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Abstract:

Seasonal snow is an active media and an important climate factor that governs nutrient transfer in
Arctic ecosystems. Since the snow stores and transforms nutrients and contaminants, it is of crucial
importance to gain a better understanding of the dynamics of contaminant cycling within the snowpack
and its subsequent release to catchments via meltwater. Over the course of a two-month field study in
the spring of 2008, we collected snow and meltwater samples from a seasonal snowpack in Ny-
Alesund, Norway (78°56'N, 11°52'E), which were analyzed for major inorganic ions and some organic
acids, as well as total, dissolved, bioavailable mercury (THg, DHg, BioHg, respectively) and
monomethylmercury (MMHQ) species. We observe a seasonal gradient for ion concentrations, with
surface samples becoming less concentrated as the season progressed. A significant negative
correlation between BioHg and MMHg was observed in the snowpack. MMHg was positively and
significantly correlated to methanesulfonate concentrations. Based on these results, we propose a
new model for aerobic methylation of mercury involving species in the dimethylsulfoniopropionate
cycle.


http://dx.doi.org/10.1016/j.gca.2010.08.043
http://archimer.ifremer.fr/
mailto:dommergue@lgge.obs.ujf-grenoble.fr

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

1. INTRODUCTION

For High Arctic ecosystems, snow is one of the most important climatic factors. Snow is an active
media that transfers particulates and gases between the atmosphere and the landscape (Jones,
1999). It is highly photochemically active with snowpack impurities photolyzed to release reactive
trace gases into the boundary layer (Grannas et al., 2007a), and, given its high albedo, fresh snow
reflects as much as 90% of incoming radiation (Hinkler et al., 2008). Snow affects both the length of
the growing season and primary plant production by acting as a soil insulator as well as a water and
nutrient reservoir (Kuhn, 2001; Edwards et al., 2007). Atmospheric scavenging and condensation
largely determine snowpack chemistry and snowpacks accumulate particles, solutes and pollutants
over winter and spring (Tranter et al., 1986; Loseto et al., 2004). Once deposited, they are subject to
redistribution through a variety of processes such as melt—freeze events during the winter season
(Johannessen and Henriksen, 1978) and snow metamorphism (Colbeck, 1989; Kuhn, 2001). The
geometry of the pore space, vapor pressure gradients and wind pressure, in addition to the physical-
chemical properties of the particles themselves can also impact redistribution (Colbeck, 1989; Kuhn,
2001).

The Arctic is exposed to mercury (Hg), a toxic metal that can be transformed to methylmercury
(MeHg), a potent neurotoxin that bioaccumulates in food webs (see review by Fitzgerald et al.
(2007)), through long-range atmospheric transport. Although there are no direct anthropogenic Hg
sources in the Arctic, high levels have been found in the livers and tissues of marine mammals and
birds (Wagemann et al.,, 1998; Campbell et al.,, 2005) leading to increased exposure for Native
Communities that depend on these resources (AMAP, 2009). The discovery of atmospheric mercury
depletion events (AMDEs) in the Arctic (Schroeder et al., 1998) led to the hypothesis that these could
be the major sources of Hg to Arctic ecosystems. During AMDEs, atmospheric elemental mercury is
oxidized to divalent mercury through reactions with halogens such as bromine radicals (Lindberg et

al., 2001; Ariya et al., 2002) and then deposited onto snow surfaces at levels 400-800 fold higher than
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background in the course of a few hours (Lu et al., 2001; Dommergue et al., 2010). Recent reports
suggest that some of this newly deposited Hg is bioavailable, i.e. able to cross biological membranes
(Scott, 2001; Lindberg et al., 2002:-tarese-et-al;-2648), but its post-depositional fate remains unclear.
Field experiments have shown that Hg can be both oxidized and reduced in the snowpack (Lalonde et
al., 2002; Dommergue et al., 2003; Poulain et al., 2004) and there is an increasing consensus that
most, but not necessarily all, of the deposited mercury is photo-reduced and reemitted back to the
atmosphere (Poulain et al., 2004; Kirk et al., 2006; Dommergue et al., 2010).

In addition to the uncertainty regarding Hg sources to the Arctic, the mechanisms that produce
MeHg in these cold environments are to date unresolved, although several pathways have been
proposed. Methylation can occur both biotically and abiotically; biotic Hg methylation depends on
microbial activity and the concentration of bioavailable mercury (BioHg) (Barkay et al., 1997),
whereas abiotic methylation depends on the presence of methyl donors. These donors include small
organic molecules (i.e. methyl iodide and dimethylsulfide or acetate (Hall et al., 1995; Celo et al.,
2006; Hammerschmidt et al., 2007)) and larger organic components of dissolved organic matter such
as fulvic and humic acids (Weber, 1993; Siciliano et al., 2005). Hence, the chemistry of the snowpack
influences both Hg speciation and its transformation.

Since the snow stores and transforms atmospherically derived pollutants (Colbeck, 1981; Daly and
Wania, 2004; Lei et al., 2004), a better understanding of the dynamics of contaminant cycling within
the snowpack, and its subsequent release to catchments via meltwater would help evaluate
ecotoxicological impacts. The timing and magnitude of a pulse exposure is especially important for
aquatic ecosystems during spring when biological activity increasingly active (Loseto et al., 2004). The
chemical concentrations at the initial stages of melt have been shown to be many times higher (3-7
fold) than averages for the entire snowpack in field and laboratory experiments, a phenomenon
referred to as ionic pulse (Johannessen and Henriksen, 1978; Colbeck, 1981; Kuhn, 2001). As the

snow begins to melt, soluble ions are removed by the first stages of percolation (e.g.Tranter et al.,
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1986), followed by the preferential elution of some ions before others (Eichler et al., 2001). Non-
polar organic molecules are also found in meltwater, but are less easily entrained by percolating
water due to their low solubility (Meyer et al., 2006). Insoluble particulate material can also be
removed by percolation, but usually remains in the snow until the final stages of melting (Hodgkins,
1998; Lyons et al.,, 2003; Meyer et al., 2006). During spring melt, these soluble and insoluble
impurities are released to the environment in a few weeks and can impact the chemistry of
snowmelt-fed ecosystems (Williams et al., 2009).

