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Abstract: The Athenet network is the network of the Seismological Laboratory of the National and
Kapodistrian University of Athens. We present the geophysical investigation that has been carried
out at six seismological stations of the Athenet network for their site characterization. More specifi-
cally, at the location of each seismological station, four geophysical methods have been carried out:
Seismic Refraction Tomography (SRT), Multichannel Analysis of Surface Waves (MASW), the Hor-
izontal to Vertical Spectral Ratio (HVSR) technique, and Electrical Resistivity Tomography (ERT).
The applied geophysical survey provided important information regarding the site characterization
at the selected seismological stations, including key parameters such as the fundamental frequency
fo, the shear-wave velocity Vs, the average shear-wave velocity for the upper 30 m depth (Vs30), the
seismic bedrock depth, the soil type, and the subsurface geology. Moreover, selected elastic moduli
(Poisson’s ratio, shear, bulk, and Young moduli) have been calculated. The site characterization in-
formation contributes to the determination of the amplification factors for each site that can lead to
more accurate calculation of Peak Ground Acceleration (PGA) or Peak Ground Velocity (PGV) and,
therefore, trustworthy Probabilistic and Stochastic Seismic Hazard Assessments. The derived fun-
damental frequency for the seismological stations of VILL, LOUT, THAL, and EPID have been de-
termined to be equal to 10.4, 2.7, 1.4, and 7.1 Hz and their amplification factors tobe 1.9, 3.1, 1.7, and
2.6, respectively. For stations MDRA and ATAL, these parameters could not be determined.

Keywords: SRT; MASW; ERT; HVSR,; elastic moduli; Vsso; EC8

1. Introduction

The permanent network of the Seismological Laboratory of the National and Ka-
podistrian University of Athens is the Athenet network (SL-NKUA), and its code is HA
[1]. It currently comprises 24 weak- and 7 strong-motion sensors, operating in real-time.
The stations are mainly deployed in Central Greece, covering the Gulf of Corinth, Euboea
Island, and, partly, Saronikos Gulf (Figure 1). All seismological stations of the Athenet
network transmit data to the central server of SL-NKUA in real-time, at a sampling rate
of 100 sps, through 4G or GPRS telemetry. Since June 2008, SL-NKUA has been one of the
institutes that contribute to the Hellenic Unified Seismological Network (HUSN) [2].
HUSN is a virtual network of seismological and accelerometric stations, which has unified
the individual networks of different institutes in Greece, namely the Geodynamic Institute
of the National Observatory of Athens [3], the Department of Geophysics of the Aristotle
University of Thessaloniki [4], the Seismological Laboratory of the University of Patras
[5], the Hellenic Mediterranean University Research Center [6], and the Institute of Engi-
neering Seismology and Earthquake Engineering [7]. Waveform data are shared between
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the partners of HUSN in real-time and are also freely available to the public through the
European Integrated Data Archive (EIDA), hosted at GI-NOA [2].

The past few years have witnessed a significant rise in the number of permanent seis-
mic network stations globally. This increase has resulted in a surge of earthquake record-
ings and their real-time data applications. The availability of vast seismic datasets has
brought to the forefront the intricate nature of ground-motion prediction and its direct
correlation to the characteristics of the site where the recording instrument was installed.

The local subsurface characteristics have significant impact on surface ground mo-
tions, and their determination is beneficial in seismological studies. For example, they are
usually determined in the context of seismic hazard assessment [8,9], estimation of
Ground Motion Prediction Models (GMPMSs) [10,11], and classification of soil for micro-
zonation studies [12]. For that reason, the identification of the peak frequencies which
exhibit significant amplification is crucial.

In this paper, we present the geophysical investigation that has been carried out at
selected seismological stations of the Athenet network (Figure 1) in order to calculate es-
sential parameters for their site characterization. For that reason, we applied a multidisci-
plinary geophysical survey, including the Horizontal to Vertical Spectral Ratio (HVSR)
technique, Seismic Refraction and Multichannel Analysis of Surface Waves (MASW)
measurements [13-18], and Electrical Resistivity Tomography (ERT) measurements, near
the selected stations (Figure 1). These methods are fast, reliable, and have been used in
several similar cases for the site characterization of seismological stations in the past [19-
23]. Compared to geotechnical methods, which involve collecting data from boreholes,
the geophysical methods are of significantly lower cost and, therefore, are often the pre-
ferred choice.
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Figure 1. Locations of the investigated areas and selected seismological stations (red circles).
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Credible site characterization for a seismic station requires the determination of sev-
eral key parameters. According to [19], the most important ones are the fundamental fre-
quency (fo), shear-wave velocity distribution (Vs), average shear-wave velocity in the up-
per 30 m of the site (Vs30), depth of seismic (Hsis) bedrock, surface geology, and soil-type
classification at each site. These parameters are crucial in estimating the potential effects
that can be induced in the seismic recordings, such as distortion of the amplitude, fre-
quency spectrum, and duration of the signal. Therefore, a thorough understating of these
parameters is essential in ensuring accurate and reliable seismic data analysis, with pre-
cise and dependable results.

2. Methodology

In total, six seismic and electrical sections were carried out for the site characteriza-
tion of each seismological station. The acquisition of all geophysical data was accom-
plished during the summer of 2021. The Seismic Refraction Tomography (SRT) and Elec-
trical Resistivity Tomography (ERT) methods were basically chosen for the determination
of the subsurface geology of each seismological station. The HVSR method was selected
for the calculation of the fundamental frequency (fo) and the corresponding depth of the
seismic bedrock. Finally, the application of MASW provided the Vs distribution, Vs, and
therefore the soil-type classification.

2.1. Seismic Method

The HVSR technique [24] is a widely used method to assess the effects of local ground
conditions on seismic wave amplification. It is based on the ratio between horizontal (H)
to vertical (V) components of ground motion. By calculating the HVSR, the fundamental
frequency and the corresponding amplification factor of the ground motion can be esti-
mated. To apply the HVSR technique, ground ambient noise recordings, or microtremors,
need to be collected. This method enables the rapid and efficient evaluation of the impact
of local ground conditions on seismic wave amplification, making it an important tool in
earthquake engineering. The HVSR technique has been previously applied successfully in
many studies worldwide [25-31] as well as in Greece [32-36].

The HVSR technique is based on the fundamental assumption that on hard ground
(rock) both vertical and horizontal components of ground motion exhibit similar amplifi-
cation during seismic excitation, whereas on soft soil the horizontal components are
strongly influenced by the response of the surface geological formations. Thus, the H/V
ratio of the microtremors can be used to determine the fundamental frequency (fo) and the
corresponding soil amplification factor (Ao) of the surface layers at each location. For this
technique, it is necessary to calculate the H/V spectral ratio from the continuous recording
of the background ground noise.

