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Abstract - Most of the destructive earthquakes in Sumatra are dominated by thrust mechanisms that occur due to the
process of subduction and some earthquakes with strike-slip fault sources such as the Sumatra fault and northwestern
Sumatra. Subduction zones along western Sumatra and Sumatran fault zones are active seismic sources of earthquake
events. The seismotectonics of South Sumatra can be affected by earthquakes triggered by these seismic sources. In
this study, an estimation and analysis of the potential for earthquake hazard curves were carried out in Palembang City
due to the influence of subduction zone sources, strike-slip faults, and intermediate to deep earthquake sources. The
algorithm of the seismicity smoothing was applied to estimate the seismicity rate for megathrust sources, active faults,
and intermediate to deep earthquake sources. The smoothing algorithm is applied to estimate the seismicity rate for
megathrust sources, active faults, and intermediate to deep earthquake sources. The earthquake hazard potential curve
results showed that the estimated Peak Ground Acceleration (PGA) in the subduction earthquake sources bedrock was
greater than the estimated ground shaking due to strike slip fault sources and intermediate to deep earthquake source. To
understand better the potential ground shaking, the evaluation of PGA at the surface was then estimated by including the
amplification factor. The amplification factor is calculated using the Horizontal-Vertical Spectral Ratio (HVSR) method.
Based on the PGA estimated at the surface of 10% probability exceedance level during 50 years, the Palembang City
has a potential shaking of around 35 gal, which is likely to be caused by a megathrust earthquake source.
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INTRODUCTION nated by earthquakes with a thrust mechanism that

occurred due to the subduction process and strike-

Indonesia is one of countries that has the high-
est level of earthquake vulnerability. Therefore,
studies on earthquake hazards are needed in
Indonesia, especially in densely populated areas.
This is evidenced by huge data on earthquake
damage in several regions in Indonesia. Most of
the destructive earthquakes in Sumatra were domi-

slip mechanisms that led to shear faults, such as
the Sumatra fault and the northwest Sumatra.

Palembang today is the second-largest city in
Sumatra and the ninth-largest city in Indonesia.
The city has become a host of several international
event, including the 2011 Southeast Asian Games
and 2018 Asian Games.

Indexed by: SCOPUS (Q3)
1



Indonesian Journal on Geoscience, Vol. 8 No. 1 April 2021: 1-9

The seismotectonics of South Sumatra can be
affected by earthquakes triggered by the above
seismic sources. Thus, the Seismic Hazard Analy-
sis (SHA) of Palembang seems to be much needed
to understand better how high is the probability
of the peak of the ground shaking, not just at the
level of base rock but also at the surface.

Earthquake events in the world cannot be
predicted precisely. One way to reduce material
and life losses due to earthquake events is that
building construction must be designed by consid-
ering the estimated probability of earthquake ac-
celeration in each region. One way to find out the
potential for ground shaking from earthquakes is
to analyze the earthquake hazard potential curve
or Seismic Hazard Function (SHF), the PGA val-
ues plot results, and the Probability Exceedance
(PE) of the earthquake occurrence.

In this study, the SHF of Palembang City
was analyzed on the basis of the influence of the
subduction zone sources, strike-slip faults, and
earthquake sources with intermediate to deep hy-
pocentres. The seismicity rate model around the
subduction sources and other shallow earthquake
sources with the depth of less than and equal to
50 km was based on the integrated source model
of Triyoso et al. (2020). The strike-slip fault
sources were modeled on the basis of seismicity
smoothing algorithm (Frankel, 1995). To estimate
the seismicity rate around the fault is done by
combining the seismicity smoothing of shallow
crustal earthquake data around the fault and then
weighting by normalized seismicity smoothing
of the synthetic seismicity model derived from
strike-slip fault data. In case of the intermediate
to deep earthquake sources, the earthquake data
with the depth of 50 - 150 km and 150—-300 km
were used, and then smoothed by 75 km correla-
tion distance.

The PGA of 10% probability exceedance level
for fifty-year period was analyzed for Palembang
City, in which PGA value was obtained by apply-
ing several Ground Motion Prediction Equations
(GMPE). They are based on Triyoso et al. (2020)
for subduction sources, Natawidjaja and Triyoso

(2007) for strike-slip sources, and the GMPE of
Atkinson and Boore (2003) for intermediate to
deep earthquake sources. Furthermore, the ampli-
fication factor was estimated, and then incorpo-
rated into the PGA estimated. The amplification
factor was calculated using Horizontal-Vertical
Spectral Ratio (HVSR) method of the BMKG
data.

