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Abstract

The East Java M = 6.1 Earthquake struck on April 10,2021, at the bottom of the Indian Ocean, about
96 km south of Kepanjen District, Malang Regency, Indonesia. The neighbouring Pronojiwo District
in Lumajang Regency suffered significant damages and loss of lives. The earthquake aftermath
underscored the necessity of examining susceptibility factors in the Pronojiwo area for future
mitigation efforts. This research focuses on assessing earthquake vulnerability in Pronojiwo District
using two methodologies: microtremor analysis and PS-InSAR. Microtremor data were directly
collected, while PS-InSAR data were acquired from the Sentinel-1 satellite and processed using the
StamPS algorithm. Results from the microtremor analysis reveal seismic vulnerability index values
ranging from 0.579 x 1076 to 24.840 x 106 s%/cm, in Pronojiwo District, with notably higher values
found in areas with Semeru deposits, characterized by soft sediments. PS-InSAR analysis indicates
concentrated negative shifts in residential zones, signaling structural damage. Regions with elevated
vulnerability index values and negative PS points are considered more prone to earthquakes and

subsequent building damages.

Keywords: Microtremor; PS-InSAR; Seismic Vulnerability Index; Pronojiwo District; Earthquake-Prone
area; 2021 East Java M = 6.1 Earthquake

1. Introduction

East Java, a province located on Java Island, Indonesia, experiences a notable level of seismic activity, primarily
characterized by earthquakes ranging from magnitudes of 4.8 to 5.5 on the Richter scale [Shohaya et al., 2013]. The
severity of earthquake-induced damage is influenced by various factors including building strength and quality,
earthquake magnitude, depth of the earthquake source, distance from the hypocenter, and duration of shaking
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[Irsyam et al., 2020]. Additionally, local geological conditions significantly impact earthquake intensity. Nakamura
[2000] observed that in numerous earthquakes worldwide, areas situated on alluvial plains suffer more extensive
damage compared to compact hilly regions.

A relevant case study, for example, was an earthquake struck on April 10, 2021, with a magnitude of 6.1 Mw.
This seismic event originated from the subduction zone, located in the Indian Ocean, south to the Java Island,
Indonesia. The hypocenter was 80 km deep and 96 km south of Kepanjen district in Malang Regency, East Java. The
earthquake generated ground shaking intensities ranging from II to VI on the Modified Mercalli Intensity (MMI)
scale [BMKG, 2021]. The impact was profound, leading to a disaster along the southern coast of Java Island, resulting
in the loss of 9 lives and injuring 121 individuals in Malang and Lumajang Regencies. Furthermore, the earthquake
caused damage to 649 public facilities (Fig. 1), with 2,491 buildings severely affected, 5,038 buildings experiencing
moderate damage, and 6,472 buildings sustaining minor damage [ESDM, 2021]. According to data from the Regional
Disaster Management Agency (BPBD) of Lumajang Regency, Pronojiwo District was among the hardest-hit areas.
Therefore, to facilitate future mitigation efforts, a vulnerability map is crucial for identifying regions susceptible
to earthquakes and potential building damage.

Figure 1. Damaged building in Lumajang District after the 2021 East Java Earthquake [BPBD Lumajang, 2021].

The microtremor method is frequently used to assess the potential damage that could be caused by earthquakes
due to its ability to estimate the risk level posed by seismic activity in a local geological condition. Previous studies
employing microtremor analysis include research by Jamal et al. [2017], utilizing the method for microzoning of
the disaster-prone areas, and by Robiana and Cipta [2021], investigating earthquake hazard potential in Bali. The
Horizontal to Vertical Spectral Ratio (HVSR) analysis as one of the microtremor analysis methods, generates a curve
that depicts the dynamic soil characteristics at the location of data acquisition, providing information in the form
of dominant frequency (fo) and amplification factor (4o) [Nakamura, 2000].

