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A B S T R A C T   

The rupture behavior of intermediate-depth earthquakes in southern Java remains poorly understood despite 
their potential seismic hazard. In this study, we performed finite-fault inversions to investigate the rupture 
processes and source characteristics of five intermediate-depth earthquakes (60–300 km depth) with moment 
magnitudes (MW) ≥ 6.1 from 1998 to 2017 in the southern region of Java and its surrounding areas. Utilizing 
teleseismic body waves and surface waves, we employed a wavelet-based seismic inversion technique. Initially, 
we conducted preliminary inversions of the focal mechanisms (strike and dip) from the Global Centroid Moment 
Tensor (GCMT) database to determine the optimal fault plane orientation for slip distributions and source time 
functions (STFs). Our findings reveal that most of the earthquakes exhibited a simple rupture process charac
terized by a single and compact asperity with a single triangular STF, except for the 1998 earthquake. The results 
indicate that the ruptures primarily propagated unilaterally along the down-dip direction, except for the 2014 
earthquake. We further analyzed the data incorporating directivity, which confirmed the rupture behavior. Three 
events suggested that the preferred rupture planes were near-vertical (down-dip), while two events exhibited 
subhorizontal orientations. Considering the challenges in determining the rupture plane associated with the 
subducting slab, the densely deployed national seismic networks in Java are expected to provide valuable in
sights into the dynamics of the subduction zone. By elucidating the source characteristics and rupture behavior of 
these intermediate-depth events, our study offers valuable insights for future seismic hazard assessments, 
particularly for densely populated regions of Java, Indonesia.   

1. Introduction 

The Java subduction zone is recognized as one of the most seismi
cally active regions globally and has experienced numerous destructive 
earthquakes. A characteristic of this subduction zone is the absence of 
significant megathrust events with a moment magnitude (MW) ≥ 8 
(Newcomb and McCann, 1987; Okal, 2012). The convergence direction 
within the Java subduction zone is nearly perpendicular to the plate 
boundary. The southern region of Java, Indonesia (Fig. 1) is part of the 
Sunda Arc, where the Australian Plate converges with the Eurasian Plate 
at a convergence rate of ~68 mm/yr (Koulali et al., 2017; Simons et al., 
2007; Tregoning et al., 1994). Notably, the southwestern part of Java 
undergoes a transition from oblique subduction along Sumatra to 

orthogonal convergence along Java. Fig. 1 shows the seismicity from 
1998 to 2017 obtained from the International Seismological Centre 
Engdahl-van der Hilst-Buland (ISC-EHB) catalog with a depth resolution 
of approximately 5 km (Engdahl et al., 2020). This figure shows that the 
seismicity primarily occurs in the fore-arc region. Notably, earthquakes 
with magnitudes greater than 6 are primarily concentrated at an 
intermediate-depth on the subduction zone. 

Some active faults and volcanoes have formed along Java Island due 
to subduction of the Australian Plate beneath the Eurasian Plate, which 
gives this region a complex tectonic structure. The geometry of the 
Wadati–Benioff zone shows that the north-dipping Java slab exhibits a 
~40◦ dip extending to 300 km depth, an aseismic region between 300 
km and 400 km, and a steep dip up to 600 km (Chen et al., 2004), 
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aligning with previous tomography studies (Hall and Spakman, 2015; 
Widiyantoro et al., 2011). Hall and Spakman (2015) attributed the steep 
dip of this slab to the relatively old age of the subducted oceanic litho
sphere (100–130 Ma; Seton et al., 2020) (Fig. 1). The Java subduction 
zone exhibits an along-strike variation of subducting age and seafloor 
topography, with an easterly increasing age of oceanic lithosphere and 
the presence of the Roo Rise to the east as it subducts beneath the fore- 
arc (Fig. 1; Kopp et al., 2006; Masson et al., 1990). Wang and Bilek 
(2014) suggested that, based on the rough seafloor and lack of signifi
cant earthquakes, creep is the primary mechanism operating in the Java 
subduction zone. Given the complex tectonic structure and high seismic 
activity, it is important to study the rupture processes and characteristics 
of intermediate-depth earthquakes in this subduction region. 

Java Island is the most populous region in Indonesia with a popu
lation of ~153 million. In addition to the 2004 Sumatra-like megathrust 

earthquake, this region has experienced numerous historically signifi
cant and devastating tsunami earthquakes with magnitudes of approx
imately M7–M8 (Fig. 1, stars without associated focal mechanisms). For 
instance, the U.S. Geological Survey (USGS) reported that on 2 June 
1994, an MW 7.8 earthquake with a focal depth of 18.4 km occurred in 
the south of Java, resulting in a tsunami that claimed over 200 lives 
(Mori et al., 2007). Another powerful event took place on 17 July 2006, 
when an MW 7.7 earthquake with a focal depth of 20.0 km (USGS) struck 
Pangandaran, south of Java, triggering a devastating tsunami that led to 
more than 600 fatalities and displaced over 75,000 individuals (Mori 
et al., 2007). On 2 September 2009, an MW 7.0 intraslab earthquake with 
a focal depth of 46.0 km (USGS) occurred in Tasikmalaya, West Java. 
Although it did not generate a tsunami, it resulted in a coastal landslide 
(Sirait et al., 2020). This event caused over 80 deaths and led to 188,000 
people being displaced (Gunawan et al., 2019). 

Fig. 1. Tectonic setting and background seismicity of the study area. The seismicity was retrieved from the ISC-EHB catalog (Engdahl et al., 2020) from 1998 to 
2017. The colored stars with focal mechanisms show the epicenters of the five analyzed events, color-coded based on depth (bottom left scale). The focal mechanisms 
are the optimal solutions from our preliminary inversion tests which utilized the GCMT database (Ekström et al., 2012). The thick blue lines on each beachball 
indicate the preferred fault planes identified by directivity analysis, whereas black squares and blue triangles represent the orientation of the P- and T-axes, 
respectively. The solid blue lines represent the active faults from the 2017 Earthquake Source and Hazard Map of Indonesia (Irsyam et al., 2017). The cyan and gray 
contours denote the slab depths extracted from Slab2.0 (Hayes et al., 2018) with contour intervals of 20 km and 100 km, respectively. The brown lines indicate 
seafloor age contours (Seton et al., 2020). The black arrow denotes the Australian Plate motion relative to the Sunda Block. The blue rectangle in the inset map 
indicates the study area. Bathymetry data were retrieved from Global Multi-Resolution Topography (GMRT) (Ryan et al., 2009). Three profiles (AA’, BB’, and CC’) 
are mostly perpendicular to the preferred fault planes from the epicenter. The 2001, 2014, and 2017 events were projected onto the BB’ profile. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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While tsunamigenic earthquakes that occur on the subduction zones 
have attracted significant attention due to their destructive nature, it is 
important to recognize that intermediate-earthquakes (depth ~60–300 
km) have also proven to be destructive for densely populated regions 
situated above subduction zones, including Java Island, Indonesia (Ye 
et al., 2014). Previous studies have investigated the source character
istics and rupture processes of intermediate-depth earthquakes in 
various regions worldwide, such as the Rat Islands, Alaska (Twardzik 
and Ji, 2015; Ye et al., 2014) and Peru (Liu and Yao, 2020; Ye et al., 
2020). However, no studies have yet been conducted which focus on 
intermediate-depth earthquakes in Java. Therefore, it is crucial to 
address this research gap and study intermediate-depth earthquakes 
which occur in Java as they present unique challenges, because of their 
unclear faulting mechanisms, and have led to massive disasters. 

Various models have been proposed to explain the physical mecha
nisms, including phase transitions (Liu and Zhang, 2015; Nakajima 
et al., 2013), dehydration embrittlement (Hacker et al., 2003; Jung 
et al., 2004; Okazaki and Hirth, 2016), transformational faulting (Fer
rand et al., 2017; Kirby et al., 1996), and thermal shear instability 
(Kelemen and Hirth, 2007; Prieto et al., 2013). Kiser et al. (2011) sug
gested a dehydration embrittlement process associated with preferen
tially hydrated subhorizontal faults as a mechanism for intermediate- 
depth earthquakes. Previous studies have also investigated the mecha
nisms of intermediate-depth earthquakes related to stress release (Astiz 
et al., 1988; Fujita and Kanamori, 1981; Isacks and Molnar, 1971). Ac
cording to Astiz et al. (1988), intermediate-depth earthquakes in Java 
occur in the uncoupled region due to the negative buoyancy of the 
subducted slab, with a relatively long and steeply dipping seismic zone. 

