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A B S T R A C T

GPS data after the 2 July 2013 Mw 6.1 Aceh earthquake provide valuable information for understanding the
postseismic behavior of a strike-slip fault in northern Sumatra, Indonesia. The analysis of postseismic de-
formation following the 2004 Sumatra-Andaman earthquake and the 2012 Indian Ocean earthquake suggest that
the ongoing deformation affected northern Sumatra between July and December 2013. The postseismic de-
formation of the 2013 Aceh earthquake is herein investigated, with the contribution of poroelastic rebound and
viscoelastic relaxation evaluated. The results suggest that the model displacement of those two mechanisms
failed to estimate the data. The afterslip analysis of the 2013 Aceh earthquake, on the contrary, fits the data very
well with a seismic slip occurring at multiple fault segments of the Sumatran fault in northern Sumatra,
Indonesia.

1. Introduction

The devastating 2 July 2013 Mw 6.1 Aceh earthquake (AE) occurred
along a newly identified active left-lateral fault segment of the
Sumatran fault in northern Sumatra, Indonesia, identified as the Celala
segment (Gunawan et al., 2018). A previous study suggested that the 2
July 2013 earthquake occurred as the Celala segment was 0.1 MPa
closer to failure after the earlier 21 January 2013 Mw 6.1 AE (Ito et al.,
2016). Prior to the event, the Celala segment was unmapped and uni-
dentified. As a result of this unexpected earthquake event, losses were
high. The Indonesian National Board for Disaster Management (2013)
reported casualties of 43 people dead and six others missing, with
economic losses of more than US$ 50 million; another US$ 70 million
was needed for rehabilitation and reconstruction after the disaster.
Fig. 1 shows the tectonic setting of this region.

Modern geodetic tools such as GPS have been widely used to un-
derstand the crustal deformation of the earthquake cycle, corre-
sponding to interseismic, coseismic, and postseismic deformation (e.g.
Wang et al., 2012). Previous studies propose postseismic deformation
mechanisms after earthquake occurrences, including poroelastic re-
bound, afterslip, and viscoelastic relaxation (e.g. Freed, 2007; Pollitz
et al., 2012). One of the major differences between these mechanisms is
the time duration. While poroelastic rebound is in days or weeks,
afterslip could take months or years, and viscoelastic relaxation lasts for

years or decades (Jónsson et al., 2003; Miyazaki et al., 2004; Lorenzo-
Martín et al., 2006).

This study analyzes the postseismic deformation of the 2 July 2013
AE by considering these three postseismic deformation mechanisms.
Unpublished GPS data available in the region are used for the analysis.
The contributions of postseismic deformation after the 2004 Mw 9.2
Sumatra-Andaman earthquake (SAE) and the 2012 Mw 8.6 Indian
Ocean earthquake (IOE) are considered in the analysis.

2. GPS observation and data processing

This study utilizes GPS data from campaign observations measured
by the Bandung Institute of Technology on 15–18 July 2013 and 7–10
December 2013. The monumentation of the GPS stations comprised
30 cm steel pins cemented into bedrock. GPS campaign surveys were
observed using L1/L2 geodetic-type receivers and GPS data were logged
at a 30-s sampling rate. The locations of the GPS stations used in this
study are in Fig. 1.

Daily solution analysis at each GPS station was performed using
Bernese 5.2 (Dach et al., 2015). In our procedure, to estimate the daily
solutions of GPS data, we first performed a Precise Point Positioning
analysis. Ionosphere models and parameters for orbit-related satellites
such as the parameters of Earth rotation, satellite clock coefficients,
precise ephemerides, and differential code biases for a satellite and
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receivers were downloaded from the Astronomical Institute, University
of Bern website (http://www.aiub.unibe.ch/). For station-related files
such as ocean tidal loading, we employed Finite Element Solutions
2004 (Lyard et al., 2006), calculated from the website of the Onsala
Space Observatory (http://holt.oso.chalmers.se/loading/). Meanwhile,
atmospheric tidal loading for each GPS station was calculated at the
Global Geophysical Fluids Center website (van Dam and Ray, 2010).
Second, we used the required input parameters and a priori information
from the first step to perform a double-difference, network-processing
analysis, from which we obtained station coordinates with resolved
ambiguity and minimum-constraint network solutions to the millimeter
level of accuracy.

