet et al. 2006; Sarsito et al. 2011). It is unclear
how many blocks are needed: however, there are
probably more blocks than can be modelled with
the available data (D.A. Sarsito pers. comm. 2011).
Block boundaries interpreted from GPS measure-
ments match the location of some major mapped
faults (e.g. the Palu-Koro Fault and the North Sula-
wesi Trench), while others are more speculative
(e.g. extending from the Poso Fault through the
Gorontalo Basin towards the West Molluccas Sea
Thrust). Furthermore, Socquet et al. (2006) sug-
gested there are four strands of the Palu-Koro Fault
that cover an area 50 km wide near Palu. Geological
maps from the Geological Agency of Indonesia
(Badan Geologi) show a highly faulted landscape,
with numerous faults considered active. However,
most structures have no information on activity
rates or correlation with the GPS block models of
Sarsito et al. (2011). This makes specific inclusion
of individual faults in our hazard model difficult.
Hall (2011) suggested that the region is better inter-
preted as a continuum of weak lithosphere overly-
ing a heterogeneous basement that includes areas

of old, relatively strong crust, such as that beneath
West Sulawesi. This interpretation poses two partic-
ular challenges for how to approach development of
an earthquake hazard model for the region:

† Developing a source model that balances inclu-
sion of specific faults with inclusion of back-
ground source zones – including only fault
sources that accommodate the GPS velocities
completely is expected to cause an underesti-
mate of hazard in areas of continuous and dis-
tributed deformation, and may overestimate
hazard along the mapped faults if unmapped
structures are accommodating some of the rela-
tive motion. The model presented here includes
active fault structures where sufficient infor-
mation is available, along with distributed source
zones in less-well-defined regions, and attempts
to balance the seismic moment between fault
and background sources based on recorded
seismicity.

† Application of ground-motion prediction equa-
tions (GMPEs) for different source regions –
the heterogeneous basement structure, including
both old Sundaland and Australian continental
crust, active or recently active island arc settings
and obducted oceanic crust, means that large dif-
ferences in ground-motion propagation can be
expected between different geological regions.

Fig. 1. (b) the distribution of earthquake epicentres.
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A lack of data with which to constrain ground-
motion models means that largely default mod-
els are chosen.

Methods

The Earthquake Risk Model (EQRM)

The EQRM is an open-source, event-based earth-
quake hazard and risk calculator developed at Geo-
science Australia (Robinson et al. 2006; source code
freely available from: http://sourceforge.net/pro
jects/eqrm/). The EQRM generated a synthetic
earthquake catalogue based on input parameters
defining recurrence and geometry properties for
earthquake sources. Earthquake recurrence may be
defined using either the bounded Gutenberg–Rich-
ter model (Youngs & Coppersmith 1985; Kramer
1996) or the characteristic earthquake model
(Schwartz & Coppersmith 1984). Sources may be
defined using three different geometric representa-
tions, being zones, faults or intraslab sources:

† Zone sources are defined by a geographical poly-
gon, and a minimum and maximum depth: syn-
thetic ruptures occur randomly within this
zone, with strike and dip randomly sampled
from a uniform distribution within a range of val-
ues specified by the user.

† Fault sources are rectangular planes defined by
the updip surface projection of the fault trace.
Synthetic rupture centroids are randomly distrib-
uted on the plane, and strike and dip are con-
trolled by the geometry of plane.

† Intraslab sources are defined using the same func-
tionality as fault sources, except now the plane
defines the geometry of the dipping slab and indi-
vidual synthetic events are allowed to rupture
at some angle, or range of angles, out of the
plane (out-of-dip rupture). This allows for realis-
tic simulation of the variety of earthquake focal
mechanisms that occur within subducting slabs.
Out-of-dip rupture can also be used to simulate
uncertainty in the dip for fault sources.

Inputs

Catalogue and background crustal source zones.
The ISC catalogue was downloaded and declustered
using the Seisan software package (Ottemöller et al.
2011). The catalogue was separated into shallow
crustal (depth ≤ 35 km), instraslab (depth . 35
km) and megathrust events. The catalogue is consid-
ered complete for events magnitudes great than 4.8
and 5.0 for shallow crustal and intraslab earth-
quakes, respectively. Gutenberg–Richter b values
were calculated for crustal and instraslab events
using the maximum likelihood method (Aki 1965)

and used for all crustal and intraslab source zones,
respectively. Activity rates (lm0) above a minimum
magnitude of catalogue completeness (m0) were cal-
culated based on the average annual number of
events above m0 within each source zone. Crustal
earthquakes within 10 km of mapped active faults
were assumed to occur on these faults, allowing
for hypocentre location errors (Husen & Hardebeck
2010), and therefore were excluded from the back-
ground zone analysis. Major crustal-scale faults
were used as boundaries for the source zones,
including the Palu-Koro and Matano faults. Mmax

for background crustal source zones was set to 7.5,
as it is likely that there are large structures capable
of earthquakes of this magnitude that are not
included in the fault source model. Focal mecha-
nisms from the Global Centroid Moment Tensor
(GCMT) catalogue were used to determine faulting
type and infer the geometry of fault structures with
background zones.

