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Abstract - The island of Sumatra is a meeting area between the Indian Ocean plate in the South and the 

southwest edge of the Sunda Exposure, which is also the continental plate of Southeast Asia or the 

Eurasian Plate. The meeting of the plates makes the island of Sumatra an area prone to tectonic 

earthquakes, including Mount Imun and Helatoba which are located in the Tarutung basin. This study 

uses the Mohr-Coulomb model in the analysis of changes in coulomb stress. This modeling uses data 

from earthquakes that occurred on the West Coast of Sumatra which was then processed in coulomb 3.4 

software. This modeling resulted in stress distribution in Imun and Helatoba. Coulomb stress changes 

until this time in Imun is 0.323 bar (2024) and coulomb stress change in Helatoba is 0.217 bar. The 

effect of the increase in coulomb stress (red lobe) originating from the earthquake on the west coast of 

Sumatra is triggering 2 tectonic earthquakes at the coordinates of Mount Imun in 2022 and triggering 

a tectonic earthquake at the coordinates of Helatoba in 2018. 
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INTRODUCTION 

The island of Sumatra is a meeting 

area between the Indian Ocean plate in the 

South and the southwest edge of the Sunda 

Exposure, which is also the continental plate 

of Southeast Asia or the Eurasian Plate. 

Until now, the allowance of the oceanic plate 

to the northeast is still active with an average 

speed of 6.3 cm/year of oceanic plate 

movement (Huchon & Pichon, 1984). The 

convergence of the Indian Plate and the 

Eurasian Plate is dominated by strike-slip 

tectonics. One of the consequences of the 

subsidy of the oceanic plate under the 

continental plate in the Sumatra area is the 

formation of the North Sumatra basin. The 

collision of the Indian Ocean plate in the 

south and the Eurasian continental plate in 

the north forms a tectonic environment and 

basins. The Sumatran Fault, which is parallel 

to the current subsidy zone and the tertiary 

subduction zone, is closely related to obligue 

subduction in Sumatran waters. (Deformasi 

et al., 2006)    

 The Tarutung Basin is located in 

North Central Sumatra, 30 km South of the 

giant Lake Toba caldera.The basin is15 km 

wide, 2.5 km long and extends in the NNW–

SSE direction along the prominent NW–SE 

striking SFS, which represents a dextral 

strike–slip fault related to oblique 

subduction along the Sumatra arc (Sieh & 

Natawidjaja, 2000)(Muraoka et al., 2010). 

From the plate tectonic perspective, 

theTarutung Basin is located at the cross 

point of the SFS (Sumatera Fault System) 

and the Medial Sumatra Tectonic Zone 

(MSTZ) which separates the East from the 

West Sumatra block from Late Permianto 

early Triassic (Huchon & Pichon, 1984)

 The Tarutung Basin is not typically 

rhombroedric shaped as one could expect for 

a pull-apart basin. Instead, it is more eye 

shaped possibly caused by anastomizing 

segments of the SFS. Two older volcanic 

centres are located at both ends of the 

Tarutung Basin. Mount Imun located at the 

northern end of the Tarutung Basin as an 

inactivevolcano with similar eruptiva 

(vesicular dacite) as the prominent Toba 
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Tuff (Aldiss & Ghazali, 1984) The 

morphology of Mount Imun is not cross cut 

by faults of the SFS indicating a young age 

presumable similaras Martimbang to the 

south of the basin. (Gasparon, 2005)  

The geological conditions and 

movement of these plates have resulted in 

the island of Sumatra, especially Tarutung 

and its surroundings (Mount Imun and 

Mount Helatoba) becoming an area that 

often experiences tectonic earthquakes. 

