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A B S T R A C T

Due to the general lack of other high-resolution paleoclimate records, loess-paleosol sequences are crucial ar-
chives for disentangling past climate variability in southeastern Europe. Here we present results of a multi proxy
sedimentological and geochemical investigation of Kurortne loess-paleosol section from southwestern Ukraine,
coupled with detailed optically stimulated luminescence (OSL) dating. OSL investigations were carried out on
quartz grains of different grain sizes (4–11 μm, 63–90 μm and 90–125 μm), using the single aliquot regenerative
(SAR) protocol. The OSL dating results are in line with previous findings on dating loess-paleosol sequences
along the Black Sea shore in Romania, as well as worldwide: (i) ages obtained on different grain sizes are in
agreement for equivalent doses of less than 200 Gy, whereas for higher equivalent doses 4–11 μm ages un-
derestimate the coarser fraction ages; and (ii) an inverse correlation between dated grain size fractions and
saturation characteristics is reported.

Our combined dating and sedimentological approach would confirm that the investigated uppermost 4.5 m at
Kurortne cover the Last Glacial Cycle, adding important data in better constraining local and regional chron-
ostratigraphic correlations. The application of the SAR protocol on 63–90 μm quartz grains on samples collected
from the lower part of S1 soil (the Kaydaky unit) and from the Kaydaky/Pryluky units boundary produced ages
of 123 ± 10 ka and 85 ± 6 ka, respectively. As the temporal range covered by these units in the Ukrainian
Quaternary stratigraphic framework is still debatable, our results confirm the broad correlation of the Kaydaky-
Pryluky paleosol units at Kurortne with the last interglacial (i.e., MIS 5). Dating the Uday and Bug loess units
produced ages corresponding to MIS 4 and MIS 2, respectively, whereas the sample collected from the Vytachiv
unit provided an age of 37.7 ± 2.4 ka, assigning this paleosol to MIS 3. On the basis of trends in the magnetic
enhancement, the onset of pedogenetic processes likely commenced already around 20 ka, but the formation of
the topmost S0 soil has begun after 13.8 ± 1.0 ka.

1. Introduction

Loess-paleosol sequences (LPS) in Europe are important paleocli-
mate archives for recording the long-term environmental history of
terrestrial landscapes (Frechen et al., 2003; Marković et al., 2015;
Rousseau et al., 2017). The size of the loess fields commencing in the
Middle and Lower Danube basins and extending to the Russian Plain
(Haase et al., 2007) would roughly equal that of the Chinese Loess
Plateau (CPL). This fact and the lack of other long-term paleoclimate

records renders the Ukrainian LPS (Fig. 1) as valuable archives for
disentangling Quaternary paleoclimate evolution in the northern Black
Sea area (Veklitch, 1982, 1993; Sirenko and Turlo, 1986; Velichko,
1990; Gozhik et al., 1995, 2000, 2013; Lindner et al., 2004, 2006;
Gerasimenko, 2006, 2011; Bolikhovskaya and Molodkov, 2006;
Matviishina et al., 2010; Boguckyj et al., 2013), and a link between west
European (Rousseau et al., 2011; Marković et al., 2015; Sümegi et al.,
2019) and Central Asian loess paleoclimate records (Zeeden et al.,
2018a; Fitzsimmons, 2017).

https://doi.org/10.1016/j.quaint.2020.03.001
Received 27 September 2019; Received in revised form 1 March 2020; Accepted 2 March 2020

∗ Corresponding author. Interdisciplinary Research Institute on Bio-Nano-Sciences, Babeș-Bolyai University, Cluj-Napoca, Romania.
E-mail address: daniel.veres@ubbcluj.ro (D. Veres).

Quaternary International 542 (2020) 65–79

Available online 05 March 2020
1040-6182/ © 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/10406182
https://www.elsevier.com/locate/quaint
https://doi.org/10.1016/j.quaint.2020.03.001
https://doi.org/10.1016/j.quaint.2020.03.001
mailto:daniel.veres@ubbcluj.ro
https://doi.org/10.1016/j.quaint.2020.03.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quaint.2020.03.001&domain=pdf


Albeit significant recent progress in loess paleoclimatology (see re-
view in Schaetzl et al., 2018), more reliable comparisons between LPS
and marine or ice-core records are needed (Zeeden et al., 2018a,b;
Marković et al., 2018; Újvári et al., 2018; Sümegi et al., 2019) for
deeper understanding of past climate change and for better assessing
the role of loess-paleosol proxies in reconstructing regional paleocli-
mate dynamics (Maher et al., 2010; Hao et al., 2012; Constantin et al.,
2019; Obreht et al., 2019).

In this respect, local national stratigraphic considerations based on
phenomenological appearance of sedimentary and/or pedological units,
and often lacking up-to-date paleoclimatic data and reliable chron-
ological control preclude achieving a uniform approach on comparisons
with, for example Marine Isotope Stages (MIS), as proposed for both
western European (Rousseau et al., 2017) and the Danube Basin loess
records (Marković et al., 2015, 2018). The unified Danube Basin loess
framework (Marković et al., 2015) is important for securely correlating
different national nomenclatures as it allowed for better integration of
long-term trends in loess paleoclimate proxies for both, the Danube
loess records on one hand, and to the CPL loess records on the other
hand (see Zeeden et al., 2018a).

For the Last Glacial Cycle (LGC), the Ukrainian Quaternary strati-
graphic framework (Veklitch, 1993) above the Dnipro unit (dn, pre-
viously spelled Dnieper), which presumably includes the Saalian (thus
MIS 6) glacial deposits in northern Ukraine, but mainly loess and loess-
derivates in southern Ukraine, consists of eight main stratigraphic units
as following (from bottom): the Kaydaky (kd) soil, Tyasmyn (ts) loess,
Pryluky (pl) soil, Uday (ud) loess, Vytachiv (vt) soil, Bug (bg) loess,
Dofinivka (df) soil and Prychornomorya (pč) loess. The Prychorno-
morya unit is subdivided into two loess subunits (the lower ‘pc1’ and the
upper ‘pc3’) separated by subunit (pc2) which includes incipient soils.
The Prychornomorya, Dofinivka, and Bug units are generally con-
sidered of MIS 2 age, whereas Vytachiv and Uday units are regarded as
correlatives of MIS 3 and MIS 4, respectively. The correlation of units
within the lower part of the Ukrainian chronostratigraphic framework
is still debated. Some authors correlate the Dnipro, Kaydaky, Tyasmyn
and Pryluky units with MIS 8, MIS 7, MIS 6, and MIS 5, respectively
(Veklitch, 1993; Gozhik et al., 2000, 2014; Boguckyj and Lanczont,
2002; Lindner et al., 2004, 2006; Boguckyj et al., 2013). On the other
hand, in several studies the Dnipro unit was correlated with MIS 6,
whereas the Kaydaky, Tyasmyn, and Pryluky units were linked to MIS
5e, 5d, and 5c-a, respectively (Rousseau et al., 2001, 2011; Vozgrin,
2001; Gerasimenko, 2004, 2006; Buggle et al., 2008, 2009; Matviishina

et al., 2010; Bokhorst et al., 2011; Haesaerts et al., 2016).
In light of such chronostratigraphic issues, better resolved loess

chronologies (e.g., Újvári et al., 2017; Moine et al., 2017) appear cru-
cial for developing reliable regional stratigraphic models (Marković
et al., 2015; Zeeden et al., 2018a), with luminescence dating providing
the potential for testing and refining correlations (Stevens et al., 2018;
Veres et al., 2018; Perić et al., 2019; Constantin et al., 2019). In order to
compare the Ukrainian loess-paleosol chronostratigraphic scheme to
the unified stratigraphic model of the southeastern European loess re-
cords (Marković et al., 2015), we focus here on the uppermost 4.5 m of
the Kurortne LPS (southwestern Ukraine; Fig. 1) that in our view ex-
tends over the LGC. It shall be noted that Gozhik et al. (1995, 2000)
investigated the Kurortne LPS in accordance with the stratigraphy of
the neighboring section Prymorskoje (as defined by Veklitch et al.,
1967), and the Kurortne section itself has also been reported as Pry-
morskoje in some papers (Gozhik et al., 1995; Nawrocki et al., 1999). In
these previous works, the uppermost loess unit capped by the Holocene
soil was related to the Prychornomorya unit, the underlying two up-
permost paleosols were regarded as the Dofinivka pedocomplex, and
the underlying thick loess related to the Bug unit. Thus, following these
authors, the part of the section studied here (i.e., uppermost 4.5 m)
relates mainly to MIS 2. The pedocomplex underlying the Bug unit was
consequently regarded as equivalent of MIS 3. This chronostratigraphic
framework was supported by debatable radiocarbon dates on bulk or-
ganic matter, with the uppermost loess unit dated to 12.6 ± 0.25 14C
uncalibrated (14C) ka BP, the second paleosol yielded an age of
16.3 ± 0.30 14C ka BP, and the thick loess below was dated to
21.3 ± 0.30 14C ka BP and 26.1 ± 0.39 14C ka BP, respectively
(Gozhik et al., 1995, 2000).

