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ARTICLE INFO ABSTRACT

Keywords: The island of Zakynthos is one of the most seismically active areas in the Mediterranean region because it is
Palaeoenvironment located very close to the convergent boundary between the African and Eurasian plates. Its evolution during the
Sediments

Holocene has been influenced by tectonic activity, catastrophic events and relative sea level changes. The scope
of the present paper is to examine the Holocene palaeoenvironmental changes of the coastal areas of Zakynthos
Island using a multidisciplinary approach, combining sedimentological and palaeontological data with **C and
OSL dating from four cores of a maximum depth of ~30 m. The integrated results reveal that sea level and
tectonic activity have brought significant modifications in the coastal geomorphic settings of the island during
the past ~10,000 yr B.P. The depositional environments and the palaeontological biofacies document four main
geomorphological evolutionary stages of the island. We identified fully marine and lagoonal deposits with
marine influence (before 4100 yr B.P.), as well as brackish and freshwater limnic depositional environments
(around 4100 yr B.P. to present). The interpretation of our data indicates that Zakynthos island was separated
into two main parts before the middle Neolithic period (around 7500 yr B.P.) with Vasilikos peninsula in the SE
being isolated from the main island. The fact that Zakynthos Island was a divided Mediterranean island for a
significant period of time in its prehistory is of great importance to understand better the archaeological

Landscape archaeology
Coastal changes
Vasilikos peninsula
Brackish

Fresh water

landscapes of Zakynthos and the other Ionian Islands.

1. Introduction

Coastal areas and adjacent continental shelves constitute dynamic
depositional environments, which are shaped by the interaction of
tectonic activity, sea level change and diverse environmental factors
related to human activities (Kraft et al., 1977; Anthony et al., 2014).
This holds particularly true for the Mediterranean region for which
morphotectonic evolution, climatic change and sea level rise have
shaped out a highly diversified coastal geomorphology during the Ho-
locene (Anthony et al., 2014). Coastal palaeoenvironmental changes in
the Mediterranean region during the Holocene are, in turn, a funda-
mental parameter that influences present and past societies (Rapp and
Kraft, 1994; Aberg and Lewis, 2000; Weiberg et al., 2016). Early
Mediterranean civilizations made ample use of the coastal areas and
islands of the central and eastern Mediterranean, as inferred from the
wide distribution of the Phoenician, Greek and Roman settlements
(Davis and Fitzgerald, 2004). The Balkan Peninsula, and particularly

Greece, has hosted human societies for > 6000 years (Fouache et al.,
2010). Several studies have documented coastal palaeoenvironmental
changes in specific locations in Greece during the Holocene, demon-
strating the role of factors such as relative sea-level changes, tectonic
activity, catastrophic events (floods, tsunami, etc.), sediment budget
and river deltas progradation (Vott, 2007; Marriner and Morhange,
2007; Evelpidou et al., 2010; Briickner et al., 2010; Ghilardi et al.,
2012; Ghillardi et al., 2013; Pavlopoulos et al., 2013; Apostolopoulos
et al., 2014; Papadopoulos et al., 2014; Avramidis et al., 2014; Anthony
et al., 2014; Weiberg et al., 2016), In this study, we examine the role of
such processes in the coastal geomorphological evolution of the island
of Zakynthos, contributing to the better understanding of the coastal
geomorphology and archaeological landscape of the island.

In the eastern Mediterranean region coastal areas and lagoons
constitute important archives for the study of Holocene palaeoenvir-
onmental changes. Several proxies have been employed to reconstruct
shoreline dislocation, sea level and palaeoclimatic changes during the
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Holocene, including sedimentological, palaeontological, geochemical
and archaeological methods (e.g., Fouache and Pavlopoulos, 2005;
Vott, 2007; Briickner et al., 2010; Finné et al., 2011; Pavlopoulos et al.,
2012; Haenssler et al., 2013; Weiberg et al., 2016). Sea-level rise is one
of the principal processes that affected the geomorphology and coastal
depositional environments of the Mediterranean region during the
Holocene. As the result of the sea level rise, the consequent marine
transgression inundated lowlands forming coastal lagoons, marshes and
embayments. Moreover, the convergent boundary of Eurasian and
African plates lies within the eastern Mediterranean and is one of the
most seismically active regions worldwide. As a consequence of the
high seismo-tectonic activity, coastal areas have been influenced by
marine incursions due to tsunamis (Kontopoulos and Avramidis, 2003;
Avramidis et al., 2013; Vott and Kelletat, 2015). For the Holocene there
are several geoarchaeological findings that point to tsunami events all
around the eastern Mediterranean Sea (Papadopoulos et al., 2014) and
particularly in western and southern Greece (Vott et al., 2009, 2011;
Kontopoulos and Avramidis, 2003; Scheffers et al., 2008; Bruins et al.,
2008; Vott and Kelletat, 2015).

The goal of the present paper is to reconstruct the Holocene coastal
palaeoenvironmental changes of Zakynthos Island, western Greece
using multiproxy sedimentological, palaeontological and chronological
data. For the purpose of the study, sedimentological, micro- and mac-
ropalaentological as well as geochemical methods were applied on two
~30-m-long cores, for which age models were constrained by **C and
optically stimulated luminescence (OSL) dating. Our results were paired
with available data from two previous studies on Zakynthos, i.e., Alykes
lagoon (Avramidis et al., 2013) and Lake Keri (Papazisimou et al.,
2000), to better understand the coastal evolution of the island during
the Holocene.

