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ABSTRACT 

Mercury is a highly toxic element that is found both naturally and as an introduced 

contaminant in the environment. The majority of mercury released to the environment is into the 

atmosphere, where because of its high volatility and long residence time is dispersed globally.  In 

order to better understand the factors controlling the distribution and temporal patterns of 

atmospheric mercury species, as well as the sources of airborne mercury in the mid-south region, 

concentrations of gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM), and 

particulate-bound mercury (PBM), along with meteorological parameters and other ancillary 

data, were collected for more than a year in Oxford Mississippi.  Mean levels of GEM were 1.54 

± 0.32 ng∙m-3 and were lower and more stable in the winter and spring compared with summer 

and fall. Mean levels for GOM and PBM were 3.87 ng∙m-3 and 4.58 ng∙m-3, respectively; levels 

tended to be highest in the afternoon and lowest in the early morning hours. Precipitation events 

greatly reduce GOM and PBM levels but have little effect on GEM.  GOM exhibited diurnal 

patterns characteristic of photochemical oxidation.  Atmospheric modeling revealed that higher 

levels of plume events for airborne Hg often occur with air masses from the northern USA.   

Gaseous mercury exchange between terrestrial surfaces and the atmosphere was also 

investigated.  Mercury fluxes over four landscapes representative of north Mississippi were 

studied.  Mercury emissions were higher during the summer than the winter.  The influence of 

environmental variables, including temperature, solar radiation, humidity, wind speed, soil 



iii 

 

moisture, and pressure, on mercury fluxes and ambient levels of atmospheric mercury were 

evaluated.   

Analytical methods were also developed to measure wet and dry deposition of mercury, 

and estimates were made for deposition to Enid Lake and the Yocona River watershed.  The data 

was incorporated into a mercury mass-balance model for Enid Lake, which currently has a 

mercury-based fish consumption advisory. Finally GEM concentrations were determined within 

an academic chemistry building and levels were compared to occupational safety permissible and 

recommended exposure limits. 
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Mercury is a persistent and widespread toxic environmental pollutant that is dispersed 

globally through atmospheric pathways.  Airborne mercury comes from both natural and 

anthropogenic sources, and emissions appear to be leading to a general increase in mercury on 

local, regional and global scales. The atmosphere serves as an important route for mercury 

transfer into- and out of- aquatic ecosystems.  Mercury deposits to terrestrial and aquatic systems 

through wet and dry mechanisms where it can undergo biotic and abiotic transformation to 

mono-methyl-mercury, which in-turn readily bioaccumulates and concentrates in food webs. 

Humans are exposed to methylmercury primarily through consumption of seafood. 

Methylmercury is a neuro- and cardiovascular- toxin, and exposure in-utero has been linked to 

subtle developmental deficits such as decreased performance in tests of language skills and 

memory function, and attention deficits.   

Unfortunately, mercury is increasing in the atmosphere despite emission controls, 

primarily implemented in the western world.  Recognizing that the problem requires a global 

effort, 92 nations, including the U.S., signed the Minamata Convention on Mercury in 2013, 

which is a legally-binding treaty aimed at reducing mercury pollution.  Key to implementation of 

the treaty is monitoring, modeling, and scientific interpretation of airborne mercury. Together, 

this has motivated intensive research on mercury as a pollutant.  Yet, there remains much that is 

not fully understood about the sources, distribution, cycling, and transformation of airborne 

mercury species.   

The dissertation focuses on atmospheric mercury in northern Mississippi.  It is believed 

to be the first study of atmospheric mercury species in the mid-south United States.  Several 

projects were undertaken.  The motivation, objectives, and results are best described in separate 

chapters, three of which were published in Chemosphere, Air Quality, Atmosphere and Health 
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and Bulletin of Environmental Contamination and Toxicology, and another is being prepared for 

submission. Each project used mercury instrumentation based on cold vapor atomic 

fluorescence, and each required different degrees of method development. 

The first chapter provides background information on atmospheric mercury.  Mercury has 

one of the most complex biogeochemical cycles of the elements and the atmosphere plays a 

critical role.  This chapter also introduces the theory and fundamentals of the instruments and 

techniques used throughout this work.  The remaining five chapters have their own abstract, 

introduction, objectives, materials and methods, results and discussion, and conclusion sections. 

In chapter two, atmospheric mercury species, including gaseous elemental mercury 

(GEM), gaseous oxidized mercury (GOM), and particle-bound mercury (PBM) were measured 

on the University of Mississippi campus for more than a year.  Temporal patterns were studied 

including the effect of meteorological conditions and relatively large swings in population. 

Atmospheric modeling was conducted to investigate potential sources of the mercury.      

Chapter three is a study which examined the characteristics of Hg gas exchange over 

several different soils in the mid-south region, including a forest floor, and soils from agricultural 

and wetland areas.  Unlike mercury point sources, which have been studied extensively, 

emissions from natural non-point are relatively uncertain.  Data is critically needed for global 

models.  

Chapter four involves measurement of mercury deposition to the region.  The primary 

purpose was to estimate wet and dry deposition to Enid Lake, which has relatively high levels of 

mercury and a fish consumption advisory.  The data feeds into an ongoing mercury mass-balance 

study of the reservoir and tests a hypothesis that levels are higher in precipitation from 

convective thunderstorms.  Total-Hg was determined in rain water during eight separate months.  
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For dry deposition, direct measurement was carried out using a modified version of the surrogate 

surface method, and modeling of atmospheric mercury species measurements. 

Lastly, chapter five brings our study indoors. For decades elemental mercury has been 

widely used in academic chemistry laboratories for a variety of purposes, most notably 

barometers, thermometers, electrical switches, and atomic line lamps.  Here GEM concentrations 

were determined within an academic chemistry building by cold vapor atomic fluorescence 

spectrometry under different use scenarios.  
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MOTIVATION AND RESEARCH QUESTIONS 

Motivation 

 Mercury (Hg) is a widespread and persistent pollutant that poses a serious risk to humans 

and wildlife. The element has a complex biogeochemical cycle in which the atmosphere plays a 

critical role.  It is deposited to terrestrial and aquatic ecosystems through wet and dry deposition 

mechanisms where inorganic mercury (Hg+2) can be transformed to methylmercury by 

microorganisms. Methylmercury is a known human neurotoxin that can bioacculmulate in fish 

tissue and biomagnify up aquatic food chains. Consumption of contaminated fish is the primary 

route of human exposure to methylmercury. 

 The research described in this dissertation is focused on determining the distribution and 

cycling of atmospheric mercury species in the mid-south United States.  So why conduct this 

work?  To answer specific research questions, several of which are highlighted below along with 

the rationale for asking them in the first place; further details and background these research 

problems are given in the individual project chapters that follow.   Whereas it is not the only reason 

for this work, it is emphasized that there has been little to no study of mercury in the region despite 

the presence of a number of large anthropogenic sources (e.g. coal-fired power plants) and 

conditions that favor methylation of mercury (e.g. numerous wetlands with anoxic sediments).  

Research Questions 

What is the atmospheric contribution of mercury to Enid Lake?  Finding the answer 

to this question is what drove our initial research and is why we measured atmospheric mercury 

species in north Mississippi.  To improve our understanding of mercury distribution and cycling 

in mercury-impaired water bodies, Dr. Cizdziel’s research group has been developing a mass-

balance for mercury in Enid Lake (Figure 1).  The present work feeds into that mass-balance 
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model by estimating wet and dry deposition rates to both the lake and the Yocona River 

watershed.  Enid Lake is a large (~surface area of 6,100 acres) reservoir in northern Mississippi 

which is routinely used by recreational and sustenance fishers despite their being a fish 

consumption advisory due to high levels of mercury in fish tissue.  The lake is typical of many 

reservoirs in the region in that the source of the high levels of mercury is unknown.  Identifying 

the fate and transport of Hg in water bodies is critical to improving water quality and ecosystem 

health (Fulkerson and Nnadi. 2006).   

 

Figure 1. Estimated Hg mass balance (kg/yr) for Enid Lake.  Atmospheric deposition was 

addressed in the current study 

A summary of prior work and relevant background on mercury deposition to lakes.  

The atmosphere is often the most significant source of Hg to lakes and other water bodies 

(Sprovieri et al. 2010).  As noted mercury enters aquatic and terrestrial ecosystems through wet 

and dry deposition.  Based on model predictions and depending on location, the dry deposition 

can be from 0.25 to 3 times the rate of wet deposition (Lin et al. 2006). Previous work has 
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concluded that if the concentrations of GOM and PBM are higher than 100 pg/m3, they 

contribute the most to the deposition of mercury. If the air contains less than that, wet deposition 

will dominate. In forested areas, dry deposition is more important than wet deposition (Cohen et 

al. 2004). 

Estimating wet and dry deposition to Enid Lake is the subject of Chapter 5.  Briefly, 

wet deposition is relatively straightforward and requires collecting and analyzing multiple 

precipitation events.  Compared with wet deposition, currently there is no standard method for 

determining dry deposition of mercury. While all operationally defined forms of atmospheric 

mercury (elemental, oxidized, and particulate) can be dry deposited, oxidized forms are of 

particular concern due to high deposition velocities, water solubility, and reactivity (Lyman et al. 

2009).  Direct measurements of dry deposition of mercury have only been developed in the past 

few years, and include the use of a surrogate surface for characterizing potential dry deposition 

of GOM.  Another approach to measuring dry deposition is to quantify airborne mercury species 

and apply deposition velocities from the literature (Zhang et al. 2012).  In the present work we 

used both approaches to get our deposition values.   

Are mercury levels higher in convective thunderstorms compared to other 

precipitation events?  Nair et al. (2013) suggests that thunderstorms increase mercury 

deposition because they reach higher levels in the atmosphere and can scavenge gaseous 

oxidized mercury that accumulates in the upper troposphere.  Others have shown that the wet 

deposition of mercury is high in the southeast US (Figure 2).  Although the data shown is for a 

single year (2009), the pattern is relatively consistent year after year.  Our work estimating wet 

deposition to Enid Lake offers an opportunity to test that hypothesis.  In the present work we 
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collected and analyzed rain for mercury over the course of nearly a year, including thunderstorm 

and non-thunderstorm events.  Results are presented in Chapter 4.   

 

Figure 2. Mercury wet deposition map for USA, 2009 (NADP), the high levels of deposition in 

the southeast US is discussed in detail in Chapter 4 

What is novel about our dry deposition measurements?  We devised a new scheme to 

measure dry deposition of atmospheric mercury using a surrogate surface (cation exchange 

membrane) for capturing airborne GOM and a thermal decomposition atomic absorption 

spectrometer for measuring the adsorbed mercury. Details and background are given in Chapter 4.   

  So why measure atmospheric mercury species mercury in north Mississippi?  In 

order to determine dry deposition rates for the Enid Lake model.  However, there are more 

reasons.  Currently it is difficult to evaluate atmospheric mercury trends due to the lack of 

continuous and complete mercury speciation data sets. Regional differences, temporal trends, 

and potential sources can only be determined by monitoring.  Thus, in addition to estimating 

atmospheric mercury deposition to the region, our published data can be used by others in 
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atmospheric mercury models.  Moreover, since we are measuring atmospheric mercury species, 

and since there is no information on atmospheric mercury in the region, it was of great interest 

to examine temporal trends and conduct atmospheric modelling to study possible sources and 

the atmospheric chemistry of airborne mercury species for the mid-south region.  To that end, 

GEM, GOM, and PBM were monitored for about a year.  A few of the specific research 

questions that were addressed in this part of the work follow.   

What is the influence of sudden population swings on the levels of airborne mercury 

species?  This is the first time that this question has been addressed with empirical data and it 

has resulted in a publication.  In addition, we evaluated the impact of meteorological variables 

airborne mercury, weekly and seasonal trends, and studied the potential sources of mercury in 

the region using atmospheric modelling.  Details are provided in Chapter 2.  

Why study Hg soil-air exchange in Mississippi soils? 

 We used a dynamic flux chamber to examine mercury fluxes from soils and evaluate the 

factors that impact evasion and deposition of mercury.  Why?  To fully understand the global 

biogeochemical cycling of Hg it is necessary to investigate Hg exchange between terrestrial 

surfaces and the atmosphere.  First a little background.  Prior research shows that the magnitude 

of Hg emissions from natural sources and anthropogenic sources are similar (Pirrone et al. 2010).  

Among natural sources, soils have been implicated as major contributor of mercury to the 

atmosphere (Kim et al. 1995).   Mercury can be deposited to- and emitted from- terrestrial 

surfaces (Zhang et al. 2012; Gustin. 2003). Evasion of Hg from soils appears to be driven by 

multiple factors, such as solar radiation, soil temperature, soil moisture content, and wind speed 

(Poissant et al. 1998; Ericksen et al. 2006). Emissions from soils typically exhibit daily 

variability and can be quite high in areas of enriched substrates (Gustin et al. 2003).  
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Soils have large surface areas and agricultural fields which routinely turn-over soils may 

be introducing a relatively greater quantity of mercury to the global atmospheric budget.  

However, there are few measurements from soils in the mid-south US where agriculture is 

intensive.  In the present work, we investigated, for the first-time, mercury emissions from soils 

from the mid-south region.   

What soils were chosen for analysis and why?  Soils from major ecoregions were 

selected including the Mississippi Alluvial Plain (representative agricultural soils from the 

Mississippi Delta), Southeastern Coastal Plain (both forested and agricultural areas).  In addition, 

wetland sediment was selected because it is considered a hot-spot for mercury methylation.  

Further details and results are presented in Chapter 3.   
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CHAPTER ONE 

1. FUNDAMENTALS OF ATMOSPHERIC MERCURY 
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1.1 MERCURY SPECIES IN THE ATMOSPHERE 

1.1.1 The importance of determining speciation of atmospheric mercury 

            Mercury has three oxidation states: 0, +1 and +2. The “elemental” form (oxidation state 

0) and the oxidized form (oxidation state +2) are the predominant forms in the atmosphere.  

Airborne mercury species are generally classified into three primary forms (species): gaseous 

elemental mercury (GEM), gaseous oxidized mercury (GOM), and particulate-bound mercury 

(PBM). GEM is the predominant form of atmospheric mercury and only slowly converts to 

GOM through photochemical reactions. It is also relatively inert and thus has a long residence 

time (estimated at 6-12 months) in the atmosphere, allowing it to circulate globally.  The other 

two forms (GOM and PBM) have significantly higher surface reactivity with atmospheric 

particles/aerosols and have greater water solubility.  Thus they have much shorter residence 

times (hours to months) in the atmosphere, being removed through wet and dry deposition 

mechanisms. The current global “background” (far-removed from point sources) level of 

atmospheric mercury is considered to be around 1.6 ng∙m-3 in the Northern Hemisphere and 1.2 

ng∙m-3 in the Southern Hemisphere (Lindberg et al. 2007). Selected physical and chemical 

properties of some environmentally relevant mercury species are summarized in Table 1 

(Schroeder et al. 1998). 
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Table 1. Physical/chemical properties of mercury and some of its compounds 

Property Hg0 HgCl2 HgO HgS CH3HgCl (CH3)2Hg 

Melting Point (℃) -39 277 
decomp. @ 

+500℃ 

584 

(sublim.) 
167 (sublim.) ------ 

Boiling Point (℃) 357 @1 atm 303 @ 1 atm ------ ------ ------ 96 @ 1 atm 

Vapor Pressure (Pa) 
0.180 @ 

20℃ 

8.99*10-3 @ 

20℃ 

9.20*10-12 @ 

25℃ 
------ 1.76 @ 25℃ 

8.30*103 @ 

25℃ 

Water Solubility (g/l) 
49.4*10-6 @ 

20℃ 
66 @ 20℃ 5.3*10-2 @ 25℃ ~ 2*10-24  ~ 5-6 @ 25℃ 2.95 @ 24℃ 

Henry's law coefficient in water 

(Pa∙m-3∙mol-1) 
729 @ 20℃ 

3.69*10-5 @ 

20℃ 

3.76*10-11 @ 

25℃ 
------ 

1.6*10-5 @ 15℃ and 

pH=5.2 
646 @ 25℃ 
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Before the 1980s, researchers didn’t pay much attention to either physical or chemical 

speciation of the mercury emissions. Later it became known that, because of their significant 

different atmospheric behavior, GEM, GOM and PBM must be considered in emission 

inventories.  An example highlighting the importance of atmospheric Hg speciation is occurred 

in the early 1990’s in the Florida Everglades.  The Everglades were severely contaminated by 

mercury, with top predators dying of mercury poisoning. However, years of sampling “total 

mercury” did not reveal causes of problem.  Measurements of GOM (using a prototype of the 

1130 instrument which was used in our study) confirmed that virtually all mercury deposition in 

the Florida Everglades was due to GOM from nearby sources (primarily waste incinerators) 

(Dvonch et al. 1998).  Subsequently, GOM emission controls were placed on Florida sources.  

Follow-up studies have produced convincing evidence that controls on emissions from waste 

incinerators, combined with a reduction in the use of mercury in household items, have resulted 

in a sharp decline of mercury levels in the Everglades (Atkeson et al. 2005). 

