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Abstract

The 2020 Jepara earthquake (Mw 6.7) represents a significant deep-focus seismic event within the subducting Indo-
Australian Plate beneath Java Island. This study investigates its characteristics using automatic moment tensor inversion
and double-difference relocation based on seismic data from the Meteorology, Climatology, and Geophysics Agency
(BMKG). A total of 1,899 earthquakes recorded between 2010 and 2022 were analyzed, focusing on events with a depth of
up to 600 km. Moment tensor analysis revealed a normal faulting mechanism with two nodal planes: the first with a
strike of 3102, dip of 592, and rake of -682, and the second with a strike of 92¢, dip of 372, and rake of -121°. The centroid
depth was refined to 544 km, and the variance reduction (VR) exceeded 60%, which classifies the results as high-quality
(Category A). Approximately 85% of the hypocenters were successfully relocated, improving root mean square (RMS)
travel times to less than 1 second. The earthquake is associated with slab dehydration and the polymorphic phase transi-
tion of olivine to spinel under high pressure and temperature. These processes contribute to changes in fault mecha-
nisms and the structural variation of the mantle transition zone. The findings enhance understanding of the deep-focus
earthquakes beneath Java and can significantly contribute to future earthquake mitigation in Indonesia.
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Walter et al., 2008), and the recent 2020 Jepara earth-
quake (Mw 6.0). The Jepara earthquake, occurring at a
depth of 560 km, ranks as one of the largest deep earth-
quakes in the past decade, with its effects felt across Java
(MMI IV-V) and extending to Sumatra, South Bali, and
Lombok (MMI II-1V).

Deep earthquakes represent a complex geophysical
phenomenon requiring detailed investigation. According
to BMKG records, only 3% of earthquakes in the last
decade were categorized as deep-focus events (see Fig-
ure 1). Tectonically, these earthquakes occur within sub-
ducting slabs, resembling shallow earthquakes superfi-
cially but differing significantly in their mechanisms (Li
et al., 2018; Zhan, 2020). The deep hypocenters amplify
seismic wave propagation, leading to pronounced shak-

1. Introduction

Java Island experiences significant seismic activity
due to active tectonic processes (Gunawan and Widi-
yantoro, 2021; Widiyantoro et al., 2020). These pro-
cesses are primarily driven by the subduction of the In-
do-Australian oceanic plate beneath the Eurasian conti-
nental plate at a rate of 5—6 cm/year. Additionally, active
onshore faults with slip rates of 1-2 cm/year contribute
to frequent and sometimes destructive earthquakes (Ar-
gus and Gordon, 1991; DeMets et al., 2010; Pasari et
al., 2021a). Historically significant events include the
1994 Banyuwangi earthquake (Mw 7.8) (Abercrombie
et al., 2001; Polet and Kanamori, 2000), the 2006 Pan-
gandaran earthquake (Mw 7.8) (Kato et al., 2007; Am-

mon et al., 2006; Fujii and Satake, 2006), the 2006
Yogyakarta earthquake (Mw 6.0) (Saputra et al., 2021;
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ing at distant locations, as observed in the 1998 Mexico
earthquake (Mw 7.8) (Ramirez-Herrera and Orozco,
2002; Tibi et al., 2003). Deep earthquakes originate in
dense, old oceanic slabs, which slow wave attenuation
while enhancing wave propagation (Tibi et al., 2003;
Wu and Takeo, 2004). These events can cause signifi-
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Figure 1. The seismicity and tectonic map of Java Island shows the distribution of felt earthquakes over the last 50
years. Notable strong and destructive earthquakes that occurred in the Java region include the Bantul 2006 M 5.9,
Pangandaran 2006 M 7.7, Tasikmalaya 2009 M 7.0 and 2017 M 6.9, Lebak 2018 M 6.1, Banten 2019 M 6.9, Jepara 2020
M 6.7, and Malang 2021 M 6.1 earthquakes. The tectonics of Java Island are controlled by the subduction activity of
the Indo-Australian Plate, subducting the Eurasian Plate at 6-8 cm/yr. Several active faults on Java Island, such as the
Cimandiri, Lembang, Baribis, Kendeng, and Opak faults, also influence the island’s seismicity. (Source: Fault data
obtained from Pusgen 2017, Bathymetry from BATNAS BIG, and seismicity from the International Seismic Centre).

cant damage in distant regions, particularly in alluvial
sediment areas, as exemplified by the 2007 Indramayu
earthquake, which caused damage in Sukabumi.

