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Abstract

This work deals with the study of the problem of soil contamination with heavy metals in a large city. The
content of mobile forms of heavy metals was determined in the soils of the industrial zone in the Kirovskiy region
of Novosibirsk at the territory affected by the metallurgical enterprise — Novosibirsk tin plant. Chemical analysis
was performed by means of inductively coupled plasma mass spectrometry and atomic absorption. It is shown
that the maximum permissible concentrations (MPC) of the following heavy metals are exceeded in the samples
under analysis: Cr, Ni, Zn, Pb, Cu. With an increase in the distance from the plant, the content of heavy metals
decreases, but the permissible concentrations are exceeded even in the area of natural parkland. To calculate the
accumulation of the mobile forms of heavy metals in the soil of the industrial zone near the plant, the MPC value
for As was accepted to be equal to the maximum permissible excess (MPE). The sequence of accumulation of the
mobile forms of heavy metals in the soil of industrial zone near the plant was formed according to the calculated
concentration coefficients: Cr < Ni < Zn < Pb < Cu < As. The category of soil contamination is characterized
according to the total pollution index as dangerous.
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INTRODUCTION carcinogenic, mutagenic and teratogenic effects
[7=9]. According to the data of the International
Impetuous development of industrial activities, ~ Agency for Research on Cancer working under
ubiquitous urbanization and industrialization make  the control of the World Health Organization
the problem of soil pollution with heavy metals (WHO), arsenic, cadmium and its compounds are
(HM) in Russia increasing from year to year [1-4].  classified as carcinogens of group 1 (carcinogenic
Heavy metals are the most dangerous inor-  for humans); lead and nickel are carcinogens of
ganic xenobiotics of anthropogenic origin [5]  group 2 (possible carcinogens for humans).
Heavy metals are dangerous because they do not The mining industry and the enterprises of
undergo degradation but only get transformed ponferrous metallurgy belong to the major sourc-
from one compound to another. Arriving into the o5 of HM entering the environment [10—12].
soil, HM are accumulated in it and behave as eco- A large LCC Novosibirsk Tin Plant (NTP) pro-
toxicants; they are able to be transferred along  duces a technogenic effect on environmental ob-
food chains into human organism [6]. In addition jects in Novosibirsk. The plant operates since
to the direct toxic effect, some HM may cause 1942 manufacturing tin, babbit and alloys based
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on tin, lead, copper and antimony. The major
achievement of the plant is the production of su-
per-pure tin (99.9999 %).

The nature of the technological process at
NTP, imperfect purification systems and unrea-
sonable utilization of the wastes from concentrat-
ing caused large-scale pollution of the adjacent
territory. To determine the main substances en-
tering the environment, analysis of the techno-
logical process of tin production was carried out
[13]. The technological scheme includes the fol-
lowing stages: recovery of tin concentrates, roast-
ing, reductive fusion, refining. The production of
tin involves the release of a number of toxic sub-
stances: sulphur oxides, arsenic-containing com-
pounds, lead, copper, zinc and iron-containing com-
pounds. The major route along which heavy metals
enter the environment is their emission into the
atmosphere from high-temperature technological
processes. At the same time, large amounts of
wastes from concentrating have been accumulated
at the territory occupied by the plant. The com-
pounds of HM that are present in these wastes may
be carried with the wind over long distances and
get leached by atmospheric precipitation thus pro-
ducing soli pollution.

The problem of the pollution of territory adja-
cent to NTP was considered previously: the aero-
sol pollution of air (2002) [14] and snow cover
(2013) [15] was investigated, the overall HM con-
tent in the soil in the zone affected by the plant
was determined (2004) [16]. However, due to the
buffer capacity of the soil, the total HM content
is not an informative parameter of the presence
of real pollution danger. The most dangerous con-
sequences for humans are connected with the
presence of mobile forms of elements in soil [17,
18]. Analysis of the content of mobile HM forms
allows evaluating biological availability, the pos-
sibility of element migration in soil and leaching
into other media (ground and surface waters).

