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ABSTRACT 

The isotopic composition of species-specific atmospheric mercury (Hg) was investigated 

in the coastal environment of Grand Bay, Mississippi, USA.  Hg
0

(g), Hg
II

(g) and Hg(p) were 

concurrently separated and collected, and subsequently analyzed for isotopic composition. Hg
0

(g) 

displayed negative mass dependent fractionation (MDF) with a range > 3.5‰ (δ
202

Hg = -3.88‰ 

to -0.33‰).  Hg(p) displayed intermediate MDF (δ
202

Hg = -1.61‰ to -0.12‰), while Hg
II

(g) 

displayed positive MDF (δ
202

Hg  = +0.51‰ to +1.61‰). Significant positive mass independent 

fractionation was observed in Hg(p) (∆
199

Hg = +0.36‰ to +1.36‰), while Hg
0

(g) displayed 

negative MIF (∆
199

Hg = -0.41‰ to -0.03‰) and Hg
II

(g) displayed intermediate MIF (∆
199

Hg = -

0.28‰ to 0.18‰).  Positive MIF of 
199

Hg and 
201

Hg measured in Hg(p) points to significant in-

aerosol photoreduction.  Significant MIF of 
200

Hg was observed in all Hg species with Hg
0

(g) 

displaying negative ∆
200

Hg values of -0.19‰ to -0.06‰ and Hg(p) and Hg
II

(g) displaying positive 

∆
200

Hg values of +0.06‰ to +0.28‰.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Mercury in the Environment 

1.1.1 Basic Biogeochemical Cycle of Mercury 

Mercury (Hg) is a naturally occurring heavy metal with many unique physiochemical 

properties that contribute to its complex biogeochemical cycle.  Being a chacophilic element, the 

dominant mineralized form of Hg is cinnabar (HgS).  Large deposits of cinnabar are associated 

with geologic regions characterized by subduction zones and deep-focus earthquakes (Schluter, 

2000).  A variety of natural and anthropogenic processes release mineralized Hg to the Earth’s 

surface environment.  Currently, coal combustion and waste incineration account for the majority 

of anthropogenic Hg emissions while volcanoes account for the majority of natural emissions 

(Pacyna et al, 2010).  At room temperature, elemental Hg (Hg
0
) exists as a silvery liquid, which 

experiences evaporation thereby creating gaseous elemental mercury (GEM; Hg
0

(g)).  Once GEM 

has entered the atmosphere it is relatively inert and also relatively insoluble in water, which 

results in an atmospheric residence time on the order of one year (Schroder and Munthe, 1998).  

This allows for global-scale transport of Hg
0

(g) emissions in the atmosphere.   

Deposition of atmospheric Hg is the primary source of Hg entering aquatic systems 

(Landis and Keeler, 2002; Hammerschmidt and Fitzgerald, 2006).  Once incorporated into 

aquatic systems inorganic Hg can undergo methylation, thereby creating monomethylmercury 

(MMHg; CH3Hg
+
).  Methylation of Hg in aquatic systems is facilitated by microbial organisms, 

especially sulfate-reducing bacteria (Gilmour and Henry, 1991).  MMHg is the neurologically 

toxic species of Hg that bioaccumulates and biomagnifies in aquatic and terrestrial ecosystems.  

The ingestion of wildlife species contaminated with MMHg poses a serious health risk to 

humans and is currently the principal route of Hg exposure to humans (U.S. EPA, 1997; 

Fitzgerald and Lamborg, 2005).  Figure 1.1 schematically illustrates the basic biogeochemical 

cycle of Hg.   
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1.1.2 Atmospheric Cycle of Mercury       

In the atmosphere, gaseous elemental Hg (GEM) usually accounts for >95% of the total 

Hg.  This is a result of GEM being volatile and sparingly soluble in water, resulting in a slow 

removal rate and a long atmospheric residence time.  GEM can be oxidized to Hg(II), which has 

been termed reactive gaseous Hg (RGM).  The exact speciation of RGM is still uncertain but can 

be modeled with some success as Hg halide compounds such as HgCl2 and HgBr2.  RGM is very 

soluble in water and is surface reactive, which results in a fast removal rate through wet and dry 

deposition leading to a short atmospheric residence time of hours to days.  Atmospheric Hg also 

interacts with atmospheric aerosols, resulting in a third atmospheric Hg species, particulate Hg 

(Hg(P)).  HgP has a relatively fast deposition velocity and is scrubbed out of the atmosphere by 

precipitation.  Therefore, Hg(P) has an atmospheric residence time similar to RGM. 

The fate of atmospheric Hg emissions is roughly determined by the speciation of the 

emission.  Local and regional deposition of RGM and Hg(p) emissions is expected while Hg 

emitted as GEM will likely be transported over long distances before being oxidized and 

deposited.  Therefore, atmospheric deposition of Hg in urbanized areas possibly consists of 

anthropogenic Hg derived from local/regional sources as well as the global atmospheric pool of 

Hg, which is a combination of anthropogenic and natural Hg.  Source attribution of Hg 

deposition in a multi-source environment has proven difficult using available techniques 

(Lindberg et al, 2007).  

 In light of the observation that Hg in aquatic systems is primarily derived from 

atmospheric deposition, it is clear that understanding the physical and chemical processes 

controlling the transport and deposition of atmospheric Hg is of high value.  Atmospheric 

transport and deposition is the key link between atmospheric Hg emissions and the accumulation 

of Hg in aquatic systems.     

1.2 Introduction to Research Plan 

Centuries of mining and industrial activities have increased the total amount of Hg 

cycling through Earth’s surface environments, thereby significantly altering its global 

biogeochemical cycle.  Consequently, atmospheric deposition of Hg to the Earth’s surface now 

exceeds pre-industrial deposition by approximately a factor of three (Mason and Sheu, 2002; 

Fitzgerald et al., 2005).  Once deposited to terrestrial or aquatic ecosystems, the potential exists 
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for conversion to toxic methylmercury, which bioaccumulates and threatens human health 

through consumption of contaminated organisms (EPA, 1997).  Although industrial regulations 

in many countries now limit the production of products containing Hg and require Hg removal 

and Hg filter systems to clean atmospheric emissions, such as scrubbers on coal fired power 

plants, global Hg emissions remain elevated, with Asia accounting for nearly two-thirds of all 

anthropogenic mercury emissions (Pacyna et al., 2010, Pirrone, et al. 2010).  

 Our current understanding of the atmospheric cycling of Hg is based on 

observations of temporal variations in the concentrations of relevant atmospheric Hg species 

which are gaseous elemental Hg (GEM; Hg
0

(g)), gaseous oxidized Hg (Hg
II

(g)) compounds and 

particulate/aerosol bound Hg (Hg(p)).  Hg
0

(g) is the dominant form of atmospheric Hg and 

generally accounts for >95% of total Hg in uncontaminated air (Schroeder and Munthe, 1998; 

Liu et al., 2010).  Hg
0

(g) is highly volatile and only sparingly soluble in water, hence Hg
0

(g) is not 

efficiently scavenged by wet and dry depositional processes.  As a result, the atmospheric 

residence time of Hg
0

(g) is relatively long, 0.5 to 1 year, which allows for regional/global 

transport of Hg
0

(g) emissions (Lindberg, 2007).  Hg
0

(g) is converted to Hg
II

(g) compounds upon 

reactions with atmospheric oxidants, such as halogens, ozone, and OH (Lin and Pehkonen, 1999; 

Holmes et al., 2009; Subir et al. 2011).  Because Hg
II

(g) is highly reactive and water soluble, 

local/regional deposition is expected in the vicinity of direct Hg
II

(g) emission sources.  Hg
II

(g), and 

to a lesser extent Hg
0

(g), can become associated with aerosols and particulate matter to make 

Hg(p), which is also effectively removed from the atmosphere through wet and dry deposition.  

