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Abstract: We present new palaeomagnetic and rock magnetic results with a stratigraphic interpre-
tation of the late Early–Middle Pleistocene deposits exposed on the left bank of the River Danube
at Dolynske, southern Ukraine. A thick succession of water-lain facies is succeeded by reddish-
brown clayey soils, topped by a high-resolution loess–palaeosol sequence. These constitute one
of the most complete recently discovered palaeoclimate archives in the Lower Danube Basin. The
suggested stratigraphy is based on the position of the Matuyama–Brunhes boundary, rock magnetic,
palaeopedological and sedimentological proxies, and it is confidently correlated with other loess
records in the region (Roksolany and Kurortne), as well as with the marine isotope stratigraphy.
The magnetic susceptibility records and palaeosol characteristics at Dolynske show an outstanding
pattern that is transitional between eastern and south-eastern European loess records. Our data
confirm that the well-developed S4 soil unit in Ukraine, and S5 units in Romania, Bulgaria and
Serbia, correlate with the warm MIS 11. Furthermore, we suggest the correlation of rubified S6
palaeosols in Romania and Bulgaria and the V-S7–V-S8 double palaeosol in Serbia with S6 in Ukraine,
a strong Mediterranean-type palaeosol which corresponds to MIS 15. Our new results do not support
the hypothesis of a large magnetic lock-in depth like that previously interpreted for the Danube
loess, and they prove that the Matuyama–Brunhes boundary is located within the palaeosol unit
corresponding to MIS 19. The proposed stratigraphic correlation scheme may serve as a potential
basis for further regional and global Pleistocene climatic reconstructions.

Keywords: Pleistocene; loess; magnetic stratigraphy; palaeoclimate; eastern Europe;
regional stratigraphic correlation; Kurortne; Matuyama–Brunhes boundary

1. Introduction

Along with the well-known natural archives of ice cores, marine and lake sediments,
which contain more complete records of environmental events, Quaternary climatic cycles
are recorded in the most common subaerial deposits—loess–palaeosol sequences [1,2].
Loesses are relatively fresh aeolian deposits formed during colder climate periods (glacia-
tions), whereas palaeosols develop on a loess layer by pedogenic processes during warmer
and wetter conditions (interglaciations) [3]. In Eurasia they extend, approximately, in a
belt running along the 40–50◦ N, from Belgium [4] and northern France [5] in the west,
then eastward through the Danube River Basin [6–36], Poland [37–46], Ukraine [47–58],
Belarus [59], Russia [60–70], Transcaucasia [71–73] and Central Asia [74–84] to the Chinese
Loess Plateau (CLP) [85–99] in the east.

There has been significant focus on the implementation of new research methods within
a multidisciplinary approach to search for new complete sections within the terrestrial
archives, and to analyse the factors that have caused palaeoenvironmetal changes [100–119].
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Rock magnetism (magnetic properties of rocks) and palaeomagnetic (magnetostratigra-
phy) methods, especially in combination with lithological–palaeopedological and paly-
nological analyses, serve as a powerful tool in the reconstruction of palaeoenvironmental
changes [120–122]. Magnetic susceptibility is a sensitive, fast and accurate technique
to detect soil pedogenic processes and features and can improve the understanding of
soil-forming and, correspondingly, palaeoclimate factors [86,123–140].

The accuracy of regional and, thus, global palaeoclimate reconstructions depends on
the local chronostratigraphic interpretation of each studied stratigraphic sequence and its
correlation with other land–sea records. Of the chronological approaches, magnetostrati-
graphic studies provide the key absolute time control for the loess–palaeosol deposits.
The Matuyama–Brunhes boundary (MBB), the last geomagnetic field reversal, related
to marine isotope stage (MIS) 19 and dated at ~780 ka [141,142] (or 773 ka according to
recent data [143]), is one of the most frequently used time markers in the Quaternary
stratigraphy [144–152]. The determination of the MBB allows for correlating even remote
loess–palaesol sequences regardless of their lithostratigraphic subdivision.

Loess–palaeosol successions in Ukraine are unique in Europe in terms of their
large distribution (479,000 km2, 79% of Ukraine’s territory), stratigraphic completeness
and thickness, locally attaining up to 60 m in depth, e.g., Roksolany and Vyazivok
sections [47,48,51,52,150,153–159]. The Ukrainian loess series were investigated by a
multi-proxy approach in ~70 main profiles and at more than a thousand additional sites
for the last hundred years [47,48,51,54,55,57,58,150,155,157,160–195], which allowed for
constructing a detailed national stratigraphic framework [157,178,196–198]. The adja-
cent Lower Danube and Middle Danube Basins are also important loess regions, which
have provided excellent archives for long-term high-resolution palaeoclimate stud-
ies [8,9,13–16,18,19,22,26–30,34,106,113,114,130,199–203]. A lack of reliable data from
the Budzhak, southern Ukrainian region lying along the Black Sea between the Danube
and Dniester rivers, which is exceptionally rich in most complete Quaternary sequences,
reduces the quality of overall stratigraphic correlations [15,204–207] and palaeoclimatic
reconstructions [102,110,208–212].

The aim of this paper is to derive new information on the late Early–Middle Pleis-
tocene palaeoenvironmental dynamics and to establish regional chronostratigraphy from
high-resolution rock magnetism and palaeomagnetic data at the Dolynske loess–palaeosol
sequence. It is the last loess exposure along the left bank of the Danube River and the
southernmost Ukrainian loess–palaeosol section studied. More importantly, it is located at
the junction of East European and Danube loess domains. Consequently, pedostratigraphic
and palaeoclimate interpretations of the magnetic data from the Dolynske section have im-
portant implications for the appropriate linking of Pleistocene climates and environments
of other well-known eastern/south-eastern European terrestrial records.

2. Materials and Methods
2.1. Geological Setting

The Dolynske section (45◦30′ N; 28◦18′ E) is located between the village of Dolynske
and the city of Reni, 4 km from the left bank of the Danube River, 220 km SW of Odesa
(Figure 1). Previously, the Pleistocene subaerial deposits of the Danube terraces in this
area were studied palaeomagnetically by Bakhmutov et al. [213]. Two famous loess se-
quences in Moldova, Etulia [214] and Etulia Nouă (also known as Novaya Etuliya) [215,216],
which are located only 10 km NE from Dolynske, were studied using a multi-proxy ap-
proach (palaeopedology, magnetostratigraphy, rock magnetism) by different research
teams [214–216]. However, their stratigraphic interpretations remained contradictory.
Previous chronostratigraphic models of these sequences are shown in Table 1.
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The alluvial deposits and mammal fauna of the Dolynske area were studied exten-
sively [217,218]. The so-called Porat Formation, a large sandy alluvial basin developed in
different facies, is discerned as the Dolynske Member, which accumulated in the channel
of a large river interpreted as the palaeo-Danube. According to mammal stratigraphy of
the Porat Formation, this continental-scale river had reached the area by the Gelasian age
to the early Calabrian age [218].

During a field reconnaissance of the Dolynske area (August 2020), the Early Pleistocene
succession of water-lain (subaqual) facies (up to 17 m thick) overlain by reddish-brown soils
was discovered in a newly opened quarry (section Dolynske-K; Figure 2E). These >8 m
thick strong clayey and loamy soils, topped by 17 m thick loess–palaeosol succession of the
Middle Pleistocene are best distinguished in two nearby exposures (Dolynske-O; Figure 2E,
and Dolynske-1; Figure 2B–D). Currently, we have not reached any Late Pleistocene de-
posits at Dolynske.
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units and (F) alluvial deposits. For lithopedological description, see Section 3.1. The red line indicates the position of the
detected Matuyama–Brunhes boundary (see Section 3.5).
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Table 1. Chronostratigraphic models proposed for the Dolynske and nearby loess sections.

Etulia,
after Veklich and Veklich [214]

Etulia Nouă,
after Tsatskin et al. [215,216]

Dolynske
(This Study)

Palaeosol MIS Palaeosol MIS Palaeosol Index Unit MIS

Vytachiv 5
Pryluky 5 PK2 5
Kaydaky 7 PK3 7–11
Zavadivka 9–11 PK4 13–15 Potyagaylivka pt D-S2 7
Lubny 5 13 PK5 17 Upper Zavadivka zv3c D-S3S1 9a
Lubny 3 15 PK6 19 zv3b1 D-S3S3 9e
Lubny 1 17 PK7 21 Lower Zavadivka zv1 D-S4 11 1

Sula 2 18b–d incipient soil 23 Lubny lb D-S5 13
Martonosha 19–23 PK8 25–27 Martonosha mr D-S6 15 1

Shyrokyne 3 25–? PK9 + 10? 31–33? Upper Shyrokyne sh3 D-S7S1 17
Shyrokyne 1 PK11 + 12? 35–? Lower Shyrokyne sh1b1 D-S7S3 19c
Kryzhanivka PK13? Kryzhanivka kr D-S8 21

1 Hereafter the MIS 11 and MIS 15 pedocomplexes are shown as marker horizons (indicated by warm colours).

For a representative interprofile correlation, neighbouring Roksolany and Kurortne
loess sections were selected.

The Roksolany (formal name; in some papers known as Roxolany) section is a famous
European loess profile extensively studied by numerous Ukrainian and international re-
search teams [48,150,165,166,168–170,173,174,182,215,219–230]. Exposed in the left bank
of the Dniester Estuary (46◦11′ N; 30◦26′ E; Figure 1C), it is quite thick (up to 55 m),
probably the most complete loess sequence in the whole of southern Ukraine. The chronos-
tratigraphy of the Roksolany section and the position of the MBB, until recently, have
been a matter of concern, caused by a relative lack of pedostratigraphic basis and reliable
chronological data, as well as by difficulties in determining the directions of the more
stable (characteristic, ChRM) component of remanent magnetisation. Recently we have
proposed a new chronostratigraphic model [150] (see Table 2), supported by established
magnetostratigraphic markers, compiled existing radiocarbon and optically stimulated
luminescence (OSL) dates, tephrostratigraphic, rock magnetism, palaeopedological and
palaeoenvironmental proxies. This allowed for the preliminary correlation of the Ukrainian
loess deposits with those in the Danube Basin and China, as well as with the marine isotope
stratigraphy (further discussed in Sections 4.2 and 4.3 below).

In southern Ukraine, the closest loess section to Dolynske is the Kurortne section
at the Black Sea shore (45◦54′ N; 30◦16′ E; Figure 1C), which is also comprehensively
studied [48,171,231–233]. In some papers, it is known as Prymorske (or Primorskoje),
named after another section near Kurortne, described by Veklich et al. [162]. The stratig-
raphy of Kurortne was further developed by Gozhik et al. [48], however, it was com-
pletely revised by Shovkoplyas et al. [232] (see Table 3). The later chronostratigraphic
interpretation of the Late Pleistocene deposits [232] has recently been supported by OSL
dating results [233]. The development of chronostratigraphic models for Roksolany and
Kurortne/Prymorske is given in Tables 2 and 3, respectively.

Additionally, we compare our magnetostratigraphic and magnetic susceptibility
records from Dolynske with those from well-known loess–palaeosol sequences in the
Middle Dnieper area, at the Vyazivok and Stari Kaydaky sites, which we investigated
formerly with a combined palaeomagnetic and rock magnetism approach [150,234,235].

In this study, we continue to follow the nomenclature of loess and palaeosol units
used for Chinese loess stratigraphy [87,88,90], which designates loess/palaeosol layers as
‘L’/’S’, and the numbers of these layers are assigned in order of increasing age. We add a
prefix indicating the section studied, e.g., ‘D-’ (Dolynske), ‘R-’ (Roksolany), ‘K-’ (Kurortne)
etc. The prefix ‘U-’ is used for theoretical Ukrainian loess stratigraphy [150].

In parallel, we use the domestic loess stratigraphic system [157,178,183,196–198,236],
in which warm stages/soil units are named by stratotype localities, and cold stages/loess
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units by the nearest rivers, lakes and seas. Each chronostratigraphic unit has its own index
consisting of two letters (e.g., Shyrokyne—‘sh’). Pedocomplexes include soils of the initial
(designated by index ‘a’), optimal (‘b’), and final (‘c’) phases of pedogenesis. Usually,
two middle ‘b’ soils (marked as ‘b1’ and ‘b2’) are well-defined and correspond to more
pronounced climatic optimum. Soils of the initial and final phases, ‘a’ and ‘c’, show signs
of development under cooler climates. Stages covering two–three climatic optima (usually,
they correspond to interglacials sensu stricto) are designated by odd numbers, e.g., Lower
Shyrokyne—‘sh1’, Upper Shyrokyne—‘sh3’. Even numbers indicate cold stages (stadials
and glacials), e.g., Middle Shyrokyne—‘sh2’.

Table 2. Chronostratigraphic models proposed for the Roksolany loess sequence.

