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Abstract: 	 As part of the lagoon barrier accretions plain characterizing the NW coast of the Peloponnese, the Kotychi Lagoon is believed to 
have formed in the prograding delta of the Palaeo-Peneus River over 7000 years ago. Geochemical/sedimentological proxies-data 
(XRF, grain size, OC-, IC-, C/N-analysis) combined with Bayesian age-depth-modeling revealed that from 8500 to 8000 cal BP 
marine conditions were prevailing. Around 8000 cal BP, a short-lived sequence of coastline progradation and barrier accretion 
created lagoonal conditions. Thus, the first chronological control for the onset of lagoon formation in coastal Elis is presented. 
Pronounced lagoonal conditions developed approximately 6300 cal BP, simultaneously to the period of circum-Mediterranean 
lagoon formation. A rapidly varying sedimentary record indicates a phase of geomorphological instability between 5200 and 3500 
cal BP terminating with the erosional unconformity of a river channel. This evolution reflects a two-phase development: (1) Early 
Holocene morphology was controlled by the postglacial sea level rise; (2) with receding of the ice sheets by mid-Holocene, the 
preeminent role of the eustatic signal was overwhelmed giving local and regional processes, such as human-induced soil erosion 
and climatic forcing an accentuated role. Thus, the evolution of the Elean coastline shows analogies to circum-Mediterranean 
lagoon formation.

	M echanismen Holozäner Lagunenentwicklung und Küstenwachstum in der nördlichen Elis (Peloponnes, Griechenland), ab-
geleitet aus dem Sedimentarchiv der Kotychi Lagune

Kurzfassung: 	 Die Kotychi Lagune liegt im Nordwesten der Peloponnes und hatte ihren Ursprung vor mehr als 7000 Jahren im progradierenden 
Delta des Paläo-Peneus. Anhand geochemischer und sedimentologischer Proxydaten (XRF, Korngröße, OC, IC, CN) kombiniert 
mit bayesianischer Alters-Tiefen-Modellierung wurden für den Zeitraum von 8500 bis 8000 cal BP marine Verhältnisse nach-
gewiesen. Eine erste Phase der Küstenprogradation um 8000 cal BP führte zu kurzlebiger Lagunenbildung, womit zum ersten Mal 
das Einsetzen der lagunären Bedingungen chronologisch erfasst wurde. Die Lagune manifestierte sich nachhaltig um 6300 cal 
BP, zeitgleich zu einer Phase weitverbreiteter Lagunenbildung im Mittelmeerraum. Zwischen 5200 und 3500 cal BP deutet eine 
rasche Abfolge variierender Sedimentationsbedingungen auf eine Phase geomorphologischer Instabilität. Abgeschlossen wird die 
sedimentäre Abfolge um 3500 cal BP mit der Erosionsdiskordanz eines Flusslaufes. Die rekonstruierte Entstehungsgeschichte der 
Kotychi Lagune lässt sich in zwei Phasen unterteilen: Die frühholozäne Küstenentwicklung wurde durch den postglazialen Meer-
esspiegelanstieg dominiert. Mit dem Abschmelzen der Eiskappen verlangsamte sich der Anstieg im mittleren Holozän. Dadurch 
schwächte die dominierende Wirkung des Meeresspiegels ab und lokale und regionale Faktoren wie klimatisch oder anthropogen 
induzierte Bodenerosion prägten die Küstenmorphologie durch ihren Beitrag zum Sedimentbudget. Somit zeigt die Genese der 
Kotychi Lagune Parallelen zu vielen Lagunen im Mittelmeerraum. 
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1  Introduction

Situated at the dynamic interface between land and sea, 
coasts are transient landscapes shaped by the interplay be-
tween macroscale (sea-level changes, climate, and tectonic 
stability) and microscale processes (sediment supply, topo-
graphical inheritance, wave energy, and tidal range (Bao et 
al., 2007)). Any change in the power of these controlling fac-
tors directly translates into morphological adjustment of the 

coast (Cooper, 1994; Bao et al., 2007). Where rivers enter 
the sea, hinterland sediment supply associated with natu-
ral climate fluctuations or anthropogenic activity provides 
a significant contribution to the gross sediment budget and 
thus forms the coast. If the rate of sediments supplied by riv-
ers exceeds the combined ability of waves and tides to carry 
away the sediment, a delta forms at the mouth of the river. 
Delivered to the delta front, sediments may be re-deposited 
to block the river mouth and shape the coast by forming 
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barriers, lagoons or marshes (McManus, 2002; Kraft et al., 
2005; Dinis et al., 2006). In this context, sea level has an ex-
ceptional role as it serves as the ultimate base level (Plater 
& Kirby, 2011).

During the Holocene, sea level exhibited significant fluc-
tuations, mostly responding to the advance and retreat of 
the continental ice sheets (Lambeck et al., 2010). In general, 
two distinct periods of sea level rise can be distinguished. 
An early period of rapid sea level rise spanning from 18000 
to 6000 BP contrasts with a period of near stability from 6000 
BP to the present. During the early phase, coastal evolution 
was predominantly controlled by the post-glacial sea-level, 
while by 6000 BP local and regional factors (isostasy, sub-
sidence, sediment supply, anthropic activity) overwhelmed 
the power of attenuated sea level rise (Bao, Freitas & An-
drade, 1999; Freitas et al., 2003; Dinis et al., 2006). This 
mid-Holocene sea level stabilization had major influence on 
fluvial sedimentation in coastal regions and triggering delta 
progradation on a global scale (Stanley & Warne, 1993). 
The formation of many Mediterranean lagoons for example 
on the Thessaloniki plain, Greece (Fouache et al., 2008), on 
the Iberian Peninsula (Freitas et al., 2003; Bao et al., 2007; 
Costas et al., 2009), at the coastal plain of Marathon, Greece 
(Pavlopoulos et al., 2006) or on the northern Peloponnese, 
Greece (Kontopoulos & Avramidis, 2003) can be traced 
back to this period. 

To understand coastal evolution and the driving mecha-
nism, the sedimentary record of lagoons has great potential. 
As a net area of deposition, lagoons preserve the sedimen-
tary signature of multiple processes acting upon the coast-
line and thus offer the possibility to trace spatio-temporal 
coastline migration and its causes. 

The present study addresses the Holocene coastal evolu-
tion of the northern Elis, Northwest Peloponnese, Greece. It 
focuses on the coastal stripe between the limestone head-
lands of the Mavra Vouna (Black Mountains) in the north 
and Cape Kyllini in the south both connected by a crescen-
tic beach isolating a coast parallel sequence of lagoons and 
marshes (Fig. 1). Out of these lagoons, the Kotychi Lagoon, 
serves as a geoarchive. Previous studies indicate a series 
of lagoons fringing the Elean coast for at least 7000 years 
(Kraft et al., 2005; Kontopoulos & Koutsios, 2010). How-
ever, there is no evidence about the onset of barrier-lagoon 
accretion in Elis. Research at the Elian coast extends back to 
Raphael (1973, 1978) who combined geomorphological and 
archaeological evidence to identify cycles of coastal pro- and 
retrogradation from the late Holocene until Turkish Times. 
Likewise, a synthesis of geomorphology, literary sources and 
drill cores allowed Kraft et al. (2005) to reconstruct mid-
Holocene evolution of the Elean coastline. The authors iden-
tified a sequence of ancient lagoons and barrier islands re-
sulting from the interplay of varying sediment fluxes and sea 
level rise. Recent studies at the Kotychi Lagoon focused on 
a local palaeogeographic reconstruction by pollen analyses 
of sediment cores (Lazarova, Koutsios, & Kontopoulos, 
2012) and the analysis of microfossil assemblage and sedi-
mentology (Kontopoulos & Koutsios, 2010).

The aim of this study is to decipher coastal morphogenesis 
of northern coastal Elis during the Holocene and to put the 
evolution into a general, circum Mediterranean context. Spe-
cial emphasis is placed on the driving mechanisms of coastal 

evolution and the role of post glacial sea level rise as one po-
tential driver of change. In order to achieve these aims, high 
resolution XRF-data is combined with grain size and C/N 
analyses from a sediment core retrieved at the shore of the 
Kotychi Lagoon. As XRF-analysis is mostly applied to lim-
nic or deep sea environments, this study is one of few using 
XRF-data to reconstruct coastline evolution. 

2  Regional Setting
2.1  Geography and Geology 

The study area comprises a coastal stripe in the northwest-
ern part of the Peloponnese, which belongs to the northern 
part of the prefecture of Elis (Fig. 1). 

The convergence of the African and the Eurasian plate 
which culminated in the Alpine orogeny is crucial for 
present geology and tectonic activity in the western Pelo-
ponnese because geological basement and major fault sys-
tems are related to this compressional regime. Located in the 
direct vicinity to the Hellenic arc, the center of subduction 
since Miocene times (23–7 Ma BP), the study area is part of 
one of the most tectonically and seismically active regions 
in Greece (Fountoulis et al., 2011). A detailed earthquake 
catalogue spanning the twentieth century is summarized by 
Burtona et al. (2004). In the study area, Miocene diapir-
ism caused by Triassic evaporates of the Alpine basement 
contributes to complicated tectonic deformation and high 
seismicity (Underhill, 1988; Maroukian et al., 2000). Ac-
cording to Fountoulis et al. (2011), major faults form ne-
otectonic blocks which exhibit diverging trends of vertical 
movement. While uplift rates between 0.16 and 0.67 mm/
year characterize the hinterland, the coastal strip is subsid-
ing (Fountoulis et al., 2011). 