Therefore, both wet and dry deposition of atmospheric Hg is dominated by oxidized Hg species 

(Schroeder and Munthe, 1998; Guentzel et al., 2001).     

 Oxidized Hg species (i.e. Hg
II

(g) and Hg(p)) are typically present in the atmosphere 

at concentrations <10 pg/m
3
 in uncontaminated rural environments but can reach levels in excess 

of 300 pg/m
3
 in contaminated industrial areas and during atmospheric Hg depletion events 

(Sprovieri et al., 2002; Lindberg et al., 2002; Liu et al., 2010).  Hg
II

(g) and Hg(p) can account for a 

significant fraction of total atmospheric Hg emissions during industrial processes such as 

municipal waste incineration and fossil fuel combustion (Capri, 1996; Pirrone et al., 2001).  Coal 

fired power plant plumes can transport direct emissions of Hg
II

(g) compounds over distances 

greater than 100 km (Edgerton et al., 2006).  Accordingly, elevated wet and dry deposition rates 

around large urban/industrial centers are expected and were observed during the Lake Michigan 
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Mass Balance Study (Keeler and Landis, 2002).  Furthermore, Landis et al. (2005) observed 

increasing levels of Hg
II

(g) with altitude in the marine troposphere off the Atlantic coast of 

Florida, indicating oxidation of Hg
0

(g) at high altitude.  Guentzel et al. (2001) hypothesized that 

tall (12-16 km) convective thunderstorms in Florida during the wet season can scavenge high 

altitude Hg
II

(g) and Hg(p), thereby enhancing deposition rates.  Source attribution of Hg deposition 

on a regional scale is challenging using concentration and speciation data only.  This is because 

Hg
0

(g) may be deposited, upon oxidation, far from its emission source(s), while direct Hg
II

(g) and 

Hg(p) emissions will be deposited relatively close to emission sources.  Therefore, deposition on a 

regional scale potentially represents a combination of multiple sources of Hg (global, regional, or 

local; natural or anthropogenic).  Hg isotope ratio measurements could provide a valuable new 

tool for identifying sources of Hg deposition in a multiple source environment.   

 Over the last decade, development and implementation of analytical methods to 

precisely measure Hg isotope ratios have documented mass dependent fractionation (MDF) of 

Hg isotopes during a variety of natural and industrial Hg transformations (Smith et al., 2005; 

Bergquist and Blum, 2007; Kritee et al., 2007, 2008, 2009; Zheng et al., 2007; Estrade et al, 

2009; Laffont et al., 2009; Sonke et al., 2010).  Additionally, the discovery of mass independent 

fractionation (MIF) of Hg isotopes has been documented during photochemical and non-

photochemical abiotic reduction (Bergquist and Blum, 2007; Zheng and Hintelmann, 2009, 

2010b), and physical (Estrade et al., 2009) and chemical processes (Wiederhold et al., 2010).  

Such processes lead to differences in the Hg isotopic composition of different emission sources, 

both natural and anthropogenic.  Therefore, Hg isotope ratios measured in ambient air could be 

used to trace the source of Hg.  However, atmospheric processes (i.e. transportation, 

oxidation/reduction, deposition, reemission) could induce additional Hg isotope fractionation, 

thereby changing the Hg isotopic composition relative to the source. 

 This study reports an initial attempt to measure the isotopic compositions of 

Hg
0

(g), Hg
II

(g), and Hg(p) collected concurrently in a coastal marine environment.  The objectives 

of this work are 1) to establish methods to separate and collect Hg
0

(g), Hg
II

(g), and Hg(p) of 

sufficient quantity for isotope ratio analysis, 2) characterize the isotopic composition of Hg
0

(g), 

Hg
II

(g), and Hg(p), and 3) use the isotopic composition of Hg
0

(g), Hg
II

(g), and Hg(p) to identify the 

dominant atmospheric sources and cycling process for Hg. 
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Figure 1.1: Schematic illustration of the basic biogeochemical Hg cycle (recreated from Selin, 

2009). Natural (preindustrial) fluxes [megagrams (Mg) year
–1

] and inventories, in Mg, are noted 

in black. Anthropogenic contributions are in red.  Red-and-black dashed lines note natural fluxes 

augmented by anthropogenic activities. 
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CHAPTER TWO 

EXPERIMENTAL METHODS AND FIELD CAMPAIGN 

2.1 Site descriptions  

Daily atmospheric Hg samples were collected during a three-week field campaign (18 

April 2011 to 9 May 2011) at the Grand Bay National Estuarine Research Reserve in Moss 

Point, MS. (Lat: 30.41°N - Long: 88.40°W) (Figure 2.1).  Grand Bay (GB) is situated on the 

northern coast of the Gulf of Mexico and is often influenced by air masses coming from the 

marine environment, especially during the summer months.  The GB site is semi-rural, 

surrounded by a sparsely populated suburban area.  Possible local anthropogenic atmospheric Hg 

emission sources include a large oil refinery 10 km to the SW with an unknown Hg emission 

inventory and the Victor J. Daniel Jr. Electric Generating Plant approximately 25 km to the NW.  

Other regional and continental anthropogenic Hg emission sources are illustrated in figure 2.2.  

A large open field within the reserve, 5 km NW of the Gulf of Mexico, was selected as the site to 

deploy atmospheric sampling equipment.  

Aerosol samples were also collected at a second site located 21 km NW of Pensacola, FL 

and 20 km N of the Gulf of Mexico (Lat: 30.55°N. Long: 87.38°W). The site, termed Outlying 

Landing Field (OLF), is located on the edge of large open field and is considered suburban.  

Plant Crist, a coal fired electrical facility, is located 15 km ENE of the site and is considered to 

be the dominant local source of atmospheric Hg emissions (Caffrey et al., 2010). 

Figure 2.2 illustrates the known Hg emissions in North America during the year 2005. 

2.2 Sample collection process 

Hg
II

(g) and Hg(p) were collected using a Tisch 5170V-BL high volume aerosol sampler 

(Tisch Environmental Inc., Ohio, USA).  The system is equipped with a vacuum pump that 

creates a flow across the filter interface of approximately 3 L/cm
2
-min.  The area of the filter 

interface is approximately 406 cm
2
, resulting in a total flow of 1.2 m

3
/min (±0.1 m

3
/min).  The 

total flow rate is dependent upon temperature, barometric pressure, and vacuum pressure behind 

the filter.  Hg(p) was collected on untreated quartz fiber filters (Whatman QM-A).  Hg
II

(g) was 

collected on quartz fiber filters treated with potassium chloride (KCl, Fisher Scientific, >99.9%).  

Treatment consisted of soaking the quartz fiber filters in 10% KCl (w/v, 1.34 M) solution until 
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fully saturated at which time they were removed and allowed to air dry under a laminar flow 

hood.  Untreated and KCl treated quartz fiber filters (QFF and KCl-QFF) were pre-combusted at 

550 
o
C for ≥ 10 hours to eliminate any trace of Hg prior to use.  Immediately following pre-

combustion, the filters were wrapped in pre-baked aluminum foil and then placed inside a sealed, 

clean plastic bag.  The filters were deployed in a filter cartridge that was mounted to the top of 

the aerosol sampler.  After deployment, the filters were removed from the filter cartridge, placed 

back in the aluminum foil and plastic bag, and were kept frozen until further processing.    