2. Study area

Western Greece, including the Ionian Islands and Zakynthos Island,
is one of the most seismically active regions in Mediterranean Sea
(Papazachos and Papazachou, 1997) (Fig. 1A,B). The Ionian Islands
occupy a key position in the central and eastern Mediterranean for their
geotectonic framework, as they are part of a multiple junction region
with different types of plate boundaries (Accordi et al., 2014) and un-
derwent clockwise rotation, from the Palaeocene, for a total of 45-50°
(Kissel et al., 1985; van Hinsbergen et al., 2005). Sedimentological and
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geomorphological studies conducted along the western Peloponnese
and Ionian islands indicated the existence of several tsunamigenic
events that took place during the Holocene (Avramidis et al., 2013; Vott
and Kelletat, 2015). Zakynthos island is located very close to the con-
vergent boundary between African and Eurasian plates (Fig. 1A) and is
undergoing very rapid and intense ground deformations (around
50 mm/yr) (Lagios et al., 2007). The island has a complex palaeogeo-
graphic history as the result of the westward migration of external
Hellenides, which played the key role for the syn- and post collisional
phases (Underhill, 1989; Papanikolaou et al., 2011; Kokkalas et al.,
2012; Karakitsios, 2013). The sedimentation in Zakynthos Island is
characterized by the deposition of evaporites and calcareous rocks of
Triassic to Miocene age and by the clastic deposits of Pliocene-Qua-
ternary age (Fig. 2). Both compressional and extensional tectonism
influenced the geomorphology and the sedimentation of the island
(Zelilidis et al., 1998).

The study area covers the coastal areas of the northeastern and
southern parts of the island, including Alykes lagoon, former Lake
Makri now drained and located at today's airport area, and Keri Lake
that has been known since ancient times as ‘Herodotus springs’ (Fig. 2).
For the present study. Data from four cores have been evaluated in-
cluding: (a) a 21-m-depth borehole from Alykes Lagoon (Avramidis
et al., 2013); (b) two 30-m-depth boreholes from former lake Makri
(this study); and (c) a 7-m-depth borehole (Papazisimou et al., 2000;
Avramidis et al., 2017) from Keri Lake.

3. Material and methods
3.1. Sediment cores

For the present study data from two new cores (G-1: 37°45’27.22” N,
20°53’20.23” E and G-2: 37°44’37.44” N, 20°52’40.32” E), up to a
maximum depth of 30 m, were drilled in the central and southern part
of the island, near the Zakynthos airport, on the site of former Lake
Makri. Geographical positions and elevations of the cores were de-
termined with a differential GPS ProMark 3 Magellan. In addition, we
have re-evaluated existing data from two cores that were drilled in the
northern eastern part of the island in Alykes lagoon (Core GA-1;
37°50’32” N, 20°45’51” E; Avramidis et al., 2013) and in the southern
part in Keri Lake (Core KZ; 37°41’07” N, E 20°49’46” E; Papazisimou
et al., 2000; Avramidis et al., 2017) (Fig. 2). Cores GA-1, G-1 and G-2
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Fig. 1. (A) Simplified map of Greece showing the Hellenic trench, the major fault systems and the study area Zakynthos Island and (B) map of western Greece with the main fault systems

and the Ionian Island Zakynthos, Kefalonia and Lefkada.
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Fig. 2. Geological map of Zakynthos Island with the main tectonic structures and the borehole locations (I.G.M.E., 1980). Lithological units for each core are indicated with different
colours. Core data from Alykes Lagoon and Keri Lake have been adapted from Avramidis et al. (2013) and Papazisimou et al. (2000), Avramidis et al. (2017), respectively.

were drilled using a rotation Longyear 38, with single tube core barrel
with tungsten carbide bit and 101 mm diameter; whereas Core KZ was
drilled by an Eijkelkamp vibrating corer with open window barrel
tubes. All extracted samples of the cores were sealed with cling film and
transported in wooden boxes for further analysis at the University of
Patras. Sediment types, structures, colour, as well as contact depths and
bed characteristics, were recorded. The location of each core, the total
drilling depth and the available dating data are shown in Fig. 2 and
Tables 1 and 2.

3.2. Sedimentology

Standard sedimentological analyses were carried out on 206 sam-
ples including grain size analysis, total organic carbon (TOC), total
nitrogen (TN) (DIN EN 15936, 2009) and calcium carbonate content
(CaCO3). Sediment classification was based on grain size analysis and

342

based on Folk (1974) nomenclature. Material coarser than 4 ® was dry
sieved, while fine grained material > 4 ® was analyzed with a Malvern
Mastersizer 2000, and finally grain size distributions were calculated.
Grain size statistical parameters such as mean, sorting, skewness and
kurtosis were calculated using GRADISTAT v.4 software (Blott and Pye,
2001). Colours were identified using a Minolta CM-2002 handheld
spectrophotometer based on the Munsell colour chart.

In addition, TOC and TN were measured using a Shimadzu TOC-
VCSH TOC/TN analyzer coupled to a chemiluminescence detector
(TNM-1 TN unit), creating a simultaneous analysis system. Oxidative
combustion - infrared analysis was used for TOC based on DIN EN
15936 and oxidative combustion-chemiluminescence method for TN
based on ASTM D5176 (Bekiari and Avramidis, 2014). CaCO3 content
(%) was calculated using a FOG II/Digital hand-held soil calcimeter
Version 2/2014 (BD INVENTIONS). CaCO5; (%) calculation was based
on measuring emitted CO, a modification of the method by Miiller and



P. Avramidis et al.

Table 1

Palaeogeography, Palaeoclimatology, Palaeoecology 487 (2017) 340-354

List of radiocarbon dates used for the age depth models of the four cores, i.e., G-1, G-2, KZ and GA-1.

