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Atmospheric deposition is a primary pathway by which
mercury (Hg) enters terrestrial and aquatic ecosystems;
however, the chemical and meteorological processes that Hg
undergoes from emission to deposition are not well understood.
Hg stable isotope geochemistry is a growing field used to better
understand Hg hiogeochemical cycling. To examine the
atmospheric Hg isotopic composition in the Great Lakes,
precipitation and ambient vapor-phase Hg samples were
collected in Chicago, IL, Holland, MI, and Dexter, Ml, between
April 2007 and September 2009. Precipitation samples were
characterized by negative mass-dependent fractionation (MDF)
(6%2Hg = —0.79%o to 0.18%o), while most vapor-phase samples
displayed positive MDF (0%2Hg = —0.59%o to 0.43%). Positive
mass-independent fractionation (MIF) (A™Hg = 0.04%o to 0.52%)
was observed in precipitation, whereas MIF was slightly
negative in vapor-phase samples (A"™Hg = —0.21%o to 0.06%).
Significant positive MIF of 2°Hg up to 0.25%0 was also
measured in precipitation. Such MIF of an even-mass Hg
isotope has not been previously reported in natural samples.
These results contrast with recent predictions of the isotopic
composition of atmospheric Hg and suggest that, in addition to
aqueous photoreduction, other atmospheric redox reactions
and source-related processes may contribute to isotopic
fractionation of atmospheric Hg.

Introduction

Mercury (Hg) is a hazardous air pollutant and toxic metal of
significant environmental concern. Once Hg enters terrestrial
and aquatic ecosystems, it can be converted to its organic
form, methylmercury, which bioaccumulates within aquatic
food webs and ultimately threatens human health through
consumption of contaminated fish (1). Itis critical to identify
and understand the sources and transport mechanisms of
Hg in the atmosphere in order to effectively regulate emis-
sions and reduce the threat of Hg to sensitive ecosystems
and populations.

Mercury exists in the atmosphere in three main forms:
gaseous elemental Hg (Hg), divalent reactive gaseous Hg
(RGM), and fine particulate bound Hg (Hg,) (2). Hg® com-
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prises more than 90% of the Hg in ambient air (3, 4). It has
low solubility in water and consequently can be transported
long distances in the atmosphere without being deposited
(2, 4). In contrast, RGM and Hg,, are much more reactive and
deposit readily, either close to sources (5) or upon oxidation
of Hg? during atmospheric transport (2, 4). Given that Hg is
a local, regional, and global pollutant, identifying the
transport pathways, chemical transformations, and deposi-
tion mechanisms that Hg undergoes in the atmosphere can
be challenging.

Mercury stable isotope geochemistry is a growing field
used to examine Hg biogeochemical cycling. Mercury has
seven stable isotopes (196, 198, 199, 200, 201, 202, and 204
amu), active redox chemistry, and an ability to form covalent
bonds. It also commonly transforms between the solid,
aqueous, and gas phases. Mass-dependent fractionation
(MDF) of Hg has been observed experimentally during
microbial reduction (6, 7) and dark abiotic aqueous reduction
(8). MDF is also observed in natural materials, including
hydrothermal emissions (9—11) and terrestrial and marine
sediments (12, 13).

Recent studies demonstrate that mass-independent frac-
tionation (MIF) of Hg isotopes can occur in natural systems.
MIF of Hg isotopes has been observed during photoreduction
of Hg?" and photodegradation of methylmercury (8), as well
as in peats (14, 15), sediments (13), hydrothermal waters
(11), coal deposits (15), fish tissue (8, 16), lichens (17), and
Arctic snow (18). MIF is measured as the deviation in isotopic
composition from that predicted to occur due to kinetic MDF.
MIF is predicted to occur either due to differences in nuclear
charge radii among the isotopes caused by variability in the
packing of protons and neutrons in the nucleus (nuclear
volume effect) (14, 19, 20) or due to the influence of nuclear
spin in the odd-mass isotopes on radical pair reaction rates
(magnetic isotope effect) (21—23). The nuclear volume effect
causes MIF of Hgisotopes during equilibrium reactions (19),
whereas the magnetic isotope effect occurs during kinetic
reactions (21—23). The nuclear volume theory predicts that
MIF will be greatest for '%Hg and 2*'Hg (19), but also predicts
MIF for 2°'Hg and to a lesser degree for 2°°Hg. However,
because the effect of nuclear volume depends critically on
the nuclear charge radii, which are not well-known for Hg
isotopes, predictions of fractionation due to the nuclear
volume effect are somewhat variable (20). In contrast, MIF
due to the magnetic isotope effect can only affect the odd-
mass isotopes of Hg (***Hg and 2°'Hg) (23). Further discussion
of Hg isotopic fractionation can be found in the work of
Bergquist and Blum (24).

