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ARTICLE INFO ABSTRACT

Keywords: On 21 November 2022, a destructive earthquake (Mw 5.6) struck Cianjur, West Java, Indonesia, resulting in at
Earthquake least 321 deaths, damage to 47,000 buildings, and economic losses of up to 7.7 trillion Indonesian Rupiahs (~US
Conjugate fault $546 million). Prior to this earthquake, the fault on which slip occurred had not been mapped, thus making
Sézgliva further analysis crucial for assessing future seismic hazard in the region. We constructed a detailed earthquake

catalogue, which spanned the period from 10 days before to 48 days after the mainshock, using waveform
migration and stacking, followed by relative relocation using a double-difference method. Source mechanisms for
selected aftershocks were estimated using waveform inversion. Our results show three clear foreshocks preceding
the mainshock, while the aftershocks reveal the presence of a conjugate fault pair trending NNW-SSE with a
length of ~8 km and WSW-ENE with a length of ~5 km. Directivity analysis highlights bilateral rupture of the
main shock toward N20°E and N200°E, although based on the focal mechanism solutions, it is likely that there
was some slip on the conjugate fault. Analysis of the Coulomb stress change induced by the mainshock shows that
areas to the NNW and WSW experienced an increase in stress, consistent with the observed aftershock pattern.
The nearby fault to the south (the Rajamandala Fault) experienced an increase in stress, which likely elevates the
risk of it rupturing in the future.

1. Introduction

On November 21, 2022, a destructive earthquake (Mw 5.6) occurred
at 06:21 UTC near Cianjur in West Java, Indonesia (location estimates
from different catalogues denoted by stars in Fig. 1a). Based on a report
from the Agency for Meteorology, Climatology, and Geophysics/Badan
Meteorologi, Klimatologi, dan Geofisika (BMKG), the earthquake pro-
duced strong ground motion that measured between V and VI on the

MMI scale in the Cianjur area, caused severe damage to >47,000
buildings, resulted in at least 321 fatalities, and brought about economic
losses of up to 7.7 trillion Indonesian Rupiahs (~US $546 million)
(National Disaster Management Authority/NDMA 2022). The buildings
that experienced severe damage were distributed asymmetrically, i.e.,
mainly in the northern reaches of the mainshock rupture (BMKG, 2023).

West Java experiences some of the most intense tectonic activity in
Indonesia (Supendi et al., 2018) due to the subduction of the Indo-
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Australian plate beneath Eurasia, which has produced a variety of
terrestrial faults, including the Baribis, Lembang, Cimandiri, and Gar-
sela faults (Irsyam et al., 2020). The Cianjur region belongs to the vol-
canic Bandung Zone, with much of the area covered by young volcanic
deposits from the surrounding volcanoes (van Bemmelen, 1949). Based
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on the National Center for Earthquake Studies of Indonesia (Pusat Studi
Gempa Nasional/PuSGeN) database (Irsyam et al., 2017), the Cianjur
region is traversed by the Cimandiri Fault, which extends from Pela-
buhanratu Bay in Sukabumi to Padalarang in the West Bandung Re-
gency, with a total length of about 100 km. This fault is divided into
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Fig. 1. (a) Epicenter estimates of the Mw 5.6 mainshock on 21 November 2022 from three different agencies are denoted by stars (red: BMKG, blue: GFZ, and yellow:
USGS). Green inverted triangles depict the location of BMKG seismic stations used in this study. The lower left inset shows the location of West Java (red rectangle)
with respect to Southeast Asia. The upper center inset shows the location of the study area (black rectangle) with respect to West Java. The red lines represent
recognised active faults from Irsyam et al. (2017). (b) Background seismicity (depth < 30 km) from 1963 to October 2022 according to the International Seismo-
logical Centre (ISC) and BMKG earthquake catalogue. Coloured dots denote the focal depth of the hypocenters. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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three segments (Irsyam et al., 2017), namely the Cimandiri segment
(reverse fault), the Nyalindung-Cibeber segment (reverse fault), and the
Rajamandala segment (strike-slip fault) (see Fig. 1). While the behaviour
of this fault is relatively well understood (Arisbaya et al., 2019; Dardji
et al., 1994; Marliyani et al., 2016), the Mw 5.6 Cianjur earthquake was
not located along any of its recognized segments.

