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Abstract: In this paper, we present a systematic GIS-based approach for producing updated, upscaled,
unified and reevaluated maps for the Ionian Islands of Greece, which is an area of great geological
interest. In particular, Cephalonia and Lefkada are two islands with an increased and intense
seismicity. Therefore, a common GIS geodatabase was produced for handling the geoinformation
of the area. New upscaled (scale 1:50,000) geotechnical and seismotectonic maps of these islands
were produced based on older ones. On the other hand, the corresponding maps of the islands,
based on the categories of the Greek antiseismic code and Eurocode 8, were produced in an effort to
correlate them. Beyond that, all the available isoseismal maps of the earthquakes that hit the Ionian
Islands were gathered in an effort to evaluate them and to find possible correlations with the other
types of maps. Based on the correlation results, the consideration of the Vs3y parameter in the Greek
antiseismic code is proposed for a better categorization of the geological formations.

Keywords: Corfu; Cephalonia; Lefkada; Zakynthos; Greek antiseismic code; Eurocode 8; GIS based

1. Introduction

The Ionian Islands are located in Western Greece, in the Ionian Sea. From north to
south, the sequence of islands is Corfu, Paxoi, Lefkada, Cephalonia, Ithaki and Zakynthos.
More specifically, the well-known Cephalonia-Lefkada Transform Fault Zone (CLTFZ)
is located at the western side of Lefkada and Cephalonia, on the northwestern end of
the Hellenic subduction arc. This is the reason for the high seismicity on the islands of
Cephalonia and Lefkada. Several disastrous earthquakes have been generated in the past
on the Ionian Islands [1-4], causing casualties and building damage mainly to Cephalonia
and Lefkada [5-11].

For these reasons, the existing cartographic data of the Ionian Islands were gathered,
combined and evaluated in order to improve the management of the seismic hazard of
these areas. Therefore, creating a set of updated, improved and accumulated maps for
these areas is considered to be crucial and important. For this reason, several kinds of
maps can be found in the literature, e.g., in [12-16]. In this paper, though, we focus on the
production of specific types of maps such as geotechnical maps, seismotectonic maps and
those according to the classification of the Greek antiseismic code and Eurocode 8. All of
these maps, along with the geological ones, have been presented in a unified form [17-19]
in order to have a common reference across all the Ionian Islands.
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2. Presenting the Maps

In this section, all the produced sets of maps for the Ionian Islands are presented.
Four maps of each map category were created as follows: one for the islands of Corfu and
Paxoi, one for Lefkada, one for the islands of Cephalonia and Ithaki and one more for
Zakynthos.

All the produced maps are GIS-based and were created in the ArcPro environment
including both raster and vector data. The raster data concern the topographical relief of all
the Ionian Islands and consist of digital elevation models (DEM) and hillshade reliefs with
a 5 m resolution, derived from topographical maps with a scale of 1:5000. Furthermore,
the existing geological maps (1:50,000 scale) had to be digitized, since they were in paper
format. Some improvements were also made due to the field observations of the authors
after having visited several areas of the islands. Using this procedure, the respective fields
in the database were created, including the code names of the geological formations and
their detailed descriptions as they appear in the original maps. Afterwards, two new fields
were created, corresponding to the unified code names and descriptions that allow for the
production of unified digital geological maps.

Apart from the prementioned detailed descriptions of the geological formations,
additional quantitative fields for the corresponding P-wave velocity and density values
were added. Therefore, essential database associations were made, leading to the addition
of two more fields that are essential for the production of new, upscaled and improved
geotechnical and seismotectonic maps. Their classification is based on existing maps with
a scale of 1:500,000. Moreover, completely new maps of the Greek antiseismic code and
Eurocode 8 were produced based on the two corresponding geodatabase fields. Finally, all
the retrieved isoseismal maps were digitized.

2.1. Geological Setting of the lonian Islands

The islands of Corfu and Paxoi (Figure 1a) are mainly covered by post-alpine geological
formations, as shown in Figure 1a, based on geological mapping from IGME [20-22].
The alpine formations of the Ionian unit dominate throughout the island, comprising
a carbonate series, which starts with the typical Triassic formation of limestones with
Cardita, followed by Triassic breccia and gypsum. The Triassic formations are overlaid by
Jurassic—Eocene formations of limestones and shales.

Regarding the post-alpine molassic formations above the Ionian unit, a sequence of
marls alternating with breccia, conglomerates and sandstones can be observed. The base of
the breccia is located at the lower horizons of the sequence, while a package of marls with
interbedding sandstone and conglomerates overlies them. The sequence of marls continues
with sandstones, breccia and conglomerates until the Pliocene. Alluvial deposits are placed
in unconformity either on the Miocene layers or the Alpine formations.

