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Abstract

Once released into the atmosphere, mercury (Hg) is subject to long-range transport and a series of physico-chemical reac-
tions before reentering terrestrial ecosystems. Though impressive progress has been made in understanding all aspects of Hg
behavior in the atmosphere, many processes involved in the transformation and deposition of atmospheric Hg remain uniden-
tified and source attribution is still an enormous challenge. Here, we examine the isotopic composition of Hg in precipitation
collected during 2010 in Peterborough, ON, Canada and combine data on seasonal variations of mass-dependent (MDF) and
mass-independent (MIF) fractionation with meteorological back-trajectory calculations to identify the Hg sources and to
decipher Hg atmospheric transformation reactions. All precipitation samples displayed significant MDF (§°°°Hg between
—0.02%, and —1.48%,) and MIF of odd isotopes (A'*’Hg varying from —0.29%, to 1.13%,). We also report for the first time
a seasonal variation of MIF of even Hg isotopes (A>°’Hg) in wet precipitation. Our results may suggest that photoreduction in
droplets or on the surface layer of snow crystals induces odd Hg isotope anomalies, while mass independent fractionation of
200Hg is probably triggered by photo-initiated oxidation occurring on aerosol or solid surfaces in the tropopause. The
observed seasonal variation of even Hg isotope MIF (A**°Hg decrease with ambient temperature) is possibly a powerful tool
for meteorological research and may aid in monitoring related climate changes.
© 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Mercury (Hg) is released or re-emitted into the atmo-
sphere by a number of natural or anthropogenic processes
and/or emission sources (Mason et al., 1994; Schroeder
and Munthe, 1998; Selin, 2009). Once released into the
atmosphere (mainly the troposphere), mercury is subject
to a variety of physical, chemical and photochemical pro-
cesses and interactions. Mercury mainly exists in form of
three main species in the atmosphere: gaseous elemental
Hg (Hg%), divalent reactive gaseous Hg (RGM) and Hg
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bound to particulates (Hg,) (Schroeder and Munthe,
1998). These species are linked to each other by naturally
occurring processes such as gaseous and aqueous oxidation
of Hg® by oxidants (ozone, chlorine, hydroxyl, H,O,, etc.),
reduction of Hg2+ by reductants (CO, SO,, H,0,, etc.),
photochemically initiated reduction of Hg?" species and
particle adsorption (Hoyer et al., 1995; Schroeder and
Munthe, 1998; Lamborg et al., 1999; Lin and Pehkonen,
1999; Lalonde et al., 2002; Ariya et al., 2004; Selin, 2009).
The specific pathway that each species experiences in the
atmosphere depends on both its physical and chemical
characteristics and the redox, environmental and meteoro-
logical conditions. Hg®, which comprises more than 90%
of total atmospheric Hg, is relatively inert and has a resi-
dence time of about 6 months to 1 year in the atmosphere,
allowing long distance transportation (Selin, 2009).
However, RGM and Hg, are much more reactive, readily
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deposit and thus dominate in both wet and dry Hg deposi-
tion (Lin and Pehkonen, 1999). In general, Hg air—surface
exchange is bi-directional. RGM and Hg, involved in the
transfer of Hg from the atmosphere to the earth’s surface
can be further partially reduced to volatile forms after
deposition (Schroeder and Munthe, 1998). Though impres-
sive progress has been made in understanding all aspects of
Hg behavior in the atmosphere, many processes involved in
the transformation and deposition of atmospheric mercury
still remain unidentified and unquantified (Bergquist and
Blum, 2009; Selin, 2009). These gaps and uncertainties in
the atmospheric Hg cycle are partially linked to the fact
that present knowledge is mainly derived from the investi-
gation of tempo-spatial variations of Hg concentrations.
New approaches are needed to better understand and quan-
tify Hg dispersion and transformation in the atmosphere.
Recent improvements in multiple-collector ICP-MS
instrumentation and sample introduction systems have al-
lowed more accurate and precise measurements of mercury
isotope variations (Lauretta et al., 2001; Hintelmann and
Lu, 2003; Bergquist and Blum, 2007; Blum and Bergquist,
2007). Preliminary studies have demonstrated both mass-
dependent (MDF) and mass-independent fractionation
(MIF) of Hg isotopes in natural samples and during some
bio-geochemical processes, highlighting the potential of
Hg isotope determinations in biochemistry and geochemis-
try (Bergquist and Blum, 2009; Feng et al., 2010; Point
et al., 2011). Because Hg is a bioactive and volatile element
with rich redox chemistry, processes involving Hg transfor-
mation such as chemical and microbial reduction, demeth-
ylation, evaporation, volatilization and condensation create
measurable Hg isotope fractionation (Bergquist and Blum,
2009; Sonke, 2011). Photochemical reduction of inorganic
mercury (iHg) and methylmercury (MMHg) and liquid—va-
por evaporation produce mass-independent fractionation
of odd Hg isotopes, which presumably causes the MIF ob-
served in aquatic biological system (Bergquist and Blum,
2007; Biswas et al., 2008; Ghosh et al., 2008; Jackson
et al., 2008; Estrade et al., 2009). MIF of odd Hg isotopes
is thought to occur due to either the nuclear volume effect
(NVE) or the magnetic isotope effect (MIE), with the for-
mer causing generally smaller MIF anomalies while the lat-
ter induces relatively large MIF of odd isotopes (Bergquist
and Blum, 2007, 2009; Schauble, 2007; Sonke, 2011). A de-
tailed description of mechanisms causing MIF of odd Hg
isotopes was summarized in Sonke (2011). Though atmo-
spheric deposition is a primary pathway by which Hg enters
the terrestrial ecosystem (Mason et al., 1994; Morel et al.,
1998), little has been reported on Hg isotopes in precipita-
tion (Bergquist and Blum, 2009; Sonke, 2011). Laboratory
experiments indicate that heavier Hg isotopes are preferen-
tially retained in the aqueous solution during aquatic pho-
toreduction and evaporation, while odd Hg isotopes may
be enriched or depleted in solution depending on the type
of ligand Hg is bound to (Bergquist and Blum, 2007; Zheng
et al., 2007; Estrade et al., 2009; Zheng and Hintelmann,
2010b). A recent study reported negative MIF of odd Hg
isotopes in lichens and was interpreted to represent atmo-
spheric Hg deposition (Carignan et al., 2009). However,
positive MIF of odd Hg isotopes was also determined in

both precipitation and ambient air (Gratz et al., 2010; Sher-
man et al., 2012). These studies also showed positive MIF
of even Hg isotopes in precipitation (up to 0.25%,). Neither
laboratory experiment nor fieldwork has identified the
mechanism or process leading to MIF of even Hg isotopes.
Further studies are thus needed to verify this observation
and to better understand the Hg isotope composition in
the atmosphere.

In this study, Hg isotopic measurements were performed
for rain and snow samples collected for the entire year of
2010 using the pre-concentration method developed by
Chen et al. (2010). The specific objectives are (1) to investi-
gate systematically the annual variation of Hg isotopic
composition in precipitation, (2) to verify and confirm the
observation of MIF of both odd and even Hg isotopes re-
ported in previous studies for atmospheric samples, and
(3) to better understand the processes inducing both
MDF and MIF of Hg isotopes in the atmosphere, espe-
cially MIF of even Hg isotopes.

