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ABSTRACT: Understanding the sources and transformations of N-Atlantic air TR ..:opean PBL air
mercury (Hg) in the free troposphere is a critical aspect of global Hg o] e ~S—
research. Here we present one year of observations of atmospheric .

Hg speciation and gaseous elemental Hg (GEM) isotopic g 4 * é

composition at the high-altitude Pic du Midi Observatory (2860 m 2 .

above sea level) in France. Biweekly integrated GEM from February %5 | H .

2012 to January 2013 revealed significant variations in 8*“Hggpy & ¢ - L) .

(—0.04%0 to 0.52%0) but not in A'®Hggey (—0.17%0 to —0.27%0) oo 4 ¢ o« g%

or A*Hggpy (—0.10%0 to 0.05%0). 5**Hggpy was negatively

correlated with CO and reflected air mass origins from Europe (high 2ol g0 feg 100 410 120 15

CO, low 6*Hgggy) and from the Atlantic Ocean (low CO, high CO conc. (ppb)

5*PHggpy)- We suggest that the 6*”Hgggy, variations represent A a0, i Cem o P (h OB o e i)

mixing of recent low 6**Hggpy European anthropogenic emissions

with high 6*Hgggy northern hemispheric background GEM. In addition, Atlantic Ocean free troposphere air masses showed a
positive correlation between §*Hggpy and gaseous oxidized Hg (GOM) concentrations, indicative of mass-dependent Hg
isotope fractionation during GEM oxidation. On the basis of atmospheric 5**Hgggy and speciated Hg observations, we suggest
that the oceanic free troposphere is a reservoir within which GEM is readily oxidized to GOM.

B INTRODUCTION processes controlling Hg emission such as reduction—
oxidation, adsorption—desorption, or volatilization can induce
significant mass-dependent Hg isotope fractionation (MDF,
5°"’Hg signature).®~'* Unusual mass-independent fractionation
(MIF) of odd Hg isotopes has been observed for photo-
chemical H§ reduction in water and snow (A'”’Hg, A»'Hg
signatures).”">'* Finally, Hg in wet deposition has been shown
to carry even Hg isotope MIF signatures (A>°°Hg,

Mercury (Hg), especially in its methylated form, is a toxic
pollutant to humans and wildlife. Both anthropogenic and
natural sources emit Hg to the atmosphere. Hg released from
anthropogenic sources mainly comes from the mining, energy,
and metal refining sectors.”” The fate of anthropogenic Hg
emissions is determined by the reactivity of the various
atmospheric forms of Hg. Atmospheric Hg can be operationally 12,1516 N ¢
separated into three mfjor forms: gaseot%s elemental mercury A*"'Hg) . tha}t have been speculatedlé to originate in
(GEM), gaseous oxidized mercury (GOM), and particulate GEM photo—(?mdatlon :jlbove the tropopause. ® The exact even-
bound mercury (PBM), with the sum of GEM and GOM MIF m-echamsm remains unknqwn however. The MDF and
known as total gaseous mercury (TGM). GEM, the dominant MIF signatures _Of atm(_)sphenc GEM, GOM, .and PBM
form of total Hg in the lower atmosphere (>75%), is fairly thergfore carry information on the Fransform:.itlons .th.ese
stable with a residence time of several months to a year and is species have undergone and on their potential emission
therefore globally dispersed by atmospheric circulation.™ sources. ) .

GOM and PBM have shorter residence times, on the order Several studies have carried out measurements of TGM

of days to weeks, due to rapid scavenging followed by isotopic composition.'”'*'>'” These studies were carried out at
)
deposition.” Linking Hg deposition to Hg emission sources is low altitude sites and therefore reflect mostly local sources and

one of the main knowledge gaps in Hg science, and substantial

interest exists in the development of appropriate tracers.’ Received: January 4, 2016
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boundary layer processes. An early study in the Great Lakes
region of the United States found 5*”Hgrgy at industrial
impacted sites to be lower than at rural sites.”” A more recent
study combined Hg isotope, meteorology, and back-trajectory
modeling to characterize different Hg sources in coastal
Pensacola, FL (United States).'"® The authors suggest the
background global atmospheric mercury pool to be charac-
terized by positive 6°*Hgrgy values and also observed urban—
industrial emissions to drive §*”Hgrgy to more negative
values.

