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Abstract
Suoh is a pull-apart basin located along the Semangko segment of the Sumatra Fault Zone and filled by thick fluvio-volcanic and 
alluvial deposits that strongly amplify seismic waves and increase surface damage during earthquakes. This study aims to perform 
seismic micro-zonation of Suoh using the horizontal-to-vertical spectral ratio (HVSR) method combined with shallow shear-wave 
velocity (Vs) inversion to support hazard assessment and land-use planning in the Suoh aspiring geopark. Single station 
microtremor measurements were acquired at 30 sites and processed with Geopsy to obtain dominant frequency (f0), amplification 
factor (A0), and seismic vulnerability index (Kg). The HVSR curves were further inverted using the Dinver module to retrieve 1D Vs 
profiles, with initial models constrained by the global CRUST1.0 model and local geology. The results indicate strong lateral 
variability in site conditions, with low f0 and high A0 values concentrated in the central–western basin, producing high Kg and 
reflecting thick-soft sediments overlying deep engineering bedrock (Vs ≥ 800 m/s) at depths exceeding 80–100 m. These high-
vulnerability zones spatially coincide with shallow seismicity associated with the Semangko Fault. Based on Kg, the study 
delineates low, moderate, and high seismic vulnerability zones, highlighting areas where seismic amplification and resonance 
effects are most pronounced. The combination of HVSR parameters with 2D Vs imaging provides a practical framework for 
identifying high-risk zones and guiding risk-informed land-use planning in tectono-volcanic basins such as Suoh.    
 
Keywords horizontal-to-vertical spectral ratio, seismic micro-zonation, seismic vulnerability, shear-wave velocity, Sumatra fault 
zone, Suoh pull-apart basin  

1. INTRODUCTION

Indonesia is one of the regions with the most 

complex seismotectonic setting in the world 

because it lies at the junction of the Eurasian, Indo-

Australian, and Pacific plates [1]. Relative motion 

between these plates produces extensive subduction 

zones and active fault systems that can generate 

large and destructive earthquakes [2]. The impact of 

an earthquake, however, is not controlled solely by 

its magnitude or source–to–site distance. Local 

geological conditions and dynamic soil properties 

play a crucial role in modifying the amplitude, 

frequency content, and duration of ground shaking 

at the surface [3]. Consequently, seismic micro-

 
zonation, which maps spatial variations in local site 

response, has become an essential component of 

earthquake risk mitigation and land-use planning 

[4]-[6]. 

One of the most important tectonic structures in 

Indonesia is the Sumatra Fault Zone (SFZ), a 

~1,900-km-long right-lateral strike-slip fault system 

that accommodates a significant portion of the 

oblique convergence between the Indo-Australian 

and Eurasian plates [7]. The Semangko segment, 

located in southern Sumatra, is a key element of this 

system and is known for its high level of seismic 

activity [7][8]. Within this segment, the Suoh pull-

apart basin is a prominent tectonic feature formed in 

a step-over zone between overlapping strike-slip 

faults [7][9]. The basin has a rhomboidal shape and 

is filled with thick alluvial and fluvio-volcanic 

deposits derived from the surrounding volcanoes, 

particularly Mount Sekincau and Mount Seminung, 

which are expected to strongly influence local 

seismic site effects [9][10]. 

Suoh has experienced several damaging 

earthquakes in the historical record, including the 

1933 (Ms 7.5) and 1994 (Mw 7.0) events, which 

triggered landslides, phreatic eruptions, ground 

fissures, and liquefaction [11]. These events 
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highlight the combined influence of active faulting, 

complex basin geometry, and unconsolidated 

sediments on local site effects and surface damage. 

Recent studies have focused on geodiversity and 

geosite assessment in the Suoh aspiring geopark 

[10] and on the structural style and depositional 

history of the Semangko pull-apart basin [9]. 

Nevertheless, a systematic assessment of dynamic 

soil properties and seismic micro-zonation in Suoh 

remains lacking, despite its importance for 

sustainable development and disaster risk reduction 

in this tectonically active region. 

Seismic micro-zonation commonly integrates 

geological, geomorphological, and geophysical data 

to delineate zones of different amplification 

potential [6]. Among available geophysical 

approaches, the Horizontal-to-Vertical Spectral 

Ratio (HVSR) method is widely used because it 

provides a rapid and cost-effective estimate of site 

resonance and amplification using ambient noise 

recordings [12]-[14]. Originally introduced by 

Nogoshi and Igarashi [15] and later popularized by 

Nakamura [16], HVSR uses the ratio between the 

horizontal and vertical components of ambient 

vibrations to estimate the fundamental resonance 

frequency (f0) and amplification factor (A0) of the 

soil column [12][17]-[22]. The combination of 

these parameters yields the seismic vulnerability 

index (Kg), which provides a simple indicator of the 

potential for damage to structures at a site [23]-[27]. 

