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Abstract: The earthquake was one of the biggest natural disasters in Sumatra and 
dramatically affected this region and the surrounding area. Determination of surface 
deformation due to the earthquake is essential for disaster mitigation. The Global Navigation 
Satellite System (GNSS) is a commonly used method for determining surface deformation 
due to earthquakes. This study analyzes surface deformation during the preseismic, 
coseismic, and postseismic phases due to the 2012 Mw8.6 Indian Ocean earthquake. The 
study used Global Positioning System (GPS) data from the Sumatran GPS Array (SuGAr) 
network. The most significant horizontal deformation was observed at the LEWK station, 
which was 280.554 mm towards the northeast and experienced a subsidence of 40.830 mm in 
vertical deformation. Horizontal deformation is still felt by 22.453 mm to the northeast and 
vertical deformation of 8.810 mm (uplift) at stations that are farther (580 km) from the 
earthquake's epicenter. However, in the observation period of 60 days (postseismic phase), 
stations closer to the epicenter are still experiencing a postseismic phase. In contrast, stations 
far from the epicenter show that the postseismic phase is almost complete. In the preseismic 
phase, all stations experience almost the same horizontal deformation, ranging from 2.210 
mm-3.639 mm, but with a different direction of movement, which may be caused by previous 
intense earthquake activity, which is still releasing energy (postseismic phase). On the other 
hand, the vertical deformation during the preseismic phase generally experiences an uplift 
except at the LEWK station. The results of this study can be additional information for 
earthquake mitigation in the Sumatra region. 
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Introduction  

 
Sumatra has a high potential for large earthquakes 

due to plate movement activities around this region. 
Several plate activities in Sumatra are the subduction of 
the Indo-Australian Plate to the Eurasian Plate, which 
results in the formation of a subduction path (Hamzah 
et al., 2000; Prawirodirdjo et al., 2010). In addition, there 
is also an elongated fault that divides Sumatra in the 
right direction, known as the Sumatran Fault or 
Semangko Fault (Alif et al., 2020; McCaffrey, 1992), 
which has a velocity of 5 mm/year (Tong et al., 2018). In 
the Mentawai Islands, there is also a fault parallel to the 
Semangko Fault. This fault is a Backthrust with a 
southwesterly slope without strike-slip motion (Lori et 

al., 2018). Several major earthquakes in Sumatra include 
the 2004 Mw 9.2 Aceh-Andaman earthquake and the 
2005 Mw8.6 Nias earthquake, were due to the 
subduction zone mechanism (Pollitz et al., 2012). The 
2010 Mw7.8 Mentawai earthquake was one of the 
earthquakes caused by the Mentawai Backthrust activity 
(Marzuki et al., 2022). On April 11, 2012, there was also 
an earthquake with the magnitude of Mw8.6 in the 
Wharton Basin (west of the subduction zone), a plate 
boundary zone spreading between the Indian and 
Australian Plates. This earthquake was a strike-slip 
earthquake and is considered the largest strike-slip 
earthquake ever recorded (McGuire & Beroza, 2012; 
Meng et al., 2012). 
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Figure 1. Distribution of SuGAr observation stations and 
epicenters of the 2012 Mw8.6 Indian Ocean earthquake. 

 
Earthquakes will usually cause the surrounding 

earth's crust to deform in both horizontal and vertical 
directions. In an earthquake cycle, the deformation 
process can be divided into interseismic, praseismic, 
coseismic, and post-seismic phases/stages (Deputel et 
al., 2012; Natawidjaja et al., 2007). The interseismic stage 
is the initial stage of an earthquake cycle. At this stage, 
energy from within the earth moves the plates, and 
energy begins to accumulate in the parts of the plates 
where earthquakes usually occur (plate boundaries and 
faults). Just before the earthquake occurs, it is called the 
preseismic stage; when the main earthquake occurs, it is 
called the coseismic stage. Coseismic deformation is the 
deformation of the earth's crust caused by the main 
earthquake and its large aftershocks. This deformation is 
generally in the form of horizontal or vertical 
deformation, and its spatial scope is proportional to the 
earthquake's magnitude. The post-seismic stage is 
defined as the stage when the remnants of the 
earthquake energy are released slowly and over a long 
period until conditions return to a new equilibrium 
stage. Knowledge of deformation in each phase is 
needed in earthquake disaster mitigation. 

