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PROLOGUE 

The present Master thesis titled “Paleoenvironmental evolution of the eastern 

Thermaikos Gulf based οn shallow core data from the Epanomi area” is included within 

the Postgraduate Studies Program ‘Hydrocarbon Exploration and Exploitation’ of the 

Department of Mineralogy-Petrology-Economic Geology, School of Geology of the 

Aristotle University of Thessaloniki. The benthic foraminifera contribution to 

paleogeographic and biostrada sciences, as for the determination and evolution of a 

paleoenvironment but also as indicators of environmental health, is significant. With 

scientific research methods developing as to foraminifera studies, the previous 

assumption is constantly proven to be right.  
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ABSTRACT 

 

For this Master thesis, the composition of benthic foraminifera found within 48 

sediment samples, was studied. The derivation of the samples (33) is from a 3 m depth 

drilling core (EPN-P), located in the area of Epanomi, Thessaloniki and (15 samples) 

from a 2 m drilling core (MAM-2P), from Agios Mamas, Chalkidiki area. During the 

laboratory analysis the foraminifera were collected and counted and 14 benthic 

foraminifera species from 8 genera were identified. Quantitative analysis of the 

foraminifera was necessary, to specify their abundance and diversity though a sequence 

of micropaleontological indicators. Magnetic susceptibility measurements and 

radiocarbon datings were also performed. Specific changes of a benthic foraminifera 

assemblage on coastal environments are considered an indispensable paleontological 

tool, for the determination of the past sea level changes and detailed paleoclimatic and 

paleoenvironmental reconstruction. In the last decades multiple studies on Holocene 

coastal plains (Triantaphyllou et al., 2003, 2010, 2021; Pavlopoulos et al., 2007, 2011; 

Evelpidou et al., 2010; Koukousioura et al., 2012, 2019, 2020; Koukousioura, 2012; 

Kouli et al., 2021) provided valuable information for the paleoenvironmental evolution. 

The quantitative analysis of foraminiferal fauna enabled separation of the EPN-P core 

into five sedimentary Units, representing distinct evolutionary stages of the area. For 

Unit 1, the high sand proportion, the low magnetic susceptibility values, the presence 

of gypsum crystals and few marine foraminiferal specimens, indicate an environment 

with marine influence and possible desiccations due to increased evaporation (Kjerfve 

et al., 1996). Unit 2 shows transient inputs from the land and sea and unstable 

hydrodynamic conditions due to the fluctuating sand and mud fractions. It represents a 

lagoonal environment with marine intrusions (miliolids and Bolivina spathulata) and 

constant freshwater contribution, considering the prevalence of Ammonia veneta, 

Haynesina germanica and charophytes. The increased presence of abnormal specimens 

certifies the fluctuating salinities in an unstable transitional lagoonal environment 

(Dimiza et al., 2012). In Unit 3, the association of the euryhaline (H. germanica, 

Haynesina sp., A. veneta) with the marine species (B. translucens, miliolids) indicate 

an open lagoonal environment with a permanent connection to the sea and periodical 

fresh-water inputs. The assemblages of Unit 2 and Unit 3 are comparable to the adjacent 

Paliouras lagoon Unit C (7600–6900 cal yr BP) (Koukousioura et al., 2019). Around 

~6000 cal yr BP (Unit 4), the area shifts to a low energy closed lagoon, as suggested by 

the dominance of the oligohaline foraminiferal species, and the increase of magnetic 

susceptibility measurements. Similar environmental conditions were described in the 

upper part of Alykes Kitros and Lafrouda Thrace sequences (Koukousioura et al., 

2012), as well as in Paliouras lagoon before 5900 cal yr BP (Koukousioura et al., 2019). 

Unit 5 is characterized by only few foraminiferal specimens which, in association with 

the high magnetic susceptibility values and the lithological determination, suggests the 

closing of the lagoon and the dominance of the terrestrial deposits in the area before 

~4733 cal yr BP. 
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ΠΕΡΙΛΗΨΗ 

Σκοπός της παρούσας διπλωματικής εργασίας είναι η αναπαράσταση και εξέλιξη του 

ανατολικού Θερμαϊκού κόλπου βάσει της μελέτης των βενθονικών τρηματοφόρων από 

48 συλλεχθέντα δείγματα. Τα δείγματα που μελετήθηκαν (33) προέρχονται από τη 

ρηχή γεώτρηση EPN-P (3 m βάθος) που πραγματοποιήθηκε στην περιοχή της 

Επανωμής και από τη γεώτρηση MAM-2P (2 m βάθος, 15 δείγματα), στη περιοχή του 

Αγίου Μάμα Χαλκιδικής. Τα τρηματοφόρα που εμπεριέχονταν σε κάθε δείγμα 

συλλέχθηκαν, μετρήθηκαν και προσδιορίστηκαν σε επίπεδο είδους. Υπολογίστηκαν 

επίσης δείκτες ποικιλότητας, αφθονίας, ο δείκτης A καθώς και οι δείκτες 

Μορφολογικής Διαφοροποίησης Τρηματοφόρων (FAI) και Παρακολούθησης 

Τρηματοφόρων (FMI). Κατά τη ποσοτική ανάλυση προσδιορίστηκαν 14 διαφορετικά 

είδη τρηματοφόρων τα οποία ανήκαν σε 8 γένη. Πραγματοποιήθηκαν επίσης μετρήσεις 

μαγνητικής επιδεκτικότητας και ραδιοχρονολογήσεις. Συγκεκριμένες μεταβολές στις 

συναθροίσεις των τρηματοφόρων στα παράκτια περιβάλλοντα θεωρούνται 

αναντικατάστατα παλαιοντολογικά εργαλεία για τον προσδιορισμό και την 

αναπαράσταση παλαιοπεριβαλλόντων. Τις τελευταίες δεκαετίες πραγματοποιήθηκαν 

πολυάριθμες μελέτες σε Ολοκαινικά παράκτια πεδία (Triantaphyllou et al., 2003, 2010, 

2021; Pavlopoulos et al., 2007, 2010; Evelpidou et al., 2010; Koukousioura et al., 2012, 

2019, 2020; Koukousioura, 2012; Kouli et al., 2021), οι οποίες παρείχαν σημαντικές 

πληροφορίες για την παλαιοπεριβαλλοντική τους εξέλιξη. Η ποσοτική ανάλυση 

επέτρεψε τον διαχωρισμό της γεώτρησης EPN-P σε πέντε ιζηματογενείς ενότητες, οι 

οποίες αντιπροσωπεύουν συγκεκριμένα εξελικτικά στάδια για την περιοχή. Στην 

Ενότητα 1, τα υψηλά ποσοστά άμμου σε συνδυασμό με τις χαμηλές τιμές μαγνητικής 

επιδεκτικότητας, την παρουσία κρυστάλλων γύψου και ελάχιστων τρηματοφόρων, 

προσδιορίζουν ένα περιβάλλον με θαλάσσια επίδραση και πιθανά επεισόδια ξήρανσης 

όγω εξάτμισης (Kjerfve et al., 1996). Στην Ενότητα 2 οι διακυμάνσεις στην αναλογία 

άμμου/ιλύος-αργίλου αντιστοιχούν σε παροδικές εισροές νερού τόσο από τη χέρσο όσο 

και από τη θάλασσα και συνεπώς ασταθείς υδροδυναμικές συνθήκες. Η συνάθροιση 

χαρακτηριστικών ευρύαλων (Ammonia veneta, Haynesina germanica) και θαλάσσιων 

βενθονικών τρηματοφόρων (miliolids and Bolivina spathulata), η παρουσία 

Χαροφύτων καθώς και η αυξημένη παρουσία ατόμων με μορφολογικές ανωμαλίες 

υποδεικνύουν συνθήκες μεταβαλλόμενης αλατότητας (Dimiza et al., 2012). Όλα τα 

παραπάνω συνθέτουν ένα ασταθές μεταβατικό περιβάλλον λιμνοθάλασσας με εισροές 

θαλάσσιων υδάτων και συνεχή συνεισφορά γλυκού νερού. Στην Ενότητα 3 οι 

συγκεντρώσεις των θαλάσσιων ειδών (B. translucens, miliolids) αυξάνονται 

παράλληλα με την ύπαρξη ευρύαλων ειδών (H. germanica, Haynesina sp., A. veneta). 

