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Abstract. The purpose of this study is to identify and to map the fundamental
frequency of resonance for the Transylvanian Basin using the computation of H/V spectral
ratios from 20 three-component single station measurements of ambient vibrations.
This spectral curve exhibits multiple peaks suggesting lateral variations within the
subsoil of this area. The fundamental frequency of resonance along Transylvanian
Basin varies from very low values (0.07 Hz) up to 11.2 Hz. For some stations, higher
mode peaks are detected in the frequency domain of 0.35-4.9 Hz.
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1. INTRODUCTION

Local site amplification is correlated with the local geological conditions and
represents an essential factor in the estimation of the seismic hazard [1]. A standard
procedure to retrieve local site information is using ambient vibration data. The use
of this type of data is the only way to analyze essential site parameters in regions
where the seismic activity is mostly absent. One of these areas is the Transylvanian
Basin which is located in the inner side of the Carpathian Arc. This zone is affected
mainly by crustal seismicity manifested in the surrounding seismogenic territory
(e.g. Fagaras-Campulung, Crisana-Maramures). In this area, the current seismicity
is very low and no large events were recorded in the last decade. Study of the
catalogues (ROMPLUS, [2]; SHEEC, [3]) and relevant works for historic
seismicity (e.0. [4]) shows 9 events of Mw > 5 occurred between 1517 and 1880
with observed epicentral intensities of VII and VIII MSK (e.g. [5]), but no similar
events were recorded since then. However, in the context of rapid urban
growth/development, recurrence of similar events would pose a significant seismic
risk on the exposed communities (€.g. Cluj-Napoca, Sibiu, Brasov). Estimation of
the impact of such events on infrastructure requires an accurate evaluation of local
seismic response. As strong amplifications of the seismic motion are expected to
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occur in sedimentary cover of this basin, local studies are needed to evaluate the
parameters responsible for these effects (e.g. [6]).

In order to evaluate local parameters as the spatial distribution of the
fundamental frequency of resonance, a non-invasive Horizontal-to-Vertical Spectral
Ratios (H/V, [7-8]) method was performed. Since 1989, this method became one of
the most popular in the scientific world, with a diverse applicability in the seismic field.
Due to the low cost of performing ambient vibrations measurements, this method has
become increasingly used to extract essential information of the geological structure
below a specific area, in order to assess the local variability (e.9. [9-11]).

We applied H/V ratios technique on ambient vibrations in order to retrieve
the fundamental frequency of resonance (fo) along the Transylvanian Basin. Ratios
were computed for 20 seismic stations, temporarily deployed during two international
projects: CALIXTO — Carpathian Arc Lithosphere X-Tomography (1999, [12]) and
SCP — South Carpathian Project (2009-2011, [13]), and permanent ones operated
by the National Institute for Earth Physics (NIEP). In order to interpret to which,
interface this frequency is related, we compute the associated depth through an
empirical regression model that relates the thickness of soil deposits above seismic
bedrock, wave velocity inside it to the corresponding resonant frequency. There are
many studies defining empirical relations between the soil thickness and the
frequency of resonance within the sedimentary cover (€.g. [14—18]). In this study,
the geophysical bedrock depth is computed using the well-known relation between
soil resonant frequency f; soil thickness h, and mean Vs for sedimentary deposits
(eg. [19]) as: f=Vs/4h. Later on, its nature is interpreted according to the available
geological/geophysical data from BIGSEES database (http://infp.infp.ro/bigsees/
Results.html) and publicly available data.

2. GEOLOGICAL SETTINGS

The Transylvanian Basin is located in the central part of Romania and covers
a part of the plate that separates the Tisza and Dacia continental units [20] (see Fig. 1).
It is a semi-isolate back-arc basin developed during Middle—Late Miocene times
[21-23]. The basin sedimentary fill is regarded as “post-tectonic” as it rests
unconformably on parts of the Alpine, Carpathian and Dinaridic orogens [21] and was
deformed later on in many places by deformation associated with basin formation and
inversion [21]. The total thickness of sediments is 5-8 km (see Fig. 2; e.g. [24-26]).

