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ABSTRACT

Ancient harbour sediment archives can provide {tamg records of changes in
coastal palaeoenvironments, settlement history, and anthropogenic impacts on coastal
systems. In this study, muiproxy geoarbaeological investigations were conducted at two
long-occupied coastal archaeological sites (Liman T@élazomenae, western Anatolia,
Turkey; Lechaion, northeast Peloponnese, Greece) to document coastal
palaeoenvironmental change and harbour basin ewvolubulti-proxy core analyses
(micropalaeontology,exlimentary facies) were integrated with geophysical mapping and
micro-XRF core scanning (chemofacies) to investigate harbour sediment archives and to

reconstruct coastal palaeoenvironments.

At Liman TepeClazomenae, the Neolithic to Early Bronze Aga. 67063000
BCE) coastal palaeogeography was reconstructed using a large subsurface database (>20
cores,~600line km geophysical surveys) to determine palaeoshoreline positions and
potentiallocations of pehistoric proteharbour basins. Geophysical ppéng revealed a
submerged palaeolandscape with relict river channels and shorelines recording inundation
of amiddle Neolithic coastal plain. A transgressive systems tract was identified by marine
foreshore ad shoreface deposits overlying paleosol argbdmal sediments. Shoreline
positions were estimated by baskip analysis of the deompacted sediment thickness
from the marine transgressive surface. Duringrtiédle Neolithic (ca. 6700 BCE) the
shorelinewas >500 m seaward of the modern shore angressed to its maximum extent
(~1 km inland) during the Chalcolithic (ca. 4000 BCE). After 4000 BCE, sea level
decelerated and the coastline prograded under ashagll systems tract by barrier
accretion. fie transition from a Late Bronze Age (LBA) pwdharbour to Iron Age semi
enclosed harbour basin was recorded by shifts in geochemical proxies (Ti/Ca, Si, Br),
foraminifera, and sedimentary facies. Shifts in Ti/Ca record potential signals of land
clearanceand evidence for a 30gear LBA drought perd ( A Gr e ek Dar k
Geophysical mappi ng o f"e€d BCE)haneour basidrevealed c h a i

two rubbleconstructed breakwater structures and a submerged headland separating east
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and west base Linear magnetic anomalies within the easterole indicate a buried

(LBA?) pier or breakwater within the rubble mass.

At Lechaion, a multproxy analysis was conducted sgvencores to determine the
timing and causes of the Roman harbour decline daddonment. Coring identified a
basinrwide pamconformity surface separating harbour sediments and overlying marl
deposits, which records a rapid transition from a magstaarine to restricted evaporitic
lake environment. Rapid basin restriction was ¢atkd by a decrease in terrigenous
elements(5, Ti , K, F e )0, andashiftdrarsneadrestiarinesanershi
freshwater taxa. The event records the 6th c. CE tectonic uplift and destruction of the
harbour basin, linked with uplift on the nearby Perachora Peninsula (~1.1 m) during
degructive earthquakes in 524 and 551/552 CE. No evidence was found for tsunami events

proposed in previous work.

This study has documented the development, evolution, and abandonment of
harbour basins on two tectonically active coastlines with complativel sea level
histories. Palaeogeographic mapping at Liman Tepe has identified a drowned
palaeolandscape with areas of high archaeological potential for submerged prehistoric sites
and proteharbour anchorage areas. At Lechaion, rribixy analysis hasesolved a long
standing debate, demonstrating that the harbour basin decline i th€E was caused

by coastal tectonic uplift and rapid basin restriction.

Keywords: Liman Tepe Clazomenae, Lechaion, ancient harbosediment archives,
ITRAX, micro-XRF, coastal paeoenvironmeratl change multi-proxy studies,

lithochemofacies, protbarbour basins
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CHAPTER 1: Introduction

In the ancient Mediterranean world, harbours and port settlements were important
centres for trade and the interchange of culture and technology (Oleson anddéghlfel
2011; Leidwanger et al2014; Knapp and Demesticha, 2016). More than 400 ancient
harbaur sites have been identified in the Mediterranean (Fig, &nd according to Oleson
(2015) most known examples date to a period of intensive economic activityene200
BCE to 200 CE. Ancient harbours angportant in geoarchaeological studies asrsedi
archives, preserving loAgrm records of palaeoenvironmental change and human
activities (Anthony et al., 2014; Marriner et al., 2014). Studies of ancidminasediments
have yielded longerm records of changes in coastabpaknvironments, séavel history
and human modification of coastal environments (e.g. Reinhardt et al., 1999,L2006;
Roux et al., 2005Marrineret al., 2005, 2006, 2007, 2008, 20Bbodman et al., 2008,
2009; Hadler et al., 2013; Seeliger et al., 2013; Stock et al., 2013, 2014, 2016, 2019; Goiran
et al., 2014; Mourtzas et al., 2014; Shumilovskikh et al., 2016; Delile et al., 2018; Stiros
2020).The study of cultural materials (epttery) and preserved harbour structures have
alsoled to a better understanding rfritime trade networks, coastal settlement history,
and changes in harbangt ec hnol ogy (e. g. &dModangeg007; 2005 ;
Oleson and Hohlfelder, 2011; Leidwanger et 2014; Knapp and Demesticha, 2016;
Erkanal, 2017Mauro, 2019).

A widely used typology developed by Carayon (2008) and Marriner et al. (2014)
for ancientharbour development ithe Mediterranean recogmis three harbour types: 1)
natur al -har bopr 6t b asstificmlsharbory, ang 8)nartificial (fully
engineered) harbour basiBig. 1.2) Prior to the Iron Age (ca.'®" c. BCE inthe
Aegean), naturally sheltered coastal areas (e.g. bays and lagoons) were commasy used
anchorage(i.e. natural or protdarbous). In the Levant, researchers have found evidence
for humanaugmentatiorof proto-harbours in théMiddle-Late Bronze Age For example,
ashlarguaysatDor (Israelhave been interpreted as Late BronaebourstructuregRaban,

1995) and at SidofL.ebanonhatural sandstone ridges were augmetdechprove natural
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anchorages during the Late Bronze to Eady age(Marrineret al., 2006)Semt-artificial
harbourswhichemployedstructures such as breakwaters to augment natural feafkrgs

1.2) and improve harbour functiofirst appeaedin the arly Iron Age For example, at
Liman TepeClazomenae (Turkey)preakwater structures were built off headlands
(Goodman et al., 2009). The first evidence of a santificial harbour basin in the Aegean
dates to the'87" c. BCE at Delos (Greece), while on the Levamtimast theyppeaed
earlier (9"-8" ¢. BCE) Flemming 1980Blackman, 1982Duchéneet al., 2001 Haggi et

al., 2006; Haggi and Artzy, 200Mauro, 2019)With advances itechnologyand building
materials,excavatedartificial harbour basins wereonstructedThe Roman discovery of
hydraulic concretéca. 29 c. BCE), allowedartificial harbours to be constructed on open
coasts(Oleson, 1988;Raban, 1992Brandon, 1996; Marrineand Morhange, 2007).
Cothonsar e arti ficial 0i nner 6 b as i-nmade chaontlt e n
(Fig. 1.2) This type of harbur is generally associated with the Phoenicians (e.g. Carthage),
but can be found in the Greek world as well (Goiran and Morhange, 2003; C&a98n,
Lechaion (Greecay an example of aearly Greek cothorthat was constructed during the
Archaic Perial (7""-6"" c. BCE) (Rothaus, 1995).
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Figure 1.1: Location of study areas and other watiidied ancient harbours in thasterrMediterranean and
Aegean (GIS data from Natural Earth). Liman T«€Hazomenae is situated in the sarthBay of 1zmir at
the western end of Gediz graben. Lechaion is locatdteirastern Gulf of Corinth, within a region of active

extension.

Figure 1.2: A. Proto or natural harbour within a protected natural embaymenK@amnianos Greece). B.
Semitartificial harbour with rubblebreakwater built off a headland (e.g. Clazomenae, Turkey). On the
southern shore of themitartificial basin is an artificially excavated inner harbour or cothon (e.g. Lechaion,
Greece). C. Artifical harbour excavated/built on an open coast (eega@alsrael).
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The introduction of serrartificial harbour basins in the Aegean coincided with
expansion of Greek colonies during #aely Iron Age and changes in ship technology. The
expansion in trael networks provided the economic impetus for construction of harbours
and monumental projects (Blackman, 1982). Steel fitting on ships allowed for much larger
hull dimensions and cargo cajitgt, but also required enhanced deegter harbours with
facilities for lading of goods and ship maintena(itartaron, 2013; Marriner et al., 2014)
Many proteharbours were no longer sufficient for the needs of settlements or were
inadequate for largevessels. It is also likely that many natural sheltered anchorage
locations gradually deteriorated or were lost due to infilling of river mouths and estuaries
by the aggradation coasts or the progradation of d&thsving the middle Holocene
decelerationn sea level rise (ca.-6.5 ka BP)(Marriner and Morhange, 200®jauro,
2019).As such, engineering solutions would have been required to better protect larger and

deeper harbour basins.

Bronze Age (ca. 3060200 BCE in the Aegean) seafaring anade networks
depended on the availability of natural anchorage locatjegicularly in the Aegean
(Blackman, 1982; Mauro, 2019). However, geoarchaeological records of these proto
harbours is limited, and only a few examples have been identified iAdhean. For
example, at Kalamianos (Greece), prboybouring areas weralantified by detailed
bathymetric mapping and radiocarbon dating submerged beachrocks (Dao, 2011).
Identification of former Bronze Age harbour locations is a challenge due toahgeshin
sea level and the shoreline positions si€e5 ka BP The besknown examples are from
Sidon and Tyre (Lebanon), where the transition from a gratbour to engineered harbour
was documented (Marriner et al., 2005, 2006). In these examm@qwatieharbour phase
underlies the engineered harbour. In other caseh, asiat Ephesus (Turkey), harbours
were relocated to keep pace with the regressing shorelines, as the delta progradation at the
mouth of KucukMenderes River (Bruckner, 2005; Stoekal., 2013, 2016, 2019). At
Liman Tepe (Turkey), paéogeographic reconsttions have identified possible piren
Age harbours and settlements both landward and seaward of the modern coast (Goodman
et al., 2008, 2009). This highlights the need for @adgeographic reconstructions to aid in
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the discovery and study of early bhaurs and settlements. This is especially true for
submerged sites, which Knapp and Demesticha (2016) noted do not receive the same
attention as those found on land, and fewer supete harbour sites are known
comparatively.

1.1Research Questions and Olgctives

Ancient harbour geoarchaeology has emerged as a discipline only in the last three
decades, before which the study of shipwrecks and ship architecture dominated maritime
archaeology (Marriner et al., 2007, 2010). The founding of harbours, thesapeaent,
and eventual decline and abandonment are key questions that can be answered through
multidisciplinary studies of harbour basin sediment archives (Goiran and Morhange, 2003
Anthony et al., 2014). In tectonically active regigasy.the Aegean)co-seismic uplift and
subsidence of the coast can complicatative sea level history atige stratigraphic record
within harbour basinshe effects of tectonicplift and subsidence have been documented
at a number of ancient harbosites such as Kerweai, Kalamianos, Lechaion, and
Phalasarna (Greece) (Pirazzoli et al., 1992; Rothaus, 0aB; Nixon et al., 2009; Dao,
2011; Tartaron et al., 2011, 201&=nkler et al., 2018aStiros, 2020) The destruction of
harbour facilities bysunamis havelso been inferred in the sedimentary record of a number
of harbous, including Corcyra, PhejaLechaion (Greece), Caesarea (Israel), and
Alexandria (Egypt) (Reinhardt et al., 1999, 2006; Goiran et al., 2005; Vott et al., 2011,
Hadler et al., 2013; Finkler at., 2018b).

This thesis documents muftroxy geoarchaeological investigations at twog
occupied coastal archaeological sites: Liman Tepe (western Anatolia, Turkey) and
Lechaion (Corinth, Greece). The study site locations, research questions eardlong
objectives of the research projects are summarized here. A more detailed disctidsto
study sitestheresearchaims,andmethoalogy are provided within the respective papers
in Chapters 2.
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1.1.1 Liman TepeClazomenae\(/estern Anatolia, Tukey)

Located in the southern Bay of Izmir, near Urla, Turkey (Ei8, Liman Tepe was
an important Early ChalcolithiBronze Age siteand contemporary of Troy (Figl.33.
Previous work at Liman Teg®s suggested batdarrier lagoons and coastal emivegnts
may have provided natural prett@rbour and anchorage sites during the Early bronze Age
(Goodman et al.,, 2009). Other work had documented the presence of submerged
palaeolandscape features (e.gicklriver channelspalaeoshorelinesbut their age rd
relation to the prehistoric coastal settlement were not determined (Krezoski, 2008).
Archaeological evidence from land excavation indicates the presence of Neolithic peoples
at Liman Tepe, but no sktiment from this period had been discoveredkénal,2008),
raising questions as to the potential for submerged underwater archaeological sites beyond
the present shoreline. Later, during the Iron Age, the Greek city of Clazomenae was
founded on the sitef Liman Tepe and a serattificial harbour basin wasonstructedn
the mainland coagFig. 1.3b). The Archaic harbour is one of the bpstserved examples
of an Iron Age harbour in the Aegean, batdiate of construction, layout and function were
not well understood.Archaeological evidence suggests ttiithe harbar was likely
constructed during theé"-6" c. BCE andmay represent @of the earliest examples of a

semtenclosed Iron Age harbour basmthe Aegean.

Evaluation of the underwater archaeological potential anddietification of
potential anchorage areas at Liman Tepe requires an improved undimgtaof the
prehistoric castal padeogeographyThefirst objectiveat Liman TepeClazomenagvasto
reconstruct the prehistoric (Neolithic to Bronze Age) coastal palaeogeography and
palaeoshor@ie positions, with the aim of predicting the location of ancient mooring sites,
proto-harbours, and prehistoric underwasechaeologicatites Chapter 2 Thesecond
objectivewast o document pal aeoenvironment al chang
bash, from the LateBronze Ageproto-harbour phas¢o thefoundng of the Iron Age
harbour. The sediment archiveas alsoinvestigated for evidence of lange changes
stemming from the Late BrondZeon Age settlement expansion and population growth
(Chaper 3).
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1.1.2 Lechaion (Corinth, Greece)

Located in the southeastern Gulf of Corinth, Lechaion served as the principal port
of ancient Corinth fora millennium (Fig. 1.4) The inner harbour was an artificial,
excavated basin (cothon), constructed during the Archaic petieél(@. BCE). The site
served as a naval base in the Corinthian War (e&rty. 8CE) and agaiim 212 BCE as
base fotheMacedoniarfleet(Rothaus, 1995)The site is also known for iEarly Christian
basilica (ca. 8 c. CE), perhaps the largest structure in the western world at the time
(Rothaus, 1995). Over its history, the inner basin was dredged and renovated seegral tim
(Kent, 1966; Rothaus, 1995; Vétt et al., 20IB)e cause of inner harbour decline and
abandament (ca. 8 c. CE) has been the subject of recent debate (Kolaiti et al., 2017; Vott
et al., 2018gandattributed variously taplift and siltation, subsidee, and tsunami impacts
(MourtzasandMarinos, 1994; Rothaus, 1995; Morhange et al., 2012; Masikt al., 2014;
Hadler et al., 2013; Kolaiti et al., 2017; Vott et al., 2018).

