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The total mercury concentration (Hgr) of surface snow samples collected along a ~1500 km transect in east
Queen Maud Land was determined using inductively coupled plasma sector field mass spectrometry to address
the behavior of Hg on the Antarctic Plateau. Due to the volatile nature of mercury, measures were taken against
Hg loss from standard solutions by choosing appropriate container material and stabilizing agents. Glass bottles
with Teflon-lined caps were superior to Teflon and polyethylene containers in protecting against Hg loss, but
addition of gold chloride (AuCls) or bromine chloride (BrCl) was necessary to ensure preservation of Hg. As
Hg loss was also observed in snowmelt samples, our analysis may underestimate the actual amount of Hgr in
the snow. Even so, the measured Hgr was still very low (< 0.4-10.8 pg g™, n=44) without a signal of
depositional enhancement accompanying photo-oxidation of atmospheric elemental mercury in austral mid-
summer. Moreover, the dynamic variation along the traverse implies spatial and temporal heterogeneity in its

Source processes.
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Introduction

The thick snowpack covering the vast Antarctic continent
acts as a perennial sink for various trace metals.! Because
gaseous elemental mercury (GEM, Hg’) has a long atmos-
pheric residence time of 6-24 months,” it can be transported
from distant sources and deposit onto the Antarctic snow-
pack.’

The sequestration of atmospheric Hg by polar snowpack
results from an imbalance between the dry/wet deposition
and re-emission principally governed by photochemical
redox chemistry.** For example, the atmospheric mercury
depletion event (AMDE) is the rapid disappearance of
atmospheric GEM in spring as a result of its photo-oxidation
to reactive gaseous mercury (RGM, Hg") and subsequent
deposition onto surface snow.®” The phenomenon of AMDE
has been documented through atmospheric measurements,
first at Alert in the Arctic® then in several Arctic*> and a few
Antarctic sites,” which tends to occur with abundant marine
halogen supply from nearby sea-ice. The deposition instant-
ly elevates Hg levels in the surface snow, although it can be
re-emitted as GEM through photochemical reduction.'

Recent studies of snow samples from Antarctica reported
elevated total mercury (Hgr) concentrations which were
attributed to enhanced atmospheric GEM oxidation. This has
been observed both in the inland sites far from direct marine
halogen supply, at South Pole (198 pg g")!' and Concordia
(several hundred pg g')!? as well as in the sea-ice region

near McMurdo (70-430 pg g™')"® (Table 1, Fig. 1). These
observations stand in contrast to previous studies which
reported low Hgr values both for the inland and coastal
snow samples (< 40 pg g!, Table 1). One possible reason
may be that prior to the first documentation of AMDE in
1998, high Hgr levels in snow had been attributed to
contamination.'* As the snowpack over the vast Antarctic
Plateau (> 5 million km?) may play an important role in the
global Hg cycle, the wide variation of Hgr of Antarctic snow
in the literature needs to be evaluated precisely. Existing data
sets are not systematic enough, temporally and spatially, to
constrain important parameters such as distance from the
coast, atmospheric circulation pattern, topography, and
sampling season. One objective of this study was to add new
Hgr data for Antarctic surface snow with large spatial cover-
age within a relatively short sampling period (1.5 months).
Determination of Hgr in the snowmelt is challenging
because various Hg species (i.e. organic, inorganic and
particulate) occur at very low levels (< 1 pg g'; Table 1),
while some species are even volatile (e.g. Hg’, (CH;),Hg).
The inductively coupled plasma sector field mass spectro-
metry (ICP-SF-MS) offers a number of advantages over the
conventional cold vapor generation method for determining
Hgr by reducing sample consumption, by eliminating com-
plicated pretreatment steps, and by promoting decomposi-
tion of nonreactive or strongly bound mercury.'> However it
should be noted that the volatility of mercury, regarded as an
advantage for the cold vapor generation method, can cause
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Table 1. Published mercury concentrations in Antarctic snow

