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Abstract: In this study, the information potential of a two-step sequential extraction procedure was
evaluated. For this purpose, first of all the elemental composition of Arctic PMjy samples collected in
Ny-Alesund (Svalbard Islands) from 28 February 2015 to 21 October 2015 was investigated. Enrich-
ment Factors, Principal Component Analysis and Hierarchical Cluster Analysis were performed to
identify PM;( sources and to understand the effects of short- and long-range transport processes.
The investigation of the potential source areas was also aided by taking into account back-trajectories.
Then, the sequential extraction procedure was applied to some of the samples in order to obtain
more information on these sources. This approach allowed us to establish that most of the elements
prevalently having an anthropogenic origin not only were present in higher concentrations, but they
were also more easily extractable in late winter and early spring. This confirms the common statement
that the anthropogenic portion of the elements present in a sample is generally loosely bound to
the particulate matter structure, and so it is more easily extractable and releasable on the Arctic
snowpack. Moreover, in the samples collected in late winter and early spring, even the elements
prevalently having a crustal origin were more easily extractable, probably due to the particle size
selection occurred during the long-range transport.

Keywords: PM;g; Ny—Alesund (Svalbard Islands); trace elements; sequential extraction; source
identification; Arctic haze

1. Introduction

It is widely recognised that the global climate change is first perceptible in the polar
regions, due to alterations of water mass distribution and sea ice extension. It is known that
the Arctic warming is occurring much more rapidly than the global average, and in partic-
ular, the Ny-Alesund archipelago has experienced a significant rise in temperature over the
last two decades [1,2]. Moreover, polar areas play a key role in regulating biogeochemical
cycles, and hence the global climatic system, through complex “feedback” mechanisms.
The understanding of the mechanisms regulating the interaction among air, oceans and
ice in these areas is essential to predict the effects of the changes observed in the climate.
In this scenario, the study of the chemical composition of atmospheric particulate matter
in Arctic, the understanding of the transport mechanisms by which inorganic pollutants
emitted in temperate and tropical areas reach Arctic and the possibility to interrelate this
information with complementary features are important to understand the effect exerted by
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the climatic conditions on this area, as well as to highlight possible tendencies or anomalies
of behaviour and future evolutions [3-6].

With this aim, it is important to know both total concentration and reactivity and
availability of the metal species. In fact, although solubility depends on the chemical nature
of compounds and particles considered, the distinction between soluble and insoluble
fractions in the Arctic atmospheric aerosol may have two main applications: the identifica-
tion of the relative contributions of different natural and anthropogenic sources of aerosol
(for example continental, biogenic and marine); the understanding, on one hand, of the
processes of generation and transport at short and long distance of the aerosol in Arctic
and, conversely, of the tendency of the metals associated with atmospheric particulate solid
phases to enter into biogeochemical cycles.

The determination of trace elements in airborne particulate matter samples (PM)
collected in polar environments is generally performed by means of a direct microwave-
assisted acid digestion [7-9]. Even though the determination of such low concentrations
certainly requires the adoption of precautions to avoid contamination, this procedure is
relatively easy and allows an accurate determination of PM element composition. However,
in this way, it is not possible to distinguish the different chemical forms in which the
elements are present in the samples.

The procedures allowing this distinction are called “speciation” and can be a useful
tool for source apportionment studies, i.e., for studies focused on the source and prove-
nance identification of the PM. Nevertheless, in practice, proper speciation is not easy
to perform, and it is generally substituted by fractionation through sequential extraction
procedures [10-14]. The latter have an operational nature and simply provide a classifica-
tion of analytes according to their chemical properties (i.e., solubility) [12,15]. However, it
is generally recognised that the anthropogenic portion of the elements in PM is more easily
extractable than the crustal one [16,17].

Different extracting solutions, extraction methods, and techniques for the separation
of the extract from the solid residue are currently used for the fractionation purpose, thus
reducing the possibility to compare results obtained in different studies [11,13,18-20]. In a
previous study, the most common extracting solutions (namely high purity water (HPW),
0.032 M HNO;3, 0.022 M HCl, 0.11 M CH3COOH, and 0.012 M CH3COOH /CH3zCOONH,
buffer) and extraction methods (namely 16 h stirring and 15 min ultrasounds) used for the
first step of element fractionation in PM were compared, in order to identify the procedure
which gives the best estimation of the anthropogenic portion of the elements present in
Arctic PMjj samples [21].

In this study, the information potential of the optimized two-step sequential extraction
procedure (i.e., 0.032 M HNOj3 and 16 h stirring, followed by a microwave-assisted acid
digestion) was evaluated considering selected Arctic PMjo samples collected in Ny-Alesund
(Svalbard Islands, Norwegian Arctic) in 2015. Firstly, the elemental composition was
determined by microwave digestion. Then, the sequential extraction procedure was applied
to selected samples, in order to evaluate the different mobility and reactivity of the elements,
which in turn determine their behaviour at the air-snow and air-ocean interfaces, and obtain
more information on the PM; sources. A wide variety of elements was determined, i.e., Al,
As, Ba, Ca, Cd, Co, Cz, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Sb, Ti, V and Zn. To the best of
our knowledge, our study is the first in which a fractionation procedure was applied to a
large number of Arctic PM;( samples, although fractionation studies have already been
performed in polar areas, namely on the Antarctic atmospheric particulate matter [10,13,14].

2. Materials and Methods
2.1. Study Area and Sampling

Ny-Alesund (78°55'30” N, 11°55'40” E) is a small Arctic settlement mainly devoted to
scientific research and environmental monitoring. It is located in the Norwegian Svalbard
archipelago and, more precisely, in the Kongsfjorden, on the western coast of Spitsbergen
Island [8]. The aerosol sampling was performed at the Gruvebadet atmospheric laboratory
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(40 m a.s.l.), situated about 800 m far from Ny-Alesund. The location was established in
order to minimize the influence of local pollution during measurements, which is kept low
thanks to the prevailing wind direction (115° N) [22]. Moreover, a meteo-trigger system
was used during sampling, in order to switch off the sampling devices when the wind was
absent (<0.5 m/s) or came from the town [8,9].