Ground deformations after an earthquake are very likely to occur, and remote sensing approach can be used
for detecting the changes in the earth’s surface. Remote sensing is a technique for collecting information about
the Earth’s surface from a distance using tools like satellites and aircrafts with the application in various field,
such as environmental monitoring, agriculture, geology, climate studies, disaster management, urban planning,
and biodiversity assessment. It involves passive (reflective) and active (emission and detection) methods to
gather data needed for different analyses. The technology’s ongoing improvements can provide tools for informed
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decision-making and research across different domains [Yussupov and Suleimenova, 2023]. InSAR (Interferometric
Synthetic Aperture Radar) analysis is a satellite data processing technique with capabilities of measuring ground
movement in millimeters scale with a spatial resolution of 5-10 meters over a large area [Ferretti et al., 2007].
The advanced InSAR technique, known as PS-InSAR (Persistent Scatterer InSAR), enhances the quality of results
obtained from conventional InSAR methods. PS-InSAR works by comparing various series of interferogram pairs
and identifying pixels exhibiting “stable” persistent behavior [Kiseleva et al., 2014].

Although not directly employed in earthquake deformation analysis, the PS-InSAR and InSAR methods have been
widely used in recent research related to deformation phenomena. There are various purposes on utilizing PS-InSAR,
such as investigating the effect of groundwater level on land subsidence [Gezgin, 2022], detecting surface deformation
in geothermal areas [Maghsoudi et al, 2018], characterizing earthquake swarms in India [Srijayanthi et al., 2022]
and conventional InSAR research to investigate the seismic co- seismic and post- seismic deformation in the case
of the 2016 Menyuan earthquake in Southwest China [Qu et al, 2021]. Both of these methods could be used to
investigate susceptible areas, in order to mitigate the damage caused by earthquakes in the Pronojiwo District,
Lumajang Regency. The impact of the damage can be estimated by mapping the seismic vulnerability (K), using the
microseismic method, and the shift of ground surface deformation following an earthquake can be analyzed using
remote sensing methods i.e. the PS-InSAR technique.

2. Geological Setting

Pronojiwo District composes of several formations and rock units. From the oldest, the rock formations can
be sorted as follows: Mandalika Formation (Tomm), Wuni Formation (Tmw), Jembangan Volcanic Deposits (Qvj),
Semeru Volcanic Deposits (Qvs), Avalanche Deposits from Nuee Ardente (Qvl), and Semeru Volcanic Deposits (Qlv),
as well as swamps and rivers deposits (Qas). In addition to these rock formations, the regional geological map of
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Figure 2. Regional geological map of Pronojiwo, Lumajang [Modified after Suyanto, 1992].
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Pronojiwo District also indicates the presence of faults and lineaments-oriented northeast-southwest (Fig. 2). Each

rock formation consists of various rocks, detailed as follows:

- Tomm-Late Oligocene: Mandalika Formation: andesite lava, basalt, trachyte, dacite and propylized andesite
breccia.

- Tmw-Middle Miocene: Wuni Formation: consist of andesite-basalt breccia and lava, tuff breccia, lava breccia
and sandy tuff.

- Qvj-Early Quartenary: Jembangan Volcanic Deposits: olivine pyroxene basalt lava, tuff, sandy tuff, sand.

- Qvs-Middle Quartenary: Semeru Volcano deposits: andesite lava to basalt, volcanic clastics and lava.

— Qvl-Late Quartenary: Avalanche Deposits from Nuee Ardente: lava deposits.

- Qas-Late Quartenary: Swamp and River Deposit: gravel, sand, clay and plant remain.

3. Materials and Method

This research included the microtremor measurement and analysis combined with the remote sensing by
PS-InSAR analysis technique within Pronojiwo District, Lumajang Regency. Microtremor data were recorded using
the Digital Portable Seismograph TDL 303-S, with a sampling rate of 100 Hz over a duration of 30-40 minutes. The
data collection covered area of 8.5 km x 7.5 km with 46 acquisition points taken during the September-December
2022 time period (Fig. 3). For the PS-InSAR analysis, we utilized 8 satellite datasets in the period of March 2021
to May 2021 of the Sentinel-1 Single Look Complex (SLC) data type, the DEM, and the orbital data, obtained from
ASF-Alaska Satellite Facility. One dataset was selected as the master, namely April 2021, and the remaining data
served as slaves. All data were acquired from the Sentinel-1A satellite with an ascending orientation (south-north)
and a wavelength of 0.56 cm, classified as C-band type and VV polarization. The data cover a resolution of
5% 20 meters, since it is an interferometric wide swath mode [Flores et al., 2018].
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Figure 3. Review map of the research area showing the location of microtremor measurement points.
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3.1 Microtremor Analysis