This study analyzes the deformation caused by the 
2012 Mw8.6 earthquake. Several studies have discussed 
this earthquake, and most studies address the slip model 
of the coseismic offset (Gunawan et al., 2016; Maulida et 
al., 2016; Pratama et al., 2018). Yadav et al. (2013) also 
performed coseismic offset calculations for the 2012 
earthquake using GPS observations at stations generally 
located north of the earthquake epicenter. The results 
obtained are in the form of deformation at the station 
north of the earthquake epicenter, with values ranging 
from 17 mm-41 mm heading south. Stations in northern 
Sumatra show the direction of coseismic movement to 
the northwest, and stations located northwest of 
Sumatra experience movement to the northeast. 
Maulida et al. (2016) also calculated the deformation in 
the coseismic phase of the 2012 Mw8.6 Indian Ocean 
earthquake. They found deformation at the station on 

the northwest coast of Sumatra, heading northeast by 
~30 cm, while in the central part of Sumatra, showing a 
deformation to the northwest of 3 cm. Vertically, they 
get a subsidence of 3 cm.  

While there have been some studies on the 2012 
Mw8.6 Indian Ocean earthquakes, such study has not 
discussed the deformations for all phases of the 
earthquake in detail. Therefore, we analyzed the 
deformation due to the 2012 earthquake for each 
preseismic phase, coseismic phase, and postseismic 
phase using Global Positioning System (GPS) station 
observation data. GPS is a navigation and positioning 
satellite system owned and managed by the United 
States. GPS data can record movements with 
submillimeter precision per year, and GPS has proven to 
be an indispensable tool in crustal deformation analysis 
(Khawiendratama, 2016) such as describing the 
conditions of observation points in all phases of the 
earthquake cycle (intereismic, preseismic, coseismic, and 
postseismic) (Catherine & Gahalaut, 2007; Govers et al., 
2018). The GPS observations used in this study came 
from the SuGAr network (Sumatran GPS Array), eight 
stations located in the east-southeast of the earthquake 
epicenter. They were processed using GAMIT/GLOBK 
software. This research can be used to understand the 
characteristics of seismic activity and is expected to be 
used as stage information for earthquake mitigation in 
the affected area. 

 
Method  
 
Data  

This study uses observational data from eight 
SuGAr stations located east-southeast of the 2012 
earthquake epicenter (Table 1). SuGAr is a GPS station 
spread along the west coast of Sumatra Island 
(McLoughlin et al., 2011), extending for more than 1,000 
km of convergent plate boundaries between the Indo-
Australian and Asian Tectonic Plates. The distribution of 
SuGAr stations can be seen on the website 
sugar.geotek.lipi.go.id. SuGAr's data format is RINEX 
(Receiver Independent Exchange Format). The data used 
for this study are from the 072nd DOY (Day of Years) to 
the 162nd DOY in 2012, namely March 13-June 10, 2012 
totaling 90 days. The preseismic phase is taken from data 
at DOY 072-100 and data for the postseismic phase, 
namely DOYs 104-162. In the coseismic phase, the data 
is from one day before the earthquake until one day 
after, namely DOY 101-103. RINEX SuGAr data can be 
downloaded through UNAVCO (University NAVSTAR 
Consortium), CDDIS (Crustal Dynamics Data 
Information System), and SOPAC (Scripps Orbit and 
Permanent Array) 
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Table 1. Location of SuGAr stations 
Stations Location Longitude Latitude First Epoch Last Epoch 
BITI Biouti, Nias 97.811371 1.07862 2012 03 13 2012 06 10 
BSIM Simeulue Airport 96.326157 2.40924 2012 03 13 2012 06 10 
BTHL Botohilithano 97.710701 0.56920 2012 03 13 2012 06 10 
LEWK Lewak 95.804077 2.92359 2012 03 13 2012 06 10 
LHW2 Lahewa 97.171944 1.39688 2012 03 13 2012 06 10 
PBLI Balai Island 97.405296 2.30853 2012 03 13 2012 06 10 
PTLO Telo Island 98.280037 -0.05461 2012 03 13 2012 06 10 
RNDG Rundeng 97.857200 2.66524 2012 03 13 2012 06 10 

 

 
Figure 2. Distrubution of IGS stations used.  