2. ANALYTICAL METHODS

All  reagents (HCI, HNO;, BrCl, L-cysteine,
NH,OH-HCI, SnCl,) used in this study were analytical
grade or prepared under Hg-free condition. All vessels were
made of glass or Teflon, and were cleaned with first 1%
BrCl, then 50% HNO; and a last rinse of de-ionized H,O
before their use. NIST SRM 3133 Hg and UM-Almadén
Hg were used as reference standards and measured regu-
larly to control the quality of isotopic measurements.

Sampling was performed in 2010 to monitor annual Hg
isotopic variation. Due to low Hg concentration in precip-
itation (Table 1), only 23 precipitation samples (19 rain and
4 snow samples) had sufficient Hg mass (>5 ng) for an Hg
isotope ratio measurement. These samples included 16
one-event samples with water collected from the beginning
to the end of a single precipitation event, and 7 multi-event
samples with water collected from several rain events with
variable collection time. Snow was collected during or
immediately after significant snowfall in order to avoid
Hg loss after deposition (Lalonde et al., 2003). All samples
were collected at a meteorological station located in Peter-
borough (Ontario, Canada), a mid-latitude location
(44.35N, 78.29W) near the Trent University campus, about
5 km north of Peterborough, 130 km northeast of Toronto.
There are no Hg sources within the Trent University Cam-
pus, nor any known major Hg point sources in the Peter-
borough region. A tilted “V” type Teflon collector
(surface area of about 1 m?) was used to channel precipita-
tion samples into a pre-cleaned 12 L glass container
through a glass funnel. The whole sampling set was stored
in dilute HNOj solution in the laboratory between two col-
lections. The blank of the whole collecting system is 18 pg
(n =4) determined by processing 1 L of de-ionized water.
Snow samples were melted in pre-cleaned glass bottles, in
a water bath set to 30 °C. Samples were filtered immediately
after collection using a four-stage PFA filter system (Savil-
lex) with a final 0.2 pm mixed cellulose membrane filter.
The blank of the whole filtration system is 14 pg (n =9).
The first 200 ml of filtered water was discarded. After



Table 1

Mercury isotope values and Hg and Na concentrations in precipitation samples from Peterborough (ON, Canada).

1D Sample Collection T Event Wind Volume Hg Na SlggHg 6200Hg 6201Hg 62“2Hg AlggHg AZOOHg AZ(“Hg
date (§®)] direction (L) (ng/L) (mg/L) (%) (760) (J60) (7o) (60) (60) (760)
GS(n=2) Greenland 15 0.35 —0.044+0.11 029+0.14 024+0.17 —1.354+0.18 0.32+0.09 091+0.15 1.11 £ 0.06
Snow*®

SI(n=2) Snowl 28/01/10 —6.0 S NW 6.8 2.02  3.02 —0.304+0.06 1.23+0.12 —0.26+0.01 —0.024+0.07 —0.29£0.04 1.24+0.08 —0.24 4+0.04
S2(n=2) Snow2 23/02/10  —-3.5 S NW-NE 10.8 2,12 1.33 0.02+0.03 0.53+0.03 —0.674+0.07 —1.36+0.07 0.36+0.01 1.21+-.10 0.35+0.02
Rl(n=2) Rainl 14/03/10 44 S NE-E 6 3.80 1.45 026 £0.01 0.53+0.07 0.004+0.05 —042+0.07 0.37+0.01 0.74 +0.03 0.32+0.10
R2(n=2) Rain2 24/03/10 24 M NE-E 5.6 7.50 0.48 0.84+0.16 0.154+£0.10 0.304+0.15 —0.82+£0.10 0.974+0.07 0.59 40.01 0.94 £0.05
R3(n=2) Rain3 29/03/10 43 S S-SW 3.8 343 1.16 —0.174+0.05 0.17+0.04 —0.79+0.16 —0.724+0.16 —0.01 £0.04 0.50 +£0.13 —0.29 +0.02
R4(n=2) Raind 5/04/10 127 M SW 4 9.90 1.01 042+0.16 0,00+0.09 0.034+0.05 —0.68+0.03 0.59+0.15 0.34 4+0.08 0.54 +0.07
R5(n=2) Rain5 3/05/10 18.0 S SW 2 9.24 1.60 0.02+0.10 —0.38+0.05 —0.554+0.12 —1.19+0.10 0.32+0.16 0.224+0.02 0.35+0.04
R6(n=3) Rain6 6/05/10 14.0 S SW 52 6.37 1.01 0.37+0.10 —0.13+0.11 —0.04+0.06 —0.68 £0.13 0.54+0.16 0.21 +0.04 0.47 +0.04
R7(n=2) Rain7 10/05/10 46 S SW-W 6.3 5.64 1.13 0.26 £0.10 —0.01+0.09 0.124+0.12 —0.55+0.16 0.47+0.03 0.254+0.08 048 +£0.12
R8(n=3) Rain8 14/05/10 8.8 M SW 3.7 11.00 0.92 0.18+£0.09 —0.35+0.08 —0.334+0.09 —1.25+0.08 0.49+0.07 0.28 +0.04 0.61 +£0.03
R9(n=2) Rain9 3/06/10 20.0 M NE-NW 10.5 3.15 0.79 047+0.03 —0.12+0.01 —-0.024+0.16 —1.02+0.02 0.73+0.04 0.39 +0.02 0.74 £0.16
R10(n =3) Rainl0 7/06/10 16.0 M W 10 435 095 0.40+0.05 —0.35+0.12 —-0.30+0.16 —1.27+0.10 0.72+0.07 0.28 +0.11 0.65+0.18
R11(n=2) Rainll 14/06/10 16.0 M SE 7.5 4.53 1.56 0.354+0.08 0.014+0.09 —0.0940.11 —0.80+0.09 0.564+0.08 0.4240.09 0.51 £ 0.11
R12(n=3) Rainl2 19/07/10 227 S \%% 10 6.09 0.53 0.86 £0.03 —0.12+0.06 021 +0.07 —1.04+0.07 1.13+0.02 0.41 +0.02 1.00 +0.02
R14(n=2) Rainl4 29/07/10  21.7 S w 3 6.24 0.81 0.14+0.06 —0.31+0.09 —0.644+0.14 —1.18+0.10 0.43+0.06 0.28 +0.09 0.25+0.14
R15(n=1) Rainl5 16/08/10  21.8 S w 0.9 10.39 0.73 0.35+0.06 —0.50+0.09 —0.42+4+0.14 —1.59+0.10 0.75+0.06 0.30 +0.09 0.78 £0.14
R16(n=2) Rainl6 23/08/10 184 S W-SW 8.5 8.16 0.76 0.40+0.01 —0.434+0.01 —-0.3240.05 —1.37+0.07 0.754+£0.02 0.26 +0.02 0.71 £0.10
R17(n=2) Rainl7 16/09/10 10.3 S SW 10.4 392 0.68 045+0.02 —0.25+0.01 —0.174+0.03 —1.03+0.07 0.72+0.04 0.27 +0.05 0.61 +0.02
R18(n=2) Rainl8 21/09/10 19.1 M NW-SW 38 9.75 0.87 0.324+0.03 —0.50+0.05 —0.404+0.03 —148+0.06 0.70+0.02 0.24 +0.02 0.71 £0.02
R19(n=2) Rainl9 27/09/10 12.0 S S 8.2 2.33  0.65 0.20+0.12 —0.37+0.11 —-0.524+0.11 —-1.20+0.16 0.50+0.07 0.23 +0.01 0.38 +£0.04
R20(n=1) Rain20 25/11/10  —1.0 S SW-NW 44 322 142 0.11 £0.06 0474+0.09 —-0.494+0.14 —141+£0.10 0474+£0.06 1.184+0.09 0.57+0.14
S3(n=2) Snow3" 27/11/10  -2.0 S W 14 0.35 1.68 0.08 +£0.08 —0.16+0.08 —0.674+0.08 —145+0.09 0.44+0.06 0.57 +0.04 0.43 +0.01
S4n=1) Snow4d 1/12/10 20 S SW-S 11.3 1.72  0.94 045+0.06 —0.244+0.09 —0.184+-0.14 —1.10£0.10 0.734+£0.06 0.314+0.09 0.65+0.14

n, number of measurements. Error bars are described in detail in the text. W, N, S and E represent respectively west, north, south and east local wind direction. S, single precipitation event; M,

multi-event.