In the present study, we conducted one year of biweekly
integrated measurements of atmospheric TGM isotopic
composition along with atmospheric Hg speciation at the
high-altitude Pic du Midi Observatory (PDM; 2860 m above
sea level, France). PDM regularly receives air masses that are
representative of the free troposphere and is situated close to
the North Atlantic Ocean (minimum distance = 150 km). The
data set we acquired presents a unique opportunity for studying
the isotopic signatures of air masses originating from the
European boundary layer and Atlantic Ocean free troposphere.
The free troposphere (and stratosphere) is an important
reservoir for depletion of GEM and production of GOM."”™*
The relationships between isotopic compositions and trans-
formation of atmospheric Hg may therefore also provide clues
to better understand atmospheric Hg isotope chemistry and Hg
redox chemistry.

B MATERIALS AND METHODS

Site Description. The Pic du Midi Observatory (PDM,
0.167° E, 43.067° N, 2860 m above sea level, http://geomon.
empa.ch/index.php?id=PDM) is a high-altitude monitoring
station situated on top of an isolated peak on the north edge of
the central Pyrenees Mountains, Southwest France. The
Pyrenees stretch ~491 km from the North Atlantic Ocean to
the Mediterranean Sea with a maximum width of approximately
110 km in the central area. The PDM Observatory receives free
tropospheric air from the East Atlantic Ocean and Europe and
boundary layer air mostly from southwest France. At the
synoptic scale, the station is under the dominant influence of
winds in the northwestern quadrant, but advection from Spain
and North Africa (mostly in spring and autumn) or from
northwestern Europe (mostly in winter) are not rare.”* There
are no Hg emission point sources around the station or in the
surrounding areas. The two nearest cities are Pau and Tarbes,
which are located 60 and 30 km northwest to the station,
respectively, and are thought to have a limited impact on the
station owing to rare northwesterly upslope winds.

Atmospheric TGM Collection and Processing. TGM in
ambient air at PDM was collected on iodine- (IC) and chlorine-
impregnated activated carbon (CLC) traps. lodine-impregnated
activated carbon was purchased from Brooks Rand Inc. (Seattle,
WA, United States) and chlorine-impregnated activated carbon
was prepared in the lab using 0.15 N double-distilled HCI.
Detailed information regarding the preparation of chlorine-
impregnated activated carbon can be found in Fu et al.”
Sampling of TGM isotopes was conducted from February 13,
2012 to January 25, 2013 using 250 mg IC or CLC traps and
collected atmospheric TGM for a sampling duration of 15—20
days (biweekly samples) at a flow rate of 1.3—2.4 LPM. IC and
CLC traps collect atmospheric TGM efficiently (>95%) at the
given sampling flow rates.”” The sampling flow rate and
duration of the two types of traps enabled sufficient collection
of atmospheric TGM for isotopic analysis (>12 ng). Blanks of
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IC and CLC were determined using a DMA-80 automatic
mercury analyzer and showed mean values <0.3 ng g™, which
was negligible.

The sampling inlets of the IC and CLC traps were connected
to a Tekran 1104 Teflon-coated, heated manifold, which pulled
outside air into the lab. The manifold inlet protruded ~0.5 m
from the outside wall into the prevailing southwest wind
direction at PDM. Ambient air was pulled through the manifold
at a constant flow rate of ~100 LPM using a blower unit. To
remove air particles, precleaned quartz filters were installed at
the inlets of IC and CLC traps. All the traps were kept warm
(50—70 °C) during sampling using silicone rubber heating pads
(RadioSpares) to prevent water condensation. Sampling flow
rates of IC and CLC traps were controlled via gas flow meters
installed at the outlets of the vacuum pumps, and the total
sampling volumes of the traps were recorded using gas meters,
calibrated with a Bios Defender (Mesalabs, United States).

After the completion of field sampling, IC and CLC traps
were sealed with silicone stoppers and three successive
polyethylene bags and stored in a clean environment until
preconcentration into trap solutions for Hg isotope analysis.
Detailed information regarding the preconcentration of Hg
from IC and CLC traps into solutions can be found in Fu et
al.* Briefly, Hg in CLC traps was thermally decomposed in a
Hg-free oxygen flow (25 mL min™"), and then the combustion
products were carried off and further decomposed in a hot
quartz tube (1000 °C). The combustion released all the Hg in
the form of Hg’, which was subsequently sparged into 10 mL of
40% reverse aqua regia solution (v/v, 2HNO,/1HCI). For the
IC traps, a modified AMA catalyst tube (Leco Inc.) was utilized
to retain iodine vapors produced during combustion and
minimize the carry-over of iodine to the trapping solution. The
AMA catalyst bed was kept at 680 °C. The recoveries of
preconcentration of CLC and IC traps were investigated by
combusting standard reference material BCR 482 (lichen, 480
ngg™') and IC traps preloaded with given amount of injected
Hg vapor (35.5 ng), respectively. Mean recoveries of
combustion were 87.2 + 2.4% (1SD, n = §) for CLC traps
and 87.4 + 2.1% (1SD, n = 4) for IC traps. Full procedural
blanks were determined by combustion of 600 mg of CLC and
showed a mean value of 0.029 + 0.004 ngmL™" (n = 2), which
accounted for approximately 2% of Hg concentrations in trap
solutions.

