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A synthesis of investigations carried out at the archaeological site of the Early Christian Basilica, located in the an-
cient harbour of Lechaion, Corinth, Greece in order to study the origin and triggering mechanism of deformation
structures observed on the temple floor, is presented. These surface structures are indicative of earthquake in-
duced ground liquefaction and their relationshipwith the subsurface soil stratigraphy and structure is examined.
Investigations of stratigraphic data from archaeological excavations conducted from 1956 to 1965 provide
indications of artificial fill deposits overlying a sandy-gravelly substratum. Geophysical survey of EM, GPR and
ERT provided further information regarding the substratum properties/stratigraphy of the site indicating subsur-
face fissures and lateral spreading trends that are in agreement with the surface deformation structures.
Lithostratigraphic data obtained from four vibracores drilled in the southern aisle of the temple, suggest estuarine
deposits of coarse sand to fine gravel with grain size properties indicative of layers with high liquefaction
potential. The results of the study, suggest at least three seismic events that induced ground liquefaction at the
site. The first event pre-dates the construction of the Basilica, when Lechaion harbour was in operation. The
second event post-dates the construction of the Basilica potentially corresponding to the regionally damaging
A.D. 524 earthquake, followed by the third event, that commensurate with the A.D. 551 earthquake and the
destruction of the temple.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction and aims

The archaeological site of the ancient harbour of Lechaion is located
on the southeastern coast of the Corinthian Gulf, 3 km to thewest of the
modern city of Corinth (Fig. 1a). Along with the Kenchreai harbour, it
represents one of the harbours of the ancient city of Corinth. According
to archaeological data, its construction dates to the 6th–7th century BC
during the reign of Periander (Rothaus, 1995), and it remained opera-
tional throughout the Roman period (Pallas, 1959, 1965; Rothaus,
1995; Stiros et al., 1996). The harbour is located in a marsh,
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s).
characterised by an outer harbour edged by moles and an inner artifi-
cially excavated harbour (cothon), connected to the Corinthian Gulf by
a stone-lined channel (Fig. 1b). Continuous dredging activity is indicat-
ed by mounds of sand and pebbles located on the sand bar bounded at
locations by retaining walls, separating the inner harbour basin from
the outer harbour moles (Morhange et al., 2012; Pallas, 1960; Rothaus,
1995). During the late 5th to early 6th century A.D., an Early Christian
Basilica was constructed on the western part of the sand bar separating
the inner harbour basin from the coastline. The Basilica is thought to
have only been in use for a short period of time since archaeological re-
cords suggest that it was destroyed by seismic activity in the mid 6th
century A.D., (Pallas, 1956, 1959, 1960, 1965; Rothaus, 1995). This de-
struction is commensurate with extensive damage sustained in the re-
gion of ancient Corinth (Pallas, 1956; Rothaus, 1995; Scranton, 1957),
and is thought to have been associated with the earthquake of A.D.
551 (Pallas, 1956, 1959, 1960, 1965).
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Fig. 1. (a) Map of the Corinth region, with location of study area, active faults after Sakellariou et al. (2007) and Charalampakis et al. (2014) and Pleistocene terraces after Armijo et al.
(1996); V: Vrahati fault. (b) the Ancient Harbour of Lechaion and location of the Early Christian Basilica.
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Recent restoration works carried out on the Early Christian Basilica
have revealed the decorated floor of the temple that preserves
deformation structures indicative of earthquake induced ground
liquefaction. The aims of this work are to present and discuss the results
of new investigations of the site in an attempt to study the surface
deformation structures, confirm their triggering mechanism and
propose a model of site evolution. To achieve the aims we first describe
the geological setting, describe our methods and then present and
analyse the results.
1.1. Geodynamic setting

The Corinth Gulf is an active continental rift system in a subduction
zone setting, trendingWNW–ESE, with extensional tectonics expressed
through intense seismicity andmarginal uplift. The east end of the rift is
divided into two asymmetric sub-basins, the Alkyonides Gulf to the NE
and the Lechaion Gulf to the SE separated by the fault bounded
Perachora peninsula (Fig. 1a). The Lechaion Gulf, an asymmetric basin
dipping to the north, represents an inactive relict of early rifting



Fig. 2. Lateral spreading as a result of earthquake shaking on gently inclined ground near
break in slope. Vertical arrow marks the water table level and sand venting through
various types of fissures is indicated (modified after Youd, 1984a).
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(Leeder et al., 2005; Sakellariou et al., 2004; Turner et al., 2010). Spatial
uplift rates of raised shorelines suggest fault slip related uplift for the
Perachora peninsula of the order of 0.31 ± 0.04 mm/year since Marine
Isotope Stage MIS 7 (Leeder et al., 2005, Turner et al., 2010). The south-
ern margin (i.e. the northern Peloponnesian coast) is considered to be
exhumed independent of fault slip and uplift of Pleistocene marine ter-
races is attributed to non-spatially uniform isostatic footwall uplift with
rates ranging from 0.19 ± 0.05 mm/year to 0.31 ± 0.05 mm/year
(Armijo et al., 1996; Leeder et al., 2003; Turner et al., 2010). Recent
off-shore seismic studies carried out by Charalampakis et al. (2014) sug-
gest that the Lechaion Gulf has a similar tectono-sedimentary evolution
to the Alkyonides Gulf and that the Pleistocene uplift recorded along the
southern coast is related to the activity of the Vrahati fault.

The geomorphology of the Corinth region is characterised bymodest
topography attributed to a flight of terraces presenting staircase mor-
phology towards the Lechaion Gulf. These terraces are composed of
Middle to Late Pleistocene marine sequences that lie unconformably
on thick Plio-Pleistocene deposits of brackish to lacustrine marls,
marly limestones, conglomerates and sands known as the Corinth
Marls (Armijo et al., 1996; Keraudren and Sorel, 1987). The marine
terraces represent glacio-eustatic transgression events during the
Middle to Late Pleistocene that due to a complex combination of
regional uniform isostatic with localised tectonic uplift are located at
elevations that reach 400 m (Armijo et al., 1996; Keraudren and Sorel,
1987; Leeder et al., 2003; Turner et al., 2010).

Holocene coastal uplift is expressed via a series of raised shorelines
in the Perachora peninsula suggesting multiple uplift events (Leeder
et al., 2003; Pirazzoli et al., 1994; Turner et al., 2010) with the latest
event of the order of 1.1 m dated to A.D. 190–440 as recorded in the
vicinity of the archaeological site of Heraion (Pirazzoli et al., 1994).
LateHolocene coastal uplift along the south coast of the gulf is suggested
by exposed beachrock deposits along the coastline that at the western
exit of the Corinth canal lie on top of ancient constructions
(Mariolakos and Stiros, 1987) and by studies of Lechaion harbour.

Lechaion harbour is located in an estuary characterised by Holocene
coastal and fluvial dynamics, with deposits varying from clays and silty
sands to clean sands, gravels and conglomerates that at locations have
been reworked by human activities (Morhange et al., 2012; Rothaus,
1995). Geomorphological and biological studies suggest active tectonics
during antiquity through an episodic uplift of the order of ~1.1 m, that
according to radiometric dating of marine organisms (Lithophaga)
bored into raised walls of the harbour, is dated to circa 340 B.C. (Stiros
et al., 1996). Supplementary radiometric data for this event comes
from Morhange et al. (2012) suggesting uplift of the order of ~1.2 m
around 375 ± 120 cal. B.C. This uplift event may have been followed
by submergence of the outer harbour moles (Flemming, 1978; Turner
et al., 2010; Vita-Finzi and King, 1985). Koster et al. (2011) using drill
core sampling and GPR/ERT surveys identified what they proposed
were tsunami deposits and abrasion scours in the western part of the
harbour at a depth of 2 m. Additionally, Hadler et al. (2011, 2013)
used geomorphological, sedimentological, geoarchaeological and geo-
physical data to identify at least three tsunamigenic events at Lechaion
harbour and surrounding areas. According to radiocarbon dating, the
first two events occurred about 760 cal B.C. and 50 cal A.D. respectively,
while the youngest and most destructive event was dated to the 6th
century A.D. This last tsunami was likely triggered by the A.D. 521 or
551 earthquake series and was related to the destruction of the Early
Christian Basilica (Hadler et al., 2011, 2013).Mourtzas et al. (2014) sug-
gest that sea level during the Roman period was 0.90 m lower than at
present. After the Roman reconstruction of the ancient harbour installa-
tions in A.D. 358, two events of co-seismic submergence caused a rise of
relative mean sea level by 1.60 m during the first event (A.D. 362–375)
and by 0.40 m during the second (A.D. 522–580). These events were
followed by either a strong uplift event or a sequence of smaller
co-seismic uplift events that caused a relative sea level drop of the
order of 1.10 m.
2. Methods