The objective of geoarchaeological investigagianLechaiorwastwo-fold. A first
objectivewas todetermine the timing and cause(s) of the decline and abandonment of the
inner harbour. Thesecondobjective was to evaluate geoarchaeological evidence for

tectonic process on the coaSh@pter 4.
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1.1.3 Micro-XRF ElementalGeochemistry

Investigationsat Liman Tepe and Lechaiaiso evaluaté micro-XRF elemental
geochenstry and chemofacies analysis as a friggolution tool for geoarchaeological
investigation of coastal palaeoenvironmental cha@iapters 24). Several recent studies
have demonstrated the use of geochemical methods irvésigation of harbour sedimie
archives (Leroux et al., 2003; Delile et al., 20IB)e use of portablbéandheld XRF
systemg(pXRF) has become popular in harbour geoarchaeolegy. Yott et al, 2011;
Hadler et al.2013, 2015; Seeliger et @&2013, 2A.9; Pint et al.2015; Finkle et al, 2018a,
b) but micro XRF core scanning techniques have had limited applicatiancientharbour
studies (e.g. Stock et al., 2013, 2016; Dddii@l., 2018). The highesolution capabilities

of core scanners offer the potential for much impronesmlution of paleoenvironmental
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signals in harbour sediment records with decadal to centennial scales of resolution
(RothwellandCroudace, 2015

1.2 Author Contributions

This thesis is formatted @b s andwi chdé styl e t h4esgths, con
papers prepared for journal submission (Chaptedg &nd a brief introductory and
concluding chaptear In accordance with McMaster School of Graduates Studies policy, the

contributions of all authors who have contributed to the research is sumdhbelbw.

Chapter 2: Palaeoshoreline reconstruction and underwater archaeological potential

of Liman Tepe: a long-occupied coastal prehistoric site in western Anatolia, Turkey

Authors:Ni chol as L. Riddick, Joseph o] | Boylday af
Erkanal , |l rfan Tuj cu, Y euard & Reinhdwds and Bedegly e my

N. GoodmanTchernov.

For submission to Quaternary Science Reviews

NLR collected, descrdd, and sampled cores, analyzed miRF and
micropalaeontological dataew marine coresyorrelatechewmarinecores with existing
core dataset@argely on land)produced palaeoshoreline estimates, and identified areas of
potentialarchaeological imrest. NLR prepared the manuscripts and drafted all figures. JIB
supervised the research work, aided in field work and logistickected/processe
geophysical datand edited the thesis manuscript. G. Krezoski and J. Gabriel assisted with
processing ofjeophysical datasets and Y. Alkaith core collection and field logistics.
Prof . Dr . V. kahoj Il u, Prof . D rsted with field uj c u,
logistics, and advised on archaeological interpretations. Dr. Be@hhardt and Dr. B.

GoodnanTchernov advised on micropalaeontological methods and interpretation.

Researchvassupported by the Natural Sciences and Engineering Reseaucttil
(NSERC) of Canada grants @B, Turkish Ministry of Culture grants tBrof. Dr. V.
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k a h oahd an SERC Canada Graduate Scholarshipit&k. Thanks tahe students and
staff of the Ankara University Mustafa V. Ko¢ Center for Maritime Archaeology
(ANKUSAM) for field and logistical support.

Chapter 3: Multi -proxy palaeoenvironmental record of the Late Braze to Iron Age

transition and harbour developmentat Clazomenae, western Anatolia, Turkey

AuthorssNi chol as L. Riddick, Joseph I . Boyce, V
Yekim Al kan, Eduard G. ReiTchérrov dt , and Beve

For submission to Journal of Archaeological Sciences

NLR collected, described, and sampled cores, analyzéctodRF and
micropalaeontological datgew marine cores)and correlated and interpreted datasets.
NLR prepared the manuscript and drafted all figures. JIB supervised the research work,
aided in fietl work and logistics;ollected/processed geophysicataland edited the thesis
manuscript. Y. Alkam s si st ed with core collection and
Prof . Dr . . Tuj cu, and Prof. Dradvised on Er k ar
archaeological interpretations. Dr. EReinhardt and Dr. B. Goodmdrchernov advised

on micropalaeontological methods and interpretation.

Researchwas supported by NSERC grants to JIB, Turkish Ministry of Culture
grants t o PruahdanNBERC CdnadalGeatiuat¢ $cholarship to NLR.
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Chapter 4: Multi -proxy palaeoenvironmental recod of coastal tectonic uplift and

abandonment(ca.8#c. CE) of Lechaionds inner harbou

Authors:Nicholas L. Riddick, Joseph I. Boyce, Eduard G. Reinhardt, Richard M. Rothaus,
Krista Chomicki, and Francine M.G. McCarthy

Subnitted to Quaternary Science Reviews

NLR described and crelated cores, compared new data to existing literature,
conducted micréXRF analysis, and interpreted micropalaeontological and isotopic data.
NLR prepared the manuscript and created the figures. JiBrgged the researahork
andedited the thesis manuscripts. Dr. E.G. Reinhardt, K. Chomicki, and Dr. R. Rothaus
collected cores foraminifera, and isotopic datand advised on interpretation of
micropalaeontological and archaeological data. Dr. F.M.GCafihy conducted the
palynologcal analysis.

This research was supported by NSERC Granit&dr. E.G.ReinhardtandDr.
F.M.G. McCarthy, a Foundation for the Exploration and Research on Cultural Origins
Grant toDr. R.M. Rothaus, and a NSERC Can#&isstgraduate ScholarshipNia.R.
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CHAPTER 2: Palaeoshoreline reconstruction and underwater attaeological
potential of Liman Tepe: a longoccupied coastal prehistoric site in western Anatolia,

Turkey

Abstract

Rising posiglacial sea levels had a major influence on the prehistoric settlement of
coastal areas in the Aegean. At Liman Tepe, an impdZfaalcolithic Bronze Age coastal
site on the southern Bay of 1zmir, archaeological evidence indicates a Ng@#h8000
4800 BCE) presence, but no settlement has been discovered on land. Sea levels during this
period were between 4220 m below premnt and there is high potential for submerged
prehistoric sites. To investigate this, marine sediment coring apthgsical investigations
(bathymetry, sutbottom profiling; >600 linekm) were conducted over -n? inshore
area at Liman Tepe. Mulproxy analysis (sedimentary facies, micropalaeontology, micro
XRF geochemistry) was conducted on 20 sediment coresdnsteact relative sea levels
(RSL) and the coastal palaeogeography. Palaeoshoreline positions were estimated by back

stripping of the decompéed sediment thickness from a digital bathymetric model.

The inshore stratigraphy consists of shoreface, foreshnd lagoonal deposits
overlying terrestrial clay and palaeosols marking a marine transgressive surface (MTS).
The MTS records inundation dfie coastal plain prior to ca. 4000 BCE (transgressive
systems tract; TST) and is marked in cores by increasin@i Gad foraminifera
abundance. During the middle Neolithic (ca. 6700 BCE; RSL6=m), the coastline was
>500 m seaward and pres@l@ty Kaantina Island was a broad coastal headland with a
sheltered western embayment. A submerged palaeoshoreline @86E) is defined by
low gradient scarp (modern water depth-1PL m) and is associated with relict
palaeochannels recording rivers drainingloav-relief coastal plain. By the early
Chalcolithic (ca. 4800 BCE), the coastline had transgressed ~800 m inthharean Tepe
was a coastal headland separated from the mainland by shallow wetlands. The maximum
transgression (~1 km at ca. 4000 BCE) wadko¥ed by a higkstand systems tract (HST)

and rapid coastline progradation by barrier accretion. The palaeoghkimgreconstruction
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identifies areas with high underwater archaeological potential: 1) palaeoriver channels and
lowland riverine habitats famed during the TST prior to 4000 BCE, 2) submerged
palaeoshorelines and coastal promontories (water depthd dQwith high potential for
Neolithic sites, and 3) sheltered coastal embayments and lagoons, which would have
provided favourable NeolithiBronze Age anchorage areas. The underwater coring and
multi-proxy palaeoshoreline reconstruction methods demonstretesl can be applied

more broadly in the exploration of submerged landscapes in shallow shelf areas.

Keywords: Liman Tepe, coastal palaeogeagiy, palaeoshorelines, submerged Neolithic

prehistoric archaeology

2.1 Introduction

Global sea level rise since the last glacial maximum (LGM; ce203@a BP)
dramatically altered coastlines worldwide and was an important influence on the settlement
of prehistoric peoples in coastal areas (Bailey and Flemming, 2008; Clark et al., 2009;
Flatman and Evans, 2014; Flemming et al., 2017; Sakellariou and Galanidou, 2017). It has
been estimated that worldwide >20 million kof coastal landscapes were inundassd
postglacial sea levels recovered from the LGM maximum lowstand {+320n below
present) (Clark et al., 2009; Lambeck et al., 2014). These drowned landscapes were former
terrestrial and coastal habitats available for prehistoric human migrationmsettjeand
the procurement of marine resources (Bailey and Flemming, 2008; Fedj6éi at Harff
et al., 2016; Benjamin et al., 2017; Braje et al., 2017). The archaeological potential of these
drowned landscapes is now widely recognized, and they hes@rie a major focus of
underwater archaeological and geoarchaeological researcmdhlaand Evans, 2014,
Flemming et al., 2017; Bailey et al., 2020; Flemming, 2020).

In the archaeologically rich Aegean, dewgel rise was an important determinant on
the location of prehistoric coastal settlements and harbouring sites (Lambedk, 199
Lambeck and Purcell, 2005;artaron et al., 2011; Tartaron, 2013; Harff et al., 2016)

During the early posglacial, sea levels rose rapidly until ca7 &a BP when ice ské
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volumes stabilized, and séavel rise decelerated. Glaeltydrostatic adjustnre resulted

in a further 45 m of relative sea level rise betweed Ba BP (Lambeck, 1995). Due to the
complex tectonic setting of the Aegean, sites geographically cleseltoother may have
significantly different tectonic and relative sea level (RBis}ories (Vacchi et al., 2014).

For example, the weBtudied archaeological sites at Kenchreai and Lechaion in Greece,
located ~10 km apart, have undergone subsidencepifici iespectively (Rothaus et al.,
2008; Morhange et al., 2012; Stiros, 2020a0ter 4). Predicting shoreline positions is
further complicated because local RSL records often differ significantly from global
eustatic and glacibydroeustatic models fthe Aegean (Vacchi et al., 2014). An important
archaeological implication is théthe modern shoreline position and geomorphology is
often a poor predictor of prehistoric coastal geography and the location of settlements and
harbour sites (Tartaron et &011; Tartaron, 2013). For example, the progradation of the
Klcuk Menderes deltan western Anatolia infilled an estuarine bay where the Neolithic
shoreline was at least 2 km inland of its modern position. Successive palaeoshorelines are
marked by the nowbandoned and buried harbours of Ephesus (Briickner, 1997; Stock et
al., 2013, 204). Similarly, at Troy, shoreline regression over the last ca. 5000 years
drastically altered the coastline, which led to difficulties in interpreting the site location
basedn historical descriptions of the geography (Kraft et al., 2003). Harboursetub/il
Priene, and Elaia have also become landlocked by aggradation of the coastal plain
(Bruckner, 1997; Seeliger et al., 20138} Burgaz, the harbours, while located aldhg

coast, are mostly infilled (Greene et al., 2019).

In this study, we employed amne coring and geophysical surveys to investigate
the underwater archaeological potential of Liman Tepe (prehistoric Clazomenae); a long
occupied coastal prehistoric sitewestern Anatolia, Turkey (Fig. 2.1). Liman Tepe was a
major hub for maritime tide during the Early Bronze Age (EBA; ca. 36@@00 BCE) as
part of the Anatolian trade network and was contemporaneous with the city of Troy to the
north ( kah o]EBA itadgl 6fQilhan.Tepd was located on a small coastal
headland overlooking thBay of 1zmir and was protected by bastioned fortification walls

with a monument al entrance gate (Erkanal,
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Iron Age (ca. 9-7"" c. BCE), the city of Clazomenae was founded on the site of Liman
Tepe and becaman important trading port and olnmoducing centre during the Archaic
period (ca. -5 c. BCE) (Ersoy, 2004; Aytaclar, 2004). Since 1992, excavations have
uncovered evidence for earlier occupation phases, including Chalcolithic (ca3@@00
BCE) setiement layers and pottery evidence of Neolithic (ca. 80800 BCE) presence
(Erkanal,2008. To date, however, no archaeological evidence for a Neolithic settlement
has been discovered on land at Liman Tepe or its environs. Neolithic settlements are know
from Izmir (60 km to the west) and in the surrounding region, indicating the broad potential

for sites of this age in the Bay of Izmir (Fig. 2.1a) (Koparal et al.8R01

The absence of Neolithic settlement layers may indicate a lack of settlemeat on th
Liman Tepe headland (Fig. 2.1b) but does not rule out submerged sites, as significant
changes in RSL and shoreline position have occurred since the Neolithic (Goodman et al.,
2008). The Bay of Izmir has a shallow water depth (max ~90 m; Fig. 2.1a) and wa
subaerially exposed during the LGM, when global sea levels were >130 m below present.
During the maximum lowstand, the gulf was a coastal plain (ria) backed by steep mountain
ranges (Kayan, 1988). Drowned river valleys visible in-feaolution bathymejr data
record remnants of the lowstand drainage network in the Bay of 1zmirAEmj. Due to
the low gradient of the former coastal plain, the bay was rapidly inundated by rising post
glacial sea levels until ca. 4000 BCE, when ice volumes stabilinddha rate of sekevel
rise decelerated (Goodman et al., 2008). During this period, most Mediterranean clastic
coastlines regressed, and river deltas built seaward as sediment supply outpéoesl sea
rise (Giaime et al., 2019). At Liman Tepe, the eanigidle Holocene phase of rapid sea
level rise is recorded by submerged landscape features, including relict river channels and
palaeoshorelines discovered by bathymetric mapping (Boyce et al., 2007; Krezoski, 2008).
The river palaeochannels are up tor2.8eep, 10 m in width, and extend >300 m offshore
(Figs. 2.2, 2.3), where they terminate at a break in slope that has been interpreted as a
Neolithic palaeoshoreline formed during a brief stihnd phase (Krezoski, 2008). Recent
sea level reconstructiorfer the Aegean (Goodman et al., 2009; Vacchi et al., 2014)

indicate that during the second half of the Neolithiater levels in the Bay of Izmir were
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between 610 m below present. There is therefore a high potential for discovery of

prehistoric sitegn shallow water coastal areas of the Bay of IAiig. 2.1a)

The ages of the palaeoshoreline features identified by bathymetric mapping at
Liman Tepe were not determined in previous work due to a lack of offshore core data and
radiocarbon dates (Krezask008). The aim of this study was to investigate the submerged
landscape features using marine coring and geophysical surveys and to reconstruct the
Neolithic-Chalcolithic coastal palaeogeography and stratigraphy. The new core data and
palaeoshoreline npping identify several areas with high archaeological potential,
including submerged promontories, river palaeochannels, and sheltered embayments that
would have been favourable locations for prehistoric settlement, resource procurement, and
harbouring. Tk maps provide important new baseline data that will guide future

underwater exploration for prehistoric sites in the Bay of lzmir.
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Figure 2.1: A. Digital elevation model (DEM) of Bay of Izmir region with generalized patétric contours

(10 m interval). Location of study area and prehistoric archaeological sites also shown (adapted from Koparal
et al., 208). Location in western Anatolia shown inset. B. Study area showing locations of cores,
stratigraphic profiles (AD; Figs. 2.8, 2.9), and geophysical survey tracklines (>400 -lne). Wind rose

shows dominant wind direction in Bay of Izmir. Inset shows Liman Tepe headland with locationsof cor
and archaeological excavations.
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2.2 Study Area

2.2.1 Physical Setting anGeology

Liman Tepe is located near Unta the south shore of the Bay of Izmir, Turkey
(Fig. 2.1a). The Bay of Izmir has a maximum water depth of about 90 m and within the
study area (4 kf) water depths are <25 m, within 1 km of the shoreline (Fig. 2aber
circulation and current patterns the bay are controlled by wind direction and water
interchange with the Aegean Sea. The prevailing wind direction during most of the year is
from the north (Fig. 2.1b) and wirdtiven currents generate cyclonicdaanticyclonic
gyres. In the eastern Baf Izmir currents flow clockwise, generating westerly currents
along the south shore from Izmir towards Urla (Sayin, 2003; Sayin and Eronat, 2018). The
primary sediment input is the Gediz River, on the north shbtheoBay of I1zmir (Fig.
2.1a).Due tothe dominant westward longshore transport along the south coast, sediment
accumulation is greatest on the eastern side of Karantina IslandZEiys2.2a). Coastal
progradation here has been accelerated by a caydewing the island to the mainland
(Goodman et al., 2008), which was constructed by the forces of Alexander the Great in the
4™ c. BCE and has undergone several phases of renovation/reconstruction since (Heisserer,
1980, Krezoski et al., 2021). Duettw restriction of longshore flow byelbarrier, beaches
to the west of the island are sediment starved and prone to coastal erosion. The reduced
sediment supply in the west is also evident in the presence of submerged landscape features,

which would othewise have been buried by sediment acalation (Figs2.1b,2.2,2.3).

