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Abstract: The results of a preliminary investigation of the dust sources in the Arctic based on their
geochemical properties by potential source contribution function (PSCF) analysis are presented in
this paper. For this purpose, we considered one year of aerosol geochemical data from Ny-Ålesund,
Svalbard, and a short list of chemical elements (i.e., Al, Fe, Mn, Ti, Cr, V, Ni, Cu, and Zn) variably
related to the dust fraction. Based on PSCF analysis: (i) four different dust source areas (i.e., Eurasia,
Greenland, Arctic-Alaska, and Iceland) were characterized by distinguishing geochemical ranges
and seasonal occurrence; and (ii) a series of typical dust days from the distinct source areas were
identified based on the corresponding back trajectory patterns. Icelandic dust samples revealed
peculiar but very variable characteristics in relation to their geographical source regions marked by
air mass back trajectories. The comparison between pure and mixed Icelandic dust samples (i.e.,
aerosols containing Icelandic dust along with natural and/or anthropogenic components) revealed
the occurrence of different mixing situations. Comparison with Icelandic soils proved the existence
of dilution effects related to the emission and the transport processes.

Keywords: Svalbard; aerosol samples; back-trajectories; ICP-MS; mixing; emission

1. Introduction

The Arctic is known to be warming faster than the rest of the world in response
to changes in greenhouse gases, aerosols, and other climate drivers, a process called
Arctic amplification [1]. It has been suggested that mineral dust contributes to Arctic
amplification [2–4]. In particular light-absorbing particulate deposited on snow can reduce
surface albedo and enhance the melting of snow and ice. Mineral dust can also affect the
radiative forcing in the Arctic through direct and indirect effects [3,5,6].

Studies on global and regional air mass atmospheric circulation reveal a significant
contribution of dust from high latitude (>60◦ N) sources in the air masses reaching the
Arctic [7–9]. The amount of this contribution is expected to increase in the future in
response to global warming which exposes more ice-free areas to dust emissions. High
latitude dust (HLD) sources have been found to contribute ~52% and ~39% of the annual
instantaneous radiative forcing (IRF) in the Arctic in the bottom of the atmosphere (BOA)
and the top of the atmosphere (TOA), respectively, while mineral dust deposited on snow
accounts for nearly all (∼99%) of the BOA IRF [5]. A different impact of dust on IRF can
be postulated due to the nature and abundance of the constituent particles, mainly iron
oxides [10].
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Iceland is the most important and the best-known HLD source in the Northern hemi-
sphere [11]. There, intense eruptive activity occurs generating fresh basaltic materials that
are subjected to strong aeolian and glacial processes in extensive desert areas [12,13]. Re-
cent studies (e.g., [5,14]) have revealed significant ice nucleating and remarkable radiative
forcing properties of Icelandic dust. These latter properties are, in turn, strictly related
to the geological nature and the climatic condition of the sourcing area. In particular, the
general lack of quartz and clay minerals and the variable amount of basaltic glass are clear
markers of a volcanic source of tholeiitic-transitional alkaline composition exposed to the
main action of fluvial and glacial erosion in a humid cold climate [12,15]. This distinguishes
Icelandic dust from dust of different HLD sources.

The source areas of dust reaching Ny-Ålesund, Svalbard, were investigated by com-
bining mineralogical and geochemical data of the aerosols at the receptor site with the back
trajectory (BT) calculation [16]. This combined approach revealed the metal oxide glass
particles as the most representative and distinguishing mineralogical/phase markers of
Icelandic dust among the aerosols reaching the Arctic from different HLD sources. How-
ever, and apart from Iceland, the applied approach gives no possibility to discriminate the
source areas of dust just looking to the phase composition if no additional constrain related
to the air mass long-range transport routes is provided.

A more robust approach of dust sourcing is made available by potential source
contribution function (PSCF) analysis. This method associates the BTs to the chemical
data at a receptor site on a statistical basis in order to identify the sources of the phases of
interest [17]. This method was applied to the aerosols collected at two different sites in the
Mediterranean area to distinguish the source areas of each contribution (e.g., mineral dust,
anthropogenic, marine, biomass burning) to the aerosol at each site [18,19]. Compared to
the other methods of source apportionment applied (e.g., PMF, CF; [18]), PSCF recognized
and discriminated well both distinct aerosol sources, as well as dust sources [19].

