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Abstract The 25 February 2008 Mw 7.2 North Pagai earthquake partially ruptured the middle section of
the Mentawai patch of the Sunda megathrust, offshore Sumatra. The patch has been forecast to generate
a great earthquake in the next few decades. However, in the current cycle the patch has so far broken in
a sequence of partial ruptures, one of which was the 2008 event, illustrating the potential of the patch to
generate a spectrum of earthquake sizes. We estimate the coseismic slip distribution of the 2008 event by
jointly inverting coseismic offsets from GPS and interferometric synthetic aperture radar. We then estimate
afterslip with 5.6 years of cumulative GPS displacements. Our results suggest that the estimated afterslip
partially overlaps the coseismic rupture. The overlap of coseismic rupture and afterslip can be explained
conceptually by a simple rate-and-state model where the degree of overlapping is controlled by the
dynamic weakening and the critical nucleation size in the velocity-weakening area. Comparing our
rate-and-state model results with our geodetic inversion results, we suggest that the part of the coseismic
rupture that does not overlap with the afterslip may represent a velocity-weakening region, while the
overlapping part may represent a velocity-strengthening region.

1. Introduction

The Mentawai patch, a 700 km long segment of the Sunda megathrust, has not yet released all the strain
it has accumulated since the last great earthquakes in 1797 and 1833 (Natawidjaja et al., 2006; Philibosian
et al., 2014). This is worrying, because the Mentawai patch has ruptured in a sequence of great earthquakes
(Mw > 8.5) about every two centuries over the last 700 years (Sieh et al., 2008). Despite being seismically dor-
mant for a long period, the Mentawai patch has been suggested to be highly coupled during interseismic
periods based on coral (1950–2000) and GPS (1991–2006) data (Chlieh et al., 2008; Philibosian et al., 2014)
and capable of producing another great earthquake that could devastate nearby populous cities such as
Padang (Sieh et al., 2008). However, instead of producing one great earthquake, the Mentawai patch has so
far ruptured only partially in the most recent earthquake cycle, starting in 2007 (Konca et al., 2008; Philibosian
et al., 2014).

The southern half of the Mentawai patch ruptured during the 2007 Mw 8.4 Bengkulu earthquake (Konca et al.,
2008; Tsang et al., 2016) and the 2010 Mw 7.8 Mentawai tsunami earthquake (Hill et al., 2015; Lay et al., 2011;
Yue et al., 2014) (Figure 1). These events and their following afterslip (Feng et al., 2016; Lubis et al., 2012)
have released only ∼30–44% of the moment (Tsang et al., 2016) that was released during the 1833 event.
To the contrary, the northern half of the Mentawai patch has experienced only M ∼7 earthquakes including
aftershocks of the 2007 Bengkulu earthquake (Mw 7.9 and 7.0) (Konca et al., 2008; Tsang et al., 2016) and the
2008 Mw 7.2 North Pagai earthquake.

The Mw 7.2 North Pagai earthquake of 25 February 2008 was preceded by several foreshocks in the updip
region of the megathrust. The foreshocks began with an Mw 5.4 event on 19 February, which was then followed
by three M ∼5 earthquakes until 24 February and one Mw 6.5 earthquake 18 h before the mainshock. On the
same day as the mainshock, two aftershocks of Mw 6.6 and Mw 6.7 occurred. This sequence of earthquakes
ruptured a small area in the middle of the Mentawai patch (Figure 1) and has not been extensively studied to
date. The fact that only a small area of the Mentawai patch has ruptured so far could have important impli-
cations for understanding the unbroken megathrust in the northern half of the Mentawai patch, particularly
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Figure 1. The Mentawai patch has been releasing strain in piecemeal ruptures since 2007. The southern half of the
Mentawai patch ruptured during the 2007 Mw 8.4 Bengkulu mainshock and its aftershocks of Mw 7.9 and 7.0 (yellow
area) (Tsang et al., 2016) and the 2010 Mw 7.8 Mentawai tsunami earthquake (green area) (Hill et al., 2015). The red star
indicates the epicenter of the 2008 mainshock, which was preceded by four M ∼5 foreshocks 1 week before and one Mw
6.5 foreshock the day before (gray focal mechanisms). The mainshock was then followed by Mw 6.6 and 6.7 aftershocks
(denoted by green and blue focal mechanisms, respectively) that occurred on the same day as the mainshock. The red
triangles are the locations of the continuous GPS stations, and the triangles with white color inside are stations that also
recorded high-rate data. Black squares show the coverage of ALOS-1 images that documented coseismic offsets. The
black arrow is the convergence vector after Prawirodirdjo and Bock (2004). The islands to the southeast of Siberut are
Sipora, the Pagai Islands (North Pagai and South Pagai), and Enggano. The gray lines with labels are depth contours of
the megathrust based on Slab1.0 (Hayes et al., 2012). Focal mechanisms are from the global CMT catalog (Dziewonski
et al., 1981; Ekström et al., 2012). Fracture zones are from Wessel et al. (2015).

