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ARTICLE INFO ABSTRACT

Keywords: Studies of the loess-paleosol sequence of the center of the East European Plain have a long history. Previously,
Plefistocene samples from loess-soil sections were taken for paleoreconstruction of climate and environment with low reso-
S;‘I o of the dli lution, usually 1-2 samples per stratigraphic unit. This led to an unclear interpretation of the processes of soil
c anging ot the ¢ imate formation and deposition of loess material. Our article discusses the LPS of the Likhvin stratotype section. High-
Interglacial . . . . . . . . N

Interstadial resolution analysis was applied, which will allow us to trace in detail the history of the formation of the paleosol
Micromorphology cover from the Middle Pleistocene to the present. A total of 245 bulk samples were taken from sections Likhvin-

1/18 and Likhvin-2/18 and analyzed using laboratory analytics (the particle-size distribution, magnetic sus-
ceptibility, the loss on ignition values, total organic carbon, pH). Nine samples were taken for OSL dating and
two samples for AMS dating to determine the age of the deposits. The micromorphological characteristics were
described in detail for paleosols. The Salyn interglacial paleosol (MIS 5e) appeared to be comparable to the
modern Retisols in its macro- and micromorphology and physical and chemical characteristics. As to the Krutitsa
interstadial paleosol (identified formerly with MIS 5c in the sequence), our results suggest its belonging to MIS
5a. The modern prairie soils — Folic Cambisols — may be considered as its modern analogue. During the MIS 3, the
Bryansk paleosol developed. The paleosol is polygenetic; in cooling, its main type (Cambisol) changed to Gleysol
and finally became Cryosol. The paleosol described as belonging to MIS 7 displays all the characteristics of the
Early Kamenka interglacial paleosol and develops the characteristics of Luvisols (Cutanic) type, its analogues
being found in Latvia, Poland, and Hungary. There is a level of soil-formation above the Early Kamenka inter-
glacial paleosol corresponding to the Romny paleosol (MIS 6) in its stratigraphic position. The latter statement is
difficult to assert with confidence; it is not improbable that the level presents the Late Kamenka interstadial
paleosol, also attributable to MIS 6.

In memoriam of D.Sc. T.D. Morozova (1931-2021).
1. Introduction

The climate and landscapes repeatedly changed on the East Euro-
pean Plain over the Quaternary period. The changes have been recorded
in the natural archives and stored as loess-paleosol sequences (LPSs).
Apart from loess and paleosols, the LPS may contain various deposits,
such as till or alluvial sands and gravels, etc. (Stremme, 1998; Velichko
et al., 2006b; Rusakov et al., 2007; Panin et al., 2019b). The East
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European Plain is, in fact, one of the largest areas of the loess occurrence
(Velichko, 1990; Haase et al., 2007). Here in the loess-paleosol se-
quences (LPS), there are till deposits left by the Quaternary ice sheets
(Velichko et al., 2006a; 2011), which exerted a considerable influence
on the environments. The soils that occur on the surface might be dis-
torted or destroyed completely by the oncoming ice sheet (Fitzsimons
and Lorrain, 2011; Derbyshire and Owen, 2018). Significant volumes of
meltwater formed ice-dammed lakes locally, thus increasing soil erosion
(Fitzsimons and Howarth, 2018). With the onset of the warmer period,
the glacier melted and left the till that overlies the remains of soils. The
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paleosols found under till may be compared with the soils in the extra-
glacial zone; that gives grounds to determine the soil type and recon-
struct their development environments (Retallack, 2019).

Herewith we are considering the Likhvin section (also known as
«Chekalin»), where the LPS includes, apart from paleosols and loess
horizons, a thick series of till. The Likhvin section was first mentioned by
Bogolubov (1904), who described in detail its geological sequence.
Further investigations of the section continued (Moskvitin, 1931; 1967;
Grichuk, 1950; Ushko, 1959; Sudakova and Aleshinskaya, 1974; Boli-
khovskaya et al., 1976; and many others). The sequence includes at least
seven paleosols, as many as three horizons of till and five cryogenic
horizons; the stratigraphic units yielded palynological spectra (Boli-
khovskaya and Sudakova, 1996; Bolikhovskaya and Molodkov, 2006; a.
0.), and faunal assemblages (Agadjanian, 1977). Besides, the deposits
were dated by thermoluminescence (Faustov et al., 1974; Dobrodeyev
and II'ichev, 1974; Sudakova, 1975) and OSL methods (Little et al.,
2002), along with studies of their paleomagnetic characteristics (Faus-
tov et al., 1974), quartz grains studied (Timireva and Velichko, 2006)
and composition of humus material of the paleosols (Glushankova,
1971). The thoroughly studied Likhvin section is taken as the stratotype
of the Likvin Interglacial (Markova, 2006); since 1977, it is included in
the list of specially protected natural objects. The sequence is rather
complicated in structure. The paleosol horizons are occasionally inter-
rupted and replaced with lacustrine or glacial deposits, making it diffi-
cult to reconstruct climatic changes in the studied region (Pisareva et al.,
2019). So the LPS of the Likhvin sequence was analyzed once more using
the high-resolution sampling, which had been successfully employed in
the LPS studies and the climate reconstructions in Central Europe
(Antoine et al., 2009a; KrauB et al., 2016; Moska et al., 2019;
Adamekova et al., 2021; a.0.), China (Zeng et al., 2017; Wu et al., 2018;
a.0.), and in other countries (Tecsa et al., 2020; Lu et al., 2020; a.0.). The
high-resolution analysis applied to study in detail the structure of
paleosols and more accurately diagnose their type of soil formation,
making it possible to reconstruct the climatic conditions in which it
developed.

The present research is aimed to study paleosols in the LPS of the
Likhvin section using a set of methods: the particle-size distribution,
magnetic susceptibility (MS), the loss on ignition values, total organic
carbon (TOC), pH, and micromorphology. The configuration of
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paleosols and the type of their soil formation will make it possible to
reconstruct the climatic conditions that prevailed in the Late and Middle
Pleistocene in the study area. The new OSL and AMS dates will clarify
the paleosols’ age and stratigraphic position in the section. The present
work is the first experience of the high-resolution analysis applied to the
LPS series in that region.

2. Materials and methods
2.1. Regional setting

The studied region is located in the northwest of the Central Russian
Uplift (the central part of the East European Plain). As to the regional
topography, it features secondary till plains heavily dissected with
erosion. The studied region belongs to the area of the ancient glaciation
formerly covered with ice sheets (Sudakova and Antonov, 2021). Its
temperate continental climate corresponds to the Atlantic continental
region (Alisov, 1947) or zone Dfb (Kottek et al., 2006). The mean annual
temperature amounts to 5.4 °C on average, the mean temperatures of
January and July are —8.5 °C and 19 °C (Bulygina et al., 2015). The
moisture supply is sufficient, it amounts to ~ 600 mm on average, while
the potential evaporation is about 500-600 mm (Bulygina et al., 2015).

The Likhvin exposure occurs on the left side of the Oka River valley
(Fig. 1), at a distance of 2 km northeast from the town of Chekalin. The
total thickness of the exposed sequence amounts to ~ 40 m. The valley
slopes are heavily dissected with great erosional landforms. Slope pro-
cesses are also active. The Likhvin exposure was earlier photographed by
Bogolubov (1904) and Ushko (1959). A comparison between photo-
graphs taken at different time displays changes in the vicinity of the
section occurring over time, as seen in Fig. 1S (Supplementary). The
choice of studying and sampling exposure was hindered due to the
slopes being heavily eroded or overgrown with shrubs. Of the two sites
suitable for studies, the section Likhvin-1/18 (1/18 —number of the
section / year of the fieldwork) (N 54°06'45""; E 36°16'06"’) exposes
Bryansk paleosol (BR) and paleosols of the Mezin soil complex, as well as
the upper part of the Dnieper till. Section Likhvin-2/18 (N 54°06'21"’; E
36°15'27") exposes the lower part of the Dnieper till and older Middle
Pleistocene deposits, including the Romny paleosol (ROM) and the Early
Kamenka interglacial paleosol (EKAM).

