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Abstract: This study examines the relative sea-level changes during the Upper Holocene
period along the south coastline of Cyprus through the investigation of beachrock for-
mations and their impact on archaeological sites. Beachrock, as a natural indicator of
past relative sea levels, provides valuable insights into the dynamic interplay between
sea-level fluctuations and human settlements. The research integrates field observations,
mineralogical and geochemical analysis, geochronological studies, and archaeological data
to reconstruct past sea-level variations and their implications for coastal archaeological
sites. The results reveal significant fluctuations in relative sea levels during the Upper
Holocene, influencing the development and occupation of coastal archaeological sites.
By elucidating the complex relationship between sea-level changes and human activity,
this study contributes to our understanding of past coastal environments and their socio-
cultural dynamics. Moreover, it underscores the importance of considering geological
factors in archaeological interpretations and coastal management strategies in the face of
contemporary sea-level rise.

Keywords: relative sea-level fluctuation; geomorphology; geoarchaeology; eastern Mediter-
ranean; palaeogeographic reconstruction

1. Introduction
Beachrock formation and relative sea-level change are two interlinked geological and

environmental processes that have played important roles in shaping coastal landscapes
and understanding the Earth’s dynamic history [1–3]. Beachrock, a distinctive geological
formation, serves as a tangible record of the relationship between the sea and the land.
The sea level, on the other hand, is a dynamic parameter that dictates the boundaries of
coastlines and influences the formation and preservation of beachrock [4–7]. Together, these
two phenomena provide insights into environmental changes and coastal changes, and the
ongoing challenges posed by rising sea levels for human activities [8–11].

Throughout the Earth’s history, sea levels have been subject to dynamic changes driven
by a complex interplay of climatic, tectonic, and oceanographic factors [7,12–14]. In the eastern
Mediterranean, these fluctuations have left their mark on coastal environments, profoundly
influencing human civilisation, biodiversity, and geological processes [5,6,10,15].

Geosciences 2025, 15, 137 https://doi.org/10.3390/geosciences15040137

https://doi.org/10.3390/geosciences15040137
https://doi.org/10.3390/geosciences15040137
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com
https://orcid.org/0000-0001-9841-8023
https://orcid.org/0000-0001-5759-782X
https://orcid.org/0000-0001-9956-3804
https://doi.org/10.3390/geosciences15040137
https://www.mdpi.com/article/10.3390/geosciences15040137?type=check_update&version=1


Geosciences 2025, 15, 137 2 of 19

Numerous studies have taken place in the Mediterranean studying relative sea-level
changes [16–19]. Different relative sea level (RSL) estimates are derived from different
areas of the Mediterranean owing mainly to the active tectonics of the eastern part. On the
Tyrrhenian coasts of Italy, Evelpidou et al., (2012) [20] estimated that during the Roman
period, the relative sea level was located between 32 ± 5 cm and 58 ± 5 lower than present,
based on detailed research on fish tanks. On the coasts of Israel, Sivan et al., (2001) [21]
estimated that the RSL was lower than −3 to −4.5 m at 6000 BP and remained below
the present level until 2000–3000 BP, based on archaeological observations and model
predictions. Conversely, evidence from the coastal zone of Greece is characterised by
different rates and modes due to the active tectonic regime. In the central Cyclades, Karkani
et al., (2019) [19] estimated an RSL that rose by about 2 m in the last 2000 years and by more
than 3.9 m since about 4500 years BP. On the other hand, Crete is characterised by blocks
with variable vertical displacements [22].

As global climate change accelerates, understanding and quantifying the region’s past
sea level dynamics becomes increasingly vital for anticipating future coastal vulnerabilities
and devising effective mitigation strategies [23–25]. Amongst the various coastal features
that testify to past sea-level changes, beachrock can be very useful in quantifying RSL
changes and coastal evolution. Beachrock has been extensively studied from around
the world, and its formation, texture, and geometry have enabled numerous hypotheses
about Holocene-relative or eustatic sea-level fluctuations [1,2,5,6,11,26,27]. Their basic
characteristics like lithology and mineralogy [1,2,4,11,27] make them useful as robust
sea-level index points (SLIPs) in the Mediterranean, in locations with tidal ranges less
than 1 m [6,11,28,29]. The complex mineralogical, chemical, and lithological composition
of beachrock offers a unique and valuable dataset to unravel the history of sea-level
fluctuations in this region.

In this paper, we examine the formation, composition, and geochemical signatures of
these coastal features, to reconstruct a comprehensive chronicle of RSL changes over the
middle and upper Holocene along the south coast of Cyprus. Through this investigation, we
endeavour to shed light on the coastline changes caused by relative sea-level fluctuations,
and their influence on human activities in the coastal zone.

This study resonates with broader archaeological research issues as a more profound
understanding of past sea-level variability provides a stable basis for the study of archeo-
logical coastal remains in relation to the paleoshorline, sustainable coastal management,
safeguarding cultural heritage, and protecting the vulnerable ecosystems that line the
shores of the eastern Mediterranean.

2. Study Area and Regional Tectonic Framework
The prominent geomorphic features of the island of Cyprus are mountainous areas

to the north and south, a central plain, and several scattered alluvial coastal plains along
the southern coast (Figure 1). Marine terraces are widely developed from 2 m to 360 m
above mean sea level (a.m.s.l.) in southern Cyprus [30]. According to the long-term
temperature and precipitation data, Cyprus has the typical Mediterranean climate regime
characterised by average air temperatures of 19.9 ◦C to 19.3 ◦C, and average precipitation
ranging between 481 mm and 310 mm, respectively [30]. Based on Danezis et al. (2020) [24],
the tidal range is between 0.26 and 0.30 m, which is classified as a micro-tidal range.
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Figure 1. Geological zones of the study area and location of the beachrock (green symbol). Red sym-
bols represent the coastal and near-shore underwater archaeological sites at the south coast of Cy-
prus. 

