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ABSTRACT The Lefkada Island, central lonian islands, Greece, deforms in response to rapid dextral
strike-slip movement of the Cephalonia Transform Fault Zone accounted to 2-3 cm/yr.
Historical and instrumental earthquakes had a major impact on the coastal landscape, as
they had caused nearshore landslides, rockfalls, tsunami-induced flooding, and several
centimetres coastal uplift and subsidence. Appreciable coseismic displacements were
calculated at discrete points designating the coastlines after applying an elastic model
and considering the coseismic slip of the 2003 (M 6.3) and 2015 (M 6.5) Lefkada
earthquakes, and the 2014 Cephalonia Island doublet (M 6.1 and M 6.0), the latter
being of negligible importance. Subsidence and uplift of several centimetres were
calculated along the western Lefkada coastline, depending upon the position of the
calculation point relative to the causative rupture and permanent localised uplift
for certain areas. For the eastern Lefkada coastline, the coseismic slips resulted in
unremitting subsidence. The respective horizontal coseismic coastal displacements
were more profound, consistent with the predominant strike-slip movement. The
calculations along with the historical macroseismic effects comprise the basis for both
the countermeasures related to coastal preservation and mitigation of the seismic risk
from landslides and rock falls that appear in synchronization with the coseismic slip.

Key words: strong earthquakes, coastal deformation, Lefkada Island.

1. Introduction

Coastal uplift and subsidence are vertical displacements of the crust due to crustal deformation,
among other factors, and are broadly and extensively studied along subduction fronts. Coastlines
in seismically active areas, are often bounded by certain fault segments that accommodate an
appreciable portion of the active deformation and their activity influences the coastal morphology.
The coastal evolution is considerably affected by catastrophic earthquakes and their associated
tsunamis, in addition to the postglacial sea level rise, with the vertical displacements to be quite
localised because of faulting. Emergent coasts are commonly characterised by differential uplift
within distinct segments that might be sustained as morphotectonic units on time scales of tens
of thousands to millions of years (Melnick et al., 2006). In addition to the vertical displacements,
coseismic, earthquake block tilting can be observed from the coast to inland. These observations
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have led to a number of studies mainly along tectonically active plate boundary coastlines, aiming
to estimate their deformation in areas subject to coseismic movements.

The Lefkada Island belongs to a rapidly deformed area, the central Ionian islands area
including the Cephalonia Island as well, dominated by the Cephalonia Transform Fault Zone
(KTFZ), stepping the convergence of Apulia and Eurasia to the north and the Hellenic Subduction
Zone (HSZ) to the south. The KTFZ comprises major faults that bound the western shorelines
or offshore escarpments of both islands and are associated with frequent strong (M>6.0)
earthquakes. The SKS anisotropy direction found for this area was interpreted by the presence of
tearing (Kaviris et al., 2018). The aim of the present study is to assess the effect of the coseismic
deformation on the coastal morphology and discuss the related hazards. Sudden coastal uplift and
its direct association with earthquakes were first documented by FitzRoy and Darwin in south-
central Chile in 1835 (FitzRoy, 1839). Measurements of coseismic coastal uplift and subsidence
were systematically started much later and in particular since the 1960s and were investigated in
association with the causative fault geometry and faulting style.

