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This study deals with the palaeogeographic evolution of the Alykes lagoon, located on the western coast of the Thermaikos Gulf in northern Greece. For this purpose, detailed geomorphological mapping was conducted and two 

shallow boreholes were drilled in an attempt to recognize the late Holocene palaeoenvironmental changes. In total 64 sediment samples collected from the cores were granulometrically and palaeontologically analysed. 

14
Moreover, two shell samples were C dated and provided the chronostratigraphy of the cores. Four biosedimentary units were identified corresponding to different depositional palaeoenvironments including coastal shallow 

marine, lagoonal, mesohaline to oligohaline and brackish mesohaline respectively. A shallowing upwards sedimentary sequency was recorded with the lower unit corresponding to a shallow marine environment which 

progressively changes to a more protected lagoonal one, with restricted communication to the open sea. Based on the radiocarbon dates it is evident that the coastline was located a few hundreds of meters west of the present - 

day one by the end of the seventh millennium BP. Furthermore, we concluded that the establishment of the lagoon can be safely put around the sixth millennium BP and that its confinement can be attributed to the formation and 

evolution of two groups of beach ridges located at the eastern part of the lagoon. The fining upwards sequence of the sedimentary record of the cores is interrupted by a coarse-grained layer corresponding to a high energy marine 

inundation event attributed probably to a palaeotsunami which occurred not long before 4330-3920 cal BP. No, or negligible vertical tectonic displacement can be concluded, for the past 4330-3920 cal BP.

2
Alykes lagoon is a low-lying wetland (Fig. 2) of approximately 12 km , with a maximum elevation of 1.3 m and maximum depth of 1.5m. It is located at cape Atherida (western coast of Thermaikos Gulf), 40 km SW of 

Thessaloniki (northern Greece) and 15 km NE of the city of Katerini (Fig. 1). The Alykes lagoon is located at the northernmost part of the wetland and is separated by the sea by an elongated sand dune field with average height of 

1.5-2.0 m. It receives fresh water inputs from a small number of ephemeral streams, draining in a W-E direction a hilly terrain west of the wetland (Fig. 1). The depth and the area of the lagoon depend on the seasonal variations of 

the water level (rainfall and evaporation) as well as on the manual control of sea water inputs.

1. Abstract

2. Study area

Fig. 1. Location map of the study area (Reference system WGS '84). Al-1 and Al-2 indicate the locations of the boreholes performed in this study. B29 is the location of the borehole by REICHERTER et al. (2010). Vectors 

indicate shallow and deep-water circulation patterns of Thermaikos Gulf (white: N-NW wind, black: S-SE wind) after GANOULIS (1987). Inset map: ANT stands for Anthemountas fault and NAT stands for North Aegean 

Trough. Black vectors indicate relative motions.

Fig. 2. UAV image of Alykes lagoon (View towards the East)

Holocene fluvio-torrential deposits occupy the channels of the ephemeral stream that drain into the lagoon.

The surface sediments of the wetland consist of Holocene unconsolidated marshy deposits, (clay, clayey sand 

and loam). 

The study area lies along the contact of the Pelagonian and Axios geotectonic zones and the broader region 
is a back – arc area of the Hellenic Arc trench (MOUNTRAKIS 1985). According to MC KENZIE (1978) 
the tectonic regime of the broader study area is the result of Alpine folding which was terminated in the 
late Miocene.  

3.  Data and methods

For the purpose of the study detailed geomorphological mapping and core drilling was performed. A 2m 

cell size DEM was used, together with topographic diagrams at a scale of 1:5.000 obtained from the 

Hellenic Geographical Military Service and UAV imagery. Moreover, two shallow boreholes were drilled 

at selected locations with maximum depths of a 1.9 m and 4.5 m respectively (Table 1). Borehole elevation 

were determined with a TOPCON DGPS GMS-2 at an accuracy of +/- 3 cm. Stratigraphic data were 

collected using a portable vibracore. set with plastic core tubes, 50 mm in diameter and 100 mm in length. 

