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Introduction

Geographically, the country of Timor Leste is
located within 8° SL - 10° SL and 124° EL - 127° 30" EL,
and is bordered to the north by the Banda Strait, Wetar
Island, and Alor Island in Indonesia; to the south by the
Timor Strait and Australia; to the west by Kupang (East
Nusa Tenggara); and to the east by the Leti Islands in
Indonesia. Timor Leste is a part of the Banda Arc, which
is the meeting zone of three different tectonic plates
(Hamilton, 1973), which are the Indo-Australian Plate,
the Pacific Plate, and the Eurasian Plate (Hamilton,

1973).
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Abstract: Analysis of the seismicity parameter for earthquakes in Timor Leste has
not focused on the level of seismicity activeness (a-value) and rock brittleness (b-
value). A study on earthquake hazards needs to be conducted to minimize the
impacts caused by the disaster. One kind of mitigation effort is the spatial
mapping of the seismotectonic parameters of a-value and b-value. Determining
the variations of changes in seismotectonic parameter values utilized the
maximum likelihood statistical method. Analysis results of seismotectonic
parameter values for Zone 1 showed that a-value variations ranged from 7-10, b-
value ranged from 0.9-1.5, Zone 2, a-value variations ranged from 6-10, b-value
ranged from 0.9-1.9, For Zone 3, a-value variations ranged from 8-17, b-value
ranged from 1.3-1.9, This indicated high levels of rock brittleness and low levels
of rock resistance toward stress; of these three zones, the zone with the highest
seismicity level is Zone 3, followed by Zone 1 and Zone 2, while the regions with
the greatest chance for an earthquake occurring with a large magnitude and
repetition of earthquake occurrences within a short time interval is Zone 1 and
Zone 2. Meanwhile, Zone 3 is the region with the smallest chance for earthquakes
occurring with a large magnitude.

Keywords: a-value; b-value; Maximum Likelihood Method; Timor Leste.

Timor Leste follows the curving subduction zone of
the Banda Arc, and is not followed by the presence of
active volcanism or a volcanic arc; this absence of a
volcanic arc becomes the distinct characteristic of the
Banda Arc, which makes the tectonic formation and
phases in Timor Leste to be ones that are complex (Dinis
et al., 2013). The occurrence of tectonic activity in Timor
Leste is due to the movement of the Australian Plate in
the south moving toward the north, which eventually
results in a divergent boundary in the form of a collision
with the Banda Arc archipelago.

This plate movement event that results in the
divergent boundary began with a collision in the Central
Timor region in the Late Miocene period, which was
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then followed by a collision in the southwest of Timor
Leste (R. A. Harris, 1991), The collisions that began from
the Late Miocene to the Early Pliocene period are the
youngest collisions in the world and thus result in the
youngest metamorphic rocks in the world. Earthquakes
are defined as soil tremors that are caused by a sudden
release of energy in the crust of the earth (Elnashai and
Sarno, 2008), as well as according to Lutgens (1982) in
Hidayat & Santoso (1997).

Earthquakes have a serious impact on human life,
especially for those who live in close to active faults both
on land and subduction zones in coastal areas
(Desifatma et al., 2022). Timor Leste is a country with a
very high level of seismicity; this is caused by three
earthquake faults, as the active fault system in Sawu Sea,
the Wetar Upthrust, and the subduction system of the
Australian Plate south of Timor Leste (Sunardi et al.,
2017; Supendi et al., 2020; Yang et al., 2020).

Figure 1. Research location as indicated by the red rectangle,
modified from Harris (2019)

In Timor Leste, two damaging earthquakes have
occurred; one of them occurred on August 27, 1977 with
a magnitude of 6.8 Ms (with no tsunami) and the
epicenter located at 58 km N (North) of Likisa at a depth
of 25 km. The impact of the earthquake reached VII-VIII
MMI on the maximum intensity scale, and the
earthquake thus had potentially damaging power. The
damaging earthquake caused 2 deaths and 25 injuries.
The other occurred on May 14, 1995 with a magnitude of
6.9 Mw; this earthquake resulted in a tsunami with a
maximum height of 4 m, with the epicenter being at 27
km NNW (North-Northwest) of Maubara at a depth of
11 km. The earthquake caused 11 deaths and 19 injuries;
furthermore, several houses were severely damaged due
to alocal tsunami in the proximity of Dili, and landslides
occurred near the epicenter (BMKG, 2018).

