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ABSTRACT 

Mercury (Hg) is a pervasive and persistent environmental contaminant with a significant 

atmospheric cycle that results in distribution to all spheres of the environment. In the atmosphere 

Hg is found primarily as gaseous elemental Hg0 (GEM) but under certain scenarios reactive Hg2+ 

(RM) compounds may form a significant proportion of total atmospheric Hg. Physiochemical 

transformation processes play a leading role in the air-surface exchange of Hg and are a major 

determinant of Hg mobility and longevity within the environment, including bioavailability and 

biological uptake into ecosystem food webs, which constitutes the primary exposure pathway to 

the human population. Practical differentiation of gas and particle phase RM has proven to be a 

profound and lasting measurement challenge, and even the broadest distinction between GEM 

and RM is easily confounded. In addition to the intrinsic difficulties of measurement, data on 

atmospheric Hg in the Southern Hemisphere (SH) suffers the further limitation of being 

comparatively rare, and almost non-existent for RM. Lack of data inhibits international scientific 

and regulatory efforts to monitor, model, and mitigate the effects of Hg exposure to human 

populations. 

In an effort to help close some of the information gap, this study deployed a recently developed 

filter-based RM sampling system at two locations in Australia with existing GEM monitoring 

capabilities, and onboard the Australian Research Vessel Investigator (RVI) during a research 

voyage to the East Antarctic coast. The ground-based field sites included a remote, temperate 

coastal site at the Cape Grim Baseline Air Pollution Station (CGBAPS) on the northwestern 

point of Tasmania, and a temperate urban site at Macquarie University Automatic Weather 

Station (MQAWS) in Sydney, New South Wales. Measurements were undertaken between 

November 2015 and May 2017, constituting the most extensive dataset on RM concentrations in 

Australia to date. As has been shown for GEM in the SH, concentrations of RM were relatively 

uniform over time and between sites, despite very different environments. The overall mean RM 

concentration was 15.9 ± 6.7 pg m-3 at CGBAPS and 17.8 ± 6.6 pg m-3 at MQAWS. No seasonal 

trend in RM concentration was apparent at CGBAPS, in contrast to a small but statistically 

distinct difference in winter versus summer RM concentration apparent at MQAWS. The 

concentration of RM measured on RVI over the Southern Ocean averaged 23.7 ± 7.0 pg m-3 

during four deployments in austral summer (January 10 – March 4, 2017). GEM was measured 

concurrently with the RM filter sampling, with an overall mean concentration of 0.65 ± 0.24 ng 
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m-3 MQAWS and 0.90 ± 0.35 ng m-3 at CGBAPS, and 0.53 ± 0.10 ng m-3 on the RVI voyage. 

Additionally, tandem measurements of GEM were performed for one year at CGBAPS using 

both a Tekran® 2537B and a 2537X Automatic Ambient Air Analyzer. Inter-comparison of the 

two instruments indicated that the 2537X unit measured systematically higher GEM 

concentrations versus the 2537B, with an average difference of 8.6%. 

Complimentarily to the larger goal of quantifying ambient RM, the CEM material was deployed 

in a novel technique to measure RM air-surface exchange, in conjunction with an established 

method based on Teflon dynamic flux chambers (DFC) and a Tekran® 2537 mercury analyzer. 

Initial results using this combined CEM/DFC methodology indicate that RM flux can be detected 

at a minimum difference of ~ 13.5 pg m-3 between DFC inlet and outlet concentrations, based on 

the analytical detection limit of blank CEM material. Distinct differences in RM flux were 

observed between material types with a range of Hg concentration, and between wet and dry 

materials. Mercury contaminated mining materials such as tailings may have relatively large RM 

fluxes of several 1000 pg m-2 h-1. 

In addition to the ambient field site deployments, extensive method validation tests were 

undertaken in controlled laboratory conditions. As part of these tests, CEM material was exposed 

to high concentrations of GEM and a representative Hg2+ compound (HgBr2), using a custom-

built permeation system. The CEM material was found to take up a consistently negligible 

amount of GEM (0.004 ± 0.001% of total exposure) in clean laboratory air at varying levels of 

humidity. GEM concentrations during the permeation tests were 1.43´106 to 1.85´106 pg m-3, 

resulting in total GEM exposures ranging from 2.7´106 to 7.3´106 pg. The low rate of GEM 

uptake at these high concentrations indicates that, at typically much lower ambient atmospheric 

concentrations, GEM uptake would be concomitantly small and essentially unobservable, an 

important prerequisite for the CEM material to be successfully employed in ambient air 

sampling. The CEM material also exhibited very little breakthrough (< 0.5%) of total permeated 

HgBr2 at concentrations up to ~5000 pg m-3, indicating a high collection efficiency for this 

particular gaseous oxidized Hg compound under laboratory conditions.  
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CHAPTER 1: 

Opening Remarks 

1.1 Introduction 

Mercury (Hg) has been valued since antiquity, originally for its intriguing aesthetic qualities, but 

increasingly through human history for its more prosaic functional properties. Vermillion, made 

from the crushed Hg mineral Cinnabar, was prized for its brilliant luster in art ranging from 

Neolithic rock painting to elaborate classical frescoes. The Romans valued the pigment so highly 

that price controls were set by Senatorial decree and the first large-scale mining of Hg ore was 

undertaken in the vast deposits of Almadén, present day Spain. The ability of Hg to amalgamate 

with precious metals was first exploited at truly industrial scale in the patio process, developed 

by Bartolomé de Medina in 1554 to economically recover silver from the difficult ores of the 

New World Spanish provinces. Since that time Hg has been utilized in many and diverse aspects 

of technology and industry. The application of Hg to precision thermometry by Dutch scientist 

Gabriel Fahrenheit in 1714 ushered in what can be considered the first standardized calibrated 

measurements in early atmospheric research. It is therefore with some irony that Hg itself 

continues to pose serious measurement challenges for modern science.  

The long legacy of anthropogenic Hg extraction, utilization, and liberation, for reasons both 

purposeful and incidental, and at scales ranging from the individual to industrial, has resulted in 

present day environmental Hg burdens many times greater than could be expected solely from 

natural sources. The unique volatility of Hg as a liquid metal and relatively inert monatomic gas 

at earth surface conditions leads to an exceptional atmospheric residence time for a metallic 

element, and consequently extensive cycling between all compartments of the environment. Hg 
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is a potent neuro-systemic toxin and its bio-accumulation and bio-magnification in aquatic 

ecosystems results in a significant exposure pathway to wildlife and humans, to sometimes 

profound detriment. 

With increasing global recognition of the adverse environmental effects of Hg, the United 

Nations Environment Program (now UN Environment), undertook an extensive assessment and 

regulatory policy initiative that has culminated in widespread international commitment to the 

Minamata Convention on Mercury. This landmark treaty entered force on August 16, 2017, and 

at the time of writing had 128 signatories, including Australia, legally committed to monitoring 

and reducing anthropogenic emissions and releases of Hg to the environment. Within the 

framework of the Minamata Convention, the scientific community is urged to undertake 

continuous improvements in the measurement, modelling, and understanding of Hg and its 

complex cycle in the environment. 

1.2 Dissertation Objectives 

The overall objective of this dissertation was to explore novel methods in quantification of 

reactive mercury (RM), within the context of better overall quantification of atmospheric Hg and 

Hg sources. In line with this goal, a relatively new RM measurement technique using cation 

exchange membranes (CEM) was deployed at continuous monitoring sites in Australia (the first 

such long-term data for RM in Australia) and on a research cruise in the Southern Ocean, to 

measure ambient concentrations of RM in conjunction with gaseous elemental mercury (GEM). 

Mercury measurements in the Southern Hemisphere (SH) are sparse in general, so contributing 

to an improvement in the spatial and temporal coverage of Hg data in the SH and globally was a 

key motivation for the project. 
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The CEM material was also used to investigate a potential new method for measuring RM air-

surface exchange, via the novel addition of CEM filters to a traditional dynamic flux chamber 

(DFC) system. The method was developed in a laboratory setting using mining-related substrates 

with a range of total Hg concentrations as test materials, for which a thorough data-set on GEM 

flux was previously compiled. This work represents the first direct measurements of RM air-

surface exchange, all previous measurements being inferential. Initial results suggest this 

combined CEM/DFC technique could enable direct measurement of RM flux in the field, 

certainly at contaminated sites and possibly for background areas.  

The CEM material is a promising measurement technique for atmospheric RM compounds, but 

method validation and quality assurance are ongoing. As such, extensive experimental quality 

assurance and performance verification of the CEM material was completed as part of this 

dissertation. This performance evaluation included an in-depth assessment of GEM uptake on the 

CEM filters in the active flow configurations used for measuring ambient RM concentrations, as 

well as an exploration of the factors controlling potential RM breakthrough or loss from the 

CEM material. 

Lastly, a preliminary technical inter-comparison was made between two versions of the standard 

commercially available Hg analyzer typically employed in the ambient air monitoring capacity: 

the venerable Tekran® 2537B and the newer Tekran® 2537X model. The two units have been 

operated in tandem since June 2017 at the Cape Grim Baseline Air Pollution Station in 

Tasmania, Australia. 
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1.3 Dissertation Structure & Outline 

The complete dissertation embodies nine chapters, including the introduction, a comprehensive 

literature review, six chapters published, submitted, or in preparation for peer-reviewed 

publication, and a final concluding chapter tying together results from the individual 

experimental studies. All research presented in this dissertation was completed while enrolled at 

Macquarie University, except for Chapter 3 which was completed during an interim period as a 

research technician at the University of Nevada Reno. This interim research period occurred 

post-completion of a MSc with Dr Mae Gustin at the University of Nevada, but prior to officially 

beginning the PhD program with Dr Grant Edwards at Macquarie University. The work 

presented in Chapter 3 has not been used in fulfillment of any previous academic degree. The 

author’s relative contribution to each original research chapter is bulleted below the following 

short descriptions, complementarily to a detailed Statement of Authorship included at the 

beginning of each chapter. As the research chapters have been written and formatted as stand-

alone manuscripts for submission to individual journals, some topical repetition was 

unavoidable. 

• Chapter 2: Origins, Characteristics, & Measurement of Mercury in the Atmosphere provides 

a general overview of Hg and its origins, the basic biogeochemical processes of Hg in the 

environment and particularly in the atmosphere, and the techniques for measuring both 

atmospheric concentrations and air-surface exchange of Hg. Particular focus is given to the 

unknowns and uncertainties in atmospheric Hg measurement, and a concise history of the 

CEM methodology is presented.  
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• Chapter 3: “Testing and modeling the influence of reclamation and control methods for 

reducing nonpoint mercury emissions associated with open pit gold mines” is a paper 

published in the Journal of the Air and Waste Management Association describing the 

provenance, collection, and characterization of mining related substrate materials used in 

following laboratory studies of Hg flux. Potential remediation strategies for reducing GEM 

emissions from mining materials were explored in a laboratory setting, and a field campaign 

was undertaken to assess in-situ GEM fluxes from active mining locations, comparing these 

to a predictive model developed in previous work. 

• Study Design: 50% • Data Collection: 95% • Data Analysis: 90% • Writing: 75% 

 

• Chapter 4: “Evaluation of cation exchange membrane performance under exposure to high 

Hg0 and HgBr2 concentrations” is a submitted manuscript currently in-discussion with 

Atmospheric Measurement Techniques. The manuscript presents the results of a quality 

assurance study on the CEM material using a custom-built Hg vapor permeation system. The 

main objectives of this study were to demonstrate high transparency of the CEM material to 

elemental Hg0, as well as to test whether GOM would break through the CEM filters at high 

concentration. The system also enabled estimation of GOM collection efficiency by the CEM 

material. 

• Study Design: 90% • Data Collection: 90% • Data Analysis: 95% • Writing: 95% 

 

• Chapter 5: “Reactive mercury flux measurements using cation exchange membranes” is a 

manuscript submitted to Atmospheric Measurement Techniques, presenting the results of a 

novel method development for measuring RM air-surface exchange using cation exchange 

membrane filters. In this method, dynamic flux chambers are employed in conjunction with 
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CEM filters for the simultaneous dual measurement of GEM and RM flux. This chapter 

focusses on proof of concept and quality assurance for RM flux detection, including 

determination of method detection limits and repeatability of measurements. 

• Study Design: 65% • Data Collection: 90% • Data Analysis: 90% • Writing: 80% 

 

• Chapter 6: “Effect of moisture on air surface exchange of reactive mercury from mining 

substrates” is a prepared manuscript presenting the results of extensive GEM and RM flux 

measurements, using the method developed in Chapter 5, from a series of mining-related 

substrate materials, under wet and dry conditions. The speciation of Hg in the mining 

materials was also determined via solid-phase thermal desorption, providing insight into 

which solid Hg compounds may contribute to RM emissions. 

• Study Design: 75% • Data Collection: 85% • Data Analysis: 85% • Writing: 95% 

 

• Chapter 7: “Reactive mercury concentrations in Australia and the Southern Hemisphere” is a 

prepared manuscript presenting the first extended measurements of ambient RM 

concentrations in Australia, and some of the first reported in the Southern Hemisphere, using 

the CEM filter method. GOM concentrations are also reported for campaign deployments on 

a research cruise in the Southern Ocean. Field sites were located at the remote Cape Grim 

Baseline Air Pollution Station in Tasmania, and at the Macquarie University Automatic 

Weather Station in a suburban area of Sydney, New South Wales. 

• Study Design: 60% • Data Collection: 50% • Data Analysis: 90% • Writing: 95% 

 

• Chapter 8: “Inter-comparison of Tekran® 2537 B and X Ambient Air Mercury Analyzers at 

Cape Grim Baseline Air Pollution Station” is a prepared manuscript that describes a 
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performance inter-comparison between two versions of a standard analytical platform for 

monitoring atmospheric Hg: the Tekran® 2537 B and X Ambient Air Mercury Analyzer. The 

analyzers were operated at the Cape Grim Baseline Air Pollution Station for one year.  

• Study Design: 80% • Data Collection: 30% • Data Analysis: 90% • Writing: 95% 

 

• Chapter 9 is a concluding chapter that provides a discussion of overall results and the 

implications for measurement of RM in the ambient atmosphere and in air-surface 

exchanges. The basic performance of the CEM material in capturing RM is assessed across 

all components of the study, from laboratory permeation to remote ambient air 

measurements. 
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CHAPTER 2: 

Origins, Characteristics, & Measurement of Mercury in the Atmosphere 
 

2.1 Geologic Origin & Basic Properties of Mercury 

Mercury (Hg) is a naturally occurring metallic element, disseminated throughout the earth’s 

lithosphere at average concentrations of 100 ng g-1 or less (Turekian and Wedepohl, 1961; 

USGS, 1970). Recent work suggests that typical igneous crustal rocks, which constitute the 

original geologic source of Hg before subsequent redistribution and enrichment in ore deposits 

and sediments, may average as low as 2 ng g-1 (Canil et al., 2015). However, organic rich 

sedimentary rocks such as shales and mudstones (and coal) may preferentially accumulate Hg at 

1000’s of ng g-1 in the depositional process, and mineralized areas can contain up to several mass 

% Hg (Rytuba, 2005). In primary geologic deposits, Hg predominantly occurs as the sulfide 

mineral Cinnabar (HgS), though it is frequently present in free elemental form, and many other 

minor mineral types are known (Rytuba, 2005; USGS, 1970).  

Geologic concentrations of Hg are highest in zones of volcanic and geothermal activity, in which 

it can be readily mobilized by high temperature fluids and gases and redistributed to near-surface 

deposits (Bagnato et al., 2015; Rytuba, 2005; Varekamp and Buseck, 1984; White et al., 1970). 

Belts of such enhanced geogenic Hg concentration occur along present or former plate tectonic 

margins, where some deposits can be very large, such as the mining district of Almadén, Spain, 

where Hg has been mined for over 2 millennia (Goldwater, 1972; Parson and Percival, 2005; 

Rytuba, 2003).  It is primarily from these zones of enrichment that Hg has entered the surface 

environment, either naturally from volcanic/geothermal emissions and erosive forces or 

facilitated, in relatively recent history, by human extraction. 
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Mercury is unique among metals in being liquid at ambient earth-surface temperatures and 

pressures, allowing vaporization into the gas phase (basic properties of elemental Hg are listed in 

Table 2.1). As a result, Hg is naturally present in the atmosphere as a trace gas. Elemental Hg has 

a low water solubility (Andersson et al., 2008; Clever et al., 1985) and is relatively chemically 

inert, with a first ionization potential comparable to some noble gases, reacting only slowly with 

most common atmospheric oxidants (Schroeder et al., 1991). Due to this relative inertness, 

atmospheric Hg is predominantly in the reduced monatomic elemental form (Hg0), with an 

atmospheric residence time that was originally speculated at up to 2 years (Lindqvist and Rodhe, 

1985; Schroeder et al., 1991; Slemr and Langer, 1992; Slemr et al., 1985) but more recently is 

estimated at 5-12 months (Holmes et al., 2010; Horowitz et al., 2017; Lindberg et al., 2007). The 

relatively long-life span of Hg in the atmosphere allows for distribution to otherwise pristine 

environments remote from significant sources (Fitzgerald et al., 1998; Lindberg et al., 2007).  

Some fraction of atmospheric Hg can be oxidized to the divalent Hg2+ state, forming myriad gas-

phase molecules, or sorbing to aerosols to form particulate Hg. These reactive Hg2+ species are 

more soluble and have a greater potential for both wet and dry deposition (Driscoll et al., 2013; 

Lindberg et al., 2007; Lindqvist and Rodhe, 1985; Schroeder and Munthe, 1998; Schroeder et al., 

1991). Once distributed to an environment by such depositional processes, the ultimately 

irreducible elemental nature of Hg results in a long process of biogeochemical cycling 

throughout the various compartments of the environment, and the potential for toxic exposures to 

biota. 
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Table 2.1 Basic properties of elemental mercury (adapted from Schroeder et al., 1991) 
 

2.2 Environmental Toxicity and Impacts of Mercury 

Mercury is toxic to most life at a basic cellular level, where it can adversely impact cell 

membranes, macromolecular cell structures, and DNA (Rice et al., 2014). In aquatic 

environments Hg can be biotically and abiotically converted to organic methylated forms such as 

methyl mercury (MeHg), primarily by sulfur reducing bacteria (Compeau and Bartha, 1985), in 

which form it readily bio-accumulates and bio-magnifies in the food web (Benoit et al., 2002; 

Selin, 2009). In fish, birds, and mammals, Hg and MeHg are potent systemic toxins 

(Scheulhammer et al., 2007; Wolfe et al., 1998). Elevated concentrations of MeHg in seafood are 

the primary exposure pathway to humans (NRC, 2000).  

Table 2.1
Property Value

Formula Hg0

Atomic # 80

Atomic Mass 200.59 g mol-1

Melting Point -38.8 °C

Boiling Point 356.7 °C

Vapor Pressure (20 °C) 1.20 x 10-3 Torr

Saturated Air Concentration (20 °C) 13.18 ug L-1

Water Solubility (20 °C) 63.9 ug L-1

Specific Gravity (20 °C) 13.55

Henry's Law Coef (25 °C) 4.4 (Pa)

Ionization Potential (1st) 1008.3 kJ mol-1
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As a human toxin, Hg is most often noted for its pronounced and grotesque neurological effects, 

but it is also associated with the onset of over 250 chronic and acute symptoms ranging 

throughout the major organ systems, including cardiovascular, immune, renal, pulmonary, and 

nervous (Mergler et al., 2007; Rice et al., 2014). The most graphic demonstrations of Hg toxicity 

have been the many industrial scale mass poisonings (Selin, 2009). In the 1950s, serious health 

problems in the human residents around Minamata Bay, Japan, were linked to MeHg in the local 

marine ecosystem. Over many years, waste effluent from a chemical plant had released MeHg to 

the bay, where it was concentrated in seafood and consumed by the local population, eventually 

resulting in over 2000 fatalities (Harada, 1995). In 1971, Iraqi farmers mistakenly used imported 

seed grain treated with an organo-mercury fungicide to make bread flour for human 

consumption, resulting in over 6000 hospitalizations (Bakir et al., 1973; Marsh et al., 1987). 

While graphic, industrial incidents and occupational exposures are isolated and rare, though 

accelerating use of Hg in small scale mining operations may portend a greater frequency of acute 

toxic exposures (Telmer and Veiga, 2009). Given the ubiquity of Hg in the environment, low 

level chronic exposure is much more pervasive, and the effects more insidious to human and 

ecosystem health, to great cost (Driscoll et al., 2013; Trasande et al., 2005).  

Concerns about Hg toxicity have prompted national and international action on reducing Hg 

loading to the environment. In 2013, the United Nations Environment Minamata Convention on 

Mercury was promulgated with a mission to protect human health and the environment from 

exposure to the toxic effects of Hg and compounds thereof, through a strategy of globally 

coordinated control and ongoing monitoring of Hg in the environment, combined with a 

commitment to continuing scientific research and development (UNEP, 2013b). Meeting the 

goals of the Convention presents a profound challenge for the global scientific and regulatory 

community, as there are over 3000 known Hg contaminated sites worldwide due to mining and 
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industrial activity, not including legacy and small scale operations involving Hg, and existing 

reservoirs of Hg in all compartments of the environment are large (Kocman et al., 2013; 

Krabbenhoft and Sunderland, 2013; Obrist et al., 2018; Pacyna et al., 2016).  

2.3 Sources of Mercury to the Atmosphere 

The current atmospheric Hg burden is estimated at roughly 4.6 Gg (Streets et al., 2017). This 

burden is the result of Hg emissions from both anthropogenic and natural sources, including re-

emission of Hg previously deposited from the atmosphere. Such deposition has resulted in an 

increase of Hg concentration in surface soils by a factor of 3 or more, largely attributable to 

anthropogenic sources (Amos et al., 2015; Biester et al., 2007), and the Hg burden in soils is now 

very large at 250-1000 Gg (Obrist et al., 2018; Streets et al., 2011; Streets et al., 2017). 

Natural sources of Hg to the atmosphere include Hg emitted from primary geogenic sources such 

as volcanic and geothermal areas but are dominated to a far greater extent by emissions from 

reservoirs of Hg in soil, vegetation, and surface waters (Fitzgerald and Lamborg, 2014; Gustin et 

al., 2008; Mason, 2009; Seigneur et al., 2001). These Hg reservoirs are primarily derived from 

previous atmospheric deposition, which may have been either natural or anthropogenic in origin, 

but original sources of emitted Hg are not practicably distinguishable. Total natural emissions 

from both primary and re-emitted Hg are estimated at 5207 Mg yr-1 (Pirrone et al., 2010). 

Evasion of Hg from the oceans accounts for the largest part of this total at 2778 Mg yr-1 (Mason, 

2009), while biomass burning is estimated to be the single largest natural terrestrial source at 675 

Mg yr-1 (Friedli et al., 2009).  In areas of natural geogenic Hg enrichment, primary emission may 

be locally or regionally dominant (Gustin, 2003; Kocman and Horvat, 2011). Despite rough 

estimates, uncertainties in natural Hg emission and deposition remain large, and the relative 

importance of different sources and sinks is not well defined (Obrist et al., 2018).  
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Anthropogenic sources of Hg to the atmosphere are numerous, and include fossil-fuel fired 

power plants, artisanal small-scale gold mining (ASGM), ferrous and non-ferrous metal 

production, cements production, caustic soda production, and waste incineration (Obrist et al., 

2018; Pacyna et al., 2016; Pirrone et al., 2010; UNEP, 2013a). The total combined anthropogenic 

Hg emission is estimated to be 2320 Mg yr-1 (Pirrone et al., 2010). The largest single emitter is 

fossil fuel (primarily coal) fired electric power generation, which contributes at best estimate 

800-900 Mg yr-1 to the atmosphere (Obrist et al., 2018; Pirrone et al., 2010). Artisanal small-

scale gold mining is a large (400-700 Mg yr-1) and uncontrolled source of Hg to both terrestrial 

and aquatic systems and the atmosphere, and it is expected to become the dominant 

anthropogenic source of Hg as other sources are increasingly brought under control (Obrist et al., 

2018; Pacyna et al., 2016; Sundseth et al., 2017). 

Specifically in regards to Australia, the most recent reporting year 2016/2017 documented 7400 

kg of Hg released to the atmosphere from point source emissions (Fig. 2.1), and a further 300 kg 

as fugitive emissions from industrial surfaces (NPI, 2017). This is a significant decrease from 

2006, when total anthropogenic emissions in Australia were estimated at 15 ± 5 Mg (Nelson et 

al., 2012). The overall emissions reduction is due primarily to control processes at a single 

smelting facility in Western Australia, Kalgoorlie Consolidated Gold, which in 2015 phased-out 

ore roasting and eliminated emissions of over 8000 kg yr-1. The largest current Hg emission 

source by far in Australia is fossil fuel electricity generation (3040 kg yr-1), which is up from 

2006 levels of 2200 kg yr-1 (NPI, 2017). 
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Figure 2.1 Location and magnitude (kg yr-1) of Australian point-source Hg emissions in 2016/2017. Data acquired 
from Australian National Pollutant Inventory (NPI, 2017). 

 

2.4 Mercury in the Atmosphere 

Mercury in general is subject to numerous physical and chemical processes due to its unique 

properties, including three possible oxidation states: Hg0, Hg1+, and Hg2+ (Schroeder and 

Munthe, 1998). With a low melting point (-38.8 ºC) and high vapor pressure, Hg is highly 

volatile for a metal and the greatest potential for rapid transformation and cycling occurs in the 

atmosphere and at air-surface interfaces.  
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Based on physiochemical fractionation, atmospheric Hg is classified into three categories. The 

first and largest category is gas-phase elemental Hg0, also known as gaseous elemental mercury 

(GEM), which makes up the majority (> 95%) of total gaseous mercury (TGM) and/or total 

atmospheric Hg (TAM) (Bloom and Fitzgerald, 1988; Gustin and Jaffe, 2010; Gustin et al., 

2015; Lindqvist et al., 1991). Distribution is fairly homogenous throughout the atmosphere, with 

a mean Northern Hemisphere concentration of 1.3 to 1.6 ng m-3, and 0.8 to 1.1 ng m-3 in the 

Southern Hemisphere (Obrist et al., 2018). 

The second category is gaseous oxidized mercury (GOM), also referred to as reactive gaseous 

mercury (RGM), which theoretically comprises all gas-phase atmospheric Hg2+ species, as Hg1+ 

is assumed to be a short lived intermediate oxidation product (Ariya et al., 2015).  Due to current 

measurement limitations, GOM cannot be directly detected and is instead operationally defined 

as the difference between TGM and GEM. Measurements of GOM variously place 

concentrations from below detection to as high as 4000 pg m-3, depending on location, time of 

day, and season (Mao et al., 2016). A preponderance of mechanistic and observational studies 

currently support atomic bromine (Br) as the major initiator of atmospheric Hg oxidation, 

discussed below (Obrist et al., 2018). 

The third category is particulate bound mercury (PBM), also referred to as particulate mercury or 

Hg(p). Hg2+ compounds sorb to existing particulates, and some potential gas-phase Hg oxidation 

reactions could result in a condensed Hg2+   aerosol product (Ariya et al., 2015; Keeler et al., 

1995; Schroeder and Munthe, 1998). Observational studies suggest PBM can exist over a wide 

range of size fractions, from ultra-fine sub-micron to greater than 10 µm (Amos et al., 2012; 

Feddersen et al., 2012; Malcolm and Keeler, 2007; Talbot et al., 2011). The measurement of 

PBM depends heavily on physical collection parameters, such as filter pore size or inlet cut 
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point, and this may bias measurements (Kos et al., 2013). It is difficult to reliably separate GOM 

from PBM with much assurance (Gustin et al., 2015; Lu et al., 1998; Rutter et al., 2008; Zhang et 

al., 2017). Therefore, in cases where GOM and PBM are not convincingly distinguishable 

(which is almost all cases with currently available measurement methods), they can be defined 

together as reactive mercury (RM = GOM + PBM) or referred to as Hg2+ or Hg(II). Ignoring the 

gas/solid distinction in favor of a total RM concentration may be more meaningful given current 

uncertainty (Weiss-Penzias et al., 2015). 

Within the Hg research community, there has and continues to be intense debate on the exact 

Hg2+ species that might realistically be expected in the atmosphere, and what the mechanisms of 

formation might be (Ariya et al., 2008; Ariya et al., 2015; Hynes et al., 2009; Lin and Pehkonen, 

1999; Lin et al., 2006; Subir et al., 2011, 2012). In addition, uncertainties in the measurement of 

GOM and PBM confound experimental insight into the identification of Hg2+ compounds or 

even the basic accuracy of total RM concentrations in ambient air, a deficiency that has recently 

come to the forefront of discussion (Cheng and Zhang, 2017; Gustin et al., 2015; Gustin et al., 

2013; Jaffe et al., 2014; Zhang et al., 2017). A major hinderance is the lack of certified, traceable 

standards for Hg2+ compounds, without which meaningful calibration and QA/QC for RM 

measurement is nearly impossible. Some progress has been made towards SI traceable elemental 

Hg vapor standards based on gravimetric calibration, and such techniques might conceivably be 

applied to Hg2+ compounds (Ent et al., 2014). However, the mass changes involved with Hg2+ 

sources at typical permeation rates are very small and meaningful gravimetric calibration 

standards would be very difficult to achieve. 

There are many hypothetical Hg2+ compounds inferred from potential atmospheric oxidation 

reactions, a few of which are considered more likely than others (Zhang et al., 2017). Many of 
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these oxidation pathways have been experimentally investigated for acceptable thermochemical 

and kinetic parameters, and the history of this work is well summarized (Ariya et al., 2015; 

Hynes et al., 2009; Subir et al., 2011).  

Mercuric chloride compounds were early identified as potential gas-phase Hg2+ species (Braman 

and Johnson, 1974; Schroeder and Jackson, 1985), and studies of Hg oxidation in flue gas 

initially strengthened the hypothesis that HgCl2 and related compounds dominated GOM 

concentrations (Lindberg and Stratton, 1998; Prestbo and Bloom, 1995). Indeed, most early 

studies attempting to measure Hg speciation used HgCl2 as the primary reference calibration 

compound (Feng et al., 2000; Landis et al., 2002; Schroeder and Jackson, 1985; Xiao et al., 

1997). It now seems likely that the narrow focus on HgCl2 lead to persistent unknowns in Hg 

speciation that are only recently being addressed (Cheng and Zhang, 2017; Gustin et al., 2015; 

Lyman et al., 2016). 

Intensive investigation of bromine and brominated compounds as potential Hg0 oxidants was 

triggered by the first observations of atmospheric mercury depletion events (AMDEs) during 

polar spring in both the Arctic and Antarctic, in conjunction with strongly oxidative marine air 

chemistries (Ebinghaus et al., 2002; Lindberg et al., 2002a; Moore et al., 2014; Schroeder et al., 

1998; Temme et al., 2003). The AMDE phenomenon has since been thoroughly documented  

(Angot et al., 2016a; Aspmo et al., 2005; Dommergue et al., 2010; Steffen et al., 2008), 

including at times other than spring (Nerentorp Mastromonaco et al., 2016), and at non-polar 

locations including over the Dead Sea (Obrist et al., 2011; Peleg et al., 2007), an alpine area of 

Australia (Howard and Edwards, 2018), and in the marine boundary layer of South Africa 

(Brunke et al., 2010). 



 18 

Observational measurement of Hg speciation in conjunction with halogen concentrations and 

corollary atmospheric parameters has since also favored atomic Br radicals being the primary 

driver of Hg0 oxidation in the marine boundary layer (Laurier and Mason, 2007; Laurier et al., 

2003; Mason and Sheu, 2002; Soerensen et al., 2010a; Wang et al., 2014), the free troposphere 

(Gratz et al., 2015; Shah et al., 2016; Swartzendruber et al., 2006), and the 

tropopause/stratosphere (Lyman and Jaffe, 2012; Talbot et al., 2007). It is now known that 

reaction rates for oxidation of Hg0 by molecular halogens (Br2, Cl2) are too slow to account for 

observed Hg0 depletion, and the concentration of Cl and Cl2 is generally thought to be too small 

to account for much Hg0 oxidation (Ariya et al., 2002; Balabanov and Peterson, 2003; Holmes et 

al., 2009; Subir et al., 2011; Wang et al., 2014).  

Modeling studies have supported atomic Br as the main driver of Hg oxidation globally (Holmes 

et al., 2010; Holmes et al., 2009; Holmes et al., 2006; Horowitz et al., 2017; Soerensen et al., 

2010b). In addition, mechanistic studies on Br oxidation pathways have generally shown it to be 

both thermo-kinetically favorable and to have sufficiently rapid reaction rates (Ariya et al., 2002; 

Calvert and Lindberg, 2003; Dibble et al., 2012; Donohoue et al., 2006; Goodsite et al., 2004, 

2012; Khalizov et al., 2003; Raofie and Ariya, 2004; Shepler et al., 2007). A two-step process 

involving an intermediate HgBr oxidation product now seems likely, with the final product 

BrHgO (Ariya et al., 2015; Wang et al., 2014). 

Many studies have explored O3 as possible oxidant (Calvert and Lindberg, 2005; Hall, 1995; Pal 

and Ariya, 2004; Rutter et al., 2012; Snider et al., 2008). The bimolecular reaction Hg + O3 has 

convincingly been demonstrated to be energetically unfavorable (ΔfH ~ 90 kJ mol-1), and 

unlikely to occur as a homogenous gas-phase reaction in relevant environmental conditions 

(Calvert and Lindberg, 2005; Shepler and Peterson, 2003; Tossell, 2003). However, net 
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oxidation of Hg0 by O3 may proceed by heterogeneous surface reactions with aerosols, third-

body effects from additional gas-phase reactants, and by production of intermediate oxidation 

products like HgO3 (Calvert and Lindberg, 2005; Rutter et al., 2012; Snider et al., 2008). 

It is well established that the primary net product of both O3 and OH oxidation of Hg0 would be 

HgO, but this is unlikely to exist in a gas phase given its low vapor pressure (Calvert and 

Lindberg, 2005; Schroeder and Munthe, 1998). Jones et al. (2016) were unable to generate gas-

phase HgO in a heated permeation system. Reaction chamber studies have shown that 83-90 % 

of HgO resulting from the gas-phase reaction Hg0 + O3 either formed on or was rapidly deposited 

to chamber surfaces, with less than 1% recovered as an aerosol (Pal and Ariya, 2004). Indeed, 

agglomerated particles of 40-60 nm HgO(s) on reaction chamber surfaces have been identified 

by transmission electron microscopy (Snider et al., 2008), and it is speculated that these HgO 

chain agglomerates form in free suspension and then rapidly deposit (Rutter et al., 2012). Such 

HgO aerosol may form a substantial component of PBM, especially incorporated into sea-salt 

aerosols (Holmes et al., 2009; Subir et al., 2011). 

Other possible Hg2+ species include mercury sulfate (HgSO4) and mercury nitrate (Hg(NO3)2) 

(Huang and Gustin, 2015a; Huang et al., 2017; Peleg et al., 2015), and recent research has 

suggested HgBr + NO2 might also be an important nighttime oxidation process (Jiao and Dibble, 

2017; Wang et al., 2014). 

2.5 Measurement of Atmospheric Mercury 

Elemental Hg absorbs ultra-violet radiation and fluoresces at a wavelength of 253.7 nm. This 

characteristic allows for detection and quantification of GEM via either atomic absorption 

spectrometry (AAS) or atomic fluorescence spectrometry (AFS). In general, determination of Hg 
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at trace ambient levels (< 2 ng m-3) requires pre-concentration on a trapping material, ideally a 

noble metal due to strong Hg amalgamating tendencies, followed by thermal desorption in an 

inert gas flow and quantification on an appropriate spectrophotometric detector.  

Early work on atmospheric Hg measurements utilized single amalgamation and desorption 

directly into the detector cell (Braman and Johnson, 1974; Johnson and Braman, 1974). A dual-

amalgamation technique using sample collection traps in conjunction with a carefully calibrated 

analytical trap was subsequently identified as the best way to separate Hg from an atmospheric 

sample (Fitzgerald and Gill, 1979). Gold in general, and particularly when coated onto glass 

beads of mesh size 60-80, demonstrates the strongest trapping behavior for Hg0 and many other 

gas-phase Hg compounds, with collection efficiencies of 100%, and has long been the standard 

amalgamating material (Dumarey et al., 1985a; Fitzgerald and Gill, 1979; Schroeder and 

Jackson, 1985; Slemr et al., 1979). Temperatures from 450 °C (Schroeder and Jackson, 1985) up 

to 800 °C (Dumarey et al., 1985a) have been used to de-amalgamate Hg from gold traps, but 500 

°C is standard in current analytical systems. Calibration of the gold traps is achieved by injection 

of a precise volume of air at Hg vapor saturation, based on the precisely known relationship of 

temperature versus saturation concentration (Dumarey et al., 1985b).  

The principle automated analytical technique for measuring ambient GEM with high time 

resolution (2.5-5 minutes) and high precision (± 3% uncertainty) is the Tekran® 2537 A/B/X 

Automated Ambient Air Analyzer, which utilizes cold vapor atomic fluorescence spectrometry 

(CVAFS). The Tekran® 2537 analyzer employs dual gold amalgamation to allow continuous 

sampling, i.e. as one trap is being desorbed for analysis the other trap is sampling ambient air. As 

a loaded gold trapped enters the analytical cycle, the sample flow is switched to an ultra-high 

purity argon gas flow, to flush the trap of ambient air and possible interferences, eliminating the 
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need for separate collection and analytical traps. The flushed trap is heated (500 °C) and the 

desorbed Hg is carried in the argon flow through an optical detector path where a UV light 

source induces fluorescence. The fluoresced photons are counted by a high sensitivity photo-

multiplier tube and converted into a voltage signal that is directly proportional to the mass of Hg 

in the sample. Instrument calibration is achieved by injecting a known mass of Hg vapor through 

each trap, using the instrument’s internal Hg permeation source, or manually via a syringe and 

external Hg vapor source. 

The Tekran® 2537 analyzer is often held to be a total gaseous mercury (TGM) analyzer 

(Ebinghaus et al., 1999; GMOS, 2011; Landis et al., 2002; Munthe et al., 2001; Schroeder et al., 

1995; Temme et al., 2003), meaning that it captures and detects both GEM and GOM with high 

efficiency. This requires that in addition to complete amalgamation on the gold traps, GEM and 

GOM are also thermally desorbed and totally decomposed to Hg0 vapor, as detection by CVAFS 

relies on the very specific UV fluorescence of single elemental Hg atoms at 253.7 nm. 

Compounds of Hg are transparent to UV at 253.7 nm and do not fluoresce, so their detection 

depends on a reductive analytical step such as high temperature pyrolysis or a reducing chemical 

reaction (Schroeder and Jackson, 1985). While desorption at 500 °C is sufficient to release 100% 

of adsorbed Hg, whether total decomposition is achieved for all Hg compounds at this 

temperature has not been demonstrated. 

Ambient GEM concentrations can also be measured using AAS- based analyzers, such as the 

Ohio-Lumex® RA-915+ Mercury Analyzer (Ohio-Lumex®). This type of analyzer does not use a 

pre-concentration step, and as such detection limits are ~ 1 ng m-3, more suitable for industrial 

measurements or areas with high background concentrations. Lacking a thermal desorption step, 
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there is no question that the AAS systems provide a pure GEM measurement unless a deliberate 

pre-pyrolysis is included. 

Measurement of GEM is routine in many atmospheric monitoring networks to a nominal level of 

standardization (UNEP, 2016). However, practically achievable instrument uncertainty may 

average around 10%, with some inter-instrument biases as high as 20% (Gustin and Jaffe, 2010; 

Slemr et al., 2015). The difference between measuring TGM and GEM, presupposing the 

analytical system possesses such a capability, is also dependent on the sample inlet system at a 

particular site. Most sites deploy a fine particulate filter at the front of the sample line as well as 

at the instrument sample inlet port (0.2 µm PTFE), and it is also routine to include a soda lime 

trap in the sample line to scrub halogens or acid aerosols that would otherwise damage and 

passivate the gold traps. The combination of particulate filters and soda lime likely scrub much if 

not all RM, and therefore the majority of ambient monitoring sites are almost certainly 

measuring primarily GEM (Angot et al., 2016a; Steffen et al., 2008; Steffen et al., 2002). 

The measurement of RM is more uncertain than for GEM and currently depends on isolating 

GOM and PBM, separately or together, from a usually much larger GEM signal. Various 

methods have attempted to do this, including mist chambers (Sheu and Mason, 2001; Stratton et 

al., 2001), manual denuders (Feng et al., 2003; Sheu and Mason, 2001; Xiao et al., 1997), multi-

stage filtration (Bloom et al., 1996; Ebinghaus et al., 1999; Mason et al., 1997; Sheu and Mason, 

2001), and by GEM/TGM difference (Ambrose et al., 2013; Lyman and Jaffe, 2009; Lyman and 

Jaffe, 2012; Swartzendruber et al., 2009). 

The principle commercially available apparatus for measuring Hg speciation is the Tekran® 

1130/1135 Mercury Speciation System. It should be noted that the Tekran® system does not in 

fact produce a true “speciation” measurement, as individual Hg compounds cannot be 
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discriminated. The term “fractionation” is a more appropriate description of the Tekran® 

measurement, as detailed by International Union of Pure and Applied Chemistry (IUPAC) 

terminology guidelines. However, as the Tekran® system and terminology are widely applied, 

“speciation” is herein retained over “fractionation” as a matter of conceptual and textual clarity, 

versus pure semantic accuracy. 

The Tekran® system uses a denuder and particulate filter to separate (i.e. “fractionate”) GOM 

and PBM, respectively, from GEM (Fig. 2.2, Landis et al., 2002). The system is designed to 

operate at a total sample flow of 10 Lpm, through a Teflon-coated glass elutriator inlet with a 2.5 

µm size cut-point. The 1130 denuder module utilizes a quartz glass annular denuder with an 

active laminar flow section coated in potassium chloride (KCl) to capture GOM from the sample 

air stream. Downstream of the denuder module is the 1135 particulate module, which contains a 

0.1 µm quartz fiber filter to collect fine particulate Hg (< 2.5 µm). All glassware, including the 

inlet, is heated to 50 ºC (or more) during sampling, during which time GEM passes through the 

speciation system to a Tekran® 2537 unit, which pulls off the 10 Lpm sample line at the normal 

sample rate of 1.0 Lpm. The GOM and PBM are quantified after a sufficient sample time (1-3 h), 

by thermal desorption at 500 and 800 °C from their respective collection media, followed by 

downstream pyrolysis at 800 ºC for conversion to Hg0 and detection by the 2537 unit.  
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Figure 2.2 Schematic of the Tekran® 2537/1130/1135 Mercury Speciation System (from Tekran® Instruments Corp). 

 

The variable levels of success in measuring atmospheric RM have been detailed in recent critical 

reviews (Cheng and Zhang, 2017; Gustin et al., 2015; Jaffe et al., 2014). In particular, the 

potassium chloride (KCl) coated denuder used in the Tekran® 1130 system for GOM collection 

has been shown to suffer interferences from ozone and water vapor, resulting in systematic under 

quantification (Ambrose et al., 2013; Lyman et al., 2010; McClure et al., 2014). The particle size 

cut-point at 2.5 µm certainly excludes PBM on larger particles, which will produce an 

underestimate of total PBM in some conditions (Kos et al., 2013; Talbot et al., 2011). There are 

also possible PBM measurement artifacts associated with KCl denuders, such as trapping of fine 

particulate Hg on the rough KCl coating, or decomposition of PBM and subsequent detection as 

GOM or GEM (Lynam and Keeler, 2005; Rutter et al., 2008). 
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One alternative method that has been used with some success to selectively measure RM 

concentrations in ambient air is a cation exchange membrane (CEM) filter system (Bloom et al., 

1996; Ebinghaus et al., 1999; Huang and Gustin, 2015a; Huang et al., 2017; Huang et al., 2013; 

Marusczak et al., 2017; Mason et al., 1997; Pierce and Gustin, 2017; Sheu and Mason, 2001). 

The use of CEM type filters (then referred to as ‘two-ion exchange membranes’) was first 

described in a presentation at the 4th International Conference on Mercury as a Global Pollutant 

(Bloom et al., 1996). This presentation referred in part to an evaluative deployment of ion 

exchange membranes (made at the time by Gelman Sciences Inc) as part of a field-based 

international comparative study of RM measurement techniques in September, 1995 (Ebinghaus 

et al., 1999). The Gelman ion exchange membranes were also deployed in a 1996 winter/spring 

field campaign for determining the speciation of atmospheric Hg in the Chesapeake Bay area 

(Mason et al., 1997). These early studies deployed the ion exchange material as part of a multi 

filter sampling train, utilizing quartz fiber filters to first capture particulate matter and PBM, 

while passing GEM and GOM. The pore size of the ion exchange filters used was not reported, 

though it is expected to be in the range of 0.2-1.0 µm.  

The performance of the Gelman ion exchange membranes in this type of sampling configuration 

was evaluated in a comparative study focusing exclusively on RM measurement techniques 

(Sheu and Mason, 2001). Specific but unconfirmed concerns included physical particle 

breakthrough, re-evolution of gas-phase Hg2+ from PBM captured on the upstream particulate 

filters passing downstream to the ion exchange membranes, possible adsorption of GOM 

compounds to the particulate filters, as well as a possible GEM collection artifact on the CEM 

filters themselves. However, the Gelman membranes were used as an independent verification of 

a mercuric chloride permeation source with apparently satisfactory results, though data is not 

shown (Landis et al., 2002). It can be inferred from this study that the Gelman membranes 
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exhibited good selectivity and collection efficiency for HgCl2, with no GEM artifact. However, 

with the development and validation of the automatic Tekran® speciation system as reported by 

Landis et al. (2002), further work with the ion exchange membrane method entered a hiatus until 

adapted for use as a surrogate surface for RM dry deposition measurements (Lyman et al., 2007). 

The manufacturer of the original ion exchange membranes, Gelman Sciences Inc, was acquired 

by Pall Corporation in October 1996, and some evolution of the CEM material has occurred 

since that time. Pall phased out (or re-branded) the original Gelman product at an unknown point 

and began manufacturing a CEM material termed I.C.E. 450 (referring to a pore size of 0.45 

µm). The I.C.E. 450 membranes were eventually discontinued as well (~2013), and a different 

cation exchange material (Mustang® S, pore size 0.8 µm) was offered as a substitute (Huang and 

Gustin, 2015b).  

The I.C.E 450 material had been utilized in development of passive RM dry deposition samplers, 

with results indicating it did not adsorb significant quantities of GEM, but did selectively uptake 

gas-phase Hg2+ species (Lyman et al., 2007). The I.C.E. 450 material was subsequently adapted 

for use in active sample flow systems, with the presumption of continued inertness to GEM and 

selectivity for GOM (Huang et al., 2013), but it was after this initial work that the I.C.E. 450 

material was discontinued, necessitating a change to the Mustang® S product (Huang and Gustin, 

2015a, b). It is unclear how the changes in product manufacturing may have affected results 

between studies, and GEM uptake rates during active flow regimes were never reported in the 

literature for any of the CEM materials.  

Recent CEM based sampling systems typically use a pair of CEM disc filters (Mustang® S 

version) in 47 mm Teflon filter assemblies, without a pre-particulate filter, a method pioneered 

by the University of Nevada-Reno Reactive Mercury Active System (UNRRMAS) (Gustin et al., 
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2015; Gustin et al., 2016; Huang et al., 2017). In the paired deployment, the first CEM filter 

serves as a primary RM collection surface, and the second filter captures potential breakthrough. 

The paired filters are deployed at a controlled flow rate of 1.0 Lpm for 1 to 2 weeks and then 

collected for analysis by digestion in an oxidizing acid solution, reduction to Hg0, gold 

amalgamation, and final quantification by CVAFS (EPA Method 1631, modified, Appendix A). 

The total Hg measured on each sample CEM filter is divided by the calculated sample volume to 

arrive at an integrated RM concentration. Generally, 2-3 replicate filter pairs are deployed 

together, and 1-3 blank CEM filters are collected with every deployment. Method detection 

limits (MDL) and method uncertainty (3x MDL) hinge on these blank CEM values. In this study, 

blank Hg mass on the CEM averaged approximately 50 pg, giving an MDL of roughly 2.5 pg m-3 

over a typical 2-week sample period. 