Palaeoenvironmental changes of the Lefkada sound were investigated by Brockmuller et al.
(2007) who reported, in addition to indicators for submergence due to aremarkably rapid rise of the
relative sea level, strong tectonic uplift at the northern coastline. The reported indicators evidenced
enormous local differences in the tectonic movements. Reconstruction of the palaeoshoreline
during the Last Glacial Maximum by Ferentinos et al. (2012) displayed that Lefkada Island was
separated by a narrow strait from Cephalonia, Ithaca, and Zakynthos, that seemed to relate to each
other. Lefkada appeared to relate to the mainland to the east, along with Meganisi and the smaller
islands between. During this period the most extended retreat of the sea occurs on the northern and
eastern parts of the study area. Field observations carried out by Evelpidou ez al. (2017) evidenced
a total subsidence of 140+6 cm in a period of 1.1 to 5.7 kyr, as deduced from submerged notches
mostly along the eastern coastline, and a comparable 135+6 cm during a period lasting between
0.9 and 3.0 kyr, from four submerged fossil shorelines in Meganisi Island. The authors claimed
that apart of the similarities, the identified differences indicate that certain coseismic events have
a local effect and, in some cases, have affected only part of the study area. Palacogeographic
reconstruction was attempted by Sakellariou et al. (2018), who have determined the relative sea
level changes in relation to eustatic change, glacio-hydro-isostatic variation, and vertical tectonic
movements. The synchronisation of prograding prisms at different depths testify the decisive role
of local vertical tectonic movements affecting the evolution of basins and margins during the Late
Quaternary, by causing subsidence or uplift of different parts in the study area. These variations
were attributed by the authors to vertical tectonic movements along the active faults.

The western coastlines in Lefkada are running parallel to the KTFZ and provide an interesting
situation that enables the study of their coseismic deformation and its spatial variance. The eastern
part of the island constitutes a coastal wetland occupying the hanging wall of the bounding faults
and experienced significant subsidence during the strong events, whereas significant crustal uplift
can be found at certain sites along the western coastline. Aiming to investigate the coseismic
coastal deformation, firstly an attempt is made to make full exploitation of the historical
information for extracting relevant information, and then model the coseismic changes.

In the framework of projects for an in-depth analysis, sea level rise scenarios were created for
the Mediterranean region including the coasts of Letkada city and its adjoining lagoon (Anzidei
et al., 2018; Pizzimenti et al., 2018). During this investigation a high-resolution 3D mapping
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of the area was realised (Patias et al., 2018) resulting in producing a digital surface model and
an orthophoto of the study area with a resolution of 4 and 2 cm, respectively. Furthermore, the
integration of the high resolution topographic data was integrated with the expected sea level rise
from IPCC ARS 2.6 and 8.5 climatic scenarios to map sea level rise scenarios for 2050 and 2100,
taking into account the vertical land motion as estimated from CGPS data. As a result, coastal
coseismic subsidence or uplift can be used to enhance the developed models for the estimation of
coastal flooding. Seismicity monitoring is a powerful tool for even the identification of shipwreck
characteristics (Fiaschi et al., 2017), whereas coseismic displacements in the study area were
extensively studied with geodetic measurements (e.g. Sakkas and Lagios, 2017; Ganas et al.,
2018; among others).

Here the mode of coseismic deformation is mainly caused by dextral strike-slip movements
along with a significant thrust component, attributed to the coastline elevation changes induced by
the strong earthquake occurrence. The target is to constrain the elevations of uplift and subsidence
of the shorelines and the results of this investigation allow to assess the coastal changes. Emerged
shorelines have been long used as geomorphic markers for estimating the permanent surface
deformation and inferring the kinematics and slip rate of local faults. Studying the relation
between the motion of these structures during strong earthquakes may contribute to seismic
hazard assessments and our understanding of the build-up of topography.

2. Seismotectonic setting

The Lefkada Island is part of the central lonian seismic zone, dominated by the rapid
deformation of the KTFZ that bounds this zone from the west. The KTFZ consists of an active
boundary between the continental collision of Adriatic microplate and Eurasia to its north, and the
subduction of the east Mediterranean oceanic crust beneath the Aegean microplate to its south.
The dextral strike-slip nature of the KTFZ was firstly introduced by Scordilis ef al. (1985), who
determined the fault plane solution of the 1983 Cephalonia M=7.0 earthquake, and then confirmed
by waveform modelling (Kiratzi and Langston, 1991; Papadimitriou, 1993). The dextral strike-
slip sense of motion is documented by the fault plane solution of the 2003 Lefkada M=6.2 main
shock, the 2014 Cephalonia doublet (M=6.1 and 6.0) and the 2015 Lefkada M=6.5 main shock,
all associated with fault segments comprised in the KTFZ.