In this study, we investigate the rupture processes of MW ≥ 6.1 
intermediate-depth earthquakes in the southern region of Java and its 
surrounding areas (Fig. 1) from 1998 to 2017. Five earthquakes, which 
were well recorded by global seismic networks, were analyzed: the 28 
September 1998 MW 6.5 Java earthquake (USGS focal depth 151.6 km), 
the 14 August 1999 MW 6.4 Southern Sumatra earthquake (USGS focal 
depth 101.4 km), the 25 May 2001 MW 6.3 Java earthquake (USGS focal 
depth 143.1 km), the 25 January 2014 MW 6.1 Java earthquake (USGS 
focal depth 66.0 km), and the 15 December 2017 MW 6.6 Java earth
quake (USGS focal depth 90.0 km (Table 1). To analyze these earth
quakes, we employed a wavelet-based finite-fault inversion technique 
using teleseismic body waves and surface waves as described by Ji et al. 
(2002). We determined the ruptured fault planes based on waveform fits 
in the inversion and considered the effects of rupture directivity (Ji 

et al., 2002; Prieto, 2022; Prieto et al., 2009). By obtaining the finite- 
fault rupture models of earthquakes, we estimated source parameters 
such as rupture dimensions, rupture velocity, and stress drop. Addi
tionally, we conducted directivity investigations to validate our results. 
The findings of this study contribute to our understanding of earthquake 
rupture behavior and its tectonic implications and provide valuable 
insights for seismic hazard assessments in Java Island, Indonesia. 

2. The five Intermediate-Depth earthquakes and data 

Fig. 1 shows the five selected intermediate-depth earthquakes that 
occurred in the southern region of Java and its surrounding areas from 
1998 to 2017 with a magnitude (MW) greater than 6.1. The hypocenter 
locations were obtained from the USGS database and the focal mecha
nisms from the Global Centroid Moment Tensor (GCMT) database 
(Ekström et al., 2012). According to the Agency for Meteorology, 
Climatology, and Geophysics of the Republic of Indonesia (BMKG) cat
alog for damaging earthquakes (2019), the earthquakes included in our 
study resulted in varying degree of damage and numbers of casualties. 
For instance, the earthquake which occurred on 15 December 2017 led 
to four fatalities, 11 serious injuries, 25 minor injuries, and damage to 
2,935 houses and nearly one hundred buildings. The 28 September 1998 
event caused one fatality, destroyed 38 houses, and damaged more than 
62 houses and several buildings. The 25 January 2014 event resulted in 
damage to hundreds of houses. Despite the fact that these earthquakes 
occurred offshore, the occurrence of intermediate-depth 
M6+earthquakes highlights the need for further attention to seismic 
hazard assessment in Indonesia. 

The seismicity data used in this study were retrieved from the ISC- 
EHB catalog (Engdahl et al., 2020) covering the period from 1998 to 
2017 (Fig. 1). This catalog provides precise information on relocated 
events, along with their spatial resolution, from 1964 to 2019. Given 
that BMKG only had modern seismic networks after 2009, our study 
focused on teleseismic waveforms obtained from the Incorporated 
Research Institutions for Seismology Data Management Center (IRIS 
DMC) within an epicentral distance range of 30◦ to 90◦ to reduce the 
complexity of the Earth’s structure for typical moderate-magnitude 
earthquakes (Hao et al., 2013; Twardzik and Ji, 2015). 

3. Data processing and methods 

Data preprocessing included removing instrument responses through 

Table 1 
Source parameters of five intermediate-depth earthquakes (60–300 km depth) in southern Java, Indonesia, and its surrounding areas with moment magnitudes (MW) ≥

6.1 from 1998 to 2017.  

Source parameter 1998 Java 1999 Southern 
Sumatra 

2001 Java 2014 Java 2017 Java 

Date (year-month-day) Origin time  
(UTC) 

1998–09-28 
13:34:30.5 

1999–08-14 
00:16:52.3 

2001–05-25 
05:06:10.7 

2014–01-25 
05:14:18.5 

2017–12-15 
16:47:58.2 

Epicenter location from USGS 8.194◦S; 112.413◦E 5.885◦S; 104.711◦E 7.869◦S; 110.179◦E 7.986◦S; 109.265◦E 7.492◦S; 108.174◦E 
Depth from USGS (km) 151.6 101.4 143.1 66 90 
Seismic moment (Nm) from GCMT, (MW) 7.65× 1018, (6.5) 5.13× 1018, (6.4) 3.17× 1018 , (6.3) 2.10× 1018 , (6.1) 8.45× 1018 , (6.6)
Seismic moment (Nm) from this study, (MW) 7.50× 1018, (6.5) 4.89× 1018, (6.4) 2.86× 1018 , (6.2) 1.96× 1018 , (6.1) 7.60× 1018 , (6.5)
Focal mechanism strike/dip/rake from GCMT (⁰) 358/13/-176 

263/89/-77 
164/78/39 
65/52/165 

49/32/-158 
300/79/-60 

110/71/-88 
282/19/-97 

152/75/35 
52/56/162 

Focal mechanism strike/dip/rake from our preferred 
solution (⁰)* 

1/13/-176 
263/88/-77** 

167/75/39 
66/53/165** 

37/32/-158 
288/79/-60** 

114/76/-88 
284/14/-97** 

152/77/35** 

53/56/162 
Rupture length L (km) 25 15 17.5 12 15 
Rupture width W (km) 22.8 14.6 15.7 11.7 15.4 
Peak slip (cm) 42.2 71.2 32.9 43.2 105.4 
Average slip (cm) 17.3 29.6 14.1 18.6 42.5 
Average rupture velocity (km/s) 2.6 2.8 2.7 2.9 2.7 
Static stress drop (MPa) 0.8 2.1 0.9 1.7 3.0 
Rupture length from directivity Ldir(km) 25 15 17.5 12 15 
Rupture velocity from directivity vdir(km/s) 4.0 2.5 3.25 2.25 4.0  

* The rake angle was from the GCMT and was varied in the subfault in the finite-fault inversion. 
** The preferred rupture plane obtained by directivity analysis. 
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a deconvolution process using Seismic Analysis Code (SAC) software 
(Goldstein and Snoke, 2005). Velocity seismograms were then inte
grated to obtain the displacement seismograms, and a coordinate rota
tion was applied to obtain the horizontal component of the shear waves 
(SH). It is worth noting that SH-waves exhibit lower signal-to-noise ra
tios and higher arrival-time uncertainty. To address this issue, weighting 
was applied during the inversion, giving SH-waves half the weight of P- 
waves. Long-period surface waves were assigned double the weight of P- 
waves since Green’s functions are more suitable for long-period surface 
waves than for body waves (Shao et al., 2011). 

The displacement body waves were band-pass filtered between 
0.005 Hz and 1 Hz, while long-period surface waves were filtered be
tween 0.004 Hz and 0.006 Hz (Hao et al., 2013). The waveform length 
varied according to the magnitude of each earthquake. The sampling 
intervals for displacement seismograms were 0.2 s and 4 s for body 
waves and surface waves, respectively. The arrival times of P- and SH- 
waves were estimated using the IASP91 travel-time table (Kennett and 
Engdahl, 1991) and manually adjusted for the inversion process. As an 
example, Fig. 2 shows the distribution of the teleseismic broadband 
stations used in this study for body waves (P and SH) and surface waves 
(Rayleigh and Love) for the 15 December 2017 Java earthquake. The 
same stations were considered for all five earthquakes analyzed in this 
study. The stations generally provided good azimuthal coverage of the 
earthquakes and offered satisfactory signal-to-noise ratios of waveforms 
for the analysis. 

