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Abstract

Under the framework of the Global Mercury ObseatSystem (GMOS) project, a 3.5-year
record of atmospheric gaseous elemental mercurfOjiHdnas been gathered at Dumont
d’'Urville (DDU, 66°40'S, 140°01'E, 43 m above seav¢l) on the East Antarctic coast.
Additionally, surface snow samples were collectadFebruary 2009 during a traverse
between Concordia Station located on the East Aintaplateau and DDU. The record of
atmospheric Hg(0) at DDU reveals particularitieatthre not seen at other coastal sites: a
gradual decrease of concentrations over the coafseinter, and a daily maximum
concentration around midday in summer. Additionaligtal mercury concentrations in
surface snow samples were particularly elevated B84 (up to 194.4 ng t) as compared

to measurements at other coastal Antarctic siteesd differences can be explained by the
more frequent arrival of inland air masses at DDEntat other coastal sites. This confirms
the influence of processes observed on the Antapititeau on the cycle of atmospheric
mercury at a continental scale, especially in asedigect to recurrent katabatic winds. DDU
is also influenced by oceanic air masses and dar slaygest that the ocean plays a dual role
on Hg(0) concentrations. The open ocean may repressource of atmospheric Hg(0) in
summer whereas the sea-ice surface may providévedalogens in spring that can oxidize
Hg(0).
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1 Introduction

The Antarctic continent is one of the last neastme environments on Earth since still
relatively unaffected by human activities. Except pollutants released from Antarctic
Research stations (e.g., Hale et al., 2008; Chexl.,e2015) and by marine and air-borne
traffic (Shirsat and Graf, 2009), only the longeds atmospheric contaminants reach this
continent situated far from anthropogenic pollutsmurces. With an atmospheric lifetime on
the order of one year (Lindberg et al., 2007), gaseslemental mercury (Hg(0)) is efficiently
transported worldwide. Hg(® the most abundant form of mercury — a toxic €t in the
atmosphere (Lindberg and Stratton, 1998). It caodized into highly-reactive and water-
soluble gaseous divalent species (Hg(ll)) — that band to existing particles and form
particulate mercury (Hg(p)) — leading to the defosi of reactive mercury onto various
environmental surfaces through wet and dry prosefisadqvist and Rodhe, 1985; Lin and
Pehkonen, 1999). Mercury can be reemitted backdeatmosphere as Hg(0) (Schroeder and
Munthe, 1998). Assessing mercury deposition anchigson pathways remains difficult due

to an insufficient understanding of the involved/gib-chemical processes.

Only sparse measurements of atmospheric mercurg heen performed in Antarctica and
there are still many gaps in our understandingsofycle at the scale of this vast continent (~
14 million knf) (Dommergue et al., 2010). To date, observatioaewnade over one year at
the coastal site of Neumayer (NM, Ebinghaus et2802; Temme et al., 2003) and during
summer campaigns at Terra Nova Bay (TNB, Sproweral., 2002) and McMurdo (MM,
Brooks et al., 2008b). More recently, multi-yeacaels have been obtained at Troll (TR)
situated approximately 220 km from the coast at51@i7a.s.l. (Pfaffhuber et al., 2012) and
Concordia Station located at Dome C (denoted D2038 a.s.l.) (Angot et al., 2016). Under
the framework of the GMOS project (Global Mercurpgervation System, www.gmos.eu),
atmospheric monitoring of Hg(0) has been implemegtateDumont d’Urville (DDU) located

in Adélie Land (Fig. 1) and we here report the otad 3.5-year record of atmospheric Hg(0)
that represents the first multi-year record of Hgf@ailable for the East Antarctic coast. In
this paper, the Hg(0) record from DDU is discusBeterms of influence of marine versus
inland air masses, and compared to records avail@bbther coastal (NM, TNB, MM) or
near-coastal (TR) stations. In parallel, total meyovas determined in surface snow samples
collected during a traverse between DC and DDUehr&ary 2009. These results provide
new insight into the transport and deposition patyswof mercury species in East Antarctica.
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2 Experimental Section

2.1 Sampling site and prevailing meteorological con  ditions

From January 2012 to May 2015, Hg(®easurements were performed at DDU station
located on a small island (lle des Pétrels) abaetlan offshore from the Antarctic mainland.
A detailed description of the sampling site (“LaBY has been given by Preunkert et al.
(2013) while the climatology of this coastal statisas been detailed by Kénig-Langlo et al.
(1998). The average surface air temperature rafnges-1 °C in January to -17 °C in winter,
with a mean annual temperature of -12 °C. The dnmean surface wind speed is 10 1h s
with no clear seasonal variations. Due to the sgtrkatabatic effects, the most frequent
surface wind direction is 120°E-160°E.