The two major KTFZ segment boundaries, namely the Lefkada and Cephalonia segments,
present abrupt morphologic characteristics along the western shorelines of both islands
(Fig. 1) and differ slightly in strike and maximum observed earthquake magnitude (M, =7.4 for
Cephaloniaand M, =6.7 for Lefkada, from historical records thatare rather slightly exaggerated).
The seismicity is mainly aligned along strike of the boundaries, producing frequent strong
earthquakes, separated by periods of low seismicity evidencing possible triggering through
stress transfer between the fault segments (Papadimitriou, 2002). The seismogenic layer is
shallow and reaches a depth that does not exceed the 20 km, as verified by the highly accurate
relocated recent seismicity. The seismicity forms a relatively narrow band and appears more
sparse as one goes onshore, while is almost totally lacking at the eastern coasts and the offshore
area, to the east of both islands. Seismic activity related to faults of different orientation is also
present.
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Fig. 1 - Morphology, major faults and seismicity since 1970 in Lefkada and Cephalonia islands. Stars depict the />6.0
earthquakes, bigger circles the 5.9>M>5.0 and smaller circles the 4.9>M>4.5 ones.

3. Seismic activity

In an attempt to provide a comprehensive view of historical and instrumental seismicity in
the study area, the main characteristics of the historical records and the relocated seismicity are
engaged. The majority of larger and smaller magnitude instrumental seismicity is located slightly
offshore and onshore close to the shoreline. The macroseismic descriptions for the most damaging
historical earthquakes are in accordance and emphasize the locus of strong shakings.

3.1. Strong historical earthquake occurrence

Information on the historical seismicity in the study area starts in 1577, and in evidently regular
basis and continuously since the beginning of the 17th century. This information is reported in
Table 1, where from it appears that during the past five centuries strong (M>6.0) earthquakes
with recurrence intervals of 30-50 years occurred in the study area, showing a strong clustering
(Fig. 2). Magnitudes in the early historical catalogue exhibit an upper limit of 6.7, which has
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Fig. 2 - Temporal distribution of strong (M>6.0) known historical earthquake activity in Lefkada island.

been repeatedly reached in the 17th and 18th century, although never afterwards. We may, then,
speculate about an overestimation in magnitude at that time and that the maximum observed, M, ,
and expected, M, , magnitudes equals to 6.5.

There is evidence of localised coseismic deformation after the occurrence of strong events in
the study area, that was shaken almost every 30-40 years. A series of maps showing the positions
of the reported damage (Papazachos and Papazachou, 2003) is shown in Fig. 3 and in some
cases calculated intensities. From the macroseismic descriptions and instrumental locations, it
is derived that two discrete fault segments bounding the west coastline are responsible for this
strong activity, which appeared to fail consecutively several times. For hazard assessment, it is
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Fig. 3 - Epicentral distribution of known strong (M>6.0) earthquakes since 1500 depicted by the red stars. Red ellipses
comprise the devastated areas and the white ones only in the cases where minor damage was reported for the city of
Lefkada (located in the northern coast).
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important to determine whether the earthquake occurred on the North Lefkada fault, the South
Lefkada fault, or another fault in the area.

Reports describing earthquake destructions in Lefkada city are more numerous than the ones
referred to other parts of the island or the small villages. In fact, the only important urban area is
at this location during its complete historic period. Given that the quantity and quality of the felt
reports depend upon the development of the local cities, this is the reason why the earthquakes
in the early historical archives are referred to the island’s capital. This is exactly the case of the
first reported earthquake in 1577, with M=6.2 and its macroseismic epicentre near the area of
maximum reported damage (Fig. 3a).

