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ABSTRACT
Mercury is a persistent, toxic and bio-accumulative pollutant of global interest. Its main mass in the troposphere is in
the form of elemental gas-phase mercury. Rapid, near-complete depletion of mercury has been observed during spring
in the atmospheric boundary layer of frozen marine areas in Arctic, sub-Arctic and Antarctic locations. It is strongly
correlated with ozone depletion. To date, evidence has indicated strongly that chemistry involving halogen gases from
surface sea-salt is the mechanism of this destruction. Precisely which halogen gases are the main players has remained
unresolved. Our novel kinetic data and multiscale modelling show that Br atoms and BrO radicals are the most effective
halogens driving mercury oxidation. The reduction of oxidized mercury deposited in the snow pack back to Hg® and
subsequent diffusion to the atmosphere is observed. However, it cannot compensate for the total deposition, and a net
accumulation occurs. We use a unique global atmospheric mercury model to estimate that halogen-driven mercury
depletion events result in a 44% increase in the net deposition of mercury to the Arctic. Over a 1-yr cycle, we estimate

an accumulation of 325 tons of mercury in the Arctic.

1. Introduction

It has now been 5 yr since Schroeder et al. (1998) reported
surprisingly rapid depletion of mercury vapour from the atmo-
spheric boundary layer during spring ozone depletion events in
the high Arctic at Alert (82.5°N, 62.3°W), Canada. Since then,
there has been a growing body of observational evidence indi-
cating that Hg?g) depletion is widespread in polar regions in the
Arctic (Lindberg et al., 2002), Antarctica (Ebinghaus et al., 2002)
and the marine sub-Arctic, and is associated with enhanced mer-
cury deposition in surface snow and ice (Lu et al., 2001). Interest-
ingly, nearly complete depletion of ozone in the boundary layer
over large areas and evidence of reactive halogens have been
observed during most mercury depletion events (MDEs) (Barrie
et al., 1988; Barrie and Platt, 1997; Foster et al., 2001; Laurier
et al., 2003).

The dominant form of mercury in the atmosphere is elemental
mercury (Hg?g)) which is generally assumed to be long-lived
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(~1-2 yr) (Schroeder et al., 1998). Upon reaction with atmo-
spheric oxidants, including halogens, it can be transformed to
oxidized compounds (predominantly Hg*? and, in the case of
BrO-initiated reactions, Hg*?> and Hg*' (Ariya et al., 2002;
Raofie and Ariya, 2003). Both Hg*? and Hg*! are more hygro-
scopic than Hg?g), are readily deposited on aerosol or ice and may
potentially be assimilated into the food chain upon snowmelt.
Indeed, very toxic methyl mercury can be produced from inor-
ganic Hg*? precursors, and can be biomagnified in the human
food chain via natural biotic and abiotic processes (AMAP 1998;
ATSDR 1999; Takizawa and Osame, 2001). It has become in-
creasingly clear that mere physical processes such as adsorption
and condensation of Hg?g) on surfaces, including snow and ice-
fog crystals, cannot elucidate the magnitude of disappearance of
Hg?g) in the boundary layer (Lu et al., 2001). Indirect evidence
indicates that chemical/photochemical reactions of halogens are
involved in mercury destruction and are strongly correlated with
ozone depletion chemistry (Lindberg et al., 2002; Laurier et al.
2003; Calvert and Lindberg, 2003). However, until now, the lack
of kinetic data has precluded the drawing of any definite con-
clusions on whether the disappearance of atmospheric mercury
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in the Arctic at springtime can cause a net loss of mercury in
the troposphere, and whether this may lead to accumulation
in terrestrial and aquatic systems. We have now made the ki-
netic measurements, and we explore their implications in this

paper.
2. Methods

2.1. Field measurement of gaseous elemental mercury

Using the automated Tekran Inc. 2537A mercury vapour mon-
itor, operated with 5 or 30 min integrated sampling (pre-
concentration) time, continuous ground-level measurements of
atmospheric gaseous elemental mercury were performed at Alert
(Schroeder et al., 1995). Air samples were taken with a heated
Teflon line equipped with a 47 mm diameter Teflon filter (0.2 ©m
pore size) located at the inlet of the sampling line, and a similar
filter located at the “sample in” port at the rear of the instrument.

