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a b s t r a c t

Ephesus (Greek name: Ephesos) in Western Turkey was an important harbour city during Antiquity. The
progradation of the Küçük Menderes delta has continuously shifted the coastline westwards. Thus, along
with the delta progradation, new harbour sites had to be established in a western direction. Historical
sources refer to different harbours. While much is known about the Roman and older ones, the exact
location of the ports and the coastline in late Roman and Byzantine times is still an open question.

This article presents the results of geoarchaeological research in the area located along the southern
flank of the Küçük Menderes graben near Ephesus. Sediments from cores were examined with
geochemical, sedimentological, and microfaunal analyses. These data were combined with the study of
ancient maps and satellite images. The chronological framework was rendered by AMS-14C ages and
diagnostic ceramics. The farthermost inland shoreline dates from 5000 BC; since then, delta progradation
has continuously shifted the shoreline westwards. Çanakgöl, today a little lake to the west of the city of
Ephesus is identified as the harbour site in late Roman and Byzantine times. This harbour persisted at
least until the 16th century AD. Further, a landing site with a pier was discovered west of Çanakgöl,
presumably dating to the late ByzantineeOttoman times.

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

The Aegean coastal zone of Anatolia has a long settlement his-
tory. In particular, within the fertile alluvial plains and deltas of
rivers, often situated in tectonic grabens, such as the Büyük Mend-
eres, Gediz and Küçük Menderes, were favourable settlement areas
(Kayan,1999). Situatedapproximately70kmsouthof Izmir, Ephesus
is located on the southern flank of the Küçük Menderes graben
(Fig.1). During the last sixmillennia, the surroundings of the ancient
city experienced major palaeogeographical changes. These were
caused by the progradation of the Küçük Menderes (ancient name:
Kaystros) delta and the resulting shoreline changes which funda-
mentally affected the development of the city of Ephesus and in
particular of its harbour (Kraft et al., 2000). The advancing delta
progressively silted the harbour areas. Thereafter, new harbours
were built further to the west. Although literary sources mention
“Panormos” and “Pygela” (Fig. 1) as late Roman and Byzantine har-
bours to the west of the city (Foss, 1979; Hess, 1985; Meriç, 1985;
Kraft et al., 2000; Steskal, in press), their exact locations remained
unknown. The research presented herein investigated the areas
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along the foot of the southern flank of the Küçük Menderes graben,
and thus identified the ever changing ancient harbour sites.
Methods encompassed satellite image interpretation, physiography,
vibracoring, sedimentological, geochemical, and microfaunal (fo-
raminifers, ostracods) analyses, as well as AMS-14C and diagnostic
ceramic dating.
2. Description of the study area

2.1. Physical setting

Stretching in a westeeast direction of about 80 km, the Küçük
Menderes graben ends in the Aegean Sea approximately 70 km
south of Izmir (Fig. 1). It is surrounded by the Menderes Massif, a
300 km by 200 km mountain range with elevations up to 2000 m.
The mountains around the Selçuk plain at the western end of the
graben reach up to 700 m (Bozda�g mountains to the north and
Aydında�g mountains to the south) (Philippson, 1918; Güldali, 1979;
Erol, 1983; Bozkurt and Satir, 2000; Bozkurt, 2001).

Within the regional setting, the graben system of the Küçük
Menderes is part of the AegeaneAnatolian microplate. Due to the
northward drift of the Arabian plate, it was pushed into a south-
western direction (Polat et al., 2008). During the Pleistocene,
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Fig. 1. Geographical setting of the research area and scenario of the delta progradation since Neolithic times. The scenario is based on historical sources and geoarchaeological
research (Brückner, 2005, modified). The presumed harbour sites of “Panormos” and “Pygela”, discussed in literature, are indicated. The research area is consistent with Fig. 9. The
tectonic fault lines are based on Brückner et al. (2010).
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the tensions led to the development of the fault system striking SWe

NE (Doutsos and Kokkalas, 2000; Hütteroth and Höhfeld, 2002;
Taymaz et al., 2007). The river Küçük Menderes follows this faulted
structure and flows through the Selçuk plain into the Aegean Sea
(Gulf of Kuşadası). Nowadays the floodplain of the KüçükMenderes,
situated at the western end of the graben, has a westeeast length of
about 11kmandawidthvaryingbetween2and5km(Fig.1) (Güldali,
1979). Due to the presence of secondary NeS oriented faults, drained
tributary valleys (Derbent, Selinus, Klaseas and Kenchrios) cut the
southern flank of the graben (Derbent and Arvalya valleys) (Güldali,
1979; Crouch, 2004). The bedrock bordering the alluvial plain is
dominated by marble, mica schist, carbonaceous schist, quartzitic
schist, quartzitic paragneiss, quartzite and gneiss of the Menderes
Massif (Philippson, 1912; Vetters, 1989).