Although earthquakes cannot be detected or 

predicted, earthquakes can be predicted by 

coulomb stress modeling. Coulomb stress 

modeling has been widely used to see the 

distribution area of earthquakes due to the 

main earthquake that occurred. Modelling 

has been widely used both in flat areas and 

in volcanoes. Coulomb stress modeling has 

been used in North Sumatra, especially 

Mount Sibayak (Sinaga et al., 2022), 

Sinabung (Kototabang & Geofisika, 

2013)(Goldberd Harmuda Duva Sinaga et 

al., 2022), Toba (Sinaga & Nainggolan, 

2023), Sibualbuali and Lubukraya (Sinaga et 

al., 2024), Sorikmarapi (Sinaga et al., 2021) 

and other areas such as Rinjani (Utama et al., 

2020), Nias (Hughes et al., 2010), Aceh, 

Soputan and Gamalama (Sinaga et al., 

2017), Maluku (Siwi et al., 2020), Java 

(Mala et al., 2020). Currently, Mount Imun 

and Helatoba are not included in the 

PVMBG monitoring. However, it does not 

mean that in the future, it is not impossible 

that these two mountains will receive special 

attention regarding volcanic activity. 

Although these two mountains have not 

shown volcanic activity, the geological 

stress conditions in these two mountains 

need to be analyzed. This is because these 

two mountains are located in the stress 

distribution area of Mount Toba with Mount 

Lubukraya and Sibualbuali. So in this case, 

the study will use coulomb stress modeling 

to look at the impact of earthquakes on the 

west coast of Sumatra on Immunity and 

Helatoba. 

 

RESEARCH METHODS 

This study uses the method used in 

the research on Mount Imun and Helatoba is 

an analytical-descriptive method. The model 

used in this study is the Coulomb Stress 

Model. Earthquake stress/strain will be 

analyzed in coulomb 3.4 software. The 

values and stress/strain distribution of the 

earthquake will be mapped in 2D and 3D 

using Global Mapping Tool Software and 

Google Earth Software. The data used in this 

study are data on earthquake magnitude and 

coordinates, earthquake depth, earthquake 

type (strike, slip, dip), and tensor moment. 

(Toda, 2005) 

Considering the collapse of the 

fracture as a combined cause between 

normal (reduced) and shear stress 

conditions, it is measured as a static stress 

coulomb stress stress criterion (King et al., 

1994). Changes in static coulomb stress 

caused by earthquakes can help explain the 

distribution of aftershocks (Parsons et al., 

1999), as aftershocks will occur when 

coulomb stress exceeds the collapse force of 

the fault surface. The change in voltage of 

the Coulomb state (ΔCFF) is defined as 

 

ΔCFF = Δτ + μ (Δσ +Δp) (1) 

  

Δτ represents the change in shear stress on 

the fault (positive in the slip direction), Δσ is 

the change in normal stress (positive for 

unsqueezed faults), Δp is the change in 

pressure pore, and μ is the coefficient of 

friction, which ranges from 0.6 to 0.8 for 

most intact rocks (Harris, 1998). In 

Oklahoma, where fluid injection is 1-2 km 

deep near the epicenter, and this has been 

used for disposal since 1993 (Keranen et al., 

2013). In addition, the effect of pore pressure 

cannot be ignored either. The change in pore 
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pressure after the change in tension occurs 

and there is no fluid flow (undrained 

condition), is 

 

Δp= 
βΔσkk

3
   (2) 

 

where β is Skempton's coefficient and σkk is 

the sum of the diagonal elements of the stress 

tensor (Rice, 1992). Skempton's coefficient 

describes the change in pore pressure 

resulting from an externally applied voltage 

change, and often ranges in value from 0.5 

to 1.0 (Green & Wang, 1986)(Hart & Wang, 

1995)(Cocco, 2002). For fault zone 

rheology, where the fault of the zone 

material is tougher than the surrounding 

material, σxx=σyy=σzz (Rice, 1992) (Parsons 

et al., 1999)(Harris, 1998); so, 
Δσkk

3
 = Δσ. 

