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Abstract

Under the framework of the GMOS project (Global Mey Observation System)
atmospheric mercury monitoring has been implemeate@oncordia Station on the high-
altitude Antarctic plateau (75°06’S, 123°20’E, 3220above sea level). We report here the
first year-round measurements of gaseous elemeraedury (Hg(0)) in the atmosphere and
in snowpack interstitial air on the East Antarcioe sheet. This unique dataset shows
evidence of an intense oxidation of atmosphericOjig{ summer (24-hour daylight) due to
the high oxidative capacity of the Antarctic plate@mosphere at this period of the year.
Summertime Hg(0) concentrations exhibited a proogedndaily cycle in ambient air with
maximal concentrations around midday. Photochemeattions and chemical exchange at
the air/snow interface were prominent, highlightitlge role of the snowpack on the
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atmospheric mercury cycle. Our observations reaedD to 30% decrease of atmospheric
Hg(0) concentrations from May to mid-August (wint24-h darkness). This phenomenon has
not been reported elsewhere and possibly resuts the dry deposition of Hg(0) onto the
snowpack. We also reveal the occurrence of muiti-tta weeklong atmospheric Hg(0)
depletion events in summer, not associated witHetieps of ozone, and likely due to a
stagnation of air masses above the plateau trigggem accumulation of oxidants within the
shallow boundary layer. Our observations suggest tite inland atmospheric reservoir is
depleted in Hg(0) in summer. Due to katabatic wifid&ing out from the Antarctic plateau
down the steep vertical drops along the coast ammbrding to observations at coastal
Antarctic stations, the striking reactivity obseiven the plateau most likely influences the
cycle of atmospheric mercury at a continental scale

1 Introduction

Mercury biomagnifies in its methylated form in ajoafood webs to elevated levels in
freshwater and marine fish, causing adverse heéiiglats to wildlife and humans (Mason et
al., 2012). In 2013, the Minamata Convention (UNEP13) was adopted and opened for
signature to reduce the exposure of populationshi® worldwide contaminant. Gaseous
elemental mercury (Hg(0)), the most abundant forinm@rcury in the atmosphere, is
efficiently transported around the globe, and exemote areas receive significant inputs of
anthropogenic mercury by long-range atmospheritsprart, as recently reported in modeling

and observational studies (Weiss-Penzias et &7;2Qin et al., 2010).

Hg(0) can be oxidized into highly reactive and wateluble gaseous and/or particulate
divalent species (Hg(ll) and Hg(p), respectivelin(and Pehkonen, 1999) leading to the
formation and subsequent deposition of reactive corgr onto environmental surfaces
(Hedgecock and Pirrone, 2004). Upon deposition orgrcan be reemitted back to the
atmosphere or may enter the food chain throughctimeersion of Hg(ll) to its methylated

form (Driscoll et al., 2013). Effects and toxicity mercury depends on this complex cycle,
which is still not fully understood, and are onhydirectly related to regional and global
emissions (Driscoll et al., 2013). A better undamsging of atmospheric mercury chemistry
will lead to improved global transport and depasitmodels and could help refine pollution-

control strategies around the world.
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New oxidation pathways, discovered in 1995 in theti& (Schroeder et al.,, 1998) and
highlighting the influence of halogen radicals og(8) oxidation in spring, changed our
understanding of the mercury cycle. While the Arttas been extensively monitored, there is
still much to be learned from the Antarctic contiherhere studies are scarce (Dommergue et
al., 2010), especially on the high altitude plat¢see Fig. 1). The Antarctic plateau — ice-
covered area of ~ 7 million Km- was first considered to be chemically-inactine a giant
cold trap for atmospheric species (e.g., Lamberalgt1990). It turned out to be highly
photochemically active (Davis et al., 2001; Granegal., 2007) during the sunlit period with
oxidant concentrations approaching those of tropozaurban mid-latitude environments
(Eisele et al., 2008; Kukui et al., 2014). Earkéudies (Brooks et al., 2008; Dommergue et
al., 2012) — the only two mercury studies everiedrout on the high-altitude Antarctic
plateau with modern instruments — also suggestaskdon short-term observations (a few
weeks) in summer, an intense reactivity of merauryhe plateau at the air/snow interface. In
this context, and under the framework of the GMO§qet (Global Mercury Observation
System, www.gmos.eu), atmospheric mercury was mootisly monitored at Concordia
Station (see Fig. 1) since 2012 and, for the firseé, Hg(0) has been monitored year-round in
both the snow interstitial air and the overlyingnasphere in 2013. Given harsh weather
conditions (see section 2.1), and technical andtiogl limitations, presenting such a record
is in itself an important achievement. The mainechbye of this study is to provide new

insights into the year-round cycling of gaseousauer on the Antarctic plateau.

2 Experimental Section

2.1 Sampling site

Year-round measurements of gaseous mercury werducted in 2012 and 2013 at the
French/Italian Concordia Station (75°06’S, 123°2@E20 m above sea level), located on the
Antarctic plateau, 1100 km away from the nearestst@f East Antarctica (see Fig. 1).
Concordia Station is a regional topographic maximomthe plateau; the surface terrain
slopes do not exceed 1% (Genthon et al., 2010)airitemperature ranges between -20 °C in
summer and -70 °C in winter, with an annual mednevaf -45 °C (Pietroni et al., 2012).

