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ABSTRACT  

Permafrost thaw ponds of the warming Eastern Canadian Arctic are major landscape constituents 

and often display high levels of methylmercury (MeHg). We examined photodegradation 

potentials in high-dissolved organic matter (DOC) thaw ponds on Bylot Island (BYL) and a low-

DOC oligotrophic lake on Cornwallis Island (Char Lake). In BYL, the ambient MeHg 

photodemethylation (PD) rate over 48 h of solar exposure was 6.1 × 10-3 m2 E-1, and the rate in 

MeHg amended samples was 9.3 × 10-3 m2 E-1. In contrast, in low-DOC Char Lake, PD was only 

observed in the first 12 hours, which suggests that PD may not be an important loss process in 

polar desert lakes. Thioglycolic acid addition slowed PD, while glutathione and chlorides did not 

impact northern PD rates. During an ecosystem-wide experiment conducted in a covered BYL 

pond, there was neither net MeHg increase in the dark nor loss attributable to PD following re-

exposure to sunlight. We propose that high-DOC Arctic thaw ponds are more prone to MeHg PD 

than nearby oligotrophic lakes, likely through photoproduction of reactive species rather than via 

thiol complexation. However, at the ecosystem level, these ponds, which are widespread through 

the Arctic, remain likely sources of MeHg for neighbouring systems. 
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INTRODUCTION 

Mercury (Hg) contamination is a major environmental issue in the Canadian Arctic, which is 

considered to be a sink for volatile anthropogenic Hg produced at lower latitudes.1,2 After 

deposition in the Arctic environment, Hg can be methylated into methylmercury (MeHg) by 

certain iron or sulphate-reducing bacteria and methanogens in anoxic environments.3–6 This 

dangerous neurotoxin then accumulates in aquatic ecosystems of Arctic Canada.7,8 The Arctic’s 

changing climate may also increase the risk posed by MeHg by accelerating permafrost thawing, 

contributing to a larger release of historically stored inorganic Hg2,9–11 and possibly increasing its 

microbial methylation rates.9,10,12 MeHg can represent a potential risk to northern communities by 

bioaccumulating and biomagnifying in foodwebs, eventually contaminating organisms that are 

part of the traditional diets of local human populations.13 

Climate warming in the Arctic is currently promoting the formation of thermokarst thaw ponds. 

These ponds now represent the most abundant type of aquatic systems at Arctic and Subarctic 

latitudes.14 In the Eastern Canadian Arctic, they are characterized by very high MeHg levels that 

are in some instances orders of magnitude higher than neighbouring oligotrophic lakes.15 These 

ponds could constitute a source of MeHg for nearby lakes, streams and coastal waters and 

therefore contribute to the contamination of traditional food.  

Photodemethylation (PD) of MeHg could reduce the risk posed by these high levels of MeHg 

in thaw ponds and has been documented in other polar ecosystems.7,16–18 Both field and laboratory 

studies have found PD to be highly dependent on UV radiation.19–26 A study conducted in an 

Alaskan lake found that PD does not appear to be driven by the direct photolysis of MeHg: an 

indirect pathway involving naturally occurring chemical actors seemed to be responsible for the 

demethylation process.27 In oxygenated freshwater, MeHg is usually bound to organic matter28 
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which is likely involved in PD.29,30 Sulphur-rich functional groups of organic matter (thiols), to 

which MeHg preferentially binds, are suspected of promoting PD.18,31 Organic matter may also be 

involved in PD through its photo-mediated production of reactive oxygen species (ROS),18,32 or 

via intramolecular electron transfer.30 Source and quality of organic matter have been found to 

significantly influence PD rates.20,29,33 Organic matter can also reduce light penetration in aquatic 

ecosystems.34 Chloride complexation however has been reported to limit PD, explaining the 

discrepancy in rates observed between marine and freshwater ecosystems.18,20 

This study aimed to (1) establish via field-based experiments if PD occurs in permafrost thaw 

ponds of the Eastern Canadian Arctic and if PD rates are higher than in oligotrophic lakes. We 

chose sites similar to each other in terms of water chemistry, except for their contrasting levels of 

organic matter, which could induce variation in PD potential. (2) Using field and laboratory 

experiments, we also sought to identify the chemical actors involved in PD, namely thiols found 

either free in the water column or as functional groups of dissolved organic matter, and chlorides. 

(3) Finally, we conducted an ecosystem-wide experiment to assess the potential impacts of PD on 

MeHg levels in thaw ponds. 

 

MATERIALS AND METHODS 

Field area and sampling sites 

 

Sampling was performed on Bylot and Cornwallis Islands in the Canadian Arctic Archipelago 

from June to August 2010 and 2011 during the Arctic summer in 24-hour daylight.  

Experiments in the polar oasis of Bylot Island (73°9'23.4" N; 79°58'19.38" W) were conducted 

in permafrost thaw ponds of the Qarlikturvik glacial valley. These ponds (henceforth referred to 



 5 

as BYL sites) are small unstratified aquatic ecosystems formed from degradation of ice wedges 

and thawing of permafrost14 and contain high levels of dissolved organic carbon35 (DOC: 6.20-

9.60 mg L-1) and of Hg (Hg: 1.14-30.20 ng L-1; MeHg: 0.06-18.19 ng L-1).15 

Char Lake was sampled on Cornwallis Island (74°41'11.20" N; 94°54'33.81" W). Due to its 

low plant productivity, Cornwallis is considered a polar desert,36 where lakes are highly 

oligotrophic (DOC: 0.94 mg L-1) and typically have low levels of Hg (Hg: 0.22-0.80 ng L-1; 

MeHg: 0.01-0.07 ng L-1). 

Map of sites, surface water chemistry, Hg measurements and light parameters of individual 

sampled sites are presented in Supporting Information (SI, Figure S1 and Table S1).  

