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ABSTRACT: A seismic stress change analysis is a powerful method to investigate the relationship of 
earthquakes, sequences, aftershocks, and potential seismic zones. In previous studies, the analysis was 
demonstrated by studying earthquake activity to assess seismic hazards on strike-slip, normal, and collisional 
thrust faults. Unfortunately, seismic stress changes in complex systems, such as subduction and intraplate 
earthquakes, have not been fully observed, to our knowledge. The objective of the research is to investigate 
seismic stress changes and their potential effects on the Sumatra subduction zone by using Colomb Stress 
Change Analysis (Colomb 3.3). The investigation is focused on high-accuracy major earthquake events, during 
the period of 2004 to 2019, and 50 major earthquakes within a period of 15 years are taken into account to 
investigate potential zones. Different from previous work, we included temporal and spatial analysis in order 
to estimate possible future significant seismic events. The results show that the 2004 Aceh-Andaman 
earthquake triggered the 2005 Nias earthquake as also suggested by previous study. Meanwhile, the 2008 
earthquake (Mw 7.2) triggered the Padang earthquake (2009). Our new finding suggests that the 2008 
earthquake also provided a positive impulse for the 2010 Mentawai earthquake. Several potential earthquake 
zones are found at depths of 20 to 50 km in Bengkulu, of 60 to 80 km in Mentawai. The results of this study 
can be a key to understanding the probability of seismic and tsunami hazards in Sumatra, which is also 
applicable to other potentially hazardous areas in Indonesia. 
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1. INTRODUCTION 
 

Tectonically, a subduction zone located on the 
Sumatran west coast is known as one of the most 
active sources of earthquakes [1]–[3]. Since 2004, 
the subduction zone has generated a series of major 
earthquakes (Fig.1), including Aceh-Andaman 
(Mw 9.2) in 2004 [4], [5], Nias-Simeulue (Mw 8.5) 
in 2005 [6], Bengkulu (Mw 8.4) in 2007 [7], 
Mentawai (Mw 7.8) in 2010 [8], and offshore along 
the west coast of Aceh (Mw 8.8, Mw 8.5) in 2012 
[9].  

Every earthquake releases seismic stresses that 
can induce the adjacent earthquake sources to 
trigger aftershocks and other earthquakes [10]–[13]. 
The 2004 Sumatra-Andaman earthquake (Mw 9.2), 
causing 1,600 kilometers of deformation and 25 
meters of slip, is believed to have induced the Nias-
Simeulue megathrust, which accelerated the release 
of earthquake energy in 2005 and 2012 [14], [15]. 
The assumption about the induction caused by the 
Aceh-Andaman on Nias-Simeuleu earthquake has 
been verified through an analysis of seismic stress 

changes. The analysis has shown that the 2004 
earthquake activity accelerated the release of the 
earthquake energy in Nias-Simeulue region, 100 
days after the earthquake occurred [12].  

Seismic stress changes are physics-based 
models that are a powerful way to identify the 
relationship among earthquakes, sequences, 
aftershocks, and potential earthquake zones, and 
even for earthquake forecasting [16]–[18]. To 
exemplify this, spatial distributions of aftershocks 
and earthquake interactions have been successfully 
modeled in response to seismic stress changes 
induced by the previous neighboring earthquakes 
[16], [19], [20].  

Use of seismic stress change analysis has been 
demonstrated by studying earthquake activity in 
order to assess seismic and tsunami hazards on 
faults, i.e., strike-slip [21]–[23], normal [24]–[26], 
and collusion [27]. However, the seismic stress 
changes in subduction and intraplate earthquakes, 
especially in complex systems, and their potential 
effects on regional seismic activity, have not been 
comprehensively investigated. 
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Fig.1 Distributions of major earthquakes on the 
West Coast of Sumatra. The size of the red circles 
distinguishes the magnitude of an earthquake 

 
This study aimed to investigate potential 

earthquake zones on the west coast of the Sumatran 
subduction zone based on an analysis of seismic 
stress changes. The seismic stress change analysis 
was based on large earthquakes (M>7), mainly from 
2004 to 2019, and 50 major earthquakes within the 
15-year period were taken into account to generate 
the zones of seismic stress increase and decrease. In 
brief, the stress changes can be used to specify 
locations of the zones of increase and decrease. In 
addition, the high-accuracy hypocenter locations 
from the previous studies support and validate the 
identification of potential zones for future 
earthquakes and tsunamis [28], [29].  
 
