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Abstract: Man-made chemicals have played an important role in the development of our modern society. They
have revolutionized such areas as healthcare and farming and they are essential in the manufacture of a wide
range of consumer products. In studying the behavior of radionuclides and metals in the bottom sediment-
water system, special attention is paid to identifying the forms of existence of pollutants in terms of
substantiating their migration ability and, as a result, the potential for their subsequent spread, i.e. secondary
pollution. On the example of bottom sediments of the Yenisei River, such radionuclides as K-40, Cs-137 are
shown to be present mostly in the undecomposed residue. Eu-252 and Am-241 are associated with the organic
component of bottom sediments, consisting of plant and animal remains, as well as soil washed away from the
floodplain part of the river bed. The radionuclide Co-60, depending on the mineralogical composition of
bottom sediments, can either be almost evenly distributed between the undecomposed residue and organic
matter, or dominate in the undecomposed residue. Thus, it is shown that man-made radionuclides can have a
high tendency to migrate, both in the thickness of bottom sediments and between such phases as bottom
sediments and water.
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1. Introduction

Man-made chemicals have played an important role in the development of our modern society.
They have revolutionized areas such as healthcare and farming and they are essential in the
manufacture of a wide range of consumer products [1].

Unfortunately, some man-made chemicals can have effects that were not intended. These
unintended impacts can harm the environment and our health and wellbeing. For example, the WHO
estimate that 42 % of strokes could be prevented by reducing or removing human exposure to
chemicals. For this reason, many chemicals (such as some pesticides) have been banned and others
are in the process of being banned. Despite these bans, some chemicals stay in the environment for
decades and continue to have a harmful effect. These are known as persistent chemicals [1-4].

The World Health Organization estimate that global production of chemicals will almost
quadruple by 2050 when compared to 2010 production levels. It is highly important that any new
chemicals which are proposed to be used and released in the environment are properly assessed at a
very early stage. This is important to ensure that we do not make the same mistakes in allowing
chemicals to be used which result in long-term environmental and health impacts [1].

Since the end of the last century a large number of investigations have been concerned with
identifying the contribution of trace quantities of metals into the level of the contamination
distribution in the earth crust and global ocean [5-9].

Terrestrial and water abiotic as well as biotic components among which different processes and
exchanges occur can be divided into three non-living systems: air, water, solid components, and
living systems: flora, fauna, including human beings [10-12]. All the elements of the periodic table
can be included in these components in different concentrations. These concentrations depend on the
chemical properties of elements and take part in creating a component matrix.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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In river waters, the most stable and radioactive trace elements are distributed between the
dissolved and suspended phases. These distributions depend on various parameters, including the
chemical properties of the element, nature and concentration of suspended sediment particles, and
physicochemical characteristics of the river water, such as pH and ionic strength. Most often, it is
estimated by the apparent distribution coefficient (Kd, in 1/ kg), expressing the distribution of the
element between two phases [10]. The greater the propensity of the radionuclide to be fixed onto
particles, the higher the Kd value. Conversely, the more element remains in the solution, the lower it
is.

In other words, the distribution of elements between two components is determined by their
physico-chemical affinity to the matrix and transfer parameters controlled by the equilibrium in the
systems under consideration. Exchange reactions inside or between the components are sometimes
generated by pseudo-equilibrium, which may never be realized. The same principle is also applicable
to multi-element compounds such as nutrients, as well as organic and inorganic contaminants. The
element distribution among the components is also based on their physico-chemical properties.
Earlier, several directions of the metal transfer were proposed based on the detailed study of the state
of suspended particles, their propagation and motion [13]. However, so far there is not enough
information on the special biogeochemistry of trace elements, their possible interaction with other
particles (dissolved, colloidal and mineral ones) in a freshwater ecosystem [14-17]. In this respect, the
distribution among the components is always unpredictable. This is always primarily connected with
chemical and physical driving forces of the distribution reaction. This is also true for both biological
and non-biological systems with a special focus on water ecosystems. Bottom sediments of water
reservoirs are similar to soils in their composition, though due to continuous leaching of light
particles in the bottom sediments there is a high percentage of heavy mineral particles (sand). In the
last few years water, soils and air have been contaminated by isotopes of different man-induced
elements.

The variety of migration flows of substances and forms of their transfer can be characterized by
two main vectors — biogenic and abiotic ones. Here, the portion of a flow in the total migration flow
depends on the heterogeneity and polydispersity of the bottom sediments. Therefore, in order to
describe migration it is necessary, on the one hand, to study the migration processes of a substance
(leakage, diffusion, dispersion etc.) and, on the other hand, to investigate the accumulation processes
(particle sedimentation, mineral formation, sorption etc.) [18].

