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1. Introduction
Paleosols, or fossil soils, formed under past climatic 
conditions, serve as archives with paleopedological 
importance, reflecting the climate and vegetation of the 
era in which they developed (Retallack, 1998, 2001). 
After their formation, these ancient soils are often 
buried by river sediments, flood debris, coastal dune 
sands, tsunami deposits, lava flows, and/or volcanic 
ashes. The paleoenvironmental significance of the 
micromorphological features of these sequences has been 
discussed, as they reflect key stages of pedosedimentary 
development (Kemp, 1999). In addition to reflecting the 
climate of their formation period, they also contribute 
to understanding geomorphic processes (Kraus, 1999), 
thus representing an underappreciated aspect of sequence 
stratigraphy that deserves more attention. Indeed, research 
has shown that paleosols have been addressed through a 
wide variety of quantitative proxies (Sheldon and Tabor, 
2009; Tabor and Myers, 2015).

Studies on paleosols in Türkiye have primarily focused 
on the Pre-Quaternary period, mostly reported from the 
interior regions of the Anatolian peninsula (Pasquare, 
1968; İnci, 1998; Küçükuysal and Kapur, 2014; Gürel 

and Özcan, 2016; Opluštil et al., 2018; Kadir et al., 2022). 
Late Quaternary paleosols have been identified among 
aeolianite layers that were used as an ancient shipyard on 
Dana Island (Erginal et al., 2021) and among fluvial deposits 
in NW Anatolia, where a Middle Paleolithic artifact 
was also discovered (Ocakoğlu et al., 2018). However, 
records of paleosols formed during the Holocene or just 
before are rather limited. Paleosols from the Hellenistic 
period or earlier have been identified on the southeastern 
Mediterranean coast of Türkiye (Beach and Luzzadder-
Beach, 2008). A paleosol evidence reflecting the arid 
conditions of the Younger Dryas has also been reported 
from archaeological sites in southeastern Anatolia (Sedov 
et al., 2017).

Paleosols that developed on relict coastal dunes may 
be exposed at the surface due to deflation (Buynevich et 
al., 2007), although publications on the paleosol formation 
in Holocene relict dunes are notably limited. This study 
examines the paleoenvironmental records preserved in 
oxidized relict dune sands exposed in the Kıyıköy area 
along the Black Sea coast of Thrace, along with the paleosol 
layers developed on top of them.

Abstract: The paleoclimatic indicators from a relict dune and paleosol sequence observed south of Kıyıköy Port, NW Türkiye, provide 
insights into the variable paleoclimatic conditions in the western Black Sea coastal zone over the last 4700 yrs BP. The relict dune-
paleosol sequence consists of reddish-brown coarse sands with abundant shells and overlying paleosol. Radiocarbon dating of Donax 
trunculus shells collected from the lowest part of the relict dune revealed the onset of sand deposition 4689 ± 123 yrs ago. The dark-
colored paleosol layer, with an Rb/Sr ratio of 0.008, yielded an age of 287 ± 32 yrs cal BP. These findings indicate that the paleosol 
developed around the 1700s, during one of the coldest phases of the Little Ice Age. This layer is followed by a brown-colored buried soil, 
indicating a short-lived humid and rainy period, as evidenced by an Rb/Sr ratio of 0.42.
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2. Methodology
2.1. Study area
The studied relict dune and paleosol sequences are located 
on the eastern coast of Kırklareli, near the Kıyıköy Port, 
along the Thracian Black Sea coast in northwestern 
Türkiye (Figures 1a and 1b). The Thracian coast of Türkiye 
extends from the mouth of the Rezve (Rezovo) River at 
the Bulgarian border down to the Bosphorus Strait. In 
the northwestern section of the Thracian coast, where the 
study area is located, the coastline is indented.