The Shallow Seismic Refraction (SSR) technique is commonly used in similar inves-
tigations [37-39]. It is considered to be one of the primary geophysical methods for the
investigation of the subsurface lithological structure. Through the propagation of the elas-
tic waves, their velocities in soil deposits and rocks can be determined and the correspond-
ing elastic moduli can also be calculated [15-18]. Depending on the applied technique
used for the data processing, the subsurface structure can be represented either as a dis-
crete layered model, with constant seismic velocities, or as a gridded model with gradient
velocity variations, capable of adumbrating lateral heterogeneities. The discrete layered
model can be obtained by the application of conventional techniques (e.g., time-term in-
version, GRM), while the gridded model can be obtained by a tomographic inversion ap-
proach, widely known as SRT. The SRT technique has the benefit of producing more ac-
curate and high-resolution velocity models, whereas the extensive amount of fieldwork
and the increased processing time needed are some of the downsides [38]. Through this
technique, the recorded seismic refraction data can be inverted, and the distribution of the
seismic wave velocities can be obtained across two-dimensional (2D) sections, which are
widely affected by the physical properties of the subsurface [40-44].
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The MASW technique is a non-invasive seismic method which has been widely used
for soil characterization purposes [45—47]. It is implemented to obtain shear-wave veloci-
ties in shallow geophysical investigations, derived by analyzing the surface wave (Ray-
leigh) components on the seismic recordings. The MASW technique has the advantages
of lower fieldwork costs and easier recording and processing. It is known for its effective-
ness and reliability in providing shear-wave velocity profiles within the first 30 m of the
subsurface [45,46,48-51]. It is acknowledged that P- and S-wave velocities provide useful
context regarding the liquefaction potential, ground motion, and natural frequency func-
tion in case of an earthquake. Hence, considerable knowledge of soil stiffness is a key
parameter for more accurate prediction of ground response and amplification estimation.

2.1.1. Data

The field measurements of seismic refraction and MASW data were acquired by a 24-
channel Geometrics SmartSeis seismograph, with a sampling interval of 0.250 ms and a
total record length of 512 ms. A total of 24 vertical geophones, evenly spaced at 1.0 m
along each seismic line (Figure Al), were used for the detection of the seismic waves. Two
types of geophones with natural frequencies of 4.5 and 10.0 Hz were used in order to
enhance the recording of surface and body waves, respectively. The seismic energy was
generated by a 6 kg sledgehammer that was impacted on a metallic plate for better trans-
mission of the energy to the ground. For the 1D MASW technique, the active receiver
spread length was 23 m, with a near offset of 4 m at both ends of the seismic line (Figure
Al). Moreover, we acquired measurements at variable near offsets (4-6 m) to record dif-
ferent wavelengths of the surface (Rayleigh) waves and expand the sampling depth. Re-
garding the SRT technique, multiple seismic recordings were acquired by nine different
shot locations, placed at both ends and in between the spread length, with 2.5 to 3.0 m
spacing (Figure Al). Furthermore, two outshots were performed at a distance of 10 m
from both ends of the seismic array (Figure Al) to record the arrival times of the critically
refracted wave through the entire length of the spread. At each shot location, three to five
stacks were implemented to suppress the unwanted noise and increase the signal-to-noise
ratio (SNR). Regarding the HSVR technique, the dataset consists of continuous three-com-
ponent microtremor recordings, with a duration of at least 30 min. This dataset needs to
be processed in several distinct time windows of about 30 s each, from which an average
spectral ratio and the corresponding standard deviation at each frequency will be ob-
tained.

2.1.2. Processing
HVSR Technique

In the present study, we employed the GEOPSY software, which was developed
within the framework of the European Research Project SESAME/2003-2007 [52]. This
software provides important parameterization capabilities concerning window selection
and smoothing filters. The input signal is the background ground noise, i.e., the ground
motion caused by distant excitations and waves arriving at the recording site after being
scattered, particularly within a volume around the site, thus providing a type of sampling
of the subsurface of the recording area. Therefore, various environmental or local anthro-
pogenic noises, such as wind, footsteps close to the recording instrument, passing cars,
etc., or even an earthquake, are unwanted noises that could pose a problem in the appli-
cation of the HVSR technique with ambient noise data.

For that reason, the GEOPSY software provides the possibility of using “anti-trigger-
ing” filters, employing the classical Short-term Average to Long-term Average
“STA/LTA” technique [53] used in seismology to detect the arrival of seismic waves by
estimating the “Signal-to-Noise Ratio” (SNR). A sharp increase in SNR to values above a
threshold, usually 2.0-3.0, is an indication that an impulsive signal of high amplitude is
entering the window under consideration. In the application of the HVSR technique, the
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arrival of a strong “signal” is an indication that the following window contains unwanted
“noise”, and thus should be rejected (anti-triggering).

In the GEOPSY software, both the length of the STA and LTA windows and the min-
imum and maximum STA/LTA ratios (Figure 2) can be configured to determine whether
a specific window is used or not. For the present study, which explores the site effects at
the locations of permanent seismological stations, we used 6 h long recordings during the
relatively quiet hours of the night to early morning to study the HVSR of microtremors.
The recordings were detrended, and a high-pass Butterworth filter with a corner fre-
quency of 0.1 Hz was applied in the original recordings to remove long-period noise. After
testing windows of various lengths, we chose to apply measurements in 60 s long win-
dows, with a 5% overlap permitted for consecutive ones. This achieves smoother results
than the 30 s window and is small enough to permit a large number of different windows.
An STA/LTA anti-triggering filter was applied to both the raw waveform and a 5.0 Hz
high-pass filtered version to detect earthquakes or other instances of unwanted transient
noise. An average of around 100 windows with the least amount of transient noise was
selected at each station for the application of the HVSR method.

—_
(%]

A0 amplification

0.5

-
T

S i R $ e & P P Frequency (Hz)

Station: MDRA (05-Nov-2022 ,N . =81)

o Average (f  =2.66Hz, A _ =1.59)
p,avg p.avg
O Peak (fp=2.71 Hz, Ap=1 .61)

Frequency (Hz)

Figure 2. Example from the construction of HVSR curves, for the recordings of station MDRA on 5
November 2022. (a) Selection of 81 windows of 60 s length each (vertical colored rectangles) from 6
h continuous records using STA/LTA anti-trigger criteria; (b) individual HVSR spectra, with the
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color of each line corresponding to the colors of the respective windows in panel (a), average spectra
(solid black line), and respective errors (dashed black lines). The vertical light and dark gray bands
indicate the frequency bands corresponding to the dominant peak frequency, fy; (c) a simplified fig-
ure of the average HVSR curve (bold blue line), including error bars for each frequency (vertical
thin blue lines). The semi-transparent rectangle corresponds to the frequency range depicted by the
light and dark gray vertical bands in panel (b), with its height corresponding to the average mini-
mum and maximum amplifications for this specific frequency range, with the average frequency
depicted by a yellow (with blue outline) diamond symbol. The blue circle indicates the global peak
frequency of the average HVSR spectrum. The red circles mark the local maxima of the HVSR curve,
corresponding to secondary peaks, with the frequencies labeled with red text.

