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ABSTRACT On September 12, 2007, an M8.5 megathrust
earthquake occurred along the Sunda trench near Bengkuluy,
West Sumatra. GPS data in Sumatra have indicated the
coseismic and postseismic deformations resulting from
this earthquake. Our estimate of coseismic displacements
suggests that the earthquake displaced up to ~1.8m at GPS
stations located north of the epicenter. Moreover; our principal
strain estimation in the region suggests that the maximum
coseismic extensional strain is ~40 ppm. Our analysis of GPS
data in the region suggests that the postseismic decay of the
2007 Bengkulu earthquake was 46 days, estimated using a
logarithmic function.

During the earthquake cycle, which is generally divided into deformations in three phases
interseismic (Hanifa et al., 2014; Ohkura et al., 2015), coseismic (Ito et al., 2016; Gunawan et al.,
2017a), and postseismic (Anugrah et al., 2015; Pratama et al., 2017) surface deformation can be
observed using various geodetic tools. Modern equipment, such as the Global Positioning System
(GPS; Alif et al., 2016), Interferometric Synthetic Aperture Radar (InSAR; Tung and Masterlark,
2016), and/or levelling (Murase et al., 2016), has been widely used to analyze crustal deformations

and tectonic conditions in a region.
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Along the subduction zone, deformation might be observed as a result of seismic (Ito et al., 2012)
and/or aseismic activity. Aseismic conditions can occur, as in the case of aseismic slip after the
2006 Java tsunami earthquake (Gunawan et al., 2016a) or the cases of slow slip events along
Hikurangi subduction zone in New Zealand (Wallace et al., 2016) and Tokai region in Japan (Hirose
and Obara, 2006). However, when the fault couples, the energy may be released as a megathrust
earthquake (Gusman et al., 2015; Gunawan et al., 2016b; Gunawan et al., 2017b). One example is
the September 12, 2007 Bengkulu earthquake, which occurred along the Sunda trench in West
Sumatra, Indonesia.

The Sunda trench is considered to be an active region, with several occurrences of magnitude 8
or 9 earthquakes during the last decade, such as the 2004 M9.2 Sumatra-Andaman earthquake
(Rhie et al., 2007) and the 2005 M8.6 Nias earthquake (Konca et al., 2007). Previous studies have
analyzed the coseismic deformation of the 2007 Bengkulu earthquake using joint GPS data, field
measurements of uplift, synthetic aperture radar (SAR) interferometry (InSAR) and seismological
records (Konca et al., 2008), tide-gauge data (Lorito et al., 2008), or a combination of InSAR,
tide-gauge, and bottom-pressure-sensor data (Gusman et al., 2010). The postseismic deformation
as recorded by GPS in Sumatra has also been identified (Feng et al., 2015). Unfortunately, these
findings did not clearly identify the mechanisms of postseismic deformation of the 2007 Bengkulu
earthquake.

Here, we revisit the coseismic and postseismic deformation of the 2007 Bengkulu earthquake. Our
analysis involves newly available, never-before-published GPS data for the region. All available
GPS data are then used to investigate the postseismic decay with a numerical equation defined by
exponential and logarithmic functions and estimate the earthquake’s coseismic displacement. The
strain analysis is then used to estimate the affected region based on the coseismic displacement
at every GPS station.

GPS Data and Processing

GPS data were obtained from the Sumatran GPS Array (SuGAr; Feng et al.,, 2015) and the Indonesian
Continuously Operating Reference Stations (Ina-CORS; Gunawan et al., 2016c) networks. Figure 1
shows the location of the GPS stations used in this study.

Daily solutions of these GPS data were then processed using GAMIT/GLOBK (Herring et al., 2010a;
Herring et al., 2010b). We followed the GPS analysis procedure of Gunawan et al. (2016a). Along with
20 regionallGS (International GNSS Service) stations, we tied this local network to the ITRF2008
reference frame (Altamimi et al,, 2011). We analyzed daily solutions along with atmospherically
used, loose-constraint, prior GPS phase observations; the orbit and earth-orientation parameters
were fixed.

We then combined these positions and the covariance with global GPS solutions computed as part
of MIT’s processing for the IGS. During this process, we mapped the loosely constrained solution
onto a well-constrained ITRF2008 reference frame (Altamimi et al., 2011) by minimizing the
position and velocity differences of selected sites with respect to a priori values defined by the
IGb08 realization.
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Figure 1. Distribution of GPS stations of this study for (left) regional setting along Sumatra and surrounding
region, (right) detail view at western Sumatra. Black lines are delineation of Java trench and Sumatran Fault.
Continuous GPS stations show with red dots, while campaign GPS stations show with blue dots. Red stars
are the epicenter of the 2007 Mw8.5 Bengkulu earthquake and the 2010 Mw7.9 Mentawai earthquake from
Global Centroid-Moment-Tensor catalogue (Ekstrom et al., 2012), respectively. Dark green dots represent 45
days aftershock after the earthquake.

