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Abstract. The soil is a depositing medium and an indicator of geochemical load. The
fulfillment of important ecosystem functions by urban soils ensures the ecological safety of
urban ecosystems as a whole. The purpose of the work is to forecast soil pollution as a basic
component of the urban ecosystem with a high level of technogenic load. The calculation of the
spatio-temporal fields of chemical pollution of soils in the city of Kolchugino, Vladimir region,
was carried out using a balance model based on ecological and analytical data utilizing the
results of area surveys of soils and snow cover. The content of heavy metals of hazard classes
1 and 2 in soil and snow samples (solid and liquid phases) was determined by atomic absorption
method according to standard methods. The analysis of spatio-temporal fields of soil
contamination for each heavy metal is performed on the basis of map diagrams constructed
using the INTEGRO GIS software-technological complex. Taking into account
aerotechnogenic intake, an assessment of the degree of accumulation of heavy metals in soils
and their time to reach the critical level is given. In the soils of Kolchugino, an excess of sanitary
and hygienic standards (gross forms) is revealed for all the metals studied. Analysis of the data
of spatio-temporal fields of soil pollution with heavy metals in the city of Kolchugino showed
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that the established level of soil pollution exceeding the MPC is primarily associated with the
past economic activity of non-ferrous metallurgy enterprises and will remain at the same level
in the near future.

Keywords: heavy metals, environment, pollution, soil, city, ecosystem, balance
approach
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AnHoTanms. [TouBa sBIsETCS JENOHUPYIOWIEN CPEAO U HHIUKATOPOM F€OXUMUYECKON
Harpy3Kku. BEITIOTHEHHE BaKHBIX S9KOCHCTEMHBIX (DYHKIMA TOPOACKHUMHU TIOYBAMH 00ECTICUH-
BAaeT HKOJIOTHYECKYIO 0€30IacHOCTh YPOOIKOCUCTEM B 1esIoM. 11enib paboThl — MPOrHO3 3arps3-
HEHUs TTOYB Kak 0a30BOr0 KOMIIOHEHTa YPOOIKOCHUCTEMBI C BHICOKMM YPOBHEM TEXHOT€HHOM
Harpy3ku. PacdeT mpocTpaHCTBEHHO-BPEMEHHBIX IMMOJIEW XWMHUYECKOTO 3arpsi3HEHHs IOYB
r. KonpuyruHo Briagumupckoit 0071. BEIOJIHEH ¢ MTOMOINBIO 0alaHCOBOM MOJICIA Ha OCHOBE
9KOJIOr0-aHAJIUTHYECKHUX JAHHBIX M0 PE3YJIbTaTaM IJIOMAJAHBIX ChEMOK MOYB M CHEXKHOTO I10-
kpoBa. CojepikaHue TsDKEIBIX METAIDIOB 1 M 2 KIIACCOB OMMACHOCTH B MPO0ax TMOYB M CHEra
(TBepaast u xkuaKas (aspl) onpenessii aTOMHO-a0COPOIIMOHHBIM METOIOM I10 CTaHIAPTHBIM
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METO/MKaM. AHaJIN3 MPOCTPAaHCTBEHHO-BPEMEHHBIX NOJIEH 3arpsA3HEHMsI MOYB Ul KaxKIOTO
TSKEJIOr0 METajula BBIMIOJIHEH HA OCHOBE KapT-CXEM, MOCTPOCHHBIX MPU MOMOIIU Mporpam-
MHO-TexHoJiorudeckoro komiuiekca I'MC INTEGRO. Jlana omeHKa CTEICHH HaKOILICHHUS
TSDKEJIBIX METAJUIOB B MOYBAX M BPEMEHH JOCTHKEHHSI KDUTHUECKOIO YPOBHSI C yUETOM a3po-
TEXHOTEHHOTr0 NnocTymieHus. B moyBax r. KonbuyrnHo BBHISIBICHO MPEBBINIEHNE CAaHUTAPHO-
TUTHEHUYECKUX HOPMATHBOB (BAJIOBBIX (DOPM) JJIS BCEX HMCCICIOBAHHBIX METAJUIOB. AHAIH3
JIAHHBIX MPOCTPAHCTBEHHO-BPEMEHHBIX IOJEN 3arpsA3HEHMs] MOYB TSDKEIBIMM METaJUIaMU
r. Kongpuyruno mokaszai, 4TO yCTaHOBJICHHBIH YPOBEHb 3arpsi3HEHUs MOYB, MPEBBIIIAIOIINNA
ITJIK, cBsi3aH B MEpBYIO OYEpeab C MPONUION XO3SHCTBEHHOW NEATEIHLHOCTHIO MPEIIPHUSITHHA
IBETHOW METAJUTypTHH W B OJNIKaiIeil mepcrekTHBe OCTAaHEeTCs Ha TOM JKe YPOBHE.