The Bay of Izmir lies at the western end of the Gediz Graben, which was formed
by regional extension within the Aegean Extensional Province (Bozkurt and Sozbilir, 2004;
Ciftci and Bozkurt, 2011; Jolivet et al., 2013). texsion has been ongoing since the late
Oligoceneearly Miocene and is associated with active tectonism and destructive
earthquakes (Taymaz et al., 2007; Tan et al., 2008). The estimated modern subsidence rate
in the Bay of Izmir is ~1 mmy# (Aksu et al.,1987). The bedrock in the Urla region
comprises Neogene clastic and carbonate sediments, which are intercalated with middle

late Miocene calalkaline volcanic rocks (Agostini et al., 2010). The Liman Tepe headland
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is formed from Neogene limestones anddstanes (Urla limestone), which are underlain

by volcanics (Kayan et al., 2019). The bedrock surface is overlain by a variable thickness
of Quaternary alluvial and coastal plain sediments (Aksu et al., 1987; Durabn2€04;
Goodman et al., 2009; Kayaat al., 2019). Within the study area, Quaternary sediment
thickness are >18 m (Kayan et al., 2019). The modern beach and foreshore deposits consist
of clastic sediments (silt, sand, gravel) with a variable carborateanent (mainly
mollusk shell fragmes) (Goodman, 2006). The shoreface sediments are dominantly silt
and mud with abundant marine organic matteosidonia seagrass is the primary
component of marine plant organics in sediments and forms extensive rseadte

shallow inshore areas (<30 m water depth) (Vortruba et al., 2016).

2.2.2 Previous Work

Goodman et al. (2008, 2009) reconstructed the EBA to Aacltaastal
palaeogeography and environments using a fpubky geoarchaeological analysis of
primarily land core data. They documented a transgressive systems tract (TST), which
inundated the coastal plain, reaching 700 m inland at about ca. 4500 BGEwd%i
followed by a highstand systems tract (HST) and progradation of the shoreline through the
accretion of shorgoarallel sandbars (Goodman et al., 2008). Baakier lagoons were
identified as possible locations of EBA anchorage areas (Goodman 2204), but the
shoreline positions and coastal environments during theBqaneze period were not

established as part of that study.

Krezoski (2008) investigated the coastal sediment record of the Alexander
causeway using a multroxy study of five marie cores collected on the east side of the
barrier (Fig. 2.1b). The onset of causeway construatias identified by a shift in grain
size and foraminifera biofacies. Th& 4. BCE date for the barrier construction was also
confirmed by radiocarbon datirgf the postarrier sediments. Krezoski (2008) identified
submerged river palaeochannels and mahereline features in the bathymetry to the west

of the causeway (Fig. 2.2a). These were inferred to be of Neolithic age based on water
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depth and stratigrdyic relations, but shoreline ages were not determined due to a lack of

core data to the west of thauseway.

Kayan et al. (2019) investigated the Holocene stratigraphy of Liman Tepe using 32
land cores collected between 199&18 and correlated using amited number of
radiocarbon dates from Goodman et al. (2008). Using the RSL curve of Kayan {h6g8),
proposed a marine transgressive limit about 1 km inland of the modern shoreline. Despite
the limited core chronology, the available borehole databased{@an et al., 2008, 2009;
Kayan et al.,, 2019) (Fig. 2.1b) provides a useful framework for camglatffshore

sedimentary facies with the land record in this study.
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Figure 2.2: A. Colourshaded digital bathymetric mod@BM) for 1-km? inshore area around Liman Tepe.

Note smooth, lowrelief seabed to east of Karantina Islatue to westward longshore sediment transport and
shoreline progradation on eastern side of the Alexander causeway. Bsdateyathymetric map show
submerged palaeochannels (PC), palaeoshorelines (PS) and other submerged landscape featurss on the we
side of Karantina Island. Locations of bathymetric profiles (Ei8) indicated.
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Figure 2.3: Bathymetric profiles showing submerged landscape features. Profile locations #2BigA.
Submerged palaeochannels recordinglanserged coastal plain and river systerm8atio -9 mbsl. B. Low
relief scarp indicating a possible palaeoshoreline fea@ir&ubmerged promontories to west of Karantina
Island. The promontories and river floodplain were exposed during the Middle Newoltlen sea levels
were >16 m below present sea level.

2.3 Methods

2.3.1 Geophysical Surveys

Detailed bathymetric and stiimttom seismic surveys were conducted across a 4
km? area around Liman Tepe and Karantisiand. More than 660ne-km of singlebeam
(200 kHz) bathymetry and highequency (184 kHz) chirp seismic profiles were
acquired using a stiottom profiling system (Knudsen 320BP) witfY5 m line spacings
(Fig. 2.1b). Processing of bathymetry dataluded corrections for tides and sensonieea
and followed the general processing scheme of Sonnenburg and Boyce (2008). Bathymetric
data were gridded using triangular interpolated network (TIN) andlisaded to highlight
the seabed relief (Fig. 2.2)rdeessing of seismic profiles included theplégation of
automatic gain control (AGC) to equalize trace amplitudes,-pasd filtering (120 kHz)
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and deptkconversion of the twavay travel times in the water column and sediment using
a velocity of 1550ms®. The reflector surfaces were digitizeahd calculated depths

interpolated to create maps of the reflector surface relief and sediment isochore thickness.

2.3.2 Coring and Sediment Analysis

Twenty sediment cores{&m length) were extracted in water depths of up to 15 m
in the inshore area atirhan Tepe using SCUBA equipment (Fig. 2.1b). Cores were
collected using a percussion coring system withmrb-diameter aluminum tubes and a
weighted sabed core platform and extracted using lift bags or a surface winch system, then
sealed and refrigeratdd-6 °C) to limit sediment oxidation and bacterial growth prior to
analysis. Cores were split and one half sampled for micropalaeontological ampigpetio
analysis and an archive half retained for mi&RF core scanning gXRF-CS). Core
compaction wasdetermined as the ratio of the recovered core length to total tube
penetration and a linear decompaction correction applied to all cores (Mortonhaied W
1997). The core compaction ranged fromd5% and was greatest in long cores containing
thick sectims of organieich muds. Core sedimentary facies and texture were described in
detail and genetically related facies were grouped into lithofaciemb$sges (Dalrymple
and James, 2010).

Petrographic analysis was conducted on eight bedrock and beasanaggles using
polarized light microscopy to determine modal compositions (cor&s 185, 191, 194,
195). Marine core data were combined with diosle data from previous studies
(Goodman et al., 2008, 2009; Kayan et al., 2019; Krezoski et al., 202byrelate the
offshore and onshore stratigraphy. The assembled core database includes >40 boreholes
and is one of the largest assembled in the gbaaplogical study of a coastal

archaeological site in the Aegean (Fig. 2.1b).

2.3.2.1Micropalaeontology
For micropalaeontological analysis (foraminifera), sediment samples (2.5 cc) were

collected from four cores (38, 191, 193, 194, Fig.2.1b) at selected intervals. Samples
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were taken above and below lithologic contacts with the aim of documenting
terrestrial/wetland to marine transitions. Samples were divided into eight aliquots using a
settling tube, then wet sieved into 45 um, 63 um, g@band 500 um fractions (Scott and
Hermelin, 1993). Where possible, counts were made to at least 100 individdals an
identified to thegenudevel, as the goal of the analysis was to determine presence/absence
of foraminifera at key lithostratigraphic argkquence boundaries. ldentification was
assisted by the previous work of Goodman (2006) and Krezoski (2008), wwbicbed
identification of foraminifera to the species level.

2.3.2.2 MicreXRF Geochemistry

Micro-XRF elemental analysis was conducted orercores extracted to the west
of Karantina Island to assist in identification of the matgreestrial transitin. Split cores
were scanned using an Itrax){§RF-CS (Cox Analytical Systems) with a Mo anode tube,
constant power settings of 30 kV/ 25 mAda20 s exposure time (Lowemark et al., 2011).
Scans were collected at a 500 um sampling interval (2000 samplesebe), batch
analyzed using QSpE&¢ software, and a-point running average filter was applied to
smooth element profiles. The Ca/Ti rapoovides an indicator of relative influence of
marine versus terrigenous inputs to the basin was used employgeélatimm tool in this
study (Piva et al., 2008; Ingram et al., 2010; Koster et al., 2015; Pint et al., 2015; Rothwell
and Croudace, 2015).

2.3.2.3 AMS“C Chronology

AMS C dating was conducted on 31 organic samples (A.E. Lalonde AMS
Laboratory, Univergy of Ottawa) from 9 cores and combined with 13 additional dates
available from previous studies (Goodman, 2006; Krezoski, 2008) (Talle
Radiocarbon ages were calibihtesing Calib 7.1 with the IntCall3 and Marinel3
calibration curves (Stuiver et.a2019). A marine reservoir correction was applied to shell
sampl es wusing a meZ ffor theRegeaa (Reimer antl McCOrac, + /
2002).Samples of plantrganic matterwere calibrated using IntCall3 #s content of

marine versus terrestriatganics was unknowr.he terrestrial curve produced agedels
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which were consistent witlrchaeological age constraints providegbtteryand harbour
architectural features (i.e. mole structurd3yyesian sediment agkepth models were
constructed fofive cores (179, 183, 185, 191, and 1%; Fig. 2.1b) using BACON

(Blaauw and Christer2011).

Table 21: AMS C radiocarbon dates. All dates were calibrated using Calib 7.1 with the IntCall3 and
Marinel3 calibration curves (Suer et al., 2019). Dates from Goodman et al. (2006}#j@&nd Krezoski
(2008) (K-#) were recalibrated. Sample elevations corrected (see Sectign*2\Barine reservoir correction

( PR = -2r)aPplied (Reimer and McCormac, 2002). ** Suess Effect.

Sample Core Material Elevation Elce:\(/)z;;i.on “C Age 20 Max an
Code # (mbsl) (mbsl) (BP) Calibrated Age
Beta191877 G4 Shell* 1.90 1.43 4370+ 40 | 2560 | 2275 | BCE
Beta194731 G-7 Peat 3.26 2.78 2700+ 40 | 919 801 | BCE
Beta194730 G-7 Peat 1.85 1.38 408+ 40 | 2706 | 2548 | BCE
Beta194729 G-8 Peat 4.35 4.27 2770+ 40 | 1007 | 829 | BCE
Beta194732 G-8 Shell* 0.59 0.50 4370+ 40 | 2560 | 2275 | BCE
Beta191881 | G-10 Bone 7.66 7.61 3950+ 40 | 2504 | 2336 | BCE
Betal66694 | G-11 Peat 8.60 -8.60 4570+ 40 | 3376 | 3103 | BCE
Beta191880 | G-22 Shell* 7.60 7.60 6280+ 40 | 4781 | 4527 | BCE
Beta191878 | G-23 Shell* 1.60 1.57 3230+ 40 | 1088 | 818 | BCE
Beta191879 | G-23 Shell* 2.30 1.95 5420+ 40 | 3861 | 3624 | BCE
Beta243245 K-1 Plant 6.68 6.63 1810+ 40 122 265 CE

fragments
Beta234186 K-4 Olive pit 5.52 5.48 2360+ 40 | 543 369 | BCE
Beta234187 K-4 Plant 6.47 6.44 5090+ 40 | 3968 | 3794 | BCE
fragments
UOC-7342 17-9 Plant 5.16 5.13 2960+ 22 | 1260 | 1111 | BCE
fragments
UoC9339 | 179 | . Plant 5.54 551 | 3550+25 | 1960 | 1868 | BCE
ragments
uoc9s4o | 179 |  Plant 5.96 593 | 3966+25 | 2503 | 2453 | BCE
fragments
uoc7343 | 179 |  Plant 6.24 6.22 | 4535+22 | 3238 | 3106 | BCE
fragments
uoco9s4r | 179 |  Plant 6.38 6.36 | 4682+25 | 3474 | 3371 | BCE
fragments
uoc7344 | 179 | Plant 6.51 6.50 | 499622 | 3802 | 3706 | BCE
ragments
UOC-10196 183 Plant 7.60 7.56 1519+ 25 529 606 CE
fragments
UOC-10197 183 Plant 8.12 8.08 2241+ 29 322 206 | BCE
fragments
UOC-9342 183 Plant 8.93 8.90 4518+ 25 | 3241 | 3103 | BCE
fragments
UOC-9350 183 Shell* 9.39 n/a 7224+ 28 | 5716 | 5559 | BCE
UOC-9343 184 Plant 7.72 7.67 962+ 25 1075 | 1154 | BCE
fragmerts
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uoC9344 | 184 | Plant 8.56 8.48 | 2123+25 | 204 | 84 |BCE
ragments

UOC9345 | 184 | Plant 10.73 10.68 | 3180+25 | 1500 | 1416 | BCE
ragments

UOC9351 | 184 | Shell* 11.68 11.68 | 480225 | 3076 | 2879 | BCE

uoco9sss | 185 |  Plant 1182 11.77 | 2322425 | 409 | 345 | BCE
fragments

uoce3a7 | 185 | Plant 13.12 13.05 | 4655+28 | 3517 | 3395 | BCE
fragments

UOC9352 | 185 | Shell 14.78 14.71 | 7355£25 | 5852 | 5668 | BCE

UOC9353 | 185 | Shell 14.85 14.80 | 7523+ 28 | 6009 | 5836 | BCE

UoG12077+ | 191 | Pt 5.00 497 | 270+23 | 1626 | 1666 | CE
fragments

uoc12078 | 191 | . Plant 5.17 513 | 133022 | 652 | 695 | CE
fragments

uoc12824 | 191 |  Plant 6.02 597 | 3445:27 | 1785 | 1686 | BCE
fragments

UOC12103 | 191 | ShelF 6.52 6.47 | 6335t 25 | 4824 | 4615 | BCE

UOC 12825 | 191 | Bulk 7.03 6.91 | 7310+43 | 6241 | 6067 | BCE

UOC 12220 | 191 | Bulk 7.17 6.98 | 7968+ 35 | 7044 | 6749 | BCE

UoC12079 | 192 | . Plant 6.98 6.96 | 6197429 | 5229 | 5048 | BCE
ragments

UOC12104 | 193 | Shell 14.93 14.74 | 806127 | 6560 | 6386 | BCE

UOC-12080 | 194 | . Plant 8.96 890 | 160323 | 401 | 477 | CE
ragments

Uoc-12081 | 194 |  Plant 11.27 1120 | 4445:25 | 3129 | 3011 | BCE
fragments

UOC12105 | 194 | Shell 12.29 12.26 | 7743%27 | 6229 | 6042 | BCE

UOC12106 | 194 | Shell 12.49 12.48 | 7826+ 28 | 6349 | 6112 | BCE

UOC12107 | 195 | Shell 11.57 11.54 | 6284%27 | 4767 | 4547 | BCE

2.33 RSL andPalaeoshoreline Reconstructions

Palaeoshoreline positions were estimated for the middle Neolithic to middle
Chalcolithic periods (ca. 6760000 BCE) using a modification of the sedint back
stripping approach described by Sonnenburg et al. (2012)-8apking techniques are
employed increasingly in coastal palaeogeographic reconstructions as they provide a more
robust estimate of the shoreline positions when compared to modkled on the modern
seabed bathymetry and coastal topography (Batet,&2009; Athanassas et al., 2012;
Sonnenburg et al., 2012; Westley et al., 2014; Conolly,;20@800lly and Obie, 2031As
a first step, a revised RSL curve was constructed for Liman Tepe by combinileyealea
indicators from two previous studies (Goaah et al., 2008; Krezoski, 2008) with 10 new
RSL indicators from marine sediment cores. The elevations of all RSLatoticwere

corrected for postlepositional compaction (autocompaction) using ti2 deotechnical
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model of Paul and Barras (1998). Comfpan corrections are important in skeael
reconstructions using clay and organic rich sediments, which are susedptipbst
depositional lowering due to autocompaction (Allen, 2000; Bird, 2004; Brain et al., 2015).
The elevations of sediment contafds the marine transgressive surface (MTS) in marine
and land cores were also corrected for autocompaction usinge@gediment texture to
estimate the liquid limit for modelling (25% for lean silty sands and 75% for plastic clays)
(Paul and Barras, $8). The autocompaction correction factor ranged frorlQL3 m and

was greatest for long cores containing thick sestiof mud and silt. An isopach map of

the sediment thickness above the MTS was then constructed using the compaction
corrected values a@nbackstripped (subtracted) from the modern seabed bathymetry (Fig.
2.2) to produce a surface representing the elavaidTS relative to modern sea level.

