
lable at ScienceDirect

Quaternary International xxx (2017) 1e21
Contents lists avai
Quaternary International

journal homepage: www.elsevier .com/locate/quaint
Geoarchaeological investigations of a prominent quay wall in ancient
Corcyra e Implications for harbour development,
palaeoenvironmental changes and tectonic geomorphology of Corfu
Island (Ionian Islands, Greece)

Claudia Finkler a, *, Kalliopi Baika b, c, Diamanto Rigakou d, Garyfalia Metallinou d,
Peter Fischer a, Hanna Hadler a, Kurt Emde a, Andreas V€ott a

a Institute of Geography, Johannes Gutenberg-Universit€at Mainz, Johann-Joachim-Becher-Weg 21, 55099, Mainz, Germany
b Centre Camille Jullian, Aix-Marseille Universit�e CNRS (UMR 7299), MMSH, 5 Rue Château de l'Horloge, 13090, Aix-en-Provence, France
c Ephorate of Underwater Antiquities, Hellenic Ministry of Culture, Greece
d Ephorate of Antiquities of Corfu, 11 Armeni Vraila, 49100, Kerkyra, Greece
a r t i c l e i n f o

Article history:
Received 10 March 2016
Received in revised form
26 April 2017
Accepted 5 May 2017
Available online xxx

Keywords:
Harbour geoarchaeology
Palaeotsunami
Corfu
Tectonic geomorphology
Co-seismic uplift
Quay wall
* Corresponding author.
E-mail address: c.finkler@geo.uni-mainz.de (C. Fin

http://dx.doi.org/10.1016/j.quaint.2017.05.013
1040-6182/© 2017 Elsevier Ltd and INQUA. All rights

Please cite this article in press as: Finkler, C.,
for harbour development, palaeoenvironm
International (2017), http://dx.doi.org/10.101
a b s t r a c t

In antiquity, the harbour-city of Corcyra (modern: Corfu) was a prevailing naval power in the Mediter-
ranean and had several harbours to host a considerable fleet. Today, these harbours are totally or partly
silted and concealed under modern urban infrastructure. Comprehensive geoarchaeological studies were
conducted on the northeastern fringe of the Analipsis Peninsula where excavations have revealed the
archaeological remains of a massive quay wall (Pierri and Arion sites). These remains are located east of
known ancient harbour structures that belong to the Alkinoos Harbour. Our study aimed to reconstruct
the palaeoenvironmental setting of the harbour facilities at the Pierri site, including the analysis of the
local sedimentary record in order to detect and differentiate natural and man-made triggers that caused
environmental shifts. At the Pierri site, we found geoarchaeological evidence for an ancient harbour
basin related to the prominent quay wall. Associated harbour sediments indicate a protected harbour
which was developed from an open shallow marine environment, most probably by the construction of
breakwaters. Harbour deposits were dated using radiocarbon analyses and diagnostic ceramic fragments
to the 4th to 3rd cent. BC. This is in good agreement with the age of the harbour installations as such
archaeologically assigned to the Classical and Hellenistic period. The Pierri site was possibly in function
as a harbour facility even before the 4th cent. BC. In any case, it was strongly hit by an earthquake and
associated tsunami event during Classical to Hellenistic times. By this event, the harbour was uplifted
and covered by event deposits so that it was not usable any more. It was subsequently buried by
anthropogenic and colluvial sediments. Overall, the Pierri coastal archive allowed to identify three
distinct tsunami landfall events, namely before 2483e2400 cal BC (event I), after 2483e2400 cal BC and
before 370e214 cal BC (event II), and during Classical to Hellenistic times, most probably between the 4th

and 3rd cent. BC (event III). Another tsunami event (event IV) potentially hit the site when it was dry land.
Ages of tsunami events IeII and candidate tsunami IV are consistent with tsunamis known from the
coasts of western Greece and southern Italy and where thus classified as supra-regional tele-events.
Event III was identified as associated to a local earthquake and tsunami by which Corfu Island was
uplifted and, at the same time, tilted with a vertical offset of 1.74 m from W to E.

© 2017 Elsevier Ltd and INQUA. All rights reserved.
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1. Introduction

In the Mediterranean, early seafaring took probably place as
early as in the Middle Palaeolithic (Ferentinos et al., 2012). How-
ever, in antiquity harbours played a major role for colonization,
stigations of a prominent quay wall in ancient Corcyra e Implications
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trade and military expansion and were the hubs of local, regional
and supra-regional traffic systems. Originally installed as basic
utilitarian facilities enabling the transportation of goods, harbours
evolved as fundamental structures of coastal cities and ensured
extensive trade activities and economic welfare. Even those ancient
cities that were located further inland spared no effort to obtain
access to the sea and harbour infrastructure. Thus, harbours existed
in large numbers and were the direct expression of power.

Early travellers and savants of early modern times were the first
to describe ancient harbours after they had been buried in oblivion
for hundreds of years. During the past two centuries, however,
historians and archaeologists became more and more intrigued by
ancient harbours, giving rise to profound scientific harbour
research (Lehmann-Hartleben, 1923; Blackman, 1982). Modern
harbour geoarchaeology has evolved during the past three decades.
It is a young, rapidly emerging and growing discipline that expe-
riences increasing attention (e.g. Marriner and Morhange, 2007).

Harbour basins represent rich geoarchaeological archives that
can be used to detect manifold past environmental changes. In
ancient harbours, particularly suitable indicators for palae-
oenvironmental reconstructions such as pollen, microfauna, char-
coal or plant remains are preserved (Marriner andMorhange, 2006;
Morhange et al., 2014). Apart from sedimentological aspects,
harbour-related facilities such as quays, breakwaters, fortification
walls or towers, slipways and shipsheds (e.g. Blackman, 2013;
Baika, 2003, 2013a) might also bear relevant information con-
cerning palaeoenvironmental conditions and the overall set-up of
the harbour complex (Baika, 2013b, 2015; Stiros and Blackman,
2014).

Today, ancient harbours are either submerged and partly eroded
or landlocked, now often lying distant from the present coastline.
Both is due to extensive coastal changes that took place since the
time they were in use (Blackman, 1982; V€ott and Brückner, 2006;
V€ott, 2007; Brückner et al., 2010). Among the natural factors, why
harbour basins lost their functionality and were finally abandoned,
gradual relative sea level changes and strong siltation but also
extreme events like co-seismic uplift or destruction by earthquakes
and tsunamis are the most prominent.

Regarding these extreme events, the island of Corfu is located in
a key position between the seismically relatively stable Adriatic Sea
(D'Agostini et al., 2008; Di Bucci and Angeloni, 2013) and the Ionian
Sea, one of themost seismically active regions in theMediterranean
(Sachpazi et al., 2000, Fig. 1). Uplifted and submerged notches
document that coastal changes on Corfu can be linked to earth-
quakes (Pirazzoli et al., 1994; Evelpidou et al., 2014; Mastronuzzi
et al., 2014). On Corfu, there is also geoscientific evidence of
repeated tsunami landfall as shown by recent investigations in
near-coast lagoonal environments (Fischer et al., 2016a) and
documented by traces of historical tsunami events recorded in the
Roman Alkinoos harbour (Finkler et al., 2017). Ever since, ancient
harbours are well-known as excellent sediment traps for extreme
wave events such as tsunami inundation (e.g. V€ott et al., 2011a;
Bony et al., 2012; Hadler et al., 2013, 2015).

However, ancient harbours of Corfu were subject to only few
geoarchaeological studies so far (Finkler et al., 2017). This is sur-
prising as ancient Corcyra, located on the east coast of Corfu Island,
was part of an extensive trade network in the Adriatic and Ionian
Seas since the Archaic period. Moreover, it was one of the first city
states throughout the Mediterranean to construct a large fleet of
warships requiring harbour facilities to store and repair them. Ac-
cording to ancient sources, Corcyra had at least two harbours with
associated infrastructure, namely the Alkinoos Harbour in the
north and the Hyllaikos Harbour in the southwest of the Analipsis
Peninsula (Fig. 2A; Lehmann-Hartleben, 1923; Kiechle, 1979; Baika,
2013a). A third harbour, mentioned by Skylax (Per. 29) and
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probably referred to by Thucydides (3.75.5, after Dent, 1910), may
be located at the northeastern fringe of the city (Riginos et al.,
2000; Baika, 2003). The Alkinoos Harbour in the north is well
documented in an archaeological context and provides an excellent
archive for geoarchaeological research (Finkler et al., 2017). Yet, the
overall harbour topography along the entire northern part of the
peninsula is complex and difficult to understand. In any case, a
number of specific archaeological remains of harbour-related
infrastructure (Baika, 2013a) are reliable indicators to reconstruct
the ancient harbour setting along the northern fringe of the Ana-
lipsis Peninsula.

The present study focusses on the Pierri site at the northern
fringe of the Analipsis Peninsula where distinct elements of ancient
harbour facilities were found within the framework of archaeo-
logical excavations, such as a section of a quay wall, probably
associated with a presumed ramp structure. Together with the
associated sedimentary record, the harbour site represents a
promising setting where complex interactions between man-made
infrastructure and palaeoenvironmental changes have been recor-
ded. We conducted detailed investigations of the sedimentary re-
cord in this part of the harbour in order (i) to reconstruct the
palaeoenvironmental setting for the time when the harbour facil-
ities were used, (ii) to identify coastal changes and relative sea level
fluctuations in the late Holocene and their major triggering factors,
and (iii) to check whether the harbour can be used to reconstruct
seismo-tectonic events, such as tsunami impacts, co-seismic crust
movements and tectonic influences.

2. Regional setting

2.1. Natural setting

Corfu is located in the northern Ionian Sea, close to the Street of
Otranto which is the entrance to the Adriatic Sea. Corfu is the
northernmost island of the Ionian archipelago where all types of
plate boundaries can be observed within a distance of only 100 km
(Fig.1A; Sachpazi et al., 2000). In the north, the eastern coasts of the
Adriatic Sea are under the influence of both subsidence and uplift
due to the continent-continent collision caused by the movement
of the Adriatic Microplate towards the Eurasian Plate (Babbucci
et al., 2004; Suric et al., 2014). The Ionian Sea itself is situated be-
tween the subduction zones of the Calabrian Arc in the southwest
and the Hellenic Arc in the southeast (van Hinsbergen et al., 2006;
Hollenstein et al., 2008). Both systems, the subduction zones in the
south and the collision belt in the north, are separated by the
Cefalonia Transform Fault (CTF), a large dextral strike-slip fault
zone right south of Corfu (Kokkalas et al., 2006), and the Kerkyra-
Cefalonia submarine valley system with associated faults as
northern branch of the Ionian subduction zone (Poulos et al., 1999).