Liquefaction is the transformation of cohesionless, saturated, loosely
packed sediments from a solid to a liquid state as a result of increased
pore pressure and reduced shear stress, leading to ground failures due
to hydraulic fracturing (Obermeier, 2009; Obermeier and Pond, 1999;
Rodríguez-Pascua et al., 2015). During earthquake shaking, liquefaction
occurs in sediments such as silt, sand and gravel, originating at a depth
ranging from a few meters to about 10 m below the ground surface
(Obermeier, 1996). Lateral spread, is themost common type of liquefac-
tion ground failure in gently inclined grounds (Fig. 2) (Youd, 1984a;
Andrus, 1986; Audemard M., 2002; Obermeier et al., 2005). The failure
is expressed through vertical offsets and horizontal separations of
blocks of surface soil along nearly vertical fissures that develop along a
shear zone within the liquefied layer. Horizontal separation ranges
from a few centimeters to several meters and develops on gentle slopes
that range from 0.3% to 5% (Youd, 1984a, Bartlett and Youd, 1992;
Obermeier et al., 2005). On slopes that exceed 3° or approximately 5%
gradient, liquefied sediments can trigger landslides known as flow fail-
ures (Youd, 1984a; Obermeier, 2009).

Common surface failures include fractures and formation of localised
depressions due to densification and settlement of liquefied sediment
that can reach 0.25–0.5 m where thick sands liquefy severely
(Obermeier, 1996). Circular depressions form along the length of fissures
induced by seismic shaking in an impermeable cap (Obermeier, 1996).
Such depressions according to Takahama et al. (2000), represent the
final “draw-in”process in liquefaction that occurs just after an earthquake.

Another important characteristic of the ground liquefaction is recur-
rence. Liquefaction has the tendency not only to recur even at widely
timed earthquakes, but also to use the same dikes for venting
(Obermeier, 1996; Obermeier, 2009; Youd, 1984b). Investigations of
liquefaction features and recurrence intervals have contributed to
both palaeoseismological and seismic hazard assessment studies
through earthquake magnitude–epicentre empirical relationships and
their associations to the causative fault (Galli, 2000; Papathanassiou
et al., 2005; Pavlides and Caputo, 2004; Rodríguez-Pascua et al., 2010;
Audemard M. and Michetti, 2011).

Liquefaction features and theirmorphologyhave been identified and
studied in archaeological sites as traces of palaeoearthquakes by
combining archaeological records with stratigraphical and geophysical
methods (Kanaori et al., 1993, Takahama et al., 2000, Sangawa, 2009;
Karakhanyan et al., 2010; Tuttle et al., 2011). The application of these
methods is considered valuable since it enables the relative dating of
earthquake events through the association of liquefaction events with
cultural layers (Barnes, 2010).

Themethods employed in this study involve the combination offield
observations and established geophysical surveys for earthquake-
induced liquefaction features, with lithostratigraphic data from drill-
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cores and existing archaeological records. The substratum investigation
of the ground deformation structures observed on the decorated floor of
the Basilica allows the study of the liquefaction features in relation to
their surface expression providing relative indications for candidate
earthquake event(s).

Field investigation included the mapping and cataloguing of distinct
ground deformation structures where the floor was preserved in a good
condition. The structures were positioned with differential GPS and
were plotted into a rose diagram using the Stereonet software v. 9
(Allmendinger et al., 2012) in order to study their geometry, distribu-
tion and identify potential trends. The geophysical survey involved a
combination of EM, GPR and ERT methods as a reconnaissance survey
providing a fast, non-invasive method that allowed a thorough investi-
gation of the study area with respect to the monument. The use of geo-
physical techniques for the detection and study of ground liquefaction
structures has been used successfully (Abu Zeid et al., 2012; Al-Shukri
et al., 2006; Liu and Li, 2001; Maurya et al., 2006; Tuttle et al., 2011;
Wolf et al., 2006). The EM and GPR surveys along 10 ENE–WSW
trending lines in the Basilica aimed to study the substratum properties
such as grain size, permeability, salinewater intrusions and compaction.
The ERT survey included two profiles at right angles to each other in the
Basilica on a NNW–SSE and NNE–SSW trend (Fig. 3) and detailed
profiles of the upper 5 m were produced allowing a thorough study of
the substratum deformation structures and their properties.

For the investigation of the lithostratigraphy, examination and
synthesis of existing stratigraphic data described by Pallas during exca-
vations carried out from 1956 to 1965 were performed, in order to re-
construct the archaeological stratigraphic succession, chronology and
architectural evolution of the site andmonument. The lithostratigraphy
was further examined by four drill cores of short depth (Fig. 3 for loca-
tions) drilled along the southern aisle with a portable vibracore using
1 m and 2 m steel drill-pipes. The cores were located in the central
part of the southern aisle where distinct depressions were recorded.
Cores 2 and 4 were positioned in circular depression structures in the
floor while cores 1 and 3 were positioned in surrounding locations
where the floor was considered as relatively undisturbed. The aim of
this methodwas to identify potential lithostratigraphic variances, prop-
erties and characteristics among disturbed (depressions) and relatively
undisturbed substratum that could relate to ground liquefaction.
Sampling was conducted according to colour and grain size variations
observed and a total of 40 sediment samples were analysed. The core
profiles were determined through laboratory sieve analysis tests. The
samples were dried and sieved through the standard sieving column
withmeshes ranging in diameter from40mmto 0.063mm. All analyses
were conducted in the Department of Geography, at the Harokopio Uni-
versity. The grain size distributions,median diameter, sorting, skewness
and kurtosis were calculated as logarithmic graphical measures using
Fig. 3. Location of the 10 EMandGPR profiles (dashed green lines), the two ERT profiles (purple
in the Early Christian Basilica.
Folk and Ward (1957) formulae through the Gradistat program (Blott
and Pye, 2001).

3. Results

3.1. Field investigations

Observations and measurements occurred in parts of the temple
where the decorated floor was preserved in a good condition allowing
clear observation of the deformation structures. The dimensions, geom-
etry and distribution of the ground deformations recorded correlate
well with the surface expression of liquefied granular deposits
(Obermeier, 2009; Tokimatsu and Seed, 1987).

The well-preserved southern aisle contains numerous circular and
linear depressions concentrated mainly at the northern side of the
aisle striking ENE–WSW (Fig. 4a) oriented nearly parallel to the Basilica
walls. Dimensions vary from 0.45 × 0.33 m and 0.12 m depth to
1.80 × 1.33 m and 0.4 m depth for the circular depressions (Fig. 4b)
while the linear depressions (Fig. 4d) have a variable depth ranging
from 0.05 to 0.12 m and lengths that range from approximately 0.5 to
1 m. Some of these linear structures are in contact with the circular de-
pressions (Fig. 4c). In the central aisle, where the floor is not preserved
in a good condition, scattered linear and circular depressions were re-
corded, along with linear and circular buckling structures (Fig. 5). Due
to the poor preservation of the floor it was not easy to identify a trend
in the distribution of the circular depressions other than for some clus-
tering recorded in the central part and near the limit with the southern
aisle. However, a primary trend was identified with the majority of the
linear features strikingNNW–SSE, at right angles to the strikes recorded
in the southern aisle, followed by a secondary less extensive ENE–WSW
trend running near parallel to the trend of the Basilica walls.

Where the floor was not preserved it was difficult to identify and
measure deformation structures. Some large-scale circular depressions
were identified and recorded but potential linear depressions that
were not preserved in a good condition were not included in our re-
cords. The northern aisle was covered with gravel and soil during our
research and so it was not possible to identify surface ground deforma-
tion structures. However, the aisle was uncovered after our work and
although only limited deformation structures were observed that
were restricted to circular depressions, this provided useful additional
information presented and discussed in Section 4.

