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Abstract 
 
 Mercury (Hg) is a neurotoxic trace metal that is globally distributed and has important 

implications for human health. The anthropogenic use of Hg has caused the concentration of Hg 

in the environment to approximately triple since ~1850. It is therefore imperative to understand 

the historical deposition trends and modern biogeochemical cycling of Hg to better inform future 

policy actions regarding the release of Hg to the environment. In this dissertation, measurements 

of Hg stable isotopes were applied to an environmental record of historical Hg deposition and to 

remote, low Hg concentration atmospheric samples to answer outstanding questions regarding 

both historical and modern biogeochemical conditions and processes driving Hg cycling in the 

environment.  

To discern past sources of Hg and conditions controlling Hg isotope fractionation in the 

atmosphere, a sediment core from a remote, high elevation lake near Jackson, Wyoming was 

collected. Lake sediments were dated to understand temporal changes in the deposition of Hg to 

the sediments, revealing an approximate 3.8-fold increase in Hg flux from 1850 to the present. 

Additionally, measurements of Hg stable isotope ratios in the sediments indicated a shift in 

atmospheric chemical reactions over the same period. Analyses of wet precipitation and snow 

collected in the lake’s vicinity were utilized to explain the modern Hg isotopic composition 

observed in the lake sediments and motivated further investigation into Hg isotope fractionation 

in snow.  

Measurements of 12-hour atmospheric gaseous Hg samples were collected continuously 

for one week from two high elevation sites (Mount Bachelor, Oregon and Camp Davis, 



 xii 

Wyoming) with contrasting geographic characteristics to understand both the vertical gradient of 

Hg in the atmosphere and better understand the role of vegetation in Hg isotope fractionation in 

the atmosphere. Analyses of Hg isotope ratios from samples at Mount Bachelor (mountaintop 

site) revealed diel variation in the isotopic composition of Hg. Nightly measurements indicated a 

dominant influence from the free troposphere with a distinct isotopic composition. Near the end 

of the sampling period, the diel variation dissipated due to a nearby forest fire that came to 

dominate both daytime and nighttime samples. At Camp Davis (valley site), diel variation in the 

isotopic composition of Hg was also observed, however, the variation at this site contrasted with 

observations at Mount Bachelor. Nightly inversions trapping Hg in the valley at Camp Davis and 

the subsequent uptake of Hg from the atmosphere by vegetation explains the fractionation 

observed in the residual Hg.  

Motivated by the analysis of Hg isotopes in snow from Lost Lake, WY, five time series 

of snow samples (with sampling every 12 hours for 48 hours) were collected at two sites in 

Michigan (Dexter and Pellston). A time series collected in Dexter during a polar vortex revealed 

progressively more negative odd-mass independent fractionation (MIF), similar to observations 

in Arctic snow. In contrast, the fractionation of Hg isotopes in all of the other snow samples 

progressed towards more positive odd-MIF, indicating a difference in oxidants and binding 

ligands associated with the Hg in snow. Finally, snow samples indicative of snowmelt were used 

to estimate the Hg isotopic composition of Hg deposited to mid-latitude ecosystems via snow.  

As a whole, this dissertation begins to answer outstanding questions concerning processes 

that control the fractionation and distribution of Hg in the environment and creates a platform for 

future researchers to expand upon. 
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Chapter 1 Introduction 
 

1.1 Mercury as a Global Pollutant 

Mercury (Hg) is a neurotoxic trace metal distributed ubiquitously at Earth’s surface due 

to both natural and anthropogenic processes. Natural sources of Hg include hydrothermal and 

volcanic activity and re-emission of previously deposited Hg from natural reservoirs. These 

natural sources, however, only account for about one third of the Hg found in Earth’s atmosphere 

(Bagnato et al., 2015; Pirrone et al., 2010). The mining and use of Hg has a long history dating 

back to ~5000 B.C.E. (Emslie et al., 2015) and more recently has been used in consumer 

products and industrial processes. Currently, the largest sources of Hg to the atmosphere are 

through the combustion of coal and gold mining (Pacyna et al., 2009; Pirrone et al., 2010). 

Historical inventories of Hg release from industrial processes and natural sources have 

been estimated through observational and modeling methods (Amos et al., 2015; Engstrom et al., 

2014; Horowitz et al., 2014; Song et al., 2015; Streets et al., 2011). Natural archives such as lake 

sediments, peat cores, and ice cores document the historical deposition of Hg to the Earth’s 

surface (Enrico et al., 2017; Zdanowicz et al., 2016). Through these analyses, there is a 

consensus that Hg deposition has increased 3-5 times since 1850. Studies have worked to 

elucidate the extent to which activities such as the mining of Hg in South American during the 

16th century had an impact on the global Hg cycle (Cooke et al., 2013; Engstrom et al., 2014). 

Researchers concluded that these emissions were only recorded regionally. There is still debate, 

however, concerning the geographic impact of Hg released during the Gold Rush in the United 

States (Chellman et al., 2017; Engstrom et al., 2014; Schuster et al., 2002). 
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Redox cycling of Hg has important implications for the distribution and human exposure 

to Hg (Driscoll et al., 2013). Monomethylmercury (MMHg) poses a threat to human health and is 

produced in the environment via microbial activity, primarily through methylation by sulfate and 

iron reducing bacteria in anoxic environments (Hsu-kim et al., 2013; Janssen et al., 2016). The 

neurotoxicity of Hg was first recognized in Minimata, Japan in the late 1950’s following a 

disaster in the Minimata Bay due to the industrial release of wastewater from a chemical factory 

(Harada, 1995). Fisherman and their families began to exhibit symptoms of severe neurological 

damage, leading to an investigation of the cause and a conclusion that MMHg exposure from fish 

consumption was responsible. Throughout the world, fish consumption continues to be the 

primary pathway for Hg exposure to humans (Sunderland, 2007). 

Atmospheric cycling of Hg has important implications for the global distribution and 

deposition of Hg (Lyman et al., 2020; Selin, 2009). Hg in the atmosphere has three operationally 

defined species: gaseous elemental mercury (GEM or Hg0) has an extended atmospheric lifetime 

of ~0.5 to 1 year, reactive gaseous mercury (RGM or HgII(g)) and mercury bound to particles 

(PBM or HgII(p)) have shorter atmospheric lifetimes and are readily stripped from the atmosphere 

and deposited to the Earth’s surface through wet and dry deposition (Gustin et al., 2015; 

Lindberg and Stratton, 1998). Together, Hg0 and HgII(g) are referred to as total gaseous mercury 

(TGM). 

1.2 Mercury Isotope Systematics 

 Measurements of Hg isotope ratios have proved an indispensable tool in elucidation of 

the Hg biogeochemical cycling (Blum et al., 2014; Kwon et al., 2020; Yin et al., 2010). High 

precision measurements of mercury’s seven stable isotopes (masses 196, 198, 199, 200, 201, 202 

and 204) became possible with advancements in cold vapor multiple collector inductively 
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coupled mass spectrometer (CV-MC-ICP-MS) technology. The utility of Hg isotopes arises from 

two types of fractionation: mass dependent fractionation (MDF) and mass independent 

fractionation (MIF).(Yin et al., 2010) MDF occurs through reactions of nuclear mass selectivity 

(both kinetic and equilibrium isotope fractionation) and is reported as δ202Hg in permil (‰): 

 

δ202Hg (‰) = {[(202Hg/198Hg) unknown/(202Hg/198Hg) NIST3133]-1} x 1000 

 

MDF has been documented in a number of biotic and abiotic processes including methylation 

and demethylation, sorption and equilibrium reactions (Jiskra et al., 2012; Kritee et al., 2009, 

2007; Rodriguez-Gonzalez et al., 2009; Wiederhold et al., 2010). 

MIF occurs mainly through photochemical reactions and is reported as the deviation from 

the predicted fractionation from the kinetic isotope fractionation law. Blum and Bergquist (2007) 

calculated b values for Δ199Hg, Δ200Hg, Δ201Hg, and Δ204Hg of 0.252, 0.502, 0.752, and 1.493 

respectively: 

 

ΔxxxHg (‰) = δxxxHg – (δ202Hg x b)  

 

Large magnitude MIF is thought to be related to the magnetic isotope effect, fractionating the 

odd-mass isotopes that have non-zero magnetic moments (masses 199 and 201) (Buchachenko, 

2001). Smaller magnitude MIF is due to the nuclear volume effect during equilibrium reactions, 

also affecting the odd-mass isotopes (Ghosh et al., 2013). Together, observations of these MIF 

anomalies are referred to as odd-MIF and are represented as Δ199Hg and Δ201Hg. Large 

magnitude odd-MIF anomalies are driven by photochemical reactions including photoreduction 
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of aqueous HgII in the presence of dissolved organic matter (Bergquist and Blum, 2007; Rose et 

al., 2015; Zheng and Hintelmann, 2009) and photodemethylation of MMHg (Chandan et al., 

2015) and have been observed in a number of natural materials including fish, (Bergquist and 

Blum, 2007) precipitation, (Gratz et al., 2010; Washburn et al., 2020) atmospheric gaseous Hg0, 

(Fu et al., 2016a; Gratz et al., 2010) snow, (Sherman et al., 2010) and sediments (Cooke et al., 

2013). Observations of MIF affecting the even-mass isotopes (masses 200 and 204) have also 

been documented in atmospherically derived samples, though the exact fractionation mechanism 

remains unknown (Gratz et al., 2010). It has been suggested that even-MIF occurs through UV 

initiated oxidation in the tropopause and was first observed in atmospheric samples of 

precipitation and Hg0 (Chen et al., 2012; Gratz et al., 2010). Even-MIF is considered to be a 

conservative tracer, giving rise to its utility as an atmospheric source tracer (Blum and Johnson, 

2017). The measurement of Hg isotopic ratios in natural media and the utility of both MDF and 

MIF measurements has been used extensively to better understand the Hg global biogeochemical 

cycle (Blum et al., 2014; Kwon et al., 2020; Sun et al., 2019; Tsui et al., 2020).  

1.3 Filling in the Missing Pieces 

While the Hg cycle has been studied extensively, there are still knowledge gaps 

concerning the isotopic characterization of Hg and the processes that fractionate Hg isotopes in 

the environment. These gaps include historical changes in the atmospheric fractionation of Hg 

isotopes, the effect of vegetation on atmospheric Hg cycling (both uptake and release of Hg 

from/to the atmosphere), and the Hg fractionation in snow outside of the Arctic. These processes 

and reactions are depicted in Figure 1.1 and are represented as part of the broader Hg 

biogeochemical cycle in the environment. Each chapter in this dissertation aims to fill a specific 

knowledge gap, which are indicated by chapter on Figure 1.1. The goal of this dissertation is to 
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begin to answer some of the outstanding questions regarding Hg isotope fractionation and create 

a platform from which future researchers may launch from to better understand and characterize 

the cycling of this important neurotoxin in the environment. 

1.4 Application of Hg Stable Isotopes: Dissertation Narrative 

 Although there has been extensive work elucidating the biogeochemical cycling of Hg, 

many knowledge gaps remain. This dissertation utilizes the measurement of Hg stable isotopes in 

a number of natural sample types to better understand the historical deposition of Hg, 

atmospheric cycling and source identification of Hg, and the fractionation of Hg in snow at mid-

latitudes coupled with the implications of this atmospheric deposition pathway to terrestrial and 

aquatic ecosystems. 

 In Chapter 2 (published in Science of the Total Environment) we explored the historic 

deposition of Hg through measurements of Hg stable isotopes in lake sediments. We identified a 

small lake in northwestern Wyoming with a small catchment to lake surface ratio (2.06), ideal 

for recording the global record of atmospheric deposition of Hg. We also collected samples of 

possible sources of Hg to the sediments including soil and vegetation from the catchment, Hg0 

from a nearby mountaintop, precipitation, and snow. We found that the flux of Hg began to 

dramatically increase circa 1850 at the beginning of the Industrial Revolution, consistent with 

previous observations in other lakes. Interestingly, we found that concurrent with an increase in 

Hg flux, values of all measured isotope ratios (δ202Hg, Δ199Hg, Δ200Hg and Δ201Hg) trended 

towards higher values. Deposition of a mixture of wet precipitation and snow was used to 

explain the modern Hg isotopic composition, however, a global shift in atmospheric isotope 

fractionation was needed to explain the temporal shifts in measured ratios in the sediments. 
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 In Chapter 3 (published in Environmental Science and Technology) we collected 

continuous 12-hour samples of Hg0 for one week at Mount Bachelor Observatory, Oregon, 

where long-term monitoring and characterization of atmospheric Hg was employed to aid in the 

interpretation of our Hg isotopic measurements. Samples displayed diel variation in δ202Hg and 

Δ199Hg but not Δ200Hg, which we attributed to free tropospheric air masses measured during the 

night. Near the end of the sampling period, the diel variation dissipated due to the influence from 

a forest fire ~31 km NW of Mount Bachelor. We employed a three-endmember mixing model to 

identify the Hg isotopic composition of free tropospheric, regional background, and forest fire 

sources of Hg. In addition to the sample set collected at Mount Bachelor, we collected a similar 

sample set consisting of continuous 12-hour samples of Hg0 for one week at the University of 

Michigan’s Camp Davis in Jackson Hole, Wyoming. At this site we observed diel variation in 

δ202Hg but not in Δ199Hg or Δ200Hg. We attributed this pattern to nightly atmospheric inversions 

trapping Hg0 in the valley and the subsequent uptake of Hg0 by vegetation, depleting Hg from the 

atmosphere. 

 In Chapter 4 (in review for Science of the Total Environment) we collected a total of 5 

time series of snow samples from two sites in Michigan (Dexter and Pellston) consisting of a 

sample of snow at the end of the snow event and samples every 12-hours over the following 48-

hour period. At the Dexter site we also collected concurrent Hg0 samples. This represents the 

first study to investigate the Hg isotopic fractionation in snow at mid-latitudes. We characterized 

the freshly fallen snow and compared it to precipitation samples from the Great Lakes region, 

finding a very narrow range in δ202Hg values compared to precipitation, but a much larger range 

in Δ199Hg compared to precipitation. We also used Δ199Hg values and the conservative tracer 

Δ200Hg to identify reactive surface uptake of Hg0 in snow samples, implicating air mass origin 
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and trajectories in the isotopic composition of measured snow samples. At the Dexter site, we 

collected the first Hg isotope snow time series during a polar vortex, providing a unique 

opportunity to compare our observations to those of snow in Alaska. We found that the evolution 

of the Hg isotopic values during this time series (Δ199Hg trended towards negative values) was 

similar to that observed in northern Alaska, which implies that halogen photooxidation of Hg 

plays an important role in our measured samples. All other time series displayed Δ199Hg values 

trending to more positive values over time.  A comparison of Δ199Hg vs. Δ201Hg in snow samples 

from all of the collected time series indicates that photoreduction of HgII is the dominant process 

controlling Hg isotopic fractionation in snow at mid-latitudes, while differences in binding 

ligands drives the differences in the direction and extent of fractionation. Finally, we identified 

two snowpack samples (vertically integrated from the top to bottom of the snowpack) as the 

endmember of Hg that would be incorporated into natural reservoirs upon snowmelt. This 

characterization has important implications for identification of Hg sources of inorganic Hg 

available for methylation. 
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Figure 1.1 Schematic depicting the general biogeochemical cycling of Hg. 

Labels in blue indicate the process and reactions of the Hg biogeochemical cycle addressed in 
the indicated chapter 
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Abstract: Mercury (Hg) deposition from the atmosphere has increased dramatically since 1850 

and Hg isotope records in lake sediments can be used to identify changes in the sources and 

cycling of Hg. We collected a sediment core from a remote lake (Lost Lake, Wyoming, USA) 

and measured vertical variation of Hg concentration and isotopic composition as well as 210Pb 

and 137Cs activities to establish a chronology. We also analyzed vegetation and soil samples from 

the watershed which has a small ratio of watershed area to lake surface area (2.06). The Hg flux 

remains constant from ~1350 to 1850 before increasing steadily to modern values that are 

approximately four times pre-1850 values. The modern Hg isotopic composition preserved in the 

sediments is distinct from the Hg isotopic composition of pre-1850 samples with both δ202Hg and 

Δ199Hg becoming progressively more positive through time, with shifts of +0.37‰ and +0.23‰ 

respectively. To explain temporal changes in δ202Hg, Δ199Hg, and Hg concentration in the core 

segments, we estimated a present-day atmospheric endmember based on precipitation and snow 

samples collected near Lost Lake. The observed change in Hg isotopic values through time 

cannot be explained solely by addition of anthropogenic Hg with the isotopic composition that 

has been estimated by others for global anthropogenic emissions. Instead, the isotope variation 
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suggests that the relative importance of redox transformations, whether in the atmosphere, within 

the lake, or both, have changed since 1850. 

2.1. Introduction 

Mercury (Hg) is a neurotoxic heavy metal found ubiquitously in the atmosphere and at 

the Earth’s surface. Mercury has a complex biogeochemical cycle and concentration 

measurements of both the atmosphere and lake sediments have been used extensively as a 

monitor of geogenic and anthropogenic inputs of Hg to the atmosphere (Zambardi et al., 2009; 

Tang et al., 2017; Obrist et al., 2018 and references therein). Active redox chemistry and phase 

changes play an important role in Hg cycling between the atmosphere and Earth’s surface. 

Mercury released to the atmosphere has increased 3-5 fold since the onset of the Industrial 

Revolution (Engstrom et al., 2014; Amos et al., 2015). Substantial modern anthropogenic 

sources include combustion of coal and other fossil fuels, small scale artisanal gold mining, 

cement production, non-ferrous metal production and consumer product waste (Pacyna et al., 

2009; UNEP, 2013). There are large uncertainties associated with the amount of Hg released 

from each of these sources, although there is a general consensus that coal combustion and 

artisanal scale gold mining dominate current emissions (Pacyna et al., 2009; Pirrone et al., 2010). 

In addition to anthropogenic sources, natural geogenic sources of Hg to the atmosphere include 

volcanic degassing and eruptions, and hydrothermal activity (Bagnato et al., 2015).  

Mercury is emitted to the atmosphere predominantly in the form of Hg(0) and has an 

atmospheric residence time of ~1 yr allowing it to become globally distributed (Selin et al., 

2008; Gustin et al., 2015). Hg(0) can then be photochemically oxidized to Hg(II), which is 

quickly removed from the atmosphere through sorption to particles and scavenging by 



 16 

precipitation (Lindberg and Stratton, 1998). Hg can then be directly deposited to lake surfaces 

through the settling of particles and precipitation. 

Lake sediment cores can in many cases reliably record Hg deposition and can provide a 

stratigraphic record long enough to record the transition between pre-anthropogenic and present-

day global Hg deposition (Engstrom et al., 1994; Heyvaert et al., 2000; Engstrom et al., 2014). 

The temporal consistency in Hg deposition patterns between geographically separated lake 

sediment cores is suggestive of a lack of diagenetic mobility of Hg (Fitzgerald et al., 2005; 

Biester et al., 2007; Engstrom et al., 2014). Additionally, studies that have re-cored sites years 

after initial cores were collected have shown that there is often little to no post-depositional 

vertical migration of Hg in lake sediments, providing an intact historical deposition record 

(Lockhart et al., 2000; Rydberg et al., 2008; Percival and Outridge, 2013). An important 

component of elucidating past Hg records is the coring and analysis of sediments from lakes with 

small ratios of catchment area to lake surface area (Engstrom et al., 1994). This helps to ensure 

that the Hg signal preserved in the sedimentary layers is primarily deposited directly from the 

atmosphere rather than being deposited through erosional inputs of Hg from soils and vegetation 

of the catchment area (Engstrom et al., 1994).  

Hg stable isotope measurements have emerged as a powerful tool for enhancing our 

understanding of Hg cycling. The usefulness of Hg isotopic ratios stems from Hg displaying both 

mass dependent fractionation (MDF) and two types of mass independent fractionation (MIF), 

even-MIF and odd-MIF (e.g. Gratz et al., 2010; Chen et al., 2012; Enrico et al, 2016). MDF can 

occur during both kinetic and equilibrium reactions involving Hg while MIF occurs mainly in 

kinetic reactions, most notably photochemically driven reactions (Yin et al., 2010). As the 

number of published Hg isotopic measurements has grown, a clearer understanding of the 
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present-day biogeochemical cycling of Hg in the environment has emerged (e.g. Blum et al., 

2014). 

Modern precipitation and total gaseous mercury (TGM=gaseous oxidized mercury 

(GOM) + gaseous elemental mercury (GEM)) isotope values have been measured at many 

locations throughout the world and are shown to have distinct isotopic compositions (Gratz et al., 

2010; Chen et al., 2012; Sherman et al., 2012a; 2015; Demers et al., 2013; Donovan et al., 2013; 

Fu et al., 2016; Yu et al., 2016; Yuan et al., 2018). A number of studies have examined the 

isotopic composition of local Hg deposition sources in lake sediments and peat bogs (Cooke et 

al., 2013; Gray et al., 2013; Ma et al., 2013; Chen et al., 2016; Guédron et al., 2016), and a single 

study was published on Hg isotopes in a glacial ice core (Zdanowicz et al., 2016). These studies 

assessed local or regional Hg contamination, using down-core Hg isotopic compositions 

compared to younger samples to fingerprint changes due to point source or regional Hg inputs. 

Peat bogs have been shown to preserve past Hg isotope values predominantly of dry Hg(0) 

deposition (Enrico et al., 2016; 2017). Lake sediments have the potential to preserve records of 

Hg derived from precipitation, but many lake records are complicated by watershed erosional 

inputs due to typically large ratios of catchment area to lake surface area. Cooke et al. (2013) 

investigated the distribution of Hg used in the extraction of gold and silver in colonial South 

America and concluded the Hg used in this process did not enter the global cycle. Gray et al. 

(2013) found that coupling both Hg and Pb isotopic compositions in a sediment core 

contaminated by smelting processes provided a useful tool for reconstructing historical 

contamination from heavy metal deposition. Similarly, Ma et al. (2013) were able to trace Hg 

contamination in a lake sediment core proximal to a smelting facility where Hg isotopic 

compositions from samples dated to the time period of smelting were isotopically different than 
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samples either before or after this period. Finally, Chen et al. (2016) found that in a lake in 

Ontario, Canada, the sources of Hg to the water column and to the sediments were isotopically 

distinct.  

A limited number of studies have been conducted in remote areas to obtain isotopic 

records of historical Hg deposition from the global atmospheric reservoir, at sites unaffected by 

direct local or regional scale Hg emissions (Yin et al., 2016; Zdanowicz et al., 2016; Enrico et 

al., 2017). Yin et al. (2016) observed an increasing trend in the magnitude of odd-MIF from 

older to younger sediment samples in two lakes located on the Tibetan Plateau. They suggested 

that this was due to decreased ice cover in more recent years, increasing the proportion of Hg 

that underwent photochemical reduction in the water column. An ice core from the eastern part 

of the Canadian Arctic Archipelago was analyzed for Hg isotopes and little contribution of Hg 

from atmospheric mercury depletion events was detected based on Hg isotopic compositions 

(Zdanowicz et al., 2016). Collectively these studies have provided an initial understanding of the 

historical isotopic composition of atmospheric Hg deposition and have documented the 

variability in Hg isotopic composition between temporal records in different locations globally.  

In order to minimize erosional inputs and local point sources of Hg, and thus obtain a 

reliable measurement of past atmospheric Hg isotope values, we collected a sediment core from 

Lost Lake in Wyoming (Figure 2.1, 2.2). This lake has a small catchment area to lake surface 

area ratio and is far removed from anthropogenic activity including point sources of Hg. We 

hypothesized that the sediments would preserve a record of the Hg isotopic composition during 

the transition from a pre-anthropogenic geogenic dominated Hg signature to a coal-combustion 

dominated signature. By dating the sediment core (with 210Pb and 137Cs) and analyzing it for Hg 

concentrations and isotopic composition, we compare Hg deposition (both fluxes and isotopic 
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compositions) to previous studies in other locations. This provides an opportunity to further the 

understanding of historical trends in the Hg isotopic composition of lake sediments. 

2.2 Materials and Methods 

2.2.1 Study Site Description 

Lost Lake is located in the Bridger Teton National Forest at the southwestern end of the 

Absaroka Mountain range in northwestern Wyoming (43°46'54.82"N, 110° 6'0.24"W) (Figure 

2.1). Lost Lake is a small (0.19 km2 surface area), perched, seepage-fed tarn with a small lake 

catchment to lake surface area ratio (2.06), located at an elevation of 2,889 m above sea level, 

and with a maximum depth of 24 m. The small catchment is predominantly forested, with 

Engelmann Spruce (Picea engelmanii) as the most prevalent species. The surficial geology is 

composed of Quaternary-aged landslide deposits and glacial till. The underlying bedrock is 

composed of the Eocene-aged Wiggins Formation, which is part of the Absaroka Volcanic 

Supergroup (Love and Christiansen, 1985 and references therein). The Wiggins Formation is 

dominantly coarse to fine-grained conglomerate and fine-grained tuff. 

2.2.2 Sample Collection and Preparation 

2.2.2.1 Sediment and Vegetation Sample Collection and Preparation 

Lost Lake was cored in the summer of 2015 at a water depth of 21 m. The sediment core 

was collected using a gravity corer with an acid-cleaned acrylic tube with a diameter of 6.6 cm. 

The core was sectioned using a portable core extruder into 0.5-1 cm increments in the field and 

collected into acid-cleaned glass jars and frozen within 4 hours of collection. Samples were 

transported to the University of Michigan in coolers with dry ice. All samples were then stored in 

a freezer at -18°C and later freeze-dried. Water content was determined from the wet and dry 
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weights and was subsequently used to determine the porosity and mass depth for each sampled 

layer (e.g. Baskaran and Naidu, 1995). The sediment samples were ground with an agate mortar 

and pestle to a homogenous powder. 

Needles from Picea engelmannii and O-horizon samples from the soil were collected 

within the small lake catchment. Soil samples had large particles removed by sieving through 2 

mm nylon mesh and were subsequently homogenized. Subsamples were removed and ground in 

an alumina ball mill. The vegetation samples included only green needles and were also 

subsampled, freeze dried and ground in a ball mill. 

2.2.2.2 Atmospheric TGM Sample Collection and Preparation 

TGM samples were collected on July 21, 2016 (one 24 hour sample) and June 26, 2017 

(two side-by-side 24 hour samples) near the peak of Rendezvous Mountain (43°35’49.84” N 

110°52’13.68” W, 3185 m elevation) at the southern end of the Teton range, approximately 

70km southwest of Lost Lake. Samples were collected by drawing atmospheric air at 1.8 L/min 

through a manifold containing 8 gold traps in series. Each gold trap was a borosilicate glass tube 

with an ID of 5 mm and a length of 10.2cm. The middle 4 cm of each tube was packed with 1 

mm diameter borosilicate glass beads coated with gold. A pre-fired quartz filter was placed 

upstream of each gold trap to catch particles and prevent them from entering the gold traps. Gold 

traps were maintained at 50°C to prevent condensation during sample collection. Before use, 

gold traps were heated to remove residual Hg and performance was verified by loading 10ng of 

Hg onto each gold trap and subsequently desorbing the Hg directly into a cold vapor-atomic 

absorption spectrometer (CV-AAS) (Nippon Instruments MA-2000) to quantify recovery. 

Recoveries for standard reference materials (NIST-3133 and UM-Almadèn) during the 

desorption step ranged from 95.3 to 101.4% with an average of 97.9±2.1% (1SD, n=10). 
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TGM gold bead traps were dried in a stream of Ar for 1 hour and were then flash heated 

with a heating coil over a four minute period at 500°C. The released Hg(0) was carried by 

flowing Ar onto an analytical gold trap (diatomaceous earth coated with gold). All 8 gold bead 

traps were desorbed sequentially in the laboratory onto the same analytical gold trap. The 

analytical gold trap was then slowly heated to 550°C over a 3.5 hour period to release the Hg(0) 

which was slowly bubbled into a 1% KMnO4 trap in a stream of Ar. Process standards (UM-

Almadèn and NIST 3133) and process blanks were prepared in the same manner as samples. 

Gold bead traps were heated to remove background Hg before loading standards onto them. 

Recoveries for SRM during the desorption step ranged from 87.0 to 99.6% with an average of 

94.0±4.7% (1SD, n=10). Identical secondary purging procedures were followed as for solid 

samples described above. SRM recoveries during secondary purging and trapping ranged from 

92.4 to 103.2% with an average of 98.2±4.1% (1SD, n=10). 

2.2.2.3 Precipitation Sample Collection and Preparation 

Precipitation samples were collected on August 18th, 2016 at the Storm Peak Laboratory 

in Steamboat Springs Colorado (40°27’18.14” N, 106°44’40.08” W, 3213m) and July 16th, 2017 

at Camp Davis in Jackson, Wyoming (43°16’55.11” N, 110°39’26.68” W, 1872m) 

approximately 470km SE and 70km SW of Lost Lake respectively. Precipitation collection was 

conducted following methods outlined in Landis and Keeler (1997).  Precipitation collectors 

were set out prior to predicted precipitation events. Funnels were covered with clean plastic bags 

and secured in place. Just before the precipitation event, plastic bags were removed. All 

components of the sampling train were cleaned in 10% HNO3 held at a temperature of 

approximately 70°C for 8 hours. Teflon bottles were deployed with 20ml of 0.8% TMG HCl to 

preserve samples while in the field and prevent volatile loss of Hg. After sample collection, 
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samples were kept cold (~ 4°C) and in the dark until shipment back to the University of 

Michigan. Upon arrival, samples were acidified with 0.5% TMG HCl by volume and oxidized 

with 1% BrCl by volume and allowed to react in a refrigerator for a minimum of 1 month. 