 
Another data used is data of IGS (International 

GNSS Service). The IGS is an international organization 
that is a collection of agencies around the world that 
collects permanent data sources from GNSS (Global 
Navigation Satellite System) stations and maintains 
GNSS stations (Johnston et al., 2017). IGS station 
information can be viewed on the igs network website, 
while the rinex IGS data can be downloaded using a 
command on Linux. The IGS station is used as a binding 
point, namely the point that binds the observation point, 
so that it can be seen that the observation point moves 
relative to the reference point. This study used 16 IGS 
stations spread out in all directions from the observation 
points. The location of the station can be seen in Figure 
2. Besides IGS data, we also used navigational data and 
supporting data such as atmospheric modeling data, 
tidal modeling data, and weather modeling data. 

 
Data processing 

The RINEX data was processed using the 
GAMIT/GLOBK software in this study. GAMIT (GPS 
Analysis Massachusetts Institute of Technology) is an 
open-source software with a UNIX/LINUX-based 
platform. GAMIT is a package of tools for processing 
GPS data developed by the Massachusetts Institute of 
Technology (MIT) and the Scripps Institution of 
Oceanography (SIO), and Harvard University with 
support from the National Science Foundation (Herring 
et al., 2015). Data processing in GAMIT uses automatic 
batch processing by modifying the control file first. The 
control files in question are station.info files, lfile. files, 
sites.defaults files, sittbl. files, sittbl. files, and 
process.defaults files. Several files result from data 

processing using GAMIT software, including h-files 
containing adjustment values and variance-covariance 
matrices used as input in GLOBK processing, as well as 
q-files and summary files. In this study, the GAMIT 
version used is GAMIT 10.74. 

GLOBK software creates time series by combining 
DOY and plotting coordinate parameters of h–files. The 
result of GLOBK processing is a file containing data on 
changes in the position of each station in topocentric 
coordinates (north, east, up) and geocentric coordinates 
(X, Y, Z). Furthermore, to determine the deformation, the 
position change data for each SuGAr station is calculated 
in a coordinate system using the equation: 

 
  (1) 
  (2) 

      (3) 
 
where is  magnitude of change in station position to 
the east,  is magnitude of change in station position 
to the north,  is magnitude of change in station 
position to the vertical,  is station position in the east 
direction,  is reference station position in the 
east direction,  is station position in the north direction, 

 is reference station position in the north 
direction,  is station position in the vertical direction, 
and is reference station position in the vertical 
direction. 

A linear regression equation is used to see the trend 
in the preseismic and postseismic phases. Furthermore, 
in the preseismic phase, the magnitude of the 
deformation to the north and the deformation to the east 
is calculated using the difference in the magnitude of the 
deformation at DOY 100 and DOY 73. In contrast, the 
postseismic phase is based on the difference in 
deformation at DOY 162 and DOY 103. The resultant and 
the deformation direction are calculated using equations 
(4) and (5). 
 

 (4) 
 (5) 
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where  is resultant of SuGAr station deformation and 
 SuGAr station deformation direction. 

The deformation vector of the SuGAr station was 
mapped using the GMT 5.4.5 software. The input of the 
map is the magnitude of the deformation in the east and 
north, and the vertical directions for each phase. Then an 
analysis was carried out on the deformation vectors of 
the preseismic, coseismic, and postseismic phases. 

 
Result and Discussion 
 
Time series of SuGAr station  

The time series of the observation can be seen in 
Figure 3. The LEWK station is the closest to the 
earthquake epicenter (305 km), and the PTLO station is 
the farthest (580 km) from the earthquake epicenter. 
There is a significant coseismic jump difference between 
the two stations. The LEWK station has a clearer 
coseismic jump than the PTLO station because it is closer 
to the earthquake's epicenter. Before the earthquake, the 
two stations experienced a movement to the southwest. 
However, after the earthquake (postseismic phase), the 
direction changed to the northeast. The movement to the 
southwest in the preseismic phase is probably due to the 
postseismic phase of previous large earthquakes, such as 
the 2008 Simeulue earthquake and the 2010 Mentawai 
earthquake.  

The slope trends in the preseismic and postseismic 
phases also differ between these two stations. At the 
LEWK station, the slope of the postseismic phase looks 
slightly different from the preseismic phase, whereas, at 
the PTLO station, the slope of the postseismic curve 
looks the same as the preseismic phase. This happens 
because the LEWK station, which is closer to the 
earthquake's epicenter, is still experiencing a postseismic 
phase during the observation period. 
 
