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Abstract

Although the Arctic territories have long been considered “the gold standard of purity”, global climate change
and environmental pollution are having a significant impact on the state of Arctic ecosystems. In particular,
industrial complexes combined with transboundary transport are having a negative impact. The aim of this
work is to determine the contribution of atmospheric Pb to the contamination of soils of the Arctic territories
using the trajectory statistics method which combines correlation and factor statistical processing approaches
while taking the actual lead content in the upper soil horizon into account. In order to assess the transfer of
pollutants, an analysis of multiannual air mass tracts and impurity transfer trajectories to certain points was
carried out. The objects of study are the soil of the Khorey-Ver settlement, the basin of the Shapkin and Sula
rivers, northeastern and southern Svalbard and the islands of the Southern Archipelago of Novaya Zemlya.
It was established that the primary contribution to airborne pollution of the Nenets Autonomous District
(NAO) during the summer period comes from sources located within a radius of about 400 km. Aerogenic
influence of the mainland on the territory of Svalbard is practically absent, with the main atmospheric trans-
port of substances coming from nearby marine areas. The transfer of impurities from the mainland to the
Novaya Zemlya District is also insignificant. During the summer months, there is practically no airborne lead
contamination of the island territories. Some influences on the territory of Novaya Zemlya and the NEO can
be traced to sources on the Kola Peninsula, the coasts of the Barents and Kara seas, as well as long-distance
transport from the southern regions. On the territory of the NAO, the number of heavy metal (HM) precipi-
tations increases from west to east, possibly indicating a stronger impact of emissions from the Norilsk indus-
trial hub than from the enterprises of the Kola Peninsula on this territory. In terms of seasonal dynamics, the
island points are characterised by an increase in HM fluxes during the winter period; conversely, for the NAO
territory, such an increase takes place during the summer. This discrepancy is primarily due to the changing
nature of the atmospheric circulation.
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Introduction

The impact of global climate change and environmen-
tal pollution on the state of the oceanic and marine
ecosystems, as well as on land-based bodies of water,
is especially significant in the Arctic territories. Until
recently, the state of the Arctic territories was con-
sidered as a “gold standard of purity”. At the present
time, the northern regions of Eurasia can be very con-
ditionally considered as background in terms of an-
thropogenic impact on their environment. Both the
long-range transport of anthropogenic pollution and
the presence of powerful industrial complexes in the
Arctic itself are having an impact. Despite the fairly
large number of individual publications and reviews
devoted to this issue (Vinogradova and Ivanova 2017,
Vinogradova et al. 2008, Hirdman et al. 2010), the
study of anthropogenic impact, transmitted through
the atmosphere, on the environment of the northern
regions of Russia remains highly relevant.

The aim of this work is to determine the contri-
bution of atmospheric Pb to the contamination of
soils of the Arctic territories using the trajectory
statistics method.

Materials and methods

To date, there are a large number of methods for
mathematical modelling of direct and inverse prob-
lems in mathematical physics, including problems of
contaminant transfer.

A number of models have already been devel-
oped that describe processes of emission, distri-
bution and neutralisation of polluting aerosol sub-
stances in atmospheric air. All of them, in one form
or another, rely on the law of conservation of mass
and use grid methods to solve the corresponding
equation (Berlyand 1985, Marchuk 1982, Olshan-

sky 2004). Such models implemented in the form
of computer systems offer a quite effective means of
calculating the atmospheric dispersion of pollutants
(Belikhov 2013).

When using mathematical modelling methods for
the formulation of a direct problem, the investigated
physical phenomenon is described by partial differ-
ential equations with the corresponding initial and
boundary conditions.

Three-dimensional hydrodynamic models are typ-
ically used for assessing the transfer of contaminants
over a complex underlying surface (Gavrilov et al.
2010). On the basis of such models, pollutant trajec-
tories can be constructed that take expected weather
conditions, wind speed and direction in the atmo-
spheric boundary layer into account (Belov and Kar-
lova 1990). One such approach developed at ICMMG
SB RAS (Pianova et al. 2017) presented a numerical
mesoscale non-hydrostatic model of atmospheric dy-
namics and impurity transport, comprising a com-
plex of computational modules and programs.

The acronym LDPM (Lagrangian particle disper-
sion models) is used in the literature to describe the
method of calculating turbulent diffusion on the
basis of random trajectories of elements of atmo-
spheric turbulence. The best-known models for cal-
culating deterministic trajectories are implemented
in the FLEXTRA (NILU) and HYSPLIT (NOAA)
programs accessible via the Internet (Ivakhov and
Zinchenko 2012).

In order to calculate the return trajectories, the
HYSPLIT4 model was used in combination with
data from the reanalysis of NCEP / NCAR meteo-
rological elements (Draxler and Rolph 2013); this
standard approach has already been used in many
studies (Panov et al. 2011, Netsvetaeva et al. 2013,
Vinogradova et al. 2008).