 

Sampling methods 

 

Water was sampled using an acid-washed peristaltic pump and filtered with a high-capacity 

0.45 µm filtration cartridge (Pall Life Sciences). Dissolved organic carbon (DOC) samples were 

stored in glass amber bottles that were burnt at 550 °C for 2 hours prior to sampling. High-

density polyethylene bottles were used for thiol, cation and anion samples. Thiols and cations 

were collected in acid-washed bottles, and anion samples in MilliQ-rinsed bottles (ultra-pure 18.2 

MΩ cm water, EMD Millipore). PD experiments were conducted with acid-washed Teflon FEP 

bottles and experimental solutions were kept in amber glass bottles with polytetrafluoroethylene-

lined polypropylene caps. Hg and MeHg samples were preserved with OmniTrace Ultra HCl 

(OmniTrace Ultra, VWR) (final concentration of 0.4%) while following the ‘clean hands, dirty 

hands’ protocol.37 Pump and bottle washing procedures are detailed in SI (Supplementary 

Methods). 
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Experimental design 

 

PD field experiments were conducted in natural sunlight. Water was collected in clear Teflon 

bottles with no headspace. At every time-point during incubations, a triplicate of every treatment 

series (duplicates for some dark controls) was removed from the incubation set-up and preserved 

with ultrapure HCl to a 0.4% final concentration. Detailed methods are described in SI. 

Experiments measuring natural rates in BYL24 and Char Lake included three treatments: dark, 

exposure to full solar spectrum and exposure to visible light only, using UV filters (Lee 226, Lee 

Filters). 

Mechanistic experiments studying the effect of chemical actors on PD over 48 h were 

conducted in BYL22 and Char Lake, with water amended to 5.0 ng L-1 (± 0.4%) of MeHg 

(Certified standard solution, Alfa Aesar) (Details on certified standards are provided in 

Supplementary Methods). Treatments included thiols (10.0 nM GSH, 10.0 nM thioglycolic acid 

(TA); >98%, MP Biomedical and Sigma-Aldrich) and chlorides (0.6 M NaCl; Certified ACS, 

Fisher Scientific). Thiol levels were chosen to significantly increase ambient concentrations, 

while staying in the range of concentrations measured in North American freshwaters.38–42 

Chloride concentration was selected to represent marine conditions, to investigate the wide 

difference in PD reported for fresh and saltwater,18,20 and to assess the potential role of marine 

intrusion into coastal Arctic ponds.43 This experiment was repeated in the laboratory with BYL22 

and MilliQ water using a solar simulator (Suntest CPS+, Atlas Material Testing Technology). 

Additional experiments were conducted on waters from a temperate Canadian Shield lake44 

(45°59'35" N; 74°00'28" W), with amendments of up to 1000 nM GSH. To insure comparability 



 7 

between field and laboratory experiments, the solar simulator was programmed to deliver a total 

dose (E m-2) equal to that received during field incubations (see SI for detailed explanations). 

Finally, to assess the potential impact of PD on the MeHg budget of a small aquatic ecosystem, 

we sampled BYL22 every 6 h (surface and 30 cm depth) over a 14-day period for total Hg and 

MeHg and water chemistry parameters. During days 4-8, the pond was covered with a clean 

opaque plastic tarpaulin anchored into the surrounding permafrost. Pump and sensor tubing were 

permanently installed at the desired depths to limit disturbances and light penetration associated 

with sampling. Detailed methods including ambient light and temperature conditions are 

described in SI. 

 

MeHg photodemethylation rates 

 

PD rates (kPD) were obtained by modeling the evolution of MeHg concentrations against 

cumulative PAR with apparent first-order reaction kinetics: 

ln([MeHg]t) = ln([MeHg]0) – kPDPARt     (1) 

where (MeHg)0 is the initial MeHg concentration (ng L-1), (MeHg)t is the MeHg concentration 

(ng L-1) at time t, PARt is the cumulative PAR (E m-2) received at time t, and kPD is the PD 

apparent rate constant (m2 E-1).  

MeHg concentrations also exhibited apparent first-order reaction kinetics as a function of 

incubation time. However, PAR was a better predictor than exposure time, and allowed for 

comparisons between sites and years. When PAR measurements were not available, kPD values 

were calculated over incubation time. 
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As Teflon attenuates a small portion of solar radiation, all rates were adjusted to correct the 

attenuation of light by the bottles’ material.45 

 

Analytical methods 

 

Hg concentrations were quantified using cold-vapour fluorescence spectrometry (CVAFS) 

(Tekran 2600, Tekran Instruments Corporation), following U.S. EPA method 1631 (detection 

limit of 0.04 ng L-1). MeHg was measured by gas chromatography and CVAFS (Tekran 2500 and 

2700, Tekran Instruments Corporation), according to U.S. EPA method 1630 (detection limits of 

0.02 ng L-1 and 0.0004 ng L-1, respectively). Detection limits were defined as three times the 

standard deviation calculated on 10 ultrapure MilliQ blanks. A field detection limit was also 

calculated as three times the standard deviation of dark controls. Detailed analytical methods are 

described in Perron et al.44 Hg analyses met the criteria of the Canadian Association for 

Laboratory Accreditation (CALA) inter-calibration. DOC, ion and thiol analyses are described in 

SI. Speciation calculations were conducted with the Windermere Humic Aqueous Model 

(WHAM7 - http://www.ceh.ac.uk/services/windermere-humic-aqueous-model-wham).46 

 

Statistical analyses 

 

Statistical analyses (α = 0.05) were done with R software.47 Linear regressions were used to 

model changes in MeHg concentrations and to calculate kPD. Only significant slopes were 

considered. Data points presented are from duplicate (dark controls) or triplicate bottles 

(treatment series), while error bars show standard deviation. Slopes were compared using 
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analysis of covariance (ANCOVA) with Bonferroni’s correction where multiple comparisons were 

made. Analyses of variance (ANOVA) paired with Tukey’s test and Kruskal-Wallis non-

parametric analyses were used to compare conditions before and after manipulations in the 

covered pond experiment. Means were compared with Student’s t-test.  

   

 

RESULTS & DISCUSSION 

Photodemethylation in BYL ponds and Char Lake 

 

In all field experiments of Arctic waters, filtered samples incubated in sunlight showed 

decreasing MeHg concentrations, while MeHg levels in samples kept in the dark remained stable. 

We therefore conclude that MeHg losses observed in our incubation experiments are attributable 

to abiotic PD (Figures 1, 2 and 3). 

In BYL24, PD only occurred in the presence of UVs (kPD of 6.1 ± 0.7 × 10-3 m2 E-1) (Figure 1). 

This supports findings of other authors, identifying UVs as the main waveband responsible for 

PD.8,17,19,20,26 Field experiments lasting 48 hours conducted in BYL22 with 5.0 ng L-1 MeHg 

amendments yielded a kPD of 9.3 ± 1.5 × 10-3 m2 E-1 (Figure 2A). This resulted in the loss of 

56.6% of initial MeHg (Figure 2A).  