Based on seismicity data from 1963 through to October 2022
(Fig. 1b), there have not been any shallow earthquakes (depth < 30 km)
with a magnitude Mw > 5.0 in the study region in the last 60 years (see
blue ellipse in Fig. 1b). The destructive earthquakes catalog in the period
1546-1950 (Martin et al., 2022) shows that the Cianjur area has expe-
rienced events of magnitude 7-8 on the 1998 European Macroseismic
Scale (EMS-98) in 1834 (Raiche, 1859) and 1879 (Bergsma, 1882),
respectively. However, due to limited seismic instrument coverage
during the 19th century, the source fault of both earthquakes could not
be meaningfully constrained. Today, the situation is very different, with
BMKG operating a large national network of high-quality broadband
stations that offers good coverage of the study region. This has allowed
us to analyse the 2022 (Mw 5.6) Cianjur earthquake in detail, including
its finite source characteristics and associated foreshock and aftershock
sequences through hypocenter relocation, focal mechanism solutions,
empirical Green’s function, and stress changes; such an analysis will
provide fresh insight into the fault responsible for the event.

2. Data and method
2.1. Earthquake location

We used continuous seismic data recorded by a permanent network
of three-component broadband seismometers (Nanometrics Trillium
120Q seismometers with a flat response between 120 s and 150 Hz,
coupled with Trident Digitisers that use a sample rate of 40 Hz) - see the
green inverted triangles in Fig. 1a) - operated by BMKG in West Java
between 10 November 2022 and 8 January 2023. From the continuous
waveform data, earthquakes were automatically detected and located,
and local earthquake magnitudes calculated using QuakeMigrate
(Winder et al., 2021, 2022) (see example in Supplementary Fig. S1) in
the presence of a one-dimensional velocity model from Koulakov et al.
(2007). QuakeMigrate comprises three steps (Bacon, 2021; Winder,
2021): (1) continuous data are first transformed to onset functions via
the short-term average to long-term average ratio (STA/LTA) of the
signal amplitude, which are designed to peak in the neighbourhood of a
seismic phase arrival, (2) these onset functions are then continuously
migrated into a 3-D subsurface grid and stacked, where each grid point
represents a potential hypocenter location, and each timestamp a
candidate earthquake origin time, (3) peaks in the stacked function are
then identified through space and time. The final output is a catalogue of
event origin times and locations, corresponding to the timing and
location of peaks in the maximum coalescence value, i.e., a measure of
the coherence of a stack of STA/LTA functions (see Drew et al., 2013)
that exceed the trigger threshold. We calculate local magnitude (Mp)
following the approach of Keir et al. (2006), which is integrated into the
QuakeMigrate package. Event hypocenters, origin times, and picks from
QuakeMigrate were then used to refine the initial 1-D P-velocity model
(Vp) via the VELEST program (Kissling et al., 1994), which performs a
coupled velocity-hypocenter inversion (Supplementary Fig. 52). Due to
the limited number and quality of S-wave arrival times extracted by
QuakeMigrate, we did not try and invert for a 1-D S-wave velocity model
(Vs). This improved 1-D velocity model was used for all subsequent
analyses, with the equation from Brocher (2005) used to empirically
derive an equivalent S-wave model.

2.2. Earthquake relocation

We refined the hypocenter locations using the double-difference
method (Waldhauser and Ellsworth, 2000) implemented in the
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HypoDD program (Waldhauser, 2001). This is achieved by minimising
the residuals of the differences between theoretical and observed travel-
times (extracted by QuakeMigrate) for nearby earthquake pairs recor-
ded at each station, under the assumption that nearby sources have
almost identical ray paths and traveltimes if the receiver is sufficiently
distant. The maximum hypocentral separation is set to 15 km, the
maximum number of neighbours per event to 20, and the minimum
number of links required to define neighbours to 8. We set a maximum
distance of 120 km between cluster centroid and station. Extensive
testing using a range of input parameter values was undertaken to
ensure that the optimal values were chosen; for example, we tested the
relocation using a maximum hypocentral separation of 10 km and 5 km,
and found that in both cases this increased the number of weakly linked
events (10% and 21%) and outliers (7% and 8%), although the final
distribution of hypocenters was similar to that obtained with our
preferred parameter values. Our chosen value of 15 km as the maximum
hypocentral separation is still less than the distance between event pairs
and stations but decreases the proportion of weakly linked events to 7%
and the proportion of outliers to 6%. We used a statistical resampling
scheme based on the “bootstrap” method (Billings, 1994) to assess the
location uncertainty for all relocated events. We used the final hypo-
centers to draw a random sample (with replacement) from the full set of
observed residuals and used that sample to replace each measurement.
The re-sampled dataset was then used to re-locate the events, and the
resultant shifts in location were examined. This entire process was
repeated 200 times, thus allowing for the estimation of 95% confidence
ellipsoids for each event.