On Lefkada Island (Figure 1b), the Ionian unit is considered the parautochthonous unit
of the island, while the Paxoi unit is considered the relatively autochthonous one [23] be-
cause of a small horizontal displacement resulting from the alpine deformation phase. The
Paxoi unit, covering the majority of the island’s western part, is structured by limestones,
dolomitic limestones and dolomites, overlying the Miocene marls and sandstones. The
Ionian unit on Lefkada Island is formed by the characteristic formation of Triassic breccia
and gypsum, overlayed by series of dolomites, limestones and shales from the Triassic
to the upper Eocene. The carbonate series is covered by flysch formations (U. Eocene-L.
Miocene), followed by a series of transgressive molassic deposits of marls, conglomerates,
sandstones and marly limestones. Post-alpine Quaternary deposits cover the geological
formations of both units to a limited extent, mainly in the southwestern and northern parts
of the island.

The islands of Cephalonia and Ithaki (Figure 1c) are structured by alpine formations of
the Paxoi and Ionian geotectonic units and post-alpine Quaternary deposits overlying the
alpine basement in unconformity. Based on the literature [24-27], the Paxoi unit dominates
throughout Cephalonia Island and mainly comprises carbonate geological formations
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from the Triassic to middle Miocene. The carbonate formations are covered by a Miocene
sequence of marls, sandstones and brecciated limestones. The island of Ithaki is mainly
structured by the Ionian unit, except for a small part to the west where the Paxoi unit

appears.
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Figure 1. (a) Geological map of Corfu-Paxoi, (b) geological map of Lefkada, (c) geological map of
Cephalonia-Ithaki, (d) geological map of Zakynthos.
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The Ionian unit is considered to be an allochthonous one and appears mostly on
the western part of the island of Cephalonia, on top of the Paxoi unit. It is formed by
Triassic Pantocrator limestones, while Jurassic-Eocene limestones and shales complete the
carbonate series before the flysch formation that appears only on the island of Ithaki Island.

On Cephalonia Island (Figure 1c), the Cephalonia-Lefkada Transform Fault Zone
(CLTFZ) on its western coasts is responsible for the high seismicity of the area. This
structure is one of the most active in Greece and is responsible for large earthquakes in the
region, which have a significant impact on the population and infrastructure of Cephalonia
and other Ionian Islands.

Zakynthos Island (Figure 1d) is mainly structured by the Paxoi unit, based on IGME
mapping [28], which covers a high percentage of the island. It is over-thrusted by the
Ionian unit, in a narrow area, at the eastern part of Zakynthos. On Zakynthos Island, the
Paxoi unit starts with a carbonate series of upper Cretaceous-Oligocene limestones and
marly limestones, overlayed by Miocene deposits of marls, sandstones and mudstones.
The Ionian unit that appears in the eastern part of the island only consists of a Triassic
succession of limestones, evaporites and breccia. The alpine formations, along with the
overthrust line between the Paxoi and Ionian unit, are covered by post-alpine, Quaternary
deposits of alluvial and coastal material.

A common legend for all four islands was adopted and split into three parts, which
are the post-alpine formations (Figure 2), the Ionian unit (Figure 3) and the Paxoi unit
(Figure 4). It is the result of the unification of existing geological maps of the Ionian Islands
published by different cartographers who provided different code names for practically the
same formations, based on their detailed descriptions.

al sc, al's, cd

Conteporary coastal deposits (Quaternary)

iiloalce Cohesive beach rock (Holocene)
be Lagoon deposits (Holocene)
al Recent, valley, alluvial deposits (Quaternary)
tr Terra rossa deposits (Holocene)
[ 7] alsci,alsc, Q.al, Q.sc Recent scree (Quaternary)
al 61 Recent dunes (Quaternary)
. ~— alsc2,dlbc Old scree (Quaternary)
al 82 Old consolidated dunes (Quaternary)
ciziy alsc3 Old deposits zones of silt material (Quaternary)
Q.f Alluvial fans (Holocene)
di Calcareous sandstones (Quaternary)
E=3 diL Lake deposits (Pleistocene)
C\ Qdl.s, Qdl.c, Q.dI Sandstones and conglomerates (Pleistocene)
Pt Coastal deposits (Pleistocene)
C\ Pl m Bluish marls with sandy intercalations (Pliocene)
Plc Sandstones, conglomerates and breccio-conglomerates (Pliocene)
E Pl m-st Marls and microconglomerate sandstones (Pliocene)
Pl c-st Consolidated sandstones-conglomerates (Pliocene)
\:| Pl m2 Grey marls (Pliocene)
:] Pl Sandstones with clayey-marly intercalations, marls and marly sandstones (Pliocene)
Pl.s Conglomerates, sandstones and limestones (Pliocene)
M-PI m Sandy marls (Miocene—Pliocene)
[ ] M-PImst,sc Marls with sandstones and breccia intercalations (Miocene—Pliocene)
M-PI st,sc Sandstones and breccia (Miocene—Pliocene)
M-G Horizons of macrocrystalline gypsum (M.—U. Miocene)
M m.st Marls with sandstones and conglomerates intercalations (M.—U. Miocene)
|:| Ms-PIl Marls, marly sandstones and breccia (U. Miocene—Pliocene)
(T Msc Breccia (M.~U. Miocene)

Figure 2. Legend of post-alpine geological formations on the Ionian Islands.
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Figure 3. Legend of Ionian unit’s geological formations on the Ionian Islands.
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Figure 4. Legend of Paxoi unit’s geological formations on the Ionian Islands.

