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Abstract: The aim of the study is to analyze the chemical composition of snow and the distribution of macroele-
ments in the Karadag Nature Reserve in Crimea, where snowfall is rare. Snow samples were collected during
the winter period from 2021 to 2024 at a background environmental monitoring station and analyzed for ion
content and acidity. The results show that acidity varies from 6.00 to 7.46, with a predominance of sulfates,
indicating anthropogenic influences. The chemical composition is determined by both natural and anthropogenic
factors. The high ratio of cations to anions indicates buffering processes that reduce acidity, which may positively
affect the ecosystem. The results emphasize the need for monitoring atmospheric precipitation to assess anthro-
pogenic impacts.
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Introduction

Atmospheric deposition is a key driver of biogeochemical cycles, serving as a major transport mech-
anism for both natural and anthropogenic substances across terrestrial and aquatic ecosystems. Snow
cover acts as a highly efficient natural archive of these inputs, integrating chemical signals from wet
and dry deposition over time. Its composition provides critical insights into regional air pollution levels,
making it a powerful tool for environmental monitoring [Vasilevich, Beznosikov, Kondratenok, 2011;
Pristova, Vasilevich, 2011; Krnavek et al., 2012]. Unlike rainfall, which leads to immediate runoff, snow
accumulates contaminants (including trace metals, sea salts, acids, and industrial emissions) and releases
them abruptly during melt events, posing significant ecological risks [Krnavek et al., 2012].

The study of snow chemistry in Crimea offers a rare and scientifically valuable opportunity due
to the region’s unique climatic and geographical setting. While extensive research has been conducted
in high-latitude, alpine, and heavily industrialized areas with persistent snow cover [Hunova et al., 2023;
Kotova, Topchaya, Novikova, 2023; Makarov, Torgovkin, 2021; Aristarain, Delmas, 2002; Xue et al.,
2020; Toom-Sauntry, Barrie, 2002; Domine et al., 2004; Nickus, 2003; de Caritat et al., 2005; Benassai
et al., 2005; Yalcin et al., 2006; Dibb et al., 2010], Crimea’s Southern Coast experiences snowfall only
sporadically, for a few days per year. This infrequency results in highly concentrated deposition events,
effectively capturing discrete “snapshots” of atmospheric chemistry.

Furthermore, Crimea’s location exposes it to diverse pollution sources: marine aerosols
from the Black Sea, long-range transport of industrial emissions from Europe, and localized anthro-
pogenic activity. The combination of these factors makes Crimean snow a distinctive and understudied
environmental record, offering insights into pollution dynamics in a Mediterranean coastal climate.

A key focus of this study is sulfate (SO,%>7), a major component of snow chemistry with
ambiguous origins. While natural sources such as sea spray and volcanic emissions contribute
sulfates, elevated concentrations are often a definitive marker of anthropogenic pollution, particu-
larly from fossil fuel combustion (e.g., power plants, industrial processes, and vehicle emissions)
[Glazovsky, Zlobina, Uchvatov, 1983; Kurosaki et al., 2025; Karpachevskiy et al., 1998; Kulikova,

*This work was carried out within the framework of the IBSS state research assignment, registration number:
124030100030-0, and of KSS — NR RAS - Branch of IBSS, registration number: 124030100098-0.
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1968; Hunova et al., 2023; Kotova, Topchaya, Novikova, 2023; Makarov, Torgovkin, 2021; Aristarain,
Delmas, 2002; Xue et al., 2020; Toom-Sauntry, Barrie, 2002; Domine et al., 2004; Nickus, 2003; de Car-
itat et al., 2005; Benassai et al., 2005; Yalcin et al., 2006; Dibb et al., 2010; Pham et al., 2024]. Given
sulfate’s role in acid deposition and ecosystem degradation, accurately distinguishing natural from an-
thropogenic inputs is essential for assessing air quality and implementing effective pollution control
measures.

Additionally, forest ecosystems can alter deposition patterns through canopy interception and chem-
ical transformations [Karpachevskiy et al., 1998; Kulikova, 1968]. To minimize these confounding
effects, this study centers on the Karadag Nature Reserve, a protected area where local vegetative inter-
ference is reduced, allowing for a clearer assessment of regional atmospheric deposition. By analyzing
the chemical composition of Crimea’s rare snow cover, this research aims to: (1) quantify the deposition
of major ions (including sulfates) and trace elements, (2) rigorously evaluate the relative contributions
of natural (marine, crustal) versus anthropogenic sources, and (3) leverage the unique context of Crimean
snow to assess regional atmospheric pollution burdens impacting this sensitive coastal ecosystem. This
study not only fills a critical gap in understanding pollution dynamics in a warming, low-snow region
but also establishes a baseline for future environmental monitoring in the Black Sea basin.

Study Area

The study was conducted at the Background Environmental Monitoring Station (BEMS) within
the State Nature Reserve “Karadag” (44°54’N, 35°12’E), a protected coastal steppe ecosystem in south-
eastern Crimea (Fig. 1).

Karadag Nature Reserve
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wsin]| pu—— J K @ ecological monitoring

Fig. 1. Study area within the State Nature Reserve “Karadag”
Puc. 1. Hccnenyemas teppurtopusi B ['ocyaapcTBeHHOM NMpUpOAHOM 3aroBeqHuke «Kapagar»

The site lies on the northeastern slope of Mount Svyataya, 1.5 km from the nearest settlement
(Koktebel) and is shielded from direct marine influence by the Kok-Kaya Ridge (320 m elevation).
The vegetation consists of steppe grasses with sparse tree undergrowth (canopy closure < 60 %) [Pham
et al., 2024].
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The area receives an average annual rainfall of 450 mm (+ 55 mm), with about 30 % of this pre-
cipitation occurring during winter months (December to February). Snowfall is episodic, featuring
3-5 significant snow events each season. Snow cover typically lasts between 5 and 15 days, supported
by mean winter temperatures of 1.2 °C (+ 2.1°C).

Materials and methods

Snow samples were collected during three winter seasons: January 15-20, 2021; February 1-5, 2023;
and January 25-30, 2024. These periods represent peak snow accumulation events in Crimea, with each
sampling campaign conducted 24—48 hours after snowfall cessation. The specific timing was selected
to avoid melt periods, thus minimizing the impact on sample integrity and ensuring the capture of both
wet and dry deposition. Surface snow from the top 0-5 cm was gathered using acid-washed Teflon
tools into pre-cleaned HDPE containers, carefully avoiding ground contamination. Field blanks (n = 3
per season) and NIST 1640a reference materials were used for quality control, with recoveries ranging
from 92 % to 107 %. Samples were immediately frozen at —20 °C and analyzed within 72 hours following
RD 52.04.186-89 standards [RD 52.04.186-89]. All analyses were conducted at the A. O. Kovalevsky
Institute of Biology of the Southern Seas (IBSS).

Nitrate (NO;~) and ammonium (NH, ") concentrations were measured via spectrophotometry using
a KFK-ZOMZ photometer, with NH,* determined by the Seji-Solorzano method. The nitrite ion
was determined by the Bendschneider and Robinson method. Chloride (CI7) and sulfate (SO42‘)
were analyzed using ion chromatography on the “STAYER A” system. The limits of the relative total
error of the measurement result for the concentration of Cl~ and SO,>" at a confidence level of P = 0.95
did not exceed + 13 % at mass concentrations from 0.10 mg/dm? to 1000 mg/dm?. The detection limits
for CI~ and SO,%~ were 0.001 and 0.002 mg/I, respectively. Major cations (Ca, Mg, Na, K) and trace
metals (Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Pb, Sr, I, Ba) [Lipatnikova et al., 2024] were quantified
by ICP-MS (PlasmaQuant MS Elite). Detection limits for trace metals ranged from 0.01 to 0.1 ug L.
Results from quintuple analyses were averaged and reanalyzed when the relative standard deviation
exceeded 10 %. Elemental recoveries and relative standard deviations (RSDs) for standardized refer-
ence standards were 96—-105 % and < 10 %, respectively. Measured with a calibrated digital pH meter
equipped with a KCl reference electrode and standardized using pH 4.0 and 9.2 buffer solutions.

To determine potential sources of dissolved ions in atmospheric precipitation and quantify their con-
tributions, an enrichment factor (EF) analysis was performed. The EF was calculated for each ion relative
to seawater and for each element relative to the Earth’s crust, assessing the influence of marine and ter-
restrial sources on precipitation composition. The EF was calculated as follows [Katanayeva, Selyanin,
2011]:

EFsea = [X/Na] X/Na]sea' (1)

samples/[

The enrichment factor (EF) relative to the average composition of the Earth’s crust is calculated using
the formula [Katanayeva, Selyanin, 2011; Vinogradov, 1967]:

EF,.., = [X/Al

crust —

X/Al] crust’ (2)

samples/[

where X is the content of the element (ug L™1) in both the sample and the upper part of the continental
crust.
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The clarke values of elements in seawater were taken from the data provided by Vinogradov [Vino-
gradov, 1967].

While all potentially toxic elements (PTEs) were analyzed, cadmium and zinc received particular
attention due to: (1) their exceptionally high enrichment factors (EF > 10 000 for Cd) indicating strong
anthropogenic influence; (2) known ecological risks associated with Cd bioaccumulation in Crimean
ecosystems while Zn reflects widespread urban and industrial emissions; (3) their regulatory significance,
as both exceed MPCs in regional environmental quality standards [GN 2.1.5.1315-03]. This prioritiza-
tion aligns with recent Black Sea pollution studies [Gurov, Kotelyanets, 2022] highlighting these metals
as key tracers of anthropogenic impact in coastal reserves.

Dominant winds during sampling periods come from the northeast, occurring 60 % of the time,
according to hourly data from an OTT HydroMet WS 600 station.

Pearson correlation analyses were performed to explore relationships between ion and metal concen-
trations and meteorological factors such as wind direction. Data processing was conducted in R version
4.3.0, with statistical significance set at p < 0.05.