Plotting the linear depressions and buckling structures recorded on
the central and southern aisle of the temple into a rose diagram
(Fig. 6), indicate a primary trend of ENE–WSW strike and a secondary
trend of NNW–SSE strike. The linear features with ENE–WSE strike,
are oriented at a near parallel trend in relation to the coastline and
inner harbour basin shore, while the secondary NNW–SSE strike is
lines), the location of distinct deformation structures (red dots) and drill cores (black dots)



Fig. 4. Deformation structures recorded on the southern aisle of the Early Christian Basilica, (a) circular depressions (black arrows) and linear depression (dashed line) in a ENE–WSW
trend, (b) two characteristic circular depressions, (c) linear depression in contact with a circular depression, (d) linear depressions indicated by dashed line.
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oriented at a parallel trend in relation to topographic depressions locat-
ed to the SW and NE of the Basilica and at right angles to the primary
strike, indicating predominant topographic control of ground deforma-
tion (Obermeier, 2009).

3.2. Archaeological stratigraphic succession

The subsurface lithostratigraphy of the Basilica presented in Fig. 7,
represents a synthesis of the stratigraphic data described by Pallas dur-
ing original site excavations from 1956 to 1965. Trial trenching (Pallas,
1959, 1960, 1965) was carried out at two sites in the Basilica floor
(trenches 1 and 2) and surrounding locations (3, 4, 5 and 6).

The outer foundations of the Basilica as observed in trial baulk
(trench 3) and trench 4 reach a depth of 1.20m,while the inner founda-
tions according to trench 1 reach down to 1.70 m.
Fig. 5. Ground deformation including buckling structures (a) and depr
The Basilica was founded on a sandy substratum located at
approximately 1 m below the floor of the temple (trenches 1, 3 and
4) and according to two Corinthian coins found on the excavation
baulk (trench 3), it dates to the 3rd century B.C. A layer of angular
calcareous sandstone boulders mixed with sand was recorded in
trenches 5 and 6 located to the SW of the Basilica extending from
1.45 m to 2.40 m below the ground surface. This layer represents an
artificial deposit possibly related to early harbour installations (Pallas,
1959). Although the continuation of this layer under the Basilica is
unknown, its existence is indicative of potential artificial fill deposits
extending to a depth of 3 m (Pallas, 1960). Therefore, since the
surroundings of the Early Christian Basilica represent ancient harbour
installations potentially dating back to the 6th–7th century B.C. it is
not clear whether and to what extent, the sandy substratum represents
natural or artificial deposits.
essions (a and b) in the central aisle of the Early Christian Basilica.



Fig. 6. Rose diagram of linear fractures trends as recorded on the Early Christian Basilica
decorated floor. The ENE–WSW set is dominant followed by the NNW–SSE set.
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The preparation ground for the construction of the Basilica, overly-
ing the sandy substratum is composed of silty sand layers locally
containing fragments of calcareous sandstone and rubble of mortar,
ceramic tiles andmarble (trenches 1 and 2). The horizon has a thickness
of ~0.5 m as recorded in trench 1 and according to an Assarian coin of
Theodosius B′ (A.D. 408–450), it is dated to the mid 5th century A.D.
The coin correlates well with the two coins found in the trial baulk in
artificial fill deposits suggesting that the foundation of the Basilica
occurred in the mid 5th century A.D. (Pallas, 1965).
Fig. 7. Lithostratigraphic synthesis according to archaeological trial trench observationswithin the
The stratigraphy that overlies the preparation groundhorizon repre-
sents the artificial fill used during the works of levelling the floor of the
Basilica (Pallas, 1960, 1965). This levellinghorizon is composed of layers
of sand bearing pebbles and clay as observed in trial trench 1 while in
trench 2; it is composed of “tight pressed soil” (Fig. 7). In trench 1, the
upper parts include lithic fragments, while trench 2 partly contains
rubble of ceramic tiles and mortar.

According to a coin of Ioustin A′ (A.D. 518–527) found in trench 2,
the artificial fill is dated to the early decades of the 6th century A.D.
(Pallas, 1965). It is interesting to note that this coin, located at approxi-
mately 0.90mdepth near the foundation groundhorizon, comes in con-
trast with the dating associated with coins from similar depth horizons
that date to approximately 70 years earlier. It is noteworthy, that the
stratigraphy in trench 2, towards the south, is interrupted by a vertical
discontinuity composed of ceramic tiles, mortar andmarble rubble con-
taining in its upper parts coarse-grained sand with pebbles. The coin is
located above the foundation ground horizon, at 1.10 m depth in
“tight pressed soil” deposits. The existence of this coin at such a depth
was interpreted by the archaeologist as a terminus post quem for the
levelling of the ground and the construction of the decorated floor
(Pallas, 1965). Archaeological findings before the excavation of trench
2 indicated tiling of the floor towards the end of the 5th century A.D.
The coin of Ioustin A′ led to the transposition of this date to approxi-
mately three decades later (Pallas, 1965). It is suggested that this strat-
igraphic discontinuity directly relates to the chronological discontinuity,
as will be discussed in Section 4.

A summary of the subsurface stratigraphy of the Basilica from top to
bottom includes an artificial fill composed mainly of sand and pebbles
with occasional intercalations of clay, lithic and ceramic tiles fragments
and mortar. This fill extends to a depth of a least 1 m below the Basilica
Basilica (1, 2) and surrounding locations (3, 4, 5 and 6), after Pallas (1956, 1959, 1960, 1965).



Fig. 8. The EM map of the second derivative of apparent conductivity at 3 m depth.
Blue dots indicate recorded surface deformation structures. The three principal high
conductivity zones are shown with dashed circles while the potential fourth zone is
indicated by the dashed line.
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floor and its lower layer is considered as the preparation ground for the
construction of the Basilica. The foundations of the temple are located at
depths of 1.45m and 1.70m in sand deposits that date to the 3rd centu-
ry B.C. As suggested by the existence of a layer of boulders at 3 m depth
located to the SW of the Basilica, the artificial nature of the subsurface
stratigraphy possibly extends to a depth of 3 m.

3.3. Geophysical survey

The geophysical survey provides information regarding the sedi-
mentary properties and structural characteristis of the substratum.
The EM map for effective depth range of 1.5 m suggests more conduc-
tive fine-grained deposits in the western part of the temple in relation
to the eastern part that appears less permeable and coarse-grained
(Apostolopoulos et al., 2013). The GPR survey allowed the identification
of the sea water level at an approximate depth of 3 m and the existence
of numerous interfaces of coarse deposits at the eastern part of the
temple that are in agreement with the EM measurements. The ERT
Fig. 9. The Early Christian Basilica plan with the EM second apparent conductivity map of 3 m e
dots indicate the ground deformation structures recorded on the surface, indicated with red ar
profiles were indicative of a coarse resistive upper stratum that lies on
fine-grained conductive sandy deposits.

Substratum structures related to earthquake induced ground lique-
faction features were identified with all three geophysical methods.
The ERT profiles are indicative of a relatively coarse grained resistive
upper layer of 4m thickness interrupted by vertical, relatively less resis-
tive fine-grained conductive sand zones. These zones develop in both
profiles within the Basilica and are in good correlation with both the
GPR and EM features and with surface deformation structures, suggest-
ing liquefaction sediment source at 4–5 m depth and lateral spread
geometry that develops in a general primary ENE–WSW trend (LR-2)
and a NNW–SSE secondary trend (LR-1).

More specifically, with the EMmethod, three linear relatively higher
conductivity zoneswith an ENE–WSWtrendwere identified on the sec-
ond derivative conductivity map of 3 m effective depth range (Fig. 8),
running parallel to two linear relatively lower conductivity zones. The
lower conductivity zones possibly represent deposits related to harbour
constructions that pre-date the Basilica construction, while the higher
conductivity zones being in good agreement with surface deformation
structures are indicative of lateral spreading fissure zones. These higher
conductivity zones appearmore continuous in the northern aisle (zones
1 and 2), while in the central part of the central aisle (zone 3) appear
less continuous. In the southern aisle the existence of a potential fourth
higher conductivity zone is indicated (zone 4), mainly by the linear
distribution of localised conductivity maxima in the EM contours
that are in good correlation with the distribution of surface circular
depressions and linear fractures.