Gozhik et al. [48,173,174],
Bogucki et al. [182]

Tsatskin et al.
[215] Hlavatskyi and Bakhmutov [150] Corrected Model Presented Here

Palaeosol MIS Palaeosol MIS Palaeosol Unit MIS Palaeosol Index Unit MIS

Prychornomorya 2 PK2 5 Vytachiv R-L1S1 3 Vytachiv vt R-L1S1 3
Dofinivka 1 PK3 7–11 Pryluky R-S1S1 5a–c Pryluky pl R-S1S1 5a–c
Dofinivka 2 Kaydaky R-S1S2 5e Kaydaky kd R-S1S2 5e
Vytachiv 3 PK4 13–15 Potyagaylivka R-S2 7 Potyagaylivka pt R-S2 7

interstadial soil PK5 17 Upper
Zavadivka R-S3S1 9a Upper

Zavadivka zv3c R-S3S1 9a

Pryluky 5 PK6 19 R-S3S2 + 3 9c–e zv3b R-S3S2 + 3 9c–e

Kaydaky 7 PK7 21 Lower
Zavadivka R-S4 11 Lower

Zavadivka zv1 R-S4 11

Potyagaylivka 9 incipient
soil 23 Lubny R-S5 13–15 Lubny lb R-S5 13

Zavadivka 1 11 PK8 25–27 Upper
Martonosha R-S6S1 17a–c Martonosha mr R-S6 15

Zavadivka 2–3 11 PK9 31 Lower
Martonosha R-S6S2 17e Upper

Shyrokyne sh3 R-S7S1 17

Lubny 13–15 Lower
Shyrokyne R-S7 19 Lower

Shyrokyne sh1 R-S7S3 19c

Martonosha 17–19 Kryzhanivka R-S8 21 Kryzhanivka kr R-S8 21

Shyrokyne 21 Middle
Berezan R-L9S1 23 Middle

Berezan br2 R-L9S1 23

Table 3. Chronostratigraphic models proposed for the Kurortne/Prymorske loess sequence.

Prymorske,
after Veklich et al. [162]
and Gozhik et al. [48]

Kurortne,
after Vozgrin [237,238]

and Shovkoplyas et al. [232]

Kurortne,
after Tecsa et al. [233]

Kurortne
(Model Presented Here)

Palaeosol MIS Palaeosol MIS Palaeosol MIS Palaeosol Index Unit MIS

Prychornomorya Vytachiv 3 Vytachiv 3 Vytachiv vt K-L1S1 3
Dofinivka 1 Pryluky 5a–c Pryluky 5a–c Pryluky pl K-S1S1 5a–c
Dofinivka 2 2 Kaydaky 5e Kaydaky 5e Kaydaky kd K-S1S2 5e
Vytachiv 3 Potyagaylivka 7 Potyagaylivka pt K-S2 7
Pryluky 5 Zavadivka 9 Upper Zavadivka zv3c K-S3S1 9a
Kaydaky 7 Lubny 11 zv3b K-S3S2 + 3 9c–e
Zavadivka 9–11 Martonosha ?–19 Lower Zavadivka zv1 K-S4 11
Lubny 1 13–15 Lubny lb K-S5 13
Martonosha 17–19 Martonosha mr K-S6 15

1 Previously considered [208,236] as a correlative of MIS 13–17.

2.2. Sampling and Methods

A representative collection of samples at Dolynske was collected in October 2020 from
three overlapping exposures (Figures 1D and 2A), designated as ‘Dolynske-1’, ‘Dolynske-O’
(Opornyi) and ‘Dolynske-K’ (Karier). The sampling subprofiles were overlapped by 3 m
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by tracing at least two characteristic soil layers. The distinct boundary between the older
well-developed reddish-brown clayey palaeosols (from the D-S6 soil and lower) and the
younger loess series, as well as a thin truncated greyish-brown soil, D-S5, served as useful
correlation markers.

In total, 85 oriented block samples taken for magnetostratigraphic study and 296 non-
oriented samples were extracted for rock magnetism measurements from the rest of the
profile. Oriented samples were primarily collected around the expected position (based on
the lithostratigraphic classification in the field) of the MBB (continuous sampling from a
13.62 to 24.38 m depth interval, 80 samples), and in the older alluvial deposits (five samples
at a ~2.0 m interval). Rock magnetism and palaeomagnetic measurements were carried
out in the laboratory of the Institute of Geophysics of the National Academy of Sciences of
Ukraine (Kyiv).

To obtain a high-resolution magnetic susceptibility record of the loess–soil sequence,
537 specimens from the depth interval between 0.24 and 24.38 m were measured. Measure-
ments of mass-specific susceptibility were carried out at the dual frequencies of 976 Hz (χlf)
and 15616 Hz (χhf) using a MFK1-FB Kappabridge. The differences between the two suscepti-
bilities provided the frequency-dependent magnetic susceptibility. Absolute (χfd) and its rela-
tive parameter (χfd%) were calculated as follows: χfd = χlf − χhf; χfd% = (χlf − χhf)/χlf × 100.

Isothermal remanent magnetisation (IRM) curves were obtained for 26 specimens from
all stratigraphic units in magnetic fields from 0 to 1.0 T. Other rock magnetic parameters
were measured for a pilot collection of 175 samples: (1) anhysteretic remanent magneti-
sation (ARM) produced along one spatial axis and induced with a 50 µT static field and
50 mT alternating field (AF) using an AMU-1A anhystereretic magnetizer; (2) saturation
isothermal remanent magnetisation (SIRM) acquired under a magnetic field of 1.0 T field;
(3) IRM−300mT acquired under the opposite magnetic field of −300 mT. Combinations of
these parameters were used for the determination of magnetic rock properties: granulomet-
ric indices ARM/SIRM, χlf/SIRM; indices of magnetic hardness S-ratio = IRM−300mT/SIRM;
HIRM = (SIRM + IRM−300mT)/2 [128,129].

For the magnetostratigraphic study, 249 standard oriented cubes (2.0 cm side) were
cut (2–6 specimens from each sample). To avoid errors due to mechanical disturbances
(caused by molehills, etc.), the anisotropy of magnetic susceptibility (AMS) was analyzed.
Eventually, 113 specimens were selected for palaeomagnetic interpretation. Specimens were
exposed in a magnetically-shielded room (a low-field cage, MMLFC) for at least one week
before demagnetisation and remanence measuring to reduce the viscous magnetisation
caused by the modern magnetic field.

A total of 95 specimens (including 8 specimens from alluvial deposits) were subjected
to 5 steps of thermal demagnetisation from 150 ◦C to 295 ◦C at temperature intervals be-
tween 25 and 60 ◦C, using a MMTD 80 furnace with a residual field set at <10 nT. After each
heating step, bulk susceptibility (κ) at room temperature was measured with a MFK1-FB
Kappabridge to monitor possible mineralogical changes. Twelve duplicate specimens were
subjected to AF demagnetisation from 3 to 80 mT at steps between 3 and 20 mT, using an
LDA-3A demagnetizer. Then, they were heated to temperatures of 240 and 270 ◦C for cross-
checking. An additional 6 samples were subjected to the hybrid demagnetisation process.
This procedure involved one-time thermal demagnetisation up to 150 ◦C, then a standard
stepwise AF demagnetisation from 3 to 80 mT at 3–20 mT intervals. The natural remanent
magnetisation (NRM) of specimens was measured by a JR-6 spinner magnetometer.

Six samples collected from the K-S6 (Martonosha) alluvial soil unit at the Kurortne
section were investigated by thermal demagnetisation.

Demagnetisation results were processed by multicomponent analysis of the demag-
netisation path [239] using Remasoft 3.0 software [240]. Samples which failed to isolate
the ChRM or had both anomalous AMS and anomalous ChRM directions were excluded
from further interpretation. The magnetostratigraphic column was built with MPS soft-
ware [241], which allows for the more accurate identification of zones of normal and
reversed polarity.
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Chronostratigraphic interpretation has been supported by a correlation between
magnetic susceptibility stratigraphy and marine isotope stratigraphy [242,243].

3. Results

After the sampling of the Dolynske sequence, thorough field observations comple-
mented by pedostratigraphic data (presented in Section 3.1) and magnetic susceptibility
measurements (Section 3.2) enabled us to develop a new stratigraphy of the loess–palaeosol
sequence for the interval of ~25 m. This was later corroborated by the magnetostratigraphic
data presented in Section 3.5.

3.1. Pedostratigraphic Subdivision

In the subaerial part of the sequence, eight interglacial palaeosols could have been
identified (Figures 2 and 3). Younger palaeosols are separated by thick loess units (D-L2
to D-L6). Loess layers inside older palaeosol series (between D-S6 and D-S8) have been
reworked due to pedogenesis and replaced by carbonate horizons of the overlying soils.
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Figure 3. Low-field (χlf) and frequency dependence (χfd) magnetic susceptibility variations along lithological column of the
Dolynske section, and proposed correlation with global marine isotope LR04 stack of Lisiecki and Raymo [242] (lettered
substages adapted from Railsback et al. [243]. Magnetostratigraphic results are described in Section 3.5. Chronostratigraphic
interpretation relative to marine isotope stratigraphy is given in Section 4.2.

The uppermost palaeosol, D-S2 (Potyagaylivka, abbreviated as ‘pt’) is a polygenetic
soil, containing two well-developed soils separated by calcareous loam. The upper one,
D-S2S1 (ptb2), is a strong reddish-brown (7.5YR 4/6–6/6) soil, deformed by wedges of the
overlying D-L2 (Dnipro, dn) loess. The lower soil, D-S2S1 (ptb1), is thicker, has a yellowish
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brown colour (10YR 5/4), discoloured by carbonates in its lower part. An embryonic soil,
D-L2S1 (dne), could have been found just above the D-S2S1 soil.

Below the D-S2 pedocomplex and underlying D-L3 (Oril, or) loess, the succession
of peculiar Zavadivka (zv) cambisols D-S3S1 through D-S4 was exposed. The upper
soil, D-S3S1 (zv3c), is brown (10YR 4/3). A horizon is separated by a thick carbonate
accumulation zone (Bk) and calcareous loess-like loam from the lower pedomember of
weakly developed brown (10YR 5/3) D-S3S3 (zv3b1) palaeosol. Yellowish brown (10YR 5/4)
embryonic soil D-S3S2 (zv3b2) occurs sometimes instead of the middle loessic layer. The A
horizons are less developed than in the younger D-S2, presumably because of truncation
or post-burial diagenesis.

The D-S4 (Lower Zavadivka, zv1) soil unit is a relatively well-developed dark yellowish-
brown (10YR 4/4–5/4) soil, but it has a weaker A horizon than the D-S2 pedocomplex. It is
separated from the overlying pedocomplex by the loess layer, D-L4 (Middle Zavadivka, zv2).

Overlain by thick D-L5 (Tyligul, tl) loess, the D-S5 (Lubny, lb) pedocomplex is partly
eroded from the top. It is represented by two weakly developed brown (10YR 4/3–5/3)
horizons. The upper soil is similar to brunizem, the lower soil is a cambisol.

The D-S5 palaeosol is overlying the D-L6 (Sula, sl) loess. In the lower part of D-L6, an
embryonic soil, D-L6S1 (sl2/mr3c?), could have been observed. It is placed just above the
D-S6 pedocomplex, the boundary between them is sharp.

The D-S6 (Martonosha, mr) unit consists of three thick well-developed soils. The upper
palaeosol, D-S6S1 (mr3), is reddish-brown (5YR 4/4) to yellowish-red (5YR 4/6) in colour,
clayey–loamy, with a prismatic structure. The middle palaeosol, D-S6S2 (mr1b2), is a strong
brown (7.5YR 4/6–5/6) soil with a dark A horizon, with punctuated with manganese
hydroxides and secondary carbonates and very clayey. The lower palaeosol, D-S6S3
(mr1b1), is a thick strong brown (7.5YR 5/6) clayey soil, with abundant carbonates in
its lower part. The upper soil of the D-S6 pedocomplex is remarkably similar to the
Mediterranean red-brown soils, regarded as chromic cambisols, but in palaeodepressions
they are much thicker than common cambisols. Two lower soils are transitional between
cambisols and chromic cambisols, most enriched in clay fraction, similar to Shyrokyne (sh)
soils in central Ukraine, but they are not dark enough in colour (like the sh3 subunit), have
a reddish hue (Figure 2E), they formed in warmer climatic conditions, and they do not
have wedges or drying cracks indicating any succeeding glaciation.

On the contrary, the upper palaeosol (D-S7S1/Upper Shyrokyne, sh3) of the underly-
ing soil succession (D-S7) is deeply deformed, likely by the strong Pryazovya (pr) periglacial
processes. D-S7S1 is a thin yellowish-brown (10YR 5/4) clayey soil, with abundant cracks
filled by the material of carbonate horizon of the SK-S6S3 palaeosol. It has a high Bk
horizon, with a relatively thick and firm underlying pale yellow (2.5Y 7/4) loess-like layer
(aleurolite?) of the Middle Shyrokyne (?) subunit (sh2?), indicating another glacial period.
The latter contains remains of the dark greyish-brown soil, D-S7S2 (Lower Shyrokyne,
sh1b2), also with thick carbonate accumulation zone. The lowermost palaeosol in this soil
succession, D-S7S3 (sh1b1), is a brown (7.5YR 4/4) solid clayey forest soil formed in more
humid climatic conditions. It does not have such a thick carbonate horizon like in the
D-S7S1 and D-S7S2 soils, but it has abundant ferric–manganese punctuation. The sh1 soils
represent climatic optimum of the Shyrokyne pedogenesis period [52,155].