During the Flandrian transgression, the sea level rose rapidly by
about 120 m (Stanley and Warne, 1994) until the middle of the Ho-
locene (Erinç, 1954; Kayan, 1999). A large marine embayment
extended into the Küçük Menderes graben as far east as the area of
Belevi, today some18km inland (Fig.1) (Brückner et al., 2008).When
sea level rise decelerated, the delta of the KüçükMenderes started to
form around Belevi and then continuously prograded westwards. As
a consequence, the formation of alluvial fans took place in the tran-
sition zone between the grabenflanks and the developingfloodplain
(Erinç, 1954; Brückner, 1997) (Fig. 1). The floodplain is currently
dominated by the former islands of Syrie and the former Ayasoluk
peninsula (Philippson, 1912; Kraft et al., 2007).
The Küçük Menderes river was freely meandering until its
regulation in 1934 (Eisma, 1962; Güldali, 1979). Since then, the
Menderes debouches into the sea further north and a new delta
was formed. However, little sediment has accumulated because of
the building of barrages and the influence of the marine longshore
drift (Eisma, 1978; Güldali, 1979). Former meander loops and
oxbow lakes have persisted until today, as did the lakes Gebekirse
Gölü and Akgöl (Fig. 1).

The w9 km2 research area is located at the confluence of the
Kenchrios and the Küçük Menderes rivers. The valley floors are
filled with Holocene alluvium, colluvium, and Pleistocene slope
debris whereas the bordering mountains are mainly composed of
mica schist and marble on the eastern side and Miocene sediments
(red breccia) on the western side (Vetters, 1989; Brückner, 1997).

2.2. Location of the successive harbours of Ephesus: A historical
perspective

Archaeological work in the Ephesus area started in 1863 with
the British engineer J. T. Wood. He searched for the ruins of the
Artemision temple that he finally unearthed in 1869 (Wiplinger and
Wlach, 1996). Systematic research has been carried out in Ephesus
since 1895 by the Austrian Archaeological Institute (Knibbe, 1998)
and it has always been accompanied by geographical and geological
investigations (Grund, 1906; Philippson, 1912, 1918, 1920; Darkot
and Erinç, 1954; Erinç, 1954, 1978; Eisma, 1962, 1978; Vetters,
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1985, 1989). Since the 1990s, numerous geoarchaeological studies
have been carried out in the vicinity of Ephesus (Brückner, 1997,
2005; Kraft et al., 1999, 2000, 2001, 2005, 2007, 2011; Brückner
et al., 2005, 2008).

Throughout its settlement history, the city had different cen-
tres and associated harbour sites. During the Archaic period, one
settlement was situated on top of the Panayırda�g (Kerschner et al.,
2008). The respective harbour site was possibly located on the
northern side of the hill in a natural embayment. Palaeogeo-
graphic research (Kraft et al., 1999) as well as our field in-
vestigations carried out in 2012 in this area proved the existence
of a marine embayment at that time. Many ceramic findings
embedded in marine sediments date back to this Archaic period.
The most important and most well-known settlement was situ-
ated between the mountains Bülbülda�g (northern side) and Pan-
ayırda�g (western side), directly next to the sea.

Ephesus was founded by Lysimachos around 300 BC and per-
sisted for more than 1000 years as the main settlement site
(Wiplinger and Wlach, 1996). During Hellenistic time, the harbour
was situated at the foot of the Bülbülda�g and Panayırda�g. Ephesus
became the most important city of the Roman province of Asia; in
133 BC the city was declared its capital. As a consequence of the
ongoing siltation process during Roman time, the Roman harbour
basin was created to the west of the city (Scherrer, 1995;
Zimmermann and Ladstätter, 2011).

Already by the end of the 2nd century BC, prodelta silts were
deposited in the harbour (Kraft et al., 2011). As the shoreline
Fig. 2. Sediments and geochemical results of core Eph 250 to the north of the Arvalya valley.
the units and dashed horizontal line the present sea level. Matrix and components are descri
per second). Facies: 1) underlying stratum (late Pleistocene), 2) transgression facies, 3) and
continued to advance intowestern direction, the harbour basinwas
infilled with sediments. It had to be dredged several times and a
harbour canal had to be constructed in order to maintain the
connection to the sea. From the 2nd century AD on, only small ships
could enter the canal. When the Roman harbour basin and canal
silted up, Ephesus had lost direct access to the sea, although
anchorage sites to the west of the city were still utilised (Foss,
1979). It is not known how long the harbour basin was still in
use, and when additional outer ports were constructed. Undoubt-
edly Ephesus could be reached by smaller boats until the medieval
ages, at latest until the 14th century AD. In literature, different later
ports are mentioned, but without an exact location.

The location of the Late Romaneearly Byzantine harbour, also
called “Panormos”, is discussed by several authors. Strabo (2007
ed., 14, 1, 20), during the 1st century AD, places it on the southern
side of the Küçük Menderes floodplain, between Pygela and
Ephesus (Fig. 1), Foss (1979) and Hess (1985), however, presumed
its location at the northern flank of the Küçük Menderes graben.
Other possible sites were suggested at the northern end of the
Kenchrios floodplain (Foss, 1979; Hess, 1985; Kraft et al., 2000),
with later sites (from the 11th century AD onwards) at Pamucak and
Kuşadası (Hess, 1985). Meriç (1985) locates the Panormos harbour
on the northern flank of the marine embayment close to the village
Zeytinköy, based on the fact that a paved road had been discovered
under the alluvial sediments.

Kraft et al. (2000) are of the opinion that the area around Çan-
akgöl might have been a suitable harbour site from late Byzantine
Points represent the depth of the measured samples, horizontal lines the boundaries of
bed in Fig. 5. K was analyzed semi-quantitatively using Itrax core scanner (cps ¼ counts
4) shallow marine, 5) transition unit, 6) brackish, 7) alluvial.
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toTurkish times. After the 16th century, no harbour is mentioned in
literature (Steskal, in press).

