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Supplemental Material

Tsunami potential from high dip-angle splay faults is an understudied topic, although
such splay faults can significantly amplify coastal tsunami heights as compared with
ordinary thrust faults. Here, we identify a hotspot for tsunamis from splay faulting in
the Molucca Sea arc–arc collision zone in eastern Indonesia, which accommodates one
of the world’s most complicated tectonic settings. The November 2019 Mw 7.2 earth-
quake and tsunami are studied through teleseismic inversions assuming rupture veloc-
ities in the range 1:5–4:0 km= s followed by tsunami simulations. The normalized root
mean square error index was applied and revealed that the best model has a rupture
velocity of 2:0 km= s from the steeply dipping plane. The recent high dip-angle reverse
2019 Mw 7.2 and 2014 Mw 7.1 earthquakes combined with numerous similar seismic
events may indicate that this region is prone to splay faulting. This study highlights
the need for understanding tsunamis from splay faulting in other subduction zones.

Introduction
The unusually large tsunami hazard from splay faulting was
first identified during the 1964 Mw 9.2 Alaska earthquake
and tsunami in which 12 m of crustal deformation was
reported locally from the Fatton Bay splay fault whereas the
maximum deformation on neighboring plate boundary seg-
ments was 6 m (Plafker, 1972). Splay faulting was also reported
for other major earthquakes such as 1944 Tonankai (Baba et al.,
2006), 1946 Nankai (Cummins and Kaneda, 2000), and 2004
Sumatra–Andaman (Sibuet et al., 2007). Because splay faults
are characterized by steep dip angles, they effectively produce
high tsunamis, especially in the near field. Through numerical
modeling, Heidarzadeh et al. (2009) showed that tsunami
heights can be significantly amplified locally by considering
splay faulting during subduction-zone (SZ) thrust earthquakes.
Rupture on splay faults and its interaction with plate boundary
rupture is a complex process (Park et al., 2002; Baba et al.,
2006; Sykes and Menke, 2006). Among various unknowns
on splay-fault ruptures, one question is whether they can rup-
ture independent of plate boundary earthquakes or not (Sykes
and Menke, 2006).

The Molucca Sea (eastern Indonesia, Fig. 1) appears to be a
hotspot for splay faulting; thus studying seismic and tsunami
activities in this region may help improve our understanding of
tsunamigenesis of splay faults. On 14 November 2019, a large
earthquake with a moment magnitude (Mw) of 7.2 occurred in
this region (Fig. 1a). Based on the U.S. Geological Survey

(USGS), the epicenter of the earthquake was at 1.621° N
and 126.416° E, and it occurred at 16:17:40 UTC with a depth
of 33.0 km (Fig. 1). The focal mechanism solution by the USGS
indicates a reverse-type earthquake mechanism with the strike/
dip and rake angles of 224°/50° and 102° , respectively, for the
first nodal plane (NP-1) and corresponding values of 25°/42°
and 76° for the second nodal plane (NP-2). The USGS deter-
mined an Mw of 7.1 for this event; however, our analysis
resulted in Mw 7.2, which is used hereafter. The Global
Centroid Moment Tensor (Global CMT) Project (Ekström
et al., 2012) calculated an Mw of 7.1 for this earthquake with
focal mechanism solutions of 15°/39° (strike/dip) and 67°
(rake) for NP-1 and respective values of 223°/55° and 107° for
NP-2. The focal depth is reported as 31.2 km by Global CMT.
According to media reports, the earthquake caused some dam-
age to buildings and left a few injuries. A small tsunami with a
coastal height of a few tens of centimeters was generated
following this earthquake (Figs. 2 and 3).
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Eastern Indonesia and, in particular, the Molucca Sea region
are characterized by complicated tectonic settings in which a
number of curved SZs and major faults intersect each other,
namely, the north Sulawesi SZ, the two parallel SZs of Sangihe
and Halmahera, and the Philippine SZ (Fig. 1; Hall, 2002; Hall
and Smyth, 2008). The two parallel SZs of Sangihe and
Halmahera form an underlying divergent double SZ with a
blanketing active arc–arc collision (Fig. 1b). It is shown that
the crust between these two SZs and above the Molucca Sea
plate is characterized by numerous steep reverse faults (Hall
and Smyth, 2008; Gunawan et al., 2016). These features are
called splay faults by Gunawan et al. (2016) and Gusman et al.