Here, we present chemical data from a seasonal Arctic snowpack sampled over a two-month period
in the spring of 2008 in Ny-Alesund, Norway. The focus of this research is the storage, transfer and
subsequent release of solutes and mercury from the snowpack to snowmelt-fed ecosystems. We also
explore possible interactions among the different chemical parameters that could potentially be

involved in mercury methylation.

2. MATERIAL AND METHODS

2.1 Field site

The spring field study was carried out between April 16", 2008 and June 8", 2008 at Ny-Alesund in
the Spitsbergen Island of Svalbard, Norway (78°56'N, 11°52'E). The field site, a 50 m? perimeter with
restricted access (to reduce contamination from human sources), is located along the south coast of
the Kongsfjorden, which is oriented SE-NW and open to the sea on the west side (Figure 1). The

Kongsfjorden was free of sea ice throughout the study.

2.2 Sampling

Surface snow samples were collected daily for Hg speciation. Twice a week, a shallow pit was dug
and both surface and basal samples were collected for ion and mercury analyses. Samples for ion
measurements were collected in sterile polycarbonate vials (acuvettes®) and stored at -20°C until

analysis. For Hg analyses, snow was collected in acid-washed 250 mL glass Schott bottles (see
4
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cleaning protocol outlined in Ferrari et al. (2000) for more details) and subsampled for dissolved and
BioHg. Samples for MMHg were collected in 125 mL acid-washed Teflon coated low-density
polyethylene bottles, and stored frozen until analysis. The bottles were hermetically sealed, double-
wrapped in polyethylene bags, stored at -20°C, and transported frozen to the laboratory. Meltwater was
collected in acid-washed 250 mL glass Schott bottles from streams that formed the 1* of June, 2008.

In order to determine the spatial variability in mercury deposition, we sampled two snowpits
integrating snow fall since the previous summer, the first on the Holtedahlfonna glacier (sample date
30/04/08, N79°08.17, E13°16.12, 1173 m asl, 40 km from the Kongsfjorden fjord) and the second on
the Kongsvegen glacier (sample date 19/05/08, N78°45.29, E13°20.20, 670 m asl, 40 km from the
Kongsfjorden) (Figure 1). The Holtedahlfonna pit, with a depth of 1.80 m, was sampled at 20 cm

intervals, whereas the Kongsvegen pit, with a depth of 2.75 m, was sampled at 30 cm intervals.

Field blanks were collected, filled with ultrapure water in the laboratory, opened during sample
collection, and handled as samples. To avoid contamination, Tyvex® body suits and latex gloves were

worn during sampling and gloves were worn during all subsequent handling of samples.

2.3 Chemical analyses

2.3.1. Total Hg & speciation

Total Hg (THg) in snow samples was measured in the field with a Tekran model 2600 using USEPA
method 1631 revision E. Samples were oxidized with 0.5% v/v BrCl to preserve divalent Hg (Hg(ll)) in
solution and to digest strongly bound Hg(ll) complexes. Excess BrCl was neutralized with pre-purified
hydroxylamine hydrochloride. The sample was then automatically injected, together with SnCl,, into
a reaction vessel, reducing Hg(ll) to gaseous elemental Hg (Hg®). Hg® was carried in an argon stream
to two online gold traps. After thermal desorption, Hg® was detected by atomic fluorescence

spectrometry. The Tekran Model 2600 was calibrated every day with the NIST SRM-3133 Hg
5
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128 standard. The limit of detection, calculated as 10 times the standard deviation of a set of 10 blanks,
129  was 0.3 ng.L" and relative accuracy was determined as + 8% using a certified reference material
130 (ORMS-4, National Research Council Canada). All samples were analyzed in triplicate. Dissolved total
131 Hg (DHg) concentrations were determined in all samples by measuring Hg concentrations after
132 filtration on a 0.45 pm nylon filter (25 mm diameter, Cole-Parmer). Bioavailable Hg (BioHg)
133  concentrations were determined usingﬁhe—b%eeeﬁaepéeseﬁi-bed—i-n- Larese—et—ak- {2010). BioHg is
134  defined as the fraction of Hg able to enter cells. BioHg is detected using a genetically modified
135 bacterium containing mercury resistance and luminescence genes, such that photons are produced
136  in a dose dependent manner upon Hg exposure. Briefly, the biosensor was cultured overnight in LB
137  medium containing 100 pg.mL" ampicillin at 37°C without agitation. The culture was resuspended in
138 LB media and experiments were carried out using cells in mid-exponential growth phase (ODgy of
139 0.4). Cells were exposed to either a series of Hg dilutions in order to obtain a standard curve, or to
140 melted snow samples with unknown bioavailable Hg concentrations in a v/v ratio (sample volume
141  added is equal to the volume of the biosensor solution) and incubated for two hours at 37°C without
142  agitation. The Hg standards were prepared from serial dilutions of a Hg®* solution (SRM-3133 Hg
143  standard). Samples were analyzed in triplicate, with three independent cultures, and light emission
144  was recorded using a Modulus luminometer. Luminescence was expressed as relative light units

145 (RLU) and normalized for optical density.