2. RESEARCH SIGNIFICANCE 

 
This research is significantly critical as a 

contribution to existing and ongoing earthquake and 
tsunami disaster risk reduction efforts in Sumatra. 
Based on the previous studies, the analysis of 
seismic stress changes was carried out based on a 
major earthquake event to identify its effects on the 
local region or earthquake source. In the present 
study, the calculation of temporal seismic stress 
changes is carried out based on a series of major 
earthquakes that occurred during the period of 2004 
to 2019. The corrected focal mechanism and high-
accuracy earthquake hypocenter data serve to 
reinforce the research output, which is set to be a 
reference for local governments that are developing 

regional disaster mitigation action plans. Further, 
the study, provides possible opportunities for 
prospective researchers to conduct more profound 
observations that are useful in analyzing the seismic 
stress changes of subduction earthquakes in other 
regions. 

 
3. DATA AND METHODS  

 
Research data included the focal mechanisms of 

earthquakes with a magnitude of M ≥ 7.0 which are 
potential precursors for tsunamis. In addition, focal 
mechanisms were obtained from the United States 
Geology Survey (USGS) earthquake catalog from 
2004 to 2019 (https://www.globalcmt.org/). The 
distribution of earthquakes based on the focal 
mechanism used in the analysis is shown in Fig. 2. 

 

 
 

Fig. 2 Distribution of focal mechanisms along the 
subduction zone on the Sumatran West Coast 
(https://www.globalcmt.org/CMTsearch.html) 
 
3.1 SEISMIC STRESS CHANGE 
 

Generally, an earthquake occurs when the 
change in shear stress exceeds the normal stress on 
the fault, which causes deformation in the direction 
and shape of the fault plane. However, the seismic 
stress change on the fault is difficult to measure, but 
it can be estimated by identifying the difference or 
change in shear and normal stress from the 
earthquake. This method is considered effective for 
defining the seismic stress changes of earthquakes. 
Seismic stress changes caused by earthquakes can 
be expressed by Eq.1:  

https://www.globalcmt.org/
https://www.globalcmt.org/CMTsearch.html
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∆𝜎𝜎𝑓𝑓 = ∆𝜏𝜏𝛽𝛽 − 𝜇𝜇�∆𝜎𝜎𝛽𝛽 − ∆р�                                     (1) 
 
Denoting the shear stress, σβ is normal stress, p 

is pore fluid pressure, and μ is the shear coefficient. 
We used the COULOMB 3.3 code [30] in order to 
calculate the stress change from the estimated slip 
and viscous strain in a homogeneous medium [17]. 
In addition, we also modified the approach of 
Catalli and Chan (2012) [16] to identify the seismic 
stress changes in the Sumatran subduction zone. 
The approach, moreover, classifies the subduction 
zone into a layered computational grid at depths of 
10-100 km. We set the friction coefficient to 0.4 for 

all calculations. The maximum seismic stress 
change in each time period and depth range per grid 
was used for further interpretation. 

 
3.2 FAULT PLANE ANALYSIS 
 

In a fault plane analysis, the magnitude (Mw) 
was expressed by the length (L) and width (W) of 
the fault. Empirical conversion of earthquake 
magnitudes to fault planes is based on the scaling 
law equations [31] expressed by Eq. 2 and Eq. 3. 

 
𝑙𝑙𝑙𝑙𝑙𝑙(𝐿𝐿)  = 0.5 × 𝑀𝑀𝑀𝑀 − 1.9 (𝑘𝑘𝑘𝑘)                        (2) 
𝑙𝑙𝑙𝑙𝑙𝑙(𝑊𝑊) = 0.5 × 𝑀𝑀𝑀𝑀 − 2.2 (𝑘𝑘𝑘𝑘)                       (3) 

 
4. RESULTS AND DISCUSSION 
 

The pattern of seismic stress changes in the 
subduction zone of the Sumatran West Coast is 
defined by positive values that represent an increase 
in seismic stress, shown in red. In contrast, the 
negative values were encoded in blue, indicating the 
stress decrease.  