At the GB site, untreated and treated QFFs were deployed simultaneously as a filter 

stack, in a single filter cartridge, for an interval of approximately 24 hours.  This allowed for 

collection of sufficient quantities of Hg(p) and Hg
II

(g) required for isotope analyses (~3 ng Hg).  

The untreated QFF, on top of the stack, collected Hg(p) while Hg
II

(g) was transmitted and 

collected on the KCl-QFF on the bottom of the stack.  Thus, Hg(p) and Hg
II

(g) were collected 

separately from the same air mass.  At the OLF site, untreated QFFs only were deployed during 

August 2010 for 72-hour intervals.  Deploying the filters longer resulted in more Hg being 

collected.  Therefore, these filters were sectioned into thirds and subsequently extracted and 

analyzed as individual samples. 

Hg
0

(g) was collected and pre-concentrated using gold (Au) traps via gold-mercury 

amalgamation.  Gold traps consisted of approximately 1 g of gold-coated sand secured in a 

quartz tube with quartz wool.  Each gold trap was cleaned of residual Hg by baking at 500 
o
C for 

one hour and then stored in a sealed glass test tube until use.  A vacuum pump was used to pull 

air through the gold trap at approximately 2 L/min for 24-hour intervals.  The gold traps were 

deployed approximately 2 m above ground level.  Since a pre-filter was not employed, gold traps 

collected HgT (Hg
0

(g), Hg
II

(g), and Hg(p)) rather than Hg
0

(g) solely.  However, the ambient 

concentration of Hg
0

(g) was typically 2-3 orders of magnitude higher than Hg
II

(g) and Hg(p)
 
during 

the field campaign.  Therefore, the contribution of Hg
II

(g) and Hg(p) to the total Hg sampled by the 

gold trap is negligible.  Gold trap Hg samples will be referred to as Hg
0

(g) in the following 

discussion.  

2.3 Sample extraction 

Figure 2.3 illustrates the Hg combustion system used for extraction of Hg from gold traps 

and QFFs (untreated and treated). The quartz tubes (OD 2.54 cm; ID 2.44 cm; length 61 cm) 
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were fitted with threaded Teflon end caps used to connect the quartz tube to a supply of ultra 

high purity Ar and O2 carrier gases and a Teflon impinger (30 mL microcolumn; 6.4 mm ID x 9.6 

mm OD x 25 cm capillary; Savillex, Minnesota, USA) via Teflon tubing.  The carrier gases were 

passed through gold traps to remove any trace Hg.  Quartz tubes and Teflon connectors were 

cleaned by soaking in a 8 M HNO3 solution for ≥ 48 h and rinsed thoroughly with high purity DI 

(18.2 MΩ.cm) water.   

Quartz tubes loaded with gold traps and QFFs were heated in a Lindberg/Blue M Mini-

Mite programmable tube furnace. HgP on uncoated QFFs was liberated and volatilized using a 

multi-step heating routine. The first heating step ramped the temperature to 500° C at 50 °C/min, 

the temperature then ramped to 800 °C at 25 °C/min. The temperature was then held at 800 °C 

for 15 min before cooling to room temperature.  Volatilized Hg was transported out of the quartz 

tube in a stream of Ar (35 mL/min) and O2 (15 mL/min) and was then captured in a KMnO4 

trapping solution. O2 was used as a carrier gas during combustion of untreated QFFs to ensure 

that oxidation of any organic matter was complete.  Gold traps and KCl-QFFs were extracted 

using the same combustion method with the only differences being a lower maximum 

temperature and the lack of O2 as a carrier gas.  Instead of using a mixed Ar/O2 carrier gas, Ar 

was used solely at a flow rate of 50 mL/min.  Both sample types were heated to 500 °C at 50 

°C/min, held for 20 min at 500 °C, and then allowed to cool to room temperature.  KCl melts at 

771 °C and Rutter et al. (2008) reported evaporation and condensation of KCl at temperatures 

lower than 771 °C in a similar combustion system using KCl treated quartz fiber filters.  Also, 

heating gold traps and KCl-QFFs to temperatures above 500 °C did not release additional Hg.  

Thus, 500 °C was chosen as the maximum temperature for both sample types.      

During combustion, volatilized Hg is primarily in the Hg
0

(g) state.  Therefore, a strong 

oxidizing agent, such as potassium permanganate (KMnO4), is required for trapping.  During 

combustion, the carrier gas enters the impinger and is introduced to the trapping solution at 

which time gaseous Hg
0
 is oxidized to Hg

II
 and is trapped in the solution.  Different 

concentrations of KMnO4 were tested to determine the optimal trapping solution.  Using a cold 

vapor atomic fluorescence spectrometer (Model II, Brooks Rand Labs, Washington, USA) in 

conjunction with a gold trap, a 2.5 mM KMnO4 in 1.13 M HNO3 solution was deemed adequate 

because >99% trapping efficiency was achieved during elemental Hg vapor injections and 

combustion of standard reference materials (NIST SRM 1572), while minimizing the Hg blank 
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associated with KMnO4.  The addition of O2 helped the KMnO4 solution retain its oxidizing 

efficiency by oxidizing gases evolved during combustion that would otherwise be oxidized by 

the KMnO4 solution.  In the absence of O2, combustion of heavily loaded QFFs consumed the 

KMnO4 before the combustion routine was complete.  O2 was deemed unnecessary during 

combustion of gold traps and KCL-QFFs because both sample types contained significantly less 

organic matter and therefore the trapping efficiency of the KMnO4 solution was not 

compromised.  Breakthrough of Hg during sample extractions, monitored via CV-AFS, was 

negligible (<20 pg). 

2.4 Mass spectrometry  

Hg standards and extracted samples were analyzed for Hg concentrations and isotope 

compositions using a cold-vapor introduction system interfaced to a multi-collector inductively 

coupled plasma mass spectrometer (CV-MC-ICP-MS).  A CETAC HGX-200 continuous flow 

cold-vapor (CV) generator was coupled to a Thermo Finnigan Neptune MC-ICP-MS.  Dissolved 

Hg
II
 was reduced by online mixing of 0.16 M SnCl2 in 1.2 M HCl with the sample solution, 

generating a continuous flow of Hg
0

(g).  The flow rates of the sample solution and SnCl2 solution 

were both approximately 0.8 mL/min.  All standards and samples were partially reduced with 

0.004 mL of 0.72 M NH2OH·HCl per 1 mL of 2.5 mM KMnO4 to dissolve manganese oxides 

immediately prior to analysis.  Drift in instrumental mass bias was corrected for using the 

standard-sample-standard bracketing technique.  The international delta-0 Hg standard, NIST 

SRM 3133, was employed as the bracketing standard. Bracketing standards were matrix matched 

and concentration matched to within 10% of all samples analyzed.  Mass limitations of samples 

restricted data acquisition time to 4 min (1 block, 60 cycles, 4 s integrations).  After each 

analysis the introduction system was washed with 1.14 M HNO3 until signal intensity on 
202

Hg 

achieved blank signal (≤ 0.005 V).  Blank signals were always ≤ 1% of sample signals.  Standard 

operating conditions were optimized daily for signal intensity and stability.    