The area is characterized by a broad coastal plain where 
the limestone headlands of Cape Kyllini, Cape Kunupeli and 
the Mavra Vouna are the only relicts of the Alpine forma-
tions. They comprise series of white to light brown lime-
stones (geological map of Greece, sheet Amalias, sheet Nea 
Manolas, scale 1:50,000, IGME (1977); Jacobshagen, 1986). 
Further remains of the alpine basement in this area are cov-
ered by Neogene to Pleistocene marine sandstones, sandy 
clays and clayey marls which intercalate with Holocene ter-
restrial and torrential clayey and sandy deposits to the east 
(geological map of Greece, sheet Amalias, sheet Nea Mano-
las, scale 1:50,000, IGME (1977); Jacobshagen, 1986; Ma-
roukian et al., 2000). The latter represent the most extensive 
Quaternary alluvial deposits in the Peloponnese (Raphael, 
1978; Poulos et al., 2002). Primarily responsible for the ac-
cumulation of these deposits is the Peneus River, originat-
ing to the east in the Arcadian Mountains and currently en-
tering the Ionian Sea south of Cape Kyllini. However, the 
palaeo-delta of the Peneus River is believed to have been 
located north of Cape Kyllini giving rise to a sequence of 
lagoons and marshes embedded in the prograding delta and 
fed by sediments from the Elean uplands. As a relic of this 
past river course, a system of ancient levees depicted in his-
toric maps (cf. Curtius, 1851) has been detected a few kil-
ometers south of the Kotychi Lagoon (Fig. 1) (Philippson, 
1959; Raphael, 1978; Kraft et al., 2005; Fountoulis et al., 
2011). An anthropogenic or natural (tectonic) diversion of 
the Peneus River is still subject of discussion but is believed 
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to have occurred in the 17th century AD (Kraft et al., 2005; 
Kontopoulos & Koutsios, 2010; Fountoulis et al., 2011). 
Starved of its sediment supply, erosion has dominated the 
north Elean ever since (Kraft et al., 2005). 

The high seismicity accompanied by gradual as well as 
episodically crustal displacement limits the utilization of a 
uniform sea level curve. The relative sea level data for the 
Elis coastal plain varied between 0.5 m/ka (Vött, 2007) and 
0.95 m/ka (Kontopoulos & Koutsios, 2010) from approxi-
mately 5000 cal BC to roughly 1000 cal BC and since then, 
increased to values of 0.7 m /ka (Vött, 2007) up to 1.2 m/ka 
(Kontopoulos & Koutsios, 2010). 

2.2  Lagoonal settings

As part of the coastal lagoon barrier accretions plain which 
characterizes the NW part of the Peloponnese, the Kotychi 
Lagoon is believed to have formed in the prograding delta 
of the Palaeo-Peneus River more than 7000 years ago (Kraft 
et al., 2005; Kontopoulos & Koutsios, 2010). The lagoon is 
bound to a gentle basin structure (Avramidis pers. comm.) 
and is separated from the wave dominated and microtidal 
coast of the Ionian Sea by a low relief barrier, dissected by a 
small channel. On the eastern, landward shore, small deltas 
prograde into the lagoon and intertidal/supratidal mud flats 
covered with halophytic vegetation are prevailing (Fig. 2) 
(Avramidis et al., 2008; Lazarova, Koutsios, & Kontopou-

los, 2012). With a maximum depth of 2.5 m and an average 
depth of 0.5 m the Kotychi Lagoon is considerably shallow 
(Kontopoulos & Koutsios, 2010). During the wet season 
in winter, salinity values range from 8‰  and 17‰, where-
as during the dry summer month, restricted runoff and en-
hanced evaporation lead to salinity from 20‰ to 37‰ (Kon-
topoulos & Koutsios, 2010). Six main streams and a few 
torrential rivers mostly originating in the foothills of the 
Arcadian Mountains characterize the hydrological network. 
Fluvial sediments supplied by the streams are the major con-
stituent of sediments deposited in the lagoon whereas auto-
chthonous shell fragments are of minor importance. Aeolian 
sands, suspended sands eroded on tidal flats, or sand washed 
into the lagoon by washover fans are negligible (Avramidis 
et al., 2008). The torrential discharge regime of the rivers re-
sults in a seasonal expansion of the water body between 710 
and 850 ha (Doukakis, 2003). 

2.3  Climate 

Meteorological data from the nearby Araxos station 
(38°08N/21°23.5E; 12 m above sea level) reflects a typical 
Mediterranean climate. In the period from 1965 to 2003, the 
mean annual temperature was 17.8 °C with a relative humid-
ity of 69.4%. The mean annual precipitation between 1948 
and 2007 was 669 mm with a pronounced winter maximum 
between September/October and March/April. This season-
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ality is reflected by cyclic sediment fluxes within the year. 
They are highest at the beginning of the wet season remov-
ing easily erodible soils barely vegetated and desiccated dur-
ing the summer (Poulos et al., 2002). 

3  Material and Methods
3.1  Field and Laboratory Methods

In April 2011, the two parallel sediment cores KOT3A and 
KOT3B (37°59,752N / 21°18,133E, Fig.2) were retrieved on 
the alluvial plain at the eastern shore of the Kotychi Lagoon 
using a high-precision rod-operated piston corer (Usinger-
System) (Mingram et al., 2007). With a total length of 980 
cm, KOT3A comprises 10 segments each approximately one 
meter in length. 

The sediments in the uppermost centimeter of each core 
segment might be disturbed during the coring process, which 
introduces gaps to the sedimentary sequence. Further, a sand 
layer in KOT3A at depth from 85 to 123 cm could not be re-
covered. To overcome these gaps, the parallel core KOT3B 
comprising 940 cm split into 10 segments was retrieved in a 
distance of about 2 m from KOT3A.

All sediment cores were transported to Kiel University 
in densely packed plastic inliners, where they were opened, 
split lengthwise in the lab and stored in a core repository 
at 4°C. One half of each core was used for non-destructive 
scanning methods and subsequently archived. The other half 
of the core served for different material-consuming analyses 
such as grain size analysis and CN-analysis.

Prior to any analytical procedures, macroscopic com-
ponents, sediment structures and sediment texture were 
documented on split and cleaned sediment surfaces. Sedi-
ment color was determined according to Munsell Soil Color 
Charts. 

The archive halves of all cores were scanned at 1 cm res-
olution for major elements with an Avaatech X-ray Fluo-
rescence (XRF) core scanner equipped with a Rhodium tube 
(Richter et al., 2006). The results of the scans are displayed 
as element counts per seconds (cps) at each measuring point. 
For elements with lower atomic number (Al, Si, P, S, Cl, K, 
Ca, Ti, Mn, Fe) generator settings of 10 kV and 1000 µA with 
an exposure time of 10 seconds were used. For elements with 
higher atomic number (Br, Rb, Sr, Zr) setting of 30 kV and 
2000 µA with an exposure time of 20 second were chosen. 
At each measuring point, element counts were normalized 
to the total element counts (cf. Cuven, Francus & Lamou-
reux, 2011) to avoid possible bias caused by non-linear ab-
sorption (matrix effects) or by dilution of elements outside 
the measuring range of the spectrometer (closed-sum effect)  
(Richter et al., 2006; Löwemark et al., 2011; Cuven, Fran-
cus & Lamoureux, 2011). Furthermore, ratios of selected 
elements were established and used as geochemical proxies 
(cf. chapter 6.1).

The XRF-data was used to support the visual correlation 
of the parallel cores KOT3A and KOT3B. By matching dis-
tinct peaks in both core profiles, the respective gaps of KO-
T3A could be completed with data from KOT3B to obtain the 
continuous, undisturbed sedimentary sequence KOT3. Due 
to inhomogeneous sediment surface with abundant sharp 
shells, XRF-scanning between 313 and 330 cm was not pos-
sible. Hence, this section was excluded from further inter-
pretation. 

To assess the degree of association between chemical el-
ements, Pearson's correlation coefficients were calculated 
for the major elements and plotted in a correlation matrix 
(Fig. 4) using the corrgram package in the statistics software 
R version 2.13.2 (R Development Core Team, 2011; Wright, 
2011). A strong positive correlation between chemical ele-
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ments suggests a common driving force whereas negative 
values imply an inverse association of elements. 

All samples for destructive analyses were solely extracted 
from KOT3A.

The concentrations of total nitrogen (TN), total organic 
carbon (TOC) and inorganic carbon (IC) were determined on 
86 dried, grinded and homogenized samples through com-
bustion in an elemental analyzer (Euro EA, Elementanalyz-
er). To quantify the relative abundance of terrestrially and 
aquatically organic matter C/N (TOC/TN) ratios were calcu-
lated (Meyers & Lallier-Vergès, 1999). 

The grain size distribution of the sediments <1.8 mm 
was determined using a laser-particle-analyzer (Mastersiz-
er 2000, Malvern). 78 samples (~0.5 g) were taken and suc-
cessively treated with Hydrogen Peroxide until all organics 
were removed. Prior to measurements, rinsed samples were 
suspended in 10 ml of distilled water and 0.5 ml 0.1 M So-
dium Pyrophosphat to prevent coagulation. Final grain-size 
distribution/histograms is the mean of 12 runs with a mea-
suring time of 60 seconds for each sample run. 