# Unlike other samples analyzed with one measurement consisted of 5 blocks of 20 cycles, these samples were measured in 5 blocks of 10 due to limited Hg mass.
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filtration, samples were acidified with HCI1 (0.1 M), digested
with 0.5% BrCl (0.2 M) and stored at 4 °C. A compacted
surface snow sample collected on central Greenland in sum-
mer 2009 that likely represented an entire year of snowfall
was also analyzed for Hg concentration and isotopic com-
position. Hg concentration was measured by atomic fluo-
rescence spectrometry (Tekran 2600).

Hg was pre-concentrated from the aqueous matrix
according to the protocol developed by Chen et al.
(2010). The recovery has been shown to be about 100%
and no isotopic fractionation was induced using this
method. After cleaning with 0.05% L-cysteine, 4 M
HNO;, and distilled water, a borosilicate glass column
charged with 0.5 ml AG 1 x 4 resin was conditioned with
10 ml 0.1 M HCIL. Before loading, water samples were
acidified to be 0.1 M in HCI and treated with 0.5% BrCl
(0.2 M) for at least 12 h to ensure complete organic matter
digestion. After having neutralized excess BrCl with
NH,OH.HCI (0.05%), samples were directly introduced
onto the column at an average flow rate of 3.5 ml/min,
resulting in processing from hours to days depending on
the sample volume. After rinsing with 10 ml 0.1 M HCI,
Hg was finally eluted with 10 ml 0.5 M HNOj; containing
0.05% L-cysteine. The final Hg pre-concentration solution
was again treated with BrCl for at least 12 h to remove
the excess L-cysteine prior to the Hg isotope ratio mea-
surement. Solutions prepared with NIST SRM 3133 Hg
and TraceCERT ICP standard Hg (Sigma-Aldrich) were
also processed and pre-concentrated to confirm that lab-
manipulations do not impact Hg isotopic compositions
(Supplementary Table S1).

Hg isotope ratio measurements were performed on a
Neptune MC-ICP-MS (Thermo-Fisher, Germany) at Trent
University and the technique was described in detail in
Chen et al. (2010). Briefly, the previously prepared Hg solu-
tion (concentration varied from 0.5 to 2 ug/L) was intro-
duced by a peristaltic pump (at 0.8 ml/min) into the
plasma through a continuous flow cold vapor (CV) genera-
tion system equipped with an additional Nafion drier tube.
The SnCl, reducing agent was mixed in-line with Hg solu-
tion to generate volatile elemental Hg. T1 aerosol produced
from an Apex desolvation system was simultaneously intro-
duced into the plasma for mass bias correction. The Fara-
day cups were positioned to measure five Hg isotopes
(“8Hg, "Hg, *°Hg, **'Hg, 2*Hg) and two TI isotopes
(>93T1, 2°5T1). Due to the limitations of the instrumental col-
lector design, it is not possible to position Faraday cups so
that 6 Hg and 2 TI isotopes can be measured simulta-
neously. Therefore, 2°°Hg was measured in this study at
the expense of **Hg in order to verify the observation of
A**Hg anomalies in previous studies. The typical ion beam
intensity of 2°?Hg was about 2 V for Hg concentrations of
2 ug/L. The instrumental mass bias was corrected using
the modified empirical external normalization (MEEN)
method. The MDF of Hg isotopes was expressed using
the delta notation (8*Hg, in %) as defined by the following
equation:

5"Hg = (("Hg/"""Hg) e/ (‘Hg/ " Hg) g — 1) x 1000

sample

()

where x =199, 200, 201, 202, “std” represents the NIST
SRM 3133 Hg solution. MIF of Hg isotopes (both odd
and even) was defined by the deviation from the theoreti-
cally predicted MDF and was expressed as (in %,):

AYHg = §'""Hg — 0.252 x §*”Hg (2)
A*™Hg = §*Hg — 0.502 x §*Hg (3)
A™Hg = 8™ Hg — 0.752 x §*“Hg (4)

Our repeated measurements of UM-Almadén Hg gave a
long-term (n = 53) average 8°°°Hg value of —0.56 + 0.10%,,
consistent with previous reported values (Bergquist and
Blum, 2007; Blum and Bergquist, 2007). The obtained
uncertainties (2 standard deviations, 2c) were 0.06%,,
0.09%,, 0.14%,, 0.10%,, 0.04%,, 0.03%,, 0.06%, for 8'*Hg,
5Hg, 5'Hg, 5°2Hg, A!*Hg, A2°Hg, A Hg, respec-
tively, and were considered as the typical external uncer-
tainties for samples measured only once due to limited
sample volumes. If sufficient sample was available, the
uncertainty was calculated as the 2o external standard devi-
ations of multiple measurements (Table 1).

3. RESULTS AND DISCUSSION

3.1. Annual mercury concentration and isotopic variation in
precipitation

Volume weighted mercury concentrations in all wet pre-
cipitation samples varied from 0.35 ng/L (S3) to 11 ng/L
(R8), with an average value of 5.44 ng/L (Table 1). The
lowest value of 0.35 ng/L was also found in the Greenland
snow. These Hg concentrations were similar to or slightly
lower than those previously reported for the same region
(Hoyer et al., 1995; Landis and Keeler, 2002; Lalonde
et al., 2003; Gratz et al., 2010), and displayed a general
qualitative agreement with the data measured by the Na-
tional Atmospheric Deposition Program (http://nadp.sw-
s.uiuc.edu) at the station Egbert ONO7 (Supplementary
Fig. S1).

All samples, especially one-event samples, displayed a
clear seasonal variation in Hg concentration (Fig. 1a), with
lower values determined in snow or rain samples collected
in winter and higher in late spring or summer. For one-
event samples (solid points), this seasonal variation can also
be expressed as a correlation (y = 0.24x + 2.52, r* = 0.67,
Supplementary Fig. S2) between Hg concentration and
ambient temperature, expressed as the mean value of the
3 days leading up to sample collection. All precipitation
samples displayed negative 8°°>Hg values, with the highest
value of —0.029, measured in the snow sample S1 and
the lowest value of —1.489, in the rain sample R17 (Table
1 and Fig. 1b). 8***Hg values did not display significant sea-
sonal variations and did not correlate with temperature.