The main objective of this study was to apply the PSCF analysis of high latitude dust
sources in the Arctic to distinguish them from each other and, more importantly, from
Iceland based on their respective geochemical patterns. Additional objectives were to: (i)
find out the distinctive features of Icelandic dust in respect to the other high latitude dust
sources; (ii) evaluate the influence of mixed (e.g., natural and anthropogenic) sources in the
characteristics of Icelandic dust; and (iii) provide evidence of dilution and sorting effects
during long-range transport of Icelandic dust from its original uplift to its final settling in
the Arctic.

2. Materials and Methods
2.1. Aerosol Samples

Aerosol samples were collected at the Gruvebadet site, an Italian research facility
located about 700 m SW from the Ny-Ålesund village. The station has been active since
2009 and is devoted to the study of the physical, optical and chemical properties of the
Arctic aerosol at ground level [20–22]. The site is equipped with a set of measurement
and sampling devices, the latter operating with different filter media. In this paper we
consider the daily PM10 samples collected on PTFE filters (Pall Corporation, MI, USA;
47 mm diameter, 2.0 µm nominal porosity, capture efficiency of 99.6% for 0.3 µm particles)
using an automatic low-volume sampler (TECORA Skypost PM) operating at a flow of
38.33 L min−1.

PM10 mass was determined by weighing the filter before and after the sampling by
means of a 5-digit microbalance (Sartorius ME235P). The filters were conditioned for 48 h
(25 ◦C and 50% relative humidity) before weighing.

A total number of 196 PM10 aerosol samples were collected from 27 February to
21 October 2015, which is the annual opening period of the station that year. The time
series of PM10 concentration is reported in Figure 1. PM10 values show a rather regular
trend during the year characterized by a number of narrow concentration peaks on a
slightly wavy background. Three main peak events were registered in spring (15 March:
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16.2 µg/m3), summer (10–11 July: 14.6 and 12.3 µg/m3) and fall (8 October: 8.46 µg/m3),
with baseline values fixed at 1.5 µg/m3 in winter to early summer to 0.5 µg/m3 in the
following period. The average of PM10 values in the whole period of sample collection is
2.60 µg/m3 (Table 1).
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Figure 1. Time series of aerosol mass concentrations at Gruvebadet station, Ny-Ålesund, in 2015.
The dotted lines at 0.5 and 1.5 µg/m3 provide estimates of background values before and after
10 June 2015.

Table 1. Daily metal concentration (ng/m3), PM10 and dust load (DL, µg/m3) affecting the potential source contribution
function (PSCF) probability plots; average (Avg., ng/m3), relative standard deviation (RSD, %) and number of valid data
(VD #) of the overall (196 samples) dataset.

Date Al Fe Ti V Cr Mn Ni Cu Zn PM10 DL **

Eurasia

01/04/15 44.64 27.05 1.81 0.07 0.33 0.49 0.07 0.11 1.03 3.56 2.06
02/04/15 57.68 40.99 2.83 0.11 0.39 0.86 0.08 0.13 0.44 4.66 3.16
03/04/15 56.80 38.61 1.51 0.07 0.20 0.64 0.12 0.10 5.29 3.93 2.43
04/04/15 39.56 26.33 1.33 0.06 0.22 0.45 0.06 0.09 Bdl * 4.02 2.52
05/04/15 40.08 30.49 1.96 0.06 0.45 0.46 0.06 0.09 bdl 5.75 4.25
06/04/15 22.17 15.82 1.08 0.04 0.61 0.29 0.07 0.11 4.53 2.56 1.56
07/04/15 87.08 75.11 5.06 0.19 1.00 1.62 0.30 0.68 12.74 6.55 5.05
08/04/15 28.11 26.83 1.35 0.19 0.56 0.54 0.25 0.34 1.26 4.75 3.25
13/04/15 42.15 58.78 2.32 0.05 0.51 0.58 0.03 0.04 bdl 2.83 1.33
12/06/15 39.70 37.89 1.69 0.03 0.23 0.54 0.08 0.08 2.22 4.20 3.70

