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Abstract Quaternary stratigraphy and sea level changes have
been extensively investigated in many areas of the
Mediterranean. However, numerical dating of coastal deposits
and the associated paleoenvironmental information are limited
for the coasts of Cyprus, principally based on radiometric and
radiation-exposure geochronological techniques on fossils
which bear a range of limitations and uncertainties. As such,
optically stimulated luminescence (OSL) dating techniques
are deemed to be the most suitable in direct dating of the
coastal sediments of Cyprus. In the southeastern Cyprus,
coastal dunes (aeolianites) now forming elongated ridges ap-
pear as morphological features running parallel to the current
shoreline presenting an indicator of sea level and climate
changes of great paleoenvironmental significance. We present
our first chronological results for the exposed aeolianites and
underlying littoral deposits formed along the southeastern
coastal Cyprus ranging from 78.4 ± 9.9 to 56.2 ± 7.4 ka.
The post-infrared–infrared stimulated luminescence (pIR-

IRSL) revealed that dune formation took place during the
marine isotope stages (MISs) 3, 4, and possibly 5a. Late
Holocene reworking is proposed for a distinctively isolated
dune with an age of ~1.3 ka ago. This study also showed that
pIR-IRSL dating of feldspars may be a reliable alternative to
quartz OSL dating when the quartz luminescence characteris-
tics are unsuitable.
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Introduction

Cyprus occupies a strategic position in untangling sea level
changes in the Eastern Mediterranean as well as in resolving
the neotectonic and paleoenvironmental evolution of the
northern Levant in the Quaternary.

Following major secular oceanic sea level trends in response
to Quaternary polar ice buildup and decay (e.g., Imbrie et al.
1984; Lea et al. 2002; Shackleton et al. 1984; Shackleton
1987), recurring Pleistocene and Holocene sea level fluctua-
tions in the Eastern Mediterranean (e.g., Lambeck 1996;
Lambeck and Purcell 2005; Pavlopoulos et al. 2006; Pirazzoli
2005; Vouvalidis et al. 2005) have produced a range of coastal
landforms and sedimentary sequences on the uplifting shores of
Cyprus, which are expressed as raised marine terraces and
beachrocks draped by backshore dune calcarenites (Bagnall
1960; Kinnaird 2008; Moseley 1976; Pantazis 1967; Turner
1971a; Poole 1992; Poole and Robertson 1991, 1998;
Tsiolakis and Zomeni 2008; Zomeni 2012). Over and above,
Cyprus’s position at the doorstep of the arid landscapes of
Anatolia and the Syro-Palestine that is a key in regional
paleoenvironmental reconstructions as sedimentological, pale-
ontological, and occasionally paleoanthropological indicators
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(Ammerman et al. 2006, 2008) could potentially reflect on the
paleoenvironmental qualities of the island and the neighboring
areas during the geologically recent past. For instance, archae-
ological recent studies have revealed human presence on sev-
eral coastal sites of the island, with Akrotiri Aetokremmos,
Nissi Beach, and Akamas Aspros being dated to the late
Epipaleolithic (ca. 11,000–10,000 cal BC) (Ammerman 2010;
Knapp 2010) and considered as the oldest evidence for seago-
ing in the Eastern Mediterranean.

Several studies have used dating methods to establish the
time framework of aeolianites and beachrock formation and
assess their connection with sea level changes (e.g., Bateman
et al. 2004; Jacobs et al. 2003, 2006; Mauz et al. 2009, 2012,
2013). These studies have demonstrated that the time of for-
mation of the major aeolian deposits around the world is sim-
ilar at several locations (Brooke 2001). However, there are
cases where deposition during Quaternary has varied between
regions.

Aeolianites are mainly thought to be deposited around the
world at sea level highstands (e.g., Hearty and Kindler 1997;
Murray-Wallace et al. 1998, 2010). However, there is some
evidence indicating that dune formation has also taken place
during the Last Glacial (Engelmann et al. 2001; Frechen et al.
2001; Kendrick et al. 1991; Porat andWintle 1995; Price et al.
2001) at lowered sea level.

Furthermore, there are instances where last interglacial
aeolianites are not matched in thickness and spatial distribu-
tion by comparable Holocene aeolianites (e.g., Woodroffe
et al. 1995). Differences in the timing of deposition and mor-
phology of aeolian dunes during major sea level changes
(highstands, lowstands) among regions appear to be depen-
dent on the interactions caused by minor-secondary sea level
changes, local climatic conditions, sediment availability, and
differences in the inland-near-shore topography (e.g., Vacher
et al. 1995).

Correlation of aeolian deposits among the East
Mediterranean and the establishment of a common time
framework for their development, linking climatic events to
paleosea levels, should be made with great caution. In the
Mediterranean, aeolianites are common features mainly
appearing as topographic heights sitting on middle to late
Quaternary marine terraces. In the coastal Mallorca region in
Spain for instance, carbonate dunes have been dated as marine
isotope stages (MISs) 10 and 8 (Nielsen et al. 2004). Other
chronological studies in the region of Baleares Islands of
Mallorca (Fornós et al. 2009; Hillaire-Marcel et al. 1996) have
also pointed out that aeolian and marine units were deposited
during high sea levels of isotope stage 5.

In the EasternMediterranean, sand dunes have been mainly
studied along the coasts of Israel and Lebanon. On northern
Israel, shallow marine and dune units composed of quartz and
bioclastic grains shape a Pleistocene sequence up to 40 m thick
(Sivan and Porat 2004). Sivan and Porat (2004) have assigned

the Carmel (northern coastal plain of Israel) coastal deposits
within the late Pleistocene, during several episodes in the time
interval of ~100–35 ka, a period of dramatically changing sea
levels. Furthermore, early studies on aeolianites rich in quartz
and feldspars, found in the central coast of Israel, have
assigned the development of the aeolian dunes during an inter-
glacial age, from oxygen isotope stage 5 to 11 (Gavish and
Friedman 1969). Lately however, luminescence dating results
of feldspars in the area (Engelmann et al. 2001; Frechen et al.
2001, 2002; Porat andWintle 1995; Porat et al. 2004) disagree
with the previous study and suggest that the four aeolian ridges
near Netanya and Tel Aviv were deposited during the last
65 ka, mainly during the oxygen isotope stages 3 and 4 at a
lower sea level than previously suggested. Particularly, Porat
et al. (2004) applied a single-aliquot additive dose (SAAD)
infrared stimulated luminescence (IRSL) protocol and found
that units of the western kurkar ridge had an age of ˂65 ka,
which confirmed the previous multiple-aliquot additive dose
(MAAD) IRSL and thermoluminescence (TL) age estimates
(Engelmann et al. 2001; Frechen et al. 2002).