There is permanent daylight in summer and permardarkness in winter. Snow

accumulation is ~ 10 cm/year (Genthon et al., 2013)
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2.2 Sampling instrumentation

Instrumentation was located in a below-surfacetshak the edge of the “clean area”, 800 m
away from the main camp and upwind with respectht dominant wind direction (south
west). In 2012, year-round measurements were peebrin the atmospheric boundary layer
at about 500 cm above the snow surface. In 2013asamements were performed in both the
atmosphere and in snowpack interstitial air foresabvtrace gases including gaseous mercury
and ozone (g). Sampling instrumentation included one 10 m nretegical tower for above-
surface gradient sampling and two multi-inlet sreampling manifolds (“snow towers”) for
measuring trace gases at various depths in intatstir (Bocquet et al., 2007; Seok et al.,
2009). The 10 m meteorological tower was instabed5 m upwind of the underground
instrument shelter. It accommodated three gassialie1070 cm, 210 cm, and 25 cm above the
snow surface (see Fig. 2a). Trace gas measurenvergsacquired on each snow tower at six
height levels: 50 and 10 cm above the snow surfacd,10, 30, 50, and 70 cm below the
snow surface (see Fig. 2b). Sampling lines werayguircontinuously at 5 L/min on the
meteorological tower and intermittently at ~ 2-3nirA on the snow towers. On each snow
tower, inlets were fitted with a small glass fidféter in PTFE housing (25 mm Acrodisc
syringe filters, Pall Life Sciences, Ann Arbor, Migan, USA) to prevent snow crystals from
entering the PFA sampling lines. Sampling lines everside insulation tubing and the
temperature of the sampling lines was maintainech dével 5-10 °C warmer than the
snowpack temperature with a heat trace to prevatgrwapor from freezing and clogging the
lines. An automatic sampling pattern was implem&nterace gases were collected
sequentially from the uppermost inlets on the melegical tower to deepest levels of the

snow towers. Measurements were taken for 10 mim frach inlet.

2.3 (Gaseous mercury measurements

Measurements were performed using a Tekran 2537#8lyzer (Tekran Inc., Toronto,
Canada) based on the amalgamation of mercury oglcacartridge followed by thermal
desorption and detection by an integrated cold wagomic fluorescence spectrometer
(CVAFS) at 253.7 nm (Fitzgerald and Gill, 1979;08m and Fitzgerald, 1988). The presence
of two gold cartridges allowed alternating sampliagd desorption modes and thus a
continuous analysis in the pre-filtered (0.45 un¥BETilter) and unheated sample air stream.
The sampling resolution was 5 min with a samplilagvfrate of 0.8 L/min. Concentrations
are expressed in hanograms per cubic meter atasthteimperature and pressure (273.15 K,
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1013.25 hPa). Using both a 0.45 um PTFE filtehatdntrance inlet of the sample line, and
an unheated ¥"PTFE sample line, we assume thatldg(@) (vs. total gaseous mercury,
defined as the sum of gaseous mercury specieskfliaently collected and subsequently
analyzed in this study (Steffen et al., 2002; Terenal., 2003; Steffen et al., 2008).

Quality assurance and quality control procedures

An automatic calibration step of the Tekran 253 Malgzer was carried out every 25 h with
an internal mercury permeation source. Externabialons were performed twice a year by
manually injecting saturated mercury vapor takeommfra temperature-controlled vessel
(Tekran 2505 mercury vapor calibration unit, Haamltdigital syringe). As described by
Angot et al. (2014), bi-monthly to monthly routineintenance operations were performed. A
software program was developed at the LGGE (Laboeatie Glaciologie et Géophysique de
'Environnement) in accordance with quality contmptactice in well-established North
American networks (Steffen et al., 2012). Basedvamous flagging criteria (Munthe et al.,
2011; D'Amore et al., 2015), it enabled rapid datacessing in order to produce clean time
series of Hg(0)The detection limit is estimated at 0.10 ng/(fiekran, 2011). Based on
experimental evidence, the average systematic tawesr for Hg(0) measurements is of ~ 10
% (Slemr et al., 2015).

2.4 Surface snow sampling and analysis

Surface snow samples (first cm) were collected welekm February 2013 to January 2014
using acid cleaned PTFE bottles and clean samplingedures. Upon collection, samples
were stored in the dark at -20 °C. Field blankstied out by opening and closing a bottle
containing mercury-free water, were regularly catdd. Surface snow samples and field
blanks were analyzed for total mercury using a &ekiModel 2600. The instrument was
calibrated with the NIST SRM-3133 mercury stand&ydality assurance and quality control
included the analysis of analytical blanks, refgiésaand internal standards (Reference Waters
for mercury: HG102-2 at 22 ng/L from Environmentn@da). The limit of quantification —
calculated as 10 times the standard deviationsaft @f 3 analytical blanks — amounted to 0.3

ng/L with a relative accuracy of + 8%.

2.5 Ancillary parameters

Ozone
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Measurements were performed using a UV absorptioonitor (Thermo Electron
Corporation, Franklin, MA), model 491 in 2012 (Legd et al., 2016) and model 49C in
2013. In 2013, the instrument was calibrated agdaives National Oceanic and Atmospheric

Administration Global Monitoring Division, Boulde€olorado, standard.
Air mass back trajectories

Air mass back trajectories were computed using_dgrangian model FLEXPART (Stohl et

al., 1998; Stohl and Thomson, 1999; Stohl e28I05) run in the backward mode and driven
by NCEP (National Center for Environmental Predict) GFS (Global Forecast System)
final meteorological fields. Simulations were dawery day at 1200 UTC in 2012 and 2013.
For each simulation, 20000 pseudo-particles wdeased by the model around the position
of Concordia Station and tracked for 5 days ineHegers of altitude (0-0.1, 0.1-4 and 4-10
km above ground level). Simulations at an altitedet-10 km were computed in order to

investigate the potential occurrence of upper tsppere/lower stratosphere intrusions. For
each 1-h time step, the model produced a normaliegticle residence time (in seconds)
within an output grid of 0.5x0.5°. The sum of thed&ys outputs provided potential emission
sensitivities (PES, in seconds) for the three aydraltitude. PES in a particular grid cell is
proportional to the particle residence time in toalt. It should be noted that, in Antarctica,
the meteorological data driving the FLEXPART tram$p model rely on sparse

measurements. Consequently, the trajectories eaézllin this region are often associated

with relatively high uncertainties.
Height of the boundary layer and shortwave radiation

The height of the boundary layer and downwellingrsliave radiation were calculated by the
MAR regional atmospheric model (Modele AtmosphégidRégional). MAR was developed
at the LGGE for Polar Regions and the simulatioresreh been evaluated against
meteorological observations made at Concordia @tatGallée and Gorodetskaya, 2010;
Gallée et al., 2015).

