Atmos. Chem. Phys. Discuss., 11, 3663—-3691, 2011 _—K Atmospheric
www.atmos-chem-phys-discuss.net/11/3663/2011/ Chemistry
doi:10.5194/acpd-11-3663-2011 G and Physics

© Author(s) 2011. CC Attribution 3.0 License. Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Temperature and sunlight controls of
mercury oxidation and deposition atop
the Greenland ice sheet

S. Brooks1, C. Moorez, D. Lew1, B. Lefer3, G. Huey4, and D. Tanner”

'NOAA ATDD, 456 S. lllinois Ave, P.O. Box 2456, Oak Ridge, TN 38731, USA

2University of Maryland Center for Environmental Science, Appalachian Laboratory, Frostburg,
MD 21532, USA

3University of Houston, Department of Earth and Atmospheric Sciences,

312 Science & Research Building 1, Rm. 312, Houston, TX 77204, USA

4Georgia Institute of Technology, School of Earth & Atmospheric Sciences, Atlanta,
GA 30332, USA

Received: 28 December 2010 — Accepted: 4 January 2011 — Published: 1 February 2011
Correspondence to: S. Brooks (steve.brooks @ noaa.gov)

Published by Copernicus Publications on behalf of the European Geosciences Union.

3663

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 3663-3691, 2011

Temperature and
sunlight controls of
mercury oxidation
and deposition

S. Brooks et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/3663/2011/acpd-11-3663-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/3663/2011/acpd-11-3663-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

We conducted the first ever mercury speciation measurements atop the Greenland ice
sheet at Summit Station (Latitude 72.6° N, Altitude 3200 m) in the Spring and Summer
of 2007 and 2008. These measurements were part of the GSHOX campaigns inves-
tigating the importance of halogen chemistry in this remote environment. Significant
levels of BrO (1-5 pptv) in the near surface air were often accompanied by depletions of
gaseous elemental mercury (GEM) below background levels, and in-situ production of
reactive gaseous mercury (RGM). While halogen (i.e. Br) chemistry is normally associ-
ated with marine boundary layers, at Summit, Greenland, far from any marine source,
we have conclusively detected bromine and mercury chemistry in the near surface air.
We suggest that the fate of the formed mercury-bromine radical (HgBr) is further oxida-
tion to stable RGM (HgBr,, HgBrOH, HgBrCl, etc.), or thermal decomposition. These
fates appear to be controlled by the availability of Br, OH, CI, etc. to produce RGM
(Hg(l)), verses the lifetime of HgBr by thermal dissociation. At Summit, the availability
of Br appears to be controlled by J(Br,), requiring a sun angle of > 5 degrees, while
the formation of RGM from HgBr requires a temperature < —15°C. The majority of the
deposited RGM is readily photoreduced and re-emitted to the air as GEM. However, a
very small fraction becomes buried at depth. Extrapolating to the entire Greenland ice
sheet, we calculate an estimated net annual sequestration of ~ 13 metric tons Hg per
year, buried long-term under the sunlit photoreduction zone.

1 Introduction

In Spring 2007 and again in Spring/Summer 2008 we conducted the first ever mercury
speciation measurements atop the Greenland ice sheet at Summit Station (Latitude
72.6° N, Altitude 3200 m). These measurements were part of the larger GSHOX cam-
paigns investigating the importance of halogens in this remote environment. Significant
levels of BrO (1-5 pptv) were observed in the near surface air utilizing both a differential
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optical absorption spectrometer (DOAS) and a chemical ionization mass spectrometer
(CIMS). The presence of Br chemistry in the near surface air was most often accom-
panied by a decrease in concentration of gaseous elemental mercury (GEM) below
background levels, and simultaneous in-situ production of reactive gaseous mercury
(RGM). This chemical phenomenon is termed an atmospheric mercury depletion event
(AMDE). These events have been found to be common at polar coastal and marine
locations. Here we report the first Hg speciation measurements to demonstrate that
AMDE chemistry occurs at the top of the Greenland ice sheet, nearly 1000 km from the
nearest marine environment.