While sample collection times are regrettably long based on the current methodological 

approach, the CEM filter method does possess the advantages of simplicity, robustness, 

redundancy, and cost efficiency. The system places minimal technical burdens on site operators, 

a benefit that is difficult to overstate. Even the basic automated GEM measurement requires deep 

familiarity with the instrumentation in order to produce reliable and consistent results, and 

variability in operator skill and technique can be a major source of error (Slemr et al., 2015). 

Maintaining the full Tekran® 2537/1130/1135 speciation system imposes many additional 

complexities, including routine cleaning, preparation, and replacement of the speciation 

glassware, and rigorous weekly QA/QC checks. This becomes something of a fulltime job for a 

skilled technician, which combines with the high upfront capital cost to make the system 

prohibitively expensive for many research groups or monitoring agencies. In contrast, the CEM 

filter system can be setup for several hundred USD, deployed anywhere that minimum power 

can be delivered to the sample pumps, and requires only one hour every two weeks to collect and 
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deploy filter sets. While attention to detail is still paramount, no demand is placed on the 

operator other than standard trace-clean sample collection, careful documentation, and basic 

assessments of system performance and integrity. As such, CEM filters are an excellent method 

for quickly acquiring preliminary data for locations in which RM concentrations are unknown or 

in which a full automated speciation system is impracticable. 

2.6 Monitoring of Atmospheric Mercury 

Several global and regional networks exist for measuring and monitoring atmospheric Hg 

(Sprovieri et al., 2016; UNEP, 2016). Such monitoring is extensive in the Northern Hemisphere, 

including the Atmospheric Mercury Network (AMNet), part of the US National Atmospheric 

Deposition Program, and the European Monitoring and Evaluation Program (EMEP). In contrast, 

only a handful of sites operate continuously in the Southern Hemisphere, for the most part within 

the last decade (summarized in Table 2.2 and shown in Fig. 2.3). The longest atmospheric Hg 

record in the Southern Hemisphere is from Cape Point, South Africa, with manual GEM 

measurements extending back to 1995, and an automated mercury analyzer in operation since 

2007 (Brunke et al., 2016; Martin et al., 2017). Other long term, continuous, mid-latitude GEM 

monitoring locations in the Southern Hemisphere, for which data are available, are Amsterdam 

Island in the southern Indian Ocean (Angot et al., 2014), Cape Grim on the island of Tasmanian 

south of the Australian mainland (Slemr et al., 2015), Gunn Point in northern Australia (Howard 

et al., 2017), and Bariloche National Park in the Andean foothills of Argentina (Diéguez et al., 

2017). All other Southern Hemisphere ground-based monitoring sites are on the Antarctic 

continent (Angot et al., 2016a; Angot et al., 2016b; Ebinghaus et al., 2002; Pfaffhuber et al., 

2012). 
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Table 2.2 Summary of continuous ground-based atmospheric Hg measurements in the Southern Hemisphere. 

 

 
Figure 2.3 Long-term atmospheric Hg monitoring sites in the Southern Hemisphere. 

Table 2.2

Location Coordinates Duration
GEM/TGM*                

(ng m-3)
GOM   

(pg m-3)
PBM    

(pg m-3)
Reference

Feb 2007 - June 2011 0.93 ± .19 Pfaffhuber et al. 2012

2011-2013 1.018 ± 0.04 Slemr et al. 2015

-70.677 S 8.272 W Jan. 2000 - Jan. 2001 1.06 ± 0.23* Ebinghaus et al. 2002

Dec. 2000 - Feb. 2001 1.08  ±0.29* 5 - 300 15 - 120 Temme et al. 2003

Dumont d'Urville Station -66.663 S 140.002 E Jan. 2012 - May 2015 0.87 ± 0.23 Angot et al. 2016a

Concordia Station -75.099 S 123.332 E 2015 1.06 ± 0.41 Angot et al. 2016b

Amsterdam Island -37.796 S 77.551 E Jan. 2012 - Dec. 2013 1.03 ± 0.08 0 - 4.1 0 - 12.7 Angot et al. 2014

Gunn Point, Australia -12.249 S 131.046 E June 2014 - March 2016 0.95 ± 0.12 Howard et al. 2017

Cape Grim, Australia -40.683 S 144.690 E 2011 - 2013 0.89 ± 0.06 Slemr et al. 2015

Cape Point, South Africa -34.353 S 18.489 E 2007-2012 1.01 ± 0.06 Brunke et al. 2016

Bariloche, Argentina -41.129 S 71.420 W Oct. 2012 - May 2016 0.89 ± 0.15 Diéguez et al. 2017

Troll Station -72.012 S 2.532 W

Antarctica

Mid Latitude

Neumayer Station
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Long term RM data is more sparse, with only one mid-latitude dataset available from 

Amsterdam Island in the southern Indian Ocean (Angot et al., 2014), as well as some short term 

campaign studies in Antarctica (Brooks et al., 2008; Sprovieri et al., 2002; Temme et al., 2003). 

Edwards et al. (2018, in preparation) have recently operated a full Tekran® 1130/1135 speciation 

system at Macquarie University in Sydney, Australia, a temperate mid-latitude location. Long- 

term results from Amsterdam Island indicate very low GOM/PBM concentrations < 1 pg m-3, 

with measurements frequently below instrument detection (Angot et al., 2014). However, these 

results may suffer from the low bias reported for the Tekran® 1130/1135 system. In a maritime 

environment such as Amsterdam Island, RM is likely to be predominantly in a course sea-salt 

aerosol fraction (Angot et al., 2014; Feddersen et al., 2012; Malcolm and Keeler, 2007), and 

would be excluded by the 2.5 µm inlet cut point on the Tekran®. 

2.7 Measurement of Air-Surface Mercury Exchange 

From the atmosphere, Hg can collect on virtually any surface through a variety of 

physiochemical deposition processes. As Hg0 is chemically inert and only weakly soluble, 

deposition is generally facilitated by oxidation to Hg2+ which has an enhanced capability for 

sorption/dissolution in atmospheric aerosols and wash out in precipitation (wet deposition), and 

direct sorption onto/into terrestrial, foliar, or aquatic surfaces (dry deposition) (Lin and 

Pehkonen, 1999; Lindberg et al., 2007; Lindqvist and Rodhe, 1985; Schroeder and Munthe, 

1998; Schroeder et al., 1991). Elemental Hg may also react directly with a surface and deposit to 

it (Gustin et al., 2006; Gustin et al., 2000). 

Once Hg has deposited to a surface, it can be re-emitted (Hintelmann et al., 2002; Schroeder et 

al., 1989). Surface emissions are dominated by volatile Hg0 which readily enters the gas phase. 

The availability of surface Hg0 is mediated by photochemical and aqueous-phase reduction 
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reactions, with solar radiation (Carpi and Lindberg, 1997; Gustin et al., 2002; Gustin et al., 1999; 

Moore and Carpi, 2005), temperature (Edwards et al., 2001; Gustin et al., 1997), and moisture 

(Briggs and Gustin, 2013; Gustin and Stamenkovic, 2005; Lindberg et al., 1999) all thought to 

contribute to the emission process. It is also possible that some Hg is emitted directly from 

surfaces as GOM or PBM (Schroeder and Munthe, 1998). Removal from the cycle of 

emission/deposition requires sequestration, sedimentation, and burial.  

Differentiating primary versus re-emitted Hg is not practicable, and so all emissions from 

surfaces that are not specifically anthropogenic are simply classified as natural emissions 

(Mason, 2009). Mercury emissions from natural surfaces remain loosely constrained and 

constitute the largest source of uncertainty in the global mercury budget (Obrist et al., 2018). 

Hence, quantifying the net exchange of Hg between surface compartments and the atmosphere is 

an important area for measurement improvement. The rate of transfer in either direction (flux) 

between air and surface can be measured in the field using two primary in situ techniques: the 

micrometeorological (MM) method and the dynamic flux chamber (DFC) method (Osterwalder 

et al., 2018; Rasmussen et al., 2005; Sommar et al., 2013; Zhu et al., 2015). Both methods have 

advantages and disadvantages, which are discussed below. Additionally, neither the DFC nor 

MM flux methods have previously allowed for direct measurements of reactive Hg fluxes, and 

the only data on RM air-surface exchange is inferential and very limited (Zhang et al., 2009).  

Micrometeorological methods (flux gradient, relaxed eddy accumulation) have the advantages of 

minimal interference with ground surface dynamics and a large integrated flux area that can 

provide a representative spatial average. However, strict meteorological and site constraints limit 

the applicability of these methods in many areas and make them impossible to use in an enclosed 
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laboratory study (Bash and Miller, 2009; Edwards et al., 2001; Edwards et al., 2005; Fritsche et 

al., 2008; Kim et al., 1995; Marsik et al., 2005; Pierce et al., 2015; Skov et al., 2006).  

The dynamic flux chamber approach involves physically enclosing a target surface and 

measuring the resulting concentration differences. The DFC method is widely employed due to 

portability and relative simplicity (Agnan et al., 2016; Edwards et al., 2001; Kim and Lindberg, 

1995; Rasmussen et al., 2005; Schroeder et al., 1989). Chambers are constructed of a transparent 

and chemically inert material such as Pyrex glass or Teflon, in order to reduce chamber blanks 

and admit a natural solar spectrum to the substrate surface (Carpi and Lindberg, 1998; Edwards 

et al., 2005). Regardless of material or design, an inherent limitation of the DFC method is the 

unavoidable impact of the chamber itself. Deploying the chamber is likely to create some level of 

surface disturbance, and the area enclosed by the chamber is inevitably separated to some degree 

from true ambient conditions. None the less, the DFC method provides the best approach for 

assessing the effect of small-scale surface manipulations on Hg flux. 

There is a relatively large extant body of GEM flux data compiled using both methods (but 

mostly the DFC method), and these studies have provided important insight into some of the 

mechanisms controlling air-surface Hg exchange and magnitude (Agnan et al., 2016; Eckley et 

al., 2016; Zhu et al., 2016). However, in summarizing Hg flux data from 132 separate published 

studies, Agnan et al. (2016) show that a majority of measurements have been biased towards Hg 

enriched soils (63% of total), and there is a strong geographical bias towards sites in North 

America, Europe, and East Asia (Fig. 2.4). This geographical bias is presumably due to a 

preponderance of relatively well-funded, well-equipped research groups in the industrialized 

nations of the Northern Hemisphere. On a global scale, Hg flux data is lacking in general, and 

many areas report a complete absence of any Hg data at all. The Indo-Pacific region is a 
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particular unknown, with only two flux studies recently reported from Australia (Edwards and 

Howard, 2013; Howard and Edwards, 2018). 

As the DFC method allows for measurement from small surface areas, it is ideal for laboratory 

experimentation. The determination of Hg flux by the DFC method is achieved by measuring the 

difference in air Hg concentration entering and exiting the chamber as it sits on a surface. The 

flux is proportional to this concentration difference (ΔC), the enclosed surface area, and the flow 

rate through the chamber. Flux is calculated using the equation:  

F = (Q * ΔC) / A 

where F is the net Hg flux (ng m-2 h-1), Q is the flow rate through the chamber (m3 h-1), Co is the 

internal chamber Hg concentration (ng m-3), Ci is the external ambient Hg concentration, and A 

is the area of the substrate under the chamber (m2). The sign of ΔC (Co - Ci) indicates the 

direction of flux. The concentration of Hg in air may be measured using a variety of methods, 

but is typically achieved using the Tekran® 2537 analytical platform.  

Chamber flow and hence chamber volume turn-over-time (TOT) has been shown to be a major 

source of variability in calculated Hg flux values (Eckley et al., 2010; Gillis and Miller, 2000; 

Lindberg et al., 2002b; Wallschläger et al., 1999). The flow rate effect is real only to the extent 

that it impacts the chamber concentration (Co) parameter, as chamber area is constant, and Ci is 

measured external to the chamber. For high Hg emitting materials, a low TOT can lead to Hg 

accumulating in the chamber volume, resulting in unreasonably elevated Co values and 

warranting an increased flow rate, though the artificially large ΔC is offset somewhat by the low 

Q parameter. 
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Figure 2.4 Global distribution of 132 reported Hg flux study sites and the number of measurements at each, adapted 
from Agnan et al. (2016). 

 

Beyond the point where steady-state diffusive conditions have been created (evident by a 

decreasing rate of change in Co with respect to change in Q), further increases in flow have a 

diminishing effect on Co and only serve as an artificial multiplier in the flux equation. In 

addition, high flow rates introduce high shear velocities and turbulent eddy formation in the 

chamber volume, which artificially enhances Hg flux through advective transfer of Hg out of the 

stable surface layer (Eckley et al., 2010). At the extreme, the highest flow rates may begin to 

introduce negative pressure conditions and entrain particulate into the sample system. The 

operating parameters of any flux study must be selected to best address the specific research 

needs, while appropriately balancing the limitations and advantages inherent to any particular 

methodology. 
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2.8 Mercury Measurement Techniques Used in this Project 

Both atmospheric Hg and air-surface exchange of Hg were measured for the experimental work 

described in this dissertation project. Atmospheric GEM was measured using the standard 

Tekran® 2537 A/B system, which was also used in a relatively routine configuration to measure 

GEM flux. Reactive mercury measurements were made using the CEM filter methodology 

describe above, with some improvements. 

Ambient RM was measured using an adaptation of the University of Nevada Reactive Mercury 

Active System (UNRRMAS, Gustin et al., 2015; Gustin et al., 2016; Huang et al., 2017). The 

system was deployed at two sites in Australia: Cape Grim Baseline Air Pollution Station on the 

north-western point of Tasmania (-40.683 S 144.690 E), and at the Macquarie University 

Automatic Weather Station in the northern suburban area of Sydney, New South Wales (-33.765 

S 151.118 E). 

Several improvements were made to the UNRRMAS setup for its application to this dissertation 

project. For ambient CEM filter deployments, a custom-machined anodized aluminum weather 

shield provided a significant advantage in mounting and durability versus the previous plastic 

installations (Fig. 2.5). We adopted 2-stage PFA filter assemblies (Savillex©) that each held two 

47 mm filters in-series, as opposed to deploying two separate single-stage filter assemblies in-

series (Pierce and Gustin, 2017). The single 2-stage assembly simplifies filter deployment and 

collection and reduces the number of fittings and potential leaks. Sample filters were collected 

into new, sterile 50 mL polypropylene sample tubes (Corning™ Falcon™), as opposed to re-

cleaning and re-using 125 mL glass jars (Thermo Scientific I-Chem™) as done in previous 

studies, reducing the chances of high filter blanks or contamination. 
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Figure 2.5 Ambient reactive mercury filter deployment setup at Cape Grim Baseline Air Pollution Station, improved 
upon from the University of Nevada Reno Reactive Mercury System (photo by author). 

 

The CEM filter-based flux system centered on cylindrical FEP Teflon DFCs operated in 

conjunction with Tekran® 2537A analyzers after the methods of Eckley et al. (2010; 2011) and 

Miller et al. (2011). In this system, Co is the mean concentration of two consecutive 5 min 

chamber outlet air samples (ng m-3), and Ci is the mean concentration of inlet air in the samples 

before and after Co, which provides a 20 min GEM flux value. GEM in each 5-min sample 

volume was quantified automatically by the 2537A analyzer. For RM flux measurement, the 

DFC inlet and outlet sample lines are fitted with paired CEM filters in 2-stage filter assemblies. 

The amount of Hg on the chamber inlet and outlet filter represented Ci(RM) and Co(RM), 

respectively, which allowed calculation of a ΔCRM parameter. With CEM filters deployed on the 

sample lines, and a particulate filter at the rear inlet of the analyzer, all Hg measured by the 

2537A was definitively in GEM form. The RM flux filter samples were collected and analyzed 

in the same manner as the ambient filter samples. 
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Filter sample collection was achieved according to trace-clean protocols in designated clean 

areas, using only Teflon wrapped stainless steel tweezers to contact the filters. All flux filter 

samples were collected by the author. Site technicians collected the ambient air sample filters 

according to a provided standard operating procedure. All CEM filters were analyzed by the 

author, using a Tekran® 2600 system (flow-based configuration w/ phase separator). Operator 

consistency in terms of sample collection and analysis was deemed highly important to minimize 

possible sources of error. Overall, we feel that our methodological improvements were borne out 

by superior filter blanks, improved detection limits, and a relatively unbroken time-series over 

our dataset. 
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TECHNICAL PAPER

Testing and modeling the influence of reclamation and control methods
for reducing nonpoint mercury emissions associated with industrial
open pit gold mines
Matthieu B. Miller⁄ and Mae S. Gustin
University of Nevada Reno, Reno, Nevada, USA⁄Please address correspondence to: Matthieu B. Miller, University of Nevada Reno, 1664 N Virginia St., Reno, NV 89557, USA; e-mail:
matthieum@unr.edu

Industrial gold mining is a significant source of mercury (Hg) emission to the atmosphere. To investigate ways to reduce these
emissions, reclamation and dust and mercury control methods used at open pit gold mining operations in Nevada were studied in a
laboratory setting. Using this information along with field data, and building off previous work, total annual Hg emissions were
estimated for two active gold mines in northern Nevada. Results showed that capping mining waste materials with a low-Hg
substrate can reduce Hg emissions from 50 to nearly 100%. The spraying of typical dust control solutions often results in higher Hg
emissions, especially as materials dry after application. The concentrated application of a dithiocarbamate Hg control reagent
appears to reduce Hg emissions, but further testing mimicking the actual distribution of this chemical within an active leach solution
is needed to make a more definitive assessment.

Implications: Laboratory and field measurements of mercury flux frommaterials typically found at large open pit gold mines in
Nevada indicate that non-point-source mercury emissions are a significant component of total mercury emissions, but that these
nonpoint emissions can be significantly reduced by postmining capping and reclamation, and possibly by chemical treatments of
leach ore and tailings waste.

Introduction
The state of Nevada is a leading mineral industry producer,

ranking first in the United States in gold, barite, and lithium
production, and fourth overall in world gold production. There
were more than 45 large-scale industrial mining operations
active in the state in 2010, 22 of which were metal mines, and
the total value of all mining extracted commodities was $7.7
billion, driven predominantly by high gold prices. Proven and
probable gold reserves were 81 million ounces at the end of
2010, an amount that could sustain current extraction levels for
15 years and that insures that the mining industry will remain an
important part of the Nevada economy for the foreseeable future
(Driesner and Coyner, 2011).

Mercury (Hg) is often found in mineralogical association
with gold and is frequently abundant in other metal-hosting ore
bodies (Rytuba, 2005). It is unique among metallic elementals in
being liquid at ambient Earth-surface conditions, and readily
volatilizing to an atmospheric gas phase. Once in the atmo-
sphere, it is susceptible to a host of chemical and photo-induced
transformations (Schroeder and Munthe, 1998; Seigneur et al.,
2006). Consequently, Hg naturally occurring in mineral deposits
is a pollutant of concern for the mining industry at every stage of

ore extraction and processing. In 2010, approximately 2,425 kg
of Hg was estimated to be released from gold mining-related
point sources in Nevada (NDEP, 2011). Work by Eckley et al.
(2011a) showed that nonpoint sources can be between 14 and
56% of the total Hg emissions from amine. Taking this work into
consideration, total emissions from an active open pit mining
operation could be twice the reported point-source emissions.

As mercury is a potentially hazardous neurotoxin and persis-
tent environmental contaminant, with a propensity for bioaccu-
mulation in aquatic food webs even in remote and otherwise
pristine ecosystems (Fitzgerald et al., 1998), mitigating the
release of Hg from anthropogenic sources is an important goal
of modern civilization. Though total Hg emissions from mining
operations in Nevada are relatively small compared to the global
anthropogenic total (2.4 versus 2,900 Mg yr!1; Pirrone et al.,
2009), and are similar to estimated emissions from naturally Hg-
enriched areas within Nevada (4 Mg yr!1; Gustin et al., 2008),
the mining industry has been very proactive in exploring and
implementing ways to reduce Hg releases.

Eckley et al. (2011b) showed that the most significant emis-
sion surfaces at two previously investigated gold mines were the
heap leach pads and the tailings ponds, rather than more areally
extensive waste rock materials. Non-ore-bearing waste rock is
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typically used for postmining capping and reclamation, and
suitable material is specifically set aside for this task. Heap
leach material is oxidized (does not contain carbon or sulfur)
gold ore of low grade (!0.05 oz gold/ton). It is not cost-effective
to mill process this material, so it is stacked in 5- to 10-m
benches that are irrigated with a dilute cyanide leach solution
(0.03–0.05% NaCN) to extract gold (Heinen et al., 1978).
Tailings are the remains of processed high-grade ore, which
may include both oxidized and refractory ore (containing carbon
or sulfur) from a variety of locations. Ore is milled to a silt-sized
powder, thermally and/or chemically treated (i.e., autoclaved,
roasted, vat leached), and piped as a slurry to contained
impoundments. Due to the high capital and operating costs, not
all mines have mill facilities, and ore from one mine may be
shipped to another mine for processing. As a result, tailings
impoundments often contain a geochemically heterogeneous
mixture of materials.

This paper explores several existing reclamation and control
strategies that, while perhaps not intended exclusively or even at
all for reducing Hg flux to the atmosphere, could prove effective
in reducing non-point-source Hg emissions from large areas of
mining. Previous work (cf. Eckley et al., 2011a, 2011b) has
shown that wetting and material age affect the magnitude of
Hg released from specific materials. Since both could be impor-
tant components of mine material management strategies, we
investigated the influence of these factors on Hg releases and
addressed the following questions: (1) Does capping of leach
and tailings materials reduce Hg emissions? (2) Does application
of dust control solutions reduce Hg emissions? (3) Would the
addition of an Hg control reagent (sodium dimethyldithiocarba-
mate) to a heap leach material reduce Hg emissions? The latter
has been added to cyanide leach systems to remove Hg from the
leaching solution. To determine the utility of these methods on a
larger scale we applied the model developed by Eckley et al.
(2011a) to estimate potential Hg emission reduction for two
mines using results from the reclamation experiments.

Methods

Laboratory materials

Mining substrates (tailings, heap leach, and cap material)
were obtained from four large industrial gold mines in Nevada:
Newmont Mining Corporation’s Twin Creeks (TC) and Lone
Tree (LT) mines, and Barrick Gold Corporation’s Cortez-
Pipeline (CP), and Goldstrike (GS) mines (Figure 1). Samples
of heap leach, tailings, and a material used for reclamation and
capping were collected from each mine during the fall of 2010.
University of Nevada Reno (UNR) personnel collected the mate-
rials at TC, LT, and CP, while at GS materials were collected by
mine personnel. Materials were transported to the lab in sealed 5-
gal containers, where each material was homogenized and trans-
ferred to replicate trays (50 " 50 " 7 cm plywood lined with 3-
mil polyvinyl film). Three to five trays of 5 cm depth were made
of each material. For twomaterials, CP leach and GS tailings, 10-
cm-deep trays were prepared to test possible effects of depth on
flux. Two solutions used to suppress dust at the mines were
obtained. These consisted of a 50/50 solution of magnesium
chloride (MgCl2) and water from TC, and an organic binding
agent (GE Dustreat DC9112) from CP. The sodium diethyl
dithiocarbamate solution was obtained from Cherokee
Chemicals, Inc. (Hg Control Reagent UNR 1221, NaS2CN
(C2H5)2 þ H2O).

Flux measurements and material characterization

Air Hg concentrations were measured using Tekran 2537A
Hg Analyzers (Tekran, Toronto, Canada; 0.1 ng m$3 detection
limit). Three 2537A analyzers were set to identical flow, timing,
and heating parameters, and were calibrated so that the analytical
response factors were roughly equivalent, to avoid differences in
sensitivity. The clock and cycle times were synchronized so that
measurements were directly comparable. Hg fluxes were

Figure 1. Location map of study sites, Nevada.
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measured using the Tekran 2537A in conjunction with a Tekran
Automated Dual Sampling Unit (TADS) linked to cylindrical
Teflon dynamic flux chambers (DFC) through !2 m of exposed
PFATeflon tubing. The flux chambers were constructed of thin
Teflon film (0.19 mm thickness) overlying a more rigid Teflon
frame (1.5 mm thickness), and were designed to be as transparent
to visible and ultraviolet (UV) radiation as possible. In total, 16
air inlet holes (1.0 cm diameter) were drilled every 2.5 cm
around the base of the chambers. Air was pulled out of the
chamber through an opening (0.635 cm diameter) in the top
center of the chamber. A complete description of these chambers
and rigorous comparisons with other chamber materials and
designs can be found in Eckley et al. (2010). Chamber inlet
and outlet air were sequentially sampled over 10-min intervals.
Hg flux was calculated using the equation:

F ¼ Q# ðCo% CiÞ=A (1)

where F is the total flux (ng m% 2 hr% 1), Q is the sampling flow
rate (m3 hr% 1), A is the chamber footprint (m2), Co is the mean
Hg concentration (ng m% 3) of two consecutive outlet samples,
and Ci is the mean Hg concentration (ng m% 3) of the 5-min inlet
samples collected before and after Co. The value Co – Ci is
referred to as !C. A positive !C indicates emission, and a
negative !C indicates deposition. The sampling flow rate was
1.0 L min% 1, and the turnover time for air in the DFC was
approximately 2.0 minutes. This turnover time was chosen
based on the work of Eckley et al. (2010). Data is presented as
a total 24-hr flux (ng m% 2 day% 1) unless otherwise stated.

Meteorological parameters were measured in synchronicity
with Hg flux and logged in 5-min intervals using a Campbell
Scientific CR10x Datalogger. The parameters measured
included incident solar radiation (LiCor Li200X), temperature
and relative humidity (Campbell Scientific HMP45C), and in a
lab setting volumetric soil moisture (Decagon ECH20 EC-5
probe). The moisture probe was inserted into the soil through
holes drilled into the side of the trays, at a point where the probe
would be approximately 3 cm below the material surface.

Solid samples were collected from the top 2 cm of substrate
into plastic sample bags using a stainless-steel trowel. These
samples were then sieved at 2 mm into glass vials, lyophilized
for 48 hr, and stored frozen at –22'C until analysis. Soil moisture
samples were collected into glass vials, and then transferred to
weighing trays and dried for 1 week in a greenhouse room to
determine percent soil moisture by mass.

Total Hg in solid lab and field mining substrates was deter-
mined using atomic adsorption spectrometry with a DMA-80
Direct Mercury Analyzer (U.S. Environmental Protection
Agency [EPA]Method 7473). NIST traceable standard reference
materials (NIST 2709 San Joaquin Soil 1400 ( 80 ng g% 1, NIST
2711a Montana Soil 7420 ( 180 ng g% 1) were analyzed before
and after sets of 10mine samples (mean recovery¼ 108 ( 6%, n
¼ 54). Total Hg in water applied to lab substrates was determined
using cold vapor atomic fluorescence spectrometry (U.S. EPA
Method 1631). Total Hg in the other mining solutions (MgCl2
etc.) was determined using the DMA-80method. Organic carbon
was determined using a loss-on-ignition (LOI) method (Heiri
et al., 2001). Samples were dried for 12–18 hr at 105'C and then
combusted at 550'C for 2 hr. The mass loss from dry samples
after combustion is approximately equivalent to the mass of
organic carbon.

Experimental manipulations

Initially flux from each set of three trays containing the same
material was measured and compared to determine how homo-
geneous each material was with respect to Hg flux. Then, to
address each research question, the following experiments were
carried out. Two trays of each material (A and B in Figure 2) were
unaltered and used to assess influence of watering and aging over
the duration of the project (one year). These also served as
experimental controls for evaluation of the specific treatments.
The third tray (C in Figure 2) of each material was used to test the
effect of capping. As application of the dust control treatment is
only practical and relevant for areas of heavy equipment use (i.e.,
active heap leach), a fourth tray (D in Figure 2) of leach material

Figure 2. Experimental arrangement of laboratory materials for flux measurements and tests described in the text. Letters represent replicate trays of samematerial, DC
is dust control, and Dithio is dithiocarbamate Hg control reagent.
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from TC, LT, and CP was treated with the dust-control solutions
used at these mines (MgCl2 used for TC and LTand Dustreat for
CP). Trays (E) of CP Leach and GS Tails were treated with the
dithiocarbamate Hg control reagent. Additional trays of CP
Leach and of GS Tails were filled to 10 cm depth (F and G) to
test the effect of material depth on Hg flux.

All tray flux measurements were made within a state-of-the-
art greenhouse in the College of Agriculture Biotechnology and
Natural Resources Agricultural Experiment Station, in order to
provide a controlled environment for manipulating the mine
materials without the impact of uncontrollable winds or precipi-
tation. For this experiment, the greenhouse was programmed to
maintain a day time temperature range of 18.3 to 23.8, and 12.8
to 18.3!C during the night, to maintain consistent diel tempera-
ture changes so that the materials and analytical instruments
were not subjected to sudden changes or extremes. Materials
received full sun exposure during the day, though total solar
energy input, specifically ultraviolet light, was attenuated by
the greenhouse glass. The greenhouse temperature was regulated
through a natural gas heater and a cooling system of corrugated
cellulose evaporative pads and large exhaust blower fans.
Measurements were made on the air intake side of the green-
house so that relatively stable ambient air passed over the mate-
rials during flux measurements. All materials were stored
together in the same greenhouse space, open to light and air,
over the duration of the experiment. Because there were more
than 40 trays of material and only three Tekran instruments, it
was not possible to carry out continuous measurements. The
specific measurements and the sequence in which they were
made are described in the following.

All materials were transferred to their respective trays over a
period of 2 days. Based on the work of Eckley et al. (2011a) it
was suggested that " 7 days were necessary for material flux to
stabilize once placed in a tray. To monitor this stabilization and
verify that the materials were no longer showing signs of dis-
turbance, flux was measured from one tray of each material type
(cap, leach, and tailings) over a period of 7 days immediately
following transfer to the trays. After stabilization, all material
types from each mine (cap, leach, and tailings) were measured in
triplicate (Tray A, B, C) for 24-hr periods to establish a mean
daily flux as a reference baseline.

Capping. Capping experiments were performed by covering one
tray of leach and tailings material, from each mine, with 2 cm of
cap material from the same mine. Based on the results of the
disturbance tests, capped trays were allowed to rest for 1 week
before flux measurements were begun. Flux measurements were
made simultaneously from two uncapped (trays A and B) and
one capped tray (tray C) simultaneously for 24 hr. These same
measurements were repeated after approximately 1 year.

Watering. Capped and uncapped materials were watered to volu-
metric soil moisture (VSM) of approximately 15%, using a spray
applicator. Materials with higher porosity required a greater
mass of water to reach the same VMC as materials with lower
porosity. Flux was measured for six consecutive days after the
first wetting to capture changes in flux versus VSM. The wetting

measurements were repeated after approximately 1 year, but for
only 48 hr duration. Tap water (pH 7) was sampled for total Hg
analyses before watering each material.

Dust control application. The 50/50 MgCl2 solution was applied
to leach ore from TC and LT, and the Dustreat was applied to
leach ore from CP. Control trays A and B were watered to
equivalent moisture (15% VSM). Flux was measured for 24 hr
after application, and at day 60 and day 205 from time of
application.

Dithiocarbamate application. For this study, this chemical was
applied in solution to previously unaltered trays of CP leach and
GS tailings trays E, in conjunction with an equivalent addition of
water to control trays A and B (15% VSM). Flux was measured
for the first 24 hr after application, and again at day 200 from
time of application.

Depth. Two materials were selected for additional measurements
of flux from a greater material depth of 10 cm. Flux was mea-
sured from two 5-cm trays and one 10-cm tray simultaneously
for 24 hr. This was followed by watering to 15% VSM and
measuring flux for another 4 days.

Aging. The unaltered A and B trays of each material were used to
assess the effects of aging in conjunction with the repetition of
the dry and wet capping measurements. Dry materials were
measured in January 2011 and again in November 2011. Wet
measurements were made January–February–March 2011, and
again in December 2011–January 2012.

Model testing

Eckley et al. (2011a) developed a model for estimation of
non-point-source emissions using empirical data collected at the
Twin Creeks and Cortez Pipeline mines. In this study we verified
this model by doing the reverse, that is, predicting field emis-
sions using the model and then measuring flux in the field to
determine how well the model predicted flux. This was done in
cooperation with Barrick’s Goldstrike Mine and Newmont’s
Gold Quarry Mine.

The Eckley et al. (2011a) model estimates an annual non-
point-source Hg emission that is relevant for the surface area of a
mine for the time period of interest, and specific environmental
conditions. Thus, this model can be applied to predict changes in
non-point-source Hg releases as mine surfaces change and are
reclaimed. The primary data requirements for the calculations
and scaling are as follows:

# Mean Hg concentration for materials with a significant sur-
face area present as a result of mining activity.

# Total three-dimensional (3-D) surface area of the relevant
mining materials.

# Mean daily solar radiation and volumetric soil moisture, cal-
culated from annual meteorological data sets.

# Estimates of the extent and duration of certain conditions,
such as liquid tailings surfaces, active wet leach, and physical
disturbances.
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Substrate samples (number of samples shown in Table 1)
were collected from representative surface areas at each mine in
November and December 2010 for total Hg analysis. Digital
elevation data was provided by the staff at both mine sites, and
a full-year meteorological data set for calendar year 2010 was
acquired from the weather station at Gold Quarry Mine. Hourly
data from this set were used to produce mean daily values of
temperature, relative humidity, solar radiation, and daily preci-
pitation totals. Substrate moisture was calculated for each day
using precipitation and an evapo-transpiration model (Hess,
1997).

The two baseline factors influencing Hg flux include Hg
concentration and solar radiation. Superimposed upon these
two factors is material wetness, which tends to increase Hg
flux. Hg fluxes for each substrate type were calculated using
the log-transformed regression equations developed in Eckley
et al. (2011a). Due to the influence of solar radiation, these
equations are divided into three categories (0–140, 141–252,
>252 W m!2). Flux from high-carbon and/or -sulfide materials
from the mill stockpiles exhibited a different regression equation
than that developed for oxidized rock materials, and these were
modeled based on the equations developed for the refractory
carbonaceous stockpile at Cortez-Pipeline Mine (Eckley et al.,
2011a). Mercury fluxes were adjusted upwards by a factor of 4 if
the soil moisture was at or greater than 5% and up by a factor of 7
if disturbed. A separate empirical equation developed by Eckley
et al. (2011a) was used to estimate Hg flux from active wet heap
leach material (Hg flux (ng m!2 day!1) ¼ 1221(% moisture) þ
1.2(substrate Hg, ng g!1) þ 49.9(leach solution Hg, µg L!1) þ
56.6(solar radiation, W m!2) – 18,292 [R2 ¼ 77, p¼ 0.003, n
¼14]). Percent moisture was assumed to average 50%, between

100% liquid solution in the leach pad furrows and low moisture
at the ridges. Leach solution concentration was the mean annual
value provided by Gold QuarryMine staff (114.5 µ g L!1, 2010).
The mean solar radiation value was applied for each category
(70, 190, and 252 W m!2).

Hg flux estimates for moist and liquid tailings are based on
limited in situ field data collected by Eckley et al. (2011b). Hg
flux from the 100% liquid pond on the tailings was scaled by Hg
concentration from an in situ measurement made on the liquid
decant pond at Twin Creeks Mine during fall 2008 (Eckley et al.,
2011b). At Gold Quarry Mine a single 24-hr flux measurement
made on moist fresh tailings in late spring was used to scale up to
an annual emission estimate, using an average area of moist
tailings indicated by mine staff. At Goldstrike Mine we were
limited to measurements on dry tailings that were in closure.

The Hg concentration and meteorological data were used to
calculate a total Hg flux (ng m!2) from each material for the
number of days in each category (i.e., 89 out of 365 days at Gold
Quarry conditions were low solar and wet, and within that period
waste rock would emit 208,000 ng m!2). Flux data was scaled to
a total annual emission estimate using the 3-D area data from
each mine.

Field measurements

In situ Hg flux was measured at each mine in June 2011
(Table 1). At least one full 24-hr measurement was completed
at each site, and whenever possible a second full 24-hr measure-
ment was made simultaneously, using the Tekran method
described earlier. The number and length of measurements
were constrained by the amount of equipment and time available

Table 1. List of field materials, number of samples and flux measurements collected

Mine Material
Number of substrate

samples
Number of flux

samples Description
%

LOI

Goldstrike Waste Rock
Reclaimed

6 2 Carlin Formation overburden –

Leach Reclaimed 4 – Carlin Formation overburden –
Waste Rock 10 2 Fresh pit waste rock,

carbonaceous
2.4

Tailings 10 2 Old oxide mill tailings, partially
capped

1.5

Stockpile Mine data 2 Carbonaceous high-grade ore 4.5
Open pit Mine data ! Popovich Formation, bootstrap

limestone
–

Gold Quarry Leach 25 2 Low grade oxide ore 2.5
Waste rock 20 2 Carlin Formation waste

overburden
3.4

Tailings 10 1 Mill 5/6 process tailings 2.5
Stockpile Mine data 2 Carbonaceous high-grade ore 7.4
Open pit Mine data – Rodeo Creek Unit, Popovich

Formation
–

Note: LOI ¼ mass loss on ignition.
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for field work. The analytical equipment was housed either in a
trailer or in a weatherproof deck box, with sample lines exiting
through ports. Electrical power was supplied by gasoline gen-
erators placed as far from the flux chamber as allowed by a 15-m
extension cord. Substrate samples were collected for total Hg
analysis and soil moisture content from below the flux chamber
immediately after each flux measurement, using the methods
described earlier.

Statistics

The correlation of Hg flux between trays and with environ-
mental parameters was assessed using the Pearson product-
moment correlation. Differences between Hg fluxes were
assessed by comparing the mean Hg flux from full 24-hr data
sets (!68 individual flux values per each 24-hr measurement)
using the nonparametric Kruskall–Wallace test and analysis of
variance (ANOVA). The 95% prediction intervals were gener-
ated using SigmaPlot. Statistical analysis was performed in
Microsoft Excel, Minitab, and SigmaPlot.

Results

Experimental manipulations

The effects of the initial disturbance in preparing the trays
were apparent for at least 7 days, and decreased steadily over this
time. Peak fluxes decreased by a factor of 17 for TC Tails, and by
6.5 for CP Leach between day 1 and day 12 after preparation. GS
cap material did not show a measureable decrease in flux. By day

12, daily fluxes had unequivocally stabilized to a consistent diel
or 24-hr pattern, after which point the experimental measure-
ments were begun.

Initial baseline measurements were completed immediately
after the stabilization period (examples shown in Figure 3).
These measurements revealed slightly lower Hg flux values
consistently from the A trays, compared to simultaneous mea-
surements from the B and C trays. This bias is likely explained by
the random occurrence of slightly lower mean Hg concentrations
in most of the A trays (Table 2). Over the course of the laboratory
experiments, concurrently measured Hg flux values from the A
and B control materials were strongly correlated (Pearson’s cor-
relation, r ¼ 0.90 dry, n ¼ 20; r ¼ 0.96 wet, n ¼ 14; P < 0.05),
indicating that statistically the materials and the analytical instru-
ments behaved very comparably, despite the low A tray bias.
There were no significant correlations between mean 24-hr
values of measured environmental parameters and correspond-
ing 24-hr Hg fluxes (Pearson’s correlation, a ¼ 0.05), as
expected since solar radiation is a major factor controlling flux
and Briggs et al. (2012) demonstrated that the impact of light on
Hg flux was strongly reduced in a greenhouse setting.

Capping and watering. Hg flux from mining materials was
significantly reduced by the addition of the low Hg capping
substrate, as 21 out of 28 measurements showed a statistically
lower flux from the capped material (ANOVA, Table 2). The
reduction was more consistently demonstrated under wet condi-
tions (12 of 14 measurements) compared to dry conditions (9 of
14), and was most apparent for the tailings material.

Figure 3. Example of triplicate 24-hr baseline measurements from cap, leach, and tailings material: (A) Twin Creeks Mine; (B) Cortez Pipeline Mine. Marks on x-axis
indicate 00:00 hr; note difference in scales.
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Watering to 15% volumetric soil moisture (VSM) resulted in a
higher Hg flux from all materials; however, the following discus-
sion is restricted to the first set of wettingmeasurements for which
a full 6 days of data are available. Evaporation rates after watering
followed an asymptotic curve with an initially sharp decline in
VSMover the first 24 hr (meanVSMdecrease of 5.4! 3.1%, n¼
21) followed by a relatively constant drop of approximately 2%
VSM over each subsequent 24-hr period. Most materials fell
below the 5% VSM mark after approximately 72 hr, or during
day 4 of themeasurements, except TC and LT tailings, whichwere
watered to 20% VSM and did not fall below 5% VSM over the
period of flux measurement. For the materials that did show a
decrease in VSM from 15 to less than 5%, the 24-hr Hg flux from
the first day after watering was on average 3.3! 1.7 (n¼ 8) times
higher than the 24-hr flux on day four after watering, though the
GS tails material showed a much higher (22#) multiplication of
Hg flux. Excluding GS tails, the observed increase in flux with
moisture agrees well with previous work, indicating a mean factor
of 4 increase in Hg flux upon wetting (Eckley et al., 2011a). The
Hg concentration in the greenhouse tapwater used to wet the
materials was consistently low (1.2 ! 0.7 ng L$1, n ¼ 65) over
the course of the watering experiments, verifying that the
increased flux (hundreds to thousands of nanograms greater;
Table 2) was not due to any addition of Hg.

Initial baseline flux measurements of the tailings showed no
statistical difference between the three replicate trays, but after
capping, flux was significantly lower from the capped versus
uncapped tailings, for both wet and dry conditions (TC tails dry
1 was the only exception out of 16 measurements). Under dry
conditions, capping reduced Hg flux from tailings between 91 and
100%, and in several cases (GS and LT tails dry 1) the capping
substrate changed the surface from a net Hg emitter to a deposi-
tional surface. Under wet conditions, Hg fluxes from capped
tailings were between 56 and 99% less than the fluxes measured
from uncapped equivalents. Total percent loss on ignition (LOI)
was higher in three cap materials compared to the tailings sub-
strates (LT tails had a higher LOI content than the LT cap due to
vegetation growing on the closed tailings surface at the mine), a
factor that likely contributed to the suppression of Hg flux
(Table 2).

The impact of capping on Hg flux was more variable for the
heap leach materials. For the CP leach material, capping resulted
in either no measurable change or an increase in Hg flux,
regardless of whether the material was wet or dry. This may be
due to the fact that the CP leach had a low total Hg concentration
(mean 490 ng g$1), which was not much greater than the con-
centration of Hg in the capping material (mean 220 ng g$1). The
similarity in magnitude of Hg flux from the CP cap and leach
materials can clearly be seen in the baseline flux measurements
(Figure 3B). The reduction in Hg flux from leach material was
more apparent for the higher Hg concentration TC and LT
materials, with both showing a significantly smaller flux from
capped material under wet conditions (49 to 89% reduction in 4
of 4 measurements) (Table 2). Under dry conditions, capped LT
leach showed a strong negative flux (deposition) compared to the
uncapped material, and flux from the capped TC leach was either
not significantly different (dry 1) or up to 79% lower than
uncapped material (dry 2).

Dust control application. The dust control solutions were
applied only to leach material, as this was most representative
of their actual use at the mine sites. Application ofMgCl2 (220!
23 ng L$1, n¼ 3) solution resulted in a similar or higher Hg flux
from the treated materials while still wet, compared to the leach
materials in the A and B trays receiving only water. At day 60 and
day 205 after application, when the substrates were completely
dry, flux from the MgCl2 treated materials was uniformly higher
compared to the untreated materials (Table 3). The Dustreat (326
! 122 ng L$1, n ¼ 4) resulted in an initially lower flux from the
treated material while wet, but a significantly higher Hg flux at
day 60 and day 205 (Table 3).

Dithiocarbamate application. Application of the dithiocarba-
mate solution (439 ! 111 ng L$1, n ¼ 4) resulted in lower Hg
fluxes from the treated materials, especially after materials had
dried completely (Figure 4). The initial application of the solu-
tion to the CP Leach resulted in a much smaller Hg flux over the
first 24 hr, compared to the CP leach materials that received an
equivalent volume of water (560 ng m$2 day$1 versus 3,200 ng
m$2 day$1). At day 200 after application, flux from the treated
CP leach was strongly negative compared to untreated material
(–36 ng m$2 day$1 versus –4 to –9 ng m$2 day$1). When the
solution was applied to the GS tailings, there was a strong initial
spike in Hg flux compared to the two trays that received only
water (Figure 4B). The treated material also showed a much
higher noonday flux during both the first and second 24-hr
periods after application, although flux from the untreated mate-
rials was generally higher at night. As a result, total daily flux
from the treated GS tailings in the first 24 hr after application
was in the range of that measured from the untreated materials
(43,500 ng m$2 day$1 versus 21,000 and 68,000 ng m$2 day$1).
However, at day 200, flux from the treated GS tails indicated
deposition compared to positive emission from the untreated
material (–46 versus 23 to 33 ng m$2 day$1). The reduction in
Hg flux is hypothesized to result from the formation and pre-
cipitation from the dithiocarbamate solution of Hg sulfide salts,
which are generally less susceptible to volatilization.

Depth. The effect of material depth was variable. Hg flux from
the 10-cm-deep tray of CP leach showed lower flux under wet
conditions compared to the 5-cm-deep tray (11 vs. 26 ng m$2

day$1 ANOVA, a ¼ 0.05) and was not significantly different
under dry conditions (2.5 vs. 1.5 ng m$2 day$1). However, the
10-cm-deep tray of GS tails showed significantly higher flux
under all conditions (88 vs. 33 ng m$2 day$1 dry; 2,600 vs. 720
ng m$2 day$1 wet). Total Hg concentrations from the 5- and 10-
cm trays were not significantly different.

Aging. The effect of material aging was uncertain. Of the unal-
tered A and B control materials, all except LT leach (no change)
showed a significant increase (ANOVA, a ¼ 0.05) in Hg flux
between the dry 1and the dry 2 measurements 10 months later
(Table 2). This effect was less apparent when the materials were
wet, with only three out of seven cases showing a higher flux
compared to the earlier measurement. In contrast, there was not a
consistent pattern in flux from the capped trays under dry
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conditions, with some showing a smaller flux and some a higher
flux after an elapse of 10months (Table 2). However, in six out of
seven cases (LT leach was again the exception) flux was sig-
nificantly higher from the cap material under wet conditions
compared to the earlier measurement. There was no change in
substrate Hg concentration over time, in either the mine materi-
als or the overlying cap material.

The increase in flux with time from the unaltered materials
when dry is believed to be an apparent effect due to the generally
colder, darker, drier conditions of the first series of measure-
ments in January 2011 compared to the second set of measure-
ments in November 2011. The increase in Hg flux from capped
materials under the wet condition is most likely due to a decrease
in effective capping thickness with compaction over time and
after repeated wetting. This would bring the underlying mining
materials closer to the surface, and when wetted, Hg displaced
from the substrate pore spaces would be more readily evaded
upward to the atmosphere.

Model testing and emission scaling, now and future

It is important to note that field measurements were restricted
to one or two 24-hr measurements from each material during one
period in late May to early June 2011. Comparison of these
limited in situ flux measurements to fluxes calculated using the
predictive regression equations shows a varying degree of pre-
dictive fit (Figure 5). In general, the equations calculated flux
within the 95% prediction interval for low Hg concentration
substrate such as waste rock, but were more variable for sub-
strates that have higher Hg concentrations and/or experience a
greater range of conditions, such as heap leach and tailings
which may range from fresh to aged and completely liquid to

completely dry. The refractory ore stockpile equations predicted
stockpile Hg fluxes well at both mines, and the overall lower Hg
fluxes observed from these stockpile ore materials agree with
their higher LOI content (Table 1).

At Goldstrike Mine, 5 of 6 actual Hg fluxes fell within the
95% prediction interval of the regression equations (Figure 5A).
This included fluxes measured from a reclaimed area, waste
rock, and from tailings (no heap leach facilities being present
at Goldstrike). One of the measured tailings fluxes exceeded the
prediction interval. From the stockpile, both of 2 actual fluxes
fell within the 95% prediction interval.

