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Abstract 

Introduction On November 21, 2022, a magnitude Mw 5.6 earthquake struck Cianjur Regency in the West Java Prov-
ince of Indonesia. It was followed by at least 512 aftershocks that persisted from November to June 2023. This seismic 
event occurred in an area previously unrecognized as an active fault zone. The consequences of this earthquake 
in Cianjur were severe, leading to both loss of life and extensive structural damage. The substantial damage to build-
ings was likely a result of abrupt alterations in the local topography due to surface deformation effects.

Objectives This research endeavor aims to spatially determine the patterns of ground surface deformation and its 
relationship with local geomorphological setting due to earthquakes in Cianjur in 2022.

Methods In this study we conduct seismological analysis of 45 seismic stations, statistical analysis of mainshock 
and aftershocks data, RADAR Sentinel-1 imagery and employed the DInSAR methodology. Field survey was also con-
ducted to determine the geomorphological characteristics in the study area.

Results The outcomes disclosed that the deformation encompassed both subsidence and uplift. The results signify 
that there was subsidence deformation in the vicinity of Cianjur and its environs during the primary earthquake 
on November 21, 2022, with an average deformation value of approximately -5 cm. In contrast, the measured defor-
mation during the aftershocks exhibited uplift deformation, with an average value of 10 cm. The examination of defor-
mation patterns amid the 2022 Cianjur earthquake sequence detects elevated deformation values in the vicinity 
of Cugenang district, with an orientation running from northwest to southeast. The geomorphological investigation 
conducted indicates that the region of Cianjur encompasses a variety of landforms, such as volcanic, structural, fluvial, 
and denudational. These landforms exhibit distinct responses to seismic activities. Co-seismic hazards, such as land-
slides frequently occur as a consequence of seismic events in mountainous terrain.

Main Conclusions Spatio-temporal variation of ground deformation could arise from various causes, such 
as the number and distribution of aftershocks, stress redistribution, fault interactions, secondary effects, and local geo-
logical settings. The mainshocks release accumulated stress along a fault, resulting in particular types of deformation, 
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whereas aftershocks may redistribute stress exhibiting on adjacent faults. Secondary effects triggered by aftershocks, 
coupled with local geological and geomorphological conditions, further contribute to the diverse patterns of ground 
deformation observed during seismic events. The results of the study revealed that ground deformation had 
the greatest impact on fluvial, volcanic, and denudational processes, resulting in notable subsidence and uplift in spe-
cific regions. The occurrence and magnitude of co-seismic landslides were triggered by both mainshock and after-
shock events, which occurred on weathered geological materials. These effects were further amplified by the simulta-
neous presence of the rainy season.

Implications The knowledge gained from this research can be applied to evaluate the impacts of earthquakes 
and to proactively reduce future risks.

Keywords Cianjur earthquake, Seismological analysis, Ground deformation, DInSAR and geomorphological 
investigation, Co-seismic hazard

Introduction
Cianjur is a densely populated regency situated in West 
Java Province, Indonesia, that faces a heightened risk of 
earthquakes and associated hazards due to its proxim-
ity to several seismically active areas. The Cianjur shal-
low earthquake (6,84° S–107,05° E) in West Java (Mw 
5.6) occurred on November 21, 2022 as shown in Fig. 1. 
More than 500 aftershocks occurred during first three 
months after the mainshock that potentially worsened 
the destruction. Co-seismic ground deformation is the 
immediate impact associated with the earthquakes that 

can be triggered by the mainshock and series of after-
shocks. It denotes changes on the Earth’s surface result-
ing from the accumulation of tectonic forces within the 
crust (Wibowo et  al. 2021). Ground deformation can 
therefore be utilized as one of the important parameters 
to determine the impact of the earthquakes. The scale 
of ground deformation ranges from mere millimeters to 
several meters, depending on the earthquake’s magnitude 
and the activity level of the fault (Ozawa et al. 2005; Sato 
and Une 2016; Yang et al. 2019; Wibowo et al. 2021). 

Fig. 1 Study area in Cianjur Regency, Indonesia



Page 3 of 20Hadmoko et al. Geoenvironmental Disasters           (2024) 11:15  

Investigating cascading and chain hazards is essential 
for disaster mitigation efforts. These terms describe the 
phenomenon where one hazard leads to another, creating 
a domino effect during catastrophic events (Helbing and 
Kuhnert 2003; Budimir et al 2014; Zhou et al. 2022). Cas-
cading hazards following the earthquakes have received 
relatively small attention on disaster risk analysis, since 
the majority disaster studies have focused on one single 
hazard (Saputra et al 2021). Under specific geological and 
geomorphic conditions, one hazard can readily trigger 
another, with the compounded effects of cascading haz-
ards leading to greater impacts across a broader area than 
would be anticipated from a single hazard alone (Cutter 
2018; Raymond et al. 2020). Cascading hazards initiated 
by earthquakes are most likely to occur (Goda et al. 2017; 
Saputra et al. 2021).

Ground deformation, landslides, liquefaction, tsunamis 
are the most common cascading hazards due to main-
shock and aftershocks (Dai et al. 2011; Priya and Pandey 
2021;  Wibowo et  al. 2021; Niraj et  al. 2022). The disas-
ter chain-reaction in Palu and Donggala Regency, West 
Sulawesi Province, was initiated by a 7.4 Mw earthquake 
on September 28, 2018. Originating from a shallow hypo-
center of 10 km, this seismic event led to 554 aftershocks, 
all registering magnitudes ≥ 3 (Supendi et al 2019). Those 
earthquakes generated series of complex disasters such 
as landslides, earthflows, massif ground deformation, 
tsunamis and caused thousands of fatalities and build-
ings destruction (Supendi et al. 2019). The southern area 
of the Palu Basin experienced substantial displacement 
during the event, with vertical shifts of approximately 
5 m and horizontal shifts of around 3 m (Jaya et al 2019). 
The weakening of surface materials on steep slopes due 
to earthquakes often leads to co-seismic landslides. These 
landslides can become more severe with the addition 
of heavy rainfall throughout the rainy season. A total 
of ~ 15,700 co-seismic flowslides, rockfalls and debris 
flows occurred within total area of 43.0  km2 (Shao et al. 
2023).

Visual signs of ground deformation are commonly 
identifiable directly in the field from the distribution of 
ground cracks. However, not all the ground deforma-
tion can be easily identifiable from the field. Direct field 
determination of spatial distribution of ground deforma-
tion over the larger area is very challenging, therefore, 
remote sensing approach is needed. Many studies have 
been conducted to investigate co-seismic ground defor-
mation through remote sensing approach (e.g. Masson-
net and Feigl 1995;  Feigl et  al  1995;   Ozawa et  al 2005; 
Bacques et al. 2018; Wibowo et al 2021). Synthetic Aper-
ture Radar Interferometry (InSAR) is a prevalent remote 
sensing technique utilized to analyze intricate vertical 
and horizontal ground deformations in the vicinity of the 

epicenter, offering high spatiotemporal resolution (Wang 
et  al 2021b). The basic principle of InSAR is to deter-
mine the interference between two radar images and to 
measure the displacement both in vertical and horizon-
tal direction (Xinjian et  al. 2004). InSAR operates as an 
active remote sensing technology that emits waves in 
both vertical and horizontal polarizations towards the 
Earth’s surface, enabling the detection of ground defor-
mations. Wave transmitted from satellite than received 
back to create radar images. This current contribution is 
therefore applying InSAR to determine spatio-temporal 
deformation following the 5.6 Mw Cianjur Earthquake.