Sample Laboratory Depth Material Conventional age Reference
Reference (m) Dated 14¢ yr B.P.
CORE G-1 (former Lake Makri)
G1-R-1 Beta - 319,344 4.14 Cerastoderma valve 4450 = 30 This study
G1-R-6 Beta - 319,346 8.7 Cerastoderma valve 7260 + 40 This study
G1-R-9 Beta - 319,345 11.56 Cerastoderma valve 7460 = 40 This study
G1-R-10 Beta - 319,347 23.7 Cerastoderma valve 8730 = 40 This study
CORE G-2 (former Lake Makri)
G-2-R-1 Beta - 319,348 2,54 Cerastoderma valve 4740 = 30 This study
G-2-R-2 Beta - 319,349 3,86 Cerastoderma valve 6260 = 40 This study
CORE KZ (Keri Lake)
KZ-7a DEM-806 0.92 Organic material 1146 = 45BP Papazisimou et al. (2000) Avramidis et al. (2017)
KZ-7b DEM-807 2.77 Organic material 2570 = 62 BP Papazisimou et al. (2000) Avramidis et al. (2017)
KZ-7¢ DEM-808 4.67 Organic material 4182 + 50 BP Papazisimou et al. (2000) Avramidis et al. (2017)
CORE GA-1 (Alykes)
R-2 Beta - 246,906 5.75 Cerastoderma valve 5250 = 50 Avramidis et al. (2013)
R-4 Beta - 252,827 8.42 Cerastoderma valve 6560 + 40 Avramidis et al. (2013)
R-6 Beta - 254,018 11.9 Cerastoderma valve 6670 + 50 Avramidis et al. (2013)
R-11 Beta - 252,828 13.9 Cerastoderma valve 6720 += 40 Avramidis et al. (2013)
R-18 Beta - 254,019 18.8 Cerastoderma valve 7770 = 50 Avramidis et al. (2013)
R-20 Beta - 246,907 20.0 Cerastoderma valve 7790 + 50 Avramidis et al. (2013)
R-21 Beta - 254,020 21.2 Cerastoderma valve 8080 = 50 Avramidis et al. (2013)
Table 2

Dates based on optical stimulated luminescence (OSL) data from core G-2.

Sample Depth (m) Equivalent dose (DE), Gy Dose rate (d), mGy/a Standard deviation (o) Coefficient of variation (v), % Age (kyr B.P.)
G20SL1 8.40-8.60 193.2 3.29 + 0.26 13.8 7.1 58.7 = 6.2
G20SL2 18.30-18.45 186.1 2.82 = 0.23 6.3 3.4 65.9 = 5.8

Gastner (1971) and Jones and Kaiteris (1983).

3.3. Chronology

The chronological framework of our study is based on sixteen (16)
radiocarbon age determinations (Table 1) and two (2) optically sti-
mulated luminescence (OSL) dates (Table 2). Radiocarbon analyses
were made at Beta Analytic (Miami, USA) and the National Center of
Scientific Research (N.C.S.R. — Democritus, Athens Greece), while the
OSL dating was carried out in N.C.S.R. — Democritus. Results such as
conventional radiocarbon age and two-sigma calendar calibration were
taken. Based on the radiocarbon dates, the age-depth-models for all
cores were calculated based on Bayesian statistics using OxCal (version
4.1) calibration software (Bronk Ramsey, 2009) and taking into account
the IntCall3 calibration curve (Reimer et al., 2013). For each run, a k-
value of 150 was used, which gives 7 mm calculation increment. For the
shell samples used for ¢ analysis (Table 1) a reservoir correction of
390 + 85 yr, which is typical for marine/brackish environments, was
applied (Siani et al., 2000). All selected dated shells were whole and
very well preserved without erosional traces. The OSL samples were
submitted for standard chemical and mechanical isolation of quartz.
Initial steps included use of HCl (10% concentration), H,O5 (20%
concentration). Remaining sediment residue was found to be clay-rich
and, therefore, further treatment was forced to a “fine-grain” poly-
mineral approach. Material was subjected to fractionation isolating the
4-11 pm particle-size fraction. The quantity of the fine-grain fraction
was then divided in sub-samples (aliquots) and mounted on stainless
disks (1 cm in diameter). Luminescence measurements were carried out
using a RIS@-TL/OSL-15 reader. Paleodose measurements were carried
out running the “post-infrared OSL” (pIR-OSL) protocol by Banerjee
et al. (2001) on multiple aliquots (~ 10 aliquots/sample), generating in
this way a number of individual paleodoses per sample. Specifically,
measurement of natural IRSL and OSL signals were succeeded by the
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measurement of IRSL and OSL responses to a series of regenerated la-
boratory irradiations, all normalized by the IRSL and OSL response to a
constant laboratory dose respectively, known as the “test dose” (Murray
and Wintle, 2000). Concentrations of U and Th (in ppm) and K (in % by
weight) were converted to dose rate units by taking into account con-
version factors published by Adamiec and Aitken (1998). The dose rate
values were further corrected for moisture content, grain-size attenua-
tion and cosmic-ray contribution.

3.4. Palaeontology

In total, 57 dried samples from core G-1 and 48 from core G-2 of
approximately 50 g each, were picked for macro- and microfaunal
analyses. When large mollusc shells were detected after careful mac-
roscopic inspection of the cores, additional sediment samples were
collected in order to determine molluscan assemblages. Consequently,
21 additional samples from core G-1 and 6 from core G-2 were also
collected for macrofaunal analyses, and in this case the respective se-
diment samples exceeded 50 g. Subsequently, the specimens were wa-
shed through 0.5 and 0.063 mm mesh sieves using tap water.
Macrofaunal specimens were mainly collected from the 0.5 sieve. When
possible, no < 300 tests per sample (ostracods, foraminifera and small
molluscs) were handpicked from the 0.063 mm mesh sieve sediment
fraction. The collected specimens were sorted, determined, if possible,
to species level, and counted. Taxonomic information was checked and
updated using the World Register of Marine Species (WoRMS, 2015).
The microfossil remains were grouped based on their ecological re-
quirements and are presented as percentage diagrams. As far as the
macro-fauna is concerned the relative abundance of each identified
taxon was estimated.