3.2  Proxy Interpretation 

Depending on the environmental conditions in a water body 
or its catchment, geochemical and sedimentological proxies 
can be interpreted in multiple ways. The grain size distribu-
tion in limnic or lagoonal sediments is an indicator for hori-
zontal as well as vertical distance to the shoreline and hence 
water level fluctuations. In close proximity to the shoreline 
a greater proportion of coarse grains is deposited while the 
amount of fine sediments increase with vertical transport 
distance to the shoreline (Burnett et al., 2011). However, 
the grain size distribution can also be a signal of catchment 
erosion, either reflecting shifts from mainly physical to more 
chemical weathering or enhanced precipitation and deposi-
tions of coarse sediments (Koining et al., 2003). 

In lagoonal systems, organic matter is a binary mixture of 
terrestrial and aquatic sources. The origin of organic matter 
can be distinguished by a characteristic C/N-ratio. Aquatic 
organic matter generally has C/N-ratios between 4 and 10 
in contrast to cellulose-rich and protein-poor vascular land 
plants which have C/N-ratios higher than 20 (Meyers & La-
llier-Vergès, 1999; Bertrand et al., 2010). Understanding 
the temporal changes in the origin of sedimentary organic 
matter may help identifying periods of enhanced terrestrial 
input versus autochthonous algal productivity, which in turn 
sheds light on palaeoenvironmental conditions. 

Chemical elements may play various roles within an eco-
system. In near coastal environments, Br and Cl act as geo-
chemical markers that record marine influence. Diverging 
elemental profiles observed in the sedimentary record can 
result from a large affinity of Br to organic compounds or 
from a terrestrial source of Cl as a common constituent of 
sedimentary rocks (Boyle, 2001; Schofield et al., 2010). 

It is assumed that the amount of Ca and Sr represents the 
carbonate fraction which can have both an allochthnous as 
well as an authochthonous origin (Cohen, 2003). Authoch-
thonous carbonate precipitation with co-precipitation of Sr-
CO3 occurs during the summer months when the water is 
saturated with respect to carbonate due to increased evap-
oration accompanied by lake level fluctuation and/or algal 

photosynthesis in the epilimnion (Cohen, 2003). When the 
relationship between Ca and Sr is out of phase and one, or 
both chemical profiles follow the immobile, clastic fraction, 
the detrital contribution controlled by weathering in the 
catchment must be considered (Last, 1994; Cohen, 2003). A 
likely source for Sr may be silicates, particularly plagioclase 
feldspars (Kylander et al., 2011). To assess the amount of 
detrital and biogenic carbonate the Ca/Sr ratio can be used. 
Biogenic calcite precipitated from microorganism is more 
enriched in Sr than inorganically precipitated calicit/dolo-
mite. Thus, Ca/Sr is high when the contribution of detrital 
carbonate is elevated and the biogenic component is low 
(Hodell et al., 2008). To visualize layers rich in biogenic car-
bonate, opposed to those composed of detrital silicate miner-
als, the Si/Sr ration is common tool. The presence of detrital 
rich layers is inferred from a high Si/Sr (Hodell et al., 2008).

The amount of clastic material in the sediment is gen-
erally inferred from the signal of Al, Si, K, Ti, Fe, Rb and 
Zr reflecting weathering, runoff, erosion, and/or aeolian ac-
tivity within the catchment (Mügler et al., 2010). However, 
diverging chemical profiles of the clastic elements may be 
the response of superimposing signals. Si, for example, has 
a detrital component representing aluminosilicate minerals 
but also has an autochthon biogenic component influenced 
by the abundance of diatom frustuls (Kylander et al., 2011.). 
Some chemical proxies are strongly correlated with the grain 
size of clastic sediments. Ti, Rb and K are usually concen-
trated in clay minerals and mica, while the distribution of 
Zr and Si is linked to their association with the medium to 
coarse silt fraction (Koining et al., 2003; Kylander et al., 
2011). Hence, sorting during sedimentation has an influence 
on the chemical record and the Zr/Rb ratio is often used as 
a proxy for changes in grain size distribution. Lower values 
point to fine-grained sediments rich in Rb while higher val-
ues indicating coarse-grained material rich in Zr (Dypvik & 
Harris, 2001).

Mn and Fe both have an exceptional position. They are 
associated with the lithogenic fraction but unlike the stable, 
immobile components, their concentration is strongly con-
trolled by redox remobilization. Under anoxic conditions, 
the reduced, mobilized Fe2+ is less stable in the water col-
umn than Mn2+ and may re-precipitate as FeCO3 or more fre-
quently as FeS. Hence, during periods of anoxia Mn/Fe ratio 
is low. Mn2+ will primarily precipitate as MnCO3 and hence, 
the reaction is strongly pH-dependent and will most likely 
occur under anoxic conditions with high pH (Eusterhues et 
al., 2002; Koining et al., 2003). 

When associated with Fe, S may also indicate anoxic con-
ditions but generally, it is present in inorganic S-complexes 
reacting with organic matter and therefore, reflects the or-
ganic content of sediments. S-retention can also be linked to 
gypsum deposition when correlated with Ca (Cohen, 2003; 
Striewski et al., 2009).

4  Chronology

Two bulk samples and three shell samples from KOT3A were 
processed and radiocarbon dated at the Leibniz Laboratory, 
Kiel, Germany (Tab. 1). To minimize the risk of dating re-
deposited shells, only intact valves in growth position were 
sampled. Another four 14C samples dated at Beta Analytics 
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were available from the core KK retrieved in the direct vicin-
ity of KOT3 by Kontopoulos and Koutsios (2010). The five 
samples from KOT3 taken in between 318 and 908 cm below 
sediment surface (b.s.s.) cover an age range of 4500–19900 
14C-years uncalibrated. 

The four shell-samples from the core KK were taken be-
tween 355.5 and 737 cm b.s.s. providing ages in stratigraphi-
cal order between 2800 and 6400 14C-years uncalibrated.

While the shell samples of KOT3 are in good stratigraphi-
cal agreement with the previously published ages from KK, 
the bulk samples (KIA45677 and KIA45678, Tab. 1) appear to 
be unusually old. 

Most likely, the two bulk samples contain a considerable 
amount of re-worked, old carbon, derived from the catch-
ment of the lagoon. Hence, the two bulk samples were treat-
ed as outliers (Bronk Ramsey, 2009) and only the shell sam-
ples were included in the age depth model. 

As neither shell samples nor macro-remains could be re-
trieved from KOT3 below 375 cm, the two lowermost 14C 
dates of the core KK (Beta-194653 and Beta-194654, Tab.1) 
were included in the age depth model to build a chronology 
for the entire sedimentary sequence. Based on the lithology, 
it is assumed that the lower part of both cores was deposited 
simultaneously under the same lagoonal conditions, while 
the cores show a different sedimentary evolution in the up-
per part, which is strongly influenced by fluvial processes 
such as channel formation. 

All 14C ages were calibrated using Oxcal 4.1. (Bronk 
Ramsey, 2001, 2008, 2009) with respect to the IntCal04 cali-
bration curve (Reimer et al., 2004) and are reported with 
a 1-sigma (68.2%) probability range. Calibrated years are 

denoted as “cal BP” (before AD 1950) according to Mook 
& van der Plicht (1999). For all samples a marine/brack-
ish environment was assumed and a marine reservoir cor-
rection of 390 ± 85 BP as suggested by Siani et al. (2000) 
was applied. An age-depth-model based on 5 shell samples 
from KOT3 and KK was calculated applying the P-Sequence 
model of OxCal, which assumes random deposition (Bronk 
Ramsey, 2008). The resulting age-depth polygon was direct-
ly extracted from Oxcal, returning maximal and minimal 
ages for every centimeter (Fig.3). A curve based on mean 
age values – (agemax+agemin)/2 – was then used to plot the 
proxy data. 

While the GPS coordinates of the two core sites are 
known, the exact elevation above sea level could not be de-
termined for neither site. Thus, correlating the depths of the 
respective 14C samples introduces an additional uncertainty 
to the age-depth-model. Due to all these challenges in dat-
ing, the paper aims at a general chronological context and 
ages reported here are rounded to the nearest hundred. 

5  Results
5.1  Lithology

Based on sediment color, grains size distribution, and dis-
tinct changes in geochemistry, the sediment core KOT3 is 
subdivided into 16 units. A detailed description is presented 
in table 2. 

On average, the sedimentation rate is around 0.17 cm/a 
with a maximum of 0.2 cm/a and a minimum of 0.02 cm/a. 
As the age-dept-model and thus the sedimentation rate is re-
sult of a core synthesis, only average rates are given. 

Tab. 1: List of radiocarbon samples taken from KOT3 and KK (Kotihi 2-8) (Kontopoulos & Koutsios, 2010) from the Kotychi Lagoon. 
b.s.s.	= below sediment surface.
*	 = ages in cal BP, based on Reimer et al. (2004).
**	 = samples integrated in the OxCal-Model, calibrated using OxCal 4.1. Ages are in 1σ range. For all samples a marine reservoir correction of 390 +/- 

85 a, based on Siani et al. (2000) was applied.  
Samples from KK are published in Kontopoulos & Koutsios (2010).