A total of 58 PM;g samples were collected with a 4-days resolution during the 2015
sampling campaign, which started on 28 February and ended on 21 October. For the sake
of brevity, the samples are named throughout the manuscript according to the sampling
start date. The sampling took place by means of PTFE hydrophilic filters (Advantec,
product code: H1I00A090C, 90 mm diameter, efficiency >99% for 0.3 um particles) and an
Echo HiVol sampler (TCR Tecora, 200 L/min). These filters have been used in previous
studies [7,8,21] and featured extremely reproducible and low blanks. Before shipping them
to the Gruvebadet station for the present sampling campaign, several filters were tested
in laboratory to ensure their good performance with regard to blank values. Moreover,
it should be noted that all the filters used in the 2015 sampling campaign derive from
the same batch. The collected samples were placed in polycarbonate Petri dishes, sealed
and immediately frozen at —20 °C; this temperature was maintained during all stages of
transportation to Italy and storage.

2.2. Apparatus and Reagents

A Milestone ETHOS One microwave laboratory unit was used for both the direct
digestion of PMjp samples and for the dissolution of the solid residues. According to
the concentration levels, the analyses of extracts and mineralized residuals were carried
out using a sector-field inductively coupled plasma mass spectrometer (SF-ICP-MS) or an
inductively coupled plasma optical emission spectrometer (ICP-OES), as reported in the
previous work [21]. For all the elements analysed in PM;y samples and in the samples
obtained by applying the sequential extraction (Fraction I and II), the adopted operating
conditions, experimentally determined limits of detection (LOD) and sample blanks (SB)
are reported in Supplementary Tables S1 and S2, respectively. LOD values represent the
analyte concentration corresponding to three times the standard deviation of the reagent
blank. Sample blanks were prepared similarly to the samples, both by directly digesting and
applying the sequential extraction procedure to some blank filters which had undergone
the transport to and from the sampling site; SB concentrations were subtracted from sample
concentrations, in order to eliminate the filter, travel, and storage contributions.

The nitric acid used both for the preparation of the extracting solution and for the
microwave digestion was further purified by sub-boiling (s.b.) distillation in a quartz
apparatus, from a 65% analytical grade solution. For the digestion of samples, ultrapure
(u.p.) hydrogen peroxide (30%) was also used. Water was purified in a Milli-Q system,
resulting in high purity water (HPW) with a resistivity of 18 MQ)-cm. Appropriate standard
solutions were prepared from concentrated (1000 mg L) single element solutions (Merck
Millipore, Darmstadt, Germany).

2.3. Direct Digestion of PMy( Samples

For the direct digestion of samples, one quarter of each filter was used. The microwave-
assisted digestion was performed in 30 mL tetrafluoromethoxyl vessels, which were then
inserted into 100 mL tetrafluoromethoxyl vessels, according to the so-called “vessel-inside-
vessel technology” [23]. The digestion mixture was composed of 2 mL s.b. HNO3; and
0.5 mL u.p. HyO,, according to the standard method for the measurement of Pb, Cd, As
and Ni in the PMj fraction of suspended particulate matter (UNI EN 14902:2005), while
a mixture of 10 mL HPW and 1 mL analytical grade H,O, was introduced in the bigger
vessel. The temperature was ramped to 220 °C within 20 min and then kept constant
at 220 °C for 20 min. After the digestion, the obtained solution was filtered through a
Whatman Grade 5 cellulose filter (porosity 2.5 pm) to remove any insoluble particles and
HPW was added up to 15 mL. Prior to digestion, the samples were left in contact with the
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digestion mixture for approximately 16 h, in order to ensure the complete impregnation of
the filter.

All the steps of the analytical procedure (e.g., filter cuts and digestion preparation)
were performed, whenever possible, under a Class-100 laminar flow hood. The reagent
blanks, used for preparing the calibration standard solutions, were obtained by microwave-
digesting the reagent mixture only. Calibration checks were run at frequent intervals (three
times for each hour) during the analysis sequence.

2.4. Sequential Extraction of PM1 Samples

For the sequential extraction, 24 samples were selected. In this case, one half of
each filter was used, and the procedure optimized in [20], and briefly described hereafter,
was applied. The filter was cut into small pieces and immediately introduced into a
30 mL polycarbonate bottle, together with 10 mL of 0.032 M s.b. HNOs3. The extraction
was performed by stirring for 16 h at approximately 200 rpm. After the extraction, the
suspension containing the insoluble fraction of the sample and the PTFE filter was vacuum-
filtered through Advantec mixed cellulose ester filters. The solution (fraction I) was then
acidified with 100 pL s.b. HNO3, and HPW was added up to 20 mL. The membrane
filter, containing the insoluble fraction of the sample, was subsequently cut into four
pieces with stainless steel scissors and microwave-digested using the vessel-inside-vessel
technology [23] for obtaining fraction II. The digestion mixture was composed of 2 mL s.b.
HNOj and 0.5 mL u.p. HyO,, while a mixture of 10 mL HPW and 1 mL analytical grade
H,0; was introduced into the bigger vessel. The temperature was ramped to 220 °C within
20 min, followed by a dwell time of another 20 min. The obtained solution (fraction II) was
subsequently filtered and HPW was added up to 20 mL. The extraction percentages were
calculated with respect to the sum of fraction I and fraction II.

All the possible steps of the sequential extraction procedure were performed in a
clean environment under a Class-100 laminar flow bench-hood, to avoid any possible
contamination.

2.5. Data Analysis

For the graphical representation of the seasonal concentration trends, normalized
values were used in order to eliminate the differences in concentration levels between
elements. For this aim, all the concentration values were divided by the concentration of
the first sample of the campaign [24]. In this way, the normalized value for each element in
the first sample of the campaign (28 February) was always equal to 1.

Crustal and marine enrichment factors (CEFs and MEFs, respectively) were calcu-
lated as explained in [8], using Al and Na as reference elements [25,26]. The upper crust
concentration reported by Wedepohl [27] and the average sea composition reported by
Goldberg [28] were used for the purpose.

The datasets obtained by direct digestion and by sequential extraction of the PMyg
samples were autoscaled and processed by Hierarchical Cluster Analysis (HCA) and Princi-
pal Component Analysis (PCA) using XIStat 2017 software package, an add-on of Microsoft
Excel. Information on the principles of this technique can be found elsewhere [29-31].

