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Abstract. We conducted the first ever mercury speciation entire Greenland ice sheet, we calculate an estimated net an-
measurements atop the Greenland ice sheet at Summit Staual sequestration of13 metric tons Hg per year, buried
tion (Latitude 72.86 N, Longitude 38.5W, Altitude 3200m)  long-term under the sunlit photoreduction zone.

in the Spring and Summer of 2007 and 2008. These mea-
surements were part of the collaborative Greenland Summit
Halogen-HQ experiment (GSHOX) campaigns investigat-
ing the importance of halogen chemistry in this remote envi-
ronment. Significant levels of BrO (1-5 pptv) in the near sur-

1 Introduction

In Spring 2007 and again in Spring/Summer 2008 we con-

face air were often accompameq by.dlurnal dlp.S IN gaseoUy \cted the first ever mercury speciation measurements atop
qlemental mercury (GEM), and In-situ produc_:tlon of reac- the Greenland ice sheet at Summit Station (7R.638.5 W,

tive gaseous mercury (_RGM)._Wh|Ie halogen (i.e. Br) Chem'AItitude 3200m). These measurements were part of the
istry |s.normally associated with marine boundary layers, atlarger GSHOX campaigns investigating the importance of

Summlt_, Greenland, far frqm any marine source, we_hav alogens in this remote environment. Significant levels of

conclusively detected bromine and mercury chemistry in theBro (1-5 pptv) were observed in the near surface air utilizing

hear _surfacg air. The _Ilkely fate O_f th_e formed mercury- both a differential optical absorption spectrometer (DOAS;
bromine radical (HgBr) is further oxidation to stable R_GM Stutz et al., 2011) and a chemical ionization mass spectrom-
(HgBra, HBrOH, HGBrC...), or thermal decqmpqsnmn. eter (CIMS; Liao et al., 2011). The presence of Br chemistry
These fates appear to be controlled by the ava|lab|I|_ty Qf Br’in the near surface air was most often accompanied by a dip
OfH|_’| CI?! (Etc.”t]o pro:jlége RG'YI (Hgglt))s’ VerSl_JtS ,:Ee Ilfe:;me in gaseous elemental mercury (GEM) concentrations, and si-
of Hgbr by thermal dissociation. ummit, the produc- ., jtaneous in-situ production of reactive gaseous mercury
tion of RGM appears to require a sun elevation ang|§5f (RGM). This conversion of GEM to RGM in the near sur-
deg_ree_s_, and an air temperature<of—15‘_’C. Possmly_ the face air has been found to be common during cele-Q° C),
availapility of Br, controlled_by photoly5|§ J(BY, requires sunlit times at polar coastal and marine locations (Steffen
a sun angle-5 degrees, while the formation of RGM from et al.,, 2008). Here we report the first Hg speciation mea-

HgBtr rs?:gﬁ/ls.a temg.leratﬁkei—lg c .dA pc()jrtlon Of.'E:eddf' th surements to demonstrate that significant GEM to RGM at-
posite IS readily photoreduced and re-emitted 1o | emospheric chemistry occurs at the top of the Greenland ice
air as GEM. However, a very small fraction becomes buried

. ; sheet, nearly 1000 km from the nearest marine environment.
at depth. Extrapolating core samples from Summit to the o .
Summit is a remote camp several hundreds of kilome-

ters from any population or infrastructure. Mercury emis-
sions from the main station itself were not detected, as

