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Abstract: Lefkada and Corfu old towns are located in the western part of Greece, in the Ionian Sea.
Their proximity to the Hellenic subduction zone (HSZ) is the reason for their intense seismicity.
The main goal of this study was the estimation of the geotechnical characteristics of the subsurface,
with the contribution of applied geophysical techniques. Therefore, seismic refraction tomography
(SRT) and multichannel analysis of surface waves (MASW) were applied. A total of thirty-three (33)
seismic and geoelectrical profiles were performed in both towns in order to evaluate the geotechnical
characteristics of the subsurface formations. Additionally, subsurface resistivity distributions were
investigated with the application of electrical resistivity tomography (ERT). Some important elastic
moduli were calculated through the combination of estimated seismic wave velocities and laboratory
density measurements. The horizontal distribution of seismic velocities and mechanical properties (σ,
E, K, G) of Corfu town was illustrated in maps, for the depth of 5 m. The geophysical interpretation
also revealed that Lefkada’s subsurface consists of only one compact geological formation, with little
or no variation of its geophysical-geotechnical characteristics. Beyond that, the ground type classifica-
tions for the two towns were determined according to the European Committee for Standardization
Eurocode 8, based on VS30 values.

Keywords: SRT; MASW; ERT; elastic moduli; urban geophysics

1. Introduction

The towns of Corfu and Lefkada are the capitals of the homonymous Ionian islands,
located in western Greece, across the Ionian Sea. The island of Lefkada is considered to be
one of the most active tectonic areas in Europe and in the eastern Mediterranean region due
to the existence of the Hellenic Trench (west of the island) that is responsible for the majority
of severe earthquakes generated in the area [1]. In the past, Lefkada town experienced
severe damage from severe earthquakes; the most recent are the ones of 17 November
2015 (Mw = 6.5) and 14 August 2003 [1–6]. On the other hand, Corfu town does not
suffer to the same degree from earthquakes, but there has also been damage due to some
disastrous earthquakes in the past [7]. Based on [8], the maximum historical intensity value
for Lefkada is 8.0 and for Corfu 7.0. Both towns have traditional buildings (old towns)
which are quite susceptible to damage.

The amplitude and frequency of the seismic waves’ propagation can be significantly
affected by near-surface conditions of the subsurface. The geotechnical characteristics of
the subsurface across the study area determine these conditions. Nowadays, geophysical
investigations can provide useful data on geotechnical characteristics by applying methods
such as electrical resistivity tomography (ERT), seismic refraction tomography (SRT), multi-
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channel analysis of surface waves (MASW) and ambient noise measurements [9–15]. These
methods are fast, relatively inexpensive and nondestructive.

Due to severe damage from the most recent earthquakes close to Lefkada’s town in
2003 and 2015, several studies have been published dealing with the seismic response of the
town [16–19]. Valuable data for the validation of the geophysical measurements and their
interpretation have been retrieved from these publications. The authors of [19] mention
the execution of thirteen (13) boreholes performed by the Central Research Institute (CRI)
of the Ministry of Public Works after the earthquake of 2015, from which the authors
have calculated the VS30 of the formations. Their data provided the subsoil characteristics
for the waterfront and north district areas of the old town area. Five categories were
identified by [19]: artificial deposits, clay (VS30 = 187 m/s), sand (VS30 = 236 m/s), sandy
silt (VS30 = 270 m/s) and marl (VS30 = 470 m/s). Stiff marl of unknown thickness is observed
at each site at depths ranging between 15 and 20 m. Additionally, [20] presents the marl
as the seismic bedrock of the old town, with VS = 550 m/s, based on seismic profiling.
The authors of [16] provide valuable information from geotechnical boreholes in the old
town that were executed after the earthquake of 2003 but also from older technical studies.
More specifically, they mention that artificial deposits form the top layer, with thickness
of 0.5–5 m. Underlying them, clays, sandy clays, clayey sands and sands with gravels
are located down to depths of 8–12 m, except for the marina and channel areas, where
their bottom extends down to 15–16 m depth. Further, [16] mention a VS30 = 150–380 m/s
for these formations. Finally, beneath all these formations, the stiff clayey marl, with
VS30 = 800 m/s, is located and extends down to at least 50 m depth.