2.6. HYSPLIT Back-Trajectories

Air mass back-trajectories were calculated using the NOAA HYSPLIT 4 transport
model [32,33] and the GDAS meteorological data supplied by ARL (Air Resources Labora-
tory, College Park, MD, USA, http:/ /ready.arl.noaa.gov, accessed on 22 July 2021). The
back-trajectory starting point was the Gruvebadet laboratory (78.92° N, 11.89° E, 0.0 m
AGL); the propagation time was 120 h and a new back-trajectory started every 6 h.
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3. Results and Discussion
3.1. Direct Digestion of PMy( Samples

Table 1 reports the descriptive statistics of the element concentrations obtained from
the direct digestion of all PMjy samples collected in 2015 while element concentrations
(mean and standard deviation) in each PM;y sample are shown in Supplementary Tables
S3 and S4; for converting the LOD from ug/L (or ng/L) to pg/ m3 (or fg/ m?3), the actual
solution volume and air volume of each sample were used and median and percentiles
were calculated considering values below the LOD as equal to it.

Table 1. Descriptive statistics of the element concentrations obtained from the direct digestion of all PM; samples collected

in 2015. All the values are expressed in pg/m? except Al, Ca, Fe, K, Mg and Na, which are expressed in ng/m3.

Statistics Al As Ba Ca Cd Co Cr Cu Fe K Mg Mn Na Ni Pb Sb Ti V Zn
5th percentile 084 29 14 53 034 051 50 28 077 25 48 26 32 12 45 13 27 17 26
Median 39 84 51 14 09 20 33 23 28 60 18 100 130 27 23 34 19 13 72
95th percentile 22 77 210 42 13 99 130 150 17 28 90 540 650 110 360 25 850 47 830

As expected for Arctic PMjg samples, the concentrations were quite low, except for Al,
Ca, Fe, K, Mg and Na, which generally have a natural origin. However, as it can be seen
from the 5th and 95th percentiles, the concentrations exhibit a large variability throughout
the sampling campaign. The elements having the lowest concentrations were Cd, Co
and Sb. Cd showed a few concentration values below the LOD, precisely equal to 21%
of the total, in the summer and early autumn. The other elements with concentrations
below the LOD were Ti (for two samples) and Co, K and Zn (for one sample). The PM;g
concentrations found in this campaign were comparable with the values determined during
the previous Arctic spring-summer sampling campaigns carried out at Gruvebadet research
station [8,9].

For trying to obtain a first subdivision of elements according to their sources, CEFs
and MEFs were used. In this way, it was possible to identify elements prevalently having
crustal (CEF < 10, MEF > 10), marine (MEF < 10, CEF > 10) or anthropogenic (CEF > 10,
MEEF > 10) origin [26,34,35]. The box plots of calculated CEFs and MEFs for all PM;,
samples collected in 2015 are shown in Figure 1. From the graphs, it is possible to see that
Ba, Co, Fe, Mn, Ti and V prevalently have a crustal origin, while Ca, K and Mg prevalently
have a marine origin. Consequently, it is possible to infer an anthropogenic origin for all
the other elements, i.e., As, Cd, Cr, Cu, Ni, Pb, Sb and Zn. However, it should be noted that
some analytes prevalently deriving from crustal sources might also have, in some specific
samples, an anthropogenic origin. This is evidenced in Figure 1a by the outliers of the box
plots, which are sometimes quite higher than most of the other values.

For gaining better insights into the sources of the analysed elements, HCA was
performed taking into account the results of the direct digestion of all PM;g samples
collected in 2015. The dendrogram in Figure 2 reveals the presence of four main clusters.
Two of them can be attributed to natural sources (i.e., Ca, K, Mg and Na to a marine source
and Al, Ba, Co, Fe, Mn, Ti and V to a crustal source), and perfectly meet the results obtained
from the enrichment factor calculation. Furthermore, the analytes prevalently having a
non-natural origin form two distinct clusters: one composed by Cr and Ni only, and one
composed by As, Cd, Pb, Sb, Zn and, at a higher level of dissimilarity, Cu. Therefore, it is
possible to hypothesize two distinct sources for these two groups of elements. The latter
cluster is mainly composed of analytes generally attributed to mid-latitude anthropogenic
sources, hence deriving from long-range transport processes from North America or
Russia [8,36]. Conversely, Cr and Ni can be attributed to air masses coming from southwest
Greenland, an area where early rock minerals are particularly rich in these elements [5,37].
In fact, at a higher level of dissimilarity, Cr and Ni belong to the same cluster of the elements
prevalently having a crustal origin, and this might confirm this hypothesis.
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Figure 1. Box plots showing (a) crustal and (b) marine enrichment factors calculated for all PMj samples collected in 2015.
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Figure 2. Dendrogram obtained by HCA on the results of the direct digestion of all PM;y samples
collected in 2015.

Figure 3a—d shows the seasonal trends registered for the four clusters of elements
emerged from HCA. In all cases, a strong correlation can be seen, as expected, for elements
having a common origin. Two marked concentration peaks were registered in March
and April for prevalently anthropogenic elements, thus confirming their probable mid-
latitude origin (Figure 3a). Indeed, the phenomenon known as “Arctic haze”, involving
the long-range transport of air masses from mid-latitudes to the Arctic, is recognised to
be particularly strong in winter and early spring [38—40]. As expected, the HYSPLIT back-
trajectories calculated for the two spring samples (Figure 4a,b) having high concentrations,
show that the air masses travelled long-distances before reaching Svalbard. In the first
case, the air masses mainly came from Russia and North America (Greenland and Canada),
but they also shortly travelled on a small part of Northern Europe lands. In the second
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case, a marked contribution from Russia is evident, but some back-trajectories still came
from Greenland.

