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Abstract: Seismicity in the Ionian Sea (W. Greece) is mainly generated along the Cephalonia–Lefkada
Transform Fault Zone (CLTFZ) in the central Ionian, and on the northwestern termination of the
Hellenic subduction margin in the south. Joint pre-, co- and post-seismic ground deformation
and seismological analysis is performed at the broad Ionian area, aiming to homogeneously study
the spatiotemporal evolution of the activity prior to and after the occurrence of strong (M > 6)
earthquakes during the period of 2014–2018. The 2014 Cephalonia earthquakes (Mw6.1 and Mw5.9)
were generated on a faulting system adjacent to CLTFZ, causing local ground deformation. The
post-seismic sequence is coupled in space and time with the 2015 Lefkada earthquake (Mw6.4), which
occurred on the Lefkada segment of the CLTFZ. Co-seismic displacement was recorded in the broader
area. Seismicity was concentrated along the CLTFZ, while its temporal evolution lasted for several
months. The 2018 Zakynthos earthquake (Mw6.7) caused regional deformation and alterations on
the near-velocity field, with the seismicity rate remaining above background levels until the end of
2021. In the northern Ionian, convergence between the Apulian platform and the Hellenic foreland
occurs, exhibiting low seismicity. Seismic hazard assessment revealed high PGA and PGV expected
values in the central Ionian.

Keywords: Ionian Islands; Cephalonia–Lefkada Transform Fault Zone; seismicity; ground deformation;
GNSS; seismic hazard

1. Introduction

The area of the Ionian Islands in western Greece plays an important role in the kine-
matic processes of the eastern Mediterranean. This tectonically complex area is by far
the most seismically active region in Greece and among the most seismogenic regions in
Europe. It is characterized by the frequent occurrence of destructive large earthquakes and
undergoes intense ground deformation. The central Ionian Islands constitute part of the
Eastern Mediterranean lithosphere that is subducted beneath the Aegean lithosphere along
the Hellenic Arc.
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The Ionian Sea (Figure 1) hosts areas with different fault geometries and kinemat-
ics. The prevailing tectonic structure is the NNE–SSW-trending, right-lateral Cephalonia–
Lefkada Transform Fault Zone (CLTFZ), which is the most seismically active structure not
only in the Ionian Sea, but also in Greece. This zone is a major boundary in the kinematic
field of the region, as it separates the Ionian Margin into two different areas. The North
Ionian Islands, comprising the Diapontia Islands, Corfu, Paxoi and Antipaxoi Islands,
move slowly northward and northwestward at rates lower than 5 mm/year with respect to
Eurasia. The South Ionian Islands, comprising Lefkada, Cephalonia, Ithaca and Zakynthos,
move rapidly southwestward with velocities of 6–30 mm/year [1–3].

The CLTFZ is composed of two segments: the 40 km-long, NE–SW-striking, ESE-
dipping, right-lateral Lefkada segment, extending from the northwestern offshore part of
Lefkada Island to the northern offshore part of Cephalonia Island [4,5], and the 90-km-
long Cephalonia segment, close to the western offshore part of Cephalonia, with similar
geometry and kinematic properties to the other segment [6,7].
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Figure 1. Seismotectonic background of the Ionian Islands region. Focal mechanisms of stronger
events (M ≥ 5.5) are presented (see Data Availability Statement for references). Historic seismicity
is presented by gray squares (SHEEC database, [8,9]) Principal stress axes S1 (blue) and S3 (red)
after [10]. Fault lines after [11–19]. CLTFZ: Cephalonia–Lefkada Transform Fault Zone, WAFZ:
Western Achaia Fault Zone.

The South Ionian Islands (Zakynthos and Strofades) are located close to the north-
westernmost tip of the Hellenic Arc, a few kilometers east of the Hellenic Trench in the
southern Ionian Sea. The trench represents the active plate boundary where the eastern
Mediterranean lithosphere is being subducted beneath the Aegean one. This subduction
zone terminates against the Cephalonia segment of the CLTFZ.
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The CLTFZ is not the only major right-lateral fault zone in the Ionian Sea. A few kilo-
meters south of Zakynthos, another structure occurs. It constitutes the southward extension
of the seismic NE–SW-striking, right-lateral Western Achaia Fault Zone (WAFZ), which
extends from the northwestern part of the Peloponnese to offshore southern Zakynthos [20].
The epicenter of the 8 June 2008, Mw6.4 Andravida earthquake [21,22] and its aftershock
sequence were distributed along the onshore part of the WAFZ, at the northwestern part of
the Peloponnese. It is worth noting that the earthquake did not induce direct expression of
primary surface faulting [23]. Furthermore, the onshore part of the WAFZ has no direct
surficial morphotectonic or geological evidence onshore of the Western Peloponnese. On
the contrary, its offshore extension is linked with an offshore pull-apart basin NE of the
Strofades Islets [24,25].

The part of the Ionian Sea located south of Zakynthos constitutes a downthrown block
of the External Hellenides at the northern end of the Hellenic Trench. Flat thrusts, strike-slip
and normal faults are detected [25], with thrusting prevailing over strike-slip or normal
faulting [7,26]. The prominent feature of this area is a 46 km-long, NW–SE-trending thrust
system [27], responsible for the generation of the 1997 Mw6.6 [28] and the 26 October 2018
Mw6.7 [29] Zakynthos earthquakes.

The intense seismicity on the southern part of the Ionian Sea is attributed to the
proximity of this area to the CLTFZ, the Hellenic Trench and many onshore faults in the
South Ionian Islands. These islands have been formed either on the margins or within fault
blocks. At Lefkada Island, typical cases are the fault zones in the western coastal part [15],
along which extensive environmental effects were generated from the two strong Lefkada
earthquakes on 14 August 2003 (Mw6.3) [30,31] and on 17 November 2015 (Mw6.4) [32],
triggering many rockfalls and landslides in the western coastal part of the island [17,33].
In Cephalonia, several active faulting zones at the northern, western and southwestern
parts of the island are susceptible to triggering of earthquake environmental effects, with
the most typical example being the numerous rockfalls and slides due to the August 1953
earthquakes [34]. In Zakynthos, typical cases of active faults are the Volimes fault zone in
the north part of the island, which has been formed in the transition from the Northern
Zakynthos fault block to the Central Zakynthos one. Similar active faults are also located at
the eastern and southern parts of Zakynthos Island [16].

Regarding the North Ionian Islands, a NNW–SSE-trending system, with a relatively
extended shelf width represents the convergence (continental collision) between the Apu-
lian Platform and the Hellenic foreland, with Corfu lying on the northwestern edge of the
Hellenic Fold and Thrust Belt. The E–W-striking Southern Salerno–North Corfu fault zone
is a major right-lateral structure that crosses Corfu from coast to coast [35] and which has
resulted in the displacement of N–S-trending fold axes and thrusts [36]. This part of the
Ionian Sea is characterized by lower seismicity than the southern one. The North Ionian
Islands have suffered damage from earthquakes generated in adjacent areas, such as the
20 February 1743 Salento peninsula (Apulia, southern Italy) earthquake with Mw7.1 and
I0 = IX, which triggered landslides in Corfu [37] and severe structural damage, including
building collapses in Corfu town [38], attributed to very efficient strong propagation with
NW–SE preferential directivity [39].

The complex geotectonic status of the area resulted in the high seismic activity that
occurs in the broad Ionian area. However, during the last decade, and mainly during
the period between 2014 and 2018, increased seismicity was observed, and strong events
(M > 6.0) shocked the central Ionian Islands. Early 2014, two earthquakes (Mw5.9 and
Mw6.1) occurred on Cephalonia Island, while in November 2015 and in October 2018
two earthquakes of Mw6.4 and Mw6.7 took place at South Lefkada and offshore south of
Zakynthos, respectively. The regional crustal motion along the entire Ionian Sea and
western Greece, as well as the local deformation on the central Ionian Islands, have
been studied and monitored with local dense Global Positioning System (GPS) networks
[13,40,41] and continuous Global Navigation Satellite System (GNSS) stations [42,43]. Pre-
vious work focused on the seismological analysis and interpretation of each of these
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strong earthquakes [15,29,32,44–49], on the study and modeling of the co-seismic defor-
mation during every event [50–58] and on the geological impact close to the epicentral
areas [14,15,17,59,60].

The purpose of the present work is to study and present in a unified and homogeneous
approach an overview of the seismicity and the ground deformation in the broad area
of Ionian Sea, extending from Corfu Island to the north to Strofades Islet in the south.
The time span of the data covers the period before, during and after the occurrence of
the strong earthquakes of 2014–2018. The spatiotemporal evolution of the seismicity
involving these significant events is analyzed. Pre-, co- and post-seismic deformation is
quantitatively described, aiming to understand the pattern of the ground motion associated
with the recorded seismicity. The regional implications of joint seismological and geodetic
analysis are also considered and discussed with respect to the geotectonic status of the area.
Seismological data from the Hellenic Unified Seismic Network (HUSN) and geodetic data
from the commercial and institutional continuous GNSS networks in the area were used in
the framework of this study.

