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Introduction

Earthquakes remain one of the most destructive

Abstract: Local geological conditions strongly influence seismic-wave propagation and
earthquake ground response, particularly in heterogeneous volcanic environments. This
study aimed to characterize shallow subsurface conditions and assess local seismic site
response in Setiling Village, Central Lombok, Indonesia, by integrating two-dimensional
Electrical Resistivity Tomography (ERT) using the Wenner-Schlumberger configuration
with Spatial Autocorrelation (SPAC)-based microtremor analysis. Three ERT profiles and
twenty SPAC measurement points were acquired to evaluate subsurface heterogeneity
and near-surface stiffness. The ERT results revealed significant resistivity variations
associated with volcanic lithology, weathering intensity, moisture content, and
groundwater conditions. Conductive zones (<100 ©Qm) were interpreted as highly
weathered volcanic deposits, whereas higher resistivity zones (>600 Qm) represented
relatively competent volcanic materials. SPAC-derived Vs30 values ranged from 150 to
525 m/s, corresponding to NEHRP Site Classes C, D, and E. Integrated interpretation
demonstrated a consistent relationship between resistivity and Vs30, indicating that
progressive volcanic weathering simultaneously reduces electrical resistivity and
subsurface stiffness. The integrated ERT-SPAC approach provides a reliable framework
for village-scale seismic site characterization, supporting seismic hazard assessment,
risk-informed spatial planning, resilient infrastructure development, and disaster risk
reduction in tropical volcanic regions.

Keywords: Geoelectrical resistivity, Local site response; Microtremor; Soil vulnerability;
Vs30

as local site response (Adhikari et al., 2023; Hayashi et
al., 2022; Karagoz et al., 2015). Local site response
describes the  modification of seismic-wave

natural hazards in tectonically active regions, causing
substantial loss of life, severe damage to infrastructure,
and long-term socio-economic disruption. While
earthquake magnitude, focal depth, rupture mechanism,
and source-to-site distance primarily control the
intensity of ground shaking, numerous post-earthquake
investigations have demonstrated that local geological
conditions significantly influence the spatial variability
of earthquake damage through the phenomenon known
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characteristics as they propagate through shallow
subsurface materials with contrasting physical and
mechanical properties (Susilo et al., 2023). Variations in
lithology (Fadilah et al., 2025), weathering intensity,
fracture density, groundwater conditions (Ferdy et al.,
2025), and subsurface stiffness may amplify or attenuate
seismic waves (Keskinsezer & Dag, 2019), resulting in
markedly different levels of ground shaking within
relatively short distances (Ulfah et al., 2021). Therefore,
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understanding the geological factors controlling local
site response is essential for reliable seismic hazard
assessment, earthquake-resistant engineering design,
and disaster risk reduction (Darisma et al., 2020).

Microtremor measurements have become one of
the most widely applied passive seismic methods for
investigating shallow subsurface conditions because
they utilize naturally occurring ambient vibrations
without requiring artificial seismic sources (Xie et al.,
2023). Owing to their rapid acquisition, non-destructive
nature, and cost-effectiveness, microtremor techniques
have Dbeen extensively used for seismic site
characterization and local site response assessment
(Cho, 2023). Depending on the acquisition geometry,
microtremor observations can provide different types of
subsurface information. Single-station measurements
are commonly employed to estimate the site's natural
frequency and amplification through the Horizontal-to-
Vertical Spectral Ratio (HVSR) method (Harsuko et al.,
2020), whereas microtremor array measurements,
analyzed using the Spatial Autocorrelation (SPAC)
method (Subedi et al., 2021), enable the estimation of
Rayleigh-wave dispersion curves that can be inverted to
obtain one-dimensional shear-wave velocity profiles.
Consequently (Cho, 2023), the SPAC method provides a
physically based characterization of subsurface dynamic
properties and allows reliable estimation of the time-
averaged shear-wave velocity in the upper 30 m (Vs30)
(Hayashi et al, 2022), which is internationally
recognized as the standard parameter for seismic site
classification in engineering design codes such as the
National Earthquake Hazards Reduction Program
(NEHRP) and Eurocode 8 (Building Seismic Safety
Council (BSSC), 2000). Because Vs30 reflects the stiffness
of near-surface materials, it has been widely adopted to
evaluate seismic-wave amplification and classify local
site conditions (Prayitno et al., 2026).

Although Vs30 is an effective indicator of
subsurface stiffness, it cannot independently explain the
geological factors responsible for local site response
(Akkaya, 2020). Similar Vs30 values may occur in
different geological settings because shear-wave
velocity is influenced not only by lithology but also by
weathering intensity, porosity, fracture development,
and groundwater saturation (Adhikari et al., 2023).
Consequently, site classification based solely on Vs30
may oversimplify heterogeneous geological conditions
and provide limited information regarding the processes
controlling seismic-wave amplification (Ghione et al.,
2023). This limitation is particularly important in
volcanic terrains, where rapid lateral changes in
lithology and tropical weathering produce substantial
contrasts in engineering properties over relatively short
distances (Caesario et al., 2024).
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To complement the dynamic information provided
by Vs30, two-dimensional Electrical Resistivity
Tomography (ERT) was employed using the Wenner-
Schlumberger electrode configuration, which offers
balanced sensitivity to both vertical and lateral
resistivity variations while maintaining a relatively high
signal-to-noise ratio (Zogata et al., 2026). The inverted
resistivity models provide detailed information on
lithological boundaries, weathered zones, groundwater
distribution (Karimah et al., 2022a; Lech et al., 2020;
Pazzi et al.,, 2018; Perrone et al.,, 2014), and shallow
geological structures because electrical resistivity is
highly sensitive to mineral composition, pore-fluid
conductivity, —moisture content, porosity, and
weathering intensity (Susilo et al.,, 2018; Ulfah et al,,
2021). Consequently, integrating ERT-derived resistivity
models with SPAC-derived Vs30 enables simultaneous
evaluation of geological heterogeneity and dynamic soil
properties, resulting in a more comprehensive
interpretation of local site response than either method
alone.

Previous studies have demonstrated the usefulness
of geoelectrical investigations and microtremor
observations for seismic site characterization (Gemilang
et al., 2024; Ghione et al, 2023; Susilo et al.,, 2018).
However, most studies have interpreted resistivity
models and Vs30 independently, with resistivity
primarily describing lithological conditions and Vs30
representing dynamic site classification (Ryanto et al.,
2022). Consequently, limited attention has been given to
explaining how geological heterogeneity, particularly
volcanic weathering, controls the spatial variability of
dynamic site properties. Furthermore, most published
investigations focus on regional seismic microzonation
at the city or district scale, whereas village-scale studies
remain relatively scarce despite their direct relevance to
infrastructure planning and community-based disaster
mitigation. As a result, local governments often rely on
generalized geological maps that cannot adequately
represent small-scale variations in shallow subsurface
conditions required for engineering applications. These
limitations indicate the need for an integrated geological
interpretation that quantitatively links resistivity
variations with SPAC-derived shear-wave velocity to
explain the mechanisms controlling local site response.

