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Assessing seismic vulnerability is crucial for disaster preparedness and urban planning,
especially in regions with complex geological conditions like the Yogyakarta Basin. The
devastating 2006 earthquake caused severe structural damage, numerous casualties, and
significant economic losses, highlighting the need for continuous seismic vulnerability
assessment. This study assessed seismic vulnerability by determining the site’s resonant
frequency, the horizontal-to-vertical spectral ratio (HVSR) peak amplitude, and the
ground vulnerability index across the Yogyakarta Basin. Seismic microtremors were
recorded at 707 locations within the Yogyakarta Basin. The analysis employed the log-
normal distribution and automated frequency domain window rejection algorithms to
process the microtremor data. These methods effectively eliminated noisy windows in
high-variance datasets while minimizing the unnecessary exclusion of valid windows in
low-variance datasets. Areas with Kg values exceeding 10 and low resonant frequencies
were considered highly vulnerable because of the potential for ground motion
amplification. Such regions include Sanden, Kretek, Pundong, Bambanglipuro, Jetis,
Pleret, Sewon, Berbah, Prambanan, Banguntapan, Kalasan, and parts of Yogyakarta City,
Depok, Gamping, and Kasihan. The results offer valuable insights for guiding land-use
planning, prioritizing mitigation efforts, and informing seismic risk management.
Moreover, the findings emphasize the need for integrated seismic hazard modeling to

improve resilience and preparedness across the Yogyakarta Basin.

1. INTRODUCTION

Building damage caused by seismic activity is influenced
by numerous factors, such as local geological conditions,
building structures, soil-structure interactions, and earthquake
characteristics, such as the distance to the epicenter [1-4].
Recent studies have indicated that local site effects play a
critical role in determining ground motions during earthquakes
[5-8], as they can substantially amplify or attenuate seismic
ground motions [9]. The seismic vulnerability of an area is
predominantly determined by site conditions rather than by
other factors affecting ground shaking. It is widely
acknowledged that ground motions are significantly amplified
at sites with soft soils compared to those located near bedrock.

Several earthquakes have shown how local geological
features significantly affect ground motions. Rokko Island in
Kobe, Japan, experienced extensive damage during the 1995
earthquake due to soft soil deposits [10]. The Michoacén
earthquake of 1985 and the Christchurch Earthquake Sequence
of 2010-2011 also highlight the amplifying effects of soft
sediment deposits on ground shaking. The 2004 Niigata-
Chuetsu earthquake in Nagaoka, Japan, resulted in elevated
ground accelerations and extensive structural damage due to
the presence of soft sediment deposits. In Indonesia, the 2006
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Yogyakarta earthquake was likely influenced by site effects
associated with the region’s geological characteristics [11, 12].

Understanding local geological characteristics is essential
for assessing site response during earthquakes, especially in
seismically vulnerable regions such as sedimentary basins.
Accurate site characterization allows for the design of more
effective mitigation strategies to reduce infrastructure damage
and protect public safety. Common assessment approaches
include non-invasive techniques such as the Horizontal-to-
Vertical Spectral Ratio (HVSR) method. These non-invasive
techniques allow efficient field data collection to delineate
subsurface profiles and assess soil vulnerability.

In site response analysis, the HVSR method has gained
popularity due to its effectiveness in capturing local site effects
and its operational simplicity [13-15]. HVSR analysis began
with Bertelli [16] and Omori [17] and was further advanced by
Aki [18], Gutenberg [19], Kanai and Tanaka [20].
Refinements were made by Nogoshi and Igarashi [21, 22], and
the first English-language HVSR paper was published by
Nakamura [23]. Japanese researchers developed HVSR [24-
26], which has since spread globally. Although the adoption of
HVSR was initially limited in the United States, its application
has been steadily increasing in recent years [27-29]. The
HVSR method is used to determine resonant site frequency
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(FO0), peak HVSR amplitude (A0), and the ground
vulnerability index (Kg). The resonant site frequency serves as
a key indicator in site response and classification schemes [4,
30, 31], while the ground vulnerability index reflects dynamic
soil properties and aids in identifying structurally weak areas
[32, 33]. Damage caused by local geological factors can be
assessed through various parameters, including FO, A0, and
Kg derived from HVSR [34].