KiroueBblie cjioBa: TsOKENbIE METAJIbl, OKpYyXarollas cpena, 3arps3HEeHHe, I0YBa,
TOpoJI, SKOCHCTEMa, OAIAHCOBBIH ITOIX0]]
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Urbanization process is one of the main contemporary challenges accompanied
by a constant increase in the load on the natural environment components [1-3].
Small and medium-sized towns play a specific role in the system of cities, they
make up 85% of Russian urban dwellings nowadays. Such towns differ in their
identity and the degree of study of the anthropogenic load and its impact on various
components of the environment. Among them there are single-industry towns in
which industrial facilities of ferrous and non-ferrous metallurgy, chemical industry
with a high level of localization of pollution are located [4]. At present, the task of
sustainable urban development, taking into account environmental safety, is
coming to the fore. In this regard, the need to study modern processes taking place
in urbanized territories is steadily increasing. The forecast of the ecological state of
urban ecosystems will allow addressing environmental challenges of small and
medium-sized towns more efficiently.

Urban soils perform important ecosystem functions that often remain
undervalued. At the same time, soil is a depositing medium and an indicator of
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geochemical load. The main source of pollutants entering urban soils is atmospheric
precipitation both from local stationary sources of industrial enterprises and motor
vehicles, secondary pollution as a result of denudation processes in urbanized
landscapes, and due to the transfer over considerable distances from external
objects of technogenic impact. The analysis of the spatio-temporal picture of the
fields of soils chemical contamination allows us to assess the degree of
accumulation of heavy metals in urban soils and the time to reach a critical level.
The research objective: the forecast of soil contamination as a basic component
of the urban ecosystem of Kolchugino, Vladimir region, using a balance approach.

Research object and methodology

The town of Kolchugino is located in the northwestern part of the Vladimir
region (56°17'; 39°22' on the right bank of the Peksha River, which is a tributary of
the Klyazma River. The city is 74 km from Vladimir and 131 km from Moscow.
The area of the city is 31 km2, the population is 41,953 (small town). This is a
single-industry town. There are 19 large, medium and small industrial enterprises
operating in the town. The main city-forming enterprises are non-ferrous metals
processing plants: JSC “Electric Cable Kolchuginsky Plant”, LLC “Kolchuginsky
Melchior”, JSC “Intersilverline”, LLC “MTK “ZiO-Met”, “Kolchuginsky
Non-ferrous Metals Plant” (in 2017 became part of JSC “Electric Cable
Kolchuginsky Plant”). The Kolchuginsky Non-ferrous Metals plant produced about
30% of the total volume of rolled non-ferrous metals in Russia. Part of the
residential buildings are located within the sanitary protection zone of enterprises
and are experiencing a high level of pollution.

The calculation of spatio-temporal fields of chemical contamination of urban
soils was performed using the balance model of T.N. Lubkova [5] on the basis of
ecological and analytical data obtained by the authors as a result of longitudinal
study of various environmental components of the Central Russian small and
medium-sized towns. The data of area surveys of soils and snow cover of the city
of Kolchugino were used, taking into account its functional zoning. Soil and snow
cover samples were taken in accordance with generally accepted requirements' on
a randomly ordered grid, considering functional zoning at the rate of 1 sample per
1 sq. km.2 A total of 20 soil samples and 20 snow samples were obtained. In soil
and snow samples (separate solid and liquid phases), the content of heavy metals of
hazard classes 1 and 2 was determined by standard methods using the
QUANTUM-2A atomic absorption spectrophotometer by LLC Cortec. The data
obtained as a result of quantitative chemical analysis of the studied samples were

I MG 2.1.7.730-99. Methodological guidelines “Hygienic assessment of the soil quality of populated areas”.
Moscow: Federal Center of State Sanitary and Epidemiological Supervision of the Ministry of Health of Russia,
1999. 38 p.