In this study, we employed a kinematic finite-fault inversion method 
that utilized teleseismic body waves and surface waves as described by 
Ji et al. (2002). This method relies on assumed fault geometry and has 
been widely employed in previous studies (Hao et al., 2013; Hsieh et al., 
2016; Ji et al., 2003; Lin et al., 2019; Shao et al., 2011). The inversion 
procedure involved a nonlinear waveform inversion using a wavelet 
transform and a simulated annealing method. The wavelet transform 
played a crucial role in converting observed and synthetic waveforms 
into a combined representation of the time and frequency domain. This 
transformation facilitated comparison and analysis of wavelet co
efficients between observed and synthetic waveforms. A simulated 
annealing method, known as the heat-bath algorithm, was used to 
search for the optimal finite-fault model. This algorithm enabled an 
efficient search for the best-fit finite-fault model by minimizing the 
misfit of wavelet coefficients. From this inversion, we simultaneously 
determined the slip amplitude, slip direction (rake angle), rupture 
initiation time, and the asymmetric slip rate function (rise time) of each 
subfault. 

3.1. Fault Geometry, source time Function, and velocity structure 

Firstly, we conducted a series of preliminary inversion tests to 
determine the strike and dip of the earthquakes, with variation within 
±20◦, using the GCMT solution. The fault geometry was justified based 
on the minimum misfit between the synthetic and observed waveforms. 
For each earthquake, a single rectangular fault plane was considered, 
with the strike and dip values derived from the minimum misfit while 
the rake angle was taken directly from the GCMT solution. Initially, the 
rupture dimension was estimated using the scaling relation of Strasser 
et al. (2010) and then adjusted visually to ensure a well-resolved slip 
distribution on the fault plane. In our preliminary finite-fault inversions, 
high slips around the fault plane edges were identified, and we expanded 
the fault plane if the slip values around the fault plane edges were sig
nificant (Zheng et al., 2020). All slip areas should be completely 
distributed on the fault plane. In addition, fault plane sizes were 
reconsidered to ensure minimum smearing effects on the resolved slip 
models (Hsieh et al., 2016). 

In this inversion approach, the asymmetric cosine function was used 
to estimate the derivative of the source time functions (Ji et al., 2003). 
The slip rate in each subfault was assigned using the value of the starting 
time (ts) and ending time (te) of this asymmetric cosine function (Ji et al., 

2003). The inverted rise time for each subfault was computed by sum
ming these times (ts + te). The rise time value was constrained within the 
range of 0.5 to 5 s. Variation within a certain range was allowed for the 
rupture velocity, which refers to the temporal constraint (Shao et al., 
2011). In this study, the reference rupture velocity was set at 2.5 km/s, 
with a range of 1.25 km/s to 3.75 km/s. The specific rupture velocity of 
each event was further determined in the directivity analysis. The rake 
angle (slip vector) for each subfault was searched within ±30⁰ of the 
GCMT rake as a reference value. 

The velocity model used in the inversion was extracted from the 
Crust2.0 global 1D velocity model (Bassin et al., 2000) and the Pre
liminary Reference Earth Model (PREM; Dziewonski and Anderson, 
1981). This velocity model provides information about the Earth’s 
structure in the source region. Attenuation effects on the seismic 
waveform at teleseismic distances were accounted for using attenuation 
constants for P- and SH-waves (t*

α = 1.0 s and t*β = 4.0 s, respectively), 
where t* is the time-constant of the body wave attenuation operator 
(Futterman, 1962). Synthetic waveforms for teleseismic body waves 
were calculated using first motion approximation using the generalized 
ray theory method (Langston and Helmberger, 1975; Helmberger, 
1983), while the synthetic waveforms for long-period surface waves 
were computed using the normal mode superposition algorithm (Gilbert 
et al., 1975; Shao et al., 2011). 

The objective function defined via wavelet decomposition for the 
inversion included the L1 + L2 norm for low-frequency and cross- 
correlation for high-frequency signals, providing a multi-scale solution 
of slip distribution and ensuring more reliable results (Ji et al., 2002). 
This function, denoted as E(m), was defined as a cumulative misfit be
tween the observed and synthetic waveforms, incorporating additional 
terms for seismic moment, slip smoothness, and rupture front regularity 
as: 

E(m) = Ewf + λ1Emoment + λ2Esmooth + λ3Etime (1) 

where Ewf (m) indicates the cumulative misfit between the observed 
and synthetic waveforms. To stabilize the inversion process, three types 
of regularization were employed: Emoment, which minimizes the discrep
ancy between the inverted seismic moment and the value from long- 
period seismic data, such as the GCMT solution (Ji et al., 2002); 
Esmooth, which minimizes the discrepancy between the slip values on 
neighboring subfaults using a Laplacian operator (Ji et al., 2002); Etime, 
which suppresses the irregularity in the rupture front (Shao et al., 2011). 
The regularization terms were weighted using λ1, λ2, and λ3, which were 
all set to 0.1 in our study. 

The optimum slip model for each earthquake was obtained through a 
rigorous process involving initial finite-fault inversions and meticulous 
reviews to address uncertainties in our analysis. These reviews included 
the removal of poor-quality stations, manual adjustment of waveform 
picking in time, and visual refinement of the fault plane size. We show 
these reviews using an example of the most significant magnitude of our 
analyzed events, namely the 15 December 2017 MW 6.6 Java earthquake 
in supplementary Figs. S21-S25. Additionally, comprehensive pre
liminary inversion tests were conducted to validate the fault geometry 
based on the minimum misfit, utilizing the available data (see supple
mentary information for Figs. S1, S5, S9, S13, and S17). 

3.2. Directivity analysis and stress drop 

To enhance justification of the ruptured fault plane, we employed 
directivity analysis in addition to general waveform fitting of two fault 
planes. The directivity analysis involved calculating the apparent source 
time functions (ASTFs) with varying rupture velocities to determine the 
likely fault plane of the target earthquakes. The ASTFs were calculated 
using the following equation (Ben-Menahem and Singh, 1981; Cesca 
et al., 2011): 
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Fig. 2. The finite-fault rupture model for NP1 and the directivity analysis of the 15 December 2017 Java earthquake (MW 6.6). (a, b) Distribution of the teleseismic 
stations used for the finite-fault inversion for body waves and surface waves, respectively; red and blue reverse triangles represent the stations that recorded P-waves 
and SH-waves, respectively; black squares and magenta circles represent Rayleigh-wave and Love-wave stations, respectively; the green star indicates the epicenter of 
the earthquake; dashed circles indicate the epicenter distance at 30◦ intervals. (c) Source time function (STF) describing moment rate evolution with time after the 
earthquake origin. (d) Slip distribution on the fault plane; the green star indicates the hypocenter; contours show the rupture propagation time at 3 s intervals; black 
arrows indicate the slip size and slip (rake) direction of each subfault; the thick black line indicates the rupture area (A) of subfaults with slip larger than 10 % of the 
maximum slip (Hao et al., 2017); the large black arrow denotes the strike direction. (e) Surface projection of slip distribution in (d) superimposed on topography; the 
green star represents the epicenter of the earthquake; the beachball indicates the optimal focal mechanism solution from our preliminary inversion tests; the thick 
blue line on the beachball denotes the preferred fault plane from directivity analysis, whereas the black square and white triangle represent the orientation of the P- 
axis and T-axis, respectively; the black squares show the damage caused by this earthquake to the cities of Tasikmalaya, Ciamis, and Pangandaran in West Java; the 
inset map indicates the location of the enlarged figure (blue square) and active faults (red lines) obtained from the 2017 Earthquake Source and Hazard Map of 
Indonesia (Irsyam et al., 2017). (f) The fitting curves between the observed ASTFs (solid circles) and the calculated Δt for two nodal planes, NP1 and NP2, 
respectively, obtained from directivity analysis; the solid and dashed black lines show the calculated Δt for NP1 and NP2, respectively. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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Δt = tr +
L
vR

−
Lcos(φ − θ)

vP
(2) 

where tr is the rise time, L is the rupture length, vR is the rupture 
velocity, vP is the P-wave velocity of the region,φ is the unilateral 
rupture propagation direction, and θ is the station’s azimuth. The 
azimuth-dependent source duration can be used to determine earth
quake directivity. 

