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Abstract: Long-term studies of suspended particulate matter (SPM) and organic compounds
(OCs)—Corg, lipids, hydrocarbons (aliphatic—AHCs and polycyclic aromatic—PAHs), and
chlorophyll a in the snow cover of the Arctic (Franz Victoria Trough, Mendeleev Rise, White
Sea) and Antarctica (in the coastal waters on fast ice and on the mainland near Russian stations)
were generalized. It was shown that in the Arctic, the influence of continental air masses leads to an
increase in OCs in snow. Therefore, despite the fact that the Franz Victoria Trough and the Mendeleev
Rise are at the same latitude (82◦ N), the OCs content in the snow in the region of the Mendeleev Rise
was lower for aliphatic hydrocarbons 5 and 14–18 µg/L. In the White Sea, the AHC content in the snow
and the upper layers of the ice in the mouth of the Severnaya Dvina River and in the Kandalaksha
Bay was higher than that in the lower layers of the ice and sharply decreased with distance from the
emission sources. As a result, the snow was supplied mainly by pyrogenic PAHs. In the Antarctica,
the lowest OCs levels in atmosphere were found in areas where coastal hills are covered with snow.
The maximum SPM and AHCs concentration was found in the sludge (SPM—to 4.37 mg/L, AHC—to
33 µg/L). An increase in the concentration of OCs and SPM in snow sampled on the continent took
place in the areas of stations and oases (St. Novolazarevskaya) where the predominance of mineral
particles in the SPM was registered. In the area of the operating stations, mainly low molecular
weight PAHs with the dominance of petroleum PAHs were found in the SPM of snow and in mosses.

Keywords: organic compounds; Corg; lipids; hydrocarbons; chlorophyll a; suspended particulate
matter; snow; Arctic; Antarctica

1. Introduction

Snow and ice make a significant contribution to the suspended matter cycle including
anthropogenic particles in high-latitude water areas in comparison with other climatic zones [1].
Snow accumulates solid particles and solutes from the atmosphere. Therefore, snow can be considered
as a pump, taking both natural and anthropogenic organic and inorganic components from the
atmosphere. The amount of matter in snow is primarily determined by its amount in the atmosphere.
Atmospheric circulation plays a crucial role in the transport of aerosol particles including long-range
transport [2,3].

Snow persists on the surface of the soil and drifting ice, unlike rain, which goes into the soil or
flows from the surface of the ice. Thus, snow records all atmospheric precipitation during the snowy
season [4]. The obtained quantitative estimates of microbial processes convincingly show that the ice
cover of the Arctic is a specific, complex biogeochemical barrier, where the processes of organic matter
(OM) entry and destruction are balanced [5].
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The formation of snow cover is the indicator of a spatial heterogeneity of climate warming,
according to which precipitation increases with increasing air temperature and increasing, to a certain
limit, snow reserves [6,7]. Therefore, there is a weakening of the meridional temperature gradient
between the tropics and the retreating boundary of the snow cover. Thus, the meridional heat transfer
to the north is weakened. As a result, there is a warming of air over the surface freed from snow and
over part of the remaining snowy continents.

Antarctica, surrounded by the ocean, is the geographical opposite of the Arctic. Due to annual
melting, the Antarctic sea ice is thinner than the Arctic sea ice [8]. The uneven distribution of snow
on the surface of the ice in combination with the processes of infiltration of sea water leads to the
formation of ice layers with a distinctive crystalline structure and physico-mechanical properties.

In the atmosphere and cryosphere as well as in aquatic and terrestrial environments, a significant
impact from particles derives from their ability to transport toxic pollutants attached to their surfaces [9].
According to the degree of anthropogenic influence on the formation of the snow-ice cover, there are
the background areas (relatively remote from anthropogenic sources) and impact areas (distinguished
by aeolian material from closely located industrial centers). Snow and ice contain organic compounds
(OCs) of various origins, and their study in snow makes it possible to trace their intake with
atmospheric transport.

The Arctic and Southern Oceans as well as their seas make a significant contribution to the stability
of Earth’s climate, global carbon circle, and biogeochemical processes, which are characterized by
peculiar sedimentation conditions and the presence of unique biological species that make up an
essential element of biological diversity.

The main goals of this article are to generalize the results of long-term studies of suspended
particulate matter (SPM) and organic compounds (OCs)—organic carbon (Corg), lipids, hydrocarbons
(aliphatic—AHCs and polycyclic aromatic—PAHs), and chlorophyll a in the snow cover of the Arctic
and Antarctica. The novelty of this article lies in the fact that one article summarizes the results of
long-term studies of suspended matter and organic compounds in the snow cover of the Arctic and
Antarctic using both published data of the authors and their colleagues, and new results.

2. Methods of the Studies

Special care was taken to prevent contamination during sample collection and analysis [10].
Snow and ice were collected in pre-washed plastic bags. Snow samples were taken from the surface of
the ice in the windward direction from a research vessel or other source of local pollution with a plastic
bucket into pre-washed plastic bags. The snow melting lasted 1–1.5 days. The ice core was cut out
using a hand held titanium tubular corer (d = 14.5 cm). The ice was cut into blocks with a titanium
saw in accordance with its structure and put into special cans for melting. Therefore, 5–8 cores were
taken to obtain the required amount of melted water. The melted water was further analyzed using a
procedure applied to the seawater samples.

Samples of “young” forms of ice were taken on board using a special triangular mesh screen
(1 mm2) recommended for sampling the surface microlayer. The suspended particulate matter (SPM)
was extracted from the water by membrane filtration that was preliminarily washed with a weak
solution of extra pure hydrochloric acid (HCl) and then with bidistilled water polycarbonate nuclear
filters (pore diameter of 0.45 µm) under 0.4 atm vacuum and concentrations were then determined
gravimetrically. To determine the concentrations of OCs, the samples of melted snow, ice, and
under-ice water were filtered with GF/F glass-fiber filters (0.7 µm) that were calcined for 6 h at 450 ◦C.
A preweighed nuclear filter of 47 mm diameter with 0.45 µm pores was used to determine the amount
and composition of the SPM.

All solvents were of high purity qualification. Methylene chloride was used to extract lipids
from the water and SPM. The individual AHCs fractions were separated with hexane by means of
column chromatography on silica gel. The concentrations of lipids and AHCs (before and after the
chromatography, respectively) were determined by IR spectroscopy using an IR Affinity 1 (Shimadzu,
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Japan). A mixture of isooctane, hexadecane, and benzene (37.5, 37.5, and 25 vol%, respectively) was
used as a standard. The sensitivity of the procedure amounted to 3 µg/mL of the extract [10,11].