After the completion of the combustion, the trapping bottles
and impingers were rinsed three times with Milli-Q water. The
rinsed water volume was added to trapping solutions to yield an
ultimate acid concentration of 20% (v/v, 2HNO,/1HCI) for
Hg isotopic analysis. The diluted trapping solutions were kept
in a refrigerator at 4 °C until isotopic analysis. Hg
concentrations in final trapping solutions were determined
using a cold vapor atomic fluorescence spectroscopy (CVAFS)
detection to determine the overall recovery during air TGM
sampling and preconcentration.

Mercury Isotope Analysis. Hg isotope ratios were
measured using cold vapor multicollector inductively coupled
plasma mass spectrometry (CV-MC-ICPMS, Thermo-Finnigan
Neptune) at the Midi-Pyrenees Observatory, Toulouse, France
following the methods described in previous studies.”””’
Instrumental mass bias of MC-ICPMS was corrected by
standard—sample—standard bracketing using NIST;;; Hg at
matching concentrations. Hg isotopic composition is reported
in delta notation (5) in units of per mil referenced to the
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bracketed NISTs,5; Hg standard,”® which is obtained using the
following equation:
)sample

sy
Hg
—
198Hg

198
)SRM3133

6" Hg = — 1| X 1000%o

(1)

MIF values are expressed by “capital delta (A)” notation
(%0), which is the difference between the measured values of
5199Hg, 5200Hg, and 52°1Hg and those predicted from 5202Hg
using the kinetic MDF law:*®

A*°Hg (%0) = 6'""Hg — (0.252 x §°”Hg) )
A®Hg (%0) = 8’ Hg — (0.502 x §*”Hg) (3)
A°'Hg (%0) = 6°'Hg — (0.752 x 5°”Hg) (4)
N*Hg (%0) = 8***Hg — (1.493 x §*”Hg) ()

Analytical uncertainty of isotopic analysis was obtained by
repeated analysis of the UM-Almaden standard (n = 11) over
different analysis. The overall mean values of 6**Hg, A'”Hg,
Azong, AZOng, and A204Hg for all the UM-Almaden
standards were —0.52 + 0.07 %o, —0.02 + 0.08%0, —0.01 +
0.09 %o, —0.05 + 0.09 %o, and 0.04 + 0.19 %o (2SD, n = 11),
respectively, which agree well with previously reported values.”®
In the present study, the analytical uncertainty of CV-MC-
ICPMS isotope analysis is the 2SD uncertainty of the UM-
Almaden standard, unless the 2SD uncertainty on repeated
analysis of the same sample over different analytical sessions is
larger.

Ancillary Parameters. Atmospheric Hg speciation includ-
ing GEM, GOM, and PBM was continuously measured using
the Tekran 2537B/1130/1135 system (Tekran Inc., Canada).
GOM, PBM, and GEM in ambient air were collected onto KCI-
coated annular denuder, quartz fiber filter, and dual gold
cartridges in sequence. This system was programmed to collect
GOM and PBM at 1 h intervals at a volumetric flow rate of 10
L min™'; GEM was collected at $ min intervals at a volumetric
flow rate of 1.07 Lmin~". Once collected, Hg is thermally
decomposed from each unit and detected by CVAFS as Hg".
KCl-coated denuder, Teflon-coated glass inlet, and impactor
plate were replaced biweekly, and quartz filters were replaced
monthly. Denuders and quartz filters were prepared and
cleaned before field sampling following the methods in Tekran
technical notes. The Tekran 2537B analyzer was routinely
calibrated using its internal permeation source at a 47 h interval
and was also cross-calibrated every 3 months against an external
temperature-controlled vapor standard. Ambient air was
introduced into the Tekran unit using the Tekran 1104
manifold, and the full blanks of Tekran unit and manifold were
quantified at the beginning and end of each maintenance
(biweekly) using Hg-free air. The annual mean GEM blank of
the Tekran unit was 0.05 + 0.04 ngm™ (1SD). The sampling
flow rate of Tekran 2537B analyzer was measured using a Bios
Defender (Mesalabs, United States) in August 2011, February
2012, and December 2012 and showed a negligible bias (1.2%)
with the flow rate setting (0.7 L min™" at a standard pressure of
1013 hPa and a standard temperature of 273.14 K) of the
Tekran 2537B analyzer.