2.2 Methods

2.2.1 Hg(0) measurements

Hg(0) measurements were performed using a Tekran 253@&4m Inc., Toronto, Canada).
The sampling resolution ranged from 10 to 15 miswtéh a sampling flow rate of 1.0 L min

! Concentrations are reported here as hourly aesragd are expressed in nanograms per
cubic meter at standard temperature and pressidBel& K, 1013.25 hPa). Setting a 0.2 um
PTFE filter and a 10 m long unheated sampling bnethe front of the analyzer inlet, we
assume that mainly Hg(Qnstead of total gaseous mercury, defined as tine af gaseous
mercury species) was efficiently collected and sghently analyzed by the instrument
(Steffen et al., 2002; Temme et al., 2003; Steéfeal., 2008).

External calibrations were performed twice a yearrjecting manually saturated mercury
vapor taken from a temperature-controlled vesseingua Tekran 2505 mercury vapor
calibration unit and a Hamilton digital syringe dafollowing a strict procedure adapted from
Dumarey et al. (1985). As described by Angot et(2014), fortnightly to monthly routine
maintenance operations were performed. A softwaogram was developed at the LGGE
(Laboratoire de Glaciologie et Géophysique de liEatvnement) following quality control
practice commonly applied in North American netvgi(Steffen et al., 2012). Based on
various flagging criteria (Munthe et al., 2011; ABiore et al., 2015), it enabled rapid data
processing in order to produce clean time serigdg§f). The detection limit is estimated at
0.10 ng ¥ (Tekran, 2011).
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2.2.2 Snow sampling and analysis

Eleven surface snow samples (the upper 3 cm) wahected during a traverse between DC
and DDU conducted in February 2009. As described®bsnmergue et al. (2012), samples
were collected using acid cleaned PTFE bottles eledn sampling procedures. After
sampling, samples were stored in the dark at -20~f€d blanks were made by opening and
closing a bottle containing mercury-free distillechter. Total mercury (Hg) in snow
samples was analyzed using a Tekran Model 260, kgludes species such as HgCl
Hg(OH), HgGO,, stable complexes such as HgS and Hg(ll) boundutéur in humic
compounds, or some organomercuric species (Lintlgmd Rodhe, 1985). Quality assurance
and quality control included the analysis of arialtblanks, replicates, internal standards,
and spiked materials. The limit of quantificationcalculated as 10 times the standard

deviation of a set of 3 analytical blanks — wasiigd* and the relative accuracy + 8%.

Surface snow samples collected during traverses @y limited spatial and temporal
representativeness given the variability of chefrépacies deposition onto the snow surface,
and the occurrence of either fresh snowfall or lgwsnow. However, the daily kg
concentration of surface (upper 3-5 cm) snow saspbdiected at different snow patches at
MM averaged 67 + 21 ng't(n =14) (Brooks et al., 2008b), indicating tha¢ #patial and

temporal representativeness of surface snow saroptebe satisfactory.

2.2.3 Ancillary parameters

O3 was continuously monitored with a UV absorptionnitar (Thermo Electron Corporation
model 491, Franklin, Massachusetts) (Legrand et24109). Collected at 15-s intervals, the

data are reported here as hourly averages.

Back trajectories were computed using the HYSPLHyhtid Single-Particle Lagrangian
Integrated Trajectory) model (Draxler and Rolphl20 Meteorological data from Global
Data Assimilation Process (available at ftp://arhtihg.noaa.gov/pub/archives/gdasl) were
used as input, and the model was run every hobadkward mode for 5 days at 0, 200, and
500 m above the model ground level. Three typidalasons prevail at DDU: strong
katabatic winds flowing out from the Antarctic iskeet situated south of the station, pure
marine air masses, or continental/marine mixedrasses with easterly winds due to the
arrival near the site of low-pressure systems (fr@nglo et al., 1998). Oceanic origin was
attributed to air masses having traveled at leaktylover the ocean and less than 3 days out

of 5 over the high-altitude Antarctic plateau. Cersely, plateau origin refers to air masses

4
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having traveled at least 3 days over the higheaétAntarctic plateau and less than 1 day out
of 5 over the ocean. Finally, mixed origin refevsair masses having traveled less than 1 and
3 days out of 5 over the ocean and the high-akitddtarctic plateau, respectively. It should
be noted that uncertainties associated with caledildackward trajectories arise from
possible errors in input meteorological fields andnerical methods (Yu et al., 2009), and
increase with time along the way (Stohl, 1998). dxding to Jaffe et al. (2005), back
trajectories only give a general indication of foeirce region. Despite these limitations, back
trajectories remained very similar at the threelewf altitude arrival at the site and we only
use here those arriving at the model ground IeMals method also gave consistent results
with respect to the origin of various chemical seedncluding Q (Legrand et al., 2009),
HCHO (Preunkert et al., 2013), NQGrilli et al., 2013), and sea-salt aerosol (Legrat al.,
2016a).