The basement of the Transylvanian Basin has Dacidic origin and has similar
features with the basement of the Eastern Pannonian Basin [27, 28]. Its composition
presents salt deposits, metamorphic rocks covered by sedimentary ones from Mesozoic
period (see Fig. 2, [25]). The basement contains post-tectonic sediments starting
with Neogene in the central and eastern parts of the basin [29], while Upper
Cretaceous ones are present towards the West [30].
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Fig. 1 — Geological map of the Transylvanian Basin
(after Sandulescu et al., 1978 and Filipescu et al., 2001).
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Fig. 2 — Cross-sections along the Transylvanian Basin. (a) W — E cross-section from the Apuseni
Mountains to East Carpathian, (b) N — S cross-section from the Piennides system to the South
Carpathians (after [25], and references within). Their location is presented in Fig. 1.

Subsequently, the Middle—Upper Miocene (Badenian, Sarmatian and Pannonian)
sediments were deposited as a result of rapid subsidence and interrupted by several
times of the sea-level variations (see Fig. 2, [23, 25]). Lower—Middle Badenian
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sediments (Fig. 3) are overbear by the shallow water volcano-clastic and evaporitic
sequences, while the Upper Badenian—Pannonian ones recorded a gradual deepening,
whilst the basin being eventually filled and exhumed in Late Pannonian [25]. One
of the main characteristics of this basin is the formation of the Lower Badenian Dej
Tuffs salt deposits along the entire basin ([31-33]) that reach 4000 meters depth
[25]. Later on, we will see that this formation plays the role of seismic bedrock.

3. AVAILABLE DATA AND METHODS

In this study, the horizontal-to-vertical spectral ratio (H/V, [7-8]) was applied
in order to identify the fundamental frequency of S-wave resonance (f;) at 20 seismic
stations located along the Transylvanian Basin (see Fig. 3): eleven seismic stations
belonging to NIEP permanent stations (Romanian Seismic Network — RSN), one
station from the South Carpathian Project (SCP, [13]) and eight stations deployed
the Carpathian Arc Lithosphere X-Tomography Project (CALIXTO, [12]).
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Fig. 3 — Location of the stations and boreholes used in this study.

The horizontal-to-vertical spectral ratio method assumes the computation of
the ratio between the Fourier spectra of the horizontal components and the Fourier
spectra of the vertical one [8]. This method was applied in Transylvania before on a
seismic line between Aiud and Covasna, in order to analyse seismic signals produced
by shot points [34].
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The H/V ratios were computed for 24 hours records of ambient vibration. The
seismic signals were pre-processed by removing any offset and linear trend. A
bandpass filter was applied between 0.05 Hz and 15 Hz and the signals were split
into sub-windows of 200 seconds length. After, a 5% cosine taper was applied for
every sub-window and the Fourier spectra was smoothed using Konno & Ohmachi
algorithm [35] with a bandwidth of 40.

The fundamental frequency of resonance is connected with the velocity structure
of the sediments and through simplified approaches, this value is used mainly to
obtain information about the seismic/geophysical bedrock depth (e.g., [18, 15]). In
order to identify the depth of the bedrock, the classical formula h=Vs/4f (eg. [19])
was used, where: h — soil thickness (in m), f — the fundamental frequency of resonance
and Vs — average S-wave velocity for the sedimentary deposits overlying the half-
space (in m/s). In our computations we considered one layer that describes the
sedimentary structure which overlies the half-space. The shear-wave velocity in the
sedimentary layer is 840 m/s retrieved by BIGSEES database.

