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ABSTRACT

Mercury (Hg) is a neurotoxin that humans are exposed to primarily through
consumption of fish. Significant gaps remain in our knowledge of Hg biogeochemistry
and measurement of natural abundance Hg stable isotopes is beginning to answer some of
the outstanding questions. Mass-dependent fractionation (MDF, reported as 8°**Hg) and
mass-independent fractionation (MIF, reported as A'*’Hg) of Hg isotopes occur during
many biogeochemical processes.

To better understand Hg cycling in volcanic systems we first investigated the
isotopic composition of Hg emissions from Yellowstone volcanic field. We found that
the light isotopes of Hg were preferentially emitted as HgO(g) from hydrothermal waters,
suggesting that natural HgO(g) emissions may display negative 5°**Hg values.

Next, we used Hg isotopes to explore the role of photochemical reactions in Arctic
atmospheric mercury depletion events. We found that a significant percentage of the Hg
deposited during these events is subsequently photochemically reduced and lost,
producing negative MIF of Hg remaining in the snow. We also found that a portion of
the reemitted Hg accumulates on nearby ice crystals. These results suggest that although
a large percentage of the Hg deposited during these events is lost from the snow, a
portion of the Hg is retained locally and may enter local aquatic ecosystems. Finally, we
investigated whether Hg isotopes could be used to trace anthropogenic Hg emissions to

deposition sites and ultimately into fish populations. We found that Hg in precipitation

Xiii



collected downwind of a coal-fired power plant in Florida displayed anomalously
negative 6°**Hg values. We then explored whether this isotopic signature could be used
to trace Hg emitted by the power plant into local sport fish. Instead, we found that Hg in
largemouth bass was largely derived from accumulated Hg in lake sediments.

This dissertation demonstrates that measurement of natural Hg isotopes in
environmental samples is a powerful tool that can be used to gain greater understanding
of complex Hg biogeochemistry. This relatively new technique may allow us to answer
difficult questions about Hg atmospheric chemistry and biogeochemistry, to trace natural
and anthropogenic Hg emissions, and to better understand pathways of human exposure

to this hazardous trace metal.
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CHAPTER 1

Introduction

1.1 Mercury as a hazardous pollutant

Mercury (Hg) is a hazardous toxin that can damage the human central nervous
system causing severe neurological and developmental defects (/, 2). Fetal exposure to
monomethylmercury (MeHg) can lead to brain damage, decreased motor skills, and
impaired language cognition (2-4). Adult exposure to moderate amounts of MeHg may
cause elevated risk of cardiovascular disease (/) while higher levels of exposure can
cause muscle spasms, corrode mucous membranes, damage the immune system, and
affect the central nervous system (5, 6). Monomethylmercury can also have adverse
reproductive effects on piscivorous birds and can cause neurotoxicity and death in
mammals that feed on fish (e.g., otter and mink) (7-9).

The toxicity of Hg was first widely recognized in the 1950s when fishermen and
their families near Minamata Bay, Japan exhibited signs of severe neurological damage
(1, 10, 11). A local chemical company producing acetaldehyde using Hg as a catalyst
released vast quantities of MeHg directly to the bay (70, /7). The MeHg subsequently
bioaccumulated through the aquatic food web and reached toxic levels in local marine
organisms. Although the morbidity and mortality observed at Minamata Bay characterize
very high levels of MeHg exposure, such mass poisonings are rare and direct releases of

MeHg to waterbodies are uncommon. Today, humans can be exposed to inorganic Hg



occupationally, through deterioration of dental amalgams, and during precious metal
mining operations (/). However, exposure to significant quantities of inorganic Hg is
less common than exposure to organic MeHg through consumption of high trophic level
fish (/, 2). Monomethylmercury contamination in fish is widespread and all 50 states in

the U.S. have issued at least one fish consumption advisory (/2).

1.2 Mercury speciation

Mercury can exist in the environment in solid, aqueous, and gaseous forms. The
biogeochemical cycling of Hg is complex and includes reductive-oxidative reactions,
biological processes, and photochemical reactions. As a solid, Hg is usually found in
conjunction with sulfides (e.g., cinnabar, HgS) (/3). In the atmosphere, Hg exists in
three operationally defined forms: gaseous elemental Hg (Hgo(g) or GEM), reactive
gaseous Hg (Hg*" or RGM), and fine particle bound Hg (Hgp)). Mercury speciation is
important to studies of Hg contamination not only because sources emit varying
percentages of each species (see Section 1.3), but also, because these species are
deposited from the atmosphere on different spatial and temporal scales. Because Hgo(g) is
a relatively inert gas, it has a long atmospheric residence time (~1-2 years) and can be
transported globally (/4, 15). In contrast, the oxidized forms of Hg (RGM and Hg)) are
water-soluble and highly particle reactive. As a result, these Hg species are rapidly
scavenged from the atmosphere and deposited to surface environments (/6, /7). Mercury
deposition can be enhanced near point sources and urban areas because RGM and Hgy,
are often emitted in higher relative proportions from anthropogenic sources (/7-22).

However, Hg deposition is influenced by a variety of factors including local meteorology,



atmospheric oxidants, emission of co-pollutants, and gas-particle interactions (17, 22, 23).
After it is deposited to the Earth’s surface, Hg can be reduced and reemitted to the
atmosphere as Hgo(g) (15, 24, 25). Mercury that remains in aquatic ecosystems can be
biotically methylated in surface sediments, wetlands, and within anoxic zones in the

water column (26-28). Because MeHg is rapidly assimilated and slowly eliminated by
organisms, it bioaccumulates through food webs reaching hazardous levels in higher

order consumers (29-33).

1.3 Sources of mercury

Mercury is emitted to the atmosphere by a variety of natural and anthropogenic
sources. Natural sources include volcanoes, geothermal systems, wildfires, and evasion
from terrestrial and aquatic surfaces (16, 17, 34-36). Anthropogenic sources include
fossil fuel combustion, caustic soda manufacturing (i.e., the chlor-alkali process), metal
smelting, iron and steel manufacturing, waste incineration, cement manufacturing, and
precious metal mining (/7, 37, 38). In the late 1800s, gold and silver mining in the
western U.S. resulted in a Hg emissions peak of more than ~2.5 Gg per year (38, 39).
Currently, fossil fuel combustion (primarily coal) accounts for between one-half and two-
thirds of total anthropogenic emissions (37, 38). As discussed above, although natural
sources of Hg emit primarily HgO(g), anthropogenic sources often emit higher proportions
of oxidized Hg species that are rapidly deposited (/8-22). For example, Hg emissions
from point sources such as coal-fired power plants and waste incinerators can be 75-95%

RGM and Hg,) (20, 40).



Estimates of natural Hg emissions are highly uncertain and complicated by the
reemission of previously deposited Hg. Natural processes such as forest fires, emission
from soils, and evasion from waterbodies often emit Hg that was originally
anthropogenic in origin (/7, 41). In fact, it is estimated that half of the current ‘naturally-
emitted” Hg was originally emitted by anthropogenic sources (42). Some estimates
suggest that natural and anthropogenic emissions of Hg to the atmosphere are roughly
equivalent (16, 17), whereas others, which attempt to exclude reemission of previously
deposited Hg, estimate that anthropogenic emissions are approximately four times greater
than natural emissions (38). Historic records of Hg deposition based on lake sediments,
peat cores, and ice cores indicate that atmospheric deposition of Hg has increased

significantly (by 3-11 times) since the Industrial Revolution (17, 39, 43, 44).

1.4 Mercury stable isotope ratios

There are seven stable isotopes of Hg with varying natural abundances: '**Hg
(0.16%), **Hg (10.0%), "’Hg (16.9%), ***Hg (23.1%), **'Hg (13.2%), ***Hg (29.7%),
*%"Hg (6.8%) (45). Recent advances in multi-collector inductively-coupled plasma mass
spectrometry, including the ability to introduce Hg as a cold vapor and improved methods
of instrumental mass bias correction, now allow the precise measurement of Hg stable
isotope ratios. In addition, improvements in laboratory methods (including those outlined
in this dissertation) now allow reliable measurement of Hg isotope ratios in a wide
variety of environmental samples including biological tissues, soils and sediments,
gaseous atmospheric samples, and low concentration precipitation samples (46-51).

Mercury isotope ratios are reported using delta notation as



8" Hg (%0) = ([(""Hg/" " Hg)sampie/("“*He/ " Hesrm3133] ~ 1) * 1000 (1)
where "Hg is an isotope of Hg and SRM 3133 is a NIST Hg standard (45). Significant
variations in isotopic composition have been observed in reservoirs including fossil fuels
(47, 52, 53), the atmosphere and precipitation (47, 48, 50), sediments (46, 51, 54), and
fish (51, 55-62). Mass-dependent fractionation (MDF) of Hg stable isotopes occurs
during a number of processes including volatilization of HgO(aq) from aqueous solutions
(63, 64), photochemical reduction of Hg from aqueous solutions and snow surfaces (48,
55), methylation of inorganic Hg (65, 66), and photochemical degradation of MeHg (55,
67). Mercury can also undergo mass-independent fractionation (MIF) during both kinetic
and equilibrium reactions wherein the odd-mass-number isotopes are either enriched or
depleted relative to the even-mass-number isotopes. Mass-independent fractionation is
reported as the deviation of a measured isotope ratio from that theoretically predicted to
result due to MDF as

A®Hg = §**Hg — (6*2Hg * f) )
For kinetic reactions, /8 is equal to 0.252 for "*’Hg, 0.502 for **°Hg, and 0.752 for **'Hg
(45). There are currently two mechanisms that are hypothesized to cause MIF of the odd-
mass-number isotopes of Hg: the nuclear volume (or nuclear field shift) effect and the
magnetic isotope effect (53, 64, 68, 69). The nuclear volume effect occurs during
equilibrium reactions whereas the magnetic isotope effect is a kinetic phenomenon (70).
The nuclear volume effect has been predicted theoretically and shown experimentally to
cause small amounts of MIF (< ~0.3%o) due to differences in the effective nuclear charge
radii between Hg isotopes (69, 71, 72). In contrast, high levels of MIF are thought to

occur due to the magnetic isotope effect during spin-selective photochemical reactions



that involve the creation of long-lived radical pairs (55, 73, 74). Because only the odd-
mass-number isotopes of Hg are magnetic and have unpaired nuclear spin, radical pairs
involving odd-mass-number isotopes of Hg can recombine at different rates than those
with even-mass-number isotopes of Hg. As a result, during reactions that cause MIF, the
odd-mass-number isotopes of Hg preferentially accumulate in the products or reactants
relative to the even-mass-number isotopes of Hg. Recent studies suggest that MIF of the
even-mass-number isotopes of Hg is also possible. There are no currently proposed
mechanisms that satisfactorily explain this phenomenon, but it is likely to be an area of

active future study (47, 50).

1.5 Applications of Hg stable isotopes: Dissertation structure

Although many aspects of Hg biogeochemical cycling are well studied, many
questions remain to be explored. Differences in isotopic composition between
environmental samples and fractionation of Hg stable isotopes during reactions of interest
enable the use of Hg isotopes to better understand Hg biogeochemical cycling and to
trace Hg emissions. Over the last five years, as a result of advances in analytical methods
and increasing scientific interest, the field of Hg stable isotope geochemistry has
significantly expanded. This dissertation begins to answer some of the questions that are
now within reach of this exciting field of study and raises additional questions that may
be addressed in future investigations (Chapter 7).

In Chapter 2 (published in Earth and Planetary Science Letters) we explore the
isotopic composition of geothermal Hg emissions. We measured Hg stable isotope ratios

in hydrothermal waters and sinters from a large continental hydrothermal system



(Yellowstone Plateau volcanic field) and a sea-floor rift system in the Gulf of California
(Guaymas Basin). We found that the light isotopes of Hg were preferentially emitted as
HgO(g) from the hydrothermal waters of Yellowstone volcanic field (63). Coupled with
previous studies of Hg isotope systematics in hydrothermal systems (75, 76), these data
suggest that natural Hgo(g) emissions from hydrothermal systems are characterized by
negative 5°**Hg values. We also observed small positive A'"*’Hg values in the
hydrothermal waters but did not observe MIF of Hg isotopes in samples collected at
depth in Guaymas Basin (63). This finding supports the hypothesis that photochemical
reactions cause MIF of Hg isotopes.

After investigating the isotopic composition of Hg emissions from volcanic
systems, we used some of the same analytical methods to explore Hg cycling in the
Arctic (Chapters 3 and 4). After Polar sunrise, atmospheric mercury depletion events
(AMDES) occur repeatedly until snowmelt. During these events, photochemically
initiated reactions involving halogen radicals oxidize Hgo(g) in the lower atmospheric
boundary layer to RGM compounds that are rapidly deposited to the snowpack (24, 77-
79). This process results in near complete loss of Hgo(g) from the atmosphere and
elevated Hg concentrations in surface snow (24, 80). Mercury in the snow can
subsequently be photochemically reduced and emitted back to the atmosphere as Hgo(g).
It is unclear how much Hg is photochemically lost from the snowpack and how much
remains at the time of snowmelt (48, 78, 81, 82).

Chapters 3 (published in Nature Geoscience) and 4 (published in Journal of
Geophysical Research) explore this question using Hg stable isotopes. We observed

extreme negative MIF of Hg isotopes in surface snow samples and determined that this



MIF was caused by photochemical loss of up to ~75% Hg from the snow (48). In a
follow-up study (Chapter 4), we found that a percentage of the Hg that was
photochemically emitted from the snow was reoxidized and accumulated on nearby ice
crystals (49). This suggests that Hg deposited during AMDE:s is actively cycled by
photochemical reactions and, depending on the conditions, may be lost as Hgo(g) or
retained at the surface and ultimately enter the aquatic food web.

After studying Hg cycling in the remote Arctic, we shifted focus to a polluted
urban setting to investigate whether Hg isotopes could be used to link anthropogenic
sources of Hg to deposition sites and ultimately to aquatic ecosystems. Elevated levels of
Hg have been found across Florida in fish (83, 84), wading birds (85), and precipitation
(86, 87). In Chapter 5 (published in Environmental Science and Technology) we use Hg
stable isotopes to trace local deposition of Hg emitted by a large coal-fired power plant
(47). We found that Hg in precipitation collected directly downwind of the Crystal River,

Florida power plant displayed extreme negative 5°**

Hg values. Precipitation samples
collected at other sites in central Florida that were not strongly influenced by coal
combustion displayed 8°**Hg values close to 0%0. We suggest that the isotopic
composition of the combusted coal powder coupled with partial removal of Hg by air
pollution control devices resulted in the emission of isotopically distinct Hg from the
power plant.

In Chapter 6 (in review at Science of the Total Environment) we explore whether
this distinct isotopic signature can be used to trace Hg emitted by the coal-fired power

plant into nearby aquatic ecosystems. We measured the Hg isotopic composition of

surface sediments and largemouth bass from lakes in central Florida including several



that were close to the Crystal River power plant. Although some studies suggest that
recently deposited Hg is preferentially methylated and bioaccumulated compared to
previously accumulated Hg in lake sediments, we found no evidence of the extreme
negative 3°"’Hg values observed in Crystal River precipitation in largemouth bass from
the nearby lakes. Instead, we hypothesize that MeHg in the largemouth bass is largely
derived from the large reservoir of accumulated Hg in the upper lake sediments. In
addition to these findings, we observed that the degree of MIF of Hg isotopes in fish
tissue was correlated to light penetration depth in each lake. This supports the hypothesis
that photochemical degradation of MeHg prior to incorporation of the remaining MeHg
into the food web causes MIF. Overall, these data suggest that Hg concentrations in fish
populations may remain elevated for decades to centuries after Hg emissions regulations

successfully result in decreased Hg deposition.
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CHAPTER 2

Mercury isotopic composition of hydrothermal systems in the Yellowstone Plateau
volcanic field and Guaymas Basin sea-floor rift'

Abstract

To characterize mercury (Hg) isotopes and isotopic fractionation in hydrothermal
systems we analyzed fluid and precipitate samples from hot springs in the Yellowstone
Plateau volcanic field and vent chimney samples from the Guaymas Basin sea-floor rift.
These samples provide an initial indication of the variability in Hg isotopic composition
among marine and continental hydrothermal systems that are controlled predominantly
by mantle-derived magmas. Fluid samples from Ojo Caliente hot spring in Yellowstone
range in 8°**Hg from -1.02%o to 0.58%o (£ 0.11%o, 2 s.d.) and solid precipitate samples
from Guaymas Basin range in 8*"*Hg from -0.37%o to -0.01%o ( 0.14%o, 2 s.d.). Fluid
samples from Ojo Caliente display mass-dependent fractionation (MDF) of Hg from the
vent (8202Hg =0.10 = 0.11%o, 2 s.d.) to the end of the outflow channel (6202Hg =0.58 £
0.11%o, 2 s.d.) in conjunction with a decrease in Hg concentration from 46.6 pg/g to 20.0
pg/g. Although a small amount of Hg is lost from the fluids due to co-precipitation with
siliceous sinter, we infer that the majority of the observed MDF and Hg loss from waters

in Ojo Caliente is due to volatilization of Hgo(aq) to Hgo(g) and the preferential loss of Hg

ISherman, L. S., Blum, J. D., Nordstrom, D. K., McCleskey, R. B., Barkay, T., Vetriani, C. Mercury
isotopic composition of hydrothermal systems in the Yellowstone Plateau volcanic field and Guaymas
Basin sea-floor rift. Earth and Planetary Science Letters 2009, 279, 86-96.
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with a lower 8%

Hg value to the atmosphere. A small amount of mass-independent
fractionation (MIF) was observed in all samples from Ojo Caliente (A'”’Hg =0.13 +
0.06%o, 2 s.d.) but no significant MIF was measured in the sea-floor rift samples from
Guaymas Basin. This study demonstrates that several different hydrothermal processes

fractionate Hg isotopes and that Hg isotopes may be used to better understand these

processes.

Keywords

Mercury, isotope fractionation, hydrothermal, Yellowstone, Guaymas Basin

2.1 Introduction

Mercury (Hg) is a redox-active metal with gaseous, aqueous, and solid forms in
the environment. Mercury isotope variations have the potential to inform studies of
global metal cycling, paleo-redox conditions, ore deposit formation, and environmental
contamination (/-6). As a neurotoxic element, Hg poses serious threats to human health
largely through the consumption of fish that bioaccumulate monomethylmercury (MeHg)
(7). Anthropogenic activities such as fossil fuel combustion and natural processes such
as volcanic activity and Hg evasion from geothermally enriched regions contribute Hg to
the environment (8-/3). However, because the biogeochemical cycling of Hg through
different Earth reservoirs is complex, it is often difficult to directly link Hg sources to
human and wildlife Hg exposure (9, 10, 14).

Several recent studies demonstrate that potential sources of Hg emissions may be

isotopically distinct (2, 3, 5, 15, 16). As aresult, it may be possible to use Hg isotopes to
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trace Hg from a variety of sources into environmental reservoirs. Measurements of the
isotopic composition of anthropogenic Hg emissions from some ore deposits and fossil
fuels are now available (3, 5, 6), but the Hg isotopic composition of natural volcanic
emissions have only been reported from one volcano in Italy (Vulcano, Aeolian Islands)
(17). Additionally, although recent investigations have measured Hg isotopes in crustal
rocks and sediments (/, 6, 15), very little work has been done to describe the Hg isotopic
composition of mantle-derived materials. It is of fundamental importance to characterize
mantle-derived Hg because mantle materials represent an important source of Hg to other
Earth reservoirs.

Mantle-derived Hg can enter the surface environment in many tectonic settings
including hot spots and oceanic spreading centers. In these regions, meteoric water and
seawater percolates through crustal rocks and is conductively heated (/8, 7/9). The hot
fluid then leaches, concentrates, and transports Hg and other metals from the volcanic
rocks (5, 20, 21). As the fluids move upward, the changing temperature and pressure
conditions cause the solubility of Hg to decrease and Hg can precipitate in Hg minerals
(e.g. cinnabar, HgS), in solid solution with sulfides, or as impurities in other minerals (35,
20, 21). Additionally, Hg" .y in fluids can be volatilized to Hg’, and subsequently lost
to the atmosphere (17, 22). These processes produce economically viable Hg deposits,
may cause the export of Hg to marine environments, and can result in substantial gaseous
Hg emissions from geothermally enriched continental regions (1, 21, 23-26).

It is likely that some of the hydrothermal processes that lead to the formation of
Hg-enriched deposits and Hg emissions cause isotope fractionation (3, 6, 27). Because

Hg has seven stable isotopes (196, 198, 199, 200, 201, 202, and 204 amu) and active
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redox chemistry, it is fractionated during a wide variety of reactions (2, 4, 3, 16, 28). For
example, Hg isotope fractionation has been observed in fossil hydrothermal systems due
to the preferential vapor phase transport of isotopically light Hg (5) and in laboratory
experiments during volatilization of Hgo(aq) to Hgo(g) (27). However, minimal Hg isotope
fractionation occurs during the hydrothermal leaching of Hg from source-rocks (6) and,
by analogy to other heavy metals (29, 30), we expect that magmatic processes such as
partial melting and magma cooling should fractionate Hg to a lesser degree than lower
temperature processes. We hypothesize that the Hg isotopic composition of
hydrothermal fluids and precipitates is determined by the original composition of the
mantle-derived materials and processes occurring in the hydrothermal systems. To date,
no studies have measured Hg isotope fractionation in active hydrothermal systems to
characterize the processes that affect the Hg isotopic composition of fluids, precipitates,
and gaseous emissions.

For this initial investigation of Hg isotopes in modern hydrothermal systems we
studied a large continental magmatic-hydrothermal system (Yellowstone Plateau volcanic
field, Wyoming, U.S.A.) and a sea-floor rift magmatic-hydrothermal system (Guaymas
Basin, East Pacific Rise, Gulf of California). Both regions are associated with shallow
magma bodies that provide heat and a source of Hg to extensive and active hydrothermal
systems (37-33). As a result, these hydrothermal systems contain elevated concentrations
of Hg and contribute Hg to precipitates and to the atmosphere or ocean (117, 26, 34, 35).
The present study aims to describe Hg fractionation in hydrothermal systems and to begin

to characterize the Hg isotopic composition of mantle-derived materials.
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2.2 Description of sampling localities
2.2.1 Yellowstone Plateau volcanic field

The Yellowstone Plateau volcanic field has produced more than 6,000 km® of
volcanic ash and lavas over the last 2.2 million years as a result of hot spot emplacement
of shallow magma bodies beneath the region (3/-33, 36). The youngest caldera produced
by this volcanism, Yellowstone Caldera, is located in the center of Yellowstone National
Park (YNP) (Figure 2.1) (3/). The downward percolation and subsequent heating of
meteoric water to temperatures up to 350 °C sustains a large number of active
hydrothermal systems in YNP (37, 32, 37, 38). When the fluids in these systems reach
the surface, they emit gases to the atmosphere and precipitate carbonaceous travertine
and siliceous sinter on the margins of hot spring pools and geysers (39-42). These
emissions and precipitates contain elevated concentrations of Hg (34, 35, 43).

Samples for this study were collected at several locations across YNP. Individual
fluid samples were collected in the Washburn area from Inkpot #3 and in the Mud
Volcano Area from Turbulent Pool and Sulfur Cauldron (Figure 2.1). The hydrothermal
fluids collected from these areas were acidic, non-boiling, and contained high
concentrations of sulfur and organic carbon (Table 2.1). Fluids and siliceous sinter
samples were also collected along a downstream transect through Ojo Caliente hot spring
in the Lower Geyser Basin. In contrast to the other hydrothermal systems, Ojo Caliente
has a neutral pH, boiling source pool (~94 °C), and low concentrations of sulfur and
organic carbon (Table 2.1). For several reasons, Ojo Caliente hot spring is a good
location to study Hg isotope fractionation during specific hydrothermal processes. First,

fluids in hot springs such as Ojo Caliente do not have high concentrations of suspended
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solid precipitates. The physical separation of fluids and precipitates in Ojo Caliente
enables observation of fractionation between the two phases. Second, Ojo Caliente’s
neutral pH promotes the precipitation of siliceous sinters (4/) and its boiling source pool
enhances the phase transfer of Hg’(,q) to Hg’ ). These conditions allow the observation
of Hg fractionation both during mineral precipitation and Hg vapor phase separation.
Third, the chemistry of Ojo Caliente has not changed significantly for over a century (47,
44, 45). We can therefore assume that the measurements made during this study are

representative of the long-term conditions in Ojo Caliente.

2.2.2 Guaymas Basin

Guaymas Basin (Figure 2.2) encompasses a pair of en echelon sediment-covered
rift valleys at approximately 2000 m water depth in the Gulf of California (46-48). Heat
flow measurements indicate that an actively circulating hydrothermal system is
maintained by shallow magmatic intrusions and a deep magma chamber (47). Metal-
enriched hydrothermal fluids vent to the ocean both directly through hydrothermal
chimneys and via diffuse dissemination through the organic-rich sediment cover (47, 49).
The vent chimneys are composed primarily of anhydrite, calcite, and sulfides including
sphalerite, pyrrhotite, pyrite, and galena (46, 50). Samples for this study were collected

from two of these chimneys.
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2.3 Methods
2.3.1 Sample collection

During September of 2006, in YNP, fluid and sinter samples were collected using
Hg-clean methods. All fluid samples were collected via pumping through a 0.1 pum filter;
samples were not retained until at least 0.5 L of fluid passed through the filter. Samples
were collected into acid-washed Teflon bottles and immediately acidified with 1% (v/v)
HCI (Fisher, Trace Metal Grade). Two separate Teflon bottles of deionized water were
processed in the same manner as ‘sampling blanks’ and replicate fluid samples were
collected at each site to measure water chemistry properties and solute concentrations
(Table 2.1). Fluid samples were collected in the Washburn Area from Inkpot #3 (“YNP-
1’) and in the Mud Volcano Area from Turbulent Pool (“YNP-2’) and Sulfur Cauldron
(“YNP-3’). In addition, during the course of one sampling day, fluid and sinter samples
were collected in the Lower Geyser Basin from Ojo Caliente. Fluid samples were
collected from the hot spring along a downstream transect through the longest outflow
channel (Figure 2.3). These samples were collected at the hot spring vent (‘OC-1" from
5.7 m depth and ‘OC-2’ from 30 cm depth), in the middle of the source pool (‘OC-3"), at
the pool’s outflow (‘OC-4"), and along the outflow channel (‘OC-5’, ‘OC-6"). Sample
OC-3 is expected to represent a mixture of OC-1 and OC-2. Sinter samples from Ojo
Caliente were collected at the vent pool’s edge (‘OC-S-2’) and at the same approximate
downstream locations as the corresponding fluid samples (‘OC-S-4’, ‘OC-S-5’, ‘OC-S-
6’). Two of these samples, OC-S-2 and OC-S-4, were broken from a cohesive sinter rim.

In contrast, the other two sinter samples, OC-S-5 and OC-S-6, were unattached pieces of
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sinter sampled from the outflow channel. It is possible, therefore, that samples OC-S-5
and OC-S-6 were not composed entirely of silica that precipitated in situ.

In October of 2007, during an oceanographic expedition of the R/V Atlantis, three
samples were collected from the “Rebecca’s Roost” area of the Southern Trough of
Guaymas Basin using the manipulator arms of the DSV Alvin (Cruise AT 15-25A). Two
solid chimney samples were collected from the top of the Pink Flamingo chimney (‘GB-
1’) and from a flange located at the base of another unnamed chimney (‘GB-3’). These
samples were wrapped in aluminum foil and immediately frozen upon transport to the
surface. Hydrothermal fluid was also collected from the Pink Flamingo chimney with a
titanium sampler using Hg-clean methods (57) and this fluid was stored at the surface at
4°C for 18 hours. The resulting precipitates were filtered from solution using a pre-

burned glass fiber filter, stored frozen, and analyzed as sample ‘GB-2.’

2.3.2 Sample processing

Prior to isotopic analyses, fluid and solid samples were processed in the
University of Michigan Biogeochemistry and Environmental Isotope Geochemistry
Laboratory. To facilitate the oxidation of dissolved Hg species in fluid samples, 2% (v/v)
BrCl was added to each sample and the fluids were heated in an oven for 8 h at 60 °C.
Precipitates were dried in an oven for 6 h at 60 °C and then crushed to a fine powder
using an agate mortar and pestle. The mortar and pestle were cleaned between samples
with 5% (v/v) HNOs (Fisher, Trace Metal Grade) and CH3OH (Fisher). To minimize
carryover, pure quartz sand was crushed between samples. None of this crushed sand

contained any detectable Hg. One of the chimney samples from Guaymas Basin (GB-3)
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was composed of two distinct mineral phases. By separating the two phases, we
determined using atomic absorption spectroscopy (see below) that the darker, sulfide-rich
phase contained nearly all of the Hg in the sample. This sulfide-rich sub-sample was
subsequently processed as GB-3.

Mercury concentrations in fluid and solid samples were determined using atomic
absorption spectroscopy (Nippon Instruments, MA 2000). Sub-samples of the fluids
were analyzed via Hg reduction with SnCl, (Alfa Aesar) followed by concentration of the
released Hgo(g) onto a gold trap. Approximately 0.5 to 1 g of each solid sample was
placed in a ceramic boat with activated alumina, sodium carbonate, and calcium
hydroxide powders (Nippon Instruments). Hg in solid samples was then released by
combustion in a tube furnace at 800 °C for 4 minutes and concentrated onto a gold trap.
Hg from both solid and liquid samples was subsequently thermally desorbed from the
gold traps and quantified by comparison to an 8-point calibration curve with r* > 0.99.
Typical precision calculated by replicate analyses of NIST SRM 3133 (Mercury Standard
Solution) was + 4% (1 s.d.) for liquid samples and = 8% (1 s.d.) for solid samples.
Replicate sample analyses agreed to within 5%. The detection limit, estimated as 3 s.d.
of blank analyses, was 1.54 pg/g for liquid samples and 7.43 ng/g for solid samples. All
samples and standards contained concentrations of Hg above these detection limits.

After sample Hg concentrations were determined, Hg was liberated from the
samples and concentrated into 8 g of an acidic 2% KMnO, (Alfa Aesar, low Hg, w/w)

oxidizing solution using the following methods.
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2.3.2.1 Liquid samples

Each 1 L liquid sample was chemically reduced in a sealed Pyrex bottle using 100
mL of 20% SnCl, (w/v), 100 mL of 50% H,SO4 (v/v), and 5 mL of 30% NH,OH (w/v).
The solution was stirred and HgO(g) was purged from the liquid with Ar gas. The effluent
gas was then bubbled into the 2% KMnO4 (w/v) solution. Procedural blanks, sampling
blanks, and process standard solutions containing NIST SRM 3133 were processed in the
same manner.
2.3.2.2 Solid samples

Depending on the measured Hg concentration, ~0.5 to ~2 g of sample was
weighed into a quartz boat with activated alumina, sodium carbonate, and calcium
hydroxide powders (Nippon Instruments). The filter sample from Guaymas Basin (GB-
2) was cut into 0.5 cm wide strips and placed into a quartz boat with the same powders.
Hg was liberated from all samples by combustion for 3 hours in a two-stage flow-through
tube furnace (Thermo Electron Corporation). The temperature of the first furnace was
incrementally increased to 900 °C and the second furnace was held at 1000 °C. The
evolved Hg was swept by Ar gas into the KMnOy solution. Procedural blanks and

replicates of NIST SRM 2711 (Montana Soil) were processed in the same manner.

2.3.3 Mineralogical characterization

The mineralogy of the solid samples was characterized using reflected and
transmitted light microscopy and scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS) (Hitachi S3200N, Noran UTW SiLi detector). The sinter

samples from Ojo Caliente were further characterized using powder X-ray diffraction
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(XRD) (Scintag Powder XRD). The bulk mineralogy of the sinter samples was
determined using whole-sample powders and the clay mineralogy was determined using

clay-size fraction powder separates.