Summit is a remote camp several hundreds of kilometers from any population or
infrastructure. Mercury emissions from the camp itself were not detected. All atmo-
spheric sampling was conducted in the clean air sector at an all-electric satellite camp
located roughly 1.5 km South-Southwest of the main Summit Station. Wind direction at
Summit is seldom from the North, placing our atmospheric sampling predominately on
the upwind side of main station.

Previous atmospheric chemistry investigations at Summit (Sjostedt et al., 2007) had
hinted at active bromine chemistry, but showed no direct evidence and questionable
mechanisms for Br transport to Summit. Here we confirm active Br + Hg chemistry at
Summit, although the specific pathway(s) for Br transport to the site are yet to be fully
understood.

2 Prior polar mercury measurements

The initial discovery of AMDEs was made in Alert, Canada in 1995 (Schroeder et al.,
1998). It was shown that GEM was oxidized and deposited onto arctic snow surfaces
more rapidly than was previously thought possible. In recent years, AMDEs have been
observed at a variety of polar coastal sites including Barrow, Alaska (Lindberg et al.,
2002), Neumeyer, Antartica (Ebinghaus et al., 2002), Ny-Alesund, Svalbard (Berg et
al., 2003), Station Nord, Greenland (Skov et al., 2004), and Amderma, Russia (Steffen
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et al., 2005). More recently Brooks et al. (2008) and Dommergue et al. (2010) reported
AMDE-like mercury oxidation and deposition atop the Antarctic ice sheet at South Pole
and the French-Italian Concordia Base, respectively.

In general, it has been determined that polar AMDEs result from GEM/halogen
chemistry (Steffen et al., 2008), and are confined to the shallow atmospheric bound-
ary layer (typically less then a few hundreds of meters; Banic et al., 2003; Tackett et
al.,, 2007). AMDEs are considered the predominate pathway for mercury deposition
to the polar regions as GEM itself does not condense or dry deposit, and is not sig-
nificantly adsorbed onto snow and ice surfaces (Bartels-Rauch et al., 2002; Ferrari et
al., 2004). Deposition from AMDEs can dramatically increase mercury concentrations
in the surface snow up to 500 ng I~ (Lindberg et al., 2002; Lu et al., 2002; Brooks et
al., 2006). However, it has also been observed that, within hours of deposition under
sunlit conditions, the majority of the deposited Hg is photoreduced and re-emitted as
GEM back to the atmosphere (Lalonde et al., 2002; Lalonde et al., 2003; Dommergue
et al., 2003). Net deposition relies on mercury-rich snow becoming buried below the
sunlit layer (~ 10 cm; King and Simpson, 2001) by drifts or additional snowfall (Brooks
et al., 2008). Estimates of net deposition to the Arctic are therefore difficult. A current
estimate of 300 metric tons Hg per year was suggested by Ariya et al. (2004). The
observations reported here, indicating that AMDE chemistry and deposition occur atop
the Greenland ice sheet, will upwardly revise this estimate for the Arctic by ~ 4-5%.

3 Implications

Increasingly, ice cores from Greenland and Antarctica are being used to elucidate the
atmospheric and climate history of this planet. While mercury data from the ice sheet
corings are sparse, pre-industrial mercury net deposition from ice coring, covering the
past 34 000 years, show that mercury deposition was highest during the last glacial
maximum (Vandal et al., 1993). Post-industrial ice coring in Greenland, showing mer-
cury deposition from 1949 to 1989, indicate higher net deposition rates in the 50’s and
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60’s followed by a decrease in recent years (Boutron et al., 1998; Mann et al., 2005).
These higher levels in the 50’s and 60’s, followed by steadily decreasing levels, roughly
correlate with the anthropogenic emissions trend in the Northern Hemisphere.