Several studies have been published using full wave-
form to highlight an unknown active fault in Indonesia
such as Tobelo Fault (Simanjuntak et al., 2023), Balan-
tak Fault (Simanjuntak et al., 2024), onshore Sumatra
backthrust (Muksin et al., 2023) and Cianjur Fault (Su-
pendi et al., 2023). However, there is lack of studies
concerning subduction activities, especially for interme-
diate and deep-focus earthquakes. Adi et al. (2024)
studied the possible backthrust system in south-central
Java at an intermediate depth while the 2020 Jepara
earthquake occured in deep-focus in the northern part of
Java. Several destructive earthquakes have produced a
significant nowcasting earthquake score for most major
cities in Indonesia especially in Java Island (Pasari et
al., 2021b; Pasari et al., 2021c). Therefore, the 2020
Jepara earthquake raise an important question about the
mechanism of deep-focus earthquake and its geodynam-
ic process.

The 2020 Jepara earthquake was accompanied by
subsequent events in Rangkasbitung, Enggano, and Pan-
gandaran on the same day. The deep nature of the Jepara

earthquake likely triggered these follow-up earthquakes,
which were widely felt by residents. This study aims to
investigate the characteristics of the 2020 Jepara earth-
quake through analysis of earthquake catalogs and seis-
mic records. Source mechanism analysis was conducted
using automatic moment tensor inversion based on seis-
mic data from stations across Java Island. Additionally,
hypocenter relocation, employing travel-time data, was
utilized to refine the earthquake locations and delineate
the tectonic structure beneath Java. The findings from
this study will contribute to understanding deep-focus
earthquakes in Java, providing insight for both scientific
research and disaster mitigation efforts.

2. Methods

The earthquake data utilized in this study was ob-
tained from analyses conducted by the Meteorology,
Climatology, and Geophysics Agency (BMKG). The
dataset includes the travel times of seismic phases (P and
S) recorded by all seismic stations within a range of 0°—
5° latitude and longitude. A total of 1,899 earthquakes
spanning a 13-year period (2010-2022) were analyzed.
Data selection was based on specific criteria: an azi-
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muthal gap of less than 200°, a minimum of 5 P-phase
observations, 3 S-phase observations, and a depth range
of 0—600 km. The travel time distribution revealed a Vp/
Vs ratio of 1.75 for distances of 0-400 km and 1.78 for
distances exceeding 400 km, as illustrated in Figure 2.

The earthquake mechanism was investigated using
seismic wave recordings from BMKG stations. Hypo-
center information for the Jepara earthquake, which oc-
curred on July 7, 2020, at 05:54:44 WIB, was obtained
from the BMKG catalog. The earthquake had an epicent-
er located at 6.12° S, 110.55° E, with a depth of 578 km
and a magnitude of Mw 6.7. Seismic recordings were
collected within a time window spanning 10 minutes be-
fore and 60 minutes after the event’s origin time. These
waveform data underwent several preprocessing correc-
tions, including baseline correction to eliminate offsets,
removal of instrument response to obtain true ground
motion, and the application of a bandpass filter (0.02—
0.08 Hz) to suppress low-frequency drift and high-fre-
quency noise. After these corrections, the velocity signals
were integrated into displacement for further analysis. To
optimize processing time and maintain data quality,
waveform data containing significant gaps or low signal-
to-noise ratios were excluded from the analysis.

2.1. Moment Tensor Inversion

In this study, we performed an automatic moment ten-
sor inversion on the observed seismic waveforms. These
waveforms represent a combination of the earthquake
source mechanism and the propagation characteristics of
the medium. The moment tensor solution was derived

using a weighted least-squares inversion approach,
which minimizes the discrepancy between observed and
synthetic waveforms (Tarantola, 2005).