Analyses to date suggest that quantification of Hg isotopic
fractionation, including the magnitude and sign of MDF and
MIF, may offer insight into sources of Hg to the environment
(15) as well as the biogeochemical processes affecting Hg
abundance and speciation in terrestrial and aquatic eco-
systems (8, 17, 18). While atmospheric deposition is the
dominant pathway for Hg to enter aquatic ecosystems (25, 26)
and is therefore integral to the Hg biogeochemical cycle, Hg
isotopes have only recently been directly measured in
atmospheric reservoirs (18, 27).

The Great Lakes region was chosen for atmospheric Hg
isotope measurements because sources of Hg in this region
are well-identified (28—32), and elevated levels of Hg
deposition to the Great Lakes have been observed in recent
decades (33). Previous studies demonstrated the influence
of major Hg sources in the Chicago/Gary urban area on Hg
concentrations in Lake Michigan and in ambient air and
precipitation in surrounding regions (25, 30, 34). However,
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the atmospheric processes that Hg undergoes following
emission, as well as the relative contribution from specific
source types to Hg deposition at given receptor locations,
are not fully understood. The objective of this study was to
develop methods for quantifying the Hg isotopic composition
in atmospheric samples and to use these analyses to
investigate the reactions and processes that Hg undergoes
in the atmosphere.

Experimental Section

Site Descriptions. Precipitation samples were collected in
Chicago, IL and Holland, MI from July 2007 to November
2007 and in Dexter, MI from April 2007 to November 2008
(Figure SI—-S1, Supporting Information). Six ambient vapor-
phase Hg samples were collected at the Dexter site between
August 2007 and September 2009. One vapor-phase Hg
sample was collected at the Chicago site in September 2009.

The Chicago, IL site (UOC) was ~2 km west of Lake
Michigan and in close proximity to Hg sources in the Chicago/
Gary industrial region, including coal-fired utility boilers,
metal smelters, and iron-steel manufacturers. The Holland,
Ml site (HOL) was ~5 km inland on the eastern shore of Lake
Michigan, ~162 km northeast of Chicago. Holland was
considered semirural because local point sources are much
fewer in number than those surrounding the industrial
Chicago site. Additionally, local sources are north and east
of the Holland site and would minimally impact samples
collected in Holland during southwest transport from
Chicago/Gary. The Dexter, MI site (DXT) was ~60 km west
of Detroit, MI. It was previously demonstrated that because
Dexter is a remote location with no major local Hg point
sources, the air masses sampled at this site primarily represent
background ambient air (35, 36).

Sample Collection. Precipitation samples were collected
using a modified wet-only University of Michigan MIC-B
(MIC, Thornhill, Ontario) automated precipitation collector.
The sampling train described by Landis and Keeler (37) for
daily-event wet-only precipitation collection was utilized.
However, because substantially more Hg is needed for high-
precision isotopic analysis than for Hg concentration analysis,
the sample train was modified to collect precipitation through
two borosilicate glass funnels (collection area per funnel =
191 + 9 cm?) into a single 2-L fluorinated polyethylene bottle.
Each funnel was equipped with a glass vapor lock inside a
Teflon adapter to prevent vapor-phase Hg exchange between
precipitation and the surrounding air (37). Vapor locks were
fitted with 23 cm long silicone tubes (0.48 cm i.d.) that
connected to the 2-L bottle through a Y-shaped adapter on
the bottle cap. Supplies and samples were prepared and
handled using clean techniques in a Class-100 clean room.
Funnels and vapor locks were prepared using a rigorous acid
cleaning procedure (37). Fluorinated bottles were cleaned
using a two-day soak in 2% BrCl followed by a thorough
rinse in ultrapurified Milli-Q water. Lab and field blanks
yielded <2 pg of Hg/bottle. Silicone tubing was rinsed
extensively with ultrapure Milli-Q water before deployment
in the field. Individual lengths of tubing were not used for
more than one sample. Sample bottles were typically
deployed for 1—2 weeks to allow for sufficient precipitation
volume collection. Consequently, samples analyzed in this
study represent composite rather than event samples.

