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ABSTRACT

The purpose of this study is to analyze the main source of the Palu-Indonesia tsunami based
on the direction of rupture, Centroid Moment Tensor (CMT), the tsunami parameters,
including the rupture duration (Tqu), the 50 Seconds Exceed Duration (T50ex) and the
dominant period (T4) of the earthquake that occurred on September 28, 2018. The method
employed in this study involves fitting the rupture duration versus seismic station azimuth
graph to estimate the direction of the rupture, the full waveforms inversion method for
determining the CMT and the direct procedure method for estimating tsunami parameters. The
estimated direction of the earthquake rupture is azimuth 179°, which almost coincides with the
Palu Koro Fault (PKF) azimuth. The direction of the earthquake rupture passed below the
surface of the seawater in Palu Bay, which could possibly be the main source of the tsunami.
The strike and dip of the nodal plane generated by the earthquake are 350° and 64°,
respectively, which shows that a vertical displacement pushed seawater vertically in Palu Bay
and caused the tsunami. All tsunami parameters from the earthquake exceeded the threshold;
therefore, it is very likely that the earthquake was the main source of the first tsunami wave.
The estimation results of the rupture directivity, Centroid Moment Tensor, and tsunami
parameters are confirmed by inundation data that are qualitatively comparable with the
observations.

Keywords: Earthquake Rupture Duration;, CMT; Tsunami Parameters, Tsunami Source;
Inundation
Vol 39 No. 4, page 228 (2020)



1. INTRODUCTION

A tectonic earthquake with a magnitude of 7.5 occurred some time ago around the
Palu-Koro fault. The cause of the earthquake was speculated to be a submarine landslide,
which could have caused tsunamis in Palu and Donggala on September 28, 2018. Even though
three phenomena of earth disasters simultaneously occurred (earthquake, tsunami, and
liquefaction), the most detrimental among the three phenomena was the tsunami phenomenon.

A tsunami is a phenomenon of sea surface wave propagation generated by the release
of endogenous energy from the earth via the mechanism of tectonic earthquakes, submarine
landslides, or other sources (Ward 2011). Large tsunamis associated with submarine strike-
slip earthquakes are very rare. Strike-slip faults usually produce small tsunamis due to a lack
of large vertical deformation (Gusman et al. 2017; Lay et al. 2018). However, the Palu-Koro
fault zone that crosses Sulawesi Island is a strike-slip fault system in a complex tectonic
region, which could facilitate vertical deformation. The strike-slip system may also include
complicated fault geometry, such as nonvertical faults, arches, etc. This fault geometry can
lead to complex fracture dynamics and produce a variety of pattern shifts during fractures,
which can trigger tsunamis (Legg & Borrero 2001; Borrero et al. 2004).

Recorded history for local tsunamis generated by other strike-slip faults, such as the
1906 earthquake in San Francisco California, the 1994 earthquake in Mindoro Philippines, the
1999 earthquake in Izmit Turkey (Legg et al. 2003), and the 2016 Kaikoura earthquake in
New Zealand (Power et al. 2017; Ulrich et al. 2019a). Large-scale strike-slip earthquakes can
also produce tsunami aftershocks (Geist & Parsons 2005). We employ several ways to
mitigate the tsunami disaster generated by the strike-slip fault system: first, by knowing the
position and direction of the maximum main stress, intermediate stress and minimum stress
from an area where strike-slip faults have been identified; second, by knowing the direction of
the rupture caused by the September 28, 2018 earthquake; and third, a tsunami generated by
the strike slip fault can also be analyzed using the tsunami parameters, namely, the rupture
duration (Tgy), the duration greater than 50 seconds (T50ex) and the dominant period (Tg)
(Lomax & Michelini 2011; Madlazim 2013).

