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It is well-established that atmospheric deposition transports Hg to Arctic regions, but the postdepositional dynamicsofHgthatcanalteritsimpact
onArcticfoodchains arelessunderstood. Throughaseriesofinsituexperiments, we investigated the redox transformations of Hg in coastaland
inlandaquaticsystems. Duringspringand summer, Hgreductioninstreamsand pond watersdecreased acrossa4-foldincreaseinsalinity. This
alterationofHg reductionduetochloridewascounterbalancedbythe presenceofparticles,whichfavoredtheconversionof oxidizedHgtoits
elementalform. Insalinewaters,biogenic organic materials, produced by algae, were able to promote oxidation of Hg(0) even under dark
conditions.Overall these results pointto the vulnerability of marine/ coastal ArcticsystemstoHg, comparedtoinlandsystems, with oxidation
processes enhancing Hg residence times andthusincreasingitspotentialtoenterthefoodchain.

Introduction

The discovery of mercury depletion events (MDE) in polar areas (1—4), resulting in rapid, near complete depletion of Hgfrom
the atmosphere, provides evidence that atmospheric oxidation of Hg is faster than initially proposed (5). These oxidation
processes are thought to occur in marine- influenced environments (6), and to involve reactive halogen radicals from sea-salt
aerosols (2). Recent studies have shown that Br and BrO radicals are the most effective halogens driving Hg(0) oxidation (7).
Modeling studies of atmospheric transport of Hg originating from Asia, Europe and, to a lesser extent, North America, to higher
latitudes, combined with the rapid depletion of atmospheric Hg(0), suggest that the Arctic is a sink for Hg (8). These episodes
of Hg deposition can pose a serious threat to Arctic ecosystems as evidence suggests that newly deposited Hg may be highly
bioavailable (2). In temperate areas, experiments have linked inorganic Hg in atmospheric deposition to Hg levels in fish (9, 10),
while in Arctic regions, increases in mercury contamination of the Arctic food chain (11) and increased levels of mercury
exposure in indigenous populations (12) have been documented. In order to better assess the magnitude of the Hg available to
the food chain, however, we must first characterize the fate of the newly deposited Hg.

So far most of the work on the redox cycling of Hg in Subarctic and high Arctic regions has focused on Hg dynamics
in the atmosphere and in snow (2, 4, 13—16), as well as in freshwater lakes (17, 18); to our knowledge, very few studies
have dealt with Arctic coastal and marine waters (19). Since recent studies from temperate regions suggest that Hg(0)
photooxidation is favored in the presence of chloride (20, 21), and because MDE have been reported to occur under
marine influence, it is critical to better assess the postdepositional dynamics of Hginthese higher salinity environments. Only a
few studies in Subarctic and Arctic environments have focused on the importance of Hg redox reactions during the snowmelt
period (2, 22) or in lakes during summer (23). Despite their prevalence in the Arctic landscape, no data on Hg currently exist
for ponds and streams during the summer, a period during which biological production is high.

Despite the harsh conditions that prevail for most of the year in polar areas, microorganisms such as algae or bacteria can
thrive during the very short Arctic summer. Whereas studies in temperate areas have highlighted the role of microorganisms in
the Hg redox cycle (24—27), no study to date has focused on their involvement in Hg cycling in polar areas.

The purpose of this research was (i) to assess the significance of photomediated redox processes in the Arctic Hg cycle
in fresh and brackish ponds and streams as well as in saltwaters; (ii) to evaluate the environmental variables affecting this redox

cycling (e.g., [CI™], particles, [Fe]); and (iii) to determine the importance of algal and microbial mats in this cycle.

Experimental Section

Sampling Sites. The Hg redox cycle was assessed over a wide range of salinities on Cornwallis Island. Water types chosen to
carry out our incubation experiments were water obtained from the following: (i) snowmelt 0.06 < [CI7] < 0.11
mmoI,L—l); (ii) freshwater ponds and streams (0.11 < [CI~] <1.61 mmoI,L—l); (iii) brackish and salt ponds, usually located in
coastal areas or directly on the sea-ice when connected to underlying water (12 < [CI~] < 26 mmol,L=1); and (iv) coastal

seawater, with the highest salinity we encountered ([CI~] = 517 mmoI,L—l). Sampling sites locations and their detailed
water chemistry are presented in supplementary Figure 1 and Table 1 in the Supporting Information.
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SamplingProcedure. All containers used for Hg sampling and analysis were acid-washed and thoroughly rinsed with milliQ
water (R > 18.2 MQ-cm). Clean techniques were used and nonpowdered gloves were worn at all times to avoid contamination.
Surface water for total Hg analysis (THg) was sampled in triplicate using 250 mL Teflon FEP bottles, and rinsed three times with
natural water prior to collection. All samples were kept in the dark and at 4 °C == 2 °C until analysis. In order to carry out some
incubation experiments, water was collected in the field in quartz bottles and additional water samples were collected using 20
L Teflon (PFA) sampling bags.