Long-term tectonic uplift focused on the Troodos Mountain was the dominant con-
trol of geomorphology and fluvial deposition [31]. However, shorter-term climatic 
changes (on Milankovitch timescales) also played a key role [32,33]. Similar climatic influ-
ence is inferred for many other areas undergoing tectonic uplift, including Calabria [34] 
and south-central Australia [35]. Eustatic sea-level oscillations of up to c. 130 m took place 
during the Last Glacial Maximum (19,000 and 30,000 years ago) [36]. 

During the Holocene, the tectonic evolution of Cyprus was primarily influenced by 
the interactions of the African, Eurasian, and Arabian plates. A significant factor in this 
evolution was the westward escape of the Anatolian microplate, which was driven by the 
northward subduction of the Hellenic Arc and the resulting asthenospheric flow in the 
Aegean region [37]. The motion of Anatolia was accommodated by deformation along the 
major fault systems, such as the East Anatolian, North Anatolian, and Dead Sea Transform 
faults, which intersect near Cyprus [38,39]. The Dead Sea Transform and East Anatolian 
faults exhibit left-lateral strike-slip motion, while the North Anatolian fault is character-
ised by right-lateral strike-slip movement [40,41]. These fault systems have shaped the 
region over time, and the Latakia Ridge, in particular, transitioned from a compressional 
to a strike-slip regime during the late Miocene to Holocene, driven by the changes in re-
gional tectonic stresses [42,43]. 

In addition, the early Pliocene collision of the African plate with the Cyprus Arc ini-
tiated subduction beneath the arc, contributing to the uplift of Cyprus [39,44]. This tec-
tonic interaction continued into the Holocene, with the African plate moving north-

Figure 1. Geological zones of the study area and location of the beachrock (green symbol). Red symbols
represent the coastal and near-shore underwater archaeological sites at the south coast of Cyprus.

Long-term tectonic uplift focused on the Troodos Mountain was the dominant control
of geomorphology and fluvial deposition [30]. However, shorter-term climatic changes (on
Milankovitch timescales) also played a key role [31,32]. Similar climatic influence is inferred
for many other areas undergoing tectonic uplift, including Calabria [33] and south-central
Australia [34]. Eustatic sea-level oscillations of up to c. 130 m took place during the Last
Glacial Maximum (19,000 and 30,000 years ago) [35].

During the Holocene, the tectonic evolution of Cyprus was primarily influenced by
the interactions of the African, Eurasian, and Arabian plates. A significant factor in this
evolution was the westward escape of the Anatolian microplate, which was driven by the
northward subduction of the Hellenic Arc and the resulting asthenospheric flow in the
Aegean region [36]. The motion of Anatolia was accommodated by deformation along the
major fault systems, such as the East Anatolian, North Anatolian, and Dead Sea Transform
faults, which intersect near Cyprus [37,38]. The Dead Sea Transform and East Anatolian
faults exhibit left-lateral strike-slip motion, while the North Anatolian fault is characterised
by right-lateral strike-slip movement [39,40]. These fault systems have shaped the region
over time, and the Latakia Ridge, in particular, transitioned from a compressional to a
strike-slip regime during the late Miocene to Holocene, driven by the changes in regional
tectonic stresses [41,42].

In addition, the early Pliocene collision of the African plate with the Cyprus Arc initi-
ated subduction beneath the arc, contributing to the uplift of Cyprus [38,43]. This tectonic
interaction continued into the Holocene, with the African plate moving north-northwest
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and the Anatolian plate undergoing counterclockwise rotation [44,45]. These movements
facilitated left-lateral strike-slip motion along the Latakia Ridge, further influencing the
region’s tectonic dynamics [46]. The cumulative effects of these tectonic forces, includ-
ing faulting and seismic activity, have been crucial in the geological shaping of Cyprus,
contributing to both the island’s uplift and its seismic characteristics during the Holocene
period [40,41].

3. Archaeological Context
The southern coast of Cyprus preserves several coastal archaeological and historical

sites dating from the Epipalaeolithic period to the Ottoman period (Figure 1). Different
types of sites are preserved, such as harbour structures, anchorages, coastal settlements,
tombs, fortifications, quarries, and individual finds, some submerged or semi-submerged,
while others are on the shoreline or along the coast a distance of a few metres from the sea.