The inversion process employed full-waveform data
to analyze the characteristics of both body and surface
waves. Signals with low signal-to-noise ratios (SNR)
were excluded using a tapering technique. This tech-
nique was applied to a time window twice the duration
of the difference in arrival times between the P and S
waves (Sokos and Zahradnik, 2008; Vackar et al.,
2017). An example of this signal tapering process at one
of the seismic stations can be seen in Figure 3. Moment
tensor inversion was performed over a spatial and tem-
poral grid to determine the centroid location and time
parameters of the earthquake. The grid model extended
within a radius of 10-15 km from the initial hypocenter
location, with depth intervals of 5-10 km and a time de-
viation of £5 seconds from the origin time. Synthetic
signals were generated using a one-dimensional seismic
velocity model that integrated the CRUST1.0 model for
the crustal layer (Laske et al., 2013) and the AK135
model for the mantle layer (Kennett et al., 1995).

The quality of the moment tensor solutions was as-
sessed using variance reduction (VR), a metric that
quantifies the agreement between observed and synthet-
ic waveforms. Based on VR values, the solutions were
categorized into four quality classes: A, B, C, and D.
Solutions with VR values of 20% or higher were consid-
ered acceptable, while those below 20% (Quality D)
were deemed poor and excluded from further analysis.
Quality A represented the most reliable centroid moment
tensor (CMT) solutions, involving at least four stations
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with a VR of approximately 60%. Quality B included
solutions with three stations achieving a VR of 60% or
four stations with a VR ranging from 40% to 60%. Qual-
ity C encompassed solutions with VR values between
20% and 40%, which were acceptable but less robust
compared to Quality A and B.

2.2 Double Difference Relocation

The HypoDD program (Waldhauser, 2001) was em-
ployed in this study to perform double-difference reloca-
tion (Waldhauser and Ellsworth, 2000) for determin-
ing earthquake hypocenters. This method assumes that
when the distance between two earthquake hypocenters
is smaller than their distance to the recording station,
their ray paths traverse a similar medium. HypoDD min-
imizes residuals between observed and calculated trav-
el-time differences through an iterative process, refining
earthquake locations and updating partial derivatives
with each iteration as shown in the schematic cartoon in
Figure 4.

station i
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de | :
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Figure 4. The schematic cartoon of relative relocation
using HypoDD shows residuals between observed
and calculated travel-time differences through an iterative
process, refining earthquake locations and updating
partial derivatives with each iteration
(modified from Waldhauser and Ellsworth, 2000).

This method has been effectively utilized to relocate
earthquakes in Indonesia using BMKG data, contribut-
ing to more precise earthquake locations and improved

tectonic interpretations. Notable applications include
studies in Indonesia (Nugraha et al. 2018; Setiadi et al.
2022). The relocation results from these studies have
significantly advanced the understanding of tectonic
structures in the region.

3. Results and Discussions

The automatic moment tensor inversion was success-
fully conducted using nine seismic sensors out of a total
of fifteen. The inversion utilized data from three seismic
wave components: vertical (Z), north-south (N), and east-
west (E). Seven sensors were excluded from the analysis
due to low variance reduction (VR) quality and insuffi-
cient signal-to-noise ratio (SNR), which would have re-
sulted in unsatisfactory solutions. Stations SNJI, TPI, and
NKBI produced the most reliable solutions, with high VR
values and minimal discrepancies between observed and
synthetic waveforms. We applied the bandpass filter with
range 0.02 — 0.08 Hz that is suitable with most seismic
stations used. Example result from SNJI stations shows a
good fitting between observation and synthetic waveform
as shown in Figure 5. The SNJI seismic stations SNJI
performs best fitting results than other stations. It can be
stated that the synthetic model from Green’s function
model used are suitable with the geological condition as
well as the bandpass frequency range.

Other stations, such as PRJI, BKJI, and BBJI, exhib-
ited overlapping solutions between observations and
synthetics, which were attributed to minor mismatches
in the Green’s function model. Despite this, these three
stations provided reasonably good solutions, with VR
values exceeding 20%. The moment tensor results yield-
ed two nodal planes with the following parameters: the
first nodal plane has a strike of 310°, a dip of 59°, and a
rake of -68°, while the second nodal plane has a strike of
92°, a dip of 37°, and a rake of -121°.

