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ABSTRACT. For the first time, comprehensive seasonal studies of the chemical composition of aerosol
particles across size fractions of 0.8, 2.0, 5.0, and 10 pm were conducted at three atmospheric monitor-
ing stations: in the industrial center of Southern Baikal region in Irkutsk and in the Central Ecological
Zone of the western coast of Southern Baikal — at the Listvyanka and Bolshiye Koty stations. The research
included analysis of particle morphology, size distribution, ionic and trace element composition, poly-
cyclic aromatic hydrocarbons (PAHs), and soot content. Spatial and seasonal variations in atmospheric
aerosol composition across the three stations were shown to result from combined anthropogenic and
natural factors: industrial activity, meteorological conditions, forest fires, and transportation. Elevated
concentrations of pollutants across various particle size fractions were detected during the arrival of air
masses from northwestern and northern directions, regions characterized by the presence of industrial
centers in Irkutsk Oblast and Krasnoyarsk Krai. The summer periods featured transport of impurities via

air masses from the southern directions (Buryatia, Mongolia, Tuva and Kazakhstan).
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1. Introduction

Anthropogenic emissions of pollutants into the
atmosphere represent the most challenging component
of environmental pollution to control, impacting not
only atmospheric air but also aquatic and terrestrial
ecosystems. The primary criterion for establishing air
quality assessment standards is the degree of influence
of contained pollutants on human health and the envi-
ronment (Anenberg et al., 2016; Yue and Gao, 2018;
Ionel et al., 2018; Grennfelt et al., 2020). Aerosol par-
ticles in the atmosphere play a critical role in shaping
weather conditions and climate processes at regional
and global scales, necessitating rigorous monitoring of
their physical parameters and chemical composition.

In a study dedicated to a modern review of envi-
ronmental pollution from various sources in specific
regions of the world, an analysis of pollutant transport
at regional and intercontinental levels was conducted
(Karagulian et al., 2015). It is known that atmospheric
pollutants can be transported within the stratospheric
layer of the atmosphere over significant distances from
the emission source, reaching tens of thousands of kilo-
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meters (Fiedler et al., 2009). Large particles are rapidly
removed from the atmosphere through both dry and
wet deposition. Fine particles have a longer lifespan
and pose a greater risk to the environment and human
health than large particles. This is especially relevant
for background territories like Siberia, where sensitiv-
ity to large-scale emissions from forest fires, natural gas
flaring, and associated petroleum gas is high (Khodzher
et al., 2019; Manousakas et al., 2020).

Within the atmospheric influence zone of Lake
Baikal, several cities in the Irkutsk region have high
levels of air pollution due to emissions of gaseous and
particulate matter from sources close to the lake. These
emissions have a 10-100 percent probability of deposit-
ing pollutants on the waters of Lake Baikal. This poses
an ecological risk to the unique ecosystem of the lake.
The hazard of aerosols stems from changes in their
composition and dispersion, as well as the sorption
of organic substances and heavy metals onto individ-
ual particles, among other factors. The atmosphere of
Southern Baikal is experiencing the highest anthropo-
genic load. It receives impurities from regional pollu-
tion sources, such as the Angara River Valley (50-100
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kilometers northwest of the lake), and major coastal
settlements (Obolkin et al., 2016; 2021). These sources
include emissions from industrial facilities, transporta-
tion, and other human activities that degrade air qual-
ity and may adversely impact the environment. The
primary research objective is a comprehensive seasonal
analysis of the chemical composition of aerosol parti-
cles in different size fractions across several areas of the
Southern Baikal Region with varying levels of anthro-
pogenic pressure. The study emphasizes the need for
such atmospheric aerosol monitoring in order to assess
regional environmental conditions and identify sources
of pollution in detail.

2. Materials and methods
2.1. Monitoring stations, atmospheric
aerosol sampling

Atmospheric aerosol was collected in different
seasons (winter, spring, summer, autumn) in 2024 at
the Listvyanka and Bolshiye Koty stations located in the
Central Ecological Zone (CEZ) of Southern Baikal, as
well as in Irkutsk, located in the Atmospheric Influence
Zone (AlIZ).

The urban Irkutsk station (52.14°N, 104.15°E) is
on Angara River’s left bank, 70 km from Lake Baikal,
with sampling conducted at the Limnological Institute
(SB RAS) in the city’s south. Listvyanka (51.50°N,
104.53°E), a rural station, sits above its namesake village
on a coastal hill of Baikal’s southwestern shore at ~200
m elevation within the Institute of Solar-Terrestrial
Physics’ (SB RAS) Astrophysical Observatory. Both
stations belong to EANET (East Asia Acid Deposition
Monitoring Network; Golobokova et al., 2025a).
Bolshiye Koty station (51.90°N, 105.07°E) operated
from a Limnological Institute (SB RAS) research base
near the coastal village, located 24 km from Listvyanka
(Fig. 1). Prior aerosol studies here revealed background
ion concentrations in Southern Baikal’s atmosphere.
With minimal external influence (no shore fires/ves-
sels), total aerosol ion concentrations at this station
match Lake Baikal’s background levels (<1.0 pg/m>
Golobokova et al., 2021). Atmospheric aerosol at the
stations was sampled using an IKS-10 impactor cascade
(LLC “INTek” Corporation, Yekaterinburg, Russia),
operating at a volume flow rate of 10 1/min. This sepa-
rates aerosol particles into fractions of 0.8 pm, 2.0 um,
5.0 um and 10 pm.

2.2. Determination of the chemical
composition of the aerosol

Analytical work was carried out using the
instrumentation of the Ultramicroanalysis Center for
Collective Use at the Limnological Institute of the
Siberian Branch of the Russian Academy of Sciences,
employing standardized techniques. For complete
extraction of NH,, K, Na', Ca*, Mg*, Cl, NO,, NO,
SO,* ions, aerosol filters were subjected to ultrasonic
bath treatment. The ionic composition of the aero-
sol was analyzed using the ICS-3000 ion chromatog-
raphy system manufactured by Dionex Corporation
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(Sunnyvale, California, USA). During the analysis, the
Analytical Columns IonPac AS19 (2 mm diameter, 250
mm length) and IonPac CS12A (2 mm diameter, 250
mm length) were used. The eluent generation system
allows for the analysis of anions and cations at trace
concentration levels.

Concentrations of 27 trace elements (Li, Be, B,
Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Mo, Cd,
Sn, Sb, Ba, W, Pb, Th, U, Ag, Tl) were determined via
ICP-MS (Agilent 7500 ce, Agilent Scientific Instruments,
Santa Clara, CA, USA). Filter impurities were extracted
with concentrated HNO, and H,0, at 95°C in an ultra-
sonic bath. The detection limit for each element was
defined as the minimum concentration at which the
sample signal exceeded the background component
by a factor of three, with a confidence level of 98%
(Golobokova et al., 2025b).

Concentrations of twenty-one polycyclic aro-
matic hydrocarbons (PAHs) in the aerosol phase were
quantified via the internal standard method using
phenanthrene-d,,, chrysene-d;,, and perylene-d,, as
spiking additives. The following compounds were ana-
lyzed on an Agilent GC System 7890B/7000C GC/MS
Triple Quad system (Santa Clara, CA, USA): naphtha-
lene, 2-methylnaphthalene, 1-methylnaphthalene, ace-
naphthene, acenaphthylene, fluorene, phenanthrene,
anthracene, fluoranthene, pyrene, retene, benz[a]
anthracene, chrysene, benzo[b]lfluoranthene, ben-
zo[k]fluoranthene, benzo[e]pyrene, benzol[a]pyrene,
perylene, dibenz[a,h]anthracene, indeno[1,2,3-cd]
pyrene, and benzo[g,h,i]lperylene (Gorshkov et al.,
2021; Marinaite et al., 2023).

Total carbonaceous compounds (soot, black car-
bon) on aerosol filters were quantified by high-tem-
perature combustion in an oxygen environment using
a Vario TOC cube TOC/TN analyzer with IR detector
(Elementar Analysensysteme GmbH, Germany). The
standard deviation did not exceed 0.01, with potassium
hydrogen phthalate serving as the calibration standard
(Pogodaeva et al., 2020).

1 - Atmospferic Influence Zone
2 - Central Ecological Zone
3 - Buffer Zone

Fig.1. Scheme of atmospheric aerosol sampling stations.
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Particle morphology and elemental composition
were analyzed using an FEI Quanta 200 scanning elec-
tron microscope (FEI Company, Hillsboro, OR, USA)
equipped with an EDAX energy-dispersive X-ray micro-
analysis system. To minimize electrical charging, par-
ticles were gold-coated using an automated Desktop
Sputter and Carbon Coater DSCR vacuum system
(Massachusetts, USA) (Belozerova et al., 2019).

To identify aerosol sources, backward air mass
trajectory analysis was conducted for a three-day
period at 500, 1000, and 1500-meter altitudes. Input
data were provided by the U.S. National Oceanic and
Atmospheric Administration using the HYSPLIT model
(ARL NOAA, http://www.arl.noaa.gov).

Enrichment factors (EF) for trace elements in
aerosol particles were calculated as:

EF, = [(C/AD, 1/ [(C/AD, ] 1),
where: EF, - enrichment factor for element i, (C/Al),_ -
ratio of element i to reference element (Al) in aerosols,
(C/Al)_, — ratio of element i to (Al) in the Earth’s crust
(Rudnick and Gao, 2014).

The contribution of trace elements to total air
pollution was calculated as (Order of the Ministry,
2022):

Contribution, %= [(C/MPC,,, )¥/3 (C/MPC,,, )] x 100 (2),
where: Bi — constant for different hazard classes,
C, — concentration of trace element i in aerosol

MPC, . - maximum permissible daily average

-dally . . . . .
concentration of element i in residential air.

3. Results and Discussion
3.1. lonic composition of atmospheric
aerosol

Atmospheric aerosol samples were collected
at the Irkutsk station in February, March, June, July,
October and December of 2021. This sampling strategy
covers all seasons and captures diverse meteorological
conditions typical of the study area. The seasonal vari-
ability of total ion concentration in atmospheric aero-
sols at Irkutsk follows patterns typical of urban areas:
peak levels occur during autumn and winter months,
mainly due to fuel and energy activities. Significant
increases in concentration occur in October, coinciding
with the start of the heating season, while increased
values in December are caused by unstable snow cover

and increased anthropogenic combustion of fuel at
lower temperatures. In February, the snow cover elim-
inates soil sources, while fuel and energy impacts per-
sist. Elevated concentrations of ions in coarse (2.0, 5.0,
10 microns) and sub-micron (0.8 micron) particles indi-
cate combined local and regional sources. These pat-
terns can be seen in Figure 2a.

In spring, when the snow cover begins to
melt, intense solar radiation increases turbulent heat
exchange and convective processes in the atmosphere.
This leads to the release of a significant amount of pol-
lutants accumulated in the winter snow cover into the
atmosphere and contributes to increased air pollution
during snowmelt. The higher concentrations of ions in
atmospheric aerosol particles indicate the influence of
local sources of pollution in the atmosphere in March.

During the summer months (June and July), the
influence of the fuel-energy complex decreases, but as
shown by Golobokova et al. study (2021), there is still
a localized influx of pollutants into the atmosphere
during warm seasons from anthropogenic areas of the
city. Meteorological factors such as wind speed and
precipitation also influence the variability in aerosol
composition. Increased wind speeds and higher precip-
itation lead to higher concentrations of aerosols with
ions in July. In July 2019, these concentrations were
caused by smoke from forest fires, as seen in Figure 2a.

When averaging the monthly mean values, data
points exceeding three standard deviations in accor-
dance with a normal distribution were excluded to pre-
vent distortion of the average indicators, but they were
retained during the analysis of daily measurements.
During inter-day observations, it was established that
prolonged influence of air masses arriving from one of
the transfer directions significantly affected changes in
ion concentrations across all particle fractions, among
which Na’, Ca%, Cl,, NO,, and SO,* were predominant.
For example, a three-day influx of air masses from the
northwest direction, recorded from February 16 to 19,
2024 (Fig. 3a), led to an increase in Na' ion concentra-
tion by 2.5-3 times, Ca® by 1.5-2 times, NO, by 7.5-10
times, and SO,* by 3 times on particles measuring 0.8,
2.0, and 5.0 uym compared to the initial measurement
period of February 14-15 during south-southwest air
mass transport. The concentration of Cl" ions increased
on average by 1.5 times on larger particles measuring
2.0, 5.0, and 10 pm. The most significant increase was
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Fig.2. Seasonal (a) and average daily (b) variability of total ion concentration in atmospheric aerosol of different size frac-

tions (10, 5.0, 2.0, 0.8 microns) at Irkutsk station in 2024, mg/m?.
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Fig.3. Back trajectories of air masses from altitudes of 500 (red), 1000 (blue), 1500 (green) m in the database of the National

Oceanic and Atmospheric Administration of the USA, based on the HYSPLIT model: a) February 16-19, 2024, b) October 24-26,
2024, c) June 3-4, 2024. (ARL NOAA, http://www.arl.noaa.gov).

observed for K ions (5.8 times) on particles of 0.8 um.
Additionally, an increase in Mg® ion concentration was
observed across all size fractions, ranging from 2.2 to
9.2 times. When the wind direction shifted to west and
south-southwest, a decrease in the concentration of all
ions was observed, which subsequently increased again
during northwest wind transport on February 26-27,
March 4-5, March 27-29, October 16-18, and December
11-12 (see Fig. 2b). The increase in ion concentrations
on both coarse and fine particles during this air mass
direction indicates both their local origin and long-
range interregional transport from the Krasnoyarsk
Krai region during these periods of atmospheric par-
ticle sampling. Dominant northwestern and north-
ern air mass flows at higher altitudes, moving over
industrial regions of the Krasnoyarsk Krai and Irkutsk
regions, become enriched with anthropogenic parti-
cles. Downward anticyclonic flows subsequently ele-
vate total ion concentrations in atmospheric aerosol at
observation sites (Golobokova et al., 2025a). Prolonged
influx of westerly air masses (22-29 October; Fig. 3b)
originating from Kazakhstan and the Republic of Tuva
primarily elevated concentrations of Na', K', CI', and
SO,* ions in coarse particles (2.0, 5.0, 10 pm).

The observed increase in the amountof ions on
June 3-4, 2024 in all aerosol fractions occurred against
the background of the arrival of air masses from the
southern part of Mongolia (Fig. 3, c). In the south of
this country, coal is mined in the Gobi Desert, as well as
gold and copper deposits are being developed. In turn,
pollutants from the most industrially developed cen-
tral and eastern regions of China, including Shenyang,
Shanghai, and Beijing, enter the territory of Mongolia
during the southern and southeastern air mass transfers
(Zhamsueva et al., 2012). The resulting temperature
inversion allows the dust aerosol to be transported over
long distances. A comparison of the ion concentration
in the aerosol collected on June 3-4 with the average
values of June showed a significant increase in the con-
tent of all ions from 3 to 12.5 times. Thus, the concen-
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tration of NH,’, Mg?, and CI" increased from 4.0 to 11.9
times on particles of 10 microns. The particle size of
5.0 um and a marked increase in concentrations was
observed in ions Na', Mg? and NO;” with a maximum
increase up to 12 times for Mg? ions Na' and NO, -
7.3 times. A similar trend was observed for particles of
2.0 microns, in which the increase in concentrations of
NH,, Mg? and CI ions varied from 6.5 times for Cl to
10.3 times for Mg?. On small particles of 0.8 microns,
the maximum increase in concentrations was observed
for ions K' (10.9 times), Mg? (10.1 times) and NO, (8.8
times).

In the seasonal distribution of the amount of ions
in the aerosols of different size fractions at Listvyanka
station, as well as at Irkutsk station, the highest ion
values were observed in the autumn-winter months
of October, December, and February (Fig. 4a). In
October and December, there is no stable snow cover at
Listvyanka, similar to the urban station, and the heat-
ing season is in effect. In February, during the peak of
the intense winter tourist season on Lake Baikal, a large
number of vehicles accumulate in a limited area along
the coast and on the lake ice, further increasing air pol-
lution from exhaust gases. In March, ion concentrations
decreased to average values close to those typical of
summer. The increase in ion concentration in July com-
pared to June is due to the transport of smoke aerosols
from forest fires into the observation area.

In the average daily dynamics, an increase in
the amount of ions in the aerosol occurred when air
masses arrived from the north-western and northern
directions, a decrease occurred when they arrived
from the southern (SE, SE, SE, SE) directions. On July
19-22, 2024, the smell of smoke from forest fires was
felt in the atmosphere of Listvyanka station. As shown
by the reverse trajectories, smoke aerosol came from
the northern regions of the Irkutsk region and from
the south-southeastern direction from the territory of
Buryatia (Fig. 5, a). At the same time, at an altitude of
3,000 m (green line, Fig. 5, b), air masses were moving
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Fig.4. Seasonal (a) and average daily (b) variability of total ion concentration in atmospheric aerosol of different size frac-
tions (10, 5.0, 2.0, 0.8 microns) at Listvyanka station in 2024, mg/m>.

from the territory of Mongolia. The concentration of
Na* (2.1-6.9 times), NH,* (1.9-8.0 times), K* (2.8-3.7
times), Cl (2.3-4.0 times) and SO,* ions in the aerosol
of all size fractions increased the most compared to the
average values in June. As is known, depending on the
type of biomass burned, volatile inorganic components
condense in the form of chlorides and sulfates into a
group of particles enriched with potassium. Chlorides
and potassium are markers of forest fire smoke and are
used in modeling the transport of plumes from forest
fires (Reid et al., 2005).