Four background zones were defined. The
Northern Sulawesi Zone, bounded to the south and
west by the Palu-Koro–Matano Fault System, to
the north by the North Sulawesi Trench and to the
east by the West Molluccas Sea Thrust. It is charac-
terized by crust that is undergoing high shear strain
resulting from clockwise rotation of the Sula Block
along the Palu-Koro–Matano Fault System. A num-
ber of strike-slip faults are present within the zone,
including the Poso and Gorontalo faults, and also
eastern strands of the Palu-Koro Fault (Socquet
et al. 2006). Extension is probably occurring within
the Gorontalo Bay (Hall 2011) and this structure
may connect the Poso Fault to the Gorontalo Fault
and the West Molluccas Thrust. This structure is
also used to define a boundary in block model of
Sarsito et al. (2011). There is also thrusting to the
east along the Batui Thrust. The whole area is seis-
mically active, making further delineation of spe-
cific structures difficult without more detailed fault
studies. The high background activity rate means
that a lack of resolution of specific faults should
not adversely affect the results of the seismic hazard
assessment (Fig. 2).

The West Sulawesi Zone encompasses the seis-
mically active region west of the Palu-Koro Fault
and east of the Makassar Thrust. Again, many faults
are delineated on geological maps, but there is no
information about activity rates.

The SW Sulawesi Zone encompasses the rela-
tively seismically quiet zone along the SW arm of
Sulawesi. This area consists of continental crust
and is not actively deforming. The Walanae Fault
crosses this structure but has low reported slip
rates (2 mm a21: Irsyam et al. 2010). This fault
zone is bounded on the east by the Bone Gulf.

The SE Sulawesi Zone is bounded to the north by
the Matano Fault, to the east by the Tolo Thrust and
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to the west by the Bone Gulf. It is crossed by the
Lawanopo Fault. Activity rates here are lower than
in the North and West Sulawesi zones.

Fault sources. The initial reference fault model
was that used for the 2010 revision of Indonesia’s
national seismic hazard map (Irsyam et al. 2010).
However, several of the fault sources were modi-
fied to take into account new data regarding fault
locations, geometry and earthquake recurrence. Fur-
thermore, where fault sources were located within
background source zones (rather than defining the
zone boundary), fault-source slip rates derived
from geological or geodetic methods (Sg) were
reduced by the equivalent slip rate from the activity
rate of the background source model. Slip rate (S)
can be related to seismic moment rate (MT) by
(Youngs & Coppersmith 1985):

MT = mAf S

where Af is the fault area and m is the shear modulus.
Therefore, the Gutenberg–Richter magnitude distri-
bution, which describes the rate of seismicity and,
hence, the seismic moment rate, can be used to
relate the slip rate to the seismic activity rate. The
background seismicity rate is used to calculate an

equivalent slip rate for the fault that lies within it
by rearranging from Youngs & Coppersmith (1985):

Sl =
blf

mo
Mmax−b(mmax−m0)

o

mAf (c − b)(1 − e−b(mmax−m0))

where Sl is the estimated slip rate for the fault
derived from background seismicity only, Mmax

o is
the moment of the maximum magnitude earthquake
(mmax) for the background zone, c ¼ 1.5 from the
moment magnitude definition of Hanks & Kanamori
(1979) and b ¼ 2.303, and lf

mo
is the activity rate of

the source zone (mm0
) scaled by the volume of the

10 km buffer around the fault:

lf
mo

= lmo
Vbuffer

Vzone − Vbuffer

.

Therefore the final input slip rate for the fault is

S = Sg − Sl.

Reported slip rates for some faults were lower
than that calculated from seismicity, giving a nega-
tive value for S and demonstrating the difficulty in
characterizing individual faults for seismic hazard
assessment within a zone of high shear strain and

Fig. 2. Fault sources, intraslab sources (updip surface projection of slab trace) and background source zones.
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seismicity. However, as these faults clearly exist,
are active and pose a threat, they are still included
with a nominal slip rate of 2 mm a21, acknowledg-
ing that this probably results in an overestimate
of total seismic moment rate compared with that
derived purely from seismicity (although we cannot
be sure owing to the incompleteness of the instru-
mental catalogue).

Fault input parameters. The fault parameters used
in this study are shown in Table 1. A brief summary
of the key differences between this paper and Irsyam
et al. (2010) is given below.

