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ABSTRACT: On January 15, 2023, a major earthquake with Mw 6.2 occurred in the northern part of Sumatra, 
Indonesia, and generated widespread ground shaking around III – V MMI without any damages. The 
hypocenter was located at a shallower depth than the common slab contour, which may address another blind 
tectonic system called backthrust. An extended waveform inversion and hypocenter relocation analysis is 
demonstrated to identify the responsible system. A total of 1,750 earthquakes were compiled from the 10-year 
catalog (2010 – 2022) and recorded by 72 stations associated with 1,2536 P-phase and 5,604 S-phase. Up to 
85% (1211) of the total earthquakes were successfully relocated, while 15% (103) were not relocated because 
they did not meet the predetermined criteria. Furthermore, the mainshock was resolved with a thrusting fault 
with NW – SE orientation, steeply dipping to the SW direction, and a moment magnitude estimation of Mw 
6.2 ± 0.03 at a depth of 35.50 ± 2 Km. The focal parameters include two nodal planes, i.e., the 1st nodal plane 
with strike 319°, dip 15.5°, and rake 101° while the 2nd nodal plane with strike 127°, dip 74.8° and rake 86.8°. 
The results successfully show the existence of the blind back thrust in the Sumatra subduction zone, which will 
provide new insight and contribute to the recent tectonic system in the northern part of Sumatra and its 
surroundings. 
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1. INTRODUCTION 
 

On January 15, 2023, a major earthquake with 
Mw 6.2 occurred suddenly in the northernmost part 
of Sumatra. The Indonesia Meteorological 
Geophysical and Climatology Agency (BMKG) 
reported that the earthquake generated significant 
ground shaking around III – V MMI without any 
damages. Several agencies (USGS, GFZ, GCMT, 
and IPGP) released information that the earthquake 
occurred with a thrusting mechanism while 
striking in a NW-SE direction, which is parallel 
with the subduction line. The thrusting mechanism 
suggests a possible connection with the subduction 
process. However, the location and depth of the 
earthquake occurred at a shallower depth than the 
common slab contour, which may address another 
possible tectonic system. 

Tectonically, Sumatra Island is categorized as 
an earthquake-prone area due to its location in the 
megathrust region. The megathrust earthquake 
occurred potentially as the consequence of the 
subduction of the Indo-Australian plate beneath the 
Eurasian plate with 5 - 6 cm/yr with a dipping 
angle of 40 - 50° [1,2]. Seismically, the northern 
part of Sumatra is located on the active tectonic 
system (Fig.1) and consequently generates several 
major earthquakes such as 2004 Sumatra-
Andaman Mw 9.0 [3], 2005 Nias Mw 8.5 [4], and 

2012 Double-let earthquake in the Wharton Basin 
with Mw 8.2 and Mw 8.1 [5]. Meanwhile, the 
historical land earthquakes are generated by 
several active segmentations in the Sumatra Fault 
System with a slip rate of 10-20 mm/yr [6,7]. The 
historical events are, e.g., 1964 Seulimeum Mw 6.4 
[7], 1996 Kutacane Mw 6.1 [5], 2013 Bener 
Meriah Mw 6.3 [6], and 2017 Pidie Jaya Mw 6.5 
[7]. Moreover, in Sumatra, in the last decade, there 
has been no major earthquake larger than Mw 8.0. 
On the other hand, there is less information and 
fewer studies about the seismic activities from the 
back thrust system in the subduction zone. 

Several studies have aimed to explain the 
backthrust system in the Sumatra tectonic process, 
e.g., Chauhan et al. [8] used seismic tomography to 
determine the possibility of uplifting along the 
backthrust branches that can influence the 
formation of the forearc islands along the trench of 
the northern part of Sumatra Island. Those authors 
also assume that the back thrust system can co-
seismically slip during megathrust events, and it is 
possible to generate a significant tsunami and 
seismic hazard in the region. However, Singh et al. 
[9] determined evidence for the active backthrust 
with a southwest dip direction in the northeastern 
part of Mentawai Island. The backthrust system in 
the megathrust zone can provide new insight that 
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can be used to study the forearc formation along 
the trench line of offshore Sumatra Island. 