Figure 1. (a) Location map of eastern Indonesia showing major
subduction zones (SZs; brown thick lines), the epicenters (stars),
and focal mechanisms of some recent events (based on the U.S.
Geological Survey [USGS] catalog) as well as locations of tide
gauges (pink squares). Dashed contours indicate tsunami travel
times in hours for the November 2019 earthquake. The inset in
the top-left corner shows the epicenter of the November 2019
earthquake in southeast Asia. The inset at the bottom-left shows
seismic stations used for teleseismic inversion. (b) Sketch showing
the arc–arc collision overlying the Molucca Sea divergent double
SZ. The depths and locations of the earthquakes are approxi-
mated. The color version of this figure is available only in the
electronic edition.
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(2017). Imbricate splay faults are steep reverse faults that ema-
nate from a basal low-angle thrust upward to the seafloor
(Plafker, 1972) and pose major tsunami hazards (Heidarzadeh,
2011). As a result of such a complicated tectonic setting, the
area hosts intensive earthquake and tsunami activities (Fig. 4
and Table 1). In their catalog of tsunamis in Indonesia, Latief
et al. (2000) marked the Molucca Sea region as the second
most-active tsunamigenic zone, hosting 31% of all tsunamis
and responsible for the deaths of 7576 people through 1999.
As examples, the 1998 and 1965 tsunamis in this region killed

34 and 71 people, respectively
(Latief et al., 2000). On 15
November 2014, a similar
reverse-type mechanism earth-
quake (Mw 7.1) occurred close
to the 2019 epicenter (Fig. 1)
and generated a small tsunami
(Gusman et al., 2017).

Here, we briefly investigate
the regional seismotectonics
and past seismicity, analyze
aftershocks of the November
2019 earthquake, and analyze
the actual sea-level records of
the November 2019 tsunami.
We develop a source model
for the earthquake based on
teleseismic inversion combined
with forward tsunami modeling
and discuss the potential for
splay faulting in the Molucca
Sea region.

Data and Methods
The data consist of tide gauge
records, teleseismic waves, and
earthquake aftershocks.
Tsunami tide gauge data are
provided by the Agency for
Geo-spatial Information,
Indonesia, with sampling inter-
vals of 1 min. A total of 16 tide
gauge data was analyzed in this
study (Fig. 2); however, tsunami
signals were clear in eight sta-
tions (Fig. 3). Tide gauge data
underwent quality control for
spikes in data. Tsunami wave-
forms were detected after
removing the tidal signals by
applying the tidal prediction
package TIDALFIT (Grinsted,
2008). The maximum zero-to-

crest tsunami amplitudes are 13.6 cm (Bitung), 5.3 cm
(Ternate), 7.0 cm (Jailolo), 4.0 cm (Tidore), 7.1 cm (Manado),
8.9 cm (Tahuna), ∼5 cm (Melonguane), and 4.8 cm (Taliabu).
For aftershock data, we benefited from the public earthquake
catalog database of the USGS. Our teleseismic data came from
the Incorporated Research Institutions for Seismology. We used
69 teleseismic records comprising 63 P and six SH waves (see
Fig. 1 for locations and Figs. S1 and S2, available in the supple-
mental material to this article, for waveforms). A band-pass filter
of 0.004–1.0 Hz was applied to all teleseismic data. The velocity

Figure 2. All tide gauge data used in this study for the analysis of the 14 November 2019 Mw 7.2
Molucca Sea earthquake and tsunami. Blue arrows mark tsunami arrivals in each tide gauge
station. The abbreviated two-letter names in the map are spelled out in each waveform. The color
version of this figure is available only in the electronic edition.
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structures provided by CRUST 1.0 (Laske et al., 2013) and ak135
(Kennett et al., 1995) were applied for teleseismic inversion. Our
teleseismic inversion was conducted for 60 s of the records
(Figs. S1 and S2).

