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Abstract
On the schist, gneiss and plutonic rocky coasts of the island group of Mykonos, Delos, and Rheneia, beachrocks are the 
main geomorphological sea-level indicators. The detailed mapping and depth measuring of the five distinct beachrock 
generations identified at 22 locations throughout the coast of the island group point to five corresponding sea-level stands 
at 4.80 ± 0.10 m, 3.70 ± 0.20 m, 2.40 ± 0.25 m, 1.55 ± 0.25 m, and 0.80 ± 0.10 m below mean sea level, during which each 
generation was formed. The submerged archaeological sea-level markers found on the coast of the three islands, combined 
with the recalibrated ages of previously published radiocarbon dating of beachrock cements and the dating of the relevant 
sea-level stands identified on the islands of the northern and central Cyclades, led to the dating of the Late Holocene relative 
sea-level changes along the island group coast. From the Late Neolithic period onward, the sea level has risen at continuously 
increasing rates, with an average value of 0.76 mm/year. The inferred dated sea-level stands enabled the palaeogeographic 
reconstruction of the seafront of the ancient city of Delos and the Delos Strait, thus revealing both the coastline evolution 
over time and navigation of the strait during antiquity.
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1 Introduction

The island group of Mykonos, Delos, and Rheneia (hence-
forth referred to as “M–D–R”) is located on the SE margin 
of the northern Cyclades and consists of three islands and 
seven rocky islets (Fig. 1). It is characterised by continuous 
human occupation since the sixth millennium BC (Sampson 
2018). At the end of the Last Glacial Maximum (~ 20 ka), 
M–D–R, along with the adjacent islands of the Cycladic 

archipelago to the north and south of it, constituted a huge 
island in the middle of the Aegean, occupying an area of 
about 6800  km2 (Fig. 2a). At ~ 12 ka, when the sea level rose 
by about 50 m, a large part of the central Aegean flooded, 
with M–D–R now constituting a single island of an area of 
some 270  km2 (Lambeck 1995, 1996; Lambeck and Purcell 
2005) (Fig. 2b). Regarding the Middle and Late Holocene 
coastal changes and their impact on the coastal communities 
of the Cycladic archipelago, several geological, archaeologi-
cal and geoarchaeological approaches have been presented 
since the early twentieth century, some of these focused on 
the seafront of the ancient city of Delos and its harbours 
(Négris 1904; Cayeux 1907; Bernier and Dalongeville 1988; 
Dûchene and Fraisse 2001; Desruelles et al. 2004, 2007, 
2009; Dalongeville et al. 2007; Mourtzas 2012; Zarmak-
oupi 2015, 2018; Zarmakoupi and Αthanasoula 2017, 2018; 
Nakas 2020). 

The first of these was by Négris (1904), who, on the basis 
of the submerged antiquities along the coast of Delos and 
Rheneia, estimated a sea-level rise of about 2.50 m dur-
ing the previous 2000 years. Contrarily, Cayeux (1907), on 
the basis of his theory of sea-level stability in the Eastern 
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Mediterranean throughout the historical period, argued that 
the submerged ancient remains on the coast of Delos were 
originally constructed under the sea, and attributed the sea 
transgression to man-made interventions. Desruelles et al. 
(2009) reconstructed the Late Holocene relative sea-level 
(henceforth referred to as “rsl”) changes in M–D–R using 
three intertidal, cemented, beachrock generations as sea-
level proxies. Surveying seven locations, where the various 
beachrock generations develop, and establishing their age 
by a series of 14C AMS dating, they suggested that the sea 
level was at – 3.60 m (± 0.50 m) around 2000 BC, − 2.50 m 
(± 0.50 m) around 400 BC and − 1 m (± 0.50 m) around 
1000 AD.

This paper aims to shed new light on the magnitude and 
dating of the rsl changes in M–D–R over the last six mil-
lennia. For the purpose of determining the former sea-level 
stands that correspond to different beachrock generations, 
a total of 22 locations where beachrocks develop (15 along 
the coast of Mykonos, four along the coast of Delos, and 
three along the coast of Rheneia) were surveyed (Fig. 1c), 

and new rsl data were retrieved. Submerged ancient remains 
of known age (i.e., seawalls, protective rockfills, boulders, 
moles, breakwaters, building and castle foundations, tombs, 
and built bollards), directly related with a former sea level 
and often incorporated into the beachrock formations, were 
reassessed in this study as archaeological sea-level indica-
tors. They were further correlated with previously published 
radiocarbon ages of the beachrock cements, recalibrated 
anew in this study, allowing the dating of the former sea-
level stands to be deduced. This, in turn, led to the palaeo-
geographic reconstruction of the Delos Strait, at the same 
time enabling geoarchaeological readings of certain his-
torical reports. Finally, the comparison of the new rsl data 
from M–D–R with both those from the northern and central 
Cyclades (Kolaiti and Mourtzas 2020) and the predicted 
glacio-hydro-isostatic sea-level curve for the central Aegean 
(Lambeck 1995, 1996; Lambeck and Purcell 2005) allowed 
us to draw conclusions about the recent tectonic deformation 
of an area currently characterised by seismic quiescence, 
amid regions of intense active seismicity.

Fig. 1  Location maps of: a the northern Cyclades (red square) in 
Greece, b M–D–R (red square) in the northern Cyclades, c M–D–R 
with the locations of the recorded geomorphological and archaeologi-

cal sea-level indicators (red bullets), and d simplified geological map 
of M–D–R (modified from IGME 2004). M–D–R: the island group of 
Mykonos–Delos–Rheneia
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2  Geological setting

Since at least the Early Miocene, the central Aegean region 
has undergone continental extension, accompanied by the 
intrusion of granitic plutons and associated detachments 
(Bröcker and Franz 2005; Rabillard et al. 2018; Jolivet et al. 
2021). The morphotectonic evolution of M–D–R begins with 
the rise and crystallisation of the granodiorite magma and 
continues with a period of intense erosion and removal of the 
overlying rocky cover due to the gravity slip of the upper-
most units (Karadima 2013).

The island of Mykonos has an area of 106  km2 and 89 km 
of coastline. It is of irregular shape with a horizontal (major) 
axis running 16 km from E to W–SW and a maximum 
NW–SE breadth of 12 km (Fig. 1c). Hilly terrain prevails, 
with generally low morphological slopes and limited low-
land coastal areas. Low-elevation outcrops are observed in 
the northern and eastern part of the island, dominated by 
the summits of Vardies (+ 373 m) and Profitis Ilias Ano-
meritis (+ 351 m), respectively. The terrain slopes reach up 

to 80°, with the maximum values observed in the northern 
and southern coastal parts. In general, flat and even sur-
faces of land are observed in the central (Ano Mera area) 
and the western part of the island close to Chora, where the 
relief is smooth and low. The island does not show a signifi-
cant hydrographic network, while surface water is drained 
through a large number of streams of limited length and 
seasonal runoff. The multifarious coastline mainly follows 
N–S and E–W directions, with bays deeply penetrating into 
the land, such as those at Panormos, Korphos, and Ornos 
(Fig. 1c).

Mykonos and the surrounding islands are dominated 
by monzogranite, which dates back to around 10–13 Ma 
(Altherr et al. 1982; Brichau et al. 2008) and which has 
intruded into the marbles, metapelites, and metabasites of 
the Cycladic blueschist belt (Brichau et al. 2008) (Fig. 1d). 
The Cycladic blueschist belt, which consists of a succes-
sion of alpine nappes, is a composite unit with a significant 
component of metabasic rocks included in the metape-
lites and marbles (Blake et al. 1981; Avigad and Garfunkel 

Fig. 2  Predicted relative sea level change for the Cyclades after Lam-
beck (1995, 1996) and Lambeck and Purcell (2005) at: a the Last 
Glacial Maximum, ~ 20 ka BP and b ~ 12 ka BP. The contours repre-

sent the position of the mean sea level (msl) at these periods in rela-
tion to the present msl
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1991; Keiter et al. 2004; Jolivet et al. 2010). It was formed 
in the footwall of the North Cycladic Detachment Sys-
tem (Jolivet et al. 2010). In Mykonos, the Upper Cycladic 
Nappe is essentially composed of ophiolitic material 
(serpentinite, gabbros, and basalt) and high-temperature 
gneiss and amphibolite of Late Cretaceous metamorphic 
ages (Maluski et al. 1987; Jolivet et al. 2010). The granite 
is a kilometer‐scale laccolith intruded the micaschists at 
the top of the migmatitic gneisses of the basement (Faure 
et al. 1991; Lucas 1999) and crops out only in the SW 
part of Mykonos and the islands of Delos and Rheneia 
(Lecomte et al. 2010). The granite is tectonically overlaid 
by a sequence of coarse-grained detrital Oligo-Miocene 
(Durr and Altherr 1979) molassic sediments with small 
slices of Permo-Triassic carbonate, located along the west-
ern coast of Panormos Bay (Fig. 1d). The contact between 
the granite and the overlying molasses is a low-angle nor-
mal fault (Avigad et al. 1998). The granites are deformed 
by the activity of the Livada and Mykonos detachments, 
which are well exposed on the NE side of Mykonos (Cape 
Evros) and along the western shore of Panormos Bay 
(Faure et al. 1991; Lee and Lister 1992; Avigad et al. 1998; 
Skarpelis 2002). Panormos Bay corresponds to a young 
N–S trending graben, which cuts through the granite and 
the metabasites (Lecomte et al. 2010) (Fig. 1d).

Delos is an elongate island, with a maximum N–S 
length of 5 km, a width of 1.30 km, an area of 6.85  km2, 
and 14.20 km of coastline. A central hill range, flanked by 
short, steep E–W slopes, and interrupted by small plains, 
runs through the entire length of the island. Its highest point 
is Mount Cynthus (+ 112 m) in the middle of the island, 
while Gamila Hill in the northern part and the Kato Vardia 
low ridge in the southern part reach + 53 m and + 82 m above 
sea level, respectively. The coast of Delos is steep, forming 
narrow peninsulas in the northern and southern extremities 
of the island, and small bays, such as Gourna Bay in the 
NE part, Skardanas Bay in the NW and Fourni Bay in the 
SW (Fig. 1c). The island mainly consists of granitoid rocks, 
with common screens of metamorphosed psammitic schist, 
marble and amphibolite (Altherr et al. 1982; Pe-Piper et al. 
2002) (Fig. 1d). Foliated granodiorite is the principal rock 
type in the northern part of the island, and megacrystic gran-
odiorite in the central part, while medium-grained granodi-
orite and granite with abundant enclaves are predominant in 
the southern part (Pe-Piper et al. 2002). Several shear zones 
crossing the island separate these rock types and consist of 
thin screens of metasedimentary rocks and parallel sheets of 
strained plutonic rocks striking ENE (Pe-Piper et al. 2002).

