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SPECIAL ISSUE PATHWAYS OF
EVOLUTIONARY GEOGRAPHY 2.
PART 2. PROBLEMS OF PALAEOPEDOLOGY,
GEOARCHAEOLOGY,
FLUVIAL GEOMORPHOLOGY

EDITORIAL

This special issue of the journal “Geomorfologiya”
is the second volume of selected papers followed the
2"d International Conference “Pathways of Evolution-
ary Geography” (November 2021, Moscow) dedicat-
ed to the 90th anniversary of professor A.A. Velichko,
the famous Russian geographer, who made a great
contribution into the Quaternary science, geomor-
phology, soil science and studies of human-environ-
ment interaction in the past.

The special issue includes 15 papers grouped into
two thematic chapters — problems of palacopedology
and geoarchaeology (put together as in most papers
ancient soils were studied at archaeological sites), and
problems of fluvial geomorphology. The papers high-
light the main directions of evolutionary geography
developed by A.A. Velichko and present the results of
recent studies conducted in various regions of Eastern
Europe, Western and Eastern Siberia.

The special issue begins with the paper by M.V. Bo-
brovsky and his co-authors who presented the detail
reconstruction of the tree species composition in the
Upper Volga River basin (Peno District, Tver Region)
during the Early Iron Age (the Dyakovo culture) the
Early Middle Ages inferred from soil charcoal and ar-
chaeological excavations. Authors demonstrated that
the soil charcoal was the robust evidence of tree spe-
cies occurrence in the study area in different periods
and gave them a possibility for detail studies of vegeta-
tion history and human impact on forests.

The studies of M.A. Korkka and her co-authors
were devoted to reconstruction of the Late Pleistocene
paleoenvironment conditions (MIS 5-MIS 1) in vi-
cinity of the Middle Paleolithic Khotylevo I sites, one
of the largest Middle Paleolithic archaeological find-
ings in Eastern Europe, located in the central part of
the East European Plain (Bryansk region). Based on
precise description of paleosol morphology and prop-
erties authors revealed short-term climatic fluctua-
tions during the MIS 3. Authors determined a period
of extracontinental semi-arid climate followed by
more humid conditions appeared as paleosol sequenc-

es from Cambic Cryosol to Gleysol. The paper of
F.G. Kurbanova with co-authors is also focused on
paleosol studies at the archaeological complex in the
centre of European Russia (Kursk region). The multy-
proxy research included the detailed morphological
description of the buried soils in the Gochevsky burial
ground of Medieval age, grain size analysis, elemental
composition and iron fraction measurements, micro-
morphological studies, pollen analysis and non-pollen
palynomorphs identification. The obtained data
showed the complex temporal dynamics of forest-
steppe landscape in the region in X—XI centuries with
short-term humid and wet phases, possibly, influ-
enced on human migration in Eurasian steppe.

The intensive paleopedological studies of the last
decades clearly demonstrate the importance of
sedimentological approaches in paleogeography.
M.P. Lebedeva with co-authors obtained the new data
on the composition and properties of Khvalynian de-
posits and the evolution of soils in the Volga-Ural in-
terfluve using mineralogical and micromorphological
analysis. The paper of M.V. Khmeleva and co-authors
presented the preliminary results of studies of the
loess-paleosol sequence of the Alchak-Sedlovina sec-
tion (Crimea Penunsula).

Archaeological research and studies of human-en-
vironment interactions are the important issues in pa-
leogeography that was denoted by A.A. Velichko, who
devoted a lot attention to Paleolithic archaeological
sites and environment conditions of human occupa-
tion. The time of appearance of anatomically modern
humans (Homo sapiens sapiens) in the northeast of
East European Plain and on the Urals was discussed
by P.Yu. Pavlov. Based on archaeological materials
from the Palaeolithic site Zaozer’e (35—31'“C kyr BP)
located in the North-East of East European plain in
Upper Kama River basin, he revealed that modern hu-
mans probably reached the sub-arctic zone ca. 3—4
thousand years after their first appearance in the cen-
tre of the East European Plain.

The studies of environmental changes during the
Palaeolithic are continued by articles of Sedov et al.
and Sycheva et al. S.N. Sedov and his co-authors
proved that the paleosol-sedimentary sequences en-
countered at the Upper Palaeolithic archaeological
sites within the central part of the East European Plain
indicated the short-term climatic fluctuations, similar
ones revealed from Greenland ice core proxy. Detailed
research and dating of paleosols at the archaeological
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sites of Kostenki and Divnogorie gave rise to the com-
pound correlation scheme which covers the second
half of MIS 3 and MIS 2. The study of S.A. Sycheva
with co-authors was focused on the local stratigraphy
and palaecoecology of the Upper Palaeolithic site Div-
nogorie-1. Using paleopedological approach authors
traced a shift from the Late Glacial paleoenviron-
ments to the Holocene.

The Late Holocene of soil evolution in the forest-
steppe and steppe zones of the East European Plain
were described in the paper of Chendev et al. They re-
alized a comparative analysis of chernozems buried
under the mounds of the Srubnaya culture (Late
Bronze age) and their earlier and later analogues.
Authors demonstrated biochemical transformations of
the soil profiles and compared them with Holocene
climatic changes. The interesting results of paleosol
studies at the Eneolithic — Late Bronze Age archaeo-
logical site Yamgort in West Siberia (Yamalo-Nenets
Autonomous Area) are presented in the paper by
L.N. Plekhanova and co-authors.

The second chapter of this special issue devoted to
the problems of fluvial geomorphology is prefaced by
the paper of E.V. Lebedeva about the gas-hydrother-
mal activities and their impact on river valleys in geo-
thermal zones. She argued that solfataric gases out-
puts, mud volcanic manifestations and mineralized
thermal waters contribute to the formation of various
specific landforms on slopes and bottoms of river val-
leys in the areas of modern volcanism.

The structure of the floodplain in Moksha River
valley (middle Oka River basin) as a key to the under-
standing of the evolution of river valleys during the
Late Pleistocene was discussed in the paper of
E.Yu. Matlakhova and V.Yu. Ukraintsev. Authors us-
ing geomorphological and lithological analysis, and
radiocarbon AMS-dating reconstructed the main
stages of the Moksha River valley development during
the Late Pleistocene and Pleistocene/Holocene tran-
sition.

The new data of the Late Pleistocene and Holo-
cene sedimentation and development of the Lower
Lena River valley were presented in the paper of
S.A. Pravkin and D.Yu. Bolshiyanov. Based on field

observations, sedimentological descriptions, radio-
carbon and IR-OSL dating of alluvial deposits, they
proved that the floodplain and first terraces in the
Lower Lena River valley was caused by sea level fluc-
tuations at the end of Late Pleistocene and in the
Holocene. Authors showed that the glaciations of
Verkhoyansk Ridge could not influence to configura-
tion of the Lena River valley as mountain glaciers had
not rich the Lena River since the end of the Middle
Pleistocene. The novel materials of floodplain forma-
tion in the Selenga River basin were presented in the
paper of Yu.V. Ryzhov and co-authors. Authors fo-
cused on the structure and age of floodplain alluvium
of the main levels of floodplain, morphology of the
Selenga River valley, dynamics of water discharge,
structural and tectonic conditions of the river basin
during the Holocene. Authors determined the event of
a sharp change in the lithological composition of de-
posits as high floods at 3.8—3.4 kyr BP.

An advantage of the radiocaesium method for in-
vestigation of soil losses due to erosion in the perigla-
cial area of the Upper Oka River basin were presented
in the paper of L.N. Trofimetz and her co-authors.
They discussed the influence of paleocryogenic polyg-
onal-block microrelief of the study area to caesium-
137 distribution in soil cover.

The evolution of the upstream part of the Vol-
ga River was discussed in the paper of A.O. Utkina
and A.V. Panin. Authors suggested the new mecha-
nism of formation and age of the Plyos and Tutayev in-
cision valleys during MIS 2 and tested it using geo-
morphological observation, luminescence dating and
modelling approach.

The papers presented in the special issue cover a
broad range of scientific problems, methodological
approaches and study regions with a focus on evolu-
tionary geography, geomorphology, palacopedology
and geoarchaeology. The guest Editor expresses deep
gratitude to all the many authors, who submitted their
novel interesting results and valuable discussions to
the current volume, thus helping in closing some gaps
in knowledge and indicating directions for future
work.

E. Yu. Novenko, guest editor

TEOMOP®OJIOTUA  tom 53 Ne 5 2022
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(9 ponoB) OTMEYEHO IIJIsl pAaHHETO XeJIe3HOTro BeKa, B TOM uunciie BecrpeueHbl Quercus, Ulmus v Acer. UHdop-
Malysi, oJiydeHHasi B pe3y/ibTaTe U3y4eHUs! APEBECHOTO YIJIsl B IOUBE, SIBJISIETCS LIEHHBIM CBUIIETETLCTBOM
MIPUCYTCTBUS TAKCOHOB IepeBbeB Ha KOHKPETHOM TEPPUTOPUM B OTIpeieIeHHbIE OTPE3KU BpEeMEHM; O3B0~
JISIET BOCCO3MaTh MCTOPUIO B3aMMOIECTBMS YeJIoBeKa M JPEBECHOM PACTUTENILHOCTU B BEPXOBbsiX Bosru.

Karoueeswie cao6a: IeqoaHTPaKOJIOrKs, IajeoypbaHo3eMbl, JbsIKOBCcKasl KyabTypa, IpOBsHasl ApeBecHrHa,
paauoyriepogHOe JaTUpOBaHUe
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1. INTRODUCTION

The Early Iron Age and subsequent centuries in the
forest region of Eastern Europe is a crucial time of
structural change in human—nature interactions.
Therefore it is highly important to study the sites of the
Dyakovo and neighboring cultures in terms of settle-
ment, reconstruction of economy types, land use fea-
tures, and anthropogenic impact on landscapes. In
this regard, one of the most well-studied regions for
the Early Iron Age is the Moskva River basin (Syrovat-

ko, 2009; Krenke, 2011; Ershova et al., 2014, 2016; Sy-
rovatko et al., 2016; Uspensky, Chaukin, 2016; Vek-
sler, Gusakov, 2017; Islanova, 2017; Krenke, 2019;
Lopatina, 2019). The monuments of the Dyakovo cul-
ture in the Upper Volga River and Valdai have been
studied comparatively little (Islanova, 2012, 2013,
2014 a, b). This territory remains a “white spot” in the
Early Iron Age, a poorly populated area in the middle
to second half of the 1st millennium AD (Islanova,
2020). In terms of settlement and archaeological finds,
the subsequent period (second half of the 1st millenni-
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um AD) in neighboring areas, such as Novgorod re-
gion (Eremeev, Dzyuba, 2016), ancient Smolensk and
its surroundings, including the Gnezdovo archaeolog-
ical complex (Ershova et al., 2020; Krenke et al.,
2021), is much better studied.

The target of our study is the sites of fortifications
(hillforts) in the upper Volga and the Western Dvina
rivers, located in the contact zone of the Dyakovo and
the Dnieper-Dvina cultures (northern part of the Pe-
no district of the Tver region). Research of archival
materials and reconnaissance in recent years allowed
to judge the existence of hillforts of different size in the
study area (Smirnov et al., 2021). Archaeological set-
tlements mostly belong to the Early Iron Age, al-
though some of them according to the few ceramic
finds, could have appeared in the Early Middle Ages.
The sparse networks of small hillforts identified in re-
cent years raise questions about how the Early Iron
Age people may have influenced the dynamics of eco-
systems and how their lives were influenced by natural
conditions.

In the last decade, pedoanthrocological studies
have been actively developed to reconstruct the history
of specific sites based on the analysis of charcoals in
soil and sediments and their dating (Carcaillet, Talon,
1996; Carcaillet, Thinon, 1996; Talon et al., 2005;
Nelle et al., 2013; Ohlson et al., 2017; Saulnier et al.,
2019). These methods are widely used in the study of
archaeological sites (Figueiral, 1996; O’Donnell,
2017; Masi et al., 2018; Moskal-del Hoyo et al., 2021;
Novak et al., 2021; Ruiz-Giralt, 2021). They are often
used together with other methods of paleoecological
studies, primarily the study of different proxies in bog
or lake sediments that provide information about the
broader geographic and paleohistorical context. Ap-
plied to the region under the study, such work has been
done for the Krivetsky Mokh bog (Mazei et al., 2020).

We focused on an anthracological study of areas of
three hillforts of the Iron Age and the Early Middle
Ages with the aim to identify the peculiarities of the in-
teraction between humans and woody vegetation. The
objectives of the research were to: (1) determine the
thickness of the cultural layer and analyze the stratig-
raphy and concentration of charcoals in the hillfort;
(2) analyze the taxonomic composition of charcoals
with regard to their stratigraphy; and (3) determine the
age of charcoals from different locations in the cultural
layer and reconstruct changes in the taxonomic com-
position of charcoals in the hillfort areas during differ-
ent historical periods.

2. STUDY AREA

Study area is located in the north of the Valdai Up-
land located in the central part of the East European
Plain, in the Peno district of the Tver region (fig. 1).

The area is located in the hemiboreal forest region
(European Russian Forests, 2017), in the southern

subzone of the taiga forest. Landscapes are represent-
ed by a hilly plain (150—250 m a.s.l. with a maximum
elevation of 275 m) moderately dissected by gullies,
valleys of small streams and depressions. Quaternary
deposits are formed by moraine materials and flu-
vioglacial sands. Moraine ridges and hills are mainly
oriented from northwest to southeast, have a height of
6 to 20 and a length of 100 to 1500 m. The area is char-
acterized by a large number of lakes and mires devel-
oped in depressions between moraine hills.

The climate is temperate and moderate continental
with relatively cold winters (mean January tempera-
ture is —5.9°C) and warm summers (mean July tem-
perature is 18.3°C) (the Toropets weather station,
80 km southwest from the study area, 1988—2019;
http://www.meteo.ru). The mean annual temperature
is +5.6°C. The mean annual precipitation is about
761 mm.

Forests are usually dominated by Pinus sylvestris
(Scots pine) and Picea abies (European spruce) with
the participation of Betula spp. (birch) and Populus
tremula (common aspen). In the understorey, Sorbus
aucuparia and Frangula alnus often occur. Vaccinium
myrtillus, V. vitis-idaea, and green mosses prevail in the
forest floor. Boreal and nemoral herbaceous species,
such as Hepatica nobilis, Calamagrostis arundinacea,
Dryopteris filix-mas, Oxalis acetosella, Convallaria ma-
Jjalis, Galeobdolon Iuteum, Asarum europaeum, and
Stellaria holostea are common. Anemone nemorosa can
often be found in spring. Broadleaf trees rarely occur
in the vegetation. Quesrcus robur (pedunculate oak) is
common in the understory of Pinus sylvestris forests
while it rarely occurs in the overstory.

Small adult individuals of Tilia cordata (small-
leaved lime) usually occurs in lowlands, near streams.
Acer platanoides (Norway maple), Ulmus glabra (Scots
elm), and Fraxinus excelsior (common ash) can be
found in the north of the region where moraine hills
prevail. We did not meet elm and ash in the study area;
Norway maple was occasionally found. In wet depres-
sions, often close to swamps, there are forests domi-
nated by Alnus incana (grey alder); they also occur on
moraine hills.

Sandy soils Albic and Entic Podzols prevail on wa-
tersheds and slopes; Stagnic Podzols and Histosols are
common in depressions on the border with bogs
(IUSS Working Group, 2015).

3. MATERIALS AND METHODS

We have studied soil charcoal in the area of three
hillforts discovered in 2018—2019 (fig. 1, tabl. 1)
(Smirnov et al., 2021), on which there were no large-
scale archaeological excavations. The each hillfort is
located on the edge of a moraine ridge (an oz ridge).
Zaborovka-Likhusha and Runa-Zaborovka hillforts
are located inside the forest tracts. Voroshilovo hillfort
is located on a wooded hill surrounded by modern and
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Fig. 1. Location (a) and map (b) of the study region with the hillforts (squares): 1 — Runa-Zaborovka, 2 — Zaborovka-Likhusha,

3 — Voroshilovo.

Puc. 1. MectonaxoxnaeHue (a) 1 kapra (b) ucciienyemMoro paiioHa ¢ ropoauinamu (KBaapatsl): 1 — Pyna-3abopoBka, 2 — 3a-

o6opoBka-Jluxymia, 3 — Bopoiioso.

abandoned arable lands. Pinus sylvestris and Picea ab-
ies dominate in the forest canopy in all hillforts. Ac-
cording to the tree cores, Pinus sylvestris ranged from
80 to 110 years old in 2019. The brash Lonicera xyloste-
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um and Daphne mezereum were common in the under-
story. Forest floor vegetation in the hillforts differed
from the surrounding forests by low participation of
boreal dwarf-shrubs and green mosses. Nemoral
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Table 1. Points of soil sampling to define the concentration and taxonomic composition of charcoal
Taomua 1. Touku oT6opa MpoO MOYBbI IS ONPEACICHUS KOHLIEHTPALIMY U TAKCOHOMUYECKOTO COCTaBa IPEBECHOTO YISt

Number of samples used for
Hillfort 1D Description charcoal concentration /
taxonomical composition
Zaborovka-Likhusha ZL-1 Soil core 1 in the inner site 8/8
ZL1L-2 Soil core 2 in the inner site 8/8
Z1L-3 Soil core 3 in the inner site 8/8
Z1L-4 Soil core 4 in the inner site 3/3
ZL-5 Archaeological excavation, depth 30—45 cm 0/1
ZL-6 Archaeological excavation, depth 45—60 cm 0/1
ZL-7 Archaeological excavation, depth 45—60 cm 0/1
Z1-8 Archaeological excavation, depth 15—30 cm 0/1
Z1L-9 Ancient moat 0/3
Voroshilovo V-1 Soil core 1 in the inner site 8/8
V-2 Soil core 2 in the inner site 8/8
V-3 Soil core 3 in the inner site 5/5
V-4 Hillock of treefall with uprooting 0/1
V-5 Archaeological excavation, depth 45—60 cm 0/1
V-6 Archaeological excavation, depth 45—60 cm 0/1
Runa-Zaborovka RZ-1 Soil core 1 in the inner site 6/6
RZ-2 Soil core 2 in the inner site 6/6
RZ-3 Soil core 3 in the inner site 6/6
RZ-4 Archaeological excavation, depth 15—30 cm 0/1

herbs, such as Galeobdolon luteum, Asarum europaeum,
Stellaria holostea, Pulmonaria obscura, Aegopodium
podagraria, etc. were common together with Hepatica
nobilis and Urtica dioica.

Hillforts are elevations surrounded by fortification
structures. Zabarovka-Likhusha hillfort (fig. 2) is
ringed by a creek to west and north and a bog to east.
Size of the inner platform (inner site) is 35X21 m;
height above the creek is 14 m. The fortification struc-
ture includes the rampart of the settlement itself, a
moat in the south, and an additional cape rampart and
moat in the north. Voroshilovo hillfort (fig. 3) has an
oval inner area of 47% 18 m; height of the site from the
bottom is 5.5 m; traces of ramparts and moats can be
seen from southwest and northeast. Runa-Zaborovka
hillfort (fig. 4) has a rounded inner area with a diame-
ter of 25 m; height of the site is 3.5 m.

Soil samples were taken at the inner site of each
hillfort with a soil auger with a depth step of 15 cm to
determine the concentration and taxonomic composi-
tion of charcoal. The diameter of soil auger was 5 cm;
the volume of soil samples was about 235 cm?®. Soil
samples were also taken from two archaeological exca-
vations (1x1 m) both for the concentration /composi-
tion of charcoal and for radiocarbon dating with a soil
sample volume of about 600 cm?.

In Zaborovka-Likhusha hillfort, the following
sampling was performed. Four soil cores were taken to
a depth of 120 cm. Charcoals were also taken from an
archaeological excavation: from a burnt wooden struc-
ture in a depth of 55 cm and from the depth of 35 cm
(both for radiocarbon dating) and four samples at dif-
ferent depths for charcoal concentration and taxo-
nomical composition (tabl. 1). Three soil samples
were also taken from a pit dug on the western slope at
the bottom of the hillfort, where an ancient moat was
uncovered.

In Voroshilovo hillfort, the following sampling was
done. Three soil cores to a depth of 120 cm were taken.
Two charcoal samples were taken from an archaeolog-
ical excavation located at the edge of the inner plat-
form. Soil was also sampled from a hillock formed by
a recent treefall with uprooting that was located in the
inner platform and where a Dyakovo type spindle
whorl was found.

In Runa-Zaborovka hillfort, three soil cores to a
depth of 90 cm were selected and one soil sample was
taken from a small archaeological excavation on the
inner hillfort platform.

Fragments of textile ceramics, typical for the Dya-
kovo culture of the early Iron Age, were found at the
Zaborovka-Likhusha and Voroshilovo hillforts. At
Runa-Zaborovka hillfort, only stucco ceramics satu-
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Fig. 2. Zaborovka-Likhusha hillfort: (a) — map of the hillfort with the LiDAR-derived local relief model; (b) — LiDAR-derived
local relief model of the hillfort on the moraine ridge; (c) — forest vegetation in the area of the hillfort.

Puc. 2. Toponuiie 3ab6oposka-Jluxyia: (a) — uudpoBass Moaelb peiibeda ropoauilia Mo JaHHBIM JIMAapHOU cbeMKU; (b) —
1rdpoBasi MofieJib pejibeda MOPEHHOI! TPSIAbI C TOPOIUIIEM MO JAHHBIM JIMAAPHOUN ChEeMKU; (C) — JIECHAsI PACTUTEIBLHOCTD B

paiioHe roponuuia.

Fig. 3. Voroshilovo hillfort: (a) — map of the hillfort; (b) — soil (cultural layer) profile in an archaeological excavation.
Puc. 3. loponuiie Bopouminoso: (a) — cxema ropoauiiia ¢ ropusoHTansiMu; (b) — npoduiab mouBbl (KyJbTYPHOTO CJIOsI) B ap-

XEOJIOTUYECKOM Iypde.

rated with gruss has been found so far. The latter is
typical both for the early Iron Age and for the early
Middle Ages, so small fragments of this pottery cannot
be used as chronological indicators.

Soil samples were dried on air and gently sieved dry
through 2 mm mesh size (Carcaillet, Talon, 1996).
Charcoal fragments were extracted by hand from the
sieved samples and then weighed to calculate charcoal
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concentration (or anthracomass, g of charcoal per kg
of dry soil).

Taxonomic identification of charcoals was per-
formed using a reflected light microscope (40—400x%)
using wood anatomy atlas (Benkova, Schweingruber,
2004). The transverse, radial and tangential anatomic
planes of each charcoal were observed to identify char-
coals at the genus taxonomic level. When calculating
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Fig. 4. Runa-Zaborovka hillfort: (a) — map of the hillfort with the LIDAR-derived local relief model; (b) — LiDAR-derived local
relief model of the hillfort on the moraine ridge; (c) — soil (cultural layer) profile in an archaeological excavation; (d) — forest
vegetation in the area of the hillfort.
Puc. 4. Toponuie Pyna-3a6opoBka: (a) — undpoast Moneib pesibeda ropoamiiia o JaHHbIM JUaapHoi cbeMKU; (b) — 1ud-
poBasi Moziesib pejibeda MOPEHHOM IPSIbI C TOPOIUIIIEM 1O TaHHBIM JIMIAPHOM CheMKH; (C) — MPOodUIb MOYBHI (KyJIbTYPHOTO
cJiosl) B apxeosiorndeckoM 1rypde; (d) — JiecHast paCTUTENIbHOCTh B paiiloHe TOPOIUIIIA.

the percentage composition of taxa, all identified
charcoals larger than 2 mm were counted.

Fourteen charcoal samples were radiocarbon dated
by accelerator mass spectrometer — AMS in the Labo-
ratory of Radiocarbon Dating and Electron Microsco-
py in the Institute of Geography of the Russian Acad-
emy of Sciences (IG RAS). The radiocarbon dates
were calibrated with the IntCal20 (Reimer et al., 2013)
using OxCal (Ramsey, 2009). For the reconstruction
of historical dynamics of woody taxa in the area of hill-
forts studied, we assumed that the degree of mixing of
the cultural layer material is not very high and the age
of the dated charcoal corresponds to the age of the re-
maining charcoals in the sample. Thus, data on 12 ra-
diocarbon samples were extrapolated to 209 charcoals.

For each hillfort, taxa diversity was estimated by
taxa richness calculated as (i) the total number of taxa
in all samples studied within the hillfort, (ii) taxa den-
sity estimated as the mean number of taxa per a sam-
ple, and (iii) Shannon’s and Simpson’s diversity indi-

ces calculated by standard formulas and accounting
for the taxa abundance (Magurran, 2004).

4. RESULTS

Cultural layer, soil charcoal stratigraphy and concen-
tration. The cultural layer (topsoil) of all the studied
hillforts had a dark coloring due to the abundance of
fine charcoal. In some places, cultural layer had inclu-
sions of stones destroyed by incideration. The thick-
ness of the cultural layer varied from 50 to 75 cm and
from 50 to 80 cm in Zaborovka-Likhusha and Voro-
shilovo hillforts, respectively, and it was about 50 cm
in Runa-Zaborovka. In archaeological excavations,
the cultural layer looked relatively homogeneous in
structure and color to a depth of 50 cm in Zaborovka-
Likhusha and Voroshilovo inner sites, and to 30—40 cm
in Runa-Zaborovka. Deeper, lighter and darker spots
and interlayers alternated, and traces of pedoturba-
tions were visible.
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Table 2. Mean charcoal concentrations in the soil cores in the study sites, g X kg™! of dry soil
Ta6mma 2. CpenHue KOHLUEHTPALMK APEBECHOTO YITIA B 06pa3Lax MOYBbl Ha UCCAEIYEMBIX YUacTKaX, I X KT | cyxoii

TTOYBBI
Zaborovka-Likhusha Voroshilovo Runa-Zaborovka
Depth, cm
Mean SE Mean SE Mean SE
0—-15 3.59 2.19 0.34 0.21 0.42 0.27
15-30 0.95 0.21 0.59 0.05 0.51 0.29
30—45 0.37 0.13 0.43 0.10 0.36 0.19
45—-60 0.90 0.76 0.30 0.22 0.29 0.18
60—75 0.02 0.02 0.70 0.58 0.21 0.18
75-90 0.03 0.01 0.16 0.16 0.00 0.00
90—105 0.02 0.01 0.22 0.22 NA
105—120 0.06 0.04 0.23 0.23 NA

The highest values of both maximum (10 g kg~! of
dry soil) and average (1.24 + 0.55 g kg!) concentra-
tions of charcoals in the cultural layer were observed in
Zaborovka-Likhusha hillfort. These values were 1.84
and 0.47 £ 0.12 g kg~! in Voroshilovo and 1.06 and
0.40 £+ 0.10 g kg~! in Runa-Zaborovka hillforts.

In all sites, charcoal concentration strong varied
both spatially and by depth (fig. 5, tabl. 2). In Zabor-
ovka-Likhusha, it varied in different columns at depth
up to 60 cm and then decreased sharply. In Voroshilo-
vo, in two columns (V-1 and V-3) charcoal occurred
only within the cultural layer; in the third column
(V2), the maximum concentration of charcoal was in
the lower part of the cultural layer, but even deeper, up
to 120 cm, charcoals were found in abundance. In Ru-
na-Zaborovka, charcoal concentrations varied be-
tween columns to the greatest extent among all hill-
forts, but charcoal was not found deeper than 75 cm.

The soil pit at the bottom of Zaborovka-Likhusha
hillfort (across the ancient moat) comprised three lay-
ers of sediments with boundaries at a depth of 16, 35,
and 49 cm. The layers contained charcoals and con-
sisted of brown sand, lighter in color than the material
of the cultural layer.

Soil charcoal taxonomy: distribution and diversity.
We extracted 932 charcoal fragments from 64 soil
samples; 5 soil samples were without charcoal. A total
of 629 charcoal fragments belonging to 13 woody gen-
era were taxonomically identified: 304 in Zaborovka-
Likhusha, 173 in Voroshilovo, and 119 in Runa-
Zaborovka hillforts.

In taxa composition of charcoals (fig. 6), Pinus
dominated (66 and 40%, respectively) in Zaborovka-
Likhusha and Voroshilovo hillforts, followed by Picea
(16 and 20%). Charcoals of four hardwood trees were
also found in these sites: Quercus, Ulmus, Acer, and
Tilia (11% from all charcoals) were identified in
Zaborovka-Likhusha and Quercus, Ulmus, Acer, and
Corylus (16%) in Voroshilovo. Runa-Zaborovka hill-
fort differed notably in the composition of charcoals
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from the other two sites. Picea charcoals prevailed
(50%) and only few Pinus charcoals occurred (6%).
Quercus charcoals were second in number (26%), but
this was the contribution of one soil sample from the
archaeological excavation; charcoals of Ulmus, Acer,
and Tilia were absent, while the proportion of Alnus
(6%) was greater than in the other sites.

In the inner site of Zaborovka-Likhusha hillfort
(ZL-1 — ZL-8), Pinus charcoals were found through-
out the depths; charcoals of Picea prevailed in the up-
per part while Populus, Betula, and Alnus dominated in
the bottom part of the cultural layer (fig. 7). Charcoals
of hardwoods, such as Ulmus, Acer, and Tilia, occurred
at depth from 15 to 60 cm; it means they were neither
in the upper part, nor under the cultural layer. In soil
pit across the ancient moat (ZL-9), only Pinus char-
coals were found throughout the depths, whereas Pi-
cea and Betula occurred only in the upper sediment
layer.

In Voroshilovo hillfort, charcoals of the hardwood
species Quercus, Ulmus, and Acer were found within
the cultural layer, except for the upper 15 cm (fig. 8).
Charcoals of Corylus, on the contrary, was found only
to a depth of 15 cm. The taxonomic composition was
richest in the lower part of the cultural layer at the level
of 45—60 cm (up to 5 taxa in the sample). Thus, in the
sample V-6 from the archaeological excavation we
found charcoals of Picea, Populus, Ulmus, Acer, and
Salix; in the sample from treefall hillock (V-4) char-
coals of Pinus, Picea, and Alnus were found together
with the Dyakovo spindle whorl.

In Runa-Zaborovka hillfort, almost all charcoals
were found within the cultural layer, except for a few in
the column RZ-2 (fig. 9). Picea charcoals dominated
in most samples. Pinus and Alnus were found at differ-
ent depths. Charcoals of Quercus occurred mainly at a
depth of 15—30 cm; Corylus and Salix only in the up-
per 15 cm.

All taxa diversity indices were highest in Voroshilo-
vo (tabl. 3). They were followed by Runa-Zaborovka
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Fig. 5. Charcoal concentration in the soil cores taken in the inner sites of hillforts.

Puc. 5. KoHuieHTpanus 1peBecHOro yIiisi B 00pasiiax, B3SThIX HA BHYTPEHHUX TUIOIIAAKaX TOpOoauIll (0003HAYEHUS B TEKCTE).

Zaborovka-Likhusha

|

O Pinus 3 Picea O Betula Populus
B Quercus Ulmus B Acer B8 Tilia
4 Sorbus [ Salix B Euonimus

Fig. 6. Taxonomical composition of soil charcoals from the hillforts.
Puc. 6. TakcoHOMMYecKUii cocTaB yriieil U3 KYJIbTYPHOTO CJIOSI TOPOJIUIIL.
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Fig. 7. The number of charcoals of different taxa in Zaborovka-Likhusha hillfort.
Puc. 7. Hucno yrmieit pa3HbIX TAKCOHOB B KYJIBTYPHOM cJioe ropoauiia 3abopoBka-JIuxyiia.

indices with the exception of the taxa richness, which
was lower in Runa-Zaborovka (7 taxa) than in Zabor-
ovka-Likhusha (9 taxa), probably due to twice as many
samples in the latter. Simpson’s index shows that
dominance was the highest in Zaborovka-Likhusha.
Radiocarbon dating of soil charcoal samples. In
Zaborovka-Likhusha hillfort the oldest date was ob-
tained for charcoal from the burnt wooden structure
from the lower part of the cultural layer (from a depth
of 55 cm), about 296 cal. BC (IGANAMS-7118, tabl. 4,
fig. 10). A relatively close date was obtained from the
sediment at the bottom of the moat (IGANAMS-7297).
The third date belonging to the Early Iron Age was ob-

tained for charcoal from the soil core from the depth of
15—30 cm (IGANAMS-8075). Thus, for Zaborovka-
Likhusha hillfort, the dates within the Early Iron Age
were in the interval from 3rd ¢. BC to Ist c. AD. Three
more dates fell on the early Middle Ages, 7th—8th cc.
AD. There were two samples from the cultural layer:
charcoal from the archaeological excavation from
35 cm depth (IGANAMS-7119) and from the soil core
at 45—60 cm depth (IGANAMS-8075). Also charcoal
from the second (16—35 cm) sediment layer in the
moat under the hillfort (IGANAMS-7298) belong to
this period. The calibrated age of charcoal from the

Table 3. Taxa diversity of charcoals from the cultural layers of hillforts
Ta6muna 3. TakcoHoMuYecKoe pa3HoOOpa3re APeBECHBIX YIJIeil U3 KyJIbTYPHBIX CJIOEB TOPOIMIIL

Shannon’s Simpson’s Number of
Hillfort Taxa richness Taxa density . .. . p . samples with
diversity index diversity index
charcoals
Zaborovka-Likhusha 9 1.6 0.27 0.83 29
Voroshilovo 11 2.9 0.84 0.51 17
Runa-Zaborovka 7 2.1 0.44 0.75 13
TEOMOP®OJIOTHUA  Tom 53 Ne 5 2022
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Fig. 8. The number of charcoals of different taxa in Voroshilovo hillfort.
Puc. 8. Yuco yrieil pa3HbIX TAKCOHOB B KYJIbTYPHOM CJIoe ropoauiiia Bopoiiuioso.
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Fig. 9. The number of charcoals of different taxa in Runa-Zaborovka hillfort.
Puc. 9. Yuco yrieil pa3HbIX TAKCOHOB B KYJIBTYPHOM cJioe ropoauiia Pyna-3a6opoBka.

upper sediment layer in the moat (IGANAMS-7299)
corresponded to 16th—17th cc. AD.

For Voroshilovo hillfort, all 4 radiocarbon dates fell
within the interval of the Early Iron Age (tabl. 4, fig. 10).
The oldest date for all samples was obtained from
charcoal from a soil core at the depth of 105—120 cm
(IGANAMS-8084) and corresponded to ca. 4th—3rd cc.
BC. Since the charcoals were located deeper than the
cultural layer, it is unknown whether their origin is re-

lated to the existence of the hillfort. Charcoals from
the lower part of the cultural layer dated from 1st c.
BC up to 1st c. AD: charcoals were from the archaeo-
logical excavation at 45—60 cm depth (IGANAMS-7293)
and from the soil core at 70—75 cm depth
(IGANAMS-8083). The earliest date of charcoal
from the core at 15—30 cm depth (IGANAMS-8082)
corresponded to ca. 4th c. AD.

TEOMOP®OJIOTUA  tom 53 Ne 5 2022
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Fig. 10. Probability curves of calibrated radiocarbon dates for soil charcoals from the hillforts: ZL — Zaborovka-Likhusha,

V — Voroshilovo, RZ — Runa-Zaborovka.

Puc. 10. BeposTHOCTHBIE KPUBbIE KAIMOPOBAHHBIX PATUOYIIIEPOAHBIX HAT IS YIVIEH M3 KYJABTYPHOTO CJIOSI TOPOIMIIL:
ZL — 3aboposka-Jluxyma, V — BopomuinoBo, RZ — Pyna-3abopoBka.

For Runa-Zaborovka hillfort, all dated charcoals
were taken from soil cores (tabl. 4, fig. 10). The sample
from 60—75 cm depth (IGANAMS-8088) was located
below the cultural layer and contained a significant
number of charcoal fragments. Its calibrated age cor-
responded to the interval from Ist c. BC up to 1st c. AD.
The calibrated dates of charcoals from the cultural lay-
er from a depth of 15—30 cm corresponded to ca. 11th
c. AD, from a depth of 0—15 cm to 15th—16th cc. AD.

On the whole, the burning activities in the studied
sites can be represented as three main clusters: about
2000, 1300, and 500 cal. BP (fig. 11).

TEOMOP®OJIOTUA Ttom 53 Ne 5 2022

Due to a small number of dated charcoal samples,
we can perform only a preliminary reconstruction of
historical dynamics of woody taxa in the area of hill-
forts studied (fig. 12). Based on 12 radiocarbon sam-
ples of 209 charcoals belonging to 11 taxa, it can be
concluded that Pinus charcoal dominated all the time,
followed by Picea which increased from Early Iron Age
to High-Late Middle Ages. For the Early Iron Age,
there was the greatest number of taxa: 9 woody species
including Quercus, Ulmus, and Acer. For Early Middle
Ages, four taxa, including Ulmus, were registered. For



18

BOBPOBC

KWW u np.

Table 4. Radiocarbon dates for charcoals from the hillforts calibrated according (to Reimer et al., 2013)
Taomuua 4. PanuoyrnieponHble naThl ApeBECHBIX YIIei U3 Topoauill, KaaudbpoBaHHble (11o Reimer et al., 2013)

Identi- Lab. Cal.
. Sampling Horizon Depth, cm Material Lab. Code |radiocarbon| radiocarbon
ficator
age (BP) age (BP)
Zaborovka-Likhusha hillfort
Z1L-1  |Auger sampling Axp 45—60 Charcoal |IGAN,\s-8076| 1250 £20 | 2310—2104
ZL-2 |Auger sampling Axp 15-30 Charcoal |IGAN,\s-8075] 2020 =30 | 2289-2002
Archaeological excava- Axp 55 Charcoal |IGANjps-7118| 2180 £25 | 2047—1844
tion (burnt con-
struction)
Archaeological excava- Axp 35 Charcoal [IGANj\s-7119| 1450 =20 | 1367—1302
tion
ZL-9 (Soil pit M1(AxpB) 8—16 Charcoal |IGAN,\Ms-7299] 290 £ 20 1308—1192
Z1L-9 |[Soil pit M2(AxpB) 16—35 Charcoal |[IGAN\s-7298| 1360 £ 20 1274—1078
ZL-9 |[Soil pit M3(AxpB) 35—49 Charcoal |IGANj\s-7297( 2125+ 20 433-294
Voroshilovo hillfort
V-1 Auger sampling Axp 15-30 Charcoal |IGANj\s-8082| 1740 £30 | 2334-—2146
V-2 Auger sampling Axp 60-75 Charcoal |[IGANj,\s-8083| 1985+ 30 | 2097—-1930
V-2 Auger sampling BC 105—120 Charcoal |IGAN,\s-8084| 2220 =30 | 1993—1833
V-5 Archaeological excava- Axp 45—-60 Charcoal [IGAN,ps-7293| 2050 £20 | 1705—1549
tion
Runa-Zaborovka hillfort
RZ-1 |Auger sampling Axp 0—15 Charcoal |IGAN\s-8086 450 % 30 2100—1889
RZ-2 |Auger sampling Axp 15-30 Charcoal |IGANj\s-8087| 1030 £ 30 1051-804
RZ-2  |Auger sampling BC 60—75 Charcoal |IGANy\s-8088| 2040 £ 30 537—470

High and Late Middle Ages, there were 6 taxa: apart
from Pinus and Picea these were Betula, Alnus, Cory-
lus, and Salix.

Probability density
0.04 -
0.02
0 -
2500 2000 1500 1000 500 0

Calibrated date, BP

Fig. 11. Cumulative probability curve of calibrated radio-
carbon dates for soil charcoal from the hillforts.

Puc. 11. KymynsgtuBHast KpuBasi BEpOSITHOCTU KaauOpo-
BaHHBIX PAIMOYIIIEPOIHBIX JAT /IS YIJIe U3 KYJIbTYPHBIX
CJI0€B UCCIIEIOBAHHBIX TOPOIMIIL.

5. DISCUSSION

There are several common features of the studied
hillforts. The geomorphological basis for the fortified
settlements was a cape of moraine hill, at the foot of
which there was at least one water stream. The shape
of the hillfort when viewed from above was closest to
an oval. The cultural layer was from 50 to 80 cm thick,
dark-colored and filled with fine charcoal particles.
Quality characteristics of the cultural layers of the hill-
forts allow us to refer them to the category of archaeo-
logical Dark Earths (Anthropogenic Dark Earths,
ADE), which are poorly stratified dark-colored soils,
usually rich in charcoal and other anthropogenic in-
clusions.

As at many sites of the Dyakovo culture (Krenke,
2011) and at later archaeological sites with similar soils
(Sedov et al., 1999; Ershova et al., 2020), the Early
Iron Age layer is often overlapped by later cultural lay-
ers. The thickness of the cultural layer varies greatly.
For example, in Gnezdovo the thickness of ADE soil
ranges from 20 to 150 cm (Sedov et al., 1999; Trofimov
et al., 2004).

In recent years, ADEs have been investigated
across Europe (Devos et al., 2009, 2019; Ackcel et al.,
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Fig. 12. Proportions of charcoals of different taxa from the studied hillforts by the historical periods: Early Iron Age from 5th ¢c. BC
to 5th c. AD, Early Middle Ages from 6th to 10th cc. AD, and High and Late Middle Ages from 11th to 16th cc. AD.

Puc. 12. CooTHolIeHUE yTJIei pa3HbIX TAKCOHOB U3 UCCIIEIOBAHHBIX TOPOAMILL IO UCTOPUYECKUM TIEPUOIaM: PAaHHUIL Kese3-
HbIH BeK (5 B. 10 H. 3. — 5 B. H. 3.), paHHee cpeaHeBeKoBbe (6—10 BB. H. 3.), BBICOKOE 1 MO3Hee cpeaHeBeKoBbe (11—16 BB. H. 3.).

2017; Dotterweich, Schreg, 2019; Negassa et al., 2019;
Asare et al., 2021). Dark Earths are common in settle-
ment areas throughout much of Europe, but predom-
inate in northern Europe, where they are sometimes
referred to as “Baltic black earths”. The formation of
these soils began between 3800 and 2000 BC (Acksel et
al., 2017), but the formation of most Dark Earths is at-
tributed to the Viking and Northern Slavic economy in
the 1st millennium CE (Wiedner et al., 2015). The
properties of these soils have been attributed to the
long-term application of organic waste, charcoal, and
fecal matter (Acksel et al., 2016). The existence of
Dark Earths demonstrates the ability of sandy soils in
the European climate to retain a high content of or-
ganic matter for hundreds of years when economic use
is discontinued. Although the origin of Dark Earths is
closely related to settlements, there is speculation that
it was used for plant cultivation (gardening) (Wiedner
et al., 2015). In this case, such soils may have been an
important component of the economy.

The peculiarities of ADE in the investigated sites
are their location on the modern surface, absence of
obvious signs of late anthropogenic influences, and
the existence of forest at the sites for at least the last
centuries. Both the age of charcoals in the cultural lay-
er and the archaeological findings (primarily textile
pottery) show that the main thickness of the ADE at
the hillforts of Zaborovka-Likhusha and Voroshilovo
was formed in the Early Iron Age.

For Zaborovka-Likhusha hillfort, the interval of
ADE formation was ca. 300 cal. BC — 10 cal. AD, cor-
responding to Early Iron Age (500 BC — 500 AD).
However, in Zaborovka hillfort, we can also assume
human activity in the Early Middle Ages, accompa-
nied by possible reconstruction of the hillfort and its
use. This is indicated both by an episode of erosion of
material with charcoals (sediment in the moat) around
610 cal. AD, and charcoals in the cultural layer around
730 cal. AD. The sediment in the moat with charcoals
of about 1580 cal. AD may be related both to the fire
and more likely to local human activity on the hillfort
(no archaeological findings later than Early Iron Age
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were found). The cultural layer of Zaborovka-Likhusha
had the most obvious (among all three sites) signs of soil
mixing, which can include reversion of dates (occurrence
of charcoals of the same period at different depths and
younger charcoals deeper than the older ones) and vari-
ability of the charcoal concentration by depth.

For Voroshilovo hillfort, the time of ADE forma-
tion can be attributed to 70 cal. BC — 320 cal. AD.
Charcoal of about 300 cal. BC were also encountered
at the Voroshilovo site, for which no connection with
the cultural layer was established. There were no sig-
nificant visible signs of soil mixing within the main
ADE thickness.

For Runa-Zaborovka hillfort, it is most difficult to
attribute the time of ADE formation. The charcoals of
about 30 cal. BC were located deeper than the cultural
layer. The findings of smooth-walled (Smirnov et al.,
2021) date the time of the formation of the hillfort to
the Early Medieval period, and the date of about
1010 cal. AD from the middle of the depth of the cul-
tural layer refers to the end of this period. The char-
coals on the surface date to about 1440 cal. AD, it is
difficult to associate them with a specific activity be-
cause no archaeological findings from this time have
been found.

Thick Anthropogenic Dark Earths are the result of
complex interactions of anthropogenic and natural
factors lasting at least several centuries. It is impossible
to identify these factors without detailed archaeological
excavations, which are so far the task of future research.

The diversity of tree taxa described at the hillforts
seems to be high for the southern taiga region, in the
area of modern pine forest dominance with a relatively
poor species composition. According to the stratigra-
phy of charcoals and the taxonomic composition of
dated samples, the greatest species richness was pecu-
liar to the Early Iron Age. The greatest diversity of
hardwood tree species was also detected for this time.

Often for Europe, a decrease in species diversity or
even a complete change of species complexes is noted
based on the results of studies of charcoals in soils and
archaeological sites (Bobek et al., 2019). This is espe-
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cially the case in mountainous areas (Benatti et al.,
2019; Saulnier et al., 2020; Tolksdorf et al., 2020).

For the loess areas of southern Poland, a compari-
son was made of charcoal complexes from archaeolog-
ical sites between the Neolithic period, the Early and
Middle Bronze Age (Moskal-del Hoyo, 2021). There
was no change in species, only a change in their partic-
ipation, but there was probably a change in plant com-
munities. The species composition depended to a
greater extent on the landscape: important regional
differences between, on one hand, the loessic uplands
and the forelands, and, on the other, the foothills were
shown. A large-scale study was carried out by Novak
et al. (2021) for lowlands in the Czech Republic, ana-
lyzing charcoal records from 474 localities. A signifi-
cant differentiation in the dynamics of taxa between
different landscapes there was shown. The smallest
changes were noted for landscapes with the predomi-
nance of Quercus and high abundance of Pinus. The
Late Holocene woodland transformation was related
to the migration trends of Carpinus, Fagus, and Abies;
the activity of changes decreases from west to east.

There were no changes in the species composition
and migration of woody species in the Late Holocene
in our study area, either from charcoal records or from
pollen data (Mazei et al., 2020). All our charcoal find-
ings of species are within their current distribution ar-
eas, but as noted in the study area section, some tree
species are rare in the region (Acer and Ulmus), espe-
cially as mature trees. At the same time, almost all
genera of trees whose ranges cover the study area, ex-
cept for ash (Fraxinus), were found as charcoal.

The reasons for the presence of certain species in
the form of charcoal in the cultural layer are always the
result of several factors, such as the availability of the
tree species, its economic function, and the features of
wood burning and charcoal preservation (Novenko
et al., 2009).

The principle of least effort, assuming that charcoal
frequency direct reflects the prevalence of woody taxa,
has usually been used to interpret the results of char-
coal findings. However, as Rubiales et al. (2011) noted,
charred remains are the final result of diverse human
activities; consequently, archaeological charcoals are
not haphazardly distributed by the sole effect of cli-
matic and environmental conditions. In our study, it is
likely that most of the charcoals are firewood; some
(probably small) portion may belong to burnt build-
ings. As far as can be judged from the soil cores and ar-
chaeological excavations, there were no obvious areas
of confined charcoal concentration, although the
thickness of the cultural layer and charcoal concentra-
tions varied. The charcoals were found in the cultural
layer throughout the studied area. It is probably the re-
sult of long-term burning of wood, horizontal move-
ment of charcoals, and vertical pedoturbations. In
general, these are the mechanisms of the formation of

all ADEs, but the elucidation of specific factors re-
quires detailed study.

We can talk about a significant and likely dominant
participation of Pinus in the area of the studied hill-
forts. In the areas of Zaborovka-Likhusha and Voro-
shilovo, the occurrence of Pinus and its probably sig-
nificant participation in the stands was recorded al-
ready at the time of the first burning in the sites in
3rd—1st cc. BC. The presence of a prominent propor-
tion of hardwood charcoals probably indicates their
availability and common presence in the vegetation
near the hillforts. For Tilia, we can assume rather an
occasional presence in the composition of firewood.
Quercus had a very diverse and wide range of uses,
including as firewood. However, the use of Acer and
Ulmus, especially the latter, as firewood is not straight-
forward or cost-effective. The intended use of wood of
these species (on a par with Quercus) is not excluded
when it is necessary to obtain high flame tempera-
tures, for example, in smelting of metals. The signifi-
cant predominance of Picea charcoals in different lay-
ers of Runa-Zaborovka hillfort, including in the Early
Iron Age, may be evidence of its predominance in the
surrounding forests with little participation of other
tree species. The use of spruce wood can hardly be
considered intentional, as it is not the optimal species
for firewood.

The results correlated well with the palynological
data obtained from the study of the nearby Krivetsky
Mokh bog (Mazei et al., 2020). Hardwood trees have
dominated the region since about 9000 cal. BP.
Around 4300 cal. BP, the relative abundance of Picea
and Pinus increased. The most notable changes in veg-
etation occurred at the turn of the Early Iron Age, ca.
2600 cal. BP. From that time, the proportion of Betula
and Alnus increased, while most other deciduous trees
(Tilia, Quercus, and Ulmus) decreased in abundance.
Quercus further increasing participation, the decrease
of Tilia and Ulmus was irreversible. There is insuffi-
cient data to judge the participation and dynamics of
Acer and Fraxinus in the vegetation. The abundance of
Picea and Pinus varied greatly. This time was marked
by an increased proportion of Artemisia and Plantago,
as well as other grasses (Poaceae, Chenopodiaceae).
During this period there was a slight (not strong) in-
crease in charcoal input, but also an increase in the
frequency of local fires, which became more regular
(about one episode per 250 years) after a large period
of their rarity (more than one episode per 1000 years).

The results of a study of another complex of bogs
located on Valday Upland to southeast of the region
we studied (Central Forest Nature Reserve) showed
that significant changes in the vegetation composition
occurred there somewhat later, ca. 2000 cal. BP. At
this time, the content of Picea pollen decreased, the
content of pollen of hardwood trees noticeably de-
creased, and the proportion of Betula pollen increased
(Novenko et al., 2009).
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The information we obtained from the soil char-
coal composition is a valuable evidence of the pres-
ence of a tree taxon at a particular site at a particular
point in time, detailing the reconstruction of the veg-
etation history in the upper reaches of the Volga River.

6. CONCLUSION

Cultural layer of all studied hillforts was presented
by Archaeological Dark Earth saturated with charcoal
and 50 to 80 cm thick. At Zaborovka-Likhusha hillfort
on the basis of charcoal dating, three periods of human
activity were identified: (i) from 3rd to 1st c. BC,
(ii) from 7th to 8th c. AD, and (iii) 16th c. AD. At Vo-
roshilovo hillfort, two periods were marked: (i) from
3rd c. BC to 1st ¢c. AD and (ii) 4th c. AD. At Runa-
Zaborovka hillfort, human activities were in 11th and
15th c. AD while charcoal of 1st c. BC also occurred.
Thus the duration of the cultural layer formation was
probably hundreds of years; Zaborovka-Likhusha and
Voroshilovo hillforts belong to the Early Iron Age (the
Dyakovo culture) whereas Runa-Zaborovka hillfort
belongs to the Early Middle Ages.

A significant number of woody species taxa (13 genera)
were identified in the cultural layer of the hillforts.

There were no drastic changes in the composition of
the regional species pool, such as the species disap-
pearance. Among the three periods: Early Iron Age
(from 5th c¢. BC to 5th c. AD), Early Middle Ages
(from 6th to 10th cc. AD), and High and Late Middle
Ages (from 11th to 16th cc. AD), the greatest diversity
of woody species genera was recorded for Early Iron
Age, where charcoals of Quercus, Ulmus, Acer, and
Populus were found. Runa-Zaborovka hillfort notice-
ably differed in the taxonomic composition of char-
coals, and there were no archaeological Early Dyako-
vo finds here.

The sparse network of small hillforts identified in
recent years in the Valdai Upland in the northern part
of the Peno District of the Tver Region raises ques-
tions about how Early Iron Age peoples may have in-
fluenced the dynamics of ecosystems and how their
life depended on natural conditions. The study of
charcoal in other hillforts and in the surrounding soils
in the region will make it possible both to estimate the
activity of the population in the areas of hillforts and to
reveal the peculiarities of the anthropogenic transfor-
mation of the adjacent areas.

WOODLAND DYNAMICS AND HUMAN ACTIVITY BASED
ON CHARCOAL ANALYSIS FROM HILLFORTS OF THE IRON AGE
AND EARLY MIDDLE AGES IN THE UPPER VOLGA RIVER
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Soil charcoals in cultural layers of three hillforts located in the upper Volga River (Peno District, Tver Region)
were studied in soil cores and archaeological excavations. The characteristics of the cultural layers of the hill-
forts allow us to refer it to the category of Archaeological Dark Earth with a thickness from 50 to 80 cm. The
age of charcoals and archaeological findings showed that the cultural layers of Zaborovka-Likhusha and Vo-
roshilovo hillforts belong to the Early Iron Age (the Dyakovo culture) and Runa-Zaborovka hillfort belongs
to the Early Middle Ages. A total of 629 charcoal fragments belonging to 13 woody genera were taxonomically
identified. The charcoals of the 12 dated samples were evaluated for changes in the taxonomic composition
over time. In all periods, Pinus charcoals dominated, followed by Picea; their proportions increased from the
Early Iron Age to the High-Late Middle Ages. For the Early Iron Age, the largest number of taxa, 9 woody
species, including Quercus, Ulmus, and Acer, was observed. The information obtained from the soil charcoal
composition is a valuable evidence of the presence of tree taxa in a particular area at a particular time; it details
the reconstruction of the history of vegetation in the upper Volga River.

Keywords: pedoanthracology, Archaeological Dark Earth, Dyakovo culture, firewood, radiocarbon dating
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['pyrma pa3HOBpeMEeHHBIX CpeTHENaTeOIUTUIECKUX IMTaMSITHUKOB XOThLIEBO I pacrosoxeHa B bpsiHCcKoit 00-
nactu, B 400 kM K 10ro-3amamy oT MockBbI B BepxHeM TedeHUu p. decHbl. B 2021 1. B pamkax paboT Ha pa3-
pe3e Ne 3 XoteuréBo I 6bl1a yroyHeHa cTpaturpadysi IOYBEHHO-0CAI0UYHOI CEpUM MOCIeTHEN JISTHUKO-
BoOIi anoxu. B pa3pesax mpencraBieHsbI ITOYBH TociaeqHero Mmakpo-uukiaa MUC Sa—c — MUC 3 (matupo-
BaHue OSL, AMS). ITousst MUC 5 pacnionoxeHbl B HUXKHEM YacTu pa3pesa, ci1abo nuddepeHInpoBaHbl
U BKJTIOYAIoT apTedakThl pa3HOTO BO3pacTa, pa3jinvyalolinecs Mo CTeNIeH COXPAHHOCTH KYJIbTYPHBIX OTJIO-
JKeHUi, MX KyJIbTYPHOI MPUHAIIEXKHOCTU U MHTEHCUBHOCTU obuTaHus yejaoBeka. [Tousst MUC 3 mipen-
CTaBJICHBI B BUIIE HECKOJIBKHX YPOBHEN ImouBooOpa3zoBaHmsa. OmHa u3 1mouB (mouBa IV Bospact 34.1—
32.7 ThIC. NET 14C) MMeeT MOJHbI Ha0Op FreHETUYECKUX TOPU30OHTOB, HE HApYILIEHHBIX KpUOTreHe30M (10—
Xoxue ITouBkl onrcanbl B [epmanuu n Asctpun), AO-E-Bw-Bk-BCk, coBpeMeHHBIM aHaJI0rOM KOTOPOI
sBIsiIoTCs nayieBble mouBkl (Cambic Cryosol) SAkytuu. @opMupoBaThCsl 3Ta MOYBA 10JKHA ObLla B 3KCTpa-
KOHTMHEHTAILHOM CEMUApUIHOM KJIMMaTe IO/ TaeXKHbIMU JiecaMu. TeM He MeHee B pa3pe3ax XOoTbUIEBO |
naneonoyBa IV oTpaxkaer U nocienyouUmii 3Tan ryMUaIn3aluyd KJMMarTa, 4To BbIPaXX€HO BO BTOPUUYHOM
OIJIEeHUU TOPU3OHTOB MPOMUIISI U HAXOAUT OTPaKeHUE B pe3yjIbTarax CIIOpoIbIIbIIEeBOTO aHanu3a. B 1ie-
JioM paspe3 3 XoTbUIEBO I coxpaHsieT MoapOoOHYIO MajJeONIOUYBEHHYIO 3allMCh, OTPaXKaIOLIYIO JaXe KpaTKo-

BPEMCHHBIC KIITMMAaTUYECKUE KoJieOaHusl.

Karouesnie cnrosa: cpenHuit najieonur, XoTeUie€Bo 1, Mukok/KMG, naneornouBsl, cpenHuii Banmaii, mane-

Bas rmousa, MUC 3
DOI: 10.31857/S0435428122050066

1. INTRODUCTION

An important objective in the research of the pa-
leoenvironment of the last cryochron on the territory
of the East European Plain continues to be the de-
tailed study of the paleosols of that period. The longest
and most favorable interval for vegetation and soil for-
mation during the last half-cycle correlates with ma-
rine isotope stage 3 (MIS 3). Undoubtedly, under the
conditions of a cryochron, pedogenesis was restricted
by rather harsh climate, but, nonetheless, various sec-
tions demonstrate soil-sedimentary sequences with
several levels of MIS 3 soils, some of which have
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rhythmic structure. In general, such sections are de-
scribed in gully deposits, where accumulating colluvi-
um regularly interrupted pedogenesis. These soils are
thin, poorly developed and their structure is disturbed
by cryogenic processes (Sycheva, Khokhlova, 2015;
Korkka et al., 2017a; Korkka et al., 2017b). Sometimes
these multiple events of soil development can be cor-
related with the Greenland interstadials (Haesaerts
et al., 2010).

Only one MIS 3 soil level is usually preserved in
sections at flat upland landsurfaces. In Russian litera-
ture this soil is called the Bryansk paleosol. This pa-
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leosol has a well-formed soil profile disturbed by cryo-
genic deformations. It is described in detail in the
works of A. Velichko and colleagues and included as a
marker of the MIS 3 level in his East European loess
stratigraphy (Velichko, 1990). A similar situation is
observed in most European Late Pleistocene upland
loessic sequences: MIS 3/Middle Pleniglacial is repre-
sented mostly by one or two well-developed paleosols
(Stillfried B in Austria, PK1 in Czech Republic,
Lohne in Germany, etc.) (Kadereit et al, 2013; Ter-
horst et al., 2015). The relation of these paleosols to
the multiple contrasting climatic fluctuations during
MIS 3 is still under discussion. In particular, the hy-
pothesis of their polygenetic nature was formulated
(Sedovetal., 2013). S.A. Sycheva and O.S. Khokhlova
supposed that pedogenesis of the Bryansk paleosol oc-
curred not only during MIS 3, but also extended into
early MIS 2, during which cryogenic features were ac-
quired (Sycheva, Khokhlova, 2015). We described a
loess-soil sequence of the last cryochron in the sec-
tions of the Khotylevo I site in which a full-profile
MIS 3 soil is diagnosed. The horizons of this soil have
polypedogenetic features and are not deformed by
pseudomorphs along ice wedges from the Vladimir
cryogenic horizon (LGM). Soil profile preservation of
the Khotylevo I site is comparable to the soils of West-
ern Europe located on watersheds and is a distinguish-
ing difference from the MIS 3 paleosols of the loess-
soil sequences described on the territory of Russia.

2. OBJECTIVES AND METHODS

The Khotylevo I archaeological site is located at
the northern boundary of the Khotylevo Village in

Bryansk Oblast’, approximately 20 km west of Bryansk
city center and 400 km southwest of Moscow (fig. 1).

The site includes a complex of Middle Paleolithic
cultural horizons and cultural layers of different ages
varying in the extent of preservation of deposits, their
cultural appurtenance, and human habitation intensi-
ty within each identified cultural horizon. According
to preliminary data, most of the cultural horizons
could have Micoquian/KMG (Keilmessergruppe) as-
semblages. The overall length of the site along the right
bank of the Desna River is up to 1 km, making it one
of the largest Middle Paleolithic sites in Eastern
Europe (Otcherednoy, Voskresenskaya, 2009; Korkka
et al., 2017a).

The objects of study are loess-soil sequences Sec-
tion 3 and Section Kryuchka. They are located in the
middle of the northern slope, at an elevation of about
150 m a.s.l. The pedogenetic levels of these sections
are morphologically similar. These paleosols and sed-
iments are described and sampled. We collected bulk
samples for physical and chemical laboratory analyses,
and undisturbed soil samples were taken from the ge-
netic horizons for thin sections. However, in this arti-
cle we describe morphology in detail as the most im-
portant basis for subsequent paleogeographic inter-
pretation of the data. Most of the data presented
herein are for Section 3. We used morphological data
from Section Kryuchka to confirm the distribution of
the described pedogenic levels over a significant area
of Middle Paleolithic Khotylevo I sites. Soils and hori-
zons were identified using the World Reference Base
for Soil Resources 2014, update 2015.
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The comparative geographic and soil stratigraphic
methods were used in this work. For absolute dating
the AMS dating method was applied (humified lenses
from soils I1I and IV were dated).

Preliminary results of a pollen analysis were ob-
tained from soil I'V. Nine samples were collected from
horizons AO-E-Bw and one from the thickness over-
lapping the soil. Samples were taken with 1.5—4.0 cm
intervals and prepared applying standard chemical
treatment with 10% HCl and NaOH and heavy liquid
separation (Grichuk, Zaklinskaya, 1948). To estimate
pollen concentrations, two tablets containing a known
concentration of Lycopodium spores were added to
each sample prior to preparation (Stockmarr, 1971).
Non-pollen palynomorphs were identified, when pos-
sible, on the pollen slides. The mass of each sample
ranged from 10 to 20 g.

3. RESULTS

Stratigraphy. In 2021, within the scope of the work
at one of the areas of the Khotylevo I site (Section 3),
the stratigraphy of a soil-sedimentary sequence of the
last ice age was clarified, including MIS5a-5¢ and
MIS3 soils (fig. 2, (a, b)). The section is positioned in
the middle of the northern slope of a promontory
which points at the Desna (fig. 2, (c)). The high bed-
rock coast of the river is composed of Late Cretaceous
rock: Cenomanian quartz-glauconite sands with
phosphorite inclusions overlapped by Turonian marly
chalky rock with concretions of grayish black flint.
The thickness of the profile is approximately 20 me-
ters.