At Gold Quarry Mine, 2 of 5 actual fluxes fell within the 95%
prediction interval, and these were both measured from low Hg
waste rock (Figure 5B). The two actual stockpile fluxes were
within the 95% prediction interval. Actual Hg fluxes from heap
leach and tailings were higher than predicted. If the disturbance
multiplier is applied to the equation, then both actual heap leach
fluxes fall on the 95% prediction interval, which may indicate
that the location from which these fluxes were measured had
undergone some recent unknown physical disturbance.

Since these measurements were made near peak annual solar
radiation, and since the equations were developed from an aver-
age annual data set, the relatively high solar radiation might
account for some of the higher-than-predicted Hg fluxes. Using
the regression equations and the appropriate area scaling data
from each mine, total annual emission estimates for calendar
year 2010 were made for Gold Quarry (81 to 84 kg yr!1) and
Goldstrike (14 to 17 kg yr!1). Table 4 shows the upper range of
flux estimates from each material and the percent of total Hg
emission represented by each major surface. It is estimated that if
the active areas at each mine were capped with the lowest Hg
concentration waste rock available (excluding the open pit), total

Figure 4. Comparison of Hg flux from untreated materials (dashed lines) and materials treated with Hg control reagent on day 1 after application and day 200 after
application: (A) CP leach and (B) GS tails. Note difference in scales between day 1 and day 200.

Figure 5. Prediction intervals and actual in situ daily fluxes: (A) Goldstrike Mine; (B) Gold Quarry Mine.
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emissions would drop to 7–9 kg yr!1 at Gold Quarry, and 6–9 kg
yr!1 at Goldstrike. This represents approximately a 90% reduc-
tion in non-point-source Hg emissions from the Gold Quarry
mine once capping and reclamation are completed on the active
mining surfaces. Large areas of the Goldstrike Mine have
already been capped and reclaimed, which partly explains the
relatively low annual nonpoint emissions (together with the lack
of active heap leach facilities). However, complete reclamation
of the Goldstrike surfaces could result in a further 47–57%
reduction in nonpoint emissions.

Conclusion
Mine operators are required to conduct reclamation activities

concurrently with mining when practicable, and immediately
upon completion or cessation of mining operations in any area
not subject to further disturbance. Restoration of approximate
original contour and/or a surface stability and appearance com-
parable to surrounding areas is the primary goal, and this is
usually accomplished in part by capping abandoned mine mate-
rials with variable depths of soil substrate followed be revegetat-
ing. In addition to restoring the surface condition, capping has
the additional benefit of significantly reducing Hg flux from the
underlying waste material. In this study, Hg fluxes from mine
materials were consistently reduced by 50 to 100% with the
addition of 2 cm of capping substrate over 5 cm of soil. This
was true especially of high-Hg tailings waste, which is often the
largest Hg-emitting surface at any mine. An important caveat to
note is that all measurements made in this study were conducted
in an enclosed greenhouse on a relatively limited selection of
mine materials at a smaller scale, so the numbers presented here
may not be directly representative of conditions and results that
would occur with capping on actual mine surfaces.

Dust-control solutions are used atmine sites primarily to reduce
dust emissions from roads, and on a relatively small area of waste
rock, heap leach, and stockpile orewherevehicular traffic is heavy.
In this study, the application of typical dust-control solutions to
heap leach material exacerbated the release of Hg, both while wet
and after drying. This is most likely a result of the high

concentration of Hg in solution. Thus, application of these solu-
tions over large areas many not constitute a best management
practice. Practically, the areas of traffic where dust-control solu-
tions are applied are small, and any increase in Hg flux resulting
from their use is likely negligible compared to total mine
emissions.

In cyanide leach systems, the dithiocarbamate Hg control
reagent causes Hg to precipitate out of solution as an organic
sulfide salt (Wickens, 2000). It was hypothesized that if applied
to a material directly, the control reagent would result in the
removal of Hg from the material surface and hence in a reduction
of Hg flux. The results of this study indicate that Hg flux was
indeed reduced after the application of the solution to a leach ore
and to tailings, especially as the materials dried, despite the fact
that the solution had a higher total Hg concentration than the dust
control solutions. Whether this is true when applied in a dilute
cyanide solution to active heap leach at a mine is unknown, and
additional testing of a larger variety of materials and application
methods is needed.

The evaluation of the emission-scaling procedure devised by
Eckley et al. (2011a) was not entirely conclusive. When used for
predicting daily Hg flux for specific materials on individual
days, the model worked very well at the Goldstrike Mine.
However, at the Gold Quarry Mine, the modeled values were
significantly lower than the actual measurements for heap leach
and tailings. Due to the limited number of samples, it is impos-
sible to say whether these values were an anomaly resulting from
some unknown environmental factor or disturbance, or whether
the model is systematically low for the Gold Quarry materials. A
larger number of flux measurements from several seasons is
needed for a more definitive assessment.
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Table 4. Summary of total annual Hg emissions from major surfaces, estimated emissions if materials were capped, and percent reduction in emissions after capping

Gold Quarry Mine Goldstrike Mine

Surface
Flux

(g yr!1)
Percent of total

emission Capped
Percent
reduction

Flux
(g"yr!1)

Percent of total
emission Capped

%
Reduction

Waste rock 5261 6 2675 49 960 6 463 52
Reclaimed – – – 4711 28 4711 !
leach 10,023 12 2395 76 – – ! !
Tailings 65,775 78 1115 98 8291 49 885 89
Stockpile !3 0 146 (increase) 8 0 249 (increase)
Pit 2948 4 2948* – 2954 17 2954* !
Total 84,004 100 9280 89 16,924 100 9260 45

Notes: *Open pit is not typically capped or reclaimed; capped emission estimates assume lowest Hg material available used for capping.
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ABSTRACT 

Reactive mercury (RM) is an important component of the global atmospheric mercury cycle, but 

measurement currently depends on un-calibrated, operationally defined methods with large 

uncertainty and demonstrated interferences and artifacts. Cation exchange membranes (CEM) 

provide a promising alternative methodology for quantification of RM, but method validation 

and improvement are ongoing. For the CEM material to be reliable, uptake of gaseous elemental 

mercury (GEM) must be negligible for all conditions, and RM compounds must be captured and 

retained with high efficiency. In this study the performance of CEM material under exposure to 

high concentrations of GEM (1.43´106 to 1.85´106 pg m-3) and reactive gaseous mercury 

bromide (HgBr2 ~ 5000 pg m-3) was explored, using a custom-built mercury vapor permeation 

system, with quantification of total permeated Hg accomplished via pyrolysis at 600 °C and 

detection using a Tekran® 2537A. Permeation tests were conducted for 24 to 72 hours in clean 

laboratory air, with absolute humidity levels ranging from 0.1-10 g m-3 water vapor. Gaseous 

elemental mercury uptake by the CEM material averaged no more than 0.004% of total exposure 

for all test conditions, which equates to a non-detectable GEM artifact for typical ambient air 

sample concentrations. Recovery of HgBr2 on CEM filters was >100 % compared to calculated 

total permeated HgBr2, suggesting incomplete thermal decomposition at the pyrolyzer, as the 

CEM material collected HgBr2 with less than 1% downstream breakthrough on average, 

implying a high collection efficiency. 
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4.1 Introduction 

Mercury (Hg) is a persistent environmental contaminant with a significant atmospheric life time, 

and the form and chemistry of Hg is an important determinant of its biogeochemical cycling. 

Mercury in the atmosphere is found in three forms: gaseous elemental mercury (GEM), gaseous 

oxidized mercury (GOM), and particulate bound mercury (PBM). PBM and GOM are often 

quantified together as reactive mercury (RM = GOM + PBM)(Gustin et al., 2015; Weiss-Penzias 

et al., 2015). Atmospheric GEM, at an average global background concentration of 1-2 ng m-3, 

can be reliably measured with calibrated analytical instruments (Gustin et al., 2015; Slemr et al., 

2015). The measurement of GOM and PBM requires detection at the part per trillion (pg m-3) 

level and depends on un-calibrated operationally defined methods with demonstrated 

interferences and artifacts, and concomitant large uncertainty. Recent reviews (Gustin et al., 

2015; Zhang et al., 2017) detail the shortcomings, difficulties, and needed developments for 

atmospheric RM measurements. 

As an alternative methodology, cation exchange membranes (CEM) have been used to 

selectively measure GOM concentrations in ambient air (Bloom et al., 1996; Ebinghaus et al., 

1999; Huang and Gustin, 2015a; Huang et al., 2017; Huang et al., 2013; Marusczak et al., 2017; 

Mason et al., 1997; Pierce and Gustin, 2017; Sheu and Mason, 2001). The use of CEM type 

filters for this purpose was first documented in the literature in a conference presentation (Bloom 

et al., 1996), although such membranes (then referred to as ‘ion exchange membranes’) were 

deployed earlier in a field-based international comparative study of RM measurement techniques 

in September, 1995 (Ebinghaus et al., 1999). In the comparative study, one participating lab 

deployed a series of ion exchange membranes (for GOM) behind a quartz fiber filter (for PBM) 

at a sample flow rate of 9-10 Lpm, for 24 h measurements (filter pore sizes were not reported). 
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Results for PBM and GOM were in similar ranges of 4.5- 26 pg m-3 and 13-23 pg m-3 , 

respectively (Ebinghaus et al., 1999). 

The ion exchange membrane method was also applied in a 1995-96 field campaign for 

determining the speciation of atmospheric Hg in the Chesapeake Bay area (Mason et al., 1997).  

This study used a 5-stage Teflon filter pack system that included one up front quartz fiber filter 

(0.8 µm pore size) to remove particulate, and four downstream Gelman ion exchange membranes 

(pore size not reported) to 1) capture GOM, 2) capture GOM breakthrough, 3) serve as 

deployment blanks, and 4) isolate the filter train on the downstream side (Mason et al., 1997). 

Concentrations of GOM were reported to be 5-10 pg m-3, essentially at or below the method 

detection limit and it was speculated that even this small amount may have been an artifact from 

fine particulate Hg passing through the 0.8 µm quartz fiber filter (Mason et al., 1997). The 3rd-in-

series ion exchange membrane blanks were reported to be not significantly different in Hg 

concentration from unused membrane material, indicating that breakthrough was not a 

phenomenon that extended past the second ion exchange filter position.  

The particulate Hg artifact problem was subsequently elaborated on in a further comparative 

study focusing exclusively on RM measurement techniques. Specific concerns included physical 

particle breakthrough,  re-evolution of gas-phase Hg2+ from PBM captured on the upstream 

particulate filters passing downstream to the ion exchange membranes, possible adsorption of 

GOM compounds to the particulate filters, or a GEM collection artifact on the ion exchange 

membranes (Sheu and Mason, 2001). None of these concerns were proven or disproven 

conclusively. 

Recent CEM based sampling systems typically deploy a pair of CEM disc filters without a pre-

particulate filter, in replicates of 2 to 3 at a flow rate of 1.0 Lpm (Gustin et al., 2016). Each pair 
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of filters constitutes one sample, the first filter serving as the primary RM collection surface, and 

the second filter capturing breakthrough. Filters are deployed for 1-to-2 weeks and then collected 

for analysis (CVAFS, EPA Method 1631, modified) (Huang et al., 2017). The CEM material 

consists of a negatively charged polyethersulfone coated matrix (Pall Corporation), and at least 

one manufacturing evolution has occurred (Huang and Gustin, 2015b). Prior CEM material 

versions (I.C.E. 450) had a pore size of 0.45 µm, while the current CEM material (Mustang® S) 

has a manufacturer reported pore size of 0.8 µm.  

Previous work with the I.C.E 450 material indicated it does not adsorb significant quantities of 

GEM in passive exposures, but can selectively uptake gas-phase Hg2+ species (Lyman et al., 

2007). The CEM material was subsequently adapted for use in active sample flow systems, with 

the presumption of continued inertness to GEM and selectivity for GOM (Huang and Gustin, 

2015a; Huang et al., 2013). These studies and others (Lyman et al., 2016) have shown better 

GOM recovery on CEM material compared to potassium chloride (KCl) coated denuder 

methods.Despite these tests, the transparency of the CEM material to GEM uptake has not been 

conclusively demonstrated for active sampling flow rates, nor for high GEM concentrations, 

though limited data using low concentration manual Hg0 injections through CEM filters suggests 

little or no GEM uptake (Lyman et al., 2016). However, even small rates of GEM uptake by the 

CEM material could result in a significant measurement artifact (e.g. a modest 1-2% GEM 

uptake could easily overwhelm detection of typical ambient GOM concentrations). It is therefore 

of critical importance that such a GEM artifact be ruled out if the CEM material is to be 

successfully deployed for ambient RM measurements, first and foremost under controlled 

laboratory conditions in the absence of confounding variables. 
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Additionally, previous studies have observed significant amounts of “breakthrough” GOM on the 

secondary filter. The amount of breakthrough is not consistent, neither as a constant mass, with 

total Hg ranging from zero to as high as 400 pg (Huang et al., 2017),  nor as a percentage of Hg 

collected on the primary filter, ranging from 0-40% (Pierce and Gustin, 2017). Similar variable 

breakthrough issues were observed in the earliest field-based CEM measurements as well 

(Mason et al., 1997). In contrast to ambient measurements, previous laboratory experiments have 

reported only minor (0-16%) or no breakthrough (Huang and Gustin, 2015a; Huang et al., 2013). 

Limited experimental work with flow rates of 1.0 and 16.7 Lpm in ambient air could not provide 

an explanation for differing breakthrough rates (Pierce and Gustin, 2017).  

In this paper we investigate the potential for GEM uptake on CEM material using a custom-built 

permeation system. In addition, the ability of the CEM material to capture and retain a 

representative GOM compound (mercury bromide, HgBr2) is discussed with a view to estimate 

collection efficiency and explain or rule out possible mechanisms of breakthrough for both dry 

and humid conditions 

4.2 Methods 

A Tekran® 2537A ambient mercury analyzer was integrated with a custom-built permeation 

system designed to enable controlled exposures of GEM and GOM to CEM filters (Fig. 4.1). The 

2537A analyzer was calibrated at the beginning and periodically throughout the study and 

checked for accuracy by manual Hg0 injections (mean recovery 101.1% ± 4.3, n = 10, Appendix  
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Figure 4.1 Schematic of Hg vapor permeation system configurations for: a) GEM permeations, b) HgBr2 
permeations, and c) simultaneous HgBr2 loading on two sample lines. Note dry air supplier disconnected for 
ambient and elevated humidity HgBr2 permeations, with sample path starting at 0.2 µm Teflon particulate filter and 
water bath inserted immediately in front of the charcoal scrubber. All tubing is chemically inert PTFE, except for 
the quartz glass pyrolyzer tube, and PFA filter holders. 



 79 

C, SI Fig. 4.1). The entire system was checked for Hg contamination in clean air prior to 

permeation tests, and periodically during sampling (Appendix C, SI Fig. 4.2). All tubing and 

connections used in the permeation system were polytetrafluoroethylene (PTFE), except for the 

quartz glass pyrolyzer tube and perfluoroalkoxy (PFA) filter holders. Each of these materials is 

known to be chemically inert, virtually nonporous, and to have a low coefficient of friction. For 

these reasons, PTFE/PFA plastic and quartz glass are the standard materials employed in almost 

all Hg sampling systems, as GEM passes over or through these surfaces without loss (Gustin et 

al., 2015). Given its reactive nature, some GOM inevitably adsorbs to internal line surfaces, but 

the capacity of these materials to sorb and retain GOM is not infinite and a steady state of 

adsorption/desorption is expected after 5-6 hours of exposure to a stable concentration (Gustin et 

al., 2013; Xiao et al., 1997).  

Sample flow through the system was alternated between two PTFE sample lines (designated 

Line 0 and Line 1) using a Tekran® Automated Dual Switching (TADS) unit. Sample air was 

constantly pulled through each line at 1.0 Lpm by the internal pump and mass flow controller in 

the 2537A, or by an external flush pump (KNF Laboport® N86 KNP) and mass flow controller 

(Sierra Smart-Trak® 2). Laboratory air was pulled through a single inlet at the combined rate of 

2.0 Lpm, passing through a 0.2 µm PTFE particulate filter and an activated charcoal scrubber to 

produce clean sample air. Additionally, for dry air permeations sample air was pulled through a 

Tekran® 1102 Air Dryer installed upstream of the particulate filter, and for elevated humidity 

permeations sample air was pulled through the headspace of a distilled water bath (DIW, < 0.2 

ng L-1 total Hg) that was located upstream from the charcoal scrubber to eliminate the DIW being 

a potential Hg source to the system. Temperature and relative humidity (RH) were measured in-

line (Campbell Scientific CS215) and used for calculation of absolute humidity. 
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Pure liquid Hg0 and crystalline HgBr2 (purity > 99.998% Sigma-Aldrich®) were used as Hg 

vapor sources. The elemental Hg0 bead was contained in a PTFE vial. Solid HgBr2 crystals were 

packed in thin-walled PTFE heat-shrink tubing (O.D. 0.635 cm) with solid Teflon plugs in both 

ends to create a perm tube with an active permeation length of 2 mm (Huang et al., 2013). The 

HgBr2 permeation tube was also placed in the bottom of a PTFE vial, and the permeation vials 

were submerged in a temperature-controlled laboratory chiller (0.06 ± 0.13 °C, Cole Parmer 

Polystat®). A low source temperature was favored both because higher temperatures would have 

produced unacceptably high concentrations, and because there is evidence that at higher 

temperatures a small amount of Hg0 can be evolved from Hg2+ compounds (Xiao et al., 1997).  

An ultra-high purity nitrogen (N2) carrier gas was passed through the permeation vials at 0.2 

Lpm to carry the target Hg vapor into the main sample line through a PTFE T-junction. The main 

sample line was split into Line 0 and Line 1 immediately downstream from the permeation flow 

junction. Line 0 proceeded directly to the 2537A without modification during GEM permeations 

(Fig. 4.1a), but housed CEM filters during the HgBr2 permeations (Fig. 4.1b, 4.1c). Line 1 held a 

pyrolyzer unit composed of a quartz glass tube (O.D. 0.625 cm) packed with a 3 cm section of 

quartz wool heated to 600 °C using a nichrome wire coil (Appendix C, SI Fig. 4.3). The goal of 

the pyrolyzer was to convert all Hg to GEM for detection on the Tekran® 2537A. 

CEM filters were deployed in 2-stage, 47 mm disc PFA filter holders (Savillex©). The primary 

“A” filter in the 2-stage holder is the first to be exposed to the permeated Hg, with the secondary 

“B” filter mounted immediately behind the A filter (A to B distance ~3 mm) to measure potential 

breakthrough. For GEM permeations, three 2-stage filter holders were placed in-series on Line 1 

behind the pyrolyzer unit (Fig. 4.1a), while total Hg coming through the system was measured on 

Line 0 with no filters in place. This allowed simultaneous exposure of 6 CEM filters in one GEM 
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sample exposure. The first CEM filter in-line served to scrub any small residual RM passing 

through the system and pyrolyzer, and these first in-line filters were removed for the calculations 

of GEM uptake (Appendix C. SI Fig. 4.4).  

For determining the potential for GOM breakthrough, two system configurations were used. In 

the first configuration (Fig. 4.1b), the total Hg concentration of air that passed through the 

pyrolyzer on Line 1 was measured without any filters, while Line 0 held one 2-stage CEM filter 

pair for HgBr2 loading. This configuration allowed for real time (10 min interval) quantification 

of the HgBr2 permeation concentration through Line 1 using the 2537A, and comparison with 

total Hg loading on the CEM filters on Line 0. In the second configuration, replicate filters were 

concurrently loaded with HgBr2 by placing 2-stage CEM filter holders on both Line 0 and Line 1 

(upstream of the pyrolyzer, Fig. 4.1c). In all HgBr2 exposures, the filter holders were placed as 

close to the permeation vial as possible, with a total distance from vial to filter surface of 

approximately 20 cm. Mercury bromide permeation was conducted in dry air and elevated 

humidity air. The difference between one line being fully open to the HgBr2 permeation flow 

(configuration Fig. 4.1b) and then closed by deployment of the CEM filters (configuration Fig. 

4.1c) enabled a rough determination of the amount of HgBr2 line-loss within the system. 

After permeation, CEM filters were collected into clean, sterile polypropylene vials and analyzed 

for total Hg by digestion in an oxidizing acid solution, reduction to Hg0, gold amalgamation, and 

final quantification by cold vapor atomic fluorescence spectrometry (CVAFS, EPA Method 

1631, Rev. E) using a Tekran® 2600 system. This analysis provided for comparison of total Hg 

filter loading, and verification of in-line results. A to B filter breakthrough was calculated by 

comparison of total Hg recoveries on the primary and secondary CEM filters, using Eq. (1): 

 %	𝐵𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ = 100 ∗ 𝐶𝐸𝑀567/(𝐶𝐸𝑀:;< + 𝐶𝐸𝑀567) (1) 
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Blank CEM filters were collected and analyzed in the same manner with every set of sample 

filters deployed on the permeation system, and the mean filter blank value was subtracted from 

all total Hg values to calculate the final blank-corrected Hg values used for data analysis. All 

data were analyzed in Microsoft® Excel (version 16.12) and RStudio® (version 3.2.2). 

4.3 Results  
 
4.3.1 Elemental mercury uptake on cation exchange membranes 

Elemental Hg uptake on CEM material was negligible for permeated Hg0 vapor concentrations 

ranging from 1.43´106 to 1.85´106 pg m-3 (Fig. 4.2). High GEM concentrations were employed 

in this study under the logic that if no GEM uptake was observed at high concentrations, a 

similar lack of GEM uptake can be expected for all lower concentrations. The mean Hg mass on 

blank CEM filters was 50 ± 20 pg (n = 28). For permeations into dry sample air of 0.5 ± 0.1 g m-

3 water vapor (WV), total mean Hg0 permeation exposures of 2.7´106 pg (24 h) and 7.3´106 pg 

(72 h) resulted in total (blank-corrected) Hg recoveries on the CEM filters of 100 ±  40 pg (n = 

10) and 280 ± 110 pg (n = 5), respectively.  
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Figure 4.2 Total Hg recovered on CEM material for blank filters (Hg exposure = 0 pg) and different Hg0 vapor 
permeations in dry (0.5 ± 0.1 g m-3 WV) and humid air (2-4 g m-3 WV). Circles represent dry air permeations, 
triangles represent humid air exposures, and all permeation exposures were blank-corrected. The regression line 
shows the relationship between total Hg0 exposure and blank-correct mean total Hg recovered on CEM filters 
(error bars ± one standard deviation), with a slope of 4.1x10-5 indicating a linear uptake rate of 0.004%. 

 
These quantities of total recovered Hg equate to a mean GEM uptake rate on the CEM filters of 

0.004 ± 0.002%. For GEM permeations into ambient humidity sample air (2-4 g m-3 WV), at a 

slightly lower total mean permeated Hg0 24 h exposure of 2.1´106 pg, total (blank-corrected) Hg 

recoveries on the CEM filters were 55 ± 30 pg (n =10), equating to a GEM uptake rate of 0.003 ± 

0.001%. The overall GEM uptake rate was linear (r2 = 0.97) for the range of concentrations used 

in this study, indicating a similar low uptake rate can be expected down to lower GEM 

concentrations. 
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4.3.2 Mercury bromide uptake on cation exchange membranes 

Breakthrough of HgBr2 vapor from the primary (A) to secondary (B) CEM filters was low for all 

conditions tested in this study (Table 4.1). These conditions included HgBr2 permeated into clean 

dry laboratory air with < 0.5 g m-3 WV, clean air at ambient room humidity (4-5 g m-3 WV), and 

clean air at elevated humidity (10-11 g m-3 WV), at line temperatures between 17 to 19 °C. 

Overall, the mean A to B filter breakthrough ranged from 0 to 0.5% and averaged 0.2 ± 0.2 % (n 

= 17), with no statistical difference observed in mean breakthrough rates for the three levels of 

humidity (ANOVA, p = 0.124).  

The first HgBr2 permeation in clean dry (< 0.5 g m-3 WV) laboratory air was over a 96 h period, 

using the system configuration in Figure 1B to establish an approximately permeation rate (Fig. 

4.3). Total Hg reaching the 2537A through the pyrolyzer on Line 1 (red line, Fig. 3) indicates an 

average HgBr2 exposure concentration of 4540 pg m-3, or about 4.5 pg min-1 from the permeation 

tube. After this permeation, total blank-corrected HgBr2 loading on the primary CEM filter on 

Line 0 was 49400 pg, but only 50 pg on the secondary CEM filter, indicating a breakthrough rate 

of approximately 0.1%. Total Hg reaching the 2537A through the CEM filters on Line 0 (black 

line, Fig. 4.3) over this time period was 15 pg, mostly at the beginning of the deployment when 

some ambient Hg entered the opened system. The low concentrations of Hg measured 

downstream in Line 0 on the 2537A corroborates that breakthrough of HgBr2 was low. These 

data also demonstrate that the CEM material did not saturate with a HgBr2 loading of ~ 50000 

pg, a loading far higher than could be expected in ambient conditions. 
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Table 4.1 Summary of CEM filter loading and breakthrough during HgBr2 permeations. Samples denoted P indicate 
approximate permeation rate check through Line 1 via pyrolyzer and Tekran 2537A, italics indicate filter 

deployments on Line 1, and * indicates high values due to leak around first filter seal. 
 

Sample Start End Sample Time     
    (min)

Sample Flow      
    (lpm)

Sample Volume 
(m3)

Total Hg on CEM       
(pg)

Blank Correct              
           (pg)

Total Hg @ Tekran          
        (pg)

A to B Filter Brkthru                    
                 (%)

Mean CEM Filter Blank 54

HgBr 1P 9/21/17 13:25 9/25/17 10:25 5580 1.00 5.580 na na 25181 na

HgBr 1A 49478 49424

HgBr 1B 101 47

HgBr 2A 8901 8847

HgBr 2B 71 17

HgBr 3A 9125 9072

HgBr 3B 86 33

HgBr 4A 8494 8440

HgBr 4B 77 24

HgBr 5A 8306 8253

HgBr 5B 83 29

HgBr 6A 8496 8442

HgBr 6B 72 19

HgBr 7A 8386 8333

HgBr 7B 66 13

HgBr H1P 10/2/17 16:10 10/3/17 15:20 1390 1.00 1.390 na na 5888 na

HgBr H1A 10498 10444

HgBr H1B 80 27

HgBr H2A 8589 8535

HgBr H2B 65 11

HgBr H3A 8182 8129

HgBr H3B 98 44

HgBr H4A 7504 7451

HgBr H4B 76 23

HgBr H5A 7576 7522

HgBr H5B 73 19

HgBr H6P 10/5/17 12:05 10/9/17 10:25 5660 1.00 5.660 na na 11889 na

HgBr H7A 9024 8970

HgBr H7B 2672* 2618*

HgBr H8A 12359 12305

HgBr H8B 75 21

HgBr H9A 10920 10866

HgBr H9B 78 24

HgBr H10A 11413 11359

HgBr H10B 53 0

HgBr H11A 12001 11947

HgBr H11B 52 0

HgBr H12A 12579 12525

HgBr H12B 90 36

HgBr H13P 10/12/17 9:40 10/13/17 9:40 1440 1.00 1.440 na na 1430 na

HgBr H13A 13152 13099

HgBr H13B 69 16

9/25/17 10:30 9/26/17 10:30 1440 1.00 1.440 0 0.20

Table 1. 

Clean Dry Air (0.3 ± 0.05 g m-3 wv)

9/21/17 13:25 9/25/17 10:25 5580 1.00 5.580 15 0.10

0.36

9/26/17 10:40 9/27/17 10:25 1425 1.00 1.425 0 0.28

9/25/17 10:30 9/26/17 10:30 1440 1.00 1.440 1155

9/27/17 10:35 9/28/17 10:25 1430 1.00 1.430 0 0.22

9/26/17 10:40 9/27/17 10:25 1425 1.00 1.425 10 0.36

0.25

10/3/17 15:30 10/4/17 14:40 1390 1.00 1.390 164 0.13

0.15

Clean Humid Air (4.4 ± .2 g m-3 wv)

10/2/17 16:10 10/3/17 15:20 1390 1.00 1.390 1700

9/27/17 10:35 9/28/17 10:05 1410 1.00 1.410 6

10/4/17 14:50 10/5/17 11:50 1260 1.00 1.260 0 0.31

10/3/17 15:30 10/4/17 14:40 1390 1.00 1.390 420 0.54

10/9/17 10:40 10/10/17 10:45 1445 1.00 1.445 397 na

0.25

10/9/17 10:40 10/10/17 10:45 1445 1.00 1.445 105 na

10/4/17 14:50 10/5/17 11:50 1260 1.00 1.260 25

10/10/17 10:50 10/11/17 9:30 1360 1.00 1.360 308 0.00

Clean High Humidity Air (10.9 ± 1.7 g m-3 wv)

10/10/17 10:50 10/11/17 9:30 1360 1.00 1.360 181 0.22

10/12/17 9:40 10/13/17 9:40 1440 1.00 1.440 4 0.12

0.00

10/11/17 9:35 10/12/17 9:35 1440 1.00 1.440 40 0.29

10/11/17 9:35 10/12/17 9:35 1440 1.00 1.440 5
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Figure 4.3 HgBr2 permeations in clean dry lab air using the configuration in Figure 4.1b (red line) and Figure 4.1c 
(blue line). The red line indicates total Hg released from permeation tube and passing through pyrolyzer on Line 1 
before being measured by Tekran 2537A, black line indicates Hg reaching 2537A through CEM filters on Line 0. 
Vertical grey lines indicate open system during filter deployments. 

 
Subsequent replicate 24 h HgBr2 permeations in clean dry air resulted in consistent total Hg 

loading on CEM filters placed on both lines concurrently (8560 ± 320 pg, n = 6, Samples 2-7 

Table 4.1), and mean total Hg on the secondary CEM filters was 20  ± 10 pg (average 

breakthrough of 0.3%). On Line 0 (black line, Fig. 4.3), which was never open to HgBr2 vapor 

downstream from the CEM filters at any point in the study, Hg measured at the 2537A was zero 

for all three 24 h permeations, indicating no breakthrough (Samples 2, 4, & 6, Table 4.1). 

However, on Line 1, which had been exposed to the full HgBr2 vapor concentration of 4540 pg 

m-3 over the duration of the 96 h perm test, 1155 pg of Hg were measured downstream in the first 

24 h sample (Sample 3, Table 4.1). The amount of downstream Hg dropped to 10 pg in the 

second 24 h, and 6 pg in the third 24 h (Samples 5 & 7, Table 4.1). This downstream Hg in Line 
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1 (compared to the zero Hg simultaneously observed on Line 0) is attributed to re-volatilization 

of HgBr2 that had stuck to the line material during the open permeation flow. At the moment 

CEM filters were deployed on Line 1 (red-to-blue transition, Fig. 4.3), a rapid asymptotic decline 

in the Hg signal began. This decay curve supports drawdown and depletion of a Hg reservoir on 

the interior line surfaces behind the CEM filters, and not a continuous source such as 

breakthrough from the permeation tube that was still supplying HgBr2 to both sample lines. The 

total mass of Hg re-volatized from the interior line surfaces (1155 pg) represents 4-5% of the 

total HgBr2 that had passed through Line 1 (~25000 pg based on 2537A measurement). 

Eventually, Hg reaching the 2537A through Line 1 decreased to zero during the same 24 h filter 

deployment, indicating a majority of HgBr2 line contamination can be expected to flush out 

within ~12 h. 

Additional HgBr2 permeations were made at two levels of in-line humidity. At ambient room 

humidity (4-5 g m-3 WV), mean total Hg measured on the CEM filters was 7910 ± 520 pg (n = 4; 

Samples H2-5, Table 4.1), with an average breakthrough to the secondary filters of 0.3%. When 

normalized for sample volume, the mean HgBr2 loading on CEM filters during ambient humidity 

(5968 ± 125 pg) and dry air (5995 ± 188 pg) permeations was not statistically significantly 

different (t-test p = 0.790).  HgBr2 breakthrough rates were also the same (0.3%) as during the 

dry air permeations, indicating that the permeation system was operating similarly at the two 

humidity levels, and suggesting that absolute humidity concentrations around 4-5 g m-3 WV have 

insignificant effects on collection of HgBr2 in clean laboratory air by the CEM material.  

We observed that an increase in humidity resulted in an initial large increase in Hg measured at 

the 2537A downstream of the CEM filters on Line 0 (Sample H1, Table 4.1), concurrently with 

an open HgBr2 permeation flow through Line 1 while both lines were subjected to increased RH. 

This downstream Hg on Line 0 dropped substantially to zero in ~10 h in the first 24 h 
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deployment (Sample H2, Table 4.1), and was zero for the duration of the second 24 h 

deployment (Sample H4, Table 4.1). As this downstream Hg rapidly declined to zero, we believe 

this was also an off-gassing effect, likely induced by the increased humidity, which perhaps 

facilitated a heterogeneous surface reduction of HgBr2 to GEM in the short section of line 

between the perm source and CEM filters, with the GEM then passing through to the 2537A. As 

the breakthrough rate and the mean HgBr2 loading on the CEM filters did not change between 

the dry air and ambient humidity permeations, the downstream Hg observed at the 2537A during 

the ambient humidity permeations cannot be attributed to a loss of Hg from the CEM filters and 

is more likely due to a process in the sample lines. 

As a further test of possible humidity effects, two replicate 24 h CEM filter deployments were 

conducted in elevated humidity conditions (10-11 g m-3 WV) created by an in-line water bath. 

Mean total Hg loading on the primary CEM filters was higher compared to the previous 

permeations (11700 ± 720 pg, n = 4, Samples H9-12, Table 4.1), indicating an increase in the 

effective HgBr2 permeation rate, possibly due to the perturbation caused by a poor filter seal and 

small leak in the preceding deployment (Sample H7-8, Table 4.1). However, mean total Hg on 

the secondary CEM filters was 20 ± 20 pg, indicating an average breakthrough of 0.1%, less than 

the breakthrough observed for the lower humidity permeations.  

4.4 Conclusions 

GEM uptake on the CEM material was negligible under the laboratory conditions and high GEM 

loading rates (2 orders of magnitude above ambient) tested in this study, with an overall linear 

uptake rate of 0.004% for permeated GEM concentrations between 1.43´106 to 1.85´106 pg m-3. 

This uptake rate would be insignificant at typical ambient atmospheric Hg concentrations (1-2 ng 
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m-3). As a hypothetical example, a CEM filter sampling ambient air at an average GEM 

concentration of 2 ng m-3 for a typical 2-week sample period would have a total Hg0 exposure of 

~40000 pg. At the calculated uptake rate of 0.004%, a maximum 1.6 pg of Hg observed on the 

sample filter could be attributed to GEM artifact and given that blank filters have a mean total 

Hg mass of 50 ± 20 pg, this amount would be below detection. This corroborates the lack of 

GEM uptake seen by Lyman et al. (2016) for manual Hg0 injections on CEM filters at lower total 

mass loadings of 300-6000 pg. 

Mean HgBr2 breakthrough from primary to secondary CEM filters averaged 0.2 ± 0.2% over all 

test conditions, using HgBr2 as a test GOM compound. A to B filter breakthrough was derived 

from a comparison between the large amount of HgBr2 permeated onto the primary CEM filters, 

to the small amount of HgBr2 that collected on the secondary CEM filters, 3 mm immediately 

downstream. The measurement of 1000s of pg of Hg on the primary filter, and only 10s of pg on 

the secondary filter, leads to the conclusion that the primary filter removed the majority of HgBr2 

from the sample air stream. In addition, low breakthrough was corroborated by downstream 

measurement of the air stream passing through the CEM filters, using the Tekran® 2537A. The 

average breakthrough to the 2537A was 0 pg for 24 h permeations in dry air and 0-40 pg in 

humid air, for those filter deployments than can be considered steady-state (> 24 h without large 

perturbations).  

While the permeation system was not specifically optimized for a quantitative mass balance 

between permeated HgBr2 and HgBr2 recovered on the CEM filters, a rough estimation of the 

CEM collection efficiency is possible. Using the HgBr2 permeations conducted in clean dry air 

(mean loading 8560 pg) and comparing this to the mean Hg concentration measured at the 

2537A analyzer during the last 24 h of the 96 h permeation measurement (4680 pg m-3, or 6739 
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pg per 24 h), the HgBr2 recovery on the CEM filters averaged 127%. Adjusting the expected 

permeated HgBr2 mass for our estimated line-loss (~4-5%) improves the recoveries to ~123%. 

Still, HgBr2 loading on the CEM filters was therefore ~23% higher than expected based on the 

pyrolized total measurement on the 2537A.  

The technique of gold amalgamation in general, and specifically including the Tekran® 2537 

analyzer, is widely considered to provide a quantitative total gaseous Hg measurement, at or 

very near 100% collection efficiency for Hg0 and Hg compounds (Dumarey et al., 1985; Landis 

et al., 2002; Schroeder and Jackson, 1985; Schroeder et al., 1995; Temme et al., 2003). However, 

to our knowledge collection and desorption efficiencies on gold traps have not been 

demonstrated for HgBr2. The stated desorption temperature of the Tekran® 2537A gold traps is 

500 °C, but temperatures as low as 375 °C have been reported (Gustin et al., 2013), which would 

likely cause reduced thermal decomposition efficiency for all captured GOM compounds, 

including  HgBr2. We speculate that a combination of incomplete thermal decomposition to Hg0, 

at both the 600 °C pyrolyzer and during the best-case 500 °C desorption of the 2537 gold traps, 

resulted in ~20% non-detection of total permeated HgBr2 as it passed through the CVAFS optical 

path without generating the necessary fluorescence signal. 

While our results validated some basic performance metrics for the CEM material, they did not 

provide data that could fully explain the higher levels of breakthrough observed for CEM filters 

deployed in ambient air over the 1 to 2-week sample periods in previous studies. Increasing 

humidity by itself did not affect observed HgBr2 breakthrough. A HgBr2 loading of ~50000 pg 

also did not lead to increased breakthrough, indicating there is no saturation effect on CEM filter 

capacity at a GOM loading far greater than expected from ambient concentrations. It remains 

unclear, though, whether breakthrough results from different collection efficiencies for GOM 
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compounds other than HgBr2, or whether breakthrough results from a degradation of GOM 

retention capacity in the CEM material when exposed to ambient air chemistries not simulated in 

this study. Also, our experiments were conducted in particulate-free air, which leaves open the 

possibility that breakthrough is related to capture (or lack thereof) of PBM by the CEM material.  
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ABSTRACT 

A novel method was developed to measure reactive mercury (RM) air-surface exchange using 

dynamic flux chambers (DFCs) in conjunction with cation exchange membrane (CEM) filters. 

The experimental design and method was developed and tested in a laboratory setting, using 

materials collected from industrial scale open pit gold mines in central Nevada, USA. These 

materials include waste rock, heap leach ore, and tailings, with substrate concentrations ranging 

from 0.1 to 40 µg g-1 total mercury (THg). CEM filters were used to capture RM from the DFC 

sample lines while a Tekran® 2537A analyzer measured GEM concurrently. The method was 

determined to require a minimum RM concentration difference of 14 pg m-3 between DFC inlet 

and outlet sample air. Positive RM emission rates up to 4000 pg m- 2 h-1 were measured from 

tailings materials with high Hg substrate concentrations. RM flux was variable for lower Hg 

concentration substrates, with both emission and deposition observed. For substrates that 

experienced RM deposition, deposition velocities were in the range 0.01-0.07 cm s-1. These 

measurements represent the first successful direct quantification of RM air-surface exchange. 
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5.1 Introduction 

In 2013, the United Nations Environment Minamata Convention on Mercury was promulgated 

with a mission to protect human health and the environment from exposure to the toxic effects of 

mercury (Hg) and its various compounds (UNEP, 2013). The Convention proposes to fulfill this 

mission through a strategy of globally coordinated control, scientific research, and ongoing 

monitoring of Hg in the environment. The mission poses a significant challenge as there are over 

3000 known Hg contaminated sites worldwide due to mining and industrial activity, not 

including legacy and small scale operations involving Hg (Kocman et al., 2013; Krabbenhoft and 

Sunderland, 2013). Past emissions, including from natural sources but largely dominated by 

anthropogenic activities, have led to current large reservoirs of Hg in all environmental 

compartments (Pacyna et al., 2016; Pirrone et al., 2010; Streets et al., 2017). Even in the absence 

of new anthropogenic emissions, cycling of Hg between different spheres will continue at large 

scales and in possibly unexpected directions, driven by processes and mechanisms that are not 

fully understood, and susceptible to increasing human and climate perturbations (Obrist et al., 

2018). 

The atmosphere, a global common, is the dominant conduit for transport, transformation, 

emission, deposition, and re-emission of Hg and Hg compounds amongst Earth’s ecosystems. 

Mercury in the atmosphere is classified on the basis of three physiochemical forms: gaseous 

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

(PBM), with PBM and GOM defined together as reactive mercury (RM = GOM + PBM)(Gustin 

et al., 2015; Weiss-Penzias et al., 2015). Atmospheric concentrations of GEM can be measured 

with well calibrated analytical instruments, whereas the quantification of GOM and PBM has 
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depended on operationally defined methods with demonstrably large uncertainty (Cheng and 

Zhang, 2017; Gustin et al., 2015; Gustin et al., 2013; Jaffe et al., 2014; Zhang et al., 2017). 

Scientific understanding of the biogeochemical cycling of Hg is currently inadequate due to the 

large ambiguity in measurements and general difficulty of research on atmospheric Hg chemistry 

(Jaffe et al., 2014). Atmospheric GEM is relatively inert, has a low deposition rate, and hence a 

relatively long atmospheric lifetime ranging from 6 months to 1 year (Krabbenhoft and 

Sunderland, 2013; Zhang et al., 2009). In certain scenarios, GEM has been shown to rapidly 

deplete in the atmosphere due to fast oxidation of GEM to RM and subsequent deposition to 

surfaces, and deposition and re-emission on short time scales is an important process driving 

movement (Howard and Edwards, 2018; Lu et al., 2001; Schroeder et al., 1998; Steffen et al., 

2008; Steffen et al., 2002). In contrast to GEM, RM is thought to have high dry deposition 

velocities (Zhang et al., 2009). Knowledge of concentrations, chemistry, and processes forming 

atmospheric RM is critical information for understanding how Hg moves and impacts 

ecosystems globally. Recent research on RM has demonstrated that RM compounds in air vary 

both spatially and temporally to a considerable extent, pointing to the need for extensive 

measurements of RM and its specific compounds. (Gustin et al., 2016; Huang and Gustin, 2015b; 

Huang et al., 2014; Huang et al., 2017). 

Fluxes of total gaseous mercury (TGM) and GEM have been successfully measured in many 

environments, providing insights into the biogeochemical cycling of GEM (Yannick et al., 2016; 

Zhu et al., 2016).  In contrast, there are essentially no direct measurements of RM air-surface 

exchanges (Zhang et al., 2009). Reactive mercury fluxes reported in the literature are sparse and 

those reported are largely based on inferential or ambiguous methods (Brooks et al., 2008; Castro 

et al., 2012; Engle et al., 2005; Lindberg et al., 2002; Lindberg and Stratton, 1998; Lyman et al., 
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2009; Lyman et al., 2007; Malcolm and Keeler, 2002; Poissant et al., 2004; Rea et al., 2000; 

Rothenberg et al., 2010; Sather et al., 2013; Skov et al., 2006; Zhang et al., 2005). A few direct 

RM-specific air-surface exchange measurements using KCl denuder-based approaches have been 

undertaken with mixed results (Brooks et al., 2008; Skov et al., 2006). Moreover, recent 

evaluation of KCl denuder approaches show these methods tend to underestimate RM and are 

subject to interferences due to ozone and water vapor (Huang and Gustin, 2015a; Lyman et al., 

2010; McClure et al., 2014). The current dearth of experimental data on RM air-surface 

exchange processes is inhibiting our ability to move forward in understanding the 

biogeochemical cycling of atmospheric Hg. 

In this study, we developed and applied a novel experimental approach for direct measurement 

of RM fluxes using cation exchange membrane (CEM) filters. CEM filters have been 

successfully deployed to measure RM in ambient air in previous studies (Gustin et al., 2016; 

Huang et al., 2017; Huang et al., 2013; Marusczak et al., 2017; Pierce and Gustin, 2017), and 

their use was here modified to allow for the determination of RM air-surface exchange. A series 

of experiments were conducted to optimize the CEM/RM flux methodology and the resulting 

method was subsequently applied to determine fluxes over both background waste rock material 

and Hg enriched mining materials. These data provide new insights into the air-surface exchange 

process associated with substrates of varying degrees of Hg contamination.  

5.2 Methods  

5.2.1 Materials 

Substrate materials used for measuring Hg flux were acquired from industrial scale, open pit 

gold mines in central Nevada, and include waste rock, heap leach ore, and tailings. Waste rock is 

non-mineralized low Hg overburden material consisting of either alluvium or hard rock that 
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covered the ore body prior to mining. In this study, all such material was selected from the waste 

rock piles specifically set aside for future capping and site reclamation, and as such is referred to 

as cap material. Heap leach is low-grade ore blasted from the mine wall and “heaped” on an 

impoundment for irrigation with dilute cyanide leach solution for gold extraction. Tailings are 

the waste remnant of high-grade ore that has been pulverized by mechanical ball milling and 

undergone thermal/chemical treatment to extract gold. 

All mining substrate materials were collected in September 2010, for measurements of GEM flux 

under controlled conditions (Miller and Gustin, 2013). Each material was divided into replicate 

trays (50 x 50 x 7 cm plywood lined with 3mil polyvinyl sheet) and stored inside a greenhouse 

bay at the University of Nevada Reno Agricultural Experiment Complex. At the onset of the RM 

flux experiments described in this paper, the substrates had sat undisturbed for ~3 years, and 

were completely dry and well compacted/consolidated from previous watering experiments. A 

circular chamber footprint impression was worn into the material surfaces and provided an 

excellent existing contact for the chamber base. Comparing GEM flux measurements made in 

this study with the previous measurements, an overall trend of decreasing GEM flux over time 

was observed. This fits a hypothesis suggested by Eckley et al. (2011b) of a long term reduction 

in GEM evasion from a mine substrate as time from disturbance increases.  

5.2.2 Methodology 

Reactive mercury flux was measured by modifying an existing GEM flux method consisting of a 

dynamic flux chamber (DFC) and an ambient air Hg analyzer (Tekran® 2537A) after the 

methods of Eckley et al. (2010; 2011a) and Miller et al. (2011).  
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The existing GEM flux system modified in this study used a 2537A in conjunction with a 

cylindrical DFC (footprint 0.036 m2) made of molded Teflon film (0.19 mm thick) over a rigid 

Teflon frame (1.5 mm thickness), with a total internal volume of 2.0 Liters (Fig. 5.1). Air enters 

the chamber through 24 inlet holes (1 cm diameter) spaced 2.5 cm apart around the perimeter 

and 2.0 cm above the bottom edge. The sample outlet is 0.625 cm diameter PTFE tubing at the 

top-center of the chamber, and sample inlet air is measured through equivalent tubing at the 

height of the chamber inlet holes. A Tekran® Automated Dual Switching (TADS) unit was used 

to cycle the sample flow (1.0 Lpm) between the chamber inlet and outlet lines in sequential 10 

min intervals (two 5 min samples on each line). GEM in each 5 min sample volume is quantified 

automatically by the 2537A analyzer using pre-concentration on gold traps followed by thermal 

desorption (500 °C) and cold vapor atomic fluorescence spectrometry (CVAFS). The difference 

in Hg concentration between the outlet and inlet air (Co - Ci) is referred to as ΔC, and is used to 

calculate flux by Eq. 1:  

F	 = 	Q	 ∗ (𝐶A	–	𝐶C)/A	 (1) 

where F is the net Hg flux (ng m-2 h-1), Q is the flow rate through the chamber (m3 h-1), Co is the 

mean concentration of two consecutive 5 min outlet air samples (ng m-3), Ci is the mean 

concentration of inlet air in the samples before and after Co, and A is the area of the substrate 

under the chamber (m2). The sign of ΔC indicates the direction of flux. 