Postseismic Decay and Coseismic Displacements

Using the estimated daily solutions, we first analyzed the postseismic decay of the 2007 Bengkulu
earthquake. Our estimation for fitting the timeseries data was based on the logarithmic function
defined in Marone et al. (1991). As a comparison, we also analyzed postseismic decay by fitting the
timeseries data using an exponential function, defined as following Savage and Prescott (1978). In
these functions, t is the time duration after the earthquake, u(t) is north and east displacements,
c is offset, a is amplitude, and T and T,,, are postseismic decay time from the logarithmic and
exponential functions, respectively.

In our analysis, we searched for Tig between 10 and 100 days and for L between 300 and 500
days. Thus, the values for a and c differ with values of Tiog and Ty Misfits are calculated using root
mean square (RMS), defined as, where and represent the data and model, respectively, while n is
the total number of data points. Our calculation shows that the best-fit results for Ty and T, areat
46+1 day and 3811 day (Figure 2). Based on these values, the RMS of logarithmic and exponential
functions to the GPS data are 0.84 cm (Table 1) and 0.86 cm (Table 2), respectively.

Second, we analyzed coseismic displacements using tsview (Herring, 2003) applied to both campaign
and continuous data. We used the logarithmic function, which had less misfit than the exponential
one. The coseismic displacements were then calculated using a projection of logarithmic function
on the day after the 2007 Bengkulu earthquake subtracted from the data before the earthquake.
Maximum coseismic displacement was ~1.8m at PRKB station, located north of the epicenter. We
compare our GPS observation data to modeled displacement calculated on an elastic half-space
model (Okada, 1992) using coseismic slip distribution of Konca et al. (2008). In general, our GPS
data fits the model very well. Figure 3 shows the observation and modeled coseismic displacements
at every GPS station.
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Figure 2. Postseismic decay from (left) logarithmic, and (right) exponential functions. Best-fit is shown by
star symbol.
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Figure 3. Coseismic displacement at every GPS station. Note the arrow scale is differences. Coseismic slip
is based on Konca et al. (2008) and contoured every 0.5 m. Red, magenta, and black arrows are coseismic
displacements from GPS with different scales. Green arrows are coseismic displacement from modeling based
on slip distribution from Konca et al. (2008), and the scales are similar to the red, magenta, black arrows.
The focal mechanisms are from Global Centroid-Moment-Tensor catalogue (Ekstrom et al., 2012). The right
side is the detailed view coseismic displacement from the blue rectangle in the left side. Topography is from
Becker et al. (2009).
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Table 1. Postseismic parameters calculated using the logarithmic function at T, 46 days