This coastal area forms a northeastward extension of 
the Istranca (Yıldız) Mountains, which consist of different 
lithological units such as gneiss, amphibolite, schist, 
limestone, sandstone, and igneous rocks. The coastal 
backshore features Middle to Late Eocene fossiliferous 
limestones with intercalations of sandstone and claystone 
outcropping. The sampling area is a 5-m-thick relict 

coastal dune sequence located near the Kazandere River’s 
mouth, where it discharges into the Black Sea near Kıyıköy 
port. A beachrock sequence extends immediately in front 
of this dune deposit (Erginal et al., 2013). According to 
data from the Kumköy meteorology station, located 85 
km southeast of the sampling site, the region receives an 
average annual precipitation of 831.4 mm. The average 
annual air temperature is 13.8 °C, while the average 
seawater temperature is 14.3 °C. The area experiences a 
humid-temperate Black Sea climate, and the tidal range is 
minimal, lesser than 10 cm (Medvedev, 2018).
2.2. Sampling and analyses
Samples were collected at 5 cm intervals from a 2-m-thick 
sequence predominantly composed of fine to medium-
sized sand grains, and proxy element analyses of these 
samples were conducted using ICP-MS (Figures 1c and 
1d). Total organic carbon was quantified employing the 

Figure 1. Location of the study area (a, b) and sampling sites (c, d).
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Walkley-Black titration technique, which was outlined by 
Walkley and Black (1934). The CaCO3 concentrations in 
each sample were measured using a Schibler Calcimeter, as 
detailed by Schlichting and Blume (1966). accelerator mass 
spectrometry (AMS) ¹⁴C dating was performed in 2013 on 
two Donax trunculus shells buried in the lower (2 m) and 
middle (1 m) parts of the sequence. Additionally, AMS ¹⁴C 
dating was conducted on the total organic carbon from the 
sand sequence at depths of 50 cm and 2 m to test the shell 
ages.

Trace element geochemistry has been used for a variety 
of applications (Sheldon and Tabor, 2009), including 
examining weathering intensity in paleosols (Kahmann 
et al., 2008), assessing leaching (Retallack, 1999; 2001; 
Sheldon, 2006), and provenance analysis (Sheldon, 
2006; Hamer et al., 2007; Sheldon et al., 2009). The Rb/
Sr ratio, calculated from data obtained through ICP-MS 
analysis, was used for this purpose here. Although shell 
fragments that could increase the Sr content in oxidized 
sand deposits were abundant, the Rb/Sr ratio was 
used for paleoclimatic evaluation due to the higher Sr 
concentration in the overlying shell-free paleosol layers. 
The mineral composition and textural properties were 
examined through thin sections. The quartz content of 
powdered samples was determined using XRD analyses.
2.3. Chronology and age-depth modeling
Accelerator Mass Spectrometry 14C analyses of three 
samples (one bulk and two marine fossils) were carried 
out at TÜBİTAK-MAM radiocarbon laboratories (Table). 
The results of the marine fossils were calibrated using 
the Marine.20 calibration curve, while the bulk sample 
recovered from the paleosol was calibrated using IntCal 
(Heaton et al., 2020; Reimer et al., 2020). Subsequently, 
a reservoir correction of 410 ± 85 yrs was applied to the 
marine sample results (Siani et al., 2000). For age-depth 
modeling, a non-Bayesian “clam” script was executed in 
R Studio (Blaauw, 2010), providing a model within a 95% 
Gaussian confidence interval (Figure 2).

3. Results and discussion
3.1. Paleoclimatic implications of relict dune
The studied sequence begins with Unit A, a coastal deposit 
approximately 1.45 m thick at the bottom, composed 
of coarse-grained, poorly sorted, reddish-brownish 
sand containing angular grains and rock fragments. 
Petrographically, the studied relict dune sands are lithic 
arenite in composition (McBride, 1963; Folk, 1968). The 
thin section analyses of five samples taken from this 
unit indicate the presence of metamorphic rock-derived 
detrital grains alongside polycrystalline quartz grains. 
The metamorphic rock fragments primarily consist of 
quartz-epidote schist, quartz-mica schist, and marble. 
Additionally, individual plagioclase crystals are observed. 
Coarse and subhedral plagioclase crystals are enveloped 
by fibrous or flaky minerals. Plagioclase exhibits very 
distinct polysynthetic twinning. Plagioclase phenocrysts 
with opaque iron oxide rims and meniscus bridges are 
common (Figure 3).