146

147  2.3.2. Monomethylmercury analysis

148 MMHg was measured on unfiltered samples as volatile methyl mercury hydride, by purge and cryo-
149  trapping gas chromatography, and detected as elemental Hg vapor by atomic fluorescence
150  spectrometry (Tekran, Model 2500). The mercury hydrides (from methyl and inorganic mercury)
151 were synthesized in the presence of NaBH,, purged from the sample with He, concentrated and then

152 separated by cryogenic chromatography before being converted into Hg® in a furnace (800°C) and

6
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153 detected by the AFS detector. This protocol is derived from the hydride generation technique
154  described by Tseng et al. (1998) and improved by Stoichev et al. (2004). The hydrides are formed
155 within a glass reactor and the column used is a silanized glass tube filled with Chromosorb W/AW-
156 DMCS impregnated with 15% OV-3. Analytical reproducibility varied with time between 6% and 15%.
157 Calibration was performed using dilutions of a 1 g.L™* stock MMHg solution in isopropanol into an
158 aqueous HCI (0.4% Suprapur, Merck) solution. In addition, we used certified reference material, the
159 ERM-AE670 from the Institute for Reference Materials and Measurements (IRMM, European
160  Commission), which is CH;***HgCl in a 2 % ethanol/water solution. The recovery of 0.05 and 0.1
161 pmol.L" of ERM-AE670 spikes in seawater samples was 103 + 2% and 99+2%, respectively. The

162 MMHg measurements took place within two months of sampling.

163 In order to determine Hg speciation within the snowpack, Vimteq simulations (Visual MINTEQ), that
164  include parameters such as chemical equilibrium, major ions, pH and some short chain organic
165 compounds, were carried out.

166

167  2.3.3. Additional analysis

168  The pH of melted snow samples was measured at 20°C (Heito pH meter, Paris). The electrode was
169  manually calibrated, prior to analysis, with three different pH buffers (pH 4, 7 and 10, Heito). The
170  values were not corrected for in situ snow temperature. In order to examine possible interactions
171 between Hg speciation and snow chemical composition, inorganic ions (F denoted FI, NO;~, CI, S0,%,
172 NH,', Ca*, Na*, K* and Mg**) and organic acid (methylsulfonic acid (MSA), glutaric acid (Glut), oxalic
173  acid (Ox), acetate with a possible contribution of glycolate (Ace.Glyc), and formate) concentrations
174  were measured at the Laboratoire de Glaciologie et Géophysique de I'Environnement by
175 conductivity-suppressed lon Chromatography using a Dionex ICS 3000. Due to the proximity of the
176  fjord, leading to very high chloride and sodium concentrations, samples were diluted 10-fold for

177  organic acids and minor ions and 100-1000 times for major ions prior to analysis.
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2.4 Statistics

All data, with the exception of pH values, were log-transformed prior to statistical analysis in order to
obtain data with a normal distribution. The transformation was successful for all data. Statistical data
analysis was performed using JIMP 5.1 software (SAS Institute, 2003) and R (The R Project for
Statistical Computing http://www.r-project.org). Simple linear regression analysis was carried out to
detect associations between the different chemicals. Principal component analysis (PCA) was
performed to reduce the dimensionality of the data set using the ade4 data package for R. Samples
were clustered using Ward's linkage for hierarchical cluster analysis, where the error sum of squares
at each successive clustering step is minimized. Analysis of variance (ANOVA) and Tukey-Kramer HSD
multiple comparison tests were then used to determine significant differences in chemical
parameters among the different clusters in JMP 5.1. Statistical significance was set at a probability

level a < 0.05.

3. RESULTS

3.1 Snowpack dynamics

The seasonal snowpack began to develop in October, 2007, but a rain event in January 2008 resulted
in a decrease in snow depth and the formation of a relatively thick (~10 cm) ice layer above the soil
surface. The snowpack reformed above the ice layer, had a thickness of about 40 cm at the beginning
of the sampling period (16" of April), but had disappeared almost completely by the 8™ of June.
Snow melt began mid-May (around the 20™) and meltwater rivers that flowed to the fjord formed on

the 1% of June, 2008. A total of 7 snowfall events occurred throughout the field season.

3.2 Snowpack and meltwater chemistry

The snowpack is strongly influenced by marine aerosols due to the proximity of the fjord, although

continental sources possibly contribute to Na* and Mg”* concentrations. The dominant cations in the
8
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snowpack were Na* (1861 pmol.L™") followed by Mg (426 umol.L™) and Ca®* (110 pumol.L™}), while
the dominant anions were Cl™ (2119 umol.L™) followed by $SO,* (159 umol.L™") and NO5™ (5 pmol.L™).
In meltwater, the average concentrations for cations and anions were 433, 263 and 359 pumol.L™* for
Na*, Mg®*, Ca”, respectively, and 569 pmol. L™ for CI", 90 pmol.L™* for SO,*” and 4 pmol.L™* for NO;~
(Entire data ranges are given in Supplementary material Table I). In the snowpack, pH ranged from

acidic to circumneutral values (4 to 6.6) and was stable at a pH around 6.8 in meltwater.

Based on the Vimteq results, mercury chloride (HgCl,) is the dominant form of Hg complexes in all
our samples, followed by HgBrCl, HgCl;', HgBr,. The speciation of Hg is driven by the large chloride
concentrations, but remains uncertain due to the lack of knowledge on binding constants of mercury
with organic matter and the lack of robust speciation data of organic matter in snow. The presence of
Hg complexes bound to organic compounds could readily change the photoreactivity and

bioavailability of these complexes.

