1' frontiers

in Earth Science

BRIEF RESEARCH REPORT
published: 19 January 2021
doi: 10.3389/feart.2020.536036

OPEN ACCESS

Edited by:

Jing Ming,

Independent researcher, Melbourne,
Australia

Reviewed by:

Zhiwen Dong,

Chinese Academy of Sciences, China
Sumito Matoba,

Hokkaido University, Japan

*Correspondence:
Andrea Spolaor
andrea.spolaor@cnr.it

Specialty section:

This article was submitted to
Cryospheric Sciences,

a section of the journal
Frontiers in Earth Science

Received: 18 February 2020
Accepted: 30 November 2020
Published: 19 January 2021

Citation:

Spolaor A, Moroni B, Luks B,
Nawrot A, Roman M, Larose C,
Stachnik £, Bruschi F, Koziot K,
Pawlak F, Turetta C, Barbaro E,
Gallet J-C and Cappelletti D (2021)
Investigation on the Sources and
Impact of Trace Elements in the Annual
Snowpack and the Firn in the
Hansbreen (Southwest Spitsbergen).
Front. Earth Sci. 8:536036.

doi: 10.3389/feart.2020.536036

®

Check for
updates

Investigation on the Sources and
Impact of Trace Elements in the
Annual Snowpack and the Firn in the
Hansbreen (Southwest Spitsbergen)

Andrea Spolaor*, Beatrice Moroni?, Barttomiej Luks®, Adam Nawrot®“, Marco Roman®,
Catherine Larose®, tukasz Stachnik’, Federica Bruschi’?, Krystyna Koziot®, Filip Pawlak®,
Clara Turetta’, Elena Barbaro’, Jean-Charles Gallet® and David Cappelletti?

TInstitute of Polar Sciences, ISP-CNR, Venice, ltaly, “Dipartimento di Chimica, Biologia e Biotecnologie, Universita degli Studi di
Perugia, Perugia, Italy, Sinstitute of Geophysics, Polish Academy of Sciences, Warsaw, Poland, *forScience Foundation, Torur,
Poland, ®Department of Environmental Sciences, Informatics and Statistics, Ca’ Foscari University of Venice, Venice, Italy,
SEnvironmental Microbial Genomics, Laboratoire Ampére, CNRS, University of Lyon, Lyon, France, “University of Wroclaw,
Faculty of Earth Sciences and Environmental Management, Wroctaw, Poland, ®Department of Analytical Chemistry, Chemical
Faculty, Gdarisk University of Technology, Gdarisk, Poland, QNorwegian Polar Institute, Tromsa, Norway

We present a thorough evaluation of the water soluble fraction of the trace element
composition (Ca, Sr, Mg, Na, K, Li, B, Rb, U, Ni, Co, As, Cs, Cd, Mo, Se, Eu, Ba, V, Ge, Ga,
Cr, Cr, P, Ti, Mn, Zr, Ce, Zn, Fe, Gd, Y, Pb, Bi, Yb, Al, Nb, Er, Nd, Dy, Sm, Ho, Th, La, Lu,
Tm, Pr, Tb, Fe, In, Tl) and their fluxes in the annual snowpack and the firn of the Hansbreen
(a tidewater glacier terminating in the Hornsund fjord, southwest Spitsbergen). The trace
element samples were obtained from a 3 m deep snow pit dug at the plateau of the glacier
(450 ma.s.l.), and from a 2 m deep firn core collected from the bottom of the snow pit. The
comparison of elemental fluxes and enrichment factors allowed us to constrain specific
summer and wintertime deposition patterns of water soluble trace elements in the
southern part of the Svalbard archipelago. Our results suggest that the chemical
composition of the Hansbreen (and likely other glaciers where the summit is close to
the equilibrium line) is mainly affected by summertime deposition of trace elements from
local sources and some volatile elements, which may be transported into the Arctic when
polar vortex is weak. The melting of the annual snowpack seems to have a minor influence
on the overall chemical signature of the glacier ice.

