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Supplemental Material

Beginning on 30 June 2021, hundreds of earthquakeswere detected beneath Semangko
Bay in southernmost Sumatra, which is located adjacent to the Sunda Strait, a narrow
sea passage that separates the islands of Java and Sumatra. A number of these earth-
quakes were large enough to be felt by people living in the city of Lampung, some
100 km to the east. In terms of magnitude and temporal distribution, the earthquakes
did not follow a typical mainshock–aftershock sequence because the onset was marked
by a cluster of five earthquakes with local magnitudes that ranged between 4.2 and 4.6,
followed by a rapid decay in the number of detected events. We have relocated 254 of
the 258 earthquakes that were recorded between 30 June and 14 July 2021, with a local
magnitude range between ML 0.9 and 4.6, using the double-difference relocation
method (hypoDD); focal mechanisms were also determined for a subset of events with
a magnitude > 4. Our results show that the seismicity pattern and focal mechanism sol-
utions are more consistent with a multiple event episode caused by the rupture of sev-
eral antithetic faults that have a similar strike to the west Semangko fault in
southernmost Sumatra rather than a single fault plane. These faults appear to be part
of a small graben system located beneath Semangko Bay, which was likely activated by
ongoing extension in the Sunda Strait.

Introduction
Southernmost Sumatra (Fig. 1) lies within a transitional zone
that accommodates a change from oblique subduction of
the oceanic Indo-Australian plate beneath Sumatra to nearly
trench-perpendicular subduction beneath Java (Hamilton,
1979). Structural control of the Sumatra mainland is domi-
nated by the great Sumatra fault, extending from the
Andaman transform fault system in the north to the Sunda
Strait in the south. The great Sumatra fault has been separated
into 19 segments that exhibit differential motion (Sieh and
Natawidjaja, 2000), although this was recently updated to
40 segments (Irsyam et al., 2017). Based on paleomagnetic
data, the opening of the Sunda Strait likely occurred during
the Pliocene as a result of clockwise rotation of Sumatra with
reference to Java (Ninkovich, 1976; Nishimura et al., 1986;
Mukti, 2018). This may have accelerated transtensional defor-
mation of the Semangko graben in the western Sunda Strait
and transpressional deformation of the Krakatau graben in

the eastern Sunda Strait (Schlüter et al., 2002). Apart from
the rotation of Sumatra, the formation of Sunda Strait is also
associated with clockwise motion of the Sumatra sliver plate
(Huchon and Le Pichon, 1984), a forearc wedge separated
by the subduction thrust, and a strike-slip fault that
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accommodates trench-parallel slip in the overriding plate.
Based on multichannel reflection seismic data, Schlüter et al.
(2002) suggest that besides the Semangko graben, what they
identify as the Krakatau graben is now covered by volcanic
material. Graben formation in this area is closely related to
the stepover zone between the great Sumatra fault and the
Ujung Kulon fault (Susilohadi et al., 2009).

Based on their relative timing and ranges of magnitudes,
seismic sequences have been classified by Mogi (1963) into
three types, that is, (1) foreshocks–mainshock–aftershocks;
(2) mainshock–aftershocks; and (3) swarm. Swarm earth-
quakes are typically characterized by continuous seismic
activity of relatively small magnitude without any major earth-
quakes. A mainshock is larger than any foreshock or after-
shock, but there is no universally accepted definition of the
minimum magnitude difference Δm. Based on earthquakes
recorded in New Zealand, Evison and Rhoades (1993) define
mainshocks (M1) in a mainshock–aftershock sequence
(M1;2;…;:N , in whichN is the number of events in the sequence)
to lie in the range M1–M3 ≥ 0:9 or M1–M3 � 0:8 and
M1–M4 ≥ 1:0, in which M1–4 > 3:6. Helmstetter and
Sornette (2003) investigate the applicability of Båth’s law,
which states that the average difference in magnitude between
a mainshock and its largest aftershock is 1.2 irrespective of the
magnitude of the mainshock using the epidemic-type after-
shock sequence model of seismicity. They find that it is a rea-
sonable approximation in a limited range of circumstances but
varies with aftershock productivity and mainshock magnitude.
However, for a variety of realistic parameters, mainshocks of
magnitude ∼4.5 tend to have an average Δm in the vicinity of 1.

