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1. Introduction

Abstract The territory of Indonesia is prone to a high level of tectonic earthquake vulnerability including In
Simeulue Regency, one of the regions of Aceh Province. Therefore, this study aimed to analyze level of tectonic
earthquake activity in Simeulue Regency and its surroundings divided into four Sub Regions (I, IL, III, and
IV). The data used spanned 1940-2020 and were sourced from the ISC with the criteria of the depth being
<60km and a magnitude of 3Mw. The seismic features were elucidated through descriptive statistics, while
the determination of @ and ‘b’ values for individual Sub Region was accomplished by using the maximum
likelihood estimation (MLE) method. The results showed that the highest distribution of earthquakes was at
a depth of 15-44.9 km and magnitude at intervals of 3.0-4.9 Mw, specifically in Sub Region III. The largest
Mc value was found in Sub Region I, while Sub Region III had high seismic activity and rock heterogeneity.
In addition, this area had a large seismicity index and the shortest return period at intervals of magnitude
3.0 = M <=2 4.0. Sub Region I on the other hand had a longer seismicity index at intervals of magnitudes
40=M=5050=M=60,andM = 6.0
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the East Simeulue. This earthquake caused a tsunami of 3-4m

Tectonic earthquake is among the most formidable
natural catastrophes, capable of inflicting harm on residential
areas and resulting in casualties. This phenomenon also has
the potential to set off additional calamities, including the
formation of tsunamis. In general, the greater the magnitude
and intensity of earthquake, the more severe the damage
caused (Nampally et al., 2018; Jafari, 2010; Lines et al,
2022). Indonesia falls within the classification of earthquake-
prone region due to its location at the convergence of three
significant tectonic plates namely Eurasia, Indo-Australia, and
the Pacific (Luschen et al, 2011, & Ramdani et al., 2019). One
of earthquake-prone areas is Simeulue Regency, primarily due
to the interaction of the subduction zone between the India-
Australian and the Eurasian Plate. The significant earthquake
of 1907, estimated to have a magnitude ranging from 7.5 to
8.0 Ms struck Aceh, leading to the rupture of the upper and
shallower megathrust segments of Nias Southern Simeulue.
This incident had devastating consequences, including the
destruction of the South Coast of Simeulue, causing the Island
to nearly submerge, and the loss of 50-70% of the population.
In December 2004, another earthquake with a magnitude of
9.2 occurred, resulting in seven fatalities. The 2005 incidence
was associated with an uplift in the Southern Part of Simeulue
which peaked at 50 cm extending from the southernmost West
Coast of Nias to the North End of the island and the North to

but no casualties (Meltzner et al, 2015, Rahman et al., 2018).

To mitigate the consequences of earthquake events, it
is essential to obtain a prediction or an estimate of return
period. This estimation can be acquired by determining the
values of two crucial activity parameters namely ‘a, reflecting
seismicity of an area, and ‘b, characterizing tectonic conditions
(Henderson et al, 1994; Sharma et al, 2013; Gorgun, 2013;
El-Nader, 2016; and Gunti et al, 2022). The determination of
these two parameters is expected to identify areas that have
the potential to cause earthquake in the future for mitigation
efforts. Furthermore, the Maximum Likelihood Method
(MLE) is a statistical method well-suited for addressing
various seismological challenges and offers advantages in
the computation of earthquake activity parameter values (@
and D’). This method can be used to statistically calculate the
seismic activity parameter values from the Guttenberg-Richter
(GR) Law equation, seismicity index, earthquake risk level,
and return period.

Several previous studies have applied the MLE method,
including Kladivko and Rusy (2022) who examined the Hull-
White model implemented on EUR interest rate data. In
2022, Liu used the Maximum Likelihood Estimation (MLE)
method to forecast the comprehensive elemental composition
of coal, comprising C, H, O, N, and S, achieving a predictive
accuracy suitable for engineering applications. Furthermore,
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Kim and Lee, in 2021, formulated a probabilistic model for the
non-suppression of electrical fires in fire brigades, using the
MLE and relying on fire incident data from the Organization
for Economic Cooperation and Development concerning
the operation of nuclear power plants. This method was also
applied to estimate the spatial variation coeflicient (SVC)
model using Gaussian processes as its basis (Dambon et al.,
2020).