The marked peaks registered for anthropogenic elements are also present in Figure 3b—d,
indicating that the air masses deriving from mid-latitudes, passing over great areas of land
and ocean, become also enriched of both crustal and marine elements. However, the con-
centrations of crustal elements in Figure 3b display some more peaks in late spring and
summer, which generally coincide with the ones in Figure 3c. Therefore, it is possible to
hypothesize that the trends registered for crustal elements are the result of two different
sources, i.e., Arctic haze long-range transport (in early spring) and erosion of enriched
soils of southwest Greenland. This hypothesis is coherent with the calculated HYSPLIT
back-trajectories, even though, in Figure 4b, a propagation time of 5 days is not sufficient
for verifying if the air masses travelled over Greenland. However, the propagation time of
the HYSPLIT back-trajectories cannot exceed 5 days, since after that period, the uncertainty
of the model becomes too high. Finally, the concentrations of marine elements (Figure 3d)
and partially those of crustal elements (Figure 3b) and of Cr and Ni (Figure 3c) show higher
values in the samples collected in September-early October: this trend indicates again a
greater contribution of aerosol coming from Greenland, confirmed by the calculated HYS-
PLIT back-trajectories for 16 September sample (Figure 4c), but also of local sources (marine
spray and resuspension of the local soil), to the composition of PMy in this period (Figure
4d). This behaviour could depend on a greater ice-free sea and ground surface, which
determines a greater contribution of local sources to the Arctic atmospheric aerosol.
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Figure 3. Seasonal trends registered for the four clusters of elements emerged from HCA: (a) As, Cd, Cu, Pb, Sb, Zn; (b) Al,
Ba, Co, Fe, Mn, Tj, V; (c) Cr, Ni; (d) Ca, K, Mg, Na.



Atmosphere 2021, 12, 1152

8of 13
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Figure 4. HYSPLIT back-trajectories calculated for two samples collected in spring: (a) 12 March, (b) 5 April; and for two
samples collected in autumn: (c) 16 September and (d) 28 September.

3.2. Sequential Extraction of PMjp Samples

The results of the sequential extractions, expressed in percentages, are reported in
Supplementary Table S5 and shown in Figure 5. The outcomes are generally coherent
with the prevalent source of each analyte identified by means of CEFs and MEFs. Indeed,
prevalently marine analytes (namely Ca, K, Mg and Na), which are generally present
in the airborne particles in the form of soluble salts, were mostly present in fraction I
(Figure 5a—d). Similarly, the analytes prevalently having an anthropogenic origin (namely
As, Cd, Cu, Pb, Sb and Zn), which are generally weakly bound to the particles, were mainly
extracted in fraction I (Figure 5e—j). Conversely, prevalently crustal analytes (namely Al,
Ba, Co, Fe, Mn, Ti and V), which are generally strongly bound to the mineral structure
of the particles, were mostly present in fraction II (Figure 5k—q). With regard to Cr and
Ni, the hypothesis made in Paragraph 3.1 seems to be confirmed: regardless their high
CEFs and MEFs, these analytes were not easily extractable, as expected for elements mainly
having a crustal origin (Figure 51,5). Moreover, it is noteworthy to observe that when the
concentration of both crustal and marine and anthropogenic elements increases, their more
labile fraction (fraction I) increases to a greater extent than the residual one (fraction II).
This is evident, for example, for the 28 September sample in which the concentrations
of crustal and marine elements increase and their percentage extracted in fraction I also
increases. This insight is very useful to better understand the transport, deposition and
bioaccumulation processes of some elements, such as Fe, Mn, Ni, Pb and Zn. Indeed, it is
essential to know their solubility, reactivity, and availability in the atmospheric aerosol to
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evaluate their behaviour at air/ocean/ice interfaces and the application of this two-step
fractionation procedure, specifically developed and optimized for Arctic PMy, permitted
to distinguish among different forms of some important elements (e.g., Fe, Mn, Cu, etc.)
having different solubility, reactivity, and releasability.

Ca K Mg Na

[ ] FractionII

| '"' - Fraction |
60%
g

Figure 5. Extraction percentages obtained by means of the sequential extraction procedure on analytes prevalently having
different origins: (a—d) marine; (e—j) anthropogenic; (k—q) crustal; (r,s) crustal from enriched soils of southwest Greenland.

Supplementary Figure S1 shows score and loading plots obtained by means of Prin-
cipal Component Analysis on the results of the sequential extraction. All analytes have
positive loadings on PC1 (representing the 39.37% of the total variance), therefore this PC
allows to discriminate samples according to the extractability of all elements. In particular,
the analytes having the highest loadings on PC1 are all anthropogenic and crustal elements
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except Ti and Zn (namely Al, As, Ba, Cd, Co, Cu, Fe, Mn, Pb, Sb and V). By looking at
the temporal trend of the PC1 scores shown in Figure 6, it is evident that the samples col-
lected in late winter and early spring have positive scores, while the scores of the samples
collected in late spring and early summer are mainly negative. However, in late summer
and autumn there is a much higher variability since the scores are alternatively positive

and negative.

Spring
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|
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Figure 6. Temporal trend of the PC1 scores obtained by means of Principal Component Analysis on

the results of the sequential extraction.

The observed temporal trend can be explained considering that, in winter and early
spring, the long-range transport processes due to Arctic haze [38—40] strongly contribute to
the Arctic airborne particulates. The air masses coming from mid-latitudes equivalently
carry particles deriving from anthropogenic sources and particles deriving from rock ero-
sion and soil resuspension of ice-free lands. The particles deriving from anthropogenic
sources are generally small and can be easily transported. This causes not only an increase
in the concentration of the above-mentioned analytes, but also an increase in their an-
thropogenic portion. Since the anthropogenic portion of each element is generally easily
extractable [16,17], this also implies an increase of the extractability of these elements.

In contrast, only the smallest of the crustal particles can undergo such a long-range
transport, thus causing a sort of size selection [3]. Considering that in winter and early
spring the soil near to Ny-Alesund is still completely covered by snow, the only crustal
particles able to reach the sampling point in that season are the small particles travelling
from mid-latitudes. This might easily explain the higher extractability of crustal elements

in the samples collected at the beginning of the sampling campaign.