Mercury, as a stable element, is neither created nor destroyed. While other com-
pounds within ice cores may change over time, total mercury concentrations will remain
forever unaltered.

By understanding current Hg chemistry, deposition and burial, it may be possible
that Hg recovered from Greenland ice cores along with other species, may indicate
past gaseous elemental mercury concentrations, snow burial rates, and/or halogen
chemistry levels.

4 Measurements

Our mercury speciation sensor suite consisted of Tekran models 2537a/1130/1135
for the determination of gaseous elemental mercury (GEM, Hg°), reactive gaseous
mercury (RGM, Hg(ll,g)), and fine particulate mercury (FPM, Hg(ll,p)), respectively
(Fitzgerald and Gill, 1979; Lu et al., 1998; Landis et al., 2002).

The system was set to collect RGM and FPM for one hour, while concurrently collect-
ing and analyzing 5-min GEM samples. At the end of the sampling hour, the system
analyzed the preconcentrated RGM and FPM over the following hour. The resultant
dataset consists of 12 one-hour RGM and FPM samples daily, and the same 12h of
5-min GEM samples. Effectively, the sampling system runs 50% of the time and ana-
lyzes, without sampling, 50% of the time. Therefore, not all short duration (minutes to
one hour) mercury events are captured.

Inlet air to the Tekran 1130 pump unit swas pre-conditioned with a Tekran model
1102 air drier. The system was placed ~ 3m South-Southwest of a small shelter at
the satellite camp, with the inlet ~1.3m above the surface. At this height the inlet
was sufficiently above the blowing snow layer, but in the lowest few percent of the
atmospheric boundary layer, which was often as shallow as a few tens of meters.
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Specific care was taken for the cold, high-altitude environment. The case heaters for
the 1130 and 1135 front end units were increased from 100 (standard) to 200 watts.
Additional foam insulation was used to cover the bottom vented plate in the 1135 front
end unit, and the side vent of the 1130 front end unit. These were done to minimize
the variation in interior temperatures regardless of wind and weather conditions. Like-
wise, the heated sample lines were kept fully external to the climate controlled shelter.
Otherwise, temperature changes between interior and exterior portions would induce
hot/cold zones and mercury absorption/desorption at the tubing walls. To compensate
for the high altitude of Summit, we reduced the mass flow through the system to re-
tain the ~ 0.1s designed residency time for ambient air over the KCl-coated annular
denuder.

All snow samples were collected from the top 3-5cm in pre-cleaned bottles using
clean techniques and later analyzed for total mercury using EPA method 1631 (detec-
tion limit ~ 1ng1™").

5 Quality assurance

The mercury system was leak tested and zero-air tested at least daily. The Tekran
model 2537a internal permeation source calibrations were performed at 26-h intervals.
All snow samples were refrigerated and hand-carried back to the analysis laboratory.
Water blanks, bubbler blanks, and NIST standards were analyzed in conjunction with
the samplers following EPA method 1631 for determining total mercury in the range of
0.5-100ng I~ (Titled — Mercury in water by oxidation, purge, and trap, and cold vapor
atomic fluorescence spectrometry).

6 Measured mercury species

The three measured atmospheric mercury species are: (1) gaseous elemental mercury
(GEM) or Hg (0); (2) reactive gaseous mercury (RGM), consisting of Hg (11,9) or Hg (1,9)
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compounds; and (3) particle-bound Hg (Il or I,s) mercury, which we measured only
in the fine particle fraction (FPM, PM, ). At present, RGM and FPM, being without
standards, are merely operationally defined.

GEM has an average atmospheric lifetime of about one year (Schroeder and Munthe,
1995) which permits near-homogeneous mixing at the hemispheric scale, with a north-
ern hemispheric background of ~1.5ng m~3. GEM is relatively insoluble, and therefore
is not wet deposited, and near-surface atmospheric concentrations are unaffected by
snow or fog events. GEM comprises ~ 97% of the total atmospheric mercury in the
troposphere (e.g. Slemr et al., 2003) and has many natural and anthropogenic sources
(volcanoes, enriched soils, coal combustion, biomass burning etc.). However, none of
these sources are present in central Greenland.