On the north coastal Egypt, studies using a variety of chro-
nological methods (U/Th, 14C, AAR, electron spin resonance
(ESR), and optically stimulated luminescence (OSL)) on
coastal ridges made of beach, paleosol, and aeolianite deposits
have revealed ages ranging from Holocene for the ridge
nearest to the coast, followed by a last interglacial and an
oxygen isotope stage 7 dune unit as moving toward the inner
ridges (El-Asmar 1994; El-Asmar and Wood 2000).

Moving to the west, on the Tunisian coast, Paskoff and
Sanlaville (1986) assigned two dune formations to the late
Pleistocene, which sit on a last interglacial beach unit.
Additionally, OSL ages of aeolianites obtained in a study in
Cap Bon peninsula (northeastern Tunisia) (Elmejdoub et al.
2011) revealed ages clustering around the last interglacial pe-
riod (125–75 ka), implying that the former stratigraphic allo-
cation of these dunes (Oueslati 1994; Paskoff and Sanlaville
1983) was inaccurate. Further, sand dune systems in
Sardinia have been dated as MIS 5 (Pascucci et al. 2014;
Thiel et al. 2010; Andreucci et al. 2010), while Mauz et al.
(1997) reported TL results for the northwest coast of Sicily
with ages suggesting a MIS 5e deposition. A luminescence
dating study was conducted in the Calabrian coast of
southern Italy; coastal deposits were also dated at the last
interglacial (Balescu et al. 1997).

Our knowledge however on the chronological framework
of coastal deposits in the coasts of the Aegean is limited. Early
studies on sedimentary deposits found on raised marine ter-
races along the coasts of Crete have revealed the existence of
characteristic Pleistocene marine fauna (e.g., Strombus
bubonius, Patella safina, Conus testudinarius) (Boekschoten
1963; Dermitzakis 1973; Dermitzakis and De Vos 1986;
Hogrel 1974; Kelletat 1979; Mercier et al. 1974; Mourtzas
1990; Moutzas and Fytrolakis 1988; Peters 1985; Psarianos
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1961; Symeonides 1967). Furthermore, U/Th dating has also
confirmed the existence of a late Pleistocene age for the sed-
iments found on the lower terraces with ages suggesting aMIS
5 deposition for the south and a MIS 4 for the north coastal
areas of Crete (Angelier 1979).

More recently, in a TL dating study (Polymeris et al. 2012)
of aeolianites in the coasts of Tenedos (Bozcaada) Island, in
North Aegean Sea, ages revealed that deposition and
cementation of these sediments took place between the early
stage of MIS 2 and the very late phase of MIS 3. Furthermore,
Athanassas and Zacharias (2010) provided a chronological
framework for raised marine sequences in the southwest coast
of Greece during the Upper Quaternary, by employing
recuperated-OSL (re-OSL) dating. An aeolianite sample was
dated 68 ± 9 ka which corresponds to MIS 4. Lately,
Athanassas et al. (2012) explored the paleogeographic condi-
tions at two Paleolithic sites found on a fossilized dune field in
the coastal plain of Navarino in southwest Greece. The
aeolianites on the site were dated to a MIS 3 period.

The necessity to quantify geodynamic and earth-surface
processes in the coastal sectors of Cyprus had been acknowl-
edged by several authors since long time (e.g., Birot and De
Vaumas 1962). However, it was no earlier than the 1990s
when researchers came to apply numeric dating to
Quaternary coastal deposits of Cyprus (Poole 1992;
Schellmann and Kelletat 2001; Schellmann et al. 2008) and
lately Zomeni (2012) by employing well-established tech-
niques such as uranium-series (Th/U) and ESR dating on mol-
luscan fauna incorporated in the deposits themselves. Despite
the maturity of radiometric and radiation-exposure geochro-
nological techniques in fossil dating, there have been circum-
stances where chronologies based on the fossil content were
questioned (e.g., Goy et al. 2003). As such, OSL dating tech-
niques are deemed to be more promising in direct dating of the
coastal sediments of Cyprus.

Despite the plenty of quartz found in the coastal deposits of
Cyprus, data shown later indicate that quartz’s OSL signals are
insensitive and affected by unstable underlying components,
resulting in highly scattered paleodose estimates. Difficulties
induced in dating by problematic luminescence behavior of
quartz can be overcome by employing IRSL of feldspar
(Steffen et al. 2009).

Recent efforts have facilitated the use of feldspars in the
luminescence dating of Quaternary sediments. Specifically,
the Bpost-infrared infrared stimulated luminescence,^ known
as pIRIR, retains all benefits of feldspar dating, such as intense
signals under laboratory stimulation and considerably higher
saturation levels, and additionally deals with the problem of
anomalous fading (Spooner 1994; Wintle 1973). The pIRIR
procedure is based on elevated temperature IRSL stimulations
on feldspars carried out immediately after conventional 50 °C
IR readings, giving rise to signals with lower fading rates
(Thomsen et al. 2008). Particularly, fading rates associated

to pIRIR signals at 290 °C (pIRIR290) are negligible (Thiel
et al. 2010; Thomsen et al. 2011). On this background, the
single-aliquot regenerated (pIRIR290-SAR) procedure intro-
duced by Thiel et al. (2011a) is now widely applied
(Buylaert et al. 2011, 2012; Lowick et al. 2012; Roskosch
et al. 2012; Schatz et al. 2012; Stevens et al. 2011; Thiel
et al. 2011a, b, 2012; Vasiliniuc et al. 2012).

The purpose of this paper is to reexamine the chronology of
coastal deposits of southeast Cyprus by employing up-to-date
luminescencemethods to wit the pIRIR signals at 290 °C from
feldspar. In this work, special focus is given to the deposits of
the southeast coast, between Ayia Napa and Cape Greco
(Fig. 1). New radiometric ages from the same sites have re-
cently been published (Zomeni 2012). In this regard, available
radiometric ages put additional strain on the effectiveness of
pIRIR290 dating, as independent age control on the latter re-
mains scarce in literature to date.

Description of sample sites and sampled outcrops

The formations that concern our work comprise the youngest
members of the Cenozoic Bcircum-Troodos sedimentary
succession^ that envelopes the ultramafic basement of
Troodos mountains (Fig. 1 and Table 1).

They consist of coastal deposits arranged in a more or less
monotonous stratigraphy, as seen from the coastal cliffs, that
stretches all along the south coast of Cyprus (Fig. 2), shallow
marine to beach sediments covered by calcite-cemented aeo-
lian sediments, with the latter dominating in both thickness
and spatial extent (Poole 1992).