Fig. 1. Geographical position of the sections: Likhvin-1/18 and Likhvin-2/18.
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2.2. Field survey

The sections Likhvin-1/18 and Likhvin-2/18 were morphologically
described according to FAO (2006). The color of the horizons was
determined in the field on a freshly cleared section wall, using the
Munsell color system (Munsell Color, 2000). The chronostratigraphy of
the Likhvin sequence corresponds to the scheme developed by Velichko
and his colleagues (Velichko et al.,, 2011; Velichko and Morozova,
2015). According to the IUSS Working Group WRB 2014 (2015), the
names of the modern soils and paleosols are given.

Linear topographic and geodetic profiling was performed to precise
vertical positioning of sections Likhvin-1,/18 and Likhvin-2/18, and the
construction of the profile across the Oka River valley side. Points of the
State Geodetic Network of the Russian Federation were used as the
planimetric and altimetric basis. The Global Navigation Satellite System
(GPS/GLONASS) «EFT M4» was used in the fieldwork. Fig. 2S displays
profiles of the Likhvin section compiled by the earlier investigators
(Moskvitin, 1967; Bolikhovskaya et al., 1976; Bolikhovskaya and
Sudakova, 1996) and those obtained in the course of our field works.

Bulk samples for analyses of the chemical and physical properties
were taken in a loose state from the levels undisturbed by cryogenic or
biogenic processes. The sampling was performed continuously with a
step of 5-10 cm intervals, except for layer 17 (section Likhvin-1/18).
The undisturbed samples for micromorphological analyses were taken
with sufficient details permitting a thorough description of soil horizons
and enclosing sediments. Also, samples have been taken from the
cryogenic wedges to estimate soil microstructure changes due to
cryogenesis.

Samples for radiocarbon dating have been taken from the modern
soil (Bt horizon) and Ag horizon of the Bryansk paleosol (BR). In 2018,
seven samples for OSL dating were taken from Likhvin-1/18 section
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(field code N2 L1-L7 in Table 1S) and two more — from section Likhvin-
2/18.In 2020, additional sampling was performed from layers 8 and 10,
section Likhvin-1/18 (field code N2 Likhvin 1 and Likhvin 2). The
samples for OSL were taken after the wall had been cleaned to a depth of
10 cm using steel tubes 50 mm in diameter and 250 mm long. The
analysis of Dnieper till deposits was not included in the objectives of this
study. See the sampling locations for AMS, OSL, and bulk samples in
Fig. 2. Samples taken for micromorphological studies are shown in
Fig. 3.

2.3. Laboratory analyses

A total of 245 bulk samples (sections Likhvin-1/18 and Likhvin-2/
18) were analyzed using standard laboratory analytical methods that
are used in modern soil science (FAO, 2006): particle size distribution,
the total organic carbon, and pH measurements. To distinguish paleosol
levels in the loess (Hou et al., 2020; Zykina et al., 2020; Liu et al., 2021;
a.o.), especially humus horizons, the following methods were addi-
tionally used: the loss on ignition, the magnetic susceptibility, and color.

A laser diffraction analyzer Malvern Mastersizer 3000 with Hydro EV
sample dispergator was applied to measuring particle-size distribution
using a Fraunhofer approximation. The bulk sample preparation
included the following steps: pouring in 10% solution of HClI acid for 24
h; treated with a ~30% solution of hydrogen peroxide HyO5 until the
reaction stops; deflocculating the material by a 4% solution of tetraso-
dium pyrophosphate NasP,0; and then additional dispersion of clay
aggregates by ultrasound (40 W max, 40 kHz for 100 s in Hydro EV
dispergator before the measurement). GRADISTATV8 software (Blott
and Pye, 2001) was applied for the calculation of grain size statistics.
When describing the soil characteristics, the 2000-63-2 pm system was
used as given in FAO-ISRIC (1990).
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Fig. 2. Physico-chemical and MS properties of Likhvin-1/18 (I) and Likhvin-2/18 (II) sections. Legend: a — carbonate pedofeatures; b - mole burrows; ¢ - sandy
interlayers; d - Fe interlayers; e - inclusions of pebbles, gravel; f - cryogenic wedges and fissures of different genesis; g — sampling locations AMS (1) and OSL (2) dates.
TOC [%] - organic carbon; LOI [%] - loss on ignition; Color parameters (L, a, b). See Supplementary data. Hol — modern soil (Holocene); BR - Bryansk paleosol; MZKR
- Krutitsa interstadial paleosol; MZSAL - Salyn interglacial paleosol; ROM - Romny paleosol; EKAM — Early Kamenka interglacial paleosol.
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Fig. 3. Micromorphological characteristics of Likhvin-1/18 (I) and Likhvin-2/18 (II) sections. Ch - channels, P — planes, Chm — chambers, CPV - compound
packing void, V — vugh, C — clayey material, MN — Mn material; F - Fe material; K — carbonate material; FM — Fe-Mn material; O — ooids; Samples — places of

sampling for micromorphological analysis. See legend Table 2S.

The total organic carbon (TOC) was determined by the Tyurin
method: first, organic debris (roots, seeds, charcoals) had been removed
from the pre-dried samples; then they were ground to a state of powder,
and the average sample weighing 50-100 mg depending on its color was
taken. The soil bulk sample size depends on the estimated TOC content
as indicated by the color of the soil. The amount of TOC is determined by
the wet ashing of organic compounds of the soil with a chromium
mixture. The process is based on the oxidation of soil organic carbon by
0.4 N potassium dichromate solution (2K5Cr,057), prepared with sulfuric

acid in a ratio of 1:1. The oxidation reaction of organic carbon with a
chromium mixture proceeds according to the equation: 2K3Cry07 +
8H3S04 + 3C (organic carbon) = 2Cry(S04)3 + 2K2S04 + 8H20 + 3COs.
The TOC content is determined by the amount of chromium mixture
consumed for the oxidation of organic matter. Ashing is carried out in
heat-resistant flasks with a volume of 100 ml. At the end of the ashing,
the liquid in the flask should have a brownish color. If it has a bright
green hue, this means that during the ashing process, all the dichromate
was reduced to trivalent chromium ions, which have an intense green



P.G. Panin et al.

color, and there was not enough of it for ashing organic carbon. In this
case, the experiment should be repeated while reducing the amount of
soil. After cooling the bulk sample, the excess chromium mixture is
titrated with Mohr’s salt (6FeSO4(NH4)2SO4). The reaction of the rest of
the mixture proceeds according to the equation: 6FeSO4(NH,4)2SO4 +
KoCrp07 + 7H2S04 = Cra(SO4)3 + 3Fey(S04)s + 6(NH4)2S04 + KoSO4
+ 7H20. Phenylanthranilic acid solution is used as an indicator. The
difference between the amount of Mohr’s salt that was used to titrate the
chromium mixture in the experiment without soil (control) and the
experiment with soil determines the amount of Mohr’s salt in ml, which
corresponds to the TOC content of the bulk sample (Arinushkina, 1970).
Calculation of the results of determining TOC (%) is carried out ac-
cording to the equation: TOC=((a-b)-H-0.003)/m)-100, where is: a - the
volume of Mohr’s salt used for titration in determining the concentration
of dichromate solution, ml; b - the volume of Mohr’s salt used for
titration of the chromium mixture after combustion of the sample, cm; H
- concentration of Mohr’s salt; 0.003 — the mass of carbon in the reaction,
g; m — dehydrated bulk sample of soil, g. For each bulk sample, the
content TOC was determined twice.

pH values were measured by HI 98127 (Hanna Instruments, Woon-
socket, RI, USA) pH-tester in the water solution of the soil sample
(proportion 1:2.5) (Arinushkina, 1970).

The method developed by Heiri et al. (2001) for measurement of the
loss on ignition (LOI) implies drying and igniting the bulk samples in the
muffle furnace at 105 °C for 12 h (to measure the dry weight), then at
550 °C for 4 h (so that the organic matter turns into carbon dioxide and
ash) and then at 950 °C for 2 h (carbon dioxide is evolved from car-
bonate leaving oxide). The weight was measured after every ignition by
the electronic scale. The resulting values are calculated by formulas as
follows: LOI550°C=((DW105-DW550)/DW105)-100 and LOI950°C=
((DW550-DW950)/DW105)-100, where DW is the dry weight. LOI 550
°C value represents organic matter content, and LOI 550 °C - LOI 950 °C
values mean the loss of CO, from carbonates.