Correspondence tdS. Brooks evidenced by no statistical differences in Hg concentra-
BY (steve.brooks@noaa.gov) tions when our site was downwind of the main camp. All
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atmospheric sampling was conducted in the clean air sectdiayer (~10cm; King and Simpson, 2001) by drifts or addi-
at an all-electric satellite camp located roughly 1.5 km South-tional snowfall (Brooks et al., 2008). Determinations of net
Southwest of the main Summit station. Wind direction at deposition to the Arctic are therefore difficult. Current es-
Summit is seldom from the North, placing our atmospherictimates by Holmes et al. (2010) and Ariya et al. (2004) are
sampling predominantly on the upwind side of main station. 60 and 300 metric tons Hg per year, respectively. The ob-
Previous atmospheric chemistry investigations at Summitservations reported here, indicating that Hg chemistry and
(Sjostedt et al., 2007) had hinted at active bromine chemistrydeposition occur atop the Greenland ice sheet, will upwardly
but showed no direct evidence and speculative mechanismeevise these estimates for the Arctic 9%—20 %.
for Br transport to Summit. Here we confirm active Br+ Hg
chemistry at Summit, although the specific pathway(s) for Br1.2 Implications
transport to the site are yet to be fully understood.
Increasingly, ice cores from Greenland and Antarctica are be-
1.1 Prior polar mercury measurements ing used to elucidate the atmospheric and climate history of
this planet. While mercury data from the ice sheet corings
The initial discovery of Arctic mercury chemistry in the near are sparse, pre-industrial mercury net deposition from ice
surface air was made in Alert, Canada in 1995 (Schroedetoring, covering the past 34 000 yr, show that mercury depo-
et al., 1998). It was shown that GEM was oxidized and de-sition was highest during the last glacial maximum (Vandal
posited onto Arctic snow surfaces more rapidly than was pre-et al., 1993). Post-industrial ice coring in Greenland, show-
viously thought possible. In recent years, this chemistry hasng mercury deposition from 1949 to 1989, indicates higher
been observed at a variety of polar coastal sites includingnet deposition rates in the 1950’s and 1960’s followed by a
Barrow, Alaska (Lindberg et al., 2002), Neumeyer, Antartica decrease in recent years (Boutron et al., 1998; Mann et al.,
(Ebinghaus et al., 2002), Ny-Alesund, Svalbard (Berg et al.,2005). These higher levels in the 1950’s and 1960’s, fol-
2003), Station Nord, Greenland (Skov et al., 2004), and Am-lowed by steadily decreasing levels, roughly correlate with
derma, Russia (Steffen et al., 2005). More recently Brooks ethe anthropogenic emissions trend in the Northern Hemi-
al. (2008) and Dommergue et al. (2010) reported RGM pro-sphere. By understanding current Hg chemistry, deposition
duction and deposition atop the Antarctic ice sheet at Souttand burial, it may be possible that Hg recovered from Green-
Pole and the French-Italian Concordia Base, respectively. land ice cores along with other species, may indicate past
Previously at Summit, Greenland,iRat al. (2008) mea- gaseous elemental mercury concentrations, snow burial rates,
sured snowpack GEM in the interstitial air from the surface and/or halogen chemistry levels.
to a depth of 30m. They reported photolytic production
and destruction of GEM close to the snow surface duringl.3 Measured mercury species
summer, and dark oxidation of GEM up to 270 cm depth.
From measurements conducted in June 2006 they reporteihe three measured atmospheric mercury species are:
photochemical transformation of gaseous elemental mercuryl) gaseous elemental mercury (GEM) or Hg (0); (2) reactive
which resulted in diel variations in the concentrations of gaseous mercury (RGM) or Hg (l1,g); and (3) particle-bound
GEM in the near-surface interstitial air. Hg (Il or I,s) mercury, which we measured only the fine par-
In general, it has been determined that polar mercuryticulate mercury fraction (FPM, Pp%). At present, RGM
chemistry results from GEM oxidation by halogens (Stef- and FPM, being without standards, are merely operationally
fen et al., 2008), and is confined to the shallow atmospheriglefined.
boundary layer (typically less then a few hundreds of meters; GEM has an average atmospheric lifetime of a few months
Banic et al., 2003; Tackett et al., 2007; Mao et al., 2010).(Holmes et al., 2006) which permits some mixing at the
RGM production and deposition is considered the predomi-hemispheric scale, with northern hemispheric ambient levels
nant pathway for mercury deposition to the polar regions af ~1.5ngnT3. GEM is relatively insoluble, and therefore
GEM itself does not condense or significantly dry depositis not wet deposited, and near-surface atmospheric concen-
(dry deposit is very slow), and is not significantly adsorbedtrations are unaffected by snow or fog events. GEM com-
onto snow and ice surfaces (Lindberg et al., 2002; Bartelsprises~97 % of the total atmospheric mercury in the lower
Rauch et al., 2002; Ferrari et al., 2004). RGM depositiontroposphere (e.g. Slemr et al., 2003) and has many natural
can dramatically increase mercury concentrations in the surand anthropogenic sources (volcanoes, enriched soils, coal
face snow up to 500 ngt (Lindberg et al., 2002; Lu et al., combustion, biomass burning etc.). However, none of these
2001; Brooks et al., 2006). However, it has also been ob-sources are present in central Greenland.
served that, within hours of deposition under sunlit condi- RGM is operationally defined as mercury collected by a
tions, the majority of the deposited Hg is photoreduced andKCl coated denuder tube (Steffen et al., 2008). RGM is typi-
re-emitted as GEM back to the atmosphere (Lalonde et al.cally believed to be dominated by Hg(ll) such as HgQHg-
2002, 2003; Dommergue et al., 2003). Net deposition re-CIX and HgBrX (Landis et al., 2002; Goodsite et al., 2004).
lies on mercury-rich snow becoming buried below the sunlitRGM is typically rare in the lower tropospherel—2 pg nm3
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(sub-parts per trillion levels), comprising justL % of atmo-  ditions. Likewise, the heated sample lines were kept fully
spheric mercury in the lower troposphere (Lindberg et al.,external to the climate controlled shelter. Otherwise, temper-
2002, 2007). RGM is water soluble, has a high dry deposi-ature changes between interior and exterior portions would
tion rate and so is rapidly removed from the near-surface aiinduce hot/cold zones and mercury absorption/desorption at
(lifetime in the near-surface air is typically just hours; Skov the tubing walls. To compensate for the high altitude of Sum-
et al., 2006). With the exception of active volcanoes, RGM mit, we reduced the mass flow through the 1130 and 1135
has negligible natural surface sources and is primarily emitfront end units to retain the 0.1 second designed residency
ted by coal combustion, cement manufacturing, and industime for ambient air over the KCl-coated annular denuder.
trial processes (all absent in central Greenland; UNEP, 2002)The glassware in the front end units was switched weekly.
RGM can also be produced in-situ by the atmospheric oxida- Surface snow was collected every other day throughout the
tion of gaseous elemental mercury (Lindberg et al., 2002).2007 and 2008 campaigns. All snow samples were collected
RGM has the potential to convert to FPM in the presence offrom the top 3-5cm in pre-cleaned 40 ml I-chem bottles us-
sea salts and other aerosols. ing clean techniques. A single core was obtained in 2008
FPM is comprised of oxidized mercury bound to fine using a Kovacs manual corer. Samples were collected every
(PMy5) particles. FPM has a low, but significant, dry de- 30cm to a depth of 7.2m. All snow samples were later an-
position rate, and in the absence of precipitation, a signifi-alyzed for total mercury using EPA method 1631 (detection
cant lifetime in the near-surface air (1-2 days; UNEP, 2002;limit ~1ng1).
Lindberg et al., 2007). FPM is the least studied and least
measured form of atmospheric mercury. FPM has low con- )
centrations£1-5 pg n3) in the near surface air, butis more 3 Quality assurance