Equations (1) and (2) combined with this 

assumption, making 

 

ΔCFF = Δτ + μ Δσ  (3) 

 

where μ′=μ(1- ), the effective 

coefficient of friction. The effective 

coefficient of friction generally ranges from 

0.0 to 0.8, but it is usually found around 0,4 

(μ = 0,75,  = 0,47) for horizontal faults or 

faults of unknown orientation (Parsons et al., 

1999). These values are commonly used in 

the calculation of coulomb voltage changes 

to minimize uncertainty. The location and 

geometry of the fault source, as well as the 

division of the slip over the plane source, 

play an important role in calculating the 

change in coulomb stress. Based on the 

magnitude of the earthquake, we model the 

source geometry with empirical 

relationships for strike-slip errors (Wells, 

Donald L.Coppersmith, 1994), which is built 

into Coulomb Software 3.3 (Toda, 2005). 

 

 

 

RESULTS AND DISCUSSION 

Results 

This study uses ∆CFS modeling which was 

carried out to determine the distribution of 

static stress by earthquake events on Mount 

Imun and Helatoba. The Mohr-Coulomb 

model is also used to look at the relationship 

between earthquakes that can trigger the 

next earthquake, both between mainshock-

mainshock and mainshock-aftershock, and 

the relationship between tectonic and 

volcanic earthquakes. (Utama et al., 2020). 

The Mohr-Coulomb model is simulated in 

coulomb 3.4 software which requires 

earthquake data in the form of magnitude 

moment, depth, longitude, and latitude 

obtained from the website of the 

Meteorology and Geophysics Agency 

(BMKG) while the focal mechanism is 

downloaded from the United States 

Geological Survey (USGS). The input data 

analyzed is earthquakes that occurred from 

August 2004 to August 2024 with no 

minimum magnitude moment. The study 

only selected earthquake data of at least 5.5 

Mw with a radius of 200 km from Imun and 

Helatoba. This selection was made because 

Coulomb 3.4 has limited data input. This 

study uses the 2004-2024 earthquake data 

range so that the results of the coulomb stress 

change analysis are more accurate. 

 

Table 1. ∆CFS in Mount Imun Depth 0-10 km 

in August 2004-August 2008 
 

2004 2005 2006 2007 2008 

shear 0 -0,385 -0,385 -0,771 -0,771 

normal 0 0,126 0,126 0,126 0,124 

coulomb 0 0,122 0,122 0,122 0,121 

 

Table 2. ∆CFS in Mount Imun August 2009-

August 2013 
 2009 2010 2011 2012 2013 

shear -0,771 -0,857 -0,861 -0,861 -0,861 

normal 0,124 0,577 0,587 0,587 0,588 

coulomb 0,121 0,216 0,216 0,216 0,216 
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Table 3. ∆CFS in Mount Imun August 2014-

August 2018 
 2014 2015 2016 2017 2018 

shear -0,861 -0,861 -0,861 -0,861 -0,860 

normal 0,589 0,589 0,589 0,589 0,593 

coulomb 0,216 0,216 0,216 0,216 0,218 

 

Table 4. ∆CFS in Mount Imun August 2019-

August 2024 
 2019 2020 2021 2022 2023 2024 

shear -

0,861 

-

0,861 

-

0,861 

-

0,840 

-

0,842 

-

0,842 

normal 0,594 0,594 0,594 0,806 0,808 0,808 

coulomb 0,218 0,218 0,218 0,324 0,323 0,323 

 

Table 5. ∆CFS at Mount Helatoba, August 

2004-August 2008  
2004 2005 2006 2007 2008 

shear 0 -0,431 -0,431 -0,432 -0,432 

normal 0 0,138 0,138 0,141 0,141 

coulomb 0 0,121 0,121 0,121 0,121 

 