Indonesia is one of the world's most seismically
active regions because it is located along the convergent
boundary between the Indo-Australian and Eurasian
tectonic plates. Lombok Island experienced a sequence
of destructive earthquakes in 2018 that caused
considerable spatial variations in structural damage
despite similar distances from the earthquake source
(Ulfah et al., 2021). Such variations suggest that local
geological conditions significantly influenced ground-
motion amplification. Although the 2018 earthquake
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sequence has been extensively investigated at the
regional scale, site-specific studies that explain the
relationship between shallow geological conditions and
local site response in Central Lombok remain limited.
Consequently, local governments and infrastructure
planners still rely primarily on regional geological maps
and generalized seismic hazard information, which are
insufficient to represent small-scale subsurface
heterogeneity required for engineering design and
village-scale disaster mitigation. According to the
Geological Map of the Lombok Sheet (Mangga et al.,
1994), Setiling Village is predominantly underlain by
Quaternary volcanic deposits consisting of volcanic
breccia, tuff, pyroclastic materials, and lava-derived
rocks that have undergone different degrees of tropical
weathering. These heterogeneous volcanic deposits
produce significant contrasts in both electrical resistivity
and shear-wave velocity, making the area an
appropriate natural laboratory for investigating the
relationship between geological conditions and local site
response (Hall & Smyth, 2008). Despite its geological
complexity and seismic relevance, Setiling Village has
not previously been investigated using an integrated
geophysical approach capable of comprehensively
characterizing both its geological and geophysical
conditions. Consequently, the shallow subsurface
characteristics controlling local site response remain
poorly  understood,  introducing  considerable
uncertainty into seismic hazard assessment and
engineering site characterization. Reliable site-specific
geological and geophysical information is therefore
lacking for infrastructure planning and disaster
mitigation in Setiling Village. This knowledge gap is
particularly important because detailed subsurface
characterization is required to support seismic hazard
assessment, earthquake-resistant infrastructure design,
village-scale spatial planning, and disaster risk
reduction. Therefore, this study was undertaken to
provide the first integrated geophysical characterization
of Setiling Village using two-dimensional Electrical
Resistivity Tomography (ERT) and SPAC-derived Vs30,
thereby establishing a scientific basis for sustainable
infrastructure development and resilient communities.
The novelty of this study does not lie in merely
combining geoelectrical and microtremor methods,
since such integration has been widely reported in
previous studies. Instead, this study develops a
geological interpretation framework that quantitatively
explains how resistivity variations associated with
tropical volcanic weathering, derived from two-
dimensional ERT using the Wenner-Schlumberger
electrode configuration (Gao et al., 2018; Lech et al,
2020), influence the spatial distribution of SPAC-derived
Vs30 and, consequently, local site response at the village
scale. Rather than presenting independent resistivity
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and Vs30 maps, this approach integrates both datasets to
identify the geological processes controlling seismic-
wave amplification and to improve the interpretation of
engineering site conditions in heterogeneous volcanic
terrains.

Therefore, this study aims to (1) characterize the
shallow subsurface using two-dimensional Electrical
Resistivity =~ Tomography  with the  Wenner-
Schlumberger electrode configuration, (2) estimate Vs30
from microtremor array measurements employing the
Spatial Autocorrelation (SPAC) method, (3) evaluate the
influence of volcanic weathering and resistivity
variations on the spatial distribution of SPAC-derived
Vs30 and local site response, and (4) develop an
integrated geological interpretation for village-scale
seismic vulnerability assessment in Setiling Village,
Central Lombok. This integrated framework may also
serve as a practical approach for assessing local site
response in other tropical volcanic regions with similar
geological characteristics. The findings are expected to
improve the understanding of geological controls on
seismic-wave amplification while providing scientific
information to support earthquake-resistant
infrastructure design, sustainable spatial planning, and
disaster risk reduction in volcanic regions with
comparable geological characteristics.

Method

Research Location

Research Area
SETILING CENTRAL LOMBOK

Figure 1. Research area
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This research was conducted in Setiling Village,
North Batukliang District, Central Lombok Regency,
West Nusa Tenggara Province, Indonesia. The
administrative coordinates are 8° 32' 45.6" S, 116° 21’
39.6" E. In this study, 3-line geoelectric measurements
will be used and integrated with 20 microtremor
measurement points for microtremor sampling (See
Figure 1).

Geology Condition

The study was conducted in Setiling Village,
Batukliang Utara District, Central Lombok Regency,
West Nusa Tenggara Province, Indonesia. The area is
situated within a tectonically active region influenced by
the interaction between the Indo-Australian and
Eurasian plates, making Lombok Island highly
susceptible to earthquake hazards. The 2018 Lombok
earthquake sequence demonstrated significant spatial
variability in structural damage, indicating that local
geological conditions play an important role in
controlling seismic-wave amplification and local site
response (Pramono et al., 2020).

According to the Geological Map (See Figure 7) of
the Lombok Sheet (Mangga et al., 1994), the study area
is predominantly underlain by Quaternary volcanic
deposits, including volcanic breccia, tuff, pyroclastic
deposits, and lava-derived rocks. These materials have
experienced different degrees of tropical weathering,
producing  considerable lateral and  vertical
heterogeneity in lithology, porosity, moisture content,
and mechanical properties. Such geological variability
significantly influences both electrical resistivity and
shear-wave velocity, making Setiling Village an
appropriate location for investigating the relationship
between geological conditions and local site response.
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Figure 2. Geology of Research Area (Mangga et al., 1994)

The topography of the study area consists of gently
undulating to moderately sloping terrain with
elevations ranging from approximately 560 to 700 m
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above sea level. Land use is dominated by agricultural
fields, plantations, and scattered residential areas.
Increasing infrastructure development in the area
highlights the importance of detailed subsurface
characterization for supporting seismic hazard
assessment (Akbar et al., 2024), earthquake-resistant
infrastructure design, and sustainable land-use
planning.

Research Workflow

The overall research methodology consisted of four
sequential stages: (1) field data acquisition, (2) data
processing and inversion, (3) integrated interpretation of
geophysical parameters, and (4) seismic site
characterization (Figure 2).

The first stage involved the acquisition of two
complementary  geophysical datasets.  Electrical
resistivity data were collected using the Electrical
Resistivity Tomography (ERT) method with the
Wenner-Schlumberger electrode configuration to
characterize lithological variations, weathering zones,
and shallow geological structures. Simultaneously,
ambient vibration data were acquired using
microtremor array measurements for estimating shear-

wave velocity profiles through the Spatial
Autocorrelation (SPAC) method.
The second stage comprised independent

processing of each dataset. The apparent resistivity data
were inverted using RES2DINV software to generate
two-dimensional resistivity models of the subsurface.
Microtremor array data were processed using the
Geopsy software package to calculate SPAC coefficients
and Rayleigh-wave dispersion curves, which were
subsequently inverted using the Dinver module to
obtain one-dimensional shear-wave velocity profiles
and calculate Vs30 values. Because the analysis was
based on the Spatial Autocorrelation (SPAC) array
method, the workflow focused on Rayleigh-wave
dispersion analysis and shear-wave velocity inversion
rather than Horizontal-to-Vertical Spectral Ratio (HVSR)
parameter estimation. Consequently, fundamental
frequency (fo), amplification factor (A), and seismic
vulnerability index (Kg) were not evaluated in this
study.