The aim of this review is to describe the processes of migration of radionuclides and metals in
bottom sediments and possible ways of their interaction with the components of a freshwater
ecosystem, using the Yenisei River as an example.

2. Bottom sediments

Bottom sediments and soils are characterized by porosity, specific water yield and water
permeability which depend on the particles composing soft rock, namely, their form, their package
character, granulometric content and initial cementation. Highly angular particles are usually
disorderly located at sharp angles relative to each other, resulting in increasing porosity, water
permeability, and specific yield of the rock at a given diameter of the particles. In the case of poor
roundness of the particles, their close packing is observed, making the rock maximum packed. Well-
rounded particles do not provide such rock conditions; thus, the rock porosity, permeability and
specific yield of water are close to these characteristics of the rock formed by highly angular particles.
Besides the angularity, the particle shape influences greatly their packing. Plate-like particles have a
tendency to form orthogonal cracks, especially in the case of fine-grained material when weak
adhesion forces are opposed to the light weight of the particles themselves, resulting in their motion
and more close packing formation (Figure 1). Theoretically, ideal spherical particles can be packed
up to the porosity from 25.95 to 47.64%, and the plate-like particles up to the porosity from zero to
~100% [19-21].
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Figure 1. The granulometric content of several types of mineral rocks [19-21].

Almost all loose sediments contain a known quantity of consolidating material even if they seem
completely unconsolidated. Clay and colloidal material which are present in all sediments except for
the most washed ones have an envelope on the surface of coarser particles and the system of opened
apertures in finer fractions. Clayish envelopes are mostly present in the soil layer located below the
horizon (Figure 2), and its permeability can be reduced to a insignificant level of the initial value of
the parent rock permeability [21,22].
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Figure 2. Thin rock sections: the clay particles (denoted by the dots) envelope the sand particles
[21,22].

Since clay expands when humidified, the permeability of the sediments consolidated by the clay
material strongly depends on the rock moisture. Earth silicon, calcite, limonite and other
consolidating materials which are usually to be found in sedimentary formations only slightly
influence the permeability and water yield of soft sediments [108].

Presented in Figure 3 are the structures of the soil particles (of different origin), covered with an
organic substance in different quantities [21,23].

(a)

Figure 3. Soil particles: a) loam, b) montmorillonite, covered with an organic substance.
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Kaolinite is a typical representative of mineral clays and consists of 1-1 layers, with one layer
being earth silicon with tetrahedral structure and the other being gibbsite with octahedral structure.
Kaolinite has an inhomogeneous surface with its constant charge being due to isomorphic
substitution. The charge between the two layers in the crystal structures results from hydroxyl
groups, such as AIOH and SiOH located at the edges, subjected to protonation/deprotonation [24-
27].

2.1. Mass transfer processes in bottom sediments and soils

The study of the processes of abiogenic (water) substance migration with gravitational moisture
flows is based on the evidence on the soil cover structure as well as on a number of methodological
principles: those of complementarity, consistency, responsiveness and directional selectivity of the
processes, structural arrangement of the substances in space-time and filtration heterogeneity. The
collection of phenomena encompassing the transformation pool of substances in ecosystems is
intimately associated with the cycle of organic carbon which along with oxygen, hydrogen and
nitrogen atoms can form various (and intermediate) types of organic compounds, which is the basis
of life on the Earth. This cycle is intimately connected with other unique macroprocesses —
photosynthesis, nitrogen fixation and humus formation. The former process is a stable and powerful
source of newly formed bioorganic substances, free molecular oxygen and encoded information in
synthesized organic and metal-organic compounds. The latter contributes to the formation of
biological information storage and energy in soils. Climate conditions are responsible for the
formation of dynamic, non-equilibrium and self-organized systems of different origin functioning in
soils. In their creation and development a special part is played by various components of water-
soluble organic substances (WOS) with acidic and complex-forming functions, which are considered
to be a connecting (and typical) link between photosynthesis and humus formation [28].

The notions «humification» and «humus formation» are used in accordance with the
investigations by Orlov D.C., Kaurichev I.C., Fokin A. D. etc. [28,29]. Humification is a mesoprocess
including various reactions transforming organic substances of plant residues into new forms and
states of chemical elements, which occurs both in soils and other landscape components (river bottom
sediments, lake mud etc.). Humus formation is a macroprocess of formation, transformation and
migration both of specific humus compounds (including WOS), and their derivatives with
typomorphic (or other) metal ions. In space-time the humus formation is present in the form of
organoprofile, as well as in the migration cycles of the soil formation and technogenesis products.
[28,29].