Preseismic Deformation 

The preseismic phase is the phase before the 
earthquake. This study calculates the preseismic phase 
from DOY 073 to DOY 100 (~1 month). The magnitude 
of the horizontal and vertical deformations can be seen 
in Table 2 and Table 3. The horizontal deformation at the 
observation station is almost the same, ranging from 
2.210 mm to 3.639 mm. When compared with the 
average speed of movement of the Indo-Australian Plate 
(subduction zone) of 60-70 mm/year (Natawidjaja et al., 
2007), it is estimated that this velocity is ~5 mm/month. 
This preseismic deformation value is smaller than the 
monthly moving average and indicates an energy 
accumulation just before the earthquake (Xu et al., 2019). 

Observation stations have various directions of 
movement. The direction of the horizontal movement of 
stations during the preseismic phase varies. BTHL, 

LEWK, LHW2, and PTLO stations experience a 
movement towards the northeast, which is consistent 
with the direction of the Indo-Australian Plate. In 
contrast, the BITI, BSIM, and PBLI stations point to the 
southeast. The RNDG station in mainland Sumatra 
experiences a movement towards the southwest. This is 
probably caused by the activity of the previous major 
earthquake, which is still experiencing a release of 
energy (postseismic phase). In the vertical direction, the 
amount of deformation in this phase has a variable 
value, but generally, the station has an uplift movement. 

 
Cosesimic Deformation 

Figure 5 shows the deformation direction of the 
observation station in the coseismic phase. Tables 2 and 
3 show the horizontal and vertical deformation 
magnitude at each station. The horizontal deformation 
at each station is greater than in the preseismic and 
postseismic phases, a general characteristic of surface 
deformation (Arisa et al., 2021). The largest deformation 
value occurs at the LEWK station, followed by the BSIM 
and PBLI stations. These three stations have the shortest 
distance from the earthquake's epicenter compared to 
the other stations. All three experienced more than 100 
mm deformation, while in the vertical direction, the 
LEWK station also experienced the greatest deformation 
compared to the other stations, namely, 40.830 mm. The 
magnitude of this horizontal and vertical deformation is 
consistent with that obtained by Maulida et al. (2016) 
and Yadav et al. (2013) in research on coseismic slip 
models using GPS data. Maulida et al. (2016) obtained 
deformation in the coseismic phase of ~30 cm to the 
northeast and deformation of ~5 cm in the vertical 
direction. Other stations also experience deformation in 
this phase. For example, the PTLO station, which was 
farthest from the earthquake's epicenter, was still 
affected by this earthquake, with a horizontal 
deformation of 22.453 mm and a vertical deformation of 
2.471 mm. 

 
Table 2. Magnitude of horizontal deformation during 
preseismic, coseismic, and postseismic phases. 
Stations Preseismic 

(mm) 
Coseismic 

(mm) 
Postseismic 

(mm) 
BITI 2.210 51.723 10.022 
BSIM 2.405 190.785 31.247 
BTHL 3.115 34.024 8.749 
LEWK 2.332 280.554 38.109 
LHW2 3.070 77.223 14.575 
PBLI 2.374 107.471 18.654 
PTLO 3.639 22.453 5.693 
RNDG 2.861 92.663 17.058 
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(a) (b) 

 
Figure 3. Time series of deformation at (a) LEWK and (b) PTLO stations. The x-axis is the observation time, and the y-axis is the 
position in the east-west (green curve), north-south (red curve), and up-down/up-down (yellow curve) directions. Coseismic 

jumps are marked with a black dotted line. 
 

Table 3. Maginitude of vertical deformation during 
preseismic, coseismic, and postseismic phases. 
Stations Preseismic 

(mm) 
Coseismic 

(mm) 
Postseismic 

(mm) 
BITI 1.863 -9.790 5.684 
BSIM 0.270 -6.960 7.572 
BTHL 7.641 13.960 5.632 
LEWK -0.856 -40.830 5.426 
LHW2 14.120 4.350 -3.355 
PBLI 2.357 20.000 11.351 
PTLO 7.855 8.810 2.471 
RNDG 8.795 -5.720 6.238 
 
Table 4. Deformation direction during preseismic, 
coseismic, and postseismic phases. 

Stations Preseismic 
(°) 

Coseismi
c (°) 

Postseismic  
(°) 

BITI S38.57E N22.34E N10.68E 
BSIM S2.43E N21.43E N21.36E 
BTHL N9.86E N47.32E N36.04E 
LEWK N70.88E N24.08E N22.61E 
LHW2 N3.53E N25.75E N17.82E 
PBLI S29.96E N20.54E N14.87E 
PTLO N20.45E N69.27E N38.36E 
RNDG S90.03W N19.93E N7.40E 

 

 
Figure 4. The deformation vector during the preseismic 
phase. A blue arrow indicates the horizontal preseismic 

deformation vector, and the vertical deformation vector is 
indicated by a green arrow with a scale of 1 mm. 

