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In this paper the content of heavy metals at the territory of Pyatihatki settlement, where the National Scientific Center Kharkiv
Institute of Physics & Technology (NSC KIPT) is located. The nuclear-physical methods were used to determine the content of
chemical elements in the soil samples taken in 30 points at the territory of Pyatihatki settlement in 2011-2021. The elemental analysis
was carried out on the analytical nuclear-physical complex "Sokol". The methods, based on registration of characteristic X-ray
radiation of atoms and y-radiation of nuclei excited by accelerated protons, were used. After the measurements completion, the data
arrays on the content of 15 chemical elements (N, Na, S, Cl, K, Ca, Ti, Mn, Fe, Cu, Zn, Zr, Br, Sr, Pb) in the soil samples were
obtained. The data arrays processing was carried out using the EPA (Environmental Protection Agency) PMF v3.0.2.2.2 software
based on the application of the PMF (Positive matrix factorisation) algorithm. ArcView 3.2a was chosen as the basic software
product for the analysis of spatial distribution of the major polluting chemical elements. As a result of the performed work, the
pollution sources, which have an impact on the territory near the NSC KIPT, have been identified. The source of the soil pollution is
the autostrades, among which the road around the city Kharkiv stands out, where an increase in the content of Pb, Sr, Zr, Cr and Cu
was detected. A source of chromium contamination, located presumably to the north-east of Pyatihatki settlement, was identified.
The analyses of the obtained data showed that the PMF method allows to identify the factors that affect the soil contamination, and to
determine the presumptive sources of pollution with the help of wind rose.
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INTRODUCTON

A serious environmental problem over the last century has been the intensive development of industry and
transport complex, which are the most powerful sources of biosphere pollution. The soil is a poorly migrating medium,
which is exposed to heavy metal pollution every day. According to WHO, up to 95% of heavy metals together with the
products of plant and animal origin enter the human body through the trophic chains [1].

The soil protection from the pollution is an important problem, since any harmful compounds in the soil, sooner or
later, get into the human body. First, there is a constant washing out of contaminants into open water bodies and ground
waters, which can be used by people for drinking and other needs. Second, these contaminants from the soil moisture,
groundwater and open water bodies get into the organisms of animals and plants that use this water, and then through
the food chains again get into the human body. Third, many compounds that are harmful to the human body have the
ability to accumulate in tissues, and, above all, in bones [1].

The heavy metals and their compounds form a significant group of toxins, which makes the anthropogenic impact
on the ecological structure of the environment and on the humans themselves. First of all, those metals that are most
widely and in significant amounts used in human production activities and, as a result of their accumulation in the
external environment, pose a serious danger in respect to their biological activity and toxic properties, are of interest.
They include Pb, Hg, Cd, Zn, Bi, Co, Ni, Cu, Sn, Sb, V, Mn, Cr, Mo and As.

Table 1 presents the hazard classes of chemical pollutants [2].

Table 1. Hazard classes of chemical pollutants

Class Elements
1 As, Cd, Hg, Pb, Zn, F, 3,4- benzo(a)pyrene
2 B, Co, Ni, Mo, Cu, Sb, Cr
3 Ba, V, W, Mn, Sr

The soil contamination with heavy metals has different sources: metalworking industry waste; industrial
emissions; fuel combustion products; automobile exhaust gases; agricultural chemicals.
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The heavy metal distribution on the soil surface is determined by many factors. It depends on peculiarities of the
pollution sources, meteorological features of the region, geochemical factors and landscape conditions in general.

From the historical point of view, an interest in this problem appeared when studying the soil fertility, as long as
the elements such as Fe, Mn, Cu, Zn, Mo and Co are very important for the plant life and, consequently, for the animals
and humans. They are known as microelements because they are required by plants in small quantities. All the
microelements can make a negative effect on the plants if the concentration of their available forms exceeds certain
limits. Table 2 presents the data on the effects of heavy metal concentrations on plants [3].

Table 2. Effect of toxic concentrations of some heavy metals on plants

Concentration in soil,

Element me/ke Plant response to the increased concentrations of heavy metals
Inhibition of respiration and suppression of photosynthesis process;
sometimes an increase of cadmium content and a decrease of zinc,

Pb 100-500 calcium, phosphorus, sulphur supply; decrease in the crop yield;

deterioration of the plant products quality.