In another example, Peterson et al (1995) demonstrated the importance of mercury 

speciation on mercury transport and deposition in a modeling study. In the study, two areas were 

selected and modeled for the atmospheric deposition of mercury. The model was run using two 

different emission scenarios: 1) with all emissions as GEM, and 2) with a given fraction of the 

emissions in the form of GOM. The total emissions of mercury were the same in both cases. The 

local and regional deposition was increased by more than a factor of 2 in the scenario with GOM 

emissions corresponding to 10-60% of the total mercury emitted, indicating the importance of 

mercury speciation on local and regional deposition.  

More recently, atmospheric mercury species have been shown to play a vital role in 

identifying the sources of mercury emissions elsewhere. Multivariate statistical receptor models, 
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such as principal component analysis (PCA), have been successfully used to apportion the 

sources of Hg deposited in South Florida (Dvonch et al. 1999) and the sources of other chemical 

compounds elsewhere (Anderson et al. 2002). Air mass transport to sampling sites is considered 

by using the hybrid single-particle lagrangian integrated trajectory (HYSPLIT) (Draxler et al. 

1997); back-trajectories are calculated using input data from the National Weather Service. 

Swartzendruber et al (2006) observed GOM in the free troposphere at the Mt. Bachelor 

Observatory using Tekran system and found that high concentrations of GOM are present in the 

free troposphere because of in situ oxidation of GEM to GOM (Figure. 3) 

 

Figure 3. Time series of GEM, GOM (RGM), and PBM (PHg) from 30 April to 30 August 2005 

at the Mt. Bachelor Observatory 
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1.2 MERCURY SOURCES AND EMISSIONS 

 To determine the spatial and long-term temporal variability of atmospheric mercury 

concentrations and deposition fluxes, it is important to understand the global or regional Hg 

emission sources and the chemical and physical processes in the atmosphere. Recent study 

suggest that mercury emissions from anthropogenic sources and natural sources have been 

estimated at 5207 ton/year and 2320 ton/year, respectively (Pirrone et al. 2010). 

1.2.1 Mercury emissions from natural sources 

 The mercury emissions from natural sources include (wildfires, volcanoes, and 

geothermal sources) and re-emission processes of historically deposited mercury over land, 

vegetation, and water surfaces. Mason et al (2009) estimated mercury emissions from volcanoes 

and geothermal activities at about 90 Mg/year, which accounts for about 2% of the total 

contribution from natural sources.  The emissions from volcanoes varies whether they are in a 

degassing or eruption phase, and Hg/SO2 mass ratios have been used to estimate emissions 

worldwide (Nriagu and Becker. 2003; Pyle and Mather. 2003).  

Evasion from water bodies, land, and vegetation accounts for a large portion of natural 

sources (Pirrone et al. 2010).  Mercury evasion from the surface of natural water bodies was 

estimated at 2778 Mg/year, which would account for about 37% of net gaseous mercury evasion 

to the atmosphere (Mason et al. 2009). Generally the evasion of mercury from fresh water bodies 

is higher than that observed over the oceans (Mason et al. 2009).  Mercury fluxes from soils and 

vegetation are vary depending on top soil concentrations, meteorological conditions, type of 

vegetation, and historical atmospheric deposition to the region (Pirrone et al. 2010). By summing 

up all the net emissions from the soils and vegetation, the total net global mercury evasion is 
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estimated at 1464 Mg/year (Mason et al. 2009). Global mercury emissions by natural sources is 

summarized in Table 2. 

Table 2. Global mercury emissions by natural sources in 2008 (Pirrone et al. 2010) 

 

Hg0 vapor is the primary species released from natural sources, although other volatile 

inorganic Hg compounds, such as dimethyl mercury (DMM), may also be emitted (Nelson et al. 

2009).  If DMM is released into the atmosphere, it is expected to be rather short-lived due to 

rapid oxidation by ubiquitous hydroxyl radials. Mercury bound to particulate matter may also 

originate from some types of natural sources or processes.  

1.2.2 Mercury emissions from anthropogenic sources 

Before the 1970’s, chlor-alkali plants were considered to be the single largest source 

category of anthropogenic Hg emissions to the environment in many industrialized countries. 

Since then, changes in the mix of fossil fuels used to generate power and heat for industrial, 

commercial and residential use has substantially changed the ranking among the remaining 

source categories. Currently the major source categories include coal combustion, waste 
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incineration, medical and industrial wastes as well as metal smelting, refining and manufacturing 

facilities (Pirrone et al. 2010).  

In the U.S., coal-fired power plants (CFPPs) are the largest unregulated source of 

mercury emissions and are responsible for approximately 45 percent of the country’s industrial 

emissions (Figure 4). This is in part because other large domestic sources of mercury emissions 

are already subject to federal and more stringent state regulations. Coal is mined in about 27 

states in the USA.  However, more than 90% of US coal reserve is contained within 10 states: 

Montana, Illinois, Wyoming, West Virginia, Kentucky, Pennsylvania, Ohio, Colorado, Texas, 

and Indiana.  Maps showing the distribution of coal-fired power plants and associated Hg 

emissions is given in Figures 5 and 6, respectively.   

 

Figure 4. U.S. Electric Power Industry Net Generation, 2009 (U.S. Energy Information 

Administration. 2009) 
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Figure 5. The distribution of CFPPs in USA. (United State Environmental Protection Agency 

(USEPA). 2007) 

 

 

Figure 6. Map of mercury emissions from power plants in USA. (U.S. Energy Information 

Administration. 2009) 
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World coal consumption in 2006 was 6118 Tg, representing the primary fuel used in electrical 

power generation facilities (42%) and accounting for about 27% of world’s energy consumption 

(Energy Information Administration. 2009). Pirrone summarized mercury concentrations (µg∙g-1) 

in coals from different regions all over the world in Table 3 (Pirrone et al. 2010), and estimated 

mercury emission from fossil fuels (primarily coal) is about 810 Mg/year. Mercury emissions 

from other anthropogenic sources are also summarized in Table 4 (Pirrone et al. 2010). 
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Table 3. Mercury levels (µg∙g-1) in coal from different countries/regions (Pirrone et al. 2010) 

 

Table 4. Hg emissions from major anthropogenic sources (Mg/year) (Pirrone et al. 2010) 

SC=Stationary Combustion; NFMP=Non-Ferrous Metal Production; PISP=Pig Iron and Steel 

Production; CP=Cement Production; CSP=Caustic Soda Production; MP=Mercury Production; 

WD=Waste Disposal; CB=Coal-Bed Fires; VCM=Vinyl Chloride Monomer Production; 

O=other; T=Total 
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1.3 MEASURING AIRBORNE MERCURY SPECIES 

An automated system from Tekran Corporation (Toronto, Canada) is commonly used for 

measuring mercury species in the air, and was employed in the present study (Figure 7).  The 

gaseous elemental mercury analyzer (model 2537B) is combined with module for collecting 

GOM (model 1130) and a module for collecting PBM (module 1135).  Together they provide 

“continuous” measurements of the three mercury species, with data on 5 minute intervals for 

GEM, and 2-3 hour intervals (for GOM and PBM).  The model 2537B determines mercury only 

in the GEM form; thus GOM and PBM samples are converted to GEM immediately prior to 

analysis by thermal desorption/reduction to Hg0. The 2537B contains two parallel gold traps to 

alternately adsorb and desorb GEM immediately before detection by Cold Vapor Atomic 

Fluorescence Spectrometry (CVAFS). The thermal-desorption step cleans the gold trap part for 

re-use. The 1130 module uses a KCl-coated quartz annular denuder to capture GOM samples and 

the 1135 module uses a quartz regenerable particulate filter (RPF) to capture PBM.   

This system runs automatically and produces 5-minute integrated GEM values, while 

concurrently collecting GOM and PBM species.  The analytical steps associated with the 

ambient air Hg speciation instrument are given in Table 5.  Briefly, upon completion of the 2 

hour collection period for GOM and PBM (Table 5, step 1), the sample train stops collecting 

ambient air (valve closes) and the system is flushed with “zero” air (Hg-free air).  Next the RPF 

containing PBM collected over the prior 3 hours is heated to 800oC which releases this Hg 

fraction as GEM.  The mercury is carried by high-purity argon to the 2537B analyzer for 

measurement.  Subsequently, the denuder is heated to 500 ºC which also releases the Hg fraction 

as GEM and is carried to the 2537B as before. Thus, the speciation system reports twelve GOM 
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and twelve PBM values from each 24-hour period. The system is designed to be coupled to a 

computer and a data logger for data archive, telemetry and remote retrieval of instrument status.  

 

Figure 7. Schematic of the automated system for measuring atmospheric Hg species 
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Table 5.  Atmospheric mercury speciation instrument analytical steps 

Steps Function Duration(S) 
Event 

Flags 

Sample Duration (1) Measure GEM every five minutes 3600 0 

Zero Air Flush (2) 
The sampling system is flooded with 

zero air which acts as a carrier 
890 1 

Pyrolyzer Preheat (3) 
The pyrolyzer is heated PBM 

converted to GEM 
290 2 

Particulate Filter Desorption (4) 

Desorbs PBM, The Model 2537 

quantities the mercury released 

during this step 

890 2 

Annular Denuder Desorption (5) 

The denuder is heated, releasing 

GOM that was trapped during the 

previous sampling period 

890 3 

Zero Air/Cool Down (6) 

The sensing elements are cooled and 

post-analysis zero levels are 

determined 

590 1 

 

GEM 

The Model 2537B performs continuous measurement of total gaseous mercury (GEM) in 

ambient air with an update rate as low as 2.5 minutes and a detection limit of <0.1 ng/m3. Figure 

8 shows the instrument samples air and traps mercury vapor into a cartridge containing an ultra-

pure gold adsorbent. The amalgamated mercury is thermally desorbed and detected using 

CVAFS. A dual cartridge design allows alternate sampling and desorption, resulting in 

continuous measurement of the air stream.  
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Figure 8. Flow diagram of Tekran 2537 mercury analyzer 

GOM 

              The Tekran 1130 contains a KCl-coated annular denuder which serves to capture 

reactive mercury (GOM species) while allowing elemental mercury to pass through. It is 

synchronized with the operations of the GEM (Model 2537B) analyzer and the PBM 1135 

module. Programmable timing parameters allow automatic GOM readings to be taken at 

specified intervals, once every two hours in our study. 

PBM 

             The Tekran model 1135 is used to trap the fine fraction particulate bound mercury with a 

unique quartz regenerable filter.  One of the greatest problems with conventional particulate 

mercury measurement methods is that GOM will be trapped on the filter medium along with the 

PBM. This can result in large measurement artifacts. Here this is not a problem because GOM is 

removed by the denuder prior to PBM collection. 
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1.4 MODELING AIRBORNE MERCURY 

 The complex species-dependent behavior of atmospheric mercury makes studying it a 

challenge.  Measuring atmospheric mercury species reliably is costly.  It requires expensive 

equipment and bi-weekly maintenance.  Moreover, deploying equipment in remote areas is 

logistically challenging. In such a case, numerical modelling becomes a powerful tool for 

investigation. Many numerical models of different types have been developed in the past decade 

to evaluate the atmospheric transport and deposition of mercury on local, regional and global 

scales. Models vary depending on their complexities and their purpose.    

 An inter-comparison study for evaluation of numerical models of Hg long-range 

atmospheric transport and deposition was conducted by European Monitoring and Evaluation 

Programme (EMEP). Three stages were included in the project: (1) Comparison of chemical 

schemes for a cloud environment (Ryaboshaplo et al. 2002); (2) Air concentrations in short term 

episodes (Ryaboshaplo et al. 2007); (3) Long-term deposition and source-receptor budgets 

(Ryaboshaplo et al. 2007). Models used in the intercomparison study are summarized in Table 6. 

Describing each of these models is beyond the scope of this study.  Here is presented a 

brief introduction of the two models used in this study: Hybrid Single Particle Lagrangian 

Integrated Trajectory (HYSPLIT) model and the Community Multi-Scale Air Quality (CMAQ) 

model.  A more detailed description for both is given in chapter 2.   

Briefly, for the HYSPLIT model, hypothetical puffs of pollutant are considered to be 

emitted from each given source location. Advection and diffusion calculations are made in a 

Lagrangian framework while mercury concentrations are calculated on a fixed grid. The model 

has evolved over several stages during the last decade (Draxler and Hess. 1998). The initial 

version of the model (Draxler and Taylor. 1982) used only in rawinsonde (equipment used on 
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weather balloons to measure various atmospheric parameters) observations and the dispersion 

was assumed to consist of uniform mixing during the daytime and no mixing at night. Dispersion 

due to wind shear was introduced by splitting up the daytime mixed layer into smaller layers 

each night. In the next revision (Draxler and Stunder. 1988), variable strength mixing was 

introduced based upon a temporally and spatially varying diffusivity profile. In the third version 

of the model (Draxler and Hess. 1997), the use of rawinsonde data was replaced by gridded 

meteorological data from either analyses or short-term forecasts from routine numerical weather 

prediction models. Particularly, the current version of the model updated the advection 

algorithms to include temporal interpolation and although the dispersion of a pollutant can still 

be calculated by assuming the release of a single puff, the puff can now be defined with either a 

Gaussian or top-hat horizontal distribution (Draxler and Hess. 1998). 

 The CMAQ model was developed by the USEPA and used in mercury policy 

development (Bullock and Braverman. 2007). It is a comprehensive, three-dimensional, multi-

scale, Eulerian-based atmospheric chemistry, transport, and deposition model for multiple air 

pollutants.  
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Table 6. EMEP intercomparison study of numerical models for long-range atmospheric transport of mercury. Colors showing different 

models were used in each stage. M. Cohen (National Oceanic and Atmospheric Administration (NOAA)) 

Models 

Acronym 
Model name Institution 

Stage I Stage II Stage III 

Chemistry       GEM GOM PBM       Wet Dep Dry Dep Budgets 

CAM 
Chemistry of 

Atmospheric Mercury 

Environmental 

Institute, Sweden 
        

MCM 
Mercury Chemistry 

Model 

Atmos. & 

Environmental 

Research, USA  

        

CMAQ 
Community Multi-

Scale Air Quality 
US EPA               

ADOM 
Acid Deposition and 

Oxidants Model 

GKSS Research 

Center, Germany 
              

MSCE-HM MSC-E Heavy Metal  EMEP MSC-E               

GRAHM 

Global/Regional 

Atmospheric Heavy 

Metal 

Environment Canada           

EMAP 
Eulerian Model for Air 

Pollution 

Bulgarian Meteo-

service 
             

DEHM 
Danish Eulerian 

Hemispheric Model 

National 

Environmental 

Institute 

             

HYSPLIT 

Hybrid Single Particle 

Lagrangian Integrated 

Trajectory 

US NOAA              

MSCE-HM-

Hem 

MSC-E heavy metal 

hemispheric Model 
EMEP MSC-E               
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CHAPTER TWO 

2. TEMPORAL PATTERNS AND MODELING OF ATMOSPHERIC 
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2.1 ABSTRACT 

Gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM) and particulate 

bound mercury (PBM) were measured on the University of Mississippi campus from July 2011 

through June 2012. It is believed to be the first time that levels of atmospheric mercury species 

have been documented in northern Mississippi, and at a location with relatively large and sudden 

swings in population.  The mean level (± 1SD) of GEM was 1.54 ± 0.32 ng∙m-3; levels were 

lower and generally more stable during the winter (1.48 ± 0.22) and spring (1.46 ± 0.27) 

compared with the summer (1.56 ± 0.32) and fall (1.63 ± 0.42).  Mean levels for GOM and PBM 

were 3.87 pg∙m-3 and 4.58 pg∙m-3, respectively; levels tended to be highest in the afternoon and 

lowest in the early morning hours.  During the fall and spring academic semesters concentrations 

and variability of GOM and PBM both increased, possibly from vehicle exhaust.  There were 

moderate negative correlations with wind speed (all species) and humidity (GOM and PBM).  

Backward air mass trajectory modeling revealed that the majority of these events occurred from 

air masses that passed through the northern continental US region. CMAQ model overestimated 

GEM concentration in summer and slightly underestimated it in winter. The model exhibited 

good skill in capturing seasonal variability of GOM, while it produced a significant overestimate 

for PBM in both summer and winter. Sensitivity tests revealed that anthropogenic emissions had 

great influences on local/regional ambient levels of GEM, GOM, and PBM, with anthropogenic 

emissions, contributing 10–20 % of GEM, 20–40 % of GOM, and 40–60 % of PBM. The evident 

influence of anthropogenic sources on Hg concentration suggests that discrepancies between 

modeled and observed are partly attributable to the uncertainties in anthropogenic emission 

inventory used in the air quality modeling system. Overall, this study illustrates the complexity 

of temporal fluctuations of airborne mercury species, even in a small town environment.  
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2.2 INTRODUCTION 

Mercury is a toxic environmental pollutant capable of long-range (global) transport 

through the atmosphere (Lin et al. 2006).  Airborne mercury comes from both natural sources 

(e.g., evasion from soils, vegetation, volcanoes, forest fires, and mineral deposits) and 

anthropogenic sources (e.g., coal combustion, waste incineration, and certain industrial 

processes), and these sources have been estimated at 5207 Mg/year and 2320 Mg/year, 

respectively (Pirrone et al. 2010). Anthropogenic emissions appear to be leading to a general 

increase in mercury on local, regional and global scales (Pirrone et al. 2010). Mercury deposits to 

terrestrial and aquatic systems through wet and dry mechanisms where it can undergo biotic and 

abiotic transformation to methylmercury, which in-turn readily bioaccumulates and concentrates 

in food webs (Watras et al. 1998). This has motivated intensive research on mercury as a 

pollutant. 