The necessity to study soils for the content of
the mobile forms of HM in the Kirovskiy region
of Novosibirsk is due to the fact that the territory
under consideration hosts garden plots and rec-
reation zone — Bugrinskaya Roshcha park for
culture and leisure. Intense multistorey housing
construction is carried out at a distance of 1 km
from NTP. It is also necessary to take into ac-
count the fact that it is planned to move the in-
dustrial facilities of NTP out of the territory of
the city, and the territory occupied today by the
plant will be recultivated and stage-by-stage re-

purposed to social, business, trade, industrial con-
struction [19].

The goal of the present work was to provide
ecological evaluation of the level of soil pollution
with HM in the mobile form in the zone affected
by the enterprise of nonferrous metallurgy — NTP.

EXPERIMENTAL
Soil sampling

The Novosibirsk Tin Plant is one of the most
powerful sources of the technogenic pollution of
environment in the Kirovskiy District. We chose
9 test grounds at the territory affected by the
plant. The test grounds were located to the north-
east from the plant so that all urban zones could
be involved: industrial, residential, and recrea-
tion. One soil sample was taken in the southern
direction from the plant to evaluate the approxi-
mate level of territory pollution in the direction
that was not the subject of investigation. As a
result of dense urban built-up environment, the
major part of soil is under the asphalt, which
makes it impossible to collect soil samples at def-
inite intervals from NTP.

Soil sampling, treatment and storage were
carried out according to the requirements of the
interstate standard GOST 17.4.4.02-2017, accord-
ing to which test grounds were aligned with the
vectors of wind direction frequencies. The domi-
nating wind directions in Novosibirsk are from
south and south-west [20]. The north-eastern di-
rection from the industrial ground was chosen for
investigation because it is this direction along
which the new multistorey residential buildings
are being constructed and garden plots are situ-
ated, where the crops contaminated with heavy
metals are grown.

Another substantial factor that affected the
choice of the north-eastern direction to study the
degree of soil pollution is the relief. The altitude
decreases while the Ob river is approached.
Therefore, HM in the mobile form, namely in the
form of ions in the soil solution, migrate and are
leached towards the decrease in altitude.

The location of sampling sites, the diagram of
wind frequencies (the wind rose) for the years
1966—2018 are shown in Fig. 1. The point of the
zero wind force is placed at the chimney of NTP.

Soil was sampled in September 2018. According
to the requirements of GOST 17.4.4.02-2017, soil
samples were collected from test grounds 1 x 1 m
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Fig. 1. Schematic map of the sampling sites with respect to the Novosibirsk Tin Plant (NTP) with the indication of wind

direction frequencies for the years 1966—2018.

in area using the envelope method from the depth
of 0—20 cm at a distance of 0.5-2.4 km with re-
spect to NTP. The samples were then dried to the
air-dry state at the temperature and humidity of
the laboratory room, ground with a pestle in a
mortar till a homogeneous state was achieved,
and sieved through a kapron sieve (1 mm).

To determine the background concentrations
of metals, soil samples were collected in the
mouth of the Eltsovka river (the Ordynskoe dis-
trict, Novosibirsk Region, coordinates:
54.443188°N, 82.308552°E). This point often serves
for collecting the reference samples of soil, water
and air unaffected by technogenic influence be-
cause it is at a substantial distance from indus-
trial and agricultural enterprises [21, 22].

Analytical methods

Chemical analysis of the samples was carried
out at the Laboratory of Intercalation and mech-
anochemical Reactions of the Institute of Solid
State Chemistry and Mechanochemistry SB RAS
(ISSCM SB RAS, Novosibirsk).

The content of the mobile forms of HM was
determined by means of mass spectrometry with
inductively coupled argon plasma (ICP-MS) with
the help of an Agilent 7500a mass spectrometer
(Agilent Technologies, Japan) and by means of
atomic absorption using an AA-280 FS spectrom-
eter (Varian, Australia) according to the proce-
dure PND F 16.2.2:23.71-2011 “Quantitative
chemical analysis of soils”. The instruments are
intended for the analyses of liquid samples, so the
solid samples were transferred into solution. The
mobile forms of elements were extracted from
the samples under analysis with the solution of
nitric acid (1 mol/dm?). Three parallel measure-
ments were carried out for each experimental
point; element content in the samples was calcu-
lated from the average value.