2 GOST 17.4.4.02-84. Nature conservation. Soil. Methods of sampling and preparation of samples for chemical
bacteriological, helminthological analysis. Moscow: Publishing House of Standards, 1985. 12 p.
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processed by methods of mathematical statistics using software packages
Statistica 6.0 and Microsoft Excel. Further, on the basis of the calculated data
obtained, a schematic map of the spatial and temporal fields of soil contamination
for each heavy metal was constructed using the INTEGRO GIS software and
technology complex (included in the Unified Register of the Russian Ministry of
Communications Software under number 4302), developed in the Geoinformatics
Laboratory of the VNIIGEOSYSTEMS Research Institute (1998-2015). The
function “Multilevel basis spline” is used as an interpolation algorithm.

Results and discussion

Based on data on the content of heavy metals in the soils of the city of
Kolchugino, the territory was ranked according to the level of soil contamination
with chemicals®, where the first level of contamination refers to the “permissible”,
and the content of TM does not exceed the maximum permissible values. Excess of
sanitary and hygienic standards (gross forms) are noted for all metals studied. The
average content of lead, cadmium, zinc and copper exceeds the UEC by 1.5
to 2.8 times. Areas with an “average” level of contamination were identified on the
territory of the city, the area of such territories was 13% of the city’s territory in
lead (3.9 sq. km), 17% in copper (5.2 sq. km).

This level of contamination is recorded for two metals at once (lead and
copper), the areoles of contamination are located on the territory of the residential
part of the city. The “low” level of contamination was detected by the content of all
the studied metals. The area of such territories was: for cadmium on 75% of the
city’s territory (23.4 sq. km), for zinc — 71% (22.1 sq. km), for copper — 69%
(13 sq. km), for lead 34% (6.5 sq. km).

In the assessment and prediction of pollution of local ecosystems by chemical
elements, it is possible to use a balance model that allows describing the dynamics
of individual geochemical indicators in a certain volume of the natural environment,
determining the relationship between the rates of change in migration flows in space
and the rates of change in the status of the system over time [6].

To calculate the load of heavy metals with atmospheric precipitation, the
results on the content of suspended and dissolved forms of heavy metals in snow
samples were used. The entry of heavy metals into soils with dust deposition during
the calculation period is characterized by the accumulation of pollutants in the
upper soil horizon, directly in contact with the surface layer of the
atmosphere during this period. Calculations were carried out in accordance with
MG 2.1.7.730-99. Methodological guidelines “Hygienic assessment of the soil

3 Methodological recommendations for assessing the degree of atmospheric air pollution of settlements with
metals based on their content in snow cover and soil. Moscow: IMGRE, 1990. 16 p.; The procedure for deter-
mining the amount of damage from land pollution with chemicals. Moscow: Roskomzem, Ministry of Natural
Resources of Russia. 1993. 29 p.
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quality of populated areas”. Moscow: Federal Center of State Sanitary and
Epidemiological Supervision of the Ministry of Health of the Russian Federation 4
according to the following formula:

TPP:)FCf

1
AQHM = [(1 — fSS) <1 _ W) + (1 _ fCU)K_Cv X THMP?{-IMSSST. (1)
3

Statistical characteristics of the load of heavy metals with atmospheric
precipitation according to snow survey data are presented in Table 1.

Statistical characteristics of the load of heavy metals with atmospheric fallout according
to snow survey data

AQ tm, g/sg.km per year
Characteristic 1 hazard class 2 hazard class

lead zinc cadmium copper
Minimum 525 3089 41 178
Maximum 4099 30421 440 2833
Average 1227 12011 182 1302
Median 751 11374 175 1252
Standard deviation 984 7 264 126 785
Mean error 220 1624 28 176
Dispersion 968 173 52761825 15924 616 092

Analysis of the data obtained showed that the intake of heavy metals with
atmospheric precipitation in Kolchugino is uneven and characterized by extremely
pronounced spatial heterogeneity. A higher load of heavy metals is typical for the
eastern and southeastern parts of the city. The intensity of precipitation of copper
and zinc decreases with distance from the territory of the industrial site, where the
main city-forming enterprises of non-ferrous metallurgy are concentrated. For lead
and cadmium, the dependence is less pronounced.

Based on the data on the content of heavy metals in the soil and the calculated
load with atmospheric precipitation, the spatio-temporal fields of urban soil
pollution for the medium and long term were calculated. The calculation of the
predicted (at the end of the calculation period ) concentrations of heavy metals in
soils was carried out according to the formula:

n

Cn) = C(0) +— AQr 2
() = CO+2 ) —o— @

i=1

where C(n) and C(0) — predicted and current concentrations of heavy metals in soils
(C(0) = Cp); d — soil density, h — the height of the soil layer.