The geotechnical characteristics of existing geological formations in the towns of Corfu
and Lefkada were determined in this paper using near-surface geophysical measurements,
which provided essential subsurface distribution of their physical parameters. At the two
cities’ selected sites, ERT, SRT and MASW techniques were used. The locations were chosen
in order to collect the necessary information from each geological formation of these towns.

2. Geological Setting

The subsurface structures of the islands of Corfu and Lefkada are a result of the
external plate of the Hellenides [21] and, more specifically, the Ionian and Paxoi tectono-
stratigraphic units [22,23], which are comprised mostly of carbonate sediments and several
facies of clastic sediments [24].

2.1. Corfu Town

The greater area of Corfu town is mainly structured by five different geological forma-
tions, either alpine or post-alpine. Based on [25], the deeper alpine geological formation of
the island is the Pantocrator limestones (Ji k), with restricted surficial development. They
are unpaved, crystalline and in some cases dolomitized or fragmented. Their maximum
thickness is almost 60 m. Along with them, the Sinion limestones can be observed in
some locations, with interlaid flints. The Viglae limestones (Js Ks k) are overlying the
Pantocrator-Sinion limestones, which also have interlaid flints.

Regarding the post-alpine formations, the base breccia (M sc) are located at the lower
horizons, alternating with marls. Overlying them, a package of marls (M m.st) with
interbedding sandstone and conglomerates exists. In the town of Corfu specifically, the
Miocene starts with conglomerate limestones. The town is covered by alluvial deposits,
uncomfortably deposited either on the Miocene layers or the alpine formations. The Upper
Miocene-Lower Pliocene deposits in Corfu were investigated further by [26] for their
hydrocarbon potentiality.

Figure 1 depicts a modified geological map of Corfu town based on the authors’ new
geological field mapping (at the local scale) that was completed concurrently with the
acquisition of geophysical measurements.
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Figure 1. Modified geological map of Corfu town [25].

2.2. Lefkada Town

Geologically, Lefkada town is structured mostly by post-alpine sediments, which
are distinguished by more facies than the ones in Corfu town [27,28]. The Ionian unit is
considered to be the para-autochthonous unit of Lefkada island, while the Paxoi is the
relatively autochthonous one, because of minor horizontal displacement that resulted from
the alpine deformation phase. The Paxoi unit dominates the western part of the island. The
Pantocrator limestones (T5-J3 k) are also located in the southwest of Lefkada town as the
main alpine formation. Regarding the post-alpine sediments in the town’s greater area, the
alluvial deposits (al), coastal formation from sand (al s), coastal beach rocks (al c) and lagoon
deposits consist of silt, and organic elements (be) are also present. Finally, transgressive
Miocene molassic-type deposits of sandstones and marls (M m) also exist (Figure 2).

A major fault zone is located at the north boundary between the Pantocrator limestones
(T5-J3 k) and the post-alpine deposits of the town’s suburbs [27,29]. It has a NW–SE direction
and based on the preliminary interpretation of geophysical measurements by [30], it seems
to extend parallel to the north, buried under the alluvial deposits.
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Figure 2. Modified geological map of Lefkada town [31].

3. Methodology

All the geophysical data acquisition was accomplished in three field trips during the
first semester of 2022. They were carried out on surficial developments of the geological
formations, either alpine or post-alpine, in specific locations as indicated by the red dots in
Figures 1 and 2.

In the context of the present geophysical study, at each location, the electrical resistivity
tomography (ERT), seismic refraction tomography (SRT) and multichannel analysis of
surface waves (MASW) techniques were implemented across the same line.

