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ABSTRACT. Although snow cover is studied as an efficient scavenger for atmospheric 
mercury (Hg), up to now little is known about Hg behaviour in urban snow cover 
impacted by thermal power plants (TPPs) during the winter heating season. This study is 
focused on quantification of Hg in the particulate phase in snow cover and estimation of 
atmospheric particulate Hg (HgP) depositional fluxes around urban TPPs in cities of Omsk, 
Kemerovo, Yurga, Tomsk (the south part of Western Siberia, Russia) to provide new insight 
into Hg occurrence in urban snow. The results demonstrate that the mean Hg content 
in the particulate phase of snow varied from 0.139 to 0.205mg kg-1, possibly depending 
on thermal power of TPPs and fuel type used. The estimated mean atmospheric HgP 
depositional fluxes ranged from 6.6 to 73.1 mg km-2 d-1. Around thermal power plants 
atmospheric HgP depositional flux was controlled by particulate load. Higher Hg contents 
in the particulate phase of snow and higher atmospheric HgP depositional fluxes observed 
in relation to the background values, as well as high enrichment factors determined for 
Hg in the particulate phase of snow relative to the mean Hg content in the Earth’s crust 
showed that the snow pollution with Hg is of anthropogenic origin. The coexistence of 
Hg and S observed for the particulate phase of snow indicated the possible presence of 
mercury sulfide in this phase. The parameters like Hg content in the particulate phase 
of snow and HgP atmospheric flux can be used as markers for the identification of coal 
combustion emission sources.
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INTRODUCTION

Snow cover is a natural ground cover in 
the winter season in several regions (e.g. 
Siberia, Russian Far East, southern Canada, 
central and northern Europe) and it is an 
efficient scavenger of air pollutants caused 
by fuel combustion, emissions of industries, 
vehicle exhaust as well as by long-range 
transport events. Wet and dry deposition 
of contaminants results in snow cover 
pollution (Davidson et al. 1996). Therefore, 
snow cover is the subject of many studies 
as a reliable indicator of air pollution, and 
it can provide information on sources of air 
pollutants (Raputa et al. 2010; Baltrėnaitė 
et al. 2014; Yanchenko et al. 2015; Gao et al. 
2018).

Mercury (Hg), as one of the greatest toxic 
trace elements (Tchounwou et al. 2003), 
can be accumulated in snow cover (Ferrari 
et al. 2002; Siudek et al. 2014; Douglas et 
al. 2017), both in inorganic (Ferrari et al. 
2002) and organic form (Marusczak et al. 
2011) impacting negatively the aquatic and 
terrestrial ecosystems after snow melting 
(Wiener et al. 2003). Up to date, many 
studies have paid attention to Hg content 
and speciation in polar (Fitzgerald et al. 
1991; Douglas et al. 2017) and mountain 
snow (Ferrari et al. 2002; Huang et al. 2014) 
to identify Hg sources and to obtain the 
information on the past and recent changes 
in the global cycle of this element. Some 
researchers (Boutron et al. 1998; Gratz and 
Keeler 2011) indicated that Hg deposition in 
snow cover in polar and mountain regions 
could be due to long-range transport of 
compounds emitted from coal combustion. 

The total mercury concentration in urban 
snow was evaluated within several studies 
in Toronto (Brzezinska-Paudyn et al. 1986), 