Table 6. ∆CFS at Mount Helatoba, August 

2009-August 2013 
 2009 2010 2011 2012 2013 

shear -0,432 -0,329 -0,328 -0,328 -0,328 

normal 0,141 0,165 0,185 0,185 0,186 

coulomb 0,121 0,234 0,243 0,243 0,243 

 

Table 7. ∆CFS at Mount Helatoba, August 

2014-August 2018 
 2014 2015 2016 2017 2018 

shear -0,328 -0,328 -0,328 -0,328 -0,327 

normal 0,187 0,187 0,187 0,187 0,191 

coulomb 0,243 0,243 0,243 0,243 0,246 

 

Table 8. ∆CFS at Mount Helatoba, August 

2019-August 2024 
 2019 2020 2021 2022 2023 2024 

shear -0,327 -0,327 -0,327 -0,336 -0,338 -0,338 

normal 0,194 0,194 0,194 0,150 0,151 0,151 

coulomb 0,247 0,247 0,247 0,219 0,217 0,217 

 

Discussion 

Mount Imun 

Table 1 shows the average values of 

normal, shear, and changes in coulomb 

stress that occur on Mount Imun at a depth 

of 0-10 km. The selection of this depth is 

because the average depth of Mount 

Merapi's magma is 10 km. The highest 

average normal value occurred in 2005 at 

0.1269 bar while the lowest average normal 

value occurred in 2008 at -0.124 bar. The 

highest average shear value occurred in 2005 

at -0.385 bar while the lowest average shear 

value occurred in 2007 at -0.771 bar. The 

average value of the largest change in 

coulomb stress occurred in 2005 at 0.122 bar 

while the average value of the smallest 

change in coulomb stress occurred in 2008 at 

0.121 bar.  

 

Figure 1. Changes in Mount Imun and 

Helatoba Stress Coulomb in 2005 (without 

involving the Aceh earthquake) 

The magnitude of the average value 

of the change in coulomb stress that occurred 

in 2005 was caused by a large earthquake 

that occurred on December 26, 2004 in the 

Indian Ocean with a magnitude moment 

criterion of 9.1 Mw with a depth of 10 km 

km and was located at a longitude of 98.58o, 

Latitude 3,316o and type focal mechanism 

reverse fault.(Nursalam, 2016 & Fallis, 

2013) 
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Figure 2. Changes in Mount Imun and 

Helatoba Stress Coulomb in 2005 (involving 

the Aceh earthquake) 

 

The emergence of these major 

earthquakes resulted in many aftershocks 

that occurred in 2005. Figure 1 shows the 

change in coulomb stress that occurred in 

2005 in Mount Imun and Helatoba. Changes 

in coulomb stress in 2005 only used 95 

earthquake data with latitude limits of -3.5o-

6.5o and longitude 91.5o-101.5o (not 

involving the Aceh earthquake) so that if this 

study is compared to other studies (Sinaga et 

al., 2024), there is a big difference in the 

scope of the spread of coulomb stress that is 

smaller than the change in coulomb stress 

involving the Aceh earthquake on December 

26, 2024 in the analysis in software 3.4 

(figure 2). The number of earthquakes 

analyzed greatly affects the red and blue 

lobes, but the change in coulomb stress 

affects the distribution of subsequent 

earthquakes to Mount Imun and Helatoba.    

 Table 2 shows the analysis of 

changes in coulomb stress from 2004-2013 

that occurred on Mount Imun at a depth of 0-

10 km. The highest average normal value 

occurred in 2011 at 0.587 bar while the 

lowest average normal value occurred in 

2009 at 0.124 bar. The highest average shear 

value occurred in 2009 at -0.771 bar while 

the lowest average shear value occurred in 

2013 at -0.861 bar. 

The average value of the largest 

change in coulomb stress occurred in 2011 at 

0.216 bar, while the average value of the 

smallest change in coulomb stress occurred 

in 2009 at 0.121 bar. Decrease in coulomb 

stress caused by 1 earthquake event closest 

to Imun in the north of Lake Toba waters 

(2009). 