The zones with the primary ENE–WSW trend were also identified in
the ERT LR-2 profile section oriented at right angles to them, as indicat-
ed in the detailed profile of the upper 5 m (Fig. 9). The three linear con-
ductive zones are represented in the LR-2 profile by near vertical fine
grained, lower resistivity zones in the coarse resistive upper stratum.
These discontinuities express the fragmentation of the upper stratum
indicating maximum displacement up to 3 m at the northern part of
the temple (zone 1), suggesting settlement and lateral extension
towards the SSE. The zones 2, 3 and 4 are not as clear in the profile as
they appear in the EMmap but their existence is indicated by narrower,
less resistive, near vertical zones that correlate with surface deforma-
tion structures. These narrower zones are indicative of a relatively
ffective depth range and projections of the two detailed ERT profiles (LR-1 and LR-2). Blue
rows on the ERT profiles. Blue arrows indicate the intersection of the two ERT profiles.



81D. Minos-Minopoulos et al. / Tectonophysics 658 (2015) 74–90
small-scale vertical downward displacement of a resistive upper
stratum block, forming a small graben.

The physical characteristics and spatial arrangement of these zones
and their correlation with the deformation structures recorded on the
Basilicafloor and the geomorphological setting, suggest that they repre-
sent lateral spreadingfissure zones (Abu Zeid et al., 2012), originating as
tension breaks in response to the lateral displacement. The lateral
spread fissure zones that develop in a primary ENE–WSW trend, as
interpreted by the LR-2 ERT profile and EMmap of the secondderivative
of apparent conductivity, exhibit a trend near parallel to the coastline
and the inner harbour shore suggesting a downslope horizontal
displacement towards the SSE free face of the inner harbour shore,
along a shear deformation zone located at approximately 4 to 5 m
depth (Youd, 1984a).

Potential secondary substratum zones of relative moderate conduc-
tivity values with a NNW–SSE trend are also indicated in the second de-
rivative of the apparent conductivity map of 3 m effective depth range
that appear mostly in the central and southern aisle of the temple.
These zones correlate well with the LR-1 ERT profile (Fig. 9) that indi-
cates nearly vertical discontinuities up to 2–3 m wide in the WSW
part of the profile and narrower less resistive discontinuities in the
ENE part of the profile. Again, the surface deformation structures are
in good agreement with these zones as indicated in the detailed section
of the upper 5 m of LR-1 suggesting secondary near vertical fissure
zones and liquefaction source sand horizon below 4 m depth. Their re-
lationship with the primary fissure zones is not clear. They could either
represent topographically controlled lateral horizontal displacement of
the upper dense stratum towards the WSW, a trend supported by the
downslope topography to the west of the Basilica (Youd, 1984a), or
they could represent secondary structures triggered by the manifesta-
tion of the vertical displacements along the primary fissure zones
(Coulter and Ralph, 1966).
Fig. 10. The LR-1 ERT profile (a) with a detailed section of the upper 5m (b) and the 7th GPR pr
vertical fissures. Yellow dashed line circles in the GPR indicate coarser grained deposits in re
corresponds to water table level and continuous lines to potential distribution of artificial fill d
Good correlation of surface deformation structures with vertical
zones of low signal amplitude in the upper 3 m of the GPR profiles
and near vertical lower resistivity zones in the coarse resistive upper
stratum of the ERT profile (Fig. 10) suggests sand vent features and liq-
uefaction sediment source below the water table level at 3 m depth
(Fig. 10c).

As indicated by the geophysical survey, a failure zone is located at
depths of 4–5 m. This failure zone is a relatively fine-grained sedimen-
tary horizon lying under a dense coarse-grained stratum of approxi-
mately 4 m thickness. This horizon is located approximately 1–2 m
below the water table and could be considered as the most susceptible
horizon to liquefaction. The behaviour of this fine grained horizon as a
shear zone is supported by the vertical fracturing of the overlying
stratum through fissures that root in this horizon filled with sediment
of similar properties, suggesting upward venting of liquefied sediment
resulting to the lateral displacement of overlying strata through
zones of lateral spread. The locations of the fissures and lateral spread-
ing trends correlate well with surface deformation structures on the
Basilica floor striking in primary ENE–WSW and secondary NNW–SSE
directions, oriented near parallel to surrounding topographic declivities.

3.4. Coring

3.4.1. Lithostratigraphy
From the lithostratigraphic analysis of the samples from the four

vibracores, three sedimentary units were identified, the artificial Unit A
and the sedimentaryUnits B and C characterisedwith caution as “natural”
since they could represent artificial fill deposits of the ancient harbour
installations (Fig. 11). The stratigraphy of the four cores is summarised
in Table 1. Note that the stratigraphy in cores 2 and 4 starts at 0.315 m
and 0.34 m depth respectively since these cores were positioned in
circular depressions.
ofile (c). Red arrows correspond to surface deformation structures that correlate with near
lation to the red solid line circles that indicate finer grained deposits. White dashed line
eposits.



Fig. 11. Geological columns of the two sets of boreholes, with grain size content and mean D50 (φ). The horizontal distance between boreholes is indicated at the top of the figure. Bold
wavy line indicates the unconformity that represents a “palaeosurface” between Unit A and Unit B. Black triangles indicate layers with high potential for liquefaction.
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3.4.1.1. Unit A—artificial fill. The upper deposits of Unit A are composed
of relatively packed coarse to very coarse sand layers with fine gravel
and pebbles. They are recorded only in cores 1 and 2 with a thickness
of 0.9 to 1 m, while they are absent in cores 3 and 4. These deposits cor-
relate well with the artificial fill layers described in archaeological
trenches 1, 2 and 3, that according to coins date to the late 5th c. A.D.,
with the exception of the deposits in trench 2 dated to the early 6th c.
A.D.

3.4.1.1.1. Base layer—preparation ground for the construction of the Ba-
silica. All four cores contain a packed layer of dark grey colour with a
thickness of 0.22–0.37 m containing fragments of ceramic tiles and ag-
glomerates. This layer appears as base layer to the artificial fill in cores
1 and 2 recorded at 1.18 m and 1.53 m depth respectively, while it ap-
pears as the surface layer in cores 3 and 4. Its composition has similar
characteristics in all four cores; in cores 1 and 2 it is composed of very
poorly sorted coarse sand, has a symmetrical skewness and is
platykurtic, while in cores 3 and 4 it is composed of poorly sorted very
coarse sand, that is very finely skewed and platykurtic. Median D50

ranges from0.932φ in core 2, to−2.068φ in core 3. The presence of ce-
ramic tiles fragments and agglomerates in this layer and its stratigraphic
location under the artificial fill are strong indications suggesting a direct
correlation with the archaeological layers related to the preparation
ground for the construction of the Basilica (Fig. 7). This layer that ac-
cording to the archaeological stratigraphy is dated to the mid 5th c.
A.D., represents the boundary between upper Unit A and the underlying
Unit B with their contact expressed through an unconformity (wavy
line between Units A and B in Fig. 11). This unconformity represents a
“palaeosurface” potentially relating to the use of the harbour during
antiquity.
Table 1
The stratigraphic units with their depths for each core.

Stratigraphy Depth

Unit Deposits Core 1

A Artificial fill 0–0.90
Basal layer 0.90–1.18 m

B Upper “natural” sand 1.18–1.80 m
C Lower “natural” sand 1.80 m–4.06 m
This layer allows the following observations:

1. The “palaeosurface” before the construction works of the Basilica ac-
cording to the distribution of its stratigraphic depth (Fig. 11) was
gently dipping towards the west.