Το γεγονός αυτό σε συνδυασμό με τη λιθολογία και τις χαμηλές τιμές μαγνητικής 

επιδεκτικότητας είναι ενδεικτικά ενός περιβάλλοντος ανοιχτής λιμνοθάλασσας το 

οποίο βρίσκεται σε μόνιμη επικοινωνία με τη θάλασσα και έχει περιοδικές εισροές 

γλυκού νερού. Οι συναθροίσεις των Ενοτήτων 2 και 3 είναι παρόμοιες με την ενότητα 

C της παρακείμενης λιμνοθάλασσας του Πάλιουρα (7600-6900 cal yr BP). Πριν από  

~6000 cal yr BP (Ενότητα 4) η περιοχή μεταβάλλεται σε χαμηλής ενέργειας κλειστή 

λιμνοθάλασσα όπως προκύπτει από την απότομη αύξηση της μαγνητικής 
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επιδεκτικότητας και την επικράτηση των ειδών που ζουν σε περιβάλλοντα χαμηλής 

αλατότητας. Παρόμοιες περιβαλλοντικές συνθήκες περιγράφονται στις ανώτερες 

ακολουθίες στις αλυκές του Κίτρους και στης Λαφρούδας της Θράκης (Koukousioura 

et al., 2012) καθώς και στης λιμνοθάλασσας του Πάλιουρα πριν ~5900 cal yr BP 

(Koukousioura et al., 2019). Η Ενότητα 5 χαρακτηρίζεται από ελάχιστα τρηματοφόρα 

το οποίο σε συνδυασμό με τις υψηλές τιμές μαγνητικής επιδεκτικότητας και τη 

λιθολογία υποδεικνύουν το κλείσιμο της λιμνοθάλασσας και την επικράτηση των 

χερσαίων αποθετικών διαδικασιών στην περιοχή πριν ~4733 cal yr BP και έπειτα. 
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INTRODUCTION 
 

AIM OF THE STUDY 

Paleoenvironmental studies which include foraminifera are increasing in numbers 

because of their ability to provide detailed results over environmental changes, 

therefore they are considered exceptional ecological indicators. Both the composition 

of foraminiferal fauna and the morphology or the morphological abnormalities of 

foraminiferal tests, are determining factors of possible environmental changes. 

The present thesis focuses on the micropaleontological study of Holocene benthic 

foraminifera, aiming the substantiation of the paleoenvironmental evolution so that a 

reconstruction of the paleoenvironment of the surrounding study area can be achieved. 

To accomplice that, it was necessary to study the quantitative and spatial distribution 

of the benthic foraminifera content recovered from the drilling core sediments (EPN-P) 

located in the Epanomi wetland. A special focus was given on the description of benthic 

foraminifera species and the indication of their morphological particularities. The 

collection and study of benthic foraminifera was conducted with the use of valid 

sampling and statistical analysis methods. 

 

GENERAL FORAMINIFERA FACTS 

The term Foraminifera derives from the world “foramen”, meaning “hole” because of 

the occurring holes on their shell barrier, from which small pseudopods protrude. They 

are unicellular organisms, characterized by their heterophasic life circle, their 

pseudopod network and their test. Their cytoplasm classification and their pseudopods 

are similar with those of the amoeba, with the only difference being that foraminifera 

developed an extra pseudopod network, with long grained rhizopods and phyllopods 

which contribute to movement and food search (Travis and Bowser, 1991; Murray, 

1991). 

Foraminifera were initially studied from van Leeuwenhoek in 1700 (Dobell, 1932). 

They (Foraminifera Phyllum) (d' Orbigny, 1826) belong to the Rhizopoda class 

(Dujardin, 1835) of the Protozoa Phyllum (Goldfuss, 1817). Foraminifera can be found 

in all marine environments and according to their living mode they are divided in 

benthic and planktonic, with the first representing the majority, as the planktonic 

represent only 40 to 50 species (Sen Gupta, 2003). They are described as heterotrophic 

micro-omnivore organisms, while some of them use part of their endosymbiotic 

organisms’ photosynthesis biproducts as food (Hallock, 2000; Lee, 2006). 

Although there is a big foraminifera fossil archive, the quantity and abundance of them 

in present sea environments is very small (Sen Gupta, 2003). In 1846 d’Ordigny 
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counted 68 modern foraminifera strains assuming the existence of 1.000 modern 

foraminifera species. In the latest systematic classification from Loeblich and Tappan 

(1988) 878 modern strains were described. The total number of foraminifera is 

presumed to be near 10.000 (Vickerman, 1992) and are considered as excellent faunal, 

paleoenvironmental and paleoceanographic indicators (Milker, 2010). 

FORAMINIFERA LIFE CYCLE 

The foraminifera life cycle is characterized by heterophasic alternations from sexual to 

asexual reproduction (Haq and Boersma, 1978; Lee et al., 1991). These two ways of 

reproduction, affect the resulting test, portraying the morphological differentiation 

(dimorphism). Through multiple fission, a large number of cells is being produced, 

consequently producing the megalospheric gamont generation which undergoes sexual 

reproduction as the microspheric agamont generation undergoes asexual reproduction 

(Fig. 1). The formation of megalospheric schizonts by a microspheric agamont has been 

observed in some foraminifera species. This finding verifies that the schizont is a 

separate part of a trimorphic cycle. Depending on the environmental conditions, the 

foraminifera life cycle’s duration can last from months up to years (Hallock, 1985) and 

can differ from each other (Gooday and Alve, 2001; Lee et al., 1991). The shell of 

modern foraminifera is built either by the organism itself either by external building 

materials and consists of one or more connecting chambers with apertures, inside of 

which the protoplasm can be found. 

  
Figure 1. Dimorphic life cycle of foraminifera (modified by Dettmering, 1998). 
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FORAMINIFERA TEST ARCHITECTURE 

The test surrounds the organism protoplasm and consists mainly of calcium carbonate. 

It can be organic, calcareous, aragonitic or agglutinated. Most foraminifera species have 

a calcareous or agglutinated test (Τριανταφύλλου και Δήμιζα, 2012). The test surface 

can be smooth or textured, with various adornments such as acanthuses, striations, 

stripes, grains or can be carinated in test periphery. It is considered as an essential 

identification characteristic as it can determine the foraminifera classification. 

BENTHIC FORAMINIFERA 

Benthic foraminifera live either free or attached to the seabed. Although most of them 

live at the seafloor surface as epifauna, some live within the sediments as infaunal. The 

test morphology of benthic foraminifera depends on their living environment. More 

specifically, in low energy environments the tests are thinner and longer, while on the 

contrary in high energy environments the test shape varies, thickens and is more 

decorated (Τριανταφύλλου και Δήμιζα, 2012). The tests of some benthic foraminifera 

species living at shallow depths, host endosymbiotic autotrophic organisms such as 

algae, diatoms and dinoflagellates. These organisms use the foraminifera as protection 

in exchange of a large amount of the photosynthesis biproducts, which contribute to 

their diet and to the test calcification process (Hallock, 1999). Benthic foraminifera can 

be found both in Polar areas as in coral reefs and both in abyssal planes as in coastal 

zones (Todo et al., 2005; Gooday, 2002). The main factors that contribute to their 

distribution in the various environments is the substrate and the environmental 

parameters (nutrient availability, oxygen levels, salinity, dissolved oxygen’s 

concentration, temperature and water quality). 

At benthic ecosystems, the available nutrients and oxygen at the zone between the lower 

part of the water column and the upper part of the surface sediments, determine the 

habitat of the organisms, therefore the species diversity (Van der Zwaan et al., 1999; 

De Rijk et al., 1999; Corliss, 1985; Jorissen et al., 1995). Similar conditions 

predominate in environments of continental shelfs (Mojtahid et al., 2009; Jorissen et 

al., 1992). However, in coastal and neritic environments other factors can affect the 

habitat as well, such as sunlight, temperature, salinity but also the velocity of the surface 

water currents (Sen Gupta, 2003; Culver et al., 1996). In such environments, large 

numbers of foraminifera, high diversity, epifaunal and shallow infaunal species 

domination, are common (Murray, 2006; Semeniuk, 2000). Many shallow water 

species are strongly connected with the hydrodynamic energy and the analogous 

sediment of the seafloor (Milker, 2010). 

Through studying benthic fauna, remarkable changes can be detected, even in small 

alternations of the environmental factors. Coasts, lagoons, swamps and deltas i.e. 

marginal sea environments are considered the most appropriate for recording climate 

change results but also sea level changes. Because of the aforementioned, foraminifera 

are considered as excellent paleoenvironmental indicators (Triantaphyllou et al., 2003, 

2010, 2021; Pavlopoulos et al., 2007, 2011; Evelpidou et al., 2010; Koukousioura et 

al., 2012, 2019, 2020; Koukousioura, 2012; Kouli et al., 2021; Jorissen, 1987; Langer 
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et al., 1998; Saraswati, 2002, 2003; Mendes et al., 2004; Lee, 2006; Milker et al., 2009; 

Dimiza et al., 2016). Their use in paleoenvironmental studies is a significant tool due 

to a large number of recent studies about their assemblages and distribution in marginal 

marine environments. Specifically, studies about deep sea hydrothermal planes 

(Jonasson et al., 1995), low oxygenation lakes (Lipps and Langer, 1999), drilling cores 

in alluvial plains along the Adriatic and Tyrrhenian coast of Italy (Carboni et al., 2002; 

Bergamin et al., 2009; Mazzini et al., 1999; Fiorini and Vaiani, 2001) and foraminiferal 

assemblages in extreme environments such as the Arctic Sea (Dieckman et al., 1991). 