2. Seismological Data and Results

In the Ionian Islands there are historical reports of 94 earthquakes from the years 358 to
1898 [9,61]. A significant number of historical earthquakes are located onshore, most possibly
due to the limitations that arise from the use of historical sources. Instrumental seismicity,
since 1900, is concentrated around the islands of Lefkada, Cephalonia and Zakynthos [28]. As
described above, epicenters in Lefkada and Cephalonia are linked to local faults and mainly
to the CLTFZ, whereas seismicity offshore and close to Zakynthos is related to the border
between the Eurasian and African plates. Focal depths are limited to the upper 30–40 km of
the crust, while foci at greater depths are related to the submerged African plate. The high
seismicity rate is reflected in the high seismic hazard of the central Ionian Islands that belong
to the highest category (Zone III) of the current Greek Building Code, with a Peak Ground
Acceleration (PGA) value of 0.36 g for a return period of 475 years [62].

Since the implementation of the HUSN in 2007 [63], the monitoring of seismic activity
in Greece has been enhanced, with increased detectability and improved location accuracy.
This was particularly important for the region of the Ionian Islands, as it is situated at the
western margins of the network and a significant part of its intense seismicity is located
offshore. Herein, a catalogue of ~62,000 earthquakes was compiled. These events have
occurred in the broad Ionian Islands area, including part of mainland western Greece.
The seismological data were collected from the database of the Geodynamics Institute of
the National Observatory of Athens (GI-NOA) for the period from February 2011 to May
2018. For the consecutive period from June 2018 to November 2021, the seismological
data were extracted from the database of the Seismological Laboratory of the National
and Kapodistrian University of Athens (SL-NKUA). Furthermore, in the present analysis,
relocated seismicity catalogues were incorporated for the 2014 Cephalonia, 2015 Lefkada
and 2018 Zakynthos aftershock sequences [29,32,64–67].

2.1. Seismicity Results

After visual inspection, the seismicity of the study area during the last decade was
divided into 12 spatial groups (Figure 2), to enable the description of its spatiotemporal
evolution. Seismicity marginal to the area of interest was placed in the miscellaneous group
#13 (white). The magnitude of completeness is estimated at Mc = 2.0 ± 0.2, with variations
depending on the method used for its determination or the time period of a selected subset.
At times, it reaches lower values, e.g., 1.5, whereas during the occurrence of significant
earthquakes that produce series of large aftershocks, the magnitude of completeness may
temporarily surpass 2.5. The cumulative number of events per spatial group (Figure 3a) and
the spatiotemporal projection (Figure 3b) along the A–B profile of Figure 2a are drawn after
the application of the magnitude threshold (M ≥ Mc = 2.0). The herein referred magnitudes
are ML, unless otherwise stated.
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lands region. An M4.5 earthquake occurred near the northern tip of Cephalonia Island on 
16 March 2011, an M4.1 event occurred just offshore south of the island on 5 December 
2011 and an M4.2 event near the northwestern part of the Paliki peninsula (Atheras area) 
on 23 April 2013. The background seismicity rate with M ≥ 2.0 was ~0.4 events/day, occur-
ring mainly onshore of the island (group #1, red) and in Myrtos Gulf (group #2, orange). 
Overall, very few events are located near to or onshore of Ithaca Island during the study 

Figure 2. (a) Seismicity in the region of the Ionian Islands during the period February 2011–November
2021 from the databases of GI-NOA and SL-NKUA, including relocated catalogues for the three main
aftershock sequences [29,32,64,65]. Colors and numbers correspond to different spatial groups. The
north–south-oriented profile A–B is used for the spatiotemporal projection of Figure 3b. (b) Close-up
of the seismicity in the region of Cephalonia–Ithaca–Lefkada Islands. (c) Close-up of the seismicity in
the region of Zakynthos Island.

Starting in early 2011, scattered seismicity was observed throughout the Ionian Islands
region. An M4.5 earthquake occurred near the northern tip of Cephalonia Island on
16 March 2011, an M4.1 event occurred just offshore south of the island on 5 December 2011
and an M4.2 event near the northwestern part of the Paliki peninsula (Atheras area) on
23 April 2013. The background seismicity rate with M ≥ 2.0 was ~0.4 events/day, occurring
mainly onshore of the island (group #1, red) and in Myrtos Gulf (group #2, orange). Overall,
very few events are located near to or onshore of Ithaca Island during the study period.
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Background seismicity was also recorded along the SW extension of the CLTFZ, at a rate
of 0.1–0.2 events/day. Further south, near Zakynthos Island, clustered seismicity was
recorded following events of magnitude around 4 at group #4 (indigo; ~0.3 events/day)
and group #8 (yellow; ~0.5 events/day), which extended from the area between Zakynthos
and Cephalonia to the NW Peloponnese. An M5.0 event occurred at the westernmost
end of group #4 on 19 July 2011, triggering seismicity along SW–NE-trending streaks. It
should be noted that such delineations of epicenters in that area have been argued to be
affected by the large azimuthal gap, causing location biases along this direction [29], so
they should not be overinterpreted. The southernmost group #6 (cyan) near the Strofades
Islets has a background rate of ~0.2 events/day. On Lefkada Island (group #3, green; with a
background rate of 0.1–0.2 events/day), seismicity often occurs in spatiotemporal clusters,
whereas the background seismicity on Cephalonia Island tends to be more randomly
scattered. Significant earthquakes that took place during the study period also include an
M4.5 event on 23 October 2012 offshore north of Lefkada and west of Preveza, and an M4.7
event on 23 May 2013 at the southern tip of the island.
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Figure 3. (a) Cumulative number of events per spatial group of Figure 2 (different colors), for events
with M ≥ Mc = 2.0. The larger events (M ≥ 4.0) are marked by circles. (b) Spatiotemporal projection
along the north–south-oriented profile A–B of Figure 2a, for events within a range of ±50 km from
the profile and M ≥ Mc = 2.0. Symbol size is proportional to magnitude. Events with M ≥ 5.0 are
marked with stars. Close-ups for the periods January 2014 to September 2017 and August 2016 to
November 2021 are presented in Figures A1 and A2 of Appendix A, respectively.
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Group #9 (black), near the eastern shore of Amvrakikos Gulf, with a background rate
of ~0.1 events/day, contains an M5.2 event that occurred on 24 October 2014, producing a
small cluster. Further north, Corfu Island is characterized by very low seismicity onshore
throughout the study period. Sparse seismic activity was recorded offshore to the south and
a bit denser distribution of epicenters is identified to the north, near the shores of Albania
(group #5, purple; with a background rate of 0.1–0.2 events/day), related with events of
magnitude 4.0 ≤ M < 5.0. West of Corfu Island, at NW Epirus, group #10 (blue; background
rate of 0.2–0.4 events/day) included an M = 5.6 thrust event that occurred on 21 March 2020
near Kanallaki [68,69]. Group #11 (beige; background rate of 0.1 events/day) contains an
M5.3 event that occurred on 15 October 2016 near Ioannina. At the northern edge of the
study area, group #12 (gray; background rate of 0.1 events/day) near the Greco-Albanian
border, contains an M5.3 event that occurred on 1 June 2019. The most significant bursts
of earthquake activity at the Ionian Islands region during the study period comprise the
2014 Cephalonia (groups #1 and #2), the 2015 Lefkada (groups #3 and #2) and the 2018–2019
Zakynthos mainshock–aftershock sequences (group #4), which are described in more detail in
the following subsections.

2.1.1. The 2014 Cephalonia Sequence

The 2014 Cephalonia sequence was initiated by an Mw6.1 mainshock that occurred
on 26 January 2014, ~2 km NE of the city of Lixouri, on the Paliki peninsula [44–46,60,64].
About one week later, on 3 February 2014, another significant earthquake of magnitude
Mw5.9 occurred at the NW part of Paliki. The seismicity on Cephalonia Island during 2014
was relocated using the double difference method (HypoDD; [70]) and a minimum 1D
velocity model [64,65]. The aftershock distribution extended ~32 km in a N20◦ E direction,
covering the entire Paliki peninsula (group #1), but seismic activity was also triggered
in a spatially separated cluster inside Myrtos Gulf (group #2). The southern half of the
onshore seismicity, related mostly to the first major earthquake of 26 January 2014 at a
depth of 16 km, appeared more complex, being distributed between 5 and 17 km and
extending to a width of 15 km in a N110◦ E direction, whereas the northern half, mostly
related to the second major earthquake, was more linearly distributed (width ~5 km) and
shallower, at focal depths between 5 and 12 km [65]. Seismicity after the first earthquake
was mainly concentrated near its hypocenter during the first hours, but quickly spread
throughout the aftershock zone. Some clusters further south, offshore Cephalonia, were
triggered at a later stage. A significant cluster occurred south of group #1 after an M5.0
event on 8 November 2014, soon followed by clustered activity in Myrtos Gulf (group
#2). The focal mechanisms of the two major events and most of the major aftershocks
indicate dextral strike-slip faulting along SSW–NNE-trending, subvertical faults. However,
seismicity inside the Myrtos Gulf is characterized by several smaller clusters trending
E–W, i.e., transverse to the axis of the CLTFZ, which suggests antithetic sinistral faulting.
The 2014 sequence temporarily increased the seismicity rate of the neighboring groups
#7 and #8. The temporal evolution of the post-seismic activity in Cephalonia (group #1)
shows a long relaxation period that lasted up to July 2017, considering a relatively high
background seismicity level (0.3 events/day) for M ≥ Mc = 2.0 (Figure 4). In the northern
area of Cephalonia (group #2), with a smaller background seismicity rate (0.1 events/day
prior to 2014), increased activity was observed up to September 2017, due to its reactivation
after the 2015 Lefkada mainshock, which is presented in the following Section 2.1.2.
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2.1.2. The 2015 Lefkada Sequence