3. Methods

In the northern Arvalya valley and around Çanakgöl, twelve half
open vibracores were retrieved (diameters of augerheads: 6, 5, and
Table 1
Radiocarbon data of cores Eph 250, 266 and 268.

Sample Sampled
material

Depth (m) a Lab ID
(UGAM)

d13C (&) 14C age Age cal
BC/cal AD (2 s)

Eph 250/10F Olive stone �2.24 11437 �14.9 2100 � 40 346e1 BC
Eph 250/22Sg Seagrass �7.32 11436 �26.5 3570 � 25 1611e1414 BC
Eph 250/29P Plant remain �9.54 11438 �25.3 6940 � 30 5890e5739 BC
Eph 266/4P Plant remain �0.93 11082 �27.3 140 � 20 AD 1671e1953
Eph 266/10H Plant remain �3.18 11086 �27.4 2060 � 20 164e1 BC
Eph 266/15H Grape seeds �4.20 11084 �26.9 2160 � 20 354e117 BC
Eph 266/21Sg Seagrass �6.80 11085 �16.9 5680 � 25 4269e3939 BC
Eph 268/2HK Charcoal �1.76 11089 �24.8 2030 � 25 152 BCeAD 51
Eph 268/14H Plant remain �6.34 11088 �27.2 2050 � 20 164e1 BC
Eph 268/15H Charcoal �6.94 11083 �26.3 2110 � 20 195e55 BC
Eph 268/24K Olive stone �11.14 11087 �26.9 2000 � 25 48 BCeAD 60

The samples were dated in the Center for Applied Isotope Studies, University of Georgia, Athens (USA). All 14C ages were calibrated with Calib 6.0 (Reimer et al., 2009) and are
calculated with a standard deviation of 2 s (probability of 95.5%).

a Depth reference is mean sea level.
3.6 cm, maximum depth: 14 m). The work is based on the geo-
archaeological research design published by Brückner et al. (2005),
and Brückner and Gerlach (2011). Drill cores were carried out with
the vibracorer Cobra mk1 (Atlas Copco Co.) and a hydraulic lifting
device. The sediment cores were photographed. In order to estab-
lish a facies stratigraphy, colour (with Munsell Soil Color Charts),
grain size, carbonate content and texture, as well as other charac-
teristics were determined in the field according to AG Boden
(2005). During fieldwork, ceramics, macro-fauna and -flora (bi-
valves, gastropods, plant remains, seeds, olive stones etc.) were
sampled for determination and radiocarbon dating. Drill cores were
sampled for geochemical and sedimentological analyses. The po-
sitions of the coring sites were measured with differential GPS
(TopconeHiper Pro; accuracy: 2e3 cm in all three dimensions).

In the geo-laboratory at the University of Cologne, the samples
were dried and pestled. Every sample (<2 mm) was measured with
a laser diffraction particle sizer after removing the organic material
with H2O2 (Beckmann Coulter LS13320 Mikro). The statistical an-
alyses were done with Gravistat (Blott and Pye, 2001). Electrical
conductivity was determined after Barsch et al. (2000). For loss on
ignition (LOI), 5 g of sediment were dried at 105 �C overnight and
heated for 4 h at 550 �C in an annealing furnace (Schlichting et al.,
1995). CaCO3 content was determined with the Scheibler apparatus
(0.5 g of sediment was moistened and reacted with 10% HCl). X-ray
fluorescence (XRF) analysis was done with an Itrax Core Scanner
(Cox analytic system). It has an exposure time of 10 s; elements
being measured reach from Al to Pb (Croudace et al., 2006). Usually
it has a resolution of 2 mm. Due to the fact that the entire core was
not available, only single samples were measured for cores Eph 250
and 266.

In four cores, detailed microfaunal analysis was accomplished in
order to reconstruct the milieu of deposition. Ostracods and fora-
minifers are excellent indicators for the interpretation of palaeo-
environments due to well-known ecological requirements. Fora-
minifers live in marine and rarely in brackish habitats, ostracods in
all aquatic ones. The species distribution depends on factors such as
salinity, temperature and water depth (Frenzel and Boomer, 2004;
Frenzel et al., 2006). After sieving (mesh size: 100 mm) the samples
of foraminifers and ostracods were determined after Meriç (2004).
All individuals per sample were counted for the qualitative and
quantitative analyses.

The determination of diagnostic ceramic fragments
and AMS-14C dating of plant remains, charcoal, olive stones and
seagrass also helped to establish a chronostratigraphy. Marine
samples were corrected with 390 � 85 years (reservoir effect of the
Eastern Mediterranean region; cf. Siani et al., 2000) (Table 1).
4. Results and facies identification

Twelve cores were drilled around Çanakgöl and in lower alluvial
plains of the Arvalya and Arap Derç valleys, in order to discover the
Late Roman and Byzantine harbour sites (Fig. 9). A representative
example for the general stratigraphy of the investigated area is core
Eph 250, described in detail below.

4.1. Core Eph 250

Eph 250 was drilled north of Arvalya valley, 160 m south of
the old course of the Küçük Menderes. A depth of 13 m below
surface (b.s.) and 10.70 m below present sea level (b.s.l.) was
reached. Seven different stratigraphic layers were differentiated
(Figs. 2 and 3).

From the base up to 10.35m b.s.l. dark yellowish brownmedium
sand with angular stones occurs (unit 1), void of micro- and macro-
fossils and with low values of electrical conductivity, LOI, CaCO3, K
and Ca/Fe ratio. The stratum was deposited under terrestrial con-
ditions, probably during late Pleistocene or early Holocene times
(Fig. 2).