Automated GOM and PBM analyses are subject to mounting
criticism because the techniques lack calibration, collection
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efficiency control, and interference correction.” Previous field
and laboratory studies suggested that GOM concentrations
measured by KCl-coated denuder could be biased low
depending on chemical composition of GOM and environ-
mental setting (e.g., ozone, relative }1umidity).3’29_3’1 This could
be due to the incomplete collection of GOM by and release of
GOM compounds on KCl-coated denuder as well as deposition
of GOM onto sampling Teflon tubing and biased integration of
small Hg loads.””*'~*" Preliminary observations (from July to
December 2014, n = 20) of manually sampled GOM+PBM
fractions on cation exchange membranes (CEM) at the PDM
Observatory”* showed that our denuder-based GOM data are
systematically underestimated by a factor of 2 (Marusczak et al,,
manuscript under preparation). This value is similar to the
factors (1.6—2.4) reported for specific GOM compounds of
HgCl, and HgBr, but significantly lower compared to that of
HgO and Hg(NO3)Z,3’34 indicating HgCl, and HgBr, might be
important specific forms of atmospheric GOM at the PDM
Observatory. No clear influence of O; and relative humidity
was observed on the collection efficiency of GOM by CEM
relative to the Tekran system. We therefore consider our GOM
and PBM observations in this study of a qualitative nature.
Relative to GOM and PBM, measurements of GEM are
thought to have less analytical uncertainty. Previous inter-
comparison of GEM concentrations measured by colocated
Tekran Instruments and manual collection system generally
showed average bias of less than 10%,"***° in extreme cases up
to 30%.”” Atmospheric CO and O, concentrations were
continuously measured using the TEI 48CTL gas filter
correlation analyzers and 49C O; instruments (Thermo
Environmental Instruments Inc., United States), respectively.
Detailed information regarding the principle of the CO and O;
instruments, calibrations, and measurement uncertainties can
be found in a previous study.”” The standard uncertainties
associated with CO and O; data sets (15 min averaged data)
were reported to be 6.6 and 1.2 ppb, respectively.”” The 5 min
meteorological parameters at the PDM observatory were
obtained from the PAES (French acronym for atmospheric
pollution at synoptic scale) network which used standard
instruments (more details are available at http://p2oa.aero.obs-
mip.fr/spip.php?rubrique13S).

Air Mass Backward Trajectories. To identify the sources
and pathway of air masses associated with atmospheric TGM
isotopes, 3 day backward HYSPLIT isentropic trajectories
ending at PDM at a height of 3000 m above sea level
(approximately 100 m above the sampling site) were simulated.
Backward trajectories of the biweekly samples were calculated
every 2 h using the TrajStat Geographical Information System-
based software and gridded meteorological data (Global Data
Assimilation System, GDAS1) from the U.S. National Oceanic
and Atmospheric Administration (NOAA).** The gridded
meteorological data covered a 360 X 180 deg latitude—
longitude domain with a horizontal resolution of 1 X 1 degree
latitude/longitude and vertical levels of 23 from 1000 hPa to 20
hPa. Atmospheric air mass residence times in a regular 0.5° X
0.5° grid cell (ARTs, total number of backward trajectory
segment end points in a grid cell) for each biweekly period
were calculated from the 3 day backward trajectories ending at
PDM. The 3 day backward trajectories mainly (~92%) covered
the Europe and the North Atlantic Ocean, which is slightly
higher than that (~80%) of 7 day backward trajectories. The
locations of air sources simulated by the trajectory generally
have a larger uncertainty as trajectory running time increases.”
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Also, signatures of atmospheric Hg speciation and isotopes of
air masses from distant regions could be confounded during
long-range atmospheric transport. We therefore deem that 3
day backward trajectories are appropriate to probe the effect of
air masses from the Europe and North Atlantic Ocean on the
atmospheric TGM isotope compositions and atmospheric Hg
speciation.