Incubations. Incubations were carried out between June 20 and July 25, 2004. During this period, after snowmelt began, dailyair
temperatures averaged ca. 2 °C; the maximum and minimum air temperatures were 8.6 °C and —2.2 °C, respectively.
Incubation experiments were carried out using 500 mL quartz bottles, filled directly in the field or froma Teflon bagshortly after
collection. Incubation vessels were exposed to outside environmental conditions and were subjected to various treatments
including filtration or the addition of a metabolic inhibitor. Alternative treatments involved either the addition of whole living
microorganisms such as algae or microbial mats, or the addition of their exudates, i.e., dissolved biogenic compounds. During
incubation, bottles were placed horizontally with their caps pointing north. Incubations lasted between 3 and 8 h and were
initiated before noon. Two types of incubation were undertaken: (i) time series experimentsinwhich one sample for each treatment
was collected and analyzedimmediately for dissolved gaseous mercury, typically after the first 30 min, and subsequently every hour
until a plateau was reached; and (ii) experiments where bottles were exposed for a predefined period of time and triplicate
samples were analyzed at the beginning and at the end of the incubation period. Note that contrary to other studies (28), we
carried out batch incubation experiments. Dark controls were obtained by incubating reaction vesselsinthefield, either wrapped
in aluminum foil or kept in opaque black bags. Filtration was performed by gently pumping out water from the sampling bag, using
0.45 pm in-line glass fiber filters (Whatman). Prior to use, filters were acid-washed (HNOs; 10%), thoroughly rinsed with milliQ
water, and then rinsed with sampling water. Please see incubation section in Supporting Information for details on how the
exudates and whole cells components were derived.

Importance of Reduction and Oxidation Reactions. We used the variations in dissolved gaseous mercury (DGM)
concentrations between the beginning and end of incubation experiments (Apgw), normalized for the amount of light received when
a plateau was reached and expressed in fmoI-L'lmoIphmon'l-mZ, as a proxy for the amount of photoreducible Hg. This
normalizationallowed acomparison between different days and different treatments.

To assess the dark oxidation of newly produced DGM, we assumed pseudo first-order kinetics, described by the following

equation:
[Hg(]:) _
(g1 = w

where [Hg(0)]: and [Hg(0)]o represent DGM concentrations at time tand at the beginning of the incubations, respectively; k is the
apparent rate of oxidation of Hg(0) and corresponds, in absolute value, to the slope of the regression of In ([Hg(0)]¢[Hg(0)]o)
versus t. We assumed the concentration of oxidizing agent to be in excess and Hg(ll) reduction to be insignificant in the dark.

Chemical Analysis. To minimize losses of DGM during the analysis as well as HgO carryover between samples, water was
sparged directly in the quartz incubation bottle. We used azero-air generator (Tekran model 1100) to sparge the sample at a flow rate

of 1.5 Lmin—1 and at room temperature. The bottle was connected to an automated atmospheric mercury analyzer (Tekran model
2537) to monitor the decrease of DGM over time (one reading every 5 min). The sparging step was stopped when Hg

concentrations declined to nondetectable values. The working detection limit of this method is usually <0.01 pmolsL=1, but in
the field we calculated it as 0.03 pmoI-L—l or three times the standard deviation of ten system blanks run on water with low

Hg levels (THg <0.3 pmolsL=1; R > 18.2 MQecm). Triplicates were regularly analyzed and typically varied between 1
and 9%, although some turbid samples varied by up to 20% (median =8.8%).