2.3 Local contamination

Pollution plumes due to the station activities (e.gombustion, vehicular exhaust)
occasionally reached the sampling site. Such lpcklition events can be easily identified for
instance by the fast decrease gfoDincrease of HCHO mixing ratios (Legrand et 2009;
Preunkert et al., 2013). We used a criterion basewind direction and sudden drops of O
mixing ratios to filter the raw data (i.e., colledtat 5 min intervals) and discard Hg(0) data
impacted by a local pollution. Raw Hg@ta above 1.60 ng fcorresponding to the mean
+ 3 standard deviation, obtained when the wind llasiing from 30°W to 70°E (i.e., the
sector where main station activities are locatesd accompanied by a drop of @ere
discarded from the data set. Using this criteromly 0.1% of raw Hg(0) data was discarded,
the Hg(0) record being very weakly impacted by y@dn plumes.

3 Results and Discussion

The record of atmospheric Hg(0) from January 20d2May 2015 is displayed in Fig. 2.
Hourly-averaged Hg(0) concentrations ranged frob® @ 3.61 ng i, with an average value
of 0.87 + 0.23 ng . This mean annual Hg(0) concentration is in goge@ment with the
value of 0.93 + 0.19 ng th(4-year average) reported by Pfaffhuber et all22@t TR, but
lower than the concentration of 1.06 + 0.24 g (h2-month average) reported by Ebinghaus
et al. (2002) at NM. While the same device was w#ethe three stations, the measurements
may target different mercury species dependingheir tonfiguration (e.g., heated/unheated

5
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sample line). The difference between total gasenascury and Hg(0) data can be rather
substantial since gaseous oxidized mercury (Hg@dpcentrations of up to ~ 0.30 ng°m
were reported in spring/summer at several coastératic stations (Sprovieri et al., 2002;
Temme et al., 2003; Brooks et al., 20080). allow a more accurate comparison of data
available at the various Antarctic stations, moaentonized sampling protocols are needed.
Seasonal boundaries have been defined as follawsmsr refers to November-February, fall
to March-April, winter to May-August, and spring ®eptember-October. Though being
arbitrary, this dissection was done by considetimg time period over which the halogen
chemistry (September-October) or the OH{NfBemistry (November-February) is dominant
at DDU (see sections 3.1.2 and 3.2.2). The mecitmanighich cause the seasonal variation of

Hg(0) concentrations are discussed in the folloveagtions.

3.1 From winter darkness to spring sunlight

3.1.1 Continental outflow and advection from lower latitudes in winter

A gradual 20% decrease in Hg(0) concentrations fdo8® + 0.09 in average in May to 0.72
+0.10 ng 1* in August (Fig. 3a) was observed at DDU. Convegrsadncentrations remained
rather stable at NM and TR in winter with mean ealof 1.15 + 0.08 and 1.00 + 0.07 ng,m
respectively (Ebinghaus et al., 2002; Pfaffhuberale 2012). Pfaffhuber et al. (2012)
suggested that this stability of Hg(0) concentragi@t TR is related to a lack of oxidation
processes during the polar night.

A local reactivity at DDU — absent at other coastations — seems unlikely. Angot et al.
(2016) showed evidence of a gradual 30% decreadg(@) concentrations at DC at the same
period of the year (Fig. 3a), likely due to a ghsge oxidation and/or heterogeneous
reactions. Since the decreasing trend observedritemis less pronounced at DDU than at
DC, it most likely results from reactions occurrinithin the shallow boundary layer on the
Antarctic plateau, subsequently transported towhedcoastal margins by katabatic winds.
This assumption is supported by the HYSPLIT modmiutations showing a prevalence in
winter (64 + 22%) of air masses originating frone thntarctic plateau reaching DDU (Fig.
4). The export of inland air masses towards thestabaregions is not uniform across
Antarctica and is concentrated in a few locatiorisenfluence zones” — such as the Amery
Ice Shelf region, the area near Adélie Land at ,L1¢4® broad region upslope from the Ross
Ice Shelf, and the eastern side of the Antarctigir®aila at ~ 60°W (Fig. 1) (Parish and
Bromwich, 1987, 2007). Given its geographic loaatidDU in Adélie Land lies close to a

6



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-257, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 1 April 2016 and Physics

(© Author(s) 2016. CC-BY 3.0 License.

189
190
191
192
193

194
195
196
197
198
199
200
201
202
203
204
205
206
207
208

209

210
211
212
213
214
215
216
217
218
219
220

Discussions

confluence zone explaining the extent of the trartspf air masses from the Antarctic
plateau. Conversely, several studies showed tlaioss such as NM and HA are not
significantly impacted by air masses originatingnfr the Antarctic plateau (Helmig et al.,
2007; Legrand et al., 2016b), consistently extgnvhy Hg(0) concentrations remained
rather stable at NM and TR in winter (Ebinghaualet2002; Pfaffhuber et al., 2012).