For six selected points (Fig. 1), 5-day return tra-
jectories were calculated, through which air enters
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Fig. 1. Location of calculated points: T. 1 — Khorey-Ver, T.
2 - Shapkino, T. 3 - Sula, T. 4 - NW Svalbard, T. 5 - South
Svalbard, T. 6 - Novaya Zemlya

the respective points at 0 hours UTC (calculation
interval 1 hour).

The calculation was carried out for the winter and
summer periods between 2010 and 2015.

Our calculations of long-range pollution transport
in the Arctic are based on the statistical air mass tra-
jectory method, which has been widely used in similar
studies (Hirdman et al. 2010, Salvador et al. 2010, Vi-
nogradova and Ponomareva 2012, Vinogradova 2015).

In recent years, the method of analysing the trajec-
tories of air masses has been used not only to study the
composition and genesis of specific air samples taken
during experimental work, but also to study the aver-
age regularities in the processes of long-range air trans-
port and its components in the atmosphere (Stohl 1998,
Polissar et al. 1998, Malyshkin et al. 2007, Surkova et al.
2010, Salvador et al. 2010, Golubeva et al. 2010).

The basis of the approach used in this work is the
analysis of multiannual arrays of air-mass and pol-
lutant transfer trajectories to an arbitrary geographic
location, the methodology of which was originally
developed at the IFA RAS and improved over recent
years (Vinogradova 2015). This methodology, which
has been tested over the course of carrying out as-
sessments on different territories, is capable of pro-

viding unique information that does not contradict
the results of other scientific works and assessments
(Vinogradova et al. 2008, Vinogradova and Ivanova
2017, Vinogradova and Kotova 2016).

The modelling of the distribution of contami-
nants during their long-range atmospheric transport
is performed similarly to that detailed in the works
(Vinogradova 2000, Galperin et al. 1995, Rovinsky
et al. 1994). Here, it is assumed that the transferred
contamination is chemically passive and that the at-
mospheric transfer of contaminants involves aerosol
particles of submicron size.

On the grid (1° x 1°), the function Zij(X ) was calcu-
lated for each cell with coordinates (ij) — a function of
potential sources characterising all atmospheric pro-
cesses determining the transfer of impurity X from a
source m to point n: probability, duration, range, verti-
cal deposition on the surface and horizontal spreading.

The value Zjj is calculated according to (Vinogra-
dova 2015):

n.t. %k exp(_%)
T h; (1)

b

" 2aNbhL)

where n, - the number of trajectory points in the cell;
t,— the average time of air movement from a given cell
to the point of observation; h, - the average height of
the layer of mixing, calculated along the trajectories
of air from the cell to the point of observation; Lij -
the average length of these trajectories; N - the total
number of points of daily trajectories for the billing
period; b - the coeflicient of expansion of the air flux
in the horizontal direction (b = 0.15); Kij — the average
sedimentation velocity of the impurity on the surface
as it moves from the cell to the observation point,
which is chosen as the average of two values - for the
cell (ij) and for the observation point cell.

It is assumed that the admixture is distributed uni-
formly in the vertical dimension within the surface
mixing layer, whose height is calculated

simultaneously with the trajectories using the HY-
SPLIT4 model and then averaged over h,.

The parameters of the rate of removal of contami-
nants from the airstream are presented in (Vinogra-
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dova 2015). These correspond approximately to the
classical climatic zoning of the territory.

As indicators of environmental pollution, Pb fluxes
to the surface were calculated, consisting of chemi-
cally passive (along the transfer path) contaminants
transported over long distances predominantly on
aerosol particles of submicron size.

Data on emissions of lead into the atmosphere
from Europe were selected from the EMEP database,
which is accessible for interactive use via the Internet
(EMEP 2019). The database contains all information
on anthropogenic emissions of lead and cadmium
officially presented by the secretariat of the Conven-
tion on Long-range Transboundary Air Pollution and
parties to the Convention.

Within the framework of field studies, soil samples
were selected from 75 sample areas in the territories
shown in Fig. 1 in the period from 2013 to 2017 (Evo-
lution ... 2016, 2017). Preparation of the samples for
analysis included drying them to an air-dry state, sep-
arating large mineral inclusions and undecomposed
mineral residues and grinding samples in a RM 100
planetary ball mill at 400 rpm to a fraction of about 70
microns. For instrumental analysis, a working sample
was taken from the ground sample by quartering it.

The average lead content (in terms of mg Pb per
kg of soil absolute dry weight.) In the upper soil layer

was obtained from the results of X-ray fluorescence
analysis of soil samples using a specialised technique
(Methodology ... 2009)

Statistical data processing was carried out using
software from StatSoft Inc. (2011). STATISTICA
(data analysis software system), version 10. www.stat-
soft.com.

Statistical data processing consisted in establishing
significant correlations between the considered param-
eters of the objects of study. Factor analysis using study.

Results

The spatial distribution of the function Zij(X ), reflect-
ing the degree of influence of anthropogenic sources
of pollution on the territories under consideration, is
presented in Figures 2-4.