Several multidisciplinary studies have been 
conducted in the northern part of Sumatra, such as 
seismic hazard and microzonation [6,10,11], detail 
of active fault [12, 13], geodetic mapping [4], and 
tsunami modeling [3]. Meanwhile, no study has 
defined the backthrust system using recent 
seismicity. Therefore, we present the seismic 
analysis combining the waveform inversion and 
hypocenter relocation to figure out the backthrust 
system. 

 
2. RESEARCH SIGNIFICANCE 
 

The results successfully show the existence of 
the backthrust system in the Sumatra subduction 
zone. The presence of the backthrust can be used 
to analyze future similar earthquakes. The results 
will provide new insight and contribution to the 
recent tectonic system in the northern part of 
Sumatra and its surroundings. 

3. MATERIALS AND METHODS 
 
3.1 Seismic Data and Hypocenter Relocation 
 

Two types of seismic data, including the 
seismic waveform of the mainshock and the 
seismic phase arrival times (P and S phases), were 
utilized to describe the tectonic process of the 
earthquake. The Meteorology, Climatology, and 
Geophysics Agency (BMKG, Indonesia) has been 
recording the arrival timings at each permanent 
seismic station for the past ten years. Here, the 
earthquake hypocenter is crucial to determine a 
specific cluster using the seismic arrival time.  

The earthquake criteria were established as 
follows: the total of seismic phases was set at 10 
with a minimum of 4 S-phases; the depth range for 
the hypocenter must be between 0 and 200 km; the 
azimuth gap coverage below 200°; and the 
separation between hypocenters with station 
distribution must be between 0 and 4°. Based on 
these criteria given, a total of 1,750 earthquakes 

 

 
 

Fig. 1 Tectonic map of the northern part of Sumatra Island shows the current seismicity with the focal 
mechanisms over the last two decades and the latest earthquake on 2023 with Mw 6.2 (white star). 
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from the 10-year catalog database (2012 – 2022) 
that were captured by 72 stations were obtained 
(Fig. 2). In total, 12,536 P-phase and 5,604 S-phase 
as the body-wave seismic phases were collected for 
hypocenter relocation. To calculate the detailed 
structure that can be found from hypocenter 
relocation, precise earthquake location is required. 
Here, the hypocenter was clustered based on the 
relative displacement using the HypoDD program 
[14]. The fundamental method of HypoDD makes 
the assumption that if two earthquakes occur with 
hypocenter distances that are closer together than 
the distance to the recording station, their paths will 
have similar mediums. In an iterative process, 
HypoDD reduces the residual between the observed 
and calculated arrival time, as shown in Fig. 3. The 
hypocenter position will be updated following each 
iteration, and HypoDD minimizes the remaining 
time between the computed and observed values. 
The final hypocenters are grouped together by the 
residual time after relocation using the timing 
differences in each iteration. 
 
3.2 Bayesian Moment Tensor Inversion 

Using Bayesian moment tensor inversion for the 
mainshock, we analyzed the earthquake mechanism 
using seismic waveform data. The waveform data 
were collected from a seismic network with free 
access that is 1,000 km away from the epicenter 
(https://geofon.gfz-potsdam.de and 
http://ds.iris.edu/SeismiQuery/). The three rotating 
components (Z, Radial, and Transversal) were 
subjected to the inversion strategy utilizing the 
Grond probabilistic earthquake source inversion 
framework [15].  

The Grond provides consideration of an 
uncertainty in the nonlinear model using the 
Bayesian estimation method and a bootstrap 
optimization. Until it is equal to or less than the 
continually estimated updates of the dispersed 
parameters, the distribution of newer models will be 
significantly improved based on the tested models. 
 