Total Hg concentrations in snow and water were quantified using the method described by Gill and Bruland (29), using a
mercury fluorescence detector (Tekran Model 2500) and sodium borohydride as a strong reducing agent. The working detection

limit of this method was calculated as 0.45 pmoI'L_1 or three times the standard deviation of ten procedural blanks.
Triplicates were systematically analyzed and typically varied between 0.5 and 10% and up to 20% for some very turbid samples
(median = 8.4%)

Organic compounds in surface snow were analyzed using two different methods: (a) electron spray ionization mass
spectrometry (ESI-MS); and (b) solid-phase micro-extraction (SPME) followed by gas chromatography —mass spectrometry (GC—
MS) analysis (see analyses of organic compounds section in Supporting Information for details).

Modeling Dissolved Inorganic Hg Speciation. To assess the inorganic speciation of Hg, we used a chemical equilibrium
program (MINEQL+, version 4.5) (30). Stability constants used in the model are presented in Table 2 in the Supporting
Information. These constants were corrected for the ionic strength of the sample, as calculated by the model. We do not present
the complexation of Hg with dissolved organic matter (DOM) due to the current lack of consensus regarding binding constants
for Hg—DOM complexation reactions. We report here inorganic Hg speciation since inorganic species are presumed by most
authors to be more reactive and more easily reduced (31) than organically complexed species, and because inorganic neutrally
charged speciesare likely more bioavailable than those species bound to organic matter. It isimportant to note that characterization
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of natural organic matter, especially with respect to the moieties with which Hg is most likely to bind (e.g., R—SH), is essential
to adequately model Hg speciation. To the best of our knowledge, no true thermodynamic Hg—DOC binding constants have been
reported for organic matter originating from polar environments and conditional constants obtained in other systems are not
directly applicable, especiallysince they exhibit great variability (32). Note that the addition of small organic molecules known
to be present in Arctic snow (acetate and formate) did not change theinorganic speciation of Hg presented here.

Results and Discussion

Influence of Abiotic Variables on DGM Production. We assessed DGM production through incubation experiments at sites
representing a salinity gradient on Cornwallis Island. Chloride concentrations at these sites covered 4 orders of magnitude from
5x10~SmolsL—1 for flowing meltwaters to 0.5 mol-L=1 for coastal seawater (see Table 1 in the SI). We observedastrong
declinein DGM production corrected for incoming radiation (ADGM) with increasing chloride levels (Figure 1). This decline
was not correlated to changes in total Hg levels or DOC concentrations, but corresponded to an increase in the relative
importance of chlorocomplexes and particulate Hg, concomitant with adecrease in the relative abundance of Hg(OH)2 (Figure
2). DGM photoproduction and total iron concentrations were not related in freshwater systems, but were positively and
significantly related in systems connected to seawater (r = 0.96, p = 0.0017, n =5 inset in Figure 1).

DGM production observed in June, at [CI7] < 0.1 mmolsL—1, was higher (mean = 250 fmol-L’lmolphmr{l-m2
than any yet reported in unamended waters from temperate areas (33—35). The Arctic experiences fast depletion of
atmospheric mercury during early springtime, increasing the pool of THg in surface snow (36) and possibly that of highly
reactive species (2). Although earlier studies showed that important photoinduced emissions of DGM were observed
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during the late spring period (2, 22), it is likely that some reactive species are trapped within the snowpack, protected from

incoming radiation, and are released upon snowmelt, contributing to the high rates of reduction observed.
Earlier studies showed that Hg0 oxidation is enhanced in the presence of chloride and organic matter (20, 37), and that chloride
may participate to the formation of poorly reducible Hgcomplexes (38). Lalonde et al. (37) also observed that pre-filtration
decreased Hg0 production in temperate brackish systems. To further explore the mechanisms in- volved in DGM production we
carried out a series of experiments in which particles were removed by filtration at both lowandhigh chloride concentrations.
Consistently, sites exhibiting the highest chloride concentrations experienced a decrease in DGM photoproduction upon filtration,
ranging from 50% in a lagoon system (Figure 3A) to ca. 100% in a salt pond over sea ice (Figure 3B). Filtration caused a decrease
for [THg] (from 8.4+0.7 to 5.0+0.1 pmol-L—1) and [TFe] (from 0.11+ 0.02 to 0.02=+0.01 pmoI~L_1) (Figure 3C). No DGM
production was observed in either unfiltered or filtered samples kept in the dark (e.g., Figure 3B).