Seismic investigations increasingly rely on the resonant site
frequency derived from HVSR analysis. However, the
variability of ambient noise and environmental conditions
introduces uncertainties in the determination of resonant site
frequency, which can be categorized as temporal, azimuthal,
or spatial [14, 35]. Temporal variations can affect the HVSR
curve’s amplitude and shape and lead to deviations in resonant
site frequency [36]. Additionally, the installation quality of
equipment significantly influences the accuracy of HVSR
measurements. Errors arise from the effectiveness of sensor
isolation and sensor-ground coupling, which can contribute to
uncertainties in determining the resonant site frequency [37,
38]. To address these challenges, a new method that combines
log-normal distribution (LD) and automated frequency
domain window rejection (AFDWR) has been developed to
improve HVSR analysis. LD enables the smooth conversion
of HVSR statistics from frequency to period, which is highly
beneficial in earthquake engineering. AFDWR reduces
variance and enhances data quality by effectively identifying
and rejecting noisy windows [14, 35].

The Yogyakarta Basin, shaped by volcanic activity and
fluvial processes, provides a unique environment for studying
seismic characteristics using HVSR microtremor. The global
population surge in recent decades has led to increased
urbanization, concentrating people and infrastructure in cities.
This trend, particularly in sedimentary basins, has heightened
earthquake vulnerability due to soft soils and sediments. This
study employed LD and AFDWR for HVSR analysis in the
Yogyakarta Basin, located in southern Central Java (Figure 1).
The area, bordered by the Progo River, Opak River, Mount
Merapi, and the Indian Ocean, primarily consists of soft and
stiff soils, including Quaternary deposits from Merapi volcano
and weathered Tertiary sedimentary rocks. The loose soils
amplify seismic waves, thereby increasing the potential for
ground shaking and building damage. The Basin experienced
severe devastation during the 2006 earthquake (Mw 6.3),
which caused significant loss of life, injuries, and economic
damage [39, 40]. The geological complexity of the area
amplifies these risks, with soft sediment layers potentially
increasing seismic wave amplification. This study aimed to
determine the resonant site frequency (F0), peak HVSR
amplitude (A0), and estimate the ground vulnerability index
(Kg) across the Yogyakarta Basin.

2. GEOLOGY SETTING

Since the mid-Eocene, the Indo-Australian Plate has been
subducting beneath the Eurasian Plate, leading to the
formation of the Yogyakarta Basin in southern Central Java
[41]. The subduction zone, located south of Java Island,
progresses at a rate of 67-70 mm/year [42, 43], generating
frequent seismic activity and contributing to the region’s high
seismic vulnerability. Positioned within a forearc basin, the
Yogyakarta Basin is subject to intense tectonic deformation
and magmatism, forming prominent volcanic features such as
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the highly active Mount Merapi (Figure 1) [44]. This
geodynamic setting shapes the region’s seismic hazard profile,
underscoring the need for seismic vulnerability assessments.
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Figure 1. The study area in the Yogyakarta Basin

Geologically, the basin spans approximately 20 km in width
and 45 km in length, extending from Yogyakarta City to the
Indian Ocean. Its formation began in the Cenozoic era,
resulting from volcanic extrusions from the Kulon Progo and
Southern Mountains. Since the Oligo-Miocene period, these
processes have shaped the region into a volcano-tectonic
depression [45, 46]. Figure 2 illustrates the geological
framework of the Yogyakarta Basin.

The basin is predominantly filled with thick volcanic and
alluvial deposits derived from Mount Merapi, with sediment
thickness exceeding 100 meters in several locations [47].
These soft, unconsolidated sediments create a strong
impedance contrast with the underlying bedrock, defined as a
significant difference in seismic wave velocity between
geological layers, which plays a critical role in amplifying
seismic waves. When seismic waves travel from high-velocity
bedrock into lower-velocity sediments, their energy becomes
trapped and amplified, increasing ground shaking intensity.
This effect is particularly pronounced in areas with thicker
sedimentary cover, where resonance can occur at lower
frequencies, heightening structural vulnerability.

The destructive 2006 Yogyakarta earthquake exemplifies
the impact of this geological configuration. Despite its
moderate magnitude (Mw 6.3), the quake caused widespread
damage and loss of life, particularly in regions under thick
alluvium. The soft sediments amplified ground motion,
demonstrating how local geological and stratigraphic
conditions significantly influence seismic hazards in the basin.