A purge and trap method, published in Washburn et al. (2017), was used for pre-

concentration of Hg in precipitation samples. Briefly, previously acidified and oxidized samples 

were weighed into a 2-L borosilicate media bottle. One ml of 30% hydroxylamine hydrochloride 

was added to the sample to destroy free halogens, the bottle was capped, shaken, and allowed to 

react for 30 minutes. A Teflon stir bar was added to the bottle which was placed on a stir plate. A 

three-hole utility cap with a Teflon face on the underside was secured on the top of the bottle. 

One of the holes was used for the addition of 100 ml of 10% SnCl2 which was delivered to the 

sample using a peristaltic pump. The second hole was used to draw Hg-free clean lab air through 

a gold trap and through a glass frit submerged in the solution to purge reduced Hg from solution. 

The third hole was used to pull Hg from the headspace of the 2L bottle and into a glass trap filled 

with 5.5 g of 1% KMnO4 solution. A process standard (UM Almaden) and process blanks were 

processed in tandem with samples. Standard recoveries from this process ranged from 98.0 to 

108.9% with an average of 101.3±4.3% (1 SD, n=5). The two samples recovered at 85.1 and 

99.2% using this processing method. 

2.2.2.4 Snow Sample Collection and Preparation 

Snow samples were collected on March 16, 2017 in a clearing in Bridger Teton National 

Forest, Wyoming (43°51’08.20” N, 110°25’22.24” W) at an elevation of 2136 m, approximately 

22 km W of Lost Lake. Sample collection methods are detailed in the supplemental information 

(section 2.5.1.3). Snow samples were melted and subsequently processed following the 

procedure published previously in Washburn et al. (2018) for large volume surface water 



 23 

samples. Samples were collected into 2L Teflon bottles by dipping the lip of the bottle into the 

snowpack until the bottom was reached. All sampling equipment was cleaned in 10% HNO3 held 

at 70°C for 8 hours. Samples were then kept frozen until shipment to the University of Michigan. 

Upon arrival samples were filtered with a 0.45 µm filter pack (Thermo Scientific). Samples were 

then acidified with 0.5% HCl by volume and oxidized with 1.0% BrCl by volume. Samples were 

then allowed to react for a minimum of 1 month in a dark cold room at 4°C. 

Hg in snow samples was processed for Hg stable isotope analyses by using an anion 

column separation method described in detail in Washburn et al. (2018), modified from Strok et 

al. (2014). Briefly, 5g of the anion exchange resin (AG1X4, Biorad, 200-400 mesh) was cleaned 

by weighing into an acid cleaned 40ml ICHEM vial and filling it with 4M HNO3. The vial was 

alternately placed on a rocker table for 10 minutes and allowed to settle for 20 minutes before 

decanting and refiling with 4M HNO3. This process was repeated five times, after which the 

solution was allowed to settle overnight before a final decant and refill with 4M HNO3. 

Following resin cleaning, a 1.5 ml aliquot was added to a pre-cleaned glass column (22cm 

length, 11mm ID) with a medium porosity frit near the bottom, above the tapper to 6.35mm OD. 

An acid cleaned PTFE fitting was attached to the bottom of the column and connected to an acid 

cleaned PTFE length of tubing (6mm ID) which was connected to a peristaltic pump (Fisher 

Scientific GP1000). The resin that was added to the column was then prepared by pipetting 40 

ml of 4M HNO3, 80 ml DI H2O and 80 ml of 0.1 M HCl in sequence at a flow rate of 3L/hour. 

Each sample bottle had 1ml of 30% hydroxylamine hydrochloride added to destroy free halogens 

and allowed to react for 30 minutes. The sample bottle was then attached to the top of the 

column with another length of acid cleaned PTFE tubing (6mm ID) inserted to the bottom of the 

bottle through a hole drilled in the cap of the bottle. An additional hole was drilled in the cap to 
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allow for Hg-free air (gold filtered) to pass into the headspace of the bottle. Samples were drawn 

into the top of the column at a rate of approximately 2-3.5L/hour. When all of the sample 

solution in the bottle was drawn into the tubing, the pump was paused momentarily while the cap 

was detached and the put on the next sample bottle. The pump was then restarted and the process 

was repeated until all sample bottles had been drawn through the column. When the final sample 

bottle was finished, the sample tubing was detached from the top of the of the column. The resin 

bed was then rinsed with 40ml of 0.1 M HCl and 80 ml of DI H2O drawn through the column at 

a rate of 3L/hour. The column was then allowed to run dry before detaching the fitting at the 

bottom of the column. The Hg was then eluted into an acid cleaned 40 ml ICHEM vial with 10 

ml of 0.05% L-cysteine prepared in a 1% sodium citrated dihydrate solution. The eluent was 

allowed to gravity drip into the vial. When elution was complete, 2ml of 0.2 M BrCl was added 

to the eluent. An aliquot (0.100 g) of this solution was then added to an acid cleaned UV vial and 

diluted up to a volume of 5ml with a 1% BrCl. This solution was then exposed to a UV light 

source for a minimum of 10 days to destroy the organic matrix before analyzing the solution for 

THg by CV-AFS. Process standard recoveries for this method ranged from 91.2 to 101.1% with 

an average of 96.6±3.3% (1 SD, n=8). The snow samples recovered at 94.0 and 94.8%. 

2.2.3 Lake Sediment Radiometric Dating 

 Dried and ground lake sediment samples were packed into 10 ml counting vials for the 

assay of radionuclides (210Pb, 226Ra, and 137Cs). The dry sample mass was small in the upper 

portion of the core due to high water content, and hence the top 3 cm and the 3-4 cm interval of 

sediment were combined into two individual samples. Samples were then measured for 

210Pbtotal,226Ra and 137Cs by gamma spectrometry (Baskaran, 2016). There was no peak 

background in the energy regions of these nuclides. The gamma ray detector was calibrated with 
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sediment standards (RGU-1 for 210Pb and 226Ra (via 214Pb and 214Bi at 325 keV and 609 keV, 

respectively), IAEA-300 for 137Cs (661.6 keV)) obtained from the International Atomic Energy 

Agency. A vertical profile for 210Pbxs was constructed and the constant flux:constant 

sedimentation model was used to calculate ages for each sample (Baskaran et al., 2015). The 

average time represented by of each core interval is 40 years and 12 years for 0.5cm and 0.25cm 

intervals respectively.  

 The constant flux:constant sedimentation model relies on the assumption that both 210Pb 

flux and mass accumulation rate of sediment have been constant over the time scale of interest 

(e.g. Sanchez-Cabeza and Ruiz-Fernandez, 2012 and references therein). These assumptions can 

be assessed through a plot of 210Pbxs versus depth, which should decrease exponentially. 

Furthermore, the relationship between ln(210Pbxs) and mass depth (the total sediment mass per 

cross-sectional area of the core above the measured depth) should display a linear relationship 

(Figure 2.3), the slope of which is used to calculate ages (Sanchez-Cabeza and Ruiz-Fernandez, 

2012). The lake sediment core from Lost Lake exhibited these relationships and therefore the 

ages determined from 210Pb analyses are believed to be reliable. Additional information on the 

137Cs chronology and comparisons of the inventory of excess 210Pb to the global fallout curve is 

given in the supplementary material. 

It has been widely discussed that the excess 210Pb-based chronology need to be validated 

by another independent method (Smith, 2001). In this present study, because the porosity in the 

upper few centimeters were very high (98.5 to 99.5%), the amount of dry mass is not sufficient 

for gamma counting and hence we combined top six sections of 0.5 cm layers. The penetration 

depth of 137Cs is much deeper than the expected layer corresponding to 1952. The penetration 

depth of excess 210Pb (210Pbxs) is about 10.5 cm (activity is 1.9% of the value in the upper 3 cm), 
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corresponding to 144 years while the penetration depth of 137Cs is >10.5 cm, which is 

significantly higher than the expected value of 52 years (=2015-1963). Due to the porosity of the 

upper few centimeters discussed above, we did not use the 137Cs vertical profile for chronology 

(Figure 2.4).  

 The calculated total inventory of 210Pbxs, 18.02 dpm cm-2, corresponds to a depositional 

flux of 0.56 dpm cm-2 y-1, which can be compared to the long-term 210Pb flux of 0.93±0.45 dpm 

cm-2 y-1, reported for the 40°-50°N latitude belt (Baskaran, 2011). The lower depositional flux of 

210Pb is likely due to lower amount of precipitation. Although there is no long-term precipitation 

data for the study site, annual precipitation record at Jackson, Wyoming (43.4866°N; 

110.761°W) indicates that the amount of precipitation is low, 42.8 cm, compared to Detroit, MI 

which is at a comparable latitude (42.33°N), where the long-term average annual precipitation is 

78.7 cm. Thus, the sediment inventory of 210Pbxs seems to suggest that there is no sediment 

focusing and atmospheric deposition of 210Pb is preserved. The inventory of 137Cs, 6.15 dpm cm-

2, is higher than expected for similar latitude. Since most of 137Cs is derived from global 

stratospheric fallout, it is expected to be higher in high altitude sites. 

2.2.4 Sample Preparation of Solid Samples for Mercury Isotope Analysis 

Approximately 500mg of each solid sample was analyzed via a combustion furnace 

attached to an atomic absorption spectrometer (combustion-AAS) to determine the concentration 

of each sample. To prepare solid samples for Hg isotopic analyses, each sample was combusted 

over a six-hour period by slowly heating the first stage of a two-stage combustion furnace to 

750°C in a stream of Hg-free O2 while the second stage was held at 1000°C (Biswas et al., 2008; 

Demers et al., 2013). The Hg(0) passed through the furnace tube and was trapped as Hg(II) in a 

24 gram trap of 1% KMnO4 dissolved in 10% H2SO4 (hereafter referred to as 1% KMnO4). Trap 
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contents were then partially reduced with 2% (w/w) of a 30% NH2OH·HCl solution and a small 

aliquot of the trap solution was analyzed for total mercury (THg) concentration via cold vapor-

atomic absorption spectrometry (CV-AAS) to determine bulk concentrations and for 

concentration matching between samples and standards during isotope analyses.  

To monitor the efficiency of combustions, procedural blanks and standard reference 

materials (NRCC MESS-3) were run in tandem with samples. The mean recovery of Hg from 

MESS-3 for the combustion process was 106.5±2.2% (1SD, n=6). Additionally, the initial 

concentrations determined by combustion-AAS were used to monitor efficiency of combustions. 

The recovery of Hg from the samples ranged from 92.1 to 106.6±2.2% with an average of 

95.4±6.0% (1SD, n=26).  

Post combustion for isotopic analysis, Hg concentrations were measured via CV-AAS on 

the 1% KMnO4 solutions to determine the bulk sediment Hg concentration (THg). After analysis 

for THg, Hg in 1% KMnO4 sample solutions was reduced to Hg(0) using 20% (w/w) SnCl2 and 

subsequently purged and concentrated into a secondary 1% KMnO4 mixture to remove potential 

matrix components from combustion residues (Blum and Johnson, 2017). During this process, 

sample recoveries ranged between 84.9 and 106.3% with an average of 98.5±5.1% (1SD, n=31). 

Yields of >85% have been shown to display no change in isotopic composition (Sherman et al., 

2009; Fu et al., 2014). 

2.2.5 Hg Isotope Analysis and Reporting of Analytical Uncertainty 

 For Hg isotope analysis, all samples were partially reduced using 2% (w/w) of a 30% 

NH2OH·HCl solution and concentration matched (to 5% relative concentration) with NIST SRM 

3133 for standard sample bracketing. They were then analyzed for isotopic composition using 

cold vapor sample introduction on a multiple-collector inductively coupled plasma mass 
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spectrometer (CV-MC-ICP-MS; Nu Instruments). Samples were reduced on-line with 2% (w/w) 

SnCl2 and allowed to flow down a frosted glass tip gas-liquid separator. Hg(0) was swept into 

the MC-ICP-MS with an Ar gas stream. An internal Tl standard (NIST 987) was introduced as a 

dry aerosol using a desolvating nebulizer (Cetac, Aridus) and used for mass bias correction. 

Faraday cups were used to measure ion beams at masses 196, 198, 199, 200, 201, 202, 203, 204, 

205 and 206 simultaneously (Blum and Bergquist, 2007).  

Following the conventions of Blum and Bergquist (2007), we report Hg isotopic 

composition using delta notation as follows: 

δxxxHg(‰) = {[(xxxHg/198Hg) unknown/(xxxHg/198Hg) SRM3133]-1} x 1000         (1) 

where xxx is the mass of each Hg isotope between 199 and 204 amu. Isotope ratios are reported 

throughout using permil (‰) deviation from NIST 3133. 

We used the constants from Blum and Bergquist (2007) to calculate ΔxxxHg values that 

can be approximated for small ranges (<10‰) in δxxxHg by the following equations: 

Δ199Hg = δ199Hg – (δ202Hg x 0.2520)              (2) 

Δ200Hg = δ200Hg – (δ202Hg x 0.5024)              (3) 

Δ201Hg = δ201Hg – (δ202Hg x 0.7520)              (4) 

Δ204Hg = δ204Hg – (δ202Hg x 1.493)              (5) 

The UM-Almadèn secondary standard was run to assess instrumental analytical 

uncertainty with each batch of ~10 samples. Samples were run at concentrations between 0.4 and 

5 ng/g Hg. Process blanks and secondary standard reference materials were run along with 

unknown samples. Process combustion blanks yielded between 54.8 and 224 pg of Hg with an 

average of 99.8±45.7 pg (1SD, n=12). The blank therefore represents less than 2.2% of Hg in 

solid sample trap solutions. Process and field blanks were analyzed for Hg concentration for 
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TGM samples. Field blanks resulted in an average of 186±19.0 pg of Hg (1SD, n=2) while 

process blanks resulted in an average of 85.8±17.5 pg of Hg (1SD, n=2). The field blanks are 

more representative of the blank for each sample, but still represent <5% of Hg in TGM trap 

solutions. Process blanks for the purge and trap method yielded 28.0±8.0 pg of Hg (1 SD, n=2), 

representing less than 0.2% of Hg in precipitation samples. Process blanks for the anion column 

exchange method were 128.5±16.4 pg of Hg (1 SD, n=3), representing less than 2.0% of Hg in 

snow samples. 

Analytical uncertainty is calculated using analyses of UM-Almadèn and secondary 

standards run in tandem with samples for isotopic analysis. Internal lab reproducibility is 

calculated as 2SD of the mean Hg isotopic composition of UM-Almadèn during each analytical 

session. External reproducibility is calculated as 2SE using the average Hg isotopic composition 

of procedural standards matched to sample type; NRCC MESS-3 for solid samples, NIST 3133 

and UM Almadèn for TGM samples, NIST 1575a for vegetation samples, and UM Almadèn for 

precipitation and snow samples (Table 2.1). Calculated Hg isotopic values for NRCC MESS-3 

were within uncertainty of previously reported values (Blum and Johnson, 2017 and references 

therein). We report analytical uncertainty for each isotopic ratio as the highest estimated value of 

either procedural standards or UM Almadèn. For solid samples, we report analytical uncertainty 

as 2SD of the mean Hg isotopic composition of UM Almadèn as follows: ±0.09‰ for δ202Hg, 

±0.02‰ for Δ199Hg, ±0.04‰ for Δ200Hg, ±0.04‰ for Δ201Hg, and ±0.07‰ Δ204Hg (n=11). TGM 

samples are reported with the same analytical uncertainty for Hg isotopic ratios as above, except 

for Δ199Hg which we report as 2SE of the NIST 3133 process standard with a value of ±0.05‰ 

(n=7). Analytical uncertainty for vegetation samples are reported as 2SE of the mean Hg isotopic 

composition of NIST 1575a as follows: ±0.09‰ for δ202Hg, ±0.04‰ for Δ199Hg, ±0.09‰ for 
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Δ200Hg, ±0.08‰ for Δ201Hg, and ±0.14‰ Δ204Hg (n=3). Analytical uncertainty for precipitation 

samples is reported with the same δ202Hg and Δ204Hg as solid samples, all others are reported as 

the 2SE of the mean Hg isotopic composition of the process UM Almadèn standards processed 

by purge and trap as follows: ±0.16‰ for Δ199Hg, ±0.07‰ for Δ200Hg, and ±0.14‰ for Δ201Hg 

(n=2). Snow samples are reported with the same analytical uncertainty as solid samples for 

δ202Hg, all others are reported as the 2SE of process UM Almadèn standards processed by the 

anion exchange column method as follows: ±0.09‰ for Δ199Hg, ±0.10‰ for Δ200Hg, ±0.06‰ for 

Δ201Hg, and ±0.10‰ Δ204Hg (n=8). 

2.2.6 Statistics 

 Statistical tests used in this paper are independent two sample t-tests with equal variance 

unless otherwise noted. Linear regressions are calculated using the York regression method 

(York, 1968). 

2.3. Results and Discussion 

2.3.1 Mercury Flux and Industrial Enrichment 

 Analyses of 210Pb activity with depth were used to calculate an average mass 

accumulation rate in Lost Lake of 5.72±0.37 mg cm-2 yr-1. This sedimentation rate along with 

THg concentrations at each depth were subsequently used to calculate Hg fluxes to Lost Lake 

sediments. THg ranges from 16.2 to 20.8 ng/g in pre-1850 sediments before increasing to a 

maximum concentration of 98.55 ng/g in 2014. The pre-1850 Hg flux to Lost Lake averaged 

2.3±0.1 µg m-2 yr-1 (1 SD, n=15) (Figure 2.5). A sharp increase in Hg deposition began in about 

1850 and increased to 9.1 µg m-2 yr-1 1960. From 1960 to 1983 Hg flux decreased to 8.3 µg m-2 

yr-1, which may be related to a lagged response in the decrease in U.S. coal production and 
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consumption between 1957 and 1963.  However, from 1960 to 1983, U.S. production and 

consumption of coal steadily increased by approximately 85% (U.S. Energy Information 

Administration, 2011). Hg flux then increased from 1984 to 2005, to the maximum value 

observed in the core of 12.5 µg m-2 yr-1. A decline in Hg flux from 2005 to 2014 of 12.5 to 11.1 

µg m-2 yr-1 is consistent with declines in recent anthropogenic loading of Hg to the atmosphere 

(Zhang et al., 2015). For comparison, at five Mercury Deposition Network sites throughout the 

Rocky Mountain Region from southern Colorado to northern Montana that collect precipitation 

and quantify “wet” Hg deposition (NADP, 2018), yearly Hg fluxes from 2004 to 2017 range 

from 3.0 µg m-2 yr-1 to 16.0 µg m-2 yr-1. The modern depositional flux of Hg (commonly defined 

as 1990-2014 [Engstrom et al., 2014 and references therein]) (1990-2014) that we estimate from 

Lost Lake sediments (11.5±1.0 µg m-2 yr-1 [1 SD, n=3]) falls within the range of Hg deposition 

values measured at regional Mercury Deposition Network Sites. 

To calculate an anthropogenic-derived enrichment factor, we subtract the pre-1850 Hg 

flux from the average Hg flux for modern samples and then divide by the pre-1850 average Hg 

flux, which yields an industrial enrichment factor of 3.8 for Lost Lake. This calculated 

enrichment factor is consistent with other historical records in remote lake sediments reported in 

the literature which range from 2.2 to 7.8 (Swain et al., 1992; Engstrom et al., 1994; Kamman 

and Engstrom, 2002; Engstrom et al., 2014 and references therein). 

2.3.2 Discussion of Upper Fremont Glacier Record 

A previous study suggested that Hg used in the gold amalgamation process during the 

California Gold Rush (circa 1850) might be present in historical records of Hg in the Rocky 

Mountain Region (Schuster et al., 2002). Two ice cores were investigated from the Upper 

Fremont Glacier (UFG) in the Wind River Range in Wyoming, approximately 83 km SE of Lost 
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Lake, revealing a spike in THg thought to be consistent with the timing of the California Gold 

Rush (Schuster et al., 2002). Other historical records proximal to California (mainly lake 

sediment records) do not show the THg spike and this has called into question whether Hg used 

during the California Gold Rush was deposited regionally (Van Metre and Fuller, 2009; 

Engstrom et al., 2014). Van Metre and Fuller (2009) suggest that the differences seen in the UFG 

record is due to photoreduction near the top of the ice core correspondent with warming 

temperatures. Additionally, a new study using an improved ice core dating approach provided an 

updated timescale for the UFG ice core (Chellman et al., 2017). This effectively shifts the ice 

core ages to younger values by up to 80 years, causing the spike in THg originally thought to be 

from the California Gold Rush to be aligned with early 20th century industrial emissions. The Hg 

record preserved in the sediments of Lost Lake, like other proximal sediment cores, does not 

show a spike in Hg flux that corresponds to the California Gold Rush, but 1850 is the time when 

Hg fluxes began to increase from pre-anthropogenic background values (Figure 2.5).  

2.3.3 Hg Isotopes in Lost Lake Sediments 

Values of δ202Hg in Lost Lake sediments range from -1.06±0.09 to -0.40±0.09‰ (n=29) 

(Figure 2.6). In pre-1850 samples, the average value for δ202Hg is -0.89±0.13‰ (1 SD, n=15) 

with values ranging from -1.06±0.09 to -0.64±0.09‰. δ202Hg values show a marked increase 

from the pre-1850 average to the post-1850 average of -0.52±0.09‰ (1 SD, n=14). These two 

time periods display average values that are significantly different (p<0.001, t-statistic=-8.67, 

n1=15, n2=14). This difference is suggestive of a change in atmospheric Hg sources and/or 

fractionation processes occurring between these two depositional periods.  

Values of Δ199Hg in Lost Lake sediments range from -0.10±0.02‰ to 0.45±0.02‰ 

(n=29) throughout the sediment core (Figure 2.6). Pre-1850 samples show limited variation, 
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ranging from -0.10±0.02‰ to 0.04±0.02‰ (n=15) and have an average Δ199Hg value of -

0.02±0.04‰ (1 SD, n=15). Post-1850 Δ199Hg values are much higher with an average value of 

0.25±0.10‰ (1 SD, n=14). As with δ202Hg values, these two time periods have average Δ199Hg 

values that are significantly different (p<0.001, t-statistic=-9.07, n1=15, n2=14). Δ201Hg values 

display a similar range of values as Δ199Hg and additionally match the temporal trend observed 

for Δ199Hg. When all sediment core samples are plotted on a Δ199Hg vs. Δ201Hg diagram, a York 

regression (York, 1968) yields a slope of 1.06±0.05 (Figure 2.7), which is consistent with the 1:1 

relationship suggested by Bergquist and Blum (2007) as evidence for aqueous photoreduction of 

Hg(II) and loss of Hg(0). 

 Δ200Hg values range from 0.05±0.04‰ to 0.19±0.04‰ (n=29) (Figure 2.6), with a pre-

1850 average of 0.11±0.03‰ (1 SD, n=15) and a post-1850 average of 0.14±0.04‰ (1 SD, 

n=14). Similarly, Δ204Hg values vary from pre to post-1850 samples, ranging from -0.28±0.07‰ 

to -0.12±0.07‰ (n=29) with an average value of -0.21±0.04‰ (1 SD, n=29). The average 

Δ200Hg/Δ204Hg ratio is -0.59, which is similar to an average ratio of about -0.5 observed in other 

studies of atmospherically derived Hg (Blum and Johnson, 2017 and references therein). 

Although there is slight variation in even-MIF between pre-1850 and post-1850 samples, the 

consistent positive sign of Δ200Hg and negative sign of Δ204Hg are the same as observed in 

modern precipitation measurements (Chen et al., 2012; Demers et al., 2013; Sherman et al., 

2015; Blum and Johnson et al., 2017; Yuan et al., 2018). Even-MIF has been proposed to be a 

conservative tracer for UV initiated oxidation of Hg in the tropopause (Chen et al., 2012). While 

the exact mechanism for even-MIF is uncertain, the Δ204Hg and Δ200Hg values throughout the 

entire sediment core provide evidence for a constant even-MIF fractionation mechanism from the 

pre-1850 period to the present.  
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2.3.4 Atmospheric Hg Deposition Pathways to Lost Lake 

There are several possible depositional pathways by which Hg can enter lake sediments, 

including wet deposition directly to the lake’s surface, dry deposition to the lake’s surface, and 

uptake of Hg(0) and Hg(II) by vegetation in the catchment with subsequent transport to the lake 

via soil erosion. To assess which pathway(s) are dominant in Lost Lake, we compare the isotopic 

composition of lake sediments to measurements of TGM, vegetation and organic soils, and both 

previously published and new Hg isotope values for precipitation from North America. Two 

samples of snow were collected in the vicinity of Lost Lake and analyzed for Hg isotopes. The 

average isotopic composition for these two samples was δ202Hg=-0.36±0.18‰, 

Δ199Hg=1.96±0.20‰, Δ200Hg=0.12±0.00‰ and Δ204Hg=-0.40±0.03‰ (±1SD, n=2). 

Precipitation samples were also collected for Hg isotopic measurements in the region of Lost 

Lake. One sample collected at Camp Davis, WY displayed the following isotopic composition: 

δ202Hg=-0.06±0.09‰, Δ199Hg=0.45±0.16‰, Δ200Hg=0.23±0.07‰ and Δ204Hg=-0.33±0.07‰. 

Another precipitation sample was collected at a high elevation site much farther away but also in 

the Rocky Mountain Region at Storm Peak, CO and yielded similar precipitation sample values: 

δ202Hg=0.17±0.09‰, Δ199Hg=0.95±0.16‰, Δ200Hg=0.23±0.07‰ and Δ204Hg=-0.35±0.07‰. 

Average North American precipitation values from sites in the Great Lakes Region, Florida, and 

California that are not directly impacted by point source Hg emissions are -0.41±0.48‰, 

0.36±0.27‰, and 0.23±0.17‰ for δ202Hg, Δ199Hg and Δ200Hg respectively (±1 SD, n=70) (Gratz 

et al., 2010; Chen et al., 2012; Sherman et al., 2012a; 2015; Demers et al., 2013; Donovan et al., 

2013).  The precipitation values reported from this study in the Rocky Mountains are statistically 

similar to samples collected at many other locations in North America that are not directly 

impacted by anthropogenic sources (p>0.13 for all isotope values n1=70, n2=2, independent two 
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sample t-test with equal variance and Mann-Whitney U test). The precipitation samples reported 

in this study are also statistically indistinguishable from modern sediment samples in Lost Lake 

(p>0.14 for all isotope values, n1=2, n2=3, Mann-Whitney U test).  

Based on the MDF and both the odd and even MIF observed in snow and precipitation 

samples, it appears that a combination of these two Hg sources is the most likely dominant 

modern source of Hg to Lost Lake sediments (Figure 2.8). According to the estimates from the 

Mercury Deposition Network monitoring sites in the Rocky Mountain region, deposition via 

precipitation (late June to early September) accounts for 39-77% of total wet deposition of Hg 

throughout the year (NADN, 2018). We can calculate an endmember, that when added to pre-

1850 sediments would yield the Hg isotopic composition observed in modern Lost Lake 

sediments. This endmember would require 75% precipitation and 25% snow derived Hg and is 

plotted on Figure 2.7. Additionally, Figure 2.9 depicts 1/[Hg] vs. 199 and 202, displaying a 

strong linear relationship (r2=0.85, 0.74 respectively). This provides additional evidence for 

mixing of two sources, in this case pre-1850 Hg with modern snow and precipitation. 

Mercury isotopic studies of precipitation throughout North America shows there is 

considerable variation in MDF but all analyses have positive odd MIF (Gratz et al., 2010; Chen 

et al., 2012; Sherman et al., 2012a; 2015; Demers et al., 2013; Donovan et al., 2013) (Figure 

2.8). Another consistent signal in all precipitation analyses is the occurrence of even MIF, with 

all precipitation samples displaying positive Δ200Hg and negative Δ204Hg. While the mechanism 

causing even MIF is unknown, precipitation-derived samples are the only type of sample in 

which this even MIF signature is observed. The consistent positive Δ200Hg and negative Δ204Hg 

throughout the entire core of Lost Lake sediments is strong additional evidence that precipitation 

derived Hg is the dominant source of Hg to Lost Lake. 
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Our isotopic measurements of atmospheric TGM at Rendezvous Mountain display 

negative odd-MIF (Δ199Hg=-0.27±0.01‰, Δ201Hg=-0.23±0.03‰, 1SD, n=3), and both negative 

and positive even-MIF (Δ200Hg=-0.07±0.01‰, Δ204Hg=0.12±0.02‰, 1SD, n=3). This isotopic 

composition is consistent with other measurements of TGM globally at locations not impacted 

by local Hg sources (Gratz et al., 2010; Demers et al., 2013; Demers et al., 2105; Fu et al., 2016; 

Obrist et al., 2017). Vegetation collected from the catchment of Lost Lake displayed isotope 

values of δ202Hg=-2.89±0.09‰, Δ199Hg=-0.23±0.04‰ and Δ201Hg=-0.30±0.08‰. TGM that 

enters the stomata of leaves and accumulates in foliage and then soil retains the negative Δ199Hg 

and Δ201Hg but undergoes MDF, leading to a ~2.5‰ decrease in δ202Hg between vegetation and 

TGM (Demers et al., 2013; Enrico et al., 2016; Zheng et al., 2016; Obrist et al., 2017). This 

phenomenon is documented at Lost Lake where we observe a difference of -2.61‰ in δ202Hg 

between regional TGM and vegetation sampled from Lost Lake. O-horizon soils from the 

catchment of Lost Lake are isotopically similar to vegetation, but with somewhat higher δ202Hg 

of -1.69±0.09‰ as compared to vegetation. In other studies, this shift has been explained by 

mixing of litterfall with underlying mineral soil or with precipitation, or abiotic, photochemical, 

and microbial reduction of Hg(II), thus shifting δ202Hg to more positive values in organic soils as 

compared to δ202Hg values in vegetation (Demers et al., 2013; Jiskra et al., 2015; Zheng et al., 

2016). Based on both MDF and MIF observations in TGM, soil, and vegetation these possible 

sources of Hg don’t appear to dominate Hg deposition to Lost Lake sediments. If these Hg 

sources were dominant, we would expect to see slightly negative odd-MIF and more negative 

MDF than is observed in the lake sediments. It appears that because Lost Lake has a very small 

watershed to lake surface area ratio, other inputs do not mask the precipitation derived signal as 

is the case in many other lakes.  
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2.3.5 Pre-1850 Atmospheric Hg 

Prior to 1850, Hg originating from volcanic and hydrothermal (geogenic) emissions was 

the dominant source of “new” Hg inputs to the Earth surface system. Re-emission to the 

atmosphere of Hg previously deposited to Earth surface reservoirs, including the oceans and soils 

also contributed to the total atmospheric Hg burden (Mason et al., 1994; Biester et al., 2007; 

Selin et al., 2008). The average δ202Hg value of Lost Lake pre-Industrial samples is -0.89±0.13‰ 

(1 SD, n=15), which is not statistically different from the average value for TGM measured from 

three passively degassing volcanoes in Italy and Indonesia (-0.76±0.22‰, 1SD, n=9) (Zambardi 

et al., 2009; R. Sun et al., 2016), providing evidence for a dominant atmospheric source of Hg of 

geogenic origin (p=0.074, t-statistic=-1.87, nvolcanic=9, nsediments=15). Additionally, geogenic-

derived Hg exhibits near 0‰ MIF, which is consistent with measurements made in pre-1850 

samples in Lost Lake. While we argue that geogenic emissions are the dominant source of “new” 

Hg to Lost Lake sediments, this statement comes with the caveat that there are a limited number 

of direct volcanic emission measurements from a limited number of sites and therefore, this 

source needs additional characterization to be definitively attributable as the dominant source of 

Hg to the pre-1850 Lost Lake sediments. Additionally, Hg released from volcanoes may undergo 

redox reactions in the atmosphere, causing possible isotopic fractionation of Hg prior to 

deposition to lake surfaces and obscuring the initial isotopic composition. 