We performed PCA analysis and then clustered the samples using Ward'’s linkage. The clustering
results are presented in Table | and the PCA is presented in Figure 2. Seasonality is apparent, since
Group 1 comprises early season surface samples and most of the basal samples, Group 2 contains
mid-season surface samples, Group 3 contains late-season surface samples, and Group 4 is
composed of meltwater samples. Although precipitation events occurred at different times
throughout the field season, they had no effect on sample distribution within the PCA, since samples
collected during snowfall events did not cluster together. In the graphical representation of the PCA
analysis, the length of the arrow represents the relative importance of the associated parameter in
determining the distribution of samples. Based on the PCA analysis carried out on our data, the most
important parameters driving sample distribution are BioHg and THg (Group 1), MMHg, MSA and
Glut (Group 2), inorganic ions (Group 5) and certain organic acids (Group 4). The clustering of

samples in Group 3 is driven by low concentrations of inorganic ions and organic acids.
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ANOVA and multiple comparison tests were carried out in order to determine significant differences
in chemical parameters among the five groups derived through PCA analysis and clustering using
Ward'’s linkage. The results of these comparisons are presented in Table | (Supplementary material).
Chemical parameters varied significantly among groups, with the exception of THg, DHg and BioHg
(data not shown) (Table I, Supplementary material). There appears to be a seasonal gradient, with
early season snow (Group 1) that is generally more concentrated than snow sampled later in the
season (Groups 2 and 3). Meltwater (Group 4) is enriched in ions relative to snow, with the exception
of the five snow samples in Group 5 that had the highest mean Na*, NH,", K*, Mg*, CI', SO,* and Br’
concentrations. Group 5 and Group 4 had the highest Ca®* concentrations, and Group 4 had the

highest levels of NO, and organics.

Group 2 had the highest NO3 concentrations and Groups 2 and 4 had the highest MSA and glutaric
acid levels. MSA and glutaric acid levels peaked in surface samples during May (Figure 3) and are
significantly and positively correlated (r’=0.62, p=0.0013, n=13).There are no significant differences
among the groups in terms of Na:Cl and Br:Cl ratios, and the mean values of these ratios are close to
those of seawater (Na:Cl=0,855 and Br:Cl=0,0015). The meltwater group has significantly higher K:Cl
and Mg:Cl ratios (0.052 and 0.474, respectively) than the other groups, for which the ratios are
similar to seawater (K:Cl=0.0186 and Mg:Cl=0.193). Group 5 had the lowest Ca:Cl ratio, which is close
to the seawater ratio (0.044), while the other groups had significantly higher values. The SO,:Cl ratio

was highest in Group 2 at 0.430, and was closest to the seawater ratio (0.103) in Groups 5 and 1.

Meltwater samples were collected as of the 1* of June. The first sample collected had the highest
Na*, CI', K, Mg, SO, and MSA concentrations (Figure 4) and appears to correspond to the tail-end
of the ionic pulse. Glutaric acid, NO; and NO, concentrations increased as melting progressed and
no peak in Br and NH," concentrations was observed. MMHg concentrations were highest in the first
meltwater sample (1% of June), whereas concentrations of BioHg, DHg and THg peaked on the 2™, 6"

and 7™ of June, respectively (Figure 4).

10
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3.3 Hg dynamics

At the onset of sampling (April 16" 2008), surface snow had high THg concentrations, with levels
reaching almost 90 ng.L™. These concentrations dropped to around 1 or 2 ng.L™ by the 9" of May and
increased again just prior to melt. THg concentrations in basal snow were relatively low at the
beginning of the sampling period and increased gradually to levels above those of the surface around
the 9" of May. THg concentrations in both basal and surface snow increased slightly from the 17" to
the 23" of May (Figure 3). BioHg concentrations were higher in surface samples than basal samples
and peaked at the beginning and end of the sampling period (Figure 3). No MMHg data for surface
samples was available between April 16™ and May 6™ since THg concentrations were too elevated to
allow the detection of the MMHg peak with our analytical setup, but as of May 9™ concentrations
were around 0.045 ng.L™" and dropped progressively to about 0.010 ng.L™* by May 25" Two large
MMHg peaks were measured in surface snow on the 21" and 27" of May with concentrations
reaching 0.299 and 0.511 ng.L", respectively. Basal snow MMHg levels were measured throughout
the field period and concentrations were low, averaging 0.010 ng.L"", with the exception of a peak

(0.245 ng.L'") on the 2™ of June (Figure 3).

Linear regression analysis was carried out to explore the relationship between different Hg species
and the major parameters influencing sample distribution as determined by PCA analysis. No
significant linear correlations were obtained between MMHg and S0,%, NO;3 or CI" concentrations
when samples were analyzed either together, by group or based on sampling depth. THg
concentrations were correlated to ClI” concentrations in surface samples (r’=0.31, p=0.0032, n=26)
and basal samples (r’=0.31, p=0.039, n=14). Based on PCA analysis, MMHg and MSA concentrations
are correlated, and both are anti-correlated to BioHg concentrations. MSA, MMHg and glutaric acid
also appear to be correlated (Figure 2). Linear regression analysis was carried out to determine the
significance of these relationships and MMHg and MSA are significantly, positively correlated

(r’=0.45, p=0.0022, n=18), as are Glut and MSA (r’=0.62, p=0.0013, n=13), but there is no significant
11
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linear relationship between MMHg and Glut (r’=0.02, p=0.70, n=9). MMHg and BioHg are
significantly, negatively correlated in the snowpack (r2:0.26, p=0.0044, n=26), as are BioHg and MSA
(r’=0.52, p=0.0018, n=15), while no significant relationship exists between BioHg and Glut (r*=0.08,

p=0.47, n=8).