4. Conclusions

In this study, the source identification potential of a two-step sequential extraction
procedure was evaluated and compared with the direct digestion of samples. For this
purpose, the elemental composition of selected Arctic PM;g samples collected in Ny-
Alesund (Svalbard Islands) in 2015 was investigated. The multivariate analysis of the
results obtained in this study, with the support of back-trajectory analyses, allowed to
identify four main PM;y sources, namely marine, anthropogenic, crustal and Cr and Ni
enriched-crustal, probably deriving from erosion of enriched soils of southwest Greenland.
Moreover, a strong seasonal variation due to Arctic haze was evident. Even though the
direct digestion of samples allowed a first source identification through CEFs and MEFs, the
sequential extraction procedure provided a deeper comprehension of the specific sources
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and the transport processes of PM from mid-latitudes. Indeed, it was possible to establish
that most of the elements prevalently having an anthropogenic origin (As, Cd, Cu, Pb, Sb
and Zn) were also less strongly bound to the particulate matter structure and, therefore,
generally more easily releasable onto the Arctic snowpack. Moreover, in the samples
collected in late winter and early spring, even the elements prevalently having a crustal
origin were more easily extractable, probably due to the particle size selection occurred
during the long-range transport. Finally, it was evident that the fraction more weakly
bound to the atmospheric particulate solid phases (fraction I) increased when increasing
concentrations of the elements were observed. As a whole, this study made it possible
to understand that the soluble fraction of the elements present in the Arctic atmospheric
particulate is generally high, and greater in the late winter and early spring than in other
seasons; it is, therefore, evident that the application of a two-step sequential extraction
procedure to Arctic PM samples can be a valid tool to better understand the complex
phenomena occurring in the Arctic atmosphere and at air/snow/ocean interfaces.
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are expressed in ng/ m3, Table S$4: Minor and trace element concentrations in Arctic PM;( samples
collected in 2015. All the values are expressed in pg/ m?3, Table S5: Extraction percentages obtained
for fraction I on the samples subjected to sequential extraction, Figure S1: Principal Component
Analysis performed on the results of the sequential extraction: (a) score and (b) loading plot.
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Supplementary Table S1. Experimental conditions, limits of detection (LOD) and sample blanks (SB) of the analytes of interest with the technique used for their
determination after direct digestion.

SE-ICP-MS ICP-OES
. LOD SB LOD SB

Isotope Resolution (ng/l)  (ug/L) A (nm) (ug/l)  (ug/l)
Al 27 LR-MR 400 0.63 Ca 31793 31 260
As 75 MR 42  <LOD K 769.90 1.5 8.8
Ba 135-137-138 ~ LR-MR 300 62 Mg 28521 12 <LOD
Cd 111-112-114 LR 23 <LOD Na 589.59 11 210
Co 59 LR-MR 1.9 <LOD
Cr 53 MR 10 <LOD
Cu 63-65 LR-MR 11 <LOD
Fe 56-57 MR 400 3.2
Mn 55 LR-MR 8.6 0.04
Ni 60-61-62 LR-MR 45 0.5
Pb  206-207-208  LR-MR 40 0.23
Sb 121-123 MR 23 <LOD
Ti 46-47-48 LR-MR 750  <LOD
\Y% 51 LR-MR 58  <LOD
Zn 66-68 LR-MR 190 4.5

LR = low resolution; MR = medium resolution



Supplementary Table S2. Experimental conditions, limits of detection (LOD) and sample blanks (SB) of the analytes of interest with the technique used for their

determination in fraction I and fraction II.

Fraction I Fraction 11 Fraction 1
SF-ICP-MS SF-ICP-MS ICP-OES
Isotope Resolution (i;)/]z) (p?g]/sL) Isotope Resolution (1;1;)/]2) (”S(;L) A(mm) LOD (pg/L) SB (pg/L)
Al 27 LR-MR 250 8.2 Al 27 LR-MR 400 40 Ca 31793 8.5 60
As 75 MR 3.4 0.02 As 75 MR 42 <LOD K 769.90 45 17
Ba  135-137-138 LR-MR 120 0.2 Ba 135-137-138 LR-MR 300 1.5 Mg  285.21 3.0 8.7
Cd 111-112-114 LR 12 <LOD Cd 111-112-114 LR 2.3 0.03 Na 589.59 3.3 126
Co 59 LR-MR 8 <LOD Co 59 LR-MR 1.9 0.02 Zn  213.86 0.7 9.4
Cr 53 MR 30 0.08 Cr 53 MR 10 0.05
Cu 63-65 LR-MR 42 0.21 Cu 63-65 LR-MR 11 0.35
Fe 56-57 MR 430 2.3 Fe 56-57 MR 400 34 Fraction II
Mn 55 LR-MR 45 0.13 Mn 55 LR-MR 8.6 0.7 ICP-OES
Ni 60-61-62 LR-MR 83 1.3 Ni 60-61-62 LR-MR 45 0.5 A(nm) LOD (pg/L) SB (ug/L)
Pb  206-207-208 LR-MR 24 0.62 Pb  206-207-208 LR-MR 40 0.35 Ca 31793 3.1 168
Sb 121-123 MR 23 0.13 Sb 121-123 MR 23 <LOD K 769.90 1.5 15
Ti 46-47-48 LR-MR 50 0.20 Ti 46-47-48 LR-MR 750 1.2 Mg  285.21 1.2 12
A% 51 LR-MR 10 <LOD \Y% 51 LR-MR 58 <LOD Na  589.59 11 80
Zn 66-68 LR-MR 160 9.4 Zn 66-68 LR-MR 190 5.2 Zn  213.86 1.0 5.2

LR = low resolution; MR = medium resolution



Supplementary Table S3. Major element concentrations in Arctic PM1o samples collected in 2015. All the values are expressed in ng/m?®.

