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Abstract: Global warming results in increasingly widespread wildfires, mostly in Siberia, but also in
North America and Europe, which are responsible for the uncontrollable emission of pollutants, also
to the High Arctic region. This study examines 11 samples of rainfall collected in August in a coastal
area of southern Bellsund (Svalbard, Norway). It covers detailed analysis of major ions (i.e., CI~,
NO3~, and SO42*) and elements (i.e., Cu, Fe, Mn, Pb, and Zn) to Hybrid Single-Particle Langrarian
Integrated Trajectory( HYSPLIT) backward air mass trajectories. The research of wildfires, volcanic
activities, and dust storms in the Northern Hemisphere has permitted the assessment of their relations
to the fluctuations and origins of elements. We distinguished at least 2 days (27 and 28 August) with
evident influence of volcanic activity in the Aleutian and Kuril-Kamchatka trenches. Volcanic activity
was also observed in the case of the Siberian wildfires, as confirmed by air mass trajectories. Based
on the presence of non-sea K (1sK), non-sea sulphates (1ss), and Ca (the soil factor of burned areas),
the continuous influence of wildfires on rainfall chemistry was also found. Moreover, dust storms in
Eurasia were mainly responsible for the transport of Zn, Pb, and Cd to Svalbard. Global warming
may lead to the increased deposition of mixed-origin pollutants in the summer season in the Arctic.

Keywords: air mass trajectories; Arctic front; dust storms; trace elements; transboundary pollutants;

volcanic activity; wildfires

1. Introduction

The atmosphere is the most efficient medium of transport for pollutants from lower lat-
itude areas [1-4]. During the process of the long-range atmospheric transport of pollutants
(LRATP), chemical compounds and trace elements may be dispersed in the atmosphere in
particulate, aerosol, or gaseous forms and, consequently, reach the Arctic [5-7]. The main
role of precipitation is the purification of pollutants from the atmosphere, significantly
contributing to their deposition in the terrestrial environment [8-10].
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The Svalbard archipelago is characterised by the low emission of pollutants from local
sources such as coal mines and several permanent settlements (e.g., Longyearbyen, Barents-
burg, Ny-Alesund), which are among the main sources of anthropogenic trace elements
in the area. Human presence in Svalbard, however, also results in the direct emission
of pollutants from the combustion of coal in heat and power plants, waste incineration,
sewage discharge, and the development of the tourist activities of cruise ships (in the
vicinity of Hornsund, Bellsund, Isfjord, Nordaustlandet, and Edgeoya), as well as local
traffic and the operation of airports [3,11-13]. Pollutants from LRATP are primarily emitted
from the urbanised and industrialised areas of Greenland, Iceland, North America, and
Eurasia [3,13].

The concentrations of trace elements in rainfall samples during the summer season
could be influenced by pollutants originated from both natural sources (volcanic eruptions,
forest fires, and dust storms, among others) and anthropogenic sources (the combustion
of fossil fuels and oils, industrial processes, smelting, vehicular traffic, waste incineration
(As, Cd, Cr, Mn, Pb, Sb, Se, Sn, and Zn), non-ferrous metal production, iron/steel manufac-
turing, and cement production, among others) [3,11,14,15]. To date, studies on rainwater
chemistry in Svalbard have mainly focused on the analysis of major ions [16,17], trace
elements [5,8,18,19] and, less frequently, organic compounds such as PAHs [9,20]. None of
the aforementioned works attempted to link precipitation chemistry to natural phenomena
like forest fires, volcanic eruptions, or dust storms, and none looked for their origin in these
very phenomena occurring in the Northern Hemisphere. To the best of our knowledge,
the first attempt to search for the influence of volcanic eruptions on water chemistry in
Svalbard was a study conducted in Fuglebekken Creek [9,21]. The present work is the
first to comprehensively describe the natural phenomena occurring in the Northern Hemi-
sphere and to relate them to rainwater chemistry in Svalbard. An extensive review of the
interdisciplinary literature is a valuable source of information regarding the chemistry of
precipitation in Svalbard, as well as trace elements emitted into the atmosphere as a result
of volcanic eruptions, wildfires, and dust storms. The elements supplied with rainfall to the
Calypsostranda marine terrace in August 2016 largely reached that coastal area as a result
of the long-range atmospheric transport of pollutants clearly related to natural sources from
areas of lower latitude [5]. This result served as the starting point for detailed chemical
data analysis and for the determination of the origin of elements.

The main objective of this paper is to investigate connections among the extreme
natural events which took place in the summer of 2016 in areas of lower latitude. Specifically,
it investigates the origin of the major and trace elements transported to Spitsbergen as a
result of LRATP, using the rainfall chemistry features of the Bellsund coast as an example.
This involved the detailed analysis of the results of selected anions, major and trace
elements, and dissolved organic carbon (DOC) in each of the rainfall samples from the
Calypsostranda marine terrace [5]. Moreover, particular emphasis was given to the analysis
of the variation of air mass inflows in August, as well as to the literature on pollutant
emissions from natural events such as volcanic eruptions in the Aleutian Trench [22] or
Kuri-Kamchatka Trench [23], wildfires in Siberia [24], Alaska [25], or Canada [26], and soil
dust transport from Iceland [27], Alaska [28], Greenland [29], or Eurasia [27], as well as
human activities at lower latitudes [13].

2. Materials and Methods
2.1. Sampling Location and Analytical Methods

Calypsostranda occupies an area of approximately 6 km? (the NW part of Wedel-
Jarlsberg Land, SW Svalbard) between Josephbukta and Skilvika, and is adjacent to the
Renard and Scott glaciers. It constitutes a complex of raised marine terraces (25-120 m ASL),
which are cut by numerous erosive dissections. They are composed of till intercalations,
gravels with clay, and marine sands [30-32]. The precipitation gauge utilized in this study
was located at an altitude of 44 m ASL on the Calypsostranda marine terrace (Figure 1). The
rainfall samples were collected between 23 July and 31 August 2016. The meteorological
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conditions on the Calypsostranda marine terraces have been measured only during the
summer seasons since 1986. This is due to the fact that the Calypsobyen Polar Station
operates only at this time of the year. Meteorological conditions spanning the multiannual
period from 1986 to 2011 are as follows: average wind speed (4.3 m/s), average precipitation
(32.4 mm), and average air temperature (5.0 °C) [33].

14°20'0"E 14°40'0"E

77°35'0"N
77°35'0"N

77°30'0"N
77°30'0"N

" 147200° 14°40'0'E
Figure 1. Location of the Hellman rain gauges in the Calypsostranda marine terrace.