These two occurrences of damaging earthquakes
clearly indicate that the Timor Leste region is a region
with high seismic activity and vulnerability toward the
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hazard potential from earthquakes and tsunamis, even
though this requires a long time, and which is caused by
the Sawu Sea active fault, Wetar Up thrust, and
Australian Plate subduction system. Where the East
Nusa Tenggara region represents being along the
subduction zone, namely the front arc area of the
Australian plate moving northward (Thene, 2016) and
has a structure of four rock types (Rahardiawan &
Purwanto, 2016).

Therefore, the knowledge about the level of
seismicity and the hazard potential for seismic disasters
in the Timor Leste region is very much needed for
disaster mitigation needs. Technically, the knowledge
about the level of seismicity and rock brittleness in the
Timor Leste region may be obtained through
determining the a-value and b-value parameters by
utilizing secondary data of earthquakes from the United
States Geological Survey (USGS) catalog from 1975-2022
with the aid of the ZMAP6.0 application (Wiemer, 2001).

Method

Earthquake statistics in the form of frequency-
magnitude distribution (FMD) can be used to find out
the seismicity level of a region. Mathematically, FMD is
written out as the Gutenberg-Richter Law 1944 in
(Apriliani et al., 2021) and the following equation:

logN(M) =a—-bM 1)

where N is the number of events in a region within a
certain time period with strength of M > Mc (magnitude
of completeness) that is defined as the smallest
magnitude value where the Gutenberg-Richter Law still
applies, values a and b are the seismic parameters that
are relevant to the hazard potential for seismic disasters
and area vulnerability. Mathematically, the Gutenberg-
Richter Law (1944) is an equation for a straight line,
where log N is the vertical axis and M is the horizontal
axis. In this case, the physical meaning of parameter a is
the seismicity level of the region being observed, for
which the value depends on the area of the region,
length of observation period, and the largest observed
magnitude (Han et al., 2015); (Amaro-Mellado and Bui,
2020).

Meanwhile, value b represents the ratio of small
earthquakes to large earthquakes, which indicates the
stress level of sub-surface rocks (Godano et al., 2014;
Scholz, 2015; Amaro-Mellado et al, 2017). The
application of Equation (1) depends on the estimation
accuracy for Mc. If the estimate for Mc is too high, this
will cause a decrease in the sample data for earthquakes.
Conversely, if Mc is too low, the results for the seismic
parameters a and b may become deviant (Mignan, 2012;
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Mignan and Woessner 2012). In this context, the
Maximum Likelihood method was employed for the
study.

Maximum Likelihood Method

The maximum likelihood approach (Ernandi &
Mudlazim, 2020) has the advantage of being able to
calculate statistically the value of the parameter for
earthquake activity in order to be able to minimize
magnitude voids at certain intervals, thereby being able
to provide stable final results. The maximum likelihood
approach (Aki, 1965) is one of the statistical methods that
is usually used to solve seismo-tectonic problems, for
which estimation of a and b is performed according to
maximal probability (Mignan and Woessner, 2012) with
the estimation of b being carried out through the
following equation:

b=_;
M -M

— Wl

loge )

where b is the parameter of the rock brittleness level, M
is the mean magnitude of the earthquake data, My is the
minimum magnitude of the earthquake data, e is the
Euler constant (2.71828), and log e = (0.4343). A value of
b = 1.0 means that the geological sub-surface rocks
possess high stress (Han ef al., 2015); (Amaro-Mellado
and Bui, 2020). The spatial variation of b can be used as
a precursor for major earthquakes (Nuannin et al., 2012).
Meanwhile, the estimation of a is determined by the
following equation:

a=log N(M =M,) +log(bIn10) + M b 3)

where 4 is the parameter of the seismicity level of a
region, i is the estimation of rock brittleness level, log
N (M = M) is the mean value of the cumulative total of

earthquakes, M, is the minimum magnitude of the

earthquake data, M is the mean magnitude of the
earthquake data, and N is the cumulative total of the
utilized earthquake data.