2.3.4 Isotopic analyses

Multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) was
used to measure the Hg isotopic composition of the hydrothermal samples. The methods
involved in these continuous-flow cold vapor generation measurements have been
described in detail previously (2, 5, 6, 52). Briefly, the oxidizing KMnQOj4 solutions were
partially reduced with NH,OH and the samples were matched in solution matrix and Hg
concentration to a bracketing standard (NIST SRM 3133) to within 5%. The Hg2+(aq) in
the fluids was then reduced to Hg" ) with 10% SnCl, (w/v), separated from the fluid
using a frosted-tip gas-liquid separator, and mixed with a Tl internal standard (NIST
SRM 997) that was introduced as an aerosol using an Aridus desolvating nebulizer
(CETAC). This mixture of Hgo(g) and T1 was then introduced into a Nu Instruments MC-
ICP-MS. Corrections for mass bias were made using the Tl internal standard and
measurements of bracketing standards. On-peak zero corrections were applied to each
measurement. Analytical uncertainty was determined based on replicate measurements
of an in-house UM Almadén secondary standard as well as analyses of procedural

standards (i.e., NIST SRM 3133 and 2711).
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2.4 Results
2.4.1 Sample characterization

Concentrations of dissolved solutes in fluid samples from YNP were measured
volumetrically and are presented in Table 2.1. In general, fluids in these hot springs are
highly reducing and redox sensitive species (such as Fe, As, and Hg) are present in their
reduced forms. As previously noted, hydrothermal fluids in Washburn Inkpot #3 (YNP-
1), Turbulent Pool (YNP-2), and Sulfur Cauldron (YNP-3) were more acidic, lower in
temperature, and generally contained higher concentrations of dissolved solutes than
fluids collected in Ojo Caliente. During sampling, temperatures in Ojo Caliente
decreased from 93 °C (boiling) at the vent (OC-1) to 75 °C approximately 21 m down the
outflow channel (OC-6). The pH of the fluids increased slightly from 7.44 at the vent
(OC-1) to 7.61 in the outflow channel (OC-5). All samples from Ojo Caliente contained
similar Si/Cl ratios but Hg/Cl ratios decreased from the pool to the end of the outflow
channel (Figure 2.4). Assuming that Cl behaves conservatively, this suggests that
although Hg is lost from the fluids along the downstream transect, no measurable Si loss
occurs.

During sampling in Guaymas Basin, we made several measurements to
characterize the hydrothermal fluids exiting the vent chimneys. The hydrothermal fluid
exiting the Pink Flamingo chimney was 305 °C. Preserved sub-samples of this fluid had
a pH of 5.44 and total Hg concentrations of 2200 pg/g. During collection of the solid
chimney sample from the unnamed vent (GB-3), the temperature measured below the

flange was 281 °C and the temperature above the flange was ~65 °C.
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The mineral phases present in the solid samples from Guaymas Basin and Ojo
Caliente were characterized using SEM-EDS (Hitachi S3200N, Noran SiLi detector) and
the sinter samples from Ojo Caliente were further examined using powder XRD (Scintag
Powder XRD). The sinter samples from Ojo Caliente were composed primarily of finely
laminated amorphous opaline silica and quartz. These samples also contained smectite
(<5 wt.%) and minor (<1 wt.%) inclusions of pyrite and iron oxides in vugs in the silica
matrix. The vent precipitates from Guaymas Basin were composed primarily of calcite
and sulfides including pyrrhotite, pyrite, sphalerite, and galena. These results agree with
those of previous studies (39, 46, 53, 54). No primary Hg phases (e.g., cinnabar) were
observed in any of the solid samples from Ojo Caliente or Guaymas Basin. It is most

likely that Hg is present as impurities in the sulfide phases (/9).

2.4.2 Mercury concentrations and recovery

Mercury concentrations were measured gravimetrically and are reported as pg of
Hg per g of sample (Table 2.2). Hg concentrations in all sampling and procedural blanks
were below detection limits and are thus negligible. Hg concentrations in hydrothermal
fluids from YNP ranged from 25.8 pg/g (= 1 pg/g) in Washburn Inkpot #3 (YNP-1) to
132 pg/g (£5 pg/g) in Sulfur Cauldron (YNP-3). Hg concentrations in fluids from Ojo
Caliente ranged from 46.6 pg/g (+ 2 pg/g) at the vent (OC-1) to 20.0 pg/g (+ 1 pg/g)
along the outflow channel (OC-6) and concentrations in the sinters ranged from 2040
ng/g (+ 163 ng/g) at the edge of the main pool (OC-S-1) to 215 ng/g (+ 17 ng/g) along the

outflow channel (OC-S-6). The Hg concentrations of the Pink Flamingo chimney sample

30



(GB-1) and the other solid chimney sample (GB-3) were 39.5 ng/g (+ 3 ng/g) and 111
ng/g (= 9 ng/g), respectively.

Also shown in Table 2.2 is the percentage of Hg originally measured in each
sample that was retained after separation and re-capture in solution for isotopic analysis.
Because preferential loss of light or heavy isotopes during sample processing could cause
secondary fractionation, complete Hg recovery ensures that the sample’s original isotopic
composition is retained. For most of the samples, Hg recoveries were 95% to 100%.
However, possibly due to leaks or incomplete Hg trapping efficiency, Hg recoveries were
less than 95% for one fluid sample (OC-1), two solid samples (OC-S-2 and OC-S-6), and
several process standards (NIST SRM 3133 and NIST SRM 2711). To determine if these
losses could have caused Hg fractionation, we measured Hg isotopes in process standards
with a range of Hg recoveries from 50% to 100%. 6202Hg (%o0) (see Section 2.4.3) in
these standards does not systematically increase or decrease. The mean 8*"*Hg for NIST
SRM 3133 was -0.02%o (+ 0.11%o, 2SD, n = 9) and mean °**Hg for NIST SRM 2711
was -0.08%o (£ 0.15%o, 2SD, n = 15). These data suggest that the processes contributing
to loss from our sample processing systems do not preferentially remove Hg isotopes
according to mass. For these reasons we suggest that all of the isotopic compositions
presented in this paper are accurate within the analytical precision determined by analysis

of procedural standards.
2.4.3 Mercury isotopic compositions

Mercury isotopic compositions of samples and standards are reported using delta

notation according to Eq. (1). Sample isotopic compositions are reported as deviations
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from the average isotope ratios of bracketing standards (NIST SRM 3133) analyzed
directly prior to and after each sample.

8" Hg (%0) = ([(*"Hg/" Hg)unknown/ (" Hg/" Hg)srm 3133] — 1) * 1000 (1)
where

(“Hg/ 198Hg)unkmwn = Hg isotope ratio of the sample

(™Hg/ 198Hg)SRM 3133 = Average Hg isotope ratio of bracketing standards
A summary of measured sample isotopic compositions is shown in Table 2.2; complete
isotopic data are presented in the supplementary material. Mass-independent
fractionation (MIF) is calculated according to Egs. (2)-(4) as the deviation in the
measured isotope ratio from that theoretically predicted by mass-dependent fractionation

(MDF) and is reported using “capital delta” notation (e.g., A¥"Hg) (2, 52).

A"Hg = §""Hg — (5°"Hg * 0.252) )
A*Hg = §*’Hg — (5°"Hg * 0.502) (3)
A*'Hg = §*""Hg — (5°"Hg * 0.752) 4)

MIF is considered significant if it is greater than 2 s.d. of that measured in the
bracketing standards (i.e., >~0.08%o). Uncertainty in isotopic measurements are
presented as the larger of the 2 s.e. reproducibility of repeated analyses of the sample, 2
s.d. of the long-term external reproducibility of the in-house UM Almadén standard, or 2
s.d. of the external reproducibility of procedural standards (52).

Measured 3*"*Hg values in fluid samples from Ojo Caliente are presented in
Figures 2.5a and 2.5b. Figure 2.5a depicts 8*"*Hg from the vent (OC-1) down the
outflow channel (to OC-6) versus the fraction of Hg remaining in the sample with respect

to the original Hg concentration at OC-1 (‘fr’). The decrease in Hg concentration from
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OC-1 to OC-6 is accompanied by an increase in 5>**Hg from 0.10%o to 0.58%o (< 0.11%o,
2SD). Figure 2.5b shows the same data on a log-log plot. Assuming that the loss of Hg
at Ojo Caliente involves complete separation of the Hg without back-reaction, the
increase in 8°"?Hg can be modeled as a kinetic fractionation process using a Rayleigh
X198,

distillation equation (55, 56). This model defines the kinetic fractionation factor (

as

xxx/198 = __ /xxx 198 XXX 198
o= ( Hg/ Hg)instantaneous reactant/ ( Hg/ Hg)instantaneous product (5)

202/198 .
o can be estimated from the

By plotting the left hand side of Eq. (6) versus In(fr),
slope of a linear regression through the data points (Figure 2.5b) (2, 4, 55).

In[(1000+ 8***Hg)/(1000+ §***Hg;)] = [(1/2"**0)-1]*In(fr) (6)
where

8*?Hg; = isotopic composition of OC-1

Based on this relationship, the estimated fractionation factor describing the loss of
Hg from fluids in Ojo Caliente is 1.00059 + 0.00016 (1 s.d.). The uncertainty in this
estimate was calculated using a York regression (57) and includes the uncertainty in both
fr and 8202Hg.

A compilation of the Hg isotopic compositions of fluid and solid samples from
YNP and Guaymas Basin is presented in Figure 2.6. MDF (represented by 8°**Hg) is
plotted versus MIF (represented by A'”’Hg). Measured §°**Hg of fluid samples from
YNP ranges from -1.02%o to 0.58%o (£ 0.11%o, 2 s.d.). Individual fluid samples collected
in the Washburn and Mud Volcano areas (YNP-1, YNP-2, and YNP-3) have lower
5202

Hg than fluid samples collected from Ojo Caliente and only one sample (YNP-1)

displays significant MIF (A"*’Hg = 0.09%0%0.06%o, 2 s.d.). Although these data provide
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a preliminary estimate of the isotopic variability of Hg in YNP hydrothermal fluids,
without a more detailed study of these hot springs, we cannot determine the reasons for
this variability. A'”’Hg values of all of the fluid samples from Ojo Caliente are the same
within analytical error (0.13 £ 0.06%o, 2 s.d.). 5°**Hg of sinter samples from Ojo Caliente
ranges from -0.50%o to 0.36%o (+ 0.14%o, 2 s.d.) and A" Hg of these samples ranges from
0.07%o to 0.27%o (£ 0.08%o, 2 s.d.).

8’ Hg of the solid chimney piece (GB-1) and fluid precipitate sample (GB-2)
from the Pink Flamingo chimney in Guaymas Basin are indistinguishable (-0.31%o and -
0.37%o; = 0.14%o0, 2 s.d.). However, the solid chimney sample from the unnamed vent
(GB-3) is isotopically distinct (5°**Hg = -0.01 % 0.14%o, 2 s.d.). No significant MIF is

observed in any of the samples from Guaymas Basin (average A'”’Hg = 0.02 £ 0.08%o, 2

s.d.).

2.5 Mercury isotopes in hydrothermal systems
2.5.1 Mass-dependent fractionation

Previous measurements of 8°°*Hg in siliceous sinters from modern hot springs
range from -3.42%o to -0.21%o ( 0.08%o, 2 s.d.) (6) and a study from Vulcano Island in
Italy reported §°*Hg of -0.74%o (£ 0.23%o, 2 s.d.) in volcanic fumerolic gas (58). The
data reported in this study indicate that hydrothermal Hg isotopic compositions are
variable within individual hydrothermal systems and are controlled by multiple
processes. Data from this study do not allow us to predict the Hg isotopic composition of

hydrothermal fluids or emissions on a regional scale. However, it is clear that Hg
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isotopes can be used to better understand the processes that cause Hg fractionation in
individual hydrothermal systems.

Mass-dependent fractionation of Hg isotopes observed in fluids from Ojo Caliente
indicates that light isotopes of Hg are preferentially lost from the hydrothermal fluids. As
shown in Figure 2.5b, this fractionation can be modeled using a Rayleigh distillation
equation with a kinetic fractionation factor of 1.00059 + 0.00016. There are two possible
explanations for this observation: 1) isotopically light Hg is preferentially incorporated
into precipitates (i.e., sinter) or 2) isotopically light Hg is preferentially lost to the
atmosphere as Hgo(g).

If Hg in the hydrothermal fluids of Ojo Caliente were primarily lost due to co-
precipitation with sinters, it would seem reasonable that this process might preferentially
incorporate isotopically light Hg into the solid phase. Such MDF has been observed
during the disequilibrium precipitation of other metal-sulfides such as FeS (59). As
shown in Figure 2.6, three of the four sinters collected from Ojo Caliente have

substantially lower 52”2

Hg values than the corresponding fluid samples. Because OC-S-5
and OC-S-6 may not have precipitated in situ, they may not accurately reflect the 5**Hg
of sinters precipitating from solution at those locations (see Section 2.3.1). Based on the
other two liquid-solid sample pairs (i.e., OC-2 with OC-S-2 and OC-4 with OC-S-4), the
co-precipitation of Hg in siliceous sinters appears to cause MDF with isotopically light
Hg preferentially incorporated into the solid phase. Measured 8°**Hg of the sinters is
0.65%o0 and 0.58%o lower than the corresponding fluid. It is worth considering, therefore,

whether loss of Hg by this mechanism could result in the observed MDF in the

hydrothermal fluids.
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Given that Hg is present at relatively low concentrations in these sinters, it is
important to consider the absolute amount of Hg that could be lost to sinter precipitation
and whether this quantity is of the appropriate magnitude to explain the observed fluid
isotopic compositions. To this end, we present the following calculation based on two
assumptions: (1) that all of the measured Hg loss from hydrothermal fluids at Ojo
Caliente (26.6 pg/g) is due to sinter precipitation, and (2) that all of the sinter
precipitating in the system contains between the minimum (197 ng/g) and maximum
(2040 ng/g) measured Hg concentrations. Given these assumptions, between ~13.1 pg
and ~135 pg of sinter would need to precipitate from each gram of water to account for
the measured Hg loss from Ojo Caliente fluids. Given a measured pool outflow cross-
sectional area of ~77 cm” and a flow rate of 0.286 m/s, we estimate that the discharge rate
from Ojo Caliente is ~133 L/min. To account for the measured Hg loss, between 910 and
9400 kg of sinter would have to precipitate every year at Ojo Caliente. Spread over a
stream outflow surface area of ~25 m?, and assuming a sinter density of ~2.2 g/cm’ (60),
this would represent deposition of between 16 and 171 mm of sinter across the entire area
per year. Although we have not explicitly measured the sinter surface elevation through
time, based on annual observations and historical photos, we are confident that this is
more precipitation than occurs on a yearly basis. In addition, sinter is deposited
abiotically much more slowly than would be required to precipitate this quantity of
material (53) and no measurable silica is lost from the hydrothermal fluids (Figure 2.4).
Although these calculations are highly simplified, they demonstrate that Hg incorporation
into siliceous sinters can probably only account for a small amount of the Hg lost from

hydrothermal fluids at Ojo Caliente.
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We suggest, instead, that isotopically light Hg is primarily lost from this
hydrothermal system due to evasion of Hgo(g) to the atmosphere. Gaseous evasion of Hg
from the Yellowstone Plateau volcanic field is a measurable natural source of Hg to the
environment (/7). If all of the Hg lost from fluids in Ojo Caliente does evade to the
atmosphere, we estimate that this hot spring produces Hg emissions of approximately 1.9
g/yr. This estimate is reasonable when compared to previous measurements of Hg
emissions from geothermal regions (17, 61).

Recent studies suggest that the preferential loss of isotopically light Hg due to
volatilization of Hg’(q) to Hg'( results in MDF in fossil hydrothermal systems, ore
deposits, and modern hot springs (3, 6). Zambardi et al. (58) found that volcanic
emissions of Hgo(g) are enriched in light isotopes of Hg relative to the magmatic source.
In addition, recent laboratory experiments by Zheng et al. (27) demonstrated that
significant (~1%o) Hg fractionation is caused by the volatilization of Hgo(aq) at 25 °C from
aqueous solutions. During these experiments, Zheng et al. (27) separated the evolved
Hg’ () from the system and estimated a kinetic fractionation factor of 1.00047 % 0.00002.
This fractionation factor is similar to the fractionation factor that we estimate to describe
Hg loss from Ojo Caliente (1.00059 + 0.00016, Figure 2.5b). We suggest that although
substantial fractionation of Hg does occur during the precipitation of Hg as an impurity in

o . . . 202
siliceous sinter, the increase in o

Hg observed in fluids from Ojo Caliente is primarily
caused by volatilization of Hg" o) to Hg" o).
Mass-dependent fractionation during vent chimney formation may occur in a

similar manner in the Guaymas Basin hydrothermal system. Assuming that little Hg

fractionation occurs during magmatic processes and leaching of Hg from volcanic source
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rocks (6), we expect that the Hg isotopic composition of hydrothermal vent fluids is
representative of the composition of mantle-derived materials. Because we were able to
collect measurable quantities of Hg (~2200 pg/g) in hydrothermal vent fluids exiting the
Pink Flamingo chimney, it is unlikely that Hg precipitation occurs as a result of complete
loss from the hydrothermal fluids. Instead, the Hg in the vent chimneys probably
precipitates via incomplete precipitation and incremental separation of Hg into the solid
phase without back-reaction. Based on our observations in Ojo Caliente, and assuming
that precipitation of Hg in hydrothermal vent chimneys operates in a similar manner to
precipitation of Hg in siliceous sinter, we suggest that the hydrothermal vent fluids and

202
o

magmas at Guaymas Basin may have higher 6" “"Hg values than the vent chimney

precipitates.

2.5.2 Mass-independent fractionation

Mass-independent fractionation (MIF) of Hg has now been observed in a wide
range of natural samples (/-3, 16, 62, 63). However, previous studies of Hg isotopes in
hydrothermal systems either did not investigate MIF (5, 6) or found no evidence for MIF
(58). Experimental evidence indicates that MIF can occur during photochemical
reduction of Hg*" and demethylation of MeHg (2). During processes that cause MIF, odd
isotopes react at slightly different rates than even isotopes, most likely due to
mechanisms related to the magnetic isotope effect or the nuclear volume effect (2, 16, 63-
65).

A small but significant positive MIF signature (A'”’Hg = 0.13 £ 0.06%o 2 s.d.)

was measured in all of the fluid and sinter samples from Ojo Caliente and in one of the

38



additional samples from YNP (Figure 2.6). No Hg MIF was observed in any of the
samples from Guaymas Basin. If it is assumed that photochemical reactions are the
primary cause of Hg MIF, these data suggest that photochemical reduction has affected
Hg in some of the hot springs in YNP but has not affected Hg in vent chimneys isolated
from light in Guaymas Basin.

Photochemical reduction of Hg%(aq) to Hgo(g) preferentially retains the odd
isotopes of Hg in the aqueous phase and releases the even isotopes of Hg as Hgo(g) (2).
As a result, as photochemical reduction occurs in an aqueous system, A'*’Hg in the fluid
becomes increasingly higher and A'®’Hg in the released gas becomes increasingly lower.
In Ojo Caliente, because all of the samples measured exhibit approximately the same
degree of MIF, it is not likely that measurable MIF of Hg is occurring in this system on
the short timescale of outflow from the hot spring to the Firehole River. Instead, it is
likely that either some portion of the Hg currently dissolved in these hydrothermal fluids
was photochemically reduced at some stage in its geological history and re-mixed into
the hydrothermal system or that Hg containing a MIF signature was leached directly from
the volcanic source rocks.

The lack of MIF observed in vent chimney samples from Guaymas Basin suggests
that Hg in that sea-floor rift hydrothermal system may not be of sedimentary origin. In
Guaymas Basin, a portion of the hydrothermal fluids circulate through the thick organic-
rich sediments that cover the sea-floor (48, 49). It is possible that Hg measured in the
vent precipitates could have been leached from those sediments and not from mantle-
derived materials. For example, studies of lead isotopes indicate that some of the lead in

hydrothermal fluids at sediment-covered ridges is derived from the sediments (66).
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However, based on limited data, we suggest that Hg in marine sediments generally
displays MIF (/, 62) and we suggest that this is due to photochemical reactions near the
Earth’s surface. Therefore, if a large portion of the Hg precipitated in vent chimneys is
affected by secondary circulation and was leached from the sediments, we might expect
to observe MIF of Hg isotopes in solid chimney samples. Because no such MIF was
observed in samples from Guaymas Basin, we speculate that the Hg in the vent chimneys
of Guaymas Basin is most likely to have been sourced from mantle-derived materials

rather than from sediments.

2.6 Conclusions and Implications

Mercury concentrations are elevated in hydrothermal systems due to the leaching
of Hg-containing materials by hot fluids. The results of this study indicate that
substantial MDF of Hg isotopes occurs in hydrothermal systems during several processes
including the precipitation of Hg in siliceous sinters and during the volatilization of
HgO(aq) to Hgo(g). Additionally, the presence of MIF in samples from YNP and the
absence of MIF in samples from Guaymas Basin is consistent with the hypothesis that
MIF occurs where light is present to facilitate photochemical reactions.

Hg isotopes in geothermal emissions may allow us to trace these emissions
through the terrestrial and aquatic environments that they impact. In order to accurately
accomplish this goal, more research is needed to fully characterize the isotopic variability
in Hg emissions from hydrothermal systems and in mantle-derived materials. The results

of this study indicate that it is possible to effectively use Hg stable isotopes to understand

40



hydrothermal Hg processes that fractionate Hg and to characterize Hg export from active

hydrothermal systems.
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Figure 2.1 Map of Yellowstone National Park boundary with the rim of the Yellowstone
Caldera outlined and study areas indicated. Adapted from (31, 44, 67).
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Figure 2.2 Map indicating location of Guaymas Basin in the Gulf of California. Axial
spreading ridges are shown. Adapted from (46).
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Meters

Figure 2.3 Aerial view schematic of Ojo Caliente with sampling locations indicated.
Water sample OC-1 was taken at the vent location (5.7 m below the surface); water
sample OC-2 was taken near the surface at the same location (~30 cm depth); water
sample OC-3 was taken in the middle of the source pool near the surface (~30 cm depth).
Sinter samples (OC-S-2, OC-S-4, OC-S-5, and OC-S-6) were collected at the same
approximate distances downstream as the corresponding liquid samples. Adapted from
(44).
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Figure 2.5 a. Plot of 8°**Hg versus the fraction of Hg remaining in each fluid sample
from Ojo Caliente with respect to the Hg concentration in the original vent fluid (fr).
Analytical uncertainties, based on replicate analyses of procedural standards and in-house
UM Almadén standard, are depicted for each data point. b. Same data as Figure 2.5a
plotted on a log-log plot. A kinetic fractionation factor (***'**a) of 1.00059 + 0.00016 (1
s.d.) is estimated for this relationship.
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Figure 2.6 A'”’Hg versus 8°"*Hg measured in the fluid and sinter samples from
Yellowstone National Park and vent precipitates from Guaymas Basin. Fluid samples
from Ojo Caliente are shown as open circles, sinter samples from Ojo Caliente are shown
as open triangles, fluid samples from other locations in YNP are shown as open squares,
and vent precipitates from Guaymas Basin are shown as plus symbols. Representative
error bars based on replicate analyses of procedural standards are depicted in the lower
right corner of the plot.
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Table 2.1 Water chemistry properties and solute concentrations measured in fluid samples from Yellowstone National Park. Samples
measured include four from Ojo Caliente (OC-2, OC-4, OC-5, and OC-6) and individual samples from the Washburn Area (Inkpot #3
= YNP-1) and Mud Volcano area (Turbulent Pool = YNP-2, Sulfur Cauldron = YNP-3). Properties that were not analyzed are shown

2

as “---.

Sample location Sample | Temp H DOC SC HCOj; | Ca Mg Na K SO, Cl SiO,
P ID °O) P (mg/L) | (nS/cm) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)
Ojo Caliente 0C-1 93.2 7.44 | 0.86 1470 231 0.85 <0.007 | 318 9.3 22.6 326 233
Ojo Caliente 0C-4 91.4 7.52 ] 0.50 1500 232 0.87 <0.007 | 323 9.2 22.2 334 234
Ojo Caliente 0C-5 86.8 7.61 | 0.51 1530 235 0.83 <0.007 | 326 9.4 22.0 335 230
Ojo Caliente 0C-6 74.8 --- 0.56 1590 239 0.85 <0.007 | 336 9.3 234 340 237
Washburn area: Inkpot #3 YNP-1 70.9 325 | 543 5750 -—- 53.4 26.9 37.8 14.4 3090 1.56 251
Mud Volcano area: Turbulent
Pool YNP-2 | 58.5 1.89 | 3.98 4360 -—- 11.6 3.8 15.5 13.9 1710 5.04 234
Mud Volcano area: Sulfur
Cauldron YNP-3 73.5 2.02 | 7.74 3950 -—- 26.5 8.9 21.0 19.0 2660 4.33 406




Table 2.2 Mercury concentrations, percent recovery, and summary of measured 5°°Hg
and A'”’Hg for all of the fluid and solid samples in this study collected from Yellowstone
National Park and Guaymas Basin.

Hg 202 199
Sample Sample Hg 0" “Hg | A "Hg
location type Sample ID concentration Rez;v)e ry (%o) (%o)
(1)
(rg/s)
Ojo Caliente | fluid OC-1 46.6 48 0.10 0.11
Ojo Caliente | fluid 0C-2 35.1 100 0.14 0.11
Ojo Caliente | fluid 0OC-3 40.7 100 0.11 0.16
Ojo Caliente | fluid 0C-4 35.1 95 0.32 0.12
Ojo Caliente | fluid OC-5 30.9 100 0.28 0.14
Ojo Caliente | fluid 0C-6 20.0 100 0.58 0.16
Washburn
Inkpot #3 fluid YNP-1 25.8 100 -0.47 0.09
Turbulent
Pool fluid YNP-2 66.8 97 -0.49 0.04
Sulfur
Cauldron fluid YNP-3 132 98 -1.02 -0.02
(ng/g)
Ojo Caliente | sinter 0C-S-2 2040 75 -0.50 0.27
Ojo Caliente | sinter 0C-S-4 197 100 -0.26 0.19
Ojo Caliente | sinter OC-S-5 161 100 0.36 0.07
Ojo Caliente | sinter 0OC-S-6 215 72 -0.22 0.10
Guaymas chimney
Basin piece GB-1 39.5 100 -0.31 0.00
Guaymas fluid
Basin precipitate GB-2 N/A N/A -0.37 0.04
Guaymas chimney
Basin piece GB-3 111 100 -0.01 0.03
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Table 2.SI-1 Mercury isotopic composition of standards, fluid and sinter samples from Yellowstone National Park, and vent
precipitates from Guaymas Basin. Average values presented for the in-house UM Almadén standard are from measurements made
from September 2007 to March 2008. Uncertainties are presented as twice the standard error (2 s.e.) of sample replicates and the

larger of the 2SE of sample replicates or twice the standard deviation (2 s.d.) of replicate measurements of the in-house UM Almadén
standard or procedural standards.

Sample ' 5'""Hg 2 5"'Hg 2 5"Hg 2 5'Hg 2 A™'Hg 2 A™Hg 2 A"Hg 2
location Sample type Sample ID " (%o) 2se | . (%o) 2se | g (%o) 2se | g (%o) 2se | g (%o) 2se | s (%o) 2se | s (%o) 2se | s
UM Almadén standard 117 -0.55 0.08 -0.46 0.07 -0.27 0.05 0.16 0.04 -0.05 0.03 0.01 0.02 -0.02 0.03

NIST SRM 3133 (liquid process std) 15 -0.02 0.11 0.01 0.11 0.03 0.07 0.03 0.06 0.02 0.08 0.00 0.04 0.04 0.06

NIST SRM 2711 (Montana Soil) 44 0.11 0.14 -0.26 0.15 -0.06 0.09 -0.22 0.10 0.17 0.07 0.00 0.04 -0.20 0.08

Ojo

Caliente fluid 0oC-1 1 0.10 0.11 0.19 0.11 0.04 0.07 0.14 0.06 0.12 0.08 0.00 0.04 0.11 0.06
Ojo

Caliente fluid 0oC-2 1 0.14 0.11 0.16 0.11 0.05 0.07 0.15 0.06 0.05 0.08 -0.02 0.04 0.11 0.06
Ojo

Caliente fluid oc-3 1 0.11 0.11 0.15 0.11 0.04 0.07 0.19 0.06 0.07 0.08 -0.02 0.04 0.16 0.06
Ojo

Caliente fluid 0C-4 1 0.32 0.11 0.29 0.11 0.17 0.07 0.20 0.06 0.06 0.08 0.01 0.04 0.12 0.06
Ojo

Caliente fluid oC-5 1 0.28 0.11 0.28 0.11 0.16 0.07 0.21 0.06 0.07 0.08 0.02 0.04 0.14 0.06
Ojo

Caliente fluid 0C-6 1 0.58 0.11 0.52 0.11 0.31 0.07 0.30 0.06 0.08 0.08 0.02 0.04 0.16 0.06
‘Washburn

Inkpot #3 fluid YNP-1 1 -0.47 0.11 -0.28 0.11 -0.20 0.07 -0.03 0.06 0.08 0.08 -0.01 0.04 0.09 0.06
Turbulent

Pool fluid YNP-2 2 -0.49 0.04 0.11 -0.42 0.08 0.11 -0.25 0.08 0.07 -0.08 0.08 0.06 -0.05 0.04 0.08 -0.01 0.12 0.06 0.04 0.08 0.06
Sulfur

Cauldron fluid YNP-3 1 -1.02 0.11 -0.72 0.11 -0.52 0.07 -0.28 0.06 0.04 0.08 -0.01 0.04 -0.02 0.06
Ojo

Caliente sinter 0C-S-2 2 -0.50 0.02 0.14 -0.24 0.01 0.15 -0.24 0.05 0.09 0.14 0.10 0.10 0.14 0.02 0.07 0.01 0.04 0.04 0.27 0.09 0.08
Ojo

Caliente sinter 0C-S-4 2 -0.26 0.04 0.14 -0.08 0.09 0.15 0.14 0.02 0.09 0.12 0.02 0.10 0.11 0.05 0.07 -0.01 0.04 0.04 0.19 0.03 0.08
Ojo

Caliente sinter 0C-$-5 1 0.36 0.14 0.29 0.15 0.21 0.09 0.17 0.10 0.01 0.07 0.03 0.04 0.07 0.08
Ojo

Caliente sinter 0C-S-6 2 -0.22 0.10 0.14 -0.08 0.10 0.15 -0.08 0.08 0.09 0.04 0.12 0.10 0.09 0.02 0.07 0.03 0.03 0.04 0.10 0.09 0.08
Guaymas

Basin chimney piece GB-1 1 031 0.14 -0.18 0.15 0.15 0.09 -0.07 0.10 0.05 0.07 0.00 0.04 0.00 0.08
Guaymas

Basin fluid precipitate | GB-2 2 -0.37 0.07 0.14 -0.22 0.03 0.15 -0.17 0.05 0.09 -0.05 0.06 0.10 0.06 0.02 0.07 0.01 0.02 0.04 0.04 0.04 0.08
Guaymas

Basin chimney piece GB-3 3 -0.01 0.02 0.14 0.00 0.11 0.15 0.03 0.06 0.09 0.03 0.12 0.10 0.00 0.10 0.07 0.03 0.06 0.04 0.03 0.12 0.08




CHAPTER 3

Mass-independent fractionation of mercury isotopes in
Arctic snow driven by sunlight'

3.1 Introduction

After polar sunrise in Arctic regions, sunlight-induced reactions convert gaseous
elemental mercury into compounds that are rapidly deposited to the snowpack. These
atmospheric mercury depletion events occur repeatedly until snowmelt (7, 2). Following
deposition, the mercury can be reduced by sunlight-inducted reactions and emitted as a
gas (3-6), or can be retained in the snowpack (7, §), where it may affect Arctic
ecosystems following snowmelt. However, the proportion of mercury that remains in the
snowpack is uncertain. Here, we measured the mercury isotopic composition of snow
samples collected during an atmospheric mercury depletion event in Barrow, Alaska. We
report large negative mass-independent fractionation of mercury isotopes in the Arctic
snow. Results from a flux chamber experiment suggest that mass-independent
fractionation is coupled to the re-emission of elemental mercury to the atmosphere, and is
triggered by sunlight-induced reactions. On the basis of the above, we estimate that
photochemical reactions triggered the release of a significant portion of the mercury

deposited during this atmospheric mercury depletion event.

ISherman, L. S., Blum, J. D., Johnson, K. P., Keeler, G. J., Barres, J. A., Douglas, T. A. Mass-independent
fractionation of mercury isotopes in Arctic snow driven by sunlight. Nature Geoscience 2010, 3, 173-177.
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3.2 Main Text

As a result of active redox chemistry, occurrence in several physical states and
seven stable isotopes (196, 198, 199, 200, 201, 202, and 204 amu), mercury (Hg) isotopes
are fractionated during a wide range of reactions. Mass-dependent fractionation (MDF)
of Hg can occur as a result of processes such as volatilization from aqueous solutions (9,
10) and microbial reduction (/7). MDF is described using delta notation according to
equation (1) where (“"*Hg/ 198Hg)NIST srM 3133 18 the average Hg isotope ratio of bracketing
standards (/2).