2.2. Snow experiments

We conducted photoinduced Hg(Il) reduction experiments by
incubating freshly sampled snow in 1 1 Teflon bottles under
the sun (Lalonde et al., 2002). Hg?aq) levels were analysed in
snowmelt with a gas-phase atomic fluorescence spectrometer
(Tekran 2537). The method uses the 1.5 1 min~' flow of the Hg
analyser to purge and analyse discrete snowmelt samples, gener-
ating near real-time (5 min) data on Hg?Clq> in samples and blanks.
The working detection limit of this method was calculated as
<0.01 pmol, or three times the standard deviation of 10 system
blanks. Volumes of 100 to 350 ml were decanted into a 500 ml
glass bubbler and purged for from 10 to 20 min using a zero air
generator (Tekran model 1100). Dissolved organic carbon was
quantified with a Technicon autoanalyser by persulfate—UV ox-
idation, followed by conductiometric determination of the CO,
released.

2.3. Model descriptions

2.3.1. Box model. We used Moccalce (Model Of Chemistry
Considering Aerosols In Cold Environment) to investigate the
chemistry of molecular and atomic halogens during the Arctic
tropospheric mercury depletion events. Previously used for the
marine air at mid-latitudes (Sander et al., 1997), Moccalce has
now been modified to include the chemistry of mercury. Moc-
calce contains 157 reactions in the gas phase and 102 in aerosol
particles. The number of chemical species is 83 in the gas phase
and 68 in the aqueous phase. Since the Arctic air mass is very
stagnant during ozone depletion, coinciding mostly with MDEs,
the boundary layer can be treated as a “smog chamber” reac-
tor. The reactions of mercury with HO, O3, Cl,, Br,, Cl and Br
are parametrized in the model considering the initial attack. The
model runs start at Julian day (JD) 90 (JD 1 = 1 January) with

initial concentrations set to typical values for the Arctic spring.
Emissions of Br, and Cl, by a marine halogen source were at
rates of 17 pmol mol~! day~' and 113 pmol mol~! day~! respec-
tively. Cl and Br radicals were generated upon the photolysis of
Cl, and Br, (Sander et al. 1997). The daytime concentrations
of HO, Cl and Br are approximately 10~ cm~3, 10~* cm~> and
1077 cm™ respectively.

2.3.2. Global atmospheric mercury model. At the Meteoro-
logical Service of Canada (MSC), we have developed a Global—
Regional Atmospheric Heavy Metals Model (GRAHM) which
is an Eulerian, multiscale, on-line, high-resolution (horizon-
tally and vertically) general circulation model (Dastoor and
Larocque, 2003). The model makes use of uniform global res-
olution and high-resolution cascading windows to focus on the
Arctic region. Dry deposition of elemental, reactive and particu-
late mercury is treated in the GRAHM model with a detailed dry
deposition scheme which is based on multiple resistance theory
which is a function of micrometeorological conditions, land-
use types, seasons, ground conditions and particle size distri-
bution. The model includes Reactive Gaseous Mercury (RGM)
and ice/snow interactions as scavenging of RGM by ice/snow,
but heterogeneous chemistry is not treated due to the lack of
data. The global domain provides the exchange of large-scale
features with the Arctic. Gaseous- and aqueous-phase mercury
chemistry, turbulent planetary boundary layer mixing of mo-
mentum, heat, moisture and mercury species over land, water
and ice/snow, surface-layer processes, gravity wave drag, cloud
processes, solar and infrared radiation, deep and shallow convec-
tion, dry deposition and revolatilization of mercury species form
the set of chemical and physical processes in the model.

3. Results and discussions

Based on the observed high concentration of BrO in the polar
troposphere (Richter et al., 1998, 2002; Miiller et al., 2002; van
Roozendael et al., 2002), particularly during the MDEs, it has
been assumed that BrO is a key player in Hg” destruction (Lu
etal., 2002). We examined the relative importance of BrO, other
halogenated species (X/X,; X =Cl, Br), and non-halogenated
Hg” oxidants such as HO and O3, using a detailed chemical box
adjusted for the Arctic environment (see Section 2 and Fig. 1a). It
incorporated our novel kinetic results of BrO, and other halogens
with mercury (Table 1). Similar to the slow reaction of O3 with
Hg® (P’yankov, 1949; Schroeder et al., 1995; Hall, 1995; Ariya
and Ryzhkov, 2003; Pal and Ariya, 2004), our model simulations
indicate that the reactions of C1, and Br, with Hg® are far too slow
to be important atmospheric sinks for mercury (Fig. 1b). Despite
the expected decrease in HO production from O3 photolysis, as
a result of the high solar zenith angle and low partial pressure
of water vapour in the Arctic atmosphere, model estimates of
HO concentration are higher than the values expected from pure
gas-phase chemistry (Paterson and Reeh, 2001), hinting at influ-
ence of the snow pack (Domine and Shepson, 2002). Hydroxyl
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Table 1. Lifetime of Hg® upon reaction with selected atmospheric oxidants at 298 K
Rate constant [Oxidant] Lifetime®