Results

The acidity of meltwater is crucial for understanding the chemical processes occurring during snowmelt.
Acidic precipitation entering the soil enhances the migration and leaching of various elements from soil
horizons. It is known that at an average atmospheric carbon dioxide (CO,) concentration of 400 ppm
(current global average) and a temperature of 20 °C, the pH of pure water in equilibrium with atmospheric
CO, is approximately 5.6. If the pH of precipitation is above 5.6, it is considered alkalinized, whereas
a pH below 5.6 indicates acidification.

The snowmelt water exhibited consistent alkaline conditions, with pH values ranging from 6.00
to 7.46 (mean: 6.49 * 0.42), which were significantly higher than the expected atmospheric equilib-
rium pH of 5.6. The lowest pH recorded was 6.00 on 17 January 2021, while the highest reached 7.46
on 14 January 2021. In comparison, the natural pH of precipitation in equilibrium with atmospheric CO,
18 5.6-5.7 [Trushkina, Trushkin, Demyanova, 2006], meaning values below this range suggest acidifica-
tion, while higher values (as observed here) reflect alkalization.

Figure 2 presents the average concentrations of major components in snowmelt water, representing
the chemical composition of the snow cover, along with the mean deposition fluxes of these components
onto the underlying surface (expressed per unit area).
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Fig. 2. Deposition of major chemical compounds in the study area (ug L™1)
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Based on the molar concentration ratios of ions in snowmelt water during the study period (2021-
2024), the following geochemical dominance series was established: Ca?* > Na* > CI~ > Kt > Mg** >
SO,% > NO;™ > NH,*. This ranking reflects the relative abundance of major ions, with calcium (Ca**)
and sodium (Na*) being the most dominant cations, followed by chloride (CI7) as the primary anion.

Chloride (CI") was the predominant anion, with an average concentration of 4981.96 ug
L™! and a maximum of 8549.88 ng L~!. Sulfate (SO,>") averaged 749.33 ug L~!, peaking
at 1074.87 ug L~!. Nitrate (NO;") exhibited considerable variability, ranging from 290.00 to 1030.00
ug L~!, with a mean value of 704.41 ug L™!. Sodium (Na) averaged 2083.66 ug L~! but showed a sharp
decline during 2023-2024, dropping to values between 5.65 and 18.59 ug L~!. Calcium (Ca) averaged
577.50 ug L', reaching a peak of 1145.15 ug L~!. Potassium (K) and magnesium (Mg) had mean con-
centrations of 684.72 ug L™! and 99.61 ug L~!, respectively. Ammonium concentrations varied widely,
from 17.77 ug L~! (21 January 2021) up to 1252.80 ug L~!. Elevated NH," levels suggest contribu-
tions from anthropogenic sources such as agriculture and transportation. The dominance of chloride
and sodium suggests combined influences from marine aerosols and human activities. Elevated sulfate
and nitrate levels point to contributions from industrial and vehicular emissions. Observed fluctuations
in pH and ionic composition correlate with meteorological changes and shifting pollution sources over
the study period. Overall, the pronounced spatial and temporal variability in snow chemistry highlights
the need for continued source apportionment research and ongoing monitoring. These findings under-
score the complex interplay between natural environmental processes and anthropogenic factors in de-
termining the chemical characteristics of the snowpack.

The acid-neutralizing capacity of the snow cover was evaluated using the ratio of total an-ions
(A =[SO,*] + [NO;7] + [CIT]) to total cations (K = [NH,*] + [Ca®"] + [Mg*] + [Na*] + [K'])
[Vasilevich, Beznosikov, Kondratenok, 2011; Zverev, Varvanina, Putilina, 1997]. This approach is well-
founded, as cations in snowmelt water primarily originate from windborne mineral dust (e.g., carbonates,
phosphates, and silicates) derived from soil and rock erosion. Upon dissolution, these minerals undergo
hydrolysis, releasing hydroxide ions (OH™) in quantities stoichiometrically linked to their cationic con-
tent. From the presented data (Table 1), it can be seen that the snowmelt water has K/A values > 1
(average value = 3.94). The high cation/anion ratio (K/A =3.94 *+ 1.2), ranging from 2.8 to 5.1, indicates
a strong carbonate buffering capacity, reflecting a significant influence of crustal cations on the alkalin-
ity of the snowmelt water. Ratios > 1 confirm that all samples exhibited net alkaline conditions. This
indicates a predominance of cations over anions in the snowmelt water, which may suggest the presence
of sufficient neutralizing compounds that contribute to reducing acidity.

Table 1. Ratios of molar concentrations of the equivalent of major ions in snowmelt waters

Taouuma 1. CooTHOIIEHUST MOJISIPHBIX KOHLICHTPALMI 9KBUBAJICHTa OCHOBHBIX MOHOB B TaJIbIX BOJAX

Indicator Value
pH 6.49
[8042_] /[NO57] 1.29
[NH,*]+ [Ca2+] + [Mg2+] + [Na*] + [K*]/ [SO42‘] + [NO5;7] + [CIT] 3.94
[Ca’*] + [Mg?*]/[SO,*] 16.36
[Mg?*] + [Na*]/ [Ca*] + [K*] 3.63
[Na*]/[CI] 1.59
[CI"]/ [Na*] 4.32
[SO,*1/[CI] 0.17
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An excess of cations over anions may indicate the presence of compounds capable of neutralizing
acids, which is associated with the hydrolysis processes of carbonate, phosphate, and silicate minerals.
This may indicate a positive influence of natural processes on the acid-base state of the snow cover.
If K/A values > 1 are recorded in conditions with a high level of anthropogenic impact (for example, near
industrial zones), it may indicate the effectiveness of natural neutralization processes, despite potential
pollution. High K/A values may also suggest that the snow cover in this area is less susceptible to acid
precipitation, which can have positive consequences for the ecosystem, especially in conditions where
acid rains can negatively affect flora and fauna. This highlights that, in this case, the snowmelt water
is more balanced in terms of acid-base status, which may be related to differences in pollution sources
and natural conditions. Thus, a K/A value > 1 may serve as an indicator of a more favorable acid-base
state of the snow cover, which is important for assessing its impact on the environment.

The elements magnesium and sodium generally have a marine origin, while potassium is terrige-
nous. The ratio ((Mg?*] + [Na*]) / ([Ca**] + [K*]) reflects the predominance of marine (> 1) or ter-
rigenous (< 1) components. In the studied area, sodium and magnesium ions dominate over potassium
and calcium ions, which is attributed to anthropogenic factors rather than the influence of marine aerosol.
This assumption is supported by the [Na*]/[Cl], which is 1.59 indicates mixed sources. The ratio
([Mg?*] + [Na*]) / ([Ca®*] + [K*]) averages 3.63, indicating marine dominance in bulk cation balance.
However, this alone is misleading: both Mg?* and Na* are also emitted from carbonate dust and anthro-
pogenic sources (e.g., traffic, industry), so their abundance does not equate to marine origin. Crucially,
the [Na*] / [CI7] ratio (1.59) is markedly higher than the seawater value (0.86), indicating excess Na*,
which is likely from terrigenous dust or anthropogenic inputs. Conversely, the [C17] / [Na*] ratio aver-
ages 4.32 (range: 0.12-15.13), far exceeding seawater (1.16), signaling strong CI~ enrichment. Thus,
the elevated CI- is not marine in origin but anthropogenic. While Na* and Mg?* are present in ma-
rine proportions, their relative enrichment compared to CI~ and K*, combined with deviations in key
ratios ([Na*]/[CI"], [CI"] / [Na*], [Mg**] / [CI"]) and co-variance with SO,>~ and Cd, confirms that
anthropogenic emissions have substantially altered the natural background.

The ratio of molar concentrations of the equivalent [SO42‘] / [CI7] was used to determine the origin
of the composition of atmospheric precipitation, as well as to assess atmospheric pollution from industrial
emissions. The sulfate-to-chloride ratio ([SO,27] / [CI"]) of 0.17 suggests a predominantly non-marine
sulfate source. To evaluate the contribution of pollution sources to the atmosphere, the following ratios
were calculated: [SO,%7]/ [NO;7], ([Mg?*] + [Na*]) / ([Ca®*] + [K*]), [Na*] / [CI"].

Table 1 demonstrates the relationship between NO;~, SO,> u NH,*. The ratio of NH,* to NO;~
in all samples is approximately 0.63. Nitrate and ammonium (NO;~ and NH,") are virtually absent
in seawater and, therefore, do not correlate with sea salt, although there may be weak correlations between
different classes of samples (r (NO3" Na™) = 0.39).

The content of macro and microelements in the filtrate of snowmelt water is presented in Fig.3. When
compared to the maximum permissible concentrations (MPC) for water, only cadmium (Cd) was found
to exceed the MPC. Thus, there are cadmium (Cd) pollutants in the snowmelt water in the studied area
[GN 2.1.5.1315-03].

There is notable variability in element concentrations across different sampling dates, which may be
attributed to seasonal changes, meteorological conditions, and pollution sources. In particular, the sample
from 21 January 2021 stands out, with cobalt (27.79 ug/L), nickel (31.49 pg/L), and zinc (629.44 ug/L)
concentrations significantly exceeding average levels, suggesting a possible short-term anthropogenic
impact. Overall, the data indicate generally low levels of microelement and heavy metal contamination
in the snowmelt water, with the exception of cadmium.
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Fig. 3. Concentrations of microelements and heavy metals in snowmelt water (ug L")
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The enrichment factor (EF) serves as a useful tool for estimating the relative abundance or deficiency
of elements in atmospheric precipitation, distinguishing between marine and continental sources. This
parameter also helps differentiate between anthropogenic and naturally occurring elements [Anicic et al.,
2009]. To assess their origins, we calculated enrichment factors (EF) for selected elements (Table 2).
Given the minor contribution of marine sources to overall elemental concentrations, only Na, mg, K, Ca,
Sr, and Ba were considered in the analysis.

