
(2006) 161–177
www.elsevier.com/locate/margeo
Marine Geology 230
Geochemical and stratigraphic indicators of late Holocene coastal
evolution in the Gythio area, southern Peloponnese, Greece

A.B. Cundy a,⁎, D. Sprague a, L. Hopkinson b, H. Maroukian c,
K. Gaki-Papanastassiou c, D. Papanastassiou d, M.R. Frogley a

a Centre for Environmental Research, University of Sussex, Brighton, BN1 9QJ, UK
b School of the Environment, University of Brighton, Brighton, BN2 4GJ, UK

c Department of Geography-Climatology, University of Athens, Gr 15784 Athens, Greece
d Institute of Geodynamics, National Observatory of Athens, Gr 11810 Athens, Greece

Received 5 October 2005; received in revised form 20 March 2006; accepted 9 April 2006
Abstract

The study of past changes in sea level, and of historical and pre-historical coastal evolution, using coastal sediment
stratigraphies is well-established over a range of geographic areas, in both seismic and aseismic settings. In the eastern
Mediterranean, however, such studies are less common, and, notably, the use of sediment geochemistry, and its combination with
lithostratigraphic studies to analyze palaeoenvironmental and palaeo-sea-level change, has not been explored to any significant
extent, despite the fact that geochemical data have been successfully used elsewhere to aid in the identification of sea-level
changes. Here, we use a combined geochemical, stratigraphic and microfossil approach to reconstruct late Holocene coastal
evolution and sea-level change at two sites near Gythio in the southern Peloponnese, Greece. The sites show stratigraphic and
geochemical evidence of the presence in Late Helladic times (ca. 1500 BC) of barrier-protected coastal lagoonal/wetland
environments, which have gradually infilled over the last ca. 3500 yr. Archaeological remains and ceramic and charcoal-bearing
horizons within the sediment sequences indicate Late Roman occupation of the area, although there is no sedimentary evidence of
significant pre-Roman activity at the study sites. An apparent brackish wetland peat deposit at −3.4 m (overlain by anoxic lagoonal
clays) at Kamares (Kato Vathi) Bay shows a calibrated radiocarbon age of 1640–1440 BC, suggesting a relative sea-level rise of
0.8–1 mm/yr in this area over the past 3500 yr, in good agreement with previous archaeological and sea-level modelling studies.
There is no evidence, based on the stratigraphic, microfossil or geochemical record, of sudden marine flooding events related to
local or regional seismic activity, despite the presence of the area in a seismically active zone known to be subject to periodic
earthquakes and tsunami. The data highlight the utility of combining geochemical and stratigraphic studies in the reconstruction of
coastal evolution and the study of palaeo-sea-level changes, particularly in sequences (such as those described here) where
microfossils are poorly preserved.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The study of past changes in sea level, and of histo-
rical and pre-historical coastal evolution, using coastal
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sediment stratigraphies is relatively well-established
over a range of geographic areas, in both seismically-
active and aseismic settings (e.g. Long and Shennan,
1994; Devoy et al., 1996; Nelson et al., 1996; Islam and
Tooley, 1999; Goff and Chague-Goff, 1999; Cundy et
al., 2000, 2002; Hamilton and Shennan, 2005). Such
studies typically use detailed lithological and palaeonto-
logical analysis of coastal sediment sequences to recon-
struct past environmental conditions and changes in
relative sea level, the latter often being recorded by dis-
tinct lithological changes between peaty soils and
intertidal muds, and associated changes in microfossil
assemblages (e.g. Long and Shennan, 1994). In the
Eastern Mediterranean region, however, studies of sea-
level change, and particularly recent (late Holocene)
rapid sea-level changes associated with tectonic activity,
have tended to focus on the analysis of displaced
archaeological remains and former erosional or biocon-
structional shoreline features (e.g. coastal notches, algal
Fig. 1. General geological and geomorphological setting of the northeast
Papanastassiou et al., 2006b).
reefs, etc.) (e.g. Flemming andWebb, 1986; Laborel and
Laborel-Deguen, 1994; Maroukian et al., 1994; Stiros et
al., 2000; Kershaw et al., 2005; Pirazzoli, 2005; Gaki-
Papanastassiou et al., 2006a). Studies using coastal
sediment sequences have (until recently) been less
common, particularly for the analysis of more recent
sea-level change (Cundy, 2005). Notably, the use of
sediment geochemistry, and its combination with
lithostratigraphic studies to analyze palaeoenvironmen-
tal and palaeo-sea-level change, has not been explored to
any significant extent, despite the fact that geochemical
data have been successfully used elsewhere to aid in the
identification of sea-level changes (Thomas and Var-
ekamp, 1991; Goff and Chague-Goff, 1999; Chague-
Goff et al., 2002). Here, we use a combined geochemical,
stratigraphic and microfossil approach to reconstruct late
Holocene coastal evolution and sea-level change at two
sites in the Gythio area, southern Peloponnese, Greece.
Results obtained are compared with archaeological
coast of the Mani peninsula, S. Peloponnese, Greece (after Gaki-
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evidence and with published local relative sea-level
curves and earthquake/tsunami records. More widely,
the general applicability, and limitations, of using bulk
geochemical data to examine coastal palaeoenviron-
mental and palaeo-sea-level change are evaluated.