Maine (Nelson et al. 2007), Shanghai 
(Zhang et al. 2013), Gdynia (Siudek et al. 
2014), Svirsk (Grebenshchikova et al. 2017), 
Ursk (Gustaytis et al. 2018) and Moscow 
(Galitskaya and Rumyantseva 2012). Some 
researchers (Nelson et al. 2007; Galitskaya 
and Rumyantseva 2012; Zhang et al. 2013; 
Siudek et al. 2014) revealed that during 
winter season the combustion of coal, 
which is still applied in numerous countries 
for the energy generation irrespective of 
negative impact on the climate, caused 
high Hg contents in snow cover within 
the urban areas. Additionally, Zhang et al. 
(2013) indicated that biomass combustion, 
heavy local traffic emissions and secondary 
aerosols also contributed to Hg deposition 
in snow cover. However, much less is 
known about Hg speciation and behavior 
in snow cover around urban coal-fired 
thermal power plants (TPP), being the 
main emission source of anthropogenic 
Hg in the world (UNEP 2013). Coal 
combustion emissions include three forms 
of Hg: (i) gaseous elemental mercury (Hg0) 
representing much frequently (≥ 95%) 
occurring form of Hg; (ii) bivalent reactive 
gaseous mercury (Hg2+) and (iii) particulate 
mercury (HgP) (Galbreath and Zygarlicke 
2000). Generally, emissions can be 
transported locally, regionally, and globally 
and then deposited at any distance from 
its sources (Nelson et al. 2010; Raputa et al. 
2010; Antonova et al. 2019). Emissions of Hg 
into the air significantly affect snow cover 
chemical composition (Siudek et al. 2014; 
Siudek 2016). It is important to assess snow 
pollution by Hg with great clarity at regional 
and local scales. Chemistry of Hg during 
wintertime is of crucial interest (Siudek 
et al. 2014), particularly in cold climatic 
regions with long wintertime heating 
season. According to Kim et al. (2012), after 
emission, gaseous mercury can adsorb onto 



Fig. 1. Location of studied cities (Western Siberia, Russia; source: maps open source, 
modified)

the fine particles in the air. It is expected 
that the association with particulate phase 
can facilitate the deposition of Hg, e.g. in 
snow cover. 

Anthropogenic Hg emission increases during 
the winter season since TPPs operate more 
intensively in this period (Siudek et al. 2014). 
This is especially relevant for urban areas of 
Western Siberia, where more than 30% of 
Hg emissions originate from coal-fired TPPs 
(Arbuzov et al. 2015) and Hg is accumulated 
in snow cover during a long winter season. 
Although the large amounts of fine HgP 
were observed in the ambient air during 
the winter season in urban and rural areas 
(Kim et al. 2012) and most of Hg in snow 
cover was associated with particulate matter 
(Huang et al. 2014), there are still some gaps 
with respect to quantification of HgP in 
snow cover, particularly near to the emission 
sources (Nelson et al. 2010) such as TPPs. 

Systematic studies on HgP in snow cover 
within urban areas impacted by TPPs 
are necessary to understand better the 
chemistry of emitted and deposited Hg, to 
obtain knowledge about atmospheric HgP 
depositional fluxes during winter season, 
and finally to assess potential human health 

risk. The importance of further studies on 
HgP in snow cover is also supported by our 
earlier research finding showing that around 
fossil fuel TPP (Tomsk, Western Siberia) Hg 
was predominantly associated with the 
particulate phase in snow cover, representing 
78 % of total Hg (Talovskaya et al. 2014).

The aim of this study is to provide new 
insight into the occurrence of HgP deposited 
in snow cover around urban thermal power 
plants representing the predominant source 
for Hg emissions in such cold climatic 
region as Western Siberia (Russia). The more 
specific objectives are (i) quantification of 
Hg contents in the particulate phase of 
snow cover, (ii) estimation of atmospheric 
HgP depositional fluxes, (iii) identification of 
Hg-bearing particles in snow cover, and (iv) 
assessment of TPP contribution to the HgP 
snow cover pollution.

MATERIALS AND METHODS

Description of study area

As shown in Fig. 1, the study area included 
the following large cities: Omsk, Kemerovo, 
Tomsk and small city of Yurga, located in the 
south part of Western Siberia, Russia. These 
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cities belong to the industrially-impacted 
areas where thermal power plants are 
working during whole year operating more 
intensively in the wintertime heating season. 
Moreover, TPP areas are embraced inside a 
dense urban network, indicating that TPP 
emissions can diffuse over the urban areas 
and reach residential districts. The climate 
varies from a moderate (Omsk) to humid 
(Kemerovo, Yurga and Tomsk) (open source: 
Wikipedia). The air temperature ranges 
from –9 to –40°C in the winter season. The 
prevailing winds through the year come 
from both the South-West and South. Snow 
typically covers the ground from November 
to mid-April (about 6 months), and its depth 
is 60–70 cm.

Thermal power plants

For this study, we selected four urban thermal 
power plants close to the community 
infrastructure and residential districts: (i) 
Omsk coal-fired (TPP-1), (ii) Kemerovo coal-
fired (TPP-2), (iii) Yurga coal-fired (TPP-3), and 
(iv) Tomsk fossil fuel (TPP-4) thermal power 
plants. The characteristics of these thermal 
power plants are summarized in Table 1, 
showing operating conditions, stack heights 
and specification of the fuel type used (open 
access Internet data). Each TPP has two stacks 
of different heights (except TPP-4 having the 

same heights) that can disperse pollutants 
around TPPs and over large areas with the 
main wind direction. 