The magnetic susceptibility (MS) was measured using SM-30 kap-
pameter (ZH instruments, Brno, Czech Republic). Every sample was
measured four times, and the mean value was calculated.

The CS-10 (Hangzhou CHNSpec Technology Co., Ltd., Hangzhou
City, China) 8 mm instrument — portable digital colorimeter — was used
for color measurements. The bulk samples were previously dried at 20
°C for two weeks and then ground in a mortar to a state of smooth
powder. A weighed portion of ~ 5 g was placed in an opaque cuvette,
and the surface was smoothed. The instrument was positioned perpen-
dicular to the surface of the sample-bearing cuvette to perform the
measurements. The color of each bulk sample was measured three times.
The data thus obtained is expressed in the coordinates of the CIELAB
color space (L, a, b).

The paleosol microstructure was studied in thin sections less than 30
um thick. In the preparation of a thin section 2.5 x 4 cm in size, the
polysynthetic resins were used under vacuum impregnation conditions.
The thin sections were studied under the microscope Zeiss Axio Scope.
Al at 2.5x/0.085 Pol (c0/0,17) magnification. The soil-forming pro-
cesses and their quantitative characteristics were interpreted as
described in the literature (Stoops, 2003; Stoops et al., 2010). The total
number of the analyzed thin sections amounts to 37, three of them
having been taken from cryogenic wedges.

The radiocarbon dates were obtained using the Accelerator Mass
Spectrometry (AMS) technique at the Center for Collective Use, Labo-
ratory of Radiocarbon Dating and Electronic Microscopy, Institute of
Geography Russian Academy of Sciences (IGANAMS index). The prep-
aration of all samples for AMS (i.e., the preparation of samples and the
separation of datable fraction, graphitization, pressing on a target) was
performed in the Institute of Geography RAS. The automated AGE-3
graphitization system (Ionplus) was applied to graphitization.
Graphite 14C/13C ratios were measured using the CAIS 0.5 MeV
accelerator mass spectrometer at the Center for Applied Isotope Studies,
University of Georgia (USA). The results were calibrated using the
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radiocarbon calibration program CALIB REV7.1.0 (Stuiver and Reimer,
1993) with the calibration dataset Intcall3 (Reimer et al., 2013).

Nine OSL samples were dated (Table 1S) using both quartz (9 sam-
ples) and K-rich feldspar (2 samples). All measurements were conducted
at the OSL Laboratory of A.P. Karpinsky Russian Geological Research
Institute (St. Petersburg, Russia). The standard method (e.g. Wintle,
1997) was applied to prepare the samples, resulting in selecting quartz
and K-rich feldspar grains in the sand size fractions 180-250, 90-180
and 63-90 um. The optically stimulated luminescence (OSL) measure-
ments were undertaken using a Risg TL/OSL Reader DA-20C/D (Lapp
et al., 2015) on stainless steel discs. Blue light stimulation (A = 470 nm,
~100 mW cm™~2) and photon detection through a 7.5-mm Hoya U-340
glass filter was applied for quartz, infrared stimulation (A = 870 nm,
~175 mW cm™2) and photon detection through a Schott BG39/BG3
filter combination (2 and 3 mm, respectively) was applied for K-rich
feldspar. A beta irradiation *°Sr/°°Y source was used to irradiate sam-
ples. It was calibrated for discs and cups using Risg 180-250-um cali-
bration quartz (Hansen et al., 2015).

The equivalent doses (D) in quartz were estimated employing the
SAR protocol (Murray and Wintle, 2000; 2003), whereas the D, esti-
mates in feldspar were done using the post-IR IRSL (pIRIRygp) SAR
protocol (Thiel et al., 2011). The OSL IR depletion ratio (Duller, 2003)
was measured in three quartz aliquots of every sample. If the ratio was
less than 90%, samples were additionally etched with 40% HF. The
combined preheat plateau and dose recovery test was carried out to
evaluate SAR protocol suitability for quartz and assess an applicable
preheat temperature. A plateau was observed at preheating tempera-
tures 160-240 °C. The average measured-to-given ratio is 1.05 + 0.02
(n = 36). A primary analysis of OSL data was done using the Analyst
software package (Duller, 2015). The OSL signal was summed over the
initial 0.32 s less than from the subsequent 0.8 s for quartz. The pIRIR,gq
and IR5( equivalent doses in K-rich feldspar were obtained by summing
the first 0.8 s less the last 10 s. The quartz and K-rich feldspar’s dos-
e-response curves were fitted with a sum of two exponential functions or
an exponential function with a linear component. We applied the
arithmetic mean to calculate the final D, values presented in Table 1S.
Individual aliquot D, values, which had the relative uncertainty
exceeding 30%, were rejected. The interquartile range was used to find
outliers in data.

The environmental radionuclide activities of 222U, ?°Ra, 232Th and
4K were measured applying a high-resolution gamma spectrometer
(Murray et al., 1987) with high purity germanium (HPGe) radiation
detector Canberra BE3825. The samples had been sealed by wax in
plastic cups and kept for at least 20 days before measurement to allow
222Rn to reach equilibrium with its parent 22°Ra. The activities were
converted to the infinite matrix dose rates using the conversion factors
of Liritzis et al. (2013). We assumed that the sediments’ average burial
water content was around 75% of saturated water content. The internal
beta dose rates in K-rich feldspar were calculated based on K concen-
tration 12.5 + 0.5% (Huntley and Baril, 1997) and Rb concentration
400 + 100 ppm (Huntley and Hancock, 2001). The internal alpha dose
rates in K-rich feldspar and quartz were estimated as 0.10 + 0.05 Gy
ka! (Mejdahl, 1987) and 0.010 + 0.002 Gy ka™ ! (Vandenberghe et al.,
2008), respectively. The contribution from cosmic rays to the dose rates
was calculated according to Prescott and Hutton (1994) using the cur-
rent burial depths. The OSL ages were derived by dividing the average
equivalent doses by the total dose rates.

3. Results
3.1. Morphology

The modern soil, as described in Likhvin-1/18 section (see Fig. 4) is
classed with Phaeozems, with typical profile A-AB-Bt-C (Fig. 4-1a). The

horizon A at a depth of 0-0.4 m is dark-grey in color (2.5Y4/2) granular
silty loam, with distinct wavy boundary, slightly moist, includes
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Fig. 4. Morphology of Likhvin-1/18 section. 1a —loess horizon C (layer 4); 2a -
the horizon Ag of the Bryansk paleosol (BR) (layer 5) under loess horizon C
(layer 4); 3a - paleosols of the Mezin soil complex with pronounced cryogenic
wedges (MZSAL - Salyn interglacial paleosol (layers 9-10), MZKR - Krutitsa
interstadial paleosol (layer 8)); 4a - series of layers under the Mezin soil com-
plex; 5a - alluvial deposits composed of homogeneous blue-grey loamy sand
alternating with whitish and brown sand. See Fig. 2 for the legend for the
section column. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

occasional roots. AB horizon (0.4-0.65 m) is dark brown with greyish
hue (10YR4/4), similar in appearance to A horizon; low bleached sandy
spots appear downward, the transition is gradual. Bt horizon (0.65-0.95
m) is brown (10YR5/4) silt, granular and blocky subangular, with a few
mottles of organic, pseudomycelia, with wavy boundary and abrupt
transition. Horizon C (loess) (0.95-4.0 m) is pale yellow silt with
brownish hue (2.5Y7/4), includes Fe-Mn concretions, pseudomycelia,
fine voids are common, blocky subangular structure, hard carbonate
concretions, moderately calcareous.