During the 9-day incubation experiment in low-DOC Char Lake, ambient MeHg levels were 

very low, and sometimes below the field detection limit (SI, Figure S2): no kPD could therefore be 

calculated. In spiked Char Lake water (5.0 ng L-1 MeHg), no significant kPD was found after 48 

hours (p-value > 0.05) (Figure 2B). However, final MeHg concentrations differed from the initial 

MeHg value and from the dark control (p-value < 0.05), and 16.4% of initial MeHg was lost over 
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the course of the 9-day incubation: this is explained by the significant slope found in the first 12 

hours of the experiment, (kPD of 19.3 ± 5.9 × 10-3 m2 E-1) (Figure 2B inset). This underscores the 

importance of assessing early photo-mediated reactions in long-term incubations.  

MeHg levels at both sites differed by one order of magnitude (SI, Table S1). Since PD has been 

found to be independent of MeHg concentrations,19,20 differences in kPD may be due to another 

contrasting characteristic of the BYL ponds and Char Lake, such as their DOC concentrations 

(respectively 6.20 to 9.60 and 0.94 mg L-1) (SI, Table S1). We investigated if this contrast in 

DOC levels resulted in differences in MeHg speciation, using the thermodynamic model 

WHAM.46 MeHg speciation was similar in both lakes with 75% of MeHg bound to fulvic acids in 

Char Lake, compared to 89% in BYL22. The potential effect of DOC on PD is therefore likely 

not achieved via differences in MeHg-DOC complexation in these two systems, but rather by 

other roles of DOC (e.g. generation of ROS, see below). It is also possible that differences in 

DOC quality may modify its complexation properties with an impact on PD,31,33 as has been 

shown in the photo-production of another Hg species, dissolved gaseous Hg.48 Information on 

changes in DOC fluorescence can be used as a proxy for ROS production,48 and would provide 

valuable insight into DOC-mediated PD in these sites. 

Char Lake can be compared to another Arctic lake (Toolik Lake), which has a similar near-

neutral pH and comparable MeHg concentrations in surface waters (respectively 0.02 ng L-1 and 

0.05 ng L-1)7 (SI, Table S1 and S2). However, DOC concentrations in Char Lake (0.94 mg L-1) 

are lower than those measured in Toolik Lake (4.44 mg L-1).7 While no PD was measured in 

unspiked waters of Char Lake over 9 days, it has been observed in Toolik Lake over 6 day-

incubations (2.6 × 10-3 m2 E-1).7 This further points to organic matter as an important driver of 
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PD, as has been reported by other authors,18,20,29 and suggests that DOC could explain the 

discrepancy between PD rates in Char Lake and the BYL ponds. 

 Overall, these results clearly indicate that thermokarst thaw ponds are sites of PD whereas no 

significant PD could be measured in unspiked waters of the oligotrophic Char Lake. To our 

knowledge, the results from the polar lake is the first instance of a freshwater system where PD is 

so limited, therefore providing boundaries to the presumed universal importance of this process. 

 

Thiols and photodemethylation 

 

Thiols can be found in natural waters in their low molecular weight (LMW) form or as a 

functional group of organic matter,49 and have previously been identified as promoters of PD in 

simulated waters.18 In their LMW form, we measured at the study sites GSH and TA 

concentrations of 0.2 ± 0.1 nM and of 5.1 ± 1.6 nM, respectively. As functional groups of organic 

matter (assuming 7.3 x 10-5 moles reduced–S per gram of C),50 thiols ranged from 70 nM (Char 

Lake) to 450 nM (BYL22), largely exceeding MeHg concentrations, as they do in most pristine 

environments.49 To determine if the action of DOC in mediating PD was limited by the 

concentration of thiol binding sites, incubation experiments were conducted in the field and in a 

solar simulator with thiol additions in the environmentally-relevant range of 10 to 1000 nM.  

In an experiment conducted in natural sunlight in spiked BYL22 water (5.0 ng L-1 MeHg), 10 

nM TA amendments (which doubled natural dissolved TA concentrations) slowed kPD by 33.3%, 

from 9.3 ± 1.5 × 10-3 m2 E-1 in the control series to 6.2 ± 1.0 × 10-3 m2 E-1 (Figure 3A) (p-value < 

0.05). 
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In field experiments in Char Lake, no significant relationship was observed between time and 

MeHg concentration (p-value > 0.05), and 10 nM GSH amendments (increasing natural dissolved 

GSH concentrations by 50-fold) did not induce PD (Figure 3B). However, when considering only 

the first 12 hours of the experiment (Figure 3B Inset), the control and GSH series both yielded 

significant kPD (respectively 19.3 ± 5.9 × 10-3 m2 E-1 and 19.3 ± 4.0 m2 E-1), that did not however 

differ from one another (p-value > 0.01). 

In incubations in a solar simulator with BYL22 water, GSH amendments had no significant 

effect on PD when compared to control rates (GSH kPD: 11.0 ± 0.8 × 10-3 m2 E-1; control kPD: 11.3 

± 2.4 × 10-3 m2 E-1) (p-value > 0.01 with Bonferroni’s correction) (Figure 3C). Likewise, GSH 

had no impact in spiked MilliQ water in simulated light conditions (Figure 3D). Dark controls 

remained stable during incubations (Figure 3D). Both in BYL22 and Char Lake, thiols therefore 

had diverging effects on PD, with TA reducing kPD and GSH having no impact.  

Supplementary PD experiments conducted in water from a temperate lake showed that adding 

10 nM GSH to this natural matrix lead to a kPD similar to that of the control series, confirming 

results from BYL22 in simulated light (SI, Figure S5). Increasing GSH concentrations to 100 nM 

and 1000 nM increasingly slowed PD until it did not differ from dark controls (SI, Figure S5). 

Previous work has found that PD of MeHg bound to non-aromatic thiols (such as GSH) is slower 

than that of MeHg bound to aromatic thiols or DOC.33 Furthermore, in a study using simulated 

freshwater, PD was fastest when MeHg was bound to DOC, slowest for MeHg-thiol complexes 

only, and intermediate when both DOC and thiols were present.51 These studies suggested that 

PD is possible through an intramolecular mechanism, where light is absorbed by DOC and 

energy is then transferred to break the Hg-C bond:33,51 Adding thiols could thus remove some or 

all of the MeHg bound to DOC, preventing this intra-DOC process from occurring and thus 
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slowing PD.51 This could explain why increasing concentrations of GSH slowed and eventually 

halted PD in temperate waters (SI, Figure S5). 