2. In core 2, the layer is located approximately 0.35m below the level of
the layer in core 1. This difference correlateswellwith the surface cir-
cular depression depth of 0.31m, suggesting that the liquefaction oc-
curred below the “palaeosurface” resulting in vertical displacement
and settlement of both the preparation ground layer and the overly-
ing artificialfill deposits. A similar direct displacement is also indicat-
ed by the same layer in core 4. In this core the absence of the artificial
fill suggests settlement of the order of 0.34 m directly attributed to
the underlying stratum.
3.4.1.2. Unit B—upper “natural” sand. The upper “natural” sand underlies
Unit Α. Its maximum thickness of 0.7 m, is recorded in core 3. It is
composed of poorly sorted fine skewed coarse sand layers bearing
pebbles. However, in core 3 it appears coarser and in core 1 intercala-
tions of silty sand were recorded. In cores 1 and 4 the sediment is
platykurtic while in cores 2 and 3 is leptokurtic. Median D50 ranges
from−2.105 φ recorded in core 3 to 1.517 φ in core 1. Unit B is consid-
ered as “natural” in relation to the overlying Unit A since it does not
contain archaeological findings. However, no clear indications exist to
allow discrimination of natural from artificial processes of deposition.
The depth of the upper “natural” sand especially in cores 1 and 2
correlates well with the sand horizon of the Basilica foundation
ground as described in the archaeological trenches 2 and 1 respectively
Core 2 Core 3 Core 4

0.315–1.32 m – –
1.32–1.53 m 0–0.37 m 0.34–0.68 m
1.53–2.07 m 0.37–1.07 m 0.68–1.31 m
2.07 m–3.98 m 1.07 m–2.75 m 1.31 m–2.97 m
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while cores 3 and 4 correlate well with the archaeological trial trench 4
and the trial baulk layer (trench 3) that is dated to the 3rd century B.C.

3.4.1.3. Unit C—lower “natural” sand.Unit C is also considered as relative-
ly “natural” compared to the overlying Unit A for the same reasons as in
Unit B. In cores 1 and 2, the unit develops below 1.80 m and 2.07 m
depth while in cores 3 and 4 it is recorded below 1.07m and 1.31m re-
spectively. It is composed of poorly sorted coarse sand to fine gravel
layers with variable skewness and kurtosis. Median D50 ranges from
−2.141 in core 2 to 0.745 in core 3. This layer does not correlate with
any archaeological layer from the excavations in the Early Christian
Basilica since the trial trench excavation depth was limited to the
depth of the foundations of the temple. However, since Unit C is located
under the unit dated to the 3rd. c. B.C. it can be suggested that Unit B
represents chronologically the terminus ante quem for Unit C.

In general, the grain size distribution of the deposits ranges from
poorly to very poorly sorted coarse, silty sand to very fine gravel bearing
pebbles with maximum dimensions of 2–3 cm and median D50 ranging
from −2.174 to 1.517 φ. The fines content is minimal in cores 3 and 4
ranging from 0.2% to 3.2%withmaximum values observed near the sur-
face, while in cores 1 and 2 the content of fines increases in the upper
2 m of the cores reaching maximum of 10%.

The skewness ranges from very fine to symmetrical with only one
coarse skewed layer that is preserved in cores 1, 3 and 4 (Fig. 12). Kur-
tosis varies from very platykurtic to very leptokurtic. In addition the
sediments appear in general as polymodal suggesting composite distri-
bution and sediment mixing (Curray, 1960). It is not clear if this sedi-
ment mixing is natural or artificial since the continuous use of the site
as a harbour suggests works and interventions that could include artifi-
cial fill deposits. Nonetheless, the stratigraphical properties suggest a
mixing of high energy fluvial sediments reworked by shallow water
marine processes representing estuarine depositional environment
(Friedman, 1967), as indicated in Fig. 12.

3.4.2. Liquefaction source sand
Grain size distribution is considered as a useful tool for the identifi-

cation of liquefaction sand and horizons through the cumulative
frequency curves (Andrus, 1986; Inoue et al., 2006; Tsuchida and
Hayashi, 1971). Modal and median diameter values (Inoue et al.,
2006) have also been utilised for the identification of liquefied and
jetted sand deposits although it is not considered as a method to be
used in isolation.

From the analysis of the samples from each unit (Fig. 13), the cumu-
lative frequency versus grain size diagrams suggests that all deposits are
Fig. 12. Plot of skewness versus sorting for the samples from all four cores indicating
estuarine depositional environment (Friedman, 1967).
potentially liquefiable according to the liquefaction boundary curves
suggested by Tsuchida and Hayashi (1971). Therefore, the core samples
suggest potential liquefaction deposits but no direct indications for a
potential liquefaction horizon.

However, at least one curve in each core can be considered as most
liquefiable according to the liquefaction boundary curves. The primary
observation is that these deposits are recorded in Unit C. In cores 2
and 4, in the deposits of Unit C, samples L2-9 and L4-4 respectively
stand out in the cumulative frequency diagrams since they can be
considered as most liquefiable (Fig. 14).

The samples are coarse-grained sand layerswithD50 of 0.6φ andpri-
marymode of 0.75φ. They are relatively less poorly sorted compared to
the rest of the deposits and stand out in the sorting versus mean grain
size graph (Fig. 15). The L2-9 is located at a depth of 2.99–3.12 m and
is described as yellowish brown coarse sand with 97% sand, 2.7% gravel
and 0.2% clay that is fine skewed, moderately sorted and leptokurtic.
This sample represents a thin layer of 0.13 m thick of coarse sand with
median D50 of 0.6 φ, that appears as a lamination in a thick layer of
very fine gravel and very coarse sand that extends below 2 m depth.
This coarse sand layer is located at the present water-table level at
3 m depth. Sample L4-4 is located at a depth of 1.80 to 1.90 m and has
89.6% sand, 10% gravel and 0.4% clay; it is poorly sorted yellowish
brown coarse sand, symmetrically skewed and very leptokurtic. The
sample was taken from a layer of very coarse sand of median D50 of
0.65 φ that has a thickness of 0.55 m and extends from 1.62 m to
2.17 m depth.

Layers with D50 values, primary modes and cumulative frequency
curves close to these two samples have been identified in all four
cores (Fig. 16). In core 1, sample L1-11 represents a layer 0.55 m thick
of very poorly sorted very coarse sand with median D50 of 0 φ and pri-
mary mode of 0.75 φ located at 2.70 to 3.25 m depth. In core 2, sample
L2-6 located in a layer of poorly sorted coarse sand at 1.87–2.09mdepth
and 0.22m thick also has a D50 of 0φ and primarymode of 0.75φ. Final-
ly in core 3, sample L3-5which is a poorly sorted coarse sand layer locat-
ed at 1.30–2.01 m depth has a median D50 of 0.76 φ and primary mode
of 0.75 φ (Fig. 11). Although these samples are coarser than L2-9 and
L4-4 (Fig. 15), the primary mode is the same and their cumulative fre-
quency curves present a similar curve sinuosity. With the exception of
layer L2-6 that is located in Unit B, all the rest of the samples are located
in Unit C. Although these layers could be considered as representing the
liquefaction source sand, we are not in a position to suggest that these
layers represent the liquefaction sand horizon since their stratigraphic
distributions at different depths, their variable thickness and the charac-
teristics of the underlying and overlying sediments suggest that they
possibly represent fissure fill deposits (Obermeier, 2009) and that the
liquefaction sand horizon is located deeper in the strata below 4 m
depth. This potential liquefaction sand horizon depth is in agreement
both with the geometry and the properties of the deposits as presented
in the ERT profiles LR1 and LR2.

In addition, although samples L2-9 and L4-4 represent sandwith the
highest potential for liquefaction, their grain size distribution cannot be
directly correlated with grain size distributions of the top layer samples
in cores 2 and 4.

In general, liquefaction dike fillings can vary in grain size from silty
fine sand to gravelly sand with fines up to 10% and are considered as
structureless (Obermeier et al., 1993). In addition, the dike fillings
in many instances contain clasts of sidewall material that were
transported upwards. When coarse sand and gravel is present, there is
generally a fining upward sequence that does not allow the direct corre-
lation of liquefied horizons with sand boil ejecta (Cao et al., 2011;
Obermeier et al., 1993).

In lack of sand boil ejecta that were probably removed during the
archaeological excavations and during the recent restoration works at
the site, an investigation of the top layer samples in cores 2 and 4 was
carried out in order to examine their properties and their potential rela-
tion to the liquefied sand layers. It should be noted that a considerable



Fig. 13. The cumulative frequency curves for the Lechaion cores according to the units identified. All samples are included in the liquefaction boundary curves of Tsuchida andHayashi (1971).