The section can be nominally divided into three
blocks (from top to bottom).

1. Late Valday loams (fig. 2, (a), depth 0.0—5.2 m)
slightly more than 5 m thick. Poorly layered, homoge-
nous, light greenish gray. A modern Holocene Luvisol
is formed within, and a cultural layer of a settlement
dating to the XIII — XVII centuries is documented.

2. A Middle Valday soil-sedimentary sequence
(fig. 2, (a), soil I-1V), 4.5 m thick, consisting of four
unrelated soil levels. A detailed description of this unit
is provided below:

— 5.2 m. Poorly developed soil I, with horizons
AB-Bk-BG, well-pronounced in all section walls. The
soil inherits the properties of underlying loess-like
loams, is gleyed (light olive horizon, ferruginization in
root channels). All horizons are pierced by worm bur-
rows, the maximum of which is seen in horizon AB.
Horizon Bk is lightened with powder carbonates.
Horizon BG is dense, extensively gleyed. The soil is
underlaid by poorly gleyed loess-like loams.

— 5.5 (5.8) m. Another poorly developed soil
(soil IT) consisting of two soil formation rhythms di-
vided by Middle Valday loess-like loams. Soils with
horizons AB-Bk which are similar in color and density
inherit a hummock relief (the diameter of a “mound”
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is about 20 cm). The thickness of each rhythm is ap-
proximately 30 cm. The transition from the below soil
layer to underlying loams is gradual, the boundary is
very wavy. The soils are underlaid by loess-like loams
with weak signs of gleiing.

— 6.1 (6.6) m. Soil I (AMS date 27.8—26.7 '“C kyr
BP) as a dark gray, humified thickness 40—60 cm
thick. Disturbed in the upper part by several genera-
tions of small wedges (up to 20 cm) from overlying
loess-like loams. In the central part abundant humi-
fied, very dark gray lenses untouched by cryogenesis
are preserved. Overwetting is noted in Fe-Mn concre-
tions, ferruginous and olive brown spots. In the bot-
tom part the soil level includes lenses of yellow under-
lying sand. No genetic relation between the organic
and underlying horizons has been determined. Sup-
posedly, the humified horizon slid from higher hypso-
metric levels in more humid periods.

— 6.6 (7.7) m. A redeposited loamy sand material
from the underlying soil presenting as humified, peat-
ed lenses integrated into the remains of horizon Bw.

— 7.7 (8.2) m. Soil IV — Middle Valday polygenetic
paleosol AO-E-Bw-Bk-BCk (fig. 2, (b)). Horizons
AO-E present as thin redeposited lenses 20—30 cm
thick. Horizon AO is black, peated, with inclusions of
charcoal.

Horizon E is light gray, sandified. Dessication
cracks tinted by humified material protrude from AO-E
lenses into lower horizons Bw and Bk.

Horizon Bw (25—30 cm thick) is dark yellowish
brown, slightly loamy.

Horizon Bk (50—60 cm thick) is moderately loamy,
dense, with powder carbonates. Insignificantly dis-
turbed by a network of cracks. Uniformly present in all
section walls. Gleyed. Bioturbated (krotovinas). Het-
erogeneous in color (from light brownish gray to light
yellowish brown). The transition to the horizon below
presents as lenses and krotovinas, the boundary is
straight.

Horizon BCk (20—30 cm thick) is a thin-layered,
yellowish brown loamy sand. Gleyed zones and car-
bonate coating are seen in root channels. The thick-
ness of soil IV is 120 cm.

— 8.9 m. Very pale brown sandy layered unit 2.5 m
thick.

3. Early Valday deposits corresponding to OSL dat-
ing results (Hein et al., 2020) and interstadial soils
formed within them. In the upper part the unit of
loess-like loams (approximately 2.5 m thick) is a light
olive gray color. Underneath them is a unit of layered
(interlayers of loam and loamy sand) crumpled loamy
sands (approximately 2.5 m thick) overlapping paleo-
horizons. The unit is underlaid by marly chalky collu-
vium with inclusions of sandy lenses and layers (the
thickness is approximately 1.5 m). Further down,
Cenomanian sand begins.
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The paleosols of this block are presented by two
levels of soil formation separated by an interlayer of ol-
ive gray sand. Loamy sandy soil V, 30—50 cm thick,

presents as very dark gray, dark gray, reddish brown
and dark yellowish brown layers. The soil is pushed
in the direction of the river channel by 60—90 cm.
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Soil VI, 20—30 cm thick, light brownish gray, with
abundant inclusions of marl, chalk and flint debris, is
underlaid by heavy chalky loams. The soil is extensive-
ly crumpled by underlying rock.

Data on the stratigraphy of Section 3 which were
obtained in 2021 can be compared to Section Kryuch-
ka, which was established in 2013 in the exposure of
the promontory (more than 300 m down the course of
the Desna River from Section 3) (fig. 2, (c)). There is
no preserved record of the paleoecological environ-
ment during the Early Valday time in Section Kryuch-
ka, but there are two main levels of Middle Valday pa-
leosols which match in morphology those described
by us in Section 3 (fig. 2, (b)). A brief description of
this section is provided below, seeing as the material
has not been published previously:

1. Late Valday loams approximately 2 m thick, in
which a modern highly eroded Holocene Luvisol is
described.

2. 1.9 (2.1) m. Middle Valday loess-like loams. In
the upper part of the unit (on the boundary with Early
Valday deposits) there are signs of residual soil forma-
tion (stands out in color, leftover soil structure, light
gleiing).

— 2.4 (2.5) m. Paleosol (analogous to soil III of
Section 3) presenting as a grayish brown humified
thickness which is heterogeneous in color (zones of
very dark gray or grayish brown material), up to 50 cm
thick, saturated with Fe-Mn mottles, nodules and soft
concretions, ferruginous spots. Like in soil 111 of Sec-
tion 3, the upper part of the thickness is disturbed by
small cryogenic wedges filled with material from the
loess unit above. It is underlaid by a layered loamy
sand horizon (interlayers of fine and coarse sand) of a
yellow color.

— 3.4 (3.8) m. Paleosol with horizons AO-E-Bw-
Bk-BCk, which match the horizons of soil IV from
Section 3: horizons AO and E present as lenses (the re-
sult of sliding) from 2 to 30 cm thick. The color is very
dark gray (AO) and light yellowish brown (E). Char-
coal is present in the lenses. Horizon E was fragmen-
tally preserved under the lenses. Heterogeneous, very
pale brown, 10—15 cm thick. The transition to horizon
Bw is noticeable. The thickness of Bw is approximately
30 cm. It is pierced by dessication cracks from the
overlapping horizon. Dark yellowish brown. There are
many Fe-Mn soft concretions and mottles, nodules.
Bw is well-pronounced stratigraphically. The transi-
tion is abrupt, the boundary is straight. Horizon Bk,
approximately 70 cm thick, consists of two subhori-
zons: an upper light greenish gray one and a lower light
brownish gray one. In the lower part the material is
lighter, sometimes layered (interlayers from horizon
BCk below). Pierced by Fe-Mn soft concretions and
mottles, nodules. Pale olive gleyification spots and
carbonate veins and filaments are present. Many kro-
tovinas are present. The horizon is disturbed by a net-
work of cracks. The transition is gradual, the boundary
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is straight. The BCKk horizon is layered, loamy sandy,
grayish brown. Fe-Mn mineral concentrations occur
in soft segregation.

— 5.1 (5.3) m. A unit of layered very pale brown
sands.

— 7.2 (7.5) m. Cenomanian sand.

Archaeological context. Comprehensive study of the
paleogeographic conditions of the Khotylevo I ar-
chaeological site allows us to clarify the structure of
the lower alluvial thickness containing a series of hu-
man habitation levels, the extent of its preservation,
confirm the location of some of the Middle Paleolithic
cultural horizons (CH) in situ. In the bottom part of
Section 3 four CH of varying extents of preservation,
with Middle Paleolithic tools and debitage, were doc-
umented:

CH 1 presents primarily as cores and different-
sized flakes, as well as infrequent findings of bones. All
tools in CH 1 are situated in accordance with the an-
gles of the slope of displaced soil V tongues;

CH 2 is composed of small areas of concentration
of debitage, with individual cores and their fragments,
areas of concentration seen in CH 2 are situated sub-
horizontally on the surface and within soil VI;

CH 3 was documented on exposed areas in a dis-
placed condition in lenses and interlayers of carbonate
loams and loamy sands which are part of the compo-
sition of marly chalky colluvium which underlies
soil VI, among the findings it is necessary to highlight
expressive tool shapes, which indicates that the given
cultural horizon belongs to the Micoquian/KMG;

CH 4 is the most structurally complex in the cul-
tural horizon series of Section 3. The tool set and spe-
cific debitage from this cultural horizon also indicate
that it belongs to the Micoquian/KMG of Eastern and
Central Europe.

In Section Kryuchka, the Khotylevo I site is pre-
sented only by the cultural horizon situated in alluvial
deposits which overlap the thickness of Cenomanian
sand. The characteristics of the cultural layer match
CH 4 both in terms of location conditions and assem-
blage composition.

Palynology (Soil IV). Pollen and spores were absent
or presented by single grains of Betula nana, Salix, Po-
aceae pollen and Botrychium sp. spores in loamy sand
samples. In peaty (organic-rich) samples from hori-
zon AO pollen and spores were presented in insignifi-
cant amounts, from 15 to 80 grains per slide, and their
total concentration varied from 172 to 2800 grains g~'.
Such extremely low grain concentration is observed in
sediments of different genesis which formed during
cold conditions in the past. For example, between 200
and 5000 pollen grains g~' were registered in bottom
deposits of Lake Ladoga, which were sedimented
during the Younger Dryas stadial (Savelieva et al.,
2019). The poorly preserved pollen (mineralized, flat-
tened, crumpled) dominated in all analyzed samples.
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Herb pollen presented mainly by Poaceae and poorly
preserved tricolpate pollen, which could not be iden-
tified more specifically, dominated in the pollen spec-
tra of peaty samples. Arfemisia, Asteraceae, Brassica-
ceae, Cyperaceae pollens are also presented in the
spectra, as well as shrub pollen of Betula nana and Sa-
lix. Single grains of Botrychium sp. and Huperzia sp.
are noted among spores.

4. DISCUSSION

The obtained composition of pollen spectra, poor
preservation of pollen grains and the presence of
aquatic non-pollen palynomorphs allow us to suppose
that the formation of the top soil horizons occurred in
floodplain conditions. The pollen results possibly in-
dicate cold conditions and open landscapes with a
dominance of grasses and meadow herbs within the
studied area, as well as the dwarf birch and willow. The
pollen results may also indicate vegetation of the latest
stage of the development of the paleosol and the be-
ginning of significant cooling.

In Section Kryuchka and in the top part of Section 3
the most preserved soils have a common morphologi-
cal structure, similar secondary properties and match-
ing sedimentary layers. The main feature of the sec-
tions is the presence of a well-preserved Middle Val-
day paleosol with a complete set of genetic horizons,
the closest modern equivalent of which are the palevye
(pale) soils, or Cambic Cryosols (according to WRB
(IUSS Working Group WRB, 2015)), of Yakutia.
These soils form under conditions of extracontinental
semi-arid climate on the territory of the middle taiga
zone. Cambic Cryosols have weak cryoturbation (or
no cryoturbation at all) and a carbonate Bk and dark

yellowish brown Bw horizons. Based on the same in-
dicators (middle horizons, minimal cryoturbation),
we can attribute our soil (AO-E-Bw-Bk-BCKk) to the
Cambic Cryosol of Yakutia. At the same time, this
soil’s profile is polygenetic and inherits the change in
climate: from a Cambic Cryosol, which forms under
cryo-arid conditions underneath taiga vegetation,
with powder carbonates and krotovinas, to a Gleysol
(IUSS Working Group WRB, 2015), with a peated
humus horizon and secondary gleiing of the profile.
Similar Cambic Cryosols of the middle of the last
cryochron which are undisturbed by cryogenic defor-
mations are described in Germany and Austria. These
soils correlate with the Cambic Cryosol we describe in
the sections of the Khotylevo I archaeological site.

The Middle Valday soils of the East European
Plain which have been described by numerous authors
are disturbed by cryogenic deformations of the LGM
(for example, the Middle Valday soils of the Alexan-
drovskiy quarry). Usually, these soils are located close
to the modern surface, and in some cases are even part
of contemporary pedogenesis. The Bryansk paleosols
in Khotylevo I sections differ in the absence of signs of
secondary cryogenesis in the soil profile. Our hypoth-
esis is that this may be related to the magnitude of the
thickness of the overlapping deposits, which have pre-
served the Middle Valday soils and kept their full ge-
netic profile intact, spatially dividing the stages of pe-
do- and cryogenesis. The obtained results serve as ev-
idence that, owing to high deposition rates and the
development of weak sliding slope processes, a de-
tailed paleosol record reflecting short-term climatic
fluctuations has survived in Khotylevo I sections.

DETAILED PALEOENVIRONMENTAL RECORD
FOR THE VALDAY CRYOCHRON (MIS 4-2) FROM THE SOIL-SEDIMENTARY
SEQUENCE OF THE MIDDLE PALAEOLITHIC SITE KHOTYLEVO I
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Khotylevo I, one of the largest Middle Paleolithic sites in Eastern Europe, is located in Bryansk Oblast’,
400 km southwest of Moscow, in the upper course of the Desna River. The site’s sections are presented by
soil-sedimentary deposits of the last macro-cycle MIS 5-MIS 1 (OSL, AMS dating). Paleosols of varying de-
grees of preservation have matching pedofeatures and stratigraphic patterns throughout the area.
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In the bottom part of the sections, soils MIS 5 a-c contain a group of areas of different ages varying in the
extent of preservation of cultural deposits, their cultural appurtenance and human habitation intensity. The
MIS 3 soil presents as several levels of soil formation. One of the soils (soil IV, AMS date 34.1—32.7 '*C kyr
BP) has a full set of genetic horizons undisturbed by cryogenesis (similar paleosols are described in Germany
and Austria), AO-E-Bw-Bk-BCk, the contemporary analogue of which is Yakutia’s Cambic Cryosol. The
formation of these soils occurs in extracontinental semi-arid climate conditions on the territory of the middle
taiga zone. In Khotylevo I sections the paleosol inherits the change in climate: from Cambic Cryosol to
Gleysol. Owing to high deposition rates and the development of weak earthslide slope processes, a detailed
paleosol chronicle reflecting short-term climatic fluctuations has survived in these soils’ profiles.

Keywords: Middle Paleolithic, Khotylevo I, Micoquian/KMG, paleosol, MIS 3, Cambic Cryosol, Middle

Valday
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1. INTRODUCTION

Soils buried under burial mounds are one of the
natural archives that can store information on the nat-
ural conditions of the past. Due to isolation from the
external environment, “conservation” occurs. As a re-
sult, the profile of the buried soil can preserve some
signs that retain information about the features of the
natural environment at the time of its burial.

A comparative analysis of the properties of soils
buried under archaeological sites of different ages al-
lows a detailed study of the changes in the natural en-
vironment and its components over time. In addition,
soils can store a whole range of additional features of
non-pedogenic origin, which can be used for a more
detailed reconstruction of the natural environment.
Thus, spores and pollen of plants, phytoliths, faunal
remains, etc., are preserved in the soil profile. There-
fore, the soil profile can be considered a kind of data
archive containing unique information about the fea-
tures of past natural settings.
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Currently, the climatic changes during the Medie-
val Climate Optimum and the Little Ice Age within the
forest-steppe of Central Russia have been poorly un-
derstood. According to accepted chronology, a Me-
dieval Climate Anomaly corresponds to the 8th—
13th centuries AD (Klimenko et al., 2001; Goosse et al.,
2012). This period was characterised by sharp warming
of the climate for most of the northern hemisphere.
The warming peak was noted for the chrono-interval
of the 10th—11th centuries AD. The analysis of Rus-
sian chronicles indicated that the climate of the Euro-
pean part of Russia changed significantly during this
time (Borisenkov et al., 1983). In some periods, during
extreme natural phenomena such as droughts, climate
change led not only to the famine of population but al-
so to social upheaval. According to the chronicles, the
climate of ancient Russia during the period of the
Medieval Climate Optimum in the 9th and 11th cen-
turies was characterised by frequent droughts. From
the 12th century, Russian chronicles indicate an in-
crease in intra-seasonal and extreme climate variabili-
ty and a shift to long cold winters, rainy weather in the
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Fig. 1. Location of the study area (Kurbanova et al., 2020).

Puc. 1. MecrononoxeHnue Tepputopun uccienoBanus (Kurbanova et al., 2020).

summer seasons, early frost in late summer and early
fall. All these weather phenomena were the precursors
of the Little Ice Age. The first third of the 12th century
is considered the transition to the Little Ice Age. At
this time, the number of floods and summer early
frosts increased, which led to the death of crops and
was the cause of hunger, epidemics and population fall
(Borisenkov et al., 1983).

However, during medieval climate warming and
cooling periods, there were significant decadal and
secular temperature fluctuations. So, on the territory
of the Russian Plain, the warmest over the past 2000 years
was the 10th century, after which there was a clear
trend towards a cooling of the climate. The Medieval
Climate Optimum, which began about 1100 years ago,
was characterised by the average annual temperature
and by higher humidity. Precipitation during this peri-
od was ~25—50 mm more than nowadays (Kupriyano-
vaetal., 1972).

We studied the surface soils and the soils buried un-
der four mounds of the Gochevsky archaeological
complex, located in the Kursk region, Russia. All
mounds were constructed during the 11th century,
with time intervals ranging from 25 to 50 years, en-
abling one to provide a detailed reconstruction of pa-
leolandscapes for the 11th century. Our study aimed to
evaluate the transformation of various properties of
the soils in the forest-steppe zone over 25—50 years
based on the study of a short-time soil series formed
under similar lithological and topographic conditions
using a single set of soil and biomorphic methods.
This approach has already been used in several studies.
In particular, O.S. Khokhlova (2016) compared soils
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under mounds with a difference in burial time of 25—
50 years in the steppe zone.

2. STUDY AREA

The Gochevsky archaeological complex is located
on the right bank of the river Psel near settlement Go-
chevo in Belovsky district (Kursk region, Russian
Federation) within the Central Russian forest-steppe
province of the East European Plain (fig. 1). The Go-
chevsky burial ground is one of the largest identified
and survived monuments in modern Eastern Europe.
The entire burial ground consisted of three thousand
burial mounds; however, after intensive ploughing,
only sites under the forest survived. In total, about
800 mounds were preserved in a small area currently
occupied by deciduous forests. Gochevsky burial
ground contains funeral rites of the old Russian popu-
lation of the southeast of Russia at the end of the 10—
12 centuries AD. All soil pits are located in the water-
shed area.

The climate of the study area is temperate conti-
nental, with moderately cold winters and warm sum-
mers. The average annual air temperature is about
+7°C. Mean annual precipitation ranges from 475 to
640 mm. The warm period (April-October) accounts
for 65—70% of the annual precipitation. Permanent
snow cover is established in the second ten days of De-
cember; in early March, snowmelt begins, lasting
about 20 days. The height of the snow cover ranges
from 15 to 30 cm (maximum 50 cm) and persists on
average for 2—2.5 months.

The natural steppe vegetation, typical of the forest-
steppe zone, is preserved in the Central Chernozem
Nature Reserve. It occurs only on slopes of gullies in
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the study area since the entire area has been almost
completely ploughed. The forest vegetation covers less
than 10% of the study area. It is represented mainly by
oak forests and also by forest shelterbelts.

Quaternary loess deposits serve as parent material
for soil formation. At depth, loess is underlain by Pa-
leogene and Neogene sands and argillaceous deposits.
The dominant soil type in the study area is chernozem
(75%); dark grey forest soils occur under broad-leaved
forests. Due to ploughing, the soils are highly eroded.

3. MATERIAL AND METHODS

Research objects. Soils buried under four mounds
with a thickness of 40—60 cm were examined. The
soils were formed in the same topographic position, in
the interfluve area covered by forest vegetation and in
the similar parent material. Their soil profiles were
considered as a data archive containing information
on the past environments. The soils 3b, 4b, 5b were
buried over the period from the second quarter to the
middle of the 11th century, while the soil 2b was buried
later, in the second half of the 11th century. Burial
mounds were dated by archaeological method (Pu-
zanova et al., 2018). To compare the conditions of the
past to the modern ones, the surface soil (1f) formed in
the was also studied. All buried and surface soils were
located under one forest patch at a distance of 25—
100 meters from each other.

Sampling and laboratory analyses. Samples were
collected from the buried soils below the burial mound
from every 10 cm down to 1 m (and every 20 cm below
1 m) but with the preservation of the soil horizon in-
tact. Samples of soils for pollen analysis were taken
from the upper 0—5 cm of the buried and the surface
soils. The soils were described according to the FAO
Guidelines for Soil Description (2006). Soil colour
was determined in the field using the Munsell Soil
Color Charts (2014).

Two methods to determine particle size distribu-
tion in soil horizons were used: pipette method, in
which soil was dispersed by treating with a solution of
sodium pyrophosphate (Na,P4O;) and laser granu-
lometry method using FRITSCH laser particle sizer
Analysette 22. Laser Klasse 1 (Germany). The bound-
aries between particle size classes were defined by the
Russian conventional fraction groups: the coarse and
medium sand fraction (1—0.25 mm); the fine sand
fraction (0.25—0.05 mm); the coarse (0.05—0.01 mm),
the medium (0.005—0.001 mm), the fine silt (0.005—
0.001 mm) and the clay fraction (<0.001 mm). Textur-
al classes were approximated according to the FAO
Guidelines for soil description (2006).

Dithionite and oxalate extractable fractions of iron
were determined according to Mehra and Jackson
(1960) using Cary 60 Spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA). The elemental
analysis was performed by X-ray fluorescence spec-

trometry method after a loss on ignition determination
(1000°C) using the Philips PW2400 Sequential WXRF
Spectrometer (Malvern Panalytical, Almelo, The
Netherlands). In sample preparation for the XRF
analysis, ~1 g of sample was dried in the oven at
105°C. Samples were powdered, mixed with a lithium
tetraborate flux and then melted to produce a glass
disc.

The elemental data treatment included the calcula-
tion of the ratios of immobile elements — Ti, Al, Nb
and Zr — which were used to evaluate the parent
material uniformity (Sheldon et al., 2009). The
amount of loss and gain in soil horizons relative to
the parent material was quantitatively assessed using
the eluvial/illuvial coefficient, or EIC [EIC(%) =
= ((Xh/1h)/(Xr/Ir) = 1) X 100% (1), where Xk and Xr
are the contents of element X, while I# and Ir are the
contents of an immobile element (Al) in soil horizons
and parent rocks, respectively. Positive EIC values
mean that the element has been enriched in the soil
horizon and a negative value indicates the loss of the
element. Eluvial-illuvial coefficients were estimated
for relatively mobile elements, such as Ca, Sr, and also
for Fe.

Micromorphological features of the thin sections
made from undisturbed oriented samples were studied
in plain (PPL) and polarized (XPL) light under 40 to
200 times magnification using an Olympus BX51 po-
larizing microscope. Olympus StreamBasic software
was used for image capturing. In total 36 thin sections
were described based on the terminology of Stoops
(2003), with special attention on the variability of hu-
mus content, carbonate and clay pedofeatures. The
work was carried out using the equipment of the Col-
lective Centre “Functions and properties of soils and
soil cover” of the V.V. Dokuchaev Soil Science Insti-
tute RAS.

For the extraction of microfossils, centrifugal sep-
aration in potassium-cadmium (KJ + CdlJ,) heavy lig-

uid with a density of 2.3 g/cm? was used. Prior to this,
samples were processed with cold 10-% solution of
HCl and 10-% solution of KOH to dissolve carbonates
and then decanted with distilled water to remove clay
particles. Samples were stored in glycerin and exam-
ined under 400X magnification. Pollen identification
and taxonomy follows Beug (2004), Kupriyanova and
Aleshina (1972) and electronic databases of photos
(http://www.europeanpollendatabase.net/index.php;

https://www.paldat.org/) as well. Organic residues of
aquatic microorganisms, spores of coprophilous and
parasitic fungi on decaying plants and roots, indefin-
able spores of fungi were grouped as non-pollen paly-
nomorphs (NPP), counted in addition and identified
following NPP database (Shumilovskikh et al., 2021).
In each sample, the number of micro-charcoal parti-
cles, which are among the effective eco-indicators,
was also counted. Both pollen and NPP diagrams were
constructed using Tilia 2.0.2 and TGView software
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Fig. 2. Profiles of buried and surface soils.
Puc. 2. [Ipodwnu morpe6eHHBIX U (POHOBOI ITOYB.

(Grimm, 1991). Calculation of pollen percentages was
based on the terrestrial pollen sum — arboreal pollen
(AP) plus non-arboreal pollen (NAP) without aquatic
plants, spores and NPP. Their percentages were calcu-
lated based on AP+NAP sum.

4. RESULTS AND DISCUSSION

4.1. Soil morphology. All soils were formed in loess
sediments and were classified as Greyzemic Luvic
Phaeozem Cutanic. Uncoated silt and sand grains on
the ped faces in the lower part of a humic horizon
(AhE) indicate Greyzemic features (IUSS WRB
Working group, 2015). The argic horizon is character-
ised by angular blocky/prismatic structure and clay
cutans on the ped surfaces. Soils differed by the colour
of humus horizon, amount and forms of carbonates,
and intensity of greyzemic features.

The surface soil (1s) is represented by the following
horizons: Ah-Ahel-Ahe2-AeB-Bt1-Bt2- BCKk (fig. 2-1s).
The Ah horizon is characterised by granular structure
and brownish-grey colour (7.5 YR 4—5/1). The next
two horizons have subangular blocky and platy struc-
tures and contain uncoated quartz and feldspar grains
on ped surfaces. Transitional AeB horizon, as well as
Bt horizon, have an angular blocky structure with grey
siltans (7.5 YR 7/1) and dark brownish-black cutans
(5 YR 3/2). Bt2 horizon is characterised by prismatic
structure and darker colour of cutans covering all tran-
shorizontal cracks. The lowermost horizon BCk is dis-
tinguished by dull yellowish-orange colour (10 YR 6/4)
and the presence of carbonates occurring as soft nod-
ules and tiny tubules.

The thickness of the mound under buried soil 2b is
55 cm. The mound consists of dark grey material with
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4b 5b

abundant siltanes on angular blocky peds. The surface
of the buried soil is determined by the darker colour of
the humus horizon. The soil consists of the following
horizons: AhE1b- AhE2b- AeBb- Btb- BtCb-Ckb
(fig. 2—2b). The AhEIb horizon is grey/dark grey
(10 YR 5—4/1) with abundant siltans. The second
horizon has a darker colour (10 YR 3/1 very dark grey)
and also contains uncoated sand and silt grains on the
peds surfaces. In the AeBb the siltans are less distinct,
and thin rare clay cutans appear. The structure in the
Btb horizon is angular blocky, and prismatic; siltans
are still present, but less common. At a depth of 110 cm,
the Ckb horizon begins. It has a weak structure and
contains carbonates presented as plasma and small
dull yellowish-orange (10 YR 6/4) tubules.

The paleosoil 3b consists of the following horizons:
Ahb- Aheb- AhBb- Btb- BCb-Ckb. The distinctive
feature of this soil is the dark colour of the Aheb hori-
zon (10YR 2/1). Greyzemic features are less intensive
in this soil compared to other buried and surface soils
(fig. 2—3b). The subsoil contains a high amount of
dark cutans and is characterised by moderate angular
blocky and prismatic structure. The deepest Ckb hori-
zon has rounded ooids with brownish colour and car-
bonates in the form of small tubules that also occur in
other soils from the archaeological complex.

The buried soils 4b and 5b (fig. 2—4b, 5b) have sim-
ilar morphological characteristics. The following hori-
zons represent the soil profiles: Ahb-EBb-Btb-BCb-
Ckb (4b), and Aheb-AhEb-EBtb-BtCb-Ckb (5b).
The upper horizons in both soils are characterised by
dark grey colour (10 YR 3/1) and have a subangular
blocky structure. Uncoated quartz and feldspar grains
are frequent in the EBb (4b soil) and EBtb (5b soil)
horizons. The Bt horizons have a prismatic structure
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and contain clay-humus cutans. The transitional BCb
horizons are not homogeneous in colour: they have a
yellowish-brown colour of the soil matrix and a dark
yellowish-brown (10 YR 4/4) colour of the coatings.
The Ckb horizons were distinguished by weak struc-
ture and very pale brown colour with rounded brown
ooids.

Although all soils were formed in loess deposits and
were classified as Folic Greyzemic Luvic Phaeozem Cu-
tanic, they differed in the colour of humus horizons
and the deepness of the uncoated sand and silt grains
occurrence. The soil 3b had a darker colour of the hu-
mus horizon (10YR 2/1) than other soils of the ar-
chaeological complex (10YR 3/1). The depth where
uncoated sand and silt grains still occurred was also
different; in the surface soil, they reached the depth of
90 cm; in the soil 2b, they could be traced up to 80 cm;
in other soils uncoated sand and silt grains penetrated
not deeper than 70 cm. In all the studied soils, the
cutan complex was equally well expressed; however,
humus cutans across transhorizontal cracks were
found only in the surface soil.

4.2. Particle size distribution. All studied soils are
characterised by silty loam texture. The dominant par-
ticle size fraction in the soil material in all five soil pro-
files is the coarse silt (fig. 3) because the soils are de-
veloped in loess deposits that formed during the Late
Pleistocene cold periods. The amount of this particle
size fraction varies between 40 and 61%. The surface
soil 1f and the buried soils 2b and 3b contain nearly
equal average amounts of the coarse silt particles (52—
53%). However, its share in the buried soils 4b and 5b
is slightly higher (55—56%). The sand is dominated by
the fine sand fraction (0.25—0.05 mm). All soils don’t
differ significantly according to their average amount
(4—5%) except the buried soil 2b containing a lower
proportion of the sand-sized material. The vertical
distribution of the sand particles follows different pat-
terns in the studied soils. Distinct accumulation of the
fine sand was recorded in the surface soil in its upper
horizons, but in soil 2b the middle horizons contain
more sand than other horizons, and in the soil profiles
4b and 5b the sand tends to accumulate in the BC or C
horizons. The enrichment of the uppermost horizons
with sand particles might be due to losses of finer ma-
terial with infiltrating water, while the accumulation in
the lower strata can be due to the effect of underlying
sandy lithology. The vertical distribution of the clay in
different soil profiles does not imply strong textural
contrast between their upper and middle (Bt) hori-
zons. In the surface soil, the clay fraction displays de-
pletion in the topsoil and a relative increase in the low-
ermost parent material, where the clay content reaches
its maximum (14%). No notable enrichment in the
clay-sized material is registered in the Bt horizon. In
the buried soils 2b, 3b and 4b, the changes are very
smooth: the ratio of the clay contents in the AhEb and
Bt horizons does not exceed 1.1 and the clay size par-
ticles tend to enrich subsoil.

In contrast to these soils, soil profile 5b shows a
maximum clay content in the middle horizons. The
estimated ratio for the AhEb and BtC horizons varies
between 1.2—1.4. Thus, the clay fraction distribution
in most soil profiles is rather uniform except for the
surface soil and the buried soil 5b.

4.3. Soil micromorphology. At the microscale, a dif-
ferentiation of humus horizons by colour is visible.
Buried soils 2b, 4b, 5b show microzonality with low
contrast between the light and dark microzones char-
acterised by different amounts of humus (fig. 4, (c-f)).
This contrast increases in the soil 1s mostly because of
the darker humus microzones than in the soils 2b, 4b,
5b (fig. 4, (g, h)). In soil 3b, the humus horizon is ho-
mogeneous and has a darker colour compared to the
other studied profiles (fig. 4, (a, b)).

The described features point out: 1) the stability of
humus material at the moment of the soil 3b; 2) weak
degradation of humus at the moment of soils 2b, 4b, 5b
burial and a relatively higher degree of humus material
degradation at present. The latter can be caused by a
higher amount of precipitation described for the mod-
ern environment (Makeev et al., 2020).

Weak signs of humus horizon degradation in soil 3b
correspond to the weakly developed complex of coat-
ings in this profile (fig. 5, (a, b)). In the other buried
soils, the degradation of the humus horizon is accom-
panied by the expression of clay coatings (fig. 5, (c—e))
and coatings of clear silt grains. In soils, 4b, 5b, abun-
dant silty coatings are represented by lighter elongated
zones around the aggregates (fig. 4, (c, d)). In the 2b
soil profile, abundant well-defined silty coatings cor-
relate with the better developed two-layered complex
coatings. Such coatings consist of a clay layer (typical
for all profiles) and a layer of dark clay-humus coat-
ings (fig. 5, (e, f)) which are described only in 2b and
surface soils. Abundant clay coatings increase in soils
as follows: 3b — 4b, 5b — 2b — 1s (fig. 6, (a—d)).

Clay coatings are well expressed in all studied soils
up to the depth of 100—120 cm. In the lower horizons,
they are superimposed and overlap carbonate pedo-
features which are typical in lower horizons in all soils
and especially in soil 3b (fig. 6, (e)). The carbonate
pedofeatures are represented by micritic coatings.
However, in the 3b profile, sparite nodules, which are
typical for a more arid environment (National Soil At-
las..., 2011), were also detected (fig. 6, (f)). Carbonate
and clay coatings interlayer suggests that the carbonate
coatings have been formed first, and clay coatings
started to form after them, but before the burial of 3b
soil. Later, clay coatings were only slightly trans-
formed, increasing their thickness at the further stages
of evolution (2b — 1s), reflecting the changes in the
paleoenvironment.

All studied soils save features of the previous stages
of soil formation with palimpsests type of soil memory
(Soil memory, 2008). Thus, earlier arid features are a)
carbonate material in the lower layer of complex coat-
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Fig. 3. Particle size distribution, with depth, in the surface soil 1s and the buried soils 2b, 3b, 4b and 5b.
Puc. 3. [panynomerpuueckuit cocras noys B (hOHOBOI MouBe 1s M morpedeHHBIX noysax 2b, 3b, 4b, 5b.

ings, b) dark humus horizons or microzones; later hu-
mid features are: a) silty coatings in the humus hori-
zons, b) upper clay layers in complex coatings.

Fe-Mn pedofeatures were also described at the mi-
croscale in the studied soils. However, we can use
them only as an additional indicator of soil-forming
conditions since they are very alterable in time. Nev-
ertheless, they are almost absent in the 3b profile
(fig. 4, (a, b)), higher amounts — in the 4b and 5b pro-
files (fig. 4, (c, d)), the maximum amount was de-
scribed in soils 2b, 1s (fig. 4, (e, 1)).

4.4. Elemental analysis. The elements Ti, Zr and
Nb are presumably not lost due to weathering and
translocation (Sheldon et al, 2009, Muir et al., 1982,
Schaetzl et al., 2005), and Al which is also inert under
semi-humid climatic conditions, were chosen for the
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detection of lithogenic discontinuities. The ratios of
these elements calculated for the soils' parent materials
are nearly equal (tabl. 1), indicating that the sediments
had been very likely derived from the same source. Ad-
ditionally, the values calculated for soil horizons in
each soil profile display very low variations (in most
cases less than 10%), which means that lithogenic dis-
continuities are not present and the soil strata at each
site are relatively homogeneous in terms of parent ma-
terial origin and its mineralogical composition (Mar-
san et al., 1988). Taking into account these facts, it is
possible to relate the pedogenic differences between
the buried and surface soils to environmental changes
that occurred after the burial.

In all five studied soils, the eluvial-illuvial coeffi-
cients calculated for Ca and Sr had negative values in
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Fig. 4. Micromorphology of upper horizons. (a) — Soil 3b, 2—7 cm. Dark brown material. NI, (b) — Soil 3b, 16—24 cm. Dark brown material
with rare slightly bleached microzones. NII, (c) — Soil 4b, 5—10 cm. Dark brown and brown microzones incorporation. NII, (d) — Soil 5b,
22—28 cm. Thick silty coatings within the pore space. Note abundant thin clay coatings. NX, (e) — Soil 2b, 0—10 cm. Dark brown and brown
microzones incorporation. NII. Note abundant brown microzones. NII, (f) — Soil 2b, 16—24 cm. Bleached brown material with numerous
clay coatings. NII, (g) — Soil 1s, 5—10 cm. Brown material. NII, (h) — Soil 1s, 22—30 cm. Thick silty coatings between brown aggregates.

On (a) and (b) note the absence of Fe-Mn pedofeatures, on (¢) and (d) note few Fe-Mn micronodules (marked by yellow dashed
line ellipse), on (e) and (f) note abundant Fe-Mn micronodules (marked by yellow dashed line ellipses).
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Table 1. Ratios of immobile elements in the buried and the surface soils
Taomna 1. CooTHOIIEHNE HETMOABUKHBIX 3JIEMEHTOB B ITOrpeObeHHBIX ¥ (DOHOBOI IMOYBaX

. . . Arithmetic mean for soil profiles / (variation
Ratio value in parent material coefficients, %)
, 70

Ratio Is* 2b 3b 4b BS5 Is 2b 3b 4b 5b

1128; 100—140 | 100—150 | 100—140 | 100—120 | p***=9 | n=10 n=9 n=2_§8 n=3_8
Ti/Zr 9 7 8 7 7/(20) 7/(3) 7/(7) 7/(8) 7/(5)
Ti/Nb 276 277 268 280 277 274 (3) | 276/(4) | 273/(4) | 280/(4) | 285/(4)
Ti/Al 0.10 0.11 0.11 0.11 0.11 0.10 (10) | 0.10/(7) | 0.10/(3) | 0.10/(6) | 0.10/(4)

* — soil profile index; ** — depth of the sampled parent strata in cm; *** — n — number of samples in a soil profile.

the upper and middle horizons, indicating intense
leaching of these elements. However, in the surface
and buried soils 2b and 4b, the absolute values of EIC
in the middle horizons for Ca and Sr are higher than in
buried soils 3b and 5b (fig. 7), which may indicate less
humid climatic conditions that existed before the buri-
al of the latter.

The analysis of the Si0,/Al,O; ratio showed that
the studied soils have different levels of this parameter
both in their upper horizons and in the parent material
(fig. 8). The surface soil 1s and the buried soil 2b are
remarkable for the high SiO,/Al,0; ratio in their top-
soil material (fig. 8), which might be associated with
losses of fine particles with infiltrating water and/or
relative accumulation of quarts. The maximum value
of this ratio in the subsoil is typical of the buried soil
4b, 5b and 2b (fig. 8) which more likely is associated
with a lithological factor. The buried soil 3b is charac-
terised by a low SiO,/Al,O; ratio and very smooth
changes of this parameter across soil horizons, which
makes it different from other soils. The enrichment of
the uppermost horizons with Si in the surface soil is in
agreement with sand enrichments to losses of finer
material with infiltrating water while the accumulation
in the lower strata can be due to the effect of underly-
ing sandy lithology.

The study of iron, the element with medium mobil-
ity dependent on redox condition, helps to detect its
participation in pedogenic processes. The depth func-
tions of total iron (Fetotal) content normalised to im-
mobile element Al revealed the absence of distinct
patterns in total iron distribution throughout the soil

«—

profiles. The divergence in Fe,0;/Al,0; values from
parent material (fig. 9, (a)) does exceed 10—15% in
most of the buried soils (2b, 3b and 4b). In the surface
soil and the buried soil 5b the divergence is slightly
higher (30%) (fig. 9, (a)). The EIC values in the sur-
face soil are negative, indicating that Fe has been de-
pleted in the soil strata, especially in upper horizons,
while in the buried soil 5 the EIC values are positive,
indicating the slight enrichment of the solum with this
element, especially in the upper part of the horizons
BtC. The study of iron fractions revealed that the share
of pedogenic, or free, iron (Fed) of the total iron con-
centrations (Fetotal) is rather low, and the silicate iron
compounds prevail over others (fig. 9, (b)). The pro-
portion of pedogenic iron in total iron content indicat-
ing weathering intensity (Vodyanitsky, 2008) varies
across different soils and soil horizons within a rela-
tively narrow range from 26 to 36%. The highest share
of Fed is found in the upper horizons of soil 5b
(fig. 9, (b)). However, the free iron that occurs in this
soil is represented mainly by non-active crystalline
forms (85—95%, fig. 9, (c)). The contribution of the
crystalline compounds to pedogenic iron is also high
in soils 3b and 4b compared to the surface soil 1s and
the buried soil 2b, where the relative proportion of
crystalline iron is distinctly lower (fig. 9, (c)), and the
contribution of the oxalate extractable (non-crystal-
line, Feo) iron to the pedogenic iron is higher. In the
upper horizons of these two soils, pedogenic iron has
the highest values of 26—18%, compared to similar
horizons of soils 3, 4 and 5 with a very low iron activity
index (Feo/Fed).

Puc. 4. Mukpomopdotorust BEpXHUX TOPU30HTOB. (a) — mousa 3b, 2—7 cM. TeMHo-KopuuHeBbIii MaTepuai. NI, (b) — mousa 3b,
16—24 cMm. TeMHO-KOPUYHEBBII MaTepUall ¢ HEMHOTO ocBeTieHHOoM JacThio. NII, (¢) — mousa 4b, 5—10 cm. TeMHO-KOPUYHEBBIIA
Matepuall ¢ KopuuHeBbIMU MUKpo3oHaMu. NII, (d) — nousa S5b, 22—28 cM. MolliHbIe MbUIeBaThIe KyTaHbI B Tope. OTMeYeHbl O0MIb-
Hble TOHKME IJIMHUCThIE KyTaHbl. NX, (€) — mmouBa 2b, 0—10 cMm. TeMHO-KOpUYHEBBIN MaTepyuall ¢ KOPUMYHEBBIMU MUKPO30HAMU
NII, (f) — mousa 2b, 16—24 cM. OcBeTJIeHHBII KOPUYHEBBI MaTepyal ¢ NIMHUCTBIMU KyTaHamu. NII, (g) — mousa 1s, 5—10 cm. Ko-
puuHeBblii MaTepuai. NII, (h) — nousa 1s, 22—30 cMm. MoliHbIe NbIIeBaThIe KyTaHbI MEXKITYy KOPUYHEBBIMY arperaraMu.

Ha pucynkax (a) u (b) ooparute BHUMaHUe Ha oTcyTcTBUe Fe-Mn koHkpennii, Ha (c) u (d) oOpaTrTe BHUMaHNME Ha HECKOJIBKO
Fe-Mn MukpokoHKpeuuii (OTMeUYeHbI XKeJATbIM MYHKTUPHBIM 2JUIMIICOM), Ha (e) u (f) oOpatuTe BHUMaHUe Ha OOMJIbHBIE
Fe-Mn koHkpeunu (0003HaYEHBI KeJITHIMU MYHKTUPHBIMU 3JIJIUIICAMU).
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Fig. 5. Micromorphology of middle horizons. (a) — Soil 3b, 27—32 cm. Rare thin clay coatings cover about 30% of pores. NX,
(b) — Soil 3b, 50—58 cm. Clay coatings cover about 60% of pores. NX, (c) — Soil 5b, 30—36 cm. Abundant clay coatings, covering
80—90% of pores. NX, (d) — Soil 4b, 50—60 cm. Thick clay coatings within the pore space cover up to 90% of pores. NX, (e) —
Soil 2b, 24—30 cm. Compound clay coatings with dark brown and brown layers. NII, (f) — Soil 1s, 60—67 cm. Compound clay

coatings covering 80—90% of pores. NX.

Puc. 5. MukpoMopdoIorusi CpemHUX TOPU3OHTOB. (a) — mouBa 3b, 27—32 cM. ToHKUE IMIMHKUCTBIE KYyTaHbl TOKPHIBAIOT ~30%
nop. NX, (b) — mouBa 3b, 50—58 cMm. IlmuHKCTBIe KyTaHbl TOKpBIBaIOT 60% 1mop. NX, (¢) — mousa 5b, 30—36 cM. OGuUIbHBIC
NIMHUCTHIE KyTaHbl MOKPbIBalOT 80—90% mnop. NX, (d) — mousa 4b, 50—60 cMm. MoliHble NIMHUCTBIE KyTaHbl MOKPbLIBAOT 90%
nop. NX, (e) — mouBa 2b, 24—30 cMm. CocTaBHBIE IJIMHUCTBIE KyTaHbI C TEeMHO-KOPUYHEBBIMU I KOPUYHEBBIMU ciiosiMu. NII,
(f) — mousa 1s, 60—67 cm. CocTaBHbIE IJIMHUCTBIE KyTaHbl MOKpbIBatOT 80—90% mop. NX.

In summary, the study of the chemical composi-
tion of the five soils, one surface soil and four buried
ones, implies that the surface soil 1f has many similar
features with the buried soil 2b, while other soils have
only partial similarity (the soil 4b and to a lesser extent
soil 5b) or little similarities (soil 3b). The latter soil, in
contrast to soils 1f and 2b, displays many features
which might indicate drier conditions of its formation
that existed before its burial (limited losses of Ca and
Sr from the upper and middle soil horizons, higher

share of crystalline forms in the pedogenic iron, lower
values of Si0,/Al,0; ratio and their very smooth verti-
cal changes in the profile). The soil 5b is similar to soil
3b, while the buried soil 4b occupies an intermediate
position between the soils 1f and 2b, and “drier” soils
5b and especially 3b.

4.5. Pollen analysis. The sample from the surface
soil (1s) turned out to be the most representative quan-
titatively and taxonomically diverse. The pollen spec-
trum more or less adequately reflects the modern veg-
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Fig. 6. Micromorphology of lower horizons. (a) — Soil 3b, 80—90 cm. Single thin clay coatings cover about 5—10% of pores. NX,
(b) — Soil 4b, 90—100 cm. Rare thin clay coatings cover about 10—15% of pores. NX, (c) — Soil 2b, 84—94 cm. Clay coatings,
covering 40—50% of pores. NX, (d) — Soil 1s, 90—100 cm. Thick clay coatings within the pore space cover up to 70—80% of pores.
NX, (e) — Soil 3b, 115—123 cm. Complex clay-carbonate coatings with upper dark-brown clay coatings and micritic lower layer.
NX, (f) — Soil 3b, 115—123 cm. Sparite nodules. NX.
Note the increasing amount of coatings from A to C.

Puc. 6. Muxkpomopdonorust HIZKHUX TOPU30OHTOB. (a) — rmouBa 3b, 80—90 cM. EnHUYHbBIE TOHKME IMHUCTHIE KyTaHbI ITOKPHI-
BatoT 5—10% mop. NX, (b) — noua 4b, 90—100 cMm. Peakue TOHKME IMHUCTBIE KyTaHbl TOKpbiBaioT 10—15% mnop. NX, (¢) —
nousa 2b, 84—94 cm. IuHucThIe KyTaHbl, ToKpeiBatole 40—50% mop. NX, (d) — mousa 1s, 90—100 cM. MoliHble KyTaHbI B
TMOPOBOM TMPOCTPAHCTBE, KOTOphie MOKpbIBaloT 70—80% mop. NX, (e) — mousa 3b, 115—123 cM. KoMIuieKcHbIe NIMHUCTO-Kap-
OOHAaTHBIC KyTaHbI C TEMHO-KOPUYHEBBIMU INIMHUCTHIMU KyTaHAMM CBEPXY U MUKPUTOBBIMU KyTaHaMmu cHU3y. NX, (f) — mouBa

41

3b, 115—123 cm. Hoaoynu cnaputa. NX.

OTMedeHo YBEJIIMYCHUEC KOJIMYECTBA U MOIIHOCTU KyTaH OT TOPU30OHTA Ax TOPU3OHTY C.

etation of the territory — a broadleaf forest (Quercus
robur, Tilia cordata) with an undergrowth of Corylus
and Euonymus verrucosus. At the same time, Pinus sil-
vestris dominates AP group (fig. 10), accounting for up
to 57% of 75.9% of AP total percentage. This feature is
very characteristic of the palynospectra of the north-
ern forest-steppe (Novenko et al. 2016) and occurs
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from the high pollen productivity of pine and the good
adaptability of its pollen to air transport.

The group of non-arboreal pollen (24.1% in total)
is dominated by pollen of Asteraceae, Chenopodiaceae,
Poaceae and Cyperaceae, which is quite consistent
with the geobotanical description of the territory
(Chenopodium album, Carex pilosa) and a photo show-
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ing that arable land is adjacent to the forest. The group
of synanthropic plants is represented by pollen of Ur-
ticaceae, Plantago sp., Artemisia, Chicorium, Centau-
rea cyanus and some others (see pollen diagram). In
general, the composition of NAP group reflects the
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Fig. 8. Depth function of SiO,/Al,O5 ratio for the surface
soil 1s and the buried soils 2b, 3b, 4b, 5b.
Puc. 8. Pacnipenenenue otHoenust SiO,/Al,O3 o npo-

dumo mist GOHOBOIT MOYBHI 1S M MOrpeOeHHBIX ITOYB 2b,
3b, 4b, 5b.

xerophytic appearance of herbaceous vegetation.
Sphagnum mosses and Lycopodium annotinum domi-
nate the spores group.

Pollen spectra from paleosols have quite significant
differences both from the surface soil and from each
other. An extremely small amount of Scots pine pollen
in all samples from buried soils may indicate a higher
productivity of plants of local biocenoses. Our data
show that the common difference between the spectra
from buried and surface soils is a significantly smaller
proportion of arboreal pollen (from 26.1 to 49.4% ver-
sus 75.9%, respectively). The dominant in the spectra
from buried soils is birch pollen, a pioneer plant of sec-
ondary forests inhabiting areas of clear cuts and con-
flagrations. It actively replaces pine and broadleaf
plants as a much more competitive plant (Kuznetsova
et al., 2019).

A large number of charcoal microparticles as well
as single findings of Gelasinospora, an indicator of fires
(van Geel, 1986) were recorded in all samples from
buried soils. In the herbaceous part of the spectra, pol-
len from plants of arid steppes and field weeds is most
abundant, which, along with the presence of pollen of
Ephedra, Euphorbiaceae, Cannabaceae indicates a
significant agro-load on landscapes and a greater heat
supply and dryness of the climate. In general, the
composition of the spectra is characteristic of the for-
est-steppe with sections of birch forests, meadow
communities, and a significant proportion of
ploughed territories.

Among pollen assemblage from the soil buried un-
der the mound No. 86 and dating back to the second
half of the 11th century (the 2b soil), birch pollen
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Fig. 9. Depth functions of eluvial — illuvial coefficients (EIC) calculated for total Fe (a) and weathering indexes (b, c¢) in the sur-

face and the buried soils.

Puc. 9. PacnipeneneHue amoBUIbHO-MLTIOBUATTBHBIX KO3 duineHToB (DU K) o mpodwitio, paccyuTaHHBIX TSI OOIIETO Ke-
Je3a (a) U MHIeKcoB BhiBeTpuBaHus (b, ¢) B hOHOBOI ¥ MOrpeOEHHBIX MTOYBaX.
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Fig. 10. Pollen diagram of the Gochevsky site: 7 — surface soil 1s, 2 — buried soil 3b, 3 — buried soil 2b (1), 4 — buried soil 2b (2),

5 — buried soil 4b, 6 — buried soil 5b (1), 7— buried soil 5b (2).

Puc. 10. ITsuibieBas quarpamma 'oueBckoro yuactka: / — ¢poHoBast rmouBa 1s, 2 — nmorpe6GeHHast rmouysa 3b, 3 — morpebGeHHas
nouBa 2b (1), 4 — nmorpebeHHast mousa 2b (2), 5 — morpebeHHas mouBa 4b, 6 — rorpedbeHHas mouysa Sb (1), 7 — morpebeHHas

nouBa 5b (2).

dominates (more than 40%), which may indicate the
presence of a birch-oak forest at the time of the burial.
In the pollen spectrum from the 3b soil, the pollen of
herbaceous plants accounts for more than 72%, of
which almost 50% is pollen of Asteraceae and Cicho-
rioideae. Taking into account the almost complete ab-
sence of pollen from plants typical of meadow-steppe
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communities, this, apparently, may reflect the wide
distribution of open steppe spaces or arable land
around the site of the burial mound. However, the un-
satisfactory preservation of pollen indicates that a cer-
tain part of it, including pollen of herbaceous plants,
has completely decomposed, and in this case any pa-
leogeographic conclusions will be very arbitrary.
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Fig. 11. NPP diagram of the Gochevsky site: / — surface soil 1s, 2 — buried soil 3b, 3 — buried soil 2b (1), 4 — buried soil 2b (2),

5 — buried soil 4b, 6 — buried soil 5b (1), 7— buried soil 5b (2).

Puc. 11. JlnarpaMmMa HeITbUTbLIEBBIX TaTHOMOP® ['oueBckoro Komruiekca: / — (poHOBas mouBa 1s, 2 — morpebeHHast mousa 3b,
3 — morpebeHHast mouyBa 2b (1), 4 — morpedeHHast moysa 2b (2), 5 — morpebeHHas mouBa 4b, 6 — morpe6eHHast mouna 5b (1),

7 — norpebeHHast mouBa Sb (2).

In the 5b soil, the maximum content of Cannaba-
ceae pollen was documented, which can be interpreted
as a signal of hemp cultivation in the region, which is
consistent with the pollen evidence from the Sudzha
oxbow lake in the Kursk region (Shumilovskikh et al.,
2019).

The NPP group is poorly diverse (fig. 11). Only soil
algae Pseudoschizea are abundant, as well as spores of
the coprophilous fungi Sporormiella and Sordaria,
which may indicate the proximity of the pasture zone.
The abundance of algae Pseudoschizea is not entirely
clear and, in general, is hardly characteristic of xero-
phytic environments. However, soil algae are able to
exist even under extremely unfavorable environmental
conditions, which explains their wide distribution and
the speed of their growth even with the short-term ap-
pearance of favorable factors, in the case of xerophytic
conditions — during the rainfall season.

All the soils were formed in loess sediments and
were classified as Folic Greyzemic Luvic Phaeozem Cu-
tanic. Uncoated silt and sand grains on the ped faces in
the lower part of a humic horizon (AhE) indicate
greyzemic features. The argic horizon clay cutans on
the ped surfaces indicate that all studied soils passed
through the forest pedogenesis.

Despite the similarities, the detailed analysis of the
morphological and chemical features made it possible
to identify the difference between the studied soils and
to relate them to climatic changes that took part in the
11th century and set a transition from a dryer period to
subsequent humidification of the climate.

Our results showed that soil 3b, which was buried
approximately at the beginning of the 11 century, dis-
plays many signs of drier conditions such as the darker
colour of the humus horizon, less accumulation of
Fe—Mn concretions and presence of sparite nodules.
The results of analysis of elemental limited losses of Ca
and Sr from the upper and middle soil horizons, a
higher share of crystalline forms in the pedogenic iron,
lower values of SiO,/Al,O; ratio and their very smooth
vertical changes in the profile composition also points
to drier conditions before the burial of the 3b soil. In
addition, according to pollen records, the spectra of
this soil are dominated by pollen of herbaceous plants,
mainly Asteraceae and Cichorioideae, accounting for
72%, which reflects the existence of open spaces
around the mound, most likely arable land.

The shift to a more humid environment coincided
with the burial of soil 5b and 4b. Humidification of the
climate increased up to the recent levels over a short
period towards the burial of the soil 2b, which took
place in the second half of the 11 century (fig. 12).
Buried soil 2b has many properties similar to the sur-
face soil, such as expression of greyzemic features,
both soils showed a high SiO,/Al,O; ratio in their top-
soil material, which also indicates wetter conditions.
Pollen data from this soil indicate the presence of a
birch-oak forest around the mound site.

5. CONCLUSIONS

The soils studied at the Gochevsky burial ground
(including the surface soil and five buried soils under
mounds) have developed over different periods but
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Fig. 12. Average annual air temperature in the central part of the Russian Plain in the 9th—16th centuries. The graph shows the
suggested burial time of the studied soils (after Klimenko et al., 2001).

Puc. 12. CpenHeronoBas TeMrepaTypa Bo3ayxa B lieHTpaibHOi1 yacTu Pycckoii paBHuHBI B IX—XVI BB. Ha rpacduke rmoka3aHbl
pearoJiaraeMble JaThl MOIPEOSHUS UcClieNOoBaHHBIX MoYB (Mo KinumeHko u ap., 2001).

show relatively small differences in other soil-forming
factors and, therefore can be used as a soil chronose-
quence to identify the differences between the present
environment and the environments that existed at the
time of the soil burial in the middle and the second
half of the 11th century.

According to a set of soil properties, the soil can be
arranged chronologically: soil 3b — 4b and 5b — soil 2b
(fig. 12). Soil, which was buried approximately at the
beginning of the 11 century (3b), displays signs of drier
conditions. According to pollen records, the spectra of

the above mentioned soils are dominated by pollen of
herbaceous plants, mainly Asteraceae and Cichori-
oideae, accounting for 72%, which reflects the exis-
tence of open spaces around the mound.

Humidification of the climate increased to the
present level in a short period towards to the soil 2b
burial, which occurred in the second half of the 11th
century. The transition to a more humid environment
coincided with the burial of soils 5b and 4b. Pollen da-
ta from these soils indicate the presence of a birch-oak
forest around the mound site.

RECONSTRUCTION OF MEDIEVAL PALEOLANDSCAPES BASED
ON THE STUDY OF PALEOSOLS OF GOCHEVSKY ARCHAEOLOGICAL

COMPLEX (KURSK REGION, RUSSIA)
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Due to isolation from the external environment, the soils buried under the mounds of burial complexes are
valuable natural archives that provide information on the past environments. Soils buried under mounds in
the Middle Ages with a short time interval — 25—50 years were studied in present paper. The research included
the detailed field morphological description of the buried soils, particle size analysis and the study of elemen-
tal composition, iron fraction, some other chemical parameters and spores, pollen and non-pollen palyno-
morphs. Surface soil in the immediate vicinities of the mounds was studied for comparison. The data ob-
tained allowed the forest-steppe landscape dynamics in the 11th century. Medieval warming and subsequent
humidification of the climate over a short period could significantly impact natural conditions and the mi-
gration of the population of the steppes of Eurasia.

Keywords: paleosols, pollen, paleoclimate, Holocene, Medieval Climatic Optimum
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B ceBepo-3ananHoii yactu [IpukacnuiicKoit paBHUHBI IS IBYX Pa3HbIX TUITOB MOYB, MOACTUIAEMbIX CJIO-
HUCTBIMU OTJIOXKEHUSIMHU, TPOBEACHO CpaBHEHUE MaKpO-, MUKPOMOPGHOJOTMIECKUX, TPaHyJIOMETprUIe-
CKMX, (DUBMKO-XUMHUYECKUX TTOKa3aresieil 1 MUHEPAJOrn4ecKoro KBapil-1oJjeBoIInaToBoro Koagouim-
enrta KpuoreHHoit kouTpactTHOCTH (KKK). 3navenusa KKK mis momcTuiaomux MOYBEl OTIOKEHM
>1 CBUIETEIBCTBYIOT O KPMOTEHHBIX ITpeoOpa3oBaHusaX ocanka. CkaykooOpa3Hoe pacripenesieHue Koad-
dunuenta KKK B 3aBucumocTu ot tekcrypHoro kiacca cinoeB (KKK <1 mnsa cymmancteix, KKK =1 ms
IJIMHUCTBIX) CJIOUCTHIX IIIOKOJIAMHBIX ITIMH Y 03. DJIbTOH B 0OHaXKeHWU JIuchst 6anka (+12 M Hany. M.) yKa-
3bIBACT Ha CE30HHBIN MTPUBHOC U OTJIOKEHUE MaTepralia BepXHeil YacTH HIDKHEXBAJTBIHCKUX MOPCKUX OT-
JIOXKEHUI B BOIOEMBI CO CJ1ab0il MPOTOYHOCThIO Ha TPaHUIIE TOJIOLIeH-TUIelicToleHa. st TeppuTopuu ¢
BBICOTOI +26 M Han y. M. (JIxkaHbIOEKCKMIA cTallMOHAP) TOXE BhISIBIEHHI ieccoBuaHbie ciiou ¢ KKK >1, B
KOTOPBIX OTMEUEHBI BKJIIOYEHUSI (hparMeHTOB IIOKOJIAIHBIX IIMH, MOXOXHUX HA IJIMHbBI Y 03epa DJILTOH.
DTO CBUIETETBCTBO TOTO, UTO OTJIOKEHMS CIIOMCTBIX IITOKOJIATHBIX TIIMH 0113 03. DJIBTOH SIBJISTIOTCS OMHUM
U3 UICTOYHUKOB HUXKHUX JIECCOBUIHBIX CJIOEB OTJIOXKEHUI Ha TeppuUTOpUM JIKaHBIOEKCKOTO CTallMOHapa.
B cpaBHUBaeMbIX moYBax HA OOHOM U TOM Xe ITyouHe (oKojio 100 cM) oTMedeHBI MPU3HAKYA CUHJIMTOTEH -
HOTO KpHOAapUIHOTIO MeaoreHes3a: rpaHyJ/IsspHasi CTPYKTypa 1 TMIICOBbIC aKKYMYJISILIMM C IPU3HAKaMU pac-
TBOPEHUS U IIePEKPUCTAIUIN3AMN. B TOBEpXHOCTHBIX “TEIUIBIX” CIOSX OTIOXKEHM C(pOpMUPOBAHBI pa3-
HbIE TUITBI [TOYB, YTO CBSI3aHO C pa3HbIMU (DaKTOpaMU ITOYBOOOPA30BAHUSI B COBPEMEHHBIX 1 TTAJICOKJIMMa -
TUYECKUX YCJIOBUAX roJiolieHa. IIpenrionaraemM, 4YTo IIOCje 3Tara ITOBBIIIEHHOTO aTMOC(hepHOTO
yBlaxHeHus: B XxpoHoruHTepBaje 3500—3000 1. H. pa3BUTHE MOBEPXHOCTHBIX ITOYB MPOUCXOIUIIO TTO-pa3-
HoMmy. Ha HenmpeHnpoBaHHOIT TEPPUTOPUHN CTallOHAapa MPpU HETTyOOKOM 3aJIeTaHMU TPYHTOBBIX COJIEHBIX
BOJI c(hOpMUPOBAJICS XapaKTePHBI TPEXWICHHBI COJTOHIIOBBIN KOMILIEKC C MUKpOpeabeOM, BKIIHOYaI0-
Ui U3yUYeHHBIN pa3pe3 COJIOHIIAa Ha MUKPOTIOBBIIIeHNN. Ha mpeHnpoBaHHOI TIJIOCKOM MOBEPXHOCTH Y
03. DJIBTOH MPOMBITOCTb ITOYBBI OT JIEFKOPACTBOPUMBIX COJIeit 10 IyOMHBI 70 CM MapKUpPYeT 3Tall MOBBILLICH-
Horo aTMoc(depHoro yBiaaxHeHrs. KapOoHATHOCTD JIECCOBUIHBIX “TEIUIBIX OTJIOXKEHUM, HU3KHUI YPOBEHbD
TPYHTOBBIX BOJ U COBPEMEHHBII apUIIHBII IeI0TeHe3 He MO3BOJIMIN Ha 9TO TEPPUTOPUM MTPOSIBUTHCS CO-
JIOHIIOBOMY TTpolieccy. B pe3ynbrare Ha 310l MOBepXHOCTH c(hopMuUpoBaHa Oypast apyIHast TMTICOHOCHAs TTOYBa.
C 2000-x rr. Ha I>)kaHBIOEKCKOI paBHMHE IPOUCXOAUT yBeINUYEHE apUIHOCTU KJIMaTa, COIPOBOXIAI0-
1eecsl HeOOJBIIIMM YBETMYSHUEM KOJIMUECTBa 0CaIKOB 3UMHETO TIeproa, YTO BRI3BIBAET OoJiee IITy0oKoe
BeCceHHee IMpoMaurBaHue NouBkl. B pesynbraTe B BepxHux 50 (70) cM M3y4eHHBIX ITOYB OTMEYEHbBI MTOBBI-
IIIeHHast OMOTeHHas aKTUBHOCTh 1 YCUJIEHHE T'YMYCOHAKOTUIEHUST, BBIHOC JIETKOPACTBOPUMBIX COJIEi 1 me-
pepacrpeneicHue KapooHaTa Kajblusi. Mukpopeiabed oOycIOBIMBACT OTHOCUTEIbHYIO BBIPAaXXEHHOCTh
STHUX MIPOIIECCOB.