Thirty-three (33) seismic and electrical sections were carried out in various locations,
including nineteen (19) in Corfu town and fourteen (14) in the greater Lefkada town area.

3.1. Seismic Method

By studying the propagation of elastic waves in soil deposits and rocks, many me-
chanical parameters can be determined. As a result of this, seismic methods, especially the
shallow seismic refraction and multichannel analysis of surface waves (MASW) techniques,
are quite common in geotechnical applications [12–15].

The shallow seismic refraction technique (SSR) is widely applied for engineering and
geotechnical investigations [32–34]. The seismic refraction technique has a low fieldwork
cost and good data analysis [35]. More specifically, the seismic refraction tomography (SRT)
technique is widely employed to invert seismic refraction data recorded for geotechnical
and environmental investigations, and it is known for its constraint across the three-
dimensional (3D) distribution of physical properties that obviously has an impact on
seismic wave propagation [35–39].
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The multichannel analysis of surface waves technique (MASW) has been developed
mainly for shallow geophysical investigations to obtain the shear wave velocities and
has commonly been used for soil characterization [40–44]. MASW has the advantages of
easier fieldwork, detection/recording and processing and is known for its effectiveness and
reliability. As [45] indicated, the MASW technique provides reliable shear wave velocity
profiles within the first 30 m below the surface.

3.1.1. Data Acquisition

For the estimation of VP and VS wave velocities, the 2D seismic refraction tomog-
raphy (SRT) and 1D multichannel analysis of surface waves (MASW) techniques were
implemented, respectively. Both techniques were applied on the same line at a parallel
offset to the ERT line. The generation of seismic waves was accomplished using a 6 kg
sledgehammer and a metallic plate for better coupling and transmission of the energy
through the subsurface to the receivers. Two sets of 24 vertical geophones with natural
frequencies of 4.5 and 10 Hz were deployed along each seismic line with 1 m spacing, for
the detection of surface and refracted seismic waves, respectively. A 24-channel Geometrics
SmartSeis seismograph was used to record the seismic waves with a sampling interval
of 0.250 ms and total record length of 512 ms. A total number of 13 shot points were
performed at each seismic line, and 3 to 5 stackings were implemented at each shot point
in order to minimize the background noise and increase the signal-to-noise ratio. Two of
the shot points were performed at a distance of 12 m from the first and last geophones,
acting as out shots so as to obtain a record of the critically refracted arrivals along the entire
length of the array. Further, two of them were performed at a near offset of 4 m from the
first and last geophones to record the surface (Rayleigh) waves. The near offset and spread
length distances were determined after several field tests in order to prevent the near- and
far-field effects and to ensure the planar development of the surface waves [46]. Lastly,
the remaining 9 shot points were performed in between the spread length, with 2.5 to 3 m
spacing, in order to ensure an acceptable ray coverage through the medium.

3.1.2. Processing

The acquired seismic refraction data were processed using the SeisImager/2D (including
Pickwin and Plotrefa) commercial software package, provided by Geometrics Inc.

The first processing step included the accurate picking of the first break arrivals of the
P-waves for each seismic record, using the Pickwin module (Figure 3a), obtained by the
13 different shot points. The picked travel times along with the geometric characteristics
of the seismic refraction survey, e.g., source location, 1st receiver location and receiver
interval, were used to generate the travel time-distance curves for every single seismic line.
Afterwards, some travel time curves were edited using the Plotrefa module, and the travel
time reciprocity between opposite shots was checked for the estimation of P-wave velocity
(Figure 3b).

The tomographic inversion process requires an initial velocity model in order to
start. Given the fact that there are no borehole data for Corfu town, the authors chose the
time-term inversion approach, provided by the Plotrefa module, in order to produce a repre-
sentative initial velocity model. The time-term inversion method employs a combination of
linear least squares and delay time analysis in order to invert the first arrivals and generate
a velocity section [47]. For the application of this method, layer assignment for each of the
first break arrivals (direct or refracted) was performed in the Plotrefa module, while the
actual elevation of each geophone was defined. Afterwards, an initial 2D discrete-layered
velocity model was created, as a result of the inversion process, with each layer being
characterized by a unique P-wave velocity value.

