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Abstract 

We investigated the springtime temporal dynamics of both total mercury (Hg) and 

gaseous Hg in snowpacks from the High Arctic. In situ incubation experiments of snow 

samples indicated that the production of volatile mercury in snow (VMS) was photo-

mediated and occurred in the first 3 cm of snow. The newly produced VMS (consisting 

mainly of elemental Hg) was partly oxidized back to Hg(II) when light intensity 

declined or in the absence of UV radiation, probably through a chain of reactions 

involving photo-induced radicals and organic compounds in the surface snow. During 

a 2 week monitoring of total Hg in surface snow, we observed a sharp increase in total 

Hg concentrations, reaching levels 11 times higher than background concentrations, 

likely as a result of an atmospheric mercury depletion event. Stratigraphic depth profiles 

indicated that this increase was restricted to the first 2 cm of the snowpack. Total Hg 

levels subsequently decreased by 92%, reaching background concentrations within 2 

days after this event. The photoproduction rate of VMS calculated on the basis of this 

episode could account for subsequent daily loss of total Hg from the surface of the 

snowpack. 

1. Introduction 
Due to its ability to travel over long distances in the atmosphere, Hg is a global pollutant. Over the last decade, a major 

concern arose from the discovery of atmospheric mercury depletion events (MDE) in polar (Schroeder et al., 

1998; Ebinghaus et al., 2002) and subpolar regions (Poissant and Pilote, 2003). These events partly result from the 

oxidation of atmospheric elemental Hg, Hg(0), through reactions with halogens such as bromine (Lindberg et al., 

2001; Ariya et al., 2002, Ariya et al., 2002). These MDEs can lead to an important deposition of Hg in snowpack (Lu 

et al., 2001), potentially causing the contamination of terrestrial and aquatic systems upon snowmelt. However, the 

post-deposition Hg dynamics in Arctic snow is not fully understood. Recent evidence (Lindberg et al., 2002; Scott, 

2003) suggests that newly deposited Hg is highly bioavailable, increasing the need to better understand its fate, 

whether it results from mercury depletion events or from wet and dry depositions. 

 

In temperate urban and remote pristine regions, Lalonde et al., 2002, Lalonde et al., 2003 have shown that within 24 h, 

approximately 50% of the newly deposited Hg could be efficiently recycled back to the atmosphere probably through 

photoreduction. In Arctic regions, Steffen et al. (2002) proposed that reactive gaseous mercury (RGM), thought to be 

the main product of MDEs (Lindberg et al., 2001), could be recycled from the surface of the snowpack back to gaseous 

elemental mercury (GEM), also through photoreduction. Dommergue et al. (2003) and Ferrari et al. 

(2004) demonstrated diurnal cycles of interstitial gaseous mercury at the surface and at depth in the snowpack of a 

sub-Arctic region. Another, yet unexplored, mechanism is the photooxidation of Hg(0) in snow. This process can 

occur in surface waters and snow, and is thought to be enhanced by chloride ions (Lalonde et al., 2001, Lalonde et al., 

2003, Lalonde et al., 2004). The purpose of this paper is (i) to establish the temporal dynamics of both total Hg and 

elemental Hg at the surface and within snowpacks in the High Arctic, during and after a MDE; and (ii) to determine 

whether photooxidation of Hg occurs in Arctic snowpacks. 
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2. Experimental section 

2.1. Sampling sites 
Our sampling sites were located on Cornwallis Island, Nunavut, Canada. We monitored cations (Al3+, Ca2+, Fe3+, K+, 

Mg2+, Mn2+, Na+ and Zn2+) as well as anions (Cl−, NO3
−, NO2

−, Br− and SO4
2−) on a regular basis at Mel site, located 

74°43′N–95°00′W. We also sampled Small Lake (74°45′N–95°03′W), an inland site (75°05′N–93°43′W) and a coastal 

(75°02′N–96°20′W) site. Organic compounds were analysed from surface snow sampled at the south shoreline of 

North Lake (74°50′N–95°05′W) (Fig. 1). 