Karoueswie cnosa: Solonetz, Calcisol, 3Bomonus IToYB, U3MEHEHMEe KJIMMaTa
DOI: 10.31857/S0435428122050091

1. INTRODUCTION of the Caspian Sea in a semicircle. The deposits of the

The Volga-Ural interfluve occupies a major part of ~ Volga-Ural Interfluve are closely related to changes in
the Caspian lowland, which covers the northern coast the boundaries of the Caspian Sea as a result of trans-
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gressions and regressions leading to a change in the
lithological composition of surface sediments. These
processes are reflected in the features of the composi-
tion and structure of the soil-forming rocks. The
coastal boundary of the maximum transgression of the
Caspian Sea in the Khvalynian period was located at
an altitude of +48...50 m, reaching in the north to the
foot of the Common Syrt and the slopes of the Syrt
Zavolzhye. The question of the stages of the Khvalyn-
ian regression of the Caspian Sea and the stages of its
delay at different hypsometric levels remains debat-
able. Retreating at the end of the Upper Quaternary,
the Caspian Sea exposed a flat, south-sloping seabed,
which already had irregularities due to the activity of
sea waters and salt tectonics. As the sea receded, the
formation of peculiar landscapes characteristic of the
modern semi-desert zone of the south-east of the Rus-
sian Plain gradually began on the drained surface.

The entire surface of the Caspian lowland is cov-
ered with marine sediments of different ages, which
are mainly represented in the north by yellow-brown
heavy and medium loams, in the south they are re-
placed by light and desalinated loams and sands. The
most specific for the soil formation of the Lower Volga
region are Lower Khvalynian Chocolate clays. They
are confined to the second terraces of the Volga and
Ural rivers and are not characteristic of the Volga-Ural
interfluve (Svitoch et al., 2017). The age of Lower
Khvalynian Chocolate sediments according to the lat-
est available dates lies in the range of 25—12.6 thou-
sand years ago (Yanina et al., 2017; Kurbanov et al.,
2021). Chocolate clays have a complex polyfacial lay-
ering and characteristic crystallooptical properties
(Lebedeva et al., 2018). The most frequent occurrence
of Chocolate clays in the Volga-Ural Interfluve was
noted in a series of depressions located parallel to the
Volga valley. This was described earlier by M. P. Britsy-
na (1954) and confirmed by our field studies and anal-
ysis of soil literature (fig. 1). For many Holocene soils,
it was noted that the Khvalynian layered (or covertly
layered) sediments with the inclusion of seashells are
covered by a layer of younger terrestrial formations,
which is loess.

Since the late 1970s, an increase in climate humid-
ity has been observed in the Northern Caspian region.
At first glance, the changes are insignificant: total an-
nual temperature increased by 1.3°C, precipitation in-
creased by 50 mm, evaporation during the warm peri-
od decreased by 70 mm. However, it is known that arid
and semiarid landscapes are very sensitive to such
changes. Since the territory is drainless, the change in
climate humidity leads to a synchronous increase in
the groundwater level. These changes have already
been reflected in the vegetation of the north of the
Caspian lowland. Thus, an increase in the participa-
tion of mesophytic vegetation species and an increase
in the projective coverage on all elements of the mi-
crorelief were registered (Novikova et al., 2004;
Sizemskaya, Sapanov, 2010).
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The aim of study is to identify the features of mi-
crostructure, mineralogical and physico-chemical
properties of soils associated with the composition and
structure of soil-forming rocks, with modern and rel-
ict processes of soil formation in a changing climate.

2. MATERIALS AND METHODS

The first study site is located on micro-elevation
between 3d and 4th State Forest Belts of the Janybek
Experimental Station (Institute of Forestry, RAS)
(+26 m altitude, 49°23"54.2” N 46°47°46.6” E). Living
soil cover consists of Bassia prostrata (L.) A.J. Scott,
Salsola laricifolia, Lepidium perfoliatum L., Agropyron
desertorum (Fisch. ex Link) Schult., Festuca valesiaca
Schleich. ex Gaudin, Tortula desertorum Broth. The
soil (pit 2—15, 49°23’14.0” N 46°4725.0” E) on this
site is attributed to Gypsic Solonetz (Albic Clayic Cu-
tanic Differentic Magnesic Hypernatric Raptic). This
soil section belongs to one of the chronographs of the
combined study of changes in soil properties and cli-
matic conditions on the subject of the Russian Science
Foundation project No. 21-74-20121. Water table is
5.35 m. The second study site is located on the 8§ m
high exposure at the Fox Dry Valley near Elton Lake
(+12 m altitude), so the groundwater has not been
opened. The soil (pit 6—19, 49°16"39.5” N 46°40°32.0” E)
on this site is attributed to Haplic Calcisol (Loamic,
Raptic) with close bedding by Lower Khvalynian
Chocolate clays. The age of the deposits was deter-
mined from the shells of a marine mollusk (Didacna
ebersini) in the lower layers of Chocolate clays on the
depth of 4 m. Living soil cover is represented by Ar-
temisia vulgdris (L.).

Field description was performed according to FAO
Guidelines for Soil Description (2006). Soil types
were determined using the World Reference Base for
Soil Resources (2015). Micromorphological analysis
was conducted using international terminology
(Stoops, 2021) with equipment of the Center for Col-
lective Use “Functions and properties of soils and soil
cover” of the FRC V.V. Dokuchaev Soil Science Insti-
tute. The grain size analyses for fine earth material
(<1 mm) was performed by the conventional pipette
method (Kachinskiy, 1965). Textural classes were
scaled to international standards (Guidelines for Soil
Description, 2006) using the construction of cumula-
tive curves (Shein, 2005). Soil salinization was as-
sessed according to the criteria given in the mono-
graph “Salt-affected soils of Russia” (Pankova et al.,
2006). The organic carbon was determined by the
modified Tyurin method (GOST 26213-91, 1992).
Clay fraction (<0.001 mm) was extracted according to
Gorbunov (1963). To characterize the degree of par-
ticipation of the cryogenic weathering process in the
formation of deposits and soils the coefficient of cryo-
genic contrast was used:

CCC = QI/Fl : Q2/F2,
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Fig. 1. (a) — spatial distribution of Chocolate clays in the Northern Caspian and Volga regions (Britsyna, 1954): 1—5 — horizons
of Chocolate clays with a thickness of 0—2, 2—5, 5—8, 8—13 and over 13 m, respectively; 6 — the assumed boundary of the distri-
bution of Chocolate clays before their destruction by denudation processes. (b) — distribution of Chocolate clays according to
literature data and personal findings: 1 — Rode and Polsky (1961); 2—4 — Kovda (1950); 5—6 — Yakubov (1938); 7 — Plotnikova
et al. (2019); 8 — Demkin and Ivanov (1978); 9—12, 17 — personal finds of M.P. Lebedeva; 13 — Lebedeva et al. (2018); 14—15 —
Makshaev and Svitoch (2016); 16 — Britsyna (1954).

Puc. 1. (a) — cxema pacnpocTpaHeHUs IoKoaanHbIX IMH B CeBepHoM INpukacnuu u [MoBosxbe (Britsyna, 1954): 1-5 — ro-
PU30HTHI IIOKOJIAAHBIX IIUH TOMUHOMK 0—2, 2—5, 5—8, 8—13 1 60see 13 M COOTBETCTBEHHO; 6 — MpearoaracMasi TpaHuLa
pacnpocTpaHeHMsI IIOKOJIaIHbIX TJIMH 0 Hayajla uxX paspylueHus u neHynauuu. (b) — pacrpocTpaHeHue OKOIaIHbIX NIMH
COIIACHO JIUTEPAaTypPHBbIM JaHHBIM M JUYHBIM HaxonkaMm yueHbix: 1 — Pome, ITonbckuit (Rode, Polsky, 1961); 2—4 — Kosna
(Kovda, 1950); 5—6 — SIxy6oB (Yakubov, 1938); 7 — ITnorHukoBa u coasT. (Plotnikova et al., 2019); 8 — lemkuH, MBaHoB
(Demkin, Ivanov, 1978); 9—12, 17 — nuunbsle Haxonku M.II. JlebeneBoii; 13 — JlebeneBa u coant. (Lebedeva et al., 2018);
14—15 — MakiuaeB, Csurtou (Makshaev, Svitoch, 2016); 16 — bpunbina (Britsyna, 1954).
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where Q1 and F1 are the content of quartz and feld-
spar, respectively, in the fraction 0.05—0.01 mm; Q2
and F2 are the content of quartz and feldspar, respec-
tively, in the fraction 0.1—0.05 mm (Rogov, 2009).

Fractions 0.05—0.01 and 0.1—0.05 mm for the cal-
culation of CCC were obtained by sieving from the to-
tal residue of particles >0.01 mm after clay extraction.
The quartz and feldspar content were determined us-
ing a SEM microanalyzer JEOL JSM-6610LV (Center
for Collective Use “Laboratory of Radiocarbon Dat-
ing and Electron Microscopy”, Institute of Geogra-
phy RAS).

3. RESULTS AND DISCUSSION

3.1. Field morphology. According to the obtained
data, the smoothing of the hummock-hollow mi-
crorelief described for the Janybek station caused by
the lowering of the surface of micro-elevations has
now been noted (Konyushkova, Abaturov, 2016). This
is most clearly appeared near the depression or near
the burrows of soil animals. Moistening of salic lower
horizons as a result of rise in groundwater levels (from
7 to 4—5 m over the last 30—40 years) and the transi-
tion of sodium sulfate (thenardite) into solution, caus-
ing repacking and compaction of subsolonetzic pseu-
do-sandy material, is considered as a mechanism
leading to lowering of modern microrelief (Lebedeva,
Konyushkova, 2016). Suffusion subsidence is charac-
teristic of loess and is described as one of the mecha-
nisms of formation of microhollows for territories with
meadow-steppe solonetzic complexes. With close
bedding of soils with Chocolate clays, the subsidence
of the surface is not characteristic (Britsyna, 1954).

Gypsic Solonetz (soil pit 2.15). The main type of
structure in the E horizon is tiled, but in some zones
there is clearly visible differentiation by type of poros-
ity. The upper part of the horizon is dense, below there
is a microhorizon (0.5 cm thick) with well-developed
vesicular pores, which is gradually turning into a mi-
crohorizon with a platy structure (0.5—2 cm) below.
The coffee-brown solonetzic horizon with character-
istic prismatic (columnar) structure lies under E hori-
zon. Salt pedofeatures of various forms (fading,
streaks) appear from 20 cm. Soil effervescence from
10% HCl is recorded from the same depth. Small gyp-
sum veins and yellowish saline mineral concentrations
are marked from a depth of 30 cm, large gypsum inter-
growths are confined to clay layers from a depth of
70 cm. There are many small roots in the upper hori-
zons, there are few roots in the lower horizons, but
they are larger.

On the depth of 70—100 cm litogenic layered struc-
ture was described, in the lower horizon (100—120)
signs of layered structure are presented. An oval mole
passage with chocolate-colored clay material is
marked in this layer (fig. 2, (a)).
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Haplic Calcisol (soil pit 6.19). There are a lot of bur-
rowing animal emissions on the surface. The soil ma-
terial is silty loam and silty clay. The soil profile has a
well-defined reddish-fawn color with a large number
of ochre spots (presumably with an increased iron
content). Soil effervescence from 10% HCl is recorded
from the surface.

From a depth of 50 cm, small fragments of Choco-
late clay appear (fig. 2, (b)). From a depth of 70 cm,
thin layers of Chocolate clay and loess deposits alter-
nate. In the 70—102 cm layer, Chocolate clay layers lie
horizontally parallel to each other, ochre spots and
soft ochre layers are confined to the contacts of Choc-
olate clays and loess. Chocolate clays with a gray hue
lie in a layer of 102—138 cm. From a depth of 120 cm,
the color of the profile changes — there are brown in-
terlayers on the pale yellow silty material. In a layer of
138—160 cm, there is a layer of loose gray clays with
ochre spots and gypsum veins and large crystals. In a
layer of 160—200 cm thick units of gray-dove-coloured
clays alternate with layers of loess. A Monodacna cas-
pia shell was found at a depth of 130 cm. Small frag-
ments of unidentifiable shells were found at a depth of
160—170 cm. From a depth of 200 cm there are vitre-
ous gypsum intergrowths.

Therefore, at the macro level, the morphological
properties of the compared soils are different, which
determined their different classification position.

3.2. Soil micromorphology. In the upper horizons of
both soils, low humus content and zoogenic aggrega-
tion of silt material was noted. In Calcisol, fragments
of Chocolate clays are often found already at a depth
of 0—7 cm (fig. 3, (b)), in contrast to the similar hori-
zon of the Solonetz, which is characterized by a thin
lenticular structure (fig. 3, (a)).

Below is solonetzic horizon (6—20 cm), which has
a characteristic angular-blocky microstructure and
striated b-fabric. The features are a relatively small
number of thin clay coatings, the presence of humus-
clay and clay-ferruginous coatings, including around
the microbiota passages. Excrements of soil microfau-
na, strongly decomposed plant residues and Fe-Mn
nodules were also noted. The pedofeatures noted in
the solonetzic horizon indicate the current stage of an
increase in average annual temperatures with an in-
crease in precipitation and the development of meso-
phytic vegetation (Novikova et al., 2004). This led to a
decrease in the mobility of fine matter, the appearance
of ferruginous-manganese nodules in the solonetzic
horizon of the Solonetz. Also this led to an increase in
the amount of plant residues and an increase in the de-
gree of their humification both in the Solonetz and
Calcisol (fig. 4, (a)).

In Calcisol, at a depth of 20—35 cm, various trans-
formations of Chocolate clays fragments were noted
with their inclusion in the intrapedal material with mi-
crite impregnation. Micrite nodules with diffuse
boundaries are noted in the groundmass near large
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Fig. 2. Study sites: (a) Gypsic Solonetz; (b) Haplic Calcisol.

Puc. 2. 3yyennble mouBeHHbIe Tpoduiu: (a) Gypsic Solonetz; (b) Haplic Calcisol.

voids. Clay fragments have angular and rounded
shapes, small fragments predominate (140—300 um),
there are larger ones (800 um, occasionally 1250 um),
which consist of a fine silt clay material (fig. 3, (d)).
There were no pedofeatures of mobility of clay micro-
mass.

In Solonetz at a depth of 30—50 cm, clays frag-
ments are so strongly assimilated that they greatly in-
crease the content of fine micromass among the silt
particles, creating a compacted silty-clay groundmass
(fig. 3, (¢)). Below (50—100 cm), a loose packing of
semi-rounded clay fragments of silt and fine sand di-
mensions among silicate grains is noted, forming a
pseudo-sandy horizon, which is characteristic for the
Solonetzes of the Janybek station (Rode, Polsky,
1961). Below 100 cm, the horizon ABkzb was diag-
nosed with micro features of relict soil formation
(fig. 4, (b)): high aggregation of clay-humus-carbon-
ate material (biogenic, cryogenic ooid), a small num-
ber of gypsum infillings. This makes it possible to con-

sider this horizon as a buried slightly humic horizon
formed in cold arid conditions. We assume that the
Fe-Mn dendritic nodules noted here are the result of
the current high groundwater level.

In Calcisol in mono-clay layers at a depth of 55—

63 cm, fracturing and fragmentation Chocolate clays
into platy units were noted (fig. 3, (f)), and at a depth
of 70—77 cm there were also micro features of different
generations of gypsum infillings (fig. 5, (d)). In Solo-
netz at a depth of 50—70 cm, the material of Chocolate
clays with the same composition does not have a platy
structure. It is aggregated (fig. 3, (e)) and forms hypo-
coatings. Gypsum infillings in Solonetz (fig. 5, (c)) are
most likely formed as a result of the capillary ascension
of saline groundwater and crystallization in the pores
in the capillary-moisture zone. We assume that in
Calcisol, smaller gypsum crystals were formed as a re-
sult of the dissolution of larger old gypsum crystals and
redeposition from solution, since we see crystals of
different shape, size and fracturing next to each other
TEOMOP®OJIOIA Ne 5
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Fig. 3. The microstructure of Solonetz (a, c, ¢) and Calcisol (b, d, f) with close bedding by Lower Khvalynian Chocolate clays:
(a) — lenticular microstructure (0—6 cm, PPL); (b) — fragments of Chocolate clays in Ek horizon (0—7 cm, PPL); (c) — assimi-
lated fragments of Chocolate-like clay material (30—50 cm, XPL); (d) — fragments of Chocolate-like material assimilated to vary-
ing degrees (20—35 cm, XPL); (e) — fragments of Chocolate clays transformed by pedogenesis (50—70 cm, XPL); (f) — having a
larger size than in Solonetz, disintegrating fragment of Chocolate clay (55—63 cm, XPL).

Puc. 3. MukpocTpyKTypa cojioH1ia (a, ¢, ) 1 0ypoit apuaHoii moussl (b, d, f) ¢ 6auskum noacrunanueM HikHeXBaabIHCKUMU
IIOKOJIATHBIMU IJTMHAMU: (a) — JIMH30BUIHAsT MUKpOCTpyKTypa (0—6 cM, PPL); (b) — dparMeHTHI 1IOKOJIAIHBIX IJTUH B TOPU-
30HTe Ek (0—7 cM, PPL); (¢) — accumuipoBaHHbIe (DparMeHThI MaTepHasia, 110 COCTaBYy CXOIHOTO C IIIOKOJaIHbIMU ITIMHAMU
(30—50 cm, XPL); (d) — B pa3HoOI1 CTeNIeHN aCCUMIIMPOBaHHbBIE (hparMeHTHI MaTepraa, II0 COCTaBy CXOMHOTO C IIIOKOJIaaHbI-
mu muHamu (20—35 cm, XPL); (e) — TpaHcdopMupoBaHHbIe MOYBOOOpa3oBaHUeM (hparMeHThbl MaTepyraa, 1o COCTaBy CXOJ-
Horo ¢ mokonagHbiMu mimHaMu (50—70 cm, XPL); (f) — KkpynHBIil paspyiiamomuiics ¢gparMeHT HIOKOJIaTHOM TJIMHBI

(55—63 cM, XPL).

(fig. 5, (d)). In Solonetz at a depth of 80—90 cm, clay
is microaggregated and included in the silty material
(fig. 5, (a)). In Calcisol at a depth of 70—77 cm, Choco-
late clay aggregates have the same composition and
shape in separate microlayers (fig. 5, (b)), which are
combined with layers of silty material. This allows us
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to assume the same genesis of these layers in the stud-
ied soils that are distant from each other.

The modern Calcisol in the Fox Dry Valley is
formed on a polyfacial layered thickness of Chocolate
clays (fig. 5, (e, f)). The similarity of the composition
and structure of Chocolate clays in the profiles of So-
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Fig. 4. Microstructure of Solonetz, Caspian Lowland: (a) subangular blocky microstructure, striated b-fabric, organic residues
and excrements in Btnz horizon (6—20 cm, XPL); (b) rounded biogenic aggregates (black outline) with fine organic material in

the groundmass in BCkzb horizon (100—120 cm, PPL).

Puc. 4. Muxpoctpykrypa cononua, Kacnuiickast HI3MEHHOCTb: (a) OKPYIJIO-0JI0KOBasi MUKPOCTPYKTYpa, CTpyiuaTasi OpUeH-
Talusi TOHKOJIMCIIEPCHOTO NIMHUCTOTO BEIECTBA, OPraHUIECKHE OCTATKU U 9KCKPEMEHTHI B ropusoHTe Btnz (6—20 cm, XPL);
(b) okpyriibie OMOTeHHBIE arperaThl (YepHBIA KOHTYP) C OpraHNMYEeCKHUM BEIIeCTBOM B COCTaBE TOHKOAMCIIEPCHOI MaCChI B TO-

pusonte BCkzb (100—120 cm, PPL).

lonetz and Calcisol shows that the source of clay frag-
ments in the Solonetz of the Janybek station are de-
posits of the Lower Khvalynian Chocolate clays from
dry valleys near the lake Elton, including from the Fox
Dry Valley located 20 km from the station.

3.3. Analytical features. The studied soils differ from
each other in the degree of biogenic processing of the
upper thickness (0—50 cm) — Calcisol contains more
organic carbon than Solonetz. The compared soils dif-
fer greatly in the thickness of the upper horizons
washed from salts. The upper 50 cm of Calcisol are not
saline, and below the salinity appears, but remains
weak to a depth of 120 cm. Solonetz is a highly sali-
nized soil over the entire thickness of the profile, ex-
cept for the unsaline horizon E. In Solonetz, CI-SO,
with gypsum and Na type of salinization prevails. In
Calcisol, SO, with Na type of salinization prevails.
Toxic salts predominate in the composition of the salts
of all saline horizons (tabl. 1).

The profile distribution of calcium carbonate of the
studied soils is very notably different. The upper 20 cm
of Solonetz is washed from calcium carbonate, while
Calcisol effervesce from 10% HCI from the surface. In
Solonetz the calcium carbonate content increases with
depth and reaches a maximum at a depth of 100—
120 cm, and then decreases again. In Calcisol the cal-
cium carbonate content also increases with depth, but
reaches a maximum at a depth of 50—70 cm. The max-
imum content of calcium carbonate in Calcisol is only
1% lower than in Solonetz, but the values of calcium
carbonate content in the lower layers of both soils
(170—200 cm) are very close (tabl. 1).

The clay content in the upper horizon (0—6 cm) of
the Solonetz is 2 times less than in the underlying one.
This is an attribute of the eluvio-illuvial differentiation

of the clay content in the soil profile, which is charac-
teristic of the Solonetz. In the other horizons of the
Solonetz the clay content varies slightly with depth.
However, it should be noted that the upper 50 cm are
characterized by an increased content of the fraction
with a size 0f 0.002—0.063 mm. Deeper than 50 cm its
content decrease (tabl. 2).

On the contrary, in Calcisol, the clay content varies
significantly from horizon to horizon, which is related
to the number of assimilated Chocolate clays frag-
ments and reflecting lithological heterogeneity. The
granulometric composition of Solonetz change little
with depth (silty clay, silty clay loam), only horizon E
(0—6 cm) has a silt loam texture class. At the same
time, the granulometric composition of Calcisol is
heterogeneous, silt loam, silty clay loam wu silty clay
layers alternate (tabl. 2). The heterogeneity of the
granulometric composition of the Calcisole profile re-
flects the lithogenetic heterogeneity of this soil.

The CCC value close to 1 in the E horizon of the
Solonetz is a sign of seasonal freezing, which is addi-
tionally diagnosed by the separation of fine-silty ma-
terial in lenticular aggregates (fig. 3, (a)). The value of
CCC 21 in the Solonetz was noted from a depth of
50 cm and below (tabl. 2), which indicates that the
material of these horizons has experienced a period of
permafrost (Rogov, 2009). We assume that the pres-
ence of rounded Chocolate clay aggregates in the silty
material is due to these harsh conditions (fig. 3, (c, e),

fig. 5, (a)).

In Calcisol, similar microstructure features and the
highest CCC values (=1.2) were noted for layers of
Chocolate clays with a higher content of clay fraction
(70—77 and 87—120 cm), which indicates their identi-
cal genesis and comparable freezing conditions with
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Fig. 5. The microstructure of Solonetz (a, c¢,) and Calcisol (b, d—f) with close bedding by Lower Khvalynian Chocolate clays
(XPL): (a, b) — aggregated silty clay material showed by yellow outline (82—86 and 70—77 cm respectively); (c, d) — gypsiym cris-
tals of different age and origin (100—120 and 70—77 cm respectively); (e, f) — intermittent layers of clay and fine sand materials
(146-160 and 160—200 cm respectively).

Puc. 5. MUKpOCTpYKTypa cojioHLa (a, ¢,) 1 6ypoii apuaHoii moussl (b, d—f) ¢ 6im3kum noactuianueM HukHeXBaabIHCKUMU
okosagHbiMu inHaMu (XPL): (a, b) — arperupoBaHHBIii MbLIEBATO-IJIMHUCTBII MaTepuall, MoKa3aHHbIN XeJIThIM KOHTYPOM
(82—86 1 70—77 cM cOOTBETCTBEHHO); (¢, d) — rMIICOBBIE KPUCTAJJIBI Pa3HOTO Bo3pacTa u npoucxoxaenust (100—120 u 70—
77 cM COOTBETCTBEHHO); (€, f) — nmepemMexaroniyecst CJI0u NIMHBI U TOHKOTO Tecka (146—160 u 160—200 cM COOTBETCTBEHHO).

clay layers in the studied Solonetz (tabl. 2). For most er (Arkhipov, 1958; Moskvitin, 1962), but this requires
of the silty layers in Calcisol, CCC< 1, which suggests  further research.
that they formed under warmer conditions. Such a dis-
tribution of CCC in layers with different granulomet-
ric composition allows us to assume the seasonality of
their deposition dynamics. The possibility of such a The comparison of microfeatures, grain size distri-
genesis of layered Chocolate clays was described earli- bution and coefficient of the cryogenic contrast

4. CONCLUSION
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Table 1. Selected chemical features of the soils of Caspian Lowland
Taomua 1. HexoTopble xuMudeckue nokasareau moys Kacnuiickoit HU3BMEHHOCTH

Lower Total sum of  |Sum of toxic
Horizon bou:rcrilary, Corg, % |CaCO3;, % dissolved ions (%) | salts, % Degree and type of soil salinization
Soil pit 2.15
E 6 0.74 NA 0.1 0.1 non existent
Btnzl 20 0.47 r'10n 01 0.1 slight, SO,4-Cl with participation of soda
existent and Na
Btnz2 30 0.29 1.85 1.1 1.0 strong, SO4 Na
Bknyz 50 0.14 4.58 2.4 1.9 very strong, Cl-SO, with gypsum and Mg-Na
Bkyz1 70 NA 6.95 2.3 2.1 very strong, CI-SO, and Mg-Na
Bkyz2 100 NA 6.07 2.6 2.3 very strong, CI-SO,-Na
ABkzb 120 NA 8.18 2.2 2.0 very strong, Cl-SO,4-Na
Ckyz1 150 NA 6.34 2.3 1.9 very strong, C1-SO, with gypsum and Na
Ckyz2 170 NA 5.54 2.4 2.0 very strong, CI-SO,4 with gypsum and Na
Ckyz3 200 NA 4.75 2.0 1.7 very strong, CI-SO, with gypsum and Na
Soil pit 6.19
Ek 7 1.08 2.80 0.2 0.1 non existent
Bkl 20 0.46 4.41 0.1 0.1 non existent
Bk2 35 0.44 6.21 0.1 0.1 non existent
Bk3 50 0.50 7.21 0.1 0.1 non existent
Bkyz 70 NA 4.21 0.7 0.2 slight, SO4 with gypsum and Na
2Cdky 77 NA 4.41 0.6 0.3 slight, SO4-Mg
3Cdky 87 NA 4.80 0.4 0.3 slight, SO,-Mg-Na
4Cdky 120 NA 4.59 0.4 0.3 slight, SO4-Mg-Na
5Cdz 150 NA 1.1 1.0 strong, SO, Na
6Cdz 170 NA 0.6 0.6 medium, SO4 Na
6Cdz 200 NA 0.9 0.8 strong, SO, Na

(CCC) oftwo soils was carried out: Calcisol on an out-
crop in the Fox Dry Valley near Lake Elton (+13 m al-
titude) and Solonetz on micro-elevation on the terri-
tory of the Janybek station (+26 m altitude). General
and specific features due to paleoclimatic and litho-
genic factors of soil formation have been identified. In
different soils at a distance of approximately 15 km
from each other, the same pattern was noted: the
change of CCC at a depth of 50 (70) cm from “warm”
to “cold” deposits. The upper loess-like material with
CCC <1 canbe called “warm”, and the lower material
because of CCC =1 is “cold”. The apparent morpho-
logical and granulometric layering of the Lower Kh-
valynian chocolate clays in the Fox Dry Valley out-

crop, underlying the Calcisol, is accompanied by a
discontinuous distribution of CCC, which suggests
their deposition in conditions of seasonal freezing.
There was no discontinuous distribution in the values
of CCC for the Solonetz, possibly due to the fact that
samples were not taken from very thin dusty lenses and
interlayers noted in the description in the field. We as-
sume that the layers in the compared soils with the
same cryogenic contrast coefficient were formed un-
der the same paleoecological conditions — strongly
freezing. The presence of sharp-angled small frag-
ments of chocolate clays mainly in the “cold” lower
loess layer and destroyed fragments of clays in the
“warm” upper layer of Solonetz, located at a greater

TEOMOP®OJIOTUA  tom 53 Ne 5 2022



BIMAHUE COCTABA U CBOMCTB XBAJIBIHCKUMX OTJIOXEHUM 57

Table 2. Grain size distribution, textural classes and the coefficient of cryogenic contrast in the selected horizons of the

studied soils, Caspian Lowland

Ta6mmma 2. [paHyJToMeTpUUECKHIT COCTaB, TEKCTYPHBIE KJIaCChl M KO3(MOUIIMEHT KPUOTEHHON KOHTPACTHOCTU U3YYeH-

HbIX To4yB Kacnuitckoii HU3MEHHOCTU

Grain size distribution
Lower
Horizon | boundary, Clay Silt Sand Textural classes CCC
cm (<0.002 mm), % (0'002_0;%? 63mm). | 063—2 mm), %
Soil pit 2.15
E 6 17.8 66.5 15.7 silt loam 0.92
Btnzl 20 37.5 52.4 10.1 silty clay loam 0.64
Btnz2 30 41.1 50.2 8.7 silty clay 0.87
Bknyz 50 36.9 52 11.1 silty clay loam 0.49
Bkyz1 70 45.2 44.1 10.7 silty clay 1.13
Bkyz2 100 433 47.3 9.4 silty clay 1.00
ABkzb 120 41.3 47.4 11.3 silty clay 1.00
Ckyzl 150 37.7 46.3 16 silty clay loam 0.92
Ckyz2 170 37.6 48.4 14 silty clay loam NA
Ckyz3 200 37.9 50.7 11.4 silty clay loam NA
Soil pit 6.19
Ek 7 12.6 58.3 29.1 silt loam 0.85
Bkl 20 21.1 56 22.9 silt loam 0.72
Bk2 35 30.2 55.9 13.9 silty clay loam 0.65
Bk3 50 343 52.9 12.8 silty clay loam 0.4
Bkyz 70 22.5 55 22.5 silt loam 0.56
2Cdky 77 48.5 44.6 6.9 silty clay 1.27
3Cdky 87 18.2 70.2 11.6 silt loam 0.64
4Cdky 120 49.7 44.5 5.8 silty clay 1.22
5Cdz 150 31.9 53.2 14.9 silty clay loam 0.99
6Cdz 170 17.8 59.3 22.9 silt loam 0.85
6Cdz 200 22.5 56.4 21.1 silt loam 1.43

altitude than the Calcisol, allows us to consider it as a
product of aeolian denudation of the dusty-clay layers
of the Lower Khvalynian marine sediments near Lake
Elton.

In layered sediments with the same value of the
cryogenic contrast coefficient for both pits, signs of
paleopedogenesis were noted. In Calcisol, granular
aggregation of clay material in plane voids between
chocolate clay tiles was noted, in Solonetz, character-
istic cryoarid aggregation was noted in loess material
at a depth of more than 1 m. Large irregular-shaped
gypsum accretions marking layers near the saline wa-
ter level during the retreat of the Khvalynian Sea
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(Rode, Polsky, 1961) are relict for both soil pits, since
their genesis is associated with zones of complete sat-
uration with sulfate waters (Lebedeva, Konyushkova,
2016). The modern recrystallization of gypsum with
the formation of small rhomboidal crystals indicating
a weak modern washing regime of soils in modern arid
conditions is noted. The washing of the upper part of
the Calcisol from soluble salts indicates the presence
of a stage of increased atmospheric moisture in its evo-
lutionary development. On the one hand, the suffos-
ion microrelief characteristic of loess has not been
formed here due to the layering of sediments and the
high drainage of the territory. On the other hand, due
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to the rapid discharge of water down a gentle slope into
the lake, a Solonetz profile has not formed here either.
For the undrained Janybek plain, soil salinization due
to periodic capillary ascension of saline groundwater
from a depth of 4—8 m is occurred. The period of in-
creased atmospheric humidification was noted for the
chronointerval 3500—3000 years ago (Borisov et al.,
2006). Exactly at this time the three-component solo-
netz complexes characteristic of the modern soil cover

of the Janybek plain were formed. The degree of choc-
olate clay fragments integrity in the upper “warm”
loess layer depends on the intensity of modern soil for-
mation processes: biogenic activity, humus accumula-
tion, eluvial-illuvial migration of the humus and clay
components, surface hydromorphism. Currently,
these processes are conducting with increased intensi-
ty due to climate change (Romanis et al., 2022).

INFLUENCE OF THE COMPOSITION AND PROPERTIES
OF KHVALYNIAN DEPOSITS ON THE EVOLUTION OF SOILS
OF THE VOLGA-URAL INTERFLUVE (BASED ON THE RESULTS
OF MINERALOGICAL AND MICROMORPHOLOGICAL STUDIES)

M. P. Lebedeva®*, O. O. Plotnikova?, N. A. Churilin®, T. V. Romanis?, and V. A. Shishkov’

“Dokuchaev Soil Science Institute, Moscow, Russia
b [nstitute of Geography RAS, Moscow, Russia
*E-mail: m_verba@mail.ru

In the northwestern part of the Caspian Plain, a comparison of macro-, micromorphological, granulometric,
physico-chemical parameters and mineralogical quartz-feldspar cryogenic contrast coefficient (CCC) was
carried out for two different types of soils underlain by layered sediments. The values of the CCC for the un-
derlying sediments are =1, which indicates cryogenic transformations of the sediment. The abrupt distribu-
tion of the CCC depending on the texture class of layers (CCC <1 for loamy material, CCC=1 for clay) of
layered chocolate clays near Lake Elton in the Fox Dry Valley outcrop (+12 m altitude) indicates the seasonal
introduction and deposition of material from the upper part of the Lower Khvalynian marine sediments into
reservoirs with weak flow at the boundary of the Holocene-Pleistocene. For the territory with of +26 m alti-
tude (Janybek station), loess-like layers with CCC=1 were also identified, in which inclusions of fragments of
chocolate clays are similar to clays near Lake Elton. This is evidence that the deposits of layered chocolate
clays from Fox Dry Valley are one of the sources of the lower loess-like layers of sediments on the territory of
Janybek station. In the compared soils at the same depth (about 100 cm), signs of synlithogenic cryoarid
pedogenesis were noted: granular structure and gypsum accumulations with signs of dissolution and recrys-
tallization. Different types of soils were formed in the surface “warm” layers of sediments (CCC<1), which
is associated with different factors of soil formation in modern and paleoclimatic conditions of the Holocene.
We assume that after the stage of increased atmospheric humidification in the chronointerval 3500—
3000 years ago, the development of surface soils occurred in different ways. On the undrained territory of the
station, with a shallow occurrence of saline water-table, a characteristic three-component solonetz complex
with a microrelief was formed, including the studied soil pit of the Gypsic Solonetz on a micro-elevation. On
a drained flat surface near Lake Elton, the washing of the soil from easily soluble salts to a depth of 70 cm
marks the stage of increased atmospheric moisture. The carbonate content of loess-like “warm” sediments,
deep water-table and modern arid pedogenesis did not allow the solonetzic pedogenesis to manifest in this
area. As a result, Haplic Calcisol was formed on this surface.

Since the 2000s, there has been an increase in climate aridity on the Janybek plain, accompanied by a slight
increase in winter precipitation, which causes deeper spring soil wetting. As a result, in the upper 50(70) cm
of the studied soils, increased biogenic activity and increased humus accumulation, removal of soluble salts
and redistribution of calcium carbonate were noted. The microrelief determines the relative severity of these
processes.

Keywords: solonetz, brown arid soil, soil evolution, climate change
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1. INTRODUCTION

The history of occupation of the anatomically
modern human and spreading of Upper Palaeolithic
culture in Eastern Europe — one of the important top-
ics of researches in Eurasian archaeology of the last
decade (Hoffecker, 2009; Hublin, 2015; Hublin et al.,
2020). Essential aspect of this fundamental problem is
determination of the time of human occupation of the
regions with extreme climatic conditions, including
Arctic and Subarctic (Pavlov et al., 2004; Pitulko et al.,
2004; Pavlov, 2015, 2021). The data obtained in the
northeast of Europe — one of the few regions of
Northern Eurasia where sites of the beginning of the
Upper Palaeolithic are known — important for this re-
search (Kanivets, 1976; Pavlov, 2008).

In the northeast of the East European plain, in the
basins of Pechora and Upper Kama, and in the west-
ern foothills of Middle and Subpolar Urals four sites of
the beginning of the Upper Palaeolithic are known
(Pavlov, 2015). They are subdivided into two chrono-
logical groups. The sites existing in the region at the
end of the Leningrad interstadial of Middle Valdai
(GI9—H4) comprise the first group (43—34.5 kyr BP).
These are sites Mamontova Kurya (Pechora River ba-
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sin) and the Zaozer’e (Upper Kama River basin). Sites
of the second chronological group (33—30 kyr BP),
belong to the end of the Middle-beginning of the Late
Valdai (GI5—H3) (Byzovaya, Pechora River basin and
Garchi I, Upper Kama River basin) (Svendsen et al.,
2010).

So even though it’s impossible to make an unam-
biguous correlation one could suspect that at least
some of the early phases of human occupation took
place during “interstadials” rather than “stadials”.
It is noteworthy that the timing of the early human vis-
its to the north seems to correspond with a long-lasting
period when the Barents-Kara Ice Sheet was small
or absent (Svendsen et al., 2010). According to
Yu.N. Gribchenko (Gribchenko, 2017) judging from
geomorphic and stratigraphic position of the Late Pa-
leolithic sites in the Upper Kama stream, it may be
supposed that the most favorable conditions for the
migrations of the prehistoric communities into the re-
gion developed there by the second half of the Middle
Valday interstadial (Gribchenko, 2006).

It is clear enough that the northward migration
routes of the early communities depended heavily on
physiographic characteristics of the region and specif-
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Fig. 1. Location map.

(b)

(a) — Location of the initial Upper Paleolithic (IUP) sites, mentioned in the text: / — Zaozer’e, 2 — Kostenki, 3 — Altai IUP sites.

(b) — Zaozer’e topographical situation (Google Earth image).
Puc. 1. PacrionoxeHue apXeoJIOrn4eCKUX MaMsITHUKOB.

(a) — MeCTONoJIOXEeHHUE MaMSITHUKOB Ha4aJIbHOTO BEPXHETO MaJIeoJIMTa, yIOMUHaeMbIX B TekcTe: I — 3ao3epbe, 2 — KocTeHku,
3 — anratickue namMsTHUKH. (b) — KOCMOCHUMOK pacrojioxXeHus cTossHkU 3ao3epbe (o Google Earth).

ic features of the relief-forming processes. Thin cover
of snow during the winter seasons and a productive
steppe with a dry and firm substrate were important
factors that favored large animals and their predators.
Rich herbivore diversity was probably a premise for
human colonization at this high latitude. These envi-
ronmental conditions also facilitated the mobility of
humans (Svendsen et al., 2010).

2. ZAOZER’E SITE

Among the sites of the first chronological group the
site Zaozer’e represents significant interest determined
by geographical position, comparatively early age, and
unique features of the site’s assemblage (Pavlov, 2009)
The site Zaozer’e (58°09’15” N; 56°56’32” E, 118 m
a.s.l.) is situated on the south bank of the Kama Res-
ervoir (former river Chusovaya), some 40 km to the
east of Perm city (fig. 1). The age of the site according
to radiocarbon and OSL dating 35—31 “C kyr BP (41—
34.5 cal kyr BP) (for details see: [Svendsen et al., 2010;
SOM)). The site is located on a ledge in the river val-
ley, on the promontory of third river terrace.

The site location is bounded on two sides by large
gullies with steep slopes. The surface of the site itself
rises gradually from 15 m above the reservoir to 18—
22 m. The loess loam overlying the cultural layer forms
a mantle varying in thickness from 4.5 to 3.0 m.

Site’s stratigraphy was studied by Yu.N. Gribchen-
ko (2006, 2017). According to his observations the cul-
tural finds were mostly recovered from a humified
horizon with distinguishable fragments of multiple-
aged soil formation. Stone implements and animal
bones are often confined to gleied lenses indicative of
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excessive moistening periods at the time of human
habitation (Gribchenko, 2006). Such formations may
be related to buried seasonal-thawing layer dated to
the middle Valday interstadial. After period of human
occupation an active eolian and eolian-diluvial accu-
mulation of loess started that was interrupted at least
twice by short periods of the surface stability; those ep-
isodes were recorded by two levels of ephemeral soil
formation and the development of large fault systems.
The occurrence of the soil complex in the site sections
displays signs of weak downslope movements. There
are lenses of darker organic-rich material related ge-
netically to an earlier soil formation (presumably dated
to the Early Valday interstadial). The underlying hori-
zon displays morphotypical characteristics of horizon
B of the interglacial (Mikulino) fossil soil (Gribchenko,
2017). Three OSL-dates that were obtained from just
below this zone gave ages in the range 104—92 ka BP,
supporting the assumption that this basal part of
the aeolian loess accumulated during MIS 5 (Svend-
sen et al., 2010).

Site’s faunal remains include horse (Equus sf. lati-
pes), woolly rhinoceros (Coelodonta antiquitatis), rein-
deer (Rangifer tarandus), hare (Lepus timidus), and
mammoth (Mammuthus primignius) (ident. by
P.A. Kosintsev, IPAE, Ekaterinsburg). Main object of
hunting for the site’s visitors was a horse. Dense ele-
ments of low food value are under-represented in in-
ventory of skeletal parts, which apparently reflects se-
lective retrieval of parts from the kill location. This as-
sumption believes that the place of hunting was in the
nearest vicinity of the site.

Along with the horse, the permanent object of
hunting was such small animal as a hare. Bones of this
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animal is found in the close to fireplaces within the liv-
ing floors. Most likely, hares were hunted for the sake
of fur, which was used for making warm clothes.

According to the palacogeographical reconstruc-
tion the site the Zaozere was surrounded by open
landscapes: the transition from the grassy forest to the
steppe (Pavlov, 2009; Silaev et al., 2019).

Palynologist V.V. Pisareva concluded that, during
the formation of a cultural layer near the site, probably
in the valley of the river, was developed boreal and
northern boreal vegetation. Local vegetation consisted
of swamp, water and ruderal groups, characteristic for
the forming terraces of river valleys and river flood-
plains. The vicinity of the site was swampy (Pavlov,
2009).

The site Zaozer’e in general, probably, represents
remnants of several small temporary hunting camps
visited for one or several seasons and situated on place,
convenient for hunting. Despite the relatively small
excavated area the site’s (ca. 200 sq. m) overall layout
can be set quite definitely. At least three find concen-
trations were recognized within the excavated area,
and it appears as if each find category (e.g., bones,
specific types of tools, and burnt materials) has a
unique and restricted spatial distribution, suggesting
some organized use of space during the period of hu-
man presence The studied objects have, as a rule, one
sharp boundary that probably demonstrates existence
of an artificial barrier — a wind shield (?) (Svendsen
et al., 2010).

The assemblage of the site contains more than
2 thousand artifacts. Besides stone implements the as-
semblage consist of bone and antler implements, and
personal ornaments.

The main type of raw materials on the site (more
than 50%) — gray-brown and dark gray concretion and
tabular flint from outcrops in Upper Perm limestones.
Pebbles from alluvial deposits, mainly dark gray and
black Carboniferous siliceous slate, rhinestone and
other siliceous rocks was also used (more than 30%).
It should be notated that many fragments of siliceous
slate found in several congestions near the fireplaces
were probably subjected to thermal treatment (?).

Technology of primary knapping is characterized
by prevalence of volumetric splitting. Preforms of
edge-facetted (?) cores (fig. 2, 1), longitudinal chips
from prismatic cores (fig. 2, 2) and crested blade
(fig. 2, 4) are found. But radial core (fig. 2, 5) also
presents in the site’s assemblage. Among chips of sys-
tematic splitting large and middle blades dominate
(fig. 3, 1-3, 9—13, 22-23).

End scrapers on flakes prevail in the assemblage’s
toolset. Large tools with ventral trimming dominate
(fig. 2, 7, 9, 10), including high form end-scrapers with
a straight edge (fig. 2, 6, 7), but majority of the scrap-
ers has a convex edge with planar retouch (fig. 2, 77—
13). Small scrapers made on rock crystal flakes with
retouch on one of the longitudinal edges also present

(fig. 2, 14). End scrapers on blades practically absent:
only single tool on distal part of large, massive blade
(?) represented in the assemblage (fig. 2, §).

The artefact assemblage can be categorized in two
different classes according to the applied stone tech-
nology. The Upper Palaeolithic group represented by
implements on blades. It consists of points (fig. 3, 28—
31), burins on truncation and break (fig. 3, 4, 21),
blades with marginal scalar and steep (in some cases
abrupt) retouch (fig. 3, 14—20), segments (“lunates™)
(fig. 3, 24, 25) and “arch-backed tools” (fig. 3, 26).
It is possible that some implements with a burin spall
in fact are cores for producing “Protoaurignacien”
straight narrow bladelets (fig. 3, 27, 32). Fragments of
such bladelets without secondary processing are avail-
able in assemblage (fig. 3, 5—&). Also, small curved
lamellar chips without secondary processing which
are, most likely, chips of fashion of edges of high form
scrapers are found (bladelets Dufour?). Fragmentation
of lamellar blanks also noted.

The second technical and morphological group of
stone assemblage consisted of ovoid unifaces (fig. 4, 6,
&—11) and bifaces (fig. 4, 3, 7), the backed Kielmess-
er-type knife (fig. 4, 4) and partially bifacial straight
side-scrapers (fig. 4, I—2, 5). Practically all bifaces
have plano-convex retouch which is the leading tech-
nological feature of the Middle Palaeolithic
Kielmessergruppen industries (KMG) of Eastern
Europe (Chabay, 2004).

Particularly noteworthy is the intensive reduction
of many tools, and repeated rejuvenation of their
working edges.

Implements made of antler and bone presented by
blank of projectile (?) (fig. 5, 1), fragile awl (fig. 5, 3).
and reindeer antlers cropped from one or two sides
(fig. 5, 2). Retouchers on the fragments of large tubu-
lar bones also present in the assemblage. Abrasives of
fine-grained sandstone for processing organic materi-
als were found in the cultural layer (fig. 5, 12).

Personal ornaments are represented by the pen-
dants of an oval form made of shell of freshwater Unio
mollusks (fig. 5, 4—5) and beads from fossil crinoids
(fig. 5, 7—8). One pendant has two one side drilled
holes located near the center of the pendant. The sec-
ond pendant is represented by a large fragment with a
partly preserved hole. In the assemblage there are also
a blank of such a pendant. Also blanks of polished ivo-
ry beads (?) and the ivory bladelets (fig. 5, /1) were
found (fig. 5, 10). In the assemblage there is also a
fragment of a roundish thin bone with two cut-
through holes (fig. 5, 6) and the fragment of horse (?)
rib dyed by ochre (fig. 5, 13).

Thus, the complex of the basic characteristics of
the site, including spatial organization and the main
features of the site’s assemblage, completely fit within
the AMH behavioral “package” (Benazzi et al., 2020)
and unambiguously allow to relate Zaozer’e to the be-
ginning of the Upper Palaeolithic.
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Fig. 2. Zaozer’e. Stone assemblage.
Puc. 2. 3ao3epre. KaMeHHbBIIt MTHBEHTAph.

3. DISCUSSION

The geographical location of the site the Zaozer’e,
practically on border between Europe and Asia (fig. 1),
causes the necessity to carry out its comparison with
sites of two main neighbouring areas where the sites of
beginning of the Upper Palaeolithic are known — East
European and North Asian.

In the centre of the East European plain to sites of
the initial stages of the Upper Palaeolithic (36—34 “C
kyr BP) belong sites of ancient chronological group of
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the Kostenki region in the centre of East European
plain (Dinnis et al., 2019) (fig. 1). These are resem-
bling “Protoaurignacien” and early Aurignacien com-
plexes of Kostenki XVII, layer II and Kostenki XIV
(layers of IVb-IVw and LVA), Kostenki I (layer III)
and also local Streletskian assemblages — Kostenki I,
layer V, Kostenki VI, Kostenki XII, layer Ia and III
(Dinnis et al., 2019).

The site Zaozer’e has a certain similarity on struc-
ture of assemblage and some technical and typological
characteristics of stone implements with the sites of



64 ITABJIOB

Fig. 3. Zaozer’e. Stone assemblage.
Puc. 3. 3ao3epbe. KaMeHHBIIT MTHBEHTAPb.

“Aurignacoid” group of Kostenki sites and especially
with assemblages of IVb layer of Kostenki XIV (36.5—
35.5 "C kyr BP). For stone assemblage of this site,
somewhat earlier than the Zaozer’e, blade technology
of primary splitting is also characteristic. Assemblage
characterized by combination of scrapers, dihedral
burins, pieces esquilles and bifacial oval and subtrian-

gular implements. Noteworthy presence of bone tools
and personal ornaments in the assemblage. Some
traits of similarity could be traced with assemblage of
the second layer of the Kostenki XVII. Last assem-
blage is completely deprived of any archaic features
and the basic technical-morphological and techno-
logical characteristics refers to Proto-Aurignacien
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Fig. 4. Zaozer’e. Stone assemblage.
Puc. 4. 3ao3epbe. KaMeHHBIII MIHBEHTAPb.

technocomplex (Dinnis et al., 2019). Some essential
elements of this technocomplex, first, the volumetric
knapping, and manufacturing of large blades, also
characteristic for Zaozer’e assemblage.

Another common and important feature — the
presence of personal ornaments in the assemblages of
these sites. Personal ornaments of Zaozer'e and sites of
the beginning of the Upper Palaeolithic of the Kosten-
ki area also have undoubted lines of similarity. How-
ever, unlike stone assemblage, Zaozer’e kit of personal
ornaments has significant similarity with ornaments
from the second layer of Kostenki XVII. The pendants
with drilled hole made of belemnite, the flattened
pebbles, fossil corals and canines of polar fox are
found in this layer (Stepanova et al., 2020). In addi-
tion, it should be noted that personal ornaments of the
site Zaozer’e according to classification by M. Van-
haeren and F. D’Erriko (2006), refer to the southern
group of European Early Upper Palaeolithic orna-
ments to which use of shells of sea molluscs and fossils
is characteristic.

Sites of the early stages of the Upper Palaeolithic
also known in neighbouring Asian region — in Altai:
These are such Initial Upper Palaeolithic (IUP) sites
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Fig. 5. Zaozer’e. Bone implements and ornaments.
Puc. 5. 3a03epne. KocTsiHble n3nenus v yKparieHusl.

as Denisova cave (43—31 kyr BP), Kara-Bom (41—
31 kyr BP), Ust-Karakol (35—30 kyr BP) (Belousova,
2018; Derevianko et al., 2020) (fig. 1). The stone in-
ventory of these sites significantly retains characteris-
tic of the local Middle Palaeolithic sites which preced-
ed them. In the industry of the Initial Upper Palaeco-
lithic (50—40 kyr BP), in the Denisova cave
subprismatic and edge-facetted cores are often intend-
ed for producing large blades. Methods of radial and
Levallois splitting also were used. Among tools side-
scrapers of Middle Palaeolithic forms prevail. Upper
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Palaeolithic categories are presented by the elongated
points, end scrapers and burins, awls, pieces esquilles,
retouched prismatic blades (Derevianko et al., 2020).

In the primary knapping of early Kara-Bom assem-
blages (46—43 kyr BP) the technology of bipolar split-
ting absolutely prevails. As characteristic tools of this
tradition retouched points on blades with a ventral
trimming of the base, the simple retouched points on
blades and microblades, truncated-facetted imple-
ments and, perhaps, the pieces esquilles on blades
could be mentioned (Belousova, 2018).

Obvious similarity to the Altai sites could be traced
in personal ornaments. In layers of the beginning of
the Upper Palaeolithic in the Denisova cave, the rep-
resentative assemblage of a beads and pendants made
of bone, stone and fossil shells are collected (Derevi-
anko et al., 2020).

Thus, Zaozer’e has with Altai IUP stone industries
some similarity in technology of primary splitting: use
of subprismatic, edge-facetted and radial cores and the
leading type of blank — a large blade. At the same time
the typological features of the industries are signifi-
cantly different. The industries of the beginning of the
Upper Palaeolithic in Eastern Europe and Siberia also
differentiated by Middle Palaeolithic substrate. Mid-
dle Palaeolithic component in East European’s as-
semblages represented, as usual, by plano-convex bi-
faces which are fossil directeur of the European Middle
Palaeolithic Kielmessergruppen (KMG) industries
(Chabay, 2004), in contemporaneous Siberian assem-
blages Middle Palaeolithic component represented by
Levallois forms typical for local Middle Palaeolithic
(Derevianko et al., 2020). In general, Zaozer'e consid-
erably differs on structure and technical-morphologi-
cal features of the assemblages from significantly older
Initial Upper Palaeolithic Altai sites.

Particularly noteworthy is the presence of crescent-
shaped and arch-backed tools in Zaozer’e assemblage.
These categories are one of the most distinctive typo-
logical features of the units of the beginning of the Up-
per Palaeolithic or Transitional industries such as
Chatelperonian in Central and Southern France and

Northern Spain, and Uluzzian in Italy and Greece
(Hublin, 2015; Moroni et al., 2018; Stefanski, 2018).
A few assemblages with arch-backed points have been
reported from Central and Eastern Europe. Chrono-
logically, these units are sandwiched between Mouste-
rian and Aurignacian in Western and Southern Europe
(Stefanski, 2018). Zaozer’e crescent-shaped tools re-
sembles Uluzzian lunates (Villa et al., 2018), arch-
backed points like those of Krakéw Zwierzyniec 1
(Stefanski, 2018).

These sites belong to one of initial waves of the
AMH occupation of European continent which began
ca. 46 kyr BP (Hoffecker, 2011; Hublin et al., 2020).
Data of the analysis of DNA of the first migrants show
that wide spreading of the anatomically modern hu-
man in Europe was followed by continuous contacts
with the native Neanderthal population (Fu et al.,
2016; Hajdinjak et al., 2021). This fact could serve as
plausible explanation of presence of Middle Palaeo-
lithic component in some regional East European in-
dustries of the first half of the Upper Palaeolithic, in-
cluding Zaozer’e.

4. CONCLUSIONS

The main features of Zaozer’e assemblages and
spatial organization of the site itself evidently could be
interpreted as requisites of a modern cultural model.
Zaozer’e probably belongs to the first pioneer wave of
modern humans moving into Eastern Europe, ex-
panding from the south of the European continent.
It is possible to assume that the Zaozer’e, along with
sites like layer IVb-w Kostenki XIV, consist of group of
sites of beginning of the Upper Palaeolithic which rep-
resent the distinct East European industrial tradition
having common features with complexes of the begin-
ning of the Upper Palaeolithic of Southern and South-
west Europe. The Zaozer’e materials demonstrate that
modern humans reached the Northeast of the East
European plain and the Urals (i.e., Subarctic zone of
the Eastern Europe) ca. 40 cal. kyr.

ON THE TIME OF APPEARANCE OF ANATOMICALLY MODERN HUMANS
IN THE NORTHEAST OF EAST EUROPEAN PLAIN AND IN THE URALS
(BASED ON DATA FROM THE ZAOZER’E PALAEOLITHIC SITE)

P. Yu. Pavlov~*

4[nstitute of Language, Literature and History, Federal Research Centre Komi Science Centre Urals Division RAS,
Syktyvkar, Russia

*E-mail: ppaviov 120@gmail.com

The article discusses the materials of the Palaeolithic site Zaozer’e (35—31 '4C kyr BP) situated on the North-
East of East European plain in Upper Kama River basin. The age, distinctive features of stone and bone as-
semblage and the types of personal ornaments unambiguously allow to relate Zaozer’e to the beginning of the
Upper Palaeolithic. The site’s features incorporate most of the traits which have been interpreted as requisites
of cultural model of the anatomically modern human (AMH). The assemblage of Zaozer'e site has certain
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similarity to assemblages of the contemporaneous sites of the Kostenki group (Kostenki XVII, layer 11 and
Kostenki XIV, layers IVb), but also yielded some implements resembling elements of the Uluzzian and Pro-
toaurignacien assemblages of Southern and Southwestern Europe. The site’s materials show that modern hu-
mans reached the sub-arctic zone of Eastern Europe during the relatively warm interstadial climate epoch ca.
40 cal. kyr practically concurrently with their first appearance in the central part of the East European Plain.

Keywords: beginning of the Upper Palaeolithic, North-eastern Europe, initial inhabitation of the Subarctic

zone
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1. INTRODUCTION: ANTECEDENTS
AND APPROACH

Reconstruction of the regional paleoenvironmen-
tal changes during the Middle and Late Valday (We-
ichselian) epoque has major importance for under-
standing of the social-ecological interactions during
the initial dispersal of Homo Sapiens and posterior
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development of the Upper Palaeolithic cultures in
Eastern Europe. General longeval tendencies of these
changes deciphered from various proxies as well as
their influence on the cultural development are pre-
sented in the works on A.A. Velichko and his collabo-
rators (2012). However more recently the detailed re-
cords from the Greenland ice cores and deep-sea sed-
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iments of Northern Atlantic have shown that the short
term (centennial to 1—2 millennia) but pronounced
and contracting fluctuations of climate had major im-
portance during this period (Rasmussen et al., 2014).
The search for detailed terrestrial geological archives
which could reflect the landscape response to these
global fluctuations in the occupation region of partic-
ular Palaeolithic cultures comprises an important
challenge for the current geoarchaeological research.

Soil-sedimentary sequences could provide such ar-
chives. The study of detailed loess-paleosol sections in
Western and Central Europe as well as Southern Sibe-
ria provided with extensive sets of instrumental dates
have shown that their development was controlled by
the short-term climatic cycles: incipient soil formation
took place during the warmer intervals, correlative to
the Greenland Interstadials (GI) whereas sedimentary
strata and cryogenic features (cryoturbations, involu-
tions, ice wedge casts) correspond to the cold phases —
Greenland Stadials (GS) (Haesaerts et al., 2010).

Within the East European plain, the terrestrial re-
cords reflecting this short-term cyclicity are very
poorly documented. We speculate that paleosols en-
countered at the Palaeolithic sites and associated with
the cultural layers could bear signals about the climate
fluctuations analogous to those recorded by the
Greenland ice cores and thus could be used for inter-
regional and even global correlations. A major advan-
tage for paleopedological research at the world-fa-
mous archaeological localities with a long research
history consists in the available datasets of instrumen-
tal dates as well as various palaeoecological results.
The detailed information about ancient cultures pro-
vides additional tools for developing the chronological
scale, correlations as well as independent palacoeco-
logical reconstructions.

However only in very few cases it is possible to de-
tect reliably the levels corresponding to the individual
events of the Greenland record directly basing on the
instrumental age determinations, because very often
the confidence intervals of the obtained dates are
comparable with the duration of these events. The de-
sign of the proposed correlation scheme relies on the
basic principle that attributes formation of paleosols to
the periods of milder climatic conditions whereas geo-
morphic processes (erosion/sedimentation) and cryo-
genesis were more active during the phases of colder
paleoclimate. In fact, this principle is a derivate from
the classic scheme of landscape development by
Rohdenburg (2010) who postulated the alternation of
morphodinamic activity and stability phases through-
out the Pleistocene; it is applied for a number of con-
tinental soil-sedimentary successions at different time
scales (most consistently and successfully — to the
loess sequences). Below we present our attempt to find
the equivalents of the short-term climatic fluctuations
of the Greenland ice core record in the paleosol-sedi-
mentary stratigraphies of the 3 famous Upper Palaeco-

lithic sites of Central East European Plain: Kostenki
and Divnogorie in the Upper Don Basin and Zaraysk
in the Middle Oka Basin (fig. 1).

2. RESULTS AND DISCUSSION

The sections of the Upper Palaeolithic sites of the
Kostenki-Borshchevo archaeological district provide
detailed paleosol-sedimentary sequences with multi-
ple layers of buried soils. These soils although thin and
incipient could be clearly traced and in many cases are
associated with the cultural layers or levels of findings.
In particular, the section Kostenki-14 (K14) contains
8 major cultural layers developed within the interval
42—-27 cal ka BP and at the same time comprises in to-
tal about 16 individual paleosols grouped into 5 pale-
opedological units, labelled as K14/1 — K14/V (Sedov
et al., 2010). The section is supplied with extensive sets
of radiocarbon and luminescence dates and also con-
tains an important independent chronological
marker — the layer of volcanic ash, attributed to Cam-
panian Ignimbrite. This tephra layer known in a num-
ber of terrestrial and marine geological profiles is reli-
ably dated to ~40 cal ka BP.

Already the attempts have been made to relate the
sections in Kostenki with the Greenland ice core re-
cord. Levkovskaya et al. (2015) carried out detailed
palynological investigation of the profile K12 and
identified in its lowest most ancient part the paleosol
levels, corresponding to GI 14, 12 and (with certain
doubt) 11. It is very interesting that in the upper part of
K12 above the layer of Campanian Ignimbrite these
authors could not carry out similar detailed correla-
tion. In this part of the profile they identified only one
palynological megastage D and stated that “Several
interstadials and stadials alternated within this long
coniferous megastage (~42—12 ka BP), but their spe-
cific features are not clear”. Sinitsyn (2015) demon-
strated the correspondence of the main cultural layers
of K14 and other key sites of Kostenki with the Green-
land curve. The detailed correlation of the soil-sedi-
mentary stratigraphic scheme of K14 with the events
of the GRISP and also with the detailed terrestrial re-
cords from Carpathian region and Southern Siberia
were presented by Haesaerts et al. in their talk at the
conference “Multidisciplinary methods in the study
and preservation of sites in the Kostenki-Borshchevo
archaeological area (Voronezh, September 15—17,
2016). This correlation followed the main principle
formulated above: paleosol levels were associated with
the warm phases of the Greenland record (Greenland
Interstadials). In many aspects the scheme which we
propose in this paper agrees with that developed by
Haesaerts et al.