8" Hg (%0) = ([(**Hg/"**Hg)unknown/ “Hg/**Hg)nist srm 31331 — 1) * 1000 (1)

Recent data indicate that Hg isotopes can also undergo mass-independent
fractionation (MIF) in which the even and odd mass number isotopes fractionate from
each other (/3-17). MIF of Hg isotopes has been observed in a variety of natural samples
including sediments, hydrothermal waters and fish tissue (10, 13, 16, 17). MIF is
described using capital delta notation (for example, A'*’Hg) as the difference between the
measured 8 “Hg value and that predicted on the basis of kinetic MDF (72).

Although the processes that cause MIF are not fully understood, MIF of Hg
isotopes is believed to occur during both reactions at equilibrium (for example, as a result
of the nuclear volume effect) (/8, 19) and kinetically-driven processes (for example, as a
result of the magnetic isotope effect) (20). The magnetic isotope effect occurs during
reactions involving long-lived radical pairs as a result of the influence of hyperfine
coupling between unpaired nuclear spins and electronic spins on the rate of triplet to
singlet spin conversion (/3, 20). Because only odd mass number isotopes of Hg have

unpaired nuclear spins, even- and odd-mass-number isotopes can react at different rates.
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Bergquist and Blum (/3) demonstrated that photochemical reduction of Hg*" and
degradation of methylmercury from aqueous solutions containing dissolved organic
carbon can cause the preferential reduction and evasion of the even-mass-number
isotopes of Hg. As a result, increasingly positive A"’ Hg values (up to 2.1 =+ 0.05%o, 2
s.d.) were observed in aqueous solutions following reduction and evasion. A similar
degree of positive MIF was measured in fish tissues and it was suggested that the MIF
signature was passed through the aquatic food web during bioaccumulation (/3).

During polar atmospheric mercury depletion events (AMDEs), photochemically
initiated reactions involving halogen and halogen oxide radicals oxidize Hgo(g) in the
lower atmospheric boundary layer to compounds that are rapidly deposited to the
snowpack (7, 21-23). As a result, atmospheric Hgo(g) concentrations decrease
significantly (to <0.5 ng/m®) and surface snow inorganic Hg concentrations increase (up
to >250 pg/m’) (1, 21). Previous studies of Hg deposition and measurements of vertical
HgO(g) profiles during AMDEs indicate that nearly total depletion of Hg occurs in the
atmospheric boundary layer from the snow surface up to ~200-1000 m elevation (27, 23,
24). Nearly complete deposition should preserve the gaseous Hg isotope composition in
deposited Hg even if fractionation occurs during oxidation.

On the basis of measurements of Hg sources to the atmosphere, we expected that
atmospheric Hg would not show significant MIF (70, 14). To test this we collected total
gaseous Hg (Hgr, which is predominantly HgO(g)) (25) near Barrow, Alaska in June 2008
by pumping filtered ambient air through gold traps. Although we did not collect gaseous
samples at the same time as snow sample collection (March 2006), these atmospheric

samples give us an indication of the gaseous Hgr isotope composition in the spring near
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Barrow, Alaska. As expected, the Hgr samples show very little MIF (A"’Hg =-0.11 to -
0.22%o0 + 0.08%o, 2 s.e.; Figure 3.1 and Table 3.1). If removal of Hg from the boundary
layer was incomplete and Hg fractionation occurs during oxidation, we cannot eliminate
the possibility that the isotopic composition of deposited Hg could be different from that
of Hgr. Isotopic measurements of atmospherically deposited Hg in Spanish moss and
tree lichens suggest that Hg deposited in other regions may show some negative MIF
(A199Hg =-0.03 to -1%o, 2 s.d. =<0.16%0) (15, 26). On the basis of these data, we allow
for the possibility that AMDE-deposited Hg may initially show small negative MIF
(A"’Hg = 0 to -1%o).

After deposition, Hg can be photochemically reduced and subsequently re-
oxidized within the snow (4, 27) or released to the atmosphere as Hgo(g) (3-6). To
investigate Hg fractionation during photochemical reduction and emission of Hgo(g), we
collected snowfall, surface snow, and drifted snow samples during a nine-day AMDE
near Barrow, Alaska in March 2006. All samples were collected using Hg-clean
methods; sample collection procedures have been previously published (27). Briefly, to
avoid incorporation of saltating snow grains, snowfall was collected in trays elevated 1.5
m above the ground (2/). Newly fallen precipitation in these trays was sampled every 24
h. Surface snow was collected from the upper 1 cm of the snowpack and represents
recently deposited snow that was exposed to sunlight for at least several days. Drifted
snow was collected downwind of a wooden snow fence from the upper 2 cm of the
snowpack. These samples primarily represent a mixture of snow crystals that were

transported across the tundra by saltation (for an unknown distance and time period).
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Snowfall samples contained the highest observed inorganic Hg concentrations (>350
ng/L) and concentrations were lower (~100 ng/L) in drifted snow samples (Table 3.1).

After pre-concentration, the Hg isotopic compositions of these samples were
measured using cold-vapor multi-collector inductively coupled plasma mass spectrometry
(12, 13) (Table 3.1 and Figure 3.1). The amount of negative MIF increased from
snowfall (A199Hg =-0.95 to -1.20%o, 2 s.d = 0.09%o) to surface snow (A199Hg =-2.41to -
2.63%o, 2 s.d. = 0.09%o) to drifted snow (A'*’Hg = -3.84 to -5.08%o, 2 s.d. = 0.09%o).
This degree of negative MIF is an order of magnitude greater than previously observed in
natural samples of any type (/4-16, 28).

These data indicate that with exposure to sunlight, Hg is lost from surface snow
(21) and undergoes MIF, wherein the odd-mass-number isotopes of Hg are preferentially
reduced and emitted. To further investigate the fractionation of Hg isotopes during
photochemical reduction from the snowpack, we analyzed the isotopic compositions of
the products of a controlled flux chamber experiment. The rates of photochemical
reduction for this and similar experiments were published previously (27). On 27 March
2006, a 40 L polypropylene flux chamber with a transparent Teflon window was filled
with snow from the drift site to a depth of 11.5 cm. Before starting the experiment,
duplicate snow samples were taken from the chamber. Over a 10.5 h period, sunlight
entered the chamber through the Teflon window and ambient air was pulled into the
chamber through a Teflon inlet tube. Photochemically reduced Hg was simultaneously
sampled into a Tekran 2537A gaseous Hg analyzer and onto an in-line gold trap at a

combined rate of 2.5 L/min. After the experiment, duplicate samples were taken of the
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chamber snow (0-6 cm depth). The isotopic composition of volatilized Hgo(g) collected
on the gold trap was also analyzed.

Photochemical reduction of Hg from the snow surface in the chamber caused both
emission of Hgo(g) (~6% of total Hg in the snow; (27) and significant fractionation of Hg
isotopes (Figure 3.1 and Table 3.1). The measured isotopic compositions of the duplicate
surface snow samples taken before the experiment were the same within measurement
error (8°"*Hg = 0.40 and 0.44%o, 2 s.d. = 0.17%o; A"*’Hg = -4.93 and -5.08%o, 2 s.d. =
0.09%0). During the experiment, the light isotopes of Hg were preferentially lost from the
snow surface (final 8°**Hg = 0.73 and 0.70%o, 2 s.d. = 0.17%o) and collected onto the gold
trap (5°°Hg = -0.38 + 0.16%o, 2 s.d.). Similar MDF caused by the preferential loss of
light Hg isotopes has been observed during photochemical reduction of Hg from aqueous
solutions (9, 10, 13). In addition to MDF, MIF was observed as a result of the
preferential loss of the odd-mass-number isotopes of Hg. A'*’Hg became more negative
in the remaining surface snow (A'”’Hg = -5.34 and -5.52%o, 2 s.d. = 0.09%o0) and A'”’Hg
of the emitted Hgo(g) was less negative than that of the original snow (A'”’Hg =-1.87 +
0.09%o, 2 s.d.).

We suggest that MIF observed in the chamber experiment and in the natural snow
samples may be caused by photochemically driven radical-pair reactions. The ratio of
A" Hg to A*'Hg for all flux chamber experiment samples and natural snow samples was
1.07 £ 0.02 (1 s.e.) (Figure 3.2). This value is much lower than predicted to result due to
nuclear volume effects (~2.47(15, 18, 28). Instead, we suggest that MIF in these samples
is the result of a kinetic photochemical process involving Hg-halogen radical pair

intermediates in which compounds containing odd-mass-number isotopes of Hg
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recombine with halogen radicals at a different rate from those containing even-mass-
number isotopes. This process is similar to that observed during photochemical reduction
of Hg”" associated with dissolved organic matter in aquatic systems for which the
measured ratio of A199Hg to AzOIHg 1s 1.00 £ 0.02 (2 s.e.) (/3). The MIF in snow
samples is, however, different because the odd-mass-number isotopes of Hg are
preferentially reduced and emitted rather than retained in the oxidized form. Although
we are unable to determine the specific reaction mechanisms causing the observed MIF,
we suggest that multi-step heterogeneous redox reactions are involved, likely focused in
the quasi-liquid layer on the surfaces of snow crystals (29).

Photochemical reduction observed during the chamber experiment can be
modeled using a Rayleigh-type fractionation model (/3) in which the Hg retained in the
snow and the Hg emitted as Hgo(g) form complementary reservoirs (Figure 3.3). Although
we cannot eliminate the possibility that back-reactions may affect the results of this
simplistic model, we suggest that this model can provide useful insight into this complex
system. To calculate a kinetic fractionation factor for this process it is necessary to know
the fraction of Hg lost from the chamber snow. Previous experiments determined an e-
folding depth for ultraviolet radiation in uniform Arctic coastal snow of 5-6 cm (30). On
the basis of this we calculate a kinetic fractionation factor (A199a5now_air) of between
0.99660 and 0.99665. If the e-folding depth was greater and ultraviolet radiation
penetrated to the bottom of the chamber, the calculated fractionation factor would
increase only slightly to 0.99676. Assuming that AMDE-deposited Hg shows only small
negative MIF (A"’Hg = 0 to -1%o), the Rayleigh fractionation model can be used to

determine the relative amount of Hg loss that has occurred (Figure 3.3). We estimate that
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photochemical reduction caused loss of ~5-30% of the Hg originally in snowfall samples,
~35-50% of the Hg originally in surface snow samples and ~65-75% of the Hg in drifted
snow samples.

This study demonstrates that Hg can undergo significant MIF during
photochemically driven reactions in snow. Future experiments are needed to fully
understand the reaction pathways involved, to explore the isotopic composition of Hg in
snow during non-AMDE periods and to expand these results to other Arctic locations.
We suggest that the negative MIF signature measured in AMDE-deposited Hg can be
used to approximate the amount of AMDE-deposited Hg lost from the snowpack. If the
remaining AMDE-deposited Hg subsequently enters Arctic ecosystems, its isotopic
composition should be retained through methylation and bioaccumulation processes and

would be identifiable in higher organisms.

3.3 Methods

Collection of snow samples near Barrow, AK (71.32°N, 156.5°W) and details of
the flux chamber experiments have been described previously (2/). Snow samples and
procedural standards (NIST SRM 3133 in 1% BrCl) were processed according to the
following methods. BrCl (1%, v/v) was added to the frozen samples and the snow was
allowed to melt in a clean room. Inorganic Hg concentrations in the liquid snow samples
were determined using atomic absorption spectroscopy (Nippon Instruments, MA 2000)
according to previously described methods (27). For these analyses, the detection limit

was 1.0 ng/L (3 s.d. of blank analyses) and analytical uncertainty was + 2.5% (1 s.d.).
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Before isotopic analyses it was necessary to concentrate each sample into an 8 g
solution with a Hg concentration of at least 2 ng/g. Hg in the samples was reduced to
HgO(g) by means of simultaneous introduction of the sample and a reagent mixture (equal
parts 10% SnCl, and 25% H,SO4 plus 1% by volume of 30% NH,OH) at a rate of 0.8
ml/min each onto a frosted-tip gas-liquid separator. A counter-flow of Ar (0.9 L/min)
bubbled the resulting Hgo(g) into 25 g of an acidic 2% KMnOj solution (Alfa Aesar, low
Hg, w/w). Each 25 g solution was further concentrated by means of reduction in 5 ml
aliquots with 20 pul 30% NH,OH, 250 pl 20% SnCl, and 250 pl 50% H,SO4. The
resulting Hgo(g) in these aliquots was bubbled into 8 g of 2% KMnOj, solution using an
automatic sample changer (Nippon Instruments, SC-3).

Two total gaseous Hg (Hgr) samples were collected as part of this study (from 14
June 2008 to 16 June 2008 and from 18 June 2008 to 21 June 2008). Ambient air was
pumped through eight ~15 cm glass tubes containing gold beads (‘gold traps’) that were
mounted on a polyvinyl chloride manifold and maintained at 55-65 °C to prevent
condensation. Quartz-fiber filter packs were attached to the intake end of each gold trap
and the flow through each gold trap was maintained at 1.8 L/min. Hgr samples collected
on gold traps and procedural standards (NIST SRM 3133 amalgamated to gold beads)
were processed according to the following methods. Using a programmable heating coil,
Hg was thermally desorbed from the gold beads (heat from 20 to 100 °C over 10 min;
100 to 300 °C over 90 min; 300 to 500 °C over 40 min; 500 °C for 10 min; cool). The
released Hgo(g) was bubbled into 25 g of 2% KMnOj solution with Ar) at a rate of 50
ml/min. Each 25 g solution was further concentrated into 8 g using an automatic sample

changer as described above.
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The Hg isotope compositions of samples and procedural standards were measured
according to previously published methods via continuous-flow cold-vapor generation
multi-collector inductively coupled plasma mass spectrometry (/2, 13). Analytical
uncertainties in these measurements are reported as the largest of 2 s.d. of the long-term
reproducibility of the in-house UM-Almadén standard, 2 s.d. of the reproducibility of
procedural standards, or 2 s.e. reproducibility of replicate sample analyses (/3). All
samples reported in this study had Hg recoveries greater than 70% and procedural
standards with similar Hg recoveries were not isotopically fractionated. We suggest,
therefore, that all of the isotopic compositions reported in this manuscript are accurate
within the reported analytical uncertainty.

MIF is described using capital delta notation according to equations (2)-(4). MIF
is considered significant if it is greater than 2 s.d. of that measured in the bracketing

standards (NIST SRM 3133).

A"Hg = §""Hg — (5°"Hg * 0.252) )

A*™Hg = §*"’Hg — (5°"Hg * 0.502) (3)

A*'Hg = §*""Hg — (5°"Hg * 0.752) 4)
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Figure 3.1 Mercury isotopic compositions of snow samples, chamber experiment
samples, and gaseous samples. Snowfall, surface and drifted snow samples are
represented by filled symbols. Drifted snow samples used in chamber are represented by
grey triangles (Hg(I)pre)). Samples of snow post-experiment (Hg(ID)pos)) and Hgo(g)
released during the chamber experiment (Emitted Hgo(g)) are represented by open
triangles. Gaseous Hgr samples are represented by crosses. A linear regression based on
the chamber experiment (y = -3.30x - 3.30; r* = 0.96) is shown as a dashed line.
Representative 2 s.d. analytical uncertainty based on replicate analyses of process
standards is shown.
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Figure 3.2 Mass-independent fractionation of snow samples and chamber experiment
samples. Snowfall, surface and drifted snow samples are represented by filled symbols.
Drifted snow samples used to fill the chamber are represented by grey triangles; samples
of the snow in the chamber after the experiment and the Hgo(g) released during the
experiment are represented by open triangles. A linear regression based on all of the data
is shown as a dashed line. Representative 2 s.d. analytical uncertainty based on replicate
analyses of process standards is shown.

72



AFlux chamber experiment

4 -
— Gas A Drifted snow (used in chamber)
T ® Average snowfall
7 - T B Average surface snow

- A Average drifted snow

A Hg (%o)

10 09 08 07 06 05 04 03 02 0.1 0.0

Figure 3.3 Rayleigh fractionation models showing mercury isotope changes in snow and
emitted gas. Flux chamber experiment samples are shown as open and grey triangles and
average Hg isotopic compositions of natural snow samples are shown as filled black
symbols. Models based on chamber experiment are represented with solid lines and
models of natural snow samples are represented with dashed lines. The depicted model
of natural snow samples assumes that AMDE-deposited Hg does not originally display

MIF (that is, A"’Hg =~ 0%o).
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Table 3.1 Mercury isotopic compositions of standards, snow samples and chamber experiment samples. Average values presented for
the UM-Almadén standard are based on measurements made from September 2007 to February 2009. Reported 26 uncertainties for
the UM-Almadén standard and NIST SRM 3133 process standards are 2 s.d. of multiple measurements. Reported 26 uncertainties for
gaseous Hgr samples are 2 s.e. of the mean of replicate analyses. None of the snow samples contained enough Hg for Hg isotope
ratios to be analyzed more than once.

conceI:tgration 8""Hg 26 8""'Hg 26 8"Hg 26 3 Hg | 26 | A™Hg | 26 | A™Hg | 26 | A™Hg | 20
Sample type (ng/L) n (%) (%) (%) (%) (%) (%) (%) (%) (%) (%o0) (%) (%o0) (%) (%o0)
UM-Almadén standard 151 -0.53 0.16 -0.44 0.13 -0.26 0.08 -0.15 | 008 | -0.04 | 0.08 | 0.01 0.03 | -0.02 | 0.06
NIST SRM 3133 (snow process std) 11 -0.16 0.17 -0.14 0.19 -0.09 0.11 -0.07 | 012 | 002 | 007 | -001 | 003 | -003 | 0.09
NIST SRM 3133 (Hg; process std) 5 -0.01 0.07 -0.03 0.08 -0.04 0.06 -0.02 | 005 | -002 | 003 ]| -003 | 005 | -002 | 005
Gaseous Hgr 2 -0.12 0.28 -0.13 0.32 -0.17 0.34 0.14 | 012 | 004 | 010 | -0.11 | 020 | -0.11 | 0.04
Gaseous Hgr 2 0.15 0.16 0.12 0.32 0.06 0.16 -0.18 | 0.12 0.01 020 | -001 | 0.08 | -022 | 0.08
Snowfall 360 1 0.54 -0.38 0.19 -0.81 -0.79 -0.08 -0.95
Snowfall 416 1 -0.05 -1.23 -0.02 -1.21 -1.19 0.00 -1.20
Surface snow 199 1 0.70 -1.71 0.24 2.23 2.24 -0.12 -2.41
Surface snow 81.2 1 -0.10 -2.45 -0.04 2.52 2.38 0.01 -2.49
Surface snow 85.1 1 -0.49 2.77 -0.26 -2.76 -2.40 -0.01 -2.63
Drifted snow 94.5 1 0.57 -3.33 0.22 -3.70 -3.75 -0.06 -3.84
Drifted snow 109 1 0.40 -4.32 0.12 -4.83 -4.62 -0.08 -4.93
Drifted snow 109 1 0.44 -4.32 0.16 -4.97 -4.65 -0.06 -5.08
Chamber expt: Hg(ID pre) 109 1 0.40 -4.32 0.12 -4.83 -4.62 -0.08 -4.93
Chamber expt: Hg(IDpre) 109 1 0.44 -4.32 0.16 -4.97 -4.65 -0.06 -5.08
Chamber expt: Hg(IDposy 96.4 1 0.73 -4.44 021 -5.16 -4.99 -0.16 -5.34
Chamber expt: Hg(IDposy 96.4 1 0.70 -4.61 0.35 -5.34 -5.14 0.00 -5.52
Chamber expt: Emitted Hg’, 1 -0.38 -2.08 -0.24 -1.97 -1.80 -0.05 -1.87




CHAPTER 4

Frost flowers growing in the Arctic ocean-atmosphere-sea ice-snow interface:

2. Mercury exchange between the atmosphere, snow and frost flowers'
Abstract

Frost flowers are ice crystals that grow on refreezing sea ice leads in Polar
Regions by wicking brine from the sea ice surface and accumulating vapor phase
condensate. These crystals contain high concentrations of mercury (Hg) and are believed
to be a source of reactive halogens, but their role in Hg cycling and impact on the fate of
Hg deposited during atmospheric mercury depletion events (AMDEs) are not well
understood. We collected frost flowers growing on refreezing sea ice near Barrow,
Alaska (U.S.A.) during an AMDE in March 2009 and measured Hg concentrations and
Hg stable isotope ratios in these samples to determine the origin of Hg associated with
the crystals. We observed decreasing A'*’Hg values in the crystals as they grew from
new wet frost flowers (mean A'*’Hg = 0.77 + 0.13%o, 1 s.d.) to older dry frost flowers
(mean A'’Hg = 0.10 + 0.05%o, 1 s.d.). Over the same time period, mean Hg
concentrations in these samples increased from 131 + 6 ng/L (1 s.d.) to 180 £+ 28 ng/L (1
s.d.). Coupled with a previous study of Hg isotopic fractionation during AMDEs, these
results suggest that Hg initially deposited to the local snowpack was subsequently

reemitted during photochemical reduction reactions and ultimately accumulated on the

! Sherman, L. S., Blum, J. D., Douglas, T. A., Steffen, A. Frost flowers growing in the Arctic ocean-
atmosphere-sea ice-snow interface: 2. Mercury exchange between the atmosphere, snow and frost flowers.
Journal of Geophysical Research 2012, 117, DOOR10.
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frost flowers. As a result of this process, frost flowers may lead to enhanced local
retention of Hg deposited during AMDEs and may increase Hg loading to the Arctic

Ocean.

4.1 Introduction

During spring in Polar Regions, chemical reactions involving reactive halogens
cause atmospheric boundary layer ozone depletion and the oxidation of gaseous
elemental mercury (GEM) to reactive gaseous mercury (RGM) and particle-bound
mercury (PHg) compounds that are rapidly deposited to the snowpack (/-9). During
these atmospheric mercury depletion events (AMDEs), atmospheric boundary layer
concentrations of GEM decrease from ~1.6 ng/m’ to well below 1.0 ng/m’ for hours to
days (2, 4, 5, 10). When these events occur due to local GEM oxidation and deposition
rather than influx of a previously depleted air mass (//7), mercury (Hg) concentrations in
surface snow can increase by more than an order of magnitude to values as high as 400
ng/L (12, 13). Recent studies including several conducted in Barrow, Alaska (AK)
(U.S.A)) (2, 12, 14, 15) suggest that a significant portion of the Hg deposited during
AMDE:s is subsequently reduced during photochemical reactions and reemitted as GEM
(16-19). However, the percent of AMDE-deposited Hg remaining in the snowpack at the
time of snowmelt has been debated (6, /4, 20, 21). A more complete understanding of
Hg cycling at snow and sea ice surfaces during these events is crucial to determining the
potential impact of AMDEs on Arctic ecosystems.

The occurrence of locally produced AMDEs requires sunlight, relatively calm

meteorological conditions and elevated levels of tropospheric halogens such as bromine
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(Br) (4, 22, 23). While the exact mechanisms that cause the production of large
quantities of sea salt aerosols during these events remain unclear (24), it has been
suggested that first-year sea ice (25), blowing snow (26), halogen reactivation and
emission from snow surfaces (27), and frost flowers (28, 29) are potential sources of the
gas-phase halogens. Frost flowers are ice crystals that commonly develop on the surface
of new sea ice that is refreezing over lead (29-32). Brine is wicked upward into the
newly forming “wet” frost flowers until it is depleted from the ice surface (32, 33). The
then “dry” frost flowers continue to grow via condensation of water vapor from the
supersaturated air directly above the sea ice (33, 34). This vapor phase deposition onto
the frost flowers generally dilutes the concentrations of major elements (including CI, Br,
Na, K, Mg, and Ca) in the crystals (32). Frost flowers are eventually buried by blowing
snow, flooded with seawater (317), or redistributed onto the ice and snowpack by strong
winds (29).

In addition to potentially enhancing the production of gas-phase halogens during
AMDESs, frost flowers may play other important roles in Arctic Hg cycling. High Hg
concentrations have been measured in frost flowers (>150 ng/L) (/3, 35) and it has been
suggested that the high halogen concentrations in these ice crystals (29) cause them to
scavenge atmospheric Hg (/3). The extent to which frost flowers impact the cycling of
Hg between snow, the atmosphere, and sea ice during AMDE:s is not well understood.
Measurement of Hg stable isotope fractionation has been shown to be an effective tool to
study the transfer of Hg between snow and the atmosphere in Arctic regions (/4). As
part of the 2009 Ocean-Atmosphere-Sea Ice-Snow (OASIS) field campaign, we

measured Hg stable isotope ratios in samples collected near Barrow, AK to investigate
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the transfer of Hg between frost flowers, surface snow, and the atmospheric boundary

layer during polar springtime.

4.2 Mercury stable isotopes

The measurement of Hg stable isotope ratios in natural samples has recently
provided insight into Arctic Hg cycling (/4, 36). There are seven stable isotopes of Hg
(196, 198, 199, 200, 201, 202, and 204 amu) and isotopic fractionation can occur during a
variety of biotic and abiotic reactions. Mercury isotope ratios are reported using delta
notation as

8*Hg (%0) = ([("*Hg/"""Hg)sampte/("*He/ " Hg)sru3133] — 1) * 1000 (1)
where **Hg is a given isotope of Hg and SRM 3133 is a NIST Hg standard (37). Mass-
dependent fractionation (MDF) of Hg can occur during processes such as microbial
reduction (38) and photochemical reduction and loss from aqueous solutions and snow
(14, 39, 40). Mercury can also undergo mass-independent fractionation (MIF), which is
reported as the deviation of a measured ratio from that theoretically predicted to result
due to kinetic MDF as

A®Hg = §**Hg — (5°Hg * ) @)
where £ is equal to 0.252 for '*’Hg and 0.752 for **’Hg (37). MIF can occur during
photochemical reactions (due to the “magnetic isotope effect”) and to a lesser extent
(<~0.5%o0) primarily during equilibrium reactions due to differences in the nuclear charge
radii between Hg isotopes (the “nuclear field shift effect™) (39, 4/-43). High levels of
MIF occur due to the magnetic isotope effect (MIE) during kinetic photolysis reactions

that are spin-selective and involve the creation of long-lived spin-related radical pairs
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(39, 44, 45). Because only the odd-mass-number isotopes of Hg are magnetic and have
unpaired nuclear spin, radical pairs involving an odd-mass-number isotope of Hg can
recombine at different rates than those with an even-mass-number isotope of Hg. This
process has been shown experimentally to produce A'”’Hg/A?°'Hg ratios of between 1.0
and 1.3 (39, 40). During reactions in which radical pairs are generated in the triplet state,
triplet to singlet conversion is enhanced by magnetic isotopes. As a result, radical pairs
that include odd-mass-number isotopes of Hg recombine at a faster rate and the odd-
mass-number isotopes of Hg are preferentially retained as reactants (42). Bergquist and
Blum (39) observed this effect during the photochemical reduction of Hg>" from aqueous
solutions containing dissolved organic carbon. Because the odd-mass-number isotopes of
Hg were preferentially retained in the oxidizing reservoir, positive MIF of '*’Hg and
*THg was observed in the aqueous solutions (A'”’Hg values up to 2.1 = 0.05%o, 2 s.d.)
(39). Itis also possible under different bonding conditions for radical pairs that involve
Hg to be generated in the singlet state (42). During these reactions, singlet to triplet
conversion is enhanced by magnetic isotopes and the recombination of radical pairs that
include magnetic isotopes of Hg becomes spin forbidden. This results in the preferential
accumulation of the odd-mass-number isotopes of Hg in the reaction products (42).
Sherman et al. (/4) observed MIF of this character in Arctic snow during an AMDE.
Preferential photochemical reduction and loss of the odd-mass-number isotopes of Hg
from surface snow resulted in the observation of extreme negative MIF of '*’Hg and
*'Hg in the snow (A"*’Hg values down to -5.08 + 0.09%o, 2 s.d.) (/4). This suggests that
the measurement of MIF of Hg stable isotopes in Arctic snow and ice samples may help

to elucidate the fate of AMDE-deposited Hg.
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4.3 Methods
4.3.1 Sample collection

All of the samples described in this study were collected into Teflon bottles
(PTFE) using acid-cleaned Teflon scoops. The bottles were acid washed in a clean room
in the Biogeochemistry and Environmental Isotope Geochemistry Laboratory at the
University of Michigan (UM BEIGL). The bottles were fully submerged in a hot 5%
HNO; (v/v) bath for 48 h and then filled with 5% BrCl (v/v) for 48 h. After being
thoroughly rinsed with deionized water, the bottles were dried and a subset were filled
with 1% BrCl (v/v), allowed to react for 24 h, and analyzed for Hg concentrations using
atomic absorption spectrometry (AAS; Nippon Instruments, MA 2000). Mercury
concentrations in these bottle blanks were below the method detection limit (MDL) for
these analyses (i.e., <0.76 ng/L, see section 4.3.2).

As described by Douglas et al. (32), frost flower, snow, and brine samples were
collected in March 2009 from two sites located approximately 7 km apart at the edge of
the land-fast ice north of Barrow, AK (Figure 4.1). Site A was located ~3 km northwest
of Barrow (71.306433N, 156.807159W) and Site B was located ~8.5 km northeast of
Barrow (71.35385N, 156.688171W). Based on analysis of Moderate Resolution Imaging
Spectroradiometer (MODIS) imagery (see Douglas et al., 2012, Figure 1), repeat visits to
the sea ice sites, and calm meteorological conditions during the study period, we believe
that the frost flowers at the two sites were part of a single large field. This frost flower
field was several kilometers long and the ice crystals began growing either in the evening
of March 13 or in the morning of March 14 (32). We collected samples from this field

over time to represent a continuum from wet, brine-rich flowers to dry flowers coated
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with an increasing amount of vapor phase condensate. To ensure collection of sufficient
Hg for isotopic analyses, large volume samples were collected at each site when possible.
To determine whether AMDESs were occurring during the study period, atmospheric total
gaseous Hg (TGM) was measured continuously at the Barrow Arctic Science Consortium
(BASC) ~4 km north of Barrow (Figure 4.1) using a Tekran 2537A. In remote areas such
as Barrow where there are no significant local anthropogenic sources of Hg, TGM is
predominantly composed of GEM (35, 46).

On March 14, 2009, actively growing wet frost flowers were collected at Site A.
Based on MODIS imagery, we believe that these frost flowers were less than 24 h old
(32). We also collected frozen surface brine (~3 mm thickness) from an area near these
wet frost flowers and older dry frost flowers from a location ~300 m inland. There was
no liquid brine at the surface near the dry frost flowers and the crystals were no longer
wicking up brine. Finally, we collected surface snow samples (~1 cm in depth) from an
ice block elevated 1 m above the sea ice surface near the frost flowers. Although we do
not know exactly when this snow began accumulating, clear skies and low winds
persisted for several days prior to March 14. Under these cold, clear sky conditions at
sites immediately adjacent to open leads and actively refreezing leads, vapor phase
deposition of diamond dust and surface hoar can add millimeters to a centimeter of ice
crystals to the snowpack surface in a period of less than 24 h (35). We suggest, therefore,
that this snow probably represents a mixture of diamond dust and surface hoar that was
less than 24 h old at the time of collection. On March 16, 2009, we returned to Site A

and resampled the frost flowers that had been wet and actively taking up brine two days
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earlier. These frost flowers were dry and had substantially gained in ice volume due to
the deposition of vapor phase condensate.

On March 20, 2009, we traveled to Site B and collected dry frost flowers, surface
snow and brine samples. As previously discussed, based on MODIS imagery (32), we
believe that these frost flowers were part of the same large field as the frost flowers
collected at Site A. Therefore, we suggest that these frost flowers were approximately six
days old. Finally, in the morning of March 25, 2009 we collected dry frost flowers and

brine from a site approximately 1 km south of Site B.

4.3.2 Analytical methods

After collection, snow and frost flower samples were kept frozen until they were
processed for analysis. At the UM BEIGL, 1% BrCl (v/v) was added to the samples and
they were allowed to melt in a clean room. Prior to concentration analysis, 5 ml aliquots
of the frost flower and brine samples were treated with ultraviolet light (UV) for three to
four days in sealed quartz tubes to release any Hg that was strongly bound to ligands
(47). Procedural standards (10 pg of SRM NIST 3133 in 1% BrCl) and blanks were
treated with UV light in the same manner. Mercury concentrations were then measured
using AAS. Variations in the means of concentration measurements are reported as 1 s.d.
The MDL for these analyses was 0.76 ng/L (3 s.d. of blank analyses) and all sample
replicates were within 11.8% relative percent difference (RPD) (mean RPD =2.79 +
2.88%, n = 40). Mercury in procedural standards treated with UV light was consistently
recovered after treatment (mean recovery = 100 + 6%, n = 5) and Hg concentrations in

the procedural blanks treated with UV light were below the MDL (n = 5). Two acid-
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cleaned bottles were transported to the sampling sites as process bottle blanks and
remained closed during the sampling period. These bottles were filled with 200 ml of 1%
BrCl (v/v) in a clean room and were found to contain small amounts of Hg (mean = 0.59
+ 0.26 ng per bottle). Although these bottle blanks contained more Hg than the
laboratory bottle blanks (which did not contain detectable quantities of Hg), this amount
of Hg represents only an average of 2.1 & 1.1% of the Hg in samples analyzed for
1sotopic composition and thus is negligible.