The BR paleosol profile displays sighs of gleying and consists of ho-
rizons Ag-Bk-BCg (Fig. 4-2a). Ag horizon (4.0-4.8 m) is blue-grey, with a
brownish hue (2.5Y6/4), slightly moist, with Fe-Mn concretions. The
horizon is penetrated with cryogenic wedges to a depth of 10-15 cm
filled with yellowish material from the overlying C horizon. There are
hard carbonate concretions 1-1.5 cm in diameter and 6 cm long
concentrated in the Ag horizon’s upper part. Ferruginous interlayers
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1-2 mm thick occur occasionally. The lower-lying Bk horizon (4.8-5.3
m) is brown (2.5Y6/6), with rare fine voids and blue-grey spots of
gleying 1-2 mm in diameter; the transition is abrupt. BCg horizon
(5.3-5.7 m) is bluish-grey with brownish hue (2.5Y6/4), Fe-Mn con-
cretions; there are noticeable old root channels up to 3 mm in diameter,
filled with carbonate material. Fissures 2-3 cm wide penetrate the ho-
rizon from the top to a depth of 5 cm; they are filled with the B horizon
material.

Below the BR, there are two paleosols of the Mezin soil complex
(Fig. 4-3a). The upper paleosol is present as A horizon; in the opinion of
A.A. Velichko (Little et al., 2002), it is correlatable with the Krutitsa
interstadial paleosol (MZKR). This A horizon (5.7-6.1 m) is dark-grey
(10YR4/2) irregularly colored silt, slightly moist, blocky subangular.
The horizon is broken with wedges and fissures reaching the depth of 25
cm and filled with the material of BCg horizon of the BR. The lower
paleosol — the Salyn interglacial paleosol (MZSAL) presents E-Btg-C1-C2
profile. The upper horizon — E (6.1-6.45 m) is blue-grey silt with a
brownish hue (10YR5/2), slightly moist. The horizon is broken with a
wedge filled with humified material and penetrating from A horizon of
the MZKR paleosol. Some horizontal humified interlayers up to 1 cm
thick are also recorded. The Btg horizon (6.45-7.25 m) is brown with a
bluish hue (2.5Y6/4), granular, with Fe concretions, and a few mottles
of organics. The horizon is penetrated with two wedge structures. One of
them is filled with humified matter from A horizon of the MZKR, and the
other penetrates from the overlying E horizon. C1 (7.25-7.55 m) and C2
(7.55-8.15 m) horizons are gleyed, abound with Fe-Mn and Mn con-
cretions, the lower C2 horizon is cryoturbated.

Layers 13-14 (Fig. 4-4a) — alluvial deposits, floodplain facies —
represent a series of stratified loam and sandy loam. In common with the
underlying horizon, blue-gray (5Y6/2) loam interlayers alternate with
whitish (2.5Y7/3) and brown (2.5Y6/8) layers bearing traces of ferru-
gination. Layers 15-16 (Fig. 4-4a, Fig. 4-5a) are also attributed to allu-
vial deposits, floodplain facies; those are stratified series of sand and
sandy loam (interlayers are 5 to 10 cm thick), composed of homoge-
neous blue-grey loamy sand (5Y5/2) alternating with whitish (2.5Y7/2)
and brown sand (2.5Y6/8). The stratification is more conspicuous due to
ferrugination. The upper part of the horizon bears traces of ice-wedge
pseudomorphs — two small-scale wedges (26 x 10 cm in size, with a
distance of 30 cm between wedges). They are filled with material from
the above-lying layer (Fig. 4-4a). Layer 17 presents the uppermost part
of the Dnieper till overlain with sand deposits.

The Likhvin-2/18 begins with layer 1 represented by the Dnieper till
(Fig. 5-1b) — that is sandy clay (loam) with pebble (5-10 cm); the layer is
dark red with a brownish hue (7.5YR4/6), with interbeds and lenses of
light-colored sand (10YR5/4). According to the earlier investigators
(Yakovleva, 1956; Pisareva et al., 2019), the Dnieper till consists of three
layers and includes fragments of rocks brought from eastern Karelia and
the Onega Lake region. The uppermost series of the boulder loam is
dominated by crystalline rocks, while the lowermost one includes
mostly sedimentary rocks (Karpukhin and Lavrov, 1974). The layer
between those of boulder loam is composed of sand and gravel. The long
axes of rock fragments in all three till layers are oriented in a submeri-
dional direction with a slight deviation to the northeast. The three-layer
series of the glacial deposits varies in thickness from 6 to 7 to 17 m
within the section (Bolikhovskaya et al., 1976; Sudakova and Bol’-
shakov, 1977; Pisareva et al., 2019).

Layer 2 is a transitional assimilatory horizon including the rocks of
the former glacier substrate and stratified clay loam; the latter presents
alternating interlayers of brown (2.5Y5/4) and blue-grey (2.5Y5/2)
colors varying in thickness, with Fe-Mn smears and Fe smudges. Small
lenses of sand occur locally, and inclusions (up to 10%) of small pebble
and gravel (less than 1 cm). Layer 3 (Fig. 5-2b) consists of homogeneous
silt of blue-grey (5Y7/3) color with light brown interlayers. In earlier
authors’ opinion (Sudakova and Bol’shakov, 1977; Bolikhovskaya and
Sudakova, 1996; Pisareva et al., 2019; a.0.) layer 3 has been interpreted
as loess-like deposits formed in the ice-dammed basin at the time of the
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Fig. 5. Morphology of Likhvin-2/18 section. 1b - the lower part of the Dnieper
till (layer 1) and the underlying layer 2; 2b - deposits of layer 3; 3b — the ho-
rizon Ag (layer 4) of the assumed the Romny paleosol (ROM); 4b - the horizon
ABg (layer 5) of the Early Kamenka interglacial paleosol (EKAM); 5b - the soil
crossover of the Early Kamenka interglacial paleosol. See Fig. 2 for the legend
for the section column.

Dnieper ice sheet advance.

There is a horizon of soil formation traceable at a level of layer 4 and
correlatable with ROM (Romny paleosol, see Little et al., 2002). That
paleosol (ROM) is present in the section Likhvin-2/18 (Fig. 5) as the
humus Ag horizon (3.25-4.35 m). It shows signs of gleying, with a blue-
grey hue (2.5Y5/4), abounds in Fe-Mn concretions, thin partings of Fe,
blocky subangular, and platy when dry.

The ROM paleosol is underlain with the Early Kamenka interglacial
paleosol (EKAM) with profile ABg-Bt-BC-G (Fig. 5-4b; Fig. 5-5b). The
uppermost ABg horizon (4.35-4.55 m) (Fi. 4S-4b) is blue-grey (2.5Y5/
4), stratified, with brown horizontal ferruginous interbeds less than 1 cm
thick. The underlying Bt horizon (4.55-5.55 m) is brown with a bluish
hue (10YR5/6), from the depth of 25 c¢cm - brown (7.5YR5/6); it is
granular and blocky subangular, with a few mottles of organics, rare fine
voids, gradual transition. BC horizon (5.55 — 6.45 m) is brown with a
bluish hue (10YR6/6); two mole holes 10 to 20 cm in diameter are filled
with brown material, the dark-grey humified coating is traceable at the
hole margins. At the lower boundary of the horizon, there is a ferrugi-
nous secondary layer 5 cm thick, with whitish lenses of loamy sand. G
horizon (6.45-7.25 m) is blue-grey (2.5Y6/4), gleyed, with numerous
concretions of Fe-Mn and Fe in composition.

3.2. Physical-chemical properties and magnetic susceptibility

The maximum content of clay fraction (8.88%) in the section
Likhvin-1/18 is confined to the lower part of C2 horizon, isolated peaks
being traced in C1 horizon (8.52%) and the upper part of A horizon of
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the MZKR (8.27%). As to section Likhvin-2/18, the maximum propor-
tion of the clay fraction (<2 um) is found in the gleyed ROM (11.02%)
and in the upper part of the illuvial Bt horizon (10.56%), see Supple-
mentary 1. As seen in Fig. 2, this fraction is accumulated in the surface or
near-surface horizons of the modern soil and paleosols. Its values
gradually decrease downwards in the horizons C (modern soil, loess),
BCg (BR), Btg (MZSAL), Bt and BC (EKAM). The silt fraction is evenly
distributed along the entire Likhvin-1,/18 sequence, except for its lower
part (layers 15-17) where its proportion decreases sharply. The same is
true of the silt fraction distribution over most of the section Likhvin-2/
18, except the till layers where it drops conspicuously (Fig. 2). The layers
richest in sand proportion are confined to the alluvial deposits overlying
till; the paleosol enriched in sand particle proportion is the EKAM.