2. Regional setting/study area

The two study areas (Kamares (KatoVathi) andValtaki
Bay) are located on the northeast coast of the Mani pen-
insula, southern Peloponnese, Greece, adjacent to the
Gulf of Laconia (Fig. 1). Morphotectonically, the Laconic
Fig. 2. Study sites: (a) Kamares (Kato Vathi) Bay and (b) Valtaki Bay, near G
circles. Contours and spot heights show elevation in metres.
Gulf (and its northern extension) form an asymmetric
graben between the mountain masses of Parnonas
(1935 m) in the east and Taygetos (2407 m) in the west.
The area is characterised by intense seismicity: strong
earthquakes (from local and regional tectonic activity)
have affected the area in 365 AD, 1750 AD, 1795/1798
AD, 1842 AD, 1866 AD, 1867 AD, 1927 AD and 1944
AD, with tsunami reported for the 365 AD, 1866 AD, and
1867 AD events (Papazachos and Papazachou, 1997).
The region has a relatively long history of human activity
(archaeological remains are present from the Middle
Palaeolithic period, Panagopoulou et al., 2002), with the
ythio, S. Peloponnese, Greece. Coring locations are marked with black



Fig. 2 (continued).
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Elos plain at the north of the Gulf being the proposed
location of the Mycenean settlement of Elos (a tributary
port to Sparta and Mycenae, referred to in Homer's Iliad)
(Kraft et al., 1977). In addition, Late Roman/Early Byz-
antine archaeological remains are relatively common in
the area (Gaki-Papanastassiou et al., 2006b). Gythio itself
was an important port of Sparta during Classical and
Hellenistic times (5th–2nd century BC), and became a
significant Roman centre after 195 BC.

The general morphology of the coastal area studied is
controlled by a series of en echelon normal faults which
trend NW–SE and dip to the NE, producing a series of
limestone promontories and low-lying, barrier-protected
pocket embayments (Fig. 1). Kamares (Kato Vathi) Bay
is located approximately 10 km south of Gythio, and
consists of two low-lying coastal plain areas between
(Middle Triassic to Upper Jurassic) limestone promon-
tories. Permian to Lower Triassic schists and phyllites
are also locally present. The site studied here consists of
a small ephemeral lagoon/salt marsh (grading into poor
quality pastoral farmland), situated behind a 1–2 m high
sand and shingle barrier (Fig. 2a).

Valtaki Bay (Fig. 2b) is located approximately 5 km
north of Gythio, and consists of a Holocene alluvial
plain backed by Upper Cretaceous to Eocene lime-
stones, Middle to Upper Triassic dolomites, Neogene
marine clays and marls and Permian basic to interme-
diate tuffs and tufites. The plain is mostly cultivated,
although ephemeral marshes are present in lower-lying
areas immediately behind the coastal dunes. Quaternary
alluvial deposits are present at the rear of the plain. The
modern-day shoreline is fronted by a beach barrier (ca.
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3–4 m high) of beach sands and vegetated dunes. Beach
rock occurs locally in the subtidal beach face, and
submerged Late Roman–Early Byzantine walls are
present at the southwestern part of the beach barrier
(Fig. 2b). These walls continue into the dune system,
where they have been buried by dune sand deposits. A
prominent fault scarp is present at the southwestern end
of the bay, although there is no recorded evidence of
historical earthquake activity on this fault (Papazachos
and Papazachou, 1997).

3. Materials and methods

Stratigraphic data were collected at each site in
September 2004 using an Atlas vibratory corer. Three 4-
m-long cores (KAM1–KAM3) were collected from the
Kamares Bay site (Fig. 2a) and two N2.5-m-long cores
(VAL1 and VAL2) were collected at the Valtaki site (Fig.
2b). Core elevations were determined using a Jena 020A
theodolite unit. In the absence of a reliable elevation
benchmark, core elevations were initially determined
relative to temporary benchmarks, and then surveyed to
contemporary sea level. All elevations are therefore re-
ported relative to contemporary sea level on 25th Sep-
tember 2004. The mean tidal range in the area is 4 cm
(based on the Gythio tide gauge). Cores were described
and logged, and then sub-divided in the field. All core
sub-samples were refrigerated (at 4 °C) prior to analysis.

To determine recent sediment accumulation rates at
each site, selected near-surface sub-samples were
counted for at least 8 h on a Canberra well-type ultra-
low background HPGe gamma ray spectrometer to
determine the activities of 137Cs, 210Pb and other gamma
emitting radionuclides. Spectra were analyzed using the
Genie 2000 system and accumulated using a 16K chan-
nel integrated multichannel analyzer. Energy and effi-
ciency calibrations were carried out using bentonite clay
spiked with a mixed gamma-emitting radionuclide
standard, QCYK8163, and checked against IAEA
certified reference materials (e.g. IAEA 135). Detection
limits were ca. 3 Bq/kg. Two sub-samples from 65–
70 cm depth and 445–455 cm depth in themost landward
Kamares Bay, core KAM3 (consisting of large charcoal
fragments and a prominent peat unit respectively), were
14C-dated via accelerator mass spectrometry (at the Beta
Analytic Radiocarbon Dating Laboratory, Florida, USA)
to provide further chronological control.

Samples were examined under an optical (reflected
light) microscope at 40–80× magnification for micro-
fossil (foraminifera and ostracod) content, following
disaggregation with 5% H2O2 and separation of the
N63 μm grain size fraction (Griffiths and Holmes, 2000;
Gehrels, 2002). Bulk samples were also scanned for the
presence of diatoms and other microflora using a Leo
S420 Scanning Electron Microscope.