Microtremors are natural harmonic vibrations of soil which occur continuously. These phenomena caused by
micro-vibrations below the soil surface and other natural activities, which trapped in the surface sediment layer
and reflected by the presence of a boundary layer with a fixed frequency [Jamal et al., 2017]. Microtremor research
allows the determination of the soil layers’ characteristics based on the parameters such as dominant period and
wave amplification factor.

The HVSR (Horizontal to Vertical Spectral Ratio) method is recognized as an effective, economical, and
environmentally friendly technique, as well as suitable for application in residential areas. The HVSR method utilizes
three-component passive seismic-measurement data i.e., microtremors. This method produces two important
parameters: natural frequency (dominant frequency) and amplification factor. Both parameters are related to the
subsurface physical properties, thereby useful for local geological characterization [Herak, 2008].

The determination of the seismic vulnerability index value requires attention to the shear strain on the soil
surface. The magnitude of the shear strain (y) can be calculated using the following equation [Nakamura, 1997]:

y =10 M

where 4, is the amplification factor, § is the shift of the seismic wave in the bedrock (m), D is the thickness of
sediment at the surface (m). The dominant frequency (f;) at the soil surface is formulated as follows [Nakamura,
1997]:

Vs

fo=2p ()
So, the thickness of the sedimentary layer is:
Vs
D=—- 3
af, )

and the magnitude of the dominant frequency in bedrock is:

Up
44,D

fo= “)

where v; is the velocity of wave displacement on the surface, and v, is the velocity of wave displacement on the
bedrock. The wave acceleration in bedrock, a;, can be formulated as:

ap = (2rfo)?6 ®)
If equation (1) is formulated by including equations (4) and (5), thus obtained:

_ Agay, 4Aofo A5 ap
@2nfo)* vy fo T2y

©6)

The efficiency of applying the dynamic force that affects the strain is €% of the static force, then the magnitude
of the effective strain y, is:

Ye = Kg (e)ay (7
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Hence, obtained:

A1

97 fo (m?vy)

@®)

The value of v, is nearly constant in an area and K, can be considered as an index of the susceptibility of a
deformed area measured at a point K, value on the x 107 scale (s%/cm).

3.2 PS-InSAR Analysis

Electromagnetic waves emitted from satellites scatter when they hit certain objects on the Earth’s surface.
Scattering phenomenon which aimed at returning the signal back to the satellite and behaves similar to a mirror
perpendicular to the direction of the incident wave, is called backscatter [Zhou et al., 2013]. Scatterers that change
the distance between two datasets at different times will have a phase difference that is proportional to the time
delay that occurs in the wave propagation back to the satellite. The relationship is described in equation (9) below.

¢ ="2R="1 ©)

The pair of images referred to in this method are the two focused SAR images of the master and slave. The phase
difference is calculated by multiplying the master pixel by the conjugate of the slave image complex, followed by
multiplying the amplitude of both master and slave images [Parker, 2017]. In addition to the surface deformation
components, the interferogram phase (¢,4s) also contains other components, namely A g These components
are related to the difference in the geometry of the satellite’s view, phase difference from the topography Ad;,p,,
and phase difference from the atmospheric refraction A, as described in equation (10).

¢LOS = Aq)def + Ad)geom + Aq)topo + Aq)atm + ¢error (10)

The geometry factor is resolved by applying the exact orbit and estimating the perpendicular baseline between
orbits of satellites. This effect was eliminated by assuming ellipsoidal smooth earth. However, errors in predicting
satellite orbits are arise due to solar radiation pressure. DEM (Digital Elevation Model) data was used in processing to
eliminate the phases error introduced by the topography. The largest source of phase error was caused by variations
in atmospheric refraction, Ad,.,, between acquisitions. ¢, represents an additional noise that describes the
phase noise caused by scattering and heat noise from the instruments [Parker, 2017].