A cluster of four (6.4<M<6.7) earthquakes took place between 1612-1630. Extensive damage
throughout the island was reported for the 1612 M=6.4 earthquake, the macroseismic epicentre of
which was put onshore the Greek mainland (Fig. 3b). The collective information would support
the North Lefkada fault segment failure. This comes in line with the next occurrence in the next
year with an M=6.5 in 1613 for which the associated damage is mostly in the south-western part,
implying failure of the South Lefkada fault segment, although its epicentre is again put onshore
the Greek mainland (Fig. 3c). The effects of the 1625 and 1630 shocks are considerably localised

Table 1 - Macroseismic effects of the known historical earthquakes (M>6.0) at specific sites of Letkada Island (after
Papazachos and Papazachou, 2003).

City of East Western Northern Central Southern
Lefkada coastline coastlines part part part

1577 |

1612 * * *

1613 w A PAS

1625 | | |

1630 | [ |
1704 | |
1722 s W | e
1723 w ~ AY

1769 M < | |

1783 | |

1815 * * * *
1820 [ | #

1825 |

1869 ~ |

1914 < =~ # | | <
1948A | | H=
1948B # a

2003 a

2015 a a

Notation: B localised damage, % disperse damage, ¥ building collapse, [d rockfalls and landslides, # flooding and
subsidence, = tsunami indication, < slight damage reported.
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in comparison with the previous descriptions, indicating ruptures of the north and south fault
segments, respectively (Figs. 3d and 3e).

After more than 70 years of paucity in strong earthquakes occurrence, the southern part was
shaken in 1704 (Fig. 3f) and then, close in time, in 1722 and 1723 in the southern (Fig. 3g) and,
then, in the northern part (Fig. 3h), respectively, although the epicentre of the latter is given at the
southern onshore area. In less than 50 years of quiescence, the next seismic excitation started in
1769 taking place at the northern segment (Fig. 3i) and in a few years across the southern segment
(Fig. 3g). After a shorter quiescent period of about 30 years, a triplet has shaken the island, with
extensive reported damage in 1815, in the southern and central western part (Fig. 3k), more
localised near the city of Lefkada in 1820 (Fig. 31), and the northern part in 1825 (Fig. 3m). The
proximity of the damaged areas that were attributed to M>6.0 earthquakes, makes doubtful the
location of consecutive failures at the same fault segment. This is a point for further investigation
with accurate locations to identify the fault network and possible smaller faults, but capable to
produce severe damage and constitute a threat to the city of Lefkada, at the same degree as the
major faults. After 44 years the northern segment again failed in 1869 (Fig. 3n), and after 45 years
the southern segment in 1914 (Fig. 30). A doublet interrupted the 34 years quiescence, in 1948
when the western part of the island was considerably devastated in a time span of 2 months (Figs.
3p and 3q). A longer quiescent period of 53 years paused by the 2003 main shock associated with
a fault running parallel to the north-western coastline (Karakostas et al., 2004) and then in 2015,
the southern coastline bounding fault failed (Papadimitriou et al., 2017), to accomplish one more
seismic cycle of the Lefkada major faults system (Fig. 3r).

3.2. Recent activity and seismic sequences

Offshore seismicity was poorly constrained before 2003 because of the sparsity of the
seismological network, with all but one (in south Cephalonia Island) stations being located
onshore in the Greek mainland and far from the KTFZ. The installation of a comparatively dense
temporary seismological network in 2003, one day after the main shock occurrence, enabled
the recording of hundreds of aftershocks and their relocation with greatly improved accuracy
(Karakostas et al., 2004). The aftershock seismicity, which was extended far beyond both edges
of the main rupture, was for the first time found to be positioned partly onshore, instead of
far offshore as it was previously considered (white circles in Fig. 4). Extensive landslides and
rockfalls accompanied the occurrence of the main shock, mainly along the coastal slopes. The
installation and continuous operation of permanent seismological stations since 2007 resulted to
the accurate locations that revealed details on the secondary faults activated along the main rupture
(Karakostas and Papadimitriou, 2010) and on the faulting network along the KTFZ (Karakostas et
al.,2010), which were also verified by geodetic data and analysis (Ilieva et al., 2016).