Corfu Island is therefore located within an exceptional tectonic
stress field resulting in the Corfu thrust, a NNW-SSE running
compressional structure on the island, accompanied by frequent
shallow focus earthquakes (van Hinsbergen et al., 2006; Kokkalas
et al., 2006). They reach moment magnitude values around 6
(Stucchi et al., 2013) and are documented by several entries in
earthquake and tsunami catalogues since medieval times (Partsch,
1887; Soloviev et al., 2000; Ambraseys and Synolakis, 2010; Hadler
et al., 2012).

Pirazzoli et al. (1994) and Evelpidou et al. (2014) detected
emerged coastal notches on Corfu and satellite islands indicating
co-seismic uplift. The notches on Corfu document at least two pe-
riods of crust uplift for the central and western part of the island.
The first is dated to the 8the4th cent. BC, while the second event has
remained undated so far. Mastronuzzi et al. (2014) suggests a tec-
tonic up- and down movement of the island. They also describe
stigations of a prominent quay wall in ancient Corcyra e Implications
eomorphology of Corfu Island (Ionian Islands, Greece), Quaternary



Fig. 1. Tectonic structures and bathymetric conditions in the eastern Mediterranean. (A) Simplified tectonic map of the Ionian, Adriatic and Aegean Seas. Corfu Island (black box) is
exposed to the Adriatic continental collision belt in the north, the subduction zones of the Hellenic and Calabrian Arc in the South and the Cefalonia Transform fault (CTF) right
southwest of the island. Owing to compressional tectonics, the Corfu thrust as normal fault runs across the island. (B) Simplified bathymetry map of Corfu Island. While the lake-like
Gulf of Corfu (Partsch, 1887) between the island and the Greek/Albanian mainland features water depths of less than 70 m, the steep continental slop west of Corfu reaches more
than 1000 m water depth. Main tectonic structures after Billi et al. (2007), Doutsos and Kokkalas (2001); bathymetry after GEBCO (2014).
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further earthquakes and assume associated tsunami inundations,
for example at around 1000 cal BC, contemporaneous with a
tsunami landfall reported from northwestern Greece (V€ott et al.,
2006, 2011b).
Fig. 2. Topographic overview and detailed map of the study area. (A) Corfu city is situated at
the Gulf of Corfu. Ancient Corcyra was built on the Analipsis Peninsula between the Chali
associated with the ancient Alkinoos Harbour, traced by archaeological remains of shipsheds
of a quay wall document the use as a harbour (Baika, 2013a,b). Vibracoring sites are marked
(2014). (For interpretation of the references to colour in this figure legend, the reader is re
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On Corfu, Fischer et al. (2016a) detected geomorphological and
microfaunal traces of multiple tsunami inundation in near-coast
lagoons, proving Corfu's sensitivity towards tsunami events, and
Finkler et al. (2017) present geoscientific evidence of historical
the eastern shore of the island and separated from the Greek and Albanian mainland by
kiopoulou Lagoon in the southwest and the Bay of Garitsa in the north. (B) The area
(Kokotou site), lies c. 200 m distant to the present coastline. At the Pierri site, remains

by red rectangles. Map modified after Bing aerial image of the year 2016 and NCMA S.A.
ferred to the web version of this article.)
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tsunami impact to the Roman Alkinoos Harbour. Palaeotsunami
signatures in coastal geoarchives are also reported from the other
Ionian Islands (Hadler et al., 2011; May et al., 2012; Willersh€auser
et al., 2013), the northern Greek mainland (V€ott et al., 2009, 2010,
2011b), and the Italian coasts of the Ionian and Adriatic Seas
(Gianfreda et al., 2001; Mastronuzzi et al., 2007; Smedile et al.,
2011; De Martini et al., 2012). Local seismic events might also
cause submarine debris flows, mainly bound to the slopes of the
Kerkyra-Cefalonia valley system and the steep continental slope to
the west of Corfu (Fig. 1B; Poulos et al., 1999).

The wind and wave climate of the northern Ionian Sea is
dominated by mainly westerly winds and low significant wave
heights with average values of less than 1 m (Cavaleri, 2005;
Lionello et al., 2012). During winter season, storms occur
frequently, often linked to Sirocco or tropical-type cyclones, so-
called medicanes (Llasat, 2009). Even though the track lines of
such medicanes usually run further south, they are a known phe-
nomenon in the northern Ionian Sea (cf. Davolio et al., 2009). Due to
the prevailing westerly winds, it is mainly the western coast of
Corfu, facing the open Ionian Sea, which is affected by such con-
ditions. In contrast, the eastern shores of the islandwith the ancient
city of Corfu (Corcyra) and its harbours adjoin the Gulf of Corfu. The
Gulf of Corfu has water depths of less than 70 m and is described as
almost lake-like (Partsch, 1887; Fig. 1B) with a very weak wave
climate (Mazarakis et al., 2012; Zacharioudaki et al., 2015). Topo-
graphically, ancient Corcyra is located on the Analipsis Peninsula
(Fig. 2A) which separates the Chalikiopoulou Lagoon in the west
from the Bay of Garitsa in the east. The peninsula is built of Miocene
marls (IGME, 1970) forming a ridge up to 60 m high.

2.2. Archaeological and historical background

Ancient Corcyra was founded as a Corinthian colony in the late
8th cent. BC due to its strategic position between the Adriatic and
Ionian Seas along the sea routes between Greece and Italy (Kiechle,
1979). Soon, the former colony emerged as a prevailing naval power
in the Mediterranean, documented by its participation in the first
naval battle ever recorded in Greek history in 664 BC against its
metropolis Corinth (Thucydides 1.13.4 after Dent, 1910). Corcyra
was one of the first Mediterranean city states that invested in a
considerable fleet of triremes and appropriate harbour infrastruc-
ture (Baika, 2013a). According to Thucydides (1.25.4, after Dent,
1910), Corfu is supposed to have owned at least 120 ships before
the Peloponnesian War.

The Archaic polis of Corcyra evolved on the naturally fortified
Analipsis Peninsula, where the remains of several sanctuaries, such
as the Heraion, one of the earliest major temples in Greece
(Sapirstein, 2012), are still preserved (Figs. 2A and 11). From here,
the city extended towards the western and northern hill slopes into
the coastal lowlands where the harbours of the city were situated
according to ancient sources (Schmidt, 1890; Lehmann-Hartleben,
1923; Baika, 2003). While two of the ports, the military Alkinoos
Harbour in the Bay of Garitsa and the Hyllaikos Harbour on the
eastern shore of the Chalikiopoulou Lagoon (Fig. 2A), are well
documented in an archaeological context (Partsch, 1887; Dontas,
1965; Kanta-Kitsou, 2001; Baika, 2013a), a third harbour sug-
gested along the northern fringe of the peninsula remains conjec-
tural (Riginos et al., 2000; Gehrke and Wirbelauer, 2004; Baika,
2013a).

The present study focuses on remains of harbour facilities at the
so called Pierri site on the northeastern coast of the peninsula.West
of it, at the Kokotou site, the basin of the Alkinoos Harbour, though
silted, can be traced by harbour infrastructure which developed on
its shore, namely a section of a monumental complex of trireme
shipsheds (Fig. 2B) dating to the early 5th cent. BC (Preka-Alexandri,
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1986; Spetsieri-Choremi, 1997; Baika, 2003, 2013a). This shipshed
complex was excavated in the 1980s and 1990s and has been
subject to geoarchaeological research (Finkler et al., 2017), still
ongoing. At the Pierri site, located approximately 80m to the east of
the shipsheds, recent rescue excavations brought to light remains
of a continuous W-E running quay wall (Fig. 3). This quay is inter-
rupted by slipways or ramps that slope towards the sea at regular
intervals (Riginos et al., 2000; Fig. 3). The prolongation of the quay
wall and ramp system towards the east of the Pierri site is nowa-
days covered by modern buildings, for example by the Hotel Arion
complex. Here, the most significant section of the quay wall was
excavated before the construction of the hotel (Arion site, Fig. 2B).

Structurally, the quaywall section at the Pierri site is made out of
white limestone ashlars and characterised by a corner with a
vertically disposed branch, orientated north-south. This wall sec-
tion seems to be the lateral delimitation of a ramp, today covered by
younger deposits. The western part of the presumed ramp is
assumed under a modern road construction (Fig. 2B). The archae-
ological remains found at the Pierri site are yet unpublished. Geo-
archaeological and geomorphological investigations presented in
this paper considerably enhance the understanding of the evolu-
tion of the harbour environment.

The northern harbour zonewas heavily used andmodified since
the destruction of the city by the Roman troops of Agrippa in 31 BC,
right before the battle near Actium. In Roman times, the harbour
basins were partly covered with debris from different remodelling
phases of the city. Moreover, some sections of the harbour area
were used as a cemetery, reshaping the pre-Roman structures and
deposits. Remains of Roman residential quarters and warehouses
have been sporadically unearthed lying on top of Classical and
Hellenistic structures (Riginos et al., 2000; Baika, 2013a).

In general, the seaward shift of the coastline since antiquity and
modern urban building activities have concealed the harbour
topography. At the Pierri site, the quay structure is located more
than 200 m distant from the present coastline (Fig. 2), bearing
witness of significant palaeogeographical changes. Due to the
extensive urban development of the modern city, the archaeolog-
ical reconstruction of the northern harbour topography is still
conjectural. It is still unclear if all known remains of harbour fa-
cilities, such as the Kokotou shipsheds and the Pierri and Arion
quay wall sections, belonged to one and the same harbour, namely
the Alkinoos Harbour. Even in case they did, we are uncertain on
the overall form, extent and topographical configuration of this
harbour. However, all these harbour facilities may be of the same
age or may have been used simultaneously for a certain period of
time, in particular during the Classical and Hellenistic periods (5th

to 1st cent. BC). Archaeological research needs to be intensified to
clarify their precise ages.

3. Methods

This study used a multi-methodological approach including
sedimentological, geochemical and microfaunal methods in order
to reconstruct palaeoenvironmental conditions of the harbour
environment at the Pierri site.

Vibracoring was conducted to retrieve the stratigraphical
sequence in the context of archaeological structures. Three vibra-
cores covered all relevant parts of the Pierri site, namely the
landward area of the assumed ramp, its seaward continuation and
the area right in front of the excavated quay wall section (Figs. 2B
and 3). We used an automotive drill rig (Nordmeyer RS 0/2.3) and
a handheld vibracorer (Atlas Copco Cobra mk 1) with core di-
ameters of 50e80 mm. Vibracores were cleaned, photographed,
described and sampled with regard to stratigraphical units.
Selected vibracores (suffix “A”) were drilled using plastic liners to
stigations of a prominent quay wall in ancient Corcyra e Implications
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Fig. 3. Photographic overview of the Pierri site. (A) Detailed view of the quay wall segment and vertical wall section, excavated at the Pierri site. View to the east. (B), (C) Location of
vibracoring sites in relation to the Pierri quay wall and the associated ramp. View to the northwest and north, respectively. Vibracore KOR 28A was drilled on the landward site of
the quay, covering the area of the assumed ramp, while vibracore KOR 3 is situated seaward right in front of the quay wall. Vibracoring site KOR 37A was drilled right in front of the
assumed ramp. (D) Simplified sketch (top view, not true to scale) of the Pierri Site quay wall segment with associated ramp. (Photos by A. V€ott).