In addition 32 sediment samples from core G-1 were selected for
dinoflagellate analysis. The dinoflagellate preparation followed stan-
dard techniques including sediment freeze-drying, weighing, treatment
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with HCl (> 30%) and HF (40%), sieving (10 um), and mounting on 4. Results
glass slides. All samples were spiked with Lycopodium spores to facil-
itate the calculation of dinocyst accumulation rates and were analyzed 4.1. Lithostratigraphy
using a Zeiss Axioskop light microscope at 400 X magnification.
Based on the field description, the sedimentary structures, the
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and the radiocarbon and OSL datings.

colour and the grain size analyses, cores G-1 and G-2 were divided into
three sedimentary units (Figs. 3 and 4). In core G-1, the upper unit Ul is
from 0.0-3.8 m, the middle UII from 3.8-7.0 m and the lower UIII from
7.0-30.0 m, while in core G-2 the upper unit Ul is from 0.0-2.0 m, the
middle UII from 2.0-4.5 m and the lower UIII from 4.5-30.3 m (Figs. 3
and 4). In the following, we describe the sedimentological character-
istics of these units for each core individually.

4.1.1. Core G-1

Upper Unit (Unit I, 0.0-3.8 m) consists of poorly sorted, olive grey
to greyish brown, very fine silt to mud, while sand is almost absent.
Values of sorting range between 1.0 and 1.5 ®, with mean values
ranging between 7.6 and 8.8 ®. Skewness values indicate a symmetrical
distribution and kurtosis values show a mesokurtic distribution.
Ostracods and gastropods are abundant between 1.8 and 3.8 m core
depth and several bivalves are present. The carbonate content ranges
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between 6.1 and 15.2%, TOC between 7.0 and 14.3 mg/g, and TN be-
tween 0.3 and 1.1 mg/g, while a break of the above parameters at 1.8 m
depth is observed corresponding to the subunit between 0.0 and 1.8 m
which has been influenced by anthropogenic activities (cultivation,
etc.) (Fig. 3).

Middle Unit (Uniti II, 3.8-7.0 m) consists of poorly sorted, olive grey
to greenish grey, very fine silt to silt; sand is rare, similar to Unit L.
Values of sorting range between 1.5 and 1.6 ®, with mean values
ranging between 7.6 and 8.0 ®. Skewness values indicates a symme-
trical distribution and kurtosis values show a mesokurtic distribution
with an exception of one sample that is platykurtic. A relative increase
in the presence of shells and shell fragments is recorded, with ostracods
and gastropods being abundant and several bivalves present. The car-
bonate content ranges between 9.5 and 16.5%, TOC between 5.4 and
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18.9 mg/g, and TN between 0.4 and 0.9 mg/g (Fig. 3).

Lower Unit (Unit III, 7.0-30.0 m) consists of poorly to very poorly
sorted, light greenish grey to dark olive grey, fine silt to sandy mud, and
in some intervals of very fine sand. Mean values for the unit range
between 4.0 and 8.2 ®. Silt and mud layers are characterized by sym-
metrical and mesokurtic distributions and are intercalated with two
main horizons of poorly sorted, very fine sand (9.8-10.1 m and
12.0-12.8 m). The sand intercalations are very poorly sorted and no
uniform distribution characteristics were observed. Contacts between
silt and sand layers are characterized as slightly erosional. Major
characteristic of this unit is the presence of scaphopods in the lower
part between 28.0 and 29.5 m depth. The carbonate content ranges
between 7.8 and 13.0%, TOC between 6.2 and 29.0 mg/g, and TN be-
tween 0.3 and 0.9 mg/g (Fig.3).



P. Avramidis et al.

Palaeogeography, Palaeoclimatology, Palaeoecology 487 (2017) 340-354

c
2 38 8 S
o =
3 %) 3 -g = 0 g
= s = Kol z Q
o o s = 8 L9 . Q a
2 = 7] 5] = @ a 7]
14 S o c 8 S [0} o
8 S © ] [} 'S o g
o = c 8 o @ 8 ZE ] 8 o
o] A ] ° = o 3 2 o & = o ] = »
© o= ® ] < 4 = 8 s T o 3 o = ot = £ O
© o) o = @ -4 = I3 12 S S -
@ <] o = Q = = o (o) 3
H 3 =2 & 3 ® @ i) £ ® O S = 22 o) = S S
g § s 5 & £ 2 3 g 5s § &8 g§ 2 § g 5
@w & 2 T £ 5§ & B S X £5 5 £ £f8 &8 & & 8
G — 5 el = I < T 58 o 5 oo = o
2 — 1
-
6 —f 2
8
10
12
E 3a
<
‘L‘L 16
o]
o 18—
20
22
24
% 3b
28
T a puuuuliuul T T T T duni mmmnl ™ |
0 20 40 60 0 20406080 0 2 4 6 8100 2 4 6 8100 4 8 12 0 4 81216200 40 8 0 40 8 02468100 4 8 120 2040600 2 4 6 8100 40 80 0 100020000 40 80 01020304050
(B) Frequency (%)
2 = 1
.« > - 2
6 3a
10
12
£
~ 14
< ]
Q 16 -
[0}
[a} 18 —
o 3c
2 '
24
26 —
28
T uuuduuuuuluuuuuliug luuuuulinans T T suuuluuualis

0 40 80 020406080 0 4 81216200 2 4 6 8100 204060800 2 4 6 8100 40 80 O 40 80 0 10 20 300 20406080 0 1 2 3 4 50 102030400 40 80

Frequency (%)

Fig. 6. Percentage diagrams of selected microfossil taxa and groups of taxa, planktonic vs. benthic foraminifera abundances and total dinoflagellate cyst concentrations recorded in cores
G-1 (A) and G-2 (B) plotted against depth. Microfossil groups are based on the ecological requirements of individual taxa.