The proximity of Yellowstone National Park (YNP) to Lost Lake could represent a 

source of regional Hg due to the volatilization of Hg from the large active hydrothermal system 

(Hall et al., 2006; King et al., 2006; Sherman et al., 2009). Hall et al. (2006) measured Hg 

concentrations at sites within YNP but far from hydrothermal features and emission plumes and 

suggested that these values reflected global background concentrations. In close proximity to 
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hydrothermal features, Hg(0) concentrations were elevated above background. To assess if these 

anomalies were a significant source of Hg(0) to areas outside YNP, Hall et al (2006) used a 

Gaussian plume model to estimate Hg(0) fluxes. They concluded that Hg(0) was quickly 

dispersed and concentrations were diluted such that the YNP source did not significantly 

contribute Hg outside of YNP (Hall et al., 2006). Based on these conclusions Hg derived from 

the hydrothermal system in YNP is not considered to be a significant source of Hg to Lost Lake, 

and if there are minor contributions they would be expected to be relatively constant over time. 

Forest fires in the area could have influenced the isotopic composition measured in Lost 

Lake sediments. However, this process would be expected to conserve the negative MIF 

signature measured in vegetation (average Δ199Hg=-0.24±0.09‰, Δ201Hg=-0.26±0.10‰ [1SD, 

n=48]) (Tsui et al., 2012; Demers et al., 2013; Zheng et al., 2016; Obrist et al., 2017; Ku et al., 

2018), which is more negative than measurements made in all Lost Lake sediments. Additions of 

Hg from wildfires would be intermittent and limited in temporal scale, and the impact of such 

additions are difficult to verify due to the lack of charcoal found in any of the sediment layers. 

2.3.6 Changing Atmospheric Composition of Hg During the Industrial Period 

The trend in Δ199Hg and δ202Hg observed in Lost Lake sediments from 1850 to the 

present could be attributable to the following scenarios: 1) a change in sources of new Hg to the 

atmosphere beginning in ~1850 which have more positive Δ199Hg and δ202Hg values than pre-

1850 geogenic inputs, 2) a change in atmospheric reductant composition resulting in increased 

photochemical reduction of Hg(II) in precipitation in the atmosphere, or 3) an increase in 

photochemical reduction of Hg(II) within the water column of Lost Lake, prior to deposition of 

Hg to the sediments. 
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2.3.6.1 Shifting Sources of Hg to the Atmosphere 

At the onset of the Industrial Revolution, Hg sources to the atmosphere began to shift 

from dominantly geogenic to dominantly anthropogenic emissions (Streets et al., 2011; Horowitz 

2014; Amos et al., 2015; Bagnato et al., 2015; R. Sun et al., 2016). R. Sun et al. (2016) used 

published Hg isotope data of source materials, coupled with Hg emission inventories to model 

the historic Hg isotopic composition of Hg(0), Hg(II) and particulate bound mercury (Hg(p)) 

emissions. Their model estimates a 0.44‰ increase in δ202Hg and a 0.02‰ decrease in Δ199Hg of 

THg from 1850 to the present. The positive shift in δ202Hg agrees with the shift observed in Lost 

Lake sediments of +0.37‰ from pre-1850 to post-1850 samples. However, the negative shift 

predicted for Δ199Hg is in the opposite direction of the +0.23‰ shift observed in Lost Lake 

sediments. R. Sun et al. (2016) pointed out that there were major changes in sources of Hg 

emissions with shifts from Hg(0) emissions from liquid Hg used in metal extraction and smelting 

in the late 1800’s to increased emissions from coal combustion in the mid 1900’s. This shift in 

sources drives the isotopic changes modeled by R. Sun et al. (2016) during this time interval.  

Neither a shift in Hg source from volcanic to anthropogenic emissions nor a change in the 

Δ199Hg of the dominant anthropogenic Hg sources to the atmosphere are reflected in the 

measured Δ199Hg in Lost Lake. Volcanic emissions do not show significant odd-MIF (Δ199Hg 

=0.05±0.06‰, 1 SD, n=9) (Zambardi et al., 2009; R. Sun et al., 2016) and globally averaged 

anthropogenic emissions are modeled to range from -0.01 to -0.04‰ in Δ199Hg from 1850 to 

2010 (R. Sun et al., 2016). If we assume these values are representative of global Hg emissions 

of geogenic and anthropogenic Hg respectively, this shift in Δ199Hg to more negative values due 

to a changing Hg source is not in accordance with the positive shift of 0.23‰ for Δ199Hg 

observed in Lost Lake sediments. Additionally, other Hg deposition records from remote lake 
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sediments (Cooke et al., 2013; Guédron et al., 2016; Yin et al., 2016), and peat cores (Enrico et 

al., 2017) also show a positive shift in odd MIF from pre-1850 to post-1850 samples. The lack of 

correlation between modeled odd MIF emissions values and measured values in Lost Lake 

sediments implies that if the modeled Hg isotopic values are correct, the temporal change in Hg 

isotopic composition measured in Lost Lake sediments are likely to be process-driven 

fractionation rather than source-driven. 

2.3.6.2 Changing Hg Isotope Fractionation  

Redox reactions that occur in the atmosphere can influence the isotopic composition of 

Hg in atmospherically derived samples (Gratz et al., 2010; Chen et al., 2012; Demers et al., 

2013; Enrico et al., 2016; Zheng et al., 2016). To explore the role Hg oxidation reactions play in 

Hg isotope fractionation, G. Sun et al. (2016) performed gas-phase Hg oxidation experiments 

involving atomic Cl and Br. Experimental results of Hg oxidation reactions with Cl yielded a 

Δ199Hg/Δ201Hg slope of 1.64±0.30, and oxidation reactions with Br yielded Δ199Hg/Δ201Hg slope 

of 1.89±0.18. In addition to oxidation, aqueous photoreduction of Hg(II) bound to dissolved 

organic matter (DOM) has been shown to induce odd-MIF with a Δ199Hg/Δ201Hg ratio of about 

1.00±0.02 and a Δ199Hg/δ202Hg ratio of 1.15±0.07 (Bergquist and Blum, 2007). When this 

characteristic isotope ratio was initially observed in precipitation, Gratz et al. (2010) proposed 

that it was caused by photochemical reduction of Hg(II) to Hg(0) in droplets or on ice crystals 

containing DOM in the atmosphere. Because this process results in causing a characteristic 

Δ199Hg/Δ201Hg ratio, photochemical reduction of Hg(II) has been called upon as the driver of the 

positive odd-MIF observed in precipitation-derived samples (Blum et al., 2014 and references 

therein). In our study, when all of the Lost Lake sediment samples are regressed using a York 

regression (York, 1968), they yield a Δ199Hg/Δ201Hg slope of 1.06±0.05 (Figure 2.7) and a 
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Δ199Hg/δ202Hg slope of 1.07±0.10 (Figure 2.10). These results most closely match those of 

photoreduction experiments, leading us to conclude that this process could be driving the 

changes in isotopic composition in Lost Lake sediments. 

During the Industrial period (1850 to present), the increase in fossil fuel combustion has 

released byproducts into the atmosphere (e.g. DOM), effectively increasing the reduction 

capacity of the atmosphere (Baken et al., 2011; Stubbins et al., 2012). Concurrently, there has 

been a 3 to 5-fold increase in Hg(0) in the atmosphere. Ligands important in oxidation and 

reduction reactions of Hg such as Br and S attached to DOM could have increased the proportion 

of Hg that is photochemically reduced in the atmosphere prior to deposition to Lost Lake. This 

phenomenon could explain the observed changes in MDF and odd MIF signals along the 

characteristic aqueous photoreduction slopes as discussed above.   

Yin et al. (2016) attributed a generally increasing Δ199Hg signal from 1990 to the present 

in two Tibetan lakes to decreased ice cover and thus, increased photoreduction within the lakes. 

In Lost Lake, Δ199Hg values begin to increase significantly starting around 1850, which is far in 

advance of significant warming trends (Briffa, 2000), suggesting that the phenomenon observed 

by Yin et al. (2016) may not occur at Lost Lake. A very remote equatorial lake, El Junco, located 

on the Galapagos Islands, displays a similar trend in Δ199Hg to what we observe in Lost Lake 

(Cooke et al., 2013) This suggests that the increasing Δ199Hg may be a global trend rather than a 

local one due to ice cover. Additionally, we argue that the dominant source of Hg to Lost Lake 

sediments is from precipitation and snow, which carries a much higher magnitude odd-MIF 

signal than the observed composition of pre-1850 lake sediments. This suggests that the 

photoreduction is occurring in precipitation droplets (Gratz et al., 2010) prior to deposition to the 

lake surface. However, we cannot rule out the possibility that in-situ fractionation in the water 
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column, related to decreasing ice cover and increasing surface water exposure to sunlight for a 

greater part of each year, led to the observed increasing MIF trend. The single published ice core 

study from the Canadian Arctic indicates that there has been no change in the isotopic 

composition of precipitation from pre-1850 to post-1850. However, as stated by the authors, it is 

likely that the Hg isotopic signal observed in these samples is dominated by local marine sources 

rather than preserving a global signal (Zdanowicz et al., 2016). 

We suggest that based on the characteristic slopes of Δ199Hg/Δ201Hg and Δ199Hg/δ202Hg 

observed in Lost Lake sediments, that the increasing trend in both MDF and MIF from 1850 to 

present is likely due to changes in the fraction of Hg(II) that is photochemically reduced prior to 

deposition to lake sediments, either within precipitation droplets or within the lake water column. 

This implies the proportion of Hg(II) in precipitation and/or within the water column that is 

photochemically reduced prior to deposition to Lost Lake sediments has increased as the 

concentration of Hg in the atmosphere has increased since 1850. We use the measured shift in 

Δ199Hg and experimental fractionation experiments (Bergquist and Blum, 2007) to estimate that 

about 20% of Hg(II) was photochemically reduced and lost as Hg(0). 

2.4 Conclusions 

Lost Lake is far from any point sources of Hg and the small catchment area to lake 

surface area ratio makes it an ideal location to document temporal changes in Hg deposition. 

Lake sediments reveal an increase in Hg loading to the lake sediments by a factor of 3.8 from 

pre-1850 to modern samples. This is concurrent with a positive shift both MDF and odd MIF 

recorded in the sediments but there is a significant and unchanging record of even MIF. 

Comparing the values in the lake sediments to geogenic emissions and modeled anthropogenic 
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emissions, the change in dominant emissions sources from pre-1850 (geogenic) to post-1850 

(anthropogenic) cannot account for the temporal shift observed in Lost Lake. 

We conclude that the temporal change in the Hg isotopic composition in Lost Lake 

sediments is due instead to an increase in the proportion of Hg(II) that is photochemically 

reduced either in precipitation droplets prior to deposition to the lake surface, in the water 

column of Lost Lake, or a combination of both. Increases in Hg photoreduction have been 

caused by the presence of higher levels of other anthropogenic atmospheric pollutants (for 

instance DOM) or a decrease in annual ice cover. Further work will be needed to elucidate 

whether the changes in Hg isotope fractionation occurred in the atmosphere or the lake, but it is 

clear that remote small-catchment lakes provide important records of environmental change in 

high elevation locations.  
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Table 2.1 Summary of Hg stable isotope values for standards and reference materials. 

 For UM Almadèn, n1 denotes the number of isotope measurements and n2 denotes the number of analytical sessions. For reference 
materials, n1 denotes the number of process replicates and n2 represents the number of isotope measurements. 
 
Refere

nce 
Materi

al 
n1 n2 δ204Hg 2SD δ202Hg 2SD δ201Hg 2SD δ200Hg 2SD δ199Hg 2SD Δ204Hg 2SD Δ201Hg 2SD Δ200Hg 2SD Δ199Hg 2SD 

UM-
Almad
èn (this 
study) 

65 11 -0.85 0.17 -0.57 0.09 -0.48 0.08 -0.28 0.08 -0.17 0.04 -0.01 0.07 -0.05 0.04 0.00 0.04 -0.02 0.02 

Mess-3 
16 33 -3.35 0.07 -2.25 0.05 -1.73 0.04 -1.13 0.04 -0.57 0.02 0.01 0.03 -0.04 0.01 0.00 0.02 0.00 0.02 

NIST 
1575a 3 3 -2.22 0.19 -1.48 0.09 -1.47 0.11 -0.76 0.09 -0.67 0.03 -0.01 0.14 -0.36 0.08 -0.02 0.09 -0.30 0.04 
NIST 
3133 
TGM 
Proc. 
Ref. 

7 7 0.08 0.12 0.02 0.08 0.01 0.06 0.00 0.03 0.03 0.05 0.05 0.05 -0.01 0.04 0.00 0.02 0.02 0.05 

UM-
Almad

èn 
TGM 
Proc. 
Ref. 

2 2 -0.79 0.04 -0.53 0.00 -0.47 0.04 -0.26 0.03 -0.20 0.10 0.00 0.04 -0.07 0.04 0.00 0.03 -0.07 0.10 

UM-
Almad

èn 
Precipit

ation 
Proc. 
Ref. 

2 2 -0.74 0.04 -0.45 0.02 -0.39 0.15 -0.20 0.08 -0.14 0.17 -0.06 0.06 -0.04 0.14 0.03 0.07 -0.03 0.16 

UM-
Almad

èn 
Snow 
Proc. 
Ref. 

8 23 -0.84 0.2 -0.53 0.07 -0.45 0.10 -0.28 0.08 -0.16 0.10 -0.05 0.10 -0.05 0.06 -0.01 0.10 -0.03 0.09 
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Table 2.2 Summary of THg and Hg isotopic ratios for all samples collected. 
*Concentration expressed in ng/m3. **Concentration expressed in ng/L 
 

Sample 210Pb Date Mid-Section Depth Concentration δ204Hg δ202Hg δ201Hg δ200Hg δ199Hg Δ204Hg Δ201Hg Δ200Hg Δ199Hg 
 Year cm ng/g ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

Lost Lake 00-03 2014 1.5 98.55 -0.96 -0.46 -0.02 -0.06 0.34 -0.28 0.32 0.17 0.45 
Lost Lake 03-04 2000 3.5 96.22 -0.84 -0.40 0.09 -0.01 0.34 -0.24 0.39 0.19 0.44 
Lost Lake 4.25 1990 4.25 77.08 -0.95 -0.47 -0.06 -0.12 0.25 -0.25 0.30 0.12 0.37 
Lost Lake 4.75 1983 4.75 68.54 -1.16 -0.60 -0.21 -0.18 0.21 -0.27 0.24 0.12 0.36 
Lost Lake 5.25 1976 5.25 71.16 -1.02 -0.54 -0.22 -0.14 0.14 -0.21 0.18 0.13 0.28 
Lost Lake 5.75 1968 5.75 71.62 -0.92 -0.47 -0.12 -0.11 0.13 -0.22 0.23 0.13 0.25 
Lost Lake 6.25 1960 6.25 74.58 -1.19 -0.67 -0.30 -0.20 0.09 -0.19 0.20 0.14 0.26 
Lost Lake 7.25 1942 7.25 67.84 -1.05 -0.53 -0.33 -0.18 0.05 -0.25 0.07 0.09 0.18 
Lost Lake 7.75 1930 7.75 59.96 -0.85 -0.40 -0.25 -0.08 0.08 -0.25 0.05 0.13 0.18 
Lost Lake 8.25 1922 8.25 49.86 -0.81 -0.42 -0.22 -0.09 0.08 -0.18 0.10 0.12 0.18 
Lost Lake 8.75 1912 8.75 44.25 -1.02 -0.56 -0.31 -0.17 0.00 -0.19 0.11 0.11 0.14 
Lost Lake 9.25 1901 9.25 39.68 -1.07 -0.56 -0.35 -0.15 0.01 -0.23 0.07 0.14 0.15 

Lost lake 10 1876 10 31.35 -1.09 -0.57 -0.35 -0.14 0.06 -0.23 0.08 0.15 0.21 
Lost Lake 11 1851 11 24.55 -1.22 -0.69 -0.45 -0.16 -0.05 -0.19 0.07 0.18 0.13 
Lost Lake 12 1817 12 19.82 -1.36 -0.76 -0.67 -0.26 -0.20 -0.23 -0.10 0.12 -0.01 
Lost Lake 13 1788 13 19.35 -1.65 -1.00 -0.80 -0.45 -0.25 -0.16 -0.05 0.05 0.00 
Lost Lake 14 1761 14 18.56 -1.31 -0.75 -0.64 -0.31 -0.23 -0.20 -0.08 0.07 -0.05 
Lost Lake 15 1733 15 18.20 -1.59 -0.91 -0.84 -0.32 -0.27 -0.23 -0.16 0.13 -0.04 
Lost Lake 16 1701 16 20.46 -1.27 -0.72 -0.66 -0.25 -0.23 -0.19 -0.12 0.11 -0.05 
Lost Lake 17 1670 17 19.20 -1.66 -0.98 -0.86 -0.40 -0.32 -0.20 -0.13 0.09 -0.08 
Lost Lake 18 1640 18 20.46 -1.12 -0.64 -0.58 -0.20 -0.12 -0.16 -0.10 0.12 0.04 
Lost Lake 19 1607 19 18.80 -1.74 -1.00 -0.84 -0.36 -0.21 -0.25 -0.09 0.14 0.04 
Lost Lake 20 1572 20 20.77 -1.71 -1.06 -0.90 -0.41 -0.26 -0.12 -0.10 0.12 0.00 
Lost Lake 21 1539 21 19.75 -1.70 -0.98 -0.80 -0.39 -0.30 -0.25 -0.07 0.10 -0.06 
Lost Lake 22 1503 22 19.86 -1.65 -1.01 -0.92 -0.41 -0.36 -0.14 -0.16 0.09 -0.10 
Lost Lake 23 1471 23 18.71 -1.36 -0.77 -0.68 -0.26 -0.19 -0.22 -0.10 0.13 0.00 
Lost Lake 24 1435 24 18.86 -1.59 -0.97 -0.91 -0.35 -0.31 -0.15 -0.18 0.14 -0.06 
Lost Lake 25 1401 25 19.28 -1.53 -0.86 -0.84 -0.32 -0.21 -0.24 -0.19 0.11 0.00 
Lost Lake 26 1362 26 16.24 -1.58 -0.93 -0.83 -0.37 -0.26 -0.20 -0.13 0.10 -0.03 

Lost Lake Soil   219.00 -2.63 -1.69 -1.64 -0.81 -0.73 -0.10 -0.37 0.04 -0.31 
Lost Lake 
Vegetation 

  5.67 -4.44 -2.89 -2.47 -1.42 -0.96 -0.13 -0.30 0.03 -0.23 
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Rendezvous 
Mountain 

TGM_2016 
  0.93* 0.43 0.20 -0.05 0.02 -0.19 0.13 -0.20 -0.09 -0.24 

Rendezvous 
Mountain 

TGM_2017_1 
  0.89* 0.65 0.34 0.00 .011 -0.19 0.13 -0.26 -0.07 -0.28 

Rendezvous 
Mountain 

TGM_2017_2 
  0.89* 0.54 0.30 0.00 .008 -0.22 0.09 -0.23 -0.07 -0.29 

Camp Davis 
Precipitation 

  6.90** -0.42 -0.06 0.46 0.20 0.43 -0.33 0.51 0.23 0.45 

Storm Peak 
Precipitation 

  18.62** -0.09 0.17 1.07 0.32 0.99 -0.35 0.94 0.23 0.95 

Lost Lake Snow_ 1   0.23** -0.72 -0.23 1.71 0.00 2.05 -0.38 1.88 0.11 2.11 

Lost Lake Snow_ 2   0.22** -1.15 -0.49 1.24 -0.13 1.70 -0.42 1.61 0.12 1.82 
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Figure 2.1 Location of Lost Lake in Wyoming, USA with respect to local and regional sources 
of industrial mercury. 

Symbol size is scaled based on reported annual emission of Hg (U.S. Environmental Protection 
Agency, 2014). 
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Figure 2.2 Air photo of Lost Lake and associated watershed. 
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Figure 2.3 Plot of ln(210Pbxs) versus mass depth (the total sediment mass per cross-sectional area 
of the core above the measured depth).  

The calculated linear regression slope is subsequently used to calculate the sedimentation rate in 
Lost Lake. 
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Figure 2.4 Plot of 137Cs versus Cumulative Mass Depth. 
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Figure 2.5 Flux of THg to Lost Lake sediments over time. 

Insert provides enhanced view of modern changes in THg flux of Hg to Lost Lake. 
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Figure 2.6 Change in Hg concentration, δ202Hg, Δ199Hg and Δ200Hg in Lost Lake sediment core 
over time.  

Each parameter is on its own y-axis while sharing the same x-axis. 
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Figure 2.7 Comparison of Δ201Hg to Δ199Hg.  

York regression yields slope of 1.06±0.05 (solid line), which is within error of approximate 1:1 
ratio (dashed line) and consistent with aqueous photochemical reduction of Hg in the atmosphere 
(Bergquist and Blum, 2007). 
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Figure 2.8 Plot of δ202Hg versus Δ199Hg for possible sources of Hg to Lost Lake from current 
literature.  

Black dashed lines represent zero values for δ202Hg and Δ199Hg. TGM (blue diamonds) [Gratz et 
al., 2010; Sherman et al., 2010; Demers et al., 2013; Donovan et al., 2013, Yin et al., 2013; Fu et 
al., 2016; Yu et al., 2016], North American Precipitation (green X’s) [Gratz et al., 2010; Chen et 
al., 2012; Sherman et al., 2012a; 2015; Demers et al., 2013; Donovan et al., 2013], Leaf Litter 
and Foliage (grey squares) [Das et al; 2012; Tsui et al., 2012; Demers et al., 2013; Zheng et al., 
2016], World coal deposits (Biswas et al., 2008; Lefticariu et al., 2011; Sherman et al., 2012a; 
Sun et al., 2013;2014) (red +), Pre-1850 Lost Lake sediments (black outlined triangles), +), Post-
1850 Lost Lake sediments (black triangles), Lost Lake Soil (black circle), Lost Lake Vegetation 
(black square), Rendezvous Mountain TGM (black diamond), Lost Lake Precipitation (black x) 
and Lost Lake Snow (black x with vertical line). 
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Figure 2.9 1/[Hg] vs. Δ199Hg on the primary y-axis and δ202Hg on the secondary y-axis.  

Strong linear relationships indicate mixing of two different Hg sources, in this case pre-1850 Hg 
and modern precipitation and snow. 
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Figure 2.10 Plot of δ202Hg vs. Δ199Hg in Lost Lake sediments (blue circles).  

York regression yields slope of 1.07±0.10 (solid line), which is similar to experimental 
photoreduction slope of 1.2 (dashed line). Calculated atmospheric endmember (75% 
precipitation, 25% snow) (square with x) displays possible endmember associated with changing 
photoreduction over time. 
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Abstract: The atmosphere is a significant global reservoir for mercury (Hg) and its isotopic 

characterization is important to understand sources, distribution, and deposition of Hg to the 

Earth’s surface. To better understand Hg isotope variability in the remote background 

atmosphere, we collected continuous 12-hr Hg0 samples for one week from two high elevation 

sites, Camp Davis, Wyoming (valley) and Mount Bachelor, Oregon (mountaintop). Samples 

collected at Camp Davis displayed strong diel variation in δ202Hg values of Hg0, but not in 

Δ199Hg or Δ200Hg values. We attribute this pattern to nightly atmospheric inversions trapping Hg 

in the valley and the subsequent nighttime uptake of Hg by vegetation which depletes Hg from 

the atmosphere. At Mount Bachelor, samples displayed diel variation in both δ202Hg and Δ199Hg, 

but not Δ200Hg. We attribute this pattern to differences in the vertical distribution of Hg in the 

atmosphere as Mount Bachelor received free tropospheric air masses on certain nights during the 

sampling period. Near the end of the sampling period at Mount Bachelor, the observed diel 

pattern dissipated due to the influence of a nearby forest fire. The processes governing the Hg 

isotopic fractionation differ across sites depending on mixing, topography, and vegetation cover. 
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3.1. Introduction 

Mercury (Hg) is a trace metal found ubiquitously at Earth’s surface and in its atmosphere 

and is of concern to human health. Human activities such as combustion of fossil fuels and 

mining of mercury and gold have increased atmospheric Hg concentrations globally and altered 

the natural chemistry and cycling of Hg in the environment (Kurz et al., 2019; Mason et al., 

1994; Obrist et al., 2018). Active redox chemistry controls transitions between the different 

chemical species of Hg, which determines the cycling behavior and fate of Hg in the atmosphere.  

Atmospheric Hg has three operationally-defined species: gaseous elemental mercury 

(GEM; Hg0), gaseous oxidized mercury (GOM; HgII(g)) and particulate bound mercury (PBM; 

HgII(p)). Together, GEM and GOM are defined as total gaseous mercury (TGM). Hg0 is thought 

to be the dominant form of Hg in the atmosphere comprising >95% of the global pool (Lindberg 

and Stratton, 1998). Hg0 is relatively non-reactive, and has an atmospheric residence time of ~1 

year (Slemr et al., 2015; William H and Munthe, 1998). Hg0 can undergo oxidation reactions and 

become HgII(g) which is thought to have an atmospheric residence time on the order of days to 

weeks (Ariya et al., 2008; Subir et al., 2012). HgII(g) can also adsorb to particles and is then 

defined as HgII(p) which also has an atmospheric residence time of days to weeks (Subir et al., 

2012).  

 The isotopic composition of atmospheric Hg pools has not been well-studied due to the 

low concentrations of Hg species and the difficulties of sample collection. The large volumes of 

air needed to obtain enough Hg for isotopic analysis leads to most individual samples being 

integrated over time periods of 24 hours to two weeks of continuous collection (Demers et al., 

2015; Fu et al., 2016a). The lack of sampling and isotopic analysis of atmospheric Hg leaves a 

large knowledge gap in the specific reactions that govern Hg cycling in the atmosphere (Kwon 
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and Selin, 2016). Recent advancements in multiple collector inductively coupled plasma mass 

spectrometry (MC-ICP-MS) allow for high precision measurements of mercury’s seven stable 

isotopes (Blum and Bergquist, 2007). Both experimental studies and environmental 

measurements have shed light on mercury cycling and the reactions and pathways that control 

Hg isotopic fractionation (Obrist et al., 2018). 

 The measurement of Hg stable isotope ratios is a powerful tool due to the fact that 

mercury displays both mass dependent fractionation (MDF) as well as mass independent 

fractionation (MIF).(Yin et al., 2010) MDF is controlled by both biotic and abiotic reactions 

including methylation, demethylation, photoreduction and equilibrium reactions (Kritee et al., 

2009, 2008; Wiederhold et al., 2010). MIF is mainly controlled by reactions involving 

photochemistry (Chandan et al., 2015; Rose et al., 2015). The identification of these two types of 

fractionation aids in tracing Hg through the environment and enhancing understanding of 

changes in Hg speciation (Demers et al., 2013, 2015; Gratz et al., 2010; S. Yuan et al., 2018).  

Most atmospheric Hg isotopic measurements have been made at ground level and at low 

elevation but those studies made aloft have revealed that there is an altitudinal gradient of 

mercury concentration in the atmosphere and that there is also a shift from Hg0 to HgII(g) 

dominance with increasing altitude (Slemr et al., 2016; Talbot et al., 2007). This has led to 

speculation that the Hg species composition of the stratosphere could be different than that of the 

troposphere and that there may be a difference between the planetary boundary layer (PBL) and 

the free troposphere (FT). Along with a difference in Hg species throughout the atmospheric 

vertical column, there is also thought to be a difference in the isotopic composition of Hg (Chen 

et al., 2012). The Hg isotopic composition measured in airmasses is affected by the origin and 

trajectory. Measurements of Hg stable isotopes in atmospheric species allows for differentiation 
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between point source, regional or background sources of Hg (Demers et al., 2015; Fu et al., 

2016a; Gratz et al., 2010). Additionally, recent studies have used the fractionation imparted on 

airmasses by the uptake of Hg from the atmosphere by vegetation to understand the Hg isotopic 

composition of sampled TGM (Demers et al., 2015, 2013; Enrico et al., 2016). Most recently 

Huang et al. (2019) collected 12-hr PBM samples in Beijing, China. These authors found that 

day samples with increased exposure to sunlight had higher odd-MIF, which they attributed to in 

situ photoreduction (Huang et al., 2019). Huang et al. (2019) represents the first measurements of 

day vs. night samples for Hg isotopes in atmospheric samples. Jiskra et al. (2019) used integrated 

12-hour samples of TGM at Toolik Lake Field Station in Alaska to assess differences between 

day and night samples. These authors found a difference in MDF between day and night samples 

and attributed this difference to the uptake and reemission of Hg from vegetation (Jiskra et al., 

2019). This body of work provides an important start to understanding the different local and 

regional processes, reactions, and conditions that influence the isotopic composition of 

atmospheric Hg species. 