Then, for each of the selected windows, a Fast Fourier Transform is applied to each
component to obtain the respective spectra. The processing includes the application of a
5% Tukey taper window and a Konno-Ohmachi [54] smoothing window, with a 15%
width on a logarithmic scale. The geometric mean of the two horizontal components is
calculated to obtain an average spectrum, as recommended by the SESAME guidelines
[52]. Finally, the HVSR is calculated for each individual window. From the distribution of
spectral ratios for each selected window, the average spectral ratio and standard deviation
at each frequency are calculated. GEOPSY automatically determines a band containing
the dominant peak frequency, with the maximum corresponding ground amplification
factor. The determined dominant frequency peak is practically the fundamental resonant
frequency, fo, and its associated amplification factor, Ao. An example of the microtremor
processing with GEOPSY at station MDRA is presented in Figure 2. It is noted that tests
using the squared average of the horizontal components usually resulted in slightly
higher amplification factor values.

To avoid cases where the ambient noise conditions on a specific day were biased due
to a local noise source or lack of energy in certain frequency bands, the HVSR measure-
ments at each site were repeated for recordings of different days. The results were then
evaluated on a day-specific level but also collectively, also taking into account possible
changes in a station’s instrumentation. Moreover, the variations of the fundamental fre-
quency for the same station may be due to the nature of the acquired data. We also focus
on secondary peak frequencies of the HVSR, to distinguish the possible fundamental fre-
quency, as well as other peaks likely associated with different geological layers.

SRT Technique

The seismic refraction data processing was carried out using the Seislmager/2D soft-
ware package provided by Geometrics Inc. (San Jose, CA, USA). Using the Pickwin module
of the software, six group file lists were created, containing every seismic record (11 in
total) that was acquired at each measurement site (Figure Al). For each file list, the shot
locations, the first receiver location, and the spacing between the receivers were defined.
After the assignment of the geometric characteristics of the arrays, the first break arrivals
of the P-waves were picked for every seismic record. Afterwards, the picked arrival times
of the P-waves were plotted as a function of the distance between the receivers, to con-
struct the traveltime-distance curves for each measurement site. These curves were edited
using the Plotrefa module of the software, where some arrival times were corrected and
the traveltime reciprocity between opposite shots was verified.

Two methods, provided by Plotrefa, were used to analyze the seismic refraction data.
First, the time-term inversion method was implemented, where the first break arrival
times are inverted through linear least-squares and delay time analysis for the generation
of a seismic velocity section [55]. To start the inversion process, each arrival time (direct
or refracted) of the traveltime—distance curves was assigned to a specific layer, and the
topography of the seismic line was also defined. After the inversion procedure, a 2D lay-
ered velocity model was created with distinct boundaries between the layers and a con-
stant velocity value at each layer. The obtained velocity model was used as the starting
initial model for the application of the SRT method. Therefore, the velocity model was
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converted into a grid model with a constant velocity value assigned at each cell. The soft-
ware employs the wavefront propagation method for forward modelling, where the syn-
thetic traveltime curves, corresponding to the initial model, are generated. Subsequently,
the synthetic traveltime curves are compared with the observed traveltime curves, and
through the application of the nonlinear least-squares approach [40,55], the velocity
model is updated in order to reduce the misfit error between the two traveltime curve
sets. This procedure is repeated until the minimum possible RMS error is achieved within
a predefined number of iterations. The outcome of the application of the SRT technique
was a 2D P-wave velocity distribution to the subsurface in the direction of the seismic line.
The RMS error for all the SRT sections was below 1.0 ms, providing high reliability of the
results.

MASW Processing

The MASW technique is based on the propagation characteristics of surface waves,
and especially the Rayleigh, which travel with different propagation velocities (phase ve-
locities) at different frequencies throughout a heterogeneous medium. As a result, the
low-frequency components of the surface waves penetrate deeper into the subsurface and
are mainly affected by the elastic properties of the deeper layers [56]. On the other hand,
the high-frequency components are constrained to the shallow subsurface zone and con-
tain information about the shallow layers. This dispersive property is utilized to construct
the dispersion curve, which is the phase velocity vs. frequency plot. By applying a math-
ematical inversion to the dispersion curve, the distribution of the S-wave velocity through
the subsurface can be calculated.

MASW data processing was carried out using the Seislmager/SW software package
provided by Geometrics Inc. The acquired seismic records were first processed using the
Pickwin module, to improve their quality and assign the geometry of the seismic experi-
ment. For that reason, frequency filters were applied in order to reduce the influence of
the recorded body waves and the unwanted noise, while the geophone spacing and the
near-offset distance were defined for each seismic record. Furthermore, the phase shift
method [47] was implemented to construct the dispersion image for each record. This
method uses a Fast Fourier Transformation to convert the acquired seismic records from the
time domain to the frequency domain, while it also calculates the phase velocities of the
Rayleigh waves.

Each multichannel seismic record was converted to the frequency domain, and their
corresponding dispersion curves were generated by picking the maximum energy ampli-
tude at the frequency range of 4.5-50.0 Hz. Afterwards, with the contribution of the
WaveEq module, a bandpass filter was applied to the dispersion curves to remove the
noisy picks. To invert the dispersion curve, a theoretical initial velocity model was created
with the depth conversion result method, which was incorporated by the software. This
method estimates the Vs values by multiplying the phase velocities with a factor equal to
1.1, while it uses the one-third wavelength approximation in order to estimate the depth.
The minimum and maximum phase velocity values are defined by the highest and lowest
frequency peaks in the dispersion curves, correspondingly. Subsequently, the least-
squares method was used to run the inversion process. The initial model was modified
five times for the calculated dispersion curve to best match the observed data. Finally, the
1D shear-wave velocity model was calculated, which corresponded to the midpoint of the
seismic line.

The Vsso value refers to the time-depth averaged shear-wave velocity of the top 30 m
of a layered subsurface, and it is calculated by the following equation [57]:

30

Vszo = ——
h; (1)
S
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where Viand hi are the shear-wave velocity and thickness of the ith layer, in a total number
of N layers, of the top 30.0 m of the propagation medium.

According to the European Committee for Standardization Eurocode 8 [57], the Vsz0
is used for the classification of the ground type, as shown in Table 1.

Table 1. Ground-type classification based on [57].

G:;;:d Description of stratigraphic profile Vg30(m/s)
A Rock or other rock-like geological formations, including at most 5 800

m of weaker material at the surface.

Deposits of very dense sand, gravel, or very stiff clay, at least sev-

B eral tens of meters in thickness, characterized by a gradual increase 360-800
of mechanical properties with depth.

Deep deposits of dense or medium-dense sand, gravel, or stiff clay

180-360
with thickness from several tens to many hundreds of meters.
Deposits of loose-to-medium cohesionless soil (with or without
D some soft cohesive layers), or of predominantly soft-to-firm cohe- <180

sive soil.

2.2. Electrical Resistivity Tomography

ERT investigates the horizontal and vertical distribution of the subsurface resistivity
and is widely used for near-surface applications, geotechnical investigations, and litho-
logical variations [58-60]. It can adumbrate the existence of subsurface discontinuities,
fractures, or even voids. It is generally accepted that the ERT technique is more sensitive
to variations in the subsurface soil properties than other geophysical techniques. ERT is
well known for its high-resolution subsurface investigation, which is basically defined by
the geometry of the electrodes used for the data acquisition. The processing results are a
2D image of the subsurface resistivity distribution.

In the present study, the Wenner array was applied, using a minimum electrode spac-
ing of 1 m, for the determination of the near-surface resistivity distribution in the chosen
seismological stations. The depth of investigation was adequate for the purpose of the
study. The ABEM geoelectrical system was used.