Sampling

Sampling

start date Al Ca Fe K Mg Na start date Al Ca Fe K Mg Na
28t February 6.96+0.05 26.6+0.6 58+0.1 19.0+05 706+0.6 478+5 24t June 208+0.02 109+02 255+0.04 450+0.09 10.3+0.2 74+1
4t March 036+0.01 696+0.02 0.67+0.02 578+0.09 21.8+0.1 168+1 28t June 2.08+0.08 129+04 2174006 6.0+0.2 189+03 144+1
8t March 1.77+0.05 285%0.7 24=+0.1 211+0.1 79+1 599+9 2nd July 0.64+0.02 139+x02 1.02+0.03 8.72+0.08 26+1 208 +2
12th March 53+0.2 383+09 8.06+0.09 33 +1 109 =2 858 +27 6™ July 356+0.04 134+02 383+006 51+02 124+0.1 88.8+0.8
16t March 77+02 398+09 561006 274+0.8 90 +2 573+9 10t July 27.1+03 17.0+0.2 7.6+0.1 19.8+01 11.0+03 63.8+0.5
20t March 82+0.1 9.5+0.3 57+0.1 51+0.1 127+01 71.0+0.8 14 July 428+0.09 937+0.04 221+0.06 <198 4.16+0.04 24.6+0.3
24t March 45+0.1 13.7+03 394+0.05 122+02 403+02 342+4 18t July 1.19+0.01 53+0.1 0.63+0.01 294+0.02 231+0.04 31.5+0.5
28t March 33+0.1 188+0.7 29+0.1 123+01 46.7+09 325+4 22nd July 1.27+0.02 1233+0.08 1.63+0.03 583+0.01 20.0+01 171+3
1st April 308+04 286+£09 195+01 185+05 42 +1 238+3 26" July 1.15+0.02 10.01+0.07 1.98+0.03 44+01 143+03 104=+1
5t April 28.1+0.8 49706 223+01 19.1+0.1 413+06 220+3 30t July 7.45+0.05 9.7+0.1 516£0.09 3.94+0.07 5.06+0.09 273+0.1
9th April 546+0.09 81+£0.1 53+0.1 6.0+0.2 9.3+0.3 61+1 3rd August 555+0.08 15.8+0.2 44+01 108+0.1 233+03 171%1
13t April 9.1+02 272+04 8.0+0.1 21.0+0.1 66 +2 5001 7t August 1.38 +0.01 6.1+0.3 1.13+0.02 2.89+0.07 491+0.05 41.8+0.3
17t April 25+01 385+006 1.8+0.1 271+002 80+01 59.8+0.2 11* August 3.0+0.1 10.5+03 2.18+0.08 3.56+0.03 871+0.09 55+1
21st April 3.3+0.1 6.1+0.1 250+0.08 3701 128+03 84.6+0.1 15t August 2.04+0.05 105+01 201+0.04 74+01 219+05 187+2
25t April 446 +0.07 11.57+0.08 3.22+0.05 4.08+0.07 11.7+0.1 75z%1 19t August 0.95+0.01 103+03 155+0.03 6.7+01 226+04 195x1
29t April 6.63+0.06 16.7+02 497+0.08 49=0.1 109+0.1 61+1 23t August 1.09+0.05 5.21+0.08 1.18+0.04 299+0.05 55+0.1 47+ 1
3 May 459+0.07 150+02 347+005 54+02 179+02 125%1 27t August 090+0.01 3.64+0.07 0.78+0.01 244+0.08 34+01 323+03
7t May 93+0.1 14.69+006 5.0+01 585+0.06 163+0.1 112+1 31st August 1.06 +0.03 8.0+0.1 099+0.03 239+0.03 9.04+0.09 631
11% May 1.86+0.07 8.6+01 143+0.06 292:0.05 7.0+0.1 45207 4th September 0.95+0.02 101+02 1.14+0.02 4501 145+02 112=x1
15t May 1.02+0.02 7.01+0.08 091+0.01 2.66+0.03 945+005 71.5+0.5 8™ September 9.8+0.1 28.0+0.5 75+01 141+02 504+04 370+3
19t May 3.62+0.06 174+01 280+005 108+01 36.0+0.1 270+3 12th September 2.39+0.04 141+0.1 242+0.05 9.5x0.1 278+04 233+1
23 May 442+0.05 173+0.6 332+0.04 880+0.08 293+02 213+3 16t September  18.9+0.5 69+2 169+04 528+03 162 +3 1242 +1
27t May 69102 1257+0.06 457+0.07 581+0.07 155+02 118%2 20t September  5.96+0.04 143+02 475006 74+02 19.1+06 141+1
31st May 72+02 105+02 7.6+04 57+01 11.9+02 74l 24t September  0.59+0.01 7.04+0.06 0.33+0.01 256+0.02 104+01 759104
4th JTune 2.04+0.04 14.68+0.07 2.34+0.05 9.1+02 31.8+0.7 243x1 28t September  4.5+0.1 406+09 4.03+0.09 283x0.1 95+ 1 838 +7
8th June 8.6+0.1 20.5+0.3 71+0.1 78+02 21.8+08 139=+1 2nd October 11.6+0.2 199+0.8 9.3+0.2 71+0.3 151+04 73.8+08
12t June 20.6 +0.1 55+2 184+05 144+02 405+08 184+4 6% October 1.54+0.08 26.0+09 157+0.06 202+04 73906 619+1
16% June 49+0.1 125+01 228+0.05 74+0.1 245+03 1892 14t October 7.7+0.2 19.5+0.5 75+0.1 120+04 375+04 3066
20t June 0.88+001 139+03 145+0.02 4.27+0.08 122+03 83 +1 18t October 205+0.06 9.34+003 193+003 4.6+0.1 140+01 107+2




Supplementary Table S4. Minor and trace element concentrations in Arctic PMio samples collected in 2015. All the values are expressed in pg/m?®.

Sampling ) )