These archaeological sites contribute to reconstructing the maritime history of the is-
land while testifying to the diachronic changes in the coastline. The earliest human presence
on the island is attested in the south-central coast of Cyprus, in the site, Akrotiri Aetokrem-
nos, dating to the Epipalaeolithic period (11,000–9000 BCE, 12,950–10,950 BP) [47,48]. From
the Initial Aceramic Neolithic to the Late Chalcolithic (9000–2400 BCE, 10,950–4350 BP),
habitation on the coast was scarce (i.e., Kissonerga Mylouthkia, Maa Palaiokastro) [49].
In the Bronze Age (2450–1100 BCE, 4400–3050 BP) though, especially in the Middle and
Late Bronze Age, an intense habitation of the coastline driven by the need to secure the
export of copper is attested to through coastal sites located not far from copper resources
(i.e., Enkomi, Hala Sultan Tekke) [50]. These settlements prepared the ground for the Iron
Age (1100–450 BCE, 3050–2400 BP) Cypriot polities [51,52] which were also mainly located
along the coast. In the Classical period (450–310 BCE, 2400–2260 BP), the Cypriot polities
continued to occupy most of the coastline leading to an intense occupation and alteration
of the coastscape with the construction of the earliest known harbours of the island [53]. In
the Hellenistic period (310–30 BCE, 2260–1980 BP), the arrival of Ptolemy on the island led
to the abolishment of the Cypriot polities [54]. Most of these centres of power, however,
continued to be inhabited until the Byzantine period. During these times, especially in the
Roman (30 BCE–284 CE, 1980–1666 BP) and Byzantine periods (284–1191 CE, 1666–759 BP),
several small sites spread along the coastline and are attested to today through harbour
structures, wells, quarries, anchorages, and other remains (i.e., Akrotiri-Dreamer’s Bay,
Kioni, Amathous, Avdimou) [55,56]. The habitation of the coast decreased significantly
with the Arab raids (around the 7th century AD-1250 BP) but never ceased [57] as remains
from Medieval (1191–1571 CE, 759–379BP) and Ottoman times (1571–1878 CE, 379–72 BP)
(i.e., the Larnaca and Nea Paphos castle) up until the 19th and 20th centuries (i.e., harbour
structures built by the British) are still visible today.

The archaeological documentation and study of coastal sites in Cyprus have been
ongoing since the 1930s with the first documentation of the harbour of Karpasia-Ayios
Philon being produced by Joan du Plat Taylor [58]. Several surveys along the coastline
mapped underwater and coastal remains throughout the years [58,59]. However, despite
these efforts, the geoarchaeological study of these sites has been systematically applied in
only two coastal sites, Hala Sultan Tekke [9] and Kition [10,60]. However, only in Kition’s
naval harbour basin have relative sea-level-change estimations been based on cores and
the detailed documentation of the shipsheds, providing a relative sea level for the Classical
period of +0.80 m (±0.20 m) [60]. The lack of detailed measurements and geoarchaeological
studies in the majority of the coastal archaeological sites leaves pending questions regarding
the location of the paleo coastline, the change in the RSL in the long durée and its impact
on the preservation and localisation of archaeological sites.
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4. Methodology
4.1. Fieldwork and Laboratory

Beachrock was mapped in detail with a differential global positioning system (DGPS)
and global navigation satellite system (GNSS) system receiver (Spectra SP60, Spectra
Geospatial, Westminster, CO, USA, JGC, Marousi Attica, Greece). At each site, beachrock
characteristics were recorded in detail, i.e., elevation/depth (in relation to the mean sea
level), length, and width, with an accuracy of 3 cm. One or more transects were accom-
plished at each site, which also included sampling of the beachrock slabs (Figure 2).
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Figure 2. Characteristic photos of beachrock from the study areas (a) Pafos airport beachrock,
(b) Amathous beachrock, (c) Pyla beachrock, and (d) Xylophagou beachrock.

Beachrock samples were collected from the top bed for microscopic analysis. Eight
thin sections were prepared for petrographic and microstratigraphic analysis aiming to
determine the constituents, the presence of bioclasts, and the cement types. Beachrock
samples were retrieved from the most seaward and landward parts of each slab as they are
considered the most representative. The thin sections were examined through the use of
a Leica DMLP (Leica Microsystems GmbH, Wetzlar, Germany) petrographic microscope
with a digital camera and the corresponding image treatment software.

The bulk mineralogy of the samples was determined via X-ray diffraction (XRD),
using a Panalytical X’pert- Pro X-Ray diffractometer with a Cu X-ray tube (Kα of Cu,
λ = 1.5405 Ǻ), graphite monochromator, an applied voltage of 30 kV, and a 40 mA current.
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The random powder mounts of samples, prepared via back loading, were scanned from
2◦ to 70◦ 2θ. Powder diffraction data were collected at room temperature, and evaluated
using the XPert High-Score (Version 2004) (PANalytical B.V., Almelo, The Netherlands),
EVA software V6 provided by Bruker (Bruker AXS GmbH, Karlsruhe, Germany) and
DIFFRACplus EVA v12.0. and managed using the PDF-2 database (International Centre for
Diffraction Data, Newtown Square, PA, USA).

4.2. Luminescence Dating

The beachrock was dated by using the optically stimulated luminescence (OSL) dating
of quartz. Seven samples in total were collected, packed, and shipped according to the
Luminescence Dating Laboratory instructions. The samples were processed at the Lumi-
nescence Dating Laboratory of the Institute of Physics, Silesian University of Technology,
Poland. Quartz grains of 125–200 µm size were selected for use. A germanium spectrometer
was used to determine the radioactivity dose rate. The determination of the equivalent
dose was measured using the single aliquot regeneration protocol (OSL-SAR) [61].

4.3. Reconstruction of the Relative Sea Level

The beachrock data collected were used to reconstruct the RSL changes in our study
area, through the production of Sea-Level Index Points (SLIPs) [62–64]. This methodology
has been used in several recent Mediterranean studies [11,16,19,26,65]. For the dated
samples, SLIPs are calculated based on the following equation:

SLIPn = An − RWLn

where An is the altitude of the indicator (beachrock), and RWLn is the reference water level
for that marker. The vertical errors for each SLIP included the indicative range and an error
of ±0.03 m for the samples’ altitude [62].

SLIPs were produced for the beachrock samples that indicate a clear intertidal forma-
tion, based on their cement characteristics [29].