The seasonal variability of total ion concentra-
tions in the aerosol collected at the Bolshiye Koty sta-
tion differed from that at the Irkutsk and Listvyanka
stations. The lowest ion concentrations were observed
during the cold period on large particles of 2.0, 5.0, and
10 pm. Due to the geographical remoteness from major
industrial centers, the small population in the settle-
ment, and the presence of stable snow and ice cover on
the lake surface, atmospheric processes conducive to
pollutant accumulation are significantly limited here.
These factors minimized anthropogenic impacts on air
quality in Bolshiye Koty (Fig. 6).

During summer, the influence of the underly-
ing surface and anthropogenic factors related to water

(a)

BRITD

S
200 km !
100 mi

2024-07-21 02:00:00Z

transport was observed. The total ion content on 10
pum particles increased by 4 times, indicating the domi-
nance of local sources in shaping the aerosol’s chemical
composition during the tourist season.

The total ion concentration increased due to the
rise in concentrations of NH," (by 16 times), K (by 10
times), Mg* (by 8.0 times), Ca® (by 9.8 times), Cl (by
3.5 times), and SO,* (by 3.4 times). An almost propor-
tional increase in Ca® ions was observed across parti-
cles of all sizes. The sum of ions on particles measuring
2.0 and 5.0 um increased by 2.5 and 3.0 times, respec-
tively, while on 0.8 pm particles it increased by 1.6
times. On July 9-10, 2024, a smoky odor was detected
in the atmosphere (Fig. 6b). During this period, the
sum of ions on particles of 10 um size increased by
5.0 times, and on particles of 5.0 um - by 1.6 times
compared to the average values for July. The influence
of the forest fire from July 19 to 22, which was most
clearly manifested in changes in the ionic composition
at the Listvyanka station, was significantly less pro-
nounced at the Bolshiye Koty site. Nevertheless, the
smoke influx from the fire, despite its lower intensity,
led to an increase in Cl, SO,*, Ca%, and K  ions in the
aerosol, especially on larger particles.

(b)

Irkutsk J

Yura

Leaflet | @ Op
2024-07-21 02:00:00Z

Fig.5. The arrival of smoke aerosol on the territory of the Baikal region and the lake area. Baikal on July 21, 2024: a) at alti-
tudes of 100 (red), 500 (blue), 1500 (green) m; b) 100 (red), 500 (blue), 3000 (green) m. (ARL NOAA, http://www.arl.noaa.gov).
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3.2. Trace element composition of
atmospheric aerosol

During the analysis of the trace element compo-
sition of the aerosol in February-March at the Irkutsk
station, it was revealed that the highest concentrations
with a value above 1.0 ng/m3 were determined for
the elements Cr, As, Sn, Ni, V, Pb, Cu, Sr, Mn, Ti, Ba,
Zn, Fe, B and Al. Their share in the total trace element
composition averaged 98-99%. During the summer and
at the beginning of the heating season, this range was
expanded by Mo, Sb, W and Co. Concentrations of Zn,
Cu, Al, Fe, and B were highest in the aerosol at the
hospital in Large Cats in March, with Ni and Sn added
to them in the summer. In total, the proportion of trace
elements in the aerosol with a concentration of more
than 1.0 ng/m?® at the Bolshiye Koty station was 93%
in March and 97% in July. The aerosol at Listvyanka
station contained increased concentrations of Ba, Sr,
Mn, Ti, Ni, Zn, Cu, Pb, B, Fe, and Al, which accounted
for 97% of the total amount of elements. The total con-
tent of trace elements at Irkutsk station was on average
more than four times higher than in Listvyanka AA, and
more than eight times higher in Bolshiye Koty aerosol.

In the seasonal distribution of Irkutsk aerosol,
increased amounts of trace elements, as well as amounts
of ions, were observed in October and December. The
excess of the total concentration of trace elements in
June, compared with the cold period, was 2.3-2.4 times
for particles of 2.0, 5.0 and 10 microns. On 0.8 um par-
ticles, the differences were below one standard devia-
tion (Fig. 7).

The most interesting was the elemental composi-
tion of the aerosol collected on July 22, when the smell
of smoke from forest fires was present in the air. A sig-
nificant increase in the concentration of trace elements
on particles of 10 microns in size was observed in the
aerosol compared with the average values in June. The
level of the elements increased from three to twenty-two
times, with the largest excess recorded for Co, Ni and
Pb. The maximum increase in concentration, reaching
107 times, was noted for Zn. It should be noted that
plumes from forest fires attract not only active aerial
migrants of forest fires, but also elements accumulating
in fires (Cr, Ni, Co, V, Th, Al), as well as emissions from
industrial enterprises and soil dust (Shcherbov and
Zhurkova, 2014; Schlosser et al., 2017).
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In contrast to the elemental composition of the
aerosol in Irkutsk, at Listvyanka station in the seasonal
cycle, the maximum concentrations of trace elements,
as well as ions, were observed not only in October and
December, but also in February. During the peak tourist
season on Lake Baikal, the content of elements such as
B, Al, V, Co, Ni, Cu, As, and Sr increased especially. The
highest levels of trace elements were observed on par-
ticles measuring 0.8 and 2.0 microns (see Fig. 7, b). In
March, the concentration of trace elements decreased.
However, in June, they increased again due to the
accumulation of plant and soil material in the atmo-
spheric air.

At the Bolshiye Koty station, a distribution of
microelement concentrations similar to that of Irkutsk
and Listvyanka was observed, with lower levels in
March and an increase in July. To ensure greater reli-
ability of the average data, samples with high concen-
trations were excluded: those collected on July 6 under
the influence of a local source (ship engine operation
near the station) and on July 22 under the influence
of smoke emissions from forest fires. The total element
concentration during the summer period was 1.9 times
higher on 10 um particles, 3.7 times higher on 5.0 um
particles, 4.1 times higher on 2.0 um particles, and
4.8 times higher on 0.8 um particles compared to the
spring period (see Fig. 7, c).

In aerosols collected during ship engine oper-
ation near the sampling point for several hours, ele-
vated concentrations of all detectable trace elements
were identified. A comparative analysis with the aver-
age July values demonstrated more than a threefold
increase for the following elements: Be, B, Se, Cr, Fe,
Co, Ni, Cu, Mo, Cd, Sn, Pb, U, Ag. These elements were
primarily sorbed onto particles of 2.0 and 0.8 pm. As a
result of comparing element concentrations in aerosol
samples collected during smoke emission events with
similar average July data, it was found that, similar to
the aerosols from Irkutsk, the highest concentration
increases occurred on 10 pm particles, with a magni-
tude ranging from three to twenty-two times. However,
this was observed for a smaller number of elements.
Notably, the concentrations of uranium (U), lithium
(Li), and cobalt (Co) increased most significantly.

Analysis of enrichment factors (EF) for trace ele-
ments in aerosol particles from Irkutsk, Listvyanka, and
Bolshiye Koty stations classified Be, Al, Ti, V, Mn, Fe,
Co, Sr, Ba, Th, and U as components of terrigenous ori-
gin (EF < 10). Elements Ni, Zn, As, Mo, Cd, Sn, Sb, W,
and Pb were assigned to the group with EF 10-1000.
The highest aerosol enrichment (EF > 1000) was found
for B, Cu, Se, Cd, Sn, and Ag. Both groups of elements
are of anthropogenic origin.

The largest contribution to the overall level of air
pollution at the Irkutsk station, in order of increasing
significance, was made by the elements Fe > Mn > Al
> Cu > Ba > Ni > Zn > Pb > Se > Co. A smaller
number of elements involved in the overall air pollu-
tion level were identified at the Listvyanka station (Fe
> Cu > Ni > Al > Mn > Zn > Se > Co) and Bolshiye
Koty (Fe > Cu > Ni > Mn).

3.3. Distribution of soot particles and
PAHSs in aerosol composition

Soot particles are formed as a result of incom-
plete combustion of organic fuel and may include car-
bon particles (black carbon) as well as other organic
compounds involved in air pollution. They are directly
emitted into the atmosphere as fine particles with a
radius of less than 2.5 ym and can easily sorb onto
aerosol particles of various sizes (EPA Report-450,
2012). The residence time of soot in the atmosphere is
estimated to be several days or weeks. Studies on black
carbon over Lake Baikal confirm that the distribution
of its mass concentration across the Baikal water area
is uneven and indicate the influence of emissions trans-
ported from industrial regions of Pribaikalye along
the Angara and Selenga river valleys from large settle-
ments, tourist sites on the coast, as well as during forest
fires (Khodzher et al., 2020).

As shown in Figure 8, the highest concentrations
of soot particles were observed in the aerosol at the
Irkutsk station. Seasonal variations in soot concentra-
tion across all stations show a decrease during summer,
with maximum values recorded in winter. The most
detailed analysis of daily dynamics was conducted in
February at the Irkutsk station. Low concentrations
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were observed during periods of increased wind speed
and precipitation (February 16-19 and February 22-26).
Considering that soot particles can remain in the atmo-
sphere for an extended period, elevated soot concentra-
tions in the aerosol collected on July 25-26 are likely
related to the presence of smoke aerosols from July
19-22, when forest fires had a stronger impact over
Irkutsk and Lisvyanka than in Bolshiye Koty.

Soot particles often serve as carriers for polycy-
clic aromatic hydrocarbons (PAHs), which adsorb onto
their surfaces, increasing their stability and health haz-
ards. Measurements of soot and PAHs on particles of
different size fractions were conducted for the first time
at monitoring stations in Southern Pribaikalye.

During the cold period (February-March), the
average sum of PAHs in the aerosol from Irkutsk ranged
from 0.4 to 0.5 ng/m?® on particles measuring 2.0, 5.0,
and 10 pum, and was 2.2 ng/m?® on 0.8 um particles.
In larger particles, the high-molecular-weight PAH
group with two, three, and four benzene rings predom-
inated, accounting for an average of 31%, 31%, and
29%, respectively. On 0.8 pum particles, there was an
increase in PAH compounds with five benzene rings
from 17% to 25%, while the contribution of PAHs with
two rings decreased from 6% to 9%. Among individ-
ual PAHs, phenanthrene and naphthalene dominated
on 5.0 and 10 um particles; phenanthrene, naphtha-
lene, and fluoranthene on 2.0 um particles; and pyrene,
phenanthrene, fluoranthene, and benz[b]fluoranthene
on 0.8 um particles. Based on diagnostic ratios such as
fluoranthene/(fluoranthene + pyrene), values greater
than 0.4 indicate pyrogenic sources (Tobiszewski and
Namiesnik, 2012; Sun et al., 2023). For particles of 10
um with ratios between 0.5-0.7, PAHs are attributed
to pyrogenic sources like thermal power plants (TPPs)
and vehicle emissions; for particles of 5 pm with ratios
from 0.3-0.8, both pyrogenic and petrogenic sources
are identified; while in smaller particles (0.8 and 2.0
um) with ratios ranging from 0.06 to 0.3, PAH sources
are associated with natural processes.

At Listvyanka station during the cold period
(March), the sum of PAHs in the aerosol ranged from
0.2 ng/m?> on large particles to 0.4 ng/m> on small
particles of 0.8 um. A comparative analysis between
Listvyanka and Irkutsk revealed that total PAH concen-
trations in urban aerosols exceeded those at Listvyanka
by a factor of approximately 1.9-2.3 for large particles
and up to six times higher for small particles, indicating
more intense atmospheric pollution in the city environ-
ment. The dominant PAH groups at Listvyanka were
compounds with two rings (40%), three rings (34%),
and four rings (22%). The proportion of five-ring PAHs
was only about 2%. Among individual PAHs on 10 um
particles, phenanthrene and naphthalene prevailed;
on 2.0 and 5.0 um particles — phenanthrene, naphtha-
lene, and methyl-naphthalene; and on 0.8 um particles
— naphthalene, phenanthrene, and fluoranthene. The
ratio fluoranthene/(fluoranthene + pyrene), varying
from approximately 0.7 to 0.9 across all fractions, indi-
cated pyrogenic sources of PAHs in Listvyanka aerosols.

In March, at the Bolshiye Koty station, the aver-
age values of the total PAHs were in the same range
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as at the Listvyanka station: from 0.2 to 0.3 ng/m? in
coarse particles and about 0.7 ng/m? in 0.8 um parti-
cles. Unlike Irkutsk and Listvyanka, the predominant
group of PAHs in the aerosols of Bolshiye Koty con-
sisted of compounds with three benzene rings (39%).
The contribution of compounds with two rings was
31%, and with four rings — 24%. Notably, heavier
compounds with five benzene rings were present in all
size fractions, accounting for 5-8%, with an average
of about 6%. Among individual PAHs in this fraction,
phenanthrene, fluoranthene, and benz[b]fluoranthene
predominated. In particles up to 10 um, the highest
concentrations were for 2-methyl-naphthalene, phenan-
threne, and naphthalene; in the 5.0 and 2.0 um frac-
tions — fluoranthene, naphthalene, and phenanthrene.
Pyrogenic sources were the main contributors to PAHs
in the aerosols of this station.

During the summer period (July-August), PAH
analysis was conducted only at Irkutsk station. The
total PAH levels exceeded those observed during the
cold period, and average values increased as particle
size decreased: about 0.8 ng/m?® on 10 um particles,
about 0.9 ng/m? on 5.0 um particles, about 1.0 ng/m?
on 2.0 um particles, and approximately 1.3 ng/m?® on
0.8 um particles. In the aerosols, compounds with two
and three benzene rings predominated, accounting for
approximately 41% and 31%, respectively. Compounds
with four rings made up about 22%. In June, com-
pounds with five and six rings were absent; however,
their share varied from 4% to 10% in July. In August,
their proportion increased significantly and reached up
to 39% on particles of 0.8 um size. This dynamic indi-
cates changes in sources and processes forming aero-
sol particles during summer and an increase in heavier
PAHs with more benzene rings toward late summer.

Among individual PAHs in coarse aerosol frac-
tions were naphthalene, phenanthrene, and 2-meth-
yl-naphthalene; in submicron particles — naphthalene,
benz[b]fluoranthene, and phenanthrene. According to
diagnostic ratio methods, the sources of PAHs adsorbed
onto aerosol particles during summer were predomi-
nantly pyrogenic.

3.4. Morphology and elemental
composition of individual particles

The morphology and elemental composition of
individual particles were analyzed. The sizes of individ-
ual particles ranged from tens of nanometers to tens of
micrometers. During the cold period, particles of fly ash
and soot predominated at Irkutsk, while at Listvyanka
and Bolshiye Koty stations, particles of fly ash, soot,
and mineral matter were prevalent. Soot agglomerates
most often settled on particles smaller than 2.0 microns
and were among the most common air pollutants at
Irkutsk and Listvyanka stations (Fig. 9, positions 1, 5,
9). Fly ash particles (Fig. 9, positions 2, 6, 10) were
aluminosilicate combustion spheres with diameters up
to 10 microns. Elemental analysis of fly ash revealed
significant enrichment with oxygen, aluminum, and sil-
icates, as well as the presence of carbon, iron, calcium,
and other elements.
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Fig.9. SEM images of particles in surface atmospheric aerosol at Irkutsk (positions 1-4), Listvyanka (positions 5-8) and
Bolshiye Koty (positions 9-12) stations: soot particles (positions 1, 5, 9); fly ash (positions 2, 6, 10); mineral particles (positions
3, 7, 11); biogenic particles (positions 4, 8, 12).

During the warm season, mineral and biogenic
particles dominated at all stations. Mineral-origin par-
ticles were irregularly shaped and consisted of various
silicates and aluminosilicates containing impurities of
alkaline (potassium, sodium), alkaline earth (calcium,
magnesium), and heavy metals (iron, zinc, titanium,
copper, chromium, manganese, and others). Biogenic
particles mainly included fungal spores, plant pollen,
brochosomes, and other bioaerosols.

4. Discussion

Analysis of the ionic composition data of dif-
ferent aerosol fractions showed that seasonal charac-
teristics, pollution sources, and the influence of other
natural and anthropogenic factors vary significantly
across all three stations. Irkutsk is more susceptible to
anthropogenic impacts due to the proximity of thermal
power plants, industrial sources, and urban transpor-
tation, while Listvyanka is more affected by tourism
activities (automobile and water transport), regional
transport of pollutants, and forest fires. The Bolshiye
Koty station has a lower level of pollution owing
to its remoteness from pollution sources and its oro-
graphic features. High concentrations of Ca*, NOJ,
and SO,* ions in various particle size fractions, espe-
cially during northwest transport, are characteristic for
Irkutsk and Listvyanka stations in February. In Irkutsk
during winter, elevated concentrations of Na" and CI°
ions are observed on larger particles; their increase in
the atmosphere is associated with the accumulation of
reagents in snow used for road de-icing. In summer, at
the Irkutsk station, there were deposits of impurities
from certain regions of Mongolia, Kazakhstan, and the
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Tuvan Republic. At the Listvyanka station, a more sig-
nificant influence of forest fires on aerosol composition
was noted, manifested by increased concentrations of
Cl, SO,*, Ca%, and K ions. The Bolshiye Koty station
exhibits the lowest content of ions in individual aerosol
fractions during the cold period; however, in summer,
under the influence of local sources (forest fires, water
transport), an increase in concentrations of NH,', K,
Mg?, and Ca® ions is observed.