This ability is the possible reason for their survival through past massive extinctions. 

FORAMINIFERA TAXONOMY 

Since 1800, when Linné completed the first classification, multiple scientists came up 

with other classification models. The term “foraminifera” made its appearance in 1826 

from d’Orbigny, who designed a system based on the chambers layout and also on the 

test shape. The system that is currently used is the one from Loeblich και Tappan 

(1992), based on the Loeblich και Tappan criteria (1988). According to the 

aforementioned, the division of the foraminifera in 11 different orders is based on the 

structure and nature of the test (Fig. 2). Also, different combinations of morphological 

features (barrier pores) are defining the sub-orders. The Family taxonomy takes place 

according to the chamber arrangement and the varying apertures of the foraminifera 

(Hamman, 1988; Loeblich and Tappan, 1978). The genus definition is based on the 

inner test structure, the sutures and the Family characteristics. Lastly, the species are 

defined by studying the test (size and shape), the chambers (shape and number) and the 

sutures (Hamman, 1988; Loeblich and Tappan, 1978). 

Figure 2. Phylogeny of foraminifera according to Loeblich and Tappan (1984). 
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STUDY AREA 
 

GENERAL ENVOROMENTAL FACTS ABOUT THE 

MEDITERRANEAN 

The semi-enclosed Mediterranean basin borders Europe to the North and Africa to the 

South. It is composed of two sub-basins similar of size (East and West) which adjoin 

near Sicily. The Mediterranean is connected with the Atlantic Ocean through the Strait 

of Gibraltar and with the Red Sea through the Suez Canal (Robinson et al., 2001). The 

main oceanographic processes that take place in the Mediterranean Sea are similar of 

those in bigger oceans, only smaller in size and duration. Therefore, making it ideal for 

studies about the marine and atmospheric influence on the climate (Robinson et al., 

2001). Studies on the Mediterranean Sea related to the various oceanographic 

processes, have shown its great impact on global salinity and temperature circulation 

(Bergamasco et al., 2010). In the Mediterranean Sea the evaporation surpasses the 

precipitation. Thus, a negative hydrological balance occurs (Bergamasco et al., 2010). 

 

THERMAIKOS GULF 

Thermaikos Gulf is located at the northwestern part of the Aegean Sea and its 

surrounding substrate belongs both to the Pelagonian and the Axios Units of the 

Hellenides. The inner northeast part of Thermaikos Gulf comprises the Bay of 

Thessaloniki. The Bay of Thessaloniki is defined from the east from Megalo Emvolo 

Cape and from the west from the Axios river delta. A smaller embayment is noticed 

between the Cape of Megalo Emvolo and the Gallikos river delta (Vouvalidis et.al, 

2005). 

The Gulf was entirely formed during the Quaternary and is considered as a part of the 

Greek volcanic arc, while the shaping of the coastline lasted until the Holocene (Poulos 

et al., 2000; Piper and Perissoratis, 1991). The early-mid Miocene intense tectonism 

affected among others the Thermaikos Gulf area due to visible NNW-SSE direction 

tectonic depressions, forming an elongated basin (Karystineos, 1984; Psilovikos, 1977). 

This tectonic depression of Thermaikos Gulf-Thessaloniki plain-Lower Axios Valley 

began to gradually infill with clastic sediments during the Neogene-Pleistocene. The 

maximum thickness of the sediments in the center of the valley comes up to 3500 m 

(Faugeres and Robert, 1976). Stratigraphical analysis of the deposited Neogene-

Quaternary sediments showed that the filling process differed through space and time, 

due to the various depositional environments (Syrides, 1990). 

From the early-mid Miocene the paleoclimate is considered humid due to the deposition 

of thick layers, of fluvial origin, coarse clastic sediments. During the late Miocene a 

paleoenvironmental switch is noticeable. Paleosoils and red-beds of that area 

containing a variety of savanna type fossil mammalian fauna, indicate a warm terrestrial 

environment. Fine sands and fine grained silty-clayed fossiliferous sediments and 
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fossiliferous limestones deposited in the uppermost Miocene suggest a Paratethyan Sea 

invasion in the northern Aegean Sea, that covered the area as a brackish lake. During 

the Pliocene, fluvial and clastic sediments as well as marly limestone beds were 

deposited in small shallow lakes. The late Pliocene-Pleistocene was characterized by 

deposition of red-beds defining an extensive terrestrial paleoenvironment with arid 

conditions. The hilly terrain of the area was formed during the middle Pleistocene due 

to intense tectonic activity. This tectonism resulted in the formation of terrestrial and 

inundated grabens. During the Pleistocene, sedimentation alternates between terrestrial 

and fluvial, and also paleosoils and red-beds are deposited locally as a result of the 

paleoclimatic conditions and the fluctuation of the sea level. The sea level lowering by 

120 m by the last “Wurmian” glaciation caused the formation of a flat lowland area in 

the area of present-day Thessaloniki-Thermaikos Gulf-Thessaloniki plain, effecting the 

shifting of the coasts and Axios, Gallikos and Aliakmon river deltas southwards. This 

pre-Holocene terrain is composed of clastic Pleistocene sediments deposited on 

Neogene sediments (Vouvalidis et al., 2005; Syrides, 1990). 

 

THERMAIKOS GULF SEA LEVEL CHANGES 

The sea level depends on many factors, but most importantly, the eustatic, isostatic and 

tectonic movements (Lambeck et al., 2004). After the glaciers began defrosting, the sea 

level rose up to the present level, with the accession rate constantly dropping during the 

past 5000-6000 years and showing signs of stabilization (Lambeck et al., 2004). In 

Greece and specifically at the Aegean area, the subduction of the African plate is 

creating a marine transgression. On the contrary, past sea level changes during the 

Quaternary occurred from eustatic movements. Recent sea level changes at the Aegean 

area are the result of local movements, both tectonic and eustatic, but also of local 

environmental conditions (Lambeck et al., 2004). 

The estimation of the sea level changes of the study area is based on the sea level curve 

of Thessaloniki bay by Vouvalidis et al. (2005), in accordance with Pavlopoulos et al. 

(2011). According to this curve, in the last 10.000 years the sea level was 30 m below, 

and has rapidly risen to -5 m to its present value with an average rate of 4 mm/yr. This 

rate dropped to 1 mm/yr for the last 4000 years. Therefore, the marine transgression of 

Thermaikos Gulf took place before 10,000 years, inundating the lowlands, creating a 

shallow gulf with a depth of 10 m, dominated by marine sedimentation. The reduction 

of the sea level rise rate was followed by the excessive river delta sedimentation that 

covered the marine sediments and shifted the shoreline to its present-day position. 

The western coastal area of Thermaikos Gulf has been well investigated regarding the 

Holocene geomorphological and paleoenvironmental reconstruction (Fouache et al., 

2008; Ghilardi, 2006; Ghilardi et al., 2010; Koukousioura et al., 2012; Syrides et al., 

2009), although for its eastern coastal zone information is significantly limited 

(Koukousioura et al., 2019). During the last 9500 years the eastern coasts morphology 

of the gulf has been constantly changing. A low-relief coastal zone featuring lagoons 
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and swamps developed after the coastline retreated (~1400 m) caused by excessive 

coastal erosion (Albanakis et al., 2005). A subsidence of the area is probably due to 

intense sediment compaction, as it is reviewed as a tectonically stable area (Pavlopoulos 

et al., 2011). Most likely subsidence is caused by the load of the Holocene sedimentary 

cover, which can exceed 30 m at certain places (Fouache et al., 2008).  

EAST THERMAIKOS GULF GEOMORPHOLOGY  

The geomorphology of Thessaloniki costal area is controlled by the wave action and 

the sediment deposition rate near the coastline. High amounts of sediment originated 

from Axios, Aliakmonas, Gallikos and other seasonal streams (Lykousis et al., 2005) 

are responsible for the overall advance of the coastline and the formation of the 

Holocene sediment covering on the Thermaikos Gulf’s seabed (Vouvalidis et al., 2005). 