Airborne mercury is commonly classified as existing in three primary forms (species), 

gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM) and particulate bound 

mercury (PBM), each with distinctive chemical and physical properties and environmental 

behavior.  GEM is the predominant form of atmospheric mercury (often >95% of the total).  

Because it is relatively inert, sparingly soluble in water, and has low dry deposition velocity (i.e., 

0.02–0.2 cm∙s-1) (Seigneur et al. 2004), it has a long residence time (months to years), allowing it 

to circulate globally (Schroeder et al. 1998; Weiss-Penzias et al. 2003).  The northern 

hemispheric background level of GEM is approximately 1.6 ng∙m-3 (Lindberg et al. 2007).  GEM 

is slowly converted to soluble GOM through various photochemical reactions, including 

reactions which may involve ozone (O3), hydroxyl radical (OH), nitrate (NO3), hydrogen 

peroxide (H2O2), and/or atomic bromine (Br) (Holmes et al. 2010).  GOM and PBM have much 
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shorter residence times (hours to weeks) in the atmosphere, and are readily removed through wet 

and dry deposition mechanisms (Lyman et al. 2007).  PBM is any form of mercury contained in- 

or associated with- aerosol particles, whose transport depends greatly on particle size and 

meteorological conditions (Keeler et al. 1995).  Natural emissions are primarily in the gaseous 

elemental form, whereas anthropogenic emissions often include all three species (GEM, GOM 

and PBM) (Schroeder et al. 1998).  Several studies have demonstrated the importance of 

determining mercury speciation, particularly for GOM which is often responsible for 

contamination near point sources (Peterson et al. 1995; Dvonch et al. 1998; Landis et al. 2002). 

Most studies of atmospheric mercury species in the United States have been conducted in the 

northeast (Sillman et al. 2007), in the south in Florida or along the Gulf of Mexico (Rolison et al. 

2013), and in the far west in Nevada or California (Stamenkovic et al. 2007).  Our work has been 

motivated in part by the lack of data for mercury in the mid-south environment, despite the 

region having several large-scale Coal-fired power plants (CFPPs), conditions that favor 

methylation of Hg+2 (e.g. wetlands and backwaters with high levels of natural organic matter, 

sulfate-reducing bacteria, and long-hot summers), and lakes with fish consumption advisories 

due to high-levels of mercury (Ullrich et al. 2001).   

The aim of this study was to fill a data-gap for atmospheric mercury in the mid-south 

USA to aid regional mercury models and deposition studies. The study included monitoring 

airborne mercury species in northern Mississippi for a full year. Here, we report on their 

concentration, temporal variations, and sensitivity to meteorological parameters. Atmospheric 

Hg modeling efforts in the USA have been mainly focused on the regions of northeast (Sillman, 

et al. 2007), midwest (Holloway et al. 2012), or far west in Nevada or California (Stamenkovic et 

al. 2007). There is a lack of study for atmospheric Hg modeling in the mid-south USA, where 
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there are several CFPPs and where conditions favor methylation of Hg2+ (e.g., wetlands and 

backwaters with high levels of natural organic matter, sulfate-reducing bacteria, and long hot 

summers). To that end, we include backward trajectory air mass modeling and air quality 

modeling to investigate possible sources for mercury. The study also allowed us to evaluate the 

impact of a sudden doubling of a population center on airborne mercury, because it took place in 

a “college town” (Oxford, Mississippi), where the population about doubles from approximately 

25,000 to 50,000 while school is in session.   
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2.3 MATERIAL AND METHODS 

2.3.1 Sampling Site 

Oxford is located in northern Mississippi at an elevation of ~150 m above sea level.  This 

relatively small urban college town has a population that about doubles during the traditional 

academic year, starting in late August. The atmospheric mercury speciation system was situated 

about 20 m above the ground on a platform raised several meters above the roof of a building 

(34°21'50"N, 89°32'60"W) in the center of the University of Mississippi (Ole Miss) campus.  

The location on the top of the building is high enough to receive air masses unimpeded by trees 

and vegetation which can influence speciation via absorption and volatilization.   

Major sources of anthropogenic airborne mercury in the region are shown in Figure 9.  

There are no major sources in the immediate study area.  However, there are several within a 125 

km radius, including two CFPPs.  The Allen Fossil Plant is a 552 MW facility located near 

Memphis, Tennessee, a city with a population of about 650,000; it reported releases of 86.2 kg of 

mercury in 2010 (USEPA, 2010).  The other CFPP is the 514 MW Red Hills generation facility 

located ~110 km to the south with 186 kg of mercury reported released in 2010 (USEPA, 2010).  

Further to the north and west are two additional CFPPs (Figure. 9), which together released 526 

kg of mercury to the air in 2010, and two industrial steel facilities (347 kg), and a manufacturing 

facility (143 kg).  In the surrounding region as a whole (defined here as Mississippi, Tennessee, 

Arkansas, Louisiana, Alabama, Georgia, Kentucky, Indiana, Illinois, and Missouri) 

anthropogenic sources were estimated to release a total of 13,085 kg to the air in 2010 (USEPA, 

2010).  Among the sources, CFPPs accounted for 70.1% of the emissions; steel and chemical 

companies yielded a total of 18.5%, waste incinerators 1.4%, and the remaining (other) 10%.  



 

43 

 

The emission from waste incinerators is notable because it represents a significant decline from 

earlier emission inventories. 

 

Figure 9. Map showing the sampling site (Oxford, MS) and major anthropogenic sources of 

airborne mercury in the region based on EPA 2010 Toxic Release Inventory 

  



 

44 

 

Emissions from natural sources in the region are complex and include evasion from 

agricultural fields, forests, and waterbodies.  Moreover, evasion of mercury from surfaces 

includes re-emission of previously deposited mercury originating from both natural and 

anthropogenic sources.  We are not aware of any studies evaluating the natural mercury emission 

inventory for the region.         

2.3.2 Measuring Airborne Mercury Species 

We measured mercury species in the ambient air from July 2011 – June 2012 using an 

automated system from Tekran Inc. (Toronto, Canada).  The system uses a model 2537B 

mercury analyzer for GEM measurements based on cold vapor atomic fluorescence spectrometry 

(CVAFS), and is combined with a model 1130 GOM and model 1135 PBM speciation units, to 

sample and detect the three mercury species. The unit was operated with a total flow rate of 10 

L∙min-1 and 1 L∙min-1 for analytical sampling, and an inlet with an impactor is used to remove 

coarse particle (≥2.5µm) from the ambient air. In short, ambient air is sequentially passed 

through a KCl-coated quartz annular denuder which captures GOM, through a quartz regenerable 

particulate filter to sample PBM, and through one of two gold traps to collect GEM.  The system 

uses two parallel gold traps to alternately adsorb and desorb (thermally) GEM every 5 minutes.  

High-purity argon carries the desorbed mercury atoms through the fluorescence cell of the 

analyzer.  PBM and GOM are measured on a 2 hour basis after being thermally desorbed from 

the filter and denuder, respectively, a process that assures these operationally defined mercury 

species are converted to GEM for measurement with the 2537B. The speciation system reports 

twelve PBM and twelve GOM values for each 24 hour period.   

For quality assurance, the system was set to perform an automatic calibration using an 

internal permeation source every 24 hours.  In addition, an external calibration check was 
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performed regularly (~monthly) using a Tekran 2505 mercury vapor calibration unit and a digital 

gas-tight syringe.  Injection recoveries were within 92-105%.  During one period results for 

adjacent gold traps started to deviate from each other by >10%, possibly due to passivation of the 

gold surface.  The gold traps were replaced and the deviation was eliminated. The suspect data 

(about 2 weeks’ worth) associated with this event was removed from the data set.  Bi-weekly 

maintenance included replacing the frit in the impactor, sodalime trap, sample filter and zero air 

filters, and re-coating the KCl-denuder.  The regenerable particulate filter was replaced monthly.  

2.3.3 Modeling and Data Analysis 

To investigate potential source areas of mercury observed in Oxford, MS, the NOAA 

Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) using Eta Data 

Assimilation System (EDAS) 40 km input data, was used to calculate backward air mass 

trajectories (Draxler et al. 1997). The HYSPLIT model was initially designed to help in case of 

atmospheric emergencies. It computes advection, dispersion and deposition using either puff or 

particle approaches. The dispersion rate is calculated by considering vertical diffusivity profile, 

wind shear, and horizontal deformation of the wind field.  The concentrations are calculated at a 

specific grid point for puffs and as cell-average concentrations for particles, where a Lagrangian 

transport model is applied by considering the advection of the puff and calculating growth rate 

with the local mixing coefficients. Twenty-four hour back trajectory modeling was applied for 

starting heights of 200 m, 500 m and 1200 m above the ground surface when GEM 

concentrations exceeded 5.0 ng∙m-3, GOM was greater than 35 pg∙m-3, and PBM exceeded 15 

pg∙m-3; this represented the ten highest peaks for each species during the period of 1 July 2011 

through 30 June 2012.  In addition, the modeling was done for the 10 lowest GEM 

concentrations, and for 10 data periods when GOM and PBM were about 1 SD below the mean 
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and relatively stable (not impacted by rain events, etc.).  Backward trajectories were merged for a 

specific starting height. 

The following models were also applied in this study: Community Multi-scale Air Quality 

model (CMAQ, version 5.0), an air quality modeling system with a chemistry and transport model; 

the Sparse Matrix Operator Kernel Emissions model (SMOKE, version 3.0), an emission 

processing model; and the Weather Research and Forecast model (WRF, version 3.3), a mesoscale 

numerical meteorological model.  Here we provide a brief description of the model system; details 

can be found elsewhere, including in Lu et al (2008, 2012), and Skamarock et al (2001).  The WRF 

model was used to provide the meteorological background input for the air quality study. The 

parameterizations employed by WRF consisted of a level-1.5 order turbulence kinetic energy 

closure scheme, 5 layers in the land surface model microphysics (Ferrier et al. 2002), Rapid 

Radiation Transfer Model (RRTM) long wave radiation scheme (Mlawer et al. 1997), simple short 

wave radiation (Dadhia. 1989), YSU PBL scheme (Noh et al. 2003), and the modified version of 

the Kain-Fritsch (Kain and Fritsch. 1993) convective scheme. The SMOKE model is used to 

convert the source-level emissions (county total emissions) reported on a yearly basis to spatially 

resolved, hourly emissions, with detailed speciation information (Houyoux et al. 2001). It 

produced the basic model-ready emissions, including gases and PM from point, area, non-road, 

on-road, and biogenic sources. The CMAQ model was developed by the USEPA and is described 

by Byun and Ching (1999). It is a comprehensive, three-dimensional, multiscale, Eulerian-based, 

atmospheric chemistry, transport and deposition model for multiple air pollutants. The carbon-

bond 2005 gas-phase chemistry module (Yarwood et al. 2005) was applied in the CMAQ model. 

Hg oxidation pathways were represented for both the gas and aqueous phases (Baker and Bash. 

2012). The CB05 with Hg includes 56 chemical species (52 core species and 4 Hg species) and it 
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is an updated version of the earlier Carbon Bond 4 gas phase mechanism.  In the version 5.0 of the 

CMAQ model a bi-directional flux model for GEM is applied. The flux of Hg is estimated as a 

function of its content in environmental media and redox reactions between elemental and oxidized 

Hg in soil and surface waters (Bash. 2010). The parameterization method was implemented on a 

regional scale depending upon various land-use, soil, and plant compensation points.   

This off-line modeling system for air quality assessment with WRF-CMAQ runs over three 

nested domains centering Oxford, Mississippi. The spatial resolutions for coarse, middle and fine 

domains are 36-, 12- and 4-km respectively. In horizontal, the grid numbers are 97 x 85, 103 x 91, 

and 97 x 97 for coarse, middle, and fine domains respectively. Nested domains share the identical 

layers vertically. The vertical layers of WRF are 35 sigma levels with 15 layers within the planetary 

boundary layer (PBL) (less than 1500 m), in which the lowest sigma level is approximately at the 

height of 21 meter. In this paper, a layer averaging scheme was adopted for the CMAQ simulations 

whereby multiple WRF layers are combined into one CMAQ layer to reduce the air quality model 

computational time. The WRF 35 vertical layers were collapsed into 25 vertical layers in CMAQ 

where all layers within PBL remained. This approach helps resolve the emission and chemical 

reactions of pollutants occur within PBL. Such practice has been applied in other previous air 

quality modeling evaluations as well (Cheng et al. 2002; Lin et al. 2005).  Figure 10 shows the 

domain configuration coverage. The 36-km domain used the default initial and boundary 

conditions from CMAQ as input, but the 12- and 4-km domains obtained their initial and lateral 

boundary conditions from 36-km domain. Table 7 shows the default initial and boundary 

conditions for each Hg forms within each sigma layer range.  
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Figure 10. (a) Model domain configuration and monitoring sites domain.  (b) Zoomed in map of 

the 12- and 4-km domains to display the detailed monitoring sites. O3 measurements were from 

the sites of Hernando and Tupelo, NO2 from the site of Pascagoula, and SO2 from the sites of 

Pascagoula and Fairfield. Wet deposition measurements were obtained from three sites of Oak 

Grove, Birmingham and Centreville. Ambient concentrations of GEM, GOM, and PBM; surface 

temperature; and wind speed observations were obtained in Oxford, MS 
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Table 7. The default initial and boundary conditions for each Hg species for each sigma layer 

range in CMAQ model 

 

In this study, we applied some statistic parameters including the correlation coefficient 

(denoted as R), Root-Mean-Squared Error (RMSE), Average Normalized Bias (ANB) (West et al. 

2004) and Unpaired Peak Accuracy (UPA) as the quantitative measures of model-observation 

agreement. The ANB is defined as the average residual divided by averaged observation: 

 

                  (1) 

                                                                                                         

 

where N is the total number of existing observation–prediction pairs at a monitoring site, x0
i and 

xm
i are the ith observation and corresponding model simulation. Negative ANB value indicates 

model underprediction, and positive value indicates model overprediction. UPA is defined as  

  

                                                                                                                                (2)                                                   

                                                                                                                                                   

where Pu
peak is the maximum predicted concentration and Opeak is the maximum observed 

concentration. UPA measures model’s ability to replicate the highest concentration observed (Wen 

et al. 2011). 

In addition an interpolated emission inventory map was generated using 2010 Toxic 

Release Inventory data from the U.S. Environmental Protection Agency, the most recent data 
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available.  The mercury contours were obtained from inverse distance weighted interpolation 

method that is based on the assumption that the interpolating surface is influenced most by the 

nearby points and less by the more distant points. The interpolated value is a weighted average of 

the scatter points and the weight assigned to each scatter point diminishes as the distance from 

the interpolation point to the scatter point increases.  In this paper, there are total of 305 mercury 

emission sites within the region used to make interpolation contours. 

Meteorological data was obtained from a monitoring station located <2 km from the 

mercury speciation system. Due to the similar altitude and surroundings, the weather conditions 

were considered to be the same between sites. Daily averages were obtained for temperature, 

dew point, humidity, ambient pressure, visibility, wind speed, and wind direction degree (WDD).  

Solar radiation measurements were not available for this study.  Pearson Correlation coefficients 

were obtained between the weather parameters and the daily averages for the three mercury 

species (StatPlus Software).  Relationships were considered significant at p < 0.05.   
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2.4 RESULTS AND DISCUSSION 

2.4.1 Atmospheric Mercury Speciation 

Summary statistics for atmospheric mercury species in Oxford, MS from July 2011 

through June 2012 by month, season, and in total are given in Table 8.  The table includes the 

number of plume “events”, defined here as periods of time with consecutive data points 2 

standard deviations above the mean.  Total gaseous mercury (TGM) during the study period 

averaged 1.60 ng∙m-3, with >98% of the total being GEM. Overall concentrations of GEM were 

relatively uniform at 1.54 ± 0.32 ng∙m-3 (mean ± 1SD), although there was a slight decline in the 

winter months (1.48 ± 0.22) and spring months (1.46 ± 0.27).  These levels are also close to the 

1.65 ng∙m-3 measured in the Great Smoky Mountains in neighbouring Tennessee (Valente et al. 