The results of co-registration and interferograms were exported for further processing using the Stanford Method
for Persistent Scatterers (StaMPS) method, implemented in MATLAB software. StaMPS is a PS-InSAR processing
technique that uses a set of C++-based software and MATLAB scripts regularly based on the Hooper algorithm
[Hooper et al., 2012]. This method was developed to be usable even if it applied in terrain without man-made
structures or irregular deformations [Hooper et al., 2018].

This study involved seven stages of StaMPS technique. The first stage was data loading, used to input the
co-registration and interferogram data to the StaMPS algorithm in the required format and location. The second
step was phase noise estimation by estimating the phase-noise value of each candidate pixel for each interferogram.
This phase noise estimation relied on several parameters including the maximum topographical error, pixel
size, weighting of each pixel, combined low-pass and adaptive phase filters, and maximum number of iterations
[Hooper et al., 2012]. The third step is the PS selection process, which was selected based on the phase-noise
criteria from the previous stage. In this stage, the percentage density of other (non-PS) pixels are also estimated.
The fourth stage was the PS weeding stage, aimed to sorts and eliminates unselected pixels. Fifth stage was phase
correction, where the phase of spatially correlated pixels was corrected. The sixth step was stamps, which converts
the interferogram units —m to 1 to an absolute phase integer multiplier 2m, as this is more related to topography and
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deformation. The phase variation between any two points on a flattened interferogram provides a measurement of
the actual height variation after removing all integers from the height [Ferretti et al., 2007]. Finally, the estimated
spatially correlated look angle error stage calculates the correlated look angle error observed in stages three and
five. Through all of the processing stages, a map illustrating the distribution of LOS (Line-of-Sight) measurements

over time was obtained.

4, Results and Discussion

PS-InSAR processing from a master interferogram and seven slave interferograms resulted in the distribution
of displacement velocity or a shift towards LOS (Line-of-Sight). In general, the shift in the study area are ranged
from -25 mm/year to 48 mm/year (Fig. 4). The negative value, marked in blue colour, indicates that the point on
the ground surface depicted by the PS pixel move away from the satellite LOS, or the downward movement of the
ground surface. On the other hand, positive values (coloured in red) represent that point is moving closer to the
satellite LOS, or upward movement of ground surface.
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Figure 4. Map of the Pronojiwo District showing the displacement velocity pattern obtained from PS-InSAR analysis.

Changes in the land surface identified by PS-InSAR can be caused by several factors, such as: high groundwater
level [Gezgin, 2022], the presence of geothermal injection wells [Maghsoudi et al. 2018], deformation due to
landslides [Greif and Vicko, 2012] or earthquake [Qu et al., 2021], deposition of pyroclastic materials after eruption
[Perwita et al., 2023], or human activity [Gao et al., 2019]. Four areas with negative shift (blue dots in Fig. 4) are
distributed in the central to southern parts of Sidomulyo Village, east of Pronojiwo Village, and north and south of
Sumberurip Village. These areas of negative shift are mostly located within residential zones, indicating potential
damage to houses resulting from the earthquake that occurred on April 10, 2021. The interpretation of the PS-InSAR
aligns with the data of substantial damage of houses in the Pronojiwo District (Table 1), including the Pronojiwo
village, Sidomulyo village, and Tamanayu village as presented by the BPBD Lumajang [BPBD Lumajang, 2021].
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No District Village Total
Penanggal 13
1 Candipuro Sumbermujur 1
Sumberwuluh 2
Kertowono 37
2 Gucialit Pakel
Tunjung 2
3 Jatiroto Banyuputih Kidul 1
4 Kedungjajang Sawaran Kulon 4
.. Bades 7
5 Pasirian
Condro
Jambearum 8
Jambekumbu 15
. Karanganom 1
6 Pasrujambe .
Kertosari 4
Pagowan 1
Pasrujambe 219
Oro-Oro Ombo 92
Pronojiwo 279
B Sidomulyo 469
7 Pronojiwo k
Sumberurip 23
Supiturang 58
Tamanayu 426
Argosari 34
Burno
Kandangan
8 Senduro Kandang Tepus 2
Ranupani 1
Senduro 20
Wono Cempoko Ayu 4
9 Sumbersuko Sentul 1
10 Tekung Tukum 1
Kaliuling 817
. Pundungsari 80
11 Tempursari i
Purorejo 18
Tempursari 32
12 Yosowilangun Karangrejo !
\
g Kebonsari 1
Total 2687