In a final step, the shoreline positions were estimated by projecting the RSL elevations onto

thebackstripped MTS and plotted as an overlay on the modern bathymetric map.

2.4 Results

2.4.1 Bathymetry andSeismic Data

Bathymetric mapping revealed a low relief deal topography to the west of
Karantina Island and a smooth, gradually sloping seabte teast (Fig. 2.2a). The smooth
bottom relief in the east results from the westward longshore transpbriragping
sediment by the causeway barrier (Goodman et al., 2008; Krezoski et al., 2021). To the
west of the barrier, the reduced sediment accatioul rate has limited coastal progradation
and has preserved landscape features of the submerged coast#éFigla2.2). These
features include relict river channels, palaeoshorelines, and submerged coastal
promontories (Figs. 2.2b, 2.3). Palaeochanasdsup to 20 m in width,-2.5 m in depth,
and have a linear thalweg. The channels extend >300 m northiwkstraodern harbour
breakwater where they terminate at a break in slogeld@b-12 m water depth (Figs. 2.2b,
2.3). The channels are infilled/lup to 4 m of marine sediments, which overlie volcanic
bedrock and terrestrial mud deposits (see sectia@)2Ahe break in slope at1 m may

represent a palaeoshoreline formed during a brief sea levedtatii or a bedrock ridge
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underlying the manie sediment cover. Sediment slumps visible at the base of the break in
slope indicate that the scarp has beedified to some extent by mass movements (Fig.
2.2b). On the west side of Karantina Island, a submerged ridge and promontories define a
former castal headland that enclosed an embayment to the north of Liman Tepe when sea

levels were 1214 m below pres# (Figs. 2.2, 2.3).

No submerged landscape features are preserved on the seabed to the east of the
causeway, but seismic data provide insight® ithe buried coastal topography and
palaeogeography (Fig. 2.4). Seismic profiling revealed an uppermostageachf
seismically transparent and crudely stratified seismofacies overlying a continuous high
amplitude reflector at 235 ms (Fig. 2.4a). The fettor isa basirwide seismic horizon
which records the top of a compact shoreface sand unit underlying #good and silt
(Krezoski, 2008). The contoured upper surface of the horizon defines a shallow basin and
northwesttrending ridge (BRL; Fig. 2.4) that connects the mainland shoreline with the
east coast of Karantina Island. Thé & deep central basisinfilled in part with foreshore
and lagoonal sediments (Fi4d). The ridge feature enclosing the depression is interpreted
as a beach barriéBR-1; Fig. 2.4h, which formerly connected Karantina Island with the
mainland to the east. Other parallelges in the reflector surface (e.g. BRlikely record
earlier phases of a transgressive batagoon system (Krezoski, 2008). The bedrock
suiface below Holocene sediments was not imaged due to the limited penetration depth of
the high frequency seismsource (Fig. 2.4a). However, previous inequency boomer
seismic profiling indicates a total sediment thickness of >8 m over bedrock tostha&f ea
the Karantina Island (Mueller et al., 2009).
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Figure 2.4: A. W-E subbottom seismic profile (location d.4b) showing higlkamplitude reflector at 25
ms, inferred to be a buried Neolithic transgressive barrier system).(BB&ontoured upper surface of
reflector (contour interval 0.5 m) showing two northwestitheast trending beach ridges (BRBR-2). C.
Isochore (sediment thickness) map showing thickening of sediments within interpretdshbaeklagoon
(contour inerval 1 m). D. North-south profile (XY; 2.4b) showing buried beach ridges and lagoonal
deposits. Dashed line indicates interpolated elevation of seismic reflector at top of foreshore sands.
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2.4.2 Holocene Stratigraphy

Five distinctive lithofacies assetalges (LA 15) were recognized in marine cores
(Figs. 2.52.7) and correlated with lithofacies identified in lacwte data.
Lithostratigraphic profil es -eadtand sountliprtht he co
core transects are shown Figures 2.8 arfel Zhe contact between lithofacies assemblages
LA-2 and LA3 is a basirwide parasequence boundary marking a marine transgressive
surface (MTS), which has been identified in land cores (Goodman et al., 2008, 2009; Kayan
et al., 2019).

2.4.2.1 LAl (Volcanc Bedrock, Regolith)

Bedrock was encountered at a depth of 3.8 m in a single cof @l comprised
a thin (~2030 cm) unit of weathered, angular volcanic rock fragments 2=@). The unit
contained no marine fauna and was devoid of organics. Tdrediefragments were an
intermediate extrusive composition (trachgredesite), consisting of sanidine phenocrysts
set in a finer matrix of Keldspar, plagioclase, minor quartz, e, sericite, pyroxene, and
hornblende amphibole. LA is identified aghe middle Miocenea ge Ment ek tr a
which forms | ocal bedrock to the west and
The angular shape and weathering of clasts indichtdsLiA-1 is a regolith (saprolite)

formed by chemical weathering of voléafedrock.

2.4.2.2 LA2 (Terrestrial Clays, Palaeosol, Alluvium)

Overlying bedrock, LA2 was a 1860 cm thick unit of dark grey to greenibhown
clay containing abundant volcanitachyte) clasts up to 1 cm in size and fine organic
matter (Figs2.5,2.6¢,2.d,2.7b). LA-2 contained no shell fragments and foraminifera were
absent or in very low abundance (<5/cc) (). Difflugid thecamoebians were present
in low abundance (<8t) in three cores (1B, 191, 194). A bulk organic sample from
core 191 yielded a middle Neolithic age of 708449 cal. BCE (Fig2.5). Radiocarbon
dates from above LR in cores 1&, 193, 194, 195 also indicate Neolithic ages, ranging
from about6500 to 6000 BCE (Fig&.6¢, d,2.7b, c).
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LA-2 is interpreted as a testeéial mud deposit derived by weathering of the
underlying volcanic saprolite (i.e. l-4). The Ca/Ti values in LA are very low due to the
abundance of Ti in the clay and volcanggolith (Fig.2.5). The low abundance of
difflugids suggests deposition tfiecamoebian tests by fluvial inputs to an inland lake or
wetland (e.g. palaeochannels; F&R). The low abundance dbraminifera may record
influx of marine waters during periodic storm fup and overwash into the wetlands (e.g.
Goodman et al., 2009B0odman et al. (2008) had previously identified freshwater wetland
facies in land cores at Liman Tepe, as defined high abundance of difflugids (25.5%,
~74.5/cc). Kayan et al. (2019) described a similar dark grey to black mud facies overlying
alluvial silt and sand, which we correlate with A (Figs. 2.8, 2.9). The lowermost
terrestrial deposits identified by Goodmetral. (2008, 2009) (cores& G6, G7, G-11)
are also assigned provisionally to {22based on their stratigraphic position belowiner
deposits and low foraminifera abundance (<2/cc). Radiocarbon dates from marine
sediments in cores-@, G-7, and G11 range in age from 3462200 BCE (Figs2.8, 9),
indicating that the lowermost package of-RAerrestrial sediments was deposited pigor
the maximum marine transgression at ca. 4000 BCE. The contact between the lowermost
terrestrial sediments and overlgi marine deposits identified by Kayan (2019) and
Goodman et al. (2008, 2009) is the onshore extension of MTS identified in marise core
(Figs. 2.8, 2.9). Kayan et al. (2019) and Goodman et al. (2008, 2009) also mapped an
uppermost package of alluvial mwgllt, and sand facies (Fig&.8, 2.9), which we assign
as LA2 terrestrial deposits. This later sequence of terrestrial sedimeontsigeiuvial
plain sedimentation from after 4000 BCE (124).

2.4.2.3 LA3 (Lagoonal Sediments)

LA-3 consisted of massive to crudely stratified clayey silt facies with mollusk and
gastropod shell fragments, overlying {2Aacross a transitional contactgi2.5, 2.6c,
2.7b). The unit contained disseminated fine organic$bstdoniafragments were absent.
Foraminifera were in low abundance at the base o8L(&84/cc) and increased upward
in the unit (162200/cc) (Fig2.5). The dominant foraminifera gera wereélphidium(25-

>50%) andAmmonia20->50%). In core 14, a few difflugd thecamoebians were present
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at the base of L. A bulk organic sample in core -1I9yielded a middle Neolithic age of
62416067 cal. BCE (Fig2.5) and shells from core 1Branged in age from 6068668
cal. BCE (Fig2.6c).

Based on the silty texture @mcreasing abundance of marine microfossils
and shell fragments, L& is interpreted as a lagoon deposit. The2/BA-3 contact marks
the MTS and a basin wide parasequeraubary recording marine flooding of the coastal
plain (Figs.2.8, 2.9). The MTSis identified by an increase in Ca/Ti at the base of31 A
(Figs. 25, 2.6¢, 2.7b) and correlated throughout the basin (Ri§). The increase in Ca
coincides with the incread abundance of shell fragments and calcareous foraminifera in
LA-3. Goodman etla(2008, 2009) and Kayan et al. (2019) identified two similar packages
of foreshore and lagoon silt and mud facies in land cores: one overlyik®y th® other
overlying LA-4 foreshoreshoreface deposits. The land core lithofacies descriptions,
however, g not sufficiently detailed for identification of foreshore versus lagoon facies,
and so have been grouped together and provisionally correlated wiBh(E§ys.2.8, 2.9).
Foreshore sands and lagoon silt and mud deposits were also identiKeelzZogki(2008)
to the east of the Karantina island (R2). These deposits infill a broad basin identified
in seismic data (Fig.4), which records an extensive bawdrrier lagoa to the west of the
island during the late Chalcolithic to EBA periods (Krezesial., 2021).

2.4.2.4 LA4 (ForeshoreShoreface Deposits)

LA-4 comprised a finingipwards package of medium to fine sand Bodidonia
rich silt and mud facies (Fig2.5-2.7). Sand facies (LAla) were massive, poorly sorted,
and contained sutdunded to welfounded mollusk shell fragments and little marine
organic matter. The overlying silt and mud facies {48) were massive to crudely
stratified and contained abunddPdgdonia root fragments andhattelayers and lenses
(0.2-1 cm in thickness). Foraminifera abundance ranged frorilR68/cc (Fig2.5) and
the dominant genera welphidium(20-41%) andAmmonig16-30%).In most cores, LA

4 sediments yielded a wide rangeagks from Neolithic to present, as Basidoniamuds
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extend to the modern seafloor (e.g. corébX&8525668 to present and core-4%<6229
6042 to present; Fi@.6c, d).

The poor sorting and moderate degree of rounding of the sand and absence of
Poddonia grass in LA4a indicates high energy conditions and deposition in foreshore to
upper shoreface environment. The relatively high abundance of foraminifePasiddnia
in the overlying LA4b indicates deposition in a shallow marine environment. The
transition from poorly sorted sandRosidoniasilt and mud facies records a shift to a lower
energy shoreface environment suitable for the growth of exteRsig&loniaseagrass
meadows. In the modern environment at Liman TEBpsjdoniameadows are extsive in
water depths between3D m and favour low water turbidity and low to moderate energy
(Vortuba et al., 2016). The Ca/Ti profiles (Fig®-2.8) reach peak values (>120 peak area
units) in LA-4 at about 4000 BCE in all cores, which correspondh thie maximum
marine transgression and the end of TST. This is followed by an overall decline in Ca/Ti,
possibly signaling increased terrestrial sediment delivery to the marine basin as shorelines
began to prograde during the HST after 4000 BCE. Goodnan(2008, 2009) and Kayan
et al. (2019) described similar shoreface deposits in land cores g8g.9). The
shoreface deposits were dominatedBbghidiumrAmmoniabiofacies (defined by >10%

Elphidium) and the presence AinmonigparkinsoniangGoodman et al., 2008, 2008).

Shallow water sediments recording a range of foreshore environments were
identified at or near the base of several marine core8,(182, 194, Fig.2.1b) and were
assigned to LAdc. In core 194, underlying LA4a, was a thin drizon (~20 cm) of
disarticulated oyster shell©étrea eduliy and shell fragments, overlain by a thin gravel
layer, consisting of angular volcanic rock granules and pebbéel clasts (Fig2.6d). The
oyster shells and gravel unit contained abundaainiorifera (122406/cc), dominated by
Elphidium (25-29%) andAmmonia(23-29%). The oyster shell layer was dated to 7
millennium BCE (63495112 cal. BCE) and may indicate a storm deposit or plysai
refuse layer, recording human processing of oystelsshelcore 183, LA-4b rested on a

~50 cm thick beachrock unit across a sharp erosive contact2(Biy). The beachrock
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records a shallow intertidal environment (573559 cal. BCE), where gradwater flow
permitted the cementation and production of beack (Vousdoukas et al., 2007). In core
19-2, LA-4c consisted of thin (~15 cm) basal gravel layer, with rounded carbonate and
volcanic rock granules and pebbles (R2d.a). The gravel layer igg deposit, recording
erosion of underlying sediments andltmk in a beach or foreshore environment. Overall,

erosional lag deposits were not a common feature of the foreshore depositd.in LA

2.4.2.5 LA5 (Harbour Sediments, Archaeological Deposits)

LA-5 comprised an uppermost package of mud and fine siltaiitimdant marine
mollusk shell fragments that is restricted to the Archaic harbour basin (cofeslF9,
19-2). The sediments contained minBosidonialenses and fragments and abundant
foraminfera (8521094/cc). Within the eastern Archaic harbour bgsores 179, 192;
Figs.2.1b, 2.6a,2.7a), LA-5 contained abundant pottery, including Archaic to Classical
age vessel fragments and sherds. In corg (Fgs.2.1b,2.5), LA-5a silty mud repreents
a Late Bronze Age to Classical phase of harbour deredopand LA5b, which is finer

and brownrorange in colour, the Byzantine to Modern harbour deposits.