The lithology of the Yogyakarta Basin includes several
formations. The oldest is the Pre-Tertiary metamorphic rock,
followed by the Wungkal Gamping Formation, which contains
Upper to Middle Eocene calcarenite, sandstone, and mudstone
[44]. Next 1is the Kebo Formation, consisting of
conglomerates, sandstones, and tuff shales. The Butak
Formation, often confused with the Kebo Formation, features
Oligocene breccia, tuffaceous sandstone, and conglomerate.
The Semilir Formation (Tmse) is characterized by tuff, pumice
breccia, tuff dacite, andesite tuff, and tuffaceous mudstone and
shale from the Lower Miocene. The Nglanggran Formation



(Tmn) consists of Lower to Middle Miocene volcanic breccia.
The Sambipitu Formation (Tms) includes Middle Miocene
sandstone, shale, tuff, and conglomerate. The Oyo Formation
features bioclastic limestone, marl, calcarenite, and limestone
conglomerate from the Middle Miocene. The Wonosari
Formation (Tmpw) contains Middle to Upper Miocene reef
limestone, calcarenite, and tuff. Finally, the Kepek Formation

consists of Upper Miocene layered limestone and marble,
which interfingers with the Wonosari Formation. The top layer
comprises alluvial deposits from Mount Merapi. In the western
region, andesite breccias and lava flows dominate, while the
eastern part is characterized by carbonate volcanic rock and
limestone, forming a karst landscape [41].
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Figure 2. Geology map of Yogyakarta Basin and surrounding [48]

3. RESEARCH METHODOLOGY

The field surveys were conducted to record microtremor
data in the Yogyakarta Basin in the Special Region of
Yogyakarta. This area is characterized by its high population
density and is a crucial region for studying seismic activity due
to its unique geological features.

3.1 Data acquisition

Seismic microtremors are low-amplitude, continuous
ground vibrations caused by various natural and human
activities. These microtremors can originate from ocean
waves, wind, traffic, industrial machinery, and other daily
sources. They are commonly used in geophysical studies to
assess soil properties and analyze site response. In this study,
microtremor data were collected across the Yogyakarta Basin
using a Taurus digital seismograph and a Lennartz compact
seismometer, recording at 707 sites, as shown in Figure 3. The
707 measurement sites were strategically distributed across the
basin to ensure comprehensive spatial coverage. This
distribution strategy supports regional interpolation and local
analysis, contributing to developing a detailed and
geologically representative site characterization map.

The recording duration at each site varied between 30 and
60 minutes, with a sampling rate of 100 samples per second.
The data analysis concentrated on the frequency range of 0.2
to 20 Hz. During the analysis, extended time windows were
employed to mitigate the influence of non-stationary noise
sources, such as nearby cultural activities and heavy traffic.
Specifically, only the stable segments of the recording,
typically during periods of minimal transient disturbances,
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were selected by visually inspecting the amplitude and spectral
stability over time. Time windows exhibiting irregular spikes
or non-stationary patterns were excluded from further
analysis. Additionally, measures were taken to avoid
underground structures like conduits, water channels, and fiber
optic cables. The data were evenly distributed to facilitate
interpolation and create a detailed regional map.

Figure 3. The red dot indicates the microtremor experiment
locations



3.2 HVSR processing of microtremor data

The procedure for processing HVSR data from ambient
noise recordings is illustrated in Figure 4. The noise records,
which include three components (NS, EW, V), are segmented
into time windows that are at least ten times the duration of the
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Figure 4. The schematic illustrates the typical process of deriving a median HVSR curve and its peak frequency from multiple

ambient noise time windows
It shows individual HVSR curves for each window and summarizes statistical measures such as the median and standard deviation from the set of samples,
adapted from Cox et al. [35].

The amplitude in the HVSR curves should follow a log-
normal distribution (LD) for each window at each frequency.
Subsequently, the median amplitude at each frequency is
calculated by averaging the data over various windows. These
median amplitudes are then connected across frequencies to
create median HVSR curves [35]. Log-normal distribution
ensures consistency with earthquake ground motion analysis
and facilitates smooth transitions between HVSR statistics
across frequencies and their corresponding reciprocal periods.