Rheneia and Delos are separated by a narrow sea chan-
nel—the Delos Strait, less than 1 km wide—with two rocky 
islets between them: Mikros (Little) Rheumatiaris to the 
north and Megalos (Great) Rheumatiaris further to the south 
(Fig. 1c).

The island of Rheneia has an area of 13.90  km2 and 
43 km of coastline. Essentially, it consists of two sections 
connected by a narrow isthmus. The Aghrelou and Houlaka 
Hills (+ 137 m each) dominate the north and south parts of 
the island, respectively. The multifarious coastline shapes 
successive bays, namely those of Kormou Ammos on the 
northern coast and Skinos on the south coast, as well as 
Schino to the east and Ampelia to the west of the isthmus, 
respectively (Fig. 1c). Strongly foliated granites and grano-
diorites occupy almost the entire island (Lecomte et al. 
2010), with only a relic of white, coarse-grained, marble 
of the Atticocycladic complex on the NW coast (Fig. 1d).

Located between the two recently thinned regions of the 
North Aegean and the Cretan Sea, the Cyclades domain with 
an average crustal thickness of 25 km moved as a rigid block 
towards the South and does not seem to have accommodated 
any additional extension since the Late Miocene period. 
Strain rates and GPS velocities in the Cyclades show a rela-
tive motion towards SW at a rate of 33–34 mm/yr during the 
Holocene period (Le Pichon et al. 1995; Kahle et al. 1998; 
Kreemer and Chamot-Rooke 2004) and scarce and scattered 
seismicity (Engdahl et al. 1998).

A large portion of the seismic activity within the upper 
crust is associated with the presence of islands represent-
ing horst structures that were generated during the major 
Oligocene extensional phase. In contrast, the central part of 
the Cycladic metamorphic core, which today represents the 
major part of the Cyclades insular group, remains aseismic 
(Bohnhoff et al. 2006). Lykousis (2009) noted continuous 
and gradual subsidence of the Aegean margins during the 
last 400 kyr. The lowest subsidence values (0.34–0.60 mm/
year) are related to the low tectonic and seismic activity 
of the Cyclades plateau, with a gradual decrease in the 
intensity of the extensional tectonic regime and a decreased 
isostatic rebound after the Early Pleistocene compressional 
phase in the Aegean domain (Lykousis 2009). The highest 
seismic activity was identified along the SW–NE-striking 
Santorini–Amorgos zone (Papadopoulos and Pavlides 1992; 
Papazachos et al. 2000; Okal et al. 2009).

3  Beachrocks as indicators of the rsl change

Beachrocks constitute the main geomorphological sea-level 
indicators along the schist, gneiss, and plutonic rocky coasts 
of M–D–R, where other coastal geomorphs are absent (e.g., 
tidal notches: typical of carbonate rocks).

Beachrocks are formed along the shoreline within the 
intertidal zone, under complex physicochemical (e.g., 
Ginsburg 1953; Taylor and Illing 1969; Moore 1973; Hanor 
1978; Meyers 1987) and biological (e.g., Webb et al. 1999; 
Neumeier 1999) cementation processes. They consist of 
coastal sediments, such as sand, gravels, pebbles, cobbles, 
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and other coarse materials of both clastic and biogenic ori-
gin, usually cemented with calcium carbonate, high/low 
magnesian calcite, and aragonite. It is generally accepted 
that beachrock lithification takes place in the intertidal 
zone (e.g., Scholle and Ulmer-Scholle 2003; Vousdoukas 
et al. 2007; Mauz et al. 2015). In microtidal environments 
such as this, in the central Aegean where the maximum 
and mean tidal ranges do not exceed 0.30 m and 0.15 m, 
respectively (HNHS 2015), the cementation of coastal sedi-
ments exceeds the tidal range and expands into the swash, 
saturated, zone (Gifford 1995; Kolaiti et al. 2017; Kolaiti 
2019). The repeated water movement there produces suf-
ficient water circulation in the permeable beach sand, thus 
creating conditions comparable to those observed at the 
top of the intertidal zone (Bernier and Dalongeville 1996). 
Diagenesis is similar in both the intertidal and the swash 
and backwash zones, and the cementation results are indis-
tinguishable (Bernier and Dalongeville 1996). In the spray 
zone, which is part of the supratidal zone, water percolates 
through the sand in the unsaturated zone, and the diagen-
esis clearly distinguished by the crystal arrangement of the 
microstalactitic cement at the base of the grains (Taylor and 
Illing 1969). On the contrary, in the intertidal and phreatic 
zones, a regularly rimmed, isopachous cement is created 
around the grains (Longman 1980; Heckel 1983; Bernier 
and Dalongeville 1996).

The analysis of cements of the various beachrock genera-
tions from the northern and central Cycladic archipelago 
(Andros, Paros, Naxos, Mykonos, Delos, Rheneia, and 
Sifnos) indicates that everywhere cementation occurs within 
the intertidal zone (Bernier and Dalongeville 1988; Plomari-
tis 1999; Alexouli-Livaditi and Livaditis 2004; Desruelles 
et al. 2009; Karkani et al. 2017).

Previous mineralogical analyses of the M–D–R 
beachrocks (Bernier and Dalongeville 1988; Desruelles et al. 
2004, 2007, 2009; Fouache et al. 2005) have concluded that 
the beachrocks of Delos and Rheneia are the result of a high-
magnesium calcite (HMC) cementation of fine beach sedi-
ments of sand, pebbles, cobbles, and shells, and of screes 
from the adjacent cliffs, ancient architectural elements, arte-
facts, and potsherds, bound together in the intertidal or even 
supratidal zone. Two stages of cementation are dominant: 
the first stage refers to biological cyanobacterian activity that 
favours the formation of a micritic layer around the grains. 
Then, acicular HMC crystals grow at the micrite periphery, 
tending to fill the residual pore space, usually producing a 
peripheral palissadic and isopachous crystallisation in the 
intertidal zone, and infrequently a palissadic acicular stalac-
titic cement in the supratidal zone (Bernier and Dalongeville 
1988). The prevailing types of cements observed between 
the mainly siliceous grains of the M–D–R beachrocks (in 
some places, a small number of bioclasts and lithoclasts 
were noted) are diagenetic early intertidal HMC cements, 

peloidal HMC diagenetic cement, sparitic and microsparitic 
cements, and micrite, mostly lithified within the intertidal 
zone, and occasionally non-diagenetic micritic fillings either 
contemporary or posterior to the lithification in the intertidal 
zone (Desruelles et al. 2009).

In this study, based on the geomorphological features of 
beachrocks, their direct or indirect dating, and their current 
position relative to the coastline, we accept beachrocks as 
good geomorphological and geoarchaeological indicators of 
rsl changes, considering that:

• Beachrocks are formed by the cementation of coastal 
sediments, including anthropogenic deposits, during 
periods of rsl stability (e.g., Hopley 1986; Strasser et al. 
1989; Bernier et al. 1997; Plomaritis 1999; Turner 2005; 
Vousdoukas et al. 2007; Erginal and Öztürk 2012; Mauz 
et al. 2015; Avcioğlu et al. 2016).

• Cementation takes place in the coastal zone that is 
bounded on the seaward end by the mean low water (i.e., 
the lowermost limit of the intertidal zone) and on the 
landward end by the uppermost limit of the swash and 
backwash zone. In exposed microtidal areas, the upper-
most limit of the wave uprush is significantly greater than 
the tidal range (Gifford 1995; Bernier and Dalongeville 
1996; Kolaiti et al. 2017).

• Diagenetic cements in the Aegean are usually character-
ised by HMC, often typical of the marine vadose zone, 
which extends to the entire swash zone. This implies that 
diagenesis takes place in environments ranging from the 
upper marine phreatic to the upper marine vadose zones 
(e.g., Gifford 1995; Bernier and Dalongeville 1996; 
Vousdoukas et al. 2007; Desruelles et al. 2009; Vacchi 
2012; Kolaiti et al. 2017).

• Different sea-level stands can form distinct beachrock 
slabs at various elevations, which correspond to different 
generations of a fossilised palaeoshoreline (e.g., Vous-
doukas et al. 2007; Desruelles et al. 2009; Vacchi 2012; 
Mauz et al. 2015). The loose, unconsolidated, sandy/
sandy-gravel sediments laid on the sea bottom between 
two different beachrock generations represent a period of 
rsl change (Desruelles et al. 2009; Kolaiti 2019).

• Beachrock slabs dip gently towards the sea, and their 
slope in line with the initial slope of the beach (e.g., 
Desruelles et al. 2009). The thickness and lateral extent 
of beachrocks are dependent on the sediment supply, the 
width and slope of the beach (accommodation space), 
and the particular hydrodynamic conditions of the coast 
(Ginsburg 1953; Shinn 1969; Chivas et al. 1986; Kelle-
tat 1988, 2006; Gischler and Lomando 1997; Ramkumar 
et al. 2000; Vousdoukas et al. 2007; Mauz et al. 2015). 
Continuous sediment supply, accumulation, and cemen-
tation in the vadose zone can produce a beachrock body 
thicker than the tidal range (Kolaiti 2019).
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• When the cementation process in the intertidal and 
supratidal zone involves beach deposits that cover an ear-
lier beachrock generation formed during a lower former 
sea level, a new beachrock generation is then formed, 
one which partially overlies the previous generation, thus 
shaping a stepped morphology (Kolaiti 2019).