As Ba Cd Co Cr Cu Mn Ni Pb Sb Ti A% Zn
start date
28t February 331 74+3 55+04 720 +0.07 284+9 92+3 214+4 170 +10 146 + 4 12.7 0.7 220+10 273 +0.8 310+ 10
4t March 84+02 131+08 096+0.01 0.70+0.03 19.2+0.7 11+1 19203 25+1 385+09 261+004 292zx07 35+0.1 35+2
8th March 42+1 291 4103 1.6+0.1 76 +4 35+1 56+1 371 90 £2 12.7+0.2 650 £ 20 144+0.7 350 +20
12th March 149+7 812 27+1 57+0.2 84+2 113+2 240+10 59+3 500 £ 20 29.3+0.9 298 £9 326+0.3 1,040 + 30
16t March 75+4 118 +3 12.6 £0.5 6.5+0.2 35+1 90 £2 208 +5 52+3 342+5 245+04 365 +7 27403 790 £10
20t March 47.0+0.6 124 +4 8.3+0.2 4.8+0.2 51+1 40+1 184 +4 36+1 268 £5 199+0.4 370+ 10 27.1+0.8 351+8
24t March 31+2 92+2 54+0.2 33+0.1 32+2 522 140+9 48+1 202+6 19.1+0.3 300+10 320+05 330+10
28th March 22.0+0.6 62+2 326+0.09 1.97+0.08 221 301 103 +3 18+1 100 +2 13.3+0.2 175+3 20+1 160 +5
1st April 73+7 336+6 10.7+0.6 12.8+0.8 85+2 103 +3 627 +9 69+5 320+6 241+0.8 1,250 +10 75+2 600 + 20
5t April 369+ 11 323+6 45+1 17+1 134+7 280+ 10 87020 133+5 1,160 + 20 56 +1 1,190+ 10 127 +3 2,600 =100
9th April 84+4 77 +3 13.7+0.4 42+0.1 103 +4 121+3 165+2 66 + 4 485+ 4 314+05 256 £ 7 36.6 0.5 690 + 30
13t April 211 96 +3 2.7+0.2 9.8+0.2 92+3 49+1 1,270 £ 50 149+ 4 87 +2 125+0.3 410+ 10 28+1 190+ 6
17t April 139+0.3 28+1 21+0.1 0.84+0.02 20.7+09 79+04 53+2 24+1 56+1 9.2+0.3 102+ 6 71+£0.3 105+4
21st April 13.5+0.7 46+1 23+0.1 1.6+0.1 11.0+0.6 16.0+0.8 69+1 13.2+09 43+1 9.8+0.2 195+5 8.0£0.5 101+4
25t April 11.9+0.6 49+1 2.14 £ 0.08 20x0.1 21.6+0.7 13.9+04 86.9+0.5 22+1 53.1+0.5 6.2+0.1 192+3 10.6 +0.5 85+3
29t April 14.7+0.3 71+3 2.1+0.2 2.7+0.2 17 +1 17 +1 143 +3 18.6 +0.7 59+2 6.4+0.2 230+10 209+0.7 127 + 8
3 May 11.9+0.6 53+1 1.69 +0.08 1.5+0.1 17.1+0.3 15.8+0.9 116 +5 174 +0.7 43+1 6.3+0.2 213 +4 141+0.1 132+4
7t May 10.7+0.8 64+2 156 +0.07 3.26+0.01 39+1 17.4+0.9 155+ 1 38+3 37x1 341+0.1 3807 18.5+0.7 113+ 4
11* May 4.7+0.2 32+2 1.14+0.06 0.89+0.05 130+0.06 3.8+0.3 53+2 6.2+0.2 254+0.8 3.3+0.2 80 +2 5.7+0.2 37+2
15t May 37+04 142+05 0.60+0.01 050+0.02 7.6+0.2 249+ 4 265+0.5 77+03 10.2+0.2 26+0.1 69.0+0.8 2.39+0.09 46 +2
19t May 109 +0.6 41+1 1.54+007 151+0.06 19.7+04 9.6+0.6 83+2 17 +1 401 53+0.2 167 +7 123+0.4 89+3
23 May 15.7+0.4 62+2 2.41+0.02 2.1+0.1 39+2 122+0.3 124 +4 24+2 51.3+0.6 8.7+03 2336 11.5+04 149+ 8
27t May 11.3+0.9 67 +4 206+0.05 27=x02 6.8+0.4 9.1+0.3 139+5 22+1 40 +2 6.01 £0.07 333+6 15.0+0.6 117 +5
31st May 85+0.6 105 +3 0.94+0.08 61+02 172+ 8 18.9+0.9 360 +20 95+5 252+0.5 4.0+0.2 330+10 16.2+0.6 61+6
4t June 3.6+0.2 36+2 <0.37 1.2+0.1 n.a. 40+3 113+1 10.7 +0.7 8.6+0.3 n.a. 107 + 6 34+0.2 19+1
8th June 75+0.4 102 +4 1.08 +0.05 4.7+0.2 121+0.7 9.1+0.6 251+6 19+1 165+03  2.34+0.05 393+6 20.3+0.5 501
12t June 10.1+0.5 2377 0.380+0.005 9.2+0.5 33+1 432 530 £20 46+ 3 23.0+0.5 2.8+0.2 790 +20 36.8+0.9 51+2
16 June 59+0.2 32£2 1.00+0.06 2.17+0.07 29+2 46+ 3 952 481 18+1 3.15+0.05 203 £2 122+0.3 372

20t June 10.1+£0.7 24 +1 0.56+0.03 1.02+0.07 13.6+0.6 122 £2 44 +1 85+ 4 299+05 35+0.1 <79 55+04 440 + 20




continued

Sampling ) )

