Indonesian Journal on Geoscience Vol. 9 No. 3 December 2022: 383-394

Fractal Dimension Analysis and Earthquake Repeated Period Estimation in the
Southern Part of Sumatra Subduction Zone (Bengkulu-Lampung-Sunda Segment)

INDONESIAN JOURNAL ON GEOSCIENCE

Geological Agency
Ministry of Energy and Mineral Resources

Journal homepage: http://ijog.geologi.esdm.go.id
ISSN 2355-9314, e-ISSN 2355-9306

SYAMSURIJAL RASIMENG'"2, MASDAR HELME, TUGIYONO!, and SUHARNO*

"Department of Geophysic Engineering, Faculty of Engineering, University of Lampung, Indonesia
“Doctoral Programme of Environmental Sciences, University of Lampung, Indonesia
3Department of Civil Engineering, Faculty of Engineering, University of Lampung, Indonesia
“Post Graduate Programme of Environmental Sciences, University of Lampung, Indonesia

Corresponding author: syamsurijal.rasimeng(@eng.unila.ac.id
Manuscript received: June, 1, 2020; revised: August, 21, 2021;
approved: May, 14, 2022; available online: October, 24, 2022

Abstract - An earthquake seismicity parameter study has been conducted in the southern part of the Sumatra Sub-
duction Zone (SSZ) for the period of 1919 to 2019 with a hypocentre depth of 120 km and magnitude of >4Mw. The
researched area is divided into three segments, Bengkulu, Lampung, and Sunda segments, respectively. This study
aims to evaluate the seismicity parameters in the form of a-value, b-value, fractal dimension, and probabilities of
earthquake recurrence period. Frequency-magnitude correlation statistical approach introduced by Gutenberg-Richter
was used to calculate the seismicity parameters based on catalogue data obtained from USGS. An a-value variation
of 5.11£1.84 to 5.8542.46 obtained indicates the most dominant seismic intensity. b-value of 0.69+0,.17 to 0.83+£0.35
correlates with high-stress levels, the level of spatial heterogeneity on the SFZ, and the probabilities of bigger earth-
quakes in the future. The calculation of fractal dimension of 1.44+0.33 to 1.7+0.71 indicates an earthquake distribution
pattern was caused by a single fracture zone along the southern part of SSZ. The fracture zone is located on the left
and right sides of the southern part of SSZ, which may not have been connected. In addition, the calculation result
of earthquake recurrence period with magnitude >6.5Mw indicates that there will be an 5 - 6 earthquake event in the
Bengkulu segment, 2 - 3 event in the Lampung segment, and 1 - 2 event in the Sunda segment, while the probabilities
of an earthquake with magnitude >7.5Mw along the southern part of SSZ is 1 - 2 times.
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INTRODUCTION

Background

Various tectonic processes become one of the
main factors in the geomorphological patterns on
the earth surface, such as fracture and fault. The
earthquake, as one of the effects of the tectonic
process, becomes a particular concern because of
the substantial and great danger posed. Indonesia

is one of the countries that has the highest levels
of earthquake vulnerability. Therefore, studies
on earthquake hazards are very much needed
in Indonesia, especially in densely populated
areas. This is evidenced by the large number of
earthquake damage data in several regions in
Indonesia. Most of the destructive earthquakes
in Sumatra are dominated by earthquakes with
thrust mechanisms that occur due to the subduc-
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tion process and strike-slip mechanisms, such as
the Sumatra Subduction Zone (SSZ) and Sumatra
Fault Zone (SFZ) (Triyoso et al., 2021).

Earthquakes as complex phenomena can
also be measured using the concept of fractals
(Luginbuhl et al., 2018). Based on the plate tec-
tonic theory, crustal deformation occurs at plate
boundaries, and becomes the centre of ocean plate
widening, subduction zones, and fault transforma-
tion. Displacement and transformation of the fault
in the subduction zone will produce disruption in
the form of shocks as a form of energy release.
However, crustal deformation is more complex
and is usually associated with relatively more
extensive deformation zones.

The 2000 Bengkulu earthquake, the 2004
Aceh earthquake, the 2005 Nias earthquake,
the 2007 West Sumatra earthquake, the 2007
Bengkulu earthquake, and the 2019 Lampung
earthquake potentially become a series of the
precursor activity to a much bigger one in the
southern area, between the Lampung Strait and
the South Sunda Strait. The earthquakes that
occurred in this region have ruined many lives

and property. The high seismic activity in the
southern part of SSZ is shown in the Figure 1.
The distribution of regional seismicity is often
considered clustered, so that the seismic pattern
is not a Poisson distribution (Natale ez al., 1988).