For the analyses of physicochemical properties (pH, SEC) performed at the Calyp-
sobyen field laboratory, a microcomputer pH/conductometer CPC-411 by Elmetron,
equipped with an electrode type EPS-1, was used, as well as a conductivity sensor EC.
Organic (DOC) and inorganic analytes (anions and elements) were determined after the
delivery of samples to the laboratory in Poland. Deionised water of the Mili-Q type (Mili-
QP Ultrapure Water Purification Systems, Millipore®, Burlington, MA, USA) was used in
each step of the analytical procedure in the laboratories. Detailed information regarding
the applied analytical methods and validation parameters of these analytical procedures,
as well as details regarding quality accuracy and quality control (QA/QC), are presented
in Table 1. Meteorological measurements of temperature (T) and precipitation amount (P)
were conducted using the equipment and procedures described in a previous work [5].

2.2. Hybrid Single-Particle Langrarian Integrated Trajectory (HYSPLIT)

As a supportive tool for assessing the origin of pollutants inflowing to the Arctic in the
study period, the NOAA Air Resources Lab HYSPLIT trajectories model was employed [34,35].
The analysis of directions of the inflow of air masses was performed with a model that
verified the backward trajectories on the measurement day at 23:00 UTC, located at altitudes
of 500, 1000, and 1500 m above sea level (ASL), which corresponds to 371, 871, 1371 m
above ground level (AGL), respectively. A set of GDAS meteorological data for wind speed,
as well as model vertical velocity (the vertical movement of air masses), was applied. A
backward forecast period of 168 h was adopted to minimize errors which may occur due to
the high degree of complexity of the natural processes of atmospheric circulation.



Water 2024, 16, 299

4 0f 20

Table 1. Validation parameters of the analytical procedures for the determination of major ions and
trace elements in the precipitation samples.

Parameter Measurement Range LOD* LOQ**  Measurement Instrumentation
TOC analyzer (TOC-VCSH/CSN, Shimadzu,
Kyoto, Japan),
DOC [mg/L] 0.030-10.0 0.030 0.100 Potassium Hydrogen Phthalate standard (28419-35
Potassium Hydrogen Phthalate, CAS 877-24-7, for TOC,
Nacalai Tesque Inc, Kyoto, Japan)
DIONEX 3000 chromatograph (DIONEX, Sunnyvale,
CA, USA) Column: Ion Pac® AS22 (2 x 250 mm);
Cl=,NO3~, 5042 [mg/L] 0.080-200 0.026 0.080 Suppressor: ASRS-300, 2 mm; Mobile phase: 4.5 mM
CO3%~, 1.4 mM HCO;~; Flow rate: 0.38 mL/min;
Detection: conductivity.
lé/;ajor elements [mg/L] 0.016-100 0.005 0.016 Inductively Coupled Plasma Mass Spectrometry
e 0: 003-10 0: 001 0: 003 (ICP-MS 2030 Shimadzu, Japan, Collision Cell
I% 0.026-1000 0.008 0.026 TeChfI;OlO%_Iy, p(l)asriz; gas )ﬂow Ar: 8 L/min, collision cell
gas flow He: 6 mL/min).
%‘Iice clements [g/L] 0.001-1000 0.0004 0001 Calibration: 1.11355-IV multi-element standard was
Ag, Sb, Li, V, Pb, As 0.003-1000 0.001 0.003 used from Supelco (Merck, Sigma-Aldrich, Saint Louis,
Ba ’ Cr’ Hé; ]\,/Io :9;’ 0.006-1000 0.002 0.006 MO, USA), single standards TraceCERT® from Supelco:
Cd/ ForerT 0.009-1000 0.003 0.009 01969- As, 73495- Sb, 98838- Se, 39891- Mo, and
Co 0.015-1000 0.005 0.015 18399-V (Merck, Sigma-Aldrich, USA).
Mn 0.030-1000 0.010 0.030 Internal standards TraceCERT® from Supelco:
Bi 0.045-1000 0.015 0.045 9227?—SC, Q4736—Rh, 44881-Tb, agd 05419—sz standard
Ni 0.048-1000 0.016 0.048 solut}ons in 1% HNO3 (I\./I.erck, Slgma—Aldrlch,. USA).
71 0.069-1000 0.023 0.069 Quality control: the Certified Reference Material
Al 0.097-1000 0.032 0.097 ERM-CA713 (‘sample 125) trace elemen'ts in wastewater
Cu 0.124-1000 0.041 0.124 (IRMM—Institute for Reference Materials and
Se 0.154-1000 0051  0.154 Measurements).

Notes: * Limit of detection (LOD) was calculated based on the standard deviation of response (s) and the slope of
the calibration curve (b) according to the formula: LOD = 3.3 (s/b). ** Limit of quantitation (LOQ) was calculated
based on the standard deviation of the response (s) and the slope of the calibration curve (b) according to the
formula: LOQ =10 (s/b).

2.3. Factors for Results Analysis

Non-sea SO42~ (nss) are considered a tracker for ship emissions [17] and volcanic
emissions [36] and, together with non-sea potassium (nsK), a tracker for wildfires [37].
Both nss and nsK were calculated in this study according to the formulas given in the
literature [15,19].

3. Results and Discussion

Based on the results of the backward air mass trajectories, areas of lower latitude
were selected, from which pollutants could most likely have been transported to the
Calypsostranda marine terrace in August 2016. This allowed for the selection of extreme
natural phenomena related to these areas (volcanic eruptions, wildfires, and dust storms),
which were responsible for the emission of metals and non-metals to the atmosphere within
the study period. The details concerning air mass trajectories are described in Table 2.
Individual phenomena, as well as their potential effect on the concentrations of major and
trace elements in Bellsund rainfall, are discussed in detail in Section 3.1.
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Table 2. Models of 7-day back-trajectories (BTs) for 7 (A), 8 (B), 14 (C), 15 (D), 16 (E), 17 (F), 25 (G), 28
(H), 29 (I), 30 (J), and 31 August (K) 2016. Air mass trajectories which reach Calypsostranda at the
height of 371 m AGL (red), 871 AGL (blue), and 1371 AGL (green).

Meters AGL

NOAA HYSPLIT MODEL
Backward trajectories ending at 2300 UTC 07 Aug 16

Source » at 77.56 N 14.43E

GDAS Meteorological Data

3500
3000
55
TN , 1500
171 * < e, o 1500
371 K oo ~/ 500

1B12060018120600151206001B1206001812060018120800181 20600

08/01
Job ID: 1 9 Start: Thu Mar 19 12:21:46 UTC 2020

Ston 1154 77.558778 lon.: 14434139 hgts: 500, 1000, 1500 m AMSL

Trajectory Direction: Backward __Duration: 168 hrs .
Vertcal Moton Calcuiation Method: - Model Verical Velocity
Meteorology: 0000Z 1 Aug 2016 - GDAST

(A) 7 August

On 7 August, the stream of air located over the study area at 871 m was associated
with both the NW as well as the northern coast of Greenland. The stream of air at
1371 m AGL started its journey from the Queen Elisabeth Islands and Ellesmere Island
in the far Canadian north. The lowest stream of air (371 m AGL) started its journey
from a higher altitude exceeding 3500 m and has its source in the Chukotka Mountains
in the far east of Russia.

