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c Istanbul University-Cerrahpaşa, Department of Geophysical Engineering, Avcılar, Istanbul, Turkey 
d Çanakkale Onsekiz Mart University, Department of Geological Engineering, Çanakkale, Turkey 
e Omer Halis Demir University, Department of Geography, Niğde, Turkey 
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A B S T R A C T   

Climate changes determined the repeated connections between the Black Sea, Caspian Sea and Mediterranean 
Sea. The landlocked anoxic Black Sea basin was exposed to several transgressions throughout Quaternary by the 
Mediterranean Sea through the Straits of Istanbul (Bosphorus) and by the Caspian Sea through the Manych-Kerch 
spillway. Sedimentological records of these connections are limited mostly to the marine terrace deposits of 
Marine Isotope Stage (MIS) 5e while the pre-MIS 5e period remains uncertain due to a lack of robust facies and 
chronological data from deep-sea sedimentary sequences. Here we discuss the imprints of multiple Mediterra-
nean transgressions during Middle Pleistocene in the Black Sea based on facies analysis and the optical age of 
coastal carbonate aeolianites. Contrary to today’s hydro-climate of the Black Sea, the aeolianites bear witness to 
the transformation of the Black Sea into a warm inland sea during successive Mediterranean invasions. Prior to 
the onset of aeolian deposition, paleosols were formed on the Eocene-aged hardened sandy silts, suggesting 
strongly washed soil. This is evidenced by no calcium carbonate and a high Rb/Sr ratio, with quartz amounting to 
of 99.8%. According to our OSL ages, carbonates deposited on the shelf plain under higher temperature and 
increased evaporation conditions in MIS 15 and the later interglacial phases were transported to the coastal sand 
dunes during the transitional phases of MIS 15–14, MIS 13–12, MIS 11–10 and MIS 9–8. We suggest that the 
carbonate-rich and ooid-containing aeolianites were repeatedly formed in the multiple Mediterranean trans-
gression stages, beginning with an increasingly severe dry phase following the Brunhes-Matuyama magnetic 
reversal.   

1. Introduction 

The successive bilateral invasions of the Black Sea (BS) by the 
Mediterranean (MS) and Caspian (CS) seas have been decisive regulators 
of the Black Sea’s water level throughout its Quaternary history. 
Reconnections during the interglacial periods and ensuing 

disconnections in glacial times caused recurrent changes in the salinity, 
temperature and paleoecological conditions of the BS, leading to the 
emergence of different Pleistocene basins since Gurian (Fedorov, 1978; 
Yanko-Homback et al., 2017) over the last 1.1 ma. In relation to these 
Pleistocene basins, the best recognized period in the Quaternary 
geochronology of the Black Sea is the last MIS 5 interglacial, dominated 
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by increased salinity of the BS linked to the inflow of MS waters (Svitoch 
et al., 2000), albeit from limited reliable chronological data. The MIS 5e 
interglacial is characteristically confirmed by the age of marine shells 
near the Taman Peninsula and the Kerch Strait to the north (Arslanov, 
1993), aeolianites as terrestrial equivalents to the west of Şile on the 
West Black Sea coast of Turkey (Erginal et al., 2013), and multi-proxy 
data from a 9.45 m-long sediment core on the southern shelf of the BS 
(Wegwerth et al., 2014). 

Regarding the pre-MIS 5e history of the BS, data on paleoenvir-
onmental geographical conditions during the transitions from intergla-
cial to glacial is quite controversial and limited. The lack of relevant 
chronological data from deep-sea sequences increases the importance of 
correlative terrestrial coastal deposits for understanding the multiple MS 
invasions of the BS. Marine terrace deposits on the central and eastern 
BS coasts of Turkey yielded ESR ages of 407.998 ± 67.475 ka (Keskin 
and Pedoja, 2011) and OSL ages of 638 ± 59 ka (Yildirim et al., 2013), 
respectively. The only perpetual chronology is, on the other hand, based 
on oxygen isotope (δ18O) signatures from Sofular Cave in NW Turkey, 
proving that BS-MS connections have been established at least 12 times 
in the last 670,000 years (Badertscher et al., 2011). 

In cores obtained from offshore shelf levels in the northwest part of 
the Bosphorus, terrestrial muds form the most up-to-date unit on the 
seafloor, accumulated in the interglacial and glacial periods of the last 
700,000 years, marking the Brunhes-Matuyama transition (Hsü and 

Giovanoli, 1979). The only carbonated unit is comprised of Messinian 
sediments, which are represented by stromatolitic dolomite, oolithic 
sands and calcarenites, as well as coarse gravels located at a depth of 
864–884 m (Hsü and Giovanoli, 1979; Gillet et al., 2007). In other 
words, the sedimentary records of the interglacial and glacial phases in 
the Black Sea bottom over the last 700,000 years have not provided 
satisfactory sedimentological information to distinguish interglacial and 
glacial times. 

An impressive succession of carbonate cemented, transgressive 
aeolian sandstones consisting of mixed siliciclastic (quartz-rich) sands 
and oolithic carbonates are well-exposed on a series of steep-faced cliffs 
9 m high in places along the NW-SW oriented western coastal zone of 
Şile (Fig. 1a,b). These aeolian sandstones, aeolianite sensu stricto, un-
conformably overlie more than 1.5 m thick, massive, quartz-rich terra 
rossa type paleosols with a sharply defined, slightly erosional flat con-
tact and also the basement rocks further inland. In turn, the aeolian 
sandstones are overlain by a relatively-thin cover of modern climbing 
aeolian sands in places. 

The relationship between the deposition of aeolianite sands and 
binder carbonates and sea level changes during glacial and interglacial 
stages has actually been known since Darwin’s first observations on St 
Helena Island (Darwin, 1841), and is still a matter of debate. According 
to Darwin, these formations are a remnant of the sand dune systems that 
existed on the coast while a shallow shelf existed around the island 

Fig. 1. Location map of study area (a,b) and sampling sites (c) on GoogleEarth image.  
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under low sea level conditions. Daly (1925), who made later observa-
tions on this island, determined that these sediments were also found at 
a depth of 20–30 m off the coast, and based on this, he stated that even a 
very small decrease in sea level would lead to the transport of sediments 
to the coast. Sayles (1931), who gave an important explanation for the 
formation of aeolianite, drew attention to the relationship between 
aeolianite formation in Bermuda and the ice ages; that aeolianites were 
formed by the transport of shelf sediments to the dunes, that paleosols 
were associated with sea level fluctuations during the ice ages, and that 
these clay-rich fossil soils indicated moist interglacial periods. 

