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A B S T R A C T   

The Flores Thrust is a southward-dipping, low-to-moderate angle submarine active fault in the eastern Sunda- 
Banda back-arc (Indonesia). Significant shallow-depth destructive earthquakes have been reported along this 
fault zone. From 2002 to 2009, one of its fault segments, called the Sumbawa segment, experienced five 
earthquakes with moment magnitude (MW) values of 6.2–6.6. In this study, we performed finite-fault rupture 
inversions for these earthquakes, constrained with teleseismic body and surface waveforms, to investigate the 
characteristics of earthquake ruptures along this fault zone. We obtained the source-time-functions and finite- 
fault rupture models for these five earthquakes. Results indicated that ruptures often propagated along-strike 
or down-dip. The ruptures were initiated from the middle crust (depth of approximately 12–17 km) and 
exhibited a comparable initiation behavior to their entire rupture. The rupture speeds and stress drops were 
approximately 2.0–2.5 km/s and 1.0–2.0 MPa, respectively. Five cascading asperities ruptured neighboring fault 
patches and did not overlap each other. The characteristics of earthquake source parameters and rupture pro
cesses obtained in this study are robust and helpful for future regional seismic hazard assessment and earthquake 
early warning studies. These cascading asperities might be related to the fault immaturity of the western Flores 
Thrust. Alternatively, these earthquakes may act as asperities located at the down-dip patches of the Sumbawa 
segment, and its shallower section still has a potential of ruptures with MW > 7.0.   

1. Introduction 

The Flores Thrust and Wetar Thrust are continuous active back-arc 
thrust faults located beyond the plate boundary in the eastern Sunda- 
Banda arc (Indonesia) (Koulali et al., 2016; Silver et al., 1983; McCaf
frey and Nábělek, 1984). The Flores Thrust, which extends from the 
north of Flores Island to the west to Sumbawa, Lombok, and Bali Islands, 
is an active, long, southward-dipping fault (Fig. 1). The eastern part of 
this fault ruptured during the 1992 Flores earthquake with a moment 
magnitude (MW) of 7.7 (Beckers and Lay, 1995; Pranantyo and Cum
mins, 2019). This 1992 earthquake caused considerable destruction and 
generated a damaging tsunami. Further to the east, the Wetar Thrust was 

also ruptured by a large earthquake (MW = 7.5) that occurred in 2004 
(Hayes, 2017; https://earthquake.usgs.gov/earthquakes/eventpage/us 
p000d85g/). A zone between the north of Bali and Lombok Island was 
previously considered as the westernmost termination of the Flores 
Thrust zone (McCaffrey and Nábělek, 1987; Silver et al., 1983). How
ever, the geodetic modeling findings of a previous study suggested that 
the Flores Thrust can extend further west, probably linking with the 
Kendeng Fault Zone in Java Island (Koulali et al., 2016). Furthermore, 
whether the western part of the Flores Thrust can experience a large 
earthquake (MW > 7) similar to its eastern part remains unclear. 

The Flores Thrust often experiences shallow, destructive, and 
moderate-to-large magnitude earthquakes. From 2002 to 2009, a 
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sequence of damaging earthquakes (five earthquakes with MW > 6) 
struck north of Sumbawa Island (Fig. 1). Table 1 lists the source origin 
times and epicenters of those five events. The reported epicenters and 
focal mechanisms of these earthquakes fit well with their occurrence 
along the Flores Thrust; however, the detailed source processes of these 
earthquakes have not been well investigated and their further implica
tions have not been discussed. In addition to limited observations, 
seismological studies on the Sumbawa part of the Flores Thrust are 
lacking. Recently, Fuchs et al. (2014) found a possible triggered 
nonvolcanic tremor in the Flores Thrust, Sumbawa segment. The most 
recent studies conducted in this region have focused on the destructive 
earthquakes that occurred in the north of Lombok Island in 2018 
(Lythgoe et al., 2021; Wang et al., 2020). Given the 2002–2009 Sum
bawa earthquake records, some critical questions need to be addressed 
to evaluate seismic and tsunami hazards in this region. For example, the 
rupture characteristics and seismogenic behavior of shallow, destructive 
earthquakes in Sumbawa were not well known. 

In this study, we performed a detailed seismological analysis of five 
Sumbawa earthquakes (with MW ranging from 6.2 to 6.6) that occurred 
between 2002 and 2009. We inverted finite-fault rupture models and 
visualized their moment rate functions. The moment rate function that is 
often referred to as the source-time-function (STF) of an earthquake was 
considered in this study. Furthermore, we evaluated source parameters, 
namely the rupture initiation, size, speed, and stress drop, from obtained 

finite-fault rupture models. In addition, we discussed the regional seis
motectonic implications of our findings. The findings of this study can be 
applied to future seismic and tsunami hazard assessments, particularly 
for earthquakes in Sumbawa Island (Irsyam et al., 2020; Yuliastuti et al., 
2021). 

2. Data 

A catalog of teleseismically well-constrained seismicity from the ISC- 
EHB database was referred to for understanding the regional seismic 
activity of the study region (Engdahl et al., 2020). This catalog provides 
accurate data regarding relocated events from 1964 to 2017 with their 
spatial resolutions (Fig. 1a and 1b). Seismicity on the Flores Thrust was 
found to be isolated from seismic activities along the Java Trench and 
Indo-Australian subducted slab (Fig. 1b). However, major observations 
of ISC-EHB catalog events were from teleseismic distances; small events 
could not be identified, and the depth uncertainty of hypocenters was 
usually approximately 10 km (Engdahl et al., 2020). Local/regional 
earthquakes compiled by the Indonesian Agency for Meteorology, 
Climatology, and Geophysics (BMKG) have been available since 2009 
and were also referred to in this study (Fig. 1c). As shown in Fig. 1c, 
double-couple focal mechanisms of the five analyzed events retrieved 
from the Global Centroid Moment Tensor (CMT) database were included 
(Ekström et al., 2012). These data were used for constructing the fault 

Fig. 1. (a) Tectonic setting of the 2002–2009 Sumbawa earthquakes. The relocated seismicity from the ISC-EHB catalog is shown (Engdahl et al., 2020); red, green, 
and blue represent depths of <50 km, 50–300 km, and >300 km, respectively. Fig. 1c is an enlargement of the blue box. Beachballs depict earthquakes with MW > 7.5 
according to global CMT. (b) South–north cross-section showing the location of the Flores Thrust relative to the plate boundary (subduction zone). (c) Enlargement of 
area of the 2002–2009 Sumbawa earthquakes. Beachballs show double-couple focal mechanisms of large earthquakes (MW ≥ 6.2) during 2002–2009 (global CMT 
catalog) (Ekström et al., 2012). The yellow circles show recent regional shallow seismicity (ML > 3.5, depth < 50 km) from the BMKG catalog during 2009–2020. 
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geometries of the earthquake rupture process for the analyzed events. 
High-quality seismic waveform data were obtained from the Global 

Seismographic Network for stations within a distance of 30◦–90◦

(Fig. 2). Furthermore, additional data from the French Global Network 
of Seismological Broadband Stations and Germany GEOFON Program 
were collected. We converted all data into displacement seismograms 
and removed their instrument responses. For body waves (P and SH 
waves), a band-pass filter was applied to seismograms with frequency 
bands of 0.01 and 1 Hz. To obtain long-period surface waves, we filtered 
the data with a frequency range of 0.004–0.006 Hz (Hao et al., 2013). 
Fig. 2 shows an example of the body and surface waveforms of the five 
analyzed events in four selected stations. The filtered displacement 
seismograms of the five events from each selected station were similar, 
indicating the similarity of their source processes. All selected stations 
presented satisfactory azimuthal coverages (Fig. 2), and their seismic 
waveforms showed a favorable signal-to-noise ratio (seismograms can 
be found in the supplementary file). 