Despite the overall decreasing trend in winter, Wigfoncentrations sporadically exhibited
abrupt increases when warm air masses from lowitndas reached DDU. As illustrated by
Fig. 5, Hg(0) concentration for example increasedf0.72 (8 June 2012) to 1.10 ng {14
June 2012) with increasing temperature, and a fgignt positive correlation was found
between the two parameters (r = 0.88yalue < 2.2.18° Spearman test). This result is
supported by an enhanced fraction of oceanic agsesmreaching DDU at that time according
to the HYSPLIT model simulations (Fig. 5d). Considty, aerosol data gained in the
framework of the French environmental observatioervise CESOA (http://www-
Igge.obs.ujf-grenoble.frf CESOA/spip.php?rubrique)dicated to the study of the sulfur
cycle at middle and high southern latitudes indicatmean sodium concentration of 450 ng
m* between 10 and 14 June 2012 (not shown) instead2f: 62 ng ni over the other days
of this month. It can be noted that the mean Hg@@centration in June 2012 was 0.95 + 0.04
ng m® at TR (Slemr et al., 2015), and 1.02 + 0.04 ngon Amsterdam Island (37°48'S,
77°34'E, Angot et al., 2014). These values areistarg with the increase seen at DDU in air

masses arriving from lower latitudes.

3.1.2 The ice-covered ocean as a sink for Hg(0) in  spring

First discovered in the Arctic in 1995 (Schroed¢rak, 1998), Atmospheric Mercury
Depletion Events (AMDES) have been subsequentiyemiesl after polar sunrise (mainly
from early September to the end of October) attebas near-coastal Antarctic stations at
NM (Ebinghaus et al., 2002), TNB (Sprovieri et &002), MM (Brooks et al., 2008b), and
TR (Pfaffhuber et al., 2012). These events, charaetd by abrupt decreases of Hg(0)
concentrations below 1.00 nghin the Arctic and 0.60 ng thin Antarctica (Pfaffhuber et
al., 2012), result from the oxidation of Hg(0) mactive bromine species (e.g., Schroeder et
al.,, 1998; Lu et al., 2001; Brooks et al., 2008ommar et al., 2007). At DDU, Hg(0) data
covering the spring time period are scarce (Figarg) we can just emphasize that the absence
of Hg(0) drops in October 2012 tends to sugge$tAMDES, if exist, are not very frequent at

DDU. Ozone Depletion Events (ODESs) are found tdelss frequent and far less pronounced
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at DDU compared to other coastal stations such lsaid HA (Legrand et al., 2009;

Legrand et al., 2016b). Based on the oxygen arrdgah isotope composition of airborne
nitrate at DDU, Savarino et al. (2007) concludecmoabsence of significant implication of
BrO in the formation of nitric acid at this siteprtrarily to what is usually observed in the
Arctic where high levels of BrO are measured aaipslinrise (Morin et al., 2008). All these
observations are consistent with a less efficieatrtine chemistry in East compared to West
Antarctica due to a less sea-ice coverage, assafgmorted by GOME-2 satellite observations

of the tropospheric BrO column (Theys et al., 20L&grand et al., 2016a).

Despite the absence of large AMDEs at DDU, spnmgtbceanic air masses were associated
with low Hg(0) concentrations (0.71 + 0.11 ng>nsee Fig. 3b). A slight but significant
negative correlation was found between Hg(0) cotmaans in spring and the daily-averaged
percentage of oceanic air masses reaching DDU-(.38, p value = 0.01, Spearman test)
while a significant positive correlation was obstv between springtime Hg(0)
concentrations and {Omixing ratios in these oceanic air masses (r uP.65, p value <
2.2.10'® Spearman test). Therefore, though being not @sopinced as AMDES observed at
other coastal stations, we cannot rule out that rdteer low background Hg(0) levels

observed in spring at DDU are due to a weak effétte bromine chemistry.

3.2 High variability in Hg(0) concentrations in sum mer

Hg(0) concentrations were highly variable during funlit period as compared to wintertime
(Fig. 2). Fig. 6 displays processes that may gotleeratmospheric mercury budget at DDU in

summer, as discussed in the following sub-sections.

3.2.1 Diurnal cycle of Hg(0) in ambient air

Fig. 7 displays the monthly mean diurnal cycle @f{®) concentrations at DDU. Undetected
from March to October, a diurnal cycle charactatiby a noon maximum was observed in
summer (November to February). Interestingly, Pfalfier et al. (2012) did not observe any
diurnal variation in Hg(0) concentrations at TR ahdre is no mention of a daily cycle at
NM, TNB, and MM (Ebinghaus et al., 2002; Temmeakt 2003; Sprovieri et al., 2002;
Brooks et al., 2008b).