Significant MIF of odd Hg isotopes was determined in
all precipitation samples, with A'°°’Hg varying from
—0.29%, to 1.13%, (Table 1 and Fig. 1c). A**'Hg showed
similar variation as A®’Hg. Except for the snow S1 and
the rain R3 that had slightly negative or near zero A'*’Hg
values (Table 1 and Fig. 1c), all samples displayed positive
MIF of odd Hg isotopes (0.32-1.13%,). A®’Hg varied
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Fig. 1. Annual variation of Hg concentration, 5°°*Hg, A'*’Hg and A?®°Hg. Samples include 12 one-event rains (red points), 7 multi-event
rains (red circles) and 4 one-event snows (full stars) and were collected in 2010 in Peterborough, Ontario, Canada. Error bars are 2c external
standard deviations for samples with multiple measurements, or 0.10%,, 0.04%,, 0.03%,, respectively, for §?**Hg, A'®”Hg and A**°Hg of
samples measured only once. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

seasonally and slightly increased with temperature January, A?®Hg then decreased sharply to 0.22%, in

(y =0.017x + 0.362, r* = 0.28, Fig. 2).

Especially noteworthy in this study is the observation
that all rain and snow samples displayed significant positive
A?™Hg values. A total variation of 1.03%, was observed,
with the lowest value of 0.219, measured in the rain R6
and the highest value of 1.24%, in the snow S1 (Table 1
and Fig. 1d). A*®Hg values showed a seasonal variation:
the highest value was found for the snow S1 collected in

May, fluctuated between 0.219,, and 0.42%, during summer
and fall, and increased again to 0.579, in December
(Fig. 1d). According to the relationship between A**°Hg
and temperature (Fig. 2), two groups of samples can be dis-
tinguished: the first group was composed of snow samples
and cold rain samples, where A>°°Hg values varied between
1.249%, and 0.25%,, and displayed a decrease with increasing
temperature from below freezing to about 5 °C; the second
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group included rain samples collected at relatively higher
temperature (between 5 and 25 °C), with A**°Hg varying
between 0.219,, and 0.429,,.

3.2. Long-range transportation effects on Hg budget in
precipitation

Local sources may directly contribute to Hg in precipita-
tion. The Peterborough city with a population of about
75,000 is located in the Kawartha tourist region, where
the number and the extent of different types of Hg sources
are very limited, suggesting that local contributions are also
very limited and Hg determined in our precipitation sam-
ples is thus more likely derived from long-range transport.

Transport models are very useful for back-tracking the
long-range Hg trajectory within air masses and for tracing
potential Hg sources (Jaffe et al., 2005; Selin and Jacob,
2008). We calculated kinematic back-trajectories of air
masses using NOAA-HYSPLIT model for one-event sam-
ples (Draxler and Rolph, 2003; Jaffe et al., 2005). Back tra-
jectories of air masses with initial starting heights of 500,
1000, and 3000 m above ground level (AGL) were monitored
for investigating vertical movements of air masses and back-
trajectories of 6000 m AGL elevation were also calculated
for investigating the possible influence of stratosphere incur-
sion (Lindberg et al., 2002; Stohl et al., 2003; Lyman and
Jaffe, 2012). By combining the observation and the local
meteorological data (i.e. wind direction, cloud top height,
etc.) reported by Environment Canada for the sampling sta-
tion (Table 1), three main meteorological wind regimes were
determined for our sampling station: south (south-west,
south-east), west (north-west) and north wind. In general,
the south and west winds predominated from late spring to
early autumn, while the influence of north wind events in-
creased in the winter. These three main wind regimes may
transport Hg with different distances from three directions
to our sampling site. Though Hg can undergo variable
physio-chemical reactions among different phases during

transport, these three main wind regimes may still give some
useful information about the origin of Hg in precipitation
samples in Peterborough. We will discuss this in detail.

3.2.1. Southern contribution of Hg transported over moderate
distance

When wind from the south dominates, the Hg budget in
precipitation in Peterborough may be impacted by the
Greater Toronto Area (GTA), the nearest location with
potentially significant RGM emission (5-100 kg/year in dif-
ferent sectors) (CAMNet, Environment Canada). However,
compared to the number and the extent of emission sources
in the Northern USA and the Great Lakes region, the con-
tribution from the GTA may be not significant. High
anthropogenic Hg emissions were reported from a combi-
nation of sources including coal-fired power plants, waste
incineration, fuel combustion, metallurgical and manufac-
turing industries in New York, the Great Lakes and the
Chicago industrial regions, with an RGM emission rate
of about 50-160 g/km?*/year (Kim et al., 2005; Travnikov,
2005; Selin and Jacob, 2008; Selin, 2009; US EPA). Given
that the atmospheric residence time of RGM is approxi-
mately several weeks and that RGM is readily incorporated
into droplets or adsorbed onto particles (Morel et al., 1998;
Selin, 2009), these high anthropogenic emissions may have
an important impact on local dry and wet deposition (Kim
et al., 2005; Selin and Jacob, 2008; Durnford et al., 2010;
Gratz et al., 2010). Previous studies have reported that
Hg contributions from the Northern USA tend to dominate
Hg deposition in subarctic regions and overwhelmingly at
mid-latitude stations (Landis and Keeler, 2002; Stohl
et al., 2003; Durnford et al., 2010). Hg originating from
the Northern USA may thus impact the precipitation in
the Peterborough region after moderate long-range trans-
port, especially during late spring to early autumn, when
south and south-west winds dominate.

The contribution of Hg from the Northern USA is also
supported by the NOAA-HYSPLIT model and local



J.-B. Chen et al./ Geochimica et Cosmochimica Acta 90 (2012) 33-46 39

meteorological data. In general, the low elevation (500 m,
1000 m AGL) air masses associated with precipitation sam-
ples S1, R1, R3, R6 and R7 came mainly from or passed
through the Northern USA, in south and south-west dom-
inated wind events. For two typical samples S1 and R3,
their low elevation air masses stayed 2-4 days in the North-
ern USA and the Great Lakes region before arriving at the
sampling station (Supplementary Fig. S3). These air masses
may incorporate Hg emitted (mainly in RGM form) from
this region and transport it northward to the Peterborough
region. Although low elevation air masses for samples R1
and R6 came mainly from the east and west, their 6000 m
AGL air masses sunk towards the earth surface (<500 m)
when approaching the sampling station (Fig. S4). Hg emit-
ted in the Northern USA was possibly scavenged into the
descending cloud droplets, giving these two samples a Hg
isotope signature characteristic for samples originating in
the Northern USA.