It is also important to consider GSH degradation during incubation experiments. In temperate 

lake water, GSH was also simultaneously degraded during exposure to light (approximately 30% 

after 5 hours) (SI, Figure S6), as has been previously reported.52 GSH degradation can depend on 

the matrix and on other ions present. Indeed, some metals such as copper may affect the 

oxidation states of GSH and potentially lead to other degradation products.18,52 In BYL ponds, 

GSH may have been partly degraded before being able to fully intervene in PD.  

Overall, thiol addition did not promote PD in different natural waters in these experiments. 

These results are in general agreement with the study of Tai et al. performed in the Florida 

Everglades.30  

 

Photodemethylation mediated by ROS radicals 

 

Although they have highly contrasting DOC levels, WHAM simulations showed that Char 

Lake and BYL22 have similar DOC speciation, suggesting that MeHg-DOC complexation is not 

the cause of the difference observed in kPDs. Furthermore, in both sites, thiol concentrations 

largely exceed that of MeHg, and while thiols complex MeHg efficiently and are likely 

implicated in photochemical reactions of Hg, MeHg-thiol complexation does not explain the 

difference in PD potential seen here. As DOC is consistently found to have an important role in 

mediating PD,18,20,29 and is the main difference between Char and other Arctic lakes and ponds 

where PD was observed (Toolik Lake, BYL ponds), we propose that the discrepancy in observed 

kPDs may be due to other roles of organic matter, such as the photoproduction of ROS radicals in 
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the photic zone.53,54 ROS are suspected of mediating PD, as quenchers for these molecules have 

been found to limit PD in sea water,21 in simulated waters18,22 and in an Arctic oligotrophic lake.27  

In a study conducted on lakes of a wide array of limnological characteristics, Char Lake was 

found to have the lowest formation rate of hydrogen peroxide (6.95 mg m-2 d-1), a DOC-produced 

ROS that closely correlated to DOC concentrations.55 If Char Lake is equally poor in other ROS, 

it may be a non-conducive environment for PD. Early PD (Figure 2B inset) may have occurred 

before the rapid depletion of naturally-occuring ROS in experimental bottles.  

We hypothesize that PD in Char Lake may be partially controlled by ROS and organic radicals 

produced during DOC photolysis.26 This supports observations by other authors that DOC may 

act as a catalyzer for PD, more than simply a light attenuator or complexation agent,20 and the 

role of ROS should be further investigated. As no experiments in the present study directly 

measured the role of ROS on PD, we can only speculate on their potential role. Further field-

based experiments are necessary to better understand the role of photo-produced ROS from DOC 

in natural waters. 

 

Relationship between DOC and kPD 

 

A comparison of Arctic PD studies shows that up until a threshold, DOC exhibits a positive 

(yet not significant) relation with kPD (Figure 4A), with polar desert Char Lake representing the 

lower limit of this relationship. When non-Arctic studies are included, no significant relationship 

is found, but the same general trend is observed (Figure 4B). There may be a breakpoint after 

which DOC inhibits PD. We propose that at lower DOC levels, PD is limited by ROS 

concentrations, while at DOC levels above this threshold, complexation or UV attenuation may 
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be more important. Other studies on Hg and DOC in aquatic ecosystems have found comparable 

thresholds for Hg bioaccumulation/bioavailability56,57 and for production of dissolved gaseous 

Hg.48 A similar relationship may exist between DOC and PD. This observation is based on few 

studies and may be due to differences in experimental designs, and requires further investigation. 

More aquatic ecosystems should be sampled across a wider range of DOC values to assess this 

potential breaking point. 

The low PD rates recorded in low-DOC Char Lake question the expectation of PD being the 

main degradation pathway for MeHg in low-DOC oligotrophic ecosystems with good light 

penetration.7,19,27 Oligotrophic Arctic lakes like Char Lake are typically characterized by low 

DOC levels,58 and permafrost-influenced regions hold the greatest number of lakes in the 

northern hemisphere.59 If climate change alters DOC input into these ecosystems, this could 

change PD potential and MeHg mass balances in Arctic aquatic ecosystems. 

 

Photodemethylation mediated by chlorine  

 

Previous authors have observed a negative relationship between PD rate and Cl 

concentrations,20,24 and the complexation of MeHg to chloride ions has been used to explain lower 

kPD values observed in the marine environment.18,20,60,61 We therefore tested the effect of chlorides 

in spiked (5.0 ng L-1 MeHg) BYL22 water, which yielded a kPD of 6.7 ± 0.6 × 10-3 m2 E-1 (p-value 

< 0.05), which did not differ significantly from the control rate (p-value > 0.008 with 

Bonferroni’s correction) (Figure 3A). In Char Lake, no PD was observed in control and Cl 

treatment series (Figure 3B).  
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At high Cl concentrations, the main species of MeHg is thought to be CH3HgCl, with the 

strength of the Hg-Cl bond preventing MeHg decomposition.24 Indeed, in our field experiments, 

adding 0.6 M of NaCl led to a shift in MeHg speciation from the DOC-bound pool to the 

CH3HgCl pool (with the DOC-bound pool decreasing from 89 to 8% of the total in BYL22 and 

75% to 29% in Char, according to calculations done with WHAM7). Therefore, adding Cl altered 

MeHg complexation, but did not slow PD. Chlorides have also been reported to accelerate PD by 

producing chlorine radicals capable of attacking the Hg-C bond.22 However, other authors have 

suggested that increasing salinity may also quench ROS, slowing PD.20 These competing 

processes involving chlorides may explain why adding Cl did not impact PD in these 

experiments. 

 

Ecosystem-scale observations of photodemethylation 

 

To assess the impact of PD at the ecosystem level, BYL22 was monitored during 14 days, with 

a plastic tarpaulin covering the pond during Days 4-8. This blocked 98.7% of radiation from 290-

895 nm, and 100% of radiation in the UV spectrum (400 nm ≤ λ) (SI, Figure S7). On Day 7, 

gusts of wind ripped off the cover, exposing the pond for approximately three hours. Light 

exposure was minimal, as this occurred shortly after midnight, when the sun is at its lowest. This 

is nonetheless reflected in measurements taken at 6:00 a.m. on Day 7 (see dotted line, Figure 5). 