In the microelement composition of aerosol in
Irkutsk, the total concentration of microelements is
on average 4-8 times higher than in Listvyanka and
Bolshiye Koty. Seasonal dynamics of the distribution
of the total microelement content in Irkutsk aerosol
showed an increase during spring and summer peri-
ods. In the aerosol of Listvyanka, maximum values
of total microelements, similar to macrocomponents,
were recorded in February, with the highest concentra-
tions observed on fine particles of 0.8 and 2.0 um. The
lowest microelement concentrations were registered at
Bolshiye Koty station.

Analysis of enrichment coefficients of aerosol
particles with microelements across all stations revealed
that elements Be, Al, Ti, V, Mn, Fe, Co, Sr, Ba, Th, and U
belong to the terrigenous group with enrichment coef-
ficients (EC) less than 10. At Irkutsk station, the most
significant contributors to overall pollution levels were
Fe, Mn, Al, Cu, Ba, Ni, Zn, Pb, Se, and Co; the share of
Fe ranged from 56% to 75% during winter and from
78% to 94% in summer. At Listvyanka station, domi-
nant elements included Fe, Cu, Mn, Ni, Al, Zn, Se, and
Co, with Fe reaching up to 92% during the warm sea-
son. At Bolshiye Koty station, the largest contributions
came from Fe, Cu, Ni, and Mn, with Fe accounting for
up to 80% during winter.
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High concentrations of soot (black carbon and
other organic compounds) during the cold season are
characteristic of the Irkutsk and Listvyanka stations. At
Bolshiye Koty station, an increase in black carbon lev-
els was observed during the summer period. Carbon-
containing particles are capable of sorbing various
chemical compounds.

The sources of PAHs (polycyclic aromatic hydro-
carbons) include the combustion of coal, oil, and wood,
as well as emissions from vehicles and industrial enter-
prises. These compounds are highly resistant to degrada-
tion in the environment, tend to condense onto aerosol
particles, and settle onto surfaces. In aerosols collected
at monitoring stations, the predominant contribution of
PAHs with two to three rings ranged from 29% to 41%,
while PAHs with four to six rings had a smaller contri-
bution, averaging from 2% to 9%. It was noted that in
the aerosol from Irkutsk, collected in February 2024,
the proportion of four-ring PAHs increased from 16%
to 43%. Among the identified PAHs, phenanthrene was
the most frequently detected; it occurs both in natu-
ral fossil hydrocarbons and is formed during the ther-
mal decomposition of organic materials. Other com-
monly dominant compounds included naphthalene and
2-methylnaphthalene. Their concentrations are associ-
ated with emissions from transportation during incom-
plete fuel combustion and stationary sources.

The sizes of individual aerosol particles analyzed
by scanning electron microscopy ranged from tens of
nanometers to tens of micrometers. The samples con-
tained soot, fly ash, mineral particles, and bioaerosols.
During the cold period, soot and ash particles predom-
inated; in warm periods, alkali earth metals along with
heavy metals and biogenic aerosols were more preva-
lent. The presence of mineral particles in atmospheric
aerosols is primarily due to terrigenous (earth-derived)
origin.

5. Conclusions

A comprehensive analysis of the chemical com-
position of atmospheric aerosol fractions of different
sizes, collected during various seasons of 2024 at the
Listvyanka (rural), Bolshiye Koty (background) stations
in the Central Ecological Zone, and the Irkutsk (urban)
station in the Atmospheric Influence Zone of Southern
Baikal, was conducted for the first time. Seasonal and
spatial differences in the composition of aerosol par-
ticles across different size fractions at monitoring sta-
tions were identified, driven by a combination of nat-
ural and anthropogenic factors, including industrial
activity, forest fires, and transportation. During winter,
the highest concentrations of Ca*, NO,, and SO,* ions
across all aerosol fractions were observed at the Irkutsk
and Listvyanka stations. These increases were espe-
cially noted during northwest transport from industrial
areas of Krasnoyarsk Krai and Irkutsk region. In Irkutsk,
in addition to these ions, elevated levels of Na" and
Cl ions were detected on larger particles. In summer,
deposits from regions such as Mongolia, Kazakhstan,
and the Republic of Tuva were identified, confirmed by
back-trajectory analyses at altitudes of 500, 1000, and
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1500 meters. The influence of forest fires on aerosol
composition was particularly evident at the Listvyanka
station, where during smoke events, concentrations
of CI, SO,*, Ca%, and K' ions increased. At Bolshiye
Koty station in winter, the lowest concentrations of all
analyzed ions were recorded, confirming its status as a
background site with minimal influence from local or
regional pollution sources. During summer, under the
impact of forest fires and water transport activities at
this station, there was a slight increase in concentra-
tions of NH,, K', Mg%, and Ca* ions in aerosol particles.

The majority of microelements (Be, Al, Ti, V,
Mn, Fe, Co, Sr, Ba, Th, U) in aerosols across the studied
territories primarily have a natural origin. Significant
anthropogenic enrichment was observed for elements
such as B, Cu, Se, Cd, Sn, Ag, which were the most
prominent pollutants in the air with enrichment coeffi-
cients (EC) exceeding 1000. Seasonal dynamics at the
Irkutsk station showed an increase in total microele-
ment content during spring and summer periods. At the
Listvyanka station, seasonal maxima of microelements
shifted to autumn (October) and winter (December and
February). In summer, at Bolshiye Koty station, the
distribution of microelement concentrations in aerosol
particles was similar to that of Listvyanka: water trans-
port and forest fires significantly influenced their com-
position during this period.

Analysis of the PAH composition revealed a pre-
dominance of compounds with two to three benzene
rings, and diagnostic ratios indicated their pyrogenic
sources. During the summer period, an increase in the
content of heavier PAHs with a greater number of rings
was observed, suggesting a shift in sources involved in
aerosol formation.

The particle morphology study using scanning
electron microscopy revealed that the main compo-
nents in the studied regions were soot and volatile ash
during the winter period, and mineral particles and bio-
aerosols in summer. The presence of mineral particles
in atmospheric aerosols is primarily due to their terrig-
enous origin.
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XMMHUYECKHM COCTAaB Pa3AHYHbIX ppakuun
aTmocdepHoro asapo3ona B KO)xHom
NMpub6ankanbe B 2024 r.

l'osmo6okosa JI.IL.*", Xogxep T.B."”, Jlonatuna U.H.", Mapunaute U.1.",
O6osikuH B.A.", Onumyk H.A.", Yebynuna H.C.

JIumnonoeuveckuti uncmumym CO PAH, ys. Ynau-Bamopckaa. 3, Hpkymck, 664033, Poccusa

AHHOTAILIMA. Brepsole IO Ce30HaM rofa MNpOBeAEHH KOMILIEKCHBIE HCCJIENOBAHUA XMMHUYECKOTO
COCTaBa YaCTHUI] a3p030Jis pa3aMepHbix ppakruit 0.8, 2.0, 5.0, 10 MKM Ha TpeX CTaHLIUAX MOHUTOPHHTA
arMmocdepsl: B npoMbiyieHHOM LeHTpe HOxHoro Ilpubatikanbs r. MpkyTcke u B LleHTpaibHOU 3KO-
JIOTUYECKON 30He 3amagHoro mnodepexsbs KOxHoro batikana Ha craHnuax JlucrsHka, bosbmre KoTsl.
[Tpoananu3npoBaHbl MOP(OJIOTrHs, pa3Mepsl OTAe/IbHBIX YaCTHUL], MIOHHBIN 1 MUKPO3JIEMEHTHEIN COCTaB,
MOJINIUKINYECKHe apoMaTU4ecKye yriaeBoJOpOoAsl, caxa. [IokazaHo, 9YTO IPOCTPAHCTBEHHKIE U CE30H-
Hble Pa3JIN4UA B COCTaBe aTMOCHEPHOr0 a3po30JiA Ha TPEX CTAHIMAX 00yCIJIOBJIEHBI COYETAHNEM aHTPO-
IIOTeHHBIX U IPUPOAHBIX (PaKTOPOB: IPOMEIIIJIEHHOE BO3/IeIICTBIE, MeTeOpOoJIOrnYecKre yCJIOBUs, Jiec-
HBIe TI0Xaphl U TPaHCIOPT. YBeJinueHre KOHIeHTpalull 3arpA3HAIINX BelleCTB B YaCcTUIAX Pa3HbIX
pa3MepHbIX ¢paknuii Hab0aI0Cch IPU NOCTYIJIEHUH BO3AYLIHBIX MaccC C CeBepo-3alaJHOro U ceBep-
HOI'0 HallpaBJIeHUI, TJie pacioJIoXKeHbl IPOMBIILIEHHbIe IeHTphl UpKyTcKoii o6sactu u KpacHospckoro
Kpad. B sieTHui1 nepuo OTMevach 3aHOCH! ITpHUMeceli IpY NOCTYIIJIEHUH BO3AYLIHBIX MAacC C I0XXKHBIX
HanpasJieHul — u3 byparuu, Monronuy, Pecniy6niku TriBa, Kazaxcrana.

Kiioueavie citoga: Baiikambckuil pervioH, atMocdepa, a3po30Jib, MOHBI, MUKPO3JIEMEHTHI, MOP(OJIOTHS YaCTHII,
opraHUYecKue 3arpsA3HUTEeNN

Jnsa nutupoBaHusa: lomo6okosa JLII., Xomxep T.B., Jlomatmna W.H., Mapunatite W.U., O6onkud B.A., Onumyxk H.A.,
Yebynuna H.C. XuMuueckuil cocTaB pasjiMyHBIX (pakiuil atmocdepHoro aspososisa B IOxHoMm Ilpubaiikanse B 2024 1. //
Limnology and Freshwater Biology. 2025. - Ne 4. - C. 960-982. DOI: 10.31951/2658-3518-2025-A-4-960

1. BBeAe“"e HHWKaMM B OTAEJIbHBIX PErmoHax Mupa, MpoBE€OEH aHa-

JIN3 TlepeHoca 3arpA3HAIUX BEIeCTB Ha pervuoHab-
HOM U MEXKOHTHHEHTaJIbHOM ypoBHsx (Karagulian et
al., 2015). V3BeCcTHO, YTO KOMIIOHEHTHI, 3aTrPA3HAIOIIIE
armocdepy, MOTYT MEePeHOCUThCA B cTpaTocdepHBIX
CJIOAIX Ha 3HAYWTEJIbHBIE PACCTOAHMUA OT KMCTOYHUKA
BHIOpOCa, [OCTUTas MEeCATKOB ThHICAY KHUJIOMETPOB
(Fiedler et al., 2009). KpynHsle YacTUIbI OBICTPO yaa-
JIAI0TCA U3 aTMocdephl MOCPENCTBOM CYXOro UM BJIax-
HOT'0 OCaXX[IeHUsA, B TO BpeMs KaK MeJIK1e UMeIoT 6oJiee
JUIMTEJIbHBIN CPOK CYIIeCTBOBaHMA U 6GoJiee OMacHHI

AHTponioreHHsle  BBIODOCH  3arps3HAIONNX
BelllecTB B aTMocdepy NpefcTaBJIAOT coboit Haubo-
Jlee CJIOXHBIH 11 KOHTPOJIA KOMIIOHEHT 3arpsA3HeHus
OKpYyXalolllell cpefsl, OKa3bIBAaIOUIMI BO3/elicTBUe He
TOJIBKO Ha aTMocGepHHI BO3AyX, HO U Ha BOJHbIE U
HaseMHble 3KocucTeMbl. OCHOBHBIM KpHUTepueM A
yCTaHOBJIEHUSI HOPMAaTHBOB OI[eHKU KayecTBa aTMOC-
(depHOro BO3AyXa fABJIAETCS CTelleHb BJIMAHUA COAep-
Xalyxcs B HeM 3arpsA3HAIIMINX BelllecTB Ha 3710pOBbe

YyeJIoBeKa U OKpyxawmlyio cpeay (Anenberg et al., 2016;
Yue and Gao, 2018; Ionel et al., 2018; Grennfelt et al.,
2020). Aspo3osibHBIE YacTUIBI B atMocdepe UrparoT
BaXHYI0 pojib B (GOPMHUPOBAHUU IMOTOAHBIX YCJIOBUH
Y KJIMMAaTUYeCKUX MPOLeccoB, KaK Ha PerMoHaJIbHOM,
Tak M Ha rj00aJbHOM YPOBHAX, YTO OOyCJIaBJIMBaeT
HeoO0XOAMMOCTDb TIATEJbHOTO KOHTPOJIA UX (usnye-
CKMX [TapaMeTpOB U XMMHUYECKOI'0 COCTaBa.

B pabore, nocpsAmnieHHON COBpeMeHHOMY 0030py
3arps3HeHNusA OKpyXalollel cpebl pa3JIMYHbBIMU UCTOY-

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: lg@lin.irk.ru (JI.IT. Tosio60x0Ba)

INocmynwna: 01 asrycra 2025; IIpunama: 19 asrycra 2025;
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JUISL OKpYyXaloleil cpebl M yYejioBeKa. DTO 0COGEeHHO
aKTyaJibHO 1Ji1 (POHOBBIX TEPPUTOPHI, TaKUX Kak
Cubupb, e YyBCTBUTEIHOCTh K KPYITHOMACIITaOHbIM
SMICCUSAM, BOZHUKAIOIIUM B Pe3yJIbTaTe JIECHBIX IMOXKa-
POB, CXUTAHUSA MPUPOJHOTO rasa U MOMyTHOTro HedTs-
HOro rasa, apjsercsa Beicokoil (Khodzher et al., 2019;
Manousakas et al., 2020).

B nmpemenax 30HB aTMOC(EPHOro BJIHSHUSA
Ha o3epo bBaiikas pacroJsioxkeHO HECKOJIbKO TOPOIOB
HpkyTckoii 00J1acTy, KOTOPBIe XapaKTepu3yloTCs BBICO-

© Asrop(s1) 2025. DTa pabora pacnpocTpaHs-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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KM YypOBHeM 3arpssHeHusA aTMocdepsl. Bo3gyuiHble
BEIOPOCH! B BHJ€ I'a30BbIX NpuUMecell U a3pO30JIbHOIO
Bell[eCTBAa M3 MCTOYHHUKOB, HaXOAAMMXCA Ha TeppH-
TOopuM, mpuieramwieili k o3epy (mmpuHoil g0 60 kM),
MMeIOT 3Ha4uTeJIbHYI0 BEPOATHOCTh OCelaHus 3arpsas-
HAIOIYX BellecTB Ha akBatopuu baiikasa, koJsiebJtomy-
oca ot 10 go 100%. 310 co3gaeT 3KoJI0rudecKre pucku
JUIl YHUKaJIbBHON 5KOCHCTEMBI 03epa. DKOJIornueckas
ONacCHOCTh a3pO30JIbHBIX BEIOPOCOB 00yCJIOBJIEHA MHO-
’kecTBOM (aKTOPOB, BKJII0YAsA U3MEeHeHUA B UX XUMUye-
CKOM U JIMCIIEPCHOM COCTaBe, COPOMPOBAHUN CTOMKUX
OpraHnvecKyx BellecTB, TAXKeJBIX MeTaslJIOB U APYIuX
3arps3HUTesIell Ha OTAeJIbHBIX YacTUIax.

HanGonpilylo aHTPONOreHHYI0 Harpys3Ky HCIIBI-
ThiBaeT atMocdepa lOxHoro balikana, kyga npumecu
IIOCTYMAIOT OT PeruoHAJIbHBIX MCTOYHUKOB 3arpssHe-
HUA, pacloJIOXKeHHBIX B JOJIMHe PeKU AHraphl Ha yja-
nennu 50-100 kM K ceBepo-3anaay OT 03epa U KPyIIHBIX
HaceJIEHHBIX MYHKTOB Mmobepexbs o3epa (Obolkin et
al., 2016; 2021). OTU UCTOYHUKU BKJTIOYAIOT BHIOPOCHI
TeIJIOOHEePreTUKH, [POMBIIUIEHHbIX M[peAlpuAaTHi,
TpaHCIOpTa M Apyrue BUABL [eATeJIbHOCTH 4YesIoBeKa,
KOTOpBble YXyAIIal0T KauecTBO BO3[yXa W MOIYT Hera-
TUBHO CKa3bIBaThCA HA COCTOSHUHN OKpPYyXKaloliell cpebl.