Source » at 77.56 N 14.43E

Meters AGL

NOAA HYSPLIT MODEL
Backward trajectories ending at 2300 UTC 08 Aug 16
GDAS Meteorological Data

=+ 4000
. 2000
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Vetlical Hotion Calcutation Method: - Model Vertical Velocity
0000Z 8 Aug 2016 - GDAST

B

Backward trajectories for the air masses on 8 August were similar to the day before.
The air stream located at 371 m AGL was associated with the northern coast of
Greenland and had its source in the Ellesmere Islands; however, the air streams
located at 871 and 1371 m AGL were associated with the NW coasts of Russia and the
Chukotka Mountains in the far east of Russia, respectively. In both cases, the air was
transported from a higher altitude exceeding from 1000 m to above 4000 m.

8 August

Meters AGL

NOAA HYSPLIT MODEL
Backward trajectories ending at 2300 UTC 14 Aug 16
GDAS Meteorological Data

Source » at 77.56 N 14.43E

2 Neeees 2500
1871 el e

871 J 1000
371 % 500
18(20600181206001B120600|S1206001812060018t20600\8|20600
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Job ID: 17: Job Start: Thu Mar 19 12:26:02 UTC 2020

Soten 1 Tat 37558778 lon.: 13454138 hgts: 500, 1000, 1500 m AMSL.

Trajectory Direction: Backward, ~ Duration: 168 hrs
ical Motion Calculation Method: _~ Model Vertical Velocity
Meteorology: 0000Z 8 Aug 2016 - GDAS1

©

On 14 August, all analysed streams of air commenced or ran through the area of the
far Canadian north. Their course was relatively uniform and started from Victoria
Island to run through the northern coasts of the Queen Elisabeth Islands, and further
to the north and NE coasts of Greenland. Between 12 and 14 August, a strong mixing
of air masses on the NW coast of the Svalbard Archipelago could be observed.

14 August
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Table 2. Cont.

NOAA HYSPLIT MODEL
Backward trajectories ending at 2300 UTC 15 Aug 16
GDAS Meteorological Data

(D) 15 August

The origin of the air masses over the study area on 15 August was much more evident.
The air masses began their journey from the northern coast of the Greenland ice sheet
(stream at 371 and 871 m AGL), through the eastern coast of Greenland and along the
Norwegian coast. The air masses located at 1371 m AGL were transported from a
higher altitude exceeding 2000 m.

Source » at 77.56 N 14.43E

)
0]
<
44
2
o]
=
15120600151205001512050015120500\aizoeoamzasoomzoeoa
08/10 ___ 08/09
Job ID: 1 3 Start: Thu Mar 19 12:29:06 UTC 2020

s 1 12t 57.556778 lon. xus«ze hgts: 500, 1000, 1500 m AMSL

Jralectory Direction: Badkward _ Duration: 168 h
ot Motion Galculation Method: - Model Vertical Velocity
0000Z 15 Aug 2016 - GDAS1

NOAA HYSPLIT MODEL
Backward trajectories ending at 2300 UTC 16 Aug 16
GDAS Meteorological Data

=l

5 Ptk N (" (E) 16 August

* - \

g On 16 August, the air over the study area originated from the central area of the
8

Greenland ice sheet (stream at 1371 m AGL) and continued its journey through the
eastern coast of Greenland and along the Norwegian coast. This pattern was similar to
the case of the remaining analysed streams of air.

-

[0}

<

2|

@

=8

1812050018120600181206001m205001B‘205001ﬁ|20600|ﬁ\20500
08/11 08/10

Job ID: 17261 Start: Thu Mar 19 12:30:59 UTC 2020

Source 1 lat.: 77 558778 lon.: 14 434139 hgts: 500, 1000, 1500 m AMSL

Trajectory Direction: Backward ~ Duration: 168 hrs .

e e o e Ve v
NOAA HYSPLIT MODEL

Backward trajectories ending at 2300 UTC 17 Aug 16

GDAS Meteorological Data

ul

g

¥

z

8

N (F) 17 August

® . . . .

N For 17 August, the backward trajectories of the air masses analysed showed typically

8 oceanic and marine air transport, which was associated only with the movement of air

o . .

* streams over the area of the northern Atlantic and the Greenland Sea, finally
approaching the western coast of Great Britain and the western coast of Iceland. In
contrast, the day before, on 16 August, a rapid eastward movement toward the study

3 area was observed in all three air streams.

L[ 1371 ke ™ 1500

8| an e 1000

g a7 500

151206001812080015120600191206001812060018120600|ﬂ\20§gg‘
Job ID: 172657 Job Start: Thu Mar 19 12:33:13 UTC 2020
Source 1 lat.: 77.558778 lon.: 14.434139 hgts: 500, 1000, 1500 m AMSL
Jralectory Direction: Backward ~ Duration: 168 hrs .
lical Motion Calculation Method: Model Verllcal Velocity
0000Z 15 Aug 2016 - GDAS1
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Table 2. Cont.

NOAA HYSPLIT MODEL
Backward trajectories ending at 2300 UTC 25 Aug 16
GDAS Meteorological Data

(G) 25 August

The air masses located over the study area, from 25 August through most of the
remaining time, covered the Arctic Ocean area north of the Bering Strait. Then, they
were transported through the vicinity of the North Pole and reached Svalbard from the
north. From the area of the Kara Sea, only the stream of air ending its course at 1371 m
AGL began its journey. Then, it was transported through the coast of the Taymyr

Source » at 77.56 N 14.43E

o . s
3 2000 Peninsula toward the vicinity of the North Pole.
o | 1371 1500
S| gn 1000
S| a7 500
oos Gz vz o Uz oo gaio
Job ID: 1729! Start: Thu Mar 19 12:44:01 UTC 2020
Source 1 lat. 77 558778 lon.: |4434139 hgts: 500, 1000, 1500 m AMSL.
Trajectory Direction: Backward  Duration: 168 hrs.
Vertical Motion Calculation Method: _ Model Vertical Velocity
Meteorology: 0000Z 22 Aug 2016 - GDAS1
(H) 28 August (I) 29 August (J) 30 August
NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL
Backward trajectories ending at 2300 UTC 28 Aug 16 Backward trajectories ending at 2300 UTC 29 Aug 16 Backward trajectories ending at 2300 UTC 30 Aug 16
GDAS Meteorological Data GDAS Meteorological Data