Detailed visual inspection of the sedimentological characteristic of the cores was performed in the 

laboratory prior to the sediment sampling. In specific, the cores were described in terms of sediment color, 

stratification and compaction, presence of clasts, shells and organic matter, and type of contact (sharp or 

gradual) between different layers. In total, 64 sediment samples were collected from the cores at decimeter 

interval for granulometric and macro- and micro-palaeontological analysis. Wet sieving was performed on 

all samples using a set of sieves ranging in diameter from 45 μm to 4 mm. Percentage distribution by weight 

of silt-clay (<63 μm), sand (63 μm – 2 mm) and gravel (>2 mm) particles of the matrix material was 

estimated for each sample. The chronostratigraphy of the cores was established by AMS 14C dating of two 

shell samples collected from “Al-2” core, at depths of 265 cm and 440 cm. Macro-palaeontological 

identification was performed on both samples prior to dating. Dating was carried out by the Beta Analytic 

Testing Laboratory in Miami, Florida, USA. Calibrated ages have been obtained following the curve 

established by STUIVER et al. (1998), REIMER & REIMER (2001). Marine reservoir effect has been 

taken into consideration for both samples (REIMER & REIMER 2001), using a reservoir correction on 

IntCal 7.1 web version with 2σ interval.

Table 1. Geographic characteristics of the boreholes drilled within the Alykes lagoon wetland.

4. Resutls

4.1 Coastal Geomorphology 

The morphology of the area north of Cape Atherida is dominated by coastal 

cliffs of 20-30m in height, developed on Plio-Pleistocene formations 

(FAUGĖRES 1977). On the contrary, the southern part consists of a gently 

sloping coastal low-lying plain (<1%), which is accommodated by an 

extensive NNE–SSW oriented, sandy beach. A relatively wide (250 m) 

field of vegetated semi-stabilized sand dunes has been developed around 

the lagoon, acting as physical a barrier along the coast that prevents inland 

penetration of the sea waves and allowing marsh formation landwards (Fig. 

3). 

Cape Atherida belongs to the lobate type where wave action and longshore 

drift play a significant role in sediment distribution and particle size 

sorting. The eastern part of the wetland consists of a series of straight to 

gently curved sub-parallel linear abandoned sandy beach ridges signifying 

recent progradation to the east. Two groups of beach ridges were 

recognized via topographical changes (ridge and swale topography) and 

changes in vegetation according to their orientation (WNW-ESE, N-S) 

since there are no available data about their absolute age. The ridge set of 

the northern part of the lagoon are roughly WNW-ESE aligned, and its 

formation is attributed to a N-S longshore drift (Fig. 1). On the contrary, the 

southern group, tends to align in roughly N-S direction and its formation is 

attributed to a S-N longshore drift.

4.2 Sedimentary stratigraphy

Borehole Al-1 (Fig. 4), located about 950 m from the present-day shore at 

an elevation of 0.8 m amsl, was drilled down to a depth of 1.9 m. The core is 

mainly characterized by medium sand which is grading to coarser sand at 

the base. In specific, from the top of the core, down to a depth of 13 cm, the 

stratigraphy consists of brown medium sand with clay with the presence of 

some roots and disperse organic matter. The contact of this layer is grading 

over 5 cm. The layer from 13 cm to 35 cm is described as tufa consisting of 

gray – white medium indurated sand. From 35 cm to 143 cm a layer of grey 

medium sand with shell fragments and large, poorly humified roots were 

observed. The contact between this layer and the underlying one was 

grading over 5 cm. The lowermost layer was observed at 143 cm down to 

the base of the core at 190 cm, and consists of grey medium sand with 

common comminute shell fragments. The granulometry appeared to be 

gradually changing to coarser sand at the base of the layer.

Fig. 3. Coastal geomorphological map of the investigated area.