Rather than reviewing the method exhaustively, it is 

noted here that HVSR has proven particularly 

useful in sedimentary basins where strong 

impedance contrasts exist between soft deposits and 

underlying bedrock [17][23][28]-[30]. Its 

advantages include low cost, ease of deployment, 

and the ability to operate in areas where strong-

motion networks or detailed geotechnical data are 

limited. 

In Sumatra, previous HVSR-based studies have 

 

 

 
 

 
Figure 1. Simplified geological map of the Suoh area showing the main lithological units (Qa, Qv, QTr, 

Qhvs, Tomh) derived from the regional geological map. Black triangles indicate HVSR acquisition points, 

red arrows mark geothermal manifestations, and black lines represent mapped geological structures (faults). 

The blue outline delineates the microtremor survey (research) area used in this study.  
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mainly focused on urban micro-zonation or regional

-scale hazard assessment in the area [31]-[33]. 

While these studies provide valuable regional 

insights, they generally do not integrate HVSR 

derived parameters with inverted shear-wave 

velocity (Vs) models and 2D cross-sections to 

explicitly image basin geometry and engineering 

bedrock depth, particularly within pull-apart basin 

settings. As a result, small-scale lateral variations in 

site conditions within tectonic basins such as Suoh 

remain poorly resolved. 

The novelty of this study lies in the combined 

use of HVSR-derived parameters, shallow Vs  

inversion, and 2D Vs cross-sections to characterize 

basin-scale heterogeneity and engineering bedrock 

geometry in the Suoh pull-apart basin. Shallow Vs 

models provide a physically interpretable link 

between HVSR parameters, sediment thickness, and 

site amplification, and are directly relevant to 

seismic hazard assessment and engineering 

applications. Previous studies in southern Sumatra 

have not yet combined this integrated framework 

with seismic micro-zonation in a pull-apart basin 

setting relevant to geopark development. 

This study addresses these gaps by performing a 

detailed seismic micro-zonation of Suoh using 

HVSR and Vs inversion. Single-station microtremor 

measurements were conducted at 30 sites 

distributed across the basin. The data were 

processed to obtain f0, A0, and Kg, which were 

interpolated to generate spatial maps of dominant 

frequency, amplification factor, and seismic 

vulnerability. The HVSR curves were further 

inverted using the Dinver module of Geopsy to 

derive 1D Vs profiles at each site, constrained by the 

global CRUST1.0 crustal model and local 

 

 

 
Figure 2. Dominant frequency (f0) map derived from HVSR analysis in the Suoh area. Coloured shading 

and contour lines represent the interpolated dominant frequency values (in Hz). Black triangles show 

HVSR acquisition points, red circles indicate earthquake epicentres, red arrows mark geothermal manifesta-

tions, and black lines correspond to mapped geological structures (faults). Low-frequency zones (1–3 Hz) 

are concentrated in the central basin, whereas higher frequencies (>10 Hz) occur toward the northeastern 

margin on harder volcanic rocks.  
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geological information. These profiles were 

combined into 2D Vs cross-sections along east–west 

and north–south profiles, revealing the 3D geometry 

of the basin fill and engineering bedrock. The 

HVSR and Vs-based microzonation is then 

compared with the distribution of shallow seismicity 

from the BMKG catalogue and with the main 

geological structures to assess how tectonics and 

sedimentary processes jointly control local site 

effects in Suoh. 

The main objectives of this paper are therefore 

to: (i) characterize the spatial variation of HVSR-

derived parameters ( f0, A0, and Kg) in the Suoh pull-

apart basin; (ii) infer the shallow Vs structure and 

engineering bedrock depth from HVSR inversion 

and 2D cross-sections; (iii) delineate seismic micro-

zones and discuss their implications for hazard 

mitigation and spatial planning in Suoh.   

2. MATERIALS AND METHODS 

 

2.1. Materials 

The primary dataset of this study consists of 

single-station microtremor recordings acquired at 

30 sites distributed across the Suoh area, West 

Lampung, Indonesia (Figure 1). Each site was 

recorded for approximately 30 minutes with a 

sampling frequency of 100 Hz using three-

component seismometers that measure two 

horizontal components (north–south and east–west) 

and one vertical component. The measurement sites 

were selected to represent the main lithological and 

morphological units in the study area while 

avoiding strong anthropogenic noise sources such 

as major roads, heavy machinery, and industrial 

facilities.  