Research Data, Data Collection Technique, and Data
Processing

This research utilized secondary data comprising
1782 earthquake occurrences in Timor Leste and its
surrounding regions within the years from 1975-2022
with magnitude variations of 3.2 > Mw < 75 and
earthquake epicenter depth reaching 613 km that was
obtained from the USGS earthquake catalog at
http:/ /earthquake.usgs.gov/earthquakes/.
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The earthquake data has not undergone a filtering
process that will remove data of foreshocks and
aftershocks (Ngatmanto, 2009) that has the objective of
increasing the level of accuracy of calculation results for
Mc, b-value, and a-value in Timor Leste and the
surrounding regions. In this case, the values for Mc, b-
value, and a-value in Timor Leste and the surrounding
regions are calculated by creating three seismic zones,
which are (1) Zone 1 with regional boundaries
of -12.544° SL - 124.651° EL and -7.841° SL - 123.759° EL
and 777 earthquake events, (2) Zone 2 with regional
boundaries of -12.544° SL - 127.304° EL and -7.841° SL -
124.651° EL and 714 earthquake events, and (3) Zone 3
with regional boundaries of -12.544° SL - 128.666° EL
and -7.841° SL - 127.304° EL and 291 earthquake events.
The division of these three zones were made according
to the earthquake density as seen in Figure 2.

Seismic Distribution Map
in Timor Leste Period 1975-2022
N
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Figure 2. Map of the seismic zones of the research area: Zone
1, Zone 2, and Zone 3.

All the earthquake data that were included as the
sample were downloaded from the USGS catalog in the
csv file format. Then, the earthquake data were
processed with the aid of a spreadsheet to convert the
earthquake magnitude from moment magnitude to Mw
according to a specific conversion technique (Dinis et al.,
2013) and to adjust the entry format as determined by
ZMAP6.0 by longitude, latitude, year, month, day,
magnitude, depth, hour, and minute. After this
adjustment, the data were stored in the format of file.dat
as input for the ZMAP6.0 (Dinis et al., 2013) program
with the aid of Matlab R2013a.

The filtering process involved the decluster using
(Dinis et al., 2013) technique that was performed to
eliminate foreshocks and aftershocks in order to purify
the data for the main shocks. Next was the calculation of
values for Mc, b-value, and a-value, for which the three
seismic parameters were used to find out the potential

713



Jurnal Penelitian Pendidikan IPA (JPPIPA)

of seismic disaster hazards for Timor Leste and the
surrounding areas.

The data from the three zones were then
processed again using ZMAP6.0 (Dinis et al., 2013) to
obtain output in the form of histograms and FMD
curves, Mc parameter estimation, b-value, a-value, b-

Input

Proses
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value spatial variation, and source depth variation. The
output from the three seismic zones were analyzed to
obtain a comprehensive image of the seismicity level and
vulnerability potential for Timor Leste and the
surrounding areas. The research design can be seen in
Figure 3.

Ouiput

secondary data Timor Leste
from the U535 earthquake
Catalog, http:/ fearthquake nsgs.

® FEaxcel,
ZMaATs.0

MatlabR2015a,

&  Method maxémam Likdkood

®  Guitenberg-Riche Method

~

Estimation as M, D-salue and
a-orlue

and Histogram FIMD

Wariation spatial Ternporal
a-value and Tadue

Histogram of Earthquakes to

Depth -/

Figure 3. Schema for the research of seismicity and potential seismic hazards in Timor Leste and surrounding regions

Result and Discussion

The research results are discussed through the
figures created with the aid of ZMAP6.0 and Matlab, as
(1) histogram of earthquakes to magnitude, (2) FMD
curves, (3) b-value spatial variation distribution, and (4)
histogram of earthquakes to depth. The analysis was
differentiated according to the seismic zones, as Zone 1,
Zone 2, and Zone 3. Analysis of the histogram of
earthquakes to magnitude and the FMD curves for all
seismic zones can illustrate the levels of seismicity and
stress of sub-surface rocks in Timor Leste and the
surrounding areas. Analysis of b-value variability and
the histogram of earthquakes to depth reflects the
potential of tectonic earthquake disaster hazards in
Timor Leste and the surrounding areas. Analysis of the
histogram of earthquakes to depth shows the
distribution of earthquake sources (the hypocenter
locations).