common near the tropopause (Murphy etal., 1998). The mercury system was leak tested, flow rate verified, and

zero-air tested at least daily. The Tekran model 2537a in-
ternal permeation source calibrations were performed at 26-
h intervals. All snow samples were refrigerated and hand-
Our mercury speciation sensor suite consisted of Tekrarfarfiéd back to the analysis laboratory. Water blanks, bub-
models 2537a/1130/1135 for the determination of gaseouQ!€" Planks, and NIST standards were analyzed in conjunc-
elemental mercury (GEM, Hy, reactive gaseous mer- tion Wlth Fhe snow sample; following EPA method 1631 for
cury (RGM, Hg(ll,g)), and fine particulate mercury (FPM, determining total mercury in the range of 0.5-100Ty(Ti-

Hg(ll,p)), respectively (Fitzgerald and Gill, 1979; Lu et al., 1€d — Mercury in water by oxidation, purge, and trap, and
1998; Landis et al., 2002). cold vapor atomic fluorescence spectrometry). Tekran (2005)

The system was set to collect RGM and FPM for one hour,"StS the ?EM dete_ction limit of th_e _base 2537a unit as
while concurrently collecting and analyzing 5min GEM ~lpgnt”, with a Instrument. precision of 0.06ngth :
samples. At the end of the sampling hour, the system ana]\—.Ne. calcullated our: speciation (RG.M and FPM) deteerc:on
lyzed the preconcentrated RGM and FPM over the following imit (3x field blank standard deviation) to be 0.955pg
hour. The resultant dataset consists of 12 one-hour RGM an&rounded t0 1.0).
FPM samples daily, and the same 12 h of 5 min GEM sam-
ples. Effectively, the sampling system runs 50 % of the times Results
and analyzes, without sampling, 50 % of the time. Therefore,
not all short duration (minutes to one hour) mercury eventsGEM measurements generally showed variations around
are captured. northern hemispheric ambient levels of 1.31 and
Inlet air to the Tekran 1130 pump unit was pre-conditioned1.45ng mr3, for 2007 and 2008, respectively (Table 1
with a Tekran model 1102 air drier. The system was placedand, Figs. 1 and 2). GEM diurnals dips were generally
~3m South-Southwest of a small shelter at the satelliteon the order of 0.1ngm?, and were most often accom-
camp, with the inlet-1.3 m above the surface. At this height panied by a nearly equal increase in RGM on the order of
the inlet was sufficiently above the blowing snow layer, but 100 pgnT3. RGM and FPM concentrations ranged from
in the lowest few percent of the atmospheric boundary layerbelow detection limit (BDL:~1.0 pg n3) to 246.8 pg nm3
which was often as shallow as a few tens of meters. and 151.3pgm?3, respectively. Surface snow collected
Specific care was taken for the cold, high-altitude envi- every other day throughout the 2007 and 2008 campaigns
ronment. The case heaters for the 1130 and 1135 front endveraged 5.6ngf for total mercury with no apparent
units were increased from 100 (standard) to 200 watts. Adtrends. Missing FPM data late in the 2007 campaign was due
ditional foam insulation was used to cover the bottom ventedto a recurring electrical short in the model 1135 particulate
plate in the 1135 front end unit, and the side vent of the 113Cheater unit. Short missing GEM periods in 2008 were due to
front end unit. These were done to minimize the variation problems associated with the fouling of an in-line soda-lime
in interior temperatures regardless of wind and weather contrap, just upstream of the Tekran 2537a inlet. This problem

2 Measurements
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Table 1. All mercury atmospheric speciation and total mercury in snow measurements at Summit, Greenland. Dates are 13 May-15 June
2007, and 6 June—17 July 2008. Below Detection limit (B.D.L.) denotes that values were below the detection:l]imiig(m%) of the
instrument. Also shown is total mercury in surface snow collected every other day and the single core to a depth of 7.1 m obtained in 2008.
Coefficient of variation is the standard deviation divided by the mean.