2.2. Geotechnical Maps of the lonian Islands

According to their physical and lithological characteristics, the geological forma-
tions of the Ionian Islands were correlated with different geotechnical categories based on
the classification of the existing Engineering Map of Greece with a scale of 1:500,000 [29].
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Figure 5 illustrates the geotechnical legend for the corresponding maps of the Ionian Islands
(Figure 6), while in Table A1, their physical and mechanical properties are presented. The
conversion of the geological formations to geotechnical units was carried out based on the
digital geological maps and their detailed geological descriptions. Following the aforemen-
tioned procedure, we managed to upscale the existing map (1:500,000) to 1:50,000, which is
similar to the scale of the corresponding geological maps. Therefore, four (4) geotechnical
maps with a scale of 1:50,000 were produced (Figure 6) for the Ionian Islands.

Quaternary, loose, fine-grained, with organic material

Quaternary loose, mainly coarse-grained

Quaternary loose, mixed phases

Quaternary coherent, coarse-grained

Quaternary, coherent, mixed phases

Neogene deposits of mixed phases

Molassic sediments of the Mesohellenic trench

Flysch, undivided

Limestones

Limestones with nodules and lenses of silica

Limestones - dolomitic limestones - dolomites

Gypsum and calcareous - dolomitic breccias, unbedded

Figure 5. Legend for geotechnical maps of the Ionian Islands (Figure 6).

Based on the produced geotechnical map of Corfu and Paxoi (Figure 6a), it seems
that a high percentage of the land of Corfu Island is covered by Neogene and Quaternary
deposits of mixed and loose phases. On the other hand, the northeastern part of the
island is dominated by undivided flysch and limestones in cases with silica and dolomitic
limestones/dolomites. At the central part of the island, gypsum and dolomitic breccias
formations are observed, along with a limited development on the southern part of the
island. Finally, the whole island of Paxoi is structured with limestones.

Regarding the island of Lefkada, the geotechnical map (Figure 6b) reveals a high
percentage of alpine formations, mainly limestones, which, in some cases, are observed
with silica or dolomitic limestones/dolomites. These types of geotechnical formations
structure the biggest part of the island, especially in the western and southern parts.
Molassic sediments, along with Neogene and Quaternary deposits of mixed phases, cover
the northern and central parts of Lefkada Island.

It is obvious that the island of Cephalonia (Figure 6¢) is mainly structured by lime-
stones, apart from the southern part and the peninsula of Lixouri, where Neogene and
Quaternary deposits of mixed phases dominate. Ithaki Island is also structured by lime-
stones with silica, while there are also minor areas of undivided flysch.

Finally, on Zakynthos Island (Figure 6d), limestones dominate throughout the western
part of the island, while the eastern part is structured with Neogene and Quaternary
deposits of mixed phases. Gypsum and dolomitic breccia formations are found in small-
scale appearances in the southeastern part of the island.
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Figure 6. (a) Geotechnical map of Corfu-Paxoi, (b) geotechnical map of Lefkada, (c) geotechnical
map of Cephalonia-Ithaki, (d) geotechnical map of Zakynthos.

2.3. Seismotectonic Maps of the Ionian Islands

A third set of maps regarding the Ionian Islands comprises upscaled seismotectonic
maps of the Ionian Islands with a scale of 1:50,000 (Figure 7). They originate from the
seismotectonic map of Greece with a scale of 1:500,000 [30], based on the combination of
existing faults and seismicity, in combination with geological maps with a scale of 1:50,000.
Practically, in [30], the geological formations are grouped according to their P-wave velocity
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and density values, which are adapted in our upscaled seismotectonic maps (Figure 7).
Their common legend is presented in Figure 8.
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Figure 7. (a) Seismotectonic map of Corfu-Paxoi, (b) seismotectonic map of Lefkada, (c) seismotec-
tonic map of Cephalonia—Ithaki, (d) seismotectonic map of Zakynthos.

In some cases, geophysical measurements were taken into account [31] in order to
calibrate the original data. A great part of Corfu and Lefkada towns were covered with
geophysical measurements in [31], investigating the majority of existing geological for-
mations. For the estimation of the Vp wave velocity, 2D seismic refraction tomography
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(SRT) was implemented by the authors and was presented recently in [31]. Moreover,
the density calculation of the selected geological formations was also carried out through
laboratory measurements [31]. The above-mentioned values of the seismic velocities and
densities were used for the comparison with the ones provided by the seismotectonic map
of Greece [30] and their re-evaluation.

\:’ Q Recent to present formations. Mainly alluvial deposits, eluvial mantle materials,fluvial deposits,
talus cones, scree, fans, dunes, volcanic agglomerates. Vp=300-1400 m/s, p=1.8-2.0 g/cm®

|:| Q1 Coastal, fluvial, deltaic, marsh deposits. Vp=1400-2000 m/s, p=2.0-2.5 g/cm®

I:] Pt Old alluvial deposits, scree, talus cones and terraces, mainly of Pleistocene age.