Numerous sites along the Cypriot coastal sequence have
been the subject of former geochronological studies. In the
earliest of these works (e.g., Birot and De Vaumas 1962;
Ducloz 1964, 1968; Horowitz 1965; Moshkovitz 1963;
Pantazis 1966a, b, c, 1967; Turner 1971a, b), discovery of
characteristic fauna (e.g., Strombus bubonious) indicated a
late interglacial age for these deposits. Initial assessments
were further backed by subsequent radiometric and relative
dating (Galili et al. 2009, 2011; Noller 2009; Poole 1992;
Schellmann and Kelletat 2001; Schellmann et al. 2008;
Theodorou 2005; Zomeni 2012) in most cases, confirming
the findings of the former studies which were based on pale-
ontological observations (Table 1).

Many published absolute ages for the coastal sediment suc-
cession of Cyprus seem to cluster around the following two
distinct Quaternary stages: the last and the penultimate inter-
glacial, meaning the MIS 5 and 7, respectively. MIS 5 littoral
sediments have been ascertained for the entire south coast,
almost uninterruptedly from Cape Greco to the east through
Paphos to Akamas to the west, while MIS 7 sites are fewer,
mainly outcropping at Larnaca, Petounda, Coral Bay, and
Cape Geronisos (Galili et al. 2009, 2011; Poole 1992;
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Schellmann and Kelletat 2001; Schellmann et al. 2008;
Theodorou 2005). There are cases however where U/Th re-
sults on Cladocora caespitosa are assigned to MIS 6 (Poole
et al. 1990; Zomeni 2012). Marine deposits of both MISs 5
and 7 occur at elevations ranging from 5 to 15 m asl approx-
imately, and this variability is attributed to differential uplift
owing to faults activating between sites. Of particular signif-
icance to our study are two published aeolianite OSL ages
from Ayia Napa (Noller 2009), which indicated that aeolinites
formation took place during the MISs 3 and 4.

The aeolianites and the underlying marine sediments that
are preserved at Cape Greco and the greater area of Ayia Napa
are investigated in this study (Fig. 1). The aeolianites form a
hummocky relief above erosion surfaces, more commonly
appearing as individual topographic highs or backing up over
paleocliffs. The aeolianites, which run parallel to the coast,
have their crest right at the current coastline (Fig. 3). The
upper top of the dunes contain pillar-like structures, namely,
rhizoliths (McLaren 1995; Mount and Cohen 1984) with ev-
ident morphological micrite tube features (calcified root sys-
tems) formed through the interaction of root-induced organic
and inorganic processes (Klappa 1980).

The depositional character of the coastal sandstones en-
countered in the study area presupposed sufficient exposure
to daylight prior to deposition, and for this reason, both the
aeolianites and the shallowmarine sediments are most suitable
for luminescence analysis. Due to the cemented nature of the
deposits, sampling involved extraction of rectangular blocks
from spots of interest (seen in Fig. 1). Altogether, nine sam-
ples were taken for luminescence dating (seven aeolianites
and two littoral deposits).

Luminescence dating

Sample preparation and measurement facilities

Following conventional laboratory practices (e.g., Preusser
et al. 2008), quartz and feldspar coarse grains were prepared
using the procedure of chemical treatment with 10 % hydro-
chloric acid to remove carbonate cements and 10 % hydrogen
peroxide to remove organic content, drying, and sieving.
Fractions were treated with hydrofluoric acid (40 and 10 %
for quartz and feldspar, respectively) to avoid contribution of
the alpha-irradiated outer part of the mineral, followed by a
rinse with 10 % HCl (to remove fluorosilicate by-products),
and a final sieving to separate traces of any remnant by-prod-
ucts. Purified quartz (treated with 40 % hydrofluoric acid for
90 min to remove all other minerals) and feldspar (heavy
liquid separation) fractions mainly fell in the range of 80–
125 μm. Single-aliquot measurements consisted of a mono-
layer of quartz or feldspar grains mounted on stainless steel
disks of 10 mm diameter using silicone oil as an adhesive.
Grains covered the central 5-mm-diameter portion of each
disk, corresponding to several hundred grains per aliquot.

Measurements were carried out on a Risø TL-DA 15 lumi-
nescence reader fitted with a Thorn EMI photomultiplier tube.
Irradiation was from a calibrated 90Sr/90Y β source. For feld-
spar, stimulation was by infrared light diodes emitting at
870 nm at 90 % power and detecting the luminescence signal
in the blue-violet region (320–460 nm) with a Schott BG39/
Corning 7–59 filter combination (known as filter pack).
Infrared light stimulation was at 290 °C, right after a 50 °C
stimulation for 100 s, which has shown insignificant

Fig. 1 Study area and sampling site of the studied aeolianites and littoral deposits
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anomalous fading (Thiel et al. 2011b). For two aeolian sam-
ples which gave young ages (~1.3 ka), infrared light stimula-
tion was at 225 °C right after 50 °C, ensuring non-fading and
minimum residual signal (Thiel et al. 2011b).

For quartz OSL, blue LEDs (470 nm) were used for stim-
ulating the aliquots and a 7.5-mm Hoya U-340 filter was the
signal detection filter mounted in front of the photomultiplier
tube. The single-aliquot regenerative-dose (SAR) protocol af-
ter Murray and Wintle (2003) was applied for De measure-
ments of quartz.

Dose rate determination

Dose rate relevant elements of the nine samples were deter-
mined individually. The calculation of the dose rates (U, Th,
K) was based on analytical data obtained by inductively
coupled plasma mass spectrometry (ICP-MS; ACME

Laboratories, Canada). After chemical treatment to isolate
K-feldspar, a scanning electron microscope (SEM) coupled
with energy dispersive spectrometer (EDS) was used to con-
firm that the grains derived are indeed K-feldspar. For the nine
samples, internal dose rates were also determined using both
ICP-MS. Internal and external dose rates were calculated
using the BThe Dose Rate calculator (DRc)^ software devel-
oped by Tsakalos et al. (2015). DRc uses the conversion fac-
tors proposed by Guérin et al. (2011) and the attenuation fac-
tors (due to water content) for alpha radiation by Aitken
(1985), beta by Nathan and Mauz (2008), and gamma by
Guérin and Mercier (2012). DRc also calculates the cosmic
ray contribution to the total dose rate according to Prescott and
Stephan (1982) and Prescott and Hutton (1988, 1994)) using
the altitude and latitude of the sampling sites, present-day
depth, and the density of the overburden. Water contents (%)
were based on Bas-found^ values with an error of ±5 % and
considered to remain constant during burial. The calculated
dose rates are listed in Table 2. The final dose rates are obtain-
ed by correcting for etching of the grains and the grain size. To
avoid potential problems related to an inhomogeneous gamma
radiation field, samples were taken from thick lithological
homogeneous sediment layers and far from lithological
boundaries.