Table 2. Enrichment Factors (EF) in relation to sources of origin: Lithogenic and Marine

Taoanna 2. Kosddunmentst odoramens (EF) B 3aBUCUMOCTH OT UCTOUHUKOB: JINTOrEHHbIE M MOPCKHE

Elements | Lithogenic | Marine
Na 86.62 1.00
Mg 5.54 0.40
Al 1.00

K 28.46 8.85
Ca 20.28 7.25
\Y% 4.39
Cr 7.26
Mn 18.70
Fe 2.03
Co 266.74
Ni 157.14
Cu 358.43
Zn 1729.66
Sr 152.40 32.32
Cd 32 696.28
Ba 14.71 2617.28
Pb 96.13
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Metals with an EFcrust value close to 1 are typically derived from the natural weathering of the Earth’s
crust, whereas EFcrust values between 1 and 10 may reflect the influence of the local soil’s chemical com-
position [Poissant, Schmit, Béron, 1994; Al-Momani, 2003]. Values ranging from 10 to 500 indicate
moderate enrichment, while values exceeding 500 signify extreme enrichment, strongly suggesting sig-
nificant pollution from anthropogenic sources [Poissant, Schmit, Béron, 1994].

According to Table 2, nearly all analyzed elements exhibit EF_  values well above 10. Notably, Zn
and Cd have EF_, ; values greater than 500, classifying them as highly enriched (EF > 500). Elements
with moderate enrichment (10 < EF_,, < 500) include Na, K, Ca, Mn, Co, Ni, Cu, Sr, Ba, and Pb,
with EF . values of 86.62, 28.46, 20.48, 18.70, 266.74, 157.14, 358.43, 152.40, 14.71, and 96.13,
respectively. These values suggest enrichment from both lithogenic and anthropogenic sources, such
as atmospheric pollution from industrial emissions and transportation, which are transported over long
distances.

Trace metal contamination was particularly pronounced for cadmium: its concentration reached
1.8 ug/L, which was 4.2 times higher than the maximum permissible concentration (MPC),
and the crustal enrichment factor (EF ) was exceptionally high at 32 696. Zinc (Zn) also showed
significant enrichment (EF_ = 1730), indicating industrial sources. Copper (Cu) presented a mod-
erate enrichment (EF_, = 358), suggesting mixed anthropogenic origins, while lead (Pb) exhibited
enrichment (EF,,, = 96) primarily attributed to traffic emissions.

The EFsea value for Sr is 32.32, indicating other natural sources in addition to the sea. Additionally,
Ba has EF., value of 2617.28, significantly greater than 500, reflecting a strong enrichment in snowmelt
water and pointing to an anthropogenic origin. K and Ca have EF,, values of 8.85 and 7.25, respectively,
suggesting the influence of the chemical composition of local seawater. The EF, value for mg is 0.40,
indicating dilution of this element in snowmelt water.

Wind data from 2021-2024 reveal dominant NW winds (37-86 % frequency in winter) averaging
1.8 m/s (gusts to 5.3 m/s). This pattern facilitates transport of industrial pollutants (e.g., Cd, SO,%")
from Sevastopol (85 km NW) and transboundary sources, while low speeds enhance local dust input
(C32+, Mg2+)-

Discussion

Snow in Crimea is characterized by a slightly alkaline pH range (6.00-7.46), indicating a neutral
to moderately alkaline deposition environment. This has several ecological implications. As such snow
melts, it can gradually increase soil pH, affecting the availability of nutrients. Although calcareous soils,
which are widespread in Crimea, can partially buffer this effect, sensitive plant species may face certain
challenges, such as: Reduced solubility of iron (Fe) and manganese (Mn), potentially leading to chlorosis
in some species; Increased phosphorus (P) fixation, which may limit its availability to plants. Many tree
species typical of Crimea (e.g., oak, beech, juniper) are generally tolerant of mildly alkaline conditions.
However, prolonged exposure to such conditions may favor the spread of drought-resistant and calci-
philous species at the expense of acid-sensitive vegetation. Snowmelt also influences the composition
of streams and groundwater, where pH plays a key role in determining metal toxicity. Alkaline con-
ditions reduce the bioavailability of toxic metals such as aluminum (Al) and lead (Pb), which benefits
aquatic flora and fauna. While neutral pH is generally considered safe, fluctuations can cause stress
in acid-sensitive species, including certain crustaceans and mollusks. In addition, alkaline conditions can
alter soil microbial communities, slowing the decomposition of organic matter and affecting nutrient cy-
cling. Unlike industrial regions, where snow pH often drops below 5.0 due to acid precipitation, Crimean
snow is less acidic. This is likely due to the buffering effect of carbonate rich dust from local limestone
and the neutralizing influence of marine sea salt aerosols. However, pH values above 7.0 may indicate
the presence of anthropogenic dust (e.g., from construction or agricultural activities) or ammonia (NH;)
emissions from fertilizers or livestock operations.
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The slightly alkaline pH of Crimean snow (6.00-7.46) is strongly influenced by the region’s calcare-
ous soils, which are rich in carbonates (CaCO5, MgCO;). These soils act as a natural buffer, neutralizing
acidic deposition through the following mechanisms: (1) Carbonate Dissolution: Ca>* and Mg>* from
limestone and dolomite dust dissolve in snowmelt, releasing bicarbonate (HCO;~) and hydroxyl (OH™)
ions that counteract acidity [Hunova et al., 2023]. (2) Cation Exchange: The high correlation between
pH and Mg?* (r = 0.55) confirms their dominant role in buffering, consistent with Crimea’s widespread
rendzina soils (shallow, carbonate-rich soils on limestone [Kotova, Topchaya, Novikova, 2023]. (3) Dust
Input: Aeolian transport of alkaline dust from exposed limestone bedrock and agricultural areas further
elevates snow pH, as seen in other arid/semi-arid regions (e.g., the Mediterranean, Central Asia). Unlike
forested boreal zones (e.g., Siberia, Scandinavia), where soils lack carbonates and snow pH often falls
below 5.0, Crimea’s geology provides robust acid-neutralizing capacity. Compared to industrialized tem-
perate regions (e.g., NE China, Eastern Europe), where anthropogenic SO, , NO; emissions dominate
snow chemistry, Crimea’s alkaline dust offsets acidity, yielding higher pH despite sulfate inputs.

A preliminary evaluation of natural water quality can be derived from key chemical parameters
of atmospheric precipitation, specifically pH and total ion content (Z;). Our analysis reveals a signif-
icant positive correlation between these variables (r = 0.67), indicating that higher ion concentrations
correspond to increased pH levels in precipitation.

The observed increase in snowmelt water acidity in the study area is principally attributed to sulfuric
acid dissociation, as evidenced by the elevated sulfate-to-nitrate ratio ([SO42‘] / [NO5;7] = 1.29). This
sulfate predominance reflects more efficient atmospheric scavenging of sulfur dioxide compared to ni-
trogen oxides [Moody, Samson, 1989], consistent with established patterns of wet deposition chemistry.

The average monthly concentrations of sulfates in precipitation correlate well with their pH values
(r (pH/SO,*) = 0.70). The simultaneous occurrence of high sulfate concentrations and alkaline pH
suggests a more complex mixed process rather than the mere presence of “sulfur compounds”. Data
from this study indicate that this correlation is most likely mediated by the co-deposition of aerosols
and dust particles containing both sulfate anions and alkaline cations (particularly Ca** and Mg?*). This
hypothesis is strongly supported by the high correlation coefficients observed between pH and Ca®*
(r = 0.65) and Mg?* (r = 0.64), as well as the extremely strong correlation between Ca>* and Mg?* them-
selves (r = 0.99). This points to a common erosional source for these cations, specifically carbonate
dust particles from local soils. Therefore, the high pH is not a result of sulfate, but rather a conse-
quence of the fact that both acidic and alkaline components are released simultaneously into the snow,
with the predominance of the alkaline component (due to the abundance of carbonate dust) determin-
ing the neutral and alkaline pH values. This mechanism is consistent with studies from other regions
with strong continental influence: for example, in industrial cities in Northeast China [Cao et al., 2013]
and in Moscow [Eremina, Grigoriev, 2010], it was shown that suspended particles from construction
sites and soil dust rich in calcium and magnesium bicarbonates effectively neutralize acidic components.
Consequently, the mere interpretation of the pH-SO,>~ correlation reflects the coexistence of industrial
pollution sources (sulfur) and natural/anthropogenic buffers (dust). In contrast, nitrates did not have
a significant impact on the acidity of the snow cover (r (pH/NO;™) = 0.33).

In studies conducted in northeastern China, it was shown that the calculated potential for acidifi-
cation of atmospheric precipitation did not correspond to the values obtained during observations due
to significant contributions from major cations (especially Ca>*) present in soil dust and suspended sub-
stances of both anthropogenic and natural origin [Cao et al., 2013]. Eremina and co-authors explained
the alkalinization of the snow cover in Moscow by the presence of aerosols and suspended particles
from numerous construction sites in the urban agglomeration, which have an alkaline reaction (calcium
and magnesium salts, bicarbonates), leading to the neutralization of acidic components in the snow
[Eremina, Grigoriev, 2010]. Thus, the pH value of snowmelt water in the studied area was likely influ-
enced by the buffering of snow cover acidity due to the increasing concentration of suspended substances
in the atmospheric air, originating from both natural and anthropogenic sources.
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There is a relationship between the acidity of meltwater and the concentration of calcium and magne-
sium ions: r (pH/Ca®*) = 0.65, r (pH/Mg?*) = 0.64. There is a relationship between the acidity of melt-
water and the concentration of calcium and magnesium ions: r (pH/Ca?*) = 0.65, r (pH/Mg?*) = 0.64.
The high correlation coefficients between the ions of alkali and alkaline earth metals: K* and Na*
(r=0.95), K* and Mg?* (r = 0.99) and Ca’>* and Mg?* (r = 0.99) indicate a common erosional source
for the input of these components into the atmosphere.

Several studies attribute the increase in chloride (CI7) content in snow cover to its release into the at-
mosphere during coal combustion, as chlorine is a characteristic element of coal [Yudovich, Ketris,
2005]. In such cases, chloride concentrations would significantly exceed those of sodium, resulting
in a [CI7] / [Na+] ratio much greater than 1. However, across most of the studied area, the [CI17] / [Na+]
ratio ranges from 0.12 to 15.13, suggesting that chlorine is often not of marine origin.

