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ABSTRACT. On August 18, 2020, an M, 6.8 earthquake occurred ~130 km southwest of Bengkulu. In this study, we
used the static GNSS data from continuously monitoring stations, surrounding the epicentre, to obtain the data from
10 days before to 10 days after the earthquake. We estimate the coseismic slip distribution with two models of nodal
planes from the USGS. The coseismic slip was calculated using an elastic half-space model with inversion best-fit displace-
ment. The GNSS displacement data with values less than ~5 mm indicate an insignificant displacement and the best model
arameters of strike of 313° and dip of 8°, with a misfit value of ~0.4 mm. This study suggests that the 2020 Bengkulu
earthquake occurred due to the subduction of the Indo-Australian plate underneath the Eurasian plate with a cumulative
seismic moment of 1.73-10'% N-m, equivalent to magnitude 6.76.
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PACITPEJIEJIEHUE KOCEHCMHYECKOTO CMEIIEHUA TP 3EMJIETPAICEHUM MATHUTY/JION M,, 6.8
B BEHKYJIY B 2020 r. [10 IAHHBIM 'HCC HABJIIOJAEHUI

0. Anrrapa’, U. Meiinano?, C.M. Anmud!, C. Cycnio?

1 CyMaTpUHCKUH TeXHOJIOTUYeCKUH UHCTUTYT, 35365, F0xHblii JlamnyHr, UHj0He3ust
2BaHAYHICKUH TeXHOJIorTudecKui MHCTUTYT, 40132, Banayur, UHjoHe3us
3HanuoHabHOe areHTCTBO UCCIe0BaHUN U HHHOBaLUH, Borop, UH10He3us

AHHOTAILIMA. 18 aBrycta 2020 r. npuMepHo B 130 KM K 10ro-3anazsy ot beHky/ly Npou3011J10 3eMJIeTpsICEHUe Mar-
HUTYAOM 6.8. B cTaThe ucnonb3oBaHbl craTudeckue 'HCC-gaHHbIe ¢ paco/I0’KeHHbBIX BOKPYT 3MULIEHTPA 3eMJieTpsice-
HUSA CTaHLMHA HEeNpepbIBHOTO MOHUTOPUHTA JJisl TIoJlyYeHus 3anvcel B TeueHue 10 aHelt 1o u 10 gHel nocie 3eMie-
TpsiceHus1. OLleHKa pacnpejesieHus KoceCMUYeCKOoro CMellleHUsl TpoBefieHa NPY MOMOIIM ABYX MoJesiell HoJla/IbHbIX
myiockoctel B pemieHuu USGS. PacyeT kocelicMHuecKoro cMellleHUsl GbLI IPOBeJieH C UCN0JIb30BaHWEM yIpyrou noJy-
MPOCTPAaHCTBEHHOM MO/Ie/IN C ONTHMaIbHbIM UHBEPCUOHHBIM cMelleHHeM. ['HCC-faHHble cMelleHUH, COCTaBJISOMINX
MeHee ~5 MM, YKa3blBalOT Ha UX HE3HAYUTEJbHOCTb U ONTUMAJbHYI0 MOZeJb C TapaMeTpaMu npoctupanus 313° u
nazieHus 8° npu HecooTBeTcTBUM ~0.4 MM. B HacTos1eM ucciej0BaHUU NIpeAnoJaraeTcs, 4yTo 3emyaerpsicenue 2020 r.
B beHkysly npousoLio B pe3ysnbTaTe CyoAyKIMK NH0-ABCTpauiicKoi IUTHI oJ, EBpa3suiickyto IUTY ¢ KyMyJIsITUB-
HbIM celicMu4yeckuM MoMeHTOM 1.73-10'° H-M, 5KBUBaJIeHTHBIM Maruutyze 6.76.

KJ/IIDYEBBIE CJ/IOBA: 3emnetpsicenue B benkyny; THCC-Habt01eHUs; KOceliCMUYeCcKOe CMellleHue; epeadya

HaNpsKeHUu U

OGUHAHCUPOBAHME: He ykazaHo.