This aims of the study are threefold: (a) to analyze the 
dynamic seismic events using the mainshock and after-
shocks data, (b) to determine spatio-temporal distribu-
tion of co-seismic ground deformation, (c) to determine 
the linkage between ground deformation and geomor-
phological settings. In order to achieve this objective, 
Sentinel-1 ascending pass Synthetic Aperture Radar 
(SAR) pictures acquired from around the time of the 
earthquake up to five months following the event are 
utilised. This study emphasises the utilisation of post-
seismic Interferometric Synthetic Aperture Radar 
(InSAR) time series for the purpose of ascertaining ver-
tical surface displacement subsequent to the occurrence 
of an earthquake. In the following parts, we will provide 
a description of the data and technique employed, as 
well as a comprehensive analysis and discussion of the 
obtained results. The primary focus of this study was 
directed towards examining the relationship between 
geomorphological characteristics and the proximity of 
mainshocks to ground deformation.

The study area
Cianjur Regency as the study area of this research holds 
strategic significance. Cianjur is situated within the West 
Java Province of Indonesia, a region known for its geo-
logical activity and susceptibility to earthquakes. Its close 
proximity to the epicenter of a significant earthquake 
that shook the area on November 21, 2022 makes Cianjur 
particularly compelling for this investigation (Fig. 1). This 
seismic event was noteworthy in its scale and impact, 
rendering it a crucial case study for understanding the 
aftermath of such disasters. The nearness to the earth-
quake’s epicenter means that it experienced the brunt of 
the seismic forces, resulting in observable ground defor-
mations based on local geomorphological settings. Cian-
jur regency provides a unique opportunity to examine the 
immediate consequences of a seismic event on the infra-
structure and communities.

The study area exhibits distinctive features of a qua-
ternary volcanic landscape, notably including the Gede-
Pangrango volcanic complex in the western region. 
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These volcanoes are part of the Sunda Arc, a geological 
region marked by the convergence of the Australian Plate 
beneath the Eurasian Plate along a tectonic boundary. 
Gede volcano, classified as dormant, has a documented 
history of volcanic eruptions. Despite its dormancy, Gede 
volcano plays a significant role in the geomorphologi-
cal processes of the area, influencing the development 
of adjacent land features. As a stratovolcano, it features 
a prominent elevation and conical structure. The topog-
raphy of Gede Volcano is characterized by steep and 
rugged slopes, particularly at higher altitudes, which are 
laden with volcanic materials, including ash, igneous 
rocks, and deposits resulting from past lava flows.

Methodology
Seismological analysis
We conducted geophysical investigation by perform-
ing seismological methods including analysis of seismic 
waveform and hypocenter relocation to provide high 
resolution catalog of Cianjur earthquakes. We utilized 
the double-difference location algorithm (Waldhauser 
and Ellsworth 2000) to provide a reliable, more accurate 
earthquake hypocenter locations. We used seismic data 
from BMKG, including the picks of the P- and S-waves 
arrival times at permanent local seismic stations of 
BMKG (Fig. 4) (e.g., Sianipar et  al. 2020). We evaluated 
the arrival time picks of seismic phase at each station for 
each detectable event. Employing the double-difference 
technique relies on the condition that if the separation 
between the hypocenters of two earthquakes is minor 
relative to both the distance to the observing station and 
the scale of velocity heterogeneity, the ray paths to a com-
mon station are nearly identical. This similarity allows for 
the differences in travel times observed at a station to be 
accurately linked to the spatial displacement between the 
events.

In the double-difference algorithm, the discrepan-
cies between observed and modeled travel-time differ-
ences (double-differences) for two seismic events at a 
shared station are linked to changes in the relative posi-
tions of the hypocenters and their origin times. These 
adjustments are made possible through the calculation 
of partial derivatives of the travel times with respect to 
the unknown variables. The minimization of these dou-
ble-difference residuals across earthquake pairs at each 
station is achieved through a weighted least squares 
approach, utilizing singular value decomposition (SVD) 
(Waldhauser and Ellsworth 2000). The iterative pro-
cess involves adjusting the vector differences between 
adjacent hypocentral pairs and updating the locations 
and partial derivatives after each iteration. In this study, 
we used the seismic velocity model extracted from 
CRUST2.0 model for Cianjur region.

In order to determine the co-seismic deformation 
occurred during the 2022 Cianjur earthquake, we per-
formed Coulomb stress changes modeling. Based on the 
Coulomb criterion and focal mechanism theory, the Cou-
lomb stress changes (ΔCFF) can be defined as:

In the context of earthquake dynamics, the Coulomb 
stress change, represented by Δτ for shear stress changes, 
µ’ as the effective friction coefficient, and Δσn for normal 
stress changes, quantitatively measures the distribution 
of aftershocks, alterations in seismicity rates, and the 
initiation of earthquakes. Typically, areas experiencing 
higher stress witness a greater number of aftershocks, 
while regions with reduced stress see a decline in seis-
micity rates. A change in stress by as little as 0.1  bar is 
generally considered sufficient to trigger an earthquake 
(King et al. 1994; Ma et al. 2005; Sianipar et al. 2021). We 
utilized the Auto Coulomb codes to perform the Cou-
lomb stress changes modeling (Wang et al. 2021a).

DInSAR
In the application of the Two Pass Interferometry tech-
nique under the DInSAR framework, two Synthetic 
Aperture Radar (SAR) images, captured at distinct times, 
are analyzed in conjunction with a Digital Elevation 
Model (DEM) to address topographical effects on the 
phase data (Sacristan 2004). The primary purpose here is 
to generate an interferogram from these images, which is 
essential for constructing a subsequent deformation map. 

(1)�CFF = �τ + µ′�σn

Table 1 List of Sentinel-1 imageries in this research

Mainshocks Image Role Temporal 
baseline

Aftershocks

21-Nov-22 11-Nov-2022 Master 12 days 166

(Mw 5.6) 23-Nov-2022 Slave

25-Nov-22 23-Nov-2022 Master 12 days 233

(Mw 4.1) 5-Dec-2022 Slave

04-Dec-22 5-Dec-2022 Master 12 days 41

(Mw 4.2) 17-Dec-2022 Slave

– 17-Dec-2022 Master 12 days 41

29-Dec-2022 Slave

– 29-Dec-2022 Master 12 days 25

10-Jan-2023 Slave

– 10-Jan-2023 Master 12 days 19

22-Jan-2023 Slave

– 22-Jan-2023 Master 12 days 8

3-Feb-2023 Slave

– 23-Mar-2023 Master 12 days 2

4-Apr-2023 Slave
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The DEM plays a critical role in mitigating the effects of 
terrain variations on the interferogram’s accuracy. In this 
research, a set of eight pairs of Sentinel-1 images was 
employed, and their specific details are outlined in the 
Table 1.