During the period of the 2002–2009 Sumbawa earthquake sequence, 
no local or regional broadband seismic network or strong-motion in
struments records are available to examine the seismic source rupture in 
detail. Only an operated regional broadband station (station II KAPI 
located at Sulawesi Island) with an epicentral distance of approximately 
380 km has recorded this earthquake sequence well. In this study, we 
performed an empirical Green’s function (EGF) analysis with data 
collected from station KAPI to confirm the results of this teleseismic 
inversion of this study. 

3. Methods 

In this study, we utilized finite-fault rupture inversion that involves 
wavelet domain transformation and the nonlinear simulated annealing 
method (Ji et al., 2002, 2003; Liu and Yao, 2018; Shao et al., 2011). 
Inversions were constrained using displacement seismograms for tele
seismic body waves (P and SH waves) and surface waves (Rayleigh and 
Love waves) (Shao et al. 2011). This method involved simultaneously 
inverting the slip amplitude, rake angle, rupture initiation time, and the 
shape of an asymmetric cosine function for subfaults (Ji et al. 2003). The 
slip rate at each subfault was defined by the value of the starting time (ts) 
and ending time (te) of this asymmetric cosine function (Ji et al. 2003). 
The inverted risetime (i.e., the local slip duration) was calculated by 
summing these times (ts + te). The value of inverted risetime for each 
subfault was limited between 0.6 and 4.2 s. 

We designed single rectangular fault planes on the basis of geometry 
defined by the global CMT double-couple solution (Fig. 1c). From two 
nodal planes, we selected the one that was striking to the east, south
ward dipping with a low-to-moderate angle, that matched with the ge
ometry of the Flores Thrust (Lythgoe et al., 2021; McCaffrey and 
Nábělek, 1984; Silver et al. 1983; Yang et al. 2020). The initial size of the 
fault plane was first estimated based on the scaling relationship reported 
by Wells and Coppersmith (1994), and we doubled the size to account 

for uncertainties in the rupture propagation direction (Hayes, 2017). 
Subsequently, we divided the fault plane into 2.5 × 2.5-km subfault 
grids. We performed a series of initial inversions and adjusted the fault 
plane size. Then, we set the rupture to start from the epicenter defined 
on the basis of ISC-EHB relocated catalog events. Because hypocenter 
depths (i.e., rupture initiation depths) for the events varied substantially 
between earthquake catalogs, we adopted a grid-search approach with 
an interval of 1 km to determine the best rupture initiation depth (Lin 
et al. 2019; Yamanaka and Kikuchi, 2003). The vertical grid-search 
approach was performed for the same fault plane size, and we allowed 
the changes of individual parameters to obtain the best waveform fits 
between observed waveforms and synthetic seismograms including 
depth phases. For each subfault, we searched the rake angle (slip vec
tors) within the range of 0◦ to 180◦ to allow for all possible thrust 
movements. By contrast, Lin et al. (2019) used rake angles varying 
within ±30◦ of the global CMT rake. We varied the rupture speed from 
1.25 to 3.75 km/s with a reference of 2.5 km/s based on a temporal 
constraint (Shao et al. 2011). 

Body wave synthetic seismograms were computed using a tele
seismic Green’s function method (Helmberger, 1983; Langston and 
Helmberger, 1975). The synthetics for long-period surface waves were 
computed using the normal mode superposition algorithm (Gilbert and 
Dziewonski, 1975; Shao et al. 2011). Computations were performed 
using a seismic velocity model from CRUST 2.0 (Bassin et al. 2000; 
https://igppweb.ucsd.edu/~gabi/crust2.html), interpolated with the 
PREM model (Dziewonski and Anderson, 1981). We used the common 
teleseismic average attenuation factors t*α = 1.0 s (for P waves) and t*β 
= 4.0 s (for SH waves). Finally, we inverted the finite-fault rupture 
models of the five Sumbawa earthquakes that included the spatial and 
temporal information of a two-dimensional fault rupture evolution. The 
moment rate function, rupture snapshots, and final fault plane slip dis
tribution were determined from the finite-fault rupture model. 

In addition to original procedures reported by Ji et al. (2002) and 
Shao et al. (2011), we performed statistical resampling tests to explore 
the stability and precision of results (Hartzell et al. 2007; Hayes, 2011; 
Shao and Ji, 2012; Tichelaar and Ruff, 1989) by using a so-called “leave 
one out” jackknife procedure. We systematically deleted one observa
tion from our original dataset (i.e., sampling without replacement) and 
repeated the inversions (approximately 150 times). This resampling was 
repeated until all seismic traces were missing from one inversion data
set. Then, we evaluated the average and standard deviation (σ) of the 
inverted parameter for each subfault and visualized it. A similar 
resampling technique was successfully performed to visualize un
certainties in the 2011 Tohoku earthquake slip model (Hayes, 2011). 

To understand the kinematics of an earthquake rupture, we calcu
lated the effective rupture size and estimated the stress drop of the 
earthquake based on its inverted finite-fault rupture model. We followed 
the autocorrelation approach reported by Mai and Beroza (2000) to 
estimate the effective length (Leff) and width (Weff) of the rupture. The 
average static stress drop for each earthquake was computed by Δσ =

Table 1 
Source parameters of the 2002–2009 Sumbawa earthquakes.  