1. INTRODUCTION

The previous studies of the Sumatra region have shown
that the Bengkulu region is a highly active seismic zone
due to the collision of the Indo-Australian and Eurasian
tectonic plates (e.g., [Chlieh et al.,, 2008; Prawirodirdjo et
al.,, 2010]). The Australian plate is converging with the
southeastern segment of the Eurasian Plate (Sundaland
block) at a plate motion rate of ~59 mm/yr [Bock et al,,
2003]. The 2020 Bengkulu earthquake occurred within
the subduction zone between these two plates, where the
Indo-Australian Plate is subducting beneath the Eurasian
Plate.

The Bengkulu region, located in the western coast of
Sumatra, Indonesia, has experienced several significant
earthquakes in the past (e.g., [Natawidjaja et al., 2006]).
Historically, many large earthquakes have occurred in cen-
tral Sumatra; the Mentawai segment produced M,, 8.7-
8.9 and 8.9-9.1 events in 1797 and 1833, respectively
[Newcomb, McCann, 1987; Natawidjaja et al., 2006]. One
of the most notable events was the 2007 Bengkulu earth-
quake, which had a magnitude of M,, 8.4 and caused sig-
nificant damage to infrastructure and loss of life [Gusman
et al.,, 2010; Konca et al.,, 2008; Lubis et al., 2013; Zheng
et al,, 2018]. Then, the M,, 7.8 Mentawai earthquake of
October 25, 2010 caused a tsunami [Hill et al., 2012; Li,
Huang, 2013; Tsang et al., 2016]. In addition to coseismic
deformation, this region is also affected by ongoing post-
seismic deformation resulting from the 2004 Sumatra-
Andaman earthquake [Alif et al., 2024]. Another earth-
quake with a magnitude of M,, 6.8 occurred on August 18,
2020 at 22:23:59 UTC in the Bengkulu region. The United
States Geological Survey (USGS) reported that the 2020

Bengkulu earthquake epicenter was located approximate-
ly ~130 km southwest of the city of Bengkulu (4.322° S;
101.135° E) at a depth of 22 km depth. The focal mecha-
nisms of the earthquake suggest two possible directions of
fault source (strike 313° and 127°) (https://earthquake.
usgs.gov/earthquakes/search/). However, the faults of the
2020 Bengkulu earthquake are poorly understood.

GNSS is a very reliable tool for measuring the dynamics
of the earth’s crust [Heliani et al., 2024; Ansari et al., 2024],
including volcanic deformation [Anggara et al.,, 2023], earth-
quake deformation estimation [Tanaka et al., 2019; Xiang et
al., 2024], and fault slip rate calculations [Tin et al., 2022].
GNSS-based geodynamic approaches have been widely ap-
plied for different geodynamic settings, such as shear faults
(San Andreas faults) [Xu et al., 2021], subduction zones
in Japan [Okada, Nishimura, 2025], rift regions (Red Sea,
East Africa) [Stamps et al.,, 2014] and coseismic effects of
the Hovsgol earthquake, Mongolia [Lukhnev et al., 2022].
In this study, we aim to provide a comprehensive charac-
terization of the coseismic slip distribution of the M,, 6.8
Bengkulu earthquake by inverting continuous GNSS ob-
servations from the Indonesian Continuously Operating
Reference Stations (Ina-CORS) and Sumatran GPS Array
(SuGAR) networks. We specifically focus on testing two
plausible fault geometries to better constrain the fault
rupture parameters. Furthermore, we assess the Coulomb
stress transfer resulting from the mainshock and compare
it with the spatial distribution of aftershocks reported by
the USGS to explore the potential triggering mechanisms.
Through these objectives, the study contributes to a deeper
understanding of seismic source processes and stress in-
teractions in the Bengkulu region.
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2. DATA AND METHODS

This study used the GNSS data from various sites in
Bengkulu, Indonesia that were obtained from 14 stations of
the Geospatial Information Agency of Indonesia (BIG) and
10 stations of the Sumatran GPS Array (SuGAR) (Table 1).
The GNSS sites were located around the Mentawai island
and the coast of Bengkulu (Fig. 1). The GNSS data have
proven useful in estimating coseismic slip source model-
ling (e.g., [Alif et al., 2021; Gunawan et al., 2022]). The
GNSS data were recorded every 30 seconds from 10 days
before the August 18, 2020 M,, 6.8 Bengkulu earthquake
and 10 days after the earthquake.