Meteorological data

Temperature, wind speed and direction were recoadesix height levels on a 45 m tower.

The general observation set up is described byheeret al. (2010).

|ce precipitation
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A tropospheric depolarization LIDAR (Light DeteaticAnd Ranging) operating at 523 nm
provided tropospheric profiles of aerosol and ckwery 5 min allowing detection of
water/ice clouds, snow drift, diamond dust andygah plumes.

Tropospheric temperature and integrated water vapor

A H;O Antarctica Microwave Stratospheric and TroposgghBadiometers (HAMSTRAD)
instrument was used for the detection of the 60-Gklggen and the 183-GHz water vapor
lines allowing measurement of tropospheric tempeeatand water vapor profiles,
respectively, together with integrated water vadf\V) every 7 min. The instrument is fully

automated and a liquid nitrogen calibration is perfed twice per year (Ricaud et al., 2015)
Eddy diffusivity and friction velocity

The Eddy diffusivity was calculated as follows (Xiat al., 2014):

K=ku,z/pn 1)

where k (set to 0.40) is the von Karman constamt, the friction velocity (m/s),z the

measurement height (m), arg, the Obukhov stability function. According to Frey al.

(2013), the stability function wag, = 0.95 + 4.62 = for stable conditions above snow (King
L

-0.5
and Anderson, 1994), ang, = 0.95 (1 — 11.6%) for unstable conditions (Hoegstroem,

1988).u, and L (the Obukhov length (m)) were computed frihia three-dimensional wind
componentsy, v, w) and temperature measured by a Metek sonic aneteomeunted at 8

m above the snow surface.

3 Results and Discussion

3.1 Hg(0) concentrations in ambient air

The record of atmospheric Hg(0) over the entire22PQ13 period is displayed in Fig. 3a.
Hg(0) concentrations ranged from below 0.10 to 20T, with average values amounting
to 0.76 + 0.24 ng/fhin 2012, and to 0.81 + 0.28 ngin®.84 + 0.27 ng/f) and 0.82 + 0.26
ng/nt in 2013 at 25, 210, and 1070 cm above the snofacirrespectively. No significant
difference was observed between annual averagéy@) concentrations measured at the
three inlets of the meteorological tower in 20p3vélue = 3.1.18% Mann-Whitney test). It
should be noted that Hg(0) concentrations at theetlinlets were significantly different in
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winter only (see section 3.1.4). These mean anhigdD) concentrations are lower than
annual averages reported at near-coastal or coastalctic stations (i.e., 0.93 + 0.19 ng/m
for Hg(0) at Troll (Pfaffhuber et al., 2012) an®8 + 0.24 ng/mfor total gaseous mercury at
Neumayer (Ebinghaus et al., 2002)).

The seasonal boundaries are defined accordingetdréimsitions in downwelling shortwave
radiation (see Fig. 3b) as follows: winter from Maymid-August, spring from mid-August
to October, summer from November to mid-Februang fall from mid-February to April.
Unlike in winter, Hg(0) concentrations were highigriable during the sunlit period with
concentrations ranging from below 0.10 ngAm 1.50-2.00 ng/f up to twice the average
background levels recorded in the Southern Hemigphed-latitudes (Slemr et al., 2015).
These seasonal features, in good agreement witen@igons at other Antarctic stations
(Ebinghaus et al., 2002; Pfaffhuber et al., 20%@ygest the existence of a photochemically-
induced reactivity of atmospheric mercury during gunlit period. The mechanisms which

cause the seasonal variation of Hg(0) concentraitoe discussed in the following sections.

3.1.1 Spring

First discovered in the Arctic (Schroeder et a@98), atmospheric Hg(0) depletion events
(AMDEsSs) result from an oxidation by reactive bromispecies released during springtime so-
called “bromine explosions” in coastal regions (Bford and Dastoor, 2011 and references
therein) and are concurrent with tropospheric d@pletion events (Simpson et al., 2007).
Despite the distance of Concordia Station fromabast (1100 km), a Hg(0) depletion event
was observed on 11 September 2013 due to a mardimgansport event (see Fig. 4a).
During this event, Hg(0) concentrations droppednfr8.85 to 0.56 ng/fhand exhibited a
strong positive correlation with43nixing ratios (rho = 0.94 value = 5.10).

3.1.2 Summertime
a) Oxidation of Hg(0) in ambient air and Hg(ll) deposition onto snowpack

In summer, the mean atmospheric Hg(0) concentratias 0.69 + 0.35 ng/in(mean +
standard deviation). This means that Hg(0) coneéntis are ~ 25% lower than levels
recorded at the same period of the year at coAstalrctic stations (Ebinghaus et al., 2002;
Sprovieri et al., 2002; Pfaffhuber et al., 20I®)tal mercury concentrations in surface snow
samples were highly variable (median value: 4.8 hginge: < detection limit — 73.8 ng/L,

see Fig. 5) and were higher in summer (median vdlQe! ng/L, range: 1.3 — 73.8 ng/L),
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suggesting that divalent mercury species were mefally deposited onto the snowpack at
this period of the year. The lower Hg(0) concemdreg in ambient air along with high total

mercury concentrations in surface snow samplesesigan intense oxidation of Hg(0) in

ambient air in summer, followed by the depositidnoridation products on surface snow.