Research on the direction of the rupture, which has been carried out by Madlazim
(2011), provides results to estimate the direction of the rupture using short-period signals that
have been recorded by two pairs of stations. If the duration of the rupture of the signal
directed by the station is smaller than the signal recorded by the pairing station, then it can be
interpreted that the direction of the rupture is toward this station. Madlazim et al. (2019) has
also conducted research on the use of tsunami parameters for tsunami early warning
applications 4 minutes after an earthquake. The results of the study indicated that a false
warning was not issued for any of the 300 earthquakes that occurred in Indonesia. Tsunami
parameters in the form of rupture duration (Tg,), duration greater than 50 seconds (T50ex)
and dominant period (T4) are useful to test whether the main source of the tsunami on
September 28, 2018 is caused by seismic energy or landslides.

Tsunami parameters are useful for detecting whether an earthquake can cause a
tsunami. Lomax & Michelini (2009b, 2011) have determined that the rupture length parameter
of an earthquake is the most dominant parameter as an indicator of a tsunami, while it is
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known that the rupture length is proportional to the earthquake rupture duration; so the
earthquake rupture duration can be applied for early warning of tsunamis (Geist & Yoshioka
1996). In addition, the duration of the rupture can also provide additional information about
the direction of the rupture, which can be useful for explaining how a tsunami could occur
after the earthquake on September 28, 2018.

Centroid Moment Tensor (CMT) is the most complete and accurate information about
earthquake sources; it has previously been investigated by many seismologists, including
Kasmolan et al. (2010) and Ichinose et al. (2003). The Centroid Moment Tensor is utilized to
determine the strike, dip and rake angles of an earthquake. Among these three angles, two
angles are related to tsunami events, namely, the strike angle and the dip angle. The strike
angle is determined from the North moving in a clockwise direction. Generally, the direction
of the strike is the direction of the fault that caused the earthquake. The direction of
earthquake rupture is usually in the direction of the fault that caused the earthquake. The dip
angle illustrates the slope of the fault plane with respect to the horizontal plane. For a 90 ° dip
angle, the fault plane is vertical. In this condition, it is not possible for an earthquake to
generate a tsunami because there is no vertical displacement; so it is not possible to push
vertical water above sea level.

The results of the calculation of the direction of the rupture, the Centroid Moment
Tensor and tsunami parameters were confirmed with inundation data to determine the rational
primary source of the tsunami on September 28, 2018, seismic energy or landslides.
Researchers classified the research results related to the main source of tsunamis in Palu on
September 28, 2018. There are 3 sources of tsunamis. First, the main source of tsunamis is
seismic energy (Ulrich ef al. 2019b). Second, the main source of tsunamis is landslide energy
(Sepulveda et al. 2018; Heidarzadeh et al. 2019). Third, the main source of tsunamis is
seismic energy, which is reinforced by landslide energy (Liu ef al. 2018; van Dongeren ef al.
2018).

In the research by Ulrich et al. (2019b), it has been concluded that the main source of
the tsunami in Palu after the earthquake of September 28, 2018 was caused by seismic
movements, which produced vertical movements that could cause tsunamis. This finding has
been proven via earthquake dynamics modeling, in which the time and rupture speed, 3D
geometric complexity of the fault, and effect of seismic waves on the propagation of the
rupture are important parameters and is also supported by tsunami amplitude modeling and
inundation height data.

In this study, we have discussed the main tsunami sources that were released from
seismic earthquakes or landslides using analysis of the direction of rupture, Centroid Moment
Tensor, and tsunami parameters that occurred after the Palu earthquake on September 28,
2018. Furthermore, the results of the estimation of the three seismic quantities were confirmed
by the travel time data of the inundation recorded by the tide gauge around Palu Bay.

2. SETTING OF PALU-KORO FAULT

Sulawesi is located in the eastern part of Indonesia, which experiences high seismic activity.
Sulawesi Island is located at the triple junction between the Sunda plate, Australian plate and Philippine Sea
(Bellier et al. 2006; Socquet et al. 2006, 2019) (Fig. 1a). This condition can cause the area
around Sulawesi to be very prone to earthquakes. The Australian Plate and Philippine Sea are
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centered toward the Sunda plate due to the subduction and rotation zones of the Molucca Sea,
Banda Sea and Timor Plate, which causes a complicated fault pattern.