The highest content of TOC is typical of the humus horizon in the
modern soil (2.59; 1.63; 1.45%), next richest is Ag horizon of the BR —
0.67%, further goes A horizon of the MZKR - 0.41%, Ag horizon of the
ROM - 0.39%, and ABg horizon of the EKAM - 0.17% (see Fig. 2, and
Supplementary 1). The sequence is confirmed by the LOI 550° graph
showing the presence of organic matter. Contrary to that, high values of
LOI 950° are typical of horizons devoid of distinct signs of the humus
matter presence. Such horizons are mostly rich in carbonates, which is
confirmed by the pH values. The modern forest soils — Phaeozems — are
noted for lower pH values, while the carbonate loess (C horizon) is noted
for a sharp rise of pH (Fig. 2). Lower values of pH are typical also of the
MZSAL and EKAM paleosols. MS (magnetic susceptibility) measured in
the studied sections indicates clearly the levels of humus horizons,
including that of the modern soils (0.23), the BR (0.144), and the MZKR
(0.185). Other paleosols show much lower MS values (0.093 in the ROM
and 0.057-0.143 in the EKAM).

The lightness coefficient «L» in the section Likhvin-1/18 is less than
60 in the modern soil, in the BR, and in the MZKR, the latter being most
dark-colored in the section (Fig. 2). The loess C horizon and the MZSAL
show «L» values above 60. In the section Likhvin-2/18 «L» values are
high and indicate rather light coloration of the lower-lying ROM and
EKAM paleosols. The redness coefficient «a» increases insignificantly in
the lower horizons of the modern soil and the MZSAL, being lowered in
the loess C horizon and layers 1-3 of the section Likhvin-2/18. The
maximum «a» values are typical of the EKAM (>6). The yellowness
coefficient «b» generally grows from younger to older soils and reaches
its maximum in the EKAM.

3.3. Micromorphology

The paleosols and loesses studied in considered sections are consid-
erably variable in microstructure (Fig. 3; Table 2S). The paleosols are
porous, mostly with channel and plane pore types, with clay coatings
concentrated inside. Most abundant clay coatings are found in Bt hori-
zon of the modern soil and Btg horizon of the MZSAL. Coatings are
uniformly distributed over the EKAM profile, while the modern soil and
the MZSAL display signs of the eluvial-illuvial process. Clay coatings are
absent from the gleyed BR; their place is taken by carbonate hypo-
coatings and numerous nodules of Fe, Fe-Mn and Mn composition. Loess
horizons are less abundant in pores; the intra-ped mass is mostly
compact and silty. Calcareous hypocoatings and nodules are found in
abundance. Charcoals of plant remains are found in the MZKR and ROM
microstructure, seemingly absent from other paleosols and loess.

3.4. Optically stimulated luminescence (OSL) and accelerator mass
spectrometry (AMS) dating

The fast component of a quartz OSL decay curve is preferable for OSL
dating since it is most easily reset and is stable over geological time
scales (Murray and Wintle, 2000). To check if our quartz samples are
dominated by the fast component, we compared the averaged natural
OSL decay curve from Likhvin quartz with the averaged OSL decay curve
from Risg calibration quartz (Fig. 6) which is known to be dominated by
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Fig. 6. Comparison of the averaged (n = 9, one aliquot from every sample)
natural OSL decay curve from Likhvin quartz with the averaged (n = 6) OSL
decay curve from Risg calibration quartz. Inset shows a comparison of natural
OSL decay curves from Likhvin quartz corresponding to different De values. All
OSL stimulation curves were normalized and background subtracted.

the fast component (e.g. Jain et al., 2003). It is clear from the Fig. 6 that
the OSL decay curves are almost identical, so we can infer that Likhvin
quartz is dominated by the fast component and it is suitable for OSL
dating. Inset in Fig. 6 shows that the shape of a natural OSL decay curve
does not have a strong dependence on the corresponding D, value. It
means that all our samples have similar luminescence characteristics
which are suitable for OSL analysis. A variety of studies undertaken over
the recent years using quartz grains from samples with independent age
control (e.g., Buylaert et al., 2007; Lai, 2010; Timar-Gabor et al., 2011)
prove age underestimation when the paleodoses are higher than
100-200 Gy. On the other hand, in some cases (e.g., Watanuki et al.,
2005; Murray et al., 2008; Nazarov et al., 2020), quartz ages in good
agreement with expected values were received based on equivalent
doses higher than 200 ka. Our study obtained quartz equivalent doses
higher than 100 Gy for 7 samples (Table 15). The OSL dates obtained on
quartz from the loess (C horizon) — 17.9 + 1.1 and 27.7 + 1.9 ka are
correlatable to MIS 2. In layer 6 of the Likhvin-1/18 section, the OSL
analysis showed the date 67 + 7 (on quartz), which corresponds to the
MIS 4. The ages of samples RGI-446 and RGI-447 having D values 209
and 288 Gy respectively are in good agreement with the K-rich feldspar
ages (average ratio of KF/Q = 1.03 £ 0.6, n = 2). Thus, we can conclude
that our quartz ages are reliable at least when the equivalent doses lower
than 300 Gy. According to OSL dates (86 + 6 ka (on K-rich feldspar,
protocol - pIRIR290 SAR) and 88 + 6 ka (on quartz)), the sediments of
the MZKR paleosol correspond to MIS 5a and 5b. In the underlying layer
9, OSL date — 86 + 6 ka (on quartz) is also correlated with MIS 5b. In the
middle part of horizon Btg (layer 10) of the MZSAL paleosol, the ob-
tained dates 118 + 8 ka (on K-rich feldspar, protocol - pIRIR290 SAR)
and 108 + 11 ka (on quartz) indicate MIS 5e and 5d.

Two quartz samples RGI-144 and RGI-145 (S), have equivalent doses
higher than 300 Gy. Corresponding dose-response curves dose do not
saturate even at 1000 Gy (Fig. 7), which is why the finite ages were
obtained for these samples (148 + 18 ka; 283 + 44 ka). Unfortunately,
we cannot confirm the reliability of these dates in the framework of this
study, so we give the infinite ages (>119 ka; >112 ka) that are more
reliable as well (S). The ages of all but one RGI-143 (S) of the samples are
close to expected values.

The AMS dates (Table 3S) also correspond to the time intervals in
which the modern soil — 5164 cal BP (Holocene) and the BR paleosol —
29987 cal BP (MIS 3) were formed.
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Fig. 7. Typical quartz dose-response curve of a single aliquot from the sample
RGI-145 (the open symbol represents the recycling point).

4. Discussion
4.1. Paleopedogenesis

The paleosols studied in sections Likhvin-1/18 and Likhvin-2/18
developed in different environments and climates. According to the
paleosol genesis and zonality and taking into consideration their dif-
ferentiation into genetic horizons, the paleosols are separated into
interglacial and interstadial ones (Velichko and Morozova, 2015). In the
section under discussion, the BR, the MZKR, and the ROM are consid-
ered to be interstadial, and the MZSAL and the EKAM are attributed to
interglacial soils (Little et al., 2002). Interglacial and interstadial pale-
osols in LPS generally occur close to each other and form soil complexes
(Velichko et al., 2007; Panin et al., 2018). So in the chronostratigraphic
scheme by Velichko et al. (2011), the soil complexes are represented by
the early interglacial phase of the soil formation and the subsequent
interstadial phase. For example, the Kamenka soil complex consists of
the Early Kamenka interglacial paleosol (EKAM) and Late Kamenka
interstadial paleosol (LKAM); the same is the case of the Mezin soil
complex, except the terms “late” and “early” are not applied to the soil
names. The Bryansk (BR) and Romny (ROM) paleosols do not form
complexes, so according to the stratigraphic scheme by Velichko et al.
(2011), they are considered to be individual levels of soil formation
belonging to MIS 3 and MIS 6, respectively.