To help assess local deformation, site displacements were resolved
to the Sundaland block reference frame. We used the Sundaland block

parameters Simons et al. (2007) defined in the International Terrestrial
Reference Frame (ITRF) 2000, with the rotation pole located at 49.0°N,
−94.2°E and a clockwise rotation rate of 0.34°/Myr. Thus, coordinate
transformation from ITRF2008 into ITRF2000 was done prior to the
conversion into the Sundaland block reference frame (Altamimi et al.,
2011).

Located ∼300 km from the epicenter of the 2004 Mw 9.2 SAE, our
study area was affected by postseismic deformation from this earth-
quake (Ito et al., 2012; Gunawan et al., 2014). Hence, the contribution
of postseismic deformation from the 2004 SAE should be removed prior
to analyzing the postseismic deformation of the 2 July 2013 AE. In
addition, the occurrence of the 2012 Mw 8.6 IOE deforms Andaman-
Nicobar, Sumatra, and Java, as detected by GPS data available in the
region (Hill et al., 2015). While GPS data in Andaman-Nicobar detected

Fig. 1. Tectonic setting of this study. The blue star
indicates the epicenter of the 2 July 2013 AE based
on the United States Geological Survey catalog. The
red squares indicate GPS stations, while the solid
black lines suggest the locations of the identified
Sumatran and Batee faults (Sieh and Natawidjaja,
2000). The dashed line marks the newly identified
fault segments of Pantan Terong (PT) and Celala
(CL). Topography created using Shuttle Radar To-
pography Mission (SRTM) 90m (Jarvis et al., 2008).
The inset shows the global map and the epicenter of
the 2004 SAE and 2012 IOE. (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this article.)

E. Gunawan, et al. Journal of Asian Earth Sciences 177 (2019) 146–151

147

http://www.aiub.unibe.ch/
http://holt.oso.chalmers.se/loading/


coseismic displacements of ∼41mm (Yadav et al., 2013), large dis-
placements were observed in northern Sumatra at ∼170mm (Feng
et al., 2015). To the south, a much lower magnitude of displacement of
∼3mm was observed by GPS stations in southern Sumatra and Java
Island (Gunawan et al., 2016b).

The implication of the crustal deformation in northern Sumatra
after those earthquakes occurrences for our GPS data can be defined as
follows:

= + +GPS Postseismic Postseismic PostseismicSAE IOE AE2004_ 2012_ 2013_ (1)

3. Postseismic deformation of the 2004 SAE

In this study, we estimate two possible postseismic deformation
mechanisms of the 2004 SAE that involved and affected our GPS data:
afterslip and viscoelastic relaxation (e.g. Gunawan et al., 2016a). We
rule out the possibility of poroelastic rebound, as it is unlikely that it
emerged ∼8.5 years after the 2004 SAE (e.g. Freed, 2007).

The viscoelastic relaxation of the 2004 SAE is calculated using the
coseismic slip model of Rhie et al. (2007), which is estimated based on a
joint inversion of seismic and geodetic data. In our rheology model, we
use an elastic layer thickness of 65 km on top of the viscoelastic mantle
defined by the Maxwell rheology with a viscosity (ηM) of 8.0× 1018 Pa∙s
shallower than 220 km. From 220 to 670 km depth, we use a Maxwell
viscosity (ηM) of 1.0× 1020 Pa∙s (Fig. 2; Gunawan et al., 2014). In our
calculation using VISCO1D code (Pollitz, 1997), we find that the surface
displacement at GPS stations generated by the viscoelastic relaxation of
the 2004 SAE during July to December 2013 was ∼10mm.