It is overlain by 20 cm of brown coarse sand and pebbles con-
taining marine foraminifers (Elphidium crispum, Ammonia tepida,
Ammonia compacta and Lobatula lobatula). Most probably, these are
the first transgressive sediments encountered (unit 2).

Up to 9.21 m b.s.l., this unit is overlain by poorly sorted grey
medium sand with pebbles at the base (unit 3). The increased
values of electrical conductivity, carbonate content, LOI, K and Ca/Fe
ratios are indicators of a facies change. Plant remains at the base
date to 5890e5739 cal BC. Marine gastropods and bivalves as well
as the marine foraminifers L. lobatula, E. crispum, Rosalina bradyi,
and Rosalina floridensis are present.

Unit 4 from 9.21 to 2.47m b.s.l. is evidence of low energymarine
sedimentation with a high variety of microfauna dominated by L.
lobatula, R. bradyi, R. floridensis, Rosalina globularis and A. tepida,
and macrofauna characterized by echinoid spines and gastropods.
Seagrass is intercalated from 8.50 to 6.81 m b.s.l. and dated to
1611e1414 cal BC. This sequence has abundant plant remains and a
coarser matrix than above. The Ca/Fe ratio as well as LOI, K and



Fig. 3. Distribution of foraminifera and ostracoda of the sediment core Eph 250.
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electrical conductivity show higher values. Fine sands dominate
from 5.91 m b.s.l. upwards. Lesser organic material was deposited
in the upper metres.

In unit 5 from 2.47 to 1.88 m b.s.l., grain size increases and
Balanus sp. and Cerastoderma glaucum are present. Electrical con-
ductivity declines upwards. An olive stone at 2.47 m b.s.l. was 14C-
dated to 346e1 cal BC. Angular and subangular clasts are more
common. Geochemical and sedimentological data suggest a higher
energetic environment with increased terrestrial input.

The following stratum (unit 6) up to 0.82m b.s.l. is characterized
by a sharp contrast, where dark grey clayey silts represent less-
energetic sedimentation. Organic content and the K values rise.
While most of the marine species disappear, the brackish fora-
minifers Porosononion subgranosum, Cribroelphidium poeyanum and
A. tepida are present. The brackish water ostracod Cyprideis torosa
also occurs in high numbers indicating a decreasing salinity as
evidence of the development of a temporary lagoonal system. From
1.11 m b.s.l. upwards, dark yellowish brown sand layers indicate the
terrestrial influence.

A transition layer up to 0.53 m b.s.l. indicates the process of
siltation. From 0.53 m b.s.l. to 2.30 m a.s.l. (above present sea level)
the colour changes to brown and yellowish brown (unit 7). Angular
mica schist, limestone and quartz stones as well as carbonate
concretions occur in the silt dominated matrix.

4.2. Cross section in Arap Derç valley

Two drillings (Eph 246 and 247) were carried out west of
Kaleburun Tepe and north of Kara Tepe in a northesouth striking
valley called Arap Derç (maximum width: 200 m). The alluvial
plain is surrounded by hills with an altitude of 73 m (Kaleburun
Tepe) and 71 m (Kara Tepe), respectively (Fig. 5).
The base of Eph 247 (max. depth: 2.81 m b.s.l.) is characterized
by strong brownish sandy loamwithmany angular stones similar to
the alluvial fan of the lower Derbent valley to the south of the
Artemision. The loam is overlain by compact clayey silt to silty clay,
most probably a freshwater environment close to the river. Eph 246
is located 118 m northwest of Eph 247, 7.39 m b.s.l. It displays a
different stratigraphy. At the bottom of the drill core appear mostly
dark grey silty micaceous fine sands. Intercalations of seagrass with
marine microfauna A. compacta, E. crispum, R. bradyi, as well as
marine gastropods and echinoid spines occur, typical for a marine
environment close to the coast. Geochemical analyses indicate a
high value of electrical conductivity, and a high content of CaCO3
due to the calcareous fauna. A transitional layer up to 1.54 m b.s.l.
with sand and pebbles was interpreted as a regressive beach de-
posit. It is overlain by medium sand-dominated dark yellowish
brown sediments up to 0.81 m b.s.l. containing many subangular
stones (mainly limestone, mica schist and quartz up to 5 cm). The
absence of macro- and micro-fauna and decreasing geochemical
values, especially electrical conductivity, indicate a different milieu
of deposition. In both cores, alluvial fan deposits continue up to the
surface, in Eph 247 with rockfall debris (quartz, limestone, mica
schist) in the upper 3 m. In Eph 246, ceramic fragments, burnt clay
and charcoal occur at 0.04 m b.s.l. and 0.34e0.38 m a.s.l. Kitchen
ware and a skyphos/kantharos fragment date back to the
Hellenisticeearly Roman period, i.e. 3rde1st century BC. The
cores show that at the mouth of the Arap Derç valley a harbour
site in Roman times can be excluded.

4.3. A tell in Arvalya valley

In order to reconstruct the maximum landward position of the
shoreline and its spatiotemporal shifts while trying to find potential



Fig. 4. Synopsis of Eph 246 and 247, cored in the Arap Derç valley. Sedimentology and
facies are described in Fig. 5, position of coring sites in Fig. 9.
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harbour sites, four cores with a maximum depth of 13 m b.s. were
performed in the Arvalya valley (Fig. 5). Eph 346 was cored in the
top of a small elevation 1.5 km south of Eph 308, and the other
coring sites are located in the lower floodplain of the Kenchrios
(Fig. 9).

