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Photodecomposition of
Methylmercury in an Arctic Alaskan
Lake
CHAD R. HAMMERSCHMIDT* AND
WILLIAM F. FITZGERALD
Department of Marine Sciences, University of Connecticut,
Groton, Connecticut 06340

Sunlight-induced decomposition of monomethylmercury
(MMHg) reduces its availability for accumulation in aquatic
food webs. We examined MMHg degradation in epilimnetic
waters of Toolik Lake (68° 38ʹ′ N, 149° 36ʹ′ W) in arctic
Alaska, a region illuminated by sunlight almost continuously
during the summer. MMHg decomposition in surface
water of Toolik Lake is exclusively abiotic and mediated
by sunlight; comparable rates of MMHg decomposition were
observed in filter-sterilized and unfiltered surface waters
incubated under in situ sunlight and temperature conditions,
and no MMHg was degraded in unfiltered aliquots
incubated in the dark. Rates of photodecomposition are
first order with respect to both MMHg concentration and
the intensity of photosynthetically active radiation (PAR),
except at the lake surface where rates of photochemical
degradation are enhanced relative to PAR intensity and may
be attributed to an additional influence of ultraviolet
light. The estimated annual loss of MMHg to photodecomposition in Toolik Lake, though limited to a 100-d ice-free
season, accounts for about 80% of the MMHg mobilized
annually from in situ sedimentary production, the primary
source in Toolik Lake. These results suggest that greater
light attenuation in lacustrine surface waters, a potential
result of increased loadings of dissolved organic matter due
to continued warming in the Arctic, may result in less
photodecomposition and subsequently greater availability
of MMHg for bioaccumulation.

Introduction
Bioconcentration of monomethylmercury (MMHg) from
water by seston is a major route of entry into pelagic food
webs (1), and represents the greatest bioaccumulation step
for MMHg in aquatic ecosystems (2, 3). Biological and abiotic
processes that minimize levels of MMHg in surface waters,
therefore, should reduce exposures of biota. Although MMHg
can be demethylated by microorganisms in the water column
(4, 5), sunlight-induced decomposition reactions may be
more significant in oligotrophic surface waters characterized
by low bacterial abundances and relatively high light
penetration. Sellers and co-workers (6), for example, showed
that photodecomposition is a major sink for MMHg in Lake
240, a temperate lake in the Experimental Lakes Area (ELA)
of northwestern Ontario. We hypothesized that sunlightmediated decomposition reactions would be an important
* Corresponding author phone: 508-289-3551; e-mail: methylhg@
whoi.edu. Present address: Department of Marine Chemistry &
Geochemistry, Woods Hole Oceanographic Institution, Woods Hole,
MA 02543.
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FIGURE 1. Decomposition of MMHg in unfiltered (squares) and
0.2-µm filtered (triangles) surface water of Toolik Lake exposed to
ambient temperature (daily mean, 11 °C) and light conditions (mean
daily PAR, 62 E m-2 d-1). Unfiltered surface water also was incubated
in bottles darkened with Al foil (circles). Samples were spiked to
an initial nominal MMHg concentration of 3.0 ng L-1 and incubated
at the surface (∼ 0.1 m depth) of Toolik Lake. Error bars are the
difference between duplicate samples.
sink for MMHg in arctic Alaskan lakes, where photochemical
reactions have a significant role in the production of dissolved
gaseous elemental mercury (7).
We examined MMHg decomposition in the water column
of Toolik Lake, an oligotrophic lake in arctic Alaska that is
illuminated by sunlight almost continuously during the
summer. The study included three experiments that utilized
the investigations of Sellers et al. (6) as a framework. We
studied (1) the mechanisms of MMHg degradation in surface
waters, (2) the relationship between decomposition rate and
MMHg concentration, and (3) the relationship between
degradation rate and the intensity of sunlight. These tests
were conducted in the context of a comprehensive examination of MMHg cycling in arctic Alaskan lakes (8), and this
study was designed to provide mechanistic and quantitative
information on MMHg degradation that can be applied to
comparable aquatic systems, especially in the broader
framework of whole-lake mass balances. Here, we show that
MMHg decomposition in surface water of Toolik Lake is
exclusively abiotic, mediated by sunlight, and that rates of
photodecomposition are related to both MMHg concentration and intensity of photosynthetically active radiation (PAR,
400-700 nm). Moreover, photodecomposition accounts for
about 80% of MMHg mobilized annually from benthic
production in Toolik Lake.