2.3. Focal mechanisms

Source mechanisms for the mainshock and selected aftershocks were
determined using the stochastic Bayesian moment tensor inversion
method described by Heimann et al. (2018), which requires several
thousand trial models to be evaluated during the optimization. This
probabilistic waveform inversion method provides a reliable means of
assessing the non-double couple components of the focal mechanism.
Moreover, an adaptive station weighting was applied simultaneously for
individual stations due to varying site responses. The weighting factor
can be derived by the inversion of mean signal amplitudes of the syn-
thetic waveforms based on the data error statistics. The seismic moment
and centroid parameters can be simultaneously determined by fitting
full displacement waveforms. This method has been successfully applied
in different regions (e.g., Kiihn et al., 2020; Dost et al., 2020) and ap-
pears robust. We applied a bandpass filter of 0.02 and 0.08 Hz prior to
implementing the technique, which is similar to the range used in other
studies (Cesca et al., 2010; Tassara et al., 2022).

2.4. Apparent source time functions

The distribution of damaged and destroyed buildings, which were
mainly concentrated in the northern part of the mainshock region
(BMKG 2023), suggests asymmetry of rupture propagation. Several
studies have applied apparent source time function (ASTFs) analysis to
corroborate the azimuthal dependence of moment release rate (e.g.,
Cesca et al., 2011; Lopez-Comino et al., 2012). Moreover, the focal
mechanism of the mainshock reveals a relatively significant non-double
couple component (~12%, see Table S1), which may be one indication
that rupture occurred on multiple fault planes. By exploiting our dense
station distribution, we extracted ASTFs from the mainshock waveforms
that were deconvolved with the empirical Green’s function of an after-
shock sharing the same focal mechanism (Aftershock 7 (Table S1),
rotation angle 1°) and located relatively close to the mainshock (a dis-
tance of ~ 2 km). Deconvolution was applied using multitaper spectral
analysis (Prieto, 2022) with the spectral division stabilized by adding a
water level parameter to the denominator. We set the water level to
0.01, the number of bandwidths to 4, and the number of tapers to 6,
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since these values provided stable results. We only exploit the P-wave in
the deconvolution, after applying a bandpass filter in the range 0.01-1
Hz. The S-phase is not used in our analysis because it often contains
later-arriving P-wave energy and is hard to separate from the arrival of
surface waves. We used north, east, and vertical component traces rather
than rotations into radial and transverse components in order to have P-
wave energy on all components (Cesca et al., 2011). Finally, all ASTFs
from the three components were stacked.

2.5. Line source directivity analysis

We used the inferred ASTF durations to estimate finite source pa-
rameters associated with line sources following the Haskell model
(Haskell, 1964). Rupture directivity is quantified by comparing ASTF
duration to theoretical derivations assuming a one dimensional line
source, as shown by equation (1) (Cesca et al., 2011):
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() = max{t,/k + 1= Vgspeos(¢p — @), tr +%+§—Tcos(¢ —q) } (¢})

where L; and Ly (Ly > L) is (1 —y)L and yL, respectively. y is the
ratio between the shortest and longest segments of the fault (y = 0, for
unilateral rupture; y = 0.5, for bilateral rupture) and L is the total fault
length. t,/r is the ratio between rise and rupture time, Vgp is the ratio
between rupture speed and P-wave velocity, ¢ denotes azimuth from
north, and «a is directivity azimuth. In this study, we considered ranges of
parameters such as t, g =0.2—-0.6, Vgjp =0.4—-0.8,L=5-10km, y =
0-0.5,and a = —90" —90". Estimates of each parameter are obtained
by using a grid search method, as also applied in Lopez-Comino et al.
(2012).
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Fig. 2. (a) Initial location from QuakeMigrate after manual review, revealing a total of 283 events. The green dots indicate foreshocks (which are not colour-coded by
depth), the magenta star denotes the Mw 5.6 mainshock, and the red to yellow dots indicate aftershocks colored by depth. (b) Plot showing magnitude vs time for the
Mw 5.6 mainshock and associated foreshocks and aftershocks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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2.6. Static stress change