OcHoBHas 3ajjaya uccjieOBaHNA 3aKJI09asach B
KOMIIJIEKCHOM aHajii3e XMMHYEeCKOro COCTaBa 4YacCTHIL
Pa3HBIX pa3MepHBIX (pakiuil aspo30Jid MO ce30HaM
roga B HecKOJIbKUX patioHax HOxHoro IIpubaiikasibs
C pa3HOH CTelneHbI0 aHTPOIOreHHOH 3arpyXeHHOCTH.
ITpoBefeHHbBle HccaeqOBaHUA MOAYEPKUBAIOT HEOOXO-
JAUMOCTb TaKoro MOHHMTOPHHIA aTMoc(epHOro aspo-
30J1A [J1A OLIeHKU 5KOJIOTMYeCKOIr0 COCTOSHUA perruoHa
Y [AeTaJIbHOTO BBIABJIEHUA UCTOYHUKOB 3arps3HeHus.

2. MaTepuanbl U MEeTOADI
2.1. CTaHuMM MOHUTOPHHra, oTéop Npob
aTmocdepHOro asaposonn

ATMochepHBII a’po30jib O0TOMpasics B pa3Hble
ce30HHI (3uMa, BecHa, JieTo, oceHb) 2024 rosa Ha cTaH-
nuax JlucreaHka, Bosbmne KoTel, pacnosioxeHHBIX Ha
Tepputopuu LleHTpasibHO 3K0I0rYecKoi 3085 (1[33)
HOxHoro Batikana, a Takxke B 30He atMochepHOro BJIN-
sHusA (3AB) -B r. UpkyTcke. YpbaHu3upoBaHHasi CTaH-
uus B r. Upkytcke (52.14 N, 104.15 E) Haxogutcs Ha
neBoM Oepery p. AHrapa B 70 kM oT 03. batikan. Ot6op
po0 IIPOUCXOANTI HA TeppUTOpUU JINMHOJIOTHYECKOI0
uHctutyTa CO PAH B 10%xHOI yacTu ropojia. JIncTBsaHKa
(51.50 N, 104.53 E) siBnsieTCA ceJyibCcKOM CTaHIMelH, pac-
[IOJIO’KEHA BhIIle OJHOMMEHHOro Ioceska JINCTBAHKA
Ha @puOpeXHOM XOJIMe Ioro-3amajHoro Iobepe-
kbl o3epa bBaiikan. CraHnusA HaxOOUTCA Ha BHICOTE
okoso 200 M Haj ypoBHEM oO3epa Ha TEppUTOPUU
Actpodusnueckori ob6ceppaTopun VHCTUTyTa COJIHEU-
Ho-3eMHOU ¢u3uku CO PAH. OO6e craHIUM BXOLAT
B CeTb CTAHIMI MOHUTOPUHIA KHUCJOTHBIX OCaXKie-
Hunl IOro-Boctouynoii Asuu — EANET (T'ostoboxoBa U
ap., 2025). Habmonenus Ha craHnuu Bosbie KoTsl
(51.90 N, 105.07 E) npoBoauiuch Ha 6a3e HAyYHOTO
cranuoHapa JluMmHosornyeckoro nHerutyra CO PAH
BOJIM3K He6OoJIbIIOro NpubpeXHoro noceyka bosbmime
Kotsl. [Tocenok Bosnbmue KoTel yaasieH Ha 24 KM OT II.
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Jluctesanka (Puc. 1). WcerlenoBaHus Mo coctTaBy aTMoC-
(¢epHOro a3po3071s, BEIIOJIHEHHEIE PaHee B 3TOM palioHe
nmokaszaynii (OHOBHIE XapaKTEPHUCTUKU KOHIEeHTpaluu
WOHOB IIpu usydeHuu atmocdepsl HOxHoro Baiikama.
[Ipy MMHMMAJIBHOM BJIMSHUU BHEUIHUX BO3JIeHCTBUN
(oTcyTcTBUE KOCTPOB Ha Gepery, cyIoB B IpUOpeXHON
aKBaTOPHUU), KOHLIEHTpalusA CyMMBI HOHOB B a3po30Jie
Ha 3TOM CTAHLUUM COOTBETCTBYET YPOBHIO (POHOBBHIX
paiioHoB o3epa Baiikan u He mpebimiaer 1,0 Mkr/m>
(Golobokova et al., 2021).

ATtMocdepHbIIi a3p030Jib Ha CTaHUUAX MOHU-
TOpUHra oTOupasici KackagHeiM ummnakropom MKC-
10 (OO0 Kopnopanus «HUHTek», r. ExaTepunoOypr,
Poccusi) ¢ o6bemMHOI ckopocThio 10 JI/MUH, O3BOJIA-
0lIeM pa3feJisiTh a3pO30JIbHbBIE YacTULIBI Ha (ppakiuu
0.8, 2.0, 5.0, 10 MkM.

2.2. OnpepeneHMe XMMHYECKOro coctaBa
a3’po30AnA

AnanuTuyeckre paboOThl BBIIOJHAJINCH Ha NpU-
6opHOIl 0a3e lleHTpa KOJIJIEKTUBHOTO IIOJIb30BaHUA
«YJpTpaMHKpoaHaiu3» JIMMHOJIOTUYeCKOro WHCTU-
TyTa CO PAH C ncnonb3oBaHueM CTaHOApTU3UPOBaH-
HBIX METOJIUK.

JnA gocTukeHWA IOJHOM SKCTPakLUM HOHOB
NH,*, K*, Na*, Ca**, Mg**, CI, NO,, NO, SO,* aspo3o-
JibHBIe QUIIBTPH NOABEPrajiluch o0paboTKe B yJIbTpas-
BYKOBOI BaHHe. AHajN3 HMOHHOTO COCTaBa a’po30JiAd
IIPOBOJIUJICSA C MCIOJIb30BaHUEM MOHHOU cucTeMbl ICS-
3000 mpousBoncTtBa koMmnaHuu Dionex Corporation
(Cannusetin, Kanudopnus, CIIA). B nporecce aHa-
JIN3a MPUMEHSINCH KOJIOHKU Analytical column IonPac
AS19 (guametp 2 MM, aymHa 250 mm) u IonPac CS12A
(muameTtp 2 MM, anmuHa 250 mMm). CrucrtemMa reHepanuu
3JII0EHTOB I03BOJIA€T IIPOBOAWTH aHAIN3 aHWOHOB U
KaTHOHOB Ha YpOBHe CJIe[JOBBIX KOHIIEHTpaIui.

1 - 3oHa aTMOChepHOro BNUAHWA
: 2 - LleHTpankHaA akonorudeckas 3oHa
2 3 - BydpepHas 3oHa

Puc.1. Cxema crannuii orbopa npo6 armocdepHOro
a’po3oJisl.
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MeTtojoM Macc-CIEKTPOMETPUHU C  HHJIYK-
TUBHO-CBA3aHHOM IIJIa3MOM Ha Macc-cieKTpoMeTpe
«Agilent 7500 ce» mpom3BojcTBa KoMmaHuM Agilent
Scientific Instruments (Canrta-Knapa, KamudopHus,
CIIIA) mpoBoaWJIOCH OIpejiesieHe KOHIleHTpauuu 27
MUKpO3JieMeHTOoB- Li, Be, B, Al, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, Se, Sr, Mo, Cd, Sn, Sb, Ba, W, Pb, Th, U,
Ag u Tl. OTo6paHHble MpUMeECH U3BJIEKAJIUCh CMECHIO
KOHIIEeHTPHMPOBAaHHOM a30THOM KHCJIOTHL M II€pPOKCHAA
BoJopoja npu TeMmmeparype 95°C B yJIbTpa3ByKOBOH
6aHe. IIpenes oOHapyXeHHA KaXAOro dJieMeHTa oIIpe-
JesiAsica Kak MUHMMaJIbHas KOHILIeHTpalus, IIpu KOTo-
poIl curHaja oT obpasua npeBbiiag (GOHOBYID COCTaB-
JIAIOLIYIO B TPY pas3a NpU JOBEpUTEIbHON BepOATHOCTU
98% (Golobokova et al., 2025).

KoHumenTpanuu pABaaunaTé OXHOIO IOJIMApO-
Martudeckoro yriesogopona (ITAY) B aspo30sbHOI
daze ompefesieHbl MeTOAOM BHYTPEHHUX CTaHAap-
TOB C WCIOJIb30BAaHMEM pacTBOpoB ¢eHaTpeHa-d10,
xpuseHa-d12 u mepuiieHa-d12 B KavecTBe [10OABOK.
CoenuHeHus, BrJoyarone HadTtanuH, 2-MeTuHad-
TaauH, 1-mMetunHadTanuH, aneHadTeH, aneHapTUIIEH,
dnyopen, peHaHTpeH, aHTpalleH, (pJIyopaHTeH, NUpPeH,
pereH, 6eH3(a)aHTpaleH, xpu3eH, 6eH3(B)dyopanTeH,
6eH3o(K)dbayopanren, 6enzo(e)nupeH, GeH3(a)nupeH,
nepwieH, Aubens(a,H)anTpanen, wuHAeH0(1,2,3-CD)
nupeH u O6eH3(g,h,i)mepuyieH, aHAIU3MPOBAJINCH HAa
XpOMaTo-Macc-ClIeEKTPOMETPUYECKOH cucTeMe «Agilent,
GC System 7890B, 7000 CGC/MSTripleQuad» (CaHnra-
Krnapa, Kamudopnus, CIIA) (Gorshkov et al., 2021;
Mapumnatite u ap., 2023).

OmnpepesieHre oO0Iero coAepkaHusA YyIjepof-
cofepXxamux coenuHeHUil (caxa, YepHBIU Yrjiepoj)
Ha adspo30JIbHBIX (UIbTpPax BBIIOJHAJIOCH METOIOM
BBICOKOTEMIIepaTypPHOr'0 C)KUT'aHUA B cpefie KUCJIopoaa
Ha aHaju3aTope oOIIero opraHu4eckoro yrijepoda U
azorta Vario TOC cube ¢ UK-merexktopom (Elementar
Analysensysteme GmbH, T'epmanus). CraHgapTHOe
oTkJIOHeHUe He mnpesbinano 0,01. B kadecTBe cTaH-
Japra ucnoJsib3oBasm ruapodranat kanua (Pogodaeva
et al., 2020).

Ha pacTpoBOoM 3JIEKTPOHHOM MHKPOCKOIIE
FEI Quanta 200 (FEI Company, Xunc6opo, Operos,
CIIIA), YKOMILIEKTOBAaHHOI'O 3SHEpProAuCIepCHOHHON
MIPHCTAaBKOM PEHTreHOBCKOro MukKpoaHaimsa EDAX,
nuccjefoBaad MopQoJIOrHI0 M 3JIEeMEeHTHHIH COCTaB
OTAEJIbHBIX 4YacTull. [[Jigd CHWXEHMA 3JIeKTPUYEeCKOro
3apsAfa 4YacTHIBl HaNbULUIM 30JI0TOM C IIOMOIIBIO
aBTOMAaTU3HMPOBAHHON BaKyyMHOI ycraHoBKU Desktop
Sputter and Carbon Coater DSCR (Maccauycetc, CIIIA)
(Benoseposa u np., 2019).

Ja uaeHTUGUKALUM HCTOYHUKOB a’3po30JiA
MIPOBOAWJICA aHa/IM3 OOpaTHBIX TPaeKTOPUI BO3QyII-
HBIX MacC 3a TpeXJHEBHBIII NepuoJi, B3ATHIX C BHICOT
500, 1000 u 1500 meTpoB. B kauecTBe MCXOOHBIX
JaHHBIX KCIIOJIb30BAJINCh JaHHBIE, NpeJOoCTaBJIeHHbIE
HannoHaapHBIM yIpaBjieHHeM OKeaHWYeCcKHUX U aTMOC-
depHbIx ucciaenosanuii CIIA, ocHOBaHHbBIEe Ha MOJIeT!
HYSPLIT (http://www.arl.noaa.gov).

Jna pacuera ko3dduilieHTOB oOorameHusa
MMKPO3JIeMEHTHOI'0 cOCTaBa UCINOJIb30BaId GOPMYJIy:

KO,=[(C/AD,, 1/[(C/AD,] ),

asp

973

rae KO, — kxoappunment oboramenws, (C/3) — OTHO-
[IeHre KOHIIEHTpaIUU i-TOTO 3JIEMEHTa U PernepHOro
aseMmeHTa (Al) B a3po3oJiax (asp) U B 3eMHOI Kope (3K)
(Rudnick and Gao, 2014).

Bkjlaq MUKpPO3JIEMEHTOB B OOLIUIT YpOBEHb
3arpsi3HEHUsA BO3AyXa PpacCYMTHIBAIA 1o (dopmyJie
(ITlpukaz MunuctepcTBa, 2022 https://base.garant.
ru/403588206):

Bxkiam, % = [(Ci/l'[,[[ch)f‘i/E(Ci/l'[,E[ch)Bi] X100 (2),
rae i — KOHCTaHTa JJIA Pa3JIMYHBIX KJIACCOB OMAaCHO-
cty, C, — KOHILEHTpalusa MHUKPOdJIeMEHTa B COCTaBe
asposoJia, IIKce — mpedeabHO OOMyCTHMAas CpeIHe-
CyTOYHas BeJIMYMHA KOHI[EHTPAMN MUKPOJ3JIEMEHTA B
BO3/yXe HaceJIeHHBIX MECT.

3. Pe3ynbTarthl
3.1. UoHHbIM cocTaB aTMmocPpepHOoro
a3po3onn

O6paznsl atMochepHOro aspo3oA Ha CTaHIUU
UpkyTck Obut cobpaHbl B (¢eBpajie, MapTe, HIOHe,
uioJie, oKTsAOpe u gekabpe 2024 roga. JJaHHBIN MOAX0.
MO3BOJIUJI OXBaTUTh BCe CE30HBI Iojla U y4yecTb pas-
HBle METeOopOJIOTMYecKUe yCJIOBUs, XapaKTepHble IJis
uccienyeMoii tepputopun. Ce3oHHas HM3MeHUMBOCTD
CyMMBI HOHOB B cocTaBe aTMoc(epHOro aspo3ois (AA)
Ha craHuuu VpKyTck Obljla TUMUYHOM JJIi KOHTUHEH-
TaJIbHBIX YpOaHM3UPOBAHHBIX paiioHoB. Haubosee
BHICOKHE YPOBHM KOHIIEHTpauuu MOHOB B AA HaGJio-
Jajiich B OCEHHe-3UMHUH Iepuod U 00yCJIOBJIEHBI,
mpexje Bcero, AeATeJIbHOCThI0O TOILIMBHO-3HepreTuye-
CKOT'0 KOMILJIEKCa. 3HAUUTEJIbHOE TOBHIIIIEHNE UX KOH-
I[eHTpalull onpejieleHO B OKTs0pe U CBA3aHO C Haua-
JIOM OTONIUTEJIBHOI'O ce30Ha. bojlee BhICOKIE 3HAUEHUA
B Jekabpe OOBACHAIOTCA OTCYTCTBUEM YCTOMYUBOIO
CHEXHOT'0 MOKPOBa U yBeJIWYeHHEeM aHTPONOTeHHOTo
BO3/EMICTBUSA, CBA3AHHOIO C POCTOM OOBEMOB CXUTra-
€MOro TOIUIMBAa IpU MOHWXEHUM TeMIlepaTyphl BO3-
nyxa. B deBpasne, korga noacTtuiailas MoBepXHOCTh
elle MOJIHOCThIO TOKpHITA CHEroM, MOYBEHHBIE HCTOY-
HUKU OTCYTCTBYIOT, BJIUSIHME TOIUIMBHO-3HEpreTHuye-
CKOT0 KOoMILJIeKca coxpaHsercs. IIoBhIllIeHHbIE CYMMBI
HMOHOB Kak Ha rpyboaucnepcHsix yacrunax (2.0, 5.0,
10 MxM), Tak ¥ Ha cyOMUKPOHHBIX (< 1.0 MKM) cBUJe-
TEJBCTBYIOT O BJIMSIHUU KakK JIOKAJIbHBIX, TaK U pPermo-
HaJIBHBIX MCTOYHUKOB. DTU 3aKOHOMEPHOCTU XOPOIIO
JIeMOHCTPUDPYIOTCSA JAaHHBIMU, IpeACTaBJI€HHBIMM Ha
PucyHke 2, a.

BecHoll, kxorjga HauMHaeTcA TasgHUE CHEXHOTO
MIOKPOBA, NPU UHTEHCUBHOM IIPUTOKE COJTHEYHOI paaui-
anuu ycuiarBaeTcs TypOyJIeHTHBIN TensiooOMeH U Mpo-
Ifecchl KOHBeKIMU B aTMocdepe. IIpu TasHUM CcHera B
atTMoc@depy nomnajaer 3HaUUTEJIbHOE KOJIMYECTBO MPU-
Mecell, HAaKOMUBIINXCS B CHEXXHOM ITOKPOBE 32 3UMHUI
Mepuosi, 4TO CHOCOOCTBYeT YCWJIEHUIO 3arpsi3HeHUsA
Bo3ayxa. Bojiee BrICOKME KOHIIEHTpAI[UM MOHOB B AA
Ha KPYIHBIX YaCTUI[aX B MapTe yKa3bIBAalOT Ha BIMSIHUE
JIOKaJIbHBIX UCTOYHUKOB NpuMecel B atMocdepy.