The closely installed seismological stations provided valuable data at the time of the
second seismic excitation in 2014, with two main shocks of M=6.1 and M=6.0 that occurred
on 26 January and 3 February, respectively. Most importantly, it happened that in the 2015
Lefkada seismic excitation, very close to the main rupture (much less than 5 km) closely spaced
stations surrounded the activated area and provided data, where from P and S arrivals were
again manually picked and by the use of the double-difference (DD) hypoDD (Waldhauser and
Ellsworth, 2000; Waldhauser, 2001) the location accuracy was again improved. It is now more
onshore shifted (green circles in Fig. 4) than the 2003 seismicity, concentrated along the Paliki
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Fig. 4 - Locations of aftershock epicenters in the three more recent seismic sequences (2003 white coloured, 2014
coloured in yellow and 2015 in green). Stars depict the mainshock epicenters. The shift from offshore to onshore
location as a function of time and consequently location improvement, is evidenced.

Peninsula in the western part of Cephalonia Island, along with the off-fault aftershocks. In all
three seismic excitations multi-fault activation was verified, probably triggered by the Coulomb
stress changes caused by the main shock slip (Karakostas et al., 2004, 2015; Papadimitriou et
al.,2017). The relocated seismicity is mainly concentrated along the fault segments comprised
in the KTFZ. Even the background seismicity is considerably lower elsewhere, as one goes far
from the KTFZ.

4. Coastal movements from coseismic displacements

In Lefkada Island, the geomorphological evidence, such as cliffs along the western shoreline,
indicates that the western coasts have been uplifting steadily, whereas the existence of wetlands
and low elevation of the eastern coasts show that this area has been continuously subsiding.
Historical descriptions lead to the identification of elongated zones of reported damage and
their orientation parallel to the western shoreline. These descriptions support a model in
which coseismic uplift produced by the along coast earthquakes and is responsible for the
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present coastal landscape characterized by cliffs and rocky promontories, alternating with sand
filled beaches. Strain energy that is accumulated in the interseismic stage is released during
an earthquake, and the resulted stress changes induce crustal deformation. It is in general
difficult to discriminate between the coseismic from the post and interseismic components, the
interseismic one might be in some cases of most importance in tectonic uplift and evolution of
the coast. The interseismic deformation, nevertheless, is slow, typically in the order of a few
mm/yr, whereas the coseismic deformation occurs within a very short time and its maximum
values can reach several metres.

Aiming to investigate the impact of recent strong earthquakes that occurred along the KTFZ
on the Lefkada coastlines deformation, the displacements caused by these events are calculated
by putting coseismic displacements on ruptured fault segments. A dislocation model of a planar
surface, 2, embedded in a homogeneous semi-infinite elastic medium, i.e. a half-space with
zero traction on the Earth’s surface. Steketee (1958) showed that the displacement field u, (k-th
component of u) in a semi-infinite elastic medium for an arbitrary uniform dislocation, U, across
a surface, 2, can be determined from

U.
u = m_gwi’;vjdz (1)

where (1 is the shear modulus, v, are the direction cosines of the normal to the dislocation surface,
U, is the i-th component of U, and Wl’; are six sets of Green’s functions.