The instruments used were the Seismograf 

 

 

 
Figure 3. Amplification factor (A0) map derived from HVSR analysis in the Suoh area. Coloured shading 

and contour lines represent the interpolated A0 values. Black triangles indicate HVSR acquisition points, 

red circles show earthquake epicenters, red arrows mark geothermal manifestations, and black lines corre-

spond to mapped geological structures (faults). The highest amplification factors (A0 > 4) occur in the 

southwestern–central part of the basin, where thick-soft sediments overlie the active fault zone, whereas 

lower values (Ao < 2) dominate the eastern margin on competent volcanic rocks.  
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Rakyat Indonesia (SRI) and Amadu portable 

seismometers. The SRI instrument is equipped with 

an ST-4.5B velocity sensor with a natural frequency 

of 4.5 Hz, while the Amadu sensors have a similar 

specification; both have sensitivities suitable for 

ambient-noise HVSR analysis. Field data were 

converted to miniSEED format and processed using 

the Geopsy software package to compute the 

horizontal-to-vertical spectral ratio (HVSR) curves 

at each site. The microtremor data were 

complemented by several auxiliary datasets, 

including a regional geological map at 1:250,000 

scale, a digital elevation model (DEM) with 30 m 

resolution, administrative boundary maps, and the 

earthquake catalog provided by BMKG (1900–

2024).  

 

2.2. Methods 

 

2.2.1.  Microtremor Data Processing 

The SRI and Amadu instruments are portable 

three-component seismometers with a flat response 

in the frequency range relevant for HVSR analysis 

(approximately 0.2–50 Hz). Both sensors have 

comparable natural periods and sensitivities suitable 

for ambient-noise measurements. Prior to analysis, 

records from both instruments were processed using 

an identical workflow in Geopsy, and no systematic 

amplitude bias was observed; therefore, no 

additional sensor-type correction was applied. At 

each site, 20–30 time windows were typically 

retained after visual inspection. Windows affected 

by transient anthropogenic noise or showing 

unstable spectral ratios were rejected following 

SESAME criteria. 

Microtremor processing followed the 

recommendations of the SESAME guidelines [34] 

over the frequency range 0.2–20 Hz. For each site, 

the continuous record was divided into a series of 

time windows with lengths between 10 and 50 s. 

Window length was chosen so that it satisfied the 

SESAME requirement of being at least ten times 

the fundamental period and yielded a sufficient 

number of statistically independent windows. 

Before computing the Fourier spectra, each window 

was tapered with a Tukey window in order to 

reduce spectral leakage. Where distinct narrow-

band noise unrelated to site response was observed 

(e.g., electrical or mechanical noise), a narrow 

Butterworth band-pass filter was applied. A 

Butterworth band-pass filter (0.2–20 Hz, fourth 

order) was applied only where narrow-band noise 

was present. This frequency range preserves the 

fundamental resonance peak while minimizing 

contamination from non-site related noise. The use 

of filtering was kept to a minimum so that the final 

HVSR curves remained representative of the true 

site response. 

 

2.2.2.  HVSR calculation 

HVSR curves were computed from the Fourier 

amplitude spectra of the three components. For each 

window, the spectral amplitudes of the north–south 

(HNS) and east–west (HEW) horizontal components 

were combined using the root-mean-square (RMS), 

which was then divided by the vertical component 

spectrum (V). The HVSR function is defined as 

Equation (1). 

      

      (1)   

              

A representative HVSR curve for each site was 

obtained by averaging the individual-window 

curves, typically using the logarithmic median, and 

by computing confidence intervals that quantify the 

variability between windows. Curve quality was 

assessed on the basis of the stability of its shape 

across windows, the clarity of the main peak, and 

its consistency with the SESAME criteria [34]. 

 

2.2.3.  Derivation of  f₀, A₀, and Seismic 

Vulnerability Index (Kg) 

Three key parameters were extracted from the 

HVSR curves at each site: the fundamental 

frequency (f0), the amplification factor (A0), and 

the seismic vulnerability index (Kg). The 

fundamental frequency f0 was taken at the main 

HVSR peak and interpreted as the primary 

resonance frequency of the soil column. It depends 

on both the thickness and stiffness of the sediments 

overlying the bedrock. The amplification factor A0 

corresponds to the maximum HVSR amplitude at f0 

and reflects the degree of seismic-wave 

amplification caused by the impedance contrast 

between sediments and bedrock. Following 

previous work [14] and subsequent micro-zonation 

studies, the seismic vulnerability index is defined as 

Equation (2). 
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      (2)                                              

 

Larger Kg values indicate sites that are more 

susceptible to strong shaking, because they combine 

high amplification with resonance at periods that 

may coincide with the natural periods of buildings. 