Tab. 1: Liste der Radiokarbon-Alter von KOT3 und KK (Kotihi 2-8) (Kontopoulos & Koutsios, 2010) von der Kotychi Lagune.
b.s.s.	= below sediment surface (unterhalb der Sedimentoberfläche)
*	 = Alter in cal BP, nach Reimer et al. (2004).
**	 = Radiokarbon-Proben die in das OxCal-Modell integriert wurden. Alter wurden mit OxCal 4.1 kalibriert und sind im 1σ-Bereich angegeben. Eine 

Reservoir-Korrektur nach Siani et al. (2000) von 390 +/- 85 Jahren wurde für alle Proben vorgenommen. Radionkarbon-Alter vom Kern KK sind in 
Kontopoulos & Koutsios (2010) publiziert. 

sample No.
analysis 

No.
sample material 14C age (BP) 1σ error (BP) IntCal04*

depth  
(cm b.s.s.)

KOT3A318** KIA48442 Spisula sp. valve 4625 40 4880-4790 318

KOT3A355** KIA48443 Spisula sp. valve 5140 40 5130-5050 355

KOT3A375** KIA48444 Cerastoderma valve 5285 40 5230-5160 375

KOT3-565 KIA45677 Bulk sample 11330 50 12940-12770 565

KOT3-908 KIA45678 Bulk sample 19930 100 23680-23300 908

Kotihi 2 Beta-194651 Cerastoderma valve 2830 40 2690–2500 355.5

Kotihi 4 Beta-194652 Cerastoderma valve 3860 40 3990–3780 397.80

Kotihi 6** Beta-194653 Cerastoderma valve 5490 40 6360-6250 604.80

Kotihi 8** Beta-194654 Cerastoderma valve 6410 40 7110–6960 737.00
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Tab. 2: Summarized lithostratigraphy of KOT3. Fig. 3 is the graphical version of this table. UB = upper boundary.

Tab. 2: Zusammengefasste Lithostratigraphie von KOT3. Abb. 3 ist die graphische Version der Tabelle. UB = upper boundary (obere Grenze).

Unit # Depth (cm) Lithologic description

16 0-73 Recent soil, very dark brown (10YR 2/1) at the top to yellowish brown (10YR 5/4) at the medium sandy bottom, finer 
layer with charcoal between 68-73, edgy chert fragments, few snails

15 73-85 Sandy clayey silt coarsening upward, brown (10YR3/4), gravel at the top, few charcoal fragments, UB: sharp

14 85-123 Core loss

13 138-179 Clayey silt, greenish grey (Gley2 5/10G) with abundant yellowish brown (10YR 5/6) striae almost entirely brown (10YR 
4/3) at the top, intercalated silt layers (cm-mm scale), charcoal-rich at the top (123-138), UB: sharp 

12c 179-197 Strong clayey silt, greenish grey (Gley2 5/10G) with abundant yellowish brown (10YR 5/6) striae, few shell fragments, 
UB: sharp, bright, carbonate-rich laye

12b 197-215 Strong clayey silt, greenish black (Gley2 2.5/10BG), homogenous, UB: gradational

12a 215-235 Strong clayey silt, greenish grey (Gley2 5/10G) with yellowish brown (10YR 5/6) striae, homogenous. UB: gradational

11 235-307 Strong clayey silt, greenish grey (Gley2 5/10G), abundant shell fragments (up to several mm), several organic-rich 
layers (e.g. 239-244), UB: gradational

10 307-329 Silty clay, dark greenish grey (Gley2 3/5BG), lower boundary is marked by a shell detritus layer (329-326), several 
shells ( up to 3 cm) and shell fragments (mm-cm) especially at the bottom, UB: gradational

9 329-354 Strong silty sand, dark greenish grey (Gley2 3/10BG), homogenous, UB: sharp (shell detritus layer)

8 354-383 Strong clayey silt, black (2.5Y 2.5/1), abundant shell fragments (mm-scale) especially at the bottom, few shells (cm) 
at the bottom, UB: sharp 

7a 383-470 Clayey silt, greenish grey (Gley2 5/10G), few yellowish brown (10YR 5/6) striae/layers, carbonate concretions between 
440 and 418, UB: undulating (root channel/bioturbation?) 

7b 470-515 Sandy silt, greenish grey (Gley2 5/10G), homogenous, 

7a 470-534 Clayey silt, greenish grey (Gley2 5/10G), few yellowish brown (10YR 5/6) striae/layers

6 534-554 Strong clayey silt, yellowish brown (10YR 5/6) striae increasing upward until sediment is entirely yellowish brown, 
homogeneous, UB: gradational

5 554-599 Clayey silt, decreasing clay content to the top, greenish grey (Gley2 5/10G), organic detritus, few shell fragments at 
558, silt-dominated layers at 560-62 and 567, UB: gradational

4 599-705 Alternating, homogenous sequences (10-20 cm) of sandy silt to silty sand, greenish grey (Gley2 5/10G), UB: sharp/
undulating

3 705-863 Weak clayey silt to medium clayey silt, heterogeneous lamination of dark greenish grey (gley2 4/10G) silty and gree-
nish grey (Gley2 5/10G) clay layers of varying thickness (mm-cm), sometimes silt or organic-rich and/or bright, light 
greenish grey (Gley2 7/10G) layers intersect fine lamination especially in the upper part, abundant organic fragments, 
silt-filled root channels, 744 -728: sandy silt layer fining upwards, 823-818: sandy silt layer, UB: sharp

2 863-909 Silty clay, greenish grey (Gley2 5/10G), sometimes intersected by yellowish brown (10YR 5/4) and organic-rich layers 
up to 0.5 cm thick, UB: gradational

1c 909-920 Silty clay, abundant shell fragments, dark greenish grey (Gley2 4/10G), UB: sharp

1b 920-930 Medium sand, increasing silt content, greenish black (Gley2 2.5/10BG)

1a 930-980 Medium sand, slightly fining upward, greenish black (Gley2 2.5/10BG), gravel fragments at the bottom

5.2  Laboratory analysis 

When deciphering processes within the lagoon, relative 
changes and altering trends of elemental concentrations 
throughout the profile should be interpreted rather than ab-
solute values (Kylander et al., 2011). Positive correlations 
among elements (Fig. 4) confirm the common classification 
into the following three geochemical groups (cf. chapter 6.1): 
the marine fraction (Cl, Br), the carbonate fraction (Ca, Sr), 
and the detrital fraction (Al, Si, K, Ti, Rb). Mn and Fe both 
have an exceptional position and only partially follow the 
trend of the detrital fraction. S shows no continuous correla-
tion with the other elements. It sometimes tracks the marine 
indicators or the organic content but is obviously involved in 
different lagoonal processes (Fig. 5). Zr is decoupled from the 
detrital fraction but is vaguely correlated (rZr-Cl=0.41) with 
Cl. It is further associated with the coarse silt/sand fraction 
(Fig. 5 and 7). As additional proxies, elemental ratios such as 

Mn/Fe, Zr/Rb and Si/Sr were analyzed (cf. chapter 6.1). 
The chemical composition of the sand-dominated sedi-

ment in unit 1 is controlled by the marine indicators (Cl, Br) 
and the carbonate fraction (Sr, Ca). Linked to the latter one, 
IC is at its maximum (3.9%). Mn/Fe, Zr/Rb and sulfur also 
display high values while OC and the C/N-ratio are at their 
minimum (Fig. 7). 

With the transition to unit 1b, a gradual increase in ter-
restrial elements is accompanied by decreasing Zr/Rb and an 
enrichment of silt and clay which culminates in unit 2.  Most 
proxies show a significant change at the transition to unit 2 
(8000–7800 cal BP). It is characterized by an abrupt increase 
of the terrestrial fraction and Si/Sr mirroring the declining 
trend of the IC, the carbonate fraction, the salinity indica-
tors, and Mn/Fe. In contrast, the OC rises of up to 2%. 

Throughout units 3 and 4, terrestrial elements exhibit a 
gradual decreasing trend, however, not synchronously. Si is 
decoupled from the terrestrial fraction. Zr in fact follows the 
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Fig. 3: Lithological units of KOT3 and radiocarbon dates of KOT3 (red) and KK (green) (Kontopoulos & Koutsios, 2010). Radiocarbon dates used for the 
establishment of the chronology are marked with big spots. The resulting age-depth-model was calculated with OxCal 4.1.

Abb. 3: Lithologische Units von KOT3 und Radiokarbon-Alter von KOT3 (rot) und KK (grün) (Kontopoulos & Koutsios, 2010). 14C-Datierungen, die in 
die Chronologie integriert wurden sind mit einem großen Punkt markiert. Das resultierende Alters-Tiefen-Modell wurde mit der Kalibrations Software 
OxCal 4.1 erstellt. 
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Fig. 4: Correlogram for KOT3 based on Pearson's 
correlation coefficients. Blue colors and rising line 
pattern indicate a positive correlation whereas red 
colors and falling line pattern indicate negative 
values. The strength of correlation or anticorrela-
tion increases with color shades. A strong positive 
correlation between chemical elements suggests a 
mutual driving mechanism.