For afterslip, the surface displacement is obtained by interpolating
the afterslip moment estimated by the GPS data available from 2005 to
2009 (Gunawan et al., 2014). During July to December 2013, the
afterslip moment is estimated at 9.8× 1018 N∙m (∼Mw 6.6). Using this
information, we estimate the surface displacements at GPS stations
using an elastic half-space model (Okada, 1992). The results suggest
that afterslip generated surface displacements of ∼2mm at our GPS
stations. The cumulative surface displacements of afterslip and viscoe-
lastic relaxation after the 2004 SAE are in Fig. 3.

4. Postseismic deformation of the 2012 IOE

Previous studies have suggested that the 2012 Mw 8.6 IOE occurred
as a result of the stress transfer of the 2004 SAE and the 2005 Nias
earthquake (Delescluse et al., 2012; Wiseman and Bürgmann, 2012). In
this study, we estimate the viscoelastic relaxation of the 2012 IOE using
PyLith 2.1.0 (Aagaard et al., 2013, 2015). In our model, we use pre-
vious study analysis by incorporating subducting slab into our model,
with a 75 km thickness (Pratama et al., 2017).

Following Pratama et al. (2017), beneath the oceanic lithosphere up
to 220 km depth, we use the Burgers body viscoelastic mantle with a
Kelvin viscosity (ηK) of 1.0× 1017 Pa∙s and a Maxwell viscosity (ηM) of
2.0× 1018 Pa∙s. Meanwhile, for the continental asthenosphere, we
employ a Maxwell viscosity (ηM) of 9.0× 1018 Pa∙s. At 220–670 km
depth, we use a Maxwell viscosity (ηM) of 1.0× 1020 Pa∙s for both the

oceanic and the continental region. Fig. 2 shows the rheology model of
the 2012 IOE used in this study.

The afterslip of the 2012 IOE is estimated based on the stress dis-
tribution due to the coseismic stress change governed by the static
friction law (Aagaard et al., 2013). Therefore, we combine the spatial
distribution of the surface displacement resulting from afterslip at GPS
stations with the modeled temporal decay of the logarithmic function.
In that sense, the surface motion due to afterslip from the intended time
periods exhibits total afterslip.

During July to December 2013, the surface displacements asso-
ciated with the viscoelastic relaxation and afterslip of the 2012 IOE at
GPS stations correspond to 5–8mm and 1–2mm, respectively. The
cumulative model displacement from viscoelastic relaxation and after-
slip is then 6–10mm. Fig. 3 shows the modeled cumulative displace-
ments of postseismic deformation after the 2012 IOE at GPS stations.

During investigating the postseismic deformation of the 2012 IOE,
we avoided to use the model from Gunawan et al. (2014) for the 2012
IOE because their model is constructed for the 2004 SAE case, not the
2012 IOE. Likewise, the Pratama et al. (2017) investigated postseismic
deformation of the 2012 IOE, and not the 2004 SAE. Thus, we follow
those two studies for different earthquake cases, and used the in-
formation in our analysis.

5. Postseismic deformation of the 2013 AE

After removing the postseismic deformation of the 2004 SAE and
2012 IOE, GPS data residues are matched to the postseismic deforma-
tion of the 2 July 2013 AE. We then model these data residues by in-
corporating the postseismic deformation mechanisms—poroelastic re-
bound, viscoelastic relaxation, and afterslip—described below.

5.1. Poroelastic rebound

Poroelastic rebound has been proposed as a phenomenon associated
with strike slip earthquake events (e.g. Jónsson et al., 2003). Resulting
from pore pressure during an earthquake event, poroelastic rebound
generates subsidence in the compressional coseismic region and uplift
in the extensional coseismic region. Thus, the vertical component plays
an important role in evaluating the contribution of poroelastic rebound
to the data (Peltzer et al., 1998).