• The seaward base of a beachrock slab in its well-pre-
served parts that have not undergone erosion or frag-
mentation represents the mean low tide of a past sea 
level (e.g., Mauz et al. 2015). Therefore, to determine 
the former sea-level stands, the depth/elevation of the 
seaward base of each beachrock generation can be safely 
used (Kolaiti 2019). Field observations on the Aegean 
beachrocks provide excellent evidence of the relationship 
between the seaward base of beachrocks and the corre-
sponding sea level. Systematic depth measurements made 
on the seaward end of four dated beachrock generations 
from 46 locations along the coast of Crete show that the 
variation in depth does not exceed ± 0.30 m (Mourtzas 
et al. 2016). The variation in depth of the seaward base 
of six dated beachrock generations from 49 locations 
throughout the eastern coast of the Peloponnese stretch-
ing for 785 km has proven to be ± 0.20 m (Kolaiti 2019). 
Similar measurements in five dated beachrock genera-
tions from 52 locations along the coast of seven islands 
of the northern and central Cyclades show a fluctuation 
not exceeding ± 0.30 m (Kolaiti and Mourtzas 2020; this 
study).

• The correlation between the depth/elevation of the base 
of a marine tidal notch and of the seaward base of a 
beachrock slab, as recorded in many study areas of the 
Aegean, clearly proves that both geomorphological rsl 
indicators were formed during the same sea level. Given 
that the time required for the creation of a marine notch 
and a beachrock is not the same, we perceive that each 
one formed at different time intervals but within the same 
period of rsl stability (Mourtzas et al. 2016; Kolaiti 2019; 
Kolaiti and Mourtzas 2020). Field observations from 
the coast of Crete, eastern Peloponnese, and north and 
central Cyclades (as mentioned above) provide strong 
evidence of a good agreement between the depths of the 
seaward base of the beachrock generations and those of 
the base of the marine tidal notches formed during the 
same period of rsl stability, showing a maximum differ-
ence not exceeding 0.20 m.

• The absolute dating of beachrock cements and fossils 
or organic material integrated into them by radiocarbon 
or luminescence dating has not always proved success-
ful for Aegean beachrocks (e.g., Neumeier et al. 2000; 
Pizarro et al. 2012; Avcioğlu et al. 2016; Karkani et al. 
2017; Vacchi et al. 2017). Fossils, organic material, or 
archaeological remains embedded in a beachrock genera-
tion are a terminus post quem for the beachrock forma-

tion, the latter postdating the embedded material (Kolaiti 
2019). Moreover, if there is a good correlation between 
the depth/elevation of beachrocks dated by absolute dat-
ing methods and that of other dated geomorphological 
or accurate archaeological rsl indicators either formed 
or in use during the same sea-level stand, then the ages 
yielded for the beachrocks can be safely accepted (Piraz-
zoli 2001). This method of approach has proven effec-
tive, thus highlighting the importance of beachrocks in 
rsl reconstructions (e.g., Kolaiti 2019).

Supplementary information is presented in Online 
Resource, schematically showing the parts of a beachrock 
slab where depth measurements are collected (Online 
Resource-Fig. A), the formation process for distinct 
beachrock generations (Online Resource-Fig. B), the for-
mation process for a beachrock slab in relation with the tidal 
range during a relatively stable (Online Resource-Fig. C) or 
rising sea level (Online Resource-Fig. D), and the relation 
between different beachrock generations and tidal notches 
formed during the same sea-level stand (Online Resource-
Fig. E).

4  Methods

In the present study, a detailed mapping of the distinct 
beachrock generations throughout the coast of M–D–R 
was conducted using satellite images (Google Earth Pro, 
v. 7.3.2), high-resolution orthophotos at a scale of 1:500 
(Κtimatologio S.A.), and aerial photogrammetric surveys 
carried out by an unmanned autonomous vehicle (UAV). The 
maps produced were updated during snorkelling surveys. 
Most of the recorded beachrock generations were found to 
be intact and well-preserved in terms of erosion and frag-
mentation. The length, width, and thickness, as well as the 
depth of the top and base of the seaward and landward end 
of each beachrock generation were measured according to 
the aforementioned guidelines.

Various ancient coastal constructions dating from the 
Hellenistic period to Modern Times, although now sub-
merged, clearly relate to the sea level at the time they were in 
use and are therefore good archaeological rsl indicators for 
the determination and dating of the former sea-level stands 
inferred along the coast of M–D–R. Detailed description 
of the coastal landscape, which entails the recording of the 
functional features of existing ancient structures, enables a 
geoarchaeological interpretation of the ancient remains (e.g., 
Flemming et al. 1973; Lambeck et al. 2004; Antonioli et al. 
2007; Auriemma and Solinas 2009; Mourtzas 2012; Anzidei 
et al. 2013; Mourtzas et al. 2016; Benjamin et al. 2017; 
Kolaiti and Mourtzas 2020; Kizildağ and Özdaş 2021). 
Therefore, it is possible to determine both their relationship 
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with the sea level during the period they were in use and the 
length of the intervening period between their construction 
and their abandonment or destruction (Kolaiti 2019).

All measurements of elevations/depths were collected 
during calm sea conditions using mechanical methods 
(namely: a tape measure equipped with a stabilizer system 
on the measurement surface and a circular metallic ranging 
rod with conical shoe fitted at the bottom and fully painted 
with 10 cm-long colour bands in red and white and centime-
tre division) and recorded using a PVC slate. Measurements 
in Delos and Rheneia were repeated in two different survey 
periods (May 1992, June 1993) and were updated in October 
2018, along with new measurements that were conducted 
throughout Mykonos Island. To account for tides, obser-
vational data have been reduced for tide values at the time 
of the surveys with respect to mean sea level, using tidal 
data from the Hellenic Navy Hydrographic Service for the 
closest tide-gauge station, in the port of Syros. The effect of 
atmospheric pressure on the sea level was corrected either 
using a Dalvey portable barometer (1992–93 surveys) or 
using the meteorological data for the site at the time of the 
surveys (2018 survey) (www. meteo. gr). Therefore, all depths 
and elevations reported herein correspond to depths below 
mean sea level (bmsl) and elevations above mean sea level 
(amsl). For the determination of the average depth of each 

beachrock generation used in the analysis and synthesis of 
data, we calculated the mean of repeated measurements at 
the intact and not fragmented parts of the same beachrock 
generation. The estimated depth uncertainty and resulting 
error bar were based on the sample standard deviation. The 
standard error of the mean was also calculated for each data 
set and was always found to be <  ± 0.05 m for a 68% confi-
dence interval and <  ± 0.10 m for a 95% confidence interval.

5  Results

5.1  Geomorphological rsl indicators: beachrocks

In this study, a total of 22 locations with beachrock forma-
tions throughout the coast of M–D–R were surveyed, the 
various beachrock generations were recorded and mapped 
in detail, and the elevations/depths at specific points of 
each generation, according to the methodology and guide-
lines presented above, were measured. The locations of the 
beachrock formations are shown in Fig. 1c, the detailed map-
ping and the measured elevations/depths for every single 
study area are illustrated on the detailed location maps of 
Figs. 3, 4, 5, 6, 7, and 8, and the cross-sections in Figs. 9 
and 10. Supplementary information to support field data 

Fig. 3  Detailed mapping and measured depths of the beachrock generations along the coast of Mykonos Island: a Agios Ioannis, b Korphos, c 
Ornos, and d Mykonos Chora

http://www.meteo.gr
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(aerial and underwater views of the beachrock formations 
throughout the coast of M–D–R) is presented in Online 
Resource-Figures F and G. The measurements for each 
beachrock generation and the statistical data analysis are 

presented in Table 1 and depicted in the four diagrams of 
Fig. 11, each corresponding to the top and base of the sea-
ward and landward end of each beachrock generation. For 
the convenience of the reader, the figures for each location 

Fig. 4  Detailed mapping and measured depths of the beachrock generations along the coast of Mykonos Island: a Tourlos (Mykonos new port), 
b Platis Gialos, c Paraga, and d Paradise (Kalamopodi)

Fig. 5  Detailed mapping and measured depths of the beachrock generations along the coast of Mykonos Island: a Agios Sostis, b Panormos, c 
Super Paradise (Blindris), and d Ftelia
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and each beachrock generation are listed in the second col-
umn of Table 1. There follows a summary of each beachrock 
generation, with a brief description of its geomorphic fea-
tures and explanatory notes on its formation.          

5.1.1  Beachrock generation I: 4.80 ± 0.10 m bmsl

The deepest beachrock generation (I) was found submerged 
only on the coast of Kalafatis, in Mykonos, 36 m from the 
contemporary shore. The thickness of this beachrock slab 
ranges from 0.60 m to 1.15 m, its length is 85 m, and its 
maximum width reaches 17 m.

5.1.2  Beachrock generation II: 3.70 ± 0.20 m bmsl

Beachrock generation II was found in 11 locations: seven 
along the coast of Mykonos (Agios Ioannis, Paradise, 
Agrari, Agia Anna, Kalafatis, Panormos, and Agios Sos-
tis), three on the coast of Rheneia (Kormou Ammos, Steni, 
and Lazareto), and one on the coast of Delos (Fourni). The 
offshore distance of this generation varies between 38 and 

93 m. Its length ranges from 52 to 380 m, its width from 9 
to 43 m, and its thickness from 0.10 m to 1.50 m.

5.1.3  Beachrock generation III: 2.40 ± 0.25 m bmsl

Beachrock generation III was identified at 15 locations: 
nine along the coast of Mykonos (Mykonos Chora, Tour-
los, Agios Ioannis, Paraga, Agia Anna, Kalafatis, Fte-
lia, Panormos, and Agios Sostis), three on the coast of 
Rheneia (Kormou Ammos, Steni, and  Lazareto), and 
one on the coast of Delos (Ancient Delos seafront). Its 
length ranges from 80 to 327 m, its width from 7 to 33 m, 
and its thickness from 0.10 m to 1.45 m. On Kalafatis 
Beach, beachrock generation III has formed directly upon 
the previous beachrock slab (II) and overlies it. Besides 
the characteristic stepped morphology, shaped by their 
overlapping, they also differ stratigraphically. The lower 
beachrock slab (II) consists of strongly cemented cob-
bles (size ≤ 200 mm) and coarse sand, while the upper 
beachrock (III) comprises strongly cemented medium-
to-fine sand (grain size < 0.25 mm) with sparse small 
(size < 10 mm) pebbles (see insets  c1 and  c2 in Figs. 6c, 
9n).