The Minahasa (North Sulawesi) Trench. This
fault is mapped at the trench axis, as evident in
bathymetry (Silver et al. 1983b; Irsyam et al.
2010). However, although a few thrust events have
occurred here, the majority of thrust events are
located 50–100 km to the south. Focal mechanisms
(Fig. 3) show steeper thrusting in the east (aver-
age dip 248) than in the west (average dip 188),
consistent with Silver et al. (1983b), who observed
a steeper frontal slope in the east in seismic
reflection profiles. These data show a shallow-
dipping main thrust plane with steeper splay faults
in the overriding wedge, including north-dipping

Table 1. Summary of faults parameters used in this paper and Irsyam et al. (2010)

Fault Slip rate (mm) Mmax (Mw) Fault
type

A, b values

Irsyam et al.
(2010)

This
paper

Irsyam
et al. (2010)

This
paper

North Sulawesi 8.2 8.2 M 4.82, 0.914
Palu-Koro 30 (0.25) 35 7.94 7.9 SS –, 0.95

35 (0.50)
45 (0.25)

Poso 2 2 6.93 6.9 SS –, 0.95
Matano 37 (0.50) 41 7.9 7.9 SS –, 0.95

44 (0.50) –, 0.95
Lawanopo 25 20.3 7.59 7 SS –, 0.95
Walanae 2 – 7.53 – SS –, 0.95
Walanae N – 1.7 – 6.6 SS –, 0.95
Walanae M – 1.7 – 6.6 SS –, 0.95
Walanae S – 1.7 – 6.6 SS –, 0.95
Gorontalo 11 5 7.06 7.6 SS –, 0.95
Batui 2 2 7.06 7.3 R –, 0.95
Tolo 9 (0.50) 14 7.94 7.5 R –, 0.95

19 (0.50) –, 0.95
Makassar 4 (0.50) 9 7.46 7.5 R –, 0.95

13 (0.50) –, 0.95
Sula 10 14 7.19 7.7 R –, 0.95
West Mollucca Sea 13 13 8.47 7.9 R –, 0.95
East Mollucca Sea 29 29 8.47 8.1 R –, 0.95
Intraslab 1 – – – – I 0.690, 1.21
Intraslab 2A (shallow) – – 8 I 1.100, 1.21
Intraslab 2B (deep) – – – 8 I 5.200 1.21
Intraslab 3 – – – 8 I 1.900, 1.21
Intraslab 3A (shallow) – – 8 I 6.080, 1.21
Intraslab 3B (deep) – – – 8 I 6.675, 1.21
Intraslab 4A (shallow) – – 8 I 8.125, 1.21
Intraslab 6 – – – 8 I 15.575, 1.21
Intraslab 6A (west dipping) – – 8 I 12.6, 1.21
Intraslab 6B (east dipping) – – 8 I 23.625, 1.21
Background seismicity zone
Sulawesi – – – 7.5 C 10.825, 0.95
Sulawesi Timur (East Sulawesi) – – – 7.5 C 2.925, 0.95
Sulawesi Barat (West Sulawesi) – – – 7.5 C 1.100, 0.95
Sulawesi Baratdaya (SW Sulawesi) – – 7.5 C 0.175, 0.95

Note: M, megathrust; SS, strike-slip fault; R, reverse fault; N, normal fault; I, instraslab, variable mechanism; C, crustal, variable mech-
anism. In the ‘Slip rate’ column, the number in the brackets indicates the weight value. A-value, event rate for certain region, describes
seismic activity; b-value, tectonic parameter, determined by slope of the frequency-magnitude distribution curve.
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structures in the eastern section of the fault (Silver
et al. 1983b).

It is unclear whether the lack of earthquakes
near the trench is because strain is not being accu-
mulated within weak sediments (i.e. the theory of
Wang & Hu 2006) or if, in fact, these sediments
are slowly accumulating strain and could host a
large earthquake, as has been observed in the 2004
Great Sumatra–Andaman Earthquake (where there
is a thick sedimentary wedge: Gulick et al. 2011)
and in source models for the 2011 Tohoku, Japan
earthquake (Ammon et al. 2011; Koketsu et al.
2011). If this is the case, then the fault could contain
potential to generate a significant tsunami. How-
ever, as short-period ground motions generated by
subduction interface earthquakes decrease rapidly
with distance (e.g. Youngs et al. 1997), we place
the source fault landwards of the trench axis in
order to reproduce, as accurately as possible, the

observed seismicity on the main section of the sub-
duction interface. The fault plane is taken to dip at
an angle of 218 (mean dip from focal mechanisms):
however, synthetic events are allowed to thrust
out of this plane by randomly sampling a uniform
distribution of dips between 118 and 438. Events
rupturing out of the fault plane are further con-
strained to extend no more than maximum of 5 km
from the fault plane. Fault width is 100 km and
the maximum depth is 35 km.

The Batui Thrust. Recent work using high-
resolution multi-beam bathymetric and seismic data
allowed Watkinson et al. (2011) to reassess the tec-
tonics of this region. They found no evidence for the
Batui Thrust, as previously mapped to the north of
Poh Head (Silver et al. 1983b; Irsyam et al. 2010).
Instead, this fault is reinterpreted as occurring as a
thrust zone to the SW of the Poh Head peninsula.

Fig. 3. Focal mechanisms for the Minahasa Trench along north–south profiles showing steeper average dips in the
west than in the east. Numbers over each beachball in the upper and middle panels indicate the dip. The area in this
figure is indicated by black rectangle in Figure 1a.
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We follow this new interpretation of the location of
the Batui Thrust. Slip rates from Irsyam et al. (2010)
of 2 mm a21 are poorly constrained: however, in the
absence of further information, we apply this value
to the new location of the fault. This rate is lower
than that calculated from background seismicity in
the surrounding source zone.