Our methodology is a combination of teleseismic source
inversion, aftershock analysis, and forward tsunami modeling.
For teleseismic body-wave inversion, we followed the 2003
updated version of the numerical package by Kikuchi and
Kanamori (1991). The finite-fault slip models were calculated
for both NPs: the lower-angle plane with a dip angle of 39°
(NP-1) and the steeper one with a dip angle of 55° (NP-2).
The subfaults dimensions were 5 km (strike wise) × 5 km
(dip wise). The number of subfaults used for inversion varied
from 72 (for V r � 1:5 km=s) to 189 (for V r � 4:0 km=s).
For each subfault, we considered a maximum rupture duration
of 5 s, which is a combination of four rise-time triangles: each
triangle was given duration of 2 s and was overlapped by 1 s with
the adjacent triangle. Because the estimation of rupture velocity

(V r) of earthquakes is associ-
ated with uncertainties, we
varied V r in the range of
1:5–4:0 km=s with 0:5 km=s
intervals. This gives six finite-
fault slip models for each NP
and 12 models for both NPs.
For each teleseismic inversion,
quality of fit between synthetic
teleseismic waveforms and real
observations was evaluated
through the normalized root
mean square error (NRMSE)
index (Heidarzadeh, Murotani,
et al., 2016, 2020):

EQ-TARGET;temp:intralink-;df1;445;548

NRMSEk

�
��������������������������������������P

N
i�1�obsi − simi�2

p
������������������������������������P

N
i�1�obsi −obs�2

q ; �1�

in which NRMSEk represents
the NRMSE for station
number k, and the counter i �
1; 2;…;N shows the sampled
waveforms in which N
is the number of records at a
particular station. The two var-
iables obsi and simi represent
observed and simulated values,
respectively. In addition, the
average value of observations
is represented by obs.

It has been reported that
teleseismic inversion results

are sensitive to the choice of V r; thus it is recommended to
further constrain them by other geophysical data such as tsu-
nami and geodetic data (e.g., Satake et al., 2013; Lay et al., 2014;
Gusman et al., 2015; Heidarzadeh, Harada, et al., 2016; Satake
and Heidarzadeh, 2017). This has been done in this study by
employing earthquake aftershock data and tsunami sea-level
observations. For aftershock analysis, we plotted distribution
of focal depths in the normal direction to the fault strike and
evaluated the depth trend with regard to dip angle. Performing
aftershock analysis for the two NPs may reveal which NP is
more consistent with aftershock focal-depth patterns.

Forward tsunami simulations were conducted by the
nonlinear shallow-water package of Cornell multigrid coupled
tsunami model (Liu et al., 1998; Wang and Liu, 2006). Our
tsunami model is nondispersive because long-tectonic
tsunami sources do not usually show dispersive characters
(Heidarzadeh et al., 2014). Bathymetry data are provided by
the 2019 edition of the General Bathymetric Chart of the

Figure 3. Tide gauge tsunami waveforms of the 14 November 2019 Mw 7.2 Molucca Sea tsunami.
These are the waveforms that are marked by blue arrows in Figure 2. The abbreviated two-letter
names in the map are spelled out in each waveform. The color version of this figure is available only
in the electronic edition.
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Figure 4. (a) Seismicity of the Molucca Sea since 1910 (white circles)
along with the focal mechanisms of major earthquakes. Data are
from the USGS catalog and the Global Centroid Moment Tensor
(Global CMT) Project. The blue star indicates the epicenter of the
November 2019 event, and red stars show the epicenter of major
(M 7.5 or larger) earthquakes. The inset at the top-left corner

shows the epicentre of the November 2019 earthquake in the
global map. (b) Cross sections of the one-month aftershocks of 14
November 2019 Mw 7.2 earthquake (colored circles) and past
seismicity (open circles) based on the USGS catalog perpendicular
to nodal plane 1 (NP-1, A–A′) and nodal plane 2 (NP-2, B–B′). The
color version of this figure is available only in the electronic edition.
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Oceans, which comes with a 15 arcsec spatial resolution
(Weatherall et al., 2015). We used a single uniformly spaced
bathymetry grid with a spatial resolution of 15 arcsec. The
timestep for finite-difference calculations was 0.5 s. The dislo-
cation model of Okada (1985) was applied for calculation of
initial coseismic crustal deformation. Similar to teleseismic
inversions, the quality of match between simulated tsunami
waveforms and tide gauge observations was examined through
the NRMSE index.

