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Abstract 

Abstract 

During Hellenistic and Roman times, Elaia, the harbour city of ancient Pergamon, was an im-

portant place of trade and traffic at the western coast of Asia Minor. Intense military and 

mercantile activities are documented by literary sources and archaeological evidences.  

This dissertation focuses on (I) the reconstruction of shoreline displacements; (II) the detection 

of sea-level fluctuations; (III) the usability and history of the three harbour sites; and (IV) the in-

vestigation of human impact on the environment since mid-Holocene times in the environs of 

Pergamon’s so-called “maritime satellite” Elaia. The geo-bio-archives of the area were studied 

using terrestrial and semi-aquatic vibracorings and geophysical exploration. Investigated sites 

were measured by Differential GPS. The sediments were examined using sedimentological, mi-

cropalaeontological and geochemical methods. Palynological and archaeobotanical analyses 

provided evidence for the former vegetation. Robust chronostratigraphies were established using 

radiocarbon (14C) and optically stimulated luminescence (OSL) dating as well as archaeological 

dating of artefacts. 

The postglacial marine transgression drowned the later settled shores of the Bay of Elaia 5500 BC, 

reaching its maximum ca. 1 km inland around 1500 BC. Since 850 BC, increasing settlement activ-

ities in the area led to accelerated hinterland erosion, sedimentation and a seaward shift in the 

shoreline. The time of the Pergamenian occupation (250 BC–AD 180) is documented by intense 

building activities and an increased population, which is also visible in the palynolgical record. 

During its prime, Elaia operated three harbours: the closed harbour, the open harbour and a 

beach harbour. The construction of the closed harbour basin was determined by a series of inter-

disciplinary methods to 246–215 BC. Estimations of the water depths in the closed harbour basin 

(~2.5 m in Hellenistic times) and the open harbour area (~1 m in Hellenistic times) led to the 

conclusion that the closed harbour basin could be exploited by common ship classes until AD 150. 

Shortly afterwards, increased siltation led to its abandonment. The closed harbour basin, which 

shows no signs of dredging activities, acted as a favourable sink for human waste, as evidenced 

by eggs of parasites, enhanced heavy-metal concentration and debris of craftsmanship. The first 

detection of the Black Sea dinocyst species Peridinium ponticum in the Mediterranean Sea docu-

ments traffic relations with the Black-Sea region. This is supported by archaeological finds of 

coins, seals and ceramics originating from abroad. Water depth in the open harbour area in front 

of the ship sheds was insufficient to anchor larger vessels. Thus, the ships were slipped to the ship 

sheds. The beach harbour in the eastern district of the city of Elaia acted as an area where foreign 

soldiers and merchants beached their ships and put up their camps.   
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Abstract 

For the first time, a reliable regional sea-level (RSL) curve for a continental site on the Turkish 

Aegean coast was established using a new type of reliable sea-level index point. The curve corre-

lates well with actual RSL curves of the nearby Aegean region; it is also in good agreement with 

sea-level curves derived from glacio-hydro-isostatic models.  

Five stages of human impact are evident over the past eight millennia. The natural vegetation 

(deciduous oak forests) existed before ca. 850 BC. It is followed by a degradation period caused 

by increased settlement activities and lumbering until around 250 BC. During Elaia’s most flour-

ishing time, ca. 250 BC–AD 180, the human impact is on its maximum, documented by a significant 

vegetation change, the occurrence of human parasites, debris of craftsmanship, higher heavy-

metal concentrations, economic relations and intense construction activity.  

The siltation of the harbours in addition to the declining political importance of the city from late 

Roman times onwards led to its abandonment. Thus, the human impact on the environment de-

creased up to around AD 800. Since those days, the absence of human impact led to a new natural 

vegetation: pines. The climax vegetation of the period before 850 BC never re-established. 

To sum up, this PhD thesis is a valuable example of an interdisciplinary cooperation, focused on 

solving the questions dealing with shoreline displacements, sea-level studies, coastal evolution, 

hazards and ancient harbour research in an archaeological context. 
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Kurzzusammenfassung 

Kurzzusammenfassung 

In hellenistischer und römischer Zeit war Elaia, die Hafenstadt des antiken Pergamon, ein wichti-

ger Handelsknotenpunkt an der Westküste Kleinasiens. Die umfangreichen Handels- und 

Militärfunktionen der Stadt werden durch historische Überlieferungen und archäologische Befun-

den belegt.  

Diese Dissertation behandelt schwerpunktmäßig vier Themenfelder im Umfeld der antiken Ha-

fenstadt Elaia, dem „maritimen Satelliten“ Pergamons: (I) die raumzeitlichen 

Küstenverlagerungen, (II) die Beschreibung der holozänen Meeresspiegelschwankungen, (II) die 

Entwicklungsgeschichte und Nutzungsmöglichkeiten der drei Häfen der Stadt und (IV) die 

Mensch-Umwelt-Beziehungen seit dem Mittelholozän. Hierfür wurden die Geo-Bio-Archive des 

Untersuchungsgebietes mittels Rammkernsondierung und geophysikalischer Prospektionsme-

thoden erschlossen und durch DGPS verortet. Die Sedimente wurden geochemisch, 

sedimentologisch und mikrofaunistisch untersucht. Des Weiteren lassen palynologische und ar-

chäobotanische Studien Rückschlüsse auf die frühere Vegetation zu. Robuste Altersmodelle 

basieren auf 14C- und OSL-Datierung, ergänzt durch diagnostische archäologischer Funde.  

Der postglaziale Meeresspiegelanstieg erreicht die Bucht von Elaia ca. 5500 v. Chr.; sein Maximal-

stand um 1500 v. Chr. lag etwa 1 km landeinwärts. Ab ca. 850 v. Chr. führt ein erhöhter 

Siedlungsdruck und dadurch bedingte erhöhte Erosion zu einer seewärtigen Verschiebung der 

Küstenlinie.   

Der Machtübernahme durch Pergamon um 250 v. Chr. folgt ein deutlicher Bevölkerungszuwachs 

und ein Höchstmaß an Bautätigkeit. Während seiner Blüte (ca. 250 v. Chr.–180 n. Chr.) verfügt 

Elaia über drei Häfen: den Geschlossenen Hafen, den Offenen Hafen und einen Strandhafen. Mit 

Hilfe interdisziplinärer Methoden konnte der Bau des Geschlossenen Hafens auf 246–241 v. Chr. 

datiert werden. Die Bestimmung der Wassertiefen im geschlossenen Hafenbecken (ca. 2.5 m in 

hellenistischer Zeit) zeigten, dass es bis etwa 150 n. Chr. von den gängigen Schiffstypen jener Zeit 

nutzbar war. Kurze Zeit später zwang zunehmende Verlandung zur Aufgabe des Hafens. Da im 

geschlossenen Hafenbecken keine Anzeichen für Dredschen vorliegen, eignet es sich als hervor-

ragendes Archiv, das anthropogene Einflüsse klar erkennen lässt (Konservierung von 

menschlichen Parasiten und Abfall aus der Kunsthandwerksproduktion, Anreicherung von 

Schwermetallen, gute Pollenerhaltung). Darüber hinaus belegt das erstmalige Auffinden der im 

Schwarzen Meer und im Marmarameer endemischen Dinozyste Peridinium ponticum im Mittel-

meer die Handelsbeziehungen zwischen Elaia und dem Schwarzmeerraum. Dies ergänzt den 

Nachweis durch Münz-, Siegel- und Keramikfunde. Die Wassertiefe im Offenen Hafen (ca. 1 m in 
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hellenistischer Zeit) war zum Ankern größerer Schiffe nicht geeignet. Statt dessen wurden die 

Schiffe hier über Rampen in die unmittelbar an Land liegenden Schiffshäuser gezogen. Der Strand-

hafen im Osten des Stadtgebietes zeigt keinerlei Hafeninfrastrukturen; seine Wassertiefe 

unterschied sich kaum vom Offenen Hafen. Die Schiffe wurden dort an Land gezogen und das 

Gebiet diente fremden Händlern und Soldaten als Lager- und Handelsplatz. 

Durch die Entwicklung eines neuen Meeresspiegelindikators konnte erstmals eine belastbare 

Meeresspiegelkurve für eine Lokalität an der türkischen Ägäisküste erstellt werden. Sie korreliert 

gut mit Kurven aus dem angrenzenden Ägäisraum und mit den aus glazio-hydro-isostatischen 

Modellen abgeleiteten Kurven. 

Als Ergebnis der Studien zur Mensch-Umweltbeziehung lassen sich fünf Phasen anthropogener 

Einflussnahme auf die Umgebung von Elaia in den vergangenen rund 8000 Jahren rekonstruieren. 

Bis etwa 850 v. Chr. ist die Region aufgrund der weitgehenden Abwesenheit des Menschen von 

der Klimaxvegetation aus sommergrünen Eichenwäldern geprägt. Bis etwa 250 v. Chr. kommt es 

durch erhöhten Siedlungsdruck und Rodung zu einer Degradation der Vegetation hin zur Macchie. 

Während der Blütezeit Elaias (ca. 250 v. Chr.–180 n. Chr.) erreicht der anthropogene Einfluss sein 

Maximum, veranschaulicht durch einen signifikanten Vegetationswandel, das verstärkte Aufkom-

men von menschlichen Parasiten, Abfallprodukten des Kunsthandwerks, Bautätigkeit und 

vermehrten Handelsbeziehungen. Die Verlandung des Hafens und der abnehmende politische 

Einfluss der Stadt ab der späten Römerzeit führen zur Aufgabe der Stadt und einem Verschwinden 

des menschlichen Einflusses bis 800 n. Chr. Seit jener Zeit führt die Abwesenheit des Menschen 

zu einer Erholung der Vegetation mit der Etablierung von Kiefernwäldern. Die seinerzeitige Kli-

maxvegetation von vor 850 v. Chr. stellt sich allerdings nicht wieder ein.  

Zusammenfassend sind die in dieser Doktorarbeit vorgestellten Ergebnisse aus Elaia ein anschau-

liches Beispiel für den Mehrwert einer interdisziplinär angelegten Forschung zur Beantwortung 

von Fragen bezüglich Meeresspiegelschwankungen, Küstenentwicklung, Naturgefahren und anti-

ker Hafenentwicklung in einem archäologischen Kontext.  
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Chapter 1 

Chapter 1 

1 Introduction 

1.1 Eastern Mediterranean coastal areas in the focus of geoarchaeological re-

search 

Around 6000 BC at the “dawn of civilisations” (Lambeck & Purcell, 2007), the major part of the 

Holocene marine transgression had nearly ended and a more or less stable sea level enabled 

societies to settle the Mediterranean coasts (Murray-Wallace & Woodroofe, 2014, Khan et al., 

2015). During the following millennia, a seaside location was an important factor in establishing 

a flourishing settlement for many civilisations and harbour sites acted as important hubs for 

trade, travel and traffic. Nevertheless, the sea always showed an ambivalent character to hu-

mans and their coastal settlements. In contrast to cities located in the hinterland, harbour 

settlements were exposed to risks from the sea, such as sea-level fluctuations and extreme wave 

events (storms, tsunamis). Additionally, harbours were also prone to siltation by fluvial or collu-

vial sediment inputs. In the worst cases, this led to the abandonment of a city (Knoblauch, 1981; 

Marriner & Morhange, 2007; Morhange & Marriner, 2010).  

Various examples from the eastern Mediterranean region are known where shifting shorelines 

and changing sea level influenced the rise and decline of ancient settlements and their harbours. 

Beginning with the Neolithic settlements of the Çukuriçi Höyük near ancient Ephesus (Horejs, 

2012; Horejs et al., 2015; Stock et al., 2015), Hoca Çeşme in Thrace (Başaran, 2010; Özbek 2010) 

and Hamaylıtarla on the Gallipoli peninsula (Özbek, 2010) to the prominent ancient cities like 

Caesarea (Reinhardt & Raban, 1999), Tyre (Marriner & Morhange, 2006a), Corinth (Morhange 

et al., 2012; Hadler, 2014), Miletus (Müllenhoff, 2005; Brückner et al., 2006, 2013), Ephesus 

(Kraft et al., 1977, 2007; Brückner et al., 2013; Delile et al., 2015; Stock, 2015), Ainos (Başaran, 

2010; Brückner et al., 2015), Yenikapı/Istanbul (Bony et al., 2012) and Troia (Kraft et al., 1980, 

2003), just to name a few. Additionally, a vivid overview of recent ancient harbour research is 

published by Ladstätter et al. (2015).    

No previous geoarchaeological studies have been conducted in the Bay of Elaia. This research is 

therefore timely and pioneering. It is important in helping to understand, why and when ancient 

settlements rose, flourished and decayed in the Mediterranean region.    
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1.2 Aims of the study 

The DAI (German Archaeological Institute) has been excavating the ancient city of Pergamon for 

more than 100 years. The scientific scope was widened to include the city of Pergamon and its 

environs, within the framework of the DFG priority program (SPP) 1209 "The Hellenistic Polis as 

a Living Space – Urban Structures and Civic Identity between Tradition and Innovation", which 

started in 2006. Thus, Elaia, the harbour city of Pergamon, and Atarneus, an important pre-Hel-

lenistic predecessor settlement of the region, came into focus (Schneider et al., 2013, 2014, 

2015; Pirson, 2014; Pirson & Zimmermann, 2015, Pirson et al., 2015; Zimmermann et al., 2015). 

Except for small, sporadic archaeological field observations in the 20th century, travel reports in 

the early 19th century (cf. Prokesch von Osten, 1837) and ancient sources, not much was known 

about the Elaia region before the interdisciplinary fieldwork started. Several questions arose 

during the studies of Pergamon’s “maritime satellite” (Pirson, 2004), mostly focusing on human-

environment interactions, shoreline displacements and the usability and history of the three 

different harbour sites of the city. Geoarchaeological methods were applied to solve these ques-

tions. Three working hypotheses, including five research goals, form the basis for a final 

presentation of human-environment interaction in the Elaia region during the last millennia. 

Working hypothesis 1: Coastal evolution, shoreline displacements and sea-level fluctuations 

in the Bay of Elaia. 

� In the Bay of Elaia, the peak of the postglacial marine transgression reached much fur-

ther inland than today. Thereafter, alluvial and colluvial sedimentation caused a major 

seaward shift in the shoreline.  

Goal 1: Determining the spatial and temporal dimensions of coastline changes during 

the past millennia. 

No investigation dealing with this topic had been conducted in the Bay of Elaia. Results 

from other studies at the Aegean coast demonstrated that, in the course of the postgla-

cial transgression, marine embayments extended far inland, later filled by alluvial 

sediments. Studies in Miletus (Kraft et al., 1977; Müllenhoff, 2005; Brückner et al., 

2006), Ephesus (Kraft et al., 1977, 2007; Brückner, 2005; Stock 2015), Troia (Kraft et al., 

1980), and Ainos (Alpar, 2001; Brückner et al., 2015) act as valuable examples. The 

shoreline displacements in the Bay of Elaia and the adjacent Bergama Graben are dis-

cussed.  
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Goal 2: Establishing a regional sea-level curve based on RSL indicators for the Bay of 

Elaia and discussing it within a wider Aegean context. 

Like the shoreline displacements, sea-level fluctuations in the Bay of Elaia were still un-

known. A robust regional sea-level curve (RSL-curve) is established by choosing reliable 

sea-level indicators and comparing them to other studies of the Aegean Sea and the 

modelled curve by Lambeck (1996) and Lambeck & Purcell (2005). 

Working hypothesis 2: Elaia’s different harbour sites during the period of prosperity 

� During its period of prosperity, the city of Elaia successfully operated several harbours, 

which can be elucidated using geoarchaeological evidence 

Goal 1: Describing the lifecycle of the closed harbour basin of Elaia.  

The closed harbour basin is of special research interest being the only visible ancient 

remain in Elaia, and incorporated into the Hellenistic city walls. Here, the lifecycle of the 

closed harbour basin, from its foundation up to its abandonment, is described. A special 

focus is the construction date of the harbour’s breakwaters, which is detectable by sev-

eral architectural, literary and geoscientific methods.  

Goal 2: Determining the water depths of Elaia’s harbours and their accessibility by dif-

ferent ship classes during Hellenistic and Roman times. 

This chapter solves the question concerning when and which ship classes were able to 

reach the closed harbour basin and the open harbour area of Elaia. Estimation of the 

water depths in the two areas are compared to the draughts of common ships of those 

periods. 

Working hypothesis 3: Human impacts in the Bay of Elaia over the past millennia 

� The temporal changes and the intensity of human impact on the environment can be 

elucidated by geoarchaeological research. 

Main goal: To identify and quantify human impacts on the Bay of Elaia over the millen-

nia. 

As economic centres and points for naval navigation, ancient harbour cities are of par-

ticular geoarchaeological interest. The combination of all information gained by 

interdisciplinary research helps to reconstruct multi-temporal landscape scenarios 

(Morhange et al., 2014). In this chapter, the human impact on the landscape caused by 

the Elaïtans is presented chronologically. 
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1.3 General approach 

In closing the gap between physical geography, natural sciences, and archaeology by integrating 

methods of all three disciplines, geoarcheology acts as an interesting toolbox to reconstruct 

changes in the palaeo-landscape and to detect human impact on it (Rapp & Hill, 2006). A modi-

fied version of the geoarchaeological approach of Brückner & Gerlach (2011) is used in this 

dissertation, which is mainly based on the investigation of geo-bio-archives (Fig. 1). 

Fig. 1 Study design following Brückner & Gerlach (2011), modified. 
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The Bay of Elaia presents several geo-bio-achieves such as coastal wetlands, near-shore sedi-

ments, a coastal spit, alluvial fans, and harbour sediments. Between 2008 and 2012 these 

archives were studied using terrestrial and semi aquatic vibracorings (Atlas Copco Cobra TT) and 

geophysical exploration (geoelectric (ERT), geomagnetic and geoseismic). All coring and geo-

physics sites were levelled using DGPS (Leica DGPS System 530). 

The sediments were investigated using sedimentological, geochemical, and microfaunal tools. 

Statistically evaluated, this allows the interpretation of different sedimentary environments 

(shallow marine, littoral, limnic, lagoonal, colluvial etc.). In addition, palynological and archaeo-

botanical analyses enable the determination of the palaeovegetation. Robust 

chronostratigraphies of the sediment sequences were established by radiocarbon (14C) and op-

tically stimulated luminescence (OSL) dating as well as archaeological dating of artefacts. The 

combination of this information, coupled with information from the archaeological record, al-

lows to resolve the questions outlined above, to reconstruct landscape changes, and to decipher 

human-environment interactions over the last millennia.  

This dissertation includes five publications (Chapters 2–6) concerning different aspects of the 

geoarchaeological research in Elaia with a special focus on coastal changes, the identification 

and investigation of Elaia’s harbour sites, and human-environment interactions. The following 

describes the main focus of each paper.    

Chapter 2 deals with the closed harbour basin of Elaia. Nowadays, it is completely silted up and 

it is hard to imagine that ships once anchored here. Drilling cores inside and outside the harbour 

basin were investigated by means of geochemistry and sedimentology to decipher the history 

of the basin and its surroundings. The lifecycle of the harbour is described. In addition, an ERT 

profile and a coring were performed directly at the closed harbour’s western breakwater to de-

cipher its construction style and age.  

Chapter 3 focuses on the open harbour area of Elaia. Archaeological research in Elaia suggested 

the need for ship sheds to store and maintain the valuable warships when not in action. From 

an archaeological point of view, the area between the closed harbour basin to the west and the 

so-called diateichisma – an internal city wall – to the east seemed to be the most appropriate 

location for such installations. This is supported by geomagnetic interpretations (Pirson, 2010). 

Therefore, 3D-geoelectric measurements in this area were conducted to estimate the extension 

and shape of the supposed buildings. In addition, 2D-geoelectric profiles in front of the assumed 

ship sheds heading towards the sea were carried out. One sediment core was recovered directly 
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in front of the assumed ships sheds and analysed in detail with regards to its geochemical, sed-

imentological, and microfaunal characteristics. Altogether, five radiocarbon ages were used to 

establish a robust chronology for the profile. In addition to the coring, surficial sampling of dif-

ferent contemporary environments of the study area was performed to establish a present-day 

referential for the microfauna. This allows for estimating water depths of the area for the pros-

perous periods of Elaia and solves the question of whether the assumed ship sheds could be 

accessed by ship. 

Chapter 4 links and widens the topic of shoreline displacements and possible harbour sites by 

integrating the results of Chapters 2 and 3 into a broader framework of five intensively-studied 

core transects covering the entire study area. This allows for determining the spatial and tem-

poral extension of the marine trans- and regression as well as the verification of the beach 

harbour area as a third harbour site of Elaia.  

In contrast to Chapters 2-4, Chapter 5 focuses on the age and function of submerged wall struc-

tures in the western part of the embayment. Today, their upper surface is 0.5–1.0 m below 

present sea level. The subsoil of the walls and the construction style were investigated by semi-

aquatic coring and water-borne geoelectrics, while further corings inside and outside the wall 

structures yielded material for radiocarbon dating. Additionally, sediments directly below the 

brickworks were dated by OSL to estimate the burial age and indirectly date the construction of 

the walls. 

Chapter 6 deals with the reconstruction of the vegetation and environmental history of the 

wider Bay of Elaia since 7500 BP. Therefore, coring Ela 70 out of the closed harbour basin of Elaia 

was investigated by means of palynology and archaeobotany. A total of 11 radiocarbon ages 

provided a detailed age-depth model.      

Finally, Chapter 7 discusses the results of the conducted research with a focus on the working 

hypotheses of Chapter 1.2, followed by a conclusion (Chapter 8).   
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1.4 Study area 

Elaia is situated on the northern Aegean coast of modern Turkey (Fig. 2). In sum, two large-scale 

landscape-forming processes have affected the contemporary appearance of the area. 

Fig. 2 The area of research at the Aegean coast of Turkey. (a) Landsat 8 satellite image (acquired 23 Septem-

ber 2013; RBG composite based on bands 4, 3, 1), with locations mentioned in the text. Insert: (b) General 

map the Aegean Sea with position of the research area. 

The study area is part of the westwards moving Aegean-Anatolian microplate (Brückner et al., 

2010; Vacchi et al., 2014). With its westward drift, several rift structures formed during Miocene 

to Pliocene times, such as the Bergama Graben and its tributary Zeytindağ Graben (Fig. 3, 

Demirci et al., 2015). Some of them act as outlet channels for rivers today, such as the Büyük 

and Küçük Menderes and the Bakırçay (Vita-Finzi, 1969; Aksu et al., 1987; Özürlan et al., 2006). 

The Bergama Graben is still tectonically active. This is evident from submerged archaeological 

remains: (i) a Roman thermal bath complex (Bademli Ilıca) on Kane Peninsula; and (ii) underwa-

ter wall structures in the southwestern Bay of Elaia (Chapter 5). Additionally, Schneider (2014) 

provides a clear overview of more or less destructive historic earthquakes affecting the area 

from Roman Imperial times onwards (Garbrecht, 2003; Emre et al., 2005; Schneider, 2014).  
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Fig. 3 Structural map of the research area and the surrounding mountain ranges. Source: Altunkaynak & 

Yılmaz (1998), modified. 

Because of the tectonic stress, the second landscape-building agent – volcanism – started to 

affect the area. This is obvious in the occurrence of massive andesite layers, which covered the 

older Palaeozoic-Mesozoic granites of the Yuntdağ and Kozak Mountains. In addition, the land-

scape is littered with volcanic domes of which the Karadağ (755 m a.s.l., above sea level) and 

Teuthrania1 (115 m a.s.l.) are the most prominent ones (Altunkaynak & Yilmaz, 1998; Radt, 

2011). 

Taking a closer look at the research area, the Kane Peninsula (Karadağ) to the west and the 

Yuntdağ Mountains to the east surround the Gulf of Elaia and the inner part of the Bay of Elaia. 

The wide alluvial plain and the cuspate delta of the Bakırçay (ancient name: Kaikos) are located 

to the west of the Bay of Elaia, separated by the relatively flat ridge of Bozyertepe (40 m a.s.l.). 

Wetlands consisting of pioneering Salicornia plants are observed south of Bozyertepe.  

The research area, with its three harbour sites, is situated in the inner part of the Bay of Elaia 

adjacent to the castle hill and the ancient city area (Fig. 4). 

1 The mythical place where Telephos, the legendary founder of Pergamon, is said to has once lived. 
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Fig. 4 Locations of selected vibracores carried out in the Bay of Elaia. (a) Locations of coring transects A–A’, 

B–B’, D–D’, E–E’ and F–F’, and C (coring Ela 58). (b) Panoramic overview of the area of research (UAV image; 

taken on 01 September 2015 by Andreas Bolten). 

The three harbour sites are: Firstly, the closed harbour basin which is incorporated within the 

fortification walls of the city. It was protected against the sea and enemies by two presently 

drowned breakwaters, one to the southeast and one to the west. Because the breakwaters are 

the most prominent ancient remains in the area, this closed harbour basin is of special interest 

(Chapters 2 & 6). Secondly, the ca. 250 m-long open harbour, stretched from the southern 

breakwater of the closed harbour south-eastwards to the point where the diateichisma reached 

the waterfront (Chapter 3). This wall divided the city area into a northern, densely populated 

part and a southern one (Pirson, 2011). Thirdly, an open beach harbour extended from the south 
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of the diateichisma to the south-eastern end of the city wall (Chapter 4, Pirson 2011). Sub-

merged wall structures are situated southwest of the closed harbour in the shallow water of the 

embayment (Chapter 5). 

1.5 History of Elaia 

The historical evolution of Pergamon and Elaia is closely interwoven. Therefore, this chapter 

briefly focuses on the history of Elaia and its relationship to Pergamon (Fig. 5). It relies largely 

on the work of McShane (1964), Hansen (1971), Pirson (2004), Radt (2011), Zimmermann (2011), 

Pirson (2014), Pirson et al. (2015), Gehrke (2015) and Pirson & Zimmerman (2015). 

Fig. 5 Timeline of the historic periods, linked with Elaia’s most flourishing period. 

The settlement of Elaia is most probably of pre-Greek origin. Mythical sources date its founda-

tion back to the times of the Trojan War and the legendary Telephos of Pergamon (Pausanias2, 

Graeciae descriptio 9, 5, 14). Nevertheless, some finds dating to the early Bronze Age, as well as 

late Helladic and Mycenaean ceramics at the castle hill of Elaia also suggest initial settlement 

activities during these early periods (Pirson et al., 2015).  

Historically, Elaia is first mentioned in early Classical times in the tributary lists of the Attic-Delian 

League (5th century BC), but payed the modest contribution of only 1/6 talent during 454–

425 BC. In addition, Herodot3 (Historíai 1, 149) did not include Elaia in his summary of altogether 

12 Aeolian settlements. This suggests a relatively small settlement during this period (Pirson & 

Zimmermann, 2015; Pirson et al., 2015). 

The entire Kaikos region came under Macedonian rule through the military campaign by Alex-

ander the Great, until the so-called “Wars of the Diadochi” started soon after his death in 

Babylon in 323 BC (Cartledge, 2004). The house of the Attalids came to power in the Kaikos re-

gion at an advanced stage of this turmoil and established – in alliance with Rome – a powerful 

kingdom in Asia Minor. During its most flourishing period under King Eumenes II (197–159 BC), 

it ruled the western half of present-day Turkey. Pergamon itself was located on top of a 330 m-

2 Pausanias; Greek travel writer and geographer; ca. AD 115–180. 
3 Herodot; Greek geographer, historian and ethnologist; ca. 490/480–424 BC. 
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high castle hill, controlling the adjacent Kaikos plain (Fig. 2a). This was an excellent strategic po-

sition, but complicated trade and transport. For economic and military reasons the city needed 

a maritime harbour, which was obtained by integrating the nearby city of Elaia, located on the 

Aegean Sea approx. 26 km southwest of Pergamon, into their realm. It is assumed that Elaia 

came under Pergamenian rule between 246 and 241 BC during the reign of King Eumenes I. 

Hereafter, the relationship between Pergamon and Elaia can be described as an interaction of 

taxation and subvention of the Pergamenian kings with a simultaneous autonomy of the Elaïtans 

(Pirson et al., 2015).  

Elaia was fortified and used as the harbour city of Pergamon, which became evident in Strabo’s4 

“Geographika”, where he mentioned Elaia as the naval base (naustathmon) of the Attalids and 

the harbour city (epineion) of the Pergamenians (13, 3, 5). Direct evidence for the importance 

of the harbour is given, e.g., in Livius’s5 “Ab urbe condita” when a Pergamenian fleet of 35 Quin-

quereme (Pentere) ships, largely based in Elaia, jointly took part with Rome in the First 

Macedonian War (215-205 BC). In addition, Polybios6 (Historíai 21, 10) and Livius (Ab urbe con-

dita 28, 5, 1) mentioned large Roman, Rhodesian and Pergamenian naval units stationed in Elaia 

during the Roman-Syrian War (192–188 BC).  

Furthermore, the city did not only serve as the main harbour of Pergamon. A narrow passage 

was left between the slopes of the Yuntdağ Mountains and the eastern city district, easily con-

trolled by the military garrison of Elaia (Figs. 2 & 4). Therefore, Elaia was also a defensive 

stronghold, which secured the southern entrance to the inner realm of the Kaikos area and the 

nearby coastal road heading southwards to Smyrna (Pirson, 2008, 2014; Seeliger et al., 2013; 

Pirson & Zimmermann, 2015). This topographic setting is quite similar to the one at Thermopy-

lae in central Greece where, in 480 BC, the legendary 300 Spartans were able to withstand a far 

larger Persian army during a long battle (Kraft et al., 1987). In combination with the importance 

of Elaia in the economic network of Pergamon, it certainly seems to be legitimate to refer to 

Elaia as the “maritime satellite” of Pergamon (Pirson, 2004; Pirson & Zimmermann, 2015). 

A gradual loss in the importance of the city of Elaia became obvious with its incorporation into 

the Roman world from 133 BC onwards (Pirson, 2004). This was most probably caused by the 

ongoing siltation of the harbour area of Elaia. The literary and archaeological evidence for the 

post-Attalid period is as poor as for the pre-Attalid one. Since the 6th/7th century AD the city was 

abandoned.   

4 Strabo; Greek geographer; ca. 63 BC–AD 23. 
5 Livius; Roman historian; ca. 59 BC–AD 17. 
6 Polybios; Greek historian; ca. 200–120 BC. 
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Chapter 2 

2 Taken from the sea, reclaimed by the sea: The fate of the closed 

harbour of Elaia, the maritime satellite city of Pergamum (Turkey)  

Journal Article (2013): 

Seeliger, M., Bartz, M., Erkul, E., Feuser, E., Kelterbaum, K., Klein, C., Pirson, F., Vött, A., 

Brückner, H., 2013. Taken from the sea, reclaimed by the sea: The fate of the closed 

harbour of Elaia, the maritime satellite city of Pergamum (Turkey). Quaternary Interna-

tional 312, 70–83. 
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During Hellenistic times, when the Pergamenian kingdom was prospering, Pergamum was operating an
important harbour, used by merchants and military at the city of Elaia. This paper focuses on the
development, utilisation and decay of the closed harbour of Elaia, which is discussed in the context of the
landscape evolution of the environs of the ancient settlement. Based on geoarchaeological, archaeo-
logical and literary evidence, the construction of two harbour moles in order to provide shelter against
wave action and enemies can be attributed to the early Hellenistic period. Geoelectric measurements
revealed the construction profile of the moles. Coring evidence indicated that together with mole con-
struction, a greater area of the formerly shallow marine and sublittoral terrain was consolidated, most
probably to create space for harbour installations. The closed harbour basin was used intensely during
Hellenistic and Roman times. Later, continued siltation hindered further usage. In combination with the
decline of the city of Elaia in Late Antiquity, this was the reason why the harbour was abandoned.
Scenarios for the time of the maximum transgression of the sea around 2500 BC, the early Hellenistic
times around 300 BC, and Late Antiquity AD 500, are presented.

� 2013 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Many multidisciplinary studies have focused on ancient har-
bours along the Mediterranean coasts throughout the last decade:
the Great Harbour of Ephesus (Kraft et al., 2000, 2007), the harbour
of Tyre (Marriner and Morhange, 2006b; Marriner et al., 2007;
Morhange et al., 2012), the seaport of Oiniadai (Vött et al., 2007),
the harbour of Luni (Bini et al., 2009), the western harbour of
Corinth (Morhange et al., 2012), Herod the Great’s harbour at
Caesarea (Reinhardt and Raban, 1999), and the harbour of Carthage
(Gifford et al., 1992), just to mention a few. The importance of the
topic is underlined by the fact that in August 2012 the German
Research Foundation launched a priority programme to further
investigate ancient harbours from Roman Imperial to Medieval
times (DFG-SPP 1630).

This paper presents the results of the first geomorphological,
geoarchaeological, geophysical, and geochronological research on
. Seeliger), h.brueckner@uni-

nd INQUA. All rights reserved.
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the closed harbour of the ancient city of Elaia, which was also
Pergamum’s principal marine harbour. Its basin is situated at the
foot of the city hill in the central northern part of the Gulf of Elaia
(Figs. 1 and 2). The harbour was built during Hellenistic times ac-
cording to historical sources and archaeological evidence. It is the
only still visible ruin of Elaia, although it has almost completely
been silted up with marine, alluvial and colluvial deposits (Fig. 3).
The main objectives of this study are: (i) to investigate the siltation
process of the closed harbour of Elaia in space and time; (ii) to
compare this process within and around the harbour basin; and (iii)
to provide a chronological framework for the construction of the
moles from a geoarchaeological point of view.
2. Study area

2.1. Physical setting

The Bay of Elaia is the innermost part of the Gulf of Elaia
(modern name: Gulf of Çandarlı). It is located between the Yuntda�g
mountain complex to the east and the Karada�g mountain complex
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Fig. 1. Research area at the Aegean coast of Turkey. (a) Overview based on Landsat ETMþ 2005 with locations mentioned in the text; (b) General map of western Turkey with a
selection of ancient and modern settlements.
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on Kane Peninsula to the west (Figs. 1a and 2). The Kaikos River
(modern Bakır Çay) debouches into the Aegean Sea between the
Kane Peninsula and the Bay of Elaia by forming a cuspate delta. The
slopes of the Yuntda�g Mountains border the swampy coastal plain
to the east and to the north. The latter and the Bay of Elaia are very
flat with a seafloor gradient approximating 0.5% (Aksu et al., 1987).
A mean tidal range of w20 cm was inferred for the Bay of Elaia by
DGPS. This value is in good agreement with studies from similar
embayments in the Eastern Mediterranean (Flemming, 1978;
Anzidei et al., 2011). The innermost part of the gulf is protected
from stronger wave action, even during winter storms, due to its
sheltered position.

The Yuntda�g and Kozak mountain ranges consist of Palaeozoice
Mesozoic granites. The Bay of Elaia is part of the Aegean-Anatolian
microplate. With the westward drift of the Anatolian Plate, several
EeWoriented rift structures were formed in the late Miocene, such
as the Bergama graben, and its tributary, the Zeytinda�g graben
(Fig. 2). This tectonic ensemble represents a fractured zone which
was favourable for the evolution of the Kaikos valley (Vita-Finzi,
1969; Brinkmann, 1976; Aksu et al., 1987; McHugh et al., 2006).
The ongoing subsidence is evident from drowned archaeological
remains: (i) a Roman thermal bath complex on Kane Peninsula
14
(Fig. 1a); and (ii) underwater wall structures in the south-western
Bay of Elaia, probably dating to Late Roman times (Fig. 4a)
(Seeliger et al., 2012).

2.2. Historical and archaeological background

The Pergamenian kingdom was highly influential in Asia Minor
during Antiquity. Pergamum, its capital city, is often mentioned in
contemporary sources together with other important cities
including Troy (Troia) and Miletus (Fig. 1b). To date, the city is
known for its unique archaeological finds, among others the Per-
gamum Altar, and for Aelius Galenus, one of the most famous
physicians of ancient times (Radt, 1999; Cimak, 2009).

Following the Wars of the Diadochi after Alexander the Great’s
death in 323 BC, the House of the Attalids came to power in the
Kaikos region until 133 BC. Under the reign of Eumenes II (197e159
BC), the Attalids governed the whole western part of modern
Turkey (Hansen, 1971; Radt, 1999; Cartledge, 2004; Pirson, 2008;
Cimak, 2009).

The 330 m high city hill of Pergamum dominating the sur-
rounding Kaikos plain provided a strategic location for the foun-
dation of a new city. Access to the Mediterranean Sea for traffic and



Fig. 2. Structural map of the research area and the surrounding mountain ranges. Source: Altunkaynak and Yılmaz (1998), slightly modified.
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tradewas provided through the acquisition of nearby Elaia, situated
at the Aegean coast 26 km southwest of Pergamum, under
Eumenes I (reign: 263e241 BC) (Radt, 1999; Pirson, 2004; Cimak,
2009). Strabo identified Elaia as the commercial harbour of the
Pergamenians and as the military base of the Attalids (Strabo
(2005), Geographica XIII, 1, 67 and XIII, 3, 5). Further literary evi-
dence as well as archaeological findings confirm the relations be-
tween Elaia and Pergamum (Pirson, 2004, 2009).

Thus, Elaia was Pergamum’s key portal to the Aegean Sea with
regards to traffic, trading, and military actions, although also other
naval bases existed, e.g. on the Island of Aegina. By the end of the
3rd century BC, Pergamum’s navy encompassed at least 35 war-
ships in the category of the so-called “fives” (quinqueremes) (Pirson,
2004). This is quite a small fleet as compared to coexisting naval
bases of other poleis, e.g. on the Island of Rhodes or in Piraeus; it
explains Pergamum’s need for other bases (Pirson, 2004).

In the Archaic and Classical period, Elaia was of only minor
importance: Herodotus does not mention the city in his list of the
twelve Aeolian cities (Herodotus (2001), Historia I, 149). In the
tributary lists of the Attic Delian League between 454 and 425 BC, it
is quoted with a very low toll of 1/6 talent. Pergamum, and as a
consequence Elaia as well, gradually lost their significance when
Ephesus was nominated the capital of the Roman province of Asia
in the 1st century BC (Pirson, 2004, 2008). Thus, Elaia’s most
15
prosperous time was clearly confined to the Hellenistic era when
the city was under the rule of Pergamum (Pirson, 2008; Cimak,
2009).

A major outcome of the ongoing large-scale ceramic survey was
that during Archaic and Classical times the settlement of Elaia was
restricted to the central city hill, which is located northeast of the
closed harbour (Figs. 3 and 4), and had continuously been settled
since the Bronze Age (Pirson, 2010). The situation changed during
Hellenistic and Roman times, when many areas surrounding the
city hill were settled as well. The fortification wall and an internal
wall (diateichisma) were erected in the Hellenistic period. The
diateichisma divided the city into a densely populated area in the
northwest around the central city hill and the closed harbour, and a
sparsely inhabited area in the southeast. During Late Antiquity, the
population of Elaia shrank and was contained within the bound-
aries of the city hill. Finally, the city was abandoned between the
6th and the 7th century AD (Pirson, 2010).

In addition to its maritime and economic relevance, Elaia played
an important strategic role in securing the southern entrance to the
Kaikos plain which was the main land of the Pergamenian
kingdom. As the foothills of the Yuntda�g mountains reach the sea
by creating a steep slope, there is only a narrow passage north of
Yeni Şakran (Fig. 1a) that could easily be controlled by the Perga-
menian forces based in Elaia (Pirson, 2004). The topographic



Fig. 3. The closed harbour of Elaia. (a) Overview from the top of the city hill; (b) Location of coring site ELA 70 inside the harbour basin; (c) Western mole with location of coring site
ELA 18 outside the harbour basin; (d) Recess for the former wooden dovetail cramp on top of the mole. Photographs: Bartz and Seeliger (2010, 2011).
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situation is slightly comparable to that at Thermopylae in Greece
(Kraft et al., 1987): a narrow passage flanked by high mountains on
the one side and the sea on the other.