Aeolianites in the Bahamas belong to the interglacial periods with a 
high sea level (Carew and Mylroie, 1997; Hearty and Kindler, 1997). 
Likewise, the aeolianites of the Coorong Region in the southeastern part 

of Australia (Murray-Wallace et al., 1998, 2001)and the aeolianites of 
the Western Mediterranean coast (Fumanal, 1995) are typical examples 
of this group (Brooke, 2001). In contrast, chronostratigraphic evidence 
from large dune systems has been found on the southwest coast of 
Australia (Kendrick et al., 1991; Price et al., 2001), the Hawaiian and 
California Islands (Muhs et al., 1993) and off the coast of Israel (Porat 
and Wintle, 1995; Engelmann et al., 2001; Frechen et al., 2001) reveal 
that the aeolianites belong to the ice age. 

This study discusses for the first time the successive reconnections of 
the BS with the MS based on description and interpretation of a process- 
oriented study of facies and depositional architecture. The chronology of 
the carbonate-cemented coastal aeolianites is an important aspect of the 
present study; ages were calculated using optically stimulated 

Fig. 2. Sampling sites of aeolianite. Black dots and numbers indicate locations of samples collected for petrographic analysis and OSL dating. White dots and 
numbers indicate locations of samples collected for paleomagnetic analysis. Hammer for scale is 33 cm long. 
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luminescence (OSL) and paleomagnetic measurements. Many studies 
have shown that sand grains are very effectively zeroed during wind- 
blown transportation and it can be confidently expected that this ap-
plies to the material examined here (Sivan and Porat, 2004; Roberts 
et al., 2008; Fornos et al., 2009). Several laterally-continuous sections 
characterized by distinct stratification in the exposures, with orienta-
tions running both parallel and perpendicular to the aeolian transport 
direction, have provided an excellent setting for studying facies and 
depositional architecture. The studied aeolianites, as well as the 
cemented coquinites in the nearby region, are the only Middle to Late 
Quaternary units in the coastal zone and no tectonically-induced 
deformation was observed in this region (Erginal et al., 2017), which 
is tectonically calm compared to the seismicity of Southeast Crimea, 
Georgia mainland, offshore in Bulgaria, and at Bartın on the Black Sea 
coast of Turkey (Kalafat, 2017). 

2. Methods 

2.1. Field studies, sampling and analyses 

Stratigraphic and sedimentological observations were made at Şile, 
located between 41◦11′29′′ N and 41◦11́14′′ N latitudes and 29◦28́47′′ E 
and 29◦29́35′′ E longitudes, along an 800 m-long outcrop in order to 
determine the bedding geometries, changes in sequence thickness, 
contact relationship with the underlying paleosol unit, lateral extent of 
the aeolianite, and bounding surfaces from bottom to top. Bedding 
measurements were carried out at 230 different sections to understand 
the direction of transport of aeolian sands by paleowinds. The mea-
surements were carried out separately in the western and eastern parts 
of the aeolianite sequence because the aeolianite, which forms an 
outcrop totalling 800 m, is currently divided into two parts by a 1 km- 
wide coastal dune area. A total of 21 rock samples and two paleosol 
samples were collected for analysis and dating from 9 typical sections 
where the aeolianite offers continuous outcrops (Figs. 1c, 2). 

Mineralogical and petrographic descriptions were made by petro-
graphic thin sections of the rock samples. With SEM (Scanning Electron 
Microscopy) and EDX (Energy Dispersive X-Ray Spectroscopy) analysis, 
the crystal morphology, sequential cement structures, element compo-
sitions, texture properties and the shape and size of the cemented grains 
were examined. Mineral composition of the aeolianite and paleosol 
samples was determined by X-ray diffractometry analysis. The total 
CaCO3 was measured with a Scheibler calcimeter. Element analyses 
were performed using ICP-MS in ACME Laboratories (Canada) to 
determine the geochemical composition of the aeolianites and paleosols. 

2.2. OSL age assessment (handling, chemical treatment, luminescence 
apparatus and protocol) 

2.2.1. Rationale 
The OSL technique was first proposed by Huntley (1985) and was 

later developed further (Banerjee et al., 1999; Murray and Wintle, 2000; 
Liritzis et al., 2013a; Li and Li, 2019). For calculating OSL ages, two 
quantities are required, namely, the equivalent dose (De) as well as the 
environmental dose rate (DR). De corresponds to the radiation dose 
absorbed since the last exposure of the material to light and is measured 
using the OSL technique. The other parameter required to calculate the 
OSL age, namely, the dose rate (DR), is calculated using the concen-
trations of U, Th and K reflecting the radioactive content within the 
sample and in the environment, plus the dose rate derived from cosmic 
radiation. Thus, the OSL age (in ka) was found through the ratio between 
the equivalent absorbed dose (in Gy) and the radiation dose rate (in Gy/ 
ka) according to the following equation: 

OSL age = Equivalent Dose (De)/Radiation Dose Rate (D) (1)  

where the equivalent dose is measured in (Gy) and the radiation dose 

rate in (Gy/ka), resulting in the OSL age in (ka). 

2.2.2. Handling and chemical treatment 
For OSL analysis, the outer parts of light-subjected surfaces were cut 

and removed and the remaining inner portion was crushed and 
powdered. Handling was performed under dim red-light conditions 
(620–640 nm). Before the OSL measurements and after crushing, the 
following sequential steps were performed: 

Step 1: Chemical reaction with hydrochloric acid (10%) to remove 
carbonates. 

Step 2: Chemical reaction with hydrogen peroxide (35%) to remove 
organic material (fresh hydrogen peroxide was continuously added until 
the chemical reaction occurred). 

Step 3: Wet sieving towards obtain grains with a dimension of 
90–140 μm. 

Step 4: Treatment with hydrofluoric acid (40%) for 45–60 min. 
Step 5: Final treatment with hydrochloric acid (10%) to obtain a 

clean quartz extract. 
Step 6: Washing using distilled water and subsequent drying in an 

oven at 50 ◦C. 
Step 7: Preparation of aliquots with mass of around 5–7 mg each 

(corresponding to 700–1200 grains for this specific grain size fraction), 
by mounting the material on stainless-steel disks using silicon spray. 