The Central Sulawesi region is one of the earthquake prone areas in Indonesia because
it is located near the source of earthquakes, which originates both on land and at sea. The
source of an earthquake in the sea is the subduction of the Sulawesi and Molucca Sea Plates,
while the source of an earthquake on land is several active faults on the mainland of Central
Sulawesi, one of which was the Palu Koro Fault.

The Palu Koro fault, which is located along the Palu Koro valley and stretches from
Palu Bay in the southeast direction, caused the Palu earthquake on September 28, 2018. This
fault is the main geological structure in Central Sulawesi Province. According to the latest
geodetic measurements, the Palu-Koro fault has a relatively high slip rate of 40 mm/year
(Walpersdorf ef al. 1998; Socquet ef al. 2006), and according to geomorphology, the upper
limit is 58 mm/year (Daryono 2018). The focal mechanism of the Palu-Koro fault indicated
that it has a dip value of 65, which most likely caused the tsunami strike-slip earthquake that
occurred on September 28, 2018 (Ulrich et al. 2019b). The Palu Koro fault has caused many
tsunami disasters. According to Watkinson & Hall (2017), the Palu-Koro Fault is considered
to pose a threat to the area through which it passes. Referring to previous data, four tsunamis
were caused by the earthquake in the Palu-Koro fault that struck the northwest coast of
Sulawesi in the past century (1927, 1938, 1968 and 1996) (Pelinovsky et al. 1997; Prasetya et

al. 2001).
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Fig. 1. (a) Tectonic structure of the Palu-Koro fault; the epicenter of the September 28,
2018 earthquake is marked by a yellow star (Ulrich et al., 2019b).

In Figure 1.(a) above the plate boundaries are marked with black lines that represent
Bird (2003), Socquet et al. (2006), and Argus et al. (2011). PKF is the Palu-Koro fault zone;
MF is the Matano fault zone; MS is the Molucca Sea plate; SSF is the Sula-Sorong fault zone;
TI is the Timor plate; BH is the Bird's Head plate; and BS is the Banda Sea plate. The black
arrows indicate the far-field plate velocities with respect to Eurasia (Socquet et al. 2006).
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The black square represents the enlarged area at point (b), which is a magnification of
the picture in the black box that shows the area where the earthquake occurred. The red
triangle denotes an earthquake recording station. The focal mechanisms and epicenters of the
earthquake on September 28, 2018 are shown: the top event was obtained from (USGS 2018),
for the middle event is the aftershock earthquake on October 1, 2018 and the lowest event is
the earthquake that occurred on January 23, 2005. The two latter events can be obstacles to the
dip of the Palu-Koro fault.

3. METHODS

The method employed in this study is the method for fitting the data of rupture vs azimuth
station seismic duration to estimate the direction of the rupture, the full waveforms inversion
method for estimating earthquake CMT, and the direct procedure method for estimating
tsunami parameters (rupture duration, dominant period, and 50 seconds exceed duration).

3.1. Estimation of Rupture Direction

The direction of the earthquake rupture can be estimated from the following equation. The
duration of the rupture (Tqur) can be determined using the direct procedure for an earthquake
seismogram, as expressed by Eq. (1).

Tdur=LVr—LVpcosé (1)

where Z is the length of the rupture, V7 is the rupture speed, Vp is the phase velocity and & is
the angle between the azimuth station and the fault azimuth. The direction of the rupture can
be estimated from Eq. (1) when the angle & is zero, which means that T4, has a minimum
value (Hwang et al. 2011).

The duration of the rupture Tqy, in Eq. (1) is estimated from the delay time after the
arrival of the P wave for 90% (T%?), 80% (T*%), 50% (T*°), and 20% (T"?) from the peak
value (Lomax & Michelini 2009a). The mathematical equation to calculate Tq4, can be
determined as follows:

Tdur=1-w70,9+w70,2 )

w =70,2+70,52-2040s 3)

with a limit of T*” < Ty, < T*?