Iceland

12/03/15 24.55 49.71 0.59 0.04 0.23 0.34 0.09 0.13 bdl 2.92 1.42
10/06/15 3.80 102.45 0.16 0.11 3.24 0.35 0.10 0.06 bdl 0.45 −0.05
11/06/15 97.23 92.32 3.69 0.09 0.33 1.67 0.15 0.09 bdl 3.65 3.15
13/06/15 79.48 93.65 2.59 0.07 0.46 1.13 0.11 0.06 bdl 4.29 3.79
15/08/15 34.29 3.74 0.11 0.01 0.14 0.33 0.08 0.12 bdl 1.64 1.14
18/08/15 4.77 10.50 0.23 0.01 0.24 0.06 0.01 0.05 2.39 2.82 2.32

Greenland

15/04/15 14.42 29.84 0.94 0.02 0.32 0.23 0.03 0.01 4.42 4.02 2.52
21/04/15 17.13 34.00 0.54 0.03 0.31 0.40 0.06 0.05 bdl 3.93 2.43
18/09/15 19.12 31.67 1.76 0.05 0.66 0.31 0.11 0.22 3.87 5.18 4.68
20/09/15 22.70 30.73 1.87 0.04 0.58 0.32 0.22 0.09 17.30 3.09 2.59
21/09/15 4.00 7.08 0.25 0.01 0.26 0.04 bdl 0.24 bdl 1.00 0.50
07/10/15 3.99 4.17 0.23 0.02 0.23 0.04 0.01 0.40 bdl 3.18 2.68
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Table 1. Cont.

Date Al Fe Ti V Cr Mn Ni Cu Zn PM10 DL **

Alaska

03/06/15 20.77 27.35 1.50 0.02 0.13 0.80 bdl 0.03 bdl 2.83 1.33
10/07/15 17.03 22.96 1.09 0.05 0.13 0.76 bdl 0.09 0.29 14.62 14.12
11/07/15 7.83 10.71 0.50 0.18 0.06 0.70 0.04 0.07 bdl 12.34 11.84
12/07/15 3.88 5.75 0.18 0.11 0.18 0.17 0.06 0.12 5.02 6.67 6.17
13/07/15 9.49 9.53 0.93 0.09 0.08 0.25 0.11 0.29 4.24 3.65 3.15
14/07/15 11.44 20.38 1.66 0.05 0.03 0.68 0.00 0.07 2.97 4.02 3.52

Avg. 11.6 14.5 0.64 0.02 0.22 0.19 0.09 0.09 4.17 2.60 1.75
RSD (%) 120 180 270 130 150 140 150 200 110 81 115

VD # 181 183 182 168 180 180 182 165 86 196 196

* below detection limit. ** dust load estimates obtained by subtracting background values of 1.5 and 0.5 µg/m3 to the PM10 values as
in Figure 1.

2.2. Chemical Analyses

Daily PM10 samples are typically subjected to chemical analyses using different ana-
lytical methods based on ion chromatography and the inductively coupled plasma mass
spectrometer (ICP-MS) in order to achieve the broadest possible chemical characteriza-
tion [22]. Regarding this work, the total concentration of the investigated metals was
determined by ICP–MS spectroscopy after acid digestion of the samples in an HNO3:H2O2
mixture assisted by a microwave oven (MARS Xpress, CEM). In particular, the analytical
measurements were carried out by an ELEMENT2 (Thermo Fisher Scientific, Massachusetts,
USA) ICP-MS instrument, a double focusing magnetic sector field ICP-SF-MS coupled with
a desolvation system provided with a microflow nebulizer. Although the instrument can
operate in the 5–260 amu mass range, up to 10,000 resolution level, high resolution was
not used here due to the need of enhancing sensitivity because of very low concentration
values of trace metals (especially V and Ni).