2007), and are lower than measurements at urban sites or near point sources (Lyman et al. 2005; 

Friedli et al. 2009).  The levels in our study are also higher than those found for “global 

background” (i.e., in very remote areas) which is about 1.2 ng m-3 (e.g., Soerensen et al. 2010).  

This is consistent with our contention that the site is impacted by local and regional sources 

(described below).  It should be noted that because of the complexity of atmospheric mercury 

chemistry, meteorological patterns, and numerous other factors, a “global background” is clearly 

a generalization.   
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Table 8. Summary statistics for mercury species in Oxford, MS during 2011-2012 
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2.4.2 Daily and Seasonal Fluctuations 

For GEM, levels tended to decrease in the early daylight (~7:00-9:00) but rebounded as 

the day progressed, except during the winter when GEM was relatively stable throughout (Figure 

11). The drop was surprising given that others have observed a rise at sunlight, presumably due 

to solar-induced re-emission of GEM deposited on surfaces overnight (Peterson et al. 2009).  

However, GEM is also converted to GOM by various oxidants generated by solar irradiation and 

indeed we observed a rise in GOM as the day progressed (Figure 11).  We also observed a slight 

rise in GEM which may be due to increased flux of mercury from soil and other surfaces due to 

increasing intensity of solar radiation.  Choi and Holson (2009) showed that whereas mercury 

emission flux from a forest floor was correlated with both temperature and solar radiation, the 

flux was better correlated with solar radiation (during leaf-off periods).  Another potential 

contribution to increase levels of GEM during the day is mixing of GEM stored in the nocturnal 

residual layer back to the surface (Stamenkovic et al. 2007; Peterson et al. 2009). In the current 

study, GEM was higher in the summer than in the winter (Figure 11); the mean temperature in 

Oxford is 25.5º C in the summer and 7.7 ºC in the winter. Whereas overall GEM concentrations 

are consistent with rural and remote sites, there were, however, occasional transient spikes of 

GEM, ten of which exceeded 5 ng∙m-3.  These “plume events” will be discussed later under back-

trajectory results.  
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Figure 11. Hourly mean of GEM, PBM and GOM concentrations for the four seasons during 

2011-2012 in Oxford, MS.  Data gap stems from 24 hour calibration period; the calibration cycle 

has since been changed to a 25 hour period to rotate timing of data loss 
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For GOM and PBM, which on average accounted for <2% of the total mercury, there 

were also daily and seasonal trends.  GOM was highest in the fall and winter while PBM was 

highest in the spring.  Both species had peak levels in the afternoon.  There are several factors 

that are likely contributing to these trends, including a greater number of sources during the 

period, and changing ecological or meteorological conditions (the latter is discussed in the 

weather section below).  As for the increased sources, we note that the university (student 

population ~25,000) commences the fall semester in late August, and that during periods when 

school is not in session (e.g., summer and winter break) most students leave the town.  Thus, 

there is a tremendous rise in vehicular traffic in and around campus during the academic year.  

Indeed, GOM and PBM increased in both intensity and variability while the university was in 

session and decreased between semesters (Table 9).  For example, the total number of GOM data 

points per spike event (defined as a period of time when the level exceeded two standard 

deviations of the mean) decreased significantly during the fall (40) and spring (48) semesters and 

increased during the summer (92) and winter break (52).  Note: in this case the smaller the 

number the more the spike events there are during the period.  Given the timing it is plausible 

that some of the spikes in GOM and PBM may be attributed to vehicle exhaust associated with 

increased traffic during the semester, and possibly other population-related sources.  Hoyer et al 

(2004) investigated mercury emissions from motor vehicles and found that gasoline and diesel 

motor vehicles indeed contribute to airborne mercury.  Emission for GEM plus PBM for the 

light-duty gasoline vehicles and diesel vehicles ranged from 0.31 to 1.4 ng∙mile-1 and 6.3 to 11.0 

ng∙mile-1, respectively. Mercury levels in vehicular fuel was studied by Liang et al (1996); 

concentrations ranged from 0.22–1.43 ng∙g-1 for regular gasoline, and 0.40 ng∙g-1 for diesel fuel.  

There may be other transient sources of mercury.  For example, we found increased GOM and 
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PBM during a college football game which attracts thousands of people; the monitoring station is 

adjacent to the stadium. We also seen a small rise in GEM with students returning to campus but 

this increase was not prevalent in the longer term; it may have been overwhelmed by the 

seasonal effect discussed earlier.     

Table 9. Fluctuations of atmospheric mercury species during periods of increased activity on the 

campus of the University of Mississippi 

 

2.4.3 An example of mercury fluctuations for a typical week during the semester 

Figure 12 illustrates temporal patterns and the influence of meteorological conditions on 

airborne mercury speciation for a typical week during the academic semester.  GEM temporarily 

spiked to above 3 ng∙m-3 for short periods on September 2 and 3; the sources of these events are 
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unknown. A spike in GOM and a slight increase in PBM happened to coincide with a college 

football game (and associated barbeques, vehicular traffic, foot traffic disturbing the ground, 

etc.); the stadium is adjacent to the monitoring station.  GEM seemed to decrease during the 

game compared to immediately before and after the event, possibly due to limited traffic (foot 

and vehicular) around the sampling station.  A rain event on September 4 caused the GOM and 

PBM to decrease dramatically.  A spike in PBM coincided with a wind event from the north with 

an average speed of 9.2 mph.  Finally, another peak in GOM and PBM occurred during the day 

on 6 September, the day after the Labor Day holiday when the university resumed session.  

Overall, this illustrates that the levels of mercury species in the atmosphere on any given day 

depend on a number of factors including the environmental behaviour/chemistry of the 

individual species, local activities/sources, meteorological conditions, time of day, and seasonal 

trends (discussed earlier).      

 

Figure 12. Temporal fluctuations of airborne mercury species during a typical school week at the 

University of Mississippi 
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2.4.4 Correlation between mercury species and weather 

Pearson correlation coefficients between daily averages for mercury species and select 

meteorological parameters were determined on a seasonal basis and for the year-long dataset 

(Table 10). GEM concentrations were relatively insensitive to weather conditions, with no 

significant correlations for the total results.  This was expected because GEM is relatively inert 

and is sparingly soluble in water.  For spring and summer, there was a moderate negative 

correlation for GEM and wind speed. Wind speed also was negatively correlated with GOM and 

PBM for several seasons.  Indeed, wind speed has been shown to be a major factor in mercury 

concentration variation, with lower wind increasing residence time in the boundary layer leading 

to higher levels in certain sampling hours (Liu et al. 2002), and this is likely a factor in the 

current data as well.   

Table 10. Pearson correlation coefficients for mercury species and meteorological variables 

based on daily averages. Numbers in bold and italic represents r values with p<0.05. 

WDD=Wind Direction Degree 
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     For GOM, which is soluble in water, there was a significant correlation (r=-0.68) with 

humidity and sometimes dew point (r=-0.68, spring; r=-0.52, winter).  Indeed, precipitation 

events clearly have a large impact on GOM (and PBM) because of their solubility and capability 

to be washed from the air (see Figure 12 for example).  During the spring, GOM was moderately 

to highly correlate with all meteorological variables except visibility.  PBM was also 

significantly correlated with a number of parameters; for example, during the winter PBM was 

significantly negatively correlated with humidity (r=-0.67), dew point (r=-0.71), and wind speed 

(r=-0.58) and highly positively correlated with pressure (r=0.64). PBM was highest in the spring, 

a season when pollen is highest; though the relationship between pollen events and PBM needs 

further investigation.   

     With regard to wind direction, we observed that major spikes in GOM and PBM, species 

which often have anthropogenic sources, tended to occur when the wind direction was generally 

from the north.  This was further confirmed through back-trajectory calculations, the results of 

which are provided below.     

2.4.5 Back-trajectory HYSPLIT results 

Backward trajectories indicated that the air masses during plume events generally 

originated either from northern continental (dominated by terrestrial sources) or, less frequently, 

from the south (e.g., the Gulf of Mexico) (Figure 13).  Air masses originating from northern 

continental region accounted for the majority of the highest plume events.  At least 7 of the 10 

highest events for each mercury species occurred when air masses originated from north or west, 

passing directly over urban and industrial areas in western Tennessee and eastern Arkansas.  

Moreover, examining backward trajectories for the 10 lowest GEM events, and 10 separate days 

when GOM and PBM averaged about one standard deviation below the mean, showed the 
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opposite trend with lines generally stemming from the south or with short lines indicating stable 

air masses during the period (Figure 13).  This was most evident with PBM where at least 7 of 

the 10 events occurred with air masses from the south.  This finding, along with other data 

collected from a Gulf coast site (Malcolm et al. 2003), suggests that air masses from the Gulf of 

Mexico are generally low in mercury relative to air masses travelling over continental 

(terrestrial) locations.  
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Figure 13. Mercury emission distribution (shaded contours) and 24 hour HYSPLIT backward air 

mass trajectories (dark lines) for the ten highest events for each species (top row) and the ten 

lowest cases of GEM and when GOM and PBM were about one standard deviation below the 

mean and relatively stable (bottom row) in Oxford, MS from July 2011-June 2012.  A travelling 

height of 500 m was used in the calculation (see text for other modeling details) 
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2.4.6 CMAQ modelling work 

Also we conducted a sensitivity study where all anthropogenic Hg emission within a 

radius of 500 km from Oxford, Mississippi was removed for simulation in order to separate the 

influence on ambient concentration of regional anthropogenic Hg emissions from background 

contributions. The air quality model runs for both summer and winter seasons by inputting the 

modified Hg emission while keeping other inputs identical with standard simulations. Figure 14 

shows the percent contributions for ambient GEM, GOM, and PBM. The contribution 

percentages were obtained by the difference between modified emission simulations and the 

standard simulations. As expected, the ambient concentrations of GEM, GOM, and PBM are 

decreased over the whole domain area in the modified emission simulation. For GEM (Fig. 14a), 

ambient concentrations dropped by approximate 10–20 % over most areas within 500 km from 

Oxford, Mississippi. Beyond these areas, concentrations fell by less than 10 %. On the other 

hand, ambient GOM concentration decreased by 20–40 % in most areas while PBM dropped by 

40–60 %. For both GOM (Fig. 14b) and PBM (Fig. 14c), the greatest decrease in concentrations 

appeared over the region from south-western Tennessee, Arkansas to eastern Louisiana, which is 

consistent with the locations of large anthropogenic emissions (Figure 9).  

Our results suggest that anthropogenic Hg sources significantly impact the local/regional 

ambient Hg concentrations, especially for GOM and PBM. This conclusion agrees well with 

other studies. By investigating North American anthropogenic Hg emission influence on 

deposition, Zhang et al (2012) found that anthropogenic sources account for 22 % of the Hg wet 

deposition flux and 20 % of the dry deposition flux in the contiguous USA but 30–60% in the 

industrial areas. Seigneuret al (2004) also presented a similar conclusion about the anthropogenic 

Hg impact on North American deposition. They found that anthropogenic emissions are 
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responsible for 24 % of wet deposition and 43 % of dry deposition flux. After studying the 

impact of a CFPP shutdown over 4 months in Rochester, New York, Huang et al (2010) found 

that the CFPP significantly influenced local Hg concentrations. When the CFPP was closed, 

median concentrations of GEM, GOM, and PBM apportioned to the CFPP factor decreased 

significantly by 25, 74, and 67 %, respectively, compared to those measured when the CFPP was 

still in operation (Wang et al. 2013).  

The great influence of anthropogenic sources in Hg concentration implies that modeled 

errors are highly sensitive to the uncertainties associated with the anthropogenic emission 

inventory used in the air quality modeling system. In addition, anthropogenic sources seem to 

have a greater impact on GOM and PBM than GEM. This is because the emission speciation of 

Hg has a profound impact on the Hg deposition, especially near the emission sources. GEM has a 

long lifetime in the atmosphere, and its ambient concentration is mainly subject to long-range 

transport while GOM and PBM concentrations have a significant contribution from 

local/regional emission sources. Since the natural emission speciation is dominated by GEM, the 

speciation of anthropogenic emission of Hg has particularly strong implications for ambient 

GOM and PBM concentrations. 
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Figure 14. Percent decreases for ambient concentrations of a GEM, b GOM, and c PBM after 

conducting the sensitivity test 
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2.4.7 Comparison between observed and modelled ambient Hg concentrations 

To compare modeled results for speciated atmospheric with measured ambient levels, Hg 

concentrations from the lowest model layer (σ=0.997) were extracted from the corresponding 

grid box of 4-km resolution domain. Observed GEM levels averaged about 1.51 ng∙m-3 during 

the summer and 1.63 ng∙m-3 in the winter.  This is consistent with other published measurements 

of global GEM background levels over the US (Seigneur et al. 2006), reflecting that the 

background levels used in model boundary and initial conditions for Hg are reasonable. Higher 

Hg levels in winter can be partly attributable to coal and natural gas combustion, increased wood 

burning, weakened sinks due to the lower atmospheric oxidative capacity, and poor vertical 

mixing caused by a decreased boundary layer height during the cold season (Lan et al. 2012).   

The CMAQ model overestimated GEM concentration during summer (Fig. 15a) but 

underestimated it during winter (Fig. 15b). The model seems to lack the ability to capture 

observed variations, especially during winter. This is in agreement with other modeling studies 

focusing on urban areas (Lin et al. 2010). Most regional photochemical models cannot capture 

GEM peaks observed at ground levels caused by emissions, because of model assumptions for 

instantaneous emission dilution in grid cells (Pongprueksa et al. 2008).  

Compared to GEM, the model had a better performance in GOM simulations with 

relatively high R values of 0.32 and 0.36 during summer and winter.  The GOM concentrations 

were significantly high biased in summer and decreased levels in the winter (Fig. 16a and Fig. 

16b). Lin et al (2010) suggested that the overestimate of reactive Hg could be attributed to the 

production of GOM from oxidation of GEM, uncertainty in emission speciation, low deposition 

velocity of reactive species, and/or the possible of residual photochemistry activities off the 

continent. GEM is relatively unreactive species of Hg.  Relatively little GEM gets deposited 
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through deposition. GOM dominates in the wet deposition of Hg. Possible errors could exist in 

the model chemical mechanism; for example, the removal process (i.e., through dry deposition), 

lack of particle to gas partitioning of atmospheric Hg, and/or important missing chemical 

relationships were not yet incorporated into CMAQ.   

For PBM concentration, CMAQ model produced a significant overestimate in both 

summer and winter. The ANB values are 225% and 99% for summer and winter respectively. 

For both months, CMAQ model overestimated daily peak and lowest concentrations for most 

cases (Fig. 17a and Fig. 17b). Observed mean PBM concentrations were higher in the winter (7.2 

pg∙m-3) than in the summer (5.1 pg∙m-3).  Rutter et al (2008) explained that increased PBM 

concentrations in the winter are due to fewer particles for gas partitioning of reactive Hg because 

of lower ambient temperatures during the winter. 
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Figure 15. Hourly atmospheric ambient GEM concentration from model and observations in July 

2011 (a) and February 2012 (b) 
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Figure 16. Time series of GOM from model and observed are displayed in a and b for July 2011 

and February 2012, respectively 
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Figure 17. Time series of PBM from model and observed are displayed in a and b for July 2011 

and February 2012, respectively 
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2.5 CONCLUSIONS 

Measurements of airborne mercury species measured in Oxford, Mississippi indicate that 

GEM levels are 1.54 ± 0.32 ng∙m-3 with occasional spikes in concentration, the largest of which 

tend to occur during air mass transport from the north, including industrial areas around 

Memphis, TN, the closest large city.  For GOM and PBM, there appears to be additional 

localized sources because their concentrations and variability increased during the fall and winter 

semesters and decreased when students were not on campus.  Thus, an influx of a mere 25,000 

people or so is sufficient to influence local concentrations of airborne Hg species in a small town 

environment.  Snapshots of airborne Hg data during the fall semester illustrate temporal patterns 

and the influence of local sources and meteorological conditions on Hg species.   

The CMAQ model reproduced reasonable background concentrations for GEM, though 

slightly overestimating it in the summer and slightly underestimating it in the winter. Compared 

to GEM, the model performed better for the GOM simulations, effectively capturing seasonal 

variability. For PBM, the CMAQ model significantly overestimated the levels in both the 

summer and winter. We conducted a sensitivity test where all anthropogenic Hg emissions 

within a radius of 500 km from the site were removed from the simulation. Ambient levels of 

GEM, GOM, and PBM decreased over the whole domain area in both the summer and winter. 

Anthropogenic emissions accounted for~10–20% of GEM concentrations. Anthropogenic Hg 

sources had a relatively greater impact on the local/regional ambient GOM (~20-40%) and PBM 

(~40-60%). The relatively large influence of anthropogenic sources in Hg concentration implies 

that errors in the model results are highly sensitive to the uncertainties in anthropogenic emission 

inventories. Thus, the model would greatly benefit from more up-to-date emission data (i.e., 

release of inventory data by the government in a more-timely manner).  
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3. GASEOUS MERCURY EXCHANGE OVER SOILS FROM THE 
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3.1 ABSTRACT 

 To fully understand the global biogeochemical cycling of Hg it is necessary to investigate 

Hg exchange between terrestrial surfaces and the atmosphere. In this study, gaseous mercury 

exchange fluxes were determined over landscapes representative of northern Mississippi 

(agriculture, forest, and wetland) as well as residential lawns.  Environmental variables, 

including air temperature, solar radiation, humidity, wind speed, and pressure were monitored 

concurrently with the air-surface Hg exchange measurements.  Ambient total gaseous mercury 

(TGM), soil temperature, and soil moisture content were also monitored for select studies.  