Ambient vapor-phase Hg samples were collected onto
gold-coated bead traps in a manner similar to previously
reported methods (25). To collect sufficient Hg for isotopic
analysis, eight traps were deployed in parallel on a PVC
manifold for 2—3 days at a time. Air was pulled through the
traps by a single pump at a constant flow rate of ~1.8 lpm
per trap. Quartz-fiber filters were placed on the upstream
end of the traps to remove Hgj, from the air stream. The traps
were heated to ~60 °C duringsampling to prevent condensation.

Sample Processing and Analysis. Following collection,
precipitation samples were oxidized with 1% (v/v) BrCl and
stored in a dark cold room for at least 24 h. Precipitation
samples were analyzed for Hg concentration using cold vapor
atomic fluorescence spectrometry (CVAFS) on a Tekran Series
2600. Of the 56 samples collected, 20 contained sufficient Hg
(>8 ng) for isotopic analysis.

Prior to isotopic analysis, the Hg from each sample was
isolated and concentrated into a 2% KMnO, (w/w) liquid
trap. Each sample was first well-mixed and transferred to a
clean 2-L Pyrex bottle. The reducing agents, consisting of
10% SnCl (w/v), 50% H,SO, (w/v), and 1% NH,OH (w/v),
were mixed in a separate 2-L Pyrex bottle. The sample and
reagents were introduced simultaneously onto a frosted-tip
gas—liquid separator at a rate of 0.8 mL/min. The reduced
Hg’(g) was transferred to 25 g of 2% KMnO, (w/w) solution
by a counter-flow of Ar gas (350 mL/min). Procedural
standards [NIST SRM 3133 in 1 L of 1% BrCl (v/v)] and blank
solutions [1 L of 1% BrCl (v/v)] were pre-concentrated in the
same manner.

Ambient vapor-phase samples were also pre-concentrated
into 25 g of 2% KMnO, (w/w). The gold-coated bead traps
were thermally desorbed by slowly heating each trap to 500
°Cover 3 h, following the heating profile described in Sherman
et al. (18) while an Ar gas stream (50 mL/min) transferred
Hg’(g) into the 2% KMnO, solution. Procedural standards
(NIST SRM 3133) and blank gold traps were processed
following the same methods.

The 25 g 2% KMnO, (w/w) solutions were subsequently
transferred into 8 g of 2% KMnO, (w/w) to sufficiently
concentrate the Hg to =1 ng/g for isotopic analysis. This
secondary step was necessary because concentrating the
samples directly into 8 g of 2% KMnO, was found to cause
significantloss of Hg. Each 25 g solution was partially reduced
with NH,OH and divided into 5 mL subsamples. Subsamples
were individually reduced with 20 4L of 30% NH,OH, 250 uL
of 20% SnCl,, and 250 uL of 50% H,SO, and bubbled into 8 g
0of 2% KMnO, (w/w). The 8 g solutions were partially reduced
with NH,OH immediately prior to isotopic analysis. Proce-
dural standards (NIST SRM 3133) were performed to emulate
the transferred of Hg from 25 to 8 g of 2% KMnO,. All liquid-
and vapor-phase procedural standards were processed in
the same manner as samples. Details of procedural standard
preparation and analysis are provided in the Supporting
Information along with the determination of recoveries in
samples and standards.

The isotopic compositions of samples and standards were
determined using multiple collector inductively coupled
plasma mass spectrometry (MC-ICP-MS; Nu instruments)
following previously published methods (8, 38). MDF is
reported in delta notation () with respect to the average
isotopic composition of the NIST SRM 3133 bracketing
standards (38), following eq 1:

0*Hg (%0) =
([(XHg/l%Hg)sample/(XHgllgng)NISTSRMBS] — 1) x 1000
(1)

Throughout the manuscript MDF will be discussed using
0*?Hg (%o) (38). MIF is reported using capital delta notation
(A) (38 as the deviation from predicted kinetic MDF
according to the following equations (38):

A" Hg (%0) = 0'""Hg — (6*"*Hg x 0.252) @)
A*Hg (%0) = 6*"Hg — (0***Hg x 0.502) 3)
A™Hg (%0) = 6°”'Hg — (0*"*Hg x 0.752) 4)

To assess the analytical uncertainty of isotopic analyses,
the UM-Almadén standard (38) was analyzed during each

