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Abstract: Located in the subduction zone of the Indo-Australian 
Plate beneath the Eurasian Plate, the west coast of northern Sumatra 
experiences high seismic activity, as evidenced by the 2004 Aceh 
earthquake (Mw9.1) and the 2005 Nias–Simeulue earthquake 
(Mw8.6). This study analyzes the spatial and temporal variations of 
b-values and a-values to evaluate rock stress accumulation and 
seismicity levels as a basis for earthquake hazard mitigation. The 
analysis uses the Maximum Likelihood method based on the 
Gutenberg–Richter law. Earthquake data were obtained from the 
USGS catalog (1964–2023), filtered for events of Mw ≥ 5.0 and 
focal depths < 60 km within 2.01°S–7.54°N and 92.77°E–99.45°E. 
Compared to previous studies, this work provides extended 
temporal coverage and finer spatial resolution, enabling a more 
comprehensive assessment of spatial and temporal variations in 
seismotectonic parameters. The inclusion of recurrence interval 
analysis for Mw ≥ 7.0, 8.0, and 9.0 enhances understanding of 
regional seismic hazards. Results show that b-values range from 
0.53–2.07 and a-values from 4.3–12.45. Nagan Raya and Aceh 
Singkil exhibit both low b- and a-values, indicating high stress 
accumulation and low seismicity—conditions linked to higher 
earthquake potential. Estimated return periods in these areas are 
17.6–210.3 years (Nagan Raya) and 15.7–208.8 years (Aceh Singkil) 
for increasing magnitudes. These estimates carry uncertainty due to 
data and model limitations but remain crucial for preparedness 
planning. Identifying zones with high stress and short recurrence 
periods provides practical input for prioritizing mitigation efforts 
and reducing earthquake risk in northern Sumatra. 

Keywords: a-value; b-value; northern Sumatra; seismic hazard; 
seismotectonic parameters. 
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1. Introduction 

Sumatra Island is well known for its complex tectonic configuration, attracting the attention 
of many researchers in the fields of geology and earth sciences. This complexity arises from two 
major tectonic systems with significant implications for regional seismicity. The first is the 
subduction zone where the Indo-Australian Plate subducts beneath the Eurasian Plate [1]. The 
second is the Sumatran Fault Zone (SFZ), also known as the Semangko Fault, a major strike-slip 
fault system extending along the island [2]. 

The western part of Sumatra, located in Indonesia, is particularly prone to seismic activity due 
to both the Great Sumatran Fault—comprising segments such as Sumpar, Sianok, and Sidak—and 
the offshore subduction zone along its west coast. This subduction zone is considered the youngest 
in Indonesia and is characterized by a shallow dip angle, which results in strong interplate coupling 
and an increased potential for large-magnitude earthquakes. 

 

 
Figure 1. The tectonic plate configuration of Sumatra (Pusgen 2022) 

 
Historical earthquake records show that several large-magnitude events have occurred in the 

northern part of western Sumatra, including the 2004 Aceh earthquake (Mw9.1), which generated 
a devastating tsunami, and the 2005 Nias earthquake (Mw8.6). These events highlight the urgent 
need for a fundamental seismicity study in this region. Such studies utilize parameters like b-value, 
a-value, and Mc (magnitude of completeness) to assess seismic behavior. The b-value reflects the 
level of stress accumulation within the crust, where a higher b-value generally indicates more 
fractured rocks and lower stress concentration [3]. The a-value, on the other hand, represents the 
overall seismicity level, with higher values corresponding to more frequent earthquakes [4]. 
Meanwhile, Mc denotes the minimum magnitude at which an earthquake can be reliably detected 
by the seismic network, ensuring data completeness [5]. 

In this research, the cumulative frequency–magnitude distribution is utilized to estimate Mc, 
which is essential for determining reliable b- and a-values. These seismotectonic parameters are 
widely used in seismicity and seismic hazard assessments [4,6]. 

The primary objective of this study is to characterize the seismic behavior of the northern west 
coast of Sumatra by analyzing spatial and temporal variations in b-value, a-value, and Mc. This 
approach also seeks to interpret the physical significance of b-value variation and its correlation 



 
Arieza et al. 