Some soil characteristics affecting the mobility
of HM were also measured during the investiga-
tion. These characteristics include the content of
organic matter, acidity, and the water regime of
soil. The percentage of the organic matter was
determined by annealing the weighted portions
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of soil in a muffle furnace according to GOST
27784-88, pH of the soil was measured using the
electrometric method according to GOST 26423-
85, the humidity of the soil was determined by
drying the samples in the drying box to the con-
stant mass according to GOST 5180-2015.

The level of soil pollution was established by
comparing the obtained concentrations of HM in
the mobile form with the maximum permissible
concentrations (MPC) according to hygienic
standards GN 2.1.7.2041-06. It should be noted
that the MPC for arsenic is not adopted, though
this is one of the most toxic elements. The au-
thors of [23] discuss the data obtained in the
studies carried out by ecologists in the Nether-
lands [24], according to which the content of the
mobile forms of HM in the soil is standardized
relying on the maximum permissible excess
(MPE). This parameter is adopted for a broad
range of HM (17 elements). Comparison of MPE
values for some HM (Cr, Ni, Zn, Cu), for which
the MPC levels have been adopted in Russia,
shows that MPC and MPE values are close to
each other. This allows using MPE values to eval-
uate the level of soil pollution with the elements
for which MPC values are not adopted. So, the
obtained HM concentrations will be compared for
elements Cu, Pb, Ni, Cr, Zn with MPC values,
which are equal to 3, 6, 4, 6, 23 mg/kg, respec-
tively, while for As — with MPE, which is equal to
45 mg/kg.

To provide the ecological evaluation of soil
state, we calculated concentration coefficients
(K,) for chemical substances and the total pollu-
tion index (Z ).

The concentration coefficient K of a substance
is defined as the ratio of the actual concentration
of an element (C)) in the sample under considera-
tion to the background concentration of this ele-
ment (C, ):

Kc - ci/ Cbi

The total index of soil pollution Z_ is calculated

using the equation

Z, :in—(n—l)

where K is the concentration coefficient of the
1™ component of pollution; n is the number of pol-
lutants taken into account.

According to the methodical guide MU
2.1.7.730-99 “Hygienic evaluation of the quality of
soil in residential areas”, four categories of the
danger of chemical pollution of soil are distin-

guished with respect to the total pollution index
Z . admissible (Z, < 16), moderately dangerous
(16 < Z_, < 32), dangerous (32 < Z_ < 128), ex-
tremely dangerous (Z, > 128).

Mathematical statistical processing of the data
was carried out using the Microsoft Excel software
and included the calculation of arithmetic mean,
standard deviation and other statistical parameters.

RESULTS AND DISCUSSION

The soils under analysis are characterized by
the neutral, weakly alkaline and alkaline reaction,
the acidity parameter (pH) varies within the range
6.9—8.5. In neutral soils (pH 6.6—7.0), the com-
pounds of As and Zn are mobile. With an increase
in pH, anion-forming elements (Cr, V, Mo, etc.) be-
come mobile. In acid soils, the mobility of cation-
forming metals (Zn, Cu, Pb, etc.) increases [11].

Accumulation of the mobile forms of elements
depends on the water regime of soil, which is
characterized by moisture content. The moisture
content of the samples under investigation varies
within the range 6—23 %, therefore, a nonpercola-
tive regime is characteristic of soil. HM are accu-
mulated more actively with this regime than in
the soil with the percolative regime, so the frac-
tion of potentially mobile HM increases [12].

The solid phase of soil is composed of organic
and mineral parts. The high content of the organic
matter in the soil allows the formation of complex
compounds with HM, which is less available for
plants. The percentage of the organic matter in
the soil under investigation is within the range of
10—29 %. This means that the danger of the accu-
mulation of an excessive amount of the mobile
forms of elements in plants is higher than in soils
with a high content of organic matter.

The entire set of the facts listed above allows
us to conclude that there are prerequisites for the
accumulation of HM in the soil in the industrial
zone of Novosibirsk under investigation.