The modified system involves fitting the DFC inlet and outlet sample lines with 2-stage disc 

filter assemblies (Savillex© 47 mm PFA Teflon filter assembly) holding two inline polysulfone 

cation exchange membranes (CEM 0.8 µm, Mustang® S, Pall Corporation). CEMs preferentially 
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Figure 5.1 Diagram of one RM filter-based flux system, deployed in duplicate as Systems A and B. 

 

capture RM compounds while allowing GEM to pass freely (see description below, and Miller et 

al. submitted). The first upstream CEM serves as the primary collection filter, while the second 

downstream CEM captures any Hg escaping from or missed by the first filter (referred to as 

breakthrough). With CEM filters deployed at the front of the sample lines, in conjunction with 

the 0.2 µm particulate filter at the rear sample inlet of the Tekran®, RM is scrubbed from the 

sample flow and all Hg measured downstream on the 2537A is in GEM form. 

An additional set of inlet and outlet CEM filters was deployed simultaneously, using external 

sample pumps and mass flow controllers set to match the 2537A sample flow rate (1.0 Lpm, Fig. 

1). The external pump outlet sample line pulled from the main DFC outlet line via a T-joint. Two 

filter assemblies were suspended above the flux system at a height of 2 m to measure background 

RM concentrations in the greenhouse, sampling at the same flow rate using an equivalent 

external pump and MFC setup. 

With both the Tekran® and external pump controlled CEM sample lines, total flow through the 

DFC was 2.0 Lpm, which provides a chamber turn over time (TOT) of 1 minute. At this flow 

rate, flow velocity through the chamber is laminar with no turbulent eddy formation, as 



 102 

determined through computational fluid dynamic (CFD) modelling of the chamber geometry 

performed by Eckley et al. (2010). Thus the chamber design of Eckley et al. (2010) is optimal in 

terms of not disturbing the substrate being studied. With low velocity, non-turbulent flow, 

particle entrainment from the substrate surfaces in expected to be nil, especially for particle sizes 

greater than the CEM filter pore size of 0.8 µm.  

5.2.3 Cation exchange membrane testing 

The possibility of GEM uptake on the CEM material was tested by performing a series of 

calibrated Hg0 injections through CEM filters, and by longer duration high concentration Hg0 

permeations. Any GEM uptake on the CEM filters would constitute a serious measurement 

artifact, and so it was critical to rule out such a possibility. 

Elemental Hg injections were made manually via a 250 µL syringe from a Tekran® 2505 Hg 

vapor source, into the sample air flow of a Tekran® 2537A, upstream of the instrument sample 

filter. Injection tests were first made through a 0.2 µm PTFE filter to check the recovery of the 

2537A, as well as the accuracy of the syringe and vapor source. The PTFE filter was then 

replaced with CEM filters for a series of Hg0 injections, at total mass loadings between 0.3 and 6 

ng of Hg0. Loaded filters were analyzed for total Hg (mean 90 ± 24 pg, n = 13), and this was 

compared to the total Hg on blank filters (mean 85 ± 39 pg, n = 30, Figure 5.2a) collected 

immediately prior to the injection tests.  Results indicate no statistical increase in total Hg on the 

CEM material after instantaneous exposure to Hg0 loads equivalent to concentrations up to 2400 

ng m-3 (Welch t-test, p = 0.32, Figure 5.2b). 
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Figure 5.2 Comparison of total Hg on blank CEM filters (a) versus CEM filters exposed to Hg0 vapor via syringe 
injection (b) and continuous permeation (c). Note difference in x-axis scales. 

 

Elemental Hg permeations were made using a custom-built permeation system. Ambient room 

air was pulled through a 0.2 µm PTFE particle filter and an activated charcoal zero air canister 

before passing through a PTFE vial containing a bead of pure Hg0. The vial was temperature 

controlled at 2.5 °C using a refrigerated bath (Thermo® NesLAB RTE 7). Sample flow through 

the permeation vial was controlled by a Tekran® 2537A and TADS unit. The 2537A sample flow 

was set at 1.0 Lpm, and the flushing flow rate through the TADS unit was also controlled at 1.0 

Lpm using an MFC and external pump. The sample flow was split into two channels 
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immediately downstream of the permeation vial. One channel passed through a quartz wool 

pyrolyzer tube heated to 600 °C with a Nichrome wire coil, and the other channel flowed directly 

through the TADS to the 2537A. Each channel was sampled for two consecutive 5 min 

measurements of total Hg concentration by the 2537A.  The test CEM filters were deployed two 

at a time in a 2-stage Teflon filter holder, placed in-line immediately downstream of the 

pyrolyzer to ensure that all Hg passing through the membrane material was in the gaseous 

elemental form. With the combined 2537A and flushing flows, total sample flow through the 

permeation vial was 2.0 Lpm, producing a mean total Hg concentration of 1380 ± 30 ng m-3 as 

measured by the 2537A. Filter deployments of 24 h duration in the permeation system resulted in 

an average total pass-through Hg exposure of 2000 ± 40 ng, and the mean mass of total Hg 

measured on these filters after collection was 220 ± 70 pg (n = 8, Figure 5.2c). This equates to a 

mean GEM uptake rate of only 0.007 ± 0.004 % on the CEM material, too small to create a 

significant artifact at the GEM concentrations observed during our measurements.  This 

conclusion is confirmed by more extensive work in Miller et al. (submitted, this thesis). 

5.2.4 Analysis 

After flux measurements, CEM filters were collected into sterile 50 mL polypropylene centrifuge 

tubes, and frozen at -20 °C until analyses (within 14 days of collection). Filters were analyzed for 

total Hg by aqueous digestion and cold vapor atomic fluorescence spectrometry (CVAFS, EPA 

Method 1631, Rev. E) using a Tekran 2600 system, with total Hg operationally equivalent to 

total RM. The blank Hg mass that can be expected on an unused CEM filter (median = 68 pg, n 

= 56) was determined from clean filters collected with every set of measurements, and the 

median blank value was subtracted from all sample values. Breakthrough is defined as the 
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amount of Hg on the secondary filter as a percent of the total Hg collected on both filters (after 

blank correction), and overall median breakthrough was low (4.2%, n = 222).  

The RM concentration in the inlet/outlet sample air was calculated by combining the blank-

corrected primary and secondary filters into a total Hg mass per sample line and dividing by 

therespective sample air volume.  The difference in RM concentration between the inlet and 

outlet lines provided a ΔCRM, with this multiplied by sample flow providing the RM emission 

rate (pg h-1). Reactive Hg flux (pg m-2 h-1) was calculated with Eq. 1 using ΔCRM values, the flow 

rate (1.0 ± 0.005 Lpm) and the chamber footprint (0.036 m2). 

The RM flux detection limit was determined by the minimum statistically resolvable difference 

between Co and Ci, i.e. the smallest meaningful ΔCRM that could be measured (Fig. 3). The Co 

and Ci concentrations were based on two measurements: total Hg on the CEM filters as 

determined by analysis on the Tekran® 2600 system, and total sample volume as determined by 

the mass flow-controlled sample rate and time. The MFC precision was ± 0.5% (± 0.005 Lpm at 

1.0 Lpm) and the detection limit of the 2600 was 1 ppt, or about 53 pg per reagent blank in a 

clean 50 mL collection tube. The median mass of Hg on the blank CEM filters was 68 pg, which 

subsumes the 53 pg in the reagent/tube blank as the practical detection limit for the method. As 

distribution of CEM blank values was non-normal and skewed heavily to the right (Fig. 5.3a), 

the 95% confidence interval around the median (58-73 pg) was used to define a minimum 

detectable RM concentration (Fig. 5.3b). For example, in a 24 h sample, the minimum detectable 

RM concentration would be ~3.5 pg m-3 to exceed the upper 95% confidence limit of 73 pg for 

the blank. In a 24 h sample the minimum resolvable ΔCRM would be 13.5 pg m-3 (sum of upper + 

lower confidence intervals, + 3 pg m-3 to account for flow precision, converted to 24 h sample 

volume concentration). This was taken as the upper minimum ΔCRM value. 
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Figure 5.3 Determination of ΔCRM detection limits: a) distribution of Hg mass on unused “blank” CEM filters 
(median = 68 pg) and b) hypothetical example of statistically detectable RM flux criteria. Shaded boxes in (b) 
represent the maximum uncertainty in concentration, based on 95% confidence interval around the median filter 
blank (58-73 pg), Flux1 represents an insufficiently resolvable ΔCRM in which the 95% confidence intervals around 
the median blank-corrected Co and Ci values overlap, Flux2 represents the minimum detectable ΔCRM (13.5 pg m-3), 
and Flux3 represents an obviously resolvable ΔCRM. 

 

Chamber blanks were determined for each Teflon DFC (referred to as Chamber A and Chamber 

B) by measuring flux over a clean Teflon sheet. Chamber blank emission rates were measured 

immediately following chamber cleanings (24 h acid wash in 10% HNO3), and then between 

substrate types (i.e. cap, leach, tailings). For the summer measurement period, the median 

chamber blank ΔCRM for both Chambers A and B (A = 13 pg m-3, B = 14 pg m-3, n = 12) was at 

the detection limit, so chamber blanks were not subtracted from material fluxes. For the 

following winter measurement period, the median chamber blank ΔCRM for both chambers was 

significantly negative (A = -60 pg m-3, B= -60 pg m-3, n = 6), and the median chamber blank was 

-215 pg m-2 h-1, indicating that the chamber and the blank Teflon sheet were acting as 

depositional surfaces for RM. For these measurements, the chamber blanks were subtracted. For 
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materials that demonstrated net RM deposition, the deposition velocity (Vd cm s-1) was calculated 

using Eq. 2: 

𝑉7 	= 	flux	(𝑛𝑔	𝑚L5	ℎ	L:)	/	air	concentration	(𝑛𝑔	𝑚LU) 	∗ 	 (100/3600)(2) 

All fluxes were measured in the University of Nevada-Reno Agricultural Experiment Station 

greenhouse. Meteorological parameters were measured synchronously with flux and recorded in 

5 min averages, including temperature and relative humidity (HMP45C, Campbell Scientific®), 

substrate temperature (C107, Campbell Scientific®), and solar radiation (LI-200X, LiCor®).  

Rudimentary climate control was provided by ventilation fans pulling outside air across the 

greenhouse bay from intakes on the opposite side.  Fluxes were measured on the “upwind” side 

of the bay in a variety of orientations (see below).  

Data was processed in Microsoft Excel (version 16.22) and RStudio® (version 3.2.2). 

5.2.4 Evolution of approach 

Two Tekran® 2537A analyzers with associated RM filter systems were used to simultaneously 

measure flux from two replicate trays (one for each A and B system) of each sample material.  

The duplicated systems allowed a total of four RM flux measurements to be collected each time 

a material was tested, two from the Tekran® sample lines and two from the external pump lines. 

The intention of the duplicate systems was to evaluate consistency and repeatability of the 

measurements. However, during the initial method testing it became apparent that the position of 

the trays and the inlet sample lines was an important variable. For example, strong RM emission 

from an “upwind” tray could substantially increase the inlet RM concentration of the 

“downwind” tray, resulting in a negative ΔCRM and apparent deposition. Such contradictory 

results compelled us to test a variety of orientations for the two systems. The best results were 
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achieved in the final design by placing both trays all the way against the clean intake wall of the 

greenhouse bay, and separating them laterally by 1.5 meters, with all equipment located 

downwind. This configuration provided the most uniform inlet air concentrations for both 

systems. 

5.2.5 Limitations of method 

The use of filter membranes in conjunction with a DFC to measure RM flux has several 

limitations.  Given the low concentrations of RM, a relatively long sampling time of at least 24 h 

is required to capture a sufficient mass for quantification. The low temporal resolution limits 

analysis of the factors controlling RM flux, factors which likely operate on a diel cycle similar to 

observations of GEM flux. Hence, much of the variability in our observed RM fluxes we cannot 

explain. 

A necessary condition of the DFC method is the placement of flux chambers directly on a 

material, resulting in artificial modification of surface conditions and a presumptive influence on 

the magnitude of flux.  In our study, this limitation is immaterial, as the entire experimental setup 

constitutes an artificial environment, and we are more interested in 1) our ability to 

experimentally detect measurable RM flux, and 2) the qualitative direction of flux versus 

absolute quantification. As the method develops, it will become necessary to more thoroughly 

evaluate the effects of the DFC on RM flux. 

5.3 Results 

5.3.1 Reactive mercury flux measurement repeatability 

The first test of the optimized configuration was a set of replicate measurements made on a 

single material, to assess method repeatability. The material used for this test was a heap leach 
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ore of intermediate total Hg concentration (TCL, 13.2 ± 2.0 µg g-1). Filters were deployed in 

three consecutive sample sets of approximately 72 h each, for a total of 12 replicate filter flux 

measurements (i.e. two RM flux measurements on two separate replicate trays, three times). The 

mean GEM flux from all samples was 170 ± 60 ng m-2 h-1 (n = 6). The duplicate measurements 

of background greenhouse RM showed a mean concentration of 13 ± 7 pg m-3 (n = 12). The 

ΔCRM was well above detection for all measurements (median 100 pg m-3, n = 12), and the mean 

RM flux over all 12 samples was 370  ± 80 pg m-2 h-1 (n = 12) and ranged from 240 to 490 pg m-

2 h -1 (Fig. 5.4). The mean relative percent difference (RPD) of RM flux measured between Pump and 

Tekran sample lines on the same tray was 6.5 ± 3.9%, and mean RPD between trays was 21.4%. These 

replicate measurements of a single material consistently showed the same direction and magnitude of RM 

flux with good agreement. 

5.3.2 Reactive mercury flux measurement over expanded range of materials: Summer 

Following the triplicate measurement of TCL (May), follow up testing was conducted on a series 

of three additional materials (July – August): a low to intermediate Hg cap material and heap 

leach ore (TCC 0.2 µg g-1, LTL 0.6 µg g-1), and a high Hg tailings (TCT 36 µg g-1). 

Measurement time was reduced to 48 h for this series of materials, as the previous deployments 

had total RM loading well above detection. However, several of the LTL and TCC flux 

measurements resulted in insignificant ΔCRM values (Fig. 5.5). In these cases, RM flux could not 

be discriminated, and these values were excluded from subsequent analysis. 

A comparison of RM flux measured by the replicate sample lines on each system (Tekran® 

sample flow and external pump sample flow) show a relationship of 1:1 (Fig. 5.6), which 

indicates that CEM filters on two independent flow channels were capturing equivalent amounts 
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Figure 5.4 Test 72 h replicate measurements of TCL material: a) ΔCRM values, grey points indicate chamber 
concentration (Co), blue points indicate inlet air concentration (Ci), ΔCRM is represented by the grey line between 
points, and the numeric value of ΔCRM is shown above. b) RM flux from TCL material in three consecutive 72 h 
measurements, no chamber blank correction.  Sample line labels: PA = Pump A, PB = Pump B, TA = Tekran A, TB 
= Tekran B. 

 

of RM. This equivalency was true for both of the replicate systems (System A and B), which 

were each simultaneously measuring flux from replicate trays of the same material. The high 

level of replication displayed by the system, both in general and in detail, for multiple substrate 

types, increases confidence that these measurements represent a real net surface exchange of 

RM. 
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Figure 5.5 Expanded set of RM flux measurements for select materials during summer. ΔCRM was below detection 
for 5 of 8 LTL measurements, and 2 of 8 TCC measurements, and these values were excluded from subsequent 
analysis. 

 

 Positive RM fluxes were associated with the higher substrate concentration materials (TCL, 

TCT). The low Hg TC cap experienced net RM deposition, with a mean Vd of 0.03 ± 0.01 cm s-1 

(n = 6). The 3x higher Hg concentration LT leach showed either no net flux or slightly positive 

RM emission (60 ± 10 pg m-2 h-1, n = 3). The very high substrate Hg concentration TC tailings 

materials showed uniformly high RM emission (4060 ± 1000 pg m-2 h-1, n = 7).  

The mean ambient RM in the greenhouse during this summer period was 130 ± 55 pg m-3 (n = 

24), however there was a distinct trend of increasing ambient RM over the course of 

measurements. During the TC cap measurements, ambient RM concentration in the greenhouse 

was 70 ± 20 pg m-3 (n = 8). This increased to 150 ± 20 pg m-3 (n = 8) during the LT leach 

measurements, and up to 180 ± 40 pg m-3  (n = 8) during the TC tailings measurement. It is 

possible that this increase was due to an actual increase in outside ambient air RM 

concentrations, but it is more likely that the increasing RM emissions seen over the course of 

measurements was also captured in the background CEM filter deployments. 
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Figure 5.6 Comparison of RM fluxes measured by Tekran controlled flow sample lines and external pump flow- 
controlled sample lines, for a) System A and b) System B using TCL, TCC, LTL, and TCT summer measurements. 
Note TCT data not graphed, as fluxes were an order of magnitude higher and skew the regression r2 towards 1. 

 

5.3.3 Reactive mercury flux measurement over complete range of materials: Winter 

A full set of 24 h RM flux measurements including all the available mining materials was made 

in the following winter period (January – March, 2016). Ambient RM concentration in 

greenhouse air was 51 pg m-3 (n = 16), much lower than in the summer months. Mean RH and 

solar radiation were similar between the summer and winter periods, due to the attenuating effect 

of the greenhouse.  However, mean air and substrate temperatures were significantly lower in the 

winter (Table 5.1). 

All measured fluxes were above the ΔCRM detection limit (Fig. 5.7a). The relationship between 

RM flux measured on the A and B systems was slightly less than 1:1 (B = 0.87*A) and not as 

strong (r2 = 0.74) as during the summer measurements. Without chamber blank correction, RM 

fluxes were uniformly negative for all materials except the very high Hg TC tails (Fig. 5.7b, 

orange shades). However, with the chamber blank correction applied, RM flux from the cap  
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Table 5.1. Summary of GEM and RM flux and ambient parameters for all measurements. Fluxes are chamber 

blank-corrected where applicable, and Vd values are based on corrected fluxes (- indicates no deposition, na 
indicates non-detectable flux). 

 

 

 

Table I.  

Material Sample Date
Substrate Conc     

   (ng g-1)
GEM Flux 
(ng m-2 h-1)

RM Flux     
(ng m-2 h-1)

RM Inlet    
(ng m-3)

RM !d      
(cm s-1)

Ambient RM    
   (ng m-3)

Temp 
(�C)

RH   
(%)

Solar      
(W m-2)

Soil Temp 
(�C)

TCL1* 5/16-5/19 134 0.29 0.01 - 0.01
TCL2* 5/19-5/22 151 0.45 0.03 - 0.03 na na na na
TCL3* 5/22-5/25 215 0.37 0.02 - 0.01
TCC1A P -0.05 0.04 0.04
TCC1A T -0.06 0.04 0.04
TCC1B P na 0.03 na
TCC1B T na 0.04 na
TCC2A P -0.09 0.07 0.03
TCC2A T -0.11 0.08 0.04
TCC2B P -0.05 0.07 0.02
TCC2B T -0.07 0.08 0.02
LTL1A P 0.07 0.13 -
LTL1A T 0.05 0.11 -
LTL1B P na 0.12 na
LTL1B T na 0.11 na
LTL2A P 0.07 0.12 -
LTL2A T na 0.12 na
LTL2B P na 0.12 na
LTL2B T na 0.12 na
TCT1A P 4.46 0.26 -
TCT1A T 3.37 0.22 -
TCT1B P na 0.15 -
TCT1B T 2.76 0.16 -
TCT2A P 5.02 0.18 -
TCT2A T 5.43 0.12 -
TCT2B P 3.02 0.13 -
TCT2B T 2.57 0.14 -
TCCA 1 -0.24 0.18 0.07
TCCB 1 0.05 0.06 -
LTCA 0 0.00 0.09 -
LTCB -1 0.07 0.06 -
CPCA -1 0.00 0.13 -
CPCB na 0.06 0.05 -
GSCA -1 -0.12 0.13 0.02
GSCB -1 -0.20 0.14 0.04
TCLA 29 0.11 0.14 -
TCLB 30 0.11 0.12 -
CPLA -18 0.00 0.08 -
CPLB -12 0.00 0.09 -
LTLA -4 0.13 0.02 -
LTLB -3 0.07 0.04 -
CPTA 4 0.00 0.08 -
CPTB 5 0.25 0.04 -
GSTA 16 0.16 0.11 -
GSTB -1 0.11 0.09 -
LTTA 2 -0.45 0.28 0.05
LTTB 2 -0.08 0.24 0.01
TCTA 51 0.52 0.20 -
TCTB 71 0.79 0.14 -
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Figure 5.7 RM flux measurements for all materials, winter 2016. a) ΔCRM, above detection limit for all 
measurements b) RM flux, no chamber blank correction (shaded orange), and c) RM flux, with chamber blank 
correction (shaded green). 
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materials became ambiguous (i.e. both deposition and emission observed) and positive for all 

leach and tailings materials except the LT tailings (Fig. 5.7c, green shades). 

Three materials had entirely unambiguous fluxes, with or without blank correction: GS cap (RM 

deposition, Vd = 0.02-0.04 cm s-1, corrected), LT tails (RM deposition, Vd = 0.01-0.05 cm s-1, 

corrected), and TC tails (strong RM emission). The GS mine exploits a predominantly 

carbonaceous ore deposit, and much of the mine and surrounding areas are subject to carbon 

loading from aerial dust deposition. The carbon in the GS waste rock and ore likely facilitate 

deposition of Hg and RM. The LT tailings material is from a non-active tailings impoundment 

that was partially revegetated at the time of collection, versus the entirely barren surface typical 

of active tailings. Although the LTT Hg concentration was high (11 µg g-1), the surface was old, 

and it is possible this material behaved more as a background substrate. The TC tailings material 

was collected from an actively filling tailings impoundment that collected process waste from a 

variety of ore types, from multiple mine sites, and had the highest Hg concentration of the 

materials used in this study, which likely explains its tendency to by a strong emitter of both 

GEM and RM, a conclusion also made by Eckley et al. (2011a). 

An interesting point is that background and inlet RM concentrations were very similar during the 

summer measurements (Fig. 5.8a), but inlet concentrations were 3x higher than background 

during the winter measurements (Fig. 5.8b). The lower winter background RM (50 pg m-3) 

compared to summer (110 pg m-3) may partially explain this. However, the distance between the 

inlet and background sampling heights was only ~ 1 m, which implies a strong vertical gradient 

in RM concentration in the greenhouse air, likely caused by less mixing as circulation fans shut 

down at 13 ºC. The relatively high inlet level RM concentrations during the winter possibly 

drove the apparent deposition observed in the chamber blank measurements during this time. 
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Figure 5.8 Comparison of ambient background RM concentrations measured at 2 m height in the greenhouse, vs 
RM concentrations measured at the chamber inlet, for a) Summer 2015 and b) Winter 2016. Background vs inlet 
concentrations were comparable during Summer measurements, but inlet concentrations were much higher relative 
to background in the winter. 

 

5.4 Conclusions  

Overall, the new method developed here for direct measurement of RM air-surface exchange was 

successful. This study presents the first direct RM flux measurements using a CEM filter 

technique and provides a first analysis of whether the necessary measurements of small 

differences in RM concentration were possible using a DFC method. Measurements of RM flux 

were above calculated detection limits in most cases, and both intra- (Tekran vs Pump sample) 

and inter- (A vs B) system replicate measurements showed very good agreement. After initial 

trials at 72 h and 48 h, a 24 h sample time was found to be generally sufficient for detecting RM 

flux on the mining materials used in this study, some of which were similar to background soils. 

It would be possible to operate the system at higher flow rates, to decrease sample time and 

improve the temporal resolution of the flux measurements. However, sample deployment and 
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collection require 20-30 min and to some extent perturbs the system, so ultimately the flux 

resolution is limited by practical operational constraints. The 24 h measurement at least serves to 

capture net flux over a full diel cycle without continuous interruptions. 

We specifically refer to our measurement as a reactive mercury flux to include both GOM and 

PBM, as it is not possible to explicitly discriminate between the two using a single step filter 

train. That said, as particulate Hg is not emitted from a surface in the volatile sense, and particle 

entrainment is negligible at the low flow velocities generated in the flux chambers, we posit that 

RM concentrations measured at the chamber outlet CEM filters are dominated by GOM. If 

ambient air RM concentrations are primarily PBM, at a size fraction large enough to be captured 

by the CEM filters (i.e. > 0.8 µm), it will undeniably be captured at the chamber inlet filters. 

However, PBM at this size would likely deposit to the substrate surface within the chamber, and 

we will reliably measure that deposition as a smaller RM loading on the Co filters versus the Ci 

filters. 

Flux measured from low Hg, non-mineralized cap materials tended to be ambiguous for both 

GEM and RM, with low positive and negative values oscillating around a net zero flux. The 

observed GEM deposition velocities were typical of non-vegetated surfaces, while RM 

deposition occurred at Vd values (0.01-0.07 cm s-1) on the low end of the suggested range (Zhang 

et al., 2009). The higher Hg concentration leach and tailings material (except LT tails) also 

showed net RM emission, when corrected for chamber blank flux. The highest RM emissions 

were consistently observed for the highest Hg concentration substrate, TC tailings, in both 

summer and winter conditions. The implications of these results are that RM fluxes may be 

directly measured from select substrates, especially areas of Hg contamination, such as mine 



 118 

tailings impoundments, and such areas can act as a direct emission source of reactive mercury 

compounds to the atmosphere. 
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interested in the possible effects of substrate moisture on the RM flux measurements, and so 
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Biester had previously performed solid phase speciation analysis on related mining materials for 

a tangential project that was not ultimately published, and so here did an up-to-date re-analysis of 

Hg speciation specifically for the substrates used in this study. The manuscript was largely 
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ABSTRACT 

Air-surface exchange of mercury (Hg) is a poorly constrained component of the global mercury 

cycle, especially for reactive mercury (RM). Diffuse areas of ore and waste materials resulting 

from mining activities often have elevated concentrations of Hg and can constitute significant 

local or regional non-point emission sources of Hg to the atmosphere. We measured RM air-

surface exchange from a variety of mining-related materials using a novel cation exchange 

membrane (CEM) filter-based method in conjunction with a traditional dynamic flux chamber 

system for gaseous elemental Hg (GEM). In general, RM was deposited to low Hg concentration 

substrates (< 600 ng g-1) and emitted from higher Hg concentration (> 600 ng g-1) substrates 

when dry. Wet materials tended to have the same direction of RM flux but smaller magnitude 

compared to the equivalent dry material, indicating some suppression of RM flux due to aqueous 

phase processes. For both wet and dry conditions, high Hg concentration tailings materials 

demonstrated the highest RM emissions, ranging from 1000 and 36000 pg m-2 h-1. GEM flux was 

significantly enhanced from wet material versus dry materials in the majority of samples.  
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6.1 Introduction 

The liberation of mercury (Hg) from its natural geogenic occurrence as a native element and 

mineral results in a persistent and globally pervasive biogeochemical cycle affecting all spheres 

of the environment. As a unique semi-volatile liquid metal, elemental Hg0 is readily emitted to 

the atmosphere in the gas phase, where it is transported widely and subject to a number of 

physiochemical processes. As a result, atmospheric Hg varies between several forms that are not 

easily differentiated: gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM), and 

particulate bound mercury (PBM). When GOM and PBM are not convincingly distinguishable, 

they can be quantified together as reactive mercury (RM), a more general term encompassing all 

Hg2+ compounds in the atmosphere (Gustin et al., 2015; Weiss-Penzias et al., 2015) and 

conveying the fact that these compounds are more chemically reactive and have higher rates of 

both wet and dry deposition to terrestrial surfaces (Lindberg et al., 2007; Schroeder and Munthe, 

1998). 

Large reservoirs of Hg exist in terrestrial substrates, in some areas due to primary geogenic 

sources, but mainly as a result of atmospheric inputs originating from anthropogenic emissions 

over many centuries (Amos et al., 2015; Streets et al., 2017). Regardless of source, once an atom 

of Hg in surface substrates is emitted to the atmosphere, it may be deposited and re-emitted 

many times over (Schroeder and Munthe, 1998). Whether this ongoing air-surface exchange is 

ultimately a net source or sink of Hg is determined by many different substrate characteristics 

and environmental parameters, and consequently the mechanisms and magnitude of surface Hg 

fluxes are one of the least constrained components of the global Hg cycle (Obrist et al., 2018; 

Song et al., 2015). A variety of in-situ measurement techniques are used to determine net air-

surface exchange of Hg and a large body of measurements has been generated from a number of 

environments, which are summarized in several recent reviews (Eckley et al., 2016; Yannick et 
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al., 2016; Zhu et al., 2016). Sparsely vegetated terrains are generally a net source of Hg to the 

atmosphere, especially in mineralized Hg-enriched areas (Eckley et al., 2016; Ericksen et al., 

2006; Hartman et al., 2009).  

In mineralized areas, Hg frequently occurs in association with base and precious metals, 

dominantly as mercury sulfide (HgS, cinnabar), but also as free elemental Hg0 and in a number 

of other mineral forms such as meta-cinnabar, a low temperature polymorph of HgS (Rytuba, 

2005). As metals are obviously a target for extractive industries, Hg is often an unavoidable by-

product of hard rock metal mining. In addition to typical point-source process emissions (ore 

roasting, autoclaving, smelting), industrial-scale mining activities can result in very large, diffuse 

areas of newly excavated rock, crushed ore, and waste materials from which natural geogenic Hg 

can be liberated to the atmosphere at an enhanced rate relative to the original natural surface 

(Eckley et al., 2011a; Miller et al., 2011). 

Primary ore deposits typically include reduced mineral phases not in equilibrium with the low 

temperature, low pressure, oxidative surface environment. Most sulfide minerals readily oxidize 

at the earth surface, forming sulfate anions (SO4-) and free cations (Jambor et al., 2000). In 

Carlin-type disseminated gold (Au) deposits of central Nevada, USA, Au and associated Hg are 

often deposited within iron sulfide (FeS, pyrite), both as structurally bound cations and in native 

elemental form (Muntean et al., 2011). Such ore deposits are frequently oxidized to some extent 

through natural weathering processes where they crop out near the surface (Fraser et al., 1991), 

and oxidation processes are rapidly accelerated during mining operations. The oxidation of FeS 

in the presence of air and water places Fe2+ and other trace metal inclusions such as Au and Hg 

into solution with sulfate ions (Jambor et al., 2000; Rimstidt and Vaughan, 2003). Mercury 

sulfate (HgSO4) is among the possible products. 
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Diffuse mining areas can have high rates of GEM emission (Eckley et al., 2011b; Garcia-

Sanchez et al., 2006; Gustin et al., 2003; Wang et al., 2005). Oxidized Hg2+ compounds may also 

volatize directly to a gas-phase, forming GOM (Schroeder and Munthe, 1998). Pure HgSO4 

crystals have been used in low temperature, ambient-pressure laboratory permeation systems as a 

GOM vapor source (Huang and Gustin, 2015), and HgSO4 is speculated to be a component of 

atmospheric GOM (Gustin et al., 2015; Zhang et al., 2017). In the enriched environment of a 

major ore deposit, HgSO4 or other oxidized Hg minerals might be a source of GOM to the 

atmosphere. 

In this study we used a novel technique employing cation exchange membranes (CEM) for 

measuring RM flux to investigate the potential for RM emissions from several mining materials 

with a variety of total Hg concentrations, under dry and wet conditions. The CEM filters were 

integrated with an existing dynamic flux chamber (DFC) flux system that enabled simultaneous 

measurement of GEM air-surface exchange. Solid phase thermal desorption speciation (SPTD) 

was used to determine the speciation of Hg compounds within the substrates in order to better 

understand how the chemical form of Hg affected gaseous emissions.  

6.2 Methods 

6.2.1 Materials 

The materials used as test substrates in this study were collected for a previous study of GEM 

flux and are described in detail in Miller and Gustin (2013) and Miller et al. (submitted, this 

thesis). Briefly, all materials were collected from four active industrial-scale open pit gold mines 

in central Nevada, USA. The mining materials fall into three broad categories, in which specific 

rock type, mineral composition, and Hg concentration may vary widely, even from the same 

mine location. The categories include low Hg concentration “cap” material derived from non-
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mineralized alluvium and/or hard-rock overburden, moderate to high Hg concentration “leach” 

material collected from low grade ores that undergo passive extraction by cyanide leach solution, 

and high Hg concentration “tailings” material composed of the waste rock slurry created by 

mechanical milling and thermochemical processing of high grade ores. 

The mining materials were sorted into replicate trays (50 x 50 x 7 cm) and stored in the 

University of Nevada Reno Agricultural Experiment Station greenhouses for controlled 

experimental measurements. Total Hg in the substrates was determined in detail by Miller and 

Gustin (2013) and again by Miller et al. (submitted, this thesis) using a Milestone® DMA- 80 

Direct Mercury Analyzer (EPA Method 7473). The most recent substrate Hg values from Miller 

et al. (submitted, this thesis) are shown in Table 6.1. 

An additional substrate parameter measured in this study was Hg speciation, determined by solid 

phase thermal desorption (SPTD) analysis using the method of Biester et al. (2000; 1999; 2002; 

Biester and Scholz, 1997). Individual Hg compounds volatilize and/or decompose at different 

temperatures, so known reference Hg compounds are used to generate reference thermal 

desorption profiles (Appendix D, SI Fig. 6.1). The desorption profiles generated from sample 

materials are compared to the reference profiles to determine the speciation of Hg in the sample, 

using peak desorption temperature range as the primary differentiator between Hg species. The 

SPTD method is a somewhat indirect and qualitative determination of Hg speciation, as the 

fraction of total Hg released over a temperature range is used to infer the presence of a specific  

Hg compound. 
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6.2.2 Measurements 

Reactive mercury flux was measured using the modified GEM flux method described by Miller 

et al. (submitted, this thesis), based on the DFC flux methods of Eckley et al. (2010; 2011a; 

2011b) and Miller et al. (2011).  

The foundation of the modified RM/GEM flux system is a Tekran® 2537A Ambient Air Mercury 

Analyzer operated in conjunction with a cylindrical Teflon DFC (footprint 0.036 m2, internal 

volume 2.0 Liters, Fig. 6.1). A thorough description of the chambers can be found in previous 

studies (Eckley et al., 2010; Eckley et al., 2011a; Miller et al., 2011). Briefly, air is pulled into 

the chamber through inlet holes (24, 1 cm dia.) around the perimeter, and air is pulled out of the 

chamber through a single outlet line (0.625 cm O.D. PTFE tubing) at the top-center. The 

concentration of the inlet air is sampled through equivalent tubing at the height of the chamber 

inlets. Sample flow (1.0 Lpm) is cycled between the chamber inlet and outlet lines in 10 min 

intervals (two 5 min samples on each line) using a Tekran® Automated Dual Switching (TADS) 

unit. An external flush pump and MFC maintains constant flow through the sample line not 

actively pulling to the 2537A. GEM in each 5 min sample volume pulled to the 2537A analyzer 

is quantified via pre-concentration on gold traps followed by thermal desorption (500 °C) and 

cold vapor atomic fluorescence spectrometry (CVAFS). The difference in Hg concentration 

between the outlet and inlet air is referred to as ΔC (Co - Ci). Flux is calculated using Eq. 1:  

 F	 = 	Q	 ∗ (𝐶A	–	𝐶C)/A	 (1) 
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Figure 6.1 Diagram of one RM filter-based flux system adapted from Miller et al. (submitted, this thesis). Flux 
systems were deployed in exact duplicate as Systems A and B. Sample line designations indicate whether a chamber 
inlet (“In”) or outlet (“Out”), and the source of sample flow control (“Tekran” or “Pump”). 

 

in which F is the net Hg flux (ng m-2 h-1), Q represents flow rate through the chamber (m3 h-1), A 

is the area of the chamber footprint over the substrate (m2), Co is the mean concentration of two 

consecutive 5 min outlet air samples (ng m-3), and Ci is the mean concentration of inlet air in the 

two 5 min samples bracketing the Co samples. A positive or negative ΔC indicates the direction 

of flux, i.e. emission or deposition. 

Modifying the system to include RM flux was achieved by fitting the DFC inlet and outlet 

sample lines with polyethersulfone CEM filters (pore size 0.8 µm, Mustang® S, Pall 

Corporation). Two CEM filters were deployed in-series on each sample line using 2-stage 47 

mm PFA filter assemblies (Savillex®). In the 2-stage deployment, the upstream CEM acts as the 

primary collection filter, while the secondary downstream CEM captures breakthrough Hg. The 

CEM material has been demonstrated to have negligible GEM uptake at high concentrations 

(Miller et al., submitted, this thesis), and good selectivity for RM compounds (Huang and 

Gustin, 2015; Huang et al., 2013; Lyman et al., 2016). As the CEM filters scrub RM with high 

efficiency, all Hg measured downstream of the filters on the Tekran® 2537A was in GEM form. 
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The entire RM flux system was duplicated using a second Tekran® 2537A, DFC, and external 

sample pumps and MFCs (duplicate systems were designated System A and B). The 2537A 

analyzers were coordinated to the same method parameters and were calibrated from their built-

in internal Hg vapor sources before and periodically throughout the study. The internal source 

calibrations were verified by an external Hg vapor source (Tekran® 2505) via manual gas-tight 

syringe injections (25 µL, Hamilton®). The recoveries on System A were 98.6 ± 8.5% (n = 10), 

and on System B 94.7 ± 7.0% (n =10). Each 2537A was operated with a 0.2 µm PTFE 

particulate filter at the rear sample inlet bulkhead. 

An additional replicate RM flux measurement was also made simultaneously within each system 

by using external sample pumps and mass flow controllers set to match the 2537A sample flow 

rate (1.0 Lpm, Fig. 6.1). The external pump outlet sample line pulled from the main DFC outlet 

line via a T-joint. In this study, the duplicate flux sample lines were used to deploy nylon 

membrane filters (0.2 µm polyamide, Sartorius®), which have been used in previous studies to 

attempt speciated atmospheric RM measurements (Gustin et al., 2016; Huang and Gustin, 2015; 

Huang et al., 2017; Huang et al., 2013). Two filter assemblies (one CEM, one nylon) were also 

suspended above the flux systems at a height of 2 m to measure background RM concentrations 

in the greenhouse, sampling at the same flow rate using an equivalent external pump and MFC 

setup. Nylon filter data was ultimately excluded due to very low collection efficiencies and 

possible GEM collection artifacts. 

With two RM flux sample lines per chamber, total flow through the DFC was 2.0 Lpm, with a 

resulting total turn-over-time (TOT) of 1.0 min. At this flow rate, flow velocity through the 

chamber is laminar with no turbulent eddy formation (Eckley et al., 2010). As such, particle 
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entrainment from the substrate surfaces is expected to be low, especially for particle sizes greater 

than the CEM filter pore size of 0.8 µm.  

6.2.3 Experimental manipulations 

The replicate A and B flux systems were used to measure flux from a dry and wet material of the 

same type simultaneously. All watering was done on System B while System A served as the dry 

control measurement. Volumetric soil moisture (VSM) was measured with a dielectric VSM 

probe (ECH2O™ EC-5) inserted horizontally through the side of the trays at mid depth in the 

substrate material. Distilled water (< 1 ng L-1 total Hg) was slowly added to the materials using a 

misting applicator, to a VSM of 20 - 25% as measured in real time by the soil moisture probe. 

The DFC was carefully placed on the material after watering was complete. 

6.2.4 Analysis 

Following flux measurement, CEM filters were collected into sterile 50 mL polypropylene 

centrifuge tubes, and frozen at -20 °C prior to analysis, which was completed within a maximum 

of 14 days from collection. Filters were analyzed for total Hg on a Tekran® 2600 system, by 

aqueous digestion and cold vapor atomic fluorescence spectrometry (CVAFS, EPA Method 

1631, Rev. E). Using this technique, total Hg on the CEM filters is operationally equivalent to 

total RM. The mass of Hg on an unused CEM filter (median = 85 pg, n = 17) was determined 

from blank filters collected with every deployment on the flux system, and the median blank 

value was subtracted from all sample values. Filter breakthrough was defined as the amount of 

Hg on the secondary filter as a percent of the total Hg collected on both filters (after blank 

correction), and overall median breakthrough was relatively low (6.0%, n = 95). The calculation 

of RM concentration was achieved by combining the blank-corrected primary and secondary 
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filters into a total Hg mass per sample line and dividing by the sample volume through the line. 

The concentration difference between the inlet and outlet lines provided a ΔCRM, and RM flux 

(pg m-2 h-1) was calculated with Eq. 1 using the ΔCRM values, the flow rate (2.0 ± 0.01 Lpm) and 

the chamber footprint (0.036 m2).  

The flux detection limit was determined after the method of Miller et al. (submitted, this thesis) 

in which the MFC flow precision and the 95% confidence interval of the median blank filter Hg 

mass is used to calculate the minimum statistically resolvable ΔCRM between the chamber inlet 

and chamber outlet CEM filters. For all blank CEM filters collected over the course of these 

measurements, the median blank was 85 pg (n = 17) and the 95% confidence interval was 64-100 

pg. The minimum detectable 24 h RM concentration was therefore ~11 pg m-3 (~16 pg per 1.44 

m3 sample volume), and the minimum detectable 24 h ΔCRM was 27.5 pg m-3 when converted to 

a 24 h concentration and including ± 3 pg m-3 for uncertainty attributable to flow precision. All 

measurements except two were above the minimum ΔCRM (Fig. 6.2b). 

Chamber blanks were determined for both Teflon DFCs (Chamber A and Chamber B) by 

measuring flux over a clean (24 h in 10% nitric acid bath) Teflon sheet. Chamber blank flux rates 

were measured immediately before and then between substrate types (i.e. after cap, after leach, 

after tailings). All chamber blank fluxes had ΔCRM values above the detection limit (Fig. 6.2a). 

The mean Chamber A blank flux was 190 ± 820 pg m-2 h-1 for GEM, and 1660 ± 700 pg m-2 h-1 

for RM (Fig. 6.3a). The mean Chamber B blank flux was -1500 ± 1010 pg m-2 h-1 for GEM, and 

-850 ± 1140 pg m-2 h-1 for RM (Fig. 6.3b). All measured fluxes were chamber blank corrected.  
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Figure 6.2 ΔCRM for a) chamber blank fluxes and b) sample fluxes. 

 
Figure 6.3 Chamber blank fluxes measured over clean Teflon sheet, for a) System A (mean 1660 ± 700 pg m-2 h-1) 
and b) System B (-850 ± 1140 pg m-2 h-1). 
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6.3 Results 

6.3.1 Greenhouse conditions 

The full sequence of mining substrate materials was measured in the summer season between 

June – August, 2016 (Table 6.1). Conditions in the greenhouse space were relatively uniform 

over this time period. Mean temperature was 25.5 ± 5.0 °C, and mean RH was 22.7 ± 10.5%. 

Daily incident solar radiation was attenuated by the greenhouse glass, with mean hourly peak 

solar radiation of ~400 W m-2 between 12:00 – 13:00, falling off rapidly in afternoon shade from 

structures to the immediate west. Wetted materials were on average 2.2 ± 1.0 °C cooler than 

equivalent dry substrates due to evaporative heat loss. Mean ambient RM concentrations in the 

greenhouse air were 180 ± 60 pg m-3 based on the background 24 h CEM filter deployments (n = 

14), well above the MDL of 11 pg m-3 (Fig. 6.4). These were relatively high background RM 

concentrations compared to previous measurements (64 ± 58 pg m-3) described in Chapter 5. 

 
Figure 6.4 Ambient RM concentrations in greenhouse air at 2 m height. Dashed line is minimum detectable RM 
concentration.  
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Table 6.1 Summary of GEM and RM fluxes measured from wet and dry mining materials in summer 2016. Material 
B is always the wetted substrate. Ambient RM is the concentration measured at 2 m height in the greenhouse air 
above the test substrates. 

 

 

 

Table I.  Summary of materials, substrate concentrations, and flux measurements.

Material Sample Date
Substrate Conc     

   (ng g-1)
GEM Flux 
(ng m-2 hr-1)

RM Flux     
(ng m-2 hr-1)

RM Inlet    
(ng m-3)

RM !d      

(cm s-1)

Ambient RM    
(ng m-3)

Temp       
(�C)

RH        
(%)

Solar      
(W m-2)

Soil Temp 
(�C)

Soil Moisture 
(%)

TCTA 1 232 0.0 0.57 - 8.0 0.0

TCTB 1 1938 4.7 0.57 - 4.7 29.4

TCTA 2 223 0.0 0.64 - 7.8 0.0

TCTB 2 2980 12.8 2.10 - 5.5 24.9

TCTA 3 283 0.9 0.37 - 7.2 0.0

TCTB 3 3948 37.1 1.85 - 6.0 19.7

TCCA 4 -2.7 0.62 0.12 6.8 1.6

TCCB 78 0.0 0.27 - 6.0 11.2

LTCA 3 -3.4 0.87 0.11 8.4 0.0

LTCB 237 0.0 0.23 - 7.4 6.8

CPCA 1 -6.3 2.61 0.07 12.4 0.1

CPCB 192 -1.4 0.95 0.04 8.2 22.2

GSCA 20 -3.1 0.79 0.11 10.1 0.0

GSCB 44 0.0 0.16 - 8.9 11.1

TCLA 3.2 0.19 - 9.0 0.0

TCLB 1.6 0.38 - 6.5 21.3

LTLA 4 -4.5 1.62 0.08 7.4 0.0

LTLB 234 0.0 0.18 - 5.6 6.8

CPLA 1 -2.0 0.48 0.12 9.7 0.0

CPLB 760 0.0 0.21 - 8.1 8.3

LTTA 309 0.0 0.31 - 8.7 0.0

LTTB 2550 0.0 0.51 - 6.0 9.5

CPTA 1023 8.6 0.46 - 8.0 0.0

CPTB 889 0.0 0.33 - 5.1 16.3

GSTA 318 6.4 0.72 - 8.7 0.0

GSTB 1728 1.9 0.45 - 5.8 11.2

* Measurement Redone

8/9/16

8/11/16

7/21/16

Leach

8/16/16

8/4/16
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6.3.2 Substrate Hg speciation 

Solid phase thermal desorption speciation revealed multiple mineral forms of Hg in the mining 

substrates, but no elemental Hg0 (Fig. 6.5-6.7). In general, the cap materials showed broad Hg 

desorption profiles indicative of several Hg species, with relatively large proportions of an 

oxidized Hg species such as HgSO4 (Fig. 6.5). This may be indicative of Hg in the cap materials 

being derived primarily from atmospheric deposition of oxidized Hg compounds, especially 

considering the presence of large thermal point source emissions on the mine sites. An exception 

was the LT cap material, with only meta-HgS present at a peak desorption temperature of 255 

°C. Meta-HgS is the less stable polymorph of HgS.  

The CP and TC oxidized leach materials were dominated by an oxidized Hg species (likely 

HgSO4) with peak desorption temperatures around 370 and 405 °C, respectively, and only a 

secondary amount of meta-HgS and possibly some HgS desorbing in the peak range 240-270 °C 

(Fig 6.6a and 6.6c). In contrast again, the LT leach material contained a preponderance of meta-

HgS at peak desorption temperatures between 180-255 °C, though an oxidized Hg compound 

was still present to a minor degree at 400-500 °C (Fig. 6.6b). 

The GS, CP, and TC tailings materials were composed of meta-HgS and HgS with peak 

desorption in the range 265-340 °C (Fig. 6.7). LT tailings exhibited a peak desorption 

temperature of 210 °C indicating primarily meta-HgS. The tailings materials generally showed a 

trailing section and subsidiary peaks between 350 to 450 or 500 °C on the SPTD profiles, 

indicating a subordinate proportion of an oxidized Hg compound(s). While dominated by HgS, 

the high overall Hg concentration of the tailings materials means even subordinate amounts of an 

oxidized Hg compound would be present at a higher absolute quantity relative to lower Hg 

concentration materials.  
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The dominance of mercuric sulfides in the tailings materials is consistent with typical ore 

processing operations at the mine mill facilities. High grade sulfide ore (the dominant 

“refractory” process ores at these mines) is typically ball-milled and autoclaved at lowered pH, 

elevated pressure, and temperatures of 165-175 °C (Fraser et al., 1991). These temperatures are 

sufficient to vaporize free and bound Hg0, but are insufficient to break down HgS, which does 

not thermally decompose until temperatures of 265-345 °C (Leckey and Nulf, 1994), with a peak 

at ~310 °C (Wu et al., 2011). Mercury oxides would generally not be expected in the reduced ore 

types that typically receive extensive mill processing to extract gold. Thus, mill processes can be 

expected to preferentially concentrate mercuric sulfides in tailings materials, with possible 

secondary fractions of oxidized Hg resulting from the mill process itself (which is intended to be 

a highly efficient thermochemical oxidation process). 