4.1.1. The Bryansk paleosol (BR)

The BR paleosol (layers 5-7) of the Likhvin-1,/18 section is one of the
Late Pleistocene paleosols. It’s well pronounced in the LPS over most
East European Plain territory (Morozova, 1981; Velichko, 2002; Sedov
et al., 2016; Panin et al., 2018, 2019a; Sycheva et al., 2019; a.o.). The
soil profile of the BR is distinctly recognizable in the section due to the
bluish hue indicative of the gleying processes. The processes are
confirmed by the presence of Fe-Mn pedofeatures in the paleosol at the
macro- and microlevel (Fig. 8a, b) (Zaidelman, 1974; Vepraskas et al.,
2018; a.0.), as well as by more significant clay proportion (Fig. 2). The
high values of LOI 550° correspond to the presence of organic matter in
Ag horizon (layer 5) typical of the humus-accumulative horizons of the
modern soil. Earlier Morozova (1981) had noted a presence of rounded
aggregates — ooids — in the BR microstructure (Fig. 8c), presumably
resulting from cryogenic processes (Van Vliet-Lanoe, 1998; Nejman
et al., 2017). In the considered case, the maximum concentration of
those aggregates is typical of the surficial Ag horizon (layer 5) and de-
creases downwards (Fig. 3). The presence of carbonate macro-
concretions in Ag horizon (layer 5) is related to secondary pedogenic
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Fig. 8. Microstructure of the BR: a (PPL), ¢ (PPL), d (XPL) - the horizon Ag; b (PPL) - the horizon BCg; e (PPL), f (XPL) - the horizon Ag. Legend: Ch - channels, P1 —
planes, K — carbonate nodule; M — Mn nodule; FM - Fe-Mn nodule; K-HC — carbonate hypocoating; Q — quartz; O — ooids.

processes. Due to the clayey composition of the BR, the subsoil water
stagnated at the transition between the paleosol and loess, which
resulted in large-size concretions (Zamanian et al., 2016) and hypo-
coatings (Fig. 8d) (Durand et al., 2018). Simultaneously, poorly devel-
oped calcareous nodules are less than 150 pym in diameter (Fig. Se,
Fig. 8f). Quite possibly, those are primary carbonates that did not
dissolve completely during the soil formation.

The gleying processes are only poorly pronounced in the lower-lying
Bk horizon (layer 6). The proportion of Fe and Fe-Mn pedofeatures in its
microstructure drops conspicuously; the horizon color becomes more
brownish, as indicated by the lightness «L» and yellowness «b» co-
efficients (Fig. 2). The distribution graphs of the TOC, MS, and the clay
fraction made a connection between Bk (layer 6) and Ag (layer 5) ho-
rizons; no abrupt change is traceable. A distinct differentiation is seen at
the level of BCg horizon (layer 7). Quite possibly, the principal soil
processes in BR are related to Ag-Bk profile (layers 5, 6), while BCg
horizon (layer 7) is actually a layer of soil-forming loess (that is, parent
rock for soil) deposited at an earlier stage of MIS 3. That is supported by
LOI 550° and LOI 950° graphs (Fig. 2), which indicate an eluvial-illuvial
distribution of carbonates within Ag (layer 5) and Bk (layer 6) horizons.
There are fissures (Fig. 2) within BCg (layer 7) (as a result of desiccation
or cryogenic processes) filled with the material of Bk horizon (layer 6).

Thus that the BR paleosol is polygenetic, both humus accumulation
process and eluvial-illuvial distribution of carbonates taking part in its
development. Many authors (Antoine et al., 2009b; Terhorst et al., 2015;
Meyer-Heintze et al., 2018; Adamekova et al., 2021; a.0.) noted the
presence of calcareous pedofeatures in paleosols dated to MIS 3. On the
East Europen section south of the Likhvin section, the Bryansk soils were
represented by Cambisols, giving place to Gleysols in lowered areas
(Sycheva et al., 2019; 2020). Further south, near the Sea of Azov, the BR
is represented by Luvic Calcisols (Panin et al., 2018). On the contrary, to
the north, its profile becomes gleyed to a greater degree and reveals well
pronounced cryogenic deformations (Rusakov et al., 2019). Earlier
Morozova (Velichko, 2002) interpreted those soils as cryogenic-gleyed
soil. As it has been found in our case (the Likhvin sequence), the BR
first developed following the Cambisol type. Further on, as the climate
became colder, the soil profile stayed frozen longer, and the atmospheric
precipitations (and meltwater) stayed longer in the superficial horizons.
The cryogenic processes gained in intensity, which promoted gleying
process in the BR and development of Gleysols, probably transformed

into Cryosols as the temperature continued falling.

4.1.2. The Krutitsa interstadial paleosol (MZKR)

The MZKR (layer 8) soil formation took place under rather severe
climate of the interstadial. As follows from the reconstructions by
Morozova and Velichko (2009), at the time of the MZKR development,
the January temperature was -7 °C, that of July — +15 °C, and the mean
annual temperature -0.5 °C. In the authors’ opinion, the chernozem-like
dark-colored soils developed under meadow and steppes or open forests
of larch in the intermountain basins of the Central Altay Mountains may
be considered as the present-day analogues of the MZKR (Morozova and
Velichko, 2009; Velichko and Morozova, 2015). As follows from the
studies of section Likhvin-1/18, the principal soil-forming process in the
MZKR was a humus-accumulative one, which is in reasonable agreement
with previous studies of that section (Morozova, 1981). High values of
LOI 550° in the bulk samples from that paleosol confirm the presence of
organic matter (Fig. 2). There was recorded charcoal remains in the
MZKR microstructure found not only in A horizon (layer 8) (Fig. 9a) but
also in the cryogenic wedge (Fig. 9b), penetrating from A horizon (layer
8) downwards (Fig. 3; Table 2S). No charcoal is found in the underlying
MZSAL (layers 9-12) (Fig. 3). It seems probable that fires were typical of
the interstadial interval. The high values of MS (Fig. 2) also suggest high
mineralization of the paleosol. Fire increases the soil’s temperature and
stimulates biological activity (Hulbert, 1988; Ojima et al., 1994; Brye,
2006), which accounts for the presence of infillings of biogenic origin
(Fig. 9¢). The MZKR profile shows a concentration of clay fraction
(Fig. 2), Mn and Fe-Mn nodules (Fig. 3), which suggest the soil formation
under the condition of increased humidity. In the underlying horizon E
(of the MZSAL layer 9), both clay-size fraction and Mn and Fe-Mn
content decrease sharply. Cryoturbations (Fig. 9d, Fig. 9e) and ooid
aggregates are visible in the microstructure (Fig. 9f). It seems possible
that E horizon (layer 9) of the MZSAL was frozen at the time of the
interstadial so that the clay fraction did not penetrate the underlying
paleosol. In case of an impermeable bed formed by the frozen ground, it
would cause stagnation of groundwater and enhanced anaerobic pro-
cesses; the MZKR profile, however, does not show a bluish color (unlike
the BR profile), and the gleying processes are indistinct. It is possible
that the number of rainfalls coming to the MZKR surface was insufficient
for permafrost melting in summer. According to the reconstructions, the
reconstructed mean annual precipitation during the interstadial was
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Fig. 9. Microstructure of the Mezin soil complex: a (PPL), ¢ (PPL) - the horizon A of the MZKR; b (PPL) — wedge of the MZKR; d (PPL), e (XPL), f (PPL) - the horizon E
of the MZSAL; g (PPL) - wedge of the MZSAL; h (XPL) - the horizon Btg of the MZSAL; i - (XPL) - the horizon E of the MZSAL. Legend: Ch - channels, P1 — planes, FM —
Fe-Mn nodule; C-C - clayey coating; Cp — papule; Q — quartz; E - infilling; SC - silty clay; O — ooids.

220-450 mm (Morozova and Velichko, 2009). Under those conditions,
the soil-forming processes were confined to A horizon (layer 8) - the
only one to be heated by solar radiation in summer. The MZKR may be
assigned to Folic Cambisols. The modern analogues of the soil may be
found in the prairie (see Mason and Jacobs, 2017) subject to frequent
fires (Collins et al., 1998).