A few months after the Cephalonia events, on 17 November 2015, an Mw6.4 earth-
quake struck Lefkada Island, with its epicenter located near the mid-southern part of the
western coast. The seismicity during the period from 17 November to 3 December 2015,
relocated with the double-difference method [65], revealed a very different distribution
than that of the 2014 Cephalonia sequence. The aftershocks were divided in distinct clusters,
distributed at focal depths between 5 and 15 km. The aftershock zone extended to ~60
km in a N16◦E direction, mainly onshore of the island. Very few events occurred south of
the mainshock, suggesting that a major fault patch was ruptured, leaving only few small
unbroken asperities. The largest aftershock was an M5.0 event that occurred on the same
day as the mainshock and close to its vicinity. The densest cluster was located just north
of the mainshock, in the same region that was activated during an M5.1 event that had
occurred on 29 November 1994 [71], and also triggered after an Mw6.3 earthquake that
struck the northern part of the island on 14 August 2003 [30,31]. Notably, the mainshock
of 2015 at Lefkada Island, which mainly involved group #3, also triggered seismicity in
group #2, between Cephalonia and Lefkada, and even inside the Myrtos Gulf. Furthermore,
these offshore southern clusters presented similar characteristics as those in the gulf of
Myrtos, i.e., east–west alignment, likely related to antithetic sinistral faulting, transverse
to the CLTFZ. The earthquake rate of group #3 that increased since the occurrence of the
17 November 2015 earthquake, remained higher than the background level (0.1 events/day;
for M ≥ Mc = 2.0) as late as September–October 2017. To exclude possible biases due to the
increase of event detectability, setting a higher magnitude threshold of 2.3 (Figure 5) indi-
cated a return of the seismicity rate to its background level around October 2016, dropping
to very low levels in May–July 2017.
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2.1.3. The 2018–2019 Zakynthos Sequence

The most recent significant seismic occurrence in the region of the Ionian Islands during
the study period is the 2018–2019 Zakynthos mainshock-aftershock sequence [29,49,72]. An
Mw6.7 offshore earthquake occurred on 25 October 2018, 45 km SW of Zakynthos Island, at an
estimated depth of ~12 km. The focal mechanism of the mainshock indicates dextral strike-slip
on a low-angle (25◦), east-dipping plane. The relocated catalogue of over 4000 aftershocks in
the period between 25 October 2018 and 31 March 2019 reveals an extensive aftershock zone,
~80-km-long in a N110◦ E direction and ~55 km wide [29]. The largest aftershock was an
Mw5.5 event that occurred on 30 October 2018, 15 km NNW of the mainshock, with a similar
focal mechanism, albeit with a steeper dip angle. The distribution of epicenters permits the
distinction of some sub-clusters within the seismicity cloud. A large group in the vicinity of
the mainshock presented a smoothly diminishing seismicity rate. On the other hand, other
clusters, particularly at the northern part of the aftershock zone, but also at the southern end,
presented outbreaks, some related with the occurrence of significant aftershocks. The most
persistent activity was observed at the northern subclusters of group #4, with intense activity
that lasted until October 2019. A last burst of seismic activity occurred between March and
July 2020 and was triggered at the southern end of the 2018 aftershock zone, after an M4.3
event on 26 March 2020, followed by a few more M > 4 events. A final significant M5.2 event
occurred on 21 October 2020 in the same region, after a period of quiescence.

The 2018 Zakynthos mainshock–aftershock sequence was preceded by several fore-
shocks since the beginning of the year in the vicinity of the mainshock. An M4.8 event had
occurred at the northern end of group #4 on 21 February 2018 and another Mw4.8 event was
recorded half an hour before the mainshock. Earlier activity was also documented near the
mainshock’s region between September 2016 and March 2017, in at least three outbreaks,
while a smaller one occurred in August 2017. Focal mechanisms of the 2018 Zakynthos
aftershock sequence involved both low-angle and steeper strike-slip faulting [29]. The
latter is mainly related with the northern subclusters, which also present a form of SW–NE-
trending streaks, similar to the cluster at the southern end of group #4. The kinematics of
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the mainshock and many of the major aftershocks are consistent with SW–NE-trending
compression occurring in this region that is found in a transition zone between strike-slip
faulting in the north (CLTFZ) and to the east (WAFZ in the NW Peloponnese, e.g., the 2008
Andravida earthquake [21,22]) and the northwestern end of the Hellenic Arc subduction
zone. The temporal evolution of the post-seismic activity indicates that even towards the
end of 2021 the seismicity rate had still not returned to its background level, despite the
magnitude threshold being set as high as 2.5, quite above the average Mc = 2.0 (Figure 6).
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2.2. Seismic Hazard

The intense and large magnitude seismic activity in the broad area of the Ionian Islands
makes the assessment of seismic hazard crucial in the urban planning, as well as in the
construction of critical infrastructure. Additionally, the tourism industry in the Ionian
Islands is a major concern for the local and national economy that requires enhancing its
earthquake resilience.

The strong earthquakes that occurred in the area have yielded high values of Peak
Ground Acceleration (PGA). At Cephalonia, the two events of 2014 induced shakings
reaching ~560 cm/s2 and 735 cm/s2, respectively [73]. At Lefkada, PGAs of ~412 cm/s2

were recorded in the 2003 event [74] and 363 cm/s2 during the 2015 earthquake [67]. Finally,
the Mw6.7 earthquake of Zakynthos led to a recorded PGA of ~382 cm/s2 [75], on the
island.

On the framework of this study, the seismic hazard of the Ionian Islands was evaluated,
aiming to estimate the maximum anticipated ground motion values in this highly active
seismogenic area. A probabilistic seismic hazard assessment (PSHA) method has been
applied. Based on the regional character of this study, a source-zone approach was selected.
Zone boundaries were obtained from the SHARE project [76,77]. However, the b-value,
earthquake rate and maximum magnitude for each area were re-estimated, from the
catalogue compiled in the context of the current study. To account for time periods of
incomplete data, the modified b-value (β) was determined using a maximum likelihood
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method [78]. The ground motion prediction equations (GMPEs) of [79], which have been
successfully applied in seismic hazard studies in Greece [80–82], were used to obtain PGA
values in the final PSHA model. A reverse/strike-slip focal mechanism type and a rock
basement were considered in the GMPE, for all areas. Finally, the seismic hazard was
assessed using the R-CRISIS software [83]. The software can calculate the expected hazard
value (in this case, PGA and the Peak Ground Velocity; PGV) for estimated earthquake
occurrence probabilities at specific timeframes, for the given distribution of sources and the
event magnitudes within the limits of each zone. The PGA and PGV values were computed
for a 10% exceedance probability level in 50 years (return period of 475 years) (Figure 7).
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The two hazard quantities follow similar distributions. Highest values are observed
at Cephalonia and the nearby Ithaca Island. The high seismic activity on these islands
fully complied with the obtained hazard values. Similarly, increased values are observed
at the NW edge of Zakynthos. The hazard quantities decrease towards the central part
of Zakynthos, in accordance with the lack of strong events in this area. The high hazard
zone is terminated at the southern part of Lefkada Island. The lowest hazard values in
the area are observed in the north Ionian Islands (Paxoi and Corfu); as expected, since no
large-magnitude events (M ≥ 6.0) have occurred in this area during the past 120 years [28].

The Greek Building Code [62] classifies the Ionian islands into two zones: Zone II
(with PGA of 235 cm/s2) and Zone III (with a value of 353 cm/s2). Lefkada, Cephalonia,
Ithaca and Zakynthos Islands are in Zone III, with Corfu and Paxoi classified in Zone II.
While the code provides wide ranges, the current analysis indicates that there may be a
need for a more detailed approach. The expected PGA at Corfu and Paxoi was found to
be the lowest in the Ionian Islands, being less than 353 cm/s2. However, it was observed
that for Zone III islands, a much finer distribution could be extracted (Figure 7a). Moreover,
Cephalonia and Ithaca seemed to feature PGA values much higher than that of the Seismic
Code. Making this distinction by introducing a new Zone with stricter building guidelines
could prove to be a useful approach to reduce seismic vulnerability—and therefore, risk—in
a financially significant area of the Ionian prefecture. Revising the national code would
also offer the opportunity to rethink local actions for improving the seismic resilience of
older and historical buildings in cities and towns (e.g., Argostoli in Cephalonia) that teem
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with them. Other seismic hazard studies, albeit Greece-wide, also find PGA values that
well exceed those proposed by the building code [80,84].