Located 18 m higher than the coastal plain, the city hill of Elaia
played an important role, at least from the archaeological point of
view, as it hosted the major settlement centre from the Bronze Age
up to the abandonment of the city in the 6th/7th century AD. The
closed harbour basin is located to the southwest of this hill (Figs. 3b
and 4a). This harbour was protected against wave action by two
moles, a southern one and a western one. The upper section of the
western mole can still be seen above the ground. It is constructed
from ashlar masonry made of yellowish calcareous sandstone
blocks up to 1.70 m � 0.80 m � 0.40 m each. Only the cap of the
molewhich was always above sea level is visible. Its basementmost
likely consists of an embankment of dumped rubble and rocks. As
soon as this artificial structure had reached the sea surface, the
ashlar wall was built on top of it, up to an original height of at least
2 m above the palaeo-sea level. The secondmole in the southeast of
the harbour basin was detected in the geophysical survey, and its
construction style must have been of the same kind (Pirson, 2004,
2010).

The closed harbour was most likely incorporated into the forti-
fication wall of Elaia. The basin had a length of about 200 m from
east to west and about 250 m from north to the south; it encom-
passed an area of approximately 4.8 ha. The seaward entrance was
some 45 m wide, and located in the south of the harbour basin,
protected from the prevailing western winds (Pirson, 2004, 2008).

The building techniques of the western mole with ashlars joint
together by wooden dovetail cramps (Fig. 3d) as well as lack of opus
caementitium (Roman concrete) as building material date the mole
to pre-Roman times. Opus caementitium was introduced to Asia
Minor not before the middle of the 1st century BC (Ganzert et al.,
1984; Waelkens, 1987). As written sources state, Elaia was only of
minor importance in the Archaic and Classical periods, as
confirmed by the archaeological survey (Pirson, 2010). Therefore,
Elaia could not have implemented such a building programme
16
during those centuries. This leads to the conclusion that the
harbour basinwith its twomoles was most probably constructed in
Hellenistic times.

3. Methods

The detailed study of lateral and vertical changes of sedimentary
facies from nearshore sediments is a well-established approach to
reconstruct palaeoenvironmental variations during the Holocene.
To date, 78 terrestrial and semi-aquatic cores have been taken in
the area since 2008 to decipher the palaeogeographic evolution
and, in particular, to detect coastline changes. This article focuses
on three vibracores drilled inside and adjacent to the closed
harbour basin of Elaia.

Drilling was done with an Atlas Copco Cobra mk1 vibracorer
(Fig. 3b). Closed steel auger heads with 1 m PVC inliner tubes
(external diameter: 50 mm) were used for coring ELA 70, while
cores ELA 13 and ELA 18 were performed with open steel auger
heads (diameters of 60 and 50 mm, respectively). Preliminary
sedimentological studies were carried out directly in the field,
including grain size, colour (Munsell Soil Color Charts), texture,
roundness, and carbonate content (10% HCl) (AG Boden, 2005). Bulk
samples for laboratory analyses, as well asmacrofossils and ceramic
fragments for a later determination were taken from open sedi-
ment cores. All coring sites were levelled with DGPS (Leica GPS
System 530; lateral and vertical resolution of �2 cm). The altitude
above sea level is based on the local reference system PergSys05,
established by the German excavation team of Pergamum in 2005;
the values have to be height-corrected by �0.875 m due to an in-
accuracy of the reference system (Seeliger et al., 2012).

In the laboratory the sediment samples were air-dried, ground,
and sieved to separate the matrix material <2 mm for further
analyses. The granulometry was measured with a laser particle
sizer (Beckman Coulter LS13320) after the removal of the organic
content with H2O2. For the calculation of grain-size parameters
after Folk and Ward (1957), the GRADISTAT software (Blott and



Fig. 4. Location of vibracores carried out in the Bay of Elaia 2008e2011. The maps are based on DGPS data levelled by the Pergamum excavation. (a) Synoptic view with the area of
the city of Elaia; (b) Cores in the area of the so-called closed harbour; (c) Cores in the eastern part of Elaia.
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Pye, 2001) was applied. Carbonate content was measured by a
Scheibler device. The loss on ignition (LOI) was determined by
oven-drying the samples at 105 �C for 12 h, and ignition in an
annealing furnace at 550 �C for 4 h (Beck et al., 1995). The accuracy
of the LOI parameter is widely discussed because two chemical
processes may cause errors (Mook and Hosin, 1982; Heiri et al.,
2001; Barillé-Boyer et al., 2003): the possible loss of CO2 from
carbonates consisting of inorganic material (Salehi et al., 2011),
and the loss of structural water from clay minerals (Dankers and
Laane, 1983). Both result in weight reduction not caused by loss
of organic matter. A subsequent correction of the LOI values was
not done in this study.

Measurements of the electrical conductivity were performed in
an aqueous solution consisting of 15 g of sediment and 75 ml
distilled water with a glass electrode (Mettler Toledo InLab�731-
2m) (Beck et al., 1995).

A portable XRF spectrometer (Niton Xl3t 900 GOLDD) was used
to determine total amounts of 25 elements with a vertical resolu-
tion of several decimetres (in cases of ELA 13 and 18) and 5 cm (ELA
70), respectively. Sodium (Na), an indicator for marine environ-
ments, is not detected with this XRF technique; it was measured by
17
using atomic absorption spectrometry (AAS; A-Analyst 300 by
Perkin Elmer).

These multi-proxy geochemical and granulometric analyses
were primarily carried out in order to support the facies determi-
nation (cf. Ernst, 1970; Vött et al., 2002, 2004; Brückner et al., 2005,
2006, 2010a; Engel et al., 2009; Niwa et al., 2011).

Earth’s electrical resistivity was determined with the RESECS
multi-electrode system in order to detect the thickness and shape of
the central harbour pier of Elaia. On profiles with a length of 47 m
and an electrode spacing of 1 m, measurements with several
electrode configurations such as DipoleeDipole, Wenner and
Schlumberger were done. The apparent electrical resistivity was
determined as a function of the electrode geometry by the
measuring instrument. Using the inversion software RESINV2D
(Loke and Barker, 1995), the resistivity-depth distribution for each
profile was inverted from the field data.

14C-AMS age estimates based on wood, charcoal, seagrass, and
marine gastropods were performed in the Center for Applied
Isotope Studies (CAIS) of the University of Georgia at Athens (USA).
For calibration, the Calib 6.1.1 software was applied with a marine
reservoir effect of 390 � 85 years and a DR of 35 � 70 years (Siani
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et al., 2000). These ages are stated in calibrated years BC, AD, or BP,
with a 2s-standard deviation (Table 1). As the spatio-temporal
variation of the marine reservoir effect for the Aegean Sea is still
not known, the 14C-ages of marine carbonates are estimates only.
Diagnostic ceramics helped to improve the local chronology.
Table 1
Radiocarbon data set. AMS-14C measurements were carried out at the Center for Applied Isotope Studies (CAIS) of the University of Georgia at Athens (USA).

Sample ID Lab no.
(UGAMS)

Material d13C (&) Libby-age Cal BC/AD (2s) Cal BP (2s)

ELA 13/10HK 6038 Charcoal �26.4 1640 � 25 340e532 AD 1418e1610 cal BP
ELA 13/13HK 6037 Charcoal �27.5 1750 � 25 283e381 AD 1569e1719 cal BP
ELA 13/22H 6036 Wood �27.4 2250 � 25 391e209 BC 2158e2340 cal BP
ELA 18/7HK 6031 Charcoal �24.5 1740 � 25 240e381 AD 1569e1710 cal BP
ELA 18/9HK 6030 Charcoal �25.0 1730 � 25 245e384 AD 1566e1705 cal BP
ELA 70/66HK 11,130 Charcoal �27.0 1960 � 30 39 BCe121 AD 1829e1988 cal BP
ELA 70/80H 11,131 Seagrass �18.2 2680 � 30 647e178 BC 2127e2596 cal BP
ELA 70/122H 11,132 Seagrass �17.7 5920 � 30 4530e4204 BC 6153e6479 cal BP
ELA 70/144F 11,133 Marine

gastropod
�0.7 7040 � 30 5692e5422 BC 7371e7641 cal BP
4. Results

The coring in and around the closed harbour of Elaia was carried
out in order to contribute its history with geoarchaeological evi-
dence. In this context, the timing of the construction of the moles
and the later siltationprocesswere of particular interest. Here, cores
ELA 70 and ELA 13, both from inside the harbour basin, and ELA
18 directly outside the western mole are described (Figs. 3 and 4).

4.1. Sediment core ELA 70 from inside the harbour basin

ELA 70 was cored inside the harbour basin, in the direct vicinity
of the ancient city (38�56035.3400 N; 27�02019.0400 E; total depth:
9 m; elevation: 0.12 m b.s.l. [below present mean sea level]; for
location see Figs. 3a,b and 4; for profile see Fig. 5). Neogene
bedrock, compact yellowish calcareous sandstone, was reached at
8.03 m b.s. (below surface) (unit 1).

Between 8.03 m and 4.38 m b.s., unit 2 occurs, a dark to olive
grey silty sand with graded bedding of pebbles at the base. The
electrical conductivity shows strong variations between 4 and
27 mS; the values increase upwards to 5.08 m b.s. The Ca/Fe ratio
shows remarkable fluctuations as well, with a decreasing upwards
trend. The whole section is interspersed with seagrass (Posidonia
oceanica) as well as broken shells, e.g. Dosinia lupinus, and gastro-
pods. Three radiocarbon ages provide a chronological frame for this
part of the core: a marine gastropod at 7.82 m b.s. yielded an age of
5692e5422 cal BC (7371e7641 cal BP; sample ELA 70/144F),
P. oceanica at 6.72 m b.s. an age of 4530e4204 cal BC (6153e
6479 cal BP; ELA 70/122H), and P. oceanica at 4.57 m b.s. was
dated to 647e178 cal BC (2127e2596 cal BP; ELA 70/80H). Thewide
dating range of the latter sample is due to two facts: (i) The 2 sigma
standard deviation is given which renders a confidence interval of
95.4%; and (ii) unfortunately, in this age range the 14C-calibration
curve has a plateau.

Between 4.38 m b.s. and the surface light grey clayey silts form
unit 3. The mean grain size decreases to 30 mm. The Ca/Fe ratio
drops to very low values as well, showing less variation than below.
The electrical conductivity starts at high levels (30 mS), but de-
creases to 5 mS. A piece of charcoal at 3.77 m b.s. was 14C-dated to
39 cal BCe121 cal AD (1829e1988 cal BP; ELA 70/66HK).

4.2. Sediment core ELA 13 from inside the harbour basin

Coring ELA 13 was carried out inside the harbour basin, 37 m to
the east of thewesternmole and not far from the 45mwide harbour
18
entrance (38�56032.1800 N, 27�02017.7600 E; total depth: 10 m; eleva-
tion: 0.18m b.s.l.; Figs. 3a, 4b and 6). In contrast to ELA 70, the lower
units 1 (bedrock) and 2 (open marine environment) were not
reached at this site. The lower 5 m of ELA 13 (very homogeneous
clayey silts) are not shown in Fig. 6. Between 10 m and 3.10 m b.s.,
green to grey clayey silts form unit 3a. Numerous plant remains
occur, with a clustering of seagrass (P. oceanica) at 6.75 m and
5.65mb.s. This is reflected in the high LOI (12e13%). A piece ofwood
at 6.75 m b.s. dates to 391e209 cal BC (2158e2340 cal BP; ELA 13/
22H). The appearance of habitat-specific bivalve and gastropod
species (e.g., Cerastoderma glaucum) indicates a lagoonal
environment.

Unit 3b (3.10 m and 1.80 m b.s.) consists of silty fine sand. The
decreasing Na/Fe ratio correlates with decreasing LOI. Two pieces of
charcoal at 2.55 m b.s. (283e381 cal AD, 1569e1719 BP; ELA 13/
13HK) and at 1.92 m b.s. (340e532 cal AD, 1418e1610 cal BP; ELA
13/10HK) give a chronological framework.

The top of the section (unit 3c) is grey to greenish grey clayey silt
and silty clay. In contrast to unit 3b, LOI increases (10e18%). The Na/
Fe ratio shows remarkable alterations (0.6e1.2). The sedimentation
pattern corresponds to the modern nearshore conditions in the
basin of the closed harbour.

4.3. Sediment core ELA 18 from outside the harbour basin

ELA 18 was drilled outside the closed harbour basin, 2 m next to
the western mole (38�56031.4500 N; 27�02016.6600 E; total depth:
3 m; elevation: 0.18 m a.s.l.; Figs. 3a, c, 4b, 7). It was performed to
render particular information about the characteristics of the
mole’s construction and foundation.

Unit 4 (3.00e1.85m b.s.) is remarkably inhomogeneous: angular
and rounded stones of up to 5 cm, rounded and weathered ceramic
fragments, with almost no fine-grained matrix material. The mac-
roflora is composed of P. oceanica, the macrofauna of shell debris of
different marine mollusc species.

From 1.85 to 1.36 m b.s. is a dark grey, slightly silty sand (unit 5).
The amount of plant remains, shell debris and other organic matter
decreases towards the top. Pieces of charcoal at 1.75 m b.s. date to
245e384 cal AD (1566e1705 cal BP; ELA 18/9HK), and at 1.38 m b.s.
to 240e381 cal AD (1569e1710 cal BP; ELA 18/7HK).

Above 1.36 m b.s., the mean grain size drops to 6e9 mm. This
sequence of clayey silt is in parts intercalated with lenses of
slightly clayey sand. Low Na/Fe ratios and relatively high values of
LOI (6e7%) characterise unit 6.

5. Geoelectric cross-section of the western harbour mole

Geoelectric cross-sections were measured to detect the
thickness and the shape of the mole’s basement. One is presented
in Fig. 8 (length: 47 m, max. depth of penetration: approx.



Fig. 5. Stratigraphical record and facies distribution of ELA 70, a vibracore inside the basin of the closed harbour (27�02’19.0400 E, 38�56’35.3400 N; ground level: 0.12 m below sea
level). Facies: 1 ¼ bedrock; 2 ¼ shallow marine; 3 ¼ lagoonal. For location see Figs. 3a,b and 4b.
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9 m b.s.). The blocks of the mole are located in the central position
of the profile. The calculated electrical resistivity has a bandwidth
of less than 0.1e2 Um. Low resistivity (<0.256 Um) occurs at the
outer parts of the cross-section near the surface. The highest re-
sistivity (>1.58 Um) is found in the centre creating a zone of nearly
8 m lateral and 2 m vertical extension between approx. 2 m and
4 m b.s.. The measured resistivity values are very low compared
with land measurements because the electrical resistivity is
strongly influenced by the salty pore water.
19
6. Discussion

6.1. Coring ELA 70 from the centre of the harbour basin

Neogene bedrock encountered in ELA 70 at 8.03 m b.s. (unit 1;
Fig. 5) forms the base of numerous cores in the study area, e.g. ELA
20, 58 and 63 (Fig. 4). It is calcareous sandstone which was used
for the construction of the harbour moles (Figs. 3c and 8a). The
overlying unit 2 represents a shallow marine facies with wave



Fig. 6. Stratigraphical record and facies distribution of ELA 13, a vibracore inside the basin of the closed harbour, near the entrance (27�02’17.7600 E, 38�56’32.1900 N, 0.18 m b.s.l.).
Facies: 3a ¼ lagoonal (harbour in use); 3b ¼ lagoonal (siltation period); 3c lagoonal (silted-up, present situation). ELA 13 was cored down to 10 m b.s.; here only the upper 5 m are
shown. For location see Figs. 3a and 4b.
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action, based on the comparatively coarse grain size and the
abundant occurrence of seagrass (P. oceanica) which is also re-
flected in LOI peaks (organic contents of >20%; cf. Short and
Wyllie-Echeverria, 1996; Montefalcone, 2009). As in this context,
Ca is more indicative of marine and Fe of terrestrial environments
(Vött et al., 2002), high Ca/Fe values support the marine origin of
this sedimentary unit. Fluctuating values of the electrical con-
ductivity reflect minor grain size variations and point to local
changes of the sublittoral environment. The post-glacial sea-level
rise, represented by the base of unit 2, dates to 5692e5422 cal BC
(7371e7641 cal BP). This age gives an index point for the palaeo-
sea level: around the middle of the 6th millennium BC it was at
w8 m b.s.l., which is roughly in agreement with other sea-level
curves of the eastern Mediterranean (Brückner et al., 2006,
2010b).
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With continued transgression and increasing water depth, the
littoral environment turned into a shallow marine one. This milieu
of deposition prevailed at least until the 7th century BC, most likely
even longer.

A definite facies change occurs at the contact between units 2
and 3, 4.38 m b.s. (4.50 m b.s.l.): the remarkable decrease in the
mean grain size indicates the abrupt change to a low-energy wave
climate. In addition, decreased Ca/Fe ratios document the increased
terrestrial influence. For grain sizes of <30 mm, the total amount of
the particle surface area is enlarged, which results in high values of
electrical conductivity (Niwa et al., 2011).

The abrupt transition from unit 2 to unit 3 reflects the change
fromopenmarine to harbour-associated lagoonal conditions. It dates
to 647e178 cal BC (2127e2596 cal BP). The wide dating range is due
to a plateau of the radiocarbon calibration curve. However, the given



Fig. 7. Stratigraphical record and facies distribution of ELA 18, a vibracore outside the basin of the closed harbour, directly at the western mole (27�02016.6600 E, 38�56031.4500 N,
0.18 m a.s.l.). Facies: 4 ¼ human-made basement of the mole; 5 ¼ littoral; 6 ¼ nearshore. For location see Figs. 3a,c and 4b.
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interval does include the early Hellenistic period, which (for
archaeological reasons)was the time of the construction of themole.

The sedimentary facies sequence of ELA 70 fits well to the
Ancient Harbour Parasequence (AHP) postulated by Marriner and
Morhange (2006a) derived from a summary of different harbour
locations, most of them situated in the southern Mediterranean,
especially in Tyre’s northern harbour (Marriner and Morhange,
2006b). In contrast to Marriner and Morhange (2006a, 2006b)
the onset of the postulated “transgressive contact” is 1500 years
earlier in Elaia; this might be explained by the contrast between the
southern Mediterranean sites and the more northern ones such as
ancient Elaia.

6.2. Coring ELA 13 from inside the harbour basin

In contrast to ELA 70, the entire facies of profile ELA 13 can be
classified as lagoonal (Fig. 6). Internal changes of the geochemistry
and granulometry allow for the differentiation of three subunits.

The grain size and the homogeneity of unit 3a are hints of a
quiescent sedimentary environment. The interpretation of a
lagoonal environment is supported by the presence of indicative
fauna, such as C. glaucum, a euryhaline cockle colonizing muddy to
sandy grounds in brackish lagoons and estuaries up towater depths
of 10 m (Dance, 1977; Poppe and Goto, 2000; Nikula and Väinöla,
2003). The generally low Na/Fe ratio can be interpreted as terres-
trial influence from the drainage area of the harbour basin.
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According to the 14C age at 6.75 m b.s., the middle part of this unit
was deposited in late Classical to early Hellenistic times (391e
209 cal BC, 2158e2340 cal BP).

In unit 3b, still a lagoonal facies, siltation was accelerated as
compared to unit 3a. Low Na/Fe ratio values, in particular towards
the top, point to an increased terrestrial influence. The coarser
average grain size is evidence of (a) stronger wave action due to the
shallower water depth, and/or (b) the input of coarser sediment.

The uppermost silty to clayey layer (unit 3c) represents a semi-
terrestrial environment; the sedimentation pattern corresponds to
the modern nearshore conditions. Nowadays, the basin is periodi-
cally flooded during high tides and storms; it may, however, nearly
run dry during low tides and phases of high insolation. Due to its
extreme flatness, the silted-up harbour of Elaia is one of the rare
locations along the shores of the Mediterranean where the effects
of the tides, although only 20e30 cm, can be observed daily. Oc-
casionally, it receives terrestrial/alluvial input, especially during the
rainy season in winter.

6.3. Western harbour mole e ELA 18 and the geoelectric cross-
section

Due to its characteristics, unit 4 (Fig. 7) is assumed to be an
anthropogenic infill related to the western harbour mole. It was
built in order to protect ships against wave action and attacks by
enemies, and to facilitate an easier handling of trade goods.



Fig. 8. Earth resistivity transect crossing the western harbour mole. WennereSchlumberger electrode arrangement, electrode spacing 1.0 m. (a) Transect with electrodes
perpendicular to the western mole. The harbour basin is visible to the right of the mole. For location of transect see Fig. 4b. Photograph: Erkul (2010). (b) Simplified inverse model
section of earth resistivity measurements. Source: Klein and Erkul (2010).
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Posidonia oceanica and shell debris indicate an environment similar
to the present one found on breakwaters and piers. Due to abrasion,
the artefacts are well rounded. Several fragments of pottery and
ceramics date to the Hellenistic e Roman era.

In the geoelectrical model, the parts with a relatively high re-
sistivity (red colours in Fig. 8b) can be interpreted as the basement
of the mole. Its width exceeds 8 m. Thewestern, i.e. seaward, side is
most likely a massive construction from a little less than 2 m down
to about 4 m b.s. It is sloping gently to the west. In sharp contrast,
the other side of the mole drops down like a plunging cliff. This is
the inner side of the mole where ships could be moored. The
geoelectric image also suggests that the top of the mole was dis-
located. In the profile, the uppermost boulders are now lying in the
mud of the silted-up harbour basin (Fig. 8a).

Unit 5 (Fig. 7) is a littoral facies with a high amount of sand and
rounded components. The uppermost unit 6 is of nearshore origin:
the lamination points to at least two different processes typical of a
salt marsh. In particular duringwinter storms, the salt marsh area is
flooded by the sea, resulting in the deposition of coarser material,
mostly clayey sand. In contrast, long lasting dryness during the
summer months causes the deposition of fine clayey silt layers. The
present vegetation is made up of halophytes, such as Salicornia sp.
In summary, units 5 and 6 are evidence of siltation after the harbour
had been abandoned. The top of the mole’s basement has since
been covered byw1.80 m of sediment. The setting is evidence that
during the construction of the mole in the Hellenistic period, sea
level was about 1.80 m lower than today.
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6.4. Harbour area e human-made coasts

A synoptic viewof all of the cores in the area under consideration
shows that during Early Hellenistic times the marine embayment
reached several hundred metres further to the north than it does
today (cf. Brückner and Seeliger, 2009; Brückner et al., 2010a).
Therefore, together with the moles part of the adjacent harbour
area had to be built on shallowmarine terrain (Figs. 9 and 10). Thus,
there was a definite need for solid constructions. Moreover, they
had to be thick enough so that the harbour could host ships.

The two moles are not the only anthropogenic structures of the
closed harbour. The northern area adjacent to the harbour basin is
also partly made of intentionally dumped material. It was done in
order to consolidate the shallow marine and muddy terrain and
create a solid ground for the erection of harbour-related facilities
including warehouses and magazines. This interpretation is based
on several cores, three of which are presented in Fig. 9 (locations in
Fig. 4b). The anthropogenic infill is so massively consolidated that it
could not be penetrated: nowhere was the marine strata below
reached. It is definitely more than 2.5 m thick, most probably much
thicker (Fig. 9). Further geophysical prospecting is needed in order
to understand the 3D distribution of the infill.

7. Synthesis of the history of the closed harbour

Historical and archaeological evidence points to a construction
of the moles in Early Hellenistic times. This is confirmed by



Fig. 9. Overview of the consolidated harbour area. (a) The infilled area, the harbour basin and the western mole; (b) Photographic documentation of the sediment cores ELA 22e24
(for location of cores see Fig. 4b). Due to the occurrence of angular and sharp stones as well as bricks, a strong consolidation of this area is evident. In each case, coring progress was
stopped by large boulders. Photographs: Brückner and Seeliger (2009, 2010).
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diagnostic ceramics in the basement of the moles. In combination
with the results of the geoelectric profile, a detailed image can be
given (Fig. 8). The basement has a width of nearly 8 m and a
thickness of more than 2 m (1.80 m to >4 m below surface). Its
asymmetric shape helped to buffer thewave energy on the seaward
side, and the plunging cliff-like profile on the harbour side created
opportunities for ships to be moored.

A set of cores directly north of the harbour basin revealed that
this area was intentionally filled-in as one measure for the con-
struction of the harbour. Very large boulders were deposited in
order to consolidate the terrain, most probably in order to create
space for loading and unloading of ships, and erect facilities for
storing the goods (Figs. 9 and 10).

ELA 70 (Fig. 5) shows the definite change from a shallowmarine
(unit 2) to a lagoonal (unit 3) facies as a consequence of the con-
struction of the moles. From that time, the harbour basin was
connected to the open Mediterranean Sea by the 45 m wide port
entrance only, resulting in a quiescent depositional environment.

Elaia’s harbour was in use during Hellenistic and Roman times;
it was gradually given up during late Antiquity. The siltation process
is illustrated by the stratigraphical succession of ELA 13. Moderate
sedimentation rates in the lower part (unit 3a) are followed by an
increased sedimentation (6.9 mm/a) from 3.10 m b.s. upwards,
some time before 283e391 cal AD (1569e1719 BP); sedimentary
conditions similar to the present ones have existed since 340e
532 cal AD (1418e1610 cal BP) with approximately 1.2 mm/a. The
14C-age of ELA 13/22H (391e209 cal BC, 2158e2340 cal BP),
which does not fit to this interpretation, can be explained as fol-
lows: (i) re-deposition of older material; or (ii) post-depositional
contamination, e.g. by humic and fulvic acids (Törnqvist et al.,
1992; Housley et al., 2012).

If the top of the mole’s basement was more or less at sea level
during construction in Hellenistic times, the difference to the
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present sea surface is approx. �1.80 m. As a consequence a
maximum mean water depth of approximately 2.60 m in the
northern part of the harbour basin can be estimated for that time.
This calculation takes into account that (i) at the ELA 70 site the
abrupt transition between shallow marine and lagoonal facies is at
4.38 m below surface (4.50 m below present mean sea level); and
(ii) sea level was w1.80 m deeper than today. The tidal range is
about 20e30 cm.

The original height of the mole may have been reduced by
erosion/weathering, destruction of the coping blocks or by subsi-
dence. As normally the draught of Hellenistic and Roman ships did
not exceed 1.60 m, the postulated water depth was sufficient for
them to make use of the harbour (Coates, 1987; Beltrame and
Gaddi, 2007; Marriner and Morhange, 2007; Auriemma and
Solinas, 2009).

The transition between the man-made mole basement (unit 4)
and the littoral facies on top (unit 5) is dated to ca. 245e384 cal AD
(1566e1705 cal BP). This is the time in late Antiquity when the
harbour was given up. By then, despite the higher sea level as
compared to the construction time, the littoral sediments could
cover a possible walkway behind the mole top. A considerable
amount of sediment was deposited in a short time, since the sta-
tistically identical 14C-ages from unit 5 are 0.37 m apart from each
other. The fine-grained unit 6 is an expression of the continued
siltation process outside the closed harbour basin.

According to the radiocarbon ages of unit 5 in profile ELA 18,
the siltation outside the harbour started sometime between the
second half of the 3rd century and the end of the 4th century AD.
As the beginning of strong siltation inside the basin was dated to
283e391 cal AD (1569e1719 BP; ELA 13/13HK), more or less
simultaneous siltation is evident. The accelerated accumulation of
sediments inside the harbour was due to the fact that the catch-
ment area of the harbour basin is quite large, i.e., a relatively great



Fig. 10. Estimated coastline changes in the area of the closed harbour of Elaia 2500 BC, 300 BC and 500 AD. The palaeogeographies are based on the results of this paper, as well as
on Brückner and Seeliger (2009) and Brückner et al. (2010a). For location of cores see Fig. 4.
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area drains into it, whereas the siltation of the outside area was
dependent on occasional strong flooding episodes with terrestrial
input from the adjacent slopes and from sedimentation by marine
currents.

From studies of nearby ancient settlements, it is well known
that human impact is closely linked to increasing rates of erosion
and sedimentation. The Great Harbour of Ephesus, for example, was
endangered by siltation at the latest in Roman Imperial times when
a canal was built as a reaction to the progressive siltation of the
prograding Caystros delta (modern Küçük Menderes) (Kraft et al.,
2000, 2007). From coring evidence, Brückner et al. (2006)
concluded that the Theatre Harbour of Miletus was dredged
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during the 1st/2nd century AD, when the theatre was renovated. As
for Elaia’s harbour, however, no evidence of dredging has been
detected as yet: there is no erosional disconformity in the sediment
columns of the cores or mixing of archaeological layers (Marriner
and Morhange, 2006b). Other than for Ephesus (Kraft et al.,
2007), no literary evidence of dredging is known for Elaia. The
14C dating results do not show age inversions.

8. Tectonic movement vs. sea level rise?

Little is known about the subsidence rate of the Bergama and
Zeytinda�g graben. Based on air-gun seismic reflection data gained
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on Pleistocene deltaic sediments in the Bay of Çandarlı, Aksu et al.
(1987) stated a subsidence tendency of the submarine basin and in
further consequence of the graben complex in total of approx. 1 m
per 1000 years. Two reliable sea level indicators are presented in
this paper, but both are opposed to the subsidence tendency
calculated by Aksu et al. (1987). The transgressive contact occurs in
Elaia’s closed harbour basin at a depth of ca. 8 m b.s.l., dating to
7371e7641 cal BP. Assuming a subsidence of 1 m/ky, corresponding
to 7.5 m since the time of the transgressive contact, sea level would
have beenmore or less constant over the past sevenmillennia and a
basin used for shipping would not be conceivable. This same logic
applies to the second reliable sea-level marker: the harbour moles.
During their construction in Hellenistic times, sea level was about
1.80 m deeper than today. Stating a subsidence of 1 m per 1000
years, i.e. more than 2 m since Hellenistic times, sea level would
have remained constant over this period of time. The assumption of
a constant sea level over the past millennia is definitely false and in
contrast to published studies for adjacent regions of the Eastern
Mediterranean (Kayan, 1997; Sivan et al., 2004; Lambeck and
Purcell, 2005; Brückner et al., 2006, 2010b; Vött, 2007).

Thus, the subsidence rate must have been significantly lower.
Aksu et al. (1987) did their research far out in the Çandarlı Bay
where water depth reaches 100 m and more. The superimposed
sediment load in this part is much higher, resulting in higher rates
of subsidence as compared to the inner part of the Bay of Elaia.
Leaving aside the question of subsidence, the presented palaeo-sea
level in the harbour region of Elaia is in accordance to other studies
of the Eastern Mediterranean.

9. Conclusions

Until the 7th century BC, the area of the later harbour basin was
part of a marine embayment which reached several hundred me-
tres further inland to the north and to the east than today (Fig. 10;
see also Brückner and Seeliger, 2009; Brückner et al., 2010a). Most
probably in the Early Hellenistic period the harbour basin was
constructed: two harbour moles were erected with massive sub-
structures and large capping sandstone ashlars. In addition, the
area directly to the north of the present basin was filled with large
stones in order to consolidate the terrain and to create space for
loading, unloading and storing of cargo from the ships. As a
consequence, the harbour area turned into a quasi-lagoonal envi-
ronment, being connected with the open sea only by a 45 m wide
port entrance.

The harbour was in use during Hellenistic and early Roman
times. Based on the 14C age estimates from the cores, the onset of
substantial siltation occurred between the second half of the 3rd
century and the end of the 4th century AD. These results confirm
the archaeological evidence of a flourishing city of Elaia during the
Hellenistic and early Roman periods, and its decreasing importance
during Late Roman times.
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a b s t r a c t

During Hellenistic and Roman times, Elaia, the harbour city of ancient Pergamum, was an important
place of trading and traffic. Intense mercantile and military activities are documented by literary sources
and archaeological evidences. Geomagnetic and geoelectric investigations detected building structures
close to the ancient coastline, which are interpreted as ship sheds. The aim of this study was to
reconstruct the coastal evolution, particularly with regard to harbour-related facilities. For that purpose,
a 10 m long sediment core was drilled in the area of the ancient open harbour immediately in front of the
supposed ship sheds. It was studied with the tools of micropalaeontology, geophysics, sedimentology and
geochemistry. To improve the reconstruction of the palaeoenvironmental conditions, reference samples
of modern environments of the area were analysed. As indicated by marine ostracod and foraminifer
taxa, the sediment core shows (from bottom to top) that the initially fully marine conditions changed to a
more restricted fauna indicative for a more sheltered bay with brackish waters. This layer dates to
Hellenistic times. It can, however, be shown that the siltation process had produced a lagoon system
already several hundred years BC. The Elaia embayment was first used as a natural harbour. It was
equipped with breakwaters in the Hellenistic period. The progressive siltation caused the abandonment
of the harbour in Late Roman Times.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

For more than a decade, many multidisciplinary studies have
focused on the utilisation of ancient harbours and harbour related
facilities along the Mediterranean coasts. Some investigations deal
with the function and history of ancient harbour settlements in
general: the harbours of Tyre, Lebanon (Marriner and Morhange,
2007; Marriner et al., 2008, 2010; Morhange et al., 2012), Carth-
age, Tunisia (Gifford et al., 1992), Pergamum (Elaia), Turkey
(Brückner et al., 2013; Seeliger et al., 2013), Ephesus, Turkey
(Brückner, 1997, 2005; Stock et al., 2013), Corinth (Lechaion),
Greece (Hadler et al., 2013), Marseille (Morhange et al., 2003),
Rome, Italy (Goiran et al., 2010), Ostia, Italy (Goiran et al., 2014)e to
eb.de (A. Pint).
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mention a few. Others describe special harbour or economy facil-
ities like fish tanks and ship sheds in relation to the palaeo-sea level
in detail. Antonioli et al. (2007) and Auriemma and Solinas (2009)
provide a general overview how archaeological remains may be
correlated and interpreted in relation to palaeo-sea level on the
basis of different sites along the Mediterranean coast (see also
Seeliger et al., 2013, 2014).

Due to the exact dating by archaeological criteria and their well-
documented position in respect to former sea level, ancient fish
tanks may act as a good indicator for sea-level fluctuations.
Morhange et al. (2013) use Roman fish tanks in combination with
biological markers to state a relative rise in sea level of 40 ± 10 cm
since those days for the region of Fr�ejus, southeastern France.
Similar work is published, e.g., by Evelpidou et al. (2012) for the
Tyrrhenian Coast of Italy, byMourtzas (2012) for the Greek island of
Crete, and by Florido et al. (2011) for the Istrian and Dalmatian
coast, Italy and Croatia. Ship sheds in contrast to fish tanks cannot
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bear direct witness of former sea level because they have been built
above the marine sphere but in close vicinity to it. V€ott and
Brückner (2006) as well as V€ott (2007) summarise the research
concerning the use and abandonment of ship sheds in ancient
Oiniadai (NW Greece) used in Hellenistic and Roman times.

Following this tradition, our paper presents sedimentological
and microfaunistical results of sediment core ELA 58 immedi-
ately seawards of the supposed Hellenistic ship sheds in the
outer harbour region of Pergamum's harbour city Elaia (Figs. 1
and 2). Archaeological, geophysical and geoarchaeological field-
work at Elaia started in 2006 (Pirson, 2007, 2008a, 2009, 2010,
2011; Brückner et al., 2013; Seeliger et al., 2012, 2013, 2014;
Pint et al., 2013). While most of the archaeological structures
and facilities of Elaia's harbour such as the closed harbour basin
and a submerged Late Roman saline have already been described
and dated (Pirson, 2007, 2008a; Seeliger et al., 2012, 2013, 2014;
Pint et al., 2013), the hypothesis about the Hellenistic ship sheds
of Elaia has not been proved so far. These structures, visible only
in the geomagnetic and geoelectric measurements, are located
immediately to the east of the closed harbour basin. The analysis
of core ELA 58 is essential for the further interpretation of the
Fig. 1. Area of research at the Aegean coast of Turkey. (a) Overview based on Landsat 8 (acqu
in the text. (b) General map of western Turkey with a selection of ancient and modern set
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structures as ship sheds as a sufficient water depth in Hellenistic
times is required e only then oared warships could have been
pulled in for shelter.

Microfossil analyses are an important tool to reconstruct
palaeoenvironmental conditions. This has been successfully
demonstrated in geoarchaeological contexts at, e.g., Ras Ibn Hani,
Ephesus, Miletos, Tyre, Rome and the Nile delta, just to mention
some of it (Handl et al., 1999, Brückner, 2005; Marriner et al., 2008;
Goiran et al., 2010; Mazzini et al., 2011; Marriner et al., 2012; Flaux
et al., 2013; Stock et al., 2013). General issues like the evolution of
coasts, lagoons and lakes as well as special aspects like the usage of
harbours and the navigability of waterways can be solved by the aid
of microfossil analyses. Inferring environmental information like
salinity, temperature and water depth, it is possible to reconstruct
habitat changes in space and time. Therefore it is necessary to
identify species and their ecological preferences and tolerances
using an actualistic approach.

Our study aims at (i) reconstructing the palaeoenvironments of
the ship sheds using micropalaeontological and sedimentological
proxies, and (ii) establishing a chronology of the environmental
changes over the millennia.
ired September 23, 2013; composition based on bands 4, 3, 1) with locations mentioned
tlements.



Fig. 2. Satellite image of the Bay of Elaia with microfauna sampling sites and coring site ELA 58. (a) The bay and its environs with parts of the Bakırçay (Kaikos) delta. (b) The closed
and open harbours of Elaia in the innermost embayment and coring site ELA 58. (c) Detailed view of the eastern city area of Elaia. (d) Southermost mouth of the Bakırçay River. (e)
Sand spit protruding into the bay. R1eR11: sites of the Recent samples to study the modern microfauna (Ostracoda, Foraminifera). Source of the satellite image: Quickbird 2
(acquired: April 02, 2006; composition based on bands 3, 2, 1).
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2. Physical setting of the study area

The Gulf of Elaia is situated between the Karada�g Mountains
(Kane Peninsula) to thewest and the Yuntda�gmountain complex to
the east (Fig. 1). Due to its distance from the open Aegean Sea it
represents an area of low energy wave climate, even during
extreme weather events. The Bay of Elaia as well as the topography
of the coastal area are relatively flat; the 20 m isobaths lies c. 4 km
offshore (Aksu et al., 1987). Own DGPS (Differential Global Posi-
tioning System) surveys (Leica GPS System 530) in 2010 and 2011
revealed a mean tidal range of about 20 cm. Although wind surges
may increase sea level during the winter season this measurement
is in good accordance with other sites in the eastern Aegean Sea
(Flemming,1978; Anzidei et al., 2011; Brückner et al., 2013; Seeliger
et al., 2012, 2013, 2014).

The Bay of Elaia is located on the westwards drifting Aegean-
Anatolian microplate. An ensemble of several EeW-oriented late
Miocene rift structures (e.g. Bergama and Zeytinda�g grabens)
serves as a drainage channel for the Bakır Çay (translated: Copper
River; ancient: Kaikos), which filled the Bergama Graben with
sediments (Vita-Finzi, 1969; Brinkmann, 1976; Aksu et al., 1987;
McHugh et al., 2006; Schneider et al., 2011). The modern Bakır
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Çay forms a cuspate delta between the Kane Peninsula and the Bay
of Elaia before entering the Aegean Sea. Several archaeological sites
testify still ongoing subsidence of the graben system, namely (i) a
partly drowned Roman thermal bath complex situated on the Kane
Peninsula, and (ii) the sunken harbour breakwaters and drowned
underwater wall structures in the Bay of Elaia (Figs. 1a and 2;
Seeliger et al., 2012, 2013, 2014). Own investigations concerning the
transgressive contact in the closed harbour of Elaia and the study of
archaeological sea level markers resulted in an estimated subsi-
dence rate of the graben ensemble of far less than 1 m per 1000
years (Seeliger et al., 2013; in contrast to Aksu et al., 1987).