Mercury fluxes were seasonally dependent with net emission during the summer (mean 1.65 ± 

1.58 ng·m-2·h-1) and lower emission rates (or deposition) during the winter (-0.13 ± 0.15 ng·m-

2·h-1).  Total-Hg levels in the soil ranged from 17.1 ng∙g-1 for agricultural soil from Lafayette 

County to 62.7 ng∙g-1 for wetland sediment, and were correlated (r=0.66) with loss-on-ignition 

(an estimate of organic matter content).  Mean ambient levels of TGM ranged between 0.93-1.48 

ng∙m-3 in the warm season and between 1.13-1.48 ng∙m-3 in the cold season. Mercury emission 

fluxes were found to vary diurnally, similar to previous investigations, with higher fluxes during 

daytime (mostly emissions) and lower but stable mercury fluxes during nighttime. Soil Hg fluxes 

were significantly lower in dark conditions than in the light for all but the grass. Methods were 

developed and evaluated to study Hg fluxes under light and dark conditions, and Arrhenius 

relationships revealed associated activation energies.  One of the goals of this work is to scale up 

emissions from these landscapes (geographically-associated land use areas) but our preliminary 

work only allows crude estimates due to large uncertainties.    
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3.2 INTRODUCTION 

Gaseous elemental mercury (GEM) consists of over 95% of the mercury in the air, has a 

residence time of 0.5-2 years, and undergoes long distance transport after emission from the 

sources (Schroeder et al. 1998). Mercury emission sources include anthropogenic and natural 

sources. Unlike mercury near point sources which have been studied intensively throughout the 

world (Estrade et al. 2011; Streets et al. 2005; Pacynaa et al. 2010), non-point sources of mercury 

are still under-characterized.  Natural non-point sources include geologically enriched substrates 

and active geothermal areas, biomass burning, soil/substrates, lakes, and wetlands (Engle et al. 

2006); anthropogenic non-point sources include urban surfaces, industrial landfills, sewage 

sludge amended soils, and mine wastes (Xin et al. 2006). 

In order to understand the global biogeochemical cycling of Hg in the environment it is 

necessary to investigate its exchange between terrestrial surfaces and the atmosphere. Indeed, 

measurement of Hg emissions from representative surfaces are crucial to evaluate the role of 

terrestrial environments in the cycling of Hg on both regional and global scales (Gustin et al. 

2003).  However, there are relatively few such studies and none in the mid-south USA.   

A variety of factors have been shown to influence Hg emissions from soils. Mercury 

fluxes from natural surfaces (typically reported as ng of Hg emitted or deposited per m2 per hour) 

are largely influenced by substrate Hg concentration, sunlight, temperature, atmospheric 

turbulence, relative humidity, soil moisture content, and vegetation cover (Gustin et al. 2008). 

Another important factor is reduction of oxidized divalent mercury (Hg2+) in soil and aquatic 

environments to Hg0 which is often catalyzed by solar radiation (Fitzgerald et al. 1998).   
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The present study focused on the characteristics of Hg gas exchange over different types 

of soil from the mid-south US, including three agricultural fields, a loblolly pine forest, wetland 

sediment, and grass from a residential lawn.    
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3.3 MATERIAL AND METHODS 

3.3.1 Site description 

We investigated mercury fluxes over agricultural soils, wetland sediment, a forest floor, 

and a residential lawn.  The agricultural soils were from the Mississippi Delta and Lafayette 

County, MS; sediment was from a wetland located near the University of Mississippi; the forest 

was a commercial loblolly pine forest planted in the 1990’s in Oxford, MS; and the lawn (fescue 

grass) was also in Oxford, MS (Table 11, Figure 18).  Due to logistical issues and the difficulty 

deploying sophisticated instrumentation at remote field sites (e.g., power, security, access, 

proximity) the mercury flux system was setup at a single site and representative soil samples 

were brought to the site in large bins (Figure 19), except for the forest where measurements were 

conducted in-situ (Figure 20).  It was important that we measured fluxes outside under natural 

conditions rather than in a laboratory setting.  The system was deployed in the backyard of Dr. 

Cizdziel’s home on the outskirts of town where there are no significant point sources of mercury. 

Shovels were used to gather soil to a depth of about 1 foot (~30 cm).  The soil was placed into 

large plastic bins and mixed.  The bins were covered and brought to the backyard testing site for 

analysis.   

Table 11. Coordinates and description of soil sampling sites 

Soil Type Description Location Latitude  Longitude 

Agriculture Cotton field 

Lafayette 

County, MS 

34.272125 -89.522294 

Grass Lawn 34.379189 -89.601822 

Wetland Pond edge 34.351175 -89.555886 

Forest Loblolly Pine 34.379406 -89.601697 

Agriculture Dundee Mississippi 

Delta 

33.395056 -90.682278 

Agriculture Dowling 33.389972 -90.682028 
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Figure 18. Locations of soil sampling sites in northern Mississippi
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Figure 19. Experimental setup for measuring mercury flux over bare soils.  The system was deployed in the 

backyard of Dr. Cizdziel’s home 
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Figure 20. Measuring mercury flux from a forest floor.  Experimental setup (top) and close-up of the dynamic flux chamber showing 

the air flow direction (bottom)
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Three agricultural soils were tested.  One of the agriculture fields is located about 8 miles 

south of Oxford and the University of Mississippi in Lafayette County, nestled in the gentle hills 

of north Mississippi (elevation 300-400 feet). The other two were from the Mississippi Delta and 

are classified as Dundee and Dowling soils.  Dundee soils consist of poorly drained loamy soils 

that can be relatively deep.  Dowling soils are poorly drained, strongly acid, fine-textured soils 

on flats or in depressions. Both soils were primarily deposited Mississippi River alluvium, 

washed in during flood events and deposited in slack-water areas, although some was washed 

from higher-soils (Soil Survey in Mississippi. 1953). Both of the soils are moderately slowly 

permeable, and relatively acidic.      

3.3.2 Total-Hg and organic matter content measurements 

The total-Hg concentration in the soils was determined using a Milestone Direct Mercury 

Analyzer following US EPA method 7473, which is based on thermal decomposition-atomic 

absorption spectrometry.  The method has been described elsewhere (Fu et al. 2008). Sample 

boats were pre-heated to remove Hg and blanks were analyzed before testing the samples.  

Sample were run in triplicate.  Loss-on-ignition (LOI) was determined by weighing the sample 

before and after the combustion analysis.  LOI serves as an estimate of organic matter.   

3.3.3 Mercury flux measurements 

A Teflon dynamic flux chamber (DFC) was used for mercury flux measurements (Figure 

19, 20).  The DFC is the preferred method because they are portable, simple to deploy, and are 

not subject to the strict site constraints of the micrometeorological method. A detailed 

description of the DFC method has been reported elsewhere (Carpi et al. 1998; Lindberg et al. 

1999; Eckley et al. 2010). In short, a pump draws air through the DFC (outlet) to a mercury 
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vapor analyzer.  Air is also drawn through a second tube (inlet) outside the DFC for ambient air 

measurements.  The Hg flux is then calculated as: 

F = Q*(Co-Ci)/A 

 where F is the Hg flux (ng·m-2·h-1), Q is the flushing flow rate through the chamber (0.09 m3·h-

1) and controlled by a mass flow controller inside the mercury analyzer, Co is the air Hg 

concentration at the outlet (ng·m-3) and Ci is the air Hg concentration at the inlet, and A is the 

footprint area of the chamber (0.036 m2). We used a Tekran model 2537A elemental mercury 

vapor analyzer and a Tekran Automated Dual Switching Unit (Tekran model 1110) to 

sequentially sample the air at the DFC inlet and outlet in 10-min intervals providing a data point 

for Hg flux every 20 min.  The inlet sampling tube was placed at the same height as inlet holes 

on the flux chamber. The inlet measures the concentration of atmospheric mercury, the outlet 

measures the sum of atmospheric mercury and any mercury either emitted from- or deposited on- 

the soil surfaces. When the outlet concentration is higher than the inlet concentration, mercury is 

being emitted from the soil; when the outlet concentration is lower than the inlet concentration, 

mercury is being deposited on the soil.  

The turnover time for the chamber was 1.3 min (less than the 5 min sampling interval). 

The outlet sampling tube was connected to the top center of the chamber.  The Tekran analyzer 

was routinely calibrated using injections of gaseous elemental mercury in ambient air using a 

Tekran 2505 Mercury Vapor Calibration Unit; replicate injections of known amounts of mercury 

produced recoveries > 90%.   

Prior to the field measurements, all tubing, fittings and the chamber cover were rinsed 

with D.I. water and methanol. The mercury flux measurement system was tested before 

measuring soil samples to ensure that the concentration difference between inlet and outlet was 
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less than 5% when placed on a clean impermeable Teflon sheet. The system blank was tested 

before flux measurements were made by using a Teflon sheet, served as the bottom surface for 

the DFC.  The blank results were negligible (mean=0.08 ng·m-2·h-1) for the study period, so the 

flux results are reported without correction for the chamber blanks. The detection limits for the 

mercury analyzer was 0.1 ng·m-3. 

3.3.4 Meteorological and solar radiation measurements  

Meteorological conditions, including ambient air temperature, wind speed, wind 

direction, relative humidity, pressure and precipitation, were measured using Vaisala WXT 520 

automatic weather station located near the flux chamber (Figure 20). Solar radiation was 

measured by using Li-1400 Datalogger. Data logging for both systems were programmed to 

record data at 5 minute intervals to match the analysis interval of the mercury vapor analyzer.  
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3.4 RESULTS AND DISCUSSION 

3.4.1 Total-Hg concentrations in the soils 

Mercury concentration in the soil from the different sampling sites is given in Table 12. 

Concentrations varied between 62.7 ppb for the wetland soil and 17.1 ppb for agricultural soil 

from a cotton field in Lafayette County, MS.  Concentrations were correlated with LOI (organic 

matter) (Table 12).  Total-Hg concentrations in the soil in this study are comparable to other soils  

in the U.S and Canada (Poissant et al. 1998; Zhang et al. 2001; Nacht et al. 2004; Kuiken et al. 

2008), but are lower than soils in China or over naturally enriched terrestrial landscapes (Fu et  

al., 2008; Fu et al. 2012; Edwards et al. 2013). 

Table 12. Total-Hg and loss-on-ignition (LOI) data for soils used in flux measurements 

Soil Type Mercury (ng/g) SD LOI (%) 

Ag. Lafayette Co. 17.1 0.9 1.27 

Grass 26.6 0.2 1.65 

Wetland 62.7 0.6 3.05 

Forest 40.9 2.9 3.21 

Ag. Delta Dundee 21.8 0.9 2.18 

Ag. Delta Dowling 42.4 0.7 2.38 
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3.4.2 Total gaseous mercury concentrations in the ambient air 

Total gaseous mercury concentrations in the ambient air (as measured by the inlet tube 

outside the flux chamber) are summarized in Table 13. Mean TGM concentrations ranged from 

0.93 ± 0.40 ng·m-2·h-1 to 1.48 ± 0.21 ng·m-2·h-1 in the warm season. The mean TGM 

concentrations were higher in winter season, ranged from 1.13 ± 0.14 ng·m-2·h-1 to 1.48 ± 0.19 

ng·m-2·h-1. The TGM concentrations were consistent with background levels for the northern 

hemisphere, which is believed to be ~1.5 ng·m-3 (Ericksen et al. 2006).  The lowest TGM levels 

were for grass during the warm season at night.  We speculate that the low levels are due to 

localized deposition of Hg on the vegetation (grass surface).  To test this hypothesis, we removed 

the grass from an area exposing the soil below and alternatively measured the fluxes from the 

grass and bare soil areas.  The mean TGM concentration for the bare soil increased from 0.63 

ng·m-3 to 1.32 ng·m-3, suggesting that the grass indeed influencing the ambient air Hg levels.  In 

the cold season the ambient levels of TGM over grass were the highest of all the soils (1.48 ± 

0.19 ng·m-3) but the fluxes were the lowest (-0.32 ± 0.25 ng·m-2·h-1), again suggesting that 

vegetation can play an important role on Hg gas exchange.  

Table 13. Summary of inlet air total gaseous mercury (TGM) concentrations 

Site 

Warm Season  Cold Season 

TGM Concentration (ng·m-3) 
 

TGM Concentration (ng·m-3) 
 

Range  Median Mean±SD  Range  Median Mean±SD 

Forest 0.44-2.28 1.02 1.06±0.31  1.16-1.37 1.26 1.26±0.05 

Grassland  0.20-1.66 0.94 0.93±0.40  1.18-1.99 1.45 1.48±0.19 

Agriculture 0.17-1.59 1.08 0.94±0.40  0.90-1.42 1.19 1.19±0.16 

Wetland 0.22-1.50 1.18 1.04±0.32  1.13-1.79 1.31 1.32±0.12 

Delta(Dundee) 0.69-2.29 1.47 1.48±0.21  1.36-1.61 1.45 1.45±0.06 

Delta(Dowling) 0.18-1.89 1.28 1.17±0.47  0.88-1.42 1.12 1.13±0.14 
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Pearson correlations were conducted between TGM concentrations and surface mercury 

emission fluxes (Table 14). Significant positive correlations between TGM and mercury fluxes, 

indicating that the soils are sources of Hg to the air, were observed for forest (warm season), 

agriculture (warm and cold season), wetland (warm season), Delta Dowling (warm season) soils. 

The positive correlations are highly influenced by the strong diurnal variations for TGM and Hg 

emission fluxes (Fu et al. 2012).  Significant negative correlations, indicating that the soils are 

serving as sinks (Hg being deposited from the air), were only found in the winter, and occurred 

for grass, wetland, and Delta Dundee soils. Negative correlations (deposition) is common in 

winter with relatively low temperatures.  When TGM and Hg emission fluxes were not 

significantly correlated, other meteorological parameters are likely controlling the Hg exchange 

rates (discussed below).   
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Table 14. Pearson correlations for Hg fluxes with meteorological parameters and TGM.  Red 

indicates r values with p<0.05       *Power failure prevented measurements 

  Sites Temperature Pressure Humidity Wind Speed 
Solar 

Radiation 
TGM 

Warm Season 

Forest 0.66 -0.15 -0.69 0.53 0.90 0.61 

Grass 0.25 0.08 -0.34 0.07 0.76 0.18 

Agriculture 0.77 0.32 -0.80 0.67 0.90 0.63 

Wetland 0.69 0.12 -0.68 0.54 0.87 0.50 

Delta (Dundee) 0.77 -0.06 -0.71 0.28 0.77 0.29 

Delta (Dowling) 0.81 -0.08 -0.80 0.62 0.92 0.62 

Cold Season 

Forest -0.09 0.08 -0.06 0.05 N/A* -0.47 

Grass 0.58 0.26 -0.26 0.30 0.40 -0.64 

Agriculture 0.80 -0.35 -0.80 0.47 0.75 0.69 

Wetland -0.11 0.09 0.13 -0.12 -0.03 -0.74 

Delta (Dundee) -0.15 0.30 -0.36 -0.11 0.36 -0.56 

Delta (Dowling) 0.52 -0.07 -0.55 0.05 0.53 0.43 
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3.4.3 Hg fluxes over forest floor 

Results for Hg soil/air exchanges at a forest site are summarized in Table 15. During the 

warm season, there were 139 data points, of which 73 were net emissions.  The mean Hg flux 

from the forest floor was 0.50 ± 1.20 ng·m-2·h-1 (Table 15). Most of the net Hg depositions were 

observed during the winter sampling campaign. The forest flux was generally lower than that 

measured from other (bare) soils, presumably because the canopy limits the solar radiation 

reaching the ground.  Relationships between mercury fluxes and four main meteorological 

parameters (temperature, wind speed, humidity, and solar radiation) are plotted in Figure 21. The 

highest Hg flux (5.63 ng·m-2·h-1) was observed at maximum solar radiation, suggesting that 

thermal and/or photochemical reactions are involved.  Indeed, strong correlations were observed 

in the warm season for mercury emission fluxes with solar radiation (r=0.90, p<0.05) and 

temperature (r=0.66, p<0.05), suggesting that solar radiation has an immediate and predominant 

effect on mercury emission fluxes from forest soils.   