This hypothesis is further supported by elevatediio&d mercury concentrations measured
on the Antarctic plateau at South Pole in summdiQ(@ 1.00 ng/ff) by Brooks et al. (2008).

The oxidative capacity of the Antarctic plateau esphere is elevated in summer, as
evidenced by several studies (Davis et al., 20Gtannas et al., 2007; Eisele et al., 2008;
Kukui et al., 2014), likely explaining this intenseidation of Hg(0) in ambient air. Among
these oxidants, NORGO,, and OH are particularly abundant at Concordidi@tan summer
(Frey et al., 2013; Kukui et al., 2014) and a rtctudy provided as a first estimate a BrO
mixing ratio of 2-3 pptv near the ground during lgyint hours (Frey et al., 2015). Given the
current understanding of mercury oxidation and tlaek of continuous halogens
measurements, we were not able to identify theterachanism for the reactivity observed at
Concordia Station. A two-step oxidation mechanifampred at cold temperatures, is worth
being considered further. The initial recombinatioh Hg(0) and Br is followed by the
addition of a second radical (e.g., I, Cl, BrO, CIQH, NG, or HG,) in competition with
thermal dissociation of the HgBr intermediate (Gaitdlet al., 2004; Wang et al., 2014).
According to Dibble et al. (2012), HONO, NG, and NQ bind Hg(0) too weakly to initiate
its oxidation in the gas phase and reactions ofHfgBr intermediate with N& HO,, CIO,
and BrO are more important than with Br and OH.tlkemr modeling or laboratory chamber
studies investigating the fate of Hg(0) in the pres of various potential oxidants are needed

to improve our understanding of the mechanisms.
b) Multi-day depletion events of atmospheric Hg(0)

From 19 January to 8 February 2012 and from 5 td-&oruary 2013 we observed Hg(0)
depletion events. The mechanism seems howevereahtfdrom springtime AMDESs (see
section 3.1.1). While atmospheric Hg(0) concentdredidropped and remained low (0.39 *
0.19 ng/mi from 19 January to 8 February 2012, 0.41 + 0.2/mhAdrom 5 to 20 February
2013) for several weeks (see Figs. 3a, 6a, and@e3howed no abnormal variability (see
Figs. 6d and 6h). These depletion events occusetiranasses stagnated over the Antarctic
plateau (see Figs. 4b and 4c) according to our RARXT simulations. This stagnation of air
masses is confirmed in 2013 (see Figs. 6f and 8@ tecrease of temperature at 10 m a.g.l

(from -29 £ 3 °C in January to -43 £ 4 °C duringe thlg(0) depletion event) and a low

9
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integrated water vapor (0.40 + 0.13 k§/during the Hg(0) depletion event vs. 0.77 + 0.20
kg/m?in January). In both 2012 and 2013, depletions gfoended when air masses started
moving out of the plateau (see Figs. 4d and 4e).

While previous studies attributed high Hg(ll) contations in the Antarctic summer to
subsiding upper tropospheric air (Holmes et al0&20Brooks et al., 2008), potential emission
sensitivities suggest that the depletions of Hgépprted here were unlikely concomitant with
upper troposphere/lower stratosphere intrusiors Esgs. 4b and 4c, PES at 4-10 km). This is
also confirmed by stablesOnixing ratios. High altitude vertical profiles bfg(0) should be
carried out to rule out this hypothesis of subgjdirpper tropospheric air. We suggest that
these Hg(0) depletion events observed at Conc@tiiion result from processes occurring
within the shallow boundary layer. Since ®as not depleted during these events, Hg(0)
depletion cannot be accounted for by bromine oiodatlone. FLEXPART simulations along
with integrated water vapor and temperature measemés indicate that these Hg(0) depletion
events occurred as air masses stagnated over ttacAn plateau. As highlighted in the
previous section, the oxidative capacity is higlsummer on the plateau (Davis et al., 2001;
Grannas et al., 2007; Eisele et al., 2008; Kwuwl., 2014). This air mass stagnation might
favor an accumulation of oxidants within the shallboundary layer (< 300 m in average),

leading to an oxidation of Hg(0) stronger than lisua
¢) Hg(0) diurnal cycle

Based on a week of measurements made at ConcaatienSn January 2009, Dommergue et
al. (2012) reported that atmospheric Hg(0) exhibiesignificant daily cycle with maximal
concentrations around noon. We show that this dgitje occurred throughout the summer,
with low atmospheric Hg(0) concentrations (~ 0.5¢/mm) when solar radiation was
minimum and a maximum (~ 0.80 ng)naround noon (see Fig. 7a). Such a pronouncey dail
cycle has never been observed at other Antarcatioes (Dommergue et al., 2010;
Pfaffhuber et al., 2012). Several studies showed Hyg(0) emission from the snowpack
maximizes near midday (e.g., Steffen et al., 2062yrari et al., 2005; Brooks et al., 2006;
Fain et al., 2007; Ferrari et al., 2008; Johnsbal., 2008). As suggested by Durnford and
Dastoor (2011), the noon emission does not nedbssaflect maximum concentrations of
cryospheric Hg(0) around midday (Hg(0) concentratpeaked in the afternoon at 10 cm
below the snow surface, see section 3.2.1) andddoaildriven by ventilation generated by
atmospheric thermal convection. Stable boundareriyare almost ubiquitous in Polar