THg and MMHg concentrations in glacier snowpits are presented in Figure 5. THg in both pits
decreased rapidly with depth, with buried layers showing low or undetectable values. Both pits
exhibit similar MMHg patterns with the highest concentrations at the surface, decreasing over the
first 50 cm, then increasing to a peak at ~150 cm, and decreasing below. In the Kongsvegen pit
(Figure 5), unlike the Holtedahlfonna pit, MMHg levels increased again in the lowest part of the pit.
Organics (MSA, glutaric acid) could only be detected in surface and bottom layers while SO,:Cl, Na:Cl
and Br:Cl ratios were similar to seawater. Mg:Cl, K:Cl and Ca:Cl ratios were much higher than those of
seawater. The detailed chemistry for both pits is given in Table Il. No significant correlations were

observed between MMHg and Hg, or between Hg species and ion concentrations.

4. DISCUSSION

4.1 Snowpack and meltwater chemical composition

The snowpack evolves chemically over time. We observe a seasonal gradient in ion concentrations in
the snowpack, with the highest concentrations for most ions observed in early season surface and
basal snow (Group 1), whereas the lowest concentrations were observed in samples collected in late
spring, just prior to melt (Group 3). Melting can occur at air temperatures below 0°C when solar
radiation is sufficiently intense and penetrates into the snowpack (Kuhn, 1987). As a result, the top
snow layers melt first and the surface layers gradually become less concentrated in ions and particles
as the season progresses. The photochemical reactivity of surface layers also contributes to changes

in ion concentrations, with snowpack impurities photolyzed to release reactive trace gases such as

12
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NO,, HONO, CH,0, BrO and Hg’ to the boundary layer. These processes appear to be ubiquitous and
their influence varies according to background radical concentrations (Grannas et al., 2007b).

Our results are consistent with those of Goto-Azuma et al. (1994) who observe higher ion
concentrations at the base of an Arctic snowpack as a result of percolation and snowpack
metamorphism. The surface and basal samples in Group 5 had the highest ion concentrations among
all groups, including the meltwater group. This is surprising since meltwater mobilizes solutes and
contaminants within the snowpack, thus becoming enriched relative to the snow (Kuhn, 2001; Meyer
and Wania, 2008). The samples in Group 5 carry a strong marine salt signal, as determined by the
different ion to CI ratios (Table I, Supplementary material). It is likely that the surface sample of this
group (sample date 19/04/2009) contained sea-spray and was enriched by marine air masses. The
signal of this event can later be traced in the basal samples following snowfall and elution. It is also
possible that the highly concentrated basal samples consist of older snow that had undergone similar
deposition events from marine air masses.

Mid-season surface snow samples (Group 2, May 9" to May 30”‘) had high levels of glutaric acid, MSA
and NOgs, in addition to the highest S0,* to CI ratio among all groups. Glutaric acid, a Cs dicarboxylic
acid commonly found in aerosols and as cloud-condensation nuclei, is derived from a variety of
sources including anthropogenic emissions such as motor exhaust, as well as biogenic emissions from
the ocean (Kawamura and lkushima, 1993; Kawamura and Kasukabe, 1996). Senescent marine
phytoplankton cells release lipidic cell components (chlorophyll, chlorophyll phytyl chain,
carotenoids, sterols, and unsaturated fatty acids (oleic acid, alkenones and unsaturated alkenes)
(Rontani, 2001) that can be photooxidized to shorter diacids. Among the diacids, oxalic acid is
generally the most abundant in aerosols, followed by succinic, malonic and glutaric acid (Kawamura
and Kasukabe, 1996). This has been observed in diverse environments worldwide, including the
Arctic. Another pathway involved in diacid production is the reaction of O; with cyclohexene, a

symmetrical alkene molecule (Rontani, 2001). Hence, diacids in the marine environment originate
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from two major processes: long-range transport from industrialized continents and in situ
photochemical production. Legrand et al. (2007) reported seasonal differences in diacid
concentrations in aerosols of a coastal site, with high oxalic acid and low Cs and C, concentrations in
the winter. They proposed that ageing of air masses during transport favored the production of
short-chain diacids through the successive oxidation of Cs and C, diacids. This is consistent with our
data, as the early season snow oxalic acid in the first sample of Group 5 seems to originate from
older marine air masses that travelled over the Arctic Ocean (HYSPLIT air mass trajectory model, data
not shown). Glutaric acid was almost undetectable at the beginning of the season, but
concentrations were high in samples from Group 2 collected in surface snow during the month of
May. In the summer, Legrand et al. (2007) reported peak concentrations of Cs and C, acids in a mid-
latitude marine atmosphere, which may be attributed to unsaturated fatty acid degradation. The
high glutaric acid concentrations relative to oxalic acid in our data set suggest that fatty acids
originated from proximal marine emissions as the succession of oxidations to shorter diacids did not
lead to total Cs and C, depletion. Glutaric acid is also significantly positively correlated to MSA, which
further supports the presence of a close marine source of organic acids. MSA is a photo-oxidation
product of DMS, which itself is a derivative of dimethylsulphoniopropionate (DMSP) produced by
phytoplankton (Bentley and Chasteen, 2004). DMSP is known as both an osmoprotectant and
cryoprotectant for microorganisms, as well as a carbon and sulfur source. It is released from
senescent or stressed cells (Kiene et al., 2000). MSA has been shown to exhibit a distinct seasonality
that is linked to biological activity in Arctic waters and the importance of the phytoplankton bloom to
dimethylsulfate (DMS) concentrations has also been reported (Leck and Persson, 1996). The most
recent published data available on algae blooms in Svalbard were collected in 2007 and show that
the bloom occurred in May (Narcy et al.,, 2009). Although the data for the 2008 period are