In freshwater systems, the photoproduction of DGM was similar regardless of whether particles smaller than 0.45 pm were
removed (Figure 3D). Nosignificant differences were observed between [THg] in unfiltered (4.1+ 0.9 pmoI,L—l) and filtered
samples (3.5+0.3 pmoI-L—l). Inorganic Hg speciation was largely dominated by uncharged hydroxo-complexes (Figure
2).

The decrease of Apgy in coastal areas upon filtration suggests that heterogeneous reactions may be involved. Indeed, filtration
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substantially decreased [THg] and [Fe], especially in brackish and saltwaters. Although previous studies have indicated that Hg
photoreduction can result from heterogeneous processes (37, 39, 40), the nature of the particles involved has not yet been
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FIGURE 3. (A) Times series incubation showing the evolution of
[DGM] as a function of the cumulative amount of PAR received
during the incubation period in water that was unfiltered, filtered,
or filtered but amended with exudates from a microbial and algae
consortium collected in the lagoon. (B) DGM production in a pond
over sea ice in unfiltered (UF) or filtered (F) samples, exposed
under natural sunlight or kept in the dark. (C) Total Hg and total
iron concentrations in unfiltered or filtered saline water from a
pond over sea ice. (D) Time series incubation showing the evolution
of [DGM] as a function of the cumulative amount of PAR received
during the incubation period in water that was unfiltered, filtered,
or filtered but amended with exudates from microbial and algae
consortium collected in a freshwater inland pond.

described. Analysis of the particles present in both salt and freshwater incubations revealed the presence of iron oxides among
sand grains, aluminosilicates, clays, and calcium carbonate deposits (see elemental composition of particles in Supporting Information
for details). Previous studies have suggested that the iron redox cycle is partly controlled by light (41, 44), and that it is involved
in the Hg redox cycle of freshwaters through the formation of highly reducing free radicals (42). Furthermore, in atmospheric
waters, Hg photoreduction is enhanced in the presence of both synthetic iron oxides and ambient particles (43). Further

experiments are needed to clarify the role of iron in Hg0 reduction, i.e., to determine whether the pool of photoreducible Hg is
partly formed of iron oxide- bound Hg, or if particulate iron species are indirectly involved in Hg reduction (e.g., through reactions
associated with the photochemical reductive dissolution of solid Fe species).

Alternatively, the decrease of Apgy in coastal areas upon filtration may implicate microorganisms. However, our dark controls
systematically yielded no or low and insignificant DGM production over a 3—5 h incubation period. Even though we cannot
yet offer a definite answer as to the role of microbes in this case, the occurrence of microbially mediated reductive processes is
supported by our recent findings that mercury resistance is genetically expressed in coastal Arctic systems (Poulain et al.,
unpublished). Further research is required to assess and fully understand their role in polar areas. Since our dark controls did not
show DGM production over a 3—5 h incubation period, we investigated the possible involvement of photobiological processes.

Role of Photosynthetic Organismsin DGM Production. To test for the influence of algae and photosynthetic microbial mats on
Hg cycling in High Arctic waters, we carried out aseries of in situ experiments. In order to simulate natural processes as
closely as possible, we used benthic species that were abundantatour sites. Two filamentous chlorophyte species were chosen for
incubations: Enteromorpha sp. was used for coastal seawaters and brackish ponds and Ulothrix sp. was used for freshwater
incubations. It is most likely that heterotrophic bacteria were also added along with the algae, representing a consortium of algae
and bacteria rather than a monospecific mat. Microbial mats, which formed a dense black layer on the bottom of ponds and
streams, were also composed of both algae and cyanobacteria. The mats were overwhelmingly dominated by the latter, and these
included Nostoc sp., Rivularia sp., Scytonema sp., and Oscillatoria sp. as identified by light and electron microscopy.



https://pubs.acs.org/doi/abs/10.1021/es061980b

We carried out a series of incubations using eitherwhole cells (Enteromorpha sp., Ulothrix sp., or mats of cyanobacteria) or
their exudates, i.e., biogenic compounds derived from Enteromorpha sp. and Ulothrix sp.. When whole cells were added to filtered
saltwater pond samples prior to the incubation, Aoem decreased to near zero (Figure 4A). Similarly, when exudates from
Enteromorphasp. were added to filtered lagoon water samples prior to incubation, a strong decrease in DGM concentrations was
observed compared to the control filtered samples (Figure 3A); DGM photoproduction decreased from 37.0 to 14.4 fmol-L
lr'nO|ph0t0n_1‘r'nz'

Upon the addition of whole cells of Ulothrix sp. to filtered fresh pond water (Figure 4B), variations in [DGM] stayed positive
and no statistically significant difference was observed between the treatments. Similarly, no significant difference was noted in
the production of DGM with or without the addition of either exudates (Figure 3D) or cyanobacterial mats (data not shown).
Contrary to what was observed in previous studies (25, 45), inhibition of photo- synthesis did not significantly affect Hg reduction
in both fresh and salt waters (Figure 4A and B).