In the initial stage of RADAR interferometric process-
ing, the first step is referred to as "Top SAR-Split." Its pri-
mary objective is to identify a recording burst from the 
available image data that is well-suited for the study area 
under consideration. The image modes at our disposal 
include IW 1, IW 2, and IW 3, with each IW containing 
10 bursts. For this process, the chosen polarization type 
is VV, which is deemed more appropriate for deformation 
studies due to its emphasis on vertically oriented signal 
reception. Subsequently, the fundamental step in the gen-
eration of interferograms is known as "back-geocoding." 
This step is designed to align the geometric position of the 
images and ensure that each pixel, both in terms of range 
and azimuth, aligns consistently between the master and 
slave images through the utilization of Enhanced Spec-
tral Diversity (ESD) techniques. Interferogram creation 
involves processing a pair of SLC data, which consists of 
both master and slave images, through In-SAR techniques. 
The primary objective of generating an interferogram is to 
derive phase and amplitude difference values by computing 
the phase of the two Sentinel images. Phase computation 
is the central aspect of interferogram image processing, as 
it forms the basis for generating interferogram images that 
exhibit fringe patterns, serving as informative indicators. 
To enhance the accuracy and precision of the interferom-
etry results, the implementation of multilooking and filter-
ing methods has been adopted. Multilooking, as a process, 
serves to minimize discrepancies between overlapping sub-
swaths and mitigates noise by averaging multiple obser-
vations of the same location. This technique effectively 
reduces data noise and results in improved image quality. 
Furthermore, filtering techniques are applied to diminish 
phase noise in the interferogram, using the Goldstein fil-
tering approach (Goldstein and Wenner., 1998). The inte-
gration of these techniques has proven highly effective in 
generating more dependable and consistent interferomet-
ric outcomes.

Furthermore, a topographic correction, often referred 
to as flattening, is carried out to reduce distortion arising 
from variations in elevation. This flattening procedure 
entails computing the disparities in elevation across the 
observed regions, employing the accessible DEM (Digi-
tal Elevation Model) data. The DEM data chosen for this 
purpose encompass either SRTM 1 Arc-sec or SRTM 
DEM with a 30-m resolution. The outcome of this proce-
dure is an interferogram displaying a more distinct phase 
that aligns with the actual elevation characteristics. The 
data derived from the interferogram processing remains 

constrained within a range of values spanning from 0 
to 2 π, leading to uncertainties in determining the pre-
cise ground surface deformation. Consequently, a phase 
unwrapping procedure becomes imperative to acquire 
the absolute phase difference. This process involves con-
verting the phase information into metric values by rec-
tifying the transformation using the equation (Ismullah 
2004; Rahman et al. 2023):

where k denotes the phase ambiguity, a parameter that 
requires prior determination through the phase unwrap-
ping procedure to derive the absolute phase. n inter-
ferometry, the unwrapping of phase data is carried out 
using the SNAPHU tool, which employs a statistical-cost 
network-flow algorithm to interpret phase information 
contained in the interferogram. Following this phase 
unwrapping, a deformation map is created that visualizes 
the ground surface movements. These movements are 
quantified by the Line of Sight (LOS) values, reflecting 
the displacement along the radar’s line of sight. Subse-
quently, this value undergoes conversion via band math-
ematics within the SNAP software to derive the vertical 
displacement value, employing the following formula:

The results obtained from the equation can effectively 
depict vertical changes in the Earth’s surface, manifest-
ing as either uplift or subsidence. To enhance the spatial 
accuracy of the image and reduce distortions, satellite 
positioning information is converted into appropriate 
geographical coordinates. This conversion process is 
executed through the utilization of Range Doppler ter-
rain correction, facilitated by the SNAP software tool. In 
this context, the procedure necessitates the availability 
of a Digital Elevation Model (DEM) as a georeferencing 
reference. Subsequently, the resultant image undergoes 
band mathematical calculations to isolate the coherence 
value, ensuring that the final image possesses a coher-
ence value exceeding 0.2. The selection of this threshold 
is based on the minimum coherence value requirement 
stipulated by the European Space Agency (ESA)  (Euro-
pean Space Agency, 2023). The DInSAR method is pre-
sented in Fig. 2.

Sustained observation through GNSS stations over 
extended periods is hailed as the optimal benchmark 
for control measurements (Boni et  al. 2018). Nonethe-
less, this emerged as a constraint in our study due to 
our inability to execute such comprehensive measure-
ments. This was primarily because Cianjur had not pre-
viously encountered significant seismic events, leading 

(2)R = � · (ϕ + k)

(3)
VD =(Unwrapping phase ∗ 5.5465763)

/(−4 ∗ PI ∗ (cos(rad(inciden t angle)))
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to considerable unpredictability in forecasting epicenter 
locations. In addition, the immediate aftermath of the 
earthquake saw the study area become a hive of evacu-
ation efforts owing to structural collapses. This scenario 
hampered our efforts to deploy GNSS stations post-
event. Therefore, the spatial variation of ground deforma-
tion was determined at by generating eleven statistical 
zones, each measuring 1.2  km × 1.2  km, were selected 
across different geomorphological units. In order to 
obtain the final deformation result for each selected 
region, the average deformation values of the pixels 
inside the training regions were calculated. We con-
ducted an analysis of 8 distinct pairs of ascending images 

to ascertain the temporal variations in vertical deforma-
tion inside the study area between November 11th, 2022 
and April 11th, 2023 (Table 1).

Geomorphological mapping
The present investigation utilized geomorphological 
mapping as a foundational method to ascertain the exist-
ence of ground deformation within every geomorpholog-
ical unit. The landform unit is the geomorphological unit 
utilized in this study. Landform units are characteristics 
of the Earth’s surface that have a distinctive relief that 
formed by certain rock types being exposed to geomor-
phological processes. Geological structures that provide 

 Fig. 2 Flowchart showing the DInSAR Method on spatio-temporal ground deformation assessment

Fig. 3 Flowchart of geomorphological mapping
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a variety of responses to earthquake occurrences regu-
late the geomorphological processes that occur on these 
materials. The geomorphological mapping is based on 
morphological characteristics, including morphometry 
and morphography, morphogenetic aspects that explain 
how landforms originated, morpho-chronological char-
acteristics, and morpho-association aspects (Fig. 3).

The main spatial data utilized in this study for geomor-
phological mapping is DEMNAS Data, which is avail-
able at https:// tanah air. indon esia. go. id/ demna s/#/ and 
was published by the Geospatial Information Agency 
(BIG) with a spatial resolution of 7.5  m. This informa-
tion serves as the primary input for creating a landform 
map that is based on maps of slope steepness, mor-
phology, and morphometry. Data regarding geological 
features and rock types are taken from the Geological 
Map, which is created by the Geological Agency of the 
Republic of Indonesia at a scale of 1: 50,000. Three-
meter-resolution PlanetScope® satellite imagery is used 
to support the landform classification. Using this satellite 
imagery, the morpho-association data gathering process 
is finished, and functional maps for fieldwork are created. 
Fieldwork was done to confirm the interpretation of the 

geomorphological unit results, pinpoint geomorphologi-
cal processes, and look for alignment. The geomorpho-
logical map serves as a sampling unit for the purpose of 
computing vertical ground deformation.