Experimental Section
Surface Waters. As noted, MMHg photodecomposition was
examined in epilimnetic waters of Toolik Lake, a relatively
large (1.5 × 106 m2) and deep (mean, 11 m) lake in arctic
Alaska that is adjacent to the Long-Term Ecological Research
(LTER) site at the Toolik Field Station (68° 38ʹ′ N, 149° 36ʹ′ W;
Figure 1 in ref 8). Toolik Lake is highly oligotrophic (primary
production, 14 g C m-2 y-1; 9), and its biogeochemistry is
comparable to that of surrounding lakes in the tundra of
Alaska (7, 10). MMHg decomposition experiments were
conducted July 15-22, 2003, a period of average light
conditions during the ice-free season (10), which typically is
from mid-June to mid-September (about 100 d). Surface
waters were collected near the center of the lake by filling
10.1021/es0513234 CCC: $33.50
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acid-cleaned 2-L Teflon bottles, with gloved hands, from the
bow of a motorized aluminum boat while moving forward
into the wind. Trace-metal clean procedures were employed
throughout sample collection, experimental manipulation,
and analysis (11).
Mechanisms of MMHg Decomposition. The primary
mechanism for the destruction of aqueous MMHg was
examined with three water sample treatments incubated at
in situ epilimnetic conditions of Toolik Lake. These treatments included (1) unfiltered Toolik Lake surface water
exposed to ambient light, (2) filter-sterilized surface water
exposed to ambient light, and (3) unfiltered surface water
with no light exposure. Filter-sterilized samples were obtained
by passing lake water through acid-cleaned, sterile, 0.2-µm
polycarbonate membrane filters inside a HEPA-filtered
laminar flow hood. Filtered and unfiltered surface waters
were transferred to 0.5-L FEP Teflon bottles, which are
optically transparent for 280-800 nm light wavelengths (12),
and spiked with MMHg (as CH3HgCl) to a nominal concentration of 3.0 ng L-1. The interior of all incubation bottles
was presumed sterile; bottles were soaked in 1.2 M HCl for
24 h and rinsed with 0.2-µm filtered reagent-grade water
(nominal resistivity, 18.2 MΩ-cm) inside a Class 100 clean
room prior to use. The spike concentration for this experiment
was about 100-fold greater than the ambient level of MMHg
in the epilimnion of Toolik Lake (0.051 ng L-1), but such a
high enrichment was used to unequivocally elucidate the
primary mechanism of MMHg decomposition. The effect of
MMHg concentration on its rate of decomposition was
examined in another experiment described below. Sample
bottles with no light exposure were double-wrapped with
aluminum foil prior to incubation. All of the experimental
samples were incubated at the surface of Toolik Lake (0-0.1
m water depth), under in situ light and temperature
conditions, for up to 6 days. The temperature and intensity
of PAR in surface water were measured routinely, and the
MMHg content of incubated samples was determined after
0, 1, 3, and 6 d of incubation. The MMHg content of two
independent samples was analyzed for each experimental
treatment and time.
Relation to MMHg Concentration. We examined the
connection between the rate of MMHg decomposition and
its concentration in surface water of Toolik Lake. MMHg was
added experimentally (as CH3HgCl) to unfiltered surface
water in 0.5-L FEP Teflon bottles resulting in the following
nominal concentrations: 0.45, 1.0, 3.0, 5.0, and 7.9 ng L-1.
Six independent samples were prepared for each MMHg
treatment, and two of each treatment were analyzed for
MMHg after 0, 3, and 6 d of incubation at ambient surface
water conditions (0-0.1 m depth) in Toolik Lake.
Relation to Light Intensity. The relationship between
the rate of MMHg decomposition and the intensity of sunlight
(PAR) also was examined using surface water from Toolik
Lake. MMHg was added experimentally to unfiltered surface
water in 1-L FEP Teflon bottles resulting in a nominal
concentration of 4.5 ng L-1. These samples were incubated
while suspended in the water column of Toolik Lake at depths
of 0, 0.75, 1.5, 3, and 6 m. These water depths, on average
and respectively, corresponded to 100%, 62%, 38%, 14%, and
2% of surface PAR transmittance. Bottles were suspended by
fastening their caps to a nylon line with stainless steel hose
clamps, and the line was hung from a buoy anchored to the
lake bottom about 200 m from shore. Sample bottles were
horizontal during incubation and not shaded by overlying
bottles. To prevent potential shading of samples for the 0 m
depth treatment (0-0.1 m actual depth) by the buoy, these
bottles were incubated near shore with samples from the
other two experiments. Six samples were prepared for each
light (i.e., depth) treatment, and the MMHg content of two
samples from each treatment was analyzed after incubation