 

 
 
 Journal of Experimental and Applied Physics, Vol. 3, No. 3 (2025)   3    

with stress accumulation and seismic hazard potential in the study area. The novelty of this research 
lies in the use of a longer temporal dataset (1964–2023) and finer spatial resolution grids, which 
enable a more detailed and statistically robust assessment of seismotectonic behavior. Building 
upon previous studies that examined seismicity in the region, this research expands the temporal 
scope and improves spatial resolution by using earthquake data from 1964 to 2023 and a finer 
analysis grid. It also incorporates recurrence interval analysis for multiple magnitude thresholds 
(Mw ≥ 7.0, 8.0, and 9.0), offering practical insights into earthquake potential at the district level. 
These advancements support a more refined identification of high-risk zones, thereby contributing 
to improved regional seismic hazard assessments and more focused mitigation planning. 

2. Materials and Method 

This research employs earthquake data from the west coast of the northern Sumatra region 
spanning from 1964 to 2023. The earthquake data was acquired from the USGS (United States 
Geological Survey) catalog within the coordinates of 2.01°S – 7.54°N latitude and 92.77°E – 
99.45°E longitude covering the period from January 1, 1964, to July 30, 2023. The data includes 
earthquake locations (latitude and longitude), magnitudes, origin times, and depths.  

 

 
                                             (a)                                    (b) 

Figure 2. (a) Earthquake magnitude histogram, (b) earthquake depth histogram. 
 
The earthquake parameters are limited to significant and shallow earthquakes with a moment 

magnitude (Mw) range of 5.0 and depths from 0.9 km to 60 km. The frequency distribution of 
earthquake magnitudes shows the highest frequency at magnitude Mw5.1, while the frequency 
distribution of earthquake depths shows the highest frequency at depths of 30 km and 10 km due 
to fixed depth values for some earthquakes in the USGS catalog, as shown in Figure 2(a) and Figure 
2(b). 

The spatial distribution of clustered earthquake data is presented based on depth using the 
Generic Mapping Tools (GMT) program. Earthquakes with depths less than 15 km are represented 
by red circles, those between 15-30 km by yellow circles, and those with depths between 30-60 km 
are depicted with green circles. Star symbols represent earthquakes with a magnitude of Mw9.1, 
and the most powerful earthquakes recorded during the research period, as shown in Figure 3. 
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The total earthquake data initially amounted to 1101 earthquakes but decreased to 836 (a 
reduction of 24.07%) after declustering. Declustering involved removing foreshocks and 
aftershocks to obtain the mainshock earthquake data, which better represents earthquake 
characteristics with higher accuracy [6]. 

 

 
Figure 3. Seismicity map of the research region, covering the magnitude range of Mw5.0 to 

Mw9.1 and depths ranging from 0.9 to 60 km, was generated using USGS catalog data from the 
period 1964 to 2023. This map was created with GMT (Generic Mapping Tools) 

 
The calculation of values a and b is based on the Gutenberg-Richter equation, where the 

relationship between earthquake frequency distribution and magnitude is given by: 
 

log$%𝑁(𝑀) = 𝑎 − 𝑏𝑀 
 
Where 𝑁(𝑀) represents the number of earthquakes with a magnitude greater than or equal to 

the target value M, and the values b and a are positive constants representing the seismicity level 
and the slope of the cumulative earthquake magnitude-frequency curve, respectively [7]. The value 
of b in this study is calculated using the Aki equation [8], expressed as follows: 

𝑏 =
log$%𝑒

/𝑀avg −𝑀min0
 

 
Where 𝑀avg represents the average magnitude of all earthquakes with 𝑀 ≥ 𝑀2 . 

The ZMAP6.0 program [9] is used to calculate the spatio-temporal variations of values a and 
b using the Maximum-Likelihood method, as well as the magnitude of completeness 𝑀2 and the 
earthquake recurrence interval for 𝑀3 ≥ 7.0, 𝑀3 ≥ 8.0, and 𝑀3 ≥ 9.0. The Maximum 
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Likelihood method has been used in previous studies for calculating b-values, a-values, and 
estimating 𝑀2 using the Gutenberg-Richter law as a function of the lowest magnitude [10]. 

 
Figure 4. Data processing flowchart. 

 
Through the ZMAP6.0 program, the study area is divided into a grid of 0.1°×0.1°, a resolution 

commonly adopted in previous seismotectonic studies to capture spatial heterogeneity without 
sacrificing statistical reliability [11], [12], [13]. This grid size offers a practical balance: it is fine 
enough to resolve local variations in b-values and a-values, yet broad enough to ensure that each 
cell contains a sufficient number of events for stable estimation. A minimum threshold of 𝑁min ≥ 
10 earthquakes, where 𝑀 ≥ 𝑀2 , is applied in each grid cell. While some studies use higher 
thresholds (e.g., 30–60 events) for greater statistical confidence [14], a threshold of 10 is often used 
in low to moderate seismicity regions to avoid excessive data loss, and is also supported as a 
minimum operational value in ZMAP's documentation. In general, the data processing steps follow 
the flowchart shown in Figure 4. 