The content and composition of polycyclic aromatic hydrocarbons (PAHs) were determined
by the method of high performance liquid chromatography (HPLC) on a LC-20 Prominence liquid
chromatograph (Shimadzu, Japan). An Envirosep PP column was used at 40 ◦C in a thermostat under
gradient conditions (up to 50 to 90% in a volume of acetonitrile in water). A 1 cm3/min flow rate of the
eluent was used, and a RF 20A fluorescent detector with programmed wavelengths of absorption and
excitation. The calculations were performed by means of LC Solution software. The equipment was
standardized with individual PAHs and their mixtures manufactured by Supelco Co. As a result, the
key polyarenes recommended for studying the pollution of marine objects [12] were identified.

The organic carbon in the samples of the SPM was determined by dry combustion with an
AH-7560 analyzer (Russia) [13]. A filter or its fragment was placed into a porcelain crucible; then
common procedures for determining Corg in bottom sediments were used. The sensitivity amounted
to 6 µg of carbon in a sample at a precision of 3–6%.

The composition of the SPM in snow and ice was determined with a VEGA 3 SEM scanning
electron microscope manufactured by TESCAN Co. (Brno, Czech Republic).

3. Results

3.1. Arctic

Precipitation in the Central Arctic, as a rule, falls in solid form and forms a stable snow cover on
drifting ice. The duration of occurrence of snow cover near the North Pole exceeds 320 days a year,
and near the summer position of the edge of drifting ice, it is 60–70 days less. The average snow depth
on the perennial ice of the Central Arctic Basin is 30–40 cm [6]. In the Arctic seas, it is about one and a
half times less, since in the seas, the ice on which snow lays is formed only at the end of October—the
beginning of November. The supply of a significant portion of matter from the atmosphere is associated
with snow, not only in the form of a thin suspension (aerosol), but also in the form of solutions. The ice
cover becomes an aerosol accumulator, its additional long-range (thousands of km) carrier. Therefore,
the Arctic is becoming a global trap for aerosol matter that passes into water and bottom sediments in
depot centers on the border of ice and temperate zones (on ice melting fronts) [1].

3.1.1. Background Areas

In snow in the northern part of the Barents Sea near Franz Joseph Land (Franz Victoria Trough), the
average AHC concentration in dissolved and suspended forms (for AHCs, respectively, 5 and 6 µg/L
and for PAHs, 2 and 3 ng/L, Table 1) is lower than in under-ice water. Even during snowfall, when the
most intense release of various compounds from the atmosphere occurs, there was no increase in AHC
concentration (Figure 1).

The composition of alkanes and PAHs in snow samples is rather uniform, as evidenced by
the ratios of molecular markers (Table 1). Among the alkanes of snow, high-molecular compounds
prevailed, with an almost equal ratio of even and odd homologs (CPI23-35 = 1.1–1.2). The composition
of PAHs was dominated by fluoranthene—the most stable and phenanthrene—the most common of
the unsubstituted identified polyarenes [14]. Pericondensed pyrogenic PAHs pyrene and benzo (a)
pyrene were minor components.
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Table 1. The content and composition of aliphatic HCs and PAHs in the snow and the upper part of
the ice.

Object Form

AHCs PAHs

N * Σ, µg/L L/H * CPI23-35 N * Σ, ng/L
FL ** P + BP

FL + P Ph + Ch

Arctic Ocean, Mendeleev Rise
Snow Dissolv. 7 5 1.1 1.2 2 2 0.64 0.54

SPM 5 5 0.7 1.2 2 3 0.65 0.28
Melt pond Dissolv. 4 4 0.8 1.1 2 8 0.82 0.63

SPM 4 8 1.2 1.2 2 17 0.70 0.88
Ice 0–25 Dissolv. 4 6 1.2 1.1 4 6 0.85 0.73

cm SPM 4 6 1.3 1.2 4 21 0.93 0.45
Northern Barents Sea, Franz Victoria Trough

Snow Dissolv. 8 14 1.3 1.7 8 30 0.64 0.66
SPM 2 18 0.3 2.2 2 50 0.70 1.35

Ice Dissolv. 1 25 1.8 1.2 1 110 0.92 0.10
0–50 cm SPM 1 148 0.3 1.9 1 47 0.62 0.39

* L/H = Σ(C15–C22)/Σ(C23–C35); ** FL—fluorantent, P—pyrene, BP—benz (a) pyrene, Ph—phenanthrene,
Ch—chrysene.
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Figure 1. Distribution of AHC concentrations in snow and upper layer of ice in the areas of the Franz
Victoria Trough and the Mendeleev Rise.

Comparable hydrocarbon concentrations were determined in melt ponds, lakes arising on the
ice during their summer melting (Table 1). Usually in melt ponds, a redistribution of the substance
melting from snow and ice occurs [15]. A significant amount of autochthonous phytoplankton, formed
during the summer bloom as well as in polynias is added to it. Therefore, higher concentrations of
lipids and hydrocarbons could be expected in the melt ponds. However, in September, during the
period of the Arctic autumn, when the melt ponds were already covered with ice, the autochthonous
OM formation stops, which, apparently, causes such a low content.

3.1.2. Impact Areas (White Sea)

The White Sea is not covered with ice all year round. February and March are characterized
by steady coastal ice from 40 to 80 cm thick (57 cm on average) [16–18]. Unlike the Arctic perennial
ice, the seasonal coastal ice is formed of the water-snow ice, which is characterized by high porosity,
special isotropic structure, and, hence, considerable water cut [18–22]. Therefore, the upper layer of
the ice cores consist usually of mat ice of snow origin, and the lower layer is formed by water-bearing
crystalline ice. In some cases, the lower part of the ice is colored brown due to the abundance of
diatom algae.

To research the behavior of AHCs in the presence of a snow-ice cover, the studies were performed
in the areas of the White Sea with different anthropogenic pressure. These were Rugozerskaya Bay in
the vicinity of the Pertsov White Sea Biological Station of Lomonosov Moscow State University and
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the Cape Kartesh area near the White Sea Biological Station of Zoological Institute Russian Academy
of Sciences at the periphery of Kandalaksha Bay, the mouth of Onega river and the area in the mouth
of Severnaya Dvina river near the city of Arkhangelsk (lakes near Arkhangelsk) (Figure 2).Atmosphere 2020, 11, x FOR PEER REVIEW 5 of 23 
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Figure 2. The main areas of snow and ice cover sampling in the White Sea: WSBS—vicinity of the
Pertsov White Sea Biological Station of Lomonosov Moscow State University, Rugozerskaya Bay
(stations 1 and 2 are inside this box); BBS “Kartesh”—vicinity of the White Sea Biological Station of
Zoological Institute RAS near cape Kartesh; Onega—mouth of Onega river; area of mouth of Severnaya
Dvina river mouth near Arkhangelsk.