B rnetHuii mnepuop (UIOHb, WIOJIb) BJIMsAHNE
TOIJINBHO-3HEPreTUYeCKOro KOMILJIeKca CHUXXaeTcs.
OpnHako, Kak mokaszaHo B pabore (Golobokova et al.,
2025), B UpkyTcke B Temsblii nepuop roga Haburona-
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Puc.2. Ce3onHas (a) u cpefHecyTouHasA (6) M3MEHUYMBOCTh CYMMBI HOHOB B COCTaBe aTMOC(HEPHOT0 a3p030Jisi pa3HBIX pas3-
MepHbIX ¢pakimii (10, 5.0, 2.0, 0.8 mkm) Ha craHuu UpkyTck B 2024 ., MKT/M>

JIoCh JIOKaJIbHOE MOCTYILJIeHNe puMeceil B atMocdepy
13 aHTPOIIOTeHHO-HarpyKeHHHIX palioHOB ropoja, 0Co-
GeHHO IIPM CEeBEePHBIX M BOCTOYHBIX BeTpax. Kpome Toro,
JIETOM Ha M3MEeHYMBOCTb MOHHOI'O COCTaBa adpo030Jid
OKa3bIBalOT BJIMAHUE TaKue MeTeopoJsiornuyeckue (ak-
TOPHI, KaK yCUJIeHHe BeTpa, POCT KoJindecTBa aTMOC-
depHBIX OCAaAKOB, JiecHble IoXaphl. boJiee BbICOKHE
KOHIIeHTpauuu noHOB B AA B uwje 2024 r. o0ycJioB-
JIeHBl NOCTYIJIEHHEeM ABIMOBOTO aspo30JiA OT JIECHBIX
noxapos (cMm. Puc. 2, a).

[Ipu ycpenHeHUU cpelHEMeCAYHBIX 3HAYeHUN
JaHHble, BBHIXOZAIINE 3a Ipefielibl TpeX CTaHAapTHBIX
OTKJIOHEHUI B COOTBETCTBUM C HOPMAaJIbHBIM paclipe-
JejieHreM, ObBUIM WCKJIIOYEHHl [UIA IIpefoTBpalleHusd
HCKaXeHUs CpeJHUX IIOKazaTesleli, HO IpX aHaJu3e
CcpeqHeCyTOYHBIX M3MepeHUl coxpaHeHHl. B xone mex-
CYTOYHBIX HaOJII0OleHUN YCTaHOBJIEHO, YTO AJIUTeJlb-
HOe BO3JeliCTBHe BO3JYIIHBIX Macc, MOCTYHAMMUX C
OOHOr0 W3 HaIpaBJieHull IlepeHoca B HCCJIeAyeMBbIH
paiioH, oka3blBaJIO 3HAUMUTEJIbHOE BJIMAHNE Ha Uu3Me-
HeHNe KOHI[eHTpalluy NOHOB B COCTaBe Bcex Gpakiuii
YaCTHUI[, Cpeay KOTOPhIX riaBHeIMU Obutu Na', Ca?, CI,
NO, u SO,?*. Tak, HanpUMep, TPEXCYTOYHOE MOCTYILIEe-
HUe BO3AYLIHBIX Macc C ceBepo-3allaJIHOro Halpasjie-
Hus, 3adukcupoBaHHoe ¢ 16 no 19 despansa 2024 roga

(Puc. 3, a), mpuBeJI0 K yBEJIMYEHUIO KOHI[EHTPALHU
nonoB Na’' B 2.5-3 paza, Ca* - B 1.5-2 pasa, NO, — B
7.5-10 pa3 u SO,* — B 3 pasa Ha 4acTUIaX Pa3MepPOM
0.8, 2.0 1 5.0 MKM IO CPaBHEHUIO C HaYaJIbHBIM NepU-
ogoM wu3MepeHuii 14-15 deBpana Ipu IOro-ro-a-
[aJIHOM IIepeHoce BO3JyIIHHIX Macc. KoHijeHTpanus
noHoB Cl" mpu 53TOM BOo3pociia B cpeHeM B 1,5 pasa Ha
yactunax 2.0, 5.0 u 10 mxMm. HauboJiee 3HaUMTEJIbHOE
yBesmueHue KoHIeHTparuu noHoB K (5.8 pa3za), ¢uk-
cuposaJsioch Ha yactunax 0.8 mxm. Kpome toro, Habs1t0-
JTAJI0Ch TIOBHIIIEHNE KOHI[EHTpauyu NoHOB Mg? Bo Bcex
pasmepHBIX ¢pakiuax B 2.2-9.2 pasa.

[Ipu cMmeHe HalpaBJjieHUs BeTpa Ha 3anajHoe U
I0ro-10ro-3anajjHoe IIpOU30ILI0 CHIXXeHNe KOHIleHTpa-
I[UM BCEX MOHOB, KOTOPOE BHOBb BO3POCJIO IIpU CEBe-
po-3anagHOM mepeHoce 26-27 despansa, 4-5 Mapra,
27-29 mapra, 16-18 oxTaA6psa, 11-12 gexabpsa (cwm.
Puc. 2, 6). [loBbilieHNe KOHI[EHTpallK NOHOB Ha KPYII-
HBIX ¥ MeJIKMX 4YacCTHULaX IIpYU 5TOM HallpaBJIeHUU BO3-
JYIIHBIX Macc CBUAETEJIbCTBYET Kak 00 JIOKaJIbHOM UX
IIPOUCXOXKAEHNY, TaK U O JaJIbHeM MeXperrnoHaJIbHOM
nepeHoce co CTOpoHBI KpacHOApCKOro Kpas B 9TU Nepu-
oAbl oTOOpa a’po30JbHBIX dacTull. PaHee GbLJIO MTOKa-
3aHO, YTO I'OCIO/ICTBYIOI[ME Ha BEICOTaX ceBepo-3amai-
HBle 1 ceBepHble NIOTOKM BO3AYIIHBIX Macc, CMellasch

NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL
Backward trajectories ending at 0500 UTC 19 Feb 24 Backward trajectories ending at 0200 UTC 26 Oct 24 Backward trajectories ending at 0300 UTC 04 Jun 24
CDC1 Meteorological Data (a CDC1 Meteorological Data (6) CDC1 Meteorological Data ( B)
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] 8, s
w ® 15 ©
8 S -
] @ > o
g I8 0 )5 1 =il =3
3 & 3 3
E g E E
® %! e
* NN )| * *
® N / o @
e ) =3 <
3 e 3 3
%] L gyt o a | n
g PRy TCK i (
f o “RXIMCTBAHKA =
3 3 g
g e 1500 | | 1500 Fowg—F 2 oo 1500
2| 1000 g—s——smmemme—2T T —_ 1000 | £ | 1000 - 21 1000 Fpecem" e —s= - 1000
3| s00 *_'—*—.—__._._—.-'\E% 500 | @ | 500 | 500 *.._._’-._._._-l—h'_‘._._‘- 500
= 100 # = 2] 100 e
00 18 12 06 00 18 06 00 18 12 06 00 18 12 06 00 18 12 06 00 18 12 06 00 18 12 06 00 18 12 06 00 18 12 06
0219 02/18 02/17 10/26 10/25 10/24 06/04 06/03 0f

Job 1D: 134320 Job Start: Mon May 27 07:43:01 UTG 2024 Job 1D: 121043 Job Start: Fri Jul 4 13:10:00 UTG 2025 Job 1D: 128849 Job Start: Mon Oct 7 14:51:20 UTC 2024

Source 1 lat.: 52.2485 lon.: 104.2596 hgts: 100, 500, 1000 m AGL Source 1 lat.: 51.846600 lon.: 104.893200 hgts: 500, 1000, 1500 m AGL Source 1 lat.: 52.248500 lon.: 104.259600 hgts: 100, 500, 1000 m AGL

Trajectory Direction: Backward  Duration: 72 hrs. Trajectory Direction: Backward ~ Duration: 72 hrs. Trajectory Direction: Backward  Duration: 72 hrs

Vertical Motion Calculation Method: Model Vertical Velocity Vertical Motion Calculation Method: Model Vertical Velocity Vertical Metion Calgulation Method: Model Vertical Velocity

Meteorology: 00007 1 Feb 2024 - reanalysis 00002 1 Oct 2024 - reanalysis Meteorology: 00007 1 Jun 2024 - reanalysis

Puc.3. O6paTHble TpaeKTOPUM JBMKEHMsA BO3AYIIHBIX Macc Ha BeicoTax 500, 1000, 1500m (6a3sl JaHHBIX HalmoHaJbHOTO
ynpaBjieHUA OKeaHH4YecKuX u atMocdepHsix ucciegoanuii CIIIA, ocHoBanHble Ha Mojiesin HYSPLIT a)16-19 despasa 2024 r.,
6) 24-26 oxTaAbGpsa 2024 r., B) 3-4 utonsa 2024 r. (ARL NOAA, http://www.arl.noaa.gov)
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Haj [pPOMBIIUIEHHBIMH paitioHaMu KpacHosapckoro
kpas u UpkyTckoil ob6iactu, oboramarmTcsa YacTULaMU
AHTPOIIOT€HHOr'0 IPOUCXOXKAEHHUA U C HUCXOOAMUMU
[IOTOKaMHU B aHTULMKJIOHE IPUBOAAT K POCTY CYMMBI
HMOHOB B aTMoc¢epHOM aspo30Jie B paiioHe HalJtofe-
HusA (I'osto60koBa u fp., 2025).

JlmutenpHOE MOCTYIJIEHME BO3AYIIHBIX Macc C
3anagHoro HampasjeHus (22-29 oktabps, Puc. 3, 6) c
Teppuropuil Kazaxcrana u Pecniy6mku TeiBa B OCHOB-
HOM COIIPOBOXAAJIOCh IOBBIIIEHHEeM KOHILIeHTpaIui
noHoB Na*, K*, CI' u SO,* B wactunax 2.0, 5.0 u 10
MKM.

Hab6mrogatomeecs nopullieHe CyMMBI NOHOB 3-4
nioHA 2024 r. BO Bcex Gpakuyax a’spo30Jid NPOUCXO-
Ao Ha GoHe NOCTYIJIeHNA BO3AYIIHBIX MacC C I03KHBIX
patioHoB Monrosmu (Puc. 3, B). Ha 1ore 3Toi1 cTpaHsl B
nmycThiHe ['o6u pou3BoAnTCA AOOBYA KAMEHHOTI'O YIJIA,
a Takke pa3pabaThIBalOTCA MeCTOPOXAEeHHUA 30JI0Ta U
Menau. B cBolo ouepeap Ha TeppuTOpHI0 MOHroIMy npu
I0XKHBIX U I0T0-BOCTOYHBIX IlepeHocaxX BO3QYLIHBIX Macc
MIOCTYMAIOT 3arpA3HAIIYe IpUuMecy U3 HauboJiee po-
MBIIIJIEHHO Pa3BUTHIX [IeHTPaJIbHBIX U BOCTOYHBIX paii-
oHoB Kuras, Bxmouatomux IllsabsaH, Hlanxai, [Tekun
(Kamcyesa u fp., 2012). BosHukaromjass TeMieparyp-
HasA VMHBepCcHUA NO03BOJIAET MBUIEBOMY a’3pO30JIi0 Iepe-
HOCUTbCA Ha Oosbmme paccrosHuA. CpaBHeHHe KOH-
IleHTpaluil NOHOB B a’3po30Jie, cCOOpaHHOM 3-4 HIOHA,
CO CpeJHUMH 3HaUYeHUAMHU HIOHA [I0Ka3aJI0 3HAUUTeJIb-
HOe yBeJINYeHUe cofiepKaHusA BceX MOHOB OT 3 o 12.5
pas. Tak, Ha yacTunax 10 MKM [IpOM30LLIO YBeJIu4YeHne
KoureHtpanuii NH,, Mg® u CI', ot 4.0 10 11.9 pas. Ha
yactunax 5.0 MKM 3aMeTHOe yBeJIM4eHHe KOHIIeHTpa-
Ui HaGrogaochk 1A uoHos Na', Mg® u NO,;™ ¢ Mak-
CYMaJIbHBIM TOBHILIIeHreM [0 12 pa3 ays Mg, uoHoB
Na'u NO, - B 7.3 pa3a. AHaJIorMuHasi TeHAEeHIIUs po-
cJlexuBasiach U g yactun 2.0 MKM, poCcT KOHI[eHTpa-
1uit noHoB NH,', Mg® u Cl° B KOTOPBIX U3MEHSETCS OT
6.5 pas mo Cl" go 10.3 pa3 mo Mg?. Ha MeJKux yacTu-
nax 0.8 MKM MakcHMaJjbHOe IOBBbIIIeHHe KOHIIeHTpa-
1uit Habmoganucs aist K (10.9 pas), Mg® (10.1 pas) u
NO; (8.8 pa3).

B ce3oHHOM pacnpedeseHUU CyYMMbl HOHOB B
aspo3oJie pasHBIX pasMepHbIX (pakluil Ha CTaHIUU
JlucTBsAHKa, Kak M Ha craHuuu Mpkytck, Haubosee
BBICOKME 3HaUeHNA NOHOB HabJII0JaJINCh B OCEHHEe-31M-
HUe MecsALbl — OKTsAOpe, iekabpe u ¢pepparie (Puc. 4, a).
B okTa0pe u gekabpe B JIUCTBAHKe, KaK U Ha CTaHIUU
HpKyTCK, OTCyTCTBYeT YCTOMYUBBIE CHEXHBII MOKPOB,

U JlelicTByeT OTONMTEJIbHEIN nlepuoA. B ¢peBpase, B nuk
MHTEHCHBHOI'O 3MMHero TypUCTHYeCKOTo Ce30Ha Ha 03.
baiikas, B n. JIuCTBAHKA Ha OrpaHUYEHHON TeppUTO-
puu BAOJIb IoOepeXxbs U Ha JIbJy O3epa CKaIlJIiBaeTcsA
60JIbIIIOE KOJIMYECTBO aBTOTPAHCIIOPTA, YTO AOMOJIHU-
TeJIbHO yBeJIUMBaeT 3arpsA3HeHHe BO3[yXa BBIXJIOIN-
HBIMU rasaMy. YBeJjldueHHe KOHIIeHTpal[ii HOHOB B
HI0JIe CBA3aHO C NMOCTYIJIEHHEM JIMOBOTO a3p030Jis OT
JIECHBIX MTOXXapOB B palioH HaOJII0JeHU.

B cpeanecyTouyHO!l OuUHaMKKe IOBBIIIEHHE
CYMMBI IOHOB B a3p030Jie IPOUCXOAUJIO IIPH NMOCTYILJIe-
HUU BO3JYIIHBIX Macc C CeBepo-3alaJHbIX U CeBepHBIX
HanpasJIeHUH, CHI)KeHNe — [IPY NOCTYIJIEHNU!U C F0XKHBIX
(}0B, IOIOB, 10, I0I03, 103) HanpaBaeHuii. Tak 19-22
niosia 2024 r. B atMocdepe Ha cT. JIMCTBAHKA OLIy-
ImaJsicA 3amaxa JbiMa OT JIeCHBIX IIoxapoB. Kak nokazanu
oOpaTHBle TPaeKTOpHUU, ABIMOBOM a’3p030Jib MOCTyMas
C CeBEepHOro U I0ro-Iro-BOCTOYHOIO HalpaBJjIeHuH - C
tepputopuu bypsaruu (Puc. 5, a). B To xe BpeMs Ha
BhicoTe 3000 M (3eseHble JIMHMU) BO3JYIIHBIE MacChl
nepeaBUraanch ¢ reppuropun Monrosuu (Puc. 5, 6). B
cocTaBe aspo30JiA BceX pasMepHbIX ¢ppaknuil Hanbosiee
BCero MoBbICUJIACh KOHILleHTpanusa noHoB Na* (2.1-6.9
pas), NH,* (1.9-8.0 pa3), K* (2.8-3.7 pas), Cl (2.3-4.0
pa3) u SO,*> B 4 pasa. Kak M3BeCcTHO, B 3aBMCUMOCTHU
OT BHAA CKuUraeMoil 6uomaccel jieTyure HeopraHuye-
CKHie KOMIIOHEHTHl KOHJIEHCUPYIOTCA B BHJIe XJIOPUIOB
U cyJb(daToB B IpyMIly 4acTul], oOoraieHHbIX KaJlieM.
XJiopuabl U KajJuil ABJAIOTCA MapKepamuy JbIMOB Jiec-
HBIX II0)XapOB U MCIOJIB3YIOTCA IIPU MOJeJIMPOBaHUU
nepeHoca mutelidoB oT jecHbIx noxapoB (Reid et al.,
2005).