In our investigation, we model poroelastic rebound by subtracting
coseismic dislocation from the elastic half-space model (Okada, 1992)
of the undrained and drained values of Poisson’s ratio. For the un-
drained Poisson’s ratio, we use νu= 0.31, while the drained value is
νd= 0.27, applying the same value of the shear modulus, that is 30
GPa, to both cases. Our analysis uses the coseismic slip distribution
estimated based on GPS data (Fig. 4; Gunawan et al., 2018).

Our horizontal and vertical displacement model associated with
poroelastic rebound is shown in Fig. 5. The horizontal component
model shows very small magnitude displacements (< 0.2 mm) at these
four GPS stations. Hence, in terms of the magnitude of horizontal dis-
placements, the model fails to predict the data. Similarly, the dis-
placement model of the vertical component shows subsidence where

Fig. 2. Rheology models of (left) the 2004 SAE and (right) the 2012 IOE.
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data suggest uplift and uplift where data suggest subsidence.

5.2. Viscoelastic relaxation

To investigate if our data set contains a signal of the viscoelastic
relaxation of the 2 July 2013 AE, we construct a rheological structure
with an elastic layer thickness of 65 km and a Maxwell viscosity of
8.0× 1018 Pa∙s. This rheology model follows the rheology model used
in the analysis of the 2004 SAE (Gunawan et al., 2014). Viscoelastic
relaxation is then calculated using VISCO1D code (Pollitz, 1997), with
the coseismic slip distribution of the 2013 AE of Gunawan et al. (2018).
Our results suggest that the modeled horizontal and vertical displace-
ments are insignificant (< 0.005mm). Moreover, model displacement
suggests subsidence at all GPS stations. Fig. 6 shows the displacement
model compared with data for the horizontal and vertical components.

5.3. Afterslip

The different directions and magnitudes of displacements suggest
that afterslip most likely occurred at multiple fault segments. While
displacements at ITB 1 and ITB 2 are affected by the deformation of the
Pantan Terong segment, displacements at ITB 3 and ITB 4 are affected
by the deformation of the Celala segment.

We estimate afterslip by inverting the GPS data for a dislocation
model in the elastic half-space (Okada, 1992). Here, we search for only
rake and slip. We run a couple of models to find the best-fit estimation
of the data and model. We first construct two fault patches along the
left-lateral Celala segment, extended from the coseismic fault plane in
the northeast direction. The fault size is 20 km×10 km, with a top
depth of 1 km and 10 km. The fault strike is 38° in the north clockwise
direction, dipping 80° in the south direction. Using this model, esti-
mated displacement poorly matches data at the GPS stations with

=χ 72 mm, where = ∑ −
=

χ data model n( ( ) )/i n i i
2

1,
2 .

We then add a fault model along the right-lateral fault Pantan
Terong segment with a size of 30 km×10 km and a top depth of 1 km.
The fault strike is 290° in the north clockwise direction, dipping 69° in
the east direction. Instead of getting better, misfit worsens with

=χ2 15mm. We then add a deeper fault patch at this segment, so that
the Pantan Terong segment has two fault patches. We find that model
displacement better fits the data with =χ 22 mm. We then shorten the
length of the deeper fault patch of the Pantan Terong segment and find
that =χ 32 mm, slightly worse than in the previous model. Fig. 7 shows
our best estimate of the afterslip inversion result.

6. Discussion

The 2013 Mw 6.1 AE occurred almost a decade after the occurrence
of the 2004 Mw 9.2 SAE. Considering that the 2004 SAE was a magni-
tude 9-class earthquake, it is no surprise that postseismic deformation
may still continue many years ahead. Take this example of another
magnitude 9–class earthquake, namely the 1960 Mw 9.2 Alaska earth-
quake. Geodetic data from 1965 to 2007 indicated an ongoing post-
seismic deformation process associated with viscoelastic relaxation and
afterslip (Suito and Freymueller, 2009). Similarly, it is well understood
that the postseismic deformation of the 2012 Mw 8.6 IOE affected the
near-field region, especially in northern Sumatra (Han et al., 2015; Hu
et al., 2016; Pratama et al., 2017). It is interesting to note that although
the time passed after the 2004 SAE is longer than the 2012 IOE, the
postseismic displacement model is still larger at 50–80%.