The system of humus substances has been characterized both from chemical and ecological
viewpoints: WOS components migrating in geological formations play various roles being, say,
peculiar biogenic mechanism of the adaptation of living organism groups to extreme environment.
Another possible mechanism of forming groups of low molecular organic substances (fulvic acid
analogs) in soils and bottom sediments is so-called auto-catalytic reactions where the substances
analogous to the reaction products should be present in the initial reagents for certain substances (for
example, fulvic acids) to be synthesized. WOS are water-soluble organic substances with acidic,
complex-forming allelopathic and other functions [28-30]. They act as a pattern of new structures
which are to be self-organized and sampled in certain thermodynamical landscape conditions. There
arises a possibility of uniting the functions of substances with their structural self-organization which
can be observed in the non-equilibrium conditions of the development of bottom sediments and soils,
given such gradients as heat, moisture, compound concentrations and electrical potentials which can
resonate with the electromagnetic fields of the Earth and solar fluxes. Such interactions can enhance
some (redox, biochemical, energy) and weaken other (transformational, allelopathic) functions of
WOS. Therefore, their investigation is an urgent environmental objective. So far the peculiarities of
the origin of WOS being the source of humus compounds have not been studied completely and
differentiated. In geological formations WOS can result from waste products of prokaryotic
(cyanobacteria) and eukaryotic weeds which induce «blooming» of water sources during the whole
vegetation period [30-32].
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A variety of migration flows of substances and their transfer forms can be characterized by two
main vectors — biogenic and abiotic. The latter one is differentiated by its direction into the following
particular flows: vertical descending, vertical ascending, intra-horizontal (diffusional), sidelong
(lateral), surfacial (erosional) and intrasoil (in cascade transalluvial and transaccumulative
geochemical landscapes).

The principle of the structural organization of substances allows one to determine more exactly
the hierarchy and functions of various chemical compounds (biogenic, biofriendly, and techno-
friendly ones) in certain ecosystems. The evaluation of the substance migration scale, migration
barriers and migrating compound forms (simple and complex ions, molecules, associates, colloids,
fine-dispersed suspensions, active functional groups) provides a more complete diagnostic both of
soil formation products and transformation fluxes of man-made elements (radionuclides, as well as
heavy and toxic metals) which play an active role in trophic chains [33-35].

The principle of filtration heterogeneity of the liquid phase substance composition of bottom
sediments and soils predetermines a critical examination of the lysimeter results. Firstly, various
composition of the migration forms of substances is connected with continuous sorption/desorption
reactions, diffusion and chromatographic distinction of complex natural compounds (i.e., by
renewing solid phase compounds) resulting from the group fractionation of the ecosystem living
organisms as well as from the mobilization of water-soluble substances (WOS) of acidic nature into
the solution and their migration in the bottom sediment and soil profile. Secondly, not all the
components of the liquid phase were formed under present-day conditions. Thirdly, the response
delay is manifested both in performing reactions and interactions in horizons and in substance
migration [31,36].

Along with the above-mentioned phenomena, ascending flows appearing occasionally due to
the gradient of the pore solution suction force play an important role in abiogenic (intraprofile)
migration of the substances. During the seasonal ascending migration of the pore solutions to a
dehydrated (heated or excessively cooled) surface soil layer, seldom does the liquid solution in the
capillaries reach the day surface, transforming into vapor and ice at a certain depth. Various
substances contained in the solution — organic, metal-organic complexes, simple and complex ions,
colloids — precipitate on the soil particles. Here, the pore water is radically cleaned from the dissolved
substances, suspensions and colloids. This process frequently repeated can result in forming new
morphologically-expressed formations and accumulative microzones which are not appropriate to
the main genetic horizons.

The term «abiogenic migration» is used to estimate the flow of substances which is not connected
with their redistribution in soil and bottom sediments in the form of differently oriented motion of
gravitational moisture. Here, consideration is mostly given to ion-molecular forms of water-soluble
substances [28,29].

The driving forces of the migration are determined by two groups of factors: external and
internal ones [37-39]. The former are characterized by landscape-climatic and orolithogenic
conditions. Of significance are the specific character of the water catchment area and the intensity of
the area water exchange [40]. The internal factors are appropriate to a certain type of soil and its
location in the geochemical landscape and they are closely associated with biota functioning (type
and successions of vegetation, its age, arrangement in biogeocenoses).