B cocraBe aspo3osi, coOpaHHOro Ha CTaLMoO-
Hape bosbmue KoThl, ce30HHasA U3MEHUYHNBOCTb CYMMBI
HMOHOB OTJIYaJjlach OT TaKOBOM Ha cTaHUUAX VIpKyTck
u Jlucteanka. HanboJsiee HU3KMe KOHILIEHTpAIly HOHOB
HabJII0JaJIMCh B XOJIOAHBIN NTepHO/] Ha KPYNHEIX 4acTH-
rax 2.0, 5.0 u 10 mxm. B pe3ysibraTe reorpaduieckoi
YAAJIeHHOCTU OT KPYIHBIX NPOMBIIIJIEHHBIX LIEHTPOB,
MaJioro KoJu4ecTBa IIPOXUBAIOIINX JIIOJEl B IIOCeJIKe,
HajiMuyle yCTOMYMBOIO CHEXHOIO U JIeAOBOr'0 IIOKpOBa
Ha MOBEpXHOCTU 03epa, aTMocdepHble MPOIeCcCH, CIOo-
coOCTBYyIOI[ie HAKOIUJIEHUIO 3arpA3HAIIINX BeIIeCTB,
371ech CyIleCTBEHHO OrpaHUyYeHbl. DTU (PaKTOphl CHU-
3WIM A0 MUHUMAQJIbHBIX BeJIMYMH AaHTPOIOreHHOe
BO3[IelCTBHEe Ha KaueCcTBO aTMoc(epHOro Bo3gyxa B
nocesike Bospime Kotol (Puc. 6). B sieTHuil nepuof B
3TOM paiioHe HaOJIIOAAJIOCh BO3JEHCTBUE MOJCTHUIIAI0-
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Puc.4. Ce3zoHHas (a) u cpeHecyTouHasA (6) M3MEeHUYNBOCTh CYMMBI HOHOB B cOCTaBe aTMoc(hepHOro aspo30Jisi pa3HbIX pas-

MepHBIX Gpakuuil Ha ctaHiuu JluctBsaHka B 2024 ., MKr/M>
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Puc.5. ITocTymieHre ABIMOBOIO @3p030JIA Ha TeppUTOpHI0 BalikaibCKoro pervioHa 1 akBaTopuio o3. Batikan 21utonsa 2024 r.:
a) Ha Beicotax 100, 500, 1500 m; 6) 100, 500, 3000 M (ARL NOAA, http://www.arl.noaa.gov).

el NOBEePXHOCTH MU aHTPONOIeHHHIX (aKTOPOB, CBi-
3aHHBIX C BOJHBIM TpaHcmopToM. IIpousomsio yBesu-
yeHHe CyMMapHOrO CoJepXaHWA MOHOB Ha yacTUllax
pasmepoM 10 MKM B 4 pasa, YTO yKa3bIBaeT Ha JOMU-
HUPOBaHUe JIOKAJIbHBIX NCTOYHUKOB B (OPMHUPOBAHUU
XMMMYECKOro cocTraBa aTMochepHOro aspo30Jid BO
BpeMA JIeTHero TypuUCTUYecKoro cesoHa. OOmas KOH-
LleHTpanusA CyMMbI NIOHOB BO3pOcCJIa 3a CYeT pocTa KOH-
nenTpanuu noHos NH,* (8 16 pas), K* (8 10 pas), Mg>*
(8 8.0 pas), Ca*>* (8 9.8 pa3), ClI (8 3.5 pas), SO,* (8
3.4 paza). IlouTu KpaTHOe NOBHIIIEHNEe KOHI[eHTpaluu
noHoB Ca?* HabII0JaJIOCh HA YaCTUIIAX BCEX pa3MepOB.
Cymma noHOB Ha vyactunax 2.0 u 5.0 MKkM Bo3pocia B
2.5 u 3.0 pasa, COOTBETCTBEHHO, Ha yacTtunax 0.8 Mkm
—B 1.6 pas. 9-10 utosia 2024 r. B atMocdepe oTMevancs
3anax AsiMa (Puc. 6, 6). B aToT nepuof 3adukcupoBad
POCT CyMMBbl MOHOB Ha dYacTunax pasmepoMm 10 MkM
— B 5.0 pa3, 5.0 MkMm — B 1.6 pa3a 0 CpaBHEHUIO CO
CpeqHUMMH 3HayeHuAMHU 3a HIoJIb. BimsAHMe jecHOro
noxapa ¢ 19 no 22 wutosis, HauboJiee OTUETIMBO MPOs-
BUBIIIErocs B MI3MeHEeHUN NOHHOI'0 COCTaBa Ha CTaHIUU
JIncTBsAHKa, OKa3aJIoCch 3HAYMTEJIbHO MeHee BhIpakeH-
HBIM B II. Bosibmue Kotel. Tem He MeHee, 3aHOC IbIMa OT
[oXXapa, HeCMOTps Ha ero MeHbIIyI0 MHTEeHCHUBHOCTb,
MpUBeJI K MoBhimenyo B AA nonos Cl, SO,%*, Ca* u K,
0COOEHHO B KPYNHBIX YacTHUIAX.

(6)
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3.2. MUKpPO3AEeMEeHTHbIN COCTaB
atmocdpepHoro asapo3ona

B xome aHajm3a MHKPO3JIEMEHTHOTO COCTAaBa
aspo30JiA B ¢peBpajie-MapTe Ha cTaHIuu UpKyTCK ObLIO
BBHISIBJIEHO, YTO HauboJiee BBICOKHME KOHIIEHTPAI[UU CO
3HaueHreM cBbie 1.0 Hr/M> onpeesieHsl 4J1s 3JIeMeH-
toB Cr, As, Sn, Ni, V, Pb, Cu, Sr, Mn, Ti, Ba, Zn, Fe,
B u Al. Ix o1 B 00IIeM MHUKPO3JIEMEHTHOM COCTaBe
cocTasiiana B cpegHeM 98-99%. B jeTHuil nepuon u
B Havajle OTONMTEJIbHOT'O Ce30Ha 3TOT psf ObUI pac-
mpeH 3a cuyetT Mo, Sb, W u Co. B aspo3sone Ha cra-
nuoHape B Bosmpmmx Kortax Haubojiee BBHICOKUMU B
MapTe 6bUTM KOHIleHTpanuu Zn, Cu, Al, Fe, B, B ieTHUiA
nepuofd K HUM AoGasuiuck Ni u Sn. B coBokynHocTH
J0JI1 MUKPO3JIEMEHTOB B a3po30Jie C KOHIleHTpaluen
6osiee 1.0 Hr/m® cocraBmiia Ha crTaHuUU boJiplime
Kotel B MapTe 93%, B utoJie — 97%. B cocTtase aspo30J1a
Ha cT. JIuCTBAHKA NOBBIIIEHHYI0 KOHIIEHTPAIUI0 NMeJIN
Ba, Sr, Mn, Ti, Ni, Zn, Cu, Pb, B, Fe, Al, uTo cocTaBujio
97% ot obmell cyMMBl BceX 3JjieMeHTOB. CyMMmapHoe
coflepXaHue MUKPO3JIEMEHTOB B a3p030Jie Ha CTaHIUU
UpKyTCK B cCpeqHEM MpeBHIIIaeT aHaJIOTMYHbIe TTOKa3a-
Tesu JIucTBsAHKY O0Jlee yeM B YeThIpe pa3a, B a3po30Jie
Bospminix KoToB — 60Jiee uemM B BoceMb pas.
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B ce30HHOM paclipefie/IeHUH B COCTaBe a3p030J1A
HpkyTcka NoBBHIIEHHBIE CYMMBI MUKPO3JIEMEHTOB, KaK
YU CyMMBI MOHOB, HaOJIloAaIuch B OKTAOpe U Aekabpe.
[IpeBrilleHNie CyMMapHOH KOHIIEHTpaluyd MUKpO3Jie-
MEHTOB B HIOHE, [0 CPaBHEHMIO C XOJIOAHBIM IEepHUO-
aoMm, coctaBuiio B 2.3-2.4 pasa Ha vactunax 2.0, 5.0 u
10 mxM. Ha wacrunax 0,8 MkM paznuuus ObUTA HUXE
OAHOT0 cpeAHeKBaJgpaTUYHOro oTkjoHeHus (Puc. 7).

HanGonpmnii MHTEpec MpeAcTaB/IANl dJIeMeHT-
HBII COCTaB a’po30Jis, cOOpaHHBIN 22 UI0JiA, Korjaa B
BO3/lyXe IIPUCYTCTBOBAJI 3allaX AbIMa OT JIECHBIX I0Xa-
poB. B aspo3sosie Habu0fasoCh 3HAYUTEJIBHOE YBeJIU-
YyeHHe KOHIEHTpal[MM MUKPOJJIEMEHTOB Ha YacTUIax
pasmepoM 10 MKM II0 CpaBHEHUIO CO CpeJHUMMU 3Ha-
YeHUsIMU UIOHA. YPOBEHb COAEpXaHUsA dJIEMEHTOB BO3-
pocC OT Tpex [0 ABaAllaTU BYyX pas, IpuyeM HaubOoJIb-
Ilee rnpeBbimeHue 3adukcupoBaHo A Co, Ni u Pb.
MaxkcuMaJsibHOe yBeJInueHre KOHLIeHTpaLuu, AoCTUra-
romiee 107 pa3, otMeueHo 1A Zn. Heobxoaumo otme-
TUTb, YTO CO ILIeHdaMU OT JIeCHBIX MOXAapoOB YBJe-
KaloTCA He TOJIBKO aKTHBHBIE BO3MYIIHbBIE MUTPAHThI
JIECHBIX TI0’KapOB, HO U 3JIEMEHTHI, HaKaIlJINBaILecs
Ha noxapumax (Cr, Ni, Co, V, Th, Al), a Takxe BEIGPOCH
MIPOMBINJIEHHBIX NPeANpUATHH M MOYBEHHAas IMbLIb
(Illep6oB u XKXypkoa, 2014; Schlosser et al., 2017).
B oTinune OT 3JIeMEHTHOIO coCTaBa aspo30Jid B TI.
HpkyTcke, Ha ctaHnuy JINCTBAHKA B CE30HHOM I[HKJIe
MakcuMaJibHble 3HAYeHWUsA KOHIEHTpal[UM MUKPO23-
JIeMeHTOB, KaK W HOHOB, Ha0/loAainuch He TOJIBKO
B OKTAOpe u Aekabpe, HO U B (eBpasie. B nuk Typu-
CTHYeCcKOoro ce3oHa Ha balikase, ocoGeHHO BO3POCJIO
coJiepXXaHUe TaKUX 3JieMeHTOB, kak B, Al, V, Co, Ni,
Cu, As, Sr. CaMble BBICOKME YPOBHU MHKPO3JIEMEHTOB
Habofanuch Ha yactunax pasmepom 0.8 u 2.0 MKkM
(cm. Puc. 7, 6). B mapTte KoHIleHTpaIisl MUKPO3JIeMeH-
TOB CHU3WJIACh, OJJHAKO B MIOHE BHOBb IPOU3OILIO UX
NOBHIIIEHNE B CBA3U C HaKOIUIEHHMEM B aTMOC(pepHOM
BO3/lyXe PacTUTEJIbHOrO U IIOYBEHHOI'0 MaTepuasa.

Ha cranuonape bBosbmine KoTwl mpociexuBa-
Jloch HJeHTU4YHoe cTaHnuaM Hpkytck u JlucTBsAHKA
pacnpefiejieHre KOHI[eHTpalUUil MHKPO3JIEMEHTOB C
6oJiee HU3KUM cOJiepXKaHreM B MapTe U NOBBIIIEHNEM B
utoJie. J{y1s1 6oJ1b1Iel JOCTOBEPHOCTHU CpeTHUX JaHHBIX,
HCKJIIOUEeHB TPOOBl C BBICOKMMM KOHIIEHTpAaIMAMU,
oTobpaHHbIe 6 UIOJIA PU BJAUAHUU JIOKAJIBHOT'O UCTOY-
HuKa (pabora gBuraresis cyHa BO6JIM3U CTaHIUN) U 22
WI0JIS1 IPU BJIMSAHMU JBIMOBOI 3MHUCCUM JIECHBIX MOXa-
poB. IIpeBbillieHre CyMMapHOU KOHI[eHTpaLUy 3J1eMeH-
TOB B JIETHUH nepuof Ha yactunax 10 Mxm 65110 B 1.9
pas, 5.0 MmxM - B 3.7 pa3s, 2.0 MxMm — B 4.1 pa3, 0.8 Mxm
— B 4.8 pas3 Bhillle, yeM B BeceHHui (Puc. 7, c).

B asposoJsie, cobpaHHOM NIpHU BJIUAHUM PaOOTHI
ABUTaTesis CyAHa, HaXoAsAlerocs BOJIM3U TOYKU 0TOOpa
npob6 B TeueHHEe HECKOJIbKHX YacOB, BBIABJIEHHI IOBHI-
[IeHHble KOHIIeHTpAlK BCeX OIpefiesIieMbIX MUKPO3-
JieMeHTOB. CpaBHUTEJIbHBIM aHAU3 C yCpeJHEHHBIMU
WIOJIbCKUMU 3HaueHUsAMU MPOJeMOHCTpUpoBasl Oosiee
yeM TpeXKpaTHOe NpeBhIlIeHre I CAeyIomuX 3Jie-
MmeHTOB: Be, B, Se, Cr, Fe, Co, Ni, Cu, Mo, Cd, Sn, Pb,
U, Ag, koTophle ObLIM COPOMPOBaHBEL, B OCHOBHOM, Ha
yactunax 2.0 u 0.8 MxkMm. B pesysbTaTe cpaBHeEHUA
KOHI[eHTpaluil 3JIeMEHTOB B aspo30jie, cOOpaHHOM
MpU BO3JEHCTBUU ABIMOBOM 3MMCCHUM, C aHaJIOTHY-
HBIMM CpeJHMMH AaHHBIMM 32 MIOJIb BBIABJIEHO, UTO,
Kak 1 B aspo3oJie MpkyTcka, HauboJiblilee MpeBbIlleHe
KOHI[eHTpaluuil HabJiofasoch Ha dactumax 10 MM,
C TaKoM Xe KpPaTHOCTBbIO OT TpeX MO0 ABaAUaTU IBYX
pas, HO AJid MeHblllero 4ucija 3jeMeHTOB. OcoOeHHO
3aMeTHO BO3pOC/iU KOoHIeHTpanuu ypaHa (U), mutus
(Li) u xobanpTa (Co).

PesysnipraThel aHanuza ko3G@uUUNEHTOB 060-
rameHuss MHKpPO3JIEMEeHTaMU a3pO30JIbHBIX YacCTHll,
oTOOpaHHBIX Ha craHUUAX Hpkyrtck, JIUCTBAHKA U
Bosbmivie KoThl, 03BOIMIIN KJIacCUPUIUPOBATH 3JIe-
meHTH Be, Al, Ti, V, Mn, Fe, Co, Sr, Ba, Th u U kak
KOMIIOHEHThl TEPPUTreHHOI'0 MPOUCXOXJEeHUs ¢ K03d-
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¢urnuentamu oboramieHusa (KO) meHee 10. DyeMeHTH
Ni, Zn, As, Mo, Cd, Sn, Sb, W u Pb 6blsIi OTHECEHHI
K TpyImme ¢ ko3dduuueHramu oborameHusa ot 10 go
1000. Haubompinee oboralieHre a3po30JIbHBIX YaCTUI]
(KO 6osee 1000) obHapyxeHO A/ 31eMeHTOB B, Cu,
Se, Cd, Sn u Ag. O6a psa 3J1eMeHTOB UMEIOT TEXHOTEH-
HOe IIPOUCXOXEeHUE.

Haubonpmuii BkjIag B 0OOLIMil YpPOBEHBb 3arpss-
HEHUs BO3AYIIHOM cpedpl Ha craHnuu MpKyTCck
B IOpsAAKe BO3pacTaHUs BHOCWJIM  3JI€MEHTHI
Fe>Mn>Al>Cu>Ba>Ni>Zn>Pb>Se>Co.
MeHbliiee KOJINYEeCTBO 2JIEMEHTOB, y4acTBy-
IomMx B o0mleM ypoBHe  3arpsA3HeHus  BO3-
ayxa, onpedejieHO Ha craHmuAx JIUCTBAHKaA
(Fe>Cu>Ni>Al>Mn>Zn>Se>Co) Boubiiue
Kotsl (Fe >Cu> N> Mn).

u

3.3. PacnpeaeneHue ca)xeBbiX YacTHL, M
MNMAY B cocTaBe a3po30oAf

CaxeBble 4YacTUlbl 00pa3yloTcsi B pe3yJjbTaTe
HEIIOJIHOT'O CrOpaHUsl OpraHWYeckoro TOIUIMBA U
MOTYT BKJIIOYaTh B cebsA yIjiepoAHble YacTULbl (uep-
HBIII YTOJIb), a TaKXe Apyryue OopraHuyeckre coeunHe-
HUs, KOTOPHIE YYacTBYIOT B 3arpsA3HeHuN Bo3ayxa. OHU
BHIOpACHIBAIOTCA HENOCPeICTBEHHO B aTMocdepy B Bre
MeJIKUX YacTHUI[ C PAAUyCcOM MeHee 2.5 MKM U JIETKO
copObUpYIOTCA Ha a3pO30JIbHEIX YaCTUIIAX pa3sHOro pas-
Mmepa (Report EPA-450, 2012). Bpemsa mnpeGbiBaHus
caxu B aTMocdepe MCUHCIIETCS HECKOJIBKUMU JTHAMU
wu Hefensamu. VceiefoBaHus 110 Y4epHOMY YIJIepoAy,
BHIITOJIHEHHBIE B atMocdepe Haj Balikamom, nmongreep-
XIAI0T, 9TO paclpefieyieHre MacCOBOM KOHIIeHTpanuu
3TOro KOMIIOHEeHTa HaJ akBaTtopuell Balikaia HepaBHO-
MepHO U CBU/IETEJIbCTBYIOT O BIIMSHUU BEIOPOCOB, IIepe-
HOCHMBIX W3 NPOMBIIJIEHHEIX palioHoB [Ipubaiikaiibsa
o oivHaM pek AHrapsl, CejieHru M3 KpyIHBIX Hace-
JIEHHBIX [IYHKTOB, TYPUCTHYECKUX MecCT Ha nobepexsbe,
a Takxe BO BpeMms JiecHbIX moxapoB (Khodzher et al.,
2020).