The coal used at the studied TPPs contains 
Hg as a trace element (Table 1). It is necessary 
to note that the Russian coal classification 
system used in this study is based on the 
technical grade of the coal applied in the 
energy industry (Russian State Standard 
25543-88). The coal of grade D from Kuznetsk 
Basin (Russia) is used at the TPP-2, TPP-3, 
and TPP-4, and the coal of grade SS from 
Ekibastuz Basin (Kazakhstan) is applied at 
TPP-1. The coal of grade D is used as high-
reactivity power fuel, while the coal of grade 
SS belongs to low-reactivity high-ash coals. 
The predominant energy fuel for the TPP-4 is 
coal (75–90 %) and natural gas (10–25 %). 

Sampling and sample preparation

To identify the impact of TPPs on the 
ambient air quality, the sampling sites were 
selected in the North-East and the North 
areas surrounding each plant, according to 
the prevalent wind direction (Table 2). In 
these areas, the sampling sites were located 
at a distance of 0.6 to 4.5 km from the plant. 
Additionally, for the selection of sampling 
locations following factors were considered: 
(i) extension of emissions depending on 

Table 1.  Characteristics of urban thermal power plants and fuel type used (large cities 
in Western Siberia)

Note: source: data open source; Ad – fuel ash content on dry basis

Thermal 
power 

plant in 
large cities

Thermal 
power, 
Gcal/
hour

Capacity, 
MW

Two stack 
heights, 

m

Fuel 
type

Specification of coal (Zharov et al. 1996)

Grade Deposit Ad, % 
Hg 

content, 
mg kg-1

Omsk 
(TPP-1)

1763 695
180 and 

275
coal SS

Ekibastuz 
Basin

36–52 0.12

Kemerovo 
(TPP-2)

1540 485
180 and 

210
coal D

Kuznetsk 
Basin

7–20 0.08

Yurga 
(TPP-3)

91 614
58 and 

100
coal D

Kuznetsk 
Basin

7–20 0.08

Tomsk 
(TPP-4)

815 331
100 of 
each 
stack

coal, 
natural 

gas
D

Kuznetsk 
Basin

7–20 0.08
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the operating conditions and stack heights 
(Russian State Standard for air pollution 
control RD 52.04.186-89); (ii) flat terrain; (iii) 
sampling site accessibility; (iv) vicinity of 
community infrastructure and residential 
areas; (v) distance from roads and other 
emission sources; (vi) high snow pollution 
with deposited airborne particles (Osipova et 
al. 2015). Table 2 demonstrates the sampling 
site distances from the studied TPPs. In 
total, samples from 28 sampling sites were 
collected around the studied plants.

Samples were collected and prepared in 
accordance with the Russian State Standard 
for air pollution control (RD 52.04.186-89) 
and several studies (Williamson et al. 2008; 
Galitskaya and Rumyantseva 2012; Kasimov 
et al. 2012; Filimonova et al. 2015; Yanchenko 
et al. 2015; Grebenshchikova et al. 2017; 
Taraškevičius et al. 2017; Gustaytis et al. 
2018). To obtain the representative data on 
atmospheric Hg snow cover deposition rates 
during the winter season, snow sampling 
was performed at the end of February, before 
the beginning of the snowmelt period.

Snow samples were collected from a snow pit, 
along the vertical profile from the top of the 
snow pack to at least 5 cm above the ground 
in order to avoid sample contamination with 
soil. Pit size was 45×50 cm. The snow samples 
were stored in polyethylene bags. Sample 
weights varied from 17 to 18 kg. This amount 
of snow was necessary to obtain a sufficient 
amount of particulate matter deposited 
in snow. The samples were melted inside 
of clean closed plastic containers at room 
temperature. After melting, meltwater was 
immediately filtered through pre-weighed 

1-2.5 µm Blue Line cellulose non-ashen 
filters (Russian State Standard 12026-76 for 
laboratory filter paper) retaining the solid 
particles bigger than filter cut-off. Then, the 
filters with particulate phase were dried at 
room temperature and, finally weighed. The 
fraction isolated by this method is called in 
this work as ‘the particulate phase of snow’. 
The weighing of filter before and after 
filtering of samples enabled the calculation 
of particulate load (Pn) (mg m-2 d-1).