As Ba Cd Co Cr Cu Mn Ni Pb Sb Ti A% Zn
start date
24" June 498+0.08 32+1 039+001 19+0.2 412 19.2+£0.6 93+3 29+1 129+04  2.89+0.09 66 +2 17+1 70+4
28th June 4.8+0.3 29+1 047+0.02 1.24+x0.07 55%2 65+2 491 13.6 0.7 10703  3.05+0.09 102+1 6.8+0.4 67 +4
2nd July 3.73+0.06 126+03 058+0.04 0.80+0.03 157x0.7 25+0.2 272+0.1 139+04 4.63+x0.06 226x0.06 53.8+0.8 3.7+0.2 30+2
6™ July 6.2+0.2 45+2 0.57+0.03 3.6+03 151+0.5 66 +1 184 +9 15.7+0.7 101+£02  222+0.08 179+ 6 7.8+0.3 76+3
10t July 33+2 156+4 125+04 4.59+0.09 69+2 72+1 440+10 97 +4 38+1 3.95+0.09 470+ 10 90=+1 1,160 + 20
14t July 3.74+0.07 53+2 <0.35 1.29£0.08 33+1 8.7+0.3 812 443 12.6 0.4 26+0.1 141 +8 54+03 40+2
18th July 143+0.01 161 055+£0.02 051004 47+02 0.03+0.01 202+0.6 129+0.7 1.24+0.06 26+0.1 66 +3 0.74 +0.06 43+2
22nd July 39+02 169+08 0.78+0.01 1.15+0.06 20.0+0.5 51+0.2 55+2 251 4.8+0.2 2.01+0.05 118 +4 1.87+0.03 69 +3
26t July 6.94+002 201 <0.36 0.80 +0.07 128 +3 10.1+0.6 301 16.9+0.7 10.3+0.3 3.6+0.1 54 +2 103+0.2 50+3
30t July 6.7+£02 113+x3 2.0%0.1 44+04 46+3 36+2 168 +3 33+1 139+03 1.62+0.08 118+ 4 25+2 320+10
3 August 108+02 124+x2 22+01 191+x0.01 68 +4 21+1 115+2 29+2 23.1+05 3.8+0.2 197 +7 14.8+0.8 187 +7
7% August 6.1+0.3 211 042+0.03 0.82x0.03 7.1+02 2.86 + 0.08 3242 17+1 6.7+0.2 2.30 +0.07 61+4 42+0.2 41+2
11t August 55%0.3 26+2 <0.35 1.7+0.1 9.2+0.5 82x0.3 74+ 2 13.7+0.8 13.6+04  1.99+0.06 340+ 20 9.1x0.6 24+1
15t August 17+1 361 0.71+0.03 0.82+0.04 56+1 331 61+2 81+3 17.7+03  2.59+0.09 114+ 4 146 +0.4 67 +3
19t August 50£0.1 101+07 <037 0.44 +0.01 86+2 3.8+0.2 28.4+0.7 40+2 40+0.1 1.08 +0.06 85+3 44+03 <26.59
23th August 69+02 1871 059+0.03 1.68+0.06 143+0.3 11.3+£0.6 323+05 22+1 89+05 51+0.2 320+10 73+0.5 46+3
27t August 32+0.2 56+3 049x0.05 2.0+0.1 21.8+0.8 6.0+0.4 290+ 10 52+2 126 £05  1.09+0.06 85+2 0.90 +0.08 33+2
31t August 1.76 +0.06 158+03  <0.36 0.63+0.06 208x0.7 0.52+0.03 412 21+1 39+0.1 28+0.1 44 +1 1.8+0.1 18.6 £0.7
4t September 12705 18.0+£03 15+0.1 0.68+0.06 152+04 155+2 36+1 107 £7 103+02  2.38+0.08 <82 3.10£0.07 43+1
8th September 89+04 111+4 <0.55 44+02 84+2 25+1 167 +9 91+4 12.6 £0.4 56+0.1 530 +20 18.4+0.8 144 +9
12th September  6.35+0.09 24+1 057002 24+0.1 48+ 1 18.0+0.7 58 +2 37+2 264 +0.7 42+03 58.0+04 16.6 £0.5 73+4
16t September 144+09 2102 053+0.04 108=+04 71+2 32+1 324 +4 67 +2 282+0.7 225+004 1,280+40 41.4+09 92+4
20t September  6.3+04 584 159+0.09 3.26+0.09 181 35+1 120 +1 56 +2 131+04 2.01+0.09 260+10 142 0.7 104+ 6
24th September  3.03+0.01 103+3 <0.37 <0.37 50£0.2 55+2 143 +0.8 12207 177 +3 7.7+0.1 169+0.8 0.96+0.08 46+3
28t September 4.6+0.2 43+2 <0.33 2.37+0.06 48 +1 147 +1 97 +3 35+1 84+03 3.28 +0.05 340+ 10 11.6 +0.6 58+3
2nd October 42+0.1 107 £ 3 <0.33 45+0.3 134 +1 10.8 £0.5 185+5 24+1 159+04  2.33+0.08 320+10 19.6 0.6 371
6 October 7.6x0.7 26+1 <043 092+0.08 149+0.6 37+£3 344+0.6 241 11.3+£0.3 3.1+0.2 139+5 129+09 55+2
14t October 430+0.04 81+3 <0.32 40+0.1 39.8+0.3 269+0.5 253 £5 21.7+0.6 11403  2.68+0.06 289 +2 20.3+0.6 48 £2
18t October 225+0.01 211 <0.34 1.6x0.1 47 £2 16.5+0.6 42+ 1 22+1 527+0.08 1.28+0.04 98 +4 2.8+0.2 30+1




Supplementary Table S5. Extraction percentages obtained for fraction I on the samples subjected to sequential
extraction.

Sampling Al As Ba Ca Cd Co Cr Cu Fe K Mg Mn Na Ni Pb Sb Ti V Zn

start date
28" February 85 94 39 78 100 63 27 84 29 90 96 86 97 64 96 90 16 80 96
g March 44 96 26 79 39 26 16 72 28 96 97 34 98 65 93 85 11 80 97
16 March 17 94 42 77 93 56 16 74 25 8 96 67 97 51 94 77 6 68 95
24" March 26 93 50 78 100 60 37 76 35 90 96 69 98 76 96 88 14 78 97
1% April 18 87 56 79 86 60 13 79 24 71 89 77 96 54 95 83 6 59 90
9 April 89 91 44 60 100 72 15 88 52 83 87 78 94 70 97 86 20 82 98
17t April 33 87 27 66 64 53 8 70 25 80 79 68 89 46 86 82 10 64 96
25t April 28 90 35 74 100 50 7 56 27 77 85 67 91 66 89 8 10 58 96
3 May 20 84 31 70 100 60 8 68 24 77 87 13 94 77 84 66 5 54 94
110 May 52 88 29 69 100 55 7 60 33 78 74 65 84 28 93 84 14 56 98
231 May 25 86 42 75 60 47 17 60 23 82 90 48 95 51 84 69 7 61 93
31% May 19 79 30 69 100 65 8 58 27 60 8 81 94 59 89 80 10 39 91
120 June 12 64 27 88 69 50 7 68 26 39 86 68 93 40 75 66 7 27 96
20" June 39 87 34 70 100 57 9 74 36 80 88 68 94 54 95 85 15 68 93
2nd July 14 8 13 63 29 27 15 56 27 8 91 21 95 58 8 67 7 50 95
20md July 8§ 75 19 54 65 35 4 67 22 81 81 51 8 46 72 62 9 46 93
3 August 43 92 45 74 100 60 19 65 38 86 87 77 94 76 90 82 17 72 96
110 August 21 85 27 70 29 26 8 67 31 81 8 66 92 61 8 69 16 66 95
19 August 79 91 26 72 100 59 17 70 49 91 94 60 97 54 84 77 45 71 91
31% August 22 84 18 66 54 38 6 59 20 81 8 17 92 40 81 64 5 38 96
8 September 39 85 31 77 100 57 16 65 36 87 94 68 98 58 87 83 15 43 94
20" September 18 75 26 73 84 51 16 56 25 78 91 44 96 71 76 42 9 32 94
28 September 54 85 32 87 100 61 18 72 45 95 98 73 99 54 89 84 48 60 94

14t October 14 67 32 78 35 15 13 68 23 84 94 33 98 47 79 62 7 47 90
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Supplementary Figure S1. Principal Component Analysis performed on the results of the sequential
extraction: (a) score and (b) loading plot.
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