After Hg concentration analysis, those samples with sufficient Hg for isotopic
analysis (i.e., >8 ng) were concentrated into acidic 1% KMnO4 (w/w) solutions (Alfa
Aesar) as follows. Each sample was poured into a 2 L Pyrex bottle and 0.3 mL of 30%

NH,OH - HCI (w/v) was added and allowed to react for 30 min. A peristaltic pump was

then used to add 100 ml of 5% SnCl, (w/v) to the solution at a rate of 10 ml/min.
Mercury-free air was pulled through the sample and carried the resulting GEM into the
trapping solution at a rate of 0.7 L/min for four hours. Procedural standards (25 to 50 ng
of NIST SRM 3133 in 1% BrCl) and blanks were processed in the same manner.
Mercury in these standards was consistently recovered in the final solutions (mean
recovery =91 + 6%). The small amount of Hg measured in the procedural blanks (mean
=0.22 = 0.12 ng per blank, n = 3) was attributable to the KMnO, solutions. The Hg
isotopic compositions of samples and procedural standards were measured using
continuous-flow cold vapor generation multi-collector inductively coupled plasma mass

spectrometry (MC-ICP-MS) according to previously published methods (37, 39).

83



4.4 Results

Mercury concentrations measured in frost flower, surface snow, and brine
samples are presented in Table 4.1. Frost flowers at Site A increased in Hg concentration
as they grew: new wet frost flowers collected on March 14, 2009 contained an average of
131 £ 6 ng/L of Hg, older dry frost flowers collected the same day contained an average
157 £ 35 ng/L of Hg, and dry frost flowers that were ~48 h old (collected on March 16)
contained an average of 180 + 28 ng/L of Hg. Surface snow collected on March 14
contained an average of 89.3 + 16 ng/L of Hg and brine samples scraped from the ice
surface on the same day contained lower Hg concentrations (mean =41.5 + 3 ng/L). The
samples collected from Site B on March 20 contained lower Hg concentrations than the
samples collected previously at Site A (dry frost flowers: mean = 49.4 + 5 ng/L; snow:
mean = 11.4 + 0.2 ng/L; brine: mean = 52.7 = 11 ng/L). Five days later, Hg
concentrations were higher in the dry frost flower samples collected at Site B (mean =
82.2 + 13 ng/L) but the associated surface brine contained lower Hg concentrations
(mean = 16.0 £ 0.1 ng/L).

The isotopic compositions of frost flower, surface snow, and brine samples that
contained >8 ng of Hg are presented in Table 4.2 along with measured isotopic
compositions of the UM-Almadén secondary standard and procedural standards.
Variations in mean isotope ratios are reported as 1 s.d. As depicted in Figure 4.2, frost
flowers collected at Site A exhibited decreasing A'*’Hg values and slightly increasing
8"’ Hg values from new wet frost flowers (mean A'*’Hg = 0.77 + 0.13%o; mean 8°"*Hg =
0.42 + 0.08%o) to dry frost flowers that were ~48 h old (mean A'”’Hg = 0.10 + 0.05%o;

mean 5°Hg = 0.51 £ 0.03%o). The dry frost flowers collected on March 14, 2009 (mean
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A" Hg = 0.15 = 0.13%o; mean 8°**Hg = 0.55 + 0.06%o) were isotopically similar to the
dry (~48 h old) frost flowers collected two days later. As discussed previously, the frost
flowers at Site A also increased in Hg concentration as they grew (Figure 4.3). In
contrast, surface snow samples collected at Site A displayed negative A'*’Hg values
(mean A'’Hg = -0.99 + 0.03%o) that were similar to those observed in snowfall samples
collected during an AMDE in March 2006 (/4) (Figure 4.2). Frost flowers and brine
samples collected at Site B on March 20, 2009 exhibited negative A'*’Hg values (frost
flowers: mean A"*’Hg = -0.32 + 0.06%o; brine: mean A'”’Hg = -0.40 + 0.01%o) and
negative 8°°*Hg values (frost flowers: mean 8*"*Hg = -0.29 + 0.01%o; brine: mean §*"*Hg
=-0.29 £+ 0.14%o).

Interpretation of these data is aided by knowledge of atmospheric TGM
concentrations during the study period. Figure 4.4 depicts TGM concentrations and
average net solar radiation measured at BASC between March 12 and March 25, 2009.
Although TGM measurements made at BASC are likely representative of regional
atmospheric TGM concentrations, it is possible that TGM concentrations at the sampling
sites on the sea ice were somewhat different. However, based on the observed
meteorological conditions at BASC, it is likely that the air masses sampled at BASC also
impacted the collection sites. From March 14 through March 16 surface winds at BASC
were from the east-northeast toward Site A and on March 20 and during the morning of
March 25 surface winds at BASC were from the south toward Site B. AMDE conditions
existed at BASC while the frost flowers were growing from March 14 to March 16, 2009.
During this time period, atmospheric TGM concentrations were highest concurrent with

peak solar radiation (Figure 4.4). This may have occurred due to photochemical
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reduction and reemission of GEM from the surface snow during the AMDE (2, 12).
Atmospheric TGM concentrations began to return to typical background levels (~1.6
ng/m’) on March 16, 2009 and largely remained at those concentrations until March 19,
2009 when they dropped below 1 ng/m’ for less than one day. TGM concentrations
returned to background concentrations on March 20, 2009 and then oscillated daily
between background concentrations and concentrations less than 1 ng/m’ for the duration

of the study period.

4.5 Discussion

As frost flowers grow, deposition of water vapor condensate causes dilution of
major anions and cations in the ice crystals (32). Our observations of Hg concentrations
in frost flowers do not follow this trend. In contrast, as major element concentrations
decreased in the frost flowers growing at Site A from March 14 through March 16, 2009
(32), Hg concentrations increased (Figure 4.3). Previous studies have similarly observed
increasing Hg concentrations in frost flowers over time from new wet frost flowers to
older dry frost flowers (/3, 35). Because Hg concentrations are reported as ng of Hg per
liter of melted sample, increases in Hg concentration can be the result either of addition
of Hg or loss of ice. However, because vapor phase condensate was added to frost
flowers collected at Site A as they grew (32), the observed increases in Hg concentration
must have been due to the addition of Hg to the frost flowers.

New wet frost flowers collected at Site A on March 14, 2009 displayed positive
A"’Hg values (mean A'"’Hg = 0.77 + 0.13%o). It is unlikely that adsorption of RGM to

the frost flowers caused MIF via the MIE because photochemical reactions and long-
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lived radical pairs are not believed to be involved in this process (35). Although the
nuclear field shift (NFS) effect has been observed to cause MIF of Hg during equilibrium
reactions, this effect has not been predicted or observed to produce MIF greater than
~0.5%0 (43, 48-50). In addition, the NFS effect has been theoretically predicted and
experimentally demonstrated to produce a A'*’Hg/A*'Hg ratio between 1.6 and 2.5 (40,
43, 49, 50). Based on a York regression (57), the frost flower and surface snow samples
collected at Site A were characterized by a A'”Hg/A?*'Hg ratio of 1.26 + 0.10 (1 s.e.).
Therefore, it is unlikely that adsorption of RGM to the frost flowers caused MIF either
via the MIE or the NFS effect. Instead, it is likely that the Hg in the wet frost flowers at
Site A exhibited positive MIF prior to adsorption.

There are at least two processes that could produce the Hg that was adsorbed to
the frost flowers as they grew: (1) oxidation of background atmospheric GEM or (2)
oxidation of GEM emitted from the snowpack surface during photochemical reduction
reactions. The oxidation of atmospheric GEM to RGM and subsequent complete
deposition of Hg from the atmospheric boundary layer should not cause MIF of Hg
isotopes. During the AMDE that began on March 14, 2009, atmospheric GEM
concentrations dropped to less than 0.1 ng/m’ (Figure 4.4). Due to mass balance, such
complete Hg deposition should result in preservation of the isotopic composition of
atmospheric GEM in the deposited Hg (/4). Background TGM collected in Barrow, AK
in June 2008 did not display positive A'*’Hg values (A"”Hg = -0.11 and -0.22 + 0.08%o,
2 s.d. (14)). Based on this evidence, we argue that complete depletion of atmospheric Hg

during AMDE:s results in deposition of Hg that does not display positive MIF.
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However, if atmospheric depletion of Hg is not complete and oxidation of GEM
to RGM during AMDEs causes positive MIF, background atmospheric Hg deposited
during AMDESs might display positive MIF. Several studies have investigated the
reactions that result in the oxidation of GEM to RGM during AMDE:s (7, 4, 8, 15, 52).
Although this oxidation may occur through several reaction pathways, kinetic and
thermodynamic studies, ab initio calculations, and measured atmospheric halogen
concentrations during AMDE:s indicate that gaseous atomic Br is one of the most
significant oxidizing agents (/, 4, 8, 9, 53, 54). GEM oxidation by gaseous Br may
proceed according to reactions such as the following:

Hg” + Br > HgBr (3)

HgBr + Br & HgBr, 4)
Although sunlight is necessary to photolytically produce atomic Br from Br;, the gas-
phase oxidation of Hg” by Br (reaction 3) is not a directly photochemically mediated
radical pair reaction (/, 2, 23, 55, 56). It is possible, however, that the radical pair
intermediates in reaction 4 may be relatively long-lived. Therefore, we cannot discount
the possibility that reaction 4 may cause MIF via the MIE. However, as discussed
previously, because GEM is nearly completely depleted from the atmosphere during
AMDEgs, it is not likely that deposited RGM retains a significant MIF signature.

Based on these arguments, it is unlikely that RGM produced via oxidation of
background atmospheric GEM during the AMDE on March 14, 2009 displayed positive
MIF. However, as described above, Hg in wet frost flowers growing at Site A displayed
significant positive A'*’Hg values. We infer that RGM deposited to local surface snows

was photochemically reduced and reemitted, subsequently locally reoxidized (either by
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gaseous halogens or heterogeneously on the frost flowers), and adsorbed to the growing
frost flowers (15). Sherman et al. (14) observed extreme negative A'*’Hg values in snow
samples collected during an AMDE in March 2006. To determine the cause of this
fractionation, the authors filled a flux chamber with drifted snow that displayed negative
A"’Hg values (Figure 4.5). By exposing the snow to sunlight and collecting the emitted
GEM, the authors determined that photochemical reduction of Hg in the snow caused the
preferential emission of the odd-mass-number isotopes of Hg as GEM (/4). Relative to
the Hg originally in the snow, this resulted in more negative A'*’Hg values in the snow
after photochemical reduction and less negative A'*’Hg values in the emitted GEM
(Figure 4.5) (1/4). Although the authors were able to measure the preferential emission of
the odd-mass-number isotopes of Hg during this experiment, they did not observe the
retention of this Hg in local snow or any other reservoir (/4).

We suggest that frost flowers may adsorb a portion of the Hg that is reemitted
from surface snow and locally reoxidized. These crystals thereby represent a
complementary isotopic reservoir to surface snow. As shown in Figure 4.5, if this
process occurred in a manner similar to that observed by Sherman et al. (/4), we would
expect the A'*’Hg value of GEM emitted from the collected surface snow samples was
positive (expected A199Hg ~ 3.4%o based on AP0, snow-air = 0.99660 (14)). As
photochemical reduction continued, we expect that A'Hg values in the surface snow and
emitted GEM decreased (Figure 4.5). The reoxidation and adsorption of this Hg to the
frost flowers through time would have caused A'”’Hg values in the ice crystals to

decrease as Hg was added to them (Figure 4.5).
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It is difficult to estimate when the frost flowers began accumulating Hg and how
the rate of Hg adsorption changed through time. Based on the A'*’Hg values measured in
frost flowers collected at Site A on March 14, 2009, it is likely that the frost flowers
began accumulating Hg after the local surface snow had already lost some Hg. The
deposition velocity of RGM depends on a number of factors that may have changed
throughout the study period including the meteorology (e.g., wind speed and temperature)
and surface properties of the RGM species (/5). In addition, as the frost flowers grew
and their chemical composition and physical properties changed (32, 33), their ability to
scavenge Hg may have also changed. Because this system is very complex, it is not
currently possible to quantitatively model the isotopic evolution of the frost flowers and
corresponding surface snow without making an unreasonable number of simplifying
assumptions.

In contrast to the frost flowers collected at Site A, frost flowers collected at Site B
on March 20, 2009 were characterized by negative 5°**Hg values (mean = -0.29 +
0.01%o), negative A'’Hg values (A'"”’Hg = -0.36 and -0.28, 2 s.d. = 0.18%o) and lower Hg
concentrations (mean = 49.7 + 2.1 ng/L). The difference in frost flower 8°’Hg values
between Sites A and B probably reflects spatial variations in Hg isotopic composition
among snow samples which has been observed previously but is not well understood
(14). We suggest that there are several possible explanations for the observed negative
A"’Hg values in the frost flowers at Site B including (1) adsorption of isotopically
distinct Hg relative to that adsorbed to frost flowers at Site A, (2) photochemical
reduction of Hg from the frost flowers, or (3) continued accumulation of Hg emitted from

the snowpack surface coupled with deposition of vapor phase condensate. We cannot
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rule out the possibility that Hg initially deposited to the frost flowers collected at Site B
was different isotopically than Hg initially deposited to frost flowers growing at Site A.
However, this seems unlikely because the crystals growing at both sites were part of one
large frost flower field (32). It is possible that photochemical reduction and loss of Hg
from the frost flowers could have occurred at Site B after AMDE conditions ended on
March 16, 2009. If the Hg bonding environment in these ice crystals is similar to that of
Hg in surface snow, we expect that photochemical reduction of Hg from the frost flowers
would cause the preferential loss of the odd-mass-number isotopes of Hg and could have
resulted in the observed negative A'*’Hg values. However, because frost flowers contain
high concentrations of Br (29, 31, 32), it is possible that Hg that is reduced and emitted
from the ice crystals may be rapidly reoxidized and readsorbed (15, /7). We think it is
most likely that frost flowers at Site B continued to accumulate Hg emitted from the local
surface snowpack after the dry frost flowers were collected at Site A on March 16.
Continued adsorption of this Hg by the frost flowers at Site B could have resulted in the
observed negative A'”’Hg values in these samples. After the AMDE ended and
atmospheric GEM concentrations returned to background values, water vapor containing
little to no Hg may have condensed on the frost flowers at Site B. This would have
resulted in decreased Hg concentrations but would not have modified the Hg isotopic

composition of the frost flowers.

4.6 Conclusions

The fate of Hg deposited during AMDEs in Polar Regions is a question of

scientific interest. Based on analysis of Hg stable isotopes in frost flowers collected
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during an AMDE in March 2009, we suggest that Hg accumulating on the crystals was
originally deposited to local surface snow. A portion of this Hg was reduced during
photochemical reactions, reemitted as GEM, and subsequently locally reoxidized and
adsorbed onto the frost flowers. This process likely occurs repeatedly throughout Polar
Regions on refreezing sea ice leads during the spring AMDE season. A thinner, more
dynamic Arctic sea ice cover is expected in the future (57, 58). This sea ice will likely
have more open leads and may yield more new ice and frost flowers. The results of this
study suggest that frost flowers may, at least temporarily, aid in the local retention of
AMDE-deposited Hg. Ultimately, an increase in conditions that favor frost flower

growth in the Arctic may cause an increase in Hg flux to sea ice and to the Arctic Ocean.
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Figure 4.1 Map of frost flower sampling area near Barrow, AK with inset map of Alaska.
Frost flower sampling locations (Site A: 71.306433N, 156.807159W and Site B:
71.35385N, 156.688171W) are shown as black dots, the location of Barrow, AK is shown
as a star, and the location of Barrow Arctic Science Consortium (BASC) is indicated with
an arrow.
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Figure 4.2 Isotopic composition (5°**Hg versus A'*’Hg) of frost flower, surface snow,
and brine samples. Wet frost flowers and surface snow samples were collected at Site A
on 3/14/09, dry frost flowers were collected at Site A on 3/14/09 and 3/16/09, and dry
frost flowers and brine samples were collected at Site B on 3/20/09. Snowfall samples
collected near Barrow, AK in March 2006 by Sherman et al. (/4) are shown as black
pluses. Representative sample analytical uncertainty (2 s.d.) is shown.
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Figure 4.3 Mercury concentration (ng/L) versus A'*’Hg (%o) for frost flower, surface
snow, and brine samples. Wet frost flowers and surface snow samples were collected at
Site A on 3/14/09, dry frost flowers were collected at Site A on 3/14/09 and 3/16/09, and
dry frost flowers and brine samples were collected at Site B on 3/20/09. Horizontal
dashed line depicts the 0 values for the y-axis.
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Figure 4.4 Atmospheric TGM concentrations were measured continuously using a Tekran 2537A at the Barrow Arctic Science
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Consortium (BASC) located ~4 km north of Barrow, AK. Thirty minute averaged TGM concentrations (ng/m’, solid black line) and
hourly average net solar radiation (W/m?, dotted black line) from March 12, 2009 through March 25, 2009 are shown. AMDE

conditions are characterized by TGM concentrations less than 1.0 ng/m’ (shown by horizontal dashed line). Sample collection dates

are indicated by black arrows (Site A: 3/14/09 and 3/16/09, Site B: 3/20/09 and 3/25/09).
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Figure 4.5 Hypothesized isotopic evolution of frost flower samples, surface snow, and
emitted GEM. Symbols for frost flower and surface snow samples collected at Site A
during this study are shown in the figure legend. Samples collected during a flux
chamber experiment conducted by Sherman et al. (/4) are shown as triangles where
drifted snow originally placed in the chamber are open triangles, snow after the
experiment are grey triangles, and emitted GEM is a black triangle. Fractionation
observed during this experiment is shown as a large solid grey arrow. Hypothesized
fractionation occurring during photochemical reduction and emission of Hg from snow
during this study is shown as a large dashed grey arrow and the hypothesized isotopic
composition of GEM initially emitted by the surface snow is shown as a dashed box.
Dashed lines depict the 0 values for both axes.
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Table 4.1 Mercury concentrations in frost flower, surface snow, and brine samples.
Reported Hg concentrations represent averages of replicate measurements. The MDL for
these measurements was 0.76 ng/L and all sample replicates were within 11.8% relative
percent difference (RPD) (mean RPD = 2.79 + 2.88%, n = 40).

Sample type Collection Location Cog‘;ctgon (ng/gll)
Wet frost flowers Site A 3/14/09 124
Wet frost flowers Site A 3/14/09 134
Wet frost flowers Site A 3/14/09 136
Dry frost flowers Site A 3/14/09 128
Dry frost flowers Site A 3/14/09 156
Dry frost flowers Site A 3/14/09 127
Dry frost flowers Site A 3/14/09 164
Dry frost flowers Site A 3/14/09 213
Dry frost flowers, 48 hrs old Site A 3/16/09 200
Dry frost flowers, 48 hrs old Site A 3/16/09 160
Surface snow Site A 3/14/09 82.3
Surface snow Site A 3/14/09 92.8
Surface snow Site A 3/14/09 114
Surface snow Site A 3/14/09 69.7
Surface snow Site A 3/14/09 88.0
Brine Site A 3/14/09 38.5
Brine Site A 3/14/09 41.4
Brine Site A 3/14/09 44.5
Dry frost flowers Site B 3/20/09 51.2
Dry frost flowers Site B 3/20/09 48.2
Dry frost flowers Site B 3/20/09 55.4
Dry frost flowers Site B 3/20/09 42.5
Surface snow Site B 3/20/09 11.5
Surface snow Site B 3/20/09 11.3
Brine Site B 3/20/09 44 8
Brine Site B 3/20/09 60.7
Frost flowers 1 km S of Site B 3/25/09 91.0
Frost flowers 1 km S of Site B 3/25/09 73.3
Brine 1 km S of Site B 3/25/09 15.9
Brine 1 km S of Site B 3/25/09 16.1
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Table 4.2 Mercury isotopic compositions of standards and samples. Presented isotope ratios for the UM-Almadén secondary standard
are averages of analytical session averages from January 2010 through March 2011 (“n” is the total number of analytical sessions).
Presented isotope ratios for procedural standards are averages of analytical session averages (“n” is the number of processed
standards). Number of analysis for samples are the total number of times the sample was analyzed in a single analytical session.
Analytical uncertainties for the UM-Almadén standard and procedural standards are 2 s.d. of analytical session averages. Analytical
uncertainties presented for limited samples that were measured more than once in a given analytical session are 2 s.d. of analytical
session averages. Maximum sample analytical uncertainty for a given isotope ratio is the largest of the uncertainty (2 s.d.) measured
in the UM-Almadén standard or procedural standards.

Collection | Collection [Hg] Hg | 26 | 6Hg | 26 | Hg | 26 | 6Hg | 26 | A" Hg | 26 | A™Hg | 26 | A”Hg | 2¢
Sample type Location Date (ng/L) n (%) | (%) | (%o) | (%) | (%0) | (%) | (%o) | (%) | (o) | (%) | (%) | (%o) | (%) | (%v)
UM-Almadén standard 36 | -058 | 007 | -048 | 0.09 | -028 | 007 | -0.17 | 0.08 | -0.04 | 0.06 | 0.01 | 0.05] -0.02 | 0.07
NIST SRM 3133 (snow process std) 3 0.04 | 003 | 004 | 005] -0.03 | 009 ]| -003 |012] 001 |003] -005 | 011 | -0.04 |0.13
Wet frost flowers Site A 3/14/09 124 1 0.36 0.74 0.11 0.95 0.47 -0.07 0.86
Wet frost flowers Site A 3/14/09 134 1 0.47 0.74 0.13 0.79 0.39 -0.10 0.67
Dry frost flowers Site A 3/14/09 156 2 050 | 002 | 046 [002] 021 |012] 037 [010 ] 0.09 |002]| -004 |012]| 024 |0.10
Dry frost flowers Site A 3/14/09 213 2 059 014 | 032 [010] 024 |002]| 020 |002]| -012 |002]| -006 |0.08]| 0.05 |0.00
Dry frost
flowers, 48 h old Site A 3/16/09 200 1 0.49 0.34 0.17 0.26 -0.02 -0.07 0.13
Dry frost
flowers, 48 h old Site A 3/16/09 160 1 0.53 0.42 0.10 0.19 0.02 -0.17 0.06
Surface snow Site A 3/14/09 69.7 1 0.69 -0.48 0.24 -0.83 -1.00 -0.11 -1.01
Surface snow Site A 3/14/09 88.0 1 0.63 -0.40 0.3 -0.81 -0.88 -0.02 -0.97
Dry frost flowers Site B 3/20/09 51.2 1 -0.28 -0.61 -0.23 -0.43 -0.40 -0.09 -0.36
Dry frost flowers Site B 3/20/09 48.2 1 -0.29 -0.35 -0.30 -0.35 -0.14 -0.16 -0.28
Brine Site B 3/20/09 60.7 1 -0.39 -0.53 -0.40 -0.49 -0.23 -0.20 -0.39
Brine Site B 3/20/09 44.8 1 -0.19 -0.48 -0.11 -0.46 -0.33 -0.01 -0.41




CHAPTER 5

Investigation of local mercury deposition from a coal-fired power plant
using mercury isotopes1

Abstract

Coal combustion accounts for approximately two-thirds of global anthropogenic
mercury (Hg) emissions. Enhanced deposition of Hg can occur close to coal-fired utility
boilers (CFUBSs), but it is difficult to link specific point sources with local deposition.
Measurement of Hg stable isotope ratios in precipitation holds promise as a tool to assist
in the identification of local Hg deposition related to anthropogenic emissions. We
collected daily event precipitation samples in close proximity to a large CFUB in Crystal
River, Florida. Precipitation samples collected in Crystal River were isotopically distinct
and displayed large negative 5°**Hg values (mean = -2.56%o, 1 s.d = 1.10%o, n =28). In
contrast, precipitation samples collected at other sites in FL that were not greatly
impacted by local coal combustion were characterized by §>**Hg values close to 0%o
(mean = 0.07%o, 1 s.d. =0.17%o, n = 13). These results indicate that, depending on
factors such as powdered coal isotopic composition and efficiency of Hg removal from
flue gas, Hg deposited near CFUBs can be isotopically distinct. As this tool is further
refined through future studies, Hg stable isotopes may eventually be used to quantify

local deposition of Hg emitted by large CFUBs.

! Sherman, L. S., Blum, J. D., Keeler, G. J., Demers, J. D., Dvonch, J. T. Investigation of local mercury
deposition from a coal-fired power plant using mercury isotopes. Environmental Science and Technology
2012, 46, 382-390.
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5.1 Introduction

Mercury (Hg) is a bioaccumulative neurotoxin that can enter aquatic ecosystems
via atmospheric deposition (/, 2). Complex atmospheric Hg chemistry and the mixing of
emissions from local, regional, and long-range sources make it challenging to directly
trace Hg pollution from sources to receptor sites. Gaseous elemental Hg (GEM) has a
relatively long atmospheric residence time and can be transported regionally and
globally, whereas reactive gaseous Hg (RGM) and fine particle-bound Hg (Hg,)) are
more water soluble and particle reactive (3, 4). As a result, these forms of Hg are rapidly
scavenged from the atmosphere and deposited to surface environments (5, 6). Mercury
deposition near point sources and urban areas can be enhanced because RGM and Hgy,
are often emitted in higher relative proportions from anthropogenic sources (7-11).
However, the relative contribution to Hg deposition from local, regional, and long-range
sources is location-specific and depends on a number of factors including the types and
quantities of local and regional sources, atmospheric transport patterns, atmospheric
oxidants, and local meteorology (9, 12, 13).

Multivariate receptor models based on ratios of trace element co-pollutants in
combination with meteorological data have been used to quantify the relative impact of
local sources on Hg deposition (9, /7, 13-16). A number of studies utilized these
techniques to investigate Hg deposition in Florida (FL), U.S.A. (9, 13, 15, 17, 18).
Elevated levels of Hg have been found across FL in freshwater fish (79, 20), wading
birds (217), and precipitation (/3, 22). Mercury concentrations in FL precipitation can be
an order of magnitude greater than those in the urban midwestern U.S.A. (12, 13, 23),

especially during the summer months (/3, 24). In the 1990s, researchers found that local
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sources of Hg including coal-fired utility boilers (CFUBs), oil-fired utility boilers,
municipal and medical waste incinerators, and cement manufacturing facilities
contributed significantly to Hg deposition in south FL (9, 13, 15). Recent regulations on
emissions from municipal and medical waste incinerators have significantly reduced Hg
emissions from those sources (25-27). Despite these emissions reductions, Hg wet
deposition remains elevated across FL, and the current relative impact of local versus
long-range transported emissions is not well understood.

The measurement of Hg stable isotope ratios in atmospheric samples has the
potential to assist in the identification of Hg emissions from local point sources (28-32).
This study represents the first use of Hg stable isotope ratios to investigate near-source
Hg deposition resulting from coal combustion. This research was performed in
collaboration with a study conducted to understand current Hg deposition patterns across

FL and provide Hg Total Maximum Daily Load estimates.

5.1.1 Mercury stable isotopes

There are seven stable isotopes of Hg (196, 198, 199, 200, 201, 202, and 204
amu) and isotopic variation has been documented in reservoirs including fossil fuels (30)
and the atmosphere (28, 29). Mercury isotope ratios are reported using delta notation as

§""Hg (%0) = ([("*Hg/" " Hg)sampte/("*He/"Hg)srm3133] — 1) * 1000 (1)
where **Hg is an isotope of Hg and SRM 3133 is a NIST Hg standard (33). Mercury
isotopes can undergo mass-dependent fractionation (MDF) during processes such as
photochemical reduction and evasion from aqueous solutions (34, 35). Following

previous work we report MDF of Hg isotopes using 8°’Hg (36). Mercury isotopes can
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also undergo mass-independent fractionation (MIF). A relatively small amount of MIF
(<~0.5%o0) can be caused by differences in nuclear charge radii between the isotopes (the
nuclear field shift effect) (34, 37-39). A greater magnitude of MIF can occur during spin-
selective photochemical reactions involving radical pairs (the magnetic isotope effect) in
which the even and odd-mass-number isotopes react at different rates (29, 40-42). MIF is
reported as the deviation of a measured delta value from that theoretically predicted to
result due to kinetic MDF according to the equation:

A*Hg = §**Hg — (5°Hg * ) @)

where £ is equal to 0.252 for '*’Hg, 0.502 for *°Hg, and 0.752 for **'Hg (33).

5.2 Experimental
5.2.1 Site descriptions

During July 2009 daily-event precipitation samples were collected at four sites
(designated N, NE, S, and E) surrounding the CFUB in Crystal River, FL at distances of
5.0 to 10.6 km (Figure 5.1 and Table 5.SI-1). These sites and the CFUB were located in
close proximity to the Gulf of Mexico coast. As depicted in Figure 5.1, the only
significant point source of Hg emissions (>1 kg of Hg per year) within ~50 km of the
Crystal River area is the CFUB. Additionally, according to the 2005 U.S. EPA National
Emissions Inventory (NEI), the Crystal River CFUB is the largest point source of total
Hg emissions in FL and emitted a total of ~300 kg of Hg per year during the period of
our study (&8). It is important to consider the speciation of these emissions because RGM
and Hg,) species are readily deposited near point sources and air pollution control

devices (APCDs) can impact Hg speciation. For example, selective catalytic reduction
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units (SCRs) promote oxidation of GEM to reactive species (43) that are efficiently
removed from the flue gas in wet flue-gas desulfurization units or electrostatic
precipitators (43, 44). For this reason, CFUBs with SCRs and flue-gas desulfurization
units are predicted to release a lower percentage of Hg as RGM than those without these
APCDs (Table 5.SI-2). In contrast, because the Crystal River CFUB had only limited
APCDs in July 2009, an estimated 68% of the Hg emissions from the CFUB were RGM
species (Table 5.S1-2) (8). Because the Crystal River CFUB is a large point source of
RGM emissions isolated from other emissions sources, the area surrounding the utility
was a good location to isolate and measure the isotopic composition of locally deposited
Hg emitted by a CFUB.

Between July and September 2009 daily event precipitation samples were also
collected at nine other sites across FL (Figure 5.1 and Table 5.SI-1). These sites were
located near a variety of anthropogenic Hg sources and, depending on meteorological
conditions and source characteristics, Hg deposition at these sites may have been
influenced by a mixture of local sources and non-local, long-range transported Hg. It is
possible that local coal combustion may have impacted samples collected at several of
the sites including TPA and UCF. However, not only do the CFUBs near those sites emit
much less total Hg than the Crystal River CFUB, but also, due to their APCDs, it is
estimated that only ~8% of their Hg emissions are RGM species (Table 5.S1-2). We do
not expect, therefore, that these sites were influenced by local coal combustion to the
same degree as the Crystal River sites. The Sand Key Park (SDK) site was chosen

because it was located on the Gulf of Mexico coast, and during specific meteorological
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conditions, Hg deposition at that site was primarily composed of non-local, long-range

transported Hg.

5.2.2 Sample collection

Precipitation samples were collected daily using manually deployed tripods (~2 m
above ground level) with sampling trains that were similar to those previously deployed
in automated collectors (71, 22, 45). Tipping bucket rain gauges (R. M. Young) were
mounted on the tripods. At each of the four Crystal River sites, three Hg sampling trains
were deployed per event to ensure collection of sufficient Hg for isotope analyses (see
Supporting Information). These sites were maintained daily from 7/4/09 through
7/24/09; after 7/24/09 samples were collected only at the NE site. Two field blanks were
collected at each site during the course of the study (see Supporting Information).

Five coal samples were obtained from the Pennsylvania State University Coal
Sample Bank. These coal samples were from the same regions in eastern Kentucky (KY)
and West Virginia (WV), but not necessarily the same mines, as those that supplied coal

to the Crystal River CFUB during July 2009 (46) (Table 5.SI-2).

5.2.3 Meteorological analysis

The precipitation events included in this study were analyzed meteorologically
using GRLevel2Analyst software (47) with archived NEXRAD Level Il radar data (48)
(see Supporting Information). Using these data, we measured a variety of parameters
including storm motion, maximum rainfall intensity, maximum echo top height, and

average precipitating cell size at 5-min intervals throughout each event. We
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characterized surface wind direction using surface meteorological maps (49) and air
sounding data (5). Air mass transport to the sites was additionally modeled using the
NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HY SPLIT) model (50).
The hour of maximum precipitation was used as the start time for each back trajectory,
and trajectories were calculated using starting heights of 500 and 1000 m above ground

level.