The ASTFs were computed using the vertical component of tele
seismic waveforms. The synthetic seismograms, which were generated 
based on the optimal solution of the preliminary inversion result and the 
IASP91 velocity model (Kennett and Engdahl, 1991), were retrieved 
from the IRIS Synthetics Engine (Syngine) (https://ds.iris.edu/ds/prod 
ucts/syngine/). The multitaper method (Prieto, 2022; Prieto et al., 
2009) was utilized for frequency domain deconvolution to obtain the 
ASTFs. This method computes multitapered Fourier spectra of observed 
and synthetic data in the frequency domain, implements the spectral 
division, and then converts the spectral ratio back to the time domain by 
performing an inverse Fourier transform thereby yielding the source 
time function (STF). This method has been utilized in previous studies 
(Semmane et al., 2017; Viegas, 2012) for ruptured fault plane 
determination. 

We used a time window of 40 s (5 s before to 35 s after the P-wave 
arrival); however, for the 15 December 2017 event, we instead used a 
time window of 35 s (5 s before to 30 s after the P-wave arrival) to avoid 
negative values of the ASTF, which can lead to non-physical solutions 
(Dȩbski, 2008). We utilized the same vertical component of teleseismic 
waveforms as those used in the finite-fault inversion. By manually 
picking the start and end times of the ASTFs, we measured the apparent 
source duration and compared it with the calculated Δt. The fitting 
between the observed ASTFs and the calculated Δt was evaluated using 
the L1-norm misfit (López-Comino et al., 2015) as the objective 
function: 

L1 =
∑Oi=N

Oi=1

|obsi − calci|

N
(3) 

where obs represents the observed data, calc is the calculated Δt, and 
N is the number of data points. The rupture length and rise time were 
fixed based on finite-fault results, and P-wave velocity was set at 8.1 km/ 
s as the average velocity for events at these depths. Considering the 
average rupture velocity obtained from finite-fault inversion in our 
study, we tested various rupture velocities between 2 km/s and 4 km/s 
at intervals of 0.25 km/s, fitting the strikes of both nodal planes (NP1 
and NP2) with the observed ASTFs, as shown in supplementary 
Figs. S4a, S8a, S12, S16, and S20. 

Estimation of static stress drop is known to be challenging and sub
ject to significant uncertainty (Ye et al., 2016). However, for 
intermediate-depth earthquakes, a relatively high static stress drop is 
typically observed (Ye et al., 2020). We followed the approach used in 
previous studies to obtain the effective rupture size from finite-fault 
models by removing subfaults with poorly resolved models. Specif
ically, we considered subfaults with inverted slip values larger than 10% 
of the maximum slip (Hao et al., 2013, 2017; Somerville et al., 1999; Ye 
et al., 2016) as significant slip subfaults (Hao et al., 2017; Yen and Ma, 
2011). The stress drop was calculated for each event using the equation 
Δσs = C M0

AL (Kanamori and Anderson, 1975), where C is a nondimen
sional constant, M0 is the seismic moment, A is the fault area, and L is the 
smaller characteristic length of the fault (either fault length or width). 
We used C = 7π

16 for a circular-shaped rupture. The fault area (A) was 
determined based on the total dimension of subfaults with slip larger 
than 10% of the maximum slip. 

4. Results 

4.1. The 15 December 2017 MW 6.6 Java earthquake 

The MW 6.6 earthquake occurred in Tasikmalaya, West Java, at 
16:47:58 UTC on 15 December 2017. The USGS reported the epicenter 
location as 7.492◦S and 108.174◦E, with a focal depth of 90 km. We 
conducted preliminary tests of the focal mechanism (strike ϕ and dip δ), 
defining two nodal planes, which had the same dimensions (32.5 km 
along strike and 32.5 km down-dip) as a rectangular fault plane. The 
fault plane was divided into 169 subfaults, each with a grid size of 2.5 
km × 2.5 km. In this study, the grid sizes were considered in relation to 
the rise time (local slip duration) and expected rupture velocity. In 
addition, the grid sizes were related to the number of unknown pa
rameters that influence the quality of the inversion results. We utilized 
seismograms from 46 teleseismic stations, including 29 P-wave, 12 SH- 
wave, 38 Rayleigh-wave, and 22 Love-wave recordings (Fig. 2a and 2b), 
to invert the finite-fault slip model of this event. The length of 
displacement waveforms for each body wave was 20 s from the P-wave 
first arrival and 3600 s for the long-period surface waves from the origin 
time. We performed finite-fault inversions, varying the strike and dip by 

±20◦ of the GCMT solution, to find the best fit (Fig. S1). The final 
optimal solution for strike, dip, and rake obtained was NP1 (ϕ = 152o,

δ = 77o, λ = 35o) and NP2 (ϕ = 53o,δ = 56o,λ = 162o), which is in good 
agreement with the GCMT solution (Table 1). 

The synthetic waveforms (Figs. S2 and S3) demonstrate good 
agreement with the observed waveforms, with a minimum cumulative 
misfit of 0.198 for NP1 and 0.202 for NP2. Although the difference in 
misfit values between these two fault planes is small, this suggests that 
NP1 might be a preferred rupture plane. Fig. 2c and 2d show the STF and 
slip distribution of NP1, respectively. The rupture displayed a simple 
triangular shape with a total rupture duration of approximately 11 s, 
with the primary moment release occurring within the first 6 s. The 
rupture was initiated from a depth of 90 km, with a maximum slip of 
105.4 cm in the down-dip direction. Considering the region with slip 
larger than 10% of the maximum slip, the average slip of this event was 
approximately 42.5 cm. The corresponding rupture length from the 
finite-fault result was L = 15 km. The slip vectors revealed an oblique 
mechanism, dominated by unilateral down-dip rupture propagation 
with an average rupture velocity of approximately 2.7 km/s. The total 
seismic moment for NP1 was 7.60 × 1018 Nm, equivalent to an MW 6.5 
according to Hanks and Kanamori (1979), slightly lower than the MW of 
6.6 obtained from the GCMT solution. By considering the fault area (A) 
encompassing subfaults with slip larger than 10% of the maximum slip 
(Fig. 2d), the static stress drop (Δσs) was determined to be approxi
mately 3.0 MPa. Additionally, Fig. 2e shows the map view of this slip 
distribution where the preferred rupture plane is near-vertical, which 
resulted in damage to the cities of Tasikmalaya, Ciamis, and Pan
gandaran in West Java. 

Fig. 2f shows the fitting curves between the observed ASTFs and the 
calculated Δt for two nodal planes, NP1 and NP2, respectively, obtained 
from directivity analysis. These curves represent the results obtained 
after testing various rupture velocities (as shown in Fig. S4a) and 
selecting the minimum fit. The analysis reveals that the near-vertical 
fault plane (NP1) exhibits a lower L1-misfit of 0.96 compared with the 
subhorizontal fault plane (NP2), confirming the preferred fault plane 
identified through finite-fault inversion. However, it is important to note 
that the misfit curve for determining the rupture velocity of NP1 (as 
shown in Fig. S4a) does not exhibit a stable minimum. This highlights 
the difficulty in definitively determining the rupture velocity for this 
steep-angle fault plane, despite the misfit curve suggesting a relatively 
fast rupture velocity of up to 4 km/s, which is nearly equivalent to 90% 
of the shear wave velocity (~4.5 km/s) at the corresponding depth. In 
comparison, Fig. S4b shows the fitting curves of the directivity analysis 
for the rupture velocity determined from the finite-fault inversion, 
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which is 2.7 km/s. Although the difference in misfit values between 
these two preferred models (rupture velocity of 2.7 km/s for NP2 and 
4.0 km/s for NP1) is small, visual examination (Fig. 2f and Fig. S4b) 
suggests that the fitting curve for NP1 with a rupture velocity of 4.0 km/ 
s provides a better fit. This is supported by its smaller misfit value 
(Fig. S4a). However, it is important to acknowledge the difficulty in 
definitively determining the rupture velocity. 