The lower peak temperature meta-HgS identified in all of the LT mine materials was likely due 

to differences in both ore mineralogy and mine operation. The LT mine primarily exploited an 

oxidized gold ore deposit, mostly from low grade ores suitable only for heap leach extraction, 

with limited on-site mill processes. Active mining operations ceased at LT in 2006, so that at the 

time of collection in 2010, materials were already relatively old. The other mine sites used in this 

study were still operating at the time of material collection, with heap leaching and active on-site 

ore processing from a variety of oxidized, sulfide, and carbonaceous ores. 
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Figure 6.5 Solid phase thermal desorption profiles for low Hg concentration cap materials: a) CP cap, b) GS cap, 
c) LT cap, and d) TC cap. 
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Figure 6.6 Solid phase thermal desorption profiles for intermediate Hg concentration leach materials: a) CP leach, 
b) LT leach, and c) TC leach. 
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Figure 6.7 Solid phase thermal desorption profiles for high Hg concentration tailings materials: a) GS Tails, b) CP 
tails, c) LT tails, and d) TC tails. 

 



 142 

6.3.3 Gaseous elemental mercury flux 

Wet materials showed a larger positive GEM flux in comparison to small or no flux from the 

same dry material (Fig. 6.8). In general, higher GEM fluxes were measured from higher 

concentration materials, with the tailings materials in particular showing GEM fluxes in the 

thousands of ng m-2 h-1 (Table 6.1). These results agree well with expectations based on previous 

studies using the same or similar materials (Eckley et al., 2011a; Eckley et al., 2011b; Miller and 

Gustin, 2013; Miller and Gustin, 2015; Miller et al., 2011). Multiple linear regression indicated 

that four measured variables (substrate Hg concentration, solar radiation, RH, and VSM) 

explained a majority of the variation in observed GEM fluxes from wet materials (R2 = 0.89, p = 

0.0232). Relatively humidity was a non-significant variable, but its removal from the MLR 

model was not supported (F = 7.953, p = 0.0346). These results are similar to those observed in 

Eckley et al. (2011b) for similar materials. 

 
Figure 6.8 GEM fluxes from all wet and dry materials.  
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6.3.4 Reactive mercury flux 

Distinct differences in RM flux were observed between substrates with different Hg 

concentration and between wet and dry substrates (Fig. 6.9). Materials with a substrate Hg 

concentration ≤ 600 ng g-1 experienced net RM deposition when dry, and no RM flux when wet. 

This was true for all of the low Hg background cap materials (120-230 ng g-1) and the two leach 

materials with lower Hg concentration (CP leach 310 ng g-1, and LT leach 600 ng g-1). RM 

deposition to dry materials showed Vd values of 0.10 ± 0.02 cm s-1 (n = 8), while the one 

resolvable measurement of RM deposition to a wet material (Cap CP B) had a Vd of 0.04 cm s-1. 

Materials with substrate Hg concentrations > 600 ng g-1 generally showed positive RM emission 

from both wet and dry materials, except for one tailings material (LT tailings) from which a 

measurable RM flux was not resolvable (discussed below). In general, RM emission was greater 

from a high Hg material when dry versus the same material when wetted, indicating some 

suppression of RM flux due substrate moisture content, though the materials were not saturated. 

Increasing moisture within a substrate is thought to facilitate photochemical reduction to Hg0 

(Gustin and Stamenkovic, 2005), and possibly this occurs to such an extent that the immediate 

availability of oxidized Hg molecules for direct volatilization is reduced. Increasing moisture 

content also likely facilitates dissolution of Hg2+ compounds into the aqueous phase where they 

are unavailable for volatilization. As noted, wetted materials were substantially cooler due to 

evaporation, and these lower temperatures may have contributed to the lower observed RM 

evasion. 
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Figure 6.9 RM flux from wet (blue bar) and dry (orange bar) sample substrates for a) no chamber blank corrections 
and b) with chamber blank corrections. 

 

The LT tailings had a relatively high total Hg concentration (11000 ng g-1) and clear high GEM 

emissions of 300 and 2500 ng m-2 h-1 from the dry and wet material, respectively, and in this 

regard was very similar to the other tailings material. It is therefore uncertain why an RM flux 

was not resolvable. Based on the SPTD speciation determination, LT tailings was the only high 

Hg material composed dominantly of meta-HgS, with no HgS and a low proportion of oxidized 

Hg (Fig. 6.7b). Meta-HgS is more readily photo-reduced to Hg0  versus HgS (Gustin et al., 

2002), so a material that contains predominantly meta-HgS might be expected to have 

preferentially high GEM emission versus low or undetectable RM flux. 
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A notable exception to the pattern of higher RM emission from dry versus wet substrates was the 

TC tailings material (total Hg 36000 ng g-1). This material was used in an extended test of 

wetting and RM flux, in which CEM filters were deployed every 24 h for 3 days, capturing GEM 

and RM flux as the material dried out (Fig. 6.10). Initial substrate wetting was to a VSM of ~ 

32%, and this relatively high initial moisture content (compared to ~ 20-25% for other materials) 

seems to have suppressed both GEM and RM flux, both of which increased by a factor of 1.5-2 

over each subsequent 24 h period as VSM decreased (Table 6.1, Fig. 6.10b-6.10c). A similar 

suppression of GEM flux from saturated soils has been previously observed, albeit using low Hg 

background soils (Briggs and Gustin, 2013; Gustin and Stamenkovic, 2005). GEM flux from the 

dry TC tailings material remained relatively steady over this time at 220-280 ng m-2 h-1, while 

dry RM flux increased from a non-resolvable level to 900 pg m-2 h-1 in the third 24 h 

measurement, which may be related to declining background RM concentrations over the same 

period (Table 6.1). RM flux from the wet TC tailings reached very large concentrations (13000 

and 37000 pg m-2 h-1) in the second and third 24 h measurements, as VSM dropped below 25 and 

20%, respectively. These high RM fluxes may be attributable mainly to the high total Hg 

concentration of the TC tailings material, as the Hg speciation was not unusual, composed 

primarily of meta-HgS and HgS.  



 146 

 
Figure 6.10 Extended multi-day flux measurement from TC tailings material: a) ambient parameters, b) GEM flux, 
and c) RM flux. 
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6.3.5 Reactive mercury breakthrough on cation exchange membranes 

An unresolved question with the CEM filter method in general is what accounts for RM 

breakthrough form the primary to secondary filters, as breakthrough has been observed to range 

from zero up to 40% in different studies (Huang et al., 2017; Pierce and Gustin, 2017). The 

simultaneously deployment of dual CEM filters on multiple sample lines under different 

conditions allowed us to evaluate possible factors controlling RM breakthrough. 

As stated, overall median RM breakthrough observed in this study was relative low (Fig. 6.11a), 

although some maximum values were in line with the highest values seen in previous studies. 

There was no significant difference in breakthrough rates between the inlet and outlet sample 

lines during flux measurements over blank, dry, or wet materials (p values > 0.1, Kruskall-Wallis 

test). However, breakthrough did vary as a function of material wetness. Specifically, median 

breakthrough for chamber blank flux measurements (4.3%, range 0-10.2%, n = 20) and fluxes 

measured over dry material (5.3%, range 0-13.5%, n = 28) were not statistically different (p = 0 

.414, Kruskall-Wallis test), but breakthrough for fluxes over wet material (14.4%, range = 0-

37.9%, n = 28) was significantly higher (Kruskall-Wallis test p = 0.0003). The median 

breakthrough from the background RM measurement filters was 9.1% (n = 19, range 0-18.4%), 

intermediate between the breakthrough rates observed from the dry and wet flux measurements. 

There were also differences in RM breakthrough based on material (Fig. 6.11b). The lowest 

breakthrough rates were measured over low Hg concentration cap materials that generally 

experienced RM deposition. All of the highest breakthrough rates were observed during flux 

measurements over higher Hg concentration materials while wet, though not all of these 

materials had significant RM emissions (i.e. CP and LT tails). Interestingly, RM breakthrough  
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Figure 6.11 Median RM breakthrough to secondary CEM filters for a) overall breakthrough by measurement type 
and sample line with overall median breakthrough (6.0%) represented by dashed line, and b) breakthrough by 
material type.  

 

was relatively low (median 5.6%, range 0-13.4%, n = 16) for the TC tailings flux measurements 

under both wet and dry conditions, even though this material had the highest RM emissions. This 

suggests that breakthrough is not simply a function of higher RM exposure on the primary CEM 

filter, a result also demonstrated by Miller et al. (submitted, this thesis) in controlled permeation 

tests on the CEM material using high concentrations of a representative gaseous RM compound 

(HgBr2). 
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6.4 Conclusions 

A range of GEM and RM fluxes were measured from mining-related materials of differing total 

Hg concentration (100-36000 ng g-1) and Hg speciation (meta-HgS, HgS, HgSO4), with definite 

differences in flux behavior between wet and dry substrates. It is important to re-iterate here that 

the determination of Hg speciation by SPTD is not an exact method, but only a relative 

indication of the fraction of Hg released over certain temperature ranges. Thus, the interpretation 

of substrate Hg speciation is somewhat indirect and qualitative, and results must be viewed in 

that light. 

In general, RM deposited to low Hg concentration (≤ 600 ng g-1) substrates when dry (0-2% 

VSM), and RM flux was below detection from the same materials when wet (15-25% VSM). 

RM was emitted from higher Hg concentration (> 600 ng g-1) substrates under both wet and dry 

conditions, though generally to a greater extent from dry materials, with some wet RM fluxes 

being below detection. In 10 out of 11 measurements, GEM was emitted from wet materials at a 

significantly enhanced rate relative to the same dry materials, as observed in previous studies.  

Breakthrough of RM from the primary to secondary CEM filters was relatively low overall 

(median 6.0%) but ranged widely from 0 to 38% and was significantly higher during flux 

measurements over wet material (median 14.4%), especially for the higher Hg concentration 

substrates that also tended to show net RM emission. Breakthrough was also relatively higher 

(9.1%) for the CEM filters deployed to measure ambient RM concentrations. Though apparently 

unrelated to the magnitude of RM flux, the variable rates of RM breakthrough observed between 

different materials and between wet and dry versions of the same material clearly indicate that 

some factor or combination of factors is controlling how much RM escapes the primary CEM 

filter. Our results suggest that moisture plays an important role in the breakthrough mechanism. 
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Low Hg “cap” materials (120-230 ng g-1 total Hg), which of the mining-related substrates can be 

compared most closely to background soils, had proportionately large amounts of an oxidized Hg 

compound believed to be HgSO4. This likely indicates a significant contribution from 

atmospheric deposition of RM, possibly from proximal large point sources on the active mine 

sites (thermal ore processing facilities, etc.). The exception was a cap material from an inactive 

mine location, where processing facilities were neither extensive nor continuous, and which 

therefore did not have a strong local atmospheric input but was instead composed entirely of a 

geogenic Hg mineral, meta-HgS.  

Wetting of a high Hg tailings material to near saturation (32% VSM) resulted in an initial 

suppression of both GEM and RM flux, with both positively increasing over subsequent 24 h 

measurements. Suppression of GEM flux from saturated soils has been observed in previous 

studies (Briggs and Gustin, 2013; Gustin and Stamenkovic, 2005). Gustin and Stamenkovic 

(2005) suggested that increasing soil water content leads to dissolution of both Hg0 and Hg2+ 

compounds, which are subsequently transported to the surface as soil pore water evaporates. 

Dissolution of Hg2+ compounds would explain the initial suppression of emissions, and the 

following mass transfer of Hg2+ to the substrate surface may explain the increasing levels of RM 

flux observed as the TC tailings material dried out.  

For high Hg concentration leach and tailings materials that showed a detectable RM emission, 

total RM emissions could be relatively large. This was especially true for the TC tailings 

material, for which RM flux approached 40000 pg m-2 h-1 under wet conditions. This data 

suggests that active tailings impoundments could constitute large local sources of atmospheric 

RM, especially as such surfaces undergo repeated wetting and drying as new tailings are added. 
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Statement of Authorship 

Overall, this chapter represents the most collaborative research effort undertaken as part of this 

thesis. Though the manuscript and figures were drafted entirely by me, I was assisted with much 

of the underlying work by both the co-authors and other collaborators, most notably the 

outstanding technical staff at Cape Grim Baseline Air Pollution Station (CGBAPS). 

The chapter is rooted in Dr Edwards’ involvement with the atmospheric Hg monitoring program 

at CGBAPS. There was clear value in expanding the GEM measurements at CGBAPS to include 

reactive mercury, given the general lack of speciated Hg measurements anywhere in the 

Southern Hemisphere. Having begun collaboration on the RM flux method described in previous 

chapters, Dr Edwards and I discussed establishing ambient air monitoring locations in Australia 

as an additional research component to a full PhD dissertation. Fortuitously, Dr Gustin and her 

research group at the University of Nevada had originally developed the CEM filter-based 

sampling method for measuring total RM concentrations in ambient air, and I had played a key 

role in this development process in an adjunct capacity while engaged on other research projects 

with Dr Gustin (See Appendix G for relevant publications). As such, I had extensive experience 

with the system and was able to recommend improvements for a long-term monitoring 

campaign. 
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CGBAPS was an obvious first choice as a monitoring location given its excellent infrastructure 

and full-time support staff, and the Macquarie University Automatic Weather Station (MQAWS) 

provided the necessary infrastructure and a ready supply of research students. After I had 

assembled and installed the sampling system at both CGBAPS and MQAWS, most routine 

sample deployment/collection and maintenance was conducted by on-site personnel according to 

developed standard operating procedures. Samples were shipped to me for all laboratory analysis 

and processing. 

Routine daily operation of the Tekran® analyzers was carried out by site personnel, while I 

processed all relevant Tekran® GEM data acquired from the sites for the periods of interest. I 

also visited the sites for major annual maintenance and troubleshooting, variously assisted by Dr 

Edwards, Dr Howard, Dr Pierce, and/or PhD student Kellie Cook. The RV Investigator voyage 

was not originally foreseen as part of this project, and we had no prior insight into how the filter 

sampling system would work in such an environment. However, given this somewhat unique 

opportunity as arranged by Dr Melita Keywood with CSIRO, we were able to deploy both the 

RM filter system and a Tekran® 2537 analyzer, with the help of voyage volunteer Jack Simmons, 

a Masters candidate at the University of Wollongong. 

Ancillary instrumentation and external databases used in this chapter, including meteorology and 

emission data, are maintained by other responsible parties. The particulate instrumentation at 

CGBAPS is under the aegis of Dr. Keywood and associates, who provided the dataset used 

herein. The 120 hr back trajectory calculations for the CGBAPS site were part of a 4-year 

database (2014-2017, inclusive) assembled by Dr Howard during his PhD project. Back 

trajectories for selected periods at MQAWS and from the RV Investigator were performed by Dr 

Pierce as part of her role as a Visiting Scholar at Macquarie University. All such existing or 

acquired data I have merely manipulated as an end user. 
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ABSTRACT 

Mercury (Hg) and especially reactive Hg (RM) data from the Southern Hemisphere (SH) are 

limited. In this study we undertook long-term measurements of both gaseous elemental Hg 

(GEM) and RM at two ground-based monitoring locations in Australia, the Cape Grim Baseline 

Air Pollution Station (CGBAPS) in Tasmania, and the Macquarie University Automatic Weather 

Station (MQAWS) in Sydney, New South Wales. GEM was measured using the standard 

Tekran® 2537 series analytical platform, and RM was measured using cation exchange 

membranes (CEM) in a filter-based sampling method. The 18-month record of RM concentration 

obtained at CGBAPS is the longest such record anywhere in the SH, and the first in Australia. 

Additionally, atmospheric Hg measurements were made on board the Australian RV Investigator 

(RVI) during an ocean research voyage to the East Antarctic coast. Overall mean RM 

concentrations at CGBAPS and MQAWS were 15.9 ± 6.7 pg m-3 and 17.8 ± 6.6 pg m-3, 

respectively. For the 10-week austral summer period on RVI, mean RM was 23.5 ± 6.7 pg m-3.  

As has been shown for GEM, RM concentrations at CGBAPS were seasonally invariable, though 

the highest individual RM measurements typically occurred in the late summer and fall, when 

synoptic wind patterns resulted in a greater occurrence of air masses reaching the site from 

terrestrial and anthropogenic sources to the east. In contrast to CGABPS, there was a significant 

difference between summer and winter RM concentrations at MQAWS. This difference was 

largely attributable to changes in source region driven by synoptic scale winds, with higher 

winter time concentrations driven by terrestrial/anthropogenic source areas to the west. Cleaner 

maritime air masses were more prevalent at the site during summer, when the wind was 

primarily from the east, and these maritime air masses had RM concentrations that were very 

similar to background concentrations at CGBAPS. During the RVI voyage, RM concentrations 
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were relatively enhanced along the Antarctic coast (up to 30 pg m-3) and GEM concentrations 

were highly variable (0.2 to 0.9 ng m-3), suggesting periods of enrichment and depletion. Both 

RM and GEM were relatively lower farther north of Antarctica, while transiting the Southern 

Ocean. 

RM concentrations measured in this study are higher in comparison to most other reported 

measurements of RM in the global marine boundary layer (MBL), especially for remote SH 

locations. While RM concentrations were higher, the lack of observed seasonal RM variability in 

MBL air is in agreement with other observations of seasonally uniform total gaseous Hg (THg) 

in the SH. As observations of GEM and RM concentrations inform global ocean-atmosphere 

model simulations of the atmospheric Hg budget, our results have important implications for 

understanding of atmospheric THg. 
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7.1 Introduction 

Mercury (Hg) is a pervasive environmental toxin with global distribution via a significant 

atmospheric cycle that includes emission, deposition, and re-emission. As a unique semi-volatile 

liquid metal, elemental Hg is readily emitted to the atmosphere in the gas phase, where it is 

transported widely and subject to a number of physiochemical processes. These processes cause 

total gaseous Hg (TGM) to fluctuate, usually to a small degree but sometimes radically, between 

several broad forms that defy easy practical differentiation: gaseous elemental mercury (GEM), 

gaseous oxidized mercury (GOM), and particulate bound mercury (PBM) or particulate Hg 

(Hg(p)). GEM is usually thought to comprise the bulk of TGM (>95%), though it is known to 

convert almost entirely to GOM or PBM under certain oxidative conditions (Ebinghaus et al., 

2002; Obrist et al., 2011; Schroeder et al., 1998; Steffen et al., 2002; Temme et al., 2003). Where 

GOM and PBM are not readily distinguishable with certainty (which is almost all cases using 

current operationally defined measurement techniques), they can be quantified together as 

reactive mercury (RM), also referred to as Hg(II) or Hg2+ (Weiss-Penzias et al., 2015).  

The calibrated measurement of trace concentrations of GEM is technically achievable to high 

precision (± 3% uncertainty) using pre-concentration and cold vapor atomic fluorescence 

spectrometry (CVAFS), and the principal analytical instrument for doing so is the Tekran® 2537 

A/B/X Automated Ambient Air Analyzer. Measurement of GEM is routine in many atmospheric 

monitoring networks to a nominal level of standardization (UNEP, 2016). However, practically 

achievable instrument uncertainty may average around 10%, with some inter-instrument biases 

as high as 20% (Gustin and Jaffe, 2010; Slemr et al., 2015). There is also a somewhat open 

question as to whether the 2537 measures GEM or TGM. Part of this question is due to the 

likelihood that many sample inlet configurations preclude a true TGM measurement but may still 
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allow some Hg2+ to pass through, resulting in an ambiguous value somewhere between GEM and 

TGM. There is also uncertainty about whether the 500 °C desorption temperature at the 2537 

gold traps is really sufficient to decompose all Hg2+ that might make it through the sample inlet. 

For instance, some studies have found that pyrolysis of HgBr2 at temperatures of 500, 550, and 

even 600 °C has not been sufficient to guarantee total thermal decomposition (Lyman and Jaffe, 

2012; Swartzendruber et al., 2009). 

The measurement of RM is less straight forward and currently depends on isolating GOM and 

PBM, separately or together, from a typically much larger GEM signal. Various methods have 

attempted to do this, the principle commercially available apparatus being the Tekran® 

1130/1135 Hg speciation system, which uses a denuder and particulate filter to separate GOM 

and PBM, respectively, from total gaseous Hg (Landis et al., 2002). The variable levels of 

success in measuring atmospheric RM have been detailed in recent critical reviews (Cheng and 

Zhang, 2017; Gustin et al., 2015; Jaffe et al., 2014; Zhang et al., 2017). In particular, the 

potassium chloride (KCl) coated denuder used in the Tekran® 1130 system for GOM collection 

has been shown to suffer interferences from ozone and water vapor, resulting in systematic under 

quantification (Ambrose et al., 2013; Lyman et al., 2010; McClure et al., 2014).  

Despite these limitations, the best practicable measurement and monitoring of atmospheric Hg is 

still vitally necessary to inform environmental and human health policy. Such monitoring is 

extensive in the Northern Hemisphere, but only a handful of sites operate in the Southern 

Hemisphere (Sprovieri et al., 2016; UNEP, 2016). Most Southern Hemisphere sites have only 

been operated continuously within the last several years, and the overall lack of long term 

atmospheric Hg data in the Southern Hemisphere, especially for reactive Hg species, constitutes 

a significant knowledge gap. Closing this gap will contribute to ongoing science and policy 
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needs as expressed in the United Nations Environment Minamata Convention on Mercury 

(UNEP, 2013). 

Currently the primary long term mid-latitude GEM monitoring locations in the Southern 

Hemisphere (Fig. 7.1) are located at Cape Point in South Africa (Brunke et al., 2016), 

Amsterdam Island in the southern Indian Ocean (Angot et al., 2014), Bariloché National Park in 

the Andean foothills of Argentina (Diéguez et al., 2017), Cape Grim on the island of Tasmania 

south of the Australian mainland (Slemr et al., 2015), and Gunn Point in tropical northern 

Australia (Howard et al., 2017). Other Southern Hemisphere Hg monitoring sites are primarily in 

the Antarctic polar region (Angot et al., 2016b; Dommergue et al., 2010; Ebinghaus et al., 2002; 

Pfaffhuber et al., 2012).  

 

 

Figure 7.1 Temperate mid-latitude atmospheric Hg monitoring stations in the Southern Hemisphere. 
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Of these active atmospheric Hg monitoring sites in the Southern Hemisphere, almost all are 

coastal and typically within the marine boundary layer (MBL). Up to 54% of total atmospheric 

Hg in the Southern Hemisphere is thought to be derived from evasion of Hg0 from the ocean 

surface, which is balanced by daytime photo-chemical oxidation to Hg2+ and subsequent 

deposition of resulting RM compounds back to the ocean (Laurier and Mason, 2007; Mason and 

Sheu, 2002; Strode  et al., 2007). The formation of RM within the MBL is generally thought to 

be dominated by Br oxidation processes (Hedgecock and Pirrone, 2001; Hedgecock et al., 2003; 

Holmes et al., 2009; Horowitz et al., 2017; Laurier and Mason, 2007; Laurier et al., 2003; 

Sprovieri et al., 2010; Sprovieri et al., 2002). A large part of RM within the MBL is also believed 

to be bound with coarse sea-salt aerosols (Feddersen et al., 2012; Holmes et al., 2009; Malcolm 

and Keeler, 2007; Talbot et al., 2011). Observation of Hg speciation in the MBL is vital 

information for coupled ocean-atmosphere circulation models that simulate global Hg budgets 

and inform estimates of atmospheric residence time and emission/deposition processes (Holmes 

et al., 2010; Horowitz et al., 2017). 

Few speciated atmospheric Hg measurements have actually been made in the Southern 

Hemisphere, with only one year-long continuous data set from Amsterdam Island (Angot et al., 

2014), supplemented by shorter term campaign studies in Antarctica (Angot et al., 2016a; Brooks 

et al., 2008b; Sprovieri et al., 2002; Temme et al., 2003) and a few oceanic research voyages 

(Angot et al., 2016a; Soerensen et al., 2010; Temme et al., 2003). A major limitation to 

continuous speciated Hg measurements in the Southern Hemisphere has been suitable site and 

logistical arrangements for operation of the full Tekran® 2537/1130/1135 speciation system. 

Furthermore, the demonstrated low measurement bias for GOM and PBM raises concerns about 

potential under quantification of total RM using the Tekran® system.  
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Table 7.1 Average GEM and RM concentrations measured using the Tekran® speciation system at select marine 

boundary layer locations around the Indo-Pacific. MDL is method detection limit. 
 

Many studies using the Tekran® speciation system at MBL locations report extremely low GOM 

and PBM concentrations (Table 7.1). Angot et al. (2014) reported average GOM and PBM 

concentrations of < 1 pg m-3 for Amsterdam Island, with measurements frequently below 

detection, similar to many other coastal ground-based RM measurements in the MBL (Chand et 

al., 2008; Huang et al., 2013; Marumoto et al., 2015; Wang et al., 2014; Weiss-Penzias et al., 

2003; Wright et al., 2014). Using data acquired on a circumnavigational voyage measuring 

atmospheric GEM and GOM using just the Tekran® 2537/1130 , Soerensen et al. (2010) 

suggested a global mean GOM concentration of 3.1 ± 11 pg m-3 in the MBL (4.3 ± 0.14 pg m-3 

for the SH MBL), in general agreement with other voyage data of 2 to 10 pg m-3 (Laurier et al., 

2003; Temme et al., 2003). 

The explanation for these low RM concentrations in the MBL has generally been rapid 

deposition of the RM formed by in-situ oxidation processes, due to scavenging by abundant sea-

Table 7.1

Location & Elevation Coordinates Duration
GEM               

(ng m-3)
GOM   

(pg m-3)
PBM    

(pg m-3)
Reference

coastal / marine boundary layer

Cheeka Peak Obs., USA      
(492 m)

48.299 N 124.626 W Sept. 2001 - May 2002 1.55 ± 0.13 MDL - 1.6 MDL - 0.5 Weiss-Penzias et al. 2003

March 2011 - Nov. 2011 1.40 ± 0.2 0.5 ± 1.2 4 ± 5 Wright et al. 2014

March 2012 - April 2012 na 1.4 ± 1.0 3.6 ± 1.8 Huang et al. 2013

Fukuoka, Japan              
(20 m)

33.548 N 130.364 E June 2012 - May 2013 2.33 ± 0.49 5.7 ± 9.4 10 ± 11 Marumoto et al. 2015

Cape Hedo Obs., Japan       
(20 m)

26.872 N 128.263 E March 2004 - May 2004 2.04 ± 0.38 4.5 ± 5.4 3.0 ± 2.5 Chand et al. 2008

Galapagos Islands              
(5 m)

-0.959 S 90.963 W Feb. 2011 - Oct. 2011 1.08 ± 0.17 MDL - 3.8 MDL - 1.1 Wang et al. 2014

Amsterdam Island       
(50 m)

-37.796 S 77.551 E Jan. 2012 - Dec. 2013 1.03 ± 0.08 MDL - 4.1 MDL - 12.7 Angot et al. 2014

Elkhorn Slough, USA      
(16 m) 36.819 N 121.736 W
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spray and sea-salt aerosols (Laurier et al., 2003; Mason and Sheu, 2002; Sommar et al., 2010). 

Some studies have reported much larger RM concentrations in or associated with MBL air, but 

these are in the minority of observations (Mason et al., 2001; Timonen et al., 2013). There are 

other scenarios with significant in-situ oxidation of GEM in which the resulting enhancement of 

RM is typically observable, e.g. coastal polar locations during springtime Atmospheric Mercury 

Depletion Events (Steffen et al., 2013; Steffen et al., 2008). Similar to the MBL environment, 

RM formed in polar AMDEs is also thought to rapidly deposit, though more so to ice surfaces 

than marine aerosols (Angot et al., 2016a; Brooks et al., 2008a; Steffen et al., 2002), yet elevated 

atmospheric RM concentrations are still measured in spite of high rates of deposition. Why then 

are the observations of RM in the MBL so modest, or even undetectable? We posit that the low 

RM measurement bias demonstrated on the Tekran® 1130 system may be contributing to 

artificially low observations of RM in the MBL. 

An alternative method that has been used with some success to selectively measure RM 

concentrations in ambient air is a cation exchange membrane (CEM) filter system (Huang and 

Gustin, 2015; Huang et al., 2017; Huang et al., 2013; Marusczak et al., 2017; Pierce and Gustin, 

2017; Sexauer Gustin et al., 2016). The CEM filters are inert to GEM uptake (Miller et al. 

submitted, this thesis) and have good selectivity for RM compounds (Huang et al., 2013; Lyman 

et al., 2016). The CEM based sampling systems typically deploy replicate paired sets of CEM 

filters at a controlled flow rate. Each pair of filters constitutes one sample, the first filter serving 

as the primary collection surface, and the second filter capturing breakthrough. Filters are 

deployed for 1 to 2 weeks in order to collect a detectable quantity of RM for analysis. 

In this study, we report the first continuous measurements of atmospheric RM in Australia, using 

the CEM filter-based method. RM measurements were made in conjunction with the existing 
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GEM monitoring program at the Cape Grim Baseline Air Pollution Station (CGBAPS) in 

Tasmania, and at a new site established at the Macquarie University Automatic Weather Station 

(MQAWS) in suburban Sydney, New South Wales. In addition, we present RM concentration 

data from CEM filters deployed on the Australian Research Vessel Investigator (RVI) during an 

austral summer 2017 voyage in the Southern Ocean, also with concurrent GEM measurement. 

7.2 Methods 

7.2.1 Field Sites 

Atmospheric Hg was measured at two temperate coastal mid-latitude sites in Australia, and on an 

ocean research voyage transiting the Southern Ocean from southern Australian waters to the East 

Antarctic coast (Fig. 7.2). 

 

 

Figure 7.2 Location map of ambient RM measurement sites in Australia and track of RV Investigator (RVI) research 
voyage in the Southern Ocean. 



 167 

Cape Grim Baseline Air Pollution Station (CGBAPS) is located on the north-western point of 

Tasmania, Australia (-40.683 S 144.690 E, 94 m a.s.l.), on a sea-side bluff directly overlooking a 

long westward fetch of the Indian Ocean that is unbroken all the way to South America. The site 

is coastal with a cool temperate oceanic climate. CGBAPS is jointly administered by the 

Australian Bureau of Meteorology (BoM) and the Commonwealth Scientific and Industrial 

Research Organization (CSIRO), and is part of the World Meteorological Organization Global 

Atmosphere Watch (WMO-GAW) program. The site operates a Tekran® 2537B Ambient Air 

Mercury Analyzer, and since June 2017 a newer Tekran® 2537X unit.  

Macquarie University Automatic Weather Station (MQAWS) is located in the northern suburbs 

of Sydney, New South Wales, Australia (-33.765 S 151.117 E, 58 m a.s.l.) on part of the campus 

sport fields, and has previously been used as an “urban background” measurement site as there 

are no major industrial point sources within 5 km (Mohiuddin et al., 2014). The immediate 

environment is an open grassy field with denser woodland areas of Lane Cove National Park just 

to the east, but at larger scale the site is entirely within built up urban areas and a major 

motorway 400 m to the southwest. Though nominally somewhat inland at 16 km from the 

pelagic Pacific coast, the site is within the natural Sydney harbor topographical basin and can be 

considered a near coastal environment with a humid subtropical climate. A Tekran® 2537A has 

been operated intermittently at the site since May 2016. 

The RV Investigator (RVI) is a 94 m state-of-the-art multidisciplinary blue water research vessel 

operated by CSIRO as part of the Australian Marine National Facility. Voyage 1 of 2017 

(January 13 – March 6) transited the Southern Ocean to the sea-ice region off the East Antarctic 

coast, departing and returning from the southern port of Hobart, Tasmania. The primary 

scientific mission was a survey of the continental shelf in the area offshore from the Totten 
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Glacier. Aerosol sampling in the northern Antarctic Atmospheric Polar Cell was an additional 

mission, and as part of the atmospheric sampling suite a Tekran® 2537A was operated in 

conjunction with CEM filter deployments over the duration of the voyage. Ship exhaust has not 

been shown to effect on-board atmospheric Hg measurements (Soerensen et al., 2010; Sommar 

et al., 2010) 

7.2.2 Measurements 

Gaseous elemental mercury was measured using a Tekran® 2537A ambient mercury analyzer at 

MQAWS, and a Tekran® 2537B unit at CGBAPS. The Hg analyzers were operated at a 5 min 

sample frequency and 1.0 Lpm flow rate. Sample air was pulled through PTFE Teflon tubing 

(0.625 cm O.D.) at station top roof rail height (~4 m a.g.l.), within a conical PTFE rain shield 

and an up-front fine particulate filter. At CGBAPS the sample line was maintained at 50 °C from 

roof to analyzer within an opaque heating jacket. The sample inlet ports on the 2537 units were 

fitted with 0.2 µm PTFE particulate filters in 47 mm PFA filter assemblies. Soda lime traps 

(Tekran® p/n 90-13310-06) were placed in-line immediately upstream of the filter assembly to 

scrub acid and organic aerosols. The attached fine particulate filter and soda lime trap precludes 

determination of TGM on the 2537 analyzer, and so all Tekran® data is reported as GEM.  

At CGBAPS, quality assurance and quality control followed GMOS protocols (Sprovieri et al., 

2016). The 2537B analyzer was calibrated from an internal Hg vapor permeation source every 25 

h, and a standard addition of Hg vapor was permeated into the sample stream following 

calibrations to verify Hg recovery efficiency in ambient air. The internal 2537B permeation 

source was verified via manual injections from a primary Hg vapor source (Tekran® 2505) twice 

annually. The 5 min GEM data from the 2537 units was averaged to match the 2-week sample 

periods corresponding to RM filter deployments. Averaging periods for which less than 50% of 
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data was available were excluded from the final data analysis. Hourly averages of GEM were 

calculated over the course of the RVI track, and any hour with less than 50% data availability 

was excluded. 

Ambient reactive mercury concentrations were measured using an adaptation of the University of 

Nevada Reno Reactive Mercury Active System (UNRRMAS)(Gustin et al., 2016; Huang et al., 

2017). The RM sampling system consists of 6 sample lines pulling ambient air at a sample flow 

of 1.0 Lpm, each controlled by a ball valve, with vacuum supplied by pump (AirCadet®). Each 

sample line was attached to a 2-stage 47 mm PFA filter holder (Savillex®). The primary 

modification of the UNRRMAS system was to suspend the filter assemblies within a 

standardized, rigid, durable anodized aluminum weather shield for long term deployments (Fig. 

7.3). Six filter assemblies were suspended inlet-down within the weather shield, which was 

attached to a vertical section of station railing above roof height. In the 2-stage filter deployment, 

the first upstream “A” filter serves as the primary collection filter, and the secondary 

downstream “B” filter captures breakthrough. The secondary filter was used to assess how 

efficiently the primary filter was working, and whether any problems existed such as a rip or 

otherwise poor seal. 
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Figure 7.3 Diagram of modified RM filter-based sampling system 

Cation exchange membrane filters were deployed on Lines 1-3. The CEM filters consist of a 

negatively charged polyethersulfone coated matrix (0.8 um pore size, Mustang® S, Pall). The 

CEM material has been shown to have negligible uptake of GEM (Miller et al., this thesis), and  

good selectivity for GOM compounds (Huang and Gustin, 2015; Huang et al., 2013). Nylon 

filters (0.2 µm pore size, Sartorius) were deployed on lines 4-6. Sample flow on each line was 

measured and adjusted at the beginning of each 2-week sample deployment and was again 

measured immediately preceding filter collection. The average of the beginning and ending 

sample flows was taken as the flow rate for calculating total sample volume. Damaged or mis-

deployed filters (as noted by site operators) were excluded from the dataset, as was any filter pair 

with higher Hg loading on the secondary filter, always indicative of a poor filter seal or tear. 

Atmospheric particle counts at CGBAPS were determined with an Ultrafine Condensation 

Particle Counter (UCPC, TSI™ Model 3776) sensitive to particle sizes down to 2.5 nm. The 

UCPC sample inlet was at 10 m a.g.l., with a 10 µm particle size cut-point cyclone inlet. Hourly 
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average particle counts (particles cm-3) were multiplied by the hourly sample volume through the 

CEM filters (0.06 m3) to arrive at number of particles per hour in the sample flow, and these 

hourly values were summed over each 2-week filter deployment, providing an approximation of 

2-week particle loading on the filters. 

7.2.3 Analysis 

At the end of each deployment, filters were collected into sterile 50 mL polypropylene sample 

vials using trace clean protocols. A “blank” unused filter of each type was collected with every 

deployment. The mean blank Hg mass on CEM filters was 60 ± 44 pg at CGBAPS (n = 40), and 

the minimum detection limit (MDL) for a 2-week sample period (mean sample volume 20.2 m3) 

was therefore 5.2 pg m-3. At MQAWS, the mean CEM blank Hg mass was 47 ± 26 pg (n = 31) 

giving a 2-week MDL of 3.6 pg m-3. The blank Hg values and MDLs are significantly less than 

reported in previous studies using the CEM filter technique (Gustin et al., 2016; Huang et al., 

2017), and this is attributed to the use of new 50 mL vials for each sample filter versus re-

cleaned 125 mL glass I-chem jars. 

CEM filters were analyzed on a Tekran® 2600 system. Analysis began with an aqueous digestion 

in a strongly acidic, strongly oxidizing bromine monochloride solution to liberate captured RM 

from the filter material and bring it into solution within the 50 mL collection vial. Digestion was 

followed by reduction of the aqueous Hg(II) to Hg0, which was then purged from solution in an 

ultra-high purity argon gas flow and pre-concentrated onto gold traps. Finally, the concentrated 

Hg was thermally desorbed from the gold traps and measured via cold vapor atomic fluorescence 

spectrometry (CVAFS, EPA Method 1631, Rev. E modified, Appendix A). The total Hg 

measured on each sample CEM filter was divided by the calculated sample volume to arrive at a 
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2-week integrated RM concentration. Each 2-week sample period is reported as the mean ± 

standard deviation of the three sample CEM filters.  

Nylon filters were analyzed by stepwise thermal desorption in a Lindberg-Blue® tube furnace 

from 50 to 200 °C, with released Hg passing downstream through a pyrolyzer (600 °C)and to a 

Tekran® 2537A sampling at 2.5 min intervals. The release profiles over the stepwise heating 

provide a qualitative indication of possible RM species, based on desorption profiles for 

reference Hg compounds (Huang and Gustin, 2015; Huang et al., 2017; Huang et al., 2013). 

However, a preliminary assessment of total Hg collected on the nylon filters indicated that these 

collected on average less than 10% of the total Hg recovered on CEM filters. This mass balance 

was deemed insufficient to justify further deployments. 

Seasons were defined according to convention as Summer (Dec-Jan-Feb), Fall (March-April-

May), Winter (June-July-Aug), and Spring (Sep-Oct-Nov). Meteorological data was retrieved 

from CGBAPS in hourly averages and from MQAWS in 15 averages. MQAWS precipitation 

data was limited and total daily precipitation from a nearby BoM weather station was substituted 

(Site #066156, 33.78 S 151.11 E). All meteorological data was binned into 2-week intervals 

corresponding to filter deployments. Wind velocity was assessed seasonally and for each 2-week 

sample period (Appendix E). In addition, wind velocity at CGBAPS was assigned to a baseline 

sector (bearing 190 – 280°) based on established station criteria, and the percentage of baseline 

air in each 2-week sample period was determined.  

For select periods of interest, air mass back trajectories were calculated using the NOAA Hybrid 

Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Hess, 1998). Global 

Data Assimilation System (GDAS) 0.5° meteorological re-analysis data was used for initiating 

120 h back trajectory calculations every hour, from a single point at height equal to 0.5x the 
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mixed layer depth. Any trajectory that bottomed-out at 0 m elevation before reaching the station 

was removed from analysis.  

Anthropogenic point-source Hg emission data was acquired for the 2016/2017 reporting year 

from the Australian National Pollutant Inventory (NPI, 2017). All point sources less than 100 g 

yr-1 were rounded to 0.1 kg in figures.The occurrence of fire hotspots from biomass burning was 

identified using thermal anomaly data generated by the Moderate Resolution Imaging 

Spectroradiometer (MODIS) sensors on NASA’s Terra and Aqua satellites. MODIS data 

(Collection 6, version 6.1, MCD14ML definitive geolocation data set) were retrieved from the 

NASA Fire Information for Resource Management System (FIRMS) Fire Archive. The location 

and intensity of bushfire activity was assessed via the Fire Radiative Power (FRP, Watts) data 

output. 

All data was processed and figures generated in Microsoft Excel (version 16.22) and RStudio® 

(version 3.2.2). 
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7.3 Results 

7.3.1 Overall long-term observations between ground-based monitoring sites 

Ambient RM was measured from November 2015 through May 2017 at CGBAPS, and from 

April 2016 through May 2017 at MQAWS. The overall mean RM concentration was 15.9 ± 6.7 

pg m-3 at CGBAPS (median = 14.8, range 6.7 - 48.6 pg m-3, n = 39), and 17.8 ± 6.6 pg m-3 at 

MQAWS (median = 16.8, range 7.0 - 32.5 pg m-3, n = 31). Comparing equivalent overlapping 

sample periods at both sites (April 2016 – May 2017), there was not a statistically significant 

difference in either mean or median RM concentrations (Welch t-test, p = 0.4063, Kruskall-

Wallis test p = 0.4657). This was a somewhat surprising result given the relatively large 

differences between the sites (i.e. remote undeveloped coast versus major urban area). However, 

this may stem from a lower absolute number of observations at MQAWS. A frequency 

distribution of RM concentration by season reveals that a greater percentage of sample periods at 

MQAWS were at the high range of observations above 25 pg m-3 (Fig 7.4). It seems likely that 

over a longer period of observation RM concentrations at MQAWS might be significantly higher 

than at CGBAPS. 

During the same periods, overall mean GEM concentration was 0.90 ± 0.35 ng m-3 (n = 146273 5 

min samples) at CGBAPS, and 0.65 ± 0.24 ng m-3 (n = 32251) at MQAWS. A detailed 

discussion of seasonal trends and baseline GEM concentration at CGBAPS for the time period 

January 2014 to April 2017 is discussed by Howard (Howard, 2018). Technical issues with the 

2537 analyzer at MQAWS resulted in less than 50% data availability for many periods, 

precluding analysis of a complete seasonal dataset and preventing a definite assessment of GEM 

concentrations at MQAWS. 
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Figure 7.4 Frequency distribution of observed RM concentrations at a) CGBAPS (n = 39) and b) MQAWS (n = 31). 
Vertical dashed lines represent overall mean RM concentrations of 15.9 ± 6.7 and 17.8 ± 6.6 pg m-3, respectively. 
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7.3.2 Reactive mercury at Cape Grim Baseline Air Pollution Station 

The median temperature at CGBAPS was 13.6 °C (range 3.5-25.8 °C), and the median RH was 

78.6% (range 41-100%). Total rainfall in 2016 was exceptional at 1124.2 mm (annual median 

total 734.6 mm). Wind direction was from the west-southwest (195 – 315°) for the majority of 

time in all seasons (Fig. 7.5). Wind direction was in the baseline sector (190 – 280°) 25% of the 

time overall, and more so in the winter (34%) and spring (33%) seasons. Wind direction was less 

consistent in the summer and fall, and the proportion of wind in the baseline sector was less 

(21% summer, 23% fall). The summer and fall periods also experienced a greater proportion of 

wind from the eastern sector, which can be expected to have a greater influence from terrestrial 

and anthropogenic sources. 

 

 
Figure 7.5 Seasonal wind velocities at CGBAPS. Frequency is represented by circles of increasing radii. The total 
number of hourly meteorological observations in each season is shown at the top of each chart as ‘#of hours’. 
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Seasonally, the highest mean RM concentrations at CGBAPS were observed in the fall (15.6 ± 

3.9 pg m-3), including the two highest individual 2-week RM concentrations of 27.6 and 48.8 pg 

m-3 (Fig. 7.6b) and four of the highest five RM concentrations (Fig. 7.4a). These higher fall 

season RM concentrations correspond to a greater occurrence of non-baseline wind events from 

the east. However, overall seasonal mean RM concentrations were not statistically significantly 

different (Welch t-test, p > 0.05), and the occurrence of above-average RM concentration periods 

in the fall seems to be driven by a greater prevalence of individual events rather than a 

systematic seasonal increase (see Section 7.3.3 below). 

No relationship was apparent between RM concentration and the percent of air arriving from the 

CGBAPS baseline sector (Fig 7.6c). This is likely a function of the long 2-week sample period 

for RM, during which source air can obviously be quite variable. Considering the location on a 

relatively narrow island promontory, it is also likely that in terms of RM the site is dominated by 

baseline maritime air concentrations even when this air passes over non-baseline surfaces, except 

for exceptional point-source events (see section 7.3.3 below). However, the top three sample 

periods with the highest proportion of baseline air (> 40%) did have a somewhat lower mean RM 

concentration of 12.9 ± 2.1 pg m-3, and this may be more representative of background mid-

latitude maritime RM concentrations. 

Mean 2-week RM concentrations were also compared to mean 2-week values of GEM, and to 

median values of temperature, RH, barometric pressure, wind speed, and total 2-week 

precipitation (SI Fig. 7.1). No relationship between RM concentration and these other variables 

was discernible at the 2-week temporal resolution (r2 values < 0.1).  
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Figure 7.6 RM and GEM concentrations at CGBAPS for a) 2-week sample periods, b) seasonal averages, and c) in 
relation to percent of sampled air from baseline wind sector (190 – 280°). Note b) and c) show RM concentrations 
only. 
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7.3.3 Exceptional events: biomass burning and non-baseline sector 

A period of widespread bushfire activity occurred in Tasmania during January – March of 2016 

(Fig. 7.7). Four 2-week sample deployments in this time period experienced unusually elevated 

GEM concentrations (Fig. 7.6a). Significant plume events impacted the CGBAPS site on the 

night of Jan. 25 – 26 with peak GEM of 7.8 ng m-3 at 04:25, and on February 12 with peak GEM 

of 3.8 ng m-3 at 05:35 (Howard, 2018; See Appendix E, SI Fig. 7.5). These events were apparent 

in the 2-week average GEM, but the impact on RM concentration was less clear. The period Jan. 

25 – Feb. 9 had an overall mean GEM concentration of 0.99 ± 0.57 ng m-3 and a slightly elevated 

RM concentration of 19.0 ± 0.7 pg m-3. The following period Feb. 9 – 23 had a similar GEM 

concentration of 1.00 ± 0.44 ng m-3 but a relatively low RM concentration of 12.5 ± 0.6 pg m-3.  

 
Figure 7.7 Location and fire radiative power (frp) of Tasmanian bushfires, January – March, 2016. Fire hot spot 
locations acquired from NASA FIRMS Fire Archive data, retrieved from Aqua MODIS and Terra MODIS satellite 
sensors. 
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Biomass combustion has been demonstrated to release primarily GEM and possibly Hg(p) 

(Finley et al., 2009; Miller et al., 2015; Weiss-Penzias et al., 2007). The fire plume events 

observed at CGBAPS were generated proximal to the station (within several hours trajectory 

travel time) and contained a high proportion of primary combustion products as evidenced by the 

high CO/CO2 ratios (Howard, 2018; Appendix E, SI Fig 7.6). As GOM is not a primary 

combustion product and the primary formation and size of PBM is uncertain, it seems likely that 

plume arrival times were not sufficiently long to allow secondary oxidative production of RM, 

especially as both events occurred over night when photochemical oxidation would be at its 

lowest. 

The 2-week sample periods ending March 22 and April 5, 2016, experienced even higher mean 

GEM concentrations of 2.1 ± 1.9 and 1.1 ± 0.4 ng m-3 due to a significant and extended plume 

event (Fig. 7.5a). Peak 5-min GEM concentrations jumped to ~12 ng m-3 on March 17 and 

remained elevated (> 2.0 ng m-3) until March 23, bracketing the two filter deployment periods. 