Based on the rate previously measured in BYL22, PD was expected to remove up to 85% of 

MeHg at the surface during the 5 days following re-exposure to sunlight (Days 9-13) (See SI). 

However, MeHg concentrations did not decrease from Days 9-13: indeed, MeHg levels were 

higher on Day 13 than on Day 9 both in surface waters (Day 9: 0.14 ± 0.01 ng L-1; Day 13: 0.23 
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± 0.02 ng L-1) and at 30 cm (Day 9: 0.13 ± 0.03 ng L-1; Day 13: 0.24 ± 0.03 ng L-1) (p-value < 

0.05). Free LMW thiol concentrations on the other hand decreased sharply following re-exposure 

of the pond to sunlight (from 16.56 to 6.85 nM over 18 h), suggesting a massive thiol 

photodegradation event (Figure 5C), with a slight lag potentially due to the persistence of these 

molecules in freshwater that ranges from hours to days.52 This thiol degradation could have been 

caused by ROS produced from irradiated organic matter,52 which could have contributed to PD. 

However, no decrease of MeHg was observed after surface waters were re-exposed. Over the 

course of the experiment, MeHg levels were higher after re-exposure to sunlight than when the 

experiment began, both at the surface (mean before cover: 0.16 ± 0.03 ng L-1; mean after re-

exposure: 0.22 ± 0.06 ng L-1) and at 30 cm (0.15 ± 0.04 ng L-1; 0.21 ± 0.04 ng L-1) (p-value < 

0.05; Figure 5A). 

While temperatures remained stable during the covered period (9.33 ± 1.32 °C at the surface 

and 8.43 ± 1.54 °C at 30 cm) (Figure 5D), a chemical stratification was induced, which is 

exceptional for this type of shallow, normally well-mixed site (Figure 5E-G). Notably, near-

hypoxic conditions developed at the water-sediment interface less than 24 hours into the dark 

treatment (3.68 ± 2.64 mg L-1), while surface levels remained stable (9.07 ± 1.03 mg L-1) (Figure 

5E). This may have improved conditions for microbial methylation of inorganic Hg, leading to 

increased MeHg production during the covered period. Lack of mixing and the flocky nature of 

the sediments would likely have sequestered newly produced MeHg for some time, which 

became detectable only once it had diffused to 30 cm below the surface after the cover was 

removed (Figure 5A). The increase in MeHg following re-exposure of surface waters to sunlight 

may also be attributable to phototrophic blooms, which can create environments that can 
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facilitate methylation of Hg.62 Therefore, if PD occurred, it may have been obscured by in situ 

MeHg production, resulting in a 43% net increase in MeHg concentrations (Figure 5A).  

PD is frequently cited as a major degradation pathway of MeHg7,8,19,20,63 and is often included in 

mass Hg budgets for aquatic ecosystems, where rates are extrapolated from bottle experiments to 

whole-lake levels. Following the observation of PD in BYL22 via bottle incubations, covering 

the entire pond with a tarpaulin was expected to have a significant impact on MeHg 

concentrations. Indeed, MeHg levels were expected to rise during the 4-day covered period, and 

to decrease following re-exposure to sunlight due to PD. However, no net decreases of MeHg 

were observed in the manipulated pond (Figure 5A).  

In lakes, substantial PD can occur in the photic zone before UV attenuation, making it a major 

pathway for MeHg degradation.7,63 In contrast, in very shallow aquatic ecosystems such as the 

BYL ponds, UV radiation likely penetrates at least partially to the bottom of the short water 

column, allowing for interactions with bottom processes such as abiotic64 and microbial 

methylation and demethylation.65 These overlapping sediment and photo-reactive processes could 

potentially blur the signal for PD, explaining why no PD was observed in this covered pond 

experiment. This interaction is of particular importance in the Arctic, where shallow thermokarst 

thaw ponds are the most abundant aquatic ecosystem.14 Studies on isotopic fractionation could 

help in better untangling sediment and surface processes, as they have previously been used to 

investigate PD31 and Hg photoreduction.66 

While the design of this experiment could be improved upon, it constitutes a novel approach to 

study PD in shallow systems such as thermokarst thaw ponds, and emphasizes the importance of 

competing processes in the ecosystem. Alongside Lehnherr et al.’s extensive study of ponds in 

the Lake Hazen area (Nunavut),8 this represents one of the first studies on Hg PD in a northern 
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system where surface and bottom processes are coupled. While bottle experiments provide 

essential insight into mechanistic reactions involved in PD, caution must thus be used when 

applying incubation rates to mass balance budgets across a range of aquatic ecosystems. The 

bottle effect may mask other reactions involved in the aquatic cycle of Hg, leading to an 

overestimation of the overall net impact of PD.  

These results are important since they suggest that thermokarst thaw ponds recently shown to 

display high MeHg levels15 are unlikely to see their MeHg pool decrease significantly via PD. It 

is likely that, because of the shallow nature of these ponds, processes occurring in the surface 

waters are directly affected and in competition with processes occurring at the sediment/water 

interface. These ponds may therefore be sources of MeHg for other systems, including nearby 

streams, lakes and coastal areas in which native communities tend to fish. Results from Char 

Lake indicate that PD may not be a significant process in polar desert lakes, likely because of 

very low DOC levels.  
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FIGURES  

 

Figure 1. Natural logarithm of MeHg concentrations (ng L-1) plotted against cumulative PAR (m2 

E-1) during field experiments in BYL24. Filtered samples that were exposed to the full solar 

spectrum produced a kPD of 6.1 ± 0.7 × 10-3 m2 E-1 (p-value < 0.05, R2 adjusted = 95.5%); dark 

controls and filtered samples covered by a UV filter yielded no significant relationship (not 

shown).  
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Figure 2. Natural logarithm of MeHg concentrations (ng L-1) plotted against cumulative PAR (m2 

E-1) during field experiments. A. In BYL22, MeHg amended samples that were exposed to the 

full solar spectrum produced a kPD of 9.3 ± 1.5 × 10-3 m2 E-1 (p-value < 0.05, R2 adjusted = 