The geometry and degree of slip on the fault were determined by
jointly considering the distribution of aftershocks and the focal mech-
anisms computed in the previous section. This information was then
used to determine the static Coulomb stress (King et al., 1994) caused by
the co-seismic slip of the mainshock through application of Coulomb 3.3
(Toda et al., 2011). The subsurface ruptures (length = 4.6 km, width =
2.7 km, and slip = 0.25 m for cluster 1; length = 8 km, width = 2.5 km,
and slip = 0.25 m for cluster 2) were defined using the empirical
equation from Wells and Coppersmith (1994). The static stress change
associated with the strike-slip source faults were calculated at 6 km
depth as implemented in the equations of Okada (1992), assuming an
elastic half-space, a Poisson ratio of 0.25, and a coefficient of friction of
0.4 (Song et al., 2018). Four separate scenarios were tested, each cor-
responding to a different receiver fault on which future ruptures may
occur.

3. Results and discussion

A total of 305 events were detected and located by QuakeMigrate
within the study area (e.g., Fig. S1), extending down to ~ 20 km depth
below sea level, between 20 November 2022 and 8 January 2023. Of
these, 282 events were retained following manual review, including
three foreshocks (My 1.7 — 2.5) on 20 November 2022, the mainshock on
21 November 2022, and 279 aftershocks (M; 1.1 — 4.0) between 21
November 2022 and 8 January 2023 (Fig. 2). The average uncertainty of
all located events in the E-W, N-S, and depth directions are 1.9 km, 3.1
km, and 4.5 km respectively (Fig. S2). These uncertainties are estimated
within QuakeMigrate by locally fitting a 3-D Gaussian function to the
marginalised coalescence map, after applying modest Gaussian
smoothing. The horizontal location uncertainty is largest in the N-S di-
rection, which is unsurprising considering the lack of stations in the
north. Nevertheless, it is the uncertainty in depth that is still dominant.
Poorly constrained events were removed prior to relocation using the
following criteria: each event needs to have (1) at least 8P- and S-phase
arrival times, and (2) an azimuthal gap no>210°. A total of 216 events
passed the selection process. In total, we relocated three foreshocks, the
mainshock, and 196 aftershocks related to the 2022 Cianjur earthquake
(the remaining 16 events were located above the surface, and were
therefore discarded). A comparison of the initial and relocated hypo-
central locations are shown in Fig. S4, in both map and cross-section
view. The choice of velocity model used in HypoDD can influence the
relative location of hypocenters, so we have tested our location results
against those obtained using an identical workflow but with the 1-D S-
wave reference model of Rosalia et al. (2012), which was first converted
to a P-wave model by using the empirical equation from Brocher (2005).
The results (see Fig. S4) reveal a near-identical pattern of events in terms
of epicentral locations, but with some differences in the depth locations,
although not of sufficient magnitude to alter our interpretation. This
suggests that our results are robust, but as expected the uncertainties in
depth are greater than in the horizontal dimensions.

In a separate analysis of location robustness, a bootstrap analysis
method is applied to obtain quantitative estimates of location uncer-
tainty in the presence of our preferred 1-D reference model obtained
from Velest. The results, which are more robust in a relative rather than
absolute sense, show that mean horizontal and vertical location errors
are typically less than 2 km (represented by the semimajor axis of the
ellipsoid), and the corresponding maximum mislocations are less than 7
km (Fig. S5). Due to limited station coverage in the region to the north of
the study area (Fig. 1), the magnitude of the horizontal location un-
certainty is larger in the N-S direction compared to the E-W direction,
although depth uncertainty is still greater.