GDAS Meteorological Data

Source » at 77.56 N 14.43E
Source » at 7756 N 14.43E
Source » at 77.56 N 14.43E

3 g ; 3
(0]
< < | 187t 1500 < | a7t \ 1500
b} | 87 1000 % 871 Y_\ 1000
2 3 - 500
= 2| o ST S cose o 2 Ay
181 1812060 18120600 1812060016 181206001 18120600 181 81 181206001
S EYBRyEgars 052 sz DMS Thﬂﬂf 5 05/2;48 ug?:/zzaozo 08/22 owzs 0828 03/27 0826 - 0825 0824 0823 ST 03’30 08/29 08’2‘5" Th‘:nal\i:ris ‘025/‘2:“ U‘;‘(’I/Zz%m 08724
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B0 180727558778 lon.: 14934135 b 550, 1000, 1500 m ARG o 1 1o05%7 556778 ton.: 19930139 hote. S50 1000, T200m ALIGL 00 8L 77.556778 . 14455136 ats 500, 1000, 1500 AL
Tiajectory Direcion: Badkwar _ Duraton: 168 frs T i Trajectory Direction: Backward _Duration: 168 hrs
ertcal Motion Calculation Method: - Model Vertical Velocity e O B G0 o Venal Velocity Verlcal Motion Galculation Mzec\%ud aoatecel Verical Velocy
Visarology: 0000523 Aug 5018 GDAS] Meteorology: 0000Z 29 Aug 2016 - GDAS1 -

On 28-30 August, it could be noted that the same pressure systems had an effect on the air over the study area. All three streams

shared the characteristic that they originated from northern Russia and west of the Central Siberian Plateau. Then, they continued
their journey through the Bering Strait, along the northern coast of Alaska, and through the Arctic Ocean to further be transported
to the northern coast of the Queen Elisabeth Islands. Finally, all three streams jointly changed their course from the northern coast
of Greenland toward Svalbard.

NOAA HYSPLIT MODEL
Backward trajectories ending at 2300 UTC 31 Aug 16
GDAS Meteorological Data

g0 (K) 31 August

The day of 31 August was the last described case involving air masses which reached
i the study area. The air masses transport was associated with the area of the southern
coast of the Kara Sea, Franz Josef Land, and the vicinity of the Chukotka Mountains.
The further transport from that area was through the vicinity of the northern coast of
Greenland, then toward the study area of Bellsund.

Source » at 77.56 N 14.43E

—

P,

1874 \ 1500
71 N "\/'\-k/\»“\*\‘ /: 1000

371 M 500

18120600181206001812060018120600181206001812060018120600
08/31 0 0829 0 08/25

Meters AGL

J0b 1D 173147 Job Start: Thu Mar 19 12:51:24 UTC 2020
Source 1 lat.: 77.558778 lon.: 14.434139 hgts: 500, 1000, 1500 m AMSL

Trajectony Direcion: Backward  Duration: 166 hrs
{cat Hotion Calcuation Method: - Model Vertcal Velocity
0000Z 29 Aug 2016 - GDAS1
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3.1. Natural and Anthropogenic Origins of Pollutants

The analysis of the pollution sources of the southern edge of Bellsund [5] showed
that only the results of rainfall samples collected on the Calypsostranda marine terrace
were under the impact of the local orographic effect on trace element deposition. The
results of the cluster analysis of selected elements present in the Calypsostranda rain
samples allowed for the differentiation of their sources into local, on the one hand, and
related to the process of LRTAP, on the other. At the same time, the results also indicated
the predominant influence of natural sources related to their emission to the atmosphere.
Therefore, the impact of extreme natural phenomena occurring in lower latitudes, on the
chemical features of rainfall in Bellsund, is discussed in detail later in this paper, based on
the air mass trajectories (Table 2, parts A-K) and data given in Table 3, which presents the
chemical analysis results in 11 rainfall samples.

Table 3. Results of the meteorological measurements and chemical analysis of the rainfall samples
collected on Calypsostranda (nd—non-determined, <LOD—below limit of detection).

Calypsostranda
Parameters/
Analytes August
7 8 14 15 16 17 25 28 29 30 31
P [mm] 4.40 0.75 5.10 0.85 2.30 1.20 1.45 1.45 6.30 0.60 3.90
T[°C] 6.03 6.08 5.76 5.53 7.00 6.94 4.12 4.16 3.41 3.22 2.79
pH[-] 5.68 5.51 6.73 7.08 5.95 6.08 5.61 6.26 7.04 7.06 6.19
SEC [uS/cm] 21 23 28 33 12 12 31 94 80 46 18
Organic compounds [mg/L]
DOC 0.824 0.611 0.771 1.90 1.13 1.47 0.699 1.13 0.354 1.32 0.841
Anions [meq/L]

Cl~ 0.157 0.099 0.160 0.209 0.067 0.056 0.206 0.693 0.573 0.269 0.113
NO;~ <LOD <LOD <LOD 0.015 <LOD 0.015 0.019 <LOD <LOD <LOD <LOD
SO4%~ 0.042 0.022 0.031 0.045 0.026 0.018 0.037 0.085 0.072 0.048 0.030

Elements [ug/L]
Ca 53.5 36.7 11.0 495 21.3 31.0 21.5 67.4 31.8 9.21 8.01
K 2180 185 197 269 203 219 298 841 445 284 156

Mg 293 200 326 372 91.0 69.00 361 1540 1140 481 195

Na 2980 1490 2640 3480 699 610 3400 13,100 9060 3830 1520

Ag 0.174 0.159 0.184 0.221 0.172 0.129 0.086 0.065 0.056 0.235 0.109

Al 5.38 2.88 2.61 4.40 2.33 2.66 3.56 3.38 429 4.80 2.58

As 0.276 0.228 0.216 0.229 0.176 0.171 0.203 0.212 0.165 0.160 0.154

Ba 4.08 <LOD <LOD 0.262 <LOD 4.30 <LOD <LOD <LOD 14.1 0.872
Bi 23.5 23.0 22.8 22.7 222 21.8 21.2 214 20.9 20.8 20.6
Li 1.85 1.78 1.75 1.75 1.69 1.72 1.73 1.82 1.74 1.66 1.63
Cd 0.278 0.036 0.022 0.031 0.022 0.051 0.012 0.077 0.002 0.677 0.302
Co 1.81 0.089 0.026 0.049 0.038 0.032 0.043 0.053 0.022 0.042 0.006
Cr 0.403 0.059 0.191 0.190 0.035 0.031 0.075 0.009 0.028 0.064 0.017
Cu <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Fe 3.07 2.20 2.25 3.23 2.68 1.39 242 2.33 3.61 2.79 10.0

Hg 0.044 0.007 <LOD  0.009 <LOD <LOD <LOD <LOD <LOD <LOD <LOD

Mn 3.32 1.43 0.764 1.16 0.820 1.99 1.98 2.28 1.36 1.56 0917

Mo 0.80 0.36 0.212 0.221 0.215 0.177 0.151 0.161 0.198 0.134 0.142

Ni 66.4 3.07 1.36 1.24 1.18 0.932 1.52 1.35 2.39 0.986 0.837
Pb 3.74 0.901 1.08 0.503 0.398 0.211 0.304 0.474 0.330 3.36 1.36