3. GNSS Data and Results

Daily GNSS data from stations located in the Ionian Islands and western mainland
Greece and the Peloponnese were processed for the period from 2009 to 2021. The analysis
intended to determine the crustal velocity field of the broad area, detect possible pre-
seismic displacements and study co- and post-seismic deformation. The continuous GNSS
stations extend from the northern Corfu Island to the Strofades Islets, south of Zakynthos.
In western mainland Greece and the Peloponnese, the stations are located in the broad
area of Patras Gulf and in the city of Pyrgos in the western Peloponnese (Figure 8). Sites
KASI, SPAN, PONT, KIPO, VLSM, ZNTE, STRF, KTCH and RLSO belong to the National
Observatory of Athens (NOA network) [42,43]. The commercial network of METRICA SA
(HexagonSmartNet) [85] provided data for stations KERK, PAXO, ARGO, ZAKY, AGRI and
PYRG. In Cephalonia Island, the sites SISS, KARA and SKAL are part of the National and
Kapodistrian University of Athens network (NKUA net) [54]. Meanwhile stations EXAN
and DRAN in Lefkada Island and FISK and ASSO in Cephalonia are part of the GNSS
network of the Corinth Rift Laboratory (CRL GNSS net) [86], which is the only international
Near-Fault Observatory (NFO) of the European Plate Observing System. Finally, PAT0
station in the city of Patras is a European Reference Frame (EUREF) station [87].

Appl. Sci. 2022, 12, x FOR PEER REVIEW 14 of 32 
 

Table 5. Velocities of GNSS stations in western Greece and the NW Peloponnese (ITRF 2014). 

Site 
Latitude  

(o) 
Longitude (o) Period 

VEast 
(mm/year) 

VNorth 
(mm/year) 

VUp 
(mm/year) 

AGRI 38.6240 21.4090 
5 January 2011–12 February 2019 12.54 ± 0.01 6.96 ± 0.01 −0.30 ± 0.04 

8.11 years    

KTCH 38.4116 21.2469 
20 November 2013–31 October 2021 14.12 ± 0.01 −3.94 ± 0.01 −1.25 ± 0.03 

7.95 years    

PAT0 38.2837 21.7868 
27 January 2009–31 October 2021 7.20 ± 0.01 −6.82 ± 0.01 −0.46 ± 0.02 

12.77 years    

RLSO 38.0558 21.4647 

3 June 2011–26 February 2017 8.45 ± 0.03 −7.53 ± 0.03 0.34 ± 0.07 
5.74 years    

1 March 2019–31 October 2021 10.03 ± 0.08 −10.95 ± 0.06 −2.27 ± 0.16 
2.67 years    

PYRG 37.6788 21.4622 

2 December 2013–25 October 2018 5.03 ± 0.02 −12.51 ± 0.02 −0.40 ± 0.06 
4.90 years    

27 October 2018–12 July 2019 −6.47 ± 0.29 −17.74 ± 0.29 −0.91 ± 1.03 
0.70 years    

13 July 2019–31 October 2021 3.86 ± 0.06 −13.79 ± 0.08 −0.94 ± 0.23 
2.30 years    

 
Figure 8. Horizontal velocity vectors (black arrows) for the continuous GNSS sites (blue triangles) 
of the broad Ionian Islands area. Red arrows indicate the horizontal velocity component estimated 
for the period after the strong (M > 6) earthquakes in the area (ITRF 2014). 

Figure 8. Horizontal velocity vectors (black arrows) for the continuous GNSS sites (blue triangles) of
the broad Ionian Islands area. Red arrows indicate the horizontal velocity component estimated for
the period after the strong (M > 6) earthquakes in the area (ITRF 2014).



Appl. Sci. 2022, 12, 2331 13 of 32

The raw GNSS data were processed using the Bernese v5.2 software [88]. Several
GNSS stations of the EUREF and IGS were included in the processing together with the local
GNSS sites, while auxiliary files were introduced in the procedure. The absolute antenna
phase center corrections were used, together with precise orbital solutions from the Center
for Orbit Determination in Europe (CODE) and the Vienna Mapping Functions for the
tropospheric modeling. The FES2004 model (http://holt.oso.chalmers.se/loading; accessed
on 11 January 2022) was used for the tide-loading corrections. The precise double-difference
method was used for static-mode solutions. Several ambiguity-resolution strategies were
applied, based on the length of the formed baselines between the GNSS stations. The daily
calculated coordinates for the GNSS stations were evaluated for the repeatability error on
a weekly basis, and solutions were excluded in cases of large deviations from the weekly
solution. The processing resulted in the estimation of high-precision station coordinates.
Time series were formed, annual velocities were calculated (Figure 8; Tables 1–5) and
co-seismic displacements were determined (Appendix B). The daily coordinates of the
Ionian GNSS stations were estimated on the global ITRF2014 reference frame.

Table 1. Velocity components for the GNSS stations on Corfu and Paxoi Islands (ITRF 2014).

Site Latitude
(o)

Longitude
(o) Period VEast

(mm/Year)
VNorth

(mm/Year)
VUp

(mm/Year)

KASI 39.7464 19.9355
1 January 2013–6 May 2017 20.91 ± 0.04 13.75 ± 0.04 0.39 ± 0.09

4.35 years

KERK 39.4937 19.8734
1 March 2017–31 October

2021 22.15 ± 00.3 14.57 ± 0.03 −2.07 ± 0.11

4.67 years

PAXO 39.2108 20.1639
1 November 2019–31 October

2021 24.96 ± 0.07 16.08 ± 0.11 −3.1 ± 0.30

2.00 years

Table 2. Velocity components for the Lefkada GNSS stations (ITRF 2014).

Site Latitude
(o)

Longitude
(o) Period VEast

(mm/Year)
VNorth

(mm/Year)
VUp

(mm/Year)

SPAN 38.7813 20.6736

1 January 2009–16
November 2015 20.86 ± 0.02 3.83 ± 0.02 −0.50 ± 0.05

6.88 years
18 November 2015–31

October 2021 18.97 ± 0.04 1.37 ± 0.03 −0.95 ± 0.07

5.94 years

EXAN 38.7540 20.6186
25 November 2015–16 May

2021 19.46 ± 0.07 4.06 ± 0.12 −5.90 ± 0.51

5.48 years

DRAN 38.6838 20.5746
24 November 2015–17 June

2018 18.10 ± 0.13 4.59 ± 0.11 −5.06 ± 0.36

2.56 years

PONT 38.6190 20.5852

1 January 2009–16
November 2015 20.45 ± 0.03 6.81 ± 0.02 −0.71 ± 0.08

6.88 years
18 November 2015–6

August 2016 5.28 ± 0.81 −17.31 ± 0.65 18.52 ± 2.06

0.72 years
6 August 2016–31 October

2021 18.27 ± 0.05 4.61 ± 0.04 −0.63 ± 0.13

5.24 years

http://holt.oso.chalmers.se/loading
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Table 3. Velocity components for the Cephalonia GNSS stations (ITRF 2014).

Site Latitude
(o)

Longitude
(o) Period VEast

(mm/Year)
VNorth

(mm/Year)
VUp

(mm/Year)

FISK 38.4597 20.5771
15 March 2017–17 August

2020 17.14 ± 0.08 3.32 ± 0.07 1.01 ± 0.28

3.49 years

ASSO 38.3778 20.5417
15 March 2017–18 May

2021 19.81 ± 0.07 4.79 ± 0.04 −2.03 ± 0.19

4.18 years

VLSM 38.1768 20.5886

1 January 2009–25 January
2014 17.10 ± 0.04 4.27 ± 0.03 −0.70 ± 0.09

5.07 years
8 February 2014–4

September 2016 14.07 ± 0.13 −1.49 ± 0.07 0.44 ± 0.25

2.57 years
5 September 2016–31

October 2021 16.10 ± 0.03 3.15 ± 0.03 −1.20 ± 0.09

5.16 years

ARGO 38.1690 20.4925
1 May 2016–31 Ocotber

2021 17.08 ± 0.02 5.78 ± 0.02 −2.27 ± 0.27

5.50 years

KARA 38.1308 20.5843
6 May 2014–16 November

2015 16.78 ± 0.19 2.17 ± 0.18 2.48 ± 0.71

1.53 years

SISS 38.1009 20.6594
6 February 2016–31

October 2021 16.97 ± 0.03 1.59 ± 0.0.03 −3.57 ± 0.10

5.73 years

SKAL 38.0746 20.7937
4 March 2015–13 August

2021 14.69 ± 0.02 −1.80 ± 0.02 −1.52 ± 0.07

4.45 years

Table 4. Velocity components for the Zakynthos—Strofades GNSS stations (ITRF 2014).

Site Latitude
(o)

Longitude
(o) Period VEast

(mm/Year)
VNorth

(mm/Year)
VUp

(mm/Year)

ZAKY 37.7792 20.8850

2 December 2013–25
October 2018 12.83 ± 0.03 −2.5 ± 0.03 −0.31 ± 0.08

4.90 years
27 October 2018–5 July

2019 2.37 ± 0.42 −1.34 ± 0.42 6.40 ± 1.24

0.69 years
6 July 2019–31 October

2021 11.21 ± 0.10 −2.68 ± 0.09 −0.88 ± 0.32

2.32 years

ZNTE 37.7176 20.7308

23 November 2018–31
May 2019 −8.30 ± 0.83 20.61 ± 0.51 −3.39 ± 2.18

0.52 years
1 June 2019–31 October

2021 10.17 ± 0.08 −0.48 ± 0.08 0.10 ± 0.025

2.42 years

STRF 37.2454 21.0156
6 October 2016–25

October 2018 3.87 ± 0.08 −5.31 ± 0.09 −0.46 ± 0.24

2.05 year

3.1. Corfu–Paxoi Islands

At the North Ionian Islands, three GNSS stations were processed (Table 1): two in
Corfu, KASI and KERK; and the PAXO station located at Paxoi Island. The linear type
of motion in all three components for the whole-time span is evident in these stations.
There was no static deformation due to the seismic activity that occurred in the south,
i.e., related to the 2015 Lefkada or the 2014 Cephalonia events (Figure S1). The calculated
velocity vectors are similar to the ones that are presented in [68,89]. For the two Corfu
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stations (KASI and KERK), the horizontal velocity components are almost parallel, with the
southern site exhibiting a slightly increased eastward motion. The most noticeable aspect is
the significant subsidence that occurs at the KERK and PAXO stations.