Additionally, paired correlation analysis reveals a modest but notable relationship between chloride
concentrations in snow water and magnesium (Mg?*) (r = 0.26) and sodium (Na+) (r = 0.31), both
elements typically associated with marine sources, which likely reflects a shared anthropogenic origin
for these ions. Further supporting this, the average correlation coefficient between chloride and sulfate
(SO,%") concentrations is relatively strong (r = 0.58), indicating a common pollution source, such as coal
burning during the winter season.

The molar ratio of sulfate to chloride ions ([SO42‘] / [CI7]) is commonly used to determine the origin
of atmospheric precipitation composition and to assess atmospheric pollution from industrial emissions
[Chudaeva, Chudaev, Yurchenko, 2008]. Most sulfate in the atmosphere is of non-marine origin. For ex-
ample, in the background area of the Baikal Biosphere Reserve, the [SO42‘] / [CI7] ratio does not exceed
3 [Sanina, Sklyarova, Kostin, 2003].

In the present study, the [SO42‘] / [C17] values in snow water range from 0.09 to 0.32, with an average
of 0.17. These low ratios support the conclusion that the chloride ions observed in the study area primarily
originate from fuel combustion emissions at thermal power plants during the winter season, rather than
from marine sources.

The acidity of snow water, as described in the work, is due to the high content of sulfates, which
is confirmed by the [SO42‘] / [NO;7] ratio equal to 22.1 [Gladun, Shelganova, Mayorova, 2024].
The effectiveness of acidity neutralization at the “Khabarovsk” station showed an excess of neutraliz-
ing compounds (K/A ranging from 2 to 5), with the main components being the cations Ca?* and Mg?*.
The change in the ratio of [Mg?* + Na*]/[Ca®* + K*] from 1.8 to 0.8 indicates an increase in the emission
of cations Ca®* and K* into the atmosphere. The low value of [CI7] / [Na*] (from 0.1 to 0.4) suggests
a marine origin for the CI~ ions, which is supported by the change in the [SO42‘] / [CI7] ratio from 4
to 6. For Blagoveshchensk, the average value of this ratio was 10.64 [Radomskaya, Yusupov, Pavlova,
2014].

The study [Vasilevich, Beznosikov, Kondratenok, 2011] showed that meltwater in the taiga zone has
a K/A ratio of less than 1, in-creasing from south to north from 0.42 to 0.83 (with an average of 0.58).
This indicates a deficiency of neutralizing compounds and a predominance of hydrogen ions, which
corresponds to the overall situation in Russia, where cations account for about 30 % of the total ion
content, excluding hydroxide ions and hydrogen ions.

In the study [Surkova, Eremina, Zorina, 2005], the authors showed that in the area of the Northeast
coast of the Black Sea, the most evident sign of the predominance of continental influence on the chemical
composition of precipitation is the high concentrations of SO,%>~ and NH,*. Calcium, on the other hand,
is present in similar ratios in both marine and continental precipitation.

The presented ratios of major ions indicate a trend in the changing chemical composition of the snow
cover across all meteorological stations, with Ca?* becoming the dominant ion. It is known that
the main sources of cations Ca®* and Mg?* entering the atmospheric air are aerosols from sea salt, dust
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from aeolian deposits, industrial emissions, and suspended particles related to transportation. Sources
of NO, and SO, emissions include energy and heating facilities, motor vehicles, industry, and munici-
pal solid waste landfills. Sources of NH; emissions include agriculture, municipal solid waste landfills,
the aftermath of forest fires, and industry [Duan et al., 2016; Vet et al., 2014]. Anions such as sulfates
and nitrates typically form in the atmospheric air as a result of the oxidation of SO, and NO,.

Mg?* and K* are correlated with seawater and can enter snowmelt water either through dust deposi-
tion or precipitation, as well as via substitution in other minerals such as mirabilite. The low enrichment
factor for Mg?* (EF = 0.83) suggests minimal fractionation among its sources, indicating relatively uni-
form contributions. In contrast, the moderate enrichment of K* (EF = 13.41) points to an additional
minor source unrelated to sea salt, likely dust. Fractionation of Mg?* and K* sources may occur dur-
ing precipitation processes, which become thermodynamically favorable at low temperatures [Weeks,
Ackley, 1986]. While minerals formed from freezing seawater are typically pure stoichiometric phases,
natural solid solutions and ionic substitutions can significantly alter the composition of precipitated min-
erals. For example, Mg2+ and K* can substitute for other ions in sea salt minerals, such as calcium (Ca*)
in ikaite and sodium (Na*) in mirabilite.

In seawater, the concentration of Mg>* is roughly five times higher than that of Ca®*, making it easier
to detect Ca®* enrichment against the relatively low sea salt baseline. Conversely, mineral dust typically
contains more Ca?* than Mg?*. The observed enrichment of Ca?* (EF = 28.95) from atmospheric depo-
sition is attributed to the input of atmospheric dust, where the Ca?* / Mg?* ratio is substantially greater
than 1.

The sources of NO;~ and NH," in the snowpack exhibit greater stability compared to sea salt,
and their transport patterns are consistent across all studied environments. Both nitrate and ammo-
nium undergo biological transformations within the snowpack, leading to a more uniform distribution
and weaker correlation with sea salt. Given that NO;~ and SO, >~ are primarily anthropogenic pollutants,
a correlation between them is expected, as demonstrated in prior studies on aerosols and snow [Toom-
Sauntry, Barrie, 2002]. However, the observed correlation in this dataset spans a wide range, reflecting
high variability and distinct transport pathways across different environments.

For terrestrial snow, which is most comparable to the coastal/inland studies by Toom-Sauntry
and Barrie [Toom-Sauntry, Barrie, 2002] and Yalcin et al. [Yalcin et al., 2006], the NO;™ / SO42‘
ratio ranges from 0.31 to 2.09. This range differs slightly but overlaps with Toom-Sauntry & Barrie’s
reported values (0.2-0.6) and aligns closely with Yalcin et al’s ratio of 1.09, which is similar to our
average (0.94). Nitrate levels in Barrow are higher than those in Alarte, likely due to the older snow
sampled in Barrow compared to the freshly fallen snow analyzed in Alarte. Additionally, the elevated
sea salt content in Barrow may promote a more alkaline snowpack pH, enhancing nitric acid absorption
and further contributing to the observed nitrate enrichment.

The chemistry of snow nitrates, extensively examined in the literature [Yalcin et al., 2006; Honrath
et al., 1999; Honrath et al., 2000], indicates that their relationships with other ions in snow are gener-
ally more complex than those of sulfates. This complexity arises because sulfuric acid and sulfate salts
are non-volatile, whereas nitric acid is semi-volatile, although nitrate salts themselves are not volatile.
As a result, older atmospheric particles can convert nitric acid into less volatile salt forms (e.g., NaNO;)
that become retained within the snowpack. Nitrate behavior is further complicated by the fact that their
sources extend beyond sea salt aerosols and chemical losses, potentially involving in-snowpack processes
as well. Therefore, the lack of correlation between nitrates and sea salt tracers observed in this study
is not unexpected. To fully understand nitrate dynamics, more detailed analyses or additional research
are needed, accounting for the temporal evolution of snow samples and variations in photochemical
conditions.
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Given the influence of snowmelt pH on trace element distribution, we evaluated Pearson correlation
coefficients between snow water pH and elemental concentrations (Table 23). Mn, Co, Ni, Cd, and Pb
showed negligible dependence on pH, with weak negative correlations (r = —0.14, —-0.16, —0.13, —0.10,
and —0.14, respectively). Several elements demonstrated moderate positive correlations with pH. Alu-
minum showed the most pronounced relationship (r = 0.61). Mg and Na had moderate associations
Mg (r=0.55), Na (r = 0.43). K, Fe and Ba showed weaker but significant relationships K (r = 0.31),
Fe (r = 0.29), Ba (r = 0.22). This differential behavior suggests varying solubility controls and chem-
ical interactions between these elements and the snow matrix as pH changes. The stronger positive
correlations for Na, Mg, and Al may reflect their preferential release under less acidic conditions, while
the pH-independent elements likely have solubility controlled by other factors.

We analyzed the relationship between pH and the alkali metals Na, Mg, and K separately. The results
indicate a clear positive correlation between pH and these elements, whereas pH appears largely inde-
pendent of Ca concentrations. This suggests that Na, Mg, and K contribute to neutralizing rainwater
in the study area.

Variations in the pH of atmospheric precipitation significantly impact element solubility. Accord-
ing to [Grannas et al., 2007], the solubility of Cr, Ni, and Pb increases twofold or more at pH levels
below 5.0. In contrast, highly soluble elements such as K, Ca, Cd, and V show no pH-dependent sol-
ubility changes. Given that trace element distribution is influenced by snow water pH, we calculated
Pearson correlation coefficients between pH and the concentrations of the studied elements. The most
significant positive correlation is observed with SO,2~ (r = 0.70). As discussed in detail above, this
coeflicient should not be interpreted as a direct acidifying effect, but rather as an indication of the co-
deposition of industrial pollutants (sulfates) and alkaline dust (rich in Ca**, Mg?*) from both anthro-
pogenic (e.g., construction) and natural (carbonate soils) sources, in which the cations effectively neu-
tralize sulfuric acid. The correlation with Al (r = 0.61) and Mg (r = 0.55) also suggests that these
elements may contribute to pH neutralization, making them important for assessing the acid-base bal-
ance. Na (r=0.43) and CI~ (r = 0.52) also show a positive relationship, which may indicate the influence
of marine aerosols and other sources related to atmospheric precipitation. K (r = 0.31) and NO;™ (r =
0.31) have moderate positive correlations, which may point to their relationship with changes in pH,
possibly due to agricultural activities or other sources. Fe (r = 0.29) and Ba (r = 0.22) also exhibit weak
positive correlations, which may indicate their presence in precipitation, possibly due to soil weathering
or anthropogenic sources. The most pronounced negative correlation is observed with Cr (r = —0.34),
which may indicate differences in sources and deposition processes. Other elements, such as Co (r =
—0.16), Ni (r = —0.13), and Cd (r = —0.10), also show weak negative correlations with pH, suggesting
that their concentrations are only slightly dependent on the acidity of snow water. For elements such
as V (r=0.07), Zn (r = 0.03), and Sr (r = —0.30), the correlation with pH is virtually absent, indicating
their concentrations may be independent of acidity levels.