3. Elaia, the ancient harbour of Pergamum

With Troy (Troia, Ilium), Miletus, and Ephesus Pergamum is one
of the most prominent ancient settlements in Asia Minor (Fig. 1b).
Today, when dealing with Pergamum, the impressive Pergamum
Altar and Aelius Galenus, a famous physician in the 2nd century AD
(Radt, 2011) come to mind. After the death of Alexander the Great
in 323 BC in Babylon, the so-called Wars of the Diadochi started
influencing the whole realm. As a consequence of the fighting, the
House of the Attalids came to power in the Kaikos region and
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established their Hellenistic kingdomwhich on its heyday e under
king Eumenes II (197e159 BC) e covered the whole western part of
modern Turkey. In 133 BC the Pergamenian kingdom came under
roman rule (Hansen, 1971; Cartledge, 2004; Radt, 2011;
Zimmermann, 2011).

Pergamum occupies a prominent strategic location at the 330 m
high city hill dominating the surrounding Kaikos plain (Fig. 1a)
which was perfect for defence but restricted traffic and trade. Ac-
cess to the Mediterranean Sea was provided through the acquisi-
tion of nearby Elaia, situated at the Aegean Sea some 26 km
southwest of Pergamum, under Eumenes I (reign: 263e241 BC;
Pirson, 2004; Radt, 2011). Then, Elaia and its harbour gained major
importance for the kings of Pergamum. During the reign of
Eumenes I, the fleet of Pergamum,whichmust have had its harbour
in Elaia, is mentioned for the first time. As the city was located on
the important road from Pergamum along the coast to Smyrna
(modern _Izmir) to the south, the city played a major role not only as
the base for the royal fleet but also in the supply and protection of
Pergamum (Pirson, 2004, 2008b). It is not surprising that Elaia was
essential in the lengthy war fought against Antiochos III by the
kings of Pergamum together with the Romans between 192 and
188 BC. Livy, a Roman historian (59 BCeAD 17), stated that during
this war the harbour was used as supply base for the Roman and
Pergamenian fleets, as military outpost in the territory of Perga-
mum and as a place for diplomatic negotiation (Livy, Ab urbe
condita, 37.37.4). Livy also records that the allied fleets of Perga-
mum, Rhodes and Rome met in Elaia during their campaigns (Livy,
Ab urbe condita, 37.18.9-10). In addition to Livy, Strabo, writing
around the birth of Christ, mentioned Elaia as the commercial
harbour of the Pergamenians and as the military base of the
Attalids (Strabon, Geographica XIII.1.67 and XIII.3.5).

Since the beginning of the Roman rule in Pergamum, very little
is known about the history of Elaia. In Roman Imperial and Late
Roman times the city is mentioned only a few times in the literary
sources (Pirson, 2004). Recent archaeological research revealed
that Elaia was abandoned in the 6th or the beginning of the 7th
Fig. 3. Coring site ELA 58. (a) The areas of the ancient city of Elaia and the former foreshore
GEOSERVE equipment to perform the geoelectric measurements featured in Figs. 5b, c and
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century AD on behalf of a more secure settlement further inland
(Pirson, 2010). This area called Püsküllü Tepeler is locked off from
the sea by the foothills of Bozyertepe, a mountain ridge which
separates the Bay of Elaia from the Kaikos delta.

The harbour zone of Elaia is to be divided into two areas
(Fig. 2b): First, the closed harbour that must have been incorpo-
rated within the fortification walls. This harbour was erected in
early Hellenistic times and was protected against the sea, the winds
and enemies by two breakwaters, one to the west and one to the
south (Pirson, 2007, 2008a; Brückner et al., 2013; Seeliger et al.,
2013). The entrance to the harbour was approx. 50 m wide and
located towards southesoutheast (Figs. 3 and 4).

Geoarchaeological research revealed that substantial siltation
occurred between the 3rd and the end of the 4th century AD; thus,
from the 5th century AD onwards the closed harbour was not
navigable anymore (Seeliger et al., 2013). A second c. 250 m long
harbour zone stretched from the southern breakwater of the closed
harbour eastwards to the point where an internal wall (dia-
teichisma) reached the waterfront. It divided the city area into a
northern, densely populated part and a southern one (Pirson, 2011).

4. Material and methods

4.1. Geoarchaeological field work

In 2011, coring ELA 58 was preformed just in front of the sup-
posed ship sheds down to 10 m b.s. (below surface; Fig. 3). Drilling
was done with an Atlas Copco Cobra mk1 vibracorer using open
steel auger heads (diameter: 60 and 50 mm). Preliminary sedi-
mentological studies were carried out directly in the field,
including grain size estimation, colour (Munsell Soil Color Charts),
and carbonate content (10 % hydrochloric acid; AG Boden, 2005).
Bulk samples for laboratory analyses, as well as macrofossils and
ceramic fragments for a later determination and for radiocarbon
dating were taken from the open sediment cores. All coring sites
were measured using DGPS (Leica GPS System 530; accuracy of
are separated by an approx. 1 m high step (Photo: Melanie Bartz, 2011). (b) RESECS e

6 (Photo: Ercan Erkul, 2009).



Fig. 4. Geomagnetic map of the area of the closed and open harbours and their environs, including the locations of coring site ELA 58, and the 2D and 3D geoelectrical mea-
surements (marked blue) (cf. Figs. 5 and 6). The position of the assumed ship sheds is marked in red. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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�2 cm in all three dimensions). The altitude above sea level is based
on the local reference system PergSys05 which is related to the
gauge of Izmir and was established by the German excavation team
of Pergamum in 2005. As a result of own DGPS measurements of
the mean sea level for several weeks in 2011, the PergSys05 values
have to be height-corrected by�0.875m (Seeliger et al., 2012, 2013,
2014).

4.2. Geophysical investigations

The harbour and the inner town of Elaia were measured from
2006 to 2012 with geomagnetics, geoelectrics and georadar (Fig. 4).
The aim of the measurements was to understand the structure of
the subsurface layers and to detect archaeological remains in the
underground.

Based on the results of the geomagnetic survey, an area of
50 � 70 m2 was selected to carry out 3-D geoelectric resistivity
imaging (see Fig. 4, blue rectangle). The geoelectric resistivity sec-
tions were measured with the multi-electrode system RESECS of
the company GeoServe (Fig. 3b). Several electrode arrangements
such as DipoleeDipole, Wenner and Schlumberger were applied.
The apparent electrical resistivity was determined as a function of
the electrode geometry by the measuring instrument. Using the
inversion software RES2DINV and RES3DINV (Loke and Barker,
1995), a resistivity to depth distribution was inverted from the
field data.

Linear geomagnetic patterns with strong amplitudes have been
observed. A total of 75 profiles have been measured with a distance
of 1 m each. The electrode spacing was also 1 m, and the sections
were 47 m long. Using these field data, resistivity to depth distri-
bution down to a depth of approx. 4 m was inverted in 3D.
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4.3. Sedimentology and geochemistry

To augment on-site facies interpretation, multi-proxy laboratory
analyses were conducted (cf. Ernst, 1970; V€ott et al., 2002, 2004;
Brückner et al., 2006; Engel et al., 2009; Niwa et al., 2011;
Kelterbaum et al., 2012). Samples were air-dried, ground and
sieved to separate the �2 mm grain size fraction for further ana-
lyses. The granulometry was determined using a laser particle sizer
(Beckman Coulter LS13320) after removal of the organic content
with hydrogen peroxide. For the calculation of grain-size parame-
ters after Folk and Ward (1957), the GRADISTAT software (Blott and
Pye, 2001) was applied.

Geochemical analyses included theweight loss on ignition (LOI).
Oven-dried (105 �C for 12 h) samples were combusted in a furnace
at 550 �C for 4 h. The accuracy of the LOI is widely discussed
because two chemical processes may cause errors (Mook and
Hoskin, 1982; Heiri et al., 2001; Barill�e-Boyer et al., 2003): the
possible loss of structural water from clay minerals (Dankers and
Laane, 1983), and the potential loss of carbon dioxide from car-
bonates consisting of inorganic material (Salehi et al., 2011). The
combination of the two processes results in a weight reduction not
caused by loss of organic substance. A subsequent correction of the
LOI values was not conducted in this study. The concentrations of
30 elements were measured with a portable XRF spectrometer
(Niton Xl3t 900 GOLDD; V€ott et al., 2011).

4.4. Micropalaeontology

Selected 1 cm3 sediment samples were wet-sieved with a
100 mmmesh formicrofaunal analysis of the core samples. A total of
at least 300 foraminifer tests and ostracod valves, respectively, if
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present, were picked from the residues of every sample under a
low-power stereoscopic microscope. Species were mainly identi-
fied according to Bonaduce et al. (1975) and Joachim and Langer
(2008) for Ostracoda as well as Meriç et al. (2004) and Cimerman
and Langer (1991) for Foraminifera.

In order to obtain Recent samples for actualistic comparisons,
selected aquatic habitats were sampled around the Bay of Elaia in
summer 2012 (Fig. 2). The Recent samples were taken with a hand
net by scraping the uppermost centimetre of sediment. Ethanol and
the stain Rose Bengal were added to the sediment samples for later
identification of living individuals. Sample preparation and picking
followed the same procedure as listed for core samples.

Multivariate statistical analysis like Hierarchical cluster analysis
(WARD method) of microfossil associations are mainly used to
detect similarities between samples based on comparable envi-
ronments. Ecologically controlling factors are reflected by a Prin-
cipal Component Analysis (PCA).

4.5. Chronology

14C-Accelerator Mass-Spectrometric (AMS) age determinations
of sea grass, charcoal and seeds were performed at the Centre for
Applied Isotope Studies (CAIS) of the University of Georgia at
Athens (USA). All ages were calibrated using IntCal13 or MA-
RINE13 calibration curves of Calib 7.0 software (Reimer et al., 2013)
with a marine reservoir effect of 390 ± 85 years and a DR of
35 ± 70 years (Siani et al., 2000); they are presented in calendar
years BC/AD with a 2s error (i.e. 95.4 % probability; Table 1). Since
the spatio-temporal variation of the marine reservoir effect for the
Aegean Sea is still not known in detail, 14C-ages of marine material
have to be interpreted with caution. An age vs. depth model by
means of P_Sequence was calculated using the OxCal 4.2.3 cali-
bration software (Ramsey, 2008) to estimate the sedimentation
rate of ELA 58.

5. Results

5.1. Mapping and geophysics

The large-scale geomagnetic measurements and archaeological
mapping suggest settlement patterns on the north-eastern shore
zone of the Bay of Elaia. The most prominent feature of this open
zone is a structurewith a size of c. 105� 55m2, protruding from the
sea wall towards the waterfront (Figs. 4 and 5). While its south-
western sea-side end emerges clearly in the geomagnetic image,
the north-eastern end cannot be determined with this clearness: it
disappears in the density of anomalies in this area. Inside the
Table 1
Radiocarbon data set. AMS-14C measurements were carried out at the Centre for Applied I
All ages were calibrated with IntCal13 or MARINE13 calibration curves using the Calib 7.0
35 ± 70 years (Siani et al., 2000) was applied. The ages are presented in calendar years
samples are taken out of core ELA 58 while the the last one comes from core ELA 70.

Sample codes Lab code
(UGAMS)

Material Depth b.s. d13C
(‰)

Libby-age Calibrate
cal BC/ca

ELA 58/14HK 11442 Charcoal 2.73 m �26.7 2080 ± 25 175e41
ELA 58/17H 11443 Seed 3.30 m �25.0 2020 ± 25 91 BCeA

ELA 58/24Po 11444 Sea grass 4.40 m �10.8 2740 ± 25 731e299
ELA 58/32 11445 Sea grass 7.75 m �16.2 6170 ± 30 4796e44
ELA 58/38F 11446 Charcoal 8.35 m �26.1 6920 ± 30 5876e57

ELA 70/80H 11131 Sea grass 4.57 m �18.2 2680 ± 30 650e181
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structure, several linear anomalies are arranged parallel to each
other, running from southwest to northeast. In areas where dis-
tances can be measured, the anomalies are separated by approxi-
mately 10 m.

Results of the geoelectric measurements are presented in Figs. 5
and 6. The calculated electric resistivities have a range between less
than 0.1 Um to several hundred Um. Low resistivity of less than
2 Um occurs at approximately 3 m depth of the section. Signifi-
cantly higher resistivities of more than 50 Um are present up to a
depth of 2e3 m. In areas below 3 m depth, the resistivities signif-
icantly decrease down to values lower than 2 Um due to the in-
fluence of saline pore water.

Fig. 5 shows the magnetic map with the location of the 2D
geoelectric sections below. Section El219 is orientated north and
runs approximately perpendicular to the topographic step in the
field (Fig. 5) and the linear geomagnetic anomaly. Section El149 is
orientated northwest-southeast and runs parallel to the shoreline
and to the south of the topographic step.

Both 2D geoelectric sections (Fig. 5b, c) display electrical re-
sistivities of a range less than 1 Um to several hundred Um. Low
resistivity of less than 2Um is observed at approximately 2m depth
of the sections, due to the influence of saline pore water. Signifi-
cantly higher resistivities of more than 100 Um (yellow to red
colours) are observed above 2 m depth.

The geoelectric measurements carried out over the western
section of the structure clearly show the south-western corner and
the southern and western walls down to a depth of up to 2.30 m.
Within the structure, several parallel linear anomalies oriented
from southwest to northeast can be traced down to a depth of
1.70 m.
5.2. Chronology and sedimentology

The sediments of ELA 58 cover the last eight millennia (Table 1,
Fig. 7). Based on facies interpretation the core was divided into six
units (Table 2). They start with clayey and silty sands and pebbles
with some angular stones in the upper part of unit 1. The relatively
well sorted sediment shows a high but decreasing Ca/Ti ratio. It
was deposited in the course of the Late Pleistocene. The Holocene
transgression during the Atlantic phase is reflected by unit 2 dated
to 7826e7681 cal BP at its base. The sands contain marine shells
and plant detritus. The same facies was also found in the closed
harbour at the base of the Holocene sediments (Seeliger et al.,
2012, 2013). The more than 2 m thick silty sands of unit 3
contain marine shells, partly with articulated valves and some
bivalves, and many plant fragments. Ca/Ti ratio and LOI are rela-
tively high. Unit 4 is very similar to unit 3 but is discriminated by
sotope Studies (CAIS) of the University of Georgia at Athens, USA (lab code: UGAMS).
software (Reimer et al., 2013). A marine reservoir effect of 390 ± 85 years and a DR of
BC/AD with a 2s error (i.e. 95.4 % probability). Please refer that the uppermost five

d14C ages
l AD (2s)

Calibrated14C ages cal
BC/cal AD (2s) with
relative probability

Calibrated14C

ages cal BP (2s)
Calibrated14C ages
cal BP (2s) with
relative probability

BC 175e41 BC (100 %) 2124e1990 BP 2124e1990 BP
D 52 91e69 BC (5.3 %)

60 BCeAD 52 (94.7 %)
2040e1898 BP 2040e2018 BP (5.3 %)

2009e1898 BP (94.7 %)
BC 731e299 BC (100 %) 2680e2248 BP 2680e2248 BP (100 %)
39 BC 4796e4439 BC (100 %) 6745e6388 BP 6745e6388 BP (100 %)
31 BC 5876e5856 BC (5.4 %)

5852e5731 BC (94.6 %)
7825e7680 BP 7825e7805 (5.4 %)

7801e7680 (94.6 %)
BC 650e181 BC (100 %) 2599e2130 BP 2599e2130 BP (100 %)



Fig. 5. Geomagnetic map (a), and results of 2D geoelectrical sections El219 (b) and El149 (c). For location of map and sites see Fig. 4.
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lower Ti/Ca ratio and slightly higher proportion of silt and clay
then before. The age of unit 5 is difficult to interpret, since the
wide range of the lower age (731e299 cal BC) is due to a plateau
effect of the 14C calibration curve, and the upper ages are close to
an age inversion (the 2 s errors overlap for 50 years in the 1st
century BC). The silty sand containing marine shells is very similar
to the sediment of the two precedent units but contains charcoal,
wood and brick fragments in its upper part. The uppermost unit 6
comprises about 80 cm of sand with marine shells and anthro-
pogenic particles followed by clayey and silty sand with charcoal,
brick fragments, more and more angular stones and marks of
oxidation.
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5.3. Micropalaeontology

5.3.1. Taxa
Investigations of the eleven Recent samples and the core ELA 58

document 36 ostracod and 59 foraminifer taxa (Fig. 8; Tables A and
B e Appendix A). Other organismic remains encountered are
fragments of molluscs, which were not examined in detail. In
general, the state of preservation of the microfossils is good.

5.3.2. Actualistic study
Nine sites around the inner Bay of Elaia and in its catchment

were sampled for Recent meiofauna, i.e. mainly Ostracoda and



Fig. 6. Results of 3D geoelectrical resistivity imaging (for location see Fig. 4). (a) Topography; (b) geomagnetic map; (c)e(h) resistivity depth slices, the respective depth (z) of each
slice is presented in the upper right corner. Note that the images are not oriented towards north.
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Foraminifera (Fig. 2, Table 3). Based on similarities of meiofauna
species distribution and species diversity three groups of sites
could be distinguished reflecting the associated environments. The
littoral environment (group 1) surrounding the sand spit (R2, R3)
presents the highest diversity.

Except in the subtidal samples R4 and R6 (group 2), the domi-
nant ostracod is the brackish water species Cyprideis torosa. Also
common are species of the mostly brackish genera Leptocythere,
Loxoconcha and Xestoleberis.

The littoral environment (group 1), represented by the sand spit
samples R2 and R3, is mainly characterised by the marine fora-
minifer species Elphidium macellum as well as Ammonia parkin-
soniana. Quinqueloculina spp. and Ammonia spp. are the dominant
foraminifer taxa of the subtidal environment of the inner lagoon of
Elaia (sites R4eR6, group 2). Sites R7eR11 (group 3) reflect
35
intertidal environments; they are dominated by the foraminifers
Ammonia tepida and Haynesina germanica.

5.3.3. ELA 58
Twenty genera and 26 species of Ostracoda and 30 genera and

49 species of Foraminifera were identified in core ELA 58. In total
6597 tests and valves were counted. Based on the microfossil
distribution the section was divided into two main parts: Zones
1e2 and Zone 3, separated by a microfossil-barren sandy layer
(Table 2).

First microfossils appear at 8.17 m below surface (b.s.) and
continue to 5.85 m below surface (units 1e3 in Fig. 7; see also
Fig. 8). Above this is a 1.5 m thick sandy layer that does not contain
any microfossils or shell fragments (unit 4 in Fig. 7). From 4.30 m to
3.23 m b.s. two main parts are different in faunal composition: The



Fig. 7. Sediment core ELA 58 with geochemical and sedimentological parameters (a and b). The age/depth plot is based on the Oxcal 4.2 Software using a P-Sequence. (c)
Microfaunal data. (d) Facies interpretation and dating results.
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lower part of Zones AeB is dominated by the Ostracoda Loxoconcha
bairdi and Aurila convexa, and the Foraminifera Lobatula lobatula,
Rosalina floridana and Cibicides advenum. This part of the core may
be further subdivided into two subzones. In contrast to the lower
Table 2
Lithological units and micropalaeontological zonation of core ELA 58.

Core depth [m below surface] Unit Zone Lithology

2.60e0.00 6 Colluvial facies with anthropo
4.57e2.60 5 C Well sorted silty sand

5.65e4.57 4 Well sorted sand with rounde
8.12e5.65 3 A, B Well sorted silty sand

8.48e8.12 2 A Sand with well -rounded
gravels

10.00e8.48 1 Reddish yellow calcare-ous sa
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zone A, the upper Zone B shows a markable increase in diversity of
Ostracoda and Foraminifera and slight differences in association.
Zone C is dominated by the Ostracoda Loxoconcha stellifera and
Aurila convexa, and the Foraminifera Ammonia tepida, Ammonia
Characteristic Ostracoda Characteristic Foraminifera

genic influence e e

Loxoconcha stellifera
Aurila convexa

Ammonia tepida
Ammonia beccarii

d gravels e e

Loxoconcha bairdi
Aurila convexa

Lobatula lobatula
Rosalina floridana

e Ammonia compacta
Lobatula lobatula

ndstone (bedrock) e e



Fig. 8. Microfossil distribution. Zonal division based on microfossil distribution over core ELA 58. Sedimentation units: 1e5; microfossil zones: AeC. The presentation of the
abundance of the ostracods and the dominance of the foraminifers is given semi-quantitatively.
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beccarii and Adelosina laevigata. The diversity is significantly
reduced compared to the lower parts of the core.

The dataset of the core ELA 58 includes abundances and di-
versity indices (Figs. 9a,b). The preparation of the data implied the
exclusion of taxa present in less than three samples, and the pair-
wise exclusion of taxa with a high correlation (Spearman Rank
correlation of more than j±0.9j). Thus, a total of 39 taxa were
excluded. The abundances are log (x þ 1) transformed and then
standardised together with diversity indices (Fig. 9a). To compare
ELA 58 with Recent associations, the Renkonen index (PS ¼ S min
(p1 i, p2 i)) is used (Renkonen, 1938). For that, the lower relative
abundances of the species (i) common in two samples (p) are
Table 3
Recent sample sites and their most frequent microfossil taxa.

Site Location Coordina

Group 1 R2 Exposed side of the sand spit of Elaia 38.92962

R3 Sheltered side of the sand spit of Elaia 38.92962

Group 2 R4 Subtidal zone of the open inner lagoon of Elaia 38.93781

R5 38.93781

R6 38.93781

Group 3 R7 Tidal flat/salt marsh 38.94223
R8 38.94182

R9 38.94180

R11 Mouth of a distributary arm of the
Bakırçay (Kaikos river)

38.92116
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summarised. Note: By adding relative abundances of Foraminifera
and Ostracoda, two identical samples would produce a Renkonen
index of 200 % (Fig. 10).

6. Discussion

6.1. Site evolution of core ELA 58

6.1.1. Changing depositional contexts
Following the zonation of the core (Figs. 7 and 10) and based on

microfaunistic and sedimentological characteristics, we interpret
the site evolution of core ELA 58 as follows:
tes Most frequent Ostracoda Most frequent Foraminifera

N 27.04752 E Xestoleberis sp.
Cyprideis torosa

Elphidium macellum,
Ammonia parkinsoniana

N 27.04752 E Ammonia tepida
Elphidium spp.

N 27.04558 E Xestoleberis sp.
Cyprideis torosa

Haynesina germanica
Quinqueloculina spp.
Ammonia tepida

N 27.04558 E Cyprideis torosa
Loxoconcha spp.

Quinqueloculina spp.
Ammonia tepida

N 27.04558 E Loxoconcha spp.
Cyprideis torosa

N 27.04036 E Cyprideis torosa Ammonia tepida
Haynesina germanicaN 27.03970 E Cyprideis torosa

Leptocythere sp.
N 27.03935 E Cyprideis torosa Haynesina germanica

Ammonia tepida
7 N 26.982972 E Quinqueloculina spp.

Ammonia spp.



Fig. 9. a: Statistical analyses of the microfauna of sediment core ELA 58. Associations based on a hierarchical cluster analysis and on presence/absence of taxa, i.e. missing of
frequent taxa partly also describes characteristic associations. Grey e ostracod species; red e sample group/unit and taxa characteristic of association 1 interpreted as living in an
open marine habitat; orange e sample group/unit and taxa characteristic of association 2 interpreted as reflecting a littoral habitat; yellow e sample group/unit and taxa char-
acteristic of association 3 interpreted as lagoonal. b: Statistical analyses of the microfauna of sediment core ELA 58. Principal Component Analysis. Faunistic loadings *10; all taxa
with absolute loadings <0.2 are omitted for clarity. PC 1 is interpreted as open marine influence, PC 2 as ecological stability, PC 3 is supposed to reflect the distance to phytal
habitats. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Unit 1: Basement (10.00e8.48 m b.s.). The reddish yellow
calcareous sandstone likely belongs to a Pre-Quaternary for-
mation. Due to the lack of microfossils, neither a precise chro-
nology nor a palaeoecological interpretation is available.
10. Comparison of ELA 58 with Recent sites using the Renkonen index. The higher the Ren
nments; medium grey: sites and units, dark grey: Renkonen Indices.
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Unit 2: Littoral layer (transgressive horizon; 8.48e8.12 m b.s.).
The sand dominated sediment contains well rounded gravels
that indicate the first shoreline migration during the marine
transgression after the Last Glacial Maximum. The low organic
konen Index, the more similar are both associations. Light grey: habitats and en-
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content of only 7 % is typical of a high-energy littoral environ-
ment. 14C AMS dating gave an age of 5876e5731 cal BC (8.35 m
b.s.). L. lobatula and C. advenum at a depth of 8.17 m b.s. indicate
shallow marine conditions. The diversity of Ostracoda and
Foraminifera increases distinctively, reaching a maximum at top
of the unit.
Unit 3: Shallow marine layer (8.12e5.65 m b.s.). Higher ratios of
Ca/Fe and Ca/Ti and lower values of Fe indicate sedimentation
under marine conditions (V€ott et al., 2002). The well sorted silty
sand contains L. lobatula, R. floridana and A. convexa; they
represent a marine-littoral environment (Handl et al., 1999;
Meriç et al., 2004; Bergin et al., 2006; Ertekin and Tunoglu,
2008). The diversity remains as high as in the highest part of
Unit 2 (Fig. 8). Dating of sea grass (7.75 m b.s.) yielded a 14C-age
of 4796e4439 cal BC, a timespan far beyond the first settling of
Elaia and Pergamum.
Unit 4: Fluvial layer (5.65e4.57 m b.s.). Shifts in the Ca/Fe and
Ca/Ti ratios in favour of iron and titan and the total lack of mi-
crofossils indicate a dominating terrestrial (fluvial) input of
sediment (V€ott et al., 2002). Well rounded gravel (4.60 m b.s.)
and minimum values of LOI support this assumption.
Unit 5: Lagoonal layer (4.57e2.60 m b.s.). In comparison to unit
3, unit 5 shows lower ratios of Ca/Fe and Ca/Ti, but a similar
percentage of iron. This indicates a stronger terrestrial influence,
probably supported by a very low-energy wave climate or the
lack of vegetation, due to enhanced sedimentation. The
increased occurrence of Foraminifera preferring very shallow
and protected coastal areas, e.g. A. tepida and A. beccarii (Murray,
2008) or the ostracod L. stellifera indicate the evolution of a
sheltered embayment or a lagoon.

The distinct dominance of marine organisms suggests a per-
manent water exchange with the open sea. Therefore a harbour
utilisation of the bay is conceivable. At that time (731e299 cal BC,
4.40 m b.s.; Table 1), Elaia was in its formative phase before its
heyday. The lagoonal conditions continued until the Roman Im-
perial period. The construction of the two breakwaters of the
closed harbour basin e dated to approx. 280 BP (Seeliger et al.,
2013, Figs. 2 and 4) e led to increased sedimentation in the Bay
of Elaia. The time of the final siltation seems to have been around
the 1st century BC; however, this interpretation is problematic
because of the nearly inversed 14C ages in the upper part of the
section. Considering the younger time interval of 91 cal BC to
52 cal AD suggests the existence of lagoon-like conditions until the
early Roman Imperial Period. If so, the ship sheds could still have
been in use during the 1st century AD. In any case, the dating
results (Fig. 7) reveal a much higher sedimentation rate in the
lagoonal unit 5 than below in the transgressive and marine
sequence of the core (units 2e3).

Unit 6: Colluvial and alluvial layer with anthropogenic influence
(0e1.82 m below surface).

The uppermost part of the section contains colluvial and alluvial
sediments with a huge number of pottery fragments dated to the
Hellenistic and Roman Periods. In addition, pieces of carved bones
are present in this section, which hints to diversified craftsmanship
in the city of Elaia.

As we know from other parts of the city, the swampy parts of the
dried up areas were intentionally made accessible with the depo-
sition of stones and broken ceramics (Brückner et al., 2013; Seeliger
et al., 2013). Later, the material was reworked by farming activities,
evidenced by the wide distribution of ceramic finds in the upper-
most part of the profile. With the seaward migration of the coast-
line, the use of the ship sheds came to an end.
39
6.1.2. Comparison with the recent milieus in the Bay of Elaia
Comparing the studied Recent microfossil associations with

those from ELA 58 using the Renkonen index for both Ostracoda
and Foraminifera reveals considerable differences but also some
similarities (Fig. 10): The highest similarity of microfaunal Zones A
and B points to the exposed side of the Recent sand spit reflecting
open shallow marine conditions; however, Zone A resembles more
subtidal habitats and Zone B more intertidal ones. Zone C is most
similar to the Recent intertidal environment, but without brackish
water characteristics. As a result of these comparisons and in
agreement with the palaeoecological analysis, the three zones are
best classified as open marine (zone A), littoral (zone B), and
marine-lagoonal (zone C) environments. The generally low agree-
ment of the Recent microfauna as compared to the fossil samples
may be caused by the presently very much protected milieu of the
Bay of Elaia, whereas 5000 years BC, during the post glacial trans-
gression, the coast was much more exposed.

In both the empirical and the statistical analyses (Fig. 9a, b)
there is no evidence of a fully brackish water body, like a closed
lagoon. C. torosa is the most frequent and most widely distributed
ostracod species within the Recent samples indicating brackish
water conditions (Frenzel and Boomer, 2005; Pint et al., 2012), but
lives as an opportunistic species in nearly any other aqueous hab-
itats as well. C. torosa and other typical brackish water ostracod
species like Loxoconcha elliptica and some Leptocythere species,
which could indicate a closed harbour basin (Mazzini et al., 1999;
Morhange et al., 2003; Marriner and Morhange, 2007), are
missing in the core ELA 58. On the other hand, the increasing
sedimentation rate around 500 BC (Fig. 7) points to deposition of
“harbour mud” due to the sheltered situation (Marriner and
Morhange, 2007). Until its final and strong siltation, likely caused
by anthropogenic soil erosion and intentionally deposited material,
the microfaunal associations of ELA 58 indicate a subtidal envi-
ronment of a few metres water depth only.

The evolution of a natural lagoon is recognisable when studying
the succession of Foraminifera associations (Fig. 8). Unit 2 in Zone A
is dominated by open marine species, whereas in both units of 3
(upper Zone A and Zone B) littoral species increase in proportion.
Unit 5 (Zone C) is characterised by species preferring lagoonal
conditions.

In contrast, the ostracod species show only variations in di-
versity and abundance but not in ecological preferences. Almost all
ostracod species are epi-faunal and of marine origin, however, a
distinction of coastal and open lagoonal environments seems to be
possible (Mazzini et al., 1999, 2011, Marriner et al., 2008, 2010). A
high similarity between more open marine and lagoon water
quality is recognisable, particularly concerning the factor salinity.
Therefore, we assume a lagoon widely open in offshore direction.
The low diversity of Ostracoda from the lowermost and the up-
permost part of the section may be caused in unfavourable
ecological conditions. A high turbulence of water is considerable for
the lower part, whereas the upper part may be characterised by low
oxygen concentration.

6.1.3. Palaeoecologic consequence
The satellite image clearly shows the former extension of the

sand spit to the north-west (Fig. 2, esp. 2e). The outer Bay of Elaia
still hosts an island, which is the remnant of a bigger structure that
had reachedmuchmore towards the east (Fig. 2). Bothmorphologic
features represent secondary coastal spits or barriers that were
built up by coastal long shore drift and the gyre which had once
evolved in the Bay of Elaia. As an effect of their formation the
innermost areas of the embayment e this holds in particular also
true for coring site ELA 58 e turned more and more towards very
calm conditions.
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Why these features are nowadays drowned and partly eroded?
As a result of our research about the drowned salt works of Elaia
(Seeliger et al., 2014) we know that today's sea level is at least 1.7 m
higher than during Hellenistic times (Seeliger et al., 2013). The
reasons are the ongoing global warming, amplified by the subsi-
dence of the graben ensemble. An earthquake may have caused a
sudden subsidence of the whole terrain for a few decimetres.
Another reason for the opening of the elongated sand spits and
barriers may have been a severe storm. In any case, these secondary
coastal features have been partly eroded since then.

As a result of our detailed studies we can state that core ELA 58
has very well archived these depositional changes in the micro-
faunal record.

Except of the Hellenistic and Roman periods, the human impact
on the landscape was negligible and no large-scale construction
projects are known from antiquity. Unfortunately no investigations
dealing with the progradation of the Kaikos River delta and the
fluctuations of its sediment load have been conducted so far. Both
processes may have influenced the Bay of Elaia as well.

A huge container port is under construction just between the
river mouth of the Kaikos and the Bay of Elaia (Figs. 1a and 2a) since
2011. For that purpose, large amounts of building material is mined
in the Yuntda�g mountain area. More process oriented sedimento-
logical studies should be done to answer how this will change the
appearance of the Bay of Elaia in future.

6.2. Archaeological implications

A natural lagoon or sheltered bay can offer favourable conditions
for a harbour situation that implies a minimum of water depth and
a connection to the open sea. The protected area of both, lagoon and
harbour, produced very fine sediments, described as harbour mud
and effected a rapid increase of the sedimentation rate that could
mark harbour activity (Marriner and Morhange, 2007). Addition-
ally, typical microfauna assemblages including brackish water and
lagoonal species like the Ostracoda C. torosa and Loxoconcha spp.
and the Foraminifera H. germanica and A. tepida are observable
(Reinhardt et al., 1994; Stock et al., 2013). Spit-protected lagoons,
used as harbours in the Mediterranean, like the Phoenician military
harbour of Kition Bamboula (Cyprus), were already described by
Morhange et al. (2000).

The open beach ending at the southernmost point of the forti-
ficationwall was only sparsely inhabited, which is backed by a very
small quantity of finds during an enlarged ceramic survey (Pirson,
2011). A breakwater or a sea wall has not been detected. For this
reason we assume that the beach may have been used as a landing
place. The southern part of the city probably served as a multi-
purpose military zone, where, e.g., allied ships could be beached,
soldiers and sailors set up their camp and maintenance work on a
large scale could be carried out (Pirson, 2011).

Regarding the open harbour zone the basic question is: What
type of building was the structure with a size of c. 105 � 55 m2

visible in the geophysical image and which kind of function did it
have (see Figs. 4 and 5; chapter 5.1). The complex is largely aligned
with its narrow side parallel to the southern breakwater. This may
indicate a maritime orientation of the building. For the moorage of
vessels, however, the right angles of the structure offered poor
conditions; this section can therefore not have served as a quay.
Rather, it was a large building structure that was divided more or
less evenly into long rectangular compartments that were oriented
to the waterfront at a right angle. Such a partition can be found in
Classical and Hellenistic ship sheds. Those installations were
needed, because ancient warships were always kept out of the
water when not in action in order to avoid rot and the destructive
shipworm (Morrison and Coates, 1996). The roof of the ship sheds
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protected the warships from sun and rain (Blackman, 2003, 2008).
Elementary for the interpretation of the structure as the ship sheds
of Elaia, however, is the question whether or not there was a suf-
ficient water depth on the seaward side so that the oared warships
could be pulled inside.

The size and draught of Classical and Hellenistic oared warships
were convincingly reconstructed by Morrison and Coates (1986,
1996) and Coates (1987). Their research demonstrates that the
most common classes of warships of these eras had a draught be-
tween approx. 1.10 m for the so-called threes (triere) and of up to
approx. 1.50 m for the fifths (pentere; Morrison and Coates, 1986,
1996). By far bigger in size and draught were the so-called sixes
and sevens with a draught exceeding 1.50 m, not to speak of even
larger ships (Morrison and Coates,1996). However, those categories
of ships were only rarely used in battle; there are no hints that the
kings of Pergamum possessed ships of these classes. Resulting from
those reconstructions of the ancient oared warships in Hellenistic
times a water depth of at least 1.50 m is required on the seaward
site at coring point ELA 58 to give a sufficient water depth that ships
could have been pulled into the ship sheds.

The top of the closed harbour mole's basement acts as a suffi-
cient palaeo-sea level indicator since it was more or less at sea level
when the breakwater was erected in early Hellenistic times (first
half of the 3rd century BC). Hence a palaeo-sea level about 1.7 m
lower compared to the modern one can be postulated. In addition,
sea-grass fibres (ELA 70/80H), which may more or less represent
the palaeo-sea floor, were 14C dated to 650e181 cal BC (until Hel-
lenistic times) at a core depth of 4.69 m below present day sea level
(Seeliger et al., 2013). The sea grass in this unit of core ELA 70 is
distributed over a 3.5m thick layer and therefore can be assumed to
be autochthonous (Seeliger et al., 2013). As a consequence, a
maximum mean water depth of approx. 3 m during Hellenistic
times can be stated for the closed harbour basin. If this very thick
sea grass layer would represent an accumulation at the driftline,
what we doubt, the reconstructed water would be even less.
Regarding literature, dredging of ancient harbours was a common
practice all over theMediterranean (Marriner andMorhange, 2006;
Kraft et al., 2007;Morhange andMarriner, 2010), but no literary nor
sedimentological evidence for this action has so far been discov-
ered from Elaia (Seeliger et al., 2013). Thus, the water depth of
approx. 3 m can be extrapolated for the open harbour area as well.
Bearing in mind that the tidal range in the Bay of Elaia is only c.
20 cm, the closed harbour basin was easily navigable by ship in
those days. In addition, themicrofossil analysis of ELA 58 situated in
front of the assumed ship sheds leads to the conclusion that water
depth was a few metres in Hellenistic times e i.e. enough for the
draught of a warship of that era.

The ship sheds of Elaia may have housed about fourteen ships of
the Pergamenian royal fleet. This appears at first sight to be a fairly
small number for a regional power such as the kingdom of Perga-
mum that had to act at sea in the 3rd and especially 2nd century BC.
However, it can be assumed that the royal fleet was spread over
several naval bases in the Eastern Mediterranean and not all ships
were concentrated in the harbour of Elaia. Another naval base could
have been located on the island of Aegina which belonged to the
Attalids since 211 BC (Escher, 1894; Kalcyk, 1996). Other smaller
contingents may have been stationed at smaller bases on the
southern coast of Asia Minor or the Aegean coast.

The much larger fleet of the Hellenistic city of Rhodes can serve
as a comparison to the different naval bases of the fleet of the
kingdom of Pergamum: The ships were not only stationed in the
extensive military harbour of the city, but smaller units were also
based at outposts along the south-western coast of Asia Minor and
on smaller islands northwest of Rhodes (Gabrielsen, 1997;
Blackman, 2010).



Table A
Foraminifer taxa from Recent and fossil samples of the Bay of Elaia.