periods of 0, 4, and 7 d under in situ light and temperature
conditions. The temperature of the upper 6 m of Toolik Lake
was homogeneous (11 ( 2 °C) during this experiment.
MMHg Analysis. The MMHg content of experimental
waters was quantified after direct ethylation with sodium
tetraethylborate (NaTEB). Subsamples (100-200 mL) were
decanted into a 0.5-L sparging flask, the solution pH was
adjusted to about 4.8 with 2 M acetate buffer, and 0.2 mL of
NaTEB was added (13). The NaTEB was allowed to react with
mercury species for 10 min, after which ethylated Hg
complexes, including methylethylmercury (the MMHg derivative), were purged from solution with N2 (∼130 mL min-1)
for 15 min and concentrated on Tenax. MMHg was quantified
by flow injection gas chromatographic cold vapor atomic
spectrometry (14), after calibration with aliquots of an
aqueous MMHg standard. The MMHg standard solution was
calibrated against Hg0 standards (15).
Direct ethylation resulted in quantitative recovery of
MMHg from filtered and unfiltered lake water. Recovery of
known MMHg additions from filtered and unfiltered surface
water samples, added just prior to analysis, averaged 101%
(range, 93-111%; n ) 25), and there was no significant
difference in percent recovery between filtered and unfiltered
water samples (t-test, p ) 0.11). Moreover, there was no
difference in MMHg concentration for 19 samples that were
analyzed both directly and after digestion with 0.16 M HNO3
for 4 h at 65 °C prior to analysis (paired t-test, p ) 0.83). The
acidity of samples digested with HNO3 was titrated with KOH
prior to analysis. Hence, for these oligotrophic surface waters,
no sample pretreatment (e.g., distillation, acid digestion) was
needed for quantitative recovery of MMHg, and there were
no substantial analytical interferences from the dilute lake
water matrix. The estimated detection limit for MMHg in a
200-mL water sample was about 0.004 ng L-1.