84 D. Minos-Minopoulos et al. / Tectonophysics 658 (2015) 74–90
limitation of this investigation besides the lack of sand boil ejecta sam-
ples is that the top layer in core 2 corresponds to an artificial fill layer
while the top layer in core 4 corresponds to the preparation ground of
the temple resulting in comparison of different layers. During upward
transportation the liquefied sand gets enriched with sidewall material
(Obermeier et al., 1993) and variations between the two samples
were expected since core 4 does not include artificial fill deposits.
Therefore, the investigation was limited to potential qualitative similar-
ities and differences between these two samples and the top layer
samples in cores 1 and 3.

The samples in cores 2 and 4 are characterised as polymodal very
coarse, poorly sorted sand layerswith D50 of−1.35 to−1φ and prima-
ry mode of −2 to 0 respectively. In contrast, core 1 and 3 samples are
characterised as unimodal very fine gravel to very coarse sand that are
poorly sorted with D50 of−2 φ and mode of−2 φ (Fig. 17). The char-
acteristic mode of 0.75 φ has been identified only as a secondary mode
in the sample of core 4 while it is absent from the rest of the samples.

The top layer samples do not correlate well with the rest of the po-
tential liquefied sand layers and do not appear finer grained in relation
to the intermediate and deeper sediments as suggested by Obermeier
et al. (1993) and Cao et al. (2011). On the contrary, they appear coarser
Fig. 14. The cumulative frequency diagrams from samples L2-9 and L4-4 that exhibit close
parallelism and represent the most liquefiable deposits of the cores.
(Fig. 16). The first observation may be attributed to the mixing of the
liquefied sediment with sidewall material. Since the sidewall material
was coarser grained the top layers potentially could appear coarser
than the original sand that liquefied. The second observation could be
attributed to the impermeable mortar layer of the floor. This layer
could have allowed sand finer than −1 φ and water to be ejected on
the floor surface through small cracks but could have prevented grain
sizes coarser than−1φmoving in to the surface. However, it is interest-
ing to note that themedianD50 in the cores varies from−2.174 to 1.517
φwith coarser values in cores 1 and 3 and finer values in cores 2 and 4.
Fig. 15. Plot of sorting vs. mean grain size values for all samples from the cores. Dotted
circles indicate sediments with high and relatively high potential of liquefaction.



Fig. 16. Grain size distribution curves for all potential liquefied coarse sand samples in the four cores and the top layer samples in cores 2 and 4 (dashed grey lines).
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This variation could be considered indicative of extensive mixing of
vented sediment with sidewall material in cores 2 and 4 (Obermeier,
2009).

In summary, the grain size analysis indications that suggest a mix-
ture of the top layers of cores 2 and 4 with liquefied ejected sand are
the polymodality of the samples and their less coarse character in con-
trast to the unimodal and coarser sediments of the top layer samples
in cores 1 and 3. Further indications of sediment mixing come from
the median D50 values for the cores, where cores 2 and 4 appear finer
than cores 1 and 3. Nevertheless, these observations are considered as
rather weak. In lack of sand boil ejecta samples and given the potential
implications that could be attributed to themixing of the liquefied sand
with variant sidewall material and the unclear role of the mortar floor
base, no further study was considered necessary.

4. Synthesis and discussion

Investigations of the Early Christian Basilica using geomorphological,
archaeological, geophysical and sedimentological methods provide
information that allows us to suggest that the decorated floor of the
Basilica preserves the geomorphic expressions of co-seismic features
related to ground liquefaction.

4.1. Geomorphology—lithostratigraphy

The location of the temple on an estuarine sand bar separating the
coast from the inner harbour represents a geomorphological setting
susceptible to liquefaction (Kotoda et al., 1988; Youd and Perkins,
1978). The deposits are characterised by intercalations of layers of
coarse silty sand to very coarse-grained sand and gravel with pebbles
of up to 2–3 cm diameter. According to archaeological findings, the
upper 1mof the deposits represent artificialfill used to level the ground
enabling the construction of the Basilica. The artificial nature of the
upper 1 m is also indicated by the stratigraphy from cores 1 and 2
with layers that contain up to 10% clay and bear strong analogies to
the archaeological stratigraphy. The absence of artificial fill deposits
Fig. 17. Grain size histograms and cumulative fre
from cores 3 and 4 suggests that artificial fill was applied mainly in
the central and WSW part of the temple indicating through an uncon-
formity, a “palaeosurface”, before the construction of the Basilica,
dipping gently towards the WSW. The distribution of the artificial fill
is also supported by the geophysical EMmaps at 1.5mdepth suggesting
more fine-grained permeable deposits to the WSW parts of the temple
and coarser less permeable deposits to the ENE (Apostolopoulos et al.,
2013).

The stratigraphy below the “palaeosurface” represented by Units B
and C is characterised by coarse to very coarse sand and gravel with
pebbles with minimal content of fines. It is not clear if the stratigraphy
represents natural deposits since archaeological findings suggest that
artificialfill deposits potentially extend down to a depth of 3m (archae-
ological trial trenches 5 and 6). The EMmap of 3mdepth is indicative of
linear resistive zones running parallel to the central and northern aisle
of the Basilica that potentially represent ancient harbour constructions
that pre-date the Early Christian Basilica. These constructions due to
their linear character and their orientation near parallel to the coastline
and inner harbour shoreline could represent retaining walls related to
harbour installations, indicating that the overlying sediments could be
considered with caution as artificial.

The systematic use of the site as a harbour and the sediment mixing
that occurred due to extensive dredging activities (Morhange et al.,
2012; Pallas, 1965; Rothaus, 1995) does not allow a direct correlation
of the deposits with natural coastal or fluvial processes, although poten-
tial short periods of abandonment could be responsible for their re-
deposition. Since archaeological investigations in the ancient Lechaion
harbour are limited only to surface surveys, interpretations based on
sedimentary deposits should be handled with care until archaeological
excavations provide the necessary background information for site use
and evolution.

4.2. Earthquake induced ground liquefaction

The initial indications for earthquake induced ground liquefaction
came from the morphology of the surface structures that have caused
quency curves of top layers in cores 2 and 4.
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extensive damages to the Basilica floor via linear and circular depres-
sions and buckling structures These deformations correlate well with
the surface expression of earthquake induced ground liquefaction of
granular deposits (Obermeier, 2009; Tokimatsu and Seed, 1987),
exhibiting a widespread distribution with a primary ENE–WSW trend
and a secondary NNW–SSE trend.

The geophysical survey provided further indications for earthquake
induced ground liquefaction processes suggesting extensive lateral
spreading zones that develop in trends that correlate satisfactorily
with the two trends recorded on the Basilica floor and with the local
topographic setting, a predominant controlling factor for lateral spread
orientation (Obermeier, 2009; Youd, 1984a). The survey suggests
primary extensional displacement towards the free face of the inner
harbour shore located down-slope to the SSE of the temple, manifested
through near vertical fissure zones with an ENE–WSW strike. These
primary lateral spreading zones are supported by both the EM second
derivative of apparent conductivity map for 3 m effective depth
range and the ERT LR-2 profile. These observations are not supported
by the GPR survey since the profiles run parallel to the strike of
the zones. The secondary lateral spread trend is expressed through
near vertical fissure zones striking NNW–SSE that develop at right
angles to the primary zones trend. The potential relationship of the
secondary zones in relation to the primary zones is not clear and they
have either developed independently towards a topographic low
located to the WSW of the Basilica or potentially represent secondary
structures accommodating the primary fissure zones displacements.
These secondary lateral spreading zones are supported by moder-
ate values in the EM second derivative of apparent conductivity map
for 3 m effective depth range, in the ERT profile LR-1 and the GPR
sections.

Lateral spreading as indicated by the ERT profiles, was triggered
along a shear zone located at approximately 4 to 5 m depth. This
shear zone represents the liquefied horizon that through cyclic shear
stress, induced hydraulic fracturing on the overlying strata and rapid
upward drainage of the saturated deposits through extensional fissures,
creating blocks that were transported downslope (Andrus, 1986;
Bartlett and Youd, 1992; Obermeier et al., 2005; Rodríguez-Pascua
et al., 2015; Youd, 1984a). The substratum horizontal displacement is
estimated to several meters since the separation of the overlying blocks
ranges from 0.5 to 2 m. Vertical displacement of the order of 1 m is
suggested by the LR-2 resistivity section.

