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Despite their great importance, Holocene — Late Pleistocene sediments are poorly studied
in the valleys of rivers in the Krasnoyarsk forest-steppe territory. We present the first detailed
study of the geochemical composition of the first floodplain terrace sediments in the valley
of the Berezovka River, and the continuous accumulation that occurred at the Late Pleisto-
cene — Holocene (from 20833 +519 cal yr BP). This is of great fundamental importance and
is the basis for further studies on the influence of anthropogenic activities on the natural envi-
ronment in the Krasnoyarsk agglomeration. The sediments were covered by modern alluvial
dark-humus hydrometamorphosed soil. Macromorphological studies and investigation of the
humus content have revealed a well-developed process of humus formation and humus accu-
mulation, a gley process. The measured contents of some elements (U, Pr, Rb, V, Bi, Cd, As, Th,
Ga, Co, and Sm) exceeded the respective Clarke values for the Earth’s crust. The distribution
of most elements and their accumulation in the Middle-Late Holocene (from to 5477-4985
to 1241-803 cal yr BP) in the middle of the sediment profile is explained by the high content
of mud and clay minerals. Based on the coeflicients of radial migration, we established that
most of the studied elements were introduced into the sediments during high water levels and
floods. The values of palaeomarkers indicate a change in climatic conditions in the Late Pleis-
tocene and Holocene from dry and cold to more humid and warm, and from arid and cold (in
the Early Holocene) to modern climatic conditions, respectively.

Keywords: Geochemistry of sediments, radiocarbon dating, Holocene, Late Pleistocene, Berzov-
ka River first floodplain terrace, alluvial soils, Krasnoyarsk forest-steppe, Yenisey River basin.

1. Introduction

Terrace sediments are complex natural formations owing to the synchronous effects
of geological, geomorphological, hydrological processes and soil formation. Studies of
cross-sections in river valleys are relevant for both scientific and practical purposes be-
cause many human activities occur within river basins and, more specifically, within water
catchment areas of large and small rivers.
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Alluvial soils in the terrace sediment profile are important parts of the biosphere.
They are habitats for diverse terrestrial organisms, participate in the differentiation of the
environment and biosphere, and act as a factor of biological evolution (Shimanskaya and
Poznyak, 2016). Considering the particular position of the soils at the interface of the
atmosphere, lithosphere, and hydrosphere, these soils are vital for both biological and geo-
logical changes. Hydromorphic soils are formed in the transition or illuvial zone and act as
geochemical barriers for some compounds (Molchanova et al., 2003), thereby supporting
their special roles in biological and geological cycles.

Studies on the hydrological regimes of rivers, sedimentation, geochemical features
and pollution of sediments, and environmental evolution and reconstruction based on
alluvial sediments have been conducted in various territories within the European part of
Russia and West Siberia, and in several foreign countries (Pope and van Andel, 1984; Wa-
ters and Nordt, 1995; Liu et al., 1996; Gocht et al., 2001; Berner et al., 2012; Keen-Zebert
et al., 2013; Matys Grygar et al., 2014; Olszak et al., 2019; Budko et al., 2020; Chen et al,,
2020; Lombardi et al., 2020; Sheinkman et al., 2021; Vandenberghe et al., 2021). However,
despite the high value of such studies, terrace and floodplain sediments, including those
in the Krasnoyarsk forest-steppe area, have been poorly studied.

The aim of this study was to obtain the geochemical characteristics of the terrace sed-
iments of the Krasnoyarsk forest-steppe area, where continuous sediment accumulation
occurred at the Late Pleistocene — Holocene. This is of great fundamental importance
and is the basis for further studies on the influence of anthropogenic activities on the nat-
ural environment in the Krasnoyarsk agglomeration.

2. Study area

The study area is located in the Berezovka River valley, within the Krasnoyarsk open-
type piedmont forest-steppe depression (Fig. 1).

The geological framework of the territory of the Krasnoyarsk forest-steppe area consists
of structures of the Salair fold (East Sayan) and the Rybinskaya (Devonian) and Chulym —
Yenisey (Jurassic) depressions. The deposits developed here refer to the Upper Proterozo-
ic (Riphean and Vendian), Cambrian, Devonian, Carboniferous, Jurassic, and Quaternary
(Fig. 1, c). They are represented by various sedimentary rocks and contain both animal and
plant fossils. The southeastern part of the Krasnoyarsk forest-steppe area corresponds to the
northwestern spurs of the East Sayan mountain ranges, which comprised syenite intrusions
and intensively dislocated sedimentary units of the Upper Proterozoic and Cambrian ages.

In terms of tectonics, the Krasnoyarsk depression is a region where the tectonic units
of different natures and ages merge. The southern part is represented by the Altai — Sayan
Palaeozoic fold zone, the northwestern and northern parts are occupied by the West Sibe-
rian Plate, and the northeastern and eastern parts correspond to the Precambrian Siberian
Platform (Sazonov et al., 2010; Makhlaev et al., 2012).

The hydrographic network of the Krasnoyarsk depression is represented by the
Yenisey River and its main tributaries (Bazaikha, Kacha, Yesaulovka, Berezovka, Karaul-
naya, Buzim, and others (Fig. 1, b)). The lower part of the Yenisey River Valley is a terraced
erosional and depositional plain. Its complex structure can be seen on steep and inten-
sively cut slopes, where the upper part of the valley is replaced with gentler and smoother
slopes. In terms of the geomorphology of the Krasnoyarsk depression, topographic stages
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related to the terraces of the Yenisey River and interfluves are particularly noteworthy.
Yamskikh (Yamskikh, 1992) distinguished between nine terraces within the limits of the
depression. In terms of structural and morphological peculiarities, these terraces were
grouped into three complexes: high-level (including terraces at 120-135 (150), 90-120,
and 60-80 m), medium level (35-55 m), and low-level (24-30, 15-18, 10-14, and 7-10 m)
terraces (Fig. 1, ¢). The date for the onset of floodplain formation is 6-4 ka BP (Yamskikh,
1993; 1996; Yamskikh et al., 1999). The terraces and floodplain are mainly composed of
alluvium consisting of clays, gravels, and pebblestones.