All sampleswere analyzed using a PanalyticalMinipal
2 energy-dispersive X-ray fluorescence spectrometer
(with 30 kV Rh-tube) to obtain compositional data.
Samples were oven-dried, any large (N1 cm) pebbles
removed, and the remaining sample ground to a fine
powder using a ball mill and pelletised for trace andmajor
element determinations. Accuracy was assessed by com-
paring a range of reference sample determinations (e.g.
GSS-1) with recommended values. Precision and detec-
tion limits are element dependent; for the elements exam-
ined here precision (1σ) is better than 4 ppm (trace
elements) and 0.6 wt.% (major elements) over the range
of sample concentrations encountered, while detection
limits are typically b10 ppm (trace elements) and b0.1wt.
% (major elements). Selected samples were also analyzed
using a Leo S420 Scanning Electron microscope with an
Inca 200 X-ray detection unit.

4. Results

4.1. Stratigraphic studies

4.1.1. Kamares Bay
The stratigraphy in the two landward cores in the

Kamares Bay transect (KAM-1 and KAM-3) is
dominated by silt and clay units (Fig. 3a). The basal
units of these cores (2.9–3.5 m below contemporary sea
level (bsl)) consist of dark grey/black, malodorous,
interbedded clays and peats, although there is a sharp
(erosional?) contact at the base of core KAM-1 into a
unit of grey clay with coarse sand. Prominent peat units
occur in KAM-1 at 295–306 cm bsl, and KAM-3 at
354–329 cm bsl and 316–306 cm bsl. Above ca. 2.9 m
bsl, organic material is much less common, being found
dominantly as dispersed root material, with occasional
woody fragments. In addition, in both cores the dark
grey/black clays grade into silty clay units above 2.9 m
bsl which are much lighter in colour, and show distinct
orange-brown mottling. Angular limestone clasts (0.5–
2 cm diameter) commonly occur in these lighter
coloured silty clay units. Occasional brick/tile fragments
are present at 182 cm bsl in KAM-3. Sand units are
present at 38 cm bsl in core KAM-1 (consisting of a
2 cm thick unit of compact fine sand), and at 64–80 cm
bsl (medium to coarse sand) and 35–64 cm bsl (coarse
sand and grit with silt) in KAM-3. These sand units are
apparently localised and cannot be traced between cores.
Notably, a prominent unit of orange-brown silty clay,
containing burnt (i.e. reddened) brick and tile fragments



Fig. 3. Simplified diagram of the coastal stratigraphy for (a) Kamares Bay, (b) Valtaki Bay. See Fig. 2 for core locations. All core elevations are
relative to contemporary sea level on 25th September 2004.
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and large (N5 mm) pieces of charcoal, was present at
38–47 cm above contemporary sea level (asl) in core
KAM-3. This grades upwards into a massive, compact,
light brown clayey-silt with common root material,
which is also found at sites KAM-1 and 2, and forms the
present-day soil. No obvious shell material was
observed in any of the three cores in the transect.

Core KAM-2, the most seaward of the three cores
(80 m behind the present beach barrier) shows a deeper
stratigraphy (i.e. 225–435 cm bsl) dominated by coarse
sand and semi-rounded grit and gravel deposits. The
grits consist of quartz and metabasic/schistose clasts,
and are similar in shape and composition to the present-
day beach barrier material. At 225 cm bsl these coarser
deposits grade into a coarse sand and clay unit, with
occasional angular clasts (diameter ca. 5–10 mm) and
common root fragments. This in turn grades at 154 cm
bsl into a grey clay with some orange-brown mottling,
with angular clasts and occasional root fragments. At
25 cm bsl a light brown silty-clay unit with occasional
root matter is present, which grades into light brown
friable silt containing occasional root matter at 6 cm asl.
This unit continues to the ground surface.
4.1.2. Valtaki Bay
Due to the presence of extensive dune deposits at

Valtaki, and widespread colluvial wedges at the rear of
the site, coring was limited to two sites (VAL-1 and
VAL-2), approximately 100 m and 150 m from the
shoreline respectively (Fig. 2b). Core VAL-1, collected
from the southwest of the site, contains a basal unit
(390–331 cm bsl) of orange-brown coarse to medium
sand which fines upwards, which is overlain by an
orange-brown silty clay, grading into (at 320 cm bsl) a
grey-black silty-clay unit with occasional sand (Fig. 3b).
This is in turn overlain by grey-brown medium sand,
and at 284 cm bsl a prominent unit of grey-black silty
clay. This unit contains occasional sub-angular lime-
stone and rounded mafic volcanic clasts (diameter ca.
5–15 mm), root fragments and finely dispersed organic
material. At 118 cm bsl this unit becomes grey in colour,
but otherwise is similar to that below. Root material
ceases to be present above 88 cm bsl, although above
63 cm bsl isolated brick/tile fragments are found. At
45 cm bsl a prominent unit of mottled, grey silty-sand is
present, which contains numerous brick/tile fragments
(up to 2 cm diameter), woody root and stem fragments,
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and large angular (possibly artificially cut) clasts
(diameter ca. 40 mm) of porphyritic volcanic rock.
The common presence of brick/tile fragments, and
possibly worked fragments of (exotic) porphyry (an
ornamental stone) indicates that this layer is an
occupation horizon. While the brick/tile fragments are
not archaeologically diagnostic, they are identical in
appearance to those in the Late Roman archaeological
remains found in the area of the contemporary beach,
indicating a Late Roman age. Clasts become smaller
above 12 cm asl, until at 25 cm asl a sharp contact is
made with a dark brown-grey silty-clay unit containing
woody material and plant roots, which extends to the
present-day soil surface.