The centroid depth was refined to 544 km from the
initial estimate of 536 km. The earthquake magnitude
derived from the moment tensor inversion was recalcu-
lated as Mw 6.7, slightly lower than the previously re-
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Figure 5. Results of the moment tensor inversion at 9 seismic stations used in this study. The inversion was carried
out on the displacement signals on three components (Z, N, E). The black line represents the observed signal while
the red line represents the synthetic signal generated through the Green’s function model.

ported Mw 6.8. This magnitude was determined using
longer wave periods, yielding stable and reliable results.
The centroid time was adjusted by 4 seconds, changing
from 07:54:46 to 07:54:50, due to the inclusion of all
seismic waves from the available sensors. Statistically,
the variance reduction (VR) quality of the moment ten-
sor inversion results falls within category A, indicating a
reliable centroid moment tensor (CMT) solution. This
classification was based on a minimum of four stations
achieving a VR value of approximately 60%. The results
are consistent with those from other agencies, as shown
in Table 1. However, the results from this study are con-
sidered more accurate due to the utilization of local seis-
mic stations, which provided higher resolution data as
shown in Figure 6.

The relocation results reveal significant changes in
the root mean square (RMS) travel times of hypocenters,
as illustrated in Figure 7. These adjustments indicate
that the new hypocenter locations are more accurate and
form distinct clusters that align well with the derived
source mechanism solutions. Approximately 85% of the
earthquakes were successfully relocated with consistent
centroidal nodal depth (CND) solution values ranging
from 40 to 80 during each iteration (Waldhauser and
Ellsworth, 2000).

The relocated hypocenters were integrated with the
source mechanism solutions, as shown in Figure 8a. To
further analyze the distribution, a vertical cross-section
was created to illustrate the spatial relationship between
the relocated hypocenters and the source mechanisms,
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providing insight into the characteristics of the 2020
Jepara earthquake. The vertical section along line A—A’
(see Figure 8b) highlights the complex tectonic struc-
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Figure 7. HypoDD relocation results shows the graph before
relocation with RMS o - 2.4 s (a) and after relocation with
most hypocenters with an improved RMS < 1.0 s(b).

ture of Java Island, including features such as trenches,
seamounts, and ocean basins formed by subduction pro-
cesses. Additionally, the relocation results delineate
earthquake clusters within the outer-rise, interface, intra-
slab, and deep-focus zones (see Figure 8c).

Vertical slice profiles reveal key seismic phenomena
in Java Island, including locking at the interface zone
and low seismicity at depths of 200-500 km. These fea-
tures are associated with high coupling in the asperities
of the Java subduction zone (Widiyantoro et al., 2020;

Table 1. Comparison of source mechanism results of the 2022 Malang earthquake between this study and other institutions
(seismic moment (Mo) in the table is in units of 10 Nm).

Result from Nodal Plane Longitude |Latitude | Magnitude (Mw) |Depth (km) |Seismic Moment (Mo)
301, 56, -72

USGS 110.68 -5.6 6.6 533 1.2
91,38, -114
316, 61, -61

GFZ 110.64 -5.65 6.6 536 1
86, 39, -131
310, 59, -69

IPGP 110.67 -5.36 6.8 536 1.7
97,37, -121
313, 60, -67

GCMT 110.69 -5.6 6.7 533 1.3
92,37, -124

. 310, 59, -68

This study 121.45 -6.1 6.7 536 1.6

97,37, -121
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Zhan, 2020). Geodetic strain rate analysis further con-
firms high coupling in southern Java (Hanifa et al.,
2014). The Jepara earthquake occurred within the inte-
rior of the oceanic slab, driven by processes such as de-
hydration and serpentinization, which are linked to a
decrease in slab density (Widiyantoro et al., 2020;
Ribeiro, 2022). Slab dehydration in the Java subduction
zone may facilitate seawater infiltration into the oceanic
plate, creating conditions favourable for deep-focus
earthquakes. From a seismic perspective, nearly all
deep-focus earthquakes exhibit a significant compen-
sated linear vector dipole (CLVD) component (Sandan-
bata et al, 2021). This characteristic is often associated
with brittle deformation within the slab, despite the
high-pressure and high-temperature environment (Widi-
yantoro et al., 2020).