Recently, an earthquake sequence took place in Semangko
Bay, southern Sumatra (Fig. 1), starting on 30 June 2021. As
of 14 July 2021, the Indonesian Agency for Meteorology,
Climatology, and Geophysics (Badan Meteorologi, Klimatologi,
dan Geofisika [BMKG]) recorded 258 events of local magnitude
(ML) <5 and an average depth >10 km. Even though these
earthquakes have not caused damage and economic loss, some
were felt and registered as high as II–III on the modified
Mercalli intensity scale.

In this study, we compute precise hypocenter locations and
focal mechanisms of events in the recent Semangko Bay earth-
quake sequence with the aim of determining the position,
geometry, slip, and origin of the underlying faults that have
ruptured.

Data and Method
The arrival-time dataset used in this analysis spans 30 June to
14 July 2021 and was collected from permanent BMKG seismic
network stations (Nanometrics Trillium 120Q seismometers
with a flat response between 120 s and 150 Hz, coupled with
Trident Digitisers with sampling rates of 20–50 Hz) in
southern Sumatra and western Java (Fig. 1). The quality of
the data at two typical sites is illustrated in Figure S2, available

in the supplemental material to this article, in the form of
probabilistic power spectral density plots, which demonstrate
the high signal-to-noise ratio across much of the short- and
long-period bands. As a result, 258 earthquakes with local
magnitudes of ML 0.9–4.6 (Fig. 2) were detected and located
in Semangko Bay based on the extraction of 1,972 P-wave and
1,462 S-wave arrival times from data recorded by 23 seismic
stations (see Fig. 1). Based on the magnitude and event distri-
bution as a function of time (Fig. 2), the seismicity does not
naturally conform to either a mainshock–aftershock sequence
or swarm seismicity. On one hand, it exhibits the typical expo-
nential decay in the number of events over time that is char-
acteristic of an aftershock sequence, yet it does not have an
obvious mainshock. Although the largest earthquake (ML 4.6)
occurs near the start of the sequence, it is accompanied by four
earthquakes (one before and three after) of ML > 4:2. This is
more in keeping with a “multiple event” sequence, as described
by Console et al. (2020), for which the onset of seismicity is
marked by several events that are of similar magnitude, fol-
lowed by a more typical aftershock sequence. Such sequences
have been observed in central Italy, and although the under-
lying physics is not well understood, it is thought that pore-
pressure diffusion of underground fluids may be a factor.
Our use of “multiple event” sequence is also consistent with
the study of Evison and Rhoades (1993), who define multiple
event sequences in New Zealand using the criteria M1–4 ≥ 3:3,
M1–M3 ≤ 0:7, or M1–M3 � 0:8, and M1–M4 ≤ 0:9, in which
the subscript refers to the temporal order of the earthquakes.

For the earthquake location task, BMKG used the LocSAT
linear inversion scheme (Bratt and Nagy, 1991), which is
embedded in the SeisComP3 program (Hanka et al., 2010)
and exploits the IASP91 reference velocity model (Kennett
and Engdahl, 1991). We then applied VELEST (Kissling et al.,
1994) to obtain a 1D velocity profile via a joint velocity-hypo-
center inversion that used CRUST 1.0 (Laske et al., 2013) (see
Fig. S1) as a starting model.

Following the application of VELEST, the double-difference
relocation method (hypoDD) program (Waldhauser, 2001) is
applied to relocate hypocenters using a double-difference
method (Waldhauser and Ellsworth, 2000). Underlying this
method is an assumption that the distance between earthquake
pairs is small compared with the distance to the respective sta-
tion that recorded them, thus permitting an approximation
that the corresponding ray paths essentially follow the same
trajectory. For each event, P and S arrival-time catalog data
were searched to identify paired events with similar travel
times. The hypocentral separation maximum was set to
50 km, the maximum number of neighbors per event was
set to 50, and the minimum number of links needed to define
neighbors was set to 8. We imposed a maximum distance
between cluster centroid and station of 150 km. These input
parameter choices were made after extensive testing to deter-
mine the combination of values that achieved the best results,
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noting that the final distribution of relocated hypocenters does
not change significantly across a reasonable range of input
values.

Similar to the article by Supendi et al. (2021), we assess loca-
tion uncertainty through application of a statistical resampling
scheme based on the “bootstrap” method (Efron, 1982;
Billings, 1994; Shearer, 1997). Using the final hypocenters
(Fig. 3), samples were randomly drawn (with replacement)
from the full set of observed residuals and used as replacements
for each measurement; events were then relocated with the
resampled dataset and the resultant shifts in location analyzed.
As part of this test, we also added Gaussian noise with a stan-
dard deviation 0.1 s to the data to simulate the effect of picking
error. The process was then repeated 200 times. The cumula-
tive result is summarized in Figure 4 where error ellipses are
plotted that contain 95% of the 200 points (for each event)
obtained from the bootstrap locations.