Distance Altitude . .
. Sampling date Hg Analytical
Location from coast (yyyy/mm/dd) (pe g‘l) method Sample type Reference
(km) (m)
McMurdo -30~0 0 2003/11/03-04 40-430 (n=24) CVAFS Surface snow on sea-ice 13
South victoria 5 2200 1988/12/30-31 04-1.5@=s)  Fhotoacoustic g e snow 3
land Hg analyzer
Taylor valley 10 678 2004 0.3-40 (n=32) CVAFS Snow pit 37
Dome F traverse 30-800 948-3809 2007/11/14-2008/01/19 < 0.4-10.8 (n=44) ICP-SF-MS Surface snow This study
Dumontd’Urville 33 848 1983/01 0.50 CVAFS Age 1982/09-1983/01
traverse (Adelie 103 1500 1983/01 0.20 CVAFS Age 1982/06-1983/01 38
Land-Dome C) 433 2525 1983/01 0.13 CVAFS Age 1982/06-1983/01
Eaa:g)y (Coats 200 1420 1986-1987/Summer  0.2-16.1 (n=170)  ICP-SF-MS 2;??803';_61'38? 15
Concordia 1070 3240 Not reported Hundreds Not reported Not reported 12
South Pole 1274 2880 1984/01 0.25 CVAFS Age 1982/11-1984/01 38
South Pole 1274 2880 2005/11/16 198 (n=3) Not reported Surface snow 11

CVAFS: Cold Vapor Atomic Fluorescence Spectrometry

bias due to mercury loss from solutions prior to introduction
into the ICP.'® Single elemental mercury solutions prepared
with dilute nitric acid is known to be extremely unstable,'>!°
and another objective of this study was to investigate the loss
of volatile Hg in artificial standard solutions so that one can
properly evaluate such loss in natural snowmelt samples.

Experimental

Snow samples were obtained during the Japanese-Swedish
Antarctic Expedition (JASE) which took place between
November 2007 and January 2008 as part of the Inter-
national Trans Antarctic Scientific Expedition (ITASE)
program. Surface snow samples were collected at 147
locations over a distance of ~3000 km (1500 km one way)
from the Syowa Station near the coast via Dome Fuji
(77.30°S, 39.78°E) to the Turning Point (75.88°S, 25.83°E)
before returning to the Syowa Station (Fig. 1). Snow
samples were transferred to thoroughly pre-cleaned 1 L
LDPE bottles double sealed in acid-cleaned LDPE bags and
kept frozen in the dark until further processing. Details on
cleaning and sample handling protocols can be found in the
reference.'®

Of the 147 surface snow samples collected during the
expedition, 44 were subsampled and analyzed for Hgr (Fig.
1). Thirty five samples (hereafter referred to as SS1) were
thawed at room temperature in a class 10 clean bench at the
Korea Polar Research Institute (KOPRI). After complete
melting which took less than 6 hours, ~5 mL aliquots for
Hgr analyses were stored in pre-cleaned 15 mL LDPE
bottles and kept frozen in the dark. They were thawed and
acidified to 2% HNO;3 just prior to ICP-SF-MS analyses. For
nine samples (hereafter referred to as SS2), we skipped the
second storage step by thawing, aliquoting, and acidify-
ing the snow samples in the sample introduction area of the
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Figure 1. Sample location along the traverse from the Syowa
station via Dome Fuji to the Turning Point and back. Site numbers
are indicated for the SS1 series (analyzed after aliquoting and
storage) and SS2 series (analyzed immediately after aliquoting).
Samples 574 and 675 and samples 590 and 678 were collected at
the same sites but at different times. Locations for which snow Hg
data are available in the literature (Table 1) are shown on the inset.
South Victoria Land and Taylor Valley are located close to
McMurdo.

ICP-SF-MS and analyzing them immediately. It took less
than 15 minutes from aliquoting to the end of analysis for
each sample. The SS2 samples were refrozen until re-
analysis carried out a month later.