Sb 0.190 0.079 0.077 0.057 0.064 0.064 0.073 0.040 0.039 0.041 0.038
Se 0.616 0.830 0.553 0.531 0.510 0.443 0.510 0.419 0.412 0.598 0.500
Sr 222 2.69 0.849 2.58 <LOD <LOD 1.03 10.50 6.53 1.50 <LOD
1% 0.344 0.298 0.285 0.302 0.264 0.241 0.200 0.237 0.203 0.165 0.164
Zn 184 16.0 6.06 14.9 13.2 62.3 6.12 13.7 1.41 81.8 19.9




Water 2024, 16, 299

9 of 20

3.1.1. Volcanic Eruptions

Volcano gasses may be a source of Na, K, Fe, Zn, Pb, Cu, Sb, Li, Mn, Ni, Bi, Sr, Mo,
As, and Cd, while elements such as Si, Ca, Al, Mg, Ti, V, and Cr are more concentrated
in solids than in gaseous forms [38]. Elemental bismuth (Bi) was considered a good
source for estimating volcanic natural background [39]; nevertheless, it was found that,
despite a huge amount of Bi emitted to the atmosphere from volcanoes and rock-soil dust
(1200-1700 tones/year and 40 tones/year, respectively), anthropogenic sources, such as oil
and coal combustion, aluminium production, ferromanganese alloy manufacturing, and
refuse incineration, are still responsible for up to 80% of Bi emitted to the atmosphere [40].
Even though Bi does not reflect volcanic background, it may be used for tracing volcanic
activity and eruptions. In the rainfall samples collected from the coastal area of Bellsund,
the highest concentrations of Bi (23.5 ug/L) was recorded on 7 August, as was the case
with Al (5.38 ug/L), As (0.276 ug/L), Co (1.81 nug/L), Cr (0.403 png/L), Mn (3.32 ug/L), Mo
(0.796 ug/L), Ni (66.4 ng/L), Pb (3.74 ng/L), Sb (0.190 ug/L), V (0.344 pg/L), and Zn
(184 pg/L). Higher than average levels of Ag (0.174 pg/L) and Cd (0.278 png/L), and the
presence of Ba (4.08 pg/L) and Hg, were also recorded on 7 August. (0.044 nug/L) (Table 3).
This was most likely related to air masses inflowing from the Chukotka Mountains (Table 2,
part A), closest to the volcanic region of Kamchatka and Alaska, active in July and August.
The possible volcanic source of Bi is also indicated by the significant relationship between
Bi and V (r; = 0.964), as well as with Mo (rs = 0.909), As (rs = 0.900), Sb (rs = 0.843), Li
(rs =0.733), Co (rs = 0.609), and the mean air temperature T (rs = 0.773) at Calypsostranda [5].

A gradual decrease in the concentration of Bi was observed, despite the re-inflow of
air masses from North Siberia and Russia between 25 and 31 August (Figure 2A), with one
exception on 28 August, when air masses almost reached the Kamchatka region (Table 2,
part H).

Fresh ashes from the Pavlof volcanic eruption on 28 April 2016 contained metal oxides
in the following order of contribution: Al;O3 > Fe;O3 > NayO > MgO > CaO > TiO, >
K»0 > P05 > MnO. High concentrations of trace elements Sr (404 ppm), Ba (306 ppm), V
(236 ppm), Zn (112 ppm), Cu (40.9 ppm), and Co (19.8 ppm) were found, as was the presence
of Li (13.0 ppm), Cr (10 ppm), Pb (4.83 ppm), Ni (4 ppm), As (3.67 ppm), Mo (1.07 ppm),
U (0.606 ppm), Cd (0.136 ppm), Sb (0.126 ppm), and Ag (0.082 ppm) [22]. In the case of
Shiveluch, only the composition of xenoliths was known. They were found to be a source of
5iOy > MgO > FeO (total Fe) > Al;O3 > CaO > CryO3 > Nay O > K, O > MnO > TiO, > P, 05 [41].
Ionow et al. [23] provided more comprehensive information regarding rock composition in
the Klyuchevskoy group of volcanoes, including Shiveluch. The host enclaves for minerals
are made of Mg, Fe, Cr, and Al. They include olivines composed of Mg and Fe, with low
CaO (<0.1% weight) and high NiO (approximately 0.4% weight) concentrations, as well
as spinels composed of Mg, Cr, and Al. The xenoliths from the Klyuchevskoy group of
volcanoes generally also include CaO and elements with contributions in the following
order: Ba >V > Sr>Zn> Co> Ni> Pb> U [23].

It is very likely that, at the beginning of August, air masses at a height of 1.5-3.5 km
ASL over NE Siberia were in contact with the residues of volcanic eruptions that took
place at the end of July in the Kamchatka and Alaska regions, contributing to the highest
recorded concentrations of elements in the collected samples on 7 August (Table 2, part A).
This is strongly indicated by one of the highest concentrations of Ba on record, and by the
highest concentrations of Al, V, and Cr recorded at very high levels in volcanic ashes from
the Pavlof volcano and in the rocks of the Klyuchevskoy group of volcanoes. Furthermore,
rainfall from 7 August stands out with concentrations of K (2180 ug/L), Zn (184 ug/L), Pb,
Sb, Li, Min, Ni, Mo, As, Cd, and Sr which were higher then than on any other day. Elevated
concentrations of Fe found in volcanic gasses were also recorded, as well as in the ashes
and rocks of the volcanic region (Table 3).
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Figure 2. The relationship between the concentrations of Bi and V (A), as well as that between Bi and
T (B),and V and T (C).