2.2.3. Luminescence apparatus 
All OSL measurements were conducted at the Luminescence 

Research and Archeometry Laboratory at Istanbul, Turkey, using a Risø 
TL/OSL reader (model TL/OSL-DA-15). This reader is equipped with (a) 
a 90Sr/90Y beta source, providing a dose rate of 89 ± 4 mGy/s, (b) a 
9635QA photomultiplier tube that was used for light detection, (c) 
detection optics consisting of a 7.5 mm Hoya U-340 filter (λp ~ 340 nm, 
FWHM ~80 nm), with a peak transmission at around 340 nm, (d) blue 
LEDs for stimulating quartz, with stimulation wavelength 470 ± 20 nm 
in the case of blue stimulation, delivering at the sample position a 
maximum power of ~24 mW/cm2 and (e) an infrared solid state laser 
(880 nm, FWHM 75 nm, maximum power 135 mW/cm2) (Bøtter-Jensen, 
1997; Bøtter-Jensen et al., 2000). Preheating was performed in a ni-
trogen atmosphere with a low constant heating rate of 2 ◦C/s to avoid 
significant temperature lag (Kitis et al., 2015). Examination using 
infrared stimulation at the ambient temperature indicated the presence 
of clean quartz populations, as it was revealed by either the lack of an 
IRSL signal or ratio values of IRSL over OSL, being lower than 1% 
(Murray et al., 2015). 

2.2.4. Equivalent dose 
In the present study, the chemical treatment focused on the isolation 

of quartz. Therefore, stimulation includes solely blue light at the 
continuous wave configuration (CW – OSL) for 50 s at 125 ◦C, as it is 
adequate to totally deplete all optically sensitive traps for each regen-
eration dose. The experimental protocol that was applied for the 
calculation of the equivalent dose (ED hereafter) is presented in tabu-
lated form below (Table 1). 

This is a typical version of the single aliquot regenerative-dose (SAR) 
protocol, firstly introduced by Murray and Wintle (2000, 2003), and 
following modifications suggested by Banerjee et al. (1999, 2001). It 
includes eight cycles; one for the natural OSL signal, five cycles with 
increasing regenerative doses, one zero-dose recuperation cycle, and a 
final recycling ratio cycle, involving the lowest regenerative dose. The 
regenerative doses were 15, 35, 70, 130 and 200 Gy. Regenerative doses 
were chosen within the range in which the natural dose point falls. After 
each regenerative dose, the sample was preheated at 260 ◦C for 10 s to 
remove unstable OSL components; this preheating temperature was 
selected according to preliminary preheat plateau tests. Sensitivity 
changes were both monitored and corrected with the aid of a test dose of 
15 Gy, delivered after each regenerative, natural, and zerodose OSL 
measurement following a cut-heat temperature of 180 ◦C for the same 
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reason as the preheat treatment. Using the corrected dose points, a 
growth curve was constructed to estimate the equivalent dose by 
interpolating the natural OSL dose point over the curve for each one of 
aliquots measured. At least ten aliquots were measured for each sample. 
The zero regenerative dose taken was used to observe the bleachability 
of the samples as well as whether the dose response curves go through 
the origin of the axis. 

2.2.5. Dose rate 
The dose rate was calculated according to the content of natural 

Uranium (including both 235U and 238U), 232Th and 40K radioactive 
isotopes plus the contribution of the cosmic rays. Portions of each bulk 
sample were submitted for Induced Coupled Plasma mass spectroscopy 
(ICP-MS, Acme Analytical Laboratories Ltd., Vancouver, Canada). Dose 
rates were calculated from these concentrations using the dose rate 
conversion factors of Liritzis et al. (2013b). External alpha contribution 
to the dose rates was ignored because the quartz grains were etched by 
HF treatment, as described above. The contribution of cosmic radiation 
to the dose rate was calculated using the sampling depth, elevation and 
geographical positions (Olley et al., 1996; Prescott and Hutton, 1988, 
1994). 

In addition, another portion of the sample material was used to 
determine the moisture and carbonate content affecting dose rates. As 
any sample is considered to be composed of three components, namely 
mineral (m), organic (o) and water (w), dose rates were corrected for 
organic and water following the methodology of Lian et al. (1995). 
Finally, the model of Nathan and Mauz (2008) was applied in order to 
correct the dose rate for the impact of carbonated cement. Due to 
dissolution and re-precipitation, the dose rate is not stable in the long- 
term; thus, modelling these is important in carbonate-rich deposits. 

2.3. Paleomagnetic measurements 

Paleomagnetic dating is a very useful technique to date Quaternary 
sediments and is widely used on different sedimentary units (Dirks et al., 
2010; Pappu et al., 2011). For our paleomagnetic analysis, a total of 57 
oriented cylindrical samples were collected from 14 different layers 
varying between 10 and 90 cm intervals through a 500 cm profile to date 
the aeolianite unit (Fig. 3). The cylindrical samples were cut into 97 
standard paleomagnetic sub-samples. We also took continuous samples 
100 cm long through the paleosol unit at the bottom of the aeolianite 
unit. All measurements were performed at the paleomagnetic labora-
tories of GFZ in Potsdam and at Istanbul University. A JR-6A spinner and 
2G Enterprises 755R three-axis DC-SQUID cryogenic magnetometer 
were used to measure the natural remanent magnetization. Alternating 
field (AF) demagnetization with an amplitude up to 100 mT was per-
formed by a LDA-3A and a 2G-Enterprises degausser attached to the 
magnetometer. 

Principal component analysis (Kirschvink, 1980) and Fisher statis-
tical analysis (Fisher, 1953) were used to define the vector components 
and the average ChRM, respectively. Rock magnetic analysis, including 
acquisition of isothermal remanent magnetization (IRM) and three 
component-IRM thermal demagnetization experiments (Lowrie, 1990), 
were conducted on a selected sample from every layer. To identify the 
magnetic carriers, based on their coercivities and unblocking behaviour, 
the stepwise acquisition of IRM was applied up to 1 T along the sample z 
axis (hard component), 0.4 T along the sample y axis (for medium 
component), and 0.12 T along the sample x axis (soft component) 

Table 1 
Steps of double SAR protocol applied in present study.  

Step 
no 

Action Comments & Technical Specifications 

1 Give regenerative 
dose, Di 

D1 = 0 Gy (Natural), D2-D6 Regenerative doses (15, 
35, 70, 140, 200 Gy), D7 = 0 Gy (Recuperation), 
D8––D3 (Recycle point) 

2 Preheat Duration 10 s, Temperature 260 ◦C 
3 CW-OSL 

measurement 
Duration 50 s, Temperature 125 ◦C: Natural & 
regenerative OSL measurement Li 

4 Give test dose, Di Dt = 15 Gy 
5 Cut-heat Duration 10 s, Temperature 180 ◦C 
6 CW-OSL stimulation Duration 50 s, Temperature 125 ◦C: Test dose OSL 

measurement Lt 

7 Return in 1 for a fresh 
sample 

Each measurement cycle was repeated for (at least) 
15 different aliquots.  