Hg analysis in the samples

The particulate phase of snow was analyzed 
by atomic absorption spectrometry (AAS) 
with pyrolytic volatilization and scanning 
electron microscopy (SEM) equipped with an 
energy dispersive X-ray spectroscopy (EDX) 
in the laboratories of the Uranium Geology 
International Centre, Tomsk Polytechnic 
University (TPU), Russia. The Hg analysis was 
carried out under dust free conditions.

AAS with pyrolytic volatilization

The content of HgP in the samples was 
measured by AAS with pyrolytic volatilization 
using an atomic absorption spectrometer 
RA-915+ with pyrolyzer PYRO-915 (Lumex, 
Russia) and software package RA915R. In 
samples, Hg compounds were atomized at 
850°C in a cuvette connected with an open 
absorption cell. For each sample, 150 mg 
of particulate phase obtained by filtration 
method described above was taken for Hg 
detection. Three replicate measurements 
were performed for each sample. From 
replicates, average contents of Hg in each 
sample of the particulate phase of snow (mg 

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY  04  (12)  2019

Table 2.  Sampling site distances around urban thermal power plants located in cities 
(Omsk, Tomsk, Kemerovo region, Western Siberia)

Note: description of TPPs are given in Table 1

Thermal 
power 
plant

North-east area, km North area, km
Number of 
sampling 

sites

TPP-1 0.75 1.5 3.5 4.5 - - 0.75 1.5 2.0 - - 7

TPP-2 0.6 1.1 1.8 2.3 2.7 3.9 - - - - - 6

TPP-3 0.6 1.1 - - - - 0.6 1.2 1.8 - - 5

TPP-4 0.73 1.0 1.3 1.6 2 - 0.6 0.9 1.4 1.8 2.1 10
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kg-1) were calculated. The detection limit 
of the method for Hg quantification in the 
particulate phase of snow was 0.005 mg kg-1 
and analytical precision was within 20–28%. 

SEM-EDX

SEM-EDX analysis was used to determine 
Hg-bearing particles in the samples 
collected at ca. 1 km to the North-East and 
the North of each TPP. The selection of the 
sampling distance is based on the results of 
our previous study where we observed an 
accumulation of physically and chemically 
absorbed mercury in a particulate phase of 
snow sampled in 1.3 km from Tomsk fossil 
fuel thermal power plant (Filimonenko at al. 
2014). 

Morphological characteristics, size, and 
element analysis of individual particles were 
performed by SEM (Hitachi S-3400N SEM, 
Japan) equipped with an EDX (XFlash 4010 
detector, Bruker AXS Microanalysis GmbH, 
Germany). First, each sample was fixed on a 
carbon tape with a surface area of 25 mm2 
for carbon coating. Then, a very thin film 
of carbon was deposited on the surface 
of each sample using the high vacuum 
method, resulting in electrically conductive 
samples. The working conditions of SEM 
measurements were: 20 kV accelerating 
voltage, 30 s spectral acquisition time, and 
10 mm working distance. SEM images were 
acquired at a magnification of 500x. EDAX 
Esprit software was used for the quantitative 
analysis of individual particles. The weight 
percent of each element was determined 
from the EDX spectrum. To reveal Hg-bearing 
particles, approximately 150 particles were 
analyzed in each sample.

Data analysis

STATISTICA 8.0 software was used to calculate 
the mean values and standard deviations as 
well as to reveal the statistically significant 
differences between groups applying the 
Kruskal-Wallis non-parametric test (when 
comparing more than two groups).

Following indexes were calculated to assess 
HgP snow cover pollution:

The concentration coefficient representing 
the level of element enrichment in the 
particulate phase of snow in relation to the 
background content was determined using 
equation 1 (Galitskaya and Rumyantseva 
2012; Kasimov et al. 2012; Filimonova et al. 
2015; Taraškevičius et al. 2017; Gustaytis et 
al. 2018):

where, Kc is the concentration coefficient; 
Ci is the element content in the particulate 
phase of snow (mg kg-1); Cb is the background 
element content in the particulate phase of 
snow (mg kg-1). The background content of 
Hg in the particulate phase under Western 
Siberia conditions (IAO SB RAS at Fonovaya 
Observatory (Antonovich et al. 2018)) 
equals 0.08 mg kg-1 (Talovskaya et al. 2012).