To improve the reliability of the HVSR curves, we apply an
automated frequency-domain window rejection (AFDWR)
method based on the approach proposed by Cox et al. [35].
This method objectively differentiates between viable and
noisy windows by statistically evaluating the spectral stability
of each window in the frequency domain. The logarithmic
mean and standard deviation of HVSR values across all
windows are calculated for each frequency. A window is
considered an outlier and rejected if more than 20% of its
HVSR values deviate beyond =+2 logarithmic standard
deviations from the mean. Additionally, windows are
excluded if they exhibit sharp spectral peaks, high variability,
or transient noise spikes inconsistent with the general trend of
other windows. After rejection, the final HVSR curve is
computed as the median of the accepted windows, providing a
robust estimate that is less sensitive to outliers and
contamination. This approach enhances the consistency of the
HVSR analysis, particularly in noisy or urban environments
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where ambient vibrations may be highly variable.

This study utilized a Python package designed for
conducting HVSR processing [35, 52], detailing the AFDWR
and LD. Cheng et al. describe the statistical approach
incorporating azimuth variability [53]. In their 2021 work,
Cheng et al. outline the methodology for defining statistics
from spatially distributed HVSR measurements [14]. Using
the HVSR method, we can effectively determine crucial
seismic characteristics. The first resonant site frequency (FO)
indicates the natural frequency of the soil or rock formations
at the site, influenced by geological conditions such as soil
type, depth, and stratification. The second characteristic is the
peak amplitude of the HVSR (A0), which refers to the
maximum value of the HVSR curve at the resonant site
frequency. The peak amplitude estimates the amplification
factor of the ground motion at the resonant frequency; high
peak amplitudes suggest significant ground motion
amplification, which is crucial for seismic hazard assessment
and earthquake-resistant design. The ground vulnerability
index (Kg) can predict weak areas in the ground and estimate
potential damage from destructive earthquakes [4]. It is
calculated by dividing the square of the peak amplitude of the
HVSR curve by the resonant site frequency. The Kg value is
utilized to identify soil vulnerability and qualitatively estimate
areas susceptible to damage. As fundamental site response
indicators, FO, A0, and Kg facilitate high-resolution spatial

mapping.



4. RESULTS AND DISCUSSION
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Figure 5. (a, ¢, and ) Records from a three-component (NS,
EW, and VT) HVSR measurement at site HV723, with data
segments rejected by AFDWR indicated by cyan windows,
(b) Initial HVSR curves showing all values are highlighted
with black circles before applying AFDWR, (d) Revised
HVSR curves obtained by using the LD and AFDWR
algorithms, with all rejected curves marked in cyan

This study processed microtremor data in the Yogyakarta
Basin using the log-normal distribution (LD) and automated
frequency domain window rejection (AFDWR) algorithms.
Figure 5 illustrates the HVSR noise recording process
employing both LD and AFDWR. The example dataset was
collected at point HV723. Figures 5(a), (c), and (e) depict the
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locations of the rejected windows within the time records of
the three components. Meanwhile, Figures 5(b) and (d)
showcase the HVSR data before and after applying the
AFDWR algorithm. Using the proposed AFDWR algorithm, 9
out of 29 windows (32 percent) were rejected. When analyzing
the time windows, it was found that many rejected windows
displayed transient spikes in both the vertical and horizontal
components. Methods based on the frequency domain were
more effective in identifying and eliminating contaminated
windows, thus improving the statistical reliability of the
HVSR data. Applying the LD and AFDWR algorithms in the
Yogyakarta Basin has demonstrated efficacy in rejecting noisy
windows within datasets exhibiting high variance while
avoiding excessive rejection of viable windows in datasets
with low variance.

4.1 Resonant site frequency

The soil structure within the study area shows a strong
correlation with the HVSR curve patterns. The site's resonant
frequency reflects the thickness of the sedimentary or alluvial
layers. Lower frequencies point to thicker or softer deposits,
while higher frequencies correspond to shallower layers [54,
55]. Relatively high frequencies correlate with thin sediment
layers above the bedrock. In this study, the site response
function at various ground locations exhibits peaks in the
resonant site frequency ranging from 0.51 to 14.75 Hz, as
indicated on the map of the resonant site frequency in Figure
6. Generally, these resonant site frequency values exhibit
lateral fluctuations across the Yogyakarta Basin, highlighting
substantial variations in bedrock depth. It is important to note
that location effect parameters are robust; when comparing
two nearby locations, changes in the resonant site frequency
and peak amplitude of the HVSR level are minimal, and the
fundamental shape of both horizontal components remains
proportional.
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Figure 6. Map of the resonant site frequency (F0) in Yogyakarta Basin



In the distal zones of the Yogyakarta Basin, such as the
Bantul Regency, the relatively low frequencies suggest thick
deposits or very soft materials. These areas commonly display
HVSR curves with resonance peaks at lower frequencies,
indicating thick sediment layers above the bedrock.
Conversely, higher resonance frequencies in proximal zones,
like the northwestern part of Sleman Regency, reflect thinner
sediment layers above the bedrock. These areas register higher
HVSR frequency values, indicating shallower sediment layers
than distal regions.