In this study, Kg was classified into three 

classes: low vulnerability (Kg < 1.5), moderate 

vulnerability (1.5 ≤ Kg ≤ 2.5), and high 

vulnerability (Kg > 2.5). 

 

2.2.4.  Spatial Interpolation and Seismic 

Microzonation 

The values of f0, A0, and Kg obtained at the 30 

sites were interpolated onto a regular grid using 

Kriging. This procedure produced contour maps of 

fundamental frequency, amplification factor, and 

seismic vulnerability over the Suoh area, capturing 

the lateral variability of site response. The 

interpolated Kg map, after reclassification into low, 

moderate, and high vulnerability classes, was 

interpreted together with geological maps, 

topography, and local seismicity patterns. This 

integrated analysis was used to delineate seismic 

microzones and to provide a basis for mitigation 

strategies and land-use planning in Suoh. 

 

2.2.5.  1D Inversion of HVSR Curves for Vs Models 

The HVSR curves at each site were further 

inverted to retrieve one-dimensional shear-wave 

velocity (Vs) profiles. The inversion was carried out 

using the Dinver module in the Geopsy package, 

which computes theoretical HVSR curves for 

layered 1D models and compares them with the 

observed curves. At each site, the subsurface was 

 

 

 
Figure 4. Land vulnerability index (Kg) map of the Suoh area derived from HVSR analysis. Coloured 

shading and contour lines represent the interpolated Kg values, classified into seven vulnerability classes. 

Black triangles indicate HVSR acquisition points, red circles show earthquake epicenters, red arrows mark 

geothermal manifestations, and black lines correspond to mapped geological structures (faults). Zones with 

high Kg (> 4.5) are concentrated in the central–western part of the basin, where thick-soft sediments and 

active structures coincide, indicating the highest expected seismic site amplification and land vulnerability.  
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parameterized as a stack of 4–5 sediment layers 

overlying a half-space bedrock. The unknown 

parameters were layer thickness (H), shear-wave 

velocity (Vs), compressional-wave velocity (Vp), 

and density (ρ). The initial model and parameter 

bounds were derived from the global crustal 

model CRUST1.0 [35] for the cell covering the 

Suoh region, and then adjusted using local 

geological information so that Vs values in the 

shallow sediments and in the engineering bedrock 

remained realistic. Although CRUST1.0 has a 

coarse spatial resolution, it was used only as a first-

order constraint to define reasonable parameter 

bounds for deep layers. Shallow sediment 

properties were primarily constrained by HVSR 

data and local geology, thereby minimizing the 

influence of the global model on basin-scale 

features. Dinver explores the model space non-

linearly and minimizes the misfit between observed 

and theoretical HVSR curves in logarithmic 

amplitude over the 0.2–20 Hz band. Model 

acceptance was based on the logarithmic misfit 

between observed and synthetic HVSR curves. 

Models with misfit values within the lowest 10–

15% of the total population were considered 

acceptable. The best-fit model corresponds to the 

minimum misfit while remaining consistent with 

surface geology and lateral continuity between 

neighboring sites. For each site, a set of acceptable 

models is obtained; from this ensemble, a best-

fit model is selected as the one with the lowest 

misfit that is also consistent with surface geology 

and with the spatial trend of  Vs at neighboring sites. 

These 1D Vs profiles form the basis for constructing 

the 2D velocity section.  

 

3. RESULTS AND DISCUSSIONS 

 

3.1. Dominant Frequency (f₀) 

The contour map of  f0 (Figure 2) shows values 

 

 

 
Figure 5. Geological and seismicity map of the Suoh area, southern Sumatra. The coloured polygons show 

the main geological formations (Qa = Alluvium, Tomh = Hulusimpang Formation, Qv = Quaternary Vol-

canic, QTr = Ranau Formation, Qhvs = Sekincau Volcanics, Tpms = Simpangaur Formation). Green–

yellow–red–purple circles represent earthquake epicentres classified by magnitude, red arrows indicate geo-

thermal manifestations, black lines correspond to mapped geological structures (faults), and the blue rectan-

gle outlines the microtremor (HVSR) research area. The inset map (lower right) locates the study area along 

the Sumatra Fault System in southern Sumatra, Indonesia [37].  
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ranging from 0.5 to 14.5 Hz. Low frequencies (0.5–

3 Hz) are concentrated in the western and central 

parts of Suoh, whereas high frequencies (>10 Hz) 

occur in the northeastern area. Low f0 values 

indicate thick, unconsolidated sedimentary layers 

that can trap seismic energy for a longer time and 

generate long-period ground motion. In contrast, the 

northeastern area with high f0 (≥10 Hz) is 

dominated by hard rock with thin sediment cover, 

which is more stable from a seismic point of view. 