Kak cienyer uz PucyHka 8, Hambosiee BBICO-
KHe KOHIIEHTpAIlM CaXeBbIX YaCTUIl COLEpPXaJIUCh B
aspo3soJie Ha cTaHnuu MpKyTck. B ce30HHOM X0jie KOH-
[[eHTpaluy CaXH Ha BceX CTaHIUAX Hab/I0gajioch ee
CHIKeHUe B JIETHHUII Ieprof, MaKcUMaJIbHbBle 3Haue-

HUA omnpefeyieHbl 3uMoii. Haubosiee mogpobHo cpen-
HecyTOYHasA JUHaMMKa KOHIIeHTpalMK caxu IpoaHa-
Ju3upoBaHa B ¢eBpasie Ha ctaHuuu Mpkyrck. Huskue
KOHIIeHTpalliy onpefesieHbl B IepHUOAbl YCUJIEHUHU CKO-
pocTu BeTpa U BbIMafeHusA ocaakoB (16-19 ¢espais,
22-26 (QeBpasisa). YuuTheiBasg, YTO CaXXeBble YACTUI[BI
MOTYT AJIMTEJIbHO HaxOOUThCcA B aTrMocdepe, MOBHI-
IIeHHble KOHILIEHTpalluy CcaXxu B a’po3oJie, COOpaHHOM
25-26 uI0JIA, OYEeBUAHO, CBA3aHBI C HAJIMUMEM JIBIMO-
BOro aspososia 19-22 umwnA B atMocdepe Ha Teppu-
topuu MpkyTrcka u JIMCTBAHKY, IAe BJIUAHUE JIECHBIX
[I0’KapoB CKa3bIBAJIOCh CUJIbHee, YeM B bosbminx Korax.

CaxeBble YaCTUIBI YacTO CJIyXaT HOCUTeJIAMU
MOJIMIMKINYECKUX apoMaTHYeCKuX YIJIeBOJOPOJOB
(ITAY), xoTOopble NMPUJIUNAIOT K HUX MOBEPXHOCTU, YTO
yBeJINUMBaeT UX CTOMKOCTb U OIACHOCTb JJIA 30POBBA.
Uamepenus caxu u [TAY npoBoguiavch Ha 4YacTULAX
Pa3HBIX pa3MepHBIX (paknuil NPOBOAWJINCH BIIEpBbHIE
Ha cTaHIMAX MoHuTopuHra B l0xHowm I[Ipubaiikase.

B xosionsIit nepuof (dbeBpaib-MapT) B a3po30Jie
r. UpkyTtcka cpeaHue 3HaueHUs cyMMHI [TAY uzmens-
sack ot 0.4 mo 0.5 ur/m® Ha yacTunax pasmepom 2.0,
5.0 1 10 MKM U cocTaBwiIu 2.2 Hr/M> Ha YyacTULax qua-
MeTtpoM 0.8 MKM. B kpymHBIX yacTuiax mnpeobJagaia
rpyIia BEICOKOMOJIEKYJIAPHBIX COeAVHEHUM C ABYM,
TpeMs:A U 4eThIpbMs OeH30JIbHBIMU KOJIbI[aMH, COAepXKa-
HHe KOTOPBIX COCTaBUJIO B cpeaHeM 31%, 31% u 29%,
cooTBeTcTBeHHO. Ha uactunax 0.8 MKM oTMeuasoch
NOBHBIIIeHNe [0JIU coenHeHuil ITAY ¢ nATbi0 6eH30J1b-
HBIMU KoJibLlaMu OoT 17% no 25%, a Bkyian ITAY ¢ gsyms
KoJibllamMu cHuxascsa ot 6% no 9%. Cpeau MHAUBULY-
anpHbIX [TAY Ha vactunax 5.0 u1 10 MKM JOMUHUPO-
Bayu (deHaHTpeH U HadTaauH, Ha yacTuuax 2.0 MKM
— (¢eHaHTpeH, HadTaMH U PJIyOpaHTEH, Ha YacTULlaX
0.8 MKM — nupeH, dbeHaHTpeH, GyyopaHTeH u 6eH3[b]
dnyopanten. Ha ocHoBe MeToAa AUarHOCTUYECKUX
cooTHomeHuil  ¢dayopaHTeH/(PpsIyopaHTeH + nuipeH),
paBHbIX Oosiee 0.4, B r. Upkyrcke ucrounuku I[IAY
kiIaccuduuupyioTcss Kak mnuporeHHble (Tobiszewski
and Namiesnik, 2012; Sun et al., 2023). Ha ugacTtuijax
10 MxMm mpu 3HaueHusax cooTHomeHua 0.5-0.7 TIAY
azicopOUpOBaHBl M3 NMUPOre€HHBIX NCTOYHHUKOB, TaKUX
Kak TemoasiekTpoctaHiuu (TOI) U aBTOTpaHCHOPT.
Ha vactunax 5.0 MKM, rje COOTHOIIIEHHEe COCTaBJIAJIO
0.3-0.8, obHapyxeHBl KaK NMUPOTeHHble, TaK U NEeTPO-
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Puc.9. COM-n3o0paxeHHs YacTUl] B IpU3eMHOM aTMocdepHOM aspo3oJie Ha cTaHUUAX UpkyTck (mo3unuu 1-4), JIucTBaHKa
(mo3unuu 5-8) u bospme Kotsl (mo3nnuu 9-12): caxessle yacTullpl (mo3unuu 1, 5, 9); netydas 3oi1a (nosuiuu 2, 6, 10); MuHe-
pasibHBIE YacTULHI (mo3unuu 3, 7, 11); 6roreHHsle yacTuisl (nosuuuu 4, 8, 12).

reHHble MCTOYHUKU [TAY. B MesKHX dacTuIax pasme-
poM 0.8 u 2.0 mkm (0.06-0.3) ucrounuxu [TAY cBs3aHbI
C IPUPOAHBIMU IIpOIieccaMy.

Ha cranmuu JIMcTBAHKA B XOJIOJHBIA NEPUO[
(mapt) cymma [TAY B aspo3sosie BappupoBaJja B Auama-
30He oT 0.2 Hr/m> Ha KPymHHIX Yactumax a0 0.4 ur/m?
Ha MeJsikux yactunax 0.8 Mmxm. CpaBHUTeJIbHBIN aHaIu3
JaHHBIX 0 CT. JIMCTBAHKA C aHAJOTMYHBIMU JAaHHBIMU
o craHuuy MpKyTck Iokasajl 3HauWTesIbHOE IIPeBHl-
neHrue CyMMapHBIX KoHIleHTpauuii IIAY B asposoJie
rOpOJCKOM cpeAdsl. DTO IIpeBhillleHre cocTaBuiio 1.9-2.3
pasa [y KpYIIHbIX YaCTUIl U JOCTUTJIO MIeCTUKPaTHOIO
YPOBHA [JJI MeJIKUX, YTO CBUJeTesIbcTByeT o 6oJiee
WHTEHCHBHOM 3arpsa3HeHnu aTtMocepHOro Bo3Ayxa B
ropofckoii cpene. Ilpeobianatomeil rpynnoii ITAY Ha
cT. JIucTBaAHKa OBUIM COeJUHEHUs C AByMs KOJIbl[aMH
(40%), Tpems xosbramu (34%) 1 YeTHIPbMs KOJIbIIAMU
(22%). lonsa coequHEHUH C MATHIO KOJIbI[AMM COCTa-
BWJIa 3[eCh TOJIBKO 2%. M3 nHauBuayansHeIX [TIAY Ha
yacturax 10 MKM JOMUHUPOBaIU (peHaHTpeH U Had-
TajuH, Ha yactunax 2.0 MM u 5.0 MKM — peHaHTpeH,
HadTanuH u 2-MeTuHadTaIMH, Ha yactunax 0.8 MKkMm
— HapranuH, peHaHTpeH U ¢QuyopaHTeH. OTHOLIEHUE
dyopanTen/(PpsryopaHTeH + upeH), U3MeHSIOIIeecs
ot 0.7 o 0.9 Bo Bcex GpakuuaxX, yKa3bBaJIO Ha IHUPO-
reHHble UCTOYHUKU [TAY B aspo3osie JINCTBAHKMU.

Ha cranuuu Bosnbmue KoTel cpefHue 3HaUYeHUA
cymMel [TAY B MapTe HaXOQUJIMCh B TOM Xe ralla3oHe,
4yTO U Ha cT. JIuctBsauka: ot 0.2 go 0.3 Hr/M® B Kpyn-
HBIX YyacTUIax u okoJio 0.7 ur/m?® Ha yactunax 0.8 MKM.
[TpeoGnaparomeii rpynmnoii [IAY B aspo3sosie Bosbmux
KotoB, B oriinune ot MpkyTcka U JINCTBAHKY, ObLIA
coeluHeHUs ¢ TpeMs O6eH30JbHBIMU Kosblamu (39%).
Bxutaz coeuHeHu ¢ AByMsA KoJibiaMu cocTasmit 31%,
¢ 4eTeIpbMA — 24%. XapakTepHO, YTO BO BCEX pasMep-
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HBIX PpaKkIUAX coepXauch Oojiee TsxKesble coeluHe-
HUA C [IATbI0 6€H30JIbHBIMU KOJIbIIaMH, BKJIa KOTOPBIX
coctaBus oT 5% no 8% mnpu cpenHeM 3HaueHUU 6%.
[Tpu aToM u3 uHAUBUAYaIbHEIX [IAY B 3TOl Qpakuuu
npeobiiafganu GpeHaHTpeH, GyyapaHTeH u 6eH3[b]dory-
opaHTeH. B pasmepHnoii dpaxiuu 10 10 MkM HanubOJIb-
IIMe KOHLEHTpaluuu ompefesieHbl [yiA 2-MeTuaHadpTa-
JuHa, peHaHTpeHa U HadTanuHa, Bo ¢pakiuax 5.0 u
2.0 MkM - duyopaHTeHa, HadTasmHa U ¢GeHaHTpeHa.
[MuporeHHble HCTOYHUKY OBLIY NpeobyiafanuMy A1
coenuHeHnti [TAY B a3po30Jie 3TOU CTaHIUU.

B nernuil nepuoy (uiosb-aBryct) aHayims [TAY
MIPOBOAMJICA TOJIBKO Ha CT. MpKyTCK. YPOBEHb CYMMBI
[TAY mnpesplmajnl nokasaresyd XOJIOAHOIO Iepuopa, a
cpefHUe 3Ha4YeHNUs YBeJIWYMBAJIMCh [IPY YMeHbIIeHUU
pa3mepa vacTtull; Ha yacturax 10 Mkm obIias KOHIeH-
Tpauus cocrapsuia okosio 0.8 Hr/m3, Ha vactunax 5.0
MKM — 0.9 ur/m?, Ha yactunax 2.0 mxm — 1.0 5r/m3, 0.8
MKM — 0koJi0 1.3 ur/m3. B aspososie npeobGiiajaiu coe-
JUHEeHUs ¢ AByMA U TpeMs OeH30JIbHBIMU KOJIbLIaMU,
JI0JI1 KOTOPBIX COCTAaBJIsIa COOTBETCTBEHHO 41% un
31%. CoeauHeHUA C YeTHIPbMsA KOJbLIAMM 3aHUMAaJIU
okoJio 22% ot obiiero kosamnuectsa [IAY. B uioHe coe-
JUHEHU C IATHI0 U eCThI0 KoJIbllaMU OTCYTCTBOBAJIH,
OAHAKO B HIOJIe UX [J0JIA Ha pasjMYHbIX (Ppakuuax
BappupoBaa oT 4% ao 10%. B aBrycre noJis 3THUX coe-
JVHEeHU 3HAaYUTEJIbHO BBIPOCJIa U fjocTurJia 10 39% Ha
yactunax pasmepoM 0.8 MkM. JlaHHaA AMHAMUKA yKa-
3bIBaeT Ha M3MeHeHUe HCTOYHUKOB U mpolieccoB dop-
MHPOBaHUS a3PO30JIbHBIX YacTHUI] B JIETHUH Nepuos, a
TaKkXke Ha yBeJIMUeHUe NPUCYTCTBUA Oojiee TAXKesbIX
ITAY c 6oypmiMM 4YKCJIOM OEH30JIbHBIX KOJiell B KOHIle
nera. Cpenu neauBUAyaabHex ITAY B rpyboaucnepc-
HOM a3po30Jie npeodiafanu HadTanuH, GeHaHTpeH U
2-MetunHadTaIuH, B CyOMUKPOHHBIX dYacTuiax Had-
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TanuH, 6eH3[b]dayopanTeH u ¢denanTpeH. CorjiacHO
MeTOAy ANArHOCTHMYeCKUX COOTHOLIEHUH, NCTOYHUKU
coenuHenuii ITAY, cop6upOBaHHEIX Ha a3pPO30JIBHBIX
YacTUIlaX B JIETHUH Neprof ObUIN IpenMyllecTBeHHO
MMPOreHHBIMU.

3.4. Mopdonorus U aSAeMEeHTHbIA COCTaB
OTAEAbHBIX YacTHLL

[IpoananusupoBaHa Mop@oJiorusa U 3JIeMeHT-
HBII COCTaB OTAEJIbHBIX 4acTHUll. Pa3mepnl OTHe/IbHBIX
YacTULl WU3MEHAJINCh OT [AecATKOB HaHOMETPOB MO
JIeCATKOB MUKPOH. B xosiogHblil nepuod B HpkyTcke
npeobJiafany YacTULBI JIeTy4el 30716l U CaXy, Ha CTaH-
nuax Jiucteauka u bosbmme KoTel — yacTULbl JleTyvyei
30JIbl, CaX¥W ¥ MHHepajibHble YacTUIbl. CaxxeBble arjo-
MepaThl yallle Bcero ocefjajii Ha 4acTHIaX pa3MepoM
MeHee 2.0 MKM U OBUIM OJHUMH U3 CaMBIX paclpocTpa-
HeHHBIX 3arpsA3HuTeJIell Bo3ayxa Ha craHnuAax VpKyTck
u Jlucreauka (Puc. 9, no3unuu 1, 5, 9). YacTurisl jery-
yeii 3056l (Puc. 9, no3unuu 2, 6, 10), mpeacTaBsaIu
co0o0ll ayJIoMOCHIMKaTHEIe cdepbl cropaHus auamMe-
TpoM A0 10 MKM. DJjieMeHTHBIN aHaJIu3 JIeTyuell 30JIbl
BBIAIBWJI 3HAUMTEJIbHOE oOoraiieHye KUCI0poI0M, ajlio-
MHMHHEM U CUJIMKaTaM{, a Takxe NPUCYTCTBUe yrje-
poAa, xeJie3a, KaJIbIUA U APYTUX 3JIeMEeHTOB.

B Teminlii nepuoA rofa Ha BcexX CTaHIUAX JOMU-
HUpOBaJli MWHepajbHble 1 OHOTeHHBle YacCTHUIBL
YacTuis!l MUHepaIbHOTO MPOUCX0XIEHUA OTINYaJIiCh
HenpaBUJIbHOU (OPMOII U COCTOsIM U3 pa3HooOpas-
HBIX CWJIMKATOB U aJIlOMOCUJIMKATOB, COAEpPKalluX
npuMecH MIeJIOYHBIX (Kayjui, HaTpuil), IleJoYHO3e-
MeJIbHBIX (KaJjIbIIUi, MarHuil) M TsOKEJIBIX MeTaslJIoB
(>xesie30, IWHK, TUTaH, Mellb, XPOM, MapraHeln u Apy-
rue). buoreHHsle yacTUIB], B OCHOBHOM, NIpe/ICTaBJI€HbI
cropaMu rpu0oB, MBUIBI[ON pacTeHui, 6poxocoMaMu U
Apyrumu 010aspo30JIAMHU.