The east coast of Thermaikos Gulf from the Thessaloniki Region is composed of 12 km 

erosional and ~25 km depositional coasts. The area in general is affected both by fluvial 

and terrestrial environmental processes and therefore is considered a transient coastal 

clastic sediment depositional environment. According to Syrides (1990) the east coast 

of Thermaikos Gulf consists of fluvial and terrestrial Pleistocene deposits alternated 

with low profile coast sediments and Holocene alluvial deposits. On the contrary the 

SSW coast is formed by deltaic Holocene sediment deposits. The main morphological 

characteristic of the area is the low hilly relief, while the thick sediment deposition 

allowed a hydrographic network development (Syrides, 1990). 

GEOMORPHOLOGY OF THE STUDY AREA 

Epanomi village is located in Thessaloniki Region, 32 km SE from the town of 

Thessaloniki. The terrain at the Epanomi area is low and hilly. Specifically, west and 

south of the Epanomi settlement the altitude is around 60 m, progressing evenly towards 

the sea, while westwards and eastwards of the settlement the altitudes are higher 

reaching ~100 m (Fig. 3). 

The hydrographic network of the study area is dense and consists of parallel wide 

valleys directed North to South, across the Anthemous-West Chalkidiki watershed 

(East-West direction) (Syrides, 1990). 

As aforementioned, at the eastern part of Thermaikos Gulf depositional processes are 

mostly dominant. East Thermaikos Gulf consists of beach terraces with a narrow coastal 

zone at their base and local low depositional coasts (Albanakis et al., 2005). These 

depositional coasts extend as very low terrain capes which often host inland lagoons. 

(Chronis, 1986). 

The geology of the east coast, including the study area, comprises almost horizontal 

layers of Neogene sediments. These layers consist of alternations of silt-clay, silty-

clayey sand, sandy marl-sand and fine layers-sand lenses. The sediments were 

deposited during the Pliocene and are ~200 m thick (Gonia Formation). At specific 

locations red-beds can be detected (Moudania Formation) (Syrides, 1990). 
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Figure 3. Map of Thermaikos Gulf. 

At 10,000 y/BP the sea started entering the gulf, while it was 20-25 m below its present 

level (Vouvalidis et al., 2005; Pavlopoulos et al., 2011). Specifically, the sea intruded 

the inner Thermaikos gulf at 8000 yr BP (Koukousioura et al., 2019). Moreover, the 

eastern coasts of the gulf show a retreat of 1400 m for the last 9500 years, presenting 

an overall retreat rate of 0.15 m/yr (Albanakis et al., 2005). Based on the above, a 

graphic model for the eastern Thermaikos coastal evolution was suggested. Ιn 

accordance with this model, the present even slightly sloping terrain expanded evenly 

towards the central Thermaikos graben. Present day valleys also expanded toward the 

center of Thermaikos. The Holocene sea level rise (9000-10,000 BP) affected the 

coastal terraces by eroding them. It also affected the paleo-valleys as the high energy 

streams created mass-transport deposits, and therefore reduced their inclination and 

balanced their profile.  

Thus, the coastal areas that were located on the axes of big currents achieved balance. 

Their retreat rate was by far lower than that of the terrace-creating area. Within time 

the areas located on the valley axes developed low coast zones with lagoons and 

swamps, accumulating coastal sediments originated from the eroded terraces and the 

other ephemeral streams.  
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MATERIAL AND METHODS 

 

FIELD WORK 

In order to contribute to the reconstruction of the paleoenvironmental evolution of 

eastern Thermaikos gulf a short core (EPN-P) was studied. The drilling of EPN-P core 

took place in 2019, at Epanomi coastal area (40.396075 N, 22.906914 E) and reached 

a maximum depth of 3 m (Fig. 4).  

 

Figure 4. Location map of the broader study area and the position of cores EPN-P and MAM-

2P. 

A petrol powered jackhammer type of drill (Atlas Copco, Cobra MK 1) was used during 

the drilling, with the method of “Vibrocoring” (Fig. 5). This method is commonly used 

for shallow Holocene sediments (0-15 m). The equipment includes an empty cylinder 

tube that is being infixed into the ground. While the tube is being submerged it gets 

filled with the underground sediments creating a stratigraphic column identical of the 

stratigraphy of the drilling area. When the tube is full, is extracted hydraulically and the 

process is repeated with another empty tube for every 1 m depth.  

The end of the sampling tube is equipped with a cutting edge and a restraining ring that 

holds back the sediment from exiting the tube. An inner PVC tube of 1 m length and 

40 mm diameter is containing the sediment sample and is extracted when it gets filled. 

After it’s extracted, the code-name of the borehole, the depth and the tube’s serial 

number is written on it. Furthermore, both edges of the tube are sealed with proper tape 

and bungs until further examination.  
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Figure 5. Epanomi drilling site.  

With the aforementioned process a total of three (3) tubes where received, 1 m in length 

each. Further examination of the tube cores took place at the School of Geology of the 

Aristotle University of Thessaloniki. The plastic part of the tubes was cut along and 

bisected into two semi-cylinders, one for the purpose of analysis whilst the other was 

documented in detail in November of 2019. 

 

 

Figure 6. Epanomi (EPN-P) core sample. 

The description of the cores included the documentation of the lithology, the recording 

of the sediment colors (based on Munsell color chart) and the recording of any visible 

fauna. 

Each core was photographed with a scale in a sequence of 20 cm and the three tubes 

where photographed next to each other before being individually packaged and stored 

for sampling (Fig 6). 

Another drilling (MAM-2P), took place with the exact same process at the coastal area 

of Agios Mamas, in order to collect paleontological and stratigraphic sedimentary data 

to compare the paleoenvironmental data with that of the EPN-P core. The MAM-2P 
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core (Fig. 8) was retrieved from Agios Mamas coastal area (Fig. 7) (40.241532 N, 

23.339692 E), and reached a maximum depth of 2 m. 

 

Figure 7. Agios Mamas lagoon drilling site. 

 

 

Figure 8. Agios Mamas (MAM-2P) core sample. 

 

LABORATORY ANALYSES  

 

MAGNETIC SUSCEPTIBILITY ANALYSIS 

A total of 240 low-field magnetic susceptibility measurements were carried out in the 

EPN-P core and 192 in the MAM-2P core using the MS2 Bartington Susceptibility 

meter and a MB2C sensor (ring sensor). The whole core was measured continuously 

with a step of 1 cm. The measurements were performed with the ring sensor on the 

sealed core tube liners. The whole procedure was undertaken twice, and average values 

were calculated Magnetic Susceptibility measurements have been conducted by Ass. 

Prof. E. Aidona. 

CORE SAMPLING 

Samples from along the boreholes were analyzed in order to record the concentration 

of benthic foraminifera to collect paleontological and stratigraphic sedimentary data, 

which contributes to the paleoenvironmental evolution of the study area. Samples were 

collected every 2.5 cm, or even denser where it was considered necessary. In total 33 

samples from EPN-P core and 15 samples from MAM-2P core were selected for further 

micropaleontological analysis. 10 gr of each sample was weighted on an electronic 
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scale before performing the wet sieve analysis (Fig. 9). Then each sample was saturated 

in water and a solution of Hydrogen Peroxide (H2O2, 70%) so that the clay material 

disaggregates. After all the aforementioned, wet-sieve analysis was performed, using a 

63 μm pore size sieve. A 63 μm sieve is equivalent to the size range of very fine sand, 

therefore it has been used to indicate the sand to clay-silt ratio. After the sieve analysis, 

the samples were oven-dried (60oC) and then weighted for a second time at the 

electronical scale to record the exact amount of silt and clay that is missing from the 

sample thus, to calculate grain size distribution. Grain size analysis can be used as a 

tool for a better interpretation of various sedimentation changes during time. 

  

Figure 9. Sample weighting process. 

Subsequently, every sample has been individually processed under the stereo 

microscope. Each sample was splitted using a microsplitter depending on foraminiferal 

consistency, in order to retrieve 200-300 specimens. In case of poor foraminiferal 

content, the whole sample was examined (Fig. 10). 

 

Figure 10. Stereo microscope foraminiferal analysis. 
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The foraminifera were picked with a brush (No 000) and stored into 

micropaleontological slides using Gome Adragante. Then the collected foraminifera 

from each sample were identified in species level and counted using a stereo 

microscope (Euromex Nexious Zoom). 

The collection of the foraminifera was followed by the foraminifera identification and 

taxonomy based on the Loeblich and Tappan (1988) classification scheme, and by using 

the descriptions of Loeblich and Tappan (1988, 1994), Koukousioura (2012), Hottinger 

et al. (1993), Cimmerman and Langer (1991), Sgarella and Moncharmont Zei (1993), 

Dimiza et al. (2016) and other scientific papers. 

Furthermore, all foraminiferal species were photographed under a ZEISS Stemi 305 

trinocular stereoscopic microscope equipped with a MOTICAM S6 camera.  