3.1.2. Wildfires

Summer, especially July and August, are considered to be the season of wildfires
in the Northern Hemisphere due to the abnormally hot and dry weather, which results
from climate change [24,42-44]. During wildfires, elements behave differently, and may be
divided into active air migrants (Cd, Pb, As, Sb, Se, Mn, Zn, U, and Sr) and those accumulated
in the burned area (Cr, Ni, Co, V, Th, Mg, K, Na, Ca, and Al) [24,45]. Elements emitted during
wildfires may be of both lithophilic and anthropogenic origin [24,46,47]. The atmosphere
affected by smoke emissions from Siberian wildfires showed elevated concentrations of Ti,
V, Mn, Fe, Ni, Co, Cu, Zn, As, Se, Sr, Cd, Ba, and Pb. Aerosol element enrichment occurred in
the following order: Al>Be>B>Zn>Mo>U>Sn>As>W >TIl>Sb>Cd>Ag> Se> Ni>
Co > Li > Th > Cu > Pb. Studies conducted in the areas of Lake Baikal, considered to be one
of the purest places in the world, also showed elevated concentrations of NHs*, K*, NO3 ™,
S042~, B, Mn, Zn, As, Sr, Cd, and Pb in aerosol, suggesting the inflow of air masses affected
by wildfires in Central Siberia [24]. Some researchers in their work [37] have indicated
that non-sea K (1K) and non-sea SO42~ (nss) over Svalbard may originate from Siberian
wildfires. In the summer of 2016, areas of the Russian Federation damaged by wildfires
were estimated for up to 6.34 mln ha. Information on the activity of Siberian wildfires and
the transport of polluted air masses in the Northern Hemisphere is given in Supplementary
Material S1. Next to volcanic gasses, the plume of polluted air from Siberian wildfires was
also likely a source of the highest concentrations of elements recorded in summer rainfall
on 7 August, based on Calypsostranda rainfall samples. The influxes of air masses from
a height between 1.5 and 3.5 km ASL were also observed on 7, 14, 15, 16, and 25 August.
On 14 and 15 August, they were located over the Arctic Ocean and NE Greenland; on 16
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August, they were located over Central Greenland; and, on 25 August, they were located
over the Arctic Ocean and Svalbard. The chemical composition of rainfall in these cases did
not show pollution as high as that on 7 August. Moreover, they were characterised by the
lowest sum of trace elements recorded in the sampling period, suggesting that high-altitude
air masses in the second half of August over the Arctic Ocean and Greenland were not as
polluted as at those over the northern coast of Eurasia at the beginning of August.

The Chukotka district, where air masses inflowed to Calypsostranda from on 7 August
and between 28 and 31 August, was considered a region with no fire dynamics between
the years 2000 and 2017 [48]; however, in summer 2016, wildfires were recorded in the
neighbouring areas of the Kamchatka and Magadan districts [49]. It, therefore, cannot be
excluded that gasses, ashes, or polluted dust from these regions were also transported later
on to the Chukotka district and, consequently, to Svalbard.

In Alaska, over much of July, wildfires burned 45, 793 ha in the area of Kobuk-Koyukuk
and the Alatna Complex [25], but their contribution to air pollution was relatively low in
comparison to Siberian wildfires in the same year.

The largest wildfire in Canada started on 3 May 2016. It was declared under control
after two months on 5 July, but was fully extinguished only by the end of the year. In Fort
McMurray and the Athabasca Oil Sands Region (AOSR), rich in bitumen and crude oil,
590.0 ha burned during that time. The fire caused environment enrichment with bitumen-
origin elements V, Ni, Se, Mo, and Re, detected in moss samples. The wildfire in Fort
McMurray and the AOSR was determined to have a lower impact on the regional depo-
sition of those trace elements which are considered major pollutants, relative to ongoing
anthropogenic activities caused by the presence of o0il sands ore [26]. However, some
studies regarding the atmospheric remobilization of contaminants [46] suggest that, like
in other places on Earth (California, Chile, USA, and Europe, among others), along with
a plume of wildfires, the atmosphere also carried pollutants from industrial enterprises
and soil dust. Next to the soil factor (Ca, Si, Ti, Zn), anthropogenic factors can also be
designated, such as Cd-Pb (the remobilisation of leaded gasoline deposits), Zn-K (smoke
and automobiles), Co-Fe, and Co-Ni (industrial activity) [46,50]. Moreover, during fire
periods, maximum elevations of As, Cd, Co, Fe, K, and Zn concentrations were recorded,
and K was assumed to be the element associated with biomass burning.

Higher than average concentrations of K and Ca, which suggests the inflow of elements
related to wildfires, were recorded on 7, 28, and 29 August (between 2.18 and 445 ng/L)
(Table 3). The origin of pollutants related to Siberian wildfires confirmed extremely high
concentrations of K and Ca on 7 August. On 28 August (Table 2, part H), a specific air mass
trajectory was observed at an altitude between 0.5 and 1.5 km ASL, which contributed to
the influx of elements from the vicinity of the volcanic region of Kamchatka and Alaska,
Siberian areas burned in the July wildfires, and the industrial part of northern Russia. All of
this was manifested similarly to samples from 7 August involving increased concentrations
of trace elements As, Bi, Cd, Co, Li, Min, Li, Pb, Sb, Se, Sr, V, and Zn. While rainfall from
29 August (Table 2, part I) showed a lower concentration of the aforementioned trace
elements in comparison with that from 28 August (Table 2 (part H) and Table 3), it was
characterised by the content of Cr, Fe, and Ni, at higher concentrations than that recorded
the day before, suggesting the increased concentration of these pollutants in air masses at
the lower altitude of the atmosphere (below 0.5 km ASL before reaching Svalbard).

In rainfall samples from Calypsostranda, the percentage contribution of nsK showed
very strong positive correlations with the percentage contribution of nss (rs = 0.918)
(Table S1). Statistically significant correlations were also found between the nsK percentage
contribution and T (rs = 0.645), pH (rs = —0.682), SEC (rs = —0.888), CI~ (rs = —0.873), SO4>~
(rs = —0.755), Mg (rs = —0.864), and Na (rs = —0.809). Similarly significant correlations were
noted between the percentage contributions of nss and T (rs = 0.655), as well as with SEC
(rs = —0.961), CI~ (rs = —0.927), SO4*>~ (rs = —0.809), Mg (rs = —0.936), Na (rs = —0.891),
and Sr (rs = —0.688). This suggests that the percentage increase in both nss and nsK was
favoured by the influx of warm air masses poor in elements of marine origin [5]. Based on
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this assumption, the constant inflow of nsK and nss originated from wildfires was observed
in every rainfall sample, suggesting the ongoing impact of wildfires on the chemical com-
position of August rainfall in Bellsund (Figure 3A,B). The highest percentage contributions
of nsK (71-95%) were recorded on 7, 8, 16, and 17 August (Figure 3B). The percentage
contributions of nsK between 51% and 65% were observed on 14, 15, 25, 30, and 31 August.
The lowest percentage contributions of nsK were observed on 28 and 29 August (43% and
26%, respectively). It is noteworthy that there was a significant correlation between the
concentration of K with nsK (rs = 0.647) and elements of marine origin (CI~, 5042’, Mg,
Na), as well as with Al (rs = 0.745), Ca (rs = 0.609), and Mn (rs = 0.709), while nsK shows a
significant correlation with Co (rs = 0.620) and Mn (rs = 0.774) (Table 2). This indicates the
differentiated sources of K and the strong correlation of nsK with elements of the soil of the
burned area (Co) and the active air migrant (Mn) [24].
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Figure 3. Percentage contribution of nss in total concentration of sulphates (A) and nsK as well as the
concentration of nsK (B) in rainfall samples collected from Calypsostranda.