The strength of an earthquake can be estimated
using a magnitude scale. Magnitude generally de-
pends on earthquake frequency, so it can involve
fractal techniques to understand the characteristics
of the earthquake area. Also, the temporal behav-
iour of seismicity is related to fractal geometrical
clustering (Smalley et al., 1987). King (1983) and
Turcotte (1986a, 1986b) developed fractal method-
ologies for tectonic and seismic activities. Various
tectonic processes are directly related to the shape
of the surface topography on the earth. Seismicity
is classic examples of complex phenomena that
can be measured using the concept of fractals
(Turcotte, 1986a, 1986b; Luginbuhl et al., 2018).

This study aims to determine the fractal dimen-
sion of the hypocentre from a series of earthquakes
that occurred in the southern part of SSZ from
1919 to 2019. The partition of the segment in the
southern part of SSZ is based on the relative direc-
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Figure 1. Historical seismicity of the southern part of SSZ (source: USGS).
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tion of the subduction zone, where the Bengkulu
segment has a relative direction from the north
azimuth of 102°; the Lampung segment with a
relative direction of 113°; and the Sunda segment
that has a relative direction of 123°. The steps in
this study include: (i) inventory of earthquakes in
the period of 1919 to 2019 based on data obtained
from the USGS, (ii) selection of earthquake epi-
centre areas based on segment zones, (iii) selection
of earthquake hypocentre depths (<120 km), (iv)
calculation of a¢-value and b-value, (v) calculation
of fractal dimensions, and (vi) estimation of future
earthquake recurrence period.

METHODS AND MATERIALS

Fractal Theory

Mandelbrot (1967) developed and applied the
concept of fractals widely in the fields of geology
and geophysics based on pre-existing fractals.
The mathematical fractal theory is a series of
construction events that can be quantized accord-
ing to the following equation:

Y o+ SR & (1)

i D
7.

1

where:

N, is the number of objects (fragments) with linear
dimensions 7,

C is constant of proportionality, and

D is the fractal dimension.

The fractal dimension can be an integer (Fig-
ure 2), in this case equivalent to the Euclidean
dimension, where the Euclidean dimension of a
point is zero. The line, plane, and cube segment
are valued by 1, 2, and 3 respectively. In general,
the fractal dimension is not an integer but a frac-
tional dimension.

The zero-order is a line segment in a length unit
(Turcotte, 1986b). (a) and (b) are line segments
valued by one unit length (zero-order), (c) and
(d) fractal dimension segment line of 1, (e) and
(f) show line segments with fractal dimension of
0,6309 and 0.6309 respectively (Turcotte, 1998).
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Figure 2. Illustration of six 1D fractal constructions (Tur-
cotte, 1998).

The fractal dimension D can be calculated
based on the following equation,

_In (N, /N) _ log(W,
(/7))

A ND e, 2)
log(r; /1;,,)

where:
In is e based logarithm, and
log is 10 based logarithm.

The concept of fractal geometry applied to
line segments can also be applied to a plane or
area segments. Fractal dimensions in the case of
plane can be described as Figure 3.

Six initial steps of the construction on fractal
geometry concept is shown in Figure 3. (a) only
one square is maintained (fractal dimension of
1); (b) fractal dimension of 0,6; (c) the remaining
planes will be lines (fractal dimension of 1); (d)
only the central square is deleted (fractal dimen-
sion of 1,9); (e) shows the value of the Euclidean
dimension of an area because when all blocks are
maintained it will produce units of area (fractal
dimension of 2) (Turcotte, 1998).

The construction can be designed to produce
fractal dimensions between 0 and 2. The applica-
tion of 1D and 2D such as Figures 2 and 3 can
be expanded into 3D shapes like the two models
in Figure 4.
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@ ®

Figure 3. Fractal geometrical concept in a simple plane (Turcotte, 1998).

Figure 4 (a) is a solid cube with a fractal
dimension of 2,7, while (b) is a solid cube with
a fractal of 2,6 (Turcotte, 1998). Repeated con-
structions can be designed to produce fractal
dimensions between 0 and 3. The models given
above illustrate how geometrical construction can
provide non-integer and non-Euclidean dimen-
sions, but not in continuous structure. One model
of continuous fractal construction is the Koch
triangle which is illustrated in Figure 4.