On the contrary, detailed studies of LPS along a submeridional
transect throughout Ukraine (Vozgrin, 2001, 2005; Veklitch, 2018)
suggest that adjacent to the Black Sea shoreline, the Prychornomorya
and Bug loess units are mainly very thin, the upper two paleosols by
their pedomorphological characteristics most likely belong to the Vy-
tachiv, Pryluky, and Kaydaky units (rather than to the Dofinivka ped-
ocomplex), the latter two often welded and not separated by Tyasmyn
loess unit as also seen in other profiles throughout Ukraine (Veklitch,
1982; Gerasimenko, 2006; Matviishina et al., 2010). Furthermore, the
second thickest loess unit from top to bottom should relate to the
Dnipro unit and not to the Bug loess (as suggested by Gozhik et al.,
1995, 2000; Boguckyj et al., 2013).

Such local chronostratigraphic issues that apply also to other loess

Fig. 1. Location of the studied Kurortne loess-paleosol sequence in southwestern Ukraine, alongside the distribution of loess and loess-derivate deposits in south-
eastern and eastern Europe after Hasse et al. (2007). Other loess-paleosol sequences discussed in the main text are also indicated.
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sites in southwestern Ukraine, including Roxolany (see contradictory
chronostratigraphic implications discussed in Gożik et al., 1976;
Tsatskin et al., 1998; Dodonov et al., 2006; Gendler et al., 2006;
Boguckyj et al., 2013; Bakhmutov et al., 2017; Nawrocki et al., 2018)
impact upon the potential integration of Ukrainian loess data into a
pan-European loess stratigraphic model (Marković et al., 2015, 2018).
This is even more compelling when such records are employed in re-
gional correlations schemes (Necula et al., 2015; Marković et al., 2018)
with limited direct chronological control for different records.

Here we discuss Late Pleistocene environmental dynamics in
southwestern Ukraine based on integrating optically stimulated lumi-
nescence (OSL) dating of quartz of different grain sizes (4–11 μm,
63–90 μm and 90–125 μm), with high-resolution rock magnetic data,
grain size and geochemical proxies for Kurortne LPS. Through com-
parison with other records from the Danube – Black Sea loess fields we
show that the investigated sequence extends over the LGC, providing an
important link to other regional LPS, and a key record for comparison of
the Ukrainian Quaternary stratigraphy with the Danube loess model
(Marković et al., 2015).

2. Study site

The Kurortne LPS (45°54′ N, 30°16′ E) is located near Kurortne
village (Odessa region, Ukraine), at the Black Sea shore (Fig. 1). The
section comprises ca. 15 m of intercalated loess and paleosol units
(Gozhik et al., 2000), and for this study we have investigated in detail
the uppermost 4.5 m (Figs. 2–3). In order to augment the existing
chronostratigraphic framework for Kurortne LPS, 12 samples for opti-
cally stimulated luminescence (OSL) dating were collected in 15-cm
long metal tubes. For sedimentological and geochemical analyses
samples were collected contiguously at 2 cm resolution down to 130 cm
depth, whereas to the depth of 450 cm sampling was carried out at 4 cm
resolution. For ease of establishing a reliable regional comparison to the
neighboring Danube loess stratigraphic concept, we follow also the
approach of Marković et al. (2015) in defining paleosol and loess units,
alongside the Ukrainian Quaternary stratigraphic nomenclature
(Veklitch, 1993). From top to bottom the investigated sequence at
Kurortne comprises the following:

The Holocene (hl) soil (or S0 following Marković et al., 2015) is a
chernozem of the subtype ‘common’, around 1 m thick clearly separated

into three genetic horizons (Figs. 2–3). The uppermost A1 horizon is
dark grey (almost black), silty, carbonate poor, loose and porous, with a
granular structure and a gradual transition downwards. The A1B hor-
izon is dark brownish-grey, silty, more compacted than the A1 horizon,
and with larger granular structure. Carbonates became abundant from
40 cm depth (diffused carbonate mantle on root channels below 50 cm
depth). The lower boundary is gradual. The Ck horizon is pale yel-
lowish-brown loess-like silt, strongly enriched in carbonates (below
65 cm), with very weak prismatic structure, without clay coatings.
Small and soft carbonate nodules occur from 75 cm depth, and carbo-
nate nodules form rhyzolithes below 80 cm depth. The horizon pre-
serves many krotovinas and root channels filled with humus, and the
matrix of the Ck horizon indicates that it most likely comprises material
of the Prychornomorya loess unit (between 0.7 and 1.0 m depth). Seven
luminescence samples (PRI-1.1 to 1.7) were collected from the Holo-
cene soil and the transitional horizon Ck to the underlying loess unit
(Figs. 2–3).

The Bug (bg) loess unit (1.00–1.35 m) or the L1LL1 (Marković et al.,
2015) comprises a thin loess bed made up of light brown-yellowish silt,
slightly pedogenetically overprinted, preserving also rhyzolithes and
soft carbonate nodules. The lower boundary is well visible and OSL
sample PRI-1.8 was collected from the middle part of this unit
(Figs. 2–3).

The Vytachiv (vt) paleosol unit (or L1SS1) extends between 1.35 and
2.00 m and comprises two genetic horizons. The A1k horizon is brown,
with weak prismatic structure, slightly compacted, with carbonate
rhyzolithes and gradual transition downwards. The BCk horizon is light
brown, compacted, with diffused coatings of clay on prismatic pedo-
logical structures. It comprises white spots of carbonate and rhyzo-
lithes, and rarely krotovinas filled with loess. By its morphological
features, the soil resembles a calcaric cambisol. OSL sample PRI-1.9 was
collected from the upper part of Vytachiv unit (Figs. 2–3).

The Uday (ud) loess unit (or L1LL2) (2.0–2.5 m) is light pale-yel-
lowish coarse silt, less compacted compared to the overlying paleosol,
structureless, with few krotovinas and rich in carbonates, including soft
carbonate nodules at 2.5–2.6 m depth. The lower limit is gradual.
Sample PRI-1.10 was collected from the middle of Uday unit.

The Pryluky (pl) paleosol unit (or S1SS1) (2.50–2.90 m) is a truncated
brownish paleosol (the intensity of coloration increases downwards),
compacted, with weak crumbly structure and gradual transition

Fig. 2. The lithostratigraphy of the investigated uppermost 4.5 m at Kurortne loess-paleosol section, alongside the identified regional chronostratigraphic units of the
Ukrainian Quaternary stratigraphic framework. The sedimentological data include the low-frequency magnetic susceptibility (χlf), frequency-dependent magnetic
susceptibility (χfd) and the relative abundance (in %) of major oxides TiO2, CaO, SiO2, Fe2O3, Al2O3, K2O, and MgO. Note the reversed horizontal axis for CaO and
MgO. The location of OSL samples discussed in the main text and Table 1 is also indicated.
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downwards. It preserves smaller amounts of carbonates than the Uday
loess in the BCk horizon that extends over the depth interval
2.70–2.85 m.

The Kaydaky (kd) paleosol unit (ie., S1SS2) (2.90–4.1 m) comprises
three genetic horizons (Fig. 2). The A1 horizon is brownish-grey, sig-
nificantly darker than the overlying Pryluky (pl) paleosol, composed of
porous coarse silt, with weak structure, with rhyzolithes and desicca-
tion cracks filled with the overlying material. The B-horizon is grayish-
brown, porous, loose, with weak crumbly structure, dispersed sec-
ondary carbonates and a gradual lower boundary. The BCk horizon is
brown, loose, with weak crumbly structure and “beloglazka” (soft
carbonate nodules, up to 10 cm in diameter). The lower boundary is
rather irregular, with soil aggregates penetrating down by patches (up
to 30 cm in depth) and by cracks (“humus tongues”, up to 50 cm in
depth). Sample PRI-1.11 was collected from the transition between the
Pryluky and Kaydaky units, whereas PRI-1.12 was sampled from the
middle part of Kaydaky BCk horizon. The morphological and pedolo-
gical characteristics (ie., the thickness of humified part of the profile,
the position of carbonate horizon) of this chernozem allows attributing
it to the subtype ‘chernozem common’ of the Ukrainian pedological
framework (Poznyak, 2010).