The sands, loosely cemented with iron oxide, must 
have been deposited in a high-energy environment, as 
they exhibit low textural and mineralogical maturity. This 
unit contains a mix of lacustrine-terrestrial gastropods 
(Helix pomatia, Bithynia sp., Cepaea sp.) along with 
marine shells of Donax trunculus and Venus gallina (Figure 
1d, Unit A). Additionally, although to a lesser extent, 
fragmented specimens of Elphidium macellum, Elphidium 
sp., Ammonia parkinsoniana, and Ammonia sp. have been 
identified, as previously noted in the beachrock samples 
located immediately in front of the sequence (Erginal et 
al., 2013).

The sedimentary characteristics of the quartz-rich 
(average 84%) sands forming this unit and the mixed fossil 
content suggest that these sands were likely transported 
from the beach face (the swash zone) to the backshore by 
strong storm waves or winds and deposited rapidly under 
terrestrial conditions.

Table. Radiocarbon ages and calibration of the dates. Note that a reservoir correction of 410 ± 85 years was applied to the Donax 
trunculus marine fossil samples (Siani et al., 2000).

Sample lab code Material Depth (cm) Dated level Measured age 
(yrs BP)

13C/12C
(o/oo)

Calibrated age  
(yrs BP)

439067 Bulk organic 
carbon 50 Paleosol 240 ± 30 –24.6 287 ± 32

338672 Donax trunculus 100 Iron-oxidized 
deposits 2850 ± 30 –0.6 2463 ± 65

338673 Donax trunculus 200 Iron-oxidized 
deposits 4560 ± 30 –0.6 4689 ± 123
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Figure 3. Thin-section photographs of samples taken from the relict dune sequence. (a) Iron oxide-cemented sandstone 
(lithic arenite) containing abundant, poorly rounded quartzite and quartz-micaschist fragments. The pore spaces between 
the grains are filled with meniscus cement; (b) iron oxide rims surrounding plagioclase and other metamorphic fragments.

The reddish color of the relict dune deposit is due to the 
abundance of iron oxide rims observed in thin sections. 
ICP-MS data also indicate an average iron content of 2%. 
The reddish-orange color of coastal sand dunes is typically 
characteristic of arid and semiarid conditions (Bullard 
and White, 2002), and the increase in redness has been 
associated with an increase in the stability and age of the 

dune (Hassani et al., 2019). As a result of rubification, a 
pedogenesis stage that reflects the release of Fe-bearing 
minerals by weathering (Roskin et al., 2012), leading to the 
formation of free iron oxides (Ben-Dor et al., 2006), these 
rims surround various minerals such as quartz, augite, 
and feldspar, as well as detrital grains, and they are dense 
enough to form meniscal bridges between grains. Thus, it 

Figure 2. Age-depth model of the dune-paleosol sequence. 
The gray cloud indicates the iteration interval, while the red 
line represents the mean value of the calibrated ages. Green 
markers denote the radiocarbon samples.
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can be suggested that the rubification or early diagenesis 
started with the mobility of dissolved iron ions within 
the relict dune deposit, resulting from the weathering of 
metamorphic rock fragments and being transported by 
water.

The average zeolite content of 19 samples taken from this 
unit was determined to be 2.37%, based on XRD analyses. 
The zeolites within the aeolian sands are thought to have 
been transported from a considerable distance, specifically 
from the northeastern part of Thrace, originating from 
the zeolites found in the Eocene İslambeyli Formation 
(Ekinci-Şans et al., 2020) in the upper basin of Kazan Dere.