The Balantak Fault. This fault is a right-lateral
strike-slip structure that cuts Poh Head to the north
of the Batui Thrust. It has a clear geomorphic
expression and has been associated with recent seis-
micity (Watkinson et al. 2011). This fault is not
included in Irsyam et al. (2010) and there are no
available data on slip rates. Therefore, we do not
explicitly include this fault in our assessment.

The Makassar Thrust. Irsyam et al. (2010)
include this fault offshore of the western bulge of
Sulawesi near the city of Majene. We extend this
thrust fault to the north to meet the Palu-Koro
Fault NW of Palu as seismic reflection profiles (Pus-
pita et al. 2005) show clear evidence of thrusting
offshore of much of West Sulawesi. It is unclear
whether this structure is one continuous structure,
as we include it, or a number of segmented thrust
faults and fold zones.

Irsyam et al. (2010) also identified a number of
other active fault structures throughout Sulawesi
that were not included in their hazard model
owing to a lack of information on slip rates. In
addition, the active fault database of the Geolog-
ical Agency of Indonesia also contains numerous
mapped structures, many of which are discernable
as topographical lineaments using the SRTM digital
elevation model. A lack of geological data and geo-
detic data to constrain slip rates, and even to confirm
the faults are active structures, means that slip rates
for individual faults cannot be defined. Therefore,
zone sources covering areas of distributed deforma-
tion are used instead.

Intraslab sources. Deep seismicity is conspicuous
throughout northern Sulawesi, and is the result of
a complex system of active and inactive subduc-
tion systems, as described above. Although much
of the deep seismicity can be explained through
these systems, the catalogue also contains some
more enigmatic events that are difficult to assign
to any structures and suggest a complex pattern of
Cenozoic collision that is not fully understood. Iden-
tifying structures is further complicated by formal
catalogue hypocentre depth uncertainties of up to
25 km (Husen & Hardebeck 2010). We define a
number of intraslab sources that attempt to explain
the seismicity and fit with geological interpretations
of the area.

Ground-motion models. At present, ground-motion
prediction equations (GMPEs) based on strong-
motion data from Indonesia do not exist. At
present, work is being started to develop GMPEs
from a new strong-motion accelerometer network
being deployed by the Indonesian Meteorology,
Climatology and Geophysics Agency (BMKG):
however, no results are yet available either for Indo-
nesia in general or Sulawesi in particular (Rudyanto
2013). Therefore, we use the logic tree of Irsyam
et al. (2010), as shown in Table 2.

Site amplification

Amplification of seismic waves in shallow soil
near the surface can contribute significantly to vari-
ations in seismic hazard between nearby areas
exposed to the same seismic sources. To apply site
amplification to a regional-scale hazard assessment
in Sulawesi where field measurements are limited,
proxy methods are used to estimate the average
shear-wave velocity in the upper 30 m of the Earth
(Vs30). Estimated Vs30 values are then either incor-
porated directly into those GMPEs that include
this term in their functional form or, for those that
do not, classified into the NEHRP site classes, and
associated amplification factors (Borcherdt 1994)
are used to scale ground-motion estimates from
the GMPEs at each site.

Two proxy methods for estimating Vs30 are
compared against field measurements of the
response spectral ratio of horizontal and vertical
components (H/V) of ambient noise measurements.
The first proxy method is that of Wald & Allen
(2007). This method estimates Vs30 based purely
on topographical slope using empirical relationships
derived from data from California and Taiwan.
Global SRTM topography has been used to generate

Table 2. Ground-motion prediction equations used
for each source region and associated logic tree
weight

Region Ground-motion model Weight

Crustal Boore & Atkinson (2008) 0.33
Campbell & Bozorgnia (2008) 0.34
Chiou & Youngs (2008) 0.33

Subduction
interface

Youngs et al. (1997) 0.25

Atkinson & Boore (2003) 0.25
Zhao et al. (2006) 0.5

Intraslab Atkinson & Boore (2003) –
Cascadia

0.33

Youngs et al. (1997) 0.34
Atkinson & Boore (2003) –

worldwide
0.33
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a global grid of Vs30 using this method, which is
freely available online from the United States Geo-
logical Survey’s Global Vs30 Server.

The second proxy method follows Matsuoka
et al. (2006) and estimates Vs30 as an empirical func-
tion of geomorphology, elevation, slope, and the
distance from hills and mountains. Empirical factors
are derived from analysis of field measurements
from Japan. The classification of geomorphology
for this method is shown in Table 3. Geomorpholog-
ical and geological maps held by the Geological
Agency of Indonesia (1:250 000 scale, 1973–98)
were used along with SRTM topography data to
classify Sulawesi’s geomorphology using the
scheme (ABC) of Matsuoka et al. (2006) and then
to calculate the Vs30 estimates.

Sulawesi can be divided into 14 geomorphic
units using the Matsuoka et al. (2006) scheme.
Of these, the classes of Pre-Tertiary mountain, Ter-
tiary mountain, hill, mountain footslope, volcanic
footslope and volcano cover more than 75% of the
island’s area. These classes of geomorphic units
are characterized as being in steep and elevated
areas subject to erosion, where the ground surface
is assumed to be composed of hard and compacted
material with high average Vs30 values. Vs30 is
lower for volcanic than non-volcanic mountains, a

key distinction that is useful for application in Indo-
nesia. The remaining 25% of Sulawesi Island is
characterized by more undulating or flat morphol-
ogy where sediments are accumulating.