Hg isotope compositions are reported using the standard delta (δ) notation (Blum and 

Bergquist, 2007): 

        

" xxxHg =
Rsample

xxx /198

RNIST 3133

xxx /198
#1

$ 

% 
& 

' 

( 
) *1000‰

(1)
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where xxx = 199, 200, 201, 202, 204.  Any isotope composition that does not follow theoretical 

mass dependent fractionation (MDF) is considered an isotope anomaly caused by mass 

independent fractionation (MIF).  MIF is reported using the “capital delta” (∆) notation as the 

difference between the measured and the theoretical MDF value (Blum and Bergquist, 2007): 

       

     Δ 204Hg (‰) = δ 204Hg− (δ 202Hg×1.493)    (5) 

A secondary reference material, UM-Almadén Hg standard, was analyzed during each 

analytical session to quantify the analytical reproducibility of CV-MC-ICP-MS isotope ratio 

analysis.  It was prepared in an identical KMnO4 matrix and at concentrations similar to sample 

solutions.  During the analysis period (May-Oct 2011) the UM-Almadén standard averaged 

δ
202

Hg = -0.66‰ ± 0.09‰ (2SD, n = 30), ∆
199

Hg = -0.01‰ ± 0.07‰ (2SD, n = 30), and ∆
201

Hg 

= -0.04‰ ± 0.07‰ (2SD, n = 30) (Table 3.2), which is consistent with values reported by other 

laboratories (Blum and Bergquist, 2007).  Additionally, procedural replicates of QFFs collected 

at the OLF site were analyzed for Hg isotope composition, as were gold traps loaded with an 

elemental Hg vapor standard.  Analytical uncertainties are reported as the larger value of either 

2SD of the reproducibility of the UM-Almadén standard or 2SD of procedural replicates.   

"
199Hg (‰) = #199Hg$ (# 202Hg% 0.252)

"
200Hg (‰) = # 200Hg$ (# 202Hg% 0.502)

"
201Hg (‰) = # 201Hg$ (# 202Hg% 0.752)

(2)

(3)

(4)



11 

 

 
 

Figure 2.1: Site map showing the GB and OLF sites. 
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Figure 2.2: Illustration of known Hg emission sources in North America during 2005 (Mark 

Cohen NOAA/OAR US EPA 2005 National Emissions Inventory Data). 
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Figure 2.3: Schematic of extraction system used for QFFs, KCl-QFFs, and gold traps. 
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CHAPTER THREE 

RESULTS 

3.1 Collection of Hg
0

(g), Hg(p), and Hg
II

(g) 

The effectiveness of KCl treated quartz filters at capturing Hg
II

(g) in this study was 

evaluated by comparison with hourly integrated Hg
II

(g) concentration measurements made with 

two collocated Tekran
®

 2537A/1130/1135 automated Hg speciation units operating 

asynchronously to provide continuous mercury species measurements (operated by W. Luke, 

NOAA/Air Resources Laboratory).  Rutter et al. (2008) previously concluded that manual KCl-

QFFs techniques and Tekran
®

 speciation units compare well in terms of quantifying Hg
II

(g).  The 

Tekan
®

 unit uses a KCl-coated annular denuder to collect Hg
II

(g) species which are collectively 

operationally defined as reactive gaseous Hg (RGM) (Landis et al. 2002).  Fine particulate Hg 

(FPM; particle size < 2.5 µm) was collected on a particulate filter and gaseous elemental Hg 

(GEM) was collected on an internal gold trap. 

During the initial phase the field campaign (18 April - 27 April), RGM at GB did not 

reach concentrations above 10 pg/m
3
 and 24 h averages were typically ≤ 1 pg/m

3
  (Fig. 3.1a).  

Consequently, daily KCl-QFFs deployed during this time interval were loaded with < 2 ng Hg 

per filter and precise isotope ratio measurements were not possible.  During the final phase of the 

field campaign (28 April - 9 May), RGM concentrations were elevated and displayed a strong 

diurnal cycle typical of the marine environment (Laurier et al. 2003; Holmes et al., 2009) with a 

maximum peak of ~70 pg/m
3
 and 24 h averages ≥ 5 pg/m

3
 (Fig. 3.1a).  Daily KCl-QFFs 

deployed during this time interval were, on average, loaded with > 5 ng Hg per filter (Fig 3.1b).   

GEM concentrations averaged 1.5 ng/m
3
 over the duration of the field campaign (Fig. 

3.1a).  Daily gold traps, on average, were loaded with 3.3 ng of Hg.  One gold trap was deployed 

for approximately 48 h (26 April - 28 April) and was loaded with 11 ng of Hg.  The FPM 

concentration shows a similar pattern as RGM, with increased concentrations and a strong 

diurnal cycle during the final phase of the field campaign (Fig. 3.1a).  Daily QFFs collected 

during the final phase of the field campaign were, on average, loaded with > 5 ng of Hg.   

Average daily concentrations of HgP and and Hg
II

(g) were calculated for the filter based 

manual collection method using the aerosol sampler flow rate which was monitored during the 



15 

 

collection periods by measuring the vacuum pressure under the filters and the ambient 

temperature and atmospheric pressure.  The flow rate of the aerosol sampler was on average 1.2 

m
3
/min with a variation of approximately 0.1 m

3
/min due to the filters becoming loaded and 

changes in temperature and atmospheric pressure.  Average daily concentrations of FPM and 

RGM as measured by the Tekran
®

 2537A/1130/1135 automated Hg speciation units were 

calculated by averaging the data over the time interval represented by the manual collected filter 

samples.  Figure 3.2a displays the daily averages of Tekran
®

 FPM versus the uncoated QFFs HgP 

(slope = 0.33 ± 0.07; y-intercept = 0.46 ± 0.60) and Figure 3.2b displays the daily averages of 

Tekran
®

 RGM versus KCl-QFFs Hg
II

(g) (slope = 0.35 ± 0.06; y-intercept = 0.53 ± 0.55).  The 

two methods show reasonable agreement but the manual collection method consistently results in 

lower average daily concentrations.  This may be partially due to the fact that the filters were 

collected at ground level in a highly vegetated area while the Tekran
®

 instrument was located on 

the open coast and installed on a tower with an elevation of approximately 10m.  Deposition of 

HgP and Hg
II

(g) onto vegetated surfaces may be significant around the filter collection site which 

would result in decreased concentrations.  

Procedural blanks of gold traps and filters were collected and analyzed for Hg content by 

CV-AFS. Blank gold traps averaged ≤ 50 pg of Hg (n=3) while field blanks for QFFs and KCl-

QFFs averaged ≤ 200 pg of Hg (n=3). 

3.2 Hg stable isotope compositions  

The Hg isotope compositions of replicate extractions and analysis of the OLF QFF filters 

are reported in Table 3.1.  The averages of the 2SD calculated for each set of three samples were 

used to approximate the reproducibility of the entire method for collection, extraction and 

isotope ratio analysis for QFFs and KCl-QFFs. The reproducibility of Hg isotope compositions 

of gold traps loaded with an elemental Hg vapor in equilibrium with liquid elemental Hg (Fisher 

Mercury Metal Redistilled) is reported in Table 3.2.  It is clear that the process of desorbing the 

gold traps is not inducing isotope fractionation.  These uncertainties are applied to all samples 

accordingly unless the 2SD of the reproducibility of the UM-Almadén standard is larger.  