 
All observation stations indicate the direction of 

movement to the northeast (Figure 5). The direction of 
this movement is the same as the movement of the Indo-
Australian Plate. As explained earlier, the direction of 
deformation in this phase is opposite to that of the 
preseismic phase. This displacement is associated with a 
northwest-trending right-lateral fault (WNW) and a left-
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lateral fault (NNE). Previous studies have shown that 
the WNW fault carries most of the slip (Duputel et al., 
2012; Yue et al., 2012), while the NNE trending structure 
also has a larger slip (Satriano et al., 2012; Wei et al., 
2013). Vertically, the previously described LEWK 
stations have decreased (subsidence). This indicates that 
the earthquake mechanism is not purely strike-slip 
(Maulida et al., 2016). 

Vertical deformation in this phase has various 
directions. Some stations experienced subsidence, and 
others experienced an uplift. As explained by 
Natawidjaja et al. (2007), the number of islands will 
increase when an earthquake occurs. However, the 
subsidence that occurred at several stations could 
indicate that the mechanism of the earthquake was not a 
pure strike-slip earthquake. 

 

 
Figure 5. Vector deformation during the coseismic phase. 

Blue arrows indicate horizontal deformation with a scale of 50 
mm. The green arrow indicates the vertical deformation with 

a scale of 10 mm. 
 
Postseismic deformation 

The magnitude of horizontal deformation in the 
postseismic phase is smaller than in the coseismic phase 
(Tables 2 and 3). In the postseismic phase, the remnants 
of earthquake energy are released slowly until 
conditions return to a new equilibrium state (Sajagat et 
al., 2016). The value of the deformation is still much 
different compared to the deformation in the preseismic 
phase, especially at the stations closest to the 
earthquake's epicenter. For example, at the LEWK 
station, the postseismic deformation of 38.109 mm is still 
much larger than the preseismic deformation of only 
2.332 mm (Table 2). In contrast to the PTLO station, 
which is farthest from the earthquake epicenter, it has a 
postseismic deformation of 5.693 mm. This value is close 
to the preseismic deformation of 3.639 mm. Thus, during 
the observation period (DOY 104-DOY 162), the plate is 
still experiencing a postseismic phase characterized by 
values that are still much different from the preseismic 
phase. Similar to horizontal deformation, vertical 

deformation in this phase generally has a smaller value 
than in the coseismic phase. 

Figure 6 shows the station's horizontal and vertical 
deformation vectors. The horizontal deformation in this 
phase is towards the northeast, the same as the 
deformation direction in the coseismic phase. However, 
based on the inclination angle, the station changes the 
direction of motion with the clockwise movement since 
the coseismic phase, which can be seen from a smaller 
angle than the coseismic phase. This movement is 
consistent with the movement of the Indo-Australian 
Plate, which has a clockwise movement (Mulyana, 2006). 
In vertical deformation, stations generally experience a 
change in direction from the coseismic phase. For 
example, at the BITI, BSIM, LEWK, and RNDG stations, 
which initially experienced subsidence during the 
coseismic phase, their motion changed to become uplift 
during the postseismic phase. 

 

 
Figure 6. Deformation vector during the postseismic phase. 

Blue arrows indicate horizontal deformation with a scale of 50 
mm, while green arrows with a scale of 5 mm indicate vertical 

deformation. 
 
Conclusion  
 

The results have shown differences in deformation 
during the preseismic, coseismic, and postseismic 
phases due to the 2012 Mw8.6 Indian Ocean Earthquake. 
During the preseismic phase, the largest horizontal 
deformation was observed at the LEWK station, which 
was 280.554 mm with a direction to the northeast. The 
vertical deformation showed a subsidence of 40.830 mm. 
During the postseismic phase (60 days), stations close to 
the epicenter still experience a postseismic phase, while 
stations far from the epicenter show values close to the 
preseismic phase indicating that the postseismic phase is 
almost complete. Finally, the results of this study also 
show that the earthquake mechanism is not purely 
strike-slip, consistent with several previous studies. The 
study results can strengthen the theory of the 2012 
Mw8.6 Indian Ocean earthquake mechanism and be 
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additional information for Sumatra earthquake 
mitigation. 
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