LA-5 represents harbour basin sediments deposited within-arlevgy Archaic
harbour basinda. 76" c. BCE) and a preceding pret@rbour embayment, vidh existed
to the west of the Liman Tepe headland during the Mitdle Bronze Age (core 19
18361447 cal. BCE and core 491442329 cal. BCE) (Chapter 3). Dredging of the
harbour is recordeby an erosional hiatus at a depth of 70 cm in corgé (L9A-5a to LA
5b transition; Fig.2.5). On land, for convenience, we assign the uppermost surficial
deposits containing archaeological materials te3_@rig.2.8), recognizing that they were
deposited in a range of terrestrial environments. Some of theseiawleposits were
previously mapped as Oanthropogenic sedi m
archaeological strata ranging in age from Chalcolithipresent (Saholgu, 2015; Tuncel
and kahojlu, 2018).
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transgressive limit is indicated by the maximum shoreward extent of marine deposits.

47



Ph.D. Thesi$ N.L. Riddick; McMaster Universityi Schoolof Earth, Environment & Society

2.5Discussion

25.1 RSL Change

The revised RSL curve for Liman Tepe (R2dLO) incorporates 31 new radiocarbon
dates (Table2.1) on terrestrial, intertidal and foreshore -#®&l markers (compaction
corrected). The glacibydroisostatic sedevel curve of Lanbeck (1995) and Aegean
(sector ACO) cur ve sonfowhacfcohri ceotmpaalr.i s(o2n0 1 4K)a
level curve is also shown, as it was employed in a recent estimate of the marine
transgressive limit at Liman Tepe (Kayan et al., 2019). TheRt®&wcurve generally agrees
with Lambeck&és (1919 the infleckog at can4@d0 BCEyindicaing@r i or
rapid middle Holocene rate of sea level rise (~14 mraytil ca. 6300 BCE), followed by
a deceleration to ~2 mmyydue to a global ading event (Kendall et al., 2008; Lambeck
et al., 2014). During the Nthic Period (ca. 8004 8 00 B CE) RSL 6-38 wer e
and-5 m below present (Fi@.10). Given the low gradient of the coastal plain (F&3,
2.3) and the rapid rate of RSL ridaring this period, the shoreline would have transgressed
landward atin estimated rate of about @25 m per year. From ca. 4000 BCE to present,
RSL rose at a slower rate of about ~0.5 miyr parallel with the regional Aegean curve
of Vacchi et al(2014).Both the Liman Tepe RSL curve and that of Vacchi et al. (2014)
lie below the global glacihydroisostatic sedevel curve of Lambeck (1995). We also
note that a segment of our RSL curve for the period prior to ca. 4000 BCE lies above the
Vacchi ¢ al. (2014) curve, as indicated by two subtidal markers gF1@). The inflection
point at ca. 4000 BCE is generally attributed to the deceleration irglamsal sea level
rise as global ice volumes stabilized (Fleming et al., 1998). The departbeelatal RSL
from the eustatic curve of Lambeck (1995) (~1.5 m a#6@0 BCE) may record ongoing
tectonic subsidence in the Bay of Izmir, which was previously estimated at 1 rognyr
Aksu et al. (1990). The difference betweenltml RS L and 4 (65 eustaticd
curve at 4000 BCE is about 1.5 m, which suggests a lower rate of subsidence on the order
of about0.25 mmyr! at Liman Tepe (Fig2.10). Some component of subsidence may be
due to uncompensated pakdpositional sediment compaction in iseents below the base

of marine cores (i.e. in cores that do not penetrate fully to bedrock).
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The six compactiomorrected radiocarbon dates obtained ffeosidoniamattes in
core 179 indicate a linear sediment accumulation rate of ~0.5 mnfglfowing the
maximum marine transgression at ca. 4000 BCE EIf)). A besffit line through the
dates closely parallels the gradient of the Vacchi et al. (2014) RSL curve obtained for the
sector C Aegean microplate. The data from cor® stiggests that AME'C dates from
Posidoniamatte can provide a useful measure of seabed aggradation and RSL gradient

under rising sea levels.
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Figure 2.10: Relative sea level (RSL) curve for Liman Tepe (red llmeged omew sea levahdicators and
recalibrated dates from Goodman et al. (2008, 2009) (T2klg All AMS C datacorrected for core
compactionGlacio-hydro-statically corrected eustatic curve of Lambeck (1995) and RSL curves of Kayan

(1988) and Vacchet al. (2014) also shown for compaon. Kayal €1988) curve predicts a sea level 0.5 m
higher than present during the Chalcolithic period, which is controversial (see Vacchi et al., 2014 for

discussion).

Kayands (1988) RSL c uenehghstandwitha BRSLs0.5a mi d

m abowe modern between ca. 468000 BCE and levels below the Lambeck (1995) and
Vacchi et al. (2014) models at ca. 1200 BCE (Rg.0 ) . Kayands model

beachrock elevations from two locations on the western Aaatobast (Dat¢a, Canakkale)
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and haseen applied broadly to interpretation of the palaeogeography of coastal sites in
western Turkey (Kayan et al., 2019). The hgjand event is not recognized in our
observations, which show sea levels below modernctet000 BCE (Fig2.10). A single
sub-tidal marker (from Goodman et al., 200&;m at ca. 2400 BCE), lies above the RSL
prediction (Fig.2.10). This radiocarbon sample was a shell fragment in lagoon sediments
and may be an outlier. Water levels 0.5 mabmodern between 403000 BCE araot
supported by our shoreline reconstruction and result in a marine limit that is farther inland
than observed in land core data (e.g. Kayan et al., 2019) 2R8g2.9).

Goodman et al. (2008, 2009) employed Lankbécs (199Hdro gl aci
isostatically corrected sea level curve in their palaeogeographic reconstruction, as it
generally conformed to their séavel indicators. They concluded that while the area is
tectonically active, there was no evidence for coasthsidence or uplift at the resolutio
of their RSL data. However, their core data were not corrected for compaction effects,
which could account for their higher estimates of RSL after 4000 BCE, and also the
presence of marine sediments at elevation®dmsr slightly above modern seadé(e.g.
cores G2, G4) (Fig. 2.9). The postepositional compaction corrections resulted in a
maximum adjustment of >1 m in cores with thick mud and silt facies. This emphasizes the
need for compaction correction abres prior to RSL modelling, partiarly when sea
level indicators are in firgrained, organicich sediments, which are highly susceptible to
postdepositional compaction effects (Paul and Barra, 1998; Bird, 2004; Brain et al., 2015).

2.5.2 HoloceneDepositionalEnvironments andPalaeogegraphy

Five distinct lithofacies assemblages have been recognized in marine core data at
Liman Tepe and correlated with onshore stratigraphic data from two previous studies. The
stacking patterns of lithofaes indicate two major depositional phases (F&8, 2.9),
which are linked to changes in RSL (F310) and the coastal sediment budget and
accommodation space. A TST and rapid phase eesehrise obtained until ca. 4000 BCE
and was followed by a & with the deceleration of RSL rise and deczeas

accommodation space (Goodman et al., 2008). Changes in the coastal palaeogeography and
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environments during these phases at Liman Tepe are shown in Eiblrend discussed

in the following sections.

2.5.2.1 Transgressive Systems Tract (TST)

The lowemost sediment package of marine sediments, consisting of a coarsening
upward sequence of marine lagoonal and foreshore facies overlain by upper shoreface
deposits (Figs2.8, 2.9), represents a TST. At Liman Tepe, the maximum transgression
extended appramately 1 km inland from the present shoreline (ca. 4000 BCE2Hite).

The marine limit is in general agreement with previous work (Goodman et al., 2008; Kayan
et al., 2019hnd provides additional details on the configuration of headlands and coastal
embayments which formed during the inundation of the coastal plain. The preservation of
relict Neolithic palaeoshoreline features and palaeochannels to the west of Karanitha Isla
(Figs. 2.2, 2.3), suggests that the relatively lowelief coastal topograghwas submerged
rapidly.

At 6700 BCE, RSL was about 14 m below present, and the shoreline was >500 m
seaward of the modern coast (Fig4.0,2.11a). The shoreline position &600 BCE was
coincident with a break in slope, which is interpreted as aegpshoreline feature in the
modern bathymetry-{1 to-12 m; Figs.2.2, 2.11b). The low (12 m) scarp defining the
palaeoshoreline feature (Fi213) may record a brief stiftard event or indicate structural
control on the shoreline position by underlylmegdrock ridge, as the bedrock surface is at
a relatively shallow depth on the west side of the study areaZBig.The relict river
palaeochannels terminate at the palaeadimer (Fig. 2.2), which suggests that the
preserved floodplain is middle Netblic in age (ca. 6766600 BCE). At this time,
Karantina Island was a broad headland with a large western coastal promontory that formed
a small, sheltered embayment to the nofthiman Tepe. To the southeast of Karantina
Island, an extensive barri&goon system was formed as the coastline stepped landward.
The northwest trending ridges identified in seismic data (Rig) record relict
transgressive barriers which were dr@aiin-place by shoreline overstepping (Rampino
and Sanders, 1980; Mellett aRthter, 2018).
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At 65006400 BCE, Karantina Island remained connected to the mainland and a
coastal wetland formed to the southeast as a labaoter complex stepped shoreward
during the TST (Krezoski, 2008) (Fig.11b). The western coastal promontofarantina
Island was progressively inundated after 6600 BCE (locations of coi&s1831) forming
a series of small islands (Fig.11a, b). The intertidal deposits contapnioyster shells and
gravel (core 191; 63496112 cal. BCE), may record Neolithshell gathering and
processing on the western shore of Karantina Island ZRigb). The western shore of the
island continues to be a habitat for the European flat oy@#trea eduliy and fan mussel

(Pinna nobilig, which are gathered for local armption (Lok and Acarli, 2006).

By 6000 BCE, the coastline had transgressed close to its modern position and an
embayment existed to the southwest of the Liman Tepe headimn@.(1c). Karantina
Island was separated from the mainland and to the afése headland a coastal lagoon
formed as indicated by L& deposits in core 19. On the west side of Karantina island, at
the location of core 18 beachrock formed in an imtelal environment (5716559 cal.
BCE). Posidoniamuds do not occur in shalloareas off Karantina Island until the end of
the Chalcolithic/beginning of the EBA (324103 cal. BCE in core 18 and 31298011
cal. BCE in core 19, Fig.2.6b, c), indicatig possible shallow, foreshore conditions, not
suitable forPosidoniagrowth uriil the EBA. By 4800 BCE, the coastline had transgressed
landward ~800 m and Liman Tepe was a small island or coastal promontory separated from
the mainland by shallow wetlandsig. 2.11d) (Goodman et al., 2008).
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Figure 2.11: Middle Neolithic to Late Chalcolithic palaeogeography and coastal evolution of Liman Tepe
Palaeoshoreline positions estimated by projecting RSL for each period ontstiipkd digital bathymetric
model. Areas of archaeological potential include anchoaag@s (anchor symbol), headlands/promontories
(H), embayments (E), lagoons/wetlandg, (and palaeochannel (PC) features. Previous reconstruction of
Kayan et al. (2019) shown for comparison in E.

2.5.2.2 HighStand Systems Tract (HST)

At ca. 4000 BCE, thrate of sea level rise decreased (Ei0) and the increase in
accommodation space was outpaced by sediment supply on the coagi8(Ri@). An
HST prevailed and the coastline prograded through the accretion of linear beaets barri
which were baked by shallow lagoons (Goodman et al., 2008). The HST is recorded by
an upwards fining succession of shoreface sands overlain by lagoonal and wetland facies
(Fig.2.8,2.9). The Liman Tepe headland was a small island and a large enmiiapisted
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to the ®utheast at 4000 BCE (Fig.11e). Coastal lagoons were likely present along this
embayment, notably at the location of coresA9885, 986, and 4 (Figs.2.9, 2.11e).
Archaeological evidence and the extent of settlement phaseman fiepe indicatenat

the headland was reconnected to the mainland by the late Chalcolithic to EBA period (Fig.
2.11f; modified from Goodman et al., 2008, 2009). By the Archaic (possibly the Middle
Late Bronze Age), the lagoons to the east of Liman Tepdlhnd were infild, leaving a
coastal embayment to the west, which later became an engineered harbour during the
Archaic Period (Chapter 3).

2.5.3 Archaeological Potential

The RSL reconstruction shows that the Neolithic to middle Chalcolithic periods
were a time of rapidealevel rise and marine transgression (Fi§$0,2.11). The changes
in shoreline positions and coastal palaeogeography would have strongly influeastd co
settlement patterns. During Neolithic, the shoreline rapidly transgressed across-the low
relief coastal plain at an estimated rate of-0.25 m per year (Fig2.11). The landscape
was rapidly transformed and the river floodplain that existed at¢@0 BCE was
completely inundated over a period of 600 years (&Eifla, b). The rapid changes het
shoreline positions and coastal environments would have been perceptible to people living
and gathering resources on the coast and would have requinddesim adaptations to
rising sea levels. Due to the rapid shoreline advance, high ground aieasntina Island
and on emergent coastal promontories would have been favourable locations for
settlements. Habitations on the coastline would likely haenkephemeral or perhaps

seasonally occupied for gathering of food resources.

The palaeogeographicreconstructions identify several areas with high
archaeological potential, which we speculate may have been favourable as locations for
Neolithic settlemerst and for procurement of marine resources. During thedleid
Neolithic (67006400 BCE) the coasthkadlands on the west side of Karantina may have
provided favourable settlement locations (RAd.1a, b). These promontories were much

larger in area thathe Liman Tepe headland, the locus of the ChalcolBnanze Age
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settlement. The use of coastabmontories as settlement locations was common in the
prehistoric Aegean, as these locations afforded protected anchorage areas and were
defensible positiongTartaron, 2015). Establishment of the Chalcolithic settlement on the
headland at Liman Tepe wouldhve been attractive, as the rocky headland provides an
elevated and unobstructed view of the Bay of 1zmir. At 6700 BCE, the western headland
of Karantina $land was about 4 metres above sea level and formed a small &) szkmh
enclosed embayment, whiatould have provided a wefirotected anchorage area and

river floodplain to the south (Fig.11a). The eastern shoreline of Karantina Island, which

is well protected from the northerly winds, would also have provided sheltered mooring
areas (Fig2.11a, .

The presence of a large river system and alluvial plain with wetland resources at
Liman Tepe (Fig. 2) would have been highly attractive to Neolithitesgtand was also
likely a factor in the founding of the Chalcolithic and EBA settlements at Lifepe
(Goodman et al., 2008). The floodplain and dgimg coastal wetlands would have
provided a freshwater source for drinking and agriculture and ricbtatolaabitats for
resource gathering. Evidence from nearby sites in Izmir suggest that maringeaim ri
shellfish gathering was a major component of Neolithic and Chalcolithic subsistence
strategies (Derin, 2007). The presence of oyster shells in @gterépresenting a possible
midden deposit, indicates an important shellfish resource on the(Egast.11a, b). The
river floodplain would have also provided raw materials for settlement construction. Coring
at location 191 revealed a thick clay paasol developed on the volcanic regolith (Fig.
25). These deposits are a potential source of clagd in prehistoric mudbrick/wattle and
daub architecture at Liman Tepe.