Regions due to radiation cooling (Anderson and N&D8). However, convective boundary

10
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layers have been observed in summer at polar dam@encordia Station (King et al., 2006)
and Summit in Greenland (Cohen et al., 2007). Fidisplays the hourly mean variation of
several parameters. As illustrated by Figs. 7c &dd and in agreement with earlier
observations (Argentini et al., 2005; Pietronakt2012; Argentini et al., 2013), there was a
strong diurnal cycle in near-surface temperaturé wimd speed in summer at Concordia
Station. These observations are typical for locatiovhere a convective boundary layer
develops as a response to daytime heating (Kirad.,e2006), as can be seen in Fig. 7e. In a
convective boundary layer, vertical mixing is enteoh during convective hours (Anderson
and Neff, 2008), as shown in Figs. 7f and 7g byaasing values for the friction velocity,(
indicative of the strength of the mixing processethe surface layer (Neff et al., 2008)) and
the Eddy diffusivity ). Similarly, several studies highlighted that themaspheric
turbulence at Concordia Station in summer influenttee vertical flux and concentration
profiles of various atmospheric species (Legrandlet2009; Dommergue et al., 2012;
Kerbrat et al., 2012; Frey et al., 2013).

In summary, the observed summertime Hg(0) diurgalecin ambient air might be due to a
combination of factors: i) the intense oxidation k§(0) in ambient air due to the high
oxidative capacity on the plateau — as evidencedolsy mean Hg(0) concentrations (see
section 3.2.1.a), ii) subsequent Hg(ll) depositimto snowpack — as evidenced by elevated
total mercury levels in surface snow samples (sega 3.2.1.a), and iii) emission of Hg(0)
from the snowpack during convective hours. Fig.ugsarizes the processes that govern
mercury exchange at the air/snow interface. Redoggsses occurring within the snowpack
are discussed in details in section 3.2.

3.1.3 Fall

In fall, Hg(0) concentrations in ambient air noden peaked around midday (see Fig. 7a) and
were in average 67% higher than during the summereeding levels recorded at lower
latitudes in the Southern Hemisphere (Slemr et24115). At this period of the year, the
boundary layer lowered to ~ 50 m in average andbnger exhibited a pronounced diurnal
cycle (see Figs. 3c and 7e). We believe that tladlcstn boundary layer could cause Hg(0)
concentrations in ambient air to build up to whtrey exceeded levels recorded at lower
latitudes in the Southern Hemisphere because Hg(@nitted from the snowpack — was
dispersed into a reduced volume of air, limiting thiution. Similarly, NQ mixing ratios are

enhanced when the boundary layer is shallow (Nefl.e2008; Frey et al., 2013). Elevated

11
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Hg(0) concentrations were also likely favored bg fhact that oxidation in ambient air was

weaker under lower solar radiation.

3.1.4 Winter

While stable concentrations were expected in wigikeen the absence of photochemistry, our
observations reveal a 20 to 30% decrease of atredspHg(0) concentrations from May to
mid-August (see Fig. 3a). Conversely, Hg(0) coneiuns remained stable at Neumayer and
Troll from late fall through winter (Ebinghaus dt,&2002; Pfaffhuber et al., 2012). This
decreasing trend observed in winter might be duset@ral mechanisms, including gas-phase

oxidation,-and heterogeneous reactions, or dry slépo of Hg(0).

Several studies suggested the involvement of aitratlicals in the night-time oxidation of
Hg(0) (Mao and Talbot, 2012; Peleg et al., 20Hs)wever, as previously mentioned, Dibble
et al. (2012) indicated that Ninds Hg(0) too weakly to initiate its oxidation the gas
phase. Another potential oxidant is, @vith this reactant reaching a maximum in the wint
(see Fig. 3d). However, according to some theakstudies (e.g., Hynes et al., 2009),
reaction (R1) is unlikely to proceed as a homogas@eaction. Several experimental studies
confirmed the major product of reaction (R1) todméid mercuric oxide, HgO (s) and not
HgO (g) (e.g., Pal and Ariya, 2004; Ariya et &Q09), suggesting that pure gas phase
oxidation of elemental mercury bys@ay not occur in the atmosphere. However, Cabuedt
Lindberg (2005) proposed an alternative mechanmahwould make this reaction potentially
viable in the atmosphere (Subir et al., 2011). fdaction may start with the formation of a
metastable Hg® (g) molecule which then decomposes to OHgOO (g) #rereafter
transforms to HgO (s) and,@).

Hg(0) (9) + 03 (g) —» HgO (g) + 0, (g) (R1)

As suggested by Subir et al. (2011), the influesfdeeterogeneous surfaces of water droplets,
snow, ice and aerosols should be taken into acoebenh attempting to describe mercury

chemistry in the atmosphere. O'Concubhair et @122 showed that freezing an acidic

solution containing nitrite or hydrogen peroxide exidize dissolved gaseous mercury in the
dark. Nitrous acid and hydrogen peroxide are pteserthe Antarctic plateau (Huey et al.,

2004; Hutterli et al.,, 2004). As suggested by Dargue et al. (2012), similar processes
could occur in the snow or on surface hoar at Cahadstation in winter. In 2013, the height

of measurement had a significant influence on #die over time of Hg(0) concentrations

(ANCOVA test, p value < 0.05), with a steeper decrease at 25 @n &t 1070 cm.
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Additionally, wintertime Hg(0) concentrations wesignificantly lower at 25 cm than at 1070
cm (p value < 0.05, Mann-Whitney test). These resultggeat that snowpack may act as a
sink for mercury, enhancing the deposition rate tlhueheterogeneous reactions, through
absorption of oxidation products, and/or physieapton/condensation of Hg(0) on surface

snow.