5.2.4 Sample processing and analysis

After collection, precipitation samples were oxidized to a concentration of 1%
BrCl (v/v) and stored in a cold room for four months. Mercury concentrations were then
measured in the field blanks and a subset of the samples by atomic absorption
spectrometry (AAS; MA-2000, Nippon Instruments) (see Supporting Information). The
method detection limit (MDL) for these analyses was 0.82 ng/L (3 s.d. of blank analyses)
and all sample replicates were within 8.1% relative percent difference (RPD) (mean RPD
=2.0£1.9%, 1 s.d.,n="78). The Crystal River field blanks contained an average of 0.39
ng of Hg (1 s.d. = 0.46 ng, n = 8) while field blanks collected at the other sites in FL
contained an average of 0.07 ng of Hg (1 s.d. = 0.10 ng, n = 43). The field blanks
collected at the Crystal River sites may be somewhat higher because equipment
limitations only allowed cleaning of the funnels and adapters in 5% HNO; for 4-8 h
compared to 24 h at the other sites. However, the Hg in the Crystal River field blanks
represents only a small percentage of the average amount of Hg contained in precipitation

samples collected at those sites (mean = 1.8%, 1 s.d. = 1.8%, n = 8) and this amount of
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contamination could not have significantly influenced the isotopic compositions of the
samples (see Supporting Information).

Mercury in the precipitation samples with sufficient mass for isotopic analyses
(i.e., >8 ng) was concentrated into acidic 1% KMnOy solutions (w/w, Alfa Aesar). Each

sample was poured into a 2 L Pyrex bottle and 0.3 mL of 30% NH,OH - HCI was added

and allowed to react for 30 min. A peristaltic pump was then used to add 100 ml of 5%
SnCl, at a rate of 10 ml/min. Mercury-free air was pulled through the sample and carried
the resulting GEM into the trapping solution at a rate of 0.7 L/min for four h. Procedural
standards (NIST SRM 3133) and blanks were processed in the same manner (see
Supporting Information). Each of the four sample replicates were processed by
separating the total sample volume in half and processing the two splits in parallel. After
transfer into the KMnOQOy solutions, final Hg concentrations were measured by AAS and
used to determine Hg concentrations in the original precipitation samples. Mercury in
procedural standards was consistently recovered completely in the final solutions (mean
=94%, 1 s.d. = 6%, n = 23; see Supporting Information).

Mercury in the coal samples was thermally released and concentrated into 1%
KMnOys solutions according to previously reported methods (30). Briefly, the samples
were crushed to a fine powder, weighed into ceramic boats, and combusted over 5.75 h in
a two-stage quartz tube furnace in which the temperature of the first furnace was
incrementally increased to 550°C while the second furnace was held at 1000°C. The
resulting GEM was swept by O, gas into the KMnOy solution. Procedural standards

(NIST SRM 1632c¢) and blanks were processed using the same methods. Mercury in
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procedural standards was consistently recovered completely in the final solutions (mean
=94%, 1 s.d. = 5%, n = 7; see Supporting Information).

Mercury isotopic compositions were measured using continuous-flow cold vapor
generation MC-ICP-MS (Nu Instruments) according to previously published methods
(33, 40). We estimate the maximum sample analytical uncertainty as 2 s.d. of the
measurement of the isotope ratio in procedural standards (e.g., 5°**Hg uncertainty =
0.13%o, 2 s.d). Replicate analyses of the UM-Almadén secondary standard (n = 37) and
precipitation sample replicates (n = 4) were reproducible within this uncertainty (Table

5.S1-4).

5.3 Results and discussion
5.3.1 Precipitation events

To better interpret the results of our isotopic analyses, we analyzed the
meteorological conditions during each precipitation event at Crystal River (Table 5.SI-3).
The observed precipitation events fell broadly into two categories based on
meteorological conditions. We further characterized the events in “Event Group 1” into
three sub-categories, 1A, 1B, and 1C as follows. During the first week of the study
(7/4/09 to 7/9/09) and on 7/20/09 (Table 5.S1-3, Event Group 1A), slow-moving cold and
stationary fronts persisted over northern FL and southern Georgia. Predominantly
westerly winds transported air masses onshore from over the Gulf of Mexico and
westerly and southwesterly surface winds transported emissions from the CFUB over the
collection sites. These events were characterized by large convective cells that covered

the entire study area and resulted in precipitation at all of the Crystal River sites. The
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events on 7/17/09 and 7/18/09 (Table 5.SI-3, Event Group 1B) similarly were related to
the presence of a cold front over southern Georgia and were characterized by westerly
surface winds. In contrast to the earlier events, during the events on 7/17/09 and 7/18/09,
large isolated precipitating convective cells (~6 to 10 km in diameter) passed over the
CFUB and only resulted in precipitation at some of the sites. Finally, the event on
7/12/11 (Table 4.S1-3, Event Group 1C) was characterized by a local high pressure
system and a north-south band of convective precipitating cells (~26 km in north-south
length) that moved inland from the west over the CFUB and impacted the NE and E sites.
In general, the Group 1 precipitation events (7/4/09 to 7/20/09) were characterized by
persistent cold and stationary fronts over northern FL and central Georgia,
westerly/southwesterly storm motion and surface winds, and large convective
precipitating cells that often impacted the entire study area. Under these conditions,
RGM emitted by the CFUB was likely incorporated into cloud droplets (24), and because
the precipitating cells were larger in diameter than the distance between the collection
sites, this Hg was likely deposited at all of the Crystal River collection sites.

The precipitation events on 7/30/09 and 7/31/09 (“Event Group 2”°) were
meteorologically different than the preceding events (Table 5.SI-3). The event on
7/30/09 was not related to a frontal system. During that event, convective cells formed
over central FL and were transported into the Crystal River area by southeasterly winds.
Southerly surface winds transported emissions from the Crystal River CFUB to the north.
On 7/31/09, precipitating cells were transported into the area from the northwest and
southerly surface winds similarly transported the CFUB emissions to the north.

Especially on 7/30/09 it is unlikely that local emissions from the Crystal River CFUB
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were incorporated into the precipitating cells that impacted the NE site. We hypothesize
that Hg deposited during these events at the NE site was transported to the area from non-
local sources.

We also analyzed the meteorological conditions during events sampled at the
Sand Key Park (SDK) site on the Gulf of Mexico coast (Figure 5.1). On 7/26/09,
southwesterly onshore flow transported air masses to the area that had spent the previous
two days over the Gulf of Mexico. Convective heating caused the formation of offshore
cells that moved inland and caused precipitation at the site. Given these conditions and
the coastal location of the SDK site, Hg deposited during this event was primarily of non-

local origin and transported from over the Gulf of Mexico.

5.3.2 Mercury concentrations

Mercury concentrations in precipitation are presented in Table 5.S1-4. Mercury
concentrations in samples collected in Crystal River that were analyzed for Hg isotopic
composition ranged from 4.0 to 130 ng/L and concentrations in samples collected at the
other sites that were analyzed for Hg isotopic composition ranged from 18 to 69 ng/L.
Volume-weighted mean (VWM) sample Hg concentrations at each of the Crystal River
sites were calculated by dividing the total amount of Hg deposited by the total volume of
precipitation. The VWM concentrations for the four sites were 41 ng/L (N), 27 ng/L
(NE), 44 ng/L (E) and 51 ng/L (S). These VWM concentrations are relatively high
compared to those reported by previous studies conducted during the summer in south FL
(13-27 ng/L) (22) and those measured at the FL. Mercury Deposition Network sites in

July 2009 (15-26 ng/L) (51). The lower VWM Hg concentration at the NE site and
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higher VWM concentration at the S site may be partly explained by differences in total
precipitation amount collected at these sites during individual events. To assess this
relationship, precipitation depth (cm) was regressed against the logarithm of Hg
concentrations (Figure 5.2, see Supporting Information). As shown in Figure 5.2, the
slope of the relationship between precipitation depth and Hg concentration is negative
(slope =-0.21 £ 0.03, 1 s.e.; t =-6.62, p < 0.0001, r* = 0.63, n = 28) and 63% of the
variation in concentration is explained by differences in precipitation depth (52).
Although the high volume sample collected at the NE site on 7/4/09 falls outside of the
range of the rest of the data, it had little influence on the slope estimate (slope without NE
7/4/09 = -0.19 + 0.04, 1 s.e.; t =-4.40, p = 0.0002, r* = 0.44, n = 27). Similar
relationships between Hg concentration and precipitation amount have been observed in
previous studies (13, 14, 22, 23, 53). Several of these studies suggest that at locations
impacted to varying degrees by Hg from local sources, variations in Hg concentration are
largely controlled by the magnitude of local source impacts and not by differences in
precipitation amount (//, /3). The correlation between Hg concentration and
precipitation depth in the Crystal River samples suggests that variations in Hg
concentration were not caused by varying impacts from the local CFUB. Instead, based
on meteorological analyses, high Hg concentrations, and Hg isotopic analyses, we argue
that this correlation resulted because of deposition of Hg from the CFUB at all of the

collection sites.

5.3.3 Mercury isotopic compositions

Complete isotopic data are presented in Table 5.SI-4. As depicted in Figure 5.3,
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precipitation samples collected in Crystal River were characterized by negative 6°°*Hg
values as low as -4.37 £ 0.13%o, 2 s.d. (mean = -2.56%o, 1 s.d = 1.10%o, n = 28) and
slightly positive A'”’Hg values (mean = 0.32%o, 1 s.d = 0.12%o, n = 28). In contrast,
precipitation collected at the other sites in FL did not exhibit large negative 8°’Hg values
(mean = 0.07%o, 1 s.d. = 0.17%o, n = 13) and had a wider range of A'*’Hg values (mean =
0.15%o, 1 s.d =10.25%0, n = 13). All of the precipitation samples exhibited slight positive
A**Hg values (mean = 0.11%o, 1 s.d. = 0.07%o, n = 41) that were similar in magnitude to
those reported for Midwest precipitation (28) (see Supporting Information).

Four of the five coal samples from mines similar to those that supplied the Crystal
River CFUB also displayed negative 8°**Hg values as low as -1.32 £ 0.13%o, 2 s.d. (mean
=-0.74%o, 1 s.d. = 0.69%o, n = 5) but exhibited negative A'*’Hg values (mean = -0.23%o,
1 s.d=0.08%o, n=15). These samples did not display MIF of **’Hg (mean A**’Hg = 0%o,
1 s.d. =0.02%o, n = 5).

The magnitude of the negative 8°"’Hg values measured in samples collected in
Crystal River greatly exceeds that previously reported for atmospheric samples (28, 29,
54). With the exception of the two precipitation samples collected at the NE site on
7/30/09 and 7/31/09 (Table 5.SI-3, Event Group 2), all of the Crystal River samples
exhibited §°**Hg values lower than -1.10%o and there are no clear differences between the
four Crystal River collection sites in terms of isotopic composition (Figure 5.3). This is
likely due to the fact that large precipitating cells covered the study area during these
events and all of the collection sites were similarly impacted by emissions from the

CFUB.
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5.3.3.1 Factors influencing Hg isotopic compositions

The Hg isotopic composition of any particular precipitation sample is the result of
mixing of Hg from different sources combined with the effects of in-source and post-
emission fractionation (28). Here we address these factors and their potential influence
on the observed Hg isotopic compositions of the collected precipitation samples.
5.3.3.1.1 Source isotopic composition

Mercury deposited in precipitation at the Crystal River sites was a mixture of
local CFUB-emitted Hg and Hg from non-local sources. During the Event Group 1
precipitation events (7/4/09 through 7/20/09), storm motion was primarily from the west
and any non-local Hg deposited at the collection sites was transported to the area from
over the Gulf of Mexico. To estimate the isotopic composition of this Hg, we analyzed
Hg in precipitation collected at the SDK site on 7/26/09. On the basis of meteorological
analyses, Hg deposited during that event was primarily non-local and transported from
over the Gulf of Mexico. This sample was characterized by a slightly positive §**Hg
value (0.13 + 0.13%o, 2 s.d.). Therefore, it is unlikely that the large negative 8°**Hg
values observed in Crystal River precipitation are due to the influence of non-local Hg
transported from over the Gulf of Mexico. Instead, we argue that local deposition of Hg
emitted by the Crystal River CFUB resulted in the observed negative §°**Hg values.

The isotopic composition of Hg emitted by a CFUB could be affected by several
factors including (1) original source coal isotopic composition, (2) coal cleaning, and (3)
in-system fractionation within the power plant. Although we did not have access to coal
burned at the Crystal River CFUB during the sampling period, coal samples from mines

in the same region as those that supplied coal to the CFUB displayed negative 8°**Hg
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values and negative A'”’Hg values. Biswas et al. (30) measured similarly negative
8"’ Hg values (mean = -1.23%o, 1 s.d. = 0.29%o, n = 6) and slightly negative A'*’Hg
values (mean = -0.13%o, 1 s.d = 0.01%o, n = 2) in other Appalachian coals. Assuming
that these values represent the isotopic composition of the original bulk source coal
delivered to the Crystal River CFUB in July 2009, additional negative MDF and positive
MIF of Hg are required to produce the observed precipitation Hg isotopic compositions.

Coal cleaning prior to combustion may result in powdered coal that displays
lower 8°"?Hg values than the original bulk source coal. To reduce sulfur concentrations,
high sulfur Appalachian coals are generally cleaned at the mine prior to shipment using
fluidized density separation (55). During this process, denser minerals such as Hg-rich
sulfides sink and are removed (55). Secondary coal cleaning is also conducted at many
CFUBs (including the Crystal River CFUB) wherein the more coarse and dense sulfides
are rejected at the coal pulverizer during crushing (56-59). Because a large percentage of
Hg in coal is associated with sulfides (55, 60), these processes can remove a significant
amount of Hg from the original source coal (55). A recent study of coals from the Illinois
basin found that sulfide-associated Hg had much higher 5***Hg values (mean = -0.11%o, 1
s.d. = 0.05%o, n = 3) than Hg associated with coexisting organic matter (mean = -1.46%eo,
1 s.d. =0.34%0, n =21) (61). Removal of sulfides through coal cleaning may, therefore,
result in the preferential removal of the heavier isotopes of Hg and produce powdered
coal with a lower 8>’ Hg value than the original bulk source coal.
5.3.3.1.2 In-system fractionation

Essentially all of the Hg liberated during coal combustion is expected to be GEM

(59). As the flue gas leaves the boiler and enters the APCDs, it cools to ~130°C and
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some portion of the GEM is oxidized to RGM through gas-phase reactions or via
heterogeneous reactions on particles (43, 59). The reactive Hg species can subsequently
be removed to varying degrees by the APCDs (43, 59). MDF of heavy metals (including
Zn, Cd, and Hg) has been observed at similarly high temperatures during industrial and
volcanic processes (54, 62-65). Zambardi et al. (54) observed MDF of Hg isotopes in
volcanic fumerole emissions and found that downwind of the vents, oxidized plume Hgp,
displayed higher 6°**Hg values (-0.11 =+ 0.18%o, 2 s.d.) than total gaseous Hg (-1.74 +
0.36%o, 2 s.d.) (54). The authors hypothesized that this was due to the preferential
equilibrium oxidation of the heavy isotopes of Hg (54). If a similar process occurs in
CFUB flue gas, the heavier isotopes of Hg would be progressively oxidized, adsorbed
onto particles and removed in electrostatic precipitators and baghouses (43, 59). This
process would result in MDF of Hg isotopes such that the Hg remaining in the flue gas
would exhibit progressively lower 8°"?Hg values relative to the powdered coal that was
combusted. Unfortunately, because we cannot determine the Hg removal efficiency from
the flue gas at the Crystal River CFUB and because we do not know the exact isotopic
composition of the powdered coal that was combusted, we are not able to model this
fractionation process.
5.3.3.1.3 Post-emission atmospheric fractionation

In addition to source isotopic composition and in-system fractionation, post-
emission atmospheric processes may cause additional MDF and MIF. To our knowledge,
the effects of atmospheric reactions on Hg isotopes have not been studied (36). However,
once emitted to the atmosphere RGM is strongly scavenged by aqueous droplets (3).

Thus we do not expect that significant secondary MDF effects RGM emitted by the
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Crystal River CFUB prior to deposition. It is, however, possible that atmospheric
processes could have played a role in modifying the observed A'*’Hg values in the
precipitation samples. The Crystal River precipitation samples displayed higher A"’Hg
values (~0.5%o) than the representative source coal samples (mean coal A'”’Hg = -0.24%o,
1 s.d=0.09%o, n = 5; mean precipitation A'”’Hg = 0.32%o, 1 s.d = 0.12%o, n = 28).
Although this magnitude of MIF could have occurred in the power plant system during
reactions influenced by the nuclear field shift (NFS) effect (34), it is more likely that
photochemical reactions in the atmosphere caused the observed positive MIF.

Gratz et al. (28) hypothesized that a difference between near-zero A'*’Hg values
in total gaseous Hg (mean = -0.09%o, 1 s.d = 0.09%o, n = 7) and positive A'*’Hg values
observed in Midwest precipitation (mean = 0.30%o, 1 s.d = 0.14%o, n = 20) could be the
result of the magnetic isotope effect (MIE) occurring during photochemical reduction and
evasion of Hg from cloud droplets. In experimental studies, the MIE has been
demonstrated to result in a A"Hg/A"'Hg ratio between 1.0 and 1.3 (34, 40). In contrast,
the NFS effect has been theoretically calculated and experimentally demonstrated to
result in a higher A"’Hg/A’"'Hg ratio between 1.6 and 2.5 (34, 37, 38, 66, 67).
Precipitation samples collected during this study were characterized by A'*’Hg/A*'Hg
ratios within error of 1.0 (Crystal River samples = 1.05 + 0.14, 1 s.e.; other precipitation
samples = 1.12 £ 0.11, 1 s.e. (68); Figure 5.4). This suggests that the MIE occurring
during photochemical processes in the atmosphere is at least partially responsible for the
observed A'”’Hg values in the precipitation samples.

This study of Hg deposited in precipitation across the state of FL provides

evidence that Hg isotopes may be useful as a tool to help identify locally deposited Hg
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emitted by large CFUBs. We hypothesize that the isotopic composition of source coal,
coal cleaning, and processes inherent to the removal of Hg from the flue gas stream
caused the emission of Hg with extreme negative 8°"’Hg values from the Crystal River
CFUB. It is likely that the isotopic composition of Hg emissions varies between CFUBs
depending on a number of factors such as powdered coal isotopic composition, thermal
profile of the power plant system, properties of particles in the flue gas, type of APCDs,
and efficiency of Hg removal by APCDs. It is also likely that local Hg deposition near
other types of anthropogenic point sources is isotopically different than that measured
near the Crystal River CFUB. Future measurements of the Hg isotopic composition of
powdered coal and flue gas emissions, percentage of RGM in emissions, and efficiency
of Hg removal by APCDs would enable more quantitative estimates of the contribution
of local coal combustion to Hg deposition. Additionally, future measurements of the
isotopic composition of dry deposited Hg may help to further quantify the impact of
anthropogenic point sources on local Hg deposition. In areas surrounding large CFUBs
such as Crystal River, FL, the anomalous Hg isotope signature of local CFUB emissions

may be useful in tracing the impact of this pollution on local ecosystems.
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Figure 5.1 Map of Hg emissions sources and sample collection sites with inset showing
sites surrounding Crystal River utility. Symbols for point sources are scaled linearly
(with respect to radius) according to total estimated Hg emissions relative to the largest
source (8). Only sources emitting >1 kg of Hg per year are shown. Precipitation
collection sites surrounding the Crystal River CFUB (green stars) are labeled as N, NE,
S, and E. The other precipitation collection sites are shown as yellow stars.
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Figure 5.4 A”'Hg (%o) versus A'”’Hg (%o) in precipitation and coal samples.
Precipitation samples collected at sites in Crystal River, FL are shown as solid triangles.
Precipitation events are grouped according to Event Group (1A = 7/4/09 to 7/9/09 and
7/20/09; 1B = 7/17/09 and 7/18/09; 1C = 7/12/09; 2 = 7/30/09 and 7/31/09).
Precipitation samples collected at other sites are shown as open symbols where the Sand
Key Park sample is a square, central FL site samples are diamonds, and south FL site
samples are circles. Representative Appalachian coal samples are shown as black
crosses. A'”’Hg/A*'Hg ratios calculated for samples collected in Crystal River and
samples collected at the other sites using York regressions (68) are shown as solid lines.
Representative sample analytical uncertainty for precipitation samples based on replicate
analyses of procedural standards (2 s.d.) is depicted. Black dashed lines depict the zero
values for both axes.

134



5.4 Supplemental information
5.4.1 Experimental
5.4.1.1 Sample collection

All sample collection materials were acid-cleaned prior to use (/). Precipitation
samples were collected using glass funnels into fluorinated polyethylene bottles
containing 20 mL of 0.8% HCI (v/v, Suprapur). Between sample collections, all funnels
and adapters were soaked in 5% HNOs (v/v, Fisher, Trace Metal Grade) and then rinsed
thoroughly with deionized water prior to redeployment. At the Crystal River sites, it was
not possible to clean and deploy sampling trains daily at all four sites unless precipitation
abated for at least six hours. As a result, in two cases (7/7/09-7/8/09 and 7/8/09-7/9/09)
precipitation from more than one day was collected as a single sample. These samples
were included in this analysis because the precipitating storms were of similar character
throughout each sampling period (Table 5.SI-3).

Two field blanks were collected at each of the sites during the course of the study.
To collect each field blank, the sampling train was first cleaned and deployed as if to
collect a sample. Then ~300 ml of deionized water was poured through the funnel and

collected in a fluorinated polyethylene bottle as a sample.

5.4.1.2 Meteorological analysis

Radar data from Tampa, FL (KTBW) was used to analyze events at the Crystal
River sites and those at the other central FL sites. Radar data from Miami, FL (KAMX)
was used to analyze events at the south FL sites. Radar data from Orlando, FL (KMCO)

was used to analyze the event at the University of Central Florida (UCF) site.
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5.4.1.3 Statistical analyses

The relationship between Hg concentration and precipitation depth (cm) for
samples collected in Crystal River was assessed using linear regression (Figure 5.2).
Mercury concentrations were log-transformed in order to satisfy assumptions of linearity
and homoscedasticity of variance for statistical analysis. The statistical significance of
the slope of this relationship was assessed using PROC GLM (2). In addition, the
relationships between precipitation sample A'*’Hg and A*°'Hg values were analyzed

using York regressions (3).

5.4.1.4 Sample processing and analysis

After collection, precipitation samples (>30 ml in volume) were oxidized to a
concentration of 1% BrCl (v/v) and stored in a dark cold room for four months. It has
been previously documented that aqueous samples can be difficult to analyze for Hg
concentrations because BrCl is not always sufficient to release Hg that is strongly bound
to ligands (4). To determine whether this was a consideration for these precipitation
samples, after four months of oxidation, 5 ml aliquots of a subset of the Crystal River
samples (n = 18) were treated with ultraviolet (UV) light for four to eight days in closed
quartz tubes. Procedural standards (50 pg of NIST SRM 3133 in 5 ml of 1% BrCl (v/v))
and blanks were treated with UV light in the same manner.

The UV treated samples, a smaller subset of the same precipitation samples not
treated with UV light (n = 10), and the field blanks collected in Crystal River were
analyzed for Hg concentrations by atomic absorption spectrometry (AAS) following

SnCl, reduction (MA-2000, Nippon Instruments) (5). The method detection limit (MDL)
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for these analyses was 0.82 ng/L (3 s.d. of blank analyses) and all sample replicates were
within 8.1% relative percent difference (RPD) (mean RPD =2.0 + 1.9%, 1 s.d., n =78).
Mercury in the UV procedural standards was consistently recovered completely (mean =
103%, 1 s.d. = 7%, n =5) and Hg concentrations in the UV procedural blanks were at the
MDL (mean = 0.83 ng/L, 1 s.d. = 1.0 ng/L, n =4). Mercury concentrations in the
precipitation samples with and without UV treatment were the same within analytical
error (mean RPD =4.1 +£3.7%, 1 s.d., n=10). These results suggest that after four
months of oxidation, UV treatment did not release additional Hg from the Crystal River
precipitation samples.

After these analyses, precipitation samples with sufficient Hg (i.e. >8 ng of Hg)
were further processed for isotopic analysis as described in the text. Mercury was
separated from the samples by SnCl, reduction and concentrated into KMnQOj solutions.
Concentrations were measured in these final KMnQOy solutions by AAS (Table 5.SI-4).
Mercury in procedural standards processed in the same manner as samples was
consistently recovered completely in the final solutions (mean = 94%, 1 s.d. = 6%, n=
23; see discussion below). Precipitation sample concentrations measured by processing
large volume samples for isotopic analysis were considered the best measure of Hg
concentrations in the precipitation samples. It is important to note that the purpose of this
study was not to quantify long-term trends in deposition at the Crystal River sites or to
compare Hg deposition at the Crystal River sites to the other sites in FL. Due to the fact
that samples were only collected at the sites for one month and only samples containing
>8 ng of Hg could be analyzed for isotopic composition, we are unable to accurately

quantify long-term Hg deposition in Crystal River.
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5.4.1.5 Field blanks

Over the course of the study, two field blanks were collected at each of the four
Crystal River sites. Mercury in those field blanks resulted both from the deionized water
poured through the funnels and any Hg still remaining in the sampling train after
cleaning. To determine the amount of Hg that was potentially added to each precipitation
sample from the sampling train, we subtracted the amount of Hg measured in the
deionized water from the total amount of Hg contained in each field blank. As discussed
in the text, we found that the Crystal River field blanks contained slightly more Hg (mean
=0.39 ng per blank, 1 s.d. = 0.46 ng, n = 8) than field blanks collected at other sites in FL
(mean = 0.07 ng per blank, 1 s.d. =0.10 ng, n =43). However, the amount of Hg in the
Crystal River field blanks represent an average of only 1.8% (1 s.d. = 1.8%, n = 8) of the
Hg contained in the precipitation samples. Although there was not enough Hg in the field
blanks to analyze them isotopically, we can estimate the affect of this amount of potential
contamination on the isotopic composition of the precipitation samples. First, we
estimate that ~1.8% of the Hg in a given Crystal River precipitation sample was due to
contamination and assume that prior to addition of the contamination, this sample was
isotopically similar to samples collected at the non-Crystal River sites (i.e., mean §°**Hg
=0.07%o). If the 8*"*Hg value of the contamination was similar to that measured in the
most negative Crystal River sample (i.e, 8°"*Hg = -4.37%o), the measured 8°"*Hg value of
the precipitation sample would decrease by only ~0.01%eo. In fact, to produce
precipitation with a 8°°*Hg value equivalent to the average value measured in the Crystal
River samples (i.e., 8°"*Hg = -2.56%o), the §*"*Hg value of the contamination would need

to be approximately -146%o. Prior to this study, the lowest 8°°*Hg value observed in a
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natural sample was approximately -3%o (6). We are confident, therefore, that the small
amount of potential Hg contamination in the Crystal River precipitation samples could

not have resulted in the observed negative §°**Hg values.

5.4.1.6 Procedural standards

During the course of this study, 23 precipitation procedural standards (NIST SRM
3133) and 12 procedural blanks were processed and analyzed in the laboratory in the
same manner as the precipitation samples. Seven coal procedural standards (NIST SRM
1632c¢) and five blanks were also combusted and analyzed in the same manner as the coal
samples. All of the procedural blanks contained negligible amounts of Hg that was
attributable to small quantities of Hg in the oxidizing 1% KMnO, solutions (mean = 0.32
ng of Hg per solution, 1 s.d. =0.21 ng, n=17).

The precipitation procedural standards consisted of a known amount of Hg
standard (25 ng or 50 ng of NIST SRM 3133) in 1% BrCl (v/v); the coal standards
similarly consisted of a known amount of Hg standard (~150 ng of NIST SRM 1632c¢).
After processing, Hg recoveries in these procedural standards were determined based on
the amount of Hg that was processed and the measured Hg concentration in the final
KMnOjy trap solutions. For precipitation standards, Hg recoveries were between 81 and
100% (mean = 94%, 1 s.d. = 6%, n = 23). For coal standards, Hg recoveries were
between 86 and 99% (mean = 94%, 1 s.d. = 5%, n =7). The small amount of Hg loss
from some of these standards did not cause systematic isotopic fractionation. However,
these procedural standards were more variable in isotopic composition than the secondary

analytical UM-Almadén standard that was measured several times during each analytical
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session (Table 5.S1-4). For this reason, sample analytical uncertainty for each isotope
ratio is estimated as 2 s.d. of the same ratio measured in the relevant procedural standards

between analytical sessions.

5.4.2 Results and discussion
5.4.2.1 MIF of *’Hg

Many of the precipitation samples collected during this study displayed small
positive MIF of ***Hg (A*™Hg up to 0.23 + 0.10%o, 2 s.d.; mean = 0.11%o, 1 s.d. =
0.07%o, n = 41). Precipitation samples collected in Crystal River and precipitation
samples collected at the other sites across FL displayed similar A**°Hg values that are
comparable to those observed by Gratz et al. (7) in Midwest precipitation. In contrast,
none of the coal samples analyzed during this study displayed significant MIF of **’Hg
(mean A**’Hg = -0.02%o, 1 s.d. = 0.03%o, n = 5). As noted by Gratz et al. (7), because
MIF is measured as the deviation from the predicted 8°°*Hg value based on kinetic MDF,
anomalies of '**Hg, *’Hg or ***Hg could cause the observed MIF. Although MIF of
2%Hy has now been observed in precipitation samples from multiple locations, the
mechanism (or mechanisms) producing this fractionation is not understood. The
magnetic isotope effect only produces MIF of the odd-mass-number isotopes of Hg
because the even-mass-number isotopes have zero nuclear spin and do not exhibit nuclear
magnetic moments (6, 8, 9). Additionally, although the nuclear field shift effect can
cause MIF of the even-mass-number isotopes of Hg, this mechanism is not predicted to
produce measureable MIF of *’Hg relative to ’Hg or **Hg (8, 10). It is possible that

the observed small positive MIF of **’Hg could be due to another mechanism acting in
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the atmosphere such as photochemical self-shielding (77, /2). Future research is needed
to better understand the atmospheric reactions and physical mechanisms that result in the

observation of positive MIF of *’Hg in precipitation samples.
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Table 5.SI-1 Precipitation collection sites in Crystal River and in other FL locations with
site descriptions, site IDs, and site locations (i.e., nearest city).

Site Description Site ID Site Location Latitude Longitude
Crystal River north site CR-N | Crystal River, FL 28.996244 | -82.732936
Crystal River northeast site CR-NE | Crystal River, FL 29.024867 | -82.616650
Crystal River south site CR-S | Crystal River, FL 28.906583 | -82.689982
Crystal River east site CR-E | Crystal River, FL 28.948333 | -82.639728
University of Central Florida UCF Orlando, FL 28.592025 | -81.190122
Hillsborough River State
Park HSB Thonotosassa, FL 28.144017 | -82.228100
agricultural field TPA | Palm River-Clair Mel, FL | 27.913433 | -82.375111
Sand Key Park SDK | Clearwater, FL 27.959938 | -82.824514
Myakka River State Park MKA | Sarasota, FL 27.222362 | -82.297135
Florida Atlantic University -

Davie Campus DVE | Davie, FL 26.085378 | -80.240689
Florida Department of

Transportation site, US 27N MIA Miami, FL 25.899258 | -80.382706
Bill Baggs Cape Florida State

Park KYB | Key Biscayne, FL 25.671941 | -80.157363
Everglades National Park ENP Homestead, FL. 25.389637 | -80.680012
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Table 5.SI-2. Characteristics of the coal-fired power plants in FL emitting >1 kg of Hg per year (/3). Analysis includes coal
purchases made by each plant from January 2009 through July 2009 (/4). Emissions controls and modeled estimates of Hg speciation
are based on the 2005 U.S. EPA National Emissions Inventory (/3). Abbreviations: FGD = flue gas desulfurization units, SNCR =

94!

selective non-catalytic reduction units, SCR = selective catalytic reduction units.