3. Results and Discussion 

The subsequent calculation results provide spatial and temporal variation maps and earthquake 
recurrence intervals through mapping seismo-tectonic parameters. Figure 5. provides a map of the 
cumulative frequency distribution of magnitudes, which estimates the magnitude of completeness 
Mc [15]. The Mc value is necessary to obtain variations in the b-value and a-value in the research 
region. The results obtained through the Maximum Likelihood method yield a b-value of 0.912 
with a standard error of 0.04, which closely approaches the 'normal value' b ≈ 1.0, following the 
study conducted by Gui et al. [15]. However, it is important to note that the estimation of Mc and 
b-values may still be influenced by potential biases due to catalog incompleteness or limitations in 
detecting smaller-magnitude events, particularly in offshore or sparsely instrumented areas. These 
factors can lead to underrepresentation of low-magnitude earthquakes, thereby affecting the 
accuracy of frequency–magnitude distributions and seismotectonic parameter estimation. 
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Additionally, a value of a is determined to be 7.5, with an annual a-value of 5.73. The 
magnitude completeness Mc, which indicates the smallest magnitude that still fulfills the linearity 
of the Frequency-Magnitude Distribution (FMD) [10] from the USGS catalog, is found to be 5.2. 
The estimated values of b and a result in a linear-logarithmic relationship in the form of the 
Gutenberg-Richter equation, expressed as log10N = 7.5 – 0.912M, and is represented as the red 
linear line in Figure 5. 

 
Figure 5. The Magnitude-Frequency distribution using the Maximum Likelihood method 

 
The values of b and a generated are generally consistent with previous research results. The 

obtained b-value for the study area worldwide is around 1.02, with a standard error of 0.03 [16]. 
Meanwhile, in subduction zones, the b-value varies in the range of 0.70 to 1.50 [17], with the 
lowest b-values found in oceanic subduction zones, ranging from 0.53 to 0.72 for different tectonic 
conditions [18]. Pailopee et al. [18] conducted their research in a limited area of the northern 
segment of the Sumatra-Andaman subduction zone. They obtained b-value of 0.9, an annual a-
value of 5.4, and Mc value of Mb5.0. 

The b-value as a tectonic parameter at a seismic event location indicates the rock fragility level 
depending on the local rocks' natural conditions. The b-value is directly proportional to the degree 
of heterogeneity of the medium and inversely proportional to the level of rock stress [15]. With 
a b-value of 0.912, which is lower than the normal value, it indicates that the west coast of the 
northern Sumatra region has relatively high rock stress levels and low rock heterogeneity. 
Meanwhile, the a-value, as a seismicity parameter at 7.5 indicates a relatively high level of seismicity. 
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Figure 6. Cumulative moment release 

 
Figure 6 illustrates the temporal pattern of moment release. Analyzing the cumulative moment 

release provides valuable insights into the total energy discharged by the fault system within a 
specific timeframe. Notably, we discern noteworthy spikes in seismic energy release preceding the 
earthquakes of 1979 (Mw7.9), 1996 (Mw8.1), 2002 (Mw7.6), and 2009 (Mw7.8). This observation is 
consistent with the research conducted by Jaume et al. [19]. Furthermore, Barajas et al. [20] 
concluded that the escalation in seismic moment release can be attributed to either an enlargement 
of the average fault size or the activation of pre-existing fault segments. 

 

.  
      (a)                        (b) 

Figure 7. (a) Spatial variations plot of b-values, (b) spatial variations plot of a-values in 
research region. 
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The spatial variations plot of b-values (Figure 7(a)) results in a range of b-values from 0.53 to 
2.07. The lowest b-values ranged (0.53-0.57), represented by dark blue, encompassing the Nagan 
Raya area and Aceh Singkil. The highest b-value (2.07), indicated by brown to reddish color, is 
observed in the Indian Ocean near the subduction zone to the northwest of Aceh regions 
surrounding the Batee Fault and the northern region of the Sumatra Fault Zone. 

Research by Solorzano and Linkimer [21] concluded that b-values are generally higher in the 
upper-plate region than in the interplate region. The fault mechanism can also influence b-values, 
where areas dominated by strike-slip fault types in the upper-plate region tend to have higher b-
values compared to regions with reverse fault types [18,19]. According to Serkan [24], b-values vary 
between 0.3 and 2.0, depending on the regional conditions of the study area. The results' differences 
are likely due to variations in the applied methods, including the seismic data clustering process, 
earthquake data completeness, and the uniformity of earthquake magnitude measurements [16]. 