The main peculiarity of the abiotic WOS flows is that they provide a spatial interrelation of their
formation zones with the zones of further migration and transformation (both of WOS and soil
minerals). Another characteristic of this process is reaggregation inside the soil layer and structural
transformation of the WOS components with a tendency to form fulvic compounds which are not
saturated with metal ions. The mechanism of the native formation of the fulvic acid (FA) group can
be based on sorption-catalytical reactions with minerals and colloids as well as complex-formation.
[42-44].
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2.2. Processes of metal and radionuclide accumulation by bottom sediments

It is believed that bottom sediments are natural archives of geochemical and geophysical
processes resulting both from the natural processes of sedimentation and from the interaction with
man-made radionuclides [45-47]. On the other hand, bottom sediments are an open
thermodynamical system, with the energy and substances flowing through it. This does not allow
reaching equilibrium states, which is compounded with the peculiar kinetics of the sedimentation
processes combining very fast and extremely slow reactions (dissolving and sorption). The rate of
these reactions can vary depending on the environmental conditions. However, the main chemical
reactions may occur during some time period with the same level of probability. The radionuclides
are known to be associated with the bottom sediments. Here, the radioisotopes can be located: 1) in
pore solutions of the bottom sediments in the form of ions, organic and inorganic complexes, 2) on
the bottom sediment particles in the cation-exchangeable form which are both tightly coupled due to
the adsorption and co-sedimented with the oxides of other elements (for example, with Fe, Mn
oxides), as well as included in the biomass of dead plants and microorganisms or in the structures of
primary and secondary minerals of the bottom sediments [48,49]. Despite the variety of the existence
forms, all the substances which are present in the bottom sediments take some part in the migration
processes, including dissolving-deposition, adsorption-desorption, chemical gradient diffusion and
diffusion into the mineral particle micropores. Therefore, the migration problem of the
physicochemical forms of a substance in the bottom sediments is important for understanding how
mineral geochemical peculiarities of the bottom sediments influence the reservoir geochemical cycles
[50,51].

Besides particles of different minerals and inorganic salts (carbonates, silicates, nitrates,
chlorides etc.), the bottom sediments and soils include the organic component: humic and fulvic
acids, individual organic substances (aminoacides, polysaccharides etc.). The organic substances, in
their turn, form metals which are complex by their composition — organic and organo-mineral
complexes [49,51]. The part of the organic substance dissolved in alkali, deposited by acids (pH=1),
is referred to as humic acid (its content in soil is up to 70 %) [49]. The part which can be dissolved
both in acids and alkalis is a fulvic acid, while the one which can be dissolved neither in acids nor in
alkalis is a humin. The humus substances are amorphous polyelectrolytes with a wide range of
molecular mass — up to 1000 for the fulvic acids and 1000 — 50000 for the humic ones [28,29,49]
(according to some evidence up to 1000000). It is shown [28,29,49,53] that these fractions include both
aromatic and aliphatic components, their main building blocks being complex phenol and benzene
carboxylic structures. These acids are closely interrelated and can be transformed into each other.
They are good complexing substances as they have many functional groups and, consequently, they
have many vacancies for metal ions, including radioisotopes, to be attached. Therefore, radionuclides
can be found in soils in the form of soluble and insoluble complexes with humic and fulvic acids.

It is believed that soil particles are formed in the following way: a positively charged surface of
the mineral particle is surrounded by negatively charged particles of hydrous ferric, aluminum and
other oxides, where negatively charged silicic acid and organic colloids are then adsorbed [29].

Radionuclide migrations in fractured (rock) systems are controlled by a combination of
processes, both macro- and microscopic ones. The comprehensive studies carried out during the last
decades have shown that while flowing, the liquids are concentrated in the cluster of discrete faults
of the geologic rocks or in the water area formed by the porosity, thus, influencing the migration and
radionuclide retention. This phenomenon is widely described by the term «double porosity» or
«matrix diffusion». Here, there occurs an exchange of mobile forms (solutions and colloids) between
the fractions of the pore space and mineral structures due to the driving force of the concentration
gradient, with the diffusion being caused by the Brownian motion [54-56].

The mechanisms of the radionuclide retention in the mineral component of soils can be different
[21,24,58]. These are: a) reversible physical adsorption, b) chemosorption (reversible and irreversible),
¢) introduction of minerals into the crystal lattice and (or) exchange for cations located on the surface
of mineral particles (Figure 4.).
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Figure 4. The main redistribution of metals present in trace concentrations in soil solutions [21,58].

Metals and radionclides can be adsorbed, forming 3-D solid phases in soils. These can be pure
solids (for example, CdCOs, Pb(OH)2, ZnS:) or mixed solids (for example, (FexCrix)(OH)s,
Ba(Cr0O4,504)). Mixed sediments are formed in the case of co-sedimentation of different elements.
Here, several types of co-sedimentation can be observed: inclusion, adsorption, and formation of
solid solutions, which are known to have a different type of coupling between microelements and
mineral particles [25].