Figure 4 (a) zero-order in equilateral triangle
with 7 of 3and N, of 3, (b) first order equilateral
triangle with side length r, of 1/3 placed in the
middle of each side. Now there are 12 sides. So,
N, is 12, (¢) construction of the second order by
placing an equilateral triangle r, of 1/9 in the
middle of each side, and N, becomes 48. Based

Figure 4. Fractal dimensional concept in 3D (Turcotte 1998).

386

on equation (2), a fractal dimension of 1,3 was
obtained (Turcotte, 1998).

From the basic concept of the one and two
dimensions of fractal dimension, this can proceed
to unlimited construction and mathematically
written as:

The fractal P, parameter calculation is based
on the length of the sides in the i-th sequence and
N as the number of sides. Equation (3) is substi-
tuted into Equation (1) and obtained:

The application of fractal dimension calculation
in the Koch triangle case is described as:

| log (R, /)
log (1, /7,,)

D=

Seismicity History of the Southern Sumatra
Subduction Zone

The history of the earthquake in these two
provinces is not new. On January 29, 1833, a mas-
sive 8,9Mw earthquake occurred in Bengkulu. On
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June 4, 2000, an 8,3Mw earthquake occurred in
the Bengkulu offshore which killed eighty-five
people and seriously injured more than six hun-
dred people. In September 2007, another series of
earthquakes shook Bengkulu, first occurring on
September 12, 2007 with a magnitude of 8,4 and
hypocentre depth of 30 km. The first significant
aftershock (7,9Mw) occurred on September 13,
2007, with a hypocentre depth of 10 km. The 2007
earthquake killed twenty-six people and caused
damage to buildings and infrastructure. From
September 12, to October 24, 2007, there were
109 aftershocks, nine of them with >6Mw and >
4Mw aftershocks (Zen et al., 2008).

In the western part of Indonesia, the tectonic
style manifests itself as a tectonic subduction
zone, an oblique subduction underneath Sumatra
with a small subduction angle. The Sumatra Fault
Zone (SFZ) is a result of the stress distribution in
this subduction zone (Figure 1). This subduction
zone cuts through the entire length of Sumatra
west coast (1,6 km). SSZ is a right-lateral strike-
slip fault which is divided into 11-13 segments
(Zen et al.,2008). The SSZ segment at the south-
ern end is located on offshore Lampung and inter-
sects the Java Trench in the south of West Java.

This research objective is to determinate the
dimension of earthquake in the southern part of
the SSZ, which can be divide into Bengkulu seg-
ments, Lampung segments, and Sunda segments.
The approach used is based on fractal dimension
calculations. The steps taken in this study include;
(i) earthquake inventory based on seismicity data
obtained from USGS (>4Mw), (ii) earthquake
epicentre segmentation (Bengkulu-Lampung-
Sunda segment), and (iii) calculation of fractal
hypocentre and fractal dimensions.

@ O ©

Figure 5. Fractal construction on continuous structure
(Turcotte, 1998).

The minimum earthquake magnitude value
is 4Mw which is considered the least hazardous
earthquake according to Schwartz and Copper-
smith (1984) and Kramer (1996).

RESULTS AND ANALYSES

USGS earthquake catalogue data along the
Bengkulu-Lampung-Sunda SSZ segment from
1919 to October 2019 were used, with a total of
2010 >4Mw earthquake events and maximum
hypocentre depth of 120 km. The entire event of
each segment consists of: (i) Bengkulu segment
with 1174 earthquake events, (ii) 629 events in
Lampung segment, and (iii) Sunda segment with
207 events. Figure 6 shows the earthquake fre-
quency in each segment based on the magnitude
value.

The seismicity history of the studied area
is shown in Figure 7, indicating the number of
earthquake events per year, where earthquake
events reached more than 400 in 2000 (see Figure
7a). Figure 7b shows more than 700 events with
hypocentre depth at 30 km. While from distribu-
tion, more than 200 seismicity events during
this period is an earthquake with a magnitude of
around SMw (see Figure 7c¢).

By applying the Gutenberg and Richter ap-
proach (Gutenberg and Richter, 1945) in the
form of a statistical correlation, this correlates
the frequency of earthquakes with the following
magnitude:

Log (N) = -bm + 108 (@) «eveeervevereereierencnnn (6)

where:

b and a are constants, and

N is the number of earthquake events, resulting

in the relationship of b-values and constants a.
Magnitude (m) is an empirical value of an

earthquake size. It can be related to the total

energy in the seismic waves produced by the

earthquake. A curve, as shown in Figure 8, was

obtained based on the results of the subduction

segment statistical correlation in this studied area.