The climate of the Krasnoyarsk depression is sharply continental in nature. Climate
continentality is expressed in large amplitudes of air temperature variations: the annual
and diurnal air temperatures are 38 °C (based on average daily values) and 9-12 °C, res-
pectively. The average annual temperature was positive (0.5 to 0.6 °C).

Forest vegetation (pine and birch forests) in the Krasnoyarsk depression can be found
on the northern slopes of highlands, whereas poplar and willow stands can be found on
the river islands. Steppe vegetation develops on the flat uplands of water divides, terraces
of the Yenisey River, and on the southern and southwestern slopes of highlands. Meadow
steppe occupies the non-flooded parts of river valleys and islands, as well as the southern
and southwestern slopes of highlands. Swamp vegetation is insignificantly developed at sites
characterised by excessive drainage moisture (within river floodplains and lake shores).

Chernozem soils are developed in forest-steppe areas (typically leached chernozems
and podzolised chernozems in topographic lows). Steppe parts are characterised by com-
mon, or less frequently occurring southern chernozems. Chernozems are also developed
on the terraces of the Yenisey River. The areas of birch forests, coppices, and clearings on
the northern slopes of highlands in the western and northwestern parts are dominated by
dark grey, grey, and light grey forest soils (Ivanova, 1976; Kirillov, 1988). Intrazonal soils
in the Krasnoyarsk forest-steppe area are represented by swamp, meadow, meadow cher-
nozem, floodplain, and skeleton (lithic) soils (Shpedt et al., 2015).

The target of our study was the Berezovka-1 (IV) section located at the first floodplain
terrace of the Berezovka River (right tributary of the Yenisey River) (Figs 1-3).

The Berezovka-1 (IV) section is located on the right bank of the Berezovka River,
2.47 km south-southeast of the Zykovo setting, 19.2 km from the river mouth (55°55°
36.69" N, 93°09" 34.54" E), and 205 m above sea level. Meadow vegetation, with a pre-
dominance of gramineous and clover, is developed in this area, and willows grow in
low-standing areas (Zharinova, 2011).

3. Materials and methods

During fieldwork, we conducted macromorphological descriptions of the section us-
ing the standard scheme of field studies of soils. We collected a number of sediment sam-
ples following the methodological recommendations (Ivanov and Demkin, 1996).

The grain size composition of soils and sediments was determined in the laboratory
on an average sample in still water using N. A. Kachinskii’s version of the pipette method
(Shein, 2009).

The total organic carbon (TOC; humus) content was determined by wet burning ac-
cording to I. V. Tyurin (Ponomareva and Plotnikova, 1980). Carbonates were determined
by the exchange (acidimetric) method (Arinushkina, 1970).
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Fig. 2. View of the Berezovka River valley near the location of the
Berezovka-1 (IV) section

Fig. 1. Location of the Berezovka-1 (IV) section (a); Topographic model of the study area (b); Geological
map of the study area (c). Cambrian system: Cm;ks — Koyskaya formation. Conglomerates, sandstones,
quartzites, Grauvak sandstones, lime and lime-clay shales, limestones, dolomites; Cm;un — Ungutskaya
formation. Dolomites, dolomitic limestones, limestones, conglomerates; Cm;_,tr — Lower and middle
sections, undivided. Torgashinskaya formation. Limestone and dolomites. Devon system: D;,bk —
Lower and middle sections, undivided. Byskarskaya series comprised prophyrites, diabases, orthophyrs,
and their tuffs. Conglomerates, sandstones, aleurolites, marls; Dokr — Karymovskaya formation. Large-
peeled conglomerates, sandstones, aleurolites. Amygdalefir coverings; D,pv — Pavlovskaya formation.
Conglomerates, sandstones, aleurolites, limestones with chalcedony; Dskn — Kungusskaya formation.
Sandstones, marls, aleurolites; Dscr — Charginskaya formation. Quartz sandstones, aleurolites, marls,
limestones with chalcedony. Quaternary system: Q; — Lower section. Alluvial loams, sands, and pebbles
(VII terrace of the Yenisey River); Q, — Middle section. Alluvial sands, pebbles, and loams (IV-VI terraces
of the Yenisey River); Qs — Upper section. Alluvial sands and pebbles (I-III terraces of Yenisey River); Qs —
Modern sections. Alluvial sands and pebbles of the floodplain terraces of the Yenisey River and its tributaries.
Compiled by: a — on the Google Earth satellite image; b — based on the Shuttle Radar Topography Mission
(SRTM); ¢ — compiled by I. A. Weisbrot based on (Zhuiko et al., 1959)
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Fig. 3. First floodplain terrace sediments of the Berezovka-1 (IV) section:

a — upper; b — lower parts

The geochemical compositions of the samples were determined at the Pope John Paul IT
State School of Higher Education (Biala Podlaska, Poland). The samples were mineralised in
a Teflon closed vessel with Suprapur chloric and nitric acids (3:1) in an Anton Paar Multi-
wave PRO microwave oven under pressure control. After dilution to 50 ml, the samples were
analysed using a SpectroBlue ICP-OES spectrometer. Argon gas flow: coolant flow, 12 1/min;
auxiliary flow, 0.90 1/min; nebuliser flow, 0.78 I/min. A total of three measurements were
conducted; the pump speed was 30 rpm. Calibration was done using Bernd Kraft Der Stand-
ard Spectro Genesis ICAL and VHG SM68-1-500 Element Multi Standard 1 in 5% HNO:s.