 
2.2. Sampling, monitoring and incubations 

Monitoring was done by collecting triplicate snow samples from the surface of the snowpack. For depth profiles, 

samples were taken from each snow stratum. Snow strata were determined by the state of metamorphism of the snow 

grains, as defined the international classification of seasonal snow on the ground (Colbeck et al., 1985). 

Snow for cation analysis was collected in 30 mL HDPE Nalgene bottles and acidified to 0.1% with HNO3 (64%). 

Snow for anion analysis was collected in 20 mL disposable samples vials. All samples were kept at 4 °C until analysed. 

Snow samples for Hg analysis were taken using Teflon bottles previously acid-washed and thoroughly rinsed with 

milliQ water (R>18.2MΩcm-1). 
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Experiments consisted of incubating clear and black 1 L FEP Teflon bottles for various lengths of time under different 

light treatments. During incubation, bottles were placed horizontally with their cap pointing north. Bottles were 

regularly and gently rotated every 30 min to optimize the distribution of light through the sample. Incubations lasted 

for 6–8 h and usually started between 8:30 am and 10:00 am. Mylar filters were used to cut most of the UVB radiation 

(280–320 nm) and UV-Lee filters model 226 were used to prevent UV radiation (280–400 nm) from reaching the 

samples. PAR (400–700 nm) was recorded every 1 or 5 min using a Smart Sensor HOBO® connected to a data logger. 

2.3. Chemical analyses 
In order to minimize losses of gaseous mercury in snow (VMS) during the analysis, solid snow was sparged directly 

in the sampling bottle by tightly inserting a porous glass rod into the bottle. We used a zero-air generator (Tekran 

model 1100) to sparge the sample, at a flow rate of 1.5 L min−1. The sample was heated during sparging, by placing it 

in a hot water bath (approx. 30 °C). The bottle was connected to an automated atmospheric mercury analyser 

(Tekran™ Model 2537) in order to monitor the decrease of VMS over time (one reading every 5 min). The 

experimental design was modified from that of Lindberg et al. (2001). The sparging step was stopped when snow had 

melted and when concentrations plateaued at zero. Here we report VMS values in moles per volume of melt water 

instead of moles per volume of snow, in order to correct for the difference in snow density. The working detection 

limit of this method was calculated as<0.01 pmol L−1 or three times the standard deviation of ten system blanks ran 

on snow with low Hg levels. 

Total Hg concentrations in snowmelt were quantified using the method described by Lalonde et al. (2003) and based 

on Gill and Bruland (1990), using a mercury fluorescence detector (Tekran™ Model 2500). Briefly, Hg in unfiltered 

snow samples was reduced using 1% NaBH4 (w/v) and 4 M NaOH. Approximately 100 mL of snowmelt was poured 

into a 250 mL glass bubbler and sparged for 20 min with clean air from a Hg-free air generator (Tekran™ Model 

1100) additionally stripped of Hg(0) by passage over a gold filter at a flow rate of ≈1 L min−1. The working detection 

limit of this method was calculated as 0.5 pmol L−1 or three times the standard deviation of ten procedural blanks. 

Anions were analysed by ion chromatography using a DIONEX ICS 2000. 25 μL of melted snow were introduced in 

the injection loop and separation occurred through an AS-17 column topped with a AG-17 precolumn. The elution 

step involved the passage of a KOH solution with a gradient of concentration from 15 to 30 mmol L−1. Cations were 

analysed using an inductively coupled plasma atomic emission spectrometer (ICP-AES Vista AX) using an internal 

standard of Yttrium (5 mg L−1, 371 nm). 

