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Abstract

This study presents a preliminary geologically constrained framework for developing a high-resolution hybrid Vs30 proxy
map of the southeastern Sofia Basin, crucial for seismic hazard assessment and building codes. The approach integrates
topographic metrics from a 100-meter DEM, lithological information from 68 boreholes, and single-station microseismic
noise recordings processed using the Horizontal-to-Vertical Spectral Ratio (HVSR) method. The preliminary results
indicate that local borehole and HVSR constraints can reveal near-surface heterogeneity and soft-soil zones that the
global slope-based Vs30 model does not resolve. The derived Vs30 values should be interpreted as constrained estimates
rather than direct measurements, because single-station HVSR inversion is non-unique and sensitive to the assumed
velocity parameterization. Comparisons with existing Vs30 maps show that the new Vs30 model offers better detail and
spatial precision. Based on the results, directions for future work to complete lithofacies digitization, apply regression
and residual kriging, quantify uncertainties, and validate the model against independent geophysical and geotechnical
datasets have been defined. Subsequent steps include incorporating multi-station microtremor arrays to constrain shallow
shear-wave variations, extending ambient-noise measurements to the western Sofia Basin, and synthesizing all data into
a definitive, basin-wide microzonation model to support more reliable earthquake site-amplification assessments.
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INTRODUCTION

The averaged shear-wave velocity in the upper 30 m of the subsurface (Vs30) is widely used as a standardized proxy for
near-surface sediment stiffness. It is fundamental for estimating ground-motion amplification in seismic hazard
assessment, informing building code provisions, and ensuring consistent seismic site classification. Although Bulgaria
does not yet have an official national Vs30 map, ongoing local mapping efforts provide an initial framework that can be
further enhanced with greater methodological rigor and transparency to better support seismic hazard analyses.

Vs30 can be determined most accurately using direct borehole measurements, but non-invasive surface-wave and
microtremor-array methods provide cost-effective and reliable alternatives, with geostatistical approaches useful in data-
scarce regions. Several methods are used to determine Vs30: direct, surface-wave, microtremor-array, correlation-based,
geostatistical, and terrain-based. Determining Vs30 involves a choice between highly accurate but expensive direct
borehole methods, such as downhole or crosshole testing, and more cost-effective, non-invasive alternatives. Surface
wave techniques such as spectral analysis of surface waves and microtremor array methods provide efficient means to
estimate velocity profiles by analyzing seismic wave dispersion, making them ideal when drilling is impractical. For
shallow or data-limited sites, correlation-based methods can safely extrapolate deeper velocities, while regional
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geostatistical models and terrain proxies leverage spatial data to provide preliminary site classifications and manage
uncertainty. Selecting a method requires balancing the high accuracy and cost of direct measurements with more
economical surface-wave alternatives. This choice must account for site-specific conditions, such as noise and sparse
data, while ensuring strict compliance with national building codes.

The Global Hybrid Vs30 model by Heath et al. (2020) provides the most recent, harmonized 30-arc-second (~1 km) grid
covering  FEurope and  Bulgaria, accessible via the USGS  Earthquake Hazards  Program
(https://earthquake.usgs.gov/data/vs30/). The global model incorporates regional Vs30 maps for several European
countries, including Italy and Greece, via weighted blending. While the model lacks a dedicated Bulgarian mayp, it fully
covers the region using a validated slope-based proxy, serving as the primary resource for regional seismic hazard
assessment until country-specific data emerges. The methodology behind the map relies on topographic slope as a proxy
for near-surface shear-wave velocity, a technique validated in multiple studies and widely used for large-scale hazard
modeling. Overall, the Global Hybrid Vs30 model remains the most comprehensive and up-to-date Vs30 resource for
Europe and Bulgaria, pending the development of future country-specific datasets.

At the national level, several regional and urban-scale Vs30 maps have been developed using different methodologies,
datasets, classification schemes, and spatial resolutions (e.g., Dineva et al., 2008; Georgieva et al., 2020). Consequently,
the resulting distributions of site classes and estimated Vs30 values are not directly comparable and exhibit notable
differences. Following the methodology proposed by Georgieva et al. (2020), Vs30 values were determined for several
large Bulgarian cities, including Sofia, Plovdiv, and Varna. Pashova et al. (2024) emphasized the critical need for a
comprehensive and high-resolution Vs30 map of Sofia, highlighting the importance of this parameter for characterizing
site conditions, assessing soil dynamic behavior, and evaluating seismic ground motion. The study further underscored
the necessity of detailed geophysical investigations and additional subsurface data to improve the reliability and spatial
resolution of Vs30 mapping, which is essential for seismic microzonation and informed urban planning in the capital.

Another important use of Vs30 is for classifying soil type according to Eurocode 8. Depending on the Vs30 value, soil is
classified into types A-E. The soil type is subsequently used to define a soil factor, S, which accounts for the influence of
local ground conditions on seismic action. The soil factor is applied as a multiplier to the design elastic response spectrum,
thereby modifying the response values. It is unity for soil type A and generally increases with smaller Vs30 values, except
for soil type C, where it is slightly smaller than for soil type B. In the Bulgarian National Annex (BIC EN 1998-
1:2005/NA, 2012), there is another peculiar feature, the reasons for which are not entirely known: the values of the soil
coefficient for soil types D and E are 1 and 1.2, respectively, which are much lower than the recommended values in
Eurocode 8, 1.35 and 1.40, respectively. Also dependent upon the soil types (and indirectly upon Vs30) are the spectral
periods used to define the shape of the response spectra - TB, TC, and TD.