Figure 4 shows the geomorphology of Sula-
wesi using the classification of Matsuoka et al.
(2006) and Vs30 values derived from empirical rela-
tionships. Mountainous regions are characterized by
high Vs30 values (NEHRP site class A or B), foot-
slopes and volcanic areas have moderate Vs30 values
(site class C), while lowland areas (valley, delta and
coastal) have lower Vs30 values and are classified as
site class D or E.

Estimated Vs30 values taken from both the Wald
& Allen (2007) and the Matsuoka et al. (2006) meth-
ods are compared with Vs30 calculated from ambient
noise field measurements in the cities of Gorontalo,
Palu and Manado. Measurement locations were
classified as volcanic footslope, mountain footslope,
delta and coastal lowland, and valley bottom low-
land in the Matsuoka et al. (2006) scheme.

Field measurements were performed using
single-station three-component 1 Hz L4–3D seis-
mometers. Noise was recorded for approximately
20 min and the spacing between measurements
was 1–2 km. The fundamental frequency of the
ratio of horizontal to vertical components (H/V)

Table 3. Geomorphological unit classification

Slope
(8)

Elevation
(m)

Lithology Geomorphological unit
(Matsuoka et al. 2006)

Notes

.15 .700 Tertiary rock Tertiary Mountain
Pre-Tertiary rock Pre-Tertiary Mountain

,700 Tertiary products Hill
Volcanic (Q) Volcanic Hill Volcanic product

5–15 Mountain footslope
Volcanic (Q) Volcanic footslope Volcanic product

≤5 Alluvium,
colluviums,
fluvial etc.

† Valley bottom lowland
† Alluvial fan
† Back marsh
† Abandoned river channel
† Delta and coastal lowland
† Marine sand and gravel bars

Colluviums
Fluvial

Active volcano Volcano Eruption centres

Terrace † Rocky strath terrace
† Gravelly terrace

† Brecciated, geological structure
† Alluvium, geological structure

Volcanic ash Terrace covered by volcanic
ash soil

Volcanic ash

5–15 Sand (Q) Sand dune Sand
† Reclaimed land
† Filled land
† Natural levee

† Engineered
† Engineered
† Natural barrier parallel to river/

coast, sand bar, flood plain
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was determined using Geopsy processing soft-
ware and then used to estimate Vs30 following
Zhao (2011). This method uses the relation-
ships TVs30

= 120/Vs30, where TVs30
is the site period

assuming bedrock is reached at a depth of 30 m. In
using this method, we assume that site period and
Vs30 are correlated, and that the fundamental period
of the H/V ratio is equivalent to TVs30

. Vs30 values
are then classified into NEHRP site classes (Borch-
erdt 1994). We note that there is a large degree of
uncertainty inherent both in the assumption of the
correlation between fundamental period and Vs30,
and in the application of Vs30 itself as a predictor
of site effects. Overall, the method is more robust
for shorter site periods (Zhao 2011).

Figure 5 shows histograms of the difference
between Vs30 values estimated using proxy methods
and those based on field measurements. Both proxy
methods estimate higher Vs30 values that those
derived from H/V measurements, although the
United States Geological Survey (Wald & Allen
2007) method overestimates (222 + 212 m s21)
by about twice that of the Matsuoka et al. (2006)
method (102 + 194 m s21).

In terms of site classification, higher estimates of
Vs30 using the Wald & Allen (2007) method means
that this method is more likely to correctly assign
site class C, while the Matsuoka et al. (2006)
method is more likely to correctly assign site class
D (Fig. 6). The Matsuoka et al. (2006) method
gives the same site class as that derived from H/V
measurements (Zhao 2011) at approximately 25%
of the measured locations compared with the Wald
& Allen (2007) method, which gives the same site
class at 15% of the measured sites.

In general, both the Matsuoka et al. (2006) and
Wald & Allen (2007) methods result in higher esti-
mates of Vs30 compared with H/V measurements.

Weathering is one possible explanation for this dif-
ference as the degree of weathering is not taken into
account in the proxy methods. For a tropical country
like Indonesia, high rainfall levels mean that weath-
ering rates can be much higher than the regions
where these proxy methods where derived (Japan
and California). This can create deep weathering
profiles. It can be said that a wetter climate
is prone to faster weathering. Physical weathering
breaks the original rock down into soil-like material
and, consequently, highly weathered rock loses its
engineering properties significantly. Furthermore,
clay minerals introduced by weathering reduce
effective shear strength and, hence, the shear-wave
velocity (Arikan & Aydin 2012).