4.1.2. Core G-2

Upper Unit (Unit I, 0.0-2.0 m) consists of poorly sorted, greyish to
dark olive, very fine to fine silt with the abundance of sand being <
5%. Values of sorting range between 1.4 and 1.8 ®, with mean values
ranging between 7.6 and 8.1 ®. Skewness indicate a symmetrical dis-
tribution and values of kurtosis show a mesokurtic distribution. No
macrofossils are present. The carbonate content ranges between 5.5 and
9.5%, TOC between 4.2 and 15.1 mg/g, and TN between 0.3 and
2.3 mg/g (Fig. 4).

Middle Unit (Unit II, 2.0-4.5 m) consists of poorly to very poorly
sorted, greyish to dark olive, very fine to fine silt with increasing
abundance of sand with depth (> 50%). Values of sorting range be-
tween 1.4 and 2.3 ®, with mean values ranging between 4.3 and 8.0 ®.
Skewness indicate a symmetrical to very fine skewed distribution and
values of kurtosis show a mesokurtic distribution. In this unit abundant
ostracods and gastropods and several bivalves and shell fragments are
present. The carbonate content ranges between 5.4 and 11.3%, TOC
between 3.7 and 12.4 mg/g, and TN between 0.2 and 0.6 mg/g (Fig. 4).

Lower Unit (Unit III, 4.5-30.3 m) consists of poorly to very poorly
sorted, grey to olive grey and greenish grey, muddy silt with the pre-
sence of four intercalated sand layers (at 7.42-7.60 m, 12.95-13.85 m,
15.2-15.85m, and 23.95-26.15 m). Values of sorting range between
1.3 and 3.1 ®, with mean values ranging between 2.2 and 7.7 ®.
Skewness indicates a symmetrical distribution in the mud layers, while
a very finely skewed to coarsely skewed distribution is observed in the
sand layers. Kurtosis indicates different patterns of distribution. No
macrofossils are present. The carbonate content ranges between 5.4 and
16.2%, TOC between 3.2 and 25.9 mg/g, and TN between 0.1 and
3.0 mg/g (Fig. 4).

4.2. Chronology — age-depth model

The chronostratigraphy of cores G-1, G-2, GA-1 and KZ were de-
termined by sixteen 14¢C and two OSL dates (Tables 1 and 2) using Oxcal
4.1 software; age depth curves are presented in Fig. 5. All **C and OSL
dates are in sequence, and no anomalously young dates were observed.
Based on the calculated age-depth model, the chronological boundaries
for each lithostratigraphic unit were estimated and different rates of
sedimentation were calculated (Fig. 5). Various sedimentation rates
have been reconstructed with the highest ones observed for the interval
before 7000 yr B.P. in the northern core GA-1 (40.0 mm/yr) and
southern core G-1 (9.2 mm/yr) (Fig. 5). Lower sedimentation rates are
recorded from 6000 yr B.P. to present for both northern (1.0 mm/yr)
and southern (1.1 mm/yr) cores. High sedimentation rates observed in
Zakynthos Island correspond well to the most widespread Holocene
warm and humid phases and to periods of fast sea level rise (Vott,
2007). The shift towards lower sedimentation rates after ~7000 yr B.P.
onwards could be associated with a slowdown of the sea level rise,
which for western Greece it was suggested have started at around
6000 yr B.P. (Vott, 2007; Briickner et al., 2010). In core G-2, the OSL
dates of 59-64 kyr B.P. in unit UIII suggest that there is a hiatus due to
an unconformity between units UIl and UIII (Fig. 4; Tables 1 and 2).

4.3. Palaeontology

4.3.1. Core G-1

The biostratigraphical description of G-1 core is based on the dis-
crimination of three major biostratigraphical units as follows (Fig. 6A):
Biofacies 1 - B1 (depth 0.0-1.8 m), Biofacies 2 - B2 (depth 1.8-7.0 m),
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presented.

Biofacies 3 - B3 (depth 7.0-30.0 m). The determination of these units
was based on the macro- and microfossil taxa assemblages. All units
contain varied proportions of bivalves, gastropods, ostracodes, for-
aminifera tests and cysts of dinoflagellates (dinocysts), whereas in the
upper three meters of the core charophyte gyrogonites are present and
dinocysts disappear. In the lower two meters some rare scaphopods are
found and in the middle and lower part of the core a few sea urchin
spines.

In Biofacies 1 (B1: 0.0-1.8 m), the dominant taxa are the ostracod
Herpetocypris reptans and the small fresh water gastropod Valvata pis-
cinalis (Grigorovich et al., 2005) (Fig. 6A). These two and in addition
the presence of Limnocytherina sanctipatricii, Valvata cristata and char-
ophyte gyrogonites and the total absence of dinocysts (Fig. 5A) indicate
a limnic assemblage (Meisch, 2000; Guiry and Guiry, 2008; Krzymifiska
and Namiotko, 2012), most likely a pond or marsh with salinity
0.5-6%o as has been suggested for the stenohaline H. reptans (Hiller,
1972). However, the low presence of Cyprideis torosa f. littoralis, Am-
monia tepida, Quinqueloculina seminula, Cerastoderma glaucum, Abra
segmentum, Hydrobia acuta, Cyclope neritea and Potamides conicus and
also the presence of a significant number of Globigerinidae and some
shallow shelf benthic foraminifera (Fig. 6A) suggest a close proximity to
brackish and marine environments (Kilenyi and Whittaker, 1974; Heip,
1976; Debenay et al., 2000; Torres et al., 2003).