In the Rugozerskaya Bay, research was conducted in different years, but almost at the same time
(late January–early February) and in the same areas (Kislo-Sladkoe Lake and the White Sea Biological
Station of Moscow State University (WSBS) (Figure 3). AHC concentrations were lower in the snow
of Kislo-Sladkoe Lake (St. 1, 66◦32.9′ N, 33◦8.125′ E), located at a distance 1.5 km from the WSBS,
than at St. 2 (66◦33.206′ N, 33◦6.279′ E) located at the pier of WSBS. The territory of WSBS refers
to the zone of increased humidity and is characterized by a long, relatively warm winter, lasting
approximately 4–4.5 months from mid-November to March. Precipitations vary from 450 to 650 mm
per year. Winds of the southwestern and western directions, which capture aerosols from Europe,
prevail throughout the year [23,24].

The concentration of pollutants in the Arctic atmosphere rises from November to March due to
the heating of dwellings. Therefore, the AHC content in snow in February in Rugozerskaya Bay varied
in the range of 8 to 46 µg/L, and in March between 40 and 92 µg/L. However, their concentrations were
lower than those in another area of Kandalaksha Bay in the Chupa Bay near Cape Kartesh in March
2004 of 80–239 µg/L [25].

SPM in the snow of Rugozerskaya Bay contained (according the scanning electron microscopy)
mineral particles and diatom algae (Cocconeis, Naviscula, Nitzschia, Thalassionema), plant spores, and
combustion products (fly ash and black carbon). Content of combustion products, as a rule, showed
good correlation to that of PAHs because pyrene was dominant in their composition.

At the mouth of the Severnay Dvina, the SPM in the snow was higher than in Kandalaksha Bay
and sharply decreased with distance from the emission sources. In March 2015, the concentration
of SPM in the snow of the city of Arkhangelsk between the Yakhtklub District and Port Ekonomiya
differed from 0.74 to 116.79 mg/L and the AHCs from 27 to 616 µg/L. Significantly lower concentrations
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of AHCs (20 µg/L, 5.9 µg/mg SPM) were in snow near the coast of Mud’yug Island. As part of the SPM
in the snow scale, mineral particles and diatoms were found (Figure 4).
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and its composition obtained using the attachment, a microanalyzer to a scanning electron microscope,
(b) diatomic and mineral particles; (c) diatoms and organic tissue (Port Ekonomiya).
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At the mouth of the Severnay Dvina, lower AHC concentrations were established in February of
5–83 µg/L compared with March of 83–583 µg/L (2007) and 27–616 µg/L (2015).

Distribution of PAHs in this region also confirms their intake from the atmosphere, because their
content (98–216 ng/L) was higher in SPM from snow than in the surface waters (13–48 ng/L). The data
from the snow-ice cover in Arkhangelsk city confirm that fact as well, because there was a decrease in
the PAH concentrations moving from snow to ice and to surface water. In snow, the content of pyrene
(P) is close to the content of fluoranthene (FL) of 55 and 66 ng/L, respectively, which may indicate
fresh contamination with pyrogenic PAHs (i.e., markers in the PAH of snow SPM in the Arkhangelsk
region indicate an anthropogenic pyrogenic origin (Figure 5)). The pyrene/perylene (P/PL) ratio in
snow and ice changed in the range of 1.04–3.33. PL is polyarene of a geochemical background, which
has a predominantly terrigenous origin [25,26]. In contrast, in water, where pyrogenic compounds
were smaller, the ratio of P/PL varied from 0.23 to 0.49.
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the mouth of Severnaya Dvina (March 2007): 1—snow, 2—ice top, 3—ice bottom, 4—near the coast of
the Mud’yug Island (whole ice core).

In 2016 and 2017, samples of snow were taken on the lakes around Arkhangelsk—Pikalevo,
Svetloe, and Zadnee (Figure 2, inset, Arkhangelsk region). SPM in the snow had a black color, since
it consisted of ashes, soot, and other anthropogenic particles (Figure 6). The maximum amount of
AHCs (1605 µg/L) and PAHs (125 ng/L) was established in the snow about Svetloe Lake, and the
minimum AHCs (98 µg/L and PAHs 15 ng/L) in the snow cover of Zadnee Lake, located at a distance
from Arkhangelsk to the southeast.

In 2017, in the snow of Pikalevo Lake, the concentration of AHCs differed almost nine times (31–260,
on average 94, σ =7 1 µg/L). High-molecular terrigenous alkanes (the ratio of light to heavy homologues
were 0.22–0.37) prevailed in the composition of AHCs in snow and weathered oil compounds in the
low-molecular region (Figure 7).



Atmosphere 2020, 11, 928 8 of 23
Atmosphere 2020, 11, x FOR PEER REVIEW 8 of 23 

 

 
Figure 6. The composition of the SPM in snow in Pikalevo Lake (scanning electron microscope data). 
(a) The fly ash of liquid fuel with a loose nosy surface and aluminosilicate coal ash of a thermal power 
plant with a smooth spherical surface; (b) loose aggregate of soot particles. 

 
Figure 7. Composition of the alkane in snow, ice, and ice water of Pikalevo Lake, 2017. 

. 

Figure 8. Distribution of the 1—SPM, 2—Corg, and 3—AHCs in the snow-ice cover of the Onega River 
mouth in February 2017. 

Figure 6. The composition of the SPM in snow in Pikalevo Lake (scanning electron microscope data).
(a) The fly ash of liquid fuel with a loose nosy surface and aluminosilicate coal ash of a thermal power
plant with a smooth spherical surface; (b) loose aggregate of soot particles.

Atmosphere 2020, 11, x FOR PEER REVIEW 8 of 23 

 

 
Figure 6. The composition of the SPM in snow in Pikalevo Lake (scanning electron microscope data). 
(a) The fly ash of liquid fuel with a loose nosy surface and aluminosilicate coal ash of a thermal power 
plant with a smooth spherical surface; (b) loose aggregate of soot particles. 

 
Figure 7. Composition of the alkane in snow, ice, and ice water of Pikalevo Lake, 2017. 

. 

Figure 8. Distribution of the 1—SPM, 2—Corg, and 3—AHCs in the snow-ice cover of the Onega River 
mouth in February 2017. 

Figure 7. Composition of the alkane in snow, ice, and ice water of Pikalevo Lake, 2017.