Organic compounds in surface snow were analysed using two different methods: (a) electron spray ionization mass 

spectrometry (ESI-MS); (b) solid phase micro extraction (SPME). For the ESI-MS method, 5 μL of melted snow was 

injected into the electron spray of mass spectrometer (Thermoquest Finigan LC QDUO). For the SPME method, 

manual extraction was performed with several replacement fibre assemblies (Supelco). Four different types of fibres 

were compared: polyacrylate (85 μm), polydimethyl siloxane (100 μm), polydimethyl siloxane/divinyl benzene 

(65 μm) carbowax/divinyl benzene (65 μm). The fibres were conditioned prior to use as recommended by the 

manufacturer by heating them at different temperatures (250–300 °C) for periods between 30 min and 2 h in gas 

chromatograph injection port. After conditioning the fibres, they were inserted into the solution under magnetic stirring 

using a Teflon bar and magnetic stirrer. After 5 h adsorption, the fibres were injected directly into the injection port 

of the gas chromatograph-mass spectrometer (GC-MS) in the splitless mode and held isothermally at 250 °C. 

Desorption time was 5 min. Chromatographic analyses were performed using Hewlett Packard GC (HP 6890) 

equipped with a splitless injector and mass spectrometric detection (HP 5973 MSD). The GC was fitted with a 

30×0.25 mm i.d. column coated with 5% phenyl methyl siloxane (HP–5 MS). The column was operated at a constant 

flow (1.5 mL min−1) of ultra high purity helium. The oven temperature was increased by 5 °C min−1 up to 200 °C. 

Conditions for the mass selective detector were as follows: transfer line temperature 280 °C, 70 eV electron impact, 

electron multiplayer voltage 2180 V, mass range for full scan 10–550 a.m.u. 

 

3. Results 

3.1. Chemical composition of snow 
Concentrations of alkaline (e.g. Na+) and alkaline-earth (e.g. Ca2+, Mg2+) cations as well as of metals (Al3+, Zn2+, 

Fe3+ and Hg2+) covered one to two orders of magnitude (max:min: 38 to 190; Table 1). Anion concentrations were 

less variable, except for chloride and sulphate (max:min 17 and 19 fold, respectively). The dominant cations were 

Ca2+ (3.6 mg L−1), followed by Na+ (1.15 mg L−1) and Mg2+ (0.96 mg L−1). The dominant anions were 

Cl− (0.84 mg L−1) followed by NO3
− (0.30 mg L−1) and SO4

2− (0.28 mg L−1). pH ranged from acidic to strongly 

alkaline values (6.2 to 9.5). Amongst the identified organic molecules (Table 2), aldehydes, ketones, nitriles, 

aromatics, alkanes, alkenes, and halocarbons were observed. 
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3.2. Temporal and spatial distribution of total Hg and VMS concentrations at Mel site 
Total Hg concentrations remained below 15 pmol L−1 from 4 June to 24 June (Fig. 2) and were consistent with 

concentrations observed by another team working at the same site (Lahoutifard et al., 2003). However, an important 
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increase was recorded on 7 June, reaching 88±39 pmol L−1 (Fig. 2). This increase in total Hg in snow coincided with 

a mercury depletion event recorded at the same site (Fig. 2; Lahoutifard et al., 2003). Total Hg concentrations 

decreased by 92% (down to 7.5 pmol L−1) within 48 h after the event had ended. 

 
Depth profiles of total Hg in the snowpack were measured on 7 and 14 June. On both dates, total Hg concentrations 

were higher in the top 5 cm than at depth (Fig. 3A and B). Note that arctic snowpacks usually undergo rapid 

transformations and that one should not assume that snow strata are totally conserved between sampling dates. 
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The profile carried out on 7 June (Fig. 3A), exhibited Hg concentrations at the surface approximately a hundred times 

higher than at depth. At the surface, snow grains were needle-like and faceted, lightly metamorphosed, characteristic 

of freshly deposited crystals (Table 3). At depth, crystals were cup-shaped, characteristic of an advanced constructive 

metamorphism (Colbeck et al., 1985). 

 
 

 
On 14 June (Fig. 3B), the two first strata were representative of a single snowfall event. The depth profile on 14 June 

was determined after the unique important snow fall we encountered (7 cm). Crystals were mainly rounded, typical 
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of warmer temperatures (which induce a quick destructive metamorphism), with few precipitation crystals still visible. 

This was seen as temperatures at the surface of the snowpack on 14 June were above 0 °C (Fig 3C). 