The Dnipro (dn) loess unit (or L2LL1) was sampled only in the depth

interval 3.90–4.5 m, but it extends up to 6 m depth comprising a light-
yellowish silt, porous, loose, with no clear texture and tiny punctua-
tions of manganese hydroxides.

3. Methods and instrumentation

3.1. Sedimentological analyses

As described above, contiguous sampling of the uppermost 4.5 m at
Kurortne yielded 145 samples for sedimentological and geochemical
analyses (Figs. 2–3). The rock magnetic measurement protocol follows
Zeeden et al. (2018b) with the dried material filled into 6.4 cm3 plastic
boxes, compressed, and fixed with cotton wool to prevent movement of
particles during analytical measurements at Bayreuth University, Ger-
many. A susceptibility bridge (VFSM; Magnon, Germany) operating at
AC-fields of 300 Am−1 at 0.31 kHz (ie., χlf) and 3 kHz (ie., χhf) was
used for determining the magnetic susceptibility, reported here as mass
specific susceptibility χ following density normalization. Maher (2011)
suggested that χlf reflects variability in the concentration and magnetic
grain size of loess ferrimagnetic minerals. When pedogenetic processes
impact on the primary character of loess, the concentration of pedo-
genetically formed ultra-fine magnetic particles can be determined by

Fig. 3. Heatmap plot of grain-size
variability for the 4.5 m investigated at
Kurortne: a) Heatmap showing the
classic grain size distribution of all
samples; and b) Heatmap showing the
ΔGSDclr (grain-size frequency calcu-
lated with the Fraunhofer approxima-
tion – GS frequency calculated with the
Lorenz-Mie theory) of all samples
plotted against depth; the ΔGSD is
shown for each of the 116 grain-size
classes resulting from the laser diffrac-
tion analysis. To deal with the compo-
sitional data effect, the distributions
are analyzed as centered log ratio (clr)-
transformed grain size differences
(Schulte and Lehmkuhl, 2018). The
vertical curves represent the clay frac-
tion< 2 μm (%), the median GS (μm)
and the CIA (CIA = [Al2O3/
(Al2O3 + Na2O + CaO* + K2O)] *
100; CaO* is silicatic CaO, (Nesbitt and
Young, 1982)).
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the frequency dependent magnetic susceptibility calculated as χfd=
(χlf−χhf)/χlf ∗ 100 [%] (Fig. 2) and χΔ = (χlf − χhf) [kg3 m−1],
respectively (see Zeeden et al., 2018b). The χΔ as function of χlf
(Fig. 4) provides a measure of magnetic enhancement in the course of
pedogenesis and has often also been employed in determining the
detrital background susceptibility of unweathered parent loess; it is
thus a proxy for inferring the impact of long-term hydroclimate varia-
bility on loess-paleosol records (see Forster et al., 1994; Buggle et al.,
2014; Schaetzl et al., 2018).

The particle size distribution was measured with a Laser Diffraction
Particle Size Analyzer (Beckman Coulter LS 13 320), by calculating the
percentage size frequency of 116 classes within a size range of
0.04–2000 μm with an error of 2% (expressed by the coefficient of
variation (CV); i.e., the standard deviation divided by the mean, re-
ported as a percentage). Organic matter was removed by treating the
samples with 0.70 ml 30% H2O2 at 70 °C for several hours. To keep
particles dispersed, the samples were treated with 1.25 ml Na4P2O7

(0.1 mol*l-1) for 12 h on an overhead shaker (ISO 11277, 2002; Schulte
et al., 2016). Each sample was measured four times in two different
concentrations to increase precision. The classic grain size distribution
was determined by applying the Mie theory (Fluid RI: 1.33; Sample RI:
1.55; Imaginary RI: 0.1; Özer et al., 2010; ISO 13320, 2009cf. Schulte
et al., 2016). In order to better visualize variability in grain size dis-
tribution, we present the grain size data as a heatmap (Fig. 3a).

There are two different recently common optical models to calculate
the GSD from the light scattering pattern, the Fraunhofer approxima-
tion, and the Mie Theory. According to the Fraunhofer approximation,
some of the light hitting a particle is diffracted in a grain size dependent
angle. The angle of diffraction increases with decreasing grain size
(Blott and Pye, 2006). Contrary to the Fraunhofer approximation,

which takes only the diffraction at the particle surface into account, the
Mie Theory also considers the complex refractive indices of the particles
and the suspension fluid (ISO 13320, 2009). For the application of the
Mie Theory, the refractive index of the fluid (here 1.33 for water) and
the complex refraction index of the sample (m= n - ki, composed of the
real component (n) reflecting the refraction within the particle and the
imaginary component (ki) which considers the light absorption) have to
be defined (Buurman et al., 1997; Schulte and Lehmkuhl, 2018). As the
complex refraction index varies for different minerals (Haynes, 2015)
and natural samples represent a polydisperse mineral mixture, a sui-
table medium value has to be implemented. In this study, the complex
refraction index is fixed to m = 1.55 – i0.1 (Mishchenko, 1993; Özer
et al., 2010). Nevertheless, because of the polymineral composition of
loess samples, in particular, in the case of post-depositional altered
minerals, the optical properties may differ considerably and the oc-
currence of artifacts in the fine range is unavoidable.

Since the scattering at particles larger than ten times the wavelength
of the light source (in the case of the Beckman Coulter LS 13320:
10*780 nm= 7.8 μm), the grain size distribution in the coarser range is
rather independent of the complex refractive index (McCave and
Syvitski, 1991; Lagasse and Richards, 2003). In contrast, in the sub-
micron range, where pedogenically formed minerals are enriched,
substantial differences occur between the calculated GSDs of both
models. In fact, neither of the common optical models provides the true
size of the submicron particles. However, with increasing chemical
weathering, the proportion of podogenically formed minerals (which
are poorly represented by the complex refractive index) increases in the
submicron range at the expense of a decrease in primary minerals
(which are well represented by the complex refractive index).

During accumulation, loess consists mainly of coarse silt, whereas
particles< 1 μm are extremely underrepresented (Qiang et al., 2010;
Újvári et al., 2016; Schulte and Lehmkuhl, 2018). The variability of the
difference of both optical models (ΔGSD) is a strong estimator for the
degree of post-depositional GS fractionation due to chemical weath-
ering processes. To deal with the compositional data effect (Aitchison,
1986), the distributions are analyzed as centered log ratio (clr)-trans-
formed grain size differences (ΔGSDclr; Fig. 3b). The transformed da-
taset is more robust against other grain size influencing processes
especially during sediment accumulation (sheet wash, saltation or en-
hanced background sedimentation). For detailed information, see
Schulte and Lehmkuhl (2018).

In order to assess the long-term geochemical variability at Kurortne,
the concentration of selected elements was measured on the fine-
grained fractions extracted by sieving out material< 63 μm and drying
it at 105 °C for 12 h. Eight grams of the sieved material was mixed with
2 g Fluxana Cereox, homogenized, and pressed to a pellet with a
pressure of 20 tons for 120 s. All samples were measured twice with a
SpectroXepos X-ray fluorescence (XRF) device. Subsequently, mean
values were calculated from the two measurements following the in-
structions of Spectro (2007), and variability in selected major oxide
data is discussed in Fig. 2. To estimate the degree of weathering, the
chemical index of alteration (CIA) was calculated according to Nesbitt
and Young (1982): CIA = [Al2O3/(Al2O3+Na2O + CaO* + K2O)] ∗
100 (in molar proportions; CaO* refers to silicatic Ca).