The phases of the moon play a great role in the distribution of OCs and SPM in snow and ice in
the White Sea. The concentrations of SPM in snow and ice during the high tide (0.22 and 1.03 mg/L)
and low tide (2.25 and 1.55 mg/L) were significantly different (in 2–7 times) of the Onega River mouth
and AHC concentrations remained constant—23 µg/L. In the White Sea, the thickness of snow and ice
is comparable [15]. Therefore, the ice sinks into the water under the pressure of snow, and hence, the
variability of the concentrations in different phases of the moon was observed more significantly in the
upper layer of snow ice (Figure 8). The content of AHCs was determined by the concentration of SPM,
since there was a correlation between these compounds r = 0.55 (n = 8).

The composition of the alkanes in snow and ice was of the same type (Figure 9). A smooth
distribution of homologues was observed in the low-molecular part, which is typical for weathered
petroleum products, so the ratio of pristane/phytane (i-C19/i-C20) fluctuated in the range 0.25–0.36.
In the high-molecular part, uneven terrigenous alkanes predominated. The carbon preference index
(CPI) varied in the range 4.23–1.93, with a maximum in snow. The minimum of this ratio was confined
to the lower part of the ice because of the biogenic nature of the AHCs at the ice–water boundary.
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3.2. Antarctic

The location of Russian stations and the main areas of our work in the Antarctic region and on the
mainland are shown in Figure 10. In the snow collected on the fast ice of Pryds Bay, the content of
AHCs was below the limit of their detection by the methods we used, and even lower than in the Arctic
Ocean in the region of the Mendeleev Rise, at the inaccessibility pole of the Northern Hemisphere
(chapter on the Arctic).

When snow falls on the sea water surface and not on ice, it appears as a snezhura from which a
sludge is formed later. Its thickness can reach several centimeters, and the concentration of all OCs in
it is increased in comparison with the underlying water (Figure 11). Under the influence of wind, this
layer either collapses into the open sea, or accumulates near the islands and in the iceberg accumulation
zones, forming a sludge [27].
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At low temperatures of air and water, the sludge does not melt, it is frozen and is turned into
young ice, which during a period of calm covers the entire coastal part of the sea. In this case, the
particulate matter is suspended in the ice layer from the surface micro-layer of water, which leads to its
mechanical concentration and an increase in the concentration of suspended forms of OCs. Therefore,
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the accumulation of SPM and the associated OCs was observed in the snezhura and pancake ice
(Figure 11).

The absence of snow on the coastal hills in the Nella Fjord, Pruds Bay led to high concentrations
of the compounds studied (Table 2). In hummocks of this region, at a suspension concentration
of 0.67–2.44 mg/L, the AHC content in the suspension was as 10–60 µg/L and chlorophyll a was
0.15–0.29 µg/L. The low chlorophyll a was due to the predominance of suspended mineral particles
over biogenic ones, which was confirmed by the material examination under a scanning electron
microscope (Figure 12).

Table 2. The concentration of SPM and OCs in the fast snow-ice cover.

Description
Samples

SPM, mg/L Corg Chl a * Pheo a Lipids
Dissol./SPM

AHCs
Dissol./SPM

µg/L

Lazareva Sea, Alasheeva Aiord (67◦34′ S, 46◦05′ E), 2008
Snezhura – – – – 9/105 2/6
Ice water – – – – 14/18 11/9

Lazareva Sea, Atka Fiord (70◦32′ S, 08◦07′89” E), 2010
Sludge 4.37 61 2.895 4.414 26/28 13/19
Sludge 1.51 74 2.282 3.828 31/61 17/33

Ice water 0.39 24 0.347 0.228 14/19 7/14
Cooperation Sea (67◦40′042” S, 51◦194′ E), 2010

Pancake ice 0.52 43 0.236 0.204 11/44 6/31
Ice water 0.35 18 0.044 0.033 9/18 6/10

Prudes Bay, Talla Fiord (64◦04′32” S, 70◦39′48” E), 2014
Snow, 0-5 cm 0.80 25 0.030 0.020 /11 /4
Ice, 0-20 cm 1.05 20 0.052 0.018 /10 /5

Lazarev Sea, Leningradskii Fiord (70◦03′486” S, 12◦22′59” E), 2012
Snow, 5–15 cm 0.12 9 0 0 11/18 5/11
Ice, 0–30, cm 0.32 5 0.190 5.901 12/27 9/13

Note: * pheophytin a-% of the sum of the concentrations of chlorophyll a and pheofetin a.
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Figure 12. The composition of SPM in the fjord area of Prude Bay: (a) Nella (mainly mineral particles)
and (b) Sunny (mainly nutrient particles) Fiords.

The AHC content in snow was also quite low at conserved stations. The concentration of AHCs in
snow at conserved St. Molodezhnaya was equal to 22 µg/L (Table 3), increasing up to 56 µg/L in snow
on ice in the area of the R/V “Akademik Fedorov”. The maximum concentration was St. Bellingshausen
of 195 µg/L, where snow only partially covered the soil.
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Table 3. The distribution of organic compounds and SPM in the snow-ice cover and in moss in the area
of the Antarctic stations (in mosses, the concentration of AHC in µg/g, and Corg in %).