Fig. 3. Magnetic susceptibility profile of aeolianite and paleosol units in studied area and paleomagnetic directions (I, VGP) of aeolianite unit. κLF (low field magnetic 
susceptibility), GAD (Geocentric Axial Dipole), VGP (Virtual Geomagnetic Dipol), and I (Inclination). 
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(Lowrie, 1990). The IRM was performed with an ASC pulse magnetizer. 
Magnetic susceptibility measurements were performed by an AGICO- 
Kappabridge susceptibility meter (MFK-1S). The thermomagnetic 
experiment measured a representative sample from the aeolianite unit 
by heating it in air at room temperature up to 600 ◦C using AGICO LY-2 
Kappabridge. 

3. Results 

3.1. Composition of aeolianite 

The total calcium carbonate content in the Şile aeolianite ranges 
between 61.5% and 94.6%, therefore revealing that it can be defined as 
carbonate aeolianite (Fairbridge and Johnson, 1978; Abegg et al., 2001). 
Well-sorted laminated sands, with no grains of a size up to 3 mm, are 
also suggestive of aeolian carbonate sand dunes in petrographic 
composition. Two important components of the carbonate composition 
are ooids and binding minerals, consisting of calcite and aragonite 
(Fig. 4). XRD analysis showed that the amount of quartz ranged from 
5.4% to 38.5%. 

Thin section and electron microscopy analysis revealed the existence 
of almost the same mineralogical and petrographic properties in all 
samples. The framework grains are polycrystalline quartz, epidote, ooid, 
plagioclase and partially-opacified calcite and aragonites. Ferromagne-
sian minerals (biotite, pyroxene, augite, etc.) as accessory minerals and 
rock fragments (chert), derived from various origins, comprise the other 
constituents. Spar calcite cement and meniscus bridges are common. 
Opacifications on the walls of ooids and other grains may be due to the 
effect of atmospheric conditions. Indeed, there are traces of etching on 
the calcite surfaces. The nuclei of some ooids have disappeared due to 
erosion, especially in elliptical and flat-shaped ooids. Generally, the 
external cortex comprises fibrous aragonite crystals that form envelopes. 
In some examples with no nuclei, the aragonitic needles in the laminae 
forming the ooid cortices have been preserved. Some of the ooids are 
made up of polycrystalline quartz. It is seen that some ooids have a thick 
cortex, where the thickness of the cortex is much higher than the core 
thickness and the spaces between the ooids are filled with calcites that 
increase in size towards the centre. 

3.2. Facies architecture 

A description and interpretation of the process-oriented study of 
facies and depositional architecture in the coastal aeolian succession is 
presented and evaluated here. Several laterally continuous sections, 
characterized by distinct stratification types with orientations running 
both parallel and perpendicular to the aeolian transport direction, pro-
vide an excellent setting for studying the facies and depositional archi-
tecture. This enables valuable insights with which to make reliably 
sound inferences on understanding the three-dimensional reconstruc-
tion of genetically-related aeolian dune and interdune deposits and the 
associated spatial and temporal changes in the evolving pattern of this 
coastal dune system. 

In the exposed sections, three distinct lithofacies are recognized, 
based mainly on primary sedimentary structures and the geometry of 
distinct stratification types, in particular pin-stripe (wind ripple, trans-
latent) laminae, which are considered to be critically important char-
acteristics for identifying and understanding ancient aeolian dunes, 
their morphology and style of deposition (Hunter, 1977; Fryberger, 
1979; Fryberger and Schenk, 1988; Bristow and Mountney, 2013). These 
facies are defined here in simple terms on the basis of their prominent 
stratification type as 1) horizontally-stratified aeolianite facies, 2) cross- 
stratified aeolianite facies, and 3) deformed aeolianite facies, respec-
tively (Fig. 5). 

3.2.1. Horizontally-stratified aeolianite facies 
This unit forms the lowest visible level of the section and its thickness 

ranges from 1 to 1.6 m. This facies is represented by horizontal to sub- 
horizontal tabular-planar sets of aeolianite which are bounded sharply 
by horizontal to gently inclined, planar or slightly undulating surfaces. 
These sets are about 20 to 50 cm thick and consist of thin to thick, plane- 
parallel laminae with a thickness of several mm and beds of 1–3 cm. The 
layers in the planar-tabular cross-layered sets are generally inclined to 
the east and southeast. Dip angles vary between 10◦ and 15◦ in the upper 
parts, which decrease gradually towards the base of the unit and gain a 
near-horizontal angle with a concave appearance at the bottom. This 
laminated basal unit has very low angle southwest inclinations (2◦-5◦) 
and consists of very fine sandstone-silty to very fine sand alternation. 
The unit is predominantly composed of a mixture of moderately- to well- 
sorted, very fine to coarse-grained (1–0.065 mm), angular to sub- 
rounded quartzite sands and ellipsoidal to well-rounded oolithic 

Fig. 4. Thin section micrographs and SEM images of representative samples of 
aeolianite. (a,b) quartz arenite, including angular chert fragments, quartz (Q), 
plagioclase (plj), epidote (Ep), augite and opaque minerals; (c,d) ooid sand-
stone, including spear-shaped aragonite crystals growing on grain surfaces or 
towards the nucleus of empty ooids, opacification, polycrystalline quartz; (e,f) 
sandstone with ooid, angular and slightly round monocrystalline and poly-
crystalline quartz, opacified ooids on walls, opacified calcite and aragonite 
crystals on walls of the grains, and meniscus-type spar calcite cement; (g,h) ooid 
sandstone, ooids with nuclei usually composed of quartz fragments, angular 
semi-angular quartz grains, calcite and ferromagnesian minerals (augite), spar 
calcite cement, opaque in the envelopes of ooids and edges of some grains. 
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carbonates. 
This unit, whose upper surface is defined by a first-degree flat surface 

boundary, generally reflects the lower part of a coastal sand dune 
extending in a SE direction and whose upper part is abraded. In this 
context, the 1st degree surface boundary lying flat on the sand dune 
indicates a sand surface created by erosion. Evenly plane-parallel 
laminated and moderately-sorted horizontal tabular sets of this facies 
represent interdune sediments that probably developed on the flat to 
gently sloping surface of an area of flat sand sheets (Hunter, 1977; 
Kocurek and Dott, 1981; Lancaster and Teller, 1988). Relatively thinner, 
finer and well-sorted sub-horizontal laminae may represent deposition 
resulting from climbing translatent strata formed by migrating wind 
ripples. 

3.2.2. Cross-stratified aeolianite facies 
This facies is characterized by medium and large-scale tabular-planar 

and wedge-planar cross-stratified yellow sandstone with fine to medium 
grained and well-sorted quartz and oolithic grains. Cross-strata are ar-
ranged in 1–5 m thick, solitary or superimposed tabular sets which are 
delimited abruptly at the base and on the top by sharply defined 

horizontal and gently-inclined planar surfaces which can be traced 
laterally at the exposures. Cross-stratification is represented by high 
angle inclined (15◦ to 30◦) oblique-parallel and slightly concave upward 
foresets which consist of thin to thick fine-grained laminae and very thin 
beds. The laminae and the beds downlap to the base marked with 
sharply defined angular contact or tangentially (asymptotically) with 
gently inclined or slightly curved (concave up) laminae and toplap with 
angular contact to the upper bounding surface. The dip directions of the 
foreset laminae are mainly northwest, south and southeast. 

