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Abstract: The profile migration of pollutants that occurs most intensively in spring, autumn, and
summer with a large amount of precipitation when intensive descending flows of soil moisture take
place is of particular importance. The migration of heavy metals is limited by their deposition on
geochemical barriers. The study of the profile migration and accumulation of heavy metals showed that
metals have an unequal behavior in soils; a change in their content in the profile is noted. The article
presents the dynamics of the distribution of moving forms of heavy metals in different soils of the
Orenburg region. An equation of exponential regression was proposed. The equation allows assessing
the migrative ability of heavy metal by the value of indicator o. There were studied physical and
chemical characteristics of the soil, namely its composition, the content of heavy metals, which in total
affects the overall state of the soil and plant system. The structure of the system was analyzed and
determined by probabilities of the presence of a pollutant in the components of the system. As a result,
a complex indicator showing the movement of heavy metals in the soil-plant system was calculated.

Keywords: physical and chemical features of the soil; heavy metals; soil composition; the state of the
soil-plant system.
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1. Introduction

Recent studies of physical and chemical characteristics of soils have led to an increase
in the number of significant research materials on the content of heavy metals (HM), pesticides,
and biogenic and other substances in soils. Predicting transformations of the qualitative
composition of soil and the presence of toxic compounds in it are very relevant and complex
tasks; even mathematical modeling methods are used to solve it. In addition to mathematical
models based on experimental data (regression models) that do not allow identifying the
mechanisms arising in the system, simulation modeling finds its application. These models
typically utilize many components that take into account the processes of modification of
chemical compounds, diffusion, sorption, and others. Simulation modeling provides an
opportunity to integrate a large amount of information about the physical and chemical
processes carried out in the system, which allows detailed analysis and prediction of dynamic
characteristics. However, studying such large and complex models bring grave mathematical
difficulties. It should be emphasized that, for a comprehensive understanding of the system, it
is enough to limit to one-, two-, or three-component models, which are much easier to analyze
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and, at the same time, provide an opportunity to correctly assess the fundamental characteristics
of the system’s behavior [1].

2. Materials and Methods

The examined area was an object of the choice of sites with homogeneous soil and
vegetation cover in accordance with the methods given below. A mixed soil sample consisting
of 5 point samples taken by the envelope method was selected from a chosen site. Samples
were selected with a shovel to the depth of the arable layer (30 cm) on arable land and with a
soil sampler to a depth of 0-5 cm; 5-10 cm; 10-20 cm; 20-30 cm; 30-40 cm; 40-50 cm on virgin
soil.

Each point sample was thoroughly mixed and taken to a clean polyethylene container
to create a mixed sample. All the individual samples provided a mixed sample with
approximately the same amount of soil. All five samples were mixed together, cleaned from
stones, roots, and other inclusions, and thoroughly stirred. About 1 kg of soil was selected from
the total mass by the quartation method, which was subsequently analyzed.

The resulting soil samples were brought to an air-dry state, and all large lumps were
crushed. Then a sample weighing 200 g was selected by quartation and sifted through a Capron
sieve with 1 mm holes.

Plant samples were selected at the same sites as soil samples. To obtain a combined
sample, plants weighing 0.5-1 kg with natural moisture were selected from 10 point samples
(“Methodical guidelines for the definition of heavy metals in the soils of agricultural land and
crop production.”, Moscow, 1992, Central Research Institute for Agrichemical Services of
Agriculture).

The ground part of the grass cover was cut with a sharp knife not clogging with the soil,
then laid in a polyethylene film with a label. If the lower part of the plant was contaminated
with the soil, the plants were cut 3-5 cm above the soil surface.

Samples of grass and green mass of crops were conducted by GOST 27262-87
“Vegetable feeds. Sampling methods.” Herbs from pastures or hayfields were selected on the
allocated 10 accounting sites of the size of 1 m? placing them on the diagonals of the site. The
herbage was cut off at an altitude of 3-5 cm.

Selected point samples of green mass were collected on a tarp, carefully mixed, and
spread out as an even layer receiving a combined sample. The average sample for analysis was
selected from the combined green mass sample. To compile the average sample that weighs
1.5-2 kg, the grass was taken in portions of 150-200 grams from 10 different sites.

The combined samples of the plant material were shredded into segments of 1-3 cm.
Then, the average sample was allocated by quartation; the mass of the latter after drying was
100 g. Samples were dried in a drying cabinet at T = 600 C to the air-dried condition (GOST
27548-87 “Vegetable feeds. Methods for determination of moisture”). The air-dried sample
was crushed at the mill and sifted through a sieve with a hole diameter of 2 mm. The residue
on the sieve after grinding was added to the sifted part and thoroughly stirred. The prepared
samples were stored in a glass jar with a ground stopper in a dry place; the samples were later
used for analysis.
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3. Results and Discussion

We will analyze the system that consists of the following components: soil, the root
system of plants, and their above-ground part. Such a system refers to the self-regulating ones
that were formed in the course of evolution as a system as a whole, and each of its parts inter-
related.