External symptoms are the appearance of dark green leaves, curling of
old leaves, stunted foliage.

Disruption of enzyme activity, processes of transpiration and fixation
of COg; retardation of photosynthesis, inhibition of biological recovery
Cd 1-13 of NO2 to NOj difficulty in the supply and metabolism of a number of
nutrition elements in plants. External symptoms: growth retardation,
root system damage, leaf chlorosis.

Zn 140-250 Chlorosis of young leaves.

Deterioration of plant growth and development, wilting of the plant
above-ground parts, root system damage, chlorosis of young leaves,

Cr 200-500 sharp decrease in the content of most essential macro- and
microelements (K, P, Fe, Mn, Cu, B, etc.) in plants.
Ni 30-100 Suppression of photosynthesis and transpiration processes, appearance

of chlorosis signs.

Vehicle gases exhaust, wastewater irrigation, wastes, residues and emissions from the operation of mines and
industrial sites, application of phosphorus and organic fertilizers, use of pesticides, etc. have resulted in an increase of
heavy metal concentrations in soil.

As long as the heavy metals are firmly bound to the soil constituents and are difficult to access, their negative
impact on the soil and environment will be insignificant. However, if the soil conditions allow heavy metals to pass into
the soil solution, there is a direct danger of soil contamination, and there is a probability of their penetration into the
plants, as well as into the organism of humans and animals that consume these plants. The danger of soil and plant
contamination depends on: the type of plants; forms of chemical compounds in the soil; presence of the elements that
counteract the influence of heavy metals and substances that form complex compounds with them; the adsorption and
desorption processes; the amount of available forms of these metals in soil and the soil-climatic conditions. Thus, the
negative influence of heavy metals depends, in essence, on their mobility, i.e. solubility.

The content of Pb in soil usually ranges from 0.1 to 20 mg/kg. Pb from the soils enters plants and accumulates in
them. Pb adversely affects the biological activity in soil, inhibiting the enzyme activity by reducing the intensity of
carbon dioxide release and the number of microorganisms. Pb also has the ability to be transmitted through food chains,
accumulating in plant, animal and human tissues. The lead dust is deposited on the soil surface, adsorbed by organic
matter, moves along the profile with the soil solutions, but is carried outside the soil profile in small quantities.

Zn content in soil varies from 10 to 800 mg/kg, but most often it is 30-50 mg/kg. The accumulation of Zn
excessive amount negatively affects most of the soil processes: it causes changes in physical and physicochemical
properties of soil, reduces its biological activity. Zn suppresses the vital activity of microorganisms, thus disturbing the
processes of organic matter formation in soils.

Zn and Cu are less toxic than the above-mentioned heavy metals, but their excessive amount in the metallurgical
industry wastes pollutes the soil and inhibits the growth of microorganisms, reduces the enzymatic activity of soils,
reduces the plant yield [4].

It should be noted, that the toxicity of heavy metals increases with their combined effect when they act together on
the living organisms in the soil. Since the heavy metals are usually found in various combinations both in the fuel
combustion products and the metallurgical industry emissions, their effect on the environment surrounding the sources
of pollution can be stronger than inferred from the concentration of individual elements.

SUBJECT OF STUDY AND INPUT DATA
The sources of harmful emissions can be located not only in megalopolises, but also in small settlements engaged
in knowledge-intensive production, such as Pyatihatki settlement (Fig. 1), where NSC KIPT is located. As a part of the
study of the impact of such an enterprise on the environment by nuclear-physical methods, the content of chemical
elements in the soil samples, which were taken at 30 points in Pyatihatki in 2011-2021, was determined.
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Figure 1. Placement of observation points in the 5-km zone of NSC KIPT

The samples were prepared according to the standard technology. The measurements were performed on the
analytical nuclear-physical complex "Sokol" of NSC KIPT [5]. The methods based on the registration of the
characteristic X-ray radiation of atoms (it is method 1) and 7y-radiation of nuclei excited by accelerated protons (it is
method 2) were used. The elements with an order number of 16 and higher were determined by method 1, and the
elements with an order number lower than 16 were determined by method 2. The spectra were measured at the proton
beam energy of 1.7 MeV, the current of 20...50 nA, and the proton charge on the target of 100...150 pnC. The radiation
was registered by Si (Li) and Ge (Li) detectors. After the measurements, the data arrays on the elemental content in the
soil were obtained. In the range of elements from N to Pb, 15 elements (N, Na, S, Cl, Cl, K, Ca, Ca, Ti, Mn, Fe, Cu, Zn,
Zr, Br, Sr, Pb) were selected for further processing.