VOL. 44, NO. 20, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 7765



A Holland Precipitation
® Chicago Precipitation
B Dexter Precipitation

O Chicago Vapor Phase Precipitation
ODexter Vapor Phase 0.6 1 28D Analytical
uncertainty
Ag —
=]
me
° 044
o B © Vapor Phase
I 2SD Analytical
[=] L uncertainty
) L] 0.2
=] ([ ]
A
o] 5] 6202Hg (%o)
r T T T I —T T r "
-0.8 -0.6 -04 -0.2 0[0 0.2 0.4 0.6 0.8
8 g
[u] -0.2
-04 7
A199Hg (%o)

FIGURE 1. A™Hg (%) vs 6% Hg (%.) for precipitation and
ambient vapor-phase samples. Representative 2SD analytical
uncertainty (0.10%. for A'®Hg, 0.25%. for 6*”Hg of precipitation,
and 0.12%. for 6 Hg of vapor-phase Hg) is determined by the
reproducibility of the UM-Almadén standard and procedural stan-
dards.

analytical session at concentrations comparable to sample
solutions. Procedural standards (NIST SRM 3133) were also
analyzed for isotopic composition. In the following discus-
sion, analytical uncertainties are reported as the larger value
of either 2SD of the reproducibility of the UM-Almadén
standard or 2SD of the reproducibility of procedural stan-
dards.

Results

Figure 1 summarizes the Hg isotopic composition of Great
Lakes atmospheric samples (A%Hg versus °?Hg). Most
precipitation samples were characterized by negative
0*2Hg (0?°Hg = —0.79%0 % 0.25%0 t0 0.18%0 + 0.25%o, 2SD),
whereas 0?*?Hg of vapor-phase samples was predominantly
positive (0??Hg up to 0.43%o & 0.12%0, 2SD) with the
exception of DXT-VP-2 (62?Hg = —0.39%o =+ 0.12%0, 2SD)
and UOC-VP-1 (6**?Hg = —0.59%o =+ 0.12%o, 2SD). Significant
positive MIF of the odd-mass isotopes was measured in
precipitation samples (A'*Hg = 0.04%o =+ 0.10%o t0 0.52%0 +
0.10%eo, 2SD; A?°"Hg = 0.04%0 + 0.12%0 t0 0.51%0 =+ 0.12%o,
2SD) (Figure 2). In contrast, A'*Hg and A*'Hg were either
slightly negative or indistinguishable from zero in vapor-
phase samples (A'Hg = —0.21%o =+ 0.10%o t00.06%o =% 0.10%so,
2SD; A?Hg = —0.16%0 % 0.12%o to 0.03%o & 0.12%o, 2SD).
Alinear regression of A" Hg versus A?*'Hg for all atmospheric
samples (precipitation and vapor phase) yielded a slope of
0.89 £+ 0.21 (r> = 0.67, p < 0.001) (Figure 2).

Significant MIF of 2°Hg has not been reported in previ-
ous studies. However, A?’Hg was significantly different from
zero in 17 of the 20 precipitation samples from this study and
values up to 0.25%o (£0.09%o, 2SD) were observed. In contrast,
A Hg of vapor-phase samples was slightly negative but
indistinguishable from zero (average A?’Hg= —0.04%o +
0.09%o, 2SD). A linear regression of A'%Hg versus A**’Hg in
all atmospheric samples yielded a slope of 1.87 4+ 0.40
(= 0.80, p < 0.001) (Figure 3). Precipitation and vapor-
phase isotopic compositions are summarized in the Sup-
porting Information (Tables SI-S1 and SI—-S2).

Discussion

Ambient Sample Characterization. The range in Hgisotopic
compositions of ambient vapor-phase samples suggests that
Hg isotope measurements may potentially be used to
distinguish between background Hg® and Hg emitted from
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FIGURE 2. A'"Hg (%.) vs A®Hg (%.) for precipitation and
ambient vapor-phase samples. Representative 2SD analytical
uncertainty (0.10%. for A'"°Hg, 0.12%. for A?'Hg) is determined
by the reproducibility of the UM-Almadén standard and pro-
cedural standards.
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FIGURE 3. A™Hg (%.) vs A®Hg (%) for precipitation and
ambient vapor-phase samples. Representative 2SD analytical
uncertainty (0.10%. for A'®Hg, 0.09%. for A?Hg) is determined
by the reproducibility of the UM-Almadén standard and pro-
cedural standards.