Study Area Object Horizon, cm
Lipides AHC Chl a Corg

SPM, mg/L
µg/L

Station Molodezhnaya, 67◦40′ S, 45◦51′ E

Lagernoe Lake, 2010 Snow
Ice

0–5
0−30

10/17 *
11/33

7/12
8/20

0.008
0.041

16
–

0.32
0.33

2019 Snow 0–10 –/47 –/28 0.025 0

Snow 0–10 –/82 –/56 0.105 – 0.87

Observatory Mirny, 66◦34′ S, 93◦00′ E

2010 Firn 0−10 17/18 6/8 0.009 0 0.09

Ice 0−30 15/120 7/73 0.232 132 0.23

Ice barrier station Novolazarevskaya, 70◦03′ S, 11◦35′ E

2010 Snow 0−10 18/33 20/10 0.004 78 0.18

Ice 0−30 16/12 9/7 0.052. 1 0.23

Station Novolazarevskaya, 70◦46′ S, 11◦50′ E

Stantsionnoe Lake, 2012
Snow 0−15 31/42 9/22 0.011 66 4.15

Ice 0−25 24/63 8/25 0.052 78 1.84

Verkhnee Lake, 2012 Snow 5−15 22/410 9/360 0.073 235.2 0.78

Ice 0−80 18/64 10/35 0.042 24.4 0.68

Verkhnee Lake, 2019 Snow 0–10 N.d.**/53 N.d./35 0.102 218 0.982

Glubokoe Lake, 2019 Snow 0−10 N.d./88 N.d./72 0.045 125 1.06

Geodezistov Lake, 2019
Area around the station

Firn 0−10 N.d./180 N.d./124 0.147 713. 0.998

Snow
Moss

0–10
–

N.d./75
–

N.d./40
18–89

0.072
–

297
3.33–9.21

1.519
–

Station Progress, Stepped Lake, 69◦22′97”S, 76◦22′65”E

2008

Snow *** 0−10 49/33 37/22 N.d. N.d. 1.55

Snow *** 10−20 31/134 26/82 « « 3.12

Ice 0−20 50/119 42/50 « « 4.30

2010
Snow *** 5−10 33/74 22/56 0.005 « 1.00

Ice 0−25 50/119 42/50 0.025 « 0.37

2012
Snow 5−15 29/33 11/15 0.010 17.6 0.67

Ice 0−30 39/33 12/15 1.22 0.9 0.50

2014
Snow 5−15 /31 /10 0.002 N.d. 0.21

Ice 0−60 /20 /6 0.008 « 0.50

Station Bellingshausen 62◦10′59′′ S, 58◦57′00′′ E

Kitezh Lake, 2012
Area around the station, 2012
Area around the station, 2019

Snow *** 0−20 14/35 7/19 0.203 73 4.21

Suga 0−3 10/14 5/7 0.230 61 7.02

Ice 0−20 15/24 7/12 0.182 0 1.81

Moss
–

Moss
–

304–1640
–

24–601
18–142

–
–

15.50–26.87
8.62–17.28

–
–

*** snow on the Lake.

In the SPM of snow at St. Molodezhnaya, light alkanes prevailed (Table 4), since the ratio
ΣC12–24/ΣC25–37 was >1 (63–65% of the total). In the snow near the lakes at St. Novolazarevskaya,
the high molecular weight terrigenous odd alkanes dominated. Moreover, the proportion of light
homologs increased to 48%, due to a small maximum at n-C16–C17, and on Verhnee Lake of up to
50%. Algae in Verhnee Lake were detected, the presence of which, together with the SPM activated
the autochthonous AHC formation. To the greatest extent, the influence of terrigenous alkanes was
characteristic for the snow of Geodezistov Lake (Figure 13, curve 6), where at the maximum AHC
content (124 µg/L), the proportion of high molecular weight homologs reached 87%, and the CPI value
was 6.63.
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Table 4. The parameters of alkanes in SPM in snow and moss in different regions of the Antarctic.

Station Study Area AHCs, µg/L Pr/Ph
CPI Σ(C12–24)

Dominating Peaks
Σo/Σe C12–24 C25–37 Σ(C25–37)

Snow

Molodezhnaya

Glubokoe Lake 28.2 0.62 0.97 0.93 1.02 1.77 C17, C19, C21

Promernoe Lake 56.48 0.7 1.45 1.45 1.46 1.6 C19, C20, C21

Glubokoe Lake 72.4 0.72 1.15 0.83 1.62 0.97 C27, C29, C31

Geodexistov Lake 124.2 0.33 4.35 0.82 6.63 0.15 C27, C29, C31

Verkhnee Lake 40.2 0.42 2.78 0.62 3.88 0.17 C25, C27, C29, C31

Prilednikovoe Lake 34.27 0.8 1.15 0.86 1.52 0.91 C16, C17, C25

Moss

Novolazarevsk-aya

56 (soil under moss) 31.55 0.48 2.82 1.64 3.36 0.28 C25, C27, C29, C31

55 22.88 0.31 2.17 2.16 2.19 1.02 C19, C21, C23

56 27.88 0.77 2.59 1.56 4.60 0.89 C21, C23, C25

61 49.21 0.85 2.06 1.38 3.88 1.28 C19, C21, C23

Glubokoe-1 Lake 84.28 0.60 3.27 2.15 3.64 0.22 C27, C29, C31

Belligshausen

Glubokoe-2 Lake 40.14 0.38 2.47 2.01 3.11 1.04 C21, C23, C25, C27

Glubokoe-4 Lake 49.94 0.42 1.78 1.31 2.28 0.74 C23, C25, C27, C29

Norma-1 Lake 29.78 0.50 1.79 1.23 2.83 1.08 C25, C27, C29

Norma-2 Lake 87.81 3.73 1.63 1.26 2.33 1.29 C21, C23, C25, C27

Norma-3 Lake 142.14 1.18 2.01 1.24 3.24 0.84 C21, C23, C25, C27

Station 01-2 46.09 0.36 1.50 0.88 2.20 0.66 C17, C19, C21
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Novolazarevskaya stations: (3) Glubokoe Lake, ((b), 4, 5)) Geodezistov Lake, and (6) Verkhnee Lake.

Unusual distribution of SPM and OCs was found in the snow-ice cover of the Kitezh Lake at St.
Bellingshausen [28]. The snow here contained a lot of SPM of mineral origin (due to weathering of soils
unprotected by snow). The maximum content of SPM was contained in the sludge (7.02 mg/L), the particles
of which were accumulated during the freezing. Despite the relatively high concentration of Corg in SPM
(61 µg/L), AHC concentrations remained low (5–7 µg/L), that is, other OCs were formed, not AHCs.

Significant interannual variability in the concentrations of all the studied compounds in the
snow-ice cover was observed in the snow of Stepped Lake (Pruds Bay), located between the Russian
St. Progress and the Chinese St. Zongshan (Table 3). In 2008, in the snow layer of 11–20 cm, the OC
concentrations were almost four times higher than in the layer of 0–10 cm (freshly fallen snow). PAHs in
these snow layers differed by almost two times, 467–959 ng/L, respectively. PAHs are mainly formed
during the burning of fossil fuels [26,29]. In the composition of PAHs in the upper layer of snow, the
proportion of natural compounds phenanthrene and chrysene was 62%, and in the lower, it was only
23%. The composition of PAHs in the upper ice layer also indicated the effect of pyrogenic compounds,
since the PL/P = 0.74 (PL—fluoranten, P—pyrene).

In March 2010, the AHC content in the SPM of snow of Stepped Lake, when compared to 2008,
increased to 56 µg/L, and then decreased by 2010. In March 2012, a SPM in snow on the lake was also
characterized by low concentrations of chlorophyll a (0.01 µg/L) and a decrease compared to previous
years with concentrations of SPM (0.67 mg/L), lipids (33 µg/L), and AHCs (15 µg/L). The lowest
concentrations of OCs and SPM was detected in 2014 (Table 3, Figure 14), that is, aerosol releases from
the atmosphere affect the distribution of SPM and OCs in snow.
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An increase in OC concentrations occurs in mosses that accumulate organic compounds from
the atmosphere [30]. AHCs changed in 2012 in the moss region of St. Bellingshausen in the range of
24–601 µg/g (Table 3, Figure 15b).
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moss (b) and composition of polycyclic aromatic hydrocarbons in moss (c).