4. 06cyxpeHue

Ananus JaHHBIX MOHHOT'O COCTaBa pasHbIX Qpak-
11 aTMoc(epHOro aspo30JiA MoKa3as, 4YTO Ce30HHBIe
XapaKTepUCTHKHU, NCTOUYHUKU 3arps3HeHus U CTelleHb
BJIVAAHUA APYTUX NIPUPOJHBIX U aHTPOIIOTeHHBIX (PaKTo-
POB 3HAUMTEJIBHO pa3/INyaloTCs Ha BCeX TPeX CTaHLUAX.
HpkyTck Oosiee MoJBepXeH aHTPOIOIeHHOMY BO3[eH-
CTBUI0 M3-3a OJM30CTH OOBEKTOB TelJIOIHEpPreTUKH,
IIPOMBINJIEHHBIX MCTOYHUKOB M TPAHCIOPTa OO0JIBIIOro
ropofa, B To BpeMsa Kak JIucTBAHKa B OOJIbIIeH cTe-
IIeHU MCIBITBIBAeT BJIMAHUE TYPUCTUYECKON [eATeIb-
HocTU (aBTOMOOWJIbHBIN, BOAHBIN TPaHCIOPT), peruo-
HaJIbHBIY NepeHOC 3arpA3HAIIMX IIpuMecel, JIeCHBIX
noxapoB. Crannua Bonpmune KoTel nMeeT MeHbBIIYIO
CTelleHb 3arpsA3HeHus, OjarofapsA yAaJeHHOCTH OT
HWCTOYHUKOB 3arpsA3HeHUs U oporpaduieckoil ocobeH-
HOCTH. BBICOKMe 3Ha4YeHUs KOHIeHTpauu noHoe Ca®,
NO, u SO,* B pasHBIX pasMePHBIX (PPaKIUAX YACTHII,
0cOoOeHHO IIpH CeBepo-3allaJlHOM IlepeHoce, Xapak-
TepHHI Aj1A ctaHnuii Upkyrtck u JlucTesaHka B despale.
B HpkyTcke B 3UMHMI [eproJ] Ha KPYIHBIX YacTULax
HaGTI0AAI0TCA MOBBIIIEHHBIE KOHIIEHTpalKy HOHOB Na'
u Cl'. Ux yBesmmueHue B aTMocdepe CBA3aHO ¢ HAKOILIe-
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HHeM peareHTOB B cHere npu oO6paboTke OOPOXHOIO
IIOKPBITUA U1 IpefoTBpalleHusa objiefjeHeHus:A. B yet-
HUH nepuof Ha cT. IpKyTCK oTMedasuch 3aHOCH IIPU-
Mecell U3 OTAeJIbHbIX paiioHoB MoHrosmu, KasaxcraHa
u Pecriy6iuku TeiBa. Ha craniuu JlucrtBsnka Oosiee
3HAaYMMO OTMeYeHO BJIMAHNE JIeCHBIX II0XapoB Ha
COCTaB a’po30JiA, 4TO IPOABUJIOCH B MOBBHIIIEHUN KOH-
nentpanuu noHos Cl, SO,*, Ca* u K. Ha craniuu
Bonpmme KoTel HabsogaeTcsa caMoe HU3KOe cofepxka-
HMe MOHOB B COCTaBe OTJeJIbHBIX (pakiuil aspo30Jid
B XOJIOAHBIY II€PHOJA, XOTA JIETOM IOA BO3AelCTBUEM
JIOKQJIbHBIX KCTOYHUKOB (JIeCHBIE IIOXaphbl, BOAHBIN
TPaHCNOPT), GUKCUPYeTCA POCT KOHLEHTpAluil NOHOB
NH,, K, Mg* u Ca®.

B MuHKpO3JIeMEHTHOM CcOCTaBe a’po30jid B T.
HpkyTcke cymMMapHas KOHI[eHTpallusa MHKpO3JeMeH-
TOB B cpefHeM B 4-8 pa3 Bhille, yeM B JINCTBAHKe U
Bonpmmx Kortax. B ce3oHHOI AuHaMuKe pacnpepese-
HHUA CyMMBl MUKpO3JIEMEHTOB B asposojie MpkyTtcka
HabyojajIoch UX yBeJW4YeHUe B BeCeHHUH U JIeTHUU
nepuoAnl. B aspososie JIMCTBAHKKM MaKCUMaJIbHBIE
3HaueHHUs CYMMbl MHKpPO3JIEMEHTOB, Kak U Makpo-
KOMIIOHEHTOB, (UKCHUPOBAJIUCh B (eBpajie, IIpU 3TOM
HauOoJiblllie KOHIIEHTpal[iU OIpefesisIuCh Ha MeJl-
Kux yactunax pasmepom 0.8 u 2.0 mxMm. HaumMeHbmue
KOHIIeHTpallil MMKPO3JIEMEHTOB perucTpHupOBasIlCh
Ha cta”iuu bosbmue KoTel. AHanu3 K03puLeHTOB
oboralieHnsA a’po30JIbHBIX YaCTUI] MUKPO3JIeMeHTaMu
Ha BCeX CTAHI[MAX [I03BOJIWJI BBIAEJIUTH 3J1eMeHTH Be,
Al, Ti, V, Mn, Fe, Co, Sr, Ba, Th u U B rpynmny Teppu-
reHHOI'0 NMPOMCX0XAeHuA ¢ KoadduieHToM oboraiie-
Hua (KO) menee 10. Ha cranuuu HpkyTtck Haubosiee
3HAUUTEJIbHBIN BKJIa[ B OOIIMII YypPOBEHb 3arpsi3HEHUA
BHecsiu Fe, Mn, Al, Cu, Ba, Ni, Zn, Pb, Se, Co; noJa Fe
BapbpupoBaja oT 56% no 75% B XOJOAHBIN MepuoAd U
oT 78% 1o 94% seroM. Ha crannuu JIucTBaHKa npeo6-
nananu aaeMmenTsl Fe, Cu, Mn, Ni, Al, Mn, Zn, Se, Co u
¢ MakcuMaJsibHoH Aoseit Fe mo 92% B Teruiblii nepuos
roaa. Ha craniuu Bosbmune KoTsl HanOoIpmui BKIag
BHocuu demMeHThI Fe, Cu, Ni 1 Mn ¢ goJeit Fe mo 80%
B XOJIOJHBIN Ilepuoj roaa.

Bricokue 3HaueHHA KOHI[eHTpanuu caxu (dep-
HOIO yrjiepoja U ApYyruX OpraHu4ecKux COoeqVHeHUI)
B XOJIOAHBII Mepuoj roja XapakTepHBI AJIA CTaHIUN
Hpkytck u JluctBaHka. Ha cranuum bospmume Kotwl
MOBBIIIEHNEe YPOBHA KOHIIEHTpalUy YepHOro yriepoda
OTMeuaJIoch B JIETHMH Ilepuof. YTIjiepojcoAepkaliue
4acTHUIBl CIIOCOOHBI COPOMPOBATh pas/IMuHble XUMUYe-
CKHe COe[JUHEeHUA.

Cxuranue yrid, HeGTHU U OpeBeCUHB], BHIOPOCH
OT aBTOMOOWJIEel U NPOMBIIUJIEHHBX MpeAnpUATUN
ABJIAI0TCA nctouHukaMmu ITAY. OTu coennHeHus obJia-
JIal0T BBICOKOI YCTONMYMBOCTBIO K PAa3JIOXKEHUIO B OKPY-
Kawlell cpefle, KOHAGHCUPYIOTCA Ha 4acTHUIAX a’po-
30JIel U ocelalT Ha MOACTUJIAIONel TOBepXHOoCTU. B
a’po30JIAX Ha CTAaHLUMAX MOHUTOpHHIA IpeobJadalo-
mui Bryag [TAY ¢ ABymMA-TpeMsA KOJIbIJaMH COCTaBJIAT
oT 29% 1o 41%, B TO BpeMsA Kak ITAY ¢ yeTslpbMA-1iIe-
CTBI0O KOJIBLIAMM KMMeJIM MEHbBIIWII BKJIaf, B CpeJHeM
oT 2% a0 9%. OTMmeuasocs, 4TO B a3po3oJie UpKyTcka,
cobpanHoM B ¢eBpane 2024 roma, mona IIAY c
YeTHIpbMsA KOJIblIaMHU yBeJsinuuBasachk ¢ 16% no 43%.
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Cpemu upeHtuduiposaHHsix [1AY Haubosiee yacto
BCcTpevasics (peHaHTPeH, KOTOPHIN MIPUCYTCTBYET KakK B
MIPUPOAHBIX HCKOMaeMBIX yIjIeBoAOpoAax, Tak u obpa-
3yeTcs NpU TePMHUUYECKOM pPasJyioXeHUN OpraHWYecKux
MaTepuasoB. JpyruMu 4acto JOMHUHHPYIOIINMU Coe-
AVHeHUAMU ObLId HadTaiuH U 2-MeTwiHadTanuH. Ux
KOHIIeHTpal[iy CBA3aHBI C BEIOpOocaMM OT TpaHCIOpTa
IIpY HENOJIHOM CrOpaHWM TOIUIMBA M BHIOpOcaMH CTa-
LOHAPHBIX UCTOYHUKOB.

Pa3mMepsl OTJeJIbHBIX a3PO30JIbHBIX YacTHUI] IpU
aHajy3e Ha CKaHMUPYIOIeM 3JIeKTPOHHOM MHKPOCKOIIe
U3MEHJIUCh OT AEeCATKOB HAHOMETPOB A0 [eCATKOB
MHKpPOH. B uccienyeMsix obpasunax IpHCYTCTBOBAJIU
caxa, JieTyvas 30Jia, MUHepaJbHble YacTHUIBl U 61oas-
po3oiu. B xonoaHsIl epro AOMUHUPOBAIN YaCTULI
caxyl M 30JIbl, B TeIUJIBI Ipeobsajau IieJ0YHO3e-
MeJIbHBIX MeTaJIJIOB C BKJIIOUEHHEM U TsKEJIBIX MeTall-
JIoB, OHoOreHHBle a’po3oJiu. [IpucyTcTBHE MUHeEpasib-
HBIX YacTull B atMocepHOM a’po3oJjie 00yCJIOBJIEHO,
NIpeUMyIIecTBeHHO, TeppUreHHBIM [IPOUCXOXKAEeHEM.

5. BoiBOABI

BriepBble poBeieH KOMILJIEKCHBIH aHaJIu3 XUMU-
YecKoro cocTaBa aTMOC(hepHOro a3po30Jis pa3HbIX pas-
MepHbIX Qpakiuii, coOpaHHOTr0 B pa3Hble ce30HH 2024
roga Ha craHnuax JluctesaHka (cesbckas), Bosbline
Kotet (¢poHoBasz) B ILleHTpasbHOU 35KOJIOTMYECKOL
30He U cTaHIuu HMpkyTck (ropojackas) B 30He aTMOC-
depnoro BimsAHuA HOxHoro balikana. YcTaHOBJIEHBI
Ce30HHBIe U IPOCTPAaHCTBEHHble Pa3jiM4MA B cOCTaBe
adpO30JIbHBIX YacTHUI[ pa3HbIX pa3MepHBIX (pakuui
Ha CTaHOMAX MOHUTOPHHIa, O0OYCJIOBJIEHHBIE cOdYeTa-
HUeM IPUPOJHBIX U aHTPONOIeHHBIX (PaKTOpPOB, BKJIIO-
yasg IPOMBIILIEHHOe BO3/AelCTBUe, JIeCHble MOXaphl U
TpaHcnopT. B 3umHuil nepuon Ha craHnuax HpkyTck
u JIucTBAHKA ollpeiesieHbl caMble BEICOKHE KOHIIeHTpa-
1uu voHoB Ca®, NO,™ u SO,* Bo Becex (ppakuusax aspo-
30JIBHBIX YacTHll, 0COOEHHO HX POCT OTMevaJsicsa IpHU
ceBepo-3allaIHOM IlepeHoce C IIPOMBIIIJIEHHBIX Teppu-
Toputii KpacHosipckoro kpas u pkyTtckoii obiactu. Br.
HpkyTcke, KpoMe TOro, Ha KpyNHBIX YacTUllax HalJIio-
JlaJIiCh TIOBBILIEHHbIe KOHIeHTpanuu noHoB Na' u CI,
a JIeToM OIlpefesIs/INCh 3aHOCH! ITpHUMeceli U3 palioHOB
Mouromnun, Kazaxcrana u Pecniy6iuku TeiBa, uyTO noa-
TBEPXKAAJIoCh OOpaTHBIMU TPAaeKTOpUAMHU ABUXKEHUA
BO3AYILIHBIX Macc Ha BeicoTax 500, 1000, 1500 m.

BimsHue jiecHBIX IIOXapoB Ha COCTaB aspo30Jid,
0CcO0eHHO MpOABUJIOCH Ha cTaHUMM JIMCTBAHKA, Il€ BO
BpeMsA JbIMOBBIX 3aHOCOB yBeJIMYMBAJIMCh KOHIIEHTpa-
ruu moxos Cl, SO,%*, Ca* u K.

Ha crannuu bosbmue KoTel 3uMOIl onpeAesieHbl
caMble HU3KHMe KOHI[EHTpallMM BCeX aHaJIM3UpPyeMBbIX
HIOHOB, YTO MOATBEPAWJIO 3Ty CTAHIMIO Kak (OHOBYIO,
rae MpakTUYecKu He (UKCHPOBAJIMChH JIOKAJIbHbIE U
peruoHaJbHble MCTOYHUKU 3arpA3HAIINAX NpHUMecel.
B neTHui1 nepuon nox Bo3AeCTBHEM JIECHBIX I10XKAapOB
Y BOJHOI'O TpPaHCIOpTa Ha 3TO¥M CTaHIMMU HabsoAascs
HeOOJIBIION POCT B a3PO30JIbHBIX YaCTUIIAX KOHIIEHTpa-
uit monos NH,', K', Mg* u Ca®.

BosbimHCTBO MUKpodaJjieMeHTOB (Be, Al, Ti, V,
Mn, Fe, Co, Sr, Ba, Th, U) B aspo3ojie Ha uccieaye-
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MBIX TEppPUTOPHUAX HMeJM IPUPOJHOE IPOUCXOXKIe-
HUe. 3HauNlTeJbHOEe TeXHOTreHHoe oboralleHue AeMOH-
cTpupoBasia dyeMeHTH B, Cu, Se, Cd, Sn, Ag, KoTOphIe
ABJIAIINCh HauboJiee BBIPAXKEHHBIMU 3arpsA3HUTEIAMU
Bo3ayxa ¢ koapouinentamu oboramenus (KO) 6omee
1000. B ce3oHHOI AHaMUKe Ha cT. UpKyTck HabJoga-
JIOCh yBeJINUeHNe CyMMbI MUKPO3JIeMEHTOB B BeCEHHUN
u jeTHUi nepuoasl. Ha craniuu JIncTBsAHKA Ce30HHBIE
MaKCUMyMBbl MUKPO3JIEMEHTOB CMellleHbl Ha OCeHHUU
(oxTs6pp) U 3uMHHI (Oekabpb, (eBpajib) MepUOLBL
Jlerom Ha craHnuu Bosbmme KoTel pacnpeneseHue
KOHIIEHTpaI[dii MHKPO3JIEMEHTOB B  a3pO30JIbHBIX
gacTulax cxoxee ¢ JIMCTBAHKON: BOAHBINA TPaHCIOPT
1 JiecHble MOXaphl OKa3blBajll CyllleCcTBeHHOe BIUAHHE
Ha UX COCTaB B 3TOT IIE€PUOJ.

Bricokue 3HaueHHA KOHI[eHTpanuu caxu (dep-
HOTro yrjepofa), CTOMKHUX OpPraHUYecKUX COeqUHEeHUI
(TTAY) B xXoJIOOHBINI NepuoAd rofla XapaKTepHHl [JiA
craHiuii UpkyTck u JIMCTBAHKA.

Ha crannuu bosbmue KoThl OBbIIIEHNE YPOBHA
KOHIIeHTpalllil 4YepHOro yrjepoja OTMevaJsioch B JieT-
Hul nepuof. Ananus coctasa [TAY BeiABUI Ipeobiiaaa-
HUe COeAUHEHUH C ABYyMA-TpeMs OeH30JIbHBIMU KOJIb-
I[JaMH, a COOTHOIIeHNsA AUarHOCTUYEeCKUX NoKasaresiei
yKasblBaJId Ha WX NUPOTeHHble MCTOUYHUKU. B seTHUN
nepuof HabJII0JaJIOCh yBeJIMUYeHne cofepxaHusa Oosiee
Tsokesibix [TAY ¢ 60JIbIIMM 4HCIIOM KOJIell, 9YTO CBUJe-
TeJIbCTBOBAJIO O CMeHe MCTOYHMKOB B Ipolecce Gop-
MHPOBaHUA a3po30JIei.

HccrepoBanue MOpQOJIOTUM YacTULl METOAO0M
CKaHUpyIOIel 3JeKTPOHHOM MMKPOCKONIMU U IOKa-
3aJI0, YTO OCHOBHBIMU KX KOMIIOHEHTaMH B HCCJIe-
JyeMbIX pailioHax ObLIM caxa, JieTydas 30jla B 3UM-
HUI Nepuoj, MUHepaJbHble YacTUIBl U 0K10a’po30Jiu
JetoM. [IpucyTcTBre MHUHepaJIbHBIX YacTHI] B aTMOC-
depHOM as’pososie OOYCJIOBJIEHO, IIPeHMYIleCTBEHHO,
TeppUreHHbIM IIPOUCXOXAEHNEM.

BaaropapHocTH
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u rpaHta PH® No19-77-20058I1 mpu craTucTU4ecKon
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