industrial sources. Five of the six Dexter vapor-phase samples
had similar 0**?Hg (%o) values within the reported 2SD
analytical uncertainty. In all Dexter vapor-phase samples,
A"YHg was slightly negative (average A“*Hg = —0.12%0 +
0.10%o, 2SD) (Figure 1). Given the rural nature of the Dexter
site, these samples may represent the regional background
isotopic composition of ambient vapor-phase Hg, which is
predominantly Hg® (3, 4, 35). In contrast, one vapor-phase
sample from Dexter (DXT-VP-2) displayed negative 6?**?Hg
(—0.39%0 + 0.12%o0, 2SD) and significant negative A'*Hg
(—0.21%o + 0.10%o, 2SD). DXT-VP-2 was the only vapor-
phase sample collected at Dexter during south—southeasterly
flow. All other Dexter vapor-phase samples, with exception
of DXT-VP-5, captured northerly flow. South—southeasterly
flow likely transported Hg emitted from major point sources



in southeast Michigan, Ohio, and the Ohio River Valley, where
coal combustion is the dominant source of atmospheric Hg
(31) (Figure SI-S1, Supporting Information). The isotopic
composition of DXT-VP-2 is similar to the measured isotopic
composition of some western US coals (15) that are burned
in the Great Lakes region (39, 40). The Chicago vapor-phase
sample displayed similar negative 0**?Hg (—0.58%o + 0.12%o,
2SD) to DXT-VP-2. The isotopic composition of this vapor-
phase sample may also be heavily influenced by the proximity
of the Chicago site to many large industrial sources (e.g.,
coal combustion) (Figure SI—S1, Supporting Information).

Interestingly, DXT-VP-5 (6**?Hg = 0.28%o =+ 0.12%o, 2SD;
A™Hg = —0.01%o0 & 0.10%0, 2SD) was collected under
south—southwesterly flow but is not isotopically similar to
DXT-VP-2. Although speculative, the differences between
these samples may be explained by the meteorological
conditions under which they were collected. During the
sampling period for DXT-VP-2 (2/23/09 to 2/25/09) the
average boundary layer height at Dexter was 236 m above
ground level (AGL), as determined from HYSPLIT V4.8
modeled mixed layer depths at the sampling location (41).
The average hourly ambient temperature in Dexter was —5
°C (42), and the sky was 60—100% obscured by clouds (43).
Given the lowboundarylayer and cold temperatures, vertical
mixing was limited during collection of DXT-VP-2. Addition-
ally, the cloud cover may have reflected incoming radiation
and reduced photochemical activity. In contrast, during the
collection of DXT-VP-5 (5/20/09 to 5/22/09), the average
hourly temperature was 20 °C (42), the average boundary
layer depth was ~450 m AGL with daytime heights above
1000 m AGL, and the sky was clear with few scattered clouds
(43). Consequently, the potential for vertical mixing of point
source emissions and photochemical activity during collec-
tion of DXT-VP-5 was much greater than for DXT-VP-2. It is
therefore possible that DXT-VP-2 more strongly retained the
isotopic signature imparted by regional coal combustion.
Additional sampling of the emissions from different source
types, shorter duration sampling of ambient Hg under
different flow regimes, and ambient speciated measurements
are needed to fully evaluate this hypothesis.

Precipitation Sample Characterization. It is difficult to
characterize the meteorological history of the precipitation
samples because each sample was a composite of up to six
discrete events. Each event may have had unique synoptic
conditions leading to the formation of precipitation and
different sources of Hg emitting into the associated air mass.
Previous studies clearly demonstrate that event-based sam-
pling s essential to distinctly characterize air mass transport
and deposition using meteorological data, modeled air mass
back-trajectories, and trace element concentrations in
precipitation (5, 44—46). When multiple events are combined
into a single sample, it is very difficult, and perhaps no longer
possible, to separate and identify specific source emission
signatures. Despite these limitations, the data presented here
do offer new insights into atmospheric processes and
highlight important reaction mechanisms that need further
examination.

Given that vapor-phase and wet-deposited Hg samples
were not collected concurrently, it is not possible to draw
direct relationships between them, and their contrasting
isotopic signatures could be partly due to differences in
sampling periods. However, it is important to consider that
ambient vapor-phase Hg is predominantly Hg? while Hg in
precipitation is primarily RGM and Hg,. Therefore, the
apparent isotopic differences between sample types may
suggest that atmospheric redox reactions, which convert Hg
between its elemental and oxidized forms, influence the
isotopic composition of Hg in these samples.