C. Finkler et al. / Quaternary International xxx (2017) 1e21 5
enable high-resolution in-situ measurements in the laboratory. At
vibracoring site KOR 37A, in-situ Direct Push Electrical Conductivity
(DP EC) logging was conducted. The used DP EC probe (Geoprobe
SC520) had four electrodes in a linear Wenner arrangement to
measure electrical conductivity and the rate of penetration every
2 cm (Schulmeister et al., 2003; Harrington and Hendry, 2006;
Fischer et al., 2016b).

Position and elevation of vibracoring and DP EC sites were
determined by means of a differential GPS (Topcon HiPer Pro FC-
250).

In the laboratory, grain size distribution of samples from
selected sediment layers was analysed using the K€ohn method
(K€ohn, 1929; DIN ISO 11277, 2002; Blume et al., 2011). After sepa-
rating skeletal components >2 mm, each subsample of 15 g was
first pretreated by H2O2 and dispersants. The amounts of clay and
silt were determined by pipetting, while sand was analysed by dry-
sieving. Magnetic susceptibility was measured using a Bartington
Instruments MS3 with a MS2K surface sensor. Laboratory work also
comprised X-ray fluorescence (XRF) analyses by means of a
portable Niton XL3t 900S GOLDD (calibration mode SOIL) instru-
ment, yielding concentrations of Ca, Fe, Pb and more than 25 other
elements. Measurements were conducted in-situ on the undis-
turbed sediment cores with an average resolution of 2 cm. Data
obtained by handheld XRF devices, analogues to data obtained by
XRF core scanners, are considered to be of semi-quantitative nature
because of matrix effects. Such matrix effects may be due to
possible variations in particle size, uniformity, surface geometry
and moisture (EPA, 2007; Chagu�e-Goff et al., 2017). Compared to
alternative analysing methods, absolute elemental concentrations
might be slightly differing and/or shifted to higher or lower levels
depending on such matrix effects (Argyraki et al., 1997; Shefsky,
1997). To ensure comparison, we therefore preferred elemental
ratios and focussed on distinct shifts in general distribution
Please cite this article in press as: Finkler, C., et al., Geoarchaeological inve
for harbour development, palaeoenvironmental changes and tectonic g
International (2017), http://dx.doi.org/10.1016/j.quaint.2017.05.013
patterns and overall trends of elemental concentrations that indi-
cate major changes in palaeoenvironmental conditions. Geochem-
ical analyses based on pXRF are an approved and accepted tool in
palaeoenvironmental research (Judd et al., 2017).

Selected sediment samples from vibracores KOR 28A and KOR
37A were examined regarding their microfaunal content. We
mainly concentrated on foraminifera as they occur under marine to
rarely brackish conditions and thus represent excellent indicators
for the reconstruction of different palaeoenvironmental settings
due to their different ecological requirements (Murray, 1991, 2006).
Thus, foraminiferal assemblages help to differentiate between
abrupt and gradual changes as well as to detect allochthonous in-
terferences (Dominey-Howes et al., 2000; Mamo et al., 2009;
Pilarczyk et al., 2014). In the frame of the presented study, 15 ml
of sediment from each sample were pretreated with H2O2 and
sieved into fractions of >400 mm, >200 mm and >125 mm. We used
up to 5 ml of sample material for a semi-quantitative microfaunal
analysis. Foraminifera were counted and determined after Loeblich
and Tappan (1988) and Cimermann and Langer (1991) using a
stereo microscope. Species were classified according to their
habitat preferences after Murray (1991, 2006) and Sen Gupta
(1999). Additionally, photos of selected specimens were taken us-
ing a scanning electron microscope (SEM).

Altogether ten organic samples were dated by means of 14C-
AMS analysis, which was accomplished at the Klaus-Tschira Labo-
ratory of the Curt-Engelhorn-Centre Archaeometry gGmbH Man-
nheim, Germany (MAMS), and the Keck Carbon Cycle AMS Facility,
University of California at Irvine, USA (UCI; Table 3). Five samples of
charcoal, wood and seaweed were extracted from vibracores KOR
28A and KOR 37A in order to establish a local geo-
chronostratigraphy of the harbour development at Pierri. This
geochronostratigraphy was complemented by a local age-depth-
model based on relative sea level indicators (peat, oysters) or on
stigations of a prominent quay wall in ancient Corcyra e Implications
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samples that were collected right above peat-like layers; thus, the
latter samples were also in close relation to the local sea level at the
time of their deposition. Concretely, this model is based on two
samples from vibracores that were drilled in the surroundings of
the ancient city (Finkler et al., 2017) consisting of charcoal and peat,
respectively. Additionally, three oyster samples were collected from
a band of oysters that was found adhered to a section of the Pierri
quay wall which was recently unearthed. Calibration of all samples
was realised based on the software Calib 7.1 (Stuiver and Reimer,
1993; Reimer et al., 2013). Archaeological age estimates of diag-
nostic ceramic fragments (Table 4) were used to cross-check
radiometric ages.

4. Results: stratigraphical record at the Pierri site

Three vibracores were drilled at the Pierri site (Figs. 2B and 3),
including the landward area of the presumed ramp structure
(vibracore KOR 28A; Figs. 4e6), its seaward continuation (vibracore
KOR 37A; Figs. 7e9) and the harbour basin to the north of the quay
(vibracore KOR 3; Fig. 5). Moreover, we obtained high-resolution
stratigraphical data at vibracoring site KOR 37A by DP EC logging.

Vibracoring sites KOR 3, KOR 28A and KOR 37A are located in a
short distance to one another, their position being closely related to
the archaeological quay structure (Table 1). Vibracore KOR 3 was
drilled to the immediate north of the Pierri quay wall. It shows a
layer of compact silty clay at its base, covered by a thick sequence of
grey fine to finest sand. At 2.77 m b.s., sediment texture changes
towards silt and silty sand of dark grey colour. Towards the top, at
2.35e1.61 m b.s., a layer of gravel embedded in a sandy matrix was
found followed by brownish clayey silt including cultural debris.

At the base of vibracore KOR 28A, drilled on a presumed ramp
structure several meters ‘inland’ of the quay wall, a thick basal
section of greyish fine to finest sand is intersected two times by
layers of coarse sand and sandy gravel, respectively. At 4.40 m b.s., a
layer of homogeneous light-grey fine sand appears which is
covered by solid stones. Finally, we found a section of greyish-
brownish coarse sand followed by a thick unit of clayey silt with
embedded ceramics and debris that marks the upper part of the
core.

The stratigraphy of vibracore KOR 37A, drilled in front of the
presumed ramp and the quay wall abreast to site KOR 3, is char-
acterised by fine to finest sand at the base. This sand layer is
intersected by two layers of coarse-grained deposits, namely coarse
sand and gravel. After a sharp contact at 4.63e4.17 m b.s., a
sequence of very heterogeneous silty sand and silt was found,
containing large amounts of organic remains and debris. Following
a section of multi-coloured sandy gravels at 3.87e3.53 m b.s. a
sequence of brownish clayey silt, more than 3m thick, characterises
the upper part of the core. This layer was found intersected by a
comparatively thin layer of light and slightly coarser deposits.

Based on distinct similarities in grain size, colour, geochemical
parameters and microfaunal content, the local sedimentary records
of vibracores KOR 3, KOR 28A and KOR 37A was classified into the
following stratigraphical units A to G. Due to the high variability of
unit C sediments, we differentiate between eight subunits C1 to C8.

Unit A (8.85e7.00 m b.s. in KOR 3, Fig. 5) is restricted to vibra-
core KOR 3. It is characterised by compact silty clay of grey colour,
rich in CaCO3, showing medium LOI values of c. 5%.

In contrast, Unit B was found in all vibracores (6.85e2.77 m b.s.
in KOR 3; 6.93e6.23, 6.06e5.75, 5.08e4.40 m b.s. in KOR 28A;
8.53e6.75, 6.36e5.65, 5.42e4.63 m b.s. in KOR 37A). It consists of
greyish fine sand with minor amounts of medium and coarse sand
and components >2 mm. Geochemically, the unit is characterised
by a low to medium Ca/Fe ratio and a medium Sr/Rb ratio. The
deposits are void of Pb and show a very lowmagnetic susceptibility.
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High-resolution DP EC logging at vibracoring site KOR 37A (Fig. 8)
revealed strongly increased EC values to the base of the unit. The
sand within unit B contain medium to high abundances of well-
preserved marine foraminifera from different ecological habitats.
However, the distribution of species shows a depth-related shift in
vibracore KOR 28A: In the lower part, Miliolidae (especially Quin-
queloculina seminula), habitants of seaweed meadows and species,
tolerating also brackish water (Ammonia tepida, A. beccarii, Hay-
nesina depressula) occur in high numbers. In contrast, their abun-
dances decrease in the upper part of unit B. Instead, planktonic
foraminifera and species preferring deeper and colder waters
appear with increasing numbers.

Unit C is characterised by badly sorted sand with distinctly
increased amounts of medium to coarse sand and skeletal com-
ponents >2 mm. As sediments from this unit appear highly vari-
able, we differentiate between the following subunits (Table 2).

Subunit C1 (6.23e6.06 m b.s. in KOR 28A, Fig. 4B) is charac-
terised by greyishmedium and coarse sand including high numbers
of multi-coloured gravels and abundant marine macrofauna. To the
top of the unit, grain size distribution reveals a general fining-
upward tendency with a clayey mud layer, rich in organic mate-
rial, on the very top. Similar to unit B, Pb and magnetic suscepti-
bility show low values, whereas Ca/Fe and Sr/Rb ratios reveal
distinct peaks, the latter even reaching the highest values within
the whole profile. Palaeontologically, the coarse sand of subunit C1
is dominated by marine and seaweed assemblages with decreased
numbers of Miliolidae but a slightly increased abundance of cold-
marine and planktonic species like Orbulina universa, and Loba-
tula lobatula (Murray, 2006). Moreover, Globigerina bulloides and
Globigerinoides sp. appear initially.

Subunit C2 (5.75e5.08 m b.s. in KOR 28A) was found on top of
an erosive contact and is characterised by gravel embedded in a
matrix of medium to coarse sand. The unit further reveals a fining
upward sequence in grain size and contains plenty ceramic frag-
ments and clasts, consisting of clayey silt. Ca/Fe and Sr/Rb values
were found on a medium level with distinct peaks. In contrast to
the geochemical characteristics of unit B, peaks in Pb concentration
and magnetic susceptibility are visible. Microfaunal analyses indi-
cate a similar foraminiferal fingerprint as found for unit B and
subunit C1 with increased abundance of Lenticulina sp. and Gyroi-
dina soldanii, both preferring cold-marine conditions (Murray,
2006) and missing in the sediments below.