We argue that at the current stage of research, the
reliable correlation of the K14 section with the Green-
land record is possible for the middle and upper parts
comprised by the paleopedological units K14-1 and
K14-11I, located above the marker horizons of Campa-
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Fig. 1. Geographical location of the studied sections.

Puc. 1. l'eorpaduueckoe moyiokeH1ue NCCIIeTOBAaHHBIX Pa3pe30B.

nian ignimbrite. In particular, the dark-colored pa-
leosols of the K14-1I1 unit, known as the Upper Humus
Bed forms the key block for the proposed correlation.
This unit contains Cultural layers Il and III with a
number of radiocarbon dates from charcoal and bone,
which establish its chronological interval between
31.5—36.6 cal ka BP. Within the Upper Humus Bed,
the number of individual dark paleosols vary from two
in the southern wall of the K14 main excavation
(Velichko et al., 2009; Sedov et al., 2010), three in the
profile K17, to four in the profile K14 — west (Korkka
et al., 2017). We conclude that four paleosols of this
most detailed variant of the Upper Humus Bed se-
quence could be correlated with the Greenland Inter-
stadials (GI) 5, 6, 7 and 8 (fig. 2).

The overlying two brown paleosols of the unit K14-1
described in the southern wall of the main excavation
(the upper one of them is related to the Cultural layer
I dated 27.0—27.9 cal ka BP) (Velichko et al., 2009; Se-
dov et al., 2010) could be correlated with the Green-
land Interstadials 4 and 3. During the excavations of
2008 a paleodepression cut into the Upper Humus
Bed was exposed; within the fill of this paleodepres-
sion additional brown paleosol levels were encoun-
tered above the Cultural layer 1 (Korkka et al., 2017),
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(fig. 2, 3). We suppose that these uppermost paleosols
located directly below the Holocene Chernozem
could be correlated with the complex Greenland In-
terstadial 2. If this correlation is right, we could con-
clude that the paleosol units K14-1 and K14-I1 corre-
spond to seven Greenland Interstadials from GIS8 to
GI2, covering the second half of MIS 3 and beginning
of MIS 2.

Despite small thickness and short formation period
of the paleosols their features, being produced by the
fast soil forming processes, permit pedogenetic and
paleoenvironmental interpretation, although some-
times ambiguous. In the sections K14 and K17 in the
brown paleosols of the superior K14-1 paleopedologi-
cal unit we observed decrease of redoximorphic fea-
tures and less organic materials and increase of aggre-
gation (both biogenic and cryogenic) as well as car-
bonate neoformation due to short-range migration
processes (Sedov et al., 2010). We associate these fea-
tures with the cooling and aridization of paleoclimate
at the end of MIS 3 — transition to MIS 2 that resulted
in decrease of bioproductivity and supply of organic
residues as well as soil moisture deficit which allowed
only intra-horizontal carbonate recrystallization. This
agrees well with the palynological data from K14
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(Velichko et al., 2009) which shows sharp decrease of
tree pollen and increase of xerophytic herbs in the up-
permost paleosols, as well as with the continental pa-
leoenvironmental tendencies reflected by numerous
records (loessic, lacustrine, etc.).

Detailed study of more developed dark paleosols of
the K14-1I Unit/Upper Humus Bed generated multi-
ple scenarios of their pedogenesis. The first hypothesis
supposed accumulation of dark organic matter in the
waterlogged position affected by the groundwater dis-
charge (Holliday et al., 2007). However further labo-
ratory results strongly challenged the hydromorphic
hypothesis. The dark horizons of the Upper Humus
Bed showed strong maxima of magnetic susceptibility,
typical for well drained topsoil but usually not ob-
served in the reduced waterlogged soil environment.
Micromorphological observations revealed evidence
of mesofauna activity as well as presence of fungi —
aerobic organisms which could not tolerate anoxic wa-
ter saturated conditions. Basing on these data the al-
ternative hypothesis of cold steppe cryo-arid soil de-
velopment was put forward (Sedov et al., 2010). One
more explanation is development of a Rendzina type
soil under local forest stand — this version agrees best
with the palynological data which show maximum of
arboreal pollen (in particular spruce) in the Upper
Humus Bed (Velichko et al., 2009). Characteristics of
parent material — colluvial deposits are quite suitable
for development of Rendzina: they contain abundant
primary carbonates derived from their source materi-
als — loessic deposits and underlying Cretaceous
chalky limestone. From the other hand the hypothesis

of human induced soil formation — Palaeolithic Tech-
nosol development — is justified by numerous mi-
croartifacts observed in thin sections. Within this hy-
pothesis maxima of magnetic susceptibility in the dark
horizons of the Upper Humus Bed could be explained
not by pedogenic enhancement but as an effect of
burning. Further laboratory research is needed to jus-
tify the latter three versions which at the present state
of our knowledge could be considered as equally pos-
sible.

We further speculate that after the warmer stage
corresponding to GI marked by humic paleosol devel-
opment, the subsequent cold stage — GS is character-
ized by higher activity of the sedimentary (colluvial,
eolian) and cryogenic processes, which bury and de-
form the paleosol developed earlier. Cryogenic fea-
tures could provide certain information about paleo-
ecological conditions of the cold stages. The most
notorious are the signs of displacement and fragmen-
tation of the thin humus horizons which are related
with the slow downslope movement of the water-satu-
rated thixotropic material — this process is known as
solifluction and develops within the active layer above
permafrost in the period of seasonal thawing. The
winter freezing was also rather intensive as far as the
solifluction structures are combined with the cryotur-
bation features which develop in the beginning of cold
season between two freezing fronts (seasonal freezing
and permafrost). Some small pockets or oval bodies of
dark humus material (involutions) could be interpret-
ed as small frost heave hummocks; such structures de-
velop in presence of permafrost with the temperature
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Fig. 3. Paleosol of the Zaraysk site (a) and its correlation with the East European loess stratigraphy and with the Greenland ice-
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below —0.5°C. However, we suppose that the perma-
frost temperature was not too low — most probably
above —2°C — because no ice wedge casts were ob-
served in the studied sequence. Redoximorphic fea-
tures in the layers overlying the dark humus horizons
present an additional indirect evidence of permafrost.
In the well-drained positions of the K14 and K17 pro-
files water saturation conditions, necessary for devel-
opment of redoximorphic processes, could develop
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due to waterlogging above impermeable permafrost
table.

Some specific paleoecological and correlative
problems arose when studying the paleosol encoun-
tered in the Zaraysk Eastern Gravettian site; this pa-
leosol contains the upper cultural layer, whereas the
lower cultural layers of the same Kostenki-Avdeevo
archaeological culture are incorporated into the un-
derlying sandy loamy sediments (fig. 3). The interval
of paleosol formation established according to the ra-
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diocarbon dates of charred bone fragments encoun-
tered in the upper cultural layer lies between 15 and
17 C14 ka BP (18—21 cal ka BP). Recently radiocarbon
ages of paleosol humus were obtained in the samples
from the section excavated at the location Zaraysk B in
2019; these ages fit well into the same interval. This
chronological attribution allows to correlate the
Zaraysk paleosol with the Trubchevsk paleopedologi-
cal level of the stratigraphic scheme of the loess forma-
tion of the East European Plain by A.A. Velichko
(1990); also, in the neighboring regions of the Central
and Eastern Europe synchronous paleosol units have
been encountered (Romanis et al., 2021). Unexpect-
edly the Greenland paleoclimatic record (Rasmussen
et al., 2014) does not indicate within the formation in-
terval of Zaraysk soil any warming that could corre-
spond to a Greenland Interstadial. On the contrary
this interval is part of a longeval cold phase Greenland
Stadial (GS) 2 and corresponds to its medium part
GS2b when the climate was only a little bit milder.
We conclude that in this case, the East European
continental paleosol-sedimentary records regis-
tered more pronounced fluctuation of environmen-
tal conditions than that reflected in the Greenland
ice core record.

Pedogenetic features of the Zaraysk paleosol wit-
ness however its formation under rather severe paleo-
climatic conditions (Romanis et al., 2021). Besides
moderate accumulation of dark humus the signs of
gleization — iron-manganese nodules — were ob-
served. Taking into account that pedogenesis devel-
oped at this site in a very well drained geomorphic po-
sition (a promontory of the high right bank of Osetr
river) this gleization most probably was conditioned by
the impermeable permafrost horizon. Direct signs of
cryogenic processes: wedges with the humus fillings at
the lower boundary of the paleosol, cryoturbations
and grainsize sorting of soil matrix in its the upper,
confirm the conclusion about strong frost effects in
the Zaraysk paleosol.

Paleosol with the Eastern Gravettian archaeologi-
cal materials is overlain by a silty loamy sediment
which provided parent material for development of the
Holocene Grey Forest soil (Eutric Luvisol), which in
turn served as a base for the Medieval cultural layer.
Composition, stratigraphic and geomorphological po-
sition of this silty layer leaves no doubt in its eolian or-
igin (Romanis et al., 2021), we further speculate that it
could be correlated with the Altynovo loess horizon
(Loess III) of the stratigraphic scheme by Velichko
(Velichko, 1990). We relate this phase of eolian sedi-
mentation with one of the short but strong cooling
events of the Late Valday (late MIS 2) period: Oldest
and/or Younger Dryas. Wedges with pale loamy infill-
ings which penetrate from the silty layer into the dark
paleosol confirm cold paleoclimatic conditions of the
time of the silt deposition. Conspicuously this event of
eolian sedimentation was strongest at the Zaraysk site
during the last glacial period. No silty eolian deposits

of comparable thickness below the Zaraysk paleosol
(which would have corresponded to Desna loess, or
Loess II of Velichko’s scheme (Velichko, 1990) accu-
mulated during the first half of MIS 2) were found at
the site.

The cold episodes of the late Glacial alternated
with the warm phases: Bolling (peaked around 14.5 cal
ka BP) and Allergd (13 cal ka BP), joined together in
the Bolling—Allersd warming which in the Greenland
ice core record correspond to the GI 1. During these
warm phases, as in the earlier Gls, stabilization of land
surfaces and incipient soil development took place in
the accumulative geomorphic positions. Buried Div-
nogorie pedocomplex presents a detailed record of the
last warming of the Terminal Pleistocene, preceding
the Holocene (fig. 4).

This pedocomplex was exposed in the fill of ancient
ravine where also the fireplace and the evidence of an
ephemeral Palaeolithic campsite were encountered at
the site Divnogorie 9 in the Voronezh region, some
50 km to the south of Kostenki (Sycheva et al., 2016).
Divnogorie pedocomplex consists of two, sometimes
three individual paleosol levels, separated by slope de-
posits which form the upper colluvial unit of the ravine
fill. The colluvium rests upon the thick laminated al-
luvial stratum with abundant bones of Pleistocene fau-
na, predominantly of horses. Within the upper collu-
vial unit two lenses of charcoal were encountered with
the radiocarbon dates about 12 “C ka BP (13.7—
14.2 cal ka BP). Down the ravine slope the charcoal
lenses merge into poorly developed humic paleosols.
Above one more brown paleosol is encountered, co-
loured with the ferruginous pigment. Thus, Divno-
gorie pedocomplex consists of two main paleosols: the
upper called Divnogorie I corresponding to Allergd
and the lower Divnogorie 11 formed in Bolling. In the
smaller gullies of the ravine slope the lower Divno-
gorie 11 paleosol splits in two soils, both of Rendzic
Leptosol type. The upper Divnogorie I paleosol was
classified as Cambisol — incipient brown soil. All pa-
leosols of pedocomplex are thin, poorly differentiated
and contain primary carbonates due to incomplete
leaching that is explained by a short period of their for-
mation (several hundreds of years). Palynological re-
sults show that these soils could be developed under
forest vegetation. In the beginning of Belling the cli-
mate amelioration resulted in the spread of pine-
spruce forests predominantly in the valley. Further
warming during Allergd promoted development of
forest-steppe ecosystems with forest patches consist-
ing of pine and birch, with minor contribution of the
broad leaf species.

At the fig. 5 we present the compound scheme of
correlation of paleosols from all considered sections
with the Greenland ice core record. This is just the
first step towards understanding of how “soil memo-
ry” recorded the short-term cyclic climate changes
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during the Late Pleistocene in the Eastern Europe.
Further perspectives of this research include the wid-
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ening of the chronological framework and incorpora-  natural soil-sedimentary bodies.
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MIS 3 AND MIS 2
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In the Eastern Europe there are very few studies of the terrestrial records which registered the contrasting
short-term climate fluctuations during the last glacial period demonstrated by the Greenland ice core proxy.
We argue that the paleosol-sedimentary sequences encountered at the Upper Palaeolithic archaeological sites
within the central Russian Plain reflect such climatic fluctuations, the incipient paleosols being formed pre-
dominantly during the warm episodes corresponding to the Greenland Interstadials. Detailed research and
dating of paleosols described in the sections of the archaeological sites of Kostenki and Divnogorie gave rise
to the compound correlation scheme which covers the second half of MIS 3 and MIS 2. This scheme contains
the levels of incipient paleosols correlative to the last 8 Greenland Interstadials. In case of the Zaraysk site the
formation of the paleosol found there took place during the Greenland Stadial 2 and marks a warmer phase
18—21 cal ka BP within this cold interval. The obtained results show that the paleosols of the soil-sedimentary
sequences of the Palaeolithic sites could provide a sensitive record of the climatic fluctuations of centennial
to 1—2 millennia scale. Despite their incipient development the pedogenetic features of these paleosols pro-
vide valuable information about local paleoenvironments important for geoarchaeological research.

Keywords: East European Plain, soil-sedimentary archives, paleosols, Upper Palaeolithic, Greenland climate

tion into the correlation analysis of a number of new
sections both from the archaeological sites and from

record
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1. INTRODUCTION

The final stage of the last — Valdai — glaciation
(15.000—11.700 years ago) was a time when the glacier
over north-western Europe was retreating and there
was an improvement in the climate after the maximum
cryochron (Karpuz, Jensen, 1992; Peltier, Fairbanks,
2006; Lavrushin, 2007; Velichko et al., 2017). This
process did not proceed smoothly, but with sharp fluc-
tuations. Short periods of warming (between phases)
would give way to periods of cooling (Broecker et al.,
1985; Dynamics ..., 2002; Borisova, 2011). During the
warming in subaerial conditions, soils would begin to
form (Sycheva, 2006 a, b). During the periods of cool-
ing destruction of soils would begin or they would be
buried beneath new deposits, mainly wind-borne sed-
iments or slope deposits. Abrupt and frequent changes
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in climate are conducive to destabilisation of surfaces.
The degradation of permafrost and increasing sedi-
ment loads in the transitional periods between cooling
and warming would lead to the creation of new erosion
forms in the mesorelief and the partial filling of these
in the next “warming — cooling” sequence (Panin
etal., 2011; Sidorchuk, 2015). At that time major
changes were taking place in the landscapes of the area
being investigated — landscapes ranging from extragla-
cial steppe to forest-steppe (Spiridonova, 1991). Pleis-
tocene animals were dying out on a mass scale. The
feed base for humans also underwent change. The an-
cient population led an active way of life and people
were used to adapting to unstable conditions: they
used to settle near bodies of water on the newly formed
surfaces of slopes, flood-plains and terraces.
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Sedimentation archives preserving data about the
rapid and often changing natural situation in the Late
Glacial period are not often available. As a rule, they
are patchy and incomplete. This is why each new find
of a site like this is of major scientific interest. Sites
which provide information not just about changes in
climate and landscapes, but also about traces of habi-
tation of ancient humans living in such unstable envi-
ronmental conditions, are particularly significant.

The sites Divnogorie 1 and Divnogorie 9 in the ba-
sin of the middle reaches of the River Don are just
such features (Bessudnov et al., 2012, 2020; Sycheva
et al., 2016). The importance of studies of how the
landscapes and climate in the environs of Divnogorie
developed is bound up not only with the discovery of
new Late Upper Palaeolithic sites at the beginning of
the 21% century but also with the unique nature of their
position within the relief. The Divnogorie 1 and Div-
nogorie 9 sites were located on different geomorpho-
logical surfaces formed at the end of the Valdai glacia-
tion. It has been established that the geoarchaeological
site Divnogorie 9, which is an extensive accumulation
of bones — mainly those of horses — and also a place
which ancient hunters used to inhabit on a temporary
camp, is located at the bottom of the half-filled ravine
(Bessudnov, Bessudnov, 2010; Burova et al., 2019).
It is not possible to give such a categorical definition of
the position of the Divnogoriel site. In the opinion of
A.N. Bessudnov and A.A. Bessudnov (2010) the site is
located on the low fluvial terrace above the flood-
plain. Yu.A. Lavrushin and A.V. Berezhnoy (pers.
com.), however, believed that the cape-shaped hill was
a fragment of a deluvial-proluvial tail, since no specif-
ically alluvial deposits were found in the trenches.

Although both sites date from the Late Glacial pe-
riod (OIS 2.1), their different geomorphological posi-
tions would indicate differences in the stratigraphy of
their sections. Scope for compiling stratigraphic dia-
grams of such features through study of basic geologi-
cal sections is limited. Diagrams of that kind give an
idea of the general, regional structure of the Quaterna-
ry deposits and do not reflect local characteristics of
the stratigraphy of Palaeolithic sites. Research into
features of this kind requires the compilation of a local
stratigraphy of sediments containing ancient cultural
layers (Sycheva, 2006b).

2. SITE AND METHODS OF THE RESEARCH

A geological test-pit was sunk at the Divnogorie 1
site, in an area of the low terrace on the east bank of
the Tikhaya Sosna River within the confines of the
Divnogorie Farmstead in the Liski District of the Vo-
ronezh Region. The test-pit and the site were on a low
elevation (Coordinates: N50°56°57.774” E39°16746.746"),
at a height of approximately 3—5 metres above the
floodplain of the Tikhaya Sosna (fig. 1). The area on
which the site was located was approximately 50 m
wide and along the edge of the road it was adjacent to
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the valley slope of a chalk plateau reaching a height of
55—60 m above the river valley (fig. 2).

The site was discovered by A.A. Bessudnov in 2008
and was investigated in the years that followed.
In 2018, after the investigation of the Palaeolithic cul-
tural layer in the southern part of the trench, a strati-
graphic test-pit was sunk down to a depth of around
5 m. Subsequently the section of that test-pit was the
object of detailed palaco-geographical research.

Multidisciplinary field research into the test-pit in-
volved detailed morphological description and was
followed by careful selection of samples for later litho-
logical, palaco-pedological and palaeo-botanical in-
vestigations.

Colors of the sediments and soils were determined in
accordance with the “Munsell Soil Color Charts”.
The particle size analysis was made using the laser dif-
fractometer Malvern Mastersizer 3000. Only silicate
constituent of the sediment, which is most resistant to
diagenesis, was analyzed, while both organic matter
and carbonates had been removed in the process of
samples preparation. The latter included a sequential
treatment of the sample with 20% solution of hydro-
gen dioxide (to remove organic matter), then with 10%
solution of hydrochloric acid (to remove carbonates),
and finally with 4% solution of sodium pyrophosphate
(to disperse the clay aggregates). After the treatment
with chemical agents, the material was transferred by
pipette to a liquid tray in the material dispersion unit
where it was subjected to ultrasonic at a power of 40 W
for 100 seconds and intensely stirred at 2400 rounds
per minute. After the ultrasonic having been shut
down, the measurements were repeated ten times, and
the results were averaged using a Mastersizer v.3.62
application. The particle size distribution by fraction
was calculated using the Fraunhofer approximation
model.

The loss on ignition (LOI) was determined with the
aim of estimating the content of organic matter and
carbonates in the sample, which is important in the
paleosol diagnostics. The LOI values obtained at
550°C show the organic matter content, while the dif-
ference between LOI values obtained at 950°C and
those at 550°C (LOI 950°C — LOI 550°C) indicates
the loss of carbonate CO,. The samples, each of 10 ml
in volume, were dried up for 12 h at 105°C for water
(including hygroscopic) removal. Then they were in-
cinerated in a muffle furnace at two temperature re-
gimes (4 hours at 550°C and 2 hours at 950°C). The
loss on ignition was found as the difference in weight
before and after ignition using the electronic balance
with the accuracy of 0.01 g. The resulting values for-
mulas are:

DW105 - DW'550

LOI550 = % 100;
DW105
LO1950 — 550 = DW 350 = DW950 4
DW105



80 CBIYEBA u np.

Fig. 1. Location of Divnogorie on the map of Europe (a) and location of Divnogorie 1 and Divnogorie 9 Palaeolithic sites on the
topographic map of the area where the Tikhaya Sosna River flows into the River Don. Liski District, Voronezh Region (b).
Puc. 1. Pacniosioxenue luBHOropbst Ha Kapte EBporisl (a) 1 najneonuruyeckue cTosstHku JusHoropbe 1 v JluBHOropbe 9 Ha To-
norpaduyeckoii kKapre paiioHa, rae p. Tuxast CocHa Bragaet B p. JloH. JIuckuHckuii paiioH, BopoHexckast oonacts (b).

where DW is dry weight. Magnetic susceptibility (MS)
measurements were performed using the magnetic
susceptibility meter ZH Instruments SM-30.

The maceration of pollen samples was performed
by the method adopted in the Geological Institute of
the RAS, which is a modification of the separation
method, namely, the samples were additionally treat-
ed by sodium pyrophosphate and hydrofluoric acid.
The study of palynological preparations was carried
out on an optical microscope Motic BA 400 with a
camera Moticam 2300, at working magnification
%x400. Pollen diagrams were constructed in Tilia 2.0.41
program, which allows to calculate the general spec-
trum (arborescent pollen + nonarborescent pollen +
+ spores = 100%) and individual components as a
portion of the total amount of pollen grains.

3. MATERIALS AND RESULTS
OF THE RESEARCH

3. 1. Archaeology. At the present time the total area
of the Divnogoriel site, which has been investigated
using trenches and test-pits, amounts to 85 m2. In the

Upper Palaeolithic cultural layer in most of the cleared
sections, the finds have included bones, lithics, chips
of stone plaques and occasional pieces of red ochre.
The absence of any habitation structures reflects the
fact that Palaeolithic humans spent only relatively
short periods here. The lithic assemblage includes over
2.500 pieces and among these the most common tools
are end-scrapers, burins on truncations, backed im-
plements, oblique points and truncated blades. The
appearance of the collection is typical for the Eastern
Epigravettian sites (Bessudnov et al., 2012).

A trench was sunk in 2018 in order to investigate a
peripheral section of the site, in which the density of
finds within the cultural layer was significantly less
than in the central section. The Palaeolithic cultural
layer was represented by a thin level of finds, which
had been seriously damaged by burrowing animals at a
depth of between 1.75 and 1.85 m from the surface and
which consisted of intact and fragmentary animal
bones, flint and quartzite items and fragments of stone
plaques. The total number of lithics from the 2018
trench came to just over 100. Items with secondary
modification were tool types traditional for the site.
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Tikhaya Sosna

Divnogorie 1

Fig. 2. View over the valley of the Tikhaya Sosna River and
the Divnogorie 1 site. Photograph taken from the chalk
plateau.

Puc. 2. Bua Ha gonuny p. Tuxas CocHa u cTOSHKY duB-
Horopbe 1. PoTo caenaHo ¢ MeJIOBOTO TUIATO.

In the osteological collection from Divnogorie 1, ob-
tained in 2018, in total 98 bone fragments were identi-
fied from Pleistocene and modern species of large
mammals. Among the Pleistocene fauna, bones of a
wild horse (Equus ferus Boddaert, 1785), reindeer
(Rangifer tarandus Linnaeus, 1758) and, for the first
time at this site, those of a musk ox (Ovibos moschatus
Zimmermann, 1780) were found (Bessudnov et al.,
2020; Burova et al., 2019).

On two of the bones found in the cultural layer —
the calcaneus of the musk ox and a long bone of the
horse — cut-marks made with stone tools were identi-
fied. On certain diaphysis fragments, and also on
proximal and distal bone parts, flake scars resulting
from targeted blows were recorded (Burova et al.,
2019).

In the stratum containing Holocene levels, traces
of humans from various archaeological cultures were
identified (Repin, Late Abashevo, Srubnaya and
Saltovo-Mayatskaya cultures), which did not occupy
clearly defined positions in the stratigraphy. In gener-
al, the collection was represented by ceramic and oste-
ological material (Bessudnov et al., 2020).

3.2. Structure of the section. Nine main layers have
been singled out in the structure of the section at the
Divnogorie 1 site: a redeposited layer (surface level of
mixed soil) containing a newly created undeveloped
soil (Layer 1), a modern cultural layer (2a), a Holo-
cene layer consisting of thick chernozem, which has
been anthropogenically reconstituted (2b, 2¢), a Late
Glacial proluvial stratum (3—6) and a Late Valdai
periglacial alluvium (7-9) (fig. 3, tabl. 1). The Late
Glacial sequence of deposits is the most complex: it
consists of four layers of loam and loamy sand — two
of them with permafrost features (top of Layer 4 and
Layer 6) and another two with fossil-soil features (bot-
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tom of Layer 4 and Layer 7) covered by loess-like
loams (Layer 3) and separated by a layered loess-like
stratum (Layer 5).

3.3. Lithological Investigation. The highest levels of
magnetic susceptibility (MS) are to be found, as a rule,
in buried soils (Babanin et al., 1995). In the Divno-
gorie 1 section, the maximum values for MS coincide
with the modern cultural layer (Layer 2a) for which
the average MS values are 0.7605—0.632 x 1073 SI.
In Layer 3 immediately beneath the soil consisting of
loess loams, the MS values drop sharply to 0.05 X
x 1073 SI while in Layer 4 a substantial increase in MS
is to be observed, up to 0.25 x 1073 SI, which is most
probably linked to processes in initial soil formation.
Lower down (Layers 5-9) MS values are fairly consis-
tent.

As regards granulometric composition, the share of
sand is represented by thin, shallow and medium frac-
tion sand fluctuates significantly between 9 and 48%.
The higher values for sand are found in the upper part
of the section (Layer 1). There are also peaks to be ob-
served in Layer 4, in the lower part of Layer 5 and in
the upper part of Layer 9. In certain layers, sands with
a large and coarse fraction are noted: the highest level
of that sand content is ~10%, which was recorded in
the upper part of the section, in Layer 1. The share of
aleuritein the section fluctuates between 30 and 75%.
The highest values coincide with the lower part of the
section starting from Layer 6, while the content of the
clay fraction varies from 10 to 22% (in the lower part of
Layer 2b).

The loss on ignition (LOI) values at 550°C reflect-
ing the content of organic matter, change over the sec-
tion within the range 1.41 to 9.64%. The maximum
values are to be found in the upper part of the section,
in Layer 2, the humus-rich Chernozem levels. Starting
from Layer 3, fluctuations are very small: between
1.41 and 4.41%. A slight increase — up to ~ 3.5% —was
to be observed in Layers 4 and 6, connected with low
humus formation.

The LOI values at 950°—350°, reflecting the car-
bonate content, change through the section from
1.12to 20.15%. The maximum values coincide with
Layers 1 (anthropogenic), 3 (Bk horizon of Cherno-
zem) and 4. An increase in that indicator has also been
observed at the base of the section at a depth of 4.75 m.

3.4. Spores and pollen analysis. The abundance of
palynomorphs in the samples is not the same through-
out the section. The largest concentrations of pollen
and spores are to be found in the top 1.6 m. On the ba-
sis of changes in the composition of the spore-pollen
spectra, the diagram was divided up into 8 palyno-
zones (from now on PZ; fig. 4).

PZ 1 (4.35—4.75 m) distinguishes Layer 9. Isolated
grains of Picea, Pinus, Asteraceae, Chenopodiaceae
are found there. Pollen grains of Picea and Pinus si-
birica are present.
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Fig. 3. Lithological research data. The numbers correspond to the layer numbers in the text.

1 — crushed stone, 2 — sand, 3 — carbonate tubules and other carbonate concretions, 4 — chalk crumbs, 5 — loess-like loam,
6 — interbedding of sands and loams, 7 — cutans, & — scours with layered filling, 9 — cracks, /0 — molehills, 7/ — mollusc shells,
12 — modern cultural layers, 13 — Bronze Age cultural layers, /4 — Upper Paleolithic cultural layers, 15— LOI 550°, 16 — LOI 950°.

Puc. 3. laHHbIe JTUTOJIOTUYECKUX UcciienoBaHuii. LIlndpbl cooTBETCTBYIOT HOMEpaM CJIOEB B TEKCTE.

1 — 1mebeHb, 2 — necok, 3 — KapOoHaTHbIE TPYOOUKM U Ip. KapOOHATHbIE KOHKPELIMU, 4 — MeJI0Basi KpOILKa, 5 — JIECCOBUIHBIIM
CYIJIMHOK, 6 — TiepeciauBaHue MeCKOB U CYITIMHKOB, 7 — KyTaHbl, § — IPOMOMHBI CO CJIOMCTBIM 3aITOJIHEHUEM, 9 — TPEILUHBI,
10 — xpoToBUHBI, /] — paKOBUHBI MOJIIOCKOB, /2 — COBpeMEHHbIE KYJIbTYPHBIE cIoU, 13 — 310Xy OpoH3bl, /4 — BEpXHero na-

neonuta, 15— IIIIIT 550°, 16 — TIITIT 950°.

PZ 11 spectra are found in Layers 5—8 (at depths
between 2.9 and 4.35 m) and they contain insignifi-
cant amounts of pollen grains. In all these Layers,
however, grass pollens predominate (accounting for
70—85%), mainly Asteraceae, Chenopodiaceae, Arfe-
misia and Brassicaceae. At a depth of 3.45 m green al-
gae, Botryococcus braunii, were found and at a depth of
3.15 m re-deposited grains of Podocarpus. In the lower
part of Layer 5 (at a depth of 3.05 m) a conspicuous in-
clusion of plant residues and fungi were noted, includ-
ing Glomus.

PZ 111 reflects the vegetation in the lower part of
Layer 4 (2.6—2.9 m). In the relevant spectra there is
an increase in pollen of trees to be observed (up to
50%) — Pinus sylvestris, Betula sect. Albae, Alnus. 1so-

lated algae Botryococcus braunii, soil fungi and soil
mites are found.

In the spectra of PZ IV (1.85—2.6 m) palyno-
morphs are virtually absent.

PZ V (1.75—1.85 m) corresponds to the upper part
of Layer 3. The samples taken there contain isolated
pollen grains of Arfemisia, Asteraceae, and Cichori-
oideae. Plant residues and charcoal particles are pres-
ent and also fungi (Glomus sp. (NN-126), Quamar,
Stivrins, 2021). Re-deposited grains of Gleichenia
and Carya have also been noted.

In palyzones VI-VIII the concentration of palyno-
morphs increases, as does the variety of fungi remains.
Grains of Pseudoschizaea sp. ((NN-61); Christopher,
Ne 5 2022
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Table 1. Morphological Description of the section at the Divnogoriel site
Taomua 1. Mopdonornyeckoe onucaHue pas3pesa CTosTHKM JIuBHoropbe 1

Layer, Level | Depth, cm

Description

1 0-38

2, a+b+c 38—145

3 145215

4 215-285

5 285-310

6 310—-390

7 390425

8 425-430

9 430—476

Modern Cultural Layer. Dark-grey medium loam. Top 20 cm include numerous anthropo-
genic remains: brick, glass, nut shells and fruit trees pits. Transition gradual.

Chernozem from Holocene period.

Ah. Dark-grey medium loam, of lumpy-granular structure. Molehills and roots of fruit trees
are noted. At a depth of 50—60 cm is found a large number of pottery fragments (Bronze Age
CL). Abrupt change in colour, edge along the tunnels of burrowing animals.

AB. Non-homogenous grey-pale loam, with a fine-porous structure and containing ancient
pale-grey and modern black coprolites, chalk crumbs and pebbles; already badly broken up by
burrowing animals; thin clay coatings are observed and candidiasis along the pores.

Bk. Light, pale-yellow loam, loess-like and porous; pores are covered with carbonate films.
Loam contains a large quantity of small chalk inclusions; prone to rapid boiling from hydro-
chloric acid; broken up by frequently used tunnels of burrowing animals. Dense carbonate
greyish-white colours are observed. At a depth of 175—185 cm, finds from the Upper Palaco-
lithic from 13300—13800 uncal BP.

Layer badly damaged by cryogenic and erosion deformation. It consists of a series of small rills
with finely layered in-fill. The transverse profiles of the rills are cone-shaped, 60—70 cm wide,
and between 40—50 and 70 cm deep. The layered nature of the rills can be observed most
clearly in their in-fill. In the rills there are secondary erosion potholes also with layered in-fill.
Cores of the in-fill of the rills are more homogenous and consist mainly of bright-brown
heavy loam with clay coatings. Between the rills and above them lies material consisting
mainly of rock debris. An inter-layer containing large pieces of chalk has been crushed by per-
mafrost: it is sometimes embedded underneath the rills or higher up between them.

Layered loamy sequence, consisting of inter-layers (from the bottom up): brown or reddish-
brown loam (2 cm); chalk debris (2—3 cm); reddish-brown heavy loam (5 cm); pale-yel-
low/reddish-brown heavy loam (3 cm); reddish-brown loam (2 cm); pale-yellow /reddish
brown loam containing small chalk crumbs (4 cm); reddish-brown medium loam, slightly fer-
ruginous (5 cm); brownish/reddish-brown light loam (5 cm).

Light, reddish-brown loam consisting of three sub-layers and with small pores. In the lower
part of the layer, at a depth of 340 cm, sub-vertical veins of pale-yellow heavy loam are visible.
Rare molehills used once or frequently are encountered, chalk inclusions, carbonate tubes
and concretions greyish-white in colour. Pieces of mollusc shells are found. Sub-vertical
cracks at lower limit measuring 8—20 cm penetrating to a depth of 450 cm, sometimes deeper.
Layered mainly loamy, non-homogenous stratum consisting of inter-layers; patches of pale-
yellow/grey loam with slight humus content (390—403 cm), with an inclusion of dot-like
chalk crumbs and small mollusc shells; heavy pale-yellow/reddish-brown loam (405—414 cm)
with reddish-brown coatings; pale-yellow loam containing crushed stone (414—420 cm). In
the bottom pale-yellow inter-layer there are carbonate concretions. An inter-layer of chalk
crumbs 2—3 mm in size is embedded beneath the horizon containing white spots of lime.
Rounded pebbles are also encountered.

Light loam, grey/reddish-brown in colour, non-homogenous, containing grey patches and
porous: carbonate tubes along the pores, rapid boiling from hydrochloric acid; contains films
of rust. Possibly the initial soil.

Thinly layered sequence of loams, loamy sands and sands. Loams are pale-yellow or very pale
yellow, the sands are pale-yellow or yellow. In the middle part of the layer is an inter-layer of
chalk crumbs measuring 5—15 cm. Sandy loams and loams boil from hydrochloric acid; the
sandy inter-layers do not. In the upper part of the sequence (433—439 cm) there is an inter-
layer of pale-yellow sand containing manganese ortsteins. Sand and sandy loam are also lay-
ered (thickness 0.1—0.5 mm). On one of the walls of the test-pit a displacement of those layers
has been noted, which is associated with the permafrost crack from layer 6, which has broken

through this layer as well.
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Fig. 4. Results of the spores and pollen analysis. Star — single grains; dot — content in the spectrum less than 3%.
Puc. 4. Pe3yibTaThl CIIOPO-TIBLUIBIEBOrO aHAIKM3a. 3Be3M0YKa — CAMHUYHBIC 3€pHA; TOUKa — CONepKaHUe B ClIeKTpe MeHee 3%.

1976), which could belong to algae (Gadens-Marcon,
2014; Mudie et al., 2010).

PZ VI distinguishes Layer 3 (1.5—1.75 m). Pollens
of grasses and bushes predominate (up to 95%): in
particular pollen of Arfemisia and Asteraceae. Pollen
grains of Ephedra, Chenopodiaceae, Brassicaceae and
Plumbaginaceae are also present. The spectra indicate
the predominance of open steppe and semi-steppe
landscapes. Various fungi remains are found in this
layer as well: Thecaphora, Alternaria ((BFA-6), Halb-
wachs et al., 2021), cf. Delitschia sp. (NN-138); Qua-
mar, Stivrins, 2021) and grains of Pseudoschizaea sp.

Pollen spectra from PZ VII (75 cm—1.50 m) were
obtained from Layer 2. In these the quantity of tree
pollens increased to 30%. Pollen of birch, lime and
oak appear and the quantity of Cichorioideae pollen
increases up to 40%: also present are Caryophyllaceae,
Cyperaceae, Brassicaceae, Polygonaceae, Rosaceae
and isolated Polypodiaceae spores. In the samples a
large quantity of plant residues and charcoal particles
was noted and soil fungi were identified. Forest-steppe
landscapes predominated (a combination of meadow-
steppe vegetation with some areas of mixed forest).

PZ VIII (35—75 cm) stands out on account of the
spectra present: the amount of Asteraceae in them de-
creases and that of Chenopodiaceae gradually increas-
es (up to 50%). In the tree group the pollens of Pinus,
Betula, Alnus, Tilia and Corylus are present. Grains of
Ephedra, Brassicaceae, Poaceae, Agrimonia, Thalic-

trum and Scabiosa were found and spores of Riccia and
Lycopodium clavatum. The samples contain plant resi-
dues (including coniferous tracheids), charcoal parti-
cles, soil fungi and fresh-water algae. Steppe land-
scapes predominated, including some areas of mixed
forest in conditions of a warm-climate situation.

4. DISCUSSION

In the base of the section alluvium was found which
includes a flood-plain-oxbow facies (Layer 7) and a
river-bank facies in the low flood-plain terrace of the
Tikhaya Sosna River, which are difficult to distinguish
from each other. The horizontal layered nature of
some sequences, including those of hair — like fine-
ness bear witness to the periodic freezing of the alluvial
stratum (Layer 8) (Konischev, Rogov, 1994). A similar
structure of deposits indicates that there has been ac-
cumulation of periglacial alluvium at the base of the
section (Selli, 1981; Handbook ..., 1982). Conditions
of this kind are also borne out by the presence of
Pinus sibirica grains.

Heterogeneous deposits higher up the section
(Layers 6—3) are distinguished by their cyclical struc-
ture: alternating inter-layers filled with dense chalk
crumbs, crushed chalk and chalk pebbles; layered
loamy sands; loess loams with features of soil-forma-
tion and cryogenesis. The nature of these sediments
testifies to their having accumulated in the peripheral
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zone of alluvial cones in ravines which cut through the
nearby valley slopes (Botvinkina, 1965; Guide ...,
1987).

The key role of proluvial processes can be clearly
traced from a depth of 3.45—3.15 m (Layer 6) not only
on the basis of lithological features, but also on the
basis of palynological data, which indicate a water
component in the formation of the deposits and the
presence of redeposited microfossils, which are repre-
sented by Podocarpus, Carya and Gleichenia coincid-
ing in date with the upper parts of Layers 6 and 3. Pa-
lacomorphsare represented in insignificant quantities
in Layers 5—7, which also testifies to fine earth having
repeatedly been redeposited.

Reddish-brown loess-like loams embedded in the
lower part of Layer 4 and in the in-fill of gullies, are
probably pedosediments — deposits formed from de-
stroyed soil levels (consisting of illuvial clay) and re-
deposited a small distance away. It is possible that the
gullies had initially been permafrost wedge-shaped
cracks, later modified through erosion processes and
then filled with layered heavy loams and clays. Smaller
gullies often turned into ravines in which crushed
stone was deposited.

The results of the lithological research confirmed
in the main the sequence of layers which had been
identified during field-work. Levels from the final
horizons of the Pleistocene era with features of soil
formation (Layers 4 and 6) stand out fairly clearly and,
for these, growth in the values of magnetic susceptibil-
ity was recorded and some increase in the median size
of the component particles.

Levels in which humus accumulates and transi-
tional levels of Chernozem stand out clearly, on ac-
count of the increase in the LOI 550° values and also
the carbonate horizon on account of the increasing
difference between LOI 950° and LOI 550°. A small
increase in organic matter emerges for Layer 4, the top
of Layer 5, the top and bottom of Layer 6, in relation
to which initial fossil soils or pedosediments have been
described.

The significant quantity of plant residues, the in-
crease in pollen from tree species, the diversity in fungi
remains (Glomus, Valsaria ((Hdv-1008); Van Geel et
al., 2011), Thecaphora, Tetraploa ((Hdv-89); van Geel,
1978), Alternaria) and the occasional presence of Aca-
rina soil mites indicate that soil processes played a part
in the formation of the bottom part of Layer 4 and to
some extent Layer 5 as well. It is likely that during the
time when those sediments were taking shape, there
had been some increase in humidification. In the up-
per part of Layer 4 where cryogenic and erosion pro-
cesses used to show up particularly clearly, there are
virtually no palacomorphs to be seen.

Loess-like loams, resulting from deluvium accu-
mulation or aeolian processes (Layer 3) indicate that
accelerated ravine erosion processes leading to the for-
mation of removal cones, their merging and the for-
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mation of a plume at the foot of a valley slope were far
less frequent than before.

The surfaces of ravines had dried out and become
more stable and more convenient for temporary habi-
tation. The Upper Palaeolithic cultural layer (assigned
an age of 13.300—13.800 uncal BP on the base of ra-
diocarbon dating) is thought to coincide with the top
level of loess loams: a characteristic feature of that
time period was an increase in plant and charcoal res-
idues and the appearance of hazel trees.

A predominance of limb bones (mainly feet), i.e.
“non-fleshy” parts, a specific lithic assemblage and
the thin cultural layer at the Divnogorie 1 site would
indicate that the site is an accumulation of remains
from a short (possibly, seasonal) camp, where the in-
habitants specialised in butchering horse carcasses
(Bessudnov et al., 2013; Burova et al., 2019). The
question of belonging to the surface on which the
camp of Divnogorie 1 was located was whether it was
a low river terrace above the floodplain of the Tikhaya
Sosna River or a proluvial plume? This question had
already been resolved during the investigation in the
field of the geological-lithological structure of the sec-
tion and the answer to it subsequently confirmed on
the basis of data obtained through laboratory research.
It is the surface of a low fluvial terrace above the
flood-plain — a terrace which has been covered over by
deluvium and proluvial deposits, incorporating initial
soils, their pedosediments and layers with cryogenic
deformations.

The presence of Pseudoschizaea and absence of
Glomus spores in the spectra within the upper 1.60 m
of the test-pit could indicate the substitution of ravine-
alluvium deposits by an accumulation of humus in
conditions with a stable surface in the Holocene peri-
od. Pseudoschizaea is often present in the spectra of
archaeological sites from the Bronze Age onwards
(Environment ..., 2019).

On the loess-like loams (Layer 3) covering the
proluvial-alluvial stratum, a typical Chernozem
formed, containing accumulations of humus, transi-
tional and carbonate levels. The presence of artefacts
from various archaeological cultures in the humus
profile of the Chernozem shows that from time to time
it took shape under the influence of the anthropogenic
factor. The Bronze-Age finds were encountered main-
ly at a depth of 50—60 cm. It is at that level that pollen
of ruderal species and garden plants appears.

The upper part of the section consists of modern
cultural layers: a redeposited layer (Layer 1) and a lay-
er formed in that position (Layer 2a). Palynological
research has revealed that the highest concentrations
of pollen and spores coincide in date with the top
1.60 metres — with the profile for Holocene Cherno-
zem. Soil processes are reflected to the greatest degree
in Layers 3, 2 and 1. Those layers often contain insig-
nificant amounts of pollen grains, which is a feature
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characteristic of humus-rich soils in which a high de-
gree of microbiological activity is to be found.

5. CONCLUSION

The site of Divnogoriel is located on the Late Gla-
cial low fluvial terrace above the flood-plain, which is
covered by a proluvial plume. By the time short-term
settlement of the area had begun, active relief-forming
processes had slowed down considerably. The perigla-
cial type of landscape was confirmed by the results of
the palynological research.

The cones of the ravine outflow as a result of the
merger turned into a single deluvial-proluvial plume,
which covers a low over-floodplain terrace. Initial
soils and pedosediments are described in the sedi-
ments of the gullies removal cones, which is con-
firmed by the results of lithological and spore-and-
pollen analyses. They formed during short intervals
when there was a reduction in relief-forming pro-
cesses.

Palaeolithic cultural layer of the site was seen to co-
incide with the upper part of the aeolian and deluvian
loams — the parent basis of the Chernozem — which
had turned into the carbonate horizon as a result of
soil formation. In the cultural layer an increase was
noted in plant and charcoal residues. Over the period
when the camp was functioning, open-steppe land-
scapes and even semi-desert ones predominated,

which later gave way to forest-steppe landscapes
(combinations of meadow vegetation with areas of
mixed forest).

Palynological research has made it possible to es-
tablish changes in the nature of vegetation and climat-
ic conditions during the time when the deposits in the
section were taking shape. In the Holocene there were
a number of changes giving rise to either wetter or drier
conditions. Steppe landscapes (Layer 3) gradually
gave way to forest-steppe ones — to a combination of
meadow-steppe vegetation and small areas of conifer-
ous/broad-leaved forest in conditions of a warm cli-
mate situation. The drier climate at the end of the
Final Pleistocene and during the first half of the Ho-
locene was followed by a moister climate in the second
half of the Holocene era.

The multi-disciplinary research carried out has
shown consistent change from a periglacial fluvial sit-
uation to a subaerial one — initially periglacial and
then interglacial — of a wooded-steppe and sometimes
a steppe situation of a moderate zone. In the Late Gla-
cial stratum two levels have been recorded for the ap-
pearance of features of slight pedogenesis and also two
levels of permafrost deformations. A highly dynamic
sequence of landscapes was identified both in the Late
Glacial period (due to sharp fluctuations in tempera-
ture gradients, less humidification) and also in the
Holocene (change of aridity and humidity).

LOCAL STRATIGRAPHY AND PALAEOECOLOGY
OF THE LATE UPPER PALAEOLITHIC SITE DIVNOGORIE 1
IN THE BASIN OF THE MIDDLE DON
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The Upper Palacolithic site Divnogoriel situated on a low terrace of the Tikhaya Sosna River, consists of
periglacial alluvium, covered with proluvial and deluvial deposits. In the Late Glacial layer two levels of initial
pedogenesis have been identified, two levels of permafrost and erosional disturbances and also a Palaeolithic
cultural layer with a radiocarbon age of 13.800—13.300 years ago. The multi-disciplinary geo-archaeological
research carried out so far has revealed a shift from a periglacial fluvial situation to a subaerial one — initially
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a periglacial one and then an interglacial one — in a forest-steppe and occasionally steppe setting. The highly
dynamic nature of the climate and the landscapes was characteristic of the Holocene period and particularly

pronounced for the Late Glacial period.

Keywords: Late Glacial period, Upper Palaeolithic site, terrace, ravine removal cone, periglacial vegetation,

pedo-, cryo-, bioindicators
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1. INTRODUCTION

Loess covers about 10% of the Earth’s surface
(Pye, 1987; Haase et al., 2007; Lu et al., 2020; a.o.).
Their deposits preserve ancient soils, representing the
climatic conditions in which they were formed (Velic-
hko, Morozova, 2015; Panin et al., 2018; 2019a; a.o.).
The sequence of such paleosols in the loess is called
the loess-paleosol sequences (LPS), which is used to
reconstruct the climatic conditions of past epochs.
Thus, the loess cover is one of the main archives re-
flecting landscape and climatic changes in the Quater-
nary. This paper proposes a study of the loess-paleosol
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section Alchak-Sedlovina, located on the Crimean
Peninsula. In this area, mainly paleosol studies were
carried out only in the western part of the peninsula,
where coastal cliffs are composed of thick loess depos-
its with red-colored paleosols (Veklich, 1968; Veklich,
Sirenko, 1976; Pevzner et al., 2004; Panin et al., 2018;
a.0.). The uniqueness of the Alchak-Sedlovina section
is that it is located in the mountainous part of the
Crimea, where detailed studies of paleosols have prac-
tically not been carried out.

The LPS of the section is represented by three pa-
leosols, the profiles of which are superimposed on
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Fig. 1. General view of the Alchak-Sedlovina section and landscape.
Puc. 1. [TanopamHbIit BUn paspesa Anmyak-CenjoBuHa u JaHamadra.

each other, they are crowned by the modern Calcic
Cambisol. Their study will expand knowledge about
the structure and development of the paleosols of the
Crimean Mountains (Veklich, Sirenko, 1976). Multi-
proxy analysis with detailed sampling will make it pos-
sible to classify the paleosols type and compare them
with modern soil analogues. Based on this, we will be
able to reconstruct the landscape and climatic condi-
tions that prevailed in this area in the Early Pleisto-
cene.

2. REGIONAL SETTINGS AND METHODS

The study area belongs to the southern coast of the
Crimean Peninsula. The landscape is characterized by
a hilly-ravine relief; landslide processes and erosional
landforms are widely developed here (Muratov, 1960).
In the study area, near the town of Sudak, limestone
cliffs and mountain ranges (Alchak, Mandjil, Per-
chem, Sokol, etc.) stand out (Muratov, 1960). The
LPS of the Alchak-Sedlovina section (44°50°18” N;
34°59°44” E, 54 m asl) (fig. 1, 2) was uncovered on a
foothill elevation in a saddle near the northern slope of
Mount Alchak, between Mount Alchak and Mount
Ay-Georgiy on the paleo-terrace. The loess formation
of the studied section based on loams underlain by the
V Perchem marine terrace (Chepalyga, 2015; 2017).
The study area belongs to the South Coast climatic re-
gion, zone IB (Cherenkova, 1959), with a dry subtrop-
ical climate of the Mediterranean type (Sudnicin,
2014). According to the climate classification of Kop-
pen-Geiger (Kottek et al., 2006), the territory of the
southern coastal zone of Crimea belongs to the Medi-
terranean type Csa, but the Sudak coast is compared
with the more arid zone — Submediterranean subtype.
The annual precipitation does not exceed 325 mm
(Cherenkova, 1959). The average air temperature in
July is 24°C, in January 3...—4°C (Ved’, 2000).

2.1. Black sea marine terraces age. To determine the
age of the LPS of the Alchak-Sedlovina, section it was
necessary the age of the terraces of the town of Sudak
and, first of all, the V Perchem Terrace. The first gen-
eralization on the terraces of the town of Sudak was
carried out by the famous Russian geologist Andrusov
(1889), who substantiated up to 4—5 cyclic terraces.

At the same time, the author believed that in addition
to these terrace levels, there are several more interme-
diate terraces in the town of Sudak area.

At the beginning of the XXI century, on the basis of
detailed interdisciplinary research, it was possible to
significantly supplement the Sudak system of terraces
in the altitude range of 0—200 m asl up to 12 terrace
levels, reveal their structure and age based on paleo-
magnetic and paleofaunal data (Arkhangelskij, Strak-
hov, 1938; Arslanov et al., 1983; Chepalyga, 2017).
A cyclicity in the structure of the deposits and the
height of the surface, as well as in the age of the corre-
sponding terraces, was found to be close to the cyclic-
ity of the Marine Isotope Stage (MIS). As a result, the
local system of terraces was based the Sudak Typical
Terrace Profile. Based on the height of the top of the
marine facies of the terraces, it was possible to estab-
lish that the rate of uplift of the southern coast of
Crimea in the Sudak region averaged 0.1 mm/year
over the past 2 Ma (Chepalyga, 2017).

Eastern vicinities of the town Sudak (from the
Eastern Highway to the Frantzuzhenka Cape), terrac-
es are clearly morphologically and geologically ex-
pressed from sea level to a height of 75 m asl Some of
them are of interest for this work.

II Karangat terrace up to 10—15 m high, in the Su-
dak terrace system, Cape Frantzuzhenka, Cape Meg-
anom, etc. are exposed in sections and contain the
leading species of mollusks Acanthocardia tuberculata,
Paphia senescens, Mactra corallina, etc., also charac-
teristic of the Tyrrhenian deposits of the Mediterra-
nean Sea. Therefore, the preliminary name of this ter-
race according to Andrusov (1889; 1912) is Tyrrhe-
nian. Later, this name was changed to the local Black
Sea one along Cape Karangat, where the stratotype of
the Karangat deposits was established (Arkhangelskij,
Strakhov, 1938). From the deposits of the Karangat
stratotype, as well as the parastratotype Eltigen and
Tuzla sections, optically stimulated luminescence se-
ries of datings were obtained in the interval of 70—
140 ka (Kurbanov et al., 2019; 2020). This age of the
Karangatian terrace, as well as the parastratotype, was
confirmed by the data of paleomagnetic analysis, in
connection with the discovery in the lower Karangat
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Fig. 2. Geographical position of the Alchak-Sedlovina section (a, b), topography plan (c).
Puc. 2. I'eorpaduueckoe mnooxeHue paspesa Anyak-CennoBuHa (a, b), Tomorpaduyeckuii miaH (c).

of the reverse polarity of the Blake event (~100—121 ka)
(Pilipenko, Trubikhin, 2012). All these data indicate
the age of the Karangat terrace during the Mikulino
interglacial (MIS 5).

The V Perchem terrace has a surface height of
about 50 m, a basement of 45 m asl, distinguished by
Andrusov (1889) in the town of Sudak. The stratotype
of this terrace was established in the Alchak-Sedlovina
section, where later a section of subaerial deposits with
paleosols was found (Chepalyga, 2015; Chepalyga
et al., 2019). The terrace sequence is represented by
marine basal pebbles up to 1 m thick and overlain by
silts and sands of marine facies 5—6 m thick. The ter-
race Vis analogous to the deposits of the Chauda basin
of the Black Sea at Cape Chauda, where the stratotype
of the Chauda stage and deposits of the Upper Chauda
with rich endemic fauna of the Caspian type are locat-
ed: Tschaudia tschaudae, Submonodacna pleistopleura,
Didacna pseudocrassa, etc. (Andrusov, 1912). In the
upper part of these deposits, for the first time in the
Black Sea basin, Mediterranean species and plankton-
ic foraminifers appear, which marks the first penetra-
tion of sea water into the Black Sea from the Mediter-
ranean at the beginning of the Middle Pleistocene.
These sediments with marine species were identified
as a new phase of the Chauda basin, called Karaden-
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iz (Chepalyga, 1997) and Epichauda (Fedorov, 1978).
The age of the terrace V is determined by MIS 17.

The VI Sugdey terrace 62—64 m high, basement
50—56 m asl is older than the V Perchem terrace. It was
identified for the first time and named after the an-
cient name of the town of Sudak with a stratotype near
the Alchak-Sedlovina section (Chepalyga, 2015;
Chepalyga et al., 2019). The marine sequence of this
terrace corresponds to the deposits of the Lower
Chauda at Cape Chauda with the fauna of molluscs of
the Caspian type Didacna baericrassa, but without
representatives of the endemic genus Tschaudia. In the
stratotype of the Lower Chauda, the normal magneti-
zation of the Brunhes epoch younger than 781 ka was
revealed. Age correlates with MIS 19 stage.

2.2. Field survey and samples. The Alchak-Sedlovi-
na section is morphologically described according to
the FAO (2006). The color of the deposits was deter-
mined using the Munsell color system (2000) on a
fresh section wall. Sampling for laboratory analysis
was performed continuously with a step of 4 cm. Mag-
netic susceptibility (MS) in field was measured with
a PIMV kappameter with same measuring interval.
A total of 51 bulk samples were taken for physical and
chemical analyses. Also, 10 bulk samples were taken
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from each paleosol horizon for morphoscopy of sandy
quartz grains. Soils were described according to IUSS
Working Group WRB 2014 (2015).

2.3. Laboratory analyses. The particle size distribu-
tion of the samples was analyzed using a laser diffrac-
tometer Malvern Mastersizer 3000 with liquid sample
dispersion unit Hydro EV. The distribution of particles
over size fractions was calculated on the basis of the
Fraunhofer approximation (Blott, Pye, 2001). Prepa-
ration of a bulk sample included the following steps:
filling with 10% HCI solution of acid for 24 hours;
treatment with 30% hydrogen peroxide solution H,O,
until the completed reaction; treatment of the material
with a 4% solution of Na,P,0,, followed by dispersion
of the material using ultrasound. Mastersizer v.3.62
software was used to calculate grain size statistics.
When describing soil characteristics, the system
2000—63—2 um was used (FAO—ISRIC, 1990).

The quartz grain shape and surface were studied
following the procedure developed in the Institute of
Geography, RAS (Velichko, Timireva, 1995). The
modern soil was characterized by 1 sample, followed
by 3 samples from each paleosol horizon (fig. 3, 5(a)).
Quartz grains with a diameter of 0.5—1 mm were iso-
lated using wet sieving and treated with 10% HCI. The
sample of 50 quartz grains from each soil sample were
examined under a stereomicroscope at X40-%X50 mag-
nifications. During the analysis, the degree of round-
ness, relief features, and the type of quartz grain sur-
face was recorded. The roundness class was assessed
according to the Khabakov visual scale (Khabakov,
1946) using the Rukhin template (Rukhin, 1969),
which includes 5 classes: from 0 to IV, where IV is the
perfectly rounded, 0 — angular at all. Next, the round-
ness coefficient (Q) and the degree of matting (Cm)
were calculated (Velichko, Timireva, 1995). For a
more detailed characterization of the surface, individ-
ual quartz grains were additionally studied using a
JEOL JSM-6610LV scanning electron microscope,
maximum magnification X950, all images are made in
secondary electrons. The description of surfaces was
performed in accordance with Krinsley and Doorn-
kamp (Krinsley, Doornkamp, 1973).

Eight samples taken from paleosol profiles were
analyzed for pollen content. Laboratory processing of
samples was carried out by the separation method
(Grichuk, Zaklinskaya, 1948). To remove carbonates,
the samples were heated in a 10% HCI solution, fol-
lowed by bringing the solution to a neutral pH. Next,
the resulting material was treated with 10% Na,P,0,
10H,0. The resulting precipitate was separated in a

heavy liquid with a density of 2.25 g/cm?.

3. RESULTS

3.1. Soil morphology. The LPS of the Alchak-Sed-
lovina section is shown in figs. 4 and 5. Here, the pro-
file of modern soil is represented by two horizons:

ABKk (0.4 m) — dark brown (10 YR 5/6) fine-poros-
ity, loam. The structure is granular. Carbonate pseu-
domycelia stands out along the roots, small carbonate
concretions;

BCk (0.9 m) — light brown (10 YR 6/6), loam. The
structure is blocky subangular, the horizon is denser.
Small carbonate concretions and carbonate pseudo-
mycelia stand out along the surfaces of the aggregates.

Below lies the PS1-AS paleosol, which consists of
hor. Bk and BCk. The soil stands out in the LPS with
a brownish-pale color, carbonate concretions, and an
abundance of clay-humus coatings along the root
courses.

Bk (1.88 m) — pale brown (7.5 YR 6/6) lighter in
the upper part due to nearby loess, clay loam. Porosity,
well structured, granular structure, thin clay coatings
along the surfaces of the structure. Carbonate myceli-
um in pores.

BCk (0.25 m) — brown (7.5 YR 6/6) granular-
blocky, clay loam. A molehill was found in the hori-
zon. Carbonate concretions 1 cm in diameter. There
are inclusions of unrounded gravel up to 2 cm in diam-
eter.

The PS2-AS paleosol. Its profile is represented by
three horizons: Ak, BCk and Ckg.

Ak (0.26 m) — brown (10 YR 6/5), loam. The
structure is granular. There are rare inclusions of grav-
el. A lens 5 cm in diameter was found here, filled with
an accumulation of Helicella Striata (Z.) snails. There
is the crack coming from the layer.

BCk (0.20 m) — brown with a bluish tint (10 YR
6/4) very dense, loam, rarely porous, granular struc-
ture. Rare crystals of gypsum have been found. Clay
coatings along the surfaces of the structure. Horizon
with cracks and layers of fine gravel.

Ckg (0.28 m) — gray with a brown tint (10 YR 6/4),
loam, granular structure. The upper part is represent-
ed by a layer of gravel, very dense, slightly porous. Car-
bonate material and formed carbonate concretions up
to 2 cm in diameter throughout the layer. Clay coat-
ings and bluish patches gleying along the surfaces of
the aggregates.

The profile of the underlying paleosol PS3-AS is as
follows: ABk, Bk, BCk.

ABKk (0.20 m) — brown (10 YR 5/6) clay loam,
lumpy-granular structure, fine-porosity, the layer is
permeated with pores up to 0.5 cm in diameter, inclu-
sions of large gravel up to 7 cm in diameter. Clay coat-
ings along the faces of structural units, intense carbon-
ated pseudomycelia and carbonated concretions.

Bk (0.32 m) — pale yellow with a brown tint (10 YR
6/4, 6/6) dry, granular structure, porosity, Fe-Mn
coatings on the faces of peds and pores, coprolites, ra-
re inclusions of gravel up to 1 cm in diameter, identical
to the overlying layers. Rare concentrations of crystal-
line gypsum and small carbonated concretions. To the
bottom of the horizon, the amount of gravel increases.
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Fig. 3. The LPS of the Alchak-Sedlovina section: (a) — sampling point for spore-pollen analysis and morphoscopy of quartz
grains. Morphoscopy of sand quartz grains: (b) — histograms of roundness classes and surface type of quartz grains. Figure cap-
tions: 0, 1, 11, 111, IV — roundness classes; (¢) — distribution charts of Q and Cm coefficient.
Puc. 3. JITIC pa3pes3a Anmuak-CemioBuHa: (a) — MecTa otbopa Impob Ha CIOPOBO-TIBIIBIIEBOM aHATN3 U MOP(MOCKOTIHIO TIecya-
HBIX KBapLIEeBbIX 3epeH. MopdoCKoIus mecuaHbIX KBapLIEeBbIX 3epeH: (b) — rucTorpaMMbl OKATAHHOCTHU U TUTIOB MOBEPXHOCTHU
KBapleBbIx 3epeH. Yeaosubie o603uauenus: 0, 1, 11, 111, IV — knaccsl okatraHHOCTH; (C) — rpaduku pacrpenesieHus] 3HaYeHUIt

ko3 duumrentos Q u Cm.

Fig. 4. The Alchak-Sedlovina section with paleosols: (a) — PS1-AS and PS2—AS; (b) — PS3-AS.