In contrast, the stratigraphy of core VAL-2 (Fig. 3b) is
dominated by a massive medium sand unit, which
extends from 227 to 16 cm bsl. This is overlain by grey
clay showing some orange mottling and occasional root
material, which grades into light brown silt at approx-
Fig. 4. 210Pb and 137Cs activity vs. depth (relative to sea level) at (a
imately contemporary sea level. This unit is rich in root
material, and continues to the soil surface.

4.2. Radiometric dating

In order to examine recent (i.e. within the past 120 yr)
sediment accumulation processes at each site, near-surface
sediments were dated using the 210Pb method. 137Cs was
also determined to corroborate (or otherwise) the 210Pb
data. 210Pb (half-life=22.3 yr) is a naturally-produced
radionuclide that has been extensively used in the dating of
recent sediments. Dating is based on determination of the
vertical distribution of 210Pb derived from atmospheric
fallout (termed unsupported 210Pb, or 210Pbexcess), and the
knowndecay rate of 210Pb (seeAppleby andOldfield, 1992
for further details of the 210Pbmethod).Normally, the 210Pb
dating method is limited to sedimentary deposits less than
120–150 yr old (i.e. 5–7 half-lives of 210Pb), which is
typically taken as the period over which 210Pbexcess decays
) Kamares Bay, core KAM2, and (b) Valtaki Bay, core VAL1.
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to negligible or unmeasurable activities. 137Cs (half-
life=30 yr) is an artificially produced radionuclide,
introduced to the study area by atmospheric fallout from
nuclear weapons testing and nuclear reactor accidents.
Global dispersion of 137Cs began in 1954AD,withmarked
maxima in the deposition of 137Cs occurring in the northern
hemisphere in 1958 AD, 1963 AD (from nuclear weapons
testing) and 1986 AD (from the Chernobyl accident). In
favourable conditions, periods of peak fallout/discharge
provide subsurface activity maxima in accumulating
sediments which can be used to derive rates of sediment
accumulation (e.g. Ritchie et al., 1990; Cundy and
Croudace, 1996). Notably, the distributions of both 210Pb
and 137Cs can be used to indicate recent changes in
sedimentation due to events such as barrier overwash
(e.g. Cundy et al., 2003). Consequently, 210Pb and 137Cs
assay focussed on those cores nearest to the contemporary
coastal barrier (KAM-2 and VAL-1) and located in
ephemeral wetland areas which were less likely to have
been disturbed by recent agricultural activity. At both the
Kamares Bay and Valtaki Bay sites, 210Pb and 137Cs show
an approximately exponential decline with depth, with
maximum activities occurring at the present-day soil sur-
face (Fig. 4). At Kamares Bay, 137Cs falls to undetectable
activities at 10 cm asl (i.e. 10 cm below the contemporary
soil surface), with 210Pb declining to near-constant (i.e.
supported) activities at the same depth. At Valtaki, 137Cs
declines to undetectable activities at 57 cm asl (i.e. 5 cm
below the contemporary soil surface), and 210Pb to constant
(supported) activities at the same depth. The similarity
between the 137Cs and 210Pbexcess profiles at each site, the
shallow depth over which both radionuclides are present at
detectable activities, and the lack of any subsurfacemaxima
in the 137Cs profiles indicate that there has been little recent
sediment accumulation at either site: the distributions of
both 137Cs and 210Pb are consistent with limited biotur-
bative downcore mixing from a higher activity surface
layer.

Two deeper samples from Kamares Bay were dated
via 14C assay (Table 1): a macro-charcoal sample from
the charcoal- and ceramic-rich orange silty clay at 38–
47 cm asl in KAM-3, and a peat sample from 334–
Table 1
Radiocarbon dates from sedimentary material from core KAM-3, Kamares B

Sample depth
(cm above (asl) or below (bsl) sea level)

Material dated Conventional
(14C yr BP±1

38–47 cm asl Charcoal 1550±40
334–344 cm bsl Peat 3270±40

Radiocarbon age calibrations were performed using the INTCAL04 databas
Reimer, 1993).
344 cm bsl, also from KAM-3, in the dark grey/black
interbedded clays and peats at the base of the cored
sequence. The charcoal sample yielded a conventional
radiocarbon age of 1540±40 BP (calibrated age 420–
600 AD; all radiocarbon ages were calibrated using the
INTCAL04 database, following Reimer et al., 2004).
The deeper peat sample yielded a conventional
radiocarbon age of 3270±40 BP (calibrated age
1640–1440 BC). This late Holocene age indicates that
the entire cored sequence at Kamares Bay has been
deposited since the relative stabilisation of sea level in
the Mediterranean in the mid-Holocene (e.g. Lambeck,
1996). Based on the calibrated radiocarbon ages of these
two samples, the average net sediment accumulation
rate at Kamares Bay between ca. 1500 BC and 500 AD
was ca. 2 mm/yr. Post-ca. 500 AD, this rate decreased to
0.4 mm/yr. It should be noted, however, that these
average rates are likely to mask considerable variation in
sediment accumulation/erosion rates, given the signif-
icant sedimentological variations observed in the KAM-
3 core, and the sharp contacts between units (Fig. 3a)
which indicate the occurrence of erosive episodes.