Species Recent
associations

ELA 58
zone

Foraminifera
Adelosina laevigata d'Orbigny, 1826 AeC
Adelosina mediterranensis

(Le Calvez & Le Calvez, 1958)
AeC

Adelosina spp. 2e9, 11
Ammonia beccarii (Linnaeus, 1758) 2e3 AeC
Ammonia compacta (Hofker, 1969) AeC
Ammonia parkinsoniana d'Orbigny, 1839 2e9, 11 AeC
Ammonia tepida Cushman, 1926 2e9, 11 AeC
Asterigerinata mamilla Williamson, 1848 2 A, B
Bulimina sp. A, B
Cibicidella variabilis (d'Orbigny, 1839) A, B
Cibicides advenum (d'Orbigny, 1839) AeC
Cibicides refulgens de Montfort, 1808 A
Cibicides sp. 2
Challengerella bradyi Billman,

Hottinger & Oesterle, 1980
A, B

Cribroelphidium excavatum Terquem, 1875 2e7 A
Cribroelphidium poeyanum (d'Orbigny, 1826) AeC
Cycloforina rugosa (d'Orbigny, 1826) A
Elphidium aculeatum (d'Orbigny, 1846) 2e7 A, B
Elphidium advenum (Cushman, 1922) A, B
Elphidium complanatum (d'Orbigny, 1839) 2e6, 8e9 AeC
Elphidium crispum (Linnaeus, 1758) 2 AeC
Elphidium depressulum Cushman, 1933 A, C
Elphidium macellum Fichtel & Moll, 1839 2e6, 8, 11 AeC
Elphidium spp. 2e6 A, C
Eponides sp. B
Flintinoides labiosa (d'Orbigny, 1839) A
Haynesina germanica Ehrenberg, 1840 2e9 AeC
Hemisphaerammina sp. 2e7, 9
Jadammina macrescens Brady, 1870 4, 6, 8e9
Lobatula lobatula Walker & Jacob, 1798 2 AeC
Neoeponides bradyi (Le Calvez, 1974) C
Nubecularia lucefuga Defrance, 1825 2, 4
Massilina secans (d'Orbigny, 1826) A, B
Peneroplis pertusus Forskal, 1775 2e6 C
Peneroplis planatus Fichtel & Moll, 1798 2, 5e6
Stomatorbina concentrica (Parker & Jones, 1864) A
Planorbulina mediterranensis d'Orbigny, 1826 2, 4, 6 A-C
Polymorphina sp. A, B
Porosononion subgranosum (Egger, 1857) A, C
Quinqueloculina disparilis d'Orbigny, 1826 A, B
Quinqueloculina seminula Linnaeus, 1758 AeC
Quinqueloculina spp. 2e9, 11 AeC
Reussela sp. A, B
Rosalina bradyi (Cushman, 1915) A, B
Rosalina floridana (Cushman, 1922) AeC
Rosalina globularis d'Orbigny, 1826 AeC
Rosalina obtusa d'Orbigny, 1846 A, B
Rosalina spp. 2e6, 8
Siphonaperta aspera d'Orbigny, 1826 2, 4e6
Spiroloculina angulosa Terquem, 1878 4, 6 A,B
Spiroloculina ornata d'Orbigny, 1839 4, 6 AeC
Textularia sp. A
Trichohyalus sp. A
Triloculina schreiberiana d'Orbigny, 1839 A, B
Triloculina tricarinata d'Orbigny, 1826 A
Triloculina spp. 2e5, 7, 9
Trochammina inflata Montagu, 1808 2, 4e7, 9
Uvigerina sp. A, C
Vertebralina striata Cushman, 1921 2e6 B
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The connection between a major inland city and a port at the
coast cannot only be found at Hellenistic Pergamon with its mari-
time satellite Elaia (Pirson, 2004, 2008b), but also at Classical
Athens with Piraeus or at Imperial Rome with Portus-Ostia. The
acquisition of a port city was vital for the development of those
inland metropolises.

After the end of the Pergamenian Empire and the integration of
its territory into the newly established Roman province of Asia, the
ship sheds of Elaia had lost their function as naval bases. There are
no literary or archaeological evidences that warships had been
stationed there in Roman times.

The sediment core ELA 58 indicates that the regression of the
sea in the ‘wedge’ between the southern breakwater, the seawall
and the ship sheds had already begun in the 1st century BC. In the
time of the early Roman Empire the colluvium-alluvium is inten-
tionally covered with debris, stones and pottery up to a thickness of
1.50 m (unit 6 in Fig. 7). Apparently, this packagewas to consolidate
the silted up area and make it accessible.

How the area was used during Roman Imperial times cannot
be reconstructed with certainty. The closed harbour was surely
still in use (Seeliger et al., 2013), but the area of the Hellenistic
ship sheds could only have served as an anchorage for smaller
boats by then.

7. Conclusion

The microfossil analysis of core ELA 58 from the Bay of Elaia
primarily answers two questions. At first, variation in foraminifer
distribution indicates a lagoonal development, and second, the
marine ostracod assemblage points to a wide seaward opening of
the lagoon. It is a marine microfauna of mostly subtidal conditions,
without brackish water impact. In addition, the palaeontological
research shows that the water depth of the open harbour was
sufficient for navigation in Hellenistic times and even shortly
before the final siltation.

As expected, typical environmental characteristics of closed
harbours (Marriner and Morhange, 2007), like a brackish water
fauna association, are missing in the open harbour zone of ELA 58.
The sedimentation rate increased during the lagoonal period, likely
induced by the immediate vicinity of the closed harbour.

The synopsis of the geophysical research and the analyses of
core ELA 58 indicate that the structure in the harbour zone of Elaia
with a size of about 105� 55m2 can best be interpreted as the place
of Hellenistic ship sheds. Water depth in the open harbour was
sufficient for the draught of most of the Hellenistic oared warships,
such as the so-called threes (triere), forth (tetrere) and fifths (pen-
tere) (Morrison and Coates, 1996).
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Table B
Ostracod taxa from Recent and fossil samples of the Bay of Elaia.

Species Recent
associations

ELA 58
zone

Ostracoda (marine)
Acanthocythereis hystrix (Reuss, 1850) B
Aurila convexa (Baird, 1850) AeC
Aurila glyptica Barbieto-Gonzalez, 1971 2, 3, 5, 6
Aurila prasina Barbieto-Gonzalez, 1971 2, 3, 5, 6
Aurila woodwardii Brady, 1868 2, 3, 5, 6
Aurila sp. AeC
Bosquetina tarentina (Baird, 1850) A, B
Callistocythere cf. badia Norman, 1862 2, 3
Callistocythere vexata Ciampo & Masoli, 1975 A, B
Caudites calceolatus (Costa, 1853) A, B
Costa batei (Brady, 1866) A, B
Cytherelloidea sordida (Müller, 1894) C
Cytheretta adriatica Ruggieri, 1952 A, B
Cytherois spp. 2, 4, 8
Cytheropteron sp. A, B
Hiltermannicythere rubra (Müller, 1894) B
Heterocythereis sp. 2
Leptocythere bacesoi (Rome, 1942) A, B
Leptocythere spp. 1
Loxoconcha bairdi (Müller, 1894) A, B
Loxoconcha stellifera Müller, 1894 AeC
Loxoconcha spp. AeC
Microceratina pseudoamphibola

(Barbeito-Gonzalez, 1971)
B

Paracytherois rara Müller, 1894 B, C
Pontocythere turbida Müller, 1894 B
Pontocythere sp. 2, 11
Propontocypris dispar (Müller, 1894) A, B
Semicytherura mediterranea (Müller, 1894) A, B
Tenedocythere prava (Baird, 1850) A, B
Urocythereis sp. 2, 3 A, B
Xestoleberis dispar Müller, 1894 B, C
Xestoleberis margaritea (Brady, 1866) AeC
Xestoleberis sp. 2, 3, 4, 5, 6 B
Ostracoda (brackish)
Cyprideis torosa (Jones, 1850) 1e9, 11
Ostracoda (freshwater)
Candona sp. R8
Ilyocypris sp. R3
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Appendix B. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jas.2014.06.011.
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Pergamum (modern: Bergama) was operating an important harbour used by
military forces and merchants at the city of Elaia during Hellenistic and Ro-
man Imperial times. Harbour-related facilities such as warehouses, breakwa-
ters and wharfs document the importance of this harbour site not only for the
Pergamenians. This paper focuses on the purpose and age of six submerged
wall structures situated approximately 1 km south of the ancient closed har-
bour basin of Elaia. Geoelectric cross-sections and semi-aquatic coring near
these walls failed to detect any solid basement under the walls which excludes
their possible use as breakwaters or wharfs. Instead, the walls were most likely
delineating and separating evaporation ponds of salt works, which compares
well with similar structures from other periods and places around the Mediter-
ranean. Combined OSL and 14C-dating determined the construction age of the
installation between the 4th and 6th centuries A.D. Subsequent (re-)uses are
likely and are in agreement with findings from archaeological surveys. C© 2014
Wiley Periodicals, Inc.

INTRODUCTION

Several Mediterranean harbour cities have been stud-
ied over the last years dealing with regard to land-
scape history, utilisation of harbour basins in general,
as well as harbour-related facilities such as breakwaters
and wharfs (e.g., Reinhardt & Raban, 1999; Brückner,
2003; Morhange et al. 2003; Galili, Zviely, & Weinstein-
Evron, 2005; Brückner et al., 2006; Kraft et al., 2007;
Marriner & Morhange, 2007; Vött et al., 2007; Marriner,
Morhange, & Saghieh-Beydoun, 2008; Bini et al., 2009;
Algan et al., 2011; Kızıldağ, Özdaş, & Uluğ, 2012; Stanley
& Bernasconi, 2012; Brückner et al., 2013; Hadler et al.,
2013; Özdaş & Kızıldağ, 2013; Seeliger et al., 2013). For
most of human history—from the Stone Age to modern
times—harbours have played important roles in terms of
trade, travelling, maritime traffic and economic centres.
Other than cities in the hinterland, harbour settlements
have been exposed to risks from the sea, such as ex-
treme wave events (storms, tsunamis) and sea level rise

or fall. Harbours are also prone to siltation and abandon-
ment. Any negative impact on harbours entails reper-
cussions on inhabitants of the settlement and the hin-
terland (Knoblauch, 1981; Marriner & Morhange, 2007;
Morhange & Marriner, 2010).

Archaeological and geoarchaeological fieldwork at
Pergamum’s harbour city started in 2006 (Pirson, 2007,
2008a, 2009, 2010, 2011; Brückner & Seeliger, 2009;
Seeliger et al., 2011, 2012, 2013; Brückner et al., 2013).
During Hellenistic times, when the Pergamenian king-
dom was dominating Asia Minor, the Pergamenians were
in need of a harbour for military and economic pur-
poses due to the fact that the city was situated approx.
26 km inland. A site was found in the city of Elaia
(Figure 1A), an insignificant harbour settlement dur-
ing pre-Hellenistic times located on the Gulf of Elaia
(modern: Gulf of Çandarlı) (Hansen, 1971; Radt,
1999; Cartledge, 2004; Pirson, 2004, 2008b, 2012;
Zimmermann, 2011).
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77



SEELIGER ET AL. PURPOSE AND AGE OF UNDERWATER WALLS IN THE BAY OF ELAIA

Figure 1 Area of research at the Aegean coast of Turkey. (A) Overview based on Landsat 8 (acquired September 23, 2013; composition based on bands

4, 3, 1) with locations mentioned in the text; (B) General map of western Turkey with a selection of ancient and modern settlements.

While most archaeological structures of Elaia’s har-
bour have already been described and dated (Pirson,
2007, 2008a; Brückner & Seeliger, 2009; Seeliger, Bartz,
& Brückner, 2012; Seeliger et al. 2013; Brückner et al.,
2013) the purpose and age of several underwater wall
structures in shallow marine waters about 1 km to the
south of the closed harbour basin of Elaia remained un-
known (Figure 2). In addition to the harbour breakwa-
ters and parts of the city wall (Figure 2A), the underwa-
ter walls are the only preserved and visible remains of
ancient Elaia. It has been speculated that they represent
additional harbour infrastructures or shipyards far out in
the embayment, breakwaters along the coast, or the re-
mains of drowned salt works. Their age is difficult to de-
termine because the underwater walls’ blocks represent

re-used building material that makes dating by archaeo-
logical criteria impossible (Pirson, 2010).

This paper presents the results of geoarchaeological,
geophysical and geochronological research on six under-
water wall structures in order to (i) provide a chronolog-
ical framework based on luminescence and radiocarbon
dating constraining their construction time and (ii) to de-
cipher their former purpose.

AREA OF INVESTIGATION

Physical Setting

The Gulf of Elaia is situated between the Karadağ Moun-
tains (Kane Peninsula) to the west and the Yuntdağ

Geoarchaeology: An International Journal 29 (2014) 138–155 Copyright C© 2014 Wiley Periodicals, Inc. 139
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Figure 2 Location of vibracores carried out in the surroundings of the underwater walls in the Bay of Elaia. The maps are based on DGPS data levelled

by the Pergamum excavation team. (A) Synoptic view with the area of the city of Elaia; (B) Location of underwater structures with associated sediment

cores and geoelectric cross-sections.

mountain complex to the east (Figure 1A). It represents
an area of low energy marine wave climate, even during
extreme weather events during the winter season, due
to its distance from the open Aegean Sea. The topogra-
phy of the coastal plain as well as the bathymetry of the
Bay of Elaia are relatively flat; the 20 m isobath lies ca. 4
km offshore (Aksu et al., 1987). The estimated tidal range
of 20 cm determined by our DGPS (Differential Global
Positioning System) surveys (Leica GPS System 530) in
2010 and 2011 are comparable to other sites in the east-
ern Aegean region, although wind surges may increase
the sea level during the winter season (Flemming, 1978;
Anzidei et al., 2011; Seeliger, Bartz, & Brückner, 2012;
Seeliger et al., 2013). The modern Bakır Çay (translated:
Copper River; ancient: Kaikos) forms a cuspate delta be-
tween the Kane Peninsula and the Bay of Elaia before
entering the Aegean Sea (Figure 1A).

The Bay of Elaia is located on the westwards drifting
Aegean–Anatolian microplate. An ensemble of several E-
W-oriented late Miocene rift structures (e.g., Bergama
and Zeytindağ grabens) serves as a drainage channel for
the Bakır Çay, which filled the Bergama Graben with sed-
iments (Vita-Finzi, 1969; Brinkmann, 1976; Aksu et al.,
1987; McHugh et al., 2006; Schneider et al., 2011). Sev-

eral archaeological sites bear witness to ongoing subsi-
dence of the graben system, namely (i) a partly drowned
Roman thermal bath situated on the western Kane Penin-
sula (Figure 1A) and (ii) the sunken harbour breakwa-
ters and drowned underwater wall structures in the Bay
of Elaia (Figure 1A; Seeliger, Bartz, & Brückner, 2012;
Seeliger et al., 2013). Our investigations of the transgres-
sive contact in the closed harbour area of Elaia and the
study of archaeological sea level markers resulted in an
estimated subsidence rate of the graben ensemble of far
less than 1 m per 1000 years (Seeliger et al., 2013, in con-
trast to Aksu et al., 1987).

Historical Background

Pergamum is one of the most prominent ancient set-
tlements in western Turkey mentioned in connection
with Troy or Miletus (Figure 1B; Brückner et al., 2013).
The city is known for the Pergamum Altar (exhibited
on the Museumsinsel in Berlin, Germany) and Aelius
Galenus, a famous physician in the 2nd century A.D.
(Radt, 1999). As a result of the so-called Wars of the Di-
adochi after the death of Alexander the Great in 323 B.C.,
the House of the Attalids came to power in the Kaikos
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Figure 3 Combined investigations at the underwater structures with geophysical measurements and coring. (A) Overview facing north; (B) Zoomed view

of thewall structures (length of scale: 1m); (C) Boat-based geoelectricmeasurementswas donewith a floating electrode cable and the RESECS instrument

of the company GEOSERVE; (D) Recovering a sediment core in the shallow marine waters by using a wooden table construction. The two persons beside

the zodiac are standing in the surroundings of the underwater walls.

region. The Pergamenians established their Hellenistic
kingdom, which on its heyday—under king Eumenes II
(197–159 B.C.)—covered most of the western part of
modern Turkey. In 133 B.C. the Pergamenian kingdom
was absorbed by the Roman Empire (Hansen, 1971; Radt,
1999; Cartledge, 2004; Zimmermann, 2011).

Relation Between Pergamum and Elaia

Pergamum occupies a prominent strategic location at the
330 m high city hill dominating the surrounding Kaikos
plain (Figure 1A) that was optimal for defence but re-
stricted traffic and trade. Access to the Mediterranean
Sea was provided through the acquisition of nearby
Elaia, situated at the Aegean Sea some 26 km southwest
of Pergamum, under Eumenes I (reign: 263–241 B.C.;
Pirson, 2004). Strabo mentioned Elaia as the commercial
harbour of the Pergamenians and as the military base of

the Attalids (Strabon: Geographica XIII, 1, 67 & XIII, 3,
5). Further literary as well as archaeological evidence un-
derscore the close relations between Elaia and Pergamum
(Pirson, 2004, 2008a, 2009, 2010).

Archaeological Setting of Underwater Wall
Structures

Approx. 1 km south of the closed harbour basin
(Figure 2A) six underwater wall structures trend parallel
in northwest-southeast direction covering an area of
ca. 1150 × 265 m2 (Figure 2B; Pirson, 2008a). Each
structure has a preserved length between 80 and 265
m and a width of 4.8 to 5.0 m (Figures 3A and B).
Between the third and fourth wall a U-shaped structure
has been discovered which is constructed in the same
fashion. Geomagnetic measurements revealed that a
similar U-shaped structure had been in place between
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the first and second wall (Pirson, 2010). Wave action and
possible clearing of blocks may have reduced the original
dimensions of the wall structures. Situated in shallow
marine waters at depths of 0.5–2.0 m, the blocks rise
above the silty-sandy subsoil by just a few decimetres
(Figures 3A, B, and D). Well-preserved parts of walls
exemplify the construction style as two parallel rows of
ashlars in size of up to 0.9 × 0.4 m2 in addition to quarry
stones (Figures 3A and B). The space between the rows
is filled up with smaller quarry stones and debris. Ashlars
exhibit dowel holes on their upper sides. However, the
holes of adjacent blocks are not aligned with each other
and the dowels, probably originally made of bronze, are
not preserved (Pirson, 2008a).

Dating of these submerged walls by archaeological
or historical means has not yet been possible. The
dowel holes suggest the use of recycled building material
(spolia). The spolia may indicate a construction date of
the walls in late Antiquity (Müller, 2003), but spolia us-
age is also known to have occurred in Roman Impe-
rial times (Höcker, 2001). Based on archaeological or
historical criteria, wall construction in Antiquity seems
to be as plausible as in Byzantine or even Ottoman
times.

METHODS

Geophysical and Geoarchaeological Fieldwork

Lateral and vertical changes of the archaeological and un-
derlying sedimentary stratigraphy of the underwater wall
structures were studied by interpreting sediment cores
(punctual data) and geophysical measurements (cross-
sections). The position and elevation of each coring site
and geophysical transect was measured by using DGPS
(Leica GPS System 530), with a vertical resolution of
less than 2 cm. All measured altitudes are based on the
gauge of Izmir and were corrected by −0.875 m to ac-
count for an inaccuracy of the PergSys05 reference sys-
tem established in 2005. The resulting elevations are ac-
curate in relation to the present sea level (Seeliger, Bartz,
& Brückner, 2012, Seeliger et al., 2013).

Sediment coring was performed with an Atlas Copco
Cobra pro vibracorer. A wooden platform facilitated cor-
ing in shallow marine waters (Figure 3D). Closed steel
auger heads with opaque 1 m long PVC tube liners with
an external diameter of 5 cm preserved cores ELA 73 and
ELA 74 aphotically for OSL dating. ELA 41 was cored us-
ing open steel auger heads (diameters of 6 and 5 cm).
Preliminary stratigraphies based on AG Boden (2005)
were determined in the field, including characterisation
of grain size, texture, roundness, colour (Munsell Soil
Colour Charts), sedimentary structure, carbonate content

(10 % hydrochloric acid) and macrofauna. Bulk samples
of discrete sediment layers, as well as macrofossils and
ceramic fragments were taken from open sediment cores
for further laboratory analyses.

Earth electrical resistivity was determined with an
RESECS multi-electrode system to reconstruct the thick-
ness and shape of the closed harbour’s western break-
water of Elaia (Figure 2A), and to investigate the lin-
ear underwater stone settings (electrode spacing: 1 m at
the western breakwater, 2 m for cross-sections at under-
water structures; Figures 2B and 3C). Several electrode
arrangements were applied such as Dipole–Dipole and
Wenner & Schlumberger. The apparent electrical resistiv-
ity was determined as a function of electrode geometry
by the measuring instrument. Using the inversion soft-
ware RESINV2D (Loke & Barker, 1995), a resistivity to
depth distribution was inverted from the field data for
each measured profile.

Sediment Analyses

Multi-proxy analyses were conducted in the labora-
tory to augment on-site facies interpretation (cf. Ernst,
1970; Vött, Handl, & Brückner, 2002, 2004; Brückner
et al., 2006; Engel et al., 2009; Niwa et al., 2011;
Kelterbaum et al., 2012). Samples were air-dried, ground
with mortar and pestle and sieved to separate the ≤2 mm
grain size fraction for further analyses. OM was decom-
posed via treatment with hydrogen peroxide, followed by
laser-based grain size analysis with a Beckman Coulter
LS13320 instrument. The calculation of grain-size param-
eters after Folk and Ward (1957) utilised the GRADISTAT
software (Blott & Pye 2001).

Geochemical analyses included the weight LOI. Oven-
dried (105◦C for 12 h) samples were combusted in a fur-
nace at 550◦C for 4 h. Electric conductivity was deter-
mined in an aqueous slurry consisting of 15 g sediment
in 75 mL deionised water with a glass electrode con-
nected to a Mettler Toledo InLab R©731–2m instrument.
The concentrations of 30 elements were measured with a
portable XRF spectrometer (Niton Xl3t 900 GOLDD; Vött
et al., 2011). Sodium (Na) could not be quantified by XRF
and was determined via atomic absorption spectrometry
(Perkin Elmer A-Analyst 300).

Geochronological Techniques

14C accelerator mass spectrometric (AMS) age determi-
nations based on wood and charcoal were performed
at the Center for Applied Isotope Studies (CAIS) of the
University of Georgia, USA and at the 14Chrono Cen-
tre for Climate, the Environment, and Chronology at the
Queen’s University Belfast, UK. All 14C-dated materials
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Table I Radiocarbon data set. AMS-14C measurements were carried out at the Center for Applied Isotope Studies (CAIS) of the University of Georgia at

Athens, USA (labcode: UGAMS) and 14Chrono Centre for Climate, The Environment, and Chronology at the Queen’s University Belfast, UK (labcode: UB).

For calibration the Calib 7.0 software was used (Reimer et al., 2013).

Sample Labcode Depth (bsf) Material δ13C (‰) Libby-age (a) cal A.D. (1σ) cal A.D. (2σ)

ELA 41/5H UGAMS 8216 1.27 m Wood −27.2 1780 ± 20 228–322 cal A.D. 142–332 cal A.D.

ELA 41/6H UGAMS 8217 1.40 m Wood −29.5 1900 ± 25 77–126 cal A.D. 32–209 cal A.D.

ELA 41/12H UGAMS 8219 4.50 m Wood −24.2 1750 ± 25 248–330 cal A.D. 232–379 cal A.D.

ELA 73/1H UBA-22412 0.33 m Wood −23.4 1120 ± 37 891–974 cal A.D. 777–1013 cal A.D.

ELA 73/8H UBA-22415 1.22 m Charcoal −28.5 1699 ± 29 264–391 cal A.D. 254–407 cal A.D.

bsf, below see floor.

were of terrestrial origin with relatively negative δ13CVPDB

(‰) values (cf. Table I), wherefore a marine reservoir
correction is not needed (McCormac et al., 1994). All ages
were calibrated with IntCal calibration curves using Calib
7.0 software (Reimer et al., 2013) and are presented in
calendar years A.D. with a 2σ range (i.e., 95.4% proba-
bility, Table I).

OSL measurements include determinations of burial
doses and dose rates. The latter were estimated based on
the uranium (U), thorium (Th) and potassium (K) con-
tents in the surrounding material within a ca. 30 cm ra-
dius. U, Th and K were determined via high-resolution
gamma spectrometry. The in situ concentrations of pore
water and OM (determined by LOI) were considered for
dose rate attenuation. The cosmic dose rate contribu-
tion was estimated based on geographic position, alti-
tude above sea level, and burial depth (Prescott & Hut-
ton, 1994). Handling and burial dose measurements of
samples were performed under dimmed red light. Pre-
processing included wet sieving to separate grain-size
fractions of 40–63 μm, as well as chemical pre-treatment
with hydrochloric acid, hydrogen peroxide and sodium
oxalate to remove carbonates, OM and clay. Quartz grains
were selectively preserved via etching in concentrated
hexafluoro silicic acid (H2SiF6). Equivalent dose (De)
measurements on a Risø TL/OSL device with a 90Sr/90Y
beta radiation source, stimulation by blue LEDs (40 s) and

signal detection through a Hoya U340 filter (7.5 mm) fol-
lowed the SAR protocol of Murray and Wintle (2003).
Small aliquots of 1 or 2 mm were measured for all sam-
ples with De-values between 40 and 70, using an empir-
ically selected preheating temperature of 200◦C. The cal-
culation of burial doses was based on aliquots of samples
that passed SAR acceptance criteria in terms of (i) a re-
cycling ratio from 0.85 to 1.15, (ii) <5% recuperation of
De, (iii) a depletion ratio of 0.9 to 1.1, and (iv) a signal-
to-noise ratio above 3. Depending on the degree of signal
resetting, the central age model (CAM) or the minimum
age model (MAM) of Galbraith et al. (1999) were applied,
using empirical σ b-values for young coastal sediments of
15% in case of MAM (e.g., Arnold & Roberts, 2009; Brill
et al., 2012). All ages were calculated with ADELE soft-
ware and reflect a 1σ error (68.3%; Kulig, 2005; Table II).

RESULTS AND INTERPRETATION

Core Stratigraphies

The sedimentary context of Elaia’s underwater structures
was constrained by three sediment cores. Cores ELA 73
and ELA 74 were drilled directly on the archaeological
structures (i.e., walls 2 and 3) between adjacent blocks,
whereas core ELA 41 represents the sediment adjacent to
wall 1 (Figure 2B).

Table II Luminescence data. depth b.s., sampling depth below surface; W, in situ water content; U, uranium; Th, thorium; K, potassium; d. rate, dose

rate; Ø, aliquot size; Na/m, number of accepted/measured aliquots; OD, over-dispersion; Sk, skewness; De(mean), burial dose, a calculated with CAM, b

calculated with MAM. The OSL measurements were carried out in the Cologne Luminescence Lab (CLL).

Location Dosimetry Dose

Sample Labcode

Depth

b.s. [m]

W

[%] U [ppm] Th [ppm] K [%]

d. rate

[Gy/ka]

Ø

[mm] N(a/m)

OD

[%] Sk

De(mean)

[Gy] Age [years] Age [B.C./A.D.]

ELA 74/1 CL-3160 0.22 63 2.6 ± 0.1 12.7 ± 0.7 2.0 ± 0.1 2.3 ± 0.1 1 34/68 32.9 1.9 3.68 ± 0.22 1575 ± 133b A.D. 307–578

2 57/68 24.5 0.6 3.97 ± 0.24 1696 ± 145a

ELA 74/2 CL-3161 0.69 51 3.3 ± 0.2 13.7 ± 0.8 2.1 ± 0.1 2.7 ± 0.1 1 34/42 13.5 0.1 6.60 ± 0.18 2406 ± 164a 558–230 B.C.

ELA 73/1 CL-3156 0.43 45 4.4 ± 0.2 13.6 ± 0.8 2.1 ± 0.1 3.0 ± 0.3 2 33/44 30.9 0.4 5.81 ± 0.47 1944 ± 220b 147 B.C.–A.D. 283

ELA 73/2 CL-3157 0.82 41 3.7 ± 0.2 14.7 ± 0.9 2.2 ± 0.1 3.1 ± 0.3 2 41/56 24.6 1.2 6.19 ± 0.63 1984 ± 240b 213 B.C.–A.D. 270

ELA 73/3 CL-3158 1.42 51 3.0 ± 0.2 14.3 ± 0.9 2.2 ± 0.1 2.7 ± 0.2 1 43/72 36.6 1.2 4.79 ± 0.23 1770 ± 140b 363 B.C.–A.D. 77

2 37/48 21.7 1.4 4.63 ± 0.08 1712 ± 111b
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Sediment Core ELA 41

Core ELA 41 (Figures 2B and 4B) was drilled adjacent
to the northernmost edge of the first underwater wall
(27◦02′19.04′ ′ E, 38◦56′35.34′ ′ N, 0.60 m below present
mean sea level, bsl) and reached a depth of 5.00 m below
sea floor (bsf).

Homogeneous dark grey sand between 5.00 and 1.60
m bsf form unit 1a, with loamy silt being intercalated
from 4.75 to 4.66 m bsf (Figure 4A). The Fe/Na and
Na/K elemental ratios as well as LOI values express only
minor fluctuations, while the electric conductivity tends
to decrease upwards from 15.36 mS/cm at 4.57 m bsf
to 5.87 mS/cm at 1.85 m bsf. Fragments of seagrass
(Posidonia oceanica), wood and charcoal were encountered
throughout the section. Dark greenish grey clayey silts
represent unit 1b above 1.60 m bsf, with the exception of
intercalating brown silty clay at 1.12 to 0.49 m bsf. (unit
2). This special clayey layer is missing in all other sedi-
ment cores described in this paper. In spite of the finer
grain size at more shallow depth, the electric conductiv-
ity drops to a minimum value of 3.91 mS/cm. In addition,
the sodium concentration decreases to negligible values
resulting in low Na/K and high Fe/Na ratios. The finding
of terrestrial plant remains, oxidation spots and lime pre-
cipitations hint to a palaeosol formation under subaerial
conditions.

The cumulative sedimentological, geochemical and
geophysical evidence from core ELA 41 infers deposition
in a shallow marine environment for units 1a and 1b,
which were interrupted temporarily by semi-terrestrial
deposition (unit 2) when dry conditions exposed the
accumulating sediment to terrestrial weathering and
oxidation.

Sediment Core ELA 73

In contrast to ELA 41, sediment core ELA 73 (Figures 2B
and 4B) was drilled through the central debris of under-
water wall 2 (27◦02′08.49′ ′ E, 38◦56′06.81′ ′ N, 0.95 m
bsl) reaching a depth of 2 m bsf. The basal section be-
tween 2.00 m and 1.73 m bsf is homogeneous grey sand
(unit 1a) that is coarser (mean grain size 386 μm), bet-
ter sorted (2.60) and has lower values of LOI (2.16%)
and electric conductivity (3.95 mS/cm) compared to the
rest of the profile. Silty sand between 1.75 and 1.80 m
bsf indicates a depositional environment with temporar-
ily reduced wave energy.

The section between 1.73 m and 0.51 m bsf consists of
grey loamy silt with uniform geochemical and grain size
characteristics that are comparable to those of the un-
derlying stratum. Seagrass (P. oceanica) and mostly frag-
mented marine gastropods occur sporadically. From 0.51

to 0.16 m bsf the silty sediment includes abundant angu-
lar stones (unit 3). In contrast to the underlying sediment,
almost all parameters trend towards the characteristics of
modern sedimentation.

The profile of core ELA 73 indicates sedimentation un-
der shallow marine conditions during deposition of units
1a and 1b. In contrast to core ELA 41, the shallow marine
deposition in core ELA 73 was not interrupted by semi-
terrestrial conditions, which may be due to the greater
distance of ELA 73 from the shoreline. Instead, the blocks
of the underwater structure (unit 3) were placed directly
into shallow water strata.

Sediment Core ELA 74

Core ELA 74 (Figures 2B and 4C) was drilled through
the central debris of underwater wall 3 (27◦02′03.52′ ′

E, 38◦56′02.15′ ′ N, 0.81 m bsl) and reached a depth of
1.00 m bsf. The entire profile consists of grey loamy silt
expressing upward trends of decreasing Ca/K and Ca/Fe
ratios that suggest a declining marine influence. Except
for a thin silty sand layer at 0.35–0.38 m bsf, the grain
size data show little variation. Similar to cores ELA 41
and ELA 73, the lower part of core ELA 74 includes oc-
casional seagrass and marine gastropods. The blocks of
underwater wall 3 extend from 0.35 m bsf to the seafloor
(unit 3).

The profile of core ELA 74 suggests a similar scenario of
sedimentation like core ELA 73. A persistent shallow ma-
rine environment seems to have extended to the time pe-
riod when the blocks of underwater wall 3 (unit 3) were
placed directly into the water.

Geoelectric Cross-Sections

The vertical and horizontal extent of buried parts of the
underwater structures was investigated by cross-sections
of electric resistivity data that ran perpendicular to the
wall structures. A similar application has been successful
for reconstructing the shape and penetration depth of the
breakwater in Elaia’s western harbour (Seeliger et al.,
2013).

Geoelectric Cross-Section of the Western Harbour’s
Breakwater

A 46-m-long geoelectric cross-section was measured on
top of the western breakwater of the closed harbour basin
(cross-section A in Figures 2A and 5A). Using this field
data a resistivity to depth distribution down to a depth of
approx. 5 m bsf was inverted. The boulders of the break-
water are located in the central position of the profile.
The calculated electrical resistivity has a bandwidth of less
than 0.1–2 �m. Low resistivity of ≤0.3 �m at the outer
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Figure 4 Stratigraphical record, facies distribution and chronological classification of cores ELA 41 (A), ELA 73 (B), and ELA 74 (C). For location of the

sediment cores see Figures 2A, B.
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Figure 5 Earth resistivity transects for cross-sections A and B, and coring profiles of ELA 18 and 41 (for location see Figures 2A, B; Seeliger et al., 2013).

The simplified inverse model section of earth resistivity measurements that were carried out by Klein and Erkul in 2010. While A shows the massive

construction of the Hellenistic breakwater which even stopped the coring process at a depth of 3 m, B shows that the wall structures have no solid

foundation at all; coring between two blocks only penetrated fine-grained sediments.

parts of the cross-section near the surface contrasts with
highest resistivity of ≥2 �m in the centre along a zone
of nearly 8 m lateral and 2 m vertical extension between
approx. 2 and 4 m bsf. The measured resistivity values are
low compared with measurements on land because much
of the electrical conductivity in marine environments is
caused by dissolved salts.

Geoelectric Cross-Section of Underwater Wall 2

As a representative example for several measured pro-
files of underwater structures, Figure 5B illustrates a
23 m long geoelectric cross-section along the top of un-
derwater wall 2 (cross-section B in Figure 2B). The cal-

culated electrical resistivity reflects a bandwidth between
0.3 and 3.5 �m down to a depth of approx. 2 m bsf.
The wall structure is located in the central position of the
cross-section about 0.8 m below the present sea surface
and features the highest resistivity ≥3.5 �m. The electri-
cal resistivity decreases concentrically from the centre to
the periphery down to ≤1.6 �m. A dislocated small boul-
der is discernible to the left of the centre. The width and
depth of the structures stretch no more than 1 m.

Geochronology

Samples for dating were taken (i) from sediment be-
low wall structures to establish an upper age limit of
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Figure 6 Luminescence properties. For cores ELA 74 and ELA 73 representative shine-down- and growth curves (A and D), LM-OSL curves (B and E)

and equivalent dose distributions of 1 mm and 2 mm aliquots (C and F) are shown. While a combined dose-recovery-preheat-plateau test is shown for

ELA 74/1 only (G), dose recovery tests with 200◦C (H) and De(t) plots (I) are documented for all samples. S, signal interval; BG, background interval; OD,

over-dispersion; DRR, dose recovery ratio; RR, recycling ratio; DR, depletion ratio.

construction, and (ii) from within building layers to
attempt a direct dating of the construction. Two marine
sediment samples in unit 1 of core ELA 41, directly below
the semi-terrestrial stratum (unit 2), were radiocarbon-
dated (ELA 41/5H and ELA 41/6H, see Table I). Another
14C date from the same core (ELA 41/12H) chronostrati-
graphically constrains the bottom of the profile (unit 1;
Figure 4A). Core ELA 73 features two radiocarbon ages
and three luminescence ages (Figure 4B). OSL sample
ELA 73/1OSL and 14C sample ELA 73/1H provide direct
age estimates for the wall structure (unit 3), whereas OSL
samples ELA 73/2OSL and ELA 73/3OSL, as well as 14C
sample ELA 73/8H were taken from the underlying ma-
rine unit 1. Core ELA 74 provided one luminescence sam-
ple (ELA 74/1OSL) from between the blocks of the wall
(unit 3) and another one (ELA 74/2OSL) from marine
sediment directly below the basement of the wall (unit 1;
Figure 4C).

Luminescence Properties

Quartz grains in cores ELA 73 and ELA 74 generally
show weak luminescence signals of no more than 100–
500 counts (Figure 6). Although the low background of
10–30 counts still allows for De determination even for
small 1 or 2 mm aliquots, individual measurements are
afflicted by relatively large uncertainty. However, in spite
of low sensitivity of quartz grains, linear modulated lu-
minescence (LM-OSL) of samples in cores ELA 73 and
ELA 74 proved the existence of a dominating fast com-
ponent with a photoionisation cross-section of ∼1.15–
1.19 × 10−17 cm2 that is comparable to common empiri-
cal values (e.g., Singarayer & Bailey, 2003). More or less
constant luminescence signals with increasing illumina-
tion time in De(t) plots indicate that the fast component
is thermally stable (e.g., Bailey, 2003) and may be used
for equivalent dose determination.
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Dose recovery tests performed on all samples yield ra-
tios of measured dose versus laboratory dose of 0.96 ±
0.09 to 1.04 ± 0.13 (n = 4) and hence indicate that the
applied SAR protocol for luminescence dating of quartz
from both cores is appropriate. Although signal recov-
ery was not significantly influenced by the temperature
of preheating, combined tests of dose-recovery and pre-
heating plateau revealed that performance of the SAR
protocol is best for low preheating temperatures, in ac-
cordance with other studies on young marine sediments
(e.g., Kiyak & Canel, 2006; Brill et al., 2012). A pre-
heating temperature of 200◦C was adopted for all routine
measurements.

In case of core ELA 74, aliquots of 1 mm were favoured
over 2 mm aliquots for De determination, since smaller
aliquots are more appropriate to detect partial bleaching
(Duller, 2008). Weaker signals in core ELA 73 from 1 mm
aliquots with unacceptably large errors and high rejection
rates prompted the use of 2 mm aliquots for De deter-
mination. Generally, two types of De distributions were
observed: (i) Samples ELA 74/1OSL, 73/1OSL, 73/2OSL
and 73/3OSL yielded significantly positively skewed (1.2
to 1.9) and over-dispersed (OD = 21.7 to 32.9) De dis-
tributions, as well as significantly higher De values and
lower scatter for 2 mm aliquots compared to 1 mm
aliquots (e.g., for ELA 74/1OSL), and point to incom-
pletely bleached signals during deposition, prompting the
use of MAM. (ii) Sample ELA 74/2OSL revealed normally
distributed (skewness = 0.1) De values with low over-
dispersion (OD = 13.5), indicating complete resetting of
the luminescence signal and allowing for the use of CAM
for calculating the burial dose.

Chronostratigraphy

A radiocarbon-dated fragment of wood at 4.50 m bsf
in sediment core ELA 41 (Figure 4A) yielded an age of
232 to 379 cal A.D. for the base of the marine deposits
(unit 1) reached in this core. Since core ELA 41 was
drilled adjacent to underwater wall 1 (Figure 2B), the
core lacks direct evidence of the wall structures (unit 3),
such as bricks or stone fragments. However, considering
the results of the geoelectric cross-section along profile B
(Figure 5B), the underwater structures do not penetrate
the sediment to depths of more than 1 m. Thus, the
brown silty clay of unit 2 seems to be related to be related
to the construction of the walls. The two 14C-dated frag-
ments of wood from the top of unit 1 at 1.27 m bsf (sam-
ple ELA 41/5H) and at 1.40 m bsf (sample ELA 41/6H),
that is, immediately below unit 2, are indicating a maxi-
mum age estimate for the underwater structures. Sample
ELA 41/6H yielded an age of 32 to 209 cal A.D., whereas

sample ELA 41/5H dates from 142 to 332 cal A.D. (Ta-
ble I).