The resulting variation in a-values falls within the range of 4.28 to 12.45. The lowest a-value 
(4.28-4.51) is observed in the Nagan Raya and Aceh Singkil areas, while the highest a-value (12.45) 
is observed in the Indian Ocean to the northwest of Aceh. The high a-value in the Indian Ocean 
to the northwest of the Aceh region aligns with the findings of a previous study by Arimuko [25], 
which concluded that the area around the northern west of the Mentawai Fault near the subduction 
zone experiences high seismicity. 

The similarity between the a-values and b-values plots suggests that b-values influence the 
calculation of a-values. Low b-values indicate that rocks have accumulated high stress over a long 
period, which will be released as large earthquakes. Consequently, regions with low b-values 
typically have low seismicity levels, as low a-values indicate [26]. As for b-values, they are influenced 
by various factors. In addition to the frequency distribution of earthquake magnitudes, b-values are 
also affected by the level of rock stress in a region [27]. Medium heterogeneity, fault types, rock 
characteristics, and crustal structure also influence b-values in a region [28].  

 

 
Figure 8. Temporal variations plot of b-values 

 
Figure 8 illustrates the temporal variation plot of the b-value. The dashed blue horizontal lines 

indicate a maximum value of 1.14, while the dashed green horizontal lines represent a minimum 
value of 0.75. The dashed red vertical lines indicate significant earthquakes that occurred in the 
years 2004 (Mw9.1), 2005 (Mw8.6), and 2012 (Mw8.6). The figure also shows a decreasing trend in 
the b-values shortly before the significant earthquakes, consistent with the study conducted by 
Huang et al. [29]. This suggests a decrease in the b-values in certain regions, which could potentially 
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be used as a precursor to significant earthquakes. The decrease in the b-values may be attributed to 
increased rock stress levels [30]. 

 

 
                        (a) (b)                                     (c) 

Figure 9. Recurrence period plot of (a) Mw>7.0, (b) Mw>8.0, (c) Mw> 9,0 
 
Figure 9 illustrates the recurrence period plot for earthquakes with (a) Mw > 7.0, (b) Mw > 8.0, 

and (c) Mw > 9.0. The dark blue color indicates the lowest values, while the reddish-brown color 
indicates progressively higher values. Nagan Raya and Aceh Singkil regions have the lowest 
recurrence periods for Mw ≥ 7, Mw ≥ 8, and Mw ≥ 9, respectively. For Nagan Raya, these periods 
are 17.6 years, 60.8 years, and 210.3 years, while for Aceh Singkil, they are 15.7 years, 57.3 years, 
and 208.8 years. Other areas with the lowest recurrence periods are Aceh Tenggara Regency, 
Subulussalam City, and Aceh Selatan Regency, with recurrence periods of 12-15 years for Mw > 
7.0, 50-60 years for Mw > 8.0, and 160-200 years for Mw > 9.0. Generally, regions with low 
recurrence periods have low b-values. The recurrence periods for marked significant earthquakes 
are listed in Table 1. 

 
Table 1. Recurrence period of marked significant earthquakes in research region 

 

Latitude (◦) Longitude (◦) Year 
Recurrence Period (Years) 

Mw > 7.0 Mw > 8.0 Mw > 9.0 
3.295 95.982 2004 35.3 247.4 1763.4 
2.327 93.063 2005 15.9 63.5 256.2 
2.085 97.108 2012 50.1 429.7 3732.2 

 
Within subduction zones, there is an elevated likelihood of earthquakes exceeding a magnitude 

of 8. Subduction zones are known for hosting substantial seismic events. The motion of subducting 
tectonic plates generates considerable energy, which, rather than being promptly discharged as 
seismic activity, can accumulate over time due to asperities. These asperities are in the lower crustal 
region [24]. 

4. Conclusion 

This study analyzed the spatial and temporal variations of b-values and a-values along the west 
coast of northern Sumatra from 1964 to 2023 to evaluate seismicity and stress accumulation 
patterns. The results indicate that areas such as Nagan Raya and Aceh Singkil exhibit low b- and a-
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values, implying high stress build-up and low earthquake frequency—conditions that may increase 
the likelihood of future significant events. Temporal analysis shows a general decline in b-values 
prior to major earthquakes, supporting their potential use as seismic precursors. These findings 
highlight the need for enhanced seismic hazard assessment in high-risk zones. Future studies 
should explore the integration of high-resolution mapping and machine learning techniques to 
better detect precursory patterns and strengthen early warning systems. 
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