Microscopic studies for mineral composition analysis were conducted using SEM
Tescan Vega III SBH with EDS Oxford X-Act in R&D Nornickel SibFU Krasnoyarsk, Rus-
sia. The analytical conditions were as follows: an accelerating voltage of 20 kV, a beam
current of 1.2 nA, and a measurement time of 120 s.

Radiocarbon dating of the bulk sediments specimens from the Berezovka-1 (IV) section
was conducted at the Laboratory of Isotopic Research (Geology Centre of Common Use,
Department of Geology and Geoecology, Faculty of Geography, Herzen Russian State Peda-
gogical University, St. Petersburg). Radiocarbon ages were calibrated using OxCal 4.4 (Bronk
Ramsey, 2009). The ages are presented in calibrated years (cal yr) before present (BP; 0 yr
BP=1950 AD), and uncertainties are given at the 95.4 % confidence level. The upper date,
reflecting the period of latest (modern) soil formation, was only calibrated at a confidence
level of 68.3 %.
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4. Results

According to the radiocarbon dates, the studied section in the Berezovka River valley
began to form 20833 + 519 cal yr BP (Table 1). The section evolution spans the entire Late
Pleistocene and Holocene.

Macromorphological studies (Shishov et al., 2004) have shown that a dark humus
layer (horizon) develops in the upper part of the section. It has a predominantly dark grey
colour and cloddy structure, and ranges from sandy loam to middle clay loam. The layer
is compacted, has medium porosity and fissures, and is penetrated by herbaceous plant
roots. This layer is most frequently fresh.

The succession of horizons in the section was marked by gradual and smooth tran-
sitions. The upper part of the profile showed that there were no clearly visible interbeds
of fresh mineral material that were not involved in soil formation. Gleisation is weakly
developed and can be seen only in the: 1) olive and greyish blue colour of the lower layers,
and 2) presence of newly formed ferruginous units (Table 2).

In the upper part of the section, a large silt fraction was dominant (41-50 %) with-
in the accumulative humus horizon of soil (depth of 1-69 cm), which was formed in
the Late Holocene. At depths of up to 53 cm, the grain-size composition type is light
clay loam and high contents of the fine sand fraction (23-34 %) are reported, while the
mud content only reaches 14 %. From 53 to 69 cm, the grain-size composition type
was middle clay loam and the fraction of mud increased up to 26 %. In general, in the
accumulative humus horizon of soil (depth of 1-69 cm), the physical clay (particle size
of less than 0.01 mm) content gradually increased from 22 % near the surface to 47 % at
a depth of 69 cm.

Table 1. Results of radiocarbon dating of the first floodplain terrace deposits from
the Berezovka-1 (IV) section. Calibration was made using the OxCal 4.4

Section and
sampling depth Calibrated age | Median Calibrated
from the surface Lab number Age (14Cyr BP) (cal yr BP) Age (cal yr BP)
(m)

Berezovka 291-151*
0.65-0.7 SPb_2446 200+25 (221470) 185
Berezovka 1241-803
0.85-0.9 SPb_2447 1100+70 (1022+219) 1016
Berezovka 5477 - 4985
1.45-15 SPb_2448 4592+70 (5231 +246) 5295
Berezovka 9005 - 8605
205-2.1 SPb_2449 797070 (8805 +200) 8826
Berezovka 13758-12930
245-2.5 SPb_2450 11440+200 (13344 +414) 13329
Berezovka 21352-20314
2.65-2.7 SPb_2451 17189200 (20833+519) 20754

* The upper date, which reflects the latest (modern) period of soil formation, is calibrated only within
68.3 % of the probability. For the rest of the data, intervals of 95.4 % probability were used.
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Table 2. Macromorphological structure of the Berezovka-1 (IV) section

Age |Depth,cm Horizon description

0-1  |Moist ground litter of grasses and tree waste

Fresh compacted dark grey light clay loam (whitish tarnish forms when drying);
1-33  |cloddy-nutty structure; middle pores and middle fissures; penetrated with a dense
network of herbaceous plants’ roots; gradual colour transition, blurred boundary

Fresh light dense dark grey clay loam (whitish tarnish forms when drying); cloddy-
33-53 |nutty structure; middle pores and middle fissures; penetrated with a dense network of]|
herbaceous plants’ roots; gradual colour transition, blurred boundary

Fresh compacted heavy dark-grey clay loam (whitish tarnish forms when drying);
cloddy-nutty structure, compacted; middle pores and middle fissures; penetrated
with a dense network of herbaceous plants’ roots; gradual colour transition, blurred
boundary

53-69

Late Holocene

Fresh loose brownish grey light clay; cloddy-nutty structure; large pores and large
69-95 [fissures; penetrated with a dense network of herbaceous plants’ roots; gradual colour
transition, indistinct (blurred) boundary

Light compacted brown (with dark grey spots) clay; cloddy structure; middle pores
95-112 |and middle fissures; penetrated with a dense network of herbaceous plants’ roots;
violent effervescence with HCl; gradual colour transition, blurred boundary

Fresh compacted light dark brown and greyish clay; nutty structure; middle pores and
112-137 |middle fissures; penetrated with a moderately dense network of herbaceous plants’
roots; violent effervescence with HCI; gradual colour transition, blurred boundary

Brown heavy fresh clay loam with whitish tarnish; fine cloddy-nutty, poorly expressed,
loose structure; large pores and large fissures; penetrated with a moderately dense
network of herbaceous plants’ roots; violent effervescence with HCl; gradual colour
transition, blurred boundary