Borehole Al-2 (Fig. 5) was drilled at the southern part of the wetland, 1700 m west of the present-day shoreline on a 

desiccated silty clayey surface with mud cracks. From the top of the core, down to 98 cm, a brown silty clayey layer was 

observed with root fragments and hairlike carbonate nodules which were common at 20 cm depth. No apparent shell 

material was observed in this layer and the contact with the underlying layer appeared to be gradual. The next layer was 

observed at a depth of 98 cm down to 243 cm. It consists of compact grey blue silty clay with apparent blown and black 

staining around degraded root material (probably iron around roots). The contact at the base of the layer was grading over 5 

cm. From 243 cm down to 268 cm, the stratigraphy consists of silt with fine grey sand. Common intact shells and shell 

fragments were present in this layer. The contact at the base of the layer was gradual. From 268 cm down to 275 cm, the 

granulometry changed to coarse sand with silt containing also rip-up clasts and feldspar material. The sharp contact at the 

base of this layer, documents an erosional surface which could be attributed to an abrupt change (high energy marine 

inundation event) in the depositional environment. From 275 cm down to 341 cm the stratigraphy is described as silt with 

fine - medium sand, rich in comminute shell fragments of about 1 mm in diameter. At 276 cm, a large fragment of a ribbed 

bivalve was present. From 341 cm down to 415 cm, the stratigraphy appears to be the same as in previous unit, containing 

also rich comminute shell fragments as well as larger shell fragments (typically bivalves). The lowermost layer was 

observed at a depth of 415 cm down to 450 cm. The granulometry in this layer is gradually changing downwards to coarser 

sand. At 420 cm there was a distinct sulfidic smell and at 440 cm a broken gastropod was found. At 430 cm, very common 
Fig. 4. Borehole Al-1 log and results of grain size and palaeontological analyses.

4.3 Micro- and macro-palaeontological analysis

The largest part of the Al-1 core is characterized by high accumulation of Ammonia parkinsoniana or Cyprideis torosa 

and fragments of Abra alba indicating brackish mesohaline conditions. The absence of shells at the uppermost part of 

the core suggests a terrestrial environment. The lower part of the sequence of Al-2 core is dominated by the presence of 

marine gastropods (Rissoidae) indicative of a shallow marine environment. Above the depth of 275 cm, the fauna is 

dominated by Ammonia beccarii, Elphidium spp. and marine Miliolids along with Abra alba community and Ctena 

decussata, indicating a very shallow marine environment. At 380-390cm the presence of small Ammonia 

parkinsoniana and Cyprideis torosa support brackish mesohaline conditions. From 390 cm to 258-268cm, a brackish 

environment is supported by the dominance of taxa as Hidrobiidae, Abra alba, Cerastoderma glaucum, Cyprideis 

torosa and small Ammonia parkinsoniana. At 275-268cm a fluctuation between brackish and marine environment is 

also marked, as brackish ostracods are present along with marine ostracods and gastropods. Globigerina sp. and 

Globigerinella sp.. found in this layer indicate an allochthonous influence from the open sea. Towards the top of the 

core, mesohaline to oligohaline conditions prevailed, as indicated by ostracod assemblages dominated by Iliocypris 

among other ostracods and the monospecific occurrence of Aubignyna perlucida. Towards the top, the plant remnants, 

the absence of shells and the oxidized layers indicate a terrestrial environment.

Fig. 5. Borehole Al-2 log and results of grain size and palaeontological analyses.

Table 2. Accelerator Mass Spectrometry dates and cal ages (IntCal 7.1)

4.5 Identification of palaeoenvironmental units

Unit B is identified in Al-2 core from 341cm up to 243 cm and is described as a lagoonal environment with medium to low energy sedimentation as indicated by both the granulometric and faunal analyses. The radiocarbon date of a 

Cerastoderma glaucum shell collected at 260 cm (core Al-2) from the top of the unit, revealed an age of 4330-3920 cal BP for the uppermost part of the unit. 

Both the sedimentologial and the faunal analyses allowed us to distinguish four biosedimentary units providing clear lithostratigraphic sequences (Fig. 6). The first unit (Unit A) is found at the lowermost part of Al-2 borehole, from 

the bottom up to 341 cm and is not identified in Al-1 due to its shallow depth. The macro- and micro-palaeontological identification confirms the existence of a coastal shallow marine environment. The age of this sequence can be 

determined by the radiocarbon date of a Miliolids shell preserved in the middle of this unit in Al-2 which yielded an age of 6820-6260 cal BP.