5. Results
5.1. Beachrock Distribution

Detailed spatial mapping of the exposed beachrock of South Cyprus was performed
during the summers of 2021 and 2022. The analysis included the beachrock of the areas:
Paphos Airport (PA), Amathous (AM), Pyla (PL), and Xylophagou (PV) (Figure 1).

The beachrock located near Paphos airport is composed of thin (3–5 cm thickness) pile
layers of sediments with a plane-parallel seaward dip. The beachrock is quite extensive
without signs of alterations such as broken parts and/or any gravitational signs or any
vertical erosional features. The beachrock is located under a footwall of local calcareous
sandstone. The exposed slab of the beachrock is 30 m long, mainly parallel to the base level
and situated between +0.5 and −0.5 m to the mean sea level (Figure 3).

The Amathous beachrock presents a special case as it is located in the middle of the
submerged port of Amathous [66]. The beachrock is characterised by a thick sediment
composition with an almost plane-parallel seaward dip of around 2◦. The beachrock
outcrop is submerged −1 m deep and has a short width of 2.5 m and height of 10 cm
(Figure 4).
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The Pyla beachrock consists of fine-grained sand with a thick plane-parallel seaward
dip of 5◦. The beachrock is situated approximately 10 m from the current coastline with a
temporal tombolo formed at its landward part. The beachrock outcrop has a length of 72 m
and width of 10 m, and lies between +0.3 and −1 m to the mean sea level (Figure 5).
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Figure 5. Representation of beach and beachrock profiles for Pyla site. Blue line indicates the local
m.s.l. Samples used for OSL dating and microscopic analysis are indicated by the star symbol.

The final studied beachrock is located at Xylophagou. The beachrock slab is extensive
and well formed with a seaward dip of 8◦. The beachrock slab is observed covering a
pocket beach having a length of 57 m and a width of 13 m, and is situated between +0.42 m
and −0.45 m to the mean sea level (Figure 6).
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5.2. Cement Morphology

All the observed beachrock samples show a coherent pattern with sub-rounded and
well to medium sorted grains with a limited bioclasts presence (<10%). The examination of
the beachrock cements from Paphos airport, Amathous, Pyla, and Xylophagou showed that
the micritic High Magnesium Calcite (HMC) [(Ca,Mg)CO3] cement was the most dominant
in all the samples (Table 1). The Paphos airport beachrock consists mainly of lithoclasts
as bioclasts are absent. Both samples PA17 and PA31 are characterised by thin micritic
(<10 µm) cement forming an isopachous coating around the sediment grains (Figure 7). The
seaward sample, PABrS31, is composed of bladed cements while matrix and pore-filling
cements were observed consisting of very fine sedimentary particles (5−20 µm) resulting
in a coherent coating. Furthermore, the PA31 sample has brown micritic cement forming
an outer film.

Table 1. XRD results.

Sample Cement Type

PA17 Quartz, Calcium Carbonate, Hornblende, Albite, Clinochlore, Clinopyroxene, Clinochrysotile
PA31 Quartz, Calcium Carbonate, Manganocalcite, Albite, Clinochlore, Clinopyroxene
AM26 Quartz, Calcium Carbonate, Magnesiohornblende, Albite, Clinochlore, Clinopyroxene, Dolomite
PL30 Quartz, Calcium Carbonate, Magnesiohornblende, Albite, Clinochlore, Clinopyroxene, Aragonite
PV7 Quartz, Calcium Carbonate, Magnesiohornblende, Albite, Clinochlore, Clinopyroxene

PV15 Quartz, Calcium Carbonate, Magnesiohornblende, Albite, Clinochlore, Clinopyroxene, Epidote, Montmorillonite
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nification, scale 500 µm. Thin micritic HMC cement is coating lithoclast grains while filling pores 
and micro particles as matrix. SEM images (c) sample PA17, scale 50 µm. The micritic HMC cement 
is covering the grains as a pore-filling HMC cement. (d) Sample PA31, scale 100 µm. Micritic HMC 

Figure 7. Paphos airport sample analysis; abbreviations: Mc.Cal., micritic High Magnesium Calcite,
Bio., biogenic calcite/shells. Polarised microscopy images (a) sample PA17, 20× magnification,
scale 200 µm. Micritic HMC cement is coating mineral and lithoclast grains. (b) Sample PA31, 10×
magnification, scale 500 µm. Thin micritic HMC cement is coating lithoclast grains while filling
pores and micro particles as matrix. SEM images (c) sample PA17, scale 50 µm. The micritic HMC
cement is covering the grains as a pore-filling HMC cement. (d) Sample PA31, scale 100 µm. Micritic
HMC cement is covering the sediment lithoclast, and biological grains, pore-filling HMC cement,
and matrix are observed.
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The Amathous beachrock consists mainly of lithoclasts. The sample, AM1, is char-
acterised by micritic (<20 µm) cement forming acicular cement (Figure 8). The observed
cement homogenously covers the pores while forming a thin outer brown-coloured film on
sediments. The sample, AM26, is characterised by thick micritic cement (50–100 µm) around
lithoclast and bioclast grains as well as forming an isopachous coating around the sediment
grains. Pore-filling cements were also observed resulting in a coherent cementation.
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The Pyla beachrock samples consist mainly of lithoclasts as bioclasts are absent. Both 
samples are characterised by thin micritic (10–20 µm) cement forming a bladed iso-
pachous coating around the sediment grains (Figure 9). The cement is observed to homog-
enously fill the pores while sample PL30 formed a thin outer brown-coloured film on sed-
iments. The seaward sample PL37 is observed with matrix formation consisting of very 
fine sedimentary particles and cemental concentrations forming pellets. The pore-filling 
cements resulted in a coherent cementation. 