Parameter 2002 2006 2007–1 2007–2 2009 

Origin Time (UTC) 2002–10-06 
15:46:35.1 

2006–12-01 
14:01:45.4 

2007–11-25 
16:02:16.0 

2007–11-25 
19:53:05.7 

2009–11-08 
19:41:43.7 

Epicenter (ISC-EHB) 8.30◦S, 118.20◦E 8.37◦S, 118.72◦E 8.38◦S, 118.37◦E 8.28◦S, 118.50◦E 8.34◦S, 118.62◦E 
Seismic moment in Nm from GCMT, (MW) 2.67 × 1018, (6.2) 4.00 × 1018, (6.3) 6.11 × 1018, (6.5) 6.15 × 1018, (6.5) 1.08 × 1019, (6.6) 
Seismic moment in Nm from this study, (MW) 2.45 × 1018, (6.2) 3.60 × 1018, (6.3) 5.51 × 1018, (6.4) 5.72 × 1018, (6.4) 9.74 × 1018, (6.6) 
Initiation depth (km) 14 17 15 12 15 
Peak slip (cm) 56 55 105 73 142 
Average slip (cm)* 27 (24) 29 (24) 47 (42) 32 (29) 67 (62) 
Effective length (km)* 16.6 (20.0) 20.8 (27.5) 17.8 (20.0) 21.7 (22.5) 17.9 (20.0) 
Effective width (km)* 13.9 (17.5) 15.0 (17.5) 16.4 (20.0) 23.5 (25.0) 20.5 (25.0) 
Rupture duration (s) 7 10 8 11 12 
Static stress drop (MPa) 1.0 1.1 1.6 0.7 2.0  

* Numbers in brackets show the result obtained by trimming subfaults with <17% of the peak slip (Ye et al., 2016). 
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C Mo
AL (Kanamori and Anderson, 1975), where C is a nondimensional 

constant (C = 7π
16 for a circular-shaped rupture; because initial results 

indicated circular-type rupture propagation for all events), M0 is the 
inverted seismic moment, A is the effective fault area (Aeff), and L is the 
smaller characteristic length of the fault, either for the effective fault 
length or width (minimum of Leff and Weff) (Kanamori and Anderson, 
1975). 

4. Analysis and results 

In this study, we successfully established the finite-fault rupture 
models and their STFs for the five earthquakes (MW = 6.2–6.6) that 
occurred in Sumbawa. The stability and precision of the inversion results 
were evaluated by performing the jackknife resampling test. We plotted 
the subfaults with a standard deviation of <20%, indicating higher 
precision. All waveform comparisons between observed and synthetic 
seismograms are available in the supplementary data and shown in 

Fig. 2. Distributions of seismic stations and representative displacement seismograms (vertical components) of the 2002–2009 Sumbawa earthquakes at four 
selected stations (PET, DRV, CRZF, and LSA). (a) Body (P) waves and (b) surface (Rayleigh) waves. The star indicates the epicenter of the earthquake. Dashed circles 
represent the epicenter distance at a 30◦ interval. 
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Figs. S1–S12. In general, our waveform inversions showed a satisfactory 
fit between observed and synthetic seismograms. However, we 
acknowledge few bad/noisy waveforms that showed not well-fitted 
waveform comparison, especially for the Love-waves (e.g., Figs. S4, 
S6, and S8). After a careful validation process, especially by removing 
these noisy seismograms, re-ran the inversion, we achieved consistent 
results with the present analysis (Figs. S15–S22). The use and display of 
those few noisy long-period seismograms are willing to provide more 
observation data examples for favorable azimuthally spatial coverage. 
The location of seismic stations with that few noisy long-period seis
mograms did not reflect representation from certain azimuths or dis
tances; they were general long-period noises. In addition, we estimated 
the effective rupture size and the static stress drop of each individual 
earthquake. In this section, we present the large and complex rupture 
process event first (the 2009 event) and explain detailed analysis pro
cedures. Then, other events are discussed in the following sections. 

4.1. 2009 Event 

On November 8, 2009 at 19:41:43.70 UTC, an earthquake (MW =

6.6) caused light-to-moderate damages. This earthquake was the largest 
event and the most well-resolved of the 2002–2009 Sumbawa earth
quakes. We set the rupture to initiate from the ISC-EHB epicenter 
(8.343◦S, 118.618◦E). According to ISC-EHB and USGS, the hypocenter 
depth of this earthquake was 21 and 18 km, respectively; however, the 
findings of our grid-search approach suggested that the rupture was best 
inverted from a depth of 15 km. We built a rectangular fault plane of this 
event with a strike of 90◦ (to the east) and a dip of 25◦ southward based 
on the global CMT double-couple solution. The final size of the fault 
plane used in the inversion was 20 × 25 km2, divided into 80 subfaults 
with a grid size of 2.5 × 2.5 km2. We inverted this earthquake by using 
61 well-distributed broadband seismic stations containing 49P-wave, 45 
SH-wave, 39 Rayleigh-wave, and 17 Love-wave seismograms. The 

displacement seismograms of each body wave were 50 s in length from 
the first arrival, with a time interval of 0.2 s. The long-period surface 
waves had a length of 1 h (3600 s) from the origin time, with a time 
interval of 4 s. For a typical of moderate-magnitude events analyzed in 
this study, we used the same epicentral distance ranges (30◦–90◦) of the 
teleseismic stations for both the P and SH waves (e.g., Hao et al., 2013; 
Twardzik and Ji, 2015) with 50 s of time windows. At these ranges, we 
have used the direct P and SH waveforms to constrain the finite-fault 
rupture model and avoid the later arrivals, such as the PP and SS pha
ses in the time windows for the finite fault inversion. 

We transformed these seismograms into wavelet domains and 
minimized the difference (objective function) between the wavelet co
efficients of observed and synthetic seismograms (Ji et al., 2002). 
Furthermore, we performed the simulated annealing method to deter
mine the global optimal solution to describe each of the five unknown 
parameters (slip amplitude, rake angle, rupture initiation time, and 
starting and ending times of the normalized slip rate function) for each 
subfault. Finally, the synthetic seismograms showed a favorable agree
ment with the observed seismograms with a minimum cumulative misfit 
(objective function) of 0.209. We obtained the finite-fault rupture 
model, which included both the spatial and temporal slip evolution of 
each subfault. 

After retrieval from the finite-fault rupture model, we visualized the 
STF (describing the rate of moment release with time after earthquake 
origin) and the subfault slip distribution (Fig. 3). The total inverted 
seismic moment was 9.74 × 1018 Nm. This seismic moment was equal to 
an MW of 6.6 following Hanks and Kanamori (1979) and similar to the 
moment magnitude of global CMT. After inversion, we observed that the 
rupture was initiated from the middle crust near 15 km (Fig. 3d). The 
peak slip (142 cm) was located at a deeper depth (17 km). The average 
slip was approximately 67 cm. The STF indicated rough progression 
with a total duration of approximately 12 s; however, the primary 
moment release occurred in the first 7 s. The jackknife test evaluated the 

Fig. 3. Finite-fault rupture model for the 2009 
event (MW = 6.6) and its uncertainties. (a) Distri
bution of the teleseismic stations used in the inver
sion. Different symbols indicate different data types 
(i.e., P, SH, Rayleigh, and Love waves). The star 
indicates the epicenter of the earthquake. Dashed 
circles represent the epicenter distance at a 30◦ in
terval. (b) Moment rate function (MRF). The solid 
black line and brown-filled area show the final MRF 
solution based on all teleseismic data. The solid gray 
area indicates the MRF from each jackknife solution 
(150 individual inversions). (c) Surface projection of 
the slip distribution superimposed with the fault cell 
where estimated uncertainty (standard deviation) is 
lower than 20% of the subfault slip. Beachball 
shows a double-couple focal mechanism from the 
global CMT solution. The star is the epicenter of the 
earthquake. (d) Rupture process of the earthquake. 
The star is the hypocenter. Contours show the 
rupture propagation front at 3-s intervals. Gray ar
rows indicate the rake direction in each subfault. 
The large gray arrows indicate the strike direction.   
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uncertainties and demonstrated the robustness of our model, indicating 
that our moment rate function and most of the high slip subfaults were 
well resolved and had a high precision with a standard deviation (σ) of 
<20% (Fig. 3b and 3c). This earthquake had a single, compact, circular- 
shaped asperity with a thrusting mechanism at a depth of 14–20 km. 