Vp=1300-2000 m/s, p=2.0-2.5 g/cm®

|:| N Marls, marly limestones, clayey marls, clays, sands, sandstones, conglomerates
of Neogene and locally Pleistocene age. Vp=1800-3500 m/s, p=2.2-2.7 g/cm®

Flysch formations mainly shales, siltstones, sandstones, conglomerates and

F locally thin limestones intercalations. Vp=1800-3500 m/s, p=2.2-2.7 g/cm’
|:| Km Molassic formations: Marls, conglomerates, sandstones with intercalations of thin-platy
marly limestones. Vp=1800-3500 m/s, p=2.2-2.7 g/cm’
I:I Ki Ionian zone formations: limestones and dolomites, thin-to medium-platy, with

cherts and schists-marls intercalations. Vp=3500-4500 m/s, p=2.6-2.9 g/cm®

|:] KPA-KPa Formations of Paxoi zone (KPA) and Pantocrator limestones of the Ionian zone (KPa).
Vp=3500-4500 m/s, p=2.6-2.9 g/cm’

C] Evc Evaporite series: mainly gypsum, anhydrites, salt, diapiric formations.
Vp=3500-4500 m/s, p=2.6-2.9 g/cm’

Figure 8. Legend for seismotectonic maps of the Ionian Islands (Figure 7).

The produced seismotectonic map of Corfu and Paxoi (Figure 7a) highlights the appear-
ance of medium to high velocity (Vp = 1800-3500 m/s) and density (p = 2.2-2.7 gr/cm?)
formations on the north central and northeastern part of Corfu Island, derived by the
existence of alpine geological formations. The majority of the surface of Corfu Island is
covered with formations of lower P-wave velocities and densities that generally correspond
to Neogene and Quaternary deposits. On Paxoi, which mainly consists of limestones of the
Paxoi unit, high P-wave velocities and densities are observed.

The seismotectonic map of Lefkada Island (Figure 7b) reveals a high percentage of cov-
erage by formations of high P-wave velocity (3500-4500 m/s) and density (2.6-2.9 gr/cm?)
values due to the development of alpine formations of the Ionian and Paxoi units. Moreover,
lower Vp velocities (1800-3500 m/s) and densities (2.2-2.6 gr/ cm?) are observed in the
central south, northern and northeastern parts of Lefkada Island.

On Cephalonia and Ithaki (Figure 7c), most of the geological formations are categorized
as Ki and KPA-KPa classes (Figure 8). They correspond to limestone and dolomite forma-
tions of the Ionian and Paxoi units, identified with high P-wave velocity (35004500 m/s)
and density (2.6-2.9 gr/cm?) values. The remaining parts of Cephalonia, especially the
southern part, are covered with formations of low Vp velocity (1800-3500 m/s) and density
values (2.2-2.6 gr/cm?).

The northern and eastern parts of the island of Zakynthos are categorized in the
KPA-KPa category (Figure 7d), which signifies high P-wave velocity (3500-4500 m/s) and
density (2.6-2.9 gr/cm?) values. The rest of the island’s surface is covered with formations
of lower Vp (1800-3500 m/s) and density (2.2-2.6 gr/cm?3) values that correspond to the
post-alpine deposits of Zakynthos Island (Figure 7d).

2.4. Maps of Greek Antiseismic Code

The fourth type of maps of the Ionian Islands concerns the Greek antiseismic code [32],
which takes into consideration the ground acceleration, the building type and the soil
classification. The antiseismic code provides the necessary guidelines for the appropriate
building structures in order to have the essential antiseismic protection in Greece. Each
country’s antiseismic code, which is revised and updated whenever it is necessary, contains
a set of rules that define the minimum requirements for the design of seismic structures.
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The first Greek antiseismic code was drawn up in 1959. In 1984, it was supplemented with
additional articles, and its application began in 1985. In 1995, the new Greek antiseismic
code came into exclusive application. In 2003, the Seismic Hazard Zone Map was modified,
including three (3) seismic hazard zones instead of the older four (4) ones [32]. The first
zone corresponds to acceleration values of up to 0.16 g, the second one is for acceleration
values between 0.16 and 0.24 g and the third one is for values between 0.24 g and 0.36 g.
The new antiseismic code also includes the classification of soil types, as presented in
Table 1. Taking into consideration this type of categorization, all the geological formations
of the Ionian Islands were matched to class in the unified GIS geodatabase in order to
produce the set of maps of the Greek antiseismic code, as they are illustrated in Figure 9.

Table 1. Soil classification based on Greek antiseismic code [32].

Class Description of Stratigraphic Profile

Rock or semi-rock formations extending in wide area and large depth, provided that they are not strongly weathered.
A Layers of compact granular material with little percentage of silt—clay mixtures, with a thickness of less than 70 m.

Layers of stiff over-consolidated clay with a thickness of less than 70 m.

Strongly weathered rocks or soils that can be considered as granular materials in terms of their mechanical properties.
B Layers of granular material of medium density with a thickness larger than 5 m, or of high density with a thickness of

over 70 m. Layers of stiff over-consolidated clay with a thickness of over 70 m.