Figure 8. Amathous sample analysis; abbreviations: Mc.Cal., micritic High Magnesium Calcite, Bio.,
biogenic calcite/shells. Polarised microscopy images (a) sample AM1, 20× magnification, scale 250 µm.
Micritic HMC cement is coating mineral and lithoclast grains. (b) Sample AM26, 10× magnification,
scale 500 µm. Thin micritic HMC cement is coating lithoclast and bioclasts grains while filling pores.
SEM images (c) sample AM1, scale 50 µm. The micritic HMC cement covers the grains as a pore-filling
cement. (d) Sample AM26, scale 500 µm. Micritic HMC cement covers the sediment lithoclast, and
pore-filling HMC cement and meniscus are observed.

The Pyla beachrock samples consist mainly of lithoclasts as bioclasts are absent. Both
samples are characterised by thin micritic (10–20 µm) cement forming a bladed isopachous
coating around the sediment grains (Figure 9). The cement is observed to homogenously fill
the pores while sample PL30 formed a thin outer brown-coloured film on sediments. The
seaward sample PL37 is observed with matrix formation consisting of very fine sedimentary
particles and cemental concentrations forming pellets. The pore-filling cements resulted in
a coherent cementation.
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The observed binding material between grains is mostly upper-middle intertidal ce-
ment in all the samples of the four study areas. The cements of the upper intertidal zone 
are associated with detrital constituents (rock and shell fragments) which are present in 
all the samples. Additionally, the presence of isopachous micritic coating cement crystals 
is another indication of the beachrock formation in the intertidal zone. The analysed sam-
ples also exhibited a lack of meteoric cement which usually consists of LMC cements with 
sparse micritic crystals forming a meniscus [30] . 

Through the integration of microscopic analysis and a comprehensive field survey, 
we have substantiated that all the examined samples are indeed beachrock samples fea-
turing intertidal cement. Consequently, the identified formation zone for the samples se-
lected for OSL dating was the intertidal zone. 

Figure 9. Pyla sample analysis; abbreviations: Mc.Cal., micritic High Magnesium Calcite. Polarised
microscopy images (a) sample PL30, 20× magnification, scale 250 µm. Micritic HMC isopachous
cement is coating mineral and lithoclast grains. (b) Sample PL37, 10× magnification, scale 500 µm.
Thin micritic HMC cement is coating minerals and lithoclast grains. SEM images (c) sample PL30,
scale 20 µm. The micritic HMC cement is binding two sediment grains, and the bladed isopachous
form is well observed. (d) Sample PL37, scale 10 µm. Thin micritic HMC cement is binding two
sediment grains; the bladed isopachous form is well observed.

The Xylophagou beachrock samples consist of lithoclast and bioclast sediment grains.
Both samples, PV7 and PV15, are characterised by a thin isopachous micritic (20 µm) cement
formation coating the sediment grains (Figure 10). The cement is observed to homogenously
cover the pores, while in sample PV7, a thin outer brown-coloured biomicritic film formed
on sediments as well as cemental concentrations forming pellets. The PV17 sample yielded
additional sparitic cement and locally, the cement fringes reached 40 µm. The bioclasts cover
nearly 20% of the sample surface. The pore-filling cements resulted in a coherent cementation.

The observed binding material between grains is mostly upper-middle intertidal
cement in all the samples of the four study areas. The cements of the upper intertidal zone
are associated with detrital constituents (rock and shell fragments) which are present in all
the samples. Additionally, the presence of isopachous micritic coating cement crystals is
another indication of the beachrock formation in the intertidal zone. The analysed samples
also exhibited a lack of meteoric cement which usually consists of LMC cements with sparse
micritic crystals forming a meniscus [29].
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(d) Sample PV15, scale 200 µm. Thin micritic HMC cement covering sediment grains; a notable 
number of bioclasts are observed. 
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m. The samples collected from Xylophagou (PV7 and PV15) provided ages of 2.17 ka and 

Figure 10. Xylophagou sample analysis; abbreviations: Mc.Cal., micritic High Magnesium Calcite.
Polarised microscopy images (a) sample PV7, 20× magnification, scale 250 µm. Micritic HMC
isopachous cement coating lithoclast and bioclast grains. (b) Sample PV15, 10× magnification, scale
500 µm. Micritic HMC cement is coating minerals, and lithoclast and bioclast grains. SEM images
(c) sample PV7, scale 100 µm. The micritic HMC cement covers the sediment grains and fills the
pores. (d) Sample PV15, scale 200 µm. Thin micritic HMC cement covering sediment grains; a notable
number of bioclasts are observed.

Through the integration of microscopic analysis and a comprehensive field survey, we
have substantiated that all the examined samples are indeed beachrock samples featuring
intertidal cement. Consequently, the identified formation zone for the samples selected for
OSL dating was the intertidal zone.

5.3. Mineralogy

The results of XRD data processing show that there were several similarities in the
mineral composition of each sample of beachrock. The minerals contained in each of the
six samples that have been analysed are composed mainly of silica, Calcite, Manganocal-
cite, Clinochlore, Magnesiohornblende, Clinopyroxene, and Albite (Table 1). All of these
minerals are directly associated with the main geology of the island which is expressed by
the Troodos terrain and the Circum Troodos sedimentary succession [67,68].