Previous investigations have also applied the MLE method
in the field of earthquake. The method was used in likelihood
analysis to evaluate the magnitude of the most significant
seismic event, relying on certain statistical characteristics.
Based on the analysis, while local characteristics might not
be ideal for modeling the occurrence of seismic peaks, there
was an observable correlation between some global properties
and the largest magnitudes (Zaccagnino et al, 2023). Sharma
and Biswas (2022) further showed that earthquake with a
magnitude of 5,352 was considered the largest annual event
in the Indo-Burmese region. It was also projected that large
earthquake might likely occur over a wide period. On the
other hand, Gorgiin (2013) reported that the distribution of
low b-values for the series of Van-Ercis aftershocks in Turkey
due to the cessation of the eastward mainshock rupture was
considered a precursor phenomenon for future moderate to
large magnitude earthquake. In 2017, Wang et al. used the
MLE to fit non-local models while incorporating restricted
local data, which included a case study assessing the likelihood
of a significant earthquake occurring in Taipei. Therefore,
this study aims to analyze seismicity level in multiple areas
within Simeulue Regency and the adjacent regions in the
Special Region of Aceh Province using the MLE method.
The examination of seismicity level is closely linked to the
determination of earthquake return period and the assessment
of the risk level in these areas.

2. Data and Methods

The data used in this study consisted of earthquake
records from period spanning 1940 to 2020 sourced online
from the International Seismological Center (ISC) and the
Indonesian Meteorology, Climatology, and Geophysical
Agency (BMKG). These records included earthquake events
with a magnitude equal to or greater than 3 on the Richter
scale (SR) and a depth of 60 kilometers or less. The study area
included Simeule Regency and its surroundings located at the
coordinates 1°.97/°-3°.20” North Latitude and 95°.20/’-97°.05’
East Longitude. Based on data from ISC and BMKG (from
1940-2020), 2,241 earthquake events have occurred in these
areas.

Simeulue Regency consists of + 40 large and small islands
with 138 villages spread over 10 sub-districts, namely East
Salang, Alafan, and Teluk Dalam. Simeulue Island is the largest
in Regency and is located about 150 km from the coast to the
west of Sumatra Island with an area of 2,051 km?* (Syafwina,
2014). The Island together with other small ones is located in
the west of Aceh Province.

In this study, the selected methodology was the traditional
statistical method, specifically MLE. The distribution of
earthquake epicenters was approximated using the GMT
application, while the hypocenter was represented through
a 3D scatterplot created using the MATLAB application.
Moreover, seismic calculations were carried out using the
Excel application. The foundational relationship between
earthquake frequency and magnitude was initially introduced
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by Ishimoto & Ilida in 1939, and subsequently extended by B.
Guttenberg & C. E Richter. This relationship was applied to
both global seismic and specific regional datasets. The general
formula commonly used stems from the empirical formula
derived by B. Guttenberg & C. E Richter, namely:

Log N(M)=a—bM (1)

where N(M) is the cumulative number of earthquake with a
magnitude greater than or equal to M, M is the magnitude, a
and b are seismic and tectonic parameters (Lin, 2010; Singh,
2014; & Han et al, 2015). Parameter a signifies the seismic
activity of the area and is influenced by the fragility of the
underlying rock, while b represents the slope or gradient of the
linear equation depicting the relationship between earthquake
frequency and magnitude. This slope characterizes the local
stress activity and the greater the value of a in an area, the
higher the seismic activity. Meanwhile, the value of b varies
in each region depending on the rock structure that makes
up the surface. Period and area of observation determine the
level of seismicity. The values of a and b in Equation (1) were
determined in this study using the MLE method.