According to the Kanai soil classification [36], 

zones with low f0 belong to soil classes III–IV, 

corresponding to sediment thicknesses greater than 

30 m and a high potential for resonance during 

earthquakes.  

In general, f0 reflects both the thickness of the 

sedimentary layers and the type of underlying 

bedrock. The relationship between sediment 

thickness (h) and shear-wave velocity (Vs) with the 

dominant frequency can be expressed by f0    Vs/4h. 

Low  f0 values therefore point to thick, soft 

sediments that can significantly amplify ground 

shaking, whereas high  f0 is associated with hard 

rocks with large impedance, which tend to reduce 

amplification. Low frequencies (≤1 Hz) are mainly 

observed in the central Suoh basin, which is 

dominated by thick alluvial deposits and loose 

volcanic material, while high frequencies (≥10 Hz) 

are found over the surrounding hills near Mount 

Sekincau and Mount Seminung, where andesitic 

lava flows and volcanic breccias crop out. The 

spatial pattern of  f0 is therefore consistent with the 

tectonic–sedimentary setting of a pull-apart basin: 

the centre of the basin acts as a sediment trap with 

thick low-velocity deposits and low resonance 

frequency, whereas the margins are formed by 

volcanic highs with thin, stiff cover. This contrast 

controls the expected dominant period of shaking 

across Suoh. 

 

3.2. Amplification Factor (A₀) 

The contour map of A0 (Figure 3) indicates 

values between 0.6 and 6.6. High amplification (≥4) 

is concentrated in the southwestern to central parts 

of the study area. These high A0 values reflect 

strong seismic-wave amplification caused by a large 

impedance contrast between the soft surface 

sediments and the underlying stiffer bedrock. Most 

of the shallow seismic activity is distributed around 

the areas with high A0, especially in the western and 

central zones, which also coincide with low- f0 

areas. This positive correlation suggests that zones 

with thick, low-velocity sediments tend to 

experience both stronger amplification and more 

intense seismicity. 

Physically, amplification occurs when seismic 

waves propagate from stiff bedrock into softer near-

surface layers. As the wave speed decreases, the 

amplitude increases and energy becomes trapped in 

the shallow medium. In Suoh, this effect is 

enhanced by the presence of tuff, volcanic sand, and 

clay in the central basin, which promote resonance. 

The amplification map (Figure 3) shows that areas 

with A0 > 3 correspond to alluvial deposits and tuff 

derived from the activity of Mount Sekincau, 

accumulated above the northwest–southeast 

oriented active fault segments. In the eastern area, 

where A0 is low (≤2), the near-surface rocks are 

denser and more competent, so the potential for 

amplification is relatively small.  

 

3.3. Seismic Vulnerability Index (Kg) 

The seismic vulnerability index Kg (Figure 4), 

obtained from the combination of A0 and f0, ranges 

from about –0.2 to 4.8. High values (>2.5) are 

distributed mainly in the western and central parts 

of Suoh, indicating a high level of vulnerability to 

strong ground shaking. The dense seismic activity 

in these zones confirms that areas with thick, low-

impedance sediments are prone to strong 

amplification of seismic waves. In contrast, the 

eastern part of Suoh shows low Kg values (<1) and 

sparse seismicity, reflecting more stable geological 

conditions. Following the classification in previous 

work [14], zones with Kg > 2 fall into the medium-

to-high vulnerability category and should be 

prioritized in seismic mitigation and infrastructure 

planning.  

Based on the Kg distribution, the study area can 

be divided into three main vulnerability zones: Low 

vulnerability (Kg < 1.5), located in the northern and 

western parts of Suoh, composed mainly of 

andesitic–basaltic volcanic rocks and breccias. 

Moderate vulnerability (1.5 ≤ Kg ≤ 2.5), scattered in 

the southwestern to southern area, with mixed 

lithology of volcanic rocks and colluvial deposits. 

High vulnerability (Kg > 2.5) – are concentrated in 

the central–western part of the basin, where thick 
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sediment layers (>30 m) with high amplification 

potential are inferred. The HVSR method is thus 

able to identify significant variations in dominant 

frequency and seismic vulnerability index across 

the Suoh basin, which directly affect the level of 

ground-motion amplification and the potential for 

infrastructure damage. The presence of thick fluvio

–volcanic deposits overlying hard bedrock implies 

that these areas are susceptible to low-frequency 

ground resonance, typically associated with strong 

shaking during large earthquakes. The resulting 

micro-zonation map displays zones of high 

amplification in the central and southeastern basin, 

aligned with the active segment of the Sumatra 

Fault Zone (SFZ). 