The third stage involved integrating the resistivity
models and Vs30 distributions to evaluate the influence
of lithological heterogeneity and volcanic weathering on
shallow subsurface stiffness. Rather than interpreting
each parameter independently, both datasets were
analyzed simultaneously to identify geological controls
on local site response. Finally, the integrated
interpretation was used to classify engineering site
conditions and assess local site response characteristics
within the study area. The overall workflow is
illustrated in Figure 3.
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Figure 3. Research workflow

Electrical Resistivity Tomography (ERT) Survey

Electrical Resistivity Tomography (ERT) was
employed to characterize the shallow subsurface based
on spatial variations in electrical resistivity (Fadillah et
al., 2023; Fazriati et al., 2022; Keskinsezer & Dag, 2019;
Omar et al,, 2023; Sanny et al.,, 2023; Syahdilla et al,,
2024). The survey was conducted along three two-
dimensional profiles, each approximately 1,000 m in
length, using the Wenner-Schlumberger electrode
configuration. This configuration was selected because it
provides balanced sensitivity to both vertical and
horizontal resistivity variations while maintaining a
relatively high signal-to-noise ratio, making it
particularly suitable for imaging heterogeneous volcanic
terrains. Each survey line consisted of 21 stainless-steel
electrodes installed at 50 m intervals, resulting in a total
profile length of approximately 1,000 m. Measurements
were acquired using an automatic multi-electrode
resistivity imaging system that sequentially injected
electrical current through two current electrodes while
measuring the resulting potential difference between
two potential electrodes. The automated acquisition
procedure minimized operator error and ensured
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consistent data quality throughout the survey. The
measured current (I) and potential difference (AV) were
converted into apparent resistivity (p,) using Ohm's law:

A
pa=KTV @

where p, is the apparent resistivity (€2m), K is the
geometric factor, AV is the measured potential difference
(V), and I is the injected current (A). For the Wenner-
Schlumberger configuration, the geometric factor is
expressed as (Loke et al., 2013):

K = man(n+1) 2

where A is the electrode spacing (50 m) and n is the
spacing factor defining the relative distance between
current and potential electrodes.

The apparent resistivity values were subsequently
inverted using RES2DINV software based on a
smoothness-constrained least-squares inversion
algorithm (Karimabh et al., 2022b). The inversion process
iteratively minimized the root mean square (RMS) error
between the observed and calculated apparent
resistivity values until convergence was achieved. Data
with excessive noise or poor contact resistance were
removed during preprocessing to improve inversion
stability and model reliability.

Table. 1 Rock Resistivity Value (Telford et al., 1990)

Materials Resistivity Range (Q2m)
Clay 1-100
Alluvium 10-800
Sand 1-1000
Gravel 100-600
Tuff 20-1000
Basalt 100-10,000
Andesite 170-45,000
Clay 1-100

The resulting two-dimensional resistivity sections
were interpreted by considering resistivity contrasts
together with the regional geological information of the
study area. Low-resistivity zones were interpreted as
weathered volcanic materials, clay-rich deposits, or
water-saturated layers, whereas moderate resistivity
values generally represented partially weathered
volcanic deposits (Byrdina et al., 2017; Gao et al., 2018;
Longo et al, 2014). High-resistivity anomalies were
interpreted as relatively competent volcanic rocks, such
as volcanic breccia or lava-derived units, characterized
by lower porosity and reduced moisture content.
Lithological interpretation followed  published
resistivity ranges reported in previous geoelectrical
studies (See Table 1) and standard references for
volcanic environments. With a profile length of
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approximately 1,000 m and an electrode spacing of 50 m,
the estimated investigation depth was approximately
within the range of 150-200 m, depending on electrode
geometry, subsurface resistivity contrast, and inversion
stability. This depth range was considered sufficient to
characterize the shallow geological conditions
controlling local site response within the study area.

Microtremor Array Survey

Microtremor measurements were conducted to
characterize the dynamic properties of the shallow
subsurface through passive seismic observations
(Harmoko et al., 2026). Unlike active seismic methods,
microtremor surveys utilize naturally occurring ambient
vibrations generated by natural and anthropogenic
sources, including ocean waves, wind, traffic, and
human activities. Because no artificial seismic source is
required, the method is rapid, non-destructive, cost-
effective, and well suited for engineering site
characterization and seismic microzonation.

In this study, microtremor array measurements
were employed rather than single-station observations
because the array technique enables direct estimation of
surface-wave dispersion characteristics and provides a
physically constrained shear-wave velocity profile.
Ambient vibration data were acquired at selected
locations representing the principal geological
conditions identified from the geoelectrical survey. The
array geometry was designed to ensure adequate spatial
sampling of Rayleigh waves over the frequency range
required to investigate the upper 30 m of the subsurface
(Foti et al., 2018).

At each measurement location, ambient vibrations
were continuously recorded using synchronized three-
component seismometers. The recording duration was
adjusted to obtain stable ambient noise signals while
minimizing transient disturbances caused by traffic,
pedestrians, or other localized vibration sources. Prior to
data acquisition, instrument leveling, sensor orientation,
and timing synchronization were carefully verified to
ensure data consistency throughout the survey. Since
this study employed the Spatial Autocorrelation (SPAC)
array method rather than single-station Horizontal-to-
Vertical Spectral Ratio (HVSR) observations, parameters
such as the fundamental frequency (fo), amplification
factor (A), and seismic vulnerability index (Kg) were not
evaluated. Instead, the primary output of the SPAC
analysis was the Rayleigh-wave dispersion curve, which
was subsequently inverted to derive one-dimensional
shear-wave velocity profiles and estimate Vs30.
Accordingly, the assessment of local site conditions in
this study was based on the dynamic properties
represented by Vs30 integrated with Electrical
Resistivity Tomography (ERT), rather than on HVSR-
derived resonance parameters.
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SPAC Processing and Shear-Wave Velocity Inversion

The recorded microtremor array data were
processed using the Geopsy software package following
the Spatial Autocorrelation (SPAC) method originally
proposed by Aki (1957). The SPAC method evaluates the
spatial correlation of ambient vibration wavefields
recorded simultaneously at multiple sensors to estimate
the phase velocity of Rayleigh waves over a range of
frequencies. The SPAC coefficient is expressed as (Aki,
1957):

o(r,w) = ]O(wr) 3)

c(w)

Where p(r, w) is the SPAC coefficient, ], is the zero-order
Bessel function, o is the angular frequency (rad s™), r is
the distance between two sensors (m), and c(w) is the
Rayleigh-wave phase velocity corresponding to
frequency .

The observed SPAC coefficients were subsequently
transformed into Rayleigh-wave dispersion curves
representing the variation of phase velocity with
frequency. These dispersion curves constitute the
primary dataset for estimating the shear-wave velocity
structure of the subsurface. The dispersion curves were
then inverted using the Dinver module integrated
within Geopsy. Unlike inversion based solely on HVSR
curves, the inversion performed in this study relied
directly on the observed Rayleigh-wave dispersion data
obtained from the microtremor array. An iterative
neighborhood algorithm was employed to search for the
one-dimensional shear-wave velocity model that
minimized the misfit between observed and theoretical
dispersion curves.

The inversion produced one-dimensional shear-
wave velocity (Vs) profiles beneath each measurement
location. Model selection was based on the lowest misfit
values together with the consistency between observed
and calculated dispersion curves. Only inversion results
exhibiting satisfactory convergence and physically
reasonable velocity structures were retained for
subsequent interpretation.

Estimation of Vs30

The time-averaged shear-wave velocity within the
upper 30 m (Vs30) was calculated from the inverted
shear-wave  velocity = profiles  following  the
recommendation of the National Earthquake Hazards
Reduction Program (NEHRP). The Vs30 parameter
represents the average propagation velocity of shear
waves through the upper 30 m of the subsurface and is
widely recognized as the international standard for
engineering site classification. The average shear-wave
velocity was calculated using (Hanatha et al., 2023):
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30
Vszo = I 4)

=1vg

Where Vg3 is the average shear-wave velocity of the
upper 30 m (m/s), d; is the thickness of the (i)-th layer
(m), V; is the shear-wave velocity of the corresponding
layer (m/s), and (n) is the number of layers within the
upper 30 m depth.
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The calculated Vs30 values were subsequently
classified according to the NEHRP site classification (See
Table 2), which categorizes ground conditions into
engineering site classes ranging from hard rock to soft
soil. This classification provides an indication of the
potential for seismic-wave amplification associated with
differences in subsurface stiffness and forms the basis for
evaluating local site response (Keskinsezer & Dag, 2019).