Other parameters that were correlated with Hg emission flux in the summer were 

humidity (r=-0.69, p<0.05), wind speed (r=0.53, p<0.05), and TGM (0.61 p<0.05).  In contrast, 

there were no significant correlations observed between mercury emission fluxes and 

meteorological parameters in cold season, which is likely due to relatively cold temperatures and 

low levels of solar radiation reaching the ground.    
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Table 15. Summary statistics for air/soil mercury fluxes over Mississippi soils 

Site 

Warm Season Cold Season 

Sampling  

period 

Hg Flux (ng·m-2·h-1 ) 
n for 

Sampling  

period 

Hg Flux (ng·m-2·h-1 ) 
n for 

Emission Emission 

Range Median Mean±SD (Deposition) Range Median Mean±SD (Deposition) 

Forest 22-25 Aug 2013 (-0.93)-6.71 0.04 0.50±1.20 73(66) 18-19 Dec 2013 (-0.50)-0.12 -0.17 -0.19±0.14 6(69) 

Grassland  25-27 Aug 2013 1.34-11.41 4.18 4.38±1.71 125(0) 13-14 Dec 2013 (-0.94)-0.22 -0.32 -0.32±0.25 9(64) 

Agriculture 27-29 Aug 2013 0.08-5.46 1.10 1.58±1.37 157(0) 17-18 Dec 2013 (-0.52)-0.50 -0.09 -0.11±0.26 27(50) 

Wetland 29-31 Aug 2013 0.63-11.81 1.82 2.54±2.10 140(0) 16-17 Dec 2013 (-0.69)-0.41 0.13 0.10±0.20 58(16) 

Delta(Dundee) 17-18 Sep 2013 (-0.58)-2.47 0.18 0.32±0.57 54(31) 14-15 Dec 2013 (-0.43)-0.30 -0.03 -0.03±0.14 33(45) 

Delta(Dowling) 18-19 Sep 2013 (-0.52)-4.87 -0.07 0.55±1.48 33(36) 12-13 Dec 2013 (-0.64)-0.24 -0.2 -0.20±0.23 17(54) 
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Figure 21. Relationships between Hg flux and solar radiation (top left), wind speed (top right), air temperature (bottom left), and 

humidity (bottom right) at forest sampling site in warm season. 
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3.4.4 Hg fluxes over grass 

Summary statistics for Hg fluxes between air and grass covered soil is given in Table 15. 

In the summer, net Hg emission was observed with an average Hg flux of 4.38 ± 1.71 ng·m-2·h-1.  

The difference for Hg fluxes between light and dark conditions was lowest for grass compared to 

other soils, suggesting that Hg emissions from blades of grass may be contributing to the flux 

during night under warm conditions. To test this hypothesis, we removed the grass from an area 

exposing the soil below, and alternatively measured the fluxes from the grass and bare soil areas 

during the night (Figure 22).  The data clearly shows that Hg flux was higher for the grass 

covered soil.  It is unclear why the flux rates increased for the same area during the second test, 

but in both cases removing the grass lowered the flux rate.   

Ericksen et al (2006) proposed that the relatively high fluxes over grassland during night 

(daytime mean: 4.69 ± 2.38 ng·m-2·h-1; nighttime mean: 4.10 ± 0.58 ng·m-2·h-1) are unrelated to 

the decreasing soil temperatures, and rather the high Hg fluxes are the result of the soil Hg pool 

replenishing in the absence of light.  In our study, the Hg emission fluxes from grass ranged from 

-0.94-0.22 ng·m-2·h-1 with an average of -0.32 ± 0.25 ng·m-2·h-1 in cold season. These fluxes 

were lowest among all our measured soils, even with the highest mean solar radiation (Table 16).  

This implies that other factors (e.g., vegetation surfaces) were dominate.  
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Figure 22. Hg fluxes from covered soil and bare soil at the grassland site
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Table 16. Mercury emission/deposition fluxes over soils and meteorological parameters for summer and winter 

Site 

Warm Season Cold Season 

Hg Flux (ng·m-2·h-1 ) 
Solar Air  Relative Wind 

Hg Flux (ng·m-2·h-1 ) 
Solar Air  Relative Wind 

Radiation Temp. Humidity Speed Radiation Temp. Humidity Speed 

Mean±SD (W·m-2) ºC (%) (m∙h-1) Mean±SD (W·m-2) ºC (%) (m∙h-1) 

Forest 0.50±1.20 25±52 26.45±4.25 79±18 1.54±0.79 -0.19±0.14 N/A* 10.40±2.11 63±7 1.84±0.50 

Grassland  4.38±1.71 33±70 23.84±4.80 78±18 1.82±0.97 -0.32±0.25 66±124 6.78±1.59 74±24 2.02±0.84 

Agriculture 1.58±1.37 84±134 24.91±5.66 70±22 1.90±0.89 -0.11±0.26 36±45 5.66±7.08 71±23 1.40±0.91 

Wetland 2.54±2.10 62±111 26.78±5.36 73±21 1.79±1.06 0.10±0.20 39±52 8.18±4.43 62±18 2.21±1.07 

Delta(Dundee) 0.32±0.57 59±88 24.54±3.07 77±12 2.72±1.20 -0.03±0.14 45±77 3.26±1.77 77±5 1.63±0.47 

Delta(Dowling) 0.55±1.48 53±100 24.54±4.58 77±19 2.16±1.14 -0.20±0.23 35±50 0.34±4.10 70±24 1.92±0.51 

 



 

101 

 

3.4.5 Hg fluxes over agriculture soils 

Lafayette County Soil.  Mercury fluxes for the cotton field soil ranged from 0.08-5.46 

ng·m-2·h-1 with an average of 1.58 ± 1.37 ng·m-2·h-1 in warm season (Table 15).  Evasion was 

observed in the summer only.  In contrast deposition dominated in the winter, with an average of 

-0.11 ± 0.26 ng·m-2·h-1. The corresponding substrate Hg content (17.1 ng∙g-1) was lowest among 

all soil samples. Our results are generally similar to Hg emission fluxes reported for agricultural 

fields in Canada (1.1-2.9 ng·m-2·h-1) (Schroeder et al. 2005) and North Dakota (-1.4-5.0 ng·m-

2·h-1) (Ericksen et al. 2006). However, the fluxes are lower than those measured in Guangzhou, 

China (135 ng·m-2·h-1) and Sichuan, China ((-4.1)-132 ng·m-2·h-1) (Fu et al. 2008, 2012). 

 The agriculture Hg air/surface exchange exhibited a clear seasonal variation. Figure 23 

shows the air/surface exchange data distributions on different seasons. Higher fluxes were found 

in warm season compared to the fluxes in winter season. The appearance of higher fluxes in 

warm season was probably associated with the higher solar radiation, temperature, TGM, and 

wind speed (Table 16).  
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Figure 23. Mercury fluxes over agriculture soil in warm and cold seasons 

3.4.6 Hg fluxes over wetland soil 
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al. 2004). In addition to human health concerns, mercury has been reported to affect the 
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mercury exchange and transformation processes in wetlands, the mercury emission fluxes from 

wetland were measured during both warm and cold seasons.  

Summary statistics for mercury exchange fluxes from wetland sediment are given in 

Table 15. In warm season, the Hg fluxes over wetland soil ranged from 0.63-11.81 ng·m-2·h-1. 

The predominant flux of mercury over wetland was emission, averaging 2.54 ± 2.10 ng·m-2·h-1. 

The flux diminished in the winter season with an average of 0.10 ± 0.20 ng·m-2·h-1, but was the 

only soil among those tested that remained positive (still emitting Hg). In summer, mercury 

fluxes over wetland were strongly correlated with a number of parameters, including solar 

radiation (r=0.87, p<0.05), temperature (r=0.69, p<0.05), humidity (r=-0.68, p<0.05), wind speed 
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(r=0.54, p<0.05), and TGM (r=0.50, p<0.05).  In contrast, fluxes in winter were only 

significantly correlated with TGM (r=-0.74 p<0.05).  

3.4.7 Hg fluxes over delta agriculture soils 

During the summer, mean mercury emission fluxes over Dundee soil and Dowling soils 

were 0.32 ± 0.57 ng·m-2·h-1 and 0.55 ± 1.48 ng·m-2·h-1, respectively. For the Dowling soil, about 

half (36 out of 69) flux data points were net deposition, and the median flux was slightly 

negative (the only soil to have a net deposition in the summer), indicating the texture and 

structure of the soils could be important factors governing the variations of mercury emission 

fluxes. In the winter, fluxes for both soils were lower than the summer, with the majority of the 

data net deposition. It should be noted that these soils are only moderately permeable and are 

relatively acidic. These characteristics may be influencing the fluxes as follows. Acidic soil 

strongly binds Hg+2 reducing volatilization and photoreduction to Hg0 (Fleck et al. 2007). Also, 

soil high permeability facilitates soil-air Hg gas exchange.     

3.4.8 Comparison with other studies worldwide 

Mercury emission fluxes between the air and various surfaces have been reported in 

several areas worldwide. This study constitutes the first study of mercury fluxes over Mississippi 

soils. Here we compare our data with that of other studies in the literature (Table 17). Only 

summer fluxes from this study were compared because of such low emission fluxes in the winter. 

In general, the mercury flux measured from the loblolly forest floor is comparable to other 

measurements on forest soils: ~1.0 ng·m-2·h-1 (Choi et al. 2009), 0.9 ± 0.2 ng·m-2·h-1 (Ericksen et 

al. 2006), and ~2.2 ng·m-2·h-1 (Schroeder et al. 2005). Mercury fluxes from Mississippi 

agriculture soils are similar to the value of 1.1-2.9 ng·m-2·h-1 (Schroeder et al. 2005), but are 

lower than measurements from Guangzhou and Sichuan, China (Fu et al. 2008, 2012).  For grass, 
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our mean mercury flux was higher than reported by Ericksen et al (2006), but  lower than the 1-

8.3 ng·m-2·h-1 reported by Poissant et al (1998) and  -18.7-13.4 ng·m-2·h-1 reported by Fu et al 

(2008), though it should be noted that the species of grass varied between studies. Mercury flux 

from our wetland soil was higher than the measurement from Katriina et al (2012).  Overall, the 

mercury emission fluxes were found to vary diurnally, similar to previous investigations, with 

higher mercury fluxes during daytime (mostly emissions) and lower but stable mercury fluxes 

during nighttime.  

 



 

 

 

1
0
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Table 17. Mercury fluxes and ancillary data for natural landscapes worldwide.  Bold numbers represent significant correlation 

(p<0.05) between mercury fluxes and corresponding parameters 

 



 

106 

 

 

3.4.9 Impact of soil temperature on Hg air/surface exchange 

 Clear diurnal patterns of mercury emission fluxes were observed for each soil (especially 

during warm season) with maximum flux rates at midday and minimum fluxes during the night. 

This cycle has been attributed to three primary meteorological parameters (solar radiation, soil 

temperature, and to a lesser extent humidity) (Poissant et al. 2004; Fu et al. 2008). Previous 

studies of mercury fluxes over soils have documented that a relatively strong exponential 

relationships exists between flux and soil temperature (Gustin. 2003; Feng et al. 2005). These 

phenomena have often been accounted for by physicochemical characteristics of elemental 

mercury (high vapor pressure and low water solubility) and photo-induced reactions. A 

laboratory-based study conducted on Hg enriched soil found that as soil temperature increased, 

Hg flux increased by a similar magnitude (Moore and Carpi. 2005). Gustin et al (2004) 

suggested that elevated temperature could accelerate Hg desorption from soil and movement up 

through the soil column. Schluter et al (2000) suggested that the rise of soil temperature would 

increase the activity of Hg+2, facilitating the photoreduction of Hg+2 to Hg0.  

 The Arrhenius equation to study the processes driving evasion of Hg from soils.  One 

way to help understand the processes driving the evasion of Hg from soils is to calculate the 

apparent activation energy (Ea).  This approach has been described elsewhere (Kocman and 

Horvat, 2010).  Briefly, in this scenario Ea is considered the energy which the system must 

absorb in order to initiate a Hg flux increase (Gustin et al. 2003). Assuming that the transfer of 

Hg0 from soil to atmosphere is governed by a pseudo-first order reaction, the reaction rate of Hg 

flux over the soil surface can be described using the Arrhenius equation: 

Ln(F) = Ln(A)-Ea/RT 
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Where F is Hg flux, R is the gas constant (1.9872 cal∙k-1), T is the soil temperature in degrees 

Kelvin, A is a pre-exponential factor (a frequency factor or the number of times mercury atoms 

gain sufficient energy to be thermally desorbed from the surface), and Ea is the apparent 

activation energy. The equation is used to show the effect of a change of temperature on the rate 

of flux reactions. Even though multiple mechanisms may be involved in Hg 

absorption/desorption over the soils, the approach is often used to describe the general 

temperature dependence of kinetic constants for various processes. Thus, Ea can be calculated by 

fitting the Arrhenius Equation to the data for the measured fluxes at different soil temperatures. 

When Ea is close to the enthalpy of volatilization (~14.5 kcal∙mol-1 at 20 ºC) fluxes are likely 

controlled by direct emission of elemental mercury from the soil surface, whereas if the Ea is 

higher (~30 kcal∙mol-1, for example) then other processes, such as the conversion of Hg+2 to Hg0, 

are involved. For example, higher Ea values (dark measurements) have been found for mercury 

contaminated sites where HgS is the predominant form of mercury (Lindberg et al. 1995).  Our 

data (31 kcal∙mol-1) is more consistent with “background” soils (Gustin et al. 1997). 

In the present work, we investigated the effect of soil temperature and solar radiation on 

mercury fluxes.   As shown in Figure 24, a significant correlation (r2=0.84; p<0.05) between Hg 

fluxes and soil temperature was observed over forest soil in warm season. The activation energy 

for Hg emission over forest soil was estimated to be 31.3 kcal∙mol-1 using the Arrhenius 

equation. This result is comparable to other published soil Hg activation energies: 18.6-69.1 

kcal∙mol-1 (Feng et al. 2005) and 14.6-29.4 kcal∙mol-1 (Zhang et al. 2001; Poissant et al. 2004)).  

The dependence of Hg flux on temperature was also evaluated under “dark” conditions, where 

agricultural soil was shaded and soil temperature monitored.  Results show that Ea was estimated 

to be 46 kcal∙mol-1 (Figure 25).   
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It has been proposed that there are at least two sources of Hg0 emitted from soil, a natural 

“pool” of Hg0 which is primarily adsorbed on surfaces, and Hg+2 which can be photo-chemically 

reduced to Hg0 by sunlight (Gustin et al. 2003).  This later process seems to be enhanced in soils 

with higher levels of organic matter (Gustin et al. 2003).  Thus, under “dark” conditions the 

primary factor leading to emission of Hg from soils is likely related to the enthalpy of 

volatilization, whereas under “light” conditions emissions are related to both enthalpy of 

volatilization (warming soil) and photo-reduction processes.     
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Figure 24. Arrhenius relationship between Hg flux and soil temperature over a loblolly pine 

forest floor during the warm season 

 

Figure 25. Arrhenius relationship between Hg flux and soil temperature over an agricultural soil 

under dark condition.  Note: air temperature (measured inside the shaded box) was assumed to 

match soil temperature and may have contributed to variability in the data 
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 To further explore the emission phenomena in our soils, we conducted a controlled 

experiment on the roof of Anderson Hall on the University of Mississippi campus (Figure 26). 

Two mercury analyzers were used.  One (a Tekran 2537A, borrowed from Southern Research 

Institute) was used to measure atmospheric mercury concentrations, the other (a Tekran 2537B, 

our property) alternately measured concentrations over Delta Dundee soil using two identical 

dynamic flux chambers.  One of the DFCs was covered with aluminum foil and represented dark 

conditions, the other was uncovered and represented light conditions.    

Unfortunately, the Hg analyzer we borrowed was an older unit that came from use in a 

coal fired power plant, where Hg levels are much higher.  Despite out efforts to clean the system 

(filter housing, tubing, etc.) to reduce background levels we could not get two instruments to 

match ambient air concentrations, although the data correlated well.  Thus, ambient Hg levels 

measured by the older unit were adjusted by a factor of 0.30 to match ambient background levels 

established from a year-long data set (see chapter 2). 

 

Figure 26. Experimental setup to simultaneously measure soil temperature and Hg flux for 

covered and uncovered soil. Temperature meters (left); soils with DFCs (right) 
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Fu et al (2008) reported that the activation energies at one agriculture sampling site 

showed a clear seasonal variation with higher activation energy in the winter sampling campaign. 

Kockman et al (2010) observed a decreasing trend of Ea with increasing THg concentration in 

soil. However, it depends on the form of mercury; significantly higher Ea values were found for 

mercury contaminated soils with relatively high levels of HgS by Bahlmann et al (2006).  

In our study, strong correlations between Hg flux and soil temperature were observed for 

both uncovered (r2=0.88) and covered (r2=0.92) Delta Dundee soil (Figure 27), with the Ea of 

18.1 kcal∙mol-1 over uncovered soil and 94.0 kcal∙mol-1 over covered soil.  Both are higher than 

the mercury heat of vaporization of 14.5 kcal∙mol-1 at 20 ºC (Carpi and Lindberg. 1997), 

indicating that Hg emissions from soils cannot be solely explained by the direct emission of 

elemental Hg from the soil surface. The higher activation energy over covered soil implies the 

importance of solar radiation, and the photoreduction from Hg+2 to Hg0 may be a dominant 

factor. 