Snow samples were analyzed on Thermo Scientific
ELEMENT?2 ICP-SF-MS installed at the National Center for
Inter-university Research Facilities (NCIRF) at Seoul
National University. The detection limit estimated as three
times the standard deviation of the blank (n =9) was 0.4 pg
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¢! or about 0.8 pg under our experimental conditions. See
Supplementary Material for details on instrumental setting,
calibration, blank, and wash procedures.

We prepared 20 pg g”' Hg standard solutions to assess the
temporal loss of Hg as a function of container material and
preservative. The solutions were rapidly diluted from freshly
prepared 100 ng g solution with 2% HNO; using an
electronic micropipette (50-1000 pL, precision < 0.6%,
Eppendorf) just before instrumental analyses. Mercury loss
was monitored every 10 minutes for one hour from solutions
contained in four different types of containers: HDPE (15
mL centrifuge tube, BD Falcon), PTFE (15 mL Teflon vial
with closure, Savillex), PFA (20 mL bottle, As One), and
amber glass bottle with Teflon lined cap (40 mL EPA vial, I-
Chem). Bromine chloride (BrCl) and gold chloride (AuCls)
were tested as preservatives against Hg loss. BrCl, an oxidi-
zing agent generally used to determine Hgr in cold vapor
generation methods, was prepared following the U. S.
Environmental Protection Agency (US EPA) method 245.7
“Mercury in water by cold vapor atomic fluorescence
spectrometry”; it was added to 20 pg g™ standard solution in
HDPE tube to the final concentration of 0.5% (v/v) in 2%
HNO; matrix. US EPA also recommends stabilizing Hg
using 1 pg g AuCls in 2% HNO;." However, we lowered
the AuCl; concentration to 100 ng g™', considering the Hg
impurity in commercial AuCl; solutions (1000 mg L' ICP
single element standard, Inorganic Ventures Inc.). The
standard solution with 100 ng g' AuCl; in amber glass
bottle was also monitored every 10 minutes for an hour and
was found to be stable.

Results and Discussion

Mercury Loss from Dilute Standard Solutions. The
temporal evolution of Hg loss in different types of containers
is shown in Figure 2(a). Both HDPE and Teflon (PFA and
PTFE) incurred significant loss of 0.09-0.15 pg Hg ¢! min™".
Although Teflon was expected to be superior to HDPE
against Hg loss,'® both PFA and PTFE failed to preserve Hg
for the monitoring duration of one hour (Fig. 2(a)). They
showed slightly improved retention of 50 pg g Hg in 1%
(v/v) HNOs only over longer term (5 hours): 82% (PTFE)
versus 77% (LDPE) (not shown). The glass bottle retained
Hg fairly well, with all results falling within 10% of the
initial value (Fig. 2(a)). However, loss comparable to the
HDPE was irregularly experienced (not shown), perhaps due
to imperfect sealing of the vial. For this reason, we decided
to further add preservatives to stabilize the Hg.

The strong oxidant BrCl has been used effectively for Hg
fixation in solution, as for the ORMS-4 reference material
kept in a glass ample. For the HDPE bottle, adding BrCl to
the same level as for the ORMS-4 (0.5% (v/v)) also
appeared to be efficient against Hg loss (Fig. 2(b)). Alter-
natively, the addition of AuCl; at a tenth (100 ng g') of the
US EPA recommended concentration retained Hgr in the
glass bottle (Fig. 2(b)). The irregular loss experienced with
glass bottles was overcome with AuCl; addition. Injection of
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Figure 2. Mercury loss from 20 pg g”! Hg standard solutions for
(a) different container material and (b) different preservatives
(0.5% (v/v) BrCl and 100 ng g”' AuCls).

BrCl or AuCl; into the instrument can cause transient
increase of the Hg signal, because they are more efficient
than the wash solution (2% HNO3) in mobilizing Hg from
the sample introduction system. Therefore, use of preser-
vatives required additional time for washing and condition-
ing.