137-157

Moist compacted heavy brown clay loam; large cloddy structure; middle pores and
157-200 |middle fissures; penetrated with a moderately dense network of herbaceous plants’
roots; violent effervescence with HCI; gradual colour transition, blurred boundary

Mid-Holocene

Moist firm heavy light brown (with a fulvous tone) clay loam; poorly expressed
structure; fine pores and fine fissures; singular plant roots; violent effervescence with

200-239 HCI; extends to the water level

Early
Holocene

Moist light brown (with a fulvous tone) heavy clay loam; poorly expressed structure;

239-270 fine pores and fine fissures; singular plant roots; violent effervescence with HCI

270-300 |Greyish blue clayey sediments

Late
Pleistocene

Brown sandy sediments with fulvous interbeds and coal inclusions (1-2 mm),

300-330 transiting to pebblestone

In the sediments occurring at depths of 69-137 cm (accumulative humus horizon
with hydrometamorphic features), which were dated back to the Late Holocene, the grain-
size composition type was light clay and the mud fraction was dominant (40 %). The large
silt content was high (28-36 %) throughout this layer, whereas a higher fine silt content
(22 %) was reported at a depth of 69-95 cm. Physical clay distribution was uniform within
this layer, and its content was 61-65 %.

The layers at depths of 137-239 c¢m, formed in Mid- and Early Holocene, have heavy
clay loam grain-size composition. They demonstrated a high content of large silt and mud
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Fig. 4. Grain-size composition, CaCOs distribution, and total organic carbon (TOC) in the
Berezovka-1 (IV) section:

1 — soil; 2 — light clay loam; 3 — heavy clay loam; 4 — clay; 5 — greyish blue clay; 6 — mollusc
shells; 7 — sandy-pebble sediments

fractions (32-41 %); an increase in the large silt fraction and a decrease in the mud content
are reported in the lower part of this interval. Physical clay distribution within this inter-
val was uniform (54-57 %).

In general, the distribution of size fractions along the section is irregular; an in-
creased content of physical clay is observed at the 69-137 cm interval, and an insignificant
decrease is observed at depths of 137-239 cm. The grain size composition of the section
ranged from light clay loam to light clay (Fig. 4, Table 3).

The carbonate content in the profile was found to vary from very low to low (0.4-
3.9%). Its minimum value was observed in the Late Holocene horizons at depths of 69—
95 c¢m, while its maximum value was observed in the Early Holocene horizons at depths
0f 200-239 cm (Fig. 4, Table 4).

The thickness of the accumulative humus horizon in alluvial dark humus hydromet-
amorphosed soil of the Berezovka-1(IV) section was 69 cm, and it was formed during the
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Table 3. Grain-size composition of sediments from the Berezovka-1 (IV) section, %

Grain size, mm
Depth, 0.01 Grain-size
Age 0.25- | 0.05- | 0.01- | 0.005- <9 i
cm _ * * * * H composition
1-0.25 0.05 0.01 0.005 | 0.001 <0.001 | (physical P
clay)
1-33 3 34 41 7 2 13 22 Efll;t clay
33-53 7 23 4 11 4 14 29 1L01§21t clay
Late B
Holocene | 53-69 3 1 50 10 11 26 47 fg;fr‘lﬂe clay
69-95 5 2 28 3 22 40 65  |Light clay
95-112 1 2 36 14 7 40 61  |Light clay
112-137| 1 5 29 14 11 40 64  |Light clay
137-157 | 4 6 35 6 13 35 54 |Heavyclay
Mid- loam
Holocene
157-200 | 1 7 36 9 11 36 57 Ez‘r‘r‘l’y clay
Early 200-239 | 0 5 41 12 9 32 54 |Heavyclay
Holocene loam

Table 4. Carbonate and total organic carbon content in the Berezovka-1 (IV) section

Total organic carbon
0,
Age Depth, cm CaCO03,% (TOC), %
1-33 2.0 15.9
33-53 1.8 14.4
53-69 1.8 11.8
Late Holocene
69-95 0.4 7.2
95-112 2.0 7.8
112-137 1.2 2.5
137-157 2.3 1.5
Mid-Holocene
157-200 1.6 3.4
Early Holocene 200-239 3.9 2.5

late Holocene (291-151 cal yr BP). The TOC content in the accumulative humus horizon
is very high (up to 15.9%). The distribution of TOC content across the profile did not
show any sharp fluctuations, and a general gradual decrease was observed in the TOC
content with depth, showing slight fluctuations in the lower part (Fig. 4, Table 4).

Major elements in the studied section are Al (4.3%), Fe (3.6 %), Ca (2.4%), Mg
(1.1%), K (0.5%), Na (0.1%), P (0.1 %), and Mn (0,08 %). However, A.I. Perelman sug-
gests (Perelman and Kasimov, 1999; Alekseenko et al., 2018) that the threshold content
for dividing major and trace elements is 1-1072%. Therefore, the list of major elements
also included Rb (0.05%), Ba (0.02%), V (0.02%), U (0.02%), Sr (0.013%), and Pr
(0.011 %). The other elements measured are referred to as trace elements: Zn, Cr, Nd,
Co, Nj, Ce, Ga, Li, La, Cu, Th, Pb, Y, As, Sm, Bi, and Cd. Their average contents in the
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Fig. 5. Major element and Sr/Ba distribution in the Berezovka-1 (IV) section:

1 — soil; 2 — light clay loam; 3 — heavy clay loam; 4 — clay; 5 — greyish blue clay; 6 — mollusc shells;
7 — sandy-pebble sediments

profile range from 0.1 to 0.0001 %. The concentrations of Yb and Se were below detec-
tion limit (10-® %; Figs 5 and 6).