unavailable, it is likely that the bloom occurred at the same period of the year.
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The chemical changes of a snowpack and runoff are influenced by the chemical composition of the
snow and wintertime refreezing processes of the meltwater (Colbeck, 1981; Davies et al., 1982; Bales
et al., 1993). The first flush of meltwater is usually highly concentrated, with the preferential elution
of certain solutes over others leading to a pulse (Colbeck, 1981; Goto-Azuma et al., 1994). Meltwater
samples had mean ion concentrations that were comparable to those reported for early seasonal
snow (Group 1), with the exception of K*, Mg** and Ca®* concentrations, which were much higher. In
addition, the Mg:Cl, K:Cl and Ca:Cl were also significantly higher than in the early season samples.
These elevated ratios may reflect the contact between the meltwater and the soil, since meltwater
can be modified by soil processes due to infiltration and leaching (Williams et al., 2009) in addition to
the flushing of soil pore fluids upon soil thaw. Although solute concentrations in the first meltwater
sample are high, it is likely that the pulse occurred before the formation of meltwater rivers and that
we only measured the tail-end of the pulse, since we were unable to detect preferential elution.
Nevertheless, we did observe some fractionation of mercury species, as MMHg was preferentially
eluted to BioHg, followed by the dissolved fraction. The chemical composition of the DHg fraction is
unknown, but likely consists of different forms of Hg that are soluble, but not bioavailable. The

remaining Hg was eluted last and was probably bound to insoluble particles (Figure 4).

4.2 Snowpack Hg dynamics

While AMDEs have been shown to lead to high deposition of Hg onto snow surfaces, the post-
depositional fate of Hg has yet to be completely clarified. The current consensus among researchers
now is that a large portion is reemitted back to the atmosphere following an event (Poulain et al.,
2004; Kirk et al., 2006; Dommergue et al., 2010). We recorded an AMDE at the beginning of the field
season that led to high concentrations in the snowpack (max value 90 ng.L?), but these decreased
rapidly. At the beginning of the field season, basal snow sample Hg concentrations were low, around

1-2 ng.Ll™, yet they increased almost 8-fold following the AMDE-induced peak in surface snow
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concentrations. Although the transfer mechanisms that lead to this increase are unclear, Hg was
likely transferred into deeper layers of the snowpack from the surface bound to particulate matter or
as a mobile chemical form that percolated through the snowpack (Daly and Wania, 2004; Johnson et
al., 2008). If the Hg levels in the basal layers of the snow result from AMDEs, then the quantity
retained by the snowpack represents roughly 10% of the initial loading. These results suggest that
although a large portion of Hg deposited by AMDEs returns to the atmosphere, a significant quantity
is trapped within the snowpack, from which it can then be transferred to other systems upon
melting.

In a review on Hg microbiogeochemistry in polar environments, Barkay and Poulain (2007) outline
possible methylmercury sources and methylation pathways in arctic ecosystems. These include
atmospheric and aquatic sources with either abiotic or biotic methylation pathways. In terms of
snowpack MMHg concentrations, the most plausible sources are: 1) an atmospheric source of MMHg
due to the photodegradation and deposition of plankton-derived dimethylmercury, 2) in situ
methylation of BioHg in the snowpack (microbial), 3) biotic or abiotic methylation in the atmosphere,
and 4) in situ phytoplankton MMHg production.

Based on a positive correlation between MMHg and chloride in snow collected from Ellesmere Island,
Nunavut, Canada, St. Louis et al. (2005) suggested that MMHg was bound to seasalt aerosols (i.e.
source 1). Constant et al. (2007) also reported a similar correlation in subarctic snow. This led to the
hypothesis that MMHg originated from gaseous dimethylmercury (DMHg) formed by phytoplankton
in the water column, whose production has been reported in Arctic waters (Kirk et al., 2008). Since

DMHg is highly volatile, it can be emitted from the seawater and be oxidized to MMHg in the

atmosphere by free radical species such as OH’ And CI'(Niki et al., 1983a; Niki et al., 1983b) before

being deposited onto nearby snow surfaces (St. Louis et al., 2005). However, no correlation between
MMHg and chloride was observed in our data set, even when the different snow types and groups

are analyzed individually. St Louis et al. (2007) also observed a lack of correlation between MMHg
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and chloride, but still attributed MMHg concentrations to DMHg production and subsequent
photodegradation based on the proximity of their sampling sites to the water.

MMHg is significantly anti-correlated to BioHg in our snow samples, which could suggest that a
fraction of the BioHg is efficiently scavenged to form MMHg. Bacteria have been isolated from Arctic
snowpacks (Amato et al., 2007) and microbial activity has been measured at temperatures down to -
20°C (Christner, 2002). Poulain et al. (2007) reported the presence of Hg resistance (merA) gene
transcripts in Arctic biofilm samples and, hence, it is likely that the microbial populations in Arctic
environments are able to metabolize mercury. Whether Hg methylation can occur in the snow
remains uncertain. Constant et al. (2007) reported increases in the MMHg:THg ratio that were
positively correlated with bacterial colony counts and particles. These results led to the hypothesis
that MMHg was being formed within the snowpack, despite the absence of correlation with sulfate-
reducing bacteria (SRB), the principal methylators in anoxic environments. Since the snowpack is
most likely oxygenated, other species capable of methylating Hg aerobically may exist.

Hg methylation has been linked to sulfur and iron metabolism in bacteria (Fleming et al., 2006; Kerin
et al., 2006). Early research into the mechanisms of Hg methylation was based on anoxic sediments
(Compeau and Bartha, 1985; Berman et al., 1990) and quickly focused on anaerobic, sulfate reducing
bacteria. Choi et al. (1994) used radio-labeled *C incorporation and enzyme activity measurements
to propose that methylation involves the tetrahydrofolate (THF) pathway in Desulfovibrio
desulfuricans. In their model, the methyl group is transferred from CH;-tetrahydrofolate via
methylcobalamin with either serine or formate as the original methyl donors during the acetyl-CoA
synthase pathway.