At any rate, whenever possible, practicable, and feasible, more advanced methods, such as seismic microzonation maps,
site response analyses, etc., should be used to establish the soil factor. In research carried out by the authors (Oynakov et
al., 2024a), amplification factors of up to 1.70 and 1.55 were computed for 95-year and 475-year return period events,
with PGA at the bedrock level of 0.10g and 0.36g, respectively. These results were obtained from an equivalent-linear
site response analysis using a single time history. Therefore, it may be expected that even higher amplification factors are
possible if a large suite of time histories is analyzed. Nonetheless, the results of this study, computed from data collected
at 107 borehole locations in the Sofia Basin, were compiled into tentative microzonation maps for PGA, PGV, and PGD
at 95-year and 475-year return periods.

This study aims to conceptualize a general framework for developing a proxy Vs30 map for the Sofia Basin. It adopts a
conceptual and methodological approach, proposing integration of available geological data, topographic DEM, and
microseismic noise measurements near geological boreholes. A Vs30 proxy map for the southeastern part of the Sofia
Basin, prepared using HVSR and borehole data, is presented and compared with previously published maps. A
comparison of Vs30 values from available maps for a real borehole in the Lozenets district is made. The proposed
framework offers improvements to previously prepared maps for the Sofia Basin by supplementing data from additional
sources and by including real Vs30 measurements near geological boreholes.

STATE OF THE ART IN BRIEF
Methods for determination of Vs30

The Vs30 parameter is mainly determined using invasive geophysical methods that require drilling and provide high-
accuracy measurements at depth. Among the most common of these are downhole logging and crosshole seismic logging.
Alternatively, non-invasive surface-wave methods offer a faster, more economical solution for large areas. These
approaches, including spectral analysis of surface waves (SASW) and multi-channel analysis of surface waves (MASW),
analyze the dispersion of Rayleigh waves to model the velocity profile. Table 1 summarises the key advantages and main



limitations of both types of methods. Wair et al. (2012) provided guidelines for estimating the shear wave velocity profiles
in the absence of site-specific shear wave velocity data. The authors summarized relationships between Vs30 and various
geotechnical parameters, and suggested a new method for extrapolating data to 30 meters depth in the absence of sufficient
information about the earth's layers. The strongest approach to compile a Vs30 map for a given territory is to integrate
multiple measurement types, prioritize direct and surface-wave data (fusing borehole and surface-wave measurements
with microtremor constraints), and use modern mixed-effects extrapolation models to fill gaps, producing a map that is

both physically constrained and statistically robust (McPhillips et al., 2020; Weatherill et al., 2023).

Table 1. Geophysical methods for determination of Vs30

. Primary Data Major Limitations /
Approach Specific Methods Measured Key Advantages Constraints
In-Situ Cross-hole, Down- Direct wave travel Highly accurate; High cost; requires
Invasive hole, times or interval provides detailed, site- | borehole drilling;
(Borehole) P-S Suspension velocities at specific specific vertical localized invasive
Logging depths velocity profiles footprint
In-Situ Non- | MASW (Active), Surface-wave Cost-effective; non- Requires complex
Invasive MAM/SPAC (Passive) | dispersion and/or destructive; covers a mathematical
(Surface arrays, ReMi, SASW, | resonance frequency | larger lateral area than | inversion; resolution
Geophysics) | single-station HVSR information boreholes decreases with depth
Laboratory Resonant Column, Shear modulus (G) Controls stress states Disturbance during
Testing Cyclic Triaxial and damping ratio on | and strain amplitudes sampling alters in-situ
Torsional Shear core samples under precisely state; expensive.
cyclic loads
Proxy / Geomorphic/Topograp | Existing maps, digital | Zero to ultra-low cost; | High uncertainty;
Empirical hic slope, Geological | elevation models, or | instantly available for cannot replace site-
Relationships | units, CPT/SPT standard penetration | regional scale mapping | specific testing for
correlations blow counts (N) critical structures

Determination of Vs30 by proxy-based methods

Proxy-based Vs30 methods estimate time-averaged shear-wave velocity in the upper 30 m without full geophysical
profiling, using variables that are easier to map regionally (e.g., slope, geology, terrain). Recent advancements have
shifted from single proxies to hybrid, statistically optimized, and uncertainty-aware frameworks (Yong, 2016). These
models can be classified into global and local categories. Global models, such as those by Wald and Allen (2007) and
Allen and Wald (2009), use widely available proxies and diverse datasets. Heath et al. (2020) created a global Vs30
mosaic incorporating slope-based models and regional maps, though their performance declines in flat plains and
sedimentary basins. Local models are area-specific and use proxies like surface geology and geotechnical data. For
instance, Wu et al. (2020) compared various proxies for Sichuan Province and found that geology-based models offer
better predictions based on stratigraphic age and lithology.