3.2. Optically stimulated luminescence (OSL) dating

3.2.1. Preparation of luminescence samples
The luminescence samples were prepared in the laboratory under

low intensity red light conditions at Babeș-Bolyai University lumines-
cence dating laboratory, Cluj-Napoca, Romania. Sampling was per-
formed by hammering stainless steel cylinders perpendicularly onto
two freshly cleaned vertical exposures. The material at each end of the
cylinders was extracted for high-resolution gamma spectrometry mea-
surements and water content estimations. Relative moisture was esti-
mated for each sample. Hydrochloric acid (35% concentration) was

Fig. 4. Plot of the χlf (ordinate) versus χΔ (abscissa) for Kurortne, Ukraine (this
study; crosses) and similar data from Semlac loess-paleosol sequence, south-
western Romania, as discussed in Zeeden et al. (2016). For location of sites see
Fig. 1.
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applied in order to remove carbonates, followed by a hydrogen per-
oxide (H2O2, concentration of 30%) treatment for organic matter re-
moval. The coarse grain fractions (63–90 μm and 90–125 μm) were
separated through dry sieving. The material was treated with 40% HF
for 40 min, followed by a 60 min bath in 10% HCl and a final dry
sieving. For measurement, the coarse quartz grains 63–90 μm and
90–125 μm separates were mounted on stainless steel disks and silicon
oil was used as adhesive. The fine fraction (4–11 μm) was separated by
settling in Attenberg cylinders followed by applying an etching treat-
ment with 35% H2SiF6 for 10 days. The 4–11 μm quartz fraction was
mounted on aluminium disks from a suspension in acetone (2 mg/ml).

3.2.2. Equivalent dose determination
Investigations were carried out on three quartz grain size separates

(4–11 μm, 63–90 μm and 90–125 μm) per sample, in order to verify the
overall dating accuracy and for obtaining weighted average ages that
better reflect the time of sediment deposition. Luminescence measure-
ments were carried out using two Risø TL/OSL-DA-20 readers equipped
with classic or automated detection and stimulation heads (DASH)
(Lapp et al., 2015), whereas luminescence signals were detected by EMI
9235QA and PDM 9107Q-AP-TTL-03 photomultiplier tubes (Thomsen
et al., 2006). Laboratory irradiations were carried out using the in-
corporated 90Sr-90Y radioactive sources, calibrated against gamma ir-
radiated calibration quartz supplied by Risø National Laboratory,
Denmark (Hansen et al., 2015). The dose rates used for the coarse
(63–90 μm and 90–125 μm) quartz grains deposited on stainless steel
disks were 0.130 Gy/s and 0.088 Gy/s, respectively. The dose rate for
the fine grains mounted on aluminium disks was 0.078 Gy/s at the time
of measurement.

Luminescence characteristics of fine (4–11 μm) and coarse
(63–90 μm and 90–125 μm) quartz grains were analyzed using the
single-aliquot regenerative dose (SAR) protocol (Murray and Wintle,
2000, 2003). Optical stimulation was carried out with blue light
emitting diodes for 40 s at 125 °C, while the signals were recorded
through a 7.5 mm thick Hoya U-340 UV filter. The net CW-OSL signal
was evaluated from the first 0.308 s of the decay curve with an early
background subtraction assessed from the 1.69–2.30 s interval
(Cunningham and Wallinga, 2010). Sensitivity changes were corrected
using the OSL response to a test dose of 17 Gy throughout the whole set
of measurements. A preheat temperature of 220 °C for 10 s and a cu-
theat of 180 °C were employed. A high-temperature bleach was per-
formed by stimulation with blue LEDs for 40 s at 280 °C at the end of
each test dose signal measurement (Murray and Wintle, 2003).

The robustness of the SAR protocol was checked by the intrinsic
performance tests (recycling and recuperation) (Murray and Wintle,
2003). The purity of the quartz grains extracted was evaluated on all
aliquots measured using OSL IR depletion tests (Duller, 2003). Re-
cycling and OSL IR depletion ratios within a maximum deviation of
10% from unity constituted the acceptance criteria along a recuperation
signal amounting to less than 2% of the natural signal. In this study
none of the investigated aliquots were rejected due to poor recycling,
recuperation or IR depletion values.

3.2.3. Dosimetry
High-resolution gamma spectrometry was applied for determining

the radionuclide activity concentrations. A hyperpure germanium well
detector was used for measurements, having a volume of 120 cm3, full
width at half maximum (FWHM) at 122 keV of 1.40 KeV and a full
width at half maximum (FWHM) at 1332 KeV of 2.30 KeV. The dose
rates were derived based on the conversion factors reported by Adamiec
and Aitken (1998). An alpha efficiency factor of 0.04 ± 0.02 was as-
sumed for the 4–11 μm quartz fraction, to account for the lower effi-
ciency of alpha radiation in inducing luminescence (Rees-Jones, 1995).
For 63–90 μm and 90–125 μm quartz fractions, the beta attenuation and
etching factors were assumed to be 0.94 ± 0.05 and 0.92 ± 0.05,
respectively (Mejdahl, 1979). The cosmic ray component of the doseTa
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rate was determined according to equations published by Prescott and
Hutton (1994). Water content estimation was obtained based on the
difference between the raw and the oven-dried weight of material with
a relative error of 25%. An internal dose rate of 0.01 ± 0.002 Gy/ka
was considered (Vandenberghe et al., 2008). The values for the total
dose rates as well as the radionuclide concentrations for these samples
are given in Table 1.

4. Results and discussion

4.1. Sedimentological and geochemical data

The magnetic susceptibility (χ) and its field-depended component
(χfd) are reliable indicators for the intensity of pedogenesis and che-
mical weathering of primary loess (Forster et al., 1994; Buggle et al.,
2014). The χ record of Kurortne LPS shows high values for paleosols
and lower values in loess, varying between 28 10−8 m3/kg (the Uday
loess) to 94 10−8 m3/kg (the Holocene soil) (Fig. 2). The lowermost
Dnipro loess unit shows low χlf values, which strongly increase in the
Kaydaky paleosol, especially in the upper part of BCk horizon and
throughout the B-horizon (Fig. 2). The Pryluky paleosol shows lower
values than the Kaydaky unit with a sharp dip at 2.70–2.75 m depth
that is also recorded in other proxies (Figs. 2–3). The χlf for Uday loess
is low, except a distinctive peak around 210–220 cm depth reflected
also in other data (Fig. 3). The Vytachiv paleosol shows lower values
than the two older paleosol units. The χlf values are low in the Bug
loess; they start to increase significantly at the depth of 1 m. The χfd

parallels the trend in χlf (Fig. 2), the two proxies being well correlated
(R2 = 0.648), but showing more variability in the Pryluky, Uday and
Vytachiv units. χfd generally oscillates around 11% in the Kaydaky unit
and the Holocene soil, reaching lower minima of 6–7% in the Vytachiv
and Bug units (Fig. 2).

In general, Xlf is on the one hand controlled by the original back-
ground susceptibility probably acquired in the source area of the dust
and by pedogenic magnetic enhancement due to the in-situ neo-for-
mation of ultra-fine super-paramagnetic particles in the course of
pedogenesis. High-frequency variations in dust input and/or in pedo-
genic overprint are unlikely to be recorded in low deposition rates
settings due to low pass filter effects of both processes mentioned above
(Anderson and Hallet, 1996), but control nevertheless the general level
and trend of Xlf."

The similar low or even slightly higher values of Xlf in intervals of
the Bug loess compared to parts of the Vychativ paleosol can be ex-
plained by such smeared out high-frequency climatic variations in-
cluding short warm and moist intervals, which are typical for the late
MIS3 to MIS 2 climatic trend (Fig. 2). Anderson and Hallet (1996) and
more recently Zeeden et al. (2020) proposed and tested models which
demonstrate that high-frequency variations in dust input and/or in
pedogenic overprint are unlikely to be recorded in low deposition rates
settings due to low pass filter effects of both processes mentioned
above. Furthermore, a magnetic susceptibility threshold at Kurortne
can be discerned at the end of the proper loess formation of the Bug
unit. Thus, it is possible to place around 1 m depth the end of the
pleniglacial loess formation and the onset of pedogenic processes that
lead to the formation of the incipient soils of the Middle Prychorno-
morya subunit, and subsequently to the formation of the Holocene S0
soil. Fig. 4 displays χΔ as function of χlf from Kurortne compared to
data of the Semlac LPS (Romanian Banat), which covers the last 400 kyr
and hence almost 4 complete glacial-interglacial cycles. All but one data
points from Kurortne mark the same magnetic enhancement path and
show an identical detrital background susceptibility as already derived
for Semlac (Fig. 4). This points not only to a magnetically homogeneous
source area of the dust but also to an astonishingly homogeneous
magnetic granulometry as indicated by the constant slope of the “true
loess line” (Zeeden et al., 2016, 2018b). The homogeneity of magnetic
granulometry is in turn caused by similar temporal patterns of long-

term hydroclimate variability on LPSs during the Pleistocene and is
almost identical across the entire mid-latitude Eurasian loess belt ran-
ging from China in the east to the Danube Basin in the west (Forster
et al., 1994; Buggle et al., 2014; Schaetzl et al., 2018).