given recent results from coral paleogeodetic data that suggest that segmented ruptures of the patch have
happened in past supercycles (Philibosian et al., 2017). That is, the likelihood of a single great earthquake in
the near future remains high as previously suggested (Chlieh et al., 2008; Sieh et al., 2008), but the possibility
of releasing the cumulative strain in piecemeal cannot be ruled out.

In this first detailed study of the 2008 Mw 7.2 North Pagai earthquake, we first estimate the coseismic slip distri-
bution by jointly inverting offsets from GPS and interferometric synthetic aperture radar (InSAR) data. We then
estimate the afterslip distribution based on 5.6 year cumulative GPS postseismic displacements. Our results
show that the estimated afterslip following the 2008 event partially overlaps the updip region of the coseis-
mic rupture zone. We lastly conduct conceptual rate-and-state models to explore the physical conditions that
would make such overlap happen.

2. Data and Analysis

The 2008 North Pagai earthquake was recorded by nine stations from the Sumatran GPS Array (SuGAr).
We use coseismic offset estimates and 5.6 year (February 2008 to December 2013) postseismic time series
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Figure 2. (a) The nine GPS stations used in our inversion. Of the nine, three stations (SLBU, KTET, and SMGY) are
located within 30 km from the epicenter; these are the only stations that recorded >5 cm of surface displacements
(daily solutions) for both coseismic and postseismic processes. (b) The subsampled unwrapped phase for our InSAR
result shows a clear spatial gradient of coseismic offsets, which are mostly located along the western coastline of North
Pagai island.
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Figure 3. Estimated GPS coseismic offsets for both daily and high-rate solutions are generally consistent in their
orientation but not in their amplitudes. At SLBU, KTET, and SMGY, the static solutions are larger compared to the
high-rate ones.
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Figure 4. Comparison between GPS solutions from daily (black vectors) and high-rate (colored vectors) solutions.
High-rate solutions for the mainshock along with the two aftershocks are smaller than the daily solutions. Cyan-colored
vectors are the estimated displacements of the two aftershocks and early afterslip, calculated by subtracting high-rate
solutions (red) from daily solutions (black).

derived by Feng et al. (2015), who carefully separated the 2008 signal from that of the other earthquakes. Of
the nine GPS stations, only three stations (SLBU, KTET, and SMGY) located within 30 km from the epicenter
recorded >5 cm of coseismic and postseismic deformation (Figure 2a). We note that because only a white
noise term is considered, the GPS uncertainties are likely to be systematically underestimated. These three
stations also recorded high-rate (1 s sampling) data. To generate high-rate kinematic solutions, we used the
GPS-Inferred Positioning System and Orbit Analysis Simulation Software (GIPSY-OASIS) version 6.2 from the
Jet Propulsion Laboratory (JPL) and JPL final precise satellite orbits and clocks (Zumberge et al., 1997). We then
estimated the offsets using 7 min of low-pass filtered time series both before and after the earthquake, with
the first 270 s after the earthquake removed to avoid the dynamic waveforms of the stations (Figure S1 in the
supporting information).