Fig. 6  Detailed mapping and measured depths of the beachrock generations along the coast of Mykonos Island: a Agrari, b Agia Anna, and c 
Kalafatis (inset  c1: detail of beachrock mapping, inset  c2: beachrock cross-section)
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5.1.4  Beachrock generation IV: 1.55 ± 0.25 m bmsl

Beachrock generation IV was found in 11 locations: six 
along the coast of Mykonos (Agios Ioannis, Platis Gialos, 
Paraga, Paradise, Super Paradise, and Agios Sostis), three 
on the coast of Delos (Skardanas, Gourna, and Fourni), 
and two on the coast of Rheneia (Kormou Ammos, Steni). 
Its length ranges from 60 to 430 m, its width from 10 
to 29 m, and its thickness from 0.25 m to 1.15 m. On 
Paradise (Kalamopodi) Beach, beachrock generation IV 
has also formed directly upon the previous beachrock slab 
III, overlying it and thus creating a stepped morphology 
(Figs. 4d, 9n).

5.1.5  Beachrock generation V: 0.80 ± 0.10 m bmsl

The shallowest beachrock identified in M–D–R, beachrock 
generation V, was found in four locations: two along the 
coast of Mykonos (Korphos, Ornos), one on the coast of 
Delos (Ancient Delos seafront), and one on the coast of 
Rheneia (Kormou Ammos). Its length ranges from 136 to 
453 m, its width from 9 to 11 m, and its thickness from 
0.20 m to 0.75 m.

5.2  Archaeological rsl markers

5.2.1  Delos Island: the seafront of the ancient city

Situated in the middle of the Cyclades in the Aegean, Delos 
Island was considered the most sacred of all islands in 
ancient Greek culture. The first inhabitants settled in Mount 
Cynthus in the third millennium BC, followed by the Myce-
naeans in the lowland in the mid-second millennium BC. 
The cult of Apollo on Delos begun in the ninth century BC 
and culminated in the Archaic and Classical periods, ren-
dering Delos a prestigious religious centre. Until the third 
century BC, the urban area was poorly developed, while in 
the late third century, many sanctuaries were established 
for the veneration of almost all the Greek Gods and many 
foreign deities. In the Hellenistic era, and in particular after 
167 BC when it was declared a tax-free port, Delos experi-
enced a population growth with great cosmopolitanism and 
urban expansion to its port, by now a trading hub for the 
entire eastern Mediterranean. This prosperity lasted until 
88 BC, when Delos was seized by Mithridates’ troops and 
then (69 BC) plundered by the pirates of Athenodorus. The 
once thriving island fell rapidly into decline, ceased to be a 

Fig. 7  Detailed mapping and measured depths of the beachrock generations along the coast of Delos Island: a Ancient Delos seafront, b Fourni, 
c Skardanas Bay, d Gourna (Stadium district), and e location map of Delos
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port of call on the sea routes of the time, and was gradually 
abandoned (Hadjidakis 2003; Efa 2016).

The submerged sea defence structures and buildings all 
along the seafront of the ancient city of Delos and their cor-
relation with a former sea level have already been presented 
in detail by Négris (1904) and later by Dalongeville et al. 
(2007) and Mourtzas (2012).

5.2.2  Delos Island: the coast by the ‘House on the Hill’

A seawall, boulders, protective rockfills, and mainly Hel-
lenistic/Late Hellenistic (fourth to first century BC) remains 
of building foundations, walls, ashlar and stones, and other 
structures have been integrated into beachrock generation 
ΙII, running roughly N–S along the coast by the ‘House on 
the Hill’ (Figs. 1, 7a,e and 10b1,b2,b3) (Paris 1916; Bernier 
and Dalongeville 1988; Dûchene and Fraisse 2001; Desruel-
les et al. 2004, 2007, 2009; Bruneau and Ducat 2005; Dalon-
geville et al. 2007; Mourtzas 2012; Zarmakoupi 2015). The 
embedded ancient remains are observed up to a depth of 

1.90 m bmsl, while the seaward end of the beachrock is sub-
merged at 2.25 m bmsl (Mourtzas 2012). On the SW sea-
ward side of the beachrock, a built seawall is observed for a 
length of 45 m, entirely submerged, its top at 0.75–1.00 m 
bmsl and its base at 1.60–1.90 m bmsl. Within 25 m or so 
in front of it, towards the open sea, two protective rockfills 
were placed in two parallel series to protect the coast during 
a former deeper sea-level stand. Each is around 60 m long, 
6 m wide, and 1 m high, peaking at 3.30 m bmsl, and with 
the sea bottom at the base of the deepest rockfill at 5 m bmsl 
(Mourtzas 2012) (Fig. 7a).

5.2.3  Delos Island: the coast of the ‘Commercial Quarter’

Submerged building foundations, collapsed walls, and 
numerous potsherds and ashlar blocks are observed in this 
coastal section, clearly determining the extent of human 
activity during Hellenistic times (Fig. 7e). The breadth of 
this area ranges from 9 to 32 m, and the deepest trace of 
ancient remains reaches 1.70 m bmsl (Mourtzas 2012).

Fig. 8  Detailed mapping and measured depths of the beachrock generations along the coast of Rheneia Island: a Kormou Ammos, b Lazareto, c 
Steni, and d location map of Rheneia
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Fig. 9  Cross-sections of the recorded beachrock generations in all the locations surveyed on the coast of Mykonos Island
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5.2.4  Delos Island: Skardanas Bay

On the NW side of Delos, at the northeasternmost end of the 
coast of Skardanas Bay (Figs. 1, 7e), the remains of a coastal 
commercial building have been integrated into beachrock 
generation ΙV, close to the shoreline. Many potsherds are 
scattered up to a depth of 1.25 m bmsl, while the base of the 
seaward end of this beachrock is at a depth of 1.70 m bmsl 
(Figs. 7c, 10c).

On the underwater slope in front of the building remains, 
towards the open sea, a protective rockfill was placed, with 
its top now at 3.55 m bmsl and its base at the sea bottom at 
6.80 m bmsl. It consists of stones and large boulders, among 
which columns, broken pillars, and pottery fragments can 
also be found (Figs. 7c, 10c) (Mourtzas 2012).

5.2.5  Delos Island: Gourna Bay (Stadium district)

On the NE side of Delos, in Gourna Bay (coast of the Sta-
dium district) (Figs. 1, 7e), the remains of a large build-
ing, beginning at the contemporary shoreline and extending 

30 m offshore, were first reported by Papageorgiou-Venetas 
(1981), who identified them as port facilities. Zarmakoupi 
(2015) reported clusters of amphorae integrated into the 
beachrock and parts of the colonnade of the building, and 
argued that it would serve commercial activities built on 
the artificially formed shoreline of the time. The depth at 
the end part of the remains, just in front of the embedded 
amphorae, is 1.60 m bmsl. At this point, a rockfill begins, 
comprising large boulders intentionally placed there to pro-
tect the building against the waves and which was previously 
interpreted by Zarmakoupi (2015) as the eastern breakwater 
of the Stadium district and later by Zarmakoupi and Atha-
nasoula (2018) as a wharf demarcating the easternmost sea-
ward boundary of the Stadium district. Whatever the case, 
the late Hellenistic submerged remains provide evidence 
of the rsl change in this area, while the current submerged 
position of the breakwater, wharf, street, or rockfill, and defi-
nitely beachrock generation IV, indicate the magnitude of the 
rsl rise. The top and base of the protective rockfill are now 
submerged at 1.60 m and 2.50–2.90 m bmsl (Figs. 7d, 10d).

Fig. 10  Cross-sections of the recorded beachrock generations in all the locations surveyed on the coast of Delos and Rheneia Islands
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Table 1  Elevations of the seaward and landward top and base of each beachrock generation of the Mykonos–Delos–Rheneia island group
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Fig. 11  Average depths of each 
beachrock generation recorded 
along the coast of Mykonos, 
Delos and Rheneia Islands: a 
seaward base, b seaward top, c 
landward top, and d landward 
base
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5.2.6  Rheneia Island: Lazareto Bay

Rheneia Island (Fig. 1) is located close to Delos, indeed so 
close as to move Thucydides (3.104.2) to write that, upon 
its seizure by Polycrates, the tyrant of Samos dedicated 
Rheneia to Apollo of Delos, tying it to Delos with a chain. 

The southern part of the island belonged to the territory 
of ancient Delos, with a sanctuary dedicated to Artemis, 
and was used as a place of burial and birth of its inhabit-
ants, while land cultivation provided a large part of its rev-
enues to the sanctuary of the Delian Apollo. On the northern 
part of Rheneia Island was the town, with its cemeteries, 

Fig. 12  a, b, c Aerial views of the Kastro neighbourhood founded 
on a coastal rocky platform, today submerged, on the NW side of 
Mykonos Chora (retrieved from: https:// www. youtu be. com/, accessed 
9.5.2021). d, e, f Submerged foundations on the south (d) and north 
sides (e, f) of ‘Little Venice’ in Mykonos Chora. g View from the sea 

of the coastal buildings of ‘Little Venice’. h (i) Submerged founda-
tions of the coastal buildings of ‘Little Venice’. j The built bollards 
on the Ornos coast in Mykonos, today partly submerged between the 
landward side of beachrock generation V and the modern coast. k, l 
Views of the lower submerged part of the built bollards

https://www.youtube.com/
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sanctuaries, farmhouses, and various sources of wealth 
(YPPOA 2020).

On the eastern side of Rheneia, in Lazareto Bay (Figs. 1, 
8d), a mole running parallel to and within 40 m from the 
shore was first reported, surveyed and measured by Négris 
(1904) and republished later by Dalongeville et al. (2007), 
who added two underwater views of it. In fact, the mole had 
been constructed as a continuation of beachrock generations 
II and III towards the east, following the configuration of 
the coast of that time (Fig. 8b). According to Négris (1904), 
the three seaward sides of the mole are vertical, shaped by 
slabs placed in courses, and elaborated only on their exter-
nal side. The top of the mole is now at a depth of 1.25 m 
bmsl and the maximum depth of its base is at 2.60 m bmsl. 
Four, elongate stone blocks were fixed vertically to the mole. 
Only two of these are still in place, while the other two have 
collapsed and been displaced. They are about 3.70 m long, 
1.60 m wide, and 0.70 m thick. One of the still-fixed blocks, 
roughly cylindrical in shape, protruded from the sea about 
1 m. Négris (1904) suggested that the structure was a Roman 
wharf built on land along the shore of the time for the load-
ing and unloading of ships, and that the vertical blocks were 
bollards for the mooring of vessels.