Tauwr can be estimated using seismogram data downloaded from the IRIS website,
http://ds.iris.edu/wilber3/find_event. We employ the distance between the earthquake
epicenter and the farthest seismic station, which is 40° from the azimuth station from 0° to
360°. Vertical component seismogram data from 56 seismic stations were utilized.
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3.2. Full Waveform Inversion

The Centroid Moment Tensor from the September 28, 2018 earthquake can be determined by
the full waveform inversion method developed by Ichinose ef al. (2003). This method applies
a three-component local waveform that is recorded by a seismic station and then estimated
using the Green function. To calculate the Green function, we need a speed model for 1
dimension. The Green function is a picture of the signal to be recorded by a seismograph to
obtain the model of the signal. The three-component Green function equation can be written
as,
unx, t=Mijé, txd 0§jGnjx, ¢ 60

Mij& t+Gn jx, &t 4)

where w7 is the n-shift record, #Mijis the 6 component moment tensor at the point of the
earthquake source, ¢ is the position of the earthquake source, x is the position of the receiver,
Gn,y is a Green function depending on the elastic nature of the earth and the sign (*) shows
convolution.

3.3. Estimation of Tsunami Parameters (T4, T4 and Tsg,.,)

To determine the values of the tsunami parameters, we employed the direct measurement
procedure that has been developed by (Lomax & Michelini 2011; van Dongeren ef al. 2018).
The parameters for earthquakes can be determined via high frequency (HF) analysis of the
vertical components of broadband seismograms that have been described in the study (Lomax
et al. 2007; Lomax & Michelini 2009a, 2009b, 2011; Madlazim 2011), as shown in Eq. 5. T4
can be estimated using the direct method without inversion, which accelerates the process. To
determine the dominant period (Tg4), Tq4 is calculated using the time domain (zc¢) with the
following equation (Nakamura 1988; Wu & Kanamori 2005; Lomax & Michelini 2013):

1e=2nTI T2V2tdtT1 T2v2 tdlt (5)

where T; = 0 seconds (P onset) and T, = 55 seconds from a teleseismic earthquake
seismogram (Lomax & Michelini 2009a). Tsopx estimation was performed using the direct
procedure of earthquake seismograms, namely, (1) filtering the velocity seismogram of
vertical components using a high-frequency Butterworth filter (1-5 Hz), (2) automatically
selecting P wave arrival times, (3) calculating the RMS amplitude (Ar) and the duration of 50
seconds after the arrival of P waves, (4) calculating Tsoex, Which is the ratio T50/Ar (Lomax &
Michelini 2009b). Measurement of tsunami parameters caused by earthquakes in real time has
been applied and can be accessed on the web http://aptsunami.fmipa.unesa.ac.id/www/

To estimate the tsunami parameters, Tau, T4, and Tsoex in this study utilized
seismogram data downloaded from the IRIS website: http://ds.iris.edu/wilber3/find_event. We
apply the distance between the earthquake epicenter and the farthest seismic station at 15°
with the azimuth of the station from 0° to 360°. Vertical component seismogram data recorded
by 20 seismic stations were employed.
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4. RESULTS AND DISCUSSION

The results of the estimated direction of the rupture, Centroid Moment Tensor (CMT) and
tsunami parameters to test the main source of the tsunamis that occurred after the earthquake
on September 28, 2018 are explained as follows:

4.1. Rupture Directivity

To estimate the direction of the earthquake rupture on September 28, 2018, we collected data
from 56 seismic stations that have the closest azimuth, whose value is 1.82° to the station that
has the furthest azimuth value of 356,83°. We calculated the value of rupture duration (Tgyr)
for each station.