METHODS AND MATERIALS

In this study, the data used are based on the
results of Triyoso et al. (2020) for earthquake
sources around megathrust, where the A-value
model of Gutenberg-Richter (1944) was esti-
mated based on the product of normalized seismic
moment rate with mean seismicity smoothing.
The correlation distance is 25 km, 50 km, and
150 km of shallow earthquake data of Mw > 5.0,
H < 50-km of 1963 to 2016.

Active fault data are based on the results of
the new revised (simplified) active fault map of
the Sumatran Fault Zone (SFZ) according to the
PuSGeN Team for Updating Indonesia Seismic
Hazard Map with new slip rates from geological
and geodetical (GPS) recent studies (Natawidjaja,
2017).

The intermediate to deep earthquake source
data are based on PuSGeN (2017) catalog data
sorted for depths greater than 50 km to depths of
300 km. The seismic hazard curve was then esti-
mated based on the merging model of megathrust
and SFZ sources and the intermediate and deep
earthquake models smoothed.

In order to better understand the possible
ground shaking level that may occur on the sur-
face, the amplification factor is included in the
estimation results of the PGA value in bedrock.
The amplification factor was calculated using the
vertical-vertical ratio (HVSR) method.

Accelerogram data gained are based on
BMKG recording stations spreading over several
station positions on Sumatra Island, where one of
the them is Palembang (Suwondo, 2020).
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Seismicity Smoothing

Following the previous study, seismic hazard
assessment based on a seismicity smoothing using
Gaussian function approach (e.g. Frankel, 1995;
Petersen et al., 2008; Triyoso and Shimazaki, 2012;
Triyoso et al. 2020) was implemented. First of all,
gridding was done on the area to be studied, then
the number (n)) of earthquake events with a mag-
nitude greater than or equal to the reference (Mn? )
was counted in each grid. The quantity counting
of n, represents the maximum likelihood estimate
of 10? or the earthquake A-value with a magnitude
above M of in each grid (Bender, 1983). The n, val-
ues in each grid were then smoothed spatially by
applying a Gaussian function using a correlation
distance c. For each grid of i, the smoothed value
was obtained from:

z n _e—Azij/cz
L, (1)

n; =
1 2..,.2
—-A“jjlc
eV
J

in which:
n.is normalized to preserve the total number
of events,

A, is the distance between the i-th and j-th
cells,

c 1s the correlation distance.

In equation (1), the sum is taken over cell j within
a distance of 3¢ from cell 7.

Occurrence Rate Function

Following the theory of the earthquake occur-
rence, the rate function for a particular cell, v, (=
M, ), could be formulated by:

in which:

vi(> Mref) ~ % .................................... (2)

N, is the number of earthquake with magnitude
>M, ; in cell i,

T is the length of record,

v, represents the 10* of the earthquake
with a magnitude greater than or equal to M | p

The M _.can be decided from the view point
of magnitude completeness (M) or larger. It is
implied that applying the Gaussian function
to smooth the seismicity is accepting the 10°
by equation (2). Furthermore, by substituting
10? of equation (2) in equation (1), the following
equation may be obtained:

vi(Zm)~ ni(= Mrez) 10~bm a- lob(m—Mmax)) ..(3)
" T.bIn(10)

in which:

v, (= MM) expressed the smoothed value in
each grid i for earthquake numbers greater
than or equal to the reference magnitude dur-
ing the time interval 7,

b is the uniform b-value.

M, ~ 9.0 is used in this study in case of
shallow crustal and subduction earthquake
sources, and M~ 8.0 in case of the inter-

mediate to deep earthquake sources.

Hazard Calculation: Probability of Exceed-
ance (PE)

The annual probability exceedance of peak
horizontal ground motion (PGA or PGV) u ata
site due to events at a particular cell k under the
Poisson distribution is given by:

P(uz up) =B [m>m(up, Dy )] = 1= CVil2m(uy, D1} -(4)

where:
P (m=m(u, D,)) is the PE of an earthquake
in the grid of &

m (u, D)) is the quantity of magnitude of k"
source cell that would produce a peak ground
motion of u_ or larger at the site,

D, is the distance between site and source cell.

The function m(u, D) is the GMPE. The prob-
ability distribution of peak ground motion at the
site was determined by integrating the influences
of the surrounding source cells, i.e.:

P>ug) =1-TC[1-Pu=ug)] ceeeveerveerenveanne (5)
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By substituting the GMPE, the following equation
could be obtained:

P ug)=1- me TiBmDOY _y_ Lm0 --(6)

which gives the annual exceedance probability of
particular PGA or PGV. For specific time dura-
tion 7 the probability of exceedance is given by:

Pz up)=1-[1-Pu = ug))” =1- TTEnEmD01-(7)

The annual PE of the specified ground motions
was calculated by applying equation (6) for each
grid. For a specified time duration 7, the prob-
ability of exceeding specified ground motions
was computed using equation (7).