Little data is available for isotopic composition of
anthropogenic Hg sources in the Northern USA. Since
these anthropogenic sources were variable and their distri-
bution is complicated, we were not able to collect and mea-
sure isotopic composition of Hg from these sources.
However, a recent study reported an average §°°°Hg value
of —0.329, for precipitation in this region (Gratz et al.,
2010). This value may represent the typical mean isotopic
composition of RGM in the Northern USA and the Great
Lakes region and is very close to values measured in sam-
ples with south-dominated wind (e.g. S1, R3, RI1, R6,
Fig. 3). This isotopic similarity may suggest a contribution
of RGM originating from the Northern USA to Hg in some

0.50
@ One-event rain
O Multi-event rain
One-event snow
0.00 | * S1 Greenland snow
Northern USA contribution B Great Lakes rain*
- . @R
58 -0.50
o
x
o -1.00 |
sS4
i Arctic contribution
-1.50 S3
R15
Western Canada contribution
-2.00 I 1 I 1 !
0.0 0.5 1.0 1.5 2.0 25 3.0

1/Hg

Fig. 3. Mixing diagram showing contribution of three proposed
end-members. All data points can be explained by mixing of three
main sources: moderate-range transport of Hg from the North
USA and Great Lakes region, long-range transport of Hg from
western Canada and central North America, and the Arctic. The
result is consistent with a meteorological model. Average values
(black square) of precipitation in the Great Lakes region are used
to represent typical Hg isotopic composition of the Northern USA
(Gratz et al., 2010). The Greenland snow (empty star) may support
the idea of the direct arctic contribution. “Data from Gratz et al.
(2010).

samples after a moderate transport distance. Though vari-
able physico-chemical processes may fractionate Hg iso-
topes in the atmosphere, the 8°°>Hg signatures would not
be significantly modified for RGM transported from the
emission in the Northern USA to deposition due to the
short transport distance (thus reaction time). This idea is
supported by the similarity of A?°°Hg values (around
0.21%,) of samples (i.e. R19, R5, R6) collected during
south-wind dominated events with those reported in precip-
itation from the Great Lakes region (Gratz et al., 2010).
The same study also reported a local source contribution
to the overall Hg budget in precipitation (Gratz et al.,
2010; Sherman et al., 2012). We therefore suggest that the
important emission in the Northern USA and the Great
Lakes region is a principal contributor to Hg in precipita-
tion samples collected during south-wind events.

3.2.2. Long-range Hg transport from the western continent

Unlike S1 and R3, samples S2, R15, R16, R19 and R20
have more negative 8*°>’Hg values close to —2.00%, (Table 1
and Fig. 3). Since Hg derived from southern regions gener-
ally displayed higher 8*>Hg (close to 0.00%,), the more neg-
ative 8*?Hg value may suggest the integrated isotopic
composition of Hg transported from western, northern or
eastern directions to our sampling station. The HYSPLIT
model suggested that low elevation air masses of samples
S2, R15 and R16 mainly came from the west. Since the
northwestern region near Peterborough is mainly forested
land, where human activities are very limited, local source
contribution to Hg in our samples is likely negligible. We
thus anticipate a contribution of long-range Hg transport
(both vertical and horizontal) in air masses arriving from
the west and the center of the American continent. How-
ever, compared to the Northern USA and the Great Lakes
region, point sources of Hg in western Canada and central
North America are less significant and the direct contribu-
tion of RGM from these regions to the Peterborough area
may thus be limited. Considering that ambient atmospheric
Hg is predominantly Hg®, while Hg in precipitation is pri-
marily RGM and Hg,,, Hg in our precipitation samples col-
lected in west-wind dominated events is probably derived
from the accumulation of RGM and Hg, in droplets
formed in the atmosphere during transport.

Previous studies demonstrated that maximum Hg con-
centrations tend to be found in the mid troposphere in
the 50-60 latitude band in North America and may be
linked to the northern Pacific or even Asian Hg emissions
(Strode et al., 2008; Durnford et al., 2010). Trajectory anal-
ysis and satellite data suggested that air masses originating
from Asia might move northeastward across the Pacific, be
lifted in warmer air parcels into the middle and upper tro-
posphere and subsequently exported to North America
(Jaffe et al., 2005; Kim et al., 2005; Strode et al., 2008;
Durnford et al., 2010). Considering the lifetime and the
characteristics of different atmospheric Hg species, Asian
RGM would not be directly transported to North America.
Instead, Hg from Asian sources in North America would be
dominated by Hg". Elemental Hg could be further oxidized
to RGM (or Hg,), readily scavenged into cloud droplets
during transport, and possibly present an important
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contribution to Hg in final precipitation samples. Asian
influence may increase in spring and summer, but decrease
in autumn and winter (Jaffe et al., 2005; Strode et al., 2008).
The observed increase in Hg concentration with tempera-
ture (Fig. la and Fig. S2) may suggest an association with
increasing contributions from Asian Hg sources. Hg trans-
ported in west wind events may combine with Hg emitted in
North America, which could lead to even higher Hg con-
centrations in some precipitation samples originating from
western Canada (Fig. 3).

Laboratory experiments of aqueous Hg (and MMHg)
photo-reduction and Hg® evaporation showed that lighter
Hg isotopes preferably evade into air, implying more nega-
tive 5°°>Hg values in atmospheric Hg (Bergquist and Blum,
2007; Estrade et al., 2009; Zheng and Hintelmann, 2009).
Negative 8?°*Hg was determined in samples potentially im-
pacted by atmospheric Hg deposition, including sediments,
peat, mosses, lichens, rain and snow (Biswas et al., 2008;
Ghosh et al., 2008; Carignan et al., 2009; Estrade et al.,
2009; Gratz et al., 2010; Sherman et al., 2010, 2012). The
complex processes occurring in the atmosphere after Hg
is emitted and again deposited make it very difficult to re-
late the Hg isotopic signatures in our samples to specific
sources. Unfortunately, in the absence of Hg isotopic data
for air in Asia or western and central North America and
lacking studies on the effect of atmospheric reactions on
Hg isotope fractionation, we are not able to evaluate the ex-
act contributors of Hg in samples collected in west-wind
dominated events. More systematic work is thus needed
to identify possible sources and to better understand Hg
isotopic fractionation induced by atmospheric processes.

3.2.3. Arctic contribution

The above-discussed two main contributions are further
supported by Fig. 3, where data points of all rain samples
and most snow samples define a linear relationship. How-
ever, snow samples (especially S3) and several cold rain
samples (i.e. R19, R20) deviate from the linear relationship.
Another contribution is thus needed to explain the entire
distribution of data points. As all deviating samples were
collected in winter, early spring or late autumn, when
southward cold weather dominated, cold air mass originat-
ing in the Arctic region may contribute to Hg in these sam-
ples. In winter, the lower tropospheric circulation is
dominated by high pressures over the Arctic and low pres-
sures over the northern American continent. Air masses are
thus forced southward, resulting in a net transport of arctic
Hg over North America to our sampling site (Macdonald
et al., 2005). The transport of contaminants from the north
weakens in summer due to the disappearance of high-pres-
sure cells. HYSPLIT data also show clearly the impact of
Arctic air masses on 500 m AGL, especially for snow sam-
ple S3, but also for S2, S4 and the cold rain samples R19
and R20. Moreover, the compacted surface snow sample
collected on central Greenland in summer 2009, likely rep-
resented an entire year of snowfall, had similar Hg concen-
tration (0.35 ng/L) and isotopic composition (—1.35%,) as
S3 (Table 1), providing additional support to the idea of
arctic contribution to our snow and cold rain samples.
However, Hg in the arctic atmosphere may originate from

a combination of Northern European, Russian, Asian or
even North American contributions and the re-emission
of previous deposition may also fractionate Hg isotopes
(Macdonald et al., 2005; Sherman et al., 2010). More work
is thus needed to decipher the exact contributing sources
and related isotopic fractionation during Hg cycling in
the arctic and subarctic region.