The Res2DInv Software by Geotomo was used for the processing of the acquired resis-
tivity data. During this processing, the software develops an initial model and tries to
minimize the misfit error between this model and the raw data points. The inversion pro-
cess continues until the minimum possible misfit error is achieved. At first, the quality of
the acquired data was checked, by removing any possible bad points that would also af-
fect the inversion process. Afterwards, the inversion was carried out based on the least-
squares routine, since no extremely sharp boundaries were expected. In the inversion pro-
cess, the topography of each section has also been embedded, since some of the stations
had a smooth topographic relief.

For the estimation of the coordinates of each electrode and the topography of each
geoelectrical line, we used dual-frequency TopCon HiperPro GPS antennas with Differen-
tial Global Positioning System (dGPS). The coordinate system used for this study was the
local (Greek) EGSA’87 (Datum GGRS’80).

2.3. Density Determination

The determination of the density of geological samples based on laboratory measure-
ments is proposed by several authors [61-66]. A typical procedure to achieve this task
involves the measurement of three different types of weight for each specimen, i.e., (i) the
dry weight of the specimen measured in air (W1), (ii) the saturated weight of the specimen
measured in air (W2), and, finally, (iii) the saturated weight of the specimen measured
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while submerged in water. From this procedure, the dry bulk density ps, the saturated
bulk density ps, and the granular density pg can be obtained. In the context of this study,
the physical properties of the subsurface are determined above the assumed level of the
water table and, therefore, the use of the dry bulk density was considered to be more ap-
propriate.

For the determination of the measurement error, the weights of several samples of
each geological formation were measured (Table 2), taking into consideration their me-
dian characteristic value. In total, laboratory density measurements on 60 geological spec-
imens, collected from the locations of the geophysical measurements, were performed.
For more reliable results, a Kern EMB 100-3 precision scale was used with an accuracy of
0.001 gr. In Table 2, the calculated densities of the geological formations from the three
seismological stations (MDRA, VILL, and ATAL) are provided. Due to the existence of
loose geological formations at the other sites of the seismological stations, i.e., Loutraki,
Thalero, and Epidavros (LOUT, THAL, and EPID), the collection of a solid specimen and
consequently the determination of the density was not possible. Therefore, the required
density values for the ongoing calculations of the elastic moduli for those sites are based
on literature sources [62,63,67].

Table 2. Density values of the geological formations of the investigated areas. The density values
marked with an asterisk were obtained from the indicated literature (brackets).

Seismological . ) Number of Dry density Saturated density Standard de-
. Geological formation ) . L.
station specimens (gr/cm?) (gr/cm?) viation
MDRA Dolostones., dolomitic limestones, 20 269 269 0.02
and limestones (TRm)
VILL Dolostones., dolomitic limestones, 20 266 567 0.03
and limestones (TRm)
Lour Talus and scree cones - 2.3*[62,63] - 0.10
Marine-brackish marls .
THAL (PL-Pt.m) - 1.72 * [62,63] - 0.07
ATAL Limestones and dolomites (Ji-m kD) 20 2.81 2.82 0.01
EPID Trachytes and trachytic tuffs (1, tf) - 2.04 * [67] - -

3. Application of the Geophysical Surveys and Processing Results

Herein, we provide a brief overview of the technical characteristics of each of the six
seismological stations, along with a description of the local geological setting. These sta-
tions have been selected in order to test this combined geophysical methodology and its
results, due to their different geological settings and the fact that they are close to Athens.
Afterwards, we provide the processed geophysical data for each station and their find-
ings.

3.1. Seismological Station at Mandra, Attica (MDRA)

Station MDRA, located at the monastery of Panagia Gorgoepikoou (Figure 3), in the
vicinity of Mandra town, western Attica, was deployed on 22 September 2020. MDRA
station is currently equipped with a GEObit GEOsix, six-channel datalogger, and an R-
sensors CME-6111, 60 s broadband seismometer. According to [68], the station (Figure 3)
is based on dolostones, dolomitic limestones, and limestones of the Upper Triassic (TRm)
of the Sub-Pelagonian Unit. Overlying them, limestones of the Upper Cretaceous (Ks) can
be found, while in places, in the contact between the two carbonate formations, the devel-
opment of lateritic bauxite ores can be observed.
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Figure 3. Location of the seismological station MDRA and the geophysical measurements along with
the geology of the area.

The HVSR for station MDRA (Figure 4) exhibits a double peak at frequencies 2.3 and
2.7 Hz, with an amplification factor A = 1.7 + 0.3. However, a lower secondary frequency
can be observed in some cases at f = 1.6 Hz, with A = 1.4 + 0.3. Additionally, one more
peak, at almost 0.9 Hz, is present in some records, but it is not very prominent. At fre-
quencies greater than 5.5 Hz, the base level of amplification is around unity.
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Figure 4. Average HVSR curves (solid lines) determined for station MDRA on different days, from
60 s long windows selected after the application of STA/LTA anti-triggering on 6 h long records.
Circles denote the global frequency on each curve, while diamond symbols mark the average of the
frequency band denoting the range of peak frequencies of the HVSR lines from the individually
selected windows (light/dark gray band in Figure 2b). Squares mark the prominent global and sec-
ondary peak frequencies recognized from the HVSR spectra, with error bars indicating the uncer-
tainty of the amplification factor (Table Al).

The results of the geophysical measurements carried out on the Triassic dolostones
formation (TRm), at the MDRA seismological station, are presented in Figure 5. The SRT
technique revealed three seismic layers with velocities: Vr1 =1500 m/s, Vr2=2000 m/s, and
Vrs >2700 m/s. The thicknesses of the first and second layers are relatively small, about 1.0
m each, while at depths greater than 2.0 m the seismic bedrock is located. Regarding the
MASW technique results, the 1D model (Figure 5), due to the small thickness of the two
first layers, revealed only one seismic layer with Vs = 1860 m/s, which is considered to be
the velocity of the seismic bedrock. The average shear-wave velocity of the first thirty
meters of the subsurface was determined to be 1877 m/s. In Figure 5, the resistivity model
from the ERT technique is also presented. The resistivity value of the solid bedrock, which
in this case is Triassic dolostone, is considered to be greater than 9000 Ohm.m and is pre-
sent below 2.0 m depth at the middle to the end of the ERT section.
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Figure 5. SRT and MASW (top) and ERT (bottom) sections at the site of the seismological station
MDRA.

3.2. Seismological Station at Villia, Attica (VILL)

Station VILL (Figure 6) is situated at the children’s camps of Aspropyrgos municipal-
ity, near Villia town in western Attica, established on 12 October 2009. The station is cur-
rently equipped with a Nanometrics Centaur CTR3-3S datalogger and a Trillium Hori-
zon/120s broadband seismometer, deployed in collaboration with the Ruhr-University Bo-
chum as part of the AdriaArray project (https://orfeus.readthedocs.io/en/latest/adria ar-
ray main.html#, accessed on 25 March 2023). The station’s proximity to the eastern Gulf
of Corinth [69-70], where a sequence of three major (M 2 6.0) earthquakes occurred in
1981, makes this site crucial for the monitoring of seismicity. The carbonate bedrock,
where the station is based (Figure 6), comprises dolostones, dolomitic limestones, and
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limestones of the Upper Triassic (TRm) of the Sub-Pelagonian Unit [68], i.e., the same for-
mation as the MDRA seismological station.
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Figure 6. Location of the seismological station VILL and the geophysical measurements along with
the geology of the area.