Table 3 shows the average values of 

normal, shear, and changes in coulomb 

stress that occur on Mount Imun at a depth 

of 0-10 km. The highest average normal 

value occurred in 2018 at 0.593 bar while the 

lowest average normal value occurred in 

2014 at 0.589 bar. The highest average shear 

value occurred in 2018 at -0.860 bar while 

the lowest average shear value occurred in 

2014 at -0.861 bar. 

The average value of the largest 

change in coulomb stress occurred in 2018 at 

0.218 bar while the average value of the 

smallest change in coulomb stress occurred 

in 2015 at 0.216 bar. The decrease in 

coulomb stress in the area was caused by 2 

earthquakes in the north of Lake Toba waters 

in 2014 and 2017. 

 

 
Figure 3. Earthquake coordinates on Mount 

Imun and changes in coulomb stress in 2022 

 

Table 4 shows the average values of 

normal, shear, and changes in coulomb 

stress in Mount Imun at a depth of 0-10 km. 
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The highest normal average value occurred 

in 2022 of 0.806 bar while the lowest normal 

average value occurred in 2019 of 0.594 bar. 

The highest average shear value occurred in 

2022 at -0.840 bar while the lowest average 

shear value occurred in 2019 at -0.861 bar. 

The average value of the largest change in 

coulomb stress occurred in 2022 at 0.324 bar 

while the average value of the smallest 

change in coulomb stress occurred in 2019 at 

0.218 bar.  

There is an interesting phenomenon 

that occurred in 2022 where tectonic 

earthquakes occurred right on Mount Imun 2 

times. The first earthquake occurred on 

September 30, 2022 with a magnitude of 5.8 

Mw at a depth of 16 km (focal mechanism 

strike-slip) and the second earthquake 

occurred on the same day but with a 

magnitude of 4.9 Mw at a depth of 12 km 

(focal mechanism strike-slip). The regional 

stress field is characterized by N–S oriented 

maximum horizontal stress and E–W 

oriented minimum horizontal stress in a 

strike–slip stress regime with the vertical 

stress being the intermediate principal stress 

(Cattin et al., 2009). The fault pattern of the 

Tarutung Basin is dominated by NW–SE 

striking faults parallel to the SFS, 

subordinately by E–W and N–S striking 

faults. Although both earthquakes occurred 

in a shallow depth range, they did not 

necessarily increase the change in coulomb 

stress. This is due to the angle of the focal 

mechanism that makes the Immune region 

experience strains until 2024. 

 

Mount Helatoba 

Table 5 shows the average values of 

normal, shear, and changes in coulomb 

stress on Mount Imun at a depth of 0-10 km. 

The normal average value occurred from 

2005 to 2008 at 0.138 bar. This is because 

from 2005 to 2008, the normal average value 

did not change. The highest average shear 

value occurred in 2005 at -0.431 bar while 

the lowest average shear value occurred in 

2007 at -0.432 bar. 

The average value of the largest 

change in coulomb stress occurred in 2005 at 

0.121 bar while the average value of the 

smallest change in coulomb stress occurred 

in 2008 at 0.121 bar. Mount Helatoba has a 

fairly close distance from Imun so that these 

two volcanic mountains have the same 

characteristics of increasing coulomb stress, 

which was caused by the Aceh earthquake of 

December 26, 2024.(Nursalam, 2016 & 

Fallis, 2013). 

Table 6 shows the average values of 

normal, shear, and changes in coulomb 

stress in Mount Imun at a depth of 0-10 km. 

The highest normal average value occurred 

in 2010 at 0.165 bar while the lowest normal 

average value occurred in 2009 at 0.141 bar. 

The highest average shear value occurred in 

2011 at -0.328 bar while the lowest average 

shear value occurred in 2009 at -0.432 bar. 