Keywords: svalbard, snowpack, firn, trace element, transport

INTRODUCTION

The climate of the Svalbard archipelago is characterized by a marked thermal gap between summer
and winter periods (Maturilli et al., 2013). As a consequence, high variability in snow accumulation
between the coastline and the interior of the archipelago exists (Winther et al., 1998). The annual
snowpack covers almost the entire archipelago between October and May, but the recent air
temperature increase, estimated at 1.3°C per decade (Maturilli et al., 2013), is affecting its onset,
evolution and duration. The snow season has been shortening from 250 to 220 days per year at
Longyearbyen and Ny-Alesund meteorological stations (www.mosj.no), with similar trends observed
at Barentsburg (—4.6 days decade™) and Hornsund stations (-10.0 days decade™) (Osuch and
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Wawrzyniak, 2017). Both the warming and the change in snow
season duration have direct consequences for glacier mass
balance, which has registered a constant decrease over the past
years (Kohler et al., 2007; Aas et al., 2016; Van Pelt et al., 2019),
despite the recorded rise in the amount of precipitation (from 400
to 600 mm; www.mosj.no) and a potential increase in the annual
snowpack thickness. The decrease in glacier mass balance is
shifting the equilibrium line altitude upwards, i.e. the altitude
above which winter snow survives summer melting and can
contribute to positive mass balance (Moller and Kohler, 2018).
Besides being crucial for glacier mass balance, the annual
snowpack is a sink and a reservoir for a wide range of
inorganic and organic elements naturally present and/or
released by human activities. The presence of impurities in the
annual snowpack, in the form of either insoluble dust particles
(Barbante et al., 2017), soluble chemical species (Barbaro et al.,
2017b) or organic compounds (Vecchiato et al., 2018), can be
used to study the transport processes from polluted source areas
at mid-latitudes and constrain the potential impact of human
activities on the Arctic environment (Barbante et al., 2001;
Ezerinskis et al., 2014; Nawrot et al., 2016).

The chemical composition of the annual snow depends on
various factors including the source of air masses (local,
regional, long-range) and impurities (natural, anthropogenic)
(Barbante et al., 2017; Vecchiato et al., 2018; Conca et al., 2019).
Considering the location of Svalbard, marine processes and
oceanic emissions contribute markedly to the deposition flux of
multiple elements, next to the crustal components (Spolaor
et al., 2013; Barbaro et al., 2017a). However, the long-range
transport of atmospheric dust and wildfire emissions from
Eurasia can significantly impact the elemental composition of
the annual snowpack (Moroni et al., 2016; Feltracco et al., 2020).
A recent study investigating the lead isotope composition of
aerosol samples suggests a predominant contribution of air
masses from North Eurasia during spring, and the main
influence during summer coming from North America
(Barbaro et al., 2016; Zielinski et al., 2020). Furthermore, the
anticipated shortening of the snow season, combined with
glacier retreat, will increase the time and extent of soil
exposure locally, thus likely enhancing the impact of dust on
snowpack composition. The annual snowpack is a critical
component of the cryosphere and interfaces with most
environmental spheres (hydrosphere, atmosphere,
pedosphere and ecosphere) in Svalbard (Gallet et al., 2019).
For example, the impact of the release of elements and
compounds during the melting season, in particular
biologically active elements such as iron and phosphorus, on
the surface oceanic water composition, highlights the
importance of snowmelt on ecosystems (Stachnik et al,
2019). Therefore, investigating the chemical composition of
snow and the wunderlying processes controlling it is
fundamental for constraining the impact of snowpacks on
down-stream ecosystems. Trace elements could be a good
indicator of human contamination of remote areas. As
previously reported by Siudek et al. (2015), the major
sources of trace elements are associated with natural
processes (rock weathering, mineralization, dust storm,

Hansbreen Glacier Snowpack Chemical Composition

volcanic eruption), although industrial activities have also
been shown to influence their abundance in the
environment. Industrial processes such as fossil (As, Cu, Co,
Cr, V, Ni, Sb, Fe, Mn, Zn, Sn) and oil combustion (Mn, Pb, Fe,
Ni), motor vehicle exhausts (Pb, Cu, Cr, Sn, Sb), smelting (Ni,
Cu, As, Pb, Cd), iron/steel manufacturing (Cr, Mn, Ni, Co),
waste incineration (Pb, Zn), and cement production lead to the
release of trace elements to the atmosphere. The Svalbard
archipelago can almost be considered as a pristine
environment since industrial activities are mostly limited to
coal extraction and oil combustion through ship and snow
mobile traffic. Therefore, potential sources of trace elements
could also be ascribed to long-range transport in addition to
natural emissions.