Histogram of Earthquakes to Magnitude

Based on the plot of magnitude Mw against the
number of events N for all seismic zones (Figure 4), the
greatest earthquake frequency was in the class interval
of 4.5 > Mw <£4.9, which correlated to 777 events in Zone
1, 714 events in Zone 2, and 291 events in Zone 3. The
largest magnitudes in the years from 1975-2022 were Mw
6.7 in Zone 1, Mw 7.5 in Zone 2, and Mw 6.2 in Zone 3.
The histogram plots of magnitude distribution for all
three seismic zones in Timor Leste and the surrounding
areas have the same pattern, where all plots showed an
exponential decrease in the cumulative frequency of
earthquake events for the magnitude reach of Mw > 5.0,

following the linear-log Gutenberg-Richter Law (1944)
(Dinis et al., 2013).
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Figure 4. Plot of magnitude Mw against number of events N
for (a) Zone 1, (b) Zone 2, and (c) Zone 3

Based on Figure 4, the median values of the
magnitude class with the highest frequencies associated
with Mc estimations were 4.5 for Zone 1, 4.5 for Zone 2,
and 4.8 for Zone 3, which are categorized as moderate
magnitudes. To ensure the accuracy of Mc estimation as
well as b-value and a-value, it became necessary to make
corrections to the Mc value (Dinis et al., 2013) (Wiemer,
2001; Woessner and Wiemer, 2005) in the form of FMD
curves, for which the Mw plot was made against the
cumulative number of events (N) and the logarithm of
the number of events (log N) simultaneously.
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Frequency Magnitude Distribution (FMD)

Figure 5 presents the FMD curves for all seismic
zones as created by ZMAP6.0 (Dinis et al., 2013). FMD
curves show the results of Mc and a-value calculations,
which indicate the seismicity level (Dinis et al., 2013) and
the b-value that represents the stress level of sub-surface
rocks (Dinis et al., 2013). Additionally, FMD curves
present the results of calculations for a (annual), which
was used to explain the seismicity rate within the
observation period from 1975-2022 or a range of 47
years.
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Figure 5. FMD curves with estimations of Mc, b-value, a-
value, and a (annual) obtained from ZMAP6.0 for (a) Zone 1,
(b) Zone 2, and (c) Zone 3.

b-value Spatial Variation Distribution

Analysis of b-value behavior and tectonic
conditions for Timor Leste and the surrounding regions
for the years from 1975-2022 was performed by mapping
the spatial distribution of b-value. Examining spatial
variations of b-value is one of two methods that can be
used to examine the potential of major earthquakes
occurring in a certain region. Mapping was conducted
using ZMAP6.0 and Matlab R2013a (Dinis et al., 2013).
To obtain an image with a high resolution, ZMAP6.0
required a minimum of 200 events (Dinis et al., 2013).
Because the data requirement of at least 200 earthquake
events for each seismic zone was fulfilled for this study,
the spatial distribution map of b-value for the three
seismic zones could be obtained with high resolution
and could be trusted (Dinis et al., 2013).

Figure 6 shows the spatial distribution map of b-
value for the Timor Leste region from 1975-2022.
Variations of b-value on the map are illustrated through
different colors, for which blue shows a relatively low b-
value, while red shows a relatively high b-value. The
three spatial variation plots for b-value indicated that
epicenters of relatively strong earthquakes lie in a region
with a low b-value. This finding is in line with the results
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of prior research (Dinis et al., 2013) where it was stated
that areas with a high accumulation of seismic energy
correlate with a low b-value.

b-value
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Figure 6. Distribution map of b-value spatial variations for
the three zones in the Timor Leste region

Figure 6 shows the spatial variation of b-value in
Zone 1, for which b-value was obtained with a range of
0.9-1.5. The high b-value indicates that the region has
rocks with a low endurance toward stress, while the low
b-value with a range of 0.9-1.2 as in the blue color above
usually correlates with a high stress level. This means
that the structure of sub-surface rocks in the region has
a very high stress level (Dinis et al., 2013).