Recent studies highlight the benefit of combining surface geology and slope gradient for accurate Vs30 mapping,
particularly in sedimentary basins. Hybrid approaches have been implemented in regions such as Italy (Gironelli et al.,
2024), Greece (Stewart et al., 2014), New Zealand (Foster et al., 2019), West Bohemia (Mazanec et al., 2024), Pakistan
(Ahmed et al., 2024), Spain (Navarro et al., 2025), US (McPhillips et al., 2020), and at European scale (Weatherill et al.,
2023), enhancing model performance while managing complexity and calibration requirements. Gilder et al. (2022)
proposed a geostatistical framework for estimating Vs30 in data-scarce areas, such as Kathmandu Valley, using proxies
and sparse measurements. Hayashida et al. (2023) and Saqlain et al. (2022) demonstrated that empirical formulas and fast
proxy methods, respectively, can yield accurate Vs30 estimates using microtremor data and Rayleigh-wave phase
velocities.

These dispersion- and noise-based "fast" Vs30 proxy methods show operational efficiency by avoiding full inversion and
are less analyst-dependent; they are suitable for rapid site characterization and physical-based methods. However, they
require field measurements and array setups; performance depends on noise conditions, array geometry, and site
complexity. Table 2 shows comparative data and trends in the development of Vs30 proxy maps.



Table 2. Compilation of Vs30 proxy maps applying different approaches

Single vs multi-proxy Deterministic vs Mapped proxies vs measurement-
probabilistic based proxies
Single proxies Multi-proxy and hybrid Deterministic maps Mapped proxies | Measurement-based fast
(slope or geology | models (slope + geology + (regression-based) (slope, geology, proxies (SPAC /CCA
alone) terrain + measurements) terrain) coefficients,
VR36/VR40)
Useful for broad- | consistently reduce | dominate operational use, | excel at | bridge the gap
scale, first-order | residuals and improve | but geostatistical/Bayesian | regional between full Vs
mapping but often | regional applicability, | frameworks are gaining | coverage and | profiling and purely
shows systematic | as shown in Sichuan, | traction because they | rapid mapped proxies,
biases in plains, | Marche, Muzaffarabad, | provide uncertainty | deployment offering rapid yet
basins, or | and global USGS work | estimates essential for risk- physically grounded
complex geology informed design and hazard Vs30 estimates at
assessment specific sites
Wald and Allen, | Ahmed et al., 2024 Gilder et al., 2022 Yong, 2016 Yong, 2016
2007 Gironelli et al., 2024 Saqlain et al., 2022
Heath et al., 2020
Wu et al. 2020

MATERIALS AND METHODS
Geological Setting of the Sofia Basin

The Sofia Basin in western Bulgaria is a complex intramontane depression within the Sofia Graben, shaped by Neogene
and Quaternary extensional tectonics (Kamenov and Kojumdjieva, 1983; Oynakov et al., 2024a). It is bounded by the
active Vitosha, Lyulinsky, Lozensky, and Iskar fault systems, which created a mosaic of sub-basins with diverse depths
and sedimentation through differential subsidence (Bonchev, 1971).

Tectonic segmentation causes sharp lateral variations in sediment thickness that do not align with the surface topography
(Angelova, 1999; Zagorchev, 2001). Thick sedimentary packages can sit next to steep bedrock blocks, while gentle slopes
may overlie shallow bedrock. This mismatch complicates the assessment of shear-wave velocity Vs30. Ongoing
deformation continues to affect drainage, sediment supply, and geomorphological surfaces.

Geologically, the basin consists of heterogeneous Quaternary sediments overlying Neogene and pre-Neogene basement
rocks (Yaneva et al., 2002). The Quaternary fill contains alluvial, colluvial, lacustrine, and fluvial-terrace deposits ranging
from coarse gravels to fine clays. These deposits exhibit strong lateral facies transitions driven by tectonics, sediment
influx, and geomorphological processes (Donkova, 2015). Mountain-derived alluvial fans feature coarse, poorly sorted
gravels that transition into fine central and eastern lacustrine deposits. Sediment thickness varies significantly, exceeding
200 meters in some sub-basins while remaining under 20 meters in others (Yaneva and Donkova, 2017).

Alluvial fans originating from the Vitosha, Lyulin, and Stara Planina Mountains form prominent deposits along the basin
margins. These alluvial fans consist of coarse, poorly sorted gravels and sands that coalesce down the basin into finer
alluvial and lacustrine sediments. Thick sequences of fine-grained lacustrine deposits are common in the central and
eastern parts of the basin, reflecting periods of reduced drainage efficiency and localized lake formation. The depth to
bedrock varies considerably, with borehole data indicating sediment thicknesses exceeding 200 m in some subbasins,
while other areas indicate shallow bedrock at depths below 20 m (Yaneva and Donkova, 2017).

These geological units exhibit distinct engineering-geological properties, resulting in high spatial variability in Vs30
(Ivanov, 2002). Coarse alluvial cones yield higher Vs30 values, whereas fine lacustrine and thick alluvial deposits show
lower values. Consequently, detailed geological data is crucial for accurate Vs30 mapping.

