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S U M M A R Y
The Wharton Basin, off southwest Sumatra, ruptured to a large intraplate left-lateral strike-
slip Mw 7.8 earthquake on 2016 March 2. The epicentre was located ∼800 km to the south of
another similar-mechanism intraplate Mw 8.6 earthquake in the same basin on 2012 April 11.
Small tsunamis from these strike-slip earthquakes were registered with maximum amplitudes
of 0.5−1.5 cm on DARTs and 1−19 cm on tide gauges for the 2016 event, and the respective
values of 0.5−6 and 6−40 cm for the 2012 event. By using both teleseismic body waves
and tsunami observations of the 2016 event, we obtained optimum slip models with rupture
velocity (Vr ) in the range of 2.8–3.6 km s−1 belonging to both EW and NS faults. While the EW
fault plane cannot be fully ruled out, we chose the best model as the NS fault plane with a Vr of
3.6 km s−1, a maximum slip of 7.7 m and source duration of 33 s. The tsunami energy period
bands were 4−15 and 7−24 min for the 2016 and 2012 tsunamis, respectively, reflecting the
difference in source sizes. Seismicity in the Wharton Basin is dominated by large strike-slip
events including the 2012 (Mw 8.6 and 8.2) and 2016 (Mw 7.8) events, indicating that these
events are possible tsunami sources in the Wharton Basin. Cumulative number and cumulative
seismic-moment curves revealed that most earthquakes are of strike-slip mechanisms and the
largest seismic-moment is provided by the strike-slip earthquakes in this basin.

Key words: Tsunamis; Indian Ocean; Fourier analysis; Numerical modelling; Earthquake
source observations; Seismicity and tectonics.

1 I N T RO D U C T I O N

A large strike-slip earthquake occurred within the Wharton Basin,
offshore southwest of Sumatra, Indonesia on 2016 March 2. The
moment magnitude, Mw, was reported as 7.8 with an epicen-
tre located at 94.330◦E and 4.952◦S and a depth of 24.0 km by
the United States Geological Survey (USGS) (red star in Fig. 1).
The origin time was 12:49:48 UTC. A small tsunami was generated
following the 2016 earthquake with zero-to-peak amplitude of up
to 19 cm on the examined tide gauge stations (Fig. 1d). Deep-ocean
Assessment and Reporting of Tsunami (DART) gauges recorded
amplitudes up to 1.5 cm (Fig. 1d). Lay et al. (2016) used seismic
records of the 2016 earthquake and reported a bilateral rupture on
a NS-striking fault dipping eastward with a velocity of ≤ 2 km
s−1 and duration of ∼35 s. Gusman et al. (2017) applied a joint
teleseismic-tsunami inversion to propose a NS-striking fault dip-
ping westward with a rupture velocity of 2.0 km s−1. The 2016

earthquake occurred ∼800 km to the south of the twin large strike-
slip earthquakes on 2012 April 11 (Mw 8.6 and 8.2 with around
two hours of time intervals, Fig. 1). The 2012 Mw 8.6 event was
the largest ever-recorded intraplate earthquake (Yue et al. 2012).
The rupture pattern of the 2012 Mw 8.6 earthquake consisted of
several orthogonal faults (Meng et al. 2012; Satriano et al. 2012;
Wang et al. 2012; Wei et al. 2013); making this event as one of the
most complex ruptures ever recorded. The Warton Basin ruptured
to other large strike-slip earthquakes in 1928 (Mw 7.7), in 1949 (Mw

6.8), and in 2000 (Mw 7.9) (Fig. 1).
While giant/great earthquakes are typical of subduction plate

boundaries characterized by thrust-fault mechanisms, occurrence
of the large intraplate strike-slip earthquakes off Sumatra have at-
tained significant attention in the scientific community (Abercrom-
bie et al. 2003; Duputel et al. 2012; Yue et al. 2012; Wei et al. 2013;
Aderhold & Abercrombie 2016; Gusman et al. 2017). The epicen-
tral area of the aforesaid earthquakes is named as the Wharton
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Figure 1. (a) Epicentres and mechanisms of the large strike-slip intraplate earthquakes in the Wharton Basin along with the locations of the DART and tide
gauge stations used in this study. Focal mechanisms are from GCMT catalogue. The focal mechanisms for the 1928 and 1949 are from Petroy & Wiens (1989).
TTT stands for tsunami travel time. (b) Inset showing the tectonic and bathymetric features along with north–south trending fracture zones. (c) Teleseismic
stations used in this study to analyse the 2016 earthquake including both P (cyan circles) and SH (green circles) waves. (d,e) Tsunami waveforms for the 2012
and 2016 tsunamis, respectively.