The isotopic compositions for samples collected at GB during the field campaign are 

summarized in Table 3.3.  Hg
0

(g) displayed the lowest δ
202

Hg and a range of > 3.5‰ (-3.88‰ ± 

0.13‰ to -0.33‰ ± 0.13‰, 2SD).  Hg(p) displayed intermediate δ
202

Hg values (-1.61‰ ± 0.16 to 
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-0.12‰ ± 0.16, 2SD) and Hg
II

(g) displayed the highest δ
202

Hg values (+0.51‰ ± 0.16 to +1.61‰ 

± 0.16, 2SD).  Three-isotope diagrams of δ
202

Hg vs δ
199

Hg, δ
200

Hg, and δ
201

Hg, and δ
201

Hg 

reveal significant mass-independent fractionation (MIF) (Fig. 3.3 and 3.4).  Hg(p) is characterized 

by significant positive ∆
199

Hg and ∆
201

Hg (∆
199

Hg = +0.36‰ ± 0.07‰ to +1.36‰ ±0.07‰, 

2SD; ∆
201

Hg = +0.30‰ ± 0.08‰ to +1.20‰ ±0.08‰, 2SD), while Hg
0

(g) and Hg
II

(g) display 

negative ∆
199

Hg and ∆
201

Hg values or values that are indistinguishable from zero, with the 

exception of KCl-QFF 05/07-05/08 (∆
199

Hg = 0.18‰ ± 0.07, 2SD; ∆
201

Hg = 0.19‰ ± 0.08, 

2SD) (Fig. 3.5).  A linear regression of ∆
199

Hg and ∆
201

Hg for all samples yields a slope of 1.15 

± 0.02 (r
2
 = 0.99) (Fig. 3.6).   

Significant MIF of 
200

Hg was recently reported in atmospheric Hg in the Great Lakes 

regions of the U.S., Florida, and Canada, including precipitation and Hg
0

(g) (Chen et al, 2012; 

Gratz et al., 2010; Sherman et al, 2012).  Atmospheric Hg at GB also displayed significant MIF 

of 
200

Hg (Fig. 3.7).  Hg
0

(g) was characterized by negative ∆
200

Hg = -0.19‰ ± 0.06‰ to -0.06‰ ± 

0.06‰ (2SD).  Hg
II

(g) and Hg(p) displayed positive ∆
200

Hg of similar magnitude (Hg
II

(g) ∆
200

Hg = 

+0.08‰ ± 0.06‰ to +0.28‰ ± 0.06‰, 2SD; Hg(p) ∆
200

Hg= +0.06‰ ± 0.06‰ to +0.26‰ ± 

0.06‰, 2SD). 

Significant MIF of 
204

Hg was also observed in the samples collect at GB (Table 3.3 and 

Figure 3.8). Hg
0

(g) displayed a range of ∆
204

Hg = -0.37‰ ± 0.22‰ to 0.15‰ ± 0.22‰ (2SD).  

Hg
II

(g) and Hg(p) displayed negative ∆
204

Hg of similar magnitude (Hg
II

(g) ∆
204

Hg = -0.41‰ ± 

0.14‰ to 0.31‰ ± 0.14‰, 2SD; Hg(p) ∆
204

Hg= -0.84‰ ± 0.22‰ to -0.09‰ ± 0.22‰, 2SD).  
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Figure 3.1: (a) Concentration of GEM, RGM, and FPM measured by dual Tekran
®

 

2537A/1130/1135 automated Hg speciation analyzers (Winston Luke NOAA/OAR unpublished 

data) and (b) mass of Hg collected concurrently on gold traps, KCl treated quartz fiber filters, 

and untreated quartz fiber filters.  
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Figure 3.2: Comparison of average daily concentrations of HgP (A) and Hg
II

(g) (B) as measured 

by the Tekran
®

 2537A/1130/1135 automated Hg speciation analyzers and the manual collection 

method employed for isotope analysis.
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Table 3.1: Replicate analysis of sectioned untreated quartz fiber filters deployed at the OLF site 

for approximately 72 h.  Concentrations were determined via CV-MC-ICPMS 
202

Hg signals.  

Sample OLF 4.c suffered from a low carrier gas flow rate during the combustion process, which 

resulted in a decreased recovery.   



20 

 

 

 

 

Table 3.2: Isotopic composition of Hg
0

(g) standard trapped directly in KMnO4 trapping solution 

and Hg
0

(g) standard initially trapped on a Au trap before being thermally released and then 

trapped in KMnO4 trapping solution. Also included is the average UM-Almadén value obtained 

during analytical sessions from May 2011 to 0ctober 2011. 
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Table 3.3: Isotopic composition of species-specific atmospheric Hg samples collected at Grand 

Bay, Mississippi (USA) during April-May, 2011.  Hg
0

(g) was collected on gold traps, Hg
II

(g) was 

collected on KCl treated quartz fiber filters, and Hg(p) was collected on untreated quartz fiber 

filters. 
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Table 3.3 continued. 
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Figure 3.3: 
199

Hg and 
201

Hg three isotope diagrams for species-specific atmospheric Hg samples 

collected at Grand Bay, Mississippi (USA) during April-May, 2011.  Isotopic compositions of 

Hg
0

(g) (open squares), Hg(p) (black triangles), and Hg
II

(g) (open circles) are plotted.  Dashed lines 

represent theoretical mass dependent fractionation (MDF).  Points that do not fall on the MDF 

line indicate anomalous mass-independent fractionation (MIF).  Uncertainties are determined by 

the reproducibility of the UM-Almadén standard and procedural replicates and standards (see 

text). 
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Figure 3.4: 
200

Hg and 
204

Hg three isotope diagrams for species-specific atmospheric Hg samples 

collected at Grand Bay, Mississippi (USA) during April-May, 2011.  Isotopic compositions of 

Hg
0

(g) (open squares), Hg(p) (black triangles), and Hg
II

(g) (open circles) are plotted.  Dashed lines 

represent theoretical mass dependent fractionation (MDF).  Points that do not fall on the MDF 

line indicate anomalous mass-independent fractionation (MIF).  Uncertainties are determined by 

the reproducibility of the UM-Almadén standard and procedural replicates and standards (see 

text). 
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Figure 3.5: ∆
199

Hg (‰) versus δ
202

Hg (‰) for atmospheric Hg samples collected at Grand Bay, 

Mississippi (USA) during April-May, 2011.  Data points represent Hg
0

(g) (open squares), Hg(p) 

(black triangles), and Hg
II

(g) (open circles). Uncertainties are determined by the reproducibility of 

the UM-Almadén standard and procedural replicates and standards (see text). 
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Figure 3.6: ∆
199

Hg (‰) versus ∆
201

Hg (‰) for atmospheric Hg samples collected at Grand Bay, 

Mississippi (USA) during April-May, 2011.  Data points represent Hg
0

(g) (open squares), Hg(p) 

(black triangles), and Hg
II

(g) (open circles). Uncertainties are determined by the reproducibility of 

the UM-Almadén standard and procedural replicates and standards (see text).      
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Figure 3.7: ∆
200

Hg (‰) versus δ
202

Hg (‰) for atmospheric Hg samples collected at Grand Bay, 

Mississippi (USA) during April-May, 2011.  Data points represent Hg
0

(g) (open squares), Hg(p) 

(black triangles), and Hg
II

(g) (open circles). Uncertainties are determined by the reproducibility of 

the UM-Almadén standard and procedural replicates and standards (see text). 
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Figure 3.8: ∆
200

Hg (‰) versus ∆
204

Hg (‰) for atmospheric Hg samples collected at Grand Bay, 

Mississippi (USA) during April-May, 2011.  Data points represent Hg
0

(g) (open squares), Hg(p) 