The presence of the species formation complex in the soil pore water can significantly influence
the metal transfer through the soil matrix as compared to free metals. The complex formation can
result in forms with a negative or positive charge or electron-neutral ones (for example, CdCls*, CdCI-
, CdCl). The metal complexes formed can be weaker or stronger coupled to the surface of soil
particles as compared to the free ions of metals [60].

Some metals in the environment have more than one oxidation degree: arsenic - As(V) and
As(IlI), selenium - Se(VI) and Se(IV), chrome - Cr(VI) and Cr(IIl), mercury - Hg(ll) and Hg(I).
Oxidation state of these metals determines their mobility ratio, bioavailability and toxicity. For
example, Cr(VI), being quite mobile in soil is poorly sorbed by soil particles in addition to Cr(VI)
being highly toxic. At the same time, Cr(Il), which is rather immobile, is strongly sorbed on the soil
particles and quickly forms insoluble sediments [61,62].

2.3. Reactions proceeding on the particles of bottom sediments

Adsorption is defined to be the accumulation of ions at the interface between the solid and liquid
phases. Adsorption differs from sedimentation in metals being coupled to the surface of the existing
soil particles rather than forming a new 3-D solid phase. The main soil matrix as well as the bottom
sediment matrix include organic substances, clay minerals, iron and manganese oxides and
hydroxides, carbonates and amorphous alumosilicates.

The organic matter of bottom sediments and soils includes 1) living organisms, 2) soluble
biochemical substances (aminoacids, proteins, carbohydrates, organic acids, polysaccharides, lignin
etc.), and 3) insoluble humic substances. The biochemical and humic substances provide the reaction
centers (acidic functional groups such as, for example, carbonate and phenol compounds, ethanol,
enol-OH and amino-groups) for the metal sorption. The nature of organic matter in soil and its role
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in the metal retention in soil and bottom sediments are discussed in [51,63]. The migration ability of
metals is increased in the biochemical form of the water-soluble metal complexes.

The main "associates" between the inorganic part and organic matter of the soil are mostly
defined as [51]: (1) insoluble macromolecular complexes; (2) macromolecular complexes formed by
the interconnected divalent and trivalent cations such as Ca?, Fe¥, Al*, (3) organic clays of the
mineral complexes bound by polyvalent cations (clay-metal-humus), hydrogen bonds, as well as by
other means, and (4) organic substances intercalated in the expansion interlayers of the clay minerals.

Humus substances, as mentioned above, consist of insoluble polymers of aliphatic and aromatic
substances resulting from the influence on microorganisms. The humic substances contain a rather
complicated mixture of the functional groups. Metal binding with organic substances includes the
continuum of the reaction centers starting with weak attractive forces up to the formation of strong
chemical bonds. The organic substances of the bottom sediments and soils can be the main source of
the cation exchange capacity, with its value in surface layers being considerably higher than in lower
layers due to a decrease in the organic matter content [51].

There are numerous investigations of adsorption properties of clay minerals, such as
montmorillonite and kaolinite, as well as iron and manganese oxides. Jenne [64] makes a conclusion
that oxides of iron and manganese are the main components of the surface of the bottom sediment
particles controlling the metal mobility in soil and water. On the other hand, carbonate minerals can
immobilize metals by the adsorption of nucleating centers on the surface of mineral particles [65-69].

Considerable amounts of non-toxic metals, iron and manganese can frequently be found under
the conditions of limited oxidation state. In their oxidation states [Fe (III), Mn (IV)] react with the
sediment hydroxides which are physiological electron acceptors for anaerobic microbial food chains.
[136]. The final products, the reduced Fe- and Mn- [Fe (II) and Mn (I)], result in relatively soluble
forms which can migrate in aerobic conditions. Under these conditions the reduction of the sediment
can also be initiated by microorganisms [70-73]. The behavior of many toxic metals is closely
connected with the mediated iron and manganese cycle since toxic metals can be immobilized (by co-
sedimentation and sorption reactions with large amounts of iron and manganese oxides) or
solubilized by chemical reactions using Fe (II) and Mn (II)] [74,75]. Thus, the most challanging
inorganic compounds (e.g., Pb, Cr, U, Ni, Hg, Cd, Sr) are immobilized due to sorption and
sedimentation.

There is a great variety of physical and chemical forces regulating interactions between geo-
sorbents (soils and bottom sediments) and contaminations. These interactions are different from
colloidal and electrochemical phenomena, such as acid-base and sorption reactions [25]. Physical,
chemical, mineralogical and microbiological characteristics of soil can be studied in three ways in the
case of more thorough direct microscopic soil observations, i.e. micro-morphology.