After retrieval from the finite-fault rupture model, we plotted the 
common time-slip amplitudes of each subfault on the fault plane and 
obtained the snapshot of the source rupture process. The snapshots 
collected at different time steps are used to present the propagation of 
fault rupture in Fig. 4. As shown in Fig. 4, the slip movement was 
dominated by the down-dip and along-strike directions. In this inver
sion, the rupture speed was not constant; however, we set it between 
1.25 and 3.75 km/s following the procedure of Shao et al. (2011). We 
retrieved the inverted rupture initiation times for subfaults with a slip of 
>10 cm and used them to delineate the rupture speeds over the fault 
area. For this 2009 event, the down-dip rupture propagation was 
determined to have a speed of approximately 2.5 km/s but an up-dip 
propagation of only 1.7 km/s. The along-strike rupture movement had 
a speed of approximately 2.4 km/s. We followed the procedure and 

approach reported by Mai and Beroza (2000) and estimated the effective 
length (Leff) and width (Weff) of the rupture (Fig. 5) as approximately 
17.9 and 20.5 km, respectively. The average static stress drop estimated 
following the formula described by Kanamori and Anderson (1975) was 
approximately 2.0 MPa. Using the same procedure as that adopted to 
examine this 2009 event, we analyzed other earthquakes, namely the 
2002, 2006, 2007–1, and 2007–2 Sumbawa earthquakes; the results are 
summarized in Table 1. 

4.2. 2002 Event 

This event occurred on October 6, 2002 at 15:46 UTC (MW = 6.2). 
The total inverted seismic moment for this earthquake was 2.45 × 1018 

Nm (MW = 6.2) (Hanks and Kanamori, 1979). The rupture was initiated 
from a depth of 14 km with a peak slip of approximately 56 cm (Fig. 6). 
The rupture exhibited along-strike propagation in an eastward direction. 
The average slip of this event was approximately 27 cm. This earthquake 
had a single, circular-shaped asperity. The slip vectors indicated a 
thrusting mechanism. The STF of this earthquake had a simple, triangle 

Fig. 4. Snapshots of rupture propagation of the 
2009 event (MW = 6.6). Each panel depicts the 
rupture propagation at 1-s intervals. Black stars 
represent the initial break of the rupture (i.e., the 
hypocenter). Color represents the slip amplitude at 
each time window. The dashed white lines indicate 
theoretical rupture time, assuming a rupture veloc
ity of 2.0 km/s. The strike and dip information of 
the plane is available in the lower right figure. The 
slip is limited to an amplitude of >30 cm for plotting 
purposes.   
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shape, with a rupture duration of 7 s. The average rupture speed was 
approximately 2.5 km/s. The effective length and width of the rupture 
were approximately 16.6 and 13.9 km, respectively. The static stress 
drop was approximately 1.0 MPa. 

4.3. 2006 Event 

This event occurred on December 1, 2006 at 14:01 UTC (MW = 6.3) 
and caused light-to-moderate damage. It was the most eastern of the 
2002–2009 sequence. The total inverted seismic moment was 3.6 × 1018 

Nm (MW = 6.3) (Hanks and Kanamori, 1979). The rupture of this event 
was initiated from a depth of 17 km (Fig. 7). The slip vectors showed a 
thrusting mechanism. The peak slip was approximately 55 cm, located 
nearly 5 km east of the initial break. The average slip was approximately 
29 cm. This event had a single asperity with a circular shape. The 
effective size of the rupture was approximately 20.8 × 15.0 km, with an 
average static stress drop of nearly 1.1 MPa. The rupture snapshots 
presented a type of circular propagation with dominant along-strike 
propagation in an eastward direction (Fig. 8). The rupture stopped 
after a 10-s extension with average rupture speeds of approximately 2.5, 
2.0, and 1.8 km/s for along-strike, down-dip, and up-dip propagation, 
respectively. 

4.4. 2007–1 Event 

On November 25, 2007, at 16:02 and 19:53 UTC, two earthquakes 
with MW = 6.5 occurred with some moderate damages and six casu
alties. Both earthquakes were separated by only approximately 4 h. The 
first event had an inverted seismic moment of 5.51 × 1018 Nm (MW =

6.4) (Hanks and Kanamori, 1979), slightly lower than the global CMT 
seismic moment (MW = 6.5). The rupture was initiated from a depth of 
15 km and had a single asperity. The STF of this event showed a smooth 

Fig. 5. Example of the estimation of the effective rupture dimension by using 
the method reported by Mai and Beroza (2000). The solid red and blue lines 
indicate the sums of slip amplitudes in the down-dip and strike directions, 
respectively. The solid black lines denote the effective length and width esti
mates from the autocorrelation method. 

Fig. 6. Finite-fault rupture model for the 2002 event (MW = 6.2) and its uncertainties. Other captions are similar to those for Fig. 3.  
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Fig. 7. Finite-fault rupture model for the 2006 event (MW = 6.3) and its uncertainties. Other captions are similar to those for Fig. 3.  

Fig. 8. Snapshots of the rupture propagation of the 2006 event (MW = 6.3). Other captions are similar to those for Fig. 4. Here the slip is limited to an amplitude of 
>10 cm for plotting purposes. 
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progression and was triangular in shape, with a duration of 8 s (Fig. 9). 
Most of the slip vectors depicted the thrusting mechanism. The peak slip 
was 105 cm at a slightly deeper depth (16 km). The average slip was 
approximately 47 cm. The effective length and width of the rupture were 
approximately 17.8 and 16.4 km, respectively. The static stress drop was 
approximately 1.6 MPa. The rupture was dominated by down-dip 
propagation. Down-dip, up-dip, and along-strike rupture propagation 
had speeds of approximately 2.5 km/s, 1.7, and 2.4 km/s, respectively. 