The P-wave velocity distribution of the subsurface was determined by applying the
tomographic inversion technique. This method starts with the imported initial velocity
model and iteratively traces rays through the model with the aim of reducing the RMS error
between observed and calculated travel times. The software uses a nonlinear least squares
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approach for the inversion step and wavefront propagation methods for the travel time
modeling [35,47]. The initial model used was the one derived from the time-term inversion
processing technique, which was converted into a grid model. The default inversion
parameters, proposed by the software, were used for the inversion process, providing
satisfying results. The final outcome of this procedure was a 2D P-wave velocity distribution.

Figure 3. (a) First arrival picking with the shot point located in the middle of the seismic line, (b) P-
wave travel time curves of the total 13 shot points along with the first (red dots) and second (green
dots) layer assignments.

The MASW method utilizes the dispersive properties of Rayleigh waves to calculate
the S-wave velocity distribution through the subsurface by applying a mathematical inver-
sion to the dispersion curve (phase velocity vs. frequency plot). This dispersive property
practically means that the propagation velocity (phase velocity) of Rayleigh waves depends
on the various frequency components of the propagated waves. Therefore, low-frequency
components penetrate to greater depths and are characterized by greater phase velocities,
while they mainly depend on the elastic properties of the deeper layers [48]. On the other
hand, the high-frequency components of surface waves are constrained to shallower layers
and thus contain more information about the shallower velocity structure. The processing
of seismic records with the active MASW method involves three steps: (i) transformation
of the obtained seismic data from the time to frequency domain; (ii) calculation of the
dispersion curves and identification of their fundamental mode; and (iii) inversion of the
dispersion curves in order to obtain a 1D shear wave velocity distribution to the subsurface.

The acquired seismic data for the 1D active MASW analysis were processed using the
SeisImager/SW (Pickwin and WaveEq) commercial software package, provided by Geometrics
Inc. With the contribution of the Pickwin module, the geometry of the seismic experiment
was assigned, including the geophone spacing and the distance of the shot to the 1st active
receiver (near offset). Additionally, some preprocessing steps were conducted in order to
improve the quality of the recordings. These steps included the removal of noisy traces
and the application of frequency filters in order to suppress the amplitude of body waves
and reduce recorded noise. For construction of the dispersion image (Figure 4), the phase
shift method, proposed by [49], was applied. The application of this method involves the
transformation of multichannel seismic records from the time domain to the frequency
domain by applying the fast Fourier transform and calculating the phase velocities of the
Rayleigh waves.
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Figure 4. Generation of the dispersion image after transformation of the shot record from the time
(left) to the frequency (right) domain.

In the frequency domain, the fundamental mode of the dispersion image was iden-
tified, and the dispersion curve was generated by automatically picking the maximum
energy amplitude for each frequency at a specified frequency range (4.5–40 Hz). Each pick
point corresponds to a phase velocity value at a certain frequency, and all together compose
the dispersion curve.

The generated dispersion curves for each measurement site were imported to the
WaveEq module for further editing, quality checking and processing. Commonly, there
are noisy picks on the low- and high-frequency ends of the curve. For that reason, the
application of a bandpass filter was considered essential in order to remove those picks
and preserve the high-quality part of the curve. Subsequently, a theoretical initial model
was calculated based on the depth conversion result of the software, as a starting point for
the inversion process. Finally, the inversion process was executed using the least squares
method, in order to modify the initial model and calculate the VS curve that best matches the
observed data. The final outcome of this procedure was a 1D S-wave velocity distribution
that corresponds to the midpoint of each seismic line.

The RMS error for all the 1D Vs final models was less than 6.0 %, providing a high
level of confidence.