Taking into account a wide range of properties of potential geo-adsorbents (e.g. the types of
organic substances and their abundance) and potential contaminants (e.g. organic, inorganic, soluble,
insoluble, ionic and hydrophobic ones), a conclusion can be made by indirect observations of the
behavior of the contaminating substances using the structure of the geo-absorbents.

The model of the surface complex-formation is often used to describe the adsorption behavior
of metals and radionuclides. [21,24]. Several types of surface complexes can be formed between the
metal and surface functional groups, which is determined by the degree of binding between the metal
ions and the surface of the mineral particles. (Figure 5).
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Figure 5. Three mechanisms of the cation adsorption on the siloxane surface (e.g.,montmorillonite)
[21,24].

Metals in the diffuse and ionic associates or in the external complex sphere are not directly
bound with the hydrated water. These ions are accumulated on the boundaries of the charged
surfaces as a result of the interaction of electrostatic forces. Such reactions are fast and reversible and
depend on the electron configuration of the surface groups and adsorption ion. The two metal-surface
interactions are also referred to as exchange reactions since there occurs the introduction of other
cations into the system, with the concentration being sufficient for the substitution or exchange of the
initial cations in the system [24].

Metals connected with the exchange forms can be rather capable for migration, depending on
the environment conditions. The possible substitution in metals can result in the existence of
potentially mobile forms of metals in the soil and bottom sediments [76,77].

The time of the (de)sorption processes vary in the wide range from milliseconds (surface
complex formation) up to several weeks or months (for some processes occurring in natural systems)
[78]. In the first investigations of the interactions of metal ions dissolved in natural water systems
[79-82] the constants of rates for some sorption processes taking several seconds are calculated [83].
However, these results are more relevant to dissolved homogeneous solutions and may not fully
correspond to the processes occurring in bottom sediments. The calculation of the constants of the
sorption rates for each investigation is an exponential function on the particle concentration. [84-86].

3. Mechanisms of including man-made radionuclides into the structures of the Yenisei River
bottom sediments. Migration capability and mass transfer in the water flow of the Yenisei River

In the period from 1958 to 1992 the operation of the Mining and Chemical Combine (MCC)
located in the town Zheleznogorsk 40 km downstream the city of Krasnoyarsk led to the radionuclide
contamination of the water and bottom and floodplain sediments of the Yenisei River mainly with
137Cs, ©Co, 192Eu, 'Eu over long distances downstream from the discharge of radioactive elements
[87]. After the shut-down of two direct-flow reactors in 1992 the amount of radionuclide discharged
to the Yenisei River decreased by ten times and the radioecological situation improved. The
systematic radioecological studies of the Yenisei River which included the analysis of the
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radionuclide contamination of water, bottom sediments, and river floodplain date back to 1972
[88,89].

Figure 6 presents a schematic map of the area under investigation and sampling site for the
collection of bottom sediments.

Yenisei River Kan River
“101 km™

{ B.Balchug

B.Tel River

W —— 7
>
g 3
E =
£ q

| “86 km"”
0 5 km

WA
/ Mining-and-Chemical
Combine (MCC)

Yenisei River

Sosnovoborsk

KRASNOYARSK
“0 km” = control area

Figure 6. Scheme-map of bottom sediment sampling points: 1, 2, 3 - streams flowing from the territory
of the sanitary protection zone of the mining and chemical plant [21,90,91].

3.1. Geochemical properties of the bottom sediments of the river Yenisei

Among the oxides found, only those of Fe and Mn can have different oxidation rates. The oxides
of Si, Ti, Al, Fe partially exist in the free state unlike other oxides. The losses upon annealing mainly
correspond to the loss of the sample weight due to the decomposition of organic substances with the
release of non-metallic oxides, sulphites with the release of SO: and carbonates with the release of
CO:a.

According to the weight content, the oxides are grouped in the following decreasing series:

5i02>>A1205>Fe205>Ca0, MgO, Na:0, K20>TiO>MnO, P20:s.

This series is valid for all soil types, independent of their origin and depth. Only the ratio
between the oxides considered is changed.

Considerable amounts of SiO2, and, consequently, those of silicon are convincingly described.
Silicon compounds in soils originate mainly from mineral rocks, although they are transformed in
the course of the soil formation. The general significance and role of silicon compounds in soils of
different origin are determined by the following main statements [49]:

1. Silicon compounds in the majority of bottom sediments and soils create their material basis,
playing, thereby, a constitutional role.