At this point our data is too limited to elucidate mechanisms, and to determine the 

relationships between thermally-induced flux and light-induced flux. We planning a more 

systematic study using a single Hg vapor analyzer however this requires an additional switching 

valve for which funds are being sought.   
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Figure 27. Arrhenius relationships between mercury flux and uncovered (top), covered (bottom) 

for Delta Dundee soil 

3.4.10 Effect of soil moisture on fluxes 

 Soil moisture was identified as one of the key factors affecting the Hg air/soil flux (Carpi 

and Lindberg. 1998; Xin et al. 2007). In our study, its effect was investigated by comparing the 

relative Hg flux over the same soil (Delta Dundee) with varying moisture content (Figure 28). 

The soil was split into two bins.  About a 0.5 liter of water was added uniformly to one bin and 

allowed to soak-in.   
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Figure 28. Experimental setup comparing mercury fluxes over dry and wet soils 

 Emission fluxes over wet and dry soils was evaluated. The relative concentrations 

(wet/dry) of mercury over the two soils is shown in Figure 29.  Mercury fluxes over the wet soil 

initially decreased (for about 2 hours) but then returned to about the same level as the drier soil 

during the night. The decrease is agreement with other studies (Bahlmann et al. 2006; Kockman 

et al. 2010) and may stem from water impeding mercury desorption from soil (lowering 

diffusivity). Bahlmann et al (2006) also proposed that decreased Hg flux was due to a 

combination of soil moisture tension and soil moisture. In their study, after wetting the soil they 

allowed the water to percolate through the soil column. The soil moisture tension in the surface 

layer became weaker, resulting in less Hg enriched soil air being displaced and less Hg being 

desorbed from the soil surface.  
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In the present study, the ratio of the wet-to-dry Hg flux ratio increased the next day, 

starting with daylight. Presumably evaporation rates are higher from the wetted soil, allowing 

release of Hg0. Moreover, the water percolated into the soils generates additional pores for Hg 

vapor to escape to the atmosphere.  

 

Figure 29. Effect of rain/moisture on TGM emissions from soils (Wet/Dry). 
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3.5 CONCLUSIONS 

Soils selected for analysis came from major ecoregions in the mid-south US including the 

Mississippi Alluvial Plain (representative agricultural soils from the Mississippi Delta), and the 

Southeastern Coastal Plain (both forested and agricultural areas).  Agricultural practices include 

turning-over soils which exposes new surface areas for exchange with the atmosphere.  In 

addition, wetland sediment was selected because wetlands are widely considered hot-spots for 

mercury methylation.  To date there have been no measurements of Hg emissions from soils in 

the mid-south US where agriculture is intensive and wetlands are numerous.   

This work represents the first measurements of Hg fluxes (air-soil gas exchange) in the 

region.  Fluxes exhibited both seasonal and diurnal patterns. Emission to the atmosphere was 

dominant in warm season, while deposition to surfaces was dominant in cold season. Mercury 

fluxes averaged 1.65 ± 1.58 ng∙m-2∙h-1 during the summer and -0.13 ± 0.14 ng∙m-2∙h-1 during 

the winter.  Clear diurnal Hg flux patterns were also observed, especially during warm season, 

with the maximum flux at midday and the minimum flux at night.  This diurnal variability was 

found to be related to solar radiation, temperature, and relative humidity.  Other meteorological 

parameters (e.g. wind speed, pressure) were also monitored but had less influence flux rates.  

Overall, our measured flux rates are in the range that have been reported for background (non-

contaminated) soils for similar landscapes outside the region (e.g. Ericksen et al. 2006; 

Schroeder et al. 2005).  

Because there were significant positive correlations between total gaseous mercury and 

surface mercury emission fluxes, especially during the warm season, we conclude that the soils 

are indeed sources of mercury to the air.  In contrast, there were significant negative correlations 

found during the winter, indicating the soils are serving primarily as sinks during that season.  
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Because summer emission rates exceed winter deposition rates, we suggest that overall soil is a 

net positive contributor to the global atmospheric budget.  Moreover, with global warming one 

can expect that the emission rates from soil will rise, further increasing atmospheric levels.   

Future work should focus on (1) seasonal (all seasons) variations of Hg fluxes over 

sampling soils; (2) lake studies that examine the relationship between dissolved gaseous 

mercury, and dissolved organic carbon and pH; (3) understanding of mechanisms controlling Hg 

exchange flux for a variety of variables, including soil temperature, soil moisture content, solar 

radiation, rain events, and vegetation cover. 
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CHAPTER FOUR 

4. WET AND DRY DEPOSITION OF MERCURY TO THE YOCONA 

WATERSHED AND ENID LAKE 
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4.1 ABSTRACT 

Atmospheric mercury speciation and deposition are critical in understanding the cycling 

of mercury in the environment. To estimate the wet and dry deposition of mercury in Yocona 

Watershed and Enid Lake, the concentrations of total mercury (THg) in atmospheric 

precipitation samples (January 2013-March 2013 and August 2013-December 2013) as well as 

deposition rate of gaseous oxidized mercury (GOM) to surrogate surfaces were measured in 

Oxford, MS. Mercury species data collected in 2011-2012 was also used to estimate the dry 

deposition rate by using inferential method.  

The mean wet deposition rate of THg were 17.7 µg·m-2·y-1 by averaging the values from 

8 months, with highest concentration in August and lowest value in February. This trend agrees 

very well with other measurements conducted at multiple locations in Eastern and Central North 

America. The wet deposition of THg contributed to Yocona Watershed and Enid Lake were 

estimated at 35 kg/yr and 1.52 kg/yr, respectively. The mean dry deposition rate of GOM 

measured by using surrogate surface was 4.35 ± 1.36 µg∙m-2∙y-1. Inferential method estimated the 

dry deposition rates of GEM, GOM, and PBM were 11.9 – 40.3 µg∙m-2∙y-1, 0.69 – 2.75 µg∙m-2∙y-

1, and 0.112 – 0.308 µg∙m-2∙y-1, respectively. The modeled and measured deposition rates of 

GOM are at the same magnitude, indicating surrogate surface method could be reliable. GOM 

deposition rate is 5-10 times higher than PBM deposition, due to their different dry deposition 

velocities (Vd). Total dry deposition to Enid Lake ranged from 10.8 – 36.8 kg/yr and dry 

deposition contributes more than wet deposition to Enid Lake (5-10 times). 
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4.2 INTRODUCTION 

            Atmospheric mercury deposition is critical in understanding the cycling of mercury, 

global mercury mass balance estimates, and mercury sources (Lindberg et al. 2007; Selin et al. 

2007). There are two types of mercury deposition mechanisms: wet deposition and dry 

deposition. Wet deposition is associated with precipitation events (e.g. rain, snow). Wet 

deposition of mercury can be measured directly by collecting precipitation on a daily, weekly, or 

event basis. The water that is collected is then analyzed for total mercury, or less often for 

specific forms of mercury. Dry deposition is Hg deposition in the absence of precipitation 

(Lindberg et al. 2007). 
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4.3 MATERIAL AND METHODS 

4.3.1 Wet deposition of mercury 

4.3.1.1 Precipitation sampling and sampling preparation 

 Precipitation was collected outside the Department of Chemistry and Biochemistry at the 

University of Mississippi along Science Row Street (latitude 34° 21' 57" N and longitude 89° 31' 

31" W) using acid washed 2 liter polycarbonate bottles (Nalgene®) with a 11-in diameter  low-

density polyethylene funnel. The setup was secured on a ring stand and placed on the site for 

collection (Figure 30). The first ~100ml of rainwater was discarded and served to clean out the 

bottles before collection. Once collected, samples were transferred to 50ml polyethylene tubes 

and preserved to 0.4% HCl using 12N HCl.   

 

Figure 30. Rainwater collection apparatus outside of Coulter Hall on the University of 

Mississippi campus 

4.3.1.2 Total-Hg analysis 

 The rain samples were analyzed using a 2600 Mercury Analyzer (Tekran®, Toronto, CA) 

following EPA method 1631 “Mercury in Water by Oxidation, Purge and Trap, and Cold Vapor 
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Atomic Fluorescence Spectrometry” (USEPA, 2002). In short, bromine monochloride (BrCl) is 

used as an oxidizing agent to digest Hg species in the samples. The oxidizing agent is added to 

the filtered and unfiltered samples for digestion. The sample is reduced with hydroxylamine 

hydrochloride (NH2OH·HCl) to destroy free halogens.  Stannous chloride (SnCl2) reduces Hg2+ 

to Hg0 for subsequent detection by a CVAFS photomultiplier tube.  

 Mercury standards (1 ng/L, 5 ng/L, 10 ng/L, 25 ng/L, and 50 ng/L) were used for 

calibration.  The r2 value for the calibration was > 0.99, and the recovery values for all 

calibration standards and references were between 80-122%.  

4.3.2 Dry deposition of mercury  

4.3.2.1 Direct measurement of dry deposition of Mercury 

The use of surrogate surfaces to trap deposited mercury is increasing (Lyman et al. 2007). 

Surrogate surfaces include water surfaces, gold-coated quartz filters, and cation-exchange 

membranes. These surfaces are exposed to the atmosphere for a period of time, and the 

depositional rate can be determined.  The cation-exchange membrane has been selected as the 

surrogate surface for this study; it is particularly efficient in capturing GOM. The concentration of 

GOM fluctuates diurnally (Figure 31) due to the photochemical conversion of GEM, which 

comprises more than 90% of atmospheric mercury. GOM is consistently deposited throughout the 

day; but during the night, no GEM is being converted to GOM; the concentration of GOM drops 

during the night and rises during the day.  This GOM is of special interest because it is soluble in 

water and it is a source of mercuric ion which is converted to toxic methylmercury primarily by 

sulfate reducing bacteria in anoxic sediments. 
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Figure 31. The diurnal fluctuations of GOM 

 

The purpose of this study was to: 1) test a new membrane for capturing airborne GOM, 2) 

evaluate a new approach for determining mercury on surrogate surfaces, and 3) estimate dry 

deposition rates for Hg in Oxford, MS. 

Cation-exchange membranes (Pall Corporation) were deployed as surrogate surfaces for 

the measurement of the dry deposition of GOM. The membrane is constructed of negatively-

charged polyethersulfone, and is unsupported (bi-directional). The membranes were cut into 15 x 

3.5 cm strips for deployment. The membrane strips were hang in the bottles by clamping them 

between two acrylic plates and inserting them into the neck of the bottles. The acrylic plates are 

designed so that the neck of the bottle holds them tight together. The sampling apparatus consists 

of two-liter polycarbonate bottles (Nalgene) (Figure 32). They were painted with opaque, light-

colored paint to reduce evasion of deposited mercury in conditions of high solar radiation. Four 

2cm holes in the bottoms allow for the exchange of air. Bottles with the holes covered were used 
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for blanks. The sample set consisted of three samples and three blanks. The bottles were then 

secured with Velcro to a rail on the top of Anderson Hall for a period of two weeks (Figure 32). 

  

Figure 32. Setup of the deployment apparatus showing the bottle and acrylic plates (left) and the 

position of the bottles on top of Anderson Hall (right) 

Upon retrieval of the bottles, the membranes were removed, and the 2 cm of the membranes 

that were between the acrylic plates were removed. They were then bisected to yield 6.5 x 3.5 cm 

sections. All handling of the membranes was performed in a HEPA-filtered laminar flow hood. 

The other halves were analyzed for total mercury using the Milestone Direct Mercury Analyzer 

(DMA), which is a combustion-AAS instrument. The DMA was calibrated by direct mercury 

vapor injection using the Tekran 2505 Mercury Vapor Primary Calibration Unit and a digital 

syringe. 

The deposition rate of mercury can be determined by the equation: 

D = [(S – B)/A]/T 

Where D is the deposition rate in ng∙m-2 h-1, S is the amount of mercury recovered from the 

sample, B is the average total mercury recovered from the blanks, A is the surface area of the 

membrane in m2, and T is the deployment time in hr (Lyman et al. 2010). 
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4.3.2.2 Dry deposition schemes using ambient speciation data 

 Numerical models have been developed to study the atmospheric cycling of Hg on regional 

(Miller et al. 2005; Pan et al. 2008) and global scales (Selin et al. 2007; Storde et al. 2007). In 

these Hg transport models, dry deposition of GEM, GOM and PBM need to be evaluated. In this 

study, estimates of speciated and total Hg dry deposition at Oxford, MS were conducted. The 

results are expected to provide useful information for the atmospheric mercury community as well 

as to the estimation of dry deposition to the adjacent watersheds. 

 Speciated Hg concentrations for the year 2011-2012 were used for this study (Jiang Chapter 

2).  The inferential method, an atmospheric species’ dry deposition flux (F) estimated as a product 

of its air concentration (C) and its dry deposition velocity (Vd), was employed to estimate F for the 

three fractions of Hg (GEM, GOM and PBM).  

 Vd for GEM and GOM were usually calculated using the big-leaf dry deposition model 

described by Zhang el al (2012): 

 

𝑉𝑑 =
1

Ra + Rb + Rc
 

 Where individual resistance terms include Ra as aerodynamic, Rb as quasi-laminar, and Rc as 

canopy resistance, respectively. 

 Vd for PBM was calculated using the size-segregated particle dry deposition model 

described in Zhang et al (2012): 

𝑉𝑑 =
1

Ra+Rs
+Vg 

Where Vg is the gravitational setting velocity, and Rs is the surface resistance. 
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4.4 RESULTS AND DISCUSSION 

4.4.1 Seasonal variations of mercury wet deposition 

 The concentrations of THg in the rainwater ranged from 4.1-47.5 ng/L and averaged of 

11.8±14.9 ng/L (Figure 33). Concentrations of mercury were highest during the summer 

(August/September) and lower during the fall and winter. This observation is consistent with 

other studies in the southeast U.S. (Prestbo et al. 2009). One of the factors that impacts levels of 

Hg in rainfall is the nature of the storm.  Large convective summer thunderstorms routinely 

occurring in the southeast U.S. reach relatively high levels in the atmosphere and scavenge a 

pool of gaseous oxidized mercury in the upper troposphere (Zhang et al. 2012; Selin et al. 2008). 

Thus, the maximum in Hg wet deposition in the southeast (see Figure. 2) may not associated 

with local sources (Driscoll et al. 2013).  Moreover, summer storms may contribute more Hg to 

the watershed based on these higher levels.

 

Figure 33. Total-Hg concentrations in rain in Oxford, MS during 2013. Note that during April-

July, no samples were collected, but are planned in the future 
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4.4.2 Mercury loading to watershed via wet deposition 

 Mercury loading to the Yocona River Watershed Enid Lake was estimated based on the 

mean mercury concentration in the rain, the average annual precipitation to the region, and the 

watershed area. Direct THg deposition was determined by: 

 Hg Wet Deposition Rate (µg·m-2·y-1) = CHg x I / 1000 

 Where CHg = concentration of Hg in precipitation (µg·m-3) and I = precipitation intensity 

(mm·y-1). The mercury wet deposition rate around Oxford, MS is 17.7 µg·m-2·y-1. NADP 

estimated wet deposition rate of mercury in Northern Mississippi ranged from 12-14 µg·m-2·y-1. 

Our data is similar to the modeled data. The THg loadings to the Yocona River Watershed (area 

= 1949 km2), through wet deposition, was 35 kg and the direct THg deposition to Enid Lake 

(area = 85km2) was 1.52 kg. This data is being used in mass-balance model study. The vast 

majority of the Hg in the rainwater was inorganic Hg+2. MeHg averaged <3% of the total-Hg.    

4.4.3 Dry deposition rates of surrogate surface measurements 

The average amount of mercury in the blanks was 0.11 ng. The results for the DMA 

analysis are highlighted in Table 18. The average dry deposition rate of GOM (4.35 ± 1.36 µg∙m-

2∙y-1) is similar to those reported by Lyman, et al (2007, 2010), indicating the members could be 

accurately analyzed directly by combustion-AAS. Future work will include deployment of 

surrogate surfaces at Grenada Lake, Enid Lake and Sardis Lake, a gradient of GOM deposition 

rates (Grenada>Enid~=Sardis) are expected based on the geological distances between a CFPP 

and these lakes. 
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Table 18. Amount of mercury captured by surrogate surfaces deployed for about two weeks and 

the associated deposition rate 

Deploy Date Recovered Hg (ng) 
Deposition rate 

(µg∙m-2∙y-1) 

Average Deposition rate 

(µg∙m-2∙y-1) 

March 6th-20th 

2012 

1.13 5.87 

4.35 ± 1.36 0.80 3.94 

0.68 3.24 

 

4.4.4 Dry deposition rates using inferential method 

 Zhang et al (2012) estimated the annual average Vd (cm/s) of three airborne mercury 

species as follow: GOM: 0.5 to 2.0; PBM: 0.08 to 0.22; GEM: 0.024 to 0.081. Based on these 

estimated Vd for three mercury species, we estimated dry deposition fluxes in Table 19. 