Since one of the major hinderances in accurate determination of ICP-SF-MS measure-
ments is the formation of oxides in the plasma, due to the presence of water in the sample
solutions, an APEX HF desolvating system (ESI, NE, USA) was used. All the operative
settings of the instrument were checked and optimized daily.

As concerning operational protocol, particular attention was devoted to minimize
contamination in every step of sample treatment and analysis. To this purpose, all the
used solutions had a high level of certified purity. Acidic solutions used for dilution and
cleaning were prepared from concentrated sub-boiled (s.b.) HNO3, obtained by DST-1000
(Savillex, MN, USA) acid purification system, from 65% reagent grade nitric (Carlo Erba
Milano, Italy). Suprapur® grade 30% H2O2 (Merck KGaA Darmstadt, Germany) was used
to complete the digestion. The preparation of the diluted 1% HNO3 and all the cleaning
procedures, were carried out using Milli-Q ultrapure water (18 MΩ·cm), obtained by
MilliporeSigma (Burlington, MA, USA) purification system.

Every filter was cut into two halves (by a stainless steel blade, inside a Class 10,000
clean laboratory), allowing the determination of other chemical markers on the same
sample [22]. Each portion of the filter was then treated by a microwave digestion system
(Mars Xpress, CEM SRL Bergamo, Italy), according to UNI EN 14902:2005 standard method
for Pb, Cd, As and Ni analysis. Thus, each filter was added to 2 mL of concentrated s.b.
HNO3 and 0.5 mL of H2O2, in clean Teflon-PFA vessels. Further details of the analytical
procedures can be found in [23].

2.3. Air Mass Back Trajectories

Air mass back-trajectories (BTs) were calculated using the NOAA ARL HYSPLIT 4
rev. 513 transport model [24] installed on a 1 + 4 × 4 Intel Xeon E4572@3GHz cores cluster
with 16 GB of main memory. GDAS meteorological input fields with 0.5◦ × 0.5◦ resolution
and a propagation time of 240 h were employed. The trajectories were calculated for the
whole year of 2015 every six hours for an endpoint of 500 m a.g.l. above Ny-Ålesund.
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These parameters were chosen according to the procedure detailed in [18]. This fairly high
resolution was employed due to the considerably long propagation time, while the height
of the trajectories endpoint was selected to reduce the impact of numerical artifacts.

2.4. Potential Source Contribution Function Analysis

A potential source contribution function (PSCF) analysis was applied to the BTs of air
masses arriving at Ny-Ålesund in the period of interest. Details of the PSCF methodology
employed here are described in [18]. This method calculates the probability distribution
of the location of a source by superimposing a grid on the territory and estimating the
fraction of time that a trajectory spent on each cell before inducing a concentration greater
than a reference value at the receptor site. In this work the same FORTRAN code, using the
90th percentile as the concentration threshold, and the same weight parametrization were
also employed. The analysis considered the set of metals determined in the PM10 samples
used as dust chemical markers.

3. Results and Discussion
3.1. Dust Sources and Dust Events

The following chemical elements were considered in the PSCF analysis: Al, Fe, Mn,
Ti, Cr, V, Ni, Cu, and Zn. The first four elements are known to be directly related to
the composition of dust as they are the main constituents of different silicates and ore
minerals [25]. Al and Ti, in particular, are commonly used as tracers of mineral dust in
aerosol samples [26] due to their main origin from continental crust and to their relatively
high abundance in crustal material (e.g., [27]). Cr, V, and Ni, in turn, are present in rocks
and soils as vicariant ions of iron in ferromagnesian minerals and related phases [28]. They
can, thus, be connected to the dust sources as well (e.g., [29]). Cu and Zn are naturally
present and ubiquitous in soils, where they mostly derive from metal ore and carbonate
bearing minerals, although human activities may contribute to the input of these metals to
soils by urban/industrial activities or agriculture [30].

The mean (Avg.) and the relative standard deviation (RSD) of the metal concentrations
in the entire sampling period are reported in Table 1. Fe and Al are by far the most abundant
chemical elements in the aerosols, followed by Ti (~20 times less abundant), Cr and Mn
(~60 times less abundant), Ni, Cu, and V (130 to 600 times less abundant). RSD values
range from 120% (for Al) to 270% (for Ti). Zn average concentration is 4.17 ng/m3 with
comparable RSD values, but often below the detection limit.