Abb. 4: Korrelationsmatrix für KOT3 basierend 
auf Pearson’s Korrelationskoeffizienten. Blaue 
Kästchen und aufsteigende Linien stehen für eine 
positive Korrelation und rote Kästchen mit abstei-
genden Linien zeigen eine negative Assoziation. 
Der Grad der Korrelation oder Antikorrelation 
steigt und fällt mit Intensität der Farbe. Ein stark 
positiver Zusammenhang zwischen chemischen 
Elementen impliziert, dass die Elementhäufigkei-
ten vom selben Prozess gesteuert werden. 
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Fig. 5: Geochemical XRF-profiles of the marine fraction, the carbonate fraction, and Mn/Fe (redox-indicator) plotted against depth. Sulphur is often consid-
ered a marine indicator but in this case shows a mixed signal. Grouping of elements is based on Pearson's correlation coefficients (Fig. 3). Elemental profiles 
obtained in cps (counts per second) by XRF are normalized by the total number of counts. The solid black line separates different evolutionary stages.

Abb. 5: Geochemische XRF Profile (in counts per second, cps) von der marinen Fraktion, der Karbonat Fraktion und Mn/Fe (redox Indikatoren). Schwefel 
zählt generell zu den marinen Indikatoren, zeigt in diesem Fall aber eine Signalüberlagerung, gesteuert von verschiedenen Prozessen. Die Gruppierung 
der Elemente basiert auf Pearson’s Korrelationskoeffizienten. Die geochemischen XRF Profile wurden gegen totale Anzahl der Element-counts normalisiert. 
Schwarze Linien unterteilen verschiedene Entwicklungsstufen der Lagune.  

Fig. 6: Geochemical profiles of the terrestrial fraction subdivided into elements predominately associated with fine and coarse-grained minerals. Elemental 
profiles obtained in cps (counts per second) by XRF are normalized by the total number of counts (ttc). The solid black line separates different evolutionary 
stages.

Abb. 6: Geochemische XRF Profile (in counts per second, cps) der terrestrischen Fraktion unterteilt nach Elementen, die an grob- und feinkörnige Minerali-
en gebunden sind. Die geochemischen XRF Profile wurden gegen totale Anzahl der Element-counts normalisiert. Schwarze Linien unterteilen verschiedene 
Entwicklungsstufen der Lagune. 
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increase of the marine indicators and the carbonate fraction 
which is also reflected by an increased contribution of the 
sand and silt fraction at the expanse of clay. High amplitude 
fluctuations of the sand and silt fraction reflect rhythmically, 
alternating sequences of the prevailing homogenous sedi-
ment in unit 4. The silt content varies between 21 and 71% 
generally mirroring to the trend of the sand fraction. Spo-
radically, the C/N-ratio reaches values of 15 (7900 cal BP), 13 
(7600 cal BP) and 25 (7500 cal BP) but shows no pronounced 
trend in the entire profile. 

A considerable change reflected by almost every proxy 
occurs at the transition to unit 5 (6300 cal BP). The geochemi-
cal salinity indicators, Sulphur, and the carbonate fraction 
abruptly decrease whereas terrestrial elements show elevat-
ed values, especially K, Al and Si. The changing chemical 
composition is accompanied by a pronounced shift towards 
the clay and silt fraction reflected by a decreasing Zr/Rb ra-
tio. A change in the carbonate sedimentation is indicated by 
increasing Si/Sr and Ca/Sr ratios. 

Until the end of unit 7 (5200 cal BP) elemental profiles re-
main relatively stable. The sediment is dominated by silt (up 
to 90%) while the contribution of the sand fraction remains 
negligible (< 1%) despite a peak of 13% around 5700 cal BP 
which is reflected by the marine proxies. 

With the onset of unit 8 (5200 cal BP), proxies start to 
show short-lived fluctuations, well documented by an oscil-
lating Si/Sr ratio. The marine proxies are increasing again. 
However, around 5200 cal BP, parallel to a maximum in S, 
OC (3.7%) and C/N-ratio (32), Br increases more significantly 
than Cl which is explained by the large affinity of Br to or-
ganic compounds. In unit 9, the elements are in phase again 
and exhibit high values corresponding to a peak in the sand 
fraction (13%) and Zr/Rb. In contrast, in unit 11 the terres-

trial proxies show slightly elevated values and the sediment 
is enriched in clay. High values of OC (3.6%), IC (3.2%) and 
a high C/N- ratio mark the transition to unit 12 where the 
marine influence is temporally re-established around 4100 
cal BP. At the same time, a peak in OC (2.3%) corresponds to 
a high C/N-ratio (10), a low Mn/Fe and minimum values of 
IC (~0%) and the carbonate fraction. Si/Sr is high, mirroring 
the decline in Ca/Sr. Together with a rising C/N-ratio, the 
marine proxies, the carbonate fraction and Mn/Fe increase 
gradually in unit 13. Terrestrial elements especially those en-
riched in the fine grained fraction are decreasing. The sedi-
mentary record terminates with an erosional unconformity 
at the upper boundary of unit 13. Parts of unit 14 where lost 
during coring and the uppermost meter of the core is trans-
formed by anthropogenic activities. 

In summary, in coarse sediments (high Zr/Rb) the chemi-
cal composition is generally rich in marine proxies and the 
carbonate fraction while fine grained sediments (low Zr/Rb) 
show a high concentration of terrestrial proxies. 

6  Discussion
6.1  Shoreline evolution 

Inferred from simultaneous changes in proxy data, the sedi-
mentary sequence can be subdivided into four evolutionary 
stages: Stage 1 (8500–8000 cal BP) is characterized by coarse, 
marine influenced elements. Stage 2 (8000–6300 cal BP) com-
prises an enhanced concentration of fine grained sediments 
enriched in terrestrial elements which are progressively 
replaced by coarse marine influenced sediments. Stage 3 
(6300–5200 cal BP) is controlled by silt-dominated, terres-
trial sediments with only sporadic traces of marine proxies. 
Stage 4 (5200 cal BP–present), in contrast shows oscillating 
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Abb. 7: Inorganischer Kohlenstoff (IC), organischer Kohlenstoff (OC) das C/N-Verhältnis. Schwarze Linien unterteilen verschiedene Entwicklungsstufen der 
Lagune.
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Fig. 8: Percental contribution of clay (blue), silt (red) and sand (green) to the total grain size distribution in comparison with log (Zr/Rb) (grain size proxy). 
The solid black line separates different evolutionary stages. 

Abb. 8: Prozentualer Anteil von Ton (blau), Schluff (rot) und Sand (grün) an der gesamten Korngrößenverteilung in Vergleich zu log (Zr/Rb) (Korngrößen-
proxy). Schwarze Linien unterteilen verschiedene Entwicklungsstufen der Lagune.

Fig. 9: Si/Sr and Ca/Sr. 

Abb. 9: Si/Sr und Ca/Sr.
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profiles with successive phases of both, terrestrial and ma-
rine dominance. These four evolutionary stages document 
the palaeoenvironmental evolution of the Kotychi Lagoon.

Stage 1, comprising only unit 1, represents the marine 
phase of the sedimentary succession which is characterized 
by coarse carbonate-rich sediments high in Cl and Br depos-
ited in a well oxygenated environment (high Mn/Fe ratio) 
with low bio productivity (almost lowest OC in the profile). 
Based on the low C/N-ratio the contribution of terrestrial 
organic matter rich in cellulose and lignin is negligible. 

Based on this data, it is assumed that the palaeoshoreline 
was located several km east of its present position, which 
confirms the assumptions of Kraft et al. (2005). The slowly 
increasing silt content and the simultaneously increasing 
signal of the detrital fraction gradually starting around 8200 
cal BP (Unit 1b) indicate the gradual development of a back 
barrier environment where fluvial sediments from the hin-
terland start to accumulate. Abundant shell fragments indi-
cate the transition to ecologically favorable conditions. 

With the onset of stage 2, comprising units 2, 3, and 4, 
lagoonal conditions have developed. A tenfold increase of 
the sedimentation rate supports the hypothesis of a sediment 
trap in the back barrier environment. Clayey sediments (low 
Zr/Rb) enriched in terrestrial elements point to a quiescent 
deposition environment were sediments derived from the 
hinterland accumulate. Peaks in C/N-ratio indicated a bi-
nary mixture of terrestrial and aquatic organic matter which 
confirms the terrestrial sediment source. It is assumed that 
in the stagnating water vertical mixing was restricted and 
in the oxygen depleted environment (low Mn/Fe) productiv-
ity was still extremely low (low OC). The greyish color of 
the sediments confirms that no oxygen was available for the 
oxidization of Fe2+. The drop of the IC content reflects the 
absence of marine Ca-rich sand and a rising Si/Sr points to 
enhanced detrital silicate deposition. This indicates the tran-
sition to a restricted marine influence.

The continuing sediment supply from the hinterland 
throughout stage 2 lead to further accumulation of fine 
grained terrestrial sediments (high amount of detrital frac-
tion and low Zr/Rb) in the back barrier environment, and 
promoted the growth of the barrier island. Hence, the lagoon 
was perfectly sheltered favoring the development and pres-
ervation of finely laminated sediments (Unit 3), characteris-
tic for a quiescent, oxygen-poor environment with limited 
bioproductivity (low Mn/Fe and low OC) and no bioturba-
tion of higher organisms which would destroy the lamina-
tion. 