The basin's geomorphology features broad alluvial plains, undulating surfaces, and incised river valleys alongside steep
mountain foothills (Donkova and Radulov, 2017). While global Vs30 models rely heavily on topographic slope, this
metric is unreliable in the Sofia Basin. Because of tectonic control, steep slopes can overlie both shallow and deep
sediment, while flat areas can mask either thick lacustrine deposits or shallow bedrock. This weak correlation undermines
slope-based Vs30 predictions and demands nuanced geomorphological analysis.

Terrain metrics derived from DEMs, such as curvature and local relief, provide additional information about depositional
environments and geomorphological processes (e.g., Allen and Wald, 2009; Stewart et al., 2014). However, these metrics
need to be interpreted in the broader tectonic and geological context to avoid misclassification of stratigraphical layers at



depth. For this reason, geomorphological information is included in the Vs30 assessment framework as a secondary
modifier rather than a primary determinant.

General workflow to generate a proxy Vs30 map

This study proposes a methodological framework to integrate multiple datasets and constrain the geological,
geomorphological, and subsurface characteristics of the Sofia Basin to generate a proxy Vs30 map. These datasets include
topographic information, geological maps, borehole records, and newly performed HVSR measurements. Each dataset
contributes unique and complementary information, and their combined use enhances the robustness of the Vs30 proxy
model. This section describes the origin, characteristics, and preprocessing of each dataset that needs spatial
harmonization and resolution adjustment. The consequence stages with separate processing steps to generate the Vs30
proxy map are as follows:

1. Initial Step: HVSR & Borehole Point Data Collection and Processing

Field surveying: Conducting single-station HVSR measurements near geological boreholes.

Process HVSR data: Extract single-station resonance frequencies (fo, Ao).

Invert frequencies: Perform joint inversion by higher-mode constraints using geological soil thicknesses.
Calculate borehole profiles: Compute direct time-average Vs30 profiles from layer depths.

Integrate point data: Cross-calibrate and combine both datasets into a unified point dataset.

The initial step of HVSR and Borehole Point Data Processing transforms raw, localized geophysical and geotechnical
measurements into uniform, Vs30 point coordinates, considered as true-measured. HVSR method provides fy and
information on impedance contrast; Vs30 is inferred through constrained inversion and/or lithology-based assumptions.
This stage creates the foundational training dataset required for the spatial regression model.

2. Spatial Covariate Preparation

Derive terrain proxies: Calculate slope, gradient, and Topography Roughness Index (TRI) from a 90 m DEM.
Resample topography: Transform and resample data to a 100 m grid.

Classify geology: Digitize rock units and sediments into categorical lithofacies.

Rasterize geology: Convert lithofacies maps into a matching 100 m grid.

Spatial Intersect & Regression Modeling

Extract point values: Intersect the continuous grids at exact borehole/HVSR coordinates.
Train models: Multivariate regression or Random Forests.

Define target function: Model Vs30 as a function of slope, TRI, and geology.

e o o W

Mapping the Deterministic Trend
Apply equations: Run the trained regression model over the full 100 m grid.
Generate trend grid: Output a long-wavelength deterministic trend map.

o o -lk

Residual Calculation & Kriging

Compute point residuals: Subtract predicted Vs30 from the true-measured values.
Create residual list: Compile the point-specific model errors.

Interpolate variations: Perform Ordinary Kriging purely on the point residuals.
Generate short-wavelength grid: Output the localized variation map.

Additive Merge & Validation

Merge rasters: Add the trend grid to the residual raster grid.

Create final map: Finalize the integrated proxy Vs30 map and grid.

Compile available archives: Gather existing geotechnical reports and published maps.

Conduct comparative analyses: Consistency check of results and determine differences/inferences.

e O 0 o n

e o o o O\

Based on existing and newly acquired data, we present preliminary results from some steps of the general workflow for
compiling a proxy Vs30 map described above. These results cover individual workflows from stages 1, 2, and 6.

Datasets
Topographic data
Calculating Vs30 from DEM slope is a commonly used, low-cost "proxy" method for regional seismic hazard assessment

(Allen and Wald, 2009). However, it is not representative of actual local shear-wave velocities because it relies on a
simplistic, statistical correlation rather than direct measurement of subsurface material stiffness (Lemoine et al., 2012).



Stewart et al. (2014) produced geologic and terrain-based site condition maps for California using geological information
and 1-, 3-, 9-, and 30-arcsec DEMs. They concluded from comparative studies that the 3-arcsec data are sufficiently
accurate for Vs30 determination. The choice of a 100 m resolution reflects a balance between the need to reduce noise
and improve model stability, the spatial density of available geological and geophysical data, and the scale of tectonic
and geomorphological features associated with Vs30, as mentioned by Gilder et al. (2022). Given these considerations, a
100 m grid was adopted for subsequent analysis. Slope was computed using standard GIS algorithms. The topographic
slope value for each grid cell was calculated using nearest-neighbor interpolation, and the TRI was calculated as the
square root of the sum of the squared differences between the elevation of a central cell and its 8 surrounding neighbor
cells (Zevenbergen and Thorne, 1987; Riley et al., 1999).