The element load was calculated to 
evaluate the atmospheric HgP depositional 
flux (equations 2–3) (Galitskaya and 
Rumyantseva 2012; Kasimov et al. 2012; 
Filimonova et al. 2015; Taraškevičius et al. 
2017; Gustaytis et al. 2018): 

where, El is the element load (mg km-2 d-1); 
Ci is the element content in the particulate 
phase of snow (mg kg-1); Pn is the particulate 
load (mg m-2 d-1); Po is the mass of the 
particulate phase (mg); S is the square of 
snow pit (m2); t is the time representing the 
stable snow cover formation duration up to 
sampling day (d).

The coefficient of element load is shown as 
the ratio of element load to the background 
element load (equation 4) (Kasimov et al. 
2012):

where, Kp is the coefficient of element 
load; Elb is the background element load. 
The background Hg load under Western 
Siberia conditions (IAO SB RAS at Fonovaya 
Observatory (Antonovich et al. 2018)) 
equals 1.2 mg km-2 d-1 (Talovskaya et al. 
2012).

Anna V. Talovskaya, Egor G. Yazikov et al. MERCURY POLLUTION IN SNOW ...
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The enrichment factor (EF) of element in 
particulate phase of snow relative to the 
Earth’s crust (Shevchenko et al. 2003), was 
calculated using equation 5:

where, Ci is the element content (mg kg-1); CSc 
is the scandium content (mg kg-1). 

Usually, Al, Si, Ti, Sc or Fe are used as 
reference elements, since crustal material 
contains these elements in high amounts, 
they are characterized by low occurrence 
variability, and are not significantly affected 
by contamination (Saur and Juste 1994). In 
this study, Sc was chosen as the reference 
element for the EF calculation. The content 
of Sc (15.6 mg kg-1) and Hg (0.065 mg kg-1) 
in Earth’s crust was chosen from the study 
of Grigor’ev (2009). The content of Sc in the 
particulate phase of snow was measured 
by instrumental neutron activation analysis 
(neutron research reactor IRT-T in the Physical-
Technical Institute of TPU, γ-spectrometer 
Canberra with Ge-detector, USA) in the 
laboratory of Uranium Geology International 
Centre, TPU. 

It can be stated that, if Kc, Kp, and EF values 
are higher than 1, mercury could be of 
anthropogenic origin.

RESULTS

Hg in the particulate phase of snow samples

Table 3 shows the statistical evaluation 
for Hg content in the particulate phase of 

snow. The contents of Hg in the samples 
collected around TPP-1, TPP-2 and TPP-
4 were statistically compared with each 
other (Kruskal-Wallis test, p≥0.1). However, 
statistically slightly higher Hg contents 
were observed in the samples around TPP-
1 than in those around TPP-3 (Kruskal-Wallis 
test, 0.1>p≥0.05). Moreover, Hg contents 
were significantly higher within the studied 
area of TPP-4 than in those within the 
studied area of TPP-3 (Kruskal-Wallis test, 
0.05>p≥0.01). Furthermore, Hg contents did 
not significantly differ in the samples from 
TPP-2 and TPP-3 areas.

Calculation of Kc showed that Hg contents 
exceeded background value more than 
two for the samples collected at the 
studied TPP-1, TPP-2 and TPP-4 areas, 
whereas Hg contents were about two 
times higher than the background value 
in the samples from TPP-3 area (Table 4).

Table 4 also demonstrates the mean 
values and range of EFs for Hg in the 
particulate phase of snow. EF values for 
Hg were higher than one, indicating that 
this element was enriched relative to the 
Earth’s crust. In addition, EF of Hg was 
higher for the samples collected around 
TPP-4 than for those around other plants.