The VS30 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:

VS
30 =

30

∑N
i=1

hi
Vi

where Vi and hi are the shear wave velocity and thickness of the i-th layer, in a total number
of N layers, of the top 30 m of the medium.

According to the National Earthquake Hazards Reduction Program [50] (Table 1), the
VS30 quantity is used for the classification of a site based on its response to earthquake
effects and for the determination of the appropriate seismic-resistant design of buildings.
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Table 1. Ground type classification based on [50].

Ground Type Description of Stratigraphic Profile VS
30(m/s)

A Rock or other rock-like geological formation, including at most 5 m of
weaker material at the surface. >800

B
Deposits of very dense sand, gravel or very stiff clay, at least several tens of
meters in thickness, characterized by a gradual increase in mechanical
properties with depth.

360–800

C Deep deposits of dense or medium-dense sand, gravel or stiff clay with
thickness from several tens to many hundreds of meters. 180–360

D Deposits of loose-to-medium cohesionless soil (with or without some soft
cohesive layers) or of predominantly soft-to-firm cohesive soil. <180

3.2. Electrical Resistivity Tomography

Electrical resistivity tomography (ERT) is widely used for near-surface investigations
and geotechnical applications [9,10] given the fact that both the vertical and horizontal
distribution of resistivity, and therefore the respective lithological variations, can be investi-
gated. The authors of [9] support the resistivity method as it is considered to be a more
sensitive technique for the variation in subsurface soils than other geophysical techniques.

The Wenner array was chosen, with minimum electrode spacing equal to 1 m, to
investigate the subsurface near-surface resistivity distribution for Lefkada and Corfu towns.
The instrument used for field measurements was the IRIS SYSCALPro. For each electrode
along the geoelectrical lines, the coordinates were determined using differential global
positioning system (dGPS) and the GNSS Kolida K5 UFO receiver. The geodetic system used
for the coordinates was the local (Greek) EGSA’87 (Datum GGRS’80).

The acquired resistivity data points were processed with Res2DInv Software by
Geotomo. During the processing, the software tries to minimize the misfit error of an
arbitrary model, checking the raw data points. The inversion process is continuously
repeated until the minimum possible misfit is reached.

3.3. Density Determination

Several authors [51–55] have determined the bulk density of geological samples based
on laboratory measurements. According to the procedure [56], 3 different measurements of
weights are needed: W1 (dry specimen measured in air), W2 (saturated specimen measured
in air) and W3 (saturated specimen measured in water). Based on these measurements,
the dry bulk density ρd, the saturated bulk density ρs and the granular one ρg can be
determined. For near-surface geotechnical purposes, especially above the water table,
the appropriate density is usually the dry bulk one. At some of our measurement loca-
tions, the water table was located close to the surface, and for that reason we used the
saturated density.

For reliable determination of densities, it was proposed to measure several samples
from each geological formation and calculate their average characteristic value. Taking this
into consideration, the authors carried out laboratory density measurements on 190 ge-
ological specimens collected from the locations of the geophysical measurements. The
precision scale used was Kern EMB 100-3 with a readability accuracy of 0.001 gr. In Table 2,
the calculated densities of all geological formations from both Lefkada and Corfu towns
are presented. Both towns have similar geology, with minor differences mainly in the
post-alpine deposits.
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Table 2. Density values of each geological formation of Lefkada and Corfu towns.

Geological Formation Number of
Specimens

Dry Density
(gr/cm3)

Saturated Density
(gr/cm3)

Standard
Deviation

Breccia (M sc) 60 2.62 2.64 ±0.06
Marls (M m.st + M m) 40 1.95 2.19 ±0.05
Viglae limestones (Js Ks k) 70 2.66 2.67 0.02
Pantocrator limestones (Ji k+T5-J3 k) 20 2.65 2.69 0.02

4. Interpretation

In this part, an indicative set of seismic and ERT results for each investigated geological
formation of Lefkada and Corfu towns is presented. Therefore, for each one of the geological
formations, a figure including an SRT profile along its VS30 model and the resistivity model
from the ERT data is provided. Note that SRT is practically part of the ERT section,
and for this reason, the distance axis of the SRT refers to the ERT distance (considering
the start of the ERT as the zero point of all the geophysical data). This will lead to a
better understanding of their geotechnical characteristics. The processing results of all the
seismic and geoelectrical measurements were interpreted based on the gathered geological
information (e.g., density measurements, geological maps and boreholes).