Seismotectonics, Past Seismicity, and
Aftershock Focal-Depth Analysis
The Molucca Sea region, between the Sangihe and the
Halmahera Island arcs, is located on an underlying complex tec-
tonic structure that has been subjected to a fast plate convergence
rate, enabling the generation of numerous large earthquakes and
tsunamis (Fig. 4a). The submarine top crust (Fig. 1b) is an arc–
arc collision resulted from the shortening due to the underlying
double-verging subductions eastward and westward of the
Molucca Sea plate (Silver and Moore, 1978; Moore et al., 1981;
Hall and Wilson, 2000). The collision process has resulted in the
formation of imbricated reverse-fault zones striking generally
north–south and dipping toward both west and east (Fig. 1b).
Based on geological studies, visual inspections of bathymetry,

and seismic reflection profiles, it has been postulated that the
collision zone is presently predominated by the Sangihe fore-arc
overriding the Halmahera fore-arc eastward, therefore, resulting
in the accretionary complex of thrust dipping westward.

The collision and shortening processes is ongoing with a con-
vergence rate of 76–80 mm/yr (Socquet et al., 2006). Such a fast
convergence is capable of producing anM 7 earthquake, similar
to the 2019 (Mw 7.2) event, every 10–20 yr, assuming an average
coseismic slip of 1:2� 0:4 m, based on the empirical relation-
ship from Wells and Coppersmith (1994). This preliminary cal-
culation is well correlated with the high occurrence of large
earthquakes in this region. Several large earthquakes have
occurred in theMolucca Sea in the past (Table 1): 2019 (Mw 7.2),
2014 (Mw 7.1), 2000 (M 7.6), 1986 (M 7.5), 1979 (M 6.8), 1936
(M 7.8), 1932 (M 7.7), and 1913 (M 7.8). Therefore, on average,
there is oneM 7 event every one to two decades. The penultimate
large earthquake (Mw 7.1) occurred on 15 November 2014, and
its aftershocks were studied by Shiddiqi et al. (2015) who found
that the mainshock mechanism was a high dip-angle reverse
fault with strike/dip of 192°/55°.

The focal mechanism solutions for earthquakes since 1976
from the Global CMT Project indicate that the reverse-type focal
mechanisms striking roughly north-northeast–south-southwest
directions are dominant in the Molucca Sea region (Figs. 1

TABLE 1
M> 7:0 Earthquakes in the Molucca Sea Double Subduction Zone in the Past ∼100 Yr

Number Date (yyyy/mm/dd) Longitude (°) Latitude (°) Depth (km) M Seismic Network

1 1913/03/14 126.121 5.354 15 7.8 USGS

2 1925/05/03 126.304 1.19 15 7.1 ISC-GEM

3 1925/06/03 126.01 1.292 15 7.0 ISC-GEM

4 1932/05/14 125.805 0.493 15 7.7 ISC-GEM

5 1936/04/01 126.368 4.241 35 7.8 USGS

6 1936/10/05 126.354 1.642 15 7.0 ISC-GEM

7 1938/10/10 126.585 2.379 15 7.3 ISC-GEM

8 1947/06/12 126.156 1.201 15 7.0 ISC-GEM

9 1968/08/10 126.234 1.514 23 7.6 ISC-GEM

10 1985/04/13 126.411 1.622 51 7.0 US

11 1986/08/14 126.519 1.795 33 7.5 US

12 1989/02/10 126.76 2.305 44 7.1 US

13 2000/05/04 123.573 1.105 26 7.6 USGS

14 2001/02/24 126.249 1.271 35 7.1 US

15 2007/01/21 126.282 1.065 22 7.5 US

16 2014/11/15 126.5217 1.8929 45 7.1 US

17 2019/11/14 126.4144 1.6294 33 7.2 US

ISC-GEM, International Seismological Centre–Global Instrumental Earthquake Catalog; US, USGS National Earthquake Information Center U.S. catalog; USGS, U.S. Geological
Survey.
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and 4). The 2019 Molucca Sea earthquake had a similar focal
mechanism solution as observed before. For this 2019 event,
cross sections of the one month aftershocks perpendicular to
each NP (Fig. 4b) indicate that distinguishing which NP is the
actual fault is not straightforward due to the limited accuracy in
hypocentral depth. The spatial extent of the one month after-
shocks can be used for constraining the dimension of the fault
rupture.