2007 Average Standard Minimum  Maximum  Coeff. of
deviation variation
GEM (ngnt3) 1.31 0.21 1.04 3.49 0.16
RGM (pg n3) 41.6 42.9 B.D.L. 246.8 1.03
FPM (pg nt3) 37.2 31.9 B.D.L. 151.3 0.86
2008
GEM (ngni-3) 1.45 0.11 1.12 1.88 0.08
RGM (pg ni3) 13.2 19.0 B.D.L. 122.6 1.44
FPM (pgnt3) 6.7 8.7 B.D.L. 61.5 1.30
All Surface Snow 56ngit 43ngrl 13ngr! 229ngrl 0.77
Snow core 1to 7.1matevery30cm 3.0ngt! 0.3ngr! 26ngr! 4.1ngr! 0.10
250 35 250 3.5
13 +3
200 200
Fql‘ r25 a L 25
£ ol | 2 % 5
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Fig. 1. All atmospheric mercury speciation data from the 2007 cam- Fig. 2. All atmospheric mercury speciation data from the 2008 cam-
paign. The measured species are reactive gaseous mercury (RGM)aign.
fine particulate mercury (FPM), and gaseous elemental mercury
(GEM).
4.1 Results from selected periods

was eventually traced back to a specific batch of soda-limewhen comparing concentrations of GEM, RGM, FPM, and
RGM and FPM are reported for this period because, unlikeBrO, with lifetimes of months, hours, hours to days, and sec-
GEM, these measurements are based on a “differencends, respectively, it is often difficult to find representative
method”, where a near constant source of Hg contaminationime periods. Here we have selected two multiday periods
can be easily subtracted from the observations. The averageee from marine and upper tropospheric influences. Our se-
diurnal patterns for the measured mercury species for all thé¢ected periods are times of relatively stationary meteorology,
2007 campaign are shown in Fig. 3. or at least multi-day time periods with a similar diurnal me-
Overall the levels of BrO were lower and less diurnally teorological pattern.
consistent in 2008 compared to 2007, even when comparing Utilizing FLEXPART (Lagrangian particle dispersion
the same June overlap period (Stutz et al., 2011; Liao et al.model) Stutz et al. (2011) identified our first period, 14—
2011; Dibb et al., 2010). Total mercury in surface snow was19 May 2007, as the sole case during the 2007 campaign
slightly less in 2008 than in 2007 during the overlap period, when the air mass recirculated over the Greenland ice sheet
and GEM showed significantly less variation in 2008. for days prior to our measurements. The air mass had re-
mained fairly close to the surface of the Greenland ice sheet

Atmos. Chem. Phys., 11, 8295306 2011 www.atmos-chem-phys.net/11/8295/2011/
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Fig. 3. Hourly diurnal averages for all 2007 campaign measure-Fig. 4. Reactive gaseous mercury (RGM), fine particulate mercury
ments. (FPM), gaseous elemental mercury (GEM), and times of peak solar
elevation at Summit, Greenland, 14—19 May 2007.

for >2 days prior to reaching the station. This is important to

.. . . . i Hour averages May 14 - 19 2007
eliminate the influences of marine air and upper tropospheric
250

1.8

ailr. m PeaklSolar T17
Likewise our second period, 7-13 June 2008, was theg ,,, | 4 16

longest period during the 2008 campaign where, agam,c ozone /<W 15

FLEXPART showed that the air mass had remained falrlyO 150 : 142

close to the surface of the Greenland ice sheet-f2rdays ; I \_ )// XW\F/—— 132
prior to reaching the station. In addition this was the sole £ 100 -so ! 12 §
period selected by Thomas et al. (2011b) for their focuseo% [ o f \“\/I\ 11
modeling analysis, due mainly to the lack of marine or upperg ° 7\ \M i PM 1
tropospheric influences, and consistent meteorological con- [ 199
d Itions. 0 é 4‘1 ;3 é 16 1‘2 1‘4 1‘6 1‘8 26 2‘2 24 o0
The two periods presented in detail in the paper were also Hour of Day
the only multiday &48 h) periods of consistent (lowest vari-
ation) and low wind speeds. Large variability in wind speeds 4o o
would have the confounding effect of rapidly changing the == s
depth and volume of the mixing layer, entraining air from  =° soiar/ N\ e
above when wind speeds increase, and leaving residual lay€ *° . / N\ : “g
ers aloft when the wind speeds drop. The winds are plotted ins / ArT© N\ e
Liao et al. (2011). These selected data periods best |Ilustrate o / N 50 -
the solar and temperature controls without the confounding 5 [> a5
influences of upper tropospheric air, rapidly varying winds o _a0

(o] 2 a4 6 8 10 iz 14 16 is8s 20 22 24

and mixing layer depths, or recent marine influences.