4.1.3. The Salyn interglacial paleosol (MZSAL)

The Mikulino interglacial corresponds to MIS 5e (Eemian, last
interglacial, 128-114 ka). That period was marked by the MZSAL
paleosol formation on the East European Plain. The MZSAL described in
section Likhvin-1/18 is noted for a texture-differentiated profile with a
well pronounced eluvial E horizon (layer 9); it is classified as a Retisols.
At MIS 5e interval, this type of soil formed an extensive zone (Morozova,
1995; Morozova et al., 1998; Velichko, 2002; Morozova and Velichko,
2009; Panin et al., 2019a) its genesis being discussed in many works
(Morozova, 1981; Velichko et al., 2006a; Panin, 2007; Chizhikova et al.,
2007; Fedorowicz et al., 2013; Jary and Ciszek, 2013; Agadjanian and
Glushankova, 2017; Sycheva et al.,, 2017; a.o.). The high-resolution
analysis applied to the section under study permitted to trace changes
in the interglacial paleosol structure. Two cryogenic wedges are pene-
trating the MZSAL, one of them coming from E horizon (layer 9) and
another from A horizon (layer 8) of the MZKR (Fig. 4-3a). The micro-
structure of the first wedge includes large-size illuviation coatings
(Fig. 9g), their quantity (Table 2S) and texture are comparable with Btg
horizon (layer 10) of the MZSAL (Fig. 9h). Outside the wedge, in the
main part of E horizon (layer 9), the coatings are found as clay papulae
(Fig. 9i), broken by the cryogenic processes. The wedge development

10

mechanism could probably be similar to that described by Harris et al.
(2005). The wedge attributable to the MZSAL was formed in the MIS 5d
cold period when soil-forming processes faded out. At the warming (MIS
5¢) the wedge was filled with material from the superficial horizons of
the MZSAL. In our case, the infilling material was taken from E horizon
(layer 9), as the A horizon of the MZSAL had been eroded in the intervals
MIS 5e/5d or MIS 5d; there was no loess material typical of the cold
stages. MIS 5c interval was marked by paleosol development, not unlike
the MZKR in its structure (Little et al., 2002; Velichko and Morozova,
2015). Soil formation processes resumed their activities and exerted a
noticeable influence on the material within the wedge. Inside Btg ho-
rizon (layer 10) of the MZSAL the clay matter was moved mainly by the
lateral translocation (Kiihn et al., 2018). That accounts for clay pene-
tration inside the wedge and the development of the coatings similar to
those in Btg horizon (layer 10) (Fig. 9h). The assumptions are confirmed
by the maximum concentration of clay coatings in the middle part of the
Btg horizon (layer 10) (Fig. 3) and by an increase in the clay fraction at
this level (Fig. 2). The earlier formed coatings (at the time of the MZSAL
development) were partly moved towards the middle part of Btg horizon
(layer 10).

At the cold period MIS 5b, the cryogenic processes affected E horizon
(layer 9) and partly Btg horizon (layer 10) of the MZSAL. The micro-
structure of those levels displays cryogenic deformations of the intra-ped
mass noticeable as breaks of coatings and voids and as the presence of
ooidal aggregates. A high proportion of the clay fraction (Fig. 2) is also
related to permafrost. The mentioned changes are absent from or poorly
pronounced in the middle or lower part of the Btg horizon (layer 10).
The wedge has penetrated these horizons. Then, during the warm stage
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(MIS 5a), this wedge was filled with the material of the surficial humus
paleosol (generated during MIS 5c stage (Fig. 3S)). Further on, at stage
MIS 5a, the paleosol was formed. The remaining soil profile of the MIS
5c being dragged into paleosol the MIS 5a, together with the above
described frozen horizons of the MZSAL.

As seen from the above, the MZSAL exposed in section Likhvin-1/18
has passed through freezing and thawing stages. Formed as Retisol in the
Mikulino Interglacial, it passed into Cryosol due to cryogenic processes
during the MIS 5e/5d interval. At the subsequent stages (MIS 5c, 5b, 5a),
it may be considered as parent rock for the interstadial paleosol profiles.
However, it should be taken into account that the soil-forming processes,
which resumed their activities in the MZSAL profile during the in-
terstadials, do not reflect the dominant climate characteristics.

Under the MZSAL paleosol, Bolikhovskaya et al. (1976) distin-
guished a paleosol PP3. According to her data, this paleosol can be
diagnosed as podzolic soil with signs of boggy soil and gleying. In the
Likhvin-1/18 section, the level of PP3 paleosol may correspond to layers
11-13. According to our research, there are no well-pronounced signs of
pedogenesis at this level. There are no pronounced peaks of MS, LOI
550°, and TOC (Fig. 2). In the microstructure, there are practically no
clayey coatings (Fig. 3), which are characteristic of podzolic soils
(Bronnikova et al., 2000). Earlier, Velichko (Little et al., 2002) also did
not distinguish the level of pedogenesis under the MZSAL. It is possible
that the PP3 paleosol in the section is exposed in fragments (Fig. 2S) and,
therefore, we do not observe it in the Likhvin-1/18 section.

In section Likhvin-1/18 the Late Pleistocene paleosols are overlain
with a thick loess horizon C (layers 4) devoid of any levels of soil for-
mation. However, the presence of poorly developed paleosol in the layer
was mentioned by Little et al. (2002). As seen in Fig. 2, the granulometry
changes abruptly at 2.7 m depth: the proportion of sand increases to
31.13%, while silt proportion drops to 64.33%, the latter suggests a
short-term interruption in the silt deposition.

4.1.4. The Kamenka soil complex and the Romny paleosol (ROM)

The Middle Pleistocene EKAM (layers 5-8) described in section
Likhvin-2/18 presents a thick brown profile. Its microstructure abounds
in clay coatings (Fig. 10a, Fig. 10b), and the high MS values suggest an
active reprocessing of the paleosol by soil processes (Fig. 2). It was noted
earlier (Morozova and Velichko, 2009) that the Kamenka Interglacial
(MIS 7) soils mainly were Luvisols with Cambisol participation. Here the
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EKAM paleosols are similar to those described in the sections of Golo-
lobovo, Strelitsa, and Ozherelye (Panin, 2007; Chizhikova et al., 2007;
Panin et al., 2019a). The uppermost EKAM horizons (including eluvial
ones) in the section Likhvin-2/18 had been eroded. However, the
greyish-whitish horizon with a brownish hue was mentioned in the
paper by Bolikhovskaya et al. (1976). As may be seen in the clay fraction
distribution in coatings (Fig. 2), its proportion in the upper horizons is
much more significant in comparison with Bt horizon (layer 6), which is
not characteristic of the modern soils. The clay fraction transported from
the overlying Ag horizon (layer 4) is accumulated at a level of ABg ho-
rizon (layer 5). A similar process had been described earlier about E
horizon (layer 9) of the MZSAL. Quite possibly, the uppermost layer of
the EKAM had been eroded at the transition to the cold stage MIS 6, and
the paleosol lost its differentiation into horizons. That process was
considered in details about Luvisols in Poland (Switoniak et al., 2016).
The information available at present permits the EKAM in section
Likhvin-2/18 to be compared with Luvisols’s modern analogues
(Cutanic), found at present in Latvia, Poland, and Hungary (Switoniak
and Charzynski, 2014).

The soil-forming level described above the EKAM soil and attributed
to the ROM by Velichko (Little et al., 2002) has poorly pronounced
characteristics of a well-developed soil. The paleosol profile is heavily
gleyed and consists of Ag horizon (layer 4) only; the layer is cry-
oturbated, some charcoal remains, and coatings are noticeable in
microstructure (Fig. 10c, Fig. 10d). Earlier, we described those specific
features in the Mezin soil complex, section Likhvin-1/18. As seen in
Fig. 2, the graphs of the distribution of the clay fraction, LOI 550° and
950° of the paleosols of the Mezin soil complex, and the ROM and EKAM
are practically similar. So it is possible that ROM may be LKAM, in fact,
and therefore the section Likhvin-2/18 presents the Kamenka soil
complex. The paleosol of layer 4 in section Likhvin-2/18 may be clas-
sified with Gleysols.