The MLE method is a versatile statistical method, and
one of its applications includes addressing seismological
issues. This method was used to estimate the parameters
of probability distributions by maximizing the likelihood
function. Let Wy, W, ..., W,, be the value of a random sample
from a population with parameter &, the likelihood function
(Kladivko and Rusy, 2022; Draper 1998; Walpole, 1982) of the
sample would be

n

=] ow.o.

i=1

L(&) = g(wy, wy, ..., w,

ni

where g (wy, W, ..., w,; §) is the value of joint probability
density or joint probability distribution of the random variables
Wy, Wo, o, Woat Wy =wy, W = wy, o W, =W,
. The MLE method comprises the process of maximizing
the likelihood function with respect to parameter &. The
maximum estimate of § is the value at which the maximum
likelihood function L(J) reaches its peak during the relevant
calculation. To find this value, the derivative of the logarithm
of L(8) was typically equated to zero, as represented by the
equation:

dlogL(d) _ 0
as

The Maximum Likelihood was used to analyze the
relationship between earthquake frequency and magnitude
(M). It is a statistical method often used to estimate the
parameters of probability distributions and model this
relationship, particularly in seismic studies. Suppose a
probability distribution function of M (Nava et al, 2017) was
defined as;

h(M, ) = 2e™ =M M= M, (2)
If there are n earthquake with a magnitude My, M,, ..., M
, then according to the likelihood function of Equations (1)
and (2),
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P(A) = 1_[ R(M,, )

= h(My,2). R(M,,2) .. (M, 3)
= i"a —HE?ZI(M[- _MD}J

3)

where

b
A= .
logy,e (4)

The estimated maximum likelihood of b was obtained
from the relationship between Equations (3) and (4) (Smith,
1981; Henderson et al, 1994; Hiramatsu et al, 2000; Sharma et
al, 2013; & Arubi et al, 2022),

1
po loze
M—-M, (5)

where

J‘Tf — E‘I:?:II::LJ.I'JIEJ
T

is the average magnitude of earthquake, M is the minimum
magnitude, and log e = 0.434. The corresponding value of a

calculated from the cumulative frequency relationship for
M = M would be:

a=logN(M = M,)+log(bln10)+ My b

To quantify the deviation in the calculation of the
‘b-value’ using the Maximum Likelihood method, the

Latitude

95'36' 9600° 9624
Longitude

96°48'

|

Latitude
o

estimated parameters @ and ‘D’ were compared. The values
were then used to compute seismicity index of earthquake.
Earthquake seismicity index was determined using Equation
(5) [Chasanah et al, 2013, Wally et al, 2023].

N.(M =M,) = 1pei-lolp;ln 10)-log AT-b;M,
t - r

i=12,..,n (6)

where At is the observation time interval.

Seismicity index is a metric that quantifies the overall count
of earthquake events observed over a specific period, with
magnitudes surpassing a defined threshold. On the other hand,
return period represents the interval between occurrences of
earthquake with the same magnitude in a particular area. The
value was determined using Equation (6). [Chasanah et al,
2013, Wally et al, 2022]:

1

B.(M=M,))= ———,

( o) N,(M = M) @
where 8, (M = M u} is the i-th return period for magnitude
M = M. On the other hand, N;(M = M,) is the ith
seismicity index for M = M, with M being the smallest
earthquake magnitude.

3. Result and Discussion
1.1.Seismic  Attributes in Simeulue
Surroundings

The study area comprised Simeulue Region, spanning
multiple locations with coordinates between 1°.97 -
3°.18 North Latitude and 95°.29° - 97°.05" East Longitude
(Figure la). Using data sourced from the ISC (International
Seismological Center) and BMKG online, the study spanned
an approximately 80-year period from 1940 to 2020. During
this time frame, 2241 earthquake events with magnitudes
greater than or equal to 3 and depths less than 60 km were
recorded (1b).