Geological Drilling

Borehole and geological data have been collected from the literature to complement the indirect Vs measurements. In this
study, we used Vs30 data inferred from 68 boreholes in the southeastern part of the Sofia basin, published by Ilieva et al.
(2003). The inferred velocity field along the north-to-south and west-to-east profiles crossing the basin varied in both
vertical and lateral directions. In the near-surface part of the boreholes, the horizontal seismic wave velocity layer has not
formed due to strong shear wave velocity variability, especially in the north-south direction along the profiles.

Microseismic noise measurements

The measurements were conducted over the last 3 years at 68 sites near the boreholes (see Fig. 1) in the southeastern part
of the Sofia Basin, using the methodology described by Oynakov et al. (2024b). Microseismic recordings lasting 20
minutes were made with Etna2 accelerometers, with the instrument placed on natural terrain to ensure good ground
contact. The data processing of HVSR microseismic records was performed using the Geopsy software (Wathelet et al.,
2020), available at https://www.geopsy.org.
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Fig. 1. Map of the measurement points (marked with a red star) in the southeastern part of the Sofia Basin. The
basemap is a topography DSM model from the TANDEM-X 100 m grid in UTM 34N.

Characteristics of Available Vs30 Maps

In the Sofia region, over the last two decades, several Vs30 maps with varying spatial resolutions have been published in
the scientific literature, as shown in Fig. 2a-c. They were produced using different source data and methodological
approaches. A comparison of two maps—the Eurocode 8 Subsoil layer classes A, B, C, D, and E map (Fig.2a) and the
Zoned Velocity Block Map (Fig.2b)—provides a detailed correlation between categorical soil classifications and their
quantified shear-wave velocity Vs30 microzonation ranges for the Sofia Basin. The two maps collectively show a clear
geological transition across the Sofia Basin, directly linking Eurocode 8 subsoil classes to specific shear-wave velocity
Vs30 profiles. The stable mountain foothills in the south feature rock and very stiff formations (Classes A and B)
characterized by the basin's highest stiffness velocities, peaking between 350 m/s and 1,420 m/s (Block 3). Moving toward
the south-central and southeastern transition zones (Bojana and Gorubljane), the ground shifts to intermediate, dense
sediment deposits (Class C) with mid-range velocities between 250 m/s and 680 m/s (Block 1.2). A significant difference
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is noted in the Vs30 values for Block 1.2, ranging from 150 to 190 (Fig. 2b), directly in the foothills of Vitosha, compared
to those in Fig. 2a. Finally, the northern plain and basin center (such as Obelja) flatten out into thick, soft-to-medium
cohesive soils (Class D) and specialized alluvial anomalies (Class E), which yield the basin's lowest shear wave thresholds
ranging from 160 m/s to 480 m/s (Blocks 1.3 and 2).

a) A rock VS=T50 mis; B deposits VS = 400-T50 mis b) c)
C depesits WS = 400-360 mi's; D deposits W5<360 m's

s E superficial (-uppemmaost 5 m) sand dapesiis distibution 2
P

Subsoil classes baok 1.3
Vgt = 11 )

o 3l E B | ot

E
Qan —

Qs

“@n -

“aes Vs30 slope

MO 1MW 100 IGMS0 IS MNOD N0 MO XMe) GO0 sy

" Sofia border paligon

nw nw ne nae nw = River

mlml=l=]

360 - 490

Fig. 2. Models of Vs30 parameter: a) (Dineva et al., 2008); b) min-max Vs30 (Georgieva et al., 2020); c) USGS Vs30
(https://earthquake.usgs.gov/data/vs30/).

On the other hand, the USGS Vs30 map (Allen and Wald, 2007), shown in Fig 2c, provides a global, topographic-slope-
based model that differs significantly from the previous two local geological maps of the Sofia Basin in both methodology
and local precision. The USGS Vs30 map has been derived from USGS slope topography. It is available on a regular grid in
raster format with a resolution of 30 arc-seconds (0.00833333°), corresponding to a ~730 by ~930 m grid in longitude and
latitude for the Sofia Basin (Heath et al., 2020). Several differences are noticeable between this global map and the previous
two. The USGS map estimates that the central Sofia valley (orange/yellow zones) has velocities of 240-300 m/s and 180—
240 m/s. In contrast, the localized map in Fig. 3b explicitly reveals softer soils (Block 1.3) with a much lower minimum
threshold of 171 m/s, and the map in Fig 2a highlights highly specialized, potentially high-risk soft soils (Class E) right
in the Sofia City center that the USGS slope model completely misses. The local maps show highly irregular, geologically
complex soil boundaries and localized "pockets" (such as Obelja and central anomalies). The USGS map shows a highly
generalized, smooth, northwest-to-southeast linear corridor, dictated solely by macro-topography, and ignores localized
alluvial deposits and subsurface sedimentary variations. For the Vitosha mountain skirt (Zheleznitsa/Vladaya), the USGS
map assigns a broad classification of >760 m/s (dark green). While this aligns with Eurocode 8's Class A (>800 m/s) in
Fig. 2a, it lacks the precise, localized geotechnical boundaries found in Fig. 2b, which explicitly break the hard terrain
into distinct velocity blocks up to 1430 m/s. The first two maps rely on direct in-situ geotechnical measurements
(boreholes, seismic profiling, and Eurocode criteria). The USGS map uses a proxy-based topographic slope model that
assumes a correlation between surface gradient and stiffness, thereby naturally smoothing out complex flat-basin geology,
such as that of Sofia City. By underestimating the basin's softness at the center and missing localized Class E anomalies,
the USGS model can significantly underpredict seismic site amplification and peak ground acceleration during an
earthquake. Consequently, relying solely on the USGS topographic proxy rather than local geotechnical data may result
in the dangerous underdesign of structures in Sofia's most vulnerable urban areas.