B RESULTS AND DISCUSSION

Hg Speciation Dynamics. Average GEM, GOM, and PBM
concentrations during the study period (February 13, 2012 to
January 25, 2013) were 1.85 ngm ™, 34 pgm >, and 14 pgm™,
respectively (Table S1 of the Supporting Information). GEM
concentrations at PDM were relatively higher than those
observed at high- and low-altitude sites in North America,
Europe, and Taiwan (1.54—1.73 ngm™)""7?"**" but lower
than those observed at high-altitude sites in mainland China
(1.98—2.80 ng m~3).”"* Elevated GEM concentrations at
PDM were likely caused by contributions from GEM enriched
boundary layer air. The GOM levels were within the range of
values reported for high-altitude sites (19—43 pgm=3)"'77>/*%%
but significantly higher than GOM observed at low-altitude
sites globally.*

TGM Isotopic Composition: QA/QC. Atmospheric TGM
was collected as 25 biweekly integrated samples from February
13, 2012 to January 25, 2013. TGM isotopic compositions,
GEM, GOM, CO, and O; concentrations as well as the overall
recovery of isotopic samples during the study period are
summarized in Table SI1. Recoveries of the biweekly samples
ranged from 77% to 105% with a mean of 89 + 6% (1SD, n =
25). The mean 11% bias in the overall recoveries could have
resulted from small losses during biweekly collection of
atmospheric TGM, carbon trap desorption, and analytical
uncertainties of the CVAFS analysis and Tekran 2537B/1130/
1135 system. Overall, the mean recovery of biweekly samples
was comparable to those obtained from the combustion of IC
and CLC traps with known amounts of Hg (mean: 87%, n =
9),” indicating that the loss of TGM during sample collection
and processing was minor. Additionally, duplicate biweekly
sampling did not show significant differences in MDF and MIF
of Hg isotopes (e.g., paired sample ¢ test, pgyy, = 0.29, pa™y,=
043, n = 6).

GEM Isotope Compositions. Mountaintop observations
of GOM in the free troposphere can be as high as 500 pgm™,
in which case GOM makes up a substantial fraction of
TGM.'** For this study it therefore is important to discuss if
the TGM isotopic composition represents the GEM isotopic
composition and at what point it becomes confounded by the
partially cocollected GOM isotopic composition. Under the
biweekly sampling conditions, and based on KCl-coated
denuder sampling, the GOM fraction is on average 1.8% of
TGM and never exceeds 4.5% (sample B18). Huang et al.
observed that GOM collection by KCl-coated denuders is 1.3—
3.7 times lower than by cation exchange membranes.’*
Preliminary observations of manually sampled GOM+PBM
fractions on cation exchange membranes (CEMs) at PDM
shows that our denuder-based GOM data are systematically
underestimated by a factor of 2. The average GOM fraction
could therefore represent up to 3.6% of TGM and temporarily
up to 9% (sample B18). Observations on rainfall, which
scavenges GOM and PBM, collected in the Pyrenees show
average 5°”Hg and A'Hg of —0.5%c and 0.4%o, respec-
tively.”” Mean biweekly integrated 6*”Hgrgy and A Hgroy

5644

in this study was 0.19%0 and —0.21%o, respectively. A worst
case 3.6—9% GOM contribution to TGM would therefore not
have measurably shifted the 5*Hgrgy and A" Hgrgy values.
The biweekly sample (sample B18) with highest GOM fraction
(4.5%) incidentally also had the highest 5**Hgrgy (0.38%0)
and is therefore shifted in the opposite direction from what one
would expect from a GOM contribution to TGM. We therefore
deem GOM confounding of TGM insignificant in the biweekly
samples and interpret the TGM observations as GEM isotopic
compositions, ie., 6*Hggpy A199HgGEM‘ AZOOHgGEM, and
A204HgGEM'

Hg isotope compositions of biweekly samples at PDM (n =
27) varied from —0.04 to 0.52%c0 (8*“Hggpy), —0.17 to
—0.27%0 (A" Hggey), —0.10 to 0.05%0 (A**Hggpy), —0.26
to —0.18%0 (A™'Hgggy), and —0.03 to 0.14%0 (A***Hggpy)
during the one-year period (Table S1). The isotopic
compositions of atmospheric GEM at PDM were overall
consistent with observations at low-altitude remote sites.
5*Hgpy measurements at PDM were comparable to those
of the Great Lakes region, United States (6***Hgrqy = 0.27 to
0.43%0¢)" and to two samples from Barrow, Alaska (8**Hgray
= —0.12%0 and 0.15%¢)"* but slightly lower than those
measured at the top of a forest canopy in rural Wisconsin,
United States (6*?Hgrgy = 0.48 to 0.93%c¢) and in an open
field in Pensacola, FL, United States (6*Hgrgy = 0.39 to
1.43%o0).">"® A Hggpy values at PDM (=027 to —0.17%0)
were slightly lower than those observed in the Great Lakes
region (A" Hgrgy = —0.14 to —0.01%0) " but similar to those
measured in Barrow (—0.11 to —0.22%o0), the Wisconsin forest
canopy (—0.15 to —0.21%o), and Pensacola, FL, United States
(=0.11 to —0.31%0).""*'®* On the other hand, isotopic
compositions of atmospheric GEM at PDM were more
different from observations in urban Chicago, United States,
which is heavily impacted by industrial sources (6**Hgrgy =
—0.58%0, A"™Hgrgy = 0.06%0)."> A*Hgrqy (and
A*Hgy) was similar and near zero across all studies. All
of the cited studies and this study have very different 5**Hgrcy
from a study on coastal TGM in Grand Bay, Mississippi, United
States (mean 5202HgTGM = —2.7%0).17 A recent TGM isotope
study in Pensacola (FL, United States), 130 km east of Grand
Bay, did not reproduce the highly negative **Hgrqy..'® Apart
from the Grand Bay study, global TGM observations indicate a
significant variation in 5**Hg (—0.6%o to 1.43%c¢) and A'*’Hg
(—0.31%o0 to 0.06%¢) (Figure S1).