RGM is operationally defined as mercury collected by a KCI coated denuder tube.
RGM is typically believed to be dominated by Hg(ll) such as HgCl,, HgCIX and Hg-
BrX. RGM is typically rare in the lower troposphere, ~1-2 pg m™° (sub-parts per trillion
levels), comprising just ~ 1% of total atmospheric mercury. RGM is extremely water
soluble, has a high dry deposition rate and so is rapidly removed from the near-surface
air (lifetime in the near-surface air is typically just hours). With the exception of ac-
tive volcanoes, RGM has negligible natural surface sources and is primarily emitted by
coal combustion, cement manufacturing, and industrial processes (all absent in cen-
tral Greenland). RGM can also be produced in-situ by the atmospheric oxidation of
gaseous elemental mercury. RGM has the potential to convert to FPM in the presence
of sea salts and other aerosols.

FPM is comprised of oxidized mercury bound to fine (PM, 5) particles. FPM has a
low, but significant, dry deposition rate, and in the absence of precipitation, a significant
lifetime in the near-surface air (1-2 days). FPM is the least studied and least measured
form of atmospheric mercury. FPM is typically rare (~1-5pg m’3) in the near surface
air, but more common near the tropopause. Potential mercury cycling between RGM
and FPM has not been fully studied.
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7 Results

GEM measurements showed a consistent background level close to northern hemi-
spheric background levels of ~ 1.5ng m™° (Figs. 1 and 2). GEM depletions below
background were generally on the order of 0.1 ng m~2, and were most often accompa-
nied by a nearly equal increase in RGM on the order of 100 pg m~3. RGM and FPM
concentrations ranged from below detection limit (BDL: ~ 1.0 pg m‘s) to 246.8 pg m™°
and 151.3pg m'3, respectively. Surface snow collected every other day throughout
the 2007 and 2008 campaigns averaged 5.6 ng I=! for total mercury with no apparent
trends. Missing FPM data in 2007 was due to a recurring electrical short in the model
1135 particulate heater unit. Missing GEM periods in 2008 were due to problems asso-
ciated with the fouling of the in-line soda-lime trap, just upstream of the Tekran 2537a
inlet. This problem was eventually traced back to a specific batch of soda-lime. RGM
and FPM are reported for this period because, unlike GEM, these measurements are
based on a “difference method”. The average diurnal pattern for the measured mercury
species for all of the 2007 campaign is shown in Fig. 3.

Br species and chemistry were significantly lower in 2008 than in 2007, even when
comparing the same June overlap period. Overall the levels of BrO were lower and
less diurnally consistent in 2008 compared to 2007 (Stutz et al., 2011; Liao et al.,
2011; Dibb et al., 2010). Total mercury in surface snow was slightly less in 2008 than
in 2007 during the overlap period, and GEM showed significantly less variation in 2008.

When comparing concentrations of GEM, RGM, FPM, and BrO, with lifetimes of
months, hours, hours to days, and seconds, respectively, it is often difficult to find
representative time periods. Periods selected are times of relatively stationary meteo-
rology, or at least multi-day time periods with a similar diurnal meteorological pattern.
Both of our selected periods in this section were characterized by light winds, and were
bounded by higher wind speeds (>8m 3_1) before and after their start/end times.