Few studies on the elemental composition of the Svalbard
snowpack exist (Spolaor et al., 2013; Pedersen et al., 2015; Lopez-
Moreno et al., 2016; Nawrot et al., 2016; Spolaor et al., 2016;
Barbaro et al., 2017a), and they are mostly geographically limited
to the western side of the Archipelago. There is a general lack of
data on trace element concentrations and their fluxes in the
southern part of the Svalbard archipelago. Here, we present the
first characterization of the water-soluble fraction of trace
elements in the annual snowpack in the Hansbreen, a
tidewater glacier terminating in the Hornsund fjord. We
focused on the water-soluble fraction being that mostly
affected by the melting episodes that occur in the Hansbreen.
The element concentrations and deposition fluxes in both snow
and ice were evaluated to better characterize their sources
(marine, crustal or anthropogenic) and impacts. In addition,
considering the moderate altitude of the summit of the
Hansbreen (500m a.sl) and the glacier equilibrium line
(370 m a.sl, Laska et al, 2016) (Schuler et al., 2020), this
study provides an important piece of information evaluating
the effect of the annual snow pack chemical composition on
the glacier firn trace element abundance in a low elevation
Svalbard glacier.

CLIMATIC AND GEOLOGICAL SETTING OF
HANSBREEN

The southern part of the Svalbard archipelago is characterized by
higher winter snow accumulation and higher temperatures as
compared to the Svalbard average and in particular to those
measured in the northern territory of the archipelago. The
Hansbreen covers an area of about 56 km* with a length of
approximately 15km (Laska et al, 2016). The glacier
terminates in the Hornsund fjord and its summit is located
approximately at 500m asl in connection with
Vrangpeisbreen (Figure 1). Due to the moderate altitude of
the glacier summit and the calculated glacier equilibrium line
(370 ma.s.l, Laska et al., 2016), the annual snowpack covering the
Hansbreen is strongly affected by summer melting. Hansbreen
lies over a mosaic of metamorphic rocks. The eastern flank of the
glacier laps the Sofickammen (mainly calcitic and dolomitic
marbles) and the Serkapp Land group (quartzite-dominated)
formations  (Birkenmajer, 1990): Sofiekammen (mainly
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FIGURE 1 | Location of the Hansbreen (inset panel) and the sampling site during the summer season (both marked with a star marker) (Norwegian Polar Institute/
USGS Landsat). The red contour indicates the glacier basin (see https://toposvalbard.npolar.no/ for a detailed map).

carbonates: marbles and dolomites) and Serkapp Land group
(quartzite-dominated). The western side of the glacier (Czerny
et al., 1993) is surrounded by the Deilegga and Eimfjellet groups.
Deilegga is a formation built of metasedimentary rocks (phyllites,
calcitic and dolomitic marbles). It contains pyrite, pyrrhotite,
chalcopyrite, and subordinately, marcasite, galena, sphalerite,
arsenopyrite, and chlorite accessory minerals. At Slyngfjellet
(the mountain ridge to the side of the Hansbreen) siderite,
ankerite and quartz veins have also been found (Kieres and
Piestrzynski, 1992). This group can, thus, supply significant
concentrations of major (Fe, S, Cu, Pb, Zn, As, Ca, Mg and
Mn) and, likely, minor elements (e.g., Ni from chlorites) to the
glacier. The Eimfjellet group, situated ~3km west from

Hansbreen, is built of quartzites, schists, and amphibolites.
These rock types include the minerals pyrite, chalcopyrite,
pyrrhotite, hematite, galena, arsenopyrite, marcasite, sphalerite,
and mackinawite. Native bismuth has also been found in these
rocks. Thus, it can be a source, besides the aforementioned
elements, of Ni and Bi in atmospheric dust of the area. Some
of the listed minerals were also found to contain Cd and Co as
vicariant elements of Zn and Fe, respectively (Kieres and
Piestrzynski, 1992).