Table 1. The number of houses damaged in the East Java Earthquake in April 2021, sorted by district and village in the
Lumajang Regency [BPBD Lumajang, 2021].
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However, these results cannot fully describe the occurrence of damage in Tamanayu Village, as positive values on
PS-InSAR are observed.

The positive anomaly in Tamanayu Village is possibly caused by the reactivation of the fault, marked by the
dotted line on the regional geological map of Pronojiwo (Fig. 2). Based on Geology Map [Suyanto et al., 1992], the
fault that passes through Tamanayu Village is categorized as dip-slip fault, with the eastern part of the block moving
upward (denoted by the letter U on the map). Reactivation of such of fault type can occur when external forces
traverse the fault. For example, in the case of the Bantul earthquake in May 2006, the severely damaged area was
associated with an old fault area possibly experiencing fault reactivation [Blanco-Martin et al., 2022]. Following
the earthquake on April 10, 2021, the area in the east of Tamanayu Village was moving up compared to the area in
the west, and this caused the positive value of the vertical shift at point PS (illustrated in orange-red colour, Fig. 4)
although, in reality, there was a lot of damaged houses in the area.

By using the horizontal to vertical ratio formula, the H/V value is obtained as shown in Fig. 5. The H/V (Horizontal
to Vertical Spectral Ratio) curve obtained from 46 microtremor measurement points in the study area generate
two outputs: (1) the dominant frequency (the horizontal axis of the peak of the H/V curve, Fig. 5), and (2) the
amplification factor (the vertical axis of the peak of the H/V curve, Fig. 5). For each measurement point, the spectrum
was also calculated, and the trend for each component were showing similarity to the spectrum at MS08, as shown
in Fig. 6. Seismic vulnerability index was calculated from these two values. The dominant frequency, amplification
factors, and seismic vulnerability index are beneficial for monitoring the area’s vulnerability to earthquakes.
In addition, there is a qualitatively positive correlation between the response of HVSR curve and the extent of
damage that occurred around the fault, as resulted by the previous research on the Bantul earthquake in May 2006
[Daryono and Prayitno, 2009].
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Figure 5. Analysis of the measurement point MS08 showing the H/V curve and f, and 4, values, using Geopsy Software.

The distribution of dominant frequency values, f, of the research area is illustrated in Fig. 7. The dominant
frequency values are ranged from 0.579 Hz to 11.481 Hz, with low f; values concentrated in the central part of
Sidomulyo Village, south of Pronojiwo Village, and the central part of Sumberurip Village. Meanwhile, higher f,
values were observed in southern and northern region. Toward the north, relatively higher f; values were found
in the northern parts of the Sidomulyo Village, Pronojiwo Village, and Sumberurip Village. Toward the south,
relatively higher, f; values were found in the entire Tamanayu Village, as well as in the southern part of Sidomulyo,
and Sumberurip Villages.
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Figure 6. The spectrum of N-, E- and Z-component of seismic data at point MS08.