Basin, located between the Sunda Trench to the east and the Ninety
East Ridge to the west including several north–south (NS) trending
fracture zones (Fig. 1b). The strike-slip seismicity in the Whar-
ton Basin can be attributed to the activities of these fracture zones
(Abercrombie et al. 2003; Wiseman & Burgmann 2012). Analysis of
seismic profiles from the Wharton Basin revealed active left-lateral
NS strike-slip faults (Deplus et al. 1998; Qin & Singh 2015).

The purpose of this study is to understand the tsunamigenic po-
tential of large strike-slip earthquakes in the Wharton Basin by in-
vestigating the March 2016 and April 2012 events. In this context,
we employed teleseismic and tsunami observations of the 2016 off
Sumatra event and applied teleseismic body wave inversions and
forward tsunami simulations to infer the source slip distribution.
Then, we compared the tsunami waveforms and spectral properties
of the 2016 and 2012 events. Finally, seismicity analysis was em-
ployed to shed some lights on the seismicity pattern in the Wharton
Basin.

2 M E T H O D S A N D DATA

We first applied teleseismic body wave inversion in order to es-
timate the slip distribution of the earthquake; then employed

forward tsunami simulations using the inverted slip distributions
in order to examine the agreement between observed and simulated
tsunami waveforms (Heidarzadeh et al. 2015). To characterize the
tsunami waves, we performed Fourier analysis. Finally, we con-
ducted seismicity analysis in order to analyse the seismicity pattern
in the Wharton Basin. The data used here were 87 teleseismic body
waves (63 P-waves and 24 SH waves) (Fig. 1c) and nine sea level
records (four DART and five tide gauge records) (Fig. 1) as well as
earthquake catalogue by Global Centroid-Moment-Tensor Project
(GCMT).

Teleseismic inversion was conducted by applying the Kikuchi &
Kanamori’s (1991) method to the vertical components of the far-
field P and SH waves (at distances between 30◦ and 100◦ from the
source) which were bandpass filtered in the range of 0.004–1.0 Hz.
We used GCMT focal mechanism solution for this earthquake as
strike = 5◦ and dip = 90◦. We examined both NS and east–west
(EW) striking fault planes for two reasons: first the aftershocks
are sparse and are not conclusive; second, the Wharton Basin has
past experience of rupturing on both NS- and EW-striking faults
(e.g. Meng et al. 2012). Subfaults with dimensions of 10 km (along
strike) × 8 km (along dip) were used for teleseismic inversion
allowing each subfault to rupture for a maximum duration of 7.5 s
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Figure 2. Results of teleseismic body wave inversions using different rupture velocities for the north–south striking fault. (a) Bathymetry and location of the
fault. Blue contours are the 5000 m water depth contour. (b–d) From left to right: slip distribution and source–time (moment-rate) function for various models
having Vr = 2.0, 3.6 and 4.0 km s−1, respectively. Green circles show one-week aftershocks.

using four rise-time triangles; each having 3 s duration and 1.5 s
of overlaps between them. Teleseismic inversions were performed
for thirteen rupture velocities (Vr ) from 1.6 to 4.0 km s−1 with
0.2 km s−1 intervals for both NS and EW-striking fault planes. Slip
distributions were obtained for each Vr . The purpose was to examine
which fault plane (i.e. NS- or EW-striking plane) and which slip
distribution better reproduce the tsunami observations. We mention
here that what makes the difference in simulated tsunami waveforms
is not rupture velocity itself but the slip distribution estimated by
teleseismic waveform inversion assuming different rupture velocity
(e.g. Gusman et al. 2015).