4.5. 2007–2 Event 

This second event occurred just approximately 4 h after the 2007–1 
event. The total inverted seismic moment for this earthquake was 5.72 
× 1018 Nm (MW = 6.4) (Hanks and Kanamori, 1979). The STF indicated 
that this earthquake had a rougher moment release than the preceding 
earthquake. This event was initiated from a depth of 12 km, and the 
rupture finished after a duration of 11 s (Fig. 10). The peak slip was 
approximately 73 cm, much smaller than that of the 2007–1 event. The 
well-resolved slip distribution indicated a circular-shaped rupture with a 
single asperity. The average slip was approximately 32 cm. The effective 
rupture size was approximately 21.7 × 23.5 km with an average static 
stress drop of approximately 0.7 MPa. The earthquake was dominated 
by down-dip propagation with a speed of approximately 2.2 km/s. 

4.6. Validation by empirical green’s function analysis 

We used Empirical Green’s Functions (EGF) analysis to validate our 
source-parameter result using higher-frequency seismograms. We used 
40 s of unfiltered seismograms (5 s before to 35 s after P-wave arrival) to 
perform deconvolution of the EGF waveforms for the 2006, 2007–1, 
2007–2, and 2009 events (data for the 2002 event were unavailable). We 
chose two smaller events (MW = 5.3 and 5.4, respectively) as our EGFs 

located very close to the 2002–2009 events and observed their focal 
mechanisms, which were similar to 2002–2009 events. We performed 
the EGF analysis using the multitaper method (Prieto et al., 2009; 
Abercrombie, 2015). As seen from station KAPI located northeast of the 
cluster, the results indicated that the duration and general shapes of the 
moment rates of apparent STFs determined from EGF analysis were 
consistent with the results of the finite-fault inversion (Fig. 11). 

5. Discussion 

In this study, we obtained the detailed source parameters and 
rupture characteristics of five earthquakes that occurred from 2002 to 
2009 in the Sumbawa segment of Flores Thrust. The results showed 
similarities in the rupture processes and cascading asperities by 
neighbor fault patches. We further discuss detailed rupture behaviors, 
namely rupture initiation, rupture speed, rupture size, and stress drop, 
and compare them with those of other global and regional earthquakes. 
In addition, we highlight the implications of our study findings for future 
seismic and tsunami hazards, particularly for Sumbawa Island. 

5.1. Rupture initiation 

In general, all ruptures during the 2002–2009 sequence were 
nucleated in the middle crust (at a depth of approximately 12–17 km). 
These initiation depths were shallower than the hypocenter depths 
suggested by the ISC-EHB catalog (14–27 km) (Engdahl et al., 2020); 
however, they were still within the uncertainty range of their 10-km 
depth resolution (Engdahl et al., 2020). The hypocenter depths of the 
five earthquakes vary substantially between agencies (e.g., USGS and 
ISC-EHB). However, using the grid-search procedure that obtains the 
best waveform fits, we observed that they were generally at similar 
depths (Fig. 12). We conducted several models tests to confirm that 

Fig. 9. Finite-fault rupture model for the 2007–1 event (MW = 6.4) and its uncertainties. Other captions are similar to those for Fig. 3.  
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Fig. 10. Finite-fault rupture model for the 2007–2 event (MW = 6.4) and its uncertainties. Other captions are similar to those for Fig. 3.  

Fig. 11. Relative STFs at station II KAPI computed using the EGF method. EGFs were obtained for the 2007–11-26 08:15 UTC (MW = 5.3) and 02:32 UTC (MW = 5.4) 
events, with locations identical to those of the five Sumbawa earthquakes. The yellow dashed colors show the P-wave time window used in the EGF method. 
Beachballs at the ends of the seismograms are double-couple focal mechanisms from global CMT. The focal mechanisms of the EGFs are similar to those of the larger 
earthquakes analyzed in this study. The map shows the location of the II KAPI station relative to the epicenters of the earthquakes. The relative normalized STFs 
obtained from the II KAPI station are shown in the bottom right. 
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Fig. 12. Grid search for optimal initiation depths for each earthquake (a-e). The black squares indicate the waveform misfit by using the individual initiation depth. 
The arrows indicate the optimal rupture initiation depth. Green and orange inverted triangles depict the USGS and ISC-EHB hypocenter depths, respectively. 

Fig. 13. (a) Average STFs for 2002–2009 Sumbawa earthquakes from finite-fault inversions represented by different colors. The green dashed area is the time 
window for Fig. 13b. (b) Enlarged STFs for the first 3.2 s showing the rupture initiation part. (c) Normalized (relative) STFs. (d) Normalized STFs for the first 3.2 s. 
Black dashed line is a time marker for 1.7 s. 
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using different seismic crustal velocity models around the source region 
did not change the initiation depth of the ruptures. Those seismic ve
locity models and corresponding test results can be found in 
Figs. S13–S14. 

The STFs indicated that the rupture initiation shapes were similar in 
approximately the first 1.7 s for all the earthquakes (Fig. 13), as shown 
by their comparable early-stage slopes (Colombelli et al. 2020; Melgar 
and Hayes, 2019). The rupture initiation shapes were nearly identical 
for the 2002, 2006, 2007–1, 2007–2 Sumbawa earthquakes, with MW 
ranging from 6.2 to 6.4, and comparable to the 2009 earthquake, which 
had an MW of 6.6 (Fig. 13b and 13d). This result is consistent with the 
conceptual STF model proposed by Colombelli et al. (2020) for ruptures 
with comparable nucleation slopes. In this model, the initial slope of 
STFs increased with magnitude. Teleseismic inversions generally 
exhibited an excellent temporal resolution, as demonstrated by these 
STFs, indicating the reliability of this result. Moreover, the consistency 
and resolution of this result were tested using the jackknife resampling 
test (Fig. 3c). 

From the EGF analysis performed using data from the KAPI station, 
the rupture initiation shapes, as suggested by this study, were clarified 
and more evident. Apparent STFs determined from EGF analysis at KAPI 
showed an initial moment release of approximately 2 s (Fig. 11), com
parable with average STFs obtained from finite-fault inversions. We also 
compared our results with STFs obtained from the SCARDEC database 
(Vallée and Douet, 2016), which collected source parameters for global 
moderate-to-large earthquakes by using very-low-frequency body 
waves. The STFs of events analyzed in this study showed similar rupture 
initiations, durations, and relative maximum slip peaks, which were 
processed based on different seismic signal frequency bands. 

This rupture initiation might indicate that they required identical 
stress conditions and preparatory growth processes to generate the dy
namic rupture (Ellsworth and Beroza, 1995). Since only five earth
quakes were analyzed in this study, the possibility of the comparable 
earthquake initiation phases along the Flores Thrust fault needs to verify 
continuously. Earlier studies indicated that the beginning of rupture 
signals could estimate the final earthquake size and thus be helpful for 
future earthquake early warnings (Colombelli et al., 2020; Melgar and 
Hayes, 2019; Meier et al., 2021). 