Hazard modelling results

Probabilistic seismic hazard results are shown for
annual probabilities of exceedance of 0.002 and
0.0004 (equivalent to return periods of 500 and
2500 years), and were produced for response spec-
tral acceleration (RSA) of 0.2 and 1.0 s, and peak
ground acceleration (PGA). These results are shown
in Figure 7, including site amplification. The hazard
maps show high hazard in all but the south arm of
Sulawesi. Hazard is highest along the Palu-Koro,
Matano and Lawanopo faults, where slip rates are
greater than 30 mm a21.

Hazard results by region

North arm. Earthquake hazard in the northern arm of
Sulawesi is controlled by the North Sulawesi Sub-
duction Zone and associated intraslab sources to
the north, with an additional hazard from intra-
slab sources to the east of the arm. At longer

Fig. 4. (a) Geomorphology of Sulawesi using the Matsuoka et al. (2006) classification, (b) Vs30 values for Sulawesi
derived from the Matsuoka et al. (2006) method (higher Vs30 values are indicated in blue and lower Vs30 values are
indicated in red (right)) and (c) NEHRP’s soil classification.

A. CIPTA ET AL.

 at Australian National University on April 27, 2016http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


return periods (1000 and 2500 years), the Gorontalo
Fault contributes significantly to the hazard level.
Although the frequency of large earthquakes occur-
ring on the Gorontalo Fault is lower than for other
source regions, when these events do occur they
can cause high levels of ground shaking as the
source is shallow and on land. Earthquake hazard

in this area is amplified by soft sediments along
the depression created by the Gorontalo Fault,
most notably surrounding Lake Limboto between
the cities of Limboto (population 50 000) and Gor-
ontalo (population 200 000). Earthquake hazard in
the northern arm of Sulawesi is highest in the Buol
and Toli-toli districts.

Fig. 5. Histogram of differences in Vs30 values for (a) the Matsuoka et al. (2006) method minus H/V-derived
measurements, and (b) the United States Geological Survey (Wald & Allen 2007) method minus H/V-derived
measurements.
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Central and East Sulawesi. Earthquake hazard in
Central and East Sulawesi is very high. Hazard is
extremely high along fast-moving onshore faults,
in particular the Palu-Koro–Matano Fault Sys-
tem and the Balantak–Batui faults. High back-
ground seismicity rates drive a high hazard in the
area far away from known faults. This pattern is
consistent for all return periods and spectral periods

simulated. Extremely high hazard (PGA . 0.8g at a
500 year return period) occurs in the city of Palu
(population 335 000), located on a pull-apart basin
created by strands of the Palu-Koro Fault.

West Sulawesi. Earthquake hazard is generally high
in West Sulawesi owing to a high background seis-
micity rate. Hazard is higher in the east, near the

Fig. 6. Comparison of Matsuoka et al. (2006) and United States Geological Survey (Wald & Allen 2007) proxy
estimates of site class with those derived from H/V measurements using the Zhao (2011) method for (a) Palu,
(b) Gorontalo.
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Palu-Koro Fault, and to the west, where the offshore
Makassar Thrust is significant.

SE Sulawesi. Earthquake hazard in SE Sulawesi is
extremely high along the Matano and Lawanopo
faults. The Lawanopo Fault runs just to the north
of the city of Kendari (population 200 000), which
is sited on a delta and surrounding coastal lowlands
(site class E) near Kendari Bay. Background seis-
micity rates are lower to the south of the Matano
Fault. Therefore, to the south of the Matano and

Lawanopo faults, earthquake hazard, while still
being high, is lower relative to Central and East
Sulawesi.

South Sulawesi. Earthquake hazard is high along the
Walanae Fault, with lowlands along the depression
created by the fault leading to high amplification
(site classes D and E) of ground motions. Back-
ground seismicity is low, with only a few historical
earthquakes recorded in the background zone, and
therefore away from the Walanae Fault hazard is

Fig. 6. (c) Manado. (d) shows measurement points, the year that the measurements were made is written
in brackets.
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much lower than for the rest of Sulawesi. The largest
population centre in Sulawesi, Makassar (popula-
tion 1 340 000), is located in a region of lower haz-
ard relative to the rest of the island.

Using the EQRM, we obtained ground accelera-
tion at each point on a 1 × 1 km grid for all return
periods and spectral periods. These results are infor-
mative in seismic-resistant building and infrastruc-
ture design. For spatial planning purposes at the
local scale and for construction of non-engineered
buildings, the expected felt seismic intensity is a
simpler and more easily communicated measure of
hazard. Therefore, in the final step, we convert
acceleration to Modified Mercalli Intensity (MMI)
using the equation formulated by Atkinson & Kaka
(2007) for acceleration at 1.0 s period, including site
effects. MMI is then classified into four classes: high
hazard zone (MMI ≥ VIII); medium hazard zone
(MMI VII–VIII); low hazard zone (MMI V–VII);
and very low hazard zone (MMI , V) based on
the 500 year return period. This is similar to, but
slightly different from, the classification of Arya
et al. (2014).

Comparison against historical data

The conversion of a 500 year recurrence inter-
val 1.0 s hazard to intensity (MMI) is shown in
Figure 8 and is overlain with the location of

historical damaging earthquakes (Supartoyo & Sur-
ono 2008). All historical damaging events occur in
regions classified as moderate (four events) or high
(30 events) hazard, with the exception of the 1828
Bulukumba earthquake, which occurs in a low
hazard region.