A decoupling of Al and Si between 822 and 660 cm (7500 
and 6600 cal BP) suggests an increased deposition of biogenic 
silicate possibly associated with diatom productivity. How-
ever, this hypothesis needs further verification. Additionally, 
rising IC indicate carbonate precipitation in the lagoonal 
environment most likely associated with light colored lay-
ers in the laminated sediments (higher IC). They probably 
reflect an annual cycle. During spring/summer, enhanced 
biological activity of microorganism such as diatoms results 
in CO2 consumption leading to autochthonous, biochemical 
precipitation of whitish calcite layers. In winter, surface run 
off and creeks draining the lagoon provide clastic sediments 
from the catchment and build up a layer composed of min-
eral grains, reworked carbonate, shell fragments and organic 

detritus (Brauer, 2004). However, the poor state of preserva-
tion of the laminae hampers detailed interpretations. 

In unit 3, layers of sand for example at 731 cm (7000 cal 
BP) correlating with peaks in Cl and Br, with rising IC, and 
higher Zr/Rb imply marine intrusion into the lagoonal en-
vironment. 

Marine intrusion into coastal water bodies is often as-
cribed to high-energy transport associated with extreme 
wave events such as tsunamis or storms. Several authors be-
lieve to have found evidence for the occurrence of tsunamis 
in coastal environments all around the world (Goff et al., 
2012). It is even hypothesized that the ancient city of Olym-
pia approximately 50 km southeast of Kotychi was destroyed 
by a tsunami (Vött et al., 2011). 

However, due to the homogenous nature of the marine 
sediments in KOT3 deposition associated with high-energy 
transport is neglected. Sediment structures like muddy intra-
clasts, were not detected as well as fining upward sequences 
including abundant faunal remains of marine origin which 
are often associated with extreme wave events like tsunamis 
or severe storms (Morton et al., 2007; Goff et al., 2012). 

By 6900 cal BP (unit 4) the barrier, which entrapped the 
lagoon, was at least partially flooded as indicated by high Cl 
and Br and a reduction of the terrestrial fraction. Homog-
enous, marine sandy silt was deposited and saltwater intru-
sion initiated bottom ventilation as suggested by a slightly 
increasing trend of Mn/Fe. 

Based on this evidence, stage 2 is assumed to represent a 
first, short-lived episode of shoreline progradation and bar-
rier island accretion, which isolated the shallow lagoon but 
successively the coastline retreated. So far, the existence of a 
sequence of lagoons fringing the Elean coast for at least 7000 
years has only been postulated (Raphael, 1973, 1978; Kraft, 
2005; Kontopoulos & Koutsios, 2010). With an age of 8000 
cal BP, the sedimentary evidence from KOT3 for the first 
time presents chronological control for the onset of barrier 
accretion and lagoon development. 

A distinct change in sedimentation occurred around 6300 
cal BP and marks the beginning of stage 3 encompassing 
units 5, 6, and 7. The marine influence (Cl, Br and S) abruptly 
ceases and an increase in terrestrial sediments dominated by 
clayey silt (low Zr/Rb) implies that riverine outflow to the 
sea is blocked again and a sediment trap developed behind 
a barrier. The shift towards a terrestrial sediment accumula-
tion is again well documented by the elevated Si/Sr point-
ing to a detrital dominated sedimentation at the expense of 
carbonates. 

Around 6000 cal BP, shell fragments and altering layers of 
grey and brown shades rich in clay (Tab. 2) indicate an alter-
nation of waterlogged phases and drier conditions allowing 
the oxidization of ferric compounds. A high concentration 
of terrestrial elements (Rb, Ti, K) linked to the fine fraction 
opposed to low values of Cl and Br is enriched in unit 6 im-
plying terrestrial condition at this time. The decline of Mn/
Fe seems to reflect a lowering of the pH due to oxygenation 
of the sediments, a process often contributing to soil acidifi-
cation. A minimum of IC caused by carbonate dissolution in 
the acid environment supports this hypothesis. 

Isolated brown, mm-scale layers in unit 7 result from epi-
sodic drought but are rapidly succeeded by lagoonal depos-
its indicating a low water table susceptible to a changing 
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hydrological regime. The precipitation of carbonate concre-
tions between 440 and 418 cm (verified by a strong response 
to HCl) confirms an increased trend towards aridity around 
5500–5400 cal BP.

As stage 3 is interpreted to represent the terrestrial/mar-
ginal part of the lagoon, the lagoon itself and hence the shore-
line must have been located further west or the lagoon has 
been silted up by progradation of the fluvial influences facies. 
However, the presence of marine layers associated with ho-
mogenous, coarse sediments high in Cl, Br and S deposited in 
an oxygenated (rising Mn/Fe) environment 7b (515–470 cm; 
5800–5700 cal BP) suggest short-lived marine intrusion and 
the return to marine influenced conditions in the lagoon. 

Stage 4 including units 8 to 16 is characterized by pro-
nounced, short-lived fluctuation of many proxies. A sharp 
undulating contact between unit 7 and 8 (383 cm; 5200 cal 
BP) marks the transition to stage 4. Abundant shell frag-
ments and shells like Cerastoderma sp. and Spisula sp., some 
of them in growth position, indicate the return of lagoonal 
conditions which is also confirmed by the marine proxies Br 
and Cl. The decoupling of Cl and Br coincides with a maxi-
mum in OC indicating that the opposing trend may be ex-
plained by a large affinity of Br to organic compounds. Like-
wise, the correlation of S and OC implies that S in this unit is 
also bound to organic complexes. Terrestrial elements linked 
to the fine-grained fraction are dominating in the strong 
clayey silt (low Zr/Rb) derived from the hinterland. 

The opposing trends of Ca and Sr are attributed to a 
changing composition of the carbonate source. The decline 
in Ca seems to be connected to the dissolution of IC which 
might be attributed to the partial decomposition of enriched 
OC. A subsequent release of CO2 lowers the pH to favor 
carbonate dissolution (Dean, 1999). However, the carbonate 
available in the sediment seems to be dominated by Sr-rich, 
biogenic carbonate as inferred from low Ca/Sr. Keeping in 
mind high OC values, the undulating sharp lower contact to 
unit 7 may either be interpreted as a consequence of biotur-
bation or represents a sediment-filled root channel.  

With another sharp transition towards unit 9 around 
4900 cal BP, the lagoonal sediments are replaced by homo-
geneous, strong silty sand showing the typical marine sig-
nature characterized by coarse sediments high in Cl and Br 
and the Ca fraction. The apparent decrease of Br compared 
to unit 8 can be ascribed to a decline of the OC no longer 
fixing Br. The sharp contact indicates an event of erosion. 
However, the homogenous sediments represent an episode 
of sea level rise rather than an extreme wave event. In con-
trast, a layer of fragmented shells uncomformably overlay-
ing the marine deposits could be attributed to an extreme 
wave event around 4900 cal BP. The sharp, erosional contact 
indicates high-energy transport and the distinct degree of 
fragmentation of shells results from deposition under turbu-
lent conditions. Following the marine influenced deposition, 
there was a return to quiescent, lagoonal conditions charac-
terized by the abundance of shells; Cerastoderma sp. reaches 
up to 3 cm. 

The gradual decrease of shells in growth position, OC, 
and the geochemical proxies indication marine influence im-
ply the termination of the fully lagoonal conditions between 
4100 and 4300 cal BP (unit 11). A slight coarsening of the 
sediments towards clayey silt may be the result of seaward 

progradation of the profundal zone of the lagoon. However, 
the grey color typical for reduced mineral compounds due to 
an oxygen-depleted environment indicates still waterlogged 
conditions. Numerous shell fragments indicate ecologically 
favorable condition and the presence of wave action re-
quired for their fragmentation and deposition. The high OC 
towards the end of unit 11 results from a combined contri-
bution of aquatic and terrestrial matter (C/N-ratio: 19) and 
supports the hypothesis of ecologically favorable condition. 

The appearance of brown shades in unit 12 indicates a 
lowering of the water level, which allowed bottom ventila-
tion and subsequent oxidization of ferric compounds giv-
ing the sediment its characteristic color. The environment 
progressively changed from a fully lagoonal to a lagoonal/
marginal environment. However, this trend is interrupted 
by a short-lived episode of lagoonal predominance around 
4100–4000 cal BP. High values of Cl, Br, and S associated 
with the black color of the sediments suggest the return 
of water-saturated, anoxic conditions (lowest Mn/Fe). The 
abrupt decrease of both, Sr and Ca seems to be related to IC 
dissolution (low IC). 

Towards the end of unit 12, around 4000 cal BP the water 
level has dropped and oxygenated conditions (slightly ris-
ing Mn/Fe) returned. The marine influence is declining and 
a light colored horizon at 179 cm (3900 cal BP) strongly re-
sponding to diluted HCl indicates carbonate precipitation 
possibly as a result of dry conditions. 

Around 3900 cal BP, the lagoonal/marginal part has fur-
ther prograded seaward and the sedimentary evidence of 
unit 13 (3500–3900 cal BP) documents the coexistence of 
stream channel and adjacent flooded areas characteristic for 
a floodplain. During periods of high discharge, coarse sedi-
ments are deposited in episodically activated stream chan-
nels (silt layers unit 13), which are partly cutting the flood-
plain. The brownish color of the sediments implies the pres-
ence of oxygen supported by rising Mn/Fe. Elevated Cl and 
Br values suggest periodic flooding but charcoal accumula-
tion at the top of the unit clearly points to a terrestrial prov-
enance of the sediments. 