The average value of the largest 

change in coulomb stress occurred in 2011 at 

0.243 bar while the average value of the 

smallest change in coulomb stress occurred 

in 2009 at 0.121 bar. The decline in shear, 

normal, and coulomb was due to a decrease 

in the number of earthquakes that occurred. 

The nearest earthquakes only occurred 4 

times in the southeast of Helatoba in 2010, 

2011, 2012, and 2013. 

Table 7 shows the average values of 

normal, shear, and changes in coulomb 

stress on Mount Imun at a depth of 0-10 km. 

The highest normal average value occurred 

in 2018 at 0.191 bar while the lowest normal 

average value occurred in 2014 at 0.187 bar. 

The highest average shear value also 

occurred in 2018 at -0.327 bar while the 

lowest average shear value also occurred in 

2014 at -0.328 bar. 

The average value of the largest 

change in coulomb stress still occurred in 
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2018 at 0.246 bar while the average value of 

the smallest change in coulomb stress 

occurred in 2014 at 0.243 bar. Earthquakes 

that occurred until 2014 provided a positive 

distribution of stress coulomb on Mount 

Helatoba. The red lobe gives a sign that the 

area has the potential for aftershocks. The 

distribution is evidenced by the occurrence 

of a tectonic earthquake just below Mount 

Helatoba at a depth of 130.7 km with a 

magnitude of 5.2 Mw. (focal mechanism 

strike-slip). 

 
Figure 3. Coordinates of tectonic earthquakes 

in Helatoba 

  

Figure 3 shows that the distribution of 

coulomb stress in 2017 has a significant 

impact (red lobe) on Helatoba. The influence 

was 2 events, namely the first tectonic 

earthquake right in Helatoba with a 

magnitude of 5.0 Mw and a depth of 19.4 km 

(focal mechanism strike-slip) on February 

24, 2018 and the second tectonic earthquake 

also right in Helatoba with a magnitude of 

4.9 Mw and a depth of 126.1 km (focal 

mechanism strike-slip) on March 13, 2018. 

As a result, Helatoba has the highest 

coulomb stress change value in 2018 since 

2014. (table 7) 

Table 8 shows the average values of 

normal, shear, and changes in coulomb 

stress on Mount Imun at a depth of 0-10 km. 

The highest normal average value occurred 

in 2019 at 0.194 bar while the lowest normal 

average value occurred in 2024 at 0.150 bar. 

The highest average shear value occurred in 

2023 at -0.338 bar while the lowest average 

shear value occurred in 2019 at -0.327 bar. 

The average value of the largest 

change in coulomb stress occurred in 2019 at 

0.247 bar, while the average value of the 

smallest change in coulomb stress occurred 

in 2022 at 0.219 bar.  The small change in 

coulomb stress from 2019-2024 was 

triggered by the lack of earthquake events 

that occurred in this time range. 

 

 

Figure 4. earthquakes that occurred on the west 

coast from August 2004 to August 2024 

 

The earthquakes that occurred were 

only 9 incidents with a distance of >50 km. 

(waters of Lake Toba and Sorikmarapi). In 

addition, earthquakes that occur at the Imun 

coordinates also do not affect because of the 

angle of the focal mechanism strike slip that 

provides strain. The number of earthquakes 

that occurred from August 2004 to August 

2024 was 1024 events. (table 4) 

 

CONCLUSION 

Earthquakes that occurred on the west 

coast of Sumatra resulted in changes in 

coulomb stress characterized by red lobes on 

Mount Imun and Helatoba. The effect of 

changes in coulomb stress on Imun and 
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Helatoba is that Mount Imun experienced a 

tectonic earthquake in 2022 and Helatoba 

also experienced tectonic earthquakes in 

2015 and 2018. Although the impact of the 

west coast earthquake of Sumatra did not 

have a major impact, this area must still 

receive attention because this volcano is 

located between two residential areas. For 

further research, it is expected to analyze 

dynamic stress to calculate the stress value 

on the volcano. 
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