The correlation coefficients for major ions calculated for all snow samples indicate that Cl and Na
are independent of each other, reflecting their different origins. Table 23 shows that Na has a positive
correlation with Mg and K (r = 0.95 and 0.97, respectively), and Mg shows a positive correlation with Ca
and Fe with Mn (r = 0.94 and 0.87, respectively). This may be related to common sources such as ma-
rine aerosol dust or geological processes. At the same time, Cd has a moderate negative correlation
with Na and Ca (r = -0.66 and —0.80, respectively), indicating differences in sources or deposition pro-
cesses. Other elements, including Co, Ni, Cu and Zn, exhibit weak correlations both among themselves
and with other elements, suggesting a variety of sources or the influence of multiple factors such as an-
thropogenic activities or local geological conditions. It is also important to highlight that the primary
sources of sodium (Na) are sea salt and atmospheric aerosols, particularly in coastal regions. Mg and Ca
originate from mineral sources and dust and may also be related to agricultural activities. Meanwhile,
Fe and Mn may come from soil and rocks as well as from industrial emissions. Heavy metals (Cd, Pb,
Cu) often have anthropogenic origins related to industrial pollution, vehicular traffic, and other sources.
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Due to the lack of data on the chemical composition of the snow cover in Crimea, we compared our
findings with those from a study on elemental content in rainwater [Grannas et al., 2007], conducted
on the Crimean Peninsula over a decade ago. Our enrichment values were found to be an order of mag-
nitude higher. This discrepancy may be attributed to various factors, including increased anthropogenic
activities such as rapid urbanization, population growth, and higher vehicle usage, as well as changing
meteorological conditions, climate change, and shifts in biogeochemical processes within the ecosys-
tem. Additionally, trace elements can be transported by winds. Studies [Kaya, Tuncel, 1997; Kayukova,
2011] have shown that winds originating from industrial regions play a primary role in carrying dust
containing trace elements.

The EF analysis revealed the following element enrichment sequence: Fe <V < Mg < Cr < Ba<Mn
<Ca<K<Na<Pb<Sr<Ni<Co<Cux<Zn< Cd. All macroelements, except Mg showed higher
soil concentrations than Earth’s crustal reference values. The decreasing order of enrichment coefficients
for macroelements is: Na > K > Ca > Mg. Discrepancies arise because atmospheric aerosols do not
perfectly mirror soil composition. Dust is enriched in Fe/Mn oxides and contains variable proportions
of Si, Al,O3, carbonates, and calcite [Topchaya et al., 2020; Stachurski, Zimka, 2000].

As for trace elements, most exhibited EF > 500, with the sequence: Cd > Zn > Cu > Co > Ni > Sr
>Pb > Mn > Cr > Ba > V > Fe. Notably, Cd has a very high EF of 32 696.28. The striking enrichment
factor (EF) of cadmium (Cd) suggests significant anthropogenic contamination, as natural sources alone
cannot account for such elevated levels. Several potential local and regional sources may contribute
to this enrichment: Past industrial operations in Crimea, such as iron ore processing and coal combus-
tion residues, may have left behind cadmium pollution in the environment; Vehicle-related emissions:
Cadmium is released through tire wear, brake pad abrasion, and the combustion of lubricants, making
road traffic a notable source of Cd in urban and roadside environments; Agricultural practices: Widely
used in Crimean agriculture, phosphate fertilizers often contain cadmium as an impurity. Additionally,
the use of sewage sludge and certain older pesticide formulations may introduce Cd into the environment;
Industrial emissions from Eastern Europe: Air masses originating from heavily industrialized regions
of Ukraine and Russia can transport cadmium-rich particles over long distances, contributing to atmo-
spheric deposition in Crimea; Black Sea shipping: Marine traffic, including fuel combustion and cargo
emissions, may also be a source of cadmium pollution in coastal areas.

Other heavy metals, including Zn, Co, Cu and Ni, also display high enrichment factors (EF), pointing
to their anthropogenic origins. The EF values of the remaining elements indicate contributions from both
natural and anthropogenic sources.

To evaluate how wind conditions affect the chemical composition of snow, we conducted a Pear-
son correlation analysis between wind speed (both average and gusts) and concentrations of major ions
and trace metals in snowmelt water collected between 2021 and 2024. CI-, Na*, Mg?*, K*, Ca* showed
strong positive correlations (r > 0.6) with both average wind speed and gusts. This suggests that higher
wind velocities enhance the atmospheric transport of sea salt aerosols (Cl~, Na*) and mineral dust par-
ticles (Mg?*, K*, Ca?*) from local soils. The particularly strong association with chloride (r = 0.71)
confirms the marine influence on snow chemistry in coastal Crimea. NH,*, NO,~ exhibited weak neg-
ative correlations (r = —0.4). This inverse relationship likely reflects their origin from local non-wind-
dependent sources such as agricultural activities, vehicle emissions, and industrial processes. The lack
of significant correlation of sulfate (SO,%7) (r = —0.25) indicates that sulfate deposition is primarily
governed by stationary emission sources (e.g., fossil fuel combustion) rather than wind-driven transport
mechanisms. Al, Fe, Mn, Sr, Ba) displayed moderate to strong positive correlations (r = 0.51-0.64),
consistent with their derivation from wind-eroded soil particles. Aluminum (r = 0.62) and strontium
(r = 0.64) showed particularly strong associations, highlighting the importance of local limestone dust
in metal transport. Cd, Pb exhibited negative correlations (r ~ —0.4), implying that their deposition
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patterns are dominated by nearby emission sources (e.g., industrial facilities, urban traffic) rather than
atmospheric circulation. V, Cr, Co, Ni, Cu, Zn showed no significant wind dependence (Irl < 0.4),
suggesting complex deposition pathways involving both natural weathering and anthropogenic inputs.
The robust correlations between wind speed and marine-derived elements (Na*, CI~, Mg?*) confirm that
sea spray is a major source of ions in Crimean snow, particularly during high-wind periods. Strong
associations between wind velocity and crustal elements (Al, Ca’*, Fe, Sr) reflect the importance of lo-
cal soil erosion, especially from carbonate-rich landscapes characteristic of Crimea. The lack of wind
correlation for Cd, Pb, and nitrogen compounds suggests these pollutants originate from fixed emission
sources with limited atmospheric dispersion.

This study demonstrates that wind speed plays a crucial role in governing the deposition of marine
and terrestrial components in Crimean snow, while anthropogenic contaminants follow distinct deposi-
tion patterns. The carbonate geology of Crimea strongly influences snow chemistry through dust emis-
sions.

Crimea’s snow, though rare, provides a sensitive indicator of rising anthropogenic pressures
(urbanization, agriculture, transport). The stark Cd EF increase compared to decade-old rainwater data
[Yalcin et al., 2006] underscores accelerating contamination. Alkaline snowmelt may enhance soil car-
bon sequestration (via Ca?*-organic matter binding), but Cd/Pb accumulation could disrupt microbial
communities. Source apportionment (e.g., Pb isotopes for Cd tracing) is critical to mitigate emissions
from coal combustion, fertilizers, and traffic.

Snow chemistry data from the Karadag Nature Reserve reveal two critical, synergistic threats to its
unique biodiversity: alkaline snowmelt and extreme cadmium (Cd) contamination. Wind-blown carbon-
ate dust from Crimea’s limestone geology elevates snow pH, favoring calciphilous plants while suppress-
ing calcifugous species and reducing bioavailability of Fe and Mn, thereby impairing growth of sensitive
vegetation on nutrient-poor soils. More alarming is Cd enrichment (EF > 32 000), among the highest
recorded globally. Despite low annual deposition, chronic Cd input leads to bioaccumulation in plants,
entering food chains and biomagnifying in predators (insects — rodents — birds, reptiles, mammals),
causing toxicity, reduced reproduction, and population declines. Alkaline conditions may stabilize Cd
in organic matter, creating a long-term reservoir and potentially enhancing plant uptake, which repre-
sents a dangerous synergy. Though protected from direct land use, Karadag cannot escape atmospheric
pollution. Snow, though rare, acts as a sensitive integrator of airborne contaminants, with Cd levels ris-
ing sharply since 2006 due to urbanization, phosphate fertilizers, and traffic emissions. While alkaline
snowmelt may enhance soil carbon storage, Cd and Pb accumulation disrupt microbial function and nu-
trient cycling. Urgent action is needed: integrate long-term atmospheric monitoring into conservation
planning and conduct isotopic source apportionment (e.g., Pb isotopes) to target emissions from coal, fer-
tilizers, and vehicles. Without intervention, Karadag’s biodiversity faces silent erosion, not from habitat
loss, but from invisible, accumulating toxins.

Conclusions

The acidity of snowmelt in the studied area is buffered by sulfates and cations, which maintains a weakly
alkaline reaction. This is influenced by both natural and anthropogenic sources. High values of the cation
to anion ratio (K/A > 1) indicate a positive effect of natural processes on reducing acidity, which is ben-
eficial for the ecosystem. However, anthropogenic factors, such as emissions from coal combustion,
significantly impact the chemical composition of snowmelt, as evidenced by the high content of sulfates
and chlorides. Comparisons with other regions show that the acid-base status of snowmelt depends
on pollution sources and natural conditions, high-lighting the importance of regional studies. The con-
centration of Mngr in seawater exceeds that of Ca2*, which explains the enrichment of the latter in snow,
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likely from atmospheric dust. The ratio of NH,* to NO;™ is approximately 0.63, indicating constant
sources of these ions in the snow cover. Contrary to expectations, the correlation between nitrates
and sulfates shows high variability and different transport pathways. Further research is needed for a bet-
ter understanding of the interactions affecting the chemical composition of snow.