The observed declining trend could also be atteithud the dry deposition of Hg(0) onto the
snowpack. The dry deposition velocity is definedfaldlows (Joffre, 1988), as the ratio
between the deposition flux (ng/nf/s) and the concentratigh(ng/nt):

va=% ()

Denoting the height of the boundary layer h andHIigé0) concentration at the beginning of
winter C,, the evolution of the concentration versus timehgs given by the following

ordinary differential equation:
C = C, e~ (wa/m)t (3)

During winter (t = 107 days), the Hg(0) concentatgradually decreased frofiy ~ 1.03
ng/nt to ¢ ~ 0.73 ng/m at 25 cm above the snowpack, in a mixing laye2®fm high.
According to Equation (3) the associated dry defmsivelocity is 9.3 18 cm/s. This result
is in very good agreement with dry deposition vitles reported for Hg(0) over snow
(Cobbett et al., 2007; Zhang et al., 2009).

In spite of the observed decreasing trend of Hg@@centrations in ambient air, total mercury
concentrations in surface snow samples did noifgigntly increase over time in winter (see
Fig. 5). Using a snow density of 300 kd/mloss of 0.30 ng/frover a period of three months
in a mixing layer of 25 m high would lead to a 23§/L increase in the first cm of the
snowpack. Given the variability of chemical spedeposition onto the snow surface, and the
occurrence of either fresh snowfall or blowing snols 2.5 ng/L increase over a period of
three months could not be detected in our weekfiasa snow samples.

Despite the overall decreasing trend in winter,Jigoncentration exhibited abrupt increases
when moist and warm air masses from lower latitudesasionally reached Concordia
Station. This is, for example, evidenced on 13 ROE2 by an increase of 0.25 nd/of the

Hg(0) concentration, an increase of temperatud®an a.g.l. from -63 to -26 °C, and a high

integrated water vapor column (see Fig. 9).
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3.2 Hg(0)/Hg(ll) redox conversions within the snowp  ack

The 2013 record of Hg(0) in the snow interstitial &IA) is displayed in Fig. 10. Fig. 11
depicts the mean Hg(0) concentration at varioughtgiabove and below the snow surface (in

the interstitial air of the snow) for all seasons.

3.2.1 Sunlit period

During the sunlit period (summer, spring/fall), Bg€oncentration peaked in the upper layers
of the snowpack and then decreased with depth, lgithls in the SIA dropping below

atmospheric values.

Hg(0) is generally produced in the upper layerstlted snowpack — as the result of a
photolytically initiated reduction of Hg(ll) (Lalale et al., 2003) — and diffuses upward and
downward. According to our observations, Hg(0) @nration peaked at ~ 10 cm below the
snow surface (see Fig. 11). Similarly, Brooks et(2008) reported Hg(0) concentrations
peaking at a depth of 3 cm at South Pole. Belowttipelayer, the actinic flux decreases
exponentially with depth (King and Simpson, 200IDomine et al., 2008). The light
penetration deptheffolding depth) is the depth at which the actinixfs magnitude is B of

its incident value (Perovich, 2007). It is estinghtkat ~ 85% of the photoreduction occurs in
the top twoe-folding depths (King and Simpson, 2001). At ConltiarStation, thee-folding
depth is ~ 10 cm at 400 nm for the wind pack layErance et al., 2011), which supports our
observations. Reduced mercury can concurrentlyebgidized within the snowpack. Below
the top layer, Hg(0) concentration in the SIA dregpvith depth (see Fig. 11) suggesting that
oxidation dominated in the deepest layers — in gagiitement with observations within the
snowpack at Kuujjuarapik/Whapmagoostui, Québec,aGan(Dommergue et al., 2003) —
leading to the formation of a Hg(ll) reservoir.

The amount of Hg(0) emitted from the snowpack te #tmosphere (see section 3.1.2.c)
depends on the balance of reduction and oxidatronegses within the upper layers of the
snowpack (Durnford and Dastoor, 2011). Fig. 12 cispthe hourly mean atmospheric and
interstitial air Hg(0) concentrations. Our obseiwas indicate that summertime Hg(0)

concentration in the upper layers of the snowpathbéted a diurnal cycle and peaked in the
afternoon (see Fig. 12a). Conversely, in spring/fad(0) concentration reached a maximum
at night and a minimum near midday in the uppeetdayf the snowpack (see Fig. 12b). The
balance of reduction and oxidation processes withi upper layers of the snowpack
suddenly shifted in summer. Similarly, Fain et (@008) found that reduction dominated
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during summer and oxidation in spring in the uplarers of the snowpack at Summit,

Greenland.

It is worth noting that Hg(0) concentration in tis#A was occasionally very high. For
instance, on 24 February 2013, Hg(0) concentratached 3.00 ng/frat a depth of 10 cm.
During this event, ice precipitation was observédCancordia Station with depolarization
values greater than 30% (data not shown). Thisesigdhat the presence of ice crystals could
enhance the dry deposition of Hg(ll) species oheéognow surface leading to increased Hg(0)
formation in the upper layers of the snowpack. éjedue to an elevated specific surface
area, mercury-capture efficiency of ice crystalbigh (Douglas et al., 2008). Unfortunately,
due to a low sampling frequency of surface snow pasn (weekly), total mercury
concentrations cannot be used to study furtherdlaionship between the occurrence of ice

precipitation events and dry deposition of merapgcies.