Atmospheric HgP depositional flux

Fig 2. presents the variations of mean Hg 
load, El, indicating the rates of atmospheric 
Hg depositional fluxes. The Hg load around 
TPP-3 ranged from 17.2 to 191 mg km-2 

d-1 with a mean 73.1±32.2 mg km-2 d-1, 

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY  04  (12)  2019
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Table 3.  Statistical summary of Hg content in particulate phase of snow around urban 
thermal power plants located in large cities of Western Siberia

Note: SD – standard deviation; description of TPPs are given in Table 1

Thermal power 
plant

Hg content in particulate phase of snow (mg kg-1)

Mean±SD Median Min Max

TPP-1 0.205±0.028 0.196 0.179 0.246

TPP-2 0.173±0.019 0.165 0.156 0.203

TPP-3 0.139±0.045 0.125 0.098 0.210

TPP-4 0.194±0.032 0.199 0.126 0.238
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which was higher than the mean Hg 
load determined within the studied area 
of other plants. The lowest value for 
El (range: 3.0–10.1 mg km-2 d-1, mean: 
6.6±2.0 mg km-2 d-1) was observed around 
TPP-4 which was significantly lower 
than the values determined for other 
studied TPP areas (Kruskal-Wallis test, 
0.01>p≥0.001). The Hg load around TPP-1 
ranged from 20.8 to 75.5 mg km-2 d-1, with 
mean value of 41.5 ±20.0 mg km-2 d-1. The 

Hg load within the studied area of TPP-2 
varied from 24.0 to 55.4 mg km-2 d-1, with 
a mean value of 42.9 ±11.5 mg km-2 d-1.

The coefficients of Hg load, Kp, calculated 
according to equation 4, are given in 
Table 4. The Kp values showed that the Hg 
load determined for the areas around the 
studied TPPs exceeded the background 
values several times. The mean values of 
Kp increased in the following order: TPP-4 

Anna V. Talovskaya, Egor G. Yazikov et al. MERCURY POLLUTION IN SNOW ...

Fig. 2. Box plot of Hg load around urban thermal power plants located in large cities 
of Western Siberia (note: description of TPPs are given in Table 1)

Table 4.  Concentration coefficient (Kc), coefficient load (Kp) and enrichment factor (EF) 
of Hg in the particulate phase of snow around urban thermal power plants located in 

large cities of Western Siberia

Note: description of TPPs are given in Table 1

Thermal power plant
Kc Kp EF

Mean Min Max Mean Min Max Mean Min Max

TPP-1 2.5 2.2 3.1 34.1 22.5 62.9 2.3 1.8 2.9

TPP-2 2.1 1.9 2.5 35.8 20.0 46.2 2.6 2.2 3.1

TPP-3 1.7 1.2 2.6 60.9 14.3 159 1.6 1.1 3.7

TPP-4 2.4 1.6 3.0 5.5 2.5 8.4 4.3 3.3 5.1
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< TPP-1 ≈ TPP-2 < TPP-3. This indicates that 
the Hg load around TPP-3, relative to the 
background value, was higher than in the 
areas around other plants.

The Hg load mainly depends on the value of 
particulate load, Pn (Fig. 3). The mean values 
of Pn increased in the following order: TPP-
4 (34.2 mg m-2 d-1) < TPP-1 (201 mg m-2 d-1) 
< TPP-2 (248 mg m-2 d-1) < TPP-3 (555 mg 
m-2 d-1). This shows that the largest Pn was 
identified around TPP-3, while the smallest 
one was found around TPP-4. Additionally, 
the values of particulate load within the 
studied area of TPP-3 varied stronger (133–
1527 mg m-2 d-1) compared to other TPPs.

Hg-bearing particles in the particulate 
phase of snow samples

SEM-EDX measurements revealed the 
presence of Hg-bearing particle only in the 
particulate phase of snow sample collected 
at 0.5 km from TPP-3 (Fig. 4). Such particles 
were not detected in the samples collected 
around other studied TPPs.

Fig. 4 demonstrates the SEM 
photomicrograph (a) and EDX spectra (b) of 
the identified Hg-bearing particle. This particle 
exhibited uneven shape with 1.2×0.7 µm size. 
Based on the chemical information derived 
from EDX (Fig. 4, b), the identified particle 
was composed of Hg and S. Furthermore, 
the emission spectrum of elements showed 
a high content of O and traces of Si, Al, Na, K, 
Fe, and Ca which most likely originated from 
the nearby large particle. The presence of 
these elements in the large particle indicates 
that this particle represents an aggregate of 
alumosilicate minerals (Fig. 4, c).