For Zone 2, the b-value was found to have a range
of 0.9-1.9; the red color on the map indicates that the area
has a high level of rock brittleness compared to others,
and the high b-value indicates that the region has rocks
with a low stress endurance, while the low b-value with
a range of 0.9 - 1.2 as with the blue color indicates that
the region has a characteristic of rocks possessing very
high elasticity, and more dominantly compared to the
low b-value in Zone 1.

In Zone 3, the b-value was obtained with a range of
1.3-1.9, where the red color on the map indicates that the
region has rocks with a high level of brittleness
compared to others, and the high b-value indicates that
there are rocks with low endurance toward stress in the
region, while the low b-value as indicated by the blue on
the map shows that the region has a characteristic of
rocks possessing very high elasticity. In other words,
areas that have large heterogeneous rock characteristics
are prone to cracking and relatively unable to withstand
high stress accumulation (Linda et al., 2019). If the b-
value is higher and the higher too of a-value, then it
shows that the rock is getting more brittle in that area
(Soehaimi, 2008).

Histogram of Earthquakes to Depth
A histogram plot of earthquakes to source depth
needs to be created with the objective of mapping out the
715
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distribution of earthquake occurrences in Timor Leste
and the surrounding regions with the aid of ZMAP6.0
(Dinis et al., 2013). The conducted analysis referred to
the research by Hutchings and Mooney (2021), who
classified earthquakes based on depth, as deep source
earthquakes with hypocenters > 300 km, intermediate
source earthquakes with hypocenters from 70-300 km,
and shallow source earthquakes with hypocenters < 70
km. Several references (Dinis et al., 2013) stated that the
reach of a shallow earthquake can be up to a depth of 100
km. Figure 7 illustrates the distribution of earthquakes
to depth for all the seismic zones.
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Figure 7. Plot of source depth d against number of events N
for (a) Zone 1, (b) Zone 2, and (c) Zone 3

Figure 7 shows that the majority of earthquakes in
all the seismic zones occurred at depths of less than 70
km (shallow sources); shallow earthquakes occurred
relatively more frequently than earthquakes at
intermediate depths (70 km < d < 300 km). As an
example, Zone 1 was dominated by shallow earthquakes
with 200 events at source depths of 10-35 km. Zone 2 was
dominated by 197 shallow earthquakes with source
depths of 10-40 km. Zone 3 was dominated by 66
shallow earthquakes with source depths of 10-50 km.

The seismic information that can be gained in
relation to the seismic parameters of b, a, and a (annual)
is that the region of Timor Leste and surrounding areas
have seismicity levels and seismicity rates that are
relatively high, with the majority of earthquakes being
at shallow sources, in line with prior findings (Dinis et
al., 2013). Additionally, Figure 7 provides confirmation
that earthquakes with deep sources greater than 300 km
very rarely occur in Timor Leste (Dinis et al., 2013); thus
in general, the region of Timor Leste and surrounding
areas are vulnerable to the potential of seismic disaster
hazards (tectonic earthquakes and tsunamis), although
the earthquake strengths are not too great.
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Conclusion

The seismicity and vulnerability potential of the
region of Timor Leste and surrounding areas toward the
hazards of tectonic earthquakes and tsunami disasters
are examined through analyses of the a-value and b-
value parameters. These two parameters are calculated
by the Gutenberg-Richter Law and the maximum
likelihood approach for earthquake data from 1975-2022
with moment magnitudes of 3.2 < Mw < 7.5 and depths
up to 613 km. Technically, the region of Timor Leste and
surrounding areas can be divided into three zones. The
results of FMD statistical calculations indicate that the
mean value of a (annual) of 4.7 reflects a high level of
seismicity and the b-value varies from 0.9-1.9, indicating
that the majority of events are moderate events (4.5 < Mw
< 7.5). Although major earthquakes rarely occur, the
active fault in Sawu Sea, the Wetar Up thrust, and the
Australian Plate subduction system can become tsunami
triggers with shallow earthquakes dominating (average
source depth of 10-40 km), and therefore the
vulnerability of the region of Timor Leste and
surrounding areas toward seismic disaster hazards
needs to be observed.
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