Tabular-planar and wedge–planar cross-stratified sets, with steeply 
dipping foreset laminae and sharply defined angular and tangential 
lower contacts and flat to inclined truncated tops, represent the pre-
served parts of large scale two-dimensional and three-dimensional 
advancing transverse dunes with erosion on the stoss-side and net 
deposition on the lee-side (Rodríguez-López et al., 2014). Steep to low 
angle inclined foreset laminae represent the construction and preser-
vation of the dune system through continuous sedimentation on the dry 
and non-cohesive slip faces exceeding the critical angle of repose of the 
grains by avalanching processes, grain flows of non-cohesive sands, and 
grain falls, respectively (Hunter, 1977; Kocurek and Dott, 1981). 

Fig. 5. (a, b) Characteristic sedimentary properties of aeolianite. Man for scale is 1.56 m.  
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Sharply-defined horizontal and gently-inclined lower and upper 
boundaries are the first order bounding planar surfaces. The truncation 
of the foreset laminae (steeply inclined slip faces) at the top indicates a 
period of sediment starvation and wind erosion related to changes in the 
prevalent wind direction and the cessation of dune migration. The dip 
directions measured from the tabular cross-stratified foresets indicate 
that the orientation of the dunes was determined by south-easterly, 
northerly and north-westerly paleowinds. The surface boundaries 
occur due to changes in wind direction and velocity during dune pro-
gression, documenting pauses during sand dune migration, direction 
changes in the dune, and erosion on the dune surface. 

3.2.3. Deformed aeolianite facies 
This facies is represented by slightly to chaotically disturbed post- 

depositional structures and impressions of footprints and burrows on 
various scales that are exhibited both in the cross-stratified and evenly 
parallel-laminated horizontal deposits. Chaotic disturbance and defor-
mation specifically occur in large-scale cross-stratified yellow calcar-
eous aeolianites which are characterized by pin-stripe like, fine grained 
and steeply inclined foreset laminae. Deformed structures include 
intricately folded, buckled, wrinkled laminae, intraformational rip-up 
clasts and massive, sub-rounded to rounded lumps of silty fine sand. 
Impressions of footprints, characterized by downward inverted de-
formations and animal burrows occur commonly on the bedding planes 
of the subjacent parallel laminae in the horizontal and sub-horizontal 
sets. 

The chaotically disturbed and intricately contorted laminations with 
massive sandy lumps and intraformational rip up clasts of this facies 
represent penecontemporaneous hydroplastic deformation on the steep 
lee side of the migrating dunes, resulting from aerially-limited sand 
flows due to slope failure under wet conditions after heavy rains or snow 
melts as the increased amount of intergranular pore water negatively 
effects cohesiveness of the sandy sediments (Bigarella, 1972; McKee and 
Bigarella, 1972). Footprint impressions, which occur specifically within 
the horizontal and sub-horizontal sets, are also indicative of moist sand. 

3.3. Paleosols 

Paleosols, which hold concrete records of the climatic conditions and 
pedogenic processes of the period in which they were formed, are in-
dicators of the tendency towards humid and rainy climatic conditions 
following the wind-blown drift and accumulation of aeolian sands in 
drier periods. In many studies of aeolianites along coastlines around the 
world, paleosols have been found in colours and compositions quite 

similar to those in the research area. Some examples of these are the 
Southwest Cape in South Africa (Butzer, 2004), Karmel Coast in Israel 
(Tsatskin and Ronen, 1999; Sivan and Porat, 2004), the Gulf of Haifa 
(Tsatskin et al., 2015), on the Gaza Strip Coastal plain in Palestine 
(Zaineldeen, 2010), Rottnest Island on the west coast of Australia 
(Hearty and O’Leary, 2008), on the Xisha Islands in the South China Sea 
(Zhao et al., 2011), Bermuda Island (Hearty and Vacher, 1994; Herwitz 
et al., 1996; Muhs et al., 2012; Rowe and Bristow, 2015), the north-
western coast of Egypt (El-Asmar and Wood, 2000), on the eastern coast 
of Tunisia (Frébourg et al., 2010), the Channel Islands in California, USA 
(Muhs et al., 2009), Hawaii (Fletcher et al., 2005), the Bahamas Islands 
(Foos, 1991; Kindler and Hearty, 1995; Carew and Mylroie, 2001), Lord 
Howe Island (Brooke et al., 2003), and the east coast of Australia. These 
are among the main locations where paleosols have been detected. 

In the present study, two brown reddish paleosol horizons, varying in 
thickness from 20 cm to 50 cm, were typically observed and collected in 
two different sections. Sampling locations and the location of the pale-
osols (P1 and P2) are shown in Fig. 6. These samples were taken at 1 m 
and 5 m depth from the surface, respectively. Sample P1 is a red colour; 
it exhibits a wavy surface on the solid-looking sand facies at the bottom 
and ends with laminated aeolianite layers on the top. The pH is 9.7 and 
the calcium carbonate is almost completely washed away from the 
medium (0.28%), confirmed by the small amount of Sr (18.7 ppm) and 
Ca (0.47%) in contrast to the excess of Rb, Zr, Fe and K (Table 2). In 
chemical decomposition, it is known that the elements Ca and Sr move 
away from the environment faster and more effectively than K and Rb; 
this leads to enrichment in terms of K and Rb and depletion in terms of 
Ca and Sr (Xu et al., 2010). The Rb / Sr ratio, which is one of the most 
commonly-used indices to measure paleopedogenic soil processes and 
weathering intensity, was evaluated here based on the paleosol samples. 
A high Rb / Sr ratio in loess paleosol sequences has been linked to a more 
effective weathering rate (Chen et al., 1999) because Sr is removed from 
the soil due to an increase in weathering. The Rb / Sr ratio in P1 is quite 
high (0.47), signifying that it represents a fossil soil formed under more 
humid and rainy conditions. According to our XRD analysis, 98.4% of 
the mineral composition of the paleosol is quartz, 0.7% is cadmium 
cyanide, and 0.9% is zeolite. 