For the calculation of the coastal movements caused by the recent strong earthquakes in
Lefkada coastlines, the rupture models are approximated with rectangles embedded in the Earth’s
brittle crustal layer. Fault surfaces are defined by their geometrical parameters, their length, L,
and width, w, and the parameters provided by the fault plane solutions. The coseismic slips show
dominantly right-lateral strike-slip motions, therefore, the dominant coseismic movement is
expected to appear in the horizontal components of deformation. The dimensions of the coseismic
ruptures are well constrained by aftershock relocation and elaboration of their 3D distribution
[after Karakostas ef al. (2004) for the 2003 Lefkada main shock; Karakostas et al. (2014, 2015)
for the 2014 doublet that occurred in Cephalonia Island; Papadimitriou et al. (2017) for the 2015
Lefkada main shock]. The values of the scalar moment for each earthquake were adopted from the
global centroid moment solutions (http://www.ldeo.columbia.edu/~gcmt/) and the GFZ moment
tensor solution (https://geofon.gfz-potsdam.de/eqinfo/event.php?id=gfz2014cinv) and an average
slip was calculated from these values and fault dimensions (Table 2) considering rigidity equal to
3.3x10° bar.

The 2003 main shock faulting parameters were taken from the global centroid moment tensor
(gemt) solution, as they agree with the aftershock analysis (Karakostas et al., 2004). For the 2014
doublet, the geometry of the southern cluster was considered to represent the main rupture, since
it was activated in the first day of the seismic excitation, whereas the cluster at the northernmost
part of the Paliki Peninsula the second main shock rupture area (Karakostas et al., 2014, 2015).
The GFZ moment tensor solution agrees very well with the geometry of the second main shock
aftershock zone. As the dip and the sense of slip of the 26 January shock are the same as the 3
February one, a similar value for the rake was used. For the 2015 main shock the gcmt solution
was used with a slight modification for the strike (16° instead of 22°) considering the trend of the
aftershock zone (Papadimitriou et al., 2017).
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Table 2 - Rupture models for the earthquakes included in the displacements calculation model.

DATE TIME Latitude | Longitude | L (km) | u(m) | M, Mechanism
(¢°N) (A° E) Strike | Dip | Rake
2003, Aug. 14 | 05:14:55 | 38815 | 20606 | 16 | 060 | 62 | 18 | 60 | -175
2014, Jan. 26 | 13:55:41 | 38.199 | 20434 | 13 | 038 | 61 | 20 | 65 | 177
2014, Feb. 03 | 03:08:44 | 38269 | 20410 | 11 | 052 | 60 | 12 | 57 | 157
2015, Nov. 17 | 07:10:07 | 386775 | 205773 | 17 | 143 | 65 | 16 | 64 | 179

4.1. Vertical coastal coseismic displacements

Fig. 5 shows the vertical coseismic displacements caused by the four mainshocks. The maps
comprise both islands for the sake of comparison and extent of influence in coastal deformation.
The vertical deformation reached 5 cm of uplift at the central western Lefkada shoreline, just
beyond the 2003 rupture fault tip, consistent with the expected deformation from the reverse
component of the dominantly strike-slip faulting in an elastic half-space (Okada, 1985). The area
where the vertical displacement exceeded 2 cm extends along the coastlines of southern Lefkada
and north-western Cephalonia Islands (Fig. 5a). Significant subsidence is estimated for the
northern Lefkada shorelines and in particular in the city of Lefkada, where considerable damage
was reported for the harbour and the buildings, with one of them being collapsed. Landslides
and rockfalls were mainly observed along the NW part of the island, almost delineating the main
rupture area, where subsidence was estimated (blue dots in Fig. 5a). The magnitude of the vertical
displacement is of much less importance in Cephalonia Island, without reported damage. The
2014 Cephalonia doublet resulted in slight subsidence of the Lefkada’s western shoreline (Figs.
5b and 5¢).
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Fig. 5 - Coastal coseismic vertical deformation due to the occurrence of the main shocks that occurred in 2003 in
Lefkada (a), in January 2014 in southern Paliki Peninsula (b), in February 2014 in northern Paliki Peninsula (c) and in
2015 in southern Lefkada Island (d). Circles denote calculation points, sized and coloured by their amounts of uplift
(blue denotes subsidence).
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For the 2015 Lefkada main shock that occurred to the south of the 2003 one, the more significant
subsidence (up to 8 cm) was estimated for the central western coast, close to the villages with the
most devastating effects (Fig. 5d). At the same sites and the small south bay, coastline road cracks
were observed (Ganas et al., 2016; Kassaras et al., 2018) in addition to slope failures that were
more extensively distributed on the island. Details on the static deformation given by Avalone et
al.(2017) report a subsidence related with the 2015 main shock of ~4.3+1.2 cm at a particular site,
which is slightly smaller than our modelled values, and uplift of ~7.5 cm to its SE, slightly larger
than ours, and subsidence of ~11.0 cm to its SW, which does not agree with our calculations.