The nature of the bedrock depth is interpreted according to the available
geological/geophysical data from BIGSEES database (http://infp.infp.ro/bigsees/
Results.html) and publicly available data. This GIS database incorporates all the
available geological, geotechnical and geophysical information collected from previous
projects or contracts performed by NIEP; as: stratigraphy, densities, seismic velocities
from downhole measurements (for P waves, in some cases also S-wave velocities
are available). The location of the existing boreholes along Transylvanian Basin
can be seen in Fig. 2.

4. RESULTS

The computed H/V curves suggest the existence of multiple interfaces within
the geological structure below the Transylvanian Basin. The fundamental frequency
of resonance varies between 0.07—11.2 Hz and a second peak can be seen between
0.35-4.9 Hz at some seismic stations (Fig. 4).

The fundamental frequency peaks are found in 0.07-11.2 Hz domain and
their variations correspond to the depth of geophysical/seismic bedrock below the
stations in this area. Using a geographic information system — ArcGis tool (www.
arcgis.com) — the data are spatially interpolated by Natural Neighbor method (https://
pro.arcgis.com/en/pro-app/tool-reference/spatial-analyst/natural-neighbor.htm).

The distribution of the fundamental frequency of resonance (Fig. 5, left)
indicates an increase of the geophysical bedrock depth from the basin edges to the
center and correlates well with the increase of the sediments towards the center of
the Transylvanian Basin [25]. The first higher peak displays significant variation
along the basin (Fig. 5, right) and is related to the influence of Love waves to the
ambient vibration wavefield as it was observed in other sedimentary basins [6].
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Fig. 4 — H/V spectral ratios of ambient vibrations at each station in the Transylvanian Basin.

5

Fig. 5 — Variation of fundamental frequency of resonance (left) and of the first higher peak (right)
along Transylvanian Basin.

In order to establish to which interface corresponds the fundamental frequency
of resonance, its associated depth was computed using an empirical regression
model that connects the thickness of soil deposits above seismic bedrock to their
resonant frequency (€.9. [19]): h = Vs / 4f; were Vs was set to 850 m/s according to
the geophysical data from BIGSEES database. The final depth obtained from this
procedure was compared with the geophysical/geological available data from
BIGSEES database (Fig. 6).
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Fig. 6 — Variation of the geophysical bedrock depth over the Transylvanian Basin.

The geophysical bedrock depth varies along the Transylvanian Basin in
agreement with the fundamental frequency of resonance. In case of stations CO8,
CJR, BOSR, S07 and ARCR, this depth corresponds to a velocity change between
Miocene and Mezosoic layers [25-26]. At station TGMR, the computed depth
corresponds to the transition between the Sarmatian and Badenian formations while
for the rest of the stations with the interface between Upper and Lower Badenian
sediments as described by [25].

5. CONCLUSIONS

In the present study, the horizontal-to-vertical (H/V) spectral ratio method
was applied using ambient noise measurements in order to extract valuable
information about the geological shallow structure under the Transylvanian Basin.
The H/V curves show significant variability over the Transylvanian Basin and
suggest that the bedrock is outcropping in some areas as can be observed from its
geological features. The fundamental frequency of resonance varies from 0.07 to
11.2 Hz and corresponds to the early cycles of Neogene sedimentation at the
stations located in the center of the basin and to the Cretaceous/Neogene interface



Article no. 809 A. Coman et al. 8

for the rest. The results indicate that for the majority of the stations a second higher
mode peak was observed in the frequency domain of 0.35-4.4 Hz (all stations
except CBBR, TNR, JOSR, DOPR, B02, C08, ZOBR) and a third higher mode
peak was identified at BOSR station — 4.4 Hz. These higher peaks are correlated
with the near-surface geological stratification and future studies will be done to
interpret their nature at each seismic station.

The identification of resonance frequencies and the computation of the associated
sedimentary layers geometry constitute the starting point in the evaluation of the
local site effects expected to occur during strong earthquakes [36].

With these new results, we performed a step forward toward the understanding
of ground motion propagation in the Transylvanian Basin and future studies will be
done to constrain the bedrock depth in order to build realistic velocity profiles for
this region.
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