On the Liman Tepe headland (FB1b), the earliest settlement layers date to the
Chalcolithic An early settlement phase at ca. 46200 BCE was followed by 60Q00G
year hiatus iractivity before a final late Chalcolithic4@ccupation of the site (Tuncel and
kahoj !l u, 2018) . Similar hi at usesettibnente bee

phases of other sites in the region but the reasons for low archaeological visibihity duri
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this period are not well understood (Tuncel
indicates that during early Chalcolithic (ca. 4800 BCE), theanntepe headland was
connected to the mainland (possibly by a tombolo) and was backed by a shaiémnanea

(<1 m), possibly a coastal wetland or a tidal flat (2d.1d). During the time of the
settlement hiatus, the shoreline advanced about 1 knditdathe maximum marine limit

(ca. 4000 BCE) and the northernmost point on the headland becamk ialanthlocated

300 m offshore (Fig2.11e). The inundation of the headland by rising sea levels may have
required the migration of Chalcolithic settlerhéa the mainland and could explain the
apparent hiatus in activity at Liman Tepe during this pefibe area to the south of Liman

Tepe now part of modern town of Iskele, has a high potential as a location for a Chalcolithic

settlement.

The archaeologal evidence for seafaring activity at Liman Tepe indicates diverse
trade connections with wider Aegggand Anatolian hinterlands during the Chalcolithic and
EBA periods (kahojlu, 2005; Erkanal, 2017)
of the heathnd and the backarrier lagoon systems which formed as the shoreline
prograded during the HST, wiohave provided favourable anchorage locations during the

Chalcolithic and Bronze Age settlement phases (Goodman et al., 2009).

2.6 Summary

Previous geoarchaeological studies at Liman Tepe have focused largely on the land
and nearshore sediment recordhwa limited radiocarbon chronology (Goodman et al.,
2008, 2009; Krezoski, 2008; Kayan et al., 2019). In this paper, we have assembled a large
marine geoscience database, including 20 cores, 31 radiocarbon dates and geophysical data
(>600line-km) to recmstruct the coastal palaeogeography of Liman Tepe from the middle
Neolithic to late Chalcolithic (Fig.2.11). We have demonstrated an approach
palaeoshoreline mapping that employs bsitlpping of estimated sediment thickness
above a stratigraphic daty as opposed to simply using the modern bathymetric data and
surface topography (Westley et al., 2014). The modern coastal bathymetry agrdpbyo

are often poor predictors of prehistoric shoreline geomorphology (Tartaron et al., 2011).
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Other approachdsave employed seismic profiles to identify surfaces within sediments that
can be used as a datum for batkpping (Westley et al., 2014). this study, we chose a
well-defined marine transgressive surface (MTS) as a datum for calculating the compaction
corrected sediment thickness (Fig$, 2.7), subtracted from a bathymetric relief map (Fig.

2.2). This approach has the advantage that tteid directly to core measurements of
sediment thickness and is not prone to errors in seismic velocities, areickquired to
convert reflector depths to sediment thicknesses. Sonnenburg et al. (2012) employed a
similar approach, using estimates of isgeht accumulation rates above a baside
erosional hiatus to determine the required thickness for-flaigping. These methods
assume that the palaeolandscape surface (e.g. MTS) has undergone burial and that erosion
has not been a significant factoroh@ sophisticated baetripping approaches are used
widely in petroleum geosciences and basin analysis to topaaeobathymetry for
subsidence due to sediment and water loading and tectonics effects (e.g. Kominz and Pekar,
2001; Miall, 2010). To date dzkstripping methods have had limited application in
geoarchaeological studies (e.g. Sonnenburg et al., 201&tléyest al., 2014) but the
growing availability of highresolution digital elevation and bathymetric data will likely
expand the use of thectenique in the future.

The Neolithic to middle Chalcolithic was a period of rapid marine transgression,
which silbmerged a large area of the coastal plain around Liman Tepe. The maximum
marine limit extended ~1 km inland and resulted in the submergemoastl headlands
on the west coast of Karantina Island (R2dl1e). At about 4000 BCE, slowing of the
global rdae of sea level rise resulted in a reduction in accommodation space and a positive
sediment budget prevailed. Following 4000 BCE the coagtliograded by the accretion
of linear lagoorbarrier systems, which resulted in the infilling of coastal embayaraht
lagoons that existed to the east of Liman Tepe. Our results are in general agreement with
the findings of previous coastal reconstructi@sodman et al., 2008, 2009; Kayan et al.,
2019) but provide important new details of the shoreline positionagdthe critical
Neolithic and Chalcolithic periods of settlement, which were previously undefined. The

new RSL curve for Liman Tepe indicatesa levels were below modern during the period
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6500 BCE to present and we find no evidence for middle Holoexeéslabove modern

as proposed by Kayan et al. (2019).

The new palaeoshorelinenapping identifies several areas of underwater
archaeological interest, including potentially favourable Neolithic settlement locations (i.e.
coastal headlands, palaeoshored)n@nd better resolves the location of embayments and
coastal lagoons, which m&ave served as anchorage sites (Goodman et al., 2009; Chapter
3). The mapping also identifies relict river channels on a submerged coastal floodplain,
which would have beentadctive to Neolithic settlers as coastal habitation sites and as a
source of fesh water and food resources. Future work at Liman Tepe will investigate the
archaeological potential of these submerged landscape features using diver reconnaissance
surveys ad marine geophysical investigations (e.g.-botiom seismic profiling, marine
magnetic surveys). The late Holocene sediment thicknesd (n in the inshore area
presents a challenge for exploration but does not preclude future discovery of buried

prehstoric sites.
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CHAPTER 3: Multi -proxy palaeoenvironmental record of the Late Bronze to Iron

Age transition and harbour development at Clazomenae, western Anatolia, Turkey

Abstract

Clazomenae, located in the southern Bay of I1zmir, Turkey, wasportant Iron
Age oliveproducingent re and trading port. Clazomena
of the besfpreserved examples of an Archaic period (Bac. BCE) semienclosed harbour
(>5 ha), protected by two broad (>35 m) breakwaters stestmow submerged =2 m
below presensea level. A multproxy geoarchaeological study was conducted on 6
harbour sediment cores and integrated with geophysical surveys (bathymetsgaside
sonar, magnetics) to map the harbour structures and to docuimemjes in coastal
palaeoenvironmenténthropogenic signals of langseimpactin harbour basin sediments

were evaluated using mic¥RF core scanning XRF-CS) and chemofacies analysis.

Bathymetry and sidescan mapping delineated two broad rubdmestructed
breakwater structures enciog the harbour, and a submerged headland that divided the
harbour into two separate basins. Linear magnetic anomalies within the eastern breakwater
indicate a possible Late Bronze buried pier structure, recordingeanigtion of a proto
harbour embaymenthe harbour basin stratigraphy consisted of upper shoreface sands and
Posidoniamuds overlying a Frich terrigenous clay unit. A distinctive sifch unit with
increased Ti/Ca and decreased Si and Br recordedsdtivarirom a shoreface to sheltered
proto-harbour embayment. Increased Ti/Ca records rising terrestrial sediment inputs to the
embayment as a result of Mi@-Late Bronze Age land clearance and settlement
expansion. An abrupt shift to lower Ti/Ca valuea. 1200 BCE signals decrease in
terrigenous inputs, coinciding with a ~398ar drought phase, possibly linked to the Late
Bronze Age collapse. The onset of Iron Age harbour construction {ca. BCE) is
recorded by a shift to lower Ti/Ca values, iacrease irRosaling and the appearance of
Archaic pottery. pXRF-CS results show that higlesolution chemofacies analysis can
identify subtle geochemical changes in harbour sediments (i.e. terrigenous sediment flux)

that would be unresolvable usingneentional palae@cologcal and sedimentological
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techniques. This paper represents the first use-¥Rp-CS geochemical records to
document the transition from a pretarbour to seménclosed engineered harbour basin

in the Aegean.

Keywords:  Clazomenae Liman Tepe, Archaic hhour, proteharbour,

palaeoenvironments, chemofacies, mi&RF core scanning, geophysical survey

3.1 Introduction

The Iron Age (ca. 120014 BCE) was a period of major cultural and technological
change in the Aegean. The expansibfsreek colonies reseltl in the broadening of inter
regional trade networks and the establishment of new maritime trade centres
(Papadopoulos, 2014). An important technological innovation during this period was the
introduction of engineered harbounsttures (e.g. breakwatemers, and quays) and semi
enclosed harbour basins. During the preceding Bronze Age (cal200BCE), sheltered
embayments, lagoons, and coastal headlands were utilized as natural anchorage sites
(Marriner et al., 2005, 201Zartaron, 2015; Mauro, 4@). In the Iron Age, many of these
Opr-mambour éd basins were augmented with eng
under a wider range of weather conditions and sea states (Shalev et al., 2019). In the
Aegean, the transitiohr om n at u-atail f itooi adlse mengi neered ha
the Iron Age (Archaic period), with the earliest evidence for-made breakwaters dating
to the &-7"" c. BCE at Delos. By the laté"6éo early 3" c. BCE, breakwaters were built as
extensions of city fortification wallsqlemming 1980; Duchénet al, 2001, Mauro, 2019).

In the eastern Mediterranean, the augmentation of natural-paobour basins began
earlier, perhaps as early as the MalLate Bronze Age (Raban, 1995; Tartaron 13D

Raban (1995) described ashtanstructed quays at Dor (Israel) that were built in the Late
Bronze and modified during trearly Iron Age. At Atlit (Israel), mole and quay structures
were built using similar ashii@onstruction, which were constraineglradiocarbon dating

to the 9-7" c. BCE (Haggi et al., 2006; Haggi and Artzy, 2007). At Sidon (Lebanon)
sandstone ridges were augmented with rubble constructions to enhance natural

embayments during the Mite-Late Bronze Age (Marriner et al., 2006).
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A number of environmental and economic factors played a role in the development
of semitartificial harbours in the Aegean. On clastic coasts, riiddle Holocene
deceleration in sea level rise at c&.6 ka BP rapily changed coastal sediment budgets
arnd morphodynamics (Marriner and Morhange, 2007; Mauro, 2019). In western Turkey,
for example, many large river deltas prograded seaward and coastal plains aggraded
rapidly, infilling coastal embayments and river valleigs form rias (Kayan, 18B).
Consequetty, many naturally sheltered harbouring sites were lost, and engineering
interventions were required to create samtificial and artificial harbour basins. The
expansion of Iron Age maritime trade and the increassel and draft of merchant and
naval \essels also necessitated the construction of harbours with built dock structures for
lading of goods and for ship maintenance (Marriner et al., 2014). By comparison, Bronze
Age merchant ships were smaller vessels lbailplying inshore coastal trade rest and
with low-draught hulls designed to be drawn up onto beaches and moored in shallow water
(Tartaron, 2013).

Engineered harbour basins are important sediment archives for geoarchaeological
studies, as they wetew energy depocentres which accumedaind preserved harbour
sediments, cultural materials (e.g. pottery), and anthropogenic pollutants (Marriner and
Morhange, 200 arriner et al., 2010 Consequently, harbour basins have become a major
focus of geoaitaeological studies in the Mediterrame as they can provide important
records of seafaring and maritime trade activities and are rich palaeoenvironmental archives
of sea level change and coastal evolution (Marriner et al., 2005, 2006, 2008; Reinhardt et
al., 1999; Goodman et al., 2008, 208@gliger et al., 2013; Stock et al., 2013, 2014, 2019;
Shumilovskikh et al., 2016; Stiros, 2020; Chapters 2, 4). Harbour sediment archives have
also yielded longerm records of palaeotsunamis and earthquake impacteastlines
(Reinhardt et al., 200@4adler et al., 2013, 2015; Mourtzas et al., 2014; Stiros, 2020;
Chapter 4). Classical and Roman harbours have received the most attention
archaeologically, and in the Aegean, few details are available on the crérad f
transition from Late Bronze rpto-harbours to Iron Age engineered harbour basins
(Tartaron et al., 2011; Mauro, 2019).

71



Ph.D. Thesi$ N.L. Riddick; McMaster Universityi Schoolof Earth, Environment & Society

In this paper, we report on the results of geoarchaeological and geophysical
investigations of a wejpreservedearly Iron Age (Archaic period) harbour basin at
Clazomenae, in western Turkey (Fi§.1). Located on the southern Bay of Izmir,
Clazomenae was an important olive production centre and trading port from its founding
in the 11"-9" ¢. BCE (Aytaclar, 2004; Ersoy, 2004he Archaic harbour basin covered an
area of >5 ha and was enclosed by two broad (>35 m wide}maale breakwater
structures, which are now submerged -2/ below present sea level (Erkanal, 2014a).
The eastern breakwater structure is about 120 m itHemyl is attached to a small coastal
headland, which was the location of the Chalcolithic to Bronze Age site of Liman Tepe
(prehistoric Clazomenae) (Erkanal, 1997, 2014b). The western breakwater extends from a
small rocky headland and is partially covetsdthe modern harbour installationsthe
port town of Iskele (Figs3.1a,3.2a). Later in its history, Clazomenae was served by other
anchorages, including a large Roman artificial harbour on the west side of Karantina Island
(Fig. 3.1a).

Cl a z o mermhaie ahourAasin is one of the typreserved examples of an
Iron Age harbour in the eastern Mediterranean, but its date of construction, layout, and
function were not well understood. The harbour is significant in a western Anatolian
context, as othexxamples of Iron Age harbours hereéd®een infilled, and in some cases
completely buried by the aggradation of alluvial sediments at mouths of major river systems
(e.g. Troy- Kraft et al., 2003; Miletus Brickner, 1997; EphesuBrickner, 1997; Stock
et al., 2013, 2014, 2019; ElaiéSediger et al, 2013; Burgaz Greene et al2019). The
state of pr es er \narkour basin ppovide€d uaique opgoriuaity  study
Iron Age harbour technology, maritime trade, and human/environmental interactions in the

Aegean (Erakanal et.a2017).
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Figure 3.1: A. Satellite image showing locatiom f Clazomenaebds mainland Ar cheéa
geophysical survey area (0.35Rrfaerial image ESRI basemaps). B. Location of study site on the southern

Bay of Izmir, with generalized bathymetric contours (interval 10 m). Dominant wind direction ated w

circulation patterns (arrows) modified from Sayin (2003). C. Location of Clazomenae and other lonian
League cities in western Anatolia, Turkey (GIS data froatukal Earth).