Snow pack proprieties and methodological details on sample
collection, preparation and analysis for the water-soluble fraction
of the elements are detailed reported in the Supplementary
Material.
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TABLE 1 | Average elemental concentration order based on its sea spray contribution in the snowpack (SP Ave. Conc) and the firn core (FC. Ave Conc) expressed both as

ngg .
ssC-SP ssC-FC SP-Ave. FC-
(%) (%) Conc Ave.
Conc
Ca 100.000 100.000 6.876 3.270
Sr 100.000 100.000 0.729 0.113
Mg 100.000 100.000 121.423 16.233
Na 100.000 100.000 1,061.465 297.278
K 87.406 49.129 44,079 21.963
Li 80.440 21.050 0.021 0.022
B 57.928 61.722 0.755 0.198
Rb 36.784 14.777 0.032 0.022
V] 20.825 12.751 0.002 0.001
Ni 2.131 0.327 0.030 0.056
Co 1.861 0.437 0.002 0.002
As 1.836 2.236 0.014 0.003
Cs 1.600 1.508 0.002 0.001
Cd 0.805 <01 0.001 0.003
Mo 0.488 2.976 0.202 0.009
Se 0.408 0.361 0.022 0.007
Eu 0.370 0.369 0.000 0.000
Ba 0.333 0.549 0.620 0.105
\Y 0.313 0.330 0.060 0.016
Ga 0.119 <01 0.002 0.001
Cr <0.1 <0.1 0.021 0.029
P <01 0.134 14.952 1.807
Ti <0.1 <0.1 0.181 0.050
Mn <01 <01 0.090 0.173
Zr <0.1 <0.1 0.006 0.004
Ce <0.1 <01 0.099 0.028
Zn <0.1 <0.1 2.004 3.330
Fe <0.1 <01 2.550 0.760
Gd <0.1 <01 0.007 0.002
Y <0.1 <01 0.013 0.004
Pb <0.1 <01 0.052 0.028
Bi <0.1 <0.1 0.048 0.015
Yb <0.1 <01 0.002 0.001
Al <01 <0.1 4.235 0.672
Nb <0.1 <01 0.102 0.012
Er <0.1 <0.1 0.008 0.003
Nd <0.1 <01 0.030 0.006
Dy <01 <0.1 0.117 0.044
Sm <0.1 <01 0.008 0.002
Ho <0.1 <01 0.004 0.001
Th <0.1 <0.1 0.010 0.001
La <01 <01 0.077 0.018
Lu <0.1 <0.1 0.007 0.003
m <0.1 <01 0.009 0.004
Pr <0.1 <01 0.176 0.034
Tb <0.1 <0.1 0.044 0.015
In <0.1 <01 0.001 0.001
Tl <0.1 <0.1 0.001 0.001

Snowpack Firn FC\SP Snowpack Firn
(flux) core flux EFg, core
(flux) ratio EFg,
0.265 0.389 1.466 0.3 0.8
0.028 0.014 0.511 3.1 3.2
4.705 2.182 0.453 12.2 11.2
41.058 40.596 0.989 55.8 139.1
1.706 2.912 1.707 2.1 7.1
0.001 0.002 3.084 1.3 8.4
0.029 0.027 0.929 59.3 180.2
0.001 0.008 2.361 0.4 1.6
0.000 0.000 1.760 0.8 3.8
0.001 0.007 5.822 1.8 31.1
0.000 0.000 3.567 0.2 1.7
0.001 0.000 0.831 9.4 18.3
0.000 0.000 1.078 0.4 1.1
0.000 0.000 8.052 16.5 294.6
0.008 0.001 0.188 156.6 84.1
0.001 0.001 1.274 354.2 1,112.5
0.000 0.000 1.042 0.1 0.3
0.024 0.015 0.643 1 1
0.002 0.002 0.980 1.4 3.8
0.000 0.000 2.131 2.3 10.1
0.001 0.004 5.103 0.7 14.3
0.567 0.235 0.415 27.6 32.3
0.007 0.007 1.036 0.1 0.2
0.003 0.017 5132 0.2 1.9
0.000 0.001 2.356 0.0 0.2
0.004 0.004 1.068 1.8 4.2
0.078 0.427 5.476 42.0 459.0
0.097 0.101 1.049 0.1 0.3
0.000 0.000 1.157 2.8 5.6
0.001 0.001 1.020 0.8 1.5
0.002 0.004 1.980 44 19.9
0.002 0.002 1.203 560.2 1,663.5
0.000 0.000 1.349 NA N\A
0.162 0.087 0.539 0.1 0.1
0.004 0.002 0.488 4.4 6.9
0.000 0.000 1.372 N\A N\A
0.001 0.001 0.823 1.4 2.2
0.004 0.006 1.333 48.3 120.5
0.000 0.000 1.063 2.0 3.7
0.000 0.000 1.262 7.4 16.0
0.000 0.000 0.492 1.1 1.2
0.003 0.0038 0.859 3.3 6.3
0.000 0.000 1.406 29.9 7.4
0.000 0.000 1.403 NA N\A
0.007 0.005 0.733 33.4 49.1
0.002 0.002 1.179 105.1 224.2
0.000 0.000 3.573 19.1 198.5
0.000 0.000 3.025 2.1 18.5