Hg(0) concentrations at DDU were sorted accordingind speed and direction. With north
at 0°, oceanic winds ranged from 270 to 110°E, tedaginds from 110 to 130°E, katabatic
winds from 160 to 180°E, and continental winds frb&0 to 160°E and from 180 to 270°E.
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Summertime Hg(0) concentrations exhibited a diumyalle regardless of wind speed and
direction (Fig. 8). This result indicates that titeserved diurnal cycle involves a local source
of Hg(0) around midday which is, moreover, spedificDDU since the diurnal cycle is not

observed at other coastal stations.
3.2.1.1 Role of penguin emissions

Large colonies of Adélie penguins nest on islandsied DDU from the end of October to
late February, with a total population estimate®@t00 individuals (Micol and Jouventin,
2001). Several studies highlighted that the presefthese large colonies at DDU in summer
significantly disturbs the atmospheric cycle of exay species including ammonium and
oxalate (Legrand et al., 1998), carboxylic acidsl ather oxygenated volatile organic
compounds (Legrand et al.,, 2012), and HCHO (Pretinké al., 2013). In a study
investigating sediment profiles excavated from poadd catchments near penguin colonies
in the Ross Sea region, Nie et al. (2012) meashigid mercury content in penguin excreta
(guano). Similarly, elevated total mercury concatibns were measured in ornithogenic soils
(i.e., formed by accumulation of guano) of the &dcand Ardley peninsulas of King George
Island (De Andrade et al., 2012). When soil terapge rises above freezing in summer at
DDU, oxalate is produced together with ammoniuntofeing the bacterial decomposition of
uric acid in ornithogenic soils (Legrand et al..989and references therein). Dicarboxylic
acids such as oxalic acid were shown to promotdighédriven reduction of Hg(ll) species
in aqueous systems and ice (Gardfeldt and Jon2af)8; Si and Ariya, 2008; Bartels-
Rausch et al., 2011). Emissions of Hg(0) from smowered ornithogenic soils are expected
to peak early and late summer — following the réidacof Hg(ll) species in the upper layers
of the snowpack —, as also seen in the oxalateectrations at DDU (Legrand et al., 1998).
Furthermore the rise of temperature at noon wouténgthen Hg(0) emissions from
ornithogenic soils, possibly contributing to thesetved diurnal cycle from November to

February.
3.2.1.2 Possible role of the “sea breeze”

In summer, the surface wind direction sometimesngha from 120-160°E to North as
temperature rises over midday (Pettré et al., 1988liée and Pettré, 1998), giving birth to an
apparent sea breeze. This phenomenon usuallynalta day or less and air masses cannot
be referred to as oceanic (see section 2.2.3).abelget al. (2001) and Legrand et al. (2016b)

observed increasing atmospheric dimethylsulfide @Mand chloride concentrations,
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respectively, during sea breeze events. However, @sults indicate that Hg(0)

concentrations did not tend to increase systenitivath the occurrence of a sea breeze
(e.g., Fig. 9).
3.2.1.3 Role of snowpack emissions

Angot et al. (2016) reported a daily cycle in sumna DC with maximal Hg(0)
concentrations around midday. This daily cycle athp East Antarctic ice sheet was
attributed to: i) a continuous oxidation of Hg(@)the atmospheric boundary layer due to the
high level of oxidants present there (Davis et 2001; Grannas et al., 2007; Eisele et al.,
2008; Kukui et al., 2014), ii) Hg(ll) dry depositi onto the snowpack, and iii) increased
emission of Hg(0) from the snowpack around middayaaresponse to daytime heating
following photoreduction of Hg(ll) in the upper kxg of the snowpack. Even if DDU is
located on snow free bedrock for most of the sumseason, the same mechanism could
apply since the station is surrounded by vast soovered areas. However, such a dynamic
cycle of deposition/reemission at the air/snow rfiaie requires the existence of a
summertime atmospheric reservoir of Hg(ll) speciearby DDU. This question is addressed

in the following sub-section.

3.2.2 Transport of reactive air masses from the Ant  arctic plateau

Several previous studies pointed out that the majidants present in the summer
atmospheric boundary layer at coastal Antarctiessidiffer in nature from site to site:
halogens chemistry prevails in the West, OH/N®emistry in the East (Legrand et al., 2009;
Grilli et al., 2013). Measurements made at HA immuer indicate a BrO mixing ratio of 3
pptv (Saiz-Lopez et al., 2007), a N@ixing ratio of about 5 pptv (Bauguitte et al.,120,
and a 24 h average value of 3.9%tAdicals crit for OH (Bloss et al., 2007). Conversely,
BrO levels are at least lower by a factor of tw®&U (Legrand et al., 2016a) and Grilli et al.
(2013) reported a daily mean of 20 pptv for N©Osummer at DDU while Kukui et al. (2012)
reported a 24 h average value of 2. B@licals crit for OH. Large OH/NQ concentrations
at DDU compared to HA were attributed to the afrivhair masses originating from the
Antarctic plateau where the OH/NChemistry is very efficient (Legrand et al., 200Qukui

et al., 2012).

Goodsite et al. (2004) and Wang et al. (2014) sstggea two-step oxidation mechanism for
Hg(0), favored at cold temperatures. The initi@ombination of Hg(0) and Br is followed by
the addition of a second radical (e.g., I, Cl, BED, OH, NQ, or HO,) in competition with
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the thermal dissociation of the HgBr intermedidising the rate constants calculated by
Wang et al. (2014) for the reactions of BrO, N@nd OH with the HgBr intermediate, we
found that BrO is the most efficient oxidant of Hg& HA (lifetime of 1.9 min against 2.2
min with NG, and 11 days with OH). At DDU the situation is nsesl with a lifetime of the
HgBr intermediate of 0.5 min with N0O3.9 min with BrO (assuming the presence of 1% pp
of BrO in summer at DDU (Legrand et al., 2016a))d & hours with OH. These results
suggest that the formation of Hg(ll) species at DBbuld be promoted by oxidants
transported from the Antarctic plateau towardscibest.