Core ELA 73 (Figure 4B) is chronologically constrained
by five ages (Tables I, II). Marine sediments of unit 1
have been dated by two luminescence samples at 1.42 m
bsf (sample ELA 73/3OSL) and 0.82 m bsf (sample ELA
73/2OSL) and by a radiocarbon-dated piece of charcoal
at 1.22 m bsf (sample ELA 73/8H). The three dates yield
maximum ages for the underwater structure of 363 B.C.
to 77 A.D., 213 B.C. to 270 A.D., and 254–407 cal A.D.,
respectively. Direct age information for the emplacement
of the wall structures is provided by a third OSL sample
at 0.43 m bsf (sample ELA 73/1OSL) with an age of 147
B.C. to 283 A.D., and by a fragment of 14C-dated wood at
0.33 m bsf (sample ELA 73/1H) implying an age of 777 to
1013 cal A.D.

The underwater structure documented in sediment
core ELA 74 (Figure 4C) is chronologically constrained by
two luminescence ages. A first OSL sample from the ma-
rine deposits at 0.69 m bsf (unit 1b) yields a maximum
limiting age of 558–230 B.C. (sample ELA 74/2OSL), and
a second luminescence date (sample ELA 74/1OSL) from
0.22 m bsf (unit 2) provides a direct age of 307–578 A.D.
for underwater structure 3 (Table II).

DISCUSSION

Time of Construction

Geochronological results from core ELA 41 and geoelec-
tric profile B (Figures 2B and 5B) suggest the construc-
tion of the walls to have occurred shortly after 142–332
cal A.D. (Figure 7) during the Roman Imperial to the
Late Antique period or later. The lowermost 14C age of
232–379 cal A.D. (sample ELA 41/12H) is somewhat con-
fusing. Acceptance of all three 14C ages would mandate
rapid sedimentation during the 3rd and 4th century A.D.,
which could be explained by increased sediment load of
the Kaikos (Bakır Çay) due to intensified farming in its
catchment area (Pirson, 2009, 2010). Unfortunately, no
research concerning the late Holocene evolution of the
delta has been carried out to date.

The interpretation of core ELA 74 (Figures 2B and 7)
leads to similar results, indicating that the walls could
have been built in the Late Antique period. According to
the OSL age of sample ELA 74/1OSL, the sediment be-
tween the blocks of the walls (unit 3) was deposited be-
tween A.D. 307 and A.D. 578 (Figure 7). Thus, the erec-
tion of the walls during the Late Antique period seems
to be most likely. With an age of 558–230 B.C. (sam-
ple ELA 74/2OSL), the depositional age of the shallow
marine sediments immediately below the wall structure
(unit 1) is in agreement with the assumed age of the
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Figure 7 Synoptic chronostratigraphy of cores ELA 41, 73 and 74 (based on all measured OSL- and 14C-ages) with age estimates for the time of wall

construction (shaded areas). Probability II is drawn in dark blue cause it is the most likely time for the erection. Full colour shading was used for ages

gained out of the wall section whereas shaded colours were used for limiting ages gained out of the marine substratum. Note that a re-use of parts of the

installation is also a possible explanation for the age scatter.

structure and with results from other cores in the Bay of
Elaia (Seeliger et al., 2013). Core ELA 74 features a more
moderate sedimentation rate to the higher sedimentation
rate of core ELA 41. It is likely that the sedimentation rate
at the site of core ELA 74 was significantly less affected by
the prograding Bakır Çay delta (Figures 1A and 2B).

In contrast to the similar interpretations of ages of the
underwater walls based on cores ELA 41 and ELA 74, the
interpretation of core ELA 73 (Figures 2B and 7) is more
complicated. Although all three luminescence ages are in
stratigraphically correct order, they are in conflict with
the radiocarbon ages from the same profile, as well as
with the chronostratigraphies of cores ELA 41 and ELA 74
(Figure 7). Three different interpretations are possible if
only information from core ELA 73 is taken into account
(Figure 7):

(i) If the luminescence ages are correct, the date of 147
B.C. to A.D. 283 from the lower part of unit 3 (sample
ELA 73/1OSL), as well as the limiting ages of 363 B.C.
to A.D. 270 from unit 1 (samples ELA 73/2OSL and
ELA 73/3OSL) point to wall construction in Hellenistic
to Roman Imperial times.

(ii) Acceptance of the lowermost 14C age (sample ELA
73/8H) makes the wall structure younger than 254–
407 cal A.D. The origin of the 14C sample from nearly
the same depth (1.22 m bsf) as samples ELA 41/5H
(1.27 m bsf) and ELA 41/6H (1.40 m bsf) provides ages
completely in agreement with the chronology of this
core.

(iii) Acceptance of the uppermost 14C age from within unit
3 (sample ELA 73/1H) dates the construction of wall 2
to A.D. 777–1013 A.D., that is, the Middle Byzantine
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times. However, this is significantly younger than
postulated on the basis of cores ELA 41 and ELA 74,
and relocation of the dated fragment of wood by wave
action or during the coring process cannot be excluded.

Considering the fact that cores ELA 41 and ELA 74 are
both pointing to a construction of the walls within the
4th to 6th centuries A.D., we consider the second inter-
pretation to be the most likely one. The slightly older
construction date of 147 B.C. to A.D. 283 proposed by
the first interpretation might be influenced by inadequate
assessment of partial bleaching due to insensitive sam-
ples and their weak luminescence signals. The third in-
terpretation can be excluded if we assume relocation of
the dated plant material. However, it is also possible that
the wall structures 1 to 3 are not strictly contempora-
neous, and that the underwater wall 2 is slightly older
than structures 1 and 3. Nevertheless, the preponderance
of the combined information and geochronological data
of all three cores indicate a construction of the walls be-
tween the 4th and 6th centuries A.D. (Figure 7).

The Purpose of Elaia’s Underwater Walls

What was the function of the underwater
structures?

Most harbour infrastructures, such as shipyards or break-
waters, rely on a solid foundation to withstand heavy
wave action during storms. The foundation of shipyards
needs to support the weight of additional installations and
ships. The closed harbour’s western breakwater is an ex-
ample of solidly constructed marine installations built in
Hellenistic times (Figure 5A; Seeliger et al., 2013). The
8 m wide and 2 m thick foundation of the breakwater
is clearly visible in geoelectric cross-section A as indi-
cated by high values of electric resistivity (red colours in
Figure 5A). The foundation is gently sloping towards
the sea, whereas its harbour side shows a sharp edge
with a precipitous drop to facilitate the mooring of ships
(Figure 5A). The anthropogenic character of the break-
water’s foundation was confirmed by sediment core ELA
18 (Figure 5A; Seeliger et al., 2013) featuring mainly
rounded and angular stones, ceramics, remains of P.
oceanica and shell debris. Based on fragments of pottery
and ceramics, the structure was dated to the Hellenistic
to Roman era (Seeliger et al., 2013). Massive boulders
stopped the coring progress at a depth of 3 m.

In contrast to the above mentioned, the geoelectric
profile B (Figure 5B) shows that Elaia’s underwater wall
structures are far smaller in size and are limited to ap-
proximately 1 m depth and 1 m width (Figures 2B and
5B; note the different scales of the depths axis). The lack
of any extended foundation was documented by core

ELA 41 (Figure 4A, 5A) and by nine sediment cores
that explored the sedimentary context of the underwa-
ter structures (Figure 2B). Furthermore, the absence of
dowels to fixate and link adjacent blocks indicates that
the walls are lacking robust construction. We conclude
that a utilisation as harbour infrastructures, shipyards,
breakwaters or other solid structures can be excluded.
An interpretation as piscinae—artificial fish ponds—is also
improbable as those installations are by far smaller, of
another layout and a different building technique than
the wall structures in the Bay of Elaia (Higginbotham,
1997; Grüner, 2006; Evelpidou et al., 2012; Morhange
et al., 2013). Plus, considering the palaeo-ecologic setting,
anoxic conditions with the emission of hydrogen sulphide
(H2S) would have endangered fish farming.

Instead, similar walls have been found at several other
places along the shores of the Mediterranean for com-
partmentalisation of evaporative ponds within marine
salt works (Figure 2B). The construction design has
changed little from Antiquity to modern times (Traina,
1992; Thonemann, 2011; Asencio, 2013). Additionally,
the contemporaneous occurrence of semi-terrestrial con-
ditions (unit 2 in core ELA 41; Figure 4A) in parts of the
bay fits well with the assumption of salt works that would
have worked only in shallow water conditions. Salt works
in a shallow marine area rely on ponds that can be inter-
mittently flooded with sea water, followed by pond clo-
sure, evaporation of sea water and harvesting of sea salt.
It is known that sediments of former brines or salt pits are
characterised by a higher level of calcium and magnesium
compared to adjacent natural soil (Flad et al., 2005). Most
probably due to leaching caused by constant water cover-
age over the last centuries this was not preserved in the
sediments of the salt works of Elaia.

In the Bay of Elaia the former, typically rectangular
wall structures of ancient salt works have mostly disap-
peared probably due to intentional clearing, demolition
or recycling of building blocks and/or due to the weath-
ering and destruction by wave action after the desertion
of the site. Today’s drowned position of the structures
is incompatible which functional salt works, but can be
explained by relative sea level rise or the impact of sub-
sidence caused by eustatic, tectonic and geomorphologi-
cal factors in this earthquake-prone area (Vött, 2007). At
Elaia, the relative sea level has risen by approximately
1.67 m since the construction of the closed harbour’s
breakwater in Early Hellenistic times (Seeliger et al.,
2013). Moreover, it may be assumed that the blocks have
sunken into the soft substratum beneath them, especially
during strong seismic events which can cause liquefaction
of underlying, water-logged and unconsolidated sedi-
ment (Figure 3). Since most of the walls were demolished
by human impact or partly destroyed by wave action
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their functional height cannot be reconstructed precisely;
thus, it is impossible to use the walls as reliable sea level
markers.

Does the historical background support the
assumption of salt works in Elaia?

Dietary salt intake is essential for humans, especially in
the warm Mediterranean climate. Salt is also needed
for the well-being of livestock. Pre-modern societies fre-
quently relied on salt for the preservation of food such
as meat, cheese and fish. Literary sources of the Greek
and Roman periods testify to the widespread use of salt
(Blümner, 1920; Moinier, 2011). Up to the 19th century,
the production of salt was limited to sea salt, mining, salt
lakes and saline springs. Salt from the sea was best ex-
tracted in shallow coastal areas with hot climatic condi-
tions. Although the climate in the Mediterranean is ideal
for much of the year, there are only few favourable lo-
cations for the production of sea salt along its shorelines
(Giovannini, 2000; Di Rita, Celant, & Magri, 2010). The
shallow Bay of Elaia with its small tidal range of approx-
imately 20 cm (Seeliger et al., 2013) was eminently suit-
able for the production of sea salt.

In the beginning of the 5th century A.D. the Roman
magistrate Rutilius Namatianus describes salinae at Vada
Volaterrana along the Etruscan coast of northern Italy
(Rutilius Namatianus, De reditu suo, 470–475). Similar
to the Bay of Elaia, the maritime topography of this Etr-
uscan town is characterised by an alluvial plain deposited
by two rivers. Vada Volaterrana’s salt works were located
near a salt marsh and represented a system of numerous
canals and ponds that seems to resemble the layout of the
almost contemporary salt works in the Bay of Elaia. The
latter were probably built soon after the rapid aggrada-
tion of parts of the bay between the 3rd and 4th century
A.D. replacing the newly evolved salt marshes. The salt
works’ construction was straight forward and economical
with parallel rows of re-used ashlars and a fill of smaller
stones in between, obviating the need for any foundation
or substructure.

In Late Antiquity and Early Byzantine times of the 5th
and 6th centuries the usage of the salt works in the Elaia
region may have declined. In those days the population
of Elaia shrank dramatically and most of the former farm-
land lay fallow. Elaia and its salt works were eventually
abandoned and the Elaians seem to have founded a more
secure settlement further inland in the area nowadays
called Püsküllü Tepeler. The new settlement was sepa-
rated from the sea by the foothills of the Bozyertepe, a
mountain ridge that separates the Bay of Elaia from the
Kaikos delta area (Pirson, 2010).

After having lain fallow for several centuries, the salt
works seem to have been revived in the Late Byzantine
period of the 13th century, as witnessed by a rectangu-
lar building approx. 40 m long and 20 m wide that was
located on the western foothills of the Bozyertepe, at a
short distance to the north-west of the Bay of Elaia (Pir-
son, 2009). The building is oriented towards the sea, and
the approx. 1.4 km distance to the salt works could be
covered easily by crossing the salt marsh (Pirson, 2009).
Written sources of the 13th century describe similar salt
works in the estuary region of the Büyük Menderes
River near ancient Miletus that were in possession of the
monastery of the island of Patmos (Thonemann, 2011).

Nothing is known from literature about the possible
use of the salt works in Elaia during the subsequent Ot-
toman period. Production of salt in the Bay of Elaia was
reported in the early 19th century by Prokesch von Osten
(1837) while travelling from Pergamum to Smyrna (mod-
ern: Izmir). He observed salt works and piles of salt in the
marshland area in the vicinity of the ancient city. In ad-
dition, expansive salt works are operating in the region
today, for example in the coastal zone of Ayvalık north
of Kaikos area (Seeliger, Bartz, & Brückner, 2012).

CONCLUSIONS

The area of the later underwater walls had been part
of a shallow marine embayment when Elaia was pros-
pering under the rule of the Pergamenians in Hellenistic
and early Roman Imperial times. The water depth must
have been sufficient for typical Hellenistic and later Ro-
man ships—most maritime vessels did not require wa-
ter depths in excess of 1.60 m—to reach the harbour
of ancient Elaia (Coates, 1987; Beltrame & Gaddi, 2007;
Marriner & Morhange, 2007; Auriemma & Solinas, 2009;
Boetto, 2010; Seeliger et al., 2013). Increasing settlement
activities in the hinterland seems to have caused progra-
dation of the Bakır Çay delta and began filling the Bay of
Elaia with sediment from a westerly direction since the
turn of the eras. As a result, water depth decreased and
a salt marsh developed (Brückner, Knipping, & Seeliger,
2010; Pirson, 2010; Seeliger, Bartz, & Brückner, 2012).
Although this development was a disadvantage for ship-
ping and trade, it offered an opportunity for the produc-
tion of economically valuable sea salt.

Therefore, the underwater wall structures detected in
the Bay of Elaia are best interpreted as the remains of salt
works. Detailed geophysical and geoarchaeological sur-
veys proved them to consist of blocks with a width and
depth of maximally 1 m each. The walls cannot have
functioned as breakwaters, piers, wharfs or any other
kind of durable construction that would have needed
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to occasionally resist rough wave action during storms.
The construction design, building technique, size and the
palaeo-ecologic setting exclude a usage as fish tanks.

According to 14C and OSL age estimates and in agree-
ment with archaeological data, the walls were installed
between the 4th and 6th centuries A.D. Blocks from
demolished city buildings were recycled and emplaced
into the salt marsh in the south-west of the bay to con-
struct architecturally simple walls without foundation.
The walls delineated and compartmentalised evaporation
ponds as part of salt works. In Early Byzantine times
the city of Elaia declined and was eventually abandoned,
most probably because (i) the harbour’s functionality be-
came too limited, and (ii) a more secure settlement was
established further inland.

Within the uncertainty of applied geochronological
dating methods of this study, it is possible that not all
of the wall structures have been built simultaneously.
A later (re-)use and maintenance of some parts of salt
works is probable as well. The eventual drowning of the
walls, which makes them useless for salt works, can be
attributed to eustatic sea level rise during the last ca.
1500 years, to tectonic subsidence, and to partial sinking
of heavy building blocks into unconsolidated sediment
when severe earthquakes may have caused sediment liq-
uefaction.

Summing up, salt production in the region of ancient
Elaia can be stated for the time soon after A.D. 300 up
to the 5th or 6th centuries A.D., as well as for the 19th
century A.D. The salt-works of the Late Antique period
supplied Elaia, its immediate surroundings as well as the
city of Pergamum with salt. There are hints given that
the salt production was also in use during Late Byzantine
times.
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Kırcı-Elmas, E., Yılmaz, I., Bulkan, Ö., Ongan, D.,
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Grüner, A. (2006). Architektur und Ästethik römischer
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A B S T R A C T

Elaia, the harbour city for ancient Pergamon (western Turkey), was investigated using geoarchaeological methods. The
rise and fall of Elaia were closely linked to the flourishing period of Pergamon, which ruled wide parts of today's western
Turkey in Hellenistic times. In the framework of this research, the palynological analysis of a 9 m sediment core, Ela-70,
retrieved from the enclosed harbour of the city, was carried out to reconstruct the vegetation and environmental history
of the wider Gulf of Elaia region. An age-depth model, based on 11 calibrated radiocarbon ages, starting from 7.5 ka
BP, provides the basis for the high resolution study of sediments from the Hellenistic period, as well as before and after.
The lower part of the pollen diagram is characterised by high percentages of deciduous oaks and pines, suggesting the
dominance of open forests close to the coring site. The change from oak forests to a cultural landscape, with olive, pis-
tachio, walnut, and grape, started around 850 BC, reaching a maximum ca. 250 BC, and continuing to ca. AD 800. This
period is characterised by increase of fire activity, soil erosion intensity, and pastoral farming. Such long-lasting intensive
land use likely led to the climax ecosystem turnover from open deciduous oak forests to pine stands, while salt marshes
developed around the coring site. The discovery of the dinoflagellate cyst of Peridinium ponticum, a Black Sea endemic
species, in the harbour of Elaia evidences maritime trade between the Aegean Sea and the Black Sea during the time
of the Mithridatic Wars (1st century BC). In conclusion, palynological data, in addition to historical and archaeological
records, provide a deeper insight into human/environmental interactions, as derived from the geoarchaeological archive
of the harbour of Elaia.

© 2016 Published by Elsevier Ltd.
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1. Introduction

Today, the hills of Zeytındağ (Turkish for olive mountain) and the
area surrounding Elaia are covered with olive groves (Fig. 1), playing
an important role in the regional economy. Linguistic and numismatic
evidence attests to the importance of olive oil production at Elaia in
antiquity. Even the name of the city “Elaia” means “oily” in local
Luwisch and “olive” in Greek (Pirson, 2004). On the reverse side of
coins from Elaia, minted from the 5th/4th century BC until Roman pe-
riod, olive branches are depicted (Fig. 2b). Elaia has been famous for
its olives for centuries, but there are no historical records that bear wit-
ness to the onset of olive cultivation.

Archaeological records reveal a continuous occupation of the Elaia
region since prehistoric times (Fig. 1b). Ceramics from Elaia indi-
cate settlement activities from the early Bronze Age (Knitter et al.,
2013; Pirson, 2007, 2008), while ancient historical accounts provide

∗∗ Corresponding author. Department of Palynology and Climate Dynamics,
Georg-August-University Göttingen, Göttingen, Germany.

very little information about Elaia. Strabo (2005) attributes the foun-
dation of the city to Menestheus in the context of the Trojan War
(Pirson, 2004). Later, Elaia paid the lowest tributes to the Athen-
ian-dominated Delian League (454–425 BC; Pirson, 2004). However,
the city gained fame during the period of the Pergamenian Empire
(282–133 BC), when it was a naval station for the Pergamenian fleet
and was important for military transport and trade, especially during
the flourishing period of the Pergamon (Pirson, 2014).

Pergamon, the capital of the Pergamenian Empire, was located on
a 330 m high hill on the Kaikos plain at a distance of 26 km to the
sea, which provided a perfect defensive position for the city. However,
the lack of direct access to the sea restricted traffic and trade. Being
the capital city, Pergamon was in need of a harbour, which was con-
structed in the nearby Elaia (Pirson, 2004). In 133 BC the Pergamen-
ian Empire came under Roman rule (Pirson and Scholl, 2015). During
Roman and Byzantine times, historical documents from the region are
very sparse, indicating the shrinking role of Elaia. The long period of
human occupation had a continuous impact on the environment, form-
ing a cultural landscape.

http://dx.doi.org/10.1016/j.quascirev.2016.07.014
0277-3791/© 2016 Published by Elsevier Ltd. 96
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Fig. 1. Location of the ancient city of Elaia: a) Elaia's position in western Anatolia (ancient settlements in italics); b) archaeological sites of the region around Elaia and Pergamon
(based on Horjes, 2010); c) view from Yuntdağ Mts. on the Gulf of Elaia and olive groves (photo: M. Seeliger, 2010).

In order to reconstruct the environmental changes in the Elaia re-
gion, corings were carried out in the Bay of Elaia and in the so-called
closed harbour (Seeliger et al., 2013). Ancient harbour basins are of
particular geoarchaeological interest, because, as economic centres
and points for naval navigation, they are important archives of geo-
logical, biological, and archaeological information that can be amalga-
mated in multi-temporal landscape scenarios (Morhange et al., 2014).
Based on corings around and within the harbours of Elaia, the paleo-
geographical (Seeliger et al., 2013) and hydrological (Pint et al., 2015)
changes can be reconstructed (Fig. 2a). In this paper, we present a
model for environmental change based on the palynological analysis
of the core Ela 70 from the basin of the harbour of Elaia.

2. Geographical settings

The Gulf of Elaia is located south of the Bakır Ҫay delta (transl.:
“Copper River”, ancient name “Kaikos”) between the granitic moun-
tain ranges of Karadağ to the west and Zeytindağ to the east. During
the late Miocene, the westward drift of the Anatolian Plate formed
several E-W-oriented rift structures, such as the Bergama graben and
Zeytindağ graben, which later were filled with sediments of the Bakır
Ҫay (Seeliger et al., 2013; Schneider et al., 2015).

The Bergama region experiences the climate of the summer-dry
subtropics, with hot and dry summers, and mild and humid winters
(Csa climate, according to the Koeppen and Geiger classification;
average annual precipitation: 755 mm; average annual temperature:
16.1 °C, with 6.1 °C in January and 26.1 °C in July; Meyer and Aksoy,
1986).
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Fig. 2. The enclosed harbour of Elaia: a) position of shoreline ∼2500 BC, 300 BC, and AD 500 according to Seeliger et al., 2013 (location of coring site Ela-70 is indicated; b) coins
from Elaia showing two olive branches (Classical epoch, late 5th – 4th cent. BC) (www.pecunem.com).

According to the maps of the supposedly natural vegetation
(Quezel and Barbero, 1985; Zohary, 1973), the vegetation around

Elaia belongs to Mesomediterranean or Eu-Mediterranean zone, with
Quercetalia ilicis formations, including evergreen (Quercus coc
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cifera) and deciduous (Quercus infectoria, Quercus macrolepis) oaks,
and Pistacio-Rhamnetalia formations in coastal areas. Both forma-
tions are of the macchia-type, with numerous species such as Pista-
cia terebinthus, Rhamnus alaternus, Cistus, Arbutus andrachne, Er-
ica arborea, Myrtus communis, Olea, Phillyrea, Laurus, and Junipe-
rus (Hütteroth and Höhfeld, 2002; Walter, 1956; Zohary, 1973). Pinus
brutia forests occupy lowlands to the northeast and east from Elaia.
Supramediterranean or Oro-Mediterranean formations include Quer-
cus cerris, Quercus frainetto, and Quercus ithaburensis on non-cal-
careous or alluvial soils, and Ostrya carpinifolia, Carpinus orientalis,
and Quercus pubescens on calcareous soils. Native Pinus pinea ap-
pear north of Bergama in the Kozak Mountains. Fagus orientalis and
Abies equi-trojani represent southern outposts of Euxinian forests in
the Kaz Mountains (Meyer and Aksoy, 1986). Riverine forests are
formed by Platanus orientalis, Alnus, Fraxinus angustifolia, Salix, Vi-
tex agnus-castus, and Nerium oleander.

At present, the marginal parts of the Bay of Elaia are silted-up;
they are covered with salt marshes consisting of salt-tolerant Amaran-
thaceae, such as Salicornia sp. and Atriplex sp. The area of Elaia is
intensively used for olive groves (Fig. 1c) and cereal fields. In gen-
eral, due to the intensive exploitation of the natural vegetation for
agriculture, pasture, and lumbering over the past several millennia,
only patches of semi-natural vegetation have survived today between
the cultural landscapes. Depending on the intensity of anthropogenic
pressure at a given locus, the degraded natural vegetation occurs as
semi-natural forests, bushes, or macchia between agricultural and ur-
ban areas (Hütteroth and Höhfeld, 2002).

3. Historical and archaeological context

During the time span 2006–2011, an archaeological survey was
conducted in the area of ancient Elaia, which was part of an inter-
disciplinary research project headed by Felix Pirson, Director of the
DAI's Istanbul branch (German Archaeological Institute). The aim of
the survey was to gain more insight into the settlement history of the
Hellenistic-Roman city and its surroundings as a sub-centre of Perga-
mon. The multi-disciplinary project integrated archaeological and ar-
chitectural surveys, small-scale excavations, as well as the applica-
tion of geophysical and geoarchaeological methods. The settlement
phases were dated based on an intensive ceramic survey within the
city. Smaller settlements and farmsteads where detected during sur-
vey, collectively covering an approximately 5 km area around the city
(Pirson, 2014). Excavations in parts of a Hellenistic cemetery and in a
late Classic/early Hellenistic grave mound (tumulus) both to the north
of Elaia enhanced our knowledge of the ancient settlement (Pirson,
2008, 2009).

Archaeological surveys have shown that the Kaikos valley was set-
tled since prehistoric times (Fig. 1b; Horjes, 2010). Excavations at
Yeni Yeldeğirmentepe demonstrated the cultural connection of this
tell with Troia I and Ҫukuriҫi IV, suggesting the foundation of the
settlement at the end of the 4th to the first half of the 3rd millennium
BC (Pirson, 2009). In Elaia, the earliest ceramics date from the late
Chalcolitic/Early Bronze Age (∼3000 BC), and persist, reaching their
maximum density during the Hellenistic-Roman period with the dom-
inance of material from Pergamon (Pirson, 2009, 2014). In the mid-
dle of the 3rd century BC, the infrastructure of Elaia was greatly en-
hanced. The enclosed harbour basin and an open harbour zone with
ship sheds were erected as well as a fortification wall surrounding the
settlement (Pirson, 2014). During that time, farmsteads were estab-
lished in the immediate vicinity of the city. To the north, north-east,
and south of Elaia, cemeteries flanked the main roads in and out of
the city. In the late Roman period the city declined, as demonstrated
by the sparsity of archaeological material. In early Byzantine times,

Elaia was abandoned for a more inland settlement on the so-called
Püsküllü Tepeler – most probably in fear of pirate attacks (Pirson,
2009, 2010, 2014). For the middle and late Byzantine periods the ar-
chaeological record reveals that the area was populated only sparsely
by minor farmsteads – neither Elaia nor the settlement on the
Püsküllü-Tepeler were still inhabited.

4. Material and methods

4.1. Geoarchaeological field-work

In 2008–2012, several cores were collected in the environs of an-
cient Elaia by the geoarchaeological research project (Seeliger et al.,
2013, 2014). Core Ela-70 was extracted from within the silted-up
basin of the enclosed harbour (Fig. 2a; coordinates: 38.94315° N;
27.038622° E; core length: 9 m; coring device: Atlas Copco Cobra TT
vibracorer; closed steel auger heads with opaque 1 m long PVC inliner
tubes; external diameter: 5 cm).

All coring sites were levelled with DGPS (Leica GPS System 530;
accuracy of ≤2 cm in all three dimensions). The altitudes are refer-
enced to present sea level (Seeliger et al., 2013, 2014). They are stated
in m a.s.l. (m above present sea level) and m b.s. (m below present ter-
rain surface at the coring site).

4.2. Chronology

The chronology is based on AMS-14C age estimates (for details see
Table 1). The ages are presented in years cal BP and in calendar years
BC/AD with a 2σ confidence interval (Table 1). Since the spatio-tem-
poral variation of the marine reservoir effect for the Aegean Sea is still
not well known, 14C-ages of marine carbonates should be interpreted
carefully. To estimate the sedimentation rate of the core, an age vs.
depth plot was calculated using the clam module of R (Fig. 3; Blaauw,
2010).

4.3. Sedimentology and geochemistry

Multi-proxy laboratory analyses were conducted (cf. Ernst, 1970;
Rae, 1997; Vött et al., 2002, 2011; Brückner et al., 2006; Niwa et
al., 2011; Kelterbaum et al., 2012; Seeliger et al., 2013; Hadler et al.,
2013). Samples were air-dried, ground with mortar and pestle, and
sieved to separate the ≤2 mm grain size fraction for further analyses
(Fig. 4).

The organic content was decomposed using hydrogen peroxide
(H2O2), followed by laser-based grain size analysis with a Beckman
Coulter LS13320 device. For the calculation of grain-size parameters
after Folk and Ward (1957), the GRADISTAT software (Blott and
Pye, 2001) was applied.

XRF analysis was done with an Itrax Core Scanner (Cox ana-
lytic system; exposure time of 10 s; element rage Al to Pb; resolution
2 mm; Croudace et al., 2006). Measurements of the electrical conduc-
tivity were performed in an aqueous solution consisting of 15 g of sed-
iment and 75 ml distilled water with a glass electrode (Mettler Toledo
InLab®731-2m) (Beck et al., 1995).

4.4. Palynology

A total of 42 subsamples were collected from sediment core
Ela-70, at 10–40 cm intervals. The laboratory treatment included dem-
ineralization with cold hydrochloric acid (10%), followed by cold hy-
drofluoric acid (70%) overnight, then sieving at 1–2 μm nylon mesh
using ultrasound bath (less than 1 min). Acetolysis (Erdtman, 1960)
was avoided because it destroys peridinoid dinoflagellate cysts.
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Table 1
AMS-14C data of sediment core Ela-70. UGAMS: Centre for Applied Isotope Studies (CAIS), University of Georgia at Athens, USA; UBA: 14Chrono Centre for Climate, the Envi-
ronment, and Chronology, Queen's University Belfast, UK; ERL: AMS C14-Labor Erlangen, University Erlangen-Nürnberg, Germany. Sample Ela70/395: enriched terrestrial pollen.
Depending on the δ13

CVPDB value each sample was calibrated either using the IntCal13 or MARINE13 calibration curve of the recent Calib 7.1 software (Reimer et al., 2013), with a
marine reservoir effect of 390 ± 85 years and a ΔR of 35 ± 70 years (Siani et al., 2000). The 2σ confidence interval is presented.

Sample
codes Lab code Material

Depth
b.s.

d13C
(‰) Libby-age

Calibrated 14C ages
cal BC/cal AD (2σ)

Calibrated 14C ages cal BC/
cal AD (2σ) with relative
probability

Calibrated 14C
ages cal BP (2σ)

Calibrated 14C ages cal BP
(2σ) with relative
probability

Ela 70/
190

UBA-23841 wooden
piece

1.90 m −26,1 1730 ± 29 AD 244–385 AD 244–385 (100%) 1565–1706 BP 1565–1706 BP (100%)

Ela 70/
250

UBA-23840 wooden
piece

2.50 m −27.3 1699 ± 29 AD 254–407 AD 254–303 (23%) AD
314–407 (77%)

1543–1696 BP 1543–1636 BP (77%)
1647–1696 (23%)

Ela 70/
275

UBA-23839 wooden
piece

2.75 m −28.1 1772 ± 29 AD 139–341 AD 139–198 (10.5%) AD
207–341 (89.5%)

1609–1811 BP 1609–1743 BP (89.5%)
1752–1811 BP (10.5%)

Ela 70/
377

UGAMS-11130 charcoal 3.77 m −27.0 1960 ± 30 39 BC–AD 120 39 BC–AD 87 (96.3%) AD
105–120 (3.7%)

1830–1988 BP 1830–1845 BP (3.7%)
1863–1988 BP (96.3%)

Ela 70/
395

ERL-18675 terr.
pollen

3.95 m −26.0 2253 ± 42 398–204 BC 398–340 BC (33.3%)
327–204 BC (66.7%)

2153–2347 BP 2153–2276 BP (66.7%)
2289–2347 BP (33.3%)

Ela 70/
457

UGAMS-11131 seaweed 4.57 m −18.2 2680 ± 30 650–181 BC 650–181 BC (100%) 2130–2599 BP 2130–2599 BP (100%)

Ela 70/
480

UBA-23837 seed 4.80 m −8.2 2659 ± 31 895–794 BC 895–867 BC (10.5%)
858–794 BC (89.5%)

2743–2844 BP 2743–2807 BP (89.5%)
2816–2844 BP (10.5%)

Ela 70/
585

UBA-23836 seaweed 5.85 m −12.7 4274 ± 34 2597–2155 BC 2597–2155 BC (100%) 4104–4546 BP 4104–4546 BP (100%)

Ela 70/
672

UGAMS-11132 seaweed 6.72 m −17.7 5920 ± 30 4529–4203 BC 4529–4203 BC (100%) 6152–6478 BP 6152–6478 BP (100%)

Ela 70/
695

UBA-23835 seaweed 6.95 m −12.7 6616 ± 37 5316–4948 BC 5316–4948 BC (100%) 6897–7265 BP 6897–7265 BP (100%)

Ela 70/
782

UGAMS-11133 bivalve 7.82 m −0.7 7040 ± 30 5690–5421 BC 5690–5421 BC (100%) 7370–7639 BP 7370–7639 BP (100%)

Fig. 3. Age-depth model of the sediment core Ela-70.

One tablet with a known number of Lycopodium spores (Batch num-
ber 1031) was added at the beginning of the preparation in order to
calculate the concentration of microfossils (Stockmarr, 1971). Pre-
pared subsamples were stored in glycerin and counted under 400× or
1000× magnification. As long as there were sufficient pollen concen-
tration, counts of 300–500 pollen grains per sample were made; in
case of low concentration (<800 cm3), pollen grains were counted up
to 100. Pollen identification and taxonomy follows Beug (2004) and
Moore et al. (1999). Beside pollen and plant spores, non-pollen paly

nomorphs (NPP), including fungal spores, animal remains and di-
noflagellate cysts as well as charcoal particles, were identified and
counted. For NPP identification we mostly used biological literature
and made a comparison to described NPP types (Table 2, Plates 1-3).
Description of several NPP types is given in accordance to the modern
biological literature and taxonomy (Section 5.2.1). Pollen and NPP are
expressed as percentages of the total sum of identified pollen. The di-
agrams (Figs. 5–7) were constructed using C2 version 1.5.6 (Juggins,
2007). Counts of pollen, spores and NPP have been submitted to PAN-
GAEA. Pollen and NPP were grouped by their ecological meaning
(Table 3; Fig. 9).

The delimitation of local pollen assemblage zone boundaries was
aided visually and supported by multivariate analyses, such as strati-
graphically constrained incremental sum-of-squares cluster analysis
(CONISS: Grimm, 1987) and principal component analysis (PCA).
Calculation and plotting of the CONISS dendrogram (Supplementary
1) was carried out in R with package ‘rioja’ (Juggins, 2015) for pollen
taxa, exceeding an abundance of 5%. The number of CONISS zones
was statistically proven by the broken stick model (Bennett, 1996).
To investigate interactions among the identified taxa along the studied
core in a temporal context PCA was carried out in C2 (Juggins, 2007)
for pollen taxa exceeding 1% using a square root transformation (Figs.
5 and 8).

Changes of the total woody coverage were reconstructed from the
pollen data using the Best Modern Analogue (BMA) technique (Fig.
5). This approach, first developed by Overpeck et al. (1985) for cli-
mate reconstructions and extended by Guiot (1990) and Nakagawa et
al. (2002), has been successively applied for forest cover reconstruc-
tions (Tarasov et al., 2007; Novenko et al., 2014). In BMA analy-
ses we used squared-chord distances (SCD) (Overpeck et al., 1985)
as the index of dissimilarity between pollen assemblages: two spec-
tra were judged analogous if their SCD's were less than a threshold T
(in our study T = 0.4). BMA estimates of woody cover are then cal-
culated as weighted averages of the modern woody cover variables of
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Fig. 4. Sedimentological and geochemical characteristics of sediment core Ela-70. The definite change from shallow marine to lagoonal facies is due to the construction of the harbour
basin around 260 BC. Meanwhile, the basin is silted up. MSL = mean sea level, tidal range is around 20–30 cm.

the 8 best analogues, with the inverse SCD as weights (Nakagawa
et al., 2002). BMA calculations were done with Polygon 1.5 (http://
dendro.naruto-u.ac.jp/nakagawa/).

As modern analogues for reconstruction, we used 1100 pollen
datasets originating from a wide variety of landscapes in Europe,
the south-eastern Mediterranean region, and the Middle East. Mod-
ern surface samples were derived from the European Pollen Database
(EPD) (http://www.europeanpollendatabase.net) and from the Russian
pollen data base (http://pollendata.org). We used MODIS satellite im-
ages and the VCF (Vegetation Continuous Fields) estimates of modern
tree cover (Hansen et al., 2003), which detail the proportion of each
500 × 500 m pixel that is covered by trees, herbs, and bare ground, for
the entire world. The proportion of tree vegetation was estimated in
a radius 20 km around each site from the reference dataset of modern
pollen assemblages. The test of the accuracy of the applied method us-
ing a database of surface pollen assemblages shows that this method
can reproduce present day characteristics of wood cover in Europe
quite accurately (R2 = 0.57, SEE = 10.8%), and it is sufficient for re-
constructing major changes of the woodland vegetation in the past
(Novenko et al., 2014).

5. Results

5.1. Sedimentology and geochemistry

The Ela-70 core was taken from inside the harbour basin of Elaia
(Fig. 2a). Here, the general features of the sediment core are presented
(further details in Seeliger et al., 2013).

The sediment core is divided into three main units (Fig. 4). Unit
1 (900-803 cm) is composed of the common Neogene bedrock of the
area of Elaia; it is mined close by in the Bozyertepe region and used
for building purposes (Seeliger et al., 2013, 2014).

The overlaying unit 2 (803-438 cm) starts with a fining-upward
sequence of sands and pebbles, representing the transgressive facies

of the postglacial sea-level rise (803-717 cm). The remaining part con-
sists of shallow marine facies. Seagrass (Posidonia oceanica) and
shell debris, e.g. Dosinia lupinus and gastropods, are common in unit
2. High values of Ca/Fe and Ca/K hint to shallow marine conditions.
Six radiocarbon age estimates provide a chronological framework,
ranging from ∼7500 BP to ∼2300 BP (Table 1, Fig. 4).

Unit 3 (438 cm to surface) follows, with a sharp contrast. It is com-
posed of fine-grained sediments (medium clayey silt and silty loam).
The lowermost part of this unit (438-365 cm) is rich in finds: charcoal,
seeds, seagrass, mollusc shells, and angular stones.

The low Ca/Fe and Ca/K ratios hint to an increased input of fresh-
water and terrestrial sediments. Thus, a lagoon environment may be
expected to have contributed to the formation of unit 3 (Seeliger et al.,
2013). The rapid change from open marine to lagoon conditions was
caused by the construction of the harbour breakwaters during early
Hellenistic times. This is backed by high values of the heavy metal
lead (Pb) between ∼300 and ∼200 cm, i.e. during the Hellenistic and
Roman periods according to the age-depth model (Fig. 3). In this con-
text, lead is a clear indicator of human influence (Delile et al., 2014).
According to the age-depth model this unit started in Hellenistic times
(extending through modern times Table 1, Fig. 4). This fits well to the
archaeological evidence, because it was the time when the moles of
the enclosed harbour were erected (Seeliger et al., 2013).

5.2. Palynology

5.2.1. Description and identification of some new NPP types

5.2.1.1. Glomosporium leptideum (Plate 2: 11–12)
Spore balls are ovoid, 37.3 × 40 μm in size, brownish yellow, com-

posed of numerous spores. Spores are angular on their free outer
side of 7–9 × 9–11 μm, having a verrucate surface. They taper to-
wards the middle of the spore ball, are 19–20 μm in length, with
smooth inner walls. Morphologically the spore balls refer to the ba

101



UN
CO

RR
EC

TE
D

PR
OO

F

Quaternary Science Reviews xxx (2016) xxx-xxx 7

Table 2
List of NPP from Ela-70 with reference to identification literature and to corresponding
NPP form types.