Our computed moment tensor solutions are nearly 90% double-
couple on average (see Table S1). The Mw 5.6 mainshock and selected
aftershocks (M > 3) consistently reveal strike-slip faults with the nodal
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planes oriented in the NNW-SSE and WSW-ENE directions (Fig. 3). The
pattern of relocated hypocenters suggests that there may be a conjugate
pair of faults trending NNW-SSE and WSW-ENE, with lengths of ~ 8 km
and ~ 5 km, respectively. This is supported by Interferometric Synthetic
Aperture Radar (InSAR) images (Agustan, 2022) that reveal a WSW-ENE
fault during ascending orbit (11-23 November 2022), but a NNW-SSE
fault during descending orbit (20 November-2 December 2022). Such
conjugate fault pairs capable of generating Mw less than 6 earthquakes
have, to the best of our knowledge, not previously been identified in
Indonesia, but can be found in other regions that exhibit earthquakes of
Mw > 6, e.g., the Mw 6.1 Ludian earthquake, China (Niu et al., 2019);
the 2016 Mw 7.1 Kumamoto earthquake, Japan (Lin and Chiba, 2017);
and the 2019 Ridgecrest earthquake sequence, California (Fialko and
Jin, 2021).

ASTF duration shows a clear azimuthal dependence (Fig. 4a). An
example showing ASTF extraction from the mainshock waveform and
empirical Greens functions for station JPJI (Fig. 4d) is included in
Supplementary Fig. S7. The apparent duration ranges from 1.05 to 2.15
s, with the lowest duration at N100°E and N280°E. Picks are located at
the intersection of the initial and final slope with uncertainties of
approximately 0.05 s. Shape and apparent duration tend to vary
smoothly as a function of azimuth. We found double peaks at station
JPJI, which is located at N50°E. Rupture on a simple planar fault is often
characterized by a single peak on the ASTF (Prieto, 2022). Complicated
ASTFs indicate heterogeneous moment release along the rupture plane
and may be caused by multisegmented faults, especially for earthquakes
of size Mw less than 6 (e.g., Grigoli et al., 2018; Palgunadi et al., 2020;
Cho et al., 2023). We observe complicated and wide ASTFs that are not
characterized by a single peak at several stations including DBJI, PTJI,
WLJI, SKJI, and CSJIL. Therefore, the earthquake source likely exhibits
slip on multisegmented faults. Further evidence of rupture on multi-
segmented faults is indicated by the cross-cutting spatial distribution of
aftershocks (Fig. 3). However, as shown by stacked ASTFs from all sta-
tions (Fig. S8), the heterogeneity of the source directivity is minimal,
which stipulates dominant moment release on one fault plane.

Directivity analysis is undertaken by assuming a one-dimensional
line source model. Based on a grid search over five parameters, we
found that the best fit value in each case occurs when the (1) ratio be-
tween rise and rupture time is (t,/R) = 0.5, (2) ratio between rupture
speed and P-wave velocity is (VR /p) = 0.6; (3) ratio between the shortest
and longest segments of the fault is L = 8 km; (4) total fault length is y =
0.5; and (5) directivity azimuth is (@) = 20 (see black line in Fig. 4b).
Using a simple 1-D line source, we observed a rise time equal to half of
the rupture time, which may indicate a pulse-like rupture, and a rupture
speed of 0.6Vp , which is sub-shear. The best fit model to the ASTF
duration (Fig. 4b, 4c, 4d) exhibits bilateral rupture towards N20°E and
N200°E. The directivity orientation is misaligned with the spatial dis-
tribution of the aftershocks (e.g., Aktar et al., 2007). However, this is
likely caused by the resultant/combined slip on two conjugate faults,
and therefore is to be expected. Assuming V;= ~3.5 km/s.V, = 0.9 x
Vs=3.15 km/s, and given that the total ASTF duration at station DBJI is
2.1 s, the rupture length should be 6.6 km (3.15 km/s x 2.1 s). The
length of the WSW-ENE fault is ~ 5 km (based on the aftershock dis-
tribution), which obviously cannot accommodate this rupture and hence
the NNW-SSE fault of length ~ 8 km is also required. Station DBJI is
located N300°E relative to the event, almost perpendicular to the main
directivity orientation. This misalignment may be explained by radiated
seismic energy from co-seismic slip on two conjugate faults because 1-D
line sources can only consider the combined effect of two faults. The
direction of propagation of the radiated seismic energy can be approx-
imated using simple vectorization of the two conjugate fault plane so-
lutions of the mainshock (Table S1), along with the seismic moment
ratio of the fault segments (6.5:1), extracted from Figure S8. Directivity
analysis using a single line source reveals bilateral rupture propagation
oriented at N20°E and N200°E, which is consistent with a moment ratio
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of 6.5:1 between the NNW-SSE and WSW-ENE segments. This directivity
observation may explain extensive building destruction along the NS
fault segment (BMKG, 2023). However, a more extensive analysis of
earthquake source characteristics should be carried out to confirm the
directivity (e.g., finite fault inversion, stress drop, and radiated seismic
energy).