We calculated the coefficients of the concentrations (Cc; ratio of the average con-
tent of an element in the Berezovka-1(IV) section to its Clarke value in the Earth’s crust)
by comparing the average element contents along the profile with Clarke values (relative
abundances of chemical elements) for the Earth’s crust (Vinogradov, 1962; Alekseenko
and Alekseenko, 2013). This coeflicient facilitates the assessment of the accumulation of
chemical elements in a research area compared to the global background. The following
major components can be distinguished for the section elements: U (Cc=70), Pr (12), Rb
(3), and V (2). The level of accumulation caused a significant increase in the enrichment
factor. Among the trace elements, such an exceedance is characteristic of Bi (1943), Cd
(31), As (17), Th (2), Ga (2), Co (2), and Sm (1.2). The Ccs of these elements for the en-
tire profile generally exceeded 1; a significant peak was observed for Bi, whose content
exceeded the crustal Clarke value by several orders of magnitude. The series of elements
in the order of increasing Cc number is: Sm<Th<Ga<Co<V <Rb<Pr<As<Cd<U<Bi.

Bismuth is one of the most poorly studied elements in the Earth’s crust. The differ-
ence between its Clarke estimates by different authors is 19-fold: A.P.Vinogradov sug-
gests it to be 9 - 107 %, while C.P Taylor estimates it as 1.7-107° % (Vinogradov, 1962;
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Fig. 6. Trace element distribution in the Berezovka-1 (IV) section:

1 — soil; 2 — light clay loam; 3 — heavy clay loam; 4 — clay; 5 — greyish blue clay; 6 — mollusc shells;
7 — sandy-pebble sediments

Taylor, 1964; Perelman and Kasimov, 1999). Notably, bismuth is a rare element, but not
a disseminated one, and has a good mineral-forming ability. According to Goldschmidt
(Goldschmidt, 1923; Perelman and Kasimov, 1999), bismuth is a chalcophyle element.

Bismuth usually forms sulphides; however, it can also occur in the form of: oxides,
tellurides, selenides, carbonates, and as inclusions in other minerals. The presence of bis-
muth minerals might be related to contact metamorphism, which is additionally support-
ed by syenite intrusions identified in the surrounding rocks. However, the supposedly high
Bi content in sulphides has not been justified by the results of electron microscopy because
sulphides were not found. Conversely, bismuth is bound to mineral phases in soils, mostly
iron oxides (Manaka, 2006), clay minerals, and organic matter (Murata, 2010). According
to Murata, bismuth is dependent on many different factors, such as dissolved organic mat-
ter, humic acids, pH, and the precipitation of bicarbonates or hydroxides.

Uranium was found in xenotime; additionally, uranium may be contained in mona-
zite and zircon in amounts close to the error level. Cadmium can be present as an ad-
mixture of sulphides. No arsenic was found in the minerals; however, it may be present
in amounts close to the error level in extremely abundant iron minerals in the studied
samples. Praseodymium is found in phosphates and other rare-earth element minerals.
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Examination of the mineral composition using scanning electron microscopy (SEM)
with detector EDS revealed the following phases: hornblendes (including tremolite and
actinolite), feldspars (from orthoclase to Labrador spar-bytownite), iron oxides and/or
hydroxides (magnetite, haematite, and goethite), Ti-Fe phases of varying compositions,
Fe-Mn phases, sphene, rubinite, Fe-axinite, almandine, muscovite, quartz, zircon, badde-
leyite, apatite, montmorillonite, kaolinite, calcite, portlandite, native zinc, and micas. We
also revealed the mineral groups that corresponded to the compositions of the identified
phases, but the element proportions did not fit any following mineral: chlorite, pyroxenes
(including enstatite), and tourmaline (including elbaite and dravite).

Rare-earth minerals are represented by phosphates (monazite and xenotime), heu-
landite, and aluminosilicate, which is similar to Fe-axinite. Monazite was the most fre-
quently found mineral.

The abundance of feldspars, hornblendes, and pyroxenes, together with the high
amounts of Ti- and Fe-containing minerals, indicates that sediments in the Berezovka
River first floodplain terrace were disintegration products of mafic rocks.

The general distribution of elements along the profile showed abrupt increases in the
contents of most studied elements in the accumulative humus horizon with hydrometa-
morphic features and in the upper part of the underlying horizon (at depths of 80-185 cm;
Figs 5, and 6). Grain-size data suggest that the accumulation of elements in this profile
interval is related to the increase in physical clay content and the deposition of mud par-
ticles.

High and very high positive correlations were observed in the distributions of Bi, Cd,
Ce, Cr, Ga, La, Mg, Na, Nd, Ni, Pb, Pr, Rb, Sm, Th, U, V, Y, Zn, and As. The distributions
of these elements along the profile demonstrated moderate and high positive correlations
with Co. They also showed moderate and sub-moderate correlations with Li (a high cor-
relation was observed between Li and Mg) and a weak correlation with Ba. Finally, these
elements exhibit a moderate negative correlation with Sr.

The coefficients of radial differentiation (R) were calculated for the studied soil. Ac-
cording to the average values of R, the studied section is characterised by intensive accu-
mulation (R>5) of the following elements in the soil profile compared to the parent rock:
Pb > As>Cd > Bi. Moderate accumulation (R=2-5) was characteristic of Sm, Cu, Li, Nij,
Rb, and Ba. The order of weak accumulations (R=1-2) was found to be: Zn>Al>Gr>
K>Ga>Mn>Mg>Ce>P>Th>Y>Na>Co>Pr>Nd>U>Fe>La>Sr. Calcium was the
only element that was removed from the soil (R<1).