The first period of interest, 14-19 May 2007, is shown Fig. 5. Diurnal hourly averages of RGM, GEM, FPM and ozone at
in Fig. 4, with the average diurnal patterns shown in Fig. 5. Summit, 14-19 May 2007. Daily RGM peaks with maximum solar
Here the sun dips to near-zero elevation at night, and temelevation. RGM and GEM are shown with standard deviation bars.
peratures were consistently—15°C. Winds were light (1—  Solar elevation and air temperature are shown with our modeled
6ms1), precipitation was negligible, blowing snow was ab- thresholds of 5 degree solar elevation antb°C.
sent, and skies were generally clear.

For this period, 14-19 May 2007, we see the obvious
signs of daily GEM oxidation to RGM. Mercury showed dis- ~3ppb, consistent with Br chemistry, and anti-correlated
tinct diurnal changes in speciation that appear consistent wittith RGM. Daily GEM conversion to RGM appears to be-
midday Br photochemistry. GEM diurnally dipped at mid- gin when the solar elevation rises above 5 degree, and ends
day, while RGM was increasing. RGM then decreased afteivhen the solar elevation angle drops below 5 degree.
midday with deposition to the snow surface. GEM spiked The average diurnal patterns for the second period of in-
just after peak solar, consistent with photoreduction and surterest, 7-13 June 2008, are shown in Fig. 6. Winds varied
face emissions of the recently deposited RGM. Also FPMbetween 2—7 ms!, again precipitation was negligible, blow-
was elevated at night, out of phase with the RGM, possiblying snow was absent, and skies were generally clear. The sun
due to colder temperatures favoring RGM absorption ontowas significantly above the horizon 24 h a day, and tempera-
particles. Ozone also showed a midday diurnal dip, droppingures varied from-27 to—7°C. Here we see a substantially

www.atmos-chem-phys.net/11/8295/2011/ Atmos. Chem. Phys., 11, 82062011



8300 S. Brooks et al.: Mercury Greenland ice sheet

Hour Averages 6/7 - 6/13/08 RGM from aloft is potentially mixed downwards via entrain-
18 ment in an expanding boundary layer, then the midday min-

. s Peak Solar & ima of RGM and FPM in period 2 cannot be explained. We
& WM‘ GEM Tie conclude that boundary layer dynamics alone do not explain
g 60 I \ i, our mercury observations.
5] JI - — I £
AN Y e E _ _
g / RGM | y § 5 Bromine/mercury chemistry
E T1
: 20 FPM \\ A [ \‘ ‘ /\{\ L s If Greenland near surface atmospheric mercury chemistry is
& N \{/\41 R I ' similar to other polar locations (Steffen et al., 2008), then un-

0 e — 06 der sunlit conditions bromine gas dissociates, catalyzes the

0 2 4 6 8 10 12 14 16 18 20 22 24

destruction of ozone, and oxidizes gaseous elemental mer-

oot cury (GEM or H@) to reactive gaseous mercury (RGM) via:
- ° Bry+hv — 2BrXBry)
> p— N il Br+ O3 — BrO+ 0,
§ 25 / \ T -10 %
= 20 / ArT© N\ 5 BrO+BrO— Bro+0»
8 s 7 NS =
10 / \\ or
. bé_/ 20
o e Hg® + Br < HgBr

° 2 4 e B odo Az s ae A 20 22 2 (radical precursor to RGMavored by cold temperaturges

Fig. 6. Diurnal hourly averages of RGM, GEM, FPM and ozone The mercury bromide radical Hg(l) formed in the above

at Summit, 7-13 J””Sél?ﬂog' (?g'gMRGM pheaks W_'t:]‘ CO'dgr S'Sht'_ mechanism thermally dissociates or may react further with
time” temperatures. an are shown with standard devi-g o ‘g, o or CI, leading to reactive gaseous mercury as

ation bars. Solar elevation and air temperature are shown with ou . )
modeled thresholds of 5 degree solar elevation-ah8°C. [—|g(|l) (Goodsite et aI.', 2004; Holmes et al., 2006). There-
fore the fates of HgBr include:

HgBr<« Hg+Br K1 (dissociation
different diurnal pattern from our first period shown in Fig. 5.
GEM does not dip noticeably, but the afternoon photoreduc-HgBr+Br— HgBra K2
tion and surface emissions are still present, as demonstrat
by the afternoon GEM enhancements. RGM and FPM ar
both peaking at “night” during colder<{—15°C) tempera-
tures. Daily GEM conversion to RGM appears to begin when
air temperatures drop belowl15°C, and ends when air tem-
peratures rise above15°C. Ozone shows no discernable RGM Production §HgBr](K2[Br] 4+ K3[OH]

diurnal cycle. +K4[CI])—K1[HgBr]