Modern soil

Puc. 4. [Ipodunu naneonous B pazpese Anuak-CemioBuHa: (a) — PS1-AS u PS2-AS; (b) — PS3-AS.
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Fig. 5. The LPS of the Alchak-Sedlovina section, values of MS and particle size distribution.
1 — gravel; 2 — gravel layer; 3 — shells of Helicella Striata (Z.) snails; 4 — oblong shape carbonate pedofeatures; 5 — carbonate

nodules; 6 — crystalline gypsum; 7 — mole burrows.

Puc. 5. JITIC paspesa Amyak-CenjioBuHa, 3HaYeHUsI MATHUTHOM BOCIIPMMMYMBOCTH M TPAHYJIOMETPUIECKOTO COCTaBa.

1 — rpaBmii; 2 — rpaBeUCThIN coit; 3 — paKyluKu ynuTok Helicella Striata (Z.); 4 — xapO0oHAaTHBIE HOBOOOPA30BaHMSI IIPOIOJI-
roBatoit hbopMbl; 5 — KapOOHATHBIE KOHKPELMH; 6 — KPUCTAJUIMYECKU I TUTIC; 7 — KPOTOBUHA.

BCk (0.44 m) — pale yellow (10 YR 6/4, 7/6), dry.
Granular structure, non-porous, small gravel inclu-
sions up to 1 cm in diameter. Fe-Mn coatings along
the surfaces of the structure and impregnated with car-
bonates.

The PS3-AS paleosol underlies layer C1, which is a
mixture of loam, gravel, and pebbles.

3.2. Particle size and magnetic susceptibility distribu-
tion. The LPS of the Alchak-Sedlovina is composed
mainly of silt fraction (fig. 5), from 50 to 80% of all
fractions. The silt fraction is uniformly distributed
over the section; the values decrease towards the bot-
tom of the PS3-AS paleosol. The indicators of the clay
fraction are also distributed evenly and do not exceed
20%. There is an insignificant accumulation of the
clay fraction towards the bottom of horizons BCk
(PS1-AS) and Ckg (PS2-AS). The distribution of clay
and silt particles along the profile of the LPS is eluvial-
illuvial. The high content of the sandy fraction is con-
fined to the PS1-AS paleosol; individual peaks (up to
20%) are distinguished here. In Ak and BCk horizons
of the PS2-AS paleosol, the sand content increases to
15%. Sand mainly accumulates in the lower part of the
section, here the values gradually increase from PS3-
AS to the C1 horizon.

MS indicates the levels of humus horizons. Low
MS values are associated with modern soil (1.7—3.2 X

x 10~* SI), individual peaks are visible. In the paleosol
PS1-AS MS gradually increases downwards, to a max-
imum of 6.9 x 10~ SI at the bottom of the BCk hori-
zon and fall in the transitional part of the BCk horizon
to PS2-AS (2.4 x 10~4 SI). The PS2-AS profile shows
two MS peaks: in the Ak (6.9 x 10~* SI) and BCk
(4.2 x 10~* SI) horizons. In the Ckg horizon of this
paleosol, the MS values drop sharply. In the PS3-AS
paleosol, the average MS values are slightly lower than
the overlying paleosols: horizon ABk (3.4 x 10~* SI),
horizon Bk (2.38 x 10~*SI) and horizon BCk (2.6 x
x 1074 SI).

3.3. Morphoscopy of quartz grains. Grains of the
I roundness class predominate in the modern soil, as
well as in PS1-AS and PS3-AS paleosols, while the
I and II roundness classes predominate in PS2-AS
(fig. 3, (b)). The coefficient of roundness (Q) across
the LPS does not differ in variability and varies from
27.5—45.5% (fig. 3, (c)). The minimum roundness co-
efficients are found in the lower horizons of the PS3-AS
paleosol and take values of 27—28%, the maximum in
the BCk horizon of the PS2-AS. In all soils, grains
with a quarter-matte and glossy surface predominate,
and a small amount of half-matte grains is also pres-
ent. The coefficient of matting (Cm) ranges from 29 to
45%.
TEOMOP®OJIOTUA Ne 5
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Fig. 6. Quartz grain morphoscopy in the modern soil: (a, b) — parallel grooves; (c, d) — grain with pitted surface; (e, f) — crescent

pits.

Puc. 6. Mopdockomnust KBaplieBbIX 3¢peH M3 COBPEMEHHOI TTOYBHI: (a, b) — mapajuiesibHble 60po3/bl; (¢, d) — 3epHa ¢ IMYaToit

MOBEPXHOCTHIO; (€, f) — ceproBUIHbIE SIMKHU.

Modern soil is characterized by domination of
grains I, IT and III class of roundness. A large number
of grains with a quarter-matt surface. Special interest
are particles having two parallel grooves (fig. 6, (a, b)).
There are also grains with a pitted surface (fig. 6, (c, d))
and grains with conchoidal fractures. Signs of diagen-
esis are reflected in crescent pits (fig. 6, (e, f)) and
etched zones on quartz grains.

The dominant class of roundness in PS-1AS is
I and 11, glossy and quarter-matt grains. Quartz grains
in the PS1-AS are characterized by a pitted surface
(fig. 7, (a, b)) with silica films, large and small
conchoidal fractures (fig. 7, (¢, d)) and crescent pit
(fig. 7, (b, e)). Split grains with etched zones (fig. 7, (f))
and “fresh” grains are not uncommon (fig. 7, (g)). In
horizon Bk, compared to other horizons of paleosols,
the maximum number of perfectly matt grains was
found. These grains belong to the 1II class of round-
ness (fig. 7, (h)). The entire paleosol also has a high
content of glossy grains.

The dominant class of roundness in PS2-AS is
I and II, quite a lot of grains with quarter-matt and
glossy surface. A significant number of grains with
semi-matt surface. Quartz grains in PS2-AS are char-
acterized by particles having two parallel grooves and
conchoidal fractures. The number of roundness
class 0 grains increases, glossy grains are noted with
V-shaped pits (fig. 8, (a)), grains are often split in half
(fig. 8, (b)), “fresh” grains are noted (fig. 8, (c)),
grains with large conchoidal fractures (fig. 8, (e)). In
the Ak horizon, the percentage of class IV grains in-
creases. In a small amount, particles with aeolian
characteristics are noted: with flat and crescent pits
(fig. 8, (d)), grains with a micro-pitted surface (fig. 8, (f)).
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In the PS3-AS paleosol the maximum number of
grains of the 0, I roundness classes and completely an-
gular grains are recorded in the entire profile. The hu-
mus horizon ABk of the PS3-AS is also characterized
by a high content of grains of class I1; grains of class I11
and IV are also recorded in a small amount. The grains
in this soil are angular (fig. 9, (a)), with a pitted surface
(fig. 9, (b, c)). Often there are grains with glossy pot-
holes (fig. 9, (d, e)), parallel grooves (fig. 9, (f)) and
single deep grooves filled with silica (fig. 9, (g)). Con-
choidal fractures and flat pits are numerous. Grains
with signs of chemical etching on the surface are regis-
tered (fig. 9, (h)).

The processes of diagenetic transformation of ma-
terial in all paleosols are clearly identified: V-pits
(fig. 10, (a)), dense silica precipitations (fig. 10, b, ¢),
as well as filling of pits with silica (fig. 10, (d)), etching
zones (fig. 10, (e)) are marked on the surface of the
grains. Newly formed gypsum crystals (fig. 10, (f)) are
also noted in paleosols PS2-AS and PS3-AS. Abun-
dant carbonate coatings are recorded on grains not
treated with acid.

3.4. Spore-pollen analysis. In the PS1-AS paleosol,
180 grains were found in the sample collected from Bk
horizon. Tree and shrub pollen is absent, grass pollen
predominates 67.4%: Cyperaceae 22.6%, Poaceae
5.5%, Artemisia 5.5%, Chenopodiaceae 4.4%, Plan-
tago 7.7%, Urtica 6.0%, single Ephedra, Asteraceae,
Rosaceae, Fabaceae and other representatives of forbs
were identified. The number of spores is 32% of the to-
tal number of counted grains. Spore plants are repre-
sented by a variety of Polypodiaceae, club-mosses and
non-vascular mosses. In the BCk horizon, the number
of pollen grains and spores is 198 units. Salix, Quercus
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Fig. 7. Quartz grain morphoscopy in the PS1-AS paleosol: (a) — grain with pitted surface; (b) — pitted surface and conchoidal
fractures; (c) — large conchoidal fractures (grain split in half); (d) — conchoidal fracture; (¢) — crescent pit; (f) — etched zones
and potholes; (g) — “fresh” grain; (h) — grain with pitted surface of I1I class of roundness.

Puc. 7. Mopdockorus KBapleBbIX 3epeH IaneonouBsl PS1-AS: (a) — 3epHO ¢ sMuaToOii HOBEPXHOCTHIO; (b) — siMyaTasi HOBEpX-
HOCTb ¥ PAKOBUCTBIE U3JIOMBI; (C) — KPYITHBIN PAKOBUCTHII CKOJI (3€pHO pa3dbuTo 1oroiiam); (d) — pakoBUCTHIN CcKOI; (€) —
cepnioBunHbIe SIMKU, (f) — 30Ha TpaBlieHUsI U BbIOOMHaA; (g) — “cBexee” 3epHO; (h) — 3epHO C MEIKOSIMUYATOM MOBEPXHOCTHIO
111 knacca okaTaHHOCTH.
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Fig. 8. Quartz grain morphoscopy in the PS2-AS paleosol: (a) — glossy grain with V-shaped pits; (b) — grain with conchoidal
fractures (grain split in half); (c) — “fresh” grain; (d) — flat and crescent pits; (¢) — conchoidal fracture; (f) — grain with micro-
pitted surface.

Puc. 8. Mopdockonust KBaplieBbIX 3epeH najaeornoyBbl PS2-AS: (a) — misgHIeBoe 3epHO ¢ V-ssMKamu; (b) — 3epHO ¢ paKOBU-
CTBIMH CKoJIaMU (3€pHO paslesieHo I1oIojiaM); (C) — He oKaTaHHOe “cBexee” 3epHO; (d) — MmIocKue U CepHOBUIHBIE SIMKU;
(e) — pakoBUCTHIH ckoT; (f) — 3epHO ¢ MUKPO-SIMUYATOM MTOBEPXHOCTHIO.

were noted among single woody 2.0%. Grass pollen
prevails 73.7%, among which Poaceae 39.9%, Cyper-
aceae 24.7% and single pollen grains of Plantago, Ur-
tica, Chenopodiaceae, Asteraceae, Polygonaceae, Ro-
saceae, Fabaceae. The number of spores reaches 24%,
among which Polypodiaceae and Lycopodium are not-
ed. In the lower part of the BCk horizon, 195 grains
were counted. Among them, the pollen of Salix and

Ulmus trees is single 1.5%. The amount of grass pollen
57.7% and spores 46.6% are approximately the same.
Herbs are dominated by Poaceae 11.4%, Cyperaceae
7.6%, Urtica 8.7%, Plantago 6.1%, Rumex 5.6%. The
largest number of spores was noted in the sample,
among which spores of Polypodiaceae 15.3%, Lycopo-
dium club-mosses 14.8% and non-vascular green
mosses Bryales 13.3% predominate.
TEOMOP®OJIOTUA Ne 5
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Fig. 9. Quartz grain morphoscopy in the PS3-AS paleosol: (a) — angular grain; (b, ¢) — pitted surface; (d, e) — glossy potholes;
(f) — parallel grooves; (g) — deep grooves filled with silica; (h) — chemical etching on the surface.
Puc. 9. Mopdockonust KBaplieBbIX 3epeH IajieonouBbl PS3-AS: (a) — He okataHHOe 3epHO; (b, ¢) — 3epHa ¢ IMYATOM MOBEPX-

HOCTBIO; (d, €) — IIsIHLIEBbIe BbIOOMHBI Ha MOBEPXHOCTHU 3epHa; (f) — mapasuiebHble 60p03abl; (g) — IIyboKast 60po3aa, 3amos-
HeHHas KkpeMHe3eMmoM; (h) — 30Ha TpaBIeHUs.

Fig. 10. Signs of diagenetic transformation of quartz grains surfaces: (a) — V-pits (horizon Ckg of the PS2-AS); (b) — silica pre-
cipitations (horizon Ckg of the PS2-AS); (c) — silica precipitations (horizon ABk of the PS3-AS); (d) — filling of pits with silica
(horizon BCk of the modern soil); (¢) — chemical etching on the surface (horizon BCk of the modern soil); (f) — gypsum crystals
(horizon Ckg of the PS2-AS).

Puc. 10. [TpusHaku nruareHEeTUYECKOTO TTpeoOpa3oBaHMs MIOBEPXHOCTU KBapleBbIX 3epeH: (a) — V-amku (ropu3oHT Ckg ma-
sneonouBbl PS2-AS); (b) — kpeMHe3eMucThle TieHKU (ropu3oHT Ckg nmaneornouBsl PS2-AS); (¢) — KpeMHe3eMUCThIe TIEHKHU
(ropuzoHT ABk naneornouBsl PS3-AS); (d) — sMKu, 3anoaHeHHbIE KpeMHe3eMoM (ropu3oHT BCk coBpeMeHHOI1 MoYBbI); (€) —
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30HBI TpaBieHus (ropu3oHT BCk coBpemenHoil mouBsl); (f) — kpuctamibl turica (ropu3oHT Ckg maseomnousbl PS2-AS).

In the PS-2AS paleosol, the sample from the upper
part of the Ak horizon contains 184 grains, of which
arboreal pollen contains 7.6% (Salix, Ulmus, Quercus),
grass pollen 73.9%, among which Cyperaceae 12.5%,
Poaceae 11.4%, Urtica 13.9%, Rumex 6.5%, Plantago
5.9%, Asteraceae 5.9%, Chenopodiaceae and other
herbs. The number of spores reaches 18.4%, among
which spores of Polypodiaceae predominate.
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In the sample from the lower part of the same hori-
zon, 220 grains were counted, woody — 5.4% (Salix,
Ulmus, Quercus), herbaceous — 92.2%, dominated by
Poaceae, Cyperaceae, Rumex 10.4%, Urtica 15.4%,
single Ephedra, Artemisia, Chenopodiaceae. The amount
of spores is small — 2.2%. The smallest amount of pol-
len and spores was found in the sample from the BCk
horizon (104 grains). The pollen of woody plants is
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single 1.9%, contains grains of Salix and Quercus.
Among herbs 76.9% dominated by Cyperaceae 19.2%,
Urtica 14.4%, Polygonaceae 5.7%, Plantago 4.8%, Ru-
mex 4.8%, Chenopodiaceae 4.8%, etc. The number of
spores of Bryales, Polypodiaceae, Lycopodium reaches
21.1%.

The PS-3AS paleosol is characterized by the larg-
est amount of pollen and spores. In the sample col-
lected from upper part of the ABk horizon were found
272 grains. Here the pollen of woody plants is single
7.3%: Ulmus 5.5% and other (Quercus, Carpinus).
Grass pollen prevails 89.3%, represented by a variety
of Varia: Ephedra, Poaceae, Cyperaceae, Caryophyl-
laceae, Chenopodiaceae, Asteraceae (13.2%), Rumex
9.1%, Plantago 5.5%, Urtica 18.7%, Potentila 6.6%,
etc. There are few spores — 3.3% of Polypodiaceae. In
the lower part of horizon ABKk, 232 grains were found.
Among the pollen of woody plants, 10.7% were grains
of Betula, Salix, Carpinus, Ulmus, Quercus. Grass pol-
len 77.5% is represented by Poaceae 4.3%, Cyperaceae
4.3%, Rumex 6.4%, Plantago 8.1%, Urtica 12.9%,
Fabaceaec 10.3%, Polygonaceae 4.3%, few pollen
grains Asteraceae, Rosaceae and other herbaceous
plants. Among the spore plants, 11.6% were spores of
Lycopodium 5.1% and Polypodiaceae 4.3%.

4. DISCUSSION

4. 1. Genesis of paleosols. The modern soil of the Al-
chak-Sedlovina section is carbonated, the humus
horizon is well distinguished, however, the low values
of magnetic susceptibility, even in the Ak horizon, are
associated with a strong profile erosion. According to
the results of the granulometric composition, the clay
fraction is carried down the profile. Low-rounded
quartz grains (I and II classes) with a parallel grooves,
characterize the prevailing processes of water trans-
port of particles. A small number of well-rounded
grains (I1I class) with a micropitted surface indicates a
slight aeolian transport of redeposited particles. The
transport of particles by water was weak since the fea-
tures weakly affect the surface of the grains, and there
is no layering in the profile structure, which is typical
for water erosion (Krinsley, Doornkamp, 1973). Signs
of the soil-forming process, namely the action of soil
solutions, are clearly visible on quartz grains; these are
crescent pits and etching zones on quartz grains, con-
fined mainly to fractures. The presence of carbonated
concentrations, specific brown color and morphology
allows us to attribute this soil to the Calcic Cambisol.

The PS1-AS paleosol is strongly carbonized in the
lower part of the profile and eroded since the humus
horizon is absent and the magnetic susceptibility in-
creases towards the bottom; apparently, the BCk hori-
zon was previously surfaced. It is possible that the ab-
sence of a humic horizon is associated with intense
slope erosion of soils and the removal of surface hori-
zons. According to the results of granulometric analy-
sis and morphological description, lessivage processes

were actively proceeding in this soil, which is recorded
in clay coating. According to the results of morphos-
copy, the largest number of grains of II and III classes
of roundness is noted, among which there are a large
number of particles with a glossy surface, which indi-
cates an active introduction of fresh material by water
(Krinsley, Doornkamp, 1973). Grains with a quarter-
matt surface, on which micropits are fixed, indicate a
weak aeolian winding of the material. A small amount
of fresh grains (class 0) indicates the influence of slope
processes. Grains with cracks of varying degrees about
the secondary transformation of the soil under the in-
fluence of freezing (Krinsley, Doornkamp, 1973). Soil
formation took place under different conditions: the
lower horizons were formed under more humid warm
conditions, then the conditions changed towards arid-
ization and cooling, as evidenced by the data of spore-
pollen analysis. Apparently, this paleosol developed
according to the Calcic argic Cambisols type. The
PS1-AS paleosol was formed under transitional vege-
tation from forest-steppes to cereals-sagebrush-
motley.

In the PS2-AS paleosol, according to the MS re-
sults, humus ABk and transitional horizons BCk are
clearly distinguished. The paleosol was formed with
the participation of the processes of accumulation of
clay and silty fractions, as well as stagnic conditions.
The paleosol contains an abundance of new carbonate
formations, which indicates an arid climate. The re-
sults of morphoscopy of quartz grains indicate the in-
put of material with the participation of water flows
(classes I and II) and the active input of unrounded
material by slope processes: the number of grains of
roundness class 0 increases, “fresh” and glossy grains
are noted in the horizon, grains with V — shaped pits
and conchoidal fractures. The aeolian transfer was in-
significant: grains of I1I and IV classes with a quarter-
matt and semi-matte surface are present in an insignif-
icant amount. Often the grains are split in half, such
signs are recorded after the deposition of material,
which may be due to seasonal freezing (Krinsley,
Doornkamp, 1973). Given the above, the PS2-AS pa-
leosol was formed during waterlogging, possibly there
was a stagnation of fluvial flows, as evidenced by the
gray shade of the profile and gravel interlayers, which
were introduced by water flows. Later, the climate be-
came drier and warmer, the soil began to acquire signs
of dry steppe soils. The PS2-AS paleosol can be at-
tributed to the Gleyic Cambisols. The paleosol PS2-AS
has a hydromorphic type of development and was
formed under the transitional type of vegetation: from
forest-steppes to cereals-grassland steppes in a tem-
perate-warm climate.

Two MS peaks are in the PS3-AS paleosol: the first
small peak in the humus horizon is associated with soil
formation, and the second peak in the BCk horizon is
associated with weak ferrugination. In this paleosol, in
contrast to the overlying paleosols, the granulometric
composition becomes lighter, the content of the sand
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fraction increases towards the BCk. Carbonate con-
cretions in the paleosol are concentrated in a small
amount in the upper horizons, thin Fe-Mn coatings
are clearly traced to the bottom, such signs are associ-
ated with seasonal high soil moisture. The intensity of
soil formation processes is recorded on the surfaces of
quartz grains in the form of etching of fractures, silica
powder, crescent pits (Krinsley, Doornkamp, 1973).
Crystalline gypsum is recorded not only in the mor-
phological description, but also on the fractures of
quartz grains, similarly to the PS2-AS. Grains with
signs of freezing are also noted. In the PS3-AS, ac-
cording to the results of the morphological description
of the section, the amount of gravelly material in-
creases. This indicates an intensive supply of material.
It is also confirmed by the morphoscopy of quartz
grains, here the largest number of unrounded and
slightly rounded glossy grains (0, I and II classes).
Grains with parallel grooves, characteristic of water
transport, and grains with a quarter-matt surface are
recorded, which indicates a weak eolian processing.
Large potholes on quartz grains also indicate high
transfer and impact rates (Velichko, Timireva, 1995).
Similar to the overlying the PS2-AS paleosol, grains
could be processed and come with a fluvial flow. The
PS3-AS paleosol was formed under conditions of dry
warm steppes with periodic moistening, under mosa-
ic-type vegetation: to cereals-grassland steppes, for-
ests of the Mediterranean type and woodlands of
birch. Given the above, it can be assumed that this soil
belongs to the Cambisols type.

4.2. The age correlation of paleosols. On the territory
of Crimea, paleosols of reddish hues are found mainly
in Pliocene deposits (Veklich, Sirenko, 1976; Panin
et al., 2019b). In the Alchak-Sedlovina section, the
LPS is underlain by the V Perchem terrace, the age of
which makes it possible to correlate the studied pa-
leosols to the Pleistocene period, starting from MIS 17
and younger one. On the territory of the East Europe-
an Plain, paleosols of this age with a reddish color are
associated with the Vorona pedocomplex (MIS 13/15)
(Veklich, Sirenko, 1976; Velichko et al., 2009a; 2009b;
Panin et al., 2019a; 2019b). In the Platovo section of
Rostov region, Lebedeva (1972) identified the V Pla-
tovo Chaudian terrace, which is covered by red-col-
ored paleosols. Velichko et al. (2009a) compared these
paleosols with the Vorona pedocomplex. Taking into
account that the V Perchem terrace correlates with the
V Platov marine terrace, it can be assumed that the pa-
leosols of the Alchak-Sedlovina section can also be-
long to the Vorona pedocomplex. The data of spore-
pollen analysis can serve as an indirect confirmation
of the age of these paleosols. Where in paleosols, with
a high degree of conditionality, the reconstructed veg-
etation is compared with the Lubny stage identified in
Polesia and Carpathian foothills (Sirenko, 2017),
which correlates with the Muchkap Interglacial. Si-
renko and Turlo (1986) also distinguished the reddish-
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brown paleosols in the Lubny horizon of the Central
Black Sea region.

The paleosols of the Vorona pedocomplex in the
LPS of the Sea of Azov (Velichko et al., 2009b; Panin
et al., 2019a) developed under more humid conditions
than in the Crimea. Since in their profiles, in contrast
to paleosols of the Alchak-Sedlovina section, there are
plentiful Fe-Mn nodules and there are no gypsum
crystals (Panin et al., 2019a), which are one of the
main signs of an arid climate (Minashina, Shishov,
2002).

5. CONCLUSIONS

Based on the correlation of the age of the V marine
terraces of the Black Sea and the Sea of Azov, the Alchak-
Sedlovina LPS is presumably assigned to MIS 13/15.
The soils of Alchak-Sedlovina belong to the Vorona
pedocomplex, taking into account the age of the Per-
chem sea terrace and comparison of data obtained
from the multi-proxy analysis of the Alchak-Sedlovina
LPS, and the LPS of the Vorona pedocomplex of the
Sea of Azov and the Lubny stage in the Steppe Crimea
and the Black Sea region.

The investigation of the LPS of the Alchak-Sed-
lovina showed that in the mountainous part of the
Crimea, the paleosol sequence is quite distinctly pre-
served, represented by paleosols of the Cambisols
type, two automorphic soils and one hydromorphic
soil. In the MIS 13/15 (Early Pleistocene), paleosols
were formed under conditions of warm steppes or for-
est-steppes with periodic moistening and often local
stagnation of moisture; in the cold season, there was
slight freezing of the surface. During the formation of
the lower part of the LPS profile (PS2-AS, PS3-AS),
coarse clastic material was introduced. Later, the cli-
mate became drier and warmer, steppe, similar to the
modern one; during the formation of the PS1-AS,
such a climate dominated for a much longer time, but
erosion processes were activated, which removed the
humus horizon of the soil.

During soil formation, the stability of sedimenta-
tion was preserved. The main agent for the formation
of the LPS was aeolian transport as a source of silty
material, according to granulometric analysis data.
According to the morphoscopy data of quartz grains,
slope processes and temporary streams were the agents
of sandy material. An insignificant number of grains
with eolian signs and traces of eolian processing indi-
cates the stabilization of eolian processes during the
redeposition of the material. The predominant un-
rounded and slightly rounded grains of sandy material
with glossy and quarter-matte surface types indicate
that during the formation of the LPS, additional ma-
terial was introduced from a nearby source, there is
only one such source near the section — a mountain
range.
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THE STRUCTURE AND FORMATION CONDITIONS OF THE EARLY
PLEISTOCENE PALEOSOLS IN THE LOESS-PALEOSOL SEQUENCE
OF THE ALCHAK-SEDLOVINA SECTION
(REPUBLIC OF CRIMEA)

M. V. Khmeleva®*, P. G. Panin?, A. L. Chepalyga®, N. V. Karpukhina“,
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Paleosols are one of the main paleoecologic indicators that record changes in the environment in loess-pa-
leosol sequence. Understanding the peculiarities of the structure of paleosols and the natural processes that
caused them makes it possible to reconstruct the landscape and climatic conditions in the desired territories.
The article presents new studies of the loess-paleosol sequence of the Alchak-Sedlovina section located in the
mountainous area of the southern part of the Crimean Peninsula. The section exposed two automorphic pa-
leosols (PS1-AS and PS3-AS) and one hydromorphic paleosol (PS2-AS), which we correlate with the pa-
leosols of the Vorona pedocomplex (MIS13/15). This assumption is based on data obtained from the results
of a comprehensive analysis, including a morphological description of paleosols and their physical-chemical
parameters. It has been established that the loess-paleosol sequence of the Alchak-Sedlovina section under
study was formed on deposits of V Perchem marine terrace, which corresponds to the MIS 17 interval. The
paleosols PS2-AS and PS3-AS developed according to the Cambisols under conditions of warm steppes or
forest-steppes with periodic moistening and often local moisture stagnation; during the cold season, a slight
freezing of the surface was observed. The PS1-AS paleosol profile also corresponds to the Cambisols, but it
was formed in a drier climate under steppe vegetation similar to the modern one. In the study area, during
periods of accumulation of loess material and soil formation, they were accompanied by constant erosion
processes. As a result, in the loess-paleosol sequence of the Alchak-Sedlovina section, layers of large rock
fragments are fixed, and the surface horizons of paleosols are eroded. The obtained material allowed us to take
a fresh look at the development of the paleosol cover in the mountains of Crimean Peninsula. The revealed
characteristics of the paleosols of the Alchak-Sedlovina section can later be compared with other paleosols of
the Crimean Peninsula to interpret their age and formation conditions.

Keywords: soil morphology, marine terrace, morphoscopy of quarts grains, Pleistocene, Muchkap interglacial
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BbinosiHeH cpaBHUTENbHBIN aHAIU3 MPU3HAKOB YEPHO3E€MOB, MOTPEeOCHHBIX 1O KypraHaMM Iepuoja
CpYOHOI KyIbTYpHO-UCTOpHYecKoit obiHoctr (3600—3400 1. H.), ux a”HanorosB 6osee paHHux (4200—
3700 1. H.) 1 60mnee nmo3aHux (2500—2200 1. H.) MEPUOIOB, a TAKXKE COBPEMEHHBIX KOMIIOHEHTOB TTOYBEH-
HOI0 MOKpOBa Ha TeppuTopuu ieHTpa BoctouHo-EBporeiickoii paBHUHEL. YepHO3eMBbl Ileproaa CpyOHoit
KyJbTYpbl (hOPMUPOBAIUCH B OOCTAHOBKE 3aMETHBIX OMOKIMMATUYECKUX U3MEHEHU, MOCIeq0BaBIINX
BCJIe 32 IEPMOAOM CcpeliHecyO0opealbHOM apyAn3aliiy KJIMMaTa. YCTaHOBJIEHO, YTO OMOXUMUYecKas me-
pecTpoiika npoduJst o coAepKaHUIO TTOYBEHHOTO OPTaHUYECKOTO BEIleCTBa orepexaia Mmopdoaoruye-
CKYIO IIepeCcTpOiiKy ¢ (hhopMHUpOBaHUEM 00Jiee MOIIIHOI TeMHOIIBETHOM YacTU PO YePHO3EMOB.
ABTOMOpGHBIE Maje0uepHO3eMbl CPyOHOTO BpeMEHH XapaKTepU30BAIUCH O0JIbIIIE OMHOPOIHOCTHIO MOP-
donornuecknx cBOMNCTB (Ha BCeX M3yUYEHHBIX YIaCTKaX — YepHO3eMbl TUTTMYHbBIE) IO CPABHEHUIO C COBpPE-
MEHHBIMU aHaJIoTaMU (BO3HUKJIY JIBa apeaja YepHO3EMOB — BBIIIEJIOYEHHBIX M TUTTMYHBIX). YepHO3eMBbl
BBbIIIEJIOYEHHbIE BOBHUKIIM Ha y4acTKax ¢ MEHBIIMMU 3aracaMy KapOoHATOB B TTOYBOOOPa3YIOLINX MOPO-
Jlax MO CPaBHEHUIO C YepHO3MaMU TUTTMYHBIMU. OOIINT TPEHI TTO3IHETOJI0LEHOBOI 3BOTIOLUM YepHO3e-
MOB BBIIIEJIOYEHHBIX M TUTTMYHBIX COCTOSUT B YBETMYEHUU MOIITHOCTU TYMYCOBBIX TOPU3OHTOB (B CpEIHEM
Ha 20 ¢cM) ¥ IOYBEHHBIX ITpoduieii (B cpeqHeM Ha 20 cM) IIpy HEM3MEHHOCTH MOILITHOCTHU IEePEXOMHOIT Ya-
ctu npoduist (A1B+BA1) u ropuzontoB B (Bk). OTiau4us COCTOSIM B pa3HbIX INTyOMHAaX BhIIIEIauBaHUs
MOYBEHHBIX NTpoduieii OT KapOOHATOB.

Karoueswie crosa: necocrenn, Boctounas EBpona, 4epHO3eMbl, 3BOJIIOLIUS TTIOYB, IMMO3AHUI roJIoLeH, Cpyo-

Has KyJIbTypa
DOI: 10.31857/50435428122050042

1. INTRODUCTION

In Russian paleopedology, a large amount of infor-
mation about features of the soils buried under kur-
gans of different historical periods has been accumu-
lated during the last decades (Zolotun, 1974; Aleksan-
drovskiy, 1984; Gennadiev, 1984; Ivanov, 1992;
Demkin, 1997; Chendev et al., 2010; Khokhlova et al.,
2010; Puzanova et al., 2017; Prikhodko, 2018; etc.).

Interest in the soils of the mounds is primarily dic-
tated by the possibility of a comparative analysis of the
properties of the soils buried under the mounds and
their modern (surface) analogues. This comparison of
the soils is frequently used to reveal the differences in
the environmental conditions between the time of
burial (the moment of the mound construction) and
the present time.

The presence of a large number of mounds as ob-
jects of cultural and historical heritage and as archives
of the paleoenvironmental information on the territo-
ry of the European and Asian parts of Russia deter-
mined the specifics of the development of the soil-
evolutionary direction in Russian soil science. One of
the advantages of studying the soils buried under the
mounds is their good preservation under the thick
earthen constructions, which protect the paleosols
from the influence of modern soil-forming processes.

In other regions of the world, the soils of kurgan
constructions are studied much less frequently and of-
ten in a rather specific way — either by studying only
soil formation on kurgan embankments (Ruhe, Schot-
les, 1956; Parsons et al., 1962), or by drilling kurgans
and buried soils with the extraction of columns of soil
material and analysis of a limited set of properties
(Kristiansen et al., 2003; Molnar et al., 2004), and
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much less often — through a full-profile study of the
buried soils (Hejecman et al., 2013).

Most of the soil-archaeological research carried
out is based on the study of paleosols associated with
the cultural layers of settlements of different periods,
while the thickness of the sediments of ancient settle-
ments overlying the paleosols is not always large
enough to protect buried soils from diagenetic changes
(Holliday, 2004; Gerlach et al., 2006; Vislouzelova et
al., 2015; Kamnueva-Wendt et al., 2020; etc.), which
can introduce errors in the research results.

Earlier studies of buried and surface soils were of-
ten limited to a comparative analysis of their properties
within local areas (Aleksandrovskiy, 1984; Gennadiev,
1984; Ivanov, 1992). However, as the space of soil-ar-
chaeological research expanded and the key sites in-
creased, prerequisites for reconstructing of the soil
properties and the conditions of soil formation in a
wider geographical space began to arise (Chendev,
Ivanov, 2007; Chendeyv et al., 2015).

In the proposed article, the primary attention is fo-
cused on studying the soils buried under the mounds
of the Srubnaya Cultural-Historical Community. The
frequency of occurrence of these objects in modern
landscapes is relatively high due to the wide distribu-
tion of the area of this culture in the middle of the Ist
millennium BC on a large territory of the forest-steppe
and steppe zones of the East European Plain — from
the Urals to the Dnieper basin (Gorbunov, 1994). The
high density of the burial mounds of this era was re-
flected in a large number of archaeological excava-
tions, in which soil scientists also participated.

The purpose of this research is a comparative study
of the features of chernozems buried under the
mounds of the Srubnaya Cultural-Historical Com-
munity and chernozems of an earlier and later period
in the centre of Eastern Europe.

2. OBJECTS AND METHODS OF RESEARCH

The territory of our study is the forest-steppe and
steppe of the East European Plain, which includes the
southern part of the Central Russian Upland and the
adjacent areas of the Poltava and Oka-Don Plains. All
studied objects are located between 49 and 52 degrees
north latitude and 35—41 degrees east longitude (fig. 1).

A large number of objects (11 out of 16), were stud-
ied by the authors of the presented article in different
years. Some objects for this research were taken from
other works (Margolina et al., 1988; Akhtyrtsev,
Akhtyrtsev, 1990; Ivanov, 1992).

The burial mounds studied at each site were usually
single objects (except the Belgorodsky, Bogdanovka,
Bobrovsky, Graivoronsky and Gubkinsky key sites) and
consisted from single-layer, i.e. constructed in one go.
The mounds were dated by an archaeological method
(using artefacts) with an accuracy of the century. For
the study region the chronology of the Srubnaya cul-
ture is not developed well and in detail. Therefore, a

more accurate radiocarbon dating method for bone,
coal and wood (from the central burials of the
mounds) was also used. The range of construction
dates for all the studied mounds is from 3360 to
3620 yr. BP (3510—3960 cal. yr. BP). This is consistent
with the opinion of one of the well-known specialists
in the studied archaeological culture I.F. Kovaleva,
according to which the spread of the Srubnaya culture
in the basin of the upper reaches of the Seversky Do-
netsk river was limited mainly to the interval of the
15th-14th (not calibrated) centuries BC (Kovaleva,
1990). In addition to the mounds of the Srubnaya ar-
chaeological culture, one mound (the Gorki key site)
was built by representatives of the late Catacomb cul-
ture about 3600 yr. BP (3950 cal. yr. BP). This mound
was included in the list of studied objects due to the
same period of the Srubnaya culture’s existence for as-
sessing and analyzing paleosols. In most cases, the
thickness of the studied constructions of mounds ex-
ceeded 1 meter. This height and loamy composition of
the embankments ensure good preservation of the
original features of paleosols (according to Demkin,
1997). The height of some of the studied mounds was
less than 1 meter — 0.6—0.9 meters due to ploughing.
Their height exceeded 1 meter until the 1950s. The de-
crease in the surface of the mounds due to steam-row
crops introduction and the heavy agricultural machin-
ery use occurred relatively recently. It did not affect of
the initial features of soils buried under the mounds.

The parent materials are presented by loess loams
and clays, and only in one area (the Gorki site) mo-
raine loams and clays of the Moscow glaciation period
were identified. The parent materials from west to east
are changed from lighter to heavier granulometric
composition. All the studied mounds were located on
well-drained watersheds with deep groundwater.
Chernozems are widespread in all studied areas (ac-
cording to field research and (Natsional’nyi..., 2011).
On the Bobrovsky site, the current groundwater depth
was four or more meters under the surface meadow-
chernozemic soils, typical for the of the Oka-Don
Plain’s interfluves (Akhtyrtsev, Akhtyrtsev, 1990).

Most of the studied sites (14) are located in the for-
est-steppe area, and only two sites (Bogdanovka and
Starokriushinsky) are located to the south, in the
steppe zone (fig. 1).

All have studied buried soils had natural undis-
turbed surfaces, what was detected according to their
flat or slightly wavy boundary with mound material; in
most cases, on the surface of buried soils has been a
visible thin pale yellow layer of parent material — ejec-
tion of loam from the grave pit of the central burials.
By this layer border between the mound and buried
soil was detected quite correctly.

The main approach of the study is the method of
soil chrono-sequences, which is based on a compara-
tive analysis of dated soils (buried and newly formed in
mounds) and their surface full-Holocene analogues,
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Fig. 1. Location of sites for soil-archaeological research of the Bronze Age burial mounds, created 3400—3600 years ago.

Site names: 1 — Bogdanovka (Ivanov, 1992); 2 — Storozhevoye (Chendev et al., 2011); 3 — Grayvoronsky (Chendeyv et al., 2015);
4 — Staraya Nelidovka (unpublished data); 5 — Belgorodsky (Chendev et al., 2015); 6 — Prokhorovsky (Chendev, 2008);
7 — Drozdy (Aleksandrovskiy, 1983; Margolina et al., 1988); 8 — Dubroshina (Aleksandrovskiy, 1983; Margolina et al., 1988);
9 — Gorozhenoe (unpublished data); 10 — Gubkinsky (Chendev, 2008); 11 — Novoe Ukolovo (unpublished data); 12 — Gorki
(unpublished data); 13 — Boldyrevka (unpublished data); 14 — Bobrovsky (Akhtyrtsev, Akhtyrtsev, 1990); 15 — Chamlyk-Ni-
kolsky (unpublished data); 16 — Starokriushinsky (Margolina et al., 1988). Green lines mark the northern and southern bound-
aries of the forest-steppe area.

Puc. 1. Cxema MeCTOIOJIOXEHMST YYaCTKOB NTOUBEHHO-apXeOJIOrMUECKUX NCCIeI0BaHUI KypraHoB OpOH30BOIO BeKa, CO31aH-
HbIX B MHTepBasie BpemeHu 3400—3600 et Hazazn.

Haszeanus yuacmkog: 1 — bornanoska (MBaHoB, 1992); 2 — CtopoxeBoe (HeHznes u np., 2011); 3 — ['paitBopoHckuit (HeHnes u
np., 2015); 4 — Crapast HenmnoBka (HeornyOIMKoBaHHbIe naHHbIe); 5 — Benroponckuit (Hennes u ap., 2015); 6 — [Ipoxopos-
ckuit (Yennes, 2008); 7 — dposnsl (AnekcanapoBckuii, 1983; Mapronuna u ap., 1988); 8 — lybpoimHa (AJleKCaHIPOBCKUIA,
1983; MapronuHa u ap., 1985); 9 — l'opoxeHoe (HeonmyoiukoBaHHbIe faHHbIe); 10 — ['yokuHckuit (Uennes, 2008); 11 — HoBoe
YkonoBo (HeomyOGIMKOBaHHbIE NaHHbIE); 12 — [opku (HeomybIMKoBaHHbIE MaHHbIe); 13 — bonabpipeBka (HeomyOIMKOBaHHbBIE
naHHble); 14 — BoOpoBckuii (AXTHIpIEB, AXThIPIEB, 1990); 15 — YaMibik- HuKombcKuit (HeOmyOIMKOBaHHBIC MaHHbIE); 16 —

CrapoxkpuylnHckuii (MapronuHa u ap., 1988). 3eneHble TMHUM — ceBepHasl U 10XKHAsI TPAHULIBI JIECOCTETH.

formed near archaeological sites in similar lithological
and geomorphological positions (fig. 2).

Based on the differences between the buried and
surface soils, conclusions were drawn about the
changes in climatic conditions that took place.

In turn, the method of soil chrono-sequences in-
cludes a fundamental method of field soil research —
the method of morphological description of the soil
profile. The results of the morphological description
of the studied soils have been presented in an abbrevi-
ated form in this article — the characteristics of the
thickness of the soil horizons and the depth of effer-
vescence for buried and surface soils are given in the
text and tables.
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For some key sites, laboratory analyses of soils, in-
cluding characteristics such as bulk density (samples
were taken using a cutting rings), particle size distribu-
tion (GOST (State Standard) 12536), pH aqueous
GOST 26423—85), total organic carbon (according to
Tyurin’s (wet combustion) method (GOST 26213—91),
the content of CO, carbonates by the acidimetric
method were provided. These types of analysis of soil
samples were carried out in the laboratories of the Na-
tional Research University “Belgorod State Universi-

” and the Federal State Budgetary Institution “Cen-
ter of Agrochemical Service “Belgorodsky””. Statisti-
cal calculations of the studied indicators (arithmetic
mean, error of the mean, standard deviation, coefficient
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Fig. 2. Illustration of the method of soil chrono-sequences
used in our soil-archaeological studies.

Puc. 2. Mumioctpalivist MeToIa OYBEHHBIX XPOHOPSIIOB B
MPOBEICHHBIX aBTOpPaMU MOYBEHHO-aPXEOJOTHUYECKUX
HCCIEIOBAHUSIX.

of variation) were performed using the STATISTICS
program in Excel.

Two samples (bone from a mound at the Staraya
Nelidovka site and a wood from a burial at the
Boldyrevka site) were dated in the Isotope Research
Laboratory of the Center for Collective Use “Geo-
ecology” of the Russian State Pedagogical University
A.l. Herzen.

The radiocarbon dating of the samples at
Gorozhenoe site was carried out in the radiocarbon lab-
oratory of the Institute of Environmental Geochemis-
try of the National Academy of Sciences of Ukraine
(Kiev, Ukraine) using the liquid scintillate method
(LSC) (Skripkin, Kovalyukh, 1998). The '“C isotope
content was measured on a Quantulys1220 T low-
background spectrometer. The calibration of radio-
carbon dates was carried out by A.V. Dolgikh (Insti-
tute of Geography RAS) using the OxCal v4.2.4 pro-
gram (Bronk, Lee, 2017) based on the IntCal 13 cali-
bration curve (Reimer et al., 2013).

3. RESULTS AND DISCUSSION

Srubnaya culture appeared in a wide geographic
space between the Dnieper in the west and the Urals in
the east. The standard burial ritual by representatives
of this culture was burial in pits surrounded by wooden
structures — log constructions, which were closed
from above with wooden chopping blocks and covered
with the ground until the formation of hills — mounds
with different diameters and heights. According to
Gorbunov (1994), the emergence of the Srubnaya cul-
ture in Eastern Europe is a unique phenomenon that
marks the formation of the same type of rituals and
similar infrastructure over a large territory. The reason
for the spread of representatives of the Srubnaya cul-
tural and historical community could be favourable
climatic changes — the mid-Subboreal climatic opti-
mum, which made it possible to widely develop land-
scapes and use cattle breeding by tribes of this culture in
the forest-steppe and steppe of the East European Plain.

According to palynological data, the second half of
the Subboreal period of Holocene (between 3970 and
3550 yr. BP) was marked by warming and humidifica-
tion of the climate in the study area, which, in partic-
ular, led to an increase in the expansion of forests on
the steppe areas (Spiridonova, 1991; Serebryannaya,
1992; Shumilovskikh et al., 2018). The found wood in
the burials also testifies to the significant forest cover
of the territory. Comparative analysis of the buried
soils formed in different intervals of the second half of
the Holocene in the typical chernozems modern area
(forest-steppe zone), conveys a clearly defined regu-
larity of the growth of the thickness of humus horizons
and, in general, of the humified part of the profiles
(A1 + AIB + BAI horizons) of chernozems. More-
over, the process of leaching carbonates is also traced
in studied buried soils (tabl. 1).

Table 1. Changes in the morphological features of typical chernozems in the centre of the forest-steppe zone of the East

European Plain over the past 4200 years (uncalibrated)

Taomna 1. UsmeHeHre MOpdhOJIOTHYECKMX CBOMCTB YePHO3€MOB TUITUYHBIX LIEHTPA JiecocTenHoit 30Hbl BocTtouHO-EB-
porieiickoii paBHUHEI 3a rociaenHue 4200 et (HeKaJuOpoBaHHbBIX)

Chronointervals (yr. BP) and the number of mounds studied (#)

Soil feature, % of modern features

4200-3700,n =5

3600—3400,n=9 2600—2200, n =16

The thicknessof the Al horizon 57.0+ 4.6 69.3+6.2 95.6+6.4
The thickness of Ah + AhB + BAh horizons 73.9+2.3 80.0 + 1.0 99.2 +4.0
Depth of effervescence 24.8 £ 13.2 57134 53.1+4.5

Note: data for chronointervals are used: 4200—3700 yr. BP — unpublished data of the authors — two objects in the Poltava oblast, (Chen-
dev, 2008) — one object in the Belgorod oblast, (Akhtyrtsev, Akhtyrtsev, 1994) — two objects in the Voronezh oblast; 3600—3400 yr. BP —
unpublished data of the authors — three objects in Poltava, Belgorod and Voronezh oblasts, (Chendev, 2008) — four objects in the Bel-
gorod oblast (Aleksandrovskiy, 1983; Margolina et al., 1988) — two objects in the Kursk oblast; 2600—2200 y. a. — unpublished data of
the authors — one object in the Voronezh oblast, (Chendev, 2008) — 15 objects in the Belgorod and Voronezh oblasts.

Ilpumeuanue: NCTIOIb30BaHbI JaHHBIC 111 XpOHOMHTepBaioB: 4200—3700 1. H. — HeoIyOJIMKOBaHHbIEC JaHHbBIE aBTOPOB (1Ba 0OBbEKTa
B [Nonrasckoii obmactu), 10.I. Yennena (2008) onun o6bekT B benroponackoit o6nactu), b.I1. AxteipuieBa, A.b. AxteipiieBa (1994)
(nBa o0bekTa B BopoHexckoii o6sactu); 3600—3400 j1. H. — HeolTyOJIMKOBaHHbIE JaHHbIE aBTOPOB (Tpy 00bekTa B [TontaBckoit, ben-
roponckoii 1 BopoHexckoii oonactsix), FO.I. Yennena (2008) (ueTbipe o0bekTa B benroponckoii o6nactu), A.JI. AlekcaHIpOBCKOTO
(AnekcannpoBckuii, 1983; Mapronuna u nip., 1988) (1Ba oobekTa B Kypckoit o6mactur); 2600—2200 J1. H. — HeonmyOJIMKOBaHHbIE TAHHbIE aB-
TOpOB (omuH 00BeKT B BopoHexkckoit ooiactn), FO.I. Yennena (2008) (15 oowekToB B benroponckoii 1 BopoHexkckoit 061acTsix).
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The results of studying the morphometric charac-
teristics of paleochernozems of the Srubnaya culture,
their modern analogues in the forest-steppe part of the
study area, and the differences revealed between them
are reflected in tabl. 2. Table 2 is structured following
the surface soils to different genetic groups: firstly, ar-
eas are indicated where the surface soils are leached
chernozems, then areas with typical chernozems, and
at the end, one area with meadow-chernozem soils is
located.

According to the results of statistical calculations,
in the studied paleosoil space within the automorphic
positions of the relief (the Bobrovsky site was exclud-
ed), the thickness of the humified part of the soil pro-
files (A1 + A1B + BA1) as well as the total thickness of
the soil profiles were characterized by minimal vari-
ability, and the maximum variability has been detected
for the depth of effervescence (tabl. 3).

When comparing the average values of morpho-
metric features of surface and paleochernozems, sig-
nificant statistical differences are determined by such
characteristics as the thickness of the humus horizons,
the humified part of the profiles and the depth of ef-
fervescence. The high variability of all indicators (the
coefficients of variation are in the range of 24—74%,
tabl. 3) indicates the intraregional differences in the
development of soil formation in the studied space,
both in the past and at present. Table 3 shows an in-
crease of the entire soil profiles up to 21 cm during the
Late Holocene, which is comparable to an increase in
the thickness of Al horizons up to 20 cm.

At the same time, the thickness of the lower humus
part of the profile (A1B + BA1, 23—27 cm), B (32 cm)
and BC horizons (30—31 cm) remained unchanged.

Thus, over the past 3500 years, the leading role in
the evolution of the profiles of chernozems on the ter-
ritory of the forest-steppe zone in the centre of the
East European Plain was played by the thickness of
humus horizons and the depth of carbonates occur-
rence.

A comparative analysis of the temporal develop-
ment of individual units of soil classification, — sub-
types of leached chernozems (n = 6) and typical medi-
um-thick chernozems (n = 7) is reflected in tabl. 4
(areas with thick and super-thick chernozems, in ac-
cordance with the traditional Russian soil classifica-
tion (Classificatsiya..., 1977) (Dubroshina and Drozdy
sites (Aleksandrovskiy, 1983; Margolina et al., 1988))
are excluded). Chernozems buried 3600—3400 yr. BP
in the modern distribution areas of the two indicated
subtypes of chernozems belongs to one unit of typical
thin (close to medium thick) chernozems (tabl. 4).
Throughout the studied area, they are characterised by
the identity of the depths of the carbonate table (24—
26 cm). However, in the area of distribution of modern
typical chernozems, the development of more thick
soil profiles took place in comparison with paleocher-
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nozems in the area of modern leached chernozems
distribution (tabl. 4).

In the modern soil space, contrasting differences
between the surface leached and typical chernozems
are achieved only by significant differences in the
depth of carbonate occurrence (in leached cherno-
zems — on average 111 cm, and in typical chernozems —
56 cm) and weak insignificant differences in the thick-
ness of all soil horizons and soil profiles in the whole.
The considered surface subtypes of chernozems at the
generic level belong to the category of medium-thick
ones, with the thickness of the humified part of the
profiles 73—76 cm (tabl. 4).

A comparative analysis of modern and buried soils
revealed the formation of one typical chernozem area
in the Srubny period within the two modern areas pre-
sented by leached and typical chernozems (tabl. 4).
However, there were spatial differences within this ar-
ea in the Srubny period — in place of modern leached
chernozems soil profiles and horizons had less thick-
ness comparatively with paleosoils within the modern
typical chernozem area (tabl. 4). In particular, the
less developed humified part of profiles
([A1+A1B+BAIl]) in the paleospace of modern
leached chernozems (tabl. 4) can be an indicator of
less soil fertility in these places in the Srubny period.

We assume that one of the most probable reasons
for the less or more degree of development cherno-
zems within palacosoil space could be the difference in
the combination of soil-forming factors in the com-
pared areas throughout a significant part of the Holo-
cene. Among these differences, the most probable
were intraregional differentiation of climatic condi-
tions, as well as local differences in the lithological
composition of parent materials. Leached chernozems
tend to be form on more clayey and less calcareous
soil-forming rocks in comparison with the rocks on
which typical chernozems were formed. Previously,
we have already expressed that the leached cherno-
zems were formed in areas where loess loams were
characterized by an initially smaller amount of car-
bonates (Chendev, 2008). Research carried out at new
sites in our article confirms this assumption. As an ex-
ample, we provided a comparison of the profile distri-
bution of carbonates and their reserves in a 2-meter
stratum of automorphic buried and surface leached
chernozems in the Staraya Nelidovka site (Belgorod
oblast), and buried and surface typical chernozems in
Boldyrevka site (Voronezh oblast) (tabl. 5, fig. 3).

The general pattern of the two study areas is the
leaching of carbonates from the upper one-meter layer
of chernozems and their accumulation in the lower
part of the profiles, in the 100—200 cm layer during the
Late Holocene. The differences lie in the lower con-
tent and pools of carbonates in the buried and surface
soils of the Staraya Nelidovka site concerning the
buried and surface soils of the Boldyrevka site (tabl. 5,
fig. 3).
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Table 2. Morphometric features of the buried soils of the Srubnaya culture and their modern surface analogues on the ter-
ritory of the forest-steppe centre of the East European Plain (compiled from unpublished data of the authors (sites
Boldyrevka, Gorozhenoe, Gorki, Novoye Ukolovo, Staraya Nelidovka, Storozhevoe, Chamlyk- Nikolsky) and data from papers
(Aleksandrovskiy, 1983; Margolina et al., 1988; Akhtyrtsev, Akhtyrtsev, 1990; Chendev, 2008)
Taomuua 2. MopdoMeTprdecKre IIpU3HAKU MOAKYPTaHHBIX ITOYB CPYOHOIO BpeMEHU U UX (POHOBBIX aHAJIOTOB Ha Tep-
puTopuu Jecoctenu HieHTpa BoctouHo- EBporneiickoit paBHUHBI (COCTaBIESHO IO HEOITYyOJIMKOBAaHHBIM JaHHBIM aBTOPOB
(yaactku boadvipesia, Topoxucenoe, Topku, Hosoe Yikonoso, Cmapas Heaudosxa, Cmopoicesoe, Yamavik-Hukoavckuil) u
naHHBIM U3 paboT (Aleksandrovskiy, 1983; Margolina et al., 1988; Akhtyrtsev, Akhtyrtsev, 1990; Chendev, 2008)

Thickness (for effervescence — depth), numerator — cm, denominator —% of modern values
No Soi Al Al1B + BAI Al 4]_32} B+ B Profile Effervescence
Staraya Nelidovka site, 3620 = 45 yr. BP (radiocarbon date), surface soil — leached chernozem
1 |buried 18/42.9 13/59.1/ 31/48.4 39/95.1 111/80.4 32/27.1
surface 42/100 22/100 64/100 41/100 138/100 118/100
difference +24/+51.1 +9/+ 40.9 + 33/+ 51.6 +2/+4.9 +27 /+18.6 +86 /+72.9
Belgorodsky- 1 site, 3500 yr. BP (arch. date), surface soil — leached chernozem
2  |buried 46/97.9 22/71 68 /87.2 21/84 113/78.5 24/16.7
surface 47/100 31/100 78/100 25/100 144/100 144/100
difference +1/+ 2.1 +9/+29 +10/+ 12.8 +4/+16 +31 /+21.5 +120/+83.3
Prokhorovsky site, 3500 yr. BP (arch. date), surface soil — leached chernozem
3 |buried 35/56.5 22/122.2 57/71.3 21/95.5 103/81.7 35/37.2
surface 62/100 18/100 80/100 22/100 126/100 94/100
difference +27/+43.5 —4/-22.2 +23/+28.7 +1/+4.5 +23 /+18.3 +59/+62.8
Gorozhenoe site, 3360 = 25 yr. BP (radiocarbon date), surface soil — leached chernozem
4 |buried 17/41.5 15/65.2 32/50 20/80 114/100 17/23.6
surface 41/100 23/100 64/100 25/100 114/100 72/100
difference +24/+58.5 +8/+34.8 +32/+50.0 +5/+20 0/0 +55 /+76.4
Novoe Ukolovo site, 3500 yr. BP (arch. date), surface soil — leached chernozem
5 |buried 35/67.3 10/55.6 45/64.3 21/48.8 113/80.1 20/22.7
surface 52/100 18/100 70/100 43/100 141/100 88/100
difference +17/+32.7 +8/+44.4 +25/+35.7 +22/+51.2 +28 /+19.9 +68/+77.3
Chamlyk- Nikolsky site, 3600-3550 yr. BP (arch. date), surface soil — leached chernozem
6 |buried 36/38.2 24/171.4 50/61 25 /69.4 98/71 14/9.3
surface 68/100 14/100 82/100 36/100 138/100 150/100
difference +42/+61.8 —10/-71.4 +32/+39 +11/+30.6 +40/+29 +136/+90.7
Storozhevoye site, 3500 yr. BP (arch. date), surface soil — typical chernozem
7  |buried 17/48.6 38/115.2 55/80.9 47/97.9 144/90 17/25
surface 35/100 33/100 68/100 48/100 160/100 68/100
difference +18/51.4 —-5/—15.2 +13/+19.1 +1/+2.1 +16 /+10 +51/+75
Grayvoronsky site, 3500 yr. BP (arch. date), surface soil — typical chernozem
8 |buried 52/80 30/85.7 82/82 40/160 145/93.5 25 /59.5
surface 65/100 35/100 100/100 25/100 155/100 42 /100
difference +13/+20 +5/+14.3 +18/+18 —15/-60 +10/+6.5 +17/+40.5
Belgorodsky -2 site, 3500 yr. BP (arch. date), surface soil — typical chernozem
9 |buried 50/74.6 16/76.2 66/75 19/73.1 107/79.3 25/55.6
surface 67/100 21/100 88/100 26/100 135/100 45/100
difference +17 /+25.4 +5/+23.8 +22 /425 +7/+26.9 +28 /+20.7 +20/+44.4
TEOMOP®OJIOTHUA  Tom 53 Ne 5 2022
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Table 2. [TponomkeHue
Thickness (for effervescence — depth), numerator — cm, denominator —% of modern values
No ol Al AlB + BAI Al —];:iB * B Profile Effervescence
Dubroshina site, 3500 yr. BP (arch. date), surface soil — typical chernozem
10 |buried 65/72.2 50/76.9 115/74.2 45/112.5 220/86.3 80/71.4
surface 90/100 65/100 155/100 40/100 255/100 112/100
difference +25/+27.8 +15/+23.1 +40/+25.8 =5/—12.5 +35 /+13.7 +32/+28.6
Drozdy site, 3500 yr. BP (arch. date), surface soil — typical chernozem
11 |buried 55/78.6 45/75 100/76.9 — - 100/80
surface 70/100 60/100 130/100 — — 125/100
difference +15/+21.4 +15/+25 +30/+23.1 — — +25/+20
Gubkinsky- 1 site, 3500 yr. BP (arch. date), surface soil — typical chernozem
12 |buried 30/54.5 25/250 55/84.6 20/90.9 100/82 25/41.7
surface 55/100 10/100 65/100 22/100 122/100 60/100
difference +25/+45.5 —15/—150 +10/+15.4 +2/+9.1 +22/+18 +35/+58.3
Gubkinsky-2 site, 3500 yr. BP (arch. date), surface soil — typical chernozem
13 |buried 37/56.9 30/120 67/74.4 40/200 130/100 30/42.9
surface 65/100 25/100 90/100 20/100 130/100 70/100
difference +28/+43.1 -5/-20 +23/+25.6 —20/—100 0/0 +40/+57.1
Gorki site, 3600 yr. BP (arch. date), surface soil — typical chernozem
14 |buried 32/106.7 17/89.5 49/100 61/135.6 - 50/119
surface 30/100 19/100 49/100 45/100 - 42/100
difference —2/-6.7 +2/+10.5 0/0 —16/-35.6 — —8/—19
Boldyrevka site, 3383 + 45 yr. BP (radiocarbon date), surface soil — typical chernozem
15 |buried 24/52.2 27/108 51/71.8 31/114.8 127/92.7 12/18.5
surface 46/100 25/100 71/100 27/100 137/100 65/100
difference +22/47.8 —-2/-8 +20/+28.2 —4/—-14.8 +10/+7.3 +53/+71.5
Bobrovsky site, 3500 yr. BP (arch. date), surface soil — meadow-chernozem soil
16 |buried 36/75 36/73.5 72/74.2 60/— 142/— 0/0
surface 48/100 49/100 97/100 — — 54/100
difference + 12/+25 +13/+26.5 +25/+25.8 — — +54/+100
Note: in table “—” — no data.
Ilpumeuanue: B Tabnuile o603HaYeHUE “—” — OTCYTCTBUE NaHHBIX.

In the two-meter soil layer of the compared sites,
the carbonate stocks in the surface soils differ by
1.7 times and the buried soils by 2.9 times, towards
higher values in the area of typical chernozems
(tabl. 5). The given example shows the initial spatial
differences in content and pools of carbonates of the
parent materials, which influenced the Late Holocene
evolution of the soils and soil cover. The natural spatial
variability of carbonates distribution in the parent ma-
terials dictates the mosaic distribution of the areas of
leached and typical chernozems.

A comparative analysis of the distribution of the
Corg content through the profile in the buried and
surface chernozems is of particular interest. As is
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known, after burial, diagenetic changes in some fea-
tures occur in soils, including the content and stocks of
organic matter (Ivanov, 1992; Demkin, 1997). The de-
crease in organic matter content is associated with the
process of its mineralization by microorganisms,
which occurs especially intensively in the uppermost
layers of buried soils (Zolotun, 1974; Ivanov, 1992).
That is why the carbon content of organic matter in
buried chernozems is lower than in the surface soils in
most cases. It is believed that over 250—300 years after
the burial, about 50% of the original humus stocks are
lost in the upper layers of chernozems. Further, the in-
tensity of mineralization of organic matter weakens,
but continues for many millennia. So, in the upper
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Table 3. Average morphometric characteristics of chernozems buried 3600—3400 yr. BP, and their surface analogues in au-

tomorphic landscapes of the forest-steppe zone in the centre of the East European Plain

Ta6mma 3. CpenHue MopdhoMeTprUIecKre MTPU3HAKU MTOIKYypraHHbBIX YepHO3eMOB, TTorpe6eHHbIX 3600—3400 7. H., 1 Ux
(OHOBBIX aHAJIOIOB B aBTOMOPMHLIX JIaHAIadTax JecocTelnu HeHTpa BoctouHo-EBporeiickoii paBHUHBI

Thickness, cm

Statistical
indicator Al AIB+BAl | Al+A1B+BAl B profile Depth of
effervescence
Buried chernozems, n = 15
X =+ 8y 36+ 3.8 26+ 3.0 62+59 32+3.5 125+ 9.0 34+6.5
o 14.88 11.57 23.04 13.25 32.38 25.00
V, % 41 44 37 41 26 74
Surface chernozems, n = 15
X + 8y 56 +4.1 28 +4.0 84+ 7.1 32+2.6 146 £ 9.7 86 9.3
o 15.92 15.60 27.42 9.84 35.09 36.05
V, % 28 56 33 31 24 42

Table 4. Morphometric features of the buried chernozems 3600—3400 yr. BP and their surface analogues in the distribution
areas of leached and typical automorphic chernozems on the territory of the forest-steppe centre of the East European Plain
Ta6mma 4. MopdomeTpryeckre TpU3HaKU IMMOAKYPTaHHBIX Y4epHO3eMOB, morpebeHHbIX 3600—3400 J1. H., 1 X GOHOBBIX
aHaJIOTOB B apeajlax pacnpocTpaHeHUs aBTOMOPGMHBIX YEPHO3EMOB BBIIIEJIOYEHHBIX U TUTTMYHBIX HA TEPPUTOPUU JIECO-
creru nieHTpa Boctouno-EBporieiickoit paBHUHBI

Modern soil Statistical Thickness, cm Depth of
.. effervescence,
area indicator Al AIB+BA1 |Al+Al1B+BAl B profile cm
Buried chernozems, n = 6
Leached cher- X + 0y 30+ 4.6 18+2.3 48 +5.9 25+3.0 109 £ 2.7 24+ 34
nozems o 11.26 5.75 14.39 7.31 6.59 8.36
V, % 37 32 30 29 6 35
Surface chernozems, n = 6
X + 8y 52+4.5 21 +2.4 73 +£3.3 32+3.7 134+ 4.6 111 £ 12.9
o 10.97 5.87 8.07 9.12 11.34 31.62
V, % 21 28 11 29 8 28
Buried chernozems, n =7
Typical cher- X £ 0y 35+49 26+2.9 61 £4.4 37+5.7 126 £ 7.6 26+ 4.6
nozems by 12.88 7.73 11.67 15.00 18.64 12.05
V, % 37 30 19 41 15 46
Surface chernozems, n =7
X £ 0y 52+£5.7 24+32 76 £ 6.6 30+4.3 140 £ 6.0 56 £ 4.8
o 15.17 8.50 17.58 11.27 14.72 12.58
V, % 29 35 23 38 11 22

part of the buried chernozems of the Early Iron Age,
about 40% of the original stocks of humus remain, and
in the paleochernozems of the Bronze — Eneolithic
Ages — about 30% of the original stocks (Zolotun,
1974; Ivanov, 1992; Demkin, 1997). Our calculations
show that these are only general assumptions that re-
quire clarification.