Sample P2, lying at a depth of 5 m below the surface, is quite 
different from P1. With a thickness of 25 cm, the paleosol is dirty yellow 
in colour and closer to the aeolianite on which it developed. Contrary to 
P1, it contains more CaCO3 (16.43%), Sr (69.2 ppm) and Ca (4.45%). Rb, 
Zr, Fe, Al and K ratios are close to the P1-coded sample. The higher 
amount of CaCO3 and Sr, as well as the lower Rb/Sr ratio (0.03), reveals 
that this paleosol was formed under lower humidity and precipitation 

Fig. 6. (a, b) Views of paleosol units within aeolianite beds. Hammers for scale are 28 cm (a) and 33 cm (b) long.  
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conditions. XRD analysis demonstrated the presence of quartz (67.6%), 
calcite (20.6%), potassium cyanide (3.2%) and zeolite (8.6%). 

3.4. Paleomagnetic records 

The magnetic susceptibility profile distinguishes the physical prop-
erties of the aeolianite and paleosol units very clearly, as does the lith-
ological description (Fig. 3). The IRM curve shows low coercivities, 
saturated below the 0.3 T field. The three component-IRM thermal 
demagnetization experiments show that the studied aeolianite unit 
consists of a dominant low-coercivity (0.12 T) magnetic phase with a 
maximum unblocking temperature of 450 ◦C, signifying the presence of 
fine-grained magnetite. Temperature-dependent magnetic susceptibility 
measurement of the selected aeolianite sample shows a Curie point at 
580 ◦C, indicating the presence of ferrimagnetic minerals, of which 
magnetite is dominant. 

The NRM intensities of the samples, except for samples from layer L1 
taken from the boundary of the paleosol and aeolianite with an average 
value of 28.65 mAm− 1, range from 0.88 to 11.5 mAm− 1, with an average 
of 3.2 mAm− 1. The degree of inclination, ranging from 59.3◦ to 20◦, 
shows positive polarities. The average MAD values of 5.15◦ indicate 
well-defined ChRM directions for the studied aeolianite samples. The 
demagnetization steps of the samples show a clear normal polarity, with 
northward declination and downward inclination. The obtained D/I =
16.6◦/54.2◦ from the top of the studied section is consistent with the 
present Geocentric Axial Dipol (GAD), which is D/I = 5.21◦/58.03◦ for 
the studied site. The studied aeolianite unit preserves only normal po-
larity and no layers in reverse. All VGPs were located at the North Pole, 
which indicates a normal polarity chron. 

3.5. Luminescence features and age calculations 

Table 3 presents all the data required for the calculation of the OSL 
ages of all sediments. Organic content was calculated to be less than 3% 
while the present water content was calculated as between 5 and 11%. 
The equivalent doses are quite large, yielding a minimum value of 100 
Gy and even larger, with high precision. For all SAR dose response 
curves, saturating exponential expressions were used. It is important to 
note that the regenerative doses are quite large, despite the generally 
low saturation level of quartz. According to a previous study on other 
Şile aeolianites (Polymeris et al., 2012), local quartz samples indicate 
quite high levels of saturation, while the linearity reaches up to almost 
100 Gy. As this latter figure indicates, the dose response curve passes 
through the origin, due to a recuperation level of roughly 7–12%; this 
was the case for the majority (>92%) of the aliquots. In general, aliquots 
were accepted for analysis if they met criteria for the detectable net 
natural test signal (greater than three sigma above the background 
signal), recycling ratio values less than 10%, recuperation values less 
than 15% and an effective sensitization correction procedure (average 
value within 1 ± 0.2 in all test doses for each sample). Low regeneration 
values could also be attributed to the presence of a well defined fast OSL 
component in the OSL decay curves of the quartz that is the subject of 
the present study. 

It is important to note that the geochemistry of the samples was 
calculated using a small quantity from the bulk polymineral material (i. 
e., including both CaCO3 and quartz from the sediment) using ICP-MS. 
Dose rates were calculated from these concentrations using the dose 
rate conversion factors of Liritzis et al. (2013a, 2013b). The content of 
these radionuclides is very low, resulting in very low dose rates. The 

term “conventional age” in Table 3 was adopted for the age that was 
obtained under the assumption that the dose rate is constant. Never-
theless, as the content of calcium carbonate within the samples exceeds, 
the conventional dose rate calculations consider air and water as a 
constant pore-filling substance and account for the attenuation effect of 
water, using correction factors proposed by Zimmerman (1971). This 
was true at the time of the sedimentation of the detrital components. 
Carbonate-cemented deposits, however, experience accumulation (and 
sometimes dissolution) of carbonate as a pore-filling substance over time 
(Nathan and Mauz, 2008). As this interstitial cement material is inert, 
the dose rate of carbonate-rich sediments should be corrected in a 
similar manner to water, but with new correction factors after the pore 
material stops changing, the carbonate has already precipitated in the 
existing pore and the changing has ceased (Nathan and Mauz, 2008; 
Mauz and Hoffmann, 2014; Erginal et al., 2021). Thus, the dose rate is 
not constant during burial, indicating higher values at the time of 
sedimentation of the detrital components and lower values after 
cementation. Table 3, besides the conventional values of dose rates and 
ages, also includes the effective dose rate and the final ages. 

The calculated ages are very old, in many cases beyond the usually 
reported dating results of 400–500 ka, considering both the large values 
of the equivalent doses but mostly the low dose rate in the carbonate 
rocks and sediments. However, these conversion factors do not take 
account of spatial heterogeneities in sediments such as restricted 
radioactive source geometries, where the grain size and source density 
are significant for accurate beta dose rate calculation (Guerin et al., 
2012). The calculation assumes the infinite matrix approach that is 
justified in pottery, as in many cases the quartz grains are surrounded by 
a quasi-infinite, uniform medium. Of course, even for these cases, the in- 
homogeneity of the various elements’ content results in severe dose rate 
in-homogeneity; as the example in (Aidona et al., 2018) shows. How-
ever, in contexts such as carbonate cemented aeolianites, sedimentary 
grains are not surrounded by either an infinite or uniform matrix. Ac-
cording to Monte Carlo simulations (Guerin et al., 2012, 2015) for the 
specific grain size fraction, the dose rate in quartz could be under-
estimated by factors ranging from 15% to 40%. Regardless, the dose 
rates that were calculated in previous studies of Șile aeolianites (Poly-
meris et al., 2012; Erginal et al., 2013, 2017) are in good agreement with 
those of the present study. 