B ' Coal purchased: SO, NO, PM Estimated | Estimated | Estimated
Facility ID Location Location and Percent (%) controls controls | controls Percent Percent Percent
RGM Hg, GEM
Crystal River Crystal River, KY (75%), WV (18%), VA low NOx
Energy Complex FL (7%) NONE burners ESP 68 6 26
Northside
Generating Station | Jacksonville, FL | Columbia (92%), WV (8%) dual alkali | SCR ESP 8 0 92
WV (47%), UT (28%),
James F. Crist Columbia (9%), CO (9%),
Generating Plant Pensacola, FL KY (8%) NONE SNCR ESP 68 6 26
Big Bend Power Apollo Beach, wet lime
Station FL IL (58%), Columbia (42%) FGD other ESP 8 0 92
Curtis H. Stanton wet lime low NOx
Energy Center Orlando, FL KY (87%), WV (13%) FGD burners ESP 8 0 92
WV (42%), CO (22%),
Lansing Smith Columbia (13%), UT (13%), low NOx
Generating Plant Lynn Haven, FL | KY (9%) NONE burners ESP 68 6 26
Seminole Electric wet lime low NOx
Cooperative Inc. Palatka, FL KY (98%), IL (2%) FGD burners ESP 8 0 92
Deerhaven dry lime
Generating Station | Gainesville, FL WV (85%), KY (15%) FGD SCR ESP 58 5 37
Lakeland McIntosh KY (55%), Columbia (25%), | wet lime low NOx
Power Plant Lakeland, FL WV (19%), PA (2%) FGD burners ESP 8 0 92
Herbert Scholz
Generating Plant Sneads, FL KY (100%) NONE NONE ESP 68 6 26
Cedar Bay wet lime
Cogeneration Inc. Jacksonville, FL | KY (98%), WV (2%) FGD SNCR baghouse 28 42 30
St John River Columbia (90%), WV (7%), dry lime
Power Park Jacksonville, FL | KY (3%), PA (1%) FGD SNCR baghouse | NO DATA AVAILABLE
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Table 5.SI-3 Meteorological characteristics of precipitation events. Events in Crystal River are grouped according to meteorological
conditions as follows: Event Group 1A includes events from 7/4/09 to 7/9/09 and 7/20/09, Event Group 1B includes the events on
7/17/09 and 7/18/09, Event Group 1C represents the event on 7/12/09, and Event Group 2 includes the events on 7/30/09 and 7/31/09.
The time of maximum precipitation (EDT) is based on rain gauge data (measured in Crystal River at the NE site). All wind and storm
motion directions are denoted according to the point of origin of the wind. Storm motion, surface wind direction, maximum echo top
height, and storm characteristics were determined using GRLevel2Analyst software (/5) with NEXRAD Level II radar data (/6),
surface meteorological maps (/7), and upper air soundings (/8).



Lyl

Max

Precipitation | Precipitation | Impacted Tlm? ?f max Storm Sul:face echo top
. precipitation . wind . Notes
event date event group sites motion . . height
(EDT) direction
(km)
stationary front over northern FL; convective precipitating cells over
7/4/09 1A N, NE, S, E 1:35 W/NW W 14 entire study area
cold front over central GA; convective precipitating cells over entire
7/6/09 1A N,NE, S, E 13:45 W W/SW 12 study area
15:00 (7/7); 9 (7/7); stationary front over central GA/northern FL; convective precipitating
7/7-1/8/09 1A N, S, E 10:45 (7/8) \% W/SW 11 (7/8) cells over entire study area
17:45 (7/8);
6:00 (7/9) & 7(7/8); stationary front over central GA/northern FL; convective precipitating
7/8-7/9/09 1A N,NE, S, E 19:05 (7/9) W/SW SW 11 (7/9) cells over entire study area
high pressure system; N-S trending band of convective precipitating
7/12/09 1C NE, E 11:40 \% W 6 cells (average cell diameter = 6.5 km) with light winds aloft
cold front over central GA; isolated convective precipitating cells
7/17/09 1B NE, S, E 12:30 WSwW W 11 (average cell diameter = 6.5 km)
cold front over central GA; cluster of convective precipitating cells
7/18/09 1B N, E 10:00 WSW SW 12 (average cell diameter = 10 km)
stationary/cold front over northern FL; convective precipitating cells
7/20/09 1A N, NE, S, E 1:10 \\ WNW 10 over entire study area
NE (only
operational cells formed over central FL; convective precipitating cells over entire
7/30/09 2 site) 20:20 SE S 11 study area
NE (only 8.5 cold front over northern GA; cluster of isolated convective
operational : precipitating cells (average cell diameter = 6 km)
/R 2L D 2 site) | 2130 .. NW LS
Sand Key air mass transport from over Gulf of Mexico, convective precipitating
Park 9 cells (average cell diameter = 6 km)
7/26/09 - 8:30 & 19:00 SW SW
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Table 5.S1-4 Mercury concentrations and isotopic compositions of standards and samples. Crystal River (CR) samples are listed
according to site location (N, NE, S, E). Number of analyses for the UM-Almadén standard is the total number of analytical sessions
from May 2009 to June 2010 and presented isotope ratios are averages of analytical session averages. Numbers of analyses for
procedural standards are the total number of processed standards and presented isotope ratios are averages of analytical session
averages. Analytical uncertainties for the UM-Almadén standard and procedural standards are 2 s.d. of analytical session averages.
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Sample Site ID Precip. 1;;:::3 [Hg] ]:ir:;tig' n "Hg | 20 "Hg | 20 2" Hg 20 '"Hg | 20 A"Hg | 20 A*Hg 26 | A" Hg 20
Type Date Group | @) | ‘o) o) | Gho) | %o) | Go) | %o) | %o) | o) | (%o) | (%o) | %) | (o) | (%o) | (%) | (%0)
UM-Almadén standard 37 -0.58 0.07 -0.48 0.09 -0.28 0.07 -0.17 0.08 -0.04 0.06 0.01 0.05 -0.02 0.07
NIST SRM 3133 (precipitation procedural std) 23 -0.01 0.13 -0.03 0.16 -0.01 0.12 -0.02 0.11 -0.02 0.11 0.00 0.10 -0.02 0.10
NIST SRM 1632c (coal procedural std) 7 -1.86 0.13 -1.44 0.10 -0.93 0.07 -0.49 0.04 -0.04 0.03 0.01 0.03 -0.02 0.04
Precipitation CR-N 7/4/09 1A 23 1.96 1 -3.87 -2.56 -1.85 -0.64 0.36 0.09 0.34
Precipitation CR-NE 7/4/09 1A 4.0 6.13 1 -1.12 -0.30 -0.37 0.34 0.54 0.19 0.62
Precipitation CR-S 7/4/09 1A 120 0.34 1 -3.12 -2.24 -0.16 -0.57 0.11 -0.03 0.22
Precipitation CR-E 7/4/09 1A 19 2.89 1 -3.15 -2.17 -1.45 -0.34 0.21 0.13 0.45
Precipitation CR-N 7/6/09 1A 16 331 1 -1.52 -0.72 -0.60 0.11 0.42 0.16 0.49
Precipitation CR-NE 7/6/09 1A 36 1.84 1 -3.05 -1.92 -1.37 -0.34 0.37 0.17 0.43
Precipitation CR-S 7/6/09 1A 48 2.03 1 -3.40 -2.38 -1.61 -0.49 0.17 0.10 0.37
Precipitation CR-E 7/6/09 1A 21 232 1 -2.71 -1.74 -1.21 -0.23 0.30 0.15 0.45
Precipitation CR-N 7/7-7/8/09 1A 22 3.83 1 -1.58 -0.92 -0.68 -0.09 0.27 0.11 0.31
Precipitation CR-S 7/7-7/8/09 1A 130 0.51 1 -3.96 -2.81 -2.02 -0.71 0.17 -0.03 0.29
Precipitation CR-E 7/7-7/8/09 1A 35 2.69 1 -2.90 -1.95 -1.35 -0.42 0.23 0.11 0.31
Precipitation CR-S 7/7-7/8/09 1A 27 3.13 1 -1.74 -1.04 -0.77 -0.13 0.27 0.11 0.31
Precipitation CR-N 7/8-7/9/09 1A 120 242 1 -3.76 -2.64 -1.84 -0.62 0.19 0.05 0.32
Precipitation CR-NE 7/8-7/9/09 1A 73 1.27 1 -4.37 -3.05 -2.16 -0.70 0.24 0.04 0.41
Precipitation CR-S 7/8-7/9/09 1A 44 1.34 1 -3.80 -2.57 -1.80 -0.59 0.29 0.11 0.36
Precipitation CR-E 7/8-7/9/09 1A 140 1.09 1 -4.00 -2.81 -1.97 -0.68 0.20 0.04 0.33
Precipitation CR-NE 7/12/09 1C 37 0.88 1 -1.66 -1.11 -0.69 -0.19 0.14 0.14 0.22
Precipitation | CR-E 7/12/09 1C 83 113 1| -248 -1.86 -1.22 -0.53 0.00 0.02 0.09
Precipitation | CR-NE 7/17/09 1B 60 1.50 1| 247 -1.67 -1.16 -0.48 0.19 0.08 0.15
Precipitation | CR-S 7/17/09 1B 73 1.25 1| 211 -1.30 -0.85 0.14 0.29 0.21 0.31
Precipitation CR-E 7/17/09 1B 40 2.59 1 -1.41 -0.85 -0.61 -0.45 0.21 0.10 0.22
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Precipitation | CR-N 7/18/09 1B 96 0.67 -2.42 -1.70 -1.13 -0.42 0.12 0.08 0.16
Precipitation | CR-E 7/18/09 1B 120 0.30 -2.58 -1.85 -1.32 -0.50 0.09 -0.03 0.23
Precipitation | CR-NE 7/20/09 1A 35 0.71 -1.85 -1.21 -0.83 -0.63 0.18 0.10 0.23
Precipitation | CR-S 7/20/09 1A 60 2.31 -3.77 0.08 -2.62 0.06 -1.74 0.06 -0.24 0.13 0.21 0.01 0.15 0.01 0.32 0.11
Precipitation | CR-E 7/20/09 1A 66 2.44 -1.91 -1.28 -0.96 -0.25 0.15 0.00 0.24
Precipitation ggl_)E 7/20/09 1A 66 - -2.09 -1.31 -0.91 0.06 0.26 0.14 0.28
Precipitation | CR-NE 7/30/09 2 31 1.28 -0.26 0.05 -0.04 0.37 0.25 0.09 0.12
Precipitation | CR-NE 7/31/09 2 64 0.40 -0.53 0.10 -0.09 0.42 0.50 0.17 0.50
Precipitation SDK 7/26/09 27 3.48 0.13 0.40 0.26 0.38 0.30 0.19 0.35
Precipitation | TPA 9/1/09 21 3.92 0.10 0.31 0.15 0.27 0.24 0.10 0.25
Precipitation | HSB 7/29/09 35 2.54 0.10 0.20 0.29 0.00 0.12 0.23 -0.03
Precipitation | UCF 8/12/09 23 4.06 -0.43 0.23 0.02 0.43 0.56 0.23 0.54
Precipitation | MKA 7/25/09 61 2.13 -0.04 -0.14 0.05 -0.19 -0.11 0.07 -0.18
Precipitation | KYB 7/25/09 25 3.98 0.21 0.66 0.24 0.48 0.50 0.14 0.43
Precipitation | MIA 7/18/09 63 4.35 0.12 0.08 0.16 -0.09 -0.01 0.10 -0.12
Precipitation | MIA REP 7/18/09 67 - 0.13 0.11 0.22 -0.03 0.01 0.16 -0.06
Precipitation | DVE 9/1/09 20 3.83 0.13 0.25 0.27 0.32 0.15 0.20 0.29
Precipitation | ENP 7/5/09 30 4.37 0.08 0.50 0.22 0.01 0.44 0.18 0.40
Precipitation | ENP 7/9/09 55 2.16 0.11 0.15 0.15 -0.05 0.06 0.09 -0.08
Precipitation | ENP 7/13/09 20 1.07 0.07 0.07 0.10 0.32 0.01 0.07 -0.02
Precipitation | ENP 7/15/09 18 4.16 0.10 0.55 0.27 0.15 0.47 0.22 0.30
Precipitation | ENP REP 7/15/09 18 - -0.09 0.25 0.08 -0.08 0.32 0.13 0.17
Precipitation | ENP 7/19/09 70 1.71 0.14 0.07 0.10 -0.11 -0.03 0.03 -0.11
Precipitation | ENP REP 7/19/09 69 - 0.03 -0.01 0.08 0.06 -0.04 0.06 -0.12
Coal Upper Kittanning seam; Barbour, WV -1.32 0.22 -1.01 0.23 -0.65 0.05 -0.44 0.05 -0.02 0.06 0.02 0.06 -0.11 0.00
Coal Elkhorn #3 seam; Floyd, KY -0.81 0.01 -0.84 0.01 -0.41 0.03 -0.51 0.00 -0.23 0.00 -0.01 0.02 -0.31 0.00
Coal Pond Creek seam; Pike, KY 0.41 0.03 0.18 -0.21 -0.28 -0.03 -0.31




IS1

Coal

Stockton-Lewiston seam; Kanawha, WV

-0.76

0.00

-0.73

0.07

-0.38

0.04

-0.42

0.03

-0.16

0.07

0.00

0.04

-0.23

0.03

Coal

Blend 4 seams; Raleigh, WV

-1.24

0.03

-1.14

0.03

-0.61

0.06

-0.52

0.13

-0.21

0.01

0.01

-0.21

0.13




CHAPTER 6

Mercury stable isotopes in sediments and largemouth bass (Micropterus salmoides)
from Florida lakes'

Abstract

Humans and wildlife can be exposed to hazardous levels of mercury (Hg) through
the consumption of high trophic level fish with elevated concentrations of
monomethylmercury (MeHg). Studies have shown that increased atmospheric deposition
of Hg often leads to increased MeHg concentrations in aquatic organisms. However,
depending on the ecosystem characteristics, reductions in Hg emissions may not always
lead to immediate decreases in fish MeHg concentrations. Measurements of natural
abundance Hg stable isotope ratios may enable a better understanding of these complex
relationships. To gain insight into the sources of Hg to sport fish in central Florida, we
measured the Hg isotopic composition of surface sediments and largemouth bass from
freshwater lakes. We found that fish collected from lakes located near the large Crystal
River coal-fired power plant did not display evidence of anomalous negative 5°**Hg
values that were observed in nearby precipitation. This suggests that Hg recently
deposited from the atmosphere is not preferentially methylated and bioaccumulated in
these lakes relative to previously deposited Hg accumulated in the lake sediments. We

also observed significant positive A'*’Hg values in the fish that were correlated with the

" Sherman, L. S., Blum, J. D. Mercury stable isotopes in sediments and largemouth bass (Micropterus
salmoides) from Florida lakes. Science of the Total Environment in review.
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light penetration depth. This indicates that a significant amount of photochemical
degradation of MeHg (up to ~40%) occurred prior to uptake of the remaining MeHg into
the food webs. These results suggest that depending on physical lake characteristics and
biogeochemical factors, decreased atmospheric Hg deposition may not lead to immediate
short-term reductions in fish MeHg concentrations. Instead, recovery of some freshwater

fish populations to baseline MeHg concentrations may take decades to centuries.

Abbreviations

MeHg, monomethylmercury; Hg, mercury; UV, ultraviolet; DOC, dissolved organic
carbon; FL, Florida; MDF, mass-dependent fractionation; MIF, mass-independent
fractionation; FDEP, Florida Department of Environmental Protection; CFUB, coal-fired
utility boiler; CVAFS, cold vapor atomic fluorescence spectrometry; U.S. EPA, U.S.
Environmental Protection Agency; UM BEIGL, University of Michigan Biogeochemistry
and Environmental Isotope Geochemistry Laboratory; AAS, atomic absorption
spectrometry; VPDB, Vienna Pee Dee Belemnite; METAALICUS, Mercury Experiment

to Assess Atmospheric Loading in Canada and the United States

6.1 Introduction

Monomethylmercury (MeHg) is a neurotoxin that threatens human and wildlife
health mainly through the consumption of aquatic organisms with elevated MeHg
concentrations (/-4). In aquatic systems, inorganic mercury (Hg) is methylated to MeHg,
which is subsequently bioaccumulated (5), often reaching concentrations that exceed

recommended human consumption levels (0.1 pg/kg body weight/day) in high trophic
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level fish (2, 6). Elevated levels of MeHg can also result in decreased reproductive
success, central nervous system damage, and deleterious behavioral changes in
piscivorous birds, fish, and mammals (3, 4, 7, §).

Depending on lake characteristics, Hg can be methylated both biotically and
abiotically in surface sediments (9, 10), biotically within low oxygen zones in the water
column (/7), abiotically in the water column (/2, /3) and within periphyton and algal
mats (/4, 15). MeHg can also be produced in nearby wetlands and transported to
freshwater lakes (/6). In most oxygenated, well-mixed freshwater lakes, sulfate-reducing
bacteria at the oxic/anoxic boundary layer in surface sediments account for the majority
of biotic, in-lake methylation (/7-23). After it is produced, MeHg can be demethylated
biotically (24-26) and abiotically during photochemical reactions involving visible and
ultraviolet (UV) radiation (27-30). A number of factors can impact MeHg production
and degradation such as lake acidity (/0, 31, 32), nutrient concentration (3/, 33),
dissolved organic carbon (DOC) concentration and composition (9, 34, 35), sulfide and
sulfate concentration (9, 36), and light intensity and depth of light penetration (28, 37).
MeHg that is not degraded can be taken up by benthic organisms (38) or exported into the
overlying water column and enter the pelagic food web (3, 39). Unlike inorganic Hg,
MeHg is rapidly assimilated into the tissues of organisms and is not readily excreted (J,
40). As aresult, MeHg bioaccumulates through food webs and in most cases nearly all
(>90%) of the Hg in fish muscle tissue is MeHg (47-46).

Concentrations of MeHg in freshwater fish are controlled by a number of
variables including supply of bioavailable MeHg, physical water body characteristics,

food web structure, and fish characteristics such as feeding strategy, age, and growth rate
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(23, 31, 39, 43, 47-49). Recent studies indicate that the amount of Hg that is deposited
from the atmosphere to a water body can significantly influence fish MeHg
concentrations (50-53). However, the relationships between Hg deposition and MeHg
concentrations in fish are complex and there are a number of variables that can influence
the formation, degradation, and bioaccumulation of MeHg (23, 39). Although some
studies suggest that decreased atmospheric deposition of Hg may result in rapid
reductions in freshwater fish MeHg concentrations (53, 54), lake sediments contain
accumulated Hg that may continue to be methylated. As a result, depending on the
characteristics of the system, fish MeHg concentrations may remain elevated for decades
to centuries after atmospheric Hg deposition decreases (23, 39, 52, 55-57). It is necessary
to better characterize these relationships to more accurately predict and assess the impacts
of Hg emissions regulations on fish MeHg concentrations.

Elevated concentrations of Hg in precipitation, fish, and other wildlife have been
observed across the state of Florida (FL; U.S.A.) for more than two decades (31, 58-64).
Largemouth bass are common sport fish in FL, but due to their high MeHg
concentrations, the FL Department of Health currently maintains largemouth bass limited
consumption advisories for more than 325 water bodies in FL (65). In addition, the FL
Department of Health recommends that women of childbearing age restrict consumption
of largemouth bass to 170 g (6 oz.) per month from all untested lakes (65). Although
MeHg concentrations in largemouth bass have recently decreased in some parts of FL
(such as the Water Conservation Areas in south FL; 60), these trends do not appear to be

consistent across the state.
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Recent studies have demonstrated that measurement of natural abundance Hg
stable isotope ratios in environmental samples can be used to characterize the sources of
Hg to fish populations and to better understand Hg cycling within aquatic systems (66-
69). There are seven stable isotopes of Hg (196 - 204 amu) and mercury stable isotope
ratios are reported using delta notation:

§"Hg (%0) = ([("*Hg/"""Hg)sampie/("*He/""Hg)srm3133] — 1) * 1000 (1)
where **Hg is an isotope of Hg and SRM 3133 is a NIST Hg standard (70). Mass-
dependent fractionation (MDF) of Hg isotopes occurs during a number of biotic and
abiotic processes including methylation (71, 72) and MeHg degradation (73, 74).
Mercury stable isotopes can also undergo mass-independent fractionation (MIF), which is
reported as the deviation of a measured isotope ratio from that theoretically predicted to
result due to MDF:

A*Hg = §**Hg — (5°Hg * ) @)
For kinetic reactions, /8 is equal to 0.252 for '*’Hg, 0.502 for ***Hg, and 0.752 for **'Hg
(70). A high degree of MIF can occur due to the magnetic isotope effect during
photochemical reactions that involve the formation of long-lived radical pairs (74-76).
Only the odd-mass-number isotopes of Hg have unpaired nuclear spin and are magnetic.
As a result, during these reactions, radical pairs involving odd-mass-number isotopes of
Hg recombine at different rates than those involving even-mass-number isotopes of Hg.
This process has been shown experimentally to occur during the photochemical
degradation of MeHg in aquatic solutions containing DOC and result in a A"’Hg/A?"'Hg
ratio of 1.36 £0.02 (2 s.e.) (74). A number of recent studies have observed significant

positive MIF in fish along with similar A'’Hg/A**"Hg ratios of between ~1.2 and ~1.3
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(66-68, 74, 77-80). It has been hypothesized that photochemical demethylation of MeHg
in the water column prior to incorporation of the remaining MeHg into the food web

causes the observation of MIF of Hg isotopes in fish (66-69, 74, 78-80).

6.2 Materials and methods
6.2.1 Sample collection

Water samples, sediments and largemouth bass were collected between October
2008 and December 2011 by the FL Department of Environmental Protection (FDEP)
and the FL Fish and Wildlife Conservation Commission in collaboration with a statewide
study conducted to understand Hg deposition patterns and model Hg concentrations in
fish populations. Water samples, sediments, and largemouth bass were collected from 20
lakes in central FL (Figure 6.1). Five of these lakes (Lake Rousseau, Little Lake
Henderson, Lake Davis, Lake Panasoffkee, and Lake Bonable) were located within 50
km of one of the largest anthropogenic point sources of Hg in FL, the 2267 MW Crystal
River coal-fired utility boiler (CFUB). Of these lakes, four are located in the
Withlacoochee River watershed (Figure 6.1). This large watershed (5440 km?) contains
numerous lakes and wetlands that are hydrologically connected to the Withlacoochee
River (81). The closest lake to the Crystal River CFUB, Lake Rousseau (L1557), is a
damned lake at the downstream end of the Withlacoochee River. One of the other large
lakes in the watershed, Lake Tsala Apopka, is comprised of connected lakes, including
Little Lake Henderson (L732) and Lake Davis (L72), in which water levels and flow are

maintained using control structures (817).
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Water quality parameters including light penetration depth and pH were measured
in each lake. Light penetration depth was measured manually at approximately the
deepest part of the lake using a secchi disk attached to a rope marked with 0.1 m
increments. Over the course of the study, light penetration depths were measured one to
three times in each lake. Water samples were collected using trace metal-clean
techniques (82, 83) from the open surface water of each lake and taken to the FDEP
Central Laboratory for analysis. These samples were collected at 1.0 m depth below the
water surface except in lakes that were less than 1 m deep or when equipment constraints
did not allow sampling at depth (Table 6.1). Water sampling equipment rinse blanks
(deionized water) were collected throughout the field sampling campaign (n = 22) and
these blanks generally did not contain detectable amounts of total Hg or MeHg (see
Section 6.5.1). Total Hg concentrations were determined using cold vapor atomic
fluorescence spectrometry (CVAFS) according to U.S. Environmental Protection Agency
(U.S. EPA) Method 1631-E (84). MeHg concentrations were determined using CVAFS
after ethylation, gas chromatographic separation, and pyrolysis according to a modified
version of U.S. EPA Method 1630 (85, 86). Alkalinity (as mg of CaCOs per liter) was
determined with an automatic titration instrument (PC-Titrate) and DOC concentrations
were measured using a total organic carbon analyzer (Shimadzu TOC-V).

Sediments (upper 8 to 10 cm) were collected from each lake with a Ponar dredge
using trace metal-clean methods. Three dredge samples were taken in each lake from the
location of deepest water depth. These samples were homogenized together into pre-
washed high-density polyethylene bottles (I-CHEM) and kept frozen at -25°C until

analysis at the University of Michigan Biogeochemistry and Environmental Isotope

158



Geochemistry Laboratory (UM BEIGL). The dredge was cleaned between samples with
deionized water. Five dredge rinse blanks (deionized water) were collected after cleaning
and these blanks did not contain detectable quantities of Hg.

Adult largemouth bass (>178 mm in length) were collected from each lake using
electro-fishing methods. Fish length, weight, sex, and age (determined using sagittal
otoliths; 87) were recorded (Table 6.SI-1). Right-side dorsal muscle fillets were taken
from each individual using trace metal-clean methods. We did not measure fish MeHg
concentrations during this study. However, as discussed previously, it is likely that
>90% of the Hg in the fish muscle was MeHg (41, 45). The fish samples were stored

frozen at -25°C until they were shipped to the UM BEIGL.

6.2.2 Sample processing

The Hg isotopic compositions of sediment samples from all 20 lakes and
largemouth bass from a subset of the lakes (n = 11) were analyzed (Figure 6.1). The 11
lakes for fish analyses were chosen based on their locations and water quality
characteristics to represent a wide variety of conditions. Two fish each from Mill Dam
Lake (L440) and Lake Kerr (L374) and three fish from each of the other lakes were
analyzed for Hg isotopes. Over the course of the study, replicate analyses (total Hg
concentration and Hg isotopic composition) were made of individual fish (n = 10) and
sediment samples (n = 3).

To prepare the samples, the frozen sediments and fish were freeze-dried for 48 to
72 hours (Virtis Sentry Freezemobile 12SL). The dry samples were then homogenized

and ground to a fine powder using an alumina ball mill mixer (SPEX). Between samples
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the ball mill was cleaned by repeatedly grinding silica sand that had been baked at 750°C
for 8 hours to remove any Hg. Small aliquots of baked silica sand (50-60 mg) were also
processed periodically between samples and analyzed as grinding blanks using atomic
absorption spectrometry (AAS; MA-2000, Nippon Instruments). The ground silica sand
blanks did not contain significant amounts of Hg (mean = 86 pg of Hg per grinding blank,
1 s.d. =42 pg, n=4). After grinding, the samples were weighed into ceramic boats and
Hg in the samples was thermally released using previously published methods (88).
Briefly, each sample was placed in a two-stage furnace where the temperature of the first
furnace was incrementally increased to 750°C and the second furnace was maintained at
1000°C. The released Hgo(g) was carried in a stream of Hg-free O, and bubbled into 25 g
of acidic 1% (w/w) KMnOy solution (KMnOy in 1.8M trace metal grade H,SO4). To
concentrate the Hg and separate it from any combustion products present in these
solutions, the Hg was subsequently transferred into secondary 1% KMnOy solutions. To

do this, the primary solutions were first reduced with 2% (w/w) of 30% NH,OH - HCl

and then divided into 5 ml aliquots. Mercury in each aliquot was reduced with 0.3 ml of
20% SnCl, and 0.3 ml of 50% H,SO4 and then bubbled into a secondary 1% KMnO4
solution using a modified autosampler. Mercury concentrations were measured in these
final solutions by AAS and used to determine total Hg concentrations in the sediments
and fish tissue samples. Mercury standards (NIST SRM 3133) measured during
concentration analyses were replicable to within + 5%.

Procedural standards and blanks were processed using the same methods. Over
the course of this study, six sediment procedural standards (NIST SRM 1944), 16 fish

procedural standards (seven CRM DORM-3 and nine ERM CE-464), and nine procedural
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blanks were analyzed. All of the procedural blanks contained negligible amounts of Hg
attributable almost entirely to Hg in the 1% KMnOj solutions (mean = 0.02 ng of Hg per
g solution, 1 s.d. =0.02 ng Hg per g solution, n =9). Mercury recoveries in the
procedural standards were determined after processing based on the amount of Hg that
was originally combusted and the measured Hg concentration in the final 1% KMnO4
solution. For the sediment standards, mean Hg recovery was 95% (1 s.d. = 15%, n = 6);
for the DORM-3 fish standards, mean Hg recovery was 90% (1 s.d. = 10%, n = 7); for the

ERM CE-464 fish standards, mean Hg recovery was 96% (1 s.d. =9.9%,n=29).

6.2.3 Stable isotope ratio analyses

Mercury stable isotope ratios were measured in samples and standards using cold-
vapor multi-collector inductively-coupled plasma mass spectrometry (Nu Instruments)
according to previously published methods (70, 74). The <100% yields during
combustion and purification for some of the procedural standards did not cause any
systematic isotope fractionation. However, the measured isotopic compositions of these
procedural standards were more variable than those of the secondary UM Almadén
standard that was measured ~5 times during each analytical session. For this reason,
sample analytical uncertainty for each isotope ratio is estimated as 2 s.d. of the same ratio
measured in the relevant procedural standards. Mercury isotope ratios measured in
replicate fish (n = 10) and sediment samples (n = 3) were reproducible within these
uncertainties (Table 6.SI-1).

Carbon (8"°C, relative to VPDB) and nitrogen (8'°N, relative to air N») stable

isotope ratios were also measured in the largemouth bass samples at the University of
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Michigan Stable Isotope Laboratory. Approximately 700 pg of powdered material per
sample was loaded into tin weigh boats. The samples were analyzed using an elemental
combustion system (Costech ECS 4010) coupled to an isotope ratio mass spectrometer
(Finnigan Delta V Plus). International standards (IAEA 600, IAEA-CH-6, IAEA N, and
USGS 25) were used to normalize on a per-run basis and maintain precision of 8'°C and

8"°N values of better than + 0.12%o (1 s.d.).

6.3 Results and discussion
6.3.1 Water quality parameters

Water quality measurements for the studied lakes are shown in Table 6.1. Florida
generally has warm wet summers and cooler dry winters. As a result, characteristics of
these lakes can vary seasonally (§9) and the measurements made during this study may
not represent average yearly conditions. The studied lakes are generally shallow, well
mixed, and fully oxic. Although it is possible that some Hg methylation occurs in the
water column of these lakes or in periphyton and algal mats, because these lakes are not
stratified and are fully oxic it is likely that the majority of in-lake Hg methylation occurs
in the surface sediments. The lakes were highly variable with respect to pH (4.81 to
9.60) and alkalinity (<0.65 mg/L to 140 mg/L; method detection limit = 0.65 mg/L).
They contained low to moderately high concentrations of total Hg (0.22 to 5.8 ng/L;
method detection limit = 0.10 ng/L), low to moderately high concentrations of MeHg
(<0.022 ng/L to 0.510 ng/L; method detection limit = 0.022 ng/L), and relatively high
concentrations of DOC (1.9 mg/L to 33 mg/L; method detection limit = 1 mg/L).

Although we did not measure UV penetration in these lakes, it is likely correlated with
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(but more rapidly attenuated than) visible light because UV light is more readily absorbed
by DOC in surface waters (30, 90, 91). Previous studies have observed that light
penetration depths in FL lakes are seasonally variable with the greatest transparency
observed during the dry season (November through February) when algal biomass and
suspended particulate matter concentrations are diminished (92). The light penetration
depths presented in Table 6.1 were measured during the same season in which the
sediments and fish were collected. We found that these light penetration depths were
negatively correlated with DOC concentration (slope = -0.05 + 0.02, 1 s.e.; p=0.01; r* =
0.31; n=20). In lakes with high light penetration and low DOC concentrations, it is

likely that rates of photochemical demethylation of MeHg are enhanced (27, 28, 93).

6.3.2 Mercury concentrations

Previous studies have measured sediment accumulation rates in FL wetlands of
between 0.16 cm/yr and 0.33 cm/yr (94, 95). Similar accumulation rates (up to 0.40
cm/yr) have been measured in organic-rich FL lake sediments (95-97). Based on these
accumulation rates, we expect that the upper 10 cm of sediment in the study lakes
represents accumulation over the past ~25 and ~60 years. However, it is likely that
sediment accumulation rates in these shallow lakes are spatially and temporally variable
as a result of sediment redistribution, mixing, and focusing into deeper areas (96, 98).
Therefore, although it is likely that the sampled sediments represent accumulation of less
than 100 years, it is possible that they contain a mixture of pre-anthropogenic and

anthropogenic Hg.
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Sediment total Hg concentrations are reported as dry weight concentrations and
fish total Hg concentrations are reported as wet weight concentrations (Table 6.SI-1).
Total Hg concentrations in replicate sediment and fish samples generally agreed within
analytical uncertainty (mean relative percent difference = 8.6%, 1 s.d. =7.8%, n = 13).
Total Hg concentrations in sediment samples ranged from 31.3 ng/g to 307 ng/g (mean =
153 ng/g, 1 s.d = 81.9 ng/g, n = 20) (Table 6.SI-1). These concentrations are similar to
those measured previously in FL (55, 99). A study of sediment cores from the FL
Everglades indicated that historic sediments (pre-1900) generally had Hg concentrations
of <100 ng/g whereas recent sediments (post-1985) had Hg concentrations of >100 ng/g
(and up to 400 ng/g) (99). Although lake sediments collected during this study may
contain a mixture of pre-anthropogenic and anthropogenic Hg, most of the sediments had
Hg concentrations elevated above these background levels (i.e., >100 ng/g) and likely
include significant amounts of anthropogenic Hg (99-101).