Two displacement boundaries are recognized in each case, between uplift and subsidence,
with the discontinuity lines to be located in both islands, independently of the deformation size.
As shown in Fig. 4, we can recognize significant vertical displacements for each one of the islands
where the causative faults are located.

4.2. Horizontal coastal coseismic displacements

The prevailing strike-slip faulting led us to examine the degree of the influence from the
horizontal coseismic displacements. As in the previous figure, the displacements are given on
discrete points along the coastlines and are computed for each one of the main shocks listed in
Table 2 and are plotted in Fig. 6. The sense of motion and its size at each point are represented by
the vector azimuth and length, according to the scale given on the top of the subfigures. As expected
from the elastic dislocation model the horizontal displacements are much larger in values than the
vertical ones. It is worth noting that the entire coastline of Lefkada Island has been undergone
coseismic horizontal displacements of several centimetres, during both 2003 and 2015 main shocks
(Figs. 6a and 6d). A considerable movement has incurred in the coastlines of the nearby mainland,
as well as the northern coastlines of Cephalonia and Ithaca islands. The 2014 Cephalonia doublet,
on the other hand, did not seriously affect the Lefkada coastlines (Figs. 6b and 6c¢).
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Fig. 6 - Coastal horizontal static displacements, with arrows lengths according to the scale given at the upper left side
of each figure. Surface fault projections along with the sense of coseismic slip is given in each case: a) for the 2003
main shock with M=6.2 that occurred along the NW Lefkada coastline; b) for the 26 January 2014 main shock with
M=6.1 that occurred in the southern Paliki Peninsula, in Cephalonia Island; c) for the 3 February 2014 main shock with
M=6.0 that occurred in the northern Paliki Peninsula, in Cephalonia Island; d) for the 2015 main shock with M=6.5 that
occurred along the SW Lefkada coastline.
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Fig. 7 - Cumulative coastal vertical and horizontal static displacements. Symbols are as in Figs. 5 and 6.

4.3. Cumulative coastal coseismic displacements

The cumulative results in both vertical and horizontal coseismic displacements are shown
in Fig. 7. It appears that the southern edge of Lefkada coastlines undergoes uplift, by strong
events that occurred on fault segments of the KTFZ, while along the northern coastline a
continuous subsidence occurs (Fig. 7a). The cumulative horizontal movements are consistent
with a counterclockwise rotation of the central Ionian islands area (Fig. 7b), with more intense
movement being observed in Lefkada.

4.4. Profiling the vertical coastal coseismic displacements

We determined the amount of coseismic crustal deformation, approximately parallel to the
main ruptures strike at close positioned points that mark the western Lefkada coastlines (Fig.
8). The along coast profiles attest the periodic coseismic uplift and subsidence, depending upon
the location of the rupture plane. The maximum uplift of approximately 10 cm was estimated
at the southern edge of the coast, caused by the 2015 rupture and by 4 cm in 2003 main shock.
The amount of uplift rapidly decreases by about the same value up to the maximum subsidence,
reaching high negative values. In 2003 case further to the south, the uplift was diminished up to
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Fig. 8 - Vertical displacement along the western Lefkada Island shoreline due to the coseismic slip of the four
main shocks: a) 14 August 2003, b) 26 January 2014, ¢) 3 February 2014, and d) 17 November 2015, main shocks,

respectively.