Unit C is identified from 243cm to the top of Al-2 core and is described as a mesohaline to oligohaline palaeoenvironment. Sedimentological 

analysis and micro- and macro- faunal identification point to a shallowing upward tendency indicating a protected environment with minimal 

communication to the sea, and an upwards gradual change of the depositional environment to one dominated by terrestrial processes.

Unit D is found at the lowermost part of the sedimentary sequence of Al-1 core drilled at the eastern part of the lagoon. It is described as a 

brackish mesohaline palaeoenvironment and marks the establishment of a mesohaline marsh. The upper part of the unit is grading upwards to an 

environment dominated by terrestrial processes.

Based on the radiocarbon dating of a shell from a depth of 440cm (Al-2 core – 6820-6260 cal BP), it is suggested that the establishment of the 

lagoon can be safely put around the sixth millennium BP. During that time the sea invaded a lowland area and created an open shallow marine 

environment which at times was disturbed by fresh water inputs. Similar age constraints have derived from the foraminiferal study of 

KOUKOUSIOURA et al. (2012) at the same area, suggesting an age of 7800 cal BP for the lower (marine) part of a core sequence at a depth of 

882.5 cm and an evolutionary succession from an open lagoonal environment to a more protected one after 6500 cal BP.

The silt - clay dominated lagoonal unit B (243-341 cm) is however disturbed by an intersecting, 7 cm thick layer (275-268 cm) of coarse-grained 

unsorted sediments, marking a higher energy allochthonous imprint, probably of tsunamigenic origin. The clear and abrupt change in the 

depositional environment is also marked by the sharp contact at the base of this coarse clastic layer at 275 cm depth. The clear marine fingerprint 

is further enhanced by the documented microfauna, which indicates a high energy inundation event probably of tsunamigenic origin. According 

to the radiocarbon date of Al-2/260 sample, a minimum age of 4330-3920 cal BP can be constrained for this high energy marine inundation 

event.

5. Discussion

The sedimentary record of Al-2 core is generally characterized by a fining upwards sequence of autochthonous sediments. This sequence is marking the transition from an open shallow marine environment to a protected lagoonal one of lower 

energy. The low energy depositional palaeoenvironment of Unit B is intersected by a 7cm thick layer (from 275cm to 268cm) of higher energy depositional conditions of allochthonous origin (probable palaeotsunami) as indicated by the microfauna 

and the presence of feldspar material which is considered common due to tsunami backwash (WILLERSHÄUSER et al. 2013, VÖTT et al. 2014). A similar strong marine signal in the same region is also documented by REICHERTER et al. (2010) at B 29 

core (Fig. 5), located 1.6 km south of Al-2 core as well as at Cape Epanomi and Sozopoli at the eastern coast of Thermaikos Gulf. They describe a 50 cm thick layer of coarse sediments with an erosive base, containing shell fragments, foraminifera 

assemblages and extra clasts. This layer, which seems to be regarded as an indicative sedimentary feature of tsunamite, correlates well with the high energy marine inundation layer documented in our study at the same depth. A second, high energy 

layer documented by the same author at a depth of 200 cm in the same core has not been found in either two cores of the present study. REICHERTER at al. (2010) report that the lower event was found in all three cores at Alykes lagoon area as opposed to 

the upper event layer which was only present in core B 29. According to PAPANIKOLAOU et al. (2007), MCNEIL et al. (2004), the North Aegean Trough is considered tectonically and seismically very active and the westernmost normal fault segment of 

approximately 55 km which accommodates a horizontal and vertical displacement, could generate a M=7.1 event, producing a maximum vertical offset of up to 3-4 m, constituting it a good candidate for tsunami hazard in the area REICHERTER et al. 

(2010).