Grain size analysis of the sedimentary samples from the four
vibracores identified sand layers exhibiting high liquefaction potential.
These layers were recorded in Unit C in cores 2 and 4 positioned in
the circular depressions. Additional potential liquefaction sand layers
were identified in Unit C and in Unit B. The stratigraphic location and
depth distribution of the high liquefaction potential layers in Unit C
indicate a liquefaction sediment source horizon below 4 m that is in
agreement with the geophysical survey results.

Potential correlation of the deformation structures observed with
ground failure mechanisms relating to flood induced seepage produced
by potential variations in hydraulic head differences between the inner
harbour basin and the coastline expressed through piping and sand
boils, was examined according to observations and criteria proposed
by Li et al. (1996). The planar morphology and lateral distribution of
the conduits suggest violent and episodic vertical displacements of the
substratum, related to sudden and violent increase of the pore water
pressure in the liquefied horizon through cyclic shear waves, leading
to hydraulic fracturing of the overlying stratum (Obermeier, 2009;
Rodríguez-Pascua et al., 2015). This hydraulic fracturing develops
along lateral spreading zones, expressed through the surface depres-
sions and buckling structures. Therefore, the ground deformation
observed on thefloor and the substratumof the Basilica clearly supports
seismic shear stress deformation through ground liquefaction (Li et al.,
1996; Obermeier, 2009; Owen and Moretti, 2011; Rodríguez-Pascua
et al., 2015).
4.3. Indications for recurrence of liquefaction

The Basilica construction, although it preserves liquefaction defor-
mation structures on its floor, does not present horizontal and vertical
displacements of the extent suggested by the lateral spreading as
depicted in the geophysical survey. This observation suggests that the
substratum deformation observed represents the cumulative effect of
a number of liquefaction events, indicating recurrence of liquefaction
(Andrus, 1986; Obermeier, 2009; Youd, 1984b). The liquefaction sand
samples located in Units C and B under the unconformity expressing a
“palaeosurface” indicate that liquefaction and initial opening of fissures
pre-dates the construction of the Basilica. Therefore it can be suggested
that at least one earthquake induced liquefaction event occurred on the
site before the construction of the Basilica, potentially during the use of
the harbour during antiquity (Fig. 18).

This event involved Unit C of the substratum. Although the unit is
characterised by minimal content of fines, it behaved as an imperme-
able cap triggeringhydraulic pressure rise and liquefaction of the under-
lying fine-grained sand deposits. The impermeable behaviour of Unit C
could be attributed to dense packing. Although natural processes cannot
be ruled out, the dense packing could relate to artificialfill deposits. Unit
B potentially represent a period of gradual filling of the lateral spread
surface cracks as suggested by the clay rich intercalations recorded in
core 1. Again it is not known if this filling is natural or artificial. The
Unit B layer in core 2 with a high liquefaction potential (L2-6) might
indicate ejected sand deposit of this event corresponding to an event
horizon.

When the Early Christian Basilicawas founded, Unit Awas gradually
laid down on the existing “palaeosurface”, with artificial fill deposits
concentrated mainly in the WSW part of the temple for the levelling
of the ground that was gently dipping towards the WSW. It is not
clear if this gentle dipwas the result of the liquefaction lateral spreading
of the b5th c. A.D. seismic event(s) or if it pre-existed.

After the construction of the Basilica, recurrence indications of at
least one liquefaction event is suggested that potentially relate to its de-
struction by the earthquake of A.D. 551. This is inferred from the good
correlation between the majority of the surface deformation structures
and the lateral spreading zones identified in the geophysical survey sug-
gesting reactivation of the lateral spreading trends. This reactivation is
expressed through the widespread deformation of the temple floor
and localised settlement of the order of 0.34 m of the preparation
ground horizon and overlying artificial fill as suggested by the core stra-
tigraphy. However, ejected sand from this event is absent since it was
ejected on to the floor of the temple and any traces were removed dur-
ing archaeological excavation and recent restoration works. The only
weak indication of ejected sand comes from the top layers in cores 2
and 4 that appear finer compared to the top layers of cores 1 and 3.

Indications for a potential third liquefaction event that post-dates
the construction of the Basilica and possibly pre-dates the A.D. 551
earthquake comes from the northern aisle of the temple. In the NW
part of the aisle a circular depression with dimensions 1.48 × 2.5 m
and 0.3m depth, preserves remains of an earlier floor surface, including
tiles and mortar, located 0.20 m under the surface of the Basilica floor
(Fig. 19). These remains, give the impression that they belong to the
same period as the Basilica since it is composed of similar tiles and
mortar, potentially representing an earlier construction phase (D.
Athanasoulis, personal communication, 2013).

The remains suggest that the floor of the northern aisle at some
point underwent restoration. The extent of this restoration is unknown
but observations indicate that it was applied throughout the northern
aisle. These observations include: (i) the location of the northern aisle
floor exactly 0.20 m higher than the central and the southern aisles of
the temple (Pallas, 1960) and (ii) the variance in the north aisle floor
decoration that according to Pallas (1959) “appears less elaborated”
compared to the southern aisle. These observations suggest that the
remains potentially represent the original floor of the northern aisle



Fig. 18. Schematic representation of the substratum evolution of the site from antiquity till A.D. 550 through the manifestation of at least two earthquake induced liquefaction events.
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that at a later phase itwas restoredwith the tiling of a later floor surface.
The location of the earlier floor remains at themargins of the depression
suggest that both floors were damaged by the same process, i.e. the re-
currence of ground liquefaction through the reactivation of pre-existing
sand vents resulting to localised settlements (Obermeier, 2009, and
references therein). Therefore, a third potential seismic event is sug-
gested to have induced ground liquefaction, before the A.D. 551 event.

Summarizing, potential indications for ground liquefaction recur-
rence suggest at least three liquefaction events. Indications for the
potential event(s) pre-dating the construction of the Basilica are
suggested mainly by the comparison of the geophysical survey results
with the field observations supported by the lithostratigraphy. The
Fig. 19. The remains of an earlier floor surface under the Basilica floor in the margins of a
circular depression in the northern aisle.
second event, relates to the severe damages the temple suffered during
the A.D. 551 event, through the good correlation of the surface
structures trends with the lateral spreading zones suggested by the
geophysical survey. Finally, a potential third liquefaction event is
suggested by archaeological indications and earlier floor remains in
the margins of a circular depression, during an earthquake post-dating
the construction of the Basilica and pre-dating the destruction of the
temple by the A.D. 551 event.

4.4. Potential relative dates of the events

Due to the localised nature of the study in a region characterised by
intense seismic activity, the identification of potential seismogenic
sources that could relate to these events is a challenging task (Caputo
and Helly, 2008). Nevertheless, a preliminary examination of the histori-
cal record according to Papazachos and Papazachou (1989), provides in-
dications for the candidate periods/dates that could relate to these events.

Historical accounts by Procopius, Caesarea and others locate the
earthquake of A.D. 551 in the broader region of Phokida and describe
it as a disastrous earthquake (ML = 7.2) with a macroseismic MMI of
IX, responsible for the destruction of numerous villages and cities in
Boiotia, Achaia and the Gulf of Itea (Papazachos and Papazachou,
1989). Although Ancient Corinth is not mentioned to have suffered
damages, archaeological excavations in the region suggest that Corinth
was one of the cities affected by the earthquake of A.D. 551 (Papazachos
and Papazachou, 1989, and references therein).