In Biofacies 2 (B2: 1.8-7.2 m), the dominant taxa are C. torosa f.
littoralis, Loxoconcha elliptica, A. tepida, Haynesina germanica, C.
glaucum, A. segmentum, H. acuta, C. neritea and P. conicus, which to-
gether with other lagoon ostracods and molluscs that are found in lower
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numbers, are indicative of a brackish lagoon environment
(Taraschewski and Paperna, 1981; Bignot, 1985; Meric et al., 2001;
Torres et al., 2003). Significantly low numbers of dinocysts are found in
this biofacies (Fig. 6A). Spiniferites spp. are dominating, with relative
abundances up to 80%, which points to a brackish environment pos-
sibly with freshwater incursions (Verleye et al., 2009; Shumilovskikh
et al., 2013).

The Biofacies 3 (B3: 7.2-3 m), can be further divided in two sub-
biofacies with distinct faunal assemblages: sub-biofacies 3a (SB 3a:
depth 7.2-20.9 m) and sub-biofacies 3b (SB 3b: depth 20.9-30.0 m)
(Fig. 6A).

In the sub-biofacies 3a (SB 3a: depth 7.2-20.9 m), A. tepida dom-
inates and H. germanica is also present with low abundances. Q. semi-
nula is present with high abundances (22-45%) in the lower part, while
in the upper part other shallow shelf benthic foraminifera are present in
small numbers. H. acuta, C. glaucum and A. segmentum are also present
in low numbers. The distinct presence of Corbula gibba in the upper part
of this sub-biofacies suggests possible prevalence of dysoxic/hypoxic
conditions and high contents of organic matter. This species lives in
sandy muds and is quite tolerant of salinity changes and oxygen de-
pletion, even at the levels of anoxia (Holmes and Miller, 2006). A. tepida
and H. germanica can also survive under hypoxic conditions (Gupta,
2003). The total concentration of dinocysts shows a small but con-
siderable increase within sub-biofacies 3a. Spiniferites spp. is the
dominant dinocyst, showing that brackish conditions are prevailing.
The composition of the faunal assemblage suggests a shallow marine
environment such as a closed gulf. This is supported by the total
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Fig. 8. Percentage diagrams of selected microfossil groups of taxa recorded in core G-2 plotted against age. Major biofacies and their palaeoenvironmental interpretations are also

presented.

absence of the typical brackish taxon C. torosa f. littoralis (Frenzel and
Boomer, 2005). This sub-biofacies between 7.4 and 16.4 m is also
characterized by the exceptionally high numbers of Globigerinidae and
the relatively higher abundances of shallow shelf benthic foraminifera,
such as Bolivina spp., Bulimina spp., Cibicides spp. and Uvigerina spp.,
compared to the other horizons. This reveals increased influx of marine
originated deposits into a lagoonal environment. On the contrary, ty-
pical lagoon taxa are underrepresented (e.g., A. tepida) or even become
absent (e.g., C. torosa f. littoralis). Furthermore, the sand component in
the sediments becomes dominant.

In the sub-biofacies 3b (SB 3b: depth 20.9-30.0 m), A. tepida and H.
germanica are the dominant species in this unit (Fig. 6A). The con-
centration of dinocysts increases especially in the upper part
(21.44-25.25 m), while the relative abundance of Spiniferites spp. shows
a decrease (maximum percentages 40%). This could be the result of
increased salinity due to marine influence, as suggested by the increase
of fully marine dinoflagellate taxa such as Impagidinium spp. (Fig. 6;
e.g., Kotthoff et al., 2011). The assemblage can be characterized as a
closed gulf with brackish waters. Additionally, C. gibba dominates the
macrofaunal realm in the lower part of this subunit, suggesting possible
dysoxic/hypoxic conditions and high contents of organic matter, as it is
quite tolerant of changes in salinity and oxygen deprivation (Holmes
and Miller, 2006). A small venerid bivalve (Chamelea cf. striatula) and
scaphopods (Atlantis cf. inaequicostata) are also present. Dysoxia/hy-
poxia prevailed as pointed out by the dominance of C. gibba and Q.

349

seminula. C. gibba can tolerate hypoxia even in brackish conditions and
becomes the dominant taxon under hypoxia (Holmes and Miller, 2006).
A. tepida, H. germanica and Q. seminula are also dominant in the lower
part of this subunit and indicate prevalence under hypoxic/dysoxic
conditions (Gupta, 2003). The occasional presence of C. torosa f. lit-
toralis at the upper part of this sub-biofacies indicates transient periods
of lower salinity levels.

4.3.2. Core G-2

The biostratigraphical description of G-2 core is based on the dis-
crimination of three major biofacies as follows (Fig. 6B): Biofacies 1 -
B1 (depth 0.0-2.2 m), Biofacies 2 - B2 (depth 2.2-4.5 m), and Biofacies
3 - B3 (depth 4.5-30.0 m). The determination of these units was based
on the macro- and microfossil assemblages. All units contain varied
proportions of bivalves, gastropods, ostracodes and foraminifera tests,
whereas only Biofacies 1 contains charophyte gyrogonites.

In Biofacies 1 (B1: depth 0.0-2.2m), freshwater ostracods and
gastropods such as H. reptans, I. bradyi, and V. piscinalis (Hiller, 1972;
Grigorovich et al., 2005) are the dominant taxa in this unit suggesting a
limnic environment. The fresh water character of the sediments is also
verified by the high abundances of charophyte gyrogonites (Guiry and
Guiry, 2008).