Percentage of sea spray contribution (ssC-%) has been calculated using sodium as a reference element, based on the average elemental concentration in surface water (Millero et al.,
2008). Average flux, expressed in mg m™2, has been calculated using the snowNfirn density from the snowpack and the shallow core samples. The last column shows the ratio between the
average firn core (FC) flux and average snowpack (SP) flux. Enrichment factor (EF) for the analyzed elements calculated based on the UCC (Wedepohl, 1995) abundance and using barium
as a reference element (EFg,) in both Snowpack and firn Core. The elements have been order based on the relative sea spray contribution in the snow samples.

RESULTS AND DISCUSSION

In the Hansbreen snowpack, Na concentration was the highest
(1,016 ng g_1 on average), followed by Mg (122 ng g_1 on
average), K (44ng g ' on average) and P (l4ng g ' on
average). Compared to the elements of marine origin (Millero

et al., 2008; Weller et al., 2008), crustal element (Gabrielli et al.,
2005) concentrations were at least one order of magnitude lower
in the snow pack and firn samples (Table 1). For example, average
Al, Fe and Zn concentrations in the snow pack were 4.2, 2.6, and
2.0 ng g, respectively. Specific trace elements, that has already
been associated with human activities such as Pb, Cr, Cd and As,
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showed concentrations in the snow pit of 0.052, 0.021, 0.039, and
0.014 ng g, respectively. Assuming that Na is primarily derived
from sea spray aerosols (Rhodes et al., 2018) and using the
average elemental concentration in seawater (Millero et al,
2008), we can distinguish the elements with predominant sea
spray contribution (ssC) from those that are mainly of crustal
origin (Table 1 and Supplementary Material). In the Hansbreen
snowpack, Mg, Ca and Sr were completely derived from sea spray
emissions, while the sea-spray contribution rates for Li, K, B, Rb
and U were 80, 87, 58, 37, and 20%, respectively (Table 1). Ca and
Sr can also have crustal sources (e.g. Sofiebogen Ridge, Slyngfjellet
peak, Deillega Ridge), but due to the high sea spray emission and
the short distance between the sampling site and coastline
(15km), those seem completely overwhelmed by the marine
contribution. The firn samples reveal an overall high ssC for
elements such as Na, Mg and K (Table 1), however, the lower ssC
for Li, U, K and Rb, in the firn with respect to annual snow pack
suggests a rather likely increased contribution of dust deposition
during snow-free season.

While the annual snowpack is representative of a single year,
the firn is a result of several years of accumulation. In the
Hansbreen, it is particularly difficult to date the firn, since
percolation of liquid water might mix the layers and re-
distribute the water-soluble fraction of chemical species across
them. Therefore, in order to compare snow and firn, the
elemental concentration in each snow and shallow core sample
was multiplied by the water equivalent to obtain a deposition flux
for each element expressed as mg m™> (see Supplementary
Material and Supplementary Table S1). This flux is
representative of the mass deposition for each studied layer/
sample (Table 1). We used the average flux per m” calculated
from each sample instead of the annual flux to avoid the
inaccurate dating problem.