Subunit C3 (3.87e3.52 m b.s. in KOR 28A) features greyish to
brownish coarse sand with considerable amounts of medium sand
and gravel. The sand contains various marinemacrofauna, ceramics
and charcoal. While Ca/Fe and Sr/Rb ratios are very similar to those
of the underlying units, Pb contents reach medium to high values.
Moreover, magnetic susceptibility increases distinctly. The micro-
faunal fingerprint strongly resembles unit D: seaweed-related and
especially (shallow) marine species occur only in small numbers.
Instead, cold-marine and brackish species are dominant.

Subunit C4 (6.75e6.36 m b.s. in KOR 37A) overlies unit B on top
of an erosional contact and is formed of grey fine to coarse sand,
containing considerable amounts of components >2 mm, such as
gravels and ceramics. The amount of skeletal material decreases
upward, concurrently grain size (<2 mm) fines upward as well. The
sediments show the same geochemical and microfaunal signals as
unit B except for magnetic susceptibility and Pb, where distinct
peaks are visible.

Subunit C5 (5.65e5.42 m b.s. in KOR 37A) is characterised by
gravel within a matrix of medium and coarse sand. Ca/Fe and Sr/Rb
ratios were found on a medium level, while magnetic susceptibility
as well as Pb values are distinctly increased. Regarding their
microfaunal content, the sediments do not significantly differ from
those of unit B.
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Fig. 4. Stratigraphical record of vibracore KOR 28A. (A) On top of a thick unit of shallow marine sand, intersected by two high-energy layers (I and II), a solid ashlar out of calcareous
sandstone and underlying homogeneous fine sand mark the base of the ramp at the Pierri site. It is covered by sediments of a high-energy facies (event III) and subsequent
sediments of colluvial to anthropogenic origin. Capital letters BeG represent associated stratigraphical units; see text for explanation. (B) Detailed photo of high-energy deposits
(event I, 6.61e6.06 m b.s) intersecting shallow marine sands. Mark the fining upward tendency in grain size and the peat-like sediments on top.
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Subunit C6 (3.87e3.53 m b.s. in KOR 37A) represents a poorly
sorted sequence of gravel towards coarse sand and silt with
embedded macrofossils and ceramics. While Sr/Rb values are
similar to those of the underlying unit B, the Ca/Fe ratio is strongly
decreased similar to the one of unit F. In addition, Pb concentration
and magnetic susceptibility show distinct peaks. The foraminiferal
content is dominated by low diversity and abundance of mainly
Ammonia spp., Gyroidina soldanii and Globigerinoides sp.

These species are also abundant in subunit C7 (1.79e1.64 m b.s.
in KOR 37A), which is intersecting a thick sequence of unit G in
vibracore KOR 37A. Apart from different microfaunal content and a
slightly increased amount of medium and coarse sand the unit does
not differ strongly from unit G.

Subunit C8 (2.35e1.61 m b.s. in KOR 3) is formed by gravel
embedded in a matrix of medium to coarse sand with only low
amounts of clay and silt. The unit features a basal erosional contact
and contains high amounts of ceramic sherds and marine
macrofauna.

Unit D was only found in vibracore KOR 28 (4.40e4.17 m b.s. in
KOR 28A). It is characterised by homogeneous light-grey fine sand
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with minor amounts of clay, silt and coarser sands. Geochemically,
this unit strongly resembles unit B, whereas its microfaunal
fingerprint differs significantly. Apart from planktonic species and
Ammonia beccarii only few other species appear in very low
abundance.

Unit E (4.17e3.87 m b.s. in KOR 28A) is characterised by solid
calcareous sandstone of yellowish colour, overlain by white
limestone.

Unit F, located at the same elevation level as units D and E,
appears in vibracores KOR 3 and KOR 37A (2.77e2.35 m b. and
4.63e4.17 m b.s., respectively). In vibracore KOR 37A, the unit
overlies the underlying unit B on top of a sharp contact. The unit
itself is dominated by poorly sorted silt to silty sand. It further
contains considerable amounts of medium sand, ceramics, marine
macrofossils and plenty of seaweed. LOI values are strongly, Pb
values slightly increased. Microfaunal analyses revealed high di-
versity especially in the lower section. Foraminifera tolerant to
brackish conditions (Murray, 2006), such as Ammonia beccarii, A.
tepida and Haynesina depressula, as well as species of seaweed as-
semblages, such as Rosalina sp., Planorbulina mediterranea or
stigations of a prominent quay wall in ancient Corcyra e Implications
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Fig. 5. Results from grain size analysis, magnetic susceptibility measurements and selected geochemical proxies of vibracores KOR 28A (left) and KOR 3 (right). Lagoon-type harbour
deposits (highlighted by dark grey colour) in vibracore KOR 3 were found in a stratigraphical position consistent with anthropogenic deposits marking most likely the base of a
ramp. High-energy layers (highlighted by light grey colour) are characterised by increased amounts of medium to coarse sand but show different geochemical fingerprints.
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Peneroplis sp. were found.
Finally, unit G (1.61e0.00 m b.s. in KOR 3; 3.52e0.00 m b.s. in

KOR 28A; 3.53e1.79, 1.64e0.00 m b.s. in KOR 37A) consists of
brownish clayey silt including high amounts of cultural debris and
charcoal and characterises the upper part of the cores. Pb concen-
trations and magnetic susceptibility are distinctly increased but
strongly fluctuating. Apart from Orbulina universa, Globigerina
bulloides and Globigerinoides sp., only few strongly-weathered
species were found within this unit.

5. Interpretation and discussion

5.1. Facies interpretation

Based on their geochemical, microfaunal and grain-size related
characteristics, the different units retrieved from the Pierri site
sedimentary record can be associated to the following sedimentary
facies:

Unit A is identified as Neogene marl that forms the bedrock at a
depth of approximately 5 m b.s.l. at the Pierri site. These Neogene
marls crop out in the south of the Analipsis Peninsula, forming a
ridge up to 60 m high (Fig. 2A; IGME, 1970). However, the presence
of Neogene marls is problematic with regard to its microfaunal
signature as reworked older fossils might contaminate younger,
Holocene deposits. In order to separate potentially reworked
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Neogene bedrock species fromHolocene fauna, we analysed several
bedrock samples regarding their microfaunal content (e.g. Finkler
et al., 2017). Apart from planktonic species, already known from
literature (cf. IGME, 1970), we found several cold-marine species
such as Lenticulina sp. and Uvigerina mediterranea within the local
bedrock (please see species classification in Figs. 6 and 9). These
species must be regarded as potentially reworked and are thus
considered as geogenic background signal.

Grain size and geochemical characteristics of unit B sediments
indicate a mid-energy littoral environment. Shallow marine con-
ditions are reflected by foraminiferal assemblages containing high
numbers of calcareous marine and seaweed-related species, typical
of shallow (some 10 m) inner-shelf bays with normal marine
salinity and stable temperate to high water temperatures (Murray,
1991, 2006; Sen Gupta, 1999). The lower part of the shallowmarine
fine sands shows a changed pore water geochemistry due to salt
water influence, represented by steadily increasing DP-EC values in
vibracore KOR 37A.

Unit C and associated sublayers are characterised by distinct
coarser grain sizes depicted by input of medium and coarse sand as
well as gravel, suggesting high-energy conditions, especially when
compared to the basal shallow marine sands. Based on the sedi-
mentary signatures of unit C deposits, the material originates from
shallow marine and/or marine environments partly also including
reworked lagoonal material. Unit C thus indicates event-related
stigations of a prominent quay wall in ancient Corcyra e Implications
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Fig. 6. Results of microfaunal analyses for samples from vibracore KOR 28A based on a semi-quantitative approach. Species are classified according to their ecological preferences
after Murray (2006) and Sen Gupta (1999). Potentially reworked species from the Neogene bedrock were identified after IGME (1970), Finkler et al. (2017) and by analysing bedrock
samples from the surroundings. Shallow marine sands show decreasing diversity and abundance of foraminifera towards the top. The two high-energy event layers found in the
lower part of the core are similar to shallow marine sediments regarding their microfaunal content. In contrast, high-energy deposits found on top of the ramp are characterised by
lower abundance and diversity.
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high-energy inundation from the sea side.
Units D and E were retrieved from vibracore KOR 28A and

occurred in a stratigraphical position consistent with the harbour
deposits encountered at site KOR 37A. Due to the position of coring
site KOR 28A, approximately in the midst of the Pierri site ramp, we
interpret the stone layer (E) and the underlying homogeneous fine
sands (D) as anthropogenic, brought in by man and being probably
the artificial base of a ramp.

In contrast to unit B, unit F is characterised by lagoonal condi-
tions, represented by the entry of silt associated with slightly
decreased marine indicators. Moreover, the foraminifers Pla-
norbulina mediterranea and Peneroplis sp. were found, both related
to Posidonia, that indicate quiet and shallow water conditions
(Murray, 2006). Salinity most likely changed towards brackish
conditions to the top of the unit. This is mirrored by decreased
diversity of species and the dominance of Ammoniawhich is one of
a few genera tolerant towards brackish waters. Unit F deposits were
found right in front of and associated with archaeological remains
of the Pierri quay wall so that we interpret them as harbour de-
posits. Our data further show that this harbour environment was
subject to Pb pollution indicating intense use of Pb as ballast for
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ships and working material. Pb is one of the first metals used by
man (Lessler, 1988) with a very low natural background signal.
Therefore, extensive occurrence of Pb is strongly linked to mining
andmetallurgy (Hong et al., 1994; Br€annvall et al., 2001) and acts as
an excellent tracer for human activities (Marriner and Morhange,
2007). Pb pollution reaches its highest level during Roman times
causing considerable Pb accumulations in ancient harbour basins
(e.g. Le Roux et al., 2003, 2005; V�eron et al., 2006; Elmaleh et al.,
2012; Delile et al., 2014; Hadler et al., 2013, 2015; Stock et al., 2016).

Unit G, forming the uppermost part of all cores, contains a high
amount of cultural debris and ceramic sherds, embedded in a silty
matrix. Its brown colour documents weathering processes and
pedogenesis. Findings of reworked planktonic and cold-marine
species indicate erosion from the adjoining hillslopes of the Ana-
lipsis Ridge. Unit G thus represents post-harbour colluvial to
anthropogenic sediments.