In 2004, there was a massive earthquake, known 
as the largest earthquake of the 21st century, the 
Aceh-Andaman, with a magnitude of Mw 9.2. As 
shown in Fig. 3a, consistent with the previous 
studies, the results of the 2004 seismic stress change 
analysis confirmed that the earthquake was a 
triggering earthquake preceding the Nias 
earthquake in early 2005 [14], [32]. Moreover, the 

earthquake had also induced movement of part of 
the intraplate zone [5], [10], [14], [33]. Eight years 
later, a series of earthquakes known as “doublet 
earthquakes” with magnitudes of Mw 8.5 and 8.8 
occurred [10], [34].  

Meanwhile, in 2008 the earthquake off the west 
coast of Western Sumatra (Mw 7.2) caused a 
dominant effect on the seismic stress pattern of 
changes in the Sumatran subduction zone, located 
mainly offshore along the western coast of Sumatra 
(Fig. 3b). The pattern, in fact, demonstrated that the 
zone of increased seismic stress had triggered the 
Padang earthquake (30/09/2009, Mw 7.6) [35], [36].  

 

  
(a) (b) 

Fig. 3 (a) The seismic stress increase in Nias that occurred in 2005 was caused by the 2004s earthquake with 
magnitude of Mw 9.2. (b) The 2008 earthquake had probably triggered earthquakes in Padang and Mentawai 
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In addition, the analysis of the seismic stress 
changes in 2008, as shown in Fig. 3b, highlights a 
Mentawai seismic gap zone. The pattern of the 
increased seismic stress in the gap zone will not 
only trigger major earthquakes in Mentawai islands, 
but also tsunamis that are assumed to bring about  
effects upon the densely populated cities and coastal 
areas around West Sumatra within about 30 minutes 
[8], [37]–[40]. 

In addition, the seismic stress change analysis 
had specified the seismic stress change zones per 
depth. According to the results of the seismic stress 
change analysis, shown in Fig. 4, there are several 

potential earthquake zones, including along the 
west coasts of Aceh, Nias, and Bengkulu, in 
addition to the Mentawai seismic gap zones [37], 
[38], [41], [42]. In more detail, it shows that the 
seismic stress zone has consistently increased by the 
depth of 30–50 kms for the Bengkulu west coast. 
Meanwhile, for the west coasts of Aceh and Nias, 
and the Mentawai seismic gap zones, signs of the 
seismic stress increase occur at depths of 60–80 km. 
Historically, seismic zones with increased stress are 
those that had undergone massive earthquakes that 
triggered tsunamis [11], [43], [44]. 

 

  
  

  
 
Fig. 4 Earthquake potential zones (indicated by red and yellow boxes) identified based on the spatial analysis 
of seismic stress changes at depth. The earthquake potential zone in Bengkulu ranges from 20 to 50 km in 
depth. While in Aceh, Nias, and the Mentawai seismic gap zone, the depths are 60 to 80 km.  
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We, furthermore, specifically investigated the 

earthquake activity on Aceh West Coast. Jihad et al. 
(2020) reported that 20 years after the 2004 
earthquake, the area would be possessing potential 
energy that was equivalent to Mw 8.7. The impact 
of the Mw 8.7 earthquake was further studied and 

included tsunami modeling. The results of the study 
concluded that the impact of the Mw 8.7 earthquake 
had a potential to trigger a tsunami with a maximum 
of more than 18 m in height [45]. As shown Fig. 5, 
after 2019, zones of potential or increased seismic 
stress had triggered earthquakes (M > 5.5). 

 

 
 

Fig. 5 Seismic activity on Aceh West Coast after 2019. The zone with increased seismic stress has triggered 
numerous significant earthquakes (M > 5.5).  
 
5. CONCLUSIONS 

 
This study of seismic stress changes in Sumatra 

has strengthened our understanding of a seismic-
triggering process. Major earthquakes in Sumatra 
have already been proven to trigger some 
earthquakes located in the increased stress zones. 
The triggering process was indicated when the 2004 
process triggered the 2005 earthquakes, and the 
2008 process triggered the 2009 earthquakes. In 
addition to the spatial analysis, the depths based on 
the seismic stress changes were also calculated to 
provide extra details in the present study. Certain 
zones are indicated to hold stress at a particular 
depth. Offshore along the Bengkulu West Coast is 
seen to hold stress at depths in the range of 20 to 30 
km, while Aceh, Nias, and Mentawai are holding 
stress at greater depths in the range of 70 to 80 km. 
Regarding the seismic triggering process, the stress-
holding zones can be useful to forecast the most 
probable locations for the next earthquakes. 
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