Based on the firn\snow flux ratio, three main groups of
elements can be distinguished. Snow pit and firn profile of
representative elements for each group are reported in
Figure 2. The first group includes Mo, P, Mg, Th, Sr, Al, Ba
and As. These elements showed an average deposition flux that is
higher in the annual snowpack than in the firn (firn\snow ratio
<1). The second group includes B, V, Na, Ti, Fe and Ce, whose
average depositional fluxes in the two compartments were not
different (firn\snow ratio =1). The third group included Bi, Se, Ca,
K, U, Pb, Rb, Tl, Li, Co, In, Cr, Mn, Zn, Ni and Cd; which had a
higher average depositional flux in the firn samples (firn\snow
ratio >1) (Figure 3).

Elements in the first and second group seem mainly related to
sea spray aerosols and more water-soluble since they are mainly
present in the salt form. However in this two groups exception are
presence since Al, V, Ti and Mo are mainly crustal origin
elements (Gabrielli et al., 2005). Snowmelt has an effect on the
concentration of soluble elements (Brimblecombe et al., 1987;
Spolaor et al., 2016) such as Na, P, Mg, Ca, K, Ba and B, by
washing them out of the snowpack. For Mg, P and Ba, in
particular, the lower average flux in the firn suggests a strong
wash out from snowpack and likely a subsequent glacier surface
run-off during melting season. The fact that Na and Ca do not
show differences in the average deposition flux between firn and

Hansbreen Glacier Snowpack Chemical Composition

snow possibly indicates constant/similar deposition throughout
the entire year. Molybdenum shows a significantly higher flux in
the snowpack as compared to the firn (Figure 3). The natural
presence of Mo is commonly associated with the occurrence of
the mineral molybdenite (MoS,). This latter mineral is typical of
granitoid rocks outcropping in different Arctic regions (e.g,
N-Norway and E-Greenland), and only small outcrops of
these rocks were found in the northernmost Svalbard
(Johansson et al., 2002). In coal mining regions, however, Mo
is usually present in trace amounts in ore deposits, but it can be
enriched due to exploitation (Frascoli and Hudson-Edwards,
2018). Also, Mo associated with over bank deposits from
Triassic rocks has low content in sediments. In this respect,
the lower average depositional flux of Mo in the firn
compared to the snowpack suggests a medium to long-range
transport of molybdenite to Svalbard. Mo can also be derived
from coal combustion (Harkness et al., 2017). Therefore, its
presence in the snowpack might be related to long-range or
regional transport, since coal is used in the Svalbard archipelago
for energy production since its marine contribution is less than
1% in the snow-samples (Table 1). Aluminum is a crustal element
and the sea spray contribution is relatively low. Aluminum has a
poor solubility, as supported by the EF << 1, and its total
abundance could be determined only after complete
mineralization of the particulate fraction. The lower amount of
water-soluble fraction in the firn core compared to the snow pit
(FC\SP < 1) could be the result of removing the soluble fraction
during snow pack melting. The late spring melting could remove
the soluble Al fraction (Stachnik et al., 2019), leaving the insoluble
Al fraction trapped in the ice. This might also occur for Fe, which
is abundant in the mineral particle lattice.

The third and largest group of elements (Table 1), suggests the
occurrence of different specific processes which can strongly
influence their concentrations in the firn as compared to the
snowpack, such as 1) the retention of dust particles in the
annual accumulated firn, 2) their increase weathering due to
water presence during summer 3) the contribution of human
activities, 4) the change in dust transport pathways, and 5) the
activation of different, local sources during summer. The retention
(hypothesis a) of the insoluble dust particles in firn due to snow
mass reduction during summer can play an important role. If this
were the main process contributing to elemental load, we would
expect that their abundance should be similar to that of the
snowpack. However as observed in Table 1 and Figure 3, this
is not the case, therefore the reduction of snow mass during the
melting season cannot explain the observed difference alone. We
should note that we are considering the water-soluble fraction of
the investigated elements, and not the whole composition of
insoluble dust particles. We cannot exclude that summer
weathering process (hypothesis b) could act diversely for each
element and partially contributing to the difference observed but
crustal elements are present in the mineral lattice and only a minor
fraction could be released\converted in the water-soluble fraction.
Human activities can also impact elemental deposition in the
Arctic/Svalbard region. As a first approximation, and with
caution (Reimann et al.,, 2005), we used the Enrichment Factor
(EF) approach to disentangle possible anthropogenic contributions