Annual Trends in Biweekly §2°?Hggey and A'9°Hggep.
A significant seasonal variation in §**Hggpy was observed
throughout the whole sampling period (p < 0.0S, Figure 1la,
Table S1). The 5**Hgggy in February and March 2012 ranged
from —0.04 %o to 0.01 %o and was approximately 0.1—0.2 %o
lower compared to 6°**Hg values in April and May 2012. Air
masses in February and March 2012 mainly originated from
and passed over central Europe, carried by cold northeastern
winds, whereas air masses in April and May of 2012 originated
from and passed over the North Atlantic Ocean and
mountainous areas of the Pyrenees (Figure S2). §*”Hggpy in
June and August 2012 were in the range of —0.02 %o to 0.18
%o and were mainly influenced by polluted, high CO air masses
that passed over Spain (Figures 1b and S1). GEM collected
from December 2012 to January 2013 represents low CO air
masses from the North Atlantic Ocean (mild 2013 winter) and
was characterized by relatively high §***Hggpy values compared
to other periods (Figure la, with the highest §**Hggpy of 0.52
%o in January 2013). Fractional atmospheric air mass residence
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Figure 1. Annual temporal variation in (A) atmospheric GEM A'*Hg
and §*”Hg for biweekly samples (error bar on GEM A'Hg and
5*™Hg data indicates 2SD uncertainty); (B) atmospheric GOM and
GEM concentrations; (C) CO concentrations and relative humidity;
and (D) air temperature, solar radiation, and wind direction.

times (ART's) were estimated from 3 day backward trajectories,
i.e,, the percent of time an air mass spent over Europe or over
the North Atlantic Ocean during the three preceding days.
Fractional European ARTSs were negatively correlated with
5 Hggey (©* = 0.29, p < 0.01) while Fractional North Atlantic
ARTs were positively correlated with **Hggpy (* = 0.35, p <
0.01) (Figure S3). Extrapolating fractional ARTs to 0% and
100% suggests that the approximate North Atlantic Ocean and
continental European air mass end-members have §**Hggpy, of
0.43%0 and —0.13 %o, respectively.

A significant negative linear correlation was observed
between §***Hggpy and CO concentrations during the study
period (Figure 2). No significant relationship existed between
5202HgGEM and GEM, PBM, O, air temperature, wind
direction, and relative humidity (p values for all >0.05). CO
in the atmosphere is mainly derived from fossil fuel combustion
and biomass burning, and CO emitted from the oceans is
negligible in the global atmospheric CO budget.*® In Europe,
natural emissions of CO are lower than anthropogenic
emissions.”” The strong negative correlation between CO and
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Figure 2. Relationship between CO levels and GEM §**Hg for all
atmospheric samples (error bar on GEM §*”Hg data indicates 2SD
uncertainty).

5*Hggpy, as well as the back trajectory and ARTs analysis,
indicates that GEM in continental European air masses is
characterized by 5*”Hggpy values lower than those of the
North Atlantic Ocean free troposphere. Biweekly variations in
A" Hggpy, A Hggpy, A Hggry, and A?**Hggpy, were not
significantly different from the annual mean for the 1 year study
period (p values for all >0.05; Figure 1, Table S1).
Consequently, no clear relationship can be established between
biweekly odd-MIF and even-MIF signatures and transport of air
masses or atmospheric processes.