The Coulomb stress change has the potential to explain the after-
shock distribution and provide insight into the possible locations of
future earthquakes (King et al., 1994; Stein and Lisowski, 1983). Static
stress changes caused by the Mw 5.6 mainshock (Fig. 5) reveal areas of
increased stress (depicted in red in Fig. 5a, b and c) in the near-field
region (~ less than 10 km) to the NNW, ENE, SSE and WSW relative
to the mainshock. The areas that experienced stress drops (depicted in
blue) are at greater distances (~ > 10 km) from the mainshock to the
NNE, ESE, SSW, and WNW. It is likely that the mainshock energy release
immediately reduced stress at the rupture location; this stress then
transferred to the NNW and WSW and caused aftershocks, since these
areas exhibit high static Coulomb stress changes. Importantly, the high
static Coulomb stress transfer to the SSE of the mainshock (Fig. 5¢) re-
quires further investigation, since it has the potential to trigger a rupture
of the nearby (strike-slip) Rajamandala Fault, particularly if it is criti-
cally stressed or close to failure. Given that the Rajamandala Fault is
close to many population centers, even a moderate earthquake along
this fault may pose significant hazard to the region.

Based on the Peak Ground Acceleration (PGA) map at bedrock (with
Vs between 750 and 1500 m/s) for 2% probability of exceedance in 50

years (Irsyam et al., 2020), the Cianjur region has a modeled PGA value
of less than 1 g. The geological map from Sudjatmiko (1972) shows that
the damaged areas are located on young volcanic products, for which
BMKG reported a maximum PGA of around 0.5 g for the Mw 5.6
earthquake. Although this is well within the PGA estimates of the hazard
model, the fact that many houses and buildings were damaged demon-
strates that they were not suitably constructed or retrofitted to with-
stand expected ground accelerations. Destructive earthquakes have
struck in this area in the past (1834 and 1879), in addition to the late
2022 event that is the focus of this study. Therefore, spatial and regional
planning should consider retrofitting buildings to withstand ground
motion of at least 0.5 g; it is evident from the destruction that many
buildings don’t come close to being able to take PGAs estimated by
current hazard maps (it may be that many were constructed before the
maps existed), so clearly any new builds need to be considerably more
resilient to ground motion than pre-existing structures.

4. Conclusion

The Mw 5.6 Cianjur earthquake and associated aftershocks were
caused by slip along a newly identified conjugate strike-slip fault system,
comprised of two segments trending NNW-SSE and WSW-ENE, with
lengths of ~ 8 km and ~ 5 km, respectively. The mainshock was pre-
ceded by three foreshocks on the previous day and 196 aftershocks up
until January 8th 2023. The mainshock increased stress to the NNW and
WSW based on an assessment of the Coulomb stress change, which
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reader is referred to the web version of this article.)

coincides with the distribution of aftershocks in this area. Critically, this
sequence has also generated high Coulomb stress changes to the SSE,
which may have implications for the likelihood of a large earthquake
occurring on the Rajamandala Fault.

5. Availability of data and materials

Earthquake data are available at https://doi.org/10.5281/zenodo.
7600097. All figures were made using the Generic Mapping Tools
version 6 (Wessel et al., 2019). Topography data were sourced from the
Digital Elevation Model Nasional (https://tanahair.indonesia.go.id
/demnas). Waveform data were taken from https://geof.bmkg.go.
id/webdc3 with permission from BMKG. QuakeMigrate software was
sourced from https://doi.org/10.5281/zenodo.4442749.
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