Based on the results of forecast calculations, a series of map-scheme of the
spatial distribution of heavy metals on the territory of Kolchugino was constructed.

4 MG 2.1.7.730-99. Methodological guidelines “Hygienic assessment of the soil quality of populated areas”.
Moscow: Federal Center of State Sanitary and Epidemiological Supervision of the Ministry of Health of Russia,
1999. 38 p.
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The analysis of the data of the spatio-temporal fields of soil contamination
with heavy metals in Kolchugino showed that the lead content in soils for 100 years
remains within the limits of the already existing contamination, namely 66% of the
city’s territory has an “acceptable” level, 21% — “low” and 13% — “average”
contamination levels. In 1000 years, at the current rate of lead intake with
atmospheric precipitation, the area with an “acceptable” level of contamination will
decrease by 2.6 sq. km and will make up 57% of the city’s territory. At the same
time, the area with a “low” level of contamination will increase to 22% of the
territory. According to calculations, the zinc content will reach a “low” level of
contamination in 75% of the city’s territory within 50 years. In 100 years, a “low”
level of zinc contamination will be observed in soils on an area of 83% of the city’s
territory. In 1000 years, the entire territory of the city will move into the category
with a “low” level of soil contamination with zinc. In terms of cadmium content,
the soils of Kolchugino remain at the same level of contamination after 50 years.
After 100 years, with the existing load of the city territory of 2.6 sq. km with a
“low” level of contamination, deterioration will occur and the second “permissible”
level of contamination will be reached. In 1000 years, cadmium contamination in
9% of urban soils will reach the third “average” level of contamination. Within
100 years, the levels of soil contamination in terms of the content of gross forms of
copper will not change and will amount to: “high” contamination level on 4% of
the city territory, “average” level — 17%, “low” level — 42% and “acceptable”
level — 37%. After 1000 years, soils on an area of 3.9 sq. km will move from the
first “acceptable” level to the second “low” level of contamination.

In addition, based on the data on the content of heavy metals in soils obtained
using the balance model, a forecast calculation was carried out to achieve various
levels of soil contamination in Kolchugino (the lower limits of the ranges of values
characterizing each level of contamination) in accordance with [6]. Data analysis
showed that the average time to reach the second “low” level of soil contamination
in Kolchugino (if this level is not reached) will be 3074 years for lead, the minimum
is 286 years. A similar pattern is observed for copper, the average time will be
2686 years, the minimum is an order of magnitude less — 262 years. The average
time to reach the 2nd level of cadmium contamination will be 228 years, the
minimum — 77. The most unfavorable forecast is noted for zinc — the minimum time
to reach the 2nd level of contamination is 2 years, the average time to reach
126 years.

The third “average” level of soil contamination will be reached on average:
for lead in 17131 years, for zinc — 6392, for cadmium — 2687, for copper — 42584.
The time to reach the fourth “high’ level of contamination will be: for lead — 35001,
for zinc — 21621, for cadmium — 5441, for copper — 42799. The average time to
reach the fifth “extremely high” level of soil contamination in Kolchugino will be
tens of thousands of years: for lead — 93286, for zinc — 44465, for cadmium — 26095,
for copper — 77177.
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Probably, the established level of soil contamination with heavy metals,
which exceeds the MPC in most of the city, is primarily associated with the past
economic activity of non-ferrous metallurgy enterprises that have existed in the city
since 1871. Currently, the enterprises have undergone significant modernization,
including systems for cleaning atmospheric emissions, which has led to a
significant reduction in emissions. Nevertheless, as already noted, the intensity of
precipitation of copper and zinc depends on the distance to the industrial site where
non-ferrous metallurgy enterprises are concentrated and decreases with distance
from the industrial site. For lead and cadmium, the dependence is less pronounced,
which indicates the arrival of heavy metals, including from other sources, such as
urban boilers, road and rail transport, etc.

Conclusion

Small towns are an integral component in the structure of the Russian
Federation, which concentrate domestic history and culture as well as science and
industry. Recently, the state has been paying great attention to the economic and
social development of small towns. At the same time, the further development of
those will inevitably lead to an increase in anthropogenic load. In order to preserve
environmental safety and sustainable development of towns, it is necessary to focus
on the environment. Implementation of a balanced approach to predict the spatio-
temporal picture of urban soil contamination makes it possible to assess trends in
urban ecosystem pollution. The results obtained are of interest for making timely
management decisions aimed at creating a safe, comfortable environment for living
and economic activity on the territory of Kolchugino.
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