Overall, the observed variations in resonance frequencies
illustrate lateral fluctuations in bedrock depth across the
Yogyakarta Basin. These spatial variations are likely
influenced by depositional environments, tectonic history, and
geomorphological ~ processes,  contributing to  the
heterogeneous sediment thickness distribution across the
basin. These differences are critical for understanding the
region's seismic response to soil structures, with distal zones
generally characterized by lower frequencies and proximal
zones by higher frequencies in HVSR curves. During seismic
events, areas with lower resonant frequencies, typically
indicating thicker, softer sediments, may be more prone to
prolonged shaking and greater ground motion amplification,
potentially increasing structures' seismic vulnerability in those
regions.

The results indicate relatively low-frequency values in the
southwest to the northeast areas covering Bantul Regency,
including  the subdistricts of Kretek, Pundong,
Bambanglipuro, Jetis, Pleret, Sewon, Bantul, and
Banguntapan, as well as in the city of Yogyakarta and the
eastern part of Sleman. In contrast, relatively higher frequency
values are observed in the northwestern region, namely
Sleman Regency, including Moyudan, Minggir, Tempel,
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Seyegan, Godean, and parts of Gamping, Mlati, Sleman, and
Sedayu subdistricts in Bantul Regency.

Previous research has bolstered the findings of a study
examining local site conditions in the Yogyakarta Basin based
on drill logs [46]. The investigation in the Pundong area,
which explored drill holes reaching depths of 35 and 40 m,
revealed extensive deposits of unconsolidated sediment.
Specifically, clayey and muddy sand layers were identified at
depths of up to 30 meters in Pundong. These findings suggest
a propensity for high amplification and significant ground
movements in this region.

Moreover, analyses indicate the prevalence of well-graded
and poorly graded sand layers, along with silty sand layers,
along JI. Parangtritis. Consequently, this area may be
classified as hazardous for residential purposes concerning
seismic activity [46]. In the Bambanglipuro region, low shear
wave velocity suggests the presence of loose, unconsolidated
sediments. Meanwhile, the shear wave velocity structure
indicates that medium-density sediments are predominant in
the Kasihan, Banguntapan, and Sedayu areas [46].

From a disaster preparedness and urban planning
perspective, these findings are essential. Areas with lower
resonance frequencies, particularly in Bantul and Yogyakarta
City, indicate thicker, softer sediments prone to prolonged
shaking and amplification during seismic events. Urban
infrastructure in these areas may require enhanced seismic
design parameters, including deeper foundation systems, base
isolation techniques, or stricter land-use regulations.
Conversely, areas with higher frequencies may be less
susceptible to intense shaking but still require localized
assessments depending on structural density and occupancy.

4.2 HVSR amplitudes
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The differences in impedance between the bedrock and the
overlying sediment layers are represented by the variation in
HVSR peak amplitudes, as illustrated in Figure 7. The peak
amplitude of the HVSR coefficients ranges from 0.01 to 14.46,
indicating that certain soils in the Yogyakarta Basin may
experience significant amplification during an earthquake.
Excessive peak amplitudes of the HVSR levels are sometimes
associated with resonance frequencies far below 1 Hz. Due to
lateral and vertical fluctuations in the type and thickness of the
ground surface, these values are randomly distributed.

The amplitude of the HVSR curve correlates with the
impedance contrast. A low amplitude indicates minimal
contrast between the soft sediments and the underlying
bedrock, while a high amplitude suggests a significant contrast
between the soft sediments and the bedrock beneath.

Spatial variations in HVSR amplitudes can be attributed to
heterogeneity in sediment composition, compaction levels,
and depth to bedrock across the basin. High peak amplitudes
are more frequently observed in areas with thick,
unconsolidated sediments, such as the Bantul Regency,
signifying strong impedance contrasts and the potential for
high ground motion amplification. Conversely, lower
amplitudes found in the northwestern part of Sleman may
correspond to stiffer soils and shallower bedrock. These
amplitude patterns directly affect seismic hazard assessment,
as zones with higher HVSR amplitudes are more susceptible
to intense shaking, which may exacerbate structural damage
during an earthquake.