In addition to oxidants, inland air masses may dpant mercury species. Low Hg(0)
concentrations (0.76 + 0.30 ng jrat DDU were associated with transport from theactic
plateau in summer (November to February, see Hi}. B significant negative correlation
was found in summer between Hg(0) concentratioustla@ daily-averaged percentage of air
masses originating from the Antarctic plateau (049, p value < 2.2.18°, Spearman test).
Brooks et al. (2008a) reported elevated concentratdf oxidized mercury species at SP in
summer (0.10 — 1.00 ngHhand Angot et al. (2016) low Hg(0) concentrati@ishe same
period of the year at DC (0.69 + 0.35 ng,me., ~ 25% lower than at NM, TNB and MM).
Angot et al. (2016) also reported the occurrencenofti-day to weeklong Hg(0) depletion
events (mean Hg(0) concentration ~ 0.40 rig) fikely due to a stagnation of air masses
above the plateau triggering an accumulation oflaxis within the shallow boundary layer.
These observations indicate that inland air masssshing DDU in summer are depleted in
Hg(0) and enriched in Hg(ll).

The Hgy concentration of snow samples collected in sumbatween DC and DDU (see
section 2.2.2) ranged from 4.2 to 194.4 n§ (Fig. 10). The closest sample from DC
exhibited a Hg; concentration of 60.3 + 8.1 ng'L(n = 3), in very good agreement with
concentrations found in surface snow samples delliein summer at DC (up to 73.8 £ 0.9 ng
L, Angot et al., 2016). As illustrated by Fig. 10g4dconcentrations increased between 600-
800 km and 1000-1100 km from DC in areas charastdrby steeper slopes and higher snow
accumulation values. Several studies reported dugtancrease in snow accumulation from
DC toward the coast (Magand et al., 2007; Veréait al., 2012; Favier et al., 2013), in
good agreement with a gradual increase in humi@tpmwich et al., 2004). These results
suggest that the wet deposition of Hg(ll) species wnhanced near the coast, resulting in
elevated Hg: concentrations in surface snow samples. Additigngie presence of halides

such as chloride in snow can reduce the reductide of deposited Hg(ll) species by
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competing with the complexation of Hg(ll) with dibaxylic acids (Si and Ariya, 2008)
resulting in higher Hg: concentrations in coastal snowpacks (Steffen.e2@l4). It is worth
noting that the Hg concentrations between DC and DDU were higher ttien values
measured in summer along other expedition routeEast Antarctica. Han et al. (2011)
measured very low Hg concentrations (< 0.4 — 10.8 pg)calong a ~ 1500 km transect in
east Queen Maud Land, and gdgoncentrations ranged from 0.2 to 8.3 ng along a
transect from ZG to DA (Fig. 1) (Li et al., 2018)nfortunately none of the samples collected
during these two traverses were truly coastal —-ntlest seaward samples were collected at
altitudes of 948 and 622 m, respectively — preventa direct comparison with the
concentration measured near DDU. The meag; Blincentration of 67 + 21 ng’Lreported
by Brooks et al. (2008b) at MM is the only trulyastal value available in Antarctica and is

lower than the value reported here near DDU.

The advection of inland air masses enriched in laidants and Hg(ll) likely results in the
build-up of an atmospheric reservoir of Hg(ll) sipscat DDU — as confirmed by elevated
Hgit concentrations in surface snow samples —, conigritie hypothesis of a dynamic cycle

of deposition/reemission at the air/snow interface.

3.2.3 The ocean as a source of Hg(0)

Daily AMSR2 sea ice maps obtained from http://mvaw. uini-

bremen.de:8084/amsr2data/asi_daygrid_swath/s6Zx¥eén et al., 2008) are displayed in
Fig. 11. DDU is located on a small island with opecean immediately around from
December to February (e.g., summer 2014/2015, gge Elc and 11f). During summers
2011/2012, 2012/2013, and 2013/2014, areas of aopmers were observed but with a

significant unusual amount of sea ice.

According to Fig. 3b, Hg(0) concentrations in odeamir masses were elevated from
December to February (1.04 + 0.29 ng)mand a significant positive correlation was found
between Hg(0) concentrations and the daily-avergggdentage of oceanic air masses in
summer (r = 0.50p value < 2.2.18°% Spearman test). While in winter the ice coverttah
mercury exchange at the air/sea interface (Andarssal., 2008) leading to the build-up of
mercury-enriched waters, large emissions of Hg@nfthe ocean likely occurred in summer.
According to Cossa et al. (2011), total mercuryasmtrations can be one order of magnitude
higher in under-ice seawater than those measuregen ocean waters. The authors attributed

this build-up of mercury-enriched surface watershi® massive algal production at basal sea
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ice in spring/summer triggering a large productiéiig(0), and to the mercury enrichment in
brine during the formation of sea ice. Elevated@gncentrations in oceanic air masses are
consistent with observations in the Arctic wherg®g-oncentrations in ambient air peak in
summer due to oceanic evasion and snowmelt relipdgiton (Dastoor and Durnford, 2014).
Additionally, evasion from meltwater ponds formed the remaining sea ice and observed
around the station may contribute to the increadég(0) concentrations (Aspmo et al., 2006;
Durnford and Dastoor, 2011).