4. Discussion 

4.1. A general outline of aeolianite ages on world coasts 

Although OSL age distributions show a very wide time interval, this 
is normal because of the dynamic structure of the aeolian systems, and 
the permanent stability of the dune sands depends on cementing rather 
than vegetation. As a matter of fact, despite the most common period of 
aeolianite formation being MIS 5, which is the last warm interglacial 
period (Kindler and Hearty, 1995; Carew and Mylroie, 1997; Sivan et al., 
1999; Hearty and Neumann, 2001; Hearty, 2002, 2003; Mylroie, 2008; 
Carr et al., 2010; Erginal et al., 2013), there are many records pin-
pointing aeolianite occurrences from Holocene to Middle Quaternary, 
such as those on Majorca Island in the Western Mediterranean (34–97 
ka, Fornos et al., 2009), on the northwest coast of Egypt (191–584 ka, El- 
Asmar and Wood, 2000), in South Africa (67–366 ka, Bateman et al., 
2004; Porat and Botha, 2008), in Australia (10–533 ka, Gardner et al., 
2006; Hearty and O’Leary, 2008; Brooke et al., 2014; Lipar and Webb, 
2014), on the coast of Israel (Holocene-MIS 7.1, Sivan et al., 1999; 

Table 2 
Paleosol analysis results.  

Sample code Depth (cm) CaCO3 Corg pH Rb (ppm) Sr (ppm) Zr (ppm) Fe (%) Ca (%) K (%) Rb/Sr 

SP1 100 0,28 0,43 9,7 8,8 18,7 4,0 1,73 0,47 0,11 0,47 
SP2 500 16,43 0,43 9,9 2,1 69,2 2,8 1,00 4,45 0,03 0,03  
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Frechen et al., 2002, 2004; Sivan and Porat, 2004) and in Bermuda and 
the Bahamas (MIS 5 - MIS 11, Brooke, 2001). A significant number of 
these aeolianite formation stages coincides with interglacial periods. 

When aeolianite formation is considered for the last 800 ka, the 
warmest interglacial periods are MIS 5.5 and 11, while the coldest 
interglacial periods are MIS 13 and 17. In terms of glacial periods, the 
coldest periods are MIS 2, 12 and 16, while the hottest glacial period is 
MIS 14 (Masson-Delmotte et al., 2010). MIS 11 is considered to be the 
longest and warmest interglacial period in Pleistocene (Rousseau et al., 
1992; Oppo et al., 1990; Howard and Prell, 1992). MIS 14, when 
abnormally warm and humid conditions were experienced, merged with 
the cooler MIS 13 and MIS 15 before the Mid-Brunhes event caused the 
formation of a “plateau-like” super interglacial phase (Yu and Chen, 
2011). MIS 13 is a phase that encountered strong summer monsoons in 
the northern hemisphere. During this stage, there were important 
changes in grain size distribution in the loess deposits on the loess 
plateau of China (Vandenberghe et al., 1997). 

4.2. Formation stages of Şile aeolianites 

4.2.1. The earliest stage of aeolianite formation 
When the paleoclimate conditions described above are evaluated in 

terms of the obtained OSL ages, the ages obtained from the lowest levels 
of the section with a maximum apparent thickness of 8 m are 668 ± 111 
thousand years and 632 ± 88 thousand years. Considering the margins 
of error, these results reflect an age of at least MIS 15 but earlier than 
MIS 17 for the accumulation of calcium carbonates with the first aeo-
lianite (quartz) sands. These ancient aeolianites, corresponding to 
Middle Pleistocene, rest on a reddish brown paleosol level. 

The paleosol under the aeolianite was formed on Eocene-aged 
hardened sandy silts and explains how decomposition occurred under 
highly humid conditions prior to the precipitation of the aeolianite 
sands. XRD analysis of the samples taken from the paleosol showed 
99.8% quartz and 0.2% calcite. Calcium carbonate and total organic 
carbon are 0% and 0.65%, respectively. The Rb / Sr ratio calculated 
from the results of ICP-MS analysis of the samples is 0.76, which is ev-
idence that the soil was strongly washed. Accordingly, the first aeolian 
activity must have started in a sharp dry-windy phase following these 
very conditions. In the first aeolianite layers overlying this paleosol, the 
quartz rate varies between 88.4 and 84.1%, the calcite ratio is between 
15.9 and 14.6%, and the Sr rate varies between 92 and 114 ppm, which 
is much higher than the lower paleosol, containing 15 ppm Sr. 

This period, which corresponds to the beginning of Middle Pleisto-
cene, includes the Brunhes-Matuyama magnetic polarity reversal phase, 
defined as a distinct polarity reversal, which is assumed to have occurred 
at 780 ka (Shackleton et al., 1990), 775 ka BP (Bassinot et al., 1994), or 
777.6 ka (Hyodo and Kitaba, 2015). Albeit not recognized at the bottom 
of the aeolianite section, our measurements demonstrated that the 
studied aeolianite unit was deposited during normal polarity, Brunhes 
chron, and is not older than 780 ka. These results also match well with 
the OSL dating, which was found to be around 700 ka at the bottom part 
of the aeolianite unit. 

This transition period from Lower Pleistocene to Middle Pleistocene 
represents the transition to dry conditions in Australia (Pillans, 2003). 
The correct chronostratigraphy of this reversal transition phase is very 
problematic compared with the studies conducted in loess sediments in 
China and the loess-paleosol sequences in the northern coastal belt of the 
Black Sea, where more climatic cycles occurred after this phase than 
before (Dodonov et al., 2006). In fact, this phase represents the most 
important climatic change in the Early-Middle Pleistocene transition 
(Head and Gibbard, 2005). The formation of the paleosol, located under 
the first layers of aeolianite in the study area, is evidence of the moist 
conditions in this transition phase. Following this transition phase, MIS 
19 should be climatically drier, an interglacial period in which car-
bonate precipitation is effective and there is a connection with the 
Mediterranean. There is no other explanation for the composition and Ta
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origin of the aeolianites, which are of an ooidic sandstone structure, 
containing more than 85% calcium carbonate and almost similar to the 
Bahamian carbonate aeolianites. 

4.2.2. MIS 15–14 
The OSL ages of four samples yielded age values ranging from 547 ±

69 ka to 507 ± 84 ka, the Early Middle Pleistocene. Aeolian activity 
might have increased during the transition period from MIS 15 to MIS 
14. Suggestive of increasing aridity that favours aeolian wind-blown 
sand drift, the calcite ratio in the samples reaches 78.5% and the car-
bonate content is 76% on average. It can be suggested that, following 
this transition phase, precipitation of connective carbonates of aeo-
lianite occurred during the warmer climatic conditions of MIS 15. 