The calculated concentrations of nsK were the highest on 7 and 28 August (2072 pg/L
and 366 ug/L) (Figure 3B), when polluted air was strongly related to far NE Siberia (Table 2,
parts A and H). Concentrations of nsK between 150 and 200 pg/L were recorded on 16,
17, and 25 August when the air masses were mostly above the surface of the Greenland
Sea and the Arctic Ocean at an altitude of less than 1.5 km ASL (Table 2, parts E-G). In
these cases, ship transportation can also be considered a source of K and SO42~, with
an emission peak observed in spring and summer [51]. Non-sea K at concentrations of
143 pg/L and 145 ug/L was recorded on 15 and 30 August, respectively (Figure 3B). Air
masses in these cases travelled from differentiated directions, but mostly at a height below
1.0 km ASL, except for one air stream on 15 August, which also showed high concentra-
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tion of Ca (49.5 pg/L) (a soil factor of burned areas indicating the impact of wildfires in
Eurasian areas). On 30 August, nsK was accompanied by very high concentrations of Ag
(0.235 ug/L), Cd (0.677 ng/L), Cr (0.064 ng/L), Co (0.042 ug/L), Pb (3.36 ng/L), Se (0.598),
and Zn (81.8) (Table 3, Figure 3B), pointing to emissions from wildfires in more urbanised
and industrialised areas as well as in North America. The increased presence of these
pollutants in the samples suggests the potential remobilisation of leaded gasoline (Cd-Pb)
during fires. Other sources may be smoke from automobiles (Zn-K), as well as waste
incineration (Pb-Zn) and fossil (Cr and Co, among others). Rainfall samples collected on 8
and 29 August had nsK concentrations of 131 pg/L and 116 ug/L, respectively (Figure 3B),
and were characterised by both differentiated air mass trajectories and altitudes (Table 2,
parts B and I). Both samples, however, showed higher than average concentrations of the
soil factors of the burned areas (Ca and Ni) (Table 3), suggesting their wildfire origin was in
far NE Siberia. Concentrations of nsK on 14 and 31 August (Table 2, parts C and K) were
the same (101 ug/L) (Figure 3B). In these cases, air mass trajectories and their altitudes
ASL are also different. They were, however, characterised by very low concentrations of Ca
(11 ug/L and 9.2 pg/L, respectively), as well as similar concentrations of Zn, suggesting
prevalent smoke sources from automobiles (Zn-K) for nsK and dominant anthropogenic
sources for other elements.

3.1.3. Dust Transport

The end of summer, namely August, is the beginning of the season of dust storms in
Iceland, Alaska, Canada, and Russia, but also in Antarctica, New Zealand, and Patago-
nia [27,29,52]. Dust storms deliver elements primarily of soil origin (Mg, P, Ca, Mn, Fe, K,
Al, and 5i) [53]. However, depending on the region (Iceland, Greenland, Alaska, or Eurasia),
different compositions of dust fractions were observed [29]. Iceland, considered a volcanic
island, delivered the highest amounts of dust rich in Fe, Cr, and V. Icelandic dust primarily
originated from 30 active volcanic systems and glacier catchments [27,54]. Greenland dust
transports Fe and Cr, but also Ti. The most diverse element composition is represented by
Eurasian dust fractions (Al, Fe, Mn, Ti, Cr, and V), while Alaska mainly delivers dust rich in
elements such as Mn and V [29]. Figure 4A-D present temporal variations in concentrations
of elements related to dust storms in areas of lower altitude, in rainfall samples collected
on the Calypsostranda marine terrace.

In the August rainfall samples, a considerable contribution of dust and crustal origin
elements [4,53] was manifested by the presence of K, Ca, Al, Fe, Mn, Ba, Co, Cr, and V
(Table 3).

In Iceland in 2016, the lowest numbers for sandstorms and unique days of suspension
were recorded, at 10 and 8, respectively. Although no volcanic eruptions were observed
during the whole year, volcanic ash and unique ash days were noted at a number of 4 and
2, respectively [27]. Air mass inflows that could participate in the transport of dust particles
from Iceland were observed only once, on 17 August (Table 2, part F); however, there were
no noticeable increases in the concentration of Fe, Cr, and V noted on that day (Figure 4A),
which could confirm the transport of Icelandic dust. For Greenland, the inflow of air masses
that could promote the transport of dust was recorded on 7, 14, and 16 August (Table 2,
parts A, C, E), when they were over its territory. The potential transport of Greenland dust
to Svalbard was also favoured by circulating air streams on the east coast of Greenland on
17 August (Table 2, part F), as well as on 8 and 15 August, and between 28 and 31 August
(Table 2, parts B, D, H-K), when they were approaching its northern coast.

The air mass backward trajectories shown in Table 2, part A suggest that, on 7 August,
the air masses could transport particles not only from the urbanised and industrialised
west coast of Greenland, which could be a source of Pb and Zn [13], but also from NE
Siberia or even Alaska; however, in this case, as noted in Figure 4C, on 7 August, most of
the elements characteristic of Eurasian dust showed an increase. It was, therefore, possible
that air jets from these areas were responsible for increased concentrations of Al, Ca, Cr, Fe,
Mn, and V, as well as the presence of Ba.
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Figure 4. Concentrations of elements occurring in Calypsostranda rainfall samples characteristic of
dust transport footprints from Iceland (A), Greenland (B), Eurasia (C), and Alaska (D).

On 14 and 16 August, the presence of air masses over Greenland was recorded (Table 2,
parts C and E); however, the increases in element concentration on these days could also be
related to the influx of more polluted air from higher altitudes (1.5-3.5 km ASL), as well as
from the far north of Canada or Alaska (on 14 August) or northern Europe (on 16 August).
Both of the elements (Mn and V) characteristic of Alaska dust showed, on 14 August,
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a decreasing tendency (Figure 4D), similar to Bi (Figure 3A), which is used for tracking
volcanic activity, and nsK or nss, which are used as trackers for wildfires (Figure 3A,B). An
increase in the concentrations of Fe and Cr (Figure 4B) would suggest Greenland as a source
of elements that reached Calypsostranda on that day, rather than far north Canada.

On 15 August, all three streams of air reached the coasts of northern Europe (Table 2,
part D). There was a noticeable increase in the concentration of elements characteristic for
Eurasia (Figure 4C). The presence of Ba and high concentrations of Al (4.40 ug/L), Ca
(49.5 pg/L), and Mn (1.16 ug/L), as well as Fe (3.23 pg/L), Cr (0.190 ug/L), and V
(0.302 pg/L), indicate the presence of Eurasian dust fractions.

On 16 August, two of the air streams were still close to the coast of northern Europe;
however, they did not reach the air at the height above 1000 m ASL (Table 2, part E). They
were manifested by decreased concentrations of Al, Fe, Mn, Cr, and V related to Eurasian
dust (Figure 4C).