Methods

An effective local-level shear wave velocity (Vs30) scheme balances cost, spatial coverage, and accuracy by combining
three distinct approaches: regional proxy mapping, non-invasive surface-wave geophysics, and invasive borehole
measurements. This integrated, multi-level approach optimizes resources by using sparse, high-precision data to calibrate
dense, less expensive measurements across the municipality.

Vs30 Prediction Based on Topographic Slope

After obtaining the topographic slope in the southeastern part of the Sofia Basin, each grid cell is assigned an NEHRP
site category based on the active tectonic region. Based on changes in the corresponding slope in certain ranges, Vs30
was categorized for soils of types E (D according to BJIC EN 1998-1:2005/NA), D (C according to B/IC EN 1998-
1:2005/NA), C (B according to BJIC EN 1998-1:2005/NA), and A/B (according to BJIC EN 1998-1:2005/NA),
respectively (see Table 1). In some countries, a more detailed categorization of the different classes is adopted or
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recommended (e.g., Kanli et al., 2006; Ciancimino et al., 2018), as well as different Vs30 threshold values for site type

classification (e.g., Adeel et al., 2023; Smerzini et al., 2026).

Table 1. Ranges of topographic slopes proposed by Wald and Allen (2007) and Allen and Wald (2009) for the
classification of sites into NEHRP categories

NEHRP Equivalent BJC EN 1998-1:2005/NA : Slope range (m/m) :
site Vs30 ECS class Ground- V30 Active tectonic Active tectonic
class range based type range (Wald and Allen, (Allen and Wald,

2007) 2009)
A >1500 m/s
B 760 — 1500 m/s A A >800 m/s >0.138 >0.14
C 360 — 760 m/s B B 360 — 800 m/s 0.018-0.138 0.018-0.14
D 180 — 360 m/s C C 180 — 360 m/s 0.0001-0.018 0.0003-0.018
E <180 m/s D D <180 m/s <0.0001 <0.0003
F* E/special cases E -

S]** and Sz

*  Soils requiring site response analysis (Source: https://www.fema.gov/sites/)
**<100 m/s (indicative) (Source: EC8-1; https://help.geostru.eu/loadcap/en/eurocodice8.htm)

HYVSR analysis

The microseismic noise was processed using the HV toolbox in the Geopsy environment, following the recommendations
of the SESAME project (2004). For each microtremor measurement point, the signals were divided into appropriate time
windows, and anti-trigger removal was applied. A H/V spectral curve was calculated, and the main resonance peak (fo)
was identified as the most stable and dominant maximum. After that, a check for secondary peaks was performed, and
the curve quality was assessed. Peak amplitude Ay was determined from the H/V curve. The approximate relation H =
Vs/4fy was used only as a first-order consistency check between the observed resonance frequency and the expected depth
to the main impedance contrast. This step provides a reliable estimate of the fundamental frequency fj and primary
information about the impedance contrast.

A) Velocity model parameterization

The layer thicknesses are taken from real engineering-geological boreholes located near the microseismic measurement
points. Thus, the model's geometry is geologically justified. The velocity model (initial Vs values by layer) is borrowed
from a similar alluvial valley in California, where measured shear-wave profiles are available. This model is used as an a
priori assumption and not as a ground truth. In the inversion procedure of the GEOPSY Dinver program (Wathelet et al.,
2020), the layer thicknesses at the microtremor measurement points near the borehole are set to vary by £20-30%. Vs
velocities in each layer are allowed to vary by £20-30%, the parameters Vp and density are set within realistic limits
corresponding to the lithology, and the number of layers is fixed based on the drilling information. This constrained
inversion approach reduces solution ambiguity and is consistent with SESAME recommendations for using geological a
priori information.

B) Inversion in Dinver

In the Dinver toolbox, ellipticity inversion of Rayleigh waves was used as a proxy for HVSR, with the following settings:
the ellipticity curve is enabled (main control of the shape of the curve), the ellipticity peak is enabled (fixing the resonance
frequency fo), the weight of the peak is = 0.3 with respect to the curve to stabilize the solution without dominating, the
criterion for model acceptance is chosen to be a minimal misfit, and analysis of an ensemble of valid models. Fixing the
peak ensures that the inversion reproduces the observed fundamental resonance, which is a key parameter according to
SESAME.

C) Determining Vs30 by the Dinver toolbox

From each accepted model, Vs30 was calculated using the standard formula:
30
Vszo = —hl

n

=1 Usi

Where 4; is the layer thickness and V; is the shear rate in the layer.

D) Geological Vs30 profiles

A table called Vs30 BoreholesUsed (not shown here) was prepared with calculated Vs30 from the borehole stratigraphy
and assumed Vs values by lithology (Oynakov et al., 2024a; b). The Vs30 calculated in the Dinver toolbox is an
engineering-geological estimate independent of the microseismic inversion.