5.4. Relative Sea Level Calculations

All the samples collected from the beachrock were used as SLIPs. Every index point
has a distinct vertical uncertainty that is determined by the measurement’s precision as
well as a number of variables related to the sample processing and collection [18].
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Samples PL37 and PL30 from Pyla were collected from −0.22 m and −0.19 m, re-
spectively. The OSL method provided ages of 0.36 ka for PL37 and 0.66 ka for sample
PL30. Samples from the Paphos airport site (PA31 and PA17) provided ages of 1.0 ka and
1.26 ka and were collected from −0.18 m and 0.02 m, respectively. The sample collected
from Amathous (AM26), provided an age of 2.79 ka, and it was collected from a depth of
−1.01 m. The samples collected from Xylophagou (PV7 and PV15) provided ages of 2.17 ka
and 71.1 ka and were located at 0.36 m amsl and −0.43 m. The sample, PV15, provided
an age which is not representative of the beachrock formation, and it is concluded that it
was a fragment of the overlaying coastal conglomerate which was incorporated into the
beachrock during its formation. All the details of the conversion to SLIP and calculations
of the former relative sea level can be found in Tables 2 and 3.

Table 2. Mineral content and textural characteristics of beachrock derived from the microscopical
analysis and association with SLIP and indicative meaning.

Sample Cement Type Cement
Thickness SLIP Indicative Meaning

PA17 Thin isopachous micritic HMC. No matrix
and no bioclasts <10 µm Intertidal, undifferentiated MHW to MLW

PA31 Thin isopachous bladed micritic HMC,
brown coloured <8 µm Intertidal, undifferentiated MHW to MLW

AM1 Micritic HMC as pore filling.
Brown-coloured well-developed crystals 20 µm Intertidal, undifferentiated MHW to MLW

AM26
Isopachous micritic HMC as pore filling,

meniscus, brown coloured.
10% bioclast contribution

50–100 µm Intertidal, undifferentiated MHW to MLW

PL30 Bladed isopachous micritic HMC,
brown coloured. 10–20 µm Intertidal, undifferentiated MHW to MLW

PL37 Bladed isopachous micritic HMC, matrix
infilling and pellet concentrations 10–20 µm Intertidal, undifferentiated MHW to MLW

PV7 Isopachous micritic HMC, brown
bio-micritic cement. Pellet concentrations 10–20 µm Intertidal, undifferentiated MHW to MLW

PV15 Isopachous bladed micritic and sparitic
HMC. 20% bioclast contribution ≈40 µm Not qualified ---------------

Table 3. Relative sea level calculations. Uplift rates in this table were adopted by [58].

Beachrock
ID

Height
(m)

Age
(ka)

Tidal Range
(m)

Measurement
Error (m)

Indicative
Meaning (m)

RWL
(m)

RSL
(m)

Error
(cm)

Uplift
(mm/y)

Total
Uplift Per
Site (mm)

SL (m)

PL37 −0.22 0.36 0.41 0.05 0.42 0.21 −0.43 0.13 0.11 39.6 −0.4696
PL30 −0.19 0.66 0.41 0.05 0.42 0.21 −0.4 0.13 0.11 72.6 −0.4726
PA31 −0.18 1.03 0.41 0.05 0.42 0.21 −0.39 0.13 0.35 360.5 −0.7505
PA17 0.02 1.26 0.41 0.05 0.42 0.21 −0.19 0.13 0.35 441 −0.631
PV7 0.36 2.18 0.41 0.05 0.42 0.21 0.15 0.13 0.1 218 0.068

AM26 −1.01 2.79 0.41 0.05 0.42 0.21 −1.22 0.13 0.15 418.5 −1.6385

6. Discussion
The Holocene RSL fluctuations in the eastern Mediterranean have been subjected to

significant scientific interest due to their implications for understanding regional climate
dynamics, tectonic activity, and human development. [69] elaborated the predictions for
the history of relative sea level at Lambousa (North coast of Cyprus) for the past 3.5 kyr,
according to GIA models ICE-6G (VM5a) [70,71], ICE-7G (VM7) [72,73], and the GIA model
by [74] (ANU), 2005 (Figure 11).
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points calculated using beachrock at Akrotiri peninsula [11]. 

Dean et al. (2019) [19] detected centennial-scale sea-level variations over the last three 
millennia by analysing coastal archaeological sites in Israel, specifically structures that are 
sensitive to sea-level changes, such as ancient harbours, fish ponds, and coastal fortifica-
tions. It was concluded that it is possible to detect centennial sea-level variations using 
archaeological evidence. The analysis showed distinct phases of sea-level rise and fall over 
the past 3000 years, including periods of relative stability followed by more rapid changes. 
The identified periods of sea-level rise corresponded with known climate changes (e.g., 

Figure 11. Relative sea-level change according to GIA models ICE-6G, ICE-7G, ANU [69] and sea-
level curve for Israeli coast [18] (yellow line). Relative sea-level points (red circles) calculated in this
study are based on beachrock SLIP. Orange circle symbol represents RSL point calculated by reference
to archaeological indicator (Lambousa Fish Tank) [69], green circle symbols represent the RSL points
calculated using beachrock at Akrotiri peninsula [11].