Working in this area offered the opportunity to investigate a
possible prehistoric site in September 2012 and to clarify its prin-
cipal stratigraphy. The so-called Arvalya Höyük or Gül Hanım
(Figs. 6 and 9) is known as a prehistoric site, with surface finds in
the mid-1990s published by Evren and _Icten (1998). Due to the
massive destruction of the area in recent times, the definition of its
size, function and dating remain vague (Horejs et al., 2011).

The strata in Eph 346 identified this apparently small hill as a
distinct settlement mound composed of cultural layers. From 6.00
to 3.50 m b.s., alluvial sediments were deposited. They are covered
by 3.50 m of settlement layers with ceramic flitters, charcoal,
fragments of flint tools and even fragments of painted plastering
material. Additional new surface finds around the Arvalya tell
revealed a spectrum comparable to Çukuriçi Höyük, the second
known tell in the Ephesos region, intensively excavated since 2007
(e.g. Horejs, 2008; Horejs et al., 2011). A few pottery sherds, frag-
ments of tools and flakes of local flint and imported obsidian as well
as fragments of polished stone axes of different rawmaterials show
strong similarities with the assemblages of the neighbouring
Çukuriçi Höyük in its Neolithic and Chalcolithic layers (phases
ÇuHö IX-VII: Horejs et al., 2011; Galik and Horejs, 2011). Both tells
are situated in similar palaeographic settings, in the plains of
neighbouring valleys open to the sea and about one to two kilo-
metres away from the former coastline (Horejs et al., 2011). With
the drilling Eph 346 and additional archaeological material studies
of surface finds in 2012 a distinct tell site can be defined in the
Arvalya valley, presumably dating to Neolithic and Chalcolithic
periods. To date, nothing is known about a potential harbour site
during that time. It can only be said that, if it existed at all, it was not
directly adjacent to the tell.

4.4. Cross section in Arvalya valley

Summarizing the cross-section, the vibracores Eph 308, 248 and
250 are dominated by terrestrial sands and silts with pebbles and
angular stones at the base, whereas Eph 249 (drilling progress was
stopped at 2.58m b.s.l. due to amassive log) is characterized by silts
and sands. The first marine transgressive facies e medium sand
with pebbles and marine microfauna e appears in Eph 250; it was
dated to the 6th millennium BC. The continuously rising of the sea
level created a marine embayment. A layer of Eph 250 with an
abundant marine microfauna dates to the middle of the 2nd mil-
lennium BC. During Hellenistic time, clayey silts dominate with C.
glaucum, small plant remains and a ceramic fragment. Eph 248
revelaed terrestrial strata with land snails. Clayey silts may be ev-
idence of the existence of a small water basin close to the coast. It
silted up due to the prograding river. Later, fine-grained freshwater
and lagoonal sediments accumulated over terrestrial sediments in
Eph 248 as well as in Eph 250. The rising potassium content in Eph
250 and 249 characterises the fluvial facies of the Kenchrios and
Küçük Menderes. After the formation of a sand barrier, brackish
stillwater sediments were deposited. The lagoon in Eph 250 turned
to freshwater, but was still influenced by the sea, maybe during
storm events. Eph 249 is dominated by fluvial silts of the Küçük
Menderes up to the surface. It was drilled only 60 m south of the
river. Alluvial fine-grained sediments (alternating clayey and sandy
silts) of the Küçük Menderes form the upper metres of the cores,
often with ceramic and brick fragments.

4.5. Vibracores around Çanakgöl

Çanakgöl, a residual lake, is situated west of the Arvalya valley
(Figs. 8a and 9e) in an area surrounded by small hills e Çanakgöl
Tepe (36 m) in the north and Ideli Tepe (50 m) in the west. To the
east a small elevation separates the area from the Arvalya valley. On
this elevation, a 10,000 m2 villa was discovered during geophysical
research in October 2012 (Österreichisches Archäologisches
Institut, 2012). Five cores to a maximum depth of 12 m b.s. were
drilled to decipher the palaeo-geographic evolution.

On Schindler’s (1897) map, Çanakgöl still had a connection to
the ancient KüçükMenderes river. Eph 267 and Eph 266 are located
in the east of the lake, only 27m and 70mwest of the hill slope. The
sediments of Eph 266 and 267 differ from those of Eph 268, 282 and
283 (carried out in the north of the lake). In the deepest layers of
the latter, homogeneous silts with microfauna of marine origin
occur. At the base of Eph 266 and 267 well-rounded pebbles of a
beach environment dominate (transgression facies).With the rising
sea level, coarse sand with gravel was accumulated; seagrass with
marine shells and gastropods are intercalated. Geochemical ana-
lyses (lowK and high LOI and CaCO3 values aswell as elevated Ca/Fe
ratios) show a changing environment. Ca/Fe ratio and CaCO3 value
are good indicators for a foraminifer or shell rich layer as shown at



Fig. 5. Cross section through Arvalya valley from south to north. The legend also applies for Figs. 2, 4, 7 and 8. Position of coring sites in Fig. 9.
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the base of Eph 250 (Vött et al., 2002; Rothwell and Rack, 2006;
Croudace et al., 2006). Foraminifers (Elphidium complanatum, E.
crispum, A. compacta, R. bradyi, Rosalina globulosa, Cibicides
advenum, Spiroloculina angulosa, L. lobatula, Vertebralina striata and
Triloculina sp.) and ostracods (Aurila sp. and Loxoconcha sp.) are
evidence of amarine environment close to the coast. Seagrass at the
transition to the bottom layer dates to 4269e3939 cal BC. This
sublittoral milieu ended during Hellenistic times (354e117 cal BC).
The marine transgression reached Eph 267 as well.