Results
Seismic data analysis
The earthquake occurred in November 21th 2022 with 
magnitude of Mw 5.6 occurred at a depth of 9 km (star 
symbol in Fig.  4a) was followed by a total of 502 after-
shocks (red dots in Fig.  4a) during the period from 
November 2022 to July 2023. As shown in Fig.  4b, the 
seismic events recorded varied in depth from 10 km to 
122 km, with a concentration of aftershocks primar-
ily occurring within the 10 to 30 km depth range. The 
temporal variation data of aftershocks indicate that the 
Cianjur earthquake generated a very high productivity of 
aftershocks (as seen in Fig. 4b, c), particularly in the first, 
second, and third months following the main shocks. The 
frequency of the main shocks in November 2022, Decem-
ber 2022, and January 2023 were recorded as 341, 93, 
and 47, respectively (illustrated in Fig. 4c). In the subse-
quent months, up to July 2023, the number of aftershock 

Fig. 4 Mainshocks and aftershocks dynamic in study area from November 2022 to July 2023: a distribution of aftershocks on longitude basis 
versus depth, b temporal evolution and cumulative number of the 2022 Cianjur aftershocks, c monthly variation of aftershocks presented 
on logarithmic basis, d frequency-magnitude distribution

https://tanahair.indonesia.go.id/demnas/#/
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occurrences per month was less than 10. This trend dem-
onstrates a significant decrease in the frequency of after-
shocks. Figure 4b reveals that several of the aftershocks 
that occurred had magnitudes greater than M 4.0.

The data recorded by 45 seismic stations operated by 
BMKG demonstrate completeness at a magnitude of 
M2.0 to accurately identify all earthquakes occurring 
within the Cianjur aftershocks sequence. The magni-
tude level signifies the threshold at which there exists a 
significant likelihood of detecting and recording all seis-
mic events. Furthermore, the temporal decay rate of the 
aftershocks in Cianjur has an Omori law’s p-value of 
approximately 1.13. The figure might be regarded as an 
indication of a comparatively rapid decrease in the fre-
quency of aftershocks, implying a swift decline in seismic 
activity after to the primary seismic event.

The deformation analysis provides a comprehensive 
understanding of the seismic response to the Cianjur 
mainshock. The model predicts an average coseis-
mic deformation at depth of approximately 30  cm. 
Interestingly, no corresponding surface rupture dis-
placement has been detected during the fieldworks, 
indicating that the deformation may be occurring 
entirely beneath the surface. Support for this hypoth-
esis comes from the spatial alignment of aftershocks, 
which are observed to occur along the same fault plane 
as the mainshock. The aftershocks are spatially asso-
ciated with areas exhibiting increased Coulomb stress, 
a result of the coseismic deformation from the Mw 
5.6 Cianjur earthquake (highlighted in red in Fig. 5a). 
The stress calculations were conducted assuming a 

NNW-SSE orientation of the source fault, computed at 
a depth of 8  km, and incorporated the fault’s specific 
orientation and slip dynamics with an effective friction 
coefficient set at 0.4.

Furthermore, if the initial event is considered to 
have occurred on an E-W trending fault, the subse-
quent triggering of the north–south trending fault 
does not align well with the Coulomb stress change 
predictions (as illustrated in Fig.  5b). This inconsist-
ency suggests that the NNW-SSE trending fault is 
more likely the causative fault for the Cianjur earth-
quakes, challenging earlier hypotheses and empha-
sizing the need for a more nuanced understanding of 
fault interactions.

Spatio‑temporal distribution of co‑seismic ground 
deformation
Figures  6 and 7 display extensive variations in post-
seismic LOS displacement, both spatially and tempo-
rally. Figure 6a–h depicts the spatial patterns of ground 
deformation at different time periods. In this study, we 
employed 8 pairs of distinct images to illustrate the multi-
temporal variations in ground deformation occurring 
during the designated observation timeframe. In addi-
tion, To capture the spatio-temporal trends of ground 
deformation effectively, 11 statistical zones were selected 
as focal points for monitoring. This approach allowed for 
an in-depth analysis of multi-temporal patterns between 
November 11, 2022, and April 4, 2023, with correspond-
ing statistical parameters illustrated in the charts in 
Fig. 7. The selection of these monitoring area locations is 

Fig. 5 Calculations of Coulomb stress changes due to the coseismic deformation from the Mw 5.6 Cianjur earthquake were conducted at a depth 
of 8 km: a assuming an NNW-SSE-trending source fault with strike 349°, dip 84°, fault length of about 10 km, average slip of 30 cm, and with an 
NNW-SSE-trending receiver fault with strike 349°, dip 84°, rake 164°. b Assuming an E-W-trending source fault with strike 81°, dip 74°, fault length 
of about 10 km, average slip of 30 cm, and with an N-S-trending receiver fault with strike 349°, dip 84°, rake 164°. The effective friction coefficient 
used in both calculations are 0.4
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Fig. 6 Spatio-temporal representation of deformation in the study area using DInSAR for the following periods: a November 11–23, 2022; b 
November 23–December 5, 2022; c December 5–17, 2022; d December 17–29, 2022; e December 29, 2022–January 10, 2023; f January 10–22, 2023; 
g January 22–February 3, 2023; h March 23–April 4, 2023. Red dots indicate the locations of aftershocks that occurred during the periods covered 
by the recorded master and slave images
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Fig. 7 Spatio-temporal charts showing different statistical parameters of ground deformation on different geomorphological setting: a average 
displacement, b minimum displacement, c maximum displacement, d variance
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Fig. 8 Geomorphological setting of the study area: a geomorphological map showing the information of the landform unit, geological structure 
and materials and b morphological sketch showing relief variation of the cross-section A-B and the spatio-temporal ground deformation 
following the geomorphological unit
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based on variations in landforms, which can be spatially 
observed in Fig.  8, denoted by red-colored boxes with 
coded names of the landform.

The vertical displacement values range from − 156 mm 
(subsidence) to 115 mm (uplifting) in ascending pass for 
entire area of study area calculated during the period of 
Nov 11, 2022 to April 11, 2023. In general, the primary 
characteristic of the deformation data following the seis-
mic event that occurred on November 11, 2022, was sub-
sidence. This phenomena was observed in the majority 
of the statistical zones over the time periods of Novem-
ber 11th, 2022 to November 23rd, 2022, December 5th, 
2022 to December 17th, 2022, December 17th, 2022 
to December 29th, 2022, January 10th, 2023 to January 
22nd, 2023, January 22nd, 2023 to February 3rd, 2023, 
and March 23rd, 2023 to April 4th, 2023. Coinciden-
tally, there were instances of uplift observed to a limited 
degree between the dates of December 5th, 2022, and 
December 17th, 2022, and predominantly throughout the 
period from December 29th, 2022, to January 10th, 2023. 
Regarding the magnitude of land subsidence, a notice-
able pattern emerged wherein the subsidence magnitude 
decreased alongside a decrease in the frequency of after-
shocks within the region under investigation.