In 2019, the range of concentration AHC variability was lower: from 18 µg/g (Glubokoye Lake,
St. Novolazarevskaya) to 142 µg/g (Norma Lake, St. Bellingshausen).

The contribution of AHC to Corg in moss at Novolazarevskaya Station varied within 0.13–10.5%,
whereas it made up just 0.02–0.10% at Bellingshausen Station. This was caused by the high concentration
of Corg (8.98–20.22%) in moss at Bellingshausen Station as the temperature rise there is accompanied by
the active development of vegetation cover. In many samples, n-C23 dominated, but the chromatogram
configuration was close (Figure 16b). The ratio of low- to high-molecular homologs was smaller and
the values of CPI in the high-molecular region, which did not exceed 3.88 (Table 4).

The composition of PAHs in moss samples was close (Figure 16c): at total concentrations
of 19–83 ng/g, only low molecular weight homologs were determined with two maxima for
1-methylnaphthalene and phenanthrene. The H/1H ratio fluctuated in the range of 0.11–0.14, and the
proportion of naphthalenes was 63–68%, which indicated the effect of oil arenas.



Atmosphere 2020, 11, 928 16 of 23

Atmosphere 2020, 11, x FOR PEER REVIEW 15 of 23 

 

 
Figure 15. Sampling scheme in the vicinity of Bellingshausen Station, 2012 (a), composition AHCs in 
moss (b) and composition of polycyclic aromatic hydrocarbons in moss (c). 

 
Figure 16. The composition of moss from Bellingshausen Station (2019): (a) the location of the 
sampling areas at Bellingshausen station, (b) the concentration of n-alkanes (% of total): 1–3—
Glubokoe Lake shore; 4—Norma Lake shore; (c) PAH concentration: 5, 6—Glubokoe Lake shore. N–
Naphthalene, N1—1-methylNaphthalene, N2—2-methylNaphthalene, ACN—Acenaphthene. FLR– 
fluoranthene. Ph—Phenanthrene, AN—Anthracene, Fl—Fluorantent, P—Pyrene. 

Figure 16. The composition of moss from Bellingshausen Station (2019): (a) the location of the sampling
areas at Bellingshausen station, (b) the concentration of n-alkanes (% of total): 1–3—Glubokoe Lake
shore; 4—Norma Lake shore; (c) PAH concentration: 5, 6—Glubokoe Lake shore. N–Naphthalene,
N1—1-methylNaphthalene, N2—2-methylNaphthalene, ACN—Acenaphthene. FLR– fluoranthene.
Ph—Phenanthrene, AN—Anthracene, Fl—Fluorantent, P—Pyrene.

4. Discussion

Snow scavenges aerosols from the atmosphere (including contaminants). SPM of snow defines the
atmosphere in winter when adjacent lands are covered with snow and river and seas with ice, so aerosol
matter input from the catchment area and sea surface is minimized; hence long-range (hundreds or
thousands of kilometers) atmospheric transport of matter is particularly important. Snow cover has a
number of features that make it a good indicator of ecosystem conditions [31–35]. Sampling of whole
cores of snow cover (accumulated from the first snowfall until sampling) allows for the determination
of the accumulation rates per unit area (i.e., flux of aerosol and dissolved aeolian matter) and therefore
obtained quantitative and qualitative characterization of aeolian matter input to surface of the sea and
catchment area. Two types of areas are distinguished by degree of the anthropogenic aerosols’ influence
on snow cover composition: (1) the impacted areas (subjected to significant aeolian input from the
closely located industrial centers) and (2) background regions (relatively remote from anthropogenic
sources) [23].

Precipitation in the Central Arctic, as a rule, falls in solid form and forms a stable snow cover
on drifting ice. The duration of occurrence in the polar region exceeds 320 days a year, and near
the summer position of the edge of drifting ice is 60–70 days less. The average snow depth on the
perennial ice of the Central Arctic Basin is 30–40 cm [6]. In the Arctic seas, it is about 1.5 times less,
since in the seas the ice on which snow lays is formed only at the end of October—the beginning of
November. The supply of a significant portion of matter sediment from the atmosphere is associated
with snow, not only in the form of a thin suspension (aerosol), but also in the form of solutions. The ice
cover becomes an aerosol accumulator, its additional long-range (thousands of km) carrier. Therefore,
the Arctic is becoming a global trap for aerosol matter that passes into water and bottom sediments
in depocenters—on the border of ice and temperate zones (on ice melting fronts) [1,35]. In pack ice,
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freezing of particles occurs many times, and aerosol particles of snow gradually enter their thickness
and enter sea water only after melting, this exposure often lasts up to 10–15 years [31,36,37].

In the distribution of cryosols in the ice of the Central Arctic, two zones of accumulation of
sedimentary material are distinguished: in the roof of the ice field, where insoluble particles brought
in by snow are accumulated, and in the bottom of the ice, where newly formed ice captures suspended
matter from under the ice water [38].

According to our data, despite the fact that the Franz Victoria Trough area and the Mendeleev Rise
area are located at the same latitude in the Arctic Ocean ≈82◦ N, snow in the northern part of the Barents
Sea was characterized by higher concentrations of AHCs having a terrigenous nature, compared with
snow from the Mendeleev Rise, located outside the continental air masses. The influence of snow cover
leads to the fact that the upper ice layers contain higher concentrations of Corg than the lower ones [39].

Based on electron microscopy data, insoluble particles contained in the Arctic’s snow and ice
cover consist mainly of organic matter (phytoplankton test fragments, spores, pollen, diatom algae,
single celled animals, etc.) and mineral particles (mineral grains and clay aggregates) [38]. For the
snow cover, terrestrial soils are the main source of mineral particles. In winter, when the surface of the
Arctic is covered by ice and snow, the main contribution is made by long-range transport including
anthropogenic particles; their aeolian transport has been observed in nearly all the areas of the Arctic
up to the North Pole [4,23]. The snow cover of the Earth’s high latitudes is an auspicious collector of
both mineral and biogenic particles. Accumulating on the surface of the snow cover, they are preserved
well and become fossilized with time. The lithogenic component in the snow cover is subordinate to the
biogenic component and is represented by individual mineral grains. For the snow cover, the lithogenic
component averages 20%; for the ice cover, 25%. Thus, the biogenic component predominates both in
the snow (80%) and ice cover (75%) [38]. The snow cover of the Earth’s high latitudes is an auspicious
collector of both mineral and biogenic particles. Accumulating on the surface of the snow cover, they
are preserved well and become fossilized with time. The lithogenic component in the snow cover is
subordinate to the biogenic component and is represented by individual mineral grains.