Table. 2 NEHRP Site Classification Based on Vs30 (Building Seismic Safety Council (BSSC), 2000)

Vs30 (m/s) Site Class Ground Condition Vulnerability Level
<180 SE Soft Soil Very High
180-360 SD Medium Soil High
360-760 SC Dense Soil / Soft Rock Moderate
> 760 SB Rock Low

The spatial distribution of Vs30 was generated
using the Ordinary Kriging interpolation method within
a Geographic Information System (GIS) environment.
The resulting Vs30 map was subsequently integrated
with the subsurface resistivity model obtained from the
Wenner-Schlumberger geoelectrical survey to support
the interpretation of lithological variations and near-
surface site conditions in the study area.

Data Quality Control

Quality control procedures were applied during
both field acquisition and data processing to ensure the
reliability of the estimated shear-wave velocity models.
During field measurements, ambient vibration records
containing transient disturbances such as passing
vehicles, strong winds, or temporary anthropogenic
noise were identified through visual inspection and
excluded from further processing when necessary.
During SPAC processing, only frequency bands
exhibiting stable coherence between sensors and
consistent SPAC coefficients were retained for
dispersion analysis. Dispersion curves affected by poor
coherence or abnormal phase-velocity trends were
discarded to reduce inversion uncertainty.

The reliability of the inversion results was
evaluated by comparing the observed and theoretical
dispersion curves generated by the final inversion
model. Models with relatively low misfit values and
good agreement between measured and calculated
dispersion curves were considered acceptable. This
procedure reduced the non-uniqueness commonly
associated with inversion and improved the robustness
of the derived shear-wave velocity profiles. The
resulting Vs30 values were subsequently integrated with
the two-dimensional resistivity models obtained from
the Electrical Resistivity Tomography survey to evaluate
the relationship between lithological heterogeneity,

volcanic weathering, and local site response in Setiling
Village.

Result and Discussion

Electrical Resistivity Tomography Results

The Electrical Resistivity Tomography (ERT)
survey using the Wenner-Schlumberger electrode
configuration successfully imaged the shallow
subsurface beneath Setiling Village. Following inversion
using the smoothness-constrained least-squares
algorithm implemented in RES2DINV, three two-
dimensional resistivity sections were produced,
revealing substantial lateral and vertical variations in
electrical resistivity. These variations primarily reflect
differences in lithology, weathering intensity, fracture
development, moisture content, and groundwater
distribution within the Quaternary volcanic deposits.
Lithological interpretation was performed by
integrating the inverted resistivity models with the
regional geological information of Lombok Island
(Mangga et al., 1994) and published resistivity ranges for
volcanic environments. Because electrical resistivity is
controlled by several physical factors, including mineral
composition, pore-fluid conductivity, porosity, and
weathering intensity, the resistivity models were
interpreted within their geological context rather than as
direct indicators of mechanical stiffness. This
interpretation approach is consistent with previous ERT
investigations in volcanic terrains, where electrical
resistivity has been interpreted primarily in terms of
lithology, = weathering  intensity, = groundwater
conditions, and structural heterogeneity rather than as a
direct measure of engineering soil properties (Loke etal.,
2013; Reynolds, 2011).
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Line 1
The resistivity distribution along Line 1 ranges
from approximately 6.77 Qm to 3596 Qm, with an RMS
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error of 4.3%, indicating a reliable inversion result (See
Figure 4).
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Figure 4. Resistivity of line 1

Low-resistivity ~ anomalies (<100 Qm) are
concentrated within the central portion of the profile at
depths between approximately 25 and 60 m. These
conductive zones are interpreted as weathered volcanic
deposits, clay-rich materials, or water-bearing layers
developed through prolonged tropical weathering.
Moderate resistivity values (100-600 Qm) dominate
much of the shallow subsurface and likely represent
partially weathered volcanic tuff and pyroclastic
deposits. In contrast, high-resistivity anomalies (>600
Qm) occur mainly near the eastern end of the profile and
at greater depths, indicating relatively competent
volcanic breccia or lava-derived rocks with lower
porosity and limited weathering. The transition from
competent volcanic materials to weathered volcanic
deposits illustrates considerable geological
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heterogeneity within the profile, which is expected to
influence the propagation of seismic waves. Similar
resistivity patterns have been reported in volcanic
environments by Fadillah et al. (2023), who observed
that low-resistivity zones commonly correspond to
weathered volcanic deposits enriched in clay minerals
and groundwater. Likewise, Reynolds (2011) noted that
resistivity contrasts in volcanic terrains generally reflect
differences in weathering intensity and pore-fluid
distribution.

Line 2

Line 2 exhibits resistivity values ranging from 1.59
Qm to 23,306 Qm, with an RMS error of 3.8%, suggesting
a high-quality inversion model.
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Figure 5. Resistivity of line 2

A broad conductive zone occupies the central
section of the profile, extending laterally between
approximately 450 and 700 m. These low-resistivity
values are interpreted as highly weathered volcanic
deposits or saturated fine-grained  materials.
Intermediate resistivity ~values characterize the
surrounding volcanic deposits, whereas very high
resistivity anomalies (>5000 Qm) are interpreted as

compact volcanic bedrock with relatively low degrees of
weathering.

Compared with Line 1, Line 2 exhibits greater
lateral variation in resistivity, suggesting more complex
geological conditions associated with changes in
volcanic facies and weathering intensity. Comparable
lateral resistivity variations have also been observed by
Loke et al. (2013), who demonstrated that abrupt
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resistivity ~ contrasts often indicate lithological
boundaries or structural discontinuities within
heterogeneous volcanic deposits.

Line 3

The resistivity values along Line 3 range from
approximately 9.7 Qm to 3496 Qm, with an RMS error of
4.8%. Compared with the other profiles, Line 3 contains
more extensive low-resistivity zones. A large conductive
anomaly (<100 Qm) occurs between 350-800 m at depths
of approximately 20-60 m. These low resistivity values
suggest thick accumulations of weathered, saturated,
and unconsolidated materials. Moderate resistivity
values (100-600 Qm) surround the conductive zone and

Vowye Loty v iot; Seidm
EEEEE TOEDT DONEEN
L M "o gl n 1. " x

Hom ety & o =

Volume 12, Issue 7, 329-347

are interpreted as moderately weathered volcanic
deposits. Higher resistivity values (>600 Qm) are
observed mainly in the deeper western and eastern
portions of the profile, indicating compact volcanic rocks
or more consolidated geological units. The extensive
low-resistivity anomaly identified in Line 3 suggests that
this profile crosses the most vulnerable subsurface zone
among the three survey lines. The occurrence of
extensive conductive anomalies is consistent with
observations by Keskinsezer and Dag (2019), who
reported that thick weathered and moisture-rich
volcanic deposits are commonly associated with
reduced subsurface stability and increased geohazard
susceptibility.