Ground Motion Prediction Equation (GMPE)

In constructing the probabilistic seismic
hazard map expressed by peak ground motion
defined as PGA or PGV, the GMPE is needed in
terms of PGA or PGV as a function of magnitude
and distance. The GMPEs are based on the result
summarized in Triyoso et al. (2020) in which the
GMPE:s of Zhao et al. (1997) and Atkinson and
Boore (2006) were used for subduction sources,
(Natawidjaja and Triyoso, 2007). The GMPE of
Fukushima and Tanaka of 1990 is updated with
the GMPE of Fukushima and Tanaka of 1992, for
strike-slip sources. While GMPE of Atkinson and
Boore (2003) was applied for intermediate and
deep earthquake sources.

Horizontal-to-Vertical Spectral Ratio (HVSR
or H/V)

The Horizontal-to-Vertical Spectral Ratio
(HVSR or H/V) method is one of methods for
obtaining the bottom-surface information of a
single station measurement on the surface of the
earth that was originally used to examine the risk
of earthquake in Japan. The acquisition of data on
this method requires a three-component station
that serves to perform a spectrum comparison of
the Fourier horizontal and vertical components.
The assumption used in this HVSR method is
the H/V ratio value in bedrock equals one. The
assumption was derived because the amplitude
of waves that propagate towards the vertical and

4

horizontal direction was of equal value. Thus, the
HVSR formula can be written in the equation:

HIV = A /A, oo (®)

in which:

A, is Fourier spectrum of the horizontal com-
ponent of accelerogram data,

A, is Fourier spectrum of the vertical compo-
nent of accelerogram data.

Mucciarelli and Galipolli (2004) conducted
a comparative review of HVSR methods using
Rayleigh waves and noise. The analysis was con-
ducted to five hundred and more HVSR results for
three stations being in sediment and one station be-
ing in the base rock. The conclusion of the review
of HVSR analysis by using noise and earthquake
waves shows the same results. Other studies con-
ducted in Los Angeles Basin used Rayleigh waves
and body waves. The results of the study showed
Rayleigh waves gave better amplification infor-
mation in the sedimentary basin area compared to
the ones using only the body wave (Bowden and
Tsai, 2017). In this study, the amplification was
calculated based on the frequency band of 0.3 -
0.7 Hz. The use of this frequency range is based
on Bowden and Tsai (2017). Incorporating the
amplification into PGA was done by multiplying
the SHF with the amplification factor. This implies
that the PGA estimated at base rock was converted
to the PGA at the surface.

RESULTS AND ANALYSES

A-values for active fault data were modelled
by integrating shallow earthquake data from
PuSGeN 2017 (M > 5.0, H< 50 km of the years
1963 to 2016) around the active fault zone, and
synthetic catalog data were constructed from
active fault distribution data. The algorithm for
constructing synthetic catalog models is based
on Triyoso and Shimazaki (2012), which in this
study modelled earthquake epicentre positions
were distributed uniformly along the active fault
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position for each interval of about 10-km distance.
Subsequent synthetic epicentre distribution data
were smoothed with a distance correlation of 25
km. For shallow earthquake data around the ac-
tive fault zone, the application of the seismicity
smoothing algorithm is based on the study of
Frankel (1995) by applying smoothing with a
correlation distance of 75 km. The integration
between the two models was done by weighting
the A-value model from the earthquake catalog
with normalized smoothed seismicity obtained
from active fault data. The results of the model
integration can be seen in Figure 1a. Next, the two
models in Figure 1 (a and b) were combined to
produce a shallow seismicity rate and a regional
b-value model estimated based on the combined
model area determined as shown in Figure 2a.
The area for determining the b-value is based on
the shallow earthquake catalog (M_~4.7, H< 50
km of the years 1963 to 2016) in radius of 500 km
with Palembang City as the centre. The b-value
obtained is around 0.972 (Figure 2b).

In case of the intermediate and deep earthquake
data, the application of the seismicity smoothing
algorithm is based on Frankel (1995) by applying
smoothing with a correlation distance of 75 km
of the earthquake catalog of PuSGeN 2017 (M
>5.0, 50 <H <150 km and 150 <H <300 km of
the years 1963 to 2016), and by adding the uni-
form background zone. Developing the A-values
was done by combining the smoothed seismicity
model with uniform background zone with the
weight of 0.75 and 0.25 (Triyoso and Shimazaki,
2012). The area for determining the b-value for the
intermediate and deep earthquake catalog is similar
with the above merging model in which the used
earthquake catalog is M_~ 4.6, 50 < H <300 km
of the years 1963 to 2016. The b-value obtained is
around 1.23. Figure 3 shows the merging model of
seismicity rate based on smoothed seismicity of the
intermediate and deep earthquake sources (Figure
3a) and the b-value (Figure 3b).