The GPS coseismic offsets show that horizontal motions recorded by both static (daily) and high-rate solu-
tions are generally consistent in their orientations but not in their amplitudes (Figure 3). At SLBU, KTET, and
SMGY the static solutions are larger compared to the high-rate ones. This discrepancy was likely caused by the
two aftershocks and early afterslip (Figure 4). The static offsets show that station SLBU recorded the largest
horizontal displacement of ∼22 cm and vertical displacement of ∼15 cm. In contrast to the coseismic offsets,

SALMAN ET AL. THE 2008 MENTAWAI EARTHQUAKE 9407



Journal of Geophysical Research: Solid Earth 10.1002/2017JB014341

Table 1
ALOS-1 Data Used in This Study

Days before Days after

Area Master image Slave image Frame Path mainshock mainshock

Pagai ALPSRP101757130 ALPSRP115177130 7130 448 64 27

(22 Dec 2007) (23 Mar 2008)

Sipora ALPSRP104237140 ALPSRP117657140 7140 449 47 44

(8 Jan 2008) (9 Apr 2008)

after 5.6 years station SMGY (which initially recorded the smallest coseismic offsets among the three stations)
recorded the largest cumulative horizontal postseismic displacements of ∼17 cm (Figure 2a).

In addition to GPS coseismic offsets, we also use InSAR observations from two different tracks of the ALOS-1
satellite: one track covers Sipora island and the other track covers Pagai islands including North Pagai and
South Pagai whose landmass are almost continuous (black squares in Figure 1). To get an unwrapped phase
solution, we used an InSAR processing system based on GMT (GMTSAR) (Sandwell et al., 2011). We used
Shuttle Radar Topography Mission global 30 m DEM (SRTMGL1) data (NASA JPL, 2013) to reduce topogra-
phy contributions to the unwrapped phase and unwrapped each image individually using Statistical-Cost,
Network-Flow Algorithm for Phase Unwrapping (SNAPHU) (Chen & Zebker, 2000). After the processing, we
referenced unwrapped phases with three GPS line-of-sight displacements covering the same time span as the
images (e.g., Cavalie et al., 2013). As the InSAR slave images were taken 27 and 44 days after the mainshock
(see Table 1), the result may capture displacements from both the coseismic and 1.5 months of postseismic
deformation. In particular, the GPS time series for KTET shows 2 cm of total postseismic displacement (Feng
et al., 2015). Finally, we subsampled the detrended unwrapped phase using the quadtree method (Jónsson
et al., 2002), hence reducing the number of measurements from ∼106 points to 642.

3. Modeling Approach

We modeled both the coseismic offsets and cumulative displacement of postseismic deformation (Table S1)
using analytical solutions of dislocations in a homogeneous elastic half-space (Okada, 1992). We based our
fault geometry on the three-dimensional Slab 1.0 model (Hayes et al., 2012), but we reduced the fault depth
by 2 km to fit with relocated aftershock locations from a temporary seismic network (Collings et al., 2012). We
then discretized the fault geometry into 10 × 10 km patches. In inversion, we assumed the initial rake to be
the gCMT rake of 102∘ and allowed it to vary within ±45∘. We applied a positivity constraint (Du et al., 1992)
as well as second-derivative Laplacian smoothing (Du et al., 1992; Harris & Segall, 1987; Jónsson et al., 2002).
We used a smoothing factor, determined using an L-curve criterion (Aster et al., 2005) (Figure S2), to choose
the preferred trade-off between slip roughness and model misfit.

To estimate a coseismic slip distribution, we jointly inverted both GPS and InSAR data sets. First, in order to
give reasonable weights between the GPS and subsampled InSAR data sets, we inverted each data set individ-
ually without using spatial smoothing to obtain the uncertainties that would result in a normalized, reduced
chi-square, 𝜒2

r (defined as the sum of squared weighted residuals divided by the number of observations) of
1. The uncertainties for all InSAR points were estimated to be 1.25 cm, while the scaling for GPS formal uncer-
tainties (on the order of 0.25 cm) was 4. Second, we jointly inverted the data using the uncertainties obtained
in the previous step and estimated the best smoothing factor until we obtained an optimal trade-off between
data misfit and slip distribution. With regard to postseismic deformation, we modeled the cumulative GPS
displacements assuming that they were predominantly controlled only by the afterslip process, but we do
consider (and discuss in the next section) the possible implications of neglecting viscoelastic effects.