The loss of Hg from standards leads to its overestimation
in the sample, and the discrepancy increases with time.
Applying the determined loss rate (0.09-0.15 pg Hg g ' min™")
of the 20 pg ¢! Hg standard solution, a delay of 10 minutes
from the time of standard preparation would result in about
5-8% overestimation (Fig. S1). Factors such as bottle size,
shape, and seal could change the loss rate.

In summary, immediate analyses of the working standards
within a few minutes of dilution is a practical approach if an
error range of 5-8% is acceptable. For better results, use of
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Figure 3. Total mercury concentrations of surface snow samples (SS1 series) collected along the traverse shown in Fig. 1. These are
underestimates due to potential mercury loss from the snowmelt samples. The error bars indicate 1o instrumental precision.

glass containers with Teflon seals and addition of an ap-
propriate preservative effectively prevents Hg loss. In this
study, we used glass containers and AuCl; for preparation of
working standards.

Hgr of Surface Smow Samples. Total mercury in the
surface snow samples (SS1, n=35) varied from below
detection limit (0.4 pgg) (n=12)t0 10.8+ 12 pg g (1o
instrumental precision) (Fig. 3; Table S2).

Mercury Loss in Snow Samples. The SS2 series samples
(n=9) suffered Hg loss similar to the dilute working
standards. Of the nine samples, seven with original Hgr < 2
pg ¢! fell below detection limit on the second analysis, and
two with original Hgr > 2 pg ¢! (samples 574 and 628) lost
52% and 37%, respectively, of the original Hgr (Fig. 5;
Table S3). The loss of Hg from SS2 series samples implies
that the SS1 series could also have experienced loss between
aliquoting and analysis, making our Hgr measurements
underestimates. The ratio of Hgr before and after storage is
not unique for all SS2 samples and suggests that the actual
amount in SS1 can be approximately 2-5 times higher than
what we measured.

It appears that the labile species of mercury in snow
becomes volatile during melting and in the liquid state. Loss
during transportation and storage is probably minimal since
the samples were kept frozen in the dark to prevent photo-
chemical redox reaction. Hg evasion during snowmelt has
been observed in field studies,”** and laboratory experi-
ments have also demonstrated increasing GEM flux as snow
is melted.*” However, there have also been cases where only
partial or no loss occurred,'>!” implying that the extent of Hg
loss is dependent on factors such as Hg speciation and the
chemical composition of the snowmelt matrix.

Spatial Variation of Mercury from the Coast Inland.
High Hgr values above the third quartile (> 1.7 pg g') were
observed only in the inner Plateau (> 570 km from the sea-
ice, > 3500 m altitude) (Figs. 3, 4; Table S2). The average
Hgr inland of site 560 is higher than that seaward of site 560
(Student’s #-test, 95% confidence level). However, no
significant trend was observed with distance from the sea ice
(> =0.19) or with altitude (r* = 0.15) (Fig. 4). A consistent

spatial trend of Hgr in surface snow was found only within a
short distance (< 100 km): Hgr gradually diminishing with
distance inland from the edge of the sea ice, probably owing
to the decreased supply of marine halogens for photo-oxida-
tion of GEM."*? For example, at McMurdo Hgy decreased
unevenly from 440 to 70 pg g ' within approximately 30
km," and Cornwallis Island in the Arctic from 17 to 2 pg g™
within approximately 80 km.* Our samples were collected
along a much longer distance, and various factors could be
obscuring a spatial trend. First, although direct transport of
sea-salt decreases with distance from the coast, there could
also be recycling of deposited halogens.”**> Additionally,
our most seaward sample (site 540) is already at an altitude
of 948 m (Fig. 1, Tables 1, S2). Hence, none of our samples
is truly coastal. Second, the period of 1.5 months taken for
the traverse from the Syowa Station to the turning point
could have allowed varying degrees of depositional and
post-depositional photochemical processes at coastal versus
inland sites. Third, a given thickness of surface snow layer at
an inland site integrates over a longer time interval than an
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Figure 4. The relationship between total mercury and altitude (m)
and distance from sea ice (km) for SS1 series. Qs indicates the
third quartile (1.7 pg g™}).
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Figure 5. Duplicate analyses of the surface snow samples (SS2
series) analyzed a month apart. The error bars indicate lo
instrumental precision.