4. RESULTS AND DISCUSSION 
 

The hypocenter relocation processing used the 
velocity models from Simanjuntak et al. [10] that 
were derived from the study of the slab gap beneath

 

 
 

Fig. 2 Seismicity map shows epicenter distribution at depths in the range of 0-200 km. The recording stations 
are located at distances ranging from 0 to 5° (500 km), with a total range of P and S picks 0 to 3,000 picks. 
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Toba (Sumatra). The shifting hypocenter location 
and depth gives values in the range of 10 - 20%. The 
relocation results successfully gain the quality of 
the hypocenter and provide precise clusters.  

 

 
 
Fig. 3 The seismicity map after relocation with the 
ellipsoid error and depth (0 – 1 km) shows an 
adequate error in the geographical direction. 

 
The relocation parameters were set with a 

maximum separation of 30 km, a maximum of 20 
neighbors per event, and a minimum of 8 phases for 
connections needed to identify neighbors. Because 
it is more effective, the conjugate gradient for least-
squares (CGLS) method was chosen to move a large 
number of earthquakes. Following Waldhauser 
[14], the damping parameter was adjusted at a value 
of 20 to produce a CND parameter between 40 and 
80 for the bulk of the generated hypocenters. For 
each iteration, the relative positions of the 
hypocenters must be determined using a weighting 
factor because the original data have a standard 
deviation a priori. Finally, as many as 85% of the 
total number of earthquakes were successfully 
relocated, while 103 were not relocated. With an 
RMS of 0.2 to 0.8s, the relocation findings 
demonstrate a considerable shift in the hypocenter 
quality; almost 90% of all hypocenter relocations 
have RMS 0.5s, and 60% have RMS > 0.5s. 

The mainshock was updated with a thrusting 
mechanism in the NW – SE striking direction with 
a moment magnitude estimation Mw of 6.2 ± 0.01 
and depth of 35.50 ± 2 Km. For inversion, a 
Green’s functions model from a pre-calculated 
velocity model was applied with fitted full 
displacement waveforms [15]. We applied a 
bandpass filter of 0.03 and 0.07 Hz for the 
mainshock. A total of 1,000 different 
configurations were given with 30,000 interactions 
to provide a final convergence solution. The 
deviatoric composition of the moment tensor 

results for the mainshock consists of a double 
couple (DC) component of 92 ± 1% and a 
Compensated Linear Vector Dipole (CLVD) 
component of 8 ± 1%.  

 

 
 
Fig. 4 Graph of tested models with the black line 
as the converged solution (a). Graph of misfit in 
each iteration shows the significant change of 
RMS after 30,000 iterations (b). 
 

The focal parameters result contains two nodal 
planes i.e., 1st nodal plane with a strike of 319°, a 
dip of 15.5°, and a rake of 101° while the 2nd nodal 
plane has a strike of 127°, a dip of 74.8°, and a rake 
of 86.8° as shown in Fig. 5. The focal parameter 
results are well resolved with a satisfactory 
uncertainty for two nodal planes (± 2°) and 
adequate misfit < 0.5. The mainshock suggests a 
rupture propagation towards NW – SE that is 
parallel with the trench line and steeply dipping to 
the SW direction. 

 
4.1 Seismicity Profile 

 
To see the hypocenter distribution change in the 

vertical direction, we added a cross section aimed 
at resolving the seismicity in the vertical profile. 
An oblique line (A-A) was added to cross the dip 
angle of the focal mechanism result (2nd nodal 
plane) and combine with relocation results, as 
shown in Fig. 5. The cross section shows clusters 
that follow a subduction slab at a depth of 0 - 80 
Km. The subduction gap is clearly described along 
the slab with low seismicity at the depths of 20 – 
40 km and 60 – 80 km. 

The low seismicity can be addressed by 
referring to an existing system along the forearc 



International Journal of GEOMATE, June, 2024 Vol.26, Issue 118, pp.17-24 

21 
 

island, such as Simeleu Island and Nias Island. The 
seismicity along the slab occurs mostly in the 
interface zone, which is the location of the 
potential megathrust earthquake. On the other 
hand, the low seismicity in the interface zone 
indicates a locking zone with the possibility of an 
asperity. In the southwestern part of Nias Island, 
another tectonic system called an outer rise shows 
a specific cluster at a shallow depth below 30 km 
that may be associated with normal faulting [16].  