Figure 4 shows the station distribution in
which the amplification factor is calculated using
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Figure 1. (a) The A-value model based on Triyoso et al. (2020), estimated by weighting the normalized seismic moment
rate with mean seismicity smoothing of shallow earthquake data. The seismicity smoothing correlation distance is 25 km,
50 km, and 150 km, and (b) A-values for active fault data modeled by integrating shallow earthquake data from PUSGEN
2017 around the active fault zone and synthetic catalog data constructed from active fault distribution data. The algorithm
for constructing synthetic catalog models is based on Triyoso and Shimazaki (2012). In this study, modeled earthquake
epicenter positions are distributed uniformly, and the active fault position for each interval 10-km distance. Subsequent
synthetic epicenter distribution data was smoothed with a distance correlation of 25km. For shallow earthquake data around
the active fault zone, the seismicity smoothing algorithm application is based on a 75km radius. Integration between the
two models is done by weighting the A-value model from the earthquake catalog with normalized smoothed seismicity
obtained from active fault data.
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Figure 2. (a) The combined model that is developed based on megathrust source model and active fault model; and (b) the
b-value that is based on the shallow earthquake catalog (M_ ~ 4.7, H < 50km, 1963-2016) which is within a 500km radius
with the center of the city is Palembang.
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Figure 3. (a) The seismicity rate model based on smoothed seismicity of the intermediate and deep earthquake sources and
(b) the b-value to develop the A-values is done by a combination of the smoothed seismicity model of earthquake data (M
>5.0,50 <H <300km of the years 1963 to 2016) with a uniform background zone with the weight of 0.75 and 0.25 (Triyoso
and Shimazaki, 2012). The earthquake catalog (M, ~ 4.6, 50 < H <300km of the years 1963 to 2016) is used to estimate the
b-value in which the area is within a 500km radius with the center of the city is Palembang.

the Horizontal-Vertical Spectral Ratio (HVSR) Figure 5 shows the result of SHF of Palem-
method of the accelerogram of the BMKG data.  bang City based on the shallow earthquake sourc-
The amplification factor was calculated based on  es with amplification included (a) and SHF based
recorded data at Palembang station that is about  on intermediate and deep earthquake sources. The
2.7 (Suwondo, 2020). results showed that the estimated peak ground
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Figure 4. (a) The distribution of the station in which the amplification factor is calculated using Horizontal-Vertical Spectral
Ratio (HVSR) method of the accelerogram of the BMKG data and (b) the result of the amplification factor calculated based
on recorded data at Palembang station (PMBI) is about 2.7.
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Figure 5. (a) The result of the SHF of Palembang City based on the shallow earthquake sources with amplification included
and (b) SHF based on intermediate and deep earthquake sources. The SHF is estimated based on the median PGA. The results
showed that the estimated PGA at the bedrock of subduction earthquake sources was more significant than the estimated
PGA due to strike-slip fault sources and deeper earthquake sources.

acceleration (PGA) at the bedrock of subduction  potential ground shaking at the surface was then
earthquake sources was more significant than  estimated by including the amplification factor
the estimated ground shaking due to strike-slip  based on the HVSR method. Based on the PGA
fault sources and deeper earthquake sources. The  estimated at the surface of 10% probability ex-
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ceedance level during fifty years, the Palembang
City has a potential ground shaking of around 35
gal, which is likely to be caused by a megathrust
earthquake source.

DiscussioN AND CONCLUSIONS

The earthquake hazard function against
megathrust, active fault, and intermediate to
deep earthquake sources of the Palembang City,
Sumatra Island was carried out by realizing the
SHF. The SHF showes that the estimated PGA at
the bedrock subduction earthquake sources was
greater than the estimated ground shaking due to
strike-slip fault sources and intermediate to deep
earthquake sources.

Since Palembang today is the second largest
city in Sumatra and the ninth largest city in In-
donesia in which the infrastructure, population,
and investment would grow in the near future,
the detailed evaluation of level ground shaking
caused by earthquake need to be evaluated in
more detail by incorporating the probability level
of the ground shaking at the surface.

The potential ground shaking has been
incorporated at the surface by including the
amplification factor based on the HVSR method.
Based on the PGA estimated at the surface of 10%
probability exceedance level during 50 years, the
Palembang City has a potential ground shaking
of around 35 gal, which is likely to be caused by
the megathrust earthquake source.
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