5.2. Rupture speed 

According to the assumption of the inversion method used in this 
study (Ji et al., 2002; 2003; Liu and Yao, 2018; Shao et al., 2011), the 

rupture speed was not constant; however, we set it to be between 1.25 
and 3.75 km/s. The inverted typical average rupture speed of the 
2002–2009 Sumbawa earthquakes was approximately 2.0–2.5 km/s for 
along-strike and down-dip propagation (Fig. 14). This speed is consis
tent with the rupture speed of the thrusting rupture observed in some 
earthquakes (e.g., the 1999 Chi-Chi earthquake in Taiwan) (Huang, 
2001). In addition, this speed is consistent with the rupture speed of the 
1992 Flores Thrust earthquake (MW = 7.7) estimated by a previous study 
(Pranantyo and Cummins, 2019). However, the rupture speed for up-dip 
propagation to a shallower depth was generally lower than that for 
along-strike and down-dip propagation by approximately 1.7 km/s 
(Fig. 14). 

5.3. Rupture size and stress drop 

In this study, effective rupture dimensions were computed using the 
method reported by Mai and Beroza (2000) that involved the use of the 
autocorrelation function of slip along-strike and dip propagation (Hayes, 
2017). Some other studies have adopted different techniques to obtain 
the effective rupture size from finite-fault rupture models, for example, 
by removing subfaults with amplitudes smaller than a certain fraction of 
peak slips (Hao et al., 2013; Somerville et al., 1999; Ye et al., 2016). 
Following the procedure reported by Ye et al. (2016) to remove subfaults 
with a slip amplitude smaller than 17% of the peak slip, we obtained a 
comparable rupture size that was computed using the method proposed 
by Mai and Beroza (2000) (Table 1). 

The rupture characteristics associated with the 2002–2009 Sumbawa 
earthquakes showed a low average static stress drop of approximately 
1.0–2.0 MPa for all earthquakes, except the 2007–2 event, which 
showed a slightly lower stress drop (0.7 MPa; Table 1 and Fig. 15). Using 
the seismic-spectra-based approach, Allmann and Shearer (2009) 
determined that both the 2002 and 2006 Sumbawa events had a stress 
drop of 1.7 MPa. These findings indicated the consistency of both ap
proaches. A typical stress drop of 1.0–2.0 MPa was notably lower than 
the global average stress drop. The global seismic-spectra-based 
computation suggested that the stress drop of individual earthquakes 
ranged from 0.1 to 100 MPa, with a median of approximately 3.0–4.0 
MPa (Allmann and Shearer, 2009; Neely et al., 2020). The median stress 
drop of global subduction thrust earthquakes and the continental colli
sion zone were approximately 2.0–3.0 and 2.6 MPa, respectively, and 
thrust faulting had a lower stress drop than strike-slip earthquakes 
(Allmann and Shearer, 2009). In addition, the global finite-fault-based 
stress drop estimates (Ye et al., 2016) suggested an average stress drop 

Fig. 14. Rupture speed for (a) along-strike distance and (b) along-dip distance. The speed was plotted from subfaults with a slip amplitude of >10 cm (see Figs. 4 
and 8). 
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of approximately 3.0–4.0 MPa. 
The relatively low stress drop of the 2002–2009 earthquake ruptures 

could be related to the properties of the Flores Thrust fault zone that may 
have occurred in the crust that was highly fractured and thus weaker 
(McCaffrey and Nábělek, 1987). Furthermore, the lower stress drop 
could be related to the crust condition with a more brittle characteristic 
that enables the easy release of strain accumulated by fractures 
(McCaffrey and Nábělek, 1987; Sharma and Wason, 1994; Taymaz et al., 
2021). Indeed, the low stress drop could reflect the existence of 
magmatic fluids that resulted in the weakening of fault strength within 
western Flores Thrust (Silver et al., 1983). However, even though the 
2002–2009 Sumbawa events were located close to the volcanic region 
(such as the Tambora volcano that exists west of the five asperities), the 
stress drop spatial distribution did not reflect the relations to this 
interpretation. Further appraisal of stress drop of more earthquakes in 
this region and seismic tomography imaging may answer this aspect in 
the near future. It is noteworthy that energy-based stress drop compu
tation (Noda et al., 2013; Ye et al., 2013; 2016) may provide better 
constraints and can be applied to analyze source characteristics of Flores 
Thrust events. 

5.4. Architecture of the Flores Thrust 

The finite-fault rupture models provided in this study offer insights 
into the geometry and seismogenic depth of the Sumbawa segment of 
Flores Thrust as well as the distribution of asperities along western 
Flores Thrust. The strike direction and dip angle of the fault were ob
tained from the global CMT parameter (Ekström et al., 2012). For the 
five earthquakes, the strike orientations were indistinguishable (strike 
= 87◦–90◦), except for the 2002 event with a strike of 78◦. Their dip 
angles were the same for all earthquakes (dip = 21◦–25◦). Our pre
liminary inversions suggested that the global CMT fault geometry fit 
much better than any other variations such as the detachment model of 
Flores Thrust (low dip, ~13◦) or possible higher-angle splay fault 
(moderate dip, ~44◦) (McCaffrey and Nábělek, 1984; Yang et al., 2020). 
These fault orientations are consistent with the geometry of the Flores 
Thrust in Lombok analyzed by previous studies; for example, a dip of 
approximately 25◦ was applied by Lythgoe et al. (2021). Yang et al. 
(2020) and Lythgoe et al. (2021) have analyzed marine seismic profiles 
to determine this fault dip. This dip angle of the Flores Thrust is also 
consistent with the 1992 Flores earthquake (Beckers and Lay, 1995; 
Pranantyo and Cummins, 2019). 

On the basis of the findings of all inverted rupture models in this 
study, the seismogenic depths in the Flores Thrust during the 2002–2009 
earthquakes ranged from approximately 10 to 20 km. This seismogenic 
width is consistent with Lombok earthquakes (in the west) inverted by 
previous studies (Lythgoe et al., 2021; Salman et al., 2020; Wang et al., 
2020). An earlier geodetic study suggested that the segment north of 
Sumbawa had the deepest locked fault segment along the Flores Thrust 
(Koulali et al., 2016). 

The 2002–2009 Sumbawa earthquakes ruptured fault patches in the 
east of Tambora volcano and appeared to be different from 2018 Lom
bok earthquakes (four earthquakes with MW > 6.0) that occurred 
beneath Rinjani volcano on Lombok Island (Lythgoe et al. 2021). In 
comparison, the 2018 sequence had an energetic and unusual seismicity 
evolution (approximately 200 earthquakes with ML ≥ 4 within 
approximately 1 month), an observation that we did not find in the 
Sumbawa earthquakes. That Lombok sequence appeared to be strongly 
controlled by the volcano–earthquake interaction (Lythgoe et al., 2021; 
Afif et al., 2021). 