The PSCF probability plots for the dust chemical markers at Ny-Ålesund are reported
in Figure 2. In the plots the correlation between different elements in different geographic
source regions emerge: (i) Al, Fe, Mn, Ti, Cr, and V distributions identify a wide source
region in Eurasia, including Scandinavia (Al, Mn, Ti, V), the Kola peninsula (Al, Fe, Mn,
Ti, V), and small areas located in the Siberian plane and the Kazakistan plateau (Al, Fe,
Mn, Ti, Cr, V); (ii) Fe, Cr, and V show a common source area in E-Iceland; (iii) Fe, Cr, and
Ti correlate in the Western coast of Greenland; and (iv) Mn and V show a common sharp
distribution over Alaska. Ni, Cu, and Zn do not show any significant cross-correlation over
continental areas, and therefore their relevance as soil markers can be neglected.

The daily chemical data contributing to the probability plots were extrapolated in
order to distinguish the main dust events over Ny-Ålesund based on their sources. The
dates and corresponding chemical markers of the dust events are reported in Table 2, while
the raw data at daily resolution affecting the PSCF plots, distinguished by identified source
area, are reported in Table 1. A different seasonal occurrence of the dust events from
different sources is evidenced, namely early spring for Eurasia, late spring to late summer
for Iceland, spring and autumn for Greenland and summer for Alaska. These observations
are in good accordance with long-term observations at Ny-Ålesund and, after all, with the
general model of atmospheric circulation in the high latitude regions (e.g., [31,32]). Most
of the events are characterized by aerosol mass concentrations not exceeding 4 µg/m3,
with only one main exception being represented by the peak event registered on 10–14 July.
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This latter coincided with an extreme wildfire biomass burning advection event from the
Yukon-Koyukuk taiga region that affected the Svalbard archipelago in mid-July 2015, with
some aerosol persisting in the stratosphere for at least one month after the advection [33,34].
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Table 2. Source regions, geochemical markers and daily occurrence of the dust events over Ny-Ålesund in the period 27
February–21 October 2015.

Source Region Elements Daily Dust Events

Eurasia Al, Fe, Mn, Ti, Cr and V 1–8 April; 13 April; 12 June
Iceland Fe, Cr and V 12 March; 10–11 June; 13 June; 15 August; 18 August

Greenland Fe, Cr and Ti 15 April; 21 April; 18 September; 20–21 September; 7 October
Alaska Mn and V 3 June; 10–14 July

3.2. Geochemical Pattern of the Source Regions

Based on the PSCF analysis, four different high- to mid-latitude dust source regions
located in Eurasia, Iceland, Greenland, and Alaska were identified. The patterns of the
geochemical markers for Eurasia, Greenland, and Alaska are quite distinguishable from
each other while the samples from Iceland are dispersed over a wide range of values
which includes those of Eurasia and Greenland (Figure 3). From the spider diagrams of
Figure 4 it also appears that aerosols from Greenland and, secondarily, from Eurasia have
much similar patterns and are significantly enriched in Cr in respect to those from Iceland
and Alaska, consistently with their much regular BT patterns (Figure 2). A significant
enrichment in V in respect to Ti is also observed in a couple of samples from Alaska, well
in accordance with a derivation from magnetite-bearing ores outcropping in this region
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(https://thediggings.com/commodities/vanadium/usa/alaska, accessed on 8 January
2021). The patterns of Iceland are more variable. Assuming the patterns of 11 June and
13 June as the main trend (see Section 3.3.1), we see a strong enrichment of Fe, V and Cr in
the sample of June 10, a general depletion of all elements but Al and/or Cr in the samples
of 15 and 18 August, and a small Ti depletion in the sample of 12 March. Compared to
volcanic sands of Iceland [12], our 11 and 13 June samples are significantly depleted in Ti
and V, and slightly enriched in Cr, as well as being diluted of all the elements.
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In the Greenland, Alaska, and Eurasia dust sources Fe, Mn, and Ti all show a fairly
good correlation with Al while Cr (and V) are only little or partly correlated (Figure 5). The
different slopes of the regression lines reflect the presence of a main fraction consisting
of aluminium silicate minerals and phases in all the samples, with variable amounts of
different iron bearing minerals and metal ores. The samples from Alaska, in particular, are
significantly enriched in Mn and depleted in Cr in respect to the rest of the samples sug-
gesting a provenance from carbonate rather than ultramafic rock terranes [36,37]. Samples
related to Icelandic sources are generally much more dispersed though having relatively
higher Al contents. This fact points to a more complex composition in respect to the rest of
the samples, and it will be focused on in the following sections.