The lowermost studied subaerial unit at Dolynske, D-S8, is a yellowish-red (5YR 4/6–5/6)
sandy soil, having a thick Bk horizon. The D-S8 palaeosol is very similar to chromic luvisols
of the Kryzhanivka (kr) unit elsewhere in southern Ukraine [185].

In the quarry (Figure 2F), 1 km SE of the main exposure, a succession of water-lain
Early Pleistocene deposits could have been observed below the D-S7 soil unit. They have
been identified by Veklych [244] as correlatives of the warm Kryzhanivka (kr), cold Berezan
(br), warm Beregove (bv), cold Siversk (sv) and warm Bogdanivka (bd) stages. Typically,
both the Berezan and Beregove units contain three characteristic subunits (br1, br2, br3;
and bv1, bv2, bv3), whereas the Bogdanivka unit consists of five subunits (bd1–bd5). The
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subaerial equivalents of Early Pleistocene units in Ukraine are best represented in stratotype
sections within the Crimean Peninsula and Donbas [47,154,163,245].

3.2. Magnetic Susceptibility Values

Low-field magnetic susceptibility χlf ranges between 9 and 145 × 10−8 m3kg−1 in
the entire profile studied (Figure 3), with a mean of 42.6 × 10−8 m3kg−1, a median of
37 × 10−8 m3kg−1. χlf and χfd data, show the same trend with depth, with significantly
lower χfd values (0.11–19.61 × 10−8 m3kg−1; Figure 3) with a mean of 4.62 × 10−8 m3kg−1

and a median of 3.7 × 10−8 m3kg−1.
The alternation of loess and palaeosols is clearly expressed in the magnetic suscep-

tibility record. The background χlf values are in a range from 10–15 × 10−8 m3kg−1 in
loess units. Maximum χlf values reach from 140–145 × 10−8 m3kg−1 in the uppermost
part of the D-S2 soil unit (Figure 3). χlf values of Zavadivka pedocomplexes (D-S3 and
D-S4) are in a range from 80–110 × 10−8 m3kg−1, whereas χlf values of the D-S5 unit
do not exceed 55 × 10−8 m3kg−1. χlf values of the D-S7 soil succession are much lower
(20–40 × 10−8 m3kg−1) than in the overlying D-S6 pedocomplex (40–70 × 10−8 m3kg−1),
probably due to the erosion of the former and intensive calcification processes. The lower-
most D-S8 palaeosol has a distinct magnetic susceptibility peak up to 65 × 10−8 m3kg−1 in
its middle part.

The background χlf values at Dolynske are comparable with those in other Ukrainian
sequences (5–10 × 10−8 m3kg−1) [150] as well as the nearby Danube loess archives
(15–25 × 10−8 m3kg−1) [8,9,11,13–15,130]. Likely, the magnetic susceptibility measured at
other southern Ukrainian, Danubian, Central Asian and Chinese loess profiles demonstrate
a strong contrast between loess and palaeosol horizons as a result of the formation of
small superparamagnetic (SP) particles yielding higher values for palaeosols compared to
loess [86,89,124,246]. The magnetic susceptibility variations clearly suggest the develop-
ment of palaeosols during warmer and wetter periods (interglacials) and loesses during
colder and drier stages (glacials) and are widely used as proxy palaeoclimate changes [121].

Many previous investigations of loess–palaeosol sequences in Eurasia
(e.g., [8,9,11,13–15,22,28,74,86,93,127]) used magnetic susceptibility peaks in soils as anchor
points corresponding to warm MISs, and tentative correlations between Pleistocene climatic
events recorded in the longest deep sea and terrestrial archives have been provided. At
Dolynske, the magnetic susceptibility (both χlf and χfd) and marine oxygen isotope curves
are strikingly similar (Figure 3), which greatly facilitates chronostratigraphic interpretation.
Further correlation with marine isotope stratigraphy is discussed is Section 4.2.

The frequency dependence of magnetic susceptibility (χfd%) is a direct measure of
the contribution of SP grains [247]. In general, χfd% percentages greater than 6% indi-
cate a considerable abundance of SP ferromagnetic particles, while maximum observed
values of ≥15% indicate that susceptibility in these horizons is dominated by SP ferrimag-
nets [247]. At Dolynske, χfd% ranges between 0.7 and 19%, with a mean of 11% in palaeosols
and of 6% in loesses (Figure 4A).
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3.3. Selected Mineral Magnetic Properties

IRM acquisition curves for typical samples are displayed in Figure 4B. The curves get
~90% of the SIRM when the applied field is 200 mT for palaeosol samples and 300 mT for
loess samples. Two palaeosol samples (from the D-S6S3 and D-S7S3 subunits) reach 90% of
the SIRM in a field of 100 mT. This behaviour indicates the dominance of ‘soft’ mag-
netic minerals (like magnetite), especially in soils, while data from loess layers suggest a
somewhat greater contribution of ‘hard’ magnetic minerals (like hematite).

ARM is sensitive to stable single-domain (SD) particles [124] due to the fact that
multidomain (MD) grains generally have exceedingly low coercivities and are unable to
retain any significant ARM. At Dolynske, ARM clearly increases in palaeosols compared
to the loess (Figure 5), but, in our view, it depends more on the concentration of magnetic
minerals rather than their domain state. SIRM is less dependent on grain size compared
to ARM, but it is an excellent indicator of the concentration of magnetic minerals, and
generally follows the magnetic susceptibility and ARM curves (not shown).

ARM/SIRM and χlf/SIRM ratios are widely employed as grain size indicators for
magnetite [128]. Small particles yield higher values because they are more efficient at
acquiring remanence, particularly ARM [248–250]. Palaeosol samples from Dolynske
contain a higher fraction of SD particles yielding higher ARM/SIRM and χlf/SIRM ratios
in contrast to the loesses (Figure 5).

The S-ratio is a common parameter that is used in environmental magnetism to
quantify the proportion of ‘hard’ and ‘soft’ magnetic minerals [251,252]. The S-ratio is
expressed as the ratio of an IRM acquired at some non-saturating backfield (often−300 mT)
measured after the acquisition of an SIRM. Values close to unity indicate that the remanence
is dominated by ‘soft’ ferrimagnets. The remanence held by ‘hard’ magnetic minerals within
sediments is estimated by the ‘hard’ IRM or HIRM [253]. HIRM is typically defined as
the difference between the SIRM and backfield IRM−300mT divided by 2. The combination
of these two parameters (S-Ratio and HIRM) provides a means of monitoring changes in
magnetic mineralogy [128].
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The S-ratio in the Dolynske section weakly depends on lithology, but samples can be
divided into two groups (Figure 5). The S-ratio of ~1/3 of specimens (mostly palaeosols) is
close to 1, indicating a total dominance of magnetite, whereas the S-ratio of ~2/3 of samples
(primarily, loess) fluctuates at approximately 0.9, suggesting a higher contribution of ‘hard’
magnetic minerals. Since the HIRM increases with the increasing fraction of magnetically
‘hard’ minerals, the S-ratio is linked with HIRM by negative correlation (Figure 5).

The magnetic susceptibility and ARM curves indicate the concentration of magnetic
minerals, while the S-ratio and HIRM depends on the composition of a magnetic fraction.
This feature reflects the difference in shape of the two types of curves (Figure 5).

Thus, rock magnetic results indicate the dominance of SP magnetite particles in
palaeosols but suggest a higher contribution of ‘hard’ magnetic minerals (hematite) in loess.

3.4. Anisotropy of Magnetic Susceptibility

The magnetic texture of sediments reconstructed from ellipsoids of magnetic suscep-
tibility anisotropy is closely associated with the deposition of magnetic grains with the
subsequent transformation of the deposits. During diagenesis, the grains preserve their
original orientation in the loess fabric. The preferred orientation of the crystallographic
axis and grain elongation form magnetic fabric of the loess.

The magnetic fabric is reconstructed by the AMS analysis. The direction of palaeocur-
rents is reflected by the direction of maximum susceptibilities (Kmax) [61,254,255]. The foli-
ation plane (direction of minimum susceptibilities, Kmin) mirrors the slope angle [256,257].
The position of the directions of the Kmax and of the intermediate susceptibility (Kint) may
indicate bioturbation or lamination [258–260].

The magnetic fabric of the loess and palaeosol specimens from Dolynske is mainly
foliated (Kmin axes are normal relative to the sedimentary plane; Figure S1). The max-
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imum degree of AMS is revealed in the middle part of the section where it reaches
Pj = 1.03 ÷ 1.04. In most loess–palaeosol sequences in Ukraine the degree of AMS does not
exceed 1.08 [261,262], which is typical of autochthonous sedimentary deposits [59]. The de-
gree of AMS of the loess–palaeosol deposits from the Black Sea region is lower (Pj ≤ 1.03)
than noted in loesses and palaeosols of western and northern Ukraine (Pj ≤ 1.08).

The shape factor T in 97% of loess samples and in 69% of soil specimens is positive
(from 0 to 1; Figure S1); samples with negative T-factor are less anisotropic (Pj ≤ 1.01).
Thus, our results show that the AMS ellipsoids are mainly oblate in shape, and the mean
inclinations of the maximum and minimum axes of susceptibility ellipsoids are generally
horizontal and vertical, respectively. All this indicates a primary eolian magnetic fabric
without significant disturbance which could potentially yield a reliable ChRM. All speci-
mens with anomalous deviations from typical sedimentary texture have been excluded
from further palaeomagnetic interpretation.

3.5. Magnetostratigraphy

The demagnetisation results of 87 specimens, treated by temperature, and 18 speci-
mens, demagnetized by AF (including hybrid demagnetisation), from the depth interval of
13.78 to 24.38 m is shown in Figure 6.
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Figure 6. Results of palaeomagnetic study of the Dolynske-O subprofile. From the left—simplified lithostratigraphy, the
directions of the ChRM components (expressed by declination D◦ and inclination I◦), the discriminant function of these
directions as a function of depth, and magnetostratigraphic chart. The arrows indicate the position of specimens for which
the Zijderveld diagrams are shown in Figure 7.
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Figure 7. Examples of stepwise thermal demagnetisation of palaeosol specimens from (A) the D-S5S1 (lbb2) subunit,
(B) D-S6S1 (mr3) subunit, (C) upper part of the D-S7S3 (sh1b1) subunit, (D) loess specimen from the D-L6 (sl) unit,
palaeosol specimens from (E) the lower part of the D-S7S3 (sh1b1) subunit and (F) lower part of the D-S8S1 (kr3) subunit.
1—stereographic projections of demagnetisation directions (full and open circles represent projections in the lower and
upper hemispheres, respectively); 2—orthogonal demagnetisation paths (Zijderveld diagrams) on horizontal and vertical
planes; 3—NRM intensity decay curves of demagnetisation (M/Mmax) and magnetic susceptibility (κ) variations after each
demagnetisation step. Additional Zijderveld plots enlarged 5 times are shown in circular insets (2’).

As typical for southern Ukrainian loess [263], the data from thermal demagnetisation
seem more informative: there is less scatter between demagnetisation steps, and confor-
mity with the results of neihbouring specimens is observed. Multicomponent analysis of
demagnetisation paths revealed that the NRM was composed of two components. The
low stability component (viscous magnetisation parallel to the present-day field or ac-
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quired during storage) was erased in the temperature from 210 and 240 ◦C or by AF from
10–15 mT. The more stable (ChRM) component in many palaeosol and loess specimens
was between <5 and 10% of the initial NRM (Figure 7).

The ChRM components for most samples separated between 240 ◦C and 295 ◦C, and
10–20 mT. In most specimens from the D-S5, D-S6 and D-S7 soil units these stable high tem-
perature components decayed with increasing temperature towards the origin along nearly
the same trajectory as the medium temperature components (e.g., Figure 7A–C) showing a
normal polarity. In the remaining specimens from the D-L6 loess unit, the D-S8 soil unit
and the very bottom of the D-S7S3 soil, a reversed polarity can be observed (Figure 7D–F).
Statistical parameters of ChRM directions obtained by thermal and AF demagnetisation,
namely: N—number of specimens; D—declination; I—inclination; R—length of the resul-
tant vector; k—precision parameter; α95—the angle within which the unknown true mean
lies at 95% confidence level [264], are given in Table 4.

Table 4. Group statistics of palaeomagnetic data from the Dolynske-O subprofile.