 

3.4. Seismic Microzonation of the Suoh Area 

Integration of the three HVSR-derived 

parameters (f0, A0, and Kg) yields a seismic 

microzonation map for Suoh that can be divided 

into three main zones: (1) Low vulnerability zone, 

located in the eastern to northeastern part of the 

study area, this zone is dominated by hard volcanic 

rocks and breccias, with high  f0 (>10 Hz) and 

low A0 (<2). It is relatively stable and suitable for 

basic infrastructure development; (2) Moderate 

vulnerability zone, found in the southern and 

southwestern parts, this zone is characterized by f0 

values of 3–8 Hz and A0 of 2–4. It represents a 

transition between hard rock and soft sediments. 

Development is still possible here, but structures 

should be designed with adequate earthquake-

resistant provisions; (3) High vulnerability zone, 

extending across the western to central Suoh area, 

this zone is associated with thick sedimentary layers 

(f0 < 2 Hz) and high amplification (A0 ≥ 4). It is 

expected to experience the strongest shaking during 

earthquakes due to combined resonance and low 

impedance conditions. 

The correlation between the micro-zonation map 

and the distribution of seismicity indicates that the 

western–central Suoh region is the most vulnerable, 

as it exhibits both high Kg values and dense shallow 

earthquake activity. This pattern is parallel to the 

NW–SE trend of the Semangko Fault, which 

controls deformation and sediment deposition 

within the basin. The seismic micro-zonation, 

therefore, captures both the geological and tectonic 

controls on local site effects and provides a robust 

basis for risk-informed land-use planning. 

 

3.5. Seismicity Pattern and Geological Correlation 

Seismicity analysis using the BMKG catalogue 

for the period 1900–2024 shows that Suoh and its 

 

 

 
Figure 6. East–west 2D shear-wave velocity section across the Suoh basin. Colours represent shear-wave 

velocity Vs (m/s), with warm colours indicating low velocities (soft sediments) and cool colours indicating 

high velocities (stiff material). Black circles at the surface denote the locations of the HVSR sites (station 

IDs are labelled). The dashed black line marks the approximate depth to the engineering bedrock, defined 

here by Vs ≈ 760-800 m/s. Note the deepening of the low-Vs basin in the central part of the profile 

(distances ~10–15 km), where thick soft sediments overlie the basement.  

 
 



J. Multidiscip. Appl. Nat. Sci. 

928 

surroundings have experienced earthquakes with 

magnitudes between 1.4 and 6.9 and focal depths 

from 1 to 198 km (Figure 5). The catalogue was 

clipped to a radius of about 10 km around the centre 

of the Suoh basin to capture the local tectonic 

response controlled by the Semangko segment of 

the Sumatra Fault. Vertically, the earthquakes can 

be grouped into two main depth ranges: shallow 

events at depths <30 km and intermediate–deep 

events at depths >70 km. The former represents 

upper-crustal faulting directly associated with the 

Semangko segment, while the latter are related to 

the Benioff zone of the subducting Indo-Australian 

Plate. 

The Suoh Basin is also characterized by 

geothermal manifestations (maars, craters, and lava 

domes) associated with ongoing volcanism. 

Although volcanic earthquakes differ in mechanism 

from tectonic ones, the presence of this volcanic 

system often correlates with zones of shallow 

earthquake foci triggered by changes in fluids and 

stress within the crust. The Semangko Fault and its 

secondary faults in the Suoh Basin create zones of 

weakness in the Earth's crust. These zones serve as 

pathways for energy movement and stress 

concentration, causing earthquakes to occur more 

frequently along the main fault structures and their 

associated substructures. The seismicity pattern in 

this basin is strongly controlled by regional 

geological structures, particularly the active 

segments of the Great Sumatran Fault and the pull-

apart basin features formed as a result of the 

transtensional tectonic regime. Active faults cause 

stress concentration, making earthquakes frequent 

along these structures. The basin structure and 

volcanic manifestations also influence the 

distribution of intermediate and shallow 

earthquakes in the study area. Overall, the 

earthquake pattern is not random but directly 

correlates with the controlling geological structures.  