Total Hg concentrations in fish tissue samples ranged from 43.7 ng/g to 1190 ng/g
(mean =361 ng/g, 1 s.d. =291 ng/g, n=31) (Table 6.SI-1). Fish analyzed during this
study do not necessarily represent the range or average Hg concentrations in adult
largemouth bass in the study lakes. However, the Hg concentrations measured during
this study are similar to those previously observed in FL largemouth bass (37, 58, 59).
There are no clear correlations between total Hg or MeHg concentrations in water,
sediments, or fish from these lakes. Total Hg concentrations in the lake sediments are not
correlated with total Hg concentrations in the water column. In addition, total Hg
concentrations in fish are not correlated with total Hg concentrations in the sediments,

total Hg concentrations in the water, or MeHg concentrations in the water. However,
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because only a limited number of samples were analyzed from each lake, these samples

may not be fully representative of average total Hg or MeHg concentrations.

6.3.3 Carbon and nitrogen isotope ratios

Carbon and nitrogen isotope ratios in the fish tissue samples are presented in the
supplemental information (Table 6.SI-1). Carbon isotope ratios are often used to
determine the carbon source to the base of a food web (/02). In contrast, because
nitrogen isotope ratios increase by ~3%o per trophic level, 5'°N values are often used to
estimate consumer trophic position (103-105). Measured 8'°C values in the largemouth
bass ranged from -16.2 to -30.0%o0 (mean = -24.5%o, 1 s.d. = 3.8%0, n =31) and 3"°N
values ranged from 7.88 to 16.3%o (mean = 11.8%o, 1 s.d. =2.1%0, n =31). Largemouth
bass collected from the same lakes displayed similar '°C and 8'°N values and within
lake isotopic variability (8'°C: mean 1 s.e. = 0.56%o; 8'°N: mean 1 s.e. = 0.22%o) was less
than between lake isotopic variability (8'°C: mean 1 s.e. = 1.13%o; '°N: mean 1 s.e. =
0.63%o). It is possible that some of the variability between individuals in a given lake is
due to differences in tissue lipid content (/06, 107) or due to differences in individual fish
feeding behavior (105, 108). Largemouth bass are opportunistic top predators that
generally eat a variety of small aquatic invertebrates when they are young but switch to a
diet of crayfish, larger invertebrates, and other fish as adults (47, 109, 110). As a result,
older largemouth bass may be feeding on a higher proportion of benthic organisms and at
a higher effective trophic level than younger largemouth bass. However, overall the
largemouth bass 8'°N values were not correlated with fish length (p = 0.28, r* = 0.04),

fish age (p = 0.66, r* = 0.01), or total Hg concentration (p = 0.11, r* = 0.08) (Table 6.SI-1).
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Therefore, it is not likely that ontogenetic dietary shifts leading to differences in effective
trophic level can explain the between lake variability in 8'°N values. Instead, it is more
likely that the variations in 8'°N values are due to differences in 8'°N at the base of the
food web. Similarly, it is likely that differences in 8'°C values between lakes are a result

of differences in the carbon isotopic composition at the base of the food webs (105).

6.3.4 Mercury stable isotope ratios

The proportion of atmospheric Hg deposition at a given location that results from
local, regional, and long-range emissions is location-specific (///-713) but a number of
studies have observed enhanced Hg deposition near point sources and urban areas (101,
112, 114-116). In July 2009, Sherman et al. (2012) found that Hg emitted by the Crystal
River CFUB was deposited locally in precipitation and displayed anomalous negative
8"’ Hg values (mean = -2.56%o, 1 s.d = 1.10%o, n = 28). Following sample collection for
the Sherman et al. (2012) study, in 2009 and 2010, selective catalytic reduction units and
flue gas desulfurization units were installed on two of the Crystal River CFUB’s four
units (/7). Although these air pollution control devices are known to decrease Hg
emissions (//8), Hg emissions from the CFUB estimated by the U.S. EPA Toxic Release
Inventory did not change significantly between 2009 and 2011 (//79). In addition, coal
combusted at the CFUB was sourced from mines in the same regions of Kentucky and
West Virginia from 2009 to 2011 (/20). Therefore, although we were not able to collect
precipitation near the CFUB after July 2009, the isotopic composition of combusted coal

powder likely remained relatively constant and we suggest that reactive Hg emitted by

166



the CFUB and deposited locally in precipitation likely displayed extreme negative 6°**Hg
values similar to those observed by Sherman et al. (2012) throughout this study.

To investigate the relationship between Hg emitted by the Crystal River CFUB and
Hg in lake sediments and largemouth bass, we divided the study lakes into two
categories: those located close to the CFUB (<50 km away, 5 lakes; fish were analyzed
from three of these lakes) and those located farther from the CFUB (>50 km away, 15
lakes; fish were analyzed from eight of these lakes). Although the spatial distribution of
Hg deposition near a point source depends on a number of factors, we hypothesize that
reactive Hg species emitted by the CFUB are more likely to be deposited to lakes within
50 km of the utility than to those located farther away (101, 111-113). We used these
samples to 1) assess whether Hg recently deposited from the atmosphere was
preferentially methylated and bioaccumulated compared to previously deposited Hg
accumulated in lake sediments and 2) explore the influence of physical lake
characteristics and biogeochemical processes on the Hg isotopic compositions of
largemouth bass. The Hg isotopic compositions of all analyzed samples and standards

are presented in the supplemental information (Table 6.SI-1).

6.3.4.1 Lakes closer to (<50 km) the Crystal River CFUB

Results of the Mercury Experiment to Assess Atmospheric Loading in Canada
and the United States (METAALICUS) spike isotope addition study suggest that recently
deposited Hg can be rapidly methylated and bioaccumulated in aquatic food webs (53).
If these results are applicable to the FL lakes, we hypothesized that Hg emitted by the

Crystal River CFUB and deposited to the nearby lakes would be preferentially
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methylated and bioaccumulate up the food web to the largemouth bass. Further,
assuming that the extreme negative 5°**Hg values observed in precipitation collected near
the Crystal River CFUB (88) are representative of Hg recently deposited from the
atmosphere, we hypothesized that the largemouth bass collected from lakes close to the
CFUB would display evidence of those negative §*’Hg values. Based on the average
8"’ Hg values of sediments from these lakes (mean = -0.84%o, 1 s.d. = 0.19%o, n = 5) and
precipitation (mean = -2.56%o, 1 s.d = 1.10%o, n = 28; Sherman et al., 2012), isotopic
mass balance can be used to estimate the expected §*°’Hg values in the fish depending on
the proportion of Hg in the fish that is derived from recent atmospheric deposition. For
example, if only ~2% of the Hg in the fish was derived from recent atmospheric
deposition, 8*"*Hg values in these fish would be ~0.05%o lower than sediment §**Hg
values. This amount of deviation would not be distinguishable from analytical variability.
However, if ~10% to ~30% of the Hg in the fish was derived from recent atmospheric
deposition, 8*"*Hg values in the fish would be ~0.25 to ~0.55%o lower than sediment
8??Hg values. Deviations of this magnitude would be distinguishable from analytical
uncertainty and from the isotopic variability between individual fish.

We did not observe lower §°**Hg values in fish compared to sediments in these
lakes that we could attribute to recent deposition of Hg emitted by the Crystal River
CFUB. Sediments from lakes close to the CFUB had 8°"*Hg values ranging from -1.11 to
-0.63%o (£ 0.12%o, 2 s.d.; mean = -0.84%o, 1 s.d. =0.19%o, n = 5). A'”’Hg values in these
sediments were close to 0%o0 (mean = 0.00%o, 1 s.d. =0.17%o, n =5). A similar lack of
MIF of Hg isotopes in lake and coastal sediments has been observed in previous studies

(67-69, 121). Largemouth bass from these lakes displayed 5°**Hg values ranging from -
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0.57 to -0.22%o (£ 0.15%o, 2 s.d.; mean = 0.09%o, 1 s.d. = 0.38%o, n =9) and A'*’Hg
values from 0.52 to 0.97%o (£ 0.07%o, 2 s.d.; mean = 0.67%o, 1 s.d. = 0.16%0, n =9). As
shown in Figure 6.2, these Hg isotopic compositions were similar to those of sediments
and fish collected from the lakes located >50 km from the Crystal River CFUB.

There are several possible explanations for the lack of lower 8°**Hg values in fish
collected from lakes located near the Crystal River CFUB. First, it is possible that the
negative 5°°Hg values measured in precipitation during July 2009 near the Crystal River
CFUB (88) were not representative of Hg deposition in the area. However, as described
previously, because estimated Hg emissions and the origin of the combusted coal did not
change throughout the study period, we suggest that these values are a good estimate of
the isotopic composition of Hg emitted by the CFUB and deposited locally. Second, it is
possible that MDF occurring in the water column (e.g., due to adsorption to DOC or
suspended particles or due to photochemical reduction) or through biotic processes in the
sediments (e.g., methylation and demethylation) may have altered and somewhat
obscured the negative 8**Hg values (71, 73, 74). However, it is likely that these
processes occur to a similar degree in the lakes both near to and far from the CFUB.
Therefore, even if these processes obscured the lower 5°**Hg values, a measurable offset
between fish from the two areas would have been preserved.

Finally, it is most likely in these lakes that recently deposited Hg is not
preferentially methylated and bioaccumulated compared to previously accumulated Hg in
the sediments. This further supports our assertion, based on physical lake characteristics,
that water column methylation is not a large source of MeHg in these lakes. Previous

studies have similarly found that although a portion of recently deposited Hg can be

169



rapidly methylated and enter food webs, the large reservoir of previously deposited Hg in
surface sediments can provide a significant source of MeHg to the ecosystem (39, 52, 56).
If we assume that the sediment sample collected in Lake Rousseau is representative of
surface sediments throughout the lake, we can estimate the relative percentages of
recently deposited and historically deposited Hg in the sediments. Based on
measurements made at a nearby Mercury Deposition Network site (FL05), average
annual deposition of Hg during the study period (2008 to 2011) was 14.3 pg/m’ (1 s.d. =
1.0 pg/m’) (122). Assuming a dry sediment density of ~1 g/cm® (123, 124), this amount
of annual Hg deposition directly to the lake surface represents only ~0.1% of the total Hg
in the upper 10 cm of sediments in Lake Rousseau. Therefore, annual atmospheric Hg
deposition likely represents a very small percentage of the total Hg in surface sediments
of these lakes. This may be especially true for lakes with large watersheds such as the
Withlacoochee River watershed that do not receive all of their Hg from direct
atmospheric deposition (23, 57). It is likely that Hg transported through the watershed in
association with suspended solids and sediments provides an influx of previously
deposited Hg to these lakes (/25-127). Our data suggest that in these lakes recently
deposited Hg mixes with previously deposited Hg in the sediments (some of which has
been transported through the watershed) and that a portion of this Hg is methylated and

enters the food web.

6.3.4.2 Lakes farther from (>50 km) the Crystal River CFUB

In addition to understanding the sources of Hg to largemouth bass in these lakes,

the data collected in this study can be used to explore the influence of physical lake
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characteristics and biogeochemical processes on Hg isotopes in fish. Sediments from
lakes >50 km from Crystal River, FL had §***Hg values ranging from -1.19 to -0.46%o (+
0.12%o, 2 s.d.; mean = -0.72%o, 1 s.d. = 0.25%o, n = 15) and A'*’Hg values close to 0%o
(mean = -0.05%o, 1 5.d. =0.13%o, n = 15). In contrast to the sediments, 8*"*Hg values of
fish from these lakes ranged from -0.60 to 0.68%o (£ 0.15%o, 2 s.d.; mean = 0.09%o, 1 s.d.
=0.38%o0, n = 22) and A'”’Hg values ranged from 0.18 to 4.43%o (£ 0.07%o, 2 s.d.; mean
=1.35%o0, 1 s.d. = 1.22%o0, n = 22) (Figure 6.2). Similar Hg isotope ratios in fish from
lakes and coastal environments have been observed in previous studies (67-69, 74, 121).
Largemouth bass Hg isotopic compositions were less variable within each lake than
between lakes, especially with respect to A'*’Hg values (within lake 1 s.e. of A"’Hg
values = 0.21%o; between lake 1 s.e. of mean A'”’Hg values = 0.48%o). This suggests that
lake characteristics and/or processes occurring within each lake largely control the
observed MIF.

There have been two hypotheses proposed to explain the positive A'*’Hg values
observed in fish populations: 1) in vivo MIF occurring in organisms leads to the
observation of increasing A'”’Hg with increasing trophic level (77, 128) or 2)
photochemical demethylation of MeHg prior to uptake into organisms causes MIF and
this isotopic signature is retained during trophic transfer (69, 74, 78-80). Das et al. (77)
observed a correlation between A'*’Hg values and trophic level (based on 8'°N values) in
a freshwater lake in FL and concluded that MIF likely occurs during metabolic processes
within the fish (77). However, no experimentally studied biotic processes have been
shown to produce MIF of Hg isotopes (71, 73, 129) and theoretical calculations suggest

that biochemical processes are unlikely to produce MIF of Hg isotopes (73). Natural
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processes that cause MIF in the absence of light have been shown to produce only
<~0.3%o of fractionation (/30-133). In addition, recent experimental studies by Kwon et
al. (78) demonstrated that no MIF occurs during trophic transfer of MeHg from food to
fish. Finally, as has been observed in previous studies, A'*’Hg values measured in
largemouth bass tissues during this study do not correlate with trophic position based on
8'"°N values (67, 69, 79). Therefore we suggest that it is unlikely that the observed
positive A'”’Hg values in the largemouth bass were caused by in vivo MIF.

It appears most likely that photochemical demethylation of MeHg resulted in the
observed positive A'”’Hg values in the largemouth bass. According to this scenario, after
MeHg is produced, a portion of it is photochemically demethylated in the water column
before the remaining MeHg is taken up by organisms. Bergquist and Blum (74)
conducted photochemical demethylation experiments using natural sunlight in aqueous
solutions containing 1 mg/L and 10 mg/L of DOC and observed that the A'’Hg/A**'Hg
ratio of MeHg remaining in the solution was 1.36 + 0.02, 2 s.e. (74). As shown in Figure
6.3, based on a York regression (/34), we observed a comparable A"*’Hg/A?"'Hg ratio in
the largemouth bass samples (1.30 = 0.01, 1 s.e., n =31). These data support the
hypothesis that photochemical degradation of MeHg prior to incorporation of remaining
MeHg into the food web resulted in the observed positive MIF in the fish.

If photochemical degradation of MeHg is responsible for the MIF, then A'*’Hg
values of the largemouth bass should be related to the magnitude of photochemical
demethylation. It is also possible that an increased degree of photochemical
demethylation could result in a measurable depletion of MeHg from the water column.

As discussed previously, more photochemical demethylation of Hg occurs in lakes with
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greater light penetration depths and lower concentrations of DOC (90, 97). As shown in
Figure 6.4a, light penetration depth in these FL lakes is positively correlated to A'*’Hg
values measured in the largemouth bass (slope = 0.88 + 0.16, 1 s.e.; p < 0.0001; r* = 0.51,
n=231). In addition, as shown in Figure 6.4b (on a log-log scale) DOC concentrations
are negatively correlated with A'*’Hg values in the fish (slope =-0.45+ 0.12, 1 s.e.; p =
0.0007; r* = 0.33, n = 31). Finally, although A'*’Hg values in the largemouth bass are
only weakly correlated to the percent MeHg in the water column (p = 0.10, r* = 0.89, n =
31), the highest A'”’Hg values (greater than 1.5%o) only occurred in fish from lakes with
low percent MeHg (<5%). Although photochemical demethylation has been proposed by
several previous studies to explain MIF observed in fish, correlations between MIF, light
penetration depth, and DOC concentration have not been previously reported.

Some lakes show significant deviations from the correlations of MIF in the
largemouth bass with light penetration depth and DOC concentration. This variability
may be due to seasonal differences in light penetration depth and differences in the
relationship between DOC concentration and UV radiation absorption (90) caused by
variations in DOC composition. The fish from Lake Rousseau (L1557) do not fall on the
correlation line between DOC concentration and A'”’Hg values defined by fish from the
other lakes. If data from Lake Rousseau are excluded, this correlation is stronger (slope
=0.80+0.12, 1 s.e.; p<0.0001; = 0.68, n = 28). This may be due to variations in the
character of DOC in Lake Rousseau, which is located at the downstream end of the large
Withlacochee River watershed. Additionally, the observed A'”’Hg values in largemouth
bass from Lake Kerr (L374) are higher than expected based on light penetration depth.

Lake Kerr is a deep lake in which light penetration depth can be up to 4.2 m (/24). If the

173



average annual light penetration depth in Lake Kerr is greater than that measured during
this study, increased photochemical demethylation could have resulted in the observed
high A'’Hg values in the largemouth bass.

In addition to the observed variability between the lakes, in some cases individual
fish collected from a given lake display varying magnitudes of MIF. These variations
may be partly due to differing rates of MeHg elimination and differences in individual
fish feeding habit (43, 49, 135). As described previously, because the diets of largemouth
bass generally switch from aquatic invertebrates to crayfish, larger invertebrates, and
other fish as they age (47, 109, 110), it is possible that older largemouth bass may be
feeding on more benthic organisms than younger largemouth bass. This could result in
older largemouth bass accumulating more MeHg from the benthic food web that has not
been photochemically demethylated to the same degree as the MeHg in the water column
and, therefore, displays lower A'*’Hg values. For example, the one-year-old largemouth
bass from Mill Dam Lake (L440) displayed a significantly higher A'”’Hg value
(individual 810001, A"’ Hg = 3.25%o + 0.15%o, 2 s.d.) than the two-year-old largemouth
bass from the same lake (individual 810005, A'’Hg = 1.49%o + 0.15%o, 2 s.d.). These
differences in feeding habit could also partially explain the observation of similar A"’Hg
values between individuals from lakes with different light penetration depths. However,
as described previously, because A'*’Hg values are not correlated to fish age (p = 0.79, 1*
=0.00), it does not appear that these differences in feeding habit are present in all of the
lakes.

Based on the observed A'*’Hg values in the largemouth bass we can estimate the

proportion of MeHg that was degraded in each of the lakes due to photochemical

174



demethylation. Although DOC concentrations were variable, the lakes contained 13.5
mg/L of DOC on average (1 s.d. =9.4 mg/L, n=20) (Table 6.1). If we assume that
experiments conducted with 10 mg/L of DOC in solution (74) are applicable to these FL
lakes, we estimate that between ~4% (Lake Thonotassa, L1790) and ~40% (Lake Kerr,
L374) of the MeHg in these lakes was photochemical degraded (see Section 6.5.3 for
calculations). Point et al. (79) suggested that the ratio of MeHg to DOC could affect the
relationship between photochemical demethylation and MIF of Hg isotopes and
extrapolated Bergquist and Blum’s (2007) experimental data to lower MeHg/DOC ratios.
Application of the calculations made by Point et al. (79) using MeHg/DOC ratios
observed in these FL lakes only negligibly lowers our estimates of the percentage of
photochemical demethylation to between ~4 and ~37% (Section 6.5.3).

By using the A"*’Hg values to estimate the amount of MDF that occurred in the
water column due to photochemical demethylation, we can estimate the amount of MDF
that occurred prior to this in the sediments before the MeHg was exported to the water
column. Bergquist and Blum (74) observed that photochemical demethylation of MeHg
resulted in fractionation such that the ratio of A'’Hg/8*"’Hg of MeHg remaining in an
aqueous solution as the experiment progressed was 4.8 = 0.33 (1 s.e.). Assuming that this
experiment is relevant to these natural lakes, we can use these data to estimate the §°**Hg
values of MeHg in the lake sediments based on the Hg isotopic compositions of the
largemouth bass. We additionally assume that no MIF occurs during trophic transfer and
that the isotopic compositions of largemouth bass reflect that of MeHg in the water
column prior to entry into the food web. Based on the average isotopic composition of

largemouth bass from each lake and the A'*’Hg/8°"?Hg relationship observed by
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Bergquist and Blum (2007), we back-calculated the isotopic composition of MeHg in the
sediments prior to photochemical demethylation in the water column. These estimated
sediment MeHg 8°**Hg values are consistently offset from the measured bulk sediment
8"’ Hg values by an average of 0.45%o (1 s.d. = 0.19%o, n = 11) (Figure 6.5a). The
estimated sediment MeHg 8°"?Hg values are also positively correlated with the measured
bulk sediment 5°**Hg values (slope = 0.89 + 0.32, 1 s.e.; p=0.02; I’ =0.47, n=11)
(Figure 6.5b). Gehrke et al. (66) observed a similar offset (0.60 = 0.16%o, 1 s.d.) between
bulk sediment 5°**Hg values and estimated sediment MeHg 8°"*Hg values based on the
isotopic compositions of young-of-year fish in San Francisco Bay, California. The
measured bulk sediment §°**Hg values and estimated sediment MeHg 8**Hg values in
Lake Davis (L72) are offset to a lesser degree (0.07%o). In contrast to the other lakes,
Lake Davis is one of the shallowest lakes in FL and it was covered with a 10-20 cm thick
floc layer during sample collection. It is possible that these characteristics resulted in
atypical MDF in the sediments of this lake. If Lake Davis is excluded, the correlation
between measured sediment §°**Hg values and estimated sediment MeHg &°**Hg values
is stronger (slope = 0.99 + 0.25, 1 s.e.; p = 0.004; r* = 0.67, n = 10).

The observed offset between measured bulk sediment and estimated sediment
MeHg §***Hg values (based on the isotopic compositions of the largemouth bass) is likely
due to a balance between biotic methylation and demethylation in surface sediments.
Experimental studies have demonstrated that the light isotopes of Hg are preferentially
methylated and demethylated during biotic processes (71, 73, 74). The similarity among
the lakes in the offset between measured bulk sediment and estimated sediment MeHg

8”’Hg values may suggest that similar rates of methylation and demethylation occur in
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lake sediments throughout the region. However, we cannot rule out the possibility that
8?Hg values measured in the bulk sediment samples are not representative of the
relatively small fraction of bioavailable Hg in sediments that can be methylated (736,
137). If bioavailable Hg has higher §°**Hg values than that measured in the bulk
sediments, the observed offset in §°**Hg values between the bulk sediment and our
estimated values for MeHg in the sediments may not reflect net fractionation due to biotic

methylation and demethylation.

6.4 Conclusions

Mercury isotope ratios measured in sediments and largemouth bass from
freshwater lakes in central FL suggest that recently deposited atmospheric Hg is not
preferentially methylated and bioaccumulated compared to previously accumulated Hg in
lake sediments. Furthermore, the Hg isotope data suggest that the majority of the MeHg
in largemouth bass is ultimately derived from Hg previously deposited in the lake
sediments. We hypothesize that processes occurring in the sediments such as microbial
methylation and demethylation cause MDF such that MeHg which is exported to the
water column has §°**Hg values ~0.45%o higher than bulk sediments. Once in the water
column, photochemical demethylation causes significant MIF of the odd-mass-number
isotopes of Hg and degradation of a significant portion of the MeHg before the remaining
MeHg is incorporated into the food web. The A'”’Hg values of fish tissues are correlated
with light penetration depth and DOC concentration and reflect the proportion of MeHg

that was photochemically demethylated in each lake.
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The results of this study suggest that reductions in atmospheric deposition of Hg
to FL lakes may not rapidly result in decreased MeHg concentrations in largemouth bass
because the primary source of Hg to the fish is Hg accumulated in the sediments rather
than Hg recently deposited to the water column. It is important to consider that the
magnitude and timing of changes in fish MeHg concentrations in response to changes in
atmospheric deposition are influenced by physical lake characteristics, ecosystem
properties, and fish physiological characteristics (23, 39, 56, 57). In lakes with small
watersheds that are dominated by direct atmospheric Hg input, fish may respond rapidly
to reductions in Hg deposition (53). However, in lakes fed by large watersheds,
previously deposited Hg can inflow into the lake long after it is deposited from the
atmosphere and continuously add to the reservoir of Hg in the sediments that is available
for methylation. Therefore, in many lakes, declines in fish MeHg concentrations may be

prolonged for decades to centuries after Hg deposition reductions occur.
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Figure 6.1 Map of sample collection sites. Freshwater lakes across FL are shown in
white. Lakes from which sediments and fish were collected are shown as blue dots and
lakes from which only sediments were collected are shown as green dots. Coal-fired
utility boilers are shown as black circles scaled linearly (with respect to radius) relative to
the largest source according to total estimated Hg emissions (/75). Precipitation
collection sites from Sherman et al. (88) are shown as yellow stars. Inset shows an

enlarged area with the Withlacoochee River watershed outlined in blue. The coal-fired
utility boiler at Crystal River, FL is shown as a red cross.
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Figure 6.2 Mercury isotopic composition of sediment and largemouth bass samples. Sediment samples from lakes in which fish were
not collected are shown as grey diamonds; sediment samples from lakes in which fish were collected are shown as colored crosses;
largemouth bass from lakes located <50 km of Crystal River are shown as open colored squares; largemouth bass from lakes located
>50 km from Crystal River, FL are shown as filled colored squares. Error bars on individual symbols are 1 s.d. of replicate sample
analyses. Representative 2 s.d. analytical uncertainty for largemouth bass samples (based on measurement of procedural standards) is

shown. Dashed lines depict the 0 values for both axes.
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Figure 6.3 Mass-independent fractionation of Hg in largemouth bass. A'*’Hg versus A**'Hg measured in the largemouth bass samples.
Fish from lakes located <50 km of Crystal River are shown as open colored squares; fish from lakes located >50 km from Crystal
River, FL are shown as filled colored squares. On the basis of a York regression (134), the A'’Hg/A*"Hg ratio in the fish is 1.30 +
0.03 (2 s.e.,n=31). Representative 2 s.d. analytical uncertainty based on measurement of procedural standards is shown.



Figure 6.4 Light penetration depth and DOC concentration versus MIF in largemouth
bass. Largemouth bass from lakes located <50 km of Crystal River are shown as open
colored squares; fish from lakes located >50 km from Crystal River, FL are shown as
filled colored squares. a. Light penetration depth (m) was measured as secchi depth.
Solid line shows a linear regression model including fish from all of the lakes (slope =
0.88 £0.16, 1 s.e.; p <0.0001, = 0.51,n=31). b. Solid line shows a linear regression
model through the log-transformed data including fish from all of the lakes (slope = -0.45
+0.12, 1 s.e.; p=10.0007, = 0.33, n=31). Horizontal dashed line shows the 0 values
for the y-axis.
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Figure 6.5 Bulk sediment isotopic composition versus estimated sediment MeHg isotopic
composition. Bulk sediment and estimated sediment MeHg isotopic compositions (based
on isotopic compositions of largemouth bass) are shown for all of the study lakes. a.
Sediment samples are shown as colored crosses; estimated sediment MeHg isotopic
compositions are shown as open colored squares. Arrow shows average offset between
bulk sediment 5°**Hg values and estimated MeHg &°**Hg values (mean = 0.45%o, 1 s.d. =
0.19%o, n=11). b. Solid line shows a linear regression between bulk sediment §*"*Hg
values and estimated sediment MeHg 8**Hg values for all of the lakes (slope = 0.89 +
032, 1s.e;p=0.02;* =047, n=11).
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Table 6.1 Water quality parameters. Secchi depth and pH were measured in each lake in the months listed. The other water quality
parameters were measured by the FDEP using samples collected in the months listed. Measured values that were below the detection
limit are listed as BDL.

Water Quality Parameters

Secchi Month of
Lake Name Lake ID Latitude Longitude | depth | Secchidepth Month Depth of Total MeHg Alkalinity | DOC
(m) | measurement | collected c""(‘;;;“’“ pH (ng/gL) (ng/L) (mg/L) | (mg/L)
Lake Rousseau L1557 29.00887 -82.61299 1.1 Oct-09 May-09 1.0 8.57 0.43 0.063 110 1.9
Little Lake Henderson L732 28.84820 -82.32872 0.8 Oct-09 Jun-09 0.1 8.53 0.59 0.041 78 14
Lake Davis L72 28.82011 -82.28797 0.8 Dec-09 Apr-09 0.1 747 4.2 0.054 130 28
Mill Dam Lake L440 29.17978 -81.83547 2.2 May-09 Apr-09 1.0 6.60 0.68 0.030 2.8 5.2
Lake Catherine L372 29.06480 -81.83386 3.1 Jul-09 Apr-09 1.0 4.81 1.5 0.069 BDL 4.0
Lake Yale L96 28.91937 -81.74389 0.8 Jul-09 May-09 1.0 8.14 1.6 0.510 130 22
Lake Kerr L374 29.35686 -81.80095 2.2 May-09 Apr-09 1.0 5.68 1.2 0.028 BDL 2.2
Lake Thonotosassa L1790 28.05846 -82.27894 0.2 May-09 May-09 1.0 9.60 1.3 0.120 78 18
Lake Hartridge L965 28.05174 -81.74613 0.8 Apr-10 Jun-09 0.1 9.43 0.58 0.072 52 7.0
Lake Henry L29 28.09272 -81.66759 0.6 Oct-08 Oct-08 1.0 6.64 3.8 0.120 5.8 22
Lake Gordon 124 27.85550 -81.62766 0.4 Nov-08 Nov-08 1.0 5.65 0.22 0.230 3.3 33
Lake Panasoffkee Li644 | 288065 | -82.12954 | 0.5 Dec-09 Jun-09 0.1 942 | 054 0.069 140 8.6
Bonable Lake 131 20.13827 | -82.52339 | 02 Dec-09 May-09 1.0 5.64 5. 0.130 12 5.
Smith Lake 1999 | 29.06373 | -81.9909 26 Dec-09 May-09 1.0 644 | 078 0.026 23 6.2
Lake George L1142 | 2921389 | -81.58574 | 0.6 0Oct-09 Aug-09 1.0 727 4.6 0.170 44 24
Lake Hooker L1755 | 27.980611 | -82.263498 | 0.1 Jun-10 Mar-10 0.5 6.94 27 0.110 28 21
Parrish Lake 1923 | 2761008 | -82.31187 | 14 Jun-10 Aug-09 1.0 688 | 058 BDL 72 8.6
Lake Myakka 179 2726883 | -82.28832 | 0.6 Feb-10 Dec-08 0.5 7.78 5.8 0.080 40 21
Arrowhead Lake 191 2670894 | -81.89515 | 0.7 Apr-10 Feb-09 1.0 9.12 | 0.60 0.074 97 4.4
Unnamed Lake 175 2721826 | -80.24818 | 1.3 Jan-10 Feb-09 1.0 742 | 0.99 0.085 60 14




6.5 Supplemental information
6.5.1 Water quality parameters

Total Hg and MeHg concentrations in the water quality samples were determined
at the FDEP Central Laboratory. Procedural blanks run during these analyses were
consistently at or below the method detection limit (MDL) both for total Hg (MDL =
0.10 ng/L; mean blank = 0.11 ng/L, 1 s.d. = 0.03 ng/L, n =21) and MeHg (MDL = 0.022
ng/L; mean blank = 0.022 ng/L, 1 s.d. =0 ng/L, n = 21). Analytical sample replicates
differed by an average of 5.7% relative percent difference in total Hg concentration (n =
22) and an average of 6.2% relative percent difference in MeHg concentration (n = 21).