The daily solution was estimated using BERNESE ver-
sion 5.2 from the Astronomical Institute of the University
of Bern (AIUB) [Dach et al., 2015]. To minimize errors in
GNSS, use has been made of the precise satellite orbits
(PRE) data, ocean loading and atmospheric loading cor-
rections, sub-daily pole, nutation model, precise orbit file
(SP3), earth rotation pole (IEP), and satellite and receiver

Table 1. GNSS data used in this study
Ta6auna 1. THCC-gaHHbIe, UCTIO/Ib3YeMbIe B CTaTbe

clock corrections. The daily GNSS data were processed
using the International GNSS Service (IGS) data from 10
stations (DARW, DGAR, KARR, HYDE, IISC, NTUS, PERT,
PIMO, YARR, YAR2) (e.g., [Alif et al., 2025]) in the Interna-
tional Terrestrial Reference Frame (ITRF) 2014 [Altamimi
etal, 2016]. Three components were used to calculate the
coseismic deformation obtained by averaging the data for
10 days before and 10 days after the earthquake, and a co-
seismic slip model for the M, 6.8 Bengkulu earthquake.
The coseismic slip model was constructed using seis-
mic offsets observed approximately 130 km from the epi-
center of the earthquake. Model 1 and Model 2 were calcu-
lated based on the mechanism of the earthquake, possibly
caused by faulting, using Nodal Plane 1 (NP1) and Nodal
Plane 2 (NP2). Model 1 uses a strike angle () of 313°, a
rake angle (6) of 70-130°, and a dip angle (1) of 8°,alength
(L) of 60 km, a width (W) of 50 km, and a patch size of
5 km. Meanwhile, Model 2 uses a strike angle () of 127°,
a dip angle (A) of 82°, a length (L) of 65 km, a width (W) of

No. Station Longitude (°) Latitude (°) Location Reference
1 KRUI 103.8547 -5.0902 Krui City, Pesisir Barat Regency SuGAR
2 LAIS 102.0339 -3.5292 Lais City, Bengkulu SuGAR
3 LNNG 101.1564 -2.2853 Tapan SuGAR
4 MLKN 102.2765 -5.3526 Enggano Island SuGAR
5 PPN] 99.60368 -1.9940 Mukomuko SuGAR
6 TRTK 100.6241 -1.5208 Taratak SuGAR
7 SMGY 100.1026 -2.6145 Pagai Selatan Island SuGAR
8 TARA 99.61771 -2.2469 Sipura Utara Island SuGAR
9 BSAT 100.2800 -3.0700 Pagai Selatan Island SuGAR
11 MKMK 101.1012 -2.5042 Mukomuko SuGAR
12 CTCN 104.6900 -5.8500 Cisolok BIG
13 CBKA 104.3200 -5.5800 Bengkunat BIG
14 CKRI 104.0400 -5.2300 Kampung Jawa, Central Coast BIG
16 CANA 102.9100 -4.3800 Padang Kapuk, Manna BIG
17 CBKL 102.2700 -3.7600 Gading Cempaka BIG
18 CAGM 102.1700 -3.4000 Gunung Alam BIG
20 CBTH 103.4127 -4.8420 Naje BIG
21 CMUK 101.2500 -2.6700 Ujung Pandang, Mukomuko City BIG
22 CLHT 103.5300 -3.7900 Pasar Baru, Lahat BIG
23 CPBM 104.2300 -3.4300 North Prabumulih BIG
24 CMTB 102.4415 -1.479 Tabing Tinggi, Jambi BIG
25 CSDH 101.5062 -0.9661 Sungai Dareh, Sumatera Barat BIG
26 CUBN 99.73134 -2.1863 South Sipora BIG
27 CSEL 100.8391 -1.7981 Ranah Pesisir BIG
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Fig. 1. Tectonic setting of the study area.

Sumatran fault zone and Mentawai fault are shown [Irsyam et al, 2017]. The beach ball is a focal mechanism [Dziewonski et al., 1981].
Black thin lines represent slab 1.0 with interval of 20 km [Hayes et al.,, 2012]. Topography and bathymetry are presented using SRTM
1.5+ [Tozer et al,, 2019]. Inset: red square indicates the study area (Bengkulu, Indonesia).