An abnormality was noted during the initial period fol-
lowing the earthquake, notably from November 11th to 
November 23rd, and subsequently from December 5th 
to December 17th, 2022. The documented sequences of 
aftershocks over these periods were 166 and 233, cor-
respondingly. In contrast to the comparatively higher 
frequency of aftershocks observed during the period 
from December 5th to December 17th, the period from 
November 11th to November 23rd exhibited a nota-
bly lower frequency. However,  the amount of subsid-
ence was found to be greater during the earlier period. 
The observed subsidence between November 11th and 
November 23rd, 2022 can be attributed to the significant 
impact of the mainshock, which had a magnitude of Mw 
5.6. Notwithstanding the notable escalation in aftershock 
occurrences during the succeeding timeframe, a general 
decline in the mean subsidence was recorded. Simultane-
ously, there was a concomitant decrease in the intensity 
of the aftershocks observed during the specified time 
period.

In the context of the spatial distribution of land subsid-
ence, maximal average of subsidence were most promi-
nent around the Cugenang and Cianjur subdistricts. 
These subdistricts not only experienced the mainshock 
but also had the highest concentration of aftershocks. 
Moreover, these areas are intersected by a discernible lin-
eament (Fig. 8), running from the Cugenang Subdistrict 
in a NNW to SSE orientation. In addition to these sub-
districts, relatively substantial average land subsidence 

occurred across the plains within the central zone of the 
study area. This was particularly noticeable in the period 
from November 11th, 2022, to November 23rd, 2022, 
when the mainshocks were recorded. Such subsidence 
is reflected in zonal statistics Fluvio-Volcanic Plain (F4-
2) (− 98 mm), Volcanic Lower Slope (V5-1) (− 110 mm), 
and Volcanic Foot Slope (V6) (−  71  mm), all located in 
the plain areas. Contrastingly, zonal statistic 9, in proxim-
ity to the mainshock, shows a significantly lesser degree 
of ground deformation (− 30 mm), and the minimal land 
subsidence was recorded in zonal statistic Denudational 
Mountain (D1) (− 19 mm), both of which are situated in 
mountainous regions.

Spatio-temporal data analysis of DInSAR (Fig.  6a–h) 
has elucidated substantial variations in terms of the dis-
tribution of areas undergoing either uplifting or sub-
sidence. A notably stark contrast was observed in the 
period from December 17th, 2022 to December 29th, 
2022 (Fig.  6d), during which a significant subsidence 
was recorded in the north-eastern section of the study 
area—a spatial phenomenon not mirrored in data from 
other recording dates. Additionally, the recordings from 
March 23rd to April 4th, 2023 (Fig. 6h), indicated signifi-
cant subsidence in the north-western region, a distinctive 
occurrence not noted in the other datasets.

Geomorphology and ground deformation
The research area has complex geomorphological char-
acteristics, consisting of volcanic processes, structural 
processes in the form of uplifts, denudational processes 
dominated by weathering, erosion, and landslides of old 
volcanic materials, and fluvial processes dominated by 
volcanic deposits carried by lahar flows and river cur-
rents (Fig.  8). Volcanic landforms are dominant in the 
study area, constituting approximately 34.47% of the total 
coverage. These landforms are primarily concentrated 
in the western and central regions. Notable examples 
include Volcanic Craters (V1), Calderas (V2), Volcanic 
Upper Slope (V3), Volcanic Middle Slope (V4), Volcanic 
Lower Slope (V5), Volcanic Foot Slope (V6), Volcanic 
Lahar Plateau (V7), and Conical Hills (V8). Volcanic 
deposits encompass a variety of lithologies, lava flow, 
including breccia, tuffaceous sandstone, and shale, which 
are widely distributed across the volcanic terrain and 
originated from Gede and Pangrango Volcanoes. The 
deposition of lahars, which exhibit a lack of sorting and 
consist of andesitic boulders, gravels, and sands, occurs 
on V4, V5, V6, and V7.

Structural landforms are found on the south-eastern 
part, namely Structural Mountainous (S), that cover 
a small part of the study area. This structural landform 
was constructed through an uplifting process during the 
Miocene and Oligocene. This landform is spitted by two 
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perpendicular thrust faults stretching in the direction of 
south-west and north-east and making a very distinct 
scarp and nearly vertical slope along the Faultline. The 
materials are dominated by claystone, sandstone, and 
breccia.

The central part of the study area features fluvial land-
forms that make up 33.49% of its total coverage. Those 
landforms are Alluvial Plain (F1), River Valley (F2), Inter-
mountain Basin (F3), and Fluvio-Volcanic Foot Plain 
(F4). Those fluvial landforms are well developed due to 
the excessive sedimentation following the Gede and Pan-
grango Volcanic Complex eruptions during the quater-
nary period, which are characterized by the presence of 
very thick alluvium deposits (3 m), laharic deposits, Brec-
cia-Andesite, and tuffaceous sandstone. On the slopes 
of Gede Volcano, there is a strong likelihood that lahars, 
which are essentially volcanic mudflows or debris flows, 
have occurred previously. These lahars can flow down the 
steep slopes during or after volcanic eruptions, carrying 
volcanic debris, rocks, and sediment. Lahar deposits may 
be visible on the lower slopes and in valleys, serving as 
evidence of past volcanic activity. The region surround-
ing Gede Volcano is dissected by river valleys. These val-
leys serve as drainage channels for rainwater and runoff 
from the mountain’s slopes. River valleys can be deeply 
incised by lahars, thus containing sediment transported 
from the volcano and surrounding areas.

In the northeastern region of Cianjur lies the Cirata 
Reservoir. Lacustrine deposits within the Cirata Reser-
voir have formed through the sedimentation of materi-
als at the bottom of the reservoir over time. The primary 
contributor to these deposits is the Citarum River, which 
discharges into the reservoir, transporting a diverse array 
of sediments including silt, clay, and organic matter. The 
fine-grained texture of these sediments, particularly silt 
and clay, is attributed to the tranquil environment within 
the reservoir. Over time, these sediments settle at the 
bottom, forming cohesive layers. Additionally, organic 
materials such as plant debris and microorganisms are 
preserved within these deposits. Denudational Landform 
consists of Denudational Mountains (D1) spread at the 
northern and southern part covering 28.5% of the study 
area. Denudational Mountains is characterized by the 
deep valley on V shapes dissected the entire area of the 
mountains. Weathering, erosion, and mass movement 
process of volcanic deposits are obviously visible on the 
landform. The materials were formed during the period 
of Pliocene.

To evaluate the role of geomorphology in ground 
deformation, a comparison of ground deformation at 
eleven statistical zone points across different geomor-
phological units was performed. The deformation data 

presented in the graph of Fig.  7 indicates that during 
the initial period of the earthquake, the average of verti-
cal deformation from November 11, 2022, to November 
23, 2022, the three geomorphological units experiencing 
the greatest subsidence were the Volcanic Lower Slope 
(V5-1), Fluvio-Volcanic Plain 2 (F4-2), and Alluvial Plain 
1 (F4-1) with subsidence amounts of −  112.50  mm, 
− 98.25 mm, and − 78.37 mm respectively. In the period 
from November 23, 2022, to December 5, 2022, the units 
with the largest subsidence were Fluvio-Volcanic Foot 
Plain 1 (F4-1), Denudational Hills 1 (D2-1), and Allu-
vial Plain 2 (F1-2) with respective values of − 30.96 mm, 
−  26.82  mm, and −  25.56  mm. For the period from 
December 17, 2022, to December 29, 2022, the units with 
the greatest subsidence were Alluvial Plain 1 (F1-1), Den-
udational Hill 1 (D2-1), and Denudational Mountain (D1) 
with values of − 11.63 mm, − 11.05 mm, and − 9.81 mm 
respectively. During the period from January 22 to Feb-
ruary 3, 2023, the geomorphological units with the most 
significant subsidence were Volcanic Foot Slope (V1), 
Fluvio-Volcanic Foot Plain 2 (F4-2), and Denudational 
Hills 1 (D2-1) with values of − 11.63 mm, − 11.05 mm, 
and − 9.81 mm respectively. According to this data, most 
cases of the three highest subsidence rankings are almost 
always related to fluvial processes, volcanic processes, 
and denudational processes.