The coarse material of unit 14 (85–123 cm) uncomform-
ably overlaying unit 13 could not be recovered. Judging from 
a small sample that could be retained in the field, the grain 
size, the fragmented, redeposited shells (> 2mm) and the in-
corporated, sharp edged gravel seem to reflect high energy 
deposits probably associated with a river channel crossing 
the floodplain and discharging into the lagoon. A temporal 
onset for the river activity cannot be given based on the age-
depth-model as it has to be assumed that the river deeply 
cut in to the floodplain introducing a non quantifiable ero-
sional gap and hence uncertainty into the age-depth-model. 
Accordingly, the interpretation of the sedimentary succes-
sion terminates with the lower, erosive boundary of the sand 
layer around 3500 cal BP. The sediments overlying this flu-
vial deposit are subject to soil formation and intensive agri-
culture and can therefore not be interpreted in a palaeoenvi-
ronmental context.  

Based on proxy evidence, it can be assumed that stage 
four is characterized by a rapid succession of lagoonal and 
terrestrial deposition milieus, which points to unstable envi-
ronmental conditions. 
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6.2  Regional Synthesis

The data presented in this study provide evidence for the ex-
istence and yet the temporal onset for the development of a 
Holocene coastal logoon as proposed by Kraft et al. (2005), 
Raphael (1973, 1978) and Kontopoulos & Koutsios (2010). 
However, Raphael (1973, 1978) assumed an early phase of 
coastal progradation during Hellenistic Times, and Konto-
poulos & Koutsios (2010) suggested an age of 4000 BP, re-
sults from this study provide evidence for a period of pro-
nounced, coastal progradation starting 6300 cal BP (stage 3) 
and an early but only short-lived phase around 8000 cal BP 
(stage 2). The latter is approximately in accordance with the 
oldest proposed barrier accretion cycles proposed by Kraft 
et al. (2005) during Late Mesolithic to Neolithic Times.  

Further, Kraft et al. (2005) present evidence for major 
sediment surges in the Early Helladic (3000–2000 cal BC), in 
Early Mycenaean times (1700–1400 cal BC), and from Clas-
sical (500–323 cal BC) to modern times.

The pronounced period of coastal progradation starting 
6300 cal BP (stage 3) is not in accordance with the evidence 
presented by Kraft et al. (2005). However, enhanced sedi-
ment supply in the Early Helladic and Early Mycenaean 
Times can also be inferred from the sedimentary record of 
the Kotychi Lagoon (unit 11 and unit 13). A certain time lag 
can be attributed to a site-specific evolution or is a result 
of restricted dating accuracy, which cannot be neglected in 
coastal environments where 14C dating is limited by a hardly 
quantifiable marine reservoir correction. 

Evidence for three major sediment surges during Helle-
nistic (323–30 cal BC), Roman (30 cal BC – 330 cal AD) and 
early Medieval times (330 cal AD – 1453 cal AD) proposed by 
Raphael (1973, 1978) could not be supported by this study 
because the sedimentary record of the past 3500 years is not 

preserved in KOT3. The river channel producing the erosion-
al gap further hampers a comparison to the palaeoenviron-
mental interpretation of Kontopoulos & Koutsios (2010) 
derived from the same lagoon. Kontopoulos & Koutsios 
(2010) distinguished three evolutionary stages from lagoonal 
(earlier than 7000–3810 cal BP) towards a terrestrial period 
(3810–1400 cal BP) followed by a transgressive phase (1400 
cal BP-present). Whereas the basal part of the cores show a 
similar evolution, the mid-Holocene phase of coastal pro-
gradation corresponding to stage 3 in KOT3 is not identified 
by Kontopoulos and Koutsios (2010). In contrast, in KK 
lagoonal bottom facies interrupted by an episode of stream 
channel influence in a depth of 440–470 cm are prevailing 
(Kontopoulos & Koutsios, 2010). This probably introduced 
the erosional gap in KK much earlier than in KOT3 and is 
held responsible for the evolutionary discrepancy of the 
cores in the upper part.

6.3  Driving forces of coastal pro- and retrogradation

On a local scale, coastal morphology is highly susceptible to 
terrestrial sediment supply. Terrestrial environments play a 
profound role controlling sediment dynamics as material is 
eroded from the hinterland, transported by rivers, and en-
trained in littoral currents to shape the coast by creating bar-
riers, lagoons, marshes or deltas. However, the sea level acts 
as a baseline to which a broad spectrum of processes adjusts. 
Hence, it controls the long profile of rivers, which influences 
sedimentation and erosion in the lowlands. Consequential, 
in the transitional zone were rivers and the sea merge bar-
rier migration is the morphological response to the relation 
of sediment supply rates and the rate of sea level rise. A dis-
equilibrium results in an adjustment of process and form 
(Costas et al., 2009; Plater & Kirby, 2011). 
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Fig. 10: Summary of proxy evidence and palaeoenvironmental interpretation. 

Abb. 10: Zusammenfassung der Proxies und ihre umweltgeschichtliche Interpretation. 
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As causes for the perturbation of this disequilibrium and 
the balancing processes initiating shoreline migration, ei-
ther changing sea level rates associated with the decay of 
the continental ice sheets and changes the ocean volume 
or varying sediment fluxes can be considered (Lambeck & 
Purcell, 2005; Costas et al., 2009). The latter one can be a 
composite of both, naturally induced soil erosion or anthro-
pogenically enforced hinterland exploitation and soil deg-
radation that translates into sedimentation in the lowlands 
(Raphael 1973, 1978; Kraft et al., 2005; Dinis et al., 2006).

Of course, local tectonic processes can influence the in-
terplay of seal level rise and sediment supply. It controls the 
nature of the coastal environment either by gradual uplift or 
subsidence or by a sudden, impulsive vertical displacement. 
In this context, tectonic activity in the coastal area itself as 
well as in the hinterland has to be considered because it con-
trols relief energy and hence sediment delivery. However, 
the quantification of tectonic control over geological time-
scales is difficult (Plater & Kirby, 2011). 

Further, short-term processes as extreme wave events can 
create an episodic disturbance. Costas & Alejo (2007) for 
example report sporadic barrier breaching associated with 
increased wave energy striking the barrier during periods of 
increased storminess. After the initial disturbance, the coast-
al system needs a certain time to readjust and adapt to the 
boundary conditions.  

With regard to the diverse driving factors of coastal evo-
lution in the Kotychi area, stage 1 is influenced by the after-
math of the melt down of the continental ice sheets, which 
initiated ocean volume expansion and subsequently rapid 
sea level rise. Until 8000 cal BP the shoreline was located 
several km landward of its present position. 

With vanishing of the ice sheets ocean volume remained 
constant attenuating the rate of sea level rise and allowing 
local signals to overcompensate the eustatic signal (Freit-
as et al., 2003; Bao et al., 2007; Costas et al., 2009). In the 
Mediterranean, widespread evidence for a weakening of the 
eustatic signal and the development of lagoon barrier sys-
tems clusters around 5500–6500 BP (Dinis et al., 2006; Bao 
et al., 2007; Costas et al., 2009). However, stage two starting 
around 8000 cal BP seems to represents an early phase the 
mid-Holocene cessation of sea level rise which gives local 
factors such as sediment availability an accentuated the role. 

This early stage sea level deceleration reflects the hypo-
thesis of Stanley & Warne (1994), who postulate worldwide 
delta progradation as a result of fluvial sediment input over-
compensating the declining rate of sea level rise between 
8500 and 6500 BP. On a regional scale the hypothesis of a 
stabilization of the sea level shows analogies to the results 
Kraft et al. (2005) and it approximately confirms the results 
of Avramidis et al. (2012) who described sand barrier evolu-
tion and brackish/lagoonal back barrier conditions around 
8540 cal BP in the Alykes Lagoon on Zakynthos Island 30–40 
km west of Kotichy Lagoon. 

Human induced soil erosion creating a surplus of sedi-
ments must also be considered. An array of studies evaluat-
ed and summarized by Dusar et al. (2011) proposes a causal 
relationship between anthropogenic landscapes modifica-
tion and enhanced sediment dynamics in the Mediterranean. 
It is common assumption that deforestation in the Mediter-
ranean dates back to the Neolithic (Kraft et al., 2005). In-
deed, there is evidence for Early Neolithic human activity in 

the study area (Raphael, 1973; Williams, 2004). However, 
their ecological footprint is considered to have been small as 
indicated by pollen data (Lazarova, Koutsios, & Konto-
poulos, 2012) and so far no anthropogenically induced sedi-
ment surges have been reported in the region during Neolitic 
Times (Raphael, 1973, 1978; Kraft et al., 2005; Kontopou-
los & Koutsios, 2010). Hence, human induced soil erosion 
can be neglected as a source for the perturbation of the bal-
ance between sea level rise and sediment supply around 
8000 cal BP. In fact, hinterland erosion and sedimentation in 
the Kotychi area appears to have been on a moderate level 
inferred from the finely laminated sediments representing 
a quiescent, low-energy sedimentation regime and further 
from an immature, semipermeable sand barrier which was 
flooded by a slower but after all rising sea level around 6600 
cal BP. 