Puc. 1. TekToHM4eckast 06CTaHOBKA pailoHa uccjeJOBaHHUS.

[Tokazana CymaTpuHCKasi pa3JioMHasl 30Ha U pasyioM MeHTaBail [Irsyam et al, 2017]. 3Ha4ykoM B BU/ie MJISIXKHOT'O Msiya 0603Ha4YEeH
MexaHH3M oyara 3eMJieTpsiceHus [Dziewonski et al., 1981]. YepHbIMU TOHKUMU JIMHUSMU NT0Ka3aHa MoZesb 1.0 ¢ HHTEpPBaIOM MEXAY
ropusonTansamu 20 kM [Hayes et al.,, 2012]. Tonorpadus u 6aTuMeTpust NpeicTaB/eHbl ¢ ucnonb3doBaHueM SRTM 1.5+ [Tozer et al.,

2019]. Ha Bpeske: KpacHbIM KBaZpaT — pailoH uccaenoBanus (benkyny, UH0He3us).

40 km, and a patch size of 5 km. We investigated two fault
scenarios from the USGS thrust fault plane mechanism.
We calculated the coseismic slip distribution of the earth-
quake using the steepest descent inversion method [Wang
etal, 2009; Wang et al., 2013]:

F(s)=||Gs-yl|*+a’||HT||*

where G - Green'’s function calculated using an elastic half-
space dislocation model [Okada, 1992]; s - coseismic slip
on each patch, y is the apparent displacement; a? - smooth-
ing factor; H - Laplacian operator, and t is the shear stress
drop.

3. RESULTS AND DISCUSSION

The coseismic displacement of the August 18, 2020 M,,
6.8 earthquake showed that points near the station expe-
rienced greater displacement than those farther from the
epicenter. The horizontal displacement values at the sta-
tion near the epicenter, MLKN, were -3.66 mm for dE and
-0.96 mm for dN, while at station BSAT they were 2.95 mm
for dE and -1.27 mm for dN (Fig. 2, a). However, at father
stations, such as CLHT, CPBM, CMTB, and CSDH, the dis-
placement values were relatively small, of ~0.5 mm. Since
CSDH, CMTB, CPBM, and CLHT stations are far from the
epicenter, our coseismic model involves only closer points,

https://www.gt-crust.ru
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Fig. 2. Horizontal (a) and vertical (b) components of coseismic displacements at GNSS sites. The green star indicates the epicenter of
the 2020 Bengkulu earthquake.

Puc. 2. TopusoHTanbHas (a) ¥ BepTUKaibHas (b) cocTaBisoLie KocelicMuyeckux cMeleHni B nyHktax [HCC. 3esieHoH 3Be3104KOM
00603Ha4YeH 3anuLeHTp 3eMieTpsiceHus 2020 r. B benkyuy.
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Fig. 3. Coseismic displacements: (a) - Model 1; (b) - Model 2.

Blue vectors correspond to GPS data, red ones - to displacement models. The solid black line delineates the top of the fault. The beach
ball icon marks the location of the 2020 Bengkulu earthquake epicenter.

Puc. 3. KocelicMuueckue cMeleHust: (a) - mogens 1; (b) - Mozesnb 2.

CuHUe BEKTOPBI COOTBETCTBYIOT GPS-aHHBIM, KpacHble — MOJIe/IN cMelljeHus. YepHast ®KUPHasi IMHUSL OYePUMBAET BEPXHIOI YaCTh
passioMa. 3Ha4YKOM B BH/I€ IJISDKHOTO Msi4a 0603HAYEHO MECTOINOJIOKEHHE aNULeHTpa 3eMyeTpsiceHus 2020 r. B BeHkyy.
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directly affected by the earthquake displacement. Judging
from the displacement values, the influence of displace-
ment decreased with distance from the epicenter. The ver-
tical displacement at station MLKN was 5.40 mm, and at
station BSAT - -6.34 mm; the displacement values at ver-
tical stations varied greatly (Fig. 2, b).