The results showed that the only element exceeding the maximum allowable concentrations is Cd,
indicating contamination. Correlation analysis revealed that the pH of snowmelt is almost uncorrelated
with trace elements such as Mn and Pb, while a positive correlation is observed with Na, Mg, and Al,
indicating their role in neutralizing rainwater. Changes in the pH of atmospheric precipitation affect
the solubility of elements, increasing the bioavailability of elements such as Cr, Ni, and Pb at pH lev-
els below 5.0. Anthropogenic sources of pollution, including industrial impacts, significantly influence
the distribution of elements, as evidenced by high EF for Cd and Zn.

This study highlights the value of episodic snowfall as a critical archive of atmospheric pollution
in the Mediterranean climates. Key findings include: (1) the first evidence of industrial cadmium con-
tamination (EF > 32 000) within protected areas of Crimea; (2) identification of coal combustion and fer-
tilizer use as priority targets for pollution control; (3) validation of snow-based monitoring as an effective
tool in regions with infrequent precipitation. For future research we recommend: (1) implementing year-
round aerosol sampling combined with on-site anemometry to track pollutant transport; (2) using Pb/Cd
isotope ratios to differentiate between local and transboundary pollution sources; (3) assessing the role
of forest canopy interception and quantify pollutant transfer from snow to soil.

Although constrained by the region’s limited snowfall, this research shows that even rare snow events
can provide disproportionately valuable insights into anthropogenic impacts on sensitive coastal ecosys-
tems. Addressing these climatic limitations will help refine future monitoring efforts and inform effective
pollution mitigation strategies.

Consequently, these findings underscore the importance of monitoring atmospheric precipitation
quality and evaluating the effects of human activities on the ecosystem. This will be crucial for develop-
ing effective strategies to minimize pollution and safeguard the environment.

References

1. Al-Momani 1. F. Trace elements in atmo- salt aerosol modifications // Atmospheric

spheric precipitation at Northern Jordan
measured by ICP-MS: acidity and possi-
ble sources // Atmospheric Environment. —
2003. — Vol. 37, iss. 32. — P. 4507-4515. -
https://doi.org/10.1016/S1352-2310(03)005

62-4

. Anicic M., Tasic M., Frontasyeva M. V.,
Tomasevi¢ M., Rajsic S., Miji¢ Z., Popovic A.
Active moss biomonitoring of trace ele-
ments with Sphagnum girgensohnii moss bags
in relation to atmospheric bulk deposition
in Belgrade, Serbia // Environmental Pollu-
tion. —2009. — Vol. 157, iss. 2. = P. 673-679. -
https://doi.org/10.1016/j.envpol.2008.08.003
. Aristarain A. J.,, Delmas R. J. Snow
chemistry measurements on James Ross
Island (Antarctic Peninsula) showing sea

Environment. — 2002. — Vol. 36, iss. 4. —
P. 765-772. — https://doi.org/10.1016/S1352-
2310(01)00362-4

. Benassai S., Becagli S., Gragnani R.,

Magand O., Proposito M., Fattori I,
Traversi R., Udisti R. Sea-spray deposi-
tion in Antarctic coastal and plateau areas
from ITASE traverses // Annals of Glaciol-
ogy. — 2005. — Vol. 41. — P. 32-40. -
https://doi.org/10.3189/172756405781813285

. Cao J., Tie X., Dabberdt W. F., Jie T.,

Zhao Z., An Z., Shen Z., Feng Y.
On the potential high acid deposi-
tion in northeastern China // Journal
of Geophysical Research: Atmospheres. —
2013. — Vol. 118, iss. 10. — P. 4834-4846. —
https://doi.org/10.1002/jgrd.50381

73


https://doi.org/10.1016/S1352-2310(03)00562-4
https://doi.org/10.1016/S1352-2310(03)00562-4
https://doi.org/10.1016/j.envpol.2008.08.003
https://doi.org/10.1016/S1352-2310(01)00362-4
https://doi.org/10.1016/S1352-2310(01)00362-4
https://doi.org/10.3189/172756405781813285
https://doi.org/10.1002/jgrd.50381

PHAM C. N., GORBUNOV R. V., LAPCHENKO V. A., GORBUNOVA T. YU., TABUNSHCHIK V. A.

6.

10.

11.

12.

74

. Domine F., Sparapani R.,

Chudaeva V. A., Chudaev O. 'V,
Yurchenko S. G. Chemical composi-
tion of precipitation in the southern

part of the Russian Far East // Water
Resources. — 2008. — Vol. 35. — P. 58-70. —
https://doi.org/10.1134/s0097807808010077

. de Caritat P., Hall G., Gislason S., Belsey W.,

Braun M., Goloubeva N. I, Olsen H. K.,
Scheie J. O., Vaive J. E. Chemical compo-
sition of Arctic snow: concentration levels
and regional distribution of major elements
/I Science of The Total Environment. —
2005. — Vol. 336, iss. 1/3. — P. 183-199. -
https://doi.org/10.1016/j.scitotenv.2004.05.
031

Dibb J. E., Ziemba L. D., Luxford J.,
Beckman P. Bromide and other ions
in the snow, firn air, and atmospheric
boundary layer at Summit during GSHOX
/I Atmospheric Chemistry and Physics. —
2010. — Vol. 10, iss. 20. — P. 9931-9942. —
https://doi.org/10.5194/acp-10-9931-2010
lanniello A.,
Beine H. J. The origin of sea salt in snow
on Arctic sea ice and in coastal regions
/" Atmospheric Chemistry and Physics. —
2004. — Vol. 4, iss. 9/10. — P. 2259-2271. -
https://doi.org/10.5194/acp-4-2259-2004
Duan L., Yu Q. Zhang Q., Wang Z,
Pan Y., Larssen T., Tang J., Mulder J. Acid
deposition in Asia: Emissions, deposition,
and ecosystem effects / Atmospheric Envi-
ronment. — 2016. — Vol. 146. — P. 55-69. —
https://doi.org/10.1016/j.atmosenv.2016.07.
018

Eremina 1. D., Grigoriev A. V. Acidity
and chemical composition of snow cover
in the city of Moscow and the Moscow Region
during 1999-2006 // Lomonosov Geography
Journal. — 2010. — Ne 3. — P. 55-60. —
https://elibrary.ru/mvxIph. (in Russian)
Gladun 1. V., Shelganova A. A., May-
orova L. P. Technogenic pollution of snow
cover in the Khabarovsk Territory in the pe-
riod from 2015 to 2022 // The Eurasian
Scientific Journal. — 2024. — Vol. 16, nr 3. —
Art. 94NZVN324. (in Russian)

13.

14.

15.

16.

17.

18.

Glazovsky N. F., Zlobina A. L., Uchvatov V. P.
Chemical composition of the snow cover
in some parts of the upper Oka basin // Re-
gional Ecological Monitoring / eds: V. E.
Sokolov [et al.]. — Moscow : Nauka, 1983. —
P. 67-86. (in Russian)

GN 2.1.5.1315-03. Ob utverzhdenii sani-
tarnykh pravil i norm SanPiN 1.2.3685-21
“Gigienicheskie normativy 1 trebovaniya
k obespecheniyu bezopasnosti 1 (i)
bezvrednosti  dlya  cheloveka faktorov
sredy obitaniya” : postanovlenie GI. gos.
sanit. vracha RF Ne 2 ot 28.01.2021
// Ofitsial’'nyj  internet-portal  pravovoj
informatsii. — 2021. — URL: http:// publica-
tion.pravo.gov.ru/document/00012021020300
227index=1 (data obrashcheniya: 12.02.25).
Grannas A. M., Jones A. E., Dibb J.
[et al.]. An overview of snow photochem-
istry: evidence, mechanisms and impacts
/I Atmospheric Chemistry and Physics. —
2007. — Vol. 7, iss. 16. — P. 4329-4373. —
https://doi.org/10.5194/acp-7-4329-2007
Gurov K. I, Kotelyanets E. A. Distribu-
tion of trace metals (Cr, Cu, Ni, Pb, Zn,
Sr, Ti, Mn and Fe) in the vertical section
of bottom sediments in the Sevastopol Bay
(Black Sea) // Physical Oceanography. —
2022 - Vol. 29, iss. 5. — P.491-507 -
https://doi.org/10.22449/1573-160X-2022-5-
491-507

Honrath R. E., Peterson M. C., Dziobak M. P.,
Dibb J. E., Arsenault M. A., Green S. A.
Release of NOx from sunlight-irradiated mid-
latitude snow // Geophysical Research Letter. —
2000. — Vol. 27, iss. 15. — P. 2237-2240. -
https://doi.org/10.1029/1999GL011286
Honrath R. E., Peterson M. C., Guo S.,
Dibb J. E., Shepson P. B., Campbell B.
Evidence of NOx production within or
upon ice particles in the Greenland
snowpack // Geophysical Research Letter. —
1999. — Vol. 26, iss. 6. — P. 695-698. —
https://doi.org/10.1029/1999GL900077


https://doi.org/10.1134/s0097807808010077
https://doi.org/10.1016/j.scitotenv.2004.05.031
https://doi.org/10.1016/j.scitotenv.2004.05.031
https://doi.org/10.5194/acp-10-9931-2010
https://doi.org/10.5194/acp-4-2259-2004
https://doi.org/10.1016/j.atmosenv.2016.07.018
https://doi.org/10.1016/j.atmosenv.2016.07.018
https://elibrary.ru/mvxlph
http:// publication.pravo.gov.ru/document/0001202102030022?index=1
http:// publication.pravo.gov.ru/document/0001202102030022?index=1
http:// publication.pravo.gov.ru/document/0001202102030022?index=1
https://doi.org/10.5194/acp-7-4329-2007
https://doi.org/10.22449/1573-160X-2022-5-491-507
https://doi.org/10.22449/1573-160X-2022-5-491-507
https://doi.org/10.1029/1999GL011286
https://doi.org/10.1029/1999GL900077

SNOW COVER CHEMISTRY IN CRIMEAN FOREST ECOSYSTEMS: A CASE STUDY OF THE KARADAG
NATURE RESERVE

19.