Table 19. Dry deposition rates in Oxford, MS estimated by using inferential method 

Species 
Mean concentration 

in air (pg∙m-3) 
Vd (cm∙s-1) Fd (µg∙m-2∙y-1) 

GOM 4.36 0.5 - 2.0 0.69 - 2.75 

PBM 4.45 0.08 - 0.22 0.112 - 0.308 

GEM 1580 0.024 - 0.081 11.9 - 40.3 

  

 The estimated annual dry deposition of GOM + PBM ranged from 0.8 – 3.0 µg∙m-2∙y-1. 

GOM contributed 0.69 – 2.75 µg∙m-2∙y-1 to these fluxes, whereas PBM was relatively small, 

contributed only 0.112 – 0.308 µg∙m-2∙y-1. The estimated dry deposition rate of GOM calculated 

based on inferential method is comparable smaller than direct measurement, probably due to lower 

mean concentration of GOM used in calculation. The estimated annual GEM dry deposition was 

in the range of 11.9 – 40.3 µg∙m-2∙y-1. Note that Vd value used for GEM are thought to be 

conservative. The very high dry deposition fluxes of GEM is certainly due to the 2-3 orders of 
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magnitude higher concentration of GEM compared to those of GOM + PBM. The dry deposition 

rate of all three mercury species was estimated in the range of 12.7 – 43.3 µg∙m-2∙y-1, and loading 

mercury to the Enid Lake via dry deposition was estimated in the range of 10.8 – 36.8 kg∙y-1 

(Figure 34). 

 The data garnered here is to be included in a mass balance Hg budget for Enid Lake 

(described earlier). Eventually all known inputs, outputs and storage terms will be used to 

determine the sources and cycling of Hg in the impaired waterbody. Inputs include atmospheric 

deposition (wet and dry depositions), tributaries, and groundwater. Outputs include efflux 

(volatilization) to the atmosphere, outflow via the lower Yocona River, biota removal, and 

sediment storage. Early work on the Hg Enid Lake budget provided estimates for the Yocona 

River and other stream, flows, and outflows (Brown Jr., 2013). Here, we provide wet and dry 

deposition estimation. Moreover, the methodology has been developed to measure Hg fluxes 

from Enid Lake surface (see Chapter 3).  
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Figure 34. Estimated Hg mass balance (ky/yr) for Enid Lake with newly added wet and dry 

deposition 

 Dry deposition was estimated by using inferential method and annual mean concentrations 

of three mercury species in the year 2011-2012. The dry deposition to Enid Lake is in the range of 

10.8 – 36.8 kg∙y-1. 
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4.5 CONCLUSIONS AND FUTURE WORK 

 Wet deposition and dry deposition of mercury species to Enid Lake were investigated. 

Regarding wet deposition, concentrations of total-Hg was measured in rain collected for eight 

separate rainfall events in Oxford, MS.  Wet deposition both directly and indirectly (through 

runoff, which has elevated Hg levels) is a significant source of Hg to Enid lakes.  An estimated 

35 kg of Hg is deposited annually via rainfall to the Yocona River (Enid) watersheds and 1.52 kg 

of Hg deposited directly to the Enid Lake.  The range was obtained by using a factor of 0.5 

(mean 1.52 kg/yr) to address dry and wet years. The annual range of wet deposition to Enid Lake 

is 0.76 – 2.28 kg/yr. The wet and dry deposition amounts are significant.  Figure 34 depicts a 

preliminary Hg mass balance for Enid Lake.  It can be seen that inputs from wet and dry 

deposition are ~11.5-39.0 kg/yr, whereas the total for other inputs is ~2.1-24.7 kg/yr.  Thus from 

this perspective atmospheric deposition is likely the largest single source to the lake.   

For dry deposition, despite the potential large uncertainties in concentration 

measurements and calculated deposition velocities, the estimated dry deposition of GOM agrees 

with limited surrogate surface dry deposition measurements. Mercury captured on a PES 

surrogate surfaces was well-above unexposed background membranes. The membranes can be 

accurately analyzed directly by combustion-AAS. This increases our confidence on estimate of 

dry deposition. Results from dry deposition modeling suggest that GEM contributes at least 5 

times more than GOM+PBM to total dry deposition and dry deposition also contributes more 

than wet deposition to Enid Lake (5-10 times).  

Zhang et al (2012) plotted Hg wet deposition rate and dry deposition rate in Eastern and 

Central North America (Figure 35). In the current study, the annual wet deposition rate around 

Oxford was estimated at ~18 µg∙m-2, which is slightly higher than that predicted in Zhang’s 
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model.  Our data is similar to that shown for central Florida. For dry deposition (GOM+PBM), 

we estimate 0.8-3.0 µg∙m-2 for north Mississippi, similar to values reported in the Northeast and 

Gulf Coast areas (Figure 35). Our estimated annual dry deposition of GEM ranged from 11.9-

40.3 µg∙m-2, higher than other sites.  This difference may stem from our use of a general 

deposition velocity value obtained from the literature since specialized micrometeorological 

equipment is needed for site-specific measurements.     

 

Figure 35. Comparisons of estimated dry deposition of GOM+PBM and GEM from 2008 and 

2009 speciated concentrations with litterfall deposition collected during 2007-2009 and with wet 

deposition monitored during 2007-2009. (Zhang et al. 2012)  

Our results suggest that wet and dry deposition is a major source of mercury to lakes in 

the region.  Moreover, because the mercury that is being deposited is primarily in the oxidized 

form it can readily be converted to methylmercury in the aquatic environment.  The more 

mercury that is deposited, the more that is converted to methylmercury, and the more that is 
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bioaccumulated and biomagnified in the ecosystem.  The consequence is that atmospheric 

deposition is resulting in adverse effects on both wildlife and humans who consume 

contaminated fish. Brown (2013) measured total mercury levels in three species of fish from 

Enid Lake. A total of 46 fish were collected from Enid Lake, which included 16 white crappie 

(WC), 15 largemouth bass (LMB), and 15 channel catfish (CC). The average Hg concentrations 

in LMB were 289 ng/g and ranged between 108 ng/g to 954 ng/g. CC and WC concentrations 

averaged 147 ng/g and 214 ng/g with a range of 69 ng/g to 272 ng/g and 120 ng/g to 285 ng/g, 

respectively. A risk assessment was also calculated and found that LMB from Grenada had an 

adult Hazard Index (HI) >1 by seven different risk calculations, indicating a significant and 

increased potential for toxicity if the fish are consumed. Similarly, all fish species from all three 

lakes yielded HI>1 for children. 

Future work should focus on deploying surrogate surfaces in different lakes including 

Grenada, Enid, and Sardis Lakes. Also Hg fluxes over Enid Lake surface (see Chapter 3), biotic 

removal, groundwater contribution, and storage in bed sediments should also be determined. 
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CHAPTER FIVE 

5. CONCENTRATIONS OF GASEOUS ELEMENTAL MERCURY IN 

AMBIENT AIR WITHIN AN ACADEMIC CHEMISTRY BUILDING 
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5.1 ABSTRACT 

Gaseous elemental mercury (GEM) concentrations were determined within an academic 

chemistry building by cold vapor atomic fluorescence spectrometry.  Concentrations varied 

depending on the room activity, with night time and weekend levels the lowest and most stable 

(typically between 10 and 20 ng/m3), and daytime weekday levels the highest (averaging about 3 

to 5 times higher).  Laboratory air exhibited daytime concentration spikes as high as 1600 ng/m3.  

Office levels were similar to weekend laboratory concentrations, suggesting a general building-

wide mercury background.  However, concentration spikes suggest GEM levels may be 

exacerbated by foot traffic which may cause motion-induced wafting from higher concentration 

areas.  Based on current regulations the GEM levels do not present a health hazard.       

 

Keywords: mercury, gaseous elemental mercury, cold vapor, atomic fluorescence spectrometry, 

indoor air 
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5.2 INTRODUCTION 

For decades elemental mercury has been widely used in academic chemistry laboratories 

for a variety of purposes, most notably barometers, thermometers, electrical switches, and atomic 

line lamps.  The element is the only metal that is a liquid at standard conditions (0°C, 100 kPa).  It 

is also dense (13.55 g/ml at 20°C) and has a relatively high vapor pressure (0.17 Pa at 20°C) (CRC. 

2007).  Other useful properties include a capability to conduct electricity and to form an amalgam 

with gold.    

It is well known that mercury is a heavy metal pollutant that can damage the central nervous 

system, affecting the brain and causing developmental disorders in children. Exposure to elemental 

mercury vapor occurs primarily by direct transport across the lungs where it can enter the blood 

stream and be distributed throughout the body, including the brain; the respiratory and 

toxicological consequences of mercury vapor are detailed elsewhere (Lein et al. 1983).  Possible 

symptoms from a large acute exposure include nausea, vomiting, abdominal pain, kidney damage, 

and death.  Potential symptoms from a chronic exposure include inflammation of the mouth and 

gums, kidney damage, muscle tremors, spasms of the extremities, personality changes, depression, 

irritability, and nervousness (OSHA 1991).  Due to its high vapor pressure, even small amounts of 

metallic mercury released into unventilated areas can raise air concentrations to harmful levels.  

The current environmental and occupational health standards (risk assessment and action levels) 

for mercury vapor are summarized in Table 20.   
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Table 20. Environmental and occupational health standards for mercury vapor 

 

Whereas many colleges and universities are moving away from using the toxic element, 

undoubtedly the liquid metal has been spilled inside laboratories over the years, especially in 

general chemistry laboratories where thermometers are routinely broken.  As a liquid, the metal 

will pool in low areas and may be hidden or difficult to access (e.g., in drains, underneath tiles, 

floor cracks, etc.), thus some of the element may be left behind even after “cleanup” procedures 

are used.  Also, old latex paint can contain high levels of mercury and expel gaseous mercury 

(Beursterian et al. 1991).   
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Gaseous elemental mercury as an indoor air pollutant has been the subject of a number of studies 

(e.g., Smart. 1986; Carpi and Chen et al. 2001; Riley et al. 2001; Liu et al. 2009).  After fish 

consumption indoor air may be the next biggest source of mercury exposure (Carpi and Chen et 

al. 2001). Occupations which handle mercury (e.g., dental and gold trade shops that prepare or 

heat amalgams containing mercury) have much higher ambient air mercury concentrations than 

residential houses (Stone et al. 2007; Bastos et al. 2004).   

In this study, we measured gaseous elemental mercury (GEM) in several laboratories and 

an office located in the Department of Chemistry and Biochemistry at the University of Mississippi.  

The building was first occupied in 1977 and has recently undergone an extensive renovation, 

including its ventilation system.  The purpose of the study was to monitor GEM in the ambient air 

within the building under various use scenarios.  Levels were compared to occupational safety 

permissible and recommended exposure limits.        
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5.3 MATERIAL AND METHODS 

A mercury vapor analyzer based on cold vapor atomic fluorescence spectrometry (CVAFS) 

was used to measure GEM (Model 2537B; Tekran Inc., Toronto, Canada).  A flow diagram for the 

system is shown in Figure 36.  Air was sampled through a Teflon inlet tube which was placed 

about 1.5 m above the ground, at about the breathing zone of a typical standing adult. The 

automated system employs dual gold traps which effectively remove (capture) elemental mercury 

vapor from ambient air pulled through the cartridges.  The instrument cycles such that while one 

gold cartridge is capturing (pre-concentrating) mercury, the other is rapidly heated, desorbing its 

captured mercury.  The released mercury is then carried by a flow of ultra-high purity argon into 

a fluorescence cell for measurement.  Inside the cell, atomic mercury is excited by 253.7 nm 

photons emitted from a sealed mercury lamp. As the excited mercury atoms relax back to the 

ground state, light of the same wavelength is re-emitted, some of which is detected by a 

photomultiplier tube situated at 90° to the excitation source.  The combination of a low background 

and the detector’s high amplification yields one of the most sensitive analytical techniques for 

mercury. The automated dual trap system allows GEM readings every five minutes and unattended 

operation for extended periods (weeks). Additional details of the instrument can be obtained from 

the manufacturer.   
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Figure 36. Flow diagram for the 2537 mercury analyzer 

In this study, the instrument was calibrated nightly using an internal permeation source.  

There was good agreement between calibration peak areas for the two cartridges; the average 

relative difference was 0.6%.  Instrument sensitivity was high, averaging 2.3 millivolts per 

picogram of Hg.  Blank levels (measured daily using a canister that scrubs mercury from the air) 

were negligible, averaging less than 3% of the minimum GEM levels found for that day.  As noted 

earlier, the instrument uses two gold cartridges which yield alternating data points.  This provides 

the advantage of comparing the average of the two concentration values over long periods of stable 

concentration to check for trap bias that may be caused by passivation or leaks.  This is important 

because some laboratories may have very high levels of acid and/or organic vapors present that 

may passivate the pure-gold cartridges over an extended period of time, depending on the 

concentrations levels.  For this experiment, gold cartridge passivation was not observed (A/B 

cartridge bias was less than 1%, n=35; data from a stable overnight period).  Moreover, we used a 

relatively small sample volume (7.5 liters) and a short monitoring time period (5 min).  The 

cartridges are also heated slightly during collection to minimize adsorption of organic molecules.  
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A detection limit of 0.1 ng/m3 was estimated by repeated analysis of a low level standard and using 

the volume of air in a typical analysis.   
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5.4 RESULTS AND DICUSSION      

 The concentrations of GEM varied with the room type (i.e., purpose) and usage (i.e., 

occupancy).  This is shown in a series of Figures (Figure 37, 38).  Each data point in the plots 

corresponds to a 5 minute integrated average.  Mercury concentrations ranged from 9 to 1600 

ng/m3 and averaged 66 ng/m3.  This is comparable to an indoor air study that found an average of 

69 ng/m3 of mercury at 12 different sites chosen to represent a cross section of building types 

(Carpi and Chen. 2001).   

In this study, despite numerous potential sources of mercury with the building, the levels 

(in all cases) were below the permissible and recommended exposure limits defined by OSHA, 

NIOSH and ACGIH (see introduction).  Also, given the short duration of the concentration spikes, 

the levels would not exceed the ATSDR minimum risk level even when focusing only on daytime 

hours.  This may be partly due to continuous air exchange (turnover) within the building from 

operation of a large number of fume hoods; the building’s ventilation system was recently 

overhauled from re-use to single pass air.   

The highest concentrations were found for a common area that is located between four 

laboratories (Figure 37).  It is noteworthy that this area is smaller than the labs and does not have 

a fume hood.  Spikes in the concentration of GEM, the highest of which reached 1600 ng/m3, 

corresponded to activity in the adjacent room (e.g., morning and afternoon lab sessions); doors 

are kept open between these rooms.  There was no laboratory session on Friday and the 

concentration returned to an apparent background level of < 50 ng/m3.  It is suspected that 

disturbances to air flow patterns (turbulence) in the room during class sessions from foot traffic 

redistributes mercury vapor from areas or pockets containing relatively higher levels, presumably 

in proximity to mercury sources, to the larger room volume.  Scuffing of dust from the floor by 
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foot traffic should not be an issue as it is filtered out prior to analysis.  Humans can also be 

sources of mercury vapor, especially those with tooth fillings containing mercury amalgams.  

Cosmetics can also contain mercury (MMWR 1996).  However, if humans were the only source 

of mercury, one might expect the room to gradually increase as mercury is exhaled or effluxed 

rather than exhibit large and inconsistent spikes in concentration with time.    

 

Figure 37. Temporal fluctuations in gaseous elemental mercury in a common room between 

general chemistry laboratories.  Each data point corresponds to a 5 minute integrated 

concentration.  The gaps in the baseline are inserted to delineate individual days. SD = standard 

deviation 
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Figure 38. Gaseous elemental mercury in a laboratory over the course of five days.  Note the 

relatively low and stable concentrations during the weekend.  The gaps in the baseline are 

inserted to delineate individual days.  SD = standard deviation 

 

Figure 38 corresponds to an instrumental laboratory. Again, there is a clear difference 

between concentrations during the day, when the room is being used, and during the night, when 

activity ceases.  The figure also shows that the weekend achieves a steady background state (16.7 

± 1.9 ng/m3), significantly below the work-week daytime concentrations (64 ± 32 ng/m3).   

GEM in a faculty office adjacent to the general chemistry laboratories was similar to 

levels found in the laboratories weekends (date not shown).  As noted, the building’s ventilation 

system was recently overhauled.  It plausible that there is a consistent ambient background level 

similar throughout the building, which can be exacerbated in areas by wafting from additional 

mercury sources resulting in the observed concentration spikes.   

In summary, this study shows that the concentration of mercury in ambient air within a 

chemistry building fluctuates during the day depending on room activity and usage.  Whereas 
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GEM levels are significantly higher than outdoor air, the concentrations did not exceed the 

permissible and recommended exposure limits.   
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