In conclusion, we suggest that Hg in local precipitation
is mainly derived by long-range transport from northern
USA, western Canada and the Arctic, with the former
two sources dominating in summer, while arctic sources
are more important in winter. Since atmospheric processes
may fractionate Hg isotopes during transportation, we do
not expect that initial source signatures are necessarily pre-
served during long-range transport. However, we would ex-
pect that the degree of fractionation (if indeed occurring)
between source and receptor sites is similar for similar
transport histories. Combining the final isotopic signatures
in precipitation samples and tracing air mass trajectories by
use of the meteorological data results in a coherent model
suggesting that Hg source regions are identifiable with the
proposed three-contributor model (Fig. 3). Hg found in a
single sample may be a combination of these three contri-
butions, e.g. Fig. S4 illustrates the suggested combined im-
pact of the Arctic and the Northern USA on rain R1.

3.3. Mass-independent fractionation of odd Hg isotopes

All our samples displayed significant MIF of odd Hg
isotopes (Table 1). Except for S1 and R3, all samples had
positive A'”°Hg values (Fig. 4). This is in contrast to predic-
tions based on measured negative A'"*’Hg in mosses and li-
chens, which were thought to be the result of atmospheric
Hg deposition (Ghosh et al., 2008; Carignan et al., 2009;
Estrade et al., 2009). Negative A'*”Hg values were also ex-
pected as a result of aqueous photoreduction of Hg>"
(MMHg) and Hg° evaporation, in which heavier (i.e.
2@Hg) and odd ("Hg, *°'Hg) Hg isotopes remain
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Fig. 4. Mass-independent fractionation of odd Hg isotopes in
precipitation samples. The slope of 0.92 defined by all samples is
consistent with MIF of odd Hg isotopes derived from photochem-
ical reactions as a result of the magnetic isotopic effect.
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preferentially in solution (Bergquist and Blum, 2007; Ghosh
et al., 2008; Carignan et al., 2009; Estrade et al., 2009;
Zheng and Hintelmann, 2009). However, a recent study
showed that aqueous photo-reduction might also lead to
enrichment of the odd isotopes in the vapor depending on
the ligands (i.e. cysteine), to which Hg is bound to (Zheng
and Hintelmann, 2010b). These inconsistent results make
it difficult to predict the isotopic composition, especially
the odd Hg isotope anomalies in the atmosphere.

Previous studies have suggested that the relationship be-
tween the MIF of the two odd Hg isotopes can be used to
distinguish among specific photoreduction processes and al-
low for the identification of specific chemical pathways
(Bergquist and Blum, 2007; Estrade et al., 2009; Zheng
and Hintelmann, 2009). The mechanisms producing MIF
in odd Hg isotopes are not fully understood. However,
the magnetic isotope effect (MIE) and nuclear volume effect
(NVE) are thought to be important mechanisms causing
significant MIF of the odd Hg isotopes (Bergquist and
Blum, 2007; Sonke, 2011). The NVE theoretically induces
A" Hg/ A**'Hg ratios between 1.60 and 1.65, which is con-
sistent with recent laboratory experiments of liquid-vapor
evaporation, Hg?" reduction in the dark, and Hg?*—thiol
complexation (Estrade et al., 2009; Wiederhold et al.,
2010; Zheng and Hintelmann, 2010a). The MIE can pro-
duce large MIF of odd Hg isotopes with A"’Hg/ A*°'Hg
ratios between 1.0 and 1.3, and is deemed to be responsible
for MIF of odd isotopes during aqueous Hg photoreduc-
tion (Bergquist and Blum, 2007; Sonke, 2011). In this study,
all precipitation samples displayed a A'’Hg/A**'Hg ratio
of 0.92 £0.19 (Fig. 4), being undistinguishable from that
observed in arctic snow samples (1.07) and atmospheric
samples in the Great Lakes (0.89) and the Florida (1.05) re-
gions. All of these values are close to a A'°Hg/A?*'Hg of 1,
which is considered consistent with MIF caused by MIE,
but different from that produced by NVE (Bergquist and
Blum, 2007; Schauble, 2007; Sherman et al., 2010; Zheng
and Hintelmann, 2010a; Sonke, 2011). The MIF of odd
Hg isotopes determined in our samples is likely derived
from photochemical reactions as a result of the magnetic
isotope effect.

Most aqueous photoreduction experiments propose that
odd and heavier isotopes would preferentially remain in
solution (Bergquist and Blum, 2007; Zheng and Hintel-
mann, 2009). With the presence of organic matter in cloud
droplets, such photoreduction may occur in the atmosphere
and thus induces an enrichment of odd Hg isotopes in oxi-
dized Hg species in water droplets. The significant positive
A" Hg determined in rain samples of this study may thus
result from the photoreduction of Hg in water droplets,
as suggested for precipitation in the Great Lakes and the
Florida regions (Gratz et al., 2010; Sherman et al., 2012).
As these positive A!®”Hg anomalies resulted from photore-
duction in the atmosphere, large values of A'”Hg may im-
ply an extended fractionation in water droplets subject to
long-range transport. The odd isotope enrichment derived
from aqueous photoreduction and Hg” evaporation in the
atmosphere would be accumulative, especially in summer
with intensive sunlight irradiation. A’ Hg in final rainfall
thus increases with time of residence in the atmosphere

and with transportation distance. Compared to the rela-
tively lower A'®”Hg values (<0.70%,) reported for rain sam-
ples impacted by local Hg sources (Gratz et al., 2010;
Sherman et al., 2012), the higher A'”’Hg values (up to
1.139,) determined in this study may result from the ex-
tended photoreduction during long-range transportation.
Fig. 5 shows an inverse relationship (r>=0.25) between
A" Hg and §°°?Hg for all precipitation samples. Samples
with more positive A'”Hg values (i.e. R12, R15, R16) dis-
played relatively negative 8°“>Hg values (<—1.00%,), while
samples SI, R1 and R3 had higher §°°’Hg values but lower
A" Hg. This inverse relationship resulted probably from
extended photoreduction of Hg in droplets during long-
range transport. Since progressive photoreduction reactions
should induce a positive relationship between A'*’Hg and
5°9?Hg, the opposite observation in Fig. 5 may be explained
by differences in underlying source MDF isotope signa-
tures. Though more studies are needed to identify these dif-
ferent processes, our results support earlier suggestions that
MDF and MIF Hg isotope signatures each carry specific
information (Sonke, 2011).

In contrast to experimental results of aqueous Hg®"
photoreduction and Hg® evaporation, a depletion of odd
Hg isotopes in residual snow was found in a chamber exper-
iment with drifted arctic snow and was suggested to be re-
lated to photochemical processes involving Hg-halogen
radical-pairs in the quasi-liquid surface of snow crystals
(Sherman et al., 2010). We suggest that these heterogeneous
processes occurred also in atmospheric snow and thus may
explain the negative A'’Hg found for snow S1 in this
study. Halogen-involved reactions are typically important
in arctic environments and in the marine boundary layers
(Lalonde et al., 2002; Douglas and Sturm, 2004; O’Dowd
and de Leeuw, 2007; Sherman et al., 2010). Sea—salt parti-
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Fig. 5. Inverse relationship between MIF of odd isotopes and
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isotopic compositions of arctic air and snow fall (Sherman et al.,
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cles derived from sea spray are the dominant source for the
global aerosol inventory including halogens and related ele-
ments such as Na (Douglas and Sturm, 2004; de Caritat
et al., 2005; O’Dowd and de Leeuw, 2007). Fig. 6a shows
an inverse correlation between A'®’Hg and Na. Samples
collected in cold weather (i.e. S1, S2, S3, R1, R20) displayed
relatively higher Na concentrations (>1 mg/L) and lower
A" Hg (<0.50%,). These samples may have a significant
contribution of Arctic snow and/or frozen aerosols with
mainly sea—salt origin. The lower Na concentrations in
samples (i.e. R12, R15, R16) with higher A!*’Hg (Fig. 6a)
suggests that arctic contributions were limited. This is con-
sistent with meteorological data. The inverse correlation be-
tween A'”’Hg and Na concentration thus supports the
notion that heterogeneous processes in or on atmospheric
snow aerosols may be responsible for negative A°’Hg
found in snow samples such as S1.