The sample taken from the bottom level of the sequence 
indicates that deposition began approximately 4689 ± 123 
yrs ago (Table). During this period, Donax shells and 
broken foraminifera fragments mixed with terrestrial 
gastropods were incorporated into the coarse-grained 
basal deposit. Despite the abundance of shell fragments, 
the low levels of CaCO3 indicate strong postdepositional 
weathering within the bottom of the sequence at depths 
between 2 m and 1.8 m.

The age obtained from the marine shells within the 
sands at the lowest level of the dune sequence corresponds 
to a period close to that of the beachrock previously studied 
in the same coastal zone, which yielded ages between 5460 
yrs cal BP and 3500 yrs cal BP. The cementation texture 
of these beachrocks, extending right in front of the relict 
dune sequence, indicates that during the formation of 
the beachrock, the sea level was approximately 2 m lower 
than today, and arid conditions prevailed (Erginal et al., 
2013). This lower sea level is comparable to findings from 
other studies. For instance, when considering curves that 
illustrate Holocene sea-level changes in the Black Sea, 
evidence suggests that around 5500 yrs ago, the sea level 
was 2 to 8 m lower than at present (Ostrovsky et al., 1977; 
Voskoboinikov et al., 1982; Tchepalyga, 1984; Balabanov, 
2007; Filipova-Marinova, 2007). According to the sea-
level curves by Filipova-Marinova (2007) and Balabanov 
(2007), it is understood that at 5400 yrs BP, the sea level 
was between 0 and −2 m, a finding consistent with sea-
level changes in the Eastern Mediterranean (Fouache et al., 
2012). Similarly, Giosan et al. (2006) reported that, based 
on optical and radiocarbon ages obtained from the beach 
ridge sands and shells in the offshore delta lobes of the 
Danube, the sea level fluctuated between +1.5 m and −2 m 
over the past 5000 yrs.

The presence of shells, carbonates, and microfossils in 
the relict beach sands suggests that these materials were 
transported from a subaerially exposed seafloor during 
low sea-level conditions and incorporated into the dune 
sequence, where they underwent iron oxidation under 
arid conditions, similar to the formation mechanism of 
carbonate eolianites (Brooke, 2001). The arid period during 

which the relict sands reddened is consistent with the 
warmest and driest phase, dated to approximately 4660–
4400 yrs ago, as indicated by palynological data obtained 
from the Kuban delta region on the Taman Peninsula in 
the northern Black Sea region (Bolikhovskaya et al., 2018).

The middle section of the sequence is dated to 2463 
± 65 yrs ago. This unit has weak iron oxide cementation 
and contains quartz, plagioclase, epidote, and widespread 
opaque minerals. Opaqueness around the edges of 
plagioclase phenocrysts is typical. This period likely 
corresponds to a time of relatively warm and dry climate, 
with drought conditions still prevailing in the Black Sea 
region (Bolikhovskaya et al., 2018), although the aridity 
was less intense.
3.2. Paleoclimatic implications of paleosol
Above the Fe-oxidized relict dune deposit, Unit B marks 
the end of sand dune accumulation, indicates a transition 
to more arid conditions, and represents the initial stage of 
a paleosol formation. This unit consists of polycrystalline 
quartz, quartz-epidote schist, quartz-mica schist, and 
marble fragments, along with plagioclase crystals. The 
weathering of ferromagnesian minerals, leading to the 
formation of opaque minerals, is evident. At depths 
between 35 cm and 55 cm from the surface, this unit can 
be easily distinguished from the underlying sand dune 
unit due to its dark color.