Additionally, in situ measurements were also carried out at
all sampling spots using a calibrated handheld BSaphymo-
SRAT S.P.P.2 NF γ Scintillometer^ to test the reliability of
the calculated gamma dose rate. SRAT is based on a 50-cm3

sodium iodine scintillation detector enabling measuring of
both cosmic and gamma radiations and allowing very high
sensitivity (accuracy ±10 %). The SRAT’s unit of measure-
ment is counts per second (cps). The operation range for gam-
ma radiation is 0.02 to 30 microsieverts per hour (μSv/h),
convertible to Gy/ka using conversion factors.

Readings were obtained in 4π geometry, by placing the
scintillator probe into the spots/hasms from which samples
for luminescence dating were taken (10 repeated measure-
ments for each spot, 100 s per reading). Systematic measure-
ments were also performed at intervals of ~30 cm, covering a
distance of at least 2 m from each sampling spot. However,
assuring 4π geometry in eachmeasurement, particularly when
dealing with solidified and hard carbonaceous sediments, is

Fig. 2 A typical schematic composite stratigraphic column exposed in
cliffs along SE Cyprus. Samples collected for luminescence dating are
shown next to the column (CG-01, CG-02, etc)

Fig. 3 a Typical appearance of
the aeolianite formation in the
sampling site of Cape Greco. b A
close-up of the surface of the
aeolianites
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not always easy. In such cases, when 4π geometry cannot be
confirmed, uncertainties are introduced. Nevertheless, ICP-
MS analysis on the bulk sediment confirmed that 4π geometry
was achieved as gamma dose rates derived using both ICP-
MS and in situ measurements are in fair agreement; thus, extra
confidence on the reliability of the derived dose rates is
introduced.

It should be noted that the assessment of the dose rate for
our samples is based on the infinite matrix assumptions
(Aitken 1985; Roesch and Attix 1968). However, their rele-
vance is only applicable to specific cases, mainly when the
studied geological formation (in our case aeolianites being the
predominating sediment) is homogeneous, the radiation is dis-
tributed uniformly, and there is material surrounding the dated
mineral comparable to the range of the radiations (Nathan and
Mauz 2008). Further, the state of (dis)equilibrium was not
explored in this study, assuming radioactive equilibrium in
the uranium decay series. Possible disequilibrium of uranium
would have an effect on the calculated dose rate, something
that has been documented in many studies (e.g., Krbetschek
et al. 1994; Olley et al. 1996). However, the use of alkali
feldspar grains will partially compensate for the uncertainties
associated with disequilibrium of uranium and its effect on the
total dose rate. The significant contribution of internal potas-
sium to the total dose rate minimizes the effect of the possible
disequilibrium of uranium in the calculation of the external
dose rate (Li et al. 2008). Further, disequilibrium seems to be
no critical in our study, since U concentrations of bulk sedi-
ment are systematically very low (in most cases between 1.1
and 1.5 ppm). Furthermore, in situ scintillometer measure-
ments revealed (a) low natural radioactivity which is expected
for the carbonaceous formations (aeolianites), (b) uniformly
distributed radiation, and (c) absence of any factor that might
cause disturbance in the natural radiation homogeneity (e.g.,
stratigraphic detachment, volcanic body intrusion, faulting or
relevant tectonic unsettlement).

The grain size is 80–125 μm for all samples, except for SD-
1 and SD-2, for which it is 125–200 μm

Luminescence measurements

Quartz OSL

When measuring quartz samples from the sample sites, it was
revealed that OSL ages were unexpectedly low, greatly devi-
ating from the expected paleoenvironmental framework, and
highly scattered, even though the standard validation tests
(preheat, bleaching, and dose recovery tests) were in most
cases successful. Such age inconsistencies are sometimes
interpreted as the result of differential bleaching of the quartz
grains (Godfrey-Smith et al. 1988). Bailey et al. (2003) made
use of the decay rate difference by plotting the equivalent dose
(De) against stimulation time (De (t) plot) to examine

incomplete bleached samples. ADe (t) plot of a fully bleached
sample should reveal a steady value of De with increasing
stimulation time, while a rising De should be the case of an
incompletely bleached sample. For our samples here, theDe (t)
plots showed a falling value of De with increasing integration
time (Fig. 4), which has been interpreted (Bailey 2003; Bailey
et al. 2003; Li and Li 2006; Rittenour et al. 2005; Shen and
Mauz 2009) as being the consequence of thermal instability of
one of the medium or slow OSL components. Therefore, for
our samples concerned here, we concluded that differential
bleaching is not the cause of such inconsistencies, but it is
actually an uncommon behavior (thermal instability) of the
signal components that gives inaccurate results.

In most cases, to obtain the De value using the SAR proto-
col, the bulk initial signal (e.g., the first 0.5 s) of the decay curve
is integrated. The fast component which is usually dominant in
the initial bulk signal (e.g., Jain et al. 2003) sometimes appeared
to be weak. In such cases, the medium or the slow components
of the decay curve may contribute significantly to the initial
bulk signal, commonly leading to problematic De values.
Particularly, erroneous De values have been observed when
the ratio between the fast and medium components changes
through the course of the SAR protocol, something that has
been attributed to thermal instability or recuperation of the
medium/slow components (Jain et al. 2003; Li and Li 2006).

Deconvolution of the continuous wave (CW)-OSL signals
can further confirm such problematic cases (Bailey et al. 1997;
Bulur et al. 2000; Choi et al. 2003; Jain et al. 2003; Murray
and Wintle 2003). This can be done by fitting the CW-OSL
curve to the three components of the decay curve (McKeever
and Chen 1997, pp. 653). Figure 5 depicts the different pro-
portions that each of the three components takes in the bulk
signal from sample CG-OPS.

Fig. 4 De (t) plot for the natural signal of sample CG-OPS. Stimulation
was by blue diode (470 ± 30 nm) at 90 % power. The De values were
measured at successive intervals of 0.16 s.De (t) plot shows a continuous
decrease of De with increasing integration time

48 Archaeol Anthropol Sci (2018) 10:41–60



The Bdouble-SAR^ (Bpost-IR blue^) protocol outlined by
Roberts and Wintle (2001) and Banerjee et al. (2001) with a
preheat at 240 °C for 10 s, and a cutheat at 160 °C for 10 s, was
used for De determination.

It is easily observed that the fast component dominates the
natural OSL signal (Fig. 5a), while in the subsequent regen-
erated dose (Fig. 5b), its relative contribution is comparable to
a very strong medium component, something that is probably
due to the thermal instability of the medium component (Li
and Li 2006; Shen andMauz 2009; Steffen et al. 2009), which
is not observed in the natural signal as it has been faded
through time. The derived De value calculated from the bulk
initial signal would therefore be underestimated as a result of
thermally unstable components underlying the initial bulk sig-
nal. We therefore decided to use feldspar grains to obtain De

values that could be used to estimate accurate ages.