The HVSR curves for station VILL (Figure 7) present two types of behavior, due to a
replacement in the instrumentation that took place on 7 October 2022. The previous seis-
mometer was a CMG-40T/30s sensor; the new instrument is a Trillium Horizon/120s, con-
sidered of higher quality and more reliable. For the recordings before 7 October 2022 (old
sensor), at higher frequencies (f> 5 Hz) the HVSR seems to gradually drop, with the am-
plification factor reaching values below unity above 10.0 Hz. This does not occur with the
new sensor, which presents a base level of amplification almost at 1.5 up to 12.0 Hz. In the
latter case, a high-frequency peak can be distinguished in the HVSR, at f=10.4 Hz, with
A =19 £ 0.3. We investigated whether this high peak could be an artifact of the specific
instrument type, which is also installed on other sites, but there was no evidence that it is
a systematic issue. Therefore, it is considered likely that the peak at f=10.4 Hz is real and
simply could not be identified with the old sensor, which had problems at frequencies
above 5.0 Hz.
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Figure 7. Average HVSR curves (solid lines) determined for station VILL on different days, from 60
s long windows selected after the application of STA/LTA anti-triggering on 6 h long records. Circles
denote the global frequency on each curve, while diamond symbols mark the average of the fre-
quency band denoting the range of peak frequencies of the HVSR lines from the individually se-
lected windows (light/dark gray band in Figure 2b). Squares mark the prominent global and sec-
ondary peak frequencies recognized from the HVSR spectra, with error bars indicating the uncer-
tainty of the amplification factor (Table Al).

In Figure 8, the results of the geophysical measurements at the site of the VILL seis-
mological station are presented. Concerning the SRT technique, the seismic data pro-
cessing revealed three seismic layers with velocities Vr1 =900 m/s, Vr2=1300 m/s, and Vrs
> 1700 m/s, with average thickness of 1.0 m and 0.5 m for the first and the second layer,
respectively. As mentioned above, the solid bedrock of the seismological station is the
Triassic dolostones, which have also been found at the MDRA station. The relatively
smaller depth of penetration and the lower value of P-wave velocity in this location is
assumed to be caused by the possible karstification of the carbonate rocks present in the
area. The 1D S-wave velocity model, derived from the MASW technique, revealed one
seismic layer with velocity Vsi1 = 1160 m/s, which is considered to be the velocity of the
seismic bedrock, while the S-wave velocity for the first 30.0 m of the subsurface was cal-
culated at 1217 m/s. Finally, the results of the ERT technique, also presented in Figure 6,
revealed a resistant layer (>7000 Ohm.m), dominating across the section at depths greater
than 0.5 m.
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Figure 8. SRT and MASW (top) and ERT (bottom) sections at the site of the seismological station
VILL.

3.3. Seismological Station at Loutraki, Korinthia (LOUT)

Station LOUT was installed on 27 May 2010 at the monastery of Prophet Ilias (Figure
9), near Loutraki town, south of Gerania Mt. Station LOUT is currently using a Guralp
CMG-DM2456-EAM datalogger, employing a CMG-40T/30s seismometer. The station is
based on old cemented talus cones and scree (Q.cn) (Figure 7), which overlie in places the
Middle Jurassic shales—chert formation (sh) and limestones (Jm.k) [71].
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Middle Jurassic limestones

4204600

Middle Jurassic shales-chert formation
ERT Line
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" . LOUT Seismological Station

Ta09700 ) ) 410000
Figure 9. Location of the seismological station LOUT and the geophysical measurements along with
the geology of the area.

The HVSR results at station LOUT (Figure 10) indicate some peak frequencies, but
two of them seem the most important. A first frequency peak appears to be at f=1.4 +0.1
Hz, with A=2.3+0.5, and a secondary frequency peak at f=5.1 Hz, with A=2.2+0.4. The
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base level of the amplification factor is equal to 1.8. Station LOUT has the same sensor as
the old one of station VILL (CMG-40T/30s), which may be the cause of the observed grad-
ual decrease of HVSR for frequencies >5.0 Hz, likely masking any possible higher peak
frequencies.

Station: LOUT
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Figure 10. Average HVSR curves (solid lines) determined for station LOUT on different days, from
60 s long windows selected after the application of STA/LTA anti-triggering on 6 h long records.
Circles denote the global frequency on each curve, while diamond symbols mark the average of the
frequency band denoting the range of peak frequencies of the HVSR lines from the individually
selected windows (light/dark gray band in Figure 2b). Squares mark the prominent global and sec-
ondary peak frequencies recognized from the HVSR spectra, with error bars indicating the uncer-
tainty of the amplification factor (Table Al).

At LOUT seismological station, the results of the SRT technique (Figure 11) revealed
three seismic layers with the following characteristics: Vr1 = 700 m/s, Vr2 =900 m/s, Vps >
1100 m/s, and an average thickness of 2.5 m and 1.0 m for the first and second layer, cor-
respondingly. According to the MASW technique (Figure 11), the shear-wave velocity of
the seismic bedrock, below the first 5.0 m, was determined to be greater than 500 m/s.
Finally, the Vs value of the subsurface for the LOUT seismological station was calculated
as 638 m/s. In Figure 11, the results derived from the processing of the ERT data are also
presented. In the first 3.0 m, on average, a relatively resistant (>200 Ohm.m) formation is
present across the section. The resistivity value decreases (<100 Ohm.m) with depth, as a
result of the possible increase in the ambient moisture.
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Figure 11. SRT and MASW (top) and ERT (bottom) sections at the site of the seismological station
LOUT.

3.4. Seismological Station at Thalero, Korinthia (THAL)

Station THAL (Figure 12) is located in the village of Thalero, near the southern coast
of the eastern Gulf of Corinth. The station was installed on 12 June 2008 and currently
employs a Guralp CMG-DM2456-EAM datalogger with a CMG-40T/30s seismometer.

The area where the station is located (Figure 12) comprises Upper Pliocene to Lower
Pleistocene marine-brackish marls, part of the Megalos Valtos formations (PI-Pt.m). In
places, recent torrent deposits (Hf) can be observed [72].