Depth Range (m) Specimens N D (deg) I (deg) R k α95 (deg)

13.78 ÷ 15.21 101-5 ÷ 111-1 16 238.5 8.0 8.26 1.94 37.5

15.21 ÷ 16.81 111-6 ÷ 118A-4;
121-3 9 220.5 −31.7 6.28 2.94 36.5

16.81 ÷ 22.82 119-3 ÷ 158-1 46 346.4 67.4 25.41 2.19 19.2
22.82 ÷ 24.38 158-31 ÷ 168-1 34 197.9 −52.5 18.44 2.12 23.1
All specimens with normal polarity 54 342.2 70.8 36.09 2.96 13.8
All specimens with reversed polarity 51 211.1 −48.5 36.64 3.48 12.6

The discriminant function [241] was calculated using the ChRM directions to define
the magnetostratigraphy of the composite section (Figure 6). With the intermediate direc-
tions omitted, opposite polarities of the successive specimens indicate borders between
geomagnetic polarity zones. At the depth interval between 16.81 and 22.82 m, exclusively
normal polarity is observed, corresponding to the Brunhes chron. At the interval between
13.78 and 15.45 m, the ChRM components are less stable, and some parallel samples yield
contrasting results. The polarity of this part has been defined as normal according to the
algorithm [241]. From 15.45 to 16.81 m and below 22.82 m in depth, two distinct reversed
polarity zones have been identified, in our interpretation, corresponding to the Big Lost
Excursion (~540–580 ka) [143,265,266] and Matuyama chron, respectively. Thus, the MBB
has been defined at a depth of 22.82 m. Problems surrounding chronological assignment
of the reversed polarity zone in the D-L6 loess at Dolynske, as well as the same excur-
sion in the R-L6 loess at Roksolany, are to be discussed in Section 4.2 regarding regional
stratigraphic correlation.

The final magnetostratigraphic chart does not include eight specimens from underly-
ing alluvial deposits showing anomalous results, except for one specimen of stable reversed
polarity from the Bogdanivka (bd) palaeosol unit, indicating its formation during the early
Matuyama chron.

3.6. Additional Palaeomagnetic Study of the Lowermost Part of the Kurortne Section

In the previous palaeomagnetic study of the Kurortne section [171], the profile studied
(from the Lubny/K-S5 unit to the top of the section) demonstrated entirely normal polarity.
However, the Martonosha (K-S6) soil unit, i.e., the lowermost part of the section, was
not sampled. In some earlier studies [48], the MBB was depicted in the upper part of the
Martonosha soil based on stratigraphic schemes of the time.

Using a standard thermal demagnetisation procedure, we investigated six additional
specimens from the very bottom of the sequence (the K-S6 palaeosol and underlying
alluvium, Table 3). All specimens showed primary magnetic fabric (Figure S2) and stable
palaeomagnetic results indicating completely normal polarity (Figure S3). Thus, our new
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palaeomagnetic data suggest that the entire loess–palaeosol sequence at Kurortne formed
during the Brunhes chron.

4. Discussion
4.1. Magnetostratigraphy of Loess Sequences in the Western Black Sea Region

Previous palaeomagnetic data from two neighbouring sites (Etulia Nouă, Roksolany)
have been used to establish a regional chronostratigraphic and pedostratigraphic scheme
in the western Black Sea region for the past ca. 1.5 Ma [215]. The proposal was based on a
position of the MBB in the upper part of pedocomplex PK7 (according to nomenclature
of Tsatskin et al. [215,220]), i.e., S4, being correlated with MIS 21 (Tables 1 and 2, Figure 8).
Additionally, the Jaramillo subchron in the PK8 pedocomplex (equivalent of S6) at Etulia
Nouă has been reported. In our view, however, the accuracy of the stratigraphic system is
based on the random interpretation of contradictory palaeomagnetic data. In [150,228,230]
we have analysed, in detail, previous palaeomagnetic studies and have expressed con-
cerns regarding methodological difficulties in the interpretation of NRM components
in southern Ukrainian loesses and palaeosols. Our magnetostratigraphic data for the
Roksolany section [150,226–228,230] differ from those obtained during previous investiga-
tions [215,220,221,224,225]. The reversed polarity interval between PK7 (i.e., R-S4) and PK9
(R-S7) palaeosols, which has been thought to be the Matuyama chron, was not confirmed
by our results.
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Our data reveal a lower position of the reversed polarity zone for the Dolynske section
as well, which we correlate with the late Matuyama chron (Figures 6 and 8). Furthermore,
the results are in good agreement with those obtained previously at Roksolany and Vyazi-
vok. In all three sections, the MBB has been detected at the same pedostratigraphical level,
in the lowermost part of the S7S3 (sh1b1) soil complex, corresponding to MIS 19c [150].

Nonetheless, in most magnetostratigraphic records of Chinese loess–palaeosol profiles,
the MBB is observed in the loess layer L8 [92,267–272]. These studies have revealed the
problem of a climatostratigraphic inconsistency in the position of the Matuyama–Brunhes
reversal in terrestrial and deep-sea records: the MBB is recorded in the loess unit (representing
a cold period), but in MIS 19 in marine sediments (representing a warm period) [142].

Hyodo [273] and Hus and Han [274] pointed out that different post-depositional
remanent magnetisation lock-in depths may explain the different stratigraphic positions of
the MBB. Zhou and Shackleton [275] and Spassov et al. [269] proposed a large lock-in depth
interval (~2–3 m) for the MBB in the Chinese loess. According to this interpretation, the
inferred position of the MBB in loess sequences of the CLP was re-positioned higher within
L8–S7 zone. The palaeosol unit S7 is correlated with MIS 19, and S8 with MIS 21 [269].

Some authors (e.g., Wang et al. [276], Jin and Liu [277] and Bolshakov [278]) have
questioned the lock-in depth hypothesis. They consider the S8 palaeosol (instead of
S7) as a correlative of MIS 19, proposing the correlation of S7 with MIS 18.2 intersta-
dial [276] or singling out two palaeosol units corresponding to separate MIS 13 (S5)
and MIS 15 (S6) [278,279]. This interpretation is supported by data from the Luochuan,
Sunmenxia, Jixian and Baicaoyuan sections in the central and south-eastern part of the
CLP [86,146,147,276,277,279,280] where the Matuyama–Brunhes reversal is fixed in the
palaeosol S8 below L8. Thus, with the knowledge we have at present, the correlation with
the loess–palaeosol sequences in the CLP is not straightforward.

Contradictions regarding the timing of palaeosol units around the detected MBB in
Romania, Bulgaria and Serbia, as well as the D-S7S3 pedocomplex at Dolynske referred to,
are to be discussed in the next section regarding further support for our correlation of the
D-S7S3 palaeosol with MIS 19.

4.2. Land–Sea Correlations

A detailed description of stratigraphic units of the loess–palaeosol succession in
Ukraine with lithopedological and magnetic properties, as well as their comparison to the
Middle Danube Basin loess records has been given in Hlavatskyi and Bakhmutov [150].
Here, we focus on the further development of the regional stratigraphic correlation scheme
in view of the new results obtained from the Dolynske section versus previous data from
the Western Black Sea region and Lower Danube Basin loess sections.

4.2.1. Potyagaylivka Unit (MIS 7)

The double palaeosol D-S2 of Dolynske, in our interpretation, correlates with the welded
pedocomplexes PK4 at Etulia Nouă [215,216] (Figure 8) and R-S2 at Roksolany [150] (Figure 9).
The latter is strongly developed, although has lower χlf values (up to 82 × 10−8 m3kg−1).
The corresponding unit at Kurortne (labelled in this study as K-S2) is likewise double, having
maximum magnetic susceptibility enhancement up to 95 × 10−8 m3kg−1 in its uppermost
part [171]. It is interesting to note strikingly a similar magnetic susceptibility pattern of S2
at Dolynske, Roksolany and Kurortne (Figure 9) in Ukraine and that at the Lunca (after
Necula, 2006 cited in [281]), Mostis, tea [9] and Costines, ti [22] sections in Romania, having a
characteristic double peak with a dominant upper peak. Based on the specific double peak in
the benthic isotope record [141,242] in MIS 7, we correlate the D-S2 unit with the Danubian S2
unit and with MIS 7.
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In the lower part of the overlaying loess, L2, at Dolynske and Kurortne, an incipient
palaeosol, L2S1, can be observed as a small peak in the magnetic susceptibility curves
(Figure 9) corresponding to the interstadial marine isotope substage 6d (Figure 3). This
pattern was described for several sections from the Lower Danube Basin: Lubenovo and
Viatovo [130], Mostis, tea [9], Koriten [8], Mircea Vodă [11,22] and Costines, ti [22].

4.2.2. Zavadivka Superunit (MIS 9–11)

Regarding palaeopedological features, D-S3S1, D-S3S2, D-S3S3 and D-S4 correlates
with weakly developed soils PK5, PK6.1, PK6.2 and PK7 at Etulia Nouă (Figure 8). The
corresponding units at Roksolany (R-S3S1, R-S3S2, R-S3S3 and R-S4) are more developed,
have similar thickness (ca. 1–1.5 m each), lower χlf values (50–60 × 10−8 m3kg−1), but
a remarkably identically shaped magnetic susceptibility curve (Figure 9). It is interest-
ing to note three susceptibility peaks in the S3 pedocomplex of the Dolynske, Roksolany,
Vyazivok [150] and Udvari-U2 (Hungary) [28] profiles, implying the presence of three
interstadials within this interglacial recorded in the marine isotope curve as well (MIS 9a,
9c and 9e; Figures 3 and 9). A thick carbonate accumulation zone between S3S1 (corre-
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sponding to MIS 9a) and S3S2 (MIS 9c) soils is observed in all mentioned sections. In the
Kurortne section, the K-S3 unit is composed of lower welded dark grey-brown soils (K-S3S2
and K-S3S3) and the upper reddish-brown calcareous soil (K-S3S1), again separated by a
thick carbonate accumulation zone from the lower pedomember. However, at Kurortne,
the K-S3 unit reveals only two pronounced magnetic susceptibility peaks similar to the
susceptibility curves of MIS 9 soil units in the loess sections across the Danube Basin:
Zimnicea in Romania, Viatovo and Koriten in Bulgaria, Stari Slankamen and Batajnica in
Serbia [28], which may indicate a reduction in the MIS 9c interstadial soil at these sites (see
Section 4.2.6).

It should be stressed that two different chronostratigraphic interpretations of S3
to S5 palaeosol units have been suggested for the Danube–Dnieper loess sequences.
At Romanian, Bulgarian, Serbian and Ukrainian (i.e., Stari Kaydaky) sites the S3, S4
and S5 palaeosols were originally assigned to MIS 9, MIS 11 and MIS 13–15, respec-
tively [8–11,13–15,18,22]. According to the modern pan-Eurasian stratigraphic scheme
developed by Sümegi et al. [28], both S3 and S4 of the Serbian sites (e.g., Stari Slankamen,
Batajnica), Bulgarian (Koriten, Viatovo) and some Romanian sites (e.g., Zimnicea) have
been merged into a single pedocomplex representing MIS 9. Furthermore, well-developed
rubified palaeosol S5 has been equated to S4 corresponding to the very warm interglacial
MIS 11. Here, we have adopted the latter suggestion [28] because it is consistent with
magnetic susceptibility patterns of the Ukrainian MIS 9–11 soils and corresponds more
closely with the general palaeoclimatic reconstructions obtained from the central Ukrainian
loess–palaeosol sequences [47,52,150,155,235]. Furthermore, based on our record for MIS 9
and MIS 11 from Roksolany and Vyazivok [150], and the similar palaeosol succession pat-
terns, the former SK-S4 soil unit at Stari Kaydaky [10,11] has been recently reinterpreted as
a lower member of the SK-S3 pedocomplex, whereas the well-developed rubified palaeosol
SK-S5 below has been renamed as SK-S4 and correlated with MIS 11 [235].

The thick, dark yellowish-brown D-S4 soil at Dolynske with a characteristic magnetic
susceptibility pattern and stratigraphic position is clearly correlated with the strongly
developed dark reddish-brown R-S4 soil at Roksolany (Figure 9), and, therefore, with
MIS 11. Correlation with one of the best developed and longest interglacials of the past
800 ka, MIS 11 [28,242,282,283], better explains the higher degree of pedogenesis in the
case of these pedocomplexes. The best expression of intensely warm and humid climatic
conditions of MIS 11 is given by the strongest chromic palaeosol at Kurortne, the K-S4.
Large thickness (>3 m), brick-red colour and abundant Fe–Mn mottles are characteristic
of the pedocompex. Increasing hydromorphic influence is noted downwards from the
top of the K-S4 pedocomplex with higher intensities of gleyic features below the referred
palaeosol. Similar features are observed in lower parts of the MIS 11 pedocomplex and
the underlying MIS 12 loess at the Vyazivok [150,156,162], Udvari-U2, Paks and Batajnica
sections [28]. High χlf values (~150 × 10−8 m3kg−1), a specific shape of the magnetic
susceptibility curve, similarity with chromic luvisols and large thickness corresponds well
to coeval features in the MIS 11 pedocomplexes within the Danubian loess–palaeosol
sequences [28].