Documented
palynomorphs

Taxonomical
group ID reference

NPP form-type with
reference

Botryococcus Green algae Jankovská and
Komárek
(2000)

Mougeotia Green algae van Geel (2001)
Pediastrum Green algae Jankovská and

Komárek
(2000)

Zygnemataceae Green algae van Geel (2001)
Brigantedinium
sp.Brigantedinium
sp.Brigantedinium
sp.Brigantedinium sp.

Dinoflagellate
cyst

Rochon et al.
(1999)

Echinidinium
zonneveldiae

Dinoflagellate
cyst

Rochon et al.
(1999)

Gymnodinium
sp.Gymnodinium
sp.Gymnodinium
sp.Gymnodinium sp.

Dinoflagellate
cyst

Rochon et al.
(1999)

Lejeunecysta cf.
sabrinaLejeunecysta
cf.
sabrinaLejeunecysta
cf.
sabrinaLejeunecysta
cf. sabrina

Dinoflagellate
cyst

Rochon et al.
(1999)

Lingulodinium
machaerophorum

Dinoflagellate
cyst

Rochon et al.
(1999)

Operculodinium
centrocarpum

Dinoflagellate
cyst

Rochon et al.
(1999)

Pentapharsodinium
dalei

Dinoflagellate
cyst

Rochon et al.
(1999)

Peridinium ponticum Dinoflagellate
cyst

Wall et al.
(1973)

Polykrikos schwarzii Dinoflagellate
cyst

Rochon et al.
(1999)

Pyxidinopsis reticulata Dinoflagellate
cyst

Rochon et al.
(1999)

Quinquecuspis concreta Dinoflagellate
cyst

Rochon et al.
(1999)

Spiniferites bentorii Dinoflagellate
cyst

Rochon et al.
(1999)

Spiniferites
membranaceus

Dinoflagellate
cyst

Rochon et al.
(1999)

Spiniferites mirabilis Dinoflagellate
cyst

Rochon et al.
(1999)

Spiniferites ramosus Dinoflagellate
cyst

Rochon et al.
(1999)

Tectatodinium pellitum Dinoflagellate
cyst

Rochon et al.
(1999)

Tuberculodinium
vancampoae

Dinoflagellate
cyst

Rochon et al.
(1999)

Cymatiosphaera
globulosa

Prasinophyte Mudie et al.
(2010)

HdV 116 by Pals et al.
(1980)

Pseudoschizaea circula Acritarch Mudie et al.
(2010)

Radiosperma-
typeRadiosperma-
typeRadiosperma-type

Tintinnid Mudie et al.
(2010)

Foraminifer linings Foraminifera Mudie et al.
(2010)

Ascaris Nematoda Lardín and
Pacheco (2015)

Capillaria Nematoda Lardín and
Pacheco (2015)

Trichuris Nematoda Lardín and
Pacheco (2015)

Table 2 (Continued)

Documented
palynomorphs

Taxonomical
group ID reference

NPP form-type with
reference

Arnium-typeArnium-
typeArnium-type

Fungi Bell (2005),
Doveri (2007)

Arnium-type (HdV
261) by Van Geel et
al. (2003)

Cercophora-
typeCercophora-
typeCercophora-type

Fungi Bell (2005),
Doveri (2007)

Cercophora-type
(HdV 112) by Van
Geel et al. (1981)

Apiosordaria Fungi Bell (2005),
Doveri (2007)

Zopfiella/
Apiosordaria (HdV
169) by Van Geel et
al. (1983)

Chaetomium Fungi Bell (2005),
Doveri (2007)

Chaetomium sp. (HdV
7A) by Van Geel
(1978)

Coniochaeta ligniaria Fungi Van Geel et al.
(1983)

Coniochaeta cf.
ligniaria (HdV 172)
by Van Geel et al.
(1983)

Delitschia Fungi Bell (2005),
Doveri (2007)

Delitschia sp. by
Cugny et al. (2010)

Diporotheca Fungi Van Geel et al.
(1986)

HdV 143 by Van der
Wiel (1982)

Gelasinospora Fungi Van Geel (1978) Gelasinospora-type by
Van Geel (1978)

Glomosporium
leptideum

Fungi Ellis and Ellis
(1997)

new type

Glomus-typeGlomus-
type

Fungi Kołaczek et al.
(2013)Kołaczek
et al. (2013)

Glomus cf.
fasciculatum (HdV
207) by Van Geel et
al. (1989)

Helicoma Fungi Ellis and Ellis
(1997)

–

Helicoon fuscosporum/
ellipticum

Fungi Ellis and Ellis
(1997)

new type

Pithomyces chartarum Fungi Ellis 1971 Pithomyces chartarum
by Pirozynski et al.
(1984)

Podospora curvispora FUNGI Mirza and Cain
(1969)

Podospora curvispora
by Shumilovskikh et
al. (2015)

Podospora decipiens-
typePodospora
decipiens-type

Fungi Bell (2005),
Doveri (2007)

Podospora-type (HdV
368) by Van Geel et
al. (1981)

Podospora
groupPodospora group

Fungi Bell (2005),
Doveri (2007)

Sordaria-type (HdV
55A) by Van Geel
(1978)

Mediaverrunites
(Potamomyces)

Fungi Schlütz and
Shumilovskikh
(2013)

Mediaverrunites by
Jarzen and Elsik
(1986), Sancay
(2014)

Puccinia Fungi Grove (1913) Puccinia sp. (HdV
357) by Van Geel et
al. (1981)

Saccobolus minimus-
typeSaccobolus
minimus-type

Fungi Bell (2005),
Doveri (2007)

new type

Sordaria-type Fungi Bell (2005),
Doveri (2007)

Sordaria-type (HdV
55A) by Van Geel
(1978)

Sphaerodes retispora Fungi García et al.
(2004)

New type

Sporormiella-type Fungi Bell (2005),
Doveri (2007)

Sporormiella-type
(HdV 113) by Van
Geel et al. (2003)

Sporoschisma saccardoi Fungi Ellis and Ellis
(1997)

Sporoschisma spp.
(HdV 1002) by
Gelorini et al. (2011)

Thecaphora Fungi Vanki (1994) Thecaphora sp. (HdV
364) by Van Geel et
al. (1981)
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Table 2 (Continued)

Documented
palynomorphs

Taxonomical
group ID reference

NPP form-type with
reference

Uredospores Fungi Grove (1913) Uredospores by
McAndrews and
Turton (2010)

Urocystis Fungi Vanki (1994) Urocystis (UG 1079)
by Gelorini et al.
(2011)

Xylaria Fungi Dennis (1981) cf. Xylaria (EMA 17)
by Barthelmes et al.
(2006)

Zopfia rhizophila Fungi Ellis and Ellis
(1997)

New type

stomata Conifers Hansen (1995) Stomata (HdV 391,
505) by van Geel et
al. (1981, 1986)

sidiospores of the smut fungus Glomosporium leptideum, infecting
the seeds of different species of Chenopodium (Vanky, 1994, 1998).
Finding of this spores in Ela-70 (180 cm) confirms presence of
Chenopodium (Amaranthaceae) in Elaia surroundings.

5.2.1.2. Helicoon ellipticum/fuscosporum (Plate 2: 5–6)
Parts of coiled spores, 25 μm in diameter, multiseptate, brown

filaments 5 μm brought, are similar to spores of the recent fungus
Helicoon ellipticum (32–40 × 20–30 μm) and H. fuscosporum

(25–30 × 20–30 μm) (Ellis and Ellis, 1997). Helicoon is a genus of
saprophytic hyphomycetes. H. ellipticum was found on rotten, mainly
coniferous, wood, and H. fuscosporum on dead stems of Rubus idaeus
(Ellis and Ellis, 1997).

5.2.1.3. Mediaverrunites (Potamomyces) (Plate 2: 9–10, 13–14)
Spores attributed to the fossil from-taxa Mediaverrunites (Elsik,

1976; Nandi and Sinha, 2007) are ascospores of the extant genus
Potamomyces (Hyde, 1995). While several types of Mediaverrunites
spores are known from fossil material the genus Potamomyces com-
prises until now Potamomyces armatisporus (Cai et al., 2006) and a
second species provisional named P. nepalensis only known from its
spores (Schlütz and Shumilovskikh, 2013). Spores with three merid-
ional verrucae (plate 2: 13–14) of Mediaverrunites pontidiensis
(Sancay, 2014) as well as spores of Mediaverrunites elsikii (plate 2:
9–10) occurred. Both groups are aggregated in the diagram under the
genus name Mediaverrunites (Potamomyces).

5.2.1.4. Pithomyces chartarum (Plate 2: 17)
Pithomyces is a genus of the dematiaceous Hyphomycetes (Ellis,

1971) and actually placed into the ascomycete family Montagnulaceae
of the large order Pleosporales (Da Cunha Et Al., 2014). The genus
Pithomyces comprises today about 15 species (Ellis et al., 2007). Ellis
(1971, 1976) provide a spore-based key to most of them.

The conidiospores of Pithomyces chartarum are muriform, broadly
ellipsoid, 18–29 × 10–17 μm, medium to dark brown with an

Fig. 5. Arboreal pollen (trees and shrubs; AP) diagram of sediment core Ela-70. Green circles indicate the presence of pollen clumps. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Non-arboreal pollen (NAP) diagram of sediment core Ela-70. Green circles indicate the presence of pollen clumps. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 7. Non-pollen palynomorphs (NPP) diagram of sediment core Ela-70. Green triangles indicate Pinus stomata. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 8. PCA plots of the pollen record Ela-70.

echinulate to verrucose surface, slightly constricted at the septa (Ellis,
1971). They are distinguished from other muriform spores in the
genus by their high number of 3–4 transverse septa (Ellis, 1971, 1976;
Marasas et al., 1972). The middle cells are divided each by a longitudi-
nal septum. The apical cell is obtuse; the basal cell bear a small remain
of the denticle that attached the conidiospore to the mycelium (Ellis,
1971; Ellis et al., 2007). The surface might be also smooth (Watanabe,
2010).

P. chartarum is a wide spread largely saprophytic fungus isolated
from different kind of substrates but mostly from decaying leaves of a
wide variety of plants (Ellis, 1971), in high priority from grasses (Ellis
and Ellis, 1997; Caretta et al., 1999). The fungus prefers the warm
temperate climates of the tropics and subtropics but also inhabits tem-
perate regions (Di Menna et al., 2010; Gregory et al., 1964; Marasas
and Schumann, 1972).

P. chartarum is also a pathogen of cereals (Chong et al., 1982;
Tóth et al., 2007), but the more for ruminants. Many isolates of P.
chartarum produce the mycotoxin sporidesmin causing facial eczema

(Collin et al., 1998). In New Zealand, facial eczema of sheep is known
for over 100 years and appears when P. chartatum sporulates pro-
fusely after rain in late summer and autumn (Di Menna et al., 2010).
Lately van Wuijckhuise et al. (2006) described facial eczema by P.
chartarum from Europe.

P. chartarum can be also isolated from soils (Domsch et al., 2007;
Watanabe, 2010), dung pellets collected from the ground
(Kuthubutheen and Webster, 1986) and occurs in air traps (Lacey and
West, 2006). Fossil spores are reported for the late Pleistocene from
lake sediments and dung (Murad, 2011; Pirozynski et al., 1984).

5.2.1.5. Podospora curvispora (Plate 2: 8)
The ascospores of Podospora curvispora are dark-brown 11–13

(17) × 8–10 μm, strongly curved, concave on one side and convex
on the other, with an apical germ pore of 1 μm in diameter (Mirza
and Cain, 1969). In contrast, morphologically similar ascospores of
Podospora selenospora have a germ pore on the convex side of the
spore (Stchigel et al., 2002). Shumilovskikh et al. (2015) reported
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Fig. 9. Summary diagram of vegetation and environmental changes in Elaia.

about the similarity of Podospora curvispora to NPP type IBB-18
(Montoya et al., 2010). P. curvispora grows on decaying plant sub-
strates, burnt soil and dung in subtropical and tropical regions (Krug
and Khan, 1989; Mirza and Cain, 1969; Wicklow, 1975).

5.2.1.6. Saccobolus minimus-type (Plate 2: 4)
Saccobolus is a wide spread genus of the Ascobolaceae (As-

comycetes) covering about 30 mainly coprophilous species (van
Brummelen, 1967; Kirk et al., 2008). The spores are characterised
by a violet to purple-brownish pigmentation and their arrangement in
firmly clustered bundles (Bell, 2005; Doveri, 2014). The spores found
in core Ela-70 (Plate 2: 4) have a size of 13–14 × 7–8 μm. They re-
semble very much those of Saccobolus minimus (13.5–16 × 7–8 μm),
S. truncates (14.8–15.3 × 7.2–7.6 μm) and S. depauperatus
(12.5–15 × 6.5–7 μm) (Doveri, 2007 p. 441) and are therefore in-
cluded in the herewith erected S. minimus-type.

5.2.1.7. Sphaerodes retispora (Plate 2: 18)
The ascospores in Sphaerodes are usually coarsely reticulate with

the two protruding apical germ pores (Cannon and Hawksworth,
1982). The genus covers about a docent species isolated from soils
from different parts of the world (Garcia et al., 2004; Guarro et al.,
2012). An updated spore based key is given by Vujanovic and Goh
(2009). Spores found in Elaia (Plate 2: 18) are 19–21 × 14–15 μm
in size with broad reticulate surface characteristic for Sphaerodes
retispora (Garcia et al., 2004).

5.2.1.8. Zopfia rhizophila (Plate 2: 1, 2)
The parasitic genus Zopfia (Zopfiaceae, Ascomycetes) covers 3

species (Cannon and Kirk, 2007; Zhang et al., 2012) that differ in
spore morphology, geographical distribution and plant hosts. The as-
cospores found in Ela-70 (Plate 2: 1–2) are one-septate, 71 × 49 μm in
size, dark-brown to black with a verrucate surface, tapered ends and
very thick wall. Morphologically and in size they are similar to spores
of Zopfia rhizophila (60–80 × 30–45 μm), a plant parasite, which can
be found on decaying roots of Asparagus (Ellis and Ellis, 1997), indi-
cating possible presence of asparagus in the vicinity of Elaia.

5.2.2. Palynological diagram
Based on main changes in pollen and NPP assemblages (Figs.

5–7), changes in the two first PCA axes (Figs. 5 and 8) and CONISS
dendrogram (Supplementary 1), the diagram was divided into four
main local pollen zones (LPZ).

LPZ Ela-1 (800-495 cm, ∼7.56–2.8 ka BP = 5600–850 BC) is
characterised by the dominance of Quercus robur-type (35–64%),
Pinus diploxylon-type (4–22%) and Poaceae (4–27%). Pollen con-
centrations vary between 350 and 4500 pollen/cm3. Samples of this
zone contain a lot of foraminiferal linings (43–107%) and autotrophic
dinocysts (up to 7%), decreasing towards the end of the zone, whereas
spores of coprophilous/saprotrophic and soil/saprotrophic fungi in-
crease in its upper part up to 4–5%. The zone is subdivided in 3 sub-
zones.

LPZ Ela-1a (800-710 cm, ∼7.56–7 ka BP = 5600–5100 BC) is
characterised by the lowest pollen concentration (350–620 pollen/
cm3) and number of pollen taxa (20–23) in the record. Pollen spectra
are dominated by Quercus robur-type (32–53%) and Pinus diploxy-
lon-type (4–10%). Pollen of temperate trees Tilia, Ostrya-type, Cory-
lus, and Fraxinus excelsior-type occur regularly (1–2%). NAP is
mainly presented by Poaceae (12–27%), Cichorioideae (2–7%) and
Amaranthaceae (5%). Foraminifer linings increase from 43 to 108%,
autotrophic dinocysts (Spiniferites ramosus, Spiniferites mem-
branaceus, Tectatodinium pellitum) and Glomus-type show maxima
of 7 and 4%. Eggs of intestinal parasites Trichuris and Capillaria are
present.

LPZ Ela-1b (710-550 cm, ∼7–3.66 ka BP = 5100–1700 BC) is
indicated by the dominance of Quercus robur-type (34–64%), Pi-
nus diploxylon-type (13–23%), and an increase of macchia shrubs
(2.5–8.5%), especially Sarcopoterium spinosum-type. Pollen concen-
tration increased up to 4.000 pollen/cm3 and spectra get more diverse,
with the number of pollen taxa ranging from 25 to 39. Foraminiferal
linings have maximum of 233%, and Glomus-type increase up to 3%
at the end of the zone.

LPZ Ela-1c (550-495 cm, ∼3.66–2.8 ka BP = 1700–850 BC) is
characterised by a decrease of Quercus robur-type (35%) and Pinus
diploxylon-type (12%), and an increase of Olea europaea (2%), Ce-
realia-type (3.6%), macchia indicators (5–10%) and generally NAP
(31–38%). Pollen concentrations remain similar to the previous zone,
while the number of pollen taxa reaches its maximum of 45 types. The
marine indicators, such as foraminiferal linings and autotrophic di-
noflagellate cysts, decrease in the total amount of microfossils, while
the role of fungal spores increase due to more abundant and diverse
assemblages of coprophilous/saprotrophic and soil/saprotrophic fungi.

LPZ Ela-2 (495-330 cm, ∼2.8–1.77 ka BP = 850 BC-AD 180)
is dominated by Olea europaea (6–25%), Quercus robur-type
(10–26%), Pinus diploxylon-type (3–10%), with increased percent-
ages of macchia shrubs, Cerealia-type, and weeds. The total micro-
fossil assemblage is characterised by an increased role of fungal
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Plate 1. Foraminifer remains and dinocysts: 1) foraminifer lining 1a (680 cm), 2) foraminifer lining 1b (180 cm); 3) Spiniferites mirabilis (560 cm); 4) Pseudoschizaea circula
(180 cm); 5) Pseudoschizaea circula (460 cm); 6–7) Peridinium ponticum (360 cm, 320 cm); 8) Brigantedinium sp. (420 cm); 9) Lejeunecysta cf. sabrina (720 cm). Scale bar 20 μm.

spores and eggs of intestinal parasites, and a reduction of marine indi-
cators.

In comparison to the previous zone, in LPZ Ela-2a (495-425 cm,
∼2.8–2.12 ka BP = 850–170 BC) Quercus robur-type (12–26%) and
Pinus diploxylon-type (8–10%) continue to decrease, while Olea eu-
ropaea (2–25%) and macchia shrubs increased further. Percentages
of Cerealia-type, Platanus, Pistacia, and Vitis are higher than before,
and Juglans increases at the end of the zone. NAP show a maxi-
mum of 45–58%, dominated by Poaceae (8–25%) and presented by a
very diverse assemblage with Asteraceae (Cichorioideae, Centaurea
jacea-type, Matricaria-type, Senecio-type, Artemisia,

Carthamus-type, Saussurea-type), Fabaceae, Plantago lanceo-
lata-type etc. Pollen concentrations are similar to the previous zone
(800–5200 pollen/cm3) and the number of pollen types reaches 49.
NPP assemblages are still dominated by foraminiferal linings, which,
however, decrease to 16–17%. Glomus-type and spores of plant par-
asites reach their maxima densities in this zone (9 and 8%, respec-
tively). Eggs of intestinal parasites occur regularly in the sediment,
while Ascaris appears for the first time. The core depth 480-470 cm
differs from other samples in this zone by low concentration
(800–1600 pollen/cm3), decreased number of pollen types (24–25),
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Plate 2. Fungal spores: 1–2) Zopfia rhizophila (210 cm); 3) Puccinia (302 cm); 4) Saccobolus minimus-type (280 cm); 5–6) Helicoon fuscosporum/ellipticum (440 cm); 7)
Sporormiella-type (280 cm); 8) Podospora curvispora (180 cm); 9) Mediaverrunites pontiidiensis (240 cm); 11–12) Glomosporium leptideum (180 cm); 13–14) Mediaverrunites el-
sikii (198 cm); 15–16) Thecaphora (180 cm); 17) Pithomyces chartarum (302 cm); 18) Sphaerodes retispora (260 cm); 19–20) Xylaria (340 cm). Scale bar 20 μm.

the lowest abundance of Olea europaea (1.5–2%), and high amount of
reworked pollen (5–72%).

LPZ Ela-2b (425-330 cm, ∼2.12–1.77 ka BP = 170 BC-AD 180)
is characterised by maximum of Olea europaea (25%), accompa-
nied by Platanus, Pistacia, Vitis, Juglans, and Fraxinus ornus. Cere-
alia-type pollen reaches a maximum of 5% and decreases towards the
end of the zone. Riverine taxa increase here with maxima of Tamarix
(3.5%) and later Alnus (6%) and Salix (10%). NAP is dominated by

Poaceae (6–15%), Amaranthaceae (3–7%), Brassicaceae (3–8%), and
Fabaceae (0.6–8%). The zone is characterised by the highest pollen
concentration, varying between 13,000 and 26,000 pollen/cm3, and
highest numbers of pollen types (48–66). The foraminiferal linings
decreases from 12 to 3% of the assemblage in the end of the zone.
Dinocysts are represented by autotrophic (3%) and heterotrophic
(2.5%) species equally. Notifiable is the occurrence of Peridinium
ponticum at 410 cm. Trichuris has the maximum of 3% and is accom
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Plate 3. Conifer stomata and helminth eggs: 1, 2) Capillaria egg (540 cm); 3) conifer stomata (302 cm); 4) fertilized Ascaris egg (490 cm); 5) Trichuris egg (490 cm). Scale bar
20 μm.

panied by Ascaris. Glomus-type does not exceed 2.5%. The charcoal
concentration is the highest (6.7 × 105–11.4 × 105 particles/cm3) at
420-370 cm; it decreases towards the end of the zone.

In the LPZ Ela-3 (330-170 cm, ∼1.77–1.14 ka BP = AD 180–800),
Quercus robur-type and Pinus diploxylon-type increase up to 25 and
12%, respectively, whereas Olea europaea and Alnus decline. NAP
is again dominated by Poaceae, Asteraceae (Cichorioideae, Matri-
caria-type, Senecio-type, Centaurea jacea-type, Artemisia, Cirsium),
and Amaranthaceae, similar to the LPZ Ela-2a. Macchia shrubs vary
between 4 and 15%, weeds and overgrazing indicator species slightly
decrease. Pollen concentration (10,000–15,000 pollen/cm3) and num-
ber of types (50–62) slightly decrease. Foraminiferal linings occur
sporadically, dinocysts are mainly represented by heterotrophic
species (0.2–3.8%). A strong increase in the abundance and diver-
sity of coprophilous fungi (Sporormiella-type, Podospora group, Po-
dospora decipiens-type, Saccobolus), soil (Glomus-type, Sphaerodes
retispora), and saprotrophic fungi (Mediaverrunites/Potamomyces,
Pithomyces chartarum, Diporotheca, Helicoma, Helicoon fuscospo-
rium/ellipticum, Podospora curvispora, Sporoschisma saccardoi) is
noticeable. Plant parasites slightly increase. Charcoal concentrations
vary between 1.2 × 105 and 6.4 × 105 particles/cm3.

LPZ Ela-4 (170-40 cm, ∼1.14 ka BP-present = AD 800-present)
differs from the previous zones by the absolute dominance of Pinus
diploxylon-type (46–83%), whereas Quercus robur-type does not ex-
ceed 8.5%. Olea europaea remains low (<1%), but increases in the
uppermost sample (10%), similar to macchia shrubs. Temperate and
riverine trees appear in low abundance (<1%). In NAP, Asteraceae
and Poaceae dominate the lower part, and Amaranthaceae and Poaceae
the upper part. Pollen concentrations increase from 500 pollen/cm3

at the beginning and up to 75,000 pollen/cm3 at the top sample.
Number of types increases from 17 to 32. The sample from

the core depth 160 cm differs from the upper part of the zone by the
high abundance of reworked pollen, low pollen concentration (500
pollen/cm3), and low number of types (17). Microfossil spectra are
very poor and represented by green algae Botryococcus and Pseu-
doschizaea circula in the lower part of the zone, whereas Glomus-type
decrease to <1%. The top core sample contains almost exclusively
pollen, lacking other palynomorphs.

PCA (Fig. 8) contains 54 variables exceeding the abundance of
1% and 42 samples. The first two principal components explain 51%
of the total variance. The first PC axis (eigenvalue 0.31) is oriented
between positive species score values of Quercus robur-type (1.94)
and Pinus diploxylon-type (3.46), and negative of Olea europaea
(−3.9), Phillyrea-type (−1.1), Tamarix (−1.4), Brassicaceae (−1.3),
Cerealia-type (−1), Fabaceae (−1.56), Mentha-type (−1.19) and Sar-
copoterium spinosum-type (−1.7). The second PC axis (eigenvalue
0.2) is oriented between positive species score values of Olea eu-
ropaea (1.3), Pinus diploxylon-type (3.97), and negative of Quercus
robur-type (−5.25) and Poaceae (−1.3). Plotted PCA sample scores
divide all depths into three well recognisable groups: group 1 is pre-
sented by 790–510 cm and several transitional samples between 502
and 470 cm; group 2 (460-180 cm) includes a significant subgroup 2a
(420-340 cm); and group 3 (160-40 cm).

The reconstructions of areas covered by tree vegetation using the
BMA approach for the study area near the ancient city of Elaia (Fig.
5) shows a variation in the total woodland coverage of 15–25% dur-
ing the period between ca. 7.56–2.8 ka BP (5600–850 BC). An abrupt
decrease in woodland coverage from 17 to 6% occurred around 2.8
ka BP (850 BC). In the pollen diagram this event corresponds to
changes in the composition of the pollen assemblages at the bound-
ary between LPZ Ela-1 and 2 (495 cm). Later on, areas covered by
forests remained sparse. During the period ∼2.8–1.77 ka BP (850
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Table 3
Pollen and non-pollen palynomorphs ordered to different ecological groups.

Vegetation groups Pollen types

Cultivated trees Castanea, Fraxinus ornus, Juglans, Olea europaea,
Pistacia, Platanus, Vitis

Macchia Astragalus-type, Cistus albidus-type, Cistus
monspeliensis, Cistus salviifolius, Ericaceae, Daphne,
Mentha-type, Salvia verticillata, Sarcopoterium
spinosum-type, Rhus group, Thymelaeaceae,
Vaccinium-type, Quercus ilex-type, Phillyrea, Ephedra
distachya-type, Ephedra fragilis-type, Rhamnus-type,
Hippophae, Cotinus coggygria, Juniperus-type

Temperate trees Carpinus betulus, Corylus, Fagus, Fraxinus excelsior,
Hedera helix-type, Tilia, Sorbus group, Ostrya-type,
Quercus cerris-type, Betula, Cornus mas-type

Flood plain Alnus, Salix, Ulmus, Tamarix
Ruderals and weeds Artemisia, Centaurea cyanus, Papaver rhoeas group,

Plantago lanceolata-type, Plantago major-media-type,
Polygonum aviculare-type, Ranunculus acris-type,
Rumex acetosa-type, Xanthium strumarium-type

(Sub)aquatic Cyperaceae, Sparganium-type, Typha latifolia-type,
Rumex aquaticus-type, Filipendula

Green algae Botryococcus, Pediastrum, Mougeotia, Zygnemataceae
Dinocyst groups Dinocyst species
Autotrophs Lingulodinium machaerophorum, Operculodinium

centrocarpum, Pentapharsodinium dalei, Pyxidinopsis
reticulata, Spiniferites bentorii, Spiniferites
membranaceus, Spiniferites mirabilis, Spiniferites
ramosus, Tectatodinium pellitum, Tuberculodinium
vancampoae

Heterotrophs Lejeunecysta cf. sabrina, Brigantedinium sp.,
Peridinium ponticum, Gymnodinium sp., Echinidinium
zonneveldiae, Quinquecuspis concreta

Fungal spore groups Fungal spore types
Soil/saprotrophic Glomus-type, Pithomyces chartarum, Sphaerodes,

Potamomyces, Diporotheca, Helicoma sp., Podospora
curvispora, Xylaria, Sporoschisma saccardoi

Coprophilous/saprotrophic Arnium-type, Coniochaeta ligniaria, Delitschia-type,
Podospora-type, Podospora decipiens-type,
Saccobolus, Ascobolus, Sordaria-type,
Sporormiella-type, cf. Apiosordaria, Gelasinospora,
Chaetomium

Plant parasites Puccinia-type, uredospores, Urocystis, Thecaphora,
Zopfia rhizophila

Intestine parasites Trichuris, Capillaria, Ascaris

BC-180 AD), the woodland coverage shrank to 5%. After ∼1.77 ka
BP (AD 180), it became slightly extended up to 10% (LPAZ Ela-3).

It seems that the woodland coverage reconstructed on the base
of pollen data of the upper part of the core (LPAZ Ela-3, ∼1.14 ka
BP-present = AD 800-present) is underestimated. In assemblages of
the LPAZ Ela-3 the pollen value of Pinus is high while other trees are
not abundant. In the surface pollen spectra from the Mediterranean re-
gion these were taken as analogues for reconstructions using the BMA
technique. Pine pollen is transported by wind, often over hundreds
of kilometres. Relatively high percentages of Pinus pollen are often
recorded in pollen assemblages from tree-less territories, clearly af-
fecting the reconstructions.

6. Interpretation

6.1. Sedimentology versus Palynology

The sediment record of Ela-70 starts at ∼7.5 ka BP, when the
rising level of the Aegean Sea reached the Bay of Elaia, creating
a beach environment at the coring site (Fig. 4). The littoral envi-
ronment then changed to shallow marine conditions, which abruptly
changed into lagoon conditions when the harbour was constructed.
Thus, the depositional environment changed several times during the

past seven millennia (Seeliger et al., 2013). Such considerable changes
might have influenced the pollen source area, pollen preservation con-
ditions, and therefore, pollen concentrations and spectra of the record.

The lowermost part of the core (803-717 cm), composed by sands
with pebbles, indicates that a high energy wave climate (beach) ex-
isted up to 7 ka BP. This may have caused selective pollen destruc-
tion, low concentrations and possibly very mixed pollen assemblages
in LPZ Ela-1a (Fig. 5).

The change of the sedimentary conditions after 7 ka is to be ex-
plained by the further rise in sea-level, leading to the transition from
a littoral to a shallow marine environment with Posidonia oceanica.
Posidonia oceanica (L.) Delile is a seagrass species endemic to the
Mediterranean Sea. It grows on the surface or up to a depth of 40 m
and plays a major ecological role through forming a “mantle” of hori-
zontal and vertical rhizomes, entrapping the sediment (Montefalcone,
2009). Due to the stabilizing conditions in the shallow marine milieu,
finer grained material (silts, loam) was deposited (Fig. 4), providing
better conditions for pollen preservation. This is reflected in increased
pollen concentrations in zones LPZ Ela-1b, Ela-1c and Ela-2a (Fig. 5).
Open water conditions allow the transport and mixing of pollen from
insect-pollinated plants growing in the surrounding areas, providing a
general picture of the local and regional vegetation in the pollen spec-
tra.

An important sediment change from sands to medium clayey silt
occurs at 4.38 cm (∼2.22 ka BP = ∼260 BC), very likely due to the
construction of harbour breakwaters (Fig. 4). This triggered siltation
process led to an increase in the accumulation rate to 15–44 mm/yr as
well as higher pollen concentration and better pollen preservation in
zones Ela-2a and Ela-3 (Fig. 5).

In the upper part (184-0 cm), the sediment consists of silty loam
(Fig. 4), deposited after AD 800 when the coastline moved south of
the silted-in harbour (Fig. 2a). Pollen concentrations are quite low at
160-80 cm but increase in the upper part of the core (Fig. 5), indicat-
ing the development of the vegetation directly at the coring site. An in-
crease in the pollen concentration by a factor 12 (Fig. 5) is very likely
due to the compacting of the upper 40 cm caused by the vibracoring
technique. The siltation of the Bay of Elaia might have led to a change
of the pollen source area, so that pollen spectra are represented here
by local vegetation and wind-pollinated plants.

Two unusual deposition events, derived from the pollen analysis
(Figs. 5–7) and coinciding with an increased amount of sand fraction
in the sediment (Fig. 4). The first one, at a depth of 480–470 cm, is
characterised by low pollen concentration, decreased number of pollen
types, the presence of reworked pollen and dinocysts. According to the
age/depth model this is more or less the time when the harbour basin
was constructed; thus, it may represent a building activity in connec-
tion with these measures or a strong storm event. The second one at
∼160 cm is characterised by a low pollen concentration, a decreased
number of pollen types, and the presence of reworked pollen. After
the second event, the pollen spectra changed considerably, suggesting
a possible hiatus in sedimentation between 180 and 160 cm. This oc-
curred during in the Byzantine time. By then the harbour was out of
use, but its usage as saltworks is known from that time (Seeliger et al.,
2014). It is interesting to note that palynological data provide the first
indication of both events.

6.2. Vegetation and environmental development

According to the age-depth model (Fig. 3), the Holocene sedimen-
tation of the Bay of Elaia started at ∼7.56 ka BP (at least at the coring
site), allowing for the reconstruction of vegetation and environmen-
tal changes since that time. The natural vegetation was represented
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mainly by open deciduous Quercus forests with Pinus, Tilia, Frax-
inus excelsior, Corylus, and Carpinus betulus, with total woodland
coverage around 15–25% as well as by open grassland and macchia
at dry habitats (Ela-1a). In general, in the Mediterranean region mac-
chia is represented by thorny and unpalatable plant species such as
Quercus ilex, Phillyrea, Sarcopoterium, Astragalus, Cistaceae, and
Thymelaeaceae that spread in response to high pasture pressure. In
the given profile, macchia indicators increase after ∼7 ka BP (Ela-1b),
suggesting an increase in pastures. Foraminiferal linings and the
dinocysts Spiniferites ramosus, S. membranaceus, Tectatodinium pel-
litum, Brigantedinium sp., and Lejeunecysta cf. sabrina are evidence
of the marine environment.

Between 7 and 2.8 ka BP (Ela-1b, Ela-1c), a general decrease of
oak, a development of macchia and an increase of Olea, Platanus,
Pistacia, and ruderal plants indicate an intensification of the human
impact on the environment. Anthropogenic pressure was not con-
stant, alternating between reforestation periods, notably from around
3.6 to 2.9 ka BP (1900 and 1000 BC, Ela-1c). The rise of spores
of coprophilous fungi such as Sporormiella-type, Podospora decip-
iens-type, Podospora group, Sordaria-type, Delitschia, Gelasi-
nospora, and Cercophora suggest increased pastoral activities around
Elaia since ∼3.4 ka BP (1500 BC). Coprophilous fungi usually grow
on dung of herbivores, but some species also on decaying organic mat-
ter. They are usually used as indicators of the presence of herbivores
close to the site (van Geel et al., 2003).

At ∼2.8 ka BP (850 BC) a definite phase of landscape use with
intensive olive cultivation started (Ela-2a). Natural open oak forests
were degraded and replaced by macchia. The areas covered by tree
vegetation decreased to ca. 5%. Apparently, the territory surrounding
the ancient city of Elaia was treeless or covered by olive groves. Nat-
ural forest remains were not located near Elaia, but possibly situated
on higher hills. Strong impact on vegetation with high pasture pressure
led to increased soil erosion, as indicated by the frequent presence of
the Glomus-type (Glomeromycota) spores. Glomeromycota is a group
of mycorrhizal fungi, growing symbiotically on plant roots. The com-
plete life cycle of Glomeromycota species occurs in the soil; therefore,
the presence of their chlamydospores in the lacustrine or marine sedi-
ment indicates soil erosion (van Geel et al., 1989).

The most intensive phase of human impact on the ecosystems
around Elaia occurred between 2.12 and 1.77 ka BP (170 BC-AD 180,
Ela-2b), corresponding to the construction of the breakwaters of the
harbour around 260 BC. Arboriculture with olives, walnut, plane tree,
pistachio, and grapes, as well as agriculture and pastoralism domi-
nated the landscape around the city. During the peak of Elaia's occu-
pation, the frequent occurrence of eggs of intestinal parasites (Ascaris
and Trichuris) suggests the presence of a sewerage in the city. The
harbour activities, the highly populated city and the sewage led to the
nitrification of the harbour waters, which is suggested by an increase
of heterotrophic dinocysts. Since 2.3 ka BP (∼80 BC), the endemic
Black Sea dinocyst Peridinium ponticum occur regularly in the sedi-
ment, suggesting naval trade to the Black Sea and/or the Sea of Mar-
mara.

From 1.77 to 1.14 ka BP (AD 180–800, Ela-3), olive cultivations
decreased and pastoral pressure strongly increased. This occurred dur-
ing the demise of Elaia in the late Roman period. Because of a re-
duction in the intensity of agricultural and arboricultural pursuits, the
natural vegetation spread out in the landscape, first with macchia and
later with oaks. However, with not more than 10% the woodland cov-
erage maintained relatively low. The increased pasture, indicated by
increased spores of coprophilous fungi, led to a further increase of
soil erosion, suggested by high percentages of soil/saprotrophic fungi.
Interesting to note the presence of Mediaverrunites/Potamomyces in

this zone (Fig. 7). M. pontiidiensis and M. elsikii (Plate 2) were de-
scribed from Miocene sediments in the Black Sea and northern Turkey
and possibly indicate deep sediment erosion in the vicinity of Elaia
(Sancay, 2014). The erosion effect was the rapid siltation of the har-
bour, the sediments of which do not have any remains of foraminifers
or dinocysts after AD 800.

After 1.14 ka BP (AD 800, Ela-4), the dominance of Pinus in
the pollen spectra suggests an expansion of the pine forests, possibly
with Pinus brutia close to the site; it may also indicate open land-
scapes. Pine produces large amounts of pollen, which can dominate
the pollen spectra of open regions, even if no pine grows in the im-
mediate vicinity. Human impact in identifiable in these sediments, but
it is less blatant than before. The reconstructions of woodland cover
show that arboreal vegetation occupied about 10% of the territory, but
these assessments are probably underestimated. Towards the present
situation, an increase of Amaranthaceae indicates the development of
salt marshes with Salicornia and Atriplex in the silted harbour area,
whereas an increase of Olea reflects modern olive cultivation on the
surrounding hills of Elaia.

PCA axis 1 reflects a difference between oak or pine dominated
forests to human-made olive groves and macchia shrubs, whereas
PCA axis 2 reveals a dissimilarity between oak forests at the begin-
ning of the record and pine forests at the end. The PCA clearly reflects
the general evolution of the vegetation from natural deciduous oak
forests, dominating during the time span 7.56–3 ka BP (5600–1000
BC), to human-made olive groves and grazed macchia shrubs, domi-
nating during the period 2.4–1.2 ka BP (440 BC-AD 730), with a max-
imum at 2.09–1.84 ka BP (170 BC-AD 160), and back to semi-nat-
ural forests dominated by pine later than ∼1.14 ka BP (AD 800). It is
notable that after a decrease of the anthropogenic pressure, lasting for
∼1200 years, the vegetation did not return into the original stage with
the dominance of oak but transformed to a new stage: the pine forest.

7. Discussion

7.1. From natural to human-made landscapes and ecosystems

The mid- to late Holocene shift from natural to cultural landscapes
is evidenced by many records in Mediterranean (e.g. Brückner et al.,
2006; Zanchetta et al., 2013). Pollen data from Ela-70 reveals that the
natural vegetation around Elaia was represented by open pine and de-
ciduous oak forests with ash, hazel, and linden (Figs. 5 and 9). Dry
habitats remained open or were occupied by macchia shrubs. Tempo-
rary human impact alternated with reforestation of natural open oak
forests. Similar vegetation of open pine and oak forests during the
mid-Holocene is evidenced by other palynological studies from west-
ern and south-western Turkey: Bafa Gölü (Knipping et al., 2008),
Gölhisar Gölü (Eastwood et al., 1999; Bottema and Woldring, 1984),
and Süğüt (Roberts, 1990).