Earthquake Source Model and Hazard
Implications
We obtained 12 source models for two NPs NP-1 and NP-2 by
varying V r in the range of 1:5–4:0 km=s (Fig. 5 and Figs. S3

and S4). The slip values for various models are up to 6 m; the
larger the V r is, the smaller the maximum slip value of a source
model is (Fig. 5). The teleseismic NRMSE ranges from 0.6467
to 0.6615, showing small variations (Fig. 5j). The high dip-

Figure 5. Results of teleseismic inversion. (a–c) Slip distributions
for the NP-1 using different rupture velocities (V r). (d–f) Slip
distributions for the NP-2 using different V r. Open circles show
one month aftershocks, and “Dmax” is the maximum slip
amount. (g–i) Source time functions for NP-2 at different V r.
(j) Normalized root mean square errors (NRMSEs) of teleseismic
inversion for both NPs at different V r. The color version of this
figure is available only in the electronic edition.
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angle NP (NP-2) yields smaller NRMSEs than the lower-angle
fault plane (NP-1), indicating that NP-2 is possibly the actual
fault plane of the earthquake. The minimum teleseismic
NRMSE belongs to the model with V r � 3:0 km=s for NP-2
(Fig. 5j). Although the plot of teleseismic NRMSE of NP-2
has a minimum point and guides the best model, it may not
be considered to be reliable enough because the domain of
NRMSE variations is small (i.e., ∼0:01). Therefore, it was nec-
essary to further validate the choice of the best model using
another type of data, that is, tsunami observations.

Numerical modeling of the tsunami was performed for all
12 models (Fig. 6 and Figs. S5 and S6), and the NRMSEs
between observations and simulations were calculated
(Fig. 6c). Similar to teleseismic inversions, the high dip-angle
NP (NP-2) gives smaller tsunami NRMSEs than the lower-
angle fault plane (NP-1). The NRMSEs for NP-2 are clearly

separated from those of NP-1 with an average gap of ∼0:2
(Fig. 6c). Therefore, we concluded that the high dip-angle
NP (NP-2) is the actual fault plane. According to tsunami
simulations, the best model is the one with V r � 2:0 km=s for
the high dip-angle NP (NP-2; Fig. 6c), whereas it was
V r � 3:0 km=s based on teleseismic inversion (Fig. 5j). The
slower velocity from tsunami data implies that the tsunami

Figure 6. Results of tsunami simulations. (a) Comparison of
observed (black) and simulated (blue) tsunami waveforms for the
final source model (NP-2; V r � 2:0 km=s). (b) Slip distribution of
the final source model. (c) NRMSEs of tsunami simulations for
both NPs at different V r. (d) Crustal deformation due to the final
source model. Green circles show one month aftershocks. The
color version of this figure is available only in the electronic
edition.
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source area and the coseismic displacement field are smaller
than that predicted by seismic data (Fig. 5).

We note that the match between simulated and modeled
tsunami waveforms is not perfect (Fig. 6a) for several reasons.
The primary reason can be attributed to the small size of the
event and the fact that observed tsunami waveforms are approx-
imately in the range of �10 cm; for some stations, the ampli-
tudes are close to the noise level (Figs. 2 and 3). The second
reason could be the complex bathymetry of the region and the
presence of several islands with precise bathymetry that is not
available currently. Nevertheless, this is not a barrier for this
study because here we aimed at a comparative study of the
performance of different models rather than producing a perfect
match between observations and simulations.