4.2.3. MIS 13–12 transition 
The OSL ages of six aeolianite samples, ranging from 465 ± 82 ka to 

411 ± 53 ka, point to the interglacial conditions prior to the MIS 13–12 
transition and the Mid-Brunhes event (MBE), after a long period when 
aeolianite sands did not accumulate during the ice age of MIS 14 after 
MIS 15. The amount of CaCO3 is about 89% higher than the previous 
(MIS 16–15) aeolianite formation stage. According to XRD analysis, the 
calcite average is 77.2% and the quartz average is 22.5%. Results from 
loess depots in China (Vandenberghe, 2000; Sun et al., 2006; Guo et al., 
2009), data from the lower reaches of the River Danube (Fitzsimmons 
et al., 2012), and even research results from Siberia during MIS 13 all 
indicate that relatively warm climatic conditions prevailed and glacial 
volumes decreased globally. The core samples taken from Lion Bay in 
the south of France showed that warm conditions were dominant in the 
next interglacial stages (Cortina et al., 2016). Therefore, in MIS 13–12, 
carbonates carried from the shelf environment that were exposed in the 
transition phase from interglacial to glacial conditions support a 
cementing process taking place in the increasingly windy arid condi-
tions, resulting in aeolianite formation. 

4.2.4. MIS 11–10 transition 
The OSL ages of six aeolianite samples yielded ages ranging between 

404 ± 54 ka and 351 ± 49 ka. This period must be the transition phase 
from the MIS 11 interglacial age to the MIS 10 ice age and coincides with 
the period immediately after the Mid-Brunhes event (MBE). As is known, 
the Mid-Brunhes incident is considered to be a global climate variance 
caused by orbital change during the transition from MIS 12 to 11 
(Termination V) about 430,000 years ago. Terrestrial and marine re-
cords show that after this period, glacial conditions were dominant in 
the northern hemisphere in contrast to the southern hemisphere, which 
was dominated by interglacial conditions (Jansen et al., 1986). 

In the MIS 12 ice age, the sea level that had dropped − 130 m 
(Shackleton, 1987) rose in MIS 11, known as the hottest and longest- 
lasting interglacial of the last 500,000 years (McManus et al., 2003; 
Bowen, 2010). During the MIS 11 interglacial, which is longer than MIS 
5e and is considered an analogue of the future of the (Holocene) climate 
(Rohling et al., 2010), the glacier volumes were less than in the present- 
day glacial phase (Bauch et al., 2000), and the sea level was higher than 
today (for example, in Bermuda and the Bahamas; Hearty et al., 1999; 
Hearty and Olson, 2008; Olson and Hearty, 2009). 

In the aeolianites where the CaCO3 ratios are 85%, XRD analysis 
showed the presence of 84.5–75.4% calcite and 15.5–24.6% quartz. As 
with the other aeolianites, the precipitation of the carbonate cement in 
the aeolianites occurred in hot and dry conditions during the MIS 11 
interglacial period. 

4.2.5. MIS 9–8 transition 
OSL ages of four samples ranging from 322 ± 47 ka to 280 ± 44 ka 

probably correspond to the transition period from MIS 9 to MIS 8, in 
which the maximum sea level rise is experienced during the MIS 9c 
phase (Siddall et al., 2006). Regarding the MIS 9 period, which is under- 
recognized in comparison with the MIS 5, MIS 7 and MIS 11 

interglacials, the rising corals on Henderson Island in the South Pacific 
have yielded ages between 334 ± 4 ka and 306 ± 4 ka based on U/Th 
data (Stirling et al., 2001). In this period, the sea level is assumed to be 
approximately today’s sea level in southern Australia (Murray-Wallace, 
2002), Bermuda and the Bahamas (Hearty and Kindler, 1995), and 
Grand Cayman (Vezina et al., 1999). 

The aeolianites of this period contain CaCO3 varying between 75% 
and 87%, similar to that of MIS 11–10. Calcite and quartz are 78.3% and 
21.7%, respectively. Evidence of MIS 9 stages on the coast of Turkey is 
very limited. The results of ESR dating of fossilised shells containing 
bivalve species such as Chione sp. gave an age of 292.5 ± 49.8 ka (Keskin 
and Pedoja, 2011). 

4.2.6. Paleosol formation periods 
The OSL age of paleosol P1 is 267 ± 22 ka. This period must have 

been a short-term moist-rainy phase in which aeolianite formation 
changes from windy and arid conditions to more humid and rainy 
conditions. The period corresponds to a short-term soil formation phase 
in the transition period (Termination III) between phases MIS 8b and 
MIS 7e according to the oxygen isotope chronology. 

The age of P2 paleosol is 426 ± 48 ka and this period should 
correspond to the MIS 12-MIS 11 transition (Termination V; Middle 
Brunhes Event) according to the oxygen isotope chronology. In this 
sample, the presence of 8.6% lithium zeolite as hydrated aluminium 
silicate is interesting. Since natural zeolite formation depends on the 
chemical reaction that occurs as a result of the contact between saline 
water with high pH and volcanic tuffs, its presence in the studied aeo-
lianites is not in situ filling. In fact, in aeolianites where paleosols 
developed, no zeolite has been identified in the XRD analysis. Therefore, 
the source of the abundant lithium zeolite contained in the paleosols 
may either be associated with volcanic activity synchronized with the 
formation of the soil or transport from Upper Cretaceous volcanics 
(Esenli et al., 1997) in the Kocaeli Peninsula. 

5. Conclusions 

The migrating and climbing transverse dune and interdune system 
(flat sand sheets) comprising the Şile aeolianite provides a new and 
robust record for the determination of five Mediterranean transgressions 
of the Black Sea during the interglacials before MIS 5. After the Messi-
nian event, in which well-sorted oolithic calcarenites were also depos-
ited, ooids were first identified in these Middle Quaternary aeolian 
dunes. Following the transition period from Lower Pleistocene to Middle 
Pleistocene, the initial formation of aeolianite occurred during MIS 19 
when the Black Sea was connected with the Mediterranean. In other 
words, the onset of aeolian deposition and the following cementation 
occurred at normal polarity chron, preserving normal polarity and with 
no layers in reverse. This also explains why the MIS 19 interglacial did 
not start immediately after the Brunhes-Matuyama magnetic reversal 
phase. During MIS 15, 13, 11 and 9 interglacials dominated by effective 
carbonate precipitation due to climatically warmer and drier conditions, 
the connective carbonates and ooids precipitated from evaporated sea 
water. The transportation of sands and carbonates to the coastal sand 
dunes, together with the ooids, by onshore winds occurred due to the 
lowering of the sea level. Paleosols, on the other hand, witness the 
intervening soil formation periods during the relatively rainy Termina-
tion III and V. 
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INQUA Subcomission on Mediterranean and Black Sea Shorelines. Newsletter 17, 
32–38. 

Gardner, T.W., Webb, J., Davis, A.G., Cassel, E.J., Pezzia, C., Merritts, D.J., Smith, B., 
2006. Late Pleistocene landscape response to climate change: eolian and alluvial fan 
deposition, Cape Liptrap, southeastern Australia. Quat. Sci. Rev. 25, 1552–1569. 
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