The plants absorb only the mobile part of HM,
so it is important for the evaluation of toxicity to
know the content of the elements in mobile forms.
The concentrations of the mobile forms of HM in
soil samples under investigation and the standards
are presented in Fig. 2. A comparative analysis of
the results of the investigation with the permissible
HM concentrations demonstrated that the MPC are
exceeded for Cu, Ni, Cr, Pb, Zn and MPE As. There-
fore, soil pollution in the region affected by the
metallurgical plant is polyelemental by its nature.
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(the number of soil samples is 10, the number of parallel measurements is 3, P = 0.95).

The highest soil pollution with copper, zinc,
lead was detected at a distance of 0.6 km from
NTP. The standards for Cu, Zn, Pb were exceed-
ed by a factor of 28, 16, 32, respectively. The
maximal concentration of As (34MPE) is observed
at a distance of 0.5 km, Ni (14MPC) — at a dis-
tance of 2.2 km, Cr (8MPC) — at a distance of
2.3 km. This is explained by the fact that a small-
er amount of HM compounds is deposited near
the plant because the scattering of the pollutants
depends on the height of emission sources.

To determine the dependence of HM concen-
trations on the distance from sampling sites to
NTP, correlation coefficients were calculated: Cu —
0.92; As — 0.8; Pb — 0.79; Zn — 0.51; Ni — 0.28; Cr —
0.18. These values confirm the fact that NTP con-
taminates the adjacent territory with copper, ar-
senic, lead and zinc. With an increase in the
distance from the plant, their concentrations de-
crease. Soil pollution with nickel and chromium
may be due to the effect of other technogenic
sources. An answer to this question requires a de-
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TABLE 1

Background concentrations of the mobile forms of heavy
metals in soil samples for Novosibirsk (with 5 reference
samples, three parallel measurements, P = 0.95)

The class of danger Element Concentration, mg/kg

1 As 0.98+0.49
Pb 3.15%+1.13
Zn 8.67+3.81
2 Ni 5.20%+2.18
Cu 2.05+0.86
Cr 4.75%+2.76

tailed investigation of the technological processes
of other plants situated in this industrial zone.

Results of the determination of background
concentrations (C,) of HM in soil samples for
Novosibirsk are shown in Table 1. One can see
that these concentrations except Ni do not exceed
the MPC level.

Concentration coefficients (K) calculated for
each element from the experimentally obtained
data are presented in Table 2. According to this
parameter, the sequence of the accumulation of
mobile HM forms in the soil of the industrial zone
near NTP is Cr < Ni < Zn < Pb < Cu < As.

The total pollution index (Z ) for the territory
under consideration is equal to 125, which corre-
sponds to the dangerous extent of soil pollution
(32 < Z, < 128). According to the methodical
guide MU 2.1.7.730-99 this level of pollution is
characterized by a possible increase in total mor-
bidity of the population in the vicinity of the
plant, and an increase in the number of persons
with chronic diseases.

CONCLUSION

Pollution of the soil in the industrial zone of
Novosibirsk in the region affected by NTP is poly-
elemental by its nature. Within the territory under
study, the concentrations of the mobile forms of
Cr, Ni, Pb, Cu, Zn exceed the MPC over the whole
territory, and As content does not exceed MPE
only at a distance of 2.3 km from the tin plant.

The total index of soil pollution with HM
shows that according to the established sanitary
standards of the RF, these soils are characterized
by a dangerous degree of chemical pollution.

The highest danger is in the pollution of soils
of garden plots in the Kirovskiy region with the
mobile forms of HM because there is the risk of
HM migration along food chains into human or-

TABLE 2

Concentration coefficients for the mobile forms of heavy
metals (number of samples: 10, P = 0.95)

Element Concentration coefficient, K
As 54.3£2.7
Cu 21.9+1.1
Pb 20.1=1.0
Zn 12.7+0.6
Ni 7.8+0.4
Cr 7.7+0.4

ganisms. The content of arsenic, which is recog-
nized as the 1st group carcinogen, reaches 34MPE;
the excess for Ni and Pb (carcinogens of group 2)
is 14MPC and 32MPC, respectively.

The pollution with HM revealed in the indus-
trial zone provides evidence of the necessity of
remediation (purification) of contaminated soil

The authors express sincere gratitude to researchers
from the Institute of Solid State Chemistry and
Mechanochemistry SB RAS A. L. Bychkov, I. A. Dere-
vyagina and N. F. Glazyrina for assistance in carrying
out this research.
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