4.1. Marl (M m.st/M m)

At location 310, the geophysical measurements were carried out on the Upper Miocene
marls. The seismic processing results (Figure 5) revealed three seismic layers with the
following characteristics: VP1 = 600 m/s, VP2 = 1200 m/s, VP3 > 1600 m/s, and an average
thickness of 2.5 m for the first and 2.1 m for the second layer. Regarding the results of the
1D seismic data processing using the MASW technique (Figure 5), two seismic layers were
determined, with VS1 = 140 m/s, thickness 4.2 m and VS2 = 200 m/s. The average shear
wave velocity in the top 30 m was calculated equal to VS30 = 240 m/s.

Figure 5. SRT and MASW (top) and ERT (bottom) sections at location 310, investigating the marl
formation (M m.st).

In Figure 5, the resistivity model from the ERT measurements at location 310 can also
be observed. The Upper Miocene marls formation can be related to the relatively resistant
geoelectrical layer of 25–50 Ohm·m average resistivity value, which dominates the section
at depths greater than 4 m.
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The Upper Miocene marl formation is present and has been investigated at both
Lefkada and Corfu towns (Figures 1 and 2). The evaluation of all the relative data and
results reveals that the values of the geophysical parameters (e.g., VP and VS) between
the two areas are similar, which leads to the theory that the two geological formations are
the same.

4.2. Breccia (M sc)

From the processing results of the seismic measurements at location 204, on the breccia
formation, three seismic layers were identified (Figure 6). The first layer has an average
thickness of 1.5 m and an average velocity of VP1 = 800 m/s, the second one exhibits
thickness close to 2.5 m and VP2 = 1700 m/s, while the third layer has VP3 > 2000 m/s.
According to the 1D MASW technique, the shear wave velocity of the bedrock greater than
5 m in depth was calculated to 820 m/s. The average shear wave velocity from the surface
to a depth of 30 m (VS30) has an estimated value of 950 m/s.

Figure 6. SRT and MASW (top) and ERT (bottom) sections at location 204, investigating the breccia
formation (M sc).

In the resistivity model of Figure 6 (bottom), relatively resistant zones (>700 Ohm·m)
were identified in several parts of the section, corresponding to the consistent parts of the
breccia formation. On the other hand, the relatively more conductive zones (<500 Ohm·m)
are probably associated with the weathered sections of the breccia formation.

4.3. Viglae Limestone (Js Ks k)

The corresponding seismic model (Figure 7), on a surface excursion of the Viglae lime-
stones at location 103, is determined by VP1 = 800 m/s, VP2 = 1500 m/s and VP3 > 2500 m/s,
with an average thickness of the first and second layers equal to 2.0 m each. As far as the
MASW technique is concerned, one seismic layer can be observed, with average shear wave
velocity equal to 1150 m/s. The decrease of the velocity with depth is probably caused by
seawater intrusion, due to the proximity of the location to the shore and the permeability of
the limestone formation. Additionally, the VS30 value was determined equal to 1350 m/s.
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Figure 7. SRT and MASW (top) and ERT (bottom) at location 103, investigating the Viglae limestone
(Js Ks k).

In the ERT section (Figure 7), high resistivity values (>400 Ohm·m) dominate in the
initial and central parts of the section, at depths up to 4 m. On the contrary, a conductive
zone (50–250 Ohm·m) appears at greater depths, at the end of the section. The high
resistivity values are interpreted as the solid geological formation of the Viglae limestones,
while the conductive zone is considered to be caused from the combination of the weathered
parts of the limestone and possible seawater intrusion, as mentioned above.