Hg(0) concentrations in oceanic air masses peaked December to February while Hg(0)
concentrations exhibited a diurnal cycle from e&twember to February (see section 3.2.1).
This time lag suggests that oceanic emissions ¢araoesponsible alone for the daily cycle

of Hg(0) at this period of the year.

4 Implications

4.1 For coastal Antarctic ecosystems

The reactivity of atmospheric mercury is unexpegtsdynificant in summer on the Antarctic
plateau as evidenced by elevated Hg(ll) and lowOHgéncentrations (Brooks et al., 2008a;
Dommergue et al., 2012; Angot et al., 2016). Tdtisdy shows that katabatic/continental
winds can transport this inland atmospheric reseteward the coastal margins where Hg(ll)
species tend to deposit due to increasing snow nadation (Fig. 10). However, the
postdeposition dynamics of mercury and its ultim@® in ecosystems remain unknown.
Bargagli et al. (1993) and Bargagli et al. (200%)owed evidence of enhanced
bioaccumulation of mercury in soils, mosses, anbens collected in ice-free areas around
the Nansen Ice Sheet (Victoria Land, upslope fréra Ross Ice Shelf), suggesting an
enhanced deposition of mercury species. Interdgtifigur large glaciers join in the Nansen
Ice Sheet region and channel the downward flowiofrasses from the Antarctic plateau
toward Terra Nova Bay, generating intense katalvatids. The monthly mean wind speed is
about 16 m$in this area (Bromwich, 1989). Along with an enbeah deposition of mercury
during AMDEsSs, the wind might as well be responsitidethe advection of inland air masses
enriched in Hg(ll) species as observed in our chisdy. As already pointed out by Bargagli
et al. (2005), coastal Antarctic ecosystems maypimeca sink for mercury, especially in view

of increasing anthropogenic emissions of mercudia (Streets et al., 2009).
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4.2 For the cycle of atmospheric mercury in high so  uthern latitudes

The influence of the Antarctic continent on thebglbgeochemical cycle of mercury remains
unclear (Dommergue et al., 2010). This study shtived the reactivity observed on the
Antarctic plateau (Brooks et al., 2008a; Dommergtieal., 2012; Angot et al., 2016)
influences the cycle of atmospheric mercury at @tinental scale, especially downstream of
the main topographic confluence zones. The quesBomvhether the katabatic airflow
propagation over the ocean is important. Accordiniylather and Miller (1967), the katabatic
flow draining from the Antarctic plateau turns leftder the action of the Coriolis force and
merges with the coastal polar easterlies. The sadace flow takes the form of an
anticyclonic vortex (King and Turner, 1997), limigj the propagation of katabatic flows over

the ocean.

5 Conclusion

We presented here a 3.5-year record of Hg(0) cdraténs at DDU, first multi-year record
on the East Antarctic coast. Our observations lev@amber of differences with other costal
or near coastal Antarctic records. In winter, obagons showed a gradual 20% decrease in
Hg(0) concentrations from May to August, a trendeteobserved at other coastal sites. This
is interpreted as a result of reactions occurrinthin the shallow boundary layer on the
Antarctic plateau, subsequently efficiently transpod at that site by katabatic winds. In
summer, the advection of inland air masses enricheakidants and Hg(ll) species likely
results in the build-up of an atmospheric reserebiHg(ll) species at DDU, at least partly
explaining the elevated (up to 194.4 ng) lHg. concentrations measured in surface snow
samples near the station during a traverse betvid@nand DDU. Additionally, Hg(0)
concentrations in ambient air exhibited a diurngle in summer at DDU — phenomenon
never observed at other coastal Antarctic stati®everal processes may contribute to this
diurnal cycle, including a local chemical exchamgi¢he air/snow interface in the presence of
elevated levels of Hg(ll) species in ambient aiid @amissions from ornithogenic soils present
at the site. Our data also highlight the fact tifwt Austral Ocean may be a net source for
mercury in the summer. Even though AMDESs are likedyy rare at DDU compared to other
coastal stations, we cannot exclude that the seprisent offshore DDU at the end of winter

influenced springtime Hg(0) levels. Finally, havisigown that the reactivity observed on the
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Antarctic plateau influences the cycle of atmosgh@ercury on the East Antarctic coast, this

study raises concern for coastal Antarctic ecosystihere.
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Figure 1. Map of Antarctica showing surface elevation (mei@bove sea level, m a.s.) and
the position of various stations: Halley (HA), Neayer (NM), Troll (TR), Zhongshan Station
(ZG), Dome A (DA), South Pole Station (SP), Concar8tation (DC), Dumont d’Urville
(DDU), McMurdo (MM), and Terra Nova Bay (TNB). Thalack line delimits the high
altitude plateau (> 2500 m a.s.l), and the redediine Adélie Land (from 136°E to 142°E).
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Figure 2. Hourly-averaged Hg(0) concentrations (ngyrmeasured at DDU from January
2012 to May 2015. Missing data are due to instrunfeiure or QA/QC invalidation. Hg(0)
concentrations were highly variable during the gym@riod as compared to wintertime (May-