The late springtime boundary layer at Summit is character-
ized by highly stable conditions with strong surface temper-The newly formed RGM then deposits rapidly to the snow
ature inversions. These stable conditions change to neutrd1ack with a high deposition velocity~L cms™; Skov et
or slightly unstable conditions resulting in enhanced mixing al-, 2006), or becomes bound to airborne particles forming
depths of~70-250 m during an-8 h “daytime” period cen- FPM. The global control on this mechanism is thought to
tered around local solar noon (Helmig et al., 2002). Chemicaloe thermal dissociation of HgBr prior to forming the stable
species thought to be emitted from the snowpack, such as N®®GM (HgBrX; Goodsite et al., 2004; Holmes et al., 2006).
and often BrO, showed diurnal profiles with minima at solar The lifetime against thermal dissociation of HgBr is thought
noon due to a larger mixing volume (Thomas et al., 2011a;to double with every 6 degree Celsius drop in temperature
Dibb et al., 2010). While a portion of the RGM and FPM di- (Holmes et al., 2006). Holmes et al. (2006) also concluded
urnal dips, during 7—13 June 2008 period (Fig. 6), around sothat broad uncertainties in the kinetic rates, especially for re-
lar noon can likely be attributed to dilution in the larger mix- actions involving HgBr as a reactant, need to be resolved in
ing volume, boundary layer dilution alone cannot account fororder to validate this as a functioning mechanism. Here we
most of the mercury observations (i.e. GEM, RGM and FPM Will assume this is a valid mechanism, and seek to determine
in period 1, and GEM in period 2). If, on the other hand, the sunlight and temperature (thermal dissociation) controls.

3gigBr+ OH— HgBrOH K3

HgBr+Cl — HgBrCl K4

Atmos. Chem. Phys., 11, 8295306 2011 www.atmos-chem-phys.net/11/8295/2011/
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Fig. 7. Reactive gaseous mercury (RGM), KBrhv => 2Br), and air temperature at Summit, Greenland, 14-19 May 2007. Correlation
coefficients for RGM-J(By) and RGM-Temperature are=0.85 andr = 0.84, respectively.

Atomic bromine is one of just a few species known to ef- rates of Ariya et al. (2002) and Donohoue et al. (2006), re-
fectively oxidize GEM (Ariya et al., 2002; Donohue et al., spectively. These levels are within modeled estimates of
2006). Other potential species include ozone, OH, and BrOThomas et al. (2011b).

which have been included in polar Hg modeling (Ariya et | the past it has been difficult to isolate the influences of
al., 2004; Dastoor et al., 2008; Seigneur and Lohman, 2008)(gr,), and the thermal decomposition lifetime of HgBr. At
These modeling results generally suggest that Br is the precoastal locations Brconcentrations vary with marine ver-
dominant oxidation pathway, and other investigations also in-sys continental air, and rapidly changing sea ice conditions.
dicate that OXidatiOI’l Via ozone and OH iS I|ke|y too SIOW to Non_homogeneous upwind Conditions may transport RGM
be major atmospheric pathways (Calvert and Lindberg, 2005and/or Br into the measurement location. Periods of vary-
Hynes et al., 2008; Holmes et al., 2010). The modeling working winds, which affect boundary layer depths and mixing,
of Liao et al. (2011) and Thomas et al. (2011b) also sug-confound efforts to isolate these variables. Air from the up-
gest that our observations of near-surface mercury species ler troposphere may mix down oxidized mercury from aloft
Summit is most consistent with bromine chemistry, and with (Talbot et al., 2008; Swartzendruber et al., 2008). For our
the sunlit snow surface as the bromine source. two distinct periods at Summit, Greenland the above con-
We can estimate the required [Br] to produce our averag&ounding effects are absent or minimal.
observed [RGM] and [GEM]. There is a clear diurnal cycle of Figures 7 and 8 show RGM from our selected periods, air

RGM'_ Daily m‘”‘”?a of RG_M suggest that_ de_position_ to the temperature and J(Br for the photodissocation production
snhow is a strong sink, and imply an RGM lifetime against de-Of monatomic Br. During the period 14-19 May (Fig. 7),

position at Summit during our campaign in the 3-10h range e air temperature was consistently bele5°C and RGM
We will assume &g of 1/(7 h). Likewise, the observed daily was strongly correlated to J@rand temperature-< 0.85

increase of RGM oceurs over6h period. This time raFe and 0.84, respectively). RGM peaks were well defined at
of change of [RGM] is therefore equal to production minus ...\ <olar elevations and RGM was minimal at “night”.
deposition, ok[Brl[GEM] — k4q[RGM]. The necessary [Br] ) ) , .