almost zero, whereas to the north minor subsidence took place up to the north coastal edge (Fig.
8a). During the 2015 rupture rapid alteration of uplift and subsidence appeared along the south
and central coastline, and gradually increases to almost zero at the northern edge (Fig. 8d). Both
2014 Cephalonia events resulted in almost zero vertical motion along the entire coastline (Figs.
8b and 8c). Summing up the coseismic coastal deformation, it is evident that the southern part of
western Lefkada is seismically steadily uplifted, whereas the maximum subsidence takes place at
the northernmost part (Fig. 9).

Displacement (cm)

-10

5 10 15 20
Distance (km)

Fig. 9 - Cumulative vertical displacement along the western Lefkada Island shoreline due to the coseismic slip of the

four main shocks.
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5. Discussion and conclusions

Quantitative estimations for the expected casualties of future strong earthquakes, which
constitute an indispensable component for realistic countermeasures and seismic risk mitigation,
are thought to be based on modelling the deformation associated with the coseismic slip of past
earthquakes. In this study, we “integrated” the macroseismic descriptions of the earthquakes
that occurred since the 16th century in Lefkada Island and considered that earthquakes should
repeat with similar locations and magnitudes. The source areas of the historical events are traced
according to the available published descriptions in Papazachos and Papazachou (2003), and in
parallel they were correlated and found in accordance with the rupture areas of the instrumental
earthquakes.

Estimating the deformation caused by the coseismic slip of strong earthquakes in an area, and
in particular, at the sites where strong historic earthquakes have happened, provides the means
to evaluate the extent of the influence in the coastal topography. We surveyed the extent and
magnitude of the observed coastal changes reported in historical records that could be directly
compared with the contemporaneous estimations, and the results are devoted to being used for
mitigating the impact of future earthquake damage.

To give an estimation of the future hazard and the frequency of the main shock occurrence, a
rough estimation of their recurrence is made by taking into account the major faults slip rate. If
the South Lefkada fault segment has a horizontal slip rate of ~15 mm/yr, it accumulates 4.95x10"
dynxcm of moment per year per cm? of fault area, using a shear modulus of 33 GPa. The total area
of the causative fault is approximately 2x10'> cm? (Papadimitriou et al., 2017). Using this area
and annual rate, it takes roughly 71.5 years to accumulate the amount of the moment release in
the 2015 earthquake, which equals to 7.15x10% dynxcm. This estimate overpasses the time of 67
years that have elapsed since the most recent strong main shock along this fault segment (1948)
and implies that the strain accumulated at the fault area since the last event, has been completely
relaxed. From a Coulomb stress transfer perspective, in which slip on a given fault triggers motion
on the adjacent segment, contributing to unclamping of the seismogenic part of the second fault,
the failure of the 2015 segment could be expected earlier. The presence of positive Coulomb
- stress changes imposed by the 2003 main shock onto the 2015 fault, argues that over a short
time scale, both major fault segments may fail, and this became more obvious from the doublet
in 1948 taking place over a short time scale of only 2 months. Both recent main shocks in 2003
and 2015 caused surface deformation that was broadly distributed, uplift in localised areas along
the western Lefkada shoreline and regularly clear subsidence in areas of the eastern shoreline,
implying that the coseismic slip of this type of events that are the “characteristic” ones in the area,
contribute to the current coastal morphology.

Our estimations and assessments can then be summarised in the following:

1. coastal uplift and subsidence of several cm takes place coseismically with the stronger

(M>6.0) main shocks;

2. the strong main shocks that occur in Cephalonia Island have subtle influence on the coastal

deformation in Lefkada;

3. given that the major faults are located or bound the western Lefkada shoreline, the city of

Lefkada undergoes continuous coseismic subsidence.
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