Type Stations ¢ A RMS
N (cm) E (cm) N (cm) E (cm)
110A 0.13£0.31 0.03:0.57  -0.83x0.13  -0.42+024  0.39
113A 0.2140.44 0.00:0.54  -1.04£0.19  -0.55:023 042
114A 0.20£0.53 0.10:044  -1.07£022  -0.61£0.19 042
115A 031£0.54  -0.03£0.65  -1.00£0.22  -0.174026  0.52
207A 0.27+0.61 030:0.16  -1.68£026  -0.85:0.07 038
209A 0.26+0.49 0.18:038  -1512021  -1.03£0.16 037
333A 0.20+0.89 021:0.80  -197+036  -1.10:033  0.74
339A 20182095  0.64+121 085£039  -2.01£0.50  0.94
K108 0424099  -0.12£0.81  -0.15:0.41  -047+033  0.80
K109 2024+070  -0.09£0.62  -0.154030  -0.504026  0.57
K112 0.3240.40 0.05:0.18  -1.14£0.17  -0.47£0.08 027
K117 20304093 0.05£0.62 026040  -0.704026  0.69
Camp- 03 20.03£095 063098  -1.06:040  -1.66x042 081
K204 20204085  0.62£092  -034:036  -2.11£039  0.75
K206 0.38+0.49 0243048  -192+021  -0.59:020 041
K208 0032079  0.86:0.86  -0.83034  -1.83£037 071
K211 0.04£0.79 0512047  -1.17£034  -1.68020  0.55
KAO1 .0.08£043  -032+1.53  -037+0.18  0.02:0.63  0.99
KAO2 0014048  -0.67+2.07  -0.69+020  0.45:0.89  1.29
KAO3 0014050  -0.70£225  -0.54+021 0.12£0.96  1.41
KACA  0.10:2.27  -1.88£3.08  0.05:0.83 0.80+1.12  0.60
SIIG L0.45£0.72 1.6443.60 020:026  -0.76+132  0.57
SPG2 0.14+0.42 0.54£0.63  -0.82£0.17  -1.51£025 047
TBOH 0.13:022  -027+0.62  -0.60:0.12  0.40:034  0.90
BSAT  -6.64:026  -197:020  -337:0.11  -5.56:0.08  2.28
BTET  -3.92+0.12  -041£0.03  4.700.05 0.41£0.01  0.83
LAIS 23740.06  0.84£0.05  -2.79+0.02  -5.84£0.02  0.55
LNNG  -4.04%0.11 13240.10  -2.95:0.04  -5.82+0.04  1.01
MKMK ~ -3.57:0.08  0.67:0.04  -3.49:0.03  -6.49:0.02  0.58
MLKN  -2.90:0.09 1.4540.06 231£0.04  -127£002 071
MNNA  -1.40+0.06 1.6740.06 126:0.02  -242:0.02  0.54
Cont.  MSAI  -1.5140.12 1.11£0.16 252:0.05  -0.81£0.06  1.08
NGNG  -10.06£0.34  -5.09+0.22  5.42+0.13 1.03£0.08  1.44
PBJO 2604010 -041£0.04  3.10£0.04 031£0.02  0.70
PKRT  -2.15+0.11 5.42+0.08 0.86:0.04  -4.07£0.03  0.52
PPNJ 2214010 -2.41£0.05  -0.43+0.04  -2.1240.02  0.73
PRKB  -5.68:0.16  -1.760.05  -049+0.06  -5.23£0.02  1.04
PSKI -2.00+0.10 1.1120.06  -0.16£0.04  -1.95£0.02  0.70
SLBU 0.87+0.65 1.0540.11  -10.95:026  -2.42+0.04  4.15
TIKU 2732009 -0.09:0.04 170003  -021£0.02  0.65
Average 0.84

102



Riset Geologi dan Pertambangan Indonesian Journal of Geology and Mining Vol. 31, No. 2, December 2021, pages 98-107

Table 2. Postseismic parameter calculated using the exponential function at texp 381 days

C

a

Type Stations RMS
N (cm) E (cm) N (cm) E (cm)
110A -0.02+0.25 -0.03+0.40 -2.59+0.48 -1.35+0.76 0.40
113A 0.00+0.35 -0.10+0.38 -3.25+0.66 -1.72+0.73 0.44
114A -0.02+0.41 0.00+0.31 -3.34+0.78 -1.94+0.59 0.44
115A 0.12+0.33 -0.05+0.39 -3.12+0.70 -0.55+0.82 0.52
207A -0.07+0.49 0.14+0.08 -5.23+0.93 -2.69+0.15 0.42
209A -0.04+0.38 -0.03+0.31 -4.71+0.73 -3.22+0.59 0.42
333A -0.23+0.59 -0.01+0.49 -6.09+1.25 -3.41+1.04 0.78
339A -0.39+0.59 0.22+0.75 -2.59+1.25 -6.24+1.58 0.97
K108 -0.49+0.61 -0.20+0.50 -0.38+1.29 -1.48+1.05 0.81
K109 -0.30+0.51 -0.19+0.45 -0.41+0.96 -1.55+0.86 0.58
K112 0.11+0.31 -0.04+0.15 -3.59+0.60 -1.46+0.28 0.30
Camp. K117 -0.39+0.68 -0.06+0.44 -0.75+1.29 -2.24+0.83 0.69
K203 -0.26+0.68 0.29+0.71 -3.28+1.31 -5.18+1.36 0.84
K204 -0.28+0.60 0.17+0.70 -1.05+1.15 -6.55+1.34 0.79
K206 -0.01+0.41 0.12+0.34 -6.00+0.78 -1.85+0.66 0.45
K208 -0.20+0.57 0.54+0.58 -2.59+1.09 -5.78+1.11 0.70
K211 -0.21+0.58 0.18+0.37 -3.63+1.11 -5.27+0.71 0.59
KAO1 -0.18+0.28 -0.28+0.95 -1.11+0.58 0.01+1.98 0.99
KA02 -0.14+0.37 -0.59+1.48 -2.14+0.69 1.43+2.80 1.30
KAO03 -0.11+0.36 -0.69+1.61 -1.71+0.68 0.41+3.05 1.41
KACA -0.11+0.52 -1.36+0.73 0.44+2.34 2.06+3.24 0.60
SJIG -0.35+0.17 1.39+0.84 0.56+0.75 -2.26+3.71 0.57
SPG2 -0.02+0.22 0.21+0.36 -2.56+0.52 -4.66+0.81 0.48
TBOH 0.03+0.28 -0.21+0.78 -1.89+0.39 1.30+1.06 0.91
BSAT -8.11+0.14 -4.34+0.11 -9.66+0.32 -16.02+0.25 2.33
BTET -2.07+0.07 -0.25+0.02 13.91+0.14 1.22+0.03 0.76
LAIS -3.53+0.03 -1.61+0.04 -8.05+0.07 -16.86+0.09 0.66
LNNG -5.30+0.06 -1.13+0.06 -8.50+0.14 -16.85+0.13 1.09
MKMK -5.02+0.06 -1.85+0.02 -10.19+0.12 -19.21+0.05 0.71
MLKN -1.95+0.05 0.94+0.03 6.72+0.11 -3.68+0.07 0.72
MNNA -0.90+0.03 0.72+0.03 3.68+0.07 -7.07+0.07 0.55
Cont. MSAI -0.57+0.05 0.68+0.06 7.37+0.13 -2.20+0.17 1.08
NGNG -8.29+0.11 -4.76+0.07 16.16+0.39 3.07+0.25 1.47
PBJO -1.42+0.05 -0.30+0.02 9.10+0.12 0.92+0.05 0.72
PKRT -1.61+0.03 3.43+0.03 2.25+0.12 -11.32+0.11 0.58
PPNJ -2.39+0.05 -3.28+0.03 -1.24+0.12 -6.11+0.07 0.76
PRKB -5.91+0.08 -3.74+0.04 -1.38+0.19 -15.38+0.09 1.10
PSKI -2.02+0.04 0.33+0.03 -0.50+0.11 -5.64+0.07 0.71
SLBU -3.75+0.31 -0.02+0.05 -31.52+0.74 -6.89+0.13 4.08
TIKU -2.02+0.04 -0.18+0.02 4.89+0.10 -0.60+0.05 0.66
Average 0.86