During the period 7-13 June (Fig. 8), the air temperature

can then be estimated by: : 4 .

varied from —27 to —7C, and thermal dissociation of HgBr

[RGM] [RGM] dominated over the formation of HgBrX during the higher

[Bri= [GEM]-kgricem: (7h) ~ [GEM]-Kgricem:- (6 h) midday air temperatL_Jres. J(Bwas well above zero over the

24 h per day of sunlight. RGM enhancements were decou-
It should be noted thatkg,gem is not well estab- pled from solar J(Br) (r = —0.39), and were significantly
lished, with determinations reported by Ariya et al. (2002) anti-correlated{= —0.75) to air temperatures. In addition
and Donohoue et al. (2006) of .3+ 0.3)x 10712 and  to the longer lifetime of HgBr against thermal decomposition
(3.6+50%) x 10~ 13 cm® molecule 1 s~1, respectively. As  (further oxidizing to RGM), low solar elevation and colder
these rates differ by an order of magnitude, the esti-temperatures generally favor Br and BrO, due to decreases
mated [Br] is highly uncertain. Using [RGM] =100 pgth in the HQ, sinks (von Glasow et al., 2002; Hedgecock and
and [GEM]=1500pg m?, [Br] equates to 1.% 1¢° and Pirrone, 2004; Liao et al., 2011) and increased Br production
1.1x 10" molecule cnt® (~0.06 and 0.6 pptv) based on the from aerosols, via the solubility of HOBr (Vogt et al., 1999).
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Fig. 9. RGM and BrO from CIMS, 2007(= 0.76).

However, as shown in Fig. 6, there is no discernable diur-6 Modeling the sun elevation and air temperature
nal cycle in ozone concentration that would indicate diurnal  controls on GEM conversion to RGM
enhancements of Br or BrO.

Direct [BrO] measurements in 2007 and 2008 were ham-Based on these observations we conclude that by assuming
pered by instrumentation problems, and morning fog for theconsistent concentrations of X (Br, Cl, OH) in the reactions
DOAS system (Stutz et al., 2011; Liao et al., 2011). This HgBr + X=x> HgBrX, we can define the solar elevations and
is the reason our modeling results presented here are bas¢gmperatures where GEM conversion to RGM should occur.
on solar angle and J(Br2), not direct [BrO]. An exception is We calculate that GEM oxidation to RGM (Hg(ll)) atop the
the period 7-11 June 2007 when we have our strongest corfsreenland ice cap requires solar elevation anglgslegree
fidence in the BrO data. Figure 9 shows this period of BrO,and air temperatures —15°C. These thresholds are shown
from continuous CIMS measurements for 7—11 June 2007in the bottom plots of Figs. 5 and 6. We expect this assump-
and RGM. From the 2007 campaign the [BrO] measurementgion to fail at coastal locations where X species (Br and Cl)
from CIMS were not reported before 27 May due to techni- are episodically enriched. At Point Barrow, Alaska, at a sim-
cal problems. After 27 May the BrO data showed significantilar latitude as Summit, Greenland, we have measured signif-
noise until the instrumentation was restarted on 7 June (Liadcant concentrations of RGM-(10 pg nT3) up to a tempera-
et al., 2011). Figure 9 shows [BrO] from 7 June to the endture of—6°C (Lindberg et al., 2002).
point of the 2007 [BrO] measurements on 11 June. RGM and Figure 10 shows the scatter plots of RGM and air temper-
BrO, as expected, are significantly correlatee-(0.76) over  ature, and, RGM and solar elevation, along with our mod-
this period. eled thresholds of 5 degree solar elevation arib°C. We
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Fig. 11. Seasonal plots of the area of the Greenland ice cap where
solar elevation exceeds 5 degree and where the average daily low
temperature is<c —15°C (shaded). These shaded areas represent
the locations where we would expect RGM production and deposi-

tion.

tion of deposited mercury is buried by falling or drifting snow
below the sunlit zone (top-10 cm), becoming sequestered
long-term. We present this 13 tons per year number as a first
estimate, as there are clearly problems associated with ex-
trapolating one point to the remainder of the vast Greenland

Fig. 10. RGM versus air temperature and RGM versus solar eleva-ice sheet.

tion angle. Solar elevation and air temperature are shown with ou
modeled thresholds of 5 degree solar elevation-ah8°C.

r Using solar elevation-5 degree and air temperatures
< —15°C as the criteria for RGM production, we gener-
ated the RGM formation maps (shaded regions) shown in
Fig. 11. RGM production is predicted in the southern half

assume [RGME50pgnT to be residual concentrations, of the ice cap from the beginning of January, and proceeds
not an indication of RGM production. All measured [RGM] northward during February and covering nearly all of Green-
above 100 pg m® in 2007 and 2008 occur at times when so- |and by March and April. in May, average temperatures rise
lar elevation>5 degree and air temperatute—15°C. The  \yg|| above—15°C in southern Greenland and at the lower
few instances when RGM was between 50 and 100p§m coastal elevations. By June, RGM production is restricted
when solar elevation was below 5 degree were times oo the higher ice sheet elevations. These conditions persist
“nighttime” RGM minima. through the summer months. In October, the 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 sheet warm considerably, the pe-
fiods of solar elevation-5 degree with temperatures below
< —15°C would decrease in duration. This would likely lead
to lower rates of RGM formation and lower deposition rates.
%)n the other hand, warmer temperatures could result in in-
a : . ;

creased snow accumulation and increased Hg burial rates.