82.0%). B. In Char Lake, no significant relationships were observed in any of the treatment series 

over 48 hours (regression p-values > 0.05). Inset: during the first 12 hours of incubation, samples 

exposed to the full solar spectrum yielded a kPD of 19.3 ± 5.9 × 10-3 m2 E-1 (p-value < 0.05, R2 

adjusted = 66.0%).  
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Figure 3. Natural logarithm of MeHg concentrations (ng L-1) plotted against cumulative PAR (m2 

E-1) received or incubation time (hours) in the field. A. In BYL22, the kPD in spiked natural water 

was 9.3 ± 1.5 × 10-3 m2 E-1 (p-value < 0.05, R2 adjusted = 82.0%); in the Cl series, kPD was 6.7 ± 

0.6 × 10-3 m2 E-1 (p-value < 0.05, R2 adjusted = 93.5%); in the TA series, kPD was 6.2 ± 1.0 × 10-3 

m2 E-1 (p-value < 0.05, R2 adjusted = 82.1%). kPD did not differ significantly from control rate (p-

value > 0.01). B. In Char Lake, no significant relationships were observed in any of the treatment 

series over 48 hours (regression p-values > 0.05). Inset: first 12 hours of incubation, during which 

the control series yielded a kPD of 19.3 ± 5.9 × 10-3 m2 E-1 (p-value < 0.05, R2 adjusted = 66.0%), 

while samples amended with GSH produced a kPD of 19.3 ± 4.0 × 10-3 m2 E-1 (p-value < 0.05, R2 
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adjusted = 82.1%). No significant relationship was observed in the Cl and TA treatment series. C. 

In BYL22 water incubated in a solar simulator, the kPD was 11.3 ± 2.4 × 10-3 m2 E-1 (p-value < 

0.05, R2 adjusted = 84.0%); in the GSH series, kPD was 11.0 ± 0.8 × 10-3 m2 E-1 (p-value < 0.05, R2 

adjusted = 97.7%). GSH treatment did not differ from control rate (p-value > 0.05). D. In spiked 

MilliQ water incubated in a solar simulator, the kPD was 6.1 ± 0.5 × 10-3 m2 E-1 (p-value < 0.05, R2 

adjusted = 97.3%); and in the GSH series, no significant relationship was observed (not shown).  

  



 24 

 

Figure 4. A. Relationship between kPD (m2 E-1) and DOC (mg L-1) from PD studies conducted in 

the Arctic only. Shaded area represents values above the potential threshold value. B. 

Relationship between kPD (m2 E-1) and DOC (mg L-1) from Arctic and temperate PD studies. Inset: 

DOC concentrations below 30 mg L-1). 
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Figure 5. Monitoring results of BYL22 during the covered pond experiment, at the surface and at 

a 30 cm depth. Grayed section represents the period during which the pond was covered. Dotted 

line represents momentarily exposed pond surface to light shortly after midnight on Day 7. A. 

MeHg concentrations (ng L-1) over time. B. Total Hg concentrations (ng L-1) over time. C. Total 

thiol concentrations (nM) over time (sum of glutathione, cysteine, thioglycolic acid, 3-

mercaptopropionic acid, cysteine-glycine). D. Temperature (°C) over time. E. Dissolved oxygen 

(mg L-1) over time. F. pH over time. G. Conductivity (µS cm-3) over time. 
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Supplementary methods 

 

Certified standard solutions 

MeHg solution used for 5.0 ng L-1 amendments was made from a MeHg stock solution (1000 

ppm, certified by Alfa Aesar). A 1 ppm MeHg solution was prepared by dilution in methanol 

(Fisher Scientific, HPLC grade). Intermediate and working solutions (10.0 ug L-1, 600 ng L-1 and 

10 ng L-1) were prepared in MilliQ water (18.2 MΩ cm, EMD Millipore) and preserved with 

0.3% acetic acid (Fisher Scientific, ACS-pur) and 0.2% HCL (EMD, Omni-trace ultra). 

 

Sampling methods 

Sampling and experimental solution bottles were rinsed with distilled water, then soaked in a 

45% HNO3, 5% HCl (Fisher Scientific, ACS-pur) bath overnight, before being rinsed 3 times 

with MilliQ water (18.2 MΩ cm, EMD Millipore). 

The peristaltic pump used for sampling was flushed with a 10% HCl solution (Fisher Scientific, 

ACS-pur) for 10 minutes, then rinsed with site water for 10 minutes. 

Vertical profiles in the water column for water conductivity, pH, temperature and dissolved 

oxygen were measured using a YSI 650 data logger (YSI Incorporated/Xylem Incorporated). 

Solar radiation data was collected during experiments with Hobo photosynthetic light (PAR) 

sensors and data loggers (Onset), and light measurements were collected with a Jaz spectrometer 

(Ocean Optics). Light attenuation coefficients at each study site were calculated with the Beer-

Lambert law: 

Iz = I0 e-kz         (S1) 
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where z is a given depth in the water column (m), Iz is the intensity of light (W m-2) measured at 

depth z (Jaz; 290-895 nm), Io is the intensity of light at the surface (W m-2) and k is the light 

attenuation coefficient. 

 

Analytical methods 

DOC levels were quantified with an Aurora 1030 analyzer (OI Analytical) by persulfate heat 

oxidation, followed by conductiometric determination of released CO2. Anions were analyzed via 

ionic chromatography (Waters), while cations were measured with flame atomic absorption 

spectroscopy (Varian, Agilent). Total (reduced and oxidized species) thiols (glutathione, cysteine, 

thioglycolic acid, 3-mercaptopropionic acid, cysteine-glycine) were analyzed by derivatization 

using ammonium 7-fluorobenzo-2-oxa-1,3-diazole-sulfonate (SBD-F) (Fluka Analytical, Sigma-

Aldrich) and high performance liquid chromatography with a fluorescence detector, as described 

in Moingt et al.1 Thiol detection limit was defined as three times the standard deviation calculated 

on 10 low concentration (< 5 nM) standards. These were 1.0 nM for glutathione, 1.0 nM for 

cysteine, 1.1 nM for thioglycolic, 2.2 nM for 3-mercaptopropionic acid, and 0.4 nM for cysteine-

glycine. 