The distribution of Rb/Sr was examined to understand 
the paleoclimatic records of this paleosol layer. As it is 
known, the weathering rate of plagioclase, which is rich 
in Ca and Sr, is higher than that of alkali feldspar, which 
is rich in K and Rb (Dasch, 1969; Chen et al., 1996). This 
leads to a differentiation between the distributions of 
Rb and Sr, resulting in an increase in the Rb/Sr ratio in 
the weathered detrital material (Liu et al., 2014; Minyuk 
et al., 2014). From this point, the changes in the Rb/Sr 
ratio in the paleosol were correlated with the weathering 
rate. Since the Unit B contains no shell fragments, it can 
be confidently concluded that the Sr is not shell-derived. 
According to the Rb/Sr calculation, the Rb/Sr ratio drops 
from 0.06 at the lowermost level to as low as 0.008 at the 
level representing the transition to Unit C.

The AMS 14C age of the sample taken from the paleosol 
was determined to be 287 ± 32 yrs cal BP. This period 
corresponds to the Little Ice Age (LIA), dated between 
1350 yrs CE and 1850 yrs CE (Mann et al., 2009). Although 
the records of the LIA along the Black Sea coasts are rather 
limited, the archives from Küçükçekmece Lake in Thrace 
provide comparable data on this subject (Akçer Ön et 
al., 2012). Multiproxy physical properties, geochemical, 
and stable O- and C-isotope data from lagoon sediments 
indicate dry conditions during the period of 750–220 yrs 
BP, while rainy conditions prevailed between 220 and 70 yrs 
BP (Akçer Ön et al., 2012). The Late Maunder Minimum, 
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occurring between 300 and 200 yrs BP, has previously been 
reported from Black Sea sediments (Çağatay et al., 2005; 
Güngör and Çağatay, 2006). Güngör and Çağatay (2006) 
identified an increase in carbonate content in core samples 
taken from the continental shelf of the western Black 
Sea during the coldest period of the LIA, approximately 
between AD 1750 and AD 1650, and associated increase 
in E. huxleyi production with this. The increase in the 
number of this coccolithophorid may also be related to 
the increased nutrient input during such cold periods 
(Hay et al., 1991). In this case, it can be said that the Unit 
B paleosol, containing an average of 1.58% organic carbon, 
35.41% CaCO₃, and 69% quartz, and where the Rb/Sr ratio 
varies between 0.06 and 0.008 due to weak weathering, 
reflects the cold and dry conditions of the LIA period.

Following this extremely arid phase, Unit C developed 
under more humid conditions, as indicated by the higher 
Rb/Sr ratio (max. 0.42). This better-washed paleosol 
layer is found at depths of 25–35 cm from the surface 
and overlies Unit B with an erosional contact. It consists 
of reddish-brown, fine- to medium-grained sands. Its 
average quartz content is 52%. Compared to the Unit B 
paleosol, the overlying buried soil layer contains 16.57% 
CaCO₃ and an average Rb/Sr ratio of 0.25, indicating that 
dry conditions were briefly followed by wetter conditions. 
According to the age-depth model, this corresponds to a 
stage 110 yrs ago, marking the termination of the LIA.

This unit is covered by poorly sorted, angular to 
subrounded sandy gravels (Unit D), which form the 

uppermost part of the sequence, with a maximum 
thickness of 50 cm. The gravels are characteristic in size, 
ranging from 2 to 64 mm. At the topmost level of this unit, 
where layering characteristics are not observable, a gray-
colored modern soil with low organic carbon content has 
developed.

4. Conclusion
Observations and multiproxy analyses, along with dating 
studies conducted on a relict dune ramp located about 1 m 
above sea level on the Black Sea coast of Thrace, reveal an 
ancient dune system formed during the Late Holocene and 
two buried paleosol levels developed on its upper part. The 
dune deposition, which began around 4600 yrs ago, and 
the subsequent rubification process reflect a dry period 
consistent with marine proxy data obtained from the Black 
Sea. The overlying paleosol developed towards the end of 
the Little Ice Age, during the Late Maunder Minimum, 
considering the margin of error in the age data, around the 
early or mid-18th century. The obtained results provide 
concrete data from the Turkish coast regarding coexistence 
of the Mid-Late Holocene relict dune rubification and 
paleosol records.
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