No samples from Valtaki were dated by 14C, due to
an absence of appreciable, in-situ, organic or carbonate
material. If it is assumed that the proposed occupation
horizon at 45 cm bsl in core VAL-1, however, is Late
Roman in age (based on archaeological evidence—see
Section 4.1.2), a net sediment accumulation rate of 0.2–
0.6 mm/yr over the post-Roman period (ca. 400 AD to
present) is indicated, similar to that observed at Kamares
Bay.

4.3. Microfossils

Despite core samples being examined for ostracods,
foraminifera and diatoms via detailed optical and scan-
ning electron microscope study, no intact fossil remains
were detected, apart from isolated beetle remains and
comminuted shell fragments at the surface of core VAL-
1. The absence of identifiable carbonate microfossils is
probably related to poor preservation (dissolution), as
cores from both sites record low concentrations of
ay site
14C age
σ)

Calibrated age
(2σ range)

13C/12C ratio
(‰)

Laboratory reference

AD 420–600 −24.5 Beta—201656 (AMS)
BC 1640–1440 −26.8 Beta—201657 (AMS)

e (Reimer et al., 2004), using the programme CALIB 5.0 (Stuiver and
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carbonate (see Section 4.5) despite the local limestone-
rich geology. In the basal (N3 m bsl) organic-rich units in
cores KAM-3 and KAM-1, SEM examination showed
the presence of large (ca. 50–100 μm) fragments of
relatively well-preserved stem and root material, with
common pyrite framboids (Fig. 5), but no evidence of
diatom flora. It is not clear whether the absence of
diatoms in these highly productive, organic-rich units is
due to low initial concentrations of these organisms, or
diagenetic dissolution.

4.4. Stable carbon isotope data

A number of authors have used δ13C values as
indicators of palaeovegetation change, and notably in
coastal environments as indicators of palaeosalinity, due
to an increased dominance of C-4 plants as salinity
increases (e.g. DeLaune, 1986; Chmura and Aharon,
1995; Mackie et al., 2005; Wilson et al., 2005). δ13C
values determined as part of the standard AMS 14C
assay on the two radiocarbon-dated samples from core
KAM-3, at 38–47 cm asl and 334–344 cm bsl, are
relatively 13C-depleted (Table 1), at −24.5‰ and
−26.8‰ respectively. The δ13C value for the former
(macro-charcoal) sample is consistent with its derivation
from burnt wood fragments. The δ13C value for the peat
at 334–344 cm bsl is highly 13C-depleted. The organic
matter in this peat layer is relatively well-preserved (Fig.
5), possibly due to the sulphidic nature of the sediments
here (see Section 4.5), indicating that this δ13C-depleted
value is not a consequence of significant negative shifts
caused by intense decomposition of organic matter, but
instead reflects the δ13C value in the original vegetation
(see Chmura and Aharon, 1995). The value of −26.8‰
observed in this peat sample is similar to those observed
Fig. 5. Scanning electron microscope images of basal peat, Kamares Bay;
component; (b) shows example of pyrite framboid commonly found in the
discussion.
by a range of authors for freshwater to brackish fringe
wetland environments (e.g. DeLaune, 1986; Chmura
and Aharon, 1995). The common presence of secondary
pyrite framboids in this unit (Fig. 5) indicates that
sufficient sulphate (and Fe) was present for sulphate-
reduction processes to occur, indicating a brackish,
rather than freshwater, environment (e.g. Daoust et al.,
1996).

4.5. Trace and major element geochemistry

Geochemical analysis focussed on cores KAM-3 and
VAL-1, as these were the longest sequences recovered
from each site, showed distinct (often abrupt) sedimen-
tological changes with depth, and also contained
evidence of human activity/occupation. In KAM-3,
major element geochemistry primarily reflects changes
in core sedimentology, with Al2O3, Na2O, K2O (not
shown), and (to a lesser extent) Fe2O3 showing reduced
concentrations in the sandier deposits between 30 and
125 cm bsl (Fig. 6). This trend is also seen for Rb, which
has been widely used as an indicator of compositional
changes in coastal sediments, with higher Rb values
found in clay-rich sediments (e.g. Cundy et al., 2005).
The heavy metals Pb, Cu and Zn show a high degree of
correlation with Rb (rN0.8, and significant at 95%
confidence, in each case), indicating that the distribution
of these metals is dominantly controlled by variations in
sediment composition, rather than by human (i.e.
pollutant) input. Ca concentrations are relatively low
throughout the core, indicating that little appreciable
carbonate material is present in these sediments. In the
basal dark grey/black malodorous interbedded clays and
peats (3–3.5 m bsl), sulphur concentrations increase to
between 0.4 and 1.6 wt.% (with no corresponding
(a) shows well-preserved stem material which is the dominant peat
peat, indicating the presence of brackish to marine water. See text for