IRSL measurements

Single-aliquot equivalent dose measurements were derived
using the post-IR IRSL (pIRIR) protocol after Thiel et al.
(2011a) shown schematically in Table 3. For two samples
which gave very young ages, we used a modified pIRIR pro-
tocol (Buylaert et al. 2009; Schmidt et al. 2011) which has

been found to minimize the effect of anomalous fading and
residual dose for young samples. This protocol measures a
conventional IRSL signal at 50 °C (IRSL50) and subsequently
a pIRIR signal at 225 °C.

De values of the pIRIR signal at 290 and 225 °C were
derived by integrating the signal of the initial 2 s from the
decay curve, after subtracting the last 20 s as a background
and fit the produced growth curves with an exponential plus
linear term. The dose-response curve and the decay curve of
one aliquot for IRSL50 and pIRIR290 are shown in Fig. 6a, b.
The curves are representative for all the other samples mea-
sured. It is clear from Fig. 6 that stimulation at 50 °C gives rise
to a natural IRSL signal that is weaker than the natural post-
IRIR signal at 290 °C, by about 80 %. For pIRIR290, Lx/Tx is
well fitted to an exponential plus linear term. The IRSL50

does not fit to an exponential plus linear term; thus, linear
fitting was used for the representation of this signal.
Recycling ratios for this aliquot were 0.93 ± 0.01 for the
IRSL50 and 1.03 ± 0.02 for pIRIR290. Recuperation is ab-
sent at both stimulation temperatures, as no signal is de-
tected at the zero (0) dose.

For both pIRIR290 and pIRIR225 signals, equivalent doses
(De values) were chosen for further analysis if they had (i)
recycling ratios within 10% of unity and (ii) thermal transfer
<3 % of the natural signal. Collectively, these selection
criteria led to the exclusion of <10 % of the total measured
aliquots.

Preheat tests As shown in the steps of the SAR protocol
(Table 3), a high temperature is applied before the IRSL mea-
surement (step 2 in Table 3). This is necessary so that electrons
accumulated in any thermally unstable traps will be thermally
stimulated and released, preventing their unwanted contribu-
tion to the stable IRSL signal that will be measured after. If an
unwanted signal contributes to the IRSL signal, that would
result in an increased De and therefore in a wrong
overestimated age. In the Bpreheat test,^ a number ofDe values
are determined using different temperatures which are plotted

Fig. 5 Deconvoluted CW-OSL signal of CG-OPS sample. a
Contribution of the components in natural bulk signal and b in the
bulk-regenerated signal (after 108.78-Gy beta irradiation)

Table 3 pIRIR SAR
protocol for coarse-
grained feldspar
measurements (after
Thiel et al. 2011a)

Step Treatment

1 Give dose

2 Preheat, 60 s at 320 °C

3 IR stimulation, 100 s at 50 °C

4 IR stimulation, 100 s at 290 °C

5 Give test dose

6 Cutheat, 60 s at 320 °C

7 IR stimulation, 100 s at 50 °C

8 IR stimulation, 100 s at 290 °C

9 IR stimulation, 40 s at 325 °C

10 Return to step 1
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against preheat temperatures (Murray and Olley 1999; Murray
and Wintle 2000; Roberts et al. 1999). The preheat tempera-
ture which is taken for measurement should be in a plateau.

An appropriate preheat temperature of 320 °C was used
after a preheat plateau test had been carried out on two sam-
ples (Fig. 7a, b). The test showed that De values become rel-
atively stable at temperatures above 300 °C.

Bleachability of pIRIR290 by natural light To test for suffi-
cient signal resetting at the time of deposition, a bleaching test
was performed. Studies have shown that signal zeroing in
feldspar grains is slower compared to that of quartz (e.g.,
Godfrey-Smith et al. 1988; Klasen et al. 2006) which can
contribute to the retention of some residual signal in the mea-
surements, leading to an overestimation of the true age.
Sixteen aliquots of sample CG-OPS were measured in groups
of four having first been exposed at different times to sunlight.
After 90 min of sun exposure, the sample retained ~3 Gy as
residual for pIRIR290 signal, which is in general ~4 % of the
De value (73.2 Gy) of the sample as seen below (Fig. 8a, b).

Dose recovery To test the applicability of the pIRIR protocol
using a stimulation temperature of 290 °C, the dose recovery
test was applied (Murray and Wintle 2003). In the absence of
independent dating, a dose recovery experiment could be used
to examine where the SAR protocol can obtain the correct

equivalent dose. Normally, the natural signal of the sample
is zeroed with sunlight or in solar stimulator and then irradi-
ated in the lab with a dose close to the natural De. Then, the
given dose is measured using the SAR protocol to test if it can
be recovered as aDe. For a well-performing SAR protocol, the
ratio between the given and measured dose should be close to
unity (Murray and Wintle 2003), at least in the range between
0.9 and 1.1.

Six aliquots of CG-OPS sample were bleached by sun ex-
posure for 6 h and then given a 80.15-Gy dose. The SAR
protocol was then applied to test if the 80.15 Gy could be
recovered.

The test showed that recovery ratios were within the 2σ
level (0.9–1.1; Fig. 9a, b). The mean ratio (N = 6) of the given
dose to recoveredDewas 0.96 ± 0.03, signifying that the SAR
protocol generates a good De accuracy and precision. The
average by the central age model (Galbraith et al. 1999)
was 81.1 ± 2 (after residual subtraction), again within the
2σ level of the given dose of 80.15 Gy, indicating that the
applied protocol is working as it should. Furthermore, all
Brecycling ratio^ values for the same aliquots were within
5 % of unity (mean ratio 0.96 ± 0.05). We are thus confi-
dent that De estimates derived by the pIRIR290-SAR pro-
tocol are accurately calculated.

Fig. 6 Decay and dose-response curves for an aliquot of sample CG-
OPS showing the IRSL50 (a) and pIRIR290 (b) signals from coarse-
grained (80–125-μm) feldspars

Fig. 7 aDe as a function of preheat temperature for CG-OPS (aeolianite)
and b CG-UP (shallow marine) samples. Aliquots were measured in
groups of three (squares show means) using seven different preheat
temperatures from 240 up to 360 °C (held for 60 s each). Six
regeneration cycles were measured using the following doses for beta
irradiation: 0, 34.4, 68.7, 114.5, 171.8, 0, and 34.4 Gy (test dose
11.5 Gy). The results were checked for sensitivity changes
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Fading rate assessment Laboratory experiments have pro-
vided evidence that electrons from deep traps in feldspars
are less stable than in quartz, something that is attributed to
the tunneling of electrons out of otherwise stable traps. This
means that there is a loss of the luminescence signal (Wintle
1973). It is therefore necessary to determine the rate of signal
loss and then apply some forms of mathematical correction.