3.2.2 Winter

Contrarily to the sunlit period, Hg(0) concentratiocreased with depth in the SIA in winter
(see Figs. 10 and 11). The average Hg(0) concantramounted to 3.60 ngfat a depth of

70 cm and was observed at a temperature of ab6utGGand not related to any change in
atmospheric composition. Our observations are meeagent with earlier studies indicating
that reduction of Hg(ll) species is possible in ttaek (Ferrari et al., 2004; Fain et al., 2007,
Ferrari et al., 2008). The production of Hg(0) migk due to the reduction of Hg(ll) species
accumulated in the deepest layers of the snowpackgithe sunlit period (see section 3.2.1).
This shift from oxidation to reduction in the despkyers of the snowpack at the beginning

of winter remains unexplained.

4 Implications at a continental scale

Depletion events of atmospheric Hg(0) that havenbmgserved in the Artic and at various
coastal Antarctic stations have been associated @it depletions, where Hg(0) and;O
concentrations are positively correlated (Simpsbal.e 2007). Increases in both Hg@hd
Hg(p) have been reported in conjunction with desesaof Hg(0) (Lu et al., 2001; Lindberg
et al., 2002; Aspmo et al., 2005). Conversely, lBig(0) concentrations that were not
correlated or anti-correlated with;@ere observed at Neumayer and Troll (Temme et al.,
2003; Pfaffhuber et al., 2012), while elevated IHg{oncentrations (up to 0.33 ngfjnwere
recorded at Terra Nova Bay in the absence of HQ¢@)¢pletion (Sprovieri et al., 2002). The
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intense oxidation of Hg(0) in summer (see sectidh23a) and multi-day Hg(0) depletion
events observed at Concordia Station in Januargigep (see section 3.1.2.b) are expected to
result in the build-up of an inland atmosphericeresir enriched in Hg(ll) and depleted in
Hg(0) in the summer. Due to strong katabatic witholwing out from the Antarctic Plateau —
generated by the negative buoyant force that dpgsdlothe stable cooled layer along the ice
sheet slopes (Gallée and Pettré, 1998) —, a fraofithis inland atmospheric reservoir can be
transported toward the coastal margin. The infleevicthe flows from the Antarctic plateau
on coastal locations varies depending on the logatAs demonstrated by Parish and
Bromwich (1987) and Parish and Bromwich (2007), Weéume of air moving off inland
Antarctica toward the coastal margin displays g$igant spatial variability due to the
topographic slope and orientation of the underlyicg sheets. Northward transport of air
from the plateau is enhanced in a few locationtedatonfluence zones — e.g., the broad
region upslope from the Ross Ice Shelf at 175°Ethadirea near Adélie Land at 142°E — but
can be sporadically observed elsewhere explainimg daforementioned observations at
Neumayer, Troll, or Terra Nova Bay. Monitoring aspberic mercury at a coastal station
situated close to a confluence zone could proviel msights regarding the extent of the
transport of reactive air masses from the Antarpteteau. This topic is addressed in a
companion paper (Angot et al.,, 2016). The Antarcontinent shelters unconventional
atmospheric pathways of mercury reactivity bothwvinter and in summer. Its role should be

taken into account in the modeling of the globalapemical cycle of mercury.

5 Conclusion

Mean summertime atmospheric Hg(0) concentration w&%% lower compared to values
recorded at other Antarctic stations at the samegef the year, suggesting an intense
oxidation of atmospheric Hg(0) within the shallowumdary layer as a result of the high
oxidative capacity of the Antarctic plateau atmasphat this period of the year. This
hypothesis is further supported by high total meraoncentrations in surface snow samples
measured at the station (up to 74 ng/L). Our resatinfirm short-term observations by
Brooks et al. (2008) and Dommergue et al. (2012rldmical exchange at the air/snow
interface. During the sunlit period, Hg(0) concatitn peaked in the upper layers of the
snowpack. Summertime Hg(0) concentration in amb@nexhibited a pronounced diurnal
cycle likely due to large emissions from the snogkpas a response to daytime snowpack

ventilation. Our observations also reveal a deg@istmospheric mercury concentrations in
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winter (24-h darkness) possibly due to the dry démm of Hg(0). Interestingly, this
decreasing trend has never been observed elsewhdditionally, Hg(0) concentrations
increased with depth in the snow interstitial arwinter likely due to a dark reduction of
Hg(ll) species accumulated within the snowpack mythe sunlit period. Finally, we reveal
the occurrence of multi-day to weeklong depletivardgs of Hg(0) in ambient air in summer,
that are not associated with depletion @f &nd likely result from a stagnation of air masses
on the plateau triggering an accumulation of oxigan the shallow boundary layer. This
behaviour is radically different from what is udyabbserved in the Arctic where only
mercury depletion events that were associated Wighdepletion (and with a Hg(0)40
correlation) have been highlighted so far. Accogdio observations at coastal Antarctic
stations (see section 4), the reactivity obserte@amcordia Station can be transported at a
continental scale by strong katabatic winds. Outeustanding of the atmospheric mercury
chemistry on the Antarctic plateau is currentlyited by the lack of continuous halogens
measurements. Our findings point out new directifamsfuture kinetic, observational, and
modeling studies.
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Figure 1. Map of Antarctica showing surface elevation (metabove sea level, m a.s.l) and the
position of stations where atmospheric mercury measents have been performed with modern on-
line instruments. The black line shows the peripludithe high altitude plateau (> 2500 m a.s.|).
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Figure 2. Photographs showing) the meteorological tower with the three gas in{e¢sl arrows) at
1070 cm, 210 cm and 25 cm above the snow surfdu@drredit: B. Jourdain), arfg) one of the
snow towers with the two sampling inlets above shewpack at 50 and 10 cm (photo credit: D.
Helmig).
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Figure 3: Annual variation in 2012 and 2013 &f hourly-averaged Hg(0) concentrations (in n)/at
500 cm and 25 cm above the snow surface in 2012@h8, respectivelyh) downwelling shortwave
(SW) radiation (in W/, c) planetary boundary layer (PBL) height (in m), adozone (Q, daily
mean in 2012 and hourly mean in 2013) mixing rafiogopbv). The vertical dashed lines represent

seasonal boundaries.
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Figure 4: Back trajectories for the 3 layers of altitudearet according to the potential emission
sensitivity (PES, in secondg) on 11 September 201B) from 19 January to 8 February 2012,
from 5 to 20 February 2018) on 10 February 2012, am)i on 22 February 2013. Note that PES in a

particular grid cell is proportional to the paréigkesidence time in that cell.