Fig. 6. Selected trace and major element data and ratios vs. depth, Kamares Bay, core KAM3. All depths are relative to contemporary sea level. Unless otherwise shown, errors on each data point are
smaller than the diamond marker symbol used.
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Fig. 7. Principal component loadings, plotted as Principal component 1 (PC1) loading vs. Principal Component 2 (PC2) loading for (a) Kamares Bay, core KAM3, and (b) Valtaki Bay, core VAL1. In
(a), PC1 and PC2 account for 59.9% of the total variance, and in (b) 50.0% of the total variance. See text for discussion.
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Fig. 8. Selected trace and major element data and ratios vs. depth, Valtaki Bay, core VAL1. All depths are relative to contemporary sea level. Unless otherwise shown, errors on each data point are
smaller than the diamond marker symbol used.
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increase in Cl), indicating enrichment of sulphur by
early-diagenetic processes, due to the precipitation of
insoluble metal sulphides following bacterially-mediat-
ed sulphate reduction (e.g. Pye et al., 1997). This is
consistent with the observation of secondary pyrite in
basal units (Section 4.4), and the dark appearance of the
sediment and its strong sulphidic smell, and indicates
the presence of at least brackish conditions in these
deeper sediment units (e.g. Thomas and Varekamp,
1991; Daoust et al., 1996; Chague-Goff et al., 2002).
The Fe/Mn ratio, which has been used as an indicator of
changes in soil redox conditions in lagoonal and lake
catchments (e.g. Vorren and Alm, 1999; Virkanen,
2000), is relatively erratic but does show a general de-
crease as sediment depth decreases, indicating a general
increase in redox potential over time in the sediments
and in adjacent sediment source areas. Principal com-
ponent analysis (PCA) of the geochemical data supports
the above observations (Fig. 7a) and allows (partial)
discrimination of the elements analyzed into three main
groups: (a) aluminosilicate-associated elements, includ-
ing Rb, Cu, Pb, Zn, Al, K, Mg, Co; (b) a group
containing Si and Zr, which are typically associated with
the coarse and heavy mineral sediment fractions (e.g.
Cundy et al., 2005); and (c) a group containing Ca, S, Sr,
Cl and Na, which are elements noted in a number of
previous studies (e.g. Chague-Goff et al., 2002) as being
associated with the presence of brackish to marine
conditions. The group (c) elements show the highest
loadings in the basal, anoxic units.

As in core KAM-3, the major element geochemistry
of core VAL-1 primarily reflects changes in sediment
composition, although trends are much less distinct in
this core (Fig. 8). Lower concentrations of Al2O3, K2O
(data not shown) and Fe2O3 are observed in the basal
sand units (N3 m bsl), reflecting dilution of alumino-
silicates (e.g. clays) by coarser, quartz-rich sands. Rb,
Pb, Cu and Zn show a similar trend, although there is a
notable enrichment of Pb, Cu and Zn relative to Rb at,
and just below, the present-day ground surface (above
35 cm asl), possibly due to local recent human activity in
the area (e.g. possible pollutant input from road traffic
and a nearby car park, and sewage wastes). There is no
evidence for heavy metal enrichment in the proposed
occupation horizon at 45 cm bsl. Na2O, along with Br
and Cl (data not shown), is also significantly enriched at
the contemporary ground surface, presumably due to
evaporation of surface water in this seasonally flooded
area. Ca concentrations are slightly higher than those
found in KAM-3, although they are generally less than
10% (expressed as CaO), indicating limited contribution
of carbonate material to the overall sediment geochem-
istry. CaO concentrations are however slightly elevated
in the basal units and at ca. 60 cm bsl, due to the
presence of small (0.5 cm diameter or less) angular
carbonate clasts in the sediment matrix. Sulphur con-
centrations are relatively constant and uniformly lower
than those observed in the basal units of KAM-3,
indicating little significant sulphide formation. Fe/Mn
shows little clear variability with depth, although a
distinct maximum in Fe/Mn does occur at 0–30 cm asl,
in a zone where sediments show clear orange-brown
mottling, possibly due to fluctuations in the local water
table (e.g. Cundy and Croudace, 1995). PCA gives a less
clear discrimination of geochemical data than is the case
in core KAM-3 (Fig. 7b), although there is some
evidence for segregation of elements into the three
groupings observed in KAM-3 (above).