2. The quantitative distribution of silicon along the soil profile is one of the most important
indicators of the occurring processes, and, according to the ratio 5i02:R203 or SiO2ALOs the
types of weathering profiles are distinguished.
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3. Many important properties of bottom sediments and flood-plane soils are directly connected
with silicon compounds. The cohesion and viscosity of soils, their swelling capacity, capacity for
the cation exchange etc. depend on the content and composition of aluminum silicates, i.e clay
minerals.

Individual fragments included into the composition of the bottom sediments were qualitatively
characterized by the sinchrotron radiation X-ray fluorescence analysis. The results are presented in

Figure 7.

5000m Electron Image 1

Figure 7. The layout of a bottom sediment sample [21].

The mineral particles are found to be densely covered by organic substances and clay minerals.
In this case, there is a considerable amount of various diatoms, which is characteristic of the bottom
sediment samples and, especially, of the surface layers.

The material analysis of the individual mineral particle fragments of the bottom sediments under
study was made. The results are presented in Figure 8.

Full Scale 7966 cts ke Full Scale 5644 ctz kel

4opm Electron Image 1

Figure 8. The material composition of the fragments of a bottom sediment sample (0-10 cm) [21].

The material composition of the coarsely ground fraction fragments for the bottom sediment
samples and flood-plane soils under study was analyzed, i.e., after the elimination of clay minerals
and organic substances.

Considerable differences in the elemental composition of the genetic fragments being compared
can be caused mainly by the difference in the origin of the considered particle. The obtained results
show that, in spite of the careful sample preparation for the analysis, it is impossible to achieve the
sample homogeneity as a whole. The particles under study are of different origin, leading to
significant differences in the granularity, chemical structure and porosity of the particles (of their
surface) etc. This does not contradict to the earlier data on geochemical composition and physico-
chemical properties of the bottom sediments and flood plane soils. [49,92,94].

The change in the macroelement content with the depth is not considerable. This can imply that
the main matrix of the bottom sediment layers under study has similar geochemical properties and,
essentially, does not depend on the sediment depth. This factor considerably influences the general
distribution of radionuclides and metals entering from water.
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However, the change in the microelement content can contribute into the distribution of
radionuclides into migrating, potentially migrating and undissolved forms in the bottom sediments
and flood plane soils.

Unlike the distribution of macroelements, the distribution of microelements between the layers
of the bottom sediment under consideration has considerable differences. This especially concerns
Zn, Pb, Th, As, Zr, whose content is changed up to the maximum value and drops; and Pb, Cr, Sr,
whose content is changed down to the minimum value and increases in the bottom sediment sample
of the Yenisei River. In the sample taken near the impact zone of the Mining and Chemical Combine,
the content of Sr, Zn, Zr smoothly increases, depending on the depth, while the content of Cr
decreases.

Such a non-uniform distribution of microelements between the layers of the bottom sediment
sampled in a certain area is likely to be connected with the following:

1) Inhomogenuity of the rock, resulting in:
2) Absolute accumulation or release of elements due to the transfer of their compounds in the
geologic profile and (or)
3) Relative accumulation (release) of elements due to the release (accumulation) of other chemical
substances in the given layer.
The investigation of the binding forms of man-made radionuclides %Co, '¥Cs, 1%2Eu, ! Am in the
bottom sediment sample using the system of sequential chemical fractionation [21,91,95,96] was
carried out with the bottom sediment samples taken in the area of the Yenisei River (Figure 6). The

fractionation scheme and distribution of the radionuclides between the fractions are presented in
Table 1.

Table 1. The scheme of fractionation and distribution of the radionuclides between the bottom
sediment fractions [21,90,91].

Radionuclides, Bq-kg? (% from the total content)
60C0 137CS lSZEu 241Am
At E At E At E At E
7+14 37+07 26+£3 18+17 163
(1,3+0,3) (22+04) (1,1 +0,1) (3,8+0,4) (1,4+0,3)
11+3 97+09 15+3 93+1 24+3 22z1 4+1 15+2
(30+0,8)(58+05)(0,6+0,1)(1,9+0,2) 21£0,6) (70+0,3) (7+2) (27+4)

Fraction

I, exchangeable <MDA <MDA <MDA

II, carbonates

I, sesquioxides  47+4 97+13 15+5 44+14 | (7122 1+1 202  4+1 6604
and hydroxides  (89+08) (58+08) (0602) (09+03) (¥ (6406 (£ (12:1)
61+4

IV, organic matter (1162 J0F1 804 41x4 46S:1l 2l4x6  19:4  25:3

108 0 (181 (33:02)86:08) @0x1) (8:2) (4:7) (6+6)
V, amorphous 30+3 23+4 3+1
<MDA <MDA <MDA <MDA <MDA
silicates (5,7 +0,6) (0,9+02) (0,7 +0,2) < <
VI, undecomposed 37114 115+2 Zzli‘éi 410+29 481+13 (5188i63+ 29+4 81+1,1
residue (03) (6821) 40l o (B4x6) @L7xD) (COF (G2:7) (15:2)
) 2443+
Initial 527442 168419 0% 486444 115746 31413 56+7  55+8
content (00 00) o0 (100) (100)  (100) (100 (100

As is seen from the results presented, the ratio of the extracted forms of the radionuclides under
study in the considered samples of the bottom sediments varies.