The heatmap discussed in Fig. 3a and b demonstrates all measured
grain size frequencies of 116 classes. It is interesting to note that for the
whole data set, the main component of the grain size distribution is in
the cSi (ie., 20–63 μm) fraction. Except for thin intervals in the Holo-
cene soil, there are no particles in the mS (200–630 μm), or cS
(630–2000 μm) fractions (Fig. 3a). The fC (< 2 μm) fraction shows high
values in the Kaydaky soil and at the transition from the Vytachiv soil to
the Uday loess. The high proportion of the fraction< 2 μm may in-
dicate clay production due to increased chemical weathering following
pedogenetic overprinting, as would also be indicated by the χ vs. χfd

plot (Fig. 6). The continuous increase in 2–20 μm fraction may reflect a
long-term decrease in wind intensity. The>63 μm fraction has the
smallest proportion in the Kaydaky soil, and the 20–63 μm fraction
shows low values both in the Kaydaky and Vytachiv paleosols.

The ΔGSD(clr) is used as a reliable indicator of post-depositional
chemical weathering in LPS. In Fig. 3b the ΔGSD(clr) values are shown
as a heatmap signature. The values of the ΔGSD(clr) signal for the
submicron grain size range are low in the Prychornomorya loess, the
Bug loess, the lower part of the Kaydaky paleosol and the Dnipro loess
(Fig. 3b). In the humus and humus-transitional horizons of the Holo-
cene soil and in the depth interval between 1.5 m and 3.5 m, the ΔGSD
(clr) signals for the submicron range increase. The variability in these
values partly follows the stratigraphy, increasing mainly in the Holo-
cene soil genetic horizons (A1B) denoting intense chemical weathering.
It is noticeable that the high values of< 2 μm fraction (3.60–3.80 m
depth) within the Kaydaky paleosol are not followed by the ΔGSD(clr)
signature, but by a significant increase in CaO and a prominent minina
in CIA fact that might indicate less weathered material (Figs. 2 and
3a,b).

Fig. 2 shows the geochemical data denoting concurrent variability
in all major oxides between paleosols and the loess units that is well
reflected in the lithostratigraphy. The SiO2 values ranges from 42.7% to
62.7% (average 52.3%), whereas Al2O3 varies between 7.8% and
12.7%, with an average of 10.4%. Other major oxides are present in
smaller concentrations. The Fe2O3 content varies from 2.7% to 4.3%
(average 3.7%). The K2O and MgO contributions vary from 1.6% to
2.4% and 1.6%–2.4%, respectively, both elements have an average of
1.9%. TiO2 contributes with 0.64–0.86% (average 0.75%), P2O5 with
0.13–0.21% (average 0.16%) and MnO is in the range of 0.05–0.11%
(average 0.08%). CaO reaches values between 1.2% and 14.9%
(average 7.5%) and it reflects well the lithostratigraphic changes, at-
taining highest values in both the Dnipro, Uday, and Bug loess units and
the lower parts of Kaydaky and Vytachyv soils, and lowest values in the
Holocene soil. As the trend in other major oxides is inversely correlated
with CaO, it indicates that it renders a dilution effect, which can also be
discerned when compared with χ (Fig. 2). An exception is the sharp
variability at 2.70–2.75 m depth which is reflected as a drop/increase
in most major oxides (and concordant variability in χ and grain-size;
Figs. 2–3) except for SiO2 and K2O – this would indicate a potential
presence of volcanic particles, as tephra layers have often been reported
within southeastern European loess records (Constantin et al., 2012;
Veres et al., 2013; Anechitei-Deacu et al., 2014; Marković et al., 2015,
2018). However, an alternative interpretation is presented in section
5.2.

4.2. Luminescence properties and equivalent doses

The equivalent doses (De) were obtained by projecting the sensi-
tivity corrected natural OSL signal onto the dose response curve con-
structed for each luminescence sample (see Fig. 2 for downwall location
of samples). Fig. 5 presents the representative SAR growth curves for a
single aliquot of fine (4–11 μm) and coarse (63–90 μm and 90–125 μm)
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grained quartz from samples PRI-1.5 and PRI-1.10. The OSL signals
displayed a rapid decay in the case of both fine and coarse quartz ali-
quots during optical stimulation, the shapes of the OSL decay curves
being almost identical to those obtained for the calibration quartz
supplied by the Risø National Laboratory (see inset to Fig. 5).

Furthermore, the dependency of the equivalent doses on the preheat
temperature was investigated for sample PRI-1.7. Aliquots of fine
(4–11 μm) and coarse (63–90 μm) quartz were separated into groups of
five, each corresponding to a temperature point (ie., 180 °C, 200 °C,
220 °C, 240 °C, 260 °C, 280 °C). A 180 °C cutheat (test dose preheat) was
employed. As shown in Supplementary File Fig. S2, the preheat plateau
indicates the thermal stability of the OSL signal and ensures that any
thermal transfer is irrelevant. The recycling ratio and recuperation were
satisfactory for all measured aliquots.

Further on, dose recovery tests (Murray and Wintle, 2003) were
conducted to investigate the reliability of the equivalent doses obtained
by applying the SAR protocol on fine (4–11 μm) and coarse (63–90 μm)
quartz grains from samples PRI-1.2, 1.4, 1.6, 1.8 and PRI-1.10. The test
consisted in double bleach for 250 s at room temperature using the blue
LEDs with a 10 ka pause inserted between the stimulation. The aliquots
were then irradiated with known beta doses chosen to be equal to the
estimated equivalent doses, and measured using the SAR protocol. As
seen in Supplementary File Fig. S3, very good recovery to given dose
ratios were obtained, except for PRI-1.2 (4–11 μm quartz fraction)
showing 14% underestimation.

Dose response for very high doses was investigated using three
aliquots from PRI-1.12 (Dnipro loess), and sensitivity corrected growth
curves extending up to 5000 Gy were constructed on fine (4–11 μm)
and coarse (63–90 and 90–125 μm) quartz grains (Supplementary File
Fig. S1). The growth curve was best fitted by a sum of two saturating
exponential function such as in the following equation:

I(D) = I0 + A(1 – exp(–D/D01)) + B(1 – exp(-D/D02))

where, I is the intensity of the signal for a given dose D, I0 is the in-
tercept, A and B are the saturation intensities of the two exponential
components and D01, D02 are the dose levels characteristic of the

dose–response curve of each exponential function (Wintle and Murray,
2006), parameters which we will refer to as saturation characteristics.

From data in Supplementary File Fig. S1 it can be observed that the
fine quartz fraction (4–11 μm) saturates at significantly higher doses
than coarse (63–90 μm and 90–125 μm) fractions. From doses higher
than about 100 Gy a significant difference in the response between fine
and coarse-grained quartz was observed. Different saturation char-
acteristics of fine and coarse quartz grains have been reported pre-
viously in loess samples from southestern Europe and the Chinese Loess
Plateau (CPL) (Timar-Gabor et al., 2012, 2015; 2017). For the 4–11 μm
quartz fraction of sample PRI-1.12 we are reporting average values for
the saturation characteristics of D01 = 170 Gy and D02 = 1355 Gy, for
the 63–90 μm fraction the corresponding values are D01 = 41 Gy and
D02 = 316 Gy, whereas in the case of 90–125 μm fraction, saturation
characteristics of D01 = 44 Gy and D02 = 390 Gy were determined. Our
results are similar with the saturation characteristic doses reported by
Timar-Gabor et al. (2017) for worldwide loess and samples of various
sedimentary origins (for 4–11 μm fine grains the values for D01 and D02

were 151 and 1411 Gy, respectively; for 63–90 and 90–125 μm coarse
grains the values of D01 were 44 and 36 Gy, respectively, and for D02

452 and 363 Gy, respectively).
Equivalent doses were determined on minimum ten aliquots of each

grain size separate. Results of equivalent dose measurements and
standard SAR performance tests (recycling, IR depletion and re-
cuperation) are presented in Supplementary File Table S1. The
equivalent doses obtained for the fine fraction (4–11 μm) are higher
than the equivalent doses obtained on coarse quartz (except for the
oldest sample PRI-1.12), as expected due the contribution of the alpha
dose (Table 1, Supplementary File Table S1). We consider the equiva-
lent doses obtained on fine quartz on the two oldest samples (PRI-1.11
and 1.12) as underestimates based on (i) comparison with coarse quartz
data, and (ii) widely reported underestimation of equivalent dose be-
yond 100 Gy for loess samples from southestern Europe and China
(Timar-Gabor et al., 2017).