 To assess diel variations in Hg0 isotopic composition and further characterize the global 

atmospheric Hg pool, we collected continuous 12-hour Hg0 samples over a seven-day period in 

the summer of 2019 at the University of Michigan Camp Davis Geological Field Station (Camp 

Davis), a forested high elevation site in the Hoback Mountains in Western Wyoming (Figure 

3.1). Here, we expected the uptake of Hg by vegetation to dominate the diel variation in Hg0. We 

additionally conducted a similar sampling campaign at Mount Bachelor Observatory near Bend, 

Oregon during the summer of 2017 (Figure 3.1). This high elevation site is far from any point 

source of Hg and often receives free tropospheric air masses on a nightly basis (Swartzendruber 

et al., 2006). We hypothesized that there would be isotopic variation in both MDF and MIF 
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between day and night samples due to differences in the vertical distribution of Hg in the 

atmosphere. We expected differences in vegetation cover, meteorology, mixing, and redox 

chemistry to drive different diel patterns between the two high elevation study sites. This 

provides an opportunity to better understand the processes controlling Hg isotopic composition at 

high elevation sites and further characterize the isotopic composition of mercury’s vertical 

distribution in the atmosphere.  

3.2. Methods 

3.2.1 Study Sites 

 Camp Davis (CD), is located in a valley in the Hoback Mountain Range in Western 

Wyoming at an elevation of 1872m above sea level (43°16′55.11″ N, 110°39′26.68″ W). CD is 

situated at the base of Mt. Ann, whose peak is ~2270m above sea level, on Quaternary aged 

alluvium. The Hoback River flows through the valley ~1 km north of the sampling site. The 

sampling location is at the edge of a forest with lodgepole pine (pinus contorta) and Douglas fir 

(pseudotsuga menziesii; the dominant species). During the sampling period, temperatures ranged 

from 3°C to 28°C and sky conditions remained mostly clear with some intermittent clouds. Here 

we collected 12-hr Hg0 samples continually for one week (total of 13 samples) from June 26th to 

July 3rd 2019.  

The second, high elevation sample site, the Mount Bachelor Observatory (MBO) is 

located on the leeward side of a dormant volcano (2734m above sea level) located in the Cascade 

Range approximately 30 km southwest of Bend, Oregon (43°58'39.19" N, 121°41'9.66" W). The 

site location is approximately 500m above the tree line and 200 km east of the Pacific Ocean 

coastline and frequently receives FT air masses during the night (Swartzendruber et al., 2006; 

Weiss-Penzias et al., 2006). During the sampling period, temperatures ranged from 
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approximately 8°C to 14°C. Sky conditions remained clear throughout the sampling period. The 

surrounding valleys began to fill with smoke from the nearby Milli forest fire beginning on 

August 19th through the end of the sampling period. Here we collected 12-hr Hg0 samples 

continually for one week (total of 13 samples) from August 15th to August 22nd 2017. MBO has 

been in operation since 2004, measuring atmospheric constituents such as CO, aerosol scattering, 

and Hg species as well as other basic meteorological parameters (Jaffe et al., 2005; Weiss-

Penzias et al., 2006). Through these measurements, MBO has been well characterized 

meteorologically and characteristic concentrations of atmospheric constituents have been 

measured during events such as forest fires, airmasses dominated by long range pollution 

transport from Asia, and free tropospheric air masses (Ambrose et al., 2011; Finley et al., 2009; 

Jaffe et al., 2005; Swartzendruber et al., 2006). We can compare this long-term characterization 

with measurements taken during our sampling campaign to assess impacts of the nearby forest 

fires and to estimate when FT air masses may have dominated our samples. 

3.2.2 Hg0 Sample Collection and Preparation 

  Our method of Hg0 sample collection has been previously described in Demers et al. 

(2013) and Kurz et al. (2019). Briefly, atmospheric air was drawn through a manifold with 8 

gold bead traps in parallel at a rate of 1.8 liters per minute per gold trap (14.4 liters per minute 

total). Upstream of each gold trap, a filter housing was outfitted with a pre-fired quartz filter to 

prevent particulates from accumulating on the gold bead traps. Gold bead traps were wrapped 

with heat tape and kept at a constant temperature of 50°C to prevent water condensation during 

sample collection. A dry test meter (Schlumberger, Gallus 2000) connected in the sampling train 

was used to measure the volume of air drawn through the manifold. Air volumes were corrected 
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to standard temperature and pressure using the method outlined by the Environmental Protection 

Agency Compendium Method IO-2.4. 

We acknowledge that there may be some influence of HgII(g) in the samples collected in 

this study; however, the difference in the isotopic composition between Hg0 and HgII (GOM + 

PBM) has been shown to be significant in previous studies (Fu et al., 2016a, 2018; Huang et al., 

2019). The upstream quartz filter in our sampling stream prevents HgII(p) from accumulating on 

the gold bead traps, though the extent to which HgII(g) is excluded from our samples is unclear. 

Thus, based on the Hg isotopic composition of the measured samples in this study as compared 

to previously collected samples that have been demonstrated to be dominantly Hg0, (Fu et al., 

2016a, 2018) we believe that our samples are dominated by Hg0.  

 After sample collection and in the laboratory at the University of Michigan, each of the 8 

gold bead traps in a sample were individually heated to 500°C over a four-minute period to 

desorb the Hg and re-trap it on a single analytical gold trap (diatomaceous earth coated with 

gold). The analytical gold trap was then heated in a step-wise manner from 25°C to 550°C over a 

3.5-hour period. The released Hg was carried in a stream of argon and bubbled through a 24 g 

liquid trap containing a solution of 1% KMnO4 dissolved in 10% H2SO4 (hereafter referred to as 

1% KMnO4). Samples were then partially reduced with 2% (w/w) of a 30% NH2OH·HCl 

solution and an aliquot was measured for total mercury (THg) via cold vapor atomic 

fluorescence spectroscopy (CV-AFS). 

 A second sample purification step was performed with all samples which included 

sample reduction with 20% (w/w) SnCl2 and subsequent purge and trap into a fresh 5.5g liquid 

trap of 1% KMnO4. This step was performed to remove residual contaminants that may have 

been transferred from the heated gold bead traps and that might potentially produce matrix 
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effects during analysis. For determination of final sample THg, samples were partially reduced 

with 2% (w/w) of a 30% NH2OH·HCl solution and an aliquot was measured for THg via CV-

AFS. Overall sample recoveries during processing ranged from 91.0 to 103.0% with an average 

recovery of 96.1±4.1% (1 SD, n=26). Process standards consisting of UM-Almadèn were loaded 

onto gold bead traps by reducing prepared standards with 20% SnCl2 which was subsequently 

pumped through one gold bead trap at a time at a flow rate of 0.5 L/min, while simultaneously 

monitoring breakthrough via atomic absorption spectroscopy. These process standards, 

consisting of 8 gold bead traps loaded with UM-Almadèn in the manner described above, were 

used to evaluate gold bead trapping efficiency and to monitor quantitative recovery of Hg during 

processing. UM-Almadèn process standards were processed in tandem with samples and had 

recoveries ranging from 92.9 to 98.9% with an average of 96.3±2.3% (1 SD, n=6). 

3.2.3 Mercury Isotope Analyses 

 Hg isotope analyses were conducted at the University of Michigan using a cold vapor 

multiple collector inductively coupled plasma mass spectrometer (CV-MC-ICP-MS) (Nu 

Plasma). Prior to analyses, samples were partially reduced with 2% (w/w) of a 30% NH2OH·HCl 

solution. Samples were prepared to match the concentration of the NIST 3133 standard (within 

5% relative concentration) for standard sample bracketing. Samples were introduced into the 

instrument using continuous flow cold vapor generation and the Hg in solution was reduced to 

Hg0 with the introduction of a 2% SnCl2 solution. The Hg0 was introduced into the CV-MC-ICP-

MS in a stream of Ar along with a dry aerosol Tl standard (NIST 987) produced by a desolvating 

nebulizer and used for mass bias correction. 

 We report Hg isotopic compositions using delta notation, in units of permil (‰), as 

follows: 
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δxxxHg(‰) = {[(xxxHg/198Hg) unknown/(xxxHg/198Hg) NIST 3133]-1} × 1000   

where xxx represents the Hg isotope of 199, 200, 201, or 204 amu (Blum and Bergquist, 2007). 

MIF is the deviation from the calculated MDF based on the kinetic isotope effect and is 

reported using capital delta notation. Blum and Bergquist (2007) calculated beta constants that 

can be used to calculate MIF of less than ±10‰: 

ΔxxxHg = δxxxHg – (δ202Hg × b)        

xxx represents the Hg isotope mass (199, 200, 201, 204) and the b represents the calculated 

constant (0.252, 0.502. 0.752, 1.492 respectively) (Blum and Bergquist, 2007). 

 UM-Almadèn was run as a secondary standard with each set of samples to asses 

analytical uncertainty. Results for UM-Almadèn measurements are presented in Table 3.1 and 

are similar to long term measurements in both the University of Michigan lab and others (Blum 

and Johnson, 2017). Hg0 samples were run at concentrations between 1.56 and 4.28 ng/g. 

Secondary reference materials were prepared in the same manner as samples and run at the same 

concentration as unknown samples. Process Hg0 blanks yielded between 62.2 and 198 pg of Hg 

with an average of 113.9±46.3 pg (1 SD, n=6) while field Hg0 blanks yielded between 115.5 and 

453.5 pg of Hg with an average of 217.3±135.9 pg (1 SD, n=5). Field blanks are more 

representative of the blank associated with collecting Hg0 samples and represent <5% of Hg in 

the lowest concentration sample collected.  

 Analytical errors associated with sample analyses for isotopes are calculated as 2 

standard deviations (SD) of the secondary UM-Almadèn standard measurements or 2 standard 

errors (SE) of process standard measurements depending on whichever is larger. The MBO 

sample set was analyzed in August of 2018 and the CD sample set was analyzed in October of 

2019. In October of 2018, we experienced a two-fold increase in sensitivity in our CV-MC-ICP-
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MS due to the introduction of a modified phase separator design. We therefore calculate our 

analytical errors separately for each sample set (Table 3.1). For Hg0 samples collected at MBO, 

we use the 2SE associated with our process UM-Almadèn measurements from 2018 to assign 

analytical uncertainty to these samples for all isotope ratios except for Δ199Hg as follows: 

±0.10‰ for δ202Hg, ±0.10‰ for Δ204Hg, ±0.05‰ for Δ201Hg, and ±0.05‰ for Δ200Hg. For 

Δ199Hg we use the 2SD associated with UM-Almadèn measurements from 2018 which is 

±0.05‰. For Hg0 samples collected at CD, we use the 2SD associated with our UM-Almadèn 

measurements from 2019 to assign analytical uncertainty to these samples for all isotope ratios 

except for Δ200Hg as follows: ±0.06‰ for δ202Hg, ±0.03‰ for Δ204Hg, ±0.03‰ for Δ201Hg, and 

±0.08‰ for Δ199Hg. For Δ200Hg we use the 2SE associated with process UM-Almadèn 

measurements from 2019 which is ±0.06‰.  

3.2.4 Ancillary Atmospheric Chemistry Measurements at MBO 

 During the sampling period at MBO, CO and CO2 were measured using a Picarro G2502 

Cavity Ring-Down Spectrometer. Relative humidity (RH) was measured with a Campbell 

Scientific HMP 45C RH probe. Aerosol scattering (ssp) was measured at 3 different wavelengths 

(450, 550, and 700nm) with an integrating nephelometer (TSI, Inc. Model 3563). Finally, 

particle mass was measured using a Grimm Technologies Model EDM 180 Optical Particle 

Counter (OPC). These measurements are described in previous publications (Ambrose et al., 

2011; Fischer et al., 2011; Swartzendruber et al., 2008; Zhang and Jaffe, 2017). 

3.2.5 Atmospheric Transport 

 HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) models were run to 

assess air mass origin for samples collected at both CD and MBO. The National Oceanic and 

Atmospheric Administration (NOAA) HYSPLIT model was run using the archived High-
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Resolution Rapid Refresh (HRRR) data with a grid resolution of 3 km x 3 km. Back trajectories 

with 24-hr durations were calculated every 12 hours at the mid-time of each sample with starting 

heights of 500, 1000, and 1500 m above ground level. The 24-hr duration of back trajectories 

was chosen to provide a representative regional transport of Hg prior to each sample. 

Additionally, stability plots using the HRRR data set were generated to assess atmospheric 

stability and boundary layer heights during the sampling periods (Rolph et al., 2017; Stein et al., 

2015). 

3.2.6 Statistical Tests 

 All statistical tests employed in this study are independent two sample t-tests with equal 

variance at the 95% confidence interval and were calculated using RStudio (Version 1.2.5001, Ó 

2009-2019 RStudio, Inc.). All t-test results are presented in Table 3.2. All regressions were done 

using the York regression (York, 1968) and were also calculated using RStudio. 

3.3. Results and Discussion 

3.3.1 Camp Davis THg Concentrations and Isotopic Compositions of Hg0 

 CD Hg0 sample THg concentrations range from 0.81 to 1.22 ng/m3 over the entire 

sampling period. Samples collected during the day were characterized by higher average THg 

(1.06±0.14 ng/m3, 1SD, n=6) compared to those collected at night (0.94±0.11 ng/m3, 1SD, n=7) 

(Figure 3.2A), though these averages are not statistically different. The maximum THg 

concentration was recorded on July 1st (1.22 ng/m3) and the lowest THg concentration was 

recorded on the night of June 29th (0.81 ng/m3). The relative difference between the maximum 

and minimum measured THg concentrations was 34%. Modeled air mass back trajectories for 

day and night samples indicated a regionally consistent origin before reaching CD (Figure 3.3). 
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This suggests a constant, dominant source of Hg0 to the sampling site that is representative of 

regional Hg sources. 

While the reported THg of Hg0 samples are lower than Northern Hemisphere background 

Hg0, (Sprovieri et al., 2018; Temme et al., 2007; Weigelt et al., 2015) they are similar to THg 

concentrations measured in forested areas where  similar diel patterns in Hg0 concentrations have 

been observed (Fu et al., 2016b; Kellerhals et al., 2003; Poissant et al., 2008). These diel patterns 

have been attributed to differences in source, meteorology, uptake by vegetation, photo 

reduction/oxidation rate, and dry deposition (Fu et al., 2016b; Kellerhals et al., 2003; Poissant et 

al., 2008). The discussion below provides information concerning the use of Hg stable isotopes 

in elucidating the  dominant processes causing diel variations in Hg0. 

 In the CD sample set we recorded higher values of δ202Hg during the night (average 

δ202Hg=0.94±0.13‰, 1SD, n=7) with a maximum value of 1.10±0.06‰ and lower values during 

the day (average δ202Hg=0.56±0.05‰, 1SD, n=6) with a minimum value of 0.51±0.06‰ (Figure 

3.4). Day and night samples at CD are statistically different (Table 3.2).   

Measurement of odd-MIF has proven to be a powerful tool in elucidating chemical 

transformations of Hg in the environment. Due to the fact that MIF of the odd mass Hg isotopes 

is mainly caused by photochemical reactions, measurements of Δ199Hg and Δ201Hg can help 

identify fractionation processes and trace Hg sources. Daytime Hg0 measurements of Δ199Hg and 

Δ201Hg yielded average values of -0.31±0.07‰ and -0.27±0.07‰ respectively (1SD, n=6) 

(Figure 3.4). Nighttime samples yielded average values of -0.23±0.08‰ and -0.26±0.11‰ 

respectively (1SD, n=7). The averages between day and night samples are not statistically 

different for Δ199Hg or Δ201Hg (Table 3.2). While there is no consistent pattern in MIF values 

between day and night samples, there is a range of 0.28‰ between the highest and lowest 
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recorded Δ199Hg values during the sampling period. Additionally, there are days where daytime 

Δ199Hg values are significantly lower than those of the previous or following night (June 27th, 

and 28th, and July 2nd) (Figure 3.4).  The absence of a strong diel pattern in the odd-MIF of Hg0 

suggests that while there may be some influence from photochemical processes, other processes 

may also influence Hg concentration and isotopic variation.   

3.3.2 Processes Driving Diel Variation in Hg0 Isotopic Composition at Camp Davis 

We identify four possible processes that control the diel variation of the Hg isotopic 

composition of Hg0 measured at CD: 1) uptake of Hg0 by vegetation 2) deposition of Hg0 to soil, 

3) photoreduction of HgII and subsequent reemission of Hg0 from vegetation and/or soil, and 4) 

downward mixing of overlying air  (Fu et al., 2016b; Jiskra et al., 2019, 2018; Poissant et al., 

2008). 

Uptake of Hg0 by Vegetation. Using a mixing model described below (Eq 1), we calculate the 

δ202Hg value of the Hg that is lost from the atmosphere at night to be approximately -2.51‰: 

 δ202Hgday = δ202Hgnight × ƒnight + δ202Hglost × ƒlost      (1) 

1 = ƒnight + ƒlost  

ƒlost = 1 – [THg]night / [THg]day  

where δ202Hgday is the average daytime δ202Hg of Hg0 measured at Camp Davis, δ202Hgnight is the 

average nighttime δ202Hg of Hg0 measured at Camp Davis, δ202Hglost is the calculated δ202Hg that 

is lost from the system, ƒlost is the fraction of total Hg lost from the system, [THg]night is the 

measured concentration of nighttime Hg0 measured at Camp Davis, and [THg]night is the 

measured concentration of nighttime Hg0 measured at Camp Davis. This value is similar to the 
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δ202Hg measurements of vegetation previously made in the region (-2.89‰) (Kurz et al., 2019). 

Multiple environmental studies have documented a shift in atmospheric δ202Hg values associated 

with vegetation uptake of Hg0, where the MDF between Hg0 and vegetation ranges from 

approximately -2.89‰ to -2.40‰ (Demers et al., 2013; Enrico et al., 2016; W. Yuan et al., 

2018). This fractionation process has been shown to have both regional and global implications 

for the isotopic composition of Hg0 in the atmosphere (Demers et al., 2013; Fu et al., 2019; 

Jiskra et al., 2018). 

 CD is located in a valley in the Hoback Range and exhibits local scale meteorology 

characteristic of mountain valleys. Stability plots generated using NOAAS’s HRRR model 

indicate that during each night of the sampling campaign, atmospheric inversions occurred, 

creating a moderately stable to extremely stable (Pasquill atmospheric stability class) boundary 

layer in the valley with a depth of approximately 50 to 100m (Figure 3.5A). These conditions are 

consistent with the documented trapping of chemical constituents, such as ozone and carbonyl 

sulfide, within the boundary layer and their depletion by chemical reactions or by vegetation 

uptake (Talbot et al., 2005; Wehr et al., 2017). Hg0 is an additional atmospheric constituent that 

is similarly trapped within the boundary layer resulting in diel variations in THg and Hg isotopic 

composition (Fu et al., 2016b; Jiskra et al., 2019; Kellerhals et al., 2003; Poissant et al., 2008; W. 

Yuan et al., 2018). During the day, solar radiation warms the ground, creating slightly to 

moderately unstable atmospheric conditions with a boundary layer depth of approximately 

3000m (Figure 3.5B). This allows overlying air to mix downwards and to resupply Hg0 to the 

valley. As a result of this behavior, the daytime samples display lower δ202Hg and higher THg 

than those measured at night.  



 81 

 Hg0 atmospheric THg concentrations in forests have been shown to be anticorrelated with 

light intensity, displaying minimum THg concentrations just before sunrise and maximum THg 

concentrations in the afternoon (Fu et al., 2016b; Jiskra et al., 2019, 2018; Kellerhals et al., 2003; 

Mao et al., 2008; Poissant et al., 2008). This is proposed to be a balance between vegetation 

uptake and reemission and is documented by Hg flux measurements in forested areas (Fu et al., 

2016b; Kellerhals et al., 2003; Poissant et al., 2008). We suggest that the lower Hg0 THg 

concentrations and more positive δ202Hg observed in the nighttime samples are characteristic of 

vegetation uptake of Hg0, where the light isotopes are preferentially taken up by vegetation, 

leaving the residual Hg0 in the atmosphere with heavier δ202Hg values (Jiskra et al., 2019). 

 Deposition of Hg0 to Soil. Demers et al. (2013) found that as atmospheric air flowed 

through or interacted with surface soils, light isotopes were preferentially adsorbed or oxidized 

and removed from the atmosphere, leaving the residual Hg0 pool with lower THg and higher 

δ202Hg values. This process is thought to be similar to that of uptake of Hg0 by vegetation and 

drives the MDF of Hg0 in the atmosphere in the same direction. This process could contribute to 

the diel variation in THg and δ202Hg, enhancing the effects of vegetation uptake on the residual 

atmospheric Hg0 pool. 

Photochemical Reduction of HgII. Experimental work on Hg isotopes has revealed 

diagnostic odd-MIF ratios that can be useful in identifying dominant redox reactions. Bergquist 

and Blum (2007) found that when HgII is photoreduced in the presence of DOM in an aqueous 

solution, the reactant is imparted with a Δ199Hg/Δ201Hg ratio of 1.00±0.02 (Bergquist and Blum, 

2007). Similarly, Sun et al. (2016) performed gas-phase experiments where they oxidized 

gaseous Hg with Cl and Br radicals. These reactions produced Δ199Hg/Δ201Hg ratios of 1.64±0.30 

and 1.89±0.18 with the two different oxidants respectively (G. Sun et al., 2016). When either all 
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of the CD data or only the nighttime samples are regressed using a York regression, (York, 1968) 

we calculate slopes of 0.31±0.23 and 0.19±0.28 which are both significantly lower than either 

oxidation or reduction experiments and do not indicate statistical significance (r2=0.34, p>0.3 

and r2=0.22, p>0.2 respectively). However, when only the daytime data are regressed, we obtain 

a Δ199Hg/Δ201Hg slope of 0.82±0.34 (r2=0.90, p<0.1), which overlaps with the experimental 

slope for HgII photoreduction. The difference in slope between the regressions of all CD samples, 

only nighttime samples and only daytime samples indicates a relative increase in the influence of 

photochemical reduction on the odd-MIF signatures during the day (Figure 3.6). This suggests 

that during the day, photoreduction of HgII plays a more important role in controlling Hg 

speciation than at night and could account for the differences in Δ199Hg between the day and 

night samples of June 27th, and 28th, and July 2nd. The variation in the difference in Δ199Hg 

values may be due to the magnitude of photoreduction and subsequent reemission of Hg0, though 

cannot be fully explained through variations in photoreduction.  

Three-Endmember Mixing Model. Previous studies have utilized three-endmember 

mixing models to identify Hg source contributions in measured samples (Donovan et al., 2014; 

Washburn et al., 2018). Here we present a three-endmember mixing model that can account for 

the isotopic variation in samples collected at CD. In Figure 3.7, we present a plot of δ202Hg vs. 

Δ199Hg on the panel (A) and 1/THg vs. Δ199Hg on panel (B). We identify the three isotopic 

endmembers as follows:  

Hg Reemitted from Vegetation. Daytime samples fall along a mixing line between an 

endmember with high THg, low δ202Hg, and intermediate Δ199Hg and an endmember with 

intermediate THg, intermediate δ202Hg and low Δ199Hg. We identify the high THg endmember as 

Hg0 that has been reemitted from vegetation through photoreduction of HgII. Yuan et al (2018) 
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demonstrated that the isotopic composition of Hg0 reemitted from vegetation is more negative in 

δ202Hg and more positive in Δ199Hg than ambient air with an offset of approximately -2.21‰ and 

+0.45‰ for δ202Hg and Δ199Hg, respectively (W. Yuan et al., 2018). This is consistent with 

photoreduction of HgII bound to reduced sulfur ligands (Zheng and Hintelmann, 2010). Our 

samples do not display the same magnitude of difference between ambient air and reemitted Hg0, 

but this is expected because the experimental setup of Yuan et al (2018) was designed to isolate 

the reemitted Hg0 from other processes (W. Yuan et al., 2018). 

Unknown Low Δ199Hg endmember. Previous studies have proposed that MIF occurring in 

the upper atmosphere (upper troposphere/lower stratosphere) can impart more negative MIF 

signatures on Hg0 due to the increased exposure to UV radiation (Chen et al., 2012). At sunrise 

as thermal convection begins in the valley at CD, there may be some downward mixing of 

overlying air into the valley with more negative Δ199Hg values. However, mixing between the 

free troposphere and the planetary boundary layer would be expected to be minimal at CD. 

Additionally, the more negative Δ199Hg values could be due to photoreduction of Hg bound to 

O/N functional groups, driving odd-MIF to more negative values compared with photoreduction 

from reduced sulfur ligands (Zheng and Hintelmann, 2010). The relatively small number of 

samples collected makes it difficult to confidently identify this endmember. 

Hg Modified by Uptake of Hg0 by Vegetation. During the nighttime, samples are 

influenced by an endmember with low THg, high δ202Hg and high Δ199Hg. We identify this 

endmember as Hg0 that has been modified by uptake into vegetation. As discussed earlier, uptake 

of Hg0 by vegetation dominates during the nighttime hours in forested areas and preferentially 

takes up the light isotopes from the atmosphere. While the mechanism is unclear, Yuan et al 

(2018) found that Hg0 modified by the uptake of vegetation displays more positive δ202Hg and 
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more positive Δ199Hg as compared to ambient air, which is consistent with the pattern we see for 

nighttime samples. Additionally, Fu et al (2019) attributed the shift in δ202Hg and Δ199Hg toward 

more positive values in Hg0 collected during summer months to increased vegetation activity as 

compared to winter months. We propose that while the Hg0 samples collected during the summer 

months are day and night integrations, they are somewhat analogous to our nighttime samples 

where increased uptake of Hg0 by vegetation drives the isotopic composition towards more 

positive δ202Hg and Δ199Hg values.  

While these three Hg endmembers can be generally identified by their distinct isotopic 

composition and THg, we highlight the need for additional sampling and experimental work to 

identify the fractionation mechanism that alters the isotopic composition of Hg0 through the 

process of uptake by vegetation. Field measurements could consist of 12-hr simultaneous Hg 

isotopic measurements at ground level, directly below the canopy and above the canopy. 

Additionally, simultaneous quantification and isotopic characterization of vegetation and soil 

fluxes could provide more insight into the relative contribution of each of the above processes.  

3.3.3 Even-MIF at Camp Davis 

Another useful tracer for identifying atmospheric Hg sources and/or transport distances is 

even-MIF. The fractionation process imparting even-MIF signatures on Hg is not well 

understood but it has been suggested to be related to photo-initiated oxidation occurring in the 

upper troposphere or lower stratosphere (Chen et al., 2012). Multiple studies of atmospheric Hg 

samples reveal that samples with Hg dominantly in the oxidized form (HgII) display positive 

Δ200Hg (average=0.16±0.13‰, 1SD, n=188) (Chen et al., 2012; Demers et al., 2013; Donovan et 

al., 2013; Gratz et al., 2010; Huang et al., 2018; Kritee et al., 2017; Sherman et al., 2012, 2015; 

Wang et al., 2015; S. Yuan et al., 2018) while samples with Hg dominantly in the reduced form 
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(Hg0) display near zero or slightly negative Δ200Hg (average=-0.06±0.05‰, 1SD, n=154) 

(Demers et al., 2015, 2013; Fu et al., 2018, 2016a; Gratz et al., 2010; Rolison et al., 2013; 

Sherman et al., 2010; Yamakawa et al., 2017; Yu et al., 2016). Hg0 measured at CD reveals an 

average Δ200Hg value of -0.09±0.03‰ (1SD, n=6) for daytime samples and -0.07±0.03‰ (1SD, 

n=7) for nighttime samples (Figure 3.8). CD samples reveal no statistical variation between day 

and night samples throughout the entire sampling period for Δ200Hg (Table 3.2). Our measured 

Δ200Hg values are consistent with all previously reported Hg0 measurements (Table 3.2) (Demers 

et al., 2015, 2013; Fu et al., 2018, 2016a; Gratz et al., 2010; Rolison et al., 2013; Sherman et al., 

2010; Yamakawa et al., 2017; Yu et al., 2016). 