The first period of interest, 14—19 May 2007, is shown in Fig. 4, with the average
diurnal pattern shown in Fig. 5. Here the sun dips to near-zero elevation at night,
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and temperatures were consistently < —15°C. Winds were generally light (1-6m s,
precipitation was negligible, blowing snow was absent, and skies were generally clear.
For this period we see the obvious signs of typical daily AMDE’s. Mercury showed
distinct diurnal changes in speciation that appear consistent with midday Br chemistry.
GEM often decreased at mid-day, while RGM was increasing. RGM then decreased
after midday with deposition to the snow surface. GEM spiked just after peak solar
consistent with photoreduction and surface emissions of the recently deposited RGM.
Also FPM peaked at night, out of phase with the RGM, due to colder temperatures
favoring RGM absorption onto particles. Ozone also showed partial depletions midday,
dropping ~ 3 ppb, consistent with Br chemistry, and anti-correlation with RGM.

The second period of interest, 14—19 June 2008, average diurnal pattern is shown
in Fig. 6. Winds varied between 2—7m s, again precipitation was negligible, blowing
snow was absent, and skies were generally clear. The sun was significantly above
the horizon 24 hours a day, and temperatures varied from —27 to -7 °C. Here we see a
substantially different diurnal pattern (Fig. 6). GEM does not deplete noticeably, but the
afternoon photoreduction and surface emissions are still present, as demonstrated by
the afternoon GEM enhancements. RGM and FPM are both peaking at “night” during
colder (< —15°C) temperatures.

8 Bromine/Mercury chemistry

If Greenland AMDE chemistry is similar to other polar locations, then under sunlit
conditions bromine gas dissociates, catalyzes the destruction of ozone, and oxidizes
gaseous elemental mercury (GEM or Hg°) to reactive gaseous mercury (RGM) via:

Br, + hv — 2BrJ(Br»)
Br+ O3 —» BrO+ 0,

BrO + BrO — Br, + O,
3671
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or
Hg® + Br«—— HgBr (radical precursor to RGM, favored by cold temperatures)

The mercury bromide radical Hg(l) formed in the above mechanism thermally dissoci-
ates or may react further with e.g. Br, OH, or Cl, leading to reactive gaseous mercury
as Hg(ll) (Goodsite et al., 2004). Therefore the fates of HgBr include:

HgBr— Hg + Br Ki
HgBr+ Br — HgBr, K2
HgBr+ OH — HgBrOH K3
HgBr + Cl — HgBrCl K4

Summation [RGM] = [HgBr] (K2 [Br] + K3 [OH] + K4 [CI]) - K1 [HgBr]

The newly formed RGM then deposits rapidly to the snow pack with a high deposi-
tion velocity (~1-2cm s ), or becomes bound to airborne particles forming FPM. The
global control on this mechanism is thought to be thermal dissociation of HgBr prior to
forming the stable RGM (HgBrX). The lifetime against thermal dissociation of HgBr is
thought to double with every 6 °C drop in temperature (Holmes et al., 2006). Holmes
et al. (2006) also concluded that broad uncertainties in the kinetic rates, especially for
reactions involving HgBr as a reactant, need to be resolved in order to validate this as
a functioning mechanism. Here we will assume this is a valid mechanism, and seek to
determine the sunlight and thermal dissociation controls.

In the past it has been difficult to isolate the influences of J(Br,), and the thermal de-
composition lifetime of HgBr. At coastal locations Br, concentrations vary with marine
verses continental air, and rapidly changing sea ice conditions. Non-homogeneous up-
wind conditions may transport RGM and/or Br into the measurement location. Periods
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of varying winds, which affect boundary layer depths and mixing, confound efforts to
isolate these variables. For two distinct sub-periods at Summit, Greenland the above
confounding effects are all absent or minimal.

The two sub-periods (14—-19 May 2007 and 7—13 June 2008) mentioned previously,
best demonstrate the controls of solar (J(Br,)) and air temperature. During both pe-
riods winds were generally light (<1—6ms'1 during 7-13 May and 2-7ms”™’ during
7-13 June), precipitation was negligible, blowing snow was absent, and skies were
generally clear. Both of these periods are bounded by higher wind speeds (>8m s'1)
at their beginnings and endings. Figures 7 and 8 show the RGM from our selected
periods, air temperature and J(Br,) for the photodissocation production of monatomic
Br.