5.2. High-energy impacts on the harbour site

In the following, we will discuss potential causes for the depo-
sition of the specific high-energy deposits that were found in
stigations of a prominent quay wall in ancient Corcyra e Implications
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Fig. 7. Stratigraphical record of vibracore KOR 37A. Shallow marine sands show intersected high-energy layers and are followed by thick colluvial to anthropogenic deposits.
Harbour deposits (4.63e4.17 m b.s.) are characterised by an abrupt increase of silt content and contain stones, ceramic fragments and organic material. Capital letters BeG represent
associated stratigraphical units described in the results chapter.
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vibracores at the Pierri site.
First, slope erosion associated with torrential run-off from the

adjoining Analipsis Ridge can be easily excluded as potential
trigger. The Pierri event layers (unit C) are not dominated by those
foraminifera species that are typical of the local Neogene bedrock.
They rather show a huge variation in species diversity (Figs. 6 and
9; Table 2) documenting the input of foraminifera from different
Holocenemarine environments. Thus, it is obvious that these layers
are the result of extremewave impact from the sea side that hit the
Gulf of Corfu and the ancient harbour zone to the north of the
Analipsis Peninsula. By these events, water masses intruded with
high flow velocities and eroded, transported and strongly reworked
autochthonous littoral and shallow marine sediments from the
direct environs of the harbour bay and the adjacent gulf. These
sediments with a mixed palaeoenvironmental signature were then
deposited at the Pierri site. Based on the sedimentary record at
Pierri, high-energy marine inundations are to be characterised as
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high magnitude-low frequency events. Extreme wave impact from
the seaside is potentially caused by both, storms and tsunamis, and,
in outer-Mediterranean regions, both phenomena show similar
sedimentological effects (cf. Morton et al., 2007; Switzer and Jones,
2008; Lario et al., 2010); however, the forcing agents are completely
different.

The northern Ionian Sea is characterised by a weak to medium
wind and wave climate with mean significant wave heights of
1.2e1.6 m and very low annual wave energy flux (Cavaleri, 2005;
Karathanasi et al., 2015). However, heavy storms may occasionally
occur associated to cyclones of the west wind zone, sometimes
related to so-called medicanes (Cavicchia et al., 2014). Such medi-
canes appear with a low frequency but are reported from the Ionian
Sea by several authors (e.g. Davolio et al., 2009; Miglietta et al.,
2015). They may generate extreme wave heights in the open sea
such as offshore the Ionian Islands where Ghionis et al. (2015)
measured significant wave heights of more than 5 m during a
stigations of a prominent quay wall in ancient Corcyra e Implications
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Fig. 8. Results of grain size analysis, magnetic susceptibility measurements, Direct Push EC logging and selected geochemical proxies for vibracore KOR 37A. High-energy layers are
highlighted by light grey colour and are characterised by coarser grain size and distinct peaks of Pb concentration, magnetic susceptibility values and marine ratios. In contrast, silty
harbour deposits on top of the shallow marine sands (dark grey) show strongly reduced marine influence (lower Ca/Fe values, finer grain size). Legend according to Fig. 5.
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storm in 2007 only a few kilometres west of Corfu Island. The
maximum observed stormwave height in the open Ionian Sea does,
however, not exceed 6e7m (Scicchitano et al., 2007). Nevertheless,
such high waves are bound to open sea conditions and are strongly
reduced when propagating towards the coasts by wave shoaling.

Moreover, local geographical and topographical conditions have
to be taken into account. The Gulf of Corfu is a shallow marine
indentationwith a maximumwidth of 25 km and water depths not
deeper than 70 m. It is connected to the open sea by narrow straits,
namely the strait between Aghios Stefanos and Ksamil in the north
and the strait between Syvota and Kavos in the south, 2 km and
8 km wide, respectively (Fig. 1B). The widely-travelled geographer
Partsch (1887) described it as a lake-like embayment. It is
extremely well protected from the rough waves of the open Ionian
Sea and represents one of the best sheltered natural harbour set-
tings of the eastern Mediterranean. In contrast, the open Ionian Sea
west off Corfu shows a narrow shelf zone and water depths
reaching 1000 m only few kilometers distant from the western
coast of the island. Stormwavemodels reveal wave heights of more
than 10 m for the open Ionian Sea whereas the Gulf of Corfu shows
small wave heights of less than 1.5 m (Mazarakis et al., 2012;
Zacharioudaki et al., 2015).

From these points of view, storms can be excluded as agents for
repeated extreme wave impacts in the Gulf of Corfu as recorded at
Pierri. Instead, earthquakes and tsunamis, which are both known to
have repeatedly affected Corfu Island during history (Section 2.1),
must be considered. Recent investigations on extreme event de-
posits found on the east coast of Corfu prove that both, tele-
tsunamis and local tsunamis, for example triggered by submarine
mass movements off the west coast of the island, may produce
considerable tsunami waves in the Gulf of Corfu due to wave
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refraction and diffraction (Fischer et al., 2016a; Finkler et al., 2017).
Furthermore, repeated tsunami landfall on Corfu is well docu-
mented in earthquake and tsunami catalogues (Partsch, 1887;
Soloviev et al., 2000; Albini, 2004; Ambraseys and Synolakis, 2010).

Distinct sedimentological and geochemical features known
from modern tsunami and palaeotsunami research were detected
in high-energy subunits C1eC8. Amongst others, such features are
(i) a sharp erosional contact towards the underlying autochthonous
deposits due to high flow velocities (Fujiwara et al., 2000; Hawkes
et al., 2007; Sakuna et al., 2012), (ii) silt-dominated rip up clasts due
to reworking of finer grained underlying material (Goff et al., 2001;
Gelfenbaum and Jaffe, 2003), (iii) fining upward sequences caused
by varying and overall decreasing energy in the course of tsunami
inundation (Shi et al., 1995; Hawkes et al., 2007; Sakuna et al.,
2012), and (iv) the input of marine calcium carbonate in the form
of shells and faunal tests (Goff et al., 2001; Fujiwara et al., 2000;
V€ott et al., 2011a, 2011b), entailing the increase in concentrations
and distinct peaks of Ca, Sr, Ca/Fe and Sr/Rb, the latter including
terrestrial elements like Fe or Rb (Mathes-Schmidt et al., 2013;
Chagu�e-Goff et al., 2015; V€ott et al., 2011a, 2011b, 2015). Finally,
(v) breaks in the geochemical pattern indicate short-term abrupt,
mostly temporary changes in the palaeoenvironmental conditions
through the input of allochthonous sediments. For example, nearly
all event layers encountered in the Pierri geoarchive show strongly
increased Pb concentrations, whereas under- and overlying
autochthonous sands are almost void of Pb. Increased Pb concen-
trations in event layers can be explained by the strong affection of
Pb-polluted areas, such as harbours, by the inundation event and
the consequent entrainment of polluted material further inland.
Ancient harbours are known to be related with high Pb concen-
trations (e.g. Hadler et al., 2013) due to the overall use of Pb for
stigations of a prominent quay wall in ancient Corcyra e Implications
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Fig. 9. Results of microfaunal analysis for selected samples from vibracore KOR 37A. Species are classified according to their ecological preferences after Murray (2006) and Sen
Gupta (1999). Potentially reworked species from the Neogene bedrock were identified after IGME (1970), Finkler et al. (2017), and by analysing bedrock samples from the sur-
roundings. The two lower high-energy layers (I, II) show a similar foraminiferal assemblage as the basal shallow marine sands, characterised by high diversity and high abundance.
In contrast, diversity decreases in the upper part of the harbour sediments. Here, foraminifera tolerant to brackish conditions and species of shallow seaweed assemblages are
dominating. This foraminiferal fingerprint mirrors a protected environment, probably shielded by a breakwater or similar constructions. High-energy layer III strongly resembles
these harbour deposits while a potential high-energy IV differs from the over- and underlying colluvial sediments due to the input of marine and brackish fauna.

Table 1
Simplified local stratigraphic records of vibracores KOR 3, KOR 28A and KOR 37A

Vibracore Depth [m b.s.] Grain size Colour Characteristics Unit

KOR 3 0.00e1.61 clayey silt brownish contains cultural debris G
1.61e2.35 gravel in sand matrix brownish contains ceramics C8
2.35e2.77 silt to silty sand dark grey contains organic material, peat to the top F
2.77e6.93 fine to finest sand greyish well sorted B
7.00e8.85 silty clay grey compact A

KOR 28A 0.00e3.52 clayey silt brownish contains cultural debris G
3.52e3.87 coarse sand greyish/brownish contains ceramics C3
3.87e4.17 solid stone white/yellowish calcareous E
4.17e4.40 fine sand light-grey very homogeneous D
4.40e5.08 fine to finest sand grey well sorted, plant remains at the top B
5.08e5.75 gravel in sand matrix multi-coloured sharp basal contact, contains ceramics C2
6.75e6.06 fine to finest sand grey well sorted B
6.06e6.23 medium to coarse sand grey fining upward tendency C1
6.23e6.93 fine to finest sand grey well sorted B

KOR 37A 0.00e1.64 clayey silt brownish contains cultural debris G
1.64e1.79 clayey silt light brown sharp basal contact C7
1.79e3.53 clayey silt brownish contains cultural debris G
3.87e3.53 gravel and sand multi-coloured contains ceramics C6
4.17e4.63 silt to silty sand dark grey sharp basal contact, poorly sorted F
4.63e5.42 fine to finest sand grey well sorted B
5.42e5.65 gravel in sand matrix brownish/multi-coloured heterogeneous C5
5.65e5.93 fine to finest sand grey well sorted B
6.36e6.75 fine to coarse sand grey sharp basal contact, contains ceramics C4
6.75e8.53 fine to finest sand grey well sorted B

C. Finkler et al. / Quaternary International xxx (2017) 1e2112

Please cite this article in press as: Finkler, C., et al., Geoarchaeological investigations of a prominent quay wall in ancient Corcyra e Implications
for harbour development, palaeoenvironmental changes and tectonic geomorphology of Corfu Island (Ionian Islands, Greece), Quaternary
International (2017), http://dx.doi.org/10.1016/j.quaint.2017.05.013



Table 2
Sedimentary, geochemical and palaeontological features of high-energy layers (subunits C1eC8) detected in the Pierri site sedimentary record (vibracores KOR 3, KOR 28A,
KOR 37A). Foraminiferal fingerprints were classified according to Figs. 6 and 9.

vibracore KOR 28A KOR 37A KOR 3

subunit C1 C2 C3 C4 C5 C6 C7 C8

Sedimentary features multimodal grain size distribution þ þ þ þ þ þ þ þ
erosional basal contact � þ � þ þ o þ þ
fining upward tendency þ þ � þ þ þ � �
bad sorting þ þ þ þ þ þ þ þ
mup cap þ � � � � � � �
rip-up clasts � þ � � � � � �
embedded gravel þ þ þ þ þ þ � þ
embedded ceramic sherds � þ þ þ � þ þ þ

geochemical signals increased marine ratios þ þ � � þ � � o
increased Pb values � þ þ þ þ þ � o
increased magnetic susceptibility � þ þ þ þ þ � o
decreased LOI values o o o o o o o þ

palaeontological features marine macrofauna þ þ þ � þ þ � �
shell debris þ þ � � � � � �
Foraminifera fingerprint B B F B B F mixed o

event chronology I II III I II II IV? III

Explanations: þ ¼ feature existent; � ¼ feature absent; o ¼ no data available; B ¼ shallow marine; F ¼ lagoonal.
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stabilizing ships and to join quay ashlars by Pb clamps. Abrupt
changes of geochemical proxies are typically related to temporary
high-energy impact. As, for the Pierri site, the influence of both
severe storms and torrential runoff is excluded, we interpret high-
energy event layers found at Pierri as the results of tsunami landfall.