3.3.4 Mount Bachelor THg Concentrations and Atmospheric Characterization 

 Hg0 THg concentrations measured at MBO display slightly higher values (though not 

significantly different) during the day (average=1.56±0.19 ng/m3, 1SD, n=6) than at night 

(average=1.47±0.27 ng/m3, 1SD, n=7) (Figure 3.2B). Near the end of the sampling period during 

the night of August 20th, the pattern reversed and THg concentrations were higher during the 

night than during the day. Starting on August 13th, 2017, a forest fire, named the Milli Fire, 

ignited approximately 31 km NW of MBO and grew in size through the sampling period. The 

origin of air masses between day and night samples and throughout the entire sampling period 

suggest a dominant regional origin of airmasses to the MBO sampling site (Figure 3.9). The back 

trajectories also indicate that the modeled air masses passed over the site of the Milli fire and, 

therefore, this added source of Hg may have become dominant near the end of the sampling 

period as discussed below. When we compare daytime THg concentrations, prior to the time 

when fire impacted the samples, to nighttime THg concentrations during the same time period, 

we find a statistically significant difference (Table 3.2). 
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 Identification of FT air masses. Previous studies have used approaches of both direct 

measurements and modeling to understand the vertical profile of Hg species in the atmosphere. It 

has been proposed that while overall THg decreases with increasing altitude, there is also a 

decrease in Hg0 THg concentrations with increasing altitude due to an increase in Hg oxidation 

and sorption of HgII(g) to atmospheric particles, which is known to increase with decreasing 

temperature (Lyman and Jaffe, 2012; Murphy et al., 2006; Rutter and Schauer, 2007). Since 

MBO receives FT air masses at night, we hypothesize that the lower Hg0 concentration 

measurements observed in the nighttime MBO samples are due to air masses from higher in the 

atmosphere exhibiting a shift in Hg speciation from Hg0 to HgII (Gratz et al., 2015; 

Swartzendruber et al., 2006). This hypothesis is further supported by measurements of CO and 

the aerosol scattering coefficient (Figure 3.10). Based on previous long-term measurements, it is 

well known that FT air masses at MBO are characterized by CO concentrations below 150ppbv 

with concurrent aerosol scattering values <20 Mm-1 between 2000 and 0800 hours local time 

(Ambrose et al., 2011; Reidmiller et al., 2010; Weiss-Penzias et al., 2007, 2006). Using these 

thresholds to identify periods when FT air masses dominate, we identify the nights of August 

15th through 18th as periods of influence from FT air masses. During each of these nights, there 

also appears to be some influence from the forest fires between 2000 hours and 0200-0400 hours, 

keeping CO concentrations slightly elevated above 150ppbv before decreasing below this 

threshold in the early morning hours. These nightly samples also display 4 of the 6 lowest Hg0 

THg concentrations measured during the sampling campaign (1.16 to 1.47 ng/m3).  

 Identification of Forest Fire influence at MBO. Beginning during the day on August 

19th, daytime CO concentrations consistently exceeded 400 ppbv with concurrent aerosol 

scattering values of >200 Mm-1. Unlike earlier in the sampling period, CO concentrations and 
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aerosol scattering values did not return to background values during the nighttime but rather 

stayed elevated above 140 ppbv and 50 Mm-1 respectively. We suggest that these elevated values 

are consistent with direct impact from the nearby forest fire. Due to the proximity of the Milli 

fire to MBO, it is likely that the smoke was transported to the sampling site within the PBL. 

From August 19th through the end of the sampling period, CO concentrations and aerosol 

scattering values did not reflect FT air masses during the nighttime but rather the transport of 

smoke plumes from the nearby forest fires which came to dominate the Hg transported to MBO. 

Additionally, we use the relationship of THg concentration to CO concentration to characterize 

the change in Hg sources. As CO was measured continuously and Hg isotope samples are 

integrated over 12 hours, we calculated 12-hour average CO concentrations for comparison over 

the same time period as Hg samples were collected. We find that the [THg]/[CO] ratio 

significantly decreased from before the forest fire dominated the samples to when the samples 

were influenced by the fire (Table 3.2). This change in Hg source was more significant when 

comparing nighttime samples prior to fire influence to nighttime samples dominated by Hg from 

the forest fire (Table 3.2). Further discussion on this hypothesis that incorporates observed 

variations in the Hg isotopic composition of samples is provided below. 

3.3.5 Isotopic Characterization of Hg0 at Mount Bachelor 

 We observed diel variation in δ202Hg values at MBO, however, the offset from each day 

to night throughout the sampling campaign was inconsistent and disappeared later in the 

sampling campaign due to the wildfire impact. Average δ202Hg values throughout the entire 

sampling period during the day were 0.34±0.19‰ (1SD, n=6) while nighttime average δ202Hg 

values were 0.58±0.16‰ (1SD, n=7) (Figure 3.11). When comparing δ202Hg values between day 

and night samples we find that they are statistically different (Table 3.2). Throughout the entire 
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sampling period, δ202Hg values decrease from 0.60±0.10‰ on the first night of sampling, August 

15th, to 0.36±0.10‰ on the final night of sampling, August 21st.  

 Similar to δ202Hg, we observed diel variation in odd-MIF with more negative values at 

night (average Δ199Hg=-0.35±0.09‰, average Δ201Hg=-0.30±0.12‰, 1SD, n=7) than during the 

day (average Δ199Hg=-0.22±0.03‰, average Δ201Hg=-0.17±0.07‰, 1SD, n=6) (Figure 3.11). 

Daytime and nighttime samples are statistically different from each other for both Δ199Hg and 

Δ201Hg (Table 3.2). Similar to the variation in δ202Hg observed at MBO, the variation in odd-

MIF between day and night samples at MBO disappeared starting on August 19th through the end 

of the sampling period.  

Photochemical reduction of HgII. The ratios of Δ199Hg to Δ201Hg were determined for 

all MBO samples, only nighttime samples, and only daytime samples. A York regression was 

used with calculated slopes of 0.24±0.12 (p<0.01), 0.08±0.21 (p<0.01) and 0.03±0.36 (p>0.6), 

respectively. While the relationships between Δ199Hg and Δ201Hg are significant for all MBO 

samples and nighttime samples, the calculated slopes are much lower than those for any known 

reaction including photochemical reduction of HgII. The calculated slopes probably result from a 

mixture of different reactions and source mixing, though based on the calculated slopes, we can 

rule out in situ photochemical reduction of HgII as the dominant reaction driving the observed 

variation in odd-MIF at MBO. 

Three-Endmember Mixing Model. At MBO, the full range in the isotopic composition 

of Hg0 samples collected can be accounted for through a three-endmember mixing model (Figure 

3.12). Ancillary atmospheric measurements (CO and particle scattering) allowed us to identify 

the influence of distinct air masses and we now extrapolate that to the isotopic composition of 

Hg0.  
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Free Tropospheric endmember. On the nights of August 15th-August 18th, we identified 

influence from the free troposphere. The composition of Hg0 in the free troposphere has 

intermediate THg (1.32±0.13 ng/m3, 1SD, n=3), high δ202Hg (0.68±0.07‰, 1SD, n=3) and low 

Δ199Hg (-0.41±0.05‰, 1SD, n=3). As previously discussed, Hg in the upper atmosphere may 

experience increased exposure to UV radiation, causing more MIF (Chen et al., 2012). The 

direction of odd-MIF is determined by the binding ligands (Zheng and Hintelmann, 2010). More 

negative Δ199Hg values in Hg0 as observed during FT influence at MBO are indicative of 

photoreduction of HgII from O/N functional groups. Additionally, we report what we believe to 

be the most negative Δ199Hg and Δ201Hg values ever measured in Hg0 (with values of -

0.46±0.05‰ and -0.50±0.05‰ respectively) on the night of August 18th when MBO was 

receiving air masses from the FT. 

Regional Background endmember. Prior to influence from the nearby forest fire, samples 

collected during the day have intermediate THg (1.15±0.04 ng/m3, 1SD, n=3), intermediate 

δ202Hg (0.48±0.10‰, 1SD, n=3) and high Δ199Hg (-0.22±0.05‰, 1SD, n=3). This endmember is 

most likely representative of regional Hg sources transported to MBO in the PBL that may be 

influenced by fractionation processes during transport, obscuring the initial isotopic composition 

of the source. Tang et al (2017) demonstrated that the δ202Hg of Hg0 emitted from coal fired 

power plants can be enriched in δ202Hg by up to ~2.5‰ as compared to the isotopic composition 

of feed coal with no associated MIF. While dependent on the initial isotopic composition, Hg0 

emissions from coal fired power plants was estimated to have a δ202Hg value of 0.54±0.25‰, 

(1SD, n=5), which is consistent with the δ202Hg value of the identified regional background 

endmember (Tang et al., 2017). Coal from the US has an average Δ199Hg of -0.10±0.13‰ (1SD, 

n=27), (R. Sun et al., 2016) which overlaps with the identified endmember. However, additional 
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studies have identified smaller differences between δ202Hg of feed coal and emitted Hg0 (Sun et 

al., 2014). Additionally, atmospheric fractionation processes such as the uptake of Hg0 by 

vegetation could fractionate the isotopes, obscuring the initial isotopic composition of released 

Hg0 during transport to MBO. 

Fire endmember. As discussed above, from August 19th through the end of the sampling 

period the isotopic composition of Hg0 at MBO was influenced by the nearby Milli forest fire. 

We identify the forest fire endmember based on daytime measurements of Hg0 impacted by the 

Milli fire as high THg (1.59±0.21 ng/m3, 1SD, n=3), low δ202Hg (0.20±0.16‰, 1SD, n=3), and 

high Δ199Hg (-0.23±0.02‰, 1SD, n=3). The isotopic composition of Hg in vegetation and litter 

has characteristically low δ202Hg and negative Δ199Hg (avg. δ202Hg = -2.56±0.64‰ and avg. 

Δ199Hg  -0.31±0.13‰, 1 SD, n=156) (Demers et al., 2013; Enrico et al., 2016; Jiskra et al., 2015; 

Wang et al., 2017; Yu et al., 2016; Zhang et al., 2013; Zheng et al., 2016) and it is assumed that 

when vegetation is combusted, the light isotopes are preferentially released and MIF is 

conserved. The combustion of vegetation/litter does not have the associated MDF identified for 

coal combustion as the fractionation occurs due to the use of emissions control devices (Tang et 

al., 2017). Ku et al (2018) suggest that burning conditions - including O2 availability, 

temperature and burning duration - can affect Hg0 volatilization in forest fires. This could 

account for some of the variability in δ202Hg of Hg0 observed at MBO in samples impacted by 

the Milli fire as conditions changed through the sampling period. This variability could also be 

attributed to mixing with the other identified endmembers. 

3.3.6 Even-MIF at Mount Bachelor 

Samples collected at MBO during the daytime had an average Δ200Hg value of -

0.09±0.02‰ (1SD, n=6) and those collected during the nighttime had an average Δ200Hg value of 
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-0.11±0.05‰ (1SD, n=7) (Figure 3.13). There was no statistically significant variation in Δ200Hg 

values between day and night samples (Table 3.2). To further assess differences between Δ200Hg 

values in the FT and the PBL, we compare Δ200Hg values in nighttime samples prior to the forest 

fire’s influence to Δ200Hg values in daytime samples prior to the forest fire’s influence (Table 

3.2). Based on these relationships, we conclude there is no statistical difference in even-MIF 

between FT air masses and PBL air masses measured at MBO. Furthermore, when we compare 

the average Δ200Hg values from MBO to all published Hg0/TGM data from other locations 

worldwide, we find a statistical difference (Table 3.2), however, none of our individual measured 

values are outside the range of previously measured values (Demers et al., 2015, 2013; Fu et al., 

2018, 2016a; Gratz et al., 2010; Rolison et al., 2013; Sherman et al., 2010; Yamakawa et al., 

2017; Yu et al., 2016). The difference between our measured Δ200Hg values and those from 

previous studies may indicate that the high elevation of our study site captures lower Δ200Hg 

values on average compared with samples collected at lower elevations.  

Chen et al. (2012) documented extremely high positive Δ200Hg values in precipitation 

(where Hg is expected to be dominated by HgII) reaching a maximum of 1.24‰. These authors 

attributed these high positive even-MIF values to photo-initiated oxidation in the tropopause. If 

high magnitude positive even-MIF is produced in HgII in the tropopause, we would expect there 

to be a residual pool of Hg0 with more negative even-MIF. Since we found no statistical 

variation in Δ200Hg values in Hg0 between FT and PBL air masses, we suggest that large-

magnitude (negative Δ200Hg for Hg0 and positive Δ200Hg for HgII) even-MIF may not be 

imparted on samples through reactions in the tropopause or it is also possible that events that mix 

Hg with large-magnitude even-MIF are stochastic and therefore these values are only rarely 

captured in measured samples.  
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Table 3.1 Summary of Hg isotopic compositions for standard and reference materials.  

For UM Almadèn, n1 denotes the number of isotope measurements and n2 denotes the number of analytical sessions. For reference 
materials, n1 denotes the number of process replicates and n2 represents the number of isotope measurements. 

  n1 n2 δ204Hg 2SD δ202Hg 2SD δ201Hg 2SD δ200Hg 2SD δ199Hg 2SD Δ204Hg 2SD Δ201Hg 2SD Δ200Hg 2SD Δ199Hg 2SD 

2018 Results                                         

UM-Almadèn (this study) 8 1 -0.82 0.03 -0.52 0.06 -0.44 0.01 -0.26 0.04 -0.16 0.03 -0.04 0.07 -0.04 0.04 0.00 0.01 -0.03 0.05 

UM-Almadèn Hg0 Proc. Ref. 9 3 -0.65 0.21 -0.44 0.10 -0.37 0.05 -0.22 0.03 -0.13 0.01 0.01 0.10 -0.04 0.05 0.01 0.05 -0.02 0.03 

2019 Results                                         

UM-Almadèn (this study) 12 1 -0.84 0.07 -0.56 0.06 -0.46 0.02 -0.26 0.08 -0.14 0.03 0.00 0.03 -0.04 0.03 0.02 0.04 0.01 0.08 

UM-Almadèn Hg0 Proc. Ref. 3 3 -0.66 0.04 -0.46 0.02 -0.36 0.02 -0.22 0.05 -0.13 0.07 0.02 0.02 -0.02 0.01 0.01 0.06 -0.02 0.08 
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Table 3.2 Compilation of all t-test results for statistical tests calculated in this study.  

Avg. 1 and avg. 2 are the averages for each of the two compared datasets, respectively. n1 and n2 are the number of data points in 
each of the two compared datasets, respectively. 

Data Type Comparison p-value t-statistic Avg. 1 n1 Avg. 2 n2 

δ202Hg Night vs. day @ CD <0.001 -0.686 0.94‰ 7 0.56‰ 6 

Δ199Hg Night vs. day @ CD 0.79 -0.27 -0.23‰ 7 -0.31‰ 6 

Δ201Hg Night vs. day @ CD 0.086 -1.88 -0.26‰ 7 -0.27‰ 6 

Δ200Hg Night vs. day @ CD 0.12 -1.66 -0.07‰ 7 -0.09‰ 6 

Δ200Hg CD vs. all published TGM 0.13 1.53 -0.08‰ 13 -0.06‰ 154 

[THg] Night (pre-fire) vs. Day (pre-fire) @ MBO 0.04 -2.70 1.33 ng/m3 4 1.54 ng/m3 4 

[THg]/[CO] Pre vs. post fire @ MBO 0.009 3.30 0.012 5 0.004 6 

[THg]/[CO] Night (pre-fire) vs. Day (post-fire) @ MBO 0.001 8.01 0.013 3 0.004 3 

δ202Hg Night vs. day @ MBO 0.031 -2.47 0.58‰ 7 0.34‰ 6 

δ202Hg Pre vs. post-fire @ MBO 0.013 2.97 0.6‰ 7 0.33‰ 6 

Δ199Hg Night vs. day @ MBO 0.012 2.97 -0.35‰ 7 -0.22‰ 6 

Δ201Hg Night vs. day @ MBO 0.037 2.36 -0.3‰ 7 -0.17‰ 6 
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Δ200Hg Night vs. day @ MBO 0.23 1.28 -0.11‰ 7 -0.09‰ 6 

Δ200Hg Night (pre-fire) vs. day (pre-fire) @ MBO 0.44 -0.84 -0.11‰ 4 -0.08‰ 4 

Δ200Hg MBO vs. all published TGM 0.001 3.23 -0.10‰ 13 -0.06‰ 154 
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Table 3.3 Sample THg and Hg stable isotope data for all TGM samples analyzed in this study.  

Hg isotope values are expressed in per mille (‰). 

Sample Site Collection Date Night/Day THg (ng/m3) δ204Hg δ202Hg δ201Hg δ200Hg δ199Hg Δ204Hg Δ201Hg Δ200Hg Δ199Hg 

CD _06_26_19_PM CD 6/26/19 Night 0.98 1.57 0.88 0.48 0.37 0.01 0.26 -0.19 -0.07 -0.21 

CD _06_27_19_AM CD 6/26/19 Day 1.00 1.00 0.59 0.19 0.19 -0.15 0.13 -0.25 -0.10 -0.30 

CD _06_27_19_PM CD 6/27/19 Night 0.85 1.73 0.98 0.56 0.41 0.08 0.27 -0.18 -0.08 -0.17 

CD _06_28_19_AM CD 6/27/19 Day 0.89 1.07 0.58 0.08 0.19 -0.23 0.20 -0.36 -0.11 -0.38 

CD _02_28_19_PM CD 6/28/19 Night 0.87 1.57 0.94 0.39 0.39 -0.01 0.17 -0.32 -0.09 -0.25 

CD _06_29_19_AM CD 6/28/19 Day 0.92 1.14 0.64 0.10 0.19 -0.24 0.19 -0.38 -0.13 -0.40 

CD _06_29_19_PM CD 6/29/19 Night 0.81 1.94 1.10 0.35 0.47 -0.12 0.31 -0.48 -0.08 -0.39 

CD _06_30_19_AM CD 6/29/19 Day 1.17 0.88 0.51 0.15 0.16 -0.17 0.11 -0.24 -0.09 -0.30 

CD _06_30_19_PM CD 6/30/19 Night 1.14 1.10 0.70 0.27 0.28 -0.07 0.05 -0.26 -0.08 -0.25 

CD _07_01_19_AM CD 6/30/19 Day 1.22 0.92 0.53 0.20 0.21 -0.08 0.13 -0.20 -0.05 -0.21 

CD _07_01_19_PM CD 7/1/19 Night 1.00 1.61 1.03 0.61 0.47 0.04 0.07 -0.17 -0.05 -0.22 

CD _07_02_19_AM CD 7/1/19 Day 1.16 0.94 0.51 0.17 0.18 -0.15 0.18 -0.21 -0.07 -0.28 

CD _07_02_19_PM CD 7/2/19 Night 0.96 1.68 0.98 0.52 0.48 0.12 0.23 -0.21 -0.01 -0.12 

MBO_08_15_17_PM MBO 8/15/17 Night 1.47 1.19 0.60 0.21 0.25 -0.23 0.29 -0.24 -0.05 -0.38 

MBO_08_16_17_AM MBO 8/16/17 Day 1.59 1.00 0.57 0.17 0.18 -0.08 0.14 -0.26 -0.11 -0.22 
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MBO_08_16_17_PM MBO 8/16/17 Night 1.35 1.20 0.70 0.15 0.28 -0.18 0.16 -0.38 -0.07 -0.35 

MBO_08_17_17_AM MBO 8/17/17 Day 1.53 1.05 0.51 0.22 0.19 -0.13 0.29 -0.16 -0.07 -0.26 

MBO_08_17_17_PM MBO 8/17/17 Night 1.16 1.34 0.77 0.07 0.24 -0.25 0.20 -0.50 -0.14 -0.45 

MBO_08_18_17_AM MBO 8/18/17 Day 1.50 0.70 0.38 0.20 0.10 -0.07 0.14 -0.08 -0.08 -0.16 

MBO_08_18_17_PM MBO 8/18/17 Night 1.33 1.22 0.66 0.16 0.17 -0.29 0.23 -0.34 -0.17 -0.46 

MBO_08_19_17_AM MBO 8/19/17 Day 1.67 0.17 0.03 -0.07 -0.05 -0.21 0.12 -0.10 -0.07 -0.22 

MBO_08_19_17_PM MBO 8/19/17 Night 1.38 1.08 0.63 0.15 0.20 -0.10 0.14 -0.32 -0.12 -0.26 

MBO_08_20_17_AM MBO 8/20/17 Day 1.83 0.61 0.34 0.04 0.06 -0.15 0.11 -0.21 -0.11 -0.23 

MBO_08_20_17_PM MBO 8/20/17 Night 1.84 0.78 0.38 0.08 0.11 -0.20 0.22 -0.21 -0.08 -0.30 

MBO_08_21_17_AM MBO 8/21/17 Day 1.26 0.61 0.24 -0.01 0.04 -0.19 0.25 -0.19 -0.08 -0.25 

MBO_08_21_17_PM MBO 8/21/17 Night 1.73 0.77 0.36 0.15 0.02 -0.12 0.23 -0.12 -0.16 -0.21 
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Figure 3.1 Location of Camp Davis in Wyoming and Mount Bachelor in Oregon, USA with 
respect to local and regional sources of industrial mercury. 

Symbol size is scaled based on reported annual emission of Hg (USEPA, 2017). Figure adapted 
from Kurz et al. (2019). 
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Figure 3.2 THg concentrations of measured Hg0 samples at A) Camp Davis and B) Mount 
Bachelor.  

Vertical grey shading represents nighttime periods and white represents daytime. Open symbols 
represent daytime measurements while closed symbols are nighttime measurements. 
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Figure 3.3 HYSPLIT back-trajectories from Camp Davis, WY. 

Panel A) 24-hour back-trajectory representative of nightly air mass origins during sampling. 
Panel B) 24-hour back-trajectory representative of daily air mass origins during sampling. Local 
time at Camp Davis (Mountain Daylight Time) is equivalent to UTC-6:00 hours. 
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Figure 3.4 Camp Davis Hg isotope data plotted with δ202Hg and Δ199Hg on separate y-axes while 
sharing time on the x-axis. 

Vertical grey shading represents nighttime periods and white represents daytime. Black bars 
represent analytical error (2SD).  
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Figure 3.5 Stability plots from Camp Davis, WY.  

Panel A) Boundary layer depth and stability representative of nightly conditions during 
sampling. Panel B) Boundary layer depth and stability representative of daily conditions during 
sampling. Local time at Camp Davis (Mountain Daylight Time) is equivalent to UTC-6:00 
hours. 
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Figure 3.6 Plot of Δ199Hg vs. Δ201Hg measured in Hg0 samples at Camp Davis.  

The solid grey line is a York regression of all Camp Davis Hg0 samples, the solid black line is a 
York regression of only nighttime Camp Davis samples, and the solid orange line is a York 
regression of only daytime samples.                                                                                                                                                                                                                                                                                  
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Figure 3.7 Three-endmember isotopic mixing model for Hg0 at Camp Davis. 

Panel A) displays δ202Hg vs. Δ199Hg values and panel B) displays 1/THg vs. Δ199Hg. On both 
panels, black lines represent mixing between isotopic endmembers. Representative analytical 
uncertainty for isotope measurements is presented on each panel as 2SD. 
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Figure 3.8 Camp Davis Δ200Hg data measured from June 26th, 2019 to July 3rd, 2019.  

Vertical grey shading represents nighttime periods and white represents daytime. Black bars 
represent analytical error (2SD). There is little variation in even-MIF outside of analytical 
uncertainty and day and night samples are not statistically different.  
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Figure 3.9 HYSPLIT back-trajectories from Mount Bachelor, OR.  

Panel A) 24-hour back-trajectory representative of nightly air mass origins during sampling. 
Panel B) 24-hour back-trajectory representative of daily air mass origins during sampling. The 
red star represents the location of the Milli Forest fire. Local time at Mount Bachelor (Pacific 
Daylight Time) is equivalent to UTC-7:00 hours. 
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Figure 3.10 Aerosol scattering coefficient (Mm-1) (green circles) and [CO] (ppbv) (black circles) 
as measured during the sampling campaign at MBO. 

Blue X represent 12 hour [CO] averages. Vertical grey shading represents nighttime periods and 
white represents daytime. Samples collected on August 19th through the end of the sampling 
period are dominated by Hg from the nearby Milli forest fire. 
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Figure 3.11 Mount Bachelor Hg isotope data plotted with δ202Hg and Δ199Hg on separate y-axes 
while sharing time on the x-axis. 

Vertical grey shading represents nighttime periods and white represents daytime. Black bars 
represent analytical error (2SD). Samples collected on August 19th through the end of the 
sampling period are dominated by Hg from the nearby Milli forest fire. 
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Figure 3.12 Three-endmember isotopic mixing model for Hg0 at Camp Davis.  

Panel A) displays δ202Hg vs. Δ199Hg values and panel B) displays 1/THg vs. δ202Hg. On both 
panels, black lines represent mixing between isotopic endmembers. Representative analytical 
uncertainty for isotope measurements is presented on each panel as 2SD. 
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Figure 3.13 Mount Bachelor Δ200Hg data measured from Aug 15th, 2019 to Aug 22nd, 2019.  

Vertical grey shading represents nighttime periods and white represents daytime. Black bars 
represent analytical error (2SD). There is little variation in even-MIF outside of analytical 
uncertainty and day and night sample averages are not statistically different. Samples collected 
on August 19th through the end of the sampling period are dominated by Hg from the nearby 
Milli forest fire. 
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Abstract: Atmospheric deposition of mercury (Hg) to terrestrial and aquatic ecosystems has 

significant implications for human and animal exposure. Measurements of Hg isotopic 

composition can be utilized to trace sources of Hg, but outside of the Arctic, there has been very 

little Hg isotopic characterization of snow. To better understand deposition pathways at mid-

latitudes, we collected five time series of snowfall at two sites (Dexter, Michigan and Pellston, 

Michigan) to investigate the Hg isotopic composition of snowfall, how it changes after 

deposition, and how it compares to wet precipitation. The Hg isotopic composition of a subset of 

fresh snow samples revealed the influence of reactive surface uptake of atmospheric Hg0. The 

first time series collected at Dexter occurred during a polar vortex, demonstrating Hg isotopic 

fractionation dynamics similar to those in Arctic snow, with increasingly negative Δ199Hg as 

snow aged with exposure to sunlight. All other time series revealed an increase in Δ199Hg as 

snow aged, with values reaching up to 3.5‰. This characterization of Hg isotopes in snow 

reveals the strong influence of oxidants and binding ligands in snow that mediate Hg isotope 

fractionation. Additionally, isotopic characterization of Hg in snow deposited to natural 

ecosystems at mid-latitudes allows for better understanding of atmospheric mercury sources that 

are deposited to lakes and forests and that may become available for methylation and transfer to 

the food web. 
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4.1 Introduction 

 Mercury (Hg) is a globally distributed heavy metal that can bioaccumulate in aquatic 

ecosystems leading to high levels in fish, causing human health concerns. In its most toxic and 

bioaccumulative form (monomethylmercury: MMHg), Hg poses a threat to the neurological 

health of humans and other animals (Driscoll et al., 2013). Currently, the release of Hg to the 

atmosphere is dominated by anthropogenic emissions through coal combustion and artisanal gold 

mining, followed by natural releases from volcanoes and geothermal activity (Horowitz et al., 

2014). Since the onset of the Industrial Revolution, the deposition of Hg from the atmosphere 

has approximately tripled (Engstrom et al., 2014). 

 The biogeochemical cycling of Hg in the atmosphere is of importance due to the long 

atmospheric lifetime of Hg0 (approximately 1 to 2 years), which allows it to be globally 

distributed (Gustin et al., 2015). Gaseous oxidized mercury (Hg2+(g)) and Hg bound to particles 

(Hg2+(p)) are short-lived and readily deposited to the Earth’s surface through both wet and dry 

deposition (Horowitz et al., 2017). These Hg species are operationally defined based on 

collection methods. 

 Advancements in multiple collector-inductively coupled plasma-mass spectrometry allow 

for the high precision measurement of Hg stable isotopes in environmental samples. Building on 

what is now over a decade of analyses, Hg isotopic characterization has contributed to the 

understanding and assessment of global biogeochemical cycling of Hg (e.g. Blum et al., 2014; 

Kwon et al., 2020; Yin et al., 2010). The utility of Hg isotopes stems from Hg displaying both 

mass dependent fractionation (MDF) and mass independent fractionation (MIF). MDF is driven 

by physiochemical reactions such as methylation and demethylation of Hg, sorption of Hg, and 

equilibrium reactions (Jiskra et al., 2012; Kritee et al., 2009, 2007; Rodriguez-Gonzalez et al., 
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2009; Wiederhold et al., 2010). MIF is separated into two categories: MIF of odd mass isotopes 

(odd-MIF) and MIF of even mass isotopes (even-MIF). Odd-MIF is mainly driven by aqueous 

photochemical reactions (Bergquist and Blum, 2007; Chandan et al., 2015; Rose et al., 2015; 

Zheng and Hintelmann, 2010), while the mechanism causing even-MIF remains uncertain, but is 

hypothesized to be related to photo-initiated oxidation of Hg0 in the upper atmosphere (Chen et 

al., 2012). 

 Atmospheric deposition of Hg to terrestrial and aquatic ecosystems is an important 

component of the biogeochemical cycle of Hg and must be quantified to fully understand the 

implications of Hg deposition in forests and lakes and for bioaccumulation of Hg in fish, which 

is the most common pathway for human exposure (Hammerschmidt and Fitzgerald, 2006; 

Sunderland, 2007). A significant number of studies have characterized the Hg isotopic 

composition of wet precipitation at mid-latitudes, an important source of Hg to ecosystems 

(Chen et al., 2012; Demers et al., 2013; Donovan et al., 2013; Gratz et al., 2010; Huang et al., 

2018; Sherman et al., 2012, 2015; Wang et al., 2016; Washburn et al., 2020; Yuan et al., 2015). 

The isotopic composition of Hg that enters ecosystems via snow, unlike wet precipitation, may 

be significantly impacted through chemical reactions after deposition to the land surface but 

prior to incorporation into terrestrial or aquatic ecosystems at the time of snowmelt (Douglas and 

Blum, 2019; Obrist et al., 2017; Sherman et al., 2010). 