The blue dots in Fig. 2 represent the earthquake rupture duration data for each
azimuth; they are fitted to form a red line. On the red line, two hills of waves and 1 valley of
waves are formed, which means that on the two hills of waves, a high average Tq, value
occurs at azimuth 1.82° to 6.89° and 255.84° to 356.83°, whereas a low average Tg, value
occurs at azimuth 140.33° to 193.28°, for 1 valley. In the data, we the lowest Tq, value of
10.8 s occurred on the 179° azimuth. To determine the direction of the rupture, the smallest
Taur value is interpreted as the direction of the rupture, according to the results of the study by
Hwang et al. (2011) and Madlazim (2011). If the duration of the rupture of the signal recorded
by the station is smaller than the signal recorded by the other station, then it can be interpreted
that the direction of the rupture is oriented toward this station.
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Fig. 2. Relationship between the duration of rupture (Tg4,r) with the azimuth seismic station
that records data waveforms. In this graphic, there are 56 data points from the station that
recorded the earthquake on September 28, 2018.
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In the case of September 28, 2018, the direction of the rupture moved in the direction
of the azimuth 179°, which means that it almost coincides with the Palu-Koro Fault zone (Fig.
1b). Thus, the direction of the rupture passes through the underwater segment of the Palu bay,
where according to research by Heidarzadeh et al. (2019), the maximum tsunami wave heights
at two tidal gauge stations, Pantoloan (in Palu Bay) and Mamuju (outside Palu Bay) are 380
cm and 24 cm, respectively. This finding is correlated with Ulrich et al. (2019b), who
concluded that the tsunami that occurred after the September 28, 2018 earthquake was largely
localized in Palu Bay. Thus, the estimation results of this rupture direction are consistent with
the results of the study, which indicates the main source of the tsunami that occurred after the
September 28, 2018 earthquake was a seismic earthquake. The results of this study are
supported by the results of research by Ulrich et al. (2019b) and Madlazim et al. (2019).

4.2. Centroid Moment Tensor

Part of the results of the CMT estimation are strike, dip, and rake values in the September 28,
2018 earthquake. Fig. 3 shows the results of a description of the full waveform fitting between
observed data and synthetic data that have been calculated by the Green function. Each
seismic station that records an earthquake has three local components that are observed and
symbolized as T for the tangential component, R for the radial component, and Z for the
vertical component. Black waveforms indicate waveforms obtained from observational data,
while red waveforms indicate synthetic waveforms obtained from calculations. The matching
level of local fitting full waveforms between synthetic signals (red) and observed signals
(black) is expressed by the percentage value of Variance Reduction (VR). The full-waveform
inversion in this study employs a frequency of 0.02 Hz to 0.05 Hz and uses a 3-component
local signal recorded by 5 seismic stations (Fig. 4), which causes a Variance Reduction (VR)
value of 81%. If the VR value exceeds 50%, the results of the CMT solution can be
categorized as reliable (Vackar et al. 2017).

The value of the focal mechanism at the source modeled in this study are strike, dip, and
rake angles of 350°, 64°, and -6°, respectively, which is very close to the value of the focal
mechanism released by USGS, namely, 350°, 65°, and -17°. The 350 ° strike angle
corresponds to the Palu-Koro Fault (PKF) direction. From this strike angle, it can be seen that
the direction of the rupture that leads to the station passed through Palu bay. The dip angle of
64 ° is almost the same as the CMT estimate of Ulrich et al. (2019b). The dip angle of 64 °
indicates a shift in the vertical component, which pushed seawater vertically and caused the
tsunami. The same results were also obtained by Ulrich ez al. (2019b), who discovered that the
dip value from the Palu-Indonesia earthquake on September 28, 2018, is 65°. Fig. 4 is an
image of the station distribution map utilized in this study. We employed 5 stations (SMKI.IA
SGKI.IA BKB.IA, TOLI2.IA, and LUWLIA), whose positions include the earthquake
epicenter and earthquake focal mechanism (Fig. 4).
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Fig. 3. Results of full waveform inversions between synthetic data and earthquake observation
data on September 28, 2018.
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4.3. Tsunami Parameters

Three tsunami parameters are applied to indicate whether an earthquake has the potential to
cause a tsunami. The three tsunami parameters are the duration of rupture (Tq4

ur), dominant period (T4) and 50 Seconds Exceed Duration (Tsogx). If the Tqy exceeds or is
equal to the 65-second threshold, an earthquake has the potential to cause a tsunami. If the Tqyr
is less than the threshold, the earthquake has no tsunami potential. If T4 exceeds or is equal to
the 10-second threshold, an earthquake has the potential to cause a tsunami. If Ty is less than
the threshold, then an earthquake has no tsunami potential. If Tsopx exceeds or equals a
threshold of 1, an earthquake has the potential to cause a tsunami. If Tsogx is less than the
threshold, then an earthquake has no tsunami potential. The following examples present the
results of the T4y, Tq and Tsoex estimates from the earthquake seismogram on September 28,
2018, as recorded by the PLAI seismic station, where all three tsunami parameters exceed the
threshold.