equivalent thickness of surface snow layer near the coast
because of the lower accumulation rate in the interior.
Fourth, long-range transport and vertical precipitation of Hg
from the stratosphere could be more pronounced on the
inner Plateau.

The magnitude of spatial plus temporal variability can be
gauged from the comparison of samples 590 vs. 678 and
samples 574 vs. 675 in SS2 (Fig. 5). Each pair was obtained
at the same sites albeit at different times (Fig. 1). The first
pair coincided within uncertainty but the second pair
exhibited a large discrepancy of a factor of 7 (~5 pg g')
(Fig. 5).

Low Hgr in Surface Snow: Low Photo-oxidation or
High Photo-reduction? Published Hg concentrations of
Antarctic snow fall into two distinct categories: high (40 to
hundreds of pg g ™') and low (< 40 pg g™") (Table 1). Lack of
precise information on the sampling strategies and use of
diverse analytical techniques make direct comparison diffi-
cult. Some studies do not report the sampling dates and the
effect of temporal variation in the magnitude of photo-
chemical oxidation of Hg cannot be appraised. In terms of
analytical methods, the cold vapor generation method
measures soluble inorganic Hg that can be readily reduced to
elemental mercury, whereas the ICP-MS technique measures
total mercury, i.e. all that can be ionized in the hot plasma.
Even allowing for the temporally variable Hgr level in
surface snow and potential underestimation of SS1 series
samples, it is still notable that our samples fall in the “low”
category.

Total mercury in snow is balanced by deposition and re-
emission fluxes in the course of photochemical redox
processes.* The quasi-permanent sequestration of Hg by the
polar snowpack then should be determined by how long the
snowpack resides above the sunlight penetration depth and
how fast the reactive Hg"" in the snowpack is re-emitted as a
consequence of photochemical reduction within the sunlit
layer. The prevailing oxidation of atmospheric GEM to
RGM after polar sunrise and subsequent deposition was
postulated as cause for the high Hgr in surface snow at two
dome sites.'""!> It is proposed that three factors regulate the
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atmospheric mercury oxidation and deposition — (1) supply
of halogen radicals, (2) thickness of the turbulent mixing
layer, and (3) amount of snowfall.

First, halogen radicals (e.g. Br:, BrO-, and Cl') play a key
role in the oxidation of atmospheric GEM. Although they
are concentrated near sea-ice regions,” long-range transport
and recycling of sea-salt appear to supply marine halogens
even to the inland Plateau.”® Sea-salt particles on Dome Fuji
preferentially liberate CI” and Br~ in austral summer,
allowing GEM oxidation to advance.!' Thus, the interior
location in itself should not hinder Hg deposition on surface
SNow.

Second, the atmospheric turbulent layer encourages
entrainment of RGM from the free troposphere during the
sunlit period,'" populating RGM near surface snow and
subsequently depositing them. The thickness of the turbulent
layer at Dome Fuji remains at ~20 m in winter but increases
(up to ~300 m with diurnal variation) in summer.?**
Therefore, the thickness of the turbulent layer should not
limit surface Hg deposition at Dome Fuji.

Third, under the severely dry climatic condition of our
sampling site, the low snowfall (< 10 cm yr™')?® could limit
scavenging and deposition of RGM.?” However, dry de-
position of RGM to the snowpack provides an alternative
pathway? and hence the low snowfall cannot be the cause of
low Hg deposition at our site.