Table 6 and fig. 4 show the data of the layered dis-
tribution of the organic matter content in the buried
chernozems of the centre of the East European Plain
within three different historical periods, expressed as a
percentage relative to the values in identical layers of
modern (surface) chernozems. In each chrono-se-
quence, averaged characteristics of paired compari-
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Fig. 3. Profile distributions of the carbonate CO, content in the soils of the Staraya Nelidovka ((a), surface soils — leached cher-
nozems) and Boldyrevka sites ((b), surface soils — typical chernozems). I — the distribution of the carbonate CO, in the surface
soils, 2 — the distribution of the carbonate CO, in the soils buried under the mounds of the Srubnaya culture period.

Puc. 3. IIpodubHbie pacnpenenenus conepxanust CO, kapooHaToB B mousax yuactkos Crapast Henmunoska ((a), poHoBbIe
IMOYBbI — YEPHO3EMBI BbILIEJIOYeHHBIC) U boadsipeska ((b), GOHOBBIE MOYBBI — YEPHO3EMBI TUTIMUHBIE). | — pacnpenejieHue
rokaszateJisi B QOHOBBIX IMOYBaX, 2 — paclpeesieHue MokKa3aTesis B Torpe0eHHBIX Mo KypraHaMy cpyOHOro BpeMeHU MoyBax.

sons of buried and surface chernozems are presented
by several sites (from 4 to 6).

As can be seen from the data in tabl. 6 and fig. 4,
the paleochernozems of the Srubnaya culture (3600—
3400 yr. BP) contain equal or greater content of organ-
ic matter in comparison with the paleochernozems
buried about 1 thousand years later — in the Scythian
period of the Early Iron Age.

We can conclude that during the period of the
Srubny culture’s existence, the climatic conditions in
the forest-steppe area were very favorable for the for-
mation of the humus-rich fertile chernozems. Proba-

Table 5. Carbonates carbon stocks, t/ha in soil profiles of
Staraya Nelidovka and Boldyrevka sites
Tabauna S. 3anacst Cy, 6, T/Ta B IPODUIISAX TIOYB yYACTKOB

Crapas HenmunoBka u bonmsipeBka

bly, first of all, there was form hidden (bio-chemical,
still without visual properties) enrichment of organic
matter, and then (to the end of the Subboreal period,
yet after the Srybny epoch), — its manifestation in
morphological properties (thickness of Al horizon
and its dark color) (tabl. 1, fig. 4).

Table 6. Organic carbon content by layers in buried auto-
morphic chernozems of different periods, % of modern val-
ues (forest-steppe centre of the East European Plain, mod-
ern typical chernozems area)

Taomuuna 6. IMocioiiHoe comepXaHUe OPraHMYEeCKOro yr-
Jiepojia B MOJKypraHHbIX aBTOMOP(MHBIX YepHO3eMax pa3-
HBIX TIEpUONOB, % OT coBpeMeHHBbIX 3HadeHuii (LleH-
TpaJibHasI JiecoCTeNnb, (DOHOBBIII KOMITIOHEHT MOYBEHHOTO
IMOKPOBa — YepHO3eMbl TUTTUYHbIEC)

Time of the burial, yr. BP,
n — number of objects
Layer, cm
4200—3700, | 3600—3400, | 2500—2200,

n=>5 n==6 n=4
0-20 47 +3 70+ 3 68 5
20—40 45+4 65+ 4 71 £9
40—60 46 +7 80+ 7 76 + 12
60—80 43+9 7317 86 £ 10
80—100 54+ 12 91 +£23 82+ 11
100—120 65+9 109 £ 21 80+ 13
120—140 759 95+ 16 958
140—160 89 + 17 104 + 21 93+ 10

The layer, cm
Soil

0—100 100—200 0—200

Staraya Nelidovka site
Surface 40.12 171.66 211.78
Buried 68.31 110.11 178.42
Difference —28.19 +61.55 +33.36

Boldyrevka site
Surface 36.18 330.88 367.06
Buried 216.75 294.26 511.01
Difference —180.57 +36.62 —143.95
TEOMOP®OJIOTHUA  Tom 53 Ne 5 2022
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Fig. 4. Distribution of the organic carbon content in the
profiles of buried chernozems of different periods (in % of
modern values) within the modern typical chernozems ar-
ea. Organic carbon content from the current level, in %: 1 —
less than 50, 2—50—60, 3—60—70, 4—70—80, 5—80—90, 6—
90—100, 7 — more than 100.

Puc. 4. PacripeneneHue coaepxaHusi OpraHUYeCKOro yr-
Jiepojia B IpoMWISIX MONKYpraHHBIX YepPHO3EMOB Pa3HbIX
nepuonoB (B % OT COBpEMEHHBIX 3HAYCHUIT) HA TEPPUTO-
pUM pacIIpOCTPAHEHMUS COBPEMEHHBIX Y€PHO3EMOB TH-
nuyHbIX. ConepkaHue OpraHMYecKoro yriepoja ot co-
BpEMEHHOTO ypoBHst, %: I — <50, 2—50—60, 3—60—70,
4-70-80, 5—80—90, 6—90—100, 7— >100.
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In fig. 5 are represented distribution areas of the
thicknesses of the humified part of the chernozems
buried in the Srubny period (fig. 5, (a)), and also iso-
humus bands (fig. 5, (b)) are reflected the spatial dif-
ferences of the buried chernozems of the Srubny peri-
od on soil organic matter content in the 0—20 cm layer.

According to the given schematic maps, the territo-
ry of the Central forest-steppe and adjacent steppe ter-
ritories during the Srubny period was heterogeneous in
terms of thickness of the humified part of soil profiles
and organic matter content. Areas with the thickest
humified part of the profiles of chernozems (fig. 5, (a)),
are probably, related to optimal moisture regime (it
was previously hypothetically associated with the close
location of the Voeykov axis (Chendev et al., 2015).
It was also noted that the organic matter content in
the soils in the Srubny period increased eastward
(fig. 5, (b)). This pattern for the surface soil cover of
the East European chernozems at the end of the
XIX century was established by Dokuchaev (Doku-
chaev, 1883).

4. CONCLUSIONS

The conducted research allows us to draw a number
of the following most important conclusions.

1. The Srubny period was marked by a change in
natural conditions that followed the arid climate epi-
sode in the Middle Subboreal time on the East Euro-
pean Plain. The humus-rich part of the profile of the
meadow-steppe chernozems of the forest-steppe zone

(b)
36°

42°

54°

0 . 5(|)0 km

Fig. 5. The thickness of the humus-rich part of the profiles of the buried chernozems in the Srubny period (% of the current val-
ues) (a) and the humus content in the 0—20 cm layer of these soils, abs. % (b). Compiled on unpublished and literature data (noted

in fig. 1).

Puc. 5. MOLIHOCTh T'YMYCHUPOBAHHO# YacTy Mpodueil MoaKypraHHbIX YePHO3EMOB CPyOHOro BpeMeHU (% OT COBPEMEHHBIX
3HaueHuit) (a) u conepxkaHue rymyca B cioe 0—20 cM 3Tux 1mous, abe. % (b). CocraBiieHO 10 HEOITyOJIMKOBAHHBIM JaHHBIM aB-
TOPOB CTaTbU U JIUTEPATYPHBIM CBEACHUSIM (YKa3aHHBIM B TTOJIUCH K pucC. 1).
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began to grow, and a less expressive tendency for
leaching of carbonates was noted. “Hidden” (bio-
chemical) enrichment of organic matter took place
earlier than its manifestation in morphological prop-
erties of chernozems (growth of Al horizon and its
dark color formation). Buried chernozems of the
Srubnaya culture in comparison with their later ana-
logues of the Early Iron Age contain more organic
matter despite the longer time of diagenesis.

2. On the territory of the forest-steppe centre of
Eastern Europe, the automorphic paleochernozems of
the Srubny period were characterised by a greater ho-
mogeneity of morphological properties (in all studied
areas, they were identified as typical chernozems with
high carbonate table) compared to their modern ana-
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logues (two areas of chernozems were formed —
leached and typical). Leached chernozems are located
in areas with lower carbonate content in the parent
materials compared to the areas of typical cherno-
zems.

3. The general trend of the Late Holocene evolu-
tion of leached and typical automorphic chernozems
consisted of an increase in the thickness of humus
horizons (by an average of 20 cm) and soil profiles (by
an average of 20 cm). In contrast, the thickness of the
transitional part of the profile (A1B + BA1) and hori-
zons B (Bk) remained the same. Differences were con-
nected with different depth of leaching from carbon-
ates in the studied soils.

PALEOCHERNOZEMS OF THE SRUBNAYA CULTURE PERIOD AND TRENDS
OF LATE HOLOCENE EVOLUTION OF SOILS IN THE EAST-EUROPEAN
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1. INTRODUCTION

Thermal waters and gases are formed in areas of in-
creased heat flow. The source of water for hydrother-
mal springs is mainly atmospheric water but in the
process of filtration, its composition largely changes
compared to the initial one as a result of interaction
with volcanic gases and rocks (Rychagov, 1993). Ther-
mal springs solutions and steam-gas emissions from
fumaroles intensively change both the host rocks and
the geothermal zones landscapes.

Sites of active gas-hydrothermal manifestations are
often found in the river valleys of modern and Late
Pleistocene volcanism territories (fig. 1). This is due to
the fact that the initiation of river valleys, as well as the
location of thermal waters and gases outlets, is usually
associated with fault and increased fracturing zones.
But the influence of gas-hydrothermal manifestations
on the fluvial relief formation is poorly understood:
most studies are devoted to the analysis of the geolog-
ical and hydrogeological structure of geothermal
zones, the nature of hydrothermal manifestations, and
the features of rock transformation under conditions
of gas-hydrothermal impact (Belousov, Sugrobov,
1976; Hedenquist, Browne, 1989; Rychagov, 1993;

Chudaeyv, 2003; Frolova et al., 2011; Bortnikova et al.,
2013; Ladygin et al., 2014; Churchill et al., 2021).

The purpose of this research is to fill this gap and to
analyze the effect of gas-hydrothermal activity on the
nature of relief formation processes in the river valleys,
as well as to classify the forms of denudation and accu-
mulative relief the formation of which is directly or in-
directly associated with the gas-hydrotherms activity.

2. MATERIALS AND METHODS

The research is based on the route studies carried
out in the volcanic regions of North and South Amer-
ica, Iceland and New Zealand, as well as on the anal-
ysis of the largest geothermal zones of the world (Yel-
lowstone, El Tatio, Taupo, Iceland, the Valley of Gey-
sers) literary material and the satellite images study
from these regions. Detailed geomorphological stud-
ies were carried out in the streams valleys on the slopes
of Mendeleev and Baransky volcanoes (South Kuril
Islands), Mutnovsky and Uzon-Geysernaya caldera
(Kamchatka), where the key object was the Geyser-
naya River valley. The studies of river valleys and flu-
vial landforms morphology, the nature of the process-
es on their slopes and at the bottoms of the valleys, the
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Fig. 1. River valleys with the different gas-hydrothermal manifestations: (a) — the Covunco River floodplain with geysers
Los Tachos, alluvial and debrisflow deposits cemented by thermal solutions are visible nearby (Domuyo vlc., Argentine);
(b) — hot waters of the Waimangu Stream upper reaches (Taupo Volcanic Zone, New Zealand); (c) — the sinter wall Vitrazh and
(d) — geyser Bol’shoi edifice and sheet — both in the Geysernaya River valley (Uzon-Geysernaya caldera, Kamchatka, Russia);
(e) — the boiling pool framed by sinter formations at the Fal’shivaya River right tributary floodplain (Mutnovskyi vic., Kamchat-
ka), (f) — geyser edifices in the Salado River upper reaches (EI Tatio geyser field, Chile). Here and further photos of the author.
Puc. 1. Jlo1uHBI peK ¢ pa3IMuHbIMY Ta30TUAPOTEPMATILHBIMU MPOsIBIeHUSIMU: (a) — noiiMa p. KoByHKo ¢ reiizepamu Jloc-Ta-
XOC, PSITIOM BUIHBI aJUTIOBUATBHBIC U CEJIEBbIE OTJIOKEHMUST, CLIEMEHTUPOBAHHBIE TePMaJIbHBIMU pacTBopaMu (BIK. Jlomyit,
ApreHtuHa); (b) — ropsiurie BoObl B BepXHEeM Te4eHUHM pydbsi BalimaHry (Byakanudeckast 3oHa Tayno, HoBas 3enanmus);
(c) — HateuHas cteHka Butpax u (d) — reiizeputoBasi mocTpolika u riail reiizepa bonbioit — o6a B nonuHe p. [eitzepHoit
(Y3on-TeiizepHas kanpaepa, Kamuatka, Poccust); (€) — Kumnsimuit Kotesn, oOpamMIeHHBII HATeYHBIMU 00pa30BaHUSIMU B TTOM -
Me TIpaBoro npurtoka p. @anbiBas (Bak. MytHoBckuit, Kamuartka), (f) — reiizepHble HOCTPOMKM B BepXoBbsix p. Cajnano (reii-
3epHoe 1osie Dnb-Tatno, Yunn). 3aeck u ganee ¢hoTo aBTOpa.
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distribution of gas-hydrothermal manifestations areas
and denudation and accumulation processes, the
weathering features and secondary changes in channel
sediments, the composition of neoformations com-
posing accumulative landforms were carried out. The
material composition results analysis of these territo-
ries' accumulative neoformations were published by us
earlier (Lebedeva, Zharkov, 2022), and R.V. Zharkov
(2014) also studied the thermal waters composition of
the Kuril Islands. Therefore, in this work, we will not
touch on these issues in order to focus on the river val-
leys relief features.

3. RESULTS. TYPIFICATION
OF THE LANDFORMS ASSOCIATED
WITH THE GAS-HYDROTHERMAL
MANIFESTATIONS IN THE RIVER VALLEYS

For the first time, a typification of micro- and me-
sorelief forms resulting from the direct or indirect gas-
hydrothermal activity impact in the geothermal zones’
river valleys was carried out. The results are summa-
rized in table 1. The influence of gas hydrotherms on
the nature of the relief formation processes within the
river valleys is considered. The russian geologists (Be-
lousov, Sugrobov, 1976; Rychagov, 1993; Chudaeyv,
2003; Bortnikova et al., 2013) distinguish three main
types of gas-hydrothermal manifestations: steam-gas
emissions, mud volcanic manifestations, and thermal
springs. As a rule, all of them are observed in solfatara
fields — areas of the most active and high-temperature
gas-hydrothermal manifestation. With more distance
from the volcanic structures centers and the volcanic
activity extinction, there are predominantly thermal
springs of various physical and chemical properties,
the temperature and mineralization of which also
gradually decrease with the distance from the volcanic
center.

3.1. Denudation landforms. The denudation pro-
cesses are confined mainly to the valleys slopes — first
of all to their upper part. Here, the detachment cracks
are often formed. On the Geysernaya River valley
slopes their width can reach 1—4 m, and the length —
tens of meters. This would seem to be quite natural for
the majority of deep valleys, but in our case the rela-
tionship between the cracks formation and hydrother-
mal activity is evidenced by soil vaporization areas
within their range (Pinegina et al., 2008; Dvigalo,
Melekestsev, 2009). The rocks weathering and moist-
ening processes stimulate a wide range of slope process-
es (rockfalls, landslides, slumps, flow slides etc.) with
the landslides scarps formation of various lengths and
heights. In 2007 on the left side of the Geysernaya Riv-
er valley, as a result of the hydrothermally altered de-
posits blocks collapse, a horseshoe-shaped collapse
amphitheater was formed (about 150 m high and up to
800 m long, with almost a vertical wall), and in 2014 —
a new wall (up to 200 m high and about 480 m long)
was formed upstream.

The denudation is also observed on the soaring
sites — the hot gas outputs areas, under the influence
of which there is an active bedrock weathering. Here,
the dissolved substance removal and the fine particles
washing out during rains and snowmelt, underwash-
ing, and fine-grained material deflation take place.
A peculiar phenomenon on the sides of such valleys
called hydrothermal pediments — which are slightly in-
clined (1—5°) platforms, the width of which is usually
measured by a few meters, but they can reach even a
several tens of meters. They are usually formed in the
hydrothermal manifestations areas, where weathering
is accompanied by increased moistening of the clayey
rocks. Their formation occurs due to the gradual slope
retreat, destruction material of which is carried out by
seeping waters mainly during a planar washout (Lebe-
deva, 2019).

Unvegetated thermal areas with the pliable weath-
ered rocks are actively eroded, and badlands can be
formed on the valley slopes. Often the valleys them-
selves are deep V-shaped incisions. The Yellowstone
River Grand Canyon, which depth reaches 270—
340 m, and the Geysernaya River valley (depth up to
400—500 m), on the sides of which intensive hydro-
thermal rocks processing is clearly visible (fig. 2), are
the most striking examples of this. Erosion outliers of
various sizes are often found in the channels of actively
downcutting streams, which are both fragments of
denser bedrocks — lavas, dikes, extrusions of various
compositions, or cemented pebble-boulder deposits.
Rapids and waterfalls are usually associated with the
such formations outlets in the channels.

Denudation niches of several square meters in size
are formed on slopes and ledges above many thermal
springs and geysers (in the steam and water emissions
influence zone). They have different configuration —
from a slightly concave ellipsoid to a reminiscent of
small caves. In some cases, similar forms are also
formed above mud volcano manifestations, but this is
rarely observed.

The denudation forms in the valleys bottoms can be
divided into the ground and underground. For soaring
sites and solfataric fields, the subsurface cavities for-
mation of various sizes (up to 0.5—1.0 m? and more) is
typical due to the rocks dissolution when interacting
with the steam saturated with aggressive gases, includ-
ing sulfurous gases, and the material removal as a re-
sult of underwashing and chemical erosion. When the
roofs of these cavities collapses, various linear and iso-
metric hollows (small depressions) are formed on the
surface. On the floodplain and terraces, and some-
times directly in the channels, so-called pools (basins)
are observed — boiling, mud, which sometimes have a
shape of funnels. From these small depressions filled
with boiling water or mud, an active removal of dis-
solved and suspended matter occurs, especially inten-
sifying during rains and floods periods (fig. 1, (e)).

TEOMOP®OJIOTUS Ne 5

TOM 53 2022



BIIMAHUE TA3OTUJAPOTEPMAJIbHOUW JEATEJIBHOCTU 119

Table 1. The landforms associated with the gas-hydrothermal manifestations in the river valleys
Ta6mma 1. Popmebl pesibeda, 00yCIIOBIEHHbIE Ta30TMAPOTEPMATILHBIMY MIPOSIBJIEHUSIMU B TOJIMHAX PeK

Geomorphological
position of gas-
hydrothermal
manifestations and

Denudation landforms their types

A. Gas-hydrothermal
manifestations in the
valleys bottoms

Accumulative landforms

Soaring (steaming) sites  |1. Steam-gas emissions

Cone-shaped edifices around solfataras

Linear and isometric hollows

Native sulfur crystal brushes

Evaporation crusts

Subsurface cavities

Sulfur knolls

2. Mud volcanic
manifestations

Mud pots

Mud tiny volcanoes

tongues

framing rings

Erosion outliers

Terraces fragments composed of hydrother-
mally altered alluvial and debrisflow material

cemented

weathered to clay

Rapids and waterfalls

Floodplain fragments composed of pebble-boulder material

cemented by thermal waters

Pools and funnels 3. Thermal springs

Layered forma-
tions

In channels armored steps of waterfalls

channel troughs

festoons

Crusts on the floodplain and terraces surfaces

Laminated sin- Sinter terraces
Geyser basins ter formations walls
Underground| conduites including geysers Geysers’ cones-shaped or
forms isometric edifices
cavities sheets (shields)

B. Different gas-
hydrothermal manifes-

Detachement cracks

Landslides scarps

Landslide and block-slide terraces

tations on the valleys

Hydrothermal pediments slopes

Landslide and debrisflow dams

Denudation niches

Debris flow

embankment

terraces

Ravines, deep valleys
Badlands

Mudflow covers

The surface denudation forms are also geysers ba-
sins, which have different sizes (from tens of cm to
more than 10 m). Sometimes they have a very bizarre
configuration — more often when they are located on
slopes, less often — when they are located on a sub-
horizontal surface — they are almost round. The un-
derground forms, sometimes having a complex struc-
ture (Mufnoz-Saez et al., 2015), include fubes or con-
duits (depends of their size) and cavities of geysers. Of-

TEOMOP®OJIOTUA Ne 5

TOM 53 2022

ten, these tubes depth is measured in the first tens of
meters: for example, at the Strokkur geyser (Iceland),
it exceeds 20 m with a width of about 2 m (Walter et al.,
2020). Thermal springs and mud pots have also their
own underground supply conduits of a more modest
size.

3.2. Accumulative landforms. In the bottoms of the
valleys under consideration, as well as at the slopes
foot, along with erosion, accumulation dominates in
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(b)

Fig. 2. Processes on river valleys slopes: (a) — landslides, (b) — rockfall, (c) — erosion and block landslides (Geysernaya River
valley, Kamchatka, Russia) and (d) — erosion and rocks shedding (Yellowstone River Grand Canyon, Yellowstone, USA).

Puc. 2. [Tpouecchl Ha CKIOHAX PEYHBIX JOJIMH: (&) — ONOA3HM, (b) — 0OBasIbL, (C) — 9pO3Usi U OJIOKOBbIE ONOI3HU (IOJIMHA
p. leiizepHoit, KamyaTtka, Poccust) u (d) — sposus u oceinu (bosabiioit Kanbon p. MemnoycroH, Kaibaepa MemioycToH,

CLLA).

extended areas. Among the accumulative forms asso-
ciated with the steam-gas vents, brushes of sublimate

crystals' (each up to 1—2 cm height) along cracks in
the soaring sites and the solfataras cone-shaped edifices
up to 1—2 m high can be distinguished, also formed
from the brushes of crystals, chemical composition of
which is determined by the outgoing steam-gas jets
composition, where sulfur usually dominates. Often
there are sulfur knolls a few tens of cm high, also com-
posed mainly of sulfur deposits, but not so well crys-
tallized. The soaring sites are often covered with the
brittle evaporation crusts (1—2 cm thick, sometimes
wavy or intricately curved) that are formed on their
surface as a result of the vapor—gas mixture interaction
with the rocks. Often they mask the subsurface cavities.
After the watercourse crosses the solfataras field
downstream, there are usually observed traces of sul-

I Sublimated crystal brushes and evaporation crusts can rather be
attributed to relief nanoforms.

fur floods and sulfur interlayers of various thicknesses
in the alluvium.

The mud pots — are the funnels and the small basins

(as arule, up to 3—7 m in diameter) filled with the liq-
uid clay mass, which is a mixture of surface water with
the steam and volcanic gases condensates and the clay
particles of hydrothermally altered rocks — belong to
the denudation forms. However, the accumulative
Sframing rings of clay material a few tens of centimeters
high are formed around them; sometimes the deposits
of clay masses flows — the mud tongues — are traced
with a length of a few meters, less often tens of meters.
In some areas near the pots there are small groups of
the miniature mud volcanoes tens cm of hight. Often
these forms are located on the floodplain, respective-
ly, during floods or during the rainy season, the re-
moval of clay material by water flows can be observed
there. In some cases, the mud volcanic forms are con-
fined to the low terraces. For example, in the Geyser-
naya River valley they are located on a terrace-like sur-
TEOMOP®OJIOTUA Ne 5

TOM 53 2022



BIIMAHUE TA3OTUJAPOTEPMAJIbHOUW JEATEJIBHOCTU 121

face with elevations of about 30 m above the river’s
level.

The accumulative landforms created with the ther-
mal springs participation are the most widely repre-
sented. Three types of the layered accumulative forma-
tions are confined directly to the riverbeds: 1) the
channel troughs — gutter-like channels sections a few
meters long and up to 1.0 m wide, 2) the festoons —
sites up to 0.5—1.0 m in size with a rounded edge step-
wise located on the rapids-waterfall channel sections,
3) the armored steps of waterfalls covered with a layered
crust, sometimes with the evorsion kettles with a diam-
eter of up to 0.5 m.

The next group is represented by the laminated sin-
ter formations in the bottom of the valley and on the
low terraces. These are the sheets (aprons) or the
shields — horizontal or inclined covers up to 100—
400 m? in area, framing the cone-shaped or isometric
edifices of geysers and thermal springs (fig. 1, (d, f)).
The dimensions of these structures are measured in
the first meters: usually their heights do not exceed 3—
8 m, and their diameter can reach 2—5 m or more (Karl-
strom et al., 2013). They can have a variety of shapes —
from a simple more or less pronounced cone to some-
times very complex structure in the form of the medi-
eval castle ruins (the Castle Geyser, Yellowstone). The
sinter walls are also distinguished — subvertical ledges
of the terraces and sides of valleys below the thermal
springs outlet, covered with the sinter crusts of various
thicknesses, ranging from a few square meters to tens
of meters. One of the most expressive is the Vitrazh
wall in the Valley of Geysers (Kamchatka — fig. 1, (¢)).
The sinter terraces of various sizes and morphologies
are often encountered, formation of which occurs in
the marginal parts of the valleys due to the sinter de-
posits accumulation. As a rule, their area ranges from
the few square meters to the tens, but in some cases —
for example, in the Mammoth Springs area in the
Gardner River valley (Yellowstone, USA), the size of
such terraces reaches hundreds of square meters
(fig. 3). The listed formations arise near the springs
and the geysers as a result of outpouring or seepage of
the mineralized thermal waters. All of them have a
layered (or laminated) structure, which indicates the
cyclical nature of their formation, which is usually sea-
sonal.

In the valleys under consideration, fragments of the
floodplain and the terraces are ubiquitous, covered
with the layered crusts of newly formed minerals
and/or composed of the alluvial and debrisflow de-
posits processed by the hydrothermal gas or water, and
also their erosional outliers of various sizes in the
channels. In this case, the formation of layered crusts
is associated not only with the vapor-gas mixtures re-
lease but also with the water inflow from the thermal
springs on the terraces surfaces. There are two types of
the pebble-boulder (alluvial and debrisflow) material
processing by the mineralized waters. Strong cementa-
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tion of deposits, as a rule, by the ferruginous solutions
is more often observed. The second type is the sedi-
ments weathering to the clays with the alluvium struc-
ture preservation. In the channel and on the flood-
plain, there are frequent different form outcrops of ce-
mented units of pebble-boulder deposits — traces of
the past accumulative processes, “fixed” by the ther-
mal impact.

The hydrothermal clays distribution and the pres-
ence of the steam and thermal water outlets on the val-
leys slopes favor the numerous displacements, result-
ing in the formation of the local multi-level /landslide
and block-slide terraces. In some cases, several tiers of
the similar terraces can be observed. In such areas,
there is a significant widening of the valleys due to ac-
tive slopes flattening. At the same time, in the bot-
toms, there is an accumulation of the slope material,
displaced as a result of landslides and collapses with
the periodic blocking of the valleys and the formation
of the temporary dams and the dammed reservoirs, in
which the river sediments accumulate. The dams
length can reach 500—700 m. The further slope and al-
luvial material transportation and redeposition occur
mainly due to the debrisflows, which are formed either
directly during the gravity collapses, or during the
dams destruction and the descent of temporarily
dammed reservoirs. This is well confirmed by the ob-
servations carried out in the Geysernaya River valley
(Pinegina et al., 2008; Dvigalo, Melekestsev, 2009;
Lebedeva et al., 2020), where currently there are
2 similar dams — one (2007) is already cut by the river,
and the other (2014) is in the early stages of erosion.
The debrisflow deposits form the accumulative terrac-
es; in the valleys of some watercourses, the debrisflow
embankments with a length of a few hundred meters re-
main, which sometimes undergo cementation. During
mudflow material splashes, the recorded heights of
which can reach 40 m (Atlas..., 2015), the mudflow ma-
terial covers with a thickness of 0.5—1.0 m to 3—5 m re-
main on the valley sides and its terraces. Similar debris
and mudflow traces are typical of other watercourses
of the high hydrothermal activity territories not only in
the Kuril-Kamchatka region but also in most volcanic
regions of the world (Lebedeva, 2018, 2019).

4. DISCUSSION. THE RELIEF FORMATION
UNDER THE CONDITIONS
OF GAS-HYDROTHERMAL
MANIFESTATIONS

Endogenous energy is actively involved in the geo-
thermal zones formation. Accordingly, in the gas-hy-
drothermal activity areas, the relief formation occurs
under the thermal and the chemical processes impact.
Due to the soil warming, the matter transformation
occurs there all year round, even in temperate cli-
mates. The studies carried out have shown that the
gas-hydrothermal manifestations can be confined
both to the bottoms of river valleys (more often) and to
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Fig. 3. The sinter terraces in the river valleys: actively developing: (a) — the Salado River upper reaches (El Tatio geyser field,
Chile), (b) — the Sernaya River upper reaches basin (Baranskyi vic., Iturup Is., Russia); actively developing (light) and fo varying
degrees overgrown: (¢) — the Gardner River and (d) — the Firehole River valleys; overgrown: (e) — the Gibbon River valley; disin-
tegrating: (f) — the Gardner River valley near Mammoth Springs (c—f — Yellowstone, USA).

Puc. 3. Hareunsle Teppacsl B JoJMHAX pek: akTUBHO opmupyloimecs: (a) — BepxoBbs p. Canano (reitzepHoe noje Dib-Ta-
1o, Ymm), (b) — BepxoBbs GacceitHa p. CepHoii (BaK. BapaHckoro, o-B Utypyr, Poccust); ¢ akTUBHO (OpMUPYIOIIMUCS
(CBET/IBIMM) M B Pa3HO CTENeHU 3apOCIIMMU yIacTKaMU B foJuHax: (¢) — p. Fapanep u (d) — p. Paiipxoyn; 3apocuue: (€) —
noiuHa p. [M660oH; paspymatomuecs: (f) — nonmuHa p. lapaaep y Mammot-Cnpunre (c—f — MemnoycroyH, CILA).

their slopes. The valleys themselves in the gas-hydro-
thermal activity areas have a peculiar structure with
the specific forms of micro- and mesorelief.

Activation of the denudation processes in the geo-
thermal zones river valleys occurs as a result of not on-
ly (1) the flowing waters physical impact, when the pla-
nar washout, linear erosion and the underwashing de-

velop, and (2) the increased slopes wetting in the places
where water and steam come out — where the landslide
dominates, but also (3) the chemical and thermal effects
of mineralized water and gas-rich steam, leading to the
rocks dissolution and weathering. The most dynami-
cally specific exogenous processes develop in the sol-
fatara fields, where the lithogenic base is affected by
the highest temperature gases and highly mineralized
TOM 53 2022
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Fig. 4. Cross profile of the Geysernaya River valley (Uzon-Geysernaya caldera, Kamchatka, Russia) in its lower reaches. Arrows

indicate areas of different types and ages landslides.

Puc. 4. ITonepeuHslit mpodwib goauHb p. [eitzepHoii (Y3oH-TeiizepHas Kanbaepa, Kamuatka, Poccust) B ee HUDKHEM Tede-
Huu. CTpejKaMu yKa3aHbl y4aCTKH OMOJI3HEN pa3HOTO THIA U BO3pacTa.

solutions, as well as on the valleys slopes, where the
gas-hydrothermal action stimulates gravitational pro-
cesses and erosion. Such territories are characterized
by the successive catastrophic processes chains (Lebe-
deva, 2018; Lebedeva et al., 2020): the displacement of
the slope material of significant volumes — the debris-
flow — the formation of a dammed lake — the dam de-
struction — the repeated debrisflow.

The weathering in the regions under the consider-
ation can proceed in the different ways. During the
propylitization, rocks are compacted, their porosity is
reduced, and their elastic and strength characteristics
are increased. When the loose rocks strata is treated
with the thermal solutions, especially those containing
iron oxides and hydroxides, their cementation often
occurs. However, the rocks transformation into hydro-
thermal clays is also widely observed, when their spe-
cific cohesion decreases by 1—2 orders of magnitude
(Frolova et al., 2011), they acquire the plastic proper-
ties, but often retain their original color and structure.
Moreover, this applies to both the bedrock volcano-
genic rocks and the alluvial and the debrisflow depos-
its. The researchers (Scaringi, Loche, 2021), in turn,
have established an increased clay rocks sensitivity to
the temperature changes, which is associated with the
physicochemical behavior of their microstructure, due
to the presence of the absorbed water and the complex
chemical bonds. Thus, as a result of the gas-hydro-
thermal impact, the composition and the properties
of the loose sediments and bedrocks change, and,
accordingly, the nature and the rate of relief formation
processes. Moist clay substrate is easily eroded, the
gravitational processes are activated on the slopes,
all this leads to more intense denudation and the
river valleys widening (fig. 4). On the contrary, rapids
and waterfalls form in the riverbed at the outlets of
cemented sediments, and the erosion slows down.

For the accumulative relief formation, the thermal
springs waters composition and the geochemical bar-
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riers presence are of greatest importance, where the
certain chemical compounds precipitate from the
solution with the formation of the fluvial relief micro-
and mesoforms. At the same time, as a rule, the mi-
crorelief forms, measured at a few meters, less often by
tens of meters, are directly related to the gases and the
thermal waters outlets (as and nanoforms), and the
mesoforms, measured by tens — hundreds of meters,
are due to the gravitational processes activation in the
gas hydrotherms development areas on the slopes and
subsequent processes of mudflow formation.

The layered formations in the channels (troughs,
festoons, armored crusts) are formed mainly in the ar-
eas of rapids, where water is saturated with oxygen and
the soluble compounds pass into an insoluble form
and precipitate. The new formations in the form of
layered crusts in the channel, alluvial deposits cemen-
tation can also be observed at the other geochemical
barriers: at the watercourses confluences or their flow
into water bodies with a different chemical composi-
tion of water. It is important to note that accumulative
forms similar in morphology both directly in the chan-
nel and sinter formations on terraces and slopes can be
formed with the different composition thermal waters
participation and with the various compounds precip-
itation. For example, in the Kuril-Kamchatka region —
from the siliceous tuffs to the jarosite (Lebedeva,
Zharkov, 2022).

The field observations and the interpretation of
multi-temporal images show that the gas-hydrother-
mal manifestations are generally characterized by the
spatial migration: in some areas, thermal activity
fades, in others it appears over time. In this case,
transformation of the associated denudation and ac-
cumulative processes and, the forms of relief takes
place accordingly. With attenuation of the gas-hydro-
thermal activity, the relief formation processes rates
also fade or change their character, because the rocks
temperature and their moisture change. The landslide
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bodies and the sinter forms gradually overgrow and
morphologically look like the ordinary river terraces,
which require special attention when studying such ar-
eas at the post-volcanic stage (fig. 3, (c—e)).

The rates of the sinter forms formation depend on
the activity of the newly formed insoluble compounds
precipitation process. In the Kuril-Kamchatka region,
these processes have been studied very poorly: a single
14C dating of a dwarf pine branch buried in geyserite
indicates that the formation rate of the geyserite cover
in the Geysernaya River valley (Troinoy geyser) was
about 0.4 mm/year; modern processes observations
show a rate of about 0.1 mm/yr (Sugrobov, Sugrobova,
1990; Sugrobov et al., 2009). Also in (Atlas..., 2015)
the accumulation rate is estimated as 1—2 mm/year.
Accordingly, large sinter structures in the Valley of
Geysers are approximately 800—1000 years old. In the
Yellowstone caldera, the age of the Castle geyser struc-
ture, about 5 m high with the base (shield) with an area
of more than 400 m?, was estimated by pollen (Chur-
chill et al., 2021) as approximately 5500—11000 years.
Measurements taken near the borehole at the Hipaua-
Waihi-Tokaanu geothermal field in Taupo Volcanic
Zone (New Zealand) showed a silica sinter accumu-
lation rate of about 10 mm/year, at a distance about
35m it decreases to 3.5 mm/year (Campbell et al.,
2020). Experiments carried out (Lynn et al., 2019)
showed that the silica sinter accumulation rate on
small plates in thermal springs of the same Taupo
zone varies within 3.9—7.6 mm/yr and depends on
their orientation relative to the current, while the
maximum accumulation rate observed not inside
the water mass, but near its surface — during the wa-
ter evaporation, and largely depends on its chemical
composition.

The strength of new formations in the channels and
on the slopes depends on their composition: the de-
posits saturated with the iron oxides and the hydrox-
ides, as a rule, are more stable in time, and siliceous
and carbonate compounds are rather quickly de-
stroyed (fig. 3, (f)). In general, however, the accumu-
lative forms described above for the most part (per-
haps with the exception of sediments cemented by
iron-manganese compounds) are poorly and rarely
preserved after the end of the hydrothermal activity
phase. However, the observations (Lynn, 2012) show
that in case of repository, the amorphous silica in the
form of opal transforms into the stable quartz over
time. The findings of hydrothermal paleozones with
the fossil geyserite formations are rather few, as well as
their dates. In Russia, late Quaternary geyserites were
found in Baikal rift zone on Olkhon Isl. (Sklyarov et al.,
2004; Velokoslavinskii et al., 2017). Important steps
towards the paleoforms study have been made by the
specialists from New Zealand and the United States
using mass spectrometry (Lynn, 2012; Campbell et al.,
2018; Churchill et al., 2020). In some cases, the age of
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paleogeyserites was determined according to stratigra-
phy or using argon dating. The most ancient sinter
forms fragments within the geothermal fields of these
regions are up to 11—16 thousand years old and even
1 Ma (Lynn, 2012).

5. CONCLUSION

We have carried out the typification of the denuda-
tion and the accumulative relief forms, formation of
which is associated with the gas hydrotherms within
the volcanic regions river valleys. The main forms of
micro- and mesorelief, directly or indirectly associat-
ed with the various gas-hydrothermal manifestations
are identified; their characteristics are given, and the
morphometric parameters are described.

These results allow us to conclude that in the geo-
thermal zones stream valleys are formed under condi-
tions of the numerous gas hydrotherms outputs of var-
ious compositions. As a result of complex interaction
with them, the hydrothermal solutions rework the al-
luvial deposits and the bedrocks. This is why their
properties change radically as well as the features of
the denudation processes course. In the areas of rocks
weathered to clays, their erosion intensifies, the deep
erosion incisions and the badlands are formed. In case
of sediments cementation, on the contrary, the ero-
sion slows down, rapids and waterfalls are formed.

In such valleys, in the areas of weathered rocks and
the gas-hydrothermal manifestations, slope pro-
cesses activation is observed with the numerous,
sometimes multi-tiered landslide terraces forma-
tion, which leads to a gradual river valleys widening,
which eventually acquire a beads-like shape in
plan. Such territories are characterized by a dis-
placement of the significant volumes of material
from the slopes, frequent debrisflows, and the
dammed reservoirs formation.

Both in channels and on the river valleys slopes,
due to the new mineral formations deposition, the
specific forms of micro- and mesorelief arise, compli-
cating and transforming the fluvial relief. The various
chemical compounds fallout with formation of the
characteristic landforms occur mainly on the geo-
chemical barriers (in areas of rapids, waterfalls, in
places where springs come out, etc.).

The main revealed patterns are typical for the most
valleys with the gas-hydrothermal manifestations both
in the Kuril-Kamchatka region and in the world,
which is confirmed by observations on the geyser fields
of Iceland, New Zealand (Taupo Volcanic Zone),
America (including Yellowstone, El Tatio etc.).
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GAS-HYDROTHERMAL ACTIVITIES IMPACT ON THE RELIEF FORMATION
OF GEOTHERMAL ZONES’ RIVER VALLEYS
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Solfataric gases outputs, mud volcanic manifestations and mineralized thermal waters contribute to the for-
mation of various, sometimes very specific landforms on the slopes and the bottoms of river valleys in the
modern volcanism territories. It has been carried out the typification of denudation and accumulative forms
of predominantly micro- and mesorelief in river valleys of geothermal zones under the conditions of gas-hy-
drothermal activity manifestations. The features of gas hydrotherms influence on the nature of geomorpho-
logical processes within river valleys are considered, and analysed the reasons for intensification of the slope
processes and erosion. The main patterns revealed are typical for the most valleys with gas-hydrothermal
manifestations, which is confirmed by observations in the river valleys, draining the slopes of volcanoes of the
Pacific Ring of Fire (including the Kuril Islands, Kamchatka, New Zealand, North and South America), as

well as of Iceland.

Keywords: volcanism, thermal waters, denudation landforms, accumulative landforms, slope processes,
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I'eomopdonornyeckoit 0COOEHHOCThIO U3YUYEHHOI0 yJyacTKa JoJAuHbI p. Mokinu (6acceitdH cpenHeilr OKu)
SBJISIETCS IIPOSIBJICHYE B pejibede MoiiMbl MHOTOUUCIIEHHBIX KPYITHBIX Majeopyces (MAaKpOU3TyUH ), SIBJIsI-
IOLIUXCS CBUACTEILCTBAMHU MOIITHOT'O PEYHOIO CTOKA BO BpeMsl X (hopMupoBaHusi. 1Jis1 ycTaHOBJICHUS UC-
TOPUU Pa3BUTUS JOJUHBI p. MOKIINM ObUI U3yUeH KIIIOYEBOI y4acTOK B €€ HMKHEM TEYECHUU OT YCThSI
p. LHHbI 10 ycThst p. Mokiiu. OCHOBBIBasICh Ha pe3yJibTaTax OypeHUsi, TeoMOopdOI0rnyeckKoro v JUTOIOr -
YeCcKOro aHallu3a, paguoyraepoaHoro AMS-1aTupoBaHUS OTIIOXEHUM, ObLIN BhIAEIEHbBI CICAYIOIIIE CTa-
UM Pa3BUTHUS JOJUHBI p. Mok B mo3aHeM 1uieiictoueHe. 1) Okono 40—30 ThIC. J1. H. yBeJIMYEHUE pey-
HOTI'O CTOKa, 00YCJIOBJIEHHOE KJIMMAaTUUECKUMU U3MEHEHUSIMHU, TIPUBEJIO K BPE3aHUIO PEKU ITy0Ke COBpe-
MeHHOTro ypoBHsl. 2) [Tocie 3Toro cujibHOE MCCYIIEHUEe KJIMMAaTa U CHIKEHUE BOTHOCTU PEKU MPUBEIN K
3aMOJIHEHUIO NOJIMHBI (HanboJiee CUIIbHOE UCCYILIeHNE KJIMMAaTa 1 COOTBETCTBOBABIIAS €MY aKKYMYJISILIUAS
oTHocsTcsl kKo BpeMeHu LGM, okono 23—20 Thic. 1. H.). 3) HoBoe yBennyeHre BOOAHOCTH peku 18.5—
12 TBIC. J1. H. IPUBEJIO K 00pa30BaHUIO OOJILIINX Hajieopyces (MaKpOU3IydrH) U 3HAYUTEIILHOMY PaCIlIi-
pEHUIO THUILA JOJUHEL. 4) B rojiolieHe peyHoi CTOK CHOBAa YMEHbIIWICS, a lTapaMeTphbl pycJia cTaau 0au3-
KU K COBPEMEHHBIM.

Karouesbie cro6a: MaKpoU3TydIWHBI (OOJIBIINE TTaJIeOpycia), UCTOPUS pa3BUTHUSI PEUHBIX TOJIMH, MaJIeoreo-

rpadus 1ieiicTorieHa, (hrioBUaIbHasi reoMOopdOIOTrus

DOI: 10.31857/50435428122050108

1. INTRODUCTION

Large paleochannels (macromeanders) are wide-
spread on floodplains and low terraces in the river val-
leys of the East European Plain (Sidorchuk et al.,
2000; Sidorchuk et al., 2011). The parameters of mac-
romeanders are several times bigger than the charac-
teristics of the modern rivers. As previous studies show
such large paleochannels were formed over the peri-
glacial zone of the Last Glaciation. These periglacial
rivers were formed under conditions of high spring
runoff. Formation of large paleochannels is usually as-
sociated with the Late Glacial (the end of MIS 2)
(Panin et al., 2013).

The occurrence of macromeanders also character-
izes the Moksha River valley in its lower part. Proba-
bly, the lower part of the Moksha river valley between
the Tsna River confluence and the mouth of the Mok-
sha River seems the best place to study macromean-
ders all over the Oka Basin. A great number of paleo-
channels are well preserved at the key site (fig. 1). Pa-
leochannels of the Moksha River may be divided into

two groups by their size: small paleochannels have the
same parameters as the modern river channel, large pa-
leochannels (macromeanders) are several times bigger.

We studied both large and small paleochannels to
reconstruct palacohydrology and history of the Mok-
sha River valley development in the Late Pleistocene.
Large paleochannels correspond to the time of high
river runoff. The oldest ones of small paleochannels
were studied to know the time of lowering of the river
runoff.

The dating of the deposits from the paleochannels
and the river valley bottom made it possible to recon-
struct the Late Pleistocene history of the Moksha Riv-
er valley development and to estimate changes in the
river runoff during this period.

2. METHODS

In our study we used field and laboratory methods.
Boreholes in large and small paleochannels were made
during fieldwork in August-September 2019 and Sep-
tember 2020. Detailed lithological description was
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Fig. 1. Geomorphological map of the Moksha River floodplain.
Floodplain: 1 — Late Holocene, 2 — Early Holocene, 3 — Late Pleistocene high; 4 — point bars; 5 — modern river channel; 6 —
oxbow lakes; 7 — natural levees; § — scroll bars; 9 — palaeochannels; 10 — cut banks; 1/ — floodplain channels; 12 — location of
boreholes.

Puc. 1. 'eomopdoiornyeckast KapTa KJIF0UeBOr0 y4acTKa oMbl p. MOKILHN.
[loiima: 1 — no3gHeroyIolleHOBas!, 2 — paHHETOJIOLeHOBast, 3 — MO3IHEIUICHCTOLICHOBASI; 4 — IIPUPYCIIOBbIE OTMEJH; 5 — CO-
BPEMEHHOE PYCJIO PEKU; 6 — CTapulibl; 7 — MIPUPYCIOBbIC BaJibl; & — rpUBLI; 9 — naneopycia; /0 — 3po3uOoHHbIC YCTYIbI; 11 —

pycJia TIOMMEeHHBIX TPOTOK; /2 — MOJI0XEeHNE CKBaXKWH.
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Fig. 2. Lithological structure of the boreholes in the Moksha River valley.

1 — peat; 2 — peat content, organic interlayers; loam: 3 — heavy, 4 — medium, light loam, 5 — sandy interlayers; sand: 6 — silted,
sandy loam, 7 — interlayering of sand and loam, & — fine, 9 — fine-medium, /0 — medium-coarse, /1 — coarse with inclusions
of gravel; 12 — large carbonate concretions; /3 — interlayers of sand in loam, loam in sand; /4 — radiocarbon dates (calibrated).

The blue line is the current low water level.

Puc. 2. JIutonornyeckre KOJIOHKHN CKBAaXKWH B JIOJIMHE p. Moxkiu.

1 — topd; 2 — oTophOBaHHOCTB, IMPOCIION, OOTATHIE OPTAHUKOM; CyeauHOoK: 3 — TSIKENbIi, 4 — CpeIHU, JIETKUiA, 5 — omecya-
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Hble KapOOHATHBIE KOHKpelnu; /3 — Mpociion rnecka B CYIIMHKE, CYTJIMHKA B Tlecke; /4 — paauoyriepoaHbie 1aThl (Kaaudpo-
BaHHbIe). [0y0oit IMHKEl MoKa3aH COBpEMEHHBII MEXEHHBIN Ype3 BOJbI B peKe.

made for all boreholes in field. Organic material from
alluvium of the river valley bottom was sampled to
make radiocarbon (AMS) dating to find the time of
river incision and aggradation, paleochannels’ forma-
tion and infilling.

Radiocarbon (AMS) dating was done in the Labo-
ratory of Radiocarbon Dating and Electronic Micros-
copy of the Institute of Geography (Russian Academy
of Sciences, Moscow). Radiocarbon dates were cali-
brated (IntCal20) (Reimer et al., 2020) using the online
version of OxCal 4.4 program (Bronk Ramsey, 2009).

3. RESULTS AND DISCUSSION

In our research we got data about morphology,
geological structure and age of alluvial sediments from

TEOMOP®OJIOTUA Ttom 53 Ne 5 2022

the infilling of the Moksha River valley bottom on the
key site.

Summarizing the geomorphological data from the
Moksha River valley the geomorphological map of the
floodplain of the studied part of the valley was com-
pleted (fig. 1). Lithology of the studied boreholes can
be found on the fig. 2.

3.1. Morphology of the Moksha River valley on the
key site. Wide floodplain and two levels of terraces are
present in the studied reach of the Moksha River val-
ley. The height of the floodplain is from 1 to 6 m, of
the first terrace — about 9—11 m, of the second ter-
race — 18—22 m. The width of the valley in the study
area is about 14—16 km, but sometimes it can reach
20—22 km and more. The width of the floodplain is
about 12—14 km.
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Table 1. Dates of alluvium from the Moksha River valley infilling
Ta6uua 1. JIaTel MO aJUTIOBUIO M3 3alIOJTHEHUS JOAUHLI p. MOKIIN

Laboratory number Borehole Depth, m 1C Ager, Calibrated Age,
years BP years BP
IGAN-7719 Mk-19-03 3.20—3.30 15075 £ 40 18460 + 130
IGAN-7720 Mk-19-03 5.20—5.30 15410 £ 40 18740 £ 50
IGAN-7723 Mk-19-03 8.35-8.40 19320 + 55 23280 + 190
IGAN-7728 Mk-19-03 15.50—15.60 31630 £+ 120 35980 £ 170
IGAN-7721 Mk-19-06 5.40—5.45 27950 + 90 31860 £ 160
IGAN-7724 Mk-19-06 10.60—10.70 26690 * 80 30980 + 70
IGAN-7729 Mk-19-06 18.00—18.10 26660 + 80 30970 + 80
IGAN-7727 Mk-19-11 14.40—14.45 32320 + 135 36630 + 180

Note: * — all dates were made by total organic carbon (TOC).

Moksha has a meandering channel. At the studies
site, the Moksha River has a wide floodplain with
large and small paleochannels on its surface. Small pa-
leochannels have the same parameters as the modern
river channel: their width is about 100—150 m, wave-
length is between 300—400 and 600—700 m. Large pa-
leochannels’ parameters are few times bigger: their
width is about 250—300 m, wavelength is about 1500—
2000 m (fig. 1).

3.2. Geological structure of the paleochannels of the
Moksha River valley on the key site. The sediment infill
of the Moksha River paleochannels is usually present-
ed by the alternation of sands and loams, underlaid by
medium and coarse sands (presumably, channel allu-
vium) (fig. 2). Usually under these channel alluvial
sands one can find the continuing alternation of sands
and loams, and only under this alternation — clear
coarse channel sands. Apparently, all these sediments
are different age generations of alluvial infilling of the
valley (or infilling of paleochannels of different age).
So, mostly it is unclear where the borders between dif-
ferent by age alluvial layers are situated.

Visual interpretation of the structure of the bore-
holes can also be difficult due to the sandy nature of
the underlying pre-Quaternary deposits (Geologoch-
eskaya..., 1998). Sometimes the contact with underly-
ing marine sediments can be unclear.

Thereby, the following dating strategy was chosen.
Instead of analyzing single samples in each borehole
we decided to study in detail one borehole in a large
paleochannel (Mk-19-06) and one borehole in a small
paleochannel (Mk-19-03). We supposed that the re-
sults would make it possible to determine the borders
between different alluvial units and the thickness of
paleochannels’ infilling. In addition we analyzed one
more borehole in a big hollow between two fragments
of the low terrace on the left bank of the Moksha River
(MKk-19-11).

3.3. Geochronology of the alluvial infilling of the
Moksha River valley on the key site. The borehole
MKk-19-03 was situated in a small (modern-size) pa-

leochannel (fig. 1). It seems that the infilling of this
small paleochannel has thickness of less than 3 m and
its age was not determined (because the upper part of
this infilling did not contain the material suitable for
dating). Up to the depth 2.3 m the infilling was repre-
sented mostly by loamy sediments, in the lower part —
by interlayering of sand and loam. The deposits at the
depth 3.2—3.3 m were dated 18460 % 130 cal years BP,
at the depth 5.2—5.3 m — 18740 = 50 cal years BP
(fig. 2, tabl. 1). These two dates correspond to the pre-
vious stage of the Moksha River valley development.
Both dates were obtained from total organic carbon;
dated layer (up to the depth of 5.9 m) is pure fine sand
with interlayers of loam.

Below 5.9 m there were mostly medium sands with
interlayers of loam and below 10.5 m the sands became
coarse and the number of loam interlayers became
much less. The alluvial sediments from the depth 8.4
and 15.5 m were dated to 23280 + 190 and 35980 *+
* 170 cal years BP respectively.

The borehole Mk-19-06 was situated in a large pa-
leochannel (macromeander) on the right bank of the
Moksha River. The upper 1.7 m of the deposits were
presented by peat, then up to the depth of 5.1 m the pa-
leochannel’s infilling was presented by medium and
fine-medium sand with interlayers of loam. It seems
that the infilling of this large paleochannel was not
dated because there was no organic material in the up-
per 5 m (except for the peat layer in the top part of the
paleochannel, but this peat is definitely much younger
than the time of the paleochannel formation).

Below 5.1 m the next alluvial layer started. This lay-
er was presented by loam with interlayers of sand or by
sandy loam. Downwards the thickness of sandy inter-
layers increased and at the depth of 11 m sands started
to prevail. Between 11 and 17 m sands from fine in the
upper part of the strata become medium and then me-
dium-coarse at the lower part (at depth about 17 m).
These alluvial deposits were dated at the depths of
5.4, 10.6 and 18 m and showed very close ages:
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31860 = 160, 30980 £ 70 m 30970 * 80 cal years BP
respectively.

According to the topography and morphology of
the valley at the key site the borehole Mk-19—11 was
situated in a paleochannel of the Moksha River, or
(more likely) in a paleo-valley of the Moksha tributary
Tsna River. The second interpretation is supported by
the large width of the hollow, much more than width
of the large paleochannels of the Moksha River, and
also by the rectilinear shape of the hollow, not typical
for macromeanders of Moksha.

The structure of the borehole Mk-19-11 was the
following. The upper 3.3 m were presented by interlay-
ering of sandy loam, loam and fine sand. Then from
3.3 mto 8.3 m the thick layer of medium loam was de-
scribed that changed to heavy loam in the lower part of
the layer. From the depth of 8.3 m fine sand started,
from 13.5 m it changed to medium sand and from
15.2 m — coarse sand with inclusions of gravel. The
deposits on the depth 14.4 m were dated to 36630 =
* 180 cal years BP. From the depth of 17 m another
layer of loam with sand and gravel started; apparently
this was bedrock underlying alluvial sediments.

4. DISCUSSION

4.1. Interpretation of geomorphological, lithostrati-
graphical and geochronological data. If we summarize
all the data about structure and age of sediments of the
valley infilling we can make the following interpreta-
tion. The results of dating may be divided into three
groups: about 30—35 ka, about 23 ka and about 18—
19 ka BP.

The alluvial sediments with the age 30—35 (40) ka
BP (the end of MIS 3) were found at depths from 5.5
to 18 m in all three dated boreholes. That allows us to
suggest that during this period the river was incised by
more than 10—12 m relative to the modern river. This
incision was probably driven by the increase of the riv-
er runoff associated with climatic changes as was es-
tablished in the neighboring middle Dnieper basin
(Panin et al., 2017). At the end of this epoch about
30 ka ago the infilling of the valley started, and contin-
ued in MIS 2 till the end of Late Glacial Maximum
(20—23 ka ago).

The date from the borehole Mk-19-11 in the big
hollow between two fragments of the low terrace shows
that this hollow also was formed in that time. Presum-
ably this hollow is the paleo-valley of Moksha’s tribu-
tary Tsna that now flows into Moksha few km up-
stream.

The alluvial sediments dated to 23—23.5 ka BP
from the depth of 8.4 m in the borehole Mk-19-03
correspond to the time of the valley infilling. Data
from the other river valleys of the East European Plain
show that the LGM time was characterized by inten-
sive accumulation in the river valleys. In some valleys
not only alluvial but also aecolian deposits were accu-
mulated. These aeolian deposits formed aeolian cov-
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ers and aprons on the river terraces (Matlakhova,
Panin, 2015; et al.). However, such aeolian covers have
not been found in the Moksha valley yet.

The next group of dates of about 18—18.5 ka BP
from the borehole Mk-19-03 corresponds to the time
of the macromeanders (large paleochannels) forma-
tion. Position of these dates compared to the others
show that the incision of the river was not so deep as it
was at the end of MIS 3. It’s obvious that these dated
sediments correspond to the time of the large paleo-
channels meandering, but the upper part of paleo-
channel’s infilling was reworked by small (modern-
size) paleochannels in the Holocene. This explains the
presence of the small paleochannel on the surface of
the floodplain here.

The ages of large paleochannels starting from about
18.5 ka BP were established in many river valleys of the
East European Plain (Panin et al., 2001; Panin et al.,
2011; Sidorchuk et al., 2011, Panin et al., 2013; Panin
et al., 2017). For example our previous studies in Don
River basin (in Upper Don, Khoper and Vorona river
valleys) showed the ages of large paleochannels forma-
tion between 18.5 and 12 ka ago (Panin et al., 2013,
Matlakhova et al., 2019; et al.).

The presence on macromeanders in the river val-
leys of the temperate climate zone of the Northern
Hemisphere is an important paleohydrological phe-
nomenon that was studied actively all over the world
for the last few decades (Dury, 1964; Starkel, 1995;
Vandenberghe, 2002; Sidorchuk et al., 2008; Panin
et al., 2013; Vandenberghe, Sidorchuk, 2020; et al.).
According to the existing ideas such macromeanders
formed in the periglacial zone of the Last Glaciation
under conditions of extremely high spring runoff.
These macromeanders are several times larger than
the modern river channels. This is explained by the
specific hydrological regime of that time. It is consid-
ered that the river runoff was very uneven during the
year. The predominance of winter precipitation led to
high spring floods, and permafrost prevented filtration
of the water that led to the increase of the surface run-
off. The parameters of the large channels formed at
this time were determined by the maximal spring run-
off of that period (Sidorchuk et al., 2008).

Thus, big paleochannels of the Moksha River cor-
respond to the period of high river runoff between 18.5
and 12 ka BP, which is typical for the East-European
Plain (Panin et al., 2001; Panin et al., 2011). Small
(modern-size) paleochannels formed in Holocene
and changed the previous topography of the flood-
plain (also sometimes overlaying macromeanders).
The lowest runoff and formation of smallest meanders
in the rivers of central Russian Plain occurred in the
Mid Holocene (Sidorchuk et al., 2012; Panin et al.,
2014). Significant variations of river runoff were de-
tected in the last Millennium (Golosov, Panin, 2006),
but they are not exposed in the morphology of the
Moksha valley.
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4.2. Late Pleistocene History of the Moksha River
valley development. Data analysis allowed us to make
the following reconstructions.

In the interval between 40—30 ka ago, the river in-
cised deeper than the present level. It is confirmed by
dates of the alluvial sediments from the valley infilling.
The tectonic situation in the region was stable during
the analyzed period, so we can be sure that the incision
of the river was connected with the increase of the river
runoff associated with climatic changes.

Then the incision was replaced by the filling of the
valley caused by the drying up of the climate and a
lowering of the river runoff, which was more signifi-
cant on the period of the Last Glacial Maximum
(LGM, 23—20 ka ago). The previous studies in the riv-
er valleys of the central part of the East European Plain
show that in some river valleys of the region aeolian
covers and aprons on the river terraces’ surfaces were
formed.

Starting from 18.5 ka ago there was again a signifi-
cant increase of the river runoff, which led to the for-
mation of macromeanders and widening of the valley
bottom. Modern wide high floodplain was formed at
that time. Large paleochannels are well preserved in
the topography of the floodplain on the key site of the
Moksha River valley. Such macromeanders are wide-
spread on the floodplains and low terraces in the river
valleys of the East European Plain (Sidorchuk et al.,
2000; Sidorchuk et al., 2011; Matlakhova, Panin,
2015; et al.) and are usually dated Late Glacial time
(Panin et al., 2013; Matlakhova et al., 2019; et al.).

The Holocene was characterized by a decrease in
runoff and channel parameters (width and wave-
length) and narrowing of the meandering belt of the
river. Despite this fact the Moksha River meanders ac-
tively nowadays, that is confirmed by the topography
of the modern floodplain.

5. CONCLUSIONS

Summarizing all the data we can conclude the fol-
lowing.

The alternation of high and low river runoff was
typical for the Moksha River valley in the end of the
Late Pleistocene. This led to the alternation of river in-
cision and aggradation in the valley.

High river runoff and incision of the river were
characteristic features for periods 40—30 ka ago and
18.5—12 ka ago. At the second of these periods (18.5—
12 ka ago) large paleochannels (macromeanders) were
formed. These macromeanders prove the fact of a sig-
nificant increase in the river runoff at this time.

Low river runoff and aggradation in river valleys
were characteristic features for the period between ~30
and 18.5 ka ago. The most significant decrease in the
river runoff was related to cryoarydic conditions of the
LGM time (23—20 ka ago). The Holocene was also
characterized by a decrease in runoff parameters in
general. The river runoffin the Holocene was not con-
stant too, but the fluctuations and the runoffin gener-
al were lower than in Late Pleistocene.