Regency and

T 96' 98° 100° 102° 104° 106°
Longitude

Figure 1. Study Area of Simeule Regency and Surroundings
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Figure 2. Spatial Distribution of Earthquake in the Study Region
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Figure 2. (a) Map of Earthquake Distribution in Sub Regions, (b) Graph of Total Earthquake Distribution per Sub Region

(o)

Based on Figure 1b, the distribution of earthquake in
Simeule Regency and its surroundings was mostly in the sea area.
Furthermore, the study area was divided into 4 Sub Regions (I,
IT, 11, and IV). Sub-Region I was an area delineated by North
Latitude coordinates ranging from 2°.42’ to 3°.20’ and East
Longitude coordinates spanning from 95°.20’ to 96°.18’ This

45

(d)
Figure 3. Earthquake distribution map based on depth in Sub Regions (a) I, b) I1, (¢) III, and d) IV

region included the Alafan District, the western segment of
Simeulue, sections of Salang, parts of the smaller Central
Simeulue area, and approximately one-third of the Inner Bay.
Sub Region II was part of the Indonesian Ocean with boundaries
of a North Latitude: 2°.42” - 3°.20” and East Longitude: 96°.19” -
97°.05; while Sub Region III bounded by a North Latitude: 1°.56
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- 2°.42’ and East Longitude: 96°.18” - 97°.05" included Sinabang
City (Capital of Simeulue Regency), South Teupah, and a small
part of East Simeulue District. On the other hand, Sub Region
IV bounded by a North Latitude: 1°.97” - 2°.42’ and East
Longitude: 95°.24° - 96°.19’ covered most of Central Simeulue
District, mostly Teluk Dalam and West Teupah District.
Sub-Region III, characterized by North Latitude coordinates
ranging from 1°.56’ to 2°.42 and East Longitude coordinates
spanning from 96°.18 to 97°.05, comprised Sinabang City,
the South Teupah, and a small section of the East Simeulue
District. Additionally, Sub-Region IV, defined by North
Latitude coordinates between 1°.97” and 2°.42” as well as East
Longitude coordinates between 95°.24” and 96°.19;, included a
substantial portion of the Central Simeulue District, a major
part of the Teluk Dalam, and a segment of the West Teupah
District.

The distribution of earthquake in each region is shown
in Figure 2a, with Sub Region III having the highest incidence
(920), while the lowest (219) occurred in Sub Region II (Figure
2b).

The distribution of earthquake based on depth in Sub
Regions I, II, III, and IV with a 3D scatterplot method is shown
in Figure 3, with X = Longitude, Y= Latitude, and Z = Depth.

The distribution of earthquake depth was reviewed in 3
intervals (Figure 4a), namely 0-14.9 km, 15-44.9 km, and 45-
59.9 km. Distribution based on magnitude grouping is shown
graphically in Figure 4a. Based on the results, there was a
dominance of earthquake in the 15 - 44.9 km (1643 events)
depth interval compared to 0-14.9 km (549 events) while 549
events occurred at a depth interval of 45 - 59.9 km (Figure 4a).
At depth intervals of 0-44.9 km and 15-44.9 km, Sub Region
III had a larger number of occurrences while the smallest was
recorded in Sub Region II. Furthermore, Sub Region I had
the highest number at a depth interval of 45 - 59.9 km, and
the least occurred in Sub Region III but was not significantly
different from the other Sub Regions.

800 ® Sub Regjon |

- mSub Region Il 670
- ® Sub Region Il
& 600 4 oSubRegionlv
-Fa:‘ 459
W 385
q"; 400 A
E 200 240
g 109, J122
= 14 12 1013

0 ;

0-14.9 15-44.9 45-59.9
Depth
(a)

The magnitude distribution was divided into 4 groups,
namely 3.0-3.9 Mw, 4.0 - 4.9 Mw, 5.0 - 5.9 Mw, and 6.0 - 6.9
Mw as shown graphically in Figure 4b. Based on the results,
Sub Region III recorded more dominant events in the 3.0-
3.9 Mw and 4.0-4.9 Mw intervals, while the least was in Sub
Region II. Furthermore, Sub Region I had a higher frequency
of earthquake events between the 5.0-5.9 Mw interval, and the
least was recorded in Sub Region II. Sub Region I also showed
a dominant occurrence in the interval magnitude of 6.0 - 6.9
Mw while no occurrence was reported in Sub Region III.

1.2. Seismic Activity Assessment in Simeulue Regency and
Surroundings

The assessment of seismic activity level required several
sequential steps. The initial phase entailed the computation
of ‘a-valu¢ and ‘b-value’ Subsequently, both values were
determined for each of the Sub Regions (I, II, III, and IV)
using the MLE method according to Equations (2) and (3).
The computed results for ‘@ and ‘b’ in each region are presented
in Table 1.