Reaction ((:m3 molecule™! s71) (cm™3) (days) Reference
Hg" 4 Cl; — products (26402) x 10718 2.5 x 1000 178 Ariya et al. (2002)
]-[g0 + Brp — products 0.9+ 0.2) x 10716 2.5 x 10100 5 Ariya et al. (2002)
Hg® + Cl — products (1.0£0.2) x 10~ 1 x 10* 115 Ariya et al. (2002)
Hg® 4+ Br — products (3240.4) x 10712 1 x 107 0.40 Ariya et al. (2002)

1 x 108 0.04
Hg® + BrO — products 1078 <k <1071 7.5 x 108 1.03 Raofie and Ariya (2003)
Hg" 4+ 03 — products (3.0£2.0) x 1072 7.5 x 10! 514 Hall (1995)
Hg® + HO — products (8.7 £2.8) x 10714 1 x 10° 1330 Sommar et al. (2001)

1 x 100 133 Sommar et al. (2001)

Lifetime T = (k [Oxidant])~!, k is a second-order rate constant.

Both Cl; and Br; are photolysable to atomic CI and Br at tropospheric solar wavelengths during the polar sunrise and should be considered upper

limits.

€At 343 K calculated for k = (1.5 & 1.0) x 107'* cm® molecule™! s~!.

radical concentrations of 10° or 10° cm™ could not reproduce
mercury depletion events (Fig. 1b). Despite the measured fast
rate coefficient of Cl atom-initiated reaction of mercury, the in-
ferred concentration of Cl atoms (Jobson etal., 1994; Ariyaetal.,
1997) is far too low to play a significant role in the destruction
of mercury. The Br atom reaction rate and Br abundance in the
atmosphere are sufficient to destroy Hg? efficiently within a day.
BrO reactions can enhance the impact of Br atoms and shorten
the lifetime of mercury, though Br is a more effective oxidant
than BrO in Hg? destruction (Fig. 1). Itis noteworthy that we have
carried out sensitivity studies on the values of the rate constants
shown in Table 1 to account for the potential uncertainties of
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the reported values. Modifying the tabulated rate constants by
one order of magnitude did not alter the conclusions about the
importance of Br and BrO chemistry. Note that the lack of kinetic
studies on iodine—mercury reactions precludes evaluation of the
impact of iodine compounds at this stage. However, no success-
ful measurement of IO in the Arctic (i.e. the presence of reactive
iodine), has been made. There is much evidence indicating that
reaction of Hg® with halogens and associated ozone depletion
occur over seawater, and that mercury-depleted air masses are
transported over land afterwards, and hence observed in coastal
regions (e.g. Temme et al., 2003). Note that these modelling re-
sults do not imply on-site Hg® oxidation. Indeed, satellite column
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measurements at both poles indicate that BrO concentrations are
highest in coastal areas, or over seas, pointing to the required
presence of sea ice in BrO formation (Lu et al., 2001; Richter
et al., 2002).