In the sample from Atamanovo (At): 48 % 21Am, 60 % '%Eu, 30 % %Co and 7 % ¥7Cs, and in the
sample from B.Balchug (E): 82-85 % '!Am and **Eu, 32 % ®“Co and 16 % '¥Cs of the total content
were found to be present in the migrating and potentially migrating forms (fractions I-IV, Table. 1).
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A large part of the extracted radionuclides is connected with the organic fraction of the bottom
sediment samples (fraction IV, Table 1): ©Co 12 and 18 %, '¥Cs 3 and 9 %, '?Eu 40 and 68 %, ! Am
34 and 46 %, for the samples from Atamanovo and B.Balhug, correspondingly.

Some contribution into the migration ability of the radionuclides is made by «sesquioxide and
hydroxides » (fraction III) and «carbonates» (fraction II), where the radionuclide content is the
following: ©Co - about 12 %, ¥Cs - 1.5-2.8 %, 122Eu — 17-14 %, 'Am - 14-29 % of the total amount of
the absorbed radionuclides.

As a result, the migration ability of the considered bottom sediment samples was observed to
decrease.

Since a large part of the radionuclides is extracted during the destruction of the organic fraction
of the bottom sediment samples (Figure 8), considerable attention is to be given to the study of the
components included into the composition of this fraction, these components being a humate-fulvic
complex (HFC).

Coors % 7

Am-241, %
2 ‘ ‘ ‘ ‘ ‘ ‘
‘ ‘ ‘ ‘ ‘ ‘ 25 35 45 55 65 75 85

N w » [3,] o ~ ©o
1

b)

Figure 9. The correlation dependences between the organic substance content in the bottom sediment
samples (Corg, %) and the radionuclides transferred into the solution during the destruction of fraction
IV - «organic substance»: a) 1*?Eu and b) !Am [21,90,91,96].

The main contribution to the radionuclide accumulation is made by the organic fraction of the
bottom sediment. The interaction with this fraction results in the formation of humates and fulvates
152Ey, 21Am and ®Co, with the contribution of organo-mineral and metallo-organic radionuclide
compounds being insignificant. The dependence of the radionuclide amount in the organic fraction
of the bottom sediment on the content of low-molecular and free fulvic acids was shown. A
considerable part of 2Eu (about 92 %) and ®Co (24 %) present in the sample from B. Balchug are
found to exist together with non-silicate iron compounds while in the sample from Atamanovo these
are only 33 % and 6 %, correspondingly.

The series of the migration ability decrease in the bottom sediments sampled near the settlement
Atamanovo -#*'Am = '52Eu >%C0>'¥Cs and bottom sediments sampled near the settlement Bolshoy
Balchug 2!Am= 132Eu>%0Co>Cs were constructed. The presence of microparticles containing
radionuclides, in particular, 2'!Am and '¥Cs, can considerably influence the scheme of radionuclide
distribution over the migration forms.

For ¥7Cs, the content in the migrating and potentially migrating forms in all the layers and
samples of the bottom sediment does not vary considerably, i.e. within the error limits.

The undecomposed residue, from the viewpoint of the geochemical properties is a coarsely
ground part of the bottom sediments consisting of insoluble crystalline structures. Moreover,
included into the undecomposed residue are clay minerals deformed due to the chemical
fractionation and a small part of insoluble organic substances. Hence, the radionuclides associated
with the residue are bound either according to the mechanism of isomorphic inclusion into the crystal
lattices of silicate structures (for example, the content of 1’Cs correlates with the content of sand and
clay minerals) [98], or result from the formation of compounds in the interlayer space of the clay
minerals (for example, the interaction of '?Eu and 2! Am with clay minerals).
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4. Conclusion

Thus, the main mechanisms involved in the interaction of the man-made radionuclides with the
bottom sediments of the Yenisei River are: 1) ion exchange with the ions located on the surface of
mineral particles, 2) formation of complexes with the organic substances covering the surface of
mineral particles, 3) incorporation into the crystal structures of the bottom sediment mineral particles
and interlayer space of the clay minerals, 4) association with polymer films of sesquialateral oxides
and hydroxides of Fe and Mn.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.
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