4. Model Results

Our preferred coseismic slip model and its misfit are shown in Figure 5. The model (Figure 5a) shows ∼2 m
of peak coseismic slip, which is far smaller than expected from the accumulated slip deficit of ∼10 m stored
in the Mentawai patch since the last great earthquake in 1833 (given a convergence rate of ∼5.7 cm/yr after
Prawirodirdjo & Bock, 2004). The amplitude of peak slip, however, is heavily dependent on the smoothing
factor. Our model also shows an estimated slip of ∼0.5 m on the megathrust under the southern part of
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Figure 5. (a) We estimate peak coseismic slip during the 2008 event of ∼2 m, which is far smaller than expected from
the accumulated slip deficit of ∼10 m stored in the Mentawai patch since the last great earthquake in 1833 (given a
convergence rate of ∼5.7 cm/yr after Prawirodirdjo & Bock, 2004). Black-colored vectors are coseismic GPS offsets from
daily solutions. (b) Comparison of InSAR coseismic observation and model prediction.
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Figure 6. We estimate afterslip to be located updip and downdip of the coseismic slip patch. In the updip area, the
estimated afterslip partially overlaps the coseismic rupture area (blue 50 cm contour lines).
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Figure 7. (a) Inversion with less smoothing for both coseismic (GPS and InSAR) and afterslip. (b) The same as Figure 7a
but with coseismic slip based on GPS only. These inversion results with less smoothing also show partial overlap,
suggesting that the overlap is not due to an artifact of the inversion because of the smoothing factor.

Sipora island. Modeling results for each data set (Figure S3) show that including InSAR data in the joint inver-
sion results in the estimation of some slip beneath Sipora island. The slip is presumably needed to explain
the 1.5 months of postseismic deformation included in the observations. The coseismic slip, assuming a con-
stant shear modulus of 30 GPa, is equivalent to Mw 7.16. This magnitude agrees with the gCMT magnitude
of Mw 7.2.

Our postseismic model estimates afterslip to be located updip and downdip of the coseismic rupture area
(Figure 6). A prominent feature of our postseismic model is that the estimated afterslip partially overlaps the
updip region of the coseismic rupture area. To determine the robustness of the partial overlap, we conducted
several tests. First, an inversion with less smoothing also shows partial overlap (Figure 7), suggesting that the
overlap is not an artifact caused by the smoothing. Second, an inversion in which we constrain afterslip not
to be allowed within the 1 m coseismic slip contour gives a relatively poor fit (albeit not a large difference; 𝜒2

r

increases from 3.0 to 4.85) in the horizontal component at stations SLBU and SMGY as well as in the vertical
component at station SLBU (Figure 8). These tests suggest that the data do seem to have a preference toward
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Figure 8. Inversion result when afterslip is constrained not to slip within the coseismic rupture area. The inversion result
gives a relatively poor fit at stations SLBU and SMGY, reflecting that the data do seem to prefer afterslip within the
rupture area.

the overlap, although with this underdetermined problem we cannot rule out nonoverlapping coseismic slip
and afterslip.

We also consider whether the overlap could be a result of not including the effects of viscoelastic deforma-
tion in our models. We therefore ran some simple tests to see whether including viscoelastic processes in
our models could result in a change in the estimated location of afterslip or just the amplitude. To run these
tests, we produced a suite of viscoelastic forward models using Relax 1.0.7 (Barbot & Fialko, 2010a, 2010b;
Barbot et al., 2009) with a linear rheology. We used lithospheric thicknesses of 60 km (Lubis et al., 2012) and
100 km (Kumar et al., 2007), with three different mantle viscosities; 1017, 1018, and 1019 Pa s. We removed the
displacements predicted by these models from the GPS displacements then examined whether the residual
vectors indicate a change in orientation compared to the originals. We assume that if the direction of the cor-
rected displacements does not change, the estimated location of the afterslip would not change in the case

99.5 100

SLBU

PPNJ

SMGY

KTET

99.5 100

SLBU

PPNJ

SMGY

KTET

5 cm

Figure 9. Comparison between original postseismic displacements from GPS (black vectors) and residuals with
viscoelastic deformation removed (colors). The removed contribution of the viscoelastic deformation is modeled using a
lithospheric thickness of (left) 60 km and (right) 100 km with three different viscosities in each: 1017 (red), 1018 (green),
and 1019 (blue) Pa s.
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Figure 10. Checkerboard resolution tests for GPS only and combination of GPS and InSAR data sets. (a) Synthetic input
slip with alternating 0 or 1 m of dip-slip motion. (b) Afterslip resolution for the GPS data set only (triangles). (c) Coseismic
resolution for combination of GPS and InSAR data sets. The tests show that the addition of InSAR data provides much
better recovery of the input slip pattern.

that we were able to accurately remove the viscoelastic effects. The results, Figure 9, show that only the resid-
ual vector at station SMGY changes its direction compared to the original but still within the measurement
error. This test implies that even after considering a viscoelastic component, our estimated location for the
afterslip should be relatively robust and would still partially overlap the updip region of the coseismic rup-
ture area. It also highlights that in addition to the uncertainty imposed by the use of spatial smoothing, the
estimated amplitude of the afterslip signal is not robust for our models.