The challenge is therefore to understand why European air
masses have lower 6**Hggpy, but similar MIF as Atlantic
Ocean air masses. An oceanic air mass does not necessarily
contain a larger amount or fraction of natural Hg than a
continental air mass. Amos et al. estimate that preanthropo-
genic (<2000 BC) atmospheric GEM levels were on the order
of 0.2 ngm™ or less.””" The Atlantic Ocean and European
continental air masses observed both had mean GEM of 1.85
ng m™>. Therefore, both air masses contain >90% of Hg from
anthropogenic origins. This notion is also reflected in a
comparison of modern-day natural, anthropogenic, and legacy
Hg emissions. Recent observational and modeling constraints
on natural volcanic Hg emissions suggest a 76—90 Mgy’
flux,>>® which is an order of magnitude smaller than global
anthropogenic Hg emissions of 2000 Mg y_l.6 The latter,
however, is a factor of 2 smaller than the ~4700 Mg y !
combined oceanic and continental re-emission of predom-
inantly legacy Hg.>* Similar emissions can be estimated at the
regional scale: North American (predominantly United States)
and European anthropogenic Hg emissions are on the order of
61 and 88 Mgy ', respectively, while North Atlantic Ocean and
European soil Hg re-emissions are approximately 300 and 154
Mgy, respectively (églobal fluxes scaled for Atlantic and
Europe surface areas).” On both a global and regional scale,
primary anthropogenic Hg emissions are therefore significant
though smaller than re-emission of legacy Hg.

The mean of global §**Hgrgy (0.52 + 0.40%o0, 1SD; data
are from the present study and the literature),'”">"® is
significantly more positive than the §***Hg of industrial source
materials such as coal (—1.24 + 0.87%o0, 1SD) or cinnabar
(-0.59 + 0.30%0, 1SD) (Figure 3).>>*° Recent studies
suggested that the positive 6 Hgggy, shift is potentially due
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Figure 3. Hg mass-dependent (5°”Hg) and mass-independent (A'*’Hg) isotope signatures in anthropogenic and natural emission sources (A) and
in atmospheric total gaseous Hg (B; TGM, filled symbols). The dotted lines indicate zero-values for 5*°*Hg and A'*’Hg. The shaded areas in panel B
correspond approximately to the emissions sources in panel 4, i.e., coal (blue), HgS and ZnS (red), liquid Hg (yellow), and volcanic TGM (green).

Data are from this study and the literature.”'>'#716155867=71

to a combination of heavy isotope enriched industrial GEM
emissions and light isotope enrichment during foliar uptake of
GEM."”**” In the following we will therefore consider the
following factors to interpret the ***Hgpy variations observed
at PDM: (1) 8*®Hggpy of anthropogenic emissions and the
proximity of emission sources to PDM and (2) MDF during
Hg transformations at the interface of earth surface environ-
ments and the atmosphere.

Hg Source versus Hg Transformation Control on
MDF. Modern-day anthropogenic Hg emissions from nothern
hemispheric continents (Asia, North America, Europe, and
Russia) are dominated by Hg emissions from coal-fired power
plants and coal-consuming industries (metallurgy, cement)."”
Sun et al. recently documented and compiled Hg isotope
signatures of >200 world coal deposits and discussed 52°2H
and A'”’Hg signatures of GEM emissions from coal burning.’
Raw coal from China, United States, Europe, and Russia have
5*PHg of —0.95, —1.42, —1.17, and —1.69%0 and A'”Hg of
0.01, —0.10, —0.38, and —0.19%o, respectively (n = 110, 27, 13,
21), and coal from all four regions can be statistically
distinguished at the p = 0.05 level. A’**Hg in world coal
deposits are all near zero. North American and European
anthropogenic Hg emissions are dominated (>75%) by coal
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combustion if we lump together statlonary combustion and coal
use in the metallurgy and cement sectors.” Atlantic Ocean and
European air masses therefore contain a non-negligible fraction
of recently emitted GEM from North American (predom-
inantly United States) and European coal combustion,
respectively. If coal Hg emissions were to resemble feed coal,
then North Atlantic §**Hgggy, influenced by United States
coal, should be lower than European §**Hgpy influenced by
European coal, and vice versa for AHg. The observed
5*Hggpy and A Hggpy, however, show an opposite trend:
Atlantic air has higher 6*”Hggpy than European air, and
A" Hgpy shows no variation. This interpretation, however, is
too simplistic for various reasons. While United States coal data
is abundant (n = 27), the representativeness of the European
coal sample set is doubtful, because coal data from the largest
emltters, Germany, Poland, and the United Kingdom, are
missing.”® Further complications arise from European coal
imports and associated §*”Hg and A'”Hg from various
regions. In 2012, Europe imported >70% of its 320 Mt hard
coal consumption from Russia, United States, and Colombia,
though it produced 100% of its 438 Mt lignite consumption.>”
Finally, Sun et al. suggest that emission control technology in
coal-burning industries induces substantial mass-dependent Hg
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isotope fractionation of emitted GEM, GOM, and PBM
species.”” All in all, current knowledge on anthropogenic Hg
isotope emissions is insufficient to explain the observed PDM
trends.