In Eph 268, an olive stone at 11.14 m b.s.l. (48 BCe60 cal AD), a
diagnostic piece of pottery at 10.04 m b.s.l. (1ste2nd century AD) as
well as plant remains (195e55 cal BC) and charcoal (164e1 cal BC)



Fig. 7. Five cores around Çanakgöl. Legend for sedimentology and facies in Fig. 5. Position of coring sites in Fig. 9.

Fig. 6. Settlement mound called Arvalya Höyük or Gül Hanım in the Arvalya valley. Position of mound in Fig. 9. (a) View of Arvalya Höyük. (b) Sediment core of Eph 346, drilled in
the top of the mound. (c) Finds of a surface survey. (d) Painted plaster from core Eph 346 encountered at a depth of 2.26e2.28 m b.s.
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at 6.34 and 6.94 m b.s.l., respectively, all date to Hellenistic and/or
Roman times.

In Eph 266, nearly 1 m of silty and sandy sediments was
deposited from the beginning until the end of the Hellenistic
period. The advancing foreset beds of the delta e in Eph 268 from
6.29 to 4.83 m b.s.l. e are characterised by very homogeneous,
sterile sand and silt layers with a thickness of up to 0.5 cm each.
The granulometry and geochemical analysis led to the assumption
that sediments were deposited in a stillwater environment at the
coring sites Eph 268 and 266, probably due to the building of a
sand barrier from the river (levee) which cut off the area from the
open sea. During high floods, the river overflowed, thus depos-
iting coarser sediments in the low energy environment.
Geochemistry shows decreasing values of carbonate content and
Ca/Fe and a rising value of LOI, Pb and K.

The first area where people could settle was at the sites Eph 268
and 282. The oldest artefacts in Eph 283 date from the Roman era;
they are followed by Byzantine ceramics. During this period, Eph
282 was still under the influence of the Küçük Menderes. In this
coring, a ceramic fragment at a depth of 3.94 m b.s.l. dates to
Byzantine time. Fluvial sediments characterised by sterile olive
brownmedium sands with very little shell debris were deposited at
Eph 266 and 267 between the 17th and 20th centuries AD (14C age
in Eph 266, Figs. 7 and 8). In the upper metres alluvial sediments
consistent of clayey and sandy silt with ceramics and mortar
dominate. As the LOI, Ca/Fe and the CaCO3 contents increase, the Pb
value decreases.

5. Discussion

5.1. Ancient landscape reconstructions on the southern flank of the
Küçük Menderes graben

The cores around Arvalya valley and Çanakgöl revealed the shifts
in the coastline during the last eight millennia. Therefore, palae-
ogeographic scenarios can be sketched (Figs. 9aee).
Fig. 8. The area around Çanakgöl. (a) View towards northeast (oblique aerial photography
rectangle in Fig. 9). It is situated in a natural embayment at the foot of the southern flank of th
Pb and K were analyzed semiquantitatively using Itrax core scanner (cps ¼ count per second
measured samples, horizontal lines the boundaries of the units. Matrix and components are
5) fluvial.
The marine transgression dates to the beginning of the 6th
millennium BC. The maximum landward shoreline is shown be-
tween Eph 246 and 247 as well as 250 and Eph 248 (Fig. 9a). The
question why no marine sediments were found in drill cores Eph
248 and 247 and the sea did not ingress into this area still remains
unclear. At Çanakgöl, the deepest marine sediments (at a depth of
�6.84 m b.s.l., Eph 266) were deposited at the beginning of the 5th
millennium BC, post-dating the even deeper transgression facies,
which was not reached at this site. When people started to settle
the Arvalya valley, the coastline was situated about 2 km to the
north. The sedimentation rate in the marine embayment was very
low during this period (5 cm per century in core Eph 250) (Fig. 9b).

During the Hellenistic period (3rde1st centuries BC), marine
conditions still prevailed around Çanakgöl. Eph 246 had already
been silted up. In the Arvalya valley, a freshwater lake developed
in Eph 248 and a lagoon in Eph 250 (Fig. 9c). This can be
explained by a developing sand barrier (levee) of the prograding
Kenchrios river. The sedimentation rate increased from 6 cm (from
the end of the 4th millennium BC) to 68 cm per century in
Hellenisticeearly Roman times at Çanakgöl, and to 37 cm per
century in the Arvalya valley. This is in accordance with the
proposed position of the Küçük Menderes delta front during that
period (Brückner et al., 2008). At the end of Hellenisticeearly
Roman times, the first prodelta silts of the Küçük Menderes were
deposited at Eph 268. Three 14C ages and one diagnostic ceramic
fragment at depths between 6.39 and 11.39 m b.s.l. date back to
the Roman period. One possibility for this unusually rapid
deposition of 4 m sediments may reflect a rapid sedimentation of
the foreset beds of the approaching delta front in the marine
embayment. Nevertheless, dredging and the deposition of
sediments in this environs is more probable. During the
Hellenistic period, Eph 266 and 267 were located closer to the
coast in a more wave-dominated environment.