5. Resolution Tests

We performed checkerboard tests to assess the resolution limits of our data sets. We used checkerboard-like
slip distributions (Figure 10a) to generate synthetic surface displacements and then inverted these synthetic
displacements using the same smoothing factor as that employed in the real data inversion. The test with only
the GPS data set (Figure 10b) shows good resolution on the shallower portion of the megathrust, particularly
under the islands where at least two GPS stations are available in the along-dip direction. In addition, the
combination of GPS and InSAR data sets provides much better resolution (Figure 10c).

We also conducted other tests to investigate how well slip in key coseismic and afterslip regions is recov-
ered. We defined a synthetic rupture which has uniform slip of 1 m, located in coseismic (Figure 11a) as well
as updip and downdip afterslip (Figure 11c) areas then used this uniform slip to calculate synthetic surface
displacements. Similar to the procedure we applied in the checkerboard tests, we made sure that these syn-
thetic displacements were inverted using the same smoothing factor as that used in the real data inversion.
Our results show that although the inverted slip is smoothed out, most of the slip magnitude in coseismic
(Figure 11b) and afterslip (Figure 11d) regions is well recovered.

These tests show that the coseismic and afterslip models fall within areas of reasonably good resolution,
suggesting that our estimated slip distributions for coseismic rupture and afterslip are reasonably robust.

6. Numerical Simulations to Investigate Overlap of Coseismic Slip and Afterslip

We explore why we might expect overlap between coseismic slip and afterslip using a conceptual model
based on rate-and-state friction laws (Dieterich, 1979; Marone, 1998; Rice & Ruina, 1983; Ruina, 1983). The
dependence on slip rate and the state variable is controlled by the dimensionless parameters a and b,
respectively. The state evolution can be described by the aging law (Dieterich, 1979):

�̇� = 1 − V𝜃
L

(1)

where V is the slip rate 𝜃 is the state variable for rate-and-state friction, and L is the characteristic weak-
ening distance which controls the rate of weakening that occurs during frictional instabilities (Lapusta &
Barbot, 2012).
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Figure 11. Assessment of slip recovery in coseismic and afterslip rupture areas. Left column shows synthetic input slip
for (a) coseismic and (c) afterslip rupture areas. The tests show that the slip distribution in (b) coseismic and (d) afterslip
rupture areas is well estimated.

We consider the dynamics of frictional resistance of a fault plane (24 m both along strike and dip) with a
velocity-strengthening (VS, a − b> 0) area surrounding a circular (R = 3 m) velocity-weakening (VW, a− b <0)
asperity (Figure 12a). To simulate the slip evolution on the fault, we use the fully dynamic Boundary Inte-
gral Cycle of Earthquakes (BICyclE) program (Barbot et al., 2012; Jiang & Lapusta, 2016; Lapusta & Liu, 2009;
Noda & Lapusta, 2010; Veedu & Barbot, 2016). The friction parameter (a = 0.01), the plate loading rate
(Vpl = 3 cm yr−1), the effective confining pressure (�̄� = 50 MPa), and the rigidity (G = 30 GPa) are considered
uniform. The stress drop in the velocity-weakening area is strongly controlled by the combination of param-
eters (b − a)�̄�, and the dynamics of fault slip are unstable when the asperity size is greater than the critical
nucleation size (Dieterich, 1979; Marone, 1998; Rubin & Ampuero, 2005; Rice & Ruina, 1983; Ruina, 1983):

h∗ = 𝜋GbL
2(b − a)2�̄�

(2)

We present three models with different parameters (b − a)�̄� and critical nucleation size h* (Table 2) to illustrate
the effect of these parameters on the extent of the overlap. We consider the coseismic interval as the period
during which significant energy is radiated, that is, for slip velocities that exceed the critical slip rate (Noda &
Hori, 2014):