On the eastern side of Lazareto Bay, there is a rubble 
mound breakwater; starting from the edge of the small prom-
ontory, this develops towards the south (Fig. 8b). Located 
on the same side of the bay as the wharf and opposite it, the 
breakwater most likely protected it from the S, SE winds, 
and waves. Some 100 m to the west of the end of the break-
water, a submerged pile of stones may have served as a light-
house or a signal post for ships, when the Lazareto harbour-
works were in use. Négris (1904) also reported submerged 
remains of walls of a building near the protection mole to the 
east, which was made of strongly cemented stones, and other 
submerged constructions in the southern part of Rheneia, 
probably belonging to either dwellings or tombs.

5.2.7  Mykonos Island: the Kastro of Chora

The Kastro neighbourhood in the northwestern section 
of Chora of Mykonos was built on a rough flat-topped 
rock (+ 10 m) (Fig. 12a, b, c). Archaeological findings 
provide evidence that the area was continuously in use 
since the Neolithic era (Konioti 2019; Pelekis 2019). The 
medieval castle (Kastro) was constructed in the early days 
of the Duchy of the Archipelago, more precisely, after the 
Fourth Crusade, when the Ghisi brothers took possession 
of Mykonos in 1207 (Konioti 2019). After 1537, during 
the period of Ottoman rule, there had been a fortified, 
walled-in, densely built seaside town of about 1000–1500 
people concentrated in an area of 7500  m2. The walls had 
three or four defence towers and three entrances, very few 

remains of which survive today. One of the entrances, the 
seashore entrance joining the Kastro with the harbour, was 
demolished in 1900; however, there is historic iconogra-
phy of Kastro dating back to the fourteenth century AD 
(Pelekis 2019). The waterfront remains of the foundations 
of the walls and parts of their masonry are situated at the 
NW end of Chora, on both sides of the ‘Little Venice” 
district, which once defined one of the four sides of the 
fortified Kastro. The northernmost coastal section of the 
Kastro settlement, part of which was unearthed by the 
recent archaeological excavations (Konioti 2019), rests 
on an even rocky platform, mostly artificially formed as 
indicated by the traces of cuttings that are still preserved 
there (Fig. 12f). The rocky platform extends for 40 m off-
shore and is sinking under the sea at a maximum depth of 
1.50 m bmsl. Its seaward edge is demarcated by a steep 
underwater slope. The foundations and parts of the castle 
superstructure, once built on dry land, are now submerged 
at 0.70 m to 1.10 m bmsl (Fig. 12e, f). At the south end 
of the ‘Little Venice’ district, the preserved foundations 
of the Venetian castle are now submerged at 0.75 m bmsl 
(Fig. 12d).

5.2.8  Mykonos Island: ‘Little Venice’

Throughout the eighteenth and nineteenth centuries, due to 
its geographic position, Mykonos was an important supply 
port for merchant ships sailing in the Aegean. The mid-
eighteenth century, in the area south of Kastro, saw the 
creation of the Alefkandra neighbourhood, where wealthy 
merchants and captains built their residences along the 
waterfront, with windows and doors facing the open sea 
and wooden balconies overhanging the sea (Fig. 12g). This 
picturesque district is widely known by the toponym ‘Lit-
tle Venice’. The thick walls of the houses were made of 
stones plastered with lime (Schmidt 2006), the foundations 
having been made on dry land either directly on the flat-
tened rock (mainly at the northern end of the district), or 
by utilising the older foundations of the castle (as on its 
southern side). Although it is hard to distinguish the older 
from the newer part of the foundations, the waterfront 
stairs of the houses today submerged provide evidence of 
submersion of the newer foundations of about 0.40 m to 
0.60 m bmsl (Fig. 12h,i).

5.2.9  Mykonos Island: built bollards on the Ornos coast

All along the easternmost part of Ornos Beach, four cylindri-
cal structures 1.70–2 m in diameter were constructed about 
17 m distant each other (Figs. 1, 3c, 9c, 12j). They are made 
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of rough stones, bound together with mortar. According to 
local fishermen, the bollards were most probably built in the 
early twentieth century, but this is not confirmed by written 
sources. The lower part of the built bollards is now sub-
merged at a depth of 0.48 m to 0.60 m bmsl (Fig. 12k, l). 
What is more important, the built bollards are located just 
behind the landward end of beachrock generation V, which 
demarcates the shoreline of the period when the bollards 
were in use.

5.3  Recalibrated 14C ages of beachrock generations

The conventional 14C ages of the M–D–R beachrocks were 
calibrated by Desruelles et al. (2009) using the curve of 
Hughen et al. (2004) and corrected for the local marine res-
ervoir effect with a ΔR = − 393 ± 40 year. This value was 
suggested by Facorellis and Maniatis (2002), exclusively for 
the first half of the fifth millennium BC in the case of the 
Neolithic settlement of Ftelia (Mykonos). In this study, we 
recalibrated the conventional 14C ages obtained by Desruel-
les et al. (2009) using the Marine13 curve and Calib 7.1 
software (Reimer et al. 2013; Stuiver et al. 2018) and we 
corrected these for the local marine reservoir effect with a 
mean ΔR = 58 ± 85 yr, as suggested by Reimer and McCor-
mac (2002) for the Mediterranean Sea. It should be noted 
that correction for the local marine reservoir effect using the 
different ΔR values suggested by Reimer and McCormac 
(2002) for the Aegean Sea and Piraeus yielded (2σ) ages not 
significantly differentiated than those suggested in this study 
and definitely falling within the same chronological range. 
The new radiocarbon ages are expressed in calibrated years 
BP and BC at 68% probability (1σ) and 95% probability (2σ) 
and are summarised in Table 2. Along general lines, the new 
recalibrated ages are almost all younger than the previously 
calibrated ages.

Although in the plutonic–volcanic geological regime 
of M–D–R, the sources of carbonate pollution are limited, 
radiocarbon dating on the ‘total sample’ proved problem-
atic, providing heterogeneous results some of which devi-
ated from the age/depth trend line. Desruelles et al. (2009) 
attributed the discrepancies in ages to turbulent sediment 
transit, mineralogical composition, cement ageing by car-
bonate clasts and micritic fillings, and the presence of non-
diagenetic micrite in the internal sediments, which rather 
tends to give older ages, as well as the embedded archaeo-
logical remains that give very recent ages in comparison 
with the overall tendency. In this regard, we have excluded 
from our reassessment, as did Desruelles et al. (2009), those 
ages that do not conform to the general model of beachrock 
formation: the deeper the beachrock generation, the older 
the dating. However, more importantly, both the original and 
recalibrated ages of beachrock generations II, III, IV, and V 
(Table 2), as categorised according to the depths determined 

in this study, are spread over a wide chronological range 
(e.g., 3.3 ka for beachrock II, 1.3 ka for beachrock III, and 
1.2 ka for beachrock IV). This necessitates verification of 
the radiometric ages by other methods, as strongly recom-
mended by Pirazzoli (2001). In this regard, we consider in 
our interpretation those values that are in agreement with the 
indirect geoarchaeological dating, that is the chronological 
range of the archaeological rsl indicators, which were in use 
during the respective periods of rsl stability in which the 
beachrock generations were formed. The two extremes of the 
chronological range for beachrock II (3.70 ± 0.20 m bmsl) 
are 1972 BC and 12 BC and for beachrock III (2.40 ± 0.25 m 
bmsl) 73 BC and 1272 AD. A certain age for beachrock 
generation IV (1.55 ± 0.25 m bmsl) is 1605–1615 AD. The 
remaining beachrock generations (I, V) are indirectly dated, 
solely on the basis of geoarchaeological criteria.

6  Discussion

6.1  Rsl reconstruction along the coast of M–D–R

The identified mean sea-level stands in M–D–R and those of 
the northern and central Cyclades are remarkably consistent 
in terms of depth and are both illustrated in the time-depth 
diagram of Fig. 13.

The deepest sea level (I) is determined by the deep-
est beachrock generation (I) found on Kalafatis coast at 
4.80 ± 0.10 m bmsl (Figs. 11a, 13, Table 1). The deepest sea-
level stand determined for the northern and central Cyclades 
at the same depth (5.00 ± 0.10 m bmsl) as that of Kalafatis 
is dated back to between the Late Neolithic and the end of 
the Early Bronze Age (4300 BC to 2000 BC), on the basis 
of good archaeological rsl markers from Keos Island and 
Paros-Antiparos Strait (Mourtzas 2010, 2018; Mourtzas and 
Kolaiti 1998, 2016; Kolaiti and Mourtzas 2020).

The depth of the seaward end of beachrock II recorded 
throughout M–D–R determines the next sea-level stand (II) 
at 3.70 ± 0.20 m bmsl (Figs. 11a, 13, Table 1). The protec-
tive rockfills in Skardanas Bay (top: 3.55 m bmsl) and on the 
coast by the ‘House on the Hill’ (top: 3.30 m bmsl) would 
have been functional during sea-level stand II. The respec-
tive sea-level stand identified in the northern and central 
Cyclades at 3.60 ± 0.20 m bmsl, based on many archaeo-
logical rsl markers, dates back to between the end of the 
Early Bronze Age (2000 BC) and the end of the late Hellen-
istic period (ca. 30 BC), and for M–D–R definitely after its 
destruction by Mithridates in 69 BC (Mendoni and Mourtzas 
1990; Mourtzas 2010, 2012; Mourtzas and Kolaiti 1998, 
2016; Kolaiti and Mourtzas 2020). The recalibrated 14C ages 
of the seaward and landward ends of beachrock generation 
II fall within this chronological range (1972 BC to 12 BC).
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Table 2  Radiocarbon ages of the Mykonos–Delos–Rheneia beachrocks, recalibrated and corrected for local marine reservoir effect

a Locations are shown in Fig. 1c
b Code of samples as given in Desruelles et al. (2009)
c Position of sample in reference to the landward or seaward end of the beachrock slab (s.e.: seaward end, l.e: landward end, m.: in the middle of 
beachrock). When the sample is taken from the landward end or middle of the beachrock, the depth of the seaward end is also mentioned in the 
corresponding note (see below, notes i to n)
d Depth of sampling (tide corrected) as given in Desruelles et al. (2009)
e Conventional 14C ages as published by Desruelles et al. (2009)
f The conventional 14C ages were calibrated by Desruelles et al. (2009) using the curve of Hughen et al. (2004) and corrected for local marine 
reservoir effect with a ΔR = -393 ± 40 yr, as suggested for the first half of the fifth millenium BC in the case of Ftelia (Mykonos) byFacorellis 
and Maniatis (2002)
g The conventional 14C ages obtained by Desruelles et al. (2009) were recalibrated in the present study using the curve Marine13 and Calib 7.1 
software (Reimer et al. 2013; Stuiver et al. 2018) and corrected for local marine reservoir effect with a mean ΔR = 58 ± 85 yr, as suggested by 
Reimer and McCormac (2002) for the Mediterranean Sea
h Average depth of each beachrock generation assessed in this study through multiple depth measurements on the same beachrock generation 
recorded in different locations (see Table 1). The values are corrected for tide and pressure at the time of the surveys and corrrespond to depths 
below mean sea level (bmsl)
i,j,k,l,m,n Depths (bmsl) of the seaward end measured by Desruelles et al. (2009): (i) 3.80–4.00 m, (j) 3.70–4.00 m, (k) 3.80 m, (l) 2.50 m, (m) 2.40 m, 
(n) 0.90 m