5. Discussion

5.1. Coastal geomorphic evolution and relative sea-
level history

Stratigraphic, geochemical and radiometric data from
the Kamares Bay site indicate the presence of a low-
energy coastal lagoon (containing brackish peats and
anoxic muds, recorded in cores KAM-1 and KAM-3)
from at least 3270 BP (i.e. the Late Helladic period),
protected by a sand and shingle spit which was present
near to the contemporary shoreline position. The pre-
sence of a beach barrier is indicated by the deeper stra-
tigraphy of core KAM-2, where coarse sand and semi-
rounded grit and gravel deposits (of similar shape and
composition to the contemporary beach barrier material)
occur at similar elevations to the interbedded peats and
anoxic muds in the more landward cores KAM-1 and
KAM-3 (Fig. 3a). In core KAM-3, a prominent brackish
peat unit at 334–344 cm bsl is overlain by a dark-grey
clay unit, with an S concentration of ca. 0.8 wt.%,
indicating peat burial by anoxic, sulphide-rich lagoonal
clays. Above the grey-black basal units present in KAM-
1 and KAM-3, the concentration of sulphur declines up-
core (in KAM-3), peat units disappear, the sediment
becomes progressively lighter in colour and more mot-
tled in appearance, and the Fe/Mn ratio decreases, indi-
cating gradual infilling of the back-barrier lagoon,
reduced waterlogging and development of more fresh-
water/terrestrial conditions. The overall fining upward
sequence observed in KAM2 indicates lowering of local
energy conditions as lagoon infilling progressed. Similar
late Holocene infilling of coastal embayments has been
observed at a number of sites in the Aegean and the wider
Mediterranean, including the nearby Plain of Elos (Kraft
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et al., 1977). It has been argued that such infilling is due to
accelerated soil erosion from anthropogenic and/or
climatic factors (e.g. Higgs, 1978). Based on the 14C
dates in KAM-3, the infilling at Kamares Bay was most
rapid prior to the end of the Late Roman period. Notably,
this infilling of the lagoon and development of more
terrestrial conditions indicates that the net vertical
sediment accumulation rate at the site (1.3 mm/yr be-
tween ca. 1500 BC and the present day) must exceed the
combined rate of local sea-level rise and any decrease in
elevation of the sediment surface due to compaction
effects (see below). The presence of periodic coarser
sediment layers in KAM-1 and KAM-3 suggest that
changes in stream activity or barrier overwash events
have occasionally produced higher energy sedimentation.
The lack of stratigraphically-continuous coarse sediment
units which can be correlated between individual cores
indicate that localised stream/alluvial changes are more
likely to be responsible for these episodes of higher ener-
gy sedimentation.

The coastal stratigraphy at Valtaki is less informative,
although a general fining upwards sequence from coarse
sand at the base to silt and clay-rich units at shallower
depths is observed in VAL-1, which is consistent with
lowering of local energy conditions and infilling of a
back-barrier area. The interbedded basal peats and
anoxic clays observed in Kamares Bay are not present
in the VAL-1 sequence however, possibly due to the
site's proximity to the coastal barrier (as in KAM-2
above). In core VAL-2, from the northeastern end of the
bay, the stratigraphy is dominated by massive, well-
sorted sands until very near to the contemporary sedi-
ment surface, and there is no stratigraphic (or local
archaeological) evidence for occupation. This indicates
significant spatial variation in palaeoenvironment across
the bay, with a spit-protected, low-lying, occupied (at
least in Late Roman times) area in the southwest of the
bay, with possibly an open coastal or dune-dominated
area in the northeast of the bay.

Both sites show evidence for past human activity. In
core KAM-3, a unit containing brick fragments and large
fragments of charcoal dates to ca. 450 AD (Late Roman).
An apparent Late Roman occupation horizon is also
found at, and slightly below, contemporary sea level in
VAL-1. The stratigraphic and archaeological evidence
point towards much more intensive Late Roman use of
the Valtaki site than Kamares Bay. Despite this, however,
there is no evidence for any pollutant metal enrichment
in the occupation horizon at Valtaki, or indeed in the
macro-charcoal layer at Kamares Bay: Pb, Cu and Zn all
show good correlations with the sediment compositional
indicator Rb, indicating that the distribution of these
metals is dominantly controlled by mineralogical varia-
tions, rather than pollutant input. Hence, there is no
evidence for significant local metal-working activity.
While isolated brick/tile fragments are present at 182 cm
bsl in KAM-3, there is little clear stratigraphic evidence
for significant pre-Roman activity at either the Kamares
or the Valtaki sites.

The presence of an apparently brackish peat unit,
overlain by anoxic (lagoonal) muds, at 3.4 m bsl in the
Kamares Bay site is significant. The microtidal regime in
the Mediterranean means that such brackish marsh peats
have a relatively close relationship with local relative sea
level, and the presence of this buried peat indicates a rise
in relative sea level of ca. 3.4m since 1630–1440BC (the
calibrated age of the peat), i.e. 0.8–1 mm/yr. Local
archaeological data also indicate a relative sea-level rise
in the study area during the late Holocene, with slightly
submerged Late Roman archaeological remains present
at Valtaki. There is also evidence of landward migration
of the barrier at Valtaki, with Late Roman walls partly-
buried by the contemporary dune system, and eroding
beach rocks present in the subtidal beach face (Fig. 2b).
The proposed occupation horizon found in core VAL-1
also clearly extends below contemporary high water sea
level. The 0.8–1mm/yr sea-level rise calculated using the
buried peat at Kamares Bay is clearly an estimate, as the
lack of preserved microfossils mean that a detailed sea-
level index point cannot be established. The estimate is,
however, corroborated by published sea-level data for the
area. Flemming (1968) isolated three coastal archaeo-
logical sites in the immediate vicinity of Gythio, dated at
1000–1500 yr old, which were submerged by 1.0–2.5 m,
and in a later study Flemming andWebb (1986) calculate
a tectonic depression rate in the Gythio area of 1 m per
1000 yr (caused by a general regional tectonic depression
across the margins of the Peloponnese). In stratigraphic
studies of the nearby Plain of Elos, Kraft et al. (1977) date
a backswamp peat at −6 m to ca. 4000 BC, indicating a
local relative sea-level rise of 1 mm/yr over the late
Holocene at this site, while a combined eustatic and
glacio-hydrostatic sea-level model produced for the
Aegean by Lambeck in 1996 (see also Lambeck and
Purcell, 2005) estimates a ca. 1.5 m sea-level rise in the
southern Peloponnese over the last 2000 yr.