Nonlinear shallow water model of Satake (1995) was applied for
tsunami simulations using 30 arc-sec bathymetry data of GEBCO
(Intergovernmental Oceanographic Commission et al. 2003). We
utilized a time step of 1.0 s in our nonlinear simulations. Crustal de-
formation was calculated using Okada (1985) formula. Normalized
Root Mean Square (NRMS) misfit was used to quantify the match
between observations and simulations (Heidarzadeh et al. 2016a).
We applied the averaged modified-periodogram method of Welch
(1967) for Fourier analysis using 2 hr long segment of the tsunami
waveforms and considering Hamming window and 50 per cent of
overlaps (e.g. Heidarzadeh & Satake 2014). Geoware’s (2011) soft-
ware was used for tsunami travel time analysis.

3 S O U RC E M O D E L O F T H E M A RC H
2 0 1 6 O F F S U M AT R A E A RT H Q UA K E

Results of teleseismic inversions for NS- and EW-striking faults us-
ing different Vr are shown in Figs 2 and 3, respectively. The teleseis-
mic waveform-fits between the observed and synthetic waveforms

are shown in Supporting Information Figs S1–S3 for three cases of
Vr = 2.0, 3.6 and 4.0 km s−1 for the NS fault. It can be seen that
the waveform-fits look similar for different models. The teleseis-
mic NRMS misfits were 0.563, 0.573 and 0.577 for the aforesaid
models, respectively, and the NRMS misfit considering all models
for both NS and EW faults is almost a horizontal line (filled-black
and open-red circles in Fig. 3e). The source-time functions indicate
that the rupture duration decreases from 40 s for model Vr = 2 km
s−1 to 30 s for model Vr = 4 km s−1 (Figs 2–4). A trade-off can be
seen among Vr , source duration and NRMS (Fig. 4): by increasing
Vr , source duration decreases whereas NRMS increases. Although
the waveform-fits and NRMS are very close to each other for all
models, Figs 2 and 3 show that the maximum slip decreases and the
slip area expands by increasing the rupture velocity. In other words,
although the slip distributions are different (Figs 2 and 3), the tele-
seismic waveform-fits remain similar for various models (Fig. 3e)
which makes it difficult to choose the best slip model among the 26
source models. Therefore, we performed tsunami simulations using
the 26 slip models obtained from teleseismic inversions for both NS
and EW faults (Figs 5 and 6 and Supporting Information Fig. S4).

Tsunami simulations showed that the simulated waves are signif-
icantly different from one model to another at some stations (Figs 5
and 6 and Supporting Information Fig. S4). For instance, the simu-
lated tsunami amplitudes at Cocos Island for model Vr = 2 km s−1

(Fig. 5a) is more than twice larger than that for model Vr = 4.0 km
s−1 (Fig. 5c). For DART records of 23227 and 23401, the simulated
waveforms from the NS fault with Vr = 2 km s−1 lack the first
elevation wave (Fig. 5a) whereas it is clear in models Vr = 3.6 and
4 km s−1 (Figs 6b and c). NRMS misfits for tsunami simulations
vary in a wide range whereas they are almost on a horizontal line
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Figure 3. Results of teleseismic body wave inversions using different rupture velocities for the east–west striking fault. (a) Bathymetry and location of the
fault. Blue contours are the 5000 m water depth contour. (b–d) From left to right: slip distribution and source–time (moment-rate) function for various models
having Vr = 2.0, 3.6 and 4.0 km s−1, respectively. Green circles show one-week aftershocks. (e) Normalized root-mean-square misfits for teleseismic and
tsunami results for both NS and EW faults and for various source models.
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Figure 4. Trade-off among rupture duration, rupture velocity and teleseismic NRMS misfits.

for teleseismic inversions (Fig. 3e). The tsunami NRMS misfits of
the NS fault for the three models of Vr = 2.0, 3.6 and 4.0 km s−1