3.3. Properties and Long-Range Transport of Icelandic Dust

Icelandic dust samples revealed peculiar but very variable characteristics compared
to the dust from other sources. In order to investigate their properties more thoroughly,
we compared our aerosol samples with each other and in relation to their geographical
source regions marked by air mass back trajectories. Once the most representative samples
of Icelandic dust had been selected, we compared them with Icelandic materials in order to
investigate the selection mechanisms operating during the emission and the transport of
dust. It is estimated that about 7% of Icelandic dust emitted is deposited in the high Arctic
(>80 N, [7]).
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3.3.1. Mixing Processes

The BT trend in the six days of interest (Figure 6) reveals that in all cases the air
masses affected both Iceland and other geographical areas before reaching Ny-Ålesund. In
aerosols, the dust component may have mixed with others, sometimes of anthropogenic
origin, coming from the same or from several different areas, depending on the mode of
air mass circulation and the duration of transport before deposition on the receptor site,
delivering aerosols with different chemical characteristics. To highlight and evaluate the
presence and extent of mixing processes in our Icelandic samples, we examined the aerosol
samples from Icelandic sources one by one after PSCF analysis. In particular we took under
consideration the pattern and trend of the air mass circulation in relation to the recorded
dust events in Iceland in the period of interest, and the pattern of the enrichment factors in
the samples.
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Figure 6. Plots of 240 h back trajectories of 12 March (a), 10 June (b), 11 June (c), 13 June (d), 15 August (e), and 18 August
(f), 2015 ending at 0, 6, 12, and 18 UTC upon Ny-Ålesund. The position at 00:00 of each elapsed day is specified by the small
number along the paths.
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The BTs of the air masses that reached Ny-Ålesund on March 12 (Figure 6a) show
a component over Iceland three to four days before arriving at the receptor site. At that
moment, exactly between 8 and 9 March, massive dust events were recorded in W Iceland
leading to PM10 concentrations exceeding 140 µg/m3 [38]. It is possible that some part
of the dust intercepted the air masses at about 2000 m altitude and was transported to
Ny-Ålesund. However, on 12 March, air masses from North America and Siberia also
persisted over Ny-Ålesund, the latter passing at a much lower height and for a longer time
than those coming from Iceland. This has likely generated a mix of aerosols from different
regions, including Iceland. Looking at the general geochemical pattern (Figure 4), the low
enrichment factor for most elements (Figure 7), and the positive value of the dust load
(Table 1), we can expect a dust intake from these regions over Svalbard on that day.
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moderate to significant metal enrichment of soils (after [39]), are reported for comparison.

The situation of the air masses arriving on Ny-Ålesund on June 10 was also favorable
to the possibility of a contribution from Iceland. In this case, however, the air masses
moved very slowly during their passage and only lapped the eastern and northern coasts
of Iceland (Figure 6b). For this reason, and despite the occurrence of great dust storms
in Iceland in those days [40,41], the air masses do not seem to have collected dust as
they passed, as evidenced by the negative dust load of that day. On the other hand, the
presence of contributions from different, likely anthropogenic, sources cannot be ruled
out considering the significant to very high values of the enrichment factor of the metals,
especially Cr (Figure 7), in this sample.