The RSL curve calculated in this study demonstrates a rise in the relative sea level
from 3 ka up to 2.2 ka, where it reaches the present level. This agrees with the estimation
of the ICE-7G model, and furthermore, it is in a good agreement with the estimations of a
climatic warm episode in the Mediterranean which caused the rising in the RSL (Roman
warm episode) [75,76]. From 2.2 ka up to 0.9 ka, a stable decrease in the RSL to −0.7 m
is observed which is in agreement with the general trend of the ICE-7G, and it is in close
agreement with the period of regional cooling (13th century–18th century BCE), particularly
to the North Atlantic region described by some authors as the Little Ice Age [77,78]. Curves
ICE-6G and ANU predict a stable low rate in relative sea-level rise. From 0.9 ka to the
present day, there is a gradual rising in the RSL up to the present level which agrees with
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the Curves ICE-6G and ANU. Curve ICE-7G predicts a very slow decrease in the RSL to
the current level.

Dean et al. (2019) [18] detected centennial-scale sea-level variations over the last
three millennia by analysing coastal archaeological sites in Israel, specifically structures
that are sensitive to sea-level changes, such as ancient harbours, fish ponds, and coastal
fortifications. It was concluded that it is possible to detect centennial sea-level variations
using archaeological evidence. The analysis showed distinct phases of sea-level rise and
fall over the past 3000 years, including periods of relative stability followed by more rapid
changes. The identified periods of sea-level rise corresponded with known climate changes
(e.g., the Roman Warm Period and the Medieval Climate Anomaly) and sea-level fall during
cooler periods (e.g., the Little Ice Age). The data from the coast of Israel follow the same
trend of RSL oscillations as in this study

Previous attempts at the estimation of the RSL curve in the upper Holocene with the
use of geomorphological features (beachrock) in Cyprus provided interesting results but
they were limited to a local scale. Polidorou et al. (2021) [11] studied the beachrock forma-
tions of the Akrotiri Peninsula, southern Cyprus. The estimations of the relative sea level
in the Akrotiri Peninsula at −1.15 ± 0.13 m at ∼2150 years BP, a rise of −0.7 m ± 0.13 m at
∼1150 years BP, a rapid rise of 0.42 m ±0.13 m at ∼770 years BP and a significant fall of
−0.41 m ± 0.13 m at 480 years BP before returning to present levels, are in close alignment
with the results of this study, and they pinpoint the same trend in the oscillations of the
relative sea level. The observed differences are probably due to the localised tectonic forces.

Other RSL change studies, based on archaeological evidence whose focus has been
the south coast of the island [15,60,79], point towards different estimations, since they
have been based on different proxies (i.e., tectonics, biological indicators). For this reason,
the proposed RSL curve should be considered only as a first step towards the systematic
documentation of the relative sea-level changes along the south coast. In the future, it can
be further augmented by using other proxies to enhance the precision.

Nevertheless, based on this RSL curve, it is possible to correlate the changes with the
archaeological and historical context of the island. During the Classical and Hellenistic
periods, RSL was not very different from that of today. These periods coincided with
the construction of the first artificial harbours [53] on the island. This interestingly may
indicate the fact that the Classical harbour structures are submerged today (i.e., Amathous,
Akrotiri-Dreamer’s Bay, Kourion) mainly due to the loss of the upper courses of the
ashlar-built structures, and other local geological phenomena (i.e., liquefaction, subsidence,
tectonic activity) rather than the change in RSL. Finally, the low sea level at the end of the
Roman period and during the Byzantine period corresponds to the situation attested to at
Amathous. This RSL estimation calls for attention to conduct further research on a subject
that has been relatively neglected, that of Byzantine and Medieval coastal remains.

7. Conclusions
This relative sea-level change curve for the south coast of Cyprus indicates that in

the Classical period, the RSL corresponded to today’s sea level. It gradually declined till
the Roman period and continued to decrease in the Byzantine times. It is important to
note that this pattern cannot be applied to all sites due to the different dynamics that form
the coastline (i.e., sediment input, tectonics), but it is a starting point that will contribute
to the study, and the interpretation of coastal sites as well as the identification of areas of
archaeological interest that have not yet been under study. Also, further work to enrich
this RSL curve will considerably contribute to greater accuracy and detail not only for
future archaeological research but also for the management, safeguarding, and protection
of coastal heritage.
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The beachrock dates also offer an opportunity for future assessment. The Xylofagou
beachrock (PV7) dates to the Hellenistic Period (230 BCE), the Paphos Airport samples
(PA17 and PA31) were dated to the Byzantine period (690 CE and 920 CE), and the Pyla
beachrock (PL30, PL37) indicates a paleoshoreline dating to the Medieval period (1290
CE and 1590 CE). These once correlated with the nearby archaeological remains, and
additional geological data could provide further input on the changes in the coastline
at the specific sites. Such potential is visible in the Amathous (AMS26) sample which is
located at −1.00 m below the current sea level and is located at 65 m from the current
coastline, in the submerged Hellenistic harbour basin. Its date of 2790 BP corresponds to the
Cypro-Geometric period (around 1100-750 BCE). From this beachrock sample, a possible
paleo-coastline can be reconstructed for the Cypro-Geometric period for the first time. The
location and dating of this beachrock along with the rich archaeological documentation in
the area [66] indicate the potential and need for further geoarchaeological investigation in
the area.

Beachrock formations can serve as reliable indicators of past RSLs and coastal dynam-
ics. Combining dating techniques with geological analysis offers insights into the evolution
of the region over the Holocene, contributing to our understanding of Mediterranean
coastal changes. The results of this study help improve the data of long-term sea-level vari-
ability in the eastern Mediterranean, contributing to broader research on regional climate
and sea-level responses.

Furthermore, this research can provide a connection between the archaeological re-
search with climate science, providing an insight into how ancient societies interacted with
the changing coastal environments.