Layers of granular material of low relative density with a thickness of over 5 m, or of medium density with a thickness

of over 70 m. Silt—clay soils of low strength with a thickness of over 5 m.

Loose fine-grained silt-sand soils under the water table, which may liquefy (unless a specific study proves that such a

hazard can be excluded, or their mechanical characteristics will be improved). Soils that are close to apparent tectonic
X faults. Steep slopes covered with loose debris. Loose granular soil, or soft silt—clay soils that were proven to be

hazardous in terms of dynamic compaction or loss of strength. Recent loose backfills. Organic soils. Soils of class I with

excessively steep inclination.

Based on the Greek antiseismic code, the geological formations of Corfu and Paxoi
(Figure 9a) are categorized into four (4) corresponding soil classes (A, B, I' and X). The
dominating soil classes are B and T', but the northeastern part of Corfu and Paxoi are almost
dedicated to class A.

Regarding the island of Lefkada (Figure 9b), the categorization of the geological
formations also involves all four categories (A, B, I and X). A high percentage of the
island formations are categorized as class A, which corresponds to the alpine formations
that prevail. In the south central and northeastern part of the island, the formations are
categorized as B and I'. In some cases, where the coastal formations and scree are presented
in steep slopes, we can also observe soil class X.

The geological formations of Cephalonia and Ithaki are categorized into three (3) soil
classes regarding the Greek antiseismic code (Figure 9¢c). As both islands are mainly
structured with rocky alpine formations, class A is mostly present. The class I' is located in
the southern part of Cephalonia Island. Finally, class X corresponds to coastal formations
and loose formations that are present in steep slopes, like on the island of Lefkada.

The geological formations of Zakynthos Island (Figure 9d) are also divided into
four soil classes (A, B, I' and X). At the eastern part of the island, the geological formations
are mainly rocky alpine, corresponding to soil class A. At the central and southern parts of
Zakynthos, soil class B is mainly present, while on the rest of the island, soil classes I' and
X prevail.

2.5. Eurocode 8 Maps of the lonian Islands

A final set of maps for the Ionian Islands was produced regarding their categorization
for Eurocode 8 [33] (Figure 10). According to the European Committee for Standardization’s
Eurocode 8 (EC 8), as presented in Table 2, the Vg3 values are used for the classification of
the ground type. These Vg3g values were calculated with the contribution of geophysical
measurements and, more specifically, the Multi Analysis Surface Waves (MASW), which
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were carried out at selected geological formations of Corfu and Lefkada [31]. This procedure
was proven to be really useful for the categorization of all the formations of the Ionian
Islands.
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Figure 9. Map for the classification of Greek antiseismic code [32] of (a) Corfu-Paxoi, (b) Lefkada,
(c) Cephalonia-Ithaki and (d) Zakynthos.

Table 2. Ground type classification based on Eurocode 8 [33].

Ground Type Description of Stratigraphic Profile Vszg (m/s)

Rock or other rock-like geological formation, including at most 5 m of weaker

A . >800
material at the surface.
Deposits of very dense sand, gravel or very stiff clay, at least several tens of

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

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

D Deposits of loose-to-medium cohesionless soil (with or without some soft <180

cohesive layers), or of predominantly soft-to-firm cohesive soil.
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In Figure 10a, three ground types (A, B and C) of Eurocode 8 are discriminated on
Corfu and Paxoi. The ground type A formations, with the highest Vg3q values (>800 m/s),
are concentrated at the central, northern and northeastern parts of Corfu Island. They
also appear across the whole Paxoi Island (Figure 10a). On the other hand, ground type C
(180-360 m/s) seems to dominate at the remaining part of the island, along with several
areas of ground type B (360-800 m/s), which are mostly located at the central part of the
island of Corfu.
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Figure 10. Map for the classification of Eurocode 8 [33] of (a) Corfu-Paxoi, (b) Lefkada, (¢) Cephalonia—

Ithaki and (d) Zakynthos.

On Lefkada Island (Figure 10b), the geological formations are categorized into three ground

types of Eurocode 8 (A, B and C). The greater part of the island belongs to category A
(>800 m/s), while the rest of the island, which is structured with post-alpine formations,
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is categorized as ground types B (360-800 m/s) and C (180-360 m/s), depending on their
internal structure and cohesion.

The rocky alpine formations of Cephalonia and Ithaki (Figure 10c) present high Vs
values (>800 m/s), and thus, are categorized in ground type A of Eurocode 8. Ground types
B and C are located at the southern part of Cephalonia Island and in small-scale appearances
on Ithaki Island, corresponding to loose alpine (flysch) and post-alpine formations.

Finally, on Zakynthos Island (Figure 10d), the dominating ground types of Eurocode
8 are A (>800 m/s) and C (180-360 m/s). Ground type A is primarily found at the western
part of the island, while ground type C is constrained at the eastern part, where post-alpine
formations are present.