 

Experimental design 

Photodemethylation field experiments were conducted in natural sunlight. Water was collected 

in clear, acid-washed Teflon bottles with no headspace. On Bylot, bottles were incubated in 

floating rafts approximately 0.5 cm below the surface of the sampled pond. On Cornwallis, due to 

weather, incubations were conducted in basins on the shore, in water changed periodically to 

prevent warming. In all cases, bottles were placed horizontally with their caps pointing north to 
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insure uniform irradiation.2 At every time-point, a triplicate of every treatment series (or 

duplicate for dark controls) was removed from the incubation set-up and preserved with ultrapure 

HCl to a 0.4% final concentration. The bottles were then stored in the dark at 4 °C until analysis.  

In experiments measuring natural rates conducted in BYL24 and Char Lake, water was 

collected and separated into three treatment series: one control series kept in the dark, a series 

exposed to the full spectrum of sunlight and a series exposed to the visible spectrum only using 

UV filters (transmission of approximately 16% for wavelengths (λ) <400 nm, and 100% for 400 

≤ λ ≤ 700 nm) (Lee 226, Lee Filters).  

Mechanistic experiments aiming to study the effect of chemical actors on photodemethylation 

were also conducted in the field at BYL22 and Char Lake. All bottles were spiked with 5.0 ng L-1 

(± 0.4%) of MeHg, and treatments included thiols (10 nM glutathione (GSH), 10 nM thioglycolic 

acid (TA)) (formation constants for complexation to MeHg at pH 7.4: GSH = 11.55, TA = 

11.47)3,4 and chlorides (0.6 M of Cl). Incubations lasted 50 h. This experiment was repeated in 

the laboratory in a Suntest CPS+ solar simulator (Atlas Material Testing Technology) using 

BYL22 and MilliQ water. To insure comparability between field experiments and data generated 

in the laboratory, Hobo photosynthetically active radiation (PAR) sensors (Onset) were used to 

collect light measurements in the field, which were compiled to establish a total irradiance dose 

received during field experiments. The Suntest CPS+ (Atlas Material Testing Technology) was 

programmed to deliver constant total irradiance during artificial incubations, with a total dose 

equal to that received during field incubations but over a shorter period. This required using 

higher intensity irradiation than what naturally occurred on the field, with a lamp producing a 

slightly different wavelength spectrum (notably more UV-A radiation than sunlight on the field, 
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and the absence of UV-C radiation) (SI Table S4). No replicates were done in this experiment, 

due to limited space in the solar simulator. 

Finally, to assess the potential impact of photodemethylation on the MeHg budget of an aquatic 

ecosystem, we sampled BYL22 every 6 h (surface and 30 cm depth) over a 14-day period for 

total Hg and MeHg and water chemistry parameters. During days 4-8, the pond was covered with 

a clean opaque plastic tarpaulin anchored into the surrounding permafrost. Pump and sensor 

tubing were permanently installed at the desired depths to limit disturbances and light penetration 

associated with sampling. Water was pumped continuously during 5 minutes before each 

sampling, to thoroughly rinse system.  

 

Supplementary results & discussion 

 

Predicted MeHg losses in covered pond experiment 

Theoretical MeHg losses following re-exposure of pond surface to sunlight were calculated 

using equation 1. This accounts for predicted photodemethylation occurring during Days 9-13, 

using BYL22 kPD (9.3 × 10-3 m2 E-1), average daily PAR on Bylot Island (37.76 E d-1) (SI, Table 

S1) and MeHg concentration on Day 9 (1.35 ng L-1) (Figure 5). 

 

ln([MeHg]t) = ln([MeHg]0) – kPDPARt                                (1) 

ln([MeHg]Day13) = ln([MeHg]Day9) – kPDPARt 

ln([MeHg] Day13) = ln(0.14 ng L-1) – (9.3 × 10-3 m2 E-1) × (37.76 E m-2 d-1 × 5 days) 

ln([MeHg] Day13) = -1.97 – 1.76 

ln([MeHg] Day13) = -3.73 
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MeHg Day13 = 0.02 ng L-1 

 

Predicted % of MeHg loss = 1 – MeHg Day13/MeHgDay9 × 100 

Predicted % of MeHg loss = 1 – 0.02 ng L-1/0.14 ng L-1 × 100 

Predicted % of MeHg loss = 85.71% 

 

Note that this loss is only applicable to the surface and should be compared to the surface data 

in Fig. 5. We only considered the surface here, and assumed that the water was not mixing well 

after the removal of the cover. This assumption is based on the oxygen data in Fig. 5 that 

indicated an oxygen stratification from Day 4 to Day 13. We consider the 85% loss as an upper 

limit. 
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Supplementary tables 
 

Table S1. Surface water chemistry and Hg values measured at each site in 2010, where Lat. is latitude, Long. is longitude, Temp. is 

water temperature, Cond. Is conductivity, DO is dissolved oxygen zmax is maximum depth, k is light attenuation coefficient, PAR is 

photosynthetically active radiation measured during field experiments, air temp. is temperature during field experiments on Bylot5 and 

Cornwallis6 Islands and DOC is dissolved organic carbon.  

Site Lat. 
(°N) 

Long.  
(°W) Type Temp. 

(°C) 
Cond. 

(μS cm-1) 
DO 

(mg L-1) pH zmax 

(m) k 
Average daily 

PAR  
(E d-1) 

Average air 
temp.  
(°C) 

Bylot Island 
BYL22 73°9’29” -79°58’44” Pond 15.37 38 25.90 7.24 1.00 3.42 

37.76  
± 16.13 

5.71  
± 1.11 

BYL24 73°9’26” -79°58’42” Pond 10.5 50 12.09 7.22 0.39 1.37 

Cornwallis 
Island Char 74°42’16” -94°52’56” Lake 5.59 264 10.60 7.92 27.50 0.84 24.62  

± 13.04 
4.93  

± 1.70 
 
(Table S1 continued) 

Site [Hgtot] 
(ng L-1) 

[MeHg] 
(ng L-1) 

DOC 
(mg L-1) 

Cl 
(mg L-1) 

NO3 ( 
mg L-1) 

NO2 

(mg L-1) 
SO4 

(mg L-1) 
F 

(mg L-1) 
Ca 

(mg L-1) 
Mg 

(mg L-1) 
Na 

(mg L-1) 
K 

(mg L-1) 

Bylot Island 
BYL22 2.38  

± 0.02 
0.35  

± 0.04 6.20 2.88 0.12 <0.004 1.81 0.12 - - - - 

BYL24 2.97 
 ± 0.06 

0.70  
± 0.05 9.60 3.99 0.09 <0.004 1.62 0.14 - - - - 

Cornwallis 
Island Char 0.44  

± 0.11 0.02 ± 0.004 0.94 21.54 <0.62 - 26.35 - 33.59 5.30 10.76 1.07 
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Table S2. Comparison of photodemethylation first-order rates (kPD) measured in recent studies 

against photosynthetically active radiation (PAR). Surface measurements in natural freshwater 

only. *Average over 3 years.  