14AMS C dating of both samples collected from Al-2 core do not serve as reliable sea level index points and therefore cannot be used as a precise means to estimate the tectonic activity of the study area during the Holocene. In Fig. 7 we juxtapose the 

dated samples of this study to the sea level curve predicted by the glacio-hydro-isostatic model of LAMBECK & PURCELL (2005) and the sea level curve proposed by VOUVALIDIS et al. (2005) for the Gulf of Thermaikos. The diagram indicates that 

when considering a vertical range of (1m) for the sample Al-2/258 as proposed by VACCHI et al. (2016) for Cerastoderma cells, no or negligible tectonic vertical displacement can be suggested for the study area as it is located slightly above the sea 

level curve of LAMBECK & PURCELL (2005). Even though tectonic uplift is suggested by TSANAKAS et al. (2019) for the broader study area based on uplifted marine terraces located a few hundreds of meters north of the Alykes lagoon as well as by 

PIRAZZOLI1992), it is evident that either the study area is not, or is slightly affected by vertical tectonic movements, or the Pleistocene tectonic activity of the broader area is not reflected within the Holocene. In the absence, however, of available data 

corresponding to reliable sea level index points, it is considered risky to draw conclusions on the tectonic activity of the study area within the late Holocene.

6. Conclusions

The sedimentary and palaeontological record documented in the cores revealed a fining upward sequence indicating a 

shallow open marine environment which progressively turned into a lagoon. During the Holocene, the sea invaded a lowland 

area and created a shallow open marine environment which at times was disturbed by fresh water inputs. This transgression is 

recorded as the coastal -shallow marine base in the sedimentary sequence and has occurred before the stabilization of the sea-

level in the Mid-Holocene.

The prevailing drift (S-N) has contributed to the formation of a barrier spit which extended towards the NNE and finally 

confined the lagoon in the west. During this period, a semi-enclosed lagoon functioned in the western part of the current 

swamp. The spit has advanced eastwards and the combined action of two longshore drifts (N-S and S-N) lead to the 

formation of two generations of beach ridges having a different orientation. It is concluded that the mid Holocene coastline 

was already at the location of Al-2 borehole by the end of the seventh millennium BP. 

4.4 Dating

Al-2/258 sample (bivalve of 0.508 g) was collected from Al-2 core at a depth of 260 cm and it was identified as Cerastoderma Glaucum. 

The sample was stored at a dry place prior to dating and no signs of contamination were detected. It gave an age of 4330-3920 cal BP 

constraining a minimum age of a high energy marine inundation (tsunami) event in the Gulf of Thermaikos. The second sample, Al-

2/440 (gastropod, 0.305 g) was collected from the same core (Al-2) at a depth of 440 cm. It was identified as Miliolids, and no signs of 

contamination were detected either. It gave an age of 6820-6260 cal BP, constraining roughly the establishment of the lagoon. Table 2 

summarizes the dating results for both samples.

The high energy layer of allochthonous origin intersecting the lagoonal sediments of Unit B, is associated to high energy marine inundation. The sedimentary characteristics of this layer are typical of tsunami backwash. It is concluded that the area 

has been impacted by a tsunami which occurred not long before 4330-3920 cal BP.

The relative local sea-level in the Thermaikos Gulf was never higher than the present sea-level. The existence of a marine shell slightly above the relative sea-level curve proposed by Lambeck et al., (2005) (considering also a vertical error of ±1m), 

implies a negligible, if not any, vertical tectonic displacement (probably uplift) of the area around 4330-3920 cal BP. The later could probably be associated with the possible extension of the Anthemountas normal fault in the Thermaikos Gulf, or it 

could be attributed to regional uplift due to the proximity of the study area to the active tectonic structure of the North Aegean Trough, going hand in hand with a concurrent tsunami impact. The future work aims to obtain more reliable data in order to 

draw precise conclusions on the tectonic activity of the study area within the late Holocene.

Fig. 7. Relative local sea-level changes of the Alykes lagoon. AMS 14C dated samples are plotted against the sea-level curve 

predicted by the glacio-hydro-isostatic model of LAMBECK & PURCEL (2005) and the local relative sea-level curve proposed 

by VOUVALIDIS et al. (2005). Vertical uncertainties are adopted from VACCHI at al. (2016).
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Fig. 6. Palaeoenvironmental units as identified by granulometric and micro- and macro-palaeontological 

analyses on Al-1 and Al-2 cores. B29 core is adopted by REICHERTER et al. (2010).
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