This event is attributable to a renewed flair-up of bushfire activity due south of the station, 

beginning March 16 and peaking on March 17. Back trajectory calculations during this period 

show arriving air masses traveling directly over the burn area, in addition to burn areas farther 

south (Fig. 7.8). The RM concentration for the sample period ending March 22 was not 

exceptional (14.7 ± 1.5 pg m-3). However, during the following sample period ending April 5, 

mean RM concentration was 27.6 ± 0.5 pg m-3, the second highest value recorded at CGBAPS, 

possibly due to an aging and oxidized plume chemistry in the sample further removed in time 

from primary combustion. 
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Figure 7.8 Ensemble of 120 h back trajectory plots for air arriving at CGBAPS during the bushfire plume event of 
March 16-23, 2016. Trajectories initiated hourly at a single point with height of 0.5x mixed layer depth. Fire 
locations and fire radiative power (frp) indicated by red circles. 

 

The highest recorded 2-week RM concentration of 48.6 pg m-3 occurred in a period of no major 

bushfire activity (Feb. 21 – March 7, 2017). This sample period and the next (also above average 

RM at 20.8 pg m-3, to March 21) were dominated by air flow from the east (75-105°, 42 and 51% 

of hourly wind directions, respectively), unusual for the CGBAPS site. Back trajectory analysis 

confirms the easterly flow during this period, with a preponderance of trajectories arriving from 

the east after traveling over the Bass Straight below 1000 m, well within the mixed depth layer 

(Fig. 7.9). An iron ore smelting plant (Grange Corp. Port Latta Facility) is located ~61.5 km 

away from CGBAPS at 108° east bearing (Fig. 7.11) and is a modest source of Hg and RM (5.2 

kg y-1, NPI, 2017). Shipping through the Bass Straight to the east-northeast of the site may also 

be a contributing source during these east-wind periods, similar to an observation made by 

Sprovieri et al. (2010) for high RM events in the Mediterranean MBL. A similar flow regime 

was also apparent for the following sample period to March 21 (Fig. 7.10). 
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Figure 7.9 Ensemble of 120 h back trajectory plots for air arriving at CGBAPS during the period Feb. 21 – March 
7, 2017. Trajectories initiated hourly from a single point above station with height of 0.5x mixed layer depth.  

 

 

Figure 7.10 Ensemble of 120 h back trajectory plots for air arriving at CGBAPS during the period March 7 – 21, 
2017. Trajectories initiated hourly from a single point above station with height of 0.5x mixed layer depth.  
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Figure 7.11 Location and magnitude (kg yr-1) of point source Hg emissions in Tasmania. Data acquired from 
Australian National Pollutant Inventory 2016/2017 Data Archive. 

 

7.3.4 Reactive Hg at Macquarie University Automatic Weather Station 

In general, the MQAWS site was hotter and more humid than CGBAPS. The median 

temperature was 17.3 °C (range -0.8 to 42.2 °C), and the median RH was 85% (range 21 to 

100%). As is evident from the range in temperature and RH, the site also experienced larger 

weather extremes compared to the more moderated climate at CGBAPS. Total rainfall in 2016 

was above average at 1316.4 mm (annual median total 1122.1 mm). Overall wind velocities were 

generally low at the MQAWS site, with the dominant wind direction from the west-northwest 

(225 – 345°) in all seasons except summer when the wind was generally from the east-southeast 

in the prevailing sea breeze (Fig. 7.12).  



 184 

 

Figure 7.12 Seasonal wind velocities at MQAWS. Frequency is represented by circles of increasing radii. The total 
number of hourly meteorological observations in each season is shown at the top of each chart as ‘#of hours’. 

 

Seasonally, the lowest mean RM concentrations occurred in the summer (13.3 ± 3.9 pg m-3, n = 

7) and the highest RM concentrations occurred in the winter (22.1 ± 6.8 pg m-3, n = 7), a 

statistically significant difference (Welch t-test, p = 0.015, Fig. 7.13b). Mean RM concentrations 

during the fall and spring were intermediate between the summer and winter extremes and were 

not significantly different. As with CGBAPS, mean 2-week RM concentrations were compared 

to mean 2-week concentrations of GEM, median values of temperature, RH, barometric pressure, 

and wind speed, as well as total 2-week precipitation (SI Fig. 3), and no relationship between 

RM concentration and these other variables was discernible at the 2-week temporal resolution (r2 

values < 0.1).  
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Figure 7.13 RM and GEM concentrations at MQAWS for a) 2-week sample periods and b) seasonal averages (RM 
only). 
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The difference between summer and winter RM concentrations appears to be largely a function 

of very different air sources. The relatively high winter RM is associated with ~50% of air flow 

originating from the west and northwest (Fig 7.12b), a direction that is entirely terrestrial, with 

varying degrees of urban and industrial development. The majority of significant point source Hg 

emissions in the Sydney Basin are to the south and west of the MQAWS site, primarily from 

municipal waste processing, power, generation, and refining (Fig. 7.14). For the reporting period 

2016/2017, total Hg emissions in the Sydney area were 43.7 kg, and the largest near-field emitter 

in the Sydney Basin was the Qenos Olefines polyethylene manufacturing plant in the Botany Bay 

area (27 kg y-1), south-southeast of MQAWS.  

 
Figure 7.14 Location and magnitude (kg yr-1) of point source Hg emissions in Sydney area. Data acquired from 
Australian National Pollutant Inventory 2016/2017 Data Archive. 
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Back trajectory calculations for the 2-week sample period with the highest observed RM 

concentration at MQAWS (32.5 ± 4.4 pg m-3, July 11-25, 2016) demonstrate that a majority of 

air masses traveled over wide areas of the continent and passed over the urban/industrial areas of 

western Sydney before reaching the site from the western quadrant (Fig. 7.15). It is likely that in 

sample periods with this general source area scenario, terrestrial and point source emissions 

contribute to enhanced RM concentrations. 

In contrast to winter patterns, prevailing summertime easterly winds (Fig. 7.12a) originate from 

maritime air and travel a relatively brief distance over land and the less dense suburban 

neighborhoods of Northern Sydney, an area with no significant Hg source emissions (Fig 7.14). 

The lowest observed RM concentration at MQAWS (7.0 ± 1.1 pg m-3) occurred in the summer 

sample period January 9 – 23, 2017. Back trajectory calculations for this period confirm that air 

arrived at the site predominantly from the eastern quadrant, having passed through the MBL over 

the Southern Ocean and Tasman Sea, though a minority of trajectories arrived from a southerly 

direction (Fig. 7.16).  

The more maritime summer-season RM concentrations at MQAWS of 13.3 ± 3.9 pg m-3 are very 

similar to the most representative baseline RM concentrations of 12.9 ± 2.1 pg m-3 observed at 

CGBAPS. Thus, an RM concentration around 13 pg m-3 may be representative of an average 

MBL concentration for coastal waters around southeastern Australia. 

 



 188 

 
Figure 7.15 Ensemble of 120 h back trajectory plots for air arriving at MQAWS during a representative winter 
period (July 11 – 25, 2016). Trajectories initiated hourly from a single point above station with height of 0.5x mixed 
layer depth. 

 

 

Figure 7.16 Ensemble of 120 h back trajectory plots for air arriving at MQAWS during a representative summer 
period (January 9 – 23, 2017). Trajectories initiated hourly from a single point above station with height of 0.5x 
mixed layer depth. 
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7.3.5 Reactive Hg on RV Investigator research voyage 

CEM filters were deployed on RVI during an extended research voyage to the East Antarctic 

coast from January 10 to March 4, 2017. The mean hourly GEM concentration over the entire 

voyage was 0.53 ± 0.10 ng m-3 (n = 978) and ranged from 0.2 to 0.8 ng m-3 (Fig. 7.17). GEM 

concentrations were distinctly and significantly lower (0.42 ± 0.05 ng m-3, n = 134, Welch t-test, 

p < 0.000) between 43.5 – 53.5 ° south latitude compared to the voyage as a whole, for both the 

outbound and return segments of the voyage. The mean RM concentration over all deployments 

was 23.5 ± 6.7 pg m-3 (n = 4). The mean CEM filter blank was 26.4 ± 8.5 pg, resulting in an 

average MDL of 1.8 pg m-3 for a 2-week sample period, which all filter measurements were well 

above. 

The first filter deployment (January 10 – 26) included four days in the port of Hobart before the 

voyage south began at approximately 18:00 ship’s time, January 14, and so is somewhat 

compromised by the port environment. The second and third 2-week CEM filter deployments 

occurred while RVI was on station off the East Antarctic coast between 113-122 °east longitude 

(ship track and GEM shown Fig. 7.18 and 7.19), and these samples can be considered Antarctic 

background. Mean RM concentrations were 32.5 ± 3.3 pg m-3 (n = 3) in the first 2 weeks, and 

21.8 pg m-3 (21.2-22.3 pg m-3, n = 2) in the following 2 weeks. The final filter deployment 

included the transit back to port, and was relatively low at 16.4 ± 2.5 pg m-3   
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Figure 7.17 Hourly GEM concentrations along course of RVI voyage in Southern Ocean, January 14 – March 4, 
2017. Low GEM values between -43.5 and -53.5 latitudes bracketed by dashed lines. Periods of no data indicated by 
grey line segments. 

 
 
Mean hourly GEM concentrations were highly variable (0.22-0.88 ng m-3) and on average 

significantly higher while off the East Antarctic coast (0.56 ± 0.11 ng m-3, n = 568, Welch t-test, 

p < 0.000), relative to the overall voyage. An apparent GEM hotspot with hourly concentrations 

above 0.8 ng m-3 was observed around coordinates -64.3 S 117.5 W, during two different 

transects of the area (January 28 and February 13). Elevated GEM concentrations were also only 

strongly evident at midday (10:00-16:00), which may indicate a diurnal GEM source mechanism. 

Back trajectories initiated from RVI’s position in the GEM hotspot area on January 28 indicated 

air masses originating over the Ross Sea and traveling at low altitude along the East Antarctic 

coast and the Dumont d’Urville Sea (Fig 7.20). This is not easily classifiable as either a maritime 

or continental air source.  
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Figure 7.18 Hourly GEM concentrations along RVI course while on station off the Antarctic coast, CEM filter 
deployment Jan. 26 – Feb. 8, 2017. GEM hotspot on Jan. 28 13:00-16:00, along -64.3 ° south latitude and between 
117.0 and 117.9 ° east longitude. 

 

 
Figure 7.19 Hourly GEM concentrations along RVI course while on station off the Antarctic coast, CEM filter 
deployment Feb. 8 – Feb. 20, 2017. GEM hotspot on Feb. 13 10:00-16:00, between -64.0 and -64.3 ° south latitude 
and between 117.0 and 117.9 ° east longitude. 
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Figure 7.20 120 h back trajectories arriving at RVI position hourly between 13:00-16:00, Jan. 28, during GEM 
enhancement. 

 
 

 

Figure 7.21 120 h back trajectories arriving at RVI position hourly between 10:00-16:00, Feb. 13, during GEM 
enhancement. 
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Back trajectories from the February 13 GEM enhancement arrive from multiple directions in a 

cyclonic spiral indicative of a SH low-pressure system. The RVI ship’s log confirms storm 

conditions on February 12-13. It is difficult to ascertain a definite source region for this period, 

but some of the back trajectories follow the same coastal path as during the January 28 GEM 

enhancement, and it may be that these two events result from related sources. 

Previous observations along this region of the Antarctic coast at Dumont d’Urville Station have 

also demonstrated high variability in summertime GEM concentrations (0.1 to 3.6 ng m-3), 

attributed to variations between marine and continental source air, as well as possible diurnal 

enhancements in GEM concentration due to emissions from snow and ornithogenic (penguin 

guano) soil surfaces (Angot et al., 2016a; Angot et al., 2016b). In-situ oxidation of GEM to RM 

is thought to be comparatively low in this region of Antarctica due to less extensive sea ice cover 

and therefore a lower abundance of available reactive bromine molecules, resulting in less 

efficient oxidative bromine chemistry. Angot et al. (2016b) have speculated that air enriched in 

RM species reaches the Dumont d’Urville coast from the high interior Antarctic plateau, where 

GEM is oxidized in-situ through efficient OH/NOx chemistry. The relatively high RM 

concentrations measured on RVI may be attributable to a similar transport mechanism from the 

continental interior, which would likely correspond with the voyage sections where GEM was 

depleted. Unfortunately, given the long 2-week RM sample time, it is impossible to know with 

finer resolution exactly when and where in the voyage track the elevated RM concentrations 

occurred. 
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7.3.6 Cation exchange membrane performance 

Mean RM breakthrough to the secondary CEM filters was 21.1 ± 9.5% (n = 114) at CGBAPS 

and 17.8 ± 9.9% (n = 92) at MQAWS. These rates of RM breakthrough were statistically 

significantly different (Welch t-test, p = 0.01). At each site, comparison of 2-week median 

breakthrough values to corresponding 2-week mean concentrations of GEM, median values of 

temperature, RH, barometric pressure, wind speed, and total 2-week precipitation revealed no 

correlation. However, MQAWS was overall hotter and more humid than the CGBAPS site, and 

its possible this contributed to the slightly higher mean rates of RM breakthrough. During the 

RVI voyage, mean RM breakthrough to the secondary filters was 19.1 ± 5.1% (n = 10), very 

similar to breakthrough at the ground-based monitoring sites. The voyage was generally cooler 

but more humid than at either ground site. 

There has been speculation that humidity in particular might have an impact on RM collection 

and possible breakthrough on the CEM material (Huang and Gustin, 2015). Though humidity has 

not been shown to effect RM breakthrough on CEM filters loaded with a pure GOM compound 

(HgBr2) in clean, particle-free laboratory air (Miller et al., submitted, this thesis), the effects of 

RH in ambient air remain unclear. We hypothesized that in ambient air, PBM larger than the 

CEM pore size (0.8 µm) could be collected and, reacting with other atmospheric constituents 

such as water vapor, potentially volatilized from the primary filter surface as a gas-phase reactive 

Hg species, escaping to the secondary filter as breakthrough. However, a comparison of total 

particle counts in each sample period versus mean % RM breakthrough failed to reveal any 

relationship (Fig 7.22, r2 < 0.000). However, particle counts included everything down to 0.0025 

µm, and a more selective count at sizes larger than the filter pore size might be more relevant. 
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Figure 7.22 Total 2-week particle counts (0.0025-10 µm particle size) versus mean percent RM breakthrough to 
secondary CEM filters at CGBAPS. 

 

7.4 Discussion and Conclusions 

Reactive mercury concentrations were relatively uniform between the CGBAPS and MQAWS 

sites, averaging around 16 and 18 pg m-3, respectively, and ranging from 6 to 48 pg m-3. RM 

concentrations measured on the RVI voyage in the Southern Ocean were in a similar range (16-

32 pg m-3) as the ground-based sites. These results suggest that RM concentrations are relatively 

stable, likely due to a semi-steady-state equilibrium between in-situ formation and depositional 

processes within the MBL, as suggested in other studies. However, total RM concentrations 

measured in this study (overall average 19 pg m-3) were somewhat higher than concentrations 

reported for the MBL in many previous studies (~2 to 10 pg m-3 total RM). We believe this is 

largely due to the collection of PBM associated with all coarse sea-salt aerosols larger than the 

CEM filter pore size of 0.8 µm, versus exclusion of coarse aerosols > 2.5 µm by the conventional 

Tekran® 2537/1130/1135 speciation system.  
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No samples were below detection limit at the 2-week temporal resolution of the filter samples. In 

this study there was no discernible correlation between either RM collection or RM breakthrough 

with humidity or any other measured environmental parameter, including total particle counts at 

CGBAPS. The mechanism of RM breakthrough in ambient air CEM samples remains unclear, 

though greater size-selectivity in particle count analysis could be potentially illuminating. 

At CGBAPS there was no meaningful seasonal variation in RM concentrations, though isolated 

periods were occasionally notably higher or lower than average. Widespread bushfire activity in 

Tasmania and near the CGBAPS site was the largest source of variation in both GEM and RM 

concentrations but was highly atypical. The overall lack of variation in RM concentration at 

CGBAPS is likely attributable to the background marine environment, with generally mild 

conditions, relatively consistent source air, and constant RM source concentrations formed in-

situ in the MBL. 

In contrast to CGBAPS, the MQAWS site experienced statistically higher RM concentrations in 

the winter versus the summer. During the summer months, air masses predominantly arrived 

from the MBL to the east and southeast, versus the prevalence of a northwesterly wind in the 

winter arriving from terrestrial surfaces. These summertime maritime RM concentrations at 

MQAWS were comparable to baseline RM concentrations at CGBAPS, suggesting uniform 

MBL RM concentrations in coastal Australian waters. 

High variability in GEM concentrations and elevated RM concentrations were observed from the 

RV Investigator on transects immediately off the East Antarctic coast. Though in a similar 

overall range, average RM concentrations off the Antarctic coast were somewhat higher than at 

the ground-based temperate coastal measurement sites at CGBAPS and MQAWS. The high 

variability in GEM concentrations (0.2 to 0.9 ng m-3) is in-line with other observations from the 
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East Antarctic coast, and the relatively high RM concentrations may be due to Antarctic 

continental outflow. 

The RM concentrations measured in this study using the CEM filter-based method are higher 

relative to most other measurements in the MBL using the Tekran® 2537/1130/1135 Speciation 

System, and this may have important implications for global ocean-atmosphere models for Hg. 
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ABSTRACT 

Tekran® 2537 B and X Automatic Ambient Air Analyzers were operated in tandem at the Cape 

Grim Baseline Air Pollution Station (CGBAPS) in Tasmania, Australia, from June 2017 to June 

2018. The mean GEM concentration measured by the 2537B unit during this time period was 

0.94 ± 0.09 ng m-3, versus 1.08 ± 0.07 ng m-3 measured by the 2537X unit, a systematic high bias 

of 12.8%. Part of this measurement discrepancy was due to a failing permeation source 

temperature controller, and after repair the bias between instruments narrowed. However, in the 

last 6 months of data for which we are confident both analyzers were working optimally, GEM 

concentrations measured by the 2537X (1.06 ± 0.08 ng m-3) were still 8.6% higher than 

measured on the 2537B (0.97 ± 0.09 ng m-3). This systematic measurement bias may have 

important implications for the succession of Tekran® 2537X analyzers at ambient Hg monitoring 

stations globally. 
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8.1 Introduction 

Mercury (Hg) is globally distributed throughout the earth’s atmosphere, from which it pervades 

the remotest environments and food webs as a bio-accumulative neurotoxic agent (Fitzgerald et 

al., 1998; Selin, 2009). As a pollutant of concern and through commitments stipulated in the 

United Nations Environment Minamata Convention on Mercury, monitoring of atmospheric Hg 

is incumbent upon national science and regulatory agencies around the world (UNEP, 2013). 

Monitoring of gaseous elemental Hg (GEM) is routine and standardized in many monitoring 

networks (Sprovieri et al., 2016; UNEP, 2016). The myriad potential forms of reactive Hg (RM) 

are less easily identified and measured (Gustin et al., 2015; Jaffe et al., 2014; Zhang et al., 2017).  

Less ambiguously, single atoms of elemental Hg absorb ultra-violet radiation at a wavelength of 

253.7 nm and fluoresce. This characteristic allows for precise detection and quantification of 

GEM via either atomic absorption spectrometry (AAS) or atomic fluorescence spectrometry 

(AFS). The CVAFS principle of detection is employed in the Tekran® 2537 A/B/X series of 

Automated Ambient Air Mercury Analyzers (Tekran® Instrument Corporation, Toronto, 

Canada). The first Tekran® 2537A model was released in 1992, providing a reliable analytical 

platform for automated high-time resolution GEM measurement, and replacing tedious manual 

methods for collection of atmospheric Hg on gold traps (Ebinghaus et al., 1999; Schroeder et al., 

1995). In well over two decades of use, the Tekran® 2537 platform has featured in hundreds of 

studies and publications on atmospheric Hg concentration and speciation, emission sources of 

Hg, and air-surface exchange of Hg.  

The fully redesigned and updated Tekran® 2537X was officially released in May 2012, with 

improved UV source lamp control and optimization circuitry, internal data logging, improved 

serial and USB communication interfacing, and network capability for remote access and 
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control. As of August 2015, Tekran® Instruments Corp. advised that many original components 

of the 2537 A/B units would become obsolete in the near term, and that repair or replacement of 

some critical components could not be supported indefinitely. As such the 2537 A/B units will 

increasingly need to be phased-out of existing atmospheric Hg monitoring sites and replaced by 

the 2537X. 

The Cape Grim Baseline Air Pollution Station (CGBAPS) is a premier remote atmospheric 

monitoring location on the northwestern cape of Tasmania, Australia (-40.683 S 144.690 E). 

Directly overlooking a long westward fetch of the Indian Ocean from a 94 m high coastal bluff, 

the station is ideally situated to sample background Southern Hemisphere air. CGBAPS is 

administered by the Australian Bureau of Meteorology (BoM) and the Commonwealth Scientific 

and Industrial Research Organization (CSIRO), and is part of the World Meteorological 

Organization Global Atmosphere Watch (WMO-GAW) program. The station has operated a 

Tekran® 2537B since 2011 (Slemr et al., 2015). 

With a view towards continuing ambient atmospheric Hg monitoring into the foreseeable future, 

a Tekran® 2537X unit was installed at CGBAPS on May 31, 2017 and following a 2-week 

shakedown became operational on June 17, 2017. The 2537X unit has been operated side-by-

side with the existing station 2537B, which will eventually be retired pending satisfactory inter-

comparison performance. Part of the motivation for this study was a preliminary indication that 

significant measurement bias was occurring between the 2537X and B analyzers at CGBAPS. 

Additionally, information gleaned at the 2017 International Conference on Mercury as a Global 

Pollutant indicated other research groups were experiencing a similar bias between older and 

newer Tekran® analyzers. As such, we undertook an in-depth analysis of Tekran® analyzer 

performance at CGBAPS over one year. 
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8.2 Methods 

A Tekran® 2537B and 2537X were operated in tandem from June 2017 to June 2018 at the Cape 

Grim Baseline Air Pollution Station (CGBAPS) in Tasmania, Australia. The Station is 

maintained by full time technical staff of the Australian Bureau of Meteorology and is fully 

climate controlled with backup power generation. 

The Tekran® analyzers were operated and maintained according to GMOS protocols, with a 

sample flow rate of 1.0 Lpm and a sample time of 5 min. Ambient air was pulled from station 

roof railing height (~4 m a.g.l., ~2.2 m above roof height) through a rain-shield, 0.2 µm PTFE 

particulate filters (changed every 2 weeks), and heated (50 °C) PTFE tubing (0.625 cm O.D., 0.4 

cm I.D.). The sample and zero air inlet ports on each analyzer were filtered with 0.2 µm PTFE 

filters in single-stage 47 mm PFA filter assemblies. Sample air was also scrubbed with soda lime 

traps (Tekran® p/n 90-13310-06) placed in-line immediately upstream from the rear-port 

particulate filters, to remove deleterious compounds such as acid aerosols and halogens that 

could degrade the analyzer gold traps. Each sampling line was exactly identical between 

analyzers, and lines were cleaned by de-ionized water purge every 6 months. 

Each analyzer was calibrated every 25 h from an internal permeation source (controlled at 50 °C) 

releasing Hg0 vapor at a constant rate over 120 s into a charcoal-scrubbed 1 Lpm zero air flow. 

During ambient sampling, an automated standard Hg0 vapor addition was permeated into the 

instrument sample stream every 25 h following auto calibration from the internal permeation 

source. Automated Hg vapor additions were used to verify Hg vapor recovery efficiency in 

ambient air. The internal permeation sources were verified twice annually by a series of external 

Hg vapor injections from a primary Hg vapor source (Tekran® 2505 Calibration Unit) via manual 

syringe (25 µL, Hamilton®, Reno, NV). The external injections were performed at Hg vapor 
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masses of 80 pg (equivalent to a concentration of 16 ng m-3 in 5 L sample volume), 120 pg (24 

ng m-3), and 160 pg (32 ng m-3), bracketing the concentrations generated by the internal 

permeation sources during calibrations.  

During the study period, several major technical problems manifested between the two analytical 

units. On the 2537B, the internal Hg vapor permeation source temperature controller failed due 

to a degraded control board capacitor. BoM technical staff at CGBAPS were able to repair the 

control board on-site with minimal data loss. However, this repair required an adjustment of the 

internal permeation source rate. On the 2537X unit, a period of high baseline deviation and high 

variability in GEM concentrations was attributed to a bad electrical wiring harness on the UV 

source lamp. Unfortunately, this issue could not be immediately addressed, resulting in an 

extended period of unusable data. 

All data was processed in Microsoft Excel (version 16.22) and RStudio® (version 3.2.2). 

8.3 Results 

8.3.1 First year of operation 

Over the first year of operation at CGBAPS, the Tekran® 2537X measured a mean GEM 

concentration of 1.08 ± 0.07 ng m-3 (n = 73658 5 min values). Over the same time period, the 

2537B analyzer measured a mean concentration of 0.94 ± 0.09 ng m-3 (n = 86790). While the 

instruments tracked relative GEM fluctuations closely, the 2537X unit reported absolute GEM 

concentrations that were on average 12.8% higher than those measured by the 2537B (Fig. 8.1). 

This discrepancy is discussed in detail in the following section. 
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Figure 8.1 Ambient GEM concentrations (ng m-3) at CGBAPS in the interval June 2017 to June 2018, as measured 
by Tekran® 2537X (black points) and 2537B (light grey points), with respective overall mean concentrations 
labeled. 

 
8.3.2 Measurement discrepancies 

During the first 6 months of operation at CGBAPS (June 17 – November 28, 2017), the 2537X 

measured a mean 5 min GEM concentration of 1.09 ± 0.8 ng m-3 (n = 43315), while the 2537B 

unit measured a mean 5 min GEM concentration of 0.90 ± 0.09 ng m-3 (n = 44393). For this time 

period, the GEM concentration determined by the 2537X was on average 17.0% higher than the 

2537B unit. This level of inter-instrument variability was much greater than any inter-site 

variability observed in Southern Hemisphere atmospheric Hg monitoring sites (Slemr et al., 

2015). 

In November 2017, bi-annual service and maintenance was completed on both the 2537X and 

2537B units at CGBAPS. Initial as-found Hg vapor injections showed that the 2537X unit was 
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performing in-spec with recoveries of 101.5% (n = 2). However, as-found injections on the 

2537B unit resulted in Hg vapor recoveries 109.6% of expected (n = 6). A more thorough 

examination of the 2537B unit revealed that the permeation source temperature controller was 

intermittently failing and had likely been progressively degrading over the previous months. A 

capacitor electrolyte leak was diagnosed as the cause of the failed control board and was 

replaced on-site. Following repair of the permeation source temperature controller, the internal 

permeation rate was tested and adjusted based on a full series of manual verification injections. 

In the 6 months following maintenance and permeation rate adjustment on the 2537B, the 

difference between reported GEM concentrations narrowed to 8.6%, indicating that some of the 

discrepancy between instruments was due to the permeation source performance. However, the 

2537X still measured significantly higher ambient GEM concentrations (1.06 ± 0.08 ng m-3, n = 

30343) versus the 2537B (0.97 ± 0.09 ng m-3, n = 42963, Welch t-test, p < 0.000). This bias was 

not found to result from the individual sampling lines, as it was still present when both analyzers 

were plumbed into a single sample line. The performance of the two Tekran® analyzers was 

otherwise very good, as discussed in the following section. 
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8.3.3 Performance 

Hg0 vapor recovery efficiency on both Tekran® systems during routine automatic standard Hg 

additions in ambient air was, on average, within an acceptable ± 4% margin of error (Fig 8.2). 

The 2537X unit had a mean Hg vapor recovery of 101.8%, while the 2537B unit averaged 96.4% 

recovery before the permeation rate adjustment, to 103.5% recovery post-adjustment (Fig 8.2). 

The post-adjustment recovery efficiency on the 2537B was much closer to the 2537X 

performance and explains the narrowed measurement bias between the two instruments. The 

measurement precision of the 2537X was much better than that for the 2537B, with a mean 

difference between 5 min measurement values of 0.03% versus 0.3%, respectively (Fig. 8.3). 

Precision of the standard Hg vapor additions was also slightly better on the 2537X (± 1.1% 

recovery efficiency) versus the 2537B (± 1.3%). 

Permeation rate verifications for both analyzers indicated that the internal permeation sources 

were operating within ± 2% of their expected rate, based on a calibration curve constructed from 

external Hg vapor injections (Fig 8.4). The 2537X internal permeation generated a span 

concentration of 26.424 ng m-3 (equivalent to a span area of 3539243), and the 2537B generated 

a span concentration of 22.584 ng m-3 (span area of 442913). Both of these calibration span areas 

were within the 95% confidence around the external calibration curve. Further, the 2537X 

internal calibration span area was only 0.5% different from the expected span area based on the 

external calibration injections (Fig 8.4a) and the 2537B was 1.8% different (Fig 8.4b). 
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Figure 8.2 Recovery efficiency (%) of standard Hg vapor additions in ambient air on Tekran® 2537X (black points) 
and 2537B (grey and green points). Grey points represent injection recoveries prior to maintenance and internal 
permeation source rate adjustment, and green points represent post-adjustment recoveries. Overall mean injection 
recoveries are represented by color-coded dashed lines and respective labels. 
 
 

 
Figure 8.3 Relative difference between trap A and trap B on the Tekran® 2537 X/B analyzers during ambient air 
measurements. 
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Figure 8.4 Permeation source rate verifications for Tekran® analyzers: a) 2537X and b) 2537B. Grey points 
indicate the analytical peak areas measured from individual manual injections, diamonds with error bars indicate 
average peak area ± standard deviation for each mass of Hg injected, grey line is regression curve with surrounding 
95% confidence interval, and red diamond with error bar is average analytical peak area reported by the analyzer 
during internal calibrations. 
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8.4 Conclusions 

The concentration of ambient atmospheric GEM measured at CGBAPS over one year using a 

Tekran® 2537X unit was systematically higher compared to the concentration measured by a co-

located 2537B unit. Part of the measurement bias was attributable to a failing permeation source 

temperature controller on the 2537B unit, and the discrepancy between analyzers narrowed after 

repairing this controller. However, following repair and adjustment of the 2537B, an average 

measurement bias of 8.6% still persisted. Extensive maintenance and verification checks in the 

6-month period following adjustment lead us to conclude that both analyzers were performing 

optimally during this time (excepting an interval of excluded data from the 2537X due to a 

failing UV source lamp). In short, if each analyzer were evaluated alone it would be considered 

perfectly optimal. 

As older Tekran® 2537 A/B units are increasingly obsolescent and technical support will become 

increasingly limited, ambient air Hg monitoring will be shifting to the newer 2537X analyzer in 

the near-term. The systematic high measurement bias observed for the 2537X at CGBAPS 

results in a discrepancy that is larger than any inter-site variability observed for GEM monitoring 

locations throughout the Southern Hemisphere. Such a bias, if also present in other 2537X 

analyzers, has important implications for atmospheric Hg monitoring globally. 
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CHAPTER 9: 

Concluding Remarks 

As the major part of this dissertation, reactive mercury (RM) air-surface exchange was measured 

directly for the first time using a novel system based around a traditional dynamic flux chamber 

method. Test materials with high total Hg concentrations such as mine waste tailings showed 

sometimes high RM emissions up to 40000 pg m-2 h-1, while RM deposition was measured over 

low Hg concentration capping substrates. Material wetness noticeably affected RM flux, 

generally leading to an attenuation of flux from wet material versus the equivalent dry material. 

In contrast, GEM flux from wet materials were almost universally higher from wet materials, as 

has been previously observed. Investigation of potential methods for reducing fugitive Hg 

evasion from non-point sources typical of large industrial gold mines revealed that the most 

common reclamation technique, i.e. capping and revegetating, can reduce Hg emissions 

anywhere from 50 to almost 100%.  

All flux measurements were carried out in an artificially controlled laboratory space, from 

materials with above average total Hg concentrations. Additionally, all measurements were over 

a minimum of 24 hours, which provides for a net diel air-surface exchange of RM but was too 

coarse to explore the factors controlling RM flux with much detail. Hence, our flux 

measurements are not necessarily representative of natural in-situ conditions, and the method as 

it currently stands may not be suitable for background substrate measurements. However, our 

primary goal was to determine the feasibility of using the CEM material to detect RM flux, and 

in this goal we were successful. 
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The RM flux system could benefit from future improvements that may enable lower detection 

limits and higher sampling resolution. Adopting a hemi-cylindrical dynamic flux chamber (DFC) 

with a larger footprint area and chamber flow oriented parallel to the substrate surface would 

enable higher flow rates while preserving laminar flow and minimizing surface impacts. Higher 

flow rates provide larger sample volumes in a shorter time. We have also envisioned 

constructing the DFC of Pyrex glass with thin molded-in silver wire heating filaments, to allow 

chamber heating while preserving transparency. A heated chamber would promote RM mobility 

and reduce the possibility of RM deposition to the chamber walls. 

Currently, the CEM material is not specifically produced for Hg analysis of any kind and is 

limited by manufacturer specifications to a pore size of 0.8 µm. In this study, as in all previous 

studies using the CEM filters, the material has essentially been used as-is from the manufacturer 

for lack of better alternatives. The material is not always readily available, and the method has 

potentially suffered as a result of sudden production and supply changes over the years. We 

suggest that the CEM filter method in general would benefit from improved manufacturing 

specificity. For instance, we would like to explore the possibility of purpose-coating 

polyethersulfone onto fine stainless-steel mesh of customizable pore size. If this could be done 

simply, affordably, and reproducibly in a laboratory setting from stock materials, it would 

provide the kind of precise discretion over collection-material parameters that is needed for 

developing a truly robust RM sampling system. At a pore size of 0.1 µm we could more 

confidently assess total RM concentrations with the inclusion of particulate Hg down to ultra-

fine diameters. In addition, by controlling the CEM pore size, we could potentially differentiate 

gas and particulate phase RM compounds. For example, a multistage filter pack in a cascading 

configuration of progressively smaller pore sizes might enable a distinction between coarse and 
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fine particulate Hg. At the very least, such a configuration would enable a more refined analysis 

of the mechanisms controlling RM breakthrough. 

As in previous studies, observations of RM breakthrough across all measurements in this study 

were highly variable and ranged from 0% (in both laboratory and ambient air) up to roughly 40% 

(ambient air). RM breakthrough averaged 4-5% during 24 h flux measurements over dry 

surfaces, but up to 15% over wet surfaces. For the 2-week ambient air deployments in Australia, 

RM breakthrough averaged ~18% at MQAWS, 21% at CGBAPS, and 19% on the RVI voyage 

deployments. 

One variable that possibly accounts for the observed breakthrough rates is water vapor. Ambient 

relative humidity (RH) in the UNR greenhouse flux measurements averaged between 23% 

(summer) to 32% (winter), and overall median RM breakthrough was low at 4 to 6%. In contrast, 

median RM breakthrough was around 20% for the ambient field sites, where RH averaged 

around 85% (range 20 to 100%) at MQAWS, and 78% (40 to 100%) at CGBAPS. While there 

was not necessarily a direct linear relationship between RH and breakthrough over the 2-week 

sample resolution, there was a clear tendency for higher average rates of breakthrough at higher 

humidity levels.  

However, laboratory tests on CEM filters loaded with high concentrations of HgBr2 and exposed 

to RH levels of up 80%, in otherwise clean air, showed less than 0.5% breakthrough. These 

results suggest that pure water vapor by itself does not cause breakthrough, but in ambient air 

water vapor may be acting synergistically with other gases or aerosols to displace RM molecules. 

It may be possible that breakthrough is caused by sheer physical impact of particulates or large 

molecules on the primary filter surface, displacing RM which is subsequently sorbed by the 

secondary downstream filter. We posit that the breakthrough mechanism is unlikely to involve 
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reduction of captured RM to GEM, as GEM would pass through the secondary filter undetected. 

We were also unable to detect GEM downstream of the filters on a Tekran® 2537 analyzer 

during HgBr2 permeations at high RH, confirming that water vapor was not leading to RM 

reduction on the filter surface. Work is ongoing to determine the exact mechanism of RM 

breakthrough. 

Whatever the ultimate cause of RM breakthrough, the 2-stage filter deployment minimizes any 

impact on total RM measurement. As a hypothetical point, if the first filter misses 20% of total 

RM in a sample volume, then presumably the second filter could miss 20% of the remainder. 

This means that together two filters would still capture 96% of total RM, and even at the worst 

case 40% breakthrough, the 2-stage system would capture 84% of total RM. However, if 

physical impact is indeed the leading cause of breakthrough, then the first filter should attenuate 

this effect and we expect that the secondary filter is likely capturing the majority of breakthrough 

RM without additional loss. This conclusion is supported by observations of Mason et al. (2001), 

who found that the deployment of a third in-line ion exchange filter was not statistically different 

from their blank filter values. Given these facts, we feel that the 2-stage CEM filter deployment 

as currently used in the ambient air sampling capacity provides a reasonable measurement of 

total atmospheric RM that is at least as accurate as any other existing method, and possibly more 

so in certain conditions. 

Using the CEM filter method, ambient atmospheric reactive mercury (RM) concentrations were 

successfully measured at locations in Australia and the Southern Hemisphere (SH) over a study 

period of 18 months. Averaging roughly 16 to 18 pg m-3, ambient RM concentrations at the Cape 

Grim Baseline Air Pollution Station (CGBAPS) and the Macquarie University Automatic 

Weather Station (MQAWS) were higher than reported for other studies in the SH, though the 
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amount of data available for comparison is very limited. All previous RM data from the SH has 

been acquired using the Tekran® 2537/1130/1135 Hg Speciation System, which likely has a low 

measurement bias due to interferences from water vapor and ozone. Atmospheric Hg 

measurements made on the Australian Research Vessel Investigator (RVI) off the East Antarctic 

coast revealed periods of GEM enhancement/depletion, and relatively high RM concentrations 

compared to sample periods along the transit legs of the voyage at lower latitudes. 

Concomitantly with the filter-based RM measurements, high time resolution GEM 

concentrations were measured using the standard Tekran® 2537 A/B/X Automated Ambient Air 

Analyzer platform. At MQAWS and on RVI, 2537A analyzers were deployed. At CGBAPS, and 

2537B analyzer provided all GEM data used for the study period. Mean GEM concentrations 

were 0.65 ± 0.24 ng m-3 at MQAWS, 0.90 ± 0.35 ng m-3 at CGBAPS, and 0.53 ± 0.10 ng m-3 on 

the RVI voyage, indicating some latitudinal variation in GEM concentrations. More recently, a 

newer 2537X unit was co-located with the existing CGBAPS 2537B for one year (June 2017 to 

June 2018). The GEM concentration measured by the 2537X analyzer was on average 8.6% 

higher than the 2537B measurement (1.09 vs 0.94 ng m-3, respectively). This systematic high 

measurement bias has important implications for ambient atmospheric Hg monitoring. The 

Tekran® 2537 analytical platform is the primary instrument used at the majority of Hg 

monitoring sites around the world, and all such sites will need to upgrade to the newer 2537X 

units as the A/B series becomes increasingly obsolescent. 

During the later stages of measurement at MQAWS, a full Tekran® Hg Speciation System was 

installed at the site and operated in tandem with the filter-based RM measurements there. The 

results from this inter-comparison are currently in preparation by Cook et al. (in preparation), 

and regrettably could not be presented as part of this dissertation. However, initial analysis 
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suggests that the total RM concentrations measured by the both the Tekran® and filter-based 

systems were comparable. This is in contrast to previous studies reporting up to 3x higher RM 

collected by the CEM material versus the denuder/RPF combination on the Tekran (Huang et al., 

2013). 

Measurement of atmospheric RM at CGBAPS is currently ongoing, and the filter-based system 

there has been further refined. In November 2018, we installed a critical flow orifice (CFO) 

system to provide innate sample flow control at a constant rate (1.0 Lpm), eliminating the need 

for manual adjustment by site personnel. The CFO system was also migrated onto the station 

vacuum manifold, where the necessary pressure differential could be maintained without reliance 

on individual diaphragm pumps. We expect that the re-designed CFO system will provide more 

consistent flow rates and hence sample volumes across each set of CEM filters, and we hope to 

produce a before/after comparison of RM measurement precision using data from the new 

system. 
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APPENDICES 
 
Appendix A. Standard operating procedure for filter membrane analysis on the 
Tekran® 2600-IVS system 

 

Written July 30, 2015 by Matthieu B. Miller and edited by Ashley M. Pierce 

Last revised January 10, 2018  
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STANDARD OPERATING PROCEDURE FOR FILTER MEMBRANE ANALYSIS ON 

THE TEKRAN 2600-IVS SYSTEM 

Revised 01/10/2018 Matthieu Miller 

 

• This SOP is a guideline meant to facilitate routine operation of the Tekran® 2600-IVS System. It 

is not a substitute for adequate training, thorough familiarity with instrument manuals, and a 
discriminating scientific mindset. The operator must be capable of recognizing and responding to 
unexpected errors or changes in system performance. 
 

• This procedure is used to analyze samples that may have been collected at a substantial cost in 

time and resources. It must be done with care and precision or sample data may be irretrievably 
lost. Always ensure that you have an adequate amount of time, material, and mental acuity for 
sample prep, and for sample analysis the next day.  

 
1. Summary of Method & Theory of Operation 

The standard operating procedure for measurement of mercury (Hg) in aqueous samples (EPA 
Method 1631, Revision E, Mercury in Water by Oxidation, Purge and Trap, and Cold Vapor Atomic 
Fluorescence Spectrometry) is here modified to provide a standardized method for quantifying 

atmospheric Hg captured on filter media, including cation exchange membrane (CEM) and nylon 
filters. Analysis of filter media for total Hg is accomplished by digesting the filters in an aqueous 
solution to insure complete oxidation of all Hg compounds to the soluble Hg2+ form. The digestion is 
followed by reduction of all Hg with stannous chloride (SnCl2) to the volatile elemental (Hg0) form, 
purging of Hg0 out of the samples in an argon gas flow and onto gold traps, thermal desorption from 
the traps, and finally detection of total Hg by cold-vapor atomic fluorescence spectrometry (CVAFS). 
 
The CVAFS method for detection and quantification of trace levels of Hg is an extremely sensitive 

analytical technique that requires precise attention to detail at all stages of sample collection, 
preparation, and analysis.  The principle of detection, Atomic Fluorescence, is based on the innate 
physical property of Hg atoms to become excited under exposure to Ultra Violet (UV) light at 253.7 
nm wavelength in which the atoms emit (or fluoresce) photons of light. The Tekran® 2600 exploits 
this principle by inducing Hg fluorescence with a UV light source and then electronically “counting” 
the fluoresced photons with a Photo Multiplier Tube (PMT) detector. 
 

Atomic fluorescence is not an absolute quantification method (i.e. individual atoms of Hg are not 
being counted). The amount of Hg measured in a sample is calculated from a voltage signal generated 
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as fluoresced photons impact the PMT. The measured voltage is relative to the amount of Hg in the 
sample, but the voltage signal also depends on the intensity of the UV lamp (i.e. higher UV intensity 
causes more fluorescence from a given amount of Hg) and the sensitivity of the PMT (i.e. lower 
sensitivity equals a lower voltage signal for a given amount of Hg). Both of these parameters can vary 

slightly over time. For this reason, the Tekran® 2600 must be calibrated with known Hg standards 
before every analysis. Each calibration standard provides a reference point that relates a given 
quantity of Hg to a particular voltage signal. Fluorescence is directly proportional to the quantity of 
Hg, so a linear calibration curve is produced from which the amount of Hg in any sample can be 
calculated.  

 
2. Safety Issues Specific to Method 
2.1. Mercury Compounds – Only highly trained personnel thoroughly familiar with laboratory procedures 

should handle pure standards of Hg. Know where Hg spill kits are located and handle all high Hg 
concentration standards (elemental Hg standards or liquid standards >10 ng/mL) in a fume hood 
designated for high Hg use. Mercury exposure may cause kidney damage, muscle tremors, spasms, 
personality changes, depression, irritability, and nervousness. 

 
2.2. Strong Acids – When handling concentrated acids (including BrCl solution), always wear gloves, a 

lab coat, and safety glasses. Long hair should be pulled back and out of the way.  

 
2.3. BrCl solution – Bromine monochloride solution is very corrosive and the fumes that are off gassed in 

its making are toxic. Make or use this reagent in a fume hood (not in a laminar clean hood). Always 
wear gloves, lab coat and safety glasses, and handle reagent carefully. 

 
2.4. Personal hygiene – Hands and forearms should be washed thoroughly after analysis is complete and 

before breaks, particularly when eating is involved. Observe posted signs and eat and drink only in 
designated areas. 
 

3. Instrument Working Range and Detection Limits 
This method is for determination of Hg in the range of 0.5 to 100 ng/L (Note: 1 ng/L is equal to 1ppt 
in aqueous samples). Application may be extended to higher concentrations (100 to 1000 ng/L) by 

dilution of the sample.  
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4. Sample Collection, Preservation, and Holding Times 
The low detection limit of this method depends on the stringent cleaning of equipment and storage 
containers and careful sample collection. Clean gloves should be replaced if contamination is 
suspected at any point during handling. Always use clean plastic bags and gloves when handling 

samples or sampling apparatus. Filter membranes are deployed and collected using the techniques 
outlined in their respective SOP. In general, filter membranes are collected into new 50 mL 

polypropylene Falcon tubes, double-bagged, and frozen at -22 °C until analysis.  

 
5. Comments 
5.1. Contamination: One of the greatest challenges for determination of trace amounts of Hg is 

prevention of contamination during collection, transport, and analysis. Great care to avoid 
contamination must be exercised by those collecting and preparing samples for analysis. 

Contamination may occur when a sample containing a low concentration of Hg is processed 
immediately after a sample containing a relatively high concentration of Hg. Other potential sources 
of contamination include metallic labware, containers, equipment, reagents, and reagent water. 
Atmospheric inputs may contaminate improperly stored samples, equipment, labware, and reagents. 
In addition, laboratory personnel with Hg amalgam fillings from dental work can potentially 
contaminate samples by exposing them to exhalation. Reagents and samples should be exposed to 
possible sources of airborne contamination as little as possible. To avoid exposure to contamination, 

handle and prepare samples in areas known to be free from contamination, be aware of potential 
sources of contamination, and pay strict attention to work being done. It is imperative that every 
piece of labware that is directly or indirectly used in the collection, processing, and analysis of 
samples be thoroughly clean (in most instances rigorously acid cleaned). Before processing a batch 
of samples, clean all surfaces and place clean Kim-wipes in areas where analysis will take place. 
Wear gloves during the handling of apparatus, samples, and blanks, and change gloves if you suspect 
they have become contaminated. 

 
5.2. Interferences: Filters deployed in especially dirty sample air conditions may contain compounds with 

a potential to interfere with sample digestion or Hg recovery, such as iodide or carbon dust. 
 

5.3. Destruction of Gold Traps: If free halogens are purged onto gold traps or if gold traps are overheated 
(>500°C), they may be destroyed. Solutions with more than 20% acid concentration should not be 
analyzed. In addition, water vapor, acid fumes, and other volatile organic compounds may collect in 
the gold traps and be released into the fluorescence cell upon desorption. A clean soda lime trap is 

placed upstream of the gold traps to help remove these compounds from the sample flow.  
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6. General Preparation Prior to Analysis 
6.1. Acid cleaned glassware (volumetric flasks, graduated cylinders, reagent containers): Cleaning 

consists of a thorough washing with Micro90 (chelating) soap to remove visible residue, followed by 
rinsing three times with distilled water, and one rinse with acetone. Rinse three more times with 

ultrapure water, soak in 5% HNO3 bath overnight, rinse three more times (collecting and neutralizing 
first rinse) with ultrapure water, and clean with 50:50 HNO3:H2O on hot plate (~90°C) for two days. 
Remove 50:50 HNO3:H2O acid and rinse three times (collecting and neutralizing first rinse) with 
ultrapure water. Acid cleaned glassware is stored in the clean hood or double-bagged in designated 
drawers for clean glassware. Volumetric flasks are filled with 1% trace grade HCl during storage. 