Frontiers in Earth Science | www.frontiersin.org

January 2021 | Volume 8 | Article 536036


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles

Spolaor et al.

Hansbreen Glacier Snowpack Chemical Composition

3
8x10~ Z
5 5
4 a9
Al )
~5x10° 0 o
D gﬂ 4
£ 3
= 2
© 1 .
-3
10x10
8 o
6 2
4
2 E.'u
e 04 0
E 03
E o2
2
0.8
06 B
uq
04 3=,
0'2 \_/IJ
o 04
E 03
<02
oo -] -
120 =z
o
80 3
E
40 e
3
“.‘A 5x10
g 4
g 3
= 2
- 1
I I I I I
50 100 150 200 250 300 350 400 450 500
depth (cm)
FIGURE 2 | Snowpack sample flux (left panels) versus firn sample flux (right panels) of selected elements for the three groups. Lithium, Ni, Cr, and Pb are
representative of the third group (Bi, Se, Ca, K, U, Pb, Rb, Tl, Li, Co, In, Cr, Mn, Zn, Ni, and Cd), Fe and Na of the second (B, V, Na, Ti, Fe, and Ce ) and Al and P of the third
(Mo, P, Mg, Th, Sr, Al, Ba, and As). The left and right axis units are both mg m™2, lower axis represents the depth (in cm) from the annual snowpack surface.

from natural ones. We calculated the EFs using barium as crustal
tracer (EFg,) for its solubility, abundance and the negligible effect
of sea spray emissions on its concentration. The enrichment factor
was calculated based on the chemical element abundance in the
Upper Continental Crust (UCC) as reported in (Wedepohl, 1995).
Considering the low contribution of sea spray for almost all the
crustal elements (no sea spray corrections were applied for the
elements in this group), the EF was calculated for the average
deposition flux in the snow pit and the firn samples (Table 1). Since
only the soluble fraction of elements was determined, these values
of EF might actually result from a combination of: 1) specific
composition of the incoming material; 2) different in situ

distribution between particulate and dissolved fraction due to
different solubility; and 3) different mobility of the elements
also due to their different solubility. Given that these processes
cannot be disentangled with the available data, particular care must
be taken in the interpretation of EFs. However, useful indications
on the elemental sources can be extracted even so.

As arule of thumb, an element is considered enriched when EF
> 100. The enrichment factor is a method frequently adopted to
evaluate possible extra sources, in addition to natural ones, that
contribute to the deposition of a specific element. In this respect,
Bismuth (Bi) is the most enriched element with values of 560 and
~1,560 in the annual snowpack and the firn samples, respectively.
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FIGURE 3 | Firn and snow flux and their ratio for the analyzed elements. The upper panel shows the firn\snow ratio for each element. The enrichment of elements in
firn is represented on a color scale from light\yellow (low) to the dark red (high). The lower panel shows the average flux in the annual snowpack (grey bars) and in the firn
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The higher EFgp, of Bi is difficult to assess and additional
investigation must be considered but, in the surrounding area
of the Hansbreen, pegmatite outcrops might contribute to the
snow\ice load (Majka and Ko$minska, 2017) and native bismuth
was also found in mountain peaks (Kieres and Piestrzynski,
1992). However, the presence of such rocks might not explain
fully the high EFg, determined. Bismuth might also have an
anthropogenic contribution from coal and oil combustion, as well
as from aluminum production (Ferrari et al., 2000). A higher
enrichment was also found for Se, probably resulting from marine
(Amouroux et al, 2001) and terrestrial (Aastrup et al, 2000)
biological emissions, although anthropogenic influences cannot
be excluded (Tan et al., 2016). Lead had an EF of 19.9 in the firn
samples and 4.1 in the snow. The increase in EFp, for several
elements in firn might suggest that during the summer period, the
extent of air mass transport from lower latitudes increases due to
the breakdown of the polar vortex. Another hypothesis is that the
local ship emissions contribute significantly to the amount of
these specific trace elements in the aerosol. However, we sampled
close to the equilibrium line altitude that is surrounded by snow-
free mountain peak in summer (e.g. Skilryggen, Strypegga), which
contain galena (PbS) bearing rocks (Kieres and Piestrzynski,
1992; Czerny et al., 1993), therefore local dust might also be a
non-negligible source and might become the most important
source for impurities in the glacier. This last hypothesis is
supported by the REEs relative abundance and specific ratios
that do not show significant differences between snow and firn
samples (Supplementary Figure S1) suggesting a negligible
change of the long range transport mainly affecting this group