RESULTS AND DISCUSSION
Topographic data processing

For this study, we use a Digital Elevation Model (DEM) from the TanDEM-X satellite mission with a 90 m spatial
resolution (Wessel, 2016; Wessel et al., 2018). The TanDEM-X 90 m data are freely available on EOC Geoservice
(https://download.geoservice.dlr.de/TDM30 EDEMY/; last access: April 27, 2026). It provides a high-accuracy Digital
Surface Model (DSM) with absolute vertical accuracy of up to 10 m (90% confidence) and relative accuracy of 2—4 m,
depending on slope (Gonzalez et al., 2020). The DEM is referenced to the WGS84-G1150 ellipsoid and converted to
orthometric heights using the EGMO08 geoid with a 2.5' cell size, in a common datum. The DEM data were resampled to
100 by 100 m in the projected coordinate system, using WGS 84/UTM zone 34N, from which topographic parameters
(slope, gradient, and TRI) are determined, as shown in Fig. 3. At this stage of the study, terrain indicators were extracted,
calculating the slope, gradient, and TRI from the reassembled data for a 100 m grid. The next steps in stage 3 are to
digitize geological maps and convert them to a common raster format and scale.

Fig. 3. Calculated topographic parameters from DEM: a) slope [°]; b) gradient [m/m]; ¢) TRI.

HVSR and borehole data integration

The newly compiled Vs30 model following the SESAME (2004) project recommendations is shown in Fig 4. The model
is produced using Dinver + HVSR + borehole data, which uses actually measured resonant frequencies, real boreholes
compiled with local velocity models, and an inversion of each HVSR-measured point separately. The HVSR analysis was
primarily used to determine the fundamental resonance frequency fj and to assess the presence of a significant impedance
contrast. Since single-station HVSR alone does not uniquely determine Vs30, the derived Vs profiles and Vs30 values
should be interpreted as constrained inversion-based estimates supported by borehole stratigraphy and lithological
constraints. To reduce non-uniqueness, the results need be compared with MASW/MAM/SPAC, downhole/crosshole, or
CPT/SPT data where available.
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Fig. 4. Compiled Vs30 model based on the data from HVSR measurements and geological boreholes.



Vs30 values derived from the constrained Dinver inversion range from 112.4 to 527.8 m/s, with a mean of 356.6 m/s and

a median of 390.5 m/s. The lithology-based Vs30 estimates range from 232 to 483 m/s. When comparing the Vs30 values

calculated by the Dinver program, it is found that the values using HVSR data are lower than those from the geological

boreholes at 42 locations, which vary from 0 to 184 m/sec, and for the rest, the values of Vs30 from the geological

boreholes exceed those from the calculated ones, varying from 0 to 305 m/sec.

The comparison between the Vs30 from the Dinver toolbox and the geological Vs30 shows three main groups of results:

e A good agreement between the two approaches is observed when the difference is < 15% (small differences) for
some points. This result shows that the HVSR peak correctly reflects the depth and impedance contrast, the velocity
model is realistic, and the parameterization is stable.

e HVSR's sensitivity to deeper contrasts can explain moderate differences of 15-30%, the ambiguity of the inversion,
or variations in Vs in the upper 30 m, which HVSR does not always directly control.

e Significant differences (>40%) are obtained at some points. Dinver gives values that are significantly lower or higher
than the geological Vs30.

Agreement within +15% is observed at 37 points, moderate discrepancy of 15-30% at 19 points, and discrepancy

exceeding 40% at 12 points. Possible explanations for these differences could be that the HVSR is dominated by deeper

contrast rather than the shallow 30 m, that local variations in lithology are not well accounted for in the velocity model

borrowed from California (Radulov, personal communication), or that the equivalent solutions are non-unique. It is

important to emphasize that the HVSR method is most sensitive to the resonant frequency and impedance contrast, but

does not always provide an unambiguous determination of Vs30. Therefore, in the next analyses, local data from Ilieva

et al. (2003), engineering-geological profiles, and additional information, where available, will be used.

Based on the analysis performed, we can conclude that there are no indications of methodological error in the HVSR
processing; the inversion is geologically constrained (not a free inversion), the peak fixation is applied correctly; the 20—
30% variation is within reasonable limits, and the discrepancies are the result of physical ambiguity, not procedural error.
This preliminary study constrained the HVSR/proxy Vs30 model to achieve better resolution in the calibrated SE basin,
especially near the borehole/HVSR control points. The model can reveal sedimentary heterogeneity that slope-only
models tend to smooth out. Reliability should be expressed as confidence intervals and preliminary consistency-check
errors, not as a single qualitative label. The results also reveal that surface morphology alone is insufficient for Vs30
mapping in sedimentary basins; the southeastern Sofia Basin shows stronger near-surface heterogeneity than a slope-only
proxy would suggest. Combining ambient-noise resonance information with borehole/lithological constraints improves
the physical plausibility of the Vs30 model. The applied HVSR inversion using the Dinver tool is non-unique and should
be combined with MASW/MAM arrays, a lithology-based Vs30 estimate, or CPT/SPT correlations, where available.