387



Indonesian Journal on Geoscience, Vol. 9 No. 3 Desember 2022: 383-394

Depsth (km)

-40

Depsth (km)

1035 N
s

Depsth (km)

IS [
38

Depsth (km)
ES

-80.

Figure 6. Distribution of earthquake hypocentre; (a) southern part of SSZ segment, (b) Bengkulu segment, (¢) Lampung

segment, and (d) Sunda segment.
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ment, (b) Lampung segment, and (c) Sunda segment.

In theory, a logarithmic is defined as seismic-
ity values of earthquakes that most often occur
in an area (Figure 9): the higher the value, the
more frequent earthquakes with a magnitude of
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a. The a-value of 5,81+1,51 was obtained based
on the calculation in the southern part of SSZ
indicating the distributions of earthquakes with
a magnitude of 5,81+1,51. Variations in a-value
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Figure 8. Frequency of magnitude even at; (a) southern part of SSZ, (b) Bengkulu segment, (¢) Lampung segment, and (d)

Sunda segment.

of around 5,11+1,84 to 5,85+2,46 are obtained
if the zones are divided into different segments.
The highest a-value occurred in the Lampung
segment of 5,85+2,46.

A comprehensive study of the spatial mapping
of the frequency distribution was also carried
out for all zones. Variations for the h-value were
obtained at intervals of 0,69+0,17 to 0,83+0,35
using weighted inversion calculations. Experts
concluded that h-value varied systematically and
were estimated to be around 1 (Schorlemmer
et al., 2004). In addition, several other experts
pointed out that H-value varied significantly in
some fault zones (Wesnousky and Scholz, 1983).
Many experts stated that h-value depended on
the tectonic character and stress level or material
structure of a region. Variations of the h-value
in a region are related to the heterogeneity of
the structure and the stress distribution of that
region (Scholz, 1968; Hatzidimitriou et al., 1985;
Tsapanos, 1990).

From that relationship, regions with signifi-
cant heterogeneity correlate with high b-value. A

high-stress correlation with a relatively low b-val-
ue indicates that there will be giant earthquakes
in the segment with a low b-value the following
year (Singh, 2016). So, the three segments in this
study indicate that the Sunda segment is likely to
produce an enormous earthquake in the future. In
addition, the results of this study are consistent
with Montuori et al. (2010), also having observed
a low b-value anomaly in the northwest of the
Wadati-Benioff Zone at a depth of more than 40
km. This observation is in accordance with the
conceptual model that has been found previously,
that the distribution of fluids in the shallow part of
the subduction zone depends on the permeability
of the geological terrance of the overlying plate.

Ketthong and Pailoplee (2012) investigated
The Sumatra-Andaman Subduction Zone (SASZ)
temporal seismicity with b-value focusing on
seismicity data before and after the declustering
process. It obtained a b-value of 0,56-0,79 before
the 8Mw earthquake at six locations. In fact,
Batte and Riimpker (2019) clearly suggests a low
b-value observation [0.65 £ 0.03 to 0.88 + 0.05],
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Figure 9. Fractal dimension in each earthquake; (a) southern part of SSZ, (b) Bengkulu segment, (¢) Lampung segment,

and (d) Sunda segment.

which is associated with the presence of a higher
friction region along the fault plane, where it
becomes locked. He interpreted these low values
as a sign indicating increased stress levels associ-
ated with the homogeneity of the material in the
crust. The results of other researcher observations
related to h-value in some earthquake events are:

a. b<1,6 global seismicity,
b~1,0 for latitude >40°,
b~1,6 whereas latitude <40° (Mogi, 1967),
b. 0,8<b<1,2 global seismicity (McNally, 1989),
c. 0,6<h<1,6 Central America seismicity (Mon
terroso and Kulhanek, 2003),
d. 0,6<b<2,6 mining tremors, Zinkgruvan,

Sweden (Nuannin et al., 2002).