Thus, our samples satisfy the conditions of the “high Hgr”
category (thick turbulent layer, recycling of halogens) yet
exhibit low Hgr. The low Hgr levels must be due to an as-
yet-unidentified factor for GEM oxidation or to active post-
depositional reduction.

Post-depositional photo-reduction causes re-emission of
Hg from the surface snow and contributes to the temporal
heterogeneity of Hgr in snow.?*** Up to 40-54% of de-
posited Hg is released back to the atmosphere within 24
hours by photo-induced reduction in the temperate suburban
areas'®*! and up to 92% within 2 days after AMDE in the
Arctic.

The extremely low (sometimes negative) accumulation
rate on the inner Plateau compared to the coastal region
exposes the snowpack to sunlight for a longer period. At
Dome Fuji, the annual accumulation rate is as low as 10 cm
y ' and is slightly lower during the austral summer than
winter.”® Assuming the effective penetration depth of
sunlight to be greater than 10 cm,**-** the surface snow once
deposited should reside within the sunlit layer for at least a
year, allowing ample time for post-depositional photo-
reduction. The lifetime of Hg" in the snowpack under solar
irradiation is estimated to be 1-6 hours'” but is subject to
change depending on the chemical composition and physical
property of the snow and ambient climatic conditions.* The
poorly understood dynamics and factors influencing the
post-depositional fate of Hg do not allow us to draw an
unequivocal conclusion regarding the reason for the low Hgr
in our surface snow samples. Future studies on mass-
independent fractionation of mercury isotopes associated
with photochemical reactions® and continuous monitoring
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of atmospheric Hg species are expected to be helpful.

Refractory Mercury. The fraction of Hg in snow
resistant to evasion during melting and to photo-reduction is
destined for long-term sequestration.'*!>!” We speculate that
the major component of this refractory fraction is inorganic/
organic particle-bound Hg, based on the sample behavior
during ICP-SF-MS analyses and ice core records. The
particle-bound fraction not oxidized by BrCl in conventional
cold vapor generation method is decomposed at the high
temperatures of the plasma.'> The high Hgr of some samples
analyzed by ICP-SF-MS was accompanied by large un-
certainties (Fig. 3; Fig. 5 of reference 15; Fig. 1 of reference
36), which can be explained by inhomogeneous distribution
of particles in the snowmelt and their efficient decomposi-
tion in the plasma. Such associations would not be observed
in data obtained with conventional methods which only
detect total soluble Hg.

The 670-kyr record of the Dome C ice core shows Hgr
enhancements concurrent with increases of dust particle
input during cold climate stages.*® Particles scavenge RGM
from the atmosphere, but the particle-bound Hg resists
photo-reduction and is eventually sequestered in snow.
Nearby volcanic eruptions or drier climate conditions can
induce influx of particles to the Antarctic Plateau and
promote Hg sequestration. Our hypothesis about the long-
term sequestration of Hg by refractory particles can be tested
by investigating vertical profiles of mercury in snow pits at
high resolution to obtain seasonal to annual Hgr variations
and episodic events like volcanic eruptions.

Conclusions

We obtained new Hgr data of Antarctic surface snow that
are near-contemporaneous (< 1.5 month) and spatially ex-
tensive (~1500 km traverse).

On the analytical side, we found that use of glass bottles
and addition of 100 ng g”' AuCl; or 0.5% (v/v) BrCl prevent
problematic Hg loss from dilute standard solutions. Some
mercury loss also occurred in snowmelt samples, and we
offer our Hgr measurements as lower limits.

The Hgr results displayed large spatial and/or temporal
variation and were low compared to other Antarctic inland
sites. This implies fast and/or spatially heterogeneous dynamics
(oxidation-reduction) of Hg on the Antarctic snowpack. The
factors that affect the long-term Hg sequestration are not
fully understood, but snow accumulation rate and particle
flux seem to be important.

Supplementary Material. Analytical details are available
in the Supplementary Material (Fig. S1, Tables S1-S3).
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