The dominant frequency value, f;, also known as the natural frequency, can be an indication of the lithology
and thickness of the sediment at that location [Nakamura et al., 1989]. Areas with low-frequency values (illustrated
in blueish-purple, Fig. 7) mostly correspond to the Qvs formation, Semeru Volcano deposits comprising andesitic
to basaltic lava, volcanic clasts, and lava [Suyanto et al., 1992]. The northern part of Qvs, with a relatively higher
frequency, is interpreted to be a lithology composed of hard rocks such as andesitic lava to basalt. The southern
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part of Qvs, which has lower natural frequency, is interpreted as the area covered with volcanic clastic with thick
uncompacted sediments. Present of soft lithology can increase the risk of damage in an area because of the
material’s tendency to provide a long-period vibration response. This effect is called site effect or site amplification
[Sunardi et al., 2012].

Areas with higher elevations or hills tend to have higher natural frequencies [Nakamura, 2000], as exhibited
within the research area from Tamanayu Village to the southern part of Sumberurip Village. Located between
hills with high-frequency values, the areas around point P28 show relatively low-frequency recorded values. Such
anomalies, can be explained with the geology of the area described in the geological map, likely resulted by the
presence of local geological structure in the form of a fault. Other anomalies were also observed in the area around
points MS23 and P22 in the centre of Sumberurip Village. This area shows relatively low natural frequency despite
being situated in highlands and are likely composed of a different lithology with softer, lower density rocks,
compared to the surrounding area. However, a further geological study is necessary to ascertain the local lithology’s
formation, and structures.

The H/V curve also generates the amplification factor (4,). As illustrated in Fig. 8, the amplification factors
value varying from high to very high are distributed in the southern part of Sidomulyo Village, Pronojiwo Village,
the northern part of Tamanayu Village, and in the middle to southern part of Sumberurip Village. Moderate to low
amplification factor values are distributed in the northern part of Sidomulyo Village, southern part of Tamanayu
Village, and northern part of Sumberurip Village. The minimum value of the amplification factor in the study area
is 2.786, whereas the maximum value is 18.276.
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The amplification factor indicates the impedance ratio between the sediment layer to the bedrock. In addition,
the amplification value describes the change of acceleration value of ground wave vibrations due to shear wave
velocities difference between bedrock and surface sediments. When seismic waves propagate on sediments with
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softer composition than the soil they traverse previously, the waves will experience amplification. The greater the
difference of shear wave velocities, the greater the amplification occurred to the seismic wave [Haeruddin et al., 2019].

In the western area of Tamanayu Village, precisely at points MS27, P26, MS19, P19, MS13, MS12, and P09, high
A, values are associated with valleys/rivers. The high amplification factors at this location are probably influenced
by the sediment cover in the area around the river. Soft sediment on top of hard rock will have the magnification
effect on seismic waves. Furthermore, areas with high amplification factor are also observed in the northern part
of the study area, which are labelled as the Qvs formation in the geological map. This formation is predominantly
composed of uncompacted pyroclastic rocks, proving that the build-up of thick pyroclastic sediments on top of hard
rock can amplify seismic waves. However, anomaly that is not in accordance with the theory was again found in
the area around point MS23 and P22, where these areas are included in the highlands exhibit a high amplification
factor response. It is possible that the rocks in this area experienced significant weathering in their past. However,
further geological studies are required to confirm this hypothesis.

The results of microtremor analysis using the HVSR method in the study area yielded seismic vulnerability
index values ranging from 0.579 x 107¢ to 24.840 x 10-¢ s%/cm. The distribution of these values is illustrated in
Fig. 9. The seismic vulnerability index in map represents areas with the potential to experience strong shocks in
the events of an earthquake. The study areas with K, values of below 8 x 10~ s2/cm (coloured in purple to dark blue)
are scattered in the northern Sidomulyo Village, southern Tamanayu Village, and the central part of Sumberurip
Village. Most of these low K values are located within the Mandalika and Wuni Formations, which are composed
of hard-rock lithology.
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Figure 9. Map of Pronojiwo District, showing seismic Vulnerability Index (K ) of the researched area.

In some locations, relatively high values are observed, with K, values varying from 10 x 107° s%/cm (green)
to 26 x 107 s2/cm (red). High K, values are observed in the southern part of Sidomulyo Village, the central to
the southern part of Pronojiwo Village, and the northern part of Sumberurip Village. Most of the areas with
high K, values are located within the Qvs Formation, corresponding to volcanic clastics. Areas with high K, values are
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prone to strong shaking when earthquake strikes because the earthquake waves experience amplification when they
reach these materials. The shaking is therefore stronger, so the damage will be potentially more severe compared
to areas with lower K values.