In our samples, MMHg is positively correlated to MSA, a by-product of DMSP and an important
molecule in the marine microbial sulfur cycle (Kiene et al., 2000). DMSP can be metabolized via
several different pathways in the water column (Figure 6), one involving enzymatic cleavage to

produce DMS, but also by demethylation and demethiolation to produce methylsulfate in bacterial
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cells. Methylsulfate can then undergo thiol transmethylation to produce DMS (Bentley and Chasteen,
2004). The initial demethylation (and a possible second demethylation) has recently been shown to
be THF-dependent and catalyzed by an amino-methyltransferase enzyme in aerobic bacteria (Reisch
et al., 2008). The similarities to anaerobic Hg methylation are striking, and it is possible that a fraction
of BioHg, upon entering the cell, undergoes methylation by aerobic bacteria that are able to
demethylate or metabolize DMSP. A total of four methyl transfer reactions occur at various stages of
DMSP metabolism, and BioHg may serve as a methyl group acceptor at some point in the process.
BioHg is also negatively correlated to MSA, which further suggests DMSP implication (or the
implication of another product of DMSP metabolism) in the methylation of Hg. This is compounded
by the fact that neither MMHg nor BioHg concentrations are significantly correlated to glutaric acid,
a biogenically produced dicarboxylic acid. Finally, this hypothesis is reinforced by recent results
demonstrating Hg methylation in the oxic oceanic water column (Monperrus et al., 2007; Cossa et al.,
2009; Sunderland et al., 2009).

Whether methylation occurs within the snowpack, in the water column or both simultaneously
remains under debate, but, methylation appears to require a substrate involved in DMSP cycling.
Hence, coastal sites may be especially at risk for MMHg contamination, since they are reported to
contain higher Hg concentrations than inland sites (Douglas and Sturm, 2004; Brooks et al., 2008) and
are close to a DMSP source. In addition, the run-off during springtime melt may return concentrated
water back to the aquatic ecosystem.

Although the case for biologically-produced MMHg is strong, the data from the snow pits sampled on
April 30" and May 19" point to a combination of sources for MMHg in remote areas. Since the fjord
is 40 km away from both sampling sites, its effect on the chemical composition of snow is less
important, as reflected by the 1-3 order of magnitude lower Na* and CI” concentrations measured in
our pit samples. MMHg concentrations were generally higher than in the surface waters of the fjord

(seasonal average 10 #4 pg.L™) and higher than average MMHg levels in the seasonal snowpack,
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excluding the peaks measured towards the end of May. In addition, BioHg and MSA concentrations
were generally below detection limit in these samples, which would exclude the biotic methylation
mechanism outlined above. THg levels were also low, and neither THg nor MMHg were significantly
correlated to CI concentrations. Taken together, these results suggest alternate sources for MMHg.
Abiotic methylation may be occurring in the atmosphere and involve methyl donors such acetate and
reactive mercury (not strongly bound) in the aqueous phase, as proposed by Hammerschmidt et al.
(2007). Methylation kinetics obtained by Gardfeldt et al. (2003) suggest a reaction pathway where
Hg(ll) is bound to organic complexes. Nevertheless, this does not exclude an oceanic source for
MMHg, since the layers with marine organics also exhibit the highest MMHg concentrations. Finally,
the elevated levels of MMHg in the Kongsvegen basal layer may point to biotic methylation. Amato
et al. (2007) found higher concentrations of bacteria in the summer layer in a pit dug on the same
glacier and this may reflect microbial growth and metabolism. These potential sources of MMHg may
have been masked at the coastal site by the influence of the fjord. It is likely that MMHg is supplied

to Arctic environments by various pathways that are occurring simultaneously.
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Table I: Groups, corresponding samples and sample dates as derived by PCA analysis and Ward’s

linkage for hierarchical clustering analysis

AT7A

Cluster name Nature of the sample date _::,:

Group 1 Early season surface snow and 16/04/08 to 06/05/2008 R

most of basal snow samples 476

Group 2 Mid-season surface snow 09/05,/2008 to 30/05/2008 477
Group 3 Late-season surface snow 01/06/2008 to 8/06/2008

Group 4 Meltwater samples 01/06/2008 to 08/06/2008 */°

Group 5 An early surface sample and four | 19/04/2008, 23/04/2008, 479

basal samples 29/04/2008, 09/05/2008,
20/05/2008 480
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Table Il: Measured species concentrations at different depths at the Holtedahlfonna (H) and

Kongsvegen (K) snowpits. lon concentrations are expressed in umol.L". Standard error was less than

10%.