Regarding the uplift that occurred from December 5, 
2022, to December 17, 2022, the geomorphological units 
that experienced the most significant uplift were the Flu-
vio-Volcanic Foot Plain (F4-1), Denudational Hill 1 (D2-
1), and Alluvial Plain 2 (F1-1), with values of 83.69 mm, 
77.33 mm, and 66.97 mm respectively. Meanwhile, in the 
period from December 29, 2022, to January 10, 2023, the 
greatest uplift occurred in Alluvial Plain 1, Denudational 
Hill 1, and Alluvial Plain 2 with magnitudes of 55.96 mm, 
46.30  mm, and 37.79  mm respectively. This indicates a 
similar finding that the greatest uplift is also associated 
with landforms originating from fluvial and denudational 
processes.

The cross-section AA’ (shown in Fig.  8b) displays the 
spatiotemporal evolution of post-seismic deformation 
and its correspondence with the topographical sequence. 
This plot details the temporal development of ground 
deformation across different cross-sectional landforms, 
highlighting the interplay between ground deformation 
and geomorphological characteristics. We observed the 
steepest curve occurred during the period of mainshock 
in the vicinity of the epicenter and Cugeneng Faultline, 
indicating the most significant ground deformation after 
the main earthquakes, crossing three landform units V5, 
V6 and F4.
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Variance analysis has been conducted across various 
statistical zones to understand fluctuations or varia-
tions in the data distribution of maximum uplifting and 
maximum subsidence relative to the average value. These 

parameters indicate the presence of areas that are most 
unstable and undergo significant vertical changes. The 
largest fluctuations are consistently shown by the denu-
dational hills landforms (D2), which over time tend to 

Fig. 9 Field evidence of ground failure due to an earthquake in Cugenang District, Cianjur Regency, West Java: a uplifting and subsidence visible 
from a dirt road and cracking in a dike, b cracks in the asphalt road indicating soil deformation, c liquefaction resulting in the collapse of buildings 
(photos taken by Pratiwi)

Fig. 10 Aerial Images captured from Google Earth showing the distribution of landslide at the northern part of the study area: a distribution 
of major landslides, b slope view before landslide in Cugenang and c slope view after the landslide occurred that claimed dozens of losses of life 
in Cugengang



Page 15 of 20Hadmoko et al. Geoenvironmental Disasters           (2024) 11:15  

have the highest variance, indicating that these landforms 
experience the greatest fluctuations in uplifting and sub-
sidence. From the data, it can be noted that there is gen-
erally a gradual decrease in variance values over time, 
coinciding with a decrease in aftershock activity.

Several evidences of ground failure were readily 
apparent in the fields, evidenced by cracks appearing 
in the soil, along asphalt roads, and beside road dikes, 
as depicted in Fig.  9a, b. These photographs explicitly 
document ground deformations, including uplifting and 
subsidence. Furthermore, in the Cugenang region, liq-
uefaction occurred within thick alluvial deposits, lead-
ing to the tilting of concrete structures to the left, as 
highlighted in Fig.  9c. This field evidence definitively 
confirms the occurrence of morphological changes in 
the study area due to the earthquake. However, the con-
siderable thickness of the sediment layers obscured any 
visual identification of fault features during field inspec-
tions, indicating a need for more detailed geophysical 
and geological studies.

Co‑seismic landslides
Over 50 major landslides of various sizes occurred fol-
lowing the earthquake in Cianjur (Fig.  10a). A major 
landslide, measuring 300  m in length, 120  m in width, 
and 25 m in depth, occurred approximately 6 km north-
east of the earthquake’s epicentre (Fig. 10b, c). Fig. 10b 
and c demonstrate the significant changes in the slope 
prior to and following a landslide.  This landslide is a 
combination of a rotational landslide process that trans-
formed into an earthflow. Most of these landslides took 
place in denudational mountainous terrains character-
ized by steep and rugged topography with slope inclina-
tions exceeding 30°. The region’s lithology, dominated 
by volcanic deposits from Mount Gede, aligns with the 
landslide direction due to the southeastward flow of 
sediments during deposition. This alignment, combined 
with the presence of unstable layers like breccia, lahar, 
and impermeable tuff, heightened the risk of landslides. 
Observations from the landslide locations reveal that 
most occurred in forested areas with dense vegetation 
cover. This indicates that despite good land cover, the 
external factor of an earthquake serves as a significant 
trigger for landslides.

The landslides were triggered by seismic activities 
during the rainy season, despite the area’s previous sta-
bility. Additionally, human activities, such as improper 
slope cuttings for road construction and land use 
changes from forests to plantations, have destabilized 
the slopes. This is particularly evident in Cugenang, 
with landslides reaching depths of 8–12 m exemplifying 
the impact of both geological and anthropogenic factors 
in the region.

Discussion
We performed an extensive examination of the 2022 
Mw 5.6 Cianjur earthquake through the integration of 
various seismological methodologies: statistical analysis, 
spatiotemporal analysis, a high-resolution earthquake 
catalogue, and a coulomb stress variations model. The 
statistical analysis yielded significant findings regard-
ing the frequency, distribution, and magnitude of seis-
mic occurrences in the area. This enabled us to situate 
the Cianjur earthquake in the larger context of seismic 
activity in the region. In contrast, the spatiotemporal 
analysis provided a comprehensive perspective of the 
earthquake’s temporal and spatial evolution. The iden-
tification of a north–south (NNW-SSE) orientation as 
the most probable fault causing the Cianjur earthquake 
aligns with previous research findings, as suggested by 
Supendi et  al. (2023a, b). In addition, the mainshock 
induced an increase in stress towards the NNW and 
WSW directions. This observation is based on their anal-
ysis of Coulomb stress changes, which correlates with the 
spatial distribution of aftershocks in these areas (Supendi 
et al. 2023a, b).

However, the findings of our field investigations indi-
cate a significant lack of surface rupture. In general, sur-
face ruptures serve as indicators of fault lines, presenting 
evident proof of their boundaries and orientations 
(Sianipar et al. 2021). Their presence frequently contrib-
utes substantially to the comprehension of earthquake 
mechanics. The absence of surface ruptures during the 
Cianjur earthquake implies that a more intricate net-
work of subsurface fault mechanisms may have been at 
work. The lack of surface ruptures suggests the necessity 
for more extensive geophysical investigations. In order 
to achieve a comprehensive understanding of the fault 
dynamics that contributed to the Cianjur earthquake, 
further comprehensive and meticulous geophysical 
investigations are necessary. Conducting such investiga-
tions is critical for deciphering the intricacies of the sub-
surface fault system and will yield a more comprehensive 
assessment of the seismic hazards at study area.