Discussion

A probabilistic seismic hazard assessment for the
island of Sulawesi, Indonesia, including the effects
of site amplification through proxy methods, was
undertaken. Much of the island has high hazard, par-
ticularly along major, fast-slipping crustal faults, in
the highly sheared region north of the Palu-Koro–
Matano Fault System and along the north arm of
Sulawesi. The SW arm of Sulawesi, including the
city of Makassar, is lower hazard compared with
the rest of the island, although all regions may expe-
rience damaging events at longer return periods.
The high hazard regions correlate well with loca-
tions of historical earthquake damage, with the
exception of the damaging 1828 earthquake in Bulu-
kumba (MMI VIII–IX: Supartoyo & Surono 2008),
on the south coast of South Sulawesi, which we
speculate may have been caused by either the Wala-
nae Fault or an unmapped offshore extension of this
structure to the SE.

Fig. 7. Peak ground acceleration (PGA) and response spectra (RSA) of 0.2 and 1.0 s for (top) a 500 year return
period and (bottom) a 2500 year return period.
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A key challenge in developing this hazard map
has been reconciling abundant recent seismicity
with geological evidence of active structures. With
the exception of the Palu-Koro Fault, the geological
and geodetic evidence for activity rates is generally
weak, while formal uncertainties in earthquake
location (Husen & Hardebeck 2010) make attribut-
ing specific earthquakes to specific structures prob-
lematic. In order to address these issues, large
crustal-scale faults that form the boundaries of dif-
ferent domains, such as the Palu-Koro–Matano
Fault System, are included as fault sources with
their geodetic slip rates and do not overlap back-
ground zone sources. Smaller faults that fall within
zone sources have their slip rate adjusted to avoid
double counting of seismicity. This is done by
assuming a volume around the fault and using the
seismicity of this volume (based on data in the

surrounding source zone scaled to this volume) to
calculate the equivalent slip rate for the fault. This
is then balanced against the reported slip rate for
the fault. In some cases, such as the Poso Fault in
north Central Sulawesi, the activity rate estimated
from seismicity in the surrounding zone is higher
than the estimated slip rate from Irsyam et al.
(2010). This suggests that the estimated slip rates
in Irsyam et al. (2010) may be underestimates: how-
ever, more detailed geodetic studies are needed to
confirm this.

As a result of this approach, hazard results in
the northern half of Sulawesi (north of the Palu-
Koro–Matano Fault System) are generally high
and the role of individual crustal faults in driving
the hazard is relatively minor. This is even more
so along the northern arm, where subduction inter-
face and intraslab sources contribute significantly

Fig. 8. Intensity map of Sulawesi (500 year recurrence interval 1.0 s) and historical damage location (the size of the
star indicates the MMI scale).
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to the hazard, with the effect of the onshore Goron-
talo Fault only becoming significant at long return
periods (.1000 years). South of this region, and
most noticeably in South Sulawesi, background
seismicity is lower and seismic activity is concen-
trated along individual faults, such as the Walanae
Fault. Seismic hazard in the central part of Sulawesi
is concentrated along the fast-moving Palu-Koro–
Matano Fault System and Lawanopo Fault. Several
pull-apart basins are present along these fault sys-
tems, where sediments have accumulated and result-
ing in high site amplifications. This is particularly
evident near the city of Palu, which sits on a basin
of alluvial and coastal sediments bounded to the
east and west by two strands of the Palu-Koro Fault.

Palu and Gorontalo are the two most significant
population centres located in coastal basins formed
by active faulting, although other centres are also

in similar situations, including Kendari. These cen-
tres are therefore exposed to a combination of high
earthquake activity from near-field sources, ampli-
fied ground motions, liquefaction and landslide
potential, as well as the threat of localized tsunami if
earthquake deformation extends offshore or triggers
submarine landslides (e.g. tsunami near Palu in
1927 and 1968: Pelinovsky et al. 1997). These pop-
ulation centres should be prioritized for more
detailed site-amplification studies, hazard assess-
ment for secondary earthquake hazards and risk-
reduction activities.

A comparison of our bedrock hazard results with
those of Irsyam et al. (2010) shows high hazard in
the northern part of the island, particular along the
north arm, in our assessment (Fig. 9). This may be
due to siting the North Sulawesi Subduction Zone
source close to the island near the region of most

Fig. 9. The PGA difference between the result from this paper and that from Irsyam et al. (2010) for (a) a 500 year
return period.
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frequent seismicity, rather than at the trench. We
also explicitly include intraslab sources using fault
planes with out-of-plane ruptures, allowing us to
more realistically capture the geometry of intraslab
sources, while Irsyam et al. (2010) use smoothed
seismicity within stepped rectangular volumes to
represent the slab. The Irsyam et al. (2010) results
are higher along the major crustal faults, including
the Palu-Koro–Matano Fault System (Fig. 9).