4.2. The 28 September 1998 MW 6.5 Java earthquake 

The MW 6.5 earthquake occurred in the southern part of East Java at 
13:34:30 UTC on 28 September 1998. According to the USGS, the 

epicenter location is 8.194◦S and 112.413◦E, with a focal depth of 151.6 
km. Preliminary tests of the focal mechanism (strike ϕ and dip δ) 
(Fig. S5) were conducted to identify two nodal planes represented by 
rectangular fault planes with the same dimensions of 42.5 km along 
strike and 47.5 km down-dip. The fault plane was divided into 323 
square subfaults with a grid size of 2.5 km × 2.5 km. We used 35 tele
seismic stations, including 27 P-wave, 12 SH-wave, 34 Rayleigh-wave, 
and 13 Love-wave seismograms (Fig. 3a and 3b). The displacement 
waveforms for each body wave had a length of 25.6 s from the P-wave 
first arrival, while the long-period surface waves were analyzed up to 
3600 s from the origin time. For the 1998 event, the optimal solution for 
strike, dip, and rake of the two nodal planes was NP1 (ϕ = 1o,δ = 13o,

Fig. 3. The finite-fault rupture model for NP2 and the directivity analysis of the 28 September 1998 Java earthquake (MW 6.5). The black square in (e) shows the 
damage to the city of Malang in East Java caused by this earthquake. The dashed and solid black lines in (f) show the calculated Δt for NP1 and NP2, respectively. 
Other captions and symbols are as per Fig. 2. 
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λ = − 176o) and NP2 (ϕ = 263o,δ = 88o,λ = − 77o), as listed in Table 1. 
The synthetic waveforms (Figs. S6 and S7) demonstrate good 

agreement with the observed waveforms, with a minimum cumulative 
misfit of 0.242 for NP2. Fig. 3c and 3d show the STF and slip distribution 
for NP2, respectively. The STF exhibits a double-peak, indicating that 
the rupture commenced with a small initiation and then propagated 
with larger slip over a total duration of approximately 11 s. The rupture 
was initiated from a depth of approximately 151.6 km with a maximum 
slip of 42.2 cm in the down-dip direction. The average slip of this event 
was approximately 17.3 cm. The slip vectors depicted an oblique 
mechanism, characterized by a predominately unilateral down-dip 
rupture propagation at an average rupture velocity of approximately 
2.6 km/s. The corresponding rupture length from the finite-fault slip 

model of this event was L = 25 km. The total seismic moment for NP2 
was estimated to be 7.50 × 1018 Nm, equivalent to an MW 6.5 earth
quake based on Hanks and Kanamori (1979). The moment magnitude 
calculated using the seismic moment of the earthquake was similar to 
the moment magnitude reported in the GCMT solution. By considering 
the fault area (A) based on the subfaults with slip larger than 10% of the 
maximum slip (Fig. 3d), the static stress drop (Δσs) was estimated to be 
approximately 0.8 MPa. The slip distribution is shown in map view in 
Fig. 3e, illustrating the narrow nature of the slip pattern due to the near- 
vertical rupture plane. Despite the narrow slip pattern, this event still 
resulted in damage to the city of Malang in East Java. 

Fig. 3f shows the fitting curves between the observed ASTFs and the 
calculated Δt for two nodal planes, NP1 and NP2, respectively, obtained 

Fig. 4. The finite-fault rupture model for NP2 and the directivity analysis of the 14 August 1999 Southern Sumatra earthquake (MW 6.4). The dashed and solid black 
lines in (f) show the calculated Δt for NP1 and NP2, respectively. Other captions and symbols are as per Fig. 2. 
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by directivity analysis. These curves represent the results obtained after 
testing various rupture velocities (as shown in Fig. S8a) and selecting the 
minimum fit. The analysis revealed that the near-vertical fault plane 
(NP2) exhibited a lower L1-misfit of 1.09 compared with the sub
horizontal fault plane (NP1), confirming the results from finite-fault 
inversion. However, similar to the 15 December 2017 earthquake, the 
misfit curve for determining the rupture velocity of NP2 (as shown in 
Fig. S8a) does not exhibit a stable minimum. This again highlights the 
difficulty in definitively determining the rupture velocity for this steep- 
angle fault plane, despite the misfit curve also suggesting a relatively fast 
rupture velocity of up to 4 km/s. In comparison, Fig. S8b also shows the 
fitting curves of the directivity analysis for the rupture velocity 

determined from the finite-fault inversion, which is 2.6 km/s. Visual 
examination of Fig. 3f and Fig. S8b suggests that the fitting curve for 
NP2 with a rupture velocity of 4.0 km/s provides a better fit, which is 
supported by its smaller misfit value (Fig. S8a). However, as with the 15 
December 2017 earthquake, it is important to acknowledge the diffi
culty in definitively determining the rupture velocity for near-vertical 
fault planes. 

4.3. The 14 August 1999 MW 6.4 southern Sumatra earthquake 

The MW 6.4 earthquake occurred in the southwest of Bandar Lamp
ung, the southern part of Sumatra, at 00:16:52 UTC on 14 August 1999. 

Fig. 5. The finite-fault rupture model for NP2 and the directivity analysis of the 25 May 2001 Java earthquake (MW 6.3). The black square in (e) shows the damage to 
the city of Yogyakarta caused by this earthquake. The dashed and solid black lines in (f) show the calculated Δt for NP1 and NP2, respectively. Other captions and 
symbols are as per Fig. 2. 
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According to the USGS, the epicenter location was 5.885◦S and 
104.711◦E, with a focal depth of 101.4 km. Preliminary tests of the focal 
mechanism (strike ϕ and dip δ) were conducted (Fig. S9) and defined the 
two nodal planes of the rectangular fault plane with the same di
mensions of 32.5 km along strike and 32.5 km down-dip. The fault plane 
was divided into 169 subfaults with a grid size of 2.5 km × 2.5 km. We 
used 33 teleseismic stations, including 26 P-wave, 11 SH-wave, 21 
Rayleigh-wave, and 12 Love-wave seismograms (Fig. 4a and 4b). The 
displacement waveforms for each body wave had a length of 20 s from 
the P-wave first arrival, while the long-period surface waves were 

analyzed up to 3600 s from the origin time. For the 1999 event, the 
optimal solution for strike, dip, and rake of the two nodal planes was 
NP1 (ϕ = 167o,δ = 75o,λ = 39o) and NP2 (ϕ = 66o,δ = 53o,λ = 165o) 
(Table 1). 

The synthetic waveforms (Figs. S10 and S11) demonstrate good 
agreement with the observed waveforms with a minimum cumulative 
misfit of 0.207 for NP2, suggesting a preferred subhorizontal fault plane. 
Fig. 4c and 4d show the STF and slip distribution for NP2, respectively. 
The STF exhibits a simple rupture process with a total duration of 
approximately 11 s, with the primary moment release occurring in the 

Fig. 6. The finite-fault rupture model for NP2 and the directivity analysis of the 25 January 2014 Java earthquake (MW 6.1). The black squares in (e) show the 
damage to the cities of Kebumen, Banyumas, and Cilacap in Central Java caused by this earthquake. The dashed and solid black lines in (f) show the calculated Δt for 
NP1 and NP2, respectively. Other captions and symbols are as per Fig. 2. 
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first ~6 s. The rupture initiated from a depth of approximately 101.4 
km, with a maximum slip of 71.2 cm in the down-dip direction. The 
average slip of this event was approximately 29.6 cm. The slip vectors 
depicted an oblique mechanism, characterized by a predominantly 
unilateral down-dip rupture propagation at an average rupture velocity 
of approximately 2.8 km/s. The rupture length was L = 15 km. The total 
seismic moment for NP2 was estimated to be 4.89 × 1018 Nm, equiva
lent to an MW 6.4 earthquake based on Hanks and Kanamori (1979). The 
moment magnitude calculated using the seismic moment of the earth
quake is similar to the moment magnitude reported in the GCMT solu
tion. By considering the fault area (A) based on the subfaults with slip 
larger than 10% of the maximum slip (Fig. 4d), the static stress drop 
(Δσs) was estimated to be around 2.1 MPa. Fig. 4e shows the map view 
of this slip distribution of the subhorizontal fault plane (NP2). 