Fig. 5. Representative sensitivity-corrected growth curve constructed for (a), (d) 4–11 μm, (b), (e) 63–90 μm, and (c), (f) 90–125 μm quartz fractions from samples
PRI-1.5 and PRI-1.10, respectively (See Figs. 2–3 for location of samples). The responses to regenerated doses are shown as open squares. The sensitivity corrected
natural signal is depicted as a star, whereas the arrow indicates the equivalent dose. Recycling and IR depletion points are represented as an open triangle and an
open down triangle, respectively. The inset shows a typical decay curve of natural CW-OSL signal (open squares) in comparison to a regenerated signal (open circles)
and a calibration quartz signal (open triangles).
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4.3. OSL ages and validity of regional correlations based on luminescence
data

Table 1 presents a summary of the age results, with uncertainties on
the individual ages obtained based on the error assessment system by
Aitken and Alldred (1972) and Aitken (1976). The systematic errors
account to maximum 6% for ages derived from coarse grains, and 8%
for fine grains, respectively. The systematic error is particularly related
to our estimates of the uncertainties associated with the time-averaged
water content, beta attenuation, and alpha efficiency factors. The
random error represents a measure of the internal consistency of the
optical ages and extended to 13% for the coarse quartz grains (Table 1).
For the fine grains the random error does not exceed 3%. The weighted
average fine and coarse quartz ages were calculated (except for PRI-
1.11 and 1.12) following Aitken's (1985) Appendix Band reported in
Table 1.

For samples PRI-1.12 and 1.11 collected in the BCk horizon of the
Kaydaky paleosol and at the Pryluky–Kaydaky soil boundary, coarse
(63–90 μm) quartz ages 123 ± 10 ka and of 85 ± 6 ka, respectively,
were obtained. These ages would confirm the correlation of Kaydaky
and Pryluky paleosol units with MIS 5 (Rousseau et al., 2001;
Gerasimenko, 2004, 2006; Buggle et al., 2009; Veres et al., 2018)
(Fig. 6). The OSL ages obtained for the transition between the Pryluky
and Kaydaky units broadly agree with the OSL ages of 70.1 ± 4.0 ka
(De = 184 ± 9 Gy) and 93.6 ± 5.6 ka (De = 184 ± 9 Gy) obtained
on 90–125 μm quartz grains, reported by Gozhik et al. (2014) for
Pryluky unit in the Maxymivka section, situated in the Dnieper Plain. In
the same profile, TL ages of 184 ± 27 ka (De = 475 ± 47 Gy) and
169 ± 25 ka (De = 339 ± 34 Gy) on 80–100 μm quartz grains were
obtained for the Kaydaky unit (Gozhik et al., 2014), correlating this
unit with MIS 7. Nevertheless, previous studies on the Ukrainian LPS
deposits have reported that TL ages were overestimated (Kusiak, 2007;
Łanczont et al., 2013). Moreover, similar studies conducted on Chinese
loess have also reported age overestimation for loess samples dated
through thermoluminescence methods (Buylaert et al., 2006; Lai et al.,
2006).

The ages reported for the Pryluky-Kaydaky paleosols at Kurortne are

in a very good agreement with results obtained on several LPS se-
quences at the Black Sea in Romania, where the paleosol (ie., S1) un-
derlying the uppermost loess (L1) unit was correlated to MIS 5 (Timar
et al., 2010; Timar-Gabor et al., 2011; Constantin et al., 2014). For
instance, the coarse (63–90 μm) quartz OSL-ages at Kurortne are in
agreement with OSL-ages of 94 ± 11 ka (De = 270 ± 27 Gy),
116 ± 11 ka (De = 334 ± 23 Gy) and 121 ± 10 ka
(De = 342 ± 18 Gy), obtained on the same grain size from three
samples collected from the S1 paleosol at Costinesti LPS (also at Black
Sea, SE Romania) correlated with MIS 5 (Constantin et al., 2014)
(Fig. 6). For samples collected immediately below and above the S1
paleosol at Mircea Vodă (Dobrogea, SE Romania), ages of 106 ± 16 ka
(De = 310 ± 10 Gy) and 68 ± 10 ka (De = 221 ± 5Gy) were
obtained for 4–11 μm quartz grains, whereas for 63–90 μm quartz
grains, ages of 132 ± 18 ka (De = 319 ± 15 Gy) and 86 ± 11 ka
(De = 237 ± 6 Gy) were obtained (Timar et al., 2010; Timar-Gabor
et al., 2011). Furthermore, at Mostiştea (Lower Danube Plain, SE Ro-
mania), ages of 144 ± 21 ka (De = 391 ± 28 Gy) and 97 ± 14 ka
(De = 227 ± 15 Gy) were obtained for 63–90 μm quartz grains on
samples bracketing the S1 paleosol (Vasiliniuc et al., 2011).

The weighted average age of 61.2 ± 3.9 ka yielded for the Uday
loess sample attributes this unit to the lower pleniglacial (MIS 4; Fig. 6)
and agrees within errors with the TL-age of 65.9 ± 10 ka
(De = 128.5 ± 13.2 Gy), obtained on 80–100 μm quartz grains re-
ported by Gozhik et al. (2014). Thus it is very likely that the early
pleniglacial at Kurortne corresponds to the Uday unit.

Sample PRI-1.9, collected from A1k horizon of Vytachiv unit at
Kurortne, provided a weighted average age of 37.7 ± 2.4 ka. The
available 14C and luminescence data on the Vytachiv paleosol unit in
the Middle Dnieper area (Gerasimenko, 2004; Bokhorst et al., 2011;
Rousseau et al., 2011; Kadereit and Wagner, 2014) further enable the
broad correlation of this unit with MIS 3. This is further supported by
radiometric data discussed in Gozhik et al. (2014) that suggested the
better-resolved Vytachiv unit at the Maxymivka sequence comprises
most of MIS 3. The reported OSL ages of 53.8 ± 2.2 ka
(De = 111.8 ± 3.1 Gy) and 24.9 ± 1.9 ka (De = 55.6 ± 2.7 Gy)
were obtained on 90–125 μm quartz grains on samples closely

Fig. 6. Litho- and pedostratigraphical columns vs. magnetic susceptibility (χlf) record and OSL ages of the Kurortne loess-paleosol sequence (A, B), and its corre-
lations to loess magnetic susceptibility (χlf) records of sites from the Middle and Lower Danube basins (C: Costinesti, Romania (Constantin et al., 2014; Necula et al.,
2015); D: Mircea Vodă, Romania (Necula et al., 2013; Timar-Gabor et al., 2011); E: Koriten, Bulgaria (Jordanova and Petersen, 1999); F: Semlac, Romania (Zeeden
et al., 2016) and to the astronomically tuned magnetic susceptibility record from the (G) Titel/Stari Slankamen (Serbia) composite record (Basarin et al., 2014) and
the (H) benthic oxygen isotope stack (Lisiecki and Raymo, 2005). The Danube Basin loess stratigraphic nomenclature follows Marković et al. (2015). The dashed grey
lines indicate stratigraphic correlation levels based on characteristic susceptibility patterns shared between the records. The OSL ages at Costinesti shown represent
the weighted average ages of samples CST 11, CST 12, CST 13 (upper part of S1) and weighted average ages of CST 15, CST 16, CST 17 samples (upper part of L2
loess) obtained on 63–90 μm quartz extracts (Constantin et al., 2014). The OSL ages at Mircea Vodă were obtained on 63–90 μm quartz extracts (Timar-Gabor et al.,
2011). The OSL ages at Semlac were obtained on 40–63 μm quartz extracts (upper part of S1) and 4–11 μm (lower part of S1), respectively (Zeeden et al., 2016). For
location of sites please refer to Fig. 1.
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bracketing the Vytachiv unit. At Stayky, also located in Middle Dnieper
area, Veres et al. (2018) also attributed the truncated Vytachiv paleosol
unit to within middle to late MIS 3. For the two samples roughly
bracketing the Vytachiv paleosol OSL-ages of 34.6 ± 2.7 ka
(De = 101 ± 5 Gy) and 26.0 ± 1.9 ka (De = 77.1 ± 2.3 Gy) were
obtained for quartz grains of 63–90 μm. For 4–11 μm quartz grains, ages
of 34.9 ± 3.3 ka (De = 121 ± 2 Gy) and 23.9 ± 2.0 ka
(De = 81.7 ± 0.9 Gy) were reported (Veres et al., 2018).