For microzonation and local site-effect 

assessment, the shallow earthquakes are the most 

relevant because they generate higher peak ground 

accelerations and are more sensitive to near-surface 

sediment conditions. Spatially, shallow epicenters 

show an elongated NW–SE pattern that follows the 

trace of the Semangko Fault and the structural 

boundaries of the Suoh basin. The most prominent 

seismicity cluster lies in the western–central basin, 

coincident with zones of low  f0 and high Kg 

identified from HVSR analysis. This correlation 

suggests that the area is not only located above an 

active fault, but is also covered by thick, soft 

sediments that can strongly amplify shaking. In 

contrast, the eastern–northeastern sector, dominated 

by hard volcanic rocks, has lower epicentral density 

and mainly belongs to the low-to-moderate 

vulnerability classes. Overlaying the seismicity map 

with the vulnerability index (Figure 4) confirms a 

spatial match between tectonically active zones and 

areas with medium-to-high Kg. This implies a 

“double” seismic risk in Suoh: the areas that 

accumulate the largest tectonic stress are 

simultaneously those with the most unfavourable 

dynamic soil properties. Similar patterns have been 

reported in other tectono–volcanic basins, where the 

combination of thick, soft sediments and proximity 

to active faults is a key factor in increasing the 

potential for damage to infrastructure. 

 

3.6. Shear-wave Velocity Structure from 2D Cross-

sections 

The 2D Vs sections along the east–west (E–W) 

and north–south (N–S) profiles (Figures 6 and 7) 

provide additional constraints on the subsurface 

structure inferred from the HVSR analysis. Both 

profiles clearly display a strong contrast between 

low-velocity sediments in the interior of the Suoh 

basin and higher-velocity units toward the 

surrounding volcanic highs. Near the surface, layers 

with Vs < 400 m/s extend down to depths of 

approximately 20–40 m over large parts of the 

profiles, especially in their central segments. These 

low velocities are interpreted as unconsolidated 

alluvial and volcanic deposits, consistent with the 

geological mapping and with the high A0 and Kg 

values obtained in the same areas. 

In the E–W profile (Figure 6), the engineering 

bedrock is consistently defined as layers with shear-

wave velocity Vs ≥ 800 m/s, whereas layers with Vs 

≈ 760-800 m/s (indicated by the dashed line) are 

interpreted as transitional due to inversion 

uncertainty. The engineering bedrock is relatively 

shallow (< 40 m) at the eastern and western ends of 

the section but deepens to more than 80–100 m 

between about 10 and 15 km along the profile. This 

central deepening coincides with the low-f0 (0.5–2 

Hz) and high-Kg zones mapped in the middle of the 
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basin, confirming that the thickest sedimentary 

infill is located above the pull-apart depocenter. The 

resulting geometry is typical of tectono-sedimentary 

basins along strike-slip faults, where transtensional 

deformation creates localized subsidence and 

enhanced sediment accumulation.  

The N–S profile (Figure 7) reveals a similar but 

slightly asymmetric pattern. The basement is 

relatively shallow beneath the northern part of the 

profile, whereas to the south it dips to depths 

exceeding 60–80 m and is overlain by a thick 

wedge of low-velocity sediments. This southern 

thickening matches the area where moderate-to-

high Kg values and clusters of shallow seismicity 

are observed. The combination of thicker-soft 

sediments and proximity to the active Semangko 

segment implies that this sector is particularly prone 

to strong site amplification. Taken together, the two 

cross-sections show that the amplification pattern in 

Suoh is controlled not only by vertical impedance 

contrasts but also by the 3D geometry of the basin. 

Zones where the engineering bedrock is deepest 

correspond systematically to low f0, high A0, and 

high Kg, in agreement with previous HVSR-based 

studies in sedimentary and volcanic basins (e.g., 

[34][38]). This reinforces the conclusion that the 

central parts of the Suoh pull-apart basin represent 

the most critical areas in terms of local site effects 

and should be prioritised in seismic risk mitigation 

and land-use planning.  

The 2D shear-wave velocity Vs cross-sections 

derived from inverted HVSR models (Figures 6 and 

7) reveal a basin geometry characterized by low-

velocity sedimentary fills overlying higher-velocity 

basement units. This geometry is broadly consistent 

with previously published geological cross-sections 

of the Suoh–Semangko pull-apart basin, which 

describe thick accumulations of fluvio-volcanic and 

lacustrine sediments bounded by volcanic and 

basement rocks along the basin margins [7][9]. In 

particular, the deepening of the engineering bedrock 

toward the basin center inferred from the Vₛ 

sections align with geological interpretations of 

localized subsidence associated with trans-tensional 

deformation along the Semangko Fault. 

Direct validation using borehole or deep drilling 

data is currently not available in the study area; 

therefore, the Vs derived basin geometry should be 

interpreted as a first-order approximation. 

Nevertheless, the depth trends inferred from the 

HVSR inversion are supported indirectly by surface 

geological mapping, stratigraphic relationships, and 

the spatial distribution of low dominant frequencies 

(f0) obtained in this study. Similar levels of 

agreement between HVSR-based Vs models and 

geological cross-sections have been reported in 

other tectonically active sedimentary basins lacking 

borehole control. Consequently, the integrated 

 

 

 
Figure 7. North–south 2D shear-wave velocity section based on the same set of inverted 1D Vs models. 