Total Hg concentrations in 19 of 22 water sampling equipment blanks were below
the MDL (mean = 0.15 ng/L, 1 s.d. = 0.14 ng/L, n = 22). Of the three blanks that had
concentrations above the MDL, only one was above the practical quantification limit of
0.4 ng/L. MeHg concentrations in 16 of 21 field equipment blanks were below the MDL
(mean = 0.026 ng/L, 1 s.d. =0.014 ng/L, n = 21) and all of the blanks were below the

practical quantification limit of 0.088 ng/L.
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6.5.2 Supplemental data

Table 6.SI-1 Complete concentration and isotopic data. Lakes from which both sediments and largemouth bass were analyzed are
listed first (n = 11); lakes from which only sediments were analyzed are listed below the bold line (n =9). The number of analyses for
the UM-Almadén standard is the total number of analytical sessions from January 2011 to January 2012 and isotope ratios given are
averages of the mean value for each session. The number of analyses given for procedural standards is the total number of processed
standards and the isotope ratios given are averages of the mean value for each session. Analytical uncertainties for the UM-Almadén
standard and procedural standards are 2 s.d. of analytical session averages. Analytical uncertainties for samples are 2 s.d. of multiple
analyses within one analytical session.
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5" Hg 20 3"Hg 26 5"Hg 26 8'"'Hg 26 A" Hg 26 AMHg 20 A"Hg 26
Standard Name " (%) (%) (%) (%) %) (%) (%) (%) (%) (%) (%) (%) (%) (%)
UM Almadén standard
61 -0.57 0.05 -0.46 0.05 -0.28 0.03 -0.16 0.04 -0.03 0.02 0.01 0.02 -0.02 0.03
NIST SRM 1944 (sediment procedural standard)
6 -0.44 0.12 -0.34 0.08 -0.22. 0.05 -0.10 0.04 -0.01 0.05 0.00. 0.03 0.01 0.04.
CRM DORM-3 (fish procedural standard)
7 048 015 184 013 032 007 194 006 148 004 008 00 152 006
ERM CE-464 (fish procedural standard)
9 0.68 0.06 2.48 0.03 0.43 0.05 2.57 0.08 1.97 0.03 0.09 0.04 2.40 0.07
Month Month Fish Fish . Total 13, 15, 202, 201, 200, 199, 201, 200) 199,
Lake Lake . . ° . N Fish sc SN Mg 2 3Hg 20 MHg 20 5"Hg 20 AMHg 20 AMHg 20 AHg 20
Latitude Longitude sediment Sediment ID i Fish ID length age Hg n
Name n collected collected (mm) on sex (nglg) (%e) (%e) (%) (%e) (%) (%) (%) (%e) (%) (%e) (%) (%) (%) (%a) (%a) (%)
L1557 sed
0ct-09 Rep | 208 2 -1.10. 0.21 -1.09 0.20 -0.49 0.13 -0.55 0.16 -0.26 0.04 0.06 0.02 -0.27 0.10.
L1557 sed
Rep 2 211 2 anil 0.03 -1.08 0.06 -0.50. 0.00 -0.57 0.03 -0.25 0.08 0.06 0.02 -0.29 0.04
1211045
Lake L1557 29.00887 -82.61299 Rep | 334 no M 43.7 -27.0 13.7 2 -041 0.06 0.08 0.02 -0.11 0.01 051 0.02 0.38 0.06 0.10. 0.02 0.61 0.03
Rousseau duta
1211045
Dec-11 Rep 2 55.7 2 -0.24 0.01 0.19. 0.03 -0.04 0.00 0.49 0.04 0.37 0.02 0.08 0.01 0.55 0.05
o
1211046 382 data M 204 -26.3 14.0 2 -0.57 0.06 -0.12 0.03 -0.20 0.02 0.40. 0.00 0.32 0.02 0.09 0.05 0.54 0.01
o
1211047 455 data F 163 -26.8 14.3 2 -0.29 0.20 0.21 0.24 -0.06 0.16 0.55 0.14 0.42 0.09 0.09 0.06 0.63 0.09
009 1732 sed 256 2 0.69 04 040 001 021 001 o1 006 012 010 008 009 007 0.10
1211048
Rep 1 . o “ 499 268 109 2 .18 005 035 009 001 009 092 005 069 005 o1 007 097 004
data
;’e':“:e';::: L7132 28.84820 8232872 1211048
et Rep2 a12 2 025 004 048 004 002 004 091 005 067 007 0.10 00 097 004
o
1211049 305 duta M 524 294 1 2 026 007 029 003 004 001 065 007 048 00 009 005 o071 006
o
1211050 345 data M 531 -28.0 11.2 2 -0.23 0.01 0.44 0.05 0.00 0.05 0.81 0.04 0.61 0.05 011 0.04 0.87 0.04
Dec-09. L72 sed 712 2 -0.63 0.02 -0.34 0.04 -0.20 0.02 -0.02. 0.02 0.13 0.03 0.12 0.03 0.14 0.03
o
Lake Davis L7 2882011 8228797 1211051 326 data F 494 -28.2 10.2 2 -0.43 0.12 011 0.16 -0.10. 0.05 051 0.16 0.43 0.07 011 0.01 0.62 0.13
Dec-11 no
1211052 406 data F 559 -28.5 10.1 2 -0.60. 0.01 -0.12 0.07 -0.20 0.10. 0.37 0.05 0.33 0.06 0.10. 0.10. 0.52 0.05
o
1211053 420 data M 672 -278 10.7 2 -0.40 0.02 011 0.06 -0.09. 0.03 0.47 0.01 041 0.07 0.12 0.04 0.57 0.00
May-09 | L440 sed 192 2 069 002 059 005 018 005 0.8 001 -0.08 004 017 004 000 000
L PP [
¢ Auge10 810001 196 1 M 120 269 127 2 0.68 0.09 3.00 0.08 0.50 010 3.42 0.08 249 002 0.16 014 325 o1t
810003 250 P F 386 271 130 2 031 004 134 008 031 0.5 157 010 LIt 005 0.5 013 149 009
Lake 1372 29.06430 8183386
Catherine
Jul-09 L372 sed 214 2 -0.51 0.06 -0.44 0.03 -0.11 0.08 -0.18 0.03 -0.06 0.07 0.15 0.11 -0.05 0.01
Aug-10
610036 416 5 M 1190 -25.1 13.3 2 0.18 0.11 1.22 0.13 0.25 0.04 1.49 0.03 1.09 0.04 0.16 0.02 145 0.06
710043 187 i M 562 300 160 2 063 002 238 007 051 003 259 009 190 005 0.9 00 243 008
710049 290 4 M
Rep | 1150 294 16.3 2 0.68 0.03 2.03 0.07 053 0.07 214 0.14 152 0.04 0.19 0.05 197 0.13
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710049

Rep2 1150 0.65 0.09 201 0.06 049 ot 216 ot 152 001 0.16 007 200 0.09
710049
Rep3 1090 0.59 0.09 197 0.09 047 0.06 213 0.02 153 016 018 002 198 005
a9 L96 sed Rep | 2 -051 0.01 026 011 -0.10 001 004 003 013 012 015 002 017 0.03
196 sed Rep 2 26 -0.60 0.02 032 0.09 015 009 005 ol 013 0.08 015 0.10 0.10 [
Lake Yale L96 2891937 8174389 910049 204 199 220 131 004 017 042 013 013 002 050 003 039 0.00 o011 007 049 002
Aug10 910051 219 211 214 141 001 0.13 048 0.16 014 015 0.60 013 048 006 014 0.09 0.60 0.10
910054
Rep | 3 162 217 136 002 024 048 0.18 014 007 058 013 0.50 0.00 0.16 005 058 007
910054
Rep2 168 005 0.00 045 001 013 0.04 0.56 0.05 049 001 015 004 057 005
May-09 L374 sed 148 052 0.04 026 0.06 011 001 017 007 013 003 015 0.03 030 0.06
810036
Lake Kerr L34 2935686 8180095 Repl 178 287 278 132 0.6 0.03 361 003 052 003 436 014 311 001 019 001 420 013
Aug-10 810036
Rep2 299 050 0.10 354 022 043 009 431 0 316 015 018 0.05 418 025
810037 193 192 282 131 065 0.14 382 0.09 047 0.10 460 ol 333 002 014 003 443 007
Jan-10 L1790 sed 123 069 0.02 063 001 024 002 -029 0.10 011 003 o011 0.00 011 0.09
810019
Rep 5 no data -196 798 024 0.00 007 0.00 006 004 012 002 011 0.00 0.06 0.04 018 002
Lake
Thonotosas L1790 2805846 8227894 810019
s Aug10 Rep2 724 014 0.09 0.02 017 002 004 014 016 0.09 ot 0.10 0.00 018 013
810023 291 485 -169 788 013 0.09 025 015 017 006 023 014 015 0.09 0.10 002 020 012
810026 315 753 -162 790 005 0.03 029 002 011 0.00 034 001 025 0.00 0.08 001 033 002
Apr-10 1965 sed 161 -0.66 0.02 050 003 022 004 -020 001 0.00 002 o011 0.03 004 001
309135 311 181 211 110 017 0.10 1.09 0.16 022 013 130 009 097 0.09 014 0.08 126 0.06
ke e L965 2805174 8174613
« Mar-10 309141 365 384 219 10 0.05 012 089 013 0.16 015 109 007 085 004 013 009 108 0.04
309142
Repl 365 313 213 107 028 0.05 132 0.03 023 0.08 146 004 L 0.00 0.09 0.10 139 0.03
309142
Rep2 294 013 011 L1g 014 020 012 141 0.03 1.08 006 013 007 138 0.00
Apr-10 129 sed 307 -098 0.03 094 005 037 0.09 -046 019 -020 007 012 0.10 022 0.19
1008237
Repl 202 813 253 100 0.8 0.03 083 005 0.08 007 119 003 090 003 012 0.06 121 004
ke 129 2809272 8166759 1008237
i Oct0s Rep2 762 011 007 018 011 0.03 001 Lis 001 086 016 009 002 118 002
1008242 260 233 231 104 027 005 023 020 001 001 0.60 002 044 017 012 0.04 0.67 0.03
1008248 332 871 235 103 -028 005 045 0.10 002 012 091 002 0.66 014 012 0.10 097 0.00
Jun-10 L24 sed 275 092 0.5 081 0.08 -035 0.10 -039 009 012 003 011 0.03 016 005
1108063 23 26 2194 12 -0.60 007 022 005 019 001 021 001 023 010 011 002 036 001
'5“0‘::0“ 124 2785550 -81.62766
Nova0s 1108067 365 310 211 105 043 0.02 0.03 002 -0.10 0.08 039 005 035 004 o 0.09 049 0.05
1108073
Rep | P 301 26 12 045 o1 0.00 0.04 013 0.03 046 009 034 012 0.10 003 057 0.06
1108073
Rep2 314 2036 0.12 ol 0.06 2008 007 054 0.00 038 0.03 010 001 0.63 0.03
Lake
Panasofke
e Li6d 288065 8212954 Dec-09 L1644 sed 696 -081 013 050 006 2028 007 009 007 010 0.04 013 001 ol 0.04
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Bonable
Lake

L3t 20.13827 82,5233 Dec-09 L3 sed
1999 sed Rep
Smith L1999 2906373 81,9909 Dec-09 L
Lake
1999 sed Rep
2
Lake
George Lii4 2921389 8158574 0ct09 L1142 sed
Lake
Hooker L1755 27.980611 82263498 Jun-10 L1755 sed
Parrish
Lake L1923 2761008 8231187 Jun-10 1923 sed
Lake
Myakka L9 2726883 82,2883 Feb-10 L79 sed
Arrowhead
Lake Lot 2670804 8189515 Apr-10 L91 sed
Unnamed
Lake L7s 2721826 8024818 Jan-10 L75 sed

097 078 037 029 006 012 0.04
046 0.08 045 012 0.07 o011 017 008 010 0.6 016 007 006 0.06
053 0.03 051 0.03 007 004 015 007 012 001 019 003 001 007
097 0.15 082 025 045 019 028 016 009 014 004 o1l 0.04 012
-L19 0.01 098 001 049 009 039 002 008 001 011 0.09 0.09 002
051 012 051 010 015 007 026 002 013 001 010 001 013 001
-L12 0.02 -1.01 0.02 049 004 044 007 017 0.00 0.08 002 016 0.08
046 0.10 039 004 015 o011 014 001 0.05 003 0.08 006 002 0.04
059 056 017 022 012 012 008




6.5.3. Photochemical demethylation calculations

We hypothesize that the observed MIF (expressed as A'*’Hg) in the largemouth
bass tissue is due to photochemical demethylation of MeHg in the water column prior to
uptake of the remaining MeHg into the food web. We estimated the percent
photochemical demethylation in each lake in two ways as described below: 1) using data
from Bergquist and Blum (2007) and 2) using calculations made by Point et al. (/) and
assuming that the magnitude of MIF is affected by the MeHg/DOC ratio in the water
column.

1) In the FL lakes the average DOC concentration was 13.5 mg/L (1 s.d. = 9.4
mg/L, n = 20). Using data from photochemical demethylation experiments with 10 mg/L
DOC presented by Berquist and Blum (2007), we calculated the expected relationship
between A'*’Hg and the fraction of MeHg remaining in the aqueous system according to:

10**In[(10° A" Hg, + 1)/(10°A"°Hg; + 1)] =S * In(f) (1)
where

S = slope (see below)

f = fraction of MeHg remaining in the reactor

A"’Hg; = initial A"’Hg value (assume A"*’Hg; = 0)

A"’Hg, = A" Hg value at a given time
S is calculated by plotting 10**In[(10° A" Hg, + 1)/(10° A" Hg; + 1)] versus In(f) for the
relevant photochemical demethylation experiment (2). For the 10 mg/L DOC
photochemical demethylation experiment, S = -7.82.

To apply this experiment to the FL lakes we then assumed that the measured bulk

sediment A'*’Hg values represent the A'*’Hg values of MeHg in the sediments prior to
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photochemical demethylation in the water column. We calculated the average percent
MeHg that was photochemically demethylated in each lake according to:

In(f) = {10**In[10 (A" Heavg fisn - A" Hegsediment) + 11}/S @)
The results of these calculations are shown in Table 6.SI-2.

2) We also estimated percent photochemical demethylation of MeHg in these
lakes according to calculations made by Point et al. (/). Assuming that the ratio of MeHg
to DOC affects the magnitude of resulting MIF, Point et al. (2011) extrapolated the
experiments conducted by Bergquist and Blum (2007) to lower MeHg/DOC ratios.
According to Point et al. (2011), the best-fit fractionation factor for A'*’Hg was:

10°In0ia190mg = -8.7 * 0.999985MeHe/POO) (3)
This fractionation factor can be rearranged to calculate an S for each lake that can be used
in Eq. (2) such that:

S =10°* (@100 _ 1) (4)
where

z=10’In0x 9911 = -8.7 * 0.999985MeHZPOC)

The estimated percent photochemical demethylation of MeHg in the FL lakes based on

these calculations are shown in Table 6.SI-2.
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Table 6.SI-2 Estimated percent photochemical demethylation of MeHg from FL lakes.
Percent photochemical demethylation of MeHg prior to incorporation of the remaining
MeHg into the food web was calculated for each lake using two methods as described.

. 1) Percent photochemical 2) Percent photochemical
Average Sediment demethylation demethylation
199 199
Lake Name Lake ID ﬁsh(@ ) Hg A (%})lg (based on Bergquist and Blum, (based on Point et al.,

v ’ 2007) 2011)
Lake Rousseau L1557 0.58 -0.28 10.4 9.4
Little Lake
Henderson L732 0.85 0.07 9.5 8.6
Lake Davis L72 0.57 0.14 5.3 4.8
Mill Dam Lake L440 2.37 0.00 26.1 23.9
Lake Catherine L372 1.95 -0.05 22.5 20.6
Lake Yale L96 0.56 0.14 5.2 4.7
Lake Kerr L374 4.31 0.30 40.1 37.0
Lake Thonotosassa L1790 0.24 -0.11 4.4 4.0
Lake Hartridge L965 1.24 -0.04 15.1 13.7
Lake Henry L29 0.94 -0.22 13.8 12.5
Lake Gordon L24 0.48 -0.16 7.9 7.1
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CHAPTER 7

Conclusions

Mercury (Hg) has been used for centuries in precious metal extraction, industrial
production, and consumer products (e.g., batteries and lighting) (/). More recently, the
toxicity of Hg and monomethylmercury (MeHg) have become widely recognized. A
great deal of scientific research is now devoted to understanding Hg biogeochemical
cycling and determining the factors that result in high levels of MeHg in fish species.
Until recent decades, many of these studies were plagued by contamination during
sample collection or in analytical laboratories. Development of trace metal clean sample
collection and processing techniques (such as the “clean hands” method (2) and bottle
cleaning procedures (3, 4)) and Hg-free laboratories has enabled the accurate
measurement of very low concentrations of Hg and MeHg in a variety of environmental
samples.

Despite the magnitude of research conducted to date, significant gaps exist in our
knowledge of Hg biogeochemistry and environmental cycling. Recent advances in multi-
collector inductively-coupled plasma mass spectrometry now allow precise measurement
of natural abundance Hg stable isotope ratios. As a result of these analytical
improvements and advances in techniques to purify and concentrate Hg from samples,
the field of Hg isotope geochemistry has expanded significantly over the course of this

dissertation. Not only can Hg isotopes be used to trace sources of Hg into the
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environment, but they can also be used to better understand biogeochemical processes
that result in isotope fractionation. Although many important questions remain, the

research presented here adds to our current understanding of Hg biogeochemical cycling.

7.1 Summary of key findings
7.1.1 Methodological advancements

Throughout the course of this dissertation, a number of important advancements
have been achieved in sample collection and processing techniques. These improvements
are the result of the collaborative efforts of many individuals from the University of
Michigan Biogeochemistry and Environmental Isotope Geochemistry Laboratory and the
University of Michigan Air Quality Laboratory. We have greatly expanded the types of
samples that can be analyzed for Hg isotopes and increased the efficiency with which
samples can be processed. These advances will allow future studies to probe new
questions by analyzing greater numbers of complex environmental samples.

The study presented in Chapter 2 represents one of the first to measure natural
abundance Hg isotopes in water samples. Previous studies employed artificially enriched
Hg isotope spikes to trace Hg in aquatic systems () or high concentrations of Hg in
experimental aqueous solutions to observe fractionation (6). However, to understand Hg
cycling in natural aquatic systems and characterize Hg fractionation during reactions
occurring in those systems, it is necessary to measure natural abundance Hg isotope ratios
in low concentration water samples. We first developed a purge-and-trap method to
release and concentrate Hg from relatively high concentration hydrothermal water

samples (7). Subsequently, we advanced our techniques to enable concentration and
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measurement of Hg isotopes in large volume, very low concentration precipitation
samples (e.g., snow and rain) (8-10). Using these methods, we are now able to fully
recover Hg both in procedural standards and samples. Also, we consistently achieve very
low procedural blank concentrations that are due almost entirely to the reagent blank in
the oxidizing trap solutions.

We have also developed techniques to collect and analyze total gaseous Hg
samples. By pulling ambient air through multiple gold traps with vacuum pumps, we are
able to collect enough Hg for duplicate isotopic analyses in a 24 h period. We developed
a slow thermal desorption profile to release the Hg from these gold traps and capture it in
oxidizing solutions. We are now able to consistently recover Hg from gaseous samples
and procedural standards.

Finally, we have improved our ability to release, concentrate, and measure Hg
isotopes in solid samples. This process has been iterative and involved developing
thermal desorption profiles that result in the slow and complete release of Hg from each
sample type. Consistent measurement of Hg concentrations and isotope ratios in
procedural standards has allowed us to perfect these methods. We are now able to
consistently recover, concentrate, and analyze Hg isotopes in a variety of environmental
samples including sediments, rocks, plants, water filters, fish tissues, insects, and human

hair and urine.

7.1.2 Mercury stable isotope fractionation

Research presented in this dissertation has helped to identify and characterize a

number of processes that cause fractionation of Hg isotopes. First, as described in
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Chapter 2, loss of Hg from hydrothermal fluids can cause mass-dependent fractionation
(MDF) of Hg isotopes (7). We observed that the light isotopes of Hg were preferentially
lost from a hydrothermal pool in the Yellowstone Plateau volcanic field as the
hydrothermal waters travelled from the vent to the outflow channel. This fractionation
was characterized using a Rayleigh-type fractionation model with 202/198ar/p =1.00059 +
0.00016 (1 s.d.). We hypothesize that this MDF was primarily due to volatilization of
HgO(g) from the hydrothermal water and secondarily due to co-precipitation of Hg with
siliceous sinter.

Second, as observed in Chapter 5, the heavy isotopes of Hg can be preferentially
removed prior to the emission of Hg from a coal-fired power plant (/0). Mercury
deposited in precipitation near the large Crystal River, Florida coal-fired power plant
exhibited extreme negative 6°°*Hg values. On the basis of the proximity of the sites to
the power plant, meteorological conditions, and estimated speciation of Hg emissions
from the power plant, we hypothesize that Hg emitted by the power plant also displayed
extreme negative 5°*Hg values. Appalachian coal similar to that purchased by the power
plant displayed somewhat negative °"*Hg values. We point out that the removal of
sulfides with high §°**Hg values prior to combustion would result in coal powder with

202
lower o

Hg values. Additionally, adsorption of Hg to particles and removal by air
pollution control devices may result in the preferential loss of the heavy isotopes of Hg
from the flue gas. These processes likely resulted in the extreme negative §°°“Hg values
observed in Hg emitted by the Crystal River coal-fired power plant.

Third, as described in Chapters 3 and 4, photochemical reduction and loss of Hg

from snow can cause a large degree of mass-independent fractionation (MIF), likely as a
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result of the magnetic isotope effect (§). We conducted a flux chamber experiment in
which we exposed surface snow to sunlight and measured the Hg isotopic composition of
the snow before and after exposure as well as the isotopic composition of Hgo(g) that was
emitted from the snow. Photochemical reduction of Hg in the surface snow caused the
preferential reduction and emission of the odd-mass-number isotopes of Hg as Hgo(g).
This resulted in more negative A'”’Hg values in the snow and a less negative A'*’Hg
value in the emitted HgO(g). Snowfall, surface snow, and drifted snow samples similarly
displayed negative A'*’Hg values and the magnitude of MIF was correlated with the
estimated amount of exposure to sunlight for each sample type.

The MIF observed in these samples is especially interesting because it is opposite
to that observed during photochemical reduction and loss of Hg from aqueous systems
(6). Bergquist and Blum (6) observed that photochemical reduction of Hg*" from an
aqueous solution containing dissolved organic carbon resulted in the preferential
retention of the odd-mass-number isotopes of Hg in the solution. In comparison, we
observed that the odd-mass-number isotopes were preferentially lost from the surface
snow (8). This contrast may be due to differences in the composition of oxidized Hg
complexes between the aqueous solutions and surface snow. Zheng and Hintelmann (/7)
found that photochemical reduction of Hg by non sulfur-containing organic compounds
resulted in the preferential retention of the odd-mass-number isotopes of Hg whereas
photochemical reduction of Hg by sulfur-containing organic compounds resulted in the
preferential loss of the odd-mass-number isotopes of Hg. They hypothesized that this
was due to the generation of radical pairs either in the triplet or singlet state. If radical

pairs are generated in the triplet state, triplet to singlet conversion is enhanced by the odd-
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mass-number isotopes of Hg and radical pairs that include odd-mass-number isotopes of
Hg preferentially recombine and are retained as reactants. In contrast, if radical pairs are
generated in the singlet state, singlet to triplet conversion is enhanced by the odd-mass-
number isotopes of Hg and the recombination of radical pairs that include odd-mass-
number isotopes of Hg becomes spin forbidden. During photochemical reduction
reactions, this results in the preferential loss of the odd-mass-number isotopes of Hg as
HgO(g). It is possible that heterogeneous photochemical reduction reactions in the snow
caused radical pairs to be generated in the singlet state. Future research is needed to fully
understand the processes resulting in the observed negative MIF in surface snow.

As described in Chapter 5, we have also observed that atmospheric processes can
cause MIF of Hg isotopes (/0). Many of the precipitation samples collected in central
Florida displayed positive A'”’Hg values (10) that were similar to those observed by
Gratz et al. (/2) in midwestern U.S. precipitation. We hypothesize that photochemical
reduction of Hg in cloud droplets may result in the preferential loss of the odd-mass-
number isotopes of Hg from the droplets. In addition, many of the precipitation samples
collected in Florida and in the midwestern U.S. displayed small positive MIF of ***Hg (10,
12). Neither of the mechanisms currently proposed to cause MIF of Hg isotopes (the
magnetic isotope effect and the nuclear volume effect) are expected to cause measureable
MIF of the even-mass-number isotopes of Hg. It is possible that photochemical self-
shielding during atmospheric reactions may play a role in producing MIF of ***Hg (13,
14) but further experiments are necessary to understand this phenomenon.

Fourth, as described in Chapter 6, we observed that photochemical demethylation

of MeHg in freshwater lakes causes the preferential retention of the odd-mass-number
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isotopes of Hg (as MeHg) in the water column (/5). Bergquist and Blum (6) observed
that photochemical demethylation of MeHg from an aquatic solution containing dissolved
organic carbon resulted in increasingly positive A'*’Hg values in the solution. They
hypothesized that this MIF signature was retained and preserved during bioaccumulation
through the aquatic food web. We found that light penetration depth in freshwater lakes
of central Florida was correlated with A”’Hg values measured in largemouth bass from
the same lakes. These data support the hypothesis that the magnitude of MIF in fish is
controlled by the magnitude of photochemical demethylation of MeHg prior to
incorporation of the remaining MeHg into the pelagic food web.

Throughout this dissertation, measurement of natural abundance Hg stable
isotopes has enabled the characterization of Hg fractionation during environmentally
relevant processes. Specifically, we have found that photochemical processes on snow
crystals, in aqueous environments, and in the atmosphere can cause significant MDF and
MIF of Hg isotopes. It is likely that future studies will continue to use measurement of
Hg isotope fractionation to better understand the chemical reactions that control Hg

biogeochemical cycling.

7.1.3 Sources and fate of atmospherically deposited Hg

In addition to building greater understanding of the processes that cause Hg
fractionation, we have begun to characterize the isotopic composition of Hg emissions
and investigated the fate of atmospherically deposited Hg. It is important to note that Hg
deposition at a given location is the result of emissions from natural and anthropogenic

sources at local, regional, and global scales. A number of factors including local and
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regional meteorology, proximity to sources, types of sources, speciation of emissions,
and presence of atmospheric oxidants can impact the relative percentage of Hg deposition
at a given location that is derived from local, regional, and global sources.

As described in Chapter 2, emissions of HgO(g) from hydrothermal systems may be
characterized by negative 5°**Hg values and slightly positive A'*’Hg values (7).
Zambardi et al. (/6) similarly found that emissions of HgO(g) from a volcanic fumerole
displayed negative 8*’Hg values. Although these data are from a limited number of
locations, they suggest that natural emissions of Hgo(g) from volcanic environments may
display negative 5°*Hg values.

In Polar Regions, Hg deposited during atmospheric mercury depletion events
(AMDESs) that remains in the snow until snowmelt likely displays highly negative A'*’Hg
values (8). If this Hg enters waterbodies and additional MIF does not occur prior to
uptake into the food web, this isotopic signature may be preserved in fish and piscivorous
mammals. However, as observed in Chapter 4, some of the Hg that is photochemically
reduced and lost from the snowpack is reoxidized and captured by nearby ice crystals (9).
These ice crystals form a complementary isotopic reservoir of Hg. It is possible that Hg
remaining in the snow (with negative A'*’Hg values) mixes with Hg in ice crystals (with
positive A'”’Hg values) during spring snowmelt. As a result, depending on the mass
balance, Hg that is exported to aquatic systems may not display the distinct negative
A"’Hg values observed in surface snow.

Finally, as described above and in Chapter 5 (/0), the isotopic composition of
locally deposited Hg emitted by coal-fired power plants can be isotopically distinct.

Biswas et al. (/7) observed that coal from different regions displayed an approximately
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3%o range in 5°*Hg values and suggested that the isotopic composition of emissions from
coal-fired power plants could be unique depending on the coal that was combusted. Data
presented in Chapter 5 supports this hypothesis. It may be possible for future studies to
use the distinct isotopic signature of Hg emitted by coal-fired power plants to quantify
local deposition of those emissions. If this becomes possible, Hg isotopes may ultimately
be used to enforce or evaluate the effectiveness of Hg emissions regulations such as the
new 2011 Mercury and Air Toxics Standards. In addition, if anthropogenic emissions of
Hg from different point sources are isotopically distinct, Hg isotopes could be used to
better quantify the impact of those emissions on local and regional deposition. This
information could be used to better inform new, more effective Hg emissions regulations.
As a follow-up, in Chapter 6 (/5) we investigated whether the distinct negative
8°’Hg values observed in precipitation near the Crystal River, Florida power plant could
be used to trace Hg emissions into local fish populations. However, we did not observe
any evidence of the extreme negative 8°°*Hg values in largemouth bass collected from
lakes in close proximity to the power plant. Instead, we found that MeHg in the fish was
primarily derived from Hg accumulated in lake sediments and that the fish isotopic
compositions were influenced by fractionation in the sediments and water column. We
suggest that the distinct signature of Hg emitted by the power plant was obscured as a
result of mixing with previously deposited Hg in the sediments. These results may have
important implications for regulatory assessment and future monitoring studies.
Especially in lakes fed by large watersheds, previously deposited Hg can inflow into the
lake long after it is deposited from the atmosphere and continuously add to the reservoir

of Hg in the sediments that is available for methylation. In these lakes, declines in fish
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MeHg concentrations may be prolonged for decades to centuries after Hg deposition
reductions occur. Therefore, it is important to consider lake physical characteristics and
fish physiology when choosing locations and species as biomonitors to assess the impact

of Hg emissions regulations.

7.2 Future work

The research described in this dissertation raises a number of scientifically
interesting and important questions that may be addressed by future studies. Specifically,
several of the chapters describe Hg fractionation observed in environmental samples, but
future work is needed to fully understand the processes and mechanisms resulting in this
fractionation. Additionally, we present evidence that anthropogenic sources of Hg can be
isotopically distinct. It may ultimately be possible to use Hg isotopes to quantify the
amount of local Hg deposition that results from a given point source. However,
significant additional research is needed to enable the use of Hg isotopes to meaningfully
inform Hg emissions regulations and assess the effectiveness of such policies.

Measurement of Hg isotopes in atmospheric samples may enable greater
understanding of atmospheric Hg chemistry and enable the fingerprinting of Hg that is
emitted to the atmosphere and transported to deposition sites. Field studies could be
coupled with experimental studies and atmospheric chemistry models to understand the
relative importance and expected impact of atmospheric reactions on Hg isotopes. This
multi-faceted approach could also elucidate the relative importance of different oxidants
in global atmospheric Hg cycling. This information could be used to significantly

improve the accuracy of Hg transport and deposition models.
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Continued research is also needed to characterize the isotopic composition of dry
deposited Hg. Both reactive gaseous Hg and fine particulate Hg can be dry deposited but
this deposition is very difficult to collect and quantify. Although dry deposition may
represent a significant flux of Hg in certain locations, atmospheric Hg models often are
unable to estimate its magnitude without unacceptably large uncertainties. It is possible
that future studies could use Hg stable isotopes to characterize and better understand the
atmospheric reactions that produce dry deposited Hg species. Additionally, if the
isotopic composition of this Hg is distinct, Hg isotopes could be used to quantify dry
deposition. This research will require the development of methods to successfully
capture sufficient quantities of dry deposited Hg without inducing secondary
fractionation.

Experimental studies are needed to understand the processes that control the
isotopic composition of Hg emitted from anthropogenic point sources such as coal-fired
power plants. This information, in turn, may enable the isotopic fingerprinting of Hg
emitted by a variety of sources and could ultimately play a role in the enforcement of
emissions regulations. We hypothesize in Chapter 5 that the isotopic composition of the
original coal, coal cleaning processes, and removal of Hg by air pollution control devices
caused the emission of isotopically distinct Hg from a coal-fired power plant. However,
we cannot quantify the amount of local Hg deposition that results from these emissions,
and we cannot determine whether the observed distinct isotopic signature would be
observed in Hg emissions from other coal-fired power plants. Laboratory combustion
experiments using coal of known isotopic composition and mock air pollution control

devices (e.g., in-line carbon addition and a particle removal system) could be used to
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determine the effects of these systems on the isotopic composition of Hg emissions. In
addition, combustion of coal of known isotopic composition at a full-scale test power
plant and isotopic analysis of the emitted Hg would help to constrain in-system
fractionation. This research is necessary in order to expand our findings to other
locations and to quantitatively assess the impact of coal combustion on local Hg
deposition.

Finally, future studies may use the data presented in this dissertation to begin to
trace Hg from natural and anthropogenic sources into sensitive ecosystems. It may be
possible to use MIF of Hg isotopes to trace AMDE-deposited Hg into Arctic ecosystems.
As discussed previously, this may be complicated both by the retention of HgO(g) emitted
from the surface snow on nearby ice crystals (9) and by photochemical processes in
waterbodies (/8). It may also be possible to trace emissions from anthropogenic sources
to local deposition sites and into aquatic ecosystems using Hg isotopes. As demonstrated
in Chapter 6, it is possible to use Hg isotopes to determine whether high Hg
concentrations in aquatic organisms are the result of recent atmospheric deposition or
methylation of accumulated Hg in lake sediments. Further research is needed to
determine the relevance of these findings to other locations with different lake and
watershed characteristics.

The field of Hg stable isotope geochemistry has expanded rapidly over the course
of this dissertation. As Hg purification and analytical techniques are further refined, Hg
stable isotopes may become widely utilized in Hg biogeochemical studies. It is likely
that Hg isotopes will be used to better understand Hg atmospheric chemistry, including

the oxidation/reduction reactions that control the lifetime of Hg in the atmosphere. It is
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also likely that Hg isotopes will be used to better understand Hg bioaccumulation, to
determine the sources of MeHg to freshwater and marine fish, and to better understand
the pathways of human exposure to MeHg. Finally, it is possible that Hg isotopes may be
used as a tool to enforce Hg emissions regulations and to determine the effectiveness of
those regulations in decreasing local deposition of Hg and reducing concentrations of
MeHg in aquatic organisms. Along with studies by many others, research presented in

this dissertation has helped to lay the groundwork for this important future research.
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