Our results for poroelastic rebound after the 2013Mw 6.1 AE suggest

Fig. 3. Surface displacements from July to
December 2013 with (a) the horizontal
component and (b) the vertical component.
The blue arrows/bars indicate observed data
in the Sundaland reference frame, the red
arrows/bars suggest the modeled post-
seismic deformation of the 2004 SAE, the
green arrows/bars imply the modeled post-
seismic deformation of the 2012 IOE, and
the black arrows mark the GPS data residues
to be used for analyzing the postseismic
deformation of the 2013 AE. The black line
indicates the location of the Sumatran fault
and the dashed line marks the newly iden-
tified fault segments of Pantan Terong and
Celala in northern Sumatra. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article.)

Fig. 4. Coseismic slip distribution of the 2 July 2013 AE used in our analysis
from Gunawan et al. (2018). The red circles indicate the location of the four-
day aftershocks. (For interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this article.)
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that the displacement results have a low magnitude in the horizontal
component and inconsistencies in the vertical component between the
model and data. With such characteristics, we omit the poroelastic re-
bound responsible for the 2013 AE. Although poroelastic rebound may
have occurred after the main shock, unfortunately signals have dis-
appeared from our currently available data. Most likely, even if the
process occurred, it was completed within a matter of days, not months,
as on the scale of our currently available data set. Similarly, the very
small and insignificant viscoelastic displacement model clearly suggests
that the 2013 Mw 6.1 AE did not drive viscoelastic flow in the mantle.

By ruling out contributions from poroelastic rebound and viscoe-
lastic relaxation, the only candidate attributed to the data displacement
is afterslip. Our afterslip moment estimation over July to December
2013 is 8.51×1018 N⋅m (equivalent to Mw 6.5), using a value of
30 GPa for rigidity. This finding suggests that afterslip during July to
December 2013 generated a moment release ∼4 times higher than the
coseismic rupture (1.97×1018 N⋅m, equivalent to a magnitude of Mw

6.1).

7. Conclusion

We analyzed GPS data displacements after the 2 July 2013 Mw 6.1
AE, and found that during July to December 2013:

• The postseismic deformation of the 2004 Mw 9.2 SAE and the 2012
Mw 8.6 IOE still affected northern Sumatra by ∼12mm and
∼10mm, respectively.

• The 2013 Mw 6.1 AE did not drive poroelastic rebound and viscoe-
lastic relaxation.

• Afterslip occurred along two different fault segments of Celala and

Fig. 5. Modeled poroelastic rebound dis-
placements for (a) horizontal and (b) ver-
tical. The black bars indicate uplift while the
white bars denote subsidence. The blue line
denotes the surface projection of the co-
seismic fault model used in this study. The
solid black line indicates the displacement
model contour in millimeters. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article.)

Fig. 6. Modeled viscoelastic relaxation dis-
placements for (a) horizontal and (b) ver-
tical. The black bars indicate uplift while the
white bars denote subsidence. The blue line
denotes the surface projection of the co-
seismic fault model used in this study. The
solid black line indicates the displacement
model contour in millimeters. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article.)

Fig. 7. Afterslip inversion result. The solid blue lines indicate the surface pro-
jection of the afterslip fault model used in the inversion. The black arrows/bars
denote the data residues, while the white arrows/bars imply the afterslip dis-
placement model. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Pantan Terong, with the afterslip moment during those time periods
∼4 times higher than the coseismic moment.
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