To analyze the qualitative and quantitative composition of atmospheric aerosol in the area of the
White Sea, it is convenient to use the approach performed in [40,41] and improved in [42], which is
based on the statistical processing of the spatial distribution of backward trajectories of air masses
into this area during 10 years or more. Such a method allows us to study the averages (generalized
over a long-term period) of the characteristics of both the arrival of air masses into the studied region
and the impurities carried by it, and the processes of precipitation of atmospheric impurities onto the
underlying surface [43]. The average composition of the aerosols in the atmosphere over the White Sea
is qualitatively assessed from the ratio of aerosols of different types (marine, continental, arctic, arid)
in different seasons and for the year. Besides analyzing the contributions to the composition of the
aerosol of different anthropogenic constituents from the industry of European cities and regions, the
average anthropogenic impact of these sources on the atmosphere and ground-based environmental
objects of the studied area was quantified. According to the data on precipitation along the trajectories
of the air near the observation site, the following estimates were obtained for the average precipitation
values over the White Sea in different months: 25, 19, 67, and 42 mm/month for January, April, July, and
October, respectively [23]. These values correspond to an annual precipitation of about 460 mm/year
and fit well into the range of values from 300 to 600 mm/year (depending on the specific site) typical
for the White Sea region [44].

The OCs content in the atmosphere of the White Sea coastal areas were increased in the winter.
The aerosol measurements indicated a higher abundance of particles of all grain size distributions [45].
As a result, AHCs were concentrated in snow and in the upper layer of the ice, especially in the mouth
of the Severnaya Dvina River. The precipitating snowflakes were characterized by the good ability
to clean the atmosphere from the aerosol matter. In other words, there is a functioning pump that
evacuates the aerosol particles of the far-distant transfer, which contain both natural and anthropogenic,
organic and inorganic components, and transports them to the seawater surface or the ice cover [1].
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Therefore, the OC content was higher in the snow than in ice and under-ice water, which shows the
OC supply from the atmosphere with aerosols. The concentrations of all the OCs increased in the
aquatic area of Arkhangelsk in comparison with the Pinega River region. The growth of the AHC
concentrations in the ice cover of the Dvina Bay was caused by their absorption from the polluted
under-ice water, in which the average content in the dissolved fraction was very high (>50 µg/L). In this
case, the fraction of AHCs in the lipid composition amounted up to 87%.

During the winter–spring period, the pollutants were supplied to the rivers due to the washout
from the banks. The water regime of the rivers of the Severnaya Dvina drainage basin is mainly
determined by the snowy feed [31]. The ice mostly accumulates the pollutants occurring already in the
basin and distinctly decreases the natural self-purification capacity of the basins because its surfaces
above and under the water may adsorb oil [46]. Probably, within high concentrations in water (up to
280 µg/L), the AHCs are transferred into the ice with the liquid phase from the under-ice water (up to
402 µg/L). The ice formation proceeds within a small water-air temperature gradient, the ice becomes
porous (up to 100 cm3/kg), and its lower layers acquire increased sorption properties [47]. Moreover,
the porosity increases the result of the oil migration through the mass of the multiyear ice. This causes
a considerable decrease of the mechanical strength of the ice. Under the interaction of the oil and the
one-year ice during the spring–summer period, the rapid migration of the oil takes place [48].

The mechanism of the ice growth from above is characteristic for coastal ice. Therefore, the AHC
content in the snow and the upper layers of the ice in the mouth of the Severnaya Dvina River and in
the Kandalaksha Bay was higher than that in the lower layers of the ice (2010).

Formerly, the maximum degree of AHC concentration was found in the sludge formed on the
marine surface under a heavy snowfall [49]. The cake ice and the ice crust also contained more OCs
than the subglacial water. The growth of accumulation in the particulate matter was registered for the
hydrophobic low-soluble compounds characterized by a high affinity with the “water–atmosphere”
and “water–solid particles of particulate matter” interfaces. Under a sea disturbance, the water softens
the ice and dually affects its structure: the number of canals and capillaries in ice increase and their
diameters enlarge, characterized by a high affinity with the “water–atmosphere” and “water–solid
particles of particulate matter” interfaces. Under a sea disturbance, the water softens the ice and dually
affects its structure: the number of canals and capillaries in ice increase and their diameters enlarge [47].
Water, with waves on the surface, softens the ice and has a double effect on its structure: it increases
the number of channels and capillaries in the ice, and also expands their diameter [47]. This intensifies
the exchange processes between water and ice. This intensifies the exchange processes between the
water and ice. The concentrations of HCs in the fresh forms of ice become comparable to those in the
surface microlayer captured by the ice during the freezing [10]. Due to this, the AHC content in the
upper layer of ice (17–143 µg/L in the particulate matter) in the coastal areas of the White Sea is higher
than that in the background areas of the Arctic and Antarctic (6–28 µg/L).

The lower layer of ice was characterized by both the mechanical concentrating of the OCs including
the AHCs, and the photosynthesis of algae on the ice–water interface promoting the production of
these compounds [10,39]. The SPM of the lower layer of ice was characterized by biological diversity.
The studies of a population of the seasonal ice in the White Sea revealed that the greatest abundance of
bacteria was peculiar to the upper and medium layers of the ice of snowy genesis in early winter and
to the lower layers of aquatic genesis in the spring [19]. At the end of March, the maximum of the
bacterial abundance was in the lowest layer of ice a few cm thick. As a result, the AHC concentrations
in the lower layer of the one-year coastal ice of the White Sea sampled in early winter might be less
(19 µg/L on average, the mouth of the Severnaya Dvina River, 2008) than those in the multiyear coastal
ice of the background regions (139 µg/L on average, Antarctica, Prudz Bay, 2010).

In coastal areas of the Antarctica, the sea salts coming from ocean waters serve as the main source of
atmospheric pollution [32] as well as the specific Antarctic flora and microorganisms. Aeolian transport
of terrigenous AHCs (in the form of residues of higher terrestrial vegetation) from the American and
African continents is insignificant. Therefore, in the coastal areas of Antarctica, there is a minimal
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amount of aerosol particles in the atmosphere compared to other areas. The authors’ data coincided
with the results obtained before in the area of the Mirny Station in Antarctica, where aerosol particles
>1 nm were not observed as a rule [50]. The weakening of meridional processes in winter reduces
the inflow of sea air to the glacier, thus leading to a still greater decrease in the concentration of fine
particles in surface aerosol.