Fig. 4f shows the fitting curves between the observed ASTFs and the 
calculated Δt for NP1 and NP2 after testing various rupture velocities in 
the directivity analysis. The results indicate that the subhorizontal fault 
plane (NP2) is a preferred fault plane, with an L1-misfit of 0.75, 
compared with that of the near-vertical fault plane (NP1) of 1.02 
(Fig. S12), confirming the results from finite-fault inversion. Based on 
this analysis, we estimated a rupture velocity of 2.5 km/s as the best fit, 
which is comparable with that obtained from the finite-fault analysis of 
2.8 km/s. 

4.4. The 25 May 2001 MW 6.3 Java earthquake 

The MW 6.3 earthquake occurred in the southern part of Java at 
05:06:10 UTC on 25 May 2001. The epicenter location from the USGS 
was 7.869◦S and 110.179◦E, with a focal depth of 143.1 km. Preliminary 
tests of the focal mechanism (strike ϕ and dip δ) were conducted 
(Fig. S13) and defined the two nodal planes with a rectangular fault 
plane of 27.5 km along strike and 27.5 km down-dip. The fault plane was 
divided into 121 subfaults with a grid size of 2.5 km × 2.5 km. We used 
40 teleseismic stations, including 28 P-wave, 13 SH-wave, 31 Rayleigh- 
wave, and 12 Love-wave seismograms (Fig. 5a and 5b). The displace
ment waveforms for each body wave had a length of 20 s from the P- 
wave first arrival, while the long-period surface waves were analyzed up 
to 3600 s from the origin time. For the 2001 event, the optimal solution 
for strike, dip, and rake for these two nodal planes was NP1 (ϕ = 37o,

δ = 32o,λ = − 158o) and NP2 (ϕ = 288o,δ = 79o,λ = − 60o) (Table 1). 
The synthetic waveforms (Figs. S14 and S15) demonstrate good 

agreement with the observed waveforms with a minimum cumulative 
misfit of 0.291 for NP2. Fig. 5c and 5d show the STF and slip distribution 
for NP2, respectively. The STF exhibits a simple rupture process with a 
total duration of about 10 s, with primary moment release occurring 
within the first ~6 s. The corresponding rupture length from the finite- 
fault result was L = 17.5 km. The rupture was initiated from a depth of 
approximately 143.1 km, with a maximum slip of 32.9 cm in the down- 
dip direction. The average slip of this event was approximately 14.1 cm. 
The slip vectors indicate an oblique mechanism, predominately char
acterized by unilateral down-dip rupture propagation with an average 
rupture velocity of approximately 2.7 km/s. The total seismic moment 
for NP2 was estimated to be 2.86 × 1018 Nm, which is equivalent to an 
MW 6.2 earthquake based on Hanks and Kanamori (1979). The moment 
magnitude calculated using the seismic moment of the earthquake was 
slightly lower than the moment magnitude reported by the GCMT so
lution (MW = 6.3). Using the fault area (A) with the total dimensions 
from the subfaults with slip larger than 10% of the maximum slip 
(Fig. 5d), the static stress drop (Δσs) was estimated to be approximately 
0.9 MPa. Fig. 5e shows the map view of this slip distribution of the near- 
vertical fault plane, which resulted in damage to the city of Yogyakarta. 

Fig. 5f shows the fitting curves between the observed ASTFs and the 
calculated Δt for NP1 and NP2 after testing various rupture velocities in 
the directivity analysis. This shows that the near-vertical fault plane 
(NP2) is a preferred fault plane as it displays an L1-misfit of 1.43 

compared with that of the subhorizontal fault plane (NP1) of 1.61 
(Fig. S16), confirming the results from finite-fault inversion. Based on 
this analysis, we estimated a rupture velocity of 3.25 km/s as the best fit, 
which is approximately 20% higher than the velocity estimated from the 
finite-fault analysis of 2.7 km/s. Unlike other events with a preferred 
near-vertical fault plane, determination of rupture velocity did not reach 
a stable minimum. This event shows good convergence of the misfit 
minimum for the preferred fault plane NP2, indicating a faster rupture 
velocity than that determined from the finite-fault analysis. The rupture 
velocity obtained from the directivity analysis is 72% of the average 
shear wave velocity at the corresponding depth. 

4.5. The 25 January 2014 MW 6.1 Java earthquake 

The MW 6.1 earthquake occurred in Kebumen, southern Java, at 
05:14:18 UTC on 25 January 2014. The epicenter location from the 
USGS was 7.986◦S and 109.265◦E, with a focal depth of 66 km. Pre
liminary tests of the focal mechanism (strike ϕ and dip δ) were con
ducted (Fig. S17) and defined the two nodal planes with a rectangular 
fault plane with dimensions of 24 km along strike and 26 km down-dip. 
The fault plane was divided into 156 subfaults with a grid size of 2.0 km 
× 2.0 km. We used 35 teleseismic stations, including 23 P-wave, 8 SH- 
wave, 27 Rayleigh-wave, and 5 Love-wave seismograms (Fig. 6a and 
6b). The displacement waveforms for each body wave had a length of 15 
s from the P-wave first arrival, and the long-period surface waves were 
analyzed up to 3600 s from the origin time. For the 2014 event, the 
optimal solution obtained for strike, dip, and rake for the two nodal 
planes was NP1 (ϕ = 114o,δ = 76o,λ = − 88o) and NP2 (ϕ = 284o,δ =

14o,λ = − 97o) (Table 1). 
The synthetic waveforms (Figs. S18 and S19) demonstrate good 

agreement with the observed waveforms with a minimum cumulative 
misfit of 0.252 for NP2 as the subhorizontal fault plane. Fig. 6c and 6d 
show the STF and slip distribution of NP2, respectively, exhibiting a 
simple rupture process with a total duration of approximately 6 s. The 
rupture was initiated from a depth of 66 km with a maximum slip of 
43.2 cm. The corresponding rupture length from the finite-fault analysis 
was L = 12 km. The average slip of this event was approximately 18.6 
cm. The slip vectors depicted mainly a normal faulting mechanism, 
dominated by circular rupture propagation with an average rupture 
velocity of about 2.9 km/s along the down-dip direction. The total 
seismic moment for NP2 was 1.96 × 1018 Nm, which is equivalent to an 
MW 6.1 earthquake based on Hanks and Kanamori (1979). The moment 
magnitude calculated using the seismic moment of the earthquake was 
similar to the moment magnitude reported in the GCMT solution. Using 
the fault area (A) with total dimensions from the subfaults with slip 
larger than 10% of the maximum slip (Fig. 6d), the static stress drop 
(Δσs) was approximately 1.7 MPa. Fig. 6e shows the map view of this 
slip distribution of the subhorizontal fault plane, which resulted in 
damage to the cities of Kebumen, Banyumas, and Cilacap in Central 
Java. 