5.2. Evidence of local and regional seismic activity and
tsunami inundation

The similarity between the 0.8–1 mm/y rate of sea-
level rise determined at the Kamares Bay site, and that
determined in Lambeck's (1996) regional eustatic and
glacio-hydrostatic sea-level model, indicates that (over
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the late Holocene timescale studied here) there have been
no major vertical displacements in coastal elevation
caused by local tectonic activity (i.e. movements on local
fault strands). It is also interesting to note that the
stratigraphy at Kamares Bay contains no discrete and
continuous sand layers which may be associated with
rapid marine inundation from tsunami (or indeed storm)
flooding, or geochemical evidence for such a phenom-
enon, in spite of the presence of the area in a seismically
active zone known to be subject to periodic tsunami (see
Section 2). The data indicate that those tsunami events
which have been recorded in earthquake and tsunami
catalogues were of insufficient magnitude to overwash
the protective spit present at the shoreline and/or leave a
discernible sedimentary signature. The burning of local
vegetation, and possible burning of human artefacts,
indicated by the charcoal and burnt ceramic-rich
occupation horizon at 38–47 cm asl in core KAM-3,
arguably could be related to earthquake destruction. The
calibrated 14C age of the charcoal in this unit however,
postdates the 365 AD Cretan earthquake, the only major
event recorded in this area in the Late Roman/Early
Byzantine era. It is therefore likely that this charcoal
layer is related to other causes, such as accidental or
deliberate vegetation burning for land clearance. Nota-
bly, the upper part of the calibrated 14C age range for the
peat at 3.4 m bsl in the KAM-3 core covers the published
age range for the so-called Minoan tsunami, proposed as
being associated with explosive eruption of the Thera
(Santorini) volcano in ca. 1627 BC (Minoura et al.,
2000). This volcanic eruption is suggested to have
resulted in an eastern Mediterranean-wide tsunami, with
wave heights in excess of 5 m along the western Turkish
and Cretan coasts (Minoura et al., 2000, although see
critical review of evidence by Dominey-Howes, 2004).
There is no evidence in the sequences cored at Kamares
Bay of either any significant tephra deposition associated
with the volcanic eruption, or discrete marine-derived
sand layers which may indicate wave inundation from
the tsunami. Given the error range on the calibrated
radiocarbon age, however, any deposits associated with
the 1627 BC Thera eruption (if present) may be found in
deeper units than those cored here.

5.3. Use of geochemical studies in the reconstruction of
palaeo-sea levels and coastal evolution

Wilson et al. (2005) note the potential usefulness of
geochemical (specifically δ13C and C/N) analysis of
organic matter in the reconstruction of sea-level histo-
ries. The data presented here supports earlier work (e.g.
Thomas and Varekamp, 1991; Goff and Chague-Goff,
1999; Chague-Goff et al., 2002) that indicates that bulk
trace and major element sediment geochemistry may
also be a useful tool in coastal palaeoenvironmental
reconstruction, in discriminating brackish/marine from
freshwater sedimentary units, in the examination of
changes in soil/sediment redox potential over time, and
as a proxy for grain size/sediment composition. Sedi-
ment geochemistry may also provide a useful method of
dating or of correlating coastal sediment units (e.g. Cundy
and Croudace, 1995; Gehrels et al., 2005). Given the
much greater accuracy that can be achieved using micro-
fossils to determine sea-level index points however, as
with δ13C and C/N studies, the use of bulk sediment
geochemistry in examining sea-level histories is likely to
bemost useful in sediments (such as those discussed here)
where the initial concentrations of microorganisms are
low, or where the preservation of microfossils is poor.

6. Conclusions

The coastal sediment sequences at Kamares (Kato
Vathi) Bay show clear stratigraphic and geochemical
evidence of the presence in Late Helladic times of a
barrier-protected coastal lagoonal environment, which
has gradually infilled over the last ca. 3500 yr. The coastal
stratigraphy at Valtaki Bay is less informative, although a
general fining upwards sequence (which underlies an
apparent Late Roman occupation horizon) in the
southwest of the bay indicates the gradual infilling of a
back-barrier wetland or lagoon, present in pre-Roman
times. In contrast, the stratigraphy in the northeastern part
of Valtaki Bay is dominated by massive, well-sorted sand
units until very near to the contemporary sediment sur-
face, indicating the presence (until recently) of a more
open coastal or dune-dominated area here. An apparent
brackish wetland peat deposit at 3.4 m bsl (overlain by
anoxic lagoonal clays) at Kamares Bay shows a calibrated
radiocarbon age of 1640–1440 BC, indicating a relative
sea-level rise of 0.8–1 mm/yr in this area over the past
3500 yr, in good agreement with previous archaeological
and sea-level modelling studies. Archaeological remains,
an apparent occupation horizon within the cored sediment
sequence at Valtaki, and dated macro-charcoal from the
Kamares Bay site indicate Late Roman occupation of the
area, although there is no sedimentary evidence of signi-
ficant pre-Roman activity at the study sites. There is no
evidence, based on the stratigraphic, microfossil or geo-
chemical record, of suddenmarine flooding events related
to local or regional seismic activity. More generally, the
data (particularly at Kamares Bay) highlight the utility of
combining geochemical and stratigraphic studies in the
reconstruction of coastal evolution and the study of
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palaeo-sea level using coastal sediment sequences,
particularly in sediments (such as those present here)
wheremicrofossils commonly used as sea-level indicators
(e.g. foraminifera and diatoms) are poorly preserved.
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