4.2.3. Lubny Unit (MIS 13)

The next weak greyish-brown chernozem-like soil, D-S5, of Dolynske, in our view,
corresponds to the incipient soil at Etulia Nouă (Figure 8) and truncated R-S5 pedocom-
plex at Roksolany (Figure 9). The corresponding unit K-S5 at Kurortne/Prymorske has a
more complex structure. It contains two middle dark-brown chernozem-like soils, with
an underlying sandy layer, and an overlying reddish-brown sandy gleyed soil [162]. We
correlate D-S5 (like we did previously at Roksolany) with the Lubny unit corresponding
to MIS 13 [235]. Although the referred pedocomplex is well-developed in loess records
from northern and central Ukraine, the climate of the Lubny warm stage (represented
by chernozems, meadow brown, grey forest and, in lower parts, gleyed soils), is com-
monly characterized as less warm than that of the Early Zavadivka (expressed by strong
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rubified brown forest soils) [47,52,55,155,183,284] related to MIS 11 [179]. The Tyligul
cold stage in-between, reflected in the first glacier appearance in Ukraine, is correlated
with the very extensive glaciation of MIS 12, associated with the advance of large ice
sheets in the temperate belt [209,242]. The correlation is based on a number of other
indicators: relatively significant magnetic susceptibility peaks in S5 at Roksolany and
Dolynske, not typical for embryonic soils [150]; the thin S5 soil is a nice lithostratigraphic
marker placed just above the double red-brown pedocomplex S6, which is another strati-
graphic marker across loess sequences in Ukraine; equal thicknesses of the thin underlying
(Sula/L6) and thick overlying (Tyligul/L5) loess units at Vyazivok [162], Roksolany [150],
Gayvoron [285] and Dolynske sections. The K-S5 pedocomplex at Kurortne/Prymorske
has been correctly correlated with the Lubny unit previously [48,162] (Table 3). In global
reference curves [141,242,286], the MIS 13 interglacial is colder than MIS 15 and especially
MIS 11, which better explains the weaker development and relatively colder climate of the
Lubny stage, in comparison with the preceding Martonosha period and succeeding Early
Zavadivka period [235].

In Chinese loess–palaeosol sequences, a well-expressed MIS 13 interglacial is hall-
marked by a well-developed S5S1 pedocomplex [287,288] because of an enhanced East-
Asian Summer Monsoon bringing more precipitation [289–291]. In Europe, in contrast
to eastern Asia, the higher degree of pedogenesis development and, particularly, rubifi-
cation is recorded in MIS 11 pedocomplexes [28,210]. Moreover, the regional diversity
in the intensity of the S5S1 soil formation also exists in China. For instance, in contrast
to the central and eastern CLP, the S5S1 palaeosol is weakly developed in the western
CLP, whereas the S4 palaeosol (formed during MIS 11) is the best developed soil in the
Quaternary loess–palaeosol sequences [287,288].

4.2.4. Martonosha Unit (MIS 15)

At Dolynske, the old palaeosol series (D-S6 to D-S8) demonstrate a higher degree of
pedogenesis compared to that in the younger palaeosols, supported by higher χfd values
relative to χlf (Figure S4) and the highest mean χfd% values in the section up to 14%
(Figure 4A). The D-S6 (Martonosha) pedocomplex seems to show a strong similarity to the
rubified palaesols V-S6 at Vyazivok, SK-S6 at Stari Kaydaky, and R-S6 at Roksolany both in
terms of pedological characteristics and large thickness (>2–3 m). Moreover, the magnetic
susceptibility pattern of D-S6 at Dolynske is very similar to that of the Martonosha soils at
the Bantysheve site in Donbas [175] (Figure 10).

Based on the position of the MBB in the underlying Shyrokyne unit and the general
assumption about the presence of a single MIS 13–15 pedocomplex in Eurasia [292], in
Ukraine in particular, the S6 unit at Roksolany and Vyazivok has been previously correlated
with MIS 17 [150]. However, recently at Stari Kaydaky [235], we have preliminarily
correlated the Martonosha (SK-S6) unit with MIS 15. In contrast to MIS 15, MIS 17 was
a relatively cold interglacial as was recorded by global reference curves [141,242,286].
Pedostratigraphically, the Martonosha (S6) soils at Vyazivok, Roksolany, Stari Kaydaky
and at Dolynske as well, are well-developed, clayey, rubified forest soils, transitional
to subtropical ones, representing a more intense, warmer interglacial period, unlike the
preceding Late Shyrokyne stage and succeeding Lubny stage. Furthermore, the cold
event corresponding to MIS 14 is reflected in Lake Baikal, Antarctica, and stacked δ18O
LR04 palaeoclimatic records. The absolute values of δ18O for MIS 14 are commensurate
with similar quantities for MIS 4, MIS 8, MIS 34 and MIS 36 treated as glaciations in the
LR04-stack [141,242,278].

In addition, the magnetic susceptibility curve of D-S6 is strikingly similar to the
shape of the marine isotope curve at the ODP 677 site [141] of MIS 15 (Figure 10). Two
pronounced peaks in D-S6S1 and D-S6S3 soils correspond to MIS 15a and 15e, respectively,
whereas the middle weaker peak in the D-S6S2 subunit correlates with MIS 15c. The marine
substages 15a and 15c–e in the benthic record are separated in the same way as the magnetic
susceptibility peak of the upper soil, D-S6S1, (mr3) is offset from the bimodal peak (with
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a dominant lower peak) of the lower palaeosol, D-S6S2–D-S6S3 (mr1). Furthermore, the
characteristic susceptibility pattern of the D-S6 soil succession of Dolynske replicates that
of the lower part of the S5 pedocomplex at Darai Kalon in Tajikistan [76,78] (Figure 10)
which is correlated with MIS 15.
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Finally, the Martonosha (S6), Shyrokyne (S7) and Kryzhanivka (S8) soil units in
Ukraine have the typical palaeopedological and pollen features of their counterparts in
the central regions of the East European Plain and have been correlated by Bolikhovskaya
and Molodkov [64] with the Muchkap/Vorona (MIS 15), Il’inka/Rzhaksa (MIS 17–19) and
Petropavlovka/Balashov (MIS 21) interglacials, respectively. Similar to Martonosha stage,
the Muchkap interglacial had two main climatic optima, which we correlate with MIS 15a
and MIS 15e. The correlation between the Martonosha pedocomplex and MIS 15 is also
shared by Gerasimenko [235,238].

This implies that the reversed polarity zone in the L6 loess between S5 and S6 pedo-
complexes at Dolynske and Roksolany is supposed to correspond to the time equivalent
of MIS 14. At Roksolany, this event was considered first as the Emperor/Big Lost Ex-
cursion [228], which corresponds exactly to MIS 14 [143,242,265,266], but later it was
reassigned [150] as the Stage 17 excursion (at 670 ka) based on the coeval zone of reversed
polarity in the Stari Slankamen and Udvari-U2A loess records [28]. The Big Lost Excur-
sion (at ~540–580 ka) is a well-documented geomagnetic reversal in many terrestrial and
marine records all over the world [143,265,266] and, thus, more likely corresponds to the
established geomagnetic reversal at Dolynske and Roksolany.
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4.2.5. Shyrokyne Superunit (MIS 17–19)

The older Shyrokyne stage of soil development of the Ukrainian loess–palaeosol se-
quences contains two interglacials, early sh1 (warmer and damper stage represented by suc-
cession of reddish-brown clayey forest soils), and late sh3 (relatively colder and drier stage
represented by dark brown clayey steppe and forest–steppe soils) [52,55,154,155,183,293].
The Shyrokyne soils commonly are separated by loess-like loam (sh2) reflecting nearly
periglacial conditions. The lowermost soil, S7S3/sh1b1, is a light-brown clayey forest soil
(luvisol). The climate during the sh1b1 period was wetter and cooler than that during
the Kryzhanivka period [52,55,155]. The upper pedomember of Lower Shyrokyne unit
(S7S2/sh1b2) has a darker greyish-brown colour, is always carbonated, and often deformed
by drying cracks filled with the material of the loessic layer sh2. The uppermost soil
(S7S1/sh3) is similar to brunizems, and it was formed in more temperate climatic condi-
tions than the sh1 soils. It is also strongly deformed by Pryazovya cryogenic processes;
this feature may indicate harsh climatic conditions during the succeeding glacial [47]. In
central and eastern Ukraine, the Shyrokyne pedocomplex is commonly well-developed
(up to between 3 and 8 m thick) [163,294]. The climatic optimum of the Shyrokyne stage
corresponds to the early sh1b1 substage (S7S3).

Additional field observations made at Roksolany (June 2021) revealed that the former
R-S6S2 soil subunit, by palaeopedological characteristics, belongs to the Shyrokyne unit
and, thus, has been renamed as ‘R-S7S1’. This subunit is correlated with the D-S7S1 (sh3)
soil at Dolynske and likely with MIS 17. The original R-S7 palaeosol corresponding to
MIS 19 [150] has been preliminarily marked as the ‘R-S7S3’ subunit and correlated with
our D-S7S3 (sh1b1) soil of Dolynske (Figure 9). Remarkably, the MBB is related to the same
lithostratigraphical level in both sections, the lowermost part of the S7S3 subunit. Thus,
the Martonosha (S6) palaeosol at Roksolany is twice thinner than that of Dolynske, but it
is similarily composed of two main subunits. Shyrokyne (S7) soils both at Dolynske and
Roksolany are truncated, likely deformed during the strong Pryazovya glaciation (MIS 16?)
and succeeding extensive Martonosha pedogenesis. Both D-S7 and R-S7 have relatively low
magnetic susceptibility values because of the development of thick carbonate accumulation
horizons having lower magnetic enhancement.
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ported the position of the MBB in the Zimnicea borehole in Romania within the loess layer
L8, which corresponds to the L7 unit at Viatovo and Koriten (Figure 10). He labelled the
overlying palaeosols as S6 and S7 corresponding to MIS 17 and MIS 19, respectively [19].

The correlation of the S6 pedocomplex at the referred Ukrainian sites with MIS 15
depicted in Figures 3, 9 and 10 has an important influence on the formerly proposed
chronostratigraphic position of the S6 pedocomplex in the Lower Danube Basin. The
MIS 17 age of S6 was determined on a pedostratigraphic conception implying the correla-
tion of the overlying well-developed rubified pedocomplex S5 with MIS 13–15 in most of
the Romanian, Bulgarian and Serbian sites, in the lack of reliable chronological data [28].
This assumption was based on the generally well-developed nature of S5, similar to its
Chinese counterpart in addition to the highly similar magnetic susceptibility patterns. As
shown in the recent stratigraphic scheme developed by Sümegi et al. [28], the S5 palaeosol
unit at these sites should be correlated with MIS 11 instead of MIS 13–15.

The upper soil of the underlying welded palaeosol S6 in Romanian and Bulgarian loess
records is, likewise, a well-developed clayey rubified forest soil, indicating its formation
in nearly subtropical conditions [10,11,103]. Therefore, it is unlikely that it corresponds to
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colder MIS 17 as proposed in the previous studies. Consequently, the S6 double palaeosol
at Koriten, Viatovo, Mircea Vodă and the S6–S7 pedocomplex at Zimnicea, like the D-S6
unit of Dolynske, should be correlated with MIS 15. Our interpretation is in line with very
similar magnetic susceptibility patterns in all mentioned sites and almost identical with
the marine isotope record for MIS 15 (Figure 10).

It is obvious from the positions of the MBB and similar magnetic susceptibility patterns
that the D-S7 soil succession of Dolynske corresponds to the Romanian L8 (at Zimnicea) and
Bulgarian L7 loess-like clays. At Stari Slankamen in Vojvodina, Marković et al. [15] have
correlated the lowermost thick loess unit V-L9 with L8 in Romania, L7 in Bulgaria and with the
glacial MIS 22. The correlation was made based on the apparent similarity between Serbian
and Chinese magnetic susceptibility records, despite a position of the MBB in the middle of
fossil soil V-S9 below loess V-L9 according to AF demagnetisation results [13–15]. Marković
et al. [14,15] explained that the primary remanence between V-S7 and V-S9 units is heavily
masked or even destroyed by deep rooting and related pedogenic processes and correlated
the V-S9 unit with MIS 23. The overlying double rubified pedocomplex composed of V-S7 and
V-S8 soils has been equated with MIS 19–21, weak palaeosol V-L7S1 with interstadial substage
18.2, and V-S6 cambisol with temperate MIS 17. Based on similar magnetic susceptibility
curves, the Romanian and Bulgarian pedocomplex S6 has been linked to the V-S6 to V-S8
palaeosol succession of Vojvodina and, thus, correlated with MIS 17–21 [15].

In the most recent palaeomagnetic study of the composite Mošorin/Stari Slankamen
profile conducted by Song et al. [295], using thermal and hybrid demagnetisation procedures,
the MBB has been detected again in palaeosol V-S9 (considered as a correlative of Chinese
soil L9SS1; Figure 11). The distance between the detected position of the MBB in V-S9 (at
~52.2 m; Figure 8 in [295]) and inferred position in the bottom of the V-S7 soil (regarded
as MIS 19 equivalent; ~49.7 m) reaches, however, 2.5 m, which has been interpreted as the
possible impact of lock-in depth and soil forming processes. Nevertheless, if the primary
magnetisation was destroyed, it could equally likely be of normal or reversed polarity.