STATISTICAL ANALYSES DESCRIPTION 

The main factors used for foraminifera analysis are the faunal density (number of 

specimens/1 g of dry sediment), the absolute and relative abundances of foraminiferal 

assemblages and the diversity indices that were calculated in the present study. 

A variety of measures have been developed in order to estimate diversity, calculated 

via Past.exe software (Hammer et al., 2001). The basic idea of a diversity index is to 

have a quantitative estimation of the biological variability which can be used to 

compare the various species, composed of diverse components. Therefore, different 

indices were used for the estimation of the sample diversities. A total of 6 indices were 

used in order to estimate and interpret the foraminiferal assemblages in the best way 

possible.  

Species richness (S), which represents the total number of species observed in each 

sample. 

The Shannon-Wiener (H’) diversity index measures the heterogeneity evaluation aka 

the distribution of individuals in different species (Magurran, 1988). The Shannon 

index is given by: 

H′=−∑Si=1pilnpi,  

where pi is the probability to find ni=Npi individuals in the i-th species (∑Si=1pi=1). 

The number of individuals ni of species I is called the abundance of this species. Varies 

from 0 for communities with only a single taxon, to high values for communities with 

many taxa, each with few individuals (Shannon and Weaver, 1949; Pielou, 1975). 

The Simpson’s index a measure of diversity which takes into consideration the number 

of species present, and the relative abundance of each species. The Simpson ’s index is 

given by: 

γ=∑Si=1p2i 

If all species are equally represented in the sample, then pi=1/S or γ=1/S (Simpson, 

1949). 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

23 
 

Fisher's alpha a diversity index, defined implicitly by the formula: 

S=a*ln(1+n/a), 

where S is number of taxa, n is number of individuals and a is the Fisher's alpha.  

Dominance D = 1-Simpson index. Ranges from 0 (all taxa are equally present) to 1 (one 

taxon dominates the community completely) (Harper, 1999). 

Equitability (also known as Pielou’s evenness) is the Shannon diversity divided by the 

logarithm of number of taxa. This measures the evenness with which individuals are 

divided among the taxa present (Harper, 1999). 

Another important index is the A (Ammonia) ratio (Koukousioura et al., 2012). The 

Ammonia specimens found in the samples were measured and then distinguished in two 

categories according to their size, either small (<0.5 mm) or large (>0.5 mm). This 

distribution of small (S) and large (L) is necessary for the calculation of the A index 

given by the equation: 

A=L/(S+L) x 100 

This index shows a relation between the test’s size and the salinity level. 

Other indices used in this thesis is the Foraminifera Abnormality Index (FAI) and the 

Foraminifera Monitoring Index (FMI). The FAI represents the analogy of abnormal 

foraminifera in each sample and is given by: 

FAI=(Fabn/n)*100 

where Fabn is the total number of abnormal individuals and n the total number of 

individuals (Coccioni et al., 2003, 2005). 

The FMI represents the proportion of abnormal species within the assemblage in each 

sample: 

FMI = (FABS /S)*100 

where FABS is the total number of abnormal individuals of each species and S the total 

number of individuals (Coccioni et al., 2003, 2005). 

 

RADIOCARBON DATING 

Two samples were dated using the AMS radiocarbon method. Those samples, with 

containing organic material, have been collected from different core depths (43.5 cm), 

and (144.5 cm) and used for radiocarbon AMS (14C) dating. Samples were submitted 

to CIRCE lab (Naples, Italy). Calibrated and calendar ages are given in Table 1. 
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Table 1. Radiocarbon samples of core EPN-P conventional and radiocarbon dates through 

MARINE13 callibration curve (Reimer et al., 2013). 

Lab code depth 

(cm) 

14C age 

(yr BP) 

2 σ (cal 

yr 

BC/AD) 

2 σ (cal 

yr 

BC/AD) 

mean 

BC/AD 

+/- cal yr 

BP 

Marker 

DSH9904_SO 43.5 4205 ± 48 -2905 -2662 -2783.5 243 4733.5 organic 

matter 

DSH9898_SO 144.5 5260 ±37 -4170 -3982 -4076 188 6026 organic 

matter 
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RESULTS 

 

CORE EPN-P LITHOLOGICAL DESCRIPTION 

The lithology of the EPN-P core consists of very dark gray medium sand with 

oxidations and organic material from the core’s lowest layer till 259 cm followed by a 

layer of dark greenish gray sand with mollusc fragments up to 240 cm. Subsequently, 

silty clay with mollusc fragments, gradating from dark gray to gray till 200 cm, is 

visible. Layers of dark greenish gray silty clay with Cerastoderma glaucum molluscs 

appear till 171 cm and very dark grayish brown clay is distinguishable from 154 to 

127.5 cm of depth. Disturbed material from 127.5 to 100 cm is followed by brown clay 

with organic material and desiccations until a depth of 5 cm. The EPN-P core’s 5 cm to 

the top consist of soil with roots (Fig. 11). 

Figure 11. Epanomi core (EPN-P) Lithology, Mud (%), Sand (%) and Magnetic Susceptibility 

diagram. 

 

Sediments may consist of silicates, carbonates, oxides and sulfides. Therefore, the 

magnetic properties of sediments can be traced back to the magnetic properties of their 

mineralogical constituents. Those vary with sediment type, provenance area, and 

depositional setting. The magnetic susceptibility measurements diagram can be 

compartmentalized in two groups. In the first group, from 300 cm to 173 cm, the average 
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magnetic susceptibility value is low 10 SIx10-5. From 172 cm till the top of the core the 

magnetic susceptibility has a noticeable greater value, an average of 85 SIx10-5. 

The sedimentary record of EPN-P core can be divided in 5 depositional units: 

Unit 1 contains very dark gray medium sand between 300 cm and 259 cm. The sand 

percentage is over 95% while the magnetic susceptibility is around 25 sIx10-5 

throughout the unit. 

In Unit 2 (259 to 240 cm) the mud percentage is increasing gradually from the bottom 

(~20%) till the top (~75%) of this unit while magnetic susceptibility slightly decreases 

to~20 sIx10-5. 

Unit 3 represents the layer between 240 to 171 cm, has a high mud percentage (~95%), 

although the magnetic susceptibility value continues to be around 20 sIx10-5. 

In Unit 4, starting from 171 till 127.5 cm, the mud percentage stays at the same level as 

previous (95%) but the magnetic susceptibility increases significantly (~95 sIx10-5).  

The mud percentage in Unit 5 (0 to 100 cm) remains the same as the two previous units 

(95%) while the magnetic susceptibility is at a stable mean level (~95 sIx10-5). 

CORE MAM-2P LITHOLOGICAL DESCRIPTION 

The MAM-2P core sequence is mainly composed of silty clay interrupted by gaps or 

disturbed material and few layers of medium to coarse sand. Specifically, the layer of 

the core between 200-188 cm includes medium to coarse sand with organic material. 

From 188 to 157 cm appears dark gray medium to coarse sand with small pebbles with 

an interfering small gap between 185 cm and 181 cm. A dark gray silty clay layer with 

organic material is visible until 138 cm followed by 8 cm of disturbed material (138-

130 cm) and a 30 cm gap (130-100 cm). Greenish gray silty clay appears from 100 to 

84 cm. Till 72 cm greenish gray silty clay with charcoals and plant remains are 

distinguishable. From 72cm to 60 cm very dark greenish gray silty clay followed by 

olive grey to dark grey silty clay with several charcoals till 15 cm. The top 15 cm consist 

of very dark greyish brown clayey silt soil (Fig. 12). 
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Figure 12. Agios Mamas core (MAM-2P) Lithology, Mud(%), Sand(%) and Magnetic 

Susceptibility diagram. 

The MAM-2P core’s magnetic susceptibility has its maximum values in-between 50-

60 cm (9748 Six10-5) and 25-35cm (4991 Six10-5). The mud percentage has relatively 

low values from the core’s end till the depth of 160 cm. From this point until the core 

top the mud percentage increases significantly up to 85%.  
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FORAMINIFERAL ANALYSIS 

During the micropaleontological study, 33 samples from EPN-P core and 15 from 

MAM-2P core were analyzed. From MAM-2P core no foraminiferal content has been 

observed, most probably due to the environmental conditions. Thus, no further 

micropaleontological analysis was possible to be applied in these samples and only 

EPN-P core samples have been analyzed. 