3.4. Conceptual model for 2°°Hg anomalies in precipitation
samples

We will refer in the following to 2°°Hg anomalies, a term
first coined by Gratz et al. (2010), who observed for precip-
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Fig. 6. Relationships between MIF of odd (a) and even (b) Hg
isotopes and Na concentrations in precipitation samples. Error
bars represent 2o external standard deviations for samples with
multiple measurements, or £0.04%, and +0.03%, for A'*’Hg and
AP Hg of samples measured only once, respectively.

itation samples that Hg isotope ratios of the three even iso-
topes **Hg, 2°°Hg and **’Hg did not fit linearly onto a
three isotope plot. Since the 202/ 98Hg ratio is convention-
ally used as the reference ratio, they declared that >°°Hg be-
haves differently. However, one cannot identify which of
the three isotopes is anomalous. In fact, one might suspect
that all even isotopes are subject to the same fractionating
process and thus, are subject to fractionation that does
not change linearly with mass. While the measurement of
204Hg may have helped in answering this question, we
unfortunately were not able to measure this isotope simul-
taneously. Nevertheless, in the absence of a clearer under-
standing of the underlying mechanism and for the
purpose of the following discussion, we also pretend that
the observed deviations in our study are due to anomalous
behavior of 2*°Hg, but it should be understood that any or
all of the even isotopes may be contribute to the observed
effect. Clearly, the Hg isotope system is extremely complex
and we are a long way from fully understanding its
intricacies.

In this study, we report for the first time a seasonal var-
iation of A2”°Hg in natural precipitation samples (Table 1).
Our results are consistent with the so far unexplainable
observation of MIF of ?*°Hg reported in precipitation
(Gratz et al., 2010; Sherman et al., 2012). To ensure that
the analytical protocol does not generate MIF of 2°°Hg,
experiments with NIST SRM 3133 Hg and TraceCERT
ICP Hg standard solutions were performed using the same
pre-concentration and measurement procedure as for all
precipitation samples. No MIF of 2°°Hg was ever deter-
mined in these processed standards (Supplementary Table
S1). Moreover, long-term regular measurements (several
years) in our group using NIST SRM 3133 and Almadén
Hg never displayed significant MIF of **°Hg. This strongly
suggested that MIF of *®°Hg was not derived from lab
manipulation or the isotopic measurement itself. To our
knowledge, MIE and NVE would not induce significant
MIF of even Hg isotopes (Bergquist and Blum, 2007; Gratz
et al., 2010; Zheng and Hintelmann, 2010b), the only other
mechanism potentially causing A?°°Hg anomalies is photo-
chemical self-shielding, which fractionates Hg isotopes
according to their relative abundances (Mead et al.,
2010). Since this effect has been postulated to create MIF
in all Hg isotopes, we also calculated A2 202Hg based on
3198/ 22Hg and A 2°Hg based on 5202/ 20°Hg to explore
possible, but hidden alternate systematics. However, both
approaches show significant seasonal variations as A>**°Hg
(figures not shown). Unfortunately, it was not possible to
measure 2**Hg in these experiments, due to instrumental
collector design limitations, and re-analysis of samples
using a cup configuration, which includes **Hg, was also
not possible because all sample material was exhausted.
Up to now, the exact theoretical mechanism producing
A*Hg anomalies remains unknown. We are unaware of
any laboratory experiments producing clear 2*°Hg anoma-
lies. Instead, we propose a conceptual model to explain
the observed MIF of 2*®°Hg in our precipitation samples.

Significant MIF of odd Hg isotopes has been determined
in terrestrial geological and biological samples and was in-
duced in laboratory experiments, while no **’Hg anomalies
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have been found in these studies (Bergquist and Blum,
2007; Estrade et al., 2009; Zheng and Hintelmann, 2009;
Sonke, 2011). We argue that the A’°’Hg anomalies were
produced in the atmosphere. Though MIF of both odd
and even Hg isotopes have been determined in atmospheric
samples (Gratz et al., 2010; Sherman et al., 2010), the fact
that A'’Hg and A?°°Hg displayed contrasting seasonal
(thus with temperature) variations (Figs. 1 and 2 and Sup-
plementary Fig. S5) may suggest that the MIF of odd and
even isotopes is the result of different (photo)chemical reac-
tions. The Hg inventory for surface evasion is mainly com-
posed of elemental mercury (Mason et al., 1994; Schroeder
and Munthe, 1998; Selin, 2009). Two studies have reported
slightly negative or close to zero A**°Hg values (—0.119%, to
0.01%,) of ambient gaseous Hg in the Arctic and in the
Great Lakes region (Gratz et al.,, 2010; Sherman et al.,
2010). The positive A>°°Hg found in our wet precipitation
samples was likely derived from reactions transforming
Hg® to Hg>" (RGM or Hg,,) followed by scavenging into
droplets or onto particle (aerosols) surfaces. Subsequent
mainly physical processes are unlikely to produce MIF,
we thus suggest that MIF of 2*°Hg results from specific oxi-
dation processes.

In the atmosphere, elemental Hg® can be oxidized into
Hg?" by oxidants such as ozone, H,O», hydroxyl and halo-
gen radicals (Morel et al., 1998; Schroeder et al., 1998; Lin
and Pehkonen, 1999; Selin, 2009; O’Concubhair et al.,
2012). Photo-oxidation of Hg® may occur also in natural
water and snow (Lalonde et al., 2001). To elucidate the
provenance of higher A>*’Hg in samples with lower temper-
ature (i.e. S1-S3, R1-R3, R20) and to clarify the impacts of
air masses from different altitudes, we carried out a detailed
investigation of air mass movements of these samples using
the HYSPLIT back trajectory model. The calculations re-
vealed a common phenomenon for these cold samples:
whatever the movements of air masses in near surface lay-
ers, all samples displayed a downward transport of air mass
from more than 6000 m AGL in the arctic region to the
near surface layer (500 m AGL), while moving southward
to Peterborough (see Supplementary Fig. S4). As the tropo-
sphere was shallower near the North Pole (i.e. 6000 m) and
the transport probabilities of originally stratospheric air
masses into the Arctic were highest in winter (Holton
et al., 1995; James et al., 2003; Stohl et al., 2003), this sug-
gests a sliding down of stratospheric air masses (containing
Hg) along sloping isentropic surfaces at the “Arctic front”
(constant temperature dome around the Arctic) into middle
latitudes (i.e. Peterborough region). As the inter-layer be-
tween stratosphere and troposphere (tropopause) is rich
in intense sunlight and ozone, an important oxidant with
a long lifetime (10 days to 1 month) (Stohl et al., 2003;
Lyman and Jaffe, 2012), we speculate that A>°°Hg anoma-
lies are likely related to intense sunlight irradiation and oxi-
dant intensity. Sunlight fuels photolytic reactions and often
plays an important role in atmospheric chemistry. We are
only aware of one study reporting even Hg isotope anoma-
lies triggered by photoreactions in compact fluorescence
lamps (Mead et al., 2010), prompting us to relate 2°°Hg
MIF to the photolysis of Hg compounds. Likewise, MIF
of sulfur isotopes produced during the photolysis of sulfur