 Previous investigations of Hg dynamics in snow have indicated that cycling within the 

snowpack and exchange with the atmosphere are complex processes. Most often, studies have 

focused on polar regions though Hg dynamics in snow at mid-latitudes is particularly important 

due to the proximity of Hg emissions sources to densely populated areas. Faïn et al. (2013) 

investigated Hg concentration dynamics in the snowpack in the Colorado Rocky Mountains 
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through vertical measurements of Hg0 within and above the snowpack. The authors found that 

diurnal cycles of near-surface Hg0 concentrations had distinct maxima coinciding with peak solar 

radiation. Additionally, Hg0 concentrations in the upper snow layers remained elevated as 

compared to ambient concentrations even during the night, indicating nighttime production of 

Hg0 (Faïn et al., 2013). In the Arctic, Hg can be quickly and quantitatively stripped from the 

atmosphere in coastal regions and deposited to the snowpack (Steffen et al., 2008). Subsequent 

photochemical reactions can release much of the Hg in the snowpack back to the atmosphere 

(Douglas et al., 2008). This process is referred to as an atmospheric mercury depletion event 

(AMDE). This phenomenon was first discovered using Hg concentration measurements 

(Schroeder et al., 1998) but there has since been characterization of the Hg isotope fractionation 

that occurs during these events (Douglas and Blum, 2019; Obrist et al., 2017; Sherman et al., 

2010). The Hg isotopic analysis of snow during AMDEs displays unprecedented negative values 

for odd-MIF (Sherman et al., 2010).  

Although Hg concentrations are normally quite low in snow, making it difficult to 

separate Hg for isotopic analysis, AMDEs deposit large amounts of Hg making Hg isotope 

analyses less challenging. This explains in part why most Hg isotopic measurements in snow 

have been performed on samples from the Arctic. To date, only one study has measured snow at 

mid-latitudes, and it was a mixture of rain and snow collected on a rooftop in Peterborough, 

Canada (Chen et al., 2012). In contrast to AMDE snow in Alaska, Chen et al. (2012) reported 

positive odd-MIF in snow. Further investigation of Hg isotopes during AMDEs has confirmed 

geographic variability by collecting snow along a 200 km transect from the northern Alaskan 

coast to Toolik Field Station on the North Slope of Alaska (Obrist et al., 2017). Results from the 

transect demonstrated that the odd-MIF anomalies dissipate progressively with distance inland 
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(Obrist et al., 2017). Douglas and Blum (2019) conducted a study to investigate the isotopic 

composition of Hg that is incorporated into terrestrial and aquatic ecosystems on the Arctic coast 

of Alaska. Through analysis of Hg isotopes in snow, meltwater, and tundra vegetation, the 

authors found that meltwater did not reflect the isotopic composition of AMDE snow but did 

have a similar isotopic composition to vegetation (Douglas and Blum, 2019). Finally, Wang et al 

(2019) made direct measurements of Br near Utqiagvik, Alaska during AMDEs and provided a 

quantitative assessment of the role of Br in the Hg oxidation process, concluding that bromine 

chemistry near the Arctic coast drives quantitative oxidation and removal of Hg0 from the 

atmosphere, depositing Hg2+ to the snowpack. (Wang et al., 2019). The final Hg isotopic 

composition incorporated into natural reservoirs through snowmelt, however, is highly 

fractionated compared to the snow deposited during AMDEs. 

The present study investigates the Hg isotopic composition of snow at mid-latitudes. Our 

objectives were twofold: i) to investigate the progressive fractionation of the Hg isotopic 

composition in snow from the time of deposition and through subsequent exposure to sunlight, 

and ii) to characterize the Hg isotopic variation in fresh snow during long duration (48+ hour) 

snow events. To accomplish our objectives, we collected five separate time series of snow and 

associated filtered (0.45µm) atmospheric particles at two different sites in Lower Michigan: 

Dexter, MI and the University of Michigan Biological Station (UMBS) in Pellston, MI (Figure 

4.1). Snow samples were collected directly after snow fall and then every 12 hours for a 48-hour 

period. At the sample site in Dexter, MI, we also collected 12-hour gaseous Hg0 samples for the 

duration of the snow collection period. This sampling campaign allows us to characterize the Hg 

isotopic composition of snow at mid-latitudes during long duration snow events and allows us 

the opportunity to further elucidate the mechanisms driving the isotopic fractionation of Hg in 
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snow as it is deposited and as it ages. Furthermore, understanding of the isotopic composition of 

Hg in snow after exposure to sunlight aids in predicting the isotopic composition of Hg entering 

terrestrial and aquatic ecosystems during snowmelt. 

4.2 Methods 

4.2.1 Sample Sites 

 Two sample sites were chosen for this study. The first was in a rural area in Dexter 

Township, Michigan (42°25'0.11"N, 83°54'6.84"W) approximately 20 km NW of Ann Arbor, 

MI. This sample site has been employed for over a decade to collect Hg samples in different 

media including precipitation and Hg0. Additionally, this site is used by the Environmental 

Protection Agency (EPA) as one of the Clean Air Status and Trends Network sites to monitor 

atmospheric chemical constituents. Here, we collected snow samples in an open field at the end 

of three snow deposition events. Snow samples were then continually collected every 12 hours 

for a 48-hour time period after the initial sample collection. Gaseous atmospheric Hg0 samples of 

12-hour duration were collected concurrently with snow and changed every 12 hours to monitor 

changes in Hg isotopic composition. Each 48-hour period constitutes one time series, and three 

time series were collected at the Dexter site. The first time series (DTS_1) collection began at 

sundown (5:45pm EST) on January 28th, 2019 and proceeded until January 30th at sundown 

(5:45pm EST). This time series was collected during a polar vortex, when a large area of cold, 

low pressure air expanded southward, bringing airmasses from the Arctic region (Butler et al., 

2020; Schoeberl et al., 1992). The second time series (DTS_2) collection began on February 18th, 

2019 at sunrise (7:30am EST) and proceeded until February 20th at sunrise (7:30am EST). In 

addition to the collection of the final surface snow sample during the second time series, a 

sample was collected from the top to the bottom of the snowpack and is referred to as a 
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“snowpack” sample. The third time series (DTS_3) collection began on February 27th, 2019 at 

sundown (6:20pm EST) and proceeded until March 1st at sundown (6:20pm EST). The final 

snow sample was not collected on March 1st at sundown because all of the snow had melted. 

The second snow collection site is located at UMBS in Pellston, Michigan 

(45°33'41.40"N, 84°40'45.64"W). The UMBS site has been a part of the Mercury Deposition 

Network (MDN) since 2013, where precipitation samples have been collected for Hg 

concentration analysis. A similar sampling scheme as that in Dexter was employed in Pellston; 

however, Hg0 sampling was not feasible. A total of two time series were collected in Pellston. 

The first time series (PTS_1) collection began on February 13th, 2019 at sunrise (7:45am EST) 

and proceeded through February 15th at sunrise (7:45am EST). Each sample in this time series 

was treated as a fresh snow sample as it continuously snowed through this time interval. This 

time series (PTS_1) was therefore used to characterize the Hg isotopic variation of fresh snow 

during a long duration snow event. The second time series (PTS_2) collection began on February 

15th, 2019 at sundown (6:10pm EST) and proceeded until February 17th at sunrise (7:40am EST). 

At the time of the final surface snow collection, a snowpack sample was also collected. The 

initially deposited snow sample for this time series was not retained. 

4.2.2 Sample Collection 

4.2.2.1 Hg0 Collection 

 To collect Hg0, ambient air was pulled through a manifold outfitted with 8 gold-coated 

bead traps in parallel at a rate of 1.8 L/gold trap for 12 hours (Kurz et al., 2020). A quartz filter 

was placed upstream of each gold bead trap to prevent particles from accumulating on the gold 

traps. Gold traps were wrapped in heat tape and kept at a temperature of 50°C to prevent 

condensation. A dry test meter (Schlumberger, Gallus 2000) connected in the sampling train was 
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used to measure the volume of air drawn through the manifold. For comparison with previously 

published Hg0 samples, air volumes were corrected to standard temperature and pressure using 

the method outlined by the EPA Compendium Method IO-2.4. After sample collection, gold 

bead traps were wrapped in Teflon tape, triple bagged and stored in a clean cooler. Samples were 

then transported to the University of Michigan for processing.  

4.2.2.2 Snow Collection 

 Snow samples were collected from the top 5 cm of the snowpack. In addition, one entire 

snowpack sample (vertically integrated) was collected at each site from the top to the base of the 

snowpack. Collection was carried out with acid cleaned plastic scoops. Samples were collected 

into 20 L Teflon bags with Teflon closures. Teflon bags were cleaned with a 10% HNO3 solution 

prior to collection. For sufficient sample volume, 2 Teflon bags were filled for each sample. 

Teflon bags containing snow samples were placed in individual coolers and transported to the 

University of Michigan where they were stored in a freezer (-20°C) until processing. 

4.2.3 Sample Processing 

4.2.3.1 Hg0 Sample Processing 

 In the laboratory at the University of Michigan, each Hg0 sample consisting of 8 gold 

bead traps was heated to 500°C over a 4-minute period and carried in a stream of gold filtered 

argon to a single analytical gold trap (diatomaceous earth coated in gold). The analytical gold 

trap was subsequently heated in a stepwise manner to 550°C over a 3.5-hour period. Desorbed 

Hg was carried in a stream of gold filtered argon and bubbled through a trap containing 24g of 

1% KMnO4 solution dissolved in 10% H2SO4, hereafter referred to as 1% KMnO4. Samples were 

analyzed for total mercury (THg) via cold vapor atomic fluorescence spectroscopy (CV-AFS) to 
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determine the initial Hg concentration. A secondary processing step was performed on Hg0 

samples where each sample was partially reduced with a 30% solution of hydroxylamine 

hydrochloride equal to 2% of the sample weight. Samples were then reduced with 20% SnCl2 

and bubbled through a fresh 1% KMnO4 solution with a volume of 5.5g. This step was 

performed to remove potential matrix interferences and pre-concentrate samples prior to isotopic 

analyses. Samples were again analyzed for THg by CV-AFS and recoveries ranged from 96.1 to 

103.6% with an average of 99.0±2.0 (1SD, n=12). UM Almaden was reduced with 20% SnCl2 

and loaded onto gold bead traps and processed in the same manner as Hg0 samples for quality 

control. UM Almaden recoveries ranged from 96.9 to 100.7% with an average of 98.5±1.7% 

(1SD, n=4). 

4.2.3.2 Snow Sample Processing 

 Snow samples were removed from the freezer and allowed to melt at room temperature. 

Samples were then filtered through 0.45 µm cellulose nitrate filters (Thermo Scientific) and 

transferred into pre-cleaned 1 L Pyrex bottles. Individual snow samples consisted of between 3 

and 16 L of melted snow. Each bottle was brought to 1% BrCl and sealed tightly before being 

placed on a hotplate and heated to 90°C. Bottles were left on the hot plate for one week to allow 

for oxidation of Hg and break down of organic material that could create matrix effects during 

analyses. After one week on the hotplate, each individual bottle was analyzed for THg via CV-

AFS. To quantify matrix effects, 4 separate aliquots from each bottle were analyzed for THg 

consisting of 1 ml, 2 ml, 4 ml and 2 ml + 25 pg spike of the Hg standard reference material NIST 

3133. 

 Snow samples were concentrated using an anion exchange resin method adapted from 

Štrok et al (2014) and previously described in Washburn et al (2018) (Štrok et al., 2014; 
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Washburn et al., 2018). Prior to sample processing, 5 g of AG 1x4 resin (Biorad, 200-400 mesh) 

was weighed into a 40 ml glass ICHEM vial. The vial was then filled with 4M trace metal grade 

HNO3 and placed on a rocker table to mix for 10 minutes. The vial was then vigorously shaken 

and allowed to sit for 20 minutes while the resin settled. The vial was then decanted and refiled 

with 4M HNO3. The above steps were repeated 5x and then the vial was allowed to sit overnight 

before a final decanting.  

 For sample processing, 1.5 ml of resin was pipetted into a clean column. The bottom of 

the column was attached to a peristaltic pump (Fisher Scientific GP1000) to draw liquid through 

the column. To prepare the resin, reagents were pumped through the resin as follows: 40 ml of 

4M HNO3, 80 ml of deionized water (DI), and 80 ml of 0.1M HCl. Once the resin was prepared, 

each sample (up to 16L) was pumped through the column at a flowrate of 2 to 3.5 L/h. After the 

final bottle of each sample was completed, reagents were again pumped through the resin as 

follows: 40 ml of 0.1M HCl followed by 80 ml of DI. The peristaltic pump was detached from 

the column and a clean 40ml vial was placed beneath the column. A solution of 0.5% L-cysteine 

dissolved in 1% sodium citrate was used as the eluent. Ten ml of the L-cysteine solution was 

added to the column and allowed to gravity drip into the 40 ml vial, eluting the sample. After 30 

minutes, the remaining solution was evacuated from the column into the vial using a 5-ml 

pipettor before adding concentrated bromine chloride to the vial equal to 2% of the sample 

weight. Samples were analyzed for THg via CV-AFS and recoveries from the anion exchange 

column process were calculated and had an average of 95.2±6.1% (1SD, n=25). UM Almaden 

standards prepared and processed through the anion exchange column had an average recovery 

of 97.0±4.1% (1SD, n=4). 
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 Similar to Hg0 processing, concentrated snow Hg samples were partially reduced with 

30% hydroxylamine hydrochloride prior to reduction with 20% SnCl2 and transferred into a fresh 

5.5 g trap of 1% KMnO4. Samples were then analyzed for THg by CV-AFS and sample 

recoveries were calculated yielding an average recovery of 96.0±5.0% (1SD, n=25).  

4.2.3.3 Particulate Sample Processing 

 The particles retained from the filtering of snow samples were processed and analyzed 

for Hg isotopic composition following methods previously described in Demers et al (2013). 

Briefly, the cellulose nitrate filters loaded with retained particles were placed into a two-stage 

combustion furnace. The first furnace was ramped to 750°C over a 6-hour period with the second 

furnace held at 1000°C. Hg-free O2 carried the released Hg and it was then bubbled through a 24 

g trap of 1% KMnO4. Due to the small amount of Hg, we were unable to analyze an aliquot of 

each sample via combustion followed by atomic absorption spectrometry. To monitor 

combustion efficiency, Montana soil (NIST 2711) was prepared, combusted, and analyzed for 

THg via CV-AFS. Combustion recoveries for Montana soil ranged from 99.2 to 103.0% with an 

average of 101.5±1.8% (1SD, n=4). Following combustions, samples were partially reduced with 

30% hydroxylamine hydrochloride prior to THg analysis by CV-AFS. Samples were then 

subjected to a secondary transfer as described above into a fresh 1% KMnO4 trap. Recovery of 

samples ranged from 90.3 to 99.5% with an average of 97.0±2.1% (1SD, n=24). 

4.2.4 Sample Hg Isotope Analysis 

Samples were analyzed for Hg isotopic composition via cold vapor multiple collector 

inductively coupled mass spectrometry (CV-MC-ICP-MS, Nu Plasma, Nu Instruments). Sample 

solutions were partially reduced with 30% hydroxylamine hydrochloride at 2% of the sample 



 129 

weight and diluted to 0.18 to 4.98 ng Hg/g sample solution with a similarly reduced 1% KMnO4 

solution. Hg was introduced into the mass spectrometer by reducing samples with 2% SnCl2 in a 

liquid-gas separator and the Hg0 was subsequently swept into the instrument in a stream of 

argon. Simultaneously, a thallium standard (NIST 997) used for mass bias correction was 

introduced into the gas-liquid separator as a dry aerosol. Strict sample-standard bracketing was 

employed using NIST 3133 matched to sample concentrations ±5%.  

Mercury stable isotope compositions are reported in permil (‰) using delta notation 

(δxxxHg) relative to NIST 3133 (eq. 1). Mass dependent fractionation is denoted as δ202Hg based 

on the 202Hg/198Hg ratio. Mass dependent fractionation is reported using capital delta notation 

(ΔxxxHg; eq. 2), which is based on the deviation from the expected mass dependent fractionation 

using the kinetic fractionation law. For values <10‰, Blum and Bergquist (2007) calculated b 

values for Δ199Hg, Δ200Hg, Δ201Hg, and Δ204Hg of 0.252, 0.502, 0.752, and 1.493 respectively 

(Blum and Bergquist, 2007). 

 

δxxxHg (‰) = {[(xxxHg/198Hg) unknown/(xxxHg/198Hg) NIST3133]-1} x 1000   (1) 

ΔxxxHg (‰) = δxxxHg – (δ202Hg x b)        (2) 

 

For each sample type, field blanks and process blanks were collected to characterize the 

blank contributions. For particulate and snow samples, we used field blanks (one from each site) 

which are higher than the process blanks and therefore a more conservative representation of the 

blank. Particulate field blanks yielded an average of 108.2±9.0 pg (1SD, n=2), while snow field 

blanks yielded an average of 173.4±18.4 pg (1SD, n=2). Hg0 field blanks and process blanks 

were similar for THg and were therefore combined to calculate an average blank of 91.9±6.8 pg 
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(1SD, n=3). For the lowest concentration sample analyzed, blanks contribute less than 5% of 

THg and therefore are considered negligible.  

 Due the variable concentration of samples analyzed on the CV-MC-ICP-MS and the 

variable magnitude of analytical errors associated with samples analyzed at a given 

concentration, we assign analytical errors to samples as follows. Analytical error for each isotope 

ratio is assigned based on the larger value of the 2SD of the secondary reference material UM 

Almaden or the 2SE of process reference materials prepared alongside samples. We binned these 

samples incrementally with the following ranges: 0-0.5ppb, 0.5-1ppb, 1-2ppb, 2-3ppb, 3-4ppb 

and 4-5ppb (Table 4.1). Samples run between 0.18 and 0.5 ppb are assigned the 2SE of Montana 

soil for all isotope values except for δ202Hg as follows: 0.46‰, 0.13‰, 0.16‰, and 0.16‰ for 

Δ204Hg, Δ201Hg, Δ200Hg, and Δ199Hg respectively. Analytical uncertainty for δ202Hg is calculated 

as the 2SE of UM Almaden process standards: 0.21‰. Samples run between 0.5 and 1.0 are 

assigned the 2SD of Almaden for all isotope ratios as follows: 0.19‰, 0.13‰, 0.12‰, 0.03‰, 

and 0.14‰ for δ202Hg, Δ204Hg, Δ201Hg, Δ200Hg, and Δ199Hg respectively. Samples run at 

concentrations between 1 and 2 ppb are assigned the 2SE of process Almaden for all isotope 

ratios except Δ204Hg as follows: 0.15‰, 0.06‰, 0.06‰, and 0.06‰ for δ202Hg, Δ201Hg, Δ200Hg, 

and Δ199Hg respectively. For Δ204Hg, samples are assigned the 2SD of Almaden with a value of 

0.15‰. Samples run at concentrations between 2 and 3 ppb are assigned the 2SE of Montana soil 

as follows: 0.10‰, 0.07‰, 0.06‰, 0.12‰, and 0.11‰ for δ202Hg, Δ204Hg, Δ201Hg, Δ200Hg, and 

Δ199Hg respectively. Samples run between 3 and 4 ppb are assigned the 2SD of Almaden as 

follows: 0.13‰, 0.12‰, 0.05‰, 0.06‰, and 0.05‰ for δ202Hg, Δ204Hg, Δ201Hg, Δ200Hg, and 

Δ199Hg respectively. Samples run between 4 and 5 ppb are assigned the 2SE of Montana soil for 

all isotope ratios except for δ202Hg and Δ199Hg as follows: 0.06‰, 0.02‰, and 0.04 for Δ204Hg, 
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Δ201Hg, and Δ200Hg respectively. For δ202Hg and Δ199Hg, samples are assigned the 2SD of 

Almaden with values of 0.10‰ and 0.04‰ respectively. 

4.2.5 Atmospheric Transport 

 HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) models were run to 

assess air mass origin for all snow samples collected at both the Dexter and Pellston sampling 

sites. The National Oceanic and Atmospheric Administration (NOAA) HYSPLIT model was run 

using archived North American Meteorology (NAM) data with a grid resolution of 12 km x 12 

km. Back trajectories with 72-hr durations were calculated every 12 hours at the mid-time of 

each sample with starting heights of 500, 1000, and 1500 m above ground level. The 72-hr 

duration of back trajectories was chosen to provide a comprehensive assessment of the origin of 

each air mass. Back trajectories for each fresh snow sample are displayed in Figure 4.1. 

4.2.6 Statistical Analyses 

 Sample means of THg and all isotopic compositions were compared using t-tests with 

equal variance at the 95% confidence interval. Regression analyses comparing Hg isotopic 

compositions were calculated using a York regression  (York, 1968). RStudio (Version 1.2.5001, 

Ó 2009-2019 RStudio, Inc.) was employed for all statistical analyses. 

4.3 Results and Discussion 

 For discussion of snow samples, we categorize samples as fresh snow (the first sample 

deposited for each time series and all of PTS_1), aging snow, and final snow (the two snowpack 

samples). As PTS_1 consists only of fresh snow and the PTS_2 fresh snow sample was not 

retained, these data are not discussed in terms of aging but are included in their respective 

categories of fresh, aging, and final snow. We frame our discussion based on the difference in 
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Hg isotopic composition between freshly fallen snow and aged snow, and we explore the 

processes and mechanisms that may control changes in THg, MDF, odd-MIF, and even-MIF 

measured in snow. For brevity, we use Δ199Hg to discuss the magnitude of odd-MIF and Δ200Hg 

to discuss the magnitude of even-MIF. Finally, we discuss the implications of the isotopic 

composition of Hg deposited to terrestrial and aquatic ecosystems based on the snowpack 

samples that we analyzed. 

4.3.1 Air Mass Back Trajectories 

 The back trajectory for DTS_1 indicates the air mass originated over the Pacific Ocean 

off the west coast of Canada before it traveled southeast across Canada (Figure 4.1). The air 

mass then crossed the US border over Montana and generally traveled southeast before arriving 

at the Dexter sampling site. The DTS_2 airmass originated over continental Canada, southwest 

of Hudson Bay, and then traveled southeast before it arrived at the Dexter sampling site. The 

DTS_3 air mass had a similar origin and trajectory to that of DTS_2. The air masses for 

PTS_1_1, PTS_1_2 and PTS_1_3 all had similar origins and trajectories. They originated to the 

northeast of the sampling site, over Quebec, Canada, just south of the Hudson Strait and traveled 

over Lake Superior before they arrived at the Pellston sampling site. The PTS_1_4 airmass 

originated over the southern tip of Hudson Bay and traveled southwest over the north shore of 

Lake Superior before it traveled southeast to the Pellston sampling site. Finally, the PTS_1_5 

airmass originated over Idaho and traveled to the southeast over Tennessee before it turned 

northward and arrived at the Pellston sampling site. 

4.3.2 THg in Snow 

 Measured THg in snow samples are listed in Table 4.2 and plotted versus time since 

snowfall on Figure 4.2A and Figure 4.2E for the Dexter and Pellston sites, respectively. Snow 
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from DTS_1 and DTS_2 was deposited with THg of 0.90 and 0.55 ng/L, respectively. DTS_1 

was relatively invariant in THg for the first 36 hours, after which it increased to 1.75 ng/L at the 

48 hour sampling. DTS_2 decreased steadily in THg to 0.60 ng/L at 48 hours. Finally, DTS_3 

was deposited with THg of 1.6 ng/L and generally decreased to 1.1 ng/L in the final sample 

collected at 36 hours. PTS_1 fresh snow ranged from 0.63 to 1.17 ng/L, whereas PTS_2 snow 

measured at 12 hours had THg of 1.28 ng/L, decreased to 0.85 ng/L at 24 hours and then 

increased to 1.14 ng/L at 36 hours. 

The collected snow samples represent the net change in deposition and re-emission of Hg 

over 12-hour periods. Decreases in THg can be due to Hg2+ reduction to Hg0 and subsequent 

volatilization and loss from the snowpack. Increases in THg result from Hg deposition to the 

snowpack or water loss from melting or sublimation of snow. However, during all of the time 

series, temperatures only reached values above freezing on March 1st, the final day of DTS_3. 

 The THg measured in fresh snow was similar to snow collected for Hg isotopes from a 

rooftop in Peterborough, Ontario, Canada (avg. = 1.55±0.82ng/L, 1SD, n=4) (Chen et al., 2012). 

In contrast, THg measured in fresh snow is significantly lower than THg previously reported for 

wet precipitation at both Pellston and Dexter (p<0.05) (avg. = 14.84±8.96 ng/L, 1SD, n=17) 

(Gratz et al., 2010; Sherman et al., 2015). It has been suggested that aerosols in rain droplets are 

more efficient at scavenging Hg from the atmosphere as compared to snow crystals (Mason et 

al., 1997). Additionally, colder temperatures in the atmosphere could hinder conversion of Hg0 to 

Hg2+ causing lower THg in snow than wet precipitation (Landis et al., 2002; Mason et al., 2000).   

4.3.3 MDF in Snow 

Measured values for δ202Hg in snow are listed in Table 4.2 and plotted versus time since 

snowfall on Figure 4.2B and Figure 4.2F for Dexter and Pellston, respectively. DTS_1 snow was 
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deposited with a δ202Hg value of 0.32±0.13‰ and generally decreased to -0.03±0.13‰ at 36 

hours before increasing to 0.10±0.10‰ at 48 hours. Both DTS_2 and DTS_3 generally increased 

through time with deposited values of -0.03±0.13‰ and 0.17±0.10‰, respectively. δ202Hg 

values increased to 0.52±0.13‰ at 48 hours for DTS_2 and 0.28±0.10‰ at 36 hours for DTS_3. 

Fresh snow from PTS_1 was deposited with δ202Hg ranging from -0.05±0.10‰ to 0.25±0.13‰. 

Snow from PTS_2 had a δ202Hg value of 0.16±0.13‰ at 12 hours and then decreased to -

0.08±0.13‰ at 24 hours before increasing to 0.14±0.10‰ at 36 hours. 

 Particles filtered from each snow sample were consistently lower in δ202Hg than their 

accompanying melted and filtered snow (avg. = -0.38±0.27‰, 1SD, n=23) (Figure 4.3 and 

Figure 4.4). Due to the short atmospheric lifetime of Hg2+(p), the Hg isotopic composition of the 

particle Hg may be dominated by local and regional sources, whereas the Hg associated with the 

snow may reflect long range transport of Hg with a different isotopic composition, similar to 

previous observations for filtered wet precipitation (S. Yuan et al., 2018). It is also possible that 

equilibrium fractionation during sorption of Hg2+ from the atmosphere onto snow and particles 

causes the Hg2+ sorbed to the particles to have more negative δ202Hg. This is consistent with the 

experimental observation that when Hg2+ in solution is sorbed to thiols and goethite, the sorbed 

Hg has δ202Hg values that are -0.30 to -0.62‰ lower than those in solution (Jiskra et al., 2012; 

Wiederhold et al., 2010).  

 When considering changes in δ202Hg as snow ages for each individual time series, DTS_1 

δ202Hg progresses towards generally lower values, whereas all other time series progress towards 

generally higher values (Figure 4.2B). Based on published Hg isotope fractionation experiments 

we suggest that photooxidation of Hg0 by Cl is the only reaction identified that could deplete 

δ202Hg in the Hg2+ product (G. Sun et al., 2016). This suggests that Cl mediated photooxidation is 
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a more important process in the polar vortex time series than in the other time series. In contrast, 

the enrichment in δ202Hg as snow ages in all other time series is likely due to photoreduction of 

Hg2+, which results in the preferential removal of the light isotopes as they are reduced and lost 

from the snowpack. Other diagnostic isotope ratios including odd-MIF are useful in determining 

dominant reaction pathways and will be discussed below. 

 When comparing δ202Hg values of snow from this study to results from previous studies 

of snow in Peterborough, ON and wet precipitation from Dexter and Pellston, we find that snow 

from our study (avg. =  0.16±0.17‰,1SD, n=24) has statistically more positive (p<0.05) δ202Hg 

(wet precipitation avg.  = -0.28±0.21‰ and Peterborough snow avg. = -0.98±0.66‰, 1SD, n=17 

and n=4) (Chen et al., 2012; Gratz et al., 2010; Sherman et al., 2015) (Figure 4.5). Lower δ202Hg 

measured in atmospheric Hg is often associated with anthropogenic emissions (Demers et al., 

2015; Sherman et al., 2012; Sun et al., 2013). Additionally, the previously measured wet 

precipitation from Dexter and Pellston was not filtered. If the particles in those samples carried 

negative δ202Hg similar to what we find in this study, the bulk precipitation samples might be 

shifted toward lower δ202Hg values (Gratz et al., 2010; Sherman et al., 2015).  

4.3.4 Odd-MIF in Snow 

Measured Δ199Hg values in snow samples are listed in Table 4.2 and plotted versus time 

since snowfall on Figure 4.2C and Figure 4.2G. DTS_1 snow was deposited with Δ199Hg of 

0.55±0.14‰ and then increased to 0.75±0.11‰ at 12 hours. It then decreased to -0.45±0.11‰ at 

24 hours, increased to 0.00±0.11‰ at 36 hours before finally decreasing to a final value of -

0.85±0.05‰ at 48 hours. Both DTS_2 and DTS_3 generally increased through time with 

deposited values of 0.88±0.11‰ and 1.20±0.04‰, respectively. Δ199Hg increased to 

1.77±0.11‰ at 48 hours for DTS_2 and 2.73±0.05‰ at 36 hours for DTS_3. Fresh snow from 
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PTS_1 was deposited with Δ199Hg ranging from -0.31±0.11‰ to 1.71±0.11‰. Snow from 

PTS_2 had a Δ199Hg value of 0.43±0.13‰ at 12 hours and generally increased to 0.85±0.05‰ at 

36 hours. 