Comparison of results with other Vs30 maps

Comparing the Vs30 maps obtained from HVSR and borehole data reveals similarities and differences in the Vs30 maps
shown in Fig. 2. In Fig. 2a, the Vs30 map of the Sofia Basin by Dineva et al. (2008) is divided into Eurocode soil classes,
as the central Sofia is mainly class D (<360 m/s), the eastern parts move to classes C and B, and at the foothills of Vitosha
are class A or B. The area around the Sofia airport is mainly class D—C. These results match the newly compiled HVSR
+ borehole map surprisingly well. The central part around the Bulgarian National Army (BNA), National Palace of
Culture, Krasno Selo, and the Medical Academy is 150-300 m/s; eastward to Mladost and Gorublyane, Vs30 gradually
increases to 300-500 m/s; northeastward, sections >500 m/s appear, which practically reproduces the spatial trend of Fig.
2a' map.

The map by Dineva et al. (2008) is based on a limited set of borehole and engineering-geological data and therefore
represents a generalized approximation of the subsurface conditions in Sofia.

The new Vs30 map is compiled from dozens of HVSR points and local boreholes and shows smooth transitions between
zones. The newly compiled Vs30 map has a higher spatial resolution. Comparison with USGS slope-based Vs30 (Fig.
2¢) shows greater differences. For the Sofia Basin, using only topographic slope to generate a Vs30 map is problematic
because the basin is almost flat, sediment thickness varies greatly, and the slope does not reflect the depth to bedrock, as
shown in Fig. 3. The USGS Vs30 map shows large areas with 240-360 m/s, relatively smooth variations, and a lack of
local anomalies. On the Vs30 map shown in Fig. 3, local soft zones around the BNA, the transitions to Pancharevo, local
hard bodies, and sedimentary depressions are shown. These features are missing in the USGS Vs30 slope-based model.

The spatial distribution of Vs30 derived from HVSR inversion and constrained by local borehole information is broadly
consistent with the main geotechnical zones proposed by Dineva et al. (2008), while indicating substantially greater spatial
variability within the Sofia Basin. In contrast to the slope-based USGS Vs30 models, the HVSR-derived model appears
to capture finer-scale sedimentary structures and impedance contrasts within the basin interior.



The Dinver inversion program tool is performed as a constrained problem with realistic boundaries. For some points, a
good match is observed between the Dinver Vs30 and the geological Vs30. At other points, significant differences are
observed due to the HVSR's limited sensitivity to the upper 30 m and the ambiguity of the inversion. The Dinver Vs30
should be interpreted in the context of the geological information and the quality of the H/V curve. While the first results
provide the efficacy of the integrated point dataset, several remaining phases of the proposed workflow must be executed
to compile a comprehensive, field-ready microzonation map. Immediate future efforts will focus on completing the spatial
covariate preparation, which includes digitizing and lithofacies-classifying the regional geological maps into a matching
100-meter raster grid

CONCLUSION AND FURTHER WORK

This study establishes a robust, geologically constrained framework for constructing a high-resolution hybrid Vs30 proxy
map of the southeastern Sofia Basin. The preliminary findings confirm that standard global models, which rely strictly
on macroscopic topographic slope as a proxy for shear-wave velocity, are inadequate for the complex intramontane setting
of Sofia. By neglecting localized alluvial deposits, thick lacustrine basins, and hidden bedrock steps, pure terrain models
risk underpredicting seismic site amplification and peak ground acceleration in densely populated urban centers.

By integrating localized borehole data with cost-effective, non-invasive HVSR microseismic noise recordings, this
research bridges the gap between sparse, high-precision direct measurements and broad spatial models. The resulting
Vs30 distribution inferred following the SESAME (2004) methodological recommendations successfully captures the
intense spatial heterogeneity and localized sedimentary variations inherent to the southeastern part of the Sofia Basin.
The multi-level approach demonstrates that locally calibrated geophysical data are indispensable for establishing reliable
site-effect multipliers, ensuring compliance with building codes, and preventing structural underdesign of critical civil
infrastructure. While the first results compare the efficacy of the integrated point dataset, several remaining phases of the
proposed workflow must be executed to compile a comprehensive, field-ready microzonation map. Immediate future
efforts will focus on completing the spatial covariate preparation, which includes digitizing and lithofacies-classifying
the regional geological maps into a matching 100-meter raster grid.

Following dataset alignment, advanced multivariate regression models and machine-learning frameworks, such as
Random Forests, will be trained to establish the broad, deterministic long-wavelength trend of the basin's Vs30
distribution. To account for localized residuals and short-wavelength variations, Ordinary Kriging will be applied to the
point-specific model errors. An additive merge of the deterministic trend and interpolated residual maps will then be
validated against independent engineering-geological archives. Future investigations will address the non-uniqueness and
moderate discrepancies (15-30%) observed between the Dinver numerical inversions and true geological layer depths.
Multi-station microtremor arrays can be incorporated better to constrain shear-wave variations within the uppermost
shallow sediment layer. Next steps include extending ambient-noise and/or surface-wave measurements to the western
Sofia Basin and integrating all data into a single calibrated model. Expanding this synchronized workflow across the
entire Sofia Basin will provide the definitive geophysical foundation needed for resilient urban planning and definitive
seismic microzonation.
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