Because of the proximity of the PDM site to European
industrial emission sources, the European air mass likely
contains a larger fraction of recently (preceding week) emitted
GEM, while the Atlantic air mass contains a larger fraction of
legacy GEM that has been “processed”. By “processed” we
mean that the majority of Atlantic GEM may have been
previously oxidized in the atmosphere, reduced in clouds and
re-emitted, deposited to and re-emitted from the oceans, and
deposited to and re-emitted from the continents. The sum of
these transformations has likely led to a shift in Hg isotopic
composition relative to the originally emitted isotope
signatures. Two natural atmospheric GEM transformations in
particular may increase ambient §**Hggpy in the heavier
isotopes (Figure 3): (i) atmospheric oxidation and (ii) foliar
uptake of GEM. Relative to global 5**Hgrgy (mean of 0.52 +
0.40%o0; data are from the present study and the liter-
ature),'”">'® observations on rainfall $**Hg at nonindustrial
sites (mean of —0.66 + 0.51%o, Figure S1) suggest that
atmospheric oxidized forms of Hg (GOM and PBM, scavenged
by clouds and precipitation) are enriched in the lighter
isotopes.'”'>'*°"" This is consistent with kinetic isotope
fractionation enriching the oxidized Hg product in the lighter
isotopes, leaving behind reactant GEM enriched in the heavy
isotopes. Recent studies observed that foliar GEM uptake
strongly enriches plant leaves (by —2.3 to —2.9%0) and soil
organic matter in the lighter Hg isotopes.'” Enrico et al. also
observed an atmospheric TGM pool with §***Hg up to 1.2%o
over a forested peat bog and suggested foliar uptake to be a
potential driver for hi§hly positive 5°Hg values in the
atmospheric TGM pool.”’

Biweekly integrated GOM concentrations also show a
distinct, though complex and nonlinear, relationship with
5*Hggpy (Figure 4). Elevated 5*”Hgggy,, associated with a
North Atlantic origin, show both low (biweekly means of <20
pgm™) and high GOM levels (biweekly means of >40
pgm™>). Previous studies have suggested that marine boundary
layer (MBL) and continental free troposphere (FT) have a
strong potential to oxidize GEM to GOM due to BrO,- and
0;/HO*induced chemical reactions.””***"** In the present
study, a significant positive correlation (* = 0.60, p < 0.01) is
observed between biweekly integrated GOM concentrations
and the fractional ARTs over North Atlantic free troposphere
(FT), whereas no clear relationship can be established between
biweekly integrated GOM concentrations and the fractional
ARTs over the North Atlantic MBL, European planetary
boundary layer (PBL), and European FT (p values for all >0.0S,
Figure S4). This implies that the North Atlantic FT rather than
North Atlantic MBL and European troposphere was the major
source region of GOM at PDM. Enrichment of GOM in the
North Atlantic FT is therefore consistent with increasing levels
of atmospheric oxidants (e.g,, ozone, nitrate radicals, reactive
halogens) with altitude.”>™® In addition, GOM for this
elevated 5*”Hggpy subgroup (>0.1%o, indicating the major
air source origins of North Atlantic Ocean) is inversely
correlated with relative humidity (* = 0.69, p < 0.01, Figure
SS), suggesting that aerosol and cloudwater scavenging control
GOM concentrations but not 8*Hggpy. Most likely the
5*Hg gy signature was acquired before GOM was scavenged.
The finding that the production of GOM in the North Atlantic
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Figure 4. Atmospheric GOM concentrations versus GEM §***Hg for
biweekly samples throughout the sampling campaign and a diagram
showing the three end-members [Atlantic marine boundary layer
(MBL), European troposphere (ET), and Atlantic free troposphere
(FT)] of potential sources of atmospheric GOM using the GEM
5*™Hg signatures. The red squares indicate the biweekly samples
mainly influenced by mixing air from the Atlantic MBL and European
troposphere, and blue circles indicate the biweekly samples mainly
influenced by mixing air from the European troposphere and Atlantic
FT.

FT is stronger than in the European PBL and FT is possibly
due to the release of halogen compounds from oceanic surfaces
which are potentially important oxidants for GEM.>®° The
persistently elevated 5°°*Hggey of North Atlantic air
corroborates our suggestion that atmospheric oxidation
depletes residual GEM in the heavier isotopes and partly
drives the observed 6*Hgggy, variations at PDM.
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