4.4. Pantocrator Limestone (Ji k)

The seismic section at location 205 was carried out on the Pantocrator limestones. The
processing results (Figure 8) reveal three seismic layers with average velocities VP1 = 900 m/s,
VP2 = 1800 m/s and VP3 > 2300 m/s, and corresponding average thickness equal to 2.2 and
2.0 m for the first and second layers, respectively. Regarding the MASW technique, one seismic
layer was identified, with average shear wave velocity equal to 940 m/s and VS30 = 1030 m/s.

Figure 8. SRT and MASW (top) and ERT (bottom) at location 205, investigating the Pantocrator
limestone (Ji.k).
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In the resistivity model (Figure 8), a relatively resistant geoelectrical formation
(>500 Ohm·m) can be observed, which is considered to be the solid bedrock of Panto-
crator limestones. The structure of the bedrock’s upper boundary in the ERT section is
associated very well with the SRT section at this location.

5. Discussion and Elastic Moduli

The calculation approach of elastic moduli with the contribution of geophysical and
density measurements has been successfully applied in several older studies for geotechni-
cal purposes [33,57–61].

For the calculation of elastic moduli, the equations listed in Table 3 were used.

Table 3. Elastic moduli equations.

Elastic Modulus Equation Reference

Poisson’s ratio (σ) σ = 1
2

[
1 − 1

(VP/VS)
2−1

]
[62]

Young’s modulus (E) E = ρ
3V2

P−4V2
S

(VP/VS)
2−1

[62]

Shear modulus (G) G = E
2(1+σ)

[63]

Bulk modulus (K) K = E
3(1−2σ)

[63]

Poisson’s ratio (σ) expresses the ratio of the deformation perpendicular to the defor-
mation parallel to the applied stress. It is a nondimensional quantity, and its values range
between 0.1 to 0.5 for the compact and loose formations, respectively. Young’s modulus
(E) is the ratio between longitudinal stress and longitudinal strain when an elastic solid is
exposed under uniaxial compression or extension. Shear modulus (G) is calculated based
on the Vs and density values using the simple elastic relationship G = ρVS2, where Vs is the
shear wave velocity in m/s, and ρ is the density in g/cm3. This parameter is used to define
the stiffness matrices for finite element analysis of earth structures and foundation soils.
Bulk modulus (K) describes the deformation of the volume of an under-pressure medium.

In the present study, Poisson’s ratio (σ), shear modulus (G), Young’s modulus (E)
and bulk modulus (K) have been calculated. For the estimation of the above elastic mod-
uli, VP and VS values were calculated using the acquired seismic geophysical profiles
(SRT-MASW), while the density values were estimated from laboratory measurements on
samples collected from each geological formation of the study area. In Table 4, the median
values of all the previously mentioned parameters for every lithological type, along with
their classification based on that [50] derived from VS30 values, are presented.

Table 4. Seismic velocities and the corresponding elastic moduli and ground types (based on [50]) of
the geological formations of Corfu and Lefkada towns.

Geological
Formations

VP
(m/s) VS (m/s) VS30 (m/s) Density

(g/cm3)
Poisson’s
Ratio, σ

Shear
Modulus
G (GPa)

Young’s
Modulus E

(GPa)

Bulk
Modulus
K (GPa)

ρ
(Ohm·m)

Ground
Type
[50]