On a small scale, high-energy sediments trapped in the Pierri
record show different characteristics (Table 2) and can be grouped
into four tsunami event layers (I to IV). Subunits C1 and C4 are
located in consistent stratigraphical positions and are thus classi-
fied as high-energy layer I; both show distinctly increased multi-
modal grain size, a general fining upward tendency and bad sorting.
Their microfaunal signature mostly mirrors the shallow marine
signal of local near-coast environments. We conclude that by
tsunami flooding autochthonous near-coast littoral deposits were
eroded, reworked and transported over a short distance (cf. Goff
et al., 2001; Bahlburg and Weiss, 2007; Hawkes et al., 2007). Yet,
subunit C1 seems to have been subject to already slightly reduced
flow velocities and wave energy, resulting in a missing erosional
contact, smaller grain size when compared to subunit C4 as well as
the presence of a mud cap on top (Fig. 4B). Increased Pb values in
the event layer in KOR 37A might be caused by early Bronze Age
human influence the presence of whom is shown by embedded
ceramic sherds.

High-energy layer II (subunits C2 and C5) is also made out of
near-coast littoral material. Both subunits show nearly identical
features (Table 2), even if grain size in subunit C5 (KOR 37A) is
characterised by coarser clasts and embedded ceramic sherds
similar to subunit C4.

Both high-energy layers I and II could not be identified macro-
scopically within the sedimentary record of vibracore KOR 3.
However, grain size distribution reveals two minor peaks in the
amounts of medium and coarse sand (Fig. 5), which might be
related to the impact of tsunami events I and II.

In contrast to high-energy layers I and II, subunits C3/C6 and C8
are not embedded in shallowmarine sands but are located on top of
harbour sediments or a ramp structure, respectively. The forami-
niferal fingerprint of this high-energy layer III reflects reworking of
lagoon-type harbour sediments which were obviously primarily
eroded and reworked in the course of the event. Apart from that,
the sedimentary subunits show similar features (Table 2).

Finally, a potential event layer IV (C7) was found in the record of
vibracore KOR 37A. As the layer lies on top of thick colluvial/
anthropogenic deposits, the Pierri site was already solid ground
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when these sediments were deposited. However, the geochemical
and microfaunal fingerprint of this potential high-energy layer
differs slightly from the under- and overlying colluvial/anthropo-
genic deposits. Still, potential extreme wave impact is mirrored by
slightly increased grain size and few marine to brackish species
which occur next to potentially reworked species of colluvial origin.

We conclude that high-energy layers encountered in vibracores
at the Pierri site were deposited within the course of multiple
tsunami landfalls. Three events occurred when the Pierri site was
still dominated by shallow marine (events I and II) or lagoon-type
harbour conditions (event III). Another impact (event IV), the
traces of which are weaker than those recognized for events I to III,
may potentially be related to tsunami landfall when the Pierri
harbour zone was already dry land.

5.3. Dating approach, marine reservoir effect and relative sea level
indicators

We established a geochronostratigraphical frame for the Pierri
site based on five 14C AMS samples out of organic material which
were extracted from vibracores KOR 28A and KOR 37A (Table 3).
These dates are supplemented by radiocarbon ages of three oyster
samples collected from the Pierri quay wall segment (Fig. 10C) and
additional two radiocarbon dates from the close proximity (Finkler
et al., 2017), providing information on relative sea level changes
(Table 3). In addition, archaeological age estimates of seven ceramic
fragments were used to cross-check radiometric ages (Table 4).

Calibration of radiocarbon ages was performed by means of the
software Calib 7.1 (Stuiver and Reimer, 1993; Reimer et al., 2013).
However, even when calibrated, radiocarbon dates only yield
approximate time frames and no exact dates, as inaccuracies
caused by long term variations within the production of atmo-
spheric 14C, isotopic fractionation, contamination or relocation of
sample material may occur (Geyh, 2005; Walker, 2005). The latter
is especially true for samples retrieved from high-energy layers, as
high-energy events usually erode and rework older deposits (Goff
et al., 2001). This erosion can also produce considerable hiatuses.
For this reasons, the sandwich-dating technique using both, a ter-
minus ante quem (before) and a terminus post quem (after) for the
event is the best appropriate manner to date high-energy layers.
Unfortunately, sandwich-dating was not possible in this study, as
there was no datable material available below and above the
encountered high-energy deposits. Therefore, three samples were
stigations of a prominent quay wall in ancient Corcyra e Implications
eomorphology of Corfu Island (Ionian Islands, Greece), Quaternary



Table 3
Radiocarbon dating results of samples from vibracores drilled at the Pierri sites and from the oyster band adhesive to the Pierri quay wall.

Sample ID Depth [m b.s.] Depth [m a.s.l.] Sample material Lab. No. d13C [ppm] 14C age [BP] 2s age [cal BC/AD] 1s age [cal BC/AD]

KOR 28A/PR 3 6.07 �2.59 seaweed MAMS 24902 �18.3 a 4276 ± 23 2539e2347 BC 2483e2400 BC
KOR 37A/HK 2 1.75 1.63 charcoal MAMS 24912 �34.4 1968 ± 25 38; 78 AD 6e64 AD
KOR 37A/HK 3 2.47 0.91 charcoal MAMS 24913 �35.0 2040 ± 24 156 BC; 23 AD 89 BC; 1 AD
KOR 37A/HK 10 3.69 �0.31 charcoal MAMS 24911 �28.8 2301 ± 22 404; 262 BC 398e379 BC
KOR 37A/HR 0 4.39 �1.01 wood MAMS 24914 �29.6 2236 ± 23 370; 214 BC 383; 207 BC
KOR Pierri Tx16 L1 e �0.21 oyster MAMS 29601 2.4 a 2511 ± 23 336e154 BC 293e183 BC
KOR Pierri Tx16 M2 e �0.17 oyster MAMS 29602 1.3 a 2550 ± 24 354e191 BC 335e235 BC
KOR Pierri Tx16 U3 e �0.03 oyster MAMS 29603 2.0 a 2517 ± 23 339e161 BC 298e191 BC
KOR 1A/HK 9þ c 2.65 �0.99 charcoal UCI 121509 b 1600 ± 25 404e536 AD 413; 536 AD
KOR 5/32þ HR c 9.81 �8.51 peat MAMS 19770 �27.4 7328 ± 28 6238e6089 BC 6232; 6140 BC

Note: b.s. e below ground surface. a.s.l. e above sea level. MAMS e Klaus-Tschira Laboratory of the Curt-Engelhorn-Centre Archaeometry gGmbHMannheim, Germany. UCI e
Keck Carbon Cycle AMS Facility, University of California at Irvine, USA. 1s/2s age ecalibrated ages, 1s/2s range. “;”e several possible age intervals due to multiple in-
tersections with the calibration curve. All dates are calibrated using Calib 7.1 (Stuiver and Reimer, 1993; Reimer et al., 2013).

a e marine sample, calibrated by using the marine13 calibration dataset with an average reservoir age of 405 years.
b e 13C correction is done automatically with a standard run.
c e published in Finkler et al. (2017).
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extracted from high-energy layers themselves. The resulting ages
must be considered as termini ad or post quos, thus mere maximum
ages.

Radiocarbon data of the Pierri site (Table 3) result in a consistent
age model reaching from the 3rd millennium BC to the 1st cent. AD
and correlate well with archaeological ages estimates of diagnostic
ceramic fragments (Table 4). Only sample KOR 37A/HK 1 produces
an age-inversion of some decades when compared to sample KOR
37A/HR 0. As this sample was extracted from a high-every layer, the
Fig. 10. (A) Cross-section of all vibracores retrieved at the Pierri site with simplified facies pa
direction) with associated harbour sediments and ramp. (B) Simplified sketch (top view) o
northwestern corner of the quay wall segment (front view) compared to the associated strat
band adhesive to the lower Pierri quay wall ashlar is depicted by grey colour, oyster sample
when oysters were alive was found to be 335-183 cal BC which is in accordance with the arch
Legend according to Fig. 5.
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slight inversion is most likely caused by reworking effects.
Radiocarbon dating of samples out of marine material is prob-

lematic as oceans function as large carbon reservoirs, resulting in
significantly older ages compared to contemporaneous terrestrial
material. Marine calibration requires the correction of the local
reservoir age of the environment where the particular samples
were taken from (e.g. Reimer and McCormac, 2002). This marine
reservoir effect (MRE) is, however, subject to variations in space
(different MRE for different environmental settings), time (MRE
ttern and 14C ages. Note the location of the Pierri quay wall (only true to scale in vertical
f the Pierri site quay and locations of the vibracores depicted in A. (C) Sketch of the
igraphy of vibracore KOR 37A (please see A for detailed section). Oyster bioconstruction
s that were radiocarbon dated are marked by white rectangles. The overall time span
aeological age of the harbour, dated to Classical-Hellenistic times (Riginos et al., 2000).
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Table 4
Archaeological age estimates for diagnostic ceramic fragments found in the vibracores drilled at the Pierri site.

Sample ID Depth [m b.s.] Depth [m a.s.l.] Sample description Age estimation

KOR 3/1þ K1 0.56 1.29 undetermined ancient
KOR 3/2 K 0.65 1.20 fragment of skyphos late 6th-5th cent. BC
KOR 3/2 K2 0.69 1.16 undetermined Hellenistic or Roman
KOR 3/3 K 0.99 0.86 fragment of brick Roman?
KOR 3/5þ K 1.85 0.00 fragment of cookware Hellenistic or Roman
KOR 3/10 K 2.67 �0.82 undetermined ancient
KOR 3/10þ K 2.74 �0.89 fragment of ceramics Classical
KOR 37A/K1 2.68 0.7 undetermined undetermined
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variations through the Holocene) and species (different MRE for
different species), even on a local to regional scale (Walker, 2005).
As for most of the coastal regions worldwide, these regional to local
variations of the MRE are unknown for Corfu, so that we used the
global marine13 dataset with an average reservoir correction of 405
years (Reimer et al., 2013) to guarantee comparability.

Sample KOR 28A/PR3 was identified as marine sample due to a
d13C-value of �18.3 ppm (Table 3; Walker, 2005). Its calibrated age
must therefore be treated with caution, as the real MRE is not
known.