To choose the final model, we used a weighted NRMSE by
considering 33.3% and 66.7% for the weights of the teleseismic
and tsunami NRMSEs, respectively (Fig. 7a). We note that the
choice of weights for the teleseismic and tsunami misfits has
been a challenging task in earthquake and tsunami source

studies. Although some authors used equal weights (e.g.,
Yokota et al., 2011), many others gave larger weights to
tsunami data (e.g., Satake, 1987; Lay et al., 2014; Gusman et al.,
2015; Heidarzadeh, Harada, et al., 2016). As discussed by
Satake (1987), tsunami data give more reliable estimates of spa-
tial distribution of earthquake sources and thus must be given
larger weights. This observation by Satake (1987) has been vali-
dated by several later studies (e.g., Lay et al., 2014; Gusman

Figure 7. (a) Weighted NRMSE of NP-2 considering 33.3% con-
tribution from NRMSE of teleseismic inversion and 66.7% from
NRMSE of tsunami simulation. (b) Tsunami simulation snapshots
at times 15 min (left) and 30 min (right) after the origin time.
(c) Sketch showing the dip angles of the three events of 2007,
2014, and 2019 in the Molucca Sea region. The question mark
on the 2007 event indicates that the fault plane has not been
confirmed. (d) Maximum tsunami amplitudes generated by the
final source model (NP-2; V r � 2:0 km=s). The color version of
this figure is available only in the electronic edition.
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et al., 2015; Heidarzadeh, Harada, et al., 2016; Heidarzadeh,
Murotani, et al., 2016). Therefore, we give the higher weight
of 66.7% to tsunami data in this study (Fig. 7a).

Such a weighted NRMSE led to V r � 2:0 km=s of the high
dip-angle NP (NP-2) as the final model (Fig. 7a). The spatial
extent of one month aftershocks is consistent with the fault
models with slow V r (e.g., 1:5–2:0 km=s). The final slip model
is shown in Figure 6b, and its coseismic crustal deformation is
given in Figure 6d. The maximum slip is 2.9 m, and the average
slip on the nonzero subfaults is 0.64 m (Fig. 6b). The seismic
moment associated with this final slip model is
7:64 × 1019 N · m, equivalent to Mw 7.2. Distribution of maxi-
mum tsunami amplitude (Fig. 7d) reveals that they are concen-
trated along the normal direction to the fault strike as expected
from the tsunami’s directivity (e.g., Ben-Menahem and
Rosenman, 1972).

Analysis of the 15 November 2014 Mw 7.1 Molucca Sea
earthquake revealed that the actual fault plane was a steeply
west-dipping fault with a dip angle of 65° (Fig. 7c; Gunawan
et al., 2016). The November 2014 and November 2019 earth-
quakes, both having high dip-angle fault planes, are two inde-
pendent earthquakes in the Molucca Sea region that share the
characteristic feature of rupturing along steep fault planes. They
may indicate that theMolucca Sea zone is prone to these types of
high dip-angle reverse faulting due to crustal shortening
(Fig. 1b). The region frequently produces reverse-fault earth-
quakes (Fig. 4 and Table 1). Although the source models for
other thrust earthquakes in the area are unavailable, they likely
follow the same behavior of rupturing along high-angle reverse
faults, for example, the 2007 Mw 7.5 event (Fig. 7c).

Discussion
The generation of high dip-angle reverse-fault earthquakes
contradicts the Anderson (1905) theory of faulting in which
the principal and least stresses σ1 and σ3 are horizontal and
vertical, respectively; however, these types of faulting com-
monly occur worldwide. The high dip-angle reverse faulting
can occur in different circumstances, such as (1) compressional
inversion of inherited normal faults (e.g., Sibson and Xie, 1998;
Wu et al., 2014); (2) steepening of the original low dip-angle
thrust because they became frictionally locked and rotated dur-
ing shortening such as those commonly occurring in accretion-
ary wedges; (3) steepening fault dips by block rotations; and
(4) formation of steep-angle splay faults above the main low
dip-angle thrust fault or basal thrust as reported by
Gunawan et al. (2016). For the Molucca Sea region, point
(1) is not the case because the area is of a compressional tec-
tonic regime. Point (2) is a common feature of active accretion-
ary wedges in SZs and thus is not the case here. For the
Molucca overriding crustal shortening due to the sinking active
double SZ, point (4) seems to be the most preferred model;
however, point (3) (block rotations) might also be relevant.
The steep reverse faulting might occur on (meta) sedimentary

rocks on the overriding (continental) Sangihe crust. The rela-
tively slow rupture, as modeled in this study, might be facili-
tated by high pore pressures associated with fluid flows from
the overlying ocean. Future studies, such as obtaining multi-
channel seismic reflection data, are necessary to shed light
on this issue and to provide more information on actual fault
geometries and rock types.