This knowledge is directly applicable to zoning regulations
and emergency planning. Areas with high HVSR amplitudes
may require stricter building codes, prioritization for
retrofitting older structures, and designation as zones of
special concern in emergency response strategies. For
example, critical facilities such as hospitals, schools, and
government buildings in these areas should be constructed
with heightened structural resilience in mind.
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4.3 Ground vulnerability index (Kg)

Researchers [4, 10] proposed the ground vulnerability index
(Kg) to identify zones prone to seismic stress. Nakamura [4]
emphasized that the most effective way to ensure safety is by
obtaining Kg values before an earthquake, as these values can
aid in reliably predicting potential seismic damage in a given
area. The Kg value, which indicates soil vulnerability, is
derived from the resonant site frequency (F0O) and the peak
amplitude of HVSR (A0), as defined by researchers in studies
[4, 56]. This Kg value assigned to a site location enables the
determination of its strength or weakness, allowing for the
estimation of potential damage. Nakamura noted that locations
exhibiting severe soil deformation tend to have Kg values
much higher than 20, whereas undamaged sites generally have
relatively lower Kg values [4]. As stated by Akkaya [33], the
Kg value thresholds are categorized as follows: Kg < 3
indicates low vulnerability; values between 3 and 5 suggest
moderate vulnerability; values from 5 to 10 reflect high
vulnerability; and Kg > 10 corresponds to very high
vulnerability.

As depicted in Figure 8, the vulnerability index (Kg),
derived from microtremor observations in the Yogyakarta
Basin, is presented in a two-dimensional vulnerability index
map of the studied region. The Kg varies from 0.1 to 49.71.
The relatively high Kg values stretch across the southwest to
northeast areas, including the subdistricts of Kretek, Pundong,
Bambanglipuro, Jetis, Pleret, Sewon, Banguntapan, Berbah,
Prambanan, and Kalasan. The results indicate that the
moderate vulnerability index corresponds to areas with stiff
ground, thus posing a moderate risk. Conversely, the ground
vulnerability index is relatively low in the western region of
the study area, primarily in the Sedayu, Moyudan, Godean,
Seyegan, Minggir, Mlati, and Tempel subdistricts.
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Figure 8. Map of the ground vulnerability index (Kg) in Yogyakarta Basin



The Kg reflects site effects and can strongly correlate with
past damages in a seismic area, assessing potential liquefaction
risk. Higher vulnerability indices are evident in areas where
liquefaction is more likely [57, 58]. A study of liquefaction in
the Yogyakarta Basin revealed significant risk in many
regions, extending from southwest to northeast. At a depth of
1 to 2.3 meters below the ground surface, several clusters
indicate where liquefaction has the potential to occur. The
potential for very high liquefaction is found in Bantul, north of
Banguntapan District, west of Piyungan District, and north of
Pundong District. High liquefaction potential exists in Bantul,
southern Kotagede subdistrict, and west of Piyungan
subdistrict. Medium potential is observed in Kotagede,
Banguntapan, Pajangan, Piyungan, and eastern Berbah
subdistricts [59]. The results of this study also show a
relatively high distribution of ground vulnerability index
values in the region. Several areas not analyzed in previous
research exhibit relatively high ground vulnerability index
values, including the eastern part of Depok subdistrict,
portions of Yogyakarta City, parts of Gamping subdistrict, and
areas of Kasihan and Mlati.

Regions identified as highly vulnerable to earthquake
hazards typically exhibit relatively high Kg values exceeding
10 alongside low dominant frequencies. The ground
vulnerability index quantifies the vulnerability of the ground
to seismic disturbances. A Kg value greater than 10,
considered notably high, suggests that the soil characteristics
significantly amplify seismic risk by enhancing the
amplification of seismic waves. This amplification results in
more intense surface vibrations during an earthquake.
Furthermore, the resonant site frequency in HVSR analysis
corresponds to the natural frequency at which the soil layers
resonate when subjected to seismic waves. Lower frequency
values usually indicate deeper and softer soil layers, more
susceptible to significant seismic wave amplification. The
ability of soft soils to resonate at these lower frequencies leads
to prolonged shaking and increased vibration amplitude,
thereby intensifying the effects of an earthquake.