Results and Discussion
Mechanisms of MMHg Decomposition. MMHg is degraded
abiotically in surface water of Toolik Lake, and the reaction
is mediated by sunlight (Figure 1). MMHg decomposition is
similar between unfiltered and 0.2-µm filter-sterilized waters
exposed to ambient light at the surface of Toolik Lake. This
agreement indicates that an abiotic pathway is the principal
mechanism for MMHg decomposition. That is, MMHg
degradation is not enhanced in unfiltered samples that
contained bacteria and plankton, and no MMHg is demethylated in unfiltered waters incubated in the dark (Figure
1). Moreover, there was no significant amount of MMHg
decomposition in dark bottles included with the other two
experiments. The difference in MMHg loss between unfiltered
waters incubated with and without light exposure shows
clearly that sunlight mediated the abiotic decomposition of
MMHg in surface water of Toolik Lake. These results are
comparable to those of Sellers and co-workers (6), who also
found that an abiotic, sunlight-mediated mechanism was
the major pathway for MMHg degradation in Lake 240. Near
blizzard conditions resulted in low sunlight intensity during
the first day of this experiment, which likely contributed to
little or no MMHg decomposition in the samples exposed to
light after 1 day. With the exception of this day, ambient light
conditions were relatively constant during the rest of this
and the other experiments.
Relation to MMHg Concentration. The rate of MMHg
photodecomposition in surface water of Toolik Lake is first
order with respect to the concentration of MMHg (Figure 2).
Samples amended with varying initial levels of MMHg were
analyzed after 0, 3, and 6 d of incubation at the lake surface.
Differences in concentration between day 0 and day 3 as
well as day 3 and day 6 provide two independent estimates
of the initial photodecomposition rate (Kdecomp, ng L-1 d-1)
for each MMHg treatment because the concentration is
VOL. 40, NO. 4, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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FIGURE 2. Relation between the rate of decomposition and the
initial nominal concentration of MMHg added to experimental
samples of surface water from Toolik Lake. Water samples were
incubated at the surface of Toolik Lake under ambient light (mean
daily PAR, 62 E m-2 d-1) and temperature (daily mean, 11 °C)
conditions.

FIGURE 4. Relation between the rate of MMHg decomposition in
experimental samples spiked to an initial nominal concentration
of 4.5 ng L-1 and incubated under varying intensities of photosynthetically active radiation (PAR) at 11 °C. Data are the same as
those shown in Figure 3. Relative to PAR, the rate is enhanced in
samples incubated at the lake surface (0-0.1 m, open circle), which
are not included in the regression analysis (solid line).
sample (0-0.1 m) and days 0 and 7 for the deeper treatments
because light intensity is less and MMHg decomposition is
slower. PAR intensity and rates of MMHg decomposition are
greatest near the surface and decrease exponentially with
increasing depth to 6 m, the extent of the photic zone in
Toolik Lake, and where MMHg decomposition is comparable
to that in bottles darkened with Al foil.
The rate of MMHg decomposition is correlated positively
with PAR intensity at all depths except the surface (Figure
4). For the four lower PAR treatments (i.e., 0.75-6 m depth),
the relationship between rate of photodecomposition (Kdecomp,
ng L-1 d-1) and average PAR exposure (PAR, E m-2 d-1) is
described by the regression equation

Kdecomp ) -0.009 + 0.009PAR

FIGURE 3. Depth profiles of MMHg decomposition rate in
experimental samples spiked to an initial nominal concentration
of 4.5 ng L-1 and incubated under varying intensities of photosynthetically active radiation (PAR) at 11 °C.
changing (Figure 1). The relation between Kdecomp and the
initial MMHg concentration (CMMHg, ng L-1), at either day 0
or day 3, is described by the regression equation

Kdecomp ) 0.039 + 0.230CMMHg

(1)

which has a coefficient of variation (r2) of 0.98 (Figure 2). The
rate constant in eq 1 (0.230 d-1) is considerably greater than
that determined from Kdecomp’s estimated by linear regression
of MMHg concentrations on the three time points for each
nominal MMHg treatment (0.162 d-1), an approach used by
others (6). The y-intercept of the relationship in Figure 2 is
not significantly different from zero (p ) 0.3).
Relation to Light Intensity. Sunlight influenced the abiotic
decomposition of MMHg in epilimnetic water of Toolik Lake
(Figure 1), and the rate of MMHg degradation was examined
relative to the intensity of sunlight under ambient conditions.
Figure 3 shows the relative similarity of the vertical profile
of MMHg photodecomposition rate to that of PAR intensity
in the water column of Toolik Lake. For this experiment,
rates of decomposition are estimated from the difference in
MMHg concentration between days 0 and 4 for the surface
1214
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(2)