Table 5. Velocities of GNSS stations in western Greece and the NW Peloponnese (ITRF 2014).

Site Latitude
(o)

Longitude
(o) Period VEast

(mm/Year)
VNorth

(mm/Year)
VUp

(mm/Year)

AGRI 38.6240 21.4090
5 January 2011–12

February 2019 12.54 ± 0.01 6.96 ± 0.01 −0.30 ± 0.04

8.11 years

KTCH 38.4116 21.2469
20 November 2013–31

October 2021 14.12 ± 0.01 −3.94 ± 0.01 −1.25 ± 0.03

7.95 years

PAT0 38.2837 21.7868
27 January 2009–31

October 2021 7.20 ± 0.01 −6.82 ± 0.01 −0.46 ± 0.02

12.77 years

RLSO 38.0558 21.4647

3 June 2011–26 February
2017 8.45 ± 0.03 −7.53 ± 0.03 0.34 ± 0.07

5.74 years
1 March 2019–31 October

2021 10.03 ± 0.08 −10.95 ± 0.06 −2.27 ± 0.16

2.67 years

PYRG 37.6788 21.4622

2 December 2013–25
October 2018 5.03 ± 0.02 −12.51 ± 0.02 −0.40 ± 0.06

4.90 years
27 October 2018–12 July

2019 −6.47 ± 0.29 −17.74 ± 0.29 −0.91 ± 1.03

0.70 years
13 July 2019–31 October

2021 3.86 ± 0.06 −13.79 ± 0.08 −0.94 ± 0.23

2.30 years

3.2. Lefkada Island

On central Lefkada Island, data from two GNSS stations (SPAN in the north and PONT
in the south) were processed for the period from 2009 to 2021 (Figure S2). Partial data from
two other sites, EXAN and DRAN, were available after the strong (Mw6.4) 2015 earthquake
(Table 2). For the two stations—SPAN and PONT—which operated prior, during and after
the November 2015 event, a linear type of motion was observed for the pre-seismic period.
There was no clear evidence of any kinematic changes or any alterations on the pattern of
motion, in any of the three components, prior to the earthquake. Baseline changes between
the two sites calculated for the pre-seismic period (2009 to 2015) indicated shortening of
the distance, with a rate of V = (−2.50 ± 0.03) mm/year. The latter is indicative of the
compressional status that occurred along the island during the pre-earthquake period.

The co-seismic displacements at the two sites (SPAN and PONT) were quite significant,
mainly in the southern PONT station, which is located in the near vicinity of the epicenter
(Appendix B). Static co-seismic displacements, which were smaller but not negligible, were
also observed at stations located in Cephalonia (VLSM, KARA and SKAL), in Zakynthos
(ZAKY) and in western Greece (AGRI) (Appendix B).

During the post-seismic period, the kinematic status of the area was characterized by a
long relaxation process, expressed as a non-linear motion on the stations. This post-seismic
kinematic behavior was observed at the two Lefkada stations, but mainly in PONT [90], as
well as at sites of northern Cephalonia (FISK, ASSO). The slow relaxation was also evident
at the two new sites that were established on the island, EXAN and DRAN (CRL GNSS
net). The relaxation period on the PONT station was estimated to last up to August 2016,
exhibiting a non-linear type of motion during that period. The estimation was performed with
an average moving window of 5–60 days in length. The relaxation process was characterized
by a significant southward motional component and a strong uplifted tension, following the
significant co-seismic subsidence. For the subsequent period (from 2016 to 2021), the time
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series of the two stations showed an analogous motion to the pre-seismic period, but with
slightly smaller horizontal amplitudes (Figure 8). Similar velocity vectors for the post-seismic
period were also estimated for the EXAN and DRAN GNSS sites. Calculation of the baseline
changes between SPAN and PONT sites after August 2016 shows that the shortening of the
distance between these two sites remains, as was the case for the pre-seismic period, but with
a slightly decreased amplitude (−1.81 ± 0.05 mm/year).

3.3. Cephalonia Island

Regarding the island of Cephalonia, most GNSS stations were established after the
2014 intense seismic activity. For the period prior to 2014, data were available only from
the VLSM station. The time series of this station (Table 3) showed an ENE linear type of
motion with small seasonal fluctuations, mainly in the north component, and a subsiding
pattern (Figure 9).
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The two strong events of Mw6.1 in late January and Mw5.9 in early February 2014,
recorded on the VLSM and KIPO stations, caused measurable static displacement (Ap-
pendix B). KIPO station, located on the western part of the Paliki peninsula, closer to the
earthquakes’ epicenters, revealed the most significant displacement. VLSM station, to the
southeast of the epicentral area, situated on the limestone unit of central Aenos Mountain,
exhibited smaller co-seismic motion. The co-seismic displacement vectors in these two
GNSS sites indicated a right-lateral activated faulting zone [50]. Nevertheless, these events
have not caused any displacement to GNSS stations located at the neighboring islands or
in western Greece (Appendix B).

The GNSS velocity vectors for the sites located at Cephalonia Island after the seismic
activity of 2014 exhibited a gradual rotation on the horizontal component from ENE in the
north to ESE motion to the southern part of the island (SKAL station) (Figure 8). Most stations
showed linear type of motion since 2014, with a subsiding vertical component (Table 3).
The motional behavior of the VLSM station is, however, also worth noting. The time series
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of VLSM (Figure 9) show irregular motion, in both the north and vertical components, for
the period from February 2014 to September 2016. During that period, the station shows a
non-linear ESE horizontal motion and uplifting behavior. The station acquired the pre-seismic
ENE and subsiding motional character in the subsequent period (from September 2016 to
present). This long-lasting irregular behavior—which may be described as a post-seismic
relaxation period and also encompassed the 2015 Lefkada earthquake—has not been observed
at any other site in the Ionian Islands. Calculating for the post-seismic period (from 2017 to
2020) the baseline changes between the stations in Cephalonia, extension occurred between
the northernmost (FISK) and the southernmost (SKAL) stations (V = 4.66 ± 0.10 mm/year).
Meanwhile, in the central part of the island the distance between the ARGO and VLSM
stations remained almost stable (V = −0.44 ± 0.04 mm/year), for a similar period (from
September 2016 to October 2021).

3.4. Zakynthos–Strofades Islands

In the southern part of the Ionian Islands, GNSS data from three stations were pro-
cessed (Table 4). For the sites of ZAKY and STRF, located in the city of Zakynthos and at
the islet of Strofades, respectively, data were available prior to the strong 2018 earthquake
(Mw6.7). Both stations exhibited a linear type of ground motion. ZAKY station revealed an
ESE horizontal motion, with a negligible subsiding pattern, while STRF station showed
an SE motion with lower amplitude (Figure 8). Baseline change calculation between these
two sites for the pre-earthquake period showed a lengthening of the distance with an
estimated velocity of V = 3.50 ± 0.10 mm/year. ZAKY station’s pre-seismic kinematic
behavior indicated shortening relative to the GNSS station PYRG, located in the western
Peloponnese (V = −5.12 ± 0.09 mm/year). Likewise, the baseline distance between the
STRF and PYRG stations decreased with a similar velocity, V = −4.52 ± 0.08 mm/year.
These observations revealed a compressional regime between the Peloponnese and the
South Ionian Islands, while extension occurred between Zakynthos and Strofades.

The 2018 earthquake, southwest of Zakynthos, caused strong ground displacement
in both Zakynthos and Strofades. Regarding GNSS stations at the island of Cephalonia,
significant ground displacement was recorded at the central ARGO and the southern
SISS and SKAL stations (Appendix B), but not at the VLSM site. Moreover, static ground
displacement was observed at stations located in the western (PYRG) and northwestern
(PAT0) Peloponnese, even in the southwestern part of mainland Greece (KTCH).

After the occurrence of the mainshock, a new continuous GNSS station was established
in the island (station ZNTE). The two sites that operated in Zakynthos after the Mw6.7 event,
together with the PYRG station, revealed an almost eight-month-long post-seismic relaxation
period. During this period, the kinematic behavior of ZAKY and PYRG stations showed a
significant alteration of motion with respect to the pre-seismic one (Figure 10). A distinctive
alteration of the east motional component was observed at PYRG station, where the eastward
pre-seismic pattern reversed to a westward post-seismic motion. The post-seismic relaxation
period was estimated to last up to early July 2019. During the following period (from July
2019 to the end of 2021), both ZAKY and PYRG stations again presented a pre-seismic motion
pattern, with small alterations in the horizontal components (Figure 10). Similarly, the ZNTE
station indicated a velocity vector significantly different compared to that of the post-seismic
period, with a pattern of motion consistent to that of ZAKY.