According to Dobrovolsky (Dobrovolsky, 1983) the Sr/Ba ratio indicates the hydro-
thermal conditions of sedimentation, which was confirmed by studies in Western Siberia,
wherein the Sr/Ba ratio in sediments was closely related to climate humidification (Syso,
2004). Changes in the geochemical index of the palaeoclimatic Sr/Ba ratios (Fig. 5) are
caused by fluctuations in the palaeoclimatic conditions. For the Late Holocene horizons,
which are actively involved in the process of soil formation (up to a depth of 70 cm), the
Sr/Ba values vary between 0.7-0.8, indicating that moisture conditions are close to those
in modern climatic conditions. For the Late Holocene deposits located below 70 cm, the
Sr/Ba value is 0.3-0.6, and represents a more humid climate than the modern one. In the
Mid-Holocene sediments, this trend persists, and the indicator values range from 0.3 to
0.7. Based on the palaeomarker values between 0.7-0.9, an increase in climate aridisation
was observed in the Early Holocene. In the Late Pleistocene sediments, which formed
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closer to the Holocene boundary, the Sr/Ba ratio varies between 0.5-0.6, and indicates
a period of increased moisture. For the underlying horizons of the Late Pleistocene, the
palaeomarker values increase (0.8-0.9), and indicate a period of aridisation.

Co, Cu, Cr, and Zn can be indicators of warming/cooling climate; during cold peri-
ods, in the presence of a seasonally thawed layer, Cu, Co, Cr, and Zn are removed more
intensively. A decrease in the coefficient values marks represents cooling, and vice versa,
which is also observed for the territory of Eastern Siberia (Ivanova, 2019). For the Late
Holocene horizons, which are actively involved in the soil formation process (up to a
depth of 70 cm), the indicator values were lower relative to the entire section (except for
Cu, which increased in this case because of its accumulation in the organo-mineral com-
plexes); this indicated close to modern temperature conditions. For the Late Holocene
sediments located below 70 cm, the indicator values are the highest, and indicate warmer
conditions of sediment formation compared with modern sediments; this trend persists
in the sediments of the Mid-Holocene. Based on the reduced values of Cu, Co, Cr, and
Zn, climate cooling was inferred in the Early Holocene. In the Late Pleistocene sediments,
whose formation was closer to the Holocene boundary, the value of these indicators in-
creased, which indicates slight warming; for the underlying (more ancient) horizons of
the Late Pleistocene, the indicator values subsequently became low and corresponded to
cooling.

Among the studied elements, Al is especially remarkable: its highest content was re-
ported in the upper Late Holocene horizon (15-20 cm depth), where it accumulated in
organo-mineral complexes. Elements such as Cu and K were distinctly distributed uni-
formly along the entire profile, with an abrupt decrease in their contents in the lowermost
30 cm (Pleistocene), owing to their removal from sands. Iron distribution is relatively
homogeneous along the profile; however, a considerable amount is observed in the upper
Late Holocene horizon (10-20 cm depth), contrary to its removal in the Mid-Holocene
horizon (155-160 cm depth). Morphological studies show that the level of the Mid-Early
Holocene transition (200 cm depth) represents the formation of the geochemical barrier,
wherein Fe?* transitions to Fe’*, and begins to precipitate. Manganese also shows a rela-
tively uniform distribution with insignificant variations down to the Late Pleistocene-Ear-
ly Holocene transition level (240-245 cm depth), wherein a clear geochemical barrier was
noticed, below which this element was removed from the profile.

Phosphorus is highly abundant in the upper Late Holocene part of the profile owing
to biogenic accumulation from plant and animal remains, with the respective enrichment
of the humus horizon in this element.

The highest values of Ca content were reported in the 140-270 cm depth interval in
the Late Pleistocene-Mid-Holocene horizons, which can be attributed to both the pres-
ence of mollusc shells in this interval (Makarchuk, 2019) and the formation of a geochem-
ical barrier.

5. Discussion

The Berezovka-1 (IV) section was formed as a result of continuous sedimentation
and had rather adequate chronological framework (Table 1).

The section began to form during the Late Pleistocene (21352-20314 cal yr BP).
The lowest dated layer is located at a depth of 2.65-2.7 m, and is a light brown heavy
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clay loam sample with traces of gleying. Its lower boundary coincides with the boundary
of carbonate detection (effervescence occurs from 10-% HCL). Sediments at a depth of
2.45-2.5 m have an age of 13758-12930 cal yr BP, which corresponds to a subsequent stage
of the Pleistocene. Deposits of this age have similar properties as described previously.

Higher in the section, at a depth of 2.05-2.1 m, the sediments are 9005-8605 cal
yr BP, and belong to the Early Holocene (Walker et al., 2012); the sediments change to
a darker heavy clay loam, where traces of gleying are weaker. The content of TOC was
higher (3.4 %) compared to the surrounding layers, which may be due to the proximity of
the optimum Mid-Holocene boundary.

Notably, the layer at a depth of 1.45-1.5 m was formed in the Mid-Holocene (5477-
4985 cal yr BP). Sediments of this age are classified as heavy clay loam with increased
carbonate contents (2.3 %), which appears as a whitish carbonate coating against a general
brown background.

The horizon at a depth of 0.85-0.9 m is dated to 1241-803 cal yr BP (the Late Hol-
ocene). The sediments are classified as light clay with a high content of silty, and mud
fractions. The horizon is distinguished by the lowest carbonate content along the profile,
which may be due to increased humidity during this period of deposit formation relative
to modern conditions. In the horizons of this age, the influence of modern soil-forming
processes is also great, namely, the penetration of soil solutions from the surface and the
high content of TOC (humus).

At a depth of 0.65-0.7 m and at the border of the darkest layer, sediments of the Late
Holocene were formed at 291-151 cal yr BP. The sediments correspond to modern condi-
tions of formation; the processes of soil formation are the most active at this depth, and the
highest TOC content and an increased carbonate content are observed. This horizon has a
lighter grain size composition (middle clay loam), and the large silt fraction is dominant.