In Biofacies 2 (B2: 2.2-4.5 m), the dominant taxa in this unit are C.
torosa f. littoralis, A. tepida, H. germanica, C. glaucum, A. segmentum and
H. acuta accompanied by the sporadic presence of other lagoonal
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Fig. 9. Percentage diagrams of selected microfossil groups of taxa from core GA (Alykes
Lagoon; Avramidis et al., 2013) and palaeoenvironmental interpretation as a function of
age.

ostracods (e.g., Leptocythere cf. lacertosa, L. cf. elliptica) (Bignot, 1985;
Frenzel et al., 2010) and P. conicus. This assemblage indicates a la-
goonal environment with salinity > 10%o. The presence of a noticeable
number of Globigerinidae tests between 3.73 and 4.50 m suggests
transport of marine sediments perhaps related to storm events. A few
sparse fresh water elements (e.g., V. piscinalis) indicate some temporary
fresh water influence.

In Biofacies 3 (B3: 4.5-30.0 m) the number of taxa and the number
of collected foraminifera tests is reduced drastically to < 5 specimens;
in addition, ostracod valves disappear completely. This indicates pre-
valence of unfavorable conditions for their survival, possibly anoxia.
Nevertheless, at 7.5 m core depth A. tepida is present accompanied by a
few shallow shelf benthic foraminifera and a proportionally increased
abundance of Globigerinidae. These taxa represent a shallow marine
environment, such as a closed gulf, which is affected by high energy
events like storms or tsunamis. This biofacies can be separated further
into three sub-biofacies, i.e., SB1 (depth 4.50-7.84 m), SB2 (depth
7.84-9.30 m) and SB3 (depth 9.3-30.0 m). According to OSL dating
from this part of the core the age of the sediments lies within the Late
Pleistocene (older than 50 kyr B.P.; Table 2), pointing to the existence
of a hiatus due to an unconformity located below biofacies B2. As such,
this precludes further analysis of this biofacies.

5. Discussion
5.1. Palaeoenvironmental evolution

The sedimentological and paleontological results from the new
cores G-1 and G-2 and the already published cores of GA-1 (Avramidis
et al., 2013) and KZ (Papazisimou et al., 2000) indicate that the pa-
laeoenvironments of the coastal areas of Zakynthos Island progressively
changed from marine (enclosed shallow gulf) to lagoon and coastal lake
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depositional environments (Figs. 7-10). The palaeonvironmental in-
terpretations reveal that during the early Holocene and prior to
7500 yr B.P. Zakynthos was separated into two smaller islands
(Fig. 11A). Vasilikos peninsula was detached from the rest of the island
and after that period gradually lagoon barriers started to develop. This
resulted in the accumulation of lagoonal and limnic deposits
(Fig. 11B,C) and ultimately Vasilikos peninsula merged with the rest of
Zakynthos Island as it stands today. The onset of the sand barriers de-
velopment occurred at around 7000 yr B.P. as recorded both in the
north (core GA-1), and around 7500 yr B.P. in the south (cores G-1 and
G-2). According to Kraft et al. (2005), sand barriers started to developed
around the same time (8000 yr B.P.) in the shallow inner shelf of Elis,
an area which is located at the western coast of the Peloponnese
~40 km east of Zakynthos Island (Fig. 1B). These palaeonvironmental
changes and coastal processes in western Greece were controlled
mainly by the eustatic sea level changes (Vott, 2007), changes in the
sources of sediment supply and the impact of tectonic events (Vott and
Kelletat, 2015).

The evolutionary model of Zakynthos coastal evolution is presented
in Fig. 11 and is based on four different chronological stages according
to sedimentary units and biofacies interpretations. Between 10,000 and
7500 yr B.P., the area around core G1 can be considered to be a re-
stricted, shallow gulf with fresh water influence. This is suggested by
alternations of brackish ostracods and lagoon foraminifera with shallow
shelf benthic foraminifera (Fig. 7). During the period 9000 to
7500 yr B.P. (Biofacies 3a) increased marine influence is witnessed by
the observed high percentages of Globigerinidae and fully marine di-
nocysts (e.g., Impagidinium spp.). Since 7500yrB.P. and until
2100 yr B.P. (Biofacies 2) a brackish lagoon was established around the
area of core G1, as indicated by the high percentages of brackish os-
tracods and lagoonal foraminifera (Fig. 7). Similarly, the area around
core G2 can be also characterized as a brackish lagoon with a low
freshwater input from around 7500 to 4100 yr B.P. (Biofacies 2), as
revealed by the high percentages of brackish ostracods and the absence
of freshwater ones (Fig. 8). Between 7500 and 6500 yr B.P., a high
percentages of Globigerinidae are also noticeable and indicate an in-
creased marine influence, possibly correlating to the Biofacies 3a (until
7500 yr B.P.) of core G1. Around 4000 yr B.P. a barrier was established
in the area of core G2 and the brackish lagoon converted into a fresh-
water/lacustrine environment, as suggested by the increase of fresh-
water ostracods at the expense of the brackish/marine ones (Biofacies
1). The transitional from a brackish lagoon to a low salinity pond/
marsh palaeoenvironment at the area around core G1 only occurred at
around 2100 yr B.P. (Biofacies 1) (Figs. 8 and 11).

As discussed above, between 7500 and 6500 yr B.P. the core sites
were under a strong marine influence, with the area around core G1
being more influenced than that around G2. This is in agreement with
the documentation of a marine influence event in a brackish coastal
lagoon that has been reported in core GA (Avramidis et al., 2013) be-
tween 8000 and 6400 yr B.P. (Fig. 9). This event is documented by the
highly variable percentages of lagoon foraminifera during this time
interval and the extremely increased number of Globigerinidae at
around 7250 yr B.P. (Fig. 9).