3.5. Neigboring Stations–Overall Image

Together with the continuous GNSS stations in the Ionian Islands, stations located
in western mainland Greece (AGRI, KTCH) and western and northwestern Peloponnese
(PAT0, RLSO, PYRG) were also processed (Table 5). The goal was to study the velocity
field, ground deformation and differential motions in the broad region of the Ionian Sea,
focusing on the area close to the highly activated central Ionian Islands.
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The deduced velocity field of the area shows the differentiation of the motion between
western Greece and the Peloponnese, resulting in the opening of the Patras Gulf with an
estimated rate of about 8.0 ± 0.5 mm/year. As previously described, the seismic activity on
Cephalonia has not caused any displacement to the broad area, as co-seismic deformation
was observed only at local sites. The Lefkada 2015 event affected only the northern AGRI
station, located in western Greece. It was only the strong 2018 Zakynthos event that caused
noticeable static displacement in both western Greece and the Peloponnese (Appendix B).
The most distinct co- and post-seismic deformation was recorded at PYRG station. A small
displacement was also observed at KTCH station (Figure S3). The strong events in the
Ionian Islands did not appear to affect the velocity field of these stations, which exhibited
a linear type of motion throughout the processed period. The only noticeable alterations
were observed in the vertical component of PAT0 station (NW Peloponnese) (Figure S3). In
this station, the vertical component shows a non-linear motion. Initially, up to the end of
2015, an uplift pattern was observed, which since the beginning of 2016 has reversed to a
subsiding motion. A similar pattern also was observed at the neighboring RLSO site.

The overall image of the velocity field in the broad Ionian Islands area shows a
gradual rotation of the horizontal velocity vectors (Figure 8). GNSS stations located to
the north exhibited a NW horizontal motion, while towards the south, the horizontal
vector component shifted to a SW motional direction. The latter has been combined with a
decrease in the amplitude of the horizontal velocity from ~26 mm/year in the northern
Ionian Islands, to ~13 mm/year in Zakynthos Island and ~7 mm/year in Strofades Islet,
respectively. The transition from a northward to southward motion pattern occurs in
Cephalonia Island. A similar rotation pattern is also observed at the stations located in
western Greece and the NW Peloponnese, with the transition occurring between AGRI and
KTCH stations, roughly at the same latitude as Cephalonia.

Analyzing the baseline-length changes for GNSS stations located on different Ionian Is-
lands, as well as between stations in Ionian and western Greece, information about the tectonic
status of the area can be extracted (Appendix C). In the northern Ionian Sea, the distance between
Corfu and Paxoi has remained almost unchanged (VKERK-PAXO = −0.60 ± 0.11 mm/year). In-
tense lengthening was calculated between the northern islands (Corfu, Paxoi) and Lefkada
(i.e., VPAXO-SPAN = 7.55 ± 0.11 mm/year). The latter indicates an extensional regime be-
tween the northern and the central Ionian Islands. Extension with a lower rate is also
observed by the baseline changes between the stations located in the central and southern
Ionian Islands. Fluctuations in the baseline velocity rates were detected before and after
the strong seismic events that occurred in the area during the years 2014–2018. According
to the baseline velocity between stations on the islands of Lefkada and Cephalonia, length-
ening was taking place during the period before the 2014 seismic events at Cephalonia
(i.e., VPONT-VLSM = 2.91 ± 0.04 mm/year). For the period following the 2015 Lefkada earth-
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quake, up to late 2016, the observed intense shortening (VPONT-VLSM = −13.61 ± 0.73 mm/year)
could be attributed to the post-seismic process. Re-establishment of the pre- 2014 lengthen-
ing character then gradually took place. Negative baseline velocity changes between the
central Ionian Islands and stations located in western Greece and the Peloponnese imply
compressional forces in this area which were not affected by the intense seismic activity.
The latter is supported by the small variations on the velocity values before and after the
strong earthquakes (Appendix C).

4. Discussion

Three major tectonic features in the Ionian Islands define the regional kinematic field
and control the seismic activity: the convergence of the Apulian Platform and the Hellenic
foreland in the north; the long NNE–SSW Cephalonia–Lefkada Transform Fault Zone
offshore and west of the respective islands in the central part; and the northwestern tip of
the Hellenic Arc in the southern Ionian Sea. These major structures, together with smaller
local faults, create a complex tectonic environment generating intense seismic activity and
strong ground deformation. In the present study, seismological and geodetic data from
the area of the Ionian Islands were combined for the periods before, during and after the
occurrence of strong earthquakes in 2014–2018. In the following, the results of the joint
analysis are discussed in terms of the overall tectonic status of the study area.

4.1. North Ionian Sea

The northern Corfu and Paxoi Islands located at the Hellenic foreland present the
largest amplitude regarding the horizontal velocity vectors (with respect to ITRF), but the
recorded seismicity is by far the lowest in the region. The seismicity in this area is located
mainly west of Corfu and Paxoi Islands, in mainland Greece and north of Corfu, close
to the shores of Albania. The estimated horizontal velocities for the local GNSS stations
match with the ones calculated by [68], although the datasets cover slightly different time
periods. Considering that the horizontal velocity amplitude of the Apulian Platform is
~31.1 mm/year (VEast = 25.1 mm/year, VNorth = 18.4 mm/year) [68], the Paxoi Island shows a
similar horizontal amplitude of ~29.7 mm/year, while Corfu stations have smaller average
velocity ~25.8 mm/year. The latter may indicate that, kinematically, Paxoi is controlled by the
Apulian motion, as [68] has suggested, although the baseline change between stations KERK
and PAXO is estimated to be rather small (about −0.6 ± 0.1 mm/year). The subsiding pattern
observed in the southern Corfu and Paxoi stations (KERK, PAXO), though they could be
attributed to local geological setting, may also reflect the continental collision that occurs in the
area. The absence of significant seismic activity along the NNW–SSE-trending boundary of the
Apulian Platform and Hellenic foreland—not just in the limited period of the present study
but also during the past (Figure A3 in Appendix A)—indicates a nearly aseismic convergence
process, mainly owed to the relatively low motion rate (~5.5 ± 0.7 mm/year; that is, the
average converge velocity of the two Corfu stations towards Apulian Platform, similar to the
velocity estimated by [89]).

4.2. Central Ionian Sea

The two strong earthquakes in early 2014 on Cephalonia Island triggered a long-lasting
aftershock sequence, partially overlapping with that of the 2015 Lefkada mainshock. Prior
to the 2014 events, the background seismicity occurred along the regional CLTFZ and
onshore at the northern part of the island, likely associated with the local major faulting
features. The baseline change between the VLSM station and the southern PONT site
in Lefkada indicated that extension occurred between the two islands. The 2014 events
occurred on a faulting system adjacent and parallel to the CLTFZ on the Paliki peninsula.
Strong co-seismic deformation occurred mainly at the western part of the island, as has been
detected from local GPS network measurements [50]. However, ground displacement was
observed only on Cephalonia; none of the continuous GNSS stations in the near vicinity of
the island, either on Lefkada or western Greece, showed any deformation, proving the local
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character of the activated seismogenic faulting zone. The post-seismic activity expanded
mainly along Paliki, towards the north, but seismic clusters were also observed at the
southern part of the activated zone. Seismicity in the area of the Myrtos Gulf indicated
activation of structures transverse to the axis of the CLTFZ, oriented with local faults,
e.g., the Agia Efimia fault (Figure 1), as the major thrust fault that separates the northern
Erissos peninsula from the main island is called. It is important to notice that a similar
cluster, on the northern part of Cephalonia, was also formed after the Mw6.3 2003 northern
Lefkada earthquake [13,30]. The seismicity rate remained at a high level (above the back-
ground level) for the whole period until the occurrence of the November 2015 event on
Lefkada. This long post-seismic period is correlated with the ground deformation observed
on the GNSS VLSM station, where different pattern of motion was exhibited with respect
to the pre-seismic era. Analytically, a southward motion with uplift tension occurred, and
increased lengthening of the baseline distance between PONT and VLSM was observed.

The late 2015 Mw6.4 Lefkada earthquake was the second strong event to occur in less
than two years in the central Ionian Islands. However, this earthquake occurred on the
Lefkada segment of the major CLTFZ or a sub-parallel structure. The regional character of
the event reflected on the ground deformation observed in the broad area, extending to
Zakynthos Island to the south and to AGRI station in western Greece. The post-seismic
activity expanded onshore of Lefkada Island, but also triggered clustered activity on the
northern part of Cephalonia, in an area previously activated after the 2003 Lefkada event
and, more recently, after the 2014 Cephalonia events. The increased seismicity rate (above
the background level) after the strong earthquakes, marks a long relaxation period (up to
October 2017), indicative of the activated area (Figures 4 and 5).

The recorded motion at the PONT GNSS site, near the epicentral area, as well as to
other neighboring GNSS sites at Lefkada and Cephalonia, confirmed the long relaxation
period after the earthquake [90]. Based on the geodetic data, the kinematic field of the area
returned to its pre-seismic pattern during August–September 2016, for both Lefkada and
Cephalonia. However, the amplitude of the velocity vector at the sites on Cephalonia and
Lefkada show small but noticeable differentiation (~15%) with respect to the pre-seismic
period from 2009 to 2014.