20.

21.

22.

23.

24.

25.

Hunova I, Kurfiirst P., Schreiberova M.,
Vilasakovda L., Skdachova H. Atmo-
spheric deposition of lead and cadmium
in a Central European country over
the last three decades // Atmosphere. —
2023. — Vol. 14, iss. 1. — Art. 19.-
https://doi.org/10.3390/atmos 14010019
Karpachevskiy L. O., Zubkova T. A.,
Proysler T., Kennel M., Gittel G., Gor-
charuk N. Yu., Minaeva T. Yu. Impact
of a complex spruce forest canopy
on the chemical composition of precipitation
// Lesovedenie. — 1998. — Ne 1. — S. 50-59.
Katanayeva V. G., Selyanin A. V. Estimation
of heavy metals content and their inflow into
the salt lakes of forest-steppe in the right-
bank Priishimye // Vestnik Tyumenskogo
Gosudarstvennogo Universiteta. Ekologiya
1 Prirodopol’zovanie. — 2011. — Ne 5. —
S. 39-48. — https://elibrary.ru/ofyood (in Rus-
sian)

Kaya G., Tuncel G. Trace
and major ion composition of wet
and dry deposition in Ankara, Turkey
/I Atmospheric Environment. — 1997. —
Vol. 31, iss. 23. - P.3985-3998. —
https://doi.org/10.1016/S1352-2310(97)0022
1-5

Kayukova E. P. Features of the chemical
composition of precipitation of the Crimean
training site of SPbSU // Vestnik Sankt-
Peterburgskogo ~ Universiteta. ~ Ser. 7,
Geologiya. Geografiya — 2011. — Ne 3. —
C. 26—42. (in Russian)

Kotova E. L., Topchaya V. Yu., Novikova Yu. V.
Geobiochemical characteristics of snow
cover on the White Sea coast in 2021
and 2022 // Water Resources. — 2023. —
Vol. 50, iss. 1. - P. 80-88. -
https://doi.org/10.1134/S0097807823700306
Krnavek L., Simpson W. R., Carl-
son D., Domine F., Douglas T. A,
Sturm M. The chemical composition
of surface snow in the Arctic: Examin-
ing marine, terrestrial, and atmospheric
influences // Atmospheric Environment. —
2012. - Vol. 50. - P. 349-359. -
https://doi.org/10.1016/j.atmosenv.2011.11.
033

element

26.

27.

28.

29.

30.

31.

32.

Kulikova V. K. Leaching of nutrient ele-
ments from tree crowns in spruce and birch-
spruce plantations of Karelia // Les 1 pochva :
Trudy vsesoyuz. nauch. konf. po les. pochvove-
deniyu, 15-19 iyulya 1965 g. / otv. red.
N. V. Orlovskij. — Krasnoyarsk : Kn. izd-vo,
1968. — S. 288-295.

Kurosaki Y., Matoba S., Matsumoto M.,
Yamasaki T., Hendriksen I, Ilizuka Yo.
Characteristics of snowpack chemistry

on the coastal region in the northwest-
ern Greenland Ice Sheet facing the North
Water, EGUsphere : [preprint]. — 2025. —
https://doi.org/10.5194/egusphere-2025-1560
Lipatikova O. A., Lubkova T. N., Yablon-
skaya D. A., Dmitriev L. A. Geokhimich-
eskaya kharakteristika vod rodnikov yuzhnoi
chasti  gorodskogo okruga Balashikha
(Moskovskaya oblast’) // Vodnye Resursy. —
2024. — T. 51, Ne 1. — S. 101-114. -
https://doi.org/10.31857/S0321059624010095
Makarov V. N., Torgovkin N. V. Eco-
logical and geochemical characteristics
of the snow cover in the Yakutsk city
(Central Siberia) // Ice and Snow. -
2021. - Vol. 61, iss. 3. — P. 420-430. -
https://doi.org/10.31857/S2076673421030098
Moody J. L., Samson P. J. The influence of at-
mospheric transport on precipitation chem-
istry at two sites in the midwestern United
States // Atmospheric Environment (1967). —
1989. — Vol. 23, iss. 10. — P. 2117-2132. -
https://doi.org/10.1016/0004-6981(89)90173-
X

Nickus U. lon content of the snowpack
on Franz Josef Land, Russia // Arctic,
Antarctic, and Alpine Research. — 2003. —
Vol. 35, iss. 3. — P. 399-408. -
https://www.elibrary.ru/lzkssh

Pham C. N., Gorbunov R., Lapchenko V.,
Gorbunova T., Tabunshchik V. Macro-
and microelements and the impact of sub-
mediterranean downy oak forest communities
on their composition in rainwater // Forests. —
2024. — Vol. 15, iss. 4. — Art.612. -
https://doi.org/10.3390/f15040612

75


https://doi.org/10.3390/atmos14010019
https://elibrary.ru/ofyood
https://doi.org/10.1016/S1352-2310(97)00221-5
https://doi.org/10.1016/S1352-2310(97)00221-5
https://doi.org/10.1134/S0097807823700306
https://doi.org/10.1016/j.atmosenv.2011.11.033
https://doi.org/10.1016/j.atmosenv.2011.11.033
https://doi.org/10.5194/egusphere-2025-1560
https://doi.org/10.31857/S0321059624010095
https://doi.org/10.31857/S2076673421030098
https://doi.org/10.1016/0004-6981(89)90173-X
https://doi.org/10.1016/0004-6981(89)90173-X
https://www.elibrary.ru/lzkssh
https://doi.org/10.3390/f15040612

PHAM C. N., GORBUNOV R. V., LAPCHENKO V. A., GORBUNOVA T. YU., TABUNSHCHIK V. A.

33.

34.

35.

36.

37.

38.

39.

76

Poissant L.,  Schmit J.-P., Béron P.
Trace inorganic elements in rainfall
in the Montreal Island // Atmospheric
Environment. — 1994. — Vol. 28, iss. 2. —
P. 339-346. — https://doi.org/10.1016/1352-
2310(94)90109-0

Pristova T. A., Vasilevich M. I. Chemi-
cal composition of snow cover in middle-
taiga forest ecosystems in the Komi
Republic // Geochemistry International. —
2011. — Vol. 49, iss. 2. — P. 199-206. -
https://doi.org/10.1134/s001670291012102x
Radomskaya V. L, Yusupov D. V.,
Pavlova L. M. Macrocomponent composi-
tion of snow cover of Blagoveshchensk city
// Voda: khimiya i ekologiya. — 2014. — Ne 8. —
S.95-103. — https://www.elibrary.ru/stwqut
(in Russian)

RD 52.04.186-89. Rukovodstvo po kon-
trolyu zagryazneniya atmosfery : data vved.
1991-07-01 / razrab. Gos. kom. SSSR po
gidrometeorologii 1 M-vom zdravookhra-
neniya SSSR // Kodeks : el. fond pravovykh
1 normat.-tekhn. dokumentov. - URL:
https://docs.cntd.ru/document/1200036406?

ysclid=mqpe3uv741387816858 (data
obrashcheniya: 12.02.25).

Sanina N. B., Sklyarova O. A., Kostin S. B.
Geochemical study of snow cover in the Baikal
Biosphere Preserve (in connection with

degrading fir trees on the northern
slope of the Khamar-Daban Moun-
tain Ridge) // Geoekologiya. Inzhener-
naya geologiya, gidrogeologiya, geokri-

ologiya. — 2003. — Ne 2. — S. 120-129. -
https://www elibrary.ru/ndnuun (in Russian)
Stachurski A., Zimka J. R. Atmospheric input
of elements to forest ecosystems: a method
of estimation using artificial foliage placed
above rain collectors // Environmental Pol-
Iution. — 2000. — Vol. 110, iss. 2. —
P. 345-356. — https://doi.org/10.1016/S0269-
7491(99)00290-0

Surkova G. V., Eremina I D. Zo-
rina S. A. Vliyanie kontinental’nykh
1 morskikh istochnikov na khimich-
eskij sostav letnikh atmosfernykh os-
adkov  severo-vostochnogo  poberezh’ya

40.

41.

42.

43.

44.

45.

46.

Chernogo morya // Ekologicheskaya be-
zopasnost’ pribrezhnoj i shel’fovoj zon
i kompleksnoe ispol’zovanie resursov shel’fa
/ Mor. gidrofiz. in-t RAN. — Sevastopol” :
MGI, 2005. — Ne 12. - S.208-214.-
https://www elibrary.ru/tgyvwf
Toom-Sauntry D., Barrie L. A. Chemical
composition of snowfall in the high Arctic:
1990-1994 // Atmospheric Environment. —
2002. - Vol. 36, iss. 15/16. — P. 2683-2693. —
https://doi.org/10.1016/S1352-2310(02)0011
5-2

Topchaya V. Yu., Kotova E. I, Starody-
mova D. P., Chechko V. A. Distribution, mate-
rial and chemical composition of sedimentary
matter of rainfall on the territory of the Kalin-
ingrad Region RF // Advances in Current Nat-
ural Sciences — 2020. — Ne 1. — S. 47-53. -
https://doi.org/10.17513/use.37320 (in Rus-
sian).

Trushkina L. Yu., Trushkin A. G,
Demyanova L. M. Gigiena 1 ekologiya che-
loveka. — 4-e izd. — Moskva : Prospekt, 2006 —
527 p.