7 Discussion and extrapolation to the vast Greenland
ice sheet

The Greenland ice sheet covers an areabf million square

km with an annual snow accumulation rate~e800 kg nT2
(Bales et al., 2001). From our snow coring measurements
total mercury averages 3.0ngH at depth £1m), with a
standard deviation of 0.3ng}. This is based on 20 sam-
ples collected every 30cm to a depth of 7.1 m, representin
~10yr of accumulation. From these values we calculate th
the Greenland ice sheet sequestefis3 metric tons Hg per
year at depth. We postulate that, while a portion of the de-
posited RGM is photoreduced and re-emitted, a small frac-
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8 Conclusions diochemistry and environmental chemistry-Paul Scherrer Insti-
tut, Villigen, Switzerland, 2002.

Halogen (such as bromine, Br) chemistry is normally asso-Berg, T., Sekkesaeter, S., Steinnes, E., Valdal, A., and Wibetoe, G.:

ciated with marine boundary layers, not remote high-altitude Arctic springtime depletion of mercury in the European Arctic as

ice sheets. However, at Summit, Greenland, we have conclu- observed at Svalbard, Sci. Total Environ. 304, 43-51, 2003.

sively detected bromine and mercury chemistry in the neaoutron, C. F., Vandal, G. M., Fitzgerald, W. F., and Ferrari, C.

surface air. Likely the fate of the mercury-bromine radical P A forty-year record of mercury in central Greenland snow,

. - Geophys. Res. Lett., 25, 3315-3318, 1998.
(HgBr) is further oxidation to stable RGM (HgBHgBrOH, Brooks, S., Saiz-Lopez, A., Skov, H., Lindberg, S., Plane, J. M.

HgBICI....), or thermal depomposnlon. These fates appear C., and Goodsite, M. E.: The mass balance of mercury in the

to be controlled by the gval_lablllty of Br, OH, ClI, etc. _to prq- springtime polar environment, Geophys. Res. Lett., 33, L13812,

duce RGM, versus the lifetime of HgBr by thermal dissocia-  i:10.1029/2005G1L0255282006.

tion. At Summit, the production of RGM appears to require arooks, S., Arimoto, R., Lindberg, S., and Southworth, G.: Antarc-

sun elevation angle of5 degrees, and an air temperature of  tic polar plateau snow surface conversion of deposited oxidized

< —15°C. We propose that the availability of Br, controlled  mercury to gaseous elemental mercury with fractional long-term

by photolysis J(Bj), requires a sun angle5 degrees, while burial, Atmos. Environ., 42, 2877-2884, 2008.

the formation of RGM (Hg II) from HgBr (Hg 1) requires a Calvert, J. and Lindberg, S.: Mechanisms of mercury removal by

temperature< —15°C . O-3 and OH in the atmosphere, Atmos Environ, 39, 3355-3367,
At Summit most of the deposited RGM is readily photore- _ 901-10.1016/j.atmosenv.2005.01.02505.

duced and re-emitted to the air as GEM. However, a veryP2S00, A. P., Davignon, D., Theys, N., Roozendael, M. V.,

. . L . Steffen, A., and Ariya, P. A.: Modeling dynamic exchange of
small fraction becomes buried at depth resulting in an esti- . . .
gaseous elemental mercury at polar sunrise, Environ. Sci. Tech-

mated annual squestration@B metric tons Hg per year nol.. 42, 5183-5188]0i-10.1021/es800291,2008.

for the Greenland ice sheet. Dibb, J. E., Ziemba, L. D., Luxford, J., and Beckman, P.: Bromide
We assume here that the chemical composition of the near- and other ions in the snow, firn air, and atmospheric boundary

surface air over the vast Greenland ice sheet does not vary layer at Summit during GSHOX, Atmos. Chem. Phys., 10, 9931—

significantly from those measured at Summit, giving a tem-  9942,doi:10.5194/acp-10-9931-20,12010.

perature threshold for RGM formation ef —15°C. We ex- Dommergue, A., Ferrari, C. P., Gauchard, P.-A., Boutron, C. F.,

pect this assumption to fail at coastal locations near the sea Poissant, L., Pilote, M., Jitaru, P., and Adams, F.: The fate

ice where Br is significantly more enriched. of mercury species in a sub-arctic snow-pack during snowmelt,

Geophys. Res. Lett.,, 30, 162140i:10.1029/2003GL017308
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