The average heavy metal (HM) fluxes to the sur-
face, which were calculated taking the emission of
metal sources into account, formed the basis for cal-
culating pair correlations, factor analysis and plotting
the average lead content in the soil and fluxes given
in Table 1.

Paired correlations between the average lead con-
tent in soils and fluxes are shown in Table 2; the re-
sults of the factor analysis are shown in Table 3.
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Fig. 2. Spatial distribution of function Z in July for points 1-2
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Fig. 3. Spatial distribution of function Z in July for points 4-5

Table 1. Fluxes and average lead content in the soils of the
studied territories

Territory Pb fluxes, Mean Pb concentration
mkg-km?-season™ for surface soils,
Winter Summer mgkg!
Khorey-ver 30.54 51.41 11.88
Shapkino 32.82 31.20 9.57
Sula 21.68 11.45 541
Northeast Svalbard 18.78 5.55-10° 2.47
South Svalbard 13.59 2.03-10°¢ 2.47
Novaya Zemlya 3.96 95.19:10° 6.15
Table 2. Paired correlations
Pb fluxes
Winter Summer Pb

Average Pb content in soils 0.6453, p=0.166  0.9328, p = 0.007

Table 3. Results of factor analysis

Factor1  Factor2  Factor3
Pb flux winter 0.75" 0.00 0.66
Pb flux summer 0.93 0.32 0.19
Average Pb content in soils 0.78 0.60 0.11
Explained Variance 6.88 4.87 2.19
Proportion of Total Variance 0.49 0.35 0.16

Note: Marked loads >0.70.

Significant correlations of lead content in soils
with p <0.01 with fluxes in the summer period
should be noted.

The graph of average lead content in soils versus
flux during the summer period is shown in Figure 5.

The spatial distribution of the function Zij(X) (Fig-
ures 2—4) makes it possible to identify areas that are
particularly significant from the perspective of envi-
ronmental pollution at the considered point where
anthropogenic sources of air pollution are located.
The values Zij(X) show the correspondence of the
potential of sources located at different geographical
points to introduce pollution into the environment of
the observation point.

As seen in Figures 2, 4, the spatial distribution of
the values of the function Z in July is analogous to
that for closely spaced points 1-3. The main contribu-
tion to the airborne pollution of the territories in the
summer period is made by anthropogenic sources lo-
cated within a radius of about 400 km: the north of
the Komi Republic, the Nenets Autonomous District,
offshore areas — as well as, for Point 3, the northeast
of the Arkhangelsk region. Aerogenic influence of the
mainland on the territory of Svalbard (Fig. 3) is prac-
tically absent, with the main atmospheric transport
of substances coming from nearby marine areas. The
transfer of impurities from the mainland to the Nova-
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Fig. 5. Graph of average lead content in soils versus flux during the summer period.

ya Zemlya District (Fig. 4) is also insignificant. At the
same time, some influence of sources from the Kola
Peninsula, the coast of the Barents and Kara Seas on
the territory of Novaya Zemlya, as well as on points lo-
cated in the Nenets Autonomous District (NAO), can
also be traced. A contribution of long-range transport
from the southern regions is also made to the airborne
pollution of the NAO and Novaya Zemlya territories.
The obtained calculations are consistent with the
data of Roshydromet on the burden of atmospheric
precipitation of lead in the area (Review... 2011).
According to the calculations, the minimum deliv-
ery of lead pollutants, both in the summer and in the
winter periods, is expected to enter the territory of

the Novaya Zemlya archipelago. During the summer
months, there is practically no airborne lead contam-
ination of the island territories.

On the territory of the NAO, the quantity of lead
precipitation increases from west to east, possibly
indicating a stronger impact of emissions from the
Norilsk industrial hub than from the Kola Peninsula
on this territory.

In terms of seasonal dynamics, the island points are
characterised by an increase in HM fluxes during the
winter period; conversely, for the NAO territory, such
an increase takes place during the summer. This may
be due to the summer contribution of the wind uplift
of lead in the composition of fine fractions of eroded
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soils (terrigenous component), as well as a change in
the character of the atmospheric circulation.

Correlation analysis of data on lead fluxes and data
on its average content in the soil of the studied terri-
tories showed that the summer flux makes a signifi-
cant contribution (Table 2, Figure 5).

Factor analysis using the varimax method allowed
three factors to be identified, of which only the first
(49%) is closely related to lead fluxes in the summer
and winter months, playing a significant role in the
formation of the soil composition of the studied ter-
ritories (Table 3). This factor most likely reflects the
processes of deposition of lead-containing suspen-
sions on the surface. The second and third factors,
which do not make a significant contribution to lead
contamination of the soils of the studied territories,
may reflect the processes of atmospheric circulation
and the influence of distant sources.

Conclusion

It is established that the primary contribution to
airborne pollution of the NAO during the summer
period comes from sources located within a radius
of about 400 km. During the summer, aerogenic
influence from the mainland onto the territory of
Svalbard is practically absent, with the main atmo-
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