3. Results—Discussion
3.1. Isoseismal Maps—Macroseismic Data

As we have already mentioned, the Ionian Islands, especially Cephalonia and Lefkada,
are known for their severe earthquakes that cause infrastructure damage and human
casualties. Two of the most common intensity scales are the EMS98 and the ESI. The EMS98
scale [34] classifies residential buildings into six vulnerability classes and evaluates their
damage distribution in five classes, which account for the damage level of both the main
structural and non-structural components. Based on the assessment of the damage caused
to the infrastructures and buildings, we can produce the corresponding isoseismal map
of the area, illustrating the damage distribution from an earthquake. On the other hand,
the ESI scale [35] is based on earthquake effects on the natural environment, including
geological, hydrological and geomorphological features. Normally, an EMS98 isoseismal
map can be obtained only in terrestrial areas where buildings and infrastructures exist, and
therefore, their damage can be recorded. For areas such as the Ionian Islands, the collection
of these types of data might be tricky due to the nature of the geomorphology of an island
and the existence of the sea.

From the inquiry of the literature, we found almost 35 isoseismal maps or the essential
macroseismic data, allowing for the creation of isoseismal maps from different events
and/or researchers. Unfortunately, those data mainly refer to the islands of Cephalonia and
Lefkada, due to their vicinity with the Cephalonia-Lefkada Transform Fault Zone (CLTFZ).
In particular, for the island of Cephalonia, recent intensity maps showing the earthquakes
of 2014 were retrieved (scaled either using EMS98 or ESI) [36,37]. Additionally, the author
of [38] presents isoseismal maps from two historical earthquakes in 1741 and 1767.

Regarding the island of Lefkada, the isoseismal maps of two seismic events were
found. A first map for the 1948 earthquake is presented by the authors of [39]. On the
other hand, the earthquake of 2015 led to the production of isoseismal maps (of both scales
EMS98 and ESI) from several researchers [40—43]. Regarding the island of Zakynthos, the
authors of [44] provide an evaluation of all the major historical and recent earthquakes
felt on Zakynthos Island, based on the ESI scale. Finally, only one isoseismal map for the
earthquake of 1975 [45] was retrieved from the literature, regarding the island of Corfu.

Several other published isoseismal maps were also found [7,46-50]. Unfortunately,
they could not provide adequate data in order to correlate them with the new geotechnical
maps, since they were quite rough and simplified. Beyond that, the EMS98 maps were
preferred due to their direct association with infrastructure damage. Finally, the authors
of [51] used the macroseismic intensities of the Ionian Islands for their hazard analysis.

In Figure 11, one retrieved isoseismal map of Lefkada Island is illustrated, presented
with polygons and not contours. A similar approach of a polygonal isoseismal map was
also produced for the Mw = 6.2 Richter earthquake, on 14 August 2003 [41,42]. Moreover, in
Figure 12, an isoseismal map from the latest severe earthquakes on Cephalonia Island [47] is
presented, revealing its impact on the western part of the island and mostly on the Lixouri
peninsula.

An effort was made to correlate the data of all isoseismal maps with the corresponding
maps for the Greek antiseismic code and Eurocode 8. Unfortunately, it was not possible
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to identify some kind of similarity pattern for the island of Lefkada by associating the
retrieved isoseismal maps with the corresponding Greek antiseismic code (Figure 9b) and
Eurocode 8 (Figure 10b) maps. One possible reason for this could be that the damage
distribution of an earthquake is also controlled by the location of its epicenter and its
characteristics, which do not remain stable for each seismic event. On the other hand, for
the island of Cephalonia, an association between the isoseismal map of the 3 February 2014
earthquake [47] and the Eurocode 8 map can be observed in Figure 12. More specifically,
the maximum intensities (7-8) seem to have been recorded mainly on zones B and C of the
Eurocode 8 map.
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Figure 11. Isoseismal map of Lefkada Island regarding the Mw = 6.4 Richter earthquake of 17
November 2015 based on [41].
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Figure 12. Isoseismal map of Cephalonia Island regarding the Mw = 6.0 Richter earthquake of
3 February 2014 based on [47], compared with the corresponding Eurocode 8 map of the island.
3.2. Groups of Formations
The production of the aforementioned maps of the Ionian Islands (Section 2) provides
valuable information regarding the classification of all their existing geological formations.
In Table 3, all the geological formations of these islands are grouped based on the simi-
larities of their geological characteristics (Figure 1), but also based on their geotechnical
classification (Figure 6), their seismotectonic class (Figure 7) and their Greek antiseismic
code (Figure 9) and Eurocode 8 (Figure 10) maps.
Table 3. Classification of the geological formations of the Ionian Islands.
Description Geological Codes Geotechnical Seismotectonic Anfi;::iesl:nic Eurocode 8
(IGME Maps) Category Class Code Class Class
Lagoon and lake deposits
(Quaternary) be, dIL fp-1 Q X C
Recent coastal deposits od ol Q1 X C

(Holocene)
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Table 3. Cont.