During the period 7-13 May (Fig. 7), the air temperature was consistently below
-15°C and RGM was strongly correlated to J(Br,) and decoupled from temperature.
RGM peaks were well defined at maximum solar elevations with broad FPM enhance-
ments at near-zero solar elevations (Fig. 3). Gaseous elemental mercury (GEM)
concentrations (Fig. 3) were approximately Northern Hemisphere background levels,
~1.5ng m'3, with small decreases in concentrations during midday RGM production,
and enhancements from photoreduction coincident with newly deposited RGM.

During the period 7-13 June (Fig. 8), the air temperature varied from -27 to -7 °C,
and thermal dissociation of HgBr dominated over the formation of HgBrX during the
higher midday air temperatures. J(Br,) was well above zero over the 24 hours/day of
sunlight. Therefore, RGM enhancements were decoupled from solar J(Br,) and were
strongly anti-correlated to air temperatures. GEM concentrations (Fig. 6) showed little
decrease at the on-set of RGM enhancements, and GEM enhancements were bimodal
with enhancements from photoreduction coincident with newly deposited RGM, and
again from photoreduction broadly centered around daily maximum solar.

Based on these observations we conclude that by assuming consistent concentra-
tions of X (Br, Cl, OH) in the reactions HgBr + X — HgBrX, we can define the solar ele-
vations and temperatures where GEM conversion to RGM should occur. We calculate
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that GEM oxidation to RGM (Hg(ll)) atop the Greenland ice cap requires solar elevation
angles > 5 degrees and air temperatures < —15°C. We expect this assumption to fail at
coastal locations where Br and Cl are episodically enriched. At Point Barrow, Alaska, at
a similar latitude as Summit, Greenland, we have measured significant concentrations
of RGM (> 10 pg m_s) up to a temperature of —6°C (Lindberg et al., 2002).

Br is the only oxidant known to be capable of oxidizing GEM to RGM rapidly enough
to create the pronounced diurnal variations of RGM we observed. Nighttime minima of
RGM suggest that deposition to the snow is a strong sink, and imply an RGM lifetime at
Summit during our campaign in the 3—10h range. Assuming that a 7 h lifetime is short
enough that RGM production is roughly balanced by deposition allows estimation of Br
from the steady state relationship:

[Br] = [RGM]

[GEM]-Kg.gem* (7 )

It should be noted that kg,.gem IS Not well established, with determinations re-
ported by Ariya et al. (2002) and Donohoue et al. (2006) as (3.2+0.3) x 10'? and
(3.6 £ 50%) x 10~"® cm® molecule™ s1, respectively. As these rates differ by an or-
der of magnitude, the estimated [Br] is highly uncertain. Using [RGM] = 100 pg m‘3,
[GEM] =1500pg m=3, [Br] equates to 5.8 x 10° and 5.2 x 10° molecule cm ™ (~0.03
and 0.3 pptv) based on the rates of Ariya et al. (2002) and Donohoue et al. (2006),
respectively.

High correlations between RGM and BrO, for any extended period of time, were rare
at Summit. Likely reasons for the lack of correlation include: RGM deposits rapidly to
the snow surface except under very light winds, and RGM is not formed above —-15°C,
or when the solar elevation is less than 5 degrees. There was only one multi-day
period during the entire study when wind speeds were consistently below 3 m s™'. The
temperatures were also cold, varying from a period high of —12°C to a low of -24°C,
sufficiently for RGM production under 24 h sunlight (> 5 degrees). This period, 8, 9,
and 10 June is shown in Fig. 9. Note that RGM does not disappear at night due to 24 h
sunlight.
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A single snow core was obtained using a pre-clean Kovacs coring instrument at
Summit in June 2008. Total Hg in the firn was measured every ~ 30cm to a depth of
7.1 m. Total Hg at depth (below the first meter) averaged 3.0 g I=!, with no recognizable
pattern or trend with increasing depth.