(black triangles), and Hg
II

(g) (open circles). Uncertainties are determined by the reproducibility of 

the UM-Almadén standard and procedural replicates and standards (see text). 
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CHAPTER FOUR 

DISCUSSION  

4.1 Mass dependent fractionation of Hg
O

(g) 

Although Hg stable isotope geochemistry has been established as a powerful tool for 

studying the complex biogeochemical cycle of Hg, few studies have focused on direct isotopic 

composition measurements of atmospheric Hg species (Zambardi et al., 2009; Sherman et al., 

2010, 2012; Gratz et al., 2010).  Rather, the isotopic composition of atmospheric Hg has been 

investigated indirectly by measuring the isotopic composition of Hg in reservoirs that are 

considered tracers of atmospheric Hg deposition such as lichens, moss, peat, coal, soils, and 

sediments (Biswas et al., 2008; Ghosh et al., 2008; Carignan et al., 2009; Estrade et al., 2010; 

Sonke et al., 2010).  This is primarily due to the analytical challenge of measuring the isotopic 

compositions of low-level atmospheric Hg species.  The objective of this study was to directly 

analyze the isotopic composition of the individual atmospheric Hg species.  

Mass dependent fractionation will be discussed in terms of δ
202

Hg.  For Hg
0

(g), the δ
202

Hg 

values reported here are more negative than previous reports (Zambardi et al., 2009; Sherman et 

al., 2010; Gratz et al., 2010).  However, the sampling locations were drastically different for each 

study.  Zambardi et al. (2009) collected Hg
0

(g) in a fumarole plume. Sherman et al. (2010) 

collected Hg
0

(g) in the Arctic and Gratz et al. (2010) collected Hg
0

(g) in the Great Lakes region of 

the United States.  In our study, air masses were sampled at GB in a semi-rural coastal 

environment at ~2 m above sea level.  It could be expected that air masses originating offshore 

may contain significant Hg derived from long-range transport or emissions from surface waters 

(Strode et al., 2007).  However, local anthropogenic sources may influence air masses that 

appear to originate offshore due to alternating wind directions between sea breeze and land 

breeze.  Therefore, potential sources of Hg
0

(g) include long-range transport, Hg that has been 

emitted from Gulf of Mexico surface waters, local/regional anthropogenic emission sources, and 

possibly minor amounts of Hg
0

(g) emitted from local soils and vegetation.  Although the isotopic 

compositions of potential sources of long-range transport and local/regional anthropogenic 

sources are unknown, the photoreduction of dissolved Hg
II
 (Hg

II
(aq)) and subsequent 

volatilization of the product, Hg
0

(g), has been shown to follow mass dependent fractionation, 
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which predicts enrichment of light isotopes in product Hg
0

(g) (Bergquist and Blum, 2007; Zheng 

et al., 2007; Zheng and Hintelmann, 2009).  Accordingly, low δ
202

Hg values for Hg
0

(g) are 

expected in marine air masses that contain significant Hg
0

(g) produced by volatilization from 

surface waters, but have not experienced significant mixing with air mass containing Hg
0

(g) with 

high δ
202

Hg values.  Therefore, the low Hg
0

(g) δ
202

Hg values reported here potentially signify that 

the evasion flux of Hg from surface water contributes significantly to atmospheric Hg
0

(g) along 

the northern coast of the Gulf of Mexico.   

Alternatively, Hg
0

(g) with low δ
202

Hg values could reflect fractionation induced by 

atmospheric processes, such as oxidation and/or deposition, during long range transport.  

Deposition may be especially important due to the sampling location being near ground level and 

in the vicinity of vegetated surfaces.  Deposition of Hg is driven by Hg(p) and Hg
II

(g) however, 

and therefore Hg
0

(g) should be least affected by local depositional processes. The δ
202

Hg values 

of Hg
0

(g)  could be driven to lower values during long range transport by continual oxidation and 

subsequent deposition of isotopically heavy divalent Hg species.  Additionally, known 

local/regional anthropogenic emission sources possibly contributing to the atmospheric Hg at GB 

include coal fired power plants.  Biswas et al. (2008) measured δ
202

Hg values from -3‰ to -

0.5‰ in a variety of United States coals.  However, it is not known if, or to what extent, Hg 

isotopes are fractionated during combustion and emission.  The use of scrubbers to remove Hg 

from emissions most likely induces significant fractionation of the fraction of Hg that is emitted.  

The range in δ
202

Hg measured in atmospheric Hg
0

(g) at GB likely represent mixing of multiple 

natural and anthropogenic sources. 

4.2 Mass dependent fractionation of Hg(p) and Hg
II

(g)  

The oxidation of Hg
0

(g) to divalent Hg species in the marine environment is driven by the 

presence of halogen atoms, especially atomic bromine (Mason and Sheu, 2002; Holmes et al., 

2009; Obrist et al., 2010).  Atomic Cl and Br are generated by the photolysis of weakly bound 

nighttime reservoirs during sunrise, which subsequently drives the observed diurnal variation in 

Hg
II

(g) (Holmes et al., 2009).  The Hg
II

(g) δ
202

Hg values suggests that during oxidation, 

equilibrium isotope fractionation dominates over potentially present kinetic isotope fractionation, 

resulting in the observed enrichment of heavier isotopes in Hg
II

(g) relative to Hg
0

(g).  The mass 

dependent fractionation factor between Hg
II

(g) and Hg
0

(g) was calculated using Eq. (6): 
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    (6) 

 

The δ
202

Hg values for concurrently collected Hg
II

(g) and Hg
0

(g) were used to calculate an 

average fractionation factor, = 1.00423 ± 0.00095 (1SD, n=10).  Using first-principles 

vibrational frequency and electronic structure calculations, Schauble (2007) predicted theoretical 

equilibrium isotope fractionation factors between Hg
0

(g) and Hg
II

(g) species such as HgCl2 and 

HgBr2.  At 0 °C the theoretical total fractionation factors  and  are 1.00247 

and 1.00229, respectively, both of which differ significantly from our measured fractionation 

factor.    

The large discrepancy between the measured and theoretical  and 

may be explained by additional isotope fractionation during the conversion of Hg
II

(g) 

to Hg(p).  Due to the short atmospheric lifetime of aerosols (hours to weeks), the uptake of Hg
II

(g) 

into aerosols (i.e. Hg(p)) is limited by diffusion, which inhibits equilibrium between Hg
II

(g) and 

Hg(p).  Diffusion inherently induces kinetic isotope fractionation because lighter isotopes diffuse 

faster than heavier isotopes. Since Hg
II

(g) is diffusing in to the aerosol, the remaining reservoir of 

Hg
II

(g) should become enriched in heavier Hg isotopes while Hg(p) should become enriched in 

lighter Hg isotopes.  This is supported by the observations that the Hg(p) δ
202

Hg values are lighter 

than concurrently collected Hg
II

(g) δ
202

Hg values and = 0.99668 ± 0.00097 (1SD, 

n=5). Therefore, the Hg
II

(g) δ
202

Hg appears to be the result of MDF induced by two or more 

processes (i.e. oxidation and diffusion), which may account for the discrepancy between 

measured here and theoretical  and  predicted by Schauble 

(2007).   
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4.3 Mass independent fractionation (MIF) 

4.3.1 MIF mechanisms  

MIF of 
199

Hg and 
201

Hg has been explained by two mechanisms: the magnetic isotope 

effect (MIE) and the nuclear volume effect (NVE).  The NVE arises due to the non-linear 

increase between the Hg isotope number and the mean square nuclear charge radius, <r
2
>.  In 

particular, 
199

Hg and 
201

Hg are characterized by nuclear volume/shape distortions that give rise to 

smaller than expected <r
2
> (Schauble, 2007).  NVE has been documented during elemental Hg

0
 

liquid-vapor equilibrium (Estrade et al. 2009, Ghosh et al., 2012), abiotic non-photochemical 

Hg
II

(aq) reduction (Zheng and Hintelmann, 2009, 2010b), and equilibrium Hg
II

(aq)-thiol 

complexation (Wiederhold et al, 2010). 