Figure 6. Resistivity of line 3

Overall, the geoelectrical survey results indicate
that the subsurface of the area is composed of a
combination of weathered volcanic deposits, tuffaceous
materials, water-saturated sediments, and compact
volcanic bedrock (Mangga et al., 1994). The presence of
low-resistivity zones identified consistently along all
three survey lines, particularly within the central part of
the study area, suggests the occurrence of weak,
weathered, and saturated subsurface materials. These
deposits are expected to exhibit relatively lower stiffness
and may be more susceptible to seismic-wave
amplification than the surrounding competent volcanic
units. Similar relationships between low electrical
resistivity, intense weathering, and groundwater
accumulation have been reported by Gao et al. (2018)
and Byrdina et al. (2017). These studies demonstrated
that progressive volcanic alteration increases pore-fluid
conductivity and clay mineral formation, resulting in
reduced electrical resistivity. The present study confirms
that comparable weathering processes also characterize
the volcanic deposits underlying Setiling Village.

Based on the spatial distribution and thickness of
the low-resistivity zones, Line 3 exhibits the most
extensive conductive anomalies, followed by Line 2,
whereas Line 1 is dominated by moderate- to high-
resistivity materials that are interpreted as relatively
more competent volcanic deposits. These observations

suggest that the central portion of the study area
contains thicker weathered and potentially water-
saturated volcanic materials, reflecting greater
geological heterogeneity than the surrounding areas.
However, because electrical resistivity primarily reflects
lithological characteristics, weathering intensity, and
groundwater conditions rather than dynamic soil
properties, the geoelectrical results alone are insufficient
to evaluate local site response and soil vulnerability.
Although the geoelectrical models successfully delineate
lithological heterogeneity, resistivity alone cannot
directly quantify dynamic soil behavior because
electrical conductivity is influenced by several non-
mechanical factors, including groundwater salinity, clay
mineral content, and pore-fluid saturation (Reynolds,
2011). Therefore, an additional geophysical parameter
representing subsurface stiffness is required to evaluate
engineering site conditions more reliably.

To characterize the dynamic behavior of the
shallow  subsurface, =~ 20  microtremor  array
measurements employing the Spatial Autocorrelation
(SPAC) method were conducted throughout the study
area, including locations corresponding to the three
geoelectrical survey lines. The SPAC analysis produced
one-dimensional shear-wave velocity profiles from
which the average shear-wave velocity in the upper 30
m (Vs30) was calculated. Since this study employed the
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SPAC array method rather than single-station
Horizontal-to-Vertical =~ Spectral ~ Ratio (HVSR)
observations, parameters such as the fundamental
frequency (fo), amplification factor (A), and seismic
vulnerability index (Kg) were not evaluated. Instead, the
primary output of the SPAC analysis was Vs30, which
provides a robust indicator of near-surface stiffness and
seismic site conditions. Unlike HVSR, which primarily
evaluates resonance characteristics through dominant
frequency and amplification, SPAC directly estimates
shear-wave velocity profiles required for calculating
Vs30, making it more suitable for quantitative
engineering site classification.

The integrated interpretation of the ERT-derived
resistivity models and SPAC-derived Vs30 values was
subsequently used to evaluate local site response and
develop the Soil Vulnerability Zonation Map of Setiling
Village. Areas characterized by relatively low resistivity
together with low Vs30 values were interpreted as zones
of higher seismic vulnerability because they represent
weathered volcanic deposits with reduced stiffness and
a greater potential for ground-motion amplification.
Conversely, areas exhibiting higher resistivity and
higher Vs30 values were interpreted as relatively
competent volcanic materials with lower susceptibility
to seismic amplification. Although previous studies
have successfully applied either Electrical Resistivity
Tomography (ERT) to characterize lithological
heterogeneity (Fadillah et al., 2023) or microtremor
techniques such as the Horizontal-to-Vertical Spectral
Ratio (HVSR) to evaluate seismic site conditions (Akbar
et al, 2024), these approaches generally interpret
geological and dynamic properties independently.
Consequently, they provide only partial information
regarding the processes controlling local site response.

By  integrating  ERT-derived lithological
information with SPAC-derived shear-wave velocity
(Vs30), the present study simultaneously evaluates
geological heterogeneity, volcanic weathering, and near-
surface stiffness within a single interpretation
framework. This integrated approach reduces
interpretation uncertainty by linking electrical and
dynamic subsurface properties, thereby providing a
more reliable basis for village-scale seismic site
characterization and soil vulnerability assessment than
single-method investigations. The resulting
interpretation provides valuable scientific support for
earthquake-resistant infrastructure planning,
sustainable land-use management, and disaster risk
reduction in Setiling Village.

Microtremor (SPAC-Vs30) Results

To complement the geological information
obtained from the Electrical Resistivity Tomography
(ERT) survey, a microtremor array investigation based
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on the Spatial Autocorrelation (SPAC) method was
conducted to characterize the dynamic properties of the
shallow subsurface. A total of 20 microtremor
measurement points were distributed across Setiling
Village and strategically positioned to correspond with
the three ERT survey lines (Tabel 3). This survey
configuration enabled direct comparison between
lithological variations identified from the resistivity
models and the dynamic characteristics represented by
the average shear-wave velocity of the upper 30 m
(Vs30).

Tabel 3. Summary of Vs30 Measurements and Site
Classification

Point Elevation Vs30 Site Ground Condition
(m) (m/s)  Class

STO1 685 525 C  Weathered volcanic
ST02 662 502 C Weathered volcanic
STO03 658 498 C Dense soil
ST04 655 487 C Dense soil
STO05 635 483 C Dense soil
ST06 620 460 C Dense soil
ST07 580 435 C Dense soil
STO08 565 426 C Dense soil
ST09 553 398 C Dense soil
ST10 490 355 D  Medium-dense soil
ST11 450 331 D  Medium-dense soil
ST12 430 325 D  Medium-dense soil
ST13 405 310 D  Medium-dense soil
ST14 430 346 D  Medium-dense soil
ST15 350 250 D Soft soil
ST16 410 324 D  Medium-dense soil
ST17 305 190 D Soft soil
ST18 290 185 D Soft soil
ST19 290 150 E Very soft soil
ST20 195 165 E Very soft soil

The recorded ambient vibration data were

processed using the Geopsy software package. SPAC
coefficients were calculated from synchronized three-
component recordings and subsequently transformed
into Rayleigh-wave dispersion curves. The dispersion
curves were inverted using the Dinver module to obtain
one-dimensional shear-wave velocity profiles beneath
each measurement point. The Vs30 values were then
calculated from the inverted velocity models following
the NEHRP recommendation, providing a standardized
measure of near-surface stiffness for engineering site
classification. Unlike the single-station Horizontal-to-
Vertical Spectral Ratio (HVSR) method, the Spatial
Autocorrelation (SPAC) array technique directly
estimates Rayleigh-wave dispersion and allows
inversion of shear-wave velocity profiles. Consequently,
SPAC provides a more robust basis for calculating Vs30
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and engineering site classification in heterogeneous
volcanic environments.