.. Geological Codes Geotechnical Seismotectonic Cj}re.e k . Eurocode 8
Description (IGME Maps) Catego Class Antiseismic Class
P sory Code Class
Recent, valley, alluvial
deposits al, al sc 3 fc1 Q r C
(Quaternary)
Sy oatil sl sttt o,
p ’ scree alsc2,als, al sc, fcl Q X C
(Quaternary) Q.al, Q.f, Q.dl, Q.sc
Terra rossa deposits i £l Pt X C
(Holocene)
Conglomerate (Pleistocene) Qdl.c c-cm N T B
Cohesive beach rock alc f c-em A C
(Holocene)
Old consolidated dunes and
talus cones al 02, dl bc fc-cm Pt X C
(Quaternary)
Sandstones (Quaternary) dl, Qdls f,c-cm B B
Coastal deposits
(Pleistocene) Pt fe X =
Marls with sandstone, clay, Pl m, Pl m-st, PL
gypsum and conglomerate m2, M-Pl m, M-G, fc N B C
intercalations M m.st, Mi-s.m, P1,
(Miocene-Pliocene) M
Sandstones, conglomerates,  Plc, Pl c-st, M-PI m
marls and breccia st,sc, M-Pl st,sc, f-c N B B
(Miocene-Pliocene) Pm, Pl.s, Ms-P1
Breccia, conglomerates and M sc, Mi.k2, Mi k1,
limestones Mi.k, Mi.cl, Mi.c, f-c N B A
(Miocene) Mi.ck
Molassic deposits of
sandstones, marls, marly
limestones, conglomerates, McMm, MG M N B C
gypsum
(Miocene)
Secondary deposits of
Triassic breccia M tb M N B B
(Miocene)
Molassic deposits of marly
limestones and breccia M mk, M bc M N B A
(Miocene)
Gypsum and evaporites G T-G. TG c Eve r C
(Miocene-Pliocene, Triassic) ! T
Breccia (Triassic) Tb, tb, T,)br G Evc T B
Flysch of the Ionian Zone . .
(U. Eocene-M. Miocene) Fi, FI, fi F F A B
Marly limestones Olk, EXk L Km B A

(Eocene-Oligocene)
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Table 3. Cont.
. . . . Greek
Description Geological Codes Geotechnical Seismotectonic Antiseismic Eurocode 8
(IGME Maps) Category Class Class
Code Class
Jik, eM.k, Kselk,
e-0k, K6-8Kk,
Limestones of the Paxoi Zone J13-K5 k, Js sh,
and Pantocator limestones T5-J]3 k, T4 k, L Kpa-KPA A A
(U. Triassic—Miocene) E-Ok, Pck, Ksk,
Ki.d, Trs-Jik,
Ti-Jm.k, K8-9.k
Limestones of the Ionian ek Ksk Tk ek,
_ Zone Pe-Ek, Tk L K A A
(Triassic-U. Eocene) !
Js Ksk, Js sh, Jm k,
Ji m-k-ch, J sh, K8
Limestones with siltstone ilI’{KJBS—ké i f‘_l;f 11: ’
intercalations, shales and E k, Peik I&s bk/ Losi Ki A A
cherts of the Ionian Zone B
(L. Jurassic-U. Eocene) Js-kik, Jm.sh, Ji.ar,
’ ’ K8k, K5-7.k,
Js-Ki.k, Jm-sh,
Ji-m.k
Dolomites and dolomitic
limestones of the Ionian Zone JiD,JsD, T5D LD Kpa-KPA A A

(U. Triassic-U. Jurassic)

3.3. Correlation of Greek Antiseismic Code and Eurocode Maps

As far as the island of Corfu is concerned, the class A formations of the Greek antiseis-
mic code (Figure 9a) mainly correspond to the formations of the respective class A of the
Eurocode 8 map (Figure 10a). A part of Eurocode 8’s class A formations includes formations
of the Greek antiseismic code class B. The formations of class B Greek antiseismic code, in
general, correspond to Eurocode’s class C. Regarding Paxoi Island, the formations belong
to class A both for the Eurocode and Greek antiseismic code maps.

Quite the same correlation is observed on Lefkada Island, as the formations of the
primary category A of the Greek antiseismic code (Figure 9b) seem to belong to class A for
Eurocode 8 (Figure 10b). On the other hand, the formations of class B regarding the Greek
antiseismic code are separated into two different categories, classes B and C, regarding
Eurocode 8 categorization. Furthermore, the formations of category C for Eurocode 8 seem
to correspond to the X class of the Greek antiseismic code on Lefkada Island (Figure 9b).

These associations are also observed on the islands of Cephalonia and Ithaki
(Figures 9c and 10c). One difference is observed, with the formations of class B of the
Greek antiseismic code, at the southeastern and western parts of Cephalonia, correspond-
ing to class A of Eurocode 8. This kind of correlation can also be observed on Corfu
Island.

Finally, for the island of Zakynthos, the correspondence of class A formations of
Eurocode 8 to class A of the Greek antiseismic code is once again observed. Furthermore,
the majority of all other classes of the Greek antiseismic code (B, I' and X), as shown in
Figure 9d, are practically mutually presented as Eurocode 8 class C formations in Figure 10d.