Station THAL has a fairly flat HVSR curve (Figure 13), with multiple local maxima
but without any prominent global one. In most cases, a dominant peak frequency is found
at f=14-1.5Hz, with A=1.7 £ 0.4. A secondary peak can be observed in some cases at f =
2.3 Hz, with A = 1.6 + 0.3. Although the instrument is the same as that at station LOUT,
there is no observed gradual drop of the amplification factor at f > 5.0 Hz, but a fairly
constant base level at the amplification close to 1.5.
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Figure 12. Location of the seismological station THAL and the geophysical measurements along
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Figure 13. Average HVSR curves (solid lines) determined for station THAL on different days, from
60 s long windows selected after the application of STA/LTA anti-triggering on 6 h long records.
Circles denote the global frequency on each curve, while diamond symbols mark the average of the
frequency band denoting the range of peak frequencies of the HVSR lines from the individually
selected windows (light/dark gray band in Figure 2b). Squares mark the prominent global and sec-
ondary peak frequencies recognized from the HVSR spectra, with error bars indicating the uncer-

tainty of the amplification factor (Table A1).
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The 2D seismic model (Figure 14) derived from the SRT technique revealed the exist-
ence of three seismic layers. The first layer has an average thickness of 3.0 m with a P-
wave velocity value of Vr1 =550 m/s. The second layer’s average thickness is estimated at
0.5 m with Vp2 =900 m/s. Finally, the third layer, which is considered the seismic bedrock,
is present below the depth of 3.5 m and has a velocity value greater than 1300 m/s. Re-
garding the 1D, S-wave velocity distribution (Figure 14), the bedrock’s shear-wave veloc-
ity was calculated as equal to 250 m/s. Furthermore, the S-wave velocity of the first 30.0
m was estimated at 300 m/s. According to the 2D distribution of the subsurface resistivity
(Figure 14), two main geoelectrical layers were investigated. The first layer had an average
thickness of 2.0 m and a resistivity value greater than 50.0 Ohm.m, whereas the second
had a resistivity value below 50.0 Ohm.m, possibly affected by the subsurface moisture.
At this point, we should mention that the geophysical line could not be executed closer to
the station due to the inhabited character of the area and the stiff topography.
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Figure 14. SRT and MASW (top) and ERT (bottom) sections at the site of the seismological station
THAL.

3.5. Seismological Station at Atalanti, Fthiotida (ATAL)

Station ATAL, situated about 5 km north of Atalanti town (Figure 15), in Fthiotida,
Central Greece, was installed on 26 September 2007. The site of this station is important
for the monitoring of seismicity in the northern Euboekos Gulf. Station ATAL is presently
equipped with a Guralp CMG-DM?2456-EAM datalogger and a CMG-3T/120s broadband
seismometer. The geophysical line could not be executed closer to the station due to the
rough geomorphology of the area in its vicinity and the vegetation.

The carbonate bedrock, where the station is based (Figure 15), consists of Middle and
Lower Jurassic limestones and dolomites (Ji-m kD), according to [73].

Similar to the case of station THAL, station ATAL also presents a fairly flat HVSR
curve (Figure 16). However, the base level of amplification is lower, with an average value
equal to 1.1. A frequency peak at f=1.0 Hz, with A =1.3 + 0.3, is present in some cases, but
it is not clear. A higher peak frequency at f=13.6 Hz, with A =1.2 + 0.2, is also distin-
guished in some of the cases.
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Figure 15. Location of the seismological station ATAL and the geophysical measurements along with
the geology of the area.
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Figure 16. Average HVSR curves (solid lines) determined for station ATAL on different days, from
60 s long windows selected after the application of STA/LTA anti-triggering on 6 h long records.
Circles denote the global frequency on each curve, while diamond symbols mark the average of the
frequency band denoting the range of peak frequencies of the HVSR lines from the individually
selected windows (light/dark gray band in Figure 2b). Squares mark the prominent global and sec-
ondary peak frequencies recognized from the HVSR spectra, with error bars indicating the uncer-
tainty of the amplification factor (Table A1).
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Concerning the SRT technique (Figure 17) at ATAL seismological station, the subsur-
face consists of three seismic layers. The first and second layers have an average thickness
of 1.0 m each and P-wave velocities of V1 = 1200 m/s and Vr2 = 1900 m/s, respectively. At
depths greater than 2.0 m, the seismic bedrock dominates along the section with Vrs >2700
m/s. Additionally, the S-wave velocity of the seismic bedrock was calculated at 1940 m/s,
as derived from the 1D MASW model (Figure 17), while the Vs value was determined at
2016 m/s. The results of the ERT (Figure 17) reveal a significantly resistant (>8000 Ohm.m)
formation across almost the entire section.
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Figure 17. SRT and MASW (top) and ERT (bottom) sections at the site of the seismological station
ATAL.

3.6. Seismological Station at Epidavros, Argolis (EPID)

Station EPID, located at Kalamiou monastery (Figure 18), near the town of Epidavros
in eastern Peloponnese, was deployed on 8 October 2010. The site is important for the
monitoring of the seismic activity in the southern Saronikos Gulf, which hosts the
Methana volcano, at the north-western end of the Hellenic volcanic arc. Station EPID is
currently equipped with a Guralp CMG-DM2456-EAM datalogger and a CMG-40T/30s
seismometer. The area consists of undivided Quaternary sediments and soils (Q), which
overlie the Middle-Upper Triassic chert limestones (T2-4 k, hn) and the Lower Triassic
trachytes and trachytic tuffs (1, tf), as described by [74].

The HVSR curves for station EPID (Figure 19) show a clear but broad peak frequency
at f=6.5 Hz, with A =2.3 £ 0.8. The base amplification level for station EPID is close to 0.8,
which is lower than unity, indicating that the amplification factors could be underesti-
mated by 0.2. Higher values of amplification are acquired when using a square average
for the horizontal components. In that case, the base level is equal to 1.1, and the peak
frequency at 6.5 Hz has an amplification factor equal to 2.5 + 0.8.

At the seismological station of Epidavros (EPID), three seismic layers were identified
through the SRT technique (Figure 20). The first and second layers develop after the first
5.0 m of the SRT section, with an average thickness of 2.0 m and 1.0 m, respectively. Their
P-wave velocity values were determined to be equal to Ve = 600 m/s and Vr2 = 750 m/s.
Finally, below these layers, the existence of the seismic bedrock was defined with Vps >
800 m/s. The MASW technique (Figure 20) revealed a seismic bedrock shear-wave velocity
of 350 m/s and a Vs value equal to 393 m/s. In Figure 20, the 2D distribution of the sub-
surface resistivity is also presented. At the central parts of the section and at depths above
4.0 m, a relatively resistant (>600 Ohm.m) formation is investigated. Below that, a more
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conductive formation dominates across the section with a resistivity value lower than 300
Ohm.m.
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Figure 18. Location of the seismological station EPID and the geophysical measurements along with
the geology of the area.
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Figure 19. Average HVSR curves (solid lines) determined for station EPID on different days, from
60 s long windows selected after the application of STA/LTA anti-triggering on 6 h long records.
Circles denote the global frequency on each curve, while diamond symbols mark the average of the
frequency band denoting the range of peak frequencies of the HVSR lines from the individually
selected windows (light/dark gray band in Figure 2b). Squares mark the prominent global and
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secondary peak frequencies recognized from the HVSR spectra, with error bars indicating the un-
certainty of the amplification factor (Table Al).
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Figure 20. SRT and MASW (top) and ERT (bottom) sections at site of the seismological station EPID.