At ∼850 BC the continuous human impact on the environment,
starting in Elaia, lasted for ∼1600 years until ∼800 AD. Progressive
deforestation, cultivation of olives, walnut, plane trees, and vineyards,
cereal fields and pasture land occupied the surrounding cultural land-
scapes (Fig. 9). Such visible anthropogenic impact, corresponding to
so-called Beyşehir occupation phase (Bottema et al., 1986), started
rather late in Elaia in comparison to south-western pollen records. For
example in the Gölhisar Gölü area (Eastwood et al., 1999), this occu-
pation phase lasted from ∼1240 BC until ∼665–783 AD and was char-
acterised by Olea, Juglans, Castanea, and Pistacia.

110



UN
CO

RR
EC

TE
D

PR
OO

F

16 Quaternary Science Reviews xxx (2016) xxx-xxx

A prominent feature of the pollen diagram from Elaia is the rapid
increase in pine pollen from 7-10% to 46–83% at the core depth
160–180 cm (Figs. 5 and 9), coinciding with the abandonment of the
city. A rapid increase in Pinus pollen after the long-lasting intensive
land-use phase, lasting for two thousand years (Beyşehir Occupation
phase), seems to be a general feature for the eastern Mediterranean
region, also documented in sediments from Bafa Gölü at ∼ AD 700
(Knipping et al., 2008), marsh of Gravgaz at ∼ AD 700 (Vermoere et
al., 2000) and Gölhisar Gölü at ∼ AD 700 (Eastwood et al., 1999).
Such an increase of pine in the pollen spectra is explained by one of
two hypotheses: (i) the spread of pine forests over abandoned farming
areas and pastureland (Knipping et al., 2008); and (ii) overrepresenta-
tion of pine due to high pollen production, its ability to long-distance
transport, and open character of vegetation, implying strong human
impact like intensive pasture. Pine is absent from the surroundings of
the city today (Fig. 1b) and overrepresentation is evidenced by the top
core sample, with 50% of the pollen grains being from pine (Fig. 9).
The reconstruction of the reforestation (Fig. 9) also show an open en-
vironment around Elaia, leading to higher deposition of wind-trans-
ported pollen.

At present, Pinus brutia is a good indicator of Mediterranean con-
ditions in Turkey. The wide distribution of P. brutia forests has been
a topic of discussion. Schwarz (1936) and Louis (1939) signified
P. brutia forests with sclerophyllous understory as climax formation
typical for the Mediterranean zone. In contrast, Walter (1956) and
Zohary (1973) argued that P. brutia forests represent a degradation
stage of the macchia and the broad-leaved summer-green forests. In-
deed, macchia-forming species Q. coccifera, Q. ilex, P. lentiscus, P.
terebinthus, Ceratonia siliqua, Phillyrea media, and Laurus nobilis
as well as broad-leaved summer-green oaks are able to grow as big
trees on well-developed soils, in the absence of herbivores and lum-
bering (Walter, 1956). Wherever the undergrowth is protected against
destruction, it grows into dense brushwood, which shadow light-de-
manding pine seedlings, which are unable to grow causing their disap-
pearance (Zohary, 1973). Therefore, in the absence of anthropogenic
pressure P. brutia would be restricted to sandstone or limestone rocks,
which are less permeable to the deep roots of the broad-leaved trees.
Palynological data from south-western Turkey reveal that the spread
of pine occurred after a long-lasting human impact of more than one
thousand years with enhanced soil erosion due to forest clearing, in-
tensive agriculture and pasture. Such a destruction of the abiotic com-
ponent possibly exceeds the ecosystem's carrying capacity, resulting
in irreversible ecosystem changes, which in turn lead to the change of
climax societies (Perevolotsky and Geligman, 1998). The recovery of
the original oak forests around Elaia occurred after a short and less
intensive disturbance period, before ∼850 BC, but the climax species
changed after AD 800 to predominantly pine forests. To sum up, large
areas of modern pine forests in western and southern Turkey very
likely are part of human-made landscapes.

Human influence in Elaia can also be identified in the marine
ecosystem. Posidonia oceanica (L.) Delile is endemic to the Mediter-
ranean Sea (Vassalo et al., 2013; Telesca et al., 2015). The destruc-
tion of seagrass habitat is today a worldwide phenomenon and frag-
mentation of the seagrass meadows is strongly influenced by hu-
man impact (Montefalcone, 2009, 2010; Telesca et al., 2015). Pre-
sents of vegetative remains of Posidonia oceanica in sedimentolog-
ical record from Elaia reveal that seagrass was present in the Bay
of Elaia from the beginning of the marine phase around 7 ka BP
(Seeliger et al., 2013), but disappeared after the harbour construc-
tion, most possibly affected by harbour activities such as coastal con-
structions and anchoring (Montefalcone, 2009), as well as changed
water quality (Vacchi et al., 2012). The example of Elaia demon-
strates that human-induced fragmentation of Posidonia oceanica habi-
tats started long ago, connected

to harbour constructions. In addition to historical records covering the
last 50 years (Telesca et al., 2015), anthropogenic long-term influence
on seagrass can be traced based on sedimentological records from
other harbours.

7.2. Olive cultivation in Elaia

Cultivated olives, an emblematic tree of the entire Mediterranean
region, expanded from the eastern borders of the Mediterranean Sea
to the west in the 1st millennium BC (Loumou and Giourga, 2003;
Engel et al., 2009). Palynological studies on core Ela-70 reveal that
olive cultivation in Elaia started around ca. 850 BC and continued un-
til AD 800 with the largest expansion between 170 BC and AD 180
(zone Ela-2b), during the period when the harbour was in use (Figs. 5
and 9). After a period of abandonment, olive cultivations started again
and at present there are many olive groves in the environs of the for-
mer city of Elaia (Fig. 1c).

Olive ecosystems are quite stable, since they are very similar to
the semi-natural Mediterranean ecosystems of the evergreen macchia
vegetation (Loumou and Giourga, 2003). Such patterns of long-term
coexistence of olive groves and highly diverse macchia vegetation
can be suggested around Elaia between 850 BC and AD 800 (Figs. 5
and 9). At present, abandoned olive groves transform into species di-
verse cistus shrubs with the dominance of Cistus creticus, Cistus salvi-
ifolius, Erica verticillata, Anthyllis hermanniae, Genista acantho-
clada, Plantago bellardii, Trifolium stellatum, T. campestre, Aspho-
delus microcarpus, Tuberaria guttata, Filago gallica, Hypochaeris
aetnensis, Tolpis virgata, and Hymenocarpus circinatus, and later into
the natural Mediterranean forests (Loumou and Giourga, 2003). The
modern situation at Elaia with modern olive groves, which lack mac-
chia vegetation, possibly because of intensive agricultural manage-
ment, is well reflected by the top core sample.

7.3. Land-use and soil erosion

Arbuscular mycorrhizal fungi (AMF) colonize plant roots and
sporulate under the earth. As previous studies have shown, the oc-
currence of Glomeromycota chlamydospores in lacustrine context
(Anderson et al., 1984; van Geel et al., 1989; Argant et al., 2006;
Marinova and Atanassova, 2006) and coastal areas (López-Sáez et al.,
2002; Kouli, 2012) is an important indicator of soil erosion, if absence
of the local vegetation at the coring site is verified (Kołaczek et al.,
2013).

The presence of marine indicators, such as foraminifer linings and
marine dinocysts, strongly suggests that the sediment was deposited
in open-water conditions, at least for the sediments deposited before
the 180 cm mark of the core depth (Fig. 7). Moreover, the absence
of Glomus-type in the upper part of the record proves the absence
of mycorrhiza on modern roots of Salicornia sp., which now grows
on-site. This is in agreement with new molecular studies on Salicornia
europaea, reported as non-mycorrhizal plant, demonstrating the pres-
ence of mycorrhiza, but they lack arbuscules, due to salt stress (Sonjak
et al., 2009). Therefore, the occurrence of chlamydospores of Glom-
eromycota in Ela-70 below 180 cm very likely indicates soil erosion.

The presence of Glomus-type spores in zone Ela-1 indicates that
soil erosion in the coastal areas occurred since the beginning of the
sedimentation ∼7.56 ka BP. This might be related to natural wave ac-
tivity and/or terrestrial influx. An increase of Glomus-type at 490 cm
(2.7 ka BP) coincides with an increase of anthropogenic indicators
and plant parasitic fungi (Figs. 7 and 9), suggesting enhanced soil ero-
sion due to deforestation, agriculture, and pastoral activities. This in-
terpretation is confirmed by a significant increase in sedimentation
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rates from 480 cm (2.6 ka BP) upwards. In general, the increase in sed-
imentation rates in the late Holocene is very likely human-induced and
can be attributed to deforestation, agriculture, change of catchment of
the supplying rivers, erosion of urban constructions with loam bricks
and the use of the harbour basin as ad hoc waste dumps (Morhange
et al., 2014). Landscape reconstruction around Elaia show continual
silting up of the marine gulf since 2500 BC (Fig. 2a; Brückner et al.,
2013; Seeliger et al., 2013). Furthermore, the archaeological survey
indicates intensive settlement activity with small farmsteads in the sur-
roundings of Elaia in Hellenistic times (250–50 BC), several of which
were abandoned at the end of the 1st century BC (Pirson, 2011).

Surprisingly, the percentage of Glomus-type spores decreases dur-
ing the use of Elaia's harbour (410-340 cm; Figs. 7 and 9), possibly
due to the protection of the urban shore around the harbour and/or
managed soil protection around the city.

After the decline of the harbour activities, Glomus-type spores in-
creases again. This coincides with the decrease of Olea and other an-
thropogenic pollen and an increase of spores of coprophilous fungi
(Fig. 9). The most probable scenario implies a change in land-use
from an urban harbour with olive groves in environs of the city to in-
tensive grazing, possibly by sheep and goats. It is well known that
such a change in land-use can strongly affect the vegetation and soils
(Loumou and Giourga, 2003). Experimental studies in Greece demon-
strate that plant coverage and the number of woody species decrease
from 81.2% and eleven species to 29.6% and five species already af-
ter 30 years of change from olive cultivation to pasture. Moreover, a
lack of protection by the plant roots and plant coverage intensifies ero-
sional processes and the soil thickness decreases from 30 cm to 6 cm
within 30 years (Margaris et al., 1988 in Loumou and Giourga, 2003).
It is reasonable to assume similar processes were taking place at Elaia
when the arboriculture shifted toward grazing. Goat browsing is espe-
cially devastating for ecologically sensitive Mediterranean landscapes.

7.4. Maritime trade

Today, oceanic shipping and aquaculture are the main vectors of
species distribution around the world (Streftaris et al., 2005). For ex-
ample, the Mediterranean Sea receives one exotic species every four
weeks (Streftaris et al., 2005; Zenetos et al., 2005). In the past, an ac-
cidental anthropogenic introduction of marine organisms within the
bilge water was already considered for the Black Sea basin (Jones,
1993; Marret et al., 2009). During Hellenistic times, ships had no bal-
last water containers; however, during stays in ports organisms may
have had an opportunity to settle on a ship and due to slow speed they
could not be washed away in transit. In addition, during travelling wa-
ter with planktonic organisms could easily get into the ship and be
transported as bilge water for a long distances to other ports. By this
way Jones (1993) explains the introduction and spread of the coccol-
ithophorid Emiliania huxleyi in the Black Sea, the first (2.7 ka BP)
and final invasions (1.7 ka BP) of which are well known and used
as a stratigraphic marker for the deep-sea sediments of the Black Sea
(Shumilovskikh et al., 2012). Marret et al. (2009) explore this idea, ex-
plaining the distribution of dinocyst Gymnodinium catenatum/nolleri
in the Black Sea basin. So far, only the introduction of Mediterranean
species into the Black Sea have been reported.

The palynological record from the Bay of Elaia presents the first
evidence of an introduction in the reverse direction: the introduction
of a Black Sea species into the Mediterranean Sea. The most promi-
nent feature of the dinocyst assemblages of Ela-70 is the presence of
Peridinium ponticum (Plate 1: 6–7). This species is restricted to the

brackish Black Sea, occurring rarely in the Marmara Sea. It prefers
mesotrophic to eutrophic water conditions (Zonneveld et al., 2013). P.
ponticum occurs in the Bay of Elaia for the first time at 2.3 ka BP (∼80
BC), i.e., when the harbour was in full operation. The occurrence can
be attributed to the passive transport by merchant ships. P. ponticum
appears several times in the record, indicating either the establishment
of its population and formation of new resting cysts, or the repeated
introduction of cysts from the Black Sea, or both. As P. ponticum is re-
stricted to brackish waters, a low salinity in Elaia's basin was required
for its existence.

As already stated, the occurrence of P. ponticum in Elaia's har-
bour implies trading with the Black Sea. Elaia was a trade centre
during the Hellenistic and Roman periods, as revealed by seals from
Rhodes, Chios, Thasos, Pamphylia, and Knidos (Pirson, 2008, 2010,
2012). The first occurrence of P. ponticum, documented at 2.3 ka BP
(∼80 BC), corresponds well with the so-called first Mithridatic War
89–85 BC, during which Mithridates VI of Pontus (134–63 BC), in al-
liance with several Greek cities, rebelled against Roman supremacy.
As Mithridates VI temporarily established his headquarter in Perga-
mon (Zimmermann, 2011), he most likely based part of his fleet in the
harbour of Elaia. It is reasonable to assume that he received supplies
from his Pontic Kingdom situated on the southern shore of the Black
Sea. Thus, the P. ponticum might have reached Elaia by one of the
Mithridatic ships.

Another vector for the spread of P. ponticum might have been the
transport of marble from the island of Prokonnesos (modern Marmara
Adası) in the Sea of Marmara to Pergamon via the harbour of Elaia.
This is attested for the marble of the friezes of the Pergamon Altar
(Cramer et al., 2002), which was built in the first half of the 2nd cen-
tury BC, i.e., approximately 100 years earlier than the first appearance
of P. ponticum in Elaia. However, such a date can be explained by the
age-depth model uncertainty. Moreover, sea-faring between the Black
Sea and the Sea of Marmara and Elaia had a long-standing tradition
even before and after that time.

7.5. Helminth eggs and sewerage in Elaia

Even if the most ancient finds of the helminths date back to hunter/
gatherer communities during the last glacial period, parasites were
wide spread since the Neolithic due to the introduction of agriculture
(Brinkkemper and van Haaster, 2012; Reinhard et al., 2013). There-
fore, the human parasitological picture since the 1st millennium BC
comprises a broad species range. Already Hippocrates (460–370 BC)
described echinococcosis (Daikos, 2007). Palaeoparasitological stud-
ies in the Near East from the 6/7th century BC to the 2nd century AD
reveal the presence of whipworm (Trichuris trichiura), roundworm
(Ascaris lumbricoides), dog tapeworm (Echinococcus granulosus),
beef/pork tapeworm (Taenia spp.), pinworm (Enterobius vermicu-
laris), and, in the medieval context, Diphyllobothrium latum (Mitchell
et al., 2011). Thereby, Ascaris lumbricoides and Trichuris trichiura
are very common in archaeological sites in Europe due to the use of
human faeces as agricultural fertilizer, leading to the proliferation of
fecal-borne parasites (Reinhard et al., 2013).

In the sediment core Ela-70, eggs of Ascaris, Trichuris, and Cap-
illaria are present (Plate 3). The genus, Ascaris, consists of the two
species, A. lumbricoides (egg dimensions 45–75 × 35–50 μm) and A.
suum (50–70 × 40–60 μm), infecting humans and pigs, respectively.
The size and morphology of these eggs overlap, making it impossi-
ble to identify the eggs to species without knowledge of the substrate
(Brinkkemper and van Haaster, 2012). In the harbour sediments, both
eggs could easily be deposited. The genus, Trichuris, consists of four
species: T. trichiura (egg dimensions 50–58 × 22–27 μm) on human;
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T. suis (50–68 × 21–31 μm) on pigs; T. vulpis (70–88 × 25–30 μm) on
fox, dog, and cat; and T. ovis (70–80 × 30–42 μm) on sheep, goat, and
cattle (Brinkkemper and van Haaster, 2012). Based on morphology
and size, an identification of T. trichiura/suis and T. vulpis/ovis is pos-
sible. In Ela-70, all Trichuris findings belong to the first group and in
the harbour sediment of Elaia eggs from pigs and humans could be de-
posited. Capillaria has a complicated taxonomy and includes several
genera, infecting domestic animals, birds, and reptiles.

The eggs of T. trichiura/suis are present in the record starting
around 7.56 ka BP, indicating the prehistorical presence of human
and/or pigs and their parasites in the surroundings of Elaia. Since 2.7
ka BP (800 BC) the parasitic assemblage is more abundant and diverse
(Ascaris and Capillaria), correlating with increased settlement activi-
ties in the surroundings of the city (LPZ Ela-2). The maximum density
of intestinal parasite eggs in the sediments occurs during the active
harbour phase between 2 and 1.87 ka BP (50 BC-AD 80). Since the
terrestrial input from the coastal zone was quite low (see Section 7.3),
the maximum of eggs might indicate the influx of wastewater from the
city or even a canalisation with sewerage pipes going into the enclosed
harbour. Such a connection was shown in the Roman harbour of Eph-
esus, where the maximum amount of Trichuris and Ascaris eggs corre-
lates with the presence of a canalisation in the city (Stock et al., 2016).

8. Conclusions

The palynological record from a sediment core from the long since
silted-up basin of the harbour of Elaia, provides insight into the vege-
tation dynamics and the long-term human impacts on terrestrial and la-
goon ecosystems of the Bay of Elaia since prehistorical times. Around
7500 years ago, the landscape was covered with open oak forests,
which later experienced several phases of deforestation alternating be-
tween natural forest recovery phases. At about 850 BC, the intensifi-
cation of the land-use is evidenced by the appearance of olive groves,
agriculture, arboriculture, increased pasture pressure, and soil erosion.
The strongest impact is documented during the phase when Elaia's
harbour was in full operation. The phase of very intensive land-use
and possibly over-use of the ecosystems lasted for more than 1500
years. This seems to have led to a change of the climax plant com-
munities from open oak forests to an even more open vegetation and
pine forest. Humans influenced the lagoon ecosystem by construc-
tion of the harbour with two prominent moles around 260 BC. This
led to a destruction of the marine habitats and local disappearance of
Posidonia, while Elaia's harbour experienced eutrophication, chang-
ing dinocyst and foraminifer communities. The occurrence of eggs of
human intestinal parasites in the sediments hints to the use of the har-
bour as a sewer for the city. Marine contacts with the Black Sea or
Marmara Sea are attested by the detection of the Black Sea species
Peridinium ponticum. Overall, we suggest that humans were the ma-
jor factor of environmental changes during the last 3000 years in Elaia
and especially during the city's flourishing periods in Hellenistic and
Roman times.
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7 Discussion 

The working hypotheses outlined in part 1.2 are discussed in the following sections (7.1–7.3) 

considering the results of Chapters 2–6, new data, and further methodological approaches. 

7.1 Coastal evolution, shoreline displacements and sea-level fluctuations in the 

Bay of Elaia. 

� Working hypothesis 1: In the Bay of Elaia, the peak of the postglacial marine transgres-

sion reached much further inland than today. Thereafter, alluvial and colluvial 

sedimentation caused a major seaward shift in the shoreline.  

7.1.1 Goal 1: Determining the spatial and temporal dimensions of coastline changes 

during the past millennia. 

Reconstructing the coastal changes in relation to human settlement was one of the main objec-

tives of this thesis. The results of this pioneering work are summed up here (Chapter 4, Fig. 9). 

7.1.1.1 Shoreline displacements in the Bay of Elaia 

Around 12000 BC: The continental shelf of the later Bay of Elaia was exposed at the final stage 

of the last ice age and the river mouth of the Bakırçay was in a much further westward position 

as compared today (Aksu et al., 1987).  

6000 BC: Due to the rising sea level during the postglacial marine transgression the first trans-

gressive facies were deposited in the first half of the 6th millennium BC at depths of 8 m b.s.l. 

(below sea level) in corings Ela 58 and 70. 

2000/1500 BC: The rise in sea level led to a landward shift of the shoreline, reaching its greatest 

extension around 850 m westwards, 700 m northwards, and 200 m eastwards from its present 

position. The maximum northern marine transgression occurred around 2000 years BC. In the 

west and east, this was the case around 1500 BC, i.e., much earlier than the settlement period 

of Elaia. The later castle hill of Elaia protruded into the Bay of Elaia as a peninsula. Small landing 

sites for maritime vessels may have been situated on its north-western and south-eastern flank, 

but that they were used has not yet been proven by archaeological evidence. One of Elaia’s 

graveyards was located near coring Ela 9 (Pirson, 2010). Therefore, these areas have ever been 

dry land. The interpretation of the thickness of the marine strata of Ela 58 in addition to coring 

Ela 61 leads to the conclusion that the maximum transgressive shoreline was located within the 
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later city area. Hence, parts of the later city were built on formerly marine sediments, which is 

in good agreement with other ancient cities at the Turkish Aegean coast such as Miletus, Ainos, 

and Ephesus (Brückner, 2005; Brückner et al., 2006, 2013, 2015). 

1500–300 BC: Palynological investigations in the Bay of Elaia (Chapter 6) indicate intensified hu-

man impact beginning around 850 BC, including deforestation and farming activities. This led to 

enhanced erosion processes. Increased sediment load due to soil erosion from the Bozyertepe 

and the small unnamed episodic creek between Bozyertepe and castle hill caused a shoreline 

regression in the western part. No fluvial material of the nearby Bakırçay delta was found in any 

coring of the western and northern parts of the Bay of Elaia. A moderate shoreline regression in 

the eastern city district caused by denudation processes and human impact occurred. Flash 

floods are obvious in the corings of the eastern part of the Bay of Elaia and might have been a 

temporary common nuisance for the inhabitants, although nothing is found in the literature ad-

dressing this. Flash floods are the result of the higher relief energy of the nearby foothills of the 

steep mountain of Yuntdağ, compared to the flat hill of Bozyertepe and the castle hill in the 

western part. Additionally, human influence in the eastern area of the embayment has been 

more intense, causing soil degradation followed by erosional processes.  

300–0 BC: Wide areas in the western part of the bay remained marine during the prime of Elaia, 

and the shoreline shift in the eastern part was minimal. The closed harbour basin was built into 

the open sea immediately south of the castle hill, and the open harbour zone including its ship 

sheds was constructed. In the meantime, the shores of the eastern city district acted as a pref-

erable beach harbour for foreign sailors, soldiers and merchants. 

0–AD 1000: Increased sediment load in the first centuries AD led to a complete siltation of the 

harbour sites and an ongoing seaward shift in the shoreline. The palynological results suggest 

that human influence ended not later than around AD 800. At that date, the shoreline was close 

to its present-day shape, the harbour sites were silted up, and the inhabitants had abandoned 

the city in favour of a more landward settlement on the so-called Püsküllü Tepeler – most prob-

ably fearing of pirate attacks (Pirson, 2009, 2010, 2014). During that period, the spit in the south-

eastern part of the bay evolved and was artificially consolidated (Seeliger et al., 2015). The re-

maining population used the spit as a landing site for small fishing boats as the harbours of Elaia 

could by then no longer be reached. In addition, it is to be assumed that the saltworks in the 

southwestern part were in full operation since around AD 500. 
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7.1.1.2 Progradation of the Bakırçay delta 

In contrast to the Bay of Elaia, significant shoreline displacements in mid-Holocene times of 

around 60 km for the Büyük Menderes Graben near ancient Miletus (Bay, 1999; Brückner et al., 

2006), around 20 km for the Küçük Menderes near ancient Ephesus (Brückner, 2005; 

Stock, 2015), at least 26 km for the Meriç delta near ancient Ainos (Alpar, 2001), and approx. 

10 km for the Troas (Kraft et al., 1980) have been reported. The reason for the relatively small 

shoreline displacements in the Bay of Elaia is its separation from the main Bergama Graben by 

the Bozyertepe (Figs. 2 & 4). Thus, it can be excluded that the Bakırçay once flowed east of this 

flat hill. At the time of the maximum marine transgression, the Bay of Elaia was filled by water 

to its maximum level and sea waves washed the slopes of the Bozyertepe, the castle hill and the 

bordering Yuntdağ. 

Studies in the Bakırçay delta area are as yet rare. One can assume that the seaward parts of its 

contemporary delta had been a marine embayment once, comparable to ancient Troia, Miletus, 

Ainos and Ephesus. According to the foundation myth of Pergamon, the legendary Telephos 

landed on the shores “near to Teuthrania”, which nowadays is 15 km inland (Fig. 2, Radt, 2011). 

Dörpfeld (1910, 1911, 1912, 1928) and Philippson (1911) discussed the topic of a former marine 

flooding of the inner Bergama Graben and the region of Teuthrania but failed to reach a consen-

sus. Van Gerkan (1956) published a vivid summary of this dispute. In an attempt to test the 

veracity of the above mentioned myth, a 19 m b.s.l. deep coring AD 39 was drilled just west of 

Teuthrania (27°02’33.7”E; 39°03’02.5” N; 10 m a.s.l.) in 2011. No marine strata were elucidated 

(Schneider et al., 2012; Schneider, 2014). Therefore, the myth of Teuthrania is not supported by 

stratigraphic evidence, although the vague term “near the shores” has to be interpreted with 

care. In my opinion, it might be 1 or 2 km away. However, 15 km as it is today, seems to be too 

far. Furthermore, the ruins of a Roman bridge (Conze et al., 1912/1913) were found around 

4.5 km from the river mouth of the modern Bakırçay (Fig. 2). This led to the conclusion that the 

deltaic progradation of the Bakırçay has been <4.5 km since Roman times. 

7.1.1.3 Summary 

Summing up, the following can be concluded regarding the shoreline displacements during Hol-

ocene times in the Bay of Elaia and the Bergama Graben:  

(1) For the first time, detailed shoreline displacements in the Bay of Elaia have been recon-

structed. This confirms the archaeological and historical evidence of Elaia’s prime during

the Hellenistic and early Roman periods, and the city’s decline from late Roman times

onwards.
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(2) The postglacial marine transgression started to affect the shores of the Bay of Elaia

around 6000 BC.

(3) The maximum marine transgression reached less than 1 km inland during its peak

around 1500 BC. Compared to Miletus (60 km), Ainos (26 km), Ephesus (20 km) and Troia

(10 km) this is rather late and the distances prograded are much shorter. The reason for

this is a geomorphological one, namely the small area of the Bay of Elaia, the lack of a

major river, and the different activity patterns of the geologic grabens involved.

(4) The sediments which caused the siltation of the original embayment derive from the

slopes of the Bozyertepe, the castle hill, and the Yuntdağ, whereas deltaic input from

the Bakırçay was minimal.

(5) The maximum marine transgression in the Bergama Graben reached less than 15 km

inland. The delta of the Bakırçay has prograded less than 4.5 km since Roman times.

7.1.2 Goal 2: Establishing a regional sea-level curve based on RSL indicators for the 

Bay of Elaia and discussing it within a wider Aegean context. 

This chapter deals with a robust regional sea-level curve (RSL-curve) for Elaia, which is estab-

lished by choosing reliable sea-level indicators and comparing them to other studies of the 

Aegean Sea and the modelled curve by Lambeck (1996) and Lambeck & Purcell (2005).   

7.1.2.1 Changing sea level: a general overview 

The factors affecting sea-level fluctuations are diverse (isostatic-, glacial-eustatic-, steric- and 

geotectonic factors, sediment type and supply, as well as coastal dynamics) and have been 

widely discussed by the scientific community (Pirazzoli, 2005; Lambeck, 1996; Peltier, 2002; 

Lambeck & Purcell, 2005; Brückner et al., 2010). Knowing this, the quest to establish a worldwide 

or even Aegean-wide sea-level curve for the late Quaternary cannot be solved (Stanley, 1995; 

Vacchi et al., 2014; Khan et al., 2015). Therefore, it is only realistic to establish relative regional 

sea-level curves. 

As mentioned above, many coastal areas of the Aegean Sea have been investigated to detect 

Holocene sea-level changes. Two different types of RSL-curves have been produced for the Ae-

gean.  

So-called “Type 1” curves (Brückner et al., 2010) show a peak in sea level, which reached the 

contemporary or even topped the modern one during mid-Holocene times between 6000 and 
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3500 BP7. These curves have been published for example by Kelletat (2005; Peloponnese), Mül-

lenhoff (2005; ancient Miletus) and Kayan (1988; for the Datça Peninsula and the Troas). Some 

of them use beach rock as sea-level indicators, which is a quite poor one due to its – so far 

unknown – position of formation in relation to MSL (mean sea level) and evolution (Kelletat, 

2005, 2006; Vousdoukas et al., 2007; Knight, 2007). Others are poorly dated or include some 

speculations concerning the mid-Holocene peak (Kayan, 1988). In consequence, “Type 1” curves 

are nowadays obsolete and out-of-date when dealing with the Aegean Sea (Vacchi et al., 2014). 

In contrast, “Type 2” curves present a uniform increase in sea level since 6000 BP with a modern-

day maximum. For the Aegean Sea, these have been presented, for example, by Pavlopoulos et 

al. (2013; Lemnos Island), Vouvalidis et al. (2005) and Ghilardi et al. (2008) for the Thessaloniki 

coastal plain, Kolaiti & Mourtzas (in press; Western Saronic Gulf) and Poulos et al. (2009; Attico-

Cycladic region).  

RSL-curves for continental sites on the Turkish Aegean coast are rare. Müllenhoff (2005) pub-

lished a “Type 1” curve for the Büyük Menderes Graben near ancient Miletus as well as Kraft et 

al. (2000) for Ephesus. Additionally, Kayan (1988) established a “Type 1” curve for the area of 

ancient Knidos. The same was done for ancient Troia (Kayan 1988). For the first time, Stock 

(2015) presents a “Type 2” sea-level curve for the region of ancient Ephesus. This is based on 

poor sea-level indicators characterised by unclear relationship to the palaeo-sea level. With an 

envelope of around 2 m, it is too imprecise to be taken into account in the following discussions. 

Additionally, the general glacio-hydro-isostatic model of Lambeck (1996) and Lambeck & Purcell 

(2005) for the Aegean is often used as a reference. It is also a “Type 2” curve and suggests former 

sea levels of -130 to -110 during the LGM (Last Glacial Maximum), -60 to -44 m at 10000 BP, 

-8 to -2 m at 6000 BP and -1.7 to -1 m at the turn of the eras. The envelope can be minimised by

choosing a specific geographical site. This was done in this study (for the region of the nearby 

island of Lesvos) to compare it as a reference curve with the one derived from Elaia (Lambeck, 

1996).      

7 This chapter deals with geologic terms. Therefore, the ages are stated in BP (before present; before 1950, 

since the chronologies are based on 14C-ages). Chronological estimations in BC (before Christ) and AD (anno 

Domini) are used again in the coming parts, showing an archaeological context. 
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7.1.2.2 Sea-level indicators: a general overview  

A reliable sea-level indicator has to fulfil at least two conditions: 

(1) Its position in relation to the palaeo-sea level integrating the tidal range variations at the

time of its formation should be clearly known (in sum: precision);

(2) it must be reliably dated using radiometric techniques (14C, OSL, U/Th etc.) or archaeo-

logical/architectural-historical means (in sum: reliable dating).

Selected sea-level indicators are grouped in four: 

(1) Sedimentlogical Geological features: tidal notches (Pirazzoli et al., 1997; Pirazzoli,

2005; Evelpidou et al., 2012a; Evelpidou & Pirazzoli, 2014; Marriner et al., 2014),

marine terraces and shore platforms (Bloom & Yonekura, 1985; Marshall & Stephen-

son, 2011; Stephenson et al., 2012), isolations basins (Murray-Wallace &

Woodroffe, 2014), raised beach ridges (Otvos, 2000) and – by unclear evidence –

beachrock (Kelletat, 2006; Knight, 2007; Vousdoukas et al., 2007).

(2) Sedimentological features: the topset/ foreset contact in Gilbert-type deltas (Dumas

et al. 1988, Brückner et al., 2010) and peat from paralic swamps (Müllenhoff, 2005;

Brückner et al., 2010).

(3) Biological features: bioerosive notches (Kelletat, 2013), corals and coral reefs (e.g.,

Acropora palmata; Toscano et al., 2011), microatolls (Porites lutea; Scoffin &

Stoddart, 1978; Kelletat, 2013; Murray-Wallace & Woodroffe, 2014), marine mol-

luscs (Murray-Wallace et al., 2000) and living caves of sea urchins (Kelletat, 2013).

(4) Archaeological remains: fish ponds (Evelpidou et al., 2012b; Morhange et al., 2013;

Morhange & Marriner, 2015), harbour infrastructure like jetties, breakwaters and

quays (Auriemma & Solinas, 2009) and private-/public buildings like pavements,

graveyards or bath complexes such as the one in Bademli Ilıca mentioned in Chap-

ter 1.4 (Antonioli et al., 2007; Kelletat, 2013).

7.1.2.3 Sea-level indicators used in Elaia 

Unfortunately, nearly none of the aforementioned sea-level indicators were found in the Elaia 

region. Therefore, the microfossil composition in connection with the transgressive contact have 

been used as a new sea-level indicator. In addition, the well-preserved closed harbour’s western 

breakwater acts as an archaeological sea-level indicator.     
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Microfossil assemblage in connection to the transgressive contact 

Several corings in the Bay of Elaia hit the bedrock at different heights above sea level. The mi-

crofaunal composition in the transition zone between the bedrock and the overlying littoral zone 

bears information about the former sea level (Fig. 6). The first occurrence of microfossils in the 

sequences indicates the beginning of the transgression; however, just a few robust, larger sized 

foraminifers are preserved in this first high-energy stage of sea-level rise. Typical species are 

Ammonia compacta and Elphidium crispum. Due to the wave activity, they are transported to 

the lowermost part of the supratidal zone, directly above the mean sea level. Ostracods are 

normally absent during this stage. Rising sea level leads to permanent water coverage of the 

spot. This is represented by a fully established shallow marine association of foraminifers and 

ostracods, and acts as a valuable and reliable sea-level indicator; it is just to be added by the 

upward error bar of the tidal range. The first frequent occurrence of littoral foraminifers and 

ostracods states a shallow water depths of the site. 

Fig. 6 Microfossil content in context of the transgressive contact within coring Ela 63 as an example. (a) Be-

fore the onset of the transgression; (b) the transgressive facies; (c) beginning of the shallow marine facies. 

The lowermost sample showing characteristics of (c) is to be radiocarbon dated to gain a sea-level index 

point. 

Typical species of foraminifers are Ammonia parkinsoniana, Elphidium aculeata and Lobatula 

lobatula as well as the ostracods Aurila convexa, Leptocythere bacesoni and Loxoconcha rhom-

boidea. Plant remains and charcoal of these samples were 14C-dated to prepare the RSL-curve 

123



Chapter 7 

(Tab. 1). The sampling spot is close to the bedrock. Therefore, sediment compaction for this type 

of sea-level indicator is relatively minor here. 

In sum, this type of indicator is of a high precision and well dateable by radiocarbon 

The western breakwater of the closed harbour basin 

The western breakwater of the closed harbour of Elaia consists of a basement made of stone 

debris, broken bricks and ceramics (Chapter 2, see also Fig. 7). The basement has a width of 

nearly 8 m and a vertical thickness of more than 2 m. Its asymmetric shape buffered wave en-

ergy on the seaward side and the plunging cliff-like profile on the harbour side created 

opportunities to anchor ships. It is topped by a massive wall of sandstone ashlars joined together 

by wooden dove-tail cramps (Chapter 2, Fig. 3d). This, as well as the lack of opus caementitium 

(Roman concrete) as a building material, dates the breakwater to pre-Roman times (Ganzert et 

al., 1984; Waelkens, 1987; Brandon et al., 2014). Additionally, the shift form open marine sedi-

ments to lagoonal sedimentation inside the closed harbour basin (Chapters 2 & 7.2.1) and 

written sources dealing with the early influence of the Pergamenian Kings around 250 BC (Chap-

ter 1.5) led to the conclusion that the breakwater was most probably built in the early 3rd century 

BC. The upper limit of the breakwaters basement can be used as reliable sea-level marker 

(Fig. 7). 

Fig. 7 Breakwater construction in Hellenistic times (cf. Chapter 2). The contact between the breakwater boul-

ders and the basement acts as a good sea-level marker. 

Thus, the functional height i.e. the upper side of the basement, was about 20 cm above the early 

Hellenistic sea level (Antonioli et al., 2007; Auriemma & Solinas, 2009). The sandstone ashlars of 

the wall on top must have been situated above the former sea level because this kind of stone 
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is too soft to resist constant salt-water contact. Moreover, the wave energy would have shifted 

the ashlars quickly, if they had been underwater and exposed to wave action for a longer time. 

Written sources from Roman Imperial times, such as Pliny the Younger8, provide insights into 

the construction style of breakwaters and show that the bases in those days were erected just 

above sea level. Afterwards a wall of ashlars was placed on top of them (Pliny; Epistulae 6, 31, 

17). In addition, a similar construction of breakwaters is found in the submerged harbours of 

Capo Malfatano and Nora (Sardinia/Italy; Antonioli et al., 2007).  

As a result of coring Ela 18, the upper level of the western breakwater’s basement is at present 

1.67 m b.s.l. (Chapter 2). However, during its construction in early Hellenistic times it was about 

0.20 m above mean sea level. Thus, in the 3rd century BC sea level was 1.90 ± 0.10 m (the error 

margin is the tidal range) lower than today.  

With regard to Chapter 2, three different components of the breakwater might have been com-

pacted since the time of construction:  

(1) The bedrock: As stated above, compaction of the underlying sandstone bedrock is insig-

nificant. 

(2) The underlying marine sand: Based on coring Ela 70, the bedrock occurs at a depth of

8 m b.s. (below the surface; Chapter 2). Based on this assumption, an at least 4–5 m

thick sand package between the bottom side of the breakwater’s basement and the

bedrock can be estimated. Many different factors influence the compactibility of sedi-

ments (e.g. mean grain size, grain-size distribution, content in pebbles and type of

organic matter, the process of consolidation, the overlying mass etc.; Brain et al., 2012;

Salvatore et al., 2015). In addition to ambiguities regarding the thickness of the sedi-

ment, most of these parameters are unknown in our case.

(3) The base of the breakwater: As evidenced by the geoelectric cross-section (Chapter 2),

it is assumed to have a minimum thickness of 2–3 m. Due to its heterogeneity, a detailed

compaction rate of the basement is impossible to determine, but it is important to bear

this in mind when interpreting the data.

Overall, compaction has to be assumed. This would result in an overestimation of the sea-level 

marker in relation to the time of its construction. However, many influencing factors are inde-

terminable. Therefore, a correction of the compaction was not done here. Nevertheless, this 

correction might influence just the youngest point of the modelled sea-level curve. Its other five 

8 Pliny the Younger (Gaius Plinius Caecilius Secundus); Roman senator and advocate, AD 62-113/115. 
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points were reconstructed using the microfossil content in connection with the transgressive 

contact, which is unaffected by compaction. 

In sum, this indicator is of high precision and excellently dated by archaeological, historical and 

sedimentological means. 

7.1.2.4 A RSL-curve for the Bay of Elaia 

According to the presented sea-level indicators, a “Type 2” RSL-curve based on six points is mod-

elled (Fig. 8).  

Fig. 8 Modelled RSL-curve for the Bay of Elaia based on the established sea-level indicators at the breakwater 

of the closed harbour (red) and the microfossil data in the context of the transgressive contact (blue). 