Furthermore, in the Chinese loess profiles, the MBB has never been detected so deeply
in the loess unit L9 (MIS 22–24). We should consider that loess sediments are affected
by soil formation processes less than soils are [278]. The overprinting effect of chemical
magnetisation in loess is less significant and loess itself is not susceptible to the large
lock-in depth effect. Thus, if the Matuyama–Brunhes reversal is synchronous with the
formation of a part of a soil layer, the palaeomagnetic record of the reversal in general
cannot be displaced appreciably below the boundary between the soil and underlying
loess [278]. At Stari Slankamen, two loess units (V-L8 and V-L9) and one more palaeosol
(V-S8) between V-S7 and V-S9 have normal polarity, which does not indicate secondary
processes overprinting the palaeomagnetic record in the V-S9 soil. Therefore, the V-S9 soil
unit at Stari Slankamen should be related to MIS 19 (Figure 11, Table 5).

Based on identical shape of magnetic susceptibility curves in MIS 11 pedocomplexes at
the Dolynske, Roksolany (Figure 9), Vyazivok, Stari Kaydaky, and Stari Slankamen (Figure 11)
and Batajnica sites, in accordance with the recent stratigraphic scheme of Sümegi et al. [28], the
strong rubified palaeosol unit V-S5 in Serbia is safely correlated with MIS 11. The underlying
embryonic soil V-L6S1 was linked to MIS 13–15 [28] based on the position of a possible
Stage 17 excursion (at 670 ka) in the bottom of the underlying V-L6L2 loess unit of Stari
Slankamen [13,15,296]. Nevertheless, this interpretation was taken in line with the former
stratigraphic subdivision [13–15] of the lowermost units (from V-S6 to V-S9). While in the
previous stratigraphic model, the lock-in depth for the MBB record at Stari Slankamen
was applied, the consequences of applying the lock-in depth hypothesis for geomagnetic
excursions in loess have not been clarified. Moreover, the reversed polarity zone at this level
has not been confirmed by the succeeding palaeomagnetic study of Song et al. [295].

Addressing the question of timing of the V-S6 to V-S8 palaeosols at Stari Slankamen,
the only reliable information that we have is that they are older than MIS 11, but definitely
younger than MIS 19. At a first glance, the shape of the magnetic susceptibility curve of V-S6
to V-S8 soils seems to be similar to that in the Romanian and Bulgarian pedocomplex S6, as
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well as in the D-S6 soil of Dolynske. However, the V-S6 soil unit has much lower χlf values
(50–60 × 10−8 m3kg−1) as compared to those in V-S7 and V-S8 (up to 100 × 10−8 m3kg−1;
Figures 10 and 11). In contrast, the Lower Danube pedocomplex S6 shows two equivalent peaks.
Similar to the S6 double palaeosol at the referred Ukrainian, Romanian and Bulgarian loess
sites, V-S7 and V-S8 at Stari Slankamen have formed a double soil complex showing a distinct
bimodal magnetic susceptibility peak with the same susceptibility values in each soil subunit.

Table 5. The proposed correlation between national loess stratigraphies in eastern and south-eastern Europe (since the
Middle Pleistocene), its relation to marine isotope stages and Geomagnetic Polarity Time Scale.

Age
(ka) G

PT
S

MIS
Ukraine [157,178,183,196–198],

Moldova [214] Ukraine
[150]

Romania
[9,22]

Bulgaria
[8,130]

Serbia
[13–15]

Unit (Stratotype) Index
0 1 Holocene hl U-S0 S0 S0 V-S0

2 Bug bg U-L1L1 L1L1 L1LL1 V-L1S1
3 Vytachiv vt U-L1S1 L1S1 L1SS1 V-L1S1
4 Uday ud U-L1L2 L1L2 L1LL2 V-L1L2
5 Pryluky + Kaydaky pl + kd U-S1 S1 S1 V-S1
6 Dnipro dn U-L2 L2 L2 V-L2
7 Potyagaylivka pt U-S2 S2 S2 V-S2
8 Oril or U-L3 L3 L3 V-L3
9 Upper Zavadivka zv3 U-S3 S3 + S4 S3 + S4 V-S3 + V-S4
10 Middle Zavadivka zv2 U-L4 L5 L5 V-L5
11 Lower Zavadivka zv1 U-S4 S5 S5 V-S5
12 Tyligul tl U-L5 L6 L6 V-L6
13 Lubny lb U-S5 V-S6 + V-L7S1
14 Sula sl U-L6 V-L7L2
15 Martonosha mr U-S6 S6 + S7 1/S6 2 S6 V-S7 + V-S8
16 Pryazovya pr U-L7 L8 L7 V-L9 (L9LL1)
17 Upper Shyrokyne sh3 U-S7S1
18 Middle Shyrokyne sh2 U-S7L1

780 B 19 Lower Shyrokyne sh1 U-S7S2 + 3 V-S9 (L9SS1)
M 20 Illichivsk il U-L8 V-L10 (L9LL2)

21? Kryzhanivka kr U-S8? S8? Red clay Basal complex
1 At Zimnicea; 2 Mircea Voda.

According to the palaeopedological description, V-S6 soil in Serbia, on the one hand, and
the upper soil S6S1 in Ukrainian, Romanian and Bulgarian loess sequences, on the other hand,
are related to completely different types of palaeosols. The V-S6 soil at Stari Slankamen is a
cambisol, and at Batajnica it is a cambisol highly disturbed by hydromorphic features [14].
In contrast to the Serbian V-S6, the upper soil of the S6 pedocomplex in the Lower Danube
and Ukrainian loess sequences is a well-developed clayey rubified palaeosol, regarded as a
chromic cambisol [10,11,235]. Hence, the climate during the formation of S6 was of a more
intense Mediterranean character in the Lower Danube Basin and Ukraine, in contrast to the
one with lower temperatures in the Middle Danube basin reconstructed from the weaker V-S6
palaeosol [103]. In our view, palaeopedological features and shapes of magnetic susceptibility
curves of the S6 pedocomplex in Ukraine, Romania and Bulgaria match better with those in the
double V-S7–V-S8 palaeosol of Serbia alone. Using this logic, the welded V-S7–V-S8 chromic
cambisol pedocomplex in Vojvodina should be related to the warm MIS 15. Consequently,
the Serbian cambisol V-S6 naturally correlates with typical S5 cambisols and hydromorphic
soils in the Ukrainian loess–palaeosol sequences, formed during colder MIS 13 (Table 5). It is
interesting to note that the shape of the magnetic susceptibility curve between V-S5 and V-S8 at
Stari Slankamen is similar to the one measured at Stari Kaydaky [235], where the minor peak in
the V-L7S1 cambisol could have been assigned to sandy and clayey gleyed palaeosol SK-S5S3
(lb1) corresponding to MIS 13c (Figure 11). At Roksolany, we have found a tiny embryonic soil
above the R-S6 unit expressed by a weak susceptibility peak (‘R-L6S1’ in Figure 9) which may
correspond to Serbian V-L7S1.
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In addition, the shape of the magnetic susceptibility curve at Stari Slankamen for
V-S5 to V-S8 completely duplicates variations in the global benthic δ18O stack [242] and
climatic record of Lake Baikal [297] through MIS 11–15 (Figure 11). This implies that
the magnetic susceptibility record of Stari Slankamen, like the typical Ukrainian loess–
palaeosol sequences, reflects almost all the interstadials recorded in this archive during
MIS 11–15 reported in the global palaeoclimate curves.

The MIS 17 soil has likely been reworked by pedogenic processes of the overlying
V-S8 soil, but the former may be identified by a small susceptibility peak similar to a weak
peak in the D-S7S1 palaeosol at Dolynske (Figure 11). Unlike the truncated Danube MIS 17
soil, the Upper Shyrokyne (S7S1/sh3) palaeosol unit in central and eastern loess–palaeosol
sequences in Ukraine is represented by well-developed vertisols and brunizems, formed
in a warm–temperate climate. The coeval MIS 17 Upper Il’inka (Semiluky) soil complex
formed in temperate climatic conditions is well-described in loess sequences of the Don
and Kuma River Basins in Russia [298].

In the Stari Kaydaky and Holovchyntsi sections, the S7S1 soil is not less than 2 m thick
and has normal polarity [235,299]. At Vyazivok, the palaeosol is equally 2 m thick, showing
a specific double magnetic susceptibility peak in its lower part, somewhat similar to the Lake
Baikal climate record for two early MIS substages 17c–e (Figure 11). The soil is overlying
by the 0.8–2 m thick Pryazovya (V-L7) loess unit (now estimated as a correlative of MIS 16)
and topped by well-developed double dark-cinnamonic gleyic palaeosol S6 with a very
similar susceptibility pattern of the MIS 15 records (Figure 11). At Vyazivok, the distance
between the Lower Shyrokyne unit (sh1b1/V-S7S3) with the detected MBB and the Upper
Martonosha unit (mrb2/V-S6S1, equivalent to V-S7 soil at Stari Slankamen) reaches almost
9 m, which definitively excludes the possibility of applying the lock-in hypothesis.

Returning to the lowermost part of Stari Slankamen, based on similar stratigraphic
position and magnetic susceptibility curves, the lowermost (‘basal’) clay complex can be
reasonably correlated with the Kryzhanivka (S8) pedocomplex (MIS 21?) at Dolynske,
Roksolany, Vyazivok [150] and Zimnicea [19] (Table 5). It is noteworthy that in the initial
pedostratigraphic scheme of Stari Slankamen, Marković et al. [300] labelled the basal com-
plex as ‘SL S8’ and preliminarily correlated it with MIS 21. Furthemore, in the publication
referred to, two overlying soils (designated later as ‘V-S7–V-S8’) were accurately considered
as a single pedocomplex ‘SL S7’, which is in line with our interpretation in which we
suggest the correlation of the double pedocomplex with only one interglacial, MIS 15.
It may also be worth considering the previous correlation model of the loess–palaeosol
sequences in the Middle and Lower Danube Basins made by Fitzsimmons et al. [18], in
which the basal complex in Serbia and Bulgaria has been correlated with the Hungarian
soil PD2 related to MIS 21 [28,286].

Therefore, eight global glacial–interglacial cycles identified in the Brunhes chron from
the deep-sea oxygen isotope records are recorded in the Ukrainian loess–palaeosol se-
quence as well. The discrepancies in the number of glacial–interglacial cycles determined
from the deep-water and terrestrial palaeoclimatic records largely come from the loess
sequences of different regions [301]. Incomplete geological record, inaccurate local or re-
gional stratigraphic model, the uncertain position of the Matuyama–Brunhes geomagnetic
reversal in the geological sequence, and incorrect identification of the climatic rank of
the corresponding warmings and coolings are the most probable sources of this inconsis-
tency [302]. A consistent systematic approach applied in the integrated investigations of
the more complete eastern European loess–soil sequences is likely to yield the solution to
these problems. We suggest focusing on the accurate identification of the position of the
MBB as a major chronological benchmark in the Pleistocene loess–palaeosol sequences.
Furthermore, the loess–palaeosol cycles identified using rock magnetic proxies should
be confirmed by a comprehensive lithological, palaeopedological, sedimentological and
palynological study to support the proposed correlation.
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4.3. Promising Geochronometric Tools for Further Development of a Unified Ukrainian–Danube
Loess Stratigraphic Model

To build a consistent chronostratigraphic framework, it is common practice to in-
vestigate loess–palaeosol deposits with a multidisciplinary approach. In addition to
magnetostratigraphy, a reliable geochronology, biostratigraphy and tephrochronology
are mandatory to interpret the results of such investigations [28,303–306].

Early developments in thermoluminescence (TL) dating and new luminescence method-
ologies such as optically stimulated luminescence dating (OSL) and infrared stimulated lumi-
nescence dating (IRSL) have a distinct advantage because of the possibility for absolute dating.
However, these methods are not without limitations. Luminescence dating of loessic quartz
is generally acknowledged to have an upper age limit ranging from 50 to 100 ka [307–312].
The IRSL technique, partially developed on European loess, extends the dating range beyond
that of quartz, potentially up to 300 ka [313,314]. These protocols have been successfully
applied to a number of Danube, Polish, Ukrainian and southern Russian sites, and confirm or
extend existing chronostratigraphic models [15,34,36,303,313,315–342].

In southern Ukraine, two loess sections have been studied by luminescence dating
methods in the last decade. Fedorowicz et al. [343,344] obtained coupled TL and OSL
dating results from loess unit R-L2 at the Roksolany site yielding ages from 97 to 165 ka
(Figure 9), which support our suggestion of a penultimate glacial age for the unit [150].
Recent luminescence data from last glacial loess unit R-L1L1 yield ages from approximately
15 to 21 ka [345]. The ages are in good agreement with the palaeomagnetic time-depth
model and assign R-L1L1, R-L1L2 and R-L2L1 to MIS 2, MIS 4 and MIS 6, respectively [150].

At Kurortne, similar OSL dates have been obtained for the coeval K-L1L1 (12 to 26 ka),
K-L1L2 (61 ka) and K-L2L1 (123 ka) loess units [233] (Figure 9). These results are con-
sistent with the previous TL dating and stratigraphic classification of the Kurortne loess
sequence [232], in which the uppermost three loess units have been assigned to the Bug
(i.e., MIS 2), Uday (MIS 4) and Dnipro (MIS 6) units. In light of these successful results,
further luminescence dating of the Dolynske section and nearby Ukrainian and Moldovian
loess sites are crucial for developing a reliable regional stratigraphic model.