Considering the range of deformation values derived 
from the eight maps (Figs. 6 and 7), there is a notable var-
iability in these measurements. With respect to the earth-
quake’s epicenter locations, regions consistently showing 
signs of subsidence deformation, particularly with higher 
values in the image pair taken between November 11 
and November 23, as well as between December 17 and 
December 29, are situated to the north of the epicenter. 
These results exhibit a consistent pattern, oriented in 
a northwest direction, extending towards Cugenang 
and the Pacet Sub-district. In essence, these subsid-
ence-prone areas are part of the broader Cianjur basin 
on Fluvio-Volcanic Foot Plain (F4) and Alluvial Plain. 
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Furthermore, the image pair captured between Novem-
ber 19 and December 1 reveals an intriguing pattern in 
this area, characterized by a significant uplift variation of 
up to 12 cm around Cugenang. This pattern also follows 
the same northwest-southeast orientation.

The analysis of deformation images reveals a notice-
able trend: as one moves closer to the Warungkondang 
and Cianjur Sub-districts, there is a decrease in deforma-
tion values. However, it is worth noting that this trend is 
reversed in the image pair captured between December 
1 and December 13, which is contrary to initial expecta-
tions. In general, these findings align with the hypothesis 
that deformation values, encompassing both subsidence 
and uplift, tend to diminish as the distance from the 
earthquake epicenter increases (Wibowo et  al. 2021; Al 
Shawa et  al. 2021; Vaka et  al. 2023). Nevertheless, the 
eight image pairs obtained in the southern slope region 
and the vicinity of Mt. Gede Pangrango exhibit inconsist-
encies in the deformation results. The deformation val-
ues consistently surpass the overall mean in these areas. 
Furthermore, both the Mt. Gede Pangrango region and 
the northeastern portion of the study area’s slope tend to 
display relatively substantial disparities in deformation 
values. In particular, the image pairs acquired between 
December 1 and December 13 and between December 
17 and December 29, the Mt. Gede Pangrango area pre-
sents intricate deformation patterns that encompass both 
subsidence and uplift, which is similar to other earth-
quake series striking a small volcanic island, Lombok in 
2018 (Wibowo et al. 2021). Each event does not produce 
similar vertical direction of deformations, but there is 
alternance between uplift and subsidence for each event 
especially for mainshocks containing different magni-
tudes and epicenter next to the volcanic cone.

Furthermore, within the eight sets of image pairs 
(Fig.  8), the northeastern hillside area, particularly on 
Denudational Hills presents a convoluted pattern of 
deformation. Notably, there are substantial discrepancies 
in deformation values even in proximate areas. Despite 
the considerable distance of Mt. Gede and the hillside 
regions from the earthquake epicenter, the resulting 
deformation values, comprising both uplift and subsid-
ence, are surprisingly elevated. Furthermore, the nature 
of these deformations varies considerably, suggesting 
the involvement of intricate geological processes (Shan 
et  al. 2004, Huang et  al. 2019;  Dong et  al. 2020; Praja-
pati and Mishra 2021). The elevated values mentioned 
earlier can be attributed to processing errors stemming 
from image quality. In terms of topography, these notably 
high deformation values consistently manifest in regions 
characterized by hilly or mountainous terrain. In certain 
instances, DInSAR processing may encounter difficulties 
in accurately gauging deformations in areas with intricate 

topographical variations. Such regions, marked by com-
plex topography, can introduce significant disparities in 
elevation, leading to geometric effects and fluctuations 
in the viewing angles of complex RADAR reflection sig-
nals. High variation of topography can lead to phase 
unwrapping errors and reduced coherence. These issues 
complicate the process of obtaining accurate deforma-
tion measurements (e.g. Darwish et  al. 2021; Thomas 
2021;  Bhattarai et  al. 2017). Consequently, this affects 
the consistency of DInSAR results. In addition to these 
topographical factors, it has been previously noted that 
the influence of the variation of the coherence and inter-
ferogram image quality can introduce very sensitive in 
variation of deformation. Throughout the phase unwrap-
ping stage, the intricate nature of the terrain introduces 
its own set of difficulties, as the unwrapping process 
becomes notably more intricate when compared to rela-
tively flat regions. Unwrapping errors present a signifi-
cant processing hurdle in DInSAR, given that they have 
the potential to undermine the quality of deformation 
outcomes.

Vegetation covers also play a crucial role in affect-
ing DInSAR’s performance. Dense vegetation areas are 
known to cause lower coherence in DInSAR signals, 
which in turn reduces the accuracy of the measure-
ments. However, employing specific techniques and 
wavelengths, such as L-band radar, has been shown to 
mitigate these effects and provide more reliable results 
in heavily vegetated regions (e.g. Andersen et  al. 2005). 
Furthermore, atmospheric conditions, particularly vari-
ations in water vapor, introduce additional errors into 
DInSAR measurements (Serkhane et al. (2022). Address-
ing these atmospheric delays through the use of models 
or supplementary data sources is critical for enhancing 
the accuracy of DInSAR across diverse topographic set-
tings (Remy et al. 2003). Another important factor influ-
encing DInSAR’s performance is vegetation covers. 
Lower coherence in DInSAR signals is known to result 
from dense vegetation areas, which lowers measurement 
accuracy. In densely vegetated areas, however, it has been 
demonstrated that using particular methods and wave-
lengths—like L-band radar—mitigates these effects and 
yields more accurate results (e.g. Andersen et  al. 2005). 
Moreover, atmospheric factors introduce additional 
errors into DInSAR measurements, especially variations 
in water vapour. Improving the accuracy of DInSAR in 
a variety of topographic settings requires addressing 
these atmospheric delays with models or additional data 
sources (Hanssen 2001; Remy et al. 2003).

To ascertain the consistency of the deformation results 
acquired through DInSAR processing, the processed 
deformation maps, represented in the eight image pairs, 
were cross-referenced with earthquake distribution 
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data provided by the BMKG. The examination of these 
deformation maps alongside the spatial distribution of 
earthquake epicenters during the Cianjur earthquake 
sequence from November to December reveals a nota-
ble correspondence. The regions exhibiting pronounced 
deformation in the maps align with the central epicenter 
area of the earthquake sequence. The seismic data col-
lected for this period illustrate a distribution pattern of 
epicenters predominantly clustered around the vicinity of 
Cugenang. This alignment corresponds with the findings 
of the DInSAR processing, consistently demonstrating 
significant deformation values near Cugenang. Conse-
quently, a correlation is established between the defor-
mation pattern derived from DInSAR processing and 
the spatial distribution of earthquake epicenters. These 
facts suggest that the ground deformation that occurred 
is likely not only controlled by the distance to the main-
shock, but also by the frequency of aftershocks in the 
surrounding region of the observation point and the geo-
morphological attributes of the area, such as landform 
units representing surface materials, ongoing geomor-
phological processes, and morphology.