The estimated Vs30 values range from 150 to 525
m/s. The Vs30 distribution observed in this study is
generally consistent with previous microtremor
investigations conducted in volcanic environments. For
example, Cho (2023) demonstrated that the SPAC
method provides reliable estimation of Rayleigh-wave
dispersion and Vs30 at stiff-soil and rock sites, whereas
Hayashi et al. (2022) reported that SPAC-derived shear-
wave velocity models provide physically constrained
subsurface stiffness suitable for engineering site
classification. The Vs30 values obtained in Setiling
Village therefore confirm that SPAC is capable of
resolving significant spatial variations in volcanic
weathering and shallow subsurface stiffness. The
estimated Vs30 values range from 150 to 525 m/s,
indicating considerable spatial variability in the
mechanical properties of the shallow subsurface (Table
3). The Vs30 distribution observed in this study is
generally consistent with previous microtremor
investigations conducted in volcanic environments.
Based on the NEHRP classification, the study area is
represented by three engineering site classes: Site Class
C (Dense Soil/Soft Rock), Site Class D (Medium Soil),
and Site Class E (Soft Soil). The highest Vs30 values were
observed at ST01-ST09, where velocities vary between
398 and 525 m/s. These locations are predominantly
situated in the higher-elevation parts of Setiling Village
and are classified as Site Class C. According to field
observations and the corresponding geoelectrical
interpretation, these sites are underlain by relatively
dense volcanic deposits and weathered volcanic rock
with comparatively high mechanical stiffness. The
higher shear-wave velocities indicate that these
materials are capable of transmitting seismic energy
more efficiently while exhibiting relatively limited
ground-motion amplification compared with softer
deposits.

A gradual reduction in Vs30 is observed toward the
intermediate part of the study area. Measurement points
ST10-ST18 exhibit velocities ranging from 185 to 355
m/s, corresponding to Site Class D. These locations are
interpreted as being underlain by moderately weathered
volcanic deposits, pyroclastic materials, and medium-
dense soils. The reduction in shear-wave velocity reflects
the progressive effects of weathering, which increase
porosity, reduce material cohesion, and decrease overall
soil stiffness. Consequently, Site Class D represents
transitional ground conditions with a greater potential
for seismic-wave amplification than Site Class C.

The lowest Vs30 values occur at ST19 and ST20,
where measured velocities are 150 m/s and 165 m/s,
respectively. These locations are classified as Site Class
E, representing very soft soil conditions. Such low shear-
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wave velocities indicate highly weathered and
unconsolidated near-surface materials with low shear
strength. These deposits are expected to experience the
greatest amplification of seismic waves because their
low stiffness promotes prolonged ground shaking and
larger deformation during earthquake loading.

The spatial distribution of Vs30 reveals a distinct
trend across the study area. Higher velocities are
concentrated within the elevated northern and western
sectors, whereas progressively lower velocities occur
toward the central and lower-elevation areas. This
pattern reflects the geological evolution of Setiling
Village, where relatively competent volcanic rocks
dominate the higher terrain, while thicker
accumulations of weathered volcanic deposits and
unconsolidated materials occupy lower topographic
positions. Although elevation itself does not directly
control Vs30, the observed topographic pattern
corresponds closely with the distribution of geological
materials and weathering intensity identified in the ERT

survey.
The engineering site classification further
emphasizes the predominance of Site Class C

throughout much of the study area, indicating that
dense volcanic deposits constitute the principal shallow
subsurface material. However, the occurrence of Site
Classes D and E within the central and lower-elevation
sectors demonstrates significant local variations in soil
stiffness. These variations highlight the heterogeneous
nature of tropical volcanic deposits, where differences in
weathering intensity and groundwater conditions
produce substantial contrasts in shear-wave velocity
over relatively short distances. Similar engineering site
classifications have been reported in previous studies.
Ghione et al. (2023) observed that lower Vs30 values are
generally = associated ~ with ~ weathered  and
unconsolidated deposits, whereas higher Vs30 values
correspond to competent bedrock. Likewise, Adhikari et
al. (2023) demonstrated that spatial variations in Vs30
effectively represent differences in seismic site
conditions and local amplification potential.
Comparison between the SPAC-derived Vs30
distribution and the ERT resistivity models reveals a
high degree of spatial consistency. Locations
characterized by relatively high resistivity generally
coincide with higher Vs30 values and Site Class C,
indicating compact volcanic materials with greater
mechanical competence. Conversely, areas exhibiting
low electrical resistivity correspond predominantly to
Site Classes D and E, where lower Vs30 values indicate
weathered, moisture-rich, and unconsolidated volcanic
deposits. Although resistivity and shear-wave velocity
represent different physical properties, both datasets
consistently identify the same zones of geological
heterogeneity.
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The observed correspondence between electrical
resistivity and SPAC-derived Vs30 extends previous
studies that generally investigated these parameters
separately. Keskinsezer and Dag (2019) combined
resistivity, MASW, and microtremor methods to
investigate landslide-prone areas and demonstrated that
integrating multiple geophysical datasets substantially
improves subsurface interpretation compared with a
single method. Similarly, Fadillah et al. (2023)
emphasized that ERT effectively delineates lithological
heterogeneity in volcanic terrains. In the present study,
however, the integration of ERT with SPAC-derived
Vs30 enables simultaneous evaluation of lithological
conditions and dynamic soil stiffness. The
correspondence between these independent datasets
demonstrates that volcanic weathering exerts a strong
influence on both the electrical and mechanical
characteristics of the shallow subsurface. Progressive
weathering increases porosity, promotes groundwater
retention, and alters the original volcanic rock fabric.

These processes reduce electrical resistivity
through enhanced pore-fluid conductivity while
simultaneously decreasing shear-wave velocity owing
to reduced material stiffness. Consequently, the
observed decrease in Vs30 within the central part of the
study area is consistent with the presence of conductive
weathered materials identified by the ERT survey.
Similar relationships between volcanic weathering and
resistivity reduction have been reported by Gao et al.
(2018), who showed that hydrothermal alteration and
groundwater  infiltration  substantially = decrease
electrical resistivity. The present study further
demonstrates that these weathering processes also
reduce shear-wave velocity, indicating that electrical
and dynamic properties evolve simultaneously during
volcanic weathering.

From an  engineering  perspective, the
predominance of Site Classes C and D indicates that
most of Setiling Village is underlain by dense to
moderately dense volcanic deposits with moderate site
conditions. Nevertheless, the localized occurrence of Site
Class E identifies areas where very soft soil deposits may
significantly amplify seismic ground motion. These
zones therefore require greater consideration in seismic
hazard assessment, foundation design, and land-use
planning.

Overall, the SPAC analysis successfully
characterized the dynamic behavior of the shallow
subsurface and demonstrated substantial spatial
variability in shear-wave velocity across Setiling Village.
When integrated with the ERT interpretation, the Vs30
distribution confirms that variations in tropical volcanic
weathering strongly influence the mechanical properties
of near-surface materials. The complementary nature of
both datasets provides a robust basis for evaluating local
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site response and establishes the foundation for the
integrated  geological interpretation and  soil
vulnerability assessment presented in the following
section. Unlike the study of Akbar et al. (2024), which
evaluated seismic vulnerability using the Horizontal-to-
Vertical Spectral Ratio (HVSR) approach based on
resonance parameters such as dominant frequency (fo),
amplification factor (Ao), and seismic vulnerability index
(Kg), the present study employed the Spatial
Autocorrelation (SPAC) array method. SPAC directly
estimates Rayleigh-wave dispersion and derives shear-
wave velocity profiles for calculating Vs30, providing a
physically constrained representation of subsurface
stiffness.

Furthermore, integrating SPAC-derived Vs30 with
Electrical Resistivity Tomography (ERT) enables
simultaneous assessment of geological heterogeneity
and dynamic site conditions, offering a more
comprehensive framework for evaluating local site
response in heterogeneous volcanic terrains than
resonance-based HVSR analysis alone. Consequently,
the proposed ERT-SPAC framework provides both
geological and engineering information simultaneously,
whereas HVSR-based interpretation primarily focuses
on resonance characteristics.