From 12 June to 26 June, surface temperatures were above the freezing point during the day (Fig. 3C). Total Hg 

concentrations were higher in the pond created by melt water (14 pmol L−1) and in the adjacent slush (10 pmol L−1) 

than in the solid snow itself (4 pmol L−1) (Fig. 4A). The fairly high total mercury concentrations encountered in pond 

water were likely a consequence of soil leaching, as corroborated by the increase in Mg2+ and Ca2+ concentrations, 

compared to surface snow ([Mg2+]snow=0.96 mg L−1, [Mg2+]pond=4.48 mg L−1, [Ca2+]snow=3.63 mg L−1, 

[Ca2+]pond=14.1 mg L−1). 

 

 
VMS concentrations in surface snow were generally very low and close to the detection limit (0.01 pmol L−1) (Fig. 

4B). VMS concentrations in the snow were lower than VMS in slush and dissolved gaseous mercury (DGM) in pond 

water. 

3.3. VMS production 
During incubation experiments conducted on 9 June, VMS concentrations in snow samples kept at the surface did not 

simply increase with time of exposure to solar radiation. Instead, they co-varied with short-term changes in PAR 

intensity (Fig. 5). We averaged PAR data (recorded every minute) over intervals of 5, 15, 30 and 60 min preceding 

the end of the incubation of each sample (referred to below as PARt, where t is the period for which data were 

averaged). PAR averaged over short intervals (PAR5 min and PAR15 min) better explained the variations observed in 

VMS concentrations (r2=0.77; p=0.0012 and r2=0.72; p=0.0023, respectively) (Fig. 6 A and B) than PAR30 min and 

PAR60 min (r2=0.5; p=0.018 and r2=0.38; p=0.045, respectively) (Fig. 6 C and D). No increase in [VMS] was observed 

in snow incubated at a depth of 3 cm, in contrast to the increase observed in samples exposed to direct sunlight (Fig. 

5). In all experiments, no increase was observed when samples were kept in the dark (Fig. 5, Fig. 7, Fig. 8). 
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An estimated maximum photoproduction rate was calculated based on the 9 June incubation (Fig. 5). After 3 h of 

exposure to the sun, concentrations reached 4.8 pmol L−1 corresponding to a photoproduction rate of 

[VMS]prod=1.33 pmol L−1 h−1 ([VMS]0=0.73 pmol L−1). 

Additional experiments were conducted with pond water. DGM concentrations in pond water increased when exposed 

to the sun leading to a photoproduction rate of 0.9 pmol L−1 h−1. 

Note that destructive metamorphism was usually observed during incubation, since temperatures hovered around 0 °C 

(Fig. 3C). This phenomenon is typical of springtime conditions. Our results are therefore not necessarily representative 

of what may occur in dry and cold snow. It is likely that, when liquid water is formed, the rate of photoreduction of 

Hg(II) is altered (Schroeder et al., 2003). 

3.4. Hg(0) oxidation within the snowpack 
We observed [VMS] decreases over time in some incubation bottles (Fig. 5) which may have resulted from Hg(0) 

oxidation. We therefore conducted a series of experiments to assess the stability of newly formed Hg(0) in snow (Fig. 

8). After 3 h of exposure to the sun, [VMS] increased by a factor 4 to 6 reaching 0.29 and 0.21 pmol L−1 on 13 and 16 

June, respectively (Fig. 8A and B). After this initial incubation under the sun, some samples were placed in the dark 

and their [VMS] were monitored over three additional hours. 

On 13 June, [VMS] measured in the dark decreased by 63% within 3 h (black circle, Fig. 8A). In samples kept 

uncovered, concentrations also decreased by 60% (white circle Fig. 8A). Note that this last incubation with uncovered 

bottles coincided with a strong snowfall and to a decrease of the PAR intensity (from 900 μmolphoton m−2 s−1 down to 

500 μmolphoton m−2 s−1) at 1:00 pm on 13 June (Fig. 8A). 