Additionally, a band of marine bioconstruction including
abundant oyster shells was found adhered to ashlars that belong to
the foundation level of the Pierri quaywall (see Sections 5.4 and 5.5
and Figs. 10 and 12). This bioconstruction band mirrors the
approximate relative sea level in the Pierri harbour basin for the
time when it was in use. In order to obtain a reliable age deter-
mination of this important geoarchaeological sea level indicator,
oyster samples were taken from the upper and lower edges of the
bioconstruction band as well as from in between, namely samples
KOR Pierri Tx16 L1, KOR Pierri Tx16 U3 and KOR Pierri Tx16 M2,
respectively. The three samples yielded radiocarbon ages that are
identical within the range of errors, in particular 293e183 cal BC,
298e191 cal BC and 335e235 cal BC, respectively (1s intervals, see
Table 3). Thus, the entire time period spanned by the three oyster
samples is 335e183 cal BC. These results are in perfect accordance
with the archaeological age of the Pierri harbour dated to the
Classical-Hellenistic Period (Riginos et al., 2000). Moreover, they fit
well with the age of the terrestrial wooden radiocarbon sample
KOR 37A/HR 0, dated to 370e214 cal BC (see Table 3) and the
archaeological age of the diagnostic ceramic fragment KOR 3/10þ K,
dated to Classical times (see Table 4 and Sections 5.4 and 5.5).

From a methodological point of view, the calibrated age of the
bioconstruction band corroborates that the local MRE is, indeed,
very well approximated with the average reservoir age of 405 years
(Reimer et al., 2013) suggested within this study. If based on the
non-marine calibration curve intcal13, oyster samples KOR Pierri
Tx16 L1, KOR Pierri Tx16 U3 and KOR Pierri Tx16 M2 would yield
771e561 cal BC, 775e566 cal BC and 796e672 cal BC, respectively
(1s intervals, see Table 3), resulting in a total time span of
796e561 cal BC. Compared with the in situ sample KOR 37A/HR
0 that reflects the time when the harbour was in use and was dated
to 370e214 cal BC (see Table 3), the age of the oyster band with
MRE unconsidered would be 426e347 years too young. However,
this MRE estimation is only valid for the Pierri oysters of this
particular time frame and environmental setting.

Also, sample KOR 5/32þ HR represents a reliable indicator of
local relative sea level during the mid-Holocene as it was extracted
from a paralic peat layer. Sample KOR 1A/HK 9þ (terrestrial)
roughly indicates the approximate relative sea level during early
medieval times; it was taken from a section a few centimetres
above a peat layer that was associated to the sea level at that time
(Finkler et al., 2017).
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5.4. Palaeogeographical evolution of the northern harbour zone in
the environs of the Pierri site

Using a multi-proxy based approach, we were able to decipher
the palaeoenvironmental evolution of the harbour environment
associated with the Pierri site harbour facilities (Fig. 10A).

All vibracores drilled in the study area show shallow marine
conditions at the base or right above the Neogene bedrock. These
shallowmarine sands are associated to an open marine inner shelf-
environment with normal marine salinity and temperate to high
water temperature (Murray, 2006; Figs. 6 and 9). Radiocarbon
sample KOR 28A/PR 3 (Table 3), recovered from in situ shallow
marine sands, implies that this system was already established
before 2483e2400 cal BC. Besides, basal homogeneous sands were
interrupted by two high-energy event layers (see chapter 5.5). By
the establishment of the Pierri harbour and evidenced by local
harbour sediments, a clear change from pre-harbour sand-domi-
nated mid-energy open shallow marine conditions to a protected
mid-to low-energy quiescent water body took place, the latter
represented by silty grain size. Sample KOR 37A/HR 0 from the
lower part of the harbour sediments yielded a radiocarbon age of
370e214 cal BC (Table 3). As a result, the harbour basin in front of
the quay wall seems to have been in use during Classical to Hel-
lenistic times. This is in accordancewith the approximate age of the
Pierri quay wall itself which was dated by the excavators to the
Classical-Hellenistic period (Riginos et al., 2000).

The KOR 3 harbour sequence can be directly dated based on a
diagnostic ceramic fragment dating to the Classical period. Here,
increased amounts of silt and high amounts of organic material also
document reduced wave dynamics. In contrast, the contempora-
neous harbour sequence retrieved from vibracore KOR 37A is more
heterogeneous and comprises fine and medium sand and even
coarser clasts, maybe due to material input from the nearby Pierri
quay wall.

The Pierri vibracore records neatly show that the harbour was
developed out of an open shallow marine environment, most
probably by the construction of breakwaters and associated
harbour infrastructure that triggered a change from mid- to low-
energy conditions at the site. However, the harbour architecture
needed to create a protected harbour basin has to be clarified by
detailed archaeological research. The KOR 37A harbour deposits sit
right on top of a sharp contact in shallow marine fine sands which
we interpret as evidence of a man-made excavation of the harbour
basin or later dredging activities. Within the upper part of the
harbour sediments, microfaunal analyses revealed an alteration of
salinity towards more brackish conditions caused by the abrupt
man-made protection of the environment, possibly in the form of
breakwaters or other protective harbour facilities (Figs. 6 and 9).
Additionally, vibracore 37A revealed decreasing Ca/Fe values due to
an increase in terrestrial input of Fe.

During the time of its use, the harbour was hit by high-energy
event III as documented by the coarse-grained subunits C3, C6
stigations of a prominent quay wall in ancient Corcyra e Implications
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and C8 encountered in consistent depths in vibracores KOR 3, KOR
28A and KOR 37A. A piece of reworked charcoal retrieved from
event layer IIl yielded a radiocarbon age of 398e379 cal BC. Another
age is provided by a diagnostic ceramic fragment found in a
consistent stratigraphical position in vibracore KOR 3 dating to
Hellenistic to Roman times. Vibracores KOR 28A and KOR 37A show
that the Pierri site was strongly hit by this event and subsequently
lost its function as a harbour.

Finally, the harbour site was covered by colluvial to anthropo-
genic deposits during the 1st cent. BC and the 1st cent. AD as
documented by radiocarbon samples from vibracore KOR 37A
(Fig. 10A). This time window encloses the destruction of Corcyra by
Roman troops in 31 BC so that the colluvial deposits encountered in
up-core position of cores KOR 28A and KOR 37A possibly represent
the associated destruction layer. The potential high-energy layer IV
insects these colluvial to anthropogenic deposits in vibracore KOR
37A, suggesting that the area was possibly hit by another high-
energy impact when the Pierri harbour was already silted up.

Although the harbour sequence recorded in vibracore KOR 37A
starts in the 4th cent. BC only, it cannot be excluded that the Pierri
site was already used as a harbour from the beginning of the Cor-
cyrian seafaring activities from the Archaic period (8th cent. BC)
onwards. The sharp dredging contact in vibracore KOR 37A may
indicate a hiatus in the early harbour record concealing the har-
bour's history between Archaic and Classical times.

5.5. Archaeoseismological and tectonic implications of the Pierri
record

Results from the Pierri site allow to draw conclusions with
respect to the general palaeoseismological and tectonic history of
Corfu Island, including (i) the establishment of a tsunami event
chronology as well as (ii) the reconstruction of local co-seismic
movements in space and (iii) of relative sea level fluctuations.

At least three tsunami events hit the eastern coast of Corfu,
when shallow marine or lagoon-type harbour conditions prevailed
at the Pierri site. Tsunami event I occurred before 2483e2400 cal BC
as sample KOR 28A/PR 3 provides a minimum age for this event.
The associated high-energy layer was found in consistent strati-
graphical positions in cores KOR 30A, KOR 37A and KOR 28A
(Fig. 10A).

Traces of tsunami event II were found in vibracores KOR 28A and
KOR 37A again in stratigraphically consistent positions. Its
geochemical fingerprint comprises considerable concentrations of
Pb. This indicates that early harbour installations of the Helladic
period, where Pb was ubiquitously used, were affected by this
impact. Instead, Pb was not found in deposits of natural marine
environments. Dating of event II is difficult because radiometric
ages are not available. Yet, it must have taken place after
2483e2400 cal BC and before 370e214 cal BC taking ages of older
and younger units in vibracore stratigraphies KOR 28A and KOR
37A, respectively, into consideration.

Tsunami event III can be dated as younger than 398e379 cal BC
(reworked) and even younger than 370e214 cal BC based on the
geochronostratigraphy available for vibracore KOR 37A (Fig. 10A).
Event III deposits are lying right on top of the presumed Pierri
ramp, the approximate age of which is dated to the Classical-
Hellenistic period. Also, a diagnostic sherd dating to Hellenistic to
Roman times was found in between event III deposits at site KOR 3.
Finally, vibracore KOR 37Ayielded a terminus ante quem of 89 cal BC
to 1 cal AD for event III.

Traces of a possible event IV were detected in vibracore KOR 37A
intersecting colluvial deposits. As this is a singular finding and
there are no layers in consistent stratigraphical positions at
neighbouring coring sites, tsunami origin of this layer is
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questionable. Its maximum age is dating to the 1st cent. AD.
Overall, these results correlate well with geomorphological and

archaeoseismological studies conducted in western Greece along
the shores of the eastern Ionian Sea and on Corfu Island itself. Event
I can be correlated with an event of supra-regional dimensions
described from various sites in western Greece dating to the early
3rd millennium BC (V€ott et al., 2011b, 2015). Event II may possibly
be related to a strong event around 1000 cal BCwhich has produced
considerable local crust uplift on Corfu Island (Mastronuzzi et al.,
2014) and for which tsunami traces were reported from different
geological archives of Lefkada Island and the adjacent Greek
mainland (V€ott et al., 2006, 2009). If of tsunami origin, event
candidate IV can be related to tsunami deposits found in the Roman
phase of the Alkinoos Harbour dating to the 4th cent. AD (Finkler
et al., 2017), most likely associated with teletsunami effects of the
365 AD tsunami. Traces of the 365 AD event, which was caused by a
strong earthquake along a fault system offshore western Crete, are
reported from southern Italy (e.g. De Martini et al., 2003;
Mastronuzzi and Sans�o, 2012), but also from the Sound of Lef-
kada and adjacent mainland Greece (V€ott et al., 2009; May et al.,
2012). Remains of Roman buildings from the 2nd to 3rd cent. AD
in proximity to the Pierri quay wall (Morgan, 2010) document that
the Pierri harbour site was solid ground already in the early 1st
millennium AD. We conclude that events I, II and IV were triggered
by supra-regional tsunamis that affected the Gulf of Corfu in the
form of teletsunamis (see Finkler et al., 2017; Fischer et al., 2016a).

Most interesting conclusions can be drawn for event III. Pirazzoli
et al. (1994) and Mastronuzzi et al. (2014) found evidence of a
period of strong co-seismic uplift for the same time period, namely
after 790e400 cal BC and after the 5the4th cent. BC, respectively.
We dated event III at Pierri to the time between the 4th and 1st cent.
BC so that it may be hypothesised that it was caused by the
earthquake that also triggered co-seismic uplift on the island as
reported by Pirazzoli et al. (1994) and Mastronuzzi et al. (2014).
This hypothesis is supported by archaeoseismological findings and
sedimentological traces of tectonically induced crust movements:

Firstly, there is evidence from the side of archaeology, in
particular from the monumental Hera temple on top of the Ana-
lipsis Peninsula (Fig. 2A), one of the earliest major temples in
Greece built in c. 610 BC. Most of its architectural features date to
late Classical or early Hellenistic times (Sapirstein, 2012).
Earthquake-induced destruction of the temple and, above all, of its
northern retaining wall can be seen since detailed excavations have
started in 2012. Amongst others, the retainingwall shows abundant
and clear archaeoseismological traces that document final
destruction of the building by an earthquake, such as toppled
ashlars and triangle-shaped corner break-outs (Fig. 11).