4. Determination of Elastic Moduli

In the context of site characterization of the selected seismological stations of the
Athenet seismological network, the elastic moduli presented in Table 3 were calculated,
i.e., the Poisson’s ratio (0), the shear modulus (G), the Young’s modulus (E), and the bulk
modulus (K). The Poisson’s ratio (o) specifies the ratio of the deformation perpendicular
to the deformation parallel to the applied stress. It is a non-dimensional elastic modulus,
with values ranging between 0.1 and 0.5, corresponding to the compact and loose for-
mations, respectively. The Young’s modulus (E) is the ratio between the longitudinal
stress to the longitudinal strain, referring to an elastic solid exposed under uniaxial com-
pression or extension. For the calculation of the shear modulus (G), the Vs and density
values are required as an input to the relationship G = pVs? (Vs in m/s and p in g/cm?).
Finally, the bulk modulus (K) describes the deformation of the volume of a medium which
is under pressure. The calculation approach of the elastic moduli with the contribution of
geophysical and density measurements has been successfully applied in previous studies
[58,75-79].

Table 3. Elastic moduli equations.

Elastic modulus Equation Reference
1 1
Poisson’s ratio (o) oc==(1- —] [80]
2 Vp/Vs)? —1
3V,3(—P4{ng)
Young’s modulus (E) E=p W [80]
p/Vs)® —
E
Shear modulus (G) G = 20+0) [81]
E
Bulk modulus (K) K= m [81]

The density values used for the calculation of the above elastic moduli are presented
in Table 4, while the P- and S-wave velocities were determined by the seismic profiles of
the SRT and MASW techniques, at each seismological station. Additionally, in Table 4, the
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median values of all the above-mentioned parameters for every geological formation, at
each location, are presented.

Table 4. Seismic velocities and calculated elastic moduli of the geological formations.

. . . Density G E K p
logical
Station name  Geological formations Vr (m/s) Vs (m/s) (gr/cm?) (GPa) (GPa) (GPa) (Ohm.m)

MDRA Dolostones (TRm) 3300 1860 269 027 931 2359 2231 9000

VILL Dolostones (TRm) 2100 1160 266 028 358 917 905 8000

LOUT Talus cones (Q.cn) 1330 500 [ 622'36%] 042 0.58 1.63 3.64 100

Marls 1.72

THAL 1 2 4 11 32 432
(PL-PLm) 600 0 ey 090 0.3 3 50

ATAL Limestones 3300 1940 281 024 1058 2614 2267 9000
(Ji-m kD)

EPID Trachytes and trachytic oo, 350 2.04[67] 042 025 071 165 250
tuffs (z, tf)

5. Results and Discussion

In this study, the results of the applied geophysical methods that have been em-
ployed to determine the essential key parameters for the site characterization of the se-
lected seismological stations have been presented. Certain parameters are directly deter-
mined by the processing results (e.g., Vs and Vs30) or can simply be calculated; the seismic
bedrock hsis is derived from the equation hsis = Vs/4-fo, where Vs is the average shear-wave
velocity in the sediment layer and fo is the fundamental frequency [82]. Other parameters
are provided based on the classification of the calculated parameters (e.g., soil type based
on Vs3) or may need further interpretation (e.g., subsurface geology). Therefore, for the
required parameter of the subsurface geology at each seismic station, the results of the
SRT and ERT techniques (Figures 5, 8§, 11, 14, 17, and 20) have been interpreted and are
discussed below for each station. Taking into account the calculated Vsso values, the cor-
responding ground-type classification of each site has been determined (Table 5), based
on Eurocode 8 [58].

Table 5. Key parameters for site characterization of seismic stations.

Seismic bed-

. Fundamental fre- Vszo Soil type
k h f 1
Station name quency, fo (Hz) rock depth, Vs (m/s) (m/s)  (ECS) [58] Subsurface geology
Heeis (m)
MDRA ) i 18302500 1877 A Dolostones, dchormtlc limestones,
and limestones
VILL 104 13.0 1160-1500 1217 A Dolostones, dqlomltlc limestones,
and limestones
Old talus cones and scree for-
LOUT 2.7 30.0 300-900 638 B mation, shales—chert, and lime-
stone formations
THAL 14 540 200-420 300 C Marine-brackish marls and con-
glomerates
ATAL - - 1930-2350 2016 Limestones and dolomites
Quaternary sediments,
EPID 71 12.0 320-460 393 B trachytes/trachytic tuffs, and chert

limestones
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The geophysical measurements at the seismological stations MDRA (Figure 5) and
VILL (Figure 8) have been carried out on the same geological formation, which is dolo-
stones, dolomitic limestones, and limestones of the Upper Triassic (TRm). The revealed
subsurface geophysical structure, corresponding to resistivity values greater than 7000
Ohm.m and Vp greater than 1700 m/s, could be interpreted as the extension in depth of
the same carbonate formation. At the MDRA station, a geoelectrical formation of 1000
Ohm.m has also been revealed, probably due to the water saturation of the formation.
Likewise, the ERT and SRT results at the ATAL station (Figure 17) seem to reveal the sub-
surface existence of the compact bedrock of Jurassic limestones and dolomites (Ji-m kD).
The corresponding resistivity and Vp values are 8000 Ohm.m and 2700 m/s, which are
similar to those of the MDRA station. The relatively lower value of P-wave velocity at the
VILL station is assumed to be caused by the possible karstification of the carbonate rocks
present in the area.

The fact that the solid, hard carbonate formations (TRm and Ji-m kD) are almost up to
the surface at the station sites of MDRA, VILL, and ATAL, affected both the MASW and
the HVSR techniques. The inability to record the high-frequency content of the surface
waves is the reason the 1D velocity models, derived by the MASW technique, are reliable
from a certain depth, which seems to be 12 m for the MDRA and ATAL stations (Figures
A2 and A5) and 8 m for the VILL station (Figure A3). Thus, the Vs average values of the
low-thickness sediments at these sites were estimated by converting the Vp values (SRT
technique), based on the relationship Vp =1.7-Vs.

The H/V curves at the prementioned sites were complicated, with multiple low am-
plitudes and no clear peaks. More specifically, the H/V curves at the MDRA station (Figure
4) show two close frequency peaks at 2.3 and 2.7 Hz, which could be an indication of the
lateral irregularities inside the carbonate bedrock, possibly caused by the existence of the
karst bauxite formation. At frequencies greater than 5.5 Hz, the H/V curves seem to be
around an amplitude equal to 1.0, indicating the presence of the carbonate seismic bed-
rock. Therefore, no peak could be selected as the fundamental frequency peak at the
MDRA station. According to the H/V curves at the ATAL station (Figure 16), no frequency
peak could also be selected as the fundamental one, while the total form of the curves is
the result of the presence of the carbonate hard rock formation almost at the surface. Re-
garding the H/V curves at the VILL station (Figure 7), a high-frequency peak at 10.4 Hz
was identified after the replacement of the recording instrument, which was interpreted
as the fundamental frequency peak of the site (Table 5). With an average Vs value of 530
m/s of the overlying sediments, converted from the Vp value of 900 m/s, the depth of the
seismic bedrock was calculated equal to 13.0 m. This outcome is consistent with the results
of the SRT and ERT techniques but also with the local geology. The relatively low Vp val-
ues (1700-2000 m/s) and high resistivity values (>7000 Ohm.m) can be related to the
karstification of the carbonate formation, which justifies that the compact seismic bedrock
may be present at depths greater than 13.0 m.