compounds has been suggested to exhibit a strong wave-
length dependence (Farquhar et al., 2000, 2001). Hg mono-
isotopic photosensitization has been studied since the
1950s. Photochemical oxidation of excited mercury atoms
can enrich Hg up to 97% with the naturally least abundant
isotope '"°Hg (Gunning, 1958; Viazovetski, 2005). These re-
sults were thought to be caused by wavelength-specific
photo-excited reactions of chemical compounds, of which
the specific electronic structure is only sensitive to specific
absorption bands. The isotopic photosensitization effect
on even Hg isotopes triggered by natural sunlight contain-
ing specific absorption bands, especially in the tropopause,
cannot be ruled out, and simultaneously induced MIF of
odd Hg isotopes cannot be excluded at this point. We sug-
gest the photo-initiated chemical oxidation may probably
induce a wavelength-dependent mass-independent isotopic
effect causing MIF of 2°°Hg in the tropopause.

As oxidant radicals have a relatively short lifetime, a
special vector may be needed to capture these oxidants
and Hg® together and thus promote the photo-initiated oxi-
dation. We speculate the presence of aerosols or particles
such as snow crystals may promote the photo-initiated
Hg® oxidation causing A’°°Hg anomalies. Previous studies
showed the depletion of O; and Hg® in the Arctic requires
both sunlight and frozen aerosol or snow surfaces (Lind-
berg et al., 2002). The fact that higher A>°Hg were found
in snow samples and cold rain samples may suggest a strong
impact of snow crystals and/or frozen aerosols that are
present at the top of the troposphere and in the Arctic in
winter. Bromide and chloride derived from sea salt evasion
(O’Dowd and de Leeuw, 2007) are highly concentrated in
the surface layer of frozen water droplets or snow crystals
and strengthen the interaction between hydroxyl radicals
and halogens to produce strongly oxidizing and reactive
halogens (Foster et al., 2001; Lindberg et al., 2002). More-
over, it is well known that gaseous elemental Hg tends to
adsorb readily on solid surfaces and especially on its own,
new-formed compounds (i.e. HgO and Hg,Cl,) (Gunning,
1958; Lindberg et al., 2002). Hg, was also determined in
aerosols at 5-19 km, below and above the tropopause
(Murphy et al., 1998). These complicated solid surfaces thus
could serve as an appreciable vector where Hg” oxidation
occurs. Given the dominant Hg® inventory of the atmo-
sphere displayed close to zero or slightly negative A*°°Hg
(Gratz et al., 2010; Sherman et al., 2010), >°°Hg could pref-
erentially be captured in products during the photo-initi-
ated oxidation, creating positive A’*°Hg in the much
smaller RGM (and Hg,) pool. The long aerosol lifetimes
in the top troposphere could also allow for longer reaction
times for photo-initiated oxidation, thus, producing higher
AZOOHg anomalies (Holton et al., 1995; Stohl et al., 2003;
James et al., 2003). In this study, all samples displayed an
increasing trend of A?°°Hg with Na (Fig. 6b). As Na is
mainly derived from sea—salt aerosols (O’Dowd and de Lee-
uw, 2007), it again suggests an important role of halogen-
enriched solid surfaces in producing A’°°Hg anomalies.
As a result, these particles serve not only as oxidation vec-
tors, but also as an important oxidant source.

From late spring to early autumn, the occurrence of
snow is very limited. The lower and relatively constant
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A*Hg anomalies may be linked to long-distance transport
of Hg from the top troposphere layer, where only aerosols
are available for this complex reaction. Frequent strong
stratosphere to troposphere transports have been observed
in middle latitude regions and stratosphere air can reside in
the troposphere for several hours up to several days (Hol-
ton et al., 1995; James et al., 2003; Stohl et al., 2003; Lyman
and Jaffe, 2012). These fluxes operate on long timescales
and can probably penetrate deep (i.e. 6000 m altitude) into
the troposphere of mid-latitude regions, having probably
an important influence on Hg concentrations (Radke
et al., 2007; Lyman and Jaffe, 2012) and A>°°Hg anomalies
in precipitation samples. In addition, the fact that ozone is
more readily available relative to halogens in mid-latitude
regions would support an additional reaction mechanism
impacting MIF of 2°°Hg.

As a result, A**°Hg anomalies could likely be a result of
photo-initiated Hg® oxidation occurring on the surfaces of
aerosols and particles in the tropopause. We should men-
tion here that Hg® oxidation might fractionate other Hg
isotopes as well. The formed RGM (and Hg,) may pene-
trate deeply into the troposphere during stratosphere to tro-
posphere transports and is apt to be scavenged into droplets
or onto particle surfaces, inducing the observed A**°Hg
anomalies in mid-latitude precipitation samples. Photo-
chemical reactions of Hg occurring in the atmosphere
boundary layer (<1000 m) may not induce significant even
isotope MIF, likely explaining the absence of A**°Hg
anomalies involved with polar atmospheric mercury deple-
tion events (Sherman et al., 2010). Alternatively, reactions
in the boundary layer may be complete oxidations, which
then would not give rise to any fractionation. Only incom-
plete oxidation at higher altitudes would lead to even iso-
tope anomalies. Although more work is needed to
investigate the exact impact of temperature on producing
A**Hg anomalies, seasonal (and thus temperature) varia-
tion of A*°°Hg may suggest an important role of snow crys-
tals in winter, or alternatively the sensitivity of tropopause
height to temperature changes that likely influence the fre-
quency and depth of stratosphere intrusion (Stohl et al.,
2003). Since only a relatively small fraction of the atmo-
spheric Hg® pool gets oxidized at any given time, atmo-
spheric Hg® would probably have only slightly negative
A*Hg MIF.

4. IMPLICATIONS OF MDF AND MIF OF ODD AND
EVEN HG ISOTOPES

This study proposes that measurement of Hg isotope
fractionation coupled with meteorological data may pro-
vide useful information for tracing atmospheric Hg sources.
The reason why MIF of odd Hg isotopes derived from pho-
toreduction of Hg in droplets is different from the heteroge-
neous reactions in snow still needs to be fully understood.
All precipitation samples displayed significant positive
MIF of ?°Hg and a clear seasonal variation of A’ Hg.
We propose a conceptual model to explain possible pro-
cesses causing A’°°Hg anomalies. Future experiments and
theoretical contribution are needed to fully understand
the reaction mechanisms and pathways involved. Our

results suggest that 2°°Hg anomalies are likely related to
stratosphere incursion, presence of aerosols, oxidant inten-
sity, solar irradiation and air mass movement. As a result,
MIF of 2*®Hg could thus provide additional information
about atmospheric chemistry and meteorological changes.
Though the direct temperature effect on **°Hg anomalies
remains unknown, the seasonal (temperature) variation of
A*®Hg is striking and may be a useful tool to help monitor
related climate changes.
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