On 16 June, we applied filters to snow samples previously incubated for 3 h under the sun. When samples were 

wrapped in Mylar (no UV-B treatment), [VMS] decreased by 30% over a 2 h period (grey circle, Fig. 8B). When 

samples were wrapped in UV-Lee filters (no UV treatment), [VMS] decreased by 56% (open circles, Fig. 8B). When 

samples were kept exposed to direct sunlight, concentrations did not decrease, but reached a plateau at a value of 

0.23 pmol L−1 (black circle, Fig. 8B). During this experiment no major continuous PAR decrease was recorded and 

the mean daily PAR was around 1150 μmolphoton m−2 s−1, with peaks reaching 1500 μmolphoton m−2 s−1 (Fig. 8B). No 

changes in [VMS] were recorded in samples kept in total darkness for 5 h. Note that these experiments were conducted 

under springtime conditions, i.e. at near zero temperature; the snow was therefore undergoing destructive 

metamorphism. 

 

4. Discussion 

4.1. Chemistry of snowpacks from the resolute bay area 

4.1.1. Distribution of inorganic ions 

The prevalence of anions (chloride, nitrate and sulphate) and cations (calcium, sodium and magnesium) observed at 

Resolute from 4 June to 26 June agreed well with the results of a previous study on the chemical composition of arctic 

snowfall (Toom-Sauntry and Barrie, 2002). The prevalence of chloride, nitrate and sulphate is likely the result of both 

sea-salt and acid aerosol deposition. The predominance of calcium, sodium and magnesium was probably due to the 

deposition of both sea-salt and soil or dust aerosols (the bedrock is of calcareous origin). Indeed, mid-June snowpacks 

started to melt (Fig. 3C) exposing large areas of bare soil. 

4.1.2. Variety of organic molecules 

The probable origins of organics in the arctic snow include: (a) long range transport of volatile compounds or of 

species associated with aerosols originating from southern areas, (b) transport of aerosols formed over the Arctic ocean 

(Leck et al., 2002), (c) local deposition of organic aerosols from soil or decaying biota (Kawamura et al., 1996) (d) 

the biological and/or photochemical transformations of the previous compounds (Ariya et al., 2002, Ariya et al., 2002) 

and (e) directly from bioaerosols (Ariya and Amyot, 2004). Several unidentified peaks were observed in mass spectra 
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of snow samples, some of which could correspond to larger molecular weight organic molecules such as peptides and 

polysaccharides. The smaller organic compounds observed in this study are expected to be formed via oxidation of 

dissolved organic matter or from biological-chemical or photochemical reactions of organics (Sumner and Shepson, 

1999; Ariya et al., 2002, Ariya et al., 2002). 

A few identified organic compounds exhibit high vapour pressure (e.g. chlorobenzene; 1-ethyl, 3-methyl benzene) 

and one expects a flow of such molecules from snowpack to atmosphere. Some other identified organic compounds, 

particularly long chain aldehydes, ketones and aromatic compounds, should be retained in the snow. Based on the 

chemical structure of these groups, one can expect the production of a variety of organic intermediates, including 

radicals, in presence of large pools of oxidant precursors such as halides, NO2
− and NO3

−; these precursors can release 

active halogens and HO radicals in snow, upon photolysis. The production of such radicals will likely lead to changes 

in the redox chemistry of Hg, as discussed below (see Section 4.3.). 

4.2. Behaviour of Hg in snow after the atmospheric Hg depletion event 

At the exception of a peak recorded on 7 June, total Hg concentrations in snow stayed below 15 pmol L−1 from 7 June 

to 23 June. The sharp increase on 7 June was likely the result of a depletion event of atmospheric mercury (Hg(0)atm), 

since such an event was observed by another team working at the same site at the same time (Lahoutifard et al., 2003). 

Total Hg concentrations in surface snow then decreased by 92% within 48 h. 