 

Study Site kPD (m2 E-1)�× 10-3 from PAR DOC  
(mg L-1) pH 

Present study Thaw ponds on Bylot Island, Nunavut 6.0 – 9.2 0.94 – 9.60  7.22 – 7.92 

Black et al., 20127 Coastal wetlands near San Francisco, California 9.9 ± 2.0 (6.0 – 15.0) 6 6.50 

Fernandez-Gomez et al., 20138 Boreal lakes north of Umeå, Sweden 2.3 ± 0.2 17.50 – 81.00 3.80 – 6.60 

Lehnherr and St-Louis, 20099 Lake 979 at the Experiment Lakes Area, Ontario 4.4 12.80 N/A 

Lehnherr et al., 201210 Wetland ponds near Lake Hazen, Nunavut 3.2 – 3.6 5.73 – 10.87* 8.50 – 8.75 

Hammerschmidt and Fitzgerald, 200611 Toolik Lake, Alaska 2.6 4.40 7.60 
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Table S3. All rates obtained in this study. kPDs (m2 E-1) are presented with standard error, R2 

adjusted and slope p-value. For significant slopes, Bonferroni-corrected ANCOVA results are 

presented to identify in-experiment differences between slopes. Figure 1. Experiment conducted 

on the field in BYL24, with exposure to full spectrum and PAR only. Figure 2. Experiment 

conducted on the field in BYL22. Water samples were amended to 5 ng L-1 of MeHg and exposed 

to full spectrum light. Figure 3. Experiment conducted on the field in BYL22 and Char Lake, 

and solar simulator incubations using BYL22 and MilliQ water. Water samples were amended to 

5 ng L-1 and treated with GSH, TA or Cl. 

Site Treatment kPD × 10-3 
m2 E-1 

St.err x 10-3 m2 
E-1 R2 adjusted kPD  

p-value ANCOVA 

Figure 1 – kPDs at ambient MeHg concentrations in natural waters 

BYL24 Dark control 0.6 0.9 -17.6% Not significant - 
 Full spectrum -6.1 0.7 95.5% < 0.005** a 
 PAR only 0.0 1.0 -33.3% Not significant - 

Figure 2 – kPDs in spiked natural waters 

A - BYL22 Dark control -0.9 - - - - 
 Full spectrum -9.3 1.5 82.1% < 0.0005*** a 
    Inset (first 12h) Full spectrum -3.1 5.3 -14.8% Not significant  - 
B – Char Lake Dark control -2.2 - - - - 
 Full spectrum -3.2 1.7 24.6% Not significant - 
    Inset (first 12h) Full spectrum -19.3 5.9 66.0% < 0.05* a 

Figure 3 – kPDs in spiked natural waters according to treatment in the field or in a solar simulator 

A - BYL22 Control -9.3 1.5 82.1% < 0.0005*** a 
 Cl -6.7 0.6 93.5% < 0.00005*** a 
 TA -6.2 1.0 82.1% < 0.0005*** a 
B - Char Lake Control -3.2 1.7 24.6% Not significant - 
 GSH -0.6 0.7 -4.3% Not significant - 
 Cl -3.3 1.6 28.9% Not significant - 
 TA 0.2 1.0 -13.9% Not significant - 
    Inset (first 12h) Control -19.3 5.9 66.0% < 0.05* a 
 GSH -19.3 4.0 82.1% < 0.01** a 
 Cl -16.3 6.8 48.7% Not significant - 
  TA -15.2 7.2 40.8% Not significant - 
C - BYL22 in solar 
simulator 

Control -11.3 2.4 84.0% < 0.05* a 
GSH -11.0 0.8 97.7% < 0.001*** a 

D – MilliQ in solar 
simulator 

Dark control 0.8 2.4 -28.4% Not significant - 
Control -6.1 0.5 97.3% < 0.005** a 
GSH -8.0 2.7 65.8% Not significant - 
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Table S4. Comparison on UV spectrum delivered by Suntest CPS+ and sunlight on Bylot Island 

during experiments.  

UV radiation 
Irradiance (photons cm-2 s-1) 

Suntest CPS+ Bylot Island sunlight 
Total UVs (100 – 400 nm) 5.69 × 1015 2.16 × 1015 
UV-A (320 – 400 nm) 5.61 × 1015 2.08 × 1015 
UV-B (290 – 320 nm) 9.36 × 1013 6.44 × 1013 

 

 

  



  

Supplementary figures 
 

 

 

 

 

 

 

 

Figure S1. Map of Cornallis and Bylot Islands in the Canadian Arctic Archipelago.  
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Figure S2. Raw MeHg data for experiment conducted in Char Lake. Some data points were 

below field detection limit, represented by the dotted line (3x standard deviation of triplicate 

control = 0.07 ng L-1). 

 

 

 

  



  

 

Figure S3. Raw MeHg data for experiment conducted in BYL22 and Char Lake, presented in 

Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

Figure S4. Raw MeHg data for experiment conducted on the field (BYL22 and Char Lake) and 

in the simulator with (MilliQ and BYL22 water), presented in Figure 3C and 3D. 

 

 

 

 

 

 

 

 



  

 

 

Figure S5. Photodemethylation experiment conducted in a solar simulator using water from a 

temperate lake (Lake Croche, described in Perron et al.12), in the presence of varying 

concentrations of GSH (10-1000 nM) over time (hours).  
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Figure S6. Degradation of GSH over time during irradiation in a solar simulator using water 

from a temperate lake (Lake Croche, described in Perron et al.12). 
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Figure S7. Absolute irradiance (µW cm-2 nm-1) spectrum above (in black) and under (in gray) the 

plastic tarpaulin used in the covered pond experiment, showing radiation obstruction of 98.7% of 

radiation from 290-895 nm, and 100% of radiation in the UV spectrum (400 nm ≤ ʎ

 

 