The pattern of BTs for 11 June (Figure 6c) shows a main circulation at ground level,
which came down slowly from the E-coast of Greenland and progressively accelerated up
to Iceland where it reached a rapid counter clockwise movement between 6 and 9 June.
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In those days Iceland was affected by intense sandstorms both in the SW and the NE
part of the island (SYNOP codes reports). This explains the general pattern similarity
of this sample compared to the Iceland soils (Figure 4b), although the relatively lower
amounts of Ti and V, and the higher amounts of Cr may support some contribution from
Greenland and/or Eurasia (Figure 4a,c). The low value of the enrichment factor for all
metals (Figure 7) suggests the main presence of dust due to significant dust load in Ny-
Ålesund on that day (Table 1), and excludes other possible source areas resulting from the
BT pattern (e.g., the Kola peninsula), which are characterized by significantly higher values
of V, Ni, and, above all, Cu and Zn (Figure 7). It is thus likely that the significantly higher
altitude of the air mass circulation over the northern Eurasian coasts prevented the uptake
of aerosols coming from these areas. A similar BT pattern from Iceland was observed on
13 June (Figure 6d). Air mass circulation over Iceland occurred at altitudes higher than
those over Greenland and the far North of Eurasia. However, this different set-up does
not seem to have significantly influenced either the dust load in Svalbard (which is even
higher than that of 11 June), nor the composition of the aerosol which showed remarkable
similarities with that of the previous day.

Regarding the sample of 15 August, we know of the occurrence of local dust events
in NE-Iceland on 13 August and in W Iceland on 7–8 August prone of being intercepted
by the air masses reaching Ny-Ålesund (Figure 6e). However, the pattern of BTs for 15
August also reveals the presence of a regional circulation around the Svalbard Islands
much more significant than that on Iceland since it occurred at ground level and developed
in the period of maximum annual snow melting and soil drying. Significant enrichment of
Al and Cr compared to the other samples is not compatible with any of the dust sources
examined in this study (Figure 4). Nor is it possible to invoke an origin of the metals from
anthropogenic sources considering the particularly low values of the enrichment factors of
this sample (Figure 7). These observations, supported by the positive amount of the dust
load for August 15, suggest a local origin from soils in Svalbard of at least some part of the
dust collected on that day.

Further considerations derive from the analysis of the sample from August 18. Al-
though there was a dust storm in the NE of Iceland on August 13 to justify the significant
value of the dust load recorded on that day and the similar metal contents with the sample
of 15 August (Figure 4), the enrichment factors of Cr, Cu, and, above all, Zn are remark-
ably high in this case (Figure 7). All these observations suggest the presence of different
natural and anthropogenic contributions around Iceland. Looking at the pattern of BTs
(Figure 6f) we can, thus, assume that a regional scale atmospheric circulation would have
mixed together the contributions from different sources and diluted them with a significant
marine contribution. This latter clearly results from the remarkably high Na and Cl air
mass concentrations (540 and 750 ng/m3; data not shown) compared to those of 15 August
(56 and 49 ng/m3; data not shown). In any case, the low values of the Cl/Na ratios of
the sample of 15 August (0.87) and 18 August (1.38), in respect to sea water (1.81), reveal
significant aging effects. It is thus possible that in those days the development of a slowly
rotating cyclonic cell over the Atlantic Ocean all around Iceland collected and mixed the air
masses with their natural/anthropogenic inputs and slowly conveyed them to Svalbard.
The samples of 15 and 18 August would, thus, better represent a regional contribution to
the aerosols in Svalbard in the period of interest.