The current study represents the first systematic geoarchaeological investigation of
Clazomenaeds Archai c har bpoxyanalpss micei-ray'We e mp
fluorescence geochemistry, micropalaeontology, sedimentary facies ARI® C
chronolay) of 6 marine sediment cores (FR)2a) to document changes in the harbour
palaeoenvironments stemming from land use changes and harbouring activities. Core data
were combined with geophysical mapping of the harbour basin (bathymieeyscan

sonar, nagnetic surveys) to better resolve the harbour layout and construction. We also
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evaluated micréXRF core scanning gXRF-CS) and chemofacies analysis (Craigie,
2018), as an approach for identifying the onset of harbouring and anthroplagekise
impactsin harbour basin sediments. The results provide important new insights into
harbouring activities, from a Late Bronze Ag#A) proto-harbour phase (ca. 1600 BCE)

to the construction of a seraitificial Archaic harbour basin (ca"&. BCE). Chemofacies
analysis (HXRF-CS) also identifies changes in terrigenous sediment inputs to the coast
that we interpret as a record of prehistoric land disturbance and possible evidence for a 300
year drought period that has been linked toltBA decine (the secalled Dark Age, ca.
12001000 BCE; Drake, 2012).
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Figure 322 A. Aeri al photograph showi ng {Alchaic Fatbhdunbasinged r en
Location of sediment cores (transectA?0 ; Fig. 3 . B Perigh image of sdsternvbreakwater,

showing location of excavation trenches. Note rubble construction of breakwater and linear wall features on
surface.
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3.2Study Area

3.2.1 Physical Setting and Geology

Clazomenae is located on the south shore of tiyeoBzmir, near Urla, in western
Turkey (Fig.3.1). The Bay of Izmir is microtidal (~280 cm) with a maximum water depth
of about 100 m (Fig3.1b). The domiant wind direction throughout the year is from north
and the primary sediment input into the Imyhe Gediz River (Fig3.1b). The water mass
circulation is controlled by inflow of Aegean water and wdrdzen currents, which
generate cyclonic and antgnic gyres (Sayin, 2003; Sayin and Eronat, 2018). In the
eastern sector of the Bay, currents dominantly clockwise, resulting in the transport of
sediment eastward along the north shore from the Gediz river and westward along the
southern shore towasdUrla (Fig.3.1b). Within the study area, the westward longshore
component of sediment transpdras resulted in progradation of beaches to the east of
Karantina island. This process began following the deceleration in sea level rise at 6 ka BP
(ca. 400BCE), which caused a shift to a positive sediment budget and aggradation of the
coastal plain (Godman et al., 2008; Kayan et al., 2019; Chapter 2). Progradation was
further accelerated by construction of the Alexander causeway (ca. 334 BCE), linking the
mainland with Karantina Island (Fig8.1a, 3.2a). The barrier has acted as an effective
sedimentrap resulting in the starvation and erosion of beaches on the west side Karantina
island (Goodman et al., 2008; Krezoski et al., 2021). The causeway alddaliteit the
siltation of Clazomenaeb6s mainl andrginar bour

burial due to coastal progradation.

Several previous geoarchaeological studies have investigated the coastal
palaeogeography angmhlaeoenvironments at Clazomenae (Goodman et al., 2008, 2009;
Krezoski, 2008; Kayan et al., 2019; Chapter 2). Goodmaah. €2009) documented the
Archaic harbour basin sediments and identified shiffeiaminiferacoinciding with the
onset of harbour ewtruction and a shift to eutrophic harbour environments. Goodman et
al. (2008) and Kayan et al. (2019) employed lané daita to correlate and map the onshore

late Holocene stratigraphy. They identified marine sediments recording a transgression
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event atta. 4000 BCE that extended approximately 1 km inland of the modern shoreline.
Chapter 2 presentsconstructed palaeogietine positions from theiddle Neolithic (6700

BCE) to the Early Bronze Age (EBA; ca. 3000), using a large marine and land coet.datas
During themiddle Neolithic (ca. 6700 BCE), the coastline was about >500 m seaward of
the modern shore and Karantiilséand was a broad coastal headland. By the beginning of
the Chalcolithic (ca. 4800 BCE), the coastline had transgressed inland,g@ hairge bay

to the southeast of the Liman Tepe headland, which was separated from the mainland by
coastal wetlands. Bga. 4000 BCE, the embayment had reached its maximum extent
(maximum transgression) 1 km inland of the modern shoreline and Liman &s@esmall
offshore island. Following ca. 4000 BCE, a higfand systems tract obtained, and the
shoreline prograded rapy by the accretion of shofgarallel sandbars (Goodman et al.,
2008). The Liman Tepe headland was reconnected with the mainlane bggimning of

the EBA and shallow embayments, with back barrier lagoonal environments, existed to the
east and west olfie headland. The sheltered bays and lagoons would have offered excellent
natural anchorages for merchant vessels during the EBA (Gooeta., 2009; Chapter

2).

3.2.2 Site History and Archaeology

Clazomenae was founded by lonian and Greek settlers bethved 1" and ¢ c.
BCE and was a member of the lonian League ig). The city was an important olive
producing centre anading port during the Classical and Roman Periods (Heroddtus, 5
c. BCE; Aytaclar, 2004; Ersoy, 2004). Clazomenae was fedinoh the prehistoric
settlement of Liman Tepe, which was located on the coastal headland to the east of the
modern town of IskeléFigs.3.1a,3.2a). Liman Tepe was an important EBA trade centre
in the Anatolian Trade Network, which spanned the Aegearhamch t ol i a ( kahoj |
Erkanal, 2017). Inthe'™85"c. BCE Cl azomenaeds citadel wa:
to Karantina Islad due to conflict with the Persians and in tffec4 BCE a causeway
linking the island to the mainland was constructed byfdinces of Alexander the Great (ca.
334 BCE) (Heisserer, 1980; Krezoski et al., 2021).
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Land excavations at Liman Tepe/Clazomehaee yielded a broad range of Early
to LBA cultural materials, including Minoan and Mycenean finds, indicating a diverse
maritime trade network and cultural connections that spanned the Aegean (Erkanal, 2014a,
b). The earliest settlement layers on thellaite date to thearly Chalcolithic (ca. 4600
BCE) (Tuncel and kahoj !l u, 2018) @gosdblet her e
Neolithic occupation, but to date, no settlement layers from this period have been
discovered (Erkana2008 Chapter 2). Bronze Age harbouringddions have not yet been
identi fied, but due to Liman Tepeods i mport
speculated that natural embayments and coastal lagoons to the east and west of the headland

may have providd sheltered mooring areas (Goodreaal., 2009).

Underwater excavations at Clazomenae have been ongoing since 2005 and have
focused on the eastern Archaic harbour basin g2t) (Erkanal et al., 2014). Recent work
has yielded a wealth of pottery ampither cultural materials that indite the harbour was an
active trading port in'7-6" c. BCE (Archaic Period), and again in tHeet BCE (Classical
Period) (Artzy, 2009; Goodman et al ., 2009
etal,2016Tuj cu et al ., 2 riddcted by Gabdman et gl. (2009) ik c o
Trench D (Fig.3.2b) recorded 4.8 m of rubble overlying marine shoreface deposits
containingPosidonia oceanicésea grass) mattes. The surface rubble layer included ashlar
stones, inttating possible wall structures. derwater excavations at the same location in
2008 uncovered the remains of a wooden anchor arm, embedéesidoniamud, which
is dated to the'Vor early 8" c. BCE (Votruba et al., 2016). Investigations of the weste
harbour basin and breakwater h&meen limited to diver reconnaissance and test trenching.
A 1-metredeep trench excavated inside the modern Iskele harbour, to the south of the
western breakwater, did not identify cultural materials, most likely doetern dredging
activitias20(7/)JTuj cu et
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3.3 Methods

3.3.1 Geophysical Surveys

Marine geophysical surveys were conducted at Clazomenae betweeR(BDas
part of a seabed mapping project, to evaluate underwater archaeological potential (Boyce
etal., 2007;Muller et al., 2009; Chapter 2). Bathymetric and ssdan sonar surveys veer
conducted over a 0.35 Krmshore area, including the Archaic harbour basin, with a line
spacing of 20 m (Fig. 3.1a). Sonar data were acquired using a Knudsen 320BP
echosounder system with transducers {€6@; 0.5 x 50° beam angle) sideounted to an
inflatable boat. Bathymetry processing included corrections for tidal variaticlindie
leveling, and grid interpolation using a triangular interpolated network (Wil) a 1 m
grid cell size (Sonnenburg and Boyce, 2008). Sickn processing (Sonarview 1.0)
included application of slastange and beam angle (radiosity) corrections and mosaicing
of swaths using pixel averaging algorithm with 0.1 m cell size (Ceavani De Moustie,
1993; Anstee, 2001; Young and Anstee, 2001).

Total magnetic intensity (TMI) surveys were acquired over the eastern breakwater
area using a marine Overhauser magnetometer (Marine Magnetics EXplarn¢h 3-5 m
line spacing and 4 Hzsample rat€~2 samples M). A second base station magnetometer
was deployed onshore to record diurnal field variations. Survey positibyidifferential
GPS receivers (Trimble 132) with a horizontal positional error of <0.5 m. Processing of
magnetometedata included diurnal cagctions, tieline leveling, and gridding of the
corrected TMI data using minimum curvature wittimlgrid cells. The TMI data were
upward continued 10 rand subtracted from the TMI grid to produce a magnetic residual

mapfor detetion of shallow magnetic swce bodies (Luyendyk, 2007; Boyce et al., 2004).

3.3.2 Coring and Sediment Analysis

A total of four cores (~13.2 m length) were collected in the Archaic harbour basin
using a divetoperated percussion coring system with 70 alaminum tubes (Fig3.2a).
Three cores were collected on the east side of the basin (excavation areas; Eignd F

3.2b) and a single long core (3.2 m) in the western harbour basin. Cores were extracted
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using a boat mounted winch and lift bags, themeseand refrigerated at@ °C to prevent
microbial growth and oxidation. The cores were split, the sedimeifitaofacies and
texture logged, and 13 samples of orgarikelyy Posidoniagrass) and shell material were
collected for AMS radiocarbon datingfable 3.1) at the A. E. Lalonde Laboratory
(University of Ottawa, Ottawa, OntariohAMS “C dates were calibrated with Calib 7.1
software using the IntCall3 and Marinel3 calibration curves (Stuiver et al., 2019).
Calibration of ages using shellmaterialn c | uded a marine reservoi
+ 37 (Reimer and McCormac, 20025amples b undifferentiated plant mattewere
calibrated usindntCall3 as the proportion of marine versus terrestrial organics was not
determined. The IntCall3 curpeodwced datesvhich were consistent with pottery ages
harbour basin sediments and with thehaeological constraints of the age of the
breakwatestructuresBayesian sediment agkepth models were constructed for two cores
(17-9 and 191) using the Roackage BACON (Blaauw and Christen, 2011). In core91&

large pottery sherd was present, pdivg additional sediment age constraints.
Interpretation and correlation of core data was aided by comparison with lithofacies and
foraminifera data from two previos cores (&2 and G24; Fig. 3.2a) collected by
Goodman (2006).

Micro-XRF elemental analysiwas conducted on four cores using an ITRAX core
scanner (Cox Analytical Systems), with &8/ molybdenum (Mo) tube. Cores were
scanned at 500 um step size, witheaalysis time of 20 s, and 30 kV/25 mA power settings.
The micreXRF spectra were batchalyized using QSpé¥ software and normalized using
the ratio of coherent to incoherent (coh/inc) scatter to minimize matrix effects due to
changes in sediment wateontent and porosity (Kylander et al., 2011; Marshall et al.,
2011; Berntsson et al., 201&yegory et al., 2019). Elemental data were combined with
sedimentary facies characteristics to identify and correlate several distinctive chemofacies
units withinthe harbour basin stratigraphy (Ramkumar, 2015; Craigie, 2018). Chemofacies
were identifiedbased on downcore changes in the abundance of terrigenous elements (Si,
Ti, Fe, Al, K) and elements indicating marine productivity (Ca, Br, Sr). Ca is commonly

usedas an indicator of biogenic Ca@@roduction (aragonite) and Br as an indicator of
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marine pant organic matter (Rothwell and Croudace, 2015; Ziegler et al., 2008; Seki et al.,
2019). A Pearson correlation matrix (Fi§.3) was calculated to determine eksm
relationships and to aid in selecting element ratios. Si and Ti were selected asfproxies
terrigenous sediments and Ca and Br as indicators of marine productivity. The metals Cu
and Pb were employed as indicators of anthropogenic pollution (Le &oalx, 2005;
Hadler et al., 2013; Stock et al., 2016). The Ti/Ca ratio was used to detemmiations in
terrestrial runoff in harbour sediments and as a tool for core correlation (Piva et al., 2008;
Ingram et al., 2010; Koster et al., 2015; Pint et2015; Rothwell and Croudace, 2015,
Chapter 2). Element ratios (e.g. Ca/Fe, Ca/Ti, Ti/Bxyehbeen applied in a number of
harbour geoarchaeological studies for determining the relative influence of terrigenous
versus marine sediment inputs (Hadler et 2013; Stock et al., 2013; Pint et al., 2015;
Finkler et al., 2018; Seeliger et al., 20Chapter 2, 4). This study is the first to evaluate
€-XRF-CS and the Ti/Ca ratio for identifying signals of land use and palaeoenvironmental

change for harbour dexament and evolution.

Micropalaeontological analysis (foraminifera) was completed on twescd 79,
19-1). Samples (2.5 cc) from each core were divided into eight alliquots using a wet splitter
and sieved into 45 pym, 63 um, 125 um and 500 um fractiSoet{ and Hermelin, 1993
Where possible >100 individual foraminifera were counted and identifigdriaslevel.
The identification oforaminiferawas assisted by previous work of Goodman (2006) and
Krezoski (2008). In additionforaminiferabiofacies fom core G22 of Goodmaret al.

(2009) were reinterpreted and employed in this study.
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Table 31: AMS “C radiocarbon dates. All dates were calibrated using Galibwith the IntCall3 and
Marinel3 calibration curves (Stuivet al, 2019). Date from core @2 (Goodman, 2006) was recalibrated.
* Marine reservoi r-37capptied ® sheli sampleq (ReRner=and M8Crmac] 2002). **
Suess Effect.

Sampe Core Material Elevation | “C Age 20 MadMina
Code # (mbsl) (BP) Calibrated Age
Beta191880 | G-22 Shell* 7.60 6280+ 40 | 4781 | 4527 | BCE

Betal64096 | G-24 | Plant fragments 5.80 2710+£30 | 910 807 | BCE
UOC-7342 17-9 | Plantfragments 5.16 2960+ 22 | 1260 | 1111 | BCE
UOC-9339 17-9 | Plantfragments 5.54 3550+ 25 | 1960 | 1868 | BCE
UOC-9340 17-9 | Plantfragments 5.96 3966+ 25 | 2503 | 2453 | BCE
UOC-7343 17-9 | Plart fragments 6.24 4535+ 22 | 3238 | 3106 | BCE
U0C9341 17-9 | Plantfragments 6.38 4682+ 25 | 3474 | 3371 | BCE
UOC-7344 17-9 | Plantfragments 6.51 4996+ 22 | 3802 | 3706 | BCE

UOC-12077* | 191 | Plantfragments 5.00 270+ 23 | 1626 | 1666 | CE

UOC-12078 191 | Plantfragments 5.17 1330+ 22 | 652 695 | CE

UOC-12824 | 191 | Plantfragments 6.02 3445+ 27 | 1785 | 1686 | BCE

UOC-12103 191 Shell* 6.52 6335+ 25 | 4824 | 4615 | BCE
UOC-12825 191 Bulk 7.03 7310+ 43 | 6241 | 6067 | BCE
UOC-12220 191 Bulk 7.17 7968+ 35 | 7044 | 6749 | BCE

UOC-12079 19-2 | Plantfragments 6.98 6197+ 29 | 5229 | 5048 | BCE

A. 191 B.17-9
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Figure 3.3: Pearson correlation matrix (heat maps) for selected elements. A. ctréB1@8ore 179. Note

strong correlations between lithogenic terrigenous elements (Ti, K, Fe, Si, Al). Sr and Ca are indicators of
biogenicproductivity and the abundance of shell fragme@®EQ; aragonite) in core sediments.
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3.4 Results

3.4.1 Geophysics
3.4.1.1 Bathyméry and SideScan Sonar

Bathymetric maps of the inshore area and eastern harbour basin are shown in Figure
3.4a. The Archaic harbour breakwaters lie at a depthdofnbs| and enclose a harbour area
of about 5 ha. The inshore area (water depth@ B1) bepnd the modern harbourgserves
a network of relict river channels that were formed during the Neolithic when sea levels
were >12 m below present (Chapter 2). The channels recordgréalient river floodplain
with a river mouth located in the westernchaic harbour basifFig. 3.4) The river
channels were completely submerged by the Chalcolithic period§8&BCE), but it is
likely that a river system was present at this location on the coast throughout the Bronze
Age and possibly during the Iron Ag(Chapter 2). The riveiloodplain would have
provided an important source of drinking water for settlements and water for agricultural
irrigation. The river system was diverted for agricultural use in the modern period and there

is no river inflow into he modern harbour basin.