Accordingly, temporal analogies of circum-Mediterra-
nean lagoon formation indicate that an early stage of sea 
level deceleration led to a surplus of sediments in the transi-
tional area where the Peneus River and the Ionian Sea merge 
which, initiated barrier formation in the prograding delta. 
Hence, an attenuation of the eustatic signal was the driv-
ing force of coastal progradation around 8000 cal BP. The 
gradual, subsequent flooding of the barrier environment is 
ascribed to a slower but after all rising sea level. However, 
an episode of subsidence, lowering the overflow threshold of 
the barrier could also be possible but is hard to prove. 

A shift toward terrestrial marginal conditions either as-
sociated with a seaward migration of the lagoon or silting 
up of the back barrier environment characterize stage 3 and 
indicate an additional imbalance between sea level rise and 
sediment supply. The beginning of this stage coincides with 
circum Mediterranean lagoon formation and the tradition-
ally mentioned cessation of the post-glacial sea level rise 
around 6500 and 5500 BP (Lambeck & Purcell, 2005; Dinis 
et al., 2006). For this period, Fouache et al. (2008) report a 
complex of coastal barriers encompassing the Thessaloniki 
plain, on the Iberian Peninsula Costas et al. (2009), Bao et 
al. (2007) and Freitas et al. (2003) just to name a few, pos-
tulate lagoon and wetland formation. At the coastal plain of 
Marathon, Greece, Pavlopoulos et al. (2006) ascribe a se-
quence of lagoonal deposits to the stabilization of sea level 
rise just as Kontopoulos & Avramidis (2003) at the Aliki 
Lagoon, north Peloponnese. 

However, the deceleration of sea level rise and a subse-
quent surplus of sediments must not be the sole reason for 
the cessation of the waterlogged conditions during stage 3. 
In the mid-Holocene, a trend towards a general aridifica-
tion is inferred from δ18O and δ13C records of speleothems 
in Israel (Bar-Matthews et al., 2003), or by geochemistry 
and pollen data from crater-lake sediments in central Turkey 
(Roberts et al., 2001). However, the transition towards aridity 
shows spatial variability throughout the Mediterranean (cf. 
Lespez, 2003; Jalut et al., 2009; Dusar et al., 2011; Finné et 
al., 2011). In a comprehensive synopsis of Holocene climate 
in the eastern Mediterranean, Finné et al. (2011) propose a 
transition towards increased aridity gradually starting 5400 
BP, which could have triggered climatically induced water 
table oscillation. The appearance of carbonate concretions 
in the Kotychi record around 5500–5400 cal BP supports the 
hypothesis and implies dry conditions in the Kotychi area 
during this time. 
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Anthropogenic induced soil erosion in stage 3, coinciding 
with the Late Neolithic is still considered to be on a moder-
ate level and hence, appears to be a minor factor initiating 
enhanced sediment supply. 

Consequently, prevalent temporal analogies of lagoon 
formation justify the hypothesis that at the beginning of 
stage 3 a widespread attenuation of the eustatic signal re-
sulted in delta progradation of the Palaeo-Peneus River del-
ta. Entrained in littoral currents the surplus sediments was 
redistributed and reorganized to form a lagoonal back bar-
rier environment. The cessation of the waterlogged condi-
tions might have been a composite of an attenuated sea level 
rise amplified by climate forcing which with diminishing 
dominance of the eustatic signal is able to exert influence on 
coastal morphology. 

Stage 4 is characterized by a comparable rapid succession 
of varying deposition environments indicating reoccurring 
fluctuation in the sediment budget. After the pronounced 
period of coastal progradation (stage 3), lagoonal conditions 
are returning again indicating an episode of barrier break-
down around 5200 cal BP. It seems that hinterland sediment 
supply was restricted. With a still moderate level of human 
activity in the Elean uplands and climate conditions obvi-
ously not favoring enhanced sediment fluxes, a slower but 
nevertheless rising Ionian Sea flooded the lagoon. Apparent-
ly starved of continuous sediment supply, the barrier became 
progressively impermeable allowing marine intrusion (unit 
9) and it was of course not mature enough to withstand ex-
treme wave events (shell fragments unit 10). 

Starting 4700 BP, lagoonal/marginal conditions are pre-
vailing passing into progressive terrestrial conditions around 
4300 BP indicating that the profundal zone must have mi-
grated seaward or has been silted up. At least a slight in-
crease in sediment supply must have occurred which could 
be attributed to gradually increasing human activity with 
the onset of the Early Helladic (5000 BP) (Williams, 2004). 
A short lived phase of lagoonal predominance between 4000 
and 4100 cal BP could be the result of a proposed climate 
anomaly around 4200 BP creating cool and dry conditions 
(Mayewski et al., 2004) and hence hampering sediment dy-
namics and the consolidation of the barrier allowing salt 
water intrusion. However, the event-like character of the 
so-called 4.2 ka event is controversial (Finné et al., 2011). 
The reestablishment of marginal conditions and the gradual 
transition to fully terrestrial conditions starts around 4000 
cal BP contemporaneously to the onset of the Middle Hel-
ladic (2000 cal BC). In this period, the first peak of settlement 
activity was reached as verified by an increased number of 
sites (Williams, 2004). A palynological signal of anthropo-
genic landscape modification displaying peaks in indicators 
of agriculture and stockbreeding appears in the Kotychi area 
in early Helladic times and thereby supports the archaeo-
logical evidence of increased human activity. The cultivation 
of Olea assigned to 3810 cal BP is an additional indicator 
for progressive human interference into nature (Lazarova, 
Koutsios & Kontopoulos, 2012). Further, abundant char-
coal fragments clustering between 3500 and 3600 cal BP 
might indicate human induced fire activity in the hinterland 
but could also be the result of natural fire activity. How-
ever, apparently rising demographic pressure resulted in for-
est clearing and overgrazing irrevocably destroying endemic 
vegetation. Devoid of its natural, protective cover, the soil 

was susceptible to erosion, which translated in silting up of 
lowlands (cf. Dusar et al., 2011) and the development of a 
broad floodplain prograding into the lagoon (unit 13). Hence, 
it must be considered that the cessation of the waterlogged 
conditions at the end of stage 4 is attributed to human in-
duced soil erosion providing a surplus of sediments.  

The erosional force of a meandering river channel deeply 
incised into the floodplain eroded the sedimentary evidence 
deposited after 3500 cal BP. Accordingly, no statements 
about this period can be derived from the sedimentary se-
quence KOT3.

In summary, it is hypothesized that after the deceleration 
of sea level rise the influence on coastal evolution of vari-
ables such as anthropogenic induced hinterland erosion or 
climatic factors became more important. With a multiplicity 
a factors acting upon coastal morphology unstable environ-
mental conditions in the coastal area prevailed. 

7  Summary and conclusion

The sedimentary sequence of KOT3 provides insights in-
to the evolution of the north Elean coastline from around 
8500–3500 cal BP. Combining geochemical and sediment-
logical methods (XRF, grain size, OC, IC, and C/N analysis) 
with Bayesian age-depth-modeling, four evolutionary stages 
documenting the transition from a marine to a marginal la-
goonal environment could be identified. With regards to the 
driving forces of Holocene coastal evolution, this study dem-
onstrates that Elis shows a two-phase development as re-
ported from lagoons throughout the Mediterranean. Tempo-
ral analogies in coastal evolution across the Mediterranean 
indicate that early Holocene morphology results from the 
global aftermath of postglacial sea level rise. With vanishing 
of the ice sheets, the so far preeminent role of the eustatic 
signal was overwhelmed giving local and regional process-
es an accentuated role. Geomorphological instability in the 
coastal area indicates that a multiplicity of factors is acting 
upon morphology demanding constant adjustment. Hence, 
in mid to late Holocene natural and/or anthropogenically 
controlled sediment supply which translated in rapid mor-
phological adjustment of the coastline was the driving force 
of coastal evolution.

In this study the application of the fast, non-destructive, 
high-resolution XRF-analysis technique proved to be a pow-
erful tool providing a general overview of the chemical com-
position and altering element concentrations in a sedimen-
tary sequence. The XRF-technique is a low-cost approach 
to discriminate marine and terrestrial environments and is 
especially useful when the concentration/preservation of in-
dicative microorganism is poor or too time-consuming (e.g. 
Cundy et al., 2006). However, the semi-quantitative nature 
of the XRF-results needs to be kept in mind to avoid over-
interpretation of the element concentrations.

Despite its potential to answer an array of palaeoenvi-
ronmental questions, deciphering sedimentary sequences 
in coastal environments presents certain pitfalls. Disentan-
gling the superimposing, driving forces of coastal evolution 
is challenging and requires an independent chronology of 
involved processes to support their identification in the sedi-
mentary sequence. Using neighboring cores as validation is 
restricted due to the rapid re-deposition and reorganization 
of unconsolidated sediments in the transitional zone where 
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rivers and the sea merge. Another crucial point when study-
ing lagoonal environments is the accuracy of radiocarbon 
dating, which is limited by a hardly quantifiable reservoir 
correction and re-deposited organic material. Chronological 
control is additionally hindered in tectonic active regions, 
where crustal movement might introduce uncertainties in 
age depth relation of the sediments. 

Hence, the interplay of tectonic, sea level changes, human 
and natural induced changes of sediment budgets presents 
a challenge when deciphering sedimentary sequences in 
tectonic active coastal regions. Despite all that, the present 
study successfully demonstrate that Holocene coastal evo-
lution of the North Elean coast shows significant analo-
gies to circum-Mediterranean lagoon formation during the 
Holocene. 
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