Different methods have been proposed to measure the loss
of luminescence per decade of time (g value) (e.g., Auclair
et al. 2003; Huntley and Lamothe 2001). In this study, the
method developed by Huntley and Lamothe (2001) was ap-
plied, in which bleached aliquots are given a dose once and are
short shined following increasing time delays.

The pIRIR protocol of Thiel et al. (2011a) described in
BIRSL measurements^ section above (Table 3) was used to
determine the g values for the pIRIR at 290 °C using one
aliquot for each sample. The g value of each aliquot was
obtained by fitting a linear regression line to the sensitivity-
corrected pIRIR signals as a function of logarithmic normal-
ized elapsed time. For the pIRIR290 signal, results obtained
(Fig. 10) yield a mean g value of −2.34 % (considered as zero)
with a standard deviation of ca. ±0.4 %, signifying that using
this protocol, feldspar experiences no loss of signal (mean
recuperation was 0.8 %).

Determination of the equivalent dose (De)

The establishment of the SAR protocol has revealed that dif-
ferent aliquots of the same sample give different equivalent
doses. This has brought up the matter of how an equivalent
dose distribution of a sample is to be depicted in order to get a
meaningful and reliable representation and thus extract the
necessary information for age calculations. A simple way of
getting a first impression of how the equivalent doses of a
sample are distributed is to produce a probability density func-
tion (PDF) (Fig. 11). However, the influence that an individual
De value has upon the overall distribution cannot be seen and
examined in a single probability density function.

To avoid the uncertainty inherent in PDFs, Galbraith et al.
(1999) developed the Bradial plot^ for the presentation of
single-aliquot data. Aliquots of a sample are depicted in a
radial plot in Fig. 12. Here, the equivalent dose of each aliquot
is displayed along with its associated measured uncertainty.

The variety in De distributions can indicate that a sample
has been subjected to diverse bleaching conditions (Arnold
et al. 2007; Olley et al. 1999; Rodnight et al. 2006) and
post-depositional processes and/or millimeter-scale differ-
ences in the beta dose rate to individual grains (Jacobs and
Roberts 2007) or even intrinsic differences in the lumines-
cence sensitivity of the aliquots measured.

Fig. 8 Results of solar bleaching of the pIRIR290 signal of sample CG-
OPS for a De and b sensitivity-corrected signal shown as a function of
bleaching time

Fig. 9 Dose recovery test for CG-OPS sample a without residual
subtraction and b with residual subtraction. Black dots indicate the
measured/given ratio calculated for each aliquot. The target value is unity
(black line). Dashed line shows the mean. The range of acceptability is
between 0.9 and 1.1 (dotted lines)
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A number of different methodologies are available that can
assist in obtaining the best estimate of De (e.g., Lepper and
McKeever 2002; Olley et al. 1998; Stokes et al. 2001), and of
these, the most widely used are those of Galbraith et al. (1999).
Many studies have used overdispersion values as the only di-
agnostic criterion for the choice of the most appropriate meth-
odology (e.g., Olley et al. 2004a). This value gives an estimate
of the relative standard deviation of the true De values, remain-
ing after the measurement error of each aliquot has been taken
into account; if the measurement error was the only reason for
the variation observed in De, then the overdispersion would be
zero. For well-bleached and homogeneous aeolianites, an
overdispersion value close to zero would be expected.

However, in a study testing the accuracy of various statis-
tical models, Bailey and Arnold (2006) concluded that the
selection of the most appropriate age model based only on a
single descriptor for the De distribution (such as the degree of
overdispersion) is not possible, and that no single method of
analysis is applicable to all samples (depositional environ-
ments), and proposed that the decision process should include
a series of criteria which describe the shape of the equivalent

dose distribution (skewness, kurtosis, overdispersion, and the
presence of negative De values). Bailey and Arnold (2006)
also developed a decision process guide (Bailey and Arnold
2006, pp. 2500) that can be used to help choose the most
suitable model on a case-by-case basis.

In our study, the De distributions of the measured aliquots
show some scatter with values of skewness ranging from 0.1
to 1.4 and kurtosis 0.1 to 3.1. The overdispersion values
ranged between 4 and 20 %. Based on these suggestions, the
central age model (CAM) by Galbraith et al. (1999) was used
for eight samples which show tight distributions approaching
normality (Table 4) and low scatter (skewness, kurtosis, and
overdispersion). For the De distribution of sample CG-02
which exhibits a broader spread, we applied the minimum
age model (MAM) to determine the appropriate De value.
The CAM calculates the weighted mean taking into account
additional dispersion that comes from measurement uncer-
tainties (Galbraith et al. 1999). The MAM can be used for
heterogeneous bleached samples and identifies the well-
bleached aliquots by applying a truncated normal distribution
to the log De values (Galbraith and Laslett 1993; Galbraith
et al. 1999). The width of this minimum De population is
derived from statistical measurement errors of each De value
and the overdispersion.

Table 4 contains the descriptive statistics which facilitated
the age model decision procedures based on Bailey and
Arnold (2006) and the range of pIRIR De values derived.
Table 4 also compares the De values derived using the CAM

Fig. 10 Measurements of the mean g value for CG-OPS sample. The
normalized pIRIR290 intensities are plotted against the log of time elapsed
since the end of the irradiation. The g value corresponds to the percentage
fading loss per decade of time, hence to the slope of the weighted linear
regression. A dose of 114.5 Gy was given

Fig. 11 Probability density function of CG-OPS (dotted line). The
individual De values (shown with associated errors as bars) are plotted
in rank order

Fig. 12 Radial plot for CG-OPS sample. The shaded area represents the
values that fall within two standard deviations of the weighted mean (an
equivalent dose value of 73.2 Gy). De values are shown together with
their associated precision. Values plotted on the left are those measured
with low precision, while moving to the right, precision is higher. An
additional feature of great interest in radial plots is that a radial line drawn
from the origin passes through points that have equal De values but
different precision. Data points that fall outside the two standard
deviations of the weighted mean can be used to determine the degree of
overdispersion (e.g., 0 % overdispersion means that 95 % of all dose
estimates lie within ±2 standard deviations of a Bcommon true value^
(Galbraith et al. 1999; Galbraith and Roberts 2012), in this case ±2
standard deviations of the weighted mean). In this instance, the data are
overdispersed by 11 %
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and MAM with the mean and the weighted mean. Data indi-
cates that skewness, kurtosis, and overdispersion values do
not greatly affect feldspar dose distributions, as the dose esti-
mates using the two age models do not differ significantly
compared to mean and weighted mean. However, using the
age models, the associatedDe errors are reduced considerably
compared with the mean De errors.