 
I-Chem vials are cleaned thoroughly with Micro90 soap, followed by rinsing three times with 
ultrapure water, acetoned to remove labels, and rinsed three more times. The glass jars are soaked for 

at least 48hr in a 10% HNO3 bath. The lids are soaked at least 24hr in a 5% HNO3 bath. Remove the 
jars and lids from the acid, and rinse three times (collecting and neutralizing first rinse) with 
ultrapure water. Dry glassware in the clean hood, and once the lids are fully dry, the jars and lids are 
re-assembled, double-bagged and stored in assigned area. 

 
6.2. The following Check List may be used to verify that you have what you need for analysis: 

• A sufficient amount of clean 40 mL sample vials w/ septa 

• Argon gas to 2600 system (should read more than 500 psi) 

• A sufficient amount of optima HCl to make BrCl 

• BrCl, NH2OH, and SnCl2 reagents 

• A sufficient amount of glass wool and soda lime to make a fresh trap. 

• Gloves, Kim-wipes, syringes, timers, pipettes, pipette tips, etc. 

 
 

7. Instrumentation/Equipment and Consumables 
7.1. Tekran® Model 2600-IVS mercury analyzer – This instrument consists of a cold vapor atomic 

fluorescence spectrometry (CVAFS) Hg detection system, with dual stage gold pre-concentration 
(Figure 1). The 2600-IVS instrument is used in conjunction with Tekran Mercury Data System 2.6 
software. For information on replacement parts or troubleshooting, contact Tekran® Instruments 
Corporation (416-449-3084, www.tekran.com, support@tekran.com). 
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Figure 1. Tekran® 2600-IVS system. The gold traps and soda lime trap are located under the top lid of the 
instrument. 
 

7.2. Tekran® Model 2621 Auto Sample Changer – This machine allows the 2600 system to automatically 
draw from successive samples, blanks, and standards. 

 
7.3. Gold Traps – The instrument contains two gold traps. The first trap is at position A of the pre-

concentrator, where it bears the brunt of residual halogen and acid vapors from the sample solutions. 
For this reason, it is composed of gold coated silica sand (Tekran® P/N 35-26510-00), which is 
relatively inexpensive to replace if the trap is degraded, and should be replaced annually as a matter 

of course. The second trap, located in position B, contains pure gold (Tekran® P/N35-26500-00), has 
a much longer lifespan, and is much more expensive to replace. 

 
7.4. Soda Lime Trap – The soda lime should be changed weekly, and always following an extended 

period of no use. The trap is assembled by placing a glass wool (Supelco P/N 2-0411) plug at one 
end of the glass tube, located on the pre-concentrator (Figure 1), then filling the body of the tube 
with soda lime (Fisher P/N AA3659636) followed by another glass wool plug at the other threaded 
end. The glass tube should be cleaned periodically by scrubbing with microsoap and nanopure water. 

 
7.5. Sample Vials – The automated sampler requires all samples to be in 40 mL I-Chem septa-top glass 

vials (Fisher P/N 05-719-119).  
  
7.6. Teflon bottles – FEP bottles (Nalgene) of various sizes, typically 500 or 1000 mL size are used 

depending on the types of analyses that will be performed. 
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7.7. Filter Media Tubes – Filters are collected, stored and digested in 50 mL polypropylene Falcon 

tubes. A portion of the digested sample in these jars is transferred into the 40 mL sample vials prior 
to analysis.  

 
7.8. Other laboratory equipment: top-loading balance, laminar clean hood, fume hood, gas regulators, 

100 mL graduated cylinders, 100 mL volumetric flasks, Erlenmeyer flasks with stoppers. 

 
8. Reagents and Standards 
8.1. UHP Argon:  

The argon tank should be changed when gas pressure reads at or below 500 psi. Activation of the 
argon gas flows are regulated automatically by the 2600 system.  

 
8.2. Calibration Standards: 

Liquid calibration standards are prepared for each individual run of the 2600 system. The calibration 

standards are prepared from working Hg solutions. The working Hg standard (10 ng/mL) is prepared 
by successive dilutions of a NIST certified 1 mg/mL Hg standard (1000 ppm). The dilutions of the 
stock standard are made in 100 mL volumetric flasks with 10% nitric acid as shown in Table 1. Check 
pipettes for accuracy and use only pipettes designated for pipetting Hg standards. Invert containers of 
stock Hg standard solutions several times to assure mixture is homogeneous. 

• First, tare a 100 mL volumetric flask, and add ultrapure water to the appropriate mass. 

• Add 10 mL of 10% nitric acid to the flask using a 10 mL pipette. 

• Add the appropriate amount of Hg standard solution using a designated Hg pipette.  

 

 
Table 1. Preparing Hg working solutions from a stock Hg standard. The far left column indicates 
the solutions to be prepared, with the three right displaying the amount of each component to add. 
Stock A solution = 1 mg/mL Hg standard (1000 ppm). 

Nanopure Water Hg Standard 10% Nitric Acid
(mL) (mL) (mL)

Stock B  (10,000 
ng/ml)

89.0 1.0 of Stock A 10

Working Standard 
(10 ng/ml)

89.9 0.1 of Stock B 10

Working Solution    
(1.0 ng/ml)

80.0 10 of Working Std. 10

Working Solution    
(0.1 ng/ml)

89.0 1 of Working Std. 10

Hg Concentration 
(ng/mL)     



 230 

 
8.2.1. The working 10 ng/mL standard is used to prepare working solutions at 1.0 and 0.1 ng/mL. 

Calibration standards for the 2600 are made by diluting the working solutions in nanopure 
water. The typical calibration range is 0 - 100 ng/L, at concentrations of 1.0, 5.0, 10.0, 25.0, 
and 100.0 ng/L.  Calibration standards can be made in any concentration and any quantity 

necessary for the anticipated sample analysis, although concentrations above 200 ng/L are 
not recommended (samples anticipated to be in this range should be diluted).  Calibration 
standards must be prepared to exact volumes. As an example, the reagent proportions 
required for 25 mL of standards at 2% BrCl concentration is shown in Table 2.  
  

 
Table 2. Preparation guide for a typical set of calibration standards. The far left column 
indicates the standards to be prepared, with the five right columns displaying the amount of each 
component to add.  
 
 
The calibration standards must be prepared in 40 mL I-Chem vials, weighing out the 
appropriate mass of ultrapure water on a laboratory scale, and then pipetting the appropriate 

volume of reagents and Hg solution into the vial. An aliquot of the Hg working solutions 
should be transferred to small (and clean!) working containers to facilitate pipetting, which 
is accomplished with the 1000 µL pipette labeled for Hg use.  Pipette tips should be 
changed between preparation of each standard, and care should be exercised to prevent the 
pipette or pipette tip from touching anything. The working solution should be pipetted 
directly into the water and not onto the side of the vial.  
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8.2.2. Calibration blanks should be prepared with the same BrCl that was used to prepare the 
standards. This can be done by making a 2% BrCl solution in a Teflon bottle, using 
ultrapure water (500 mL bottle, 487.5 mL DIW, 10 mL BrCl, 2.5 mL HH). 

 
8.2.3. Additional calibration standards should be prepared to serve as IPR (Initial Precision and 

Recovery) and OPR (Ongoing Precision and Recovery) standards. A standard concentration 
of 5.0 or 10.0 ng/L is recommended. Enough additional vials should be prepared for one 
IPR and as many OPRs as needed to bracket every 10-12 samples. 

 
8.3. Bromine monochloride (BrCl) solution – BrCl is prepared via an optima HCl solution with 1.8% 

potassium bromide (KBr) and 1.2% potassium bromate (KBrO3). As an example, to make 300 mL of 
BrCl, start by adding 150 mL of optima HCl to a clean 500 mL Erlenmeyer flask with clean Teflon 
stir bar. While the solution is gently mixing, add 5.4g of KBr, followed by an additional 150 mL of 

optima HCl. Mix for 1 hour in the clean fume hood (keep solution stoppered to prevent 
contamination). Next, slowly add 3.6g of KBrO3 to the solution while stirring. Caution: this step 
releases copious amounts of chlorine and bromine gas, which are toxic if inhaled. The solution 
should be a red-orange color. After fumes have dissipated, stopper the flask to prevent contamination 
and allow the solution to stir for 15min to 1 hour. A precipitate will form with time, and it is best to 
use the finished BrCl within 2 hours. Make sure that the tools for making and storing the BrCl 
solution are completely free of Hg (it is recommended that even acid cleaned flasks be rinsed several 

times with ultrapure water before using). Do not discard (even after neutralizing) more than ~5 mL 
of BrCl solution down the drain. Contaminated BrCl solution, which will not be used in analysis, 
should be submitted as hazardous waste for pick up. 
 

8.4. 1% Optima HCl solution – Fill a clean 2 L Teflon bottle half full with ultrapure water and in the 
acid hood (Hood #2), add 20 mL of concentrated trace-grade Optima HCl. Then fill the container to 
2 L volume with ultrapure water. 

 
8.5. Stannous chloride (SnCl2) solution –Using tin (II) chloride dihydrate crystals (Fisher #T142-500 or 

equiv.), Optima HCl, and ultrapure water, make a solution that is 20% stannous chloride and 10% 

HCl. The stannous chloride solution must be purged with a slow flow (~ 20 mL/min) of argon or 
nitrogen in order to remove any free Hg0.  

1) Weigh out 20 g of SnCl2 crystals and add 10 mL of concentrated HCl. Mix well. 
2) Make up volume to 100 mL using reagent grade DI water. 
3) Purge overnight with mercury free nitrogen or argon.  
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8.6. Hydroxylamine (NH2OH) solution – Use the small, acid cleaned bubbler designated for making 
hydroxylamine solutions. Rinse the apparatus and a Teflon stir bar several times with ultrapure 
water. Add ~100 mL of ultrapure water to the flask and while the solution is stirring, add 60 g of 
hydroxyl-amine hydrochloride (NH2OH·HCl) (Fisher #H330-500) and bring the solution to 200 mL 

volume (as marked on the side of the flask) with ultrapure water. Add 0.1 mL of SnCl2 solution and 
purge hydroxylamine solution with argon gas overnight. Transfer the solution to a clean container to 
prevent contamination, and rinse the bubbler apparatus with ultrapure water and place in the clean 
hood to dry. NH2OH solution may be stored at room temperature in the laminar clean hood. Pour out 
a smaller aliquot into a Teflon vial to use as a working solution. 

 
8.7. Ultrapure water – deionized water purified with the Millipore system with a minimum of 18.2 MΩ 

resistivity. 

 
9. Sample Preparation 

NOTE: Before you start preparation, determine how many samples you have and calculate how much 
of all the reagents you will need to run the samples. This is important to ensure that there is enough 
of everything available before you start and that chemicals are not wasted. 

 
9.1. Have calibration standards and cal blanks prepared as above.  

 
9.2. For filter media, remove Falcon tubes containing filter media from the freezer and add 50 mL of 1% 

Optima HCl to each tube. Add 3 mL of BrCl to each 50 mL Falcon tube (total volume 53 mL). Recap 
tubes and shake each for 10 seconds. Note: this concentration of BrCl has been empirically 
determined as the most effective concentration for filter digestion. 

 
9.3. After the BrCl solution has been added, samples must digest for a minimum of 12 hours. Make sure 

lids are tightly sealed on all vials and tubes. It is important to analyze samples soon after digestion (no 
more than 1-2 days maximum) because once BrCl has been added, Hg concentrations can increase 
with time due to atmospheric contamination. 

 
9.4. SnCl2 should be prepared the day before analysis and purged overnight (section 8.5). 
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10. Analysis of Samples 
10.1. Instrument Set-up: The 2600 should have been turned on the day before to provide the argon gas 

flow for purging the SnCl2 solution.  In addition, this allows the instrument to warm up and 
stabilize overnight.   

10.1.1 The UV lamp is dependent on a constant temperature and steady voltage to insure a stable 
output intensity.  The Lamp Indicator LED on the front panel of the 2600 will illuminate 
red if the lamp voltage is not in spec. This indicates that the lamp needs to be adjusted or 
possibly replaced.  The lamp voltage offset, shown on the right side LED readout screen on 
the 2600 front panel, should be set to approximately 0.100 Volts.  This offset voltage must 
be adjusted back to 0.100 whenever the lamp is adjusted or changed.  If the offset voltage 
is varying radically, or if it has changed dramatically from 0.100 Volts, the operator 
should take notice and diagnose the cause. 

10.1.2 During instrument preparation on the day of analysis, a new soda lime trap should be 
assembled and dried. The drying is accomplished using the 2600 purge flow controller and 
the free 1/8” Teflon tubing on the left side of the instrument. The soda lime should be dried 
for 15 minutes prior to analysis. 

10.1.3 Argon gas pressure is supplied continuously to the 2600 at the rear panel input bulkheads, 
and argon flow is controlled automatically via internal valves. When the instrument is 
powered down, there is no argon flow through the system. When the instrument is on, 

argon is routed through the detector path and to a valve controlling sparge flow. When a 
sample is initiated, this valve opens and argon flows through the sparge path. At this time 
the operator should insure that the sparge flow gauge on the front of the 2600 is at 250 
mL/min, and adjust if necessary. 

 
10.2 Tekran MDS Software Setup: 

10.2.1 Open software: Double click the “TekMDS 2.6” icon on the computer’s desktop. The 
auto-sampler should automatically initialize once the program has opened. Ensure that 

this has happened by executing a command (i.e. A/S Up or A/S Down) from the drop-
down menu titled “Auto Sampler” in the left-hand column of the display.  Next, select 
“new worksheet” from the top ribbon of the screen. Enter a description of what is being 
analyzed and the operator’s initials.  

10.2.2 Starting a worksheet: Every new worksheet will begin with a clean cycle, to remove build 
up in the gold traps. Two clean samples are recommended. Following the clean cycle, the 
operator must enter the type of sample that is to be analyzed (i.e. calblank, standard, etc.), 

and the location of that sample. To start the worksheet, click “Run Worksheet,” select 
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EPA1631, then, in the drop down windows labeled Clean ETF and Sample ETF, select 
“cleandry” and “invial” respectively, and click “Run”. 

 
10.3 Calibration: 

Before samples can be analyzed, a calibration curve must be created. The purpose of the calibration 
curve is to provide the Tekran software reference values for known amounts of Hg, including a zero 
or “blank” Hg value. At least seven calibration blanks should be run, followed by at least five 

standards of known Hg concentration.  
10.3.1 Add 0.5% NH2OH to the blank bottle and standard vials (e.g. 0.125 mL NH2OH to the 25 

mL standard vials), and let the solution react for at least 10 minutes with the caps removed.  
10.3.2 For calblanks, fill seven 40 mL vials with 24.75 mL of blank solution, and then add 0.250 

mL of SnCl2 (total volume = 25 mL), capping immediately. Wait 10 more minutes for the 
SnCl2 to react. Place the calblank vials in positions A1 through A7 on the auto-sampler 
tray.  

10.3.3 On the worksheet, highlight seven cells in the SampleID column, right click, and select 
CalBlank. Next, highlight the seven adjacent cells in the Location column, and click the 
ellipsis icon in the top cell. This will open a window displaying all locations in the auto-
sampler tray. Highlight the location of the blanks (A1 – A7) and click “OK.”  
NOTE: Seven calblanks is a recommendation, run as many as necessary for the values of at 
least four calblanks to stabilize. If the calblanks continue to drift it will affect your 
measurements and OPRs later in the run. 

10.3.4 Following the calblanks, run the set of Hg standards (0.5, 1.0, 5.0, 10.0, 25.0, and 100.0 

ng/L). SnCl2 should be added to the standard vials at the same time as the calblanks, also at 
0.250 mL per vial. This brings the total volume in the standard vials to exactly 25 mL. The 
7 calblanks will have taken about 30 minutes to run, and this will be sufficient time for the 
SnCl2 to reduce the Hg in the standard solutions.  

10.3.5 Enter the standards on the worksheet in the SampleID column as type Std followed by the 
concentration of the standard (i.e. Std1.0, Std5.0, etc.). 

10.3.6 Before samples can be analyzed, the calibration curve must have an R2 value of at least 

0.9975, and a CF RSD% value less than 21.0. These values can be found at the top of each 
worksheet, and will be updated automatically. A minimum of 4 standard values must be 
represented on the curve, as well as a minimum of 4 calibration blanks. To view the 
calibration curve click the curve icon in the top-right portion of the worksheet; in the 
calibration curve window, the values for the blanks and standards which have been run can 
be added to or removed from the curve. Additional standards can be analyzed throughout 
the run, as long as an initial calibration curve is present before analysis of samples.  
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10.3.7 Also before samples can be analyzed, the calibration curve must be checked for accuracy. 
This is done by analyzing the IPR (Initial Precision & Recovery) standard, which will have 
been prepared in the same manner as the calibration standards. Type IPR and the 
concentration (i.e. IPR5.0) in the SampleID column, and select the location of the vial on 

the worksheet. The software will calculate the percent recovery and display it in the Rec% 
column. The IPR standard must pass within 5% of the expected concentration. In other 
words, the Rec% column must show a percent recovery value between 95.0 and 105.0 in 
order to continue analyzing samples. Multiple IPR standards may be run to obtain a passing 
value, but if a passing value cannot be achieved, the system must be recalibrated. 

 

 
Figure 2. An example worksheet, showing the potential order of calibration blanks, calibration standards, samples, 
and OPR standards. 
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10.4 Analyzing samples 
10.4.1 After running a set of calibration blanks, standards, and a passing IPR standard, samples 

can be analyzed. Samples should receive NH2OH to an equivalent of approximately 0.5% 
of the total sample volume (e.g. in the 50 mL Falcon tubes with 3 mL BrCl, add 0.250 mL 

NH2OH), and the solution should react for at least 5 minutes before analysis. Add slightly 
more NH2OH if the yellow color is not neutralized to clear.   

10.4.2 A 24.75 mL aliquot of each sample must be transferred to a 40 mL I-Chem vial for 
analysis. Vials should be numbered to match a corresponding number on the sample tubes 
for identification. The sample solutions should be transferred to the vials using a 10 ml 
pipette (3 pips at 8.25 mL), using a new pipette tip for each sample.  

10.4.3 Once the sample solutions have been added to the vials, add 0.250 mL of SnCl2 to each vial 
and cap quickly and tightly. Note that the addition of the SnCl2 constitutes a 1% dilution of 

the sample solution. 
10.4.4 On the software worksheet, enter the sample ID in the SampleID column and select its 

location on the auto-sampler tray. Place the sample vial in the appropriate location. If 
possible, samples should be run in a logical sequence. 

10.4.5 No more than 10-12 samples should be analyzed consecutively without checking the 
calibration curve with an OPR (Ongoing Precision and Recovery) standard. When possible 
run a duplicate of one or two samples in each group of 10 samples. 

10.4.6 Periodically check the system throughout the analysis. When all samples are analyzed, 
finish the run with a passing OPR standard.  

 
10.5 Recording results: 

Click the spreadsheet icon at the top-right portion of the worksheet. A drop-down menu will appear. 
Click “Complete with Header and QA/QC.” This will export the worksheet to an excel spreadsheet. 
On the spreadsheet, indicate which blanks and standards were used to construct the calibration 
curve NOTE: include all calblanks and standards even if they were not used. Print the spreadsheet 

and add it to the 2600/2700 logbook. Make sure that the worksheet number and R2 value are visible. 
Save the spreadsheet in the public drive under CVAFS/Total Hg/ Total Data. Save the worksheet by 
clicking the save icon on the Tek-MDS program. 

 
11. Quality Control Requirements 
11.1 The analyst’s initials, date of analysis, the worksheet number, and the R2 value of the calibration 

curve must be visible on the spreadsheet and recorded in the logbook. 
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For each run record in the logbook what was done and if there were any issues or changes made 
to the setup 

 
11.2 The instrument must be calibrated before every run with a minimum of four different standards (or 

the calibration was verified with at least two passing standard checks). 

11.2.1 The R2 value of the trendline for the calibration curve must be greater than 0.9975. 

11.2.2 The RSD% must be less than 21.0 
11.2.3 The calibration must be checked by analyzing an IPR standard after calibration data was 

entered. And that calibration standard must report ± 5% of the true value before any 
samples are analyzed. 

11.2.4 All samples must be bracketed by OPR calibration checks (one analyzed before and one 
analyzed after) which have less than 5% error. The maximum number of samples that can 

be analyzed between OPR checks is 12. 
 

11.3 Calibration blanks must be analyzed along with samples to demonstrate that the process is 

relatively free of Hg contamination. A good calblank produces a Hg peak area of less than 120. At 
least seven blanks should be analyzed with at least four included in the calibration curve.  

 
11.4 Data should be validated by someone familiar with this method of analysis. They must verify that 

appropriate quality control samples were analyzed, and ppt amounts of Hg for samples match those 
input into the spreadsheet. 

 
11.5 Always note any difficulties or problems with the system or with samples in the logbook. 

 
12. Data Analysis and Calculations 
12.1. The Tek-MDS software calculates the peak height or area for Hg analyzed on the 2600 instrument. 

Standards are analyzed and information is input into the software (calibration) to create a plot of 
peak area versus ppt Hg amount. With this information the software determines the amount of Hg 

present in each peak of Hg analyzed. 
 

12.2. Sample dilutions and method blanks must be considered when processing data. In order to calculate 
the actual mass of Hg in the sample, the ppt Hg concentration reported from the instrument must be 
divided by the volume of sample used. In addition, there is typically a small amount of Hg in the 
ultrapure water which is used when any dilutions are made. The amount of Hg in the dilution water 
must be calculated and subtracted from that of the sample. The calibration blanks can be used to 
determine the amount of Hg in dilution water. 
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13. Waste Management  

The laboratory is responsible for complying with all federal, state, and local regulations governing 
waste management, particularly for hazardous materials such as mercury solutions. 
 

13.1. Acid solutions containing HCl or HNO3 must be neutralized before disposal, or handled as 
hazardous waste. 

 
13.2. All waste containing reagents used in this method are to be placed in an appropriate hazardous 

waste container. Contact waste disposal authorities for removal and replacement of waste 
containers. 

 
13.3. For further information on waste management, consult the appropriate health and safety officer. It 

is always safer to err on the side of caution. 

 
14. Maintenance 
14.1. Cleaning of the sample line – Disconnect the friction fitting from the soda lime trap inlet and 

 squeeze DIW through the sample line. Squeeze methanol through the line to aid with drying. 
 During this cleaning procedure the needle must be in an empty and open vial. After cleaning, 
 install the friction fitting back to soda lime cartridge inlet. In order to speed the drying of the 
 line, activate V4 for a short period from the Hardware Testing menu to purge any remaining 
 fluid from the sample line. 

14.2. Replacement of gold traps – The gold-coated sand trap in Position A should be replaced 
 annually.  

 
15. Basic Troubleshooting 

• The first 1-3 calibration blanks will often be very high. This is not necessarily a serious issue with 
the instrument. The reagents in the calblank solution may act to liberate residual Hg in the sparge 
flow path, causing the initial high blanks. These blanks should not be included in the calibration. 

 

• If concentration results suddenly change or otherwise seem incorrect, check the system. Ensure 

that the argon flow is working and that the needle probe is functioning correctly. 

 

• If the auto-sampler is not functioning, there may be one of two problems: 
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o The auto-sampler may not be communicating with the Tek-MDS software. Click 
“Initialize System” on the right side of the screen.  

o The auto-sampler may have experienced a fault. If this is the case, press the “Reset” 
button (this requires a narrow object, such as the tip of a pencil), located on the side of 

the auto-sampler above the power switch. If the auto-sampler is obstructed it will not 
work properly. Ensure that all tubing is properly secured on the instrument and that there 
is nothing in the way of the auto-sample when it lowers to collect samples. 

 

• If the system is frozen (i.e. the worksheet is unresponsive), exit the program and restart the 
computer. Data saves automatically, and the worksheet can be resumed once the computer has 

rebooted. 
 

• Tekran® technical support:   
o A copy of a worksheet experiencing errors can be sent to Tekran’s technical support 

team, by clicking “Help” followed by “Contact Technical Support.” The worksheet must 

be opened for this feature to work. Select “Send Email” or “Save to Disk,” and attach the 
support file to an email. The email address to send to is support2600@tekran.com. In the 
email, briefly describe the nature of the error, any error messages which were displayed, 
what the operator has already tried, and at what stage of analysis it occurred.   

o Tekran’s toll free telephone number is 1-888-5TEKRAN. 
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Tekran® 2537 QA/QC 

All internal calibrations showed good analyzer zeros, and stable span areas (139875 ± 2.7%) 

with no drift (SI Fig. 4.1). Every calibration was also checked by external Hg vapor source 

injections. The system was not operated with a recurring automatic internal calibration, due to 

the variable timing of the experimental work. System blanks were performed by flowing 

scrubbed zero air through the entire path of the permeation system, which produced blank values 

below the Tekran® 2537A detection limit (< 0.1 ng m-3, SI Fig. 4.2 as example). In addition, the 

system routinely zeroed out when deploying CEM filters on both sample lines during HgBr2 

permeations. 

 
SI Figure 4.1 Tekran 2537A internal calibration data for the duration of the study. 

 

 
SI Figure 4.2 Example of system zero check prior to turning on HgBr2 permeation source. 

Pyrolyzer Design 
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The pyrolyzer used in the study (SI Fig. 4.3) consisted of a 25.4 cm long quartz glass tube of 

0.625 cm diameter (custom, URG Corporation). A loosely packed 3 cm section of quartz wool 

was lodged in the mid-section of the tube, and this 3 cm section was wrapped with 22 gauge 

Nichrome wire (18 loops). The quartz tube was closely contained within 2.5 cm thick quartz 

fiber insulation within a 1.6 mm aluminum casing, except for an enclosed air space around the 

heated Nichrome coil section. The coil wire was connected to 16 AWG stranded copper wire 

with all metal dis-connects, which were buried within the quartz fiber insulation to reduce 

thermal fatigue on the connections. The copper wire insulation was stripped and replaced with 

higher temperature heat-shrink insulation where the wiring passed through the pyrolyzer case to 

the external power supply. The tip of a 150 mm long K-type thermocouple (Auber® WRNK-191) 

was inserted through the insulation into the heated air space next to the coil to provide a 

temperature feedback for a PID controller (Auber® SYL-1512A). Power to the Nichrome coil 

was supplied by a 12 VDC transformer through a solid-state relay (Auber® MGR-1D4825) 

switched by the PID controller. 

It was found that the position of the feedback thermocouple in the airspace outside of the heating 

coil caused a large discrepancy between nominal temperature setpoint and actual temperature 

inside the heated section of pyrolyzer tube. In general, much higher temperatures are achieved 

inside the coil than outside. To compensate for this, actual temperature at the heated coil section 

was verified to 600 °C by external IR sensor and internal thermocouple probe. The pyrolyzer 

design used in this study was not 100% efficient at thermally reducing HgBr2 to Hg0, based on 

the higher total Hg recoveries on the CEM filters versus total Hg measured through the pyrolyzer  
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SI Figure 4.3 Detailed schematic of pyrolyzer design. 
 

on the Tekran® 2537. A larger heated section, and higher temperatures than 600 °C would likely 

improve pyrolyzer efficiency. However, we found that the fine silanized quartz wool used in the 

pyrolyzer tube began to melt around 700 °C, and so a different tube configuration with quartz 

chips would be required for higher temperatures. 
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GEM Permeation 

The first CEM filter in line during the GEM permeations always showed more total Hg than the 

following 5 downstream filters, which were not significantly different from each other (SI Fig. 

4.4). We believe it is unlikely that the Hg observed on the first CEM filters results from GEM 

uptake. Even at the highest GEM permeation level, the first filter captured only ~1700 pg of Hg, 

out of a total permeated amount of over 7.3 million pg (a 0.02 % uptake rate). This means that 

the downstream CEM filters were still exposed to about 7.2985 million pg of GEM but captured 

less total Hg. The most likely explanation is that the first CEM filters were scrubbing a small 

component of residual RM that was coming off the system, possibly minor oxidation of the Hg0 

bead. Therefore, the first in-line filters were not included in calculation of GEM uptake rates. 

 

SI Figure 4.4 Hg on first in-line CEM filters (red circles) versus following downstream filters (open diamonds and 
regression line), during the 5 GEM permeations. These first filters were not used in calculations of GEM uptake, on 
the strong suspicion they were capturing residual RM from the sample lines. 
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Appendix D. Supporting Information: 
 
Effect of moisture content on air surface exchange of reactive mercury from mining 
substrates 
 
Matthieu B. Miller1, Mae S. Gustin2, Harald Biester3, Grant C. Edwards1 

1Faculty of Science and Engineering, Department of Environmental Sciences, Macquarie University, Sydney NSW, 
2113, Australia 

2Department of Natural Resources and Environmental Sciences, University of Nevada, Reno NV, 89557, United 
States 

3Institute of Geoecology, Technical University of Braunschweig, Braunschweig, 38106, Germany 
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SI Figure 6.1 Reference solid phase thermal desorption profiles for select Hg compounds. 
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Appendix E. Supporting Information: 
 
Reactive mercury concentrations in Australia and the Southern Hemisphere 
 
Matthieu B. Miller1, Dean A. Howard2, Ashley M. Pierce1, Kellie Cook1, Melita Keywood3, Mae 
S. Gustin4, Grant C. Edwards1 

1Department of Environmental Sciences, Faculty of Science and Engineering, Macquarie University, Sydney NSW, 
2113, Australia 

2 Department of Environmental, Earth, and Atmospheric Sciences, University of Massachusetts-Lowell, Lowell MA, 
01854, United States 

3Centre for Australian Climate and Weather Research, Australian Commonwealth Scientific and Industrial Research 
Organization, Melbourne, VIC, Australia 

4Department of Natural Resources and Environmental Sciences, University of Nevada, Reno NV, 89557, United 
States 
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SI Figure 7.1 Relationship between RM concentration (pg m-3) and other parameters measured at CGBAPS: a) 
Temperature (°C), b) RH (%), c) atmospheric pressure (hPa), d) wind speed (m s-1), e) GEM concentration (ng m-3), 
and f) total precipitation (mm). 
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SI Figure 7.2 Relationship between RM breakthrough to the secondary CEM filter (% of total) and other parameters 
measured at CGBAPS: a) Temperature (°C), b) RH (%), c) atmospheric pressure (hPa), d) wind speed (m s-1), e) 
GEM concentration (ng m-3), and f) total precipitation (mm). 
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SI Figure 7.3 Relationship between RM concentration (pg m-3) and other parameters measured at MQAWS: a) 
Temperature (°C), b) RH (%), c) atmospheric pressure (hPa), d) wind speed (m s-1), e) GEM concentration (ng m-3), 
and f) total precipitation (mm). 
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SI Figure 7.4 Relationship between RM breakthrough to the secondary CEM filter (% of total) and other parameters 
measured at MQAWS: a) Temperature (°C), b) RH (%), c) atmospheric pressure (hPa), d) wind speed (m s-1), e) 
GEM concentration (ng m-3), and f) total precipitation (mm). 
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SI Fig 7.5 Back trajectory plots and fire hotspot locations during plume events of January 26 and February 12, 2016. 
From Howard (2018). 
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SI Fig 7.6 GEM, CO, and CO2 concentration during plume events between January 25 and February 14, 2016. From 
Howard (2018). 
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Wind rose charts for Cape Grim Baseline Air Pollution Station  
 

 

 

 
 



 257 

 
 

 
 

 
 



 258 

 
 

 
 

 
 



 259 

 
 

 
 

 
 



 260 

 
 

 
 

 
 



 261 

 
 

 
 

 
 



 262 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 263 

Wind rose charts for Macquarie University Automatic Weather Station 
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Appendix F. Note 
 

The reader will have noted that the filter-based reactive mercury (RM) sampling systems 

described in this dissertation included provision for deployment of nylon filters as a possible 

method for determining gaseous oxidized mercury (GOM) speciation. However, use of nylon 

filter material was ultimately discontinued and no speciation data is presented as any part of this 

dissertation, despite much time and energy invested. The decision to exclude this data lies with 

the author, who points to numerous methodological unknowns and inconsistencies: 

 

1) The possibility that the nylon material sorbs GEM in a way that could interfere with 

detection of much lower concentrations of GOM has not been convincingly ruled out. 

Indeed, significant GEM sorption at concentrations above 200 ng m-3 was explicitly 

demonstrated in Huang et al. (2013), reprinted Appendix G.  

 

2) The nylon material does not collect a quantitatively equivalent mass of RM compared to 

cation exchange membrane (CEM) material. Total RM measured on nylon filters is often less 

than 10% of the RM measured on CEM filters deployed at the same time and place and 

exactly the same way. The nylon filters have always been used at a reported pore size of 0.2 

µm versus the 0.45 or 0.8 µm pore size of the CEM filters, so when deployed in ambient air 

they should theoretically be collecting more Hg at finer particulate-bound size fractions. The 

author suggests that no meaningful analysis of Hg speciation can be made when over 90% of 

the Hg is missing and disavows any unsubstantiated assertion that the CEM or nylon filters 

do not collect ambient particulate matter. 

 

3) Many of the reference thermal desorption profiles for specific GOM species overlap in such a 

way as to make objective identification impossible. Where desorption peaks overlap 

significantly (or occur at the same temperature), clear separation and disambiguation of 

specific compounds is simply not possible. The author points to Figure 3 of Huang et al. 

(2013) and Figure 2 of Gustin et al. (2015), reprinted in Appendix G. 

Given these limitations, extensive additional research and quality assurance is needed before 

(and if ever) nylon filters can be used for the determination of GOM species with scientific rigor.  
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Appendix G. Relevant Publications 
 
The following publications are relevant to the work presented in this dissertation and are 

reprinted here in full (with permission). I have contributed to all of these as a co-author, 

primarily in the role of instrumentation specialist and field technician. Much of the background 

and supporting work on the CEM material is covered in these papers. In addition, I have 

contributed at a lesser extent to the work of Lyman et al. (2010) and Pierce and Gustin (2017) in 

an acknowledge capacity, primarily with technical field assistance. 
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Comparison of Gaseous Oxidized Hg Measured by KCl-Coated
Denuders, and Nylon and Cation Exchange Membranes
Part of the “RAMIX: Reno Atmospheric Intercomparison eXperiment” group

Jiaoyan Huang,† Matthieu B. Miller,† Peter Weiss-Penzias,‡ and Mae Sexauer Gustin†,*
†Department of Natural Resources and Environmental Sciences, University of Nevada, Reno, 1664, N. Virginia Street, Reno, Nevada
89557, United States
‡Department of Microbiology and Environmental Toxicology, University of California, Santa Cruz, California 95060, United States

*S Supporting Information

ABSTRACT: The chemical compounds that make up
gaseous oxidized mercury (GOM) in the atmosphere, and
the reactions responsible for their formation, are not well
understood. The limitations and uncertainties associated with
the current method applied to measure these compounds, the
KCl-coated denuder, are not known due to lack of calibration
and testing. This study systematically compared the uptake of
specific GOM compounds by KCl-coated denuders with that
collected using nylon and cation exchange membranes in the
laboratory and field. In addition, a new method for identifying
different GOM compounds using thermal desorption is
presented. Different GOM compounds (HgCl2, HgBr2, and
HgO) were found to have different affinities for the denuder surface and the denuder underestimated each of these compounds.
Membranes measured 1.3 to 3.7 times higher GOM than denuders in laboratory and field experiments. Cation exchange
membranes had the highest collection efficiency. Thermodesorption profiles for the release of GOM compounds from the nylon
membrane were different for HgO versus HgBr2 and HgCl2. Application of the new field method for collection and identification
of GOM compounds demonstrated these vary as a function of location and time of year. Understanding the chemistry of GOM
across space and time has important implications for those developing policy regarding this environmental contaminant.

■ INTRODUCTION

Mercury (Hg) is an unique trace metal that exists in the gas
phase as the elemental form and oxidized compounds.1−3 Dry
and wet deposition are important pathways by which Hg is
moved from the atmosphere to terrestrial and marine
ecosystems.3 There are three operationally defined “forms” of
Hg in the atmosphere, gaseous elemental Hg (GEM), gaseous
oxidized Hg (GOM), and particle-bound Hg (PBM).1 Gaseous
oxidized Hg has a short residence time in the atmosphere
ranging from hours to weeks.1 Particle-bound Hg can remain in
the atmosphere for days to weeks, and this is dependent upon
particle size and interaction with moisture.1 The chemical
compounds of GOM have been suggested to include mercury
chloride (HgCl2), mercury bromide (HgBr2), mercury oxide
(HgO), mercury sulfate (HgSO4), mercury nitrite (Hg(NO2)2),
and mercury hydroxide (Hg(OH)2).

4−12 Atmospheric measure-
ments in the past have assumed all GOM compounds are
captured using a KCl-coated denuder13,14 and have not
attempted to collect them individually. Since different
compounds will have different properties (i.e., water solubility,
water-octanol partitioning coefficients, deposition velocities,
etc.) they could be collected differently by the denuder, and it is

important to understand their chemistry (cf. Schroeder et al.;15

Walschlager;16 and references cited therein).
Methods applied for measurement of GOM have included

KCl-coated tubular and annular denuders;13,17,18 mist cham-
bers;19 and cation exchange membranes (CEM).20−26 Methods
applied for PBM measurements include particulate traps9,27 and
filter packs.28−30 A new method designed for measurement of
GOM is the Detector for Oxidized Hg Species (DOHGS).31−33

These methods have been compared in field settings with
conflicting results.13,14,20,34,35 Gustin et al. and Peterson et
al.34,35 suggested, based on the results of field measurements
made in Nevada and Florida, respectively, that discrepancies
exist because different compounds of GOM and reactive
mercury (RM = GOM + PBM) exist across space and time, and
different methods measure different chemical forms. If this
assertion is correct, then this has significant consequences for
policy makers because current knowledge is based on one
measurement method that may have systematic errors.
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Ion exchange membranes have been applied for atmospheric
gas measurements since the late 19th century, i.e., SO2(g),
NH3(g), and H2O2(g).

36 Polyethersulfone CEMs have been
applied for measurement of GOM in the ambient air,20,24−26

and were tested by Lyman et al.21,22 and Peterson et al.35 The
KCl-coated denuder was first investigated by Xiao et al. 17 and
modified by Landis et al.;13 however, there were few systematic
laboratory tests of this method (cf. Gustin et al.,34 Supporting
Information (SI)). Nylon membranes were first used for nitric
acid (HNO3) measurements 30 years ago.37,38 Because HNO3
is often used a surrogate for GOM in models,39 we
hypothesized that this material might be useful for GOM
measurements.
The major hypothesis driving this work was that the

chemistry of GOM will vary spatially and temporally, and this
will be influenced by the different constituents in the
atmosphere. In this study, we investigated the collection
efficiency of different chemical compounds of GOM by
colocated nylon membranes, CEMs, and KCl-coated denuders
using a laboratory manifold system. We used scrubbed
(activated carbon column) and filtered ambient air, into
which HgO, HgCl2, and HgBr2 were systematically permeated.
Data derived using a laboratory framework could provide a
foundation for determining if there are systematic biases so that
previous data sets could be corrected. Samples were collected
using these same surfaces in the field at highway impacted (HI),
agriculturally impacted (AI), and marine boundary layer (MBL)
sites. The ability of a new method, thermal desorption of nylon
membranes, to separate different GOM compounds was also
investigated.

■ METHODS
Sampling Systems. Laboratory Measurements. Labora-

tory measurements were made using an eight port glass
manifold (not coated; URG custom designed). During this
study, only four ports were used. Manual denuders were
directly connected to the manifold system using Teflon
adaptors (see Supporting Information, SI, Figure SI 1). For
each port, Teflon joints at the end of each denuder were used
to connect to Teflon tubing (OD: 0.635 cm), a mass flow
controller, and vacuum pumps (end of manifold flow rate: 2 to
3 Lpm; total manifold flow 15 to 20 Lpm). Manual denuders
were maintained at room temperature (20 to 25 °C).
A Tekran 2537/1130 unit was used to measure GEM and

GOM concentrations, respectively, collected through tubing
connected to the outlet tubing of the manifold. A Tekran 2537
(constant flow of 1 Lpm) with a quartz wool based pyrolyzer
maintained at 650 °C at the instrument inlet (see SI for
details), used to convert all Hg to GEM, sampled air at the
front of the manifold (Figure SI 1: see SI for QA/QC). Air
temperature and relative humidity (RH) in the manifold were
monitored using a Campbell Scientific CS 500L at the end of
the manifold, and data were logged using a CR10X (Figure SI
1). The RH in the manifold was 9 to 20%. The glass manifold
and associated Teflon tubing were heated to 100 °C to increase
the mobility of GOM in the system. There was no significant
difference in the GOM amounts collected using CEM from
different ports (ANOVA-ranked); therefore, we assume that
the 100 °C for Teflon and quartz surfaces was sufficient to keep
the forms of GOM being tested moving through the manifold
system. Ozone (O3) concentrations were also measured
periodically at the end of the manifold using a Thermo 49C

(span check at 450 ppb every 3 months, and zero check
weekly).
The flow through the Tekran 1130 unit was adjusted to 4

Lpm when the manifold was being used with manual denuders.
Manual denuder flow was also 4 Lpm. When sampling using
membranes housed in Teflon filter packs in series, the 1130
unit flow was 7 Lpm and flow through the membranes was
maintained at 1 Lpm. These differences in flow would not
significantly influence the KCl-coated denuder’s performance.34

The flows for the inlet, outlet, and four sampling ports were
checked before, during, and after all experiments using an
external flow meter (Sierra Instrument Inc., CA). On the basis
of the flow mass, balance recoveries were >90% indicating that
<10% of the Hg permeated was lost from or deposited to the
system.
A manual valve was used to control the flow through the

GOM permeation system (described below). This was turned
on 24 h prior to sampling to obtain stable target concentrations
(based on Tekran measurements). After all experiments, the
valve was completely closed, and the manifold was flushed with
scrubbed air for 24 h to clean out the system. Manifold blanks
before permeations were <20 pg m−3.

GOM Collection Methods. Denuders coated with KCl that
have been widely applied [cf., ref 13], were used to collect
GOM using both automated and manual systems. In addition,
nylon membranes (P/N: EW-36229−04, 0.2 μm, Cole Parmer)
and polyethersulfone cation exchange membranes (CEM;
I.C.E. 450, 0.45 μm, Pall Corporation) were used to collect
GOM. Membrane samples were collected over ∼8 h and little
break through was observed on the second membrane in the
series (ratios of Hg amount on the first and second membrane
for nylon and CEM range from 0 to 6% and 0 to 16%,
respectively). There was no significant GEM capture on nylon
membranes at low GEM concentrations (<12.6 ng m−3,
collection efficiency <1%), but a small amount at higher
GEM concentrations (>200 ng m−3, collection efficiency 7 ±
2%). This check was done using the system in Figure SI 5 of
the SI. Total Hg on the CEM membranes was determined
using EPA method 1631E (see SI).
As part of this study, other collection materials were tested

using the manifold system, including Teflon membranes (P/N
EW-36229−24, pore size: 0.2 μm, Cole-Parmer), Tenax traps
(P/N Tenax TA 60/80, Supelco), and quartz wool traps (∼5
cm in length, P/N 502−177, Leco Corporation). The
collection efficiency of these materials for GOM was limited
and inconsistent (Hg amount collected on these materials were
<1% to 30% of Tekran measurements) and their use was not
investigated further (see SI).
Most samples were collected in triplicate; however, for the

multiple material comparisons, replicate samples were collected.
Since scrubbed (activated charcoal column) or filtered ambient
air (glass fiber filter; P/N: GB14047MM, Advantec MFS Inc.)
was used in the manifold system, PBM was assumed to be
negligible.

GOM Permeation System. Three solid-phase GOM
compounds (HgO, HgCl2, and HgBr2; Sigma-Aldrich, purity
>99.99%), were packed in thin wall polytetrafluoroethylene
(PTFE) heat-shrink tubing (O.D. 0.635 cm, P/N: EW-06851−
20, Cole Parmer) with solid Teflon plugs in both ends. An
active permeation length of 2 mm existed between the plugs.
Permeated Hg was carried by scrubbed air into the manifold at
∼0.05 to 0.1 Lpm to mix with manifold air and to control the
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concentrations in manifold. Permeation tubes were contained
in a temperature controlled bath at 0 to 10 °C.
Emission rates of HgBr2 at 0, 5, and 10 °C were 61 ± 7, 76 ±

10, and 107 ± 12 pg min−1 (mean ± standard deviation
calculated based on variation in Hg concentrations and the
uncertainty of flow rate 0.1 Lpm), respectively, were
determined based on air directed through the pyrolyzer to a
Tekran 2537. Finley et al. 40 measured a HgBr2 permeation rate
of 126 ± 4 pg min−1 at 50 °C using a similar system. Although
these data indicate that the permeation rate increased with
temperature exponentially, and are stable after ∼25 °C, this
needs further investigation. Finley et al. 40 also measured
permeation rates using the Tekran 2537 unit after pyrolysis;
however, concentrations permeated were >1000 ng m−3.
Although the measurement range of the Tekran 2537 unit is
from 0.1 to 2000 ng m−3, the linear working range is from 1 to
200 ng m−3. In our study, more dilution zero air was used than
that in Finley et al. 40 and concentrations were <200 ng m−3.
Emission rates of a HgBr2 permeation tube packed in 2007
were compared with a new one generated in 2012 and a ∼18%
difference was observed (50 ± 11 pg min−1 at 0 °C for 2007).
This could reflect a decline in permeation over time or a
difference in tube packing, since there is no current standard
protocol for permeation tube generation.
Permeation rates for HgCl2 at 0 °C, and HgO at 10 °C (0.1

Lpm), were 25 ± 18 and 38 ± 20 pg min−1, respectively.
Although it has been suggested that HgO will partition into a
particulate phase,5 high GOM concentrations were measured
by the Tekran denuder during HgO permeation. Given the
purities of the permeation sources provided by the
manufacturer, the presence of nontarget compounds would
be small. Additionally, since the emitted form passed through
thin wall Teflon tubing, it was most likely a gas. We cannot be
sure if the chemical compound was HgO or another, such as
Hg2O.

41

Recent work has also reported that little GEM was detected
using similar permeation tubes.40,42 These results also indicate
that gaseous GOM emissions were occurring from the
permeation tubes. Thus, it was assumed that no GEM was
generated using the GOM permeation tubes under the
experimental conditions.
GEM concentrations measured by the Tekran system ranged

from <0.5 to ∼2 ng m−3 at the highest GOM concentrations in
the manifold. This can be explained by the high GOM
concentration in the manifold, the lack of complete capture by
the denuder, and some deposition in the ∼7.5 m line that was
heated to 50 °C and located between the 1130 and the Tekran
2537 unit. Additionally, not all of the denuder flow is diverted
to the 2537 unit. Deposition to the sampling lines was observed
during the Reno Atmospheric Mercury Intercomparison
eXperiment (RAMIX).34

Because of the high emission rates from the permeation
tubes, and the need to generate low concentrations (range of
150 to 3000 pg m−3) in the manifold, the flow through the
permeation oven was only a few mL min−1. Because of the
uncertainty associated with measurement of this low flow rate,
we focus on the comparison of the GOM collected by the
different methods rather than on the exact concentrations in
the manifold.
Field Measurements. Field measurements were made using

a 6-port sampling system with three housing nylon membranes
and three CEMs (described and shown as a schematic and
photograph in the SI). Data were collected from highway and

agriculturally impacted sites (HI and AI, respectively) and in
the marine boundary layer (MBL) (see SI for details). During
these measurements, a Tekran 2537/1130/1135 unit was used
to make simultaneous measurements, except from November
2011 to January 2012, and during April 2012 at the HI site.
During this time period at the HI site, the 1135 unit was
replaced with quartz fiber filters after the 1130 denuder. The
filters were collected weekly as a surrogate for the PBM
measurements and analyzed using EPA Method 1631 (see SI
Membrane Analyses). The Tekran 1130/1135 units were set to
sample over an hour at the AI and HI sites and for two hours at
the MBL site.
In the field and laboratory, GOM was measured by the

Tekran system using a one hour desorption cycle.43 The 2537
units were calibrated every 24 h using instrument autocalibra-
tion and an internal permeation source. The calibration of the
Tekran 2537 units applied at the HI and AI sites, and in the
laboratory, were checked weekly using manual injections of
GEM from an external source, while the system operating at the
MBL site was manually calibrated only at the beginning of the
experiment. Mercury concentrations at the MBL site were
corrected for a sampling bias associated with lower trapping
efficiency on one of the two gold traps used to alternately
collect GEM based on discrete injections of mercury into
ambient air (see SI). Detailed information regarding membrane
analyses, data analyses, quality assurance, and quality control
are provided in SI.