Locationa Sample 
 codeb

Sample 
 positionc

Sample 
 depthd

(m)

14C  agee

(yr BP)
Calibrated Age
(BC/AD)f

Recalibrated and reservoir corrected ages (present study)g

(1σ) cal age 
ranges
(yr BP)

(2σ) cal age 
ranges
(yr BP)

(1σ) cal age 
ranges
(BC/AD)

(2σ) cal age ranges
(BC/AD)

Beachrock generation II (3.70 ± 0.20 m bmsl)h

Kalafatis, 
Mykonos

A22 s.e 3.80 3185 ± 45 1112–964 BC 2785–3024 2722–3163 1075–836 BC 1214–773 BC

Kormou Ammos, 
Rheneia

Ε32 s.e 3.60 3815 ± 30 1867–1764 BC 3579–3813 3453–3921 1864–1630 BC 1972–1504 BC

Lazareto, Rheneia G22 s.e 3.20 2775 ± 30 650–487 BC 2316–2572 2240–2697 623–367 BC 266–260 BC
Agios Ioannis, 

Mykonos
B31 l.e.i 3.50 4860 ± 35 3309–3165 BC 4962–5232 4841–5298 3283–3013 BC 3349–2892 BC

Agios Sostis, 
Mykonos

C21a l.e.j 3.00 1750 ± 25 628–680 AD 1160–1336 1041–1433 614–790 AD 517–909 AD

Agios Sostis, 
Mykonos

C21b l.e.j 2.80 3745 ± 30 1770–1665 BC 3473–3709 3382–3831 1760–1524 BC 1882–1433 BC

Steni, Rheneia F21 l.e.k 3.40 2595 ± 30 380–294 BC 2101–2315 1961–2426 366–152 BC 477–12 BC
Beachrock generation III (2.40 ± 0.25 m bmsl)h

Agios loannis, 
Mykonos

B22 s.e 2.20 2265 ± 30 36–123 AD 1693–1913 1574–2022 37–257 AD 73BC-376AD

Steni, Rheneia F12 s.e 2.10 1380 ± 30 991–1055 AD 762–951 678–1050 999–1188 AD 900–1272 AD
Kormou Ammos, 

Rheneia
Ε22 s.e 1.50 2175 ± 30 137–229 AD 1591–1809 1492–1920 141–359 AD 30–458 AD

Lazareto, Rheneia G12 s.e 2.00 1635 ± 25 710–780 AD 1045–1235 941–1289 715–905 AD 661–1009 AD
Agios Ioannis, 

Mykonos
B21 l.e.l 1.45 2465 ± 45 235–82 BC 1909–2156 1827–2294 207 BC-41 AD 345 BC-123 AD

Fourni, Delos D21a l.e.m 1.80 1700 ± 30 661–720 AD 1103–1286 985–1363 664–847 AD 587–965 AD
Fourni, Delos D21b l.e.m 1.70 2545 ± 25 330–228 BC 2048–2277 1919–2337 328–99 BC 388 BC-31 AD
Beachrock generation IV (1.55 ± 0.25 m bmsl)h

Agios Ioannis, 
Mykonos

B11 s.e 1.25 1775 ± 40 596–672 AD 1173–1361 1062–1479 589–777 AD 471–888 AD

Agios Sostis, 
Mykonos

C12 s.e 1.30 970 ± 35 1349–1423 AD 462–610 355–662 1340–1488 AD 1605–1615 AD

Kalafatis, 
Mykonos

A11 m 1.00 1330 ± 35 1032–1122 AD 726–905 649–998 1045–1224 AD 952–1301 AD

Steni, Rheneia F11 m 1.00 1610 ± 30 723–811 AD 1014–1213 924–1274 737–936 AD 676–1026 AD
Beachrock generation V (0.80 ± 0.10 m bmsl)h

Kormou Ammos, 
Rheneia

E11 l.e.n 0.60 1300 ± 25 1058–1140 AD 707–880 638–957 1070–1243 AD 993–1312 AD
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Sea-level stand III is evidenced by beachrock gener-
ation III at 2.40 ± 0.25 m bmsl (Figs. 11a, 13, Table 1) 
found in many locations alongside the M–D–R coast. The 
Hellenistic remains embedded in beachrock III on the 
seafront of the ancient city are a terminus post quem for 
the beachrock formation, which postdates the collapsed 
embedded material. Beachrock III was definitely cemented 
after the Hellenistic coastal buildings had collapsed and 
been abandoned. Their ruins, along with the sea defence 
that once protected them (e.g., boulders, rockfills, and sea-
wall, which all are now aligned between the isobaths of 
2.00 m and 2.50 m), were located along the then coastline 
and subject to the cementation process (Fig. 14a). This 
is compelling evidence of the post-Hellenistic chronol-
ogy of this sea level. In the central and northern Cyclades 
(Fig. 13), this change occurred sometime between 30 BC 
(end of the Hellenistic period) and 41 AD (a chronology 
reported in a testimony that the ancient harbour of Palai-
opolis in West Andros was still in use) (Mourtzas 2007, 
2012, 2018; Kolaiti and Mourtzas 2020). It seems that sea 
level III may have lasted for one millennium or even more: 
on the one hand, the recalibrated 14C ages of beachrock III 
fall within these chronologies (73 BC to 1272 AD) and, 
on the other, the next sea-level stand (IV) has been ascer-
tained as the sea level during the Venetian domination of 
the Cyclades (thirteenth to sixteenth century AD).

The depth of the seaward end of beachrock IV found all 
along the M–D–R coast determines the sea-level stand IV 
at 1.55 ± 0.25 m bmsl (Figs. 11a, 13, Table 1), which as 
previously mentioned dates to the Venetian domination of 
the Cyclades (1207 to ca. 1566 AD, with Mykonos being 
occupied by the Ottomans in 1537). The rock-cut platform, 
foundations, and parts of the masonry of the Venetian castle 
in Chora (Mykonos) submerged up to a depth of 1.50 m bmsl 
suggest that the coastal part of the castle would have been 
constructed during an equivalent level or even slightly lower 
than the platform and the foundation level of the castle. The 
harbourworks in Lazareto Bay could have been functional at 
this sea level and are therefore associated with the Venetian 
period of M–D–R, and not dated to Hellenistic or Roman 
times as Négris (1904) suggested. In order for Négris to 
justify the functionality of the mole at the minimum sea 
level he had concluded (2.50 m lower than at present), he 
assumed that the ships approaching Lazareto Bay for load-
ing and unloading communicated with the wharf by mobile 
walkways. The vertical stone bollards may have been archi-
tectural elements that were integrated into the mole for a sec-
ondary use. A similar sea-level stand at 1.50 ± 0.20 m bmsl 
has been established by many geomorphological rsl indica-
tors throughout the northern and central Cyclades and, based 
on the indirect dating of archaeological sea-level markers, 

dates back to the Venetian period (Fig. 13). The shift to the 
next sea level (V) could be linked with the period between 
1649 and 1735, during which a series of strong seismic 
events and the eruption of the Kolumbo active submarine 
volcano off the NE coast Santorini in 1650 (Mourtzas 2018; 
Kolaiti and Mourtzas 2020). The recalibrated radiocarbon 
age of beachrock IV (1605–1615 AD) fully supports this 
assumption.

Sea-level stand V at 0.80 ± 0.10 m was determined by 
beachrock generation V formed on Mykonos and Delos 
coast (Figs. 11a, 13, Table 1). By correlating it with the 
depth of the foundations of the coastal buildings in ‘Lit-
tle Venice’ and the built bollards in Ornos Bay, it dates to 
the early nineteenth century. The respective sea level V at 
0.90 ± 0.20 m bmsl, established for the entire northern and 
central Cyclades (Fig. 13), is dated to after the Venetian 
period and during the Ottoman rule of the Cyclades (six-
teenth to nineteenth century). The change to the next sea 
level stand could be linked to the strong seismic sequence 
that struck Kythnos Island between 29.4.1891 and 11.5.1891 
(Mourtzas 2018; Kolaiti and Mourtzas 2020).

Finally, no evidence of the most recent sea level stand 
(VI) identified in the northern and central Cyclades at 
0.45 ± 0.15  m bmsl (Fig.  13) has so far been found in 
M–D–R. Sea level VI was determined by the depth of 
the well-incised marine tidal notches and well-developed 
beachrocks on the coast of Keos, Andros, and Paros Islands 
(Mendoni and Mourtzas 1990; Mourtzas 2010, 2018; Mourt-
zas and Kolaiti 1998, 2016; Kolaiti and Mourtzas 2020).

6.2  The rsl change curve for M–D–R in relation 
to the northern and central Cyclades

The rsl change history of the northern and central Cyclades 
during the last 6.3 ka, the periods of rsl stability, along with 
the corresponding periods of rsl stability for M–D–R, the 
estimated duration of each, and the interpolated periods of 
rsl change, are illustrated in Fig. 13. The curve of the rsl 
change represents the average rate of the rsl rise during the 
Late Holocene for the northern and central Cyclades.