The 2002 earthquake with MW = 6.2 ruptured the westernmost patch 
of the 2002–2009 sequence, with the peak slip slightly higher than that 
of the 2006 earthquake (MW = 6.3), which ruptured the easternmost 
patch. However, the asperity size estimate for the 2006 event was higher 
than that of the 2002 event. The two 2007 earthquakes (MW = 6.4) 
ruptured to the east of the 2002 earthquake. A gap of approximately 10 
km was noted between 2002 and 2007 rupture patches. The first 2007 
earthquake (MW = 6.4) had a larger slip amplitude and narrower rupture 
size (stress drop = 1.6 MPa) than its twin (stress drop = 0.7 MPa), which 
also had a shallower depth. The 2009 earthquake (MW = 6.6) then 
ruptured east of the 2007 earthquakes and west of the 2006 rupture. The 
2009 earthquake ruptured with a significantly large slip amplitude, 
leading to a higher stress drop (2.0 MPa). Each earthquake had a single 
squeeze asperity, similar to the two asperities of the Lombok earth
quakes (Lythgoe et al., 2021; Salman et al., 2020; Wang et al., 2020). 

Most of the recent seismicity (2009–2020) recorded by BMKG’s 
permanent broadband seismic network occurred northwest and up-dip 
of the 2002–2009 earthquakes (Fig. 1c). This recent seismicity 
appeared to fill the westernmost part of a possibly shallower seismic gap, 
located up-dip of the 2002–2009 sequence. Some earthquakes also 
occurred in the northeast, probably located in the shallowest up-dip 
section (or “near trench”) of the Flores Thrust zone (Fig. 1c). 

Fig. 15. Comparison of the rupture dimensions of 2002–2009 Sumbawa earthquakes with other earthquakes (MW > 6) since 1990 along the Flores Thrust (Hayes, 
2017; Lythgoe et al., 2021; Pranantyo and Cummins, 2019; Wang et al., 2020) based on published earthquake source scaling (Cheng et al., 2020; Hanks and Bakun, 
2008; Yen and Ma, 2011). 
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5.5. Two kinematic interpretations 

We observed that the 2002–2009 earthquakes ruptured neighboring 
fault patches within approximately 8 years. The asperities did not 
overlap (Fig. 16). The ruptures were prevented from growing large in 
size, for example, into a single earthquake with MW > 7. When we 
combined the lengths of all 2002–2009 earthquakes, we obtained a 77- 
km rupture length equivalent to a thrust earthquake with MW = 7.3 
based on the relationship reported by Wells and Coppersmith (1994). 
During seismological instrument periods (since ~ 1963), seismicity in 
the western Flores Thrust (from the north of Sumbawa to Lombok and 
Bali) indicated a consistent cascading behavior of earthquake ruptures 
(Wang et al., 2020). In addition to the 2002–2009 Sumbawa sequence 
investigated in the present study, the global earthquake catalog indi
cated the 1979 earthquake sequence north of Bali (Fig. 16 inset), which 
included three earthquakes (MW = 6.2) within 7 months. More recently, 
the 2018 Lombok sequence (Fig. 16 inset) with a cascade of one MW-6.3, 
one MW-6.4, and two MW-6.9 earthquakes ruptured north of Lombok 
Island within 3 weeks (Lythgoe et al. 2021; Wang et al., 2020). These 
cascading features of moderate-magnitude ruptures (MW = 6.2–6.6) 

might be related to fault immaturity (Perrin et al., 2016; Wang et al., 
2020; Thakur and Huang, 2021; Manighetti et al., 2021). The typical low 
stress drop of the 2002–2009 Sumbawa events might also be an indi
cation of fault immaturity (e.g., Thakur and Huang, 2021). The western 
Flores Thrust was initiated at approximately 3–5 Ma and is believed to 
be a less mature fault system (Hall, 2012; Wang et al., 2020). The eastern 
Flores Thrust was initiated during the early stage of the Flores Thrust 
and is more mature than the western Flores Thrust (Hall, 2012; 
McCaffrey and Nábělek, 1987). We did not observe these cascading 
features in the eastern Flores Thrust, which ruptured in a single large 
earthquake (the 1992 Flores earthquake; MW = 7.7) (Beckers and Lay, 
1995; Pranantyo and Cummins, 2019). Similarly, the Wetar Thrust—the 
back-arc thrusting fault east of the Flores Thrust—also ruptured in a 
large earthquake (MW = 7.5) in 2004 (Fig. 1). However, this 2004 
earthquake was poorly investigated (Hayes, 2017). As the first inter
pretation, the cascade earthquake cluster with MW ranging from 6.2 to 
6.6 during the 2002–2009 Sumbawa sequence implied that fault seg
ments prohibited the growth of a single large earthquake (MW > 7) or 
that significant structural controls existed for the rupture extent (e.g., 
Salman et al., 2020). 

Fig. 16. Asperity locations and STFs during 2002–2009 Sumbawa earthquakes. Contours depict the fault ruptures inverted in this study, and stars depict their 
epicenters. Different colors represent different earthquake ruptures with slip amplitudes of >20 cm and intervals of 20 cm. The red triangle indicates the location of 
the Tambora volcano. The lower left panel shows the MRFs for the five earthquakes in this study. The relative STFs obtained using the EGF method, as seen from the 
II KAPI station (Fig. 11), are shown below. A1 denotes the distinctive moment release of the rupture initiation phase, A2 is the primary moment release, and t0 
indicates the interpreted first break of the rupture. For comparison, the very-low-frequency STFs obtained from the SCARDEC database are shown (Vallée and Douet, 
2016). The inset figure shows the epicenters of shallow earthquakes (MW > 6) during the instrumental period. 
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An alternative (second) interpretation is that the western Flores 
Thrust is as mature as the eastern parts; however, the cascade features of 
earthquakes with MW of 6.2–6.6 represent asperities near the down-dip 
brittle-ductile transition (Lay et al., 2012). These smaller asperities that 
nucleated from the middle crust (e.g., the deeper part of the fault) 
showed a difference of along-dip fault mechanics in shallower patches 
that have not yet ruptured (Lay et al., 2012) (Figs. 1 and 17). These 
earthquakes reflect a heterogeneous state of stress and strength on the 
fault between the deeper part that ruptured with multiple asperities and 
the shallower part or “near trench” (e.g., down-dip segmentation), 
which can be treated as a seismic gap (Fig. 1c and 17). This behavior was 
observed for the subduction zone megathrust earthquakes (Lay et al., 
2012; Nishikawa et al., 2019). Fuchs et al. (2014) indicated that the 
Sumbawa segment of the Flores Thrust may have nonvolcanic tremors at 
a deeper depth, which is similar to the slow-earthquake features 
observed in subduction zone thrust faults (Nishikawa et al., 2019). 