Scattered De values as a result of incomplete/diverse
bleaching of the luminescence signal is mainly a concern for
sediments that have been exposed to sunlight only for a short
period of time such as fluvial deposits (Arnold et al. 2007,
2009; Olley et al. 1999). However, many studies have shown
samples that had been well bleached (aeolian deposits) at the
time of burial, experiencing significant spread and
overdispersion (e.g., up to 20 %) in their equivalent dose
values (e.g., Jacobs et al. 2003; Olley et al. 2004b; Roberts
et al. 2000). Duller (2008) argued that this overdispersion is
the additional scatter in the data that cannot be explained by
the calculated uncertainties, most probably the result of a com-
bination of remaining intrinsic factors that cannot be suitably
accounted for (e.g., Thomsen et al. 2003) and extrinsic factors
such as microdosimetry. Close proximity of feldspar grains to
radioactive heavy minerals, such as zircons, would contribute
to a higher beta dose (Roberts et al. 1999). Dark-colored min-
erals (indicative of some heavy minerals) were found after
chemical treatment in many of the samples used in this study.

Based on the successful recovery of the artificially induced
dose (dose recovery test) and taking into account that the
samples were deposited under conditions which allowed for
sufficient and uniform signal resetting, we suppose that the
reasons for the slightly scattered dose distributions observed
are based predominantly on post-depositional processes
(grains displaced by groundwater percolation and by small-
scale activities of fauna) and millimeter-scale differences in
the beta dose rate to individual grains (presence of heavy

minerals) (Jacobs and Roberts 2007; Roberts et al. 1999)
and secondarily on diverse bleaching conditions.

Age estimates and discussion

The age estimates of this study (Table 5) are given with the 1σ
uncertainty and after a residual dose of 4 % had been
subtracted from the De values, except for De values of the
pIRIR signal at 225 °C of the two young samples as the level
of the residual signal at that temperature is usually low. For
both pIRIR at 290 and 225 °C, the test dose measurements
corrected properly for sensitivity changes, since the average
recycling ratio of 95 % of the aliquots was within the accepted
0.9 to 1.10. For the pIRIR290 signal, the mean g value was
−2.34 ± 0.04 % per decade and mean recuperation was 0.6 %.

In general, feldspar ages are in chronostratigraphic order
(Fig. 13) and indicate a late Pleistocene deposition; pIRIR290

dating estimations revealed ages of 56.2 ± 4.7 ka for the up-
permost aeolianites overlying the beach calcarenite

Table 4 Determination of the
most likely equivalent dose using
numerical parameters

Sample De distribution characteristics De (Gy) Model selection

Overdispersion Skewness Kurtosis Mean Weighted
meana

Model De (Gy)

CG-
OPS

11 % −0.4 −0.1 73.4 ± 9.2 73.5 ± 1.7 CAM 73.2 ± 1.5

CG-
UP

17 % −0.1 −1.6 118.9 ± 22.7 116.4 ± 8.6 CAM 116.8 ± 6.1

CG-PS 20 % 0.5 −0.9 97.7 ± 20.3 94.9 ± 6.5 CAM 95.9 ± 5.2

CG-01 19 % −0.3 −0.2 94 ± 18.2 93.4 ± 8 CAM 92.4 ± 5.2

CG-02 16 % 1.4 3.1 86.7 ± 15.3 84.5 ± 6.1 MAM 86.9 ± 7.5

CG-03 21 % 0.6 0.6 99 ± 21.7 94.8 ± 8.1 CAM 96.9 ± 5.8

AGTS 9 % 0.1 −1.5 80.3 ± 7.8 78.2 ± 2.6 CAM 79.8 ± 2.2

SD-01 4 % 0.7 1.4 4.1 ± 0.5 3.9 ± 0.2 CAM 3.9 ± 0.1

SD-02 18 % 0.8 1.6 3.9 ± 0.9 3.8 ± 0.3 CAM 3.9 ± 0.3

a For the weighted mean, each value was weighted by 1/σ De

Table 5 Calculated ages using the appropriate statistical model

Sample Model selection
Condition Model Age (ka)

CG-OPS Aeolian CAM 56.2 ± 4.7

CG-PS Beach calcarenite CAM 59.8 ± 5.1

CG-UP Shallow marine CAM 78.4 ± 6.9

CG-01 Aeolian CAM 61.6 ± 5.6

CG-02 Aeolian MAM 69.5 ± 8.5

CG-03 Aeolian CAM 74.4 ± 7.5

AGTS Aeolian CAM 66.6 ± 6.1

SD-01 Young aeolian CAM 1.3 ± 0.03

SD-02 Young aeolian CAM 1.3 ± 0.1
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(59.8 ± 5.1 ka) and shallow marine deposits (78.4 ± 6.9 ka)
matching the MIS 3, MIS 4, and possibly the end of MIS 5a
which are characterized by a prolonged sea level low transi-
tion from a high sea level. For the young aeolianites, the
pIRIR225 gave an age of 1.3 ± 0.2 ka, providing evidence
for sand movement and extensive reworking.

There are a number of different curves for Quaternary sea
level changes that could be used for associating the ages de-
rived with the MIS timescales. In this study, we used both
Waelbroeck et al. (2002) to compare our dating results with
results obtained in other studies using a number of different
dating techniques (Fig. 14) and Lambeck’s (1996) modeled
sea level data which refer to the last interglacial-glacial cycle
(Fig. 13).

pIRIR ages obtained for our beach calcarenite and shallow
marine samples resulted in age estimates of 59.8 ± 5.1 and
78.4 ± 6.9 ka, respectively. Shallow marine and beach
calcarenite deposits present direct evidence of a relatively high
sea level at MIS 5 (e.g., Lambeck 1996; Waelbroeck et al.
2002). At one of our sampling points between Ayia Napa
and Cape Greco, an exposed stratigraphic column shows that
an aeolianite formation (CG-OPS) conformably superimposes
the beach calcarenite (CG-PS) which in turn overlies the shal-
low marine deposits (CG-UP) with pIRIR ages being in

stratigraphic order, thus confirming their marine-aeolian asso-
ciation. Our luminescence dating results of the shallowmarine
sediments (CG-UP) can help provide a rough estimate for the
uplift rate of the southeast coastal area Cyprus. An uplift rate
of ca. 0.2 mm/year is indicated.