Using the EPA PMF v3.0.2.2 programme [6], the concentrations of these chemical elements and the calculation
errors were investigated.

ArcView 3.2a package was chosen as the basic software product for the spatial distribution analysis of the main
polluting chemical elements [7].

ArcView is a geographic information system that is designed to display, edit, spatially analyze, search, and
manage geospatial data. This software tool was developed by ESRI (Environmental Systems Research Institute).

The tools of geoprocessing and analysis by ArcView package allow performing complex spatial operations on
geographic data such as creating buffer zones around the map objects, clipping, sectioning, merging themes_and data
assigning by location.

ANALYSIS METHODS
Many practical methods of environmental monitoring require the use of complex non-trivial computational
methods implemented by software. To determine the characteristics and location of the pollution sources, the method,
called Receptor Modeling in the scientific literature, has been proposed [8, 9]. Its fundamental principles are the mass
conservation and mass balance. The input data are the constituent chemical components contained as elemental
concentrations in a large number of samples. The basic mass balance equation for m chemical components in »
samples from the contribution from p independent sources can be represented as follows:

X, =280 ey s (1)
P

where x, is the measured concentration of j -th compound in i -th sample, f, is the concentration of ;j -th compound
in the material emitted by p -th source (source profile), g, is the contribution of p -th source to the i -th sample, ¢, is
the fraction of measurements that cannot be fitted by the model. The decomposition of the x; matrix in the form (1)
represents it by the principal components (PCA - Principal Component Analysis) e.g. g,,, in this case, is the score
matrix, f, is the the loadings matrix, e, is the matrix of residuals. In general, the task is to determine the number of
principal components, which is equal to the rank of the x, matrix. When the PCA method is used to divide the data into

meaningful components, it is often referred to as the factor analysis. The PCA method can be interpreted as projecting
the data onto a subspace of lower dimensionality. The resulting residuals of ¢, are treated as noise with no meaningful

information.

Two computational algorithms UNMIX and PMF have been proposed to determine the composition of sources
and the contribution of each of them to the sample with the recorded data [10]. UNMIX is based on eigenvalue analysis.
The UNMIX model is a new type of multivariant receptor model based on the PCA method. As for the PMF (Positive
matrix factorization) algorithm, it differs significantly from other factor analysis methods. All the other methods use
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singular matrix decomposition. PMF is to use the least squares method to minimize the objective function, which has
the form:
2
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where s, is the error estimate of the j-th chemical component measured in the i-th sample. The problem is to minimise
the O function with respect to g, and f, subject to the constraints for these variables, which take into account their

non-negativity. That is, the source profiles and their contributions to the samples are chosen so as to minimise the sum
of all residuals e .

To analyse the soil data PMF v3.0.2.2.2 programme was used. Preliminary data, obtained using the programme,
can be refined. Two additional algorithms are used for this purpose. The first of them, Bootstrap Runs, randomly selects
the non-overlapping blocks of samples, thereby revealing new input data. The second algorithm Feak, uses a rotation
transformation for the matrices G and F (G =GT and F =FT™"), so that the contribution of the most significant
factors is increased and that of the less significant factors is decreased. It should be noted that the solution of the
problem, which is defined by expression (1) is not unambiguous, and the result depends on the qualification and
subjective perceptions of the researcher.

RESULTS OF THE RESERCH
An input matrix of 30x10x8 (30 is the number of sampling points, 10 years is sampling period, 8 is the number of
chemical elements) was used. The following chemical elements were selected to analyse the pollution source: Ti, Zr,
Pb, Mn, Sr, Cu, Cr, Zn. The PMF programme was run with the following parameters: number of iterations — 20; number
of factors — 4; starting point for each iteration — 25. As a result of the PMF v3.0.2.2 programme operation, the
presumptive sources of pollution were obtained, which are presented in Table 3.