THE STRUCTURE OF THE MOKSHA RIVER FLOODPLAIN
AS A KEY TO THE LATE PLEISTOCENE HISTORY
OF THE VALLEY DEVELOPMENT

E. Yu. Matlakhova®* and V. Yu. Ukraintsev®¢
4Lomonosov Moscow State University, Faculty of Geography, Moscow, Russia
b nstitute of Geography RAS, Moscow, Russia
¢Institute of Water Problems RAS, Moscow, Russia
#E-mail: matlakhova_k@mail.ru

The noticeable geomorphic feature of the Moksha River valley (middle Oka River basin) is the occurrence of
numerous large palacomeanders that evidence a several fold rise of river discharges. To establish the history
of valley development, the key study in the lower part of the Moksha River valley was organized between the
mouth of the Tsna River and the mouth of the Moksha River. Based on the results of mechanical coring, geo-
morphological and lithological analysis, and radiocarbon AMS-dating we reconstructed the following main
stages of the Moksha River valley development in the end of the Late Pleistocene. 1) About 40—30 ka ago the
increase of the river runoff associated with climatic changes led to the river incision deeper than the present
level. 2) After that the drying up of the climate and a lowering of the river runoff led to the filling of the valley
(the strongest drying was in LGM time, about 23—20 ka ago). 3) Between 18.5—12 ka ago the river runoff in-
creased and caused macromeanders formation and widening of the valley bottom. 4) In the Holocene runoff
decreased again and the channel parameters became close to the modern ones.

Keywords: macromeanders (large paleochannels), the history of river valleys development, Pleistocene paleo-

geography, fluvial geomorphology
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Peka JleHa BMecTe cO CBOMMU IPUTOKAMM BXOAUT B UMCJIO KPYITHEHIIIMX PEYHBIX CUCTeM MUpa. B TeueHue
TpEX II0JIEBBIX Ce30HOB B mojimHe HinkHeit JIeHsI oT yeThs AnpgaHa no “JIeHcKoit TpyObl” OBLIO MCCIea0Ba-
HO 18 oOHaxXeHU Teppac pa3IUuYHOIO YPOBHsI, CJOXEHHBIX AJUTIOBUAJIbHBIMM OTJIOXEHUSIMU. BBICOTHI
Teppac OINpeaeIsINCh 10 TororpaguuecKUM KapTaMm, Ipy HOMOIIM MeToaa HuBenupoBaHus U GPS-cbem-
Ku. OOGHakeHUsT ObLIM OIMCaHbI B MOJEBBIX YCIOBUSX C OTOOPOM 00pa3lioB IJIsI JaTUPOBAHUS paguoyIie-
POIHBIM METOIOM 1 METOIOM MH(MpaKpacHO cTuMyInpoBaHHO MoMuHeceHInH (IR-OSL). Cymmapno
ObLIO TTOIy4YeHO 26 paguoyrieponHbix U IR-OSL 3HaueHMit BO3pacTOB OTI0XKEeHU. HUXKHSS rToliMa Hau-
GoJiee AeTaJabHO ObLIa 00C/IeTOBaHA HAa YYaCTKe OT YCThs AJlaHa 0 YCThsl BUtios, rie ee BbICOTA COCTAB-
Jis1eT oT 5—6 10 8—9 M. OTJI0XeHUs BBICOKOM MOMMBI ObLIM U3yYeHBI Ha OTPE3Ke MEXIY YCThsIMU AJITaHa U
Bumiog, B paiioHe ycThs JISTHBIIIKM, a TaKXKe Ha yyacTke Mexny ceamu Cuktsx u Kiociop. Ee BeicoTa Ba-
pbupyet ot 6—10 10 15—16 M. OTioxeHust mepBoii Teppackl (7—15 M) 1 BTopoii Teppackl (20—23 M) Haubo-
Jiee ToAPOOHO UCClIefOBaHbI B paitoHe ycThs JgaHblnKY. Ha psine yuyacTKoB (HUXHee TeueHue JISHbIII-
KM, BOIM3U ycTheB Menkepe 1 Hatapbl) ObL1u faTUpOBaHbl OTJIOXKEHUST 00Jiee BBICOKUX Teppac. M3yyeHue
U JATUPOBAHME OTJIOKEHUI, caaralolux oMy u mepBylo Teppacy B goiauHe Hukneit JIeHbl, ToaTBEp-
XKIaloT, 4TO UX (popMUpPOBaHUE OBLIO OOYCIOBIEHO KOJeOaHUSIMUA YPOBHSI MOPSI B TOJIOLIEHE 1 B KOHIIE
MO3IHETO IJIEMCTOLIEHA, TAK Xe, KaK U B neibTe JIeHbl. Pe3ybTaThl JaTUPOBAHUS aJUTIOBUAILHBIX OTIOXE-
HUi1 B oOHaxeHUs1xX 40—60-MeTpOBBIX TEPPAC METOIOM MH(MPAKPACHON CTUMYIMPOBAHHOI JIIOMUHECLIEH -
LMK IPOTUBOpEUAT paHee IIPUHATHIM B 3-if yeTBepTu XX CTOJIETHSI IIPEACTABICHUSIM O BO3PAaCTE COOTBET-
cTByI01IMX Teppac. OneneHeHust BepxostHCKoro xpe6Ta He MOTJIM MOBIMSTh HA KOH(PUTYpaLIMIO TOJIUHBI
JleHbl, TaK KakK ropHbIe JEIHUKU He JOCTUTaIU JIeHBI ¢ KOHLIA CPEIHEro MIEMCTOLEHA.

Karoueswie crosa: nonuna Huxneit JIeHsl, 1oiiMa, Teppaca, ToJ01eH, IT03IHKUI HeOIUIeCTOLEeH, JaTUpOBa-

HHE OTJIOXKESHU
DOI: 10.31857/S0435428122050133

1. INTRODUCTION

The Lena River with its tributaries is one of the
largest river systems in the world. The Lena River val-
ley in the middle and lower reaches is completely lo-
cated on the territory of the Yakutia (Russian Far
East). The region has extremely difficult conditions
for living and economic development due to the sub-
arctic continental climate and the distribution of con-
tinuous permafrost. The Lena River is one of the most
important transport arteries of Yakutia. Therefore, the
study of the Lena River banks, its geological structure,
morphology, history of its development is strategically
important for the development of the region.

There is a relatively small number of published in-
vestigations dedicated to geomorphological structure
and paleogeographic reconstruction of the Lower Le-
na Valley or to its separate parts, with the exception of

the Lena River Delta. Most of them were published in
the 3rd quarter of the 20th century, when ideas about
the evolution of the Lena River Valley were based on
the relative dating, spore and pollen analysis and pa-
leofaunal reconstructions. Even then it was clear that
the Lower Lena Valley has a vastly complex structure.
Over time, it became clear that the existing ideas need-
ed to be clarified on the base of new dating methods
and new accumulated actual material.

From 1998 to the present, a Russian-German sci-
entific expedition has been working in the Lena Delta.
It has been organized by the Arctic and Antarctic Re-
search Institute (St. Petersburg, Russia) and the
Alfred Wegener Institute (Potsdam, Germany). Geo-
morphological and paleogeographic studies formed
one of the central parts in the programs of this multi-
disciplinary expedition. Detailed results of geomor-
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Fig. 1. Study area. Red dots and numbers are the studied
outcrops and their IDs. Black dots are the settlements.

Puc. 1. OGrnacte ucciemoBanus. KpacHbIMM TOYKaMM
yKa3aHbl U3yYeHHbIC OOHAXKEHHUSI C UX HOMEPHBIMU 060-
3HauYeHUsIMU. YepHble TOYKU — HACEJeHHbBIE ITYHKTHI.

phological studies of the Lena River Delta are present-
ed in the article and in the monograph devoted to the
origin and evolution of the delta (Bolshiyanov et al.,
2013; Bolshiyanov et al., 2015). The marine factors of
delta formation have been identified in sufficient de-
tail. On the contrary, the role of riverine factors is not
entirely clear. Therefore, in recent years, the idea of a
comprehensive geomorphological study of the Lena
River Valley has appeared. The main task of such a
study became the paleogeomorphological reconstruc-
tion of the Lena River Valley from Yakutsk to the Delta
as a single system during the Late Pleistocene-Holo-
cene.
TEOMOP®OJIOTUS Ne 5
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2. MATERIALS AND METHOD

To achieve the objective, three expeditions were or-
ganized in 2016, 2017 and 2019. During this period,
18 outcrops of alluvial deposits on terraces of different
levels of the Lower Lena Valley were studied. The lo-
cation of the outcrops is shown in fig. 1, and their co-
ordinates are presented in tabl. 1. Terrace heights were
determined using topographic maps, leveling and
GPS survey. The outcrops were described in the field
with sampling for radiocarbon dating and infrared
stimulated luminescence (IR-OSL) method. These
methods have been used to determine the depositional
age of peat and fossil plant remains, as well as the dep-
ositional age of sands.

The easiest way to study the terraces is to explore
them by moving along the river, but directly along the
channels, the terraces can be traced locally and dis-
continuously. In vast valley, it is necessary to sail up-
stream along the tributaries of the Lena River to study
terraces and deposits. In addition, satellite images and
topographic maps should be deciphered, and the liter-
ature available on the problem should be analyzed.

Radiocarbon samples preparation and age deter-
mination were carried out in the Képpen laboratory of
the Saint Petersburg State University (Russia). Lithi-
um carbide was synthesized from a pre-cleaned sam-
ple by sintering with metallic lithium (Arslanov, 1987).
Benzene was synthesized from lithium carbide via
acetylene. The radiocarbon content in the benzene
sample was determined on a liquid scintillation spec-
trometer “Quantululus-1220”. The radiocarbon and
calibrated age of the sample was calculated according
to the results of measuring the activity of radiocarbon.
The calibrated age values are based on the “OxCal 4.2”
calibration program (Ramsey et al., 2010) and Int-
Cal13 calibration curve (Reimer et al., 2013).

The IR-OSL age determination was carried out in
the Research Laboratory for Quaternary Geochronol-
ogy of the Tallinn University of Technology (Estonia).
The samples were prepared for the luminescence anal-
ysis according to standard laboratory procedures
(Molodkov, Bitinas, 2006).

A total of 26 radiocarbon and IR-OSL ages were
obtained. The results are presented in tabl. 1.

3. RESULTS AND DISCUSSION

The floodplain in the Lower Lena Valley consists
of low and high levels. The low floodplain has a pre-
dominantly fragmentary distribution. Generally, it oc-
cupies low river islands and areas near the mouths of
the Lena tributaries. We have studied in more detail
three outcrops of the low floodplain (3009, 3014 and
3015) in the section of the Lena River Valley between
the mouths of the Aldan River and Vilyuy River, where
it has a relative height from 5—6 to 8—9 m.

The outcrop 3009 is located at the mouth of the
Belyanka River. It is a small right tributary of the
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Lena River about 40 km downstream of the Aldan
River. The outcrop is a vertical scarp with 4.3 m
high. The lower part consists of a well-rounded, light
gray and yellow gravel. The thickness of the layer is
0.8 m. The upper part of the outcrop consists of gray
silty and sandy overbank deposits. The lower 0.5 m of
this layer is rich in plant remains. The radiocarbon
age of twigs near the contact with the active channel
gravel is 470 + 50 years BP (LU-8314).

The outcrops 3014 and 3015 are located at the
mouth of the Vilyuy River: on the right bank and on
the left bank. Both exposures are 9 m high. They are
represented by horizontal bedding overbank sands
containing plant remains. The radiocarbon age of bur-
ied wood from a height of 6.5 m on the outcrop 3014 is
less than 200 years BP (LU-8660). The radiocarbon
ages of small twigs from a height of 2.7 m and buried
wood from a height of 3.0 m are 890 + 70 years BP
(LU-9020) and 340 + 30 years BP (LU-8660) on the
outcrop 3015.

Downstream from Zhigansk village, the height of
the low floodplain increases to 9—12 m. We studied
only two locations: Duoldanga-Aryta Island (the out-
crop 3030) and Anna-Aryta Island (the outcrop 3054).
Duoldanga-Aryta Island is a small river island located
along the left bank of the Lena River approximately
150 km downstream from Zhigansk village. It has a
height of 10 m. Radiocarbon dating of plant remains in
the sediments of the island indicates that it continues
to form in the present times. Anna-Aryta Island is one
of the largest river islands located downstream from
Siktyakh village to the “Lena Pipe”. Central part of
the island is a high floodplain with oxbow lakes, but its
periphery should be attributed to the low floodplain
not less than 7 m high. Radiocarbon age of plant re-
mains collected from the edge of the outcrop is 230 =
+ 50 yr BP (LU-9402).

Compared to the low floodplain, the high flood-
plain is more widespread in the Lower Lena Valley.
First of all, it occupies large massifs of river archipela-
gos, the islands in which are separated by numerous
small branches of the Lena in areas along the left bank
ofthe Lena River and locally along the right bank from
the mouth of the Aldan River to the mouth of the
Lungkha River, mainly along the left bank from the
mouth of the Vilyuy River to the mouth of the Ulegir
River, along the right bank from the mouth of the
Oruchan River to the mouth of the Sobolokh-Mayan
River and along the left bank from the mouth of the
Khoruongka River to the Siktyakh village. The width
of the high floodplain can reach about 30 km. In addi-
tion, we identified fragmentary narrow sections of a
high floodplain along both banks of the Lena River
between the villages of Siktyakh and Kyusyur. The
height of the high floodplain from the mouth of the
Aldan River to the “Lena pipe” increases from 6—10
to 15—16 m. Segmented-ridged and parallel-ridged
floodplain relief is typical for the surface of high
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floodplain. In contrast to the low floodplain, the sur-
face of the high floodplain is always covered by taiga
and drift wood along the Lena main channel and its
branches, which indicates the flooding of this surface
in some years.

The high floodplain deposits have been studied in
several key sections (fig. 2). The first section is located
between the mouth of the Belyanka River and the San-
gar village in a large river archipelago stretched along
the right bank of the Lena River and separated from it
by the Tab-Ary channel.

The outcrop 3011 is located on the Kurus Island,
the left bank of the Tab-Ary channel. It has a height of
5 m above a sand river beach about 1 m high. The low-
er part of the outcrop (1—2.9 m above the river) is a ta-
lus. The middle part (2.9—4.3 m) is a horizontally lay-
ered silt strata with interlayers of sand and plant re-
mains (small twigs and trunks). The upper part (4.3—
6 m) is a horizontally layered oberbank sands and silts
and cross-layered channel sands. A small trunk gave
the radiocarbon age of 2460 * 40 years BP (LU-8658)
from a height of 3 m.

The outcrop 3046 is located on the left opposite
bank of the Lena main channel. It had a height of
2.5 m at the time of observation at the end of the flooding
processes. The edge of the outcrop has a height of ap-
proximately 6 m above the low-water level. The outcrop
is composed by overbank deposits: horizontally
layered sands, silt and plant remains. The plant re-
mains gave the radiocarbon age of 2520 *+ 70 years BP
(LU-9396).

The Sya-Ary Island is located 20 km downstream
from the mouth of the Tab-Ary channel near the right
bank of the Lena (opposite the mouth of the Bala-
makan River). The outcrop 3047 was studied here.
It has a similar height and similar structure to the out-
crop 3046. The plant remains gave the radiocarbon
age of 1530 £ 110 years BP (LU-9397).

In the section from the mouth of the Lyampush-
ka River to the mouth of the Dyanyshka River, the
Lena main channel expands sharply. The branching of
river channels is the reason for the existence of a large
river archipelago here. One of the largest islands here
is the Ulakhan-Kistyakh. We attribute the level of its
surface to a high floodplain. We studied the outcrop
3027 7 m high at the top of this island. It is composed
of overbank deposits, less often channel deposits.
There are horizontally bedded and cross-bedded fine-
grained and medium-grained sands with interlayers
and lenses of silt and a high content of plant remains in
the scarp of the island. The plant remains gave the ra-
diocarbon ages of 2810 £ 90 years BP (LU-2937) from
a height of 2.1 m, 2620 + 120 years (LU-8936) from a
height of 2.6 m, and 1670 * 90 years BP (LU-8935)
from a height of 4.3 m.

In the section between the villages of Siktyakh and
Kyusyur, we found that the upper part of the high
floodplain is composed of layering organic and miner-
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Fig. 2. Lithological logs of the high floodplain outcrops and radiocarbon ages of organic remains.
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al masses (strata of horizontally layered sands, silt and
plant remains). Such kind of deposits is typical for the
Lena River Delta complex (Bolshiyanov et al., 2013;
Bolshiyanov et al., 2015). We studied two outcrops.
The outcrop 3056 is located on the left bank of the Le-
na River near the Sutukilakh Island, 230 km upstream
from the top of the Lena Delta. It has a height of 8—
9 m. Layering organic and mineral deposits are 4 m
thick and are penetrated by ice wedges. Radiocarbon
ages of plant remains from a height of 5.6 m is 3720 =
+ 60 years (LU-9405) and from a height of 7.0 m is
1660 £ 40 years BP (LU-9404).

The outcrop 3057 was studied approximately 60 km
downstream on the right bank of the Lena River. It has
a height of 16 m. The bottom of the outcrop is the low-
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er part of a high floodplain. The upper part, 10 m
thick, is composed by organic and mineral masses.
The radiocarbon ages of plant remains are 3250 & 70 years
BP (LU-9409) from a height of 2 m above the bench,
2670 £ 70 years BP (LU-9408) from a height of 4.8 m,
1460 £ 110 years BP (LU-9407) from a height of 6.5 m
and 410 £ 60 years BP (LU-9406) from a height of
8.5 m.

The results of radiocarbon dating the organic and min-
eral masses composing the 1st terrace of the Lena River
Delta (Bolshiyanov et al., 2013; Bolshiyanov et al.,
2015) indicate that they accumulated in the same peri-
od when the deposits of the high floodplain were
formed in the Lower Lena valley. During the Holo-
cene, the Laptev Sea level repeatedly fluctuated up to
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Fig. 3. Lithological logs of the 1st and 2nd terrace outcrops. Radiocarbon ages of organic remains and IR-OSL ages of alluvial
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a height of 7—8 m above the present level (Bolshiyan-
ov et al., 2013; Bolshiyanov et al., 2015). This is the
reason for the accumulation of thick strata of specific
ingressive organic and mineral deposits in the Lena River
Delta.

Identification of terraces in the Lower Lena valley
is a more difficult problem, because they are often sep-
arated from the river by large floodplain areas and are
difficult to explore. M.N. Alekseev identified 7 terrac-
es above the floodplain with a height of 15—16, 25—32,
40—45, 50—60, 65—80, 90—100 and 130—140 m (Alek-
seev et al., 1962). In his opinion, the first two are of
Late Pleistocene age. In addition, in the Sobolokh-
Mayan river basin, he noted fragments of a 200-meter
terrace eroded by water flows and glaciers.

Two lowermost terrace levels are found everywhere
throughout the Lower Lena River Valley, but we stud-
ied them in the most detail in the area of the mouth of
the Dyanyshka River (fig. 3).

The first terrace has a scarp with 7—9 m high.

It stretches along the Lena River from the mouth of
the Dyanyshka River for about 25 km with a maximum
width of about 7 km. The total height of the first ter-
race increases to 15 m at a distance from the Lena Riv-
er. This terrace is composed by overbank horizontally
layered, less often channel cross-layered, gray and yel-
low, fine-grained and medium-grained sands. Among
sands there are also layers of silty sand, rarely thin lay-
ers of silt. Plant remains are very rare. This terrace was
studied in two exposures. The outcrop 3016 is located
on the right bank of the Lena River, 10 km from the
mouth of the Dyanyshka River. Its height is 7 m. The
IR-OSL age of sands from a depth of 2 m from the
edge of the terrace scarp is 6.9 £+ 0.6 ka (RLQG 2466—
067). The outcrop 3050 is located on the right bank of
the Dyanyshka River, 25 km from its mouth (about
6 km from the Lena River in a straight line). Its height
is 8—9 m. The IR-OSL age of sands from a depth of
2.1 m from the edge of the terrace scarp is 6.0 = 0.4 ka
TEOMOP®OJIOTUS Ne 5
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(RLQG 2644—060). By analogy with the deposits of
the high floodplain, the alluvium of the upper part of
the first terrace is synchronized with the deposits ac-
cumulated in the Lena delta 6000—7000 BP, when the
sea level was higher than present time.

Nearby at the Dyanyshka River there is the outcrop
3051 of the 2nd terrace of the Lena River. The expo-
sure is a sandy-silty strata with separate layers of plant
remains. Relative height of the terrace is 18—20 m
(20—23 m above the Lena River). The results of radio-
carbon dating indicated that it was formed in the end
of the Late Pleistocene: the radiocarbon age of the
twigs sampled at a depth of 6 m below the edge of the
terrace is 12030 = 110 BP (LU-9399). A peat bog was
found 600 m downstream on the surface of this ter-
race. It occupies the upper part of the outcrop 3052, it
has a thickness of 4.2 m, and it extends along the bank
of the Dyanyshka River for 30 m (fig. 3). The results of
radiocarbon dating indicated that the main part of its
sequence was formed in the period from 9710 £ 60 BP
(LU-9400, the sample from the peat bog bottom) to
5740 + 50 BP (LU-9041, the sample from a depth of
1 m from the peat bog top). In general, this time inter-
val corresponds to the time of the 1st terrace formation
in the Lena River. It should be noted that according to
other sources, the peat bog is a bit older — it began to
form 12590 £ 300 BP (Siegert et al., 2007).

At the mouth of the Natara River, the outcrop 3031
of a strath terrace 45—50 m high was studied. Its upper
part is composed of sandy silt overbank sediments.
The IR-OSL age of a sample from a height of 35 m is
68.8 + 5.6 ka (RLQG 2552—118). But according to
M.N. Alekseev, these deposits should have been
formed in the second half of the Middle Pleistocene,
and the terrace is the 3rd highest in the Lower Lena
valley (Alekseev et al., 1962). In addition, we obtained
a similar result when dating the outcrop 3049 of the
strath terrace 42 m high. It is located 30 km upstream
from the mouth of the Dyanyshka River. The IR-OSL
age of sand, sampled from a depth of 2 m from the
surface, is 64.5 £ 4.5 ka (RLQG 2643—060).

In the lower reaches of the Molodo River (the left
tributary of the Lena River), a group of Russian and
German researchers drilled and studied the bottom
sediments of the Kyutyunda Lake. The underlying al-
luvium near the contact with lake sediments has been
dated to 38—32 thousand years (Biskaborn et al.,
2016). The lake is located on the surface of a 40-meter
terrace (50 m above the Lena River). This terrace has
the same elevation as the terraces at the mouth of the
Natara River and the lower reaches of the Dyanysh-
ka River, but its alluvium has been formed much later.
It is possible that all these terraces have been formed in
the same long time interval, but additional dates are
needed to verify this conclusion.

Approximately 3 km downstream from the mouth of
the Menkere River on the right bank of the Lena River
the outcrop 3029 is located. It is a part of the 4th
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60-meter strath terrace, and its alluvium should be of
Middle Pleistocene age (Alekseev et al., 1962). We as-
sume that these deposits do not belong to the Lena River,
but to its ancient tributary. Investigated well-sorted
fine-grained and medium-grained sands with silt in-
terlayers at a height of 33—34 m near the contact
with bedrock have the IR-OSL age of 23.6 £ 1.9 ka
(RLQG 2544—118). It means that these deposits be-
gan to form at the end of the Late Pleistocene.

Middle Pleistocene alluvial deposits of the 80-me-
ter 5th terrace are traced to the northwest towards the
lower reaches of the Olenek River in the area of the
Siktyakh village and they are associated with the
Ajakit-Kelimyar segment of the Lena paleovalley
(Zhuravlev, 1960; Alekseev et al., 1962). The existence
of a river paleovalley in this area is indirectly indicated
by information obtained during the study of the
El’gene-Kyuele Lake (Biskaborn et al., 2013). This
lake is located presumably within its boundaries, and
around the lake there is a specific composition of the
ice complex sediments. There are no dates from allu-
vial deposits in this area.

The oldest known dated deposits formed by the Le-
na River in its lower reaches were studied in one of the
outcrops of the Dyanyshka River valley. The IR-OSL
age of the alluvium sample is 325 ka (Zech et al., 2011).
The outcrop is confined by an uneven moraine surface
(Alekseev et al., 1962) with absolute height of 100—
160 m (55—115 m above the Lena River). The known
coordinates of the outcrop (Zech et al., 2011), earlier
information about the distribution of the Lena terraces
in the Dyanyshka River valley, glacial and fluvioglacial
deposits (Alekseev et al., 1962), suggest that the right
side of the Lena River valley should be located further
east than expected.

There is an opinion that the Pleistocene glaciations
were one of the most important reasons for the forma-
tion of the Lena terraces and the restructuring of the
Lena River valley. The center of glaciation was located
in the Verkhoyansk Ridge. Glaciers descended from
the mountains along the tributaries of the Lena River
could reach its main channel, deflect it, and maybe
stop the outflow of a stream. The question of the num-
ber, age and boundaries of the distribution of glaciers
is debatable. According to V.V. Kolpakov, the Lower Lena
valley is a complex of several isolated paleovalleys of
different ages (Ajakit-Kelimyar, Motorchuna-Ajakit,
Sobopol-Siktyach, Linde-Khoruongka segments)
(Kolpakov, 1966). Its formation and disappearance
was due to the fact, that glaciers shifted the Lena River
to the west. He distinguishes 4 stages of glaciation.
Three of them occurred in the Late Pleistocene.
During the warm epochs that followed them, the 2nd
and st terraces were formed.

N.V. Kind distinguished 6 stages of glaciation in
the region, the last of which had an age of 16—15 thou-
sand years (Kind, 1975). Recent studies indicate the
existence of 5 stages of glaciation. They are based on
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remote sensing and IR-OSL dating of intermoraine
deposits in the valleys of the Dyanyshka and Tumara
rivers. The age of the most ancient stage is 135—141 ka,
and the youngest is over 50 ka (Stauch, Lehmkuhl,
2010). These studies proved that the glaciers had not
reach the modern channel of the Lena River since the
end of the Middle Pleistocene. However, all known
segments of the paleovalleys of the Lena River, the
youngest of which is the Sobopol-Siktyach segment,
formed by the end of the Middle Pleistocene (Alek-
seev, Drouchits, 2004).

4. CONCLUSION

The deposits composing the low floodplain have
been formed over the past thousand years. The age of
the high floodplain deposits is at least 3700 years. The
first terrace in the central part of the Lena River Delta
has the same age. The first terrace in the area of the
mouth of the Dyanyshka River was formed in the first
half of the Holocene, and the second terrace was
formed by the end of the Late Pleistocene — the begin-
ning of the Holocene.
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During the Holocene, the Laptev Sea level repeat-
edly fluctuated up to a height of 7—8 m above the pres-
ent level. This is the reason for the accumulation of the
high floodplain deposits and thick strata of specific in-
gressive organic and mineral deposits in the Lena Riv-
er Delta. Alluvium of the first terrace accumulated
6000—7000 BP for the same reason. The sea level
during this period was higher than today. Therefore,
the change in the basis of erosion is the main factor of
the Lower Lena valley evolution in the Holocene. The
relationship between the formation of the first terrace
and the glaciation stages in the western foreland of the
Verkhoyansk Ridge is not obvious, as noted earlier.

Higher terraces are usually located at a distance
from the Lena main channel. Some outcrops of high
terraces contain Late Pleistocene deposits. However,
according to earlier ideas, they had a Middle Pleisto-
cene age, and the stages of their accumulation were
synchronized with the epochs of glaciations. Despite
the existing contradictions, glaciations in the region
played a key in the formation of highest and older ter-
races, but additional studies are required to identify
their age and relationship with the accumulation of al-
luvium in the Lower Lena valley.

HOLOCENE AND LATE NEOPLEISTOCENE PALEORECONSTRUCTIONS
FOR THE LOWER LENA RIVER VALLEY: NEW DATA, CONTRADICTIONS
AND PROBLEMS

S. A. Pravkin“* and D. Yu. Bolshiyanov*

%Arctic and Antarctic Research Institute, Saint Petersburg, Russia
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The Lena River with its tributaries is one of the largest river systems in the world. During three field seasons,
18 outcrops of alluvial deposits on terraces of different levels of the Lower Lena Valley from the mouth of the
Aldan River to the “Lena Pipe” were studied. Terrace heights were determined using topographic maps, lev-
eling and GPS survey. The outcrops were described in the field with sampling for radiocarbon dating and in-
frared stimulated luminescence (IR-OSL) method. A total of 26 radiocarbon and IR-OSL ages were ob-
tained. The low floodplain was studied most in detail on the section from the mouth of the Aldan River to the
mouth Vilyuy River, where it has a height of 5—6 to 8—9 m. The deposits of the high floodplain in the section
between the mouths of the Aldan River and Viluyu River, in the area of the mouth of the Dyanyshka River
and in the section between the villages of Siktyakh and Kyusyur were studied. It has a height of 6—10 to 15—
16 m. The deposits of the Ist terrace (7—15 m) and 2nd terrace (20—23 m) most in detail in the area of the
mouth of the Dyanyshka River were studied. In some areas (the lower reaches of Dyanyshka River, near the
mouth of the Menkere River and the mouth of the Natara River), deposits of higher terraces were dated. In-
vestigation and dating of the floodplain and first terraces in the valley of the Lower Lena River confirms that
their formation was caused by sea level fluctuations in Holocene and at the end of Late Pleistocene as well as
in the Lena River Delta. The results of IR-OSL dating alluvial deposits of 40—60 me terraces contradict the
ideas about their age, formed in the 3rd quarter of the 20th century. Glaciations of Verkhoyansk Ridge could
not influence to configuration of the Lena River valley as mountain glaciers had not rich the Lena River since

the end of Middle Pleistocene.

Keywords: Lower Lena Valley, floodplain, terrace, Holocene, Late Neopleistocene, dating of deposits
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IpencraBieHbl HOBbIE JaHHBIE O CTPOEHUM U BO3pacTe aJUIIoBUsS TMOIM peK B OacceiiHe p. CeneHru.
BrinosiHeHbI onMcaHus pa3pe3oB, NoayYyeHa MHGOpPMaLKs O COCTaBe PEYHBIX OCAIKOB, PaIUOYIJIEPOIHOM
Bo3pacte. B 6acceitHe p. CesnieHru BBIAESIOTCS IBA YPOBHS MOWM: HU3KKE BBICOTOM 10 2 M U BBICOKUE BbI-
cotoii 2—4 (5) M. BeIsIBIISIIOTCSI 60JIBIIIME PA3JIMYKS B CTPOSHUM U COCTaBE aJIJTIOBUSI TIOMMBI B 3aBUCUMOCTH
OoT MOpPGhOJIOTUU JOJNH PEK, PACXOAO0B BOJbI, CTPYKTYPHO-TEKTOHUYECKUX YCIOBUI OacceiitHOB. YCTaHOB-
JIEHO, YTO (pOpMUPOBaHE OTJIOXKEHUI HU3KUX MOKM B 6acceiiHe p. CelleHrn Ha4aioch B IMO3IHEM rojiole-
He. Bo3pacTt oTi1o:XeHMi1 BBICOKOM MOMMBI peK B 6acceiiHe p. CeJleHI'n — paHHUM-IIO30HUWI TOJIOICH.
BoinesnieHbl XpoHOJOrMYeCcKre 3Tanbl OCaAKOHAKOIIJIEHUsI M TOYBOOOPa30BaHMUsI. YCTAHOBJIEHO COOBITUE
PE3KOii CMEHBI JIUTOJIOTMYECKOI0 COCTaBa OTJIOXKEHUM, BRICOKMX MaBOAKOB (3.8—3.4 THIC. KaJl. JI. H.), BBI-
SIBJIEHBI KPUOT€HHbIE eopMalii B BEPXHETOJIOLIEHOBOM aJIJTIOBUM.

Karoueeswie crosa: HU3Kas 1oiiMa, BBICOKasI TToiiMa, aJlJIloBMii, 0CaIKOHAKOIICHHUE, TOYBOOOpa30BaHUE, ro-

Jo1eH, 6acceitH p. CeneHru
DOI: 10.31857/50435428122050145

1. INTRODUCTION

Rivers are a dominant feature of most landscapes;
therefore fluvial sediments are widespread. Fluvial de-
posits are represented by a continuum of sediment
types (Shantser, 1951; Lazarenko, 1964) that range
from clay— to gravel—size particles, and include both
mineragenic and organic deposits. Distinctive features
of river sediments are good sorting, roundness, hori-
zontal and oblique bedding depending on sedimentary
environments. Fluvial sediments provide an important
link between weathering and slope processes in source
areas as well as sedimentation processes within depo-
sitional basins (Allen, 1965). In this regard, much at-
tention is paid to the study of alluvium (Nikolaev,
1947; Lamakin, 1948; Lavrushin, 1966). There are nu-
merous studies of forming conditions, structure and
age of alluvium on the territory of Baikal region and
Mongolia (Ravskii, 1972; Logachev et al., 1964; Baza-
rov, 1968; 1986; Tseitlin, 1979; Devyatkin, 1981; En-
drikhinskii, 1982; Konstantinov, 1994; Mats et al.,
2001; Karasev, 2002; Lehmkuhl et al., 2011). At the
same time, much less investigations is devoted to the
study of floodplain deposits and the timing of their ac-
cumulation in the Selenga river basin (Ravskii, 1972;
Bazarov, 1968; 1986; Lehmkuhl et al., 2011). Given

that floodplains are among the most dynamic land-
forms, this information may shed light on the response
of river systems on the impacts of climate changes
(Torngvist et al., 2015; Malsy et al., 2017) and perma-
frost dynamics (Moore et al., 2009; Tornqyvist et al.,
2015) during the Holocene.

The aim of this study is to assess of the chronolog-
ical framework of floodplain deposits accumulation in
the Selenga river basin as a reflection of the dynamics
of hydrological conditions during the Holocene.

2. OBJECTS AND METHODS

Selenga River is most important tributary of
Lake Baikal, which contributes about 50 to 60% of
its surface water influx. Moreover, the Selenga’s
447060 km? watershed covers 82% of the Lake Baikal
basin (Nadmitov et al., 2014), which means that any
environmental changes along the Selenga and its trib-
utaries may ultimately impact Lake Baikal.

Floodplains are one of the most common land-
forms of river valleys in the Selenga basin. They have
different height (0.5—5 m), structure and age of de-
posits. On small rivers, floodplain heights do not ex-
ceed 1—3 m, on large rivers they reach 4—5 m. There is
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Fig. 1. Location of the study territory and investigated floodplain sections.
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a low (rarely low—medium) floodplain up to 2 m high
and a high 2—4(5) m floodplain (fig. 1). Both the con-
sistency of the height marks of the floodplain along
the river valleys and significant differences in different
parts of the valley are noted. The width of floodplains
varies from 1—10 m in mountainous areas on small riv-
ers to several km in large river valleys and basins. The
floodplains are often leaning against the first river ter-
races (5—7 m high).

The study territory is located in Selenga middle
mountains and Mongolia (fig. 1).

A detailed morphogenetic and stratigraphic de-
scription of floodplain deposits as well as sampling for
further laboratory studies were carried out during the
fieldworks. The sections are located within the flood-
plains of different heights. To identify the chronology
of the formation of deposits of low floodplains, the
structure of the floodplain (1—2 m high) on the right
bank of the Tarbagatayka River was studied near the
village Burnashevo (fig. 1, tabl. 1). The Tarbagatayka River
flows in the Kuitun intermountain depression. The
landscape and climatic conditions of this territory are
described in detail earlier (Ryzhov, Golubtsov, 2017;
Ryzhov et al., 2021). In addition, sections of low
floodplains up to 1.5 m high were studied in the foot-
hills of the Khangai ridge (Mongolia) in the upper
reaches of the Orkhon River (fig. 2, tabl. 1).

To reveal the structure and chronology of the for-
mation of high floodplains, the floodplain deposits of
the Itantsa and II’ka rivers (Selenga middle moun-
tains) were studied. In addition, a high floodplain was
studied on the right bank of the Boroo-Gol River (left
tributary of the Kharaa-Gol River, Mongolia). The
rivers are characterized by different hydrological re-
gimes and structural-tectonic conditions. The Itantsa
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and II’ka rivers flow, respectively, in the Itantsa and
II’ka basins. Section of the high floodplain of the Bo-
roo-Gol River (Shivert-Gol) is located in an inter-
mountain depression.

Under laboratory conditions, soil and sediment
samples were air-dried, crushed, and sieved through
a 1 mm sieve. The total organic carbon content was
determined by the method of wet combustion accord-
ing to Tyurin. The determination of particle size distri-
bution was carried out on the basis of an average sam-
ple in stagnant water using the pipette method. The
age of soils and sediments was determined by the ra-
diocarbon method with scintillation measurement of
14C activity at St. Petersburg State University and at
the Institute of Geology and Mineralogy of the Siberi-
an Branch of the Russian Academy of Sciences by the
carbon of humic acids. Radiocarbon dates were cali-
brated using the IntCal20 scale (Reimer et al., 2020).

3. RESULTS

3.1. Structure of sediments and chronology
of sedimentation on low floodplains

3.1.1. Tarbagatayka floodplain. Following horizons
are distinguished (from top to bottom) in the section of
the low floodplain (1—1.5 m) of the Tarbagatayka river
(fig. 2):

— brown sandy loam silty enriched in organic mat-
ter with coals (0—16 cm);

— brown sandy loam and fine-grained sands with

the inclusion of medium-coarse-grained sands (16—
26 cm);

— alternation of dark brown sandy loam, fine-
grained light brown sands with the inclusion of medi-
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Table 1. Radiocarbon and calibrated age of floodplain sediments in the Selenga river basin
Taomuua 1. PaguoymieponHblii 1 KaJleHIapHbI BO3pacT MOMMEHHBIX OTJIOKeHUi B 6acceiiHe p. CelieHTH

Dated material Depth, sm

Lab. number

14C Age, years BP Cal. years BP (+10)

Low floodplain (1—1.5 m) Tarbagatayka River, 51°27°11.5” N, 107°22°07.3” E, 582 m

Humic sandy loam, charcoal 43—46 LU-9339 2580 + 230 2616 £ 267
Humic sandy loam, charcoal 54—-56 LU-9340 1890 £ 70 1798 £ 81
Humic sandy loam 60—63 LU-9387 860 £ 130 757 £ 78

Low floodplain (1.5 m) Orkhon River (Mongolia), 47°24°06.8” N, 102°51’51.0” E, 1468 m

Humic sandy loam 13—17 LU-9820 1380 £ 120 1288 £ 112

Humic sandy loam 59—-63 LU-9821 2030 + 140 1985 + 164

Humic sandy loam 88—94 LU-9822 2130 + 110 2085 + 96
High floodplain (1.5—2 m) Itantsa River, 52°10"30.1” N, 107°31°49.8” E, 500 m

Humic peaty loam | 115—120 ‘ SOAN-9761 3120 £ 65 3319+ 79

High floodplain (2.5—3 m) Boroo-Gol River, 48°25726.2” N, 106°11'42.7” E, 1050 m

Humic loam 3-7 LU-9814 $14C=1.57 + 0.83% 1954—1958 rr.
Humic loam 14—17 LU-9815 1640 + 100 1507 £ 101
Humic loam 26—31 LU-9816 1940 + 120 1856 + 143
Humic loam 114—120 LU-9342 3340 £ 220 3615 + 270
Humic loam 196—204 LU-9817 4050 + 110 4533 + 118
High floodplain (2.5—3 m) II’ka River, 51°41°43.9” N, 108°37°20.3” E, 629 m
Humic sandy loam 10—15 SOAN-9855 1930 + 120 1857 + 145
Humic sandy loam 27-32 SOAN-9856 2535+ 105 2618 + 133
Humic sandy loam 40-45 SOAN-9857 3200 £ 150 3410 £ 182
Humic sandy loam 45-50 SOAN-9858 3400 % 300 3709 + 375
High floodplain (2.5—3 m) II’ka River, 51°4158.2” N, 108°37°26.5” E, 625 m
Humic sandy loam 59—-67 SOAN-9859 275 £ 40 357 £ 71
Humic sandy loam 87—-96 SOAN-9860 800 * 180 783 + 138

um-grained sands and thin (1—3 cm) interlayers of hu-
mus dark brown to black sandy loam with coals (26—
63 cm);

— fine-grained light brown sands with the inclusion
of medium and coarse-grained sands and coals (63—
93 cm);

— grayish-brown fine—grained sands with coal in-
clusions (93—103 cm).

Three radiocarbon ages were obtained from the
26—63 cm layer (tabl. 1). The youngest one refers to
the lower Ah layer. An inversion of radiocarbon ages
occurs up the section. We consider this layer of sedi-
ments to be the result of the accumulation of products
of runoff and erosion of soils from the watershed. The
Ah layer at depths of 60—63 cm is located on sandy al-
luvium and reflects, in our opinion, the real time of its
formation. In accordance with the structure and the
obtained radiocarbon age the following stages of the
formation of the studied deposits are assumed:

— accumulation of gray and light brown sands with
the inclusion of coals (63—103 cm) > 0.84 kyr BP;

— accumulation of fine and medium-grained allu-
vial sands and thin layers of sandy loam enriched in or-
ganic matter (26—63 cm) 0.84—0.34 kyr BP;

— accumulation of fine-grained sands and sandy
loams with the inclusion of medium-grained sands
(16—26 cm) 0.34—0.21 kyr BP;

— accumulation of sandy loams enriched in organic
matter with coal inclusions (0—16 cm) <0.21 kyr BP.
This stage of sedimentation is associated with modern
soil formation and sediment inflow from slopes as a
result of soil erosion during agricultural land use in the
last 250 years.

3.1.2. Orkhon floodplain. In the structure of the low
floodplain of the Orkhon river the following horizons
are distinguished (fig. 2) (from top to bottom):

— brown humic sandy loam with small pebbles (0—
12 cm);
— grayish-brown sandy loam with Fe redox features
(12—33 cm);
— grayish light brown sands with inclusions of clas-
tic inclusions (gruss) and gravel (33—39 cm);
TEOMOP®OJIOTUA Ne 5
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Fig. 2. Structure and calibrated age of studied low floodplains.

1 — modern and buried soils; 2 — fine sands; 3 — sandy loams; 4 — soils with pebble inclusions; 5 — gravels and pebbles; 6 — sands
with dress and gravels; 7 — sandy loam with sand; & — sandy loam with iron redox features; 9 — sands with pebbles and gravels;
10 — ground wedges; 11 — places for radiocarbon sampling; /2 — calibrated age and sample lab number.

Puc. 2. CtpoeHue 1 KaJIeHIapHBI BO3pacT OTIOXEHUI HU3KOM nmoiiMbl (1—2 M) pek B 6acceiite p. CelleHTH.

1 — coBpeMeHHBbIE U MOrpeGeHHbIe TTOUBbI; 2 — MEeCKHU MEJIKO3epHUCTBIE; 3 — cyrnecu; 4 — MOYBBI C BKIIOYECHHUEM TaJIbKU; 5 —
rpaBUii C TaJIbKOIi; 6 — MeCOK pa3HO3EPHUCTBIN C BKIIIOUEHUEM IPECBbI U IpaBUsl; 7 — CYIecH ¢ BKIIOYEHUEM Tecka; § — cyrnecu
C MATHaMU, JIMH3AMH M IPOCIOSIMH OXENe3HEHNS 9 — mecku pa3HO3EPHUCTBIC C TPABUEM U TalIbKOi; /0 — TpyHTOBAsI XKIJIa;
11 — vnTepBai orbopa npod Ha *"C; 12 — KaneHIapHbIi BO3pacT U JIabopaTOpHbI HOMep oOpasLa.

— sandy loam gray whitish with sand inclusions
(39—44 cm);

— whitish sandy loam with Fe redox features in the
top of the layer (44—51 cm);

— fine-grained yellowish—brown sands with Fe re-
dox features (51—58 cm);

— dark brown sandy loam enriched in organic mat-
ter and Fe redox features (58—81 cm);

— gray sandy loamy gleyed with Fe redox spots
(81-94 cm);
— gravels and pebbles (94—130 cm).

The horizontal bedding of the layers is disturbed by
cryogenic deformations. At 39—60 cm depths a ground
wedge (tessellon) up to 14 cm wide on top is distin-
guished. It is composed mainly of sands with the small
clastic inclusion (gruss) and gravel. The time of forma-
tion and filling of the wedge-shaped cryogenic struc-
Ne5 2022
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ture is about 1.7—1.6 kyr BP. Layers at depths of 39—
60 cm have a wavy bedding, indicating deformations
during seasonal freezing and thawing of wet sandy
loams and fine-grained sands, underlain by humic
sandy loams.

The following stages of accumulation of deposits
are distinguished:

— accumulation of channel alluvium (94—130 cm)
>2.1 kyr BP;

— pedogenesis (58—81 cm) 2.1—1.95 kyr BP;

— accumulation of fine—grained sands (51—58 cm)
1.95—1.84 kyr BP;

— accumulation of gray whitish sandy loam (44—
51 cm) 1.84—1.73 kyr BP;
— accumulation of gray whitish sandy loams with

the inclusion of inequigranular sand (39—44 cm)
1.73—1.65 kyr BP;
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— accumulation of sands with the small clastic in-
clusion (gruss) and gravel (33—39 cm) 1.65—1.55 kyr BP,
indicating an increase in the water level of the river and
high floods;

— accumulation of gray sandy loam with Fe redox
features and enriched in organic matter (12—33 cm)
1.55—1.0 kyr BP;

— accumulation of humic sandy loam with pebble
inclusions (0—12 cm) during the last 1 thousand years.

3.2. Structure of sediments and chronology
of sedimentation on high floodplains

3.2.1. Itantsa floodplain. In the section of a high
floodplain (1.5—2 m) on the right bank of the Itantsa
river floodplain (0—120 c¢cm) and channel alluvium
(120—150 cm) are distinguished (fig. 3).

Floodplain sediments are represented by the fol-
lowing horizons:

— dark brown sandy loam enriched in organic mat-
ter with small pebbles (0—10 cm);

— sandy loams with iron redox features (10—
33 cm);

— fine and medium-grained sand with the gravel
inclusions (33—46 cm);

— light peaty loams dark brown (46—75 cm);

— medium peaty loams with lenses of medium to
fine-grained sands and iron redox features (75—
120 cm);

— inequigranular sands with gravel and pebble in-
clusions (120—170 cm).

Radiocarbon dating 312065 (SOAN—9761) was
obtained from the bottom of loams from a depth of
115—120 cm (tabl. 1). A cryogenic wedge up to 25 cm
vide is located at 36—65 cm depths. The time ofits for-
mation and filling is about 0.8—0.5 kyr BP. The fol-
lowing stages of formation of floodplain deposits are
distinguished:

— accumulation of channel alluvium (120—170 cm)
>3.4 kyr BP;

— accumulation of peaty loams (46—120 cm) 3.4—
1.3 kyr BP;

— accumulation of inequigranular sands with gravel
inclusions (34—46 cm) 1.3—0.9 kyr BP;

— accumulation of brownish sandy loams (10—
33 cm) 0.9—-0.3 kyr BP;

— modern pedogenesis (<0.3 kyr BP).

3.2.2. Boroo-Gol floodplain. The following deposits
and stages of their accumulation are distinguished
from top to bottom (fig. 3):

— the upper part (0—31 cm) represented by the
modern soil profile is composed of light brown sandy
loam (1—3 cm), dark brown to black loams (3—7 cm),
light silty brown loam (7—14 cm), light dark brown
loam (14—31 cm). The formation of this part is divided
into four stages: accumulation of humus light loams

(14-31 cm) 1.9—1.3 kyr BP; accumulation of aeolian
light brown silty loams (7—14 cm) 1.3—0.3 kyr BP; soil
formation stage (3—7 cm) 300—40 yr BP; accumula-
tion of silty aeolian sandy loam (1—3 cm) during the
last 40 years.

— the second unit (31—74 cm) is represented by
light loams and sandy loams of gray and dark gray col-
or, uneven occurrence of layers of different lithologi-
cal composition. The accumulation of deposits is con-
fined to the time interval of 2.8—1.9 kyr BP;

— the third sediment unit (74—130 cm) is represent-
ed by dark gray humus loams that accumulated 3.8—
2.8 kyr BP;

— below (130—175 cm) lie obliquely layered light
loams with interlayers and lenses of brown sandy loam
with sand inclusions. The color of deposits varies from
brown, gray to dark gray. The thickness of the layer is
not constant and varies from 30 to 45 cm with a slope
downstream of the river. The accumulation of sedi-
ments based on the obtained radiocarbon dates took
place 4.3—3.8 kyr BP;

— at depths of 175—204 cm (the fifth sediment
member), light gray and dark gray loams occur with
interlayers and lenses of gray and brown clayey and in-
equigranular sand, which accumulated 4.6—4.3 kyr BP;

—below (204—224 cm) there is an alternation of in-
terlayers of gray and dark gray light loam and interlay-
ers of grayish—brown sand with weathered clastic in-
clusions and a rare pebble inclusions. The accumula-
tion of these deposits is confined to the interval of
4.8—4.6 kyr BP.

3.2.3. Il'ka floodplain (I'ka I). The sediment
thickness of the II’ka-1 section is about 1.5 m. The
stages of sediment formation and pedogenesis have
been identified. For section four radiocarbon dates
were obtained at 10—50 cm depths in the range of 1.8—
3.7 kyr BP (fig. 3, tabl. 1). Following horizons are dis-
tinguished in the section from top to bottom:

— dark brown to black humus peaty sandy loam (0—
48 cm), accumulated during the last 3.4 kyr BP;

— alternation of fine to medium grained sands (48—
80 cm), formed 3.4—4.2 kyr BP;

— coarse sands with small clastic inclusions (gruss),
gravel and small pebbles (80—150 cm), representing
the channel facies of alluvium and formed in the first
half of the Holocene.

A ground wedge (tessellon) up to 40 cm wide with
inclined and vertical occurrence of layers is located at
45—140 cm depths. The width of the wedge is 20—
40 cm at 40—70 cm depths. It becomes thinner to 1—
10 cm below. The wedge is covered with humus sandy
loams younger than 3.4 kyr BP. At the same time, the
wedge is filled by fine sands underlying the humus
sandy loam the formation time of which is estimated at
3.8—3.4 kyr BP. The time of formation and filling of a
ground wedge is about 3.8—3.6 kyr BP. Sands with
small clastic inclusions and gravel occurred below in-

TEOMOP®OJIOTUS Ne 5

TOM 53 2022



MOVMMEHHBIN AJIJTFOBUM BACCEMHA p. CEJIEHTU 149
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Fig. 3. Structure and calibrated age of high floodplain deposits of Selenga river basin.

1 — modern and buried soils; 2 — soils with pebble inclusions; 3 — loam; 4 — sandy loam; 5 — loess-like sandy loam; 6 — sandy loam
with iron redox features; 7 — sandy loam with sand inclusions; & — fine sand; 9 — coarse to medium sand; /0 — sand with gravel and
pebbles; 11— coarse sands with gravels and pebbles; /2 — coarse sand with small clastic inclusions, gravels and pebbles; 13 — loams with
interlayers of sandy loams and sands; /4— cryogenic wedges; 15— sampling places for radiocarbon dating; /6 — age and sample lab number.
Puc. 3. CtpoeHue 1 KaJIeHIapHBI BO3pacT OTI0XEHMI BBICOKOI TTOMMBI (2—3 M) pek B 6acceiiHe p. CeieHru.

1 — coBpeMeHHBIEe 1 TTOTpeOeHHBIE TOUBHI; 2 — ITOYBA C BKIIIOUEHUEM TaJIbKU; 3 — CYINIMHOK; 4 — CyIleCh; 5 — CyIlech IblJIeBaTast
KapOoHaTHasl; 6 — CyIech OXeJIe3HEeHHast; 7 — CyMNech C MEJIKO3EPHUCTBIM U TOHKO3EPHUCTBIM MECKOM; & — MECOK MeIKO3ep-
HUCTBIN; 9 — MECOK pa3HO3EPHUCTHIN; /0 — MEeCOK KPYITHO3EPHUCTHIN; /] — MECOK pa3HO3EPHUCTHIN C BKIIIOYEHUEM TPABUS;
12 — 11ecok pa3HO3epHUCTHIN ¢ IpeCBOii ¥ TpaBreM; 13 — rpaBuii c TaJIbKOI; /4 — TpyHTOBas XKWJia; /5 — MHTepBaj oTbopa mpoo
Ha 4C; 16 — xaneHgapHbIi Bo3pacT (KaJl. J1. H.) 1 JJabopaTOpHBIi HOMep obpasia.
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dicates powerful floods. The time of their manifesta-
tion is about 4.2—3.8 kyr BP.

3.2.4. Il’ka floodplain (II’ka 2). The second section
(I’ka 2) with a thickness of 1.72 m was located 460 m
north of the II’ka 1 section on a high floodplain 2.5—
3 m high with aeolian blowing sands (fig. 3, tabl. 1).
Two radiocarbon dates were obtained for described
section at depths of 59—67 and 87—96 cm in the time
frames of 357—782 yr BP.

The following horizons are identified in the sec-
tion:

— partially deflated Ah horizon of modern soil (0—
4 cm), represented by dark brown sandy loam and
formed over the past 70 years;

— gray-brown sandy loam (4—20 cm), formed as a
result of aeolian activity 110—70 yr BP;

— fine-grained clayey, dark gray-brown, layered,
alluvial sand (20—38 cm), formed 220—110 yr BP;

— fine-grained silty, dark brown sand with coal in-
clusions up to 3 mm, layered (38—49 cm), formed as
result of aeolian activity 280—220 yr BP;

— fine-grained grayish-brown sand (49—58 cm),
formed 330—280 yr BP;

— dark gray sandy loams enriched in organic matter
with coal inclusions (58—69 cm), accumulated 450—
330 yr BP;

— fine- and medium-grained yellowish-brown
sand (69—86 cm), accumulated 700—450 yr BP;

— grayish-brown sandy loam with coal inclusions
(86—100 cm), formed under conditions of lower flood
heights and a stable subaerial surface 900—700 yr BP;

— fine-grained clayey, yellowish-light brown sands
with humus streaks and coal along plant roots (100—
156 cm), formed 1.7—0.9 kyr BP;

— fine-grained clayey sand gray to dark gray en-
riched in organic matter with coal inclusions along the
plant roots (156—172 cm), accumulated 2.0—1.7 kyr BP.

4. DISCUSSION

On the one hand, the obtained data on the age and
stages of accumulation of the floodplain deposits,
generally confirm the previously obtained data on the
time of formation of alluvium of the low (low and mid-
dle) and high floodplains (Ravskii; 1972; Bazarov,
1968; 1986). On the other hand, they specify the age
and chronology of the stages of alluvium accumula-
tion during the time of floods and soil formation when
they decrease. The floodplains of large rivers are char-
acterized by Holocene age (Endrikhinskii, 1982).
Floodplain deposits of rivers of smaller orders accu-
mulated mainly during the second half of the Holo-
cene (Endrikhinskii, 1982). The alluvium of the high
floodplain accumulated in the first half — the middle
of the Holocene, while the low floodplain accumulat-
ed in the second half of the Holocene according to
(Bazarov, 1986).

The stage of a sharp change in the lithological com-
position, high floods on rivers aged 3.8—3.4 have been
identified in the floodplain deposits in Selenga river
basin. For example, the bottom of the floodplain allu-
vium represented by peat has an age of 3.4 kyr BP on
the Itantsa floodplain. There is unconformity bound-
ary below determined by stage of erosion with inter-
bedded sands and gravels, indicating strong floods and
incision of the river. In the section of the high flood-
plain of the Boroo-Gol River oblique and wavy lay-
ered light loams with interlayers and lenses of sandy
loam and sands aged 4.3—3.8 kyr BP occurs under hu-
mus light loams aged 3.8—2.8 kyr BP with sharp ero-
sional boundary. Consequently, high floods and ero-
sion were observed about 3.9—3.7 kyr BP. Gravel lay-
ers in the bottom sediments of Mongolian lakes with
an age of about 3.6 kyr BP were revealed by V.P. Vipper
et al. (Vipper et al., 1989). The authors attribute these
deposits to the stage of heavy rains and the washing of
gravel into lakes. Wet period 4.4—3.4 kyr BP identified
according to the palynological and diatom analysis of
peatlands in Northern Mongolia (Fukumoto et al.,
2014). High Baikal stand was 3.7—3.6 kyr BP accord-
ing to geoarchaeological data (Vorobieva, Goryunova,
2013). An anomalously high runoffinto the Baikal lake
(more than 250 km?/year compared to average pres-
ent-day values of 57 km?/year) has been reconstructed
4.0—3.9(3.8) kyr BP (Goldberg et al., 2005).

Traces of high floods 3.8—3.4 kyr BP found in ma-
ny river basins of Eastern Siberia. On the floodplain
(6—8 m) of Muya river (near Ust’-Muya settlement)
the floodplain facies of alluvium has a thickness of 1 m
(layers 1—2). The exposed unit of the channel alluvi-
um (layers 3—4) is 4.8 m (Kulchitskii et al., 1982).
Layer 2, represented by siltstones with fine—grained
sand lenses and inclusions of charcoal 0.75 m thick, is
associated with large floods (Kulchitskii et al., 1982).
A radiocarbon date of 3280 £ 35 years BP (SOAN—1599)
was obtained from the top of layer 3 based on wood re-
mains, which corresponds to 3514 * 42 cal. years BP.

Traces of high floods in the interval of 4.4—3.4 kyr
BP were found on the Ilya and Aga rivers in Transbai-
kalia (Bazarova et al., 2014). Phases of abnormally
high river levels in the upper and middle reaches of the
Yenisei river were identified (Yamskikh, 1993) about
4.0—3.5 and 3.3—2.7 thousand years ago (4.5—3.8 and
3.5—2.8 kyr BP). On the East European Plain palaeo-
fluvial episodes of low (4.6—3.5 kyr BP) and high
(3.5—1.9 kyr BP) fluvial activity were revealed (Panin,
Matlakhova, 2015). Approximately ~3.9—3.8 kyr BP
began increase in the frequency of high palaeofluvial
activity events and decrease palaeofluvial events of low
fluvial activity (Panin, Matlakhova, 2015).
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5. CONCLUSIONS

1. Low and middle floodplains up to 2 m high and
high floodplains (2—4(5) m high) are distinguished in
the Selenga river basin. Floodplain deposits were
formed in various dynamic conditions, have a hori-
zontal, wavy, inclined bedding and are represented by
sediments of channel, floodplain and oxbow facies of
different thickness and grain size composition. Organ-
ogenic deposits (sandy loam and loam enriched in or-
ganic matter, peat bogs) accumulated on the flood-
plain with a decrease in river flood intensity.

2. The research results indicate that the low flood-
plain began to form in the Late Holocene. The chan-
nel alluvium of the low floodplains is older than 2.1 kyr,
floodplain alluvium younger than this age. The soils
are dated to less than 2.1 kyr BP.

3. A high floodplain is composed of Middle—Late
Holocene alluvium and leans against the first river ter-
race. It is separated from the low floodplain by a ledge
0.5—2 m high. The formation time of the ledge is 3.8—
3.5 kyr BP. The channel alluvium of the high flood-
plains is of Early Holocene age. The soils of the high
floodplain began to form from the second half of the
Holocene based on the radiocarbon dating.

4. A stage of a sharp change in the lithological com-
position of deposits, high floods (3.8—3.4 kyr BP) was
established.

5. Cryogenic deformations in the floodplain de-
posits of Selenga river basin associated with climate
cooling and local environmental conditions during
Late Holocene.

FLOODPLAIN ALLUVIUM IN THE SELENGA RIVER BASIN:
STRUCTURE, AGE, FORMATION STAGES
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New data on the structure and age of alluvium of river floodplains in the Selenga river basin are presented.
Based on the data of field and laboratory studies of floodplain sedimentary sections, data on the morphology,
composition and radiocarbon age of river sediments were obtained. There are two main levels of floodplain
in Selenga river basin: low (up to 2 m), high (2—4(5) m). The main differences in the structure and composi-
tion of floodplain alluvium are associated with the morphology of river valleys, differences in the dynamics
of water discharge, structural and tectonic conditions of individual river basins. It was revealed that the for-
mation of deposits of low floodplains in the Selenga river basin began in the late Holocene. The high flood-
plain sediments in the Selenga river basin are characterized by Early — Late Holocene age. The chronology
of sedimentation stages and soil formation have been identified. The event of a sharp change in the litholog-
ical composition of deposits, high floods (3.8—3.4 kyr BP) was established, Cryogenic deformations in the
Late Holocene alluvium have been revealed.
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Ha nnpuMepe aKcriepuMeHTaJIbHOTO YJacTKa CeIbCKOX03siCTBEHHOTO 10151 B 6acceitHe peku Cyxas Opiu-
na (bacceitH BepxHeit Oku B mpeneiax OpIoBCcKOil 001acTi) pacCMaTpUBaIOTCSI OCOOEHHOCTHU IIPUMEHEe-
HUs 11e3usi- 137 K olleHKe MOTepb IMMOYBBI HA paclaxMBaeMOM CKJIOHE, PACITOJIOKEHHOM B MEPUTIISILIMATbHOM
30He Pycckoii paBHMHEBL. O0CyxXmaeTcs 11e1eco00pa3HOCTh yUeTa NOJIUTOHAILHO-0JIOYHOTO CTPOSHUSI BO-
JIopa3aebHOI TOBEPXHOCTH TAaJIEOKPUOTEHHOTO TTPOMCXOXKICHUS TIPU Ha3HAYeHUU OTTOPHOTO 3HAYEHUSI
ue3us-137. YnenbHasi akTUBHOCTD 11e3usi- 137 BbICTYIIaeT B MCCJIEIOBAHUU KaK MHIUKATOP B pa3HoOIi cTere-
HU CMBITBIX MTOYB. [IpuBOASATCS BeJIMYMHBI KO3(PHUIIMEHTOB Baprallui aKTUBHOCTH 1ie3usi- 137, paccuu-
TaHHBIX 10 BCEI COBOKYMHOCTU TOYEK MTPoO00TOOpa BIOJb ABYX TpaHceKT (114 u 91224) Ha Bonopasaesb-
HOJ ITOBEPXHOCTHU CKJIOHA IOXKHOM 3Kcro3umu (86 Touek). KoadduireHTsl Bapralni HeBeJIuKu (B IIpe-
menax 0.12 mia ToyeK Kaxmoirt u3 TpaHceKT). OOOCHOBBIBAeTCSI, YTO CTaTUCTUYECKas OIeHKa
BapuabenbHOCTH 11e3usi-137 He 1oJKHA ObITh OCHOBOIIOJIATraIoIIei TIPU YCTAHOBJIEHUM OIMOPHOTO 3HAaYe-
Hus uesus-137. [lokazaHo, 4TO 1T OTIOPHOI IUIOIIAAKHY CJIEAYeT BHIOMpPATh T€ TOUYKM Ha OJIOYHBIX ITOBBI-
LIEHUSIX, TOYBEHHBIN MPOMUIIbL B KOTOPBIX UMEET TUIY>XKHYIO MOIOIIBY Ha IJTyOMHE MaXOTHOTO rOPU30HTa,
nTy6XKe KOTOpOii Habo1aeTcsl pe3Koe CHUXKeHUE akTUBHOCTH Lie3us-137. [lpuBoasTcs pe3yabTaThl CpaB-
HEHUs yIeIbHOI aKTUBHOCTH 11e3Usi- 137, paccuyuTaHHOM 110 TpeM TOYKaM MOCI0MHHOro MpobooTdopa, pac-
TTOJIOXKEHHBIM B TIpejieiax OJJOYHBIX MOBBIIIIEHUI HAa BOAOPa3neIbHOM IMTOBEPXHOCTH, CO CPeNHeil aKTMBHO-
CTBIO, PACCUMTAHHOI1 1o 86 TouKaM B IipeAenax TpaHcekT 114 u 91 224. [Toka3aHo, YTO TPY MPUHSITUM B Ka-
YeCTBE OMOPHOTrO 3HAYEHUS CpeaHell aKTUBHOCTH 11e3usi- 137 Mo JaHHBIM BbIOOPKU U3 86 TOUYEK 3HAYEHUE
WHTEHCUBHOCTH MOTEPH ITOYBBI 3aHMXAeTCsI B cpeqHeM Ha 7.3 T ¢ 1 ra B ron. CaenaH BbIBO, UTO YACIbHYIO
aKTUBHOCTh Ha OTIOPHON TUIOIIANKE HEOOXOAUMO PACCUMTHIBATh IO TPEM TOUKaM ITOCIOMHOTO OTOOpa
MpoO MOYBHKI, PACIIOJIOKEHHBIM B IIpe/ieiaX OJIOYHBIX MOBBIIIEHU, HECMOTPSI HA HEBBICOKME 3HAUCHMUST Ba-
puaGeabHOCTH 1e3us- 137 1o BeIOOpKe U3 86 TOUeK.