In Table 4, all the associations among the categories of the Greek antiseismic code and
Eurocode 8 were grouped, while in Table 3, all the corresponding categorizations can be
found in detail. In general, we can say that all types of carbonate formations belong to class
A of the Greek antiseismic code and Eurocode 8. Flysch, though, belongs to class A of the
Greek antiseismic code, but belongs to class B of Eurocode 8. The formations of class B
of the Greek antiseismic code including marly limestones or intercalations of limestones
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turn into class A of Eurocode 8, but when sandstones exist, they are also characterized as
class B of Eurocode 8. Furthermore, formations that were classified as category I of the
Greek antiseismic code can refer to class B of Eurocode 8, if breccia or conglomerates are
involved, or remain as class C if they have evaporites/gypsum or even alluvial deposits.
Finally, all formations of category X of the Greek antiseismic code are classified as category
C of Eurocode 8.

Table 4. Associations of Greek antiseismic code [32] and Eurocode 8 [33] classifications on the Ionian

Islands.
Greek Antiseismic Code Class Eurocode 8 Class
A A-B-C
B A-B-C
r B-C
X C

Overall, it is considered that the Greek antiseismic code is insufficient due to the fact
that it is mainly based on the soil type, and its classification is somehow qualitative. On
the other hand, the classification of Eurocode 8 takes into account the Vs3 values, which
can also be determined via geophysical measurements. Therefore, as already stated by
other researchers [52-54], Eurocode 8 seems to provide better classification for engineering
purposes, or alternatively, the Greek antiseismic code can be improved by embedding
elements of Eurocode 8, such as Vss.

4. Conclusions

In this paper, an organized effort to gather, digitize (in GIS environment) and update
valuable information regarding the cartographic data of the Ionian Islands was carried out.
Existing maps, such as seismotectonic and geotechnical ones, were upscaled from 1:500,000
to 1:50,000 for these islands, and simultaneously re-evaluated. Additionally, new sets of
maps were also produced based on the classification of the Greek antiseismic code and
Eurocode 8.

Beyond this, we tried to unify all the geological formations of the Ionian Islands in a
geodatabase and adapt a common categorization, given the fact that most of them can be
observed on more than one island even though they are symbolized differently on older
paper maps.

As already mentioned, during the procedure for the production of upscaled and
updated seismotectonic maps, a comparison/calibration of the density and Vp values
for several formations was carried out between the existing data of the IGME maps [30]
and recently acquired geophysical data, which are presented in detail in [31]. The density
values were almost identical, while the Vp seismic velocities were observed to have slight
differences. More specifically, the velocities provided in [30] were vaguely higher, which is
probably due to the fact that the values in [31] were collected near the surface.

Finally, some associations for the classifications of the Greek antiseismic code and
Eurocode 8 were identified for specific types of geological formations. For that reason, it
seems that information from both classifications is valuable, and Vsz( values should also be
embedded somehow in the categorization of the Greek antiseismic code. Finally, only for
the island of Cephalonia, similar patterns were determined between the Eurocode 8 map
and existing isoseismal map.
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Appendix A

Table Al. Physical and mechanical properties of the geotechnical categories observed on the Ionian
Islands, based on the legend data of the original Engineering Map of Greece with a scale of 1:500,000 [29].

Cohesion (Kg/cm?) Friction Angle (°)

Geotechnical Yy LL PL qu Cs
Category [21] (g/cm?3) (%) (%) Shear Triaxial Shear Triaxial (kg/cm?) (kg/cm?)
Tests (cs) Tests (cy)  Tests (ps)  Tests (@¢)
fp-1 1.3-2.25 20-65 12-25 0.03-0.9 0.04-1.8 18-38 15-32 0.2-3.5 0.2-4.0
o-1 2.0-2.4 17-40 13-25 0.0-0.5 0.0-0.5 25-50 - 0.3-2.5 0.2-0.5
f,c-1 1.8-2.2 2046 8-30 - 0.2-0.5 - 15-35 0.5-3.5 -
c-cm 2.1-2.8 - - - 2.0-30 - 35-65 2-150 -
f,c-cm 1.8-2.8 30-70 14-40 0.4-2.0 0.4-50 18-52 10-70 0.3-550 0.16-0.2
f-c 1.8-2.8 27-67 19-33 0.03-25 0.05-75 20-50 1540 1-25 0.15-0.2
M 1.8-2.2 25-60 16-35 - 0.03-70 - 1443 2-550 0.13-0.2
G 1.7-2.3 - - 10-150 25-35 10-200 -
F 1.7-2.8 25-35 16-21 6-200 - 2045 - 65-700 -
L 2.5-2.7 - - - 100-300 25-45 30-45 300-1200 -
L-si 2.5-2.7 - - - 100-300 30-45 200-1700 -
LD 2.6-2.8 - - - 100-300 - 27-45 350-1800 -
Yp: Bulk density; LL: Liquid limit; PL: Plastic limit; ¢s: Cohesion from shear tests; ¢;: Cohesion from triaxial tests;
@s: Angle of friction from shear tests; @¢: Angle of friction from triaxial tests; qu: Uniaxial compressive strength;
Cs: Compression index.
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