For selected events (ML > 4), we utilized the ISOLated
Asperities package (Sokos and Zahradnik, 2008) to invert wave-
form data from the BMKG stations (see inverted green triangles
in Fig. 1) to retrieve moment tensor solutions. This package
combines least squares minimization to constrain moment ten-
sor components and a grid search to determine location and

Figure 1. Map of the study area (within the black box). The green
inverted triangles are Badan Meteorologi, Klimatologi, dan
Geofisika (BMKG) stations in southern Sumatra and western
Java. The red traces denote major crustal faults in the region
sourced from Irsyam et al. (2017). Fault name abbreviations: ESF-
A, east Semangko fault-A; ESF-B, east Semangko fault-B; SG,
Semangko graben; UKF, Ujung Kulon fault; WSF, west Semangko
fault. The regional location of the study area is indicated in the
inset. The color version of this figure is available only in the
electronic edition.
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origin time. The observed waveforms were preprocessed using a
band-pass filter between 0.04 and 0.08 Hz, which was chosen
based on trial and error to achieve the best waveform fitting.
The data-processing stage of the source mechanism analysis
is as follows: (1) convert data from Seismic Analysis Code to
American Standard Code for Information Interchange format,
(2) input the earthquake hypocenter locations (longitude, lati-
tude, and depth) and origin times, (3) select stations, (4) remove
the instrument response, (5) calculate the Green’s function using
the discrete-wavenumber method (Bouchon, 1981) to create a
synthetic signal based on the velocity model, and (6) trial a
specified range of source depths and origin times. For each trial,
the moment tensor parameters are computed using least squares
minimization based on the fit between the synthetic and
observed waveform.

Results and Discussion
We relocated 254 of the 258 earthquakes that occurred in
Semangko Bay using hypoDD (the remaining four were

located above the surface and
therefore discarded). We com-
pare the relocated events and
initial locations (as provided
by the BMKG catalog) in both
map and cross-section view
(Fig. 3) and show that the
events that had previously
been held at a fixed depth are
now satisfactorily relocated
(Fig. 3b). The results from
the bootstrap analysis method
(see Data and Method section)
reveal average horizontal and
vertical mislocations that are
typically <1 km, corresponding
maximum mislocations that
are <7.2 km (Fig. 4 and
Fig. S3).

The focal mechanism solu-
tions of four well-constrained
events (see Figs. S4–S7 for
waveform fits) consistently
reveal the nodal planes to be
oriented in the northwest–
southeast and southwest–
northeast direction (Fig. 5a).
However, the horizontal distri-
bution of seismicity does not
clearly delineate a fault; there-
fore, it is difficult to determine
which plane is the true fault
plane. The A–B vertical cross
section (Fig. 3), which is

perpendicular to the fault plane, shows a cluster of seismicity
tilted toward the southwest. This pattern corresponds to a
nodal plane with a near-vertical dip and is consistent with a
main fault-plane striking in a northwest–southeast direction,
which corresponds to the orientation of the Sumatran fault
(see Table S1). Based on the distribution of seismicity at depth
(Figs. 5b and 6), we infer the graben to be in the west and the
horst to be in the east, where the seismicity is on average dis-
tributed across shallower depths.

Based on the hypocenter distribution (Fig. 5b), if the fault
causing these earthquakes is considered to be a single fault, it
means that the fault plane is located between a depth of 2–
10 km (green lines in Fig. 5b). However, the seismicity distri-
bution extends quite far to the west (∼4–5 km), which may
indicate that the earthquake sequence is not caused by a single
fault plane but several normal antithetic faults that are parallel
to the main fault. If so, then it is likely that this region is char-
acterized by a fairly complex graben system. The structural
configuration of the area is mainly controlled by transtensional

Figure 2. (a) Magnitude versus time and (b) number of events versus time for the earthquake
sequence from 30 June to 14 July 2021. The color version of this figure is available only in the
electronic edition.
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deformation along two strands of the Semangko fault that
form a graben fault system. We interpret that the earthquake
sequence is caused by a gradual increase in stress that affected
the area, producing a high-stress concentration on multiple
faults within the graben system that were subsequently
activated.