Regarding the possibility that the 2014 seismic sequence caused or triggered the 2015
earthquake, previous studies [48,91] claimed that the southern Lefkada event was a contin-
uation of the seismic process of the 2003 earthquake in the northern part of CLTFZ. The
seismological data in the present study reveal that after the occurrence of the 2014 earthquakes,
seismicity propagated northwards, while it has been shown [48] that the 2014 main events
caused Coulomb stress changes in the epicentral area of 2015, where the 2003 earthquake also
induced stress transfer. The GNSS data, for the inter-seismic period from February 2014 to
November 2015, showed motional changes on the VLSM station (southward pattern), while
the PONT Lefkada site maintained its kinematic status. The latter resulted in increased veloc-
ity (lengthening character) of the baseline change between these two stations, doubled during
that period (Appendix C). Assessing the spatiotemporal expansion of the 2014 Cephalonia
seismic sequence, together with the geodetic evidence presented in this study, it may be
argued that the occurrence of the anticipated event after the 2003 earthquake in southern
Lefkada Island may have been accelerated—and even triggered—by the 2014 Cephalonia
events. It is likely that the cause of the activity, in both the Cephalonia and Lefkada epicentral
areas, was the 2003 event on the major CLTFZ structure [48], expressed as a local-scale activity
in Cephalonia, and as a regional one in Lefkada.

4.3. South Ionian Sea

The last strong earthquake (Mw6.7) in the Ionian Sea occurred south of Zakynthos Is-
land, three years after the major event at Lefkada. The source of this earthquake was located
on the northwestern end of the active plate boundary between the eastern Mediterranean
lithosphere and the Aegean one. Geodetic data from the broad area prior to the earthquake
show extensional status between Cephalonia and Zakynthos, as well as between Zakynthos
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and Strofades. Compression occurred between Zakynthos–Strofades and the Peloponnese,
as depicted by the baseline change between the GNSS sites (Appendix C). The earthquake
was preceded by a number of intermediate events (~M5.0) in the near vicinity of the epicen-
tral area. Detailed seismological and geodetic work by [58] has suggested slow-slip events
in the area, with transient signals on the surface deformation. This earthquake resulted in
the longest and most intense seismic sequence of the study period (Figure 6), accompanied
by significant ground deformation and motional alterations in the affected area.

The Mw6.7 event caused strong ground deformation on a broad area, extending to
Cephalonia Island, to Patras city (NW Peloponnese) and to western mainland Greece
(KTCH GNSS station). The extent of the co-seismically deformed area highlights the
regional character of this event. The post-seismic activity is concentrated offshore, north
and east of the epicenter. It is worth noting the limited activity on the northern onshore
part of the island. The latter observation, which may indicate a differentiation between the
northern and southern parts of the island, has also been observed on the kinematic field
detected by local GPS measurements [41].

Post-seismic evolution of the ground deformation suggests a significantly shorter
period until the area returns to the pre-seismic kinematic pattern. This period extended
up to July 2019, as revealed by the horizontal component of the three closer sites to the
epicenter. The orientation of the seismic clusters on the northern extent of the Zakynthos
sequence (group #4; Figure 2c) in a SW–NE-trending direction, coincide with the direction
of the 2008 activated zone in NW Peloponnese [21]. This is an area where the geodetic data
show a differential motion between the PAT0, RLSO and the PYRG GNSS stations.

4.4. The Broad Ionian Sea Area

The overall image of the seismic activity in the broad area of Ionian Islands is domi-
nated by the three seismic sequences generated after the large-magnitude events (M > 6)
in Cephalonia, Lefkada and Zakynthos Islands (Figures 2 and 3). The Lefkada sequence is
mainly aligned and concentrated along the north Lefkada segment of the regional CLTFZ
structure, expanding offshore and west of the northern part of Cephalonia. The 2014 Cephalo-
nia sequence occurred on a local faulting zone, associated with the Cephalonia segment of
the CLTFZ but not comprising part of it. It is distributed spatially on a wider zone, along
the western Paliki peninsula, and extends offshore, west of the northern Erissos peninsula.
These two sequences appear to be coupled to each other in both time and space and linked
with the earlier 2003 Lefkada earthquake. The southern Zakynthos sequence also has regional
characteristics and is spatially distributed in a region much larger than anticipated for the
magnitude of the mainshock [29]. This is an area affected by the transition of the northwestern
end of the Hellenic Arc subduction zone to the CLTFZ major faulting structure.

The geodetic data clearly depicted the kinematic pattern of the broad area, with
respect to major tectonic formations and seismic activity (Figure 11). Comparing the
regional velocity field on the northern Ionian Islands with the one of the central islands, a
clear kinematic boundary emerges between these two areas. The northern islands show a
uniform motional pattern, while the velocity field at the central and southern Ionian Sea
shows a clockwise rotation around an axis located on Cephalonia Island (calculating the
horizontal velocities with respect to VLSM station). Based on the results of this study, a
rotation rate of 6.9 ± 2.1 degrees/Myr was estimated. This agrees with previous regional
studies [92,93], as well as with local geodetic studies on Cephalonia [13]. Baseline changes
between several GNSS sites reveal the extensional regime along the Ionian Islands, which
is gradually reduced from north to south, while compression occurs between the central
Ionian Islands, and western Greece and the Peloponnese. Extension is also observed
between western Greece and the Peloponnese, as well as across the NW Peloponnese.
The strain regime alternates the periods after the strong earthquakes, marking the post-
seismic relaxation process. The spatial extension of the co-seismic displacements reflects the
regional or local character of the activated area. The Lefkada and Zakynthos earthquakes
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caused static displacement in the broad area, while the Cephalonia events affected only the
local GNSS sites.
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Figure 11. Overview of the Ionian Islands area showing the main tectonic structures together with
seismic activity (M > 4) (black circles), and strong (M > 6) events (yellow stars). Black arrows show the
relative Eurasia–Africa motion in the SW [94], and the motion of the Hellenic foreland with respect to
the Apulian Platform (estimated herein) in the north. The extensional (red arrows) and compressional
(blue arrows) pattern calculated based on baseline changes between GNSS stations (green triangles)
is qualitatively presented.

The temporal and spatial joint analysis of the seismological and geodetic data revealed
that the 2014 and 2015 seismic sequences are connected, while the Zakynthos one is part
of the tectonic process in the western termination of the Hellenic subduction margin.
The expansion of the seismic activity after the 2014 and 2015 events offshore of northern
Cephalonia is the spatial link. In this area, previous work [52] identified a seismic gap,
indicating that a segment of the CLTFZ has not ruptured yet and may generate a strong
event in the future. The present analysis shows that seismicity in this region is clustered in a
large number of small segments oriented almost in an E–W direction, transverse to the axis
of the CLTFZ. The latter may indicate the transition between the Cephalonia and Lefkada
segments of CLTFZ, and the increased seismicity may relieve the accumulated stress. Thus,
the occurrence of a strong event in this region seems less likely, but cannot be excluded.
Meanwhile, the area between Cephalonia and Zakynthos is characterized by low seismic
activity. It is a region whose kinematic status is affected by the CLTFZ in the north and the
subduction process in the south. The last major earthquake in the area dates to 1983, with
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an Mw6.8 earthquake [52] occurring offshore SW of Cephalonia and NW of Zakynthos. It
may be argued that this is an area that has the potential to generate another strong event.
However, the geodetic data show small changes in the baseline length between the SKAL
GNSS site in southern Cephalonia and Zakynthos station, ZAKY (Appendix C), and a
similar pattern of motion, in both direction and amplitude. Another area where low seismic
activity was observed during the study period is Ithaca Island. Although the general
seismic activity in this area is relatively low (e.g., Figure 2b), a few strong earthquakes have
occurred in the past (Figure A3). Previous GPS campaign results [54] showed a differential
motion between the northern and southern parts of the island, and compression between
Cephalonia and Ithaca, compatible with the regional field [93]. The area is considered to
have the potential to generate a significant earthquake in the future, taking into account
the strong events in its vicinity, but more data are required to assess such a scenario.

The strong earthquakes and large co-seismic ground deformation recorded in the
study area clearly exhibit the necessity for seismic hazard analysis in such a seismically
active area. As expected, large earthquakes yield violent shaking that coincides well with
the expected PGA from the probabilistic analysis. The latter confirms the definition of the
SHARE seismic source zones. However, future studies in the area should focus on much
smaller scales and identify potential hazards from specific active fault zones in an area as
tectonically complex as the broad Ionian Sea. The process of seismogenesis, as described by
statistical laws in any PSHA approach, should also be revised according to fault-specific
knowledge. Finally, a detailed survey of local site conditions would be crucial in better
refining PSHA results and offer greater accuracy of the estimations.

5. Conclusions

Seismological analysis and geodetic results from continuous GNSS stations were
combined to study the spatiotemporal evolution of seismic activity and ground deformation
in the Ionian Islands during the period from 2014 to 2018, characterized by the occurrence
of strong earthquakes in Cephalonia, Lefkada and Zakynthos Islands.

Low seismicity was observed in the north Ionian Sea, where the collision between the
Apulian platform and the Hellenic foreland is taking place. The velocity field of the area,
deduced by stations on Corfu and Paxoi Islands, shows horizontal NW motion, transverse
to the collision front. The vertical component reveals a subsiding pattern, compatible with
the convergence process in the area.