Mass-Independent Fractionation Mechanisms. The pre-
cise mechanism(s) causing MIF of Hg isotopes are not fully

understood, but previous work suggests that significant MIF
can occur due to the magnetic isotope effect (8, 14, 17, 18).
This effect occurs during photochemical reactions in which
long-lived radical pairs are formed. Differences in magnetic
moments and nuclear spin between even- and odd-mass
isotopes can cause varying radical pair recombination rates
among the isotopes and consequently alter the isotopic
composition of reaction products (8, 22, 23). In contrast, the
nuclear volume effect can occur during dark and light
reactions, but the extent of fractionation is expected to be
much smaller (47). Several Hg redox reactions occur in the
atmosphere and, depending on the reaction, it is plausible
that either effect might influence the isotopic composition
of atmospheric Hg. It is also possible that other currently
unidentified mechanisms contribute to Hg isotopic frac-
tionation in the atmosphere.

Previous studies of MIF in natural systems suggest that
the magnetic isotope effect may produce a A Hg/A?*'Hg
ratio of ~1:1 (8, 14, 17, 18). The nuclear volume effect the-
oretically produces a A'Hg/A>*'Hg ratio of ~2.5:1 (14, 19, 20).
The A'®Hg/A*'Hg ratio in precipitation and vapor-phase
Hg samples (Figure 2) is similar to the ratio suggested to
occur due to the magnetic isotope effect and is indistin-
guishable from 1:1. However, variability in A Hg/A?'Hg
ratios for individual samples may suggest that more than
one reaction and/or mechanism is causing the observed
MIF.

Comparison of Results to Previous Studies. The ob-
served positive MIF of '""Hg and ?°'Hg in precipitation and
mostly insignificant MIF of **Hg and ?*'Hg in ambient vapor-
phase samples are in contrast to previous studies that
suggested atmospheric Hg should display significant negative
MIF (17). During aqueous photoreduction experiments by
Bergquist and Blum (8), Hg’(g) was volatilized from solutions
containing dissolved organic carbon (DOC) and the Hg?"
remaining in solution displayed increasingly positive A'®Hg
and A*'Hg. It was therefore hypothesized that Hg’(g) released
to the atmosphere through aqueous photoreduction should
display negative MIF (8). Additionally, a recent study reported
negative MIF of Hg in lichens from Switzerland, northeast
France, and northern Quebec, Canada, where A*Hg and
A?'Hg values between —1.0%o and —0.3%o (£0.15%o, 2SD)
were observed (17). Because lichens take up Hg through wet
and dry deposition (including possible direct absorption of
atmospheric Hg?), it was suggested that the Hg isotopic
composition of lichens might represent the isotopic values
of atmospheric Hg (17). It was further suggested that the
atmosphere and aquatic environment may be complemen-
tary reservoirs with respect to photoreduction of Hg and
that aqueous photoreduction may be the dominant process
influencing atmospheric Hg (17). However, we suggest that
aqueous photoreduction in the presence of DOC is not the
only process contributing to the isotopic composition of Hg
in the atmosphere.

The sources and processes relevant to atmospheric Hg
cycling vary on local and regional scales due to the density
of sources, the speciation and quantity of emissions, and the
concentrations of other atmospheric constituents. Therefore,
the dominant processes influencing Hg isotopic fractionation
should be examined carefully for each location of interest.
The isotopic composition of Hg’ released during aqueous
photoreduction is not necessarily the same as the isotopic
composition of Hg released from anthropogenic sources or
the isotopic composition of Hg produced via other reaction
mechanisms. Although aqueous photoreduction is a potential
source of atmospheric Hg® in the Lake Michigan Basin, the
high density of industrial sources in the region as well as
post-emission atmospheric processes would also likely in-
fluence the isotopic composition of atmospheric Hg.
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Mercury can undergo a wide range of gas-phase, aqueous-
phase, and heterogeneous reactions between emission and
deposition. For example, Hg’ can be oxidized in the gas and
aqueous phases by hydroxyl radicals, ozone, and halogen
compounds (48—50). Reduction of Hg*" can occur in the
aqueous phase by sulfite, halogen species, or hydroperoxyl
radicals (4, 50, 51). Photoreduction can also occur in the
atmosphere during heterogeneous reactions in cloud droplets
(49, 52) and within power plant plumes (53).