of elements. Zinc and In both had a relatively high flux and EFg,
in the firn as compared to the snowpack (five and three times
higher, respectively). This increased depositional flux in the firn
can be associated with the common presence of sphalerite (ZnS)
in the metamorphic basement outcropping in the Hornsund
region (Kieres and Piestrzynski, 1992; Czerny et al., 1993).
Nickel, Cr and Co, which had higher firn/snow flux ratios
(Figure 3; Table 1), are frequently associated with minerals
such as iron sulphides, sphalerite, magnetite found in Svalbard
bedrock, including the study area (Kieres and Piestrzynski, 1992).
This could suggest that the activation of local rock dust sources
during summer significantly impacts the glacier firn elemental
concentrations. The other elements with a positive firn/snow
ratio are associated with several minerals that are widespread in
Svalbard and other geological regions, thus rendering the
identification of specific source regions difficult. However,
out of fifteen elements in this third type of EF behavior,
seven were found in rocks in the direct vicinity of
Hansbreen, and further five could be sourced from rock
erosion within 15 km radius from there (Kozak et al., 2015;
Kosek et al., 2019a; Kosek et al., 2019b).

The highest difference between firn and annual snowpack
depositional flux was determined for Cd, with firn values eight
times higher than in the snow. Although we cannot exclude a
local contribution (e.g. in range of 0.3-3% in sphalerite), Cd is
generally considered a marker for long-range dust transport,
since it is mainly anthropogenically produced from the
smelting of non-ferrous metals (Lokas et al., 2019). Its increase
in the firn samples might be associated with transport from North
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America and Siberia during the summer, following the
breakdown of the polar vortex.

CONCLUSION

The results obtained in the present work suggest that the
Hansbreen snowpack is strongly influenced by marine
emissions with a higher depositional flux of marine-related
elements as compared to crustal elements. Significant
differences between the composition of the annual snowpack
and the firn samples were observed. In particular, elements
present in the sediment\rocks in the Hornsund region and
characterizing the Svalbard geology showed a higher
depositional flux in the firn as compared to the annual snowpack.

The annual snowpack showed higher depositional flux for a
few elements (for instance, Mo) not abundant in the mineralogy
of the area and might associate with local human activities or
long-range transport. The higher depositional flux for a large
number of crustal elements in the firn and, in particular, for Ni,
Cr and Co are likely associated with minerals and rocks abundant
in the Hornsund region. The higher abundance of the latter
elements suggests that, during the summer periods, the local dust
sources are predominant, although some anthropogenic
contamination (such as for Cd), derived from long-range
transport, might influence the total deposition.

The results presented suggest that Svalbard glaciers, like
Hansbreen, whose summit is close to the equilibrium line, are
prone to predominant local dust deposition during summer (late)
when some freezing is possible after summer melting. Local dust
deposition may, thus, affect the chemical composition of the
glacier ice. On the other hand, elements released from annual
snowpack during the melt season seem to have minor influence
on the overall chemical signature. Quantitative evaluation of the
whole composition compared to the water-soluble fraction is
necessary to obtain a clear picture of deposition versus melting
effects. In addition, the impact of cryoconite as a trap for dust and
on the efficiency of dust particle transfer from surface to the
glacier ice should also be considered in future studies.
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