In Byzantine times, the area of the lower floodplain of the
Kenchrios had been silted up as well as Eph 283 and 268 (Fig. 9d). A
charcoal at 1.74 m b.s.l. in Eph 268, dated to the Roman age, was
) on the remnant lake Çanakgöl and the former harbour basin (area consistent with
e Küçük Menderes graben. b) Core Eph 266 with grain size, Pb, K, CaCO3, LOI and Ca/Fe.
). Grain size, CaCO3 and LOI are indicated in percent. Points represent the depth of the
described in Fig. 5. Facies: 1) littoral, 2) shallow marine, 3) brackish, 4) transition layer,



Fig. 9. Scenarios of the landscape evolution of the northern Kenchrios valley and the area of Çanakgöl for 6000 BC, 4000 BC, Hellenistic period, early Byzantine period, 17the20th
century.
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most probably redeposited. The southern cores around Çanakgöl
still represented a marine environment with connection to the sea.
The barrier was sometimes breached by floods or storm events, so
that fluvial silts were deposited.

Between the 17th and 20th centuries AD, fluvial sediments
dominate Eph 266 and 267 (Fig. 9e). The sedimentation rate from
Hellenistic to early Roman times until the 17th century decreased
to 18 cm per year. The coastline was further west, probably near the
remnant lake Çanakgöl. During this period, the bay was still
connected to the sea (Schindler, 1897). At the latest after the
regulation of the Küçük Menderes in 1934 with its redirection to
the north of the floodplain, the lake lost its connection to the river
and therefore to the sea (Güldali, 1979).

5.2. Late Roman and Byzantine harbours of Ephesus

An ideal harbour site should be located in a marine embayment
or indentation, which is protected against the open sea so that a
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low-energy wave environment is present. One of the best examples
is the famous Lion Harbour of Miletus (Brückner et al., 2006). An
example from Ephesus is the Roman harbour, bordered by
Bülbülda�g and Panayırda�g after the city centre had been shifted
around 300 BC. The research presented herein focused on three
areas which are one to three kilometres to the west of the ancient
city centre at the southern flank of the graben.

The Roman harbour canal was flanked on both sides by a ne-
cropolis. The oldest objects in the necropolis area date to the end of
the 1st century AD. At this time, the Roman harbour had to be
connected with the canal to the sea (Österreichisches
Archäologisches Institut, 2011). At least since that time, new an-
chorages farther to the west were needed.

One possible harbour site is located to the west of Kaleburun
Tepe. It can be concluded that the sea never ingressed into this
valley. The core inside the valley does not show any marine influ-
ence. To the north of the valley, however, close to the connection
with the Küçük Menderes alluvial plain, core Eph 246 shows the
existence of marine sediments. The area silted up in Hellenistic or
Roman Imperial times at the latest, probably due to the vicinity to
the surroundingmountains (colluviation) and a small river building
up its delta (alluviation). As siltation started early and the site was
not well protected, it could not have hosted a harbour.

In the Arvalya valley, Schindler (1897) and other authors had
presumed the existence of a so-called Panormos harbour. However,
coring revealed that the coastline did not reach far into the valley.
Only the northern core, Eph 250, showsmarine strata (Fig. 2). Thus,
a small marine embayment was present, merely protected on the
western side by Çanakgöl Tepe (Fig. 9). It persisted in Hellenistic
time, but turned into a brackish residual lake, sometimes connected
to the sea, thereafter. As in Hellenistic time sea level was about one
metre lower than today, according to the sea level curve of
Müllenhoff (2005), water depth was w1.50 m in this area. In An-
tiquity, the Kenchrios built its delta into the marine embayment.
Due to its steep gradient and the Mediterranean climate with
torrential rains, the river occasionally carried coarseegrained
sediment. As a consequence, a potential harbour would continu-
ously have been threatened by siltation.

In principle, a site for a harbour in the north of the Arvalya valley
is conceivable, protected by small hills to thewest (Fig. 9). However,
major problems caused by the delta progradation of the Kenchrios
Fig. 10. Landing site discovered in January 2012. (a) Pillar at the northern side of the form
Çanakgöl, presumably in late ByzantineeOttoman times. (b) View of the landing site with
and the siltation processes by the Küçük Menderes are obvious. As
pro-delta sediments were deposited in the area of Eph 268 in Ro-
man times, this would have also affected coring site Eph 250 and
the water depth in this area. If a harbour site existed, it could not
have been used for a long period of time. However, in this area it
seems more probable that there have been platforms further north
(closer to the harbour canal entrance) for transferring goods into
smaller boats. Thus, a much better harbour site is the area around
Çanakgöl (Fig. 8).

The southern area around the remnant lake which represents
the former harbour basin, silted up before the 16the19th century,
while the northern part did so in the Roman, or at the latest in
the Byzantine period. At least until the end of the 19th century,
the lake had a connection to the Küçük Menderes river. In
Byzantine and also VenetianeTurkish times, when most probably
the harbour at Çanakgöl was (still) in use, the area around Eph 283
was already silted up. The oldest dated ceramics reach to the Ro-
man Imperial period. They are overlain by several pieces of am-
phora and a fragment of a pitcher dating to late Antique/Byzantine
times. This site was accessible to people in late Antiquity. In this
period, the area around core sites Eph 266 and 267, as well as
Çanakgöl and the western part of the embayment, was still a
brackish water environment and probably connected to the sea.
Despite the silting process of the eastern part of the embayment
(not later than 16th century AD around Eph 266 and 267), the area
to the west and the east of the lake was still reachable by boat. As
the delta sediments also influenced this site, it is probable that the
harbour was dredged to maintain the function as a port. From the
Roman harbour, it is known that it was dredged a couple of times
(Kraft et al., 2000). Today, the ancient Küçük Menderes river course
is very close-by, and still navigable; thus, it could have been used
for a long time as a harbour or a landing site. The place fits very well
for the proposed late Byzantine to Venetian harbour because it was
navigable for a long time and easy to reach even after the coastline
had prograded further west. The present lake seems to be the
former harbour basin.