During PTS_1 (a single long duration snow event that encompasses the whole time 

series) three samples (PTS_1_Snow_1,2,3) displayed negative Δ199Hg (avg. Δ199Hg = -

0.27±0.04‰ 1SD, n=3). These samples are statistically different (p<0.05) from the two other 

snow samples collected during this event (PTS_2_Snow_4,5) (avg. Δ199Hg = 1.23±0.67‰ 1SD, 

n=2). This is likely due to the difference in the origin and trajectory of the air masses prior to 

arriving at the sample site, described in section 4.3.1 and displayed in Figure 4.1. The differences 

in air mass origin and trajectory are likely to have different sources of Hg, which may have had 

distinct isotopic compositions. Air mass trajectories may also control differences in oxidants and 

ligands associated with Hg within the air masses. Interestingly, the Δ199Hg of PTS_1_Snow_ 

1,2,3 are indistinguishable from Hg0 samples collected at Dexter (avg. Δ199Hg = -0.22±0.05‰ 

1SD, n=11). Hg0 samples reported in this study are isotopically similar to previously measured 

Hg0 samples at background sites in the Great Lakes region (avg. δ202Hg = 0.39±0.38‰  and avg. 

Δ199Hg = -0.16±0.05‰, 1SD, n=9) (Demers et al., 2013; Gratz et al., 2010). Therefore, if we 

assume that Hg0 has a similar isotopic composition in Pellston as in Dexter, this may point to a 

possible influence from Hg0 deposition to snow by the reactive surface uptake of Hg0 from the 

atmosphere. Previous studies have observed an offset in δ202Hg between Hg0 in the atmosphere 

and Hg measured in vegetation and snow with little to no associated MIF (Demers et al., 2013; 

Douglas and Blum, 2019). While the magnitude of the δ202Hg offset observed in this study (-

0.52‰) (Figure 4.5) is lower than that observed in previous studies (~2‰), we suggest this may 

be due to the reaction time as the magnitude of MDF has been shown to increase with increasing 
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time (W. Yuan et al., 2018). In contrast, the two samples (PTS_1_Snow_4,5) with positive 

Δ199Hg have drastically different air mass origins and trajectories from PTS_1_Snow_1,2,3 and 

from each other. Previous studies have suggested positive Δ199Hg in atmospheric samples is 

likely due to long range transport of Hg and is controlled by photoreduction of Hg2+ in the 

atmosphere prior to deposition (Chen et al., 2012; Yuan et al., 2015). We suggest this process is 

the most likely cause for the Δ199Hg observed in PTS_1_Snow_4,5. These observations of 

contrasting Hg isotopic compositions in fresh snow collected during a single long duration snow 

event highlight the importance of air mass origins and trajectories likely controlling the 

associated oxidants and binding ligands mediating Hg redox reactions in the atmosphere. 

When comparing the Δ199Hg values measured in snow to both previously collected snow 

from Peterborough, ON and wet precipitation at Dexter and Pellston, most of the snow, both 

fresh and aged, has either more positive or more negative Δ199Hg (Figure 4.5). However, the 

average Δ199Hg measured in fresh snow (avg. = 0.54±0.75‰, 1SD, n=8) is statistically 

indistinguishable from the average for wet precipitation from Dexter and Pellston (Figure 4.5) 

and snow from Peterborough, ON (wet precipitation avg.  = 0.29±0.15‰ and snow = 

0.31±0.43‰, n=17 and n=4). The Hg isotopic composition of the snow (in contrast to rain) 

deposited to the land surface may not reflect the Hg that is eventually incorporated into 

ecosystem reservoirs as it may undergo further fractionation before melting. This is reflected in 

the statistical difference between aging snow (avg. = 0.93±0.98‰, 1SD, n=13) and wet 

precipitation and final snow (avg. = 2.54±1.37‰, 1SD, n=2) as compared to wet precipitation 

(both p<0.05). This is likely due to the additional photoreduction that Hg in the snowpack 

undergoes after deposition and has important implications for ecosystem endmember 

characterization (discussed further in Section 4.3.6). 
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 As indicated above, the evolution of Δ199Hg in snow as snow ages is not consistent 

between time series. The first time series collected at the Dexter site (DTS_1) provided a unique 

opportunity to collect snow during a polar vortex. This time series differs from all others in that 

as snow ages, Δ199Hg trends towards more negative values (linear regression slope = -0.03±0.01, 

r2=0.70, p<0.05) (Figure 4.2C). The Δ199Hg of snow in all of the other time series trend towards 

more positive values (all r2 > 0.72 and p < 0.05) (Figure 4.2C). We suggest this difference in the 

direction of odd-MIF fractionation is due to differences in the oxidants and binding ligands in the 

snow. We further suggest that Hg deposition during the polar vortex is mediated by halogen 

oxidants similar to Arctic snow, due to the similarity in direction and magnitude of odd-MIF 

changes observed in the snow (Sherman et al., 2010).  

 Snow studied previously in Utqiagvik, Alaska acquired unique Hg isotopic compositions 

during AMDEs (Sherman et al., 2010). In the polar spring time, Hg0 is stripped from the 

atmosphere and deposited to the snowpack through photooxidation with Br and BrO (Wang et 

al., 2019). The initial isotopic signature in this snow is observed to have slightly more negative 

Δ199Hg than the atmospheric Hg0. As the snow is exposed to sunlight, Hg2+ is photoreduced to 

Hg0 and emitted back to the atmosphere and the snow Δ199Hg becomes more negative. This 

process is unique to coastal areas with an ample supply of atmospheric halogen oxidants. Obrist 

et al. (2017) sampled snow on a transect from the northern Alaska coast southward, and found 

that the further from the coast the less influence from AMDEs was observed in the Hg isotopic 

composition of the snow. The initial isotopic composition of the snow from the polar vortex time 

series is more positive than Arctic snow deposited during AMDEs, and the magnitude of change 

is smaller than that observed in the Arctic, but the isotopic trends are similar.  
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Previous studies have indicated that oxidant concentrations may at times be elevated in 

the Great Lakes region with sources from Hudson Bay and the Great Lakes (Carignan and 

Sonke, 2010; May et al., 2018). This may provide an opportunity far from the Arctic coast for 

similar Hg fractionation trends to be observed in snow at mid-latitudes and is supported by the 

consistent air mass trajectories originating at the southern tip of Hudson Bay during the polar 

vortex following initial deposition. When we regressed δ202Hg vs. Δ199Hg for the polar vortex 

samples (snow, particles, and Hg0), we calculated a slope of -3.32±1.19 (r2=0.10, p<0.05). This 

slope is similar to that derived from Sherman et al. (2010) (-3.44±0.70), which is unique to 

AMDE snow. We therefore suggest that the polar vortex time series reflects halogen mediated 

redox reactions similar to those observed in Arctic snow based on the evolution of the measured 

Hg isotopic composition of snow as it ages. However, the r2 value for the δ202Hg vs. Δ199Hg 

regression is low, suggesting that the correlation between δ202Hg and Δ199Hg cannot be fully 

explained by halogen mediated photoreduction and that multiple oxidants, binding ligands, and 

other processes may be involved. Additionally, Sun et al. (2016) acknowledged that current 

photooxidation experiments published to date cannot explain the fractionation in AMDE snow 

and we suggest that additional photooxidation experiments, possibly involving heterogeneous 

reactions and other oxidants, may be needed to elucidate the fractionation mechanisms involved 

in the Hg isotopic evolution of AMDE snow. 

 All other time series collected at Dexter reveal significant increases in Δ199Hg as snow is 

aged in sunlight (Figure 4.2C), attaining values as high as 3.51±0.14‰. The most likely 

explanation for the increase in Δ199Hg is photoreduction of Hg2+. When we regressed Δ199Hg vs. 

Δ201Hg for samples of each individual time series (including the polar vortex time series and both 

Pellston Time Series), we found a range in slopes with a minimum of 0.87±0.02 for DTS_1 and a 
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maximum of 1.18±0.02 for DTS_2 (avg. = 1.06±0.13, 1SD, n=5, all p<0.05, all r2>0.96), which 

are indistinguishable from slopes calculated separately for only snow or for only particles. 

Additionally, when all samples measured in this study were regressed together on a plot of 

Δ199Hg vs. Δ201Hg (Figure 4.6) we calculated a slope of 1.09±0.01 (p<0.05, r2=0.99), which is 

similar to the experimentally derived slope of 1.00±0.02 and indicates aqueous photochemical 

reduction of Hg2+ (Bergquist and Blum, 2007; Zheng and Hintelmann, 2010). This suggests that 

while on shorter timescales there are most likely a number of reactions driving the differences in 

the measured Hg isotopic composition of the snow overall, photochemical reduction of Hg2+ 

drives Hg fractionation in snow through time. Furthermore, a study that varied reaction 

conditions (pH, oxic/anoxic) and binding ligands in aqueous photochemical reduction 

experiments found a range in Δ199Hg vs. Δ201Hg slopes (0.85±0.12‰ to 1.34±0.03‰) (Motta et 

al., 2020). These results could explain the range in Δ199Hg vs. Δ201Hg slopes calculated for 

individual time series in this study, highlighting the importance of oxidants and binding ligands 

involved in these reactions and may account for the direction and magnitude of fractionation 

observed in snow.  

4.3.5 Even-MIF in Snow 

Measured Δ200Hg values in snow samples are listed in Table 4.2 and plotted versus time 

since snowfall on Figure 4.2D and Figure 4.2H for Dexter and Pellston, respectively. DTS_1 

snow was deposited with a Δ200Hg value of 0.22±0.03‰ and generally decreased with time to 

0.03±0.06‰ at 48 hours. DTS_2 snow was deposited with a value of 0.20±0.14‰, reached a 

maximum of 0.31±0.14‰ at 36 hours and then decreased to 0.12±0.14‰ at 48 hours. DTS_3 

snow was deposited with Δ200Hg of 0.15±0.04‰, reached a maximum of 0.30±0.04‰ at 36 

hours and then generally decreased to 0.21±0.06‰ at 48 hours. Fresh snow from PTS_1 was 
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deposited with Δ200Hg ranging from 0.02±0.14‰ to 0.29±0.08‰. Snow from PTS_2 had Δ200Hg 

of 0.28±0.14‰ at 12 hours, increased to 0.33±0.14‰ at 24 hours and then decreased to 

0.22±0.06‰ at 36 hours. 

Even-MIF of Hg is thought to originate in the upper atmosphere due to photo-initiated 

oxidation of Hg0 (Chen et al., 2012). Even-MIF has been induced experimentally during 

homogeneous reactions of Hg0 with Cl, leaving the Hg2+ product with positive Δ200Hg and the 

residual Hg0 with negative Δ200Hg (G. Sun et al., 2016). It has been suggested that there is no 

even-MIF produced at the Earth’s surface, therefore, Δ200Hg serves as a conservative tracer of 

upper atmospheric Hg. The low Δ200Hg values observed in PTS_1_Snow_1,2,3 (avg. 

0.07±0.04‰, 1SD, n=3) indicate mixing with a Hg source with low Δ200Hg, further supporting 

the hypothesis that these samples are influenced by reactive surface uptake of Hg0 from the 

atmosphere as discussed in section 4.3.4 (Hg0 avg. Δ200Hg = -0.09±0.04‰, 1SD, n=11). 

Additionally, the contrasting snow from PTS_1 (PTS_1_Snow_4,5) has statistically more 

positive Δ200Hg values (p<0.05) (avg. 0.24±0.07‰, 1SD, n=2) than PTS_2_Snow_1,2,3. This 

supports the argument that PTS_1_Snow_4,5 are influenced by long range transport of Hg and 

highlights the importance of air mass origin and trajectory.  

The fresh snow in DTS_1 has a high Δ200Hg (0.22±0.03‰), indicating an upper 

atmospheric origin. Over time, the Δ200Hg observed in DTS_1 decreased. We suggest this 

decrease was due to the oxidation of Hg0 above the snowpack, yielding a Hg2+ product with 

lower Δ200Hg as compared to the snow, and subsequent deposition of this Hg to the snowpack 

(Figure 4.2D). This further provides evidence for possible halogen mediated redox reactions 

during the polar vortex time series. None of the other time series indicate increasing or 

decreasing trends in Δ200Hg as snow ages. 
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Overall, Δ200Hg measured in snow in this study (avg. = 0.19±0.09‰, 1SD, n=24) is 

similar to values previously reported in wet precipitation from Dexter and Pellston (avg. = 

0.18±0.08‰, n=17) (Gratz et al., 2010; Sherman et al., 2015) but are not similar to snow from 

Peterborough, ON (p<0.05) (avg. = 0.83±0.47‰, n=4) (Chen et al., 2012). Chen et al. (2012) 

measured Δ200Hg values up to 1.24‰ in snow and suggested that stratospheric incursions caused 

influence from polar air masses, bringing large Δ200Hg anomalies. Through measurements of Hg0 

in free tropospheric airmasses, Kurz et al. (2020) suggested that these large Δ200Hg anomalies 

were due to stochastic processes and are rarely captured in measured samples. Results from the 

current study agree with this hypothesis as Δ200Hg measured during the polar vortex and 

throughout the entire sampling period reached values only up to 0.33±0.14‰. Our results are 

consistent with previous wet precipitation measurements and a York regression of Δ204Hg vs. 

Δ200Hg indicates a slope of -0.73±0.09 (Figure 4.7), similar to the slope for previously measured 

atmospheric samples (approximately -0.5; Blum and Johnson, 2017). Even-MIF measured in 

snow indicates a small but discernable contribution of Hg from the upper atmosphere where 

even-MIF is suggested to occur.  

4.3.6 Hg Isotopic Composition of Snow Deposited to Terrestrial and Aquatic Ecosystems 

 In this study, we characterized the Hg isotopic composition of Hg that is likely to be 

incorporated through snowfall into natural ecosystem reservoirs as inferred from analyses of two 

full-snowpack samples. These samples average over multiple snow events and are therefore 

more likely to be representative of the Hg isotopic composition of seasonal snowmelt. The Hg 

isotopic characterization of this endmember is as follows: δ202Hg = 0.23±0.21‰, Δ199Hg = 

2.54±1.37‰, Δ201Hg = 2.15±1.22‰, Δ200Hg =0.28±0.03‰, and Δ204Hg = -0.36±0.03‰ (1SD, 

n=2). Douglas and Blum (2019) measured seasonal snowmelt in Alaska and concluded that the 
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Hg isotopic composition of the meltwater did not reflect the AMDE snow but rather the reactive 

surface uptake of Hg0 from the atmosphere. The snowmelt Hg isotopic values were shown to 

control the isotopic composition added seasonally to the soils and vegetation. This 

characterization was critical as it allowed for estimation of the amount of AMDE mercury re-

emitted to the atmosphere and provided an endmember characterization of the Hg isotopic 

composition of snowmelt incorporated into natural reservoirs. 

 In previous ecosystem studies, including one conducted in Pellston (Kwon et al., 2015), 

measurements of inorganic Hg sources and biota containing a range of MMHg concentrations 

were analyzed with the goal of better understanding Hg sources to the aquatic and adjacent 

terrestrial ecosystems. In that study, wet precipitation measured in the Great Lakes region was 

used to help explain the shift in both δ202Hg and Δ199Hg between terrestrial soils and surface lake 

sediments. Kwon et al. (2015) had no information at the time of the study on the Hg isotopic 

composition of Hg deposited through snowfall. Considering an endmember of wet precipitation 

alone could not easily account for the isotopic shift between the soil and lake sediments. We 

suggest, however, that consideration of the isotopic composition of both wet precipitation (avg. 

δ202Hg = -0.08±0.18‰ and avg. Δ199Hg = 0.32±0.25‰, 1SD, n=4) and snowmelt 

(PTS_2_Snow_4_SP δ202Hg = 0.08±0.19‰ and Δ199Hg = 1.57±0.14‰) at Pellston could explain 

this isotopic shift and identify an important source of Hg to the aquatic ecosystem. We use 

rainfall and snowfall amounts and MDN data to estimate that between 20 and 45% of 

precipitation derived Hg is delivered through snowfall. We therefore estimate an isotopic 

endmember that, when added to terrestrial soil at Pellston, is better able to explain the isotopic 

shift between terrestrial soil and lake sediments than precipitation alone. This endmember would 

be approximately 19-45% snow and 55-81% wet precipitation. This combined precipitation 
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endmember is plotted on Figure 4.8, where it is evident that the consideration of snowmelt with a 

high Δ199Hg value in the endmember calculation is specifically useful in explaining the positive 

shift in Δ199Hg between terrestrial soil and lake sediments. This exercise highlights the utility of 

characterizing the Hg isotopic composition of snow at mid-latitudes as an input of Hg to 

terrestrial and aquatic ecosystems. 

4.4 Conclusion 

 This study provides insight into the evolution of the Hg isotopic composition in aging 

snow at mid-latitudes and during long duration snow events. Fresh snow collected during a 48+ 

hour snow event revealed a significant range in odd-MIF and indicates sensitivity to air mass 

origins and the oxidants and binding ligands controlling redox reactions prior to deposition. 

Many freshly deposited snow samples also have more extreme odd-MIF values as compared to 

wet precipitation measured in North America. In a time series collected during a polar vortex, we 

documented progressively more negative odd-MIF, similar to AMDE snow observed in the 

Arctic, while other measured snow revealed increasing odd-MIF as the snow aged. We suggest 

that photoreduction of Hg2+ drives the observed isotopic fractionation and the differences in 

oxidants and binding ligands controls the direction and magnitude of fractionation. Finally, this 

study highlights the importance of snow measurements for the isotopic characterization of Hg 

that is deposited into forest and aquatic ecosystems and is available for methylation and 

ultimately the transfer to humans via fish consumption.  
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Table 4.1 Summary of Hg isotopic composition results for standard and reference materials.  

Run concentration denotes the concentration standard and reference materials were analyzed on the CV-MC-ICP-MS.  For UM 
Almadèn, n1 denotes the number of isotope measurements and n2 denotes the number of analytical sessions. For reference materials, 
n1 denotes the number of process replicates and n2 represents the number of isotope measurements. 

 

Run 

Concentration 

Standard 

Reference 

Material 

n1 n2 δ204Hg 2SD δ202Hg 2SD δ201Hg 2SD δ200Hg 2SD δ199Hg 2SD Δ204Hg 2SD Δ201Hg 2SD Δ200Hg 2SD Δ199Hg 2SD 

0-0.5ppb                                           

  Montana Soil 7 2 -0.25 0.20 -0.14 0.17 -0.33 0.26 -0.10 0.07 -0.29 0.21 -0.04 0.46 -0.22 0.13 -0.03 0.16 -0.25 0.16 

  Process Almaden 3 1 -0.67 0.30 -0.50 0.21 -0.40 0.09 -0.21 0.07 -0.15 0.16 0.07 0.10 -0.03 0.07 0.04 0.08 -0.03 0.12 

0.5-1ppb                                           

  Almaden 6 1 -0.82 0.27 -0.53 0.19 -0.41 0.20 -0.25 0.10 -0.15 0.18 -0.03 0.13 -0.01 0.12 0.01 0.03 -0.02 0.14 

  Montana Soil 13 2 -0.22 0.10 -0.15 0.07 -0.29 0.07 -0.07 0.03 -0.25 0.05 0.00 0.12 -0.18 0.03 0.00 0.02 -0.21 0.03 

1-2ppb                                           

  Almaden 6 1 -0.84 0.04 -0.56 0.13 -0.46 0.06 -0.26 0.06 -0.16 0.04 0.00 0.15 -0.04 0.04 0.02 0.03 -0.01 0.04 

  Montana Soil 6 1 -0.28 0.06 -0.19 0.05 -0.34 0.08 -0.09 0.04 -0.28 0.05 0.01 0.02 -0.20 0.04 0.01 0.01 -0.23 0.03 

  Process Almaden 6 2 -0.63 0.19 -0.41 0.15 -0.38 0.12 -0.19 0.11 -0.13 0.05 -0.01 0.10 -0.07 0.06 0.01 0.06 -0.03 0.06 

2-3ppb                                           

  Almaden 6 1 -0.80 0.17 -0.53 0.10 -0.44 0.09 -0.27 0.02 -0.16 0.04 0.00 0.05 -0.04 0.04 0.00 0.06 -0.03 0.05 
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  Process Almaden 1 1 -0.79 0.00 -0.58 0.00 -0.48 0.00 -0.31 0.00 -0.15 0.00 0.07 0.00 -0.04 0.00 -0.01 0.00 -0.01 0.00 

  Montana Soil 3 1 -0.15 0.09 -0.13 0.10 -0.31 0.06 -0.11 0.14 -0.29 0.11 0.05 0.07 -0.21 0.06 -0.04 0.12 -0.26 0.11 

3-4ppb                                           

  Almaden 4 1 -0.80 0.14 -0.54 0.13 -0.44 0.06 -0.27 0.02 -0.16 0.02 0.01 0.12 -0.04 0.05 0.01 0.06 -0.02 0.05 

  Process Almaden 1 1 -0.71 0.00 -0.47 0.00 -0.38 0.00 -0.24 0.00 -0.16 0.00 -0.01 0.00 -0.02 0.00 -0.01 0.00 -0.04 0.00 

4-5ppb                                           

  Almaden 6 1 -0.87 0.15 -0.59 0.10 -0.48 0.07 -0.29 0.04 -0.17 0.04 0.00 0.06 -0.04 0.01 0.00 0.04 -0.02 0.04 

  Montana Soil 3 1 -0.25 0.06 -0.17 0.03 -0.31 0.04 -0.09 0.03 -0.27 0.02 0.00 0.06 -0.19 0.02 0.00 0.04 -0.23 0.03 
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Table 4.2 Sample THg and Hg stable isotope data for all particle (part), snow, and Hg0 samples analyzed in this study.  

Hg isotope values are expressed in permil (‰). *Concentration expressed in ng/m3. 

Site/Time 

Series 
Sample 

Collection 

Date 

Night/ 

Day 

Min. 

Ambient 

Temp. 

(ºC) 

Max. 

Ambient 

Temp. 

(ºC) 

THg 

(ng/L) 
δ204Hg δ202Hg 2SD δ201Hg δ200Hg δ199Hg Δ204Hg 2SD Δ201Hg 2SD Δ200Hg 2SD Δ199Hg 2SD 

Dexter Time 

Series 1 
                                        

  DTS_1_Part _1 1/28/19 Day     0.23 -0.30 0.05 0.17 0.34 0.25 0.23 -0.38 0.46 0.30 0.13 0.22 0.16 0.21 0.16 

  DTS_1_Part_2 1/29/19 Night     0.25 -0.85 -0.49 0.17 -0.51 -0.08 -0.03 -0.12 0.46 -0.14 0.13 0.17 0.16 0.09 0.16 

  DTS_1_Part _3 1/29/19 Day     0.77 -1.32 -0.83 0.19 -1.34 -0.33 -0.79 -0.08 0.13 -0.71 0.12 0.08 0.03 -0.58 0.14 

  DTS_1_Part_4 1/30/19 Night     0.59 -1.08 -0.67 0.19 -1.18 -0.21 -0.64 -0.08 0.13 -0.68 0.12 0.13 0.03 -0.47 0.14 

  DTS_1_Part_5 1/30/19 Day     1.34 -0.94 -0.60 0.13 -1.31 -0.19 -0.93 -0.05 0.15 -0.86 0.04 0.11 0.03 -0.77 0.04 

  DTS_1_Snow_ 1 1/28/19 Day -12.2 -3.2 0.93 0.20 0.32 0.19 0.73 0.38 0.63 -0.28 0.13 0.48 0.12 0.22 0.03 0.55 0.14 

  DTS_1_Snow_2 1/29/19 Night -9.9 -4.3 1.07 -0.25 0.04 0.13 0.63 0.16 0.76 -0.31 0.15 0.60 0.04 0.13 0.14 0.75 0.11 

  DTS_1_Snow_3 1/29/19 Day -14.3 -9.8 1.00 -0.19 0.01 0.13 -0.58 0.15 -0.46 -0.21 0.15 -0.59 0.04 0.14 0.14 -0.46 0.11 

  DTS_1_Snow_4 1/30/19 Night -22.3 -14.3 0.92 -0.25 -0.03 0.13 -0.14 0.14 0.00 -0.21 0.15 -0.12 0.04 0.15 0.14 0.00 0.11 

  DTS_1_Snow_5 1/30/19 Day -23.9 -19.3 1.80 0.08 0.10 0.10 -0.87 0.08 -0.83 -0.07 0.05 -0.95 0.04 0.03 0.06 -0.85 0.05 

  DTS_1_Hg0_ 1 1/28/19 Night     1.12* 0.68 0.38 0.10 0.06 0.08 -0.15 0.10 0.05 -0.23 0.04 -0.11 0.06 -0.24 0.05 

  DTS_1_Hg0_ 2 1/29/19 Day     1.29* 0.77 0.45 0.10 0.16 0.14 -0.10 0.09 0.05 -0.18 0.04 -0.09 0.06 -0.22 0.05 

  DTS_1_Hg0_ 3 1/29/19 Night     1.12* 1.09 0.66 0.10 0.25 0.22 -0.14 0.11 0.05 -0.24 0.04 -0.11 0.06 -0.31 0.05 
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Dexter Time 

Series 2 
                                        

  DTS_2_Part _1 2/18/19 Night     0.49 -0.37 -0.02 0.19 0.23 0.20 0.30 -0.34 0.13 0.24 0.12 0.21 0.03 0.30 0.14 

  DTS_2_Part_2 2/18/19 Day     0.38 -0.44 -0.15 0.19 -0.06 0.04 0.16 -0.21 0.13 0.06 0.12 0.11 0.03 0.20 0.14 

  DTS_2_Part_3 2/19/19 Night     0.33 -0.29 -0.04 0.19 0.11 0.15 0.36 -0.23 0.13 0.14 0.12 0.17 0.03 0.37 0.14 

  DTS_2_Part_4 2/19/19 Day     0.33 -0.22 -0.02 0.19 0.03 0.17 0.32 -0.19 0.13 0.04 0.12 0.18 0.03 0.32 0.14 

  DTS_2_Part_5 2/20/19 Night     0.40 -0.23 -0.09 0.19 -0.10 0.08 0.15 -0.09 0.13 -0.03 0.12 0.13 0.03 0.18 0.14 

  DTS_2_Part_ 6_SP 2/20/19       0.35 -0.24 0.00 0.19 0.27 0.15 0.55 -0.24 0.13 0.27 0.12 0.15 0.03 0.55 0.14 

  DTS_2_Snow_1 2/18/19 Night -8.3 -5.5 0.95 -0.37 -0.04 0.13 0.77 0.18 0.87 -0.31 0.15 0.80 0.04 0.20 0.14 0.88 0.11 

  DTS_2_Snow_2 2/18/19 Day -8.2 -1.9 0.66 0.08 0.26 0.13 1.23 0.36 1.28 -0.31 0.15 1.03 0.04 0.23 0.14 1.22 0.11 

  DTS_2_Snow_3 2/19/19 Night -17.6 -5.8 0.67 0.08 0.36 0.13 2.00 0.37 2.13 -0.46 0.15 1.73 0.04 0.19 0.14 2.04 0.11 

  DTS_2_Snow_ 4 2/19/19 Day -17.3 -0.5 0.57 0.24 0.39 0.13 1.72 0.51 1.82 -0.34 0.15 1.42 0.04 0.31 0.14 1.72 0.11 

  DTS_2_Snow_5 2/20/19 Night -8.8 -3.6 0.59 0.38 0.52 0.13 1.93 0.38 1.91 -0.40 0.15 1.54 0.04 0.12 0.14 1.77 0.11 

  
DTS_2_Snow_ 

6_SP 
2/20/19       0.68 0.19 0.38 0.19 3.30 0.45 3.61 -0.38 0.13 3.01 0.12 0.26 0.03 3.51 0.14 

  DTS_2_Hg0_ 1 2/18/19 Day     1.33* 0.77 0.40 0.13 0.13 0.13 -0.14 0.17 0.12 -0.17 0.05 -0.07 0.06 -0.24 0.05 

  DTS_2_Hg0_ 2 2/18/19 Night     1.27* 1.08 0.65 0.10 0.22 0.13 -0.15 0.11 0.05 -0.27 0.04 -0.19 0.06 -0.31 0.05 

  DTS_2_Hg0_ 3 2/19/19 Day     1.26* 0.96 0.57 0.13 0.22 0.20 -0.07 0.11 0.12 -0.20 0.05 -0.08 0.06 -0.22 0.05 

  DTS_2_Hg0_ 4 2/19/19 Night     1.26* 0.69 0.41 0.10 0.19 0.12 -0.09 0.09 0.05 -0.12 0.04 -0.08 0.06 -0.19 0.05 

Dexter Time 

Series 3 
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  DTS_3_Part_1 2/27/19 Day     2.64 -0.24 0.06 0.10 -0.05 0.31 0.00 -0.33 0.06 -0.10 0.02 0.28 0.04 -0.01 0.04 

  DTS_3_Part_2 2/28/19 Night     2.37 -0.21 0.11 0.10 -0.01 0.26 0.01 -0.37 0.06 -0.09 0.02 0.21 0.04 -0.01 0.04 

  DTS_3_Part_3 2/28/19 Day     1.46 -0.15 0.04 0.13 -0.41 0.29 -0.18 -0.21 0.12 -0.44 0.05 0.27 0.06 -0.19 0.05 

  DTS_3_Part_4 3/1/19 Night     2.13 0.06 0.24 0.13 0.00 0.38 0.14 -0.30 0.12 -0.19 0.05 0.26 0.06 0.08 0.05 

  DTS_3_Snow_1 2/27/19 Day -7.5 -3.9 1.60 -0.15 0.17 0.10 1.25 0.24 1.25 -0.40 0.06 1.13 0.01 0.15 0.04 1.20 0.04 

  DTS_3_Snow_2 2/28/19 Night -13.8 -5.8 1.51 -0.19 0.12 0.10 1.50 0.36 1.63 -0.37 0.06 1.41 0.01 0.30 0.04 1.60 0.04 

  DTS_3_Snow_3 2/28/19 Day -10.3 -1.9 0.87 0.13 0.33 0.13 2.35 0.36 2.43 -0.36 0.12 2.10 0.05 0.19 0.06 2.35 0.05 