In the 33 samples analyzed from core EPN-P, a total of 14 foraminiferal species which 

belong to 8 genera were identified. The samples EPN-P (268-270), EPN-P (282-284), 

EPN-P (287-289) and EPN-P (293-295) lack foraminifera completely, while samples 

EPN-P (8-10), EPN-P (38-40), EPN-P (75-77), EPN-P (91-93), EPN-P (141-143), 

EPN-P (263-268), EPN-P (274-276) and EPN-P (289-291) contained an extremely 

small number of foraminiferal specimens. The samples that have been statistically 

analyzed contained at least 30 foraminiferal specimens. The foraminiferal fauna 

consists mostly of hyaline-perforate species (8 taxa) and 6 porcelaneous taxa. The 

hyaline species are mainly represented by Haynesina germanica, Ammonia veneta, 

Aubignyna perlucida and Haynesina sp., while the porcellaneous by Miliolidae species 

(Table 2). The foraminiferal density of the EPN-P core is mostly concentrated between 

240-171 cm depth with the maximum value (1801 specimens/g) found within sample 

EPN-P (205-207). The Dominance index has relatively high values throughout the core 

showing a maximum again within sample EPN-P (205-207). The other diversity indices 

present similar fluctuations throughout the core. For instance, their highest values are 

found within samples EPN-P (129-131), EPN-P (160-162), EPN-P (221-223), EPN-P 

(245-247). Similarly, their lower values are distinguished within samples EPN-P (229-

231), EPN-P (218-220) and EPN-P (183-185). Among the hyaline foraminifera species 

(H. germanica, Haynesina sp. and A. veneta), individuals exhibiting morphological 

abnormalities were observed, which were mainly protruding chambers, overdeveloped 

proloculous and siamese twins (Table 2). Additionally, Gastropods, Ostracoda, 

Charophyta, seeds and gypsum crystals were also detected (Fig 14). 

Table 2. Foraminiferal species identified within EPN-P core samples. 

Foraminiferal species 

Haynesina germanica (Ehrenberg, 1840) 

Haynesina sp. 

Ammonia veneta (Schultze, 1854) 

Aubignyna perlucida (Heron-Allen and Earland, 1913) 

Buccella frigida (Cushman, 1921) 

Lobatula lobatula (Walter and Jacob, 1798)  

Bolivina translucens Phleger and Parker, 1951 

Bolivina spathulata(Williamson, 1858) 

Adelosina longinostra (d’Orbigny, 1826) 

Quinqueloculina stelligera Schlumberger, 1893 

Quinqueloculina seminula (Linné, 1758) 

Quinqueloculina bicarinata d’Orbigny, 1826 
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Quinquelocullina laevigata d’Orbigny, 1826 

Quinqueloculina limbata d’Orbigny, 1826 

 

Table 3. Foraminiferal species with their total number of abnormal individuals within EPN-P 

core samples. 

Foraminiferal species Total number of abnormal 

individuals 

Haynesina germanica 50 

Haynesina sp. 1 

Ammonia veneta 5 
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Figure 13. 1-5 Ammonia veneta: 1-2 spiral view EPN-P 200-202; 3-5 umbilical side EPN-P 

200-202. 6 Haynesina germanica, EPN-P 200-202. 7 Haynesina sp., EPN-P 209-211 8 

Aubignyna perlucida, EPN-P 200-202. 9 Quinqueloculina stelligera, EPN-P 200-202. 10 

Quinqueloculina seminula EPN-P 209-211. 11 Quinqueloculina limbata, EPN-P 259-261. 12 

Quinqueloculina bicarinata, EPN-P 245-247. 13 Buccella frigida, spiral view 14 

Quinquelocullina laevigata, EPN-P 218-220. 15 Adelosina longinostra, EPN-P 226-228. 16 

Bolivina translucens, Phleger and Parker, 1951 EPN-P 221-223. 17 Bolivina spathulata, EPN-

P 259-261. 18 Lobatula lobatula, EPN-P 160-162. The scale is equivalent to 200 μm. 
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Figure 14. 1-3 Ammonia veneta: 1 umbilical view protruding chamber, EPN-P 245-247; 2-3 

protruding proloculous, EPN-P 245-247. 4-5 Haynesina germanica, siamese twins, EPN-P 259-

261. 6 Haynesina sp., overdeveloped chamber EPN-P 245-247. 7 Charophyta, EPN-P 245-247. 

8 Gastropod, EPN-P 218-220. 9 Ostracod, EPN-P 218-220. The scale is equivalent to 200 μm. 
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After analyzing the foraminiferal assemblages, the EPN-P core can be divided in 5 

distinguished units. 

A total of 7 samples represents Unit 1 (300 to 259 cm), which contained only a few 

gypsum crystals (EPN-P 289-291). Most of the samples were excluded from further 

statistical analysis due to the low number of foraminiferal individuals (6 specimens). 

Within this unit the species richness has a mean value of 0.57 species per sample and a 

mean foraminiferal density of 0.16 specimens/g. Thus only absolute abundances from 

this unit are presented (Fig. 15). 

Unit 2 includes 2 samples, from 259 to 240 cm with a foraminiferal density of 33.33 

specimens/gr. The fauna is dominated by the high relative abundance of H. germanica 

(avg. 78.78%), followed by A. veneta (avg. 15.86%), A. perlucida (avg. 1.78%), 

Haynesina sp. (avg. 4.68%) and the Miliolidae (avg. 0.478%). B. spathulata is present 

too among the hyaline species, but with a significantly small percentage. The species 

richness index has an avg. value of 6 species per sample. The Dominance index has a 

mean value of 0.652 which indicates the possibility that one taxon is slightly more 

dominant than others. Thus, the Simpson’s index is 0.347, the Shannon-Wiener 

diversity index denotes low values with an average of 0.681 and the average Fisher’s 

alpha index is 1.07. Also, the average Equitability index is 0.392. The FAI and FMI 

present a mean value of 3.09 and 4.55 respectively. The A ratio is generally high with 

an average value of 54.56. Additionally, this unit contains the largest Charophyta 

concentration of the whole sequence with 41 individuals (EPN-P 245-247) and one seed 

(EPN-P 259-261) (Fig. 18). 

Unit 3 extends from 240 to 171 cm depth and includes 13 samples in total. This unit 

displays the highest density of all foraminiferal assemblages (max 1801 specimens/g) 

in opposition to all other units. Furthermore, this is the only unit that includes 

foraminiferal fragments with the highest value being 35.22% (EPN-P 190-192) and the 

lowest being 2.199% (EPN-P 160-162). The faunal composition that dominates this 

unit is similar with the previous Unit 2. For instance, H. germanica (avg. 88.03%), A. 

veneta (avg. 7.14%), A. perlucida (avg. 2.57%), followed by Haynesina sp. (avg. 

1.75%) and the Miliolidae group (avg. 0.45%). The majority of miliolid species found 

in the EPN-P core appear in this unit. Additionally, one B. translucens specimen was 

found within this unit. The species richness index has an avg. value of 4.61 species per 

sample. The Dominance index has a mean value of 0.78 which indicates that one taxon 

is more dominant that others. Thus, the Simpson’s index is 0.21. The Shannon-Wiener 

diversity index is even lower than the previous unit with an average value of 0.469. The 

average Equitability index is 0.309 and the average Fisher’s alpha index is 0.829. The 

FAI and FMI have an average value of 0.957 and 0.985 respectively. The A ratio is 

relatively high with a mean value of 54.83 (Fig. 17). 

Unit 4 includes the very dark clay layers and very dark grayish brown between 171 cm 

and 127.5 cm depth. Moreover, this unit contains in total 7 samples with H. germanica, 

A. perlucida and Haynesina sp. representing the majority of the foraminiferal 
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individuals. Sample EPN-P 141-143 was excluded from the statistical analysis due to 

its low individual number (3 specimens). H. germanica continues to dominate the 

assemblage with a maximum rate of 91.81% (EPN-P 168-170) and a minimum rate of 

68.75% (EPN-P 129-131). Aubignyna perlucida ranges between 1.36% to 18.75%. 

Haynesina sp. presents a maximum abundance of 11.42% (EPN-P 135-138) and a 

minimum of 4.54% (EPN-P 168-170). The species richness index has an average value 

of 3.33 species per sample. The Dominance index has a mean value of 0.716 which 

again indicates that one taxon is more dominant that others. Thus, the average 

Simpson’s index is 0.283. The average Shannon-Wiener diversity index is 0.558. The 

average Equitability index is 0.484 and the average Fisher’s alpha index is 0.742. The 

FAI and FMI have an average value of 0.469 and 0.497 respectively (Fig 17). 

Unit 5 represents the top 100 cm of the core and includes 4 samples. A total of 4 species 

where distinguished within this unit with H. germanica being the most dominant 

followed by A. veneta, and lastly A. perlucida and Lobatula lobatula. Because of the 

very small number of individuals (12 specimens) all the samples were excluded from 

the statistical analysis in order to have more representative results. The foraminiferal 

density for this unit has an average value of 0.556 specimens/g and the average species 

richness index is about 1.75.  