The vertical profile of the hypocenter 
relocation shows there is low seismicity after the 
forearc island that started at a depth of 20 until 80 
km. The low seismicity can be linked to the blind 
system that generated the Mw 6.2. The hypocenter 
distribution clearly shows a thrusting system with 
an angle dip perpendicular to the slab subduction 
line. The thrusting system indicates an active  
backthrust beneath northeastern part of Nias Island 
and may be responsible for the Mw 6.2. However, 
a lack of research on the backthrust around the 

epicenter can be resolved by using the hypocenter 
and focal mechanism result.  
 
4.2 Backthrust in Sumatra 
 

The formation of the forearc islands along the 
northern Sumatra trench indicates a possible 
geological process, such as an uplifting 
phenomenon. The uplifting has been formed 
during the recent geological past, and it has 
uplifted co-seismically with the 2004 Mw 9.0 and 
2005 Mw 8.5 occurrences [3,8,9,17]. Briggs et al. 
[17] studied the estimation of an uplift rate for Nias 
Island and its surroundings around ∼0.5 mm/yr, 
indicating an active tectonic faulting. The 
deformation process on Nias Island with an 
uplifting may also favor the possibility of active  
backthrusting along the west coast of Sumatra that 
can be aseismic or co-seismic [4,8,18,19].

 

 
 
Fig. 5. Summaries of the moment tensor inversion results show the fitting waveform between observation 
(black line) and synthetic (red line) with focal spheres and graph of the probability density function (PDF). 
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The subduction process beneath Sumatra Island 
that formed uplifted, folded, and faulted sediments 
on the forearc ridge and basin can be used to 
explain the back thrust in the southwestern part of 
Aceh [20,21], as shown in the diagram in Fig. 7.  
Furthermore, Singh et al. [9] identified the 
backthrust system as the part of the geological 
structure that has resulting ridge-like features 

along the forearc system in the Sumatra trench line.  
The information for the backthrust system can be 
useful to conceptualize a further disaster mitigation 
plan [22-24]. On the other hand, the relationship 
between the spatial and temporal seismicity around 
the backthrust system is difficult to estimate due to 
poor bathymetric profile and no seismic reflection 
research close to the epicenter location.

 

 
Fig. 6. Seismicity map after relocation shows specific clusters with cross-section profiles of A-A’ slice. The 
vertical profiles show the backthrust dipping to the SE direction that is associated with the 2nd nodal plane. 
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Fig. 7. Schematic cartoon shows a slab contour (red line) between the Indo-Australian plate towards beneath 
the Eurasian plate with several geodynamic processes.  

 
 
However, the present research provides an 

initial indication of an active blind backthrust. 
Further investigation into the backthrust system 
must be conducted to provide a detailed 
understanding, especially for the recent tectonic 
system and structure.  
 
5. CONCLUSIONS 
 

This comprehensive analysis successfully 
defined the possibility of a back thrust system by 
combining the moment tensor inversion with 
hypocenter relocation to identify the fault 
responsible for generating an earthquake with Mw 
6.2. In this study, 85% of the total earthquakes 
(~1500 events) were relocated with a thrusting fault 
with NW – SE orientation and Mw of 6.2 ± 0.03 at a 
depth of 35.50 ± 2 Km. The focal parameters 
include two nodal planes, i.e., 1st nodal plane has a 
strike of 319°, dip of 15.5°, and rake of 101° while 
the 2nd nodal plane has a strike of 127°, dip of 74.8°, 
and rake 86.8°. The source mechanism consists of a 
DC component of 92 % and a CLVD component of 
8 %. The results successfully show the existence of 
the blind backthrust in the Sumatra active 
subduction zone system. 
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