Based on Table 1, the a-value of Sub Region III was
greater compared to others, showing that this area had high
seismic activity. The lowest value was recorded in Sub Region
IV, meaning that this area had lower seismic activity compared
to others (Figure 5).

Figure 6 shows the spatial variation of seismotectonic
parameters for a-values in each Sub Region (Figure 6). The
‘a-value’ in Sub Region I ranged from 4.1 to 8.1, with the
highest occurring in the Sembilan Village, West Simeulue
District. In Sub Region II, the value ranged between 4 to 8.5,
and the highest was found in the sea area. On the other hand,
in Region III, the ‘a-value’ varied between 5 and 17.2, with
the highest also reported in the sea area. In Sub Region 1V, it
ranged from 3.9 to 6.5, and the highest was found in the East
Simeulue, South Teupah, and predominantly in the sea area.
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Figure 4. Number of Earthquake by a) Depth and b) Magnitude

Table 1. a-value and b-value for each Sub Region

Sub Region a-value b-value
I 3.297 0.376
II 3.478 0.498
III 4.389 0.630
v 3.271 0.386
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Figure 5. Spatial variation of a-value seismotectonic parameters in Sub Region a) I, b) II, ¢) III, and d) IV
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Figure 6. The Spatial variation of b-value seismotectonic parameters Sub Region a) I, b) I, ¢) III, and d) IV
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Figure 7. b-value for each Sub Region (I, IL, III, and IV)

The b-value in Sub Region III was greater compared to
others, suggesting that the rocks in this area could be classified
as brittle rocks (heterogeneous), with relatively low-stress
level due to their frequent release in the form of seismic waves
(Table 1). The b-value in the four Sub Regions are graphically
presented in Figure 7.
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The spatial variation of b-value seismotectonic parameters
for each Sub Region based on map color gradations is shown
in Figure 8.

Based on Figure 8, the b-value in Sub Region I ranged
from 0.59 to 1.38 with the highest occurring in the Sembilan
Village, West Simeulue District, and predominantly in the
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Figure 8. The spatial variation of b-value seismotectonic parameters for Sub Region a) I, b) II, ¢) III, and d) IV

Table 3. Relationship between Earthquake Frequency and Magnitude of Each Sub Region

Sub Region

Log N(M)=a—bM

I

II

III

v

3,297 - 0,376M
3,478 — 0,498M
4,389 — 0,630M
3,271 — 0,386M

sea area. On the other hand, the value for Sub Region II was
between 0.68 and 1.46 with the highest being reported in the
sea area. In Sub Region III, the b-value ranged from 1 to 3.3
with the highest value being in the sea area. This value in Sub
Region IV was between 0.55 and 1.05 with the highest being
found at East Simeulue, South Teupah, and mostly in the sea
area.

Based on the a-value and b-value obtained, the relationship
between the frequency and magnitude of earthquake (Equation
1) for each Sub region was assessed (Table 3).

Based on Figure 9, the Mc value was 4.8 showing that the
frequency of earthquake with a magnitude greater than 4.8 in
Sub this area would decrease. This pattern also applied to Sub
Regions II, III, and IV, namely earthquake with magnitudes
greater than 3.9, 4.7, and 4.1 would decrease. The Mc value
was obtained using the MLE method, and the red linear line
in each region showed the GRL empirical equation (Table 3).

The  subsequent stage comprised computing
seismicity index and earthquake return period. Based on
Equation (5), seismicity index was determined for Sub
Regions I, II, III, and IV, with magnitude categories of
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30=M<40,40<M <5.0,5.0=M <60 |,
and M = 6.0 (Table 4).

As shown in Table 4, for the magnitude range of
3.0<M<4.0, Sub Region IIT showed the highest seismicity
index at 2,719, and the lowest was observed in Sub Region II
at 1,051. In the 4.0<M<5.0 range, Sub Region I showed the
highest seismicity index at 0.896, and Sub Region II had the
lowest at 0.334. In the 5.0<M<6.0 and M > 6.0 categories, Sub
Region I had the highest seismicity index of 0.377 and 0.159,
while the lowest index was found in Sub Region IT at 0.106 and
0.034 respectively.