Energy and substance are transferred during the interconnection of the elements of the
system. The original requirements will be determined as follows:

1) at the initial point, the concentration of a pollutant CO is introduced into the system (for
example, through the atmosphere);

2) there takes place a substance exchange between each element of the system with different
intensity:

M — the intensity of the movement of substances from the soil to the roots of plants;

A2 — the intensity of the movement of substances from the roots of plants to their above-ground
part;

A3 — the intensity of the movement of substances from the above-ground part of the plant to the
soil.

The structure of the system will be established by the probabilities (P) of the presence
of a pollutant (POL) in the components of the system: Px - the probability of the presence of
POL in the soil, P« - the probability of the presence of POL in the root system of plants, Px -
the probability of detection of POL in the above-ground part of plants. Let’s set a task: to
calculate the concentration of POL in each of the elements of the system, providing intensional
stationarity of the switch of the pollutant from one element to another while the time of control
tends to infinity [2].

A single stream of events that takes the system out of the Pn state will flow with an
intensity A1. The probability that the system will come out of the Py state in the time At will be
equal to:

A - AL

and the probability that it will not:
(L2 -At)
The total probability will be:
P (t+At) = P, (t)(1— A, - At) +A4P, ()AL
After reduction:
P, (t+ At) — P, (t) = =P, (t)AAt + A, P, (t)At
With At — 0:
dp, (t)
— L — P, + AP (t
pm b (DA + 23R (1) o

In the same way, equations for the states of the systems of Pk(t) and PH(t) can be made:

dr.(t) _ P (t)+ 2P, (1)

dt (2)
M =—-A3P, + A, P,
dt ©))

Equations 1, 2, and 3 together create a system of Kolmogorov equations where the
probabilities of Pm, Pk, and Pu appear as unknown values. As noted above, they can be
interpreted as the probability of POL detection in the roots, above-ground part of plants, and
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soil. Different processes, such as diffusion, sorption, dry and wet deposition, etc., are
responsible for moving pollution from one environment to another. If the processes take place
in a large amount of time (t — ), then the components of the system are diagnosed with
concentrations of POL according to the probabilities of Pn, Pk, and PH.
The final probabilities do not depend on time due to following the reasons, therefore:
dp. . dPR, dR,

—I_0 —t-0 —1=0
dt - dt - dt

Then:
—MP, +25P, =0
AP+ 2P, =0

2P +2,P. =0
3H+2K (4)

The system (4) is over-determined, so we will remove the third equation and substitute instead:
P.+P. +P, =1
Then:

-MP+A5P =0

- AP+ 0P =0

P,=1-PF, -PR (5)

Switching from probabilities to concentrations:
- 7\'2CK + 7\'1CH' = O

C =C,-C -C
n o K H (6)

Solving the system (6), we have:
_ MA,C, C - MAsC, C = hahsCy
A, A AN A, F oAy F AN, R WY P WY P Y U )

The developed dependencies allow determining the preferential distribution of
substances in subsystems by the known intensity of the transitions of substances in the soil-
plant system. But it is worth emphasizing that the intensity of transitions is established by the
characteristics of soils and plants.

For the integral estimate of soil and plant complexes, a combined indicator is
recommended taking into account the physical and chemical features of soils and plants. A
denominator in equations (7) is proposed as such a criterion. Tables 1 and 2 (fragments) show
calculated differential indicators that give an idea of the migratory properties of metals in soil
and plant systems. When studying the tables, it should be pointed out that the differential
indicator | demonstrate the degree of distribution of heavy metals in soil-plant systems. Thus,
if 1 = 3, it indicates an even distribution of heavy metals in the soil elements, roots, and the
above-ground part of the plant [3].

The closer to three | is, the more even the distribution of HM is in the soil-plant system.

An analysis of tables shows an even distribution in the studied soil-plant systems for
zinc, cadmium, cobalt, nickel, and mercury. Metals such as copper, manganese, nickel, and
chromium feature with a significantly heterogeneous distribution in these systems [4].
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Table 1. The differential indicator of soil-plant contamination with copper (fragment).