The calculation of the b-value by nonpara-
metric method which was developed based on
the data-based concept, revealed that the b-value
was low in the pre-mainshock near the main-
shock source region, and this was relatively in
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accordance with the mainshock rupture area
(Jiang et al., 2021). The decrease in b-value
during aftershocks implies that h-value could be
an indicator of a state of stress. Thus, it can be
seen that there is a close relationship between
the b-value and the dimensions of the hypocentre
distribution. Therefore, the characteristics of the
b-value distribution indicate that the best way to
study the heterogeneous pattern of b-values is by
not separating the space and time dimensions.
Nuannin ef al. (2005) obtained a b-value varia-
tion of 0,71-1,21 based on 624 earthquakes in the
Andaman-Nicobar Islands region over a five-year
period prior to the giant shock on December 26,
2004. The temporal variation indicates a sig-
nificant decrease in b-value that coincided with
the occurrence of two major shocks (Ms>7,0)
towards the end of 2002 and 9,0Mw before the
devastating earthquake off the coast of Sumatra
NW on December 26, 2004. In addition, to cal-
culate the dimension of the hypocentre Kanamori
and Anderson (1975) introduced the theoretical
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basis for the ¢ of 1,5. So, Kanamori and Stewart
(1978), Hanks and Kanamori (1979) apply these
values to calculate earthquake moments based on
magnitude values as:

[10g (M) = €+ d -eveeereesseineiseinsisisiene. (7)

where:
d of 9,1 is a constant.

In certain regions, the number of N earth-
quakes in a time from fracture zone generally has
a large distribution, so the fractal dimension D of
seismicity is distributed as (Mandelbrot, 1983):

D = 1 20 e ®)
C

Based on theoretical relation ¢=1.5,

The fractal dimension of whole seismic ac-
tivity is only twice the h-value. The empirical
frequency-magnitude relation given in Equation
(6) correlates with the fractal distribution (Aki,
1981). The results of calculating the hypocentre
fractal dimensions in the three segments in this
studied area have values between 1,4+0,33 and
1,7+0,71. Fractal dimension analysis shows that
the pattern of seismicity is caused by a single frac-
ture zone along the southern part of SSZ. In the
fractal dimension, the fracture zones are located
on the left and right of SSZ, which may not have
been connected. The lowest fractal dimension
is in the Bengkulu segment (1,4+0,33), so it has
the potential to produce high seismic intensity
in the future. This is based on the comparison of
Lampung and Sunda fractal dimensions segment
of 1.740,71 and 1.6+0,58 respectively. Compar-
ing the results obtained by other researchers, for
example Ketthong and Pailoplee (2012) who
calculated the dimensions of the SASZ fractal
almost reached 2.0, this means that the pattern of
spreading earthquake events in the SASZ region
spreads in areas or fields that are interconnected.

The b-value may be greater, because the study is
in a very broad regional review.

In addition, the results of the calculation of
the earthquake recurrence period using equation
(6) with a magnitude >6,5mW indicate that an
earthquake will occur 5-6 times in the Bengkulu
segment, 2-3 times in the Lampung segment, and
1-2 times in the Sunda segment, while the chance
of an earthquake with magnitude >7,5Mw along
the southern part of SSZ is 1-2 times. This cal-
culation is in accordance with what was done by
Pailoplee (2017) which obtained the magnitude
of the earthquake magnitude in the SSZ region
capable of reaching 7.0Mw within the next 30-50
years using a logarithmic of correlation function
approach.

Frequency-magnitude correlation statistics for
the 1904 to 1980 earthquakes have been carried
out by Abe (1981) and Purcaru and Berckhemer
(1982) for the period of 1920-1979. The results
provided by (Abe, 1981) support the system-
atic reduction of large earthquake correlation
curves, while the results provided by Purcaru and
Berckhemer (1982) support direct extrapolation
of correlation curves with more massive earth-
quakes. Pacheco et al. (1992) have considered the
extrapolation problem in detail and supported the
systematic reduction of large earthquakes.

DiscussioN AND CONCLUSIONS

Based on the results of the analysis, it can
be concluded that the most dominant range of
earthquake magnitude in this area is indicated
by a-value variation of 5,11+1,84 to 5,85+2,46.
Meanwhile, the b-value results of 0,69+0,17 to
0,8340,35 indicate a high level of stress on the
southern part of SSZ and a high chance of oc-
currence of bigger earthquakes in the future. The
fractal dimension of 1,4+0,33 to 1,7+0,71 indicat-
ing the seismicity distribution pattern is caused
by a single fracture zone along the southern part
of SSZ, with fracture patterns located on the left
and right on the southern part of SSZ that may not
have been connected. Lastly, the calculation result
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of earthquake recurrence period with magnitude
>6,5Mw indicates that there will be an earthquake
5-6 occurrences in the Bengkulu segment, 2-3
in the Lampung segment, and 1-2 in the Sunda
segment, while the chance of an earthquake with
magnitude >7,5Mw along the southern part of
SSZ are 1-2 occurrences.
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