According to Bolikhovskaya et al. (1976), four paleosols under the
Dnieper till are located in the Likhvin section. Velichko (Little et al.,
2002) distinguished three levels of soil formation in the section. In our
case, we can speak only about two paleosols, which they also described.
In the Likhvin-2/18 section, we did not find the Likhvin interglacial
paleosol (MIS 9), which had an eluvial horizon (Moskvitin, 1967) that
could be attributed to Retisols.

Fig.

11

10. Microstructure of the EKAM and the ROM: a (PPL), b (XPL) - the horizon Bt of the EKAM; ¢ (PPL), d (XPL) — ROM.Legend: Ch - channels, C-C - clayey coating.
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4.2. OSL and AMC dates in the Likhvin section stratigraphy

The stratigraphic position of BR in the Likhvin sequence is consid-
ered in details by Little et al. (2002), the authors having dated it to MIS 3
(Fig 11). AMS date of 29987 cal BP corresponds to this interval. OSL date
of 67 + 7 ka in the Bk horizon (layer 6) of this paleosol does not
contradict these conclusions. The OSL analysis determines the age of the
soil-forming rock accumulated during the MIS 4, and the soil formation
took place in a later period. This sequence is typical for modern soil,
where the main processes of soil formation took place in the Holocene
(MIS 1), and the loess material of MIS 2 serves as the basis for the soil. It
is confirmed by 17.9 + 1.1 ka and 27.7 + 1.9 ka dates in the loess ho-
rizon C (layer 4) (Fig. 11).

As to the MZKR, the authors mentioned above (Little et al., 2002)

a0 @ .
AB % Holocene soil MIS 1
Bt 4| 5164 cal BP
i ® 17.9:1.1ka(Q)
2_
c @ MIS 2
3_
f @ 27.7+19ka(Q)
4 29987 cal BP
Ao ® BR MIS 3
Bk O ® 67:7ka (Q) MIS 4
BCg )
A B 886 ka (Q); 8616 ka (KF- pIRIR,.5AR) MZKR (?
E @ 866 ka(Q) ()| mis 5a
Btg 7 |10 108+11 ka (Q); 11818 ka (KF- pIRIR,,5AR) MZSAL| MIS 5e
c1 a
Cc2 8 @
(E]
49 73:9ka (Q)
d &
o
] MIS 6
@ I o
1 0 @ Dnieper till
1 @
2 ®
3*
Ag @ ROM or LKAM
4 148418 ka (?); >119 ka (Q)
ABg
Bt 5 ® EKAM MIS 7
BC 6 @ 283:44 ka (?); >112 ka (Q) MIS 8
G 7

Fig. 11. Stratigraphy of Likhvin-1/18 (I) and Likhvin-2/18 (II) sections. See
legend in Tables 1S and 3S. See Fig. 2 for the legend for the section column. Q -
quartz and KF - K-rich feldspar.

12

Catena 205 (2021) 105445

attributed it to MIS 5c, but our results argue for the paleosol being
correlated with MIS 5a. OSL dates of 88 + 6 ka and 86 + 6 ka in horizon
A (layer 8) correlate with MIS 5b, which correspond to the cold stage of
accumulation of loess material. During the warming period of MIS 5a, an
interstadial type of paleosol is formed on this substrate, the so-called
MZKR paleosol. The overlying deposits of layers 7 and 6 formed in
MIS 4 do not allow layer 8 to be attributed to the MIS 3 interval. In
horizon E (layer 9), the date is 86 + 6 ka, corresponding to the MIS
interval 5b. This age inversion can only be explained by the movement
of material from layer 8 to layer 9 caused by cryogenic processes.
Simultaneously, between layers 8 and 9, the MIS 5c paleosol, which
Velichko et al. (2011) called the MZKR paleosol, should be strati-
graphically expressed. It is possible that erosion processes demolished
the MZKR paleosol in the transition interval from MIS 5c¢ to 5d. There-
fore, in the Likhvin-1/18 section, we observe the paleosol profile formed
in MIS 5a, but we understand that this statement needs to be confirmed
by additional studies.

In the MZSAL paleosol, two dates were obtained in the middle part of
the Btg horizon (layer 10), which partially correspond to the interval
128-114 ka of MIS 5e (Fig. 11). The date of 108 + 11 ka by quartz within
the error range can refer to MIS 5e and MIS 5d, and the date 118 + 8 ka
by feldspar refers only to MIS 5e. In the chronostratigraphic scheme by
Velichko et al. (2011), the MZSAL paleosol correlates with MIS 5e. The
paleosol profile is well developed; there is a textural differentiation into
the soil horizons E and Btg, which can be traced at the micro-level
(Fig. 3) and according to the physico-chemical analyses data (Fig. 2).
All these soil features are characteristic of interglacial paleosols (Panin
et al., 2019a; Sycheva et al., 2020), where soil formation processes took
place for a long time. Therefore, it can be stated with great confidence
that the MZSAL paleosol in the Likhvin-1/18 section was formed during
the interglacial period MIS 5e. We believe that the obtained stratigraphy
needs to be confirmed by a more careful selection of possible dates. Since
in layer 14 of the Likhvin-1/18 section, the accepted date of 73 + 9 ka
does not correspond to this section’s stratigraphy.

The ROM and LKAM paleosols were formed in the interstadial period
of MIS 6 (Velichko and Morozova, 2015). In the Likhvin-2/18 section,
the date 148 + 18 ka in layer 4 corresponds to this interval (Fig. 11). But
the absence of additional OSL samples in this layer does not allow us to
specify the age of the Ag paleosol horizon and relate it to the ROM and
LKAM paleosols. The OSL date of 283 + 44 ka in the soil-forming ho-
rizon BC (layer 7) of the EKAM paleosol correlates with MIS 8. The Bt
(layer 6) and ABg (layer 5) horizons were formed later than this date, so
it can be assumed that the main soil-formation processes in the EKAM
paleosol also took place later. Given that the EKAM paleosol is inter-
glacial and in the upper layer 4 is limited by the obtained age of MIS 6,
this paleosol can be attributed to MIS 7. Unfortunately, we are not sure
of the reliability of the dates given here, and the obtained infinite ages
(>119 ka; >112 ka) do not correspond to the studied time interval.
Further investigations should focus on the age refinement of subtill
deposits in the Likhvin-2/18 section by OSL dating of K-rich feldspar.

5. Conclusions

Only five paleosols have been found in the Likhvin section in the
course of our investigations. The high-resolution analyses gave us an
insight into the structure of the paleosols studied in the LPS of the sec-
tion and permitted us to compare them with the modern soils. Based on
the study of climatic conditions, under which the modern analogues of
paleosols develop (Kottek et al., 2006; Shoba, 2011), we could recon-
struct the climate dominant in the region in the Late and Middle Pleis-
tocene (Table 1).

The BR, MZSAL, and EKAM paleosols identified in sections Likhvin-
1/18 and Likhvin-2/18 are quite common on the East European Plain
and fit well the chronostratigraphic scheme.

The MZKR in the Likhvin-1/18 section, according to the results of
OSL analysis, corresponds to MIS 5a; it was previously believed that this
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Table 1
The climate conditions reconstruction of the paleosol development periods
during Late and Middle Pleistocene.

MIS Paleosol Modern soil Koppen — Geiger Climate
analogues Classification
1 Modern soil Phaeozems Dfb
3 BR Cryosols ET
3 BR Gleysols Dfc, Dfd
3 BR Cambisols Dfb
5a so-called the Folic Cambisols Dfd
MZKR
5¢ MZKR eroded (?)
Se- MZSAL Cryosols ET
5d
Se MZSAL Retisols Dfc
6 ROM or LKAM Gleysols Dfc, Dfd
7 EKAM Luvisols (Cutanic) Cfb, Dfb

paleosol developed in the MIS 5c¢ interval. This assumption requires
additional research.

The ROM on the East European Plain is not sufficiently studied, so we
have not enough information to assert layer 4 in the Likhvin-2/18 sec-
tion as belonging to this paleosol. Perhaps the ROM is the LKAM of the
Kamenka soil complex, and this conclusion needs further research. The
OSL dates obtained during our study in the Likhvin-2/18 section require
further refinement and confirmation by other OSL dates.
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