From the aforementioned it is obvious that H. germanica is dominant throughout all 

five Units of the EPN-P core. Specifically, the foraminiferal relative frequencies 

diagram (Fig. 17) shows that H. germanica has the highest percentages among all other 

species. The subsequent foraminiferal frequencies are those of A. veneta, Aubignyna 

perlucida, Haynesina sp. and the Miliolidae group. Most species of the Miliolidae 

group were found in Unit3, however less individuals can be found in Unit 2 and Unit 

4. Also, bolivinids representees can be found in Units 2 and 3. Abnormal individuals 

belonging to H. germanica, Haynesina sp. and A. veneta are recorded in Units 2, 3 and 

4. The majority of the specimens presenting morphological abnormalities are included 

in Unit 2 in which the FAI and FMI reach their highest mean values 3.09 and 4.55 

respectively. Ostracoda Charophyta and Gastropods are also found throughout the core 

but are mostly concentrated in Unit 2 and 3 (Table 4). 
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Figure 15. Epanomi core (EPN-P) foraminiferal Density (specimens/g), and absolute abundances of all foraminiferal species. 
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Figure 16. Epanomi core (EPN-P) relative frequencies of all foraminiferal species. 
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Figure 17. Epanomi core (EPN-P) species richness, diversity indices, Fragments/g, A ratio, FAI and FMI indices. 
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Table 4. Lithology, Magnetic Susceptibility, Quantitative analysis data and additional observed fauna per Unit (EPN-P core). 

Unit 1  

(300-259cm)  

7 samples 

Medium sand  

Sand percentage >95% 

Magnetic 

susceptibility 

~25 sIx10-5 

Total foraminiferal number: 6 

Foraminiferal density avg. 0.16 specimens/g 

Species richness: 0.57 

Ostracoda 

Gastropods 

Gypsum crystals 

Seed 

Unit 2  

(259-240 cm)  

2 samples 

Sand  

Mud percentage 20-75% 

Magnetic 

susceptibility 

~20 sIx10-5 

Total foraminiferal number: 576 

Foraminiferal density avg. 33.33 specimens/g 

H. germanica (avg. 78.78%), A. veneta (avg. 15.86%), A. perlucida 

(avg. 0.78%), Haynesina sp. (avg. 4.68%), Miliolids (avg. 0.478%) 

Species richness: 6, Dominance: 0.652, Shannon-Wiener: 0.681, A 

ratio: 54.56, FAI: 3.09, FMI: 4.55 

Ostracoda 

Charophyta 

Unit 3  

(240-171 cm) 

13 samples 

Silty clay  

Mud percentage ~95% 

Magnetic 

susceptibility 

~20 Six10-5 

Total foraminiferal number: 3.099 

Foraminiferal density avg. 769.27 specimens/g  

H. germanica (avg. 88.03%), A. veneta (avg. 7.14%), A. perlucida 

(avg. 2.57%), Haynesina sp. (avg. 1.75%), Miliolids (avg. 0.45%) 

Species richness: 4.61, Dominance: 0.78, Shannon-Wiener: 0.469, A 

ratio: 54.83, FAI: 0.957, FMI: 0.985 

Ostracoda 

Charophyta 

Gastropods 

Unit 4  

(171-127.5 cm) 

7 samples 

Clay  

Mud percentage ~95% 

Magnetic 

susceptibility 

~95 Six10-5 

Total foraminiferal number: 788 

Foraminiferal density avg. 70.74 specimens/g 

H. germanica (avg. 84.17%), A. perlucida (avg. 7.21%), Haynesina 

sp. (avg. 6.19%), A. veneta (avg. 1.42%) 

Species richness: 3.33, Dominance: 0.716, Shannon-Wiener: 0.558, 

FAI: 0.469, FMI: 0.497 

Ostracoda 

Charophyta 

Gastropods 

 

Unit 5 

(100-0 cm) 

4 samples 

Clay and soil 

Mud percentage ~95% 

Magnetic 

susceptibility 

~95 Six10-5 

Total foraminiferal number: 12 

Foraminiferal density avg. 0.556 specimens/g 

Species richness: 1.75 

Ostracoda 
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Figure 18. Epanomi core (EPN-P) additional observed fauna. 
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DISCUSSION 

 

Combining the foraminiferal assemblage, the grain size analysis with the magnetic 

susceptibility and the radiocarbon dating of EPN-P core resulted to the recognition of 

the different environmental stages of the Epanomi area. 

Paleoenvironmental evolution 

Unit 1 

For most of Unit 1 the samples did not contain the necessary number of foraminiferal 

assemblages for it to be included in the statistical analysis. The highest sand ratio values 

are found within this Unit. This fact, in addition with the low magnetic susceptibility 

values and gypsum crystals that were found within the Unit, suggest an environment 

with marine influence and possible desiccations due to increased evaporation (Kjerfve 

et al., 1996). The low magnetic susceptibility values confirm the presence of marine 

deposits (Ghilardi et al., 2008; Liu et al., 2012). Gypsum crystals indicate evaporative 

conditions in isolated aquatic ecosystems. Factors that contribute to gypsum 

precipitation can be evaporation (e.g., Cann and Cronin 2004; Gomis-Yagües et al., 

2000) and desiccation (Reed et al., 2001), being the most significant process. Also, 

gypsum precipitation results from seasonal drying and water refilling of the system 

(Reed et al., 2001). For instance, increased evaporation or reduced seawater exchange 

between the lagoon and the open sea (Kjerfve, 1994) may result to hypersaline 

conditions. The oxidations described in the sediment may indicate evaporating 

environmental conditions rather than reduced seawater exchanges. 

Unit 2 

Unit 2 consists mostly of H. germanica and A. veneta accompanied by A. perlucida, 

Haynesina. sp., miliolids (Q. limbata, Q.bicarinata, Q. seminula), B. spathulata and a 

large concentration of Charophyta. H. germanica, which dominates the Unit, is 

considered as typical species for shallow lagoonal and deltaic environments (e.g., 

Koukousioura et al., 2012; Martins et al., 2013; Triantaphyllou et al., 2010b) that 

indicates diverse salinity percentages, for instance, less than 33‰ (Debenay 1978; 

Redois, 1996) or even higher than 50‰ (hypersaline conditions) (Almogi-Labin et al., 

1992; Fatela et al., 2016). Furthermore, it is an euryhaline significant shallow-water 

inhabitant (Jorissen, 1987; Murray, 2006), which favors shallow silty lagoonal 

environments (Hottinger et al., 2001). It can also flourish in environments of decreasing 

marine influence (Alve and Murray, 1994; Debenay and Guillou, 2002; Goiran et al., 

2011). Ammonia veneta was considered a globally widespread taxon although, a recent 

morphological and genetic study of Hayward et al. (2021), revealed that many of what 

were once considered members of A. tepida in fact represent other species of Ammonia, 

primarily A. veneta. The only true specimens of A. tepida were found in Atlantic waters, 

off the coast of the Americas (Hayward et al., 2021). A. veneta, inhabits predominantly 

near-shore environments of wide ranging salinity and temperature, shallow marine, 
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lagoonal and deltaic zones (Almogi-Labin et al., 1992; Jorissen, 1987; Coccioni, 2000; 

Melis and Violanti, 2006; Frontalini et al., 2009), with morphological and dimensional 

test variations (e.g., Carboni et al., 2002; Murray, 2007; Debenay et al., 1996, 2001; 

Melis and Violanti, 2006). A perlucida is a characteristic estuarine and shallow marine 

environment species (Murray et al., 2000; Carboni et al., 2010; Evelpidou et al., 2010), 

whereas miliolids occupy the infralittoral and upper circalittoral zones (Sgarrella and 

Moncharmont Zei, 1993; Moulfi-el-Houari et al., 1999). Miliolids are abundant in 

shallow waters such as in estuaries and along coastlines, though they also include 

deepwater oceanic forms (Loeblich and Tappan, 1964). Charophyta tolerate low 

salinity levels and are found in tropical brackish lagoons, but not in marine 

environments. The water must be still, or only slow-flowing, oligotrophic or 

mesotrophic (Palma-Silva et al., 2004). The grain size analysis provided the mud 

percentage of the Unit which increases gradually from the lower to the upper parts of 

the unit and displaying overall low magnetic susceptibility measurements confirming 

again the occurrence of a marine environment (Ghilardi et al., 2008; Liu et al., 2012). 

The A ratio index denotes relatively high values within this Unit which corresponds to 

larger test size. The test size according to a series of studies (Murray, 1991; Alve and 

Murray,1994; Debenay et al., 1996; Van Der; Zwaan, 2000; Melis and Violanti, 2006; 

Frontalini et al., 2009) can be related to certain salinity levels. The A ratio index value 

in combination with the Miliolidae presence indicate a high salinity environment with 

marine influence. The FAI and FMI indices have relatively small values but the highest 

among all other units. This, according to Coccioni et al. (2003, 2005) and Dimiza et al. 