Investigation of the factors favoring aeolianite formation
has shown that the connection of the aeolianite ridges with
the different climatic phases of the Quaternary is not necessar-
ily uniform among different localities (Yallon 1967). For in-
stance, the aeolianites and underlying sediments and soils of
the coastal plain of Israel were developed under climatic
phases of wet and dry conditions. However, local factors and
disturbances were found to be the main driving force for their
formation, indicating that the sedimentary cycles of the coastal
plain did not necessarily follow the samemajor cyclic events of
the Quaternary (Yallon 1967) which have created distinctive
sedimentary coastal formations in other Mediterranean re-
gions. Another instance points out that the local constraints
for coastal dunes development exist in the Galilee coastal plain
in Israel, where a complete and detailed chronostratigraphic
sequence showed that the last glacial period left no sedimenta-
ry record (Sivan et al. 1999), as a contrast to many other studies
nearby (Netanya and Tel Aviv) (Engelmann et al. 2001;
Frechen et al. 2001, 2002; Porat and Wintle 1995; Porat et al.
2004), where aeolian dunes were dated to MIS 3.

It would be expected that the general pattern of our ages
should cluster around the last few interglacial episodes, simi-
lar to what has been observed elsewhere, further east for ex-
ample, on the coast of Israel (e.g., Frechen et al. 2004; Mauz
et al. 2013) where beachrocks were found to be formed during
MIS 5. Indeed, our ages are in fair agreement with these stud-
ies but also in a common geochronological framework with
the results obtained in studies conducted in southeast coastal
Cyprus (e.g., Schellmann and Kelletat 2001) (Fig. 14).

Poole’s (1992) ages of 141 ± 4 and 219 ± 16 ka (MISs 6
and 7) as well as Zomeni’s (2012) ages of 143 ± 9 and
152 ± 8 ka (MIS 6; Fig. 14 and Table 1), where fauna suitable
for uranium-series dating (Cladocora caespitosa) was used,
indicate that our dated aeolianites (MISs 3, 4, and possibly 5)
were deposited in an event later than the littoral deposits of
these studies, pointing out that aeolianite formation was most
probably initiated at a sea level lower than that of the littoral,
just after sea level started falling and the unconsolidated sed-
iments of the last interglacial seafloor were exposed to the
dominant winds, favoring their redeposition in the form of
sand dunes on the newly exposed shelf. However, there exist
an extensive Btime lag^ between our aeolianite ages and some
of the U/Th dating results of other studies in the area (Poole
1992; Zomeni 2012) which is not expected.

Of particular interest to our luminescence studies are two
aeolianite OSL age estimates of 60.9 ± 4.4 and 57.9 ± 5.2 ka
(Noller 2009), which were found to be in agreement with our
dated aeolianites, providing additional evidence for aeolian

Fig. 13 Comparison of the pIRIR ages of the study area with late
Quaternary relative sea level stands of Paros Island located in the
central Aegean Sea (after Lambeck 1996). The graph shows that deposits
are in stratigraphic order with aeolian deposits overlying the littoral (when
errors are not considered) except one aeolianite that has an age very close
to the dated shallow marine sample. The oldest pIRIR age (CG-UP)
obtained from a shallow marine sample underlying a beach calcarenite
(CG-PS) and the aeolianites was dated at 78.4 ± 6.9 ka. Based on MIS
records (Lambeck 1996), this age suggests the beginning of coastal
deposits formation between MISs 5a and 4
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depositional events in SE Cyprus mainly after the MIS 5a
when the sea level started falling.

The deposition of the aeolianites is more commonly asso-
ciated with a prevailing wind regime. For the aeolianites of
our study area, it is believed that west-southwest winds
transported the exposed littoral sediments landward. This is
supported by the presence of reworked skeletal fragments of
marine organisms in our aeolian samples and also by other
paleowind studies in the Eastern Mediterranean region. The
luminescence-dated (65 ka) aeolianites in the Palestine
(kurkar ridges) at the Levant (Frechen et al. 2002) have been
interpreted as representing typical dunes formed simulta-
neously along the coastline by a perpendicular (southwest)
to the shoreline wind direction. Field observations in another
study from Gaza (Zaineldeen 2010) also showed that cross-
beds within the kurkar layers were deposited by a westerly and
southwesterly paleowind. The same conclusion regarding
wind directions was drawn by Yallon and Laronne (1971) at
an aeolianite coastal ridge a few tens of kilometers northern,
suggesting a dominant westerly and southwesterly wind re-
gime for the area in the past.

Conclusions

This paper presented a suite of ages for the aeolianites and
underlying beach calcarenite and shallow marine deposits
found along the coast of Ayia Napa and Cape Greco, in SE
coast of Cyprus revealing the occurrence of aeolian activity
during MISs 3, 4, and possibly late 5. In general, dune-
forming activity ceased along the SE coast of Cyprus at
around 60 ka, with dune building commencing about 75 ka
most probably under a dominant southwesterly wind regime.

A recent reworking and depositional activity of the late
Holocene (MIS 1) is also evident.

The comparison of our coastal deposit ages with other ab-
solute dating studies in the area showed that not all the coastal
deposits along SE Cyprus were formed at MISs 3, 4, and 5.
However, the underlying mechanisms that could explain such
variety are not fully understood. A clear case is the U/Th
littoral deposits dated at a sea level lowstand at MIS 6 (e.g.,
Poole 1992; Zomeni 2012).

Our analyses suggest that the pIRIR SAR protocol on feld-
spars produced reliable equivalent dose values. Performance
tests such as preheat plateau, dose recovery, and residual
bleaching checks were carried out to confirm the suitability of
our SAR protocol. Some variety of the numerical parameters that
were observed in De value distributions were effectively treated
by making use of De distribution analysis and selecting the ap-
propriate statistical models which led to accurate and precise De

values with considerable reduction in associated age errors.
Even though our luminescence dating approach seems to

produce reliable results, there exists a source of uncertainty in
the calculated ages. The environmental dose rates of the dated
deposits have been subject to changes since their initial deposi-
tion due to the infiltration of CaCO3 forming the carbonate
cement. For the dose rate calculations in this study, cementation
was assumed to be instantaneous. Further, the state of
(dis)equilibrium was not investigated in this study, and hence,
its effect on dose rate has not been accounted for. Thus, it is
important ages obtained here to be considered with some cau-
tion. Despite that, we believe that even if these parameters had
been taken into account, changes in the final ages would have
been insignificant, keeping ages in the same paleoenvironmental
framework.

This study suggests that luminescence dating offers excel-
lent potential for unraveling the geomorphic history of this

Fig. 14 Comparison of our
pIRIR ages with other dating
studies conducted in the same
area plotted on Waelbroeck et al.
(2002) relative sea level stands
derived by benthic foraminifer
oxygen isotopic ratios from the
North Atlantic and equatorial
Pacific Ocean. From the graph, it
is clear that our pIRIR results
(black dots) represent a later event
than that of the U/Th dating on
littoral deposits (post-dating the
littoral deposits) (Poole 1992;
Zomeni 2012)
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region. For the first time, absolute dating information based on
luminescence dating of feldspar of coastal deposits was ob-
tained from a coastal area of southeast Cyprus.
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