The curve starts at a depth of 8 m b.s.l. and 7500 years BP (Ela 70/782; 7370–7639 cal BP; Tab. 1) 

and 7.46 m b.s.l.; around 7700 years BP (Ela 58/38F; 7825–7680 cal BP) showing an envelope of 

approximately 80 cm. The slope is quite steep in this part (1.2 mm/a). The envelope shrinks to 

just 50 cm at 5.10 m b.s.l.; around 5600 years BP (Ela 14/18; 5465–5826 cal BP) and continues 

at that width up to 2.66 m a.s.l.; around 3600 years BP (Ela 20/16SG; 3485–3684 cal BP) while 
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the slope decreases to 1.04 mm/a. The very slim 2σ-confidence interval of sample Ela 63/11 

leads to a thinning of the envelope to approx. 30 cm at a depth of 2.57 m a.s.l. and 2750 years 

BP (Ela 63/11; 2741–2783 cal BP), which results in a slope of 0.2 mm/a. Due to the favourable 

error bar of the harbour’s western breakwater, the curve maintains a slim envelope and steep-

ens by 1.2 mm/a to 1.90 ± 0.10 m b.s.l. and 2300 years BP, until it goes on to the present day 

with a gentle slope of 0.81 mm/a.     

Chapter 5 deals with the late Antique saltworks in the Bay of Elaia laying approximately 1 m b.s.l. 

The established RSL-curve shows a sea-level rise since 1500 BP of 1.20–1.30 m, which fully sup-

ports the temporal classification of the buildings. Although these data fit the RSL-curve, it is 

probably due to the vague relationship of the walls to the palaeo-sea level which are not inte-

grated into the RSL-curve of Elaia (Fig. 8).      

7.1.2.5 RSL-curve Elaia vs. Aegean-wide curves 

The obtained RSL-curve for Elaia is in good agreement with the one modelled by Lambeck (1996) 

and Lambeck & Purcell (2005) for the area of Lesvos, Greece (Fig. 9). Between 7500 and 6000 BP 

Lambeck’s curve is steeper in comparison to the one for Elaia. Both curves cross each other at a 

depth of 6.30 m b.s.l. (6600 years BP). After 6000 BP they show similar shape and steepness with 

a vertical difference of approx. 0.5–0.7 m whereby the estimated sea level at Elaia is below the 

modelled one proposed by Lambeck (1996) and Lambeck & Purcell (2005). 

The RSL-curve published by Pavlopoulos et al. (2007) for the island of Skyros (Greece), a region 

showing uplift, is based on 14C-ages on peat and organic matter and supplemented by several 

ages from beachrock samples. In this study both sea-level indicators correlate well for the past 

3750 years. The resulting curve is of similar shape as the curve described by Poulos et al. (2009) 

and the one for Elaia, showing a vertical difference of approx. -0.5 m in relation to the Elaia 

curve.    

The presented RSL-curve of Poulos et al. (2009) for the Attico-Cycladic region shows a constant 

rate of sea-level rise (0.9 mm/a) for the past 5500 years and is similar to the one of Elaia, with 

an offset of -0.4 m. This RSL-curve is based on data from several studies in the area, which use 

indicators such as ancient buildings, burial grounds and sedimentary proxies. As the region is 

said to be aseismic and tectonically stable, this led to the conclusion that the ongoing melting of 

glaciers mostly triggered the sea-level rise (eustatic factor) observed here, in combination with 

steric effects (Poulos et al., 2009).   
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Fig. 9 Modelled RSL-curve for the Bay of Elaia compared to other curves for the Aegean region. (a) selected 

RSL-curves for sites in the Aegean Sea in addition to the modelled curve by Lambeck (1996) and Lambeck & 

Purcell (2005) for the area of Lesvos, Greece. (b) Location of the study sites in the Aegean region. 

Ghilardi et al. (2013) published the most uncommon RSL-curve presented here for the area of 

the southern Euboean Gulf, which is characterised by a slight subsidence tendency. It is based 

on radiocarbon ages obtained from plant and bone fragments, showing the steepest slope of all 

the curves, beginning between 4200 and 3000 years BP and later even exceeding the Lambeck 

and Elaia curves. This is not surprising because the data derives from a thick deltaic sequence 

which is prone to subsidence. 

Pavlopoulos et al. (2013) present a RSL-curve for the region of the ancient city of Hephestia at 

Lemnos (Greece), which is tectonically very active and often affected by earthquakes. Neverthe-

less, no geologic sea-level indicators, such as notches, are present above the contemporary sea 

level. This suggests an absence of uplift. The curve – based on radiocarbon ages of shells (Ceras-

torderma sp.) and organic matter – extends back to 3900 years BP. It shows a similar shape to 
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the one for Elaia. According to the authors, the reason for this offset between the Hephestia and 

the Lambeck curve is sediment compaction. 

7.1.2.6 Summary 

In sum, the following statements can be made for the RSL-curve of Elaia: 

(1) For the first time, a reliable “Type 2” RSL-curve is presented for a site on the Turkish

Aegean coast.

(2) The curve is in good agreement with other studies from the adjacent Aegean region. All

of the curves are of the “Type 2” style, i.e., they do not show any mid-Holocene peak.

Furthermore, they present similar slopes. In addition, most curves are below Lambeck’s

curve; for Elaia an overall offset of around -0.7 m can be stated. The discrepancies may

be due to differential tectonics.

(3) The main reason for the negative offset compared to Lambeck’s curve is in the subsid-

ence of the Bergama- and Zeytindağ Grabens wherefrom the Bay of Elaia is a part. The

subsidence rate of the graben system is estimated to be about 1 m/ 1000 years (Aksu et

al., 1987), but should be even lower (Chapters 2, 3 & 4).

(4) Compaction can be excluded for almost all sea-level index points from Elaia, except for

the one at the western breakwater. Due to the breakwater’s artificial origin, the com-

paction is undetectable.

(5) The usability of the microfossil composition in connection to the transgressive contact

acts as a useful new sea-level indicator and should be further tested at other sites e.g.

in ancient Ainos and Kane. Its greatest strengths are the exclusion of compaction and

only corings which include the transgressive contact are needed.

(6) Sea-level rise was very constant in the Bay of Elaia with just one exception around 3000

years BP. This short period of decelerated sea-level rise is derived from the two neigh-

bouring radiocarbon ages Ela 20/16SG and Ela 63/11H (Tab. 1); its significance should

not be overestimated.

(7) Calculated sea-level rates often suggest a constant rise at a certain rate. However, in a

graben setting it is evident that an earthquake (Chapter 1.4), which triggers a sudden

subsidence, causes a sudden sea-level rise. These steps in the RSL-curve are hard to de-

tect and get lost when the known values are arithmetically averaged.
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7.2 Elaia’s different harbour sites during the period of prosperity 

� Working hypothesis 2: During its period of prosperity, the city of Elaia successfully oper-

ated several harbours, which can be elucidated using geoarchaeological evidence 

7.2.1 Goal 1: Describing the lifecycle of the closed harbour basin of Elaia. 

For the first time, the closed harbour basin of Elaia was investigated using geoarchaeological 

means. Its lifecycle, from its construction to its abandonment, is discussed here. 

7.2.1.1 The closed harbour basin of Elaia – a brief overview 

Because it is incorporated into the main city wall and guarded by two massive breakwaters, the 

closed harbour basin is of special interest (Fig. 10). In early Hellenistic times, the closed harbour 

basin was constructed in an open shallow marine environment. After the construction of the 

breakwaters, the closed harbour basin was only connected to the open Mediterranean Sea by 

the 45 m wide entrance, resulting in a quiescent lagoon-like depositional environment (Fig. 10). 

This transition has been elucidated by a variety of methods. The harbour was in use during Hel-

lenistic and early Roman times. Chapter 2 already illustrated the silting-up history of the closed 

harbour basin.  

7.2.1.2 Construction age of the closed harbour basin 

The construction age of the breakwaters can be determined by several criteria: 

Architectural-historical criteria 

Three features describe the construction age of the breakwaters. 

Firstly, the breakwaters were erected without using Roman concrete (opus caementicium) which 

was not introduced to this region before ca. 50 BC (Ganzert et al., 1984; Waelkens, 1987; Bran-

don et al., 2014). Therefore, the construction of the breakwaters must have happened before 

this date (minimum age).  

Secondly, according to coring Ela 18 the basement of the breakwater partly consists of ceramics 

of Hellenistic and Roman age, but does not include Classical or older ones. Thus, the breakwaters 

must have been erected in Hellenistic times or later (maximum age, cf. Chapter 2).  
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Fig. 10 The closed harbour basin of Elaia with locations mentioned in the text and a schematic view of seismic 

profile 7. Source: Quickbird 2 satellite image (acquired 02 April 2006; RBG composite based on bands 3, 2, 1). 

Thirdly, the sandstone ashlars of the breakwater were joined together by wooden dove-tail 

cramps for stability. In general, this construction style can be attributed to Classical and early 

Hellenistic times. From the 4th century onwards it was mostly replaced by further advanced tech-

niques, either using iron dove-tail cramps or U-cramps (Müller-Wiener, 1988; Faisst, 2013). This 

limits the time window of construction to the Classical or early Hellenistic period. Nonetheless, 

this technique may have been used even later, although it became increasingly outdated. 

Historical sources 

The city of Elaia came under Pergamon’s rule between 246/241 BC (Allen, 1983;, Pirson et al., 

2015). It is probable that the Pergamenians immediately started to build the closed harbour 

basin. Therefore, a construction date for the breakwaters of about 245 BC seems to be realistic. 

During the First Macedonian War (215–205 BC) the Pergamenians already operated a fleet of at 

least 35 pentere ships, mostly stationed in Elaia. By that time, at the latest, the harbour basin 

must already have been erected (Livius; Ab urbe condita 28, 5, 1). 
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Coring evidence from Ela 70 

The sediments of core Ela 70 form the basis for several methodological approaches to detect 

the marine-lagoonal transition (Chapter 6, Figs. 3 & 4).  

Mean grain size 

By constructing the breakwaters, the wave climate inside the closed harbour basin turned to 

that of a low-energy environment. This is clearly visible in the significant transition from high-

energy hydrodynamic conditions (sand; mean grain size: ~300 µm) to low-energy ones (clayey 

silt; mean grain size: <30 µm) at a depth of 4.38 m b.s. (Chapter 2, Fig. 59). Therefore, the mean 

grain size acts as a valid indicator for this environmental change. Based on the age-depth plot of 

Ela 70 (Chapter 6, Fig. 3), this transition occurred in the time span 378-157 cal BC (2σ-confidence 

interval). 

Microfossil content10 

As microfossil analyses are a useful tool to reconstruct palaeoenvironmental conditions (Chap-

ters 3 & 4 ), these studies are currently being carried out on samples from the sediment column 

of Ela 70. Because other methods have highlighted an environmental change at a depth of ca. 

4 m b.s., a special focus was put on the section between 3 and 5 m b.s. Mainly foraminifers occur 

in the sediments of Ela 70. To a depth of 4.42 m b.s., the microfossil association is still dominated 

by coastal marine foraminifers like Rosalina sp., Ammonia beccarii and Ammonia parkinsoniana. 

At a depth of 4.32 m b.s. the first dominance of Ammonia sp. indicates more protected lagoonal 

conditions, typical of harbour basins (Goiran et al., 2010; Vittori et al., in press). Regarding the 

age-depth plot of Ela 70 (Chapter 6, Fig. 3), this transition dates to 379-91 cal BC (2σ-confidence 

interval).  

Autotrophic and heterotrophic dinoflagellates11 

Dinoflagellates are unicellular organisms showing two distinctive flagella and a typical nucleus 

(Fensome et al., 1993). Together with diatoms and coccolithophorids, dinoflagellates represent 

the majority of the marine eukaryotic phytoplankton. During their lifecycle, many of them pro-

duce resistant cysts with lasting walls. Organic-walled dinoflagellate cysts (dinocysts) act as 

9 The mean grain size is a standard parameter to study paleoenvironmental conditions. Since this tool is used 

in chapters 2–6, a detailed description is not given here. 
10As microfossils are used to detect palaeoenvironments in Chapters 3, 4 & 6, no detailed introduction in the 

methodology is given here  
11 As dinoflagellates are not introduced in Chapter 6 in detail, a brief summery about their biology and usability 

is given here. 
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suitable environmental proxies, because the cyst associations reflect even small changes in up-

per water conditions (e.g. nutrient availability, sea-surface temperature, salinity; de Vernal et 

al., 1997; Marret et al., 2001; Sangiorgi et al., 2002, 2005).  

In addition to the examination of pollen, dinocysts were investigated as well (Chapter 6, Fig. 7). 

In this context, the differentiation in autotrophic and heterotrophic dinocysts is useful to detect 

the shift from shallow marine conditions to the harbour environment as a result of the construc-

tion of the breakwaters. As autotrophic dinocysts require light to photosynthesise, these species 

mostly occur in a light-flooded shallow marine environment. By contrast, heterotrophic species 

are unable to photosynthesise and consume organic material to survive (Fuchs et al., 2007; 

Campbell & Reece, 2009). The surplus of nutrients and the seclusion of the harbour water body 

provide a suitable habitat for heterotrophic species. The shift from dominating autotrophic di-

nocysts to heterotrophic ones occurs at 4.25 m b.s. in coring Ela 70. Based on the age-depth plot 

(Chapter 6, Fig. 3), this is dated to 274–62 cal BC (2σ-confidence interval). 

Geophysics12 

Additionally, the transition between the underlying marine sand to the harbour facies was de-

tected by geophysical means. High damping effects caused by the high salt-water level led to 

the failure of depth resolving prospection methods like GPR (ground-penetrating radar) or ERT 

(electrical resistivity tomography). To image the bedrock depths and the marine-lagoonal tran-

sition to a depth of a few meters, shear wave refraction seismic methods were most appropriate 

(Dines & Lytle, 1979; Aldridge & Oldenburg, 1992). Unfortunately, the area of the closed harbour 

basin is covered by very shallow water and comprises muddy, poorly accessible parts. That ham-

pers the use of refraction seismics which are in need of long geophone spreads. Therefore, only 

short profiles in the accessible parts of the closed harbour basin were performed by seismic 

Rayleigh-wave spectral analysis, which is increasingly used for engineering applications. 1D 

shear-wave velocity-depth distribution can be derived by fitting dispersed phase-velocities of 

Rayleigh-waves that result from different amplitude-depth distributions at different frequen-

cies. In Elaia, 24 m long profiles with a spread of 24 vertical geophones were used in the MASW 

(multi-channel analysis of surface-waves) variant of Wilken & Rabbel (2012). Rayleigh-waves 

were excited at both ends of the profiles, using a steel plate and a sledge-hammer (Park et al., 

1999; Xia et al., 1999). 

12 The results of the geoseismics are unpublished so far and not included in Chapters 2–6. Therefore, this section 

is more detailed as compared to the ones dealing with the mean grain size and the microfossil results. 
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Fig. 11 shows the results of profile P7. The red line indicates the shear-wave velocity depth 

model that provided the best data fit. It shows three major layers. The uppermost two layers 

(I and II) can be divided by their velocity gradient; a relatively steep gradient corresponds to the 

lagoonal layer showing an increase in velocity from 40 m/s to 80 m/s down to 3.5 m depth. The 

average velocity corresponds well with the observed low shear-wave velocities for lagoonal sed-

iments (Rabbel et al., 2004). This is followed by a layer of a weaker velocity gradient (II), ranging 

from 90 m/s to 120 m/s down to approximately 7.8 m depth. Here, an abrupt increase in velocity 

from 120 m/s to 1800 m/s occurs, which represents the transition from the shallow marine fa-

cies to the sandstone bedrock (III). 

Fig. 11 Results of the geoseismic profile 7. For location cf. Fig. 10. 

The uncertainty of the interface layer depths is estimated by statistical analysis (Wilken & Rab-

bel, 2012) to 0.18 m standard deviation for the lagoonal to marine interface and 0.24 m from 

the marine sediment to bedrock, which is 6 % and 3 % of the layer depth values. Nevertheless, 

the method presents a fairly accurate means to detect the local stratigraphy by means of shear-

wave velocity. It is a point-wise estimation, integrating the data of short (24 m) seismic profiles 

to a 1D shear-wave velocity depth model. In sum, the transition between the shallow marine 

sediments and the lagoonal harbour facies was ascertained using seismics to be at a depth of 

3.50 ± 0.18 m. Based on the age-depth plot of Ela 70, this corresponds to 18 cal BC–cal AD 271 

(2σ-confidence interval) and so roughly to Roman times.  
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The temporal discrepancy with almost all the other results (Fig. 12) is caused by the different 

locations of the seismic profile P7 and coring Ela 70, on which the age-depth plot is based. It has 

to be mentioned that although seismic profile P7 is at a greater distance from the castle hill 

compared to coring Ela 70, the bedrock was hit at a similar depth. Therefore, without any further 

data, a plateau-like shape around 8 m b.s.l. for the bedrock in the area of the closed harbour 

basin can be assumed.  

Fig. 12 Synoptic chronology of different approaches to detect the shift from shallow-marine conditions to 

lagoonal ones in the closed harbour basin as a result of the construction of its breakwaters. Full colour shad-

ing was used for ages based on the age-depth model of coring Ela 70 whereas shaded colours were used for 

limiting ages based on literary or architectural evidence. The dark yellow zone illustrates the most probable 

timespan for the construction of the breakwaters. 
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7.2.1.3 Silting up of the closed harbour basin 

Elaia’s closed harbour basin was in use during Hellenistic and Roman times. Its siltation is in 

detail described in Chapter 2. According to these results, the onset of substantial siltation oc-

curred between the second half of the 3rd century and the end of the 4th century AD.  

7.2.1.4 Tsunami impact in the Bay of Elaia? 

Since the Aegean is an active tectonic region (Cocard et al., 1999; Doutsos et al., 2001; Papado-

poulos, 2015) the risk of an earthquake and a subsequent tsunami should be taken into account 

(Schielein et al., 2007; Hadler, 2013). In recent years numerous studies have demonstrated that 

harbour basins act as suitable sites to preserve former tsunami. Reinhardt et al. (2006), Mor-

hange & Marriner (2010), Bony et al. (2012), Morhange et al. (2015) and have described harbour 

sites which were affected by tsunami impacts.  

The identification of tsunami deposits was not a focus of the studies in Elaia; however, “master 

core” Ela 70 (Chapter 6, Fig. 4) was chosen for an intensive search for the footprint of this natural 

hazard. Usually tsunami deposits show some typical characteristics, like an erosional contact to 

the underlying substrate, rip-up clasts, mud caps, fining-upwards sequences, allochthonous 

plant remains and microfauna etc. (e.g. Ruiz et al., 2010; Brill, 2012; Chagué-Goff et al., 2012; 

Engel, 2012) for which Ela 70 was investigated using high-resolution geochemical, granulometric 

and palynological methods. As a result, coring Ela 70 lacks evidence for tsunami impacts. This 

may be for two main reasons. Firstly, the Bay of Elaia is in a very sheltered position, at the end 

of the elongated Gulf of Elaia and partly secured by the island of Lesbos and the northern part 

of the Çeşme peninsula; this geomorphology would have weakened incoming tsunami waves. 

Secondly, before ca. 250 BC, the area of the later closed harbour basin was an open marine 

embayment, wherefore former tsunami deposits might have been reworked due to wave action 

or bioturbation. Later on, the sheltered closed harbour basin showed conducive conditions for 

the preservation of tsunamigenic sediments. Thus, tsunami, like the AD 365 event, which is re-

ported for Phalasarna (Crete), or the AD 1856 event, which affected the island of Chios, might 

have hit Elaia as well (cf. Pirazzoli et al., 1992; Pirazzoli, 2005; Papadopoulos, 2015). There is, 

however, no positive evidence for it. In addition, no archaeological or written sources dealing 

with tsunami or big wave events are historically attested for the city of Elaia (pers. comm. by 

Prof. Felix Pirson, DAI Istanbul).      
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7.2.1.5 Summary 

In summary, the following can be stated for the history of the closed harbour basin of Elaia: 

(1) Regarding Fig. 12 the construction date of the closed harbour basin in early Hellenistic

times about 246-215 BC seems to be realistic. It is largely supported by almost all of the

applied approaches. Only the geoseismic profile 7 dates the shift from open marine to

lagoonal conditions to Roman times, but this is due to the different positions of the ge-

oseismic profile and the age-depth model of coring Ela 70. One can state that the

approach using literary sources (Livius; Ab urbe condita 28, 5, 1) is the most precise one.

This is definitely true in the given case. The wide error bar of the approach using coring

Ela 70 is caused by the age-depth model based on radiocarbon ages, which are displayed

at the 2σ-confidence interval. Additionally, the “Hallstatt plateau” of the radiocarbon

calibration curve widens the dating range of Classical and early Hellenistic ages (van der

Plicht, 2004).

(2) All presented methods show the clear environmental change from shallow marine con-

ditions to lagoonal ones, caused by the construction of the breakwaters. Despite of the

wide dating rage of the geoscientific methods, they may act as valuable tools when the

information from archaeological and historical sources is absent  or very vague.

(3) The silting-up process of the harbour basin accelerated during Roman times and led to

the abandonment of the harbour no later than AD 500.

(4) The sedimentary facies sequence of ELA 70 fits well to the “Ancient Harbour Parase-

quence” (AHP) postulated by Marriner and Morhange (2006b) derived from a summary

of different harbour locations, most of them situated in the southern Mediterranean,

especially in Tyre’s northern harbour.

(5) Although the occurrence of tsunami events in the Aegean has been elucidated by other

studies, no tsunamigenic sediments were detected in the closed harbour basin of Elaia.
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7.2.2 Goal 2: Determining the water depths of Elaia’s harbours and their accessibil-

ity by different ship classes during Hellenistic and Roman times. 

The functionality of Elaia’s harbours mainly depended on the water depths, which must have 

been sufficient for the most common ship classes of Hellenistic and Roman times.  

7.2.2.1 The draughts of common war and merchant ships during Hellenistic and Ro-

man times  

Since ancient warships of the same class were built in a uniform style and equipped in the same 

way (oarsmen, weapons etc.), their draught can be reconstructed quite precisely. Morrison & 

Coates (1986, 1996) and Coates (1987) convincingly reconstructed the size and draught of Clas-

sical and Hellenistic oared warships. The most common warship classes of those days had 

draughts of approx. 1.10 m for the so-called threes (trireme; with three banks of oars) and up to 

approx. 1.50 m for the fifths (pentere; with five banks of oars; Morrison & Coates, 1986, 1996). 

Although warships with six or seven banks of oars are known for these periods showing draughts 

exceeding 1.50 m, such ships were not used by the Pergamenian fleet (Polybios: Historíai 16, 3–

7; Murray 2012).    

Compared to warships, the draughts of common merchant ships of those days greatly depended 

on their loading, which complicates draught reconstructions. Boetto (2010) and Auriemma & So-

linas (2009) have investigated many shipwrecks and literary sources of the Mediterranean area 

and came to the conclusion that draughts of not more than 2.0 m seem to be realistic for most 

of the common merchant ships of the Hellenistic and early Roman period.     

By setting the RSL-curve for Elaia (Chapter 7.1.2) and the age-depth model of Ela 58 resp. Ela 70 

against each other, the former water depths of the closed harbour basin area (Fig. 13) and the 

open harbour area (Fig. 14) for the last millennia were identified. This results in three possible 

water depths plots for each of the harbour areas: a maximum, a medium and a minimum one. 

When dealing with age-depth models, sediment compaction should be kept in mind. Due to a 

lack of detailed information concerning the underlying substratum of each dated sample and in 

accordance with the sea-level index points (Chapter 7.1.2.3) a correction of the sediment com-

paction was not done while establishing the age-depth models for Ela 58 and 70. 
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Fig. 13 Modelled water depths in the closed harbour basin of Elaia for the past 8000 years. In the upper part 

of the figure, the age-depth model of coring Ela 70 (yellow) is plotted against the RSL-curve (blue) for Elaia 

(Chapter 7.1.2). The interval in-between both graphs corresponds to the water depth. In the lower part of 

the figure the water depths are pictured. The most important period for the settlement of Elaia, between 

490 BC and AD 500, is presented in Fig. 15. 
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Fig. 14 Modelled water depths in the open harbour area of Elaia for the past 8000 years. In the upper part 

of the figure, the age-depth model of coring Ela 58 (yellow) is plotted against the RSL-curve (blue) for Elaia 

(Chapter 7.1.2). The interval in-between both graphs corresponds to the water depth. In the lower part of 

the figure the water depths are pictured. The most important period for the settlement of Elaia between 

490 BC and AD 500 is presented in Fig. 15. 
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7.2.2.2 Reconstructed water depths of the closed and open harbours of Elaia  

Fig. 15a shows the reconstructed water depths for the closed harbour basin from Classical times 

to late Antiquity, which includes the most flourishing period of Elaia. The draughts are for the 

common merchant ships and the pentere and trireme warship classes mentioned above.  

According to the medium modelled water depths it was possible for all presented ship classes 

to enter the closed harbour basin during Hellenistic times and until around AD 150. During Ro-

man Imperial times siltation increased, which led to a decrease in water depths. After AD 150, 

it was impossible for merchant ships to reach the harbour and only smaller trireme ships could 

use the basin during the entire Roman period. These results confirm and extend the results of 

Chapters 2 & 4. 

Boetto (2010) stated that some merchant ship classes can have draughts of up to 4.5 m. In this 

context, it is interesting to note that the closed harbour basin of Elaia could never have accom-

modate such ships because its maximum water depths at the beginning of the Hellenistic period 

was around 3 m. As Elaia was the main harbour of the Pergamenian Empire this is a very inter-

esting finding. Additionally, neither historical sources nor results of the corings provide an 

indication of dredging processes inside the closed harbour basin13.  

Fig. 15b presents the results of water depths for the open harbour area. In this area, the water 

depths reached a maximum of just 1.90 m around 1400 BC. According to the medium modelled 

water depths it was only possible for the trireme class ships to reach this point, i.e. the coring 

site Ela 58 (Fig. 4), without running aground during the very beginning of the Hellenistic period. 

Later on all ships must have been beached there and hauled into the ship sheds. From Roman 

Imperial times onwards, the area was dry, artificially consolidated land which is in good accord-

ance with the results outlined in Chapters 3 & 4.     

13 Dredging activities to prevent siltation would have led to temporarily increased water depths. However, the 

geochemical record, the pollen analysis and the stratigraphically correct 14C-ages do not hint to any erosional 

unconformity within the sediment column. 
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Fig. 15 Detailed view on the water depths of the closed harbour basin (a), and the open harbour area (b) 

from Classical times to Late Antiquity added by a simplified representation of draughts of different ship 

classes of those days. 

7.2.2.3 Summary 

To sum up, the following can be stated for the accessibility of the harbours during Elaia’s prime: 

(1) The most common war and merchant ships were able to use the closed harbour basin

until around AD 150. Later on, siltation prevented larger ships from entering the har-

bour. In late Antiquity, the closed harbour basin was also inaccessible for the shallow

trireme ships. Following Chapter 2, the closed harbour basin has shown its contempo-

rary configuration since around AD 500, which fits well with the modelled water depths

in this chapter.
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(2) In contrast to Ephesus (Kraft et al., 2007; Stock et al., 2013; Delile et al., 2015), Marseille

(Morhange et al., 2003) and Tyre (Marriner & Morhange, 2006a), no evidence of dredg-

ing is known for Elaia; also the radiocarbon dating results do not show any age inversion

(Chapter 6, Fig. 4). Additionally, there is no erosional disconformity in the sediment col-

umns of the cores, which might be due to dredging.

(3) The open harbour area shows very shallow water depths of not more than 1 m for the

Hellenistic period. Nevertheless, the area was a favorable landing site for vessels, which

were stored in the adjacent ship sheds. By the transition to Roman times, the area was

artificially consolidated. These results are in good agreement with the results presented

in Chapters 3 & 4.

(4) The water depths of the beach harbour (Fig. 4) area were not investigated, because the

chronology of the corings of this region is insufficient to establish a suitable age-depth

model. Here the assumptions made in Chapter 4 are fair to be considered. Separated by

the diateichisma which prevented a direct contact with the inhabitants of Elaia, this area

probably served as a landing site for foreign merchants and soldiers.
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7.3 Human impact in the Bay of Elaia over the past millennia 

� Working hypothesis 3: The temporal changes and the intensity of human impact on the 

environment can be elucidated by geoarchaeological research. 

7.3.1 Main goal: To identify and quantify human impact on the Bay of Elaia over the 

past millennia. 

Human impact on the environment in the Bay of Elaia is clearly documented in different ar-

chives. Broadly speaking, five temporal stages of human impact can be described.   

7.3.1.1 Human impact and human-induced landscape changes over time 

1) Before 850 BC

The mythical foundation of Elaia during the struggles of the Trojan War (13th/12st century BC) 

and a few pottery finds on the castle hill of Elaia do not bear detailed witness of those periods 

(Radt, 2011). Since not much is known about the pre-Classical period in Elaia, the pollen data 

(Chapter 6) allows human influence on the landscape to be probed during this period. Up to 

around 1000 BC the natural vegetation of deciduous oak forests with ash, linden and hazel was 

present in the environs of Elaia. Moderate pastoral activities are attested, documenting human 

impacts. This is represented by an increase in coprophilous fungi, which are associated with the 

dung of herbivores, since 1500 BC. Nonetheless, this finding should not be overinterpreted.  

2) 850–250 BC

The presence of human activities become clearly obvious in the shift from natural oak forests to 

cultivated plants like olive, pistachio, walnut, grape and cereals around 850 BC. From this time 

onwards, olive was grown in Elaia. By lumbering, the former forests were degraded to macchia, 

which is additionally backed by the increase of Glomus-type spores14 which hints at intensified 

soil erosion. 

3) 250 BC–AD 180

During Elaia’s prime, human impact is strongest between ca. 170 BC and AD 180 (Chapter 6).  

Firstly, it is remarkable that the Elaïtans managed to construct such massive breakwaters in the 

open-marine environment. Chapter 2 described how the area south of the castle hill was con-

solidated to make it urban land. The same holds true for the open harbour area and the adjacent 

ship sheds (Chapter 3). Like ancient Miletus, Ephesus and Ainos, wide parts of the city of Elaia 

14 Glomus are arbuscular mycorrhizal fungi which live in symbiotic relationship to plant roots. Their occurrence 

in the sediment is a sign that plant roots had been exposed due to soil erosion. 
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were built on former marine ground (Brückner, 2005; Brückner et al., 2006, 2013, 2015). Addi-

tionally, parts of the city wall of Elaia were constructed even thicker than the city walls of 

Pergamon (Pirson, 2014). Therefore, the Elaïtans made every effort to build up their city, forti-

fied it against enemies and turned the formerly minor city into a centre of commerce.  

Secondly, at that time, the landscape around Elaia is a cultural one, dominated by the plantation 

of olive, grapes, pistachio and cereal fields. There is also evidence for pastoralism (goat and 

sheep).  

Thirdly, during the prime of Elaia an increase in population is obvious. This led to an increase in 

parasites such as Ascaris, Trichuris and Capillaria which mostly infect humans and pigs (Reinhard 

et al., 2013). Stock et al. (in press) also reported parasites in the Roman harbour of Ephesus and 

linked these findings with the presence of a canalisation in the city or at least wastewater 

washed from the city area into the harbour basin. This might be a plausible scenario for Elaia as 

well, even though no developed canalisation system is reported for Elaia. In addition, the surplus 

of nutrient input into the harbour basin led to a nitrification which is clearly visible in the shift 

from autotrophic dinocysts to heterotrophic ones. 

Fifthly, for the first time, the introduction and colonialisation of the Black Sea dinocyst species 

Peridinium ponticum to the Mediterranean Sea is reported in the closed harbour basin of Elaia 

around 80 BC. Peridinium ponticum is restricted to the Black Sea and Marmara Sea (Fig. 16). It 

inhabits brackish water environments with mesotrophic to eutrophic upper waters conditions.  

The detection of this species acts as an evidence of trade and traffic relations with the Black Sea 

and Marmara Sea. These connections are confirmed by finds of historic seals clearly document-

ing trade to Rhodes, Chios, Knidos and Pamphylia (Pirson, 2008, 2010, 2012). The organisms 

were most probably transported as part of the bilge water of ships. Furthermore, during that 

time the closed harbour basin of Elaia obviously showed similar ecological conditions as the 

Black Sea. 
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Fig. 16 Geographic distribution of Peridinium ponticum (Zonneveld et al., 2013). 

Sixthly, pieces of carved cattle bones are present in coring Ela 58 (Fig. 17), which suggests diver-

sified craftsmanship in the city of Elaia. It is very likely that these art objects were marketed and 

traded within the economic framework of Elaia. 

Fig. 17 Selection of carved bones out of coring Ela 58. Source: DAI Istanbul, 2011. 
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4) AD 180–800

Shrinking population in late Roman times led to a decrease of most of the human influence 

mentioned above. Reduced pollen amounts of almost all anthropogenic plants like olive in ad-

dition to rising percentages of Glomus-type spores (enhanced erosion) and coprophilous fungal 

spores (enhanced pastoralism) evoke a landscape dominated by intensive grazing activities, 

most probably by sheeps and goats. In addition, about 2 km south of the city in the shallow bay, 

saltworks were constructed, mostly built by spolia. Salt was of great economic value, not only in 

those times; it could easily be harvested by just a few men, thus being predestined as an eco-

nomic source for the declining city (Chapter 5; Pirson, 2014). 

5) After AD 800

From AD 800 onwards, human impact is insignificant. The natural vegetation of deciduous oaks 

did not recover in the following centuries. Instead semi-natural forest dominated by pine is char-

acteristic of the landscape up until present day. Pine forest forms the vegetation in the Yuntdağ 

and Kozak regions. This fits well with the archaeological data which shows little indication of 

human activities after AD 80015.  

7.3.1.2 Summary 

To sum up, the following can be stated concerning the human impact in Elaia: 

(1) Five stages of human impact are evident by studying the environs of Elaia. Firstly, natural

vegetation of deciduous oak forests occurs before ca. 850 BC; human impact is evi-

denced by moderate pastoralism. Secondly, a degradation period caused by lumbering

and increased settlement activities is evident until around 250 BC. Thirdly, a phase of

intense human impact, documented by a remarkable vegetation change, the occurrence

of human parasites, higher heavy-metal concentrations, human artwork (carved bones,

pottery, etc.) economic relations and intense construction activity (building of the har-

bours) is obvious during the prime of the settlement around 250–180 BC. Fourthly, a

declining period of the city with decreasing human impact up to ca. AD 800 can be

stated. Fifthly, the absence of human impact led to a new natural vegetation of pines.

The natural climax vegetation (stage 1) was, however, not re-established.

(2) Thanks to the pollen data, it is possible to detect the natural vegetation before the so

far known human occupation started in the first millennium BC. Human impact during

15 Human impact on the area has become clearly visible during the last years due to the building of a new 

highway and the massive mining in connection with the building of the new container port in the outer Bakırçay 

delta. 
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the prime of Elaia became evident by a wide range of indicators, which are quite com-

mon and found in other studies of ancient settlements as well (cf. Brückner et al., 2006; 

Stock et al., in press). A special feature of Elaia is the abandonment of the city in the late 

1st millennium AD and the reoccurrence of pine trees. It is surprising that the natural 

climax vegetation of deciduous oak forests did not repopulate the area.  

(3) Human impact in Elaia became obvious not only in the sediment archives but also in the

intense building activities which changed a formerly small and unimportant Classical po-

lis to the harbour city of the Pergamenian Empire – “Pergamon’s maritime satellite”, a

term coined by Pirson (2004, 2014). After the decline, the remaining population invested

great effort in order to construct the saltworks by reusing the building material of the

city as spolia.
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Chapter 8 

8 Conclusions 

For the first time, geoarchaeological research was conducted in the Bay of Elaia, which hosted 

the harbour city of Pergamon. As part of a wider project, under the auspices of the DAI Istanbul, 

this geoarchaeological study resolves questions dealing with the location and usability of the 

harbour sites, the coastal evolution and landscape changes caused by human impact over the 

past eight millennia. A view of the "bigger picture" was achieved by correlating and comparing 

the results of Elaia with results from selected Aegean islands and continental sites in Asia Minor. 

The postglacial marine transgression drowned the shores of the later Bay of Elaia 5500 years BC, 

reaching its maximum around 1500 years BC about 1 km inland. Since 850 BC increasing settle-

ment activities in the area became obvious in the palynological results, which led to accelerated 

erosion/sedimentation and a seaward shift in the shoreline. Former marine areas became dry 

land and parts of the city were built out onto former marine sediment. With the occupation of 

the city by the Pergamenians around 250 BC, intense building activities and an increase in pop-

ulation occurred. The construction of the closed harbour basin was determined using a series of 

interdisciplinary methods. As a result, the construction age, given by ancient literature seems to 

be the most reliable one dating to 246–215 BC. Nevertheless the other methods are useful to 

adopt at other silted-up harbour sites, where ancient literature is lacking. In the following cen-

turies human impact was highest. The closed harbour basin, showing no indication of dredging 

activities, acted as a favourable sink for human waste, as evidenced by eggs of parasites, en-

hanced heavy-metal concentration and craftsmanship. Additionally, the first occurrence of the 

Black Sea dinocyst species Peridinium ponticum in the Mediterranean Sea documents naval traf-

fic relations with the Black Sea region. This is supported by archaeological finds of coins, seals 

and ceramics originating from abroad.  

During its most flourishing period, Elaia operated three different harbour sites: the closed har-

bour, the open harbour and a beach harbour. For the first time, estimations of the water depths 

led to the conclusion that the closed harbour basin could be exploited by common ship classes 

until AD 150. Shortly afterwards, increased siltation of the closed harbour basin led to its aban-

donment. The water depth in the open harbour area in front of the ship sheds was insufficient 

to anchor larger vessels. Instead of anchoring here, the ships were slipped to the ship sheds for 

maintenance work. The same also applies to the beach harbour in the eastern city district of 

149



Chapter 8 

Elaia. As harbour infrastructure is lacking, this area acted as an area where foreign soldiers and 

merchants beached their ships and put up their camps.   

With the loss of importance during Roman times accompanied by the gradual silting up of the 

closed harbour basin, the population of the city shrank and the remaining people used building 

material from the city to construct saltworks as an economic source of income.  

For the first time, a RSL-curve for a continental site on the Turkish Aegean coast has been estab-

lished with a new methodology to define reliable sea-level index points. This curve is in good 

agreement with the models by Lambeck (1996) and Lambeck & Purcell (2005). Additionally, it 

correlates well with actual RSL-curves of the adjacent Aegean region. Furthermore, ongoing re-

search in ancient Ainos and Kane will hopefully add new data for the Aegean region.  

Since Elaia is separated from the main Bergama Graben by the flat Bozyer Tepe, the marine 

transgression did not reach as far inland as in similar constellations in the region, such as Miletus, 

Ainos, Troia or Ephesus (Alpar, 2001; Brückner, 2005; Kraft et al., 1980, 2007; Stock, 2015). Ge-

oarchaeological investigations in the inner part of the Bergama Graben have been undertaken 

by Schneider et al. (2013, 2014, 2015). As their focus was on colluvial and alluvial processes, they 

did not solve the question of the marine extension in the Bergama Graben. This research gap 

needs to be filled, particularly because several prehistoric settlements like the Yeni Yeldeğirmeni 

Tepe and the Çiftlik are located here and their relationship to the sea should be investigated 

(Chapter 6, Fig. 1, Horejs, 2014, 2015b).  

Furthermore, a unique feature of Elaia is the relatively short period of human occupation. There-

fore, the waxing and waning of human impact in contrast to natural conditions before and after 

the occupation phase is clearly visible. Therefore, Chapter 6 acts as one of only a few publica-

tions of this region dealing with the recovery of the “natural” environment after a prolonged 

period of human impact. 

To sum up, the research in Elaia and this PhD thesis acts as a valuable example of interdiscipli-

nary work looking to resolve upcoming questions which deal with shoreline displacements, seal-

level studies, coastal evolution, hazards and ancient harbour research in an archaeological con-

text. As in the foreseeable future no excavation in Elaia will be permitted by the Turkish 

authorities, this thesis acts as a compendium for paleogeographical and geoarchaeological re-

constructions of the Bay of Elaia in a broader sense. 
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