are 1.58, 0.96 and 1.0, respectively. The respective values for the
EW fault are: 1.24, 0.98 and 1.18. EW models are better at ve-
locities of 1.6, 1.8, 2.0, 2.2, 2.8, 3.4 and 3.8 km s−1 while the NS
models produce better fits at 3.0, 3.2, 3.6 and 4.0 km s−1. Tsunami
simulations for both NS- and EW-striking faults point to the model
Vr = 3.6 km s−1 as the best model with similar NRMS misfits. Be-
cause the differences in tsunami NRMS misfits is small for both NS
and EW faults in the range of Vr = 2.8–3.6 km s−1, these models
are named as optimum models in Fig. 3(e). It is difficult to choose
the best model or best fault plane out of the current results. The
NS-striking fault gives good simulation results at DARTs 23401,
56001 and 56003 (Fig. 5b); the EW-striking fault produces better
results in Cocos Is., and DARTs 23227 and 23401 (Fig. 6b). Lack
of resolution to clearly distinguish between the NS and EW faults
can be attributed to the small size of the tsunami and the sparse
distribution of the tsunami gauges. We pick the model Vr = 3.6 km
s−1 from the NS-striking fault (Figs 2c and 5b) as the best model
because it is the optimum point in tsunami NRMS plot (Fig. 3e)
for both earthquake and tsunami data. The maximum and average
slips of this model are 7.7 and 2.3 m, respectively (Fig. 3c). Source
duration is 33 s and the peak of the source-time function occurs at
15 s.

The optimum rupture velocity of 2.8–3.6 km s−1 for this in-
traplate strike-slip earthquake (Fig. 3e) confirms previous results by
Heidarzadeh et al. (2016b) that intraplate earthquakes tend to have
higher Vr (>2.0 km s−1) compared to interplate events (<2.0 km
s−1). Although the rupture duration, source-time function and rup-
ture dimensions reported here fairly agree with those reported by
Lay et al. (2016) and Gusman et al. (2017), our optimum Vr of 2.8–
3.6 km s−1 is higher than that of Vr ≤ 2 and Vr = 2 km s−1 by Lay
et al. (2016) and Gusman et al. (2017), respectively. This is possibly
due to different datasets and methods used in these studies. We used
a combination of seismic and tsunami observations whereas Lay
et al. (2016) relied solely on seismic data. In addition, we applied
forward tsunami modelling while Gusman et al. (2017) applied joint
inversion of seismic and tsunami waveforms. It is natural that dif-
ferent methods result in different Vr values as it was the case for the
2011 off-Tohoku (Japan) Mw 9.0 earthquake where a Vr in the range
of 1.2−4 km s−1 was reported by different authors (Heidarzadeh
et al. 2016b). A detailed sensitivity analysis by Gusman et al. (2017,
fig. S12) showed that the NRMSs are generally smaller for larger

Vr if the weights for tsunami data are larger or smaller than their
choice in the joint inversion. Our largest slip value of 7.7 m is close
to that of 9 m reported by Gusman et al. (2017), but is smaller to the
respective value ∼13 m by Lay et al. (2016). The match between
simulated and observed tsunami waveforms is not as good as those
achieved in other studies for tsunamigenic thrust earthquakes. This
could be attributed to several factors such as (1) strike-slip earth-
quakes produce smaller seafloor vertical deformation compared to
similar-size thrust events, and (2) initial seafloor deformation due
to strike-slip events is more complicated as it includes four poles of
uplift and subsidence whereas it is usually dipole for thrust events.

4 C O M PA R I S O N O F T H E 2 0 1 2 A N D 2 0 1 6
O F F S U M AT R A T S U NA M I S

Fig. 4 compares the observed waveforms and spectra of the 2012
and 2016 off Sumatra tsunamis. The maximum tsunami amplitudes
were 0.5–1.5 cm on DARTs and 1–19 cm on tide gauges for the
2016 tsunami. The respective values were 0.5–6 and 6–40 cm for the
2012 tsunami (for the first tsunami on 2012 April 11 at 8:38, Fig. 1).
Two DART records of 23227 and 23401 for the 2012 tsunami are
not clear enough because of high noise level.

Fourier analysis showed that the 2016 tsunami’s energy was in
the period band of 4–15 min with clear peaks at ∼6 and ∼10 min
(shaded area in Fig. 4b). For the 2012 tsunami, the period band
was 7–24 min with peak periods at ∼10 and ∼18 min (shaded area
in Fig. 4c). It can be seen that the 2012 tsunami’s peak periods
are noticeably longer than those of the 2016. The spectra of two
tsunamis are overlaid in Fig. 4c revealing that both tsunamis have a
common peak period at ∼10 min while the peak period of ∼18 min
appears only in the spectrum of the 2012 tsunami (see brown-dashed
and solid-black spectra in Fig. 4c, bottom).