3.3.2. Emission and Transport Processes

The Icelandic contribution to dust in Ny-Ålesund in 2015 was likely combined with
contributions from different origins and/or provenance. However, the composition of the
samples of 11 and 13 June best resembled the composition of the Icelandic surface materials
taken as a reference. Therefore, detailed analysis and comparison of these samples is the
key point to establish their mutual genetic relationships. We have found that the samples
of 11 and 13 June are distinct from the Icelandic soils, as: (i) they show significantly lower
concentrations of all metals; (ii) they are relatively depleted in Ti and V; and (iii) they are
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relatively enriched in Cr (Figure 8). The first characteristic may be interpreted as the result
of the dilution deriving from the mixing between Icelandic dust and the other airborne
components. Dilution would have caused a decrease in the concentration of all metals
up to values 5–6 times lower than those in soils, leaving the general geochemical pattern
almost unchanged. The characteristics (ii) and (iii) indicate selective lifting and transport of
the particles. We know in fact that the surface sands consist of millimeter-sized grains [12],
while the Icelandic aerosol particles reaching the receptor site rarely exceed a few microns
in size [16]. We also know that the sands contain pyroxenes, olivine, and plagioclase, along
with variable volcanic glass contents [12,13], and that in basaltic magmas Ti and V have the
highest partition coefficients in clinopyroxene and magnetite [42]. Therefore the lower Ti
and V, and the higher Cr amounts in the aerosols in respect to sediments can be explained
assuming a lower presence of clinopyroxene and magnetite crystals, and a greater amount
of glass fragments in the aerosol than in the sands. Indeed the irregular, often elongated,
morphology and the lower specific weight of the hyaloclastites compared to the femic
minerals favour their lifting and transport up to a great distance, as evidenced by single
particle analyses of the Icelandic reference dust samples [16].
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Figure 8. Metal concentrations in the aerosol samples from Iceland (11 and 13 June), compared
to Icelandic volcanic sands from Dynjusandur (DYN) and Lambahraun (LAM; after [12]), and to
Icelandic aerosol samples collected in Ny-Ålesund in April 2011 [16]. The mean trend of DYN and
LAM sands (red dashed line), the trend of 26 April 2011 (black dashed line), and the mean trend of
22 and 23 April 2011 (black sold line) have been shifted over the trend of 11 and 13 June in order to
be compared.

Such a phenomenology of emission and transport of dust seems quite common in
Icelandic aerosols which, in fact, all showed a trend similar to that of 11 and 13 June
(Figure 8). The fact that, compared to the aerosols of 2011, the latter are further depleted of
Ti and V likely reflects a greater contribution of the hyaloclastic component in the dust. In
accordance with the findings of [12], our results point to the the main role of fluvio-glacial
activity river transport in preparing the sediment uplift from Iceland.

4. Conclusions

In this study we applied a PSCF analysis to the tracking of dust sources in the Arctic.
For this purpose, we considered one year of aerosol geochemical data at Ny-Ålesund,
Svalbard, and a short list of transition and post-transition metals variably related to the
dust fraction. Based on PSCF analysis, four different source areas with corresponding
geochemical patterns and seasonal occurrence were evidenced. A set of typical dust days
from the distinct source areas were also identified based on the corresponding BT patterns.
Given the availability of some aerosol and soil samples from Iceland as reference materials
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we were able to compare the geochemical patterns of Icelandic dust and soils with the
patterns of different source areas.

Similarly to what was found in our previous studies on different geographic con-
texts [18,19], the method proved to be valid and promising in distinguishing different dust
sources based on the correlation between the concentrations of chemical tracers and the
trend of BTs. In particular, the method has proved to be sufficient to allow the identification
of a geochemical fingerprint for each source, which is maintained in the aerosol even in the
presence of other sources, whether natural or anthropogenic.

It is clear that the method needs a further fine-tuning to trace the fingerprints of
the different dust sources. The acquisition and testing of aerosol data from clear and
unambiguous source regions, as well as a comparison of reference soils, should be a
priority. For this purpose, based on our previous studies on this topic [16,43], targeted
sampling and geochemical analyses on Icelandic and Svalbard soils are being performed.
The goal is to characterize these dust source areas very thoroughly, both to refine the
emission and transport models, and to evaluate the impact of different dust sources on the
aerosol properties at regional and local scale. Field campaigns are planned in the other
source areas, starting from Greenland, focusing the geochemical characteristics of dust in
comparison to Icelandic dust sources as well as their mutual interaction mediated by air
mass transport and mixing [7].

Detailed analysis of the dust sources, the emission rates, the particle characteristics,
the long-range transport routes, and the atmospheric processing of dust reaching the Arctic
is the starting point to evaluate its current impact on this region and, possibly, to predict its
future effects on the global scenario of climate change.
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