Breccia
(M sc) 2300 1000 950 2.63 0.40 2.62 7.25 11.89 700 A

Marls
(M m.st+M m) 1600 300 240 2.19 0.48 0.19 0.56 5.12 30 C

Viglae
limestones

(Js Ks k)
2700 1000 1350 2.67 0.39 2.63 7.47 17.20 600 A

Pantocrator
limestones

(Ji k+T5-J3 k)
2500 930 1030 2.68 0.42 2.29 6.51 14.84 800 A

Many researchers [13,33,42,57,61] present maps with the horizontal distribution of
geotechnical parameters and elastic moduli. In Figure 9, the horizontal distribution of
seismic velocities and elastic moduli of Corfu town is provided. More specifically, the
horizontal distribution is presented at the depth of five (5) meters for VP (Figure 9a), VS
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(Figure 9b), Poisson’s ratio (σ) (Figure 9c), Young’s modulus (E) (Figure 9d), bulk modulus
(K) (Figure 9e) and shear modulus (G) (Figure 9f).

Figure 9. Maps of horizontal distribution of seismic parameters and elastic moduli. (a) VP, (b) VS,
(c) Poisson’s ratio, (d) Young Modulus, (e) Bulk modulus and (f) Shear modulus at Corfu old town.

In Figure 9a,b, a smooth increase of VP and VS, respectively, from the suburbs in the
southwestern part of the study area to the old town, located in the northeastern part of the
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study area, can be observed. Regarding Poisson’s ratio (Figure 9c), a small reduction of its
value is observed from the southwestern part to the northeastern part of the study area,
indicating that a more solid bedrock is present towards the old town. On the other hand,
the Young, bulk and shear moduli (Figure 9d–f) present a corresponding increase along the
prementioned direction, regarding their values.

Regarding the town of Lefkada, the formation of marls was investigated at almost all
the locations of geophysical measurements. Therefore, given the fact that it is considered
an important geological formation for the geotechnical characteristics of the area, the map
of Figure 10 was created, illustrating the absolute depth of the marl’s roof. It is obvious
that the formation of marl dips to the north, as it was investigated at greater depths in the
old town than in the northwestern area. The interpretation of geophysical results for the
production of this map has been validated based on published geological data, such as
important borehole data from the area [16].

Figure 10. The absolute elevation of marl’s roof, based on interpretation of the geophysical measure-
ments from Lefkada old town.

6. Conclusions

The applied geophysical surveys that have been deployed across the areas of the two
historical towns of the Ionian islands (Lefkada and Corfu) provided important information
regarding the site characterization of their subsurface. More specifically, seismic param-
eters (e.g., VP, VS) and elastic moduli (Poisson’s ratio, shear, bulk and Young moduli) of
Lefkada and Corfu towns were determined, which can be used for the update of the Greek
Antiseismic Regulation of these two areas.

As has already been mentioned, the geology between Lefkada and Corfu towns is
structured by the same geological formations (Ionian unit). The only exception concerns
the lithology of the marl’s formation, at least when it comes to its description in the
corresponding geological maps. In Corfu town, the package of marls (M m.st) consists of
interbedding sandstone and conglomerates while in Lefkada town the Miocene molassic-
type deposits of sandstones and marls (M m) exist. Based on the geophysical data, it seems
that these two formations have the same seismic characteristics.

From the horizontal distributions of the seismic parameters and elastic moduli (Figure 9a–f)
and the values of each geological formation (Table 2), the geological boundaries between the
marls and the hard rocks (at depth 5 m) can be delineated. This can be placed somewhere along
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the contour of VP = 2000 m/s and the contour of VS = 500 m/s, with the soft formation (class D)
located southwest (suburbs) and the hard rocks (class B) in the remaining area, including the
old town. Additionally, with the aid of resistivity measurements, the marl’s roof boundary has
been adumbrated (Figure 10), and its dip to the north was also determined, an important factor
in the geotechnical behavior of the Lefkada old town.

Based on the European Committee for Standardization Eurocode 8 [50] and the pro-
cessing results, the geological formations have been classified based on ground types. More
specifically, the breccia formation (M sc) and both kind of limestones, Viglae (Js Ks k) and
Pantocrator (Ji k and T5-J3 k), were classified as ground type A, while the marls from both
towns (M m and M m.st) were classified as type C.
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