To better understand why the addition of exudates to brackish water decreased Apgw, an experiment was designed to test for
the role of exudates in Hg oxidative processes (Figure 4C). After an initial incubation for 3 h in sunlight (data not shown),

[DGM] increased up to 757+ 14 fmol-L—1. After the subsequent addition of exudates, further exposure of the samples to the
sunyielded anincrease in[DGM] in both samples with or without exudates. However, this increase in [DGM] was less
important in the presence of exudates than in the control (Figure 4C). When samples spiked with exudates were kept in

the dark, [DGM] greatly decreased by ca. 40% (corresponding to a decrease of —72 fmoI-L—l,h—l) and reached a plateau
after 3.5 h (Figure 4C), underscoring the occurrence of dark oxidative processes. When no exudates were added, [DGM]
stayed stable under dark conditions. The rate of oxidation, calculated from the decrease over time of [DGM] in the dark, was
0.1 h—1, within the range of previously reported values for salt waters, and ca. 5 to 10 times higher than the rates that have
previously been encountered in fresh waters (17, 20, 46). Smith et al. (47) and Siciliano et al. (27) suggested that Hg(0) oxidation
may be carried out by bacteria using an intracellular catalase and likely coupled to H20> transformations. This internal process
seems unlikely in our case, since exudates were very gently filtered through 0.2 um filters and thus most bacteria were removed,
although some cell breakage may have occurred. Weidentified several organicmoleculesinexudates collected from incubation of
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Enteromorpha sp. and Ulothrix sp. using different mass spectrometry techniques to detect molecules with molecular weight

equal to or less than 500 Da (1 Da=1 g-mol—l). Most of the identified organic molecules contained aromatic rings rather
than aliphatic chains (see Table 3A and B in the SI). There were some similarities in identified molecules in both saline and
fresh water samples, but some alcohols and aldehydes were only observed in saline water samples. These differences in
composition were systematic for several samples. The formation of alcohols and aldehydes often results from oxidative processes
and, although they do not constitute a definite proof, these differences in composition suggested a higher oxidative potential for
saline water. Note that the SPME technique as it was used in this study does not allow for detection of organic acids, which are
expected to be present in highly oxidized environments.

We could not attribute Hg(0) oxidation observed in salt waters to a single type of biogenic organic material. Rather, the
oxidation observed in saline waters was likely the result of either photoinduced processes involving chloride and organic
compounds as previously proposed (20) or directly due to the excretion of oxidants. Indeed, it has recently been documented that
microorganisms are able to excrete mobile small molecules capable of undergoing multiple redox cycles affecting metals speciation
(electron shuttles) (48) and therefore potentially affect Hg(0) oxidation state.

Our data suggest that biogenic compounds were directly involved in oxidation reactions but that direct incident light
was not required. Based on the chemical structure of the organic compounds, the production of a variety of organic intermediates,
including radicals, could be expected in the presence of large pools of oxidant precursors (e.g., halides, NOz", and NO3’); these
precursors can release active halogens and HO radicals upon photolysis. Clearly, a set of reactions can supply oxidants to
transform Hg(0) to Hg(ll), the first phase occurring under sunlit conditions, whereas the reactions can further continue in the dark
involving organic compounds and leading eventually to Hg(0) oxidation. Alternatively, further assessment of the role of electron
shuttles in Hg redox reactions should bring further enlightenment on its overall cycle both in temperate and polar regions.

The results reported here suggest that coastal areas may be more vulnerable to Hg contamination compared to fresh
systems, due to increased Hg residence time because of enhanced oxidative processes. Hg(0) oxidation is promoted both by
increased salinity and the production of oxidative biogenic exudates. This alteration of Hg cycle at higher salinity may, however,
be counterbalanced by reductive processes likely involving iron particles.
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