The CLTFZ feature offshore of the central Ionian Islands of Cephalonia and Lefkada
is the prevailing structure, generating the strong and intense seismic activity observed
in the region. The 2014 Mw6.1 and Mw5.9 earthquakes occurred on an adjacent local
faulting zone, causing strong ground displacement on the island but not in the broader
area. The seismic sequence following these two events expanded in the vicinity of the
activated area along the Paliki peninsula, and offshore northwards. Few months later,
on 17 November 2015, another strong earthquake (Mw6.4) occurred on or parallel to the
Lefkada segment of the CLTFZ. Co-seismic displacement was recorded in almost all the
southern Ionian Islands, highlighting the regional character of the seismogenic source.
The post-seismic activity expanded along the CLTFZ and southwards in the same area as
the 2014 sequence. The temporal evolution of the post-seismic activity and the ground
deformation show a long relaxation period. However, the motional pattern obtains its
pre-seismic character earlier (August 2016) compared to the respective seismic excitation.
The seismic activity reaches its background levels (0.1–0.2 events/day) after a longer period,
between late 2016 and mid-2017. The two seismic sequences are linked in space and time,
with the 2014 activity likely accelerating the 2015 event.

The October 2018 Mw6.7 Zakynthos earthquake occurred close to the northwestern
tip of the Hellenic Arc. Strong ground displacement took place on the near-field GNSS
stations, as well as on Cephalonia Island and the Peloponnese. The seismic sequence
expanded in the vicinity of the epicentral area, but mainly offshore south and west of
Zakynthos. The motion field of the stations in Zakynthos and the western Peloponnese
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showed significant alterations with respect to the pre-seismic period, on both north and
east motional components, which regained its anticipated pattern about eight months after
the mainshock. However, the seismicity rate has remained at higher values, compared to
the background activity (0.2 events/day), for more than three years.

Probabilistic seismic hazard assessment was performed in the Ionian Islands to esti-
mate PGA and PGV for a return period of 475 years. The smallest values were obtained, as
anticipated, for the northern Ionian Islands, corelating with the low seismicity of the area.
However, the calculated PGA values in Cephalonia and Ithaca are significantly higher and
well exceed the ones proposed by the current Greek Building Code. Based on the herein-
performed PSHA analysis, a finer, more detailed zonation of the area and re-evaluation of
the PGA values provided by the Building Code must be considered in the future.
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Appendix B

The co-seismic displacements on the continuous GNSS stations processed in this study
are presented in Table A1. The co-seismic displacement and its error were estimated based
on the average value of each coordinate seven days prior to the earthquake and one to
seven days after its occurrence, depending on the proximity of each site to the epicentral
area. Results are presented only for the stations where the co-seismic displacement was
larger than its error, otherwise it is considered that no displacement occurred.
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Table A1. Co-seismic displacements on the continuous GNSS stations.

Site Component

Cephalonia Eqs
January–

February 2014
Mw6.1 & 5.9

Lefkada Eq
November

2015
Mw6.4

Zakynthos Eq
October 2018

Mw6.6

Le
fk

ad
a

Is
la

nd SPAN
DEast (mm) No

displacement

−76.90 ± 2.47 No
displacementDNorth (mm) −56.44 ± 2.62

Dup (mm) −2.83 ± 5.53

PONT
DEast (mm) No

displacement

−218.01 ± 1.93 No
displacementDNorth (mm) −370.07 ± 2.85

Dup (mm) −55.71 ± 6.24

C
ep

ha
lo

ni
a

Is
la

nd

KIPO
DEast (mm) 1.89 ± 2.42

No dataDNorth (mm) 73.91 ± 2.42
Dup (mm) 55.23 ± 6.19

VLSM
DEast (mm) −25.49 ± 2.22 4.17 ± 1.36 No

displacementDNorth (mm) −12.01 ± 2.14 −16.61 ± 1.43
Dup (mm) −7.07 ± 5.19 2.67 ± 5.44

ARGO
DEast (mm)

No data
−2.34 ± 0.93

DNorth (mm) 0.91 ± 1.91
Dup (mm) −3.77 ± 5.00

KARA
DEast (mm)

No data
1.37 ± 1.54

No dataDNorth (mm) −12.81 ± 1.57
Dup (mm) −3.14 ± 6.78

SISS
DEast (mm)

No data
−4.22 ± 2.65

DNorth (mm) −2.28 ± 2.44
Dup (mm) 0.62 ± 6.88

SKAL
DEast (mm)

No data
4.12 ± 1.58 −4.55 ± 1.57

DNorth (mm) −9.17 ± 1.62 −4.16 ± 2.00
Dup (mm) 2.27 ± 7.59 −2.91 ± 6.59

Z
ak

yn
th

os
–S

tr
of

ad
es ZAKY

DEast (mm) 2.43 ± 3.49 −30.86 ± 1.34
DNorth (mm) No data 5.20 ± 2.78 −38.68 ± 1.69

Dup (mm) −0.60 ± 3.83 −4.12 ± 3.14

STRF
DEast (mm)

No data
22.21 ± 1.05

DNorth (mm) −42.47 ± 0.63
Dup (mm) 5.03 ± 2.84

W
es

te
rn

G
re

ec
e

–P
el

op
on

ne
se

AGRI
DEast (mm) No

displacement

−6.70 ± 2.15 No
displacementDNorth (mm) 0.56 ± 1.80

Dup (mm) 3.94 ± 4.75

KTCH
DEast (mm)

No displacement
No

displacement

3.70 ± 1.40
DNorth (mm) −5.63 ± 1.48

Dup (mm) 1.20 ± 5.63

PAT0
DEast (mm)

No displacement
No

displacement

−4.05 ± 1.60
DNorth (mm) −1.43 ± 1.29

Dup (mm) −2.73 ± 5.29

PYRG
DEast (mm)

No displacement
No

displacement

−17.24 ± 0.88
DNorth (mm) −7.46 ± 0.95

Dup (mm) −2.04 ± 3.93

Appendix C

The baseline change between two stations was estimated based on the daily coordi-
nates of the selected sites. Baselines were formed only when data were available for both
sites and for a period exceeding 24 h. The following Table A2 lists some characteristic
formed baselines between the Ionian Islands, as well as between GNSS stations in Ionian
Sea and western Greece and the Peloponnese.
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Table A2. Baseline velocity between continuous GNSS stations.

Baseline Period Velocity (mm/Year)

KASI–SPAN
1 January 2013–15 November 2015 8.00 ± 0.10

18 November 2015–6 May 2017 11.97 ± 0.22

KERK–PAXO 1 November 2019–31 October 2021 −0.60 ± 0.11
KERK–SPAN 1 March 2017–31 October 2021 8.26 ± 0.04
PAXO–SPAN 1 November 2019–31 October 2021 7.55 ± 0.11

PONT–VLSM

1 January 2009–25 January 2014 2.91 ± 0.04
8 February 2014–16 November 2015 6.21 ± 0.18

18 November 2015–4 September 2016 −13.61 ± 0.73
5 September 2016–31 October 2021 1.64 ± 0.05

VLSM–ZAKY

8 February 2014–16 November 2015 2.67 ± 0.16
17 November 2015–4 September 2016 −1.05 ± 0.465

5 September 2016–25 October 2018 0.42 ± 0.10
27 October 2018–31 October 2021 1.82 ± 0.07

SKAL–ZAKY
4 March 2015–16 November 2015 −0.72 ± 0.51

18 November 2015–25 October 2018 −1.31 ± 0.08
27 October 2018–13 August 2021 0.32 ± 0.08

ZAKY–STRF 6 October 2016–25 October 2018 3.46 ± 0.09
STRF–PYRG 6 October 2016–25 October 2018 −4.52 ± 0.07

SPAN–AGRI
5 January 2011–16 November 2015 −8.65 ± 0.04
18 November 2015–28 April 2018 −5.46 ± 0.14

SPAN–KTCH
20 November 2013–16 November 2015 −0.97 ± 0.15

18 November 2015–31 October 2021 0.51 ± 0.02

PONT–KTCH
23 November 2013–15 November 2015 −3.29 ± 0.22

17 November 2015–31 October 2021 0.28 ± 0.04

VLSM–KTCH 22 November 2013–31 October 2021 −4.24 ± 0.05

VLSM–PAT0
27 January 2009–25 January 2014 −10.41 ± 0.05
8 February 2014–31 October 2021 −10.60 ± 0.03

VLSM–RLSO
1 January 2009–25 01 2014 −5.32 ± 0.08

8 February 2014–31 October 2021 −5.68 ± 0.03

ZAKY–PYRG
2 February 2013–25 October 2018 −5.12 ± 0.03

27 October 2018–5 July 2019 −0.91 ± 0.18
6 July 2019–31 October 2021 −4.47 ± 0.09

ZAKY–RLSO
8 February 2014–27 February 2017 −5.54 ± 0.11

28 02 2019–31 October 2021 −4.93 ± 0.11

PAT0–AGRI 5 January 2011–12 February 2019 7.62 ± 0.02

PAT0–KTCH 20 November 2013–31 October 2021 −5.91 ± 0.02

PAT0–PYRG
2 December 2013–25 October 2018 6.29 ± 0.04
27 October 2018–31 October 2021 8.66 ± 0.08
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