29



80-
¢
-
S~
o
&
=~ 60-
o
.‘rG .
5
C
(O]
e
S 40-
o [ ]
&
3
o *¢
(]
E (]
E 20_ L4 +
O .
}_ .
L] °
O_ e®e = . °® ° ...- °® . ®
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb

2013 2014

Figure 5: Total mercury concentration (ng/L), along withretard errors, in surface snow samples
collected weekly at Concordia Station from Februa®l3 to January 2014. Dark period (winter)
highlighted in grey, sunlit period highlighted irliow. Total mercury concentrations were elevated
(up to 74 ng/L) in November-December 2013 (summgl)samples were analyzed in replicates of

three. Standard errors are frequently smaller tharwidth of the dots.
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Figure 6: Top: January and February 2012 cycle af:hourly-averaged Hg(0) concentrations (in
ng/nT) at 500 cm above the snow surfabp Integrated Water Vapor (IWV, kgfn c) Temperature

(in °C) at 10 m above ground level, addozone (@, daily mean) mixing ratios (ppbv). Hg(0) was
low from 19 January to 8 February (period highlgghtin red) while @ showed no abnormal
variability. Bottom: January and February 2013 eyaf: €) hourly-averaged Hg(0) concentrations (in
ng/nT) at 210 cm above the snow surfafelntegrated Water Vapor (IWV, kghn g) Temperature

(in °C) at 10 m above ground level, amdozone (@, hourly mean) mixing ratio (ppbv). Hg(0), IWV,
and temperature were low from 5 to 20 Februaryigpehighlighted in red) while ©showed no
abnormal variability. Note that Hg(0) concentracexhibited the same pattern at the three inlets of
the meteorological tower from 5 to 20 February 2013
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Figure 7: Hourly (local time) mean variation, along with tB6% confidence interval for the mean,

of: a) Hg(0) concentration (in ngfnat 25 cm above the snow surfabg,downwelling shortwave
(SW) radiation (in W/f) according to the MAR model simulatiors), temperature (in °C) at 3 m

above the snow surfacg) wind speed at 3 m above the snow surface (in ®yglanetary boundary

layer (PBL) height (in m) according to the MAR médanulationsf) friction velocity ., in m/s),

andg) Eddy diffusivity , in nf/s) in summer (red), fall (green), winter (blueddaspring (purple).

Note that the hourly mean variation of Hg(0) coricaion in summer is similar at the three inlets of

the meteorological tower.
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Figure 8: Schematic diagram illustrating the processes gloaern the Hg(0) budget at Concordia
Stationa) in summer under stable Planetary Boundary LayBtYRonditions,b) in summer under
convective PBL conditions;) in spring/fall, andd) in winter. In summer, Hg(0) is—eentirdeudsly
intensely oxidized due to the high oxidative cafpaof the boundary layer and a large amount of
divalent mercury species deposit onto the snowpadkaction of deposited mercury can be reduced
(the reducible pool, H@l)) in the upper layers of the snowpack and sgbsetly reemitted to the
atmosphere as Hg(0). Hg(0) emission from the snolpaaximizes near midday likely due to
increased ventilation as a response to daytimdngeadxidation of Hg(0) dominates in the deeper
layers of the snowpack likely leading to the forimatof a Hg(ll) reservoir. In spring/fall, the balze

of reduction and oxidation processes within the empfayers of the snowpack differs from
summertime: oxidation dominates during the dayucédn at night. In winter, Hg(0) is produced in
the deeper layers of the snowpack likely as a regulhe reduction of Hg(ll) species accumulated
during the sunlit period. Ambient Hg(0) concenta exhibit a 20 to 30% decrease through winter

possibly due to dry deposition of Hg(0).
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Figure9: Year 2012 wintertime record of) hourly-averaged Hg(0) concentrations (in ntj/at 500
cm above the snow surfads), Integrated Water Vapor (IWV, kgAn andc) Temperature (T, °C) at
10 m above ground level. Hg(0), temperature, and/ liWcreased from June 12 to 15 (in red)

suggesting transport of moist and warm air massgsating from lower latitudes.
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Figure 10: Annual variation of hourly-averaged Hg(0) concetitns (in ng/m) in the snow
interstitial air collected at the various inletstbé two snow towersl) snow tower #1b) snow tower

#2. Note that we regularly experienced technicabj@ms on snow tower #2 leading to missing

values.
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surface (cm) at Concordia Station in summer (yell@pring/fall (purple), and winter (dark blue) The
horizontal light blue dashed line represents tlussurface.
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Figure 12: Hourly (local time) mean atmospheric and inteigdtinir Hg(0) concentrations i)

summer, and) spring/fall. The vertical axis is the height of asarement relative to the snow surface
(in cm). Color contours show Hg(0) concentratiansg/nt). Concentrations at 25, 210, and 1070 cm
above the snow surface were acquired on the méogical tower while concentrations at 50, 10, -10,
-30, -50 cm, and -70 cm were collected on snow taite Data were cubic spline interpolated using

software R.

37