Vdyn = 2Vs
a�̄�
G

(3)
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Figure 12. (a) A velocity-strengthening (VS, a-b > 0) fault plane contains a single velocity-weakening (VW, a-b < 0)
asperity at the center of the fault. We simulate slip evolution on this fault in three different cases with different (b-a)�̄�
and critical nucleation size h*. We then plot cross sections of coseismic and afterslip profiles along the dashed lines.
(b) Yellow area shows normalized coseismic slip, and blue lines are plotted afterslip profiles for selected times listed in
hours after the coseismic event. Hatched area denotes overlap between the coseismic and postseismic slips. The VW
asperity becomes more unstable from model 1 to model 3 as (b-a)�̄� increases and h* decreases, leading to increasing
average stress drops (Δ𝜏 , calculated using the spatial average of stress drop distribution approach of Noda et al., 2013).
These conditions result in coseismic slip that propagates farther to the VS region, causing larger overlap between
coseismic slip and afterslip.
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Table 2
Rate-and-State Friction Parameters Used in Dynamic Simulations and Resulting Average
Stress Drop

L (μm) b h* (m) (b − a) �̄� (MPa) Stress drop (MPa)

Model 1 2 0.014 1.6 0.2 3

Model 2 5.5 0.02 1.0 0.5 6

Model 3 20 0.05 0.6 2 15

where Vs is a shear wave speed of 3,000 ms−1. In all cases, we ignore the first two events of the simulation to
mitigate the impact of the choice of initial conditions.

In all the models presented here (Figure 12), the overlap is caused by the coseismic slip extending into the
velocity-strengthening regions, not by afterslip propagating into the velocity-weakening region. For refer-
ence, the model with the largest h* in the VW asperity and the smallest parameter (b − a)�̄� produces a rupture
that propagates little into the VS regions (model 1), resulting in no significant overlap between coseismic and
postseismic slip. Models with decreasing values of h* and larger parameter (b − a)�̄� result in more energetic
ruptures that propagate farther into the velocity-strengthening regions (models 2 and 3). In model 2, the
coseismic slip extends to a radius that is 50% larger than the velocity-weakening region in the along-strike
direction. In model 3, which has the lowest value of h* and the largest parameter (b − a)�̄�, the rupture extends
around twice the width of the velocity-weakening region. We estimate the average stress drop of the simu-
lated ruptures using the method of Noda et al. (2013) whereby the stress change is weighted by a quantity
proportional to the local coseismic slip (Table 2). When the rupture extends over both velocity-weakening and
velocity-strengthening regions, the rupture produces a static stress drop that is an average of negative stress
change in the velocity-weakening regions and positive stress change in the velocity-strengthening regions.
Hence, the static stress drop associated with the rupture is reduced compared to that of ruptures confined to
velocity-weakening regions. As a result, the static stress drop estimated from the spatial distribution of coseis-
mic slip may not always be representative of the frictional properties of the velocity-weakening regions. The
excursion of the elastodynamic rupture into the velocity-strengthening region is facilitated in some cases by
the rupture directivity. The direction of propagation is updip in models 2 and 3, and we also find more overlap
in the updip direction.

7. Discussion

The 2008 Mw 7.2 North Pagai earthquake ruptured the middle section of the Mentawai patch only partially.
Possible explanations for the partial rupture include the following. First, Philibosian et al. (2014, 2017) suggest
that heterogeneities in fault frictional properties in the Mentawai patch act as barriers to rupture, and thus the
Mentawai patch persistently breaks in a sequence of partial ruptures. Second, Hubbard et al. (2016) and Qiu
et al. (2016) show that local fault morphology can result in partial rupture of fully locked patches; they show
that the rupture that generated the 2015 Gorkha (Nepal) earthquake may have been bounded on all sides
by ramps on the fault and that the halting effect of geometry on rupture propagation can be predicted by
earthquake cycle models. It is possible that the 2008 event was also bounded by morphological features on
the slab, but we do not currently have the information on slab geometry needed to assess this. Third, Michel
et al. (2017) suggest that partial rupture is possible even without structural control; they show that numerical
simulations using a simple fault can produce partial ruptures if the ratio of the nucleation size and width of
the velocity-weakening patch is smaller than ∼0.08. Distinguishing the true mechanism from among these
possible explanations will require additional data such as a high-quality seismic network, high-resolution
bathymetry, and seismic reflection data to reveal more details about the subducting slab.