The alluvial deposits within the Lower Prut River Basin and northern Dolynske
area contain famous and extensively studied biostratigraphical records of Khaprov and
Taman faunal complexes [217] correlated with the early and late Matuyama chron, re-
spectively [174,224,346–348]. However, their precise stratigraphic position relative to our
section is not clear and needs to be refined. The Taman fauna has been found in the bottom
of the Roksolany section (below the R-S7 soil unit), as well as in numerous loess sites across
the Black Sea northern coast.

Of additional interest is the observation of a possible tephra layer in the upper part
of the loess unit K-L2 at Kurortne shown by an expressive magnetic susceptibility peak
(Figure 9). A tephra layer at a similar stratigraphic position to the hypothesised K-L2
tephra is well-documented in the R-L2 loess at the Roksolany section and appears to have
a luminescence age of ~144 kyr [343,344]. The most probable tephrostarigraphic equivalent
of the Roksolany tephra is the L2 tephra of the same age [150] described from several
exposures in the Danube Basin (e.g., [15,316,336,349]). These widespread tephra layers
most likely originated in the southern Italian area [349].

From the other point of view, the Roksolany tephra was derived from the Ciomadul
volcano in Romania approximately 29 kyr ago [350], based on controversial 14C ages
of soil samples without organic matter [351]. Ciomadul explosive volcanic products
have a typical phenocryst assemblage containing plagioclase, amphibole (hornblende and
pargasite) and biotite [352,353]. The Roksolany tephra differs significantly from Ciomadul,
as it contains clinopyroxene [350] instead of amphibole, and, thus, is unlikely to be derived
from Ciomadul [354].
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5. Conclusions

The magnetostratigraphic and enviromagnetic study of the Quaternary loess record
in the valley of the Danube at Dolynske has been conducted in combination with the
reinvestigation of two key nearby localities, Roksolany and Kurortne, on the western shore
of the Black Sea. The MBB has been detected at the base of the Shyrokyne (S7) palaeosol
complex in the Dolynske and Roksolany sections, providing an excellent chronological
benchmark for regional correlation. Palaeopedological features combined with magnetic
susceptibility profiles have provided additional control for stratigraphic classification.

The results presented here reveal that the southern Ukrainian loess–palaeosol se-
quences are of essential importance in the stratigraphic and palaeoclimatic interpretation
of the Middle Pleistocene in Europe. High-resolution magnetic susceptibility and palaeope-
dological data demonstrate details in the interglacials, interstadials and stadials which are
clearly comparable to marine oxygen isotope variations down to the substage level. A
distinct pattern of the proxy records has been used to correlate the Lower Danube loess
succession to other key sites in Ukraine, Moldova and the Middle Danube loess regions.

The suggested correlation scheme indicates that the conventional stratigraphic models
for the Danube loess [8–11,13–15,18,19,22,130,295] have a systematic bias towards older
ages resulted from the misinterpretation of the magnetostratigraphic data. In our con-
ception, the Matuyama–Brunhes reversal remains a key chronological benchmark in the
loess–palaeosol sequences across eastern and south-eastern Europe, within a palaeosol unit
formed during MIS 19.

Furthermore, unlike the more complete Pleistocene terrestrial records in eastern
Europe, the longest loess sequences in south-eastern Europe do not have continuous
records. In our interpretation, the deposits of at least three separate temperate climatic
episodes (MIS 9c, MIS 13, MIS 17) are well-developed within the loess–palaeosol sequence
of the central part of eastern Europe, whereas they are truncated in southern Ukraine
and Moldova, and absent in the Romanian and Bulgarian successions. In Serbia, MIS 9c
and MIS 17 soils have been eroded or replaced by loessic layers, whereas the MIS 13
pedocomplex is represented by cambisols. Alongside the position of the MBB, we propose
using the well-developed rubified palaeosols of MIS 11 and MIS 15, formed in climates
close to subtropical, as reliable markers for regional stratigraphic correlation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/quat4040043/s1, Figure S1: Magnetic fabric data based on anisotropy of magnetic suscepti-
bility parameters from (A) loess specimens; (B) palaeosol specimens above the MBB; (C) palaeosol
specimens below the MBB at the Dolynske section. Directions of the maximum principal axes
(Kmax) and minimum principal axes Kmin are shown on stereographic projections by squares and
circles, respectively; N—number of specimens; T (shape parameter) versus Pj (degree of anisotropy).
Figure S2: Magnetic fabric data based on anisotropy of magnetic susceptibility parameters from
palaeosols of the K-S6 unit at the Kurortne section. Directions of the maximum principal axes (Kmax),
intermediate principal axes (Kint) and minimum principal axes Kmin are shown on stereographic
projections by squares, triangles and circles, respectively; N—number of specimens; T (shape param-
eter) versus Pj (degree of anisotropy) [240]. Figure S3: Stereographic projections of ChRM directions
calculated after thermal demagnetisation of soil specimens from the K-S6 unit at the Kurortne sec-
tion. Full and open circles represent projections in the lower and upper hemispheres, respectively.
Average values for vectors projections were calculated: N—quantity of specimens; D—declination;
I—inclination; R—resultant vector; k—precision parameter; a95—confidence limit [264]. Figure S4:
Low-frequency susceptibility (χlf) plotted against frequency dependence susceptibility (χfd) of soil
(circles) and loess (squares) specimens as a characteristic of magnetic enhancement for the Dolynske
loess–palaeosol sequence.
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104. Galović, L.; Peh, Z. Mineralogical Discrimination of the Pleistocene Loess/Paleosol Sections in Srijem and Baranja, Croatia.
Aeolian Res. 2016, 21, 151–162. [CrossRef]

105. Hošek, J.; Lisá, L.; Hambach, U.; Petr, L.; Vejrostová, L.; Bajer, A.; Grygar, T.M.; Moska, P.; Gottvald, Z.; Horsák, M. Middle
Pleniglacial Pedogenesis on the Northwestern Edge of the Carpathian Basin: A Multidisciplinary Investigation of the Bíňa
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139. Namier, N.; Gao, X.; Hao, Q.; Marković, S.B.; Fu, Y.; Song, Y.; Zhang, H.; Wu, X.; Deng, C.; Gavrilov, M.B.; et al. Mineral Magnetic
Properties of Loess–Paleosol Couplets of Northern Serbia over the Last 1.0 Ma. Quat. Res. 2021, 103, 35–48. [CrossRef]

140. Zeeden, C.; Hambach, U. Magnetic Susceptibility Properties of Loess from the Willendorf Archaeological Site: Implications for
the Syn/Post-Depositional Interpretation of Magnetic Fabric. Front. Earth Sci. 2021, 8, 599491. [CrossRef]

141. Shackleton, N.J.; Berger, A.; Peltier, W.R. An Alternative Astronomical Calibration of the Lower Pleistocene Timescale Based on
ODP Site 677. Earth Environ. Sci. Trans. R. Soc. Edinb. 1990, 81, 251–261. [CrossRef]

142. Tauxe, L.; Herbert, T.; Shackleton, N.J.; Kok, Y.S. Astronomical Calibration of the Matuyama-Brunhes Boundary: Consequences for
Magnetic Remanence Acquisition in Marine Carbonates and the Asian Loess Sequences. Earth Planet. Sci. Lett. 1996, 140, 133–146.
[CrossRef]

143. Ogg, J.G. Chapter 5–Geomagnetic Polarity Time Scale. In Geologic Time Scale 2020; Gradstein, F.M., Ogg, J.G., Schmitz, M.D.,
Ogg, G.M., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 159–192.

144. Nawrocki, J.; Bogucki, A.; Łanczont, M.; Nowaczyk, N.R. The Matuyama–Brunhes Boundary and the Nature of Magnetic
Remanence Acquisition in the Loess–Palaeosol Sequence from the Western Part of the East European Loess Province. Palaeogeogr.
Palaeoclim. Palaeoecol. 2002, 188, 39–50. [CrossRef]

145. Singer, B.S.; Hoffman, K.A.; Coe, R.S.; Brown, L.L.; Jicha, B.R.; Pringle, M.S.; Chauvin, A. Structural and Temporal Requirements
for Geomagnetic Field Reversal Deduced from Lava Flows. Nature 2005, 434, 633–636. [CrossRef]

146. Liu, Q.; Roberts, A.P.; Rohling, E.J.; Zhu, R.; Sun, Y. Post-Depositional Remanent Magnetization Lock-in and the Location of
the Matuyama–Brunhes Geomagnetic Reversal Boundary in Marine and Chinese Loess Sequences. Earth Planet. Sci. Lett. 2008,
275, 102–110. [CrossRef]

147. Liu, Q.; Jin, C.; Hu, P.; Jiang, Z.; Ge, K.; Roberts, A.P. Magnetostratigraphy of Chinese Loess–Paleosol Sequences. Earth-Sci. Rev.
2015, 150, 139–167. [CrossRef]

148. Wu, Y.; Zhu, Z.; Qiu, S.; Han, Y.; Cai, J.; Rao, Z. Magnetic Stratigraphy Constraints on the Matuyama–Brunhes Boundary Recorded
in a Loess Section at the Southern Margin of Chinese Loess Plateau. Geophys. J. Int. 2016, 204, 1072–1085. [CrossRef]

149. Samus, M.L.G.; Rico, Y.; Bidegain, J.C. Magnetostratigraphy and Magnetic Parameters in Quaternary Sequences of Balcarce,
Argentina. A Contribution to Understand the Magnetic Behaviour in Cenozoic Sediments of South America. GeoResJ 2017,
13, 66–82. [CrossRef]

150. Hlavatskyi, D.V.; Bakhmutov, V.G. Magnetostratigraphy and Magnetic Susceptibility of the Best Developed Pleistocene Loess-
Palaeosol Sequences of Ukraine: Implications for Correlation and Proposed Chronostratigraphic Models. Geol. Q. 2020,
64, 723–753. [CrossRef]

151. Ricci, J.; Carlut, J.; Marques, F.O.; Hildenbrand, A.; Valet, J.-P. Volcanic Record of the Last Geomagnetic Reversal in a Lava Flow
Sequence from the Azores. Front. Earth Sci. 2020, 8, 1–13. [CrossRef]

http://doi.org/10.1016/j.quascirev.2016.08.004
http://doi.org/10.1016/S0012-8252(01)00044-7
http://doi.org/10.1144/GSL.SP.2004.238.01.11
http://doi.org/10.1111/j.1365-246X.2007.03576.x
http://doi.org/10.1016/j.earscirev.2016.01.014
http://doi.org/10.17721/1728-2713.79.05
http://doi.org/10.1016/j.quaint.2018.04.040
http://doi.org/10.1016/j.earscirev.2020.103385
http://doi.org/10.1016/j.palaeo.2021.110329
http://doi.org/10.1016/j.quaint.2021.02.019
http://doi.org/10.1016/j.geoderma.2021.114982
http://doi.org/10.1016/j.quascirev.2021.107057
http://doi.org/10.1017/qua.2021.41
http://doi.org/10.3389/feart.2020.599491
http://doi.org/10.1017/S0263593300020782
http://doi.org/10.1016/0012-821X(96)00030-1
http://doi.org/10.1016/S0031-0182(02)00528-X
http://doi.org/10.1038/nature03431
http://doi.org/10.1016/j.epsl.2008.08.004
http://doi.org/10.1016/j.earscirev.2015.07.009
http://doi.org/10.1093/gji/ggv502
http://doi.org/10.1016/j.grj.2017.02.005
http://doi.org/10.7306/gq.1544
http://doi.org/10.3389/feart.2020.00165


Quaternary 2021, 4, 43 35 of 42

152. Soler-Arechalde, A.M.; Goguitchaichvili, A.; Carrancho, Á.; Sedov, S.; Caballero-Miranda, C.I.; Ortega, B.; Solis, B.;
Contreras, J.J.M.; Urrutia-Fucugauchi, J.; Bautista, F. A Detailed Paleomagnetic and Rock-Magnetic Investigation of the
Matuyama-Brunhes Geomagnetic Reversal Recorded in the Tephra-Paleosol Sequence of Tlaxcala (Central Mexico). Front. Earth
Sci. 2015, 3, 1–12. [CrossRef]

153. Veklich, M.F. Pleistocene loesses and fossil soils of the Ukraine. Acta Geol. Acad. Scient. Hung. 1979, 22, 35–62.
154. Veklich, M.F. Stages and Stratotypes of the Soil Formations of Ukraine in the Upper Cenozoic; Naukova Dumka: Kiev, Ukraine, 1982;

208p. (In Russian)
155. Sirenko, N.A.; Turlo, S.I. Successions of Soils and Vegetation of Ukraine during the Pliocene and Pleistocene; Naukova Dumka:

Kiev, Ukraine, 1986; 488p. (In Russian)
156. Gozhik, P.; Gerasimenko, N.; Matviishina, Z.; Palienko, V.; Korniets, N.; Komar, M.; Mel’michuk, I.; Perederiy, V.; Shelkoplyas, V.;

Rousseau, D.-D.; et al. The Ukraine Quaternary Explored: The Middle and Upper Pleistocene of the Middle Dnieper Area and Its Importance
for the East-West Correlation. Excursion Guide; Institute of Geological Sciences NASU: Kyiv, Ukraine, 2001; 64p.