The MIE occurs during photochemical reactions in which long-lived radical pairs are 

formed.  Odd isotopes have a nuclear spin and associated nuclear magnetic moment that can 

interact with magnetic moments of electrons (i.e. nuclear-electronic hyperfine coupling) and 

change a reaction from the spin-forbidden to a spin-allowed state or from the spin-allowed to 

spin-forbidden state. This effect results in different reaction rates between even and odd isotopes 

of Hg during reactions involving long-lived radical pairs (Buchachenko, 2004; Zheng and 

Hintelmann, 2009, 2010a; Epov, 2011).  Thus, isotope fractionation during radical reactions is 

dependent on a parameter other than mass.  

Theory and observations suggest that NVE and MIE induce significantly different 

relationships between ∆
199

Hg and ∆
201

Hg.  All available theoretical and experimental evidence 

for NVE suggest a slope > 1.5 when ∆
199

Hg is graphed against ∆
201

Hg.  Experimental evidence 

of MIE results in a ∆
199

Hg/∆
201

Hg slope in the range of 1.00-1.36 (Bergquist and Blum, 2007; 

Zheng and Hintelmann, 2009, 2010a).   In this study, all samples collected yielded a slope of 

∆
199

Hg/∆
201

Hg  = 1.15 ± 0.02 (r
2
 = 0.99), indicating that the MIF signature in atmospheric Hg is 

likely to have been produced by the MIE (Fig. 3.6). 

4.3.2 MIF in atmospheric Hg 

Bergquist and Blum (2007) observed enrichments of 
199

Hg and 
201

Hg (i.e. positive MIF) 

in residual Hg
II

(aq) and methylmercury during laboratory experiments on Hg
II

(aq) photoreduction 

and methylmercury photodegradation in simulated natural waters.  Zheng and Hintelmann (2009) 

collected the evading Hg
0

(g), during such experiments, and showed it to be depleted in the odd 
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isotopes relative to the residual Hg
II

(aq) (i.e. negative MIF). Furthermore, Hg in fish, which is 

dominantly methylmercury, was shown to carry significant positive MIF signatures (Bergquist 

and Blum, 2007; Das et al., 2009).  Thus, it was predicted that atmospheric and aquatic 

reservoirs of Hg might contain complimentary MIF signatures (Bergquist and Blum, 2007; 

Carignan et al., 2009).  However, direct measurements of atmospheric Hg
0

(g) by Gratz et al. 

(2010) and Sherman et al. (2010) showed minor MIF indicated by the range of ∆
199

Hg from -

0.22‰ to 0.06‰.  Also, Hg
II

 in precipitation has significant positive ∆
199

Hg ranging from 

+0.10‰ to +0.61‰ (Gratz et al., 2010).  These observations question the importance of aquatic 

photoreduction as a source of MIF in atmospheric Hg (Gratz et al., 2010; Sonke, 2011).  

Furthermore, the possibility of biochemically induced MIF casts some doubt on the reliability of 

using bioaccumulators to approximate the isotopic composition of atmospheric Hg (Jackson et 

al., 2008; Das et al., 2009). 

In this study, the isotopic compositions of atmospheric Hg species (Hg
0

(g), Hg
II

(g), and 

Hg(p)) were measured directly. Hg
0

(g) displayed negative values of Δ
199

Hg (average = -0.25‰ ± 

0.09‰, 1SD, n = 13) and Δ
201

Hg (average = -0.20‰ ± 0.09‰, 1SD, n = 13).  Hg
0

(g) with 

negative MIF is expected to be associated with photoreduction of Hg
II

(aq) (Bergquist and Blum, 

2007; Zheng and Hintelmann, 2009). Hg
0

(g) with low δ
202

Hg values and negative MIF in Hg
0

(g) 

also suggest that evasion of Hg from surface waters could be a significant source of atmospheric 

Hg along the northern coast of the Gulf of Mexico.  Again however, a variety of U.S. coal 

deposits display similar MIF with Δ
199

Hg and Δ
201

Hg values ranging from -0.30‰ to +0.10‰ 

(Biswas et al. 2008; Lefticariu et al., 2011).  Hg
II

(g) showed variable MIF with average Δ
199

Hg 

and Δ
201

Hg values ranging from -0.28‰ to +0.18% (average = -0.11‰ ± 0.14‰; 1SD, n = 10) 

and -0.25‰ to +0.19‰ (average = -0.09‰ ± 0.13; 1SD, n = 10), respectively.  The small 

difference between MIF measured in Hg
0

(g) and Hg
II

(g) may indicate that atmospheric oxidation 

reactions do not induce significant MIF of Hg isotopes.  Since oxidation by ozone or halogen 

radicals is not a direct photochemical process long-lived radical pairs are not produced and 

therefore no MIF from MIE is expected (Buchachenko, 2001; Zheng and Hintelmann, 2009, 

2010a; Gratz et al., 2010).   

The most significant MIF was measured in Hg(p).  Values of Δ
199

Hg and Δ
201

Hg range 

from +0.36‰ to +1.36‰ (average = 0.83 ± 0.35; 1SD, n = 10) and +0.30‰ to +1.20‰ (average 

= 0.73 ± 0.31; 1SD, n=10), respectively.  Gratz et al. (2010) suggested that photoreduction of 
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Hg
II
 in cloud droplets containing organic matter may produce MIF similar to that observed in 

controlled photoreduction experiments and that cloud droplets would preferentially retain odd 

isotopes thereby becoming increasingly positive with respect to ∆
199

Hg and ∆
201

Hg.  This 

prediction was invoked to explain positive ∆
199

Hg and ∆
201

Hg measured in precipitation (Gratz 

et al., 2010).  Significant positive Hg(p) ∆
199

Hg and ∆
201

Hg measured in this study supports this 

hypothesis. 

4.3.3 Modeling in-aerosol photoreduction  

Sonke (2011) constructed a global Hg MIF box-model to simulate observed MIF 

signatures in environmental reservoirs.  Total fractionation factors  are the product of 

mass dependent and mass independent fractionation such that .  Sonke 

(2011) obtained optimum model results with in-aerosol MIF of magnitude 

, which suggest the accumulation of significantly positive ∆
199

Hg in 

Hg(p) resulting directly from in-aerosol photoreduction.  The extent of in-aerosol photoreduction 

based on MIF can be modeled using a modified Rayleigh equation (Sonke, 2011): 

 

        

 

where  and  are the measured  at time t = 0 and time ‘t’, 

and f is the fraction of  remaining at time ‘t’.   is the ‘permil fractionation 

factor’: .  Therefore,  under 

optimal model conditions and indicates that during photoreduction of Hg
II

(p), the instantaneous 

production of Hg
0
 has a ∆

199
Hg anomaly of -0.7‰ (Sonke, 2011).  Under the assumptions that 

no MIF takes place during  and that Hg(p) is derived completely from Hg
II

(g), then

 can be used to estimate  at t = 0.  Solving Eq. 6 for f yields an 

estimate for the extent of photoreduction, , in the range of 46-87%.      
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4.3.4 MIF of 
200

Hg and 
204

Hg 

Significant MIF of 
200

Hg was recently reported in precipitation and Hg
0

(g) collected in the 

Great Lakes region of the U.S. (Gratz et al., 2010), Florida (Sherman et al, 2012) and Canada 

(Chen et al, 2012).  Our results support the findings these authors with ∆
200

Hg values greater 

than the 2SD uncertainty (0.06‰) measured in all Hg
0

(g), Hg
II

(g), and Hg(p) samples, with the 

exception of two.  Additionally, significant MIF of 
204

Hg was also observed in most samples. 