It shall be noted however that in some sequences, the Vytachiv unit
consists of three paleosols (Gerasimenko, 2006, 2011; Gozhik et al.,
2014). The distinct peaks in the ΔGSD(clr) signal (Holocene soil,
1.5–2.0 m and 2.5–3.6 m) as well trends in several major oxides (e.g.
CaO, SiO2 or K2O) and the CIA (Figs. 2–3) suggest that weak but distinct
phases of pedogenesis could be distinguished at Kurortne. In other
sections, the middle Vytachiv soils were IRSL-dated to 36.9 ± 3.4 ka
(Bokhorst et al., 2011) and ESR-dated to 36 ± 3 ka and 38 ± 4 ka,
respectively (Chabai and Monigal, 1999).

The weighted average age 25.8 ± 1.7 ka for the Bug loess unit
allows its correlation with the upper pleniglacial (MIS 2) (Fig. 6). This
age is in agreement with OSL ages of 25.8 ± 1.3 ka
(De = 56.6 ± 2.3 Gy) and 21.1 ± 0.9 ka (De = 43.4 ± 1.4 Gy)
obtained on 90–125 μm quartz grains from the two samples collected
from the lower and upper part of the Bug unit elsewhere (Gozhik et al.,
2014). The dates obtained on the Bug loess at Stayky in the Middle
Dniper area (Rousseau et al., 2011; Veres et al., 2018) also are in
agreement with a MIS 2 age.

For samples taken from the Holocene soil and over the transition to
the Bug loess (Figs. 2–3), weighted average ages ranging from 0.3 ka to
13.8 ka have been obtained (Fig. 6). The A1 and A1B horizons of the
Holocene soil yielded ages ranging from 0.3 ka to 9.3 ka, whereas the
transitional horizon Ck has been dated between 11.7 ka and 13.8 ka
(Fig. 6). The transition from the Pleistocene loess to the Holocene soil
was identified on the basis of magnetic susceptibility threshold at
around 1 m depth, thus prior to 13.8 ka (Fig. 6). Thus, the OSL ages
show that the onset of magnetic susceptibility enhancement at Kurortne
precedes the accepted stratigraphic Pleistocene-Holocene boundary
dated at 11.7 ka in ice core records (Rasmussen et al., 2014). Similar
results have been reported by Constantin et al. (2019) for Roxolany site
in Ukraine, as well as in loess-paleosol sites across Romania and Serbia.
The slight increase in values of the ΔGSD(clr) signal starting from the
depth of 1 m in the section supports the assertion on the onset of sig-
nificant soil formation prior to the Pleistocene-Holocene boundary at
11.7 ka, but likely concordant with the Late Glacial environmental
changes (Rasmussen et al., 2014).

4.4. Regional correlations based on lithological, pedological and
environmental magnetic data

The correlation of the Ukrainian stratigraphic units Uday loess,
Vytachiv paleosol complex and Bug loess to MIS 4, MIS 3 and MIS 2,
respectively, was reported in the previous investigations based on
pedostratigraphical, palynological and magnetic susceptibility data
(Gozhik et al., 2000, 2001, 2014; Rousseau et al., 2001, 2011;
Gerasimenko, 2004, 2011; Buggle et al., 2008, 2009; Bokhorst et al.,
2011; Veres et al., 2018). Two opposite views exist however on the
correlation of Pryluky, Tyasmyn, Kaydaky and Dnipro units with MIS
stages (see Introduction), as well as on the overall stratigraphy of loess
plateau sections in the Black Sea region. According to some authors
(Gozhik et al., 1995, 2000; Nawrocki et al., 1999), the uppermost
chernozem-type paleosol (ie., equivalent to the paleosol described at
2.90–4.1 m in our record; Figs. 2–3, 6) is related to the Dofinivka unit
radiocarbon dated at Kurortne (Prymorske) to 16.3 ± 0.3 14C ka BP,
and underlain by a thick Bug loess unit dated to 21–26 14C ka BP. Thus,
this loess unit (ie., below 4.1 m in our profile; Fig. 6) is correlated with
the earlier part of MIS 2, and the Dofinivka chernozem is regarded as an
interstadial paleosol formed after the Last Glacial Maximum. For the

other view (Vozgrin, 2001, 2005; Veklitch, 2018), based on pedos-
tratigraphical correlations with other LPS along a network of records
throughout Ukraine, the uppermost fossil chernozem of the Pleistocene
sequences is correlated instead with Kaydaky unit (thus MIS 5), and the
loess below with the Dnipro unit (thus equivalent to L2LL1; Marković
et al., 2015).

Both our field and analytical data would confirm this second opi-
nion as in the investigated section at Kurortne, the chernozem identi-
fied between 2.90 and 4.1 m depth (Fig. 6) is a well developed paleosol,
which, judging from its thickness and the depth position of the carbo-
nate horizon, belongs to the same genetic type of chernozems as the
modern S0 chernozem (Krypskyi and Polupan, 1979). According to
previous paleopedological studies (Sirenko and Turlo, 1986), the Kay-
daky paleosols in the studied area are represented by chernozems of the
subtype ’common’. The soils of the optimal phase of Dofinivka soil
formation are chernozems of subtype ’southern’, with much stronger
carbonatization of their profiles (including the formation of a Ck hor-
izon which is completely saturated by farinaceous forms of carbonates).
In other cases, these Dofinivka soils are represented by kastanozems
(Sirenko and Turlo, 1986). Both genetic types of aforenamed soils were
formed under much drier hydroclimate conditions than experienced
during the formation of S0 soil. Paleopedological indices of clay
weathering (Veklitch et al., 1967, 1982) are much lower in the Dofi-
nivka soils than in the Kaydaky soils, denoting colder conditions during
the formation of the former compared to environments during the
formation of the later unit, or even the modern climate (Sirenko and
Turlo, 1986). Thus, it is compelling to assert that the Dofinivka soils
should correspond instead to interstadial(s) event(s), and the well de-
veloped chernozem paleosol at Kurortne is not related to the Dofinivka
unit but to Kaydaky unit. According to the χ data (Figs. 2, 4 and 6), it is
the only paleosol which can be compared to the Holocene S0 and thus,
to an interglacial-type soil. The slightly lower χ values in the Kaydaky
unit as compared with the Holocene can be explained by the higher
content of young organic matter and likely bacterial induced neo-
formation of magnetic particles in the Holocene soil which can lead to
enhanced susceptibilities (Maher et al., 2010). As demonstrated by
Radaković et al. (2019) for recent topsoils from a loess plateau in the
Carpathian basin, “active” living uppermost soil horizons show the
highest magnetic enhancement compared to lower horizons of the
Holocene soil and also compared to the Pleistocene paleosols.

Furthermore, it has been shown previously (Veklitch, 1982, 2018;
Sirenko and Turlo, 1986; Vozgrin, 2005; Gerasimenko, 2006, 2011;
Matviishina et al., 2010) that the Tyasmyn loess unit occurs rarely in
the Ukrainian LPS (or it has a very small thickness), thus the Pryluky
(ie., S1SS1) and Kaydaky (ie., S1SS2) paleosol units are frequently
welded without the Tyasmyn loess bed in-between. At Kurortne, the
Pryluky unit is partly truncated (only the BCk horizon identifiable;
Figs. 2–3) but, in general, in this area it is represented by chernozems of
subtype ’southern’ or by kastanozems (Sirenko and Turlo, 1986). This
fits well to the pedological characteristics of the BCk soil horizon, re-
lated to the Pryluky unit at Kurortne. The χ values are lower in the
Pryluky unit than in the interglacial Kaydaky unit (Figs. 2 and 6). In
other higher resolution sequences, the Pryluky unit consists of three
subunits, the middle of which is a thin loess bed ’pl2’ (Rousseau et al.,
2001; Gerasimenko, 2004, 2006; Gozhik et al., 2014; Haesaerts et al.,
2016). At Kurortne, the sharp drop in both χ and clays within the
Pryluky unit might indicate the presence of the ’pl2’ loess material
which is indistinguishable visually due to overprinting by post-de-
positional pedogenic processes.