The data indicate a coherent pattern of rsl rise at an 
average rate of 0.76  mm/year since the Late Neolithic 
(ca. 4300 BC), a period when the sea level was identified 
at 4.80 ± 0.10 m bmsl. The average rsl rise rate between 
sea-level stands I and II is 0.5 mm/year, while a significant 
acceleration is observed with estimated rates 3.70 mm/year 
between sea levels II and III, 1 mm/yr between III and IV, 
2.77 mm/yr between IV and V, and an extremely high rate of 
6.15 mm/year from the late nineteenth century to the present 
day. Moreover, by comparing the rsl change curve based on 
our observations with the predicted sea-level curve resulting 
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from the glacio-hydro-isostatic model for the Cyclades since 
6 ka BP (Lambeck 1995, 1996; Lambeck and Purcell 2005), 
we extract a remarkable tectonic component, ranging from 1 
to 1.20 m for sea levels II, III, and IV to 0.55 m for sea level 
V. These values, however, seem to be underestimated when 
compared with curves for Cyclades provided by other mod-
els, such as those detailed in Kolaiti and Mourtzas (2020), 
who, in an attempt to approach the geodynamic setting of 
the northern and central Cyclades, attributed the inferred 
long periods of rsl stability to long periods of tectonic quies-
cence, interrupted by strong deformation events that resulted 
in abrupt changes in the sea level.

6.3  M–D–R beachrocks

In this study, we attempted to reconstruct the rsl changes 
along the coast of M–D–R in relation to those of the cen-
tral and northern Cyclades, not only as deduced from all 
the available geomorphological and archaeological rsl 
markers, but also following a specific method of approach 

to the beachrocks as indicators of the former sea levels. A 
different approach was followed by Desruelles et al. (2009) 
in their study of the M–D–R beachrocks, so far considered 
a ‘standard’ method for the Aegean and other beachrocks 
(see Vacchi 2012; Mauz et al. 2015). The main difference 
lies in their assumption that the cement throughout the 
full width of a beachrock slab (landward end-seaward end) 
represents an intertidal diagenetic environment. In our 
approach, we accept that the formation environment also 
extends to the swash and backwash zone and even occa-
sionally to the spray zone (Pirazzoli 2001), thus ranging 
from slightly subtidal to supratidal, and only the seaward 
end of a beachrock slab represents the intertidal zone. 
This is further supported by the conclusion of Bernier 
and Dalongeville (1996) that diagenesis is similar in both 
the intertidal and the swash and backwash zones; hence, 
the results regarding the beachrock cement are indistin-
guishable. Through this prism, the method employed by 
Desruelles et al. (2009) entails a paradox. They accept 
that, for the same beachrock slab, the back-end (landward) 

Fig. 13  The rsl curve for the island group of Mykonos-Delos-Rheneia (M–D–R) during the last 6300 years with respect to the relative sea level 
(rsl) curve of the northern and central Cyclades (after Kolaiti and Mourtzas 2020)
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is theoretically the oldest, and the front-end (seaward) is 
the youngest, which essentially means that were formed 
in different periods, an argument they use to justify the 
heterogeneous radiocarbon chronologies obtained from 
the two ends of the same beachrock slab. However, for 
reconstructing the intertidal zone of a former sea level 
during which the beachrock was formed, they calculate 
the average elevation of the top of both beachrock ends, 
even though they suggest that they are of different age, 
assuming an uncertainty ± 0.50 m. From this, a second 
paradox arises: in a semi-submerged beachrock slab 
(landward end amsl, seaward end bmsl), the central axis 
of the reconstructed intertidal zone of a former sea level is 
located above the sea level. According to our approach, the 
seaward and deeper end of a beachrock slab is the oldest 
and the landward end is the youngest, since the latter is 
formed by a continuous sediment supply during a period 
of either rsl stability or a slight rise in sea level, during 
which this slab is formed. This conforms to the model 
of beachrock formation in an area subject to subsidence 
(Online Resource-Figs. B, C and D).

Only under two certain conditions would the assumptions 
made by Desruelles et al. (2009) be reasonable:

(a) The sea level should have been remained stable 
throughout the formation of each beachrock generation 
and the beachrock should have been cemented within an 
intertidal zone with a tidal range from 0.70 m to 1 m, 
according to the depths given in their study. However, 
in the microtidal environment of the central Aegean, the 
maximum tidal range is 0.28 m, the minimum 0.01 m, and 
the average 0.14 m (statistical data from the tide-gauge 
station of Syros, operated by the Hellenic Navy Hydro-
graphic Service-HNHS since 1979, TSDB 1990–2012).
(b) Given the microtidal range, each beachrock genera-
tion should have been formed during a continuously ris-
ing sea level at rapid rates. However, Desruelles et al. 
(2009) suggest that the beachrocks are formed within the 
intertidal zone during stages of shoreline stabilization 
(both eustatic and tectonic). In addition, considering the 
radiometric ages and the depth measurements provided 
by Desruelles et al. (2009) for the three beachrock genera-
tions that they determined, the rates of the rsl rise should 
be: 0.54 mm/year for the earliest and deepest beachrock 
generation (− 3.60 ± 0.50 m), 1.90 mm/year for the inter-

mediate beachrock generation (− 2.50 ± 0.50 m), and 
1.60 mm/year for the youngest and shallowest generation 
(− 1.00 ± 0.50 m). In essence, this means that the coastal 
sediments should have gradually cemented strictly in the 
intertidal zone with an average tidal range 0.14 m, while 
the sea level would have risen at extremely high rates.

Both conditions imply that the section of the beachrock 
slab of a maximum thickness 1 m below its upper sur-
face (Desruelles et al. 2009) would have formed within 
the subtidal zone. From the extensive list of Mauz et al. 
(2015), which includes some 50 research papers related to 
beachrocks all around the globe, it is deduced that all exam-
ined beachrocks are cemented in the intertidal and upper 
intertidal zone, while in only two locations is cementation 
in the supratidal zone suggested. There is no reference to 
beachrock cementation occurring at depths lower than the 
mean low tide and at elevations higher than the range of 
the swash and backwash zone and, in some cases, the spray 
zone (Vousdoukas et al. 2007; Mauz et al. 2015 and related 
references therein).

The thickness of a beachrock slab depends on the supply 
of sediment and the local hydrodynamic conditions (e.g., 
Ginsburg 1953; Shinn 1969; Chivas et al. 1986; Kelletat 
1988, 2006; Gischler and Lomando 1997; Ramkumar et al. 
2000; Vousdoukas et al. 2007). This accounts for the vari-
ation in thickness of the same beachrock generation from 
place to place and, therefore, the variation in depth of the 
top of the landward and seaward ends (Kolaiti 2019). The 
data presented in Table 1 clearly indicate that the depths 
of the base of the seaward end of each beachrock genera-
tion almost coincide, with small deviations (0.10–0.30 m), 
whereas those of the top of the seaward and landward ends 
exhibit a significant variance of up to 0.70 m. In addition, the 
thickness of beachrock generation Ι is 0.70 m, while genera-
tions ΙΙ and ΙΙΙ range from 0.10 m to 1.50 m, and generations 
ΙV and V from 0.10 m to 0.75 m. Therefore, when the depth 
of the top of the beachrock slab is measured according to 
Desruelles et al., these variations in thickness lead to high 
depth uncertainty.

The three sea-level stands suggested by Desruelles et al. 
(2009) were determined on the basis of a small sample size 
from only seven locations throughout M–D–R, which leads 
to a higher variability and margin of error. If the former sea 
levels were determined using the depth measurements of this 
study from 22 locations throughout M–D–R, but applying 
the method used by Desruelles et al. (average between ends), 
then we would have the following sea levels for each rsl sta-
bility phase: 0.90 ± 0.60 m instead of 1.00 ± 0.50 m bmsl for 
the first phase, 1.45 ± 0.70 m bmsl instead of 2.50 ± 0.50 m 
bmsl for the second phase, and 2.90 ± 0.70 m bmsl instead 
of 3.60 ± 0.50 m bmsl for the third phase.

Fig. 14  a The seafront of the ancient city of Delos. The coastlines 
during the historical period when the sea level was at 3.70 ± 0.20 m 
bmsl and 2.40 ± 0.25  m bmsl are indicated. b, c Palaeogeographic 
reconstruction of the ancient Delos seafront when the sea level was 
at: b 3.70 ± 0.20  m bmsl and c 2.40 ± 0.25  m bmsl. The elevations/
depths are based on Ardaillon (1896), recorded before the later 
human interventions that altered the coastal morphology of the coast, 
and Mourtzas (2012)

◂
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6.4  Palaeogeographic reconstruction of the Delos 
Strait and the seafront of the ancient city

Utilising the geomorphological and archaeological indi-
cators of the rsl change on the seafront of ancient Delos 
(Dûchene and Fraisse 2001; Dalongeville et al. 2007; Mourt-
zas 2012) and the soundings of Ardaillon (1896) acquired 
before the later significant changes in the coastal morphol-
ogy, a palaeogeographic reconstruction of the coast was 
attempted (Fig. 14). Tracing the ancient coastlines and their 
displacement over the course of time is of great importance 
in rsl change studies, but for the ‘sacred island’ this acquires 
even greater interest: “Delos has no walls to mark its bound-
aries, or gates and tombs to point to its entrance: the sea is 
the boundary and the harbours are the gates to the city of 
Delos” (Zarmakoupi 2018, 38).

With a sea-level stand at 3.70 ± 0.20 m bmsl, the coast 
by the ‘House on the Hill’ was 60 m wider than at present, 
while the protective rockfills along it would have protruded 
about 0.40 m from the then sea level (Fig. 14a, b). The coast 
of the so-called ‘sacred harbour’ [or main harbour, as it is 
referred to by Zarmakoupi (2015, 2018)], was 200 m wider 
than the current coastal zone, while the cove currently 
being created there was land. The coast of the ‘Commercial 
Quarter’ to the south extended 80 m into the sea (Fig. 14b). 
After the Hellenistic period (ca. 30 BC), the sea level rose 
by 1.30 m to 2.40 ± 0.25 m bmsl and caused the flooding 
of the coast by the ‘House on the Hill’, which shrunk by 
about 40 m. At that time, new sea defence works (boulders, 
rockfill, and seawall) were made along the then shoreline 
for the protection of the coastal buildings (Fig. 14a, c). The 
coast of the so-called ‘sacred harbour’ significantly shrank 
by about 30 m, with the current cove still being land. The 
coast of the ‘Commercial Quarter’ shrank by half and was 
only 40 m wider than at present.