During the sampling season, the inflow of air masses from the coastal areas of both
Iceland and Greenland was only recorded on 17 August (Table 2, part F). The rainfall
sample, however, contained no increased concentrations of elements characteristic of
Icelandic, Greenland, or Eurasian dust (Figure 4A,B), suggesting that these air streams did
not transport dust from these sites.

The air streams from 25 August arrived from lower altitude areas of the Arctic Ocean
and northern Russia (below 500 m ASL) (Table 2, part G). Due to the position of the
Arctic front in the first case, the air streams may have been a source of pollutants from
ship emissions present in the sample (Co, Ni, and V). The air stream coming from the
industrialised coasts of northern Russia, however, was not only a source of pollutants but,
also, of dust characteristic of Eurasian fractions (Figure 4C).

On 28 August, streams of air arrived from areas of far NE Siberia (the Kamchatka
and Chukotka districts), the coasts of NW Alaska, and northern Russia (Table 2, part H).
Higher than average concentrations of elements related to Eurasian and Alaskan dust were
recorded (Figure 4C,D). The highest recorded level of Ca (67.4 ug/L) (Table 3), the second
highest level of nsK (Figure 3B), and higher concentrations of Al, Fe, and V than what was
found in other samples (Table 3), would suggest a Eurasian source of dust (Figure 4C) and
the other pollutants related to the burned areas (Cd, Co, Ni, Pb, Sb, Se, and Sr).

Between 29 and 30 August, streams of air withdrew from the terrestrial areas of far
NE Siberia (Table 2, parts I and J). On 29 August, the impact of the circulation of air masses
around the coastal areas of Chukotka, on the chemical composition of the rainfall sample
from that day, was still observed (Table 2, part I). An increase in concentrations of Al, Fe,
and Cr (Figure 4C), as well as the presence of Cr and Mn, and other elements related to the
burned areas (Ca, Mg, Ni, and Sr) (Table 3), pointed to the transport of Eurasian fractions
of dust. There was also an evident decrease in the concentrations of Cd, Co, Pb, and Zn
(Table 3). On 30 August, one of the air streams started its journey from the Yukon area in
Alaska and circulated close to that area’s NE coasts. The increase of Mn and the presence of
V were recorded (Figure 4D), suggesting a contribution of dust from the Alaskan fraction
but, again, the increase of Al, Mn, and Cr (Figure 4C), as well as the presence of Fe and
V, suggested the Eurasian fraction as the original source of the dust. On 31 August 31, a
decrease in all the elements related to dust transport, except for Fe (Figure 4A-D), could
be noted. However, based on the air masses trajectory (Table 2, part K) and the chemical
composition of the rainfall sample collected on 31 August 31, the presence of Fe, Al, Mn,
V, and Cr was more likely related to the Eurasian fraction of dust than that of Greenland.
This conclusion was also supported by a very low concentration of Cr, which could also
have originated from Eurasia, while the level of Fe and the concentrations of Cd, Pb, and Zn
strongly indicated an anthropogenic origin from northern Russia.

4. Summary and Conclusions

The chemical composition of summer rainfall in the coastal areas of Bellsund in August
2016 was mostly shaped by the process of the long-range atmospheric transport of pollu-
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tants originating predominantly from volcanic eruptions, wildfires, and dust emissions, as
well as from, to a lesser degree, anthropogenic emissions and marine aerosol (Figure 5).
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Figure 5. Hierarchical dendrograms of DOC, ions, major and trace elements supplied to Calypsos-
tranda with the rainfall (modified after a previous work in Chemosphere [5]).

Chemical analysis results and air mass trajectories suggest that the composition of
rainfall samples was affected by the dust fractions of Eurasia, Greenland, and Alaska.
The presence of the characteristics of wildfires, the non-sea sulphates (11ss), and non-sea
potassium (11sK), as well as the characteristic of the soil of burned areas, Ca, was also
observed. This suggests the constant impact of wildfires from Eurasia and North America
accompanied by the transport of trace elements from anthropogenic sources related to these
areas. This phenomenon was relatively intense until the end of August, when the recorded
ns-K was more likely related to anthropogenic pollutant emissions from industrialised and
urbanised Eurasian or North American areas than to wildfires. The potential traces of the
influence of volcanic eruptions were observed on 7 and 28 August, when air masses inflow
from the coast of the far east of Siberia was preceded by the eruption of volcanoes in Alaska
and Kamchatka, as well as at the end of August, when air masses reached far NE Siberia,
in the areas neighbouring the active volcanic region of Kamchatka.

The results of the analysis of the directions of air masses inflow indicate a frequent
scenario during the analysed period, that of the transport of air masses which collected
pollutants from the industrialised northern coast of Russia and the northern part of Canada,
where the air transport very often continued further, through the northern part of Greenland.
Only in two cases, on 16 and 17 August, did the transport of air masses occur from the
south, i.e., from Europe.

Areas from which the transport of air masses occurred were subject to wildfires
(Canada, Alaska, and far east Russia), but they were also under the influence of volcanic ac-
tivity (from the Pavlof volcano in the Aleutian Trench and the Sheveluch and Klyuchevskoy
volcanoes in the Kuril-Kamchatka Trench). The impact and importance of these natural
phenomena in shaping the precipitation mechanism in Calypsostranda is confirmed by
the results of research on the movement of air masses and the analysis of the hierarchical
dendrogram, which orders them in one main group that is characterised by the highest
number of elements. The second most numerous group of elements corresponds with the
phenomenon of the transport of dusts, particularly from the areas of industrialised Eurasia
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and Greenland. This is suggested by the presence of Fe and Al in the group as well as of Zn,
Pb, and Cd, which are strongly related to human activity.

It should be noted that it was only possible to discuss the aspect of the origin of trace
elements in rainwater after articles were published which described their emissions from
volcanic eruptions or wildfires; however, most of these natural phenomena are cyclical,
and it would be worthwhile to continue to sample rainfall. A comparison of results from
successive seasons would be a valuable test of the hypotheses posed in this article. The
analysis of backward air mass trajectories has proven to be an extremely useful tool in
helping to determine the sources of pollution transported from areas of Eurasia and North
America. Although the contribution of local sources of pollution on Spitsbergen is believed
to be negligible, it would also be appropriate to collect meteorological data, such as wind
speed and direction, in future sampling periods in order to analyse their possible influence
on the shaping of rainfall chemistry.

Supplementary Materials: Supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/w16020299/s1. This includes Table S1: Values of Spearman rank correlation
coefficient (rs) of the meteorological data, physicochemical parameters, and ions and elements in
rainfall. Statistically significant relations (at « = 0.05) are marked in bold and highlighted in grey
(modified after [5]). Supplementary Material S1. Volcanic activity and Siberian wildfires in study
season. References [55-60] are cited in the Supplementary Materials.
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