9 Discussion and extrapolation to the vast Greenland ice sheet

The Greenland ice sheet covers an area of ~ 14 million km? with an annual snow ac-
cumulation rate of ~ 300 kg m~2 (Bales et al., 2001). From our snow coring measure-
ments, total mercury averages 3.0ng I~ at depth. From these values we calculate that
the Greenland ice sheet sequesters ~ 13 metric tons Hg per year at depth. We pos-
tulate that, while the vast majority of deposited RGM is photoreduced and re-emitted
within hours, a small fraction of deposited mercury is buried by falling or drifting snow
below the sunlit zone (top ~ 10 cm) becoming sequestered long-term.

We assume here that the chemical composition of the near-surface air over the vast
Greenland ice sheet does not vary significantly from those measured at Summit, giving
a temperature cutoff for RGM formation at ~ —15°C. We expect this assumption to fail
at coastal locations near the sea ice where Br is significantly more enriched.

The production of RGM over snow surfaces appears to depend on solar elevation
angle >5 degrees and air temperatures < —15°C. While J(Br,) is not thought to vary
significantly at a given ice cap location from year to year, air temperature may vary
significantly and affect overall RGM production and subsequent deposition.

Using solar elevation > 5 degrees and air temperatures < —15°C as the criteria for
RGM production, we generated the RGM formation maps shown in Fig. 10. RGM
production is predicted in the southern half of the ice cap from the beginning of January,
and proceeds northward during February and covering all of Greenland by March and
April. In May, average temperatures rise well above —15°C in southern Greenland and
at the lower coastal elevations. By June, RGM production is restricted to the higher ice
cap elevations. These conditions persist through the summer months. In October, the
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area of RGM production begins to increase with dropping temperatures. By November,
RGM production halts in the Northern half of Greenland due to lack of sunlight. In
December, only the southern half of Greenland experiences RGM production.

Regional warming at high latitudes will likely reduce RGM production and deposition.

Should the Greenland ice cap warm considerably, the periods of solar elevation
> 5 degrees with temperatures below <-15°C would decrease in duration. This
would likely lead to lower rates of RGM formation and lower deposition rates. On
the other hand, warmer temperatures could result in increased snow accumulation and
increased Hg burial rates.

10 Conclusions

Halogen (such as bromine, Br) chemistry is normally associated with marine boundary
layers, not remote high-altitude ice sheets. However, at Summit, Greenland, we have
conclusively detected bromine and mercury chemistry in the near surface air. We
conclude that the fate of the mercury-bromine radical (HgBr) is further oxidation to
stable RGM (HgBr,, HgBrOH, HgBrCl, etc.), or thermal decomposition. These fates
appear to be controlled by the availability of Br, OH, CI, etc. to produce RGM, verses
the lifetime of HgBr by thermal dissociation. At Summit, the availability of Br appears
to be controlled by J(Br,), requiring a sun angle of > 5 degrees, while the formation of
RGM from HgBr requires a temperature < -15°C.

At Summit most of the deposited RGM is readily photoreduced and re-emitted to the
air as GEM. However, a very small fraction becomes buried at depth resulting in an
estimated annual sequestration of ~ 13 metric tons Hg per year for the Greenland ice
sheet.
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RGM peaks with colder “nighttime” temperatures.
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Fig. 7. Reactive gaseous mercury (RGM),

J(Br, + hv — 2Br), and air temperature at Summit,

Greenland, 14-19 May 2007. Under uniformly cold < —15°C conditions RGM enhancements

are well correlated to Br production (J(Br
angles.

»))- J(Bry) is very close to zero at near-zero solar
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Fig. 9. RGM and BrO from 2007.
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Fig. 10. Seasonal plots of the area of the Greenland ice cap where solar elevation exceeds
7 degrees and where the average daily low temperature is < —15°C (shaded).
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