Table 3. Sources of pollution

Factor Dominant elements Name
1 Titanium, Zirconium, Plumbum Ti+Zr+Pb

2 Manganese, Strontium Mn+Sr

3 Copper Cu

4 Chromium Cr

For further operation, the spatial distribution analysis of the main polluting chemical elements at the territory of
Pyatihatki settlement was carried out by Arc View software in order to define how the environmental situation has
changed judging by the presence of some heavy metals such as Pb, Sr, Cr, Cu and Zr for the period 2011-2021.

When comparing the concentrations of Pb (hazard class 1) in the soil samples during 2011-2021 (Fig. 2), a slight
increase in its content near autostrades was detected, which did not exceed the maximum permissible concentration
(less than 32 mg/kg) [11, 12].

sampling points
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Figure 2. Pb Accumulation 2011-2021 in Pyatihatki settlement

When comparing the concentrations of Sr (hazard class 3) in the soil samples for 2011-2021 (Fig. 3), a slight
increase in its content near autostrades, which did not exceed the background concentration (less than 350 mg/kg) was
detected.

When studying the accumulation of Cr (hazard class 2) in the soil samples 2011-2021 (Fig. 4), its increase was
detected in the eastern part of Pyatihatki settlement. The Cr factor as a source of pollution was detected using the
programme PMF v3.0.2.2.2. The 2017 samples were a major contributor to this factor: points 1, 3, 5, 6, 7, 12, 15, 16,
17, 19, 30 showed significant concentrations of chromium, indicating the need for research and action; and points 9
and 20 showing threshold concentrations indicating the need for urgent soil cleanup measures. Such concentrations of
chromium in soil cause deterioration of plant growth and development, wilting of the plant above-ground parts, root
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system damage, chlorosis of young leaves, and a sharp decrease in the content of most essential macro- and
microelements (K, P, Fe, Mn, Cu, B, etc.) in plants. When the wind rose was overlaid on the 2017 chromium map, the
source of chromium was observed in the north-east direction. In the 2021 samples, the contribution of Cr was
insignificant and did not exceed the maximum permissible concentration (less than 100 mg/kg).
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Figure 3. Sr Accumulation 2011-2021 in Pyatihatki settlement
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Figure 4. Cr Accumulation 2011-2021 in Pyatihatki settlement

When studying the accumulation of Zr in the 2011-2021 soil samples (Fig. 5), a slight increase in its content near
autostrades was detected, which did not exceed the background concentration (200 mg/kg).
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Figure 5. Zr Accumulation 2011-2021 in Pyatihatki settlement

When studying the accumulation of Cu (hazard class 2) in the 2011-2021 soil samples (Fig. 6), a slight increase in

its content near autostrades was detected, which did not exceed the maximum permissible concentration (less than
55 mg/kg).

sampling points
territory of the

roads

Figure 6. Cu accumulation for 2011-2021

CONCLUSIONS
The nuclear-physical methods were used to determine the content of chemical elements in the soil samples taken

in 30 points at the territory of Pyatihatki settlement in 2011-2021. After the measurements completion, the data arrays
on the content of elements in the soil were obtained.
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For the analysis of the obtained data EPA PMF v3.0.2.2.2 software was used. When studying by PMF method the
data on heavy metals concentration in the soil samples for 2011-2021, the sources of pollution, which had an impact on
the territory near NSC KIPT, were identified. The sources of the soil pollution are autostrades (especially the road
around the city Kharkiv, where an increase in the content of Pb, Sr, Zr, Cr and Cu was identified. A source of chromium
contamination, which is located presumably to the north-east of Pyatihatki settlement, has been detected.