(2012), suggests intense and radical environmental changes specifically about salinity. 

All the aforementioned indicate that Unit 2 shows transient inputs from the land and 

sea and unstable hydrodynamic conditions due to the fluctuating sand and mud 

fractions. It represents a lagoonal environment with marine intrusions (miliolids and 

Bolivina spathulata) and constant freshwater contribution, considering the prevalence 

of A. veneta, H. germanica and charophytes. The increased presence of abnormal 

specimens certifies the fluctuating salinities in an unstable transitional lagoonal 

environment (Dimiza et al., 2012). Similar environmental stages are described in 

Ismarida Thrace (ISMR-) sequence which was in direct communication with the sea 

and shallow marine conditions dominated during ~5500 to ~3500 cal yr BP. Likewise, 

at Alykes Kitros, from 7800-6500 cal yr BP a semi-enclosed/lagoon was formed. 

Unit 3 

The composition of Unit 3 includes predominantly H. germanica and A. veneta, small 

percentages of A. perlucida, miliolids (Q. stelligera, Q. bicarinata, Q. laevigata, 

Adelosina longinostra), Bolivina translucens and Haynesina sp. The frequencies of the 

marine species increase within this unit. The mud percentage provided by the grain size 

analysis is significantly high with low values of magnetic susceptibility indicating a 

shallow marine environment. The biometric measurements on the Ammonia tests gave 

high values for the A ratio index, which correlates with larger test size. The FAI and 

FMI indices provided by the statistical analysis denote very low values suggesting 
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relatively stable salinity conditions. Molluscan fauna found within this unit 

(Cerastoderma glaucum) lives in large quantities in shallow lagoons, while salinity and 

temperature influence shell size and thickness (Eisma, 1965; Tarnowska et al., 2009). 

The association of the euryhaline (H. germanica, Haynesina sp., A. veneta) with the 

marine species (B. spathulata, miliolids) indicate an open lagoonal environment with a 

permanent connection to the sea and periodical fresh-water inputs. The assemblage of 

Unit 3 is comparable to those of Paliouras lagoon Unit C (7600-6900 cal yr BP) 

(Koukousioura et al., 2019), of the modern Vravron ecosystem (Koukousioura et al., 

2012) and of Lake Ismarida which gradually transitioned in between ~3500 and 3000 

to more isolated conditions with distinct open lagoonal features, while still in 

communication with the sea and occasional fresh-water inputs. Similar Holocene 

foraminiferal assemblages have been characterized as outer lagoon environments 

(assemblage F2, Carboni et al., 2010).  

Unit 4 

Around ~6000 cal yr BP (Unit 4), the sedimentary sequence consists of clay deposits 

(the highest mud percentages out of the entire EPN-P core) and is characterized by high 

magnetic susceptibility values. The foraminifera assemblages are represented mainly 

by H. germanica and A. perlucida followed by A. veneta, Haynesina sp., L. lobatula 

and remotely miliolids. As mentioned, the dominant species of H. germanica tolerates 

decreasing marine influence (Debenay et al., 2005). The A ratio index shows null values 

indicating smaller tests and therefore low salinity levels (Koukousioura et al., 2012; 

Murray, 1991; Alve and Murray,1994; Debenay et al., 1996; Van Der; Zwaan, 2000; 

Melis and Violanti, 2006; Frontalini et al., 2009). The aforementioned show the area 

shifts to a low energy closed lagoon, as suggested by the dominance of the oligohaline 

foraminiferal species, and the increase of magnetic susceptibility measurements. 

Similar environmental conditions were described in Unit C of the Second stage of the 

Piraeus Lagoon (Unit C) (Triantaphyllou et al., 2021), the upper part of Alykes Kitros 

and the Lafrouda Thrace sequences which represent a transition from open lagoonal 

fauna (Ammonia spp., miliolids and A. perlucida assemblage) to closed lagoonal 

conditions (Koukousioura et al., 2012), as well as in Paliouras lagoon before 5900 cal 

yr BP (Koukousioura et al., 2019) and Ismarida lake at ~3000 cal yr BP (Koukousioura 

et al., 2020). Additional described assemblages in Venice Lagoon (Serandrei Barbero 

et al., 1997; Coccioni et al., 2009), with meso-oligohaline environments in several 

Aegean coastal plains (Triantaphyllou et al., 2003; Evelpidou et al., 2010) define inner 

lagoonal conditions (assemblage F1; Carboni et al., 2009, 2010). 

  

Unit 5 

Unit 5 included extremely small foraminiferal assemblages which, in association with 

the high magnetic susceptibility values and the lithological description, suggests the 
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closing of the lagoon and the dominance of the terrestrial deposits in the area before 

~4733 cal yr BP. The samples from this unit were excluded from the statistical analysis. 

The ENP-P core can be compared to the Paliouras (PLR-1) core located also on the 

eastern Thermaikos gulf, near the study area (Koukousioura et al., 2019), to the Alykes 

Kitros (KIT1) core on the western part of Thermaikos gulf (Koukousioura et. al., 2012), 

to the Lafrouda lagoon (LAF8) core (Koukousioura et al., 2012) and the Ismarida lake 

(ISMR-2) core in Thrace (Koukousioura et al., 2020). The comparison of the 

evolutionary stages of those cores provides data about the coastal processes, sea level 

fluctuations and general climatic conditions in North Aegean Sea during the Holocene.  

Epanomi, Alykes Kitros, Paliouras Ismarida and Lafrouda boreholes show similarities. 

For instance, all five boreholes are transitioning from an open lagoonal environment to 

closed lagoon conditions. This transition took place around 6000 cal yr BP in Epanomi, 

before 5900 cal yr BP in Paliouras (Koukousioura et. al., 2019) after 6500 cal yr BP in 

Alykes Kitros and around 3000 cal yr BP at Ismarida lake (Koukousioura et al., 2020) 

and Lafrouda lagoon in Thrace (Koukousioura et. al., 2012). 

The present thesis confirms the coastal evolutionary model of east Thermaikos Gulf by 

Albanakis et al. (2005). According to that model, the present-day low terrain as well as 

the valleys extended gradually towards the Thermaikos Gulf basin. As aforementioned, 

the inner Holocene marine transgression occurred at the area at ~8000 cal yr BP 

(Koukousioura e al., 2019). From then on the marine erosion formed coastal terraces. 

The marine transgression progressed until entering the paleovalleys. Currents with 

sediment contribution created deposits which resulted to a balanced profile, also 

affecting the coastal areas which were on the axes of those currents, characteristic of an 

estuarine ecosystem. These areas gradually formed low coastal planes with lagoons and 

marshes (Albanakis et al., 2005) (Fig. 19). 

 

Figure 19. Coastal evolutionary model of east Thermaikos Gulf from Albanakis et al. (2005). 
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CONSCLUSIONS 

The lithological, micropaleontological (benthic foraminifera), magnetic susceptibility 

and radiocarbon data, of a 3m-long sediment core (EPN-P) in the eastern Thermaikos 

coastal plain, enabled the following conclusions: 

• The study area was initially an environment with marine influence and possible 

desiccations due to increased evaporation characterized by high sand 

proportion, low magnetic susceptibility values, the presence of gypsum crystals 

and only few marine foraminiferal specimens. 

• Afterwards, the Epanomi area represents an unstable lagoonal environment with 

marine intrusions (miliolids and Bolivina spathulata) and constant freshwater 

contribution, considering the prevalence of Ammonia veneta, Haynesina 

germanica and charophytes. The major characteristics of the transitional lagoon 

are the transient inputs from the land and sea, which result to unstable 

hydrodynamic conditions due to the fluctuating sand and mud fractions. 

• Thereafter, an open lagoonal environment with a permanent connection to the 

sea and periodical fresh-water inputs is established, indicated by the association 

of the euryhaline (H. germanica, Haynesina sp., A. veneta) with the marine 

species (B. spathulata, miliolids). 

• Around ~6000 cal yr BP, the area shifts to a low energy closed lagoon, as 

suggested by the dominance of the oligohaline foraminiferal species, and the 

increase of magnetic susceptibility measurements.  

• Before ~4733 cal yr BP to the present day, the area is gradually tending to more 

isolated conditions characterized by only few foraminiferal specimens which, 

in association with high magnetic susceptibility values and the lithological 

determination, suggests the closing of the lagoon and the dominance of the 

terrestrial deposits in the area. 

• Primarily responsible for this evolutionary transition is the diminishing rate of 

the sea level rise prior to 4000 yr BP, that the Aegean coastal plains sea level 

curves show, and the sediment distribution rates near the coastline.  

• The data are confirming the coastal evolutionary model of east Thermaikos Gulf 

by Albanakis et al. (2005). 
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