Procedural replicates show that the ∆
200

Hg and ∆
204

Hg values measured in samples are 

reproducible.  Furthermore, standards and procedural standards do not show significant MIF of 

200
Hg or 

204
Hg.  MIF of 

200
Hg and 

204
Hg cannot arise due to the magnetic isotope effect because 

even Hg isotopes have no nuclear magnetic moment or nuclear spin (Buchachenko et al., 2004).  

The nuclear volume effect (NVE) is expected to induce slight MIF of the even Hg isotopes 

(Schauble, 2007).  Significant MIF of 
200

Hg measured here and in other studies combined with 

uncertainties in the nuclear charge radii of Hg isotopes suggests that the magnitude of NVE may 

not be adequately estimated at this time.  It is also possible that other unidentified processes 

could cause MIF of 
200

Hg and 
204

Hg, such as photochemical self-shielding (Mead et al, 20120).  

However, photochemical self-shielding is expected to enrich the least abundant isotopes in the 

oxidized species.  In this study 
204

Hg is more anomalously enriched in the reduced species.  More 

research is needed to elucidate the mechanisms causing MIF of the even 
200

Hg and 
204

Hg 

isotopes. 

4.4 Back-Trajectory Modeling 

Back-trajectories of the air masses sampled in Grand Bay, MS were estimated using the 

NOAA Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT V4.9) in an 

effort to possibly distinguish different sources of atmospheric Hg.  Back-trajectories were 

simulated starting at a height of ½ of the Planetary Boundary Layer height every 30 minutes for 

the duration of a given sample. Each back-trajectory was run for 120 hr.  The set of trajectories 

corresponding to any given sample (or group of samples) were then subjected to a “grid-

frequency” analysis, i.e., using the HYSPLIT program “TRAJFREQ”. The gridded trajectory 

frequency results mapped are the average fraction of the set of 120-hr back-trajectories for a 

given sample (or group of samples) in each grid cell (1
 
x 1

 
degree grid).  
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 For example, Figure 4.1 illustrates the back-trajectory determined for the samples 

collected on April 25, 2011.  The color in the grid box corresponds to the amount of time the 

trajectories spent in each grid box.  This trajectory indicates that the air mass sampled on April 

25, 2011 traveled from the Atlantic Ocean off the coast of North Carolina down around the east 

coast of Florida and back up the west coast off Florida before being sampled in Grand Bay, MS.    

Hg
0

(g) samples were separated into two groups based on δ
202

Hg values. δ
202

Hg values ≤ -2 

‰ are considered low values while δ
202

Hg values > -2 ‰ are considered high values.  Back-

trajectories associated with each group were then combined to form one combined frequency 

analysis trajectory.  Interestingly, Hg
0

(g) samples displaying low δ
202

Hg values tend to be 

associated with air masses that originated in the marine environment (Figure 4.2).  Hg
0

(g) samples 

displaying high δ
202

Hg values tend to have a larger continental component in the back-

trajectories, which is seen most clearly when the trajectories are mapped on a grid with 0.1 x 0.1 

degree grid cells (Figure 4.3). 
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Figure 4.1: NOAA HYSPLIT back-trajectory collect for samples on April 25, 2011 (courtesy of 

Mark Cohen NOAA/ARL unpublished data). 
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Figure 4.2: Compilation of back-trajectories on days when Hg
0

(g) samples displayed δ
202

Hg 

values ≤ -2 ‰ (courtesy of Mark Cohen NOAA/ARL unpublished data).  
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Figure 4.3: Compilation of back-trajectories on days when Hg
0

(g) samples displayed δ
202

Hg 

values > -2 ‰ (courtesy of Mark Cohen NOAA/ARL unpublished data).  
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CHAPTER FIVE 

CONCLUSION 

The isotopic composition of species-specific atmospheric Hg has been measured in a 

coastal environment along the northern coast of the Gulf of Mexico.  Hg
0

(g), Hg
II

(g) compounds, 

and Hg(p) were collected on gold traps, KCl treated quartz fiber filters, and untreated quartz fiber 

filters, respectively.  All three species are isotopically distinct suggesting that isotope tracing of 

each species is possible.   

Hg
0

(g) samples collected at Grand Bay National Estuarine Research Reserve were 

isotopically similar to published analysis of Hg
0

(g) at other sites and to a variety of U.S. coal 

deposits.  However, photoreduction of Hg
II

(aq) in surface waters of the Gulf of Mexico could also 

produce Hg
0

(g) with negative mass dependent fractionation (MDF) and negative mass 

independent fractionation (MIF).  Source attribution of atmospheric Hg
0

(g) at GB may be possible 

if the isotopic compositions of primary emission sources were significantly different from each 

other and from the global background.  A diurnal variation observed in Hg
II

(g) and Hg(p) 

concentrations suggests that the primary source of Hg
II

(g) and Hg(p) at GB is the photochemical 

oxidation of Hg
0

(g).  Disagreement between the measured fractionation factor ( ) and 

theoretical fractionation factors ( and ) may reflect additional isotope 

fractionation during the conversion of Hg
II

(g) to Hg(p), possibly due to diffusion of Hg
II

(g) into 

aerosols.  Our observation of positive mass independent fractionation in Hg(p) suggests that 

significant in-aerosol photochemical reduction of Hg
II
 has taken place. 
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APPENDIX 1 

SAMPLE COLLECTION INFORMATION FOR THE OLF AND 

GB SITES 

A1.1 Introduction 

Appendix 1 contains the sampling information for all samples collected for Hg isotope 

analysis regardless if they have been analyzed or not.  For each filter sample the dates, times, 

locations, and operating conditions of the aerosol sampler used for flow rate calculations are 

provided. Dates, times, and locations for the gold trap samples are also included but flow rates 

were not measured. 
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Table A.1: Sample information for KCl treated quartz fiber filters and untreated quartz fiber 

filters collected at the OLF site.  Yellow highlighting indicates that both filter types were 

collected on that date and time.  Dates that are not highlighted indicate that only an untreated 

quartz fiber filter was collected.  Local time is Central Standard Time.   



43 

 

Table A.1 continued. 



44 

 

Table A.1 continued. 
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Table A.2: Sample information for KCl treated quartz fiber filters and untreated quartz fiber 

filters collected at the GB site.  Yellow highlighting indicates that both filter types were collected 

on that date and time.  Dates that are not highlighted indicate that only an untreated quartz fiber 

filter was collected.  Local time is Central Standard Time.   
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Table A.3: Sample information for Au traps collected at the both the Grand Bay and OLF sites. 

Local time is Central Standard Time.  Flow rates were not monitored for Au trap samples.   
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