The sidescan mosaics provide additional details of the seabed sediment texture and
surface morphology of the harbour breakwater structures (Bigjs, 3.5). The eastern
breakwater is approximately 120 m in length and 35 m wid#) a surface that is
composed dominantly of cobbl® bouldersized rubble. Within the surface rubble several
linear wall structures can be identified, including wall foundations @&&b). The wall
features were constructed of 0-@% m diameter shes which were laid erd-end,
forming the edge of a raised platform on the breakwater surface. A curvilinear wall feature
extending eastward from the base of the breakwater and encircling the base of the headland
is also clearly visible in sidscan (Fg. 3.5b). This structur@ppears to be composed of
large blocks (ashlars?) and rubble. The 'prlike) projection (20 m long) on the northwest
corner of the breakwater may represent a quay or pier and encloses a small basin at the
northwestern end of thenole structure. The ciutar depression at the north end of the

breakwater is a-Pn deep excavation trench (Area D; Fi@2b, 3.5b) that yielded an
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Archaicage wooden anchor (Votruba et 2016). The western breakwater is a broad (>50

m), 130m-long acuate structure with a rubble construction, similar to the eastern
breakwater (Figs3.4-3.6). Linear arrangements of large boulders on the breakwater surface
indicate architectural foundatisror possibly seawalls (Fi§.5a). The curved form of the
breakvater suggests the presence of a small harbour basin to the south of the mole, but its
extent is obscured by the modern harbour installations. Possible architectural features were
also identifed on a bathymetric high (submerged headland?), dividing ttteafrharbour

into two basins (Figs3.4, 3.5¢).

3.4.1.2 Magnetics

The total magnetic intensity (TMI) across the Archaic harbour basin varies by about
160 nT (Fig.3.6b). The eastern breakweatstructure is clearly defined by a zone of high
intensity withtwo distinct curvilinear magnetic lineaments within the main mass of the
eastern breakwater structure. The anomalies extend from the base of the headland and
terminate at a magnetic high thahderlies the pier at the northwestern end of the
breakwater (Fg. 3.6b). The curvilinear shape of the anomalies does not conform with the
rectilinear outline of the rubble mass of breakwater structure. This suggests the presence of
a preexisting structte at some depth within the breakwater. The amplitude of theetiag
anomalies (>50 nT) indicates the presence of high magnetic susceptibility materials buried
within the rubble mass. Excavations in the breakwater have determined that the rubble
materialsare dominantly limestone, but also include mafic and interrteedigtrusive
boulders (i.e. trachyte, andesite) derived from the local volcanic bedrock. Trachyte and
andesitic boulders make up a large portion of boulders that were employed to construct the
EBA fortification walls and bastions.

The linear stone coursessible in sidescan imagery (Fig3.5b) have no apparent
magnetic response and appear to be surface constructions that do not extend to depth within
the breakwater. The magnetic anomaly gratt is consistent with archaeological
excavations, which showelbreakwater core was constructed of rubble materials that were

laid directly onto the seabed and no ashlar constructions were used in the foundation work.
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The magnetic relief across the haub basin and in the surrounding inshore area is
generally low,except for three distinct high magnetic intensity zones to the west and
northeast of the breakwater. These zones may indicate the presence of ship refuse (e.g. clay
pottery) and ballast mateis, (Boyce et al., 2009) or areas where the volcanic bedrock is
close to surface. To the west of the breakwater,-Z06AT positive magnetic anomaly
coincides with harbour basin deposits, which include fragments of large pithoi and ballast
stones. Receninderwater excavations in trenches E aiféi§. 3.2b)have als discovered
thick (>3 m) harbour deposits with abundan
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Figure 34: A. Bathymetry map of study area (1 m contour interval). Note northtnezsting palaeochannel
features, recording a Méthic drainage network, which existed when sea levels were >8 m below present
(Chapter 2). The location of the western breakwaterivel&d the drowned river channels indicates the likely
presence of a river mouth at Liman Tepe/Clazomenae during time@&Age and Iron Age settlement phases.

B. Sidescan mosaic showing harbour breakwater structures and location of detailsdasidenges in
Figure. 3.5. The river palaeochannels features are imaged in thecaidlenosaic as they are infilled with silt
and fine sand and are more reflective than surrounding Posidonia seagrass meadows.
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Modern harbour
basin

06, EAN :
Figure 35: A. Sidescan nosaic of exposed northern portion western breakwater showing remains of arcuate
wall features (WF) on breakwater surad@. Sidescan image of eastern breakwater structure. Note linear

pier (P) at northwestern tip of breakwater and linear wall featur€y @ breakwater surface. The eastern
breakwater is contiguous with a broad (>5 m wide) wall feature at the basetafatiland, representing a
possible seawall or fortification wall. C. Remains of architectural features indicated by rectilinear phtterns
sidescan mosaic on submerged headland to west of eastern breakwater. The headland divides the Archaic
harbour intceastern (EHB) and western harbour (WHB) basins.
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Figure 3.6: A. Bathymetry map of eastern harbour basin (conitaterval 0.2 m). Note the rectangular shape
of bathymetric contours defining a 70 m wide eastern harbour basin (EetB)een the constructed
breakwater and natural headland to the west. Breakwater is contiguous with-crselai wall feature to
the eat, which may present a seawall or fortification. B. Residual magnetic map showing two arcuate
northwestoriented anomaes (2640 nT) within the breakwater structure. The magnetic anomalies do not
conform with the rectilinear outline of Archaic breakwafehite dashed line) and are interpreted as the
foundations of an earlier (possible Mid-Late Bronze?) recurved breafiter structure or pier buried within
the limestone rubble mass. The isolated magnetic anomalies are interpreted as highs in the Miocene volcanic
basement rocks, which are draped by thin Tertiary limestone bedrock. Mioceaaie®lare exposed at
surface~1 km to the west of Liman Tepe.

87



Ph.D. Thesi$ N.L. Riddick; McMaster Universityi Schoolof Earth, Environment & Society

3.4.2Lithochemofacies

Seven distinct lithochemofacies (LC) were identified based on sediment lithofacies,
elemental profiles andoraminifera abundances (Figs3.7, 3.8). A westeast transect
showing the correlated lithbemical units is shown in FiguB.

3.42.1LC-1 (Terrestrial Clay$

LC-1 was a dark grey dense plastic clay (Big) containing abundant angular rock
fragments (up to 50%), derived fromtheloecab| cani ¢ bedrock (middl
trachyte; Kaya 197 9; G°kt ak, 2016) . The c¢cl ay was
organics, and contained a low abundanceiffifigid thecamoebians. A bulk organit’c
date at the top of the unit yieldedreddle Neolithic age, 7046749 cal. BCE. Based on
the alsence of marine fauna and inclusion of bedrock fragmentd, W@s identified as a
terrestrial clay derived by subaerial weathering of the local volcanic dledra regolith.
Consistent with this interpretation, terrigenous elements Si and Ti elevatel, and
marine elements Br and Ca were highly depleted in the Claysequently, th&i/Ca ratio
was high and an order of magnitude greater than in overlyarmensediments (Fig8.7,
3.9).

3.42.2LC-2 (Lagoonal Sedimenks

LC-2 comprised a light grestayey silt, with low organic content andoiaminifera
assemblage dominated Bynmoniaand Elphidium.Foraminiferaabundance was low at
the base of L& (84 /cc), increased upward (162 /cc). A fifflugid thecamoebians were
found at the base of the tinwhere a bulk organic sample dated to 68967 cal. BCE
(middle Neolithic) (Fig.3.7). Based on grain size and ticreasing abundance of
foraminifera, LG2 was inferred to represent a lagoon environment transitional with

foreshore deposits of overlygriC-3.

In core 191, Ca showed an upward increase within-2,Cconsistent with the
increasingforaminiferaabundance and Si and Ti were elevated relative to Ca3Hiy.

The increase in Ca aridraminiferaabundance at the base of{2Gnd the correspaling
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decline in Ti/Ca is interpreted as a transgressive surface (Wolters et al., 2010; €hapter
resulting from amiddle Holocene rise in sea level. LZ; defined by increasing Ca and
declining Ti/Ca ratio, records increasing marine influence and deposf silt and mud

in a low energy, possibly lagoonal environment.

3.42.3LC-3 (UpperShorefaceSandsand Grave)

LC-3 comprised a fine to medium sand with moderate to-twethded shell
fragments and abundant forams (3#2 /cc; dominantlyAmmoniaand Elphidium).
Organics from LE3 in cores 10 and 192 dated to 3803706 cal. BCE rfiddle
Chalcolithic) and 522%048 cal. BCElate Neolithic), respectively (Fig8.7-3.9). LC-3
was defined lithochemically by increasing Ca relative to Si and Ti (deedein Ti/Ca)
(Figs.3.7,3.8) and Br was low, indicating low content of marine organatter.

Based on grain size, th@raminiferaassemblage, and the presence of marine shells,
LC-3 is interpreted as a high energy foreshore to upper shoreface emmnonG3 is
correlated with the upper shoreface deposits and assoEigtadium/Ammonidiofacies
identified by Goodman et al. (2008 core G22 (Fig.3.10). The shell materials in the
upper shoreface deposits in core2® have a comparabkarly Chdcolithic age (4781
4527 cal. BCE) range to -G (Fig.3.10).

In core 192, underlying foreshorappershoreface sands, there was a(thl’ cm)
basal gravel layerconsisting of rounded carbonate and volcanic pebbles (Fig. 3.9). This
layer is interprete@s alag deposit, recording erosion of underlying sedimentsbeach

or foreshore environmens such, it has been included wit@-3.

3.42.4LC-4 (Shoreface Muds

LC-4 was a silty sand with abundant shell fragmentdaraaninifera(496-675 /cc,
domnantly Ammoniaand Elphidium), and frequent organigch layers (<1 cm thick),
consisting ofPosidonia oceanicaoots and fragmentdpsidoniamattes).Posidoniais
common seagrass in the MediterraneBétitouxand CopianMontegut, 1986) and covers
much ofthe inshore around Clazomen#oday. Two dates from core -19(shell and
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organics) yielded ages of 482415 cal. BCEdarly Chalcolithic) and 1788686 cal. BCE
(Middle Bronze Age). Dates from core-97ranged between 343871 cal. BCE (6.38
mbsl; middle-late Chalcolithic) and 1960868 cal. BCE (5.54 mbsl; Middle Bronze Age)
(Figs.3.7,3.8).

In core 191, Si and Tivalues were variable in 1-@ and Si generally increased
upward through the unit (Fi®.7, 3.8). Ca values were high in € and varied vth the
content of shell debris. The Ti, Si and Br profiles showed a trend to increasing values
upwards in LG4 and tle relative abundances for both terrigenous and marine biogenic
elements were similar between coresl18nd 179 (Figs.3.7, 3.8). In corel7-9, Br was

strongly correlated with the presencePaisidonia

Based on thdoraminifera abundance and the presenof marine shells and
Posidoniamattes, LG4 was interpreted as a marine shoreface environment. The lithofacies
andforaminifera(e.g. coe 179; Fig.3.8) in LC-4 correlate with thdrizalina biofacies
(1520 % bolivinids) identified in core &2, which was previously interpreted by
Goodman et al. (2009) as a shift to a eutrophic environment in the Archaic harbour (Fig.
3.10). Based on areeological evidence and new radiocarbon dates for cor@, 17
indicating anearly Chdcolithic to Middle Bronze Age for L& (Fig. 3.8), we reinterpret
the core &22 Brizalina biofacies as eutrophication associated with settlement expansion

land use distudnce beginning in the Chalcolithic.

3.42.5LC-5 (Sheltered Embayment and Archaiabtaur)

LC-5 wasdistinctive laminated, organic rigincrease in Br) silty mud, which was
darker in colour than L@, with fewerPosidoniamattes (Fig.3.8). The foraminifera
abundance was high (32994 /cc), however, the dominant taxa varied between cores. In
core 191, AmmoniaandElphidiumweredominantand in core 1:8, AmmoniaElphidium
andRosalina In core 191, LC5 was truncated by -6 and a hiatus was includea the
age model (Fig3.7). Based on elemental geochemistry and sedimentary facies Wwas
subdivided into three distinct lithochemofacies (R3g5 3.8).
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LC-5a was marked by basin widncrease in Ti/Ca (Fi®.9), suggesting increased
terrestrial seanent input to the basin. The shift from mud to silt, a decreaBesidonia
mattes, and increase in the Ti/Ca ratio, suggests a transition from an upper shoreface
environment (LG4) to asheltered embayment with increased terrigenous/fluvial inputs.
LC-5acorrelates with th8rizalinabiofacies and eutrophic harbour environment identified
in core G22 (Goodman et al., 2009) (Fig10). Age models date the transition to-b&
to the Middle-Late Bronze Age (144329 cal. BCE in core 19; 18361447 cal. BCHn
core 179) (Figs.3.7,3.8).

LC-5b, was defined by a sharp decline inCH in all cores and decrease in Si in
core 20191, indicating a rapid reduction in terrigenous clastic sediment input to the
embayment (Figs3.7, 3.9). The transition occurred daog the Late Bronzéron Age
transition (12531046 cal. BCE; Fig3.8). Lithochemofacies L&b was correlated with
the eutrophicBrizalina biofacies identified in core @2 (Goodman et al., 2009 (Fig.
3.10).

In lithochemofacies L&c, Ti/Ca values rexvered, then showed a sharp decline in
the Archaic period (107816 cal. BCEFig. 3.8). The lower boundary of L-&c occurs at
a similar depth to the base of Archaic harbour deposits observed in excavation trenches
(~4.6 - 5 mbsl). The top of L&c in corel9-1 likely dates to the Roman Period, as
evidenced by increased Pb (Reux et al., 2005; Hadler et al., 2013; Stock et al., 2016),
while in other cores the top of L&t was truncated by archaeological excavations and is
not represented in cores-B7179, and 192 (Fig.3.9). LC-5c, in part, correlates with the
Afi nal fdciasrandRasalimabiofacies identified in core @2 (Goodman et al.,
2009) (Fig.3.10), further evidenced by the presence of Archaic pottery in corés 17
(kahoj | u, nuecatomg 2089) and-@2 .nstock et al. (2016) identified a similar
increae i n Ca and decrease in Ti, recording a

Roman harbour.
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3.42.6LC-6, 7 (Modern Harbour and Shoreface)

The uppermost unit in core 419 LC-6 consisted of a brown to orange silty mud,
overlying LG5 across a sharp, erosive contact (BJ). LC-6 had abundant forams
dominated byElphidiumandmiliolids (877 /cc) and organics at the basal contact yielded a
Byzantine age of 65895 cal. CEElements Si, and Ti decreased upwards ird, @hile

Br, Ca, and metals Pb and Cu were increased upcore.

LC-6 is interpreted as a marine harbour mud recording Byzantine to Ottoman
(modern) harbour environment (F87). The major shift in element abundanand ¥ c.
CE AMS ¥C age at the base of L€ indicates an erosional hiatus and truncation of
underlying LG5 deposits in core 19. The erosional hiatus likely records modern dredging
of the harbour basin.

LC-7 was ahin (< 30 cm), coarse gravellyrghat the top of two cores (I G
22), with abundant shell fragments and low Ti/Ca (A@). LC-7 represents upper
shoreface deposits, which are accumulating in the open water areas of the modern harbour

basin.
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Figure 3.7: Core lithostratigraphy, RGB colour scaiC AMS age model and selected miet&F element profiles core 18. Lithochemofaciesind
environmental phases also shown. Ages of lithochemofacies transitions were estimated from the age model.
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