Our data showed that the mean aerosol concentrations in the fraction of 0.3–1.0 µm for different
regions (2019) increased in the following sequence (particle/L): the area of Antarctica (6182) < South
Atlantic (9130) < Cape Town–Antarctic section (17338) < North Atlantic (24236) [51]. It is noteworthy
that the aerosol particle concentration in the open ocean at the Cape Town–Antarctic section depended
on the speed of wind, which blows them out of the sea surface (r = 0.82 was the coefficient of correlation
between wind speed and the number of particles). At the section near the Antarctic coast, the correlation
was much lower (r = 0.34), most likely due to the flow of aerosol particles from the continent. In
the Southern Hemisphere, the maximum concentrations of aerosol particles were registered in the
northern arid part of the section (from Cape Town to the Southern Ocean, off the African coast). It is
apparently caused by the influence of aeolian flows from the African continent and by the features of
their circulation at 50◦S. The aerosol inflow from Patagonia leads to the increase in their concentration
in the South Atlantic Ocean [52].

Oil pollution across Antarctica is low compared with other regions of the world, concentrated at
sites of human activity near rare ice-free coastal areas. It occurs from a range of activities including the
national Antarctic programs, tourism, and fishing. Historic sources exist from abandoned infrastructure
and stations, vehicle wrecks, waste disposal sites, waste water discharge, and past whaling activities.
The oil pollution of the Antarctic environment has changed as well as the residual properties and
toxicities resulting from differing degrees of weathering and degradation. All human activities in
this area are associated with fuel overload and consumption. Oil spills occur at many Antarctic
stations [53,54]. In addition, in the Antarctic, despite the insignificant intensity of shipping, ship
accidents also occur, information about which mainly relates to western, more navigable areas.
The majority of available data on the oil HCs in the Antarctic ecosystem refer to the western region,
particularly to the Antarctic Peninsula [53–57].

However, the ice regime in the western and eastern parts of the continent is different. The temporary
global warming affects for the most part the glaciers of West Antarctica. In East Antarctica, they
continue to grow, which is an important positive factor in the development of the environment [58].

A study of the effect of long-range atmospheric transport on the PAH levels in the snow of West
Antarctica showed that this source does not significantly contribute to snow pollution [55,56]. Strong
western winds blowing in winter from 40–60◦ S isolate the continent from long-range atmospheric
transport. Therefore, outside the settlement, significant snow pollution does not occur. The main
sources of PAH pollution are regional research stations and ocean transport, mainly tourism.

Despite this, our results on the composition of PAHs in snow coincided with those obtained in
snow on the Ekstrom Shelf Ice in the Weddell Sea [55] where PAH concentrations in snow varied within
the range of 26–197 ng/L. The most prevailing substances were determined to be naphthalene, 1- and
2-methylnaphthaltne acenaphthylene, acenaphthene, and phenanthrene, with naphthalene accounting
for an overall mean of 82% of total PAH.

In the areas of oases, the concentrations of OC (except for chlorophyll a) and suspended matter
in snow samples were several times higher than in other regions of the continent due to the input of
particles blown out by strong winds from local soils [28]. The interannual variability of concentration
of AHCs in the snow cover in the area of the Novolazarevskaya Station is associated with interannual
variability of strong winds typical for the Schirmacher Oasis [59]. Their concentration in the area of
Novolazarevskaya Station varied within 72–124 µg/L in 2019. However, the concentration of AHCs in
SPM in snow depended not exclusively on the concentration of suspended matter, because no relations
in their values occurred. In particular, in 2012, the maximum concentration of AHCs was determined
at Novolazarevskaya Station in snow near Verkhnee Lake: 360 µg/L at the concentration of SPM equal
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to 0.78 mg/L. In contrast, the concentration of AHCs in snow on Stantsionnoe Lake were equal to
22 µg/L at the concentration SPM of 4.15 mg/L [28]. However, as well as in 2019, natural biogenic
compounds with the maximum for n-C17 dominated in the alkanes’ composition in snow nearby the
Verkhnee Lake. The continental lakes, despite their low biological productivity, are the hearths of
life [60]. Algae whose presence favored the formation of different organic compounds including AHCs
were detected in the Verkhnee Lake.

5. Conclusions

Snow cover in the high latitudes of the Earth functions as a collector of both mineral and biogenic
and anthropogenic particles. Accumulating in the snow cover, these particles are well preserved in the
upper layer of ice.

In the Arctic, the snow fluxes of OC are largely influenced by the continental air masses. Therefore,
in the Arctic Ocean, the lowest OC concentrations in snow are detected on drifting sea ice in the area of
the Mendeleev Rise. In Antarctica, the lowest OCs levels were found in areas where coastal hills are
covered with snow.

The predominance of mineral particles contributes to the low OC content in the SPM of the snow.
At the initial stage of ice formation, the concentrations of particulate matter and OCs in it increased
due to the effect of the so called “ice pump” [31]. This phenomenon is caused by the incorporation of
neuston from the surface microlayer and windy onset of algae in the slush ice bands. The coastal ice
showed a regular increase in the concentration of SPM and OCs toward the ice–water boundary.

The long-term studies of the snow-ice cover of the White Sea show the considerable variability of
the AHC concentrations from year to year. Their decrease in the last years is probably related to the
reduction of the industrial activity. The low fraction of AHCs among the other OCs was caused by the
composition of atmospheric emissions. As a result, the pyrogenic polyarenes were mostly supplied in
the snow cover.

The snow cover serves as a sink pool for the aerosol pollutants supplied from the atmosphere and
the marine surface (the effect of “blotting paper”). Therefore, the concentrations of AHCs in the snow
of the White Sea are higher than those in the background areas. The distribution of the markers within
the PAH composition in the snow-ice cover shows the local fallout of the bulk of the pollutants.

In the areas of oases, the concentrations of OC (except for chlorophyll a) and suspended matter
in snow samples were several times higher than in other regions of the continent due to the input of
particles blown out by strong winds from local soils. The interannual variability of concentration of
AHCs in the snow cover in the area of the Novolazarevskaya Station was associated with interannual
variability of strong winds typical for the Schirmacher Oasis.

In the solid fraction of snow and mosses in the area of the operating stations, low-molecular
weight PAHs with the dominance of petroleum hydrocarbons were mostly found.
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