The change in fault mechanisms reflects instability in
shear forces (Chen and Wen, 2015). This phenomenon
is attributed to the polymorphic phase transition of oli-
vine to spinel under deviatoric pressure within the inte-
rior of the oceanic plate. This mineralogical transforma-

tion marks the transition from the upper mantle (domi-
nated by olivine) to the mantle transition zone
(characterized by spinel), occurring at depths of 410-
660 km (Zhan, 2020; Ishii et al., 2021). As a result,
fault mechanisms can transform from a thrust faulting
mechanism to normal or strike-slip faulting within the
mantle transition zone (Chen and Wen, 2015; Zhou et
al, 2022). This fault transformation generates structural
variations in the mantle transition zone beneath Java Is-
land, leading to distinct seismic source mechanisms at
different depths.

4. Conclusions

We successfully highlighted and characterized the
July 07,2020 Jepara earthquake with analyses using mo-
ment tensor inversion and hypocenter double-difference
relocation. The full-waveform inversion provides an ad-
equate result for all seismic stations used with an error of
~0.5s and a variance reduction of ~60%. The inversion
results provide a final magnitude moment at Mw 6.7 at
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centroid depth of 544 km and focal mechanism parame-
ter with two nodal planes, the first one with a strike of
310° a dip of 59°, and a rake of -68°, while the second
one has a strike of 92°, a dip of 37°, and a rake of -121°.
Furthermore, approximately 85% of the hypocenters
were successfully relocated, forming distinct spatial
clusters that align with the source mechanism and slab
structure of the 2020 Jepara earthquake. Combined anal-
ysis of the moment tensor inversion and hypocenter re-
location successfully reveals the geometry of the sub-
ducting slab and clarifies the position and mechanism of
the 2020 Jepara deep-focus earthquake beneath Java Is-
land. The observed normal faulting is likely related to
the transition zone, indicating a change in rupture mech-
anism at depth. These findings enrich tectonic under-
standing and provide insight for future seismic hazard
mitigation in northern Java.
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SAZETAK

Otkrivanje dinamike dubokih potresa: opazanja dogadaja Mw 6,7 u Jepari 202o0.
i procesa subdukcije ispod Jave

Potres koji se dogodio u Jepari 2020. godine (Mw 6,7) vazan je duboki seizmic¢ki dogadaj zbog subdukcije indijsko-au-
stralske ploce ispod otoka Jave. Ova studija istraZuje njegove karakteristike kori§tenjem automatske inverzije momenta
tenzora i relokacija metodom dvostrukih razlika na temelju seizmickih podataka Agencije za meteorologiju, klimatolo-
giju i geofiziku (BMKG). Analizirano je ukupno 1899 potresa zabiljeZenih izmedu 2010. i 2022. godine, s fokusom na
dogadaje koji su se dogodili na dubini do 600 km. Analiza tenzora momenta otkrila je normalno rasjedanje s dvjema
nodalnim ravninama: prva s pruzanjem od 3102, nagibom od 59¢ i kutom otklona od -68¢, a druga s pruzanjem od 922,
nagibom od 372 i kutom otklona od -1212. Dubina centroida odredena je na 544 km, dok je smanjenje varijance (VR)
premasilo 60 %, $to rezultate klasificira kao visokokvalitetne (kategorija A). Otprilike 85 % hipocentara uspje$no je relo-
cirano, te je srednja kvadratna vrijednost (RMS) vremena putovanja vala pobolj$ana na manje od 1 sekunde. Potres je
povezan s dehidratacijom tektonske ploce i polimorfnim faznim prijelazom olivina u spinel pod visokim tlakom i tem-
peraturom. Ti procesi doprinose promjenama u Zari$nim mehanizmima potresa i strukturnim varijacijama prijelazne
zone plasta. Rezultati poboljsavaju razumijevanje dinamike dubokih potresa ispod Jave i mogu znatno doprinijeti ubla-
Zavanju u¢inaka buduc¢ih potresa u Indoneziji.

Kljuéne rijedi:
otok Java, duboki potresi, inverzija momenta tenzora, relokacija metodom dvostruke razlike, dehidratacija tektonske
ploce
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