which has an r2 of 0.99. The y-intercept does not differ
significantly from zero (p ) 0.5). Results from samples
incubated at the lake surface (open circle, Figure 4) are not
included in eq 2 because photodecomposition is enhanced
relative to PAR. Indeed, the measured rate of photochemical
MMHg decomposition in these samples is 43% greater than
that estimated from eq 2 (dashed line in Figure 4). This
suggests that MMHg may be degraded more rapidly at the
surface relative to PAR intensity, and may be attributed to
an additional influence of ultraviolet light (UV, 280-400 nm).
A recent study has suggested that MMHg photodecomposition is limited largely to the upper 0.5-1 m of surface
water (16), consistent with the penetration of UV light in the
water column. UV light is attenuated more rapidly with depth
than generalized PAR in lacustrine surface waters (17).
Measured rates of MMHg decomposition were enhanced
relative to PAR at the surface of Toolik Lake, however, they
were proportional to PAR intensity at greater depths (Figure
4). This suggests that wavelengths in the PAR spectrum also
decompose MMHg, results that are supported by the
experiments in Lake 240 (6). The mechanism by which PAR
can demethylate MMHg is unknown, but results from our
preliminary investigations imply that dissolved organic matter
(DOM) is a requisite. Accordingly, and although UV light
may enhance MMHg photodecomposition at the very surface
of Toolik Lake, photosensitization of DOM by wavelengths
in the PAR spectrum appears to be an important factor
influencing MMHg photodecomposition in the rest of the
photic zone.

Comparison with Lake 240. Photodecomposition of
MMHg in Toolik Lake can be compared to that in Lake 240.
The slope of eq 2 indicates a photodecomposition ratio of
0.009 ng MMHg m2 L-1 E-1 for Toolik Lake waters initially
spiked to 4.5 ng MMHg L-1. A decomposition ratio of about
0.0018 ng m2 L-1 E-1 was determined for Lake 240 surface
waters amended with MMHg to an initial concentration of
0.9 ng L-1 (6). If the kinetics of MMHg photodecomposition
were similar between the two lakes, then these ratios should
be comparable after normalization for initial MMHg concentration, which has been shown to have a first-order control
on decomposition rate (Figure 2, this study; 6). Indeed, a
ratio of 0.0018 ng m2 L-1 E-1 is predicted for Lake 240 based
on the MMHg spike concentration used in the Lake 240
experiments (0.9 ng L-1) and the photocomposition ratio/
MMHg concentration for Toolik Lake ((0.009 ng m2 L-1 E-1)/
(4.5 ng L-1)). The excellent agreement between the measured
ratio in Lake 240 and that predicted for Lake 240 from the
Toolik samples (both are 0.0018 ng m2 L-1 E-1) suggests that
environmental factors other than those influencing PAR
intensity and MMHg concentration are negligible in affecting
MMHg photodecomposition in natural surface waters, expect
possibly in the upper few decimeters where UV light may
enhance photochemical degradation (Figure 4). This result
is striking given the physicochemical differences between
Toolik Lake (dissolved organic carbon (DOC) ) 370 µM, pH
) 7.6) and Lake 240 (DOC ) 1300 µM, pH ) 6.2; 6), but not
unexpected. Sellers and colleagues (6) observed that photodecomposition rates were comparable among several ELA
lakes with widely varying water chemistry.
Scaling of MMHg Photodecomposition. Experimental
results of this study can be used to estimate the annual MMHg
photodecomposition flux in Toolik Lake. If the rate of MMHg
photodecomposition were first order with respect to PAR
intensity in the majority of the photic zone (Figure 4), then
the relationship in eq 1 can be transformed to express the
rate of photodecomposition (Kdecomp, ng L-1 d-1) as a
combined function of both ambient MMHg concentration
(CMMHg, ng L-1) and PAR intensity (PAR, E m-2 d-1) according
to the equation