5.6. Possible seismic gap 

As discussed above, the regional earthquake catalog (BMKG 
network, 2009–2020) indicated a possible seismic gap north of the 
2002–2009 asperities (Fig. 1). In addition, the finite-fault rupture 
models of the 2002–2009 earthquakes also suggested asperities inter
action and down-dip segmentation of the Sumbawa segment of Flores 
Thrust, which also indicated a possible seismic gap in the up-dip part. 
Thus, the subsequent analysis of these five earthquakes provides insights 
into the seismic rupture process and future seismic hazards in the 
Sumbawa region. 

Areas of high slip for the five events do not overlap, suggesting an 
adjoining pattern of asperity zones consistent with prior observations in 
the 2018 Lombok earthquakes. We observed that the down-dip and 
along-strike rupture propagations are more abundant than up-dip rup
tures (e.g., Figs. 4, 8, and 14), which can be understood as a consequence 
of the material contrast. A frictionally locked large shallow asperity in 
Sumbawa (the seismic gap) might be surrounded by deep but smaller 
asperities with different frictional properties (Fig. 17) (Lay et al., 2012; 
Nishikawa et al., 2019). This interpretation implies that future earth
quakes originating in the shallower seismic gap of the Sumbawa 
segment have potential magnitudes of >7.0 based on the combined 

length of smaller asperities in 2002–2009. Some studies outlined that 
the shallowest parts of the thrust fault zone are also capable of large 
coseismic slip, such as in the 1999 Chi-Chi (Taiwan) earthquake (e.g., 
Hubbard et al., 2015). It is also worth noting that, in comparison, for the 
large Flores thrust earthquakes, such as the 1992 MW 7.7 Flores earth
quake and the 2004 MW 7.5 Wetar Thrust earthquake, the rupture 
nucleated from the middle crust and propagated dominantly up-dip to 
the shallowest part of the Flores Thrust fault (Hayes, 2017); the similar 
situation could happen in Sumbawa. 

Indeed, historically, an earthquake with MW > 7.0 occurred in 
Sumbawa in 1836; however, the exact location and precise magnitude 
was unknown (Koulali et al., 2016; Musson, 2012; Pranantyo et al., 
2021; Griffin et al., 2019). As shown in Fig. 15, a rupture with MW > 7.0 
could have a rupture length of at least 40 km, comparable with the size 
of the shallow seismic gap shown in Fig. 1. This shallow rupture could 
generate significant ground motion and a tsunami. Because earthquakes 
with a lower stress drop tend to radiate less high-frequency ground 
motion (Hao et al., 2013; Somerville et al., 1999), the damage caused by 
future large Sumbawa earthquakes might be due to shallow rupture 
nature and probable hanging wall effects. In addition, our source anal
ysis, including the stress drop and rupture velocities, has implications 
for assessing the peak ground acceleration (PGA) variability for the 
Sumbawa region (Chounet et al., 2018). Given the high seismic and 
tsunami threat in Sumbawa Island, hazard analysis in this region is ur
gently required for earthquake engineering applications. 

5.7. Implications for regional seismic and tsunami hazards 

The 2002–2009 Sumbawa earthquakes resulted in considerable 
hazards. The 2006 event was felt in Bima city with a Modified Mercalli 
Intensity (MMI) of V. The two 2007 events (MW = 6.4) occurred on the 
same day and caused moderate damage. The 2009 event (MW = 6.6) was 
also felt by the population with MMI of IV–V in Bima city. In addition, 
the recent 2018 Lombok sequence resulted in severe damages and 
claimed >550 casualties (Yang et al., 2020). The 1979 earthquakes also 
caused severe damages and claimed 37 casualties. Even with MW < 7, 
earthquakes occurring along the Flores Thrust can have a high seismic 
hazard. In addition, large earthquakes along the Flores Thrust, such as 
the 1992 Flores event (MW = 7.7), caused severe damage and generated 

Fig. 17. Tectonic cartoon showing the fault geometry, the interpretation of the five cascading asperities (2002–2009), regional seismicity, and the possible seismic 
gap in the east of Tambora volcano, Sumbawa. 
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a large tsunami (Pranantyo and Cummins, 2019). 
To consider a candidate event with MW > 7 and to improve future 

seismic hazard analysis in this region, an earthquake source scaling 
relation is necessary (Irsyam et al., 2020; Gunawan, 2021; Yuliastuti 
et al., 2021). As shown in Fig. 15, we compared our results with 
earthquake scaling performed by Yen and Ma (2011) and Cheng et al. 
(2020) to determine the rupture length–MW relationship and that per
formed by Yen and Ma (2011) and Hanks and Bakun (2008) to examine 
the rupture area–MW relationship. In general, our results are consistent 
with source scaling results reported from Taiwan (Yen and Ma, 2011), 
which mostly consisted of thrust events from the collision zone (Fig. 15). 

The results of this study provide the detailed properties of earth
quake sources along the Flores Thrust including asperity location, 
rupture dimension (fault length and width), average slip, rupture speed, 
and stress drop. This information can contribute to the earthquake 
source scaling requirement for future regional seismic and tsunami 
hazards (Irsyam et al., 2020; Yuliastuti et al., 2021). Recently, Gunawan 
(2021) compared published scaling relationships from other locations 
with seven strike-slip earthquakes and six dip-slip earthquakes from a 
range of locations and tectonic regimes in Indonesia. No scaling rela
tionship based on finite-fault-rupture models has been established for 
earthquakes along the Flores Thrust or the eastern Sunda-Banda arc. 
Based on the successful application of finite-fault rupture models to 
scaling relationships for specific tectonic regions by Yen and Ma (2011), 
rupture models obtained in this study can be helpful to determine the 
source scaling of regional earthquakes along the Flores Thrust. More
over, the Sumbawa region is a candidate for a nuclear power plant in 
Indonesia (Yuliastuti et al., 2021). Additional studies are necessary to 
evaluate earthquake and tsunami hazards in this region. 

6. Conclusions 

We investigated the STFs and possible finite-fault rupture models of 
five earthquakes (MW ≥ 6.2) in the Sumbawa segment of the Flores 
Thrust. Our source inversions were constrained by teleseismic body and 
surface waves. Model uncertainties were computed by performing the 
jackknife test. We observed similar initiation shapes of dynamic rupture 
for all earthquakes. The ruptures were initiated from the middle crust 
and often propagated circularly along-strike and down-dip directions. 
Cascading asperities with a typical low static stress drop ruptured 
neighboring fault patches, and they did not develop into a single large 
earthquake with MW > 7. We highlighted that this cascading behavior 
might be related to the less mature features of the western Flores Thrust. 
Alternatively, the shallower part of the fault segment could have 
resulted in a large earthquake, similar to those in the eastern part of the 
Flores Thrust. Rupture models obtained in this study can be helpful for 
the source scaling of specific regional earthquakes along the Flores 
Thrust. 
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