Tsunami peak periods are influenced by the dimensions of the
co-seismic seafloor deformation (i.e. the larger the seafloor defor-
mation area, the longer the period), water depth at the source area
(i.e. the larger the water depth, the shorter the period), as well as
bathymetry during the propagation and around the recorded stations
(Heidarzadeh & Satake 2014). The water depths at the source area
are ∼5000 and ∼4400 m for the 2016 (Fig. 2) and 2012 (Fig. 1)
events, respectively, indicating that water depth is equally affecting
the peak periods of both events. The propagation paths between
the tsunami sources and recording sites are also similar. Therefore,
the longer tsunami periods of the 2012 event can be attributed to
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Figure 5. Results of tsunami simulations using slip distributions estimated by teleseismic waveform inversion with different rupture velocities for NS striking
fault. Top row show seafloor deformations. Black and red waveforms are observed and simulated waveforms, respectively. The blue lines on top of some
waveforms indicate stations and waveforms lengths used for NRMS misfit calculations.

the larger size of its seafloor deformation because it was generated
by a larger earthquake (Mw 8.6) compared to the 2016 earthquake
(Mw 7.8).

The peak periods of tsunami can be inverted to provide estimates
of dimensions of tsunami source area (Rabinovich 1997; Rabinovich
et al. 2008; Heidarzadeh & Satake 2013). The source dimensions
of the 2016 event can be estimated from its peak periods of 6 and
10 min and by considering the water depth of ∼5000 m at the source
area (Fig. 2). Using eq. (5) of Heidarzadeh & Satake (2015), the
source dimensions are estimated at 40 km × 70 km, which are close
to the large-slip area of 48 km × 90 km determined by teleseismic

inversion (previous section). Such a rough estimate looks difficult
to be made for the source of the 2012 tsunami because it contains
three orthogonal faults with various lengths (Meng et al. 2012; Wei
et al. 2013).

5 S E I S M I C I T Y O F T H E W H A RT O N
B A S I N

We studied the seismicity of the Wharton Basin using the available
focal mechanism solutions of earthquakes in the period 1976–2016
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Figure 6. Results of tsunami simulations using slip distributions estimated by teleseismic waveform inversion with different rupture velocities for EW striking
fault. Top row show seafloor deformations. Black and red waveforms are observed and simulated waveforms, respectively. The blue lines on top of some
waveforms indicate stations and waveforms lengths used for NRMS misfit calculations.

from the GCMT catalogue (Figs 8 and 9). We divided available
focal mechanism solutions into four fault-types using the crite-
ria by Frohlich (1992). It is obvious that the strike-slip events are
dominantly distributed in the Wharton Basin: while the numbers
of thrust and normal earthquakes are 10 and 12, respectively, the
numbers of strike-slip and oblique events are 74 and 44, respec-
tively (Fig. 8). In other words, by excluding the oblique events,
70 per cent of the earthquakes in the Wharton Basin occurred in
the form of strike-slip events. Normal-fault earthquakes occurred
only in the outer-rise region near the Sunda Trench (Fig. 8c). These
characteristics are consistent with previous studies (e.g. Petroy &
Wiens 1989; Qin & Singh 2015). Fig. 9(a) presents the magnitude-

time and cumulative frequency curves by considering only strike-
slip and oblique events. The total cumulative frequency curve
(black curve) reveals three sudden increase in seismicity which
are attributed to the 2000 (Mw 7.9, strike-slip), 2004 (Sumatra-
Andaman Mw 9.1; subduction-thrust; see Fig. 1 for location), and
2012 (Mw 8.6 and 8.2, strike-slip) events. A sharp increase in
seismicity of northern Wharton Basin (latitude > −1◦) is ob-
served following the 2012 twin events (blue curve in Fig. 8e).
Wiseman & Burgmann (2012) showed that the adjacent 2004
Sumatra–Andaman Mw 9.1 earthquake loaded the Wharton Basin
and has facilitated the occurrence of strike-slip events within this
basin.

Downloaded from https://academic.oup.com/gji/article-abstract/211/3/1601/4209238
by Brunel University London user
on 20 December 2017



1608 M. Heidarzadeh et al.

Figure 7. Comparison of the waveforms and spectra of the 2012 and 2016 off Sumatra tsunamis. (a) The observed waveforms of the 2012 and 2016 tsunamis.
The time on the x-axis is from the origin time of the 2016 tsunami while the time of the 2012 event is shifted. (b) The spectra for the 2012 and 2016 tsunamis.
The average spectra shown at the bottom row are normalized average. The term ‘Back.’ represents spectrum of background sea level waveforms. For the 2016
tsunami, the background spectrum is based on only the record of the Cocos Island station.