The Uday loess unit (ie., L1LL2) likely corresponds to the climate
cooling of the early pleniglacial as reflected in the sharp decrease in χ
(Fig. 2). The increase in clay fraction in the upper part of the Uday loess
(Fig. 3) could be compared with the increase in the< 1 μm fraction in
the upper part of corresponding loess unit in other Ukrainian LPS and
interpreted as postdepositional reworking from the overlying Vytachiv
soil (Veklitch et al., 1967; Sirenko and Turlo, 1986; Gerasimenko, 2006,
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2011; Matviishina et al., 2010). On the other hand, an increase in both
clays and some major oxides (e.g., Al2O3 and Fe2O3; Fig. 2) in the Uday
loess unit is also described in many sections in Ukraine and Russia. The
fact that the Uday loess unit is more clayey and less enriched in coarse
silt than Bug or Dniper loesses led the aforenamed authors to suggest
less energetic wind speed at the beginning of the early pleniglacial.

As discussed previously, the upper part of the Vytachiv unit (i.e.,
L1SS1) as preserved at Kurortne can be related to the middle Vytachiv
paleosol (it shall be noted that in most complete sections of the
Vytachiv unit (Bokhorst et al., 2011; Bolikhovskaya and Molodkov,
2006; Gerasimenko, 1999, 2010), the middle soil of MIS 3 (Vytachiv)
pedocomplex is dated between 36 and 38 ka BP, whereas the upper
Vytachiv paleosol to 28–30 ka BP). The different paleosol horizons
forming the Vytachiv unit (likely emplaced during MIS 3 according to
loess paleoecological data; Gerasimenko, 2006, 2011; Gozhik et al.,
2014) most likely correspond to interstadial events, and in general, they
are characterized by low χ values (Rousseau et al., 2001; Buggle et al.,
2008, 2009). Nevertheless, χ values are somewhat higher in the lower
Vytachiv paleosol than in the middle one (Buggle et al., 2008, 2009;
Bokhorst et al., 2011), as observed also at Kurortne (Fig. 2) and prob-
ably characteristic for southeastern Europe, including the Black Sea
region (Obreht et al., 2017).

The thickness of the Bug loess (ie., L1LL1) at Kurortne is much less
compare to profiles up to 8–12 m reported in northern Ukraine
(Gerasimenko, 2006; Rousseau et al., 2011; Bokhorst et al., 2011).
Nevertheless, already in central Ukraine, the thickness of Bug unit on
plateaus diminishes to 0.5–3 m, and in southeastern Ukraine, it does not
exceed 1.5 m (Veklitch, 1993; Gerasimenko, 2004, 2011; Buggle et al.,
2008, 2009).

In the Ukrainian Quaternary stratigraphical framework (Veklitch,
1993), the interval before the onset of the Holocene soil at 11.7 ka is
related to the Prychornomorya loess unit, and in loess records from
southeastern Ukraine, formation of incipient soils (the middle Pry-
chornomorya subunit) was dated to this time interval (Gerasimenko,
2004, 2011). At Kurortne, χ results allow to place the end of the ple-
niglacial loess deposition and the onset of pedogenic processes that fi-
nally led to the formation of the Holocene soil already at around
13.8 ± 1.0 ka.

Furthermore, the identified succession of climatic events at
Kurortne can be correlated with other similar LGC loess records in
southeastern Europe (e.g. Mircea Vodă, Costinesti, Koriten and Semlac
sections) (Constantin et al., 2014; Necula et al., 2013, 2015; Timar-
Gabor et al., 2011; Jordanova and Petersen, 1999; Zeeden et al., 2016),
and with the astronomically tuned χ record from the Titel/Stari Slan-
kamen composite record from Serbia on its own age scale (Basarin
et al., 2014). Fig. 6 shows the correlation of the Kurortne section based
on χ as function of depth to loess sites from the Middle and Lower
Danube Basin. This correlation is then compared to the benthic oxygen
isotope stack (MIS 1 to MIS 6; Lisiecki and Raymo, 2005). All records
show similar (climato)stratigraphic characteristics that, however, are
temporarily better resolved in the thicker sequences (ie., Mircea Vodă,
Koriten, Titel). Nevertheless, also the condensed sections with thick-
nesses of less than 5 m reveal an interesting pattern of relatively thick
paleosol horizons compared to the loess intervals. These paleosol hor-
izons even show typical stratigraphic susceptibility patterns easily re-
cognizable across the Danube loess-paleosol sequences covering the
LGC (Marković et al., 2015).

5. Conclusions

Following a multiproxy sedimentological and chronological in-
vestigation we show that for the uppermost 4.5 m of the loess-paleosol
sequence exposed at Kurortne, the lowermost loess unit dated here
prior to 123 ± 10 ka and corresponding to the Dnipro unit (equivalent
to L2LL1; Marković et al., 2015) was succeeded by the formation of a
thick interglacial-type chernozem paleosol, OSL dated in its upper part

to 85.0 ± 6 ka (the Kaydaky unit, corresponding to S1SS2). Previous
research corroborated by our observations indicate that this fossil
chernozem belongs to the same subtype ‘common chernozem’ as the
modern topsoil, but the carbonates are leached deeper, likely indicating
wetter conditions during last interglacial than at present. The higher
proportions of< 2 μm grain-size fraction in this paleosol also hints at
more intense chemical weathering than during the Holocene and, thus,
presumably milder climate during the emplacement of Kaydaky pa-
leosol.

The Pryluky paleosol (corresponding to S1SS1), overlain by the
Uday loess unit which is dated here to 61.2 ± 3.9 ka, is strongly en-
riched in carbonates, depleted in humus, with lower magnetic sus-
ceptibility values and a less abundant< 2 μm grain-size fraction than in
the Kaydaky paleosol. These data support previously reported ob-
servations that the paleosol(s) comprised within the Pryluky unit most
likely correspond to interstadial events of the early glacial (with lower
chemical weathering indices than the underlying interglacial soil), and
the whole Kaydaky-Pryluky sequence is correlative of MIS 5.

The Vytachiv paleosol (i.e., L1SS1) is positioned between the Uday
loess (L1LL2, dated here to 61.2 ± 3.9 ka and thus corresponding to
MIS 4) and the Bug loess (L1LL1, dated here to 25.8 ± 1.7 ka, and thus
pertaining to the upper pleniglacial MIS 2) both characterized by low
magnetic susceptibility values denoting loess accumulation under sta-
dial conditions. The Vytachiv paleosol, OSL dated towards the top to
37.7 ± 2.4 ka is represented by a calcaric cambisol with magnetic
susceptibility values and proportions of< 2 μm particles slightly higher
than in the loess. These facts, as well as morphological features indicate
that it represents an interstadial(s) formed during the middle ple-
niglacial (MIS 3). The observed increase in magnetic susceptibility and
in the grain-size fraction< 2 μm in the lower part of the Vytachiv unit
has also been reported in the other Ukrainian LPS.

The Late Pleistocene Prychornomorya loess unit dated at Kurortne
between 13.8 ± 3.9 ka and 11.7 ± 0.8 ka (the Late Glacial, the last
part of MIS 2) is represented by the carbonate horizon of the Holocene
soil. The threshold in magnetic susceptibility values at the bottom of
this unit marks the transition from the proper pleniglacial loess accu-
mulation to the onset of pedogenic processes roughly around 20 ka. The
intense pedogenesis during the Holocene interglacial resulted in the
formation of a chernozem soil subtype ‘common’, which is typical S0
soil in the studied region of Ukraine.

The results discussed here based on integrating luminescence dating
with multi-proxy sedimentological data for Kurortne LPS unequivocally
ascertain to the LGC the uppermost 4.5 m of the section comprising the
interval between first major paleosol (i.e., Kaydaky unit) and the
Holocene S0 topsoil. This correlation fully supported by the OSL data
helps in clarifying local chronostratigraphic correlations, establish
more secure reconstructions of Late Pleistocene environmental changes
in the northern Black Sea area, and test the correspondence with the
Danube loess chronostratigraphic framework as discussed in Marković
et al. (2015).
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