An indicator for the period of use is the pollutant Pb. XRF
measurements of Pb revealed a rising concentration from Helle-
nistic time to the 17the20th centuries (Fig. 8b). From other
archaeological sites, it is known that pollutants such as Pb appear
especially during the Roman period (Marriner and Morhange,
er channel of the Küçük Menderes. The landing site was established to the west of
facilities to anchor ships.
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2007). In general, a correlation exists between fine grained sedi-
ments, a high content of LOI and elevated Pb values (Pickering,
1986). The geochemical analyses show a decreasing grain size
together with elevated LOI values from 3.40 to 2.20 m b.s.l. and
increasing grain size (mostly sand) up to 0.45 m b.s.l. together with
lower LOI values (Fig. 8b). In this area, the Pb values are not
correlated to the grain size and organic content. Although grain size
is coarse and low organic content consistent, the Pb values
continuously increase. In sum, the elevated lead values seem to
support the assumption that the site was used as a harbour during
that time. More 14C ages spanning the interval between the early
Roman period and the 16th century have to be determined to
establish a better chronostratigraphic correlation between the
changing concentrations of this pollutant and the settlement
history.

6. Conclusion

Geoarchaeological research in the environs of the ancient city of
Ephesus leads to the conclusion that around 6000 BC, due to the
transgression of the Aegean Sea, marine sediments were deposited
at the southern flank of the graben. The northesouth striking val-
leys to the east of the investigated area (valleys of Arvalya and Arap
Derç) show only a minor marine influence since they were already
filled with Pleistocene deposits. As a byproduct of our research, an
elevated area inside the Arvalya valley could be identified as a
settlement mound (tell), probably dating to the Neolithic period.

With the rising water table, the entire area around Çanakgöl
became part of the marine embayment. When sea-level rise
decelerated, fluvial influence became dominant, mainly the
advancing delta systems of the Küçük Menderes and its tributaries
from mid-Holocene times on which has permanently shifted the
coastline westwards (e.g. see Brückner, 2005; Kraft et al., 2007,
2011). A major effect of the landscape changes was the siltation of
the harbours. One reason for the relocation of the city of Ephesus to
the area at the foot of Panayırda�g and Bülbülda�g by Lysimachos
before 300 BC was the good anchoring ground there. With the
advancing delta front, this area, too, was endangered by siltation.
Therefore, the Romans dredged the place and turned it into a
hexagonal harbour. It was the major harbour when Ephesus was
the capital of the Roman province of Asia. However, the delta front
continued its westward shift, thus forcing the Romans to react: a
harbour canal was constructed. The latest geophysical and
archaeological research indicates that on both sides of the canal
tombs of a necropolis, dating from the late 1st century AD, were
discovered and partly unearthed (Österreichisches Archäologisches
Institut, 2011; Seren and Ladstätter, 2011). This is evidence that in
late Roman times the delta front was west of the end of the harbour
canal. Where then were the later harbours, especially in Byzantine
times?

Çanakgöl is the best candidate since it is in the leeward position
of the delta advance and the adjacent mountains do not deliver a
large amount of rock debris. In Roman times, the area east of
Çanakgöl was already silted in and fine-grained bottomseteforeset
beds of the advancing delta front were accumulated in the direct
environs of Çanakgöl. The northern part of the Arvalya valley is
assumed to be accessible until (late?) Byzantine times. With the
prograding deltas of Küçük Menderes and Kenchrios, the Çanakgöl
also was endangered. It is possible that it was dredged to guarantee
the continuation of the shipping operations. Geophysical mea-
surements (geomagnetic e Fluxgate Magnetometer with optical
distance, raster of 16� 50 cm and georadareNogginwith 250MHz
antenna, raster 5 � 25 cm) detected a huge villa in October 2012,
but until now no harbour-related constructions of piers or storage
houses (Österreichisches Archäologisches Institut, 2012).
Measurements are needed in the direct environs of the remnant
lake and former harbour basin. Until the end of the 20th century,
Çanakgöl was connected to the river (now the former channel of
the Küçük Menderes) which flows nearby.

The harbour site was in use for a long time; it even had a
connection to the sea after the delta had advanced farther west.
When it became too small, a new landing sitewith integrated spoils
about one kilometre to the west was established on the right side of
the Küçük Menderes as well as another harbour at Pamucak. The
data suggest a Late Byzantine age of the quay. This has been
confirmed by detailed research from archaeological and architec-
tural studies. Both presumed harbour sites could have been
important in Late ByzantineeTurkish times. During cleaning works
in January 2012 on both sides of the ancient Küçük Menderes
branch, a mole with a still-standing column was discovered on
the northern side of the canalised river. It would still be a good
place for landing and unloading goods (Fig. 10). Cores carried out in
2012 revealed that the southern part of the river was also rectified
(core filling marble at a depth of 2e3 m b.s.).
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