The calculated Cc demonstrated the differences in the content of elements in the
studied section compared to that in the global background. The Cc values for the ele-
ments U, Pr, Bi, Cd, and As are high and extremely high; the probable explanation for this
is anthropogenic impact.

Based on the R values, we assumed that most of the elements were introduced during
floods and high waters. During the Mid-Holocene and the beginning of the Late Holocene
high water rises occurred in the Yenisey and Berezovka Rivers and thin mud material and
chemical elements were introduced. These materials and elements were mainly derived
from the destruction of mafic rocks and anthropogenic activities. This explains the high
content of many (non-biogenic) elements (Bi, Cd, Mg, Na, Ni, Pb, Rb, Sm, U, V, Y, Zn, As
et al.) in the middle of the section being of Late-Mid Holocene age and the clayey grain-
size composition.

The flow of the Yenisey River was regulated in connection with the construction of
the Krasnoyarsk hydroelectric power station about 50 years ago. The powerful floods and
high water levels stopped and the influence of the river on sedimentation noticeably weak-
ened in the tributaries of the Yenisey River, including the Berezovka River; this was re-
flected by the change in hydromigration processes and the strengthening of the influence
of modern soil formation processes. Based on the morphological and grain-size studies of
the section, we identified that the dynamics of the chemical element distribution depend-
ed on determined by the features of sedimentation. The same regularity of sedimentation
from the Early Holocene to Late Holocene, showing progressive cooling and an increase
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in climate humidity, was revealed by Yamskikh (Yamskikh, 2000) on the left bank of the
Middle Yenisey valley (in the valleys of the Bobrovka, and Yazayevka rivers).

Based on the analysis of the Sr/Ba palaeomarker, and Cu, Co, Cr, and Zn indicators
in the valley of the Berezovka River, we revealed that the periods in the Late Pleisto-
cene changed from dry and cold (21352-20314 cal yr BP) to humid and warm (13 758-
12930 cal yr BP). During the Early Holocene (9005-8605 cal yr BP), the climate was more
arid and colder. In the Late Holocene (1241-803 cal yr BP) and Mid-Holocene (5477-
4985 cal yr BP), we observed an increase in humidification and climate warming com-
pared to modern times. The climate was similar from the Late Holocene (291-151 cal yr
BP) to modern times. This trend is confirmed by earlier palynological, lithological and
paleohydrological studies conducted by A.F. Yamskikh and G.Yu. Yamskikh a compre-
hensive study of deposits in the 35-40 m terrace of the Yenisey River in the territory of the
Krasnoyarsk depression (Yamskikh, 1987).

6. Conclusions

On the basis of our study, the following conclusions have been drawn.

The first floodplain terrace sediments in the valley of the Berezovka River began to
form 20833 +519 cal yr BP (Late Pleistocene). The process of precipitation accumulation
of the first floodplain terrace ended with the formation of the well-developed hydrometa-
morphosed alluvial dark humus soil.

Macromorphological studies revealed well-developed humification, and humus ac-
cumulation, as well as weak gleisation during formation of the terrace sediments. The
grain size composition of the section ranged from light clay loam to light clay. The highest
mud fraction content was reported in the middle of the sediments profile (69-137 cm
depth), which is associated with the formation of clay minerals and the accumulation of
most elements.

Based on geochemical analyses, the major elements in the studied section (at con-
centrations>or<1-1072%) were Al, Fe, Ca, Mg, K, Na, P, Mn, Rb, Ba, V, U, Sr, and Pr; the
trace elements were Zn, Cr, Nd, Co, Ni, Ce, Ga, Li, La, Cu, Th, Pb, Y, As, Sm, Bi, and Cd.
The content of certain elements exceed crustal Clarke values. U, Pr, Rb, V, Bi, Cd, As, Th,
Ga, Co, Sm are showing such values. The order of elements with increasing Clarke values
is as follows: Sm<Th<Ga<Co<V <Rb<Pr<As<Cd<U<Bi.

The fact that the contents of most elements are higher than crustal Clarke values is
explained by the composition of the underlying and host rocks, which is also supported
by mineralogical studies. However, the extremely high Clarke values of some elements
indicate anthropogenic influence. The problem about extremely high bismuth content in
the section remains debaTable and requires further detailed research.

The distribution of most elements and their accumulation in the Mid-Late Holo-
cene horizon (from 5477-4985 to 1241-803 cal yr BP) is explained by the high content of
mud and clay minerals, which are good sorbents. Biogeochemical barriers were identified
in the upper part of the section (accumulation of Al and P in organo-mineral complex-
es) and at a depth of 140-270 cm, representing the Late Holocene to the Mid-Holocene
period (accumulation of Ca due to the presence of mollusc shells). Based on the R val-
ues, we assumed that most elements were introduced during floods and high waters. The
abundance of feldspars, hornblendes, and pyroxenes, along with high amounts of Ti- and
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Fe-containing minerals, indicates that sediments in the Berezovka River valley were disin-
tegration products of mafic rocks.