Author Contributions: Conceptualisation, M.P.; investigation, M.P., G.S. and J.G.; methodology, G.S.
and A.K.; supervision, M.P.; validation, M.P. and A.K.; writing—original draft, M.P.; writing—review
and editing, G.S., A.K. and J.G. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by Honor Frost Foundation, 10 Carlton House Terrace, London
SW1Y 5AH, “Big Grant Award”.

Data Availability Statement: The data are available through the Honor Frost Foundation website:
https://honorfrostfoundation.org/ (accessed on 6 April 2024).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Bar, A.; Bookman, R.; Galili, E.; Zviely, D. Beachrock Morphology along the Mediterranean Coast of Israel: Typological

Classification of Erosion Features. J. Mar. Sci. Eng. 2022, 10, 1571. [CrossRef]
2. Falkenroth, M.; Schneider, B.; Hoffmann, G. Beachrock as Sea-Level Indicator e A Case Study at the Coastline of Oman (Indian

Ocean). Quat. Sci. Rev. 2019, 206, 81–98. [CrossRef]
3. Romine, B.M.; Fletcher, C.H.; Frazer, L.N.; Anderson, T.R. Beach Erosion under Rising Sea-Level Modulated by Coastal Geomor-

phology and Sediment Availability on Carbonate Reef-Fringed Island Coasts. Sedimentology 2016, 63, 1321–1332. [CrossRef]
4. Danjo, T.; Kawasaki, S. Characteristics of Beachrocks: A Review. Geotech. Geol. Eng. 2014, 32, 215–246. [CrossRef]
5. Giresse, P.; Berné, S.; Certain, R.; Courp, T.; Hebert, B.; Raynal, O. Beachrocks and Lithified Barriers in the Gulf of Lions (Western

Mediterranean Sea) as New Markers of the Last Sea-Level Rise. Sedimentology 2023, 70, 569–591. [CrossRef]
6. Mastronuzzi, G.; De Giosa, F.; Quarta, G.; Pallara, M.; Scardino, G.; Scicchitano, G.; Peluso, C.; Antropoli, C.; Caporale, C.;

Demarte, M. Holocene Sea Level Recorded by Beach Rocks at Ionian Coasts of Apulia (Italy). Geosciences 2023, 13, 194. [CrossRef]
7. Smith, C.G.; Jones, M.C.; Osterman, L.E.; Passeri, D.L. Using Multiple Environmental Proxies and Hydrodynamic Modeling to

Investigate Late Holocene Climate and Coastal Change within a Large Gulf of Mexico Estuarine System (Mobile Bay, Alabama,
USA). Mar. Geol. 2020, 427, 106218. [CrossRef]

8. Bar-Yosef Mayer, D.E.; Kahanov, Y.; Roskin, J.; Gildor, H. Neolithic Voyages to Cyprus: Wind Patterns, Routes, and Mechanisms.
J. Isl. Coast. Archaeol. 2015, 10, 412–435. [CrossRef]

https://honorfrostfoundation.org/
https://doi.org/10.3390/jmse10111571
https://doi.org/10.1016/j.quascirev.2019.01.003
https://doi.org/10.1111/sed.12264
https://doi.org/10.1007/s10706-013-9712-9
https://doi.org/10.1111/SED.13061
https://doi.org/10.3390/geosciences13070194
https://doi.org/10.1016/J.MARGEO.2020.106218
https://doi.org/10.1080/15564894.2015.1060277


Geosciences 2025, 15, 137 17 of 19

9. Devillers, B.; Brown, M.; Morhange, C. Paleo-Environmental Evolution of the Larnaca Salt Lakes (Cyprus) and the Relationship
to Second Millennium BC Settlement. J. Archaeol. Sci. Rep. 2015, 1, 73–80. [CrossRef]

10. Morhange, C.; Goiran, J.P.; Bourcier, M.; Carbonel, P.; Le Campion, J.; Rouchy, J.M.; Yon, M. Recent Holocene Paleo-Environmental
Evolution and Coastline Changes of Kition, Larnaca, Cyprus, Mediterranean Sea. Mar. Geol. 2000, 170, 205–230. [CrossRef]

11. Polidorou, M.; Saitis, G.; Evelpidou, N. Beachrock Development as an Indicator of Paleogeographic Evolution, the Case of
Akrotiri Peninsula, Cyprus. Z. Für Geomorphol. 2021, 63, 3–17. [CrossRef]

12. Mohapatra, P.P.; Stephen, A.; Singh, P.; Prasad, S.; Anupama, K. Pollen Based Inference of Holocene Sea Level Changes,
Depositional Environment and Climatic History of Cauvery Delta, Southern India. Catena 2021, 199, 105029. [CrossRef]

13. Wang, S.; Li, Y.; Fan, B.; Cao, Y.; You, H.; Wang, R.; Ge, Y.; Da, S.; She, Z.; Zhang, Z.; et al. Middle to Late Holocene Environmental
Evolution and Sea Level Change on the West Coast of Bohai Bay. Quat. Int. 2023, 669, 20–31. [CrossRef]

14. Yang, D.-Y.; Han, M.; Yoon, H.H.; Kim, J.C.; Choi, E.; Shin, W.-J.; Kim, J.-Y.; Jung, A.; Park, C.; Jun, C.-P. Holocene Relative
Sea-Level Changes on the Southern East Coast of the Yellow Sea Holocene Relative Sea-Level Change GIA Model Levering Effect.
Palaeogeogr. Palaeoclim. Palaeoecol. 2023, 629, 111779. [CrossRef]
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