In this study, specific areas identified as most vulnerable to
earthquake hazards, characterized by ground vulnerability
index (Kg) values greater than 10 and relatively low resonant
site frequencies, include the subdistricts of Sanden, Kretek,
Pundong, Bambanglipuro, Jetis, Pleret, Sewon, Berbah,
Prambanan, Banguntapan, and Kalasan, as well as specific
areas in Yogyakarta City, Depok, Gamping, and Kasihan.
These regions require careful consideration in future
earthquake risk reduction and mitigation plans. This
underscores the importance of further research, including
scenario-based earthquake hazard modeling, to effectively
address seismic hazards in the Yogyakarta Basin environment.

The implications of these findings are substantial for
disaster risk reduction and urban planning. The ground
vulnerability index is a proxy for identifying areas where
structural damage and soil deformation are more likely during
an earthquake. Integrating Kg mapping into land-use planning
can inform the designation of seismic microzonation areas,
guide infrastructure investment decisions, and help prioritize
the retrofitting of vulnerable structures. Furthermore, these
maps can support the development of targeted evacuation
routes and temporary shelter zones in highly vulnerable areas.

Additionally, local government agencies and stakeholders
could incorporate Kg wvalues into early warning and
community awareness systems, strengthening preparedness
efforts at the neighborhood level. Given that some areas with
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high Kg values, such as eastern Depok and parts of Mlati, were
not highlighted in previous studies, the findings here offer new
insights for updating existing hazard maps and resilience
plans.

5. CONCLUSIONS

This study processed microtremor data from the Yogyakarta
Basin using log-normal distribution (LD) and automated
frequency domain window rejection (AFDWR) algorithms.
The AFDWR algorithm successfully filtered out contaminated
data windows, many exhibiting transient spikes in both
vertical and horizontal components. Frequency domain-based
methods proved effective in identifying and excluding noisy
windows, improving the statistical accuracy of HVSR data.
The application of LD and AFDWR algorithms showed strong
efficacy in rejecting noisy windows within high-variance
datasets while minimizing excessive rejection in low-variance
datasets.

The observed site resonance frequencies are closely tied to
the soil structure in the study area. Lower resonance
frequencies correspond to thicker alluvial or sedimentary
layers, while higher frequencies indicate shallower deposits.
Site resonance frequencies across the Yogyakarta Basin range
from 0.51 to 14.75 Hz, suggesting considerable lateral
variations in bedrock depth. The peak amplitude of the HVSR
reflects impedance contrasts between the bedrock and
overlying sediments, with higher amplitudes indicating
significant contrasts between soft sediments and bedrock or
stiff sediments and lower amplitudes suggesting minimal
contrasts.

The ground vulnerability index (Kg), calculated from the
site resonance frequency (F0) and HVSR peak amplitude (A0),
indicates areas of significant seismic risk. Kg values in the
Yogyakarta Basin range from 0.1 to 49.71, with the most
vulnerable areas extending from the southwest to northeast,
including several subdistricts in Bantul and Sleman. This study
also identified regions with high ground vulnerability indices
that require attention in future earthquake risk mitigation
planning, particularly in the subdistricts of Sanden, Kretek,
Pundong, Bambanglipuro, Jetis, Pleret, Sewon, Berbah,
Prambanan, Banguntapan, and Kalasan, as well as parts of
Yogyakarta City, Depok, Gamping, and Kasihan.

These findings provide critical input for seismic risk
assessment and urban planning in the Yogyakarta Basin.
Regions identified with high Kg values and low resonance
frequencies should be prioritized in disaster preparedness
strategies, including enforcing stricter building codes, site-
specific hazard mapping, and retrofitting plans for existing
infrastructure. The vulnerability index maps can serve as a
baseline to guide zoning decisions, restrict the development of
high-occupancy or essential facilities in high-risk zones, and
integrate seismic resilience into regional development
policies.

Future research should expand on these results by
incorporating scenario-based earthquake modeling and
exploring the integration of site response characteristics into
building code regulations. Further studies are also
recommended to evaluate the relationship between Kg values
and observed damage from past earthquakes, and to explore
joint inversion techniques with borehole data and MASW
profiles to refine 3D subsurface models for microzonation
purposes.
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