Snow

sample MSA | CI Br NOs Glut S0~ Na* NH," K* Mg Ca'"
H Ocm 0.12 | 5.6 0.00 1.3 0.03 5.4 5.4 1.6 0.13 1.8 1.8
H 20 cm 0.00 | 18.1 0.22 0.6 0.00 1.8 17.3 0.6 0.19 3.9 1.8
H 40 cm 0.00 | 62.4 0.52 3.1 0.00 8.4 56.8 2.2 0.89 16.3 4.8
H 60 cm 0.00 | 35.8 0.43 0.8 0.00 3.5 32.9 1.2 0.38 11.3 3.8
H 80 cm 0.00 | 46.2 0.43 0.7 0.00 4.7 37.8 1.1 0.37 12.6 2.7
H100cm | 0.00 | 7.3 0.09 0.5 0.00 1.9 6.5 0.7 0.08 25 1.7
H120cm | 0.00 | 22.0 0.22 0.7 0.00 2.1 19.4 1.3 0.29 6.4 1.9
H140cm | 0.00 | 14.6 0.13 0.4 0.00 15 14.0 0.4 0.15 4.3 1.4
H160cm | 0.00 | 0.9 0.00 0.4 0.00 0.6 0.8 0.5 0.03 0.3 0.9
H180cm | 0.12 | 3.7 0.00 1.6 0.00 2.3 0.8 0.8 0.09 4.1 3.8
K0cm 1.66 | 135 0.22 3.1 0.07 16.1 12.0 4.7 0.11 5.9 4.7
K 30 cm 0.00 | 15.1 0.22 0.6 0.01 2.6 13.7 0.6 0.15 5.2 1.9
K 60 cm 0.00 | 39.0 0.30 2.0 0.00 5.7 38.4 1.0 0.35 11.7 3.3
K 90 cm 0.00 | 100.4 0.90 1.0 0.00 10.8 85.7 1.0 1.37 28.1 6.4
K120cm | 0.00 | 34.2 0.34 1.1 0.00 3.2 34.7 0.4 0.40 10.3 2.1
K150cm | 0.00 | 21.3 0.22 0.9 0.00 4.4 19.9 1.0 0.26 6.7 2.5
K180cm | 0.00 | 46.4 0.47 0.5 0.00 5.3 40.5 1.3 0.45 17.0 3.3
K210cm | 0.00 | 25.9 0.30 0.9 0.01 3.6 25.5 1.2 0.35 9.1 4.6
K240cm | 0.10 | 12.0 0.13 0.5 0.03 3.6 12.2 0.9 0.17 5.7 3.3
K270cm | 0.02 | 6.9 0.13 0.1 0.00 0.4 5.4 0.5 0.10 1.3 0.6
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FIGURE CAPTION
Figure 1: Map of the study area. Left map: Location of the Svalbard Archipelago. Right map: Ny-
Alesund (black star), Svalbard (Norway) and its surroundings. Sampling sites on the glaciers are

shown with black triangles.

Figure 2: Principal component analysis for the sampling period. Chemical data (umol.L™ or ng.L™ for
Hg species) were log-transformed prior to analysis. The data set covers the entire sampling period
(16" April- June 8™). Abbreviations: Glut=glutaric acid, MSA=methanesulfonic acid, Ox=oxalic acid,
For=formate, F=fluoride, Ace.Glyc=acetate-glycolate, BioHg=bioavailable Hg, THg=total Hg,

MeHg=monomethylmercury, DHg=dissolved total Hg

Figure 3: Chemical profiles over time for organics (MSA, glutaric acid, oxalic acid) and different
mercury species. Organic concentrations are expressed in pmol.L?, total mercury (THg) and
bioavailable mercury (BioHg) are expressed in ng.L™*. Monomethylmercury (MMHg) concentrations
are expressed in pg.L”. Full squares represent surface samples, open squares represent basal
samples and crosses are meltwater samples. Surface samples for MMHg and HgT are presented on a
log-scale. All analyses were carried out in duplicate or triplicate and standard error was less than

10%.

Figure 4: Meltwater elution curves for major ions and different mercury species over time. lon
concentrations are expressed in pmol.L, total (THg), dissolved total (DHg) and bioavailable (BioHg)
mercury concentrations are expressed in ng.L'l. Monomethylmercury (MMHg) concentrations are in

pg.L™. Analyses were carried out in duplicate or triplicate and standard error was less than 10%.
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520 Figure 5: Snowpit total mercury (THg) and monomethylmercury (MMHg) profiles for Holtedahlfonna
521  (sample date 30/04/2008) and Kongsvegen (sample date 19/05/2008) glaciers.

522

523 Figure 6: Sulfur cycle (modified from Bentley and Chasteen (2004)). The pathways represented here
524  focus on biogenic transformations and the numbered pathways represent those discussed in the
525  text. Other transformations occur but are not addressed in this paper. The pathways are: 1) DMSP-
526 lyase. 2) Demethylation. 3) MMPA demethylation. 4) Thiol transmethylation. 5) Thiol
527  transmethylation. The star symbol represents reactions where BioHg could potentially be methylated

528  through methyltransfer reactions.
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550 Figure 3: Chemical profiles over time for organics (MSA, glutaric acid, oxalic acid) and different
551 mercury species. Organic concentrations are expressed in umoI.L'l, total mercury (THg) and
552 bioavailable mercury (BioHg) are expressed in ng.L™. Monomethylmercury (MMHg) concentrations
553  are expressed in pg.L’. Full squares represent surface samples, open squares represent basal
554  samples and crosses are meltwater samples. Surface samples for MMHg and HgT are presented on a
555 log-scale. All analyses were carried out in duplicate or triplicate and standard error was less than

556 10%.
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562 Figure 4: Meltwater elution curves for major ions and different mercury species over time. lon
563  concentrations are expressed in pmol.L™, total (THg), dissolved total (DHg) and bioavailable (BioHg)
564 mercury concentrations are expressed in ng.L"l. Methylmercury (MMHg) concentrations are in pg.L"l.

565  Analyses were carried out in duplicate or triplicate and standard error was less than 10%.
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Figure 5: Snowpit total mercury (THg) and monomethylmercury (MMHg) profiles for Holtedahlfonna
(sample date 30/04/2008) and Kongsvegen (sample date 19/05/2008) glaciers.
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Figure 6: Sulfur cycle (modified from Bentley and Chasteen (2004)). The pathways represented here
focus on biogenic transformations and the numbered pathways represent those discussed in the
text. Other transformations occur, but are not addressed in this paper. The pathways are: 1) DMSP-
lyase. 2) Demethylation. 3) MMPA demethylation. 4)  Thiol transmethylation. 5) Thiol
transmethylation. The star symbol represents reactions where BioHg could potentially be methylated
through methyltransfer reactions.
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