Figure 3. Map view and vertical cross sections showing the
earthquake sequence. (a) Initial location from the BMKG catalog
and (b) after relative relocation using double-difference reloca-
tion method (hypoDD) (254 events in total). The color version of
this figure is available only in the electronic edition.
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Normal faults parallel to the northwest–southeast-oriented
Sunda Strait graben system have been identified through
analysis of multichannel seismic and bathymetric data
(Susilohadi et al., 2009). The graben system in the Sunda
Strait is divided into two systems: the west Semangko and east
Semangko grabens, which are separated by the Tabuan ridge
(Susilohadi et al., 2009). Based on a northeast–southwest
seismic reflection profile to the south of Tabuan Island,
the deepest graben is the west Semangko graben located at
a depth of 2 km, with a maximum normal fault depth of
5 km. This is comparable to the depth of seismicity observed
in this study, which primarily ranges between 2 and
6 km (Fig. 5b).

The Sunda Strait graben system is located between the
islands of Tabuan and Panaitan. However, the presence of
faults in Semangko Bay between Kota Agung and Tabuan
Island has not previously been detected. The 2021 earthquake
sequence points to an active graben system in the area that is
bounded by the west Semangko horst to the west and Tabuan
ridge to the east (Fig. 6). The eastern block, inferred to be the

Figure 4. (a) Map view of relative location error ellipsoids at the
95% confidence level estimated for each of the earthquakes in
the sequence, (b) latitude slice, and (c) longitude slice. The
location of the study area is indicated in the inset. The color
version of this figure is available only in the electronic edition.
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Figure 5. (a) Relocated events and focal mechanisms of a subset
of the earthquake sequence in map view. Only events with a
location uncertainty below 3 km are shown (233 events in
total) and (b) southwest–northeast cross section illustrating how
multiple faults could combine to cause the observed earthquake
sequence. The solid green lines indicate the multiple faults that

are antithetic to the WSF fault (red line). Focal mechanisms are
plotted in a lower hemisphere projection. Each focal mechanism
solution indicates a northwest–southeast-oriented fault plane
that dips to the southwest at high angle. The color version of this
figure is available only in the electronic edition.

Figure 6. The interpreted location of a small graben system that
may be responsible for the earthquake sequence in Semangko
Bay (green lines). Major normal faults in the area have been
extracted from Susilohadi et al. (2009), and the purple arrow

depicts the direction of movement of the Sumatra sliver relative
to Sundaland. The color version of this figure is available only in
the electronic edition.
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horst, is most likely an extension of the west Tabuan fault to
the north. The existence of a graben system in Semangko Bay
indicates that the area is experiencing extension in a northeast–
southwest direction. This graben system, which is relatively
small compared with the graben system located between
Tabuan Island and Panaitan Island, indicates that the process
of extension of the Sunda Strait has spread to Semangko Bay
and is still ongoing today. This is supported by slip-rate esti-
mate of the Semangko segment of the Sumatran fault, which is
∼9 mm/yr (Natawidjaja, 2018).

Concluding Remarks
We have conducted hypocenter relocations and focal mecha-
nism analysis of an atypical earthquake sequence recently
detected in Semangko Bay, southern Sumatra. This sequence
is front ended by a number of earthquakes in the range
ML 4.2–4.6, but no distinct mainshock is identifiable. The sub-
sequent decay in event frequency is consistent with conven-
tional aftershock activity. Relocated hypocenter distributions
and focal mechanism solutions indicate that these events are
most likely caused by the rupture of several antithetic normal
faults that strike in the northwest–southeast direction, parallel
to the main fault. Such an occurrence is consistent with the
plate tectonic setting of the region, with clockwise rotation
of Sumatra producing transtensional deformation in the
Sunda Strait that manifests as active graben and horst struc-
tures across a range of scales.

Data and Resources
The earthquake dataset used in this study is sourced from Badan
Meteorologi, Klimatologi, dan Geofisika (BMKG). All figures in this
article and supplemental material were constructed using The
Generic Mapping Tools (Wessel and Smith, 1998). Crustal faults in
the region were extracted from Irsyam et al. (2017) and Susilohadi et al.
(2009). Topography and bathymetry data were sourced from the Digital
Elevation Model Nasional (https://tanahair.indonesia.go.id/demnas/#/
demnas) and Batimetri Nasional (https://tanahair.indonesia.go.id/
demnas/#/batnas). All websites were last accessed in October 2021.
The earthquake relocation catalog data are available in Table S2. The
supplemental material includes Figures S1–S7 and Tables S1 and S2.
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