103



104

Irwan Meilano, Susilo Susilo, Endra Gunawan, Suchi Rahmadani

Discussion

We used all available GPS data sets in Sumatra to estimate the postseismic decay and coseismic
deformation of the 2007 Bengkulu earthquake, finding very small differences between the misfits
of the logarithmic and exponential functions. Still, the logarithmic function has less misfit, a finding
that coincides with previous analysis of postseismic decay after megathrust earthquakes, which
have suggested that the logarithmic function better fits the GPS time series data compared to the
exponential function (Ardika et al.,, 2015; Raharja et al,, 2016).

As for coseismic displacement, we find that the GPS stations BTET and MSAI experienced insignificant
displacements directed northwest (shown by red arrows in Figure 3). This displacement direction
is opposite to the significant coseismic displacements observed by stations near the earthquake
epicenter (shown in black in Figure 3). Unlike the displacements estimated at BTET and MSA],

L L L L L

96° 98° 100° 102° 104°

Figure 4. Coseismic principal strain is computed from triangular elements
(boundaries indicated by solid lines) with nodes located at GPS stations (dots
magenta). Red arrows suggest extension, while blue arrows indicate compression.
Topography is from Becker et al. (2009).
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these significant deformations are directed towards the coseismic rupture of the 2007 Bengkulu
earthquake.

To investigate whether the GPS stations located in the northern part of the earthquake rupture
were affected by the 2007 Bengkulu earthquake or by other deformations due to earthquake
occurrences along the subduction zones, such as the 2004 Sumatra-Andaman earthquake (Gunawan
et al.,, 2014) or the 2005 Nias earthquake (Hsu et al., 2006), we performed strain analysis based
on the coseismic displacement data.

Results show significant extension directed towards the epicenter for GPS stations located in the
south and east of BTET and MSAI stations, with the maximum estimated extensional strain of ~40
ppm. On the other hand, only very small extensional principal strain on the order of ~0.01 ppm
was calculated along the subduction zone in the north of the BTET and MSAI stations (Figure 4).

Feng et al. (2015) suggested that the coseismic displacements of the 2007 Bengkulu earthquake
were significant at MSAI and BTET stations. Our findings regarding the northwestward coseismic
direction are similar to their analysis. However, our strain analysis suggests that the 2007 Bengkulu
earthquake had minor effects at these sites. Finally, we showed that strain analysis could be very
useful when analyzing ongoing deformation in a tectonically active region.

CONCLUSIONS

All available GPS data from continuous and campaign stations in Sumatra were used to analyze the
coseismic displacement and postseismic decay and to estimate the strain of the 2007 Bengkulu
earthquake. We find postseismic decay, estimated using a logarithmic function, of 46 days.
Meanwhile, the maximum coseismic displacement was estimated at ~1.8m for GPS stations located
north of the epicenter. Moreover, our principal strain estimation in the region suggests the maximum
coseismic extensional strain of ~40 ppm.
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