The importance of heterogeneous chemistry in Hg isotopic
fractionation was recently demonstrated in Arctic snow
samples. Following photochemical reduction of Hg?' in
surface snow through reactions likely involving Hg—halogen
radical pair intermediates, A%Hg in the surface snow
decreased significantly (<—4%o) while the emitted Hg’(g)
displayed less negative A'%Hg values than the original surface
snow (18). These findings highlight the importance of
photochemistry to Hg isotopic fractionation. It is plausible
that Hg fractionation in the atmosphere might occur during
similar processes. Halogen reactions are typically important
in Arctic environments (54, 55) and the marine boundary
layer (56, 57). In the industrial Great Lakes region, ozone is
more readily available (58) and therefore may dominate Hg’
oxidation (59). However, there are also important industrial
halogen sources in the Great Lakes region, such as municipal
solid waste incinerators (60), which could contribute to Hg®
oxidation.

Photoreduction in cloud droplets may facilitate the release
of Hg" back to the interstitial air. Cloud droplets contain
some DOC (61, 62), and if experiments conducted by
Bergquist and Blum (8) are relevant to this system, then during
photoreduction the odd-mass isotopes of Hg would be
preferentially retained as Hg?>' in the cloud droplet. Con-
sequently, cloud droplets would become increasingly positive
with respect to A%Hg. Oxidation reactions in the atmosphere
could also cause MIF of Hg isotopes. However, because
oxidation by ozone or halogen radicals is not a direct
photochemical process and thus does not produce long-
lived radical pairs, it is unlikely that this process produces
significant MIF of Hg isotopes (22, 47). The possible mech-
anisms and full range of reactions responsible for MIF of Hg
in the atmosphere should be examined more closely under
carefully controlled experimental conditions.

Mass-Independent Fractionation of ?*°Hg. Significant
MIF of 2°°Hg was observed in precipitation and vapor-phase
Hg samples. Such MIF of an even-mass Hg isotope has not
been previously reported in natural samples. Although A>*°Hg
observed in atmospheric samples is relatively small, the values
are larger than the 2SD uncertainty (0.09%o) in all but three
precipitation samples. A consistent pattern between A>°°Hg
and A'Hg is also evident (Figure 3). There is no indication
that this MIF is the result of instrumental artifacts, and
procedural standards and blanks did not display significant
A?Hg. Because the even-mass Hg isotopes do not have
nuclear magnetic moments or nuclear spin, MIF of ?*°Hg
cannot be caused by the magnetic isotope effect (21, 23).
The nuclear volume effect could cause slight MIF of the even
Hg isotopes, but estimates of the magnitude of this effect
suggest that it should not be detectable (19). However, given
the uncertainty in nuclear charge radii for Hg isotopes, the
effect of nuclear volume on *°Hg may not be accurately
characterized at this time. There are other mechanisms, such
as photochemical self-shielding (63), which have notyet been
extensively explored that could potentially cause MIF of even-
mass Hg isotopes. It should be noted that because A values
are calculated with respect to the 2?Hg/!®®Hg ratio, by
definition MIF of %Hg would not be detected. Therefore,
the MIF observed for *®Hg could involve fractionation of
198Hg 200Hg, or 22Hg.
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Implications. The results of this study demonstrate that
the isotopic composition of Hg can be measured with high
precision in atmospheric samples. We suggest that MIF of
atmospheric Hg may be caused by a combination of source
emissions and complex atmospheric reactions. Although
specific causes of MDF and MIF in samples could not be
explicitly determined, the data illustrate the potential use of
Hgisotopes to identify Hg sources and important atmospheric
processes. In the future it will be critical to collect large-
volume event-based precipitation samples for isotopic
analysis so that source identification techniques currently
applied to event samples can be applied to Hg isotopic
measurements. In contrast to the suggestions of previous
studies, ambient vapor-phase samples collected during this
study displayed slightly negative or insignificant MIF while
precipitation was characterized by positive MIF. Although
aqueous photoreduction is a potential source of atmospheric
Hg® in the Great Lakes, the high density of industrial point
sources and the range of atmospheric redox reactions could
also contribute to Hg isotopic fractionation in atmospheric
samples. Therefore, conclusions obtained upon the basis of
application of the limited Hgisotope data to regional or global
Hg budgets or mass balance studies should be viewed with
great caution until the processes that result in atmospheric
Hg fractionation are better understood.
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