August) suggesting a photochemically-induced re#gtat this period of the year.
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Figure 3: Box and whisker plot presenting the monthly Hgé@hcentration distribution)
from all the data collected at DDU and DC alonghwitie monthly mean recorded at TR, and
b) from all the data collected at DDU associated withmasses originating from the ocean or
the Antarctic plateau according to the HYSPLIT dimtions.® mean, bottom and top of the
box: first and third quartiles, band inside the baxedian, ends of the whiskers: lowest
(highest) datum still within the 1.5 interquartienge of the lowest (upper) quartile. Outliers

are not represented.
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Figure 4: Daily-averaged percentage (%) &f continental/oceanic mixed air masses, and of
air masses originating frorh) the Antarctic plateau, and) the ocean according to the
HYSPLIT model simulations. Periods highlighted igllgw refer to summertime (November
to February) and periods highlighted in grey totaitime (May to August).
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Figure 5: June 2012 variation ad) Hg(0) concentration (ng/f b) temperature (°C)c)
daily-averaged percentage (%) of air masses otigmmdrom the Plateau (HYSPLIT model
simulations), andl) daily-averaged percentage (%) of air masses atiigig from the ocean
(HYSPLIT model simulations). From 8 to 14 June {@e@highlighted in red), both Hg(0) and
temperature increased suggesting an advectior ofases from mid-latitudes, as confirmed

by an elevated percentage of oceanic air masses.
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Figure 6: Schematic diagram illustratirthe processes that may govern the mercury budget at
DDU in summer. Katabatic winds transport inlandraasses enriched in oxidants and Hg(ll)
toward the coastal margins. Hg(ll) species deposto the snowpack by wet and dry
processes leading to elevated concentrations af toércury in surface snow samples. A
fraction of deposited mercury can be reduced (ggeicible pool, Hgll)) in the upper layers

of the snowpack and subsequently reemitted totthesphere as Hg(0). Hg(0) emission from
the snowpack maximizes near midday likely as aaesp to daytime heating. The chemical
composition of the snowpack (halides, dicarboxgli@s) may influence the reduction rate of
Hg(ll) species within the snowpack. The ocean mayabnet source of Hg(0) to the

atmosphere.
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Figure 7: Monthly mean diurnal cycle of Hg(0) concentraticin ng/ni) along with the 95%
confidence interval for the mean, calculated frolinttze data collected at DDU (January
2012-May 2015). Hours are in local time (UTC+1Mg(0) concentrations exhibit a strong

diurnal cycle in summer (November to February).
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Figure 8: Summertime (November to February) mean diurnallecyof of Hg(0)
concentrations (in ng/fjy along with the 95% confidence interval for thean, depending on
wind direction and wind speed. With north at O°eawic winds ranged from 270 to 110°,
coastal winds from 110 to 130°, katabatic windsrfr&60 to 180°, and continental winds
from 130 to 160° and from 180 to 270°. Hours areldnal time (UTC+10). Hg(0)

concentrations exhibit a diurnal cycle regardleflssind speed and direction.
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Figure 9: November 2014 variation @&f) wind direction (WD, in °)p) wind speed (WS, in
m/s), c) Hg(0) concentration (in ngff) andd) Os mixing ratio (in ppbv). With north at 0°,
oceanic winds ranged from 270 to 110° (purple),stalawinds from 110 to 130° (pink),
katabatic winds from 160 to 180° (green), and ewnttal winds from 130 to 160° and from
180 to 270° (yellow). On 27 November 2014 (pericahfed in red), a sea breeze is observed
around midday: WD changes from ~ 120-130° to beld®° while WS decreases. Both

Hg(0) concentrations and;@ixing ratios are not higher than during the pregidays.
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Figure 10: a) Total mercury concentration in surface snow samfigg, in ng/L) along with
standard deviation anldl) altitude (m) vs. distance from Concordia stati®C) during the
traverse from DC to DDU. Hg concentrations increased in areas highlighted lire,b

characterized by steeper slopes and higher snowradation values.
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Figure 11 Daily AMSR2
bremen.de:8084/amsr2data/asi_daygrid_swath/s62B6/red rectangle displays the position

of DDU. Summer 2014/2015 (panetsandf) was normal in the sense that open ocean
bordered the station. An unusual amount of seava® observed during summers 2011/2012
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