Returning to the original question on whether splay faulting
can generate a large earthquake and tsunami independent of
plate boundary rupture or not, analysis of seismicity in the
Molucca Sea region shows that large earthquakes due to splay
faulting can occur independently here; this is probably because
of the thick seismogenic zone (up to ∼60 km; Fig. 1b), which
contributes the maximum fault width and fault rupture area
(e.g., Wells and Coppersmith, 1994). From the tsunami hazard
point of view, splay faulting must be considered for earthquake
and tsunami scenarios in the Molucca Sea region. Any tsunami
hazard analyses without considering splay faulting may signifi-
cantly underestimate the tsunami hazards. Globally, the
Molucca Sea’s seismic behavior is a reminder of high tsunami
potential from splay faulting and the need to properly under-
stand such potential in other tsunamigenic zones.

Conclusions
We analyzed the 14 November 2019 Mw 7.2 earthquake and
associated tsunami in the Molucca Sea arc–arc collision zone
using teleseismic and tsunami data. The main findings are as
follows:

1. The earthquake occurred in the active arc–arc collision zone
where large earthquakes frequently occur. The spatial extent
of the one month aftershocks is approximately consistent
with the fault model with a slow rupture velocity (V r) of
1:5–2:0 km=s, although distinguishing which NP is an
actual source fault from only aftershock distributions is
not straightforward.

2. By applying teleseismic inversions and through varying V r

in the range 1:5–4:0 km=s, we obtained 12 source models.
The NRMSE index showed that NP-2 gives better fitting to
the observed waveforms than NP-1; however, the teleseis-
mic NRMSEs were incapable of reliably guiding the best
model because the range of variations of NRMSE was small
(i.e., ∼0:01) for different V r.

3. By performing tsunami simulations, tsunami NRMSEs were
calculated and revealed that NP-2 is better than NP-1 with a
clear average gap of∼0:2. Therefore, both teleseismic and tsu-
nami NRMSEs favored NP-2 over NP-1 as the actual fault
plane of the earthquake. To choose the best model among
the six models of NP-2, we used different weights of
33.3% and 66.7% for the seismic and tsunami data, respec-
tively, which guided the best model of V r � 2:0 km=s.

4. Two earthquakes, November 2019 (Mw 7.2) and November
2014 (Mw 7.1), combined with numerous similar seismic
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events, rupturing on high dip-angle reverse faults in the
Molucca Sea collision zone may indicate that this region is
prone to splay faulting. Source modeling for other reverse
earthquakes in this region, including the 2007 Mw 7.5 event,
may help further confirm this observation.

5. Splay faulting has the potential to significantly amplify tsu-
nami heights; thus it should be considered while planning
earthquake and tsunami hazard studies in the Molucca Sea
region. The recurrence of splay faulting in the Molucca Sea
is a reminder of high tsunami potential from this seismic
phenomenon; it is essential to investigate such potential
in other tsunamigenic zones.

Data and Resources
All data used in this study (i.e., tsunami waveforms, teleseismic wave-
forms, and aftershocks) were downloaded from publicly available web-
sites, such as https://www.iris.edu/hq/ (for teleseismic waveforms),
http://tides.big.go.id (for tsunami waveforms), and https://earthquake
.usgs.gov/earthquakes/search/ (for aftershock data). Readers can access
the data through the three aforementioned public websites. All websites
were last accessed in August 2020. The supplemental material for this
article includes six figures: Figure S1 (teleseismic waveforms for nodal
plane 1), Figure S2 (teleseismic waveforms for nodal plane 2), Figure S3
(all slip models for nodal plane 1), Figure S4 (all slip models for nodal
plane 2), Figure S5 (tsunami simulations for various slip models of nodal
plane 1), and Figure S6 (tsunami simulations for various slip models of
nodal plane 2).
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