Regarding the differential interferograms generated, 
it is critical to highlight the spatial coherence within 
the displacement field. Field observations have led to 
the inference that the rupture was subterranean, as it 
remained invisible on the Earth’s surface. Field survey 
did not show any evidence of the seismic fault. The con-
cept is supported by the spatial distribution of secondary 
geodynamic occurrences, such as cracks, rockfalls, and 
landslides, over the mountainous region of the north-
ern part of the study area. The fact is also similar to what 
happened in Athens related to the earthquake in 1999 as 
proposed by Foumelis et al. (2009).

The spatial distribution of the largest magnitude land 
deformation occurred in the area of Volcanic Foot Slope 
of the Young Pangrango Volcano and in the Alluvial Plain 
near Cugeneng and Cianjur. This is indicated by the sharp 
descending slope of the curve of DInSAR on November 
11–23, 2022 in Fig. 7b. Several factors could be determin-
ing that this area has the largest ground deformation i.e.: 
(1) the region is dominated by thick young alluvial depos-
its from the Quaternary period which cause a significant 
Peak Ground Acceleration value of about 0.5  g for the 
Mw 5.6 earthquake (Supendi et  al. 2022, 2023a, b), (2) 
the area is close to the Cugeneng fault that splits towards 
NNW and SSE and is adjacent to the earthquake’s epicen-
tre, (3) the area is an urbanized area with relatively high 
population density and a very significant level of building 
damage. Fluvial landscapes, such as the alluvial plains, 
are characterized by loosely packed, water-saturated sed-
iments that are susceptible to liquefaction during seismic 
activity. Due to this phenomenon, soil particles become 

dispersed and become liquid-like, which causes ground 
deformation and subsidence. Similar to this, when 
shaken, heterogeneous volcanic ash and deposits found 
in volcanic lower slopes and fluvio-volcanic plains can 
settle or slump, leading to subsidence. Denudational Hills 
and other denuded areas are also vulnerable to destabi-
lization during seismic events, which can result in land-
slides and slumping, which can cause subsidence through 
material displacement and resettlement. Therefore, in the 
context of earthquake mitigation, building codes become 
very important to achieve earthquake-resistant buildings. 
This analysis not only sheds light on the Cianjur earth-
quake sequence but also provides a crucial insight into 
the seismic hazard assessment and potential for future 
seismicity in the region  (e.g Irsyam et  al. 2020), driving 
home the importance of robust seismic monitoring and 
targeted geophysical investigations.

Co-seismic landslides as part of hazard chains are fre-
quently observed following seismic events, particularly in 
regions characterized by mountainous terrain. The seis-
mic activity resulting from the earthquake induces the 
movement of substantial amounts of weathered mate-
rial, leading to the initiation of landslide motion. The 
spatial distribution of ground deformation and observed 
co-seismic landslides were similar, i.e. along the Cianjur 
Fault and aggravated by the presence of La Nina during 
the period of earthquakes. Similar incidents were seen 
in other locations in Indonesia, such as the seismic event 
that occured on Lombok Island, West Nusa Tenggara in 
2018 (Zhao et  al. 2021), as well as the Palu earthquake 
that occurred in the same year (Zhao 2021). The occur-
rence of the co-seismic landslides in Cianjur was fur-
ther intensified by the concurrent rainy season period 
observed in November. Further research is crucially 
needed to mitigate the presence of hazard chains caused 
by earthquakes, especially in wet tropical areas. Special 
attention must be given, especially when an earthquake 
occurs in mountainous and hilly areas, particularly dur-
ing the rainy season. Co-seismic landslides are very likely 
to occur as a result of the chain impact caused by already 
unstable soil due to an earthquake, exacerbated by soil 
saturation due to high rainfall. Often, these co-seismic 
landslides will trigger further chain hazards in the form 
of debris flow when the soil becomes saturated due to 
high rainfall (Zhou et al. 2022).

Due to the moderate spatial resolution of Sentinel-1, 
data presents limitations for detailed local or site-spe-
cific observations. At that scale, accuracy will be signifi-
cantly determined by conditions of land cover change, 
topography, atmospheric conditions, and the nature of 
the land surface. In this case of spatial accuracy, utilizing 
GNSS data from different locations would improve the 
accuracy of ground deformation monitoring. However, 
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since the objective of this current contribution is to to 
determine spatio-temporal distribution of co-seismic 
ground deformation in large area and due to the una-
vailability of GNSS data, we applied DInSAR analysis to 
complement the limitation. DInSAR deformation meas-
urements in different part of the world resulted reason-
able accuracy e.g. of 6 mm (Dong et al. 2021), less than 
8  mm (Duan et  al. 2020) or even 5  mm (Manuta et  al. 
2019; Wang et  al. 2010). Since its launch in 2014, the 
open data policy and ongoing global surveillance facili-
tated by Sentinel-1 SAR data have markedly improved 
the ability to perform measurements and monitoring of 
ground deformation on a global scale. This enhancement 
in accuracy and resolution has been achieved through 
the application of InSAR time series analysis, as noted by 
Ganas et al. (2018); Morishita et al. (2023).

The current contribution has a wide range of potential 
applications. It can improve structural resilience particu-
larly infrastructure development and urban planning by 
pointing out locations vulnerable to co-seismic landslides 
or deformation, allowing for better-informed planning. 
More geophysical research is necessary, as evidenced by 
the intricate network of subsurface fault mechanisms 
and the lack of surface ruptures. The thorough analysis 
demonstrates the multifaceted approach needed to com-
prehend and reduce seismic hazards, making it suitable 
for use as a case study in geoscience education. In addi-
tion, the study can direct efforts to mitigate geological 
and environmental hazards, such as managing the risk of 
landslides and promoting conservation. Insurance com-
panies can more accurately assess risk and customize 
insurance products for properties in earthquake-prone 
areas by using the detailed deformation patterns and haz-
ard chains that have been identified. The research can be 
used by policymakers to create or improve regulations 
pertaining to building codes, community resilience initia-
tives, and disaster risk reduction.

Conclusion
This comprehensive study focuses on the utilization 
of a high-resolution seismic approach derived from 45 
seismic stations operated by BMKG to accurately iden-
tify and characterize an earthquake that occurred in 
Cianjur Regency, West Java Province, Indonesia. The 
employment of seismic techniques at a high resolution 
has proven to be important in locating and understand-
ing this disastrous seismic event. Furthermore, the study 
extends its analysis to encompass the spatio-temporal 
distribution of co-seismic ground deformation in the 
study area. By harnessing the capabilities of Sentinel 1 
satellite imageries, the research captures the dynamic 
changes in vertical deformation resulting from the 

seismic activity. The use of Radar satellite imageries adds 
a crucial dimension to the study, allowing for a com-
prehensive examination of the extent and evolution of 
ground deformation over both space and time. The sig-
nificance of this research lies in its integrative approach, 
bringing together three key methodologies: ground 
deformation analysis, high-resolution seismic investiga-
tion, and a geomorphological survey. Through the com-
bination of these diverse techniques, the study achieves 
the whole understanding of the interplay between 
ground deformation patterns and the underlying geo-
morphological settings of the studied area. The findings 
hold implications for understanding earthquake dynam-
ics, assessing associated risks, and informing strategies 
for mitigating the impact of such events in regions with 
similar geomorphological characteristics.
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