Integrated Discussion: ERT, SPAC-Derived Vs30, Local Site
Response, and Soil Vulnerability

The integration of  Electrical Resistivity
Tomography (ERT) and SPAC-derived shear-wave
velocity  (Vs30)  provides a  comprehensive
characterization of the shallow subsurface conditions
controlling local site response in Setiling Village. Unlike
previous studies that applied either electrical resistivity
imaging (Fadillah et al., 2023; Gao et al., 2018) or
microtremor techniques independently (Akbar et al.,
2024; Cho, 2023), the present study integrates two-
dimensional ERT and SPAC-derived Vs30 into a unified
interpretation framework. This approach enables
simultaneous evaluation of lithological heterogeneity,
volcanic weathering, groundwater influence, and
dynamic soil stiffness, thereby reducing the ambiguity
commonly associated with single-method investigations
(Kadri et al., 2025). The combined analysis enables
simultaneous evaluation of lithological heterogeneity,
degrees of volcanic alteration, groundwater influence,
and near-surface stiffness. The resulting integrated
interpretation is presented in the Soil Vulnerability
Assessment Map (Figure 7), which synthesizes electrical
resistivity, SPAC-derived Vs30, engineering site
classification, topographic setting, and geological
interpretation into a unified framework for assessing
local site response and seismic soil vulnerability.
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Figure 7. Soil Vulnerability Assessment Map of Setiling Village, Central Lombok

Similar integrated geological zonation has been
reported in volcanic environments by Keskinsezer and
Dag (2019), although the present study further
incorporates SPAC-derived Vs30 for engineering site
classification.

The ERT survey consistently identifies three
principal subsurface domains throughout the study
area. Low-resistivity zones (<100 Qm) correspond to
highly altered volcanic deposits containing abundant
clay minerals and elevated groundwater content.
Intermediate resistivity values (100-600 Qm) represent
moderately altered volcanic tuffs and pyroclastic
deposits, whereas high-resistivity materials (>600 Qm)
indicate relatively competent volcanic breccia and lava-
derived rocks with lower porosity and limited alteration.
These lithological variations are consistent with the
Quaternary volcanic deposits mapped by Mangga et al.
(1994) and reflect progressive modification of volcanic
materials under tropical environmental conditions.

The SPAC-derived Vs30 distribution exhibits a
spatial pattern that closely agrees with the resistivity
models. Higher Vs30 values (398-525 m/s),
corresponding to Site Class C, occur predominantly
within the northern part of the study area and indicate
dense volcanic soil and weathered volcanic rock with
relatively high stiffness. Intermediate Vs30 values (185-
355 m/s), classified as Site Class D, are mainly

distributed across the central sector where volcanic
deposits have experienced moderate alteration. The
lowest Vs30 values (150-165 m/s), corresponding to Site
Class E, occur in the southern sector where thick
accumulations of highly weathered and unconsolidated
volcanic deposits dominate the shallow subsurface. The
Vs30 range obtained in Setiling Village (150-525 m/s
This range is comparable to those reported in volcanic
terrains of Yogyakarta (Hanatha et al., 2023), where Vs30
values varied between approximately 160 and 520 m/s,
indicating similar degrees of weathering despite
differences in geological setting. Although the geological
settings differ, the similarity of the observed Vs30
pattern suggests that weathering exerts a fundamental
control on shallow subsurface stiffness across different
volcanic environments.

The strong spatial agreement between the ERT
models and the Vs30 distribution indicates that volcanic
alteration is the principal geological process governing
both the electrical and dynamic characteristics of the
shallow subsurface. Progressive alteration increases
fracture density, porosity, clay mineral content, and
groundwater infiltration, thereby enhancing pore-fluid
conductivity and reducing electrical resistivity.
Simultaneously, deterioration of the volcanic rock
framework decreases shear modulus and material
stiffness, resulting in lower shear-wave velocity.

341



Jurnal Penelitian Pendidikan IPA (JPPIPA)

Consequently, zones that have undergone more
intensive alteration consistently exhibit both low
resistivity and low Vs30, whereas relatively intact
volcanic rocks retain higher resistivity together with
greater shear-wave velocity. This relationship provides
a physical explanation linking geological evolution with
variations in local site response. Overall, the integrated
interpretation reveals three principal relative site
response condition zones that extend systematically
from north to south across Setiling Village. Rather than
occurring randomly, these zones closely follow
variations in lithology, subsurface stiffness, and
topographic position, demonstrating that geological
evolution exerts a primary control on seismic site
conditions.

The northern part of the study area is classified as a
Low Vulnerability Zone, where resistivity generally
exceeds 600 Qm and Vs30 is greater than approximately
360 m/s (Site Class C). This sector is interpreted as being
underlain by relatively competent volcanic breccia and
lava-derived rocks together with dense volcanic
deposits that retain high mechanical stiffness and low
porosity. Consequently, seismic-wave amplification is
expected to be relatively limited, making this area the
most favorable location for future infrastructure
development. Similar spatial zonation has also been
reported by Adhikari et al. (2023), who demonstrated
that spatial variability in Vs30 provides an effective basis
for seismic microzonation. Nevertheless, the present
study extends this concept by integrating resistivity-
derived lithological information, enabling the identified
vulnerability zones to be interpreted not only from
dynamic properties but also from the underlying
geological processes.

The central part of the study area represents a
Moderate Vulnerability ~Zone, characterized by
resistivity values between 100 and 600 Qm and Vs30
ranging from 180 to 360 m/s (Site Class D). This
transitional zone consists predominantly of moderately
altered volcanic tuffs and pyroclastic deposits whose
engineering properties have been partially reduced
through geological alteration. Although these materials
remain capable of supporting engineering structures,
their intermediate stiffness indicates a greater potential
for local seismic-wave amplification than the northern
sector. Accordingly, engineering development within
this zone should be supported by detailed geotechnical
investigation, appropriate foundation design, and site-
specific seismic analysis.

The southern part of Setiling Village constitutes the
High Vulnerability Zone, where resistivity values are
generally below 100 Qm and Vs30 is less than 180 m/s
(Site Class E). This sector is interpreted as being
underlain by thick accumulations of highly altered,
moisture-rich, clay-bearing, and unconsolidated
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volcanic deposits. The coexistence of low electrical
resistivity and very low shear-wave velocity indicates
weak subsurface materials with limited mechanical
competence and a high potential for seismic-wave
amplification. During future earthquake events, these
deposits are expected to experience stronger ground
motion than the surrounding volcanic formations.
Therefore, this sector may require greater consideration
in future seismic assessment and land-use planning,
earthquake-resistant engineering, and risk-sensitive
land-use planning.

The systematic transition from low vulnerability in
the north to high vulnerability in the south reflects the
geological evolution of the volcanic terrain rather than
random spatial variability. Higher-elevation areas
remain dominated by relatively competent volcanic
formations that have undergone limited alteration,
whereas lower-elevation areas contain thicker
accumulations of weak volcanic deposits that have
experienced prolonged chemical alteration and
groundwater infiltration. These long-term geological
processes progressively reduce both electrical resistivity
and shear-wave velocity, thereby increasing the
susceptibility of the near-surface materials to seismic-
wave amplification. The consistency observed between
the ERT models, Vs30 distribution, and vulnerability
zonation demonstrates that geological conditions exert a
fundamental control on local site response throughout
the study area.