Based on Figure 10, the larger the magnitude value, the
smaller seismicity index. Using Equation (6), earthquake
return period for each Sub Region (I, II, III, and IV) with
magnitude intervals (3.0 =< M = 4.0, 4.0 =< M = 5.0,
5.0 = M < 6.0, and M > 6.0) was calculated and the results
are shown in Table 5.

Based on Table 5, for the magnitude 3.0 = M < 4.0
3.0 = M < 4.0, the longest earthquake return period was
found in Sub Region II at 0.952 years or 347 days, while the
fastest was recorded in Sub Region III, at 0.368 years or 134
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Figure 9. The spatial variation map of a-value Sub Regions a) I, b) II, ¢) III, and d) IV

Table 4. Results of seismicity index analysis

Seismicity Index

Sub Region

30=M=40 40=M <50 50=M=<60 M=60
1 2.131 0.896 0.377 0.159
II 1.051 0.334 0.106 0.034
111 2.719 0.637 0.149 0.035
v 1.824 0.750 0.308 0.127
3
» ~8— SubRegionl
& 5 . SubRegionll
= —@— SubRegionlll
E‘g —a— SubRegion v/
oL e
.g
1]
30=M=40 40=M<E0 50=M<ED Mz6.0
Maghitude

Figure 10. Relation Magnitude and Seismicity Index

days. In the 4.0 £ M < 5.04.0 < M =< 5.0 magnitude,
the longest earthquake return period was found in Sub Region
I1, estimated at 2,996 years or 1,094 days, while the fastest was
in Sub Region I, at 1.116 years or 407 days.

For 5.0 = M < 6.05.0 < M < 6.0, the longest
earthquake return period was in Sub Region II, at 9.431 years
or 3.442 days, while the fastest was recorded in Sub Region I,
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at 2.652 years or 968 days. In M > 6.0 magnitude, the longest
period was in Sub Region II, at 29.685 years or 10.835 days,
while the fastest was in Sub Region I, at 6.302 years or 2.300
days.

Based on Figure 11, the greater the magnitude, the longer
return period. Therefore, it was concluded that earthquake
with large magnitudes rarely occur due to the long return
period.
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Table 5. Results of earthquake Return Period Analysis

Repeat Period of Earthquakes

SubRegion 30 < M < 4040<M<5050<M<60 M=60
I 0.469 1.116 2.652 6.302
II 0.952 2.996 9.431 29.685
11 0.368 1.569 6.693 28.553
v 0.548 1.333 3.243 7.887

30 —8— SubRegionl
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'5 —@—  SubRegionlll
o 1 —e—  SubRegion |V
3
ot
©
10

u]

FJO0=M=40 40=M<=50 50=5AM <60 MzEa0

Magnitude

Figure 11. Relation Magnitude and Repeat Period

4. Conclusion

In conclusion, the results showed that the highest
earthquake distribution in Simeulue Regency and its adjacent
areas occurred in Sub Region III, with the majority (1,643
events) occurring at a depth between 15 and 44.9 km. This
area also showed a more prominent distribution of events
within the magnitude range of 3.0 to 4.9 Mw. Furthermore,
Sub Region I had the highest Mc value of 4.8 compared to II,
III, and IV, suggesting the occurrence of earthquake with a
magnitude exceeding 4.8 would be less frequent. This trend
was consistent across Mc values for the other Sub Regions
including II, III, and IV. It was also found that Sub-Region
III had the largest a-value and b-value as well as the highest
seismicity index for magnitude M>3.0. On the other hand,
Sub-Region I had the highest seismicity index for each
magnitude. Sub Region I was found to have longer periodic
return for each magnitude interval (3.0 =< M < 4.0
, 40 =M < 5.0, 5.0=<M < 6.0, and M > 6.0). The
results also showed that Sub Region III had the shortest
return period for intervals of magnitude 3.0 = M < 4.0
, while Sub Region I showed the shortest return period for

40=M < 5.0,50=M < 6.0,and M = 6.0.
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