Data from the estimated tsunami parameters from an average of 20 seismic stations
employed in this study are presented in Table 1 as follows:

All tsunami parameters estimation results presented in Table 1 exceed the threshold.
Thus, the results of the estimated tsunami parameters support the hypothesis that the main
source of the tsunamis that occurred after the September 28, 2018 earthquake was a seismic
earthquake. The results of this study are supported by the results of research by Ulrich et al.
(2019b) and Madlazim et al. (2019).

Simulations of inundation heights at various locations around Palu Bay, where
observations have been recorded by Ulrich et al. (2019b) and then observed with some
estimates, yielded inundation data that was too high in the northern boundary of Palu bay and
a little too low in the southern part near the Grandmall of Palu City. These findings conclude
that large errors at the height of the inundation are randomly distributed and the inundation
originates from the effect of local amplification, which cannot be captured in the scenario due
to a lack of bathymetry/topographic resolution. The maximum water depth is calculated from
the tsunami scenario near Palu City. Qualitatively, the results of this scenario are quite
consistent with the observations, because the depth of the largest puddle is close to the
Grandmall area, where major damage from the tsunami was reported. Tsunami scenarios stem
from seismic displacement from dynamics. Earthquake rupture scenarios produce inundations
that are qualitatively comparable to available observations. The wave amplitude and the height
of the puddle fits well given the limited quality of available topographic data (Ulrich et al.
2019b).

All tsunami parameters from the earthquake on September 28, 2018 exceed the
threshold; so it is very likely that earthquakes are the main source of tsunamis. The estimated
results of the rupture direction, CMT, and tsunami parameters are confirmed by waterlogging
data that are qualitatively comparable with available observations. The wave amplitude
matches well (Ulrich et al. 2019b).

Table 1. Average values of the tsunami parameters for the September 28, 2018
earthquake

Taur (8) T50Ex Tq(s) Taur*Ta (sz) Ta*T50EX (s)

93.01 2,01 10.39 966.47 21.50
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Fig. 7. Seismogram recorded by PLALI station (above), dominant period (T4) = 20.9 s.

Based on the observations as shown in the video which can be accessed at the following link
https://www.youtube.com/watch?v=y0UOfVr7]BE . There were three tsunami waves after the
Palu earthquake on September 28, 2018. The height of the first tsunami wave was not too big,
on average, it was around 0.8 meters, but it was enough to make the people around the Palu
Strait coast surprised because previously the tsunami early warning had been canceled. This
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first tsunami wave was generated by the seismic energy from the earthquake. Meanwhile, the
height of the second and third tsunami waves on the coast of the Palu Strait was very large,
more than 6 meters. This could not have been caused by a strike-slip type earthquake, but it is
very likely that it was caused by a landslide whose water waves were amplifying.

5. CONCLUSIONS

Based on the estimation of the direction of the rupture, the rupture moves in the direction of
the azimuth 179°, which means that it passes under Palu bay, where there is a maximum
tsunami wave height. The results of the CMT solution are in the form of a strike angle of
350°, which corresponds to the PKF direction and rupture direction. A dip angle of 64°
indicates the existence of a vertical displacement component that can push the water in Palu
bay, which eventually causes a tsunami. The tsunami parameter estimation results also support
that the main source of tsunamis that occurred after the earthquake on September 28, 2018,
was a seismic earthquake because all tsunami parameters exceed the threshold. Thus, it is very
likely that earthquakes comprise the main source of the first tsunamis wave. The estimation
results of the direction of the rupture, CMT, and tsunami parameters are confirmed by
inundation data from tsunamis, bathymetry/topography, in which there is a wave height of
scawater.
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