We show that the estimated afterslip following the 2008 event partially overlaps the updip region of its coseis-
mic rupture area. Similar overlapping cases were also inferred for afterslip following the 2011 Tohoku-Oki
earthquake (Johnson et al., 2012, 2016), the 2010 Maule earthquake (Bedford et al., 2013), the 2015 Illapel
earthquake (Barnhart et al., 2016; Shrivastava et al., 2016), the 2007 Bengkulu earthquake (Tsang et al., 2016),
and the 2010 Mentawai earthquake (Feng et al., 2016). In the Mentawai patch, afterslip following the recent
earthquakes does seem to have a preference to overlap. In Figure 13, we plot slip distributions for all the
recent earthquakes in the Mentawai patch and their afterslip. A moderate amount of afterslip (∼1–2 m)
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Figure 13. Slip distributions of the recent earthquakes in the Mentawai patch are plotted as 1 m slip interval black
contour lines. Afterslip of the 2007 event (background color) (Tsang et al., 2016) overlaps with the 2007 mainshock
area. To the west of Pagai Islands, afterslip of the 2010 event (outlined with black solid line) (Feng et al., 2016) partially
overlaps the 2010 coseismic area, the mainshock and afterslip of the 2008 event (outlined with black-dashed line),
and also the area that slipped during the mainshock and afterslip of the 2007 event. Fracture zones are from
Wessel et al. (2015).

following the 2007 event is estimated to overlap the 2007 mainshock rupture area (Tsang et al., 2016), and the
estimated afterslip following the 2010 event partially overlaps the 2010 coseismic area, the mainshock and
afterslip of the 2008 event, and the area that slipped during the mainshock and afterslip of the 2007 Bengkulu
earthquake (Feng et al., 2016).

The models presented in Figure 12 corresponding to a single asperity embedded in a velocity-strengthening
region represent a conceptual framework to understand the dynamics of the Pagai earthquake sequence,
and in particular how the coseismic and afterslip can overlap to such a degree. However, the geometry of
the megathrust (Qiu et al., 2016), the spatial distribution of frictional properties (Noda et al., 2013), and the
complex history of faulting in the region (Feng et al., 2016; Tsang et al., 2016; Wiseman & Bürgmann, 2011)
complicate the mechanical behavior. In addition, some of the overlap in the coseismic and postseismic slip
may be due to the smoothing applied in our geodetic inversion. Despite these caveats, we interpret the earth-
quake sequence of the Pagai earthquake in light of the simplified rate-and-state models presented above
(Figure 12). The stress drop of the Pagai earthquake, estimated in the range 1–2 MPa depending on smoothing
using the method of Noda et al. (2013), is relatively low and is probably the result of averaging stress change
in velocity-strengthening and velocity-weakening coseismic slip areas. The extent of the coseismic rupture
that does not overlap with the afterslip distribution may represent the velocity-weakening region near Pagai,
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and the critical nucleation size must be significantly smaller. Similar to our simplified models, we observe more
overlap in the direction of rupture propagation, which may be updip in this case as inferred by high-rate GPS
solutions in Figure 4.

The in situ conditions in the Mentawai patch that promote this behavior are unclear. However, it is possible
that subducted topographic highs, such as a seamount (Singh et al., 2011) or a fracture zone (Graindorge
et al., 2008; Lange et al., 2010), may cause heterogeneous stresses that result in locally large values of (b-a)�̄�
(Wang & Bilek, 2014). Then resulting smaller but more energetic ruptures would likely propagate further into
the surrounding velocity-strengthening regions.

8. Conclusion

The 2008 Mw 7.2 North Pagai earthquake partially ruptured a small area in the middle of the Mentawai patch,
where interseismic coupling has been estimated to be high. We use GPS and InSAR data to develop a coseismic
model and 5.6 years of cumulative GPS displacements to develop an afterslip model. The results suggest that
the estimated afterslip partially overlaps the coseismic rupture, and our rate-and-state models imply that part
of the coseismic rupture that does not overlap with the afterslip may represent a velocity-weakening region,
while the overlapping part may represent a velocity-strengthening region.
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