Thus, it can be concluded that the PMF method allows to identify the factors that influence soil contamination and
to determine the presumptive sources of contamination by the use of the wind rose.
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BUSABJIEHHSA JKEPEJIA 3ABPY THEHHS BAYKKUMHA METAJIAMHA HA TEPUTOPII, II[O IPAJISITAE 10 HHIL
“XAPKIBCHKHUI ®I3UKO-TEXHIYHUM IHCTUTYT”, METOJOM PMF
Mapuna ®@. Ko:xeBHikoBa, Bontogumup B. JleBeneusn, Oaekciii 0. Jlonin, Onexcanap II. Omenbuuk, Anapiii O. Hlyp
Hayionanvnuii naykosuii yenmp «Xapkiscokuil ¢pizuxo-mexniunuil incmumymy, HAHY
syn. Axaoemiuna, 1, 61108, Xapxis, Yrpaina

Y poboTi JOCHKEHO BMICT BaXKMX MeTanmiB Oiunst moc. [I'atuxaTku, ge 3HaxXoauThes HarioHanpHHWN HAayKOBHH IICHTP
XapkiBebkuit diznko-texHiunuit inctutyT (HHL] XOTI). SnepHo-¢hi3uuHrMH MeTOIaMU BH3HAUCHO BMICT XIMIYHHX €JIEMEHTIB Y
npobax IpyHTY, siki Oynau B3sTi y 30 Toukax Ha Teputopii cen. IT'stuxarkm y 2011-2021pp. EnementHuii aHayiz BUKOHAHO Ha
aHAJTITHYHOMY siiepHO-GiznuHoMy Komiuiekci «Cokimy. Bukopucrani MeTony, 1o IPYHTYIOTBCS Ha PeecTpalii XapaKTepUCTUIHOTO
PEHTTeHIBCHKOTO BHUIIPOMIHIOBAHHS aTOMIB Ta Y-BUIIPOMIHIOBAHHS sJiep, IO 30YKYIOThCS HPUCKOPEHMMH mpoToHamu. Ilicis
MPOBE/ICHHSI BUMIPIOBaHb OTPHMaHi MacHMBH JaHUX 11070 BMicTy 15 ximiunux enementiB (N, Na, S, Cl, K, Ca, Ti, Mn, Fe, Cu, Zn,
Zr, Br, Sr, Pb) y mpobax rpynty. OOpoOka MacuBiB JaHUX MpoBOAWIacs 3 BHKOpHCTaHHsM mporpamu EPA PMF v3.0.2.2,
3acHOBaHOI Ha 3actrocyBaHHiI ainroputMy PMF (Positive matrix factorization — mo3uTuBHe MaTpuyHe po3KiamaHHs). Sk Ga3zoBuit
MPOTPaMHUHA TPOAYKT AJIS MPOCTOPOBOTO aHAJi3y PO3MOJITYy OCHOBHUX 3a0pYyAHIOIOYHX XIMIYHHX €JIEMEHTIB, BHOpPaHO MaKeT
ArcView 3.2a. B pe3ynbraTi BUKOHaHOT poOOTH BHSIBICHO JKepena 3a0pyJHEHHs, sSIKi MaloTh BIUIMB Ha Teputopito 6imst HHI[ XTI
Jxepenom 3a0pyaHEHHS IPYHTY € aBTOMOOUTBHI JOpOTH (OCOOIMBO OKpYXKHA JIOpora MicTa XapKoBa), J¢ BHSBJICHO 30UIbIICHHS
BMmicty Pb, Sr, Zr, Cr tTa Cu. BusiBiieno mkepeso 3a0pyaHEHHS XpOMOM, SIKUH PO3TAIOBaHUIT IPUOIN3HO HA MIBHIYHMI CXiJ] BiJ Cell.
IM'stuxarkn. TakuM YMHOM, MOXKHA 3pOOMTH BHCHOBOK, mo Metoq PMF no3Bonsie BusBUTH (akTOpH, IO BIUIMBAIOTH Ha
3a0pyIHEHHS IPYHTY, Ta BU3HAUUTH 3a JAONOMOTOI0 TPOSIHM BITPiB nependadyBaHi Jukepena 3a0py JHeHHS.

KurouoBi ciioBa: sasicki memanu,; enemeHmuuil aHaniz; Xapakmepucmuire peHmaeniecoke UNPOMIHIOBAHHA, NOZUMUBHE MAMPUUHE
PO3KNAOAHHSA, MemoO OCHOBHUX Komnonenmig(PCA)