The surface deformation structures on thefloor of the Early Christian
Basilica provide a sense of extensive and severe liquefaction effects from
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a strong seismic event. Archaeological findings and stratigraphic succes-
sions of archaeological deposits overlying the Early Christian Basilica
floor suggest that the earthquake in A.D. 551 caused severe irreparable
damages leading to the gradual destruction of the monument (Pallas,
1959, 1960, 1965). This gradual destruction of the temple included ini-
tial collapse of the roof ceramic tiles andmortar from thewalls followed
by the looting of the main structural elements of the temple such as
pillars and masonry blocks. This suggestion is supported by the stratig-
raphy overlying the temple floor that indicates a packed layer of vari-
able thickness throughout the temple composed of fragments of
ceramic tiles and mortar located between the floor surface and the lim-
ited structural elements of the Basilica preserved (Pallas, 1956, 1960,
1957). This archaeological layer, besides being indicative for the gradual
destruction of the monument, is also indicative of the limited potential
for impact block marks from structural elements that could have
contributed to the extensive deformation structures observed on the
floor. The gradual destruction of the temple is further supported by ar-
chaeological findings (Pallas, 1957, Pallas, 1960) suggesting use of the
temple's sanctum till the end of the 11th century A.D.

The potential third ground liquefaction event pre-dating the A.D.
551 earthquake, correlates well with the A.D. 524 event that occurred
during the reign of Ioustin A′ (A.D. 518–527). The epicentre is estimated
to 8 km (ML = 6.6) distance from the Early Christian Basilica with
a macroseismic MMI of IX for Ancient Corinth (Papazachos and
Papazachou, 1989). According to the historical record of Malalas,
Theofanis, Cedren, Procopius and others, the earthquake destroyed
Ancient Corinth and surrounding towns and reconstructions were
carried out under the order of Emperor Ioustin A′(Papazachos and
Papazachou, 1989). Archaeological records suggest potential construc-
tionworks during the reign of Ioustin A′ (A.D. 518–527). The restoration
character of these works is suggested by the floor remains as observed
in the margins of a sand vent (Fig. 19). Supplementary construction
works located to the west and the south of the temple (Pallas, 1959)
as suggested through depressions filled with rubble of wall plaster
andmarble, dated to the 3rd decade of the 6th century A.D. and not ear-
lier than A.D. 518 according to coins of Ioustin A′ (Pallas, 1959), indicate
a general reconstruction of the temple. Finally, the stratigraphic and the
chronological discontinuity as described by Pallas (1965) in trial trench
2 (Fig. 7), is also indicative of damaged floor and potential restoration
works through the vertical discontinuity in the artificial fill deposits.
These deposits date to the same period (A.D. 518–527) as the depres-
sions in the west and south of the temple. Therefore, a third seismic
event that induced ground liquefaction to the site is suggested by
potential restoration works during the reign of Ioustin A′.

According to Rodríguez-Pascua et al. (2011), restoration works rep-
resent an indirect Earthquake Archeological Effect. Since the proposed
archaeological dating for these works is in good correlation with the
seismic event of A.D. 524, it can be suggested that the earthquake of
A.D. 524 induced ground liquefaction to the site, through the reactiva-
tion of pre-existing sand vents (Fig. 19), that caused repairable damages
to the temple as indicated by the stratigraphic discontinuity in trench 2
and the preservation of earlier floor remains in a circular depression.
Nevertheless, these observations are indirectly indicative and they
should be correlated with future archaeological investigations in the
Early Christian Basilica.

The earthquake event(s) that potentially relate to the liquefaction
event(s) that pre-date the construction of the Basilica, based strictly
on historical accounts can be no other but the earthquake in A.D. 77
(ML = 6.3), an event withmacroseismicMMI of IX, located at 4 km dis-
tance from the ancient harbour (Papazachos and Papazachou, 1989).
Described byMalalas, the event caused extensive damage to the ancient
city of Corinth and aid was provided by the Roman Emperor Vespasian
(Papazachos and Papazachou, 1989). However, two periods of harbour
reconstructions have been suggested during the Roman period, the
first during A.D. 40–45 during the Roman colonization of Corinth and
a second during the years A.D. 353–358 according to an inscription
found in the harbour (Rothaus, 1995; Stiros et al., 1996 and references
therein). Although the motives for these reconstructions are not
known, they potentialy represent indirect indications of seismic events
of the period (Rodríguez-Pascua et al., 2011). Finally, a seismic event
that triggered subsidence at Kenchreai harbour during the early 5th
century A.D. (Rothaus, 1995), could also potentially associate with the
liquefaction event in Lechaion harbour.

Further potential indications of historical periods that could relate to
these events come from earth science studies based on earthquake en-
vironmental effects. Geoarchaeological studies in the ancient harbour
suggest an episodic seismic uplift event of the order of 1.10 m before
the Roman colonization (44 B.C.), dated to 500–200 B.C. (Stiros et al.,
1996). The implication is that the total uplift recorded in the harbour
could be associated with a series of seismic events rather than a single
earthquake (Morhange et al., 2012; Stiros et al., 1996; Turner et al.,
2010). Hadler et al. (2013), recalibrated radiocarbon dates from Stiros
et al. (1996) and Morhange et al. (2012), suggesting a single
co-seismic uplift and tsunami event during 146–44 B.C., again before
the Roman colonization. In addition, Mourtzas et al. (2014) propose
co-seismic submergence of the outer harbour moles by 1.60 m during
A.D. 362–375, after the reconstruction of the harbour. Therefore,
environmental effects from the ancient harbour are indicative of three
candidate periods for the liquefaction event(s) that pre-date the
construction of the Basilica.

Correlation of the two ground liquefaction events that affected the
Basilica (A.D. 524 and A.D. 551) with the second submergence event
(A.D. 522–580) of the order of 0.40 m as suggested by Mourtzas et al.
(2014) and the tsunamigenic impact (6th c A.D.) as suggested by
Hadler et al. (2013), potentially indicate a variety of earthquake envi-
ronmental effects triggered by the same event(s), but further studies
are required, in order to investigate this hypothesis.

Finally, ground liquefaction events relating to earthquake activity
that post-date the destruction of the Early Christian Basilica in A.D.
551 as indicated by an uplift of the order of 1.10mexpressing the cumu-
lating effect of seismic events (Mourtzas et al., 2014), potentially have
contributed to an extent to the surface and substratum structures
observed (Ambraseys, 2006; Rothaus et al., 2008), and require further
investigations.

5. Conclusions

The study of ground deformation structures of the Early Christian
Basilica has revealed that the site has suffered repeatedly from ground
liquefaction induced by historical earthquake events. Through the
study of archaeological records and their correlation with the geophys-
ical survey results, the stratigraphy, and the historical records, at least
two and potentially three ground liquefaction events are indicated.
These indications, although they require further analysis, are indicative
of (i) seismic event(s) that have caused considerable damage to the an-
cient harbour installations that pre-date the construction of the Basilica,
(ii) severe but repairable damage to the Early Christian Basilica caused
by the A.D. 524 event, followed by (iii) A.D. 551 earthquake, that caused
severe and irreparable damages to the temple gradually leading to its
collapse and abandonment.

Earthquake induced liquefaction is considered as an off-fault geolog-
ical effect and according to its classification in the Earthquake Archaeo-
logical Effects (EAEs) as proposed by Rodríguez-Pascua et al. (2013) it
correlates with minimum macroseismic EMS-98 and environmental
ESI-07 intensity of VIII.

The damage classification for masonry buildings as suggested in the
EMS-98 intensity scale (Grünthal, 1998), indicates very heavy damage
(grade 4) for EMS-98 intensity of VIII, that is in agreement with the
structural damage of the temple as suggested by the archaeological
records. In addition, the ground deformation structures and features
as recorded on the floor and the substratum of the Basilica are in good
correlation with the Earthquake Environmental Effects suggested by
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the ESI-07 scale for intensity VIII with sand boils up to ca. 1 m in diam-
eter, ground settlements up to ca. 0.3 m, and localised lateral spreading
with fissuring parallel to waterfront areas (Michetti et al., 2007). Subse-
quently, according to the results of this study, a minimum EMS-98 and
ESI-07 intensity value of VIII can be suggested for the archaeological
site of the Early Christian Basilica during the A.D. 551 earthquake.

The vicinity of the ancient harbour of Lechaion is indicative of a
variety of earthquake environmental effects suggesting that the site
represents an archaeological site with high potential value in earth-
quake science. Future archaeological excavations and furthermultidisci-
plinary studies in the vicinity of the ancient harbour will allow a better
correlation of earthquake archaeological and environmental effects
with potential seismogenic sources through empirical relationships
and their associations, contributing to the regional historical seismicity
catalogues and seismic hazard assessment.
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