The results further demonstrate that neither
electrical resistivity nor Vs30 alone is sufficient to
comprehensively evaluate seismic site conditions.
Electrical resistivity primarily reflects lithological
composition, groundwater distribution, moisture
content, and alteration intensity, whereas Vs30
represents the dynamic stiffness governing seismic-
wave propagation. Considered independently, each
parameter provides only partial information regarding
subsurface characteristics. Their integration
substantially reduces interpretation uncertainty by
linking geological conditions with dynamic soil
behavior, thereby providing a more reliable basis for
engineering site classification and seismic hazard
assessment. This finding highlights the principal
contribution of the present study. Previous
investigations generally relied on either electrical
resistivity or microtremor measurements separately to
characterize shallow subsurface conditions (Akbar et al.,
2024; Fadillah et al., 2023). By integrating ERT and
SPAC-derived Vs30, the present study establishes a
process-based  interpretation  linking  volcanic
weathering, lithological variability, electrical properties,
and dynamic stiffness within a single framework. Such
integration provides a more reliable basis for
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engineering site classification and village-scale seismic
microzonation than single-method investigations.

From an engineering perspective, the soil
vulnerability zonation derived from the integrated ERT-
SPAC analysis provides practical guidance for
infrastructure planning and disaster risk reduction.
Areas classified as Low Vulnerability are generally
suitable for future development because of their
relatively competent subsurface conditions and lower
amplification potential. Moderate Vulnerability areas
require detailed geotechnical investigations before
construction to ensure that foundation systems are
compatible with local ground conditions. In contrast,
High Vulnerability areas should receive the highest
priority in spatial planning, foundation design,
earthquake-resistant ~ construction, and  disaster
preparedness because of their elevated susceptibility to
strong ground shaking associated with weak volcanic
deposits.

The integrated interpretation demonstrates that
combining ERT and SPAC-derived Vs30 provides a
more comprehensive evaluation of local site response
than interpreting either dataset independently. The
complementary  relationship  between electrical
resistivity and shear-wave velocity enables geological
heterogeneity, alteration intensity, and near-surface
stiffness to be evaluated simultaneously, thereby
reducing uncertainty in engineering site
characterization. This process-based interpretation
extends beyond conventional geophysical mapping by
explaining how variations in volcanic alteration
influence both the electrical and mechanical behaviour
of the shallow subsurface. Most previous investigations
focused either on geoelectrical characterization (Fadillah
et al, 2023; Gao et al., 2018) or microtremor-based
seismic site classification (Akbar et al., 2024; Cho, 2023;
Hayashi et al., 2022). In contrast, the present study
integrates two-dimensional ERT imaging with SPAC-
derived Vs30 to simultaneously evaluate lithological
variability, weathering intensity, and engineering site
conditions within a tropical volcanic environment. This
integrated framework reduces ambiguity associated
with single-method interpretation and provides a more
reliable basis for seismic microzonation and disaster
mitigation at the village scale.

Beyond its application to Setiling Village, the
proposed ERT-SPAC integration framework can be
adapted to other tropical volcanic regions characterized
by heterogeneous weathering conditions. The
methodology therefore contributes not only to local
seismic hazard assessment but also provides a
transferable approach for regional engineering
geological investigations. The practical applicability of
this framework demonstrates that integrated near-
surface characterization can support evidence-based
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decision making for sustainable regional development.
These findings contribute directly to the achievement of
Sustainable Development Goal (SDG) 11: Sustainable
Cities and Communities by providing scientific
evidence for risk-informed spatial planning, resilient
infrastructure development, and disaster risk reduction.
The village-scale soil vulnerability assessment provides
practical guidance for identifying areas requiring
different engineering strategies and mitigation
priorities, thereby supporting sustainable infrastructure
development and strengthening community resilience
in earthquake-prone volcanic environments. Overall, the
integrated ERT-SPAC methodology establishes a robust
framework for village-scale seismic site characterization
and offers an approach that can be applied to other
tropical volcanic regions with comparable geological
settings.

Conclusion

This study characterized shallow subsurface
conditions and relative seismic site characteristics in
Setiling Village, Central Lombok, Indonesia, through the
integration of two-dimensional Electrical Resistivity
Tomography (ERT) using the Wenner-Schlumberger
configuration and SPAC-based microtremor analysis.
The combined interpretation of electrical resistivity and
shear-wave velocity (Vs30) provides complementary
information regarding subsurface heterogeneity,
material stiffness, and variations in local seismic site
conditions that cannot be adequately described by either
method individually. The ERT results indicate
substantial spatial variations in subsurface resistivity
associated with differences in volcanic lithology,
weathering intensity, moisture conditions, and
groundwater-related variations. Low-resistivity zones
are interpreted as weathered and moisture-influenced
volcanic materials, whereas higher resistivity zones are
associated with relatively less altered and more
competent volcanic deposits. Among the three
investigated profiles, Line 3 presents the most extensive
conductive anomalies, indicating a wider distribution of
heterogeneous and weathered subsurface materials
compared with Lines 1 and 2. The SPAC-derived Vs30
analysis reveals spatial variations in near-surface
stiffness, with estimated values ranging from 150 to 525
m/s. Based on the NEHRP site classification, the study
area consists of Site Class C, Site Class D, and localized
Site Class E conditions. Higher Vs30 values are mainly
distributed in the northern and elevated sectors,
indicating relatively stiffer subsurface materials,
whereas lower Vs30 values are concentrated in the
central to southern sectors, reflecting softer and more
weathered near-surface materials. The integrated

interpretation of ERT and Vs30 data shows a consistent
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spatial correspondence between electrical and dynamic
subsurface properties. Higher resistivity zones generally
coincide with higher Vs30 values, while conductive
zones tend to be associated with lower Vs30 values. This
relationship indicates that variations in volcanic
weathering, material alteration, compaction conditions,
and moisture content influence both the electrical
response and mechanical characteristics of shallow
subsurface materials, contributing to spatial differences
in local seismic site conditions. And the integrated
geophysical assessment identifies three relative seismic
site condition zones within Setiling Village. The
northern sector is characterized by relatively competent
subsurface conditions associated with higher resistivity
and Vs30 values. The central sector represents
transitional conditions related to moderately weathered
volcanic materials with intermediate stiffness. The
southern sector exhibits relatively softer subsurface
conditions, where lower resistivity and lower Vs30
values indicate materials with reduced stiffness and
potentially greater sensitivity to seismic-wave
amplification. The main contribution of this study is the
establishment of an integrated interpretation framework
that links resistivity variations, SPAC-derived Vs30
distribution, and geological conditions for village-scale
subsurface characterization in a heterogeneous tropical
volcanic environment. This framework provides
additional understanding of the relationship between
volcanic weathering processes and variations in shallow
subsurface physical and dynamic properties. The results
provide preliminary scientific information that can
support earthquake risk-informed spatial planning,
infrastructure development, and sustainable land-use
management in Setiling Village. However, the identified
seismic site condition zones represent relative variations
in subsurface characteristics and should not be
considered as substitutes for detailed engineering
investigations. Further validation through geological
and geotechnical measurements, including borehole
logging, Standard Penetration Test (SPT), Cone
Penetration Test (CPT), laboratory analysis, and
complementary seismic methods such as Multichannel
Analysis of Surface Waves (MASW) or active seismic
refraction, is recommended to improve subsurface
characterization and reduce uncertainty. Overall, the
integrated ERT-SPAC approach provides a practical
framework for shallow subsurface characterization and
local seismic site assessment in tropical volcanic regions.
The findings contribute to Sustainable Development
Goal (SDG) 11 by providing scientific information that
supports risk-informed spatial planning, resilient
infrastructure development, and disaster risk reduction
strategies. With appropriate geological and geotechnical
validation, this framework may be applicable to other
volcanic regions with comparable geological settings.
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