DISCUSSION

The Hg content determined in the particulate 
phase of snow samples and atmospheric Hg 
depositional fluxes showed that Hg can be 
present in the snow cover around the urban 
thermal power plants irrespective of their 
operating conditions (capacity and thermal 
power) and fuel type used. The calculated 
indexes (Kc, Kp and EF) were higher than one, 
indicating the anthropogenic origin of Hg in 
the studied areas.

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY  04  (12)  2019

Fig. 3. Box plot of particulate load around urban thermal power plants located in 
large cities of Western Siberia (note: description of TPPs are given in Table 1)



14
1 

G
ES

04
|2

01
9

Mercury exists in the air in one of three states, 
which are gaseous elemental mercury 
(Hg0), reactive gaseous mercury in divalent 
form (Hg2+) and particulate mercury (HgP). 
The elemental Hg0 can remain in the air 
longer (0.5–2 years) and can be transported 
over long distances, transforming later into 
soluble divalent forms, and then deposited 
(Schroeder and Munthe 1998). 

The content of Hg in the particulate 
phase of snow determined in this study 
could confirm the suggestions about high 
sorption of gaseous Hg species, Hg2+, and 
HgP on airborne particles at low ambient 
temperatures (Kim et al. 2012), effective 
scavenging by winter precipitation, and 
finally deposition in snow (Siudek et al. 2014). 
In addition, Kim et al. (2012) demonstrated 
that the fine particles (< 1.8 µm) of 
atmospheric HgP were dominated in the 
winter season.

It was surprising to identify that there 
were no statistically significant differences 
of Hg content in the samples collected in 
the areas around TPP-1, TPP-2 and TPP-4, 

despite their different operating conditions 
and fuel type used. This fact may indicate 
that high thermal power (815–1763 Gcal/
hour) characteristic for these three TPPs 
influences the high Hg content in the 
particulate phase of snow (0.173–0.205 
mg kg-1), regardless of different capacity, 
stack heights, and coal origin (Table 1). The 
low Hg content, identified in the samples 
around TPP-3, could be explained by 
smaller thermal power (91 Gcal/hour) than 
those for other studied TPPs. 

Although Hg content in the coal is low 
(Table 1), this element could be released 
during coal combustion with the exhaust 
gases from the stacks into the air. From 
the literature it is known that 98% of Hg in 
similar exhaust gases appears as Hg0, HgO, 
and CH3Hg (Xu et al. 2003). Additionally, in 
the flue gas, Hg0 is partly converted to Hg2+ 
by oxidation and is also partly associated 
with fly ash particles (HgP). After emission, 
HgP and Hg2+ can be deposited around their 
anthropogenic emission sources (Galbreath 
and Zygarlicke 2000), i.e. thermal power 
plants. Results of Hg measurements in the 

Anna V. Talovskaya, Egor G. Yazikov et al. MERCURY POLLUTION IN SNOW ...

Fig. 4. SEM photomicrograph (a) and EDX spectra of alumosilicate particle (b) and 
Hg-bearing particle (c) in particulate phase of snow collected around the coal-fired 

thermal power plant
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air within Tomsk indicated that one of total 
Hg sources was the emissions of fossil fuel 
thermal power plant (Lyapina et al. 2009). 

High EF values of Hg determined for the 
particulate phase of snow around TPP-4 
could be affected not only by combustion 
of coal representing 75–90% of total fuel 
used in this TPP but also by natural gas 
corresponding to the rest of 10–25%. 
Mercury is often presented in natural gas as 
a trace element and can be emitted during 
high temperature combustion (Wilhelm 
2001).

Open coal warehouses located in the 
territory of each studied thermal power 
plant could be considered as an additional 
source of HgP mainly due to the possible 
transport of coal aggregates from these 
warehouses by the wind at long distances. 
Considering the locations of studied TPPs in 
urban areas, close to residential districts, the 
exhausts of Hg from vehicle traffic cannot 
be excluded. Some studies have indicated 
that vehicle exhausts slightly contribute to 
Hg deposition in snow cover (Siudek et al. 
2014; Zhang et al. 2013). 

Based on the results obtained, the Hg 
contents measured in the particulate phase 
of snow samples and atmospheric HgP 
depositional fluxes can be used as markers 
for Hg source identification, specifically 
for combustion of coal from the Kuznetsk 
Basin. However, more investigations are 
needed to determine content markers in 
the samples collected around TPPs using 
coal from the Ekibastuz Basin and from 
other origins.