Karouesnie crosa: nepurisiaibHas 3oHa Pycckoii paBHUHBI, 6acceiiH BepxHeil OKu, onopHas IUIomaaka,
yaenbHasi aKTUBHOCTb 11e3Usi- 137, THTEHCUBHOCTD MOTEePh MTOYBbI BApHMabeIbHOCTh aKTUBHOCTH 11e3usi-137,
0J1I0YHBIE ITOBBIIIIEHMSI, IIOCTOMHBIN 0OTOOP MPOO MOYBKI

DOI: 10.31857/50435428122050170

1. INTRODUCTION

When applying the radiocaesium method to the as-
sess soil losses in the areas where Chernobyl origin
caesium is observed in the soil material, it is necessary
to establish the background radioactivity value (specif-
ic activity or reserve of the caesium-137 at the refer-
ence plot, where minimal soil loss is observed due to
erosion). Reference plot is selected at the watershed of
the basin. It is generally assumed that the permissible
value of the coefficient of variation for caesium-137

specific activity at the reference plot have not exceed
20% (0.2). This value of variability is considered ac-
ceptable for the lateral distribution of caesium-137
within the temperate latitudes belt of the Northern
Hemisphere.

The variability of the caesium-137 specific activity
values at the watershed within the reference plot de-
pends on microrelief of the watershed. In the perigla-
cial regions, the microrelief of watershed surfaces is
composed of block elevations and interblock depres-
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sions. This structure of the surface is caused by pres-
ence of various types of relict cryogenic microrelief
(Berdnikov, 1976; Velichko et al., 1987; Velichko et al.,
1996; Alifanov et al., 2010). The relict microrelief ap-
pears cause of the structure of soil cover, and of the
features of erosion processes (and, as a consequence,
of the spatial differences in soil losses in result of soil
runoff). Studies of the paleocryogenesis influence on-
to the soil formation processes developing actively in
paleoecological soil science (according to Alifanov
et al., 2010) allow in many cases to explain spatial dif-
ferences of soil properties on micro scale. In particu-
lar, the influence of paleocryogenesis is detected at
different levels of gray forest soil structures (Alifanov
et al., 2010). This indicates the need to take into ac-
count the paleocryogenic microrelief landforms when
studying the erosional transformation of topography
surface using radiocaesium method, despite the ap-
parent statistical uniformity of radioactive contamina-
tion of the soil material in the area of the reference
plots. This conclusion is extremely important today,
when precision agriculture is developed actively.

2. MATERIALS AND METHODS

The study is based upon in situ data collected in
2017—2021 in the experimental area of an agricultural
field located in the basin of Sukhaya Orlitsa River in
the Oryol district of the Oryol region (fig. 1).

Local microrelief is composed of slope surface
complicated with microravines. Elements of polygo-
nal-block microrelief are presented in the watershed
area (fig. 2). Block elevations of 15—30 m wide and in-
terblock depressions of 2—15 m wide are presented in
the experimental area (fig. 1). The study stage we are
describing now is devoted to ensuring a decision on
the expediency of paleocryogenic microrelief ac-
counting when establishing a background value of cae-
sium- 137 radioactivity and assigning reference plots to
do this (Markelov, 2004; Shamshurina et al., 2016;
Trofimetz et al., 2020).

The specific activity of Chernobyl origin caesium-
137 can act as a marker of the erosional soil runoff
(Markelov, 2004; Panidi et al., 2016; Shamshurina et
al., 2016; Trofimetz et al., 2019; Trofimetz et al., 2020)
in the areas where global radioactive fallout was small
(in the Orel region values are not exceed 10—15 Bq/kg).
The radioactivity of the washed soil decreases (in com-
parison to the radioactivity of the soil material at the
reference plot) due to mixing of the soil material in ar-
able horizon with uncontaminated soil material deliv-
ered from deeper layers.

We conducted topography levelling alongside the
transects located in watershed area (fig. 3, 4), simulta-
neous soil sampling (at every 2 m), and subsequent ag-
rochemical and gamma-spectrometric analysis of col-
lected samples. These allowed us both to assess the
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Fig. 1. An experimental area in the Sukhaya Orlitsa River
basin; very high resolution satellite image courtesy of Dig-
italGlobe Foundation.

Puc. 1. DkcnepMMeHTalIbHBIM ydJacTOK B OacceiiHe
peku Cyxast OpJuiia Ha KOCMUYeCKOM CHUMKE CBEPXBbI-
COKOTI'O pa3penieHusl.

variability of caesium-137 in the watershed area, and
to differentiate soil in the studied area in the meaning
of washout degree. The soil-morphological method
made it possible to determine whether the analyzed
sampling plot refers to unwashed (or slightly washed)
soil, or whether the soil is washed or washed/inwashed
(fig. 5). The use of very high resolution satellite imag-
ery (fig. 2—5) makes it possible to allocate sampling
plots relative to microrelief elements of natural and an-
thropogenic origin. In the study, the anthropogenic
microrelief forms are composed of plowing furrows lo-
cated along the slope fall.

= y

interblock depression ¥

o~

A2 0200400 M1/
q’Q S I N —

Fig. 2. Blocks and interblock depressions in the watershed
area (for the slope of southern exposure); very high resolu-
tion satellite image courtesy of DigitalGlobe Foundation.
Puc. 2. bioku 1 MexX010UYHbIE TIOHKEHUST HAa BOIOpa3-
NIeIbHOM NMTOBEPXHOCTU CKJIOHA I0XKHOM 9KCITO3ULIMU.
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Fig. 3. Soil sampling transects at the watershed.
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1 — layer-by-layer soil sampling plots; 2 — transects #114 and #91224; 3 — layer-by-layer soil sampling plots excluded from the
analysis; dotted lines — plowing furrows; very high resolution satellite image courtesy of DigitalGlobe Foundation.

Puc. 3. [TooxxeHue TpaHCEKT C TOUKaMU OTOOpa po6 B 00J1acTH Bogopasaea.
1 — TOYKM OTOPHON IJIOIIANKU; 2 — TOYKU TpaHCceKT 114 u 91224; 3 — TOYKU, UCKITIOYEHHbIE U3 ONOPHOM I'PYIIbI; TYHKTUP-

HbIC IMHUN — CBaJIbHO-pa3BaJibHbIC 60p03,£[b1.

3. RESULTS

Superimposing of the caesium-137 specificactivity
data (for arable layer of 0—25 cm along transect #91224 —
fig. 3), of the levelling results (fig. 4), and the satellite
imagery data allowed us to detect that the caesium-137
specificactivity depends on the sampling plot topo-
graphic position. Elevated areas (block elevations)
correspond to higher values of caesium-137 (that indi-
cates a low soil washout degree). Reduced radioactivi-
ty of caesium-137 is detected in the thalwegs of inter-
block depressions, where soils of varying washout de-
gree are presented.

Detected variability of the caesium-137 specific ac-
tivity forced us to conduct a comparative analysis of
the caesium-137 radioactivity reference value estimat-
ed using two different methods. The first method as-
sumes reference value obtaining by averaging data of
the set of 86 soil samples. It is applicable under the
condition of a low value of the caesium-137 radioac-
tivity coefficient of variation (for the entire samples
set) (Owens, Walling, 1996; Markelov, 2004). The
second method assumes obtaining of the average value
of caesium-137 radioactivity at plots located within
block elevations, where the in depth caesium-137 dis-
tribution corresponds to the features of unwashed
(slightly washed) soils. The quantitative assessment of
the soil radioactivity coefficient of variation was car-
ried out both for each transect (#114 and #91224) sep-
arately and for a combined sample set of 86 samples
(fig. 3). The coefficient of variation did not exceed 0.12.

The analysis of the in depth caesium-137 and hu-
mus distribution (to detect the degree of soil plowing
intensity) was carried out using the layer-by-layer (ev-
ery 2 cm by depth) soil sampling data collected at nine
sampling plots in the watershed area (light markers in
fig. 3). After excluding of the sampling plots associated
with local depressions (fig. 5), only three plots
(#149174, #149177, #154163) were analyzed. These
sampling plots were used to estimate the reference val-
ue of caesium-137 radioactivity (fig. 3).

As the sampling was carried out in a number of
years, the measurements were adjusted to basis year
(2017) according to the radioactive decay formula
(Imshennik, 2011). Since the variability of caesium-
137 radioactivity in 86 soil samples is low, the average
caesium- 137 radioactivity was taken as a background
value. This average value is estimated as 163.2 Bq/kg
(44880 Bg/m?) in sampling year, while adjusted in time
value (referred to 2017) is 145.4 Bg/kg (39985 Bg/m?).
The average caesium-137 radioactivity estimated bas-
ing on three layer-by-layer soil samples collected in
2017 is 174.7 Bq/kg (48042.5 Bq/m?).

Finally we concluded that the specific activity in
the experimental area have to be estimated basing on
layer-by-layer soil sampling at block elevations, de-
spite the low variability of caesium-137 in a set of
86 soil samples (up to 0.12). Establishing the average
caesium- 137 radioactivity of 86 soil samples as a back-
ground value leads to underestimation of the soil run-
off intensity by an 7.3 tons per 1 hectare per year in av-
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Fig. 4. A levelling profile combined with the radioactivity plot of caesium-137 (transect #91224); and the transect location in a
satellite image; very high resolution satellite image courtesy of DigitalGlobe Foundation.
Puc. 4. HuBetmpoBOYHBIi ITpOGWIbL C HAIOXKEHHOM! Ha HET0 aKTUBHOCTHIO 1ie3usi- 137 (TpaHcekTa 91 224) 1 KOCMUYECKUiL CHU-

MOK C ITOJIOKEHMEM TPAHCEKTHI.

erage. The control was carried out on an independent
data composed of 200 soil samples.

4. DISCUSSION

Existing recommendations for caesium-137 radio-
activity background value establishing when applying
the radiocaesium method to the assess soil runoff re-
quire low caesium-137 content variability in analyzed
soil samples. The study conducted by Markelov
(Markelov, 2004) allowed to conclude that small vari-
ability of caesium-137 ensures the possibility of back-
ground value establishing using a set of four sampling
plots.

As the watershed of the experimental area (fig. 2) is
composed of block elevations (15—30 m wide) and in-
terblock depressions (2—15 m wide), we have to esti-
mate the magnitude of the caesium-137 coefficient of
variation for sets of soil samples we use to establish
background radioactivity value (samples collected at
Ne5 2022
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transects #114 and #91224 — fig. 3, 4). The variability
of caesium-137 radioactivity was analyzed for 86 sam-
ples of both transects. The sampling was carried out in
2012. Sampling plots were placed in block elevations
(light areas in the satellite image), and in interblock
depressions (dark areas in the satellite image) (fig. 3, 4),
but this practically did not affect a coefficient of vari-
ation value.

It was estimated as 0.12 for transect #114, and as
0.11 for transect #91224. This indicates that both data-
sets can be considered statistically homogeneous, and
the value averaged for the two datasets can be taken as
a background value of caesium-137 radioactivity.

However, combination of the caesium-137 radio-
activity profile and the levelling profile along transect
#91224 (fig. 3, 4) show that increased values of caesi-
um-137 radioactivity are associated with block eleva-
tions, and low values are associated with the thalwegs
of interblock depressions. This feature indicates that
the soil at block elevations is not washed or slightly
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Fig. 5. In depth distribution of caesium-137 and humus; Sampling plot #149 174 is accepted when establishing background value
(is located in block elevation); Sampling plot #149175 is not accepted (is located in plowing furrow).

Puc. 5. Pacnipenenenue 1ie3usi- 137 u rymyca o miyouHe. Touka 149 174 mpuHSsTa K pacyeTy OMIOPHOTO 3HAYeHUs (TpUypoUYeHa
K 6J104HOMY noBbIlIeHMI0). Touka 149 175 “nonana” B cBaJbHO-pa3BaJIbHYIO0 OOPO3.Y.

washed, which is extremely important when establish-
ing the background value of caesium-137 radioactivity.
The background value is compared with the measured
soil radioactivity at sample plots to detect the degree of
soil wash. In the levelling profile in fig. 4 we can see
that soil in interblock depressions (where reduced ra-
dioactivity is observed) can be attributed as washed
soil of different degree.

These results would seem proofing the recommen-
dation to assume the average value of soil radioactivity
for the sample set collected within the separable tran-
sects as a background value of caesium-137 when us-
ing the radiocaesium method, since the variability of
caesium- 137 radioactivity values along transects #114
and #91 224 is low. So, for the slope of the southern ex-
posure, the background caesium-137 radioactivity can
be estimated equal to 163.2 Bq/kg (44880 Bq/m?) (av-
erage value for transect #91224 is 155.9 Bg/kg
(42872.5 Bq/m?), and average value for transect #114
is 170.6 Bg/kg (46915 Bg/m?). This value is adjusted
additionally to basis year (that is 2017), according to
a formula that takes into account the radioactive decay
(Imshennik, 2011). Since the soil sampling along

transects #114 and #91224 was carried out in 2012,
adjusted to 2017 caesium-137 radioactivity value is

145.4 Bg/kg (39985 Bg/m>).

As the radiocaesium method takes an important
role in study of erosional soil losses, it is necessary to
follow the recommendations of soil scientists regard-
ing the consideration of microrelief when studying soil
losses (Sibirtsev, 1951; Velichko et al., 1996; Velichko
et al., 1987; Alifanov et al., 2010). Sibirtsev wrote:
“There is nothing accidental in the distribution of
soils, each of soil lies in its place, where it should lie,
and occupies exactly the area that it should occupy ac-
cording to natural laws or conditions of its origin ...
The soil ... changes due to some reason certainly; the
parent rock has changed, the relief has changed, the
effect of atmospheric vapor has changed due to the re-
lief, the accumulation of moisture has changed, .... the
soil has changed also” (Sibirtsev, 1951). Thus, we neu-
tralize the differences genetically inherent in these
soils establishing the background radioactivity value as
an average value of the soil specificactivity estimated
using a heterogeneous series soil samples (collected
either in depression areas or in block elevations).
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However, this should be considered unacceptable in
principle.

This feature forced us to study in depth distribution
of caesium-137 in block elevations and in interblock
depressions of the arable slope. Additionally, the anal-
ysis of humus content in soil material of block eleva-
tions and interblock depressions is involved. The anal-
ysis show that there is less humus content in the soil
material of block elevations than in the interblock de-
pressions (fig. 5). This can be explained by the inten-
sive plowing of the soil of block elevations in condi-
tions of insufficient application of organic fertilizers.
The soil of block elevations is plowed deeper. The de-
crease in humus content varies from 15 to 50%. In our
experimental area a decrease in the humus content in
soil of block elevations and of interblock watersheds
was found to be up to 20% and more. Thus, unwashed
and slightly washed soils of micro-elevations are char-
acterized by a reduced humus content.

Analysis of in depth distribution of the caesium-137
in the areas of block elevations and interblock depres-
sions revealed characteristic features of the distribu-
tion (Trofimetz, 2020). In the area of block elevations
(at sample plot #149174), a peak radioactivity value at
the level of the plow sole (at a 25 cm depth) is present-
ed, with a sharp decrease in the caesium-137 radioac-
tivity of deeper than this level (fig. 5). The same pat-
tern was described by Shamshurina et al. (Shamshuri-
na et al., 2016). The humus content in the arable
horizon of the block elevation (at sampling plot
#149174) is less than 4% (fig. 5). Washed soil was
found at sampling plot #149175. This sampling plot is
located in plowing furrow (fig. 3, 5). Caesium-137 ra-
dioactivity exceeds 100 Bq/kg down to a 26 cm depth
(in soil material of the block elevation caesium-137
value decreases to 20 Bg/kg or less under the arable
horizon).

The humus content exceeds 4% down to a 32 cm
depth (in the area of the block elevation, under the ar-
able horizon, humus decreases to 3% or less) (fig. 5).
Increased humus content can be explained by the re-
sult of rotting of crop residues at the depth deeper than
25 cm in the plowing furrows. Thus, the presence of a
plow sole in the soil profile at the depth of the arable
layer, a sharp decrease in caesium-137 and humus
content deeper the plow sole, less than 4% humus
content in the arable layer soil material can be consid-
ered as markers of unwashed or slightly washed soil.
Soil profiles at sampling plots #154163, #149174,
#149 177 meet these conditions more or less. Remain-
ing six sampling plots cannot be attributed to stable
sites. Therefore, only these three sampling plots were
recommended to be used when establishing back-
ground radioactivity value.

When taking into account the background value of
the caesium-137 specific activity estimated using the
data of sampling plots #154163, #149174, #149177,
the radioactivity value of caesium-137 is estimated as
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174.7 Bq/kg (48042.5 Bq/m?). According to two tran-
sects (#114 and #91224), the average value of caesium-137
radioactivity is estimated as 163.2 Bq/kg (44880 Bq/m?)
(not adjusted to 2017) or as 145.4 Bg/kg (39985 Bg/m?)
(adjusted to 2017). The 174.7 Bq/kg (48042.5 Bq/m?)
value is greater than the 145.4 Bq/kg (39985 Bq/m?)
by 29.3 Bg/kg (8057.5 Bk/m?) or 16.8%.

Affect of this difference onto the estimation of soil
loss can be checked on the example of an independent
sample set of 200 sampling plots located along the
same slope of the southern exposure. When establish-
ing the 145.4 Bq/kg (39985 Bq/m?) as a background
value, 50% of the 200 sampling plots are classified as
unwashed soil (caesium-137 specific activity exceed
the background value). The average value of soil loss
for the remaining 50% of sampling plots (classified as
washed) is estimated as 8.3 ton per ha per year (the
variability of washing varies from 0.1 ton per ha per
year to 24.3 ton per ha per year).

When establishing the 174.7 Bq/kg as a caesium-137
radioactivity background value, only 7 sampling plots
of 200 (3.5%) are classified as unwashed soil (the ra-
dioactivity of the soil material is not less than the
174.7 Bq/kg) (48042.5 Bq/m?). Remaining sampling
plots are classified as soil of varying washing degree.
Average value of the soil loss intensity is 15.5 ton per ha
per year. The variability of the soil loss intensity (ac-
cording to 174.7 Bq/kg (48042.5 Bg/m?) background
value) ranged from 0.1 ton per ha per year to 34.5 ton
per ha per year.

Since very high resolution satellite images reflect
that the micro-depressions area occupies more than
50% of whole studied area, we have to conclude that
the 174.7 Bq/kg (48042.5 Bg/m?) background radio-
activity value more objectively reflects dynamic pro-
cesses in the plowed area located in the periglacial re-
gion of the Russian Plain within the Upper Oka basin.

5. CONCLUSION

As a result of our study, we found that the microre-
lief of the watershed surfaces in the periglacial zone of
Orel region is dotted with block elevations and inter-
block depressions. Despite the low variability of caesi-
um-137 in the soil material of the watershed area (no
more than 12%), the difference in the structure of soil
profiles in block elevations and interblock depressions
is proved experimentally. The soil profile in the areas
of block elevations corresponds to unwashed or slightly
unwashed soil profile. This indicates that the sampling
plots for background radioactivity detection have to be
assigned in the area of block elevations.

The radioactivity (inventories) of caesium-137
measured in the arable horizon of block elevations
have to be accepted as a background value. Estimation
of soil loss shows that at 96.5% of the sampling plots
washed soil is detected, when establishing caesium-137
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radioactivity as a background value using three sam-
pling plots associated with block elevations. At the
same time, the soil runoff value varies from 0.1 to
34.5 ton per ha per year.

Only at 50% of the sampling plots washed soil of
varying degree is detected, when establishing caesium-
137 radioactivity background value as the average val-
ue of radioactivity at 86 sampling plots located within
two transects crossing the watershed surface.

These conclusions are obtained basing on the re-
sults of using independent control sample set com-
posed of 200 sampling plots located along the entire

slope of the southern exposure in different microrelief
landforms.

We conclude that establishing a caesium-137 ra-
dioactivity background value using measurements
conducted for block elevations, we can account vari-
ability of soil loss due to the impact of the microrelief
of paleocryogenic origin more correctly. Since the
principles of precision farming require a point-based
approach to assess erosional soil loss, the conclusion
have to be recognized as meeting modern require-
ments for soil loss estimation in plowed slope areas
dotted with paleocryogenic origin microrelief land-
forms.

SOME FEATURES OF THE RADIOCAESIUM METHOD APPLIED TO STUDY

OF SOIL LOSSES DUE TO EROSION ON THE PERIGLACIAL AREA
OF THE UPPER OKA BASIN

L. N. Trofimetz**, E. A. Panidi®, and A. A. Lavrusevich¢

4Qrel State University, Orel, Russia
bSaint Petersburg State University, Saint Petersburg, Russia
¢Moscow State University of Civil Engineering, Moscow, Russia
* E-mail: trofimetc_|_n@mail.ru

In our study, we consider features the application of caesium-137 to the assess soil losses on an arable slope
located in the periglacial zone of the Russian Plain. The study is conducted on the example of an experimen-
tal area (an agricultural field in the basin of the Sukhaya Orlitsa River, upper Oka basin within the Oryol re-
gion). We discuss the expediency of the polygonal-block structures (located at the paleocryogenic origin wa-
tershed surface) accounting when establishing a background value of caesium-137. The specific activity of
caesium-137 acts as an indicator of washout degree of soils. We assessed the values of the coefficients of vari-
ation for caesium-137 radioactivity using set of soil samples collected along two transects (#114 and #91224)
on the watershed surface (86 samples). The coefficients of variation are small (up to 0.12). We prove that the
statistical evaluation of the caesium-137 variability have not be a basis when establishing background value of
caesium-137 radioactivity. Our study shows that it is necessary to estimate the background value at block el-
evations where the soil profile has a plow sole at the depth of the arable horizon (caesium-137 radioactivity
sharp decrease is observed directly below arable horizon). We compare also the results of caesium-137 specific
activity estimations (made at three locations at block elevations of watershed surface, where layer-by-layer
soil sampling was conducted) and the average radioactivity estimated at 86 locations (on transects #114 and
#91224). We show that the average caesium-137 radioactivity (estimated at 86 locations) being taken as a
background radioactivity value leads to underestimation of the soil loss intensity is by ~7.3 tons per 1 hectare
per year. We conclude that the specific activity in the experimental area should be estimated basing on layer-
by-layer soil samples collected at block elevations (despite the low variability caesium-137 radioactivity values
in a set of 86 sample).

Keywords: periglacial zone of the Russian Plain, upper Oka basin, reference area, specific activity of
caesium-137, intensity of soil losses, variability of caesium-137 activity, block elevations, layered soil sampling
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HecMoTpst Ha JIUTETBHYIO UCTOPUIO U3YYeHUsI, UCTOpUST (DOPMUPOBAHUS TOJUHbBI BepxHeil Bosru npemn-
CTaBJISIET TIpenMeT nuckKyccuii. ComtacHo HauboJiee paclipoCTpaHeHHO B JIUTEpaType MOIEIN, B MAKCH-
MYM TIOCJIEHETO OJiefiecHeHUsI B 6acceiiHe BepxHeil Boirn Bo3HMKIIa cucTeMa MpUJISTHUKOBBIX 03€p, 1 J10-
nmuHa Bonru o6pasoBanack mumb 14—15 TEIC. JI. H. IIOCIIE CITyCKa 3THX O3€p B pe3yiabTaTe 0Opa30BaHUS
Y4acCTKOB MIPOPBIBa y HbIHEITHUX roponoB Tyraesa u [ineca. YToObl IPpOBEPUTH 3TY TUIIOTE3Y, MbI ITOIbITA -
JINCh OTPENeTUTh MeXaHU3M (POPMUPOBAHUS M BO3PACT JOJMH MPOPHIBA, UCIIOIb3YS METOM JIIOMUHEC-
LIEHTHOTO JaTupoBaHusi. Kpome TOro, 1Jist OLIEHKM OHOTO U3 BO3MOXHBIX MEXaHU3MOB 0Opa30BaHMSI TTPU-
JISATHUKOBBIX 03€p MBI MCITOIb30BaI MOIE/b ISIIIMOM30CTaTUIECKUX Aedopmaliuii. B noimHe mpopsiBa y
r. [In€c Hamu O6bUIa OOHapy:KeHa peyHasi Teppaca, JaTUpOBaHHasl IMTO3AHEMOCKOBCKO-MUKYJIMHCKIM Bpe-
MEHEM, UTO JTOKa3bIBaeT, UTO JOJIMHA HAMHOTO CTapllie MpeaIrojaraeMoro Bajigaiickoro Bo3pacra. B monm-
He He ObUTO OOHAPYXeHO HUKAKWX MTPU3HAKOB O3€PHBIX OTJIIOXEHUI, a MOJEIMPOBaHME He MOKa3alo TaKo-
TO BJIVSTHUS TIISILIUOM30CTaTUYECKMX Aedopmalivii Ha 6acceifH, KOTopoe MOTJIO Obl IIPUBECTH K 0O0pa3oBa-
HUIO MIPUJIEIHUKOBBIX 03ep. B CBSI3M ¢ 9TUM MOXHO MPEAINOJ0XHUTh, YTO BaAARCKUX MPUIETHUKOBBIX
03ep B DOJIMHE He cyliecTBOBaIO. [1o-BUAMMOMY, MPEIBITYIIIMMH UCCIEIOBATEISIMUA 32 O3€PHBIE OTIIOXKE-
HUS MPUHUMAJIMCh IIMPOKO Pa3BUThIE HA CKJIOHAX U JHE NOJWHBI AeNIOBUATbHbBIE CYTIMHKU U 20JIOBbIE
aJIeBpUTHI, KOTOPBIE, ITO JAaHHBIM HAIlleTo TaTUPOBaHUs, NeCTBUTEIILHO OTHOCSITCS K 3ITOXE MOCIIEIHETO
oneneHeHus. 1o JaHHBIM MOAEIUPOBAHMS, B MOCIEIHIO JIEATHUKOBYIO 3MOXY Ha M3y4aeMblil y4acTOK
MIPUXOIUTCS (hOPMHUPOBAHNE KOMITEHCAIIMOHHOTO MPWJIEAHUKOBOTO Basia. Ero BEICOTHI OBLTIO HETOCTATOY -
HO ISl IOANPYXUBaHUs Bosirn, HO yMeHbIlIeHUe YKIIOHA JOJUHBI TOJKHO ObLIO BhI3BaTh HAMPABIEHHYIO
aKKyMYJISILIMIO B pPeKe, YTO TTOATBEPXKIASTCS HaJTUIMeM HU3KOM peuHOi Teppachl COOTBETCTBYIOIIETO BO3-
pacta. B mo3nHesneqHMKOBbE pa3pyllieHUe Bajla BbI3BAJIO BpE3aHUE PEKU.

Knrouesoie crosa: Bangaiickoe OJICACHCHUE, ITPUJIICAHUKOBBLIC O3€pa, INIAIIMON30CTa3usd, KOMIICHCAlIMOH-
HBbII HpI/UICI[HHKOBI:IfI BaJl, JIOMUHCCHCHTHOC NaTUPOBAHUC

DOI: 10.31857/50435428122050182

1. INTRODUCTION

With a length of 3.530 km and the drainage basin
area of 1.361 million km? (Tockner et al., 2009) the
Volga is the largest river in Europe. Today the river is
almost entirely regulated as it flows through Central
Russia and into the Caspian Sea. The Volga has been a
focus of geographic, geomorphologic and paleogeo-
graphic research for several decades, and many at-
tempts to reconstruct its history have been made
(Sidorchuk et al., 2009). Nevertheless, there is still
much to uncover about how and when it was formed.
Particularly this concerns the upstream part of the ba-
sin, as its evolution, though much studied, remains
uncertain. The Volga River is traditionally divided into
three unequal parts based on the major differences in
its geological and geomorphological structure (Obedi-
entova, 1977), and its upstream part is referred to as

the Upper Volga (fig. 1). When compared to other
parts of the valley, the amount of conducted research
on the Upper Volga is significantly lesser.

One of the key issues of the paleogeography of the
Upper Volga is the formation of incision valleys since
this process is associated with the river network re-
structuring. These incision valleys are narrow sections
of the Upper Volga valley characterised by a deeply cut
channel, high banks, and the absence of river terraces.
Their formation is assumed to involve a rapidly oc-
curred cutting through the local watershed. Since such
valley sections usually indicate that the valley itself is
relatively young, the researchers (Schukina, 1933;
Mirchink, 1935; Kvasov, 1979) conclude that it joined
the rest of the river system only recently, supposedly,
in late Pleistocene.
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Fig. 1. Elevation map of the research area: digital elevation model (DEM) SRTM. Ice sheet extents are shown as blue dashed lines
(vd — MIS 2 ice sheet extent (Astakhov et al., 2016), ms — MIS 6 ice sheet extent (Moskvitin, 1967)); red dots mark study sites

(1 — Otmishchevo site, 2 — Pogorelka site, 3 — Plyos site).

Puc. 1. Cxema paiioHa uccienoBanusi. OcHoBa — 1udpoBast Moaenb pesibeda (LIMP) SRTM. I'paHuIlb ojlefeHeHU TToKa3a-
HbI CMHUMU MyHKTUPHBIMU JIMHUsIMU (vd — Bangaiickoe oneneHenne (MIS 2) (Astakhov et al., 2016), ms — mockoBckoe (MIS 6)
(MockButrH, 1967)); KpacHBIMU TOUKaMU OTMeUEHBI KJTtoueBble yyacTku (1 — Otmuieso, 2 — [loropenka, 3 — Iliec).

Over the years, it had been established that the for-
mation of the Upper Volga River must had been influ-
enced by Pleistocene glaciations of the Northern Rus-
sian Plain. It is widely known that they played a major
role in shaping the modern geomorphologic structure
of the region (Kalm, 2012). Most researchers argue
that the formation of the Upper Volga River occurred
at the last stages of the Last Glaciation (called Valdai
glaciation on the Russian plain) (Schukina, 1933;
Kvasov, 1979). Since its basin was largely affected by
the last glaciation event, the Upper Volga supposedly
could have been one of the regions where proglacial
lakes emerged during the Late Valdai (Bolshakova,
1963; Schik, Pisareva, 1998; Astakhov et al., 2016).
This concept was first introduced by Kvasov (1979).
According to his model, a major part of Upper Volga
territory was covered by a large lake system that
formed during the last glacial maximum (LGM, ap-
prox. 21 ka). The river itself was to appear only after
this lake system had stopped existing. Presumably, it
happened due to formation of an incision valley near
the town of Plyos (fig. 1) about 14.5 ka (Kvasov, 1979).
Kvasov does not go into detail on Tutaev incision val-
ley’s mechanism of formation but concludes that it
was formed when the waters of the proglacial lake cut
through the Danilov upland around 15 ka.

This concept of the Upper Volga River’s emer-
gence, through widely accepted, has not been thor-
oughly checked and lacks proper stratigraphical evi-
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dence. There are no direct determinations of the age of
these events, as well as of the time of river valley ad-
justment. Many questions concerning the paleogeog-
raphy of ice-dammed lakes are far from being re-
solved. Areas of flooding, elevation of the lake levels in
relation to the thresholds of runoff, location, and
chronology of overflow events, restructuring of valley
systems — these issues have still been addressed mainly
on the morphological basis (Mangerud et al., 2004).
Virtually no geologically confirmed facts have still
been published, i.e., reliably proved occurrence of de-
posits of the corresponding genesis and their age.

There is also one important aspect of the history of
Pleistocene periglacial areas that could not had been
considered by Kvasov in late 1970s. The formation of
proglacial lakes in the Upper Volga basin could have
been heavily influenced by glacial isostatic adjustment
(GIA). One of the most important effects of GIA im-
pact on the landscape development was the formation
of large lithosphere uplifts located in the periglacial
zones called glacial forebulges. Previous study of large
rivers valleys in Europe, as well as the relief of the bot-
tom of the North Sea and the English Channel, car-
ried out by E.N. Bylinsky (1990), made it possible to
outline the location of Late Valdai glacial forebulge
around the Scandinavian ice sheet. According to By-
linsky’s model (Bylinski, 1990), the glacial forebulge
of the last glaciation crossed the Upper Volga basin in
close vicinity of the Plyos incision valley. One of the
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possible mechanisms for the proglacial lakes’ forma-
tion could involve slight inclination of the basin to-
wards the glacier. This way, the part of the basin locat-
ed within the glacial forebulge would be hypsometri-
cally higher than its source. Such an incline of the
basin surface would allow the waters to be dammed
from both north (by the glacier) and south (by the
forebulge). It is possible to determine the reliability of
this mechanism by employing the GIA model (Spada,
Melini, 2019).

This paper aims to demonstrate the results of re-
cent studies that could provide a geochronological in-
sight into the history of the Upper Volga. Our studies
are focused mainly on the incision valleys, as their
emergence might be the key event in the Upper Volga
valley’s history. The main goal of the study was to de-
termine the age of the Plyos and Tutayev incision val-
leys and the mechanism of their formation. Also, since
their emergence is possibly connected with the forma-
tion of the Upper Volga proglacial lakes, we used a
GIA model (Spada, Melini, 2019) to assess one of the
ways of their possible formation. As this study con-
cerns questions of possible existence of proglacial
lakes on the Northern Russian Plain, it can provide
new knowledge about them. It is widely known that
outbursts and overflows of the large proglacial lakes
through watersheds exerted impact over geomorpho-
logical landscapes and caused the paleogeographic
events of regional and possibly global rank (Svendsen
et al., 2004).

2. MATERIALS AND METHODS

During fieldwork 9 excavations were made in the
key areas (7 boreholes made by mechanical drilling,
and 2 sections). Mechanical drilling was conducted
using the Mount 80 drilling rig. Based on the sedimen-
tological description we made assumptions of the pos-
sible genesis of the sediments.

We employed Optically Stimulated Luminescence
(OSL) as the main dating method. It is widely used for
dating glaciofluvial (Thrasher et al., 2009) and fluvial
(Wallinga, 2002) sediments and has proven to be able
to provide reliable results for low-gradient river sys-
tems in central Russia (Panin et al., 2017), and in par-
ticular in the Volga system (Kurbanov et al., 2020). All
samples were collected in opaque plastic tubes secured
with foil on both ends. To collect the samples during
mechanical drilling a sampler designed specifically for
this purpose was used. The potentially light-exposed
ends of the sample were used for dose rate measure-
ments. A total of 25 samples was collected. Prelimi-
nary sample preparation was performed in Moscow,
MSU, under orange LED lights (Sohbati et al., 2017),
following the procedure described by (Kurbanov et al.,
2020) and (Murray et al., 2021). All measurements
were performed at the Nordic Laboratory for Lumi-
nescence Dating at Risg, Denmark, using multi-grain
aliquots. Samples were measured in a Risg TL/OSL
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reader, model TLDA20, equipped with a calibrated
beta source (dose rate 0.057—0.220 Gy/s) (Hansen
et al., 2015, 2018). For quartz, the single aliquot re-
generative dose protocol was applied to 10 mm diam-
eter multi-grain (180—250 mm) quartz aliquots to es-
timate the equivalent dose (Murray, Wintle, 2000,
2003), with blue (470 % 30 nm) light stimulation, and
260°C preheating for 10 s. Multi-grain (180—250 mm)
feldspar aliquots (2 mm diameter) were measured us-
ing a post IR-IR protocol, with a preheat temperature
of 250°C for 1 min, and stimulation with IR (870 nm)
for 100 s while the aliquot was held at 50°C (IRs), fol-
lowed by a further 100 s with the sample held at 290°C
(pIRIR,9) (Thomsen et al., 2008; Buylaert et al.,
2012). Large multi-grain aliquots were employed as it
was important to identify well-bleached samples; the
average dose is then the most appropriate dose esti-
mate, and for a given number of measurements, this is
most precisely measured using large aliquots.

The samples were analysed for natural radionuclide
concentrations using high-resolution gamma spec-
trometry (Murray et al., 1987). These concentrations
were converted into dose rates using conversion fac-
tors listed by (Olley et al., 1996); a cosmic ray contri-
bution was calculated according to (Prescott, Hutton,
1994), assuming the modern burial depth has applied
throughout the lifetime of the site. Laboratory saturat-
ed water contents were measured.

Dating sediments of glaciofluvial and fluvial origin
is often associated with an incomplete bleaching of
grains in the transport process (Alexanderson, Mur-
ray, 2012). Using both quartz and feldspar signals, we
expected to investigate the degree of bleaching of the
quartz by comparing quartz OSL ages with feldspar IR
and pIRIR ages (Murray et al., 2012).

GIA modelling was also employed to investigate
possible GIA influence on the Upper Volga during the
Late Pleistocene. We used the open-source program
SELEN (version 4.0) (Spada, Melini, 2019) that sim-
ulates the glacial isostatic adjustment (GIA) process in
response to the melting of the Late Pleistocene ice
sheets. SELEN solves the gravitationally and topo-
graphically self-consistent sea level equation for a
spherically symmetric Earth with linear viscoelastic
rheology, while considering the migration of the
shorelines and the rotational feedback on sea level.
SELEN thus allows to model GIA in any given part of
the world and study a broad range of its geophysical ef-
fects. To simulate the GIA effect, SELEN uses data on
the spatio-temporal distribution of glacier loads ex-
tracted from the ICE-6G model (Argus et al., 2014;
Peltier et al., 2015), as well as information about mod-
ern topography based on ETOPO1. Following the user
guide distributed along with the source code (Spada,
Melini, 2019) we ran the program in its standard con-
figuration. Using the resulting data on the reconstruc-
tion of topography we were able to study the changes
in topography under the GIA influence for three time
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Fig. 2. Schematic profile through the Volga’s left riverbank at Otmishchevo site (fig. 1, site 1).
Puc. 2. Cxematnueckuii mpoduib yepes jeBblil 6eper Bonru Ha yaactke OTmuiieBo (puc. 1, KIro4eBoit ygacTok 1).

periods (21 ka (LGM), 17.5 ka, 15 ka). Kvasov (1979)
chose these exact time stamps to reconstruct the Up-
per Volga proglacial lakes. Using the GIS software
(ArcMap 10.5) DEMs of the “paleo-topography” for
the mentioned time periods were created which al-
lowed us to directly determine the changes in topogra-
phy caused by the GIA effect. For a visual demonstra-
tion of these changes in the Upper Volga basin, river
profiles were constructed for each of the time slices
and for the modern river and then compared. More
detailed explanation of our modelling strategy can be
found in our recent paper (Utkina, 2020).

3. RESULTS

Both incision valleys are in the Upper Volga valley
section extending from Rybinsk reservoir to Plyos (fig. 1).
In the Rybinsk-Yaroslavl region the river flows in a
narrow valley while crossing the Danilov upland. The
terrain is relatively hilly alternating in places with flat
areas, typically 150 to 200 m above sea level (a.s.l.).
The valley width varies from 1.5 to 2 km, and the chan-
nel width from 700 to 900 m, with the narrowest part
located near Tutayev (Tutayev incision valley). Down-
stream from Yaroslavl the valley expands up to 20 km
while flowing through the Kostroma lowland, and
then narrows again to cut through the Plyos-Galich
upland, forming the Plyos incision valley. Here, about
150 km downstream from Tutayev, the valley is only
600—700 m wide, with 40—60 m high steep slopes
(around 20°) lining the channel. According to previ-
ous studies (Schukina, 1933; Bolshakova, 1963; Obe-
dientova, 1977; Kvasov, 1979), there are no alluvial
sediments found in the incision valleys, however some
were discovered a few kilometres upstream from them.
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In this study we aimed to check if this pre-established
view on the Upper Volga valley structure is true or not.

The resulting OSL equivalent doses, dose rates and
ages are shown in tabl. 1 together with feldspar to
quartz ratios. The general luminescence characteris-
tics for the samples from the Upper Volga are reported
in our previous paper (Utkina et al., 2022).

3.1. Tutayev incision valley. To examine the valley
structure close to Tutayev incision valley, we studied a
site near Otmishchevo village (located 4 km upstream
from Tutayev (fig. 1, site 1)), where previous research-
ers identified three Volga terraces (Arslanov et al.,
1972). We drilled 5 boreholes and studied one section
in the proposed terrace levels, comprising the resulting
data into a profile (fig. 2). The first borehole (19541)
is in a depression on a gently sloping surface, previous-
ly interpreted as the third Volga River terrace. Up to a
depth of 4.5 m and below the core is comprised of red-
dish-brown loam with sporadic grus. From 3.5 m, it
becomes brick-red with large fragments of ground
metamorphic rocks. Above 2.2 m it is overlain by a
medium silt loam. Overall sequence displays slope
wash deposits, and no sediments of alluvial origin are
found.

The second borehole was placed closer to the edge
of the same surface (19542, fig. 2). At 3.0—4.5 m and
below, there is a heavy brick-red loam with rocks (till).
Below 2.5 m it is covered by fine sand with layers of 2—
3 cm thick loam. Fine-grained sand with a thin hori-
zontal layering follows from 1.9 m. The upper 0.6 m
reveal a light red-brown silty loam. 2 samples were
taken for OSL dating: at 2.0—2.5, and at 2.5—-3.0 m.
The sediments date back to Late Valdai (18—20 ka,
MIS 2). The age was determined with high reliability
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Fig. 3. Schematic profile through the Volga’s right river-
bank at Pogorelka site (fig. 1, site 2). See legend in fig. 2.

Puc. 3. Cxematuueckuii mpoduib uyepe3 IpaBblii beper
Bonru Ha ygactke Iloropenka (puc. 1, KiroueBoit ydya-
cToK 2). JlereHay cM. puc. 2.

since the quartz and feldspar ratios are 1.01—1.04
(pIRIR,4,/Q) and 0.7—0.8 (IR5,/Q) (tabl. 1). The de-
scribed sediment composition allows us to determine
their slope genesis. Two additional boreholes were
made here to trace the top of a till layer (19545 and
19546, fig. 2). The depth of the top changed from 3 to
7.7 m. The upper part of both revealed sequences is
seemingly similar to the borehole 19542.

The next borehole (19543) is located down the
slope, near the edge of a lower terrace level (105 ma.s.l.).
The sequence starts with a till layer at the bottom. The
next 6.8 m are comprised of a loamy sequence, proba-
bly water lain, with several coarser layers (at 7, 4, and
3 m deep). Samples for OSL dating were taken from
depths of 7.0—7.5 m (clayey sand with debris), 6.6—
6.9 m (sandy loam), 5.0—5.5 m (silty loam). This type
of sediment cannot be directly attributed to one dis-
tinct deposition process, but given the abundance of
fine-grained material, it was probably deposited in rel-
atively calm water conditions with coarser layers cor-
responding to periods of faster water flow. The upper
part of the section (1 m) is comprised of fine, probably
aeolian, sands. Based on the ages, this section has two
distinct parts: the upper 4 m appears to be from the last
glacial period, and below that the sediments are much
older, around 200—300 ka.

Down the slope the first floodplain terrace of the
Volga River was discovered. The terrace ledge is sharp
and clear at the confluence of the Dubenka River with
the Volga. The ledge is steep, the height is about 8§ m
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(91 m a.s.l.) above the Volga summer water level. A
terrace section (19544) revealed reddish-brown lay-
ered sandy loam with fine-grained sand and sporadic
pebbles continuing up to 1.8 m deep. Above 1.80 m,
multiple layers (1 to 100 mm thick) of fine-grained
sands alternating with sandy loam were observed. Be-
low 1.5 m, the layers are thinner, 1—5 mm thick, with
the increased number of loamy interlayers. Visible
horizontal layering is characteristic for the entire se-
quence. Samples for OSL were collected at 0.75—0.80,
0.80—0.85, 1.80—1.85, 2.20—2.25 m. The resulting ag-
es date back to the Holocene: the upper ones are
around 1 ka, and the lower ones — around 10 ka. The
quartz and feldspar ratios indicate the average reliabil-
ity of the date (tabl. 1).

3.2. Plyos incision valley. Field studies in Plyos inci-
sion valley were conducted both inside the valley and
30 km upstream from it, where previous studies had
described the terraces as particularly well defined
(Bolshakova, 1963). The latter site (Pogorelka) is lo-
cated ~100 km downstream from Tutayev (fig. 1, site 2).
Bolshakova (1963) identified two terraces in this part
of the Volga valley, with altitudes 110 m a.s.1. (a conju-
gate terrace of Volga and Kostroma Lake) and
100 m a.s.l. Our chosen site revealed what appeared to
be 3 terraces at 90, 100 and 112 m a.s.1. We studied the
sediment composition of the upper (oldest) terrace
(19535, 112 m a.s.l.) and the middle terrace (19534,
100 m a.s.l.) (fig. 3). The oldest supposed terrace is
composed of a 7.5 m-thick sandy and loamy sequence
resting on loamy till layer with boulders. The sediment
layer covering the till is made of fine loamy and silty
layers, further up it is replaced by 1m of fine sand
(sampled for OSL at 3.8 and 3.5 m deep) with visible
horizontal layering. The next 2 m are represented by
coarser sand with rare gravel and pebbles (sampled for
OSL at 2.5 and 1.5 m). Finally, this layer is followed by
0.5 m of medium-grained sand and silt alternation and
then by 0.5 m-thick sequence made up of loam. OSL
dating revealed that these sediments are again much
older than Late Valdai, around 400 ka and even up to
660 ka.

The second proposed terrace (19534, fig. 3) re-
vealed a loamy till layer at a depth of 8 m, and further
up it is replaced by fine-grained clayey sand. At 7.5 m,
there is a silty loamy layer, and at 5.5 m — a silty layer
with a clear horizontal layering. In the upper 2.6 m,
the core is represented by silt with a clayey interlayer at
2.2—2.6 m. OSL samples were taken at 1.3—1.8 m
(silt), 3.6—4.1 m (silt), 4.2—4.7 m (silt), 7—7.2 m (fine
sand). The ages mainly correspond to the Late Valdai
(13—16 ka), with the upper early Holocene one
(10.7 ka). The sedimentological characteristics indi-
cate that these sediments are of aeolian origin.

The last site is in the Plyos incision valley itself. Al-
though it has been suggested that both Upper Volga in-
cision valleys do not contain terraces (Kvasov, 1979),
we identified at least one apparent terrace in the Plyos
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incision valley (fig. 4). It is a sand body leaning to-
wards the left side of the valley, across from the town
of Plyos, where a section naturally created by a slope-
wash processes was studied. It contains a 15-m thick
sequence of alternating coarse, medium, and fine
sands with pebbles and gravel displaying horizontal
and cross lamination. We can confidently identify
these deposits as alluvial sediments of the Volga River.
We took 6 samples from this section for dating: two
from in the upper, two from the middle, and two from
the lower part of the sand body. OSL dating revealed
these to be late MIS 6 — MIS 5 sediments. Ages are not
entirely stratigraphically consistent, but such scatter is
considered typical for quartz. All quartz ages are in the
range 108—153 ka, and consistent with a single depo-
sition period, except for one outlier — the sample with
a quartz age of 59 ka. Since it is totally inconsistent
with all the other ages, it is thought to be wrong and is
not considered further.

3.3. GIA modeling. The reconstructions of GIA in-
fluence on the Upper Volga basin prove that the axis of
the glacial forebulge affected the Rybinsk-Plyos part
of the river. The axis for all time slices lies between
Kostroma and Plyos. The width and height of the fore-
bulge, the length and height of the “slope” to the gla-
cier change over time. For 21 ka, the maximum rela-
tive elevation of the forebulge is 17 m, and the maxi-
mum lowering near the Volga River source is —77 m.
However, we must note that during this time, the
source was covered by the glacier (Astakhov et al.,
2016). For 17.5 ka, the maximum elevation of the fore-
bulge is 12 m, and the maximum lowering near the
source is —85 m. For 15 ka, the maximum elevation of
the forebulge is 9 m, and the maximum lowering near
the source is —65 m. GIA modelling also allowed us to
study the possible changes in the Volga’s profile
throughout the last deglaciation that were caused by
the glacial influence. The comparison of the modelled
profiles with the modern one (fig. 5) shows no suffi-
ciently strong GIA influence to skew the river profile
completely towards the glacier — it mostly retains its
shape. Still, GIA had a certain effect on the Upper
Volga basin. Some skewing can be seen in the upmost
reaches of the river, but it does not affect our key re-
gion. We can also see that during the LGM and degla-
ciation the profile was slightly elevated in the area
close to the forebulge axis (Kostroma-Plyos, fig. 1).
According to our reconstructions, the height of the
glacial forebulge gradually decreased throughout the
deglaciation, and the riverbed followed these changes.

4. DISCUSSION

The most widely accepted Upper Volga evolution
model (Kvasov, 1979) proposes that the Upper Volga River
valley was formed after the MIS 2 proglacial lakes
drained to the south. Both Upper Volga incision val-
leys formed during the lake drainage, but it was the
formation of Plyos incision valley specifically that gave
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Fig. 4. Schematic section made on the left side of the Plyos
incision valley. See legend in fig. 2.

Puc. 4. CxemaTuyeckoe 0ToOpaxkeHHe pa3pesa, 3aJ10XKeH-
HOTO Ha JIeBOM Oepery OOoJIUHBI ITpopkiBa y I. I1néc. Jle-
TeHly CM. pUC. 2.

way to the south drainage and the river valley emer-
gence. Following this model, we expected the land-
forms in the incision valleys to date back mostly to
MIS 2 or shortly thereafter. Moreover, according to
previous studies, there was supposed to be no alluvial
sediments and river terraces in the incision valleys it-
self. Nevertheless, our field studies allowed us to lo-
cate these in the Plyos incision valley. The sand body
we discovered there is confidently identified as an al-
luvial sediment and dates back to the late MIS 6 —
MIS 5 time. Thus, we can refute the previously stated
statement about the absence of terraces in the Plyos
incision valley, and, in addition, determine the time
when the valley should have already existed. If it is
filled with the late MIS 6 — MIS 5 sediments, we can
safely assume that the valley was formed long before
MIS 2.
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Fig. 5. Comparison of the present-day Upper Volga River profile with the ones built for 21, 17.5 and 15 ka using GIA modelling

(Spada, Melini, 2019; Utkina, 2020).

Puc. 5. [MpononsHbie npoduii BepxHeit Boiru, nocrpoeHHble Ha BpeMeHHbIe cpe3bl 21, 17.5 u 15 Teic. J1. H. 1o naneo-LIMP, pe-
KOHCTPYMPOBaHHBIM ¢ nioMolbio nporpamMmbl SELEN4, Monenupyolieii majeoronorpaduio ¢ yueToM IISIIMOU30CTaTHYC-

ckux necdopmanuuii (Spada, Melini, 2019; Utkina, 2020).

During the study of the Tutayev incision valley, the
first terrace of the Volga River with a height of 8 m
above the summer water level (91 m a.s.l.) was discov-
ered. According to the OSL dating results, the terrace
formation continued throughout the Holocene (from
approx. 10 ka to approx. 1 ka). Other boreholes further
up the slope did not reveal confidently identified allu-
vial or lacustrine deposits. The upper part of the valley
slope is covered by slope deposits, and in the middle
part a layer of presumably fluvioglacial deposits (dat-
ing back to 200—300 ka) was discovered overlying the
till. 30 km upstream from Plyos a similar sediment was
found being even older than the one near Tutayev
(400—500 ka). Other recent studies of the Upper Volga
valley sediments showed similar results in some other
places in the valley (Utkina et al., 2022). For now, we
are uncertain of the correct interpretation of these da-
ta, and further studies are required to resolve this issue.
Another borehole from the same site allowed us to de-
termine the Late Valdai—early Holocene aeolian sedi-
mentation in the valley.

Following the GIA modelling results, we can as-
sume that the proglacial lakes formation under the
GIA influence can be ruled out for the Rybinsk-Plyos
section of the Volga, since we can see no sufficiently
strong GIA influence to skew the river profile com-
pletely towards the glacier. Moreover, we did not find
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actual proof of late Pleistocene lake deposits in the
Upper Volga valley. Slight skew in the upper reaches
near the Volga source might mean that the proglacial
lakes existed there during Late Valdai, but there is no
evidence for it happening to the Rybinsk-Plyos part of
the river. However, the GIA effect appears to have in-
fluenced this part in some other way — the gradual de-
crease of the glacial forebulge throughout the deglaci-
ation caused notable change in elevation of the Volga
riverbed. This process should have caused an increase
in the slope of the riverbed and, in turn, its postglacial
cutting episode.

Thus, according to the data we have obtained on
the geological and geomorphological structure of the
incision valleys, their formation should have occurred
in the Late Moscow (Late MIS 6) time, which is most
convincingly evidenced by the Plyos incision valley
terrace. Excluding the possibility of proglacial lakes
emergence in the Upper Volga basin, the most likely
mechanism for the incision valleys formation is the
meltwater erosion caused by the meltwater flows of the
Moscow (MIS 6) glaciation, when the glacier border
was last the closest to the key area. If so, the Upper
Volga valley was formed and became part of the larger
Volga River system at late MIS 6. The GIA effect of
the MIS 2 glacier was manifested through the fore-
bulge evolution during the last deglaciation. The grad-
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ual decrease in the forebulge height caused the cutting
episode which is confirmed by the Holocene terrace.

5. CONCLUSION

New data on the structure of the incision valleys
and the possible GIA influence on the development of
the Upper Volga valley in the Late Pleistocene allows
us to clarify some available information about the Up-
per Volga Valley and its evolution. According to the
most popular model of the Upper Volga emergence,
its valley did not exist yet in MIS 2 and its basin was
occupied by a proglacial lake system dammed by the
MIS 2 glacier. The valley was formed around 14.5 ka,
when the Plyos incision valley emerged, and the lake
system was drained to the south, although same parts
of the modern valley, like the Tutayev incision valley,
were formed even prior to this event. Since other re-
searchers also connected the formation of the incision
valleys to the formation of the entire Upper Volga val-
ley, we chose them as key regions in this study. Other
than that, we considered possible GIA influence on
the basin which might have served as one of the possi-
ble reasons for the proglacial lakes’ existence: the
MIS 2 glacial forebulge cutting across the Rybinsk-

Plyos river part could have skewed the topography of
the basin towards the glacier, thus damming the water-
flow between itself and the ice sheet.

It was found that most likely both incision valleys
were formed in the MIS 6 (Late Moscow time) during
the formation of a glacial meltwater runoff system
connected to the retreat of the MIS 6 glacier. The late
MIS 6 — MIS 5 terrace found in the Plyos incision val-
ley serves as strong evidence of the valley existence
during that time. No MIS 2 limnic or alluvial sedi-
ments were found in the valley, and the GIA modelling
did not show any proof of possible lake formation due
to the skew towards the glacier. During late MIS 2, the
Upper Volga could have experienced a cutting episode
caused by a gradual riverbed slope decrease, which oc-
curred because of the glacial forebulge surface lower-
ing as the ice sheet retreated. The accumulation began
in the valley in the early Holocene and resulted in the
formation of a terrace. This Holocene terrace was lo-
cated in the Tutaev incision valley. Thus, the general
configuration of the Upper Volga valley and its basin
was established in the late MIS 6, when the incision
valleys were also formed.

UPPER VOLGA'’S INCISION VALLEYS: GEOMORPHOLOGICAL ASPECTS

AND DEVELOPMENT HISTORY
A. O. Utkina%* and A. V. Panin*

¢ [nstitute of Geography Russian Academy of Sciences, Moscow, Russia
#E-mail: utkina@igras.ru

The evolution of the upstream part of the Volga River, the Upper Volga, is still uncertain. According to the
most popular model, the river emerged after the MIS 2 proglacial lakes, supposedly formed in its basin, were
drained 14.5 ka after the Plyos and Tutayev incision valleys formation. To test this hypothesis, we aimed to
determine the mechanism of formation and age of the incision valleys using luminescence dating. Also, we
used a GIA model to assess one of the possible ways of proglacial lakes formation. We found that the terrace
located in the Plyos incision valley dates back to late MIS 6 — MIS 5, proving that the valley is much older
than the proposed MIS 2 age. Since no evidence of limnic sediments were found in the valley and the mod-
elling did not show a significant GIA influence on the basin that could lead to the proglacial lake formation,
we can assume that the valley was not occupied by lake water in MIS 2. Apparently, previous researchers mis-
took various loams and silts, widely developed on the slopes and in the bottom of the valley, for MIS 2 lake
sediments. According to our dating data, these sediments do date back to MIS 2, but are rather of slope and
aeolian origin. Following our GIA modelling results, during MIS 2 the Upper Volga valley was affected by a
glacial forebulge formation. Its height was not enough to dam up the Volga, but the forebulge relaxation pro-
cess caused the valley slope to gradually decrease. Due to that accumulation followed, confirmed by the pres-
ence of a river terrace of an appropriate age. During late MIS 2, disappearance of the forebulge led the river
to incise.

Keywords: Valdaian (Weichselian) glaciation, proglacial lakes, glacioisostasy, glacial forebulge, luminescence
dating
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(110 pe3yabTaTaM MUHEPAJTIOTMIeCKIUX 1 MUKPOMOPGhOJIOTHYECKUX UCCIeTOBaHMUT) (Ha aHIII. 513.)

ITasaos I1.FO. O BpeMeHM NOSIBJIEHUS YeJIOBEKAa COBPEMEHHOTO BMa Ha CEBEPO-BOCTOKE
BocrouHo-EBponeiickoii paBHUHBI U Ha YpaJe (1o JaHHBIM U3YYEHUsI MaJeOTUTUYECKOM CTOSTHKU
3ao3epbe) (Ha aHII. 513.)

Cenos C.H., Cuanupia A.A., Beccymnos A.A., Jles C.10., beccynnoB A.H., CeruéBa C.A.,

Pomanuc T.B., IIleitnkman B.C., Kopkka M.A. OTpaxkeHHe BEKOBBIX 1 THICSYEICTHUX U3MEHEHMI

MIPUPOTHOM Cpenbl B MaJIeOTIOUBaX BEPXHETIAIECOIMTUIECKUX CTOSTHOK BocTouHo- EBporneiickoii
paBauHBL B MUC 3 u MUC 2 (Ha aHII. 53.)
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CriuéBa C.A., BeccynnoB A.A., beccynios A.H., Tumupesa C.H., Kononos 10.M., Cumakosa A.H.,

3axaposa E.1O., ®ummnnosa K.T. JlokanbHas ctpaTurpadust 1 1majeo3KoJIOTusl CTOSTHKU TTO3IHe i

Mopsl BepxHero mnayieonuta JlusHoropbe 1 B 6acceitHe cpenHero JloHa (Ha aHII. 513.) 5 78—88
Xmenesa M.B., ITanun IL.I., Yenanvira A.JI., Kapnyxuna H.B., Haiiguna O./1., Byxonos A.B.

CrpoeHue u yclioBUsI GOPMUPOBAHUS MAJ€OIIOUB PaHHETO IIeiicTolieHa B JIECCOBO-ITIOUYBEHHOM

cepuu paspesa Anvyak-CemnoBuHa (Pecniyonuka KpeiM) (Ha aHDI. 513.) 5 8§9—102
Yennes 10.T., ITyzanosa T.A., Kypoanosa @.T. [TaneouepHo3eMbl BpeMEHH Pa3BUTHSI CPyOHOIR

KYJIBTYPBI M TPEHIIBI TTO3THETOJIOLICHOBOM 3BOIOIIMHY TTOYB JiecocTennn BocTouHo-EBpomneiickoit

paBHUHBI (HA aHII. 513.) 5 103—115

IMPOBJIEMbI ®JIIOBUAJIBHOI TEOMOP®OJIOTUN
Jleoenena E.B. Biiusgnue razoruaporepMaibHOM IeITETLHOCTY Ha (DOpMUpOBaHue peibeda
PEUHBIX JOJIMH TeoTepMalibHbIX 30H (Ha aHIII. 513.) 5 116—126
Maraaxosa E.JO., Ykpaunues B.JO. CtpoeHue noiiMbl pek MOKIIM KaK KJIIOY
K IMO3IHEeIIeCTOLIEHOBOI NICTOPUY Pa3BUTUS JOJMHEI (Ha aHIJI. 53.) 5 127—133
IIpaBkun C.A., boabmusHoB /1. }0. [TaneopekoHcTpykius nonuHbl HuxHeit JIeHsl B rosiolieHe
Y TTIO30HEM HeOoIUIeiCTOlIeHe: HOBBIE JaHHbIE, IIPOTUBOPEYMS 1 IIPOOIeMEl (Ha aHTJI. 513.) 5 134—143
Poixos 10.B., Toayouos B.A., Cvupnos M.B. [ToiimeHHblii ayutioBuit 6acceiiHa p. CeeHIu:
CTpOEHME, BO3PACT, 3TaIbl (hOPMUPOBAHMS (HA aHIJI. 513.) 5 144—153
Tpodumen JI.H., Ilanuau E.A., JIaBpycesna A.A. HexoTopbie 0COOEHHOCTY TPUMEHEHUST
paauoLEe3ueBOro MeToJa U3yuyeHus MoTepb MOYBHI BCJIEACTBUE 3PO3UH B MEPUTISLIUATBLHOMN
obactu 6acceitHa Bepxueit Oku (Ha aHIJI. 53.) 5 154—162
Vrkuna A.O., Ilanun A.B. CtpoeHue 1 uctopusi opMrupoBaHusi TOJIUH TTPOPHIBA
Bepxueit Boaru (Ha aHr. 513.) 5 163—172
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