The dashed line again indicates the approximate engineering bedrock depth (Vs ≈ 760-800 m/s). The 

section shows an asymmetric basin geometry, with thicker low-Vs sediments (< 400 m/s) in the southern 

part of the profile and a shallower basement toward the north.  
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interpretation of HVSR parameters and 2D Vs 

imaging provides a reasonable representation of the 

subsurface structure of the Suoh basin, while 

highlighting the need for future validation using 

borehole or active-source seismic data. 

 

3.7. Implications for Hazard Mitigation, Land Use, 

and the Suoh Aspiring Geopark 

The combined HVSR parameters (f0, A0, Kg) and 

2D Vs cross-sections clearly show that the Suoh pull

-apart basin is characterised by strong lateral 

contrasts in local site conditions. Areas where the 

engineering bedrock is deepest and Vs remains 

below about 400 m/s over several tens of metres 

coincide with low dominant frequencies (0.5–2 Hz), 

large amplification factors (A0 ≥ 3), and high 

seismic vulnerability indices (Kg > 2.5). These 

zones, mainly in the central and western parts of the 

basin, represent the most critical areas in terms of 

expected ground shaking. In contrast, the eastern 

and northeastern margins, where bedrock is shallow 

and Kg < 1.5, can be considered relatively stable 

from a site-effect perspective. 

From a practical viewpoint, the micro-zonation 

maps provide preliminary, quantitative information 

that may support risk-informed spatial planning in 

Suoh. Rather than prescribing specific land-use 

decisions, the vulnerability classes identified in this 

study are intended to complement existing regional 

spatial plans and Indonesian building codes. Areas 

characterized by higher seismic vulnerability (high-

Kg) may warrant greater attention in future detailed 

geotechnical investigations, while areas underlain 

by competent rock (low-Kg) are comparatively more 

suitable for infrastructure development when 

considering local site effects. In moderate-

vulnerability zones, new construction remains 

feasible provided that building designs account for 

local resonance frequencies and expected 

amplification, in accordance with national seismic 

design standards and microzonation-based 

approaches [6][12][13].  

The results also emphasise the need to integrate 

geological, geomorphological, and seismological 

information when planning geopark development in 

tectonically active regions. In Suoh, the most 

attractive geosites linked to the Semangko Fault, 

volcanic centres, and pull-apart basin morphology 

often coincide with high-Kg zones. Careful zoning 

is therefore required so that geotourism 

infrastructure is located in safer areas while high-

risk zones are maintained as observation points or 

restricted access sites with appropriate safety 

measures. This approach is consistent with recent 

geo-hazard-oriented geopark management studies, 

which stress that geoconservation and disaster risk 

reduction must be addressed simultaneously in 

geopark planning [14][28][29]. 

Finally, although the present micro-zonation 

already provides valuable guidance for local 

authorities, it should be regarded as a first-order 

model. Future work should refine the zoning by 

integrating additional geotechnical boreholes, 

MASW or SPAC surveys, and strong-motion 

simulations for scenario earthquakes on the 

Semangko segment. Such an integrated framework 

will improve the robustness of hazard estimates and 

help transform Suoh into a resilient geopark that 

balances geotourism development, environmental 

conservation, and seismic risk management.  

 

4. CONCLUSIONS 

 

This study demonstrates that integrating HVSR 

analysis with shear-wave velocity inversion 

provides an effective framework for seismic micro-

zonation in the Suoh pull-apart basin. HVSR-

derived parameters reveal strong lateral variations 

in dominant frequency, amplification, and seismic 

vulnerability, with low-frequency, high-

vulnerability zones concentrated in the central–

western basin where thick-soft sediments overlie 

deep engineering bedrock (Vs ≥ 800 m/s). The 2D 

Vs cross-sections confirm a deep low-velocity 

depocentre consistent with pull-apart basin 

tectonics and correlated with clustered shallow 

seismicity along the Semangko Fault. These results 

highlight the critical role of basin geometry in 

controlling local site effects and offer a practical 

basis for risk-informed spatial planning in Suoh. 

However, the main limitation of this study is that 

the subsurface model is derived solely from HVSR 

inversion of ambient-noise data, which is inherently 

non-unique and cannot fully resolve velocity–

thickness trade-offs without independent 

constraints. Therefore, the presented micro-zonation 

should be regarded as a first-order approximation 

that would benefit from future validation and 
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refinement using borehole data, active-source 

seismic methods (e.g., MASW or SPAC), and 

strong-motion observations to improve the 

robustness of seismic hazard assessment. 
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