annually from sediments in Toolik Lake. Moreover, if gaseous
elemental Hg (Hg0) were a major product of MMHg photodecomposition (18), then this reaction could contribute to
the evasion of Hg0 from Toolik Lake (3 µg m-2 y-1; 7). If this
were the case, then sedimentary production, mobilization,
and photodecomposition of MMHg could serve as an
important natural mechanism of mercury detoxification in
lakes.
Photodecomposition is an important sink for MMHg in
Toolik Lake, and by extension, other oligotrophic lakes in
the Arctic. The magnitude of MMHg photodecomposition in
Toolik Lake suggests that sunlight-mediated demethylation
reactions may compete with bioaccumulation for MMHg
and thereby inhibit its uptake into aquatic food webs.
Accordingly, a decline in photodecomposition could enhance
MMHg bioaccumulation. This is of particular significance in
the Arctic where increases in primary production as well as
allochthonous inputs of photoactive DOM may accompany
continued warming in the Arctic (19, 20), and these would
attenuate the photon flux and photodecomposition of MMHg
in the water column. However, the effect of increased MMHg
bioavailability on bioaccumulation at higher trophic levels
may be ameliorated by dilution of MMHg in greater
planktonic biomass (21).
This study has shown that the rate of photodecomposition
is first order with respect to both MMHg concentration and
PAR intensity, largely supporting the results of an earlier
report for a temperate lake (6). However, compared to the
study of MMHg production in aquatic systems, there is a
paucity of information concerning its decomposition. Thus,
and especially given the estimated biogeochemical significance of this process to arctic lakes, there is a need for more
comprehensive and detailed examinations of the mechanisms
and factors affecting MMHg photodecomposition in surface
waters. Our ongoing and future research is examining the
roles of MMHg complexation, quantity and quality of
dissolved organic matter, and light wavelength on MMHg
photodecomposition in arctic lakes, as well as the Hg species
produced.

Kdecomp ) kCMMHgPAR
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(3)

where k equals 2.60 × 10-3 m2 E-1. This assumes that the rate
constant for MMHg photodecomposition in eq 1 (0.230 d-1),
which is based on samples incubated at the surface of Toolik
Lake, is, as noted, 43% greater than the rate constant that
can be attributed to PAR alone (0.161 d-1). Accordingly,
integration of eq 3 for vertical variations of MMHg concentration and PAR intensity can provide a first-order estimate
of the areal photodecomposition flux. This was done for
Toolik Lake, assuming the average surface intensity (62 E
m-2 d-1) and extinction coefficent (0.65 m-1) of PAR and
mean epilimnetic MMHg concentration (0.051 ng L-1)
measured at the time of these experiments was comparable
to that throughout the ice-free season. From these variables
and eq 3, the estimated photodecomposition flux of MMHg
in Toolik Lake is about 1.3 µg m-2 y-1, a flux limited to a
100-d period. This flux is enhanced less than 7% if a
photodecomposition rate constant of 0.230 d-1 is used for
the uppermost 30 cm of the water column in Toolik.
The significance of photodecomposition to the cycling of
MMHg in Toolik Lake can be placed in a broader context by
comparison to the sediment-water flux. In situ sedimentary
production and mobilization is the primary source of MMHg
in arctic Alaskan lakes, and we have estimated that the
diffusional efflux of MMHg from sediments in Toolik Lake
is about 1.6 µg m-2 y-1 (8). Comparison of these fluxes
indicates that, during the ice-free season, photodecomposition can account for about 80% of the MMHg mobilized
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