The microtremor results have also been interpreted together with the information on the distribution of
PS-InSAR LOS displacement points, as shown in Fig. 10. On a closer observation, the distribution of points with
negative values (green to blue) correlates with areas which exhibit high values of seismic vulnerability index. This
correlation suggest that such areas pose high risk of damage caused by earthquakes.

Areas with high K, values and negative PS points in this study are distributed in the southern part of Sidomulyo
Village, Pronojiwo Village, and in the northern and southern parts of Sumberurip Village. Consequently, these
areas are particularly vulnerable to the damage from earthquakes. Most of these vulnerable areas are located
on top of clastic deposits (softer part) of the Qvs formation, and also exhibit low dominant frequency and high
amplification factor. As the result, a resonance will occur when an earthquake with a wave frequency similar to
the natural frequency value of the soil strikes the area. The waves passing through the area it will be amplified,
potentially leading to the collapse of buildings that do not adhere to earthquake-resistant standards. Such events
are represented as a negative displacement LOS value in the PS-InSAR analysis.
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Figure 10. Map of the Pronojiwo District, showing the displacement Velocity from PS-INSAR analysis overlayed with

K, map from microseismic analysis.

Previous research conducted by Susilo et al. [2023] which covered smaller area than the location of our
study (Fig. 11), supports the finding of this study, particularly in areas dominated by unconsolidated sedimentary
material, as well as in hilly areas where weathering may occur. Susilo’s research revealed the frequency range of
approximately 1.8-6.8 Hz in the Tmw rock formation. For comparison, the range of frequency values obtained in
the southwest and south of our research area is in the range from 0.57-11.48. Similarly, Susilo’s research reported
the amplification factor value ranging from 2.8-7, whereas the results of this study show a broader range, in around
2.78-18.27. Additionally, the K, values obtained are also not too different. Susilo’s research obtained K, in the range
of 2-19, while our research resulted values in the range of 0.57-26.8.
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Figure 11. Correlation of the results with the previous study conducted by Susilo et al. [2023], showing Dominant
Frequency-f, (a), Amplification factor-A, (b), and seismic vulnerability index-K 4 (c and d).

5. Conclusion

The finding of the Microtremor analysis in Pronijiwo District show seismic vulnerability index values in the
range of 0.579 x 107 to 24.840 x 107¢ s2/cm. The PS-InSAR interpretation, supported by the data obtained from
BPBD Lumajang, collected following the earthquake on the April 10, 2021, showed that the distribution of negative
shift areas corresponds with residential areas in Pronojiwo, Sidomulyo, and Tamanayu Villages, Pronojiwo District,
where majority of houses were damaged.

Most of the high seismic vulnerability index values measurement ponits were observed within Semeru deposits
(Qvs formation), composed of soft volcanic clastics, and most of the vulnerable areas with high K, values and negative
PS points were located on top of the same deposits. These areas are particularly prone to earthquake-induced shocks
and damages are easily possible to occur.

Earthquake hazard mapping based on microtremor and PS-InSAR is valuable reference for building design
within the study area. Residents and buildings located in vulnerable areas can prioritize constructing better-quality
buildings, which are more resistant to earthquakes. Furthermore, implementation of a better preventive measure,
such as avoiding the development in areas with high seismic vulnerability index values will contribute in enhancing
community resilience to earthquakes.

Data availability statement. Satellite data used in this study is an open access data type, obtained from The Alaska
Satellite Facility (ASF),which is part of the Geophysical Institute of the University of Alaska Fairbanks at https://vertex.
daac.asf.alaska.edu/. The microseismic data that support the findings of this study were acquired by the Meteorological,
Climatological,and Geophysical Agency of Indonesia (BMKG), in which all access and availability of the data can only
be obtained through formal correspondence directly to the agency.
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