In addition, the correlation between the Hg 
load and characteristics of TPPs (Table 1) was 
not observed. The data indicated that the 
Hg load is predominantly affected by values 
of particulate load than by Hg content 
in the samples. The following correlation 
was observed: (1) the lower value of the 
particulate load and the higher value of the 
Hg content formed the lower value of the Hg 
load;  (2) the higher value of the particulate 
load and the lower value of the Hg content 
formed the higher value of the Hg load. The 
first observed dependence could indicate a 

significant Hg accumulation in a small mass 
of particulate phase of snow, while the 
second dependence could be a result of Hg 
spread in a large mass of particulate phase. 
The highest values of particulate load is due 
to the low efficiency of the capture systems 
to retain emitted gases and particulate 
matter, as well as due to the extended coal 
dust distribution in the main wind direction 
from the open coal warehouses located in 
the plant territory. 

Individual particle analysis by SEM-EDX 
identified anthropogenic Hg-bearing particle 
in the form of HgS in the particulate phase of 
snow collected in the vicinity of TPP-3. Most 
likely the HgS was originated from coal and 
was emitted during combustion into the 
atmosphere. The HgS was already observed 
as a minor phase in Siberian coal (Arbuzov 
et al. 2015). The fact that the Hg containing 
particle was observed only in one sample 
can be explained by the generally low Hg 
contents in the particulate phase of snow. The 
concentration range of 0.139 – 0.205 mg kg-1 or 
139 – 205 ng g-1 determined for Hg contents in 
the particulate phase of snow is too low to find 
enough Hg-bearing particles in the samples 
using SEM measurements. At this content 
range, a lot of SEM photos and consequently 
large measurement times are needed. An 
attachment of the Hg-bearing particles 
to the aluminosilicate phases during the 
filtration of snow melting water cannot be 
fully excluded. Due to the small size of the 
Hg-bearing particle, it belongs to the fine 
particulate matter (Pope and Dockery 2006). 
If this Hg-bearing particle was suspended in 
the air as an individual particle not bound to 
the aluminosilicates, it could be in this case 
inhaled and remained in respiratory organs 
such as lungs.

CONCLUSIONS 

The presence of mercury in the particulate 
phase of snow cover around the thermal 
power plants determined in this study 
allowed new insights on Hg occurrence. 
Higher Hg concentration coefficient and 
coefficient of load observed in relation to 
the background values, as well as high Hg 
enrichment factors determined relative to 
the mean Hg content in the Earth’s crust 

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY  04  (12)  2019
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indicated the clear contribution of thermal 
power plants to the pollution of snow 
by anthropogenic HgP. Furthermore, our 
results clearly indicated the importance of 
Hg monitoring in the particulate phase of 
snow in the areas impacted by the thermal 
power plant for the evaluation of particulate 
Hg budget in such urban areas in the winter 
season.

The results showed that the mean Hg 
content in the particulate phase of snow 
samples was similar for the areas surrounding 
TPPs, which have high thermal power and 
use different fuel types. TPP with low thermal 
power contributed to low Hg contents in 
particulate matter deposits. Furthermore, we 
did not observe any correlation between Hg 
content in the samples and the capacity of 
TPPs. It was found that particulate load was 
a key factor for the variability of atmospheric 
Hg deposition fluxes determined in the areas 
around urban TPPs. The relationship between 
atmospheric Hg depositional fluxes and 
thermal power plant characteristics was not 
observed. 

The obtained data showed that Hg was 
derived from anthropogenic sources, 
including emissions from TPPs and possibly 
long-range transport from open coal 
warehouses located in the territory of the 
plants. 

Based on the size, shape, and element 
composition, the Hg-bearing particle 
identified by SEM-EDX measurements can 

be considered as non-mineral type, possibly 
of anthropogenic origin. The Hg content 
in the particulate phase of snow and the 
atmospheric Hg depositional fluxes can be 
considered as effective pollution markers 
for the identification of coal combustion 
emission sources.

The results obtained in the present study 
providing reliable data for human health 
risk assessment are essential for further 
environmental studies, and can also be 
applicable to other urban areas worldwide, 
being impacted by coal-fired thermal power 
plants.
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