  DTS_3_Snow_4 3/1/19 Night -12.9 -2.9 1.05 0.00 0.28 0.10 2.57 0.35 2.80 -0.41 0.05 2.36 0.04 0.21 0.06 2.73 0.05 

  DTS_3_Hg0_ 1 2/27/19 Day     1.19* 1.02 0.64 0.10 0.33 0.26 -0.02 0.06 0.05 -0.15 0.04 -0.06 0.06 -0.18 0.05 

  DTS_3_Hg0_ 2 2/28/19 Night     1.36* 0.90 0.55 0.13 0.24 0.20 -0.07 0.08 0.12 -0.18 0.05 -0.08 0.06 -0.21 0.05 

  DTS_3_Hg0_ 3 2/28/19 Day     1.01* 0.85 0.49 0.10 0.22 0.20 -0.06 0.13 0.05 -0.14 0.04 -0.05 0.06 -0.18 0.05 

  DTS_3_Hg0_ 4 3/1/19 Night     1.53* 0.83 0.50 0.13 0.21 0.20 -0.05 0.09 0.12 -0.16 0.05 -0.04 0.06 -0.17 0.05 

Pellston Time 

Series 1 
                                        

  PTS_1_Part_ 1 2/13/19 Night     0.15 0.00 0.25 0.17 -0.06 0.47 0.04 -0.37 0.46 -0.25 0.13 0.34 0.16 -0.03 0.16 

  PTS_1_Part_ 2 2/13/19 Day     1.02 -0.62 -0.34 0.13 -0.72 -0.09 -0.53 -0.11 0.15 -0.46 0.04 0.08 0.03 -0.45 0.04 

  PTS_1_Part_ 3 2/14/19 Night     0.57 -0.81 -0.37 0.19 -0.87 -0.10 -0.56 -0.25 0.13 -0.59 0.12 0.09 0.03 -0.46 0.14 

  PTS_1_Part_5 2/15/19 Night     0.31 -0.69 -0.61 0.17 -0.65 -0.20 -0.44 0.22 0.46 -0.19 0.13 0.11 0.16 -0.28 0.16 

  PTS_1_Snow_1 2/13/19 Night -10.5 -6.5 0.72 -0.07 0.07 0.13 -0.11 0.05 -0.21 -0.17 0.15 -0.17 0.04 0.02 0.14 -0.23 0.11 

  PTS_1_Snow_2 2/13/19 Day -9.9 -7.6 1.17 -0.29 -0.03 0.10 -0.23 0.08 -0.27 -0.24 0.05 -0.20 0.04 0.10 0.06 -0.27 0.05 

  PTS_1_Snow_3 2/14/19 Night -10.4 -5.3 1.10 -0.23 -0.05 0.13 -0.27 0.07 -0.32 -0.16 0.15 -0.24 0.04 0.09 0.14 -0.31 0.11 
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  PTS_1_Snow_4 2/14/19 Day -8.2 -0.8 0.88 0.10 0.25 0.13 1.73 0.41 1.77 -0.27 0.15 1.54 0.04 0.29 0.14 1.71 0.11 

  PTS_1_Snow_5 2/15/19 Night -6.8 -0.1 0.63 -0.48 -0.03 0.21 0.52 0.17 0.75 -0.43 0.10 0.55 0.07 0.19 0.08 0.76 0.16 

Pellston Time 

Series 2 
      

  

                              

  PTS_2_Part_1 2/15/19 Day     0.80 -0.98 -0.50 0.13 -0.76 -0.03 -0.34 -0.23 0.15 -0.39 0.04 0.22 0.03 -0.21 0.04 

  PTS_2_Part_ 2 2/16/19 Night     1.15 -1.14 -0.59 0.13 -0.95 -0.15 -0.50 -0.26 0.15 -0.51 0.04 0.14 0.03 -0.35 0.04 

  PTS_2_Part_3 2/16/19 Day     0.75 -0.90 -0.50 0.13 -0.95 -0.10 -0.51 -0.15 0.15 -0.58 0.04 0.15 0.03 -0.39 0.04 

  PTS_2_Part_4 2/17/19 Night     1.11 -0.84 -0.45 0.10 -0.73 -0.01 -0.35 -0.17 0.07 -0.40 0.06 0.21 0.12 -0.24 0.11 

  PTS_2_Part_ 5_SP 2/17/19       0.77 -0.61 -0.16 0.13 -0.27 0.01 -0.02 -0.37 0.15 -0.15 0.04 0.10 0.03 0.02 0.04 

  PTS_2_Snow_2 2/15/19 Night -8.1 -4.3 1.28 -0.19 0.16 0.13 0.47 0.36 0.47 -0.43 0.15 0.35 0.04 0.28 0.14 0.43 0.11 

  PTS_2_Snow_3 2/16/19 Day -7.8 -3.2 0.85 -0.49 -0.08 0.13 0.38 0.29 0.64 -0.36 0.15 0.45 0.04 0.33 0.14 0.66 0.11 

  PTS_2_Snow_4 2/16/19 Night -20.7 -5.7 1.14 -0.15 0.14 0.10 0.77 0.28 0.88 -0.36 0.05 0.67 0.04 0.22 0.06 0.85 0.05 

  PTS_2_Snow_5_SP 2/17/19       0.45 -0.22 0.08 0.19 1.35 0.34 1.59 -0.34 0.13 1.28 0.12 0.30 0.03 1.57 0.14 
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Figure 4.1 Location of Dexter (blue star) and Pellston (black star) sites in Michigan in relation to 
local and regional Hg sources (USEPA, 2017; NPRI, 2018).  

Higher emissions are depicted with pink to white colors while lower emissions are depicted with 
purples. Back trajectories for fresh snow samples are overlaid on the map. 
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Figure 4.2 Progression of THg, δ202Hg, Δ199Hg and Δ200Hg values in snow for each time series 
as snow aged in sunlight. 

Dexter time series are on the left side and Pellston time series are on the right side. PTS_1 
samples were collected during a single snow event so each sample is “fresh snow” and the time 
for these samples corresponds to the hours after the snow event began. The PTS_2 fresh snow 
sample was not retained. 
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Figure 4.3 Dexter Hg isotope data plotted with δ202Hg and Δ199Hg on separate y-axes while 
sharing time on the x-axis. 

Vertical grey shading represents nighttime periods and white represents daytime. Black bars 
represent analytical error (2SD). If no black bar is present, the analytical error is smaller than the 
symbol. Panel A) Time Series 1 (polar vortex), B) Time Series 2, C) Time Series 3. 
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Figure 4.4 Pellston Hg isotope data plotted with δ202Hg and Δ199Hg on separate y-axes while 
sharing time on the x-axis. 

Vertical grey shading represents nighttime periods and white represents daytime. Black bars 
represent analytical error (2SD). Panel A) Time Series 1, B) Time Series 2.  
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Figure 4.5 All collected snow and Hg0 samples from this study are plotted as δ202Hg vs. Δ199Hg 
with summertime wet precipitation previously collected at Dexter and Pellston (Gratz et al., 
2010; Sherman et al., 2015). 

Previously reported snowpack samples (Kurz et al., 2019) from mid-latitudes (Lost Lake, WY) 
are also included. The polar vortex time series (DTS_1) indicates decreasing Δ199Hg during 
aging while all other collected snow samples increased in Δ199Hg. The purple line indicates the 
general direction of observed fractionation as snow ages during the polar vortex. The black 
arrow indicates the general direction of observed fractionation as snow ages in all other time 
series. The brown arrow indicates the direction of fractionation during the reactive surface 
uptake of Hg0 and the samples from PTS_1 most likely affected by this process. Open symbols 
indicate fresh snow and symbols with crosses indicate samples of the entire snowpack. 
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Figure 4.6 All collected samples from both Dexter and Pellston of Δ199Hg vs. Δ201Hg.  

A York regression was calculated and yielded a slope with a value of 1.09±0.01, which is similar 
to the experimentally derived slope of 1.00±0.02 (Bergquist and Blum, 2007; Zheng and 
Hintelmann, 2010) indicating photoreduction of Hg2+. Open symbols indicate fresh snow and 
symbols with crosses indicate snowpack samples. 
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Figure 4.7 All collected samples from both Dexter and Pellston of Δ200Hg vs. Δ204Hg.  

A York regression was calculated and yielded a slope with a value of -0.73±0.09, which is 
similar to the regression of previously reported atmospheric samples (approximately -0.5) (Blum 
and Johnson, 2017). Open symbols indicate fresh snow and symbols with crosses indicate 
snowpack samples. 
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Figure 4.8 Mixing of endmembers on a δ202Hg vs. Δ199Hg adapted from Kwon et al. (2015).  

Leaf litter and aquatic detritus, soil, and lake sediment are from Kwon et al. (2015). Pellston wet 
precipitation samples are from Sherman et al. (2015) and Pellston snow is from the current study 
(PTS_2_Snow_5_SP). The calculated atmospheric endmember consists of 30% Pellston snow 
and 70% Pellston wet precipitation and can account for the observed Hg isotopic composition of 
sediments in Douglas Lake by mixing with terrestrial soil. 
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Chapter 5 Conclusion 
 

 Mercury (Hg) is a persistent neurotoxin with a complex biogeochemical cycle that has 

been the subject of intensive study in a variety of natural media. Researchers have worked to 

elucidate the processes and mechanisms that result in high levels of monomethylmercury 

(MMHg) in predatory fish species, the crucial vector for human exposure (Driscoll et al., 2013). 

In recent decades, advances in multiple-collector inductively-coupled-plasma mass spectrometry 

have allowed for high precision measurements of Hg stable isotopes. This growing body of 

analyses has expanded the understanding of environmental processes and biogeochemical 

conditions that influence the mobility and fate of Hg (Blum et al., 2014; Kwon et al., 2020; 

Sonke, 2011; Sun et al., 2019; Tsui et al., 2020; Yin et al., 2010). Of particular importance is the 

ability to analyze background samples with low Hg concentrations, which has contributed to the 

fundamental of understanding of Hg biogeochemical cycling. While knowledge gaps still remain 

in our understanding of Hg cycling, the research presented here fills in some of these gaps and 

invites additional studies to further explore a wide range of aspects of Hg cycling. 

5.1 Review of Key Findings 

5.1.1 Historical Deposition of Hg to an Aquatic Ecosystem 

 In Chapter 2, we highlighted the utility of Hg isotopes preserved in natural archives as a 

tool for exploring the historical atmospheric deposition of Hg. A substantial number of studies 

have used natural archives to trace the impact of historical Hg releases in the global environment, 

most have focused on variations in Hg concentrations (Cooke et al., 2013; Engstrom et al., 2014; 
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Enrico et al., 2017; Schuster et al., 2002; Zdanowicz et al., 2016). Only a few studies have 

sampled natural archives located in remote regions for Hg stable isotopes analyses (Cooke et al., 

2013; Zdanowicz et al., 2016). In the work conducted at Lost Lake, we aimed to identify a lake 

far from any Hg sources that would preserve direct atmospheric deposition with little to no 

influence from the surrounding catchment. Analysis of Hg accumulation rates in Lost Lake agree 

well with previous findings from other lakes, indicating an increase in Hg deposition by 3.8 

times since the onset of the Industrial Revolution (Engstrom et al., 2014 and references therein). 

Similar to other studies, deposition rates in Lost Lake reached a maximum circa 2005 and began 

to decrease to the present, reflecting the diminishing use and release of Hg (Zhang et al., 2015). 

Further, measurements of Hg stable isotopes from Lost Lake sediments displayed an increasing 

trend in δ202Hg, Δ199Hg and Δ200Hg from 1850 to the present. We suggest these trends are 

indicative of a fundamental shift in the atmospheric chemical processes and reactions controlling 

the fractionation of Hg in the atmosphere prior to deposition to the Earth’s surface (Kurz et al., 

2019).  

5.1.2 Identifying Contrasting Atmospheric Processes at High Elevation 

 In Chapter 3, we used measurements of the isotopic composition of Hg0 to identify the 

dominant processes controlling Hg isotope fractionation in the atmosphere. Past studies have 

collected time series of Hg0 samples at a single site to elucidate the conditions and processes that 

effect the measured Hg isotopic composition (Demers et al., 2015; Fu et al., 2016a). These 

studies, however, relied on samples that were integrated over time periods of between 24 hours 

and 2 weeks due to the low concentration of Hg. We sought to build on these measurements by 

collecting continuous diurnal Hg0 samples over seven days at two high elevation sites with 

contrasting geographic locations and characteristics. At Mount Bachelor, Oregon, a high 
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elevation site that has been well characterized atmospherically and receives nightly free 

tropospheric air masses, we found lower THg, δ202Hg, and Δ199Hg nightly in free tropospheric air 

masses as compared to daytime planetary boundary layer samples. Near the end of the sampling 

period, a forest fire (the Milli fire) ~31 km NW of Mount Bachelor came to dominate both 

daytime and nighttime samples, masking the diurnal variation observed at the beginning of the 

time series. To further explain differences in the measured Hg isotopic composition, we used a 

three-endmember mixing model to identify a high THg, low δ202Hg, and high Δ199Hg 

endmember as combusted vegetation from the Milli fire, a low THg, high δ202Hg, and low 

Δ199Hg endmember as Hg0 in the free troposphere, and an intermediate THg, intermediate 

δ202Hg, and high Δ199Hg endmember as a mixture of regional Hg sources (Kurz et al., 2020). At 

the Camp Davis sampling site near Jackson, Wyoming, we also observed diel variation, 

however, the trends were different than those observed at Mount Bachelor. Nightly Hg0 samples 

at Camp Davis displayed low THg and high δ202Hg as compared to daily samples. We attributed 

this variation to the nightly uptake of Hg0 by vegetation, which has been demonstrated to deplete 

δ202Hg in the residual atmospheric Hg0 (Demers et al., 2013; W. Yuan et al., 2018). Additionally, 

to further explain the variation observed at Camp Davis, we employed a three-endmember 

mixing model. We identified a low THg, high δ202Hg, and intermediate Δ199Hg endmember as 

the residual Hg0 in the atmosphere as vegetation preferentially takes up the light isotopes, a high 

THg, low δ202Hg, and high Δ199Hg endmember as Hg0 that was re-emitted from vegetation 

during the day through photoreduction of Hg2+, and an unknown low Δ199Hg endmember. 

5.1.3 Characterization of Hg Isotope Fractionation at Mid-Latitudes 

 In Chapter 4, we presented the first time series of snow samples collected at mid-latitudes 

to investigate and characterize the progressive fractionation of Hg isotopes i) during a long 
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duration (48+ hour) snow event and ii) as snow was aged in sunlight. The majority of studies 

investigating Hg isotopes in snow have been conducted in the Arctic due to intense interest in a 

phenomenon called atmospheric mercury depletion events (AMDE) (Schroeder et al., 1998; 

Steffen et al., 2008). During AMDEs, atmospheric Hg0 is oxidized by Br and BrO and 

subsequently stripped from the atmosphere and deposited to the snowpack (Wang et al., 2019). 

As the snow is exposed to sunlight, Hg2+ is photoreduced to Hg0 within the snowpack and 

released back to the atmosphere, leaving the residual Hg in the snowpack with unprecedented 

negative Δ199Hg (Sherman et al., 2010). In Pellston, Michigan, we collected snow samples every 

12 hours for a total of 48 hours during a single long-duration snowfall event. The first three snow 

samples collected during this time series had Δ199Hg values identical to those measured in Hg0 

samples, but δ202Hg values that were on average 0.52‰ lower than those measured in Hg0. We 

hypothesized this was due to the reactive surface uptake of Hg0 from the atmosphere prior to 

deposition (Kurz et al., in review). Those three samples contrast with the proceeding two 

samples, which displayed Δ199Hg and δ202Hg values indicative of long-range atmospheric 

transport of Hg.  

 The first time series at the Dexter sampling site was collected during a polar vortex. 

Snow samples from this time series displayed progressively lower Δ199Hg values after the snow 

was deposited and exposed to sunlight. A York regression of δ202Hg vs. Δ199Hg yielded a slope 

of -3.32±1.19, similar to the slope calculated for snow samples collected in northern Alaska 

during an AMDE (Sherman et al., 2010). In contrast, the snow samples collected during the two 

other time series at Dexter displayed progressively more positive Δ199Hg values. We 

hypothesized that this was due to photoreduction of Hg2+ from the snowpack. We supported this 

hypothesis by performing a York regression of Δ199Hg vs. Δ201Hg and calculated a slope of 
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1.09±0.01, which is similar to the experimentally derived slope for the aqueous photoreduction 

of Hg2+ (Bergquist and Blum, 2007). When we regressed each individual time series, we 

calculated a range of Δ199Hg vs. Δ201Hg slopes from 0.87±0.02 to 1.18±0.02. We suggested this 

range in slopes indicates differences in binding ligands and reaction conditions control the 

direction and magnitude of fractionation (Kurz et al., in review). 

5.1.4 Characterization of the Isotopic Composition of Hg Deposited via Snow to Mid-

Latitude Ecosystems 

 In Chapter 4, we estimated the isotopic composition of Hg that is likely to be 

incorporated into mid-latitude ecosystems based on two vertically integrated snowpack samples 

(one from each sample site), which average over multiple snowfall events. This endmember was 

characterized as: δ202Hg = 0.23±0.21‰, Δ199Hg = 2.54±1.37‰, Δ201Hg = 2.15±1.22‰, Δ200Hg 

=0.28±0.03‰, and Δ204Hg = -0.36±0.03‰. Douglas and Blum (2019) demonstrated the 

importance of characterizing snowmelt in Alaska, estimating the amount of AMDE snow 

incorporated into ecosystems and concluding that snowmelt reflected the reactive surface uptake 

of Hg0 as opposed to AMDE snow. We used the characterization of our snowmelt endmember to 

better explain inputs into an aquatic ecosystem previously studied in Pellston, MI (Kwon et al., 

2015). The addition of the snowmelt endmember to previously measured wet precipitation at 

Pellston helps explain the difference in Hg isotopic composition between terrestrial soil and lake 

sediments (Kurz et al., in review). This exercise highlights the importance of snowmelt isotopic 

characterization at mid-latitudes for endmember-mixing and source apportionment calculations. 
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5.2 Future Directions 

 The work presented in this dissertation has added to the quickly growing body of work 

utilizing high precision measurements of Hg stable isotopes to better understand the global 

biogeochemical cycle, particularly in low concentration samples. The results of this dissertation 

indicate a number of opportunities for future studies to continue the understanding of Hg isotope 

dynamics in the environment. 

 The study of Lost Lake sediments highlights the importance of identifying natural records 

that record direct atmospheric deposition without influence from secondary processing and 

catchment inputs. Without fully accounting for deposition of Hg from the catchment to lake 

sediments, interpretation of the historical deposition of Hg can be misinterpreted. Terrestrial 

processing of Hg leads to distinct isotopic fractionations and is not reflective of either wet or dry 

deposition directly to aquatic ecosystems. Therefore, it is necessary to consider all deposition 

pathways to lake sediments and their influence on Hg isotope fractionation when using natural 

archives to infer historical atmospheric conditions and processes.  

 The atmospheric measurements of Hg0 at both Mount Bachelor and Camp Davis have 

important implications for atmospheric cycling of Hg. Our observations of contrasting isotopic 

compositions of Hg0 in the free troposphere versus the planetary boundary layer implies 

differences in dominant reaction pathways and processes. Further investigation of processes in 

the free troposphere are important, especially as anthropogenic Hg emissions decrease in the 

future. Additionally, the identification of the influence of forest fires on the isotopic composition 

of Hg0 will become more important as the prevalence of forest fires increases in the western 

United States and globally. Finally, confirmation of the previously identified influence of 

vegetation on the isotopic composition of Hg0 has global implications for Hg cycling. Further 
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experimental work would help in elucidation of the identified odd-MIF induced by the uptake of 

Hg0 by vegetation. Additionally, as vegetation is a key component of global atmospheric cycling 

of Hg, future clear-cutting of forests will greatly impact Hg cycling and should therefore be 

characterized in the present to inform future interpretations of Hg measurements. 

 We presented the first measurements of Hg stable isotopes in snow at mid-latitudes. We 

also demonstrated the importance of endmember characterization of snow for understanding 

inputs to mid-latitude ecosystems. Further measurements of snow at mid-latitudes have become 

possible with improved Hg separation techniques and are important for understanding inputs of 

inorganic Hg, which can become available for methylation and ultimately transfer to humans 

through the consumption of fish. Furthermore, the identification of AMDE type Hg isotope 

behavior in snow mid-latitudes during a polar vortex is unprecedented.  

Future sampling should aim to characterize dominant processes controlling Hg isotopic 

fractionation in snow at mid-latitudes. This work could involve the assessment of both 

geographic and elevation controls on the evolution of odd-MIF as snow is exposed to sunlight. 

Characterization of the specific ligands involved in photoreduction could prove beneficial in the 

prediction of the magnitude and direction of Hg isotope fractionation in snow, possibly through 

conducting flux chamber experiments in the snowpack at mid-latitudes. Additionally, current Hg 

oxidation experiments are not able to fully account for the fractionation observed during AMDEs 

and we therefore suggest that further laboratory experiments, possibly involving heterogenous 

reactions and additional oxidants, may provide further insights into the observed Hg isotopic 

fractionation in both snow and the atmosphere. These experiments would provide a significant 

contribution to the Hg isotope research community. 
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Appendix 
 

Introduction 

Even-MIF has been used as a conservative tracer to understand atmospheric deposition 

pathways. It has been proposed that even-MIF is induced in the tropopause through UV initiated 

oxidation reactions (Chen et al., 2012). This hypothesis was developed through seasonal 

observations of precipitation samples collected on a rooftop in Peterborough, Ontario (Chen et 

al., 2012). The authors reported unprecedented Δ200Hg values, reaching up to 1.24‰, in samples 

collected during winter months (November-February) that consisted of a mixture of rain and 

snow. Through the analysis of airmass back trajectories, the authors proposed that the origin of 

the air masses over the Arctic allowed for increased penetration of UV radiation, therefore 

inducing the extreme values observed in the collected samples. The authors further suggested 

that the oxidation of Hg0 may be occurring on the surfaces of particles and/or snow crystals in 

the upper troposphere (Chen et al., 2012). These extreme values have not been observed in any 

other samples collected to date.  

 To better understand the origin of even-MIF, we analyzed particulate bound mercury 

(PBM) samples collected from two separate aircraft flights conducted by the National 

Aeronautics and Space Administration (NASA). We hypothesized that if even-MIF is induced in 

the tropopause on particle surfaces, it is likely that PBM samples collected within the tropopause 

would have similarly high even-MIF values to those reported by Chen et al (2012).  
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Methods 

High altitude PBM samples were collected from flights conducted by a NASA DC-8 

aircraft as part of the Atmospheric Tomography (ATom) sampling campaign. Two flights were 

used to collect PBM samples. The first flight was the ATom-3 TF02 which was conducted on 

September 26th, 2017. The flight followed a path from the Armstrong Flight Research center in 

Palmdale, California to the East to central Kansas (38°52’49.89” N, 98°23’31.94 W). The return 

flight followed a similar flight path. The second flight was the ATom-4 TF02 conducted on April 

13th, 2018 from Armstrong Flight Research center in Palmdale, California to the west over the 

Pacific Ocean (23°07’.56” N, 141°56’46.13” W) with the return following a similar flight path. 

 Samples were collected onto pre-cleaned glass fiber filters (GF/A) that were baked at 

450°C for 2 hours to remove any Hg and organic matter from the filters. Atmospheric air was 

pulled through the filters at a rate of approximately 180 L/min. Sampling was conducted when 

the aircraft reached an altitude of 8534m and continued as the aircraft reached a max altitude of 

12497m. Due to the low concentration of PBM at these altitudes, samples were collected onto 2 

individual GFA filters per sample and combined during sample processing. 

 After the sampling flight was completed, the filters were packaged in acid cleaned (5% 

HCl) petri dishes and packed into clean polyethylene bags and sent to the University of Michigan 

for processing. Filters were subjected to a microwave digest in a reverse aqua regia solution (1 

part HCl:3 parts HNO3, v/v) previously described in Gehrke et al. (2009). After microwave 

digestion, samples were diluted to a 10% acid strength. The solution was then added to a 2 L 

Pyrex bottle and diluted to a volume of 1 L for Purge and Trap processing. The purge and trap 

processing protocol has been previously described in Washburn et al. (2017). Briefly, a 10% 

SnCl2 solution was added to the 2 L Pyrex reservoir bottle over a 30-minute period. The liquid 
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was bubbled with gold-filtered Hg-free air to purge the Hg0 from solution. The Hg0 was then 

bubbled through a 5.5g liquid trap of 1% KMnO4. Hg concentration was determined for the 1% 

KMnO4 by partially reducing the sample solution with 2% (w/w) of a 30% NH2OH·HCl and 

analyzing an aliquot for total mercury (THg) by cold vapor atomic fluorescence spectroscopy 

(CV-AFS). 

Due to the low run concentrations of the PBM aircraft filter samples, we use the 2SD of 

UM-Almadèn measurements made at the same run concentration to assign analytical uncertainty 

to these samples. The analytical uncertainties are as follows: ±0.20‰ for δ202Hg, ±0.32‰ for 

Δ204Hg, ±0.20‰ for Δ201Hg, ±0.10‰ for Δ200Hg, and ±0.32‰ for Δ199Hg. 

Discussion of High Altitude PBM Samples 

To assess the differences in Δ200Hg values within the vertical gradient of the atmosphere, 

we collected PBM (Hg2+) samples aboard a DC-8 aircraft during the ATom-3 and ATom-4 

research flights conducted by NASA. We report for the first time Hg isotopic measurements of 

PBM collected in the tropopause (Appendix Table 1). The Δ199Hg values measured in the 

samples collected from the ATom-4 TF02 flight over the Pacific Ocean are more positive than 

the Δ199Hg value from the ATom-3 TF02 flight (ATom-4 TF02 Δ199Hg avg. = 0.88±0.05‰ and 

ATom-3 TF02 flight Δ199Hg = 0.12±0.32‰). The differences in Δ199Hg values between these 

two flights may indicate a difference in the exposure to UV radiation as odd-MIF is driven by 

photochemical reactions (Bergquist and Blum, 2007; Zheng and Hintelmann, 2010). However, 

similar to observations from Chen et al (2012), Δ199Hg and Δ200Hg measured in the PBM 

samples are not well correlated, likely indicating different reactions controlling these two isotope 

ratios. 
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The three Δ200Hg values measured in these samples are 0.01±0.10‰, 0.38±0.10‰, and 

0.04±0.10‰. Using a two sided t-test with equal variance at the 95% confidence level, we 

compared the measured PBM values (avg. Δ200Hg = 0.14±0.21‰, 1SD, n=3) with previously 

published PBM values (avg. Δ200Hg = 0.08±0.06‰, 1SD, n=215) (Fu et al., 2019; Huang et al., 

2019, 2018) and did not find a statistical difference (p=0.084). Additionally, when we compared 

our measured PBM values with all published precipitation data (avg Δ200Hg = 0.17±0.14‰, 1SD, 

n=129) (Chen et al., 2012; Demers et al., 2013; Donovan et al., 2013; Gratz et al., 2010; Huang 

et al., 2018; Sherman et al., 2015, 2012; Wang et al., 2015), which is dominated by Hg2+, we did 

not find a statistical difference between these two datasets (p=0.77). If the measured Δ200Hg 

values of the PBM samples collected in the troposphere displayed high magnitude even-MIF, the 

values would be outside of analytical uncertainty. Our samples did not display this large even-

MIF signal, they are comparable to previously published data, and we therefore conclude that it 

is possible that even-MIF is not being imparted onto samples through reactions in the tropopause 

or that events that mix Hg with these even-MIF signatures are stochastic and therefore would 

rarely be captured in measured samples. With these conclusions, we caution the Hg isotope 

community that the large magnitude even-MIF values measured by Chen et al. (2012) may 

represent processes occurring under a very limited and specific set of conditions and may not be 

generally applicable to the atmosphere. Thus, we suggest caution when including the Chen et al. 

(2012) measured Δ200Hg values as an endmember for the isotopic composition of Hg in the 

atmosphere when calculating the sources of Hg to various precipitation samples. 

Future Work 

 Additional work is needed to further characterize the isotopic signatures of high altitude 

atmospheric Hg. This may include direct sampling of PBM, Hg0, and gaseous oxidized mercury 
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at high altitudes. Modifications to current sample collection methodology for this type of 

sampling will be needed due to the extremely low Hg concentrations at high altitudes. 

Additionally, more experimental work, likely involving heterogeneous Hg0 photooxidation is 

needed to either support or refute the hypothesis developed by Chen et al (2012) regarding even-

MIF. To date, there is only one study that investigated the Hg isotopic fractionation during 

photooxidation of Hg0 by Cl and Br (Sun et al., 2016). While these experiments induced small 

magnitude even-MIF, they cannot account for the large magnitude Δ200Hg values observed by 

Chen et al (2012). These experiments should therefore be expanded upon and would represent a 

significant contribution to the Hg isotope research community.
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Appendix Table 1. Hg isotope ratios from particulate bound mercury samples collected aboard two aircraft flights. 

 

Sample Flight 
Collection 

Date Concentration δ204Hg δ202Hg δ201Hg δ200Hg δ199Hg Δ204Hg Δ201Hg Δ200Hg Δ199Hg 

   ng/m
3 ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

First Aircraft Filter 

ATom-3  

TF02 9/26/17 0.16 -0.56 -0.41 -0.07 -0.19 0.01 0.05 0.24 0.01 0.12 

A4TFZ_Inboard 

ATom-4  

TF02 4/13/18 0 .14 1.43 1.05 2.09 0.91 1.17 -0.14 1.30 0.38 0.91 

A4TFZ_Outboard 

ATom-4  

TF02 4/13/18 0.11  0.48 0.56 1.53 0.32 0.99 -0.36 1.10 0.04 0.84 
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