Once deposited on snow via Br/BrO oxidation, through photo-
oxidation, Hg?g) can be produced and recycled back to the at-
mosphere at the snow/air interface (Lalonde et al., 2002). This
phenomenon occurs within hours of deposition and has been
observed in suburban and remote temperate locations. We re-
port here that this photoreduction occurs in the high Arctic at
Resolute Bay (75°N, 95°W). In low- and high-salinity (20—
2000 mg 17!) snow incubated in Teflon bottles under the sun,
we observed a rapid photoreduction of about 20 to 21% total
Hg within 3 h of exposure, at which time a plateau was reached
(Fig. 2). We consider this to be a lower limit, since we only
measured Hg” in snow not in interstitial air, and some of the
newly formed Hg® may have migrated from snow to air during
incubation. In previous studies in the sub-Arctic, we typically
found rapid losses of Hg” from the snow pack of the order of 40
to 50% over 48 h (Lalonde et al., 2002, 2003). Since Hg° can
be oxidized in the snow pack in the presence of sea-salt (Amyot
etal.,2003), we anticipate that coastal areas will be more prone to
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Fig 2. Observed reduction of mercury from the snow pack at (a) low
conductivity ([CI7] = 20 #+ 6 mg 1=1) or (b) high conductivity
([C17] = 1830 £ 276 mg 1=1), from Resolute Bay. Open circles
represent Hg?aq) levels in incubation bottles exposed to solar radiation
and closed circles represent dark controls.
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Fig 3. Plots of the intercepts in Hg—O3 correlation graphs for March,
April and May for the period of 1995 to 2001 at Alert based on weekly

averaged values from 11 to 216 measurements. The error bars indicate
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mercury accumulation than inland regions. Moreover, we anal-
ysed 7 yr (1995-2001) of continuous measurement of Hg” and
ozone at Alert. Correlation plots of ozone and Hg® were made
with hourly mean data for each month for 7 yr of observations.
During March, April and May we observed systematic strong
correlations of O3 and Hg’(r> > 0.8). Our analysis indicates
that the revolatilization of deposited mercury is not important
in the high Arctic Ocean boundary layer on timescales of sev-
eral weeks (i.e. the mean time between strong vertical mixing
events out on the ice) due to the strong correlation of ozone and
mercury depletion at Alert, leading to an intercept close to zero
in Hg—Oj3 correlation plots (e.g. for the month of April; Fig. 3).
However the intercept increases in the late spring (Fig. 3, month
of May) where the reduction is enhanced due to an increase in
temperature and/or photochemistry.

To investigate the impact of the MDEs on the Arctic envi-
ronment, we integrated the global atmospheric mercury model
GRAHM (see description in Section 2) with and without the
presence of MDEs (Figs 4a and b). Space—time distribution and
the physical and chemical mechanisms of MDEs in the Arc-
tic boundary layer are introduced into the model based on the
observed data, i.e. the lifetime of Hg® determined in this study
(Table 1), while assuming that these reactions require presence
of sea-ice. Without considering the Arctic MDEs, an estimated
about 225 tons yr~! total of mercury is deposited in the Arctic
(north of 60°N). Inclusion of MDESs in the model increases the
total deposition into the MDE region by about 135 tons yr~!
(100 tons yr~! inside and 35 tons yr~' outside the Arctic Circle).
It thus leads to deposition of 325 tons yr~! in the Arctic. The
highest deposition of mercury is observed in the European part
of the Arctic, downwind of major anthropogenic source regions,
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(a)

(b)

Fig 4. (a) Total annual accumulated mercury
deposition (g m~2 yr~!) without the Arctic
mercury depletion events (b) Total annual
accumulated mercury deposition (1g m~2
yr~1) with the Arctic mercury depletion

events.

while the lowest depositions are over the Canadian Arctic and
Greenland (Fig. 4a). Model results show that the transport of
mercury-depleted air masses can contribute to prolonged pe-
riods of depletion events in the polar regions, and occasionally

Tellus 56B (2004), 5

they can penetrate over land. The model estimates that almost all
of the oxidized mercury during MDEs deposits within the MDE
region (+99%). A detailed GCM modelling study including sev-
eral sensitivity studies will be presented in the near future.
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4. Conclusions

We conclude that reactions of Hg® with selected halogens, Br
and BrO (not Cl, Cl, or Br,), are efficient enough to account for
the observed losses of elemental mercury in the Arctic boundary
layer. The amount of mercury depletion in the Arctic spring is
quite significant and leads to a net loss of gaseous mercury from
the atmosphere to the snow surface. Global atmospheric mercury
modelling studies show that the Arctic is a sink for mercury, and
that MDEs enhance this situation. The mercury products of such
a transformation are more hygroscopic, may be readily deposited
and could be incorporated in the biota. We acknowledge the com-
plexity of mercury transformation, particularly at the interfaces,
and encourage further research into the understanding of mer-
cury chemical speciation and uptake/transformation on snow,
ice, interstitial air and interfaces.
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