Secondly, archaeoseismological traces of seismically induced
destruction between Classical and Hellenistic times were detected
in the frame of a rescue excavation on the eastern shore of the
Chalikiopoulou Lagoon in 2012 (Fig. 2A). Here, the Classical foun-
dation of a building is covered by a thick layer of reworked lagoonal
mud, containing sand, embedded allochthonous marine fauna,
bones, ceramics and debris. On top of this destruction layer, the
building was rebuilt in the Hellenistic period. Furthermore, parts of
the excavated walls are strongly tilted, bearing witness of a strong
and abrupt seismic impulse. The destruction layer described is
consistent in age and stratigraphic position with event layer III
found at Pierri and shows that tsunami landfall occurred all around
the Analipsis Peninsula.

Thirdly, sedimentary evidence of co-seismic uplift is provided by
the Pierri harbour deposits themselves. Harbour deposits of the
Classical Pierri harbour complex were found at an elevation level of
1.25 m b.s.l. and higher. In contrast, the base of the younger Roman
harbour mud, detected at the Kokotou site only 100 m to the west,
stigations of a prominent quay wall in ancient Corcyra e Implications
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Fig. 11. Northern retaining wall of the temple of Hera showing typical archaeoseismological features, which indicate damage by an earthquake: (A) Parts of the wall have been
shifted forward, (B) single ashlars show triangle-shaped corner breakouts and (C) large wall sections imply earthquake-related dislocation in a slopeward direction. (Photos by A.
V€ott, 2012).
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was found at a distinctly lower elevation level of 3.40 m b.s.l.
(Finkler et al., 2017). Obviously, the Classical harbour at Pierri was
not navigable anymore in Roman times: it was uplifted what
caused strongly decreased water depths within the remaining
harbour. Associated to co-seismic uplift, caused by a local earth-
quake, tsunami waves hit the Pierri harbour leading to the depo-
sition of corresponding event deposits (Fig. 12B). Traces of
extensive dredging activities at the Kokotou site (Finkler et al.,
2017) reflect the efforts to re-use at least the western part of the
Classical harbour by dredging and deepening considerable parts of
the former basin during Roman times (Fig. 12C). Regarding the
exact timing of event III, the point in time when the oysters from
the bioconstruction band found adhered to the Pierri quay wall
died back between or right after 335e183 cal BC represents the
best-fit age estimate for this event. The time span when oysters
were alive was found to be maximum 335e183 cal BC which is in
accordance with the archaeological age of the harbour, dated to
Classical-Hellenistic times (Table 3; see Riginos et al., 2000).

Finally, we present an age-depth model of selected radiocarbon
samples yielding information on relative sea level changes
(Fig. 12E). During the mid-Holocene, the area was obviously
dominated by tectonic subsidence as evidenced by sample KOR 5/
32þ HR found at 8.51 m b.s.l. (Fig. 12E). The local age-depth relation
given for this time period is consistent with age-depth relations
recognized by V€ott (2007) for the strongly subsiding coastal plains
of Mytikas, Astakos and Boukka (Akarnania, northwestern main-
land Greece; Fig. 12F). Our results are also in good accordance with
the results of Marinos and Sakellariou-Mane (1964) who stated that
subsidence on Corfu Island happened for the last time during the
Neolithic era.

Fig. 12 further documents at least one abrupt change of the
relative sea level (Fig. 12E): Marine oysters, spanning the time
period 335e183 cal BC (see Section 5.3), were taken from an in situ
bioconstruction band at the Pierri quay wall reflecting the relative
sea level at the time when the harbour was in use. They are located
on a distinctly higher elevation level compared to sample KOR 1A/
HK 9þ dating to the 4th to 5th cent. AD. This sample was taken only
1 cm above a layer out of paralic peat that can be regarded at
relative sea level indicator. Therefore, considerable co-seismic up-
lift must have occurred after Classical times, when the harbour had
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a stable water level and oysters colonised the quay wall, and before
the 4th cent. AD. A second co-seismic movement, so far undated, as
described by Pirazzoli et al. (1994) or even a yoyo-type fluctuation
of the relative sea level as assumed by Mastronuzzi et al. (2014) are
not reflected by the provided age-depth-model (Fig. 12E), most
possibly due to the lack of appropriate dating material.

The earthquake-related destructions that were observed both at
the Hera temple and associated to buildings at the eastern shore of
the Chalikiopoulou Lagoon seem to have been caused by one and
the same event. They can be dated, at both sites, to Classical-
Hellenistic times. This date is consistent with the age of event
layer III found at the Pierri site and with the dating of co-seismic
uplift as recorded by the uplifted band of oysters, also at Pierri.
We therefore suggest that the entire island was subject to strong
earthquake influence at that time. This earthquake must have been
caused by a local fault system, induced co-seismic uplift and trig-
gered seismic seawaves that hit the east coast of Corfu. Considering
radiocarbon dates and diagnostic ceramic fragments from the Pierri
site as well as the dating of archaeoseismological traces described
above, event III can be concisely dated to Classical to Hellenistic
times, most probably to the 4th to 3rd cent. BC.

Beyond this aspect, important conclusions can be drawn with
respect to the tectonic geomorphological development of the is-
land. For the same time period, Pirazzoli et al. (1994) found co-
seismically uplifted bio-erosional notches at the west coast of
Corfu at an elevation of 1.6 m a.s.l. Even if the absolute amount of
local co-seismic crust uplift at Pierri is not clear so far, we conclude
that, here, the total uplift was clearly weaker compared to the west
coast. In the east, the dated band of contemporaneous oysters at
Pierri is located at 0.14 b.s.l. in average. Based on the vertical offset
of c. 1.74 m, Corfu Island was not uplifted uniformly but rather
asymmetrically; it was strongly tilted towards the east within the
course of this local seismic event that occurred at a specific point in
time during Classical to Hellenistic times.

6. Conclusions

Our study aimed to reconstruct the palaeoenvironmental setting
in the environs of the prominent quay wall and presumed ramp
structure at the Pierri site that are related to the northern harbour
stigations of a prominent quay wall in ancient Corcyra e Implications
eomorphology of Corfu Island (Ionian Islands, Greece), Quaternary



Fig. 12. Schematic palaeoenvironmental development of the Pierri harbour site. (A) The harbour of the Classical period developed from shallow marine conditions by protective
harbour infrastructure, possibly breakwaters. Oyster colonization marked the approximate relative sea level at that time, resulting in a water depth of c. 1.2 m. (B) Between the 4th
and 3rd century BC, the site experienced (i) co-seismic uplift causing decreasing water depths in the harbour, and, shortly afterwards, (ii) associated tsunami inundation. Due to co-
seismic uplift and input of event deposits, the Classical-Hellenistic harbour was not navigable anymore. (C) During the Roman period, considerable parts of the buried Classical basin
were deeply excavated, dredged and re-used, forming a more than 2 m deep harbour basin to the west of the Pierri site (Finkler et al., 2017). Comparing depths of the Classical and
Roman harbour basins clearly reveals co-seismic uplift. (D) Today, harbour sediments of the Pierri site are covered by colluvial and anthropogenic material. Classical harbour
infrastructure in form of a quay wall was found during archaeological excavations. (E) Age-depth model of selected relative sea level indicators from the Pierri site. Marine oysters
dating to 335e183 cal BC were found on higher elevations than younger terrestrial material which causes a clear shift within the age-depth model. This break documents the co-
seismic uplift of the Pierri site related to tsunami inundation of event III that occurred during Classical to Hellenistic times. It may be speculated that the time of dieback of oysters
that took place between 335 and 183 cal BC represents the best-fit age estimate for this event. (F) Local relative sea level curves from different study sites (V€ott, 2007; Engel et al.,
2009; Fontana et al., 2017) in the eastern Mediterranean compared to relative sea level indicators encountered at the Pierri site.
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zone of ancient Corcyra. We drilled three vibracores in the direct
surrounding of the Pierri quay wall and ramp. Vibracores were
investigated bymeans of a multi-proxy geoarchaeological approach
comprising sedimentological, geochemical, micropalaeontological
and geophysical methods. Our main conclusions can be summa-
rized as follows:

(i) Based on vibracore stratigraphies, geoarchaeological
studies and the archaeological context, we found that the
quay wall segment and the ramp structure at Pierri
belonged to a protected harbour basin. This harbour basin
was developed from open littoral conditions of a shallow
marine embayment most probably by the construction of
breakwaters and/or other harbour facilities. Harbour de-
posits were dated by radiocarbon dating and archaeological
age estimation of diagnostic ceramic fragments to the 4th to
3rd cent. BC which is in very good agreement with the quay
wall structure which was dated to the Classical-Hellenistic
period.

(ii) The harbour basin associated with the harbour infrastructure
at the Pierri site was possibly in function even before the 4th

cent. BC; older harbour sediments may have been removed
by dredging, traces of which were detected right in front of
the presumed ramp structure.
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(iii) The geological archives in the study area revealed three
distinct periods of time when the Pierri site, still part of a
shallow marine embayment or used as a harbour, was hit by
tsunami landfall, namely before 2483e2400 cal BC (event I),
after 2483e2400 cal BC and before 370e214 cal BC (event II),
and during Classical to Hellenistic times, most probably
during the 4th to 3rd cent. BC (event III). Another tsunami
event (event IV) potentially hit the site when it was already
dry land. Ages of tsunami events I-II and candidate tsunami
IV are consistent with supra-regional tsunamis known from
the coasts of western Greece and southern Italy. Corre-
sponding deposits at the Pierri site are thus triggered by tele-
tsunamis.

(iv) Tsunami event III, dated to Classical to Hellenistic times, most
probably to the 4th to 3rd cent. BC, must be regarded as
associated to a local earthquake. Archaeoseismological fea-
tures and sedimentary evidence of associated co-seismic
uplift were found. By this event, the Pierri harbour site was
uplifted and buried by event deposits so that it was not us-
able as a harbour any more. The site was then covered by
anthropogenic debris and colluvial deposits, eroded from the
hills of the Analipsis Peninsula.

(v) Finally, our results document that vertical crust uplift of the
west coast of Corfu during event III exceeded crust uplift of
stigations of a prominent quay wall in ancient Corcyra e Implications
eomorphology of Corfu Island (Ionian Islands, Greece), Quaternary
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the east coast by c. 1.74 m. This means that Corfu Island was
strongly tilted fromwest to east within the course of the local
earthquake and tsunami event III.
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