157. Gerasimenko, N.P. Quaternary Evolution of Zonal Paleoecosystems in Ukraine; Institute of Geography NASU: Kyiv, Ukraine, 2004.
(In Ukrainian)

158. Haase, D.; Fink, J.; Haase, G.; Ruske, R.; Pécsi, M.; Richter, H.; Altermann, M.; Jäger, K.-D. Loess in Europe—Its Spatial Distribution
Based on a European Loess Map, Scale 1:2,500,000. Quat. Sci. Rev. 2007, 26, 1301–1312. [CrossRef]

159. Lehmkuhl, F.; Nett, J.J.; Pötter, S.; Schulte, P.; Sprafke, T.; Jary, Z.; Antoine, P.; Wacha, L.; Wolf, D.; Zerboni, A.; et al. Loess
Landscapes of Europe–Mapping, Geomorphology, and Zonal Differentiation. Earth-Sci. Rev. 2020, 103496. [CrossRef]

160. Krokos, V.I. Short description of the Quaternary deposits of Ukraine. Bull. MOIP Sect. Geol. 1926, 4, 214–264. (In Russian)
161. Krokos, V.I. Short description of the Quaternary deposits of Ukraine. Chetvertynnyi Period 1932, 3, 17–55. (In Russian)
162. Veklich, M.F.; Artyushenko, A.T.; Sirenko, N.A.; Dubnyak, V.A.; Mel’nichuk, I.V.; Parishkura, S.I. Key Sections of the Anthropogene

of Ukraine; Naukova Dumka: Kiev, Ukraine, 1967; pp. 13–50. (In Russian)
163. Veklich, M.F.; Sirenko, N.A. Key Sections of the Anthropogene of Ukraine. Part III.; Naukova Dumka: Kiev, Ukraine, 1972; 225p.

(In Russian)
164. Tretyak, A.N.; Volok, Z.E. Paleomagnetic Stratigraphy of Pliocene and Quaternary Sediments in Ukraine; Naukova Dumka:

Kiev, Ukraine, 1976; 88p. (In Russian)
165. Tretyak, A.N. Regim of the Pleistocene geomagnetic field and structure of the Brunhes geomagnetic epoch. Geofiz. Zhurnal 1980,

5, 75–87. (In Russian)
166. Tretyak, A.N. Natural Remnant Magnetization and Problem of Sediments Paleomagnetic Stratification; Naukova Dumka: Kiev, Ukraine,

1983; 256p. (In Russian)
167. Bogucki, A. Quaternary cover sediments in Volyn-Podillia. In Quaternary Deposits of Ukraine; Makarenko, D.E., Ed.; Naukova

Dumka: Kiev, Ukraine, 1986. (In Russian)
168. Tretyak, A.N.; Shevchenko, A.I.; Dudkin, V.P.; Vigilyanskaya, L.I. Paleomagnetic Stratigraphy of Key Late Cenozoic Sections of the

South of Ukraine; Institute of Geological Sciences AS USSR: Kiev, Ukraine, 1987; 50p. (In Russian)
169. Tretyak, A.N.; Vigilyanskaya, L.I.; Makarenko, V.N.; Dudkin, V.P. Thin Structure of Geomagnetic Field in Late Cenozoic; Naukova

Dumka: Kiev, Ukraine, 1989; 156p. (In Russian)
170. Tretyak, A.N.; Vigilyanskaya, L.I. Magnetostratigraphic scale of Pleistocene of Ukraine. Geofiz. Zhurnal 1994, 16, 3–14. (In Russian)
171. Nawrocki, J.; Bakhmutov, V.; Bogucki, A.; Dolecki, L. The Paleo- and Petromagnetic Record in the Polish and Ukrainian

Loess-Paleosol Sequences. Phys. Chem. Earth Part A Solid Earth Geod. 1999, 24, 773–777. [CrossRef]
172. Nawrocki, J.; Łanczont, M.; Bogutsky, A. Palaeomagnetic studies of the loess-palaeosol sequence from the Kolodiiv section

(East Carpathian Foreland, Ukraine). Geol. Q. 2007, 51, 161–166.
173. Gozhik, P.F.; Shelkoplyas, V.N.; Komar, M.S.; Matviishyna, Z.M.; Perederiy, V.I. Guide X of the Polish-Ukrainian Seminar “Correlation

of Loesses and Ice deposits”; Institute of Geological Sciences NASU: Kyiv, Ukraine, 2000. (In Ukrainian)
174. Gozhik, P.; Komar, M.; Krokhmal, O.; Shovkoplias, V.; Khrystoforova, T.; Dykan, N.; Prylypko, S. The key section of Neopleistocene

subaerial deposits near Roxolany village (Odessa region). In Problems of the Middle Pleistocene Interglacial; Vydavnychyi tsentr
LNU imeni Ivana Franka: Lviv, Ukraine, 2007; pp. 109–128. (In Ukrainian)

175. Vigilyanskaya, L.I.; Tretyak, A.N. Palaeomagnetism of key Pliocene-Pleistocene sections in North-Western W Donbass.
Geofiz. Zhurnal 2000, 22, 96–104. (In Russian)

176. Vigilyanskaya, L.I.; Tretyak, A.N. Palaeomagnetic studies of Pliocene-Pleistocene deposits of loess-palaeosol stratum in Middle
Dnieper region. Geofiz. Zhurnal 2002, 24, 36–42. (In Russian)

177. Gerasimenko, N. Late Pleistocene vegetational and soil evolution at the Kiev loess plain as recorded in the Stari Bezradychy
section, Ukraine. Stud. Quat. 2000, 17, 19–28.

178. Gerasimenko, N.P. Quaternary Palaeogeography of Ukraine (Palaeolandscapes); Print-Service: Kyiv, Ukraine, 2020. (In Ukrainian)
179. Gerasimenko, N.; Matvijishyna, Z. The problems of Zavadiv “great interglacial”. In Problems of Middle Pleistocene Interglacial,

Proceedings of the XIV Ukrainian-Polish Workshop, Lutsk, Ukraine, 12–16 September 2007; Bogucki, A., Gozhik, P., Łanczont, M.,
Lindner, L., Yelovicheva, J., Eds.; Vydavnychyi tsentr LNU imeni Ivana Franka: Lviv, Ukraine, 2007; pp. 194–206. (In Ukrainian)

180. Łanczont, M.; Bogutsky, A. High-resolution terrestrial archive of climatic oscillations during Oxygen Isotope Stages 5-2 in the
loess-palaeosol sequence at Kolodiiv (East Carpathian Foreland, Ukraine). Geol. Q. 2007, 51, 105–126.

http://doi.org/10.3389/feart.2015.00011
http://doi.org/10.1016/j.quascirev.2007.02.003
http://doi.org/10.1016/j.earscirev.2020.103496
http://doi.org/10.1016/S1464-1895(99)00113-1


Quaternary 2021, 4, 43 36 of 42
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Glacials and Interglacials in the LR04 Benthic Oxygen Isotope Stack over the Last 1.014 Million Years Revealed by Cluster Analysis
and a DTW Algorithm. Glob. Planet. Chang. 2021, 202, 103521. [CrossRef]

284. Sirenko, O.A.; Matviishyna, Z.M.; Doroshkevych, S.P. New Materials for the Characteristics of Vegetation and Soils of the
Lubny Stage of the Early Neopleistocene of Ukraine. Zbirnyk Nauk. Pr. Inst. Geolohichnykh Nauk. NAN Ukrayiny 2017, 10, 85–94.
(In Ukrainian) [CrossRef]

285. Matviyishyna, Z. Micromorphology and pedogenesis of the Pleistocene loess-soil section of Pobuzhye Ukraine and their
palaeoenvironmental implication. In Quaternary Studies in Ukraine, Proceedings of the XVIII Congress of the International Assosiation

http://doi.org/10.1016/0012-821X(84)90175-4
http://doi.org/10.1016/j.quaint.2007.11.005
http://doi.org/10.1016/j.aeolia.2017.11.002
http://doi.org/10.1111/bor.12400
http://doi.org/10.24028/gzh.0203-3100.v38i4.2016.107801
http://doi.org/10.1016/j.quascirev.2019.106114
http://doi.org/10.1016/0031-9201(92)90177-W
http://doi.org/10.1016/S1464-1895(01)00139-9
http://doi.org/10.1046/j.1365-246X.2003.02026.x
http://doi.org/10.1029/2001GL014024
http://doi.org/10.1029/2009JB006301
http://doi.org/10.1016/j.palaeo.2021.110423
http://doi.org/10.5636/jgg.36.45
http://doi.org/10.1016/0031-9201(92)90178-X
http://doi.org/10.1016/S0012-821X(99)00052-7
http://doi.org/10.1016/j.pepi.2006.07.002
http://doi.org/10.1016/j.palaeo.2010.11.011
http://doi.org/10.1134/S1069351317020033
http://doi.org/10.1016/j.epsl.2018.11.022
http://doi.org/10.1016/j.quascirev.2014.07.005
http://doi.org/10.1016/j.quaint.2014.07.052
http://doi.org/10.1002/2015RG000482
http://doi.org/10.1016/j.gloplacha.2021.103521
http://doi.org/10.30836/igs.2522-9753.2017.142128


Quaternary 2021, 4, 43 40 of 42

on the Study of the Quaternary Period (INQUA), Bern, Switzerland, 21–27 July 2011; Gerasimenko, N.P., Gozhik, P.F., Dykan, N.I.,
Matviishyna, Z.M., Shelkoplyas, V.M., Vozgrin, B.D., Eds.; Institute of Geological Sciences NASU: Kyiv, Ukraine, 2011; pp. 55–66.

286. Varga, G. Changing Nature of Pleistocene Interglacials–Is It Recorded by Paleosoils in Hungary (Central Europe)? Hung. Geogr.
Bull. 2015, 64, 317–326. [CrossRef]

287. Lu, H.; Jia, J.; Wang, Y.; Yin, Q.; Xia, D. The Cause of Extremely High Magnetic Susceptibility of the S5S1 Paleosol in the Central
Chinese Loess Plateau. Quat. Int. 2018, 493, 252–257. [CrossRef]

288. Lu, H.; Yin, Q.; Jia, J.; Xia, D.; Gao, F.; Lyu, A.; Ma, Y.; Yang, F. Possible Link of an Exceptionally Strong East Asian Summer
Monsoon to a La Niña-like Condition during the Interglacial MIS-13. Quat. Sci. Rev. 2020, 227, 106048. [CrossRef]

289. An, Z.S.; Liu, T.S.; Zhu, Y.Z.; Sun, F. The paleosol complex S5 in the China Loess Plateau—A record of climatic optimum during
the last 1.2 Ma. Geojournal 1987, 15, 141–143. [CrossRef]

290. Clemens, S.C.; Prell, W.L.; Sun, Y.; Liu, Z.; Chen, G. Southern Hemisphere Forcing of Pliocene δ18O and the Evolution of
Indo-Asian Monsoons. Paleoceanography 2008, 23, PA4210. [CrossRef]

291. Guo, Z.T.; Berger, A.; Yin, Q.Z.; Qin, L. Strong Asymmetry of Hemispheric Climates during MIS-13 Inferred from Correlating
China Loess and Antarctica Ice Records. Clim. Past 2009, 5, 21–31. [CrossRef]

292. Hao, Q.; Wang, L.; Oldfield, F.; Guo, Z. Extra-Long Interglacial in Northern Hemisphere during MISs 15-13 Arising from Limited
Extent of Arctic Ice Sheets in Glacial MIS 14. Sci. Rep. 2015, 5, 12103. [CrossRef] [PubMed]

293. Sirenko, O.A.; Matviishyna, Z.M.; Doroshkevych, S.P. Development of Vegetation and Soils in the Central Part of the Pryd-
niprovska Upland during the Shyrokyne and Martonosha Stages of the Eopleistocene–Early Neopleistocene. Zbirnyk Nauk. Pr.
Inst. Geolohichnykh Nauk. NAN Ukrayiny 2019, 12, 59–67. (In Ukrainian) [CrossRef]

294. Hlavatskyi, D.V. Refined Magnetostratigraphic Position of the Shyrokyne Unit in Loess Sequences from Central Ukraine.
J. Geol. Geogr. Geoecol. 2019, 28, 301–312. [CrossRef]
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339. Fenn, K.; Durcan, J.A.; Thomas, D.S.G.; Millar, I.L.; Marković, S.B. Re-Analysis of Late Quaternary Dust Mass Accumulation Rates
in Serbia Using New Luminescence Chronology for Loess–Palaeosol Sequence at Surduk. Boreas 2020, 49, 634–652. [CrossRef]
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343. Fedorowicz, S.; Woźniak, P.; Halas, S.; Łanczont, M.; Paszkowski, M.; Wójtowicz, A. Challenging K-Ar Dating of the Quaternary
Tephra from Roxolany, Ukraine. Mineral. Spec. Pap. 2012, 39, 102–105.
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