Vasilevich M. 1., Beznosikod [i. e. Beznosikov]
V. A., Kondratenok B. M. Chemical com-
position of snow cover in the taiga zone
of the Komi Republic // Water Resources. —
2011. — Vol. 38, iss. 4. — P. 530-542. —
https://doi.org/10.1134/S0097807811040130
Vet R., Artz R. S., Carou S. [et al.]. A global
assessment of precipitation chemistry and de-
position of sulfur, nitrogen, sea salt, base
cations, organic acids, acidity and pH,
and phosphorus // Atmospheric Environ-
ment. — 2014. — Vol. 93. — P. 3-100. —
https://doi.org/10.1016/j.atmosenv.2013.10.
060

Vinogradov A. P. Vvedenie v geokhimiyu
okeana. — Moskva : Nauka, 1967. — 215 p.
Weeks W. F., Ackley S. F. The growth,

structure, and properties of sea ice
/I The Geophysics of sea ice / ed.
N. Untersteiner. — New York: Plenum

Press, 1986. — P.9-161.— (NATO ASI
Series. Ser. B, Physics ; vol. 146). —
https://doi.org/10.1007/978-1-4899-5352-
0.2


https://doi.org/10.1016/1352-2310(94)90109-0
https://doi.org/10.1016/1352-2310(94)90109-0
https://doi.org/10.1134/s001670291012102x
https://www.elibrary.ru/stwqut
https://docs.cntd.ru/document/1200036406?ysclid=mqpe3uv741387816858
https://docs.cntd.ru/document/1200036406?ysclid=mqpe3uv741387816858
https://doi.org/10.1016/S0269-7491(99)00290-0
https://doi.org/10.1016/S0269-7491(99)00290-0
https://www.elibrary.ru/tgyvwf
https://doi.org/10.1016/S1352-2310(02)00115-2
https://doi.org/10.1016/S1352-2310(02)00115-2
https://doi.org/10.17513/use.37320
https://doi.org/10.1134/S0097807811040130
https://doi.org/10.1016/j.atmosenv.2013.10.060
https://doi.org/10.1016/j.atmosenv.2013.10.060
https://doi.org/10.1007/978-1-4899-5352-0_2
https://doi.org/10.1007/978-1-4899-5352-0_2

SNOW COVER CHEMISTRY IN CRIMEAN FOREST ECOSYSTEMS: A CASE STUDY OF THE KARADAG
NATURE RESERVE

47. Xue H., Chen W., Li M., Liu B., Li G, 49. Yudovich Ya. E., Ketris M. P. Toxic trace

Han X. Assessment of major ions and trace elements in coal. — Ekaterinburg : Institute
elements in snow: A case study across of Geology Komi SC UB RAS, 2005. — 655 p.
northeastern China, 2017-2018 // Chemo- (in Russian)
sphere. — 2020. — Vol. 251. — Art. 126328 —  50. Zverev V. P., Varvanina O. Yu., Putilina V. S.
https://doi.org/10.1016/j.chemosphere.2020. Zakonomernosti izmeneniya sostava
126328 atmosfernykh osadkov na territorii Rossii
48. Yalcin K., Wake C. P., Dibb J. E., Whitlow S. 1. /I Geoekologiya. Inzhenernaya geologiya,
Relationships between aerosol and snow chem- gidrogeologiya, geokriologiya. — 1997. -
istry at King Col, Mt. Logan Massif, Yukon, Ne 5.-S.30-38.

Canada // Atmospheric Environment. -
2006. — Vol. 40, iss. 37. — P. 7152-7163. —
https://doi.org/10.1016/j.atmosenv.2006.06.
028

XUMHUYECKHUHN COCTAB CHEZKHOT'O IIOKPOBA B JIECHBIX S9KOCHCTEMAX
KPBIMA: HA IIPUMEPE KAPAJTAI'CKOI'O ITPUPO/JHOI'O 3AIIOBEJIHUKA
®am K. H.'*, Topoynos P. B.!, Jlanuenko B. A.2, Top6ynosa T. 10.!, Tadynmux B. A.!
@By H UL «Hncmumym 6uonozuu 10v4coix mopeii umenu A. O. Kosanesckoeo PAH,

2. Cesacmononw, Poccuiickas ®edepauus,
2Kapadazckas nayunas cmanyus um. T. H. Bszemckozo — npupodnsiii 3anosednux PAH —
duruan ®I'BYH UL «Hncmumym ouonozuu rooickvix mopeti um. A. O. Kosanesckozo PAH»,

2. @eodocus, Poccuiickas Dedepayus,
e-mail: famkn@ibss-ras.ru

AnnoTtamus: Lenbio nccnenoBanus sBJseTCA aHAIW3 XMMUYECKOIO COCTaBa CHEKHOTO MOKPOBA M pacnpenere-
HUs MaKpO3JIEMEHTOB B HEM Ha Teppurtopun Kapapmarckoro npupogHoro 3anosegHuka (KpbeiM), roe cHeromnamel
penxu. [IpoOsl cHera, otoOpaHHbie B 3umHMi riepuos ¢ 2021 no 2024 ron Ha (POHOBO# CTAHIIMKU IKOJIOTHUECKOTO
MOHUTOPHHIA, TPOAaHAIN3UPOBAHBI Ha COIEPKAHNE NOHOB ¥ KACIIOTHOCTb. BBIABIIEHO, UTO KUCTIOTHOCTD BapbUpy-
et ot 6,00 1o 7,46 c npeobnaianyeM cynb(paToB, YTO CBUIETENLCTBYET 00 aHTPOIIOT€HHOM BIIMSIHUN. XUMIUECKHN
COCTaB OIpezieNgeTcs Kak NPUPOIHbIMYU, TaK ¥ aHTPOIIOreHHBIMH (hbaKTOpamMH. BBICOKOE COOTHOIIEHNE KaTHOHOB
K aHMOHaM YKa3blBaeT Ha OydepHble MPOILECCH, CHUKAIOIINE KUCAOTHOCTD, YTO MOKET MOJIOKHUTEIBHO BIIHATH
Ha 9KocUcTeMy. Pe3ynbTaThl MOAYEPKUBAIOT HEOOXOAMMOCTh MOHUTOPUHTA aTMOC(EPHBIX OCA/IKOB JUISI OLICHKH
aHTPOITOTEHHBIX BO3JICUCTBU.

KiiroueBble c10Ba: XMMUYECKHUI COCTaB, CHEKHBII IIOKPOB, JiecHbIe akocKucTeMbl, KpbiM, Kapanarckuil npupox-
HBIA 3aI10BEIHUK

Ceenenus 00 aBTopax

®am Kam HbyHr KaH/IW/IaT XMMUYECKUX HayK, CTaplIMi HAay4YHHI COTPYOHUK JabopaTopud JaHAmadt-
HoW 3konorur u reomatuku, PI'BYH ®UIL «MHCTUTYT OHOMOTMM I0KHBIX MOpewr
uM. A. O. Kosanesckoro PAH», npocn. Haxumoga, 2, CeBacromnosb, 299011, Poccuiickast
Denepanus, e-mail: famkn @ibss-ras.ru

7


https://doi.org/10.1016/j.chemosphere.2020.126328
https://doi.org/10.1016/j.chemosphere.2020.126328
https://doi.org/10.1016/j.atmosenv.2006.06.028
https://doi.org/10.1016/j.atmosenv.2006.06.028
http://ibss-ras.ru/
http://ibss-ras.ru/
http://karadag.com.ru
http://karadag.com.ru
http://karadag.com.ru
mailto:famkn@ibss-ras.ru
mailto:famkn@ibss-ras.ru

PHAM C. N., GORBUNOV R. V., LAPCHENKO V. A., GORBUNOVA T. YU., TABUNSHCHIK V. A.

T'op6yHOB
Poman
BsauecnaBoBuu

JlarmueHKO
Bnagumup
AJiekcaHIpoBUY

T'opOyHoBa
TarpsiHa
IOpbeBHA

TaOyHIIMK
Bnapumup
AJleKkcaHIpoBUY

78

JOKTOp reorpauiecknx HayK, JUPEKTOp, [JIaBHBI HAay4HBIA COTPYIHUK JIAOOpATOpPUU
nananiagTHoR sKkonorud u reomatuku, PIBYH OULL «MHCTUTYT GHOIOIHUU I0KHBIX MO-
peit um. A. O. KoBanesckoro PAH», npocn. Haxumoga, 2, CeBacromnosb, 299011, Poccuii-
ckas Penepanms, e-mail: gorbunov@ibss-ras.ru

HAYYHBII COTPYIHUK OT/ENA U3yYeHHUs] OHOPA3HOOOPA3HUs U IKONOTUUECKOTO MOHUTOPUH-
ra, Kapanmarckas nayunas cranmms uMm. T. U. Bsasemckoro — npupoHsiii 3anoseanuk PAH
— (puman OULL «MuCcTUTYT OMonornm 1oxHBIX Mopeid M. A. O. KoBaneBckoro PAH»,
yn. Hayku, 24, nrr KypoprHoe, ®eonocusi, 298188, Poccuiickas Peneparus, e-mail:
ozon.karadag @ gmail.com

KaHOUJaT reorpaprvyecKux HayK, CTapIIMi Hay4HbId COTPYIHMK J1aOOpaTOpUM JaHA-
madtHOU 3konoruun u reomMatuku, PIBYH OUILL «MHCTUTYT OUONTOrMU I0XKHBIX MOpen
uM. A. O. Kosanesckoro PAH», npocn. Haxumoga, 2, CeBacronosb, 299011, Poccuiickast
Depeparus, e-mail: gorbunovatyu @ibss-ras.ru

KaHOuaaT reorpadMueckruX HayK, CTApIIMI HAYYHBIH COTPYIHUK JabopaTtopun JiaHamadT-
Hol skonoruu U reomatuku, PI'BYH PUILL «MHCTUTYT OMONOTMH 10)KHBIX MOpel uM. A.
O. Kopanesckoro PAH», nmpocn. HaxumoBa, 2, CeBacronons, 299011, Poccuiickas ene-
pauus, e-mail: tabunshchyk @ibss-ras.ru

Tocmynuna 6 peoaxuuro 20.10.2025
Ipunsma x nyoauxayuu 25.04.2026


mailto:gorbunov@ibss-ras.ru
mailto:ozon.karadag@gmail.com
mailto:gorbunovatyu@ibss-ras.ru
mailto:tabunshchyk@ibss-ras.ru