Model 1 and Model 2 are relative to the direction of
subduction the thrust fault (Fig. 3). The inversion results
of Model 1 yielded a seismic moment of 1.73-10'° N-m
equivalent to M,, 6.76 with a misfit of ~0.4 mm. How-
ever the inversion results of Model 2 yielded a seismic mo-
ment of 1.13-10*° N-m equivalent to M,, 6.64 with a misfit
of ~0.6 mm. The misfit between the coseismic displace-
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ment data and the model is calculated using the mean ab-
solute error (MAE) [Gunawan et al.,, 2022]. The slip dis-
tribution of Model 1 is concentrated in the southern part
of the earthquake epicenter; the Model 2 slip distribution
pattern, also located there, has a significant dip of 82°. Both
models indicate that there is the Indo-Australian plate’s in-
teraction with the Eurasian plate in the subdiuction zone.
These results are based on an assumed rigidity of 40 GPA
[Gusman et al., 2010]. According to the USGS release, the
seismic moment value is 1.80-10* N-m or equivalent to M,
6.77. Among the two earthquake models tested, Model 1
demonstrates the best agreement with the USGS solution,
yielding a mean absolute error (MAE) of approximately
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Fig. 4. Coulomb Failure Stress (ACFS) caused by the August 18, 2020 earthquake.
The epicenter location is determined from USGS data. The green stars represent the aftershock spread from August 18 to August 20,
2020. The focal mechanisms of the mainshock (M,, 6.8) and the aftershock (M,, 6.9) are shown. The cross-section A-B is detailed in

fragment (b).

Puc. 4. I3aMeHeHue KysoHOBCKOTO HanpsikeHus (ACFS), Boi3aBaHHOe 3eMyieTpsiceHreM 18 aBrycta 2020 .
MecTonosio’keHHe 3NMULeHTpa ycTaHoBJIeHO 1o AaHHbIM USGS. PacnpocTpanenue adpTepuiokos ¢ 18 no 20 aBrycta 2020 r. oTMeueHO
3eJIeHbIMU 3Be3/J04KaMu. [lokasaHbl MexaHHW3Mbl 04ara IJIaBHoro ToJsvka (M, 6.8) u aprepuioka (M,, 6.9). Paspe3s A-B geTanusupo-

BaH Ha ¢pparmenTe (b).

https://www.gt-crust.ru


https://www.gt-crust.ru

Anggara O. et al.: Coseismic Slip Distribution of the 2020...

Geodynamics & Tectonophysics 2025 Volume 16 Issue 4

0.4 mm in the strike direction. This model aligns with the
orientation of the subduction-related NP1.

The Coulomb failure stress (ACFS) method can be used
to investigate the relationships between earthquakes that
may trigger subsequent earthquakes such as mainshock-
aftershock sequences, and those between tectonic and vol-
canic earthquakes [Zhang et al., 2012]. In this study, the M,
6.8 Bengkulu earthquake was followed by a M, 6.9 after-
shock, according to USGS reports, which was then followed
by aftershocks with a magnitude less than 5. Static stress
triggering was calculated based on the change in Coulomb
failure stress (ACFS) [Toda et al., 2011], using a friction co-
efficient of 0.4 [[shibe et al.,, 2017; King et al., 1994]. Based
on the coseismic slip model, Model 1 shows the best agree-
ment with the USGS release with a minimum misfit, and
this was used to investigate the stress distribution. The
Coulomb stress results showed that there is a relationship
between the mainshock and the aftershocks, as the distri-
bution of the aftershocks occurred in areas of increased
stress, including the M, 6.9 earthquake (Fig. 4).

4. CONCLUSION

Based on the GPS measurements, the coseismic dis-
placement of the August 18, 2020 earthquake was insignifi-
cant, less than ~5 mm. The best-fit model is Model 1 with
a misfit value of ~0.4 mm, resulting in a seismic moment of
1.73-10"° Nm equivalent to M,, 6.76, which is in agreement
with the reported USGS results, suggesting a thrusting
fault due to the subduction of the Indo-Australian plate.
The analysis of broad-band regional seismic-displacement
waveforms could highly contribute to the further develop-
ment of the seismic slip source model in the Bengkulu re-
gion, Indonesia.
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