Point of sample selection Tansy Wild oats Bluegrass Milfoil | Brome | Bush grass Dandelion
1.1 18.32 17.35 32.04 13.85 154 30.42 20.62
1.2 13.73 23.68 18.73 77.48 22.46 30.71 10.33
1.3 11.04 53.83 32.76 19.07 25.64 21.15 37.06
14 68.80 47.68 28.1 90.39 2041 46.48 34.54
15 21.17 61.87 16.35 47.51 47.36 34.63 18.40
1.6 12.71 24.24 37.5 69.6 28.15 32.58 24.30
1.7 18.35 28.74 37.16 16.56 15.77 12.16 38.6
2.1 11.37 21.76 30.8 48.63 39.95 35.46 38.21
2.2 26.48 41.03 12.87 62.86 51.79 17.28 31.76
2.3 7.70 12.75 46.92 32.76 29.46 16.76 23.73
24 33.48 20.77 40.62 41.11 20.15 18.83 19.22
25 9.2 48.71 41.88 17.02 58.62 16.24 22.17
2.6 14.68 16.75 43.15 75.95 26.34 14.02 39.26
2.7 31.52 25.75 48.95 39.05 43.92 22.1 28.19
3.1 11.17 23.22 24.43 26.3 58.64 26.46 22.26
3.2 8.18 42.71 37.86 93.01 15.75 46.57 47.37
Table 2. The differential indicator of soil-plant contamination with zinc (fragment).
Point of sample | Tansy wild Bluegrass Milfoil Brome Bush Dandelion
selection oats grass
11 7.48 6.16 9.87 7.05 4.38 7.2 8.06
1.2 9.25 5.03 2.95 6.11 11.65 4.98 4.07
1.3 8.32 6.26 5.83 6.82 5.46 8.85 3.98
14 5.16 9.30 5.8 5.31 7.66 8.05 6.69
15 11.44 5.88 10.42 11.01 10.63 6.62 4.84
1.6 7.05 7.08 421 5.04 1.07 3.97 11.67
1.7 13.45 6.08 3.84 12.34 5.47 7.93 6.04
2.1 8.97 4.63 4.59 8.98 7.52 5.85 7.43
2.2 5.49 7.6 4.49 5.88 5.22 4.88 0.82
2.3 9.72 7.79 4.65 5.41 4.88 10.96 5.86
24 5.57 6.28 3.6 7.27 9.21 8.61 7.55
25 6.79 4.63 3.57 8.84 9.52 4.34 5.77
2.6 5.08 111 3.04 8.41 5.16 7.66 7.69
2.7 7.42 5.15 5.03 4.8 2.97 7.34 6.15
3.1 8.79 7.35 3.54 10.45 4.15 6.25 6.59
3.2 8.86 10.68 7.1 5.87 7.37 7.82 4.33

where | is a differential indicator for metal i;

The results of the calculation of a complex indicator showing the movement of HM in
soil-plant systems are presented in Table 3. The calculation was made for each metal, and then
there was computed a root-mean-square value for each soil-plant system. The formula:

|nt:\/§7/N

N is a number of items (HM) that are summed up.
The first column of the table presents the soil sampling points. The “+” means a plant
is growing on this soil (e.g., 1.1 + Tansy indicates that Tansy grows on the soil).
We studied 9 elements, and the lowest value the complex Int indicator can reach is 9.
It means that all the studied metals are evenly distributed among the components of the soil-
plant system. The higher the Int is, the more heterogeneous the distribution of metals between
the root system of plants and their above-ground part is. Soil-plant systems with a complex
indicator of more than 100 are shown in Table 3 [5].

Table 3. Complex indicator (fragment).

Point of sample | +Tansy | +Wild | +Bluegrass +Milfoil +Brome +Bush grass +Dandelion
selection oats
11 39 28.1 49.3 71.8 38.6 50.7 31.2
12 174.2 29 58.2 82.5 32.2 37.6 28
1.3 369.4 73.8 73 38.2 35.4 92.9 88.2
14 71.6 57.4 37.8 95.3 182.8 60.8 48.2
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Point of sample | +Tansy | +Wild | +Bluegrass +Milfoil +Brome +Bush grass +Dandelion
selection oats

15 414 65.1 34.4 66.9 67.8 48 38.4
1.6 21.5 32.7 42.3 79.6 375 36.2 32.8
1.7 29.3 42.3 79.8 36.7 31.8 40.3 47

2.1 24.5 36.3 97.5 54.2 45.9 43.7 53.4
2.2 30.3 58.7 314 74.1 62.3 43.9 54.3
2.3 25.9 41.2 53.3 187.8 182.2 34 53.1
2.4 45.7 52.9 81 45.2 29.2 36.2 175.6
2.5 61.4 212.1 54.5 31.9 63 28.8 41.2
2.6 24.3 35.4 76.5 82.6 29.4 83.1 124.7
2.7 40.2 46.6 62.7 71.8 57.5 98.7 43.1
3.1 22.7 42.9 35.3 45.6 71.6 40.6 40.4
3.2 30 51 41.9 97.7 39.1 83.7 51.9

4. Conclusions

On the basis of the proposed mathematical model and conducted analytical studies, we
calculated the risks of heavy metal contamination of soil, above-ground, and root systems of
plants. The proposed differential and integral indicators adequately characterize the distribution
of a particular metal in the soil-plant system and the general distribution of all heavy metals in
a particular soil-plant system.
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