The assessment presented here uses the same
ground-motion prediction equations, and logic tree
weightings, as Irsyam et al. (2010). None of these
GMPEs have been developed using strong-motion
data from Indonesia, and therefore there is consi-
derable uncertainty in their application. Analysis of
initial data from the newly established Indonesian
strong-motion network will begin to reduce uncer-
tainty, although research to date has focused on
Java and Sumatra (Rudyanto 2013). Furthermore,

the geological heterogeneity of Sulawesi – includ-
ing thick continenal crust derived from both the
Sundaland and Australian continents, overthrust
ophiolites and mélange complexes, actively deform-
ing crustal regions, and active and inactive arc
systems – means that a high degree of heterogeneity
in ground motions is to be expected within Sulawesi.

Proxy methods used to estimate site ampli-
fication are subject to considerable uncertainty. The
Matsuoka et al. (2006) method based on geomor-
phology is slightly more accurate, correctly classi-
fying site class at approximately 25% of the
measured locations compared with the topographi-
cal slope method of Wald & Allen (2007), which
is correct for approximately 15% of the measured
sites. The Wald & Allen (2007) method more accu-
rately assigns site class C, while the Matsuoka et al.
(2006) method more accurately predicts site class D.
Noting the considerable uncertainty in the use of

Fig. 9. (b) a 2500 year return period.
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H/V measurements as a basis for estimating site
effects (Ghasemi et al. 2009; Zhao 2011), the main
conclusion that can be drawn is that the Matsuoka
et al. (2006) proxy method is probably more suitable
for Sulawesi, but that site amplification remains a
major source of uncertainty in the hazard results.

By discriminating between volcanic and non-
volcanic mountains, the method of Matsuoka et al.
(2006) is expected to have a distinct advantage
over slope-based approaches as there are both active
volcanoes and much older non-volcanic mountain
regions in Sulawesi. Volcanic product deposited
on the footslopes of volcanoes may have low shear-
wave velocities (Vs30 c. 200 m s21), while a terrace
covered by volcanic materials may have even lower
values (Vs30 c. 160 m s21) (Matsuoka et al. 2006).
These geomorphic features, such as footslopes and
terraces, are suitable for the deposition of thick
loose pyroclastic flow deposits such as ash, pumice
and scoria. These deposits have low shear-wave
velocities. Low estimates of Vs30 for areas of active
volcanic deposition is consistent with Nunziata et al.
(1999), who measured shear-wave velocities on
recent pyroclastic deposits (younger than 12 000
years) in the Campi-Flegrei caldera (Italy). Although
shear-wave velocities were highly variable, they
were generally low, varying from less than 200 up
to 650 m s21. Variability in shear-wave velocity of
pyroclastic deposits is due to the variability in the
materials of particular deposits and the degree of
welding that has occurred during diagenesis.

Unfortunately, at present, we do not have any
field data with which to test these regions against
the Matsuoka et al. (2006) classification. Further-
more, many of the major cities are situated in val-
leys and coastal lowlands and delta. In many
cases, these geomorphic environments are a direct
result of active faulting in the area, and therefore
accurate characterization of site amplification at
the local scale will be important for designing criti-
cal infrastructure and spatial planning in order to
reduce exposure in the areas of greatest amplifi-
cation. Future field measurements to better under-
stand site amplification should use more robust
techniques for calculating site amplification, such as
multi-channel analysis of surface waves (MASW),
N-SPT (Standard Penetration Test), cone penetra-
tion tests (CPT) or borehole measurements. These
measurements would be able to validate both the
proxy methods and the Vs30 estimates derived
using H/V methods.

Conclusions

A first probabilistic seismic hazard assessment
including the effects of site amplification has been
undertaken for the island of Sulawesi, Indonesia.

Most of the island, with the exception of South
Sulawesi, is undergoing rapid deformation, leading
to high hazard in most regions (PGA . 0.4g at a
500 year return period including site effects), with
extremely high hazard (PGA . 0.8g at a 500 year
return period) along fast-slipping crustal-scale
faults, such as the Palu-Koro–Matano Fault System
and the Lawanopo Fault. Active subduction and a
complex array of active and inactive subducted
slabs in the north drive very high hazard along the
north arm of the island. Reported slip rates for active
faults are balanced against background seismicity
rates to avoid double-counting seismicity: in many
cases, background rates exceed report fault slip
rates, highlighting the need for further geodetic
and geological studies to better constrain slip
rates. Site amplification is included using proxy
methods and, combined with conversion to intensity
and classification into hazard zones, facilitates use
of the hazard maps for spatial planning purposes.
A high degree of uncertainty associated with these
methods means there is a need for further local-
scale studies to better characterize site effects. This
is particularly important for the many significant
population centres that are sited in sedimentary
basins created by currently active faults, including
provincial capitals Palu and Gorontalo, and there-
fore exposed to both high seismicity rates and high
amplification of ground motions. Building design
in these areas should combine bedrock hazard results
with locally measured site effects to determine
appropriate design criteria.

The next plan is to try to validate the amplifica-
tion factor inferred from H/V using a geotechnical
approach. Geotechnical investigation, such as N-
SPT and CPT, may be a promising method to vali-
date the H/V method to achieve a more reliable
amplification factor and, hence, produce a better
seismic hazard map.
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