The results of the geochemical characteristics of the sediments form the basis for
comparing spontaneous and anthropogenic changes in the natural environmental in the
Krasnoyarsk forest-steppe territory.
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TeoxMMus oo eH-TTO3IHEIUIEICTOLIEHOBBIX OTIOXKEHMIT B TonnHe p. Bepe3oBka
(ITpuenncerickass Cubupn)*

H. 0. XKapunosa!, I FO. Imckux’, JI. 36yuxu?, 1. E. Makapuyk!

! Cubupckuit GpenepanbHblii yHUBEPCUTET,
Poccniickas Pepepanns, 660041, Kpacnospck, mp. CBo6oxHbII, 79
2TocypapcrBeHHas Bblciuas mkosa uM. [lamnst Pumckoro Voanna [Tasna 11,
Ionpua, 21-500, bana-Ilopnacka, Cugopcka, 95/97

s uuruposanus: JKapunosa, H. 10., SImckux, I.10., 36y1ku, JI., Makapuyk, [I. E. (2023). Teoxu-
ML TONOLIEH-TTO3/JHEIIENICTOLIEHOBBIX OTIOKeHNIT B fonmHe p. bepesoska (IIpuenncerickas Cu-
6ups). Becmuuk Canxm-Ilemep6ypeckozo ynusepcumema. Hayxu o 3emne, 68 (2), 311-330.
https://doi.org/10.21638/spbu07.2023.206

HecMmoTps1 Ha OrpOMHYIO 3HAYMMOCTb, TOTOLIEeH- [I03JHe-II/IeJICTOLIeHOBbIE OTIOXKEHMS C/1abo
M3YYeHBI B JO/IMHAX peK Ha TeppuTopun KpacHosapckoit mecocTenn. B craTbe IpuBeNeHsI Jie-
TaJIbHbIE VICCTIEIOBAHNA T€OXMMIYECKOTO COCTaBa OTIOXEHUI IIePBOIl HANTIOVIMEHHON Tep-
pachl B jonnHe p. bepe3oBKy, HelpepblBHOE HAKOIIEHNE KOTOPBIX IIPOMCXOUIO B IIO3/[He-
IUIEICTOLIEH-TOOL[eHOBOe BpeMs (HaumHas ¢ 20833 £519 Kaj. jeT Hasaf), 4To uMeeT QyH-
JaMeHTa/IbHOE 3HaYEHME U ABJIAETCA OCHOBOM IS JAa/IbHENIINX MCCIeOBAHNIT IPUPOLHON
Cpefbl IpY AaHTPOIIOT€HHOM BIVSHMY B YC/I0BUAX KpacHosApckoit armoMepanyn. OTI0KeHusA
MIePEeKPBITHl COBPEMEHHOI a/UIIOBMA/IBHOIN TEMHOTYMYCOBOI TUApOMeTaMOp(130BaHHO
1104BOJL. MakpoMopQoorndeckye uccaefoOBaHys U UCCIIEOBAHNE COfEP)KaHNs I'yMyca Bbl-
SIBU/IM Ha/IM4ye XOPOLIO PasBUTHIX IIPOLIECCOB IyMYcO0Opa3oBaHMs 1 IyMYCOHAKOITIEHNA,
I7IeeBOT0 IIpoliecca. YCTaHOBJIEHO IIpeBbIIlIeHe KIAPKOB 3€MHOII KOPBI [/ HECKO/IbKIX 3JIe-
menToB (U, Pr, Rb, V, Bi, Cd, As, Th, Ga, Co, Sm). Pacmipepienietnte 60/mbpIINHCTBA 9TeMeH-
TOB ) X HAKOIUIEHNUE B CPefHEM-TI03/jHeM royoueHe (ot 5477-4985 po 1241-803 kai. et
HasaJj) B cpefHelt yacTy npoduisi 0ObsACHACTCS BBICOKUM COfiep>KaHMeM MIa Y ITIHUCTBIX
MuHepanos. Ha ocHOBaHUM pacdeToB K09(pPUIVEHTOB pafiMaibHOM MUTPALUMY YCTAHOB-
JIEHO, YTO GOMBIIMHCTBO UCCIIEMOBAHHBIX IEMEHTOB HAKAIUIMBAIICH BO BpeMsl [IABOJJKOB
u nonosopuit. IToydyeHHble HOBbIE JaHHBIE T€OXMMUYECKUX MCCIEOBAaHNIT Ha TEPPUTOPUN
KpacHospckoit necoctenu OygyT OCHOBOII JI1 CPaBHEHVA CIOHTAHHBIX ¥ aHTPOIIOT€HHBIX
M3MEHEHNUI COCTOSIHMSI IPUPOHOI Cpefibl. 3HaUeHMsI IIaJIleOMapKepOB CBUIETE/IbCTBYIOT 00
M3MEHEHNN KIMMATIYeCKVX YCTIOBUIT B IIO3[JHEM IUIEJICTOLIEHe OT CyXMX Y XOJIOfJHBIX K 60-
Jiee BIIQKHBIM ¥ TEIUIBIM; B TOJIOL[eHe — OT apPU/HBIX I XO/IOJHBIX (B PaHHEM royioleHe) K Co-
BpEMeHHBIM.

Kniouesvie cnosa: reoxumms OTIOKEHUIA, PafMOyINIEPOHOE NAaTMPOBaHME, TONOLEH, IepBasd
Teppaca p. bepe3oBku, a/UToBranbHble HOYBbL, KpacHosApcKas ecocTens, 6acceiid p. Exncert.

Crarbs IocTynuia B pelakiuio 4 mrons 2022 1.
CraTbsa pexoMeHfIoBaHa K mevaty 20 mapTa 2023 I.
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JKapunosa Hamanvs IOpvesHa — nata_1986@bk.ru
Amcxux Ianuna FOpvesna — yamskikh@mail.ru
36yuxu Tyxaw — zbuckilukasz@op.pl

Maxapuyx Japvs Eezenvesna — bolkunova9l@mail.ru

* VlccnepoBaHue BBIIIOTHEHO Ny puHAHCOBOI nToanep>kke POV, [Tpasurenscra KpacHospckoro

kpas 1 KpacHosapckoro kpaeBoro ¢poHIa HayKu B paMKax HayqyHOTro mpoekTa Ne 20-45-240001.
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