Of great interest for the navigation of the time and 
approach of ships to Delos is the palaeogeography of the 
strait between the western coast of Delos and the eastern 
coast of Little and Great Rheumatiaris, the rocky islets. The 
strait today has a width of 150 m at its narrowest parts, with 
its depth not exceeding 5 m (Fig. 15a). During the prehis-
toric period when the sea level was 4.80 ± 0.10 m bmsl, 
Little Rheumatiaris (the northernmost islet) was joined to 
Delos by a sandy isthmus some 50 m wide, while Great 
Rheumatiaris was separated from Delos by a narrow and 
shallow (depth ≤ 1.50 m) waterway (Fig. 15b). When the 
sea level rose to 3.70 ± 0.20 m during the Classical and Hel-
lenistic periods, the strait between Delos and Little Rheuma-
tiaris did not exceed 60 m in width and 2 m in depth, while 
between Delos and Great Rheumatiaris it was 100 m wide 
and 2–3 m deep (Fig. 15c). Although the current coastal 
configuration exposes the seafront of the ancient city to the 
prevailing northerly winds and strong waves (Fig. 15a, rose 

diagram), at that time, it obviously would have been shel-
tered, allowing ancient ships to approach and anchor, with-
out the need for specific harbourworks (Fig. 15c) (Mourtzas 
2012; Zarmakoupi 2018; Nakas 2020). The narrow strait 
widened and deepened after the Hellenistic period, when the 
sea level rose to 2.40 ± 0.25 m bmsl (Fig. 15d).

6.5  Nicias and the ‘bridge of boats’

After the purification of Delos by the Athenians in the winter 
of 426/5 BC (e.g., Antoniadis 2019), the Delia were reor-
ganised into a penteteris1 (Thuc. 3.104). Towards the end 
of the fifth century BC, probably in 417 BC (e.g., Herbin 
2018), and definitely after the Peace of Nicias in 421 BC, the 
Athenian politician and general Nicias led the festal embassy 
from Athens to Delos, acting as architheore. Plutarch (Nic. 
3.5) narrates that Nicias with his choir, sacrificial victims, 
and other equipment did not land directly on Delos but 
landed first on the neighbouring island of Rheneia. Then, 
with the bridge of boats (‘ζεῦγμα’) which he had brought 
along with him from Athens, where it had been made to 
measure and signally adorned with gildings and dyed stuffs 
and garlands and tapestries, he spanned during the night 
the strait between Rheneia and Delos, which is not wide. At 
break of day, he led his festal procession in honor of the god, 
and his choir arrayed in lavish splendor and singing as it 
marched, across the bridge to land.2

Jebb (1880) rejected Plutarch’s narrative, suggesting 
Mikros Rheumatiaris (Little Rheumatiaris Islet) as Nicias’s 
landing-place, and estimated that a distance of about 150 
yards (137.16 m) was bridged, without taking into consid-
eration the then sea level. Négris (1904) excluded one sin-
gle bridge connecting Rheneia and Delos and argued that 
the two sea channels, that is between Rheneia and Megalos 
Rheumatiaris and between the latter and Delos, were about 
400 m wide, impossible to bridge in one night. For Négris, 
this could have been possible only if Nicias had landed in 
Megalos Rheumatiaris and bridged at least half the distance. 
A pioneer in the field of sea level changes, Négris reasoned 
that the sea level stand at the time of Nicias was at least 3 
m lower than at the beginning of the twentieth century, and 
suggested that Nicias had to bridge a narrow (approx. 70 m) 
and shallow (3-4 m) sea channel. Later scholars (e.g. Craw-
ford and Whitehead 1983; Dillon 1997; Emerson 1997; Wil-
son 2000; Evans 2010; Hubbart 2011; Athanassaki 2020-1) 

1 Penteteris (‘πεντετηρίς’): a space of four years elapsed between 
each and the next succeeding festival, according to the ancient mode 
of reckoning (retrieved from: https://www.perseus.tufts.edu/, accessed 
21 June 2023).
2 The English translation of Sect.  3.5 of Plutarch’s Lives (Life of 
Nicias) by Bernadotte Perrin (1916) and the Greek quotation were 
retrieved from: http:// www. perse us. tufts. edu/, accessed 10 Dec 2022.

http://www.perseus.tufts.edu/


Late Holocene relative sea‑level changes and coastal landscape readings in the island group…

1 3

Fig. 15  a The Delos Strait as it now stands. The inset shows the wind rose diagram. b, c, d Palaeogeographic reconstruction of the Delos Strait 
when the sea level was at: b 4.80 ± 0.10 m bmsl, c 3.70 ± 0.20 m bmsl, and d 2.40 ± 0.25 m bmsl
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reproduce Plutarch's narrative without questioning the fea-
sibility of this project, given the particular seascape, shore 
accessibility, strait bathymetry, fleet availability, weather 
conditions, and particular time constraint for the installation 
of Nicias’s ‘bridge of boats’: historiography from a geoar-
chaeological perspective.

Herodotus (7.33–7.36) provides technical details of how 
ships carrying bridges were used to bridge sea channels. At 
that time (fifth century BC), with the sea level 3.70 ± 0.20 m 
lower than at present, the strait between Delos and Rhe-
neia had a breadth of about 750 m and a depth of 16 m in 
its central part (Fig. 15c). Of greater significance, perhaps, 
the SE coast of Rheneia was mainly rocky, with only one 
stretch of sand where Nicias’s choir could land: just opposite 
the western coast of Great Rheumatiaris Islet, the eastern 
shore of which faced the coast of the Commercial Quarter, 
located some 500 m south of the sanctuary (Figs. 7e, 15c). 
As this does not match Plutarch’s description of one unique 
bridge of boats connecting Rheneia directly with Delos nor 
the route of Nicias’s procession to the sanctuary, the only 
reasonable hypothesis is that Plutarch implies the strait was 
spanned at some point between the Great (south) and Little 
(north) Rheumatiaris Islets (Fig. 15c).

If this hypothesis were true, to bridge the distance 
between Delos and Rheneia Islands (~ 750 m), Nicias would 
have had to accurately pre-dimension the bridge project, and 
have brought along some 95 triremes, with a gap between 
them estimated at 3 m, cables weighing at least 50 tn, proper 
anchors with long ropes to hold the ships in place until they 
were fastened to the cables (preventing displacement due 
to the currents and undercurrents caused by the prevailing 
north wind), and wooden logs for the bridge deck. Moreover, 
he would have had to provide appropriate bollards of some 
meters in diameter to fasten the cables on both shores, of 
which no remains have been mentioned so far. Considering 
that the date of the festival is assigned most probably to the 
month of Hieros, the second month in the Delian calendar 
(Arnold 1933) or alternatively to the month of Thargelion, 
the fifth month in the Delian calendar (Jebb 1880; Arnold 
1933), which roughly correspond to January–February and 
April–May, respectively, the difficulties that may have been 
caused by winter winds or storms during the implementation 
of the project become obvious (Herodotus 7.34; Hammond 
and Roseman 1996).

Even if we assume that the weather conditions were 
favourable and accept that all the preparatory tasks were 
rightly accomplished, under no circumstances would it have 
been possible to set up such a bridge overnight, as Plutarch 
narrates, unless he exaggerates to overemphasise Nicias’s 
capability. After all, Plutarch came along some five cen-
turies later than Herodotus, as did Nicias himself, for that 
matter, and it is likely he rather wanted to convey Nicias’s 
procession crossing the bridge as an impressive, wealthy, 

and glorious display for the Pan-Ionians standing on the 
opposite shore, communicating a political message from the 
leading state of the Delian league (Athanassaki 2020–1), 
than to deal with the practicalities of whether or not this 
project could actually have been carried out overnight. The 
most reasonable scenario is that Nicias with his choir, sac-
rificial victims, and other equipment (fn 1) landed on Little 
Rheumatiaris Islet, located opposite the waterfront of the 
ancient city. The distance between the shores of Delos and 
the islet would have been less than 60 m at the narrowest 
part (which is consistent with Plutarch’s description of a 
narrow strait) and a sea depth not exceeding 2 m at the mid-
point (Fig. 15c). This narrow waterway was fully protected 
against winds in all weathers. Nicias could have set up the 
bridge of boats in one night, placing about seven triremes in 
a series leaving a gap of some 3 m between them, without 
the need for a large amount of heavy materials and spe-
cial equipment to construct the bridge for his procession, 
and more importantly without the risk of his project failing 
(Fig. 15c). Next morning, the amazed Pan-Ionians would 
have witnessed the spectacle of Nicias leading a magnificent 
and perhaps extravagant procession slowly across the bridge 
signally adorned with gildings and dyed stuffs and garlands 
and tapestries (fn 1), alighting upon the Sacred Island, and 
heading towards the temple of Apollo.

7  Conclusions

The rsl changes in M–D–R during the last 6300 years, sub-
stantiated by robust evidence of geomorphological and cor-
relative archaeological sea-level markers, clearly point to a 
prominent marine transgression in the coastal area of the 
island group. This has significantly changed the position of 
the coastline and drastically affected both the coastal land-
scape and the interrelated seascape, featuring the interplay 
between human history and geography.

The indicators of the rsl change recorded and studied all 
along the coast of Mykonos, Delos, and Rheneia, provide a 
coherent pattern of rsl rise from the Late Neolithic period 
onward. Previous rsl reconstructions, which are also based 
on beachrocks as indicators of the rsl change, exhibit meth-
odological gaps in the interpretation of the geomorphologi-
cal indicator, insufficient field data and small sample size, 
and the sole use of absolute radiocarbon dating of carbonate 
cements uncorroborated by indirect dating of archaeologi-
cal rsl markers. This has engendered underestimation of the 
number of former sea-level stands and their depth in relation 
to the mean sea level, as well as the chronological range of 
the rsl stability.

As accurate as possible an estimate of the number, depth 
and age of the Late Holocene sea-level stands is absolutely 
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essential for a palaeogeographic reconstruction of the 
numerous coastal archaeological sites in the Aegean that 
leads to a deeper understanding of the interaction between 
human and coastal environment during prehistoric times and 
historical antiquity.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42990- 023- 00104-4.
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