Given the fact that the geophysical results at the LOUT seismological station reveal
relatively low values of elastic-wave velocities and resistivity (Figure 11), it is assumed
that the maximum depth of investigation was not enough to overcome the thickness of
the old talus cones and scree formation and, consequently, did not reach the inferred bed-
rock of the Middle Jurassic limestone formation (Jm.k). Regarding the MASW technique,
a broadband frequency spectrum was recorded, extending the investigation depth down
to 40 m (Figure A4). The H/V curves for this site (Figure 10) show two clear peaks at 2.7
and 5.1 Hz, with the lower frequency peak being interpreted as the fundamental one. With
an average calculated shear-wave velocity equal to 320 m/s for the overlying sediments,
the corresponding depths of the 2.7 and 5.1 Hz peaks were estimated equal to 30.0 and
16.0 m, respectively. Taking into consideration the local geology, the higher frequency
peak at 5.1 Hz is probably attributed to the contrast impedance between the talus cones—
scree and the shales—chert formations, while the lower frequency peak at 2.7 Hz is proba-
bly attributed to the shales—chert and the limestone formations. Additionally, the
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transition from the talus cones—scree to the shales—chert formation at the depth of 16.0 m
is visible to the 1D Vs model, from the MASW technique (Figure A4), as below that depth
the Vs value is around 900 m/s.

The geophysical subsurface investigation at station THAL revealed low resistivity
values (close to 50 Ohm) and relatively low P-wave velocity values (550-1300 m/s) (Figure
14), which seem to correspond to the great thickness of the post-alpine marine-brackish
marls (PI-Pt.m); no hard rock basement is depicted. This is also consistent with the 1D Vs
model derived from the MASW technique (Figure A5), where relatively low shear-wave
velocities, with an average value of 300 m/s, are present until the depth of 28.0 m. Regard-
ing the H/V curves (Figure 13), a fundamental frequency peak could be interpreted at 1.4
Hz. With an average Vs velocity of 300 m/s, the 1.4 Hz peak corresponds to a depth of 54.0
m (Table 5). This peak may be caused by the contrast impedance between the marine-
brackish marls and underlain compact conglomerate formation that exist in the area. The
multiple peaks that are present in the entire spectrum above 2.0 Hz indicate several litho-
logical variations inside the marine-brackish marls formation, known also from the geo-
logical description of the formation.

The geophysical results at the seismological station EPID (Figure 20) reveal compa-
rably low resistivity values and seismic velocities. These could be explained by the exist-
ence of Quaternary sediments (Q). Regarding the 1D Vs model from the MASW technique
(Figure A7), the Quaternary deposits could extend down to a depth of 13 m with an aver-
age shear-wave velocity of 350 m/s. From the depth of 13.0 m until the depth of 30.0 m,
the shear-wave velocity rises to an average value of 430 m/s, probably due to the existence
of the trachytes and trachytic tuffs (7, tf) formation underlying the Quaternary sediments.
Two clear peaks were identified in the H/V curves (Figure 19), at 1.5 and 7.1 Hz. With an
average Vs value of 350 m/s, these peaks correspond to 58.0 and 12.0 m depths, respec-
tively. The 7.1 Hz peak (12 m depth) could be related to the existence of a high impedance
contrast between the quaternary sediments (Q) and the trachytes/trachytic tuffs (7, tf) for-
mation and can be interpreted as the fundamental one (Table 5). Furthermore, this broad
frequency peak indicates that subsurface structural variations (thickness and transition
zones) also exist.

6. Conclusions

Four geophysical techniques have been implemented in the context of an applied
multidisciplinary geophysical survey at selected seismological stations of the Athenet net-
work. Accordingly, Seismic Refraction Tomography (SRT), Multichannel Analysis of Sur-
face Waves (MASW), the Horizontal to Vertical Spectral Ratio (HVSR) technique, and
Electrical Resistivity Tomography (ERT) have been carried out at the location of each seis-
mological station in order to determine the essential information regarding the site char-
acterization of their subsurface. The new information derived by this geophysical survey
contributes to the amplification factors for each site that can lead to a more accurate cal-
culation of Peak Ground Acceleration (PGA) or Peak Ground Velocity (PGV) and, there-
fore, to reliable Probabilistic and Stochastic Seismic Hazard Assessment. Additionally, for
the determination of the Uniform Hazard Spectra (UHS), the derived Spectral acceleration
(Sa) values would have fewer uncertainties due to the implementation of the soil factors.
The measurement of accurate Vsso values for each station of HUSN could help in the de-
velopment of improved Ground Motion Prediction Equations (GMPEs) for the Greek re-
gion.

Based on the multidisciplinary geophysical data, important parameters have been
determined, including the fundamental frequency (fo), shear-wave velocity distribution
(Vs), average shear-wave velocity in the upper 30 m of the site (Vs), depth of seismic
(Hseis) bedrock, surface geology, and soil-type classification at each site. Additionally, the
calculation of selected elastic moduli (Poisson’s ratio, shear, bulk, and Young’'s moduli)
have also been carried out. However, at two stations (MDRA and ATAL), we were not able
to determine the fundamental frequency and the depth of the seismic bedrock because of
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the deployment of the seismological station directly on hard rock, carbonate formations.
This condition negatively affected both the MASW and the HVSR techniques at the seis-
mological stations of MDRA, VILL, and ATAL. Due to the inability to record the high-
frequency content of surface waves, the MASW-technique-derived 1D velocity models are
only reliable below a certain depth.
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Appendix A

SRT and MASW seismic arrays layout
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Figure Al. Sketch illustrating the locations of the shots and the arrangements of the geophones for
the SRT and MASW seismic arrays.

Appendix B

In Figures A2-A7 the full 1D Vs models derived from the MASW technique at each
seismological station are provided.
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Figure A2. 1D Vs model derived from the MASW technique at MDRA station.
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Figure A3. 1D Vs model derived from the MASW technique at VILL station.
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Figure A4. 1D Vs model derived from the MASW technique at LOUT station.
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Figure A5. 1D Vs model derived from the MASW technique at THAL station.
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Figure A6. 1D Vs model derived from the MASW technique at ATAL station.
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Figure A7. 1D Vs model derived from the MASW technique at EPID station.

Appendix C

The results of the HVSR technique are summarized in Table A1, where all the peak
frequencies and corresponding amplification factors are presented.
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Table Al. Observed peak frequencies (fi) and associated amplification factors (Ai). Values marked
with an asterisk (*) correspond to the dominant peak frequency, fp (highest amplification). The
adapted fundamental frequencies, fo, (Table 5) are indicated in bold.

f1 (Hz) A1 f» (Hz) A> f; (Hz) As fs (Hz) As
MDRA 1.6+0.1 14x0.3 2.3*% 1.7+£0.3 2.7 1.7+£0.3
VILL 1.2 1.8+04 1.5 19+04 104* 19x03
LOUT 1.4 23+05 25+0.1 26+01 2.7* 31+07 5.1+0.1 22+04
THAL 14* 1.7x04 2.3 1.6+0.3
ATAL 1.0*  1.3x0.3 13.6 1.2+0.2
EPID 1501 10x03 41+01 1305 65+x01 23+08 71* 26+05
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