Cumulative frequency curves for various types of earthquakes
and triangle diagram also indicate that most earthquakes are of
strike-slip mechanism (Figs 9b and d). According to Fig. 9(c), strike-
slip events provided the largest seismic moment in the Wharton
Basin. It can be noted that increases in the number of strike-slip
events in post 2004 and 2012 earthquakes (Figs 9a and b) are not
visible in the cumulative seismic moment diagrams (Fig. 9c). A
decade before the 2004 Sumatra-Andaman earthquake, strike-slip
and oblique events started to increase (Fig. 9b). Further studies are
necessary to examine whether this change is apparent or not.

6 C O N C LU S I O N S

We studied the 2016 March 2 off southwest Sumatra tsunamigenic
earthquake and compared it with the 2012 April 11 event in the same
region in order to achieve insights into the tsunamigenic potential of
large strike-slip earthquakes in the Wharton Basin (Indian Ocean).
Main results are:

(1) A source model is proposed for the March 2016 strike-slip
earthquake using both teleseismic body waves and tsunami obser-
vations. The orientation of the fault was not fully constrained in
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Figure 8. Focal mechanisms of earthquakes in the Wharton Basin since 1976 from GCMT catalogue for various types of earthquakes. The horizontal dashed
line in panel ‘c’ at the latitude of –1◦ is the assumed border between northern and southern parts of the Wharton Basin.

this study; we obtained a group of optimum models in the range
Vr = 2.8–3.6 km s−1 belonging to both EW and NS faults. Our
best model had a Vr of 3.6 km s−1 from the NS-striking fault plane.
The maximum and average slip values were 7.7 and 2.3 m, respec-
tively, with source duration of 33 s. Lack of resolution to clearly
distinguish between the NS and EW faults can be attributed to the
small size of the tsunami and the sparse distribution of the tsunami
gauges.

(2) Clear tsunami signals were recorded on DARTs and tide
gauges within the Indian Ocean for both 2012 and 2016 tsunami
although both had strike-slip mechanisms. The maximum tsunami
amplitudes were in the ranges of 0.5–19 and 0.5–40 cm for the 2016
and 2012 tsunamis, respectively.

(3) The peak tsunami periods were 6 and 10 min for the 2016
event whereas they were 10 and 18 min for the 2012 event. The
longer tsunami peak periods of the 2012 tsunami can be attributed
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Figure 9. (a) Magnitude-time diagram (left axis) and cumulative frequency curves (right axis) for the seismicity (only strike-slip and oblique events) of
northern (blue circles and curve) and southern (red circles and curve) Wharton Basin. The black curve shows the cumulative frequency curve for the entire
Wharton Basin. (b) Cumulative number of earthquakes for various types of the earthquakes. (c) Cumulative seismic moment of earthquakes for various types
of the earthquakes. (d) The triangular diagrams of the earthquake focal mechanisms.
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to the larger size of the earthquake which generated larger seafloor
deformation area.

(4) Our cumulative number and cumulative seismic-moment
curves for various types of earthquakes revealed that strike-slip
events dominate and the largest seismic-moment is provided by the
strike-slip earthquakes in this basin.
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Figure S1. Results of teleseismic body-wave inversion for the
2016 March 2 Wharton Basin earthquake using rupture velocity
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of 2.0 km s−1 showing observed (black) and computed (red) wave-
forms for the NS-striking fault.
Figure S2. Results of teleseismic body-wave inversion for the
2016 March 2 Wharton Basin earthquake using rupture velocity
of 2.8 km s−1 showing observed (black) and computed (red) wave-
forms for the NS-striking fault.
Figure S3. Results of teleseismic body-wave inversion for the
2016 March 2 Wharton Basin earthquake using rupture velocity
of 4.0 km s−1 showing observed (black) and computed (red) wave-
forms for the NS-striking fault.

Figure S4. Results of tsunami simulations for the 2016 March 2
Wharton Basin tsunami using various rupture models showing ob-
served (black) and simulated (red) waveforms for the NS-striking
fault.
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