Between 7500/6500 yr B.P. and 4000 yr B.P. the brackish lagoon
shows no marine influence (cores G1, G2). This is in agreement with the
evidence for a brackish lagoon with low marine influence in core GA
(Avramidis et al., 2013) as suggested by the higher percentages of la-
goon foraminifera and the very low amounts of Globigerinidae (Fig. 9).
In contrast, the very high percentages of Globigerinidae and the rela-
tively high percentages of shallow shelf foraminifera at Keri show
evidence for significant marine influence between 6000 yr B.P. and
4000 yr B.P. (Fig. 10). Subsequently, the establishment of a small closed
gulf with fresh water influence at Keri between 4000 and 3500 yr B.P. is
evidenced by the concurrent presence of shallow shelf foraminifera-
Globigerinidae and freshwater/low salinity ostracods - marine brackish
ostracods (Fig. 10).
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interpretation as a function of age.

Around 4000/3500 and 2000 yr B.P. a barrier was built and a
freshwater limnic environment was established at the sites of core G2
and G1, respectively, forming Lake Makri (Fig. 11C). The same process
was also started at Keri, while the brackish lagoon was still prevailing at
G1l. Eventually, after 2000 until 130 yr B.P., G-1 and G-2 were both
converted to freshwater-low salinity environments, while a low sali-
nity/pond marsh was developed at Keri (core KZ), as suggested by the
high percentages of freshwater ostracods. After 130 yr B.P. (around
1820 CE) Lake Makri was drained for agricultural purposes and today
this area is covered by the airport of Zakynthos Island.

5.2. Examples from eastern Mediteranean - implication for archaeological
research

The considerable deceleration of the transgression around
7000 years ago led to the formation of deltas (Stanley and Warne,
1994), delta progradation and shoreline dislocation (Morhange and
Marriner, 2010). As the result of the deltas's progradation, marine
embayments, estuarines and gulfs were silted up. In a smaller scale this
phenomenon is observed in our study in Zakynthos Island where during
the Holocene in the central part of the island the depositional en-
vironments changed gradually from marine, to lagoon and finally to
limnic, merging the Vasilikos peninsula (palaeoisland) with the rest of
the island of Zakynthos (Fig. 11A-D). This sedimentological process
caused the attachment or ‘landlocking’ of the Vasilikos peninsula
around 7500 yr B.P. (Fig. 11). There are several examples in the Med-
iterranean region describing similar sedimentological processes of
‘landlocking islands’ with deltaic progradation or associated with
tombolos. Most of them are located in coasts of Turkey, in the areas of
Miletus, Ephesus and Troy (Kraft et al., 1977, 1980; Briickner, 2005;
Briickner et al., 2002, 2005; Kraft et al., 2003, 2007). Examples in
Greece include Oiniades and Echinades palaeoislands in the Acheloos

River delta (Vott et al., 2007) and in Egypt the Alexandria Tyre tombolo
(Anthony et al., 2014).

The Holocene coastal geomorphology and archaeological landscape
of Zakynthos as well as the Ionian Islands during the last decades
concentrated the interest of geologists and archaeologists (Underhill,
2009; Tendiiriis et al., 2010; Gouma et al., 2011; Van Wijngaarden
et al., 2013). This interest arose from the fact that the Ithaca Island, the
Homeric island of the epic Greek king Odysseus, is located very close to
Zakynthos Island (Fig. 1B). Moreover, several different ideas and cri-
ticisms concerning the geography described in the Odyssey, have been
written, and a debate has emerged about the location of Homeric Ithaka
and Odysseus' palace (Underhill, 2009).

The fact that during most of prehistory Vasilikos was separated from
the rest of the Zakynthos is of importance for the interpretation of the
results of the archaeological research which has been carried out on the
island. The peninsula of Vasilikos has yielded material remains from all
periods since early prehistory (Van Wijngaarden et al., 2013). Of par-
ticular importance is the fact that the abundant lithic artefacts found at
Vasilikos have been made from pebble flint, which was probably col-
lected from secondary sources such as terraces and beaches. This is in
contrast to the lithic artefacts elsewhere on Zakynthos, which are made
from flint nodules that occur in the western hills of the island. The
abundance of flint pebble tools at Vasilikos, with different degrees of
patina, suggest that they may have been produced through the Pa-
laeolithic period and even during later prehistory (cf. Darlas, 1999).
The different raw materials used at Vasilikos, corresponds to the phy-
sical separation between the two parts of the island in early prehistory.
A similar distinction in material culture between the two parts of the
island can, as yet, not be distinguished for the artefacts dating to later
periods.
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7500 - 4100 yr B.P.

Fig. 11. Reconstruction of Holocene coastal environmental changes of Zakynthos Island, which is based on the 5 m contour lines, produced using SRTM (Shuttle Radar Topography

Mission, NASA).

6. Conclusions

The study and comparison of the four cores from Zakynthos Island
indicate that its coastal depositional environments have been subjected
to several geomorphological changes during the Holocene. The com-
bination of sedimentological and palaeontological data within a robust
chronostratigraphic scheme allowed the reconstruction of landscape
and palaeonvironmental evolution of the island for the past
~10,000 years. Four evolutionary stages were recognized: (a) before
7500 yr B.P., (b) between 7500 and 4100 yr B.P., (c) between 4100 and
2000 yr B.P., and (d) from 2000 yr B.P. to present. During these in-
dividual chronological stages fully marine, lagoonal with marine in-
fluence, brackish and limnic depositional palaeonvironments were re-
cognized, respectively. The fully marine and brackish lagoon conditions
prevailed on the southwestern part of the island until 2000 yr B.P. Our
data indicate that a lagoon was stretching at least from the Laganas Bay
to the Zakynthos town until ~2000 yr B.P., hence, separating Vasilikos
peninsula from the rest of the island. Our study indicates that during
most the prehistory the Vasilikos peninsula was detached from the rest
of Zakynthos Island and was acted as a separate ‘palaeoisland’. The
insight in the diachronic development of the landscape of Zakynthos
shed a light and helps us to understand better the patterns of mobility
and communication of the prehistoric humans in the Ionian Sea area
contributing in the interpretation of the landscape evolution of the
Ionian islands.
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