As initially demonstrated by Lalonde et al. (2002), total Hg loss in surface snow likely resulted from a snow-to-air 

rather than a snow-to-ground transfer. Indeed, Hg(0)atm concentrations over the snowpack sharply increased after 7 

June (Lahoutifard et al., 2003) and no increase in total mercury concentrations was observed deeper in the snowpack 

after this event (Fig. 3 A and B). Note that, polar snowpacks are typically exposed to high winds, and therefore undergo 

continuous changes, making it difficult to follow a specific snow layer over time (Hanot and Dominé, 1999). 

We assessed if daily losses of total Hg following the MDE could be accounted for by VMS photoproduction. From 9 

June to 10 June (24 h period), total Hg concentrations at the surface of the snowpack decreased by 3.3 pmol L−1 (Fig. 

2). On 9 June, incubation experiments yielded a VMS production of 3.9 pmol L−1 over the daily peak of solar radiation 

(10h00 to 18h00). VMS photoproduction can therefore account for more than the observed loss in total Hg. Note that 

these are rough estimates, since Hg photooxidation will also affect both losses of total Hg in snow and VMS production 

in incubation bottles. 

No increase in [VMS] was observed in samples incubated under 3 cm of snow or kept in the dark, suggesting that Hg 

photoreduction occurred at the very surface of the snowpack. According to King and Simpson (2001), we would 

expect that approximately 75% of incident UV radiation will penetrate to a depth of 3 cm. It is therefore surprising 

that we observed no photochemically-induced VMS production at 3 cm. King and Simpson's results may not be 

directly applicable to our study, due to differences in snow type and light penetration patterns. They indeed studied 
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very dry snow at −30 °C; these conditions would have favoured light penetration. VMS production may also be partly 

governed by heterogeneous catalysis or by biological catalysis of a biofilm at this interface. 

4.3. Photooxidation and reduction of mercury 

The incubations showed that after an initial increase in [VMS] in samples exposed to the entire solar spectrum, 

subsequent removal of UV-B radiation led to a decrease in [VMS] of 30% (Fig. 8). The removal of both UV-B and 

UV-A radiation and of all radiations led to decreases of 56% and 63%, respectively. 

These results indicate that Hg reduction was mainly driven by UV-B radiation. This is in agreement with previous 

findings in remote temperate locations (Lalonde et al., 2003). We further observed an oxidation of newly photo-

produced Hg(0). If pre-exposed samples were kept in the dark, exposed to UV-A or visible wavebands, oxidation was 

favoured over reduction. Our observations illustrate that under low UV-B exposure, one can indeed detect the 

signature of mercury oxidation. 

We identified several organic molecules and halides that could potentially act as oxidants of Hg under these conditions 

(Table 1, Table 2). Evidence for the existence of reactive radicals such as HO, Cl, and Br upon photolysis in snowpack 

has already been presented (Ariya et al., 1999; Sumner and Shepson, 1999). Many such radicals can be produced by 

irradiation within the UV-A or visible spectra (e.g., Cl can be produced by UV-A photolysis of Cl2, while Br can be 

generated by visible photolysis of Br2). They can also lead to production of other organic radical intermediates. We 

therefore can speculate that, due to the presence of the reactive radicals, a set of reactions can supply oxidants to 

transform Hg(0) to Hg(II). Clearly, since mercury redox mechanisms are complex, one also expects reduction of 

oxidized mercury to occur simultaneously. 

5. Conclusion 
We propose that during arctic springtime, both reduction and oxidation of Hg occurs in snowpacks and are both photo-

induced. According to our results, the reactions occur at the surface, likely through a chain reaction after the formation 

of initial radicals. Newly produced VMS that is not quickly exported to the atmosphere is likely to remain within the 

snowpack because of re-oxidation. Hg travelling throughout the snowpack in its volatile reduced form will 

alternatively undergo oxidation and reduction when reaching the surface, where pools of photolabile molecules are 

found. Wind intensity and the extent of its penetration within the snowpack as well as a good knowledge of the physical 

properties of the snowpack, such as temperature gradients that can control the distribution of volatile species, are 

therefore critical parameters to better model Hg behaviour in snow especially in the High Arctic where snow undergoes 

a rapid and constant metamorphism. 
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