Fig. 6f shows the fitting curves between the observed ASTFs and the 
calculated Δt for NP1 and NP2 after testing various rupture velocities in 
the directivity analysis. This shows that the subhorizontal fault plane 
(NP2) is a preferred fault plane as it shows an L1-misfit of 1.02 compared 
with that of the near-vertical fault plane (NP1) of 1.08 (Fig. S20), con
firming the results of the finite-fault inversion analysis. This sub
horizontal fault plane aligns with the report by Serhalawan et al. (2017) 
using the distribution of relocated aftershocks. From this, we estimated a 
rupture velocity of 2.25 km/s as the best solution, which is approxi
mately 20% slower than the velocity from the finite-fault analysis of 2.9 
km/s. This rupture velocity is only approximately 60% of the shear wave 
velocity at the corresponding depth. 
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5. Discussion 

With the exception of the 1998 event, the analyzed earthquakes 
predominantly showed simple rupture behavior. Most of the events had 
a triangular-shaped STF (Fig. 2c-6c), with a single and compact asperity 
(Fig. 2d-6d). Except for the 2014 event, the slip distributions primarily 
exhibited a unilateral down-dip rupture (Fig. 2d-6d), which aligns with 
findings from previous studies on intermediate-depth earthquakes 
(Shiddiqi et al., 2018; Twardzik and Ji, 2015). The STF of the 1998 event 
displayed a double-peak, suggesting the moment was released from two 
subevents. Our obtained STF results were mostly comparable with those 
of the 2014 Rat Islands intermediate-depth earthquake (Twardzik and 
Ji, 2015; Ye et al., 2014), which also exhibited a similar single triangle 
shape. In contrast, the STF of the 2019 Peru earthquake showed three- 
peaked pulses (Liu and Yao, 2020; Ye et al., 2020). It is important to 
note that the rupture behavior and characteristics of intermediate-depth 
earthquakes along the Java subduction zone remain poorly understood, 
despite they can be very damaging. Further investigations would be 
necessary to determine if there is a relationship between this simple 
rupture behavior and regional tectonic settings along this subduction 
zone. 

The estimated rupture sizes (lengths and widths, Table 1) are com
parable with those of other moderate-magnitude shallow earthquakes in 
Sumbawa, Indonesia (Sianipar et al., 2022). Sianipar et al. (2022) 
employed the autocorrelation function of slip along the strike and dip 
directions following Mai and Beroza (2000) to obtain the effective 
rupture dimensions and compared these results with the removal of 
subfaults with slip amplitudes smaller than 17% of the maximum slip as 
suggested by Ye et al. (2016). 

Ye et al. (2016) indicated an average stress drop of 3.0–4.0 MPa 
based on the energy-related global finite-fault model. In our analysis, we 
estimated static stress drop (Δσs) ranging from approximately 1.7 MPa 
to 3.0 MPa, while lower values of 0.8 MPa and 0.9 MPa for the 1998 and 
2001 earthquakes, respectively (Table 1). While stress drop estimation 
contains uncertainties, our results fall within the range observed for 
shallow earthquakes (1 − 10 MPa; Tibi et al., 2002) and are similar to the 
stress drop observed for the 2018 Anchorage, Alaska, intraslab earth
quake (Δσ = 2.76 MPa; Liu et al., 2019). Twardzik and Ji (2015) esti
mated a static stress drop of 3.8 MPa to 6.2 MPa for a steeply dipping 
fault plane. Moreover, Ye et al. (2020) suggested a slip-weighted 
average stress drop of 5.2 MPa and an area-based stress drop of 2.3 
MPa. However, our estimated stress drops are lower than results 
observed in some other intermediate-depth earthquakes, for example, 
the Vrancea earthquake (Δσ = 10 MPa; Gusev et al., 2002), Rat Islands 
earthquake (Δσ = 11.8 MPa; Ye et al., 2014), and Tarapaca earthquake 
(Δσ = 33 MPa; Kuge et al., 2010). Warren (2014) proposed that earth
quakes which result in new faults tend to have higher stress drops and 
lower seismic efficiency than reactivated faults. The relatively low stress 
drop in the southern Java subduction zone might be indicative of 
frequent seismic activity. This subduction zone is also marked by an 
absence of significant megathrust earthquakes with MW ≥ 8 (Newcomb 
and McCann, 1987; Okal, 2012), suggesting that there is a lack of large 
asperities. In addition, a tomography study revealed the presence of 
fluid in the upper crust beneath the center of Java Island, particularly in 
sedimentary basins and around volcanic centers (Bohm et al., 2013). 
This study also found the presence of fluid above the subducting slab in 
the marine forearc and in the mantle wedge beneath the volcanic arc. 

Goldberg et al. (2022) provided evidence that teleseismic data can be 
used effectively to estimate moment release, even when the detailed 
rupture behavior is not well characterized. However, it is important to 
recognize the limitations of our teleseismic-only inversion results in 
terms of spatial resolution. These limitations can introduce uncertainties 
when estimating the average static stress drop (Adams et al., 2017), 
despite our efforts to focus on subfaults with better-constrained slips. 

The average rupture velocity obtained from finite-fault inversion for 
the events in our study ranged from approximately 2.6 km/s to 2.9 km/s 

along the down-dip propagation direction (Table 1). This rupture ve
locity is comparable with findings from other studies on intermediate- 
depth earthquakes. For instance, Liu and Yao (2020) reported a 
rupture velocity of ~2.7 km/s, and Ye et al. (2020) found a velocity of 
~3 km/s for the 2019 Peru earthquake, while Twardzik and Ji (2015) 
observed a velocity of ~2 km/s for the 2014 Rat Islands earthquake. In 
our study, we obtained similar rupture velocities through both finite- 
fault inversion and directivity analysis for three events (1999, 2001, 
and 2014, Table 1). However, we encountered significant differences in 
the estimated rupture velocity for the 1998 and 2017 events, likely due 
to data limitations and distribution of stations when conducting direc
tivity analysis. The teleseismic stations are primarily located in azimuth 
to the north direction, with fewer stations available in the south
–southwest direction. It is rather crucial for ruptured fault plane and 
velocity determination for two fault planes that are nearly vertical and 
subhorizontal. Although estimating rupture velocity using directivity 
analysis is challenging due to limited data and station coverage for 
earthquakes with steep and subhorizontal fault planes, the rupture ve
locities derived from the directivity analysis showed variation of 
approximately ±10% to 20% compared with those from finite-fault 
inversion, except for the 1998 and 2017 events, as listed in Table 1. 
For these intermediate-depth earthquakes, the shear wave velocity near 
the epicenter was approximately 4.5 km/s, and the rupture velocities 
determined in this study ranged from 0.5 to 0.9 times the shear wave 
velocity. Despite the inherent uncertainty and challenges in definitively 
determining rupture velocity using teleseismic records, it shows a ten
dency that events which preferred near-vertical fault planes generally 
exhibited higher rupture velocities compared with events which 
preferred subhorizontal rupture planes. For instance, Ye et al. (2017) 
suggested a steeply dipping fault plane with a high rupture velocity of 
3.5 km/s for the 2017 Chiapas, Mexico, earthquake. On the other hand, 
Ye et al. (2014) indicated a shallow-dipping rupture plane with a low 
rupture velocity of about 1.5 km/s for the 2014 Rat Islands earthquake. 

Previous studies have employed uncertainty analysis techniques, 
such as jackknife and bootstrap methods (Asano and Iwata, 2009; Hayes, 
2011; Sianipar et al., 2022), to investigate the stability and accuracy of 
finite-fault inversion results by resampling the original data set with or 
without replacement. In our study, we accounted for uncertainties by 
conducting a series of initial finite-fault inversions and reviewing the 
results. This involved removing poor-quality stations, manual adjust
ment of waveform picking in time, and visual adjustment of fault plane 
size (Figs. S21-S25). We also allowed the rupture velocity and rake angle 
to vary within a certain range from the reference values, and we con
ducted preliminary inversion tests on the strike and dip values obtained 
from the GCMT solution to verify the fault geometry (Figs. S1, S5, S9, 
S13, and S17). 

Although there were insufficient seismic stations in the south
–southwest direction, the directivity analysis provided valuable con
straints for determining the rupture plane. The results indicate that three 
events had preferred rupture planes with near-vertical fault planes with 
the strike parallel to the trench direction, and two events had sub
horizontal fault planes with strikes parallel and perpendicular to the 
trench direction. The preferred fault planes determined from this anal
ysis are also depicted in Fig. 1 alongside the focal mechanisms. Given the 
challenges in determining the rupture plane associated with the sub
ducting slab, current deployment of more densely distributed national 
seismic networks in the Java region of Indonesia will provide important 
insights for understanding the dynamics of the subduction zone and its 
yielding seismic hazard assessments. 

Previous studies on intermediate-depth earthquakes have shown a 
preference for near-vertical dipping fault planes. Tibi et al. (2002) 
suggested a near-vertical fault plane for the 14 October 1997 Fiji-Tonga 
earthquake (MW 7.7, depth 167 km). Similarly, Twardzik and Ji (2015) 
identified a steeply-dipping fault plane based on the distribution of 
relocated aftershocks for the 2014 Rat Islands earthquake. Liu and Yao 
(2020) and Ye et al. (2020) also favored an eastward-dipping nodal 
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Fig. 7. Side projections along the AA’, BB’, and CC’ profiles in Fig. 1 with background seismicity for earthquakes: (a) 1999 Southern Sumatra along AA’; (b) 2017 
Java, 2014 Java, and 2001 Java along BB’; and (c) 1998 Java along CC’. The beachballs show the optimal focal mechanism solutions from our preliminary inversion 
tests. The thick blue lines on each beachball indicate the preferred fault planes identified from directivity analysis, whereas black squares and blue triangles represent 
the orientation of the P- and T-axes, respectively. Background seismicity is the same as in Fig. 1. The color scale in (a) indicates the depth of events and background 
seismicity. The solid black lines denote the Slab2.0 model (Hayes et al., 2018). (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.) 
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plane (NP1; strike 353◦ and dip 57◦) with a higher dip than NP2 (strike 
162◦ and dip 33◦) for the 2019 Peru earthquake. On the other hand, 
other studies have found predominantly subhorizontal fault planes. 
Warren et al. (2007, 2008) and Warren (2014) conducted directivity 
analysis of intermediate-depth earthquakes using teleseismic records 
and observed primarily subhorizontal fault planes, with some near- 
vertical fault planes, in subduction zones such as those in the Tonga- 
Kermadec region, Central America, and South America. Ye et al. 
(2014), in contrast to Twardzik and Ji (2015), suggested a shallow- 
dipping fault plane for the 2014 Rat Islands earthquake based on the 
horizontal distribution of aftershocks and back-projection results. 
Additionally, Kiser et al. (2011) identified predominantly subhorizontal 
fault planes in several subduction zones using the back-projection 
technique applied to 22 intermediate-depth events. These findings 
highlight the challenges in definitively determining the ruptured fault 
plane for intermediate-depth earthquakes. 

The physical mechanism of intermediate-depth earthquakes is still a 
subject of debate, with one prominent hypothesis relating to dehydra
tion within subducting plates. Dehydration embrittlement is commonly 
used to explain the occurrence of intermediate-depth earthquakes 
(Hacker et al., 2003; Okazaki and Hirth, 2016). This mechanism in
volves an increase in pore pressure caused by dehydration, which 
compensates for the overburden pressure and leads to brittle failure 
(Zhan, 2020). This can result in reactivation of pre-existing faults or the 
creation of new faults. In our directivity analysis, we found three events 
with near-vertical fault planes and two events with subhorizontal fault 
planes as our solutions. Warren et al. (2008) suggested that sub
horizontal fault planes are associated with the creation of new faults, 
while subvertical fault planes are linked to the reactivation of outer rise 
faults. Reactivation of pre-existing faults as a mechanism for generating 
intermediate-depth earthquakes has been proposed in several subduc
tion zones (Kiser et al., 2011; Ranero et al., 2003, 2005; Yamasaki and 
Seno, 2003). Marot et al. (2012) proposed that reactivated pre-existing 

faults may be controlled by slab bending or unbending stress. Although 
the specific generating mechanism for our target events remains unclear, 
we support the hypothesis suggesting the reactivation of pre-existing 
faults or the creation of new faults in the slab due to dehydration 
embrittlement. 

As shown in Fig. 1, the T-axes of our analyzed earthquakes are 
generally consistent in the north–south to northeast–southwest orien
tations with intermediate plunges. To analyze the stress patterns of 
intermediate-depth earthquakes in the Java subduction zone, we pro
jected the P- and T-axes of the five analyzed events and the background 
of intermediate-depth events (Fig. S26a) into two reference frame pro
jection systems, geographic and regional frames, following a technique 
used by Chen et al. (2001, 2004) (Fig. S26b). The geographic frame 
comprises the north, east, and down (N-E-D) coordinate system, while 
the regional frame is in the slab reference system with the along-strike, 
slab-normal, and down-dip (AS-SN-DD) coordinate system. Using the 
seismicity distribution in this region, we determined the slab geometry 
(strike and dip) employing a linear fitting method (Chen et al., 2001, 
2004). Based on this technique, we obtained the slab geometry of Java 
with a strike of 299◦ and dip of 56◦, subducting in the northeast direc
tion. The results revealed that in the geographic frame, the T-axes are 
predominantly oriented in the northeast azimuth (0◦ to 60◦), with a 
plunge ranging from 30◦ to 82◦ (Fig. S26b, left). This primarily northeast 
clustering of T-azimuths not only suggests its dominance but also is 
consistent with the Australian Plate’s northeastward subduction. In the 
regional frame, the T-axes are predominantly distributed around the 
center of the projection, suggesting a predominantly down-dip extension 
(Fig. S26b, right). However, the shallowest earthquake (depth 66 km) is 
an exception, exhibiting a down-dip compressive stress (Fig. S26). 

We took three profiles (AA’, BB’, and CC’) mostly perpendicular to 
the preferred fault planes from the epicenter (Fig. 1). We included side 
projections of their focal mechanisms along with background seismicity 
for each earthquake, as shown in Fig. 7a-7c. The events of 2001, 2014, 

Fig. 8. Perspective view of the 3D seismicity distribution of the study area, looking at the Java Trench from the northeast–southwest direction. The stars show the 
epicenters and hypocenters of the five analyzed events with their focal mechanism solutions. Black squares and blue triangles on each beachball represent the 
orientation of the P- and T-axes, respectively. The light gray color represents the subducting slab extracted from Slab2.0 (Hayes et al., 2018). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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and 2017 were placed in the same profile of BB’. For the 1999 and 2014 
events, the preferred fault planes appear to be parallel to the bending of 
the slab. In contrast, the preferred fault planes for the other events are 
near-vertical dipping planes beneath the slope of the slab. Notably, a 
previous study identified seismic gaps at depths of less than 50 km in the 
south of Java, which poses a potential risk for future megathrust 
earthquakes (Widiyantoro et al., 2020). In our study, we also observed 
seismicity gaps at depths ranging from approximately 100 km to 200 
km. To support this interpretation, we made a perspective view of the 
three-dimensional (3D) seismicity distribution of the study area in the 
Java subduction zone, as shown in Fig. 8. These gaps could potentially 
be associated with larger earthquakes in future with MW>7. Therefore, 
this densely populated region requires closer attention as the occurrence 
and distribution of intermediate-depth earthquakes are difficult to pre
dict due to their infrequency and the lack of historical records. 

6. Conclusion 

In this study, we focused on investigating the finite-fault rupture 
models and deriving source time functions (STFs) for five intermediate- 
depth earthquakes that occurred between 1998 and 2017 with magni
tudes (MW) greater than 6.1 in the southern region of Java and its sur
rounding areas. Our finite-fault inversions were constrained by 
teleseismic body waves and surface waves. Overall, our analysis 
revealed that the rupture process of the investigated events was rela
tively simple, with the exception of the 1998 event. The rupture pro
cesses were indicated by a triangular STF with a singular and compact 
asperity, while the slip distribution mainly exhibited unilateral down- 
dip rupture, except for the 2014 event. In addition to the finite-fault 
inversions, we conducted directivity analysis to validate the preferred 
fault planes of the target events. The results suggest that three events 
exhibited near-vertical fault planes (in the down-dip direction) along a 
strike parallel to the trench direction, while two events displayed sub- 
horizontal fault planes along a strike perpendicular and parallel to the 
trench direction (down-dip and circular direction). The estimated static 
stress drops revealed comparable values to those obtained for 
intermediate-depth earthquakes in other subduction zones. The source 
characteristics and rupture models obtained through our study offer 
valuable insights for seismic hazard assessments in the densely popu
lated region of Java Island, Indonesia. By understanding the behavior of 
these intermediate-depth earthquakes, we can better assess and mitigate 
potential risks in the area. 
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