■ RESULTS AND DISCUSSION
On the basis of our sampling configurations, laboratory
manifold derived samples are considered to contain only
GOM; while data collected at field sites may include some
PBM, and as such, are considered RM (PBM + GOM).

Laboratory KCl-Denuder 1-h and 8-h Comparison.
Collection of GOM during 1 h measurements made using the
Tekran system were compared with those collected over 8 h
using denuders connected to the manifold. This was done to
check the collection efficiency of the manual denuders over
time since the membranes were loaded over 8 h. Concen-
trations of HgCl2, HgBr2, and HgO measured by manual
denuders (8-h) were 30% to 50% lower than those calculated
by integrating the area underneath the curve for the 1 h
concentrations made over the same 8-h period by the Tekran
automated system (Figure 1; see SI Data Analyses, denuder
comparison for calculation). The difference (but not statistically
significant, ANCOVA, p-values range from 0.59 to 0.68) varied
as a function of GOM compounds being highest for HgO and
HgBr2, and lower for HgCl2. The fact that the KCl-coated
denuder collection efficiency was HgCl2 > HgBr2 > HgO
demonstrates that uptake and retention will be influenced by
the compounds of GOM in the air.
The reason for the variability in the 1- and 8-h measure-

ments, shown in Figure 1, could be that measurements were
made using filtered ambient air, and collection and retention of
the GOM was affected by air chemistry. An O3 influence on the
denuders has been reported.34,42 On the basis of measurements
made using the laboratory manifold system air containing 5 to
60 ppb of O3 could have entered the denuders (Figure SI 1 of
the SI).
Lyman et al. 42 suggested, in the public discussion, the

following potential reaction for HgCl2 and O3 on the KCl-
coated surface:
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+ → + +
Δ = −

HgCl 2O Hg 2O ClO

( Gr 85 kJ/mole)
2 3

0
2

They also reported that the longer the O3 exposure the more
GOM lost from the KCl-coated surface. This suggests that
GOM could be reduced and lost from the denuder surface due
to O3. Lynam and Keeler 30 also showed that O3 was destroyed
by the KCl-coated denuder providing additional evidence for

this hypothesis. Data collected during five Hg and O3 depletion
events at Ny-Ålesund, located on the island of Spitsbergen in
the Svalbard Archipelago, administered by Norway, using
manual denuders that sampled for 1 to 18 h, and Tekran 1130/
2537 systems that sampled for 2 h, found the former to collect
25 to 77% of GOM with respect to the latter.44 These
observations indicate that the impact of atmospheric chemistry
on the denuder measurements needs to be systematically
explored.

Laboratory Tekran System and Membrane Compar-
ison. Tekran measured GOM concentrations during perme-
ations ranged from 150 to 3000 pg m−3. Because we cannot be
sure they are accurate, we discuss the relative amounts
collected. Comparison of the data collected using the
laboratory manifold showed the highest GOM concentrations
in scrubbed air were measured by CEMs, followed by nylon
membranes, and then the KCl-coated denuder (Figure 2). The
slopes for the comparison of the GOM measured by the
denuder versus the nylon membranes were similar for all
compounds (1.6 to 1.8, ANCOVA, p-values for HgCl2 versus
HgBr2, HgCl2 versus HgO, and HgBr2 versus HgO were 0.972,
0.121, and 0.211, respectively). Slopes for the comparison of
the CEM and KCl-coated denuder varied with HgO > HgCl2 >
HgBr2. The slopes varied from 1.6 to 3.7 and p-values for
HgCl2 versus HgBr2, HgCl2 versus HgO, and HgBr2 versus
HgO were 0.49, <0.01, and 0.04, respectively.
In general, all membranes collected >60% more GOM than

denuders. The nylon membrane had 60 to 80% higher capture
efficiency than the denuder for all three compounds; while the
CEM had uptake capacity that was similar to the nylon
membrane for HgBr2, and much higher uptake for HgCl2 and
HgO relative to the denuder (140 and 270%, respectively). If
we use the regression curves in Figure 2, and assume the KCl-
coated denuders have the same collection efficiency for
individual compounds, then the ratio of the collection
efficiencies of HgCl2, HgBr2, and HgO on CEM to the nylon
membranes (CEM:nylon membrane) are 1.50, 0.95, and 2.06,
respectively. A comparison is made of the slopes of HgO versus

Figure 1. Laboratory comparison of GOM amount (mass ng) as
measured by KCl-coated denuders with different exposure times (1 h
for every other hour and 8 h) using HgCl2 (green squares), HgBr2
(blank circles), and HgO (red triangles) as permeated sources into
filtered ambient air. The slopes and intercepts are presented as mean
(standard deviation). The x-axis is the extrapolated mass of mercury
collected over 8 h based on the sum of 4 individual 1-h measurements
taken every other hour. All regression equations are significant at p-
value <0.01; n is the sample number. The fine gray "dotted-dashed"
line is the 1:1 comparison. The regression for data when the Hg
amount below 1 ng is y = 0.88x + 0.05, r2 = 0.89 (all three species
together).

Figure 2. Laboratory comparison GOM measured by Tekran system compared with that measured by the nylon membrane (left) and CEM (right)
with HgCl2 (green squares), HgBr2 (blank circles), and HgO (red triangles) as permeated sources into charcoal scrubbed air. Note difference in axis
scales. The slopes and intercepts are presented as mean (standard deviation), and regression equations are significant at p-value <0.01; n is the
number of samples. The fine gray "dotted-dashed" line is the 1:1 comparison.
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HgCl2, and HgO versus HgBr2, for the CEM data shown in
Figure 2 (0.65 and 0.41, respectively), and assuming that the
CEMs have the same capture efficiency for all three GOM
compounds, as shown by Lyman et al. 22 (See Data Analyses,
efficiency calculation in the SI); this indicates KCl-coated
denuder has highest collection efficiency for HgBr2, followed by
HgCl2, and then HgO:

=
=
=

y(Hg amount, ng, on CEM membrane)

1.5(ng, HgBr on denuder)

2.4(ng, HgCl on denuder)

3.7(ng, HgO on denuder)

2

2

This order of capture efficiency (Br > Cl > O) tracks that of
the static average electric dipole polarizabilities for ground state
atoms of Br, Cl, and O which are 3.05 × 10−24, 2.18 × 10−24,
and 0.802 × 10−24 cm3, respectively.45 This would influence the
GOM uptake on the KCl coating. Polarizability is a “measure of
the extent to which the electron cloud of an atom or molecule

can be distorted by an external electrical charge.”46 The
polarizability also corresponds with an element’s Van Der
Waals radius. The more easily distorted the electron cloud, the
more readily this element would be taken up by the KCl
denuder. This would explain the observed order of uptake of
the Hg compounds tested.
Sheu and Mason 14 reported GOM concentrations measured

by KCl-coated denuders were 51% of those measured by filter
packs [that consisted of three CEMs preceded by two Teflon
filters (five membranes in-series)]. Although the Teflon filters
could have influenced the downstream GOM measurements,13

laboratory tests of this material showed little affinity for GOM.
Notably, we show that KCl-coated denuders collected only 27%
to 60% of GOM measured by CEMs, and these numbers are
within the range of values obtained for comparison of the
Tekran denuder versus a reactive mist chamber (27 to
37%;13,14). Recent data collected during RAMIX showed that
the Tekran system measured 45 to 54% of spiked HgBr2
compared to that measured by DOHGS, respectively.34

Although the CEM showed the highest GOM capture
efficiency, it can only be analyzed using wet digestion. These

Figure 3. Percent GOM and RM desorption profiles for nylon membranes. Percent released is the amount released at a specific temperature as a
function of the total amount released by the membrane. The standard deviation (as n > 3) is presented as the error bar in peak of the curve. The
error bar for GEM is too small to see (laboratory panel). The open and solid symbols represent the measurements in laboratory and field,
respectively. The lower three panels represent desorption profiles for the samples collected at highway impacted (HI), agricultural impacted (AI),
and marine boundary layer (MBL) sites. The vertical lines indicate peak desorption temperatures for GEM (gray solid), HgO (red dashed), and
HgCl2/HgBr2 (green dotted). The desorption profile of GEM is based on a high GEM concentration exposure (>200 ng m−3).
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results indicate that when used in tandem, the CEM can be
used to quantify the amount of GOM in air, while nylon
membranes can be used to qualitatively identify the chemical
compound, since it collected the three compounds with equal
capture efficiency.
We tested the hypothesis that if all compounds of GOM are

collected on the nylon membrane, then these could be
separated as a function of temperature (Figure 3). Tests of
GEM release from the nylon membranes, after exposure to high
concentrations (>200 ng m−3), showed a sharp desorption
curve starting at 60 °C, a peak at ∼95 °C, and all was removed
by 120 °C (Figure 3). Tests at lower exposure concentrations
<13 ng m−3, and a loading amount of 260 pg, showed that little
GEM was collected (<10 pg). The GEM desorption profile was
cleaner than that of the GOM desorption profiles with no
residual tail. This suggests that GEM bonding on the nylon
surface might be due to van der Waals forces, which would be
disrupted at lower temperatures. In contrast, GOM release
from the nylon membrane started at 75 °C, and peaked at 105
°C for HgO, and 115 °C HgCl2 and HgBr2, respectively
(Figure 3). Desorption profiles for these compounds extended
to the highest desorption temperature of ∼190 °C. Subsequent
analyses of these membranes, by wet digestion and cold vapor
atomic fluorescence (EPA method 1631 E), showed little
residual Hg, 0.13 ± 0.05 ng, an amount not significantly
different from that of the membrane blanks (0.07 ± 0.06 ng n =

4 Mann−Whitney test, p-value = 0.054). Nylon material has a
long molecular chain that is dominated by hydrogen bonding,
and binding with this surface is driven by electrostatic
interactions. We suggest that based on the polarizability of
Hg, that is 5.1 to 5.7 × 10−24 cm3,45 this element was dominant
in influencing the binding of GOM compounds.
Desorption profiles of GEM and HgCl2 occurred at

temperatures from 60 °C to 120 °C, and 75 °C to 190 °C,
respectively, and overlapped the range reported in Feng et al. 9

(the references therein) for these compounds added directly to
coal fly ash. Feng et al. 9 added elemental Hg as a gas phase but
other compounds were added as solid phases by “dry dilution”.
Feng et al. 9 reported an HgO single peak at ∼500 °C. The
discrepancy between our HgO profile and that of Feng et al. 9

could be due to the different addition methods, and the fact
that fly ash contains activated carbon and other impurities
(Al2O3, K2O, MgO, SO3, P2O, etc.) that would provide
different chemical bonding between different compounds of
GOM and the collection surfaces. Nylon is a uniform material
with a specific physical bonding force that will also influence its
ability to collect certain compounds of GOM. If we assume that
no particulate phase HgO was present, for this form could be
deposited to the manifold,5,34 then the lower released
temperature of “HgO” or another compound (i.e., Hg2O)
from nylon is due to a lower electrostatic charge on this
compound relative to HgBr2 and HgCl2.

Figure 4. Bar graph showing RM concentrations measured by a Tekran (gray shadow) system, nylon membranes (blue), and CEMs (red) at the
three field sites. The whisker indicates standard deviation (or relative percent difference) for triplicate membranes (or replicate membranes) and for
1 to 2 h Tekran measurements over the sampling period. Note the one bar without standard deviation was only a single sample. The width of the bar
indicates the length of the sampling period from two to eight days. The 1135 component of the Tekran system was not available during the events
marked as A. The events marked as B were time of precipitation. The bottom panels are the meteorological data with precipitation (vertical bar, y-
axis on the right), temperature (solid line, y-axis on left), and relative humidity (dotted line, y-axis on left). Tekran data collected at the MBL site
during 3/13/2012 and 3/27/2012 were incomplete and subjected to a correction factor.
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Field Measurements. Field results were similar to those
observed in the laboratory with the RM (designated as RM due
to uncertainty as to whether aerosols were collected)
concentrations measured by CEM being higher than those
measured by the Tekran denuder and nylon membranes, except
for a measurement made in June 2012 at the AI site
(considered an outlier-discussed below) (Figure 4). Statistical
comparison of the data showed that the CEM collected a
significantly higher amount of GOM relative to the nylon
membranes (ANCOVA, p-value <0.01). Since the time
resolution of the Tekran measurement (1 h, on average) is
different from that of the membrane (1 week), they cannot be
statistically compared; however, given that the mean of the
Tekran data represents the average of multiple measurements,
this strengthens the argument for the lower concentration as
measured by this instrument.
Reactive Hg concentrations as measured by nylon membrane

were not consistently higher than those measured by the
Tekran system at the MBL site, unlike the results observed in
the laboratory with scrubbed air. During times of precipitation
(marked as B in Figure 4), the ratio of Hg amount measured by
nylon membrane to the RM measured by the Tekran system
was <1.05 (0.75 ± 0.33). However, during these time periods,
the CEM consistently recorded higher concentrations. The
CEM is designed for proton exchange. Cation exchange
membranes used were hydrophilic and had a neutral surface.47

This material also wets out (or is impregnated by water)
quickly.48 This suggests that due to the nature of this material it
collected RM during humid conditions (cf. Peterson et al. 35).
Although correlation coefficients comparing the Tekran

system derived RM and membrane measurements across all
sites are significant (Figure SI 6 of the SI, r2 = 0.53 to 0.71, p-
value <0.01), r2 values and slopes, were lower than those
observed in the laboratory (r2 = 0.58 to 0.99, p-value <0.01,
Figure 2). This may be due to other atmospheric constituents
that have stronger polarizability out competing Hg for binding
sites on the nylon membrane such as water vapor. Similarly,
relative humidity has been suggested to influence the KCl-
coated denuder performance,13,18,24 as moisture could hydro-
lyze the KCl-coated surface. Water might create another layer
for compounds to be transported from air to the collection
surface for some materials; however, as mentioned above, RH
likely inhibited capture by the nylon membranes but could
provide a means by which GOM is captured by the CEM since
this material “wets out” quickly. If the data collected using the
nylon membranes during precipitation are removed, the
following equation is obtained:

=
+ =

‐ < =
r

p n

GOM concentrations on the nylon membrane (ng) 1.6

GOM Tekran denuder(ng) 4.8, 0.88,

value 0.01, 10 sets

2

The slope for this equation is the same as that obtained for
the nylon membrane-denuder laboratory comparisons (Figure
2).
Since different RM/GOM compounds have different basic

chemistry, this will influence their affinity for and retention by
the collection surface. Unlike laboratory experiments, in the
field, the membranes could collect particulate matter as well as
the gaseous compounds. Linear regression analyses comparing
membrane field data with RM as measured by the Tekran
system showed the CEM measured more RM than the denuder

(y = 1.5x + 17, r2 = 0.53, p-value <0.01); however, this was not
the case for the nylon membrane (y = 0.89x + 5.1, r2 = 0.71, p-
value <0.01) (Figure SI 6 of the SI). These data analyses
included one outlier. Since there were no significant differences
in meteorological conditions during the week outlier data were
collected at the AI, and the Tekran system data were variable,
this data point was removed. Removal of this outlier resulted in
the equation y = 2.0x + 17.5, r2 = 0.45, p-value <0.01, for the
Hg measured on the CEM (assumed to be GOM in Figure SI 7
of the SI) versus the GOM measured by the Tekran 1130; and
for the nylon membrane of y = 1.3x + 4.2, r2 = 0.67, p-value
<0.01. The resulting relationships were similar to those
measured using the laboratory manifold. This suggests that
the membranes as deployed were measuring primarily GOM.
Particle-bound Hg as measured by the Tekran system was

higher at the MBL site (56 to 86% PBM/RM) and AI sites (47
and 63%) relative to that measured at the HI site (35% Tekran
based; 0 to 15% quartz filter based; Table SI 1 of the SI). Given
the chemical composition of aerosol in the MBL site, the form
of GOM could be quite different from that at the HI and AI.
This is suggested by the desorption profiles discussed below.
The chemical forms and compounds measured by the

Tekran GOM and PBM measurements are uncertain. Gustin et
al. 34 and Lynam et al. 30 suggested that GOM can pass through
the KCl-coated denuder, be collected on downstream particle
filter, and analyzed as PBM. Thus, under certain conditions, the
Tekran system might underestimate GOM and overestimate
PBM concentrations. It is possible that the denuder, as
prepared, results in an alignment of charges across the surface
that is more electropositive or negative. This could result in
preferential collection of specific forms of GOM. Additionally,
as mentioned, KCl is hydroscopic.13 This means that it attracts
and holds on to water molecules. Materials with this property
when exposed to water change by increasing in volume, and as
such, the denuder coating would lose the ability to capture
GOM because the water molecules become suspended between
the KCl molecules. This process could limit the ability of the
denuder to collect GOM and result in compounds being
collected on the downstream particulate measurement. This
also suggests the denuder could be passivated quickly, given it is
heated to high temperatures during desorption. This would
explain the higher PBM measurements made at the MBL site
(Table SI 1). In contrast, because of the configuration of the
Tekran system (50 °C for entire sampling system), GOM may
be deposited within the system.34 The complexities of the
Tekran system make the observations uncertain; and the
influence of water on the denuder needs to be systematically
investigated.
Other evidence to support that GOM was the primary form

collected using nylon membranes, as opposed to PBM, is that
the slope of the relationship when using all data at the field sites
without PBM was 1.3 ± 0.2, similar to that obtained for the
laboratory experiments, with a higher r2 value (Figure SI 7 of
the SI) than for the RM comparison. In addition, the GOM or
RM concentrations measured by Tekran system in the field
were only ∼20% of those measured by CEM, and this number
is consistent with the ambient GOM recovery measured during
RAMIX.31,34 Particle-bound Hg concentrations measured
weekly on quartz filters were significantly lower than those
measured using the Tekran 1135 system. This also suggests that
using quartz filters after KCl-coated denuders for PBM
measurements does not collect PBM.
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Different desorption profiles were obtained for membranes
collected from the three field sites (Figure 3). At the HI site,
the RM release started at 75 °C similar to profiles obtained in
the laboratory; however, these curves peaked at ∼130 °C,
which is 15 °C and 25 °C higher than HgCl2/HgBr2 and HgO
(or Hg2O) collected in laboratory, respectively. Furthermore,
there was high residual RM after 150 °C, especially for the
samples collected in the coldest time periods (January and
February). From late fall to early spring, wood fired stoves are
frequently used in Reno, NV, and an inversion layer often
occurs due to topography. Huang et al. 49 reported, when using
a Tekran system, that PBM was the dominant form of RM
measured and suggested that wood combustion for space
heating in winter was important. Since PBM is thought to be
decomposed at higher temperatures than GOM,13 and little
residual GOM (digested membranes after desorption 0.26 ±
0.13, n = 9; blanks 0.29 ± 0.23 ng, n = 7; total 4 sets of data, 2
for HI and 2 for the MBL site) was measured on the
membranes, this suggests that a different form of GOM than
permeated in the laboratory was present in the air.
The GOM or RM desorption profile in summer time at the

AI site was identical to that of HgCl2 and HgBr2 collected in
scrubbed air using the laboratory manifold system. This site
could be influenced by NO3

− and NHx related chemistry due to
nearby livestock, agricultural activities, and/or wastewater
treatment and usage. Limited work using Hg(NO3)2 showed
a peak desorption temperature of 110 °C (data is not shown
due to limited tests n = 2). This site has also been
demonstrated to be impacted by free troposphere air that has
been suggested to include HgBr2 (cf. Gustin et al.).34

Interestingly, the desorption profile of RM collected at the
MBL site showed a significant temperature lag (starting from
105 °C) and peaked from 120 to 135 °C. This pattern is not
similar to the GOM compounds permeated, and we suggest
that a different form of GOM was present. Engle et al. 50

showed, based on Tekran measurements, that unpolluted air
from the MBL site was not a source of GOM and based on
limited data PBM was associated primarily with particulate
matter >2.5 μm. On the basis of their comparison of Hg
concentrations measured as a function of particle size, and the
inlet for our sampling system, we would not be sampling this
coarse fraction. If one assumes that our field system is only
measuring GOM, based on data presented in Figure SI 6 and 7
of the SI, then a similar capture efficiency is shown for GOM
compounds by the nylon membrane, and the CEM data are a
better indicator of actual concentration. The field data
demonstrate that the denuder method underestimates GOM
by 2-fold and that GOM compounds other than those tested
were being collected; and GOM varies spatially and temporally.
Implications. The use of a KCl-coated annular denuder

underestimates the concentrations of HgCl2, HgBr2, and HgO
in air. Given the different forms suggested to be present in the
atmosphere,4−6,9−12 and that we do not know all of the
compounds present, it is possible that some may not be
collected by the denuder as suggested by Gustin et al.34 On the
basis of systematic laboratory experiments, the relative
collection efficiency for GOM by the denuders in ambient air
is HgBr2 > HgCl2 > HgO. Comparison of denuder-measured
concentrations with those measured using the CEM represents
the start of a quantitative framework for calibrating past
measurements. This framework is supported by understanding
the basic chemistry of the anions bound to the Hg. In order to
understand and calibrate GOM measurements, permeation

rates of GOM compounds, including HgBr2, HgCl2, HgO, and
HgSO4, and Hg(NO3)2 must be developed for a standard
system with standard sources. Field and laboratory research are
pointing toward KCl denuder interferences with water vapor
and O3. More work is needed to develop calibration factors that
will allow us to correct past field measurements using the
denuder method for spatial and temporal variations in
atmospheric chemistry and GOM compounds.
In scrubbed air experiments, HgCl2 and HgO amounts

measured using CEMs were higher than those measured using
nylon membranes; however, there was no difference using these
two methods during HgBr2 permeation. This indicates that
bonding of HgCl2 and HgBr2 is different for these different
surfaces, and that the CEM is a more robust collection surface
for quantifying total GOM. Furthermore, different desorption
profiles were observed for GEM, HgO, and HgCl2/HgBr2; this
is due to the overall different affinities between GOM
compounds and the nylon surface. Limited field data indicated
that PBM was not measured using our field sampling system.
On the basis of thermodesorption profiles, the atmospheric

chemistry of GOM varies over space and time. Since GOM has
a high deposition velocity and is readily bioavailable, accurate
measurements are needed to assess the environmental impacts
of this global contaminant.
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Abstract.Mercury (Hg) is a global health concern due to its
toxicity and ubiquitous presence in the environment. Here we
review current methods for measuring the forms of Hg in the
atmosphere and models used to interpret these data. There
are three operationally defined forms of atmospheric Hg:
gaseous elemental mercury (GEM), gaseous oxidized mer-
cury (GOM), and particulate bound mercury (PBM). There
is relative confidence in GEM measurements (collection on
a gold surface), but GOM (collection on potassium chlo-
ride (KCl)-coated denuder) and PBM (collected using var-
ious methods) are less well understood. Field and labora-
tory investigations suggest the methods to measure GOM
and PBM are impacted by analytical interferences that vary
with environmental setting (e.g., ozone, relative humidity),
and GOM concentrations measured by the KCl-coated de-
nuder can be too low by a factor of 1.6 to 12 depend-
ing on the chemical composition of GOM. The composi-
tion of GOM (e.g., HgBr2, HgCl2, HgBrOH) varies across
space and time. This has important implications for refin-
ing existing measurement methods and developing new ones,
model/measurement comparisons, model development, and
assessing trends. Unclear features of previously published
data may now be re-examined and possibly explained, which
is demonstrated through a case study. Priorities for future re-
search include identification of GOM compounds in ambient
air and development of information on their chemical and
physical properties and GOM and PBM calibration systems.
With this information, identification of redox mechanisms
and associated rate coefficients may be developed.

1 Introduction

The Minamata Convention for mercury (Hg) has been signed
by more than 120 nations and is now being ratified. The pri-
mary objective of the convention is to “protect human health
and the environment from anthropogenic emissions and re-
leases of mercury and mercury compounds” (UNEP Mina-
mata Convention, 2014). A key challenge for Hg researchers
is developing linkages between Hg in the atmosphere, depo-
sition, and ecosystem contamination (Pirrone et al., 2013).
Here we review where the science on measuring and mod-
eling atmospheric Hg currently stands and offer suggestions
for future research directions that will both advance under-
standing of Hg cycling in and between environmental reser-
voirs and better serve the needs of the convention.
Although the atmosphere is a relatively minor reservoir of

Hg compared to oceans or soils, it is an important pathway
by which Hg is distributed globally over short timescales
( 1 year). Atmospheric deposition represents the major
pathway of Hg input to terrestrial and aquatic ecosystems
outside areas of direct contamination. A variety of envi-
ronmental archives, including remote lake sediments, om-
brotrophic peat bogs, glacial ice, and tree rings, suggests
Hg inputs to the atmosphere have increased several fold in
the last 150 years (cf. Engstrom et al., 2014; Schuster et al.,
2002; Wright et al., 2014a). Measured concentrations of at-
mospheric Hg have been declining over the last ⇠ 15 years
(Slemr et al., 2011; Cole and Steffen, 2010; Soerensen et
al., 2012; Cole and Steffen, 2010; Cole et al., 2014), despite
inventories suggesting global anthropogenic emissions have
been relatively flat or increasing (AMAP/UNEP, 2013). This
conundrum has challenged our understanding of Hg cycling
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and emissions, and underscores the need for continued atmo-
spheric Hg monitoring.
Measuring the forms of Hg in the atmosphere is difficult.

Mixing ratios are at low parts per quadrillion by volume
(ngm�3 and pgm�3). Atmospheric Hg is operationally de-
fined as gaseous elemental Hg (GEM), gaseous oxidized Hg
(GOM), and particulate bound Hg (PBM) less than 2.5 µm
in diameter (Lindberg et al., 2007; Schroeder and Munthe,
1998; Landis et al., 2002). GOM can be present as differ-
ent forms (Huang et al., 2013, 2015). GOM and PBM have
complex fundamental physiochemical properties. Because of
the complexity, recent work has combined GOM and PBM
concentrations as measured by the Tekran® system and de-
fined this as reactive Hg (RM=GOM+PBM) (cf. Rutter
and Schauer, 2007a, b; Gustin et al., 2013; Weiss-Penzias et
al., 2015). Previously it was thought that GEM was 95–99%
of Hg in the atmosphere (cf. Schroeder and Munthe, 1998).
Recent work is pointing towards GOM being 25% of total
Hg in the boundary layer (see the discussion below). In the
Arctic, up to 100% conversion of GEM to GOM has been
observed (Steffen et al., 2014, 2015). In addition, it has been
demonstrated that there are different GOM compounds in the
air (Huang et al., 2013, 2015).
Here we review current methods for measuring the forms

of Hg in the atmosphere and models used to interpret these
data. The advantages and limitations of each measurement
method are discussed, and a narrative is provided on how we
have arrived at our current understanding of the limitations.
The number of models that have developed the capacity to
simulate atmospheric Hg has multiplied in the last decade.
We review major gains in Hg science gleaned from the use of
measurements and models together, as well as key open ques-
tions. We conclude with a discussion of outstanding prob-
lems facing measurement and modeling communities.

2 Methods for measuring atmospheric Hg

2.1 Atmospheric mercury basics

Mercury is typically detected by atomic absorption (AAS) or
atomic fluorescence spectroscopy (AFS). In nearly all cases,
Hg forms are pre-concentrated on gold-coated surfaces be-
cause the sensitivity of AAS and AFS are, with the excep-
tion of laser and Zeeman AAS techniques, not sufficient
for direct measurements of Hg at ambient concentrations.
GOM and PBM are converted to GEM by thermal desorp-
tion from the gold surfaces. Gold is the most frequently used
and best-studied pre-concentration material for Hg but can
become passivated (Huang et al., 2014; Landis et al., 2002).
Currently, the Tekran® 2537/1130/1135 system is the most
widely adopted method for measurement of atmospheric Hg,
and this instrument has been incorporated into monitoring
networks, such as the Canadian Mercury Network (CAM-
Net), Atmospheric Mercury Network (AMNet), and Global

Mercury Observation System (GMOS). Alternate measure-
ment methods have been developed, but are currently oper-
ated on a limited scale.
An AAS or AFS instrument combined with a

pre-concentration on a gold adsorber with an in-
line pyrolyzer will provide total gaseous mercury
(TGM=GEM+GOM) or total atmospheric mercury
(TAM=GEM+GOM+PBM). Since GOM is adhesive,
sampling lines are often heated and should be kept short in
length to prevent wall loss.
GOM and PBM are in temperature-dependent equilibrium

(Rutter and Schauer, 2007b; Amos et al., 2012). Specific
PBM sampling has to take account of this, in addition to the
usual precautions to prevent size-dependent particle losses.
Since it is difficult to achieve separation of PBM and GOM
without disturbing the equilibrium, RM is a more accurate
measurement to use. In addition, due to lack of capture of
GOM by the denuder and collection on the PBM unit (Gustin
et al., 2013), discussion of RM is more appropriate.

2.2 Active automated systems

2.2.1 Tekran® system

The Tekran® 2537/1130/1135 system has been widely used
to measure atmospheric Hg for the past ⇠ 15 years (Landis
et al., 2002). The Tekran® 2537 module measures TGM or
GEM in ngm�3 and was the first component to be developed.
The 1130 and 1135 components were added to this system to
measure GOM and PBM in pgm�3 (Landis et al., 2002), re-
spectively. The instrument pulls air through an elutriator that
is heated to 50 �C and removes particles > 2.5 µm, depending
on the flow rate (Lyman et al., 2007). This particle size cut
is necessary to keep larger particles from depositing on the
denuder. GOM is collected on a potassium chloride (KCl)-
coated denuder, and PBM on a column of quartz chips and
a quartz filter. Air passes through 10m of heated line with
a soda lime trap and Teflon filter at the 2537 inlet and then
into the 2537 where GEM is collected on a gold trap. It is
not known whether the soda lime trap captures and retains
GOM. GOM (500 �C) and PBM (800 �C) are thermally des-
orbed from their collection surfaces, loaded on the gold traps,
and quantified as GEM (gold traps are heated to 350 �C) by
cold vapor atomic fluorescence spectrometry (CVAFS). Al-
though the particle cut inlet, coated annular denuder, parti-
cle filtration device, and heated line are all held at constant
temperatures (50 �C) when sampling, there are temperature
drops within the sampling line and GOM may be lost to the
walls (Gustin et al., 2013). Recent work has shown that heat-
ing of the inlet to 100 �C improves GOM collection (Huang
and Gustin, 2015a).
This instrument has high temporal resolution, low limit

of detection, and established quality assurance / quality con-
trol protocols (Table 1). The CAMNet and AMNet developed
best management practices for this instrument (Steffen et al.,
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Table 1. Pros and cons of automated and integrative methods used to make Hg measurements.

Hg form measured/detection
limit

Pros Cons Suggestion/comments

Automated

Tekran 2537 gold
traps

GEM or TGM;
0.5 ngm�3 ambient air

Low detection limit,
2.5 to 5min resolu-
tion; there is a calibra-
tion source, standard-
ized by AMNet and
CAMNet (cf. Prestbo
and Gay, 2009)

Inlet configuration
will impact whether
measuring GEM or
TGM;
requires fairly trained
technicians, stable
electrical source, reg-
ular calibration and
checks

Suggest using a pyrolyzer at the
inlet if TGM measurement is de-
sired

Tekran 1130 KCl
denuder

GOM;
1 pgm�3

Good time resolution
(1 to 2 h)

No calibration source;
coating denuders needs
to be done by one oper-
ator; does not measure
all the GOM in air

New method needs to be devel-
oped that measures all forms in
air and is not impacted by relative
humidity and ozone; a different
denuder coating would be useful

Tekran 1135 quartz
filter and chips

PBM;
1 pgm�3

Good time resolution
(1 to 2 h)

Positive artifact due to
measurement of GOM
that passes through the
denuder; not all PBM
is measured due to se-
lect grain size capture

Filter method may be best and
suggest using cation exchange
membranes

Lumex GEM or TGM;
in liquids, solids, air;
1 ngm�3

Good time resolution
(seconds);
field portable;
allows for measure-
ment of Hg concentra-
tions in environmental
media in the field

Not calibrated at low
air concentrations

Good for industrial applications

Gardis GEM or TGM;
0.5 ngm�3

Good time resolution
(2.5min)

Requires trained oper-
ators

DOHGS GEM and TGM;
80 pgm�3

Good time resolution
(2.5min)

Requires highly
trained operators and
stable environment

Useful as a research instrument

Laser GEM Fast time resolution
(seconds)

Requires highly
trained operators and a
stable environment;
cannot quantify GOM

Useful as research instrument

Integrated
measurements

GEM sampler
activated carbon

GEM or TGM;
10–80 pgm�3

Easy operation Long time resolution Good for areas with high
concentration gradients

GOM mist chamber GOM;
Blank: 20–50 pg

Complicated
operation;
needs acidified solu-
tion

Useful as a research instrument;
needs to be re-evaluated

GOM passive
sampler
concentration

GOM;
2.3–5 ngm�3

Easy operation Long time resolution Needs a new design

GOM passive
sampler deposition

GOM;
probably PBM;
0.02–0.24 ngm�2 h�1

Easy operation;
real Hg loading to
ecosystem

Long time resolution Good for worldwide network

Direct particulate
matter sampler
measurement

PBM;
probably GOM

Easy operation Artifacts from GOM
partition; choice of fil-
ters important to con-
sider and length of
sampling line

UNR active system GOM;
⇠ 30 pgm�3

Easy operation;
for quantifying GOM
and trying to under-
stand the chemical
forms in air

Potentially some PBM
measured

Good for networks, and it could
be used to help calibrate mea-
surements made by the Tekran
system
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2012; Gay et al., 2013). Co-located GEM measurement can
deviate by 20 to 30% (Aas, 2006; Gustin et al., 2013). Ly-
man et al. (2007; Supplement) found that TGM could vary
by 7.0± 5.3%. There are no calibration standards for GOM,
breakthrough can result in collection on the PBM filter, and
collection efficiencies for GOM and PBM are uncertain (cf.
Gustin and Jaffe, 2010; Huang et al., 2013; Talbot et al.,
2011).

2.2.2 Lumex

Lumex RA-915 and Lumex 915+ (Lumex, St. Petersburg,
Russia) units measure GEM and TGM, respectively, with a
reported detection limit of ⇠ 1 ngm�3 for measurements in
air. If averaged over the sampling time of the GEM mea-
surement by the Tekran® system (5min), a detection limit
of a few tenths of ngm�3 can be achieved. The Lumex uses
Zeeman atomic absorption spectrometry with Zeeman back-
ground correction. In this instrument, a Hg vapor lamp sits
in a magnetic field and generates a 254 nm light wavelength
split into three polarized light fields. A photodetector de-
tects light in one field within the Hg absorption wavelength
254 nm and another lying outside of this wavelength. The
signals from both fields are equal when Hg is not present
(for details see Sholupov et al., 2004). The instrument can
be periodically calibrated using a permeation source such as
used for internal calibration of the Tekran® instruments. This
is not available commercially (F. Slemr, personal communi-
cation, 2015).

2.2.3 Gardis

The Gardis Hg analyzer has two gold traps, a concentrating
and analytical trap, and measures Hg using CVAAS (Institute
of Physics, Lithuania). Having two gold traps might reduce
some interferences, such as passivation. This instrument will
measure GEM, TGM, or TAM depending on inlet configu-
ration and was developed in 1995 by Urba et al. (1995). In
a field comparison, concentrations were similar to that mea-
sured by the Tekran® 2537 (Ebinghaus et al., 1999). This
unit has had limited use and a reported detection limit of
0.5 ngm�3 (Table 1).

2.2.4 University of Houston Mercury system
(UHMERC)

UHMERCwas designed for measuring GEM and TGM (Tal-
bot et al., 2008). This instrument uses two Tekran® systems
that are slightly modified (gold trap heated to 460 �C). The
inlet to the instrument measuring GEM consists of a Teflon
filter to remove fine particles (< 2 µm) with a molecular sieve
trap immediately after to remove GOM (Gustin et al., 2013).

2.2.5 Detector for oxidized Hg species (DOHGS)

The DOHGS instrument measures TGM and GEM using two
Tekran® 2537 units. The difference between these measure-
ments is interpreted as RM. The original instrument is de-
scribed in Swartzendruber et al. (2009), and subsequent mod-
ifications to the system can be found in Ambrose et al. (2013)
and Lyman and Jaffe (2012). The measurement of GEM re-
quires that GOM and PBM be selectively removed from the
airstream. In early versions, only GOM was removed using
a KCl-coated denuder. This led to the discovery of a discrep-
ancy between GOM collected on KCl-coated denuders and
that measured by the difference method (Swartzendruber et
al., 2009). The GOM removal method was changed to quartz
chips maintained at 650 �C as a pyrolyzer to measure TGM
and then quartz wool (Lyman and Jaffe, 2012; Ambrose et
al., 2013). More recently a cation-exchange membrane filter
has been used to remove RM compounds.
The method detection limit for RM is ⇠ 80 pgm�3 (Am-

brose et al., 2013; Table 1). Extensive testing has been con-
ducted on the DOHGS using calibration sources of Hg0,
HgBr2, and HgCl2. Improving the sensitivity of the under-
lying CVAFS systems would enable more routine operation
of this instrument.

2.2.6 Laser systems

Two laser systems have been developed for measurement of
GEM (Faïn et al., 2010; Pierce et al., 2013; Bauer et al., 2002,
2010, 2014). One is a cavity ring-down system, and the other
operates on the principle of laser-induced fluorescence. Both
are calibrated using Tekran® data. These do not currently
have the ability to measure GOM or PBM. If GOM and/or
PBM were to be measured, they must be converted to GEM
first. The cavity ring-down instrument has interferences with
ozone (O3) (Faïn et al., 2010; Pierce et al., 2013). Laser sys-
tems are best applied in laboratory settings given the current
sensitivity, need for a consistent electrical supply, and large
electrical power use.
During the Reno Atmospheric Mercury Intercomparison

eXperiment, the laser-induced fluorescence system operated
by University of Miami successfully sampled on 18 days,
typically for between 4 and 6 h a day. The longest period
of continuous sampling lasted for 26 h. During RAMIX they
sampled directly from the manifold and, in addition, at the
end of the campaign sampled ambient air independently, in-
cluding true in situ sampling on the roof of their mobile
lab. They also attempted to measure GOM by pyrolyzing the
sample air and measuring the difference between Hg(0) and
TGM (Bauer et al., 2014; A. Hynes, personal communica-
tion, 2015).
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2.3 Active manual samplers

Here we briefly review manual sampling methods for
GEM/TGM, GOM, and PBM. Manual samplers collect over
a specific amount of time, and then the samples collected
need to be analyzed using an alternate method. In contrast,
automated samplers provide short time (seconds to minutes)
resolution measurements and do not need measurements by
an alternate method.

2.3.1 Mist chamber method for RM

Stratton and Lindberg (1995), Lindberg and Stratton (1998),
Lindberg et al. (2000), and Stratton et al. (2001) described
development of a mist chamber for measurement of GOM
(termed RGM then). The principle of operation includes
pulling air at a high flow rate (15 to 20 Lpm) through a fine
mist aerosol made of water, NaCl, and HCl. GOM and PBM
accumulate in droplets captured on a membrane. This liquid
drains into a chamber and is collected, stored in vials, and an-
alyzed using EPA Method 1631 (EPA Method 1631, 2013).
Sheu and Mason (2001) compared denuders, mist cham-

bers, and a filter pack method for GOM (see the Supplement
for details). They showed GOM concentrations in Maryland
could be up to 500 pgm�3 and that GOM could be up to
30% of the TGM. Reported daytime concentrations mea-
sured by the mist chamber were significantly higher (20 to
700 pgm�3) than the KCl-coated denuder (20 to 70 pgm�3).

2.3.2 UNR active system for GOM

The UNR active system measures ambient GOM concentra-
tions and identifies GOM compounds. It consists of a six-port
system each with two in-series Teflon filter holders. Three of
the filter holders house nylon membranes and three-cation
exchange membranes. Air is pulled using a vacuum pres-
sure pump through the membranes with flow regulated by
a mass flow controller at a rate of ⇠ 1 Lpm. (Huang et al.,
2013). This unit is not thought to measure PBM as config-
ured (Huang et al., 2013, 2015).
Cation exchange membranes are analyzed using EPA

Method 1631 (EPA Method 1631, 2013) to quantify GOM
concentrations. Nylon membranes are thermally desorbed to
determine compounds present in the air (Huang et al., 2013,
2015). This method may not collect all GOM compounds
(Wright et al., 2014b; Huang et al., 2014; Huang and Gustin,
2015b). The nylon membrane is influenced by relative hu-
midity (RH) (Huang et al., 2013; Huang and Gustin, 2015a).
A summary of some advances presented in Huang and Gustin
(2015b) associated with this method are described in the Sup-
plement. The active system is currently limited to a resolu-
tion of 1 to 2 weeks.

2.3.3 Active manual systems for PBM/RM

Teflon, glass-fiber, and quartz filters have been used in open-
faced filter packs, cascade impactors, and Micro-Orifice Uni-
form Deposition Impactors™ (MOUDIs) to measure atmo-
spheric PBM concentrations (Keeler et al., 1995; Wang et
al., 2013; Talbot et al., 2011; Engle et al., 2008; Rutter et
al., 2008). PBM will vary depending on the chemistry of
the aerosol, the atmosphere, and GOM chemistry along with
physical conditions of the atmosphere, such as temperature
and relative humidity. PBM measurements will collect some
GOM and will be impacted by the filter material, flow rate,
and inlet configuration.

2.4 Passive samplers

Passive samplers may be biotic (i.e., mosses, lichens, plant
leaves) or abiotic surfaces (membranes, water). Huang et
al. (2014) recently reviewed passive sampling methods for
atmospheric Hg.

2.4.1 Total gaseous mercury

The method developed by W. Zhang et al. (2012) used
an abiotic passive sampler with sulfate-impregnated carbon
contained in an axial sampler. Activated carbon was in-
vestigated as a sampling material for Hg by Lindberg and
Turner (1977), Lindberg et al. (1979), and Lindberg (1980).
Other materials that have been applied include silver wires,
gold-coated plates, and gold plugs (Gustin et al., 2011; Skov
et al., 2007; Huang et al., 2014). Sulfate-impregnated car-
bon is effective because it retains atmospheric Hg, has a
high sorption capacity, and will not become passivated over
time (cf. Huang et al., 2014). This sampler is best applied
for Hg measurements across significant concentration gradi-
ents (e.g., urban to rural). The sampler would need to be de-
ployed for more than 90 days at a remote site. It is not known
whether it measures TGM or GEM.

2.4.2 Gaseous oxidized Hg

There are currently two types of passive samplers for GOM.
These include surrogate surfaces to measure dry deposition,
and a measurement of diffusive uptake as a surrogate for con-
centration. The most widely adopted dry deposition method
uses a cation exchange membrane in a down-facing aerody-
namic sampler housing (“Aerohead sampler”; Lyman et al.,
2007, 2009) and has been deployed in multiple studies (Cas-
tro et al., 2012; Sather et al., 2013, 2014; Peterson et al.,
2012; Gustin et al., 2012; Wright et al., 2014b; Huang and
Gustin, 2015b). Although there are limitations, such as mea-
surement of only unidirectional flux, dry deposition models
also apply a similar flux. Huang and Gustin (2015b) found
that the surrogate surface better agreed with models when air
concentrations measured by the box sampler and calibrated
by the Tekran® system were adjusted by a factor of 3. The
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box sampler designed by Lyman et al. (2010b) provides a
means for calculating concentrations based on uptake rate.
Recent work suggests the box sampler has significant wall
loss (80%) of GOM (Huang and Gustin, 2015b). Lack of
calibration is a limitation for all passive samplers. The tem-
poral resolution is coarse and samplers must be deployed for
1 to 2 weeks.

2.5 Calibration methods

One of the major outstanding issues is that the vast majority
of GOM and PBM measurements are not calibrated (Jaffe et
al., 2014). Calibration of GOMmeasurements has been done
using manifold and chamber systems. Neither is automated
or widely adopted. Coal fly ash is available as a standard for
PBM, but calibrations have not been done. Laboratory cham-
bers have been developed for calibrating and testing mem-
branes and passive samplers (Gustin et al., 2011; Lyman et
al., 2007, 2010b; Skov et al., 2007).
The UNR manifold calibration system is designed so spe-

cific Hg compounds can be added at different concentrations
as well as O3, water vapor, and other chemical compounds.
A pyrolyzer at the inlet can be used to determine concen-
trations of Hg being permeated (Huang et al., 2013). The
eight-port glass manifold allows for collection of GOM on
KCl-coated denuders and different surfaces (Huang et al.,
2013). A Tekran® 2537/1130 unit at the end of the manifold
is used to measure GEM and GOM concentrations. Manifold
calibrations have also been performed by the University of
Washington in the laboratory (Finley et al., 2013; McClure
et al., 2014) and field (RAMIX; Gustin et al., 2013; Finley et
al., 2013). During the RAMIX campaign, transmission effi-
ciencies of GEM and HgBr2 were 92 and 76%, respectively.

3 Evolution of our understanding of the limitations of
speciated Hg measurements

3.1 Are we measuring TAM, TGM, or GEM?

Inlet configuration and local atmospheric chemistry will af-
fect the measurement of TGM versus GEM. Limited work in
dry air with uncovered lines (i.e., exposed to sunlight) indi-
cated that the Tekran® 2537 measures TGM (see the Sup-
plement). If GOM is able to pass through the inlet to the
Tekran® 2537 and the gold traps are not passivated, the in-
strument will measure TGM (Gustin et al., 2013; Temme et
al., 2002). Passivation of gold surfaces can occur (Barghi-
giani et al., 1991; Brosset and Iverfeldt, 1989; Gustin et al.,
2011; Munthe et al., 1990; Xiao et al., 1991), and when this
occurs these surfaces are no longer quantitatively collecting
atmospheric Hg. Landis et al. (2002) mentioned passivation
of gold traps periodically occurred right after analysis of a
denuder, with recovery dropping to 50%. To measure TAM
requires the use of a pyrolyzer at the inlet to the sampling line
to convert GOM + PBM to GEM. Field data suggest GOM

can constitute up to 25% of TGM in Nevada, Florida, and
Maryland (see Sects. 2.3.1, 3.2.2, 4) and up to 100% during
depletion events in the Arctic (Steffen et al., 2014, 2015).

3.2 PBM measurements and potential artifacts

Relative to GOM and GEM, PBM measurements have re-
ceived less systematic study. The Tekran® system is currently
the most widely used configuration for measuring PBM.
Other sampling methods tested include filter-based meth-
ods (Rutter et al., 2008; Talbot et al., 2011; Malcolm and
Keeler, 2007; Kim et al., 2012). The sign and magnitude of
the Tekran® measured PBM bias is presently unclear. Both
high and low biases have been reported (Talbot et al., 2011;
Rutter et al., 2008; Malcolm and Keeler, 2007; Gustin et al.,
2013).
The particle size distribution of PBM is spatially het-

erogeneous and can include both fine and coarse fractions
(Kim et al., 2012; Keeler et al., 1995; Malcolm and Keeler,
2007; Engle et al., 2008). The standard inlet on the Tekran®
2537/1130/1135 excludes particles larger than 2.5 µm (de-
pending on the flow rate; Lyman et al., 2010) in diameter
to prevent large particles from depositing on the KCl-coated
denuder. Thus in coastal/marine, agricultural, or industrial
settings with high concentrations of large particles, reported
PBM concentrations represent a lower bound (Malcolm and
Keeler, 2007; Kim et al., 2012; Poissant et al., 2005). Surro-
gate surfaces with cation exchange membranes may collect
very small aerosol fractions by diffusion (Lyman et al., 2007;
Huang and Gustin, 2015b).
Temperature and atmospheric composition potentially im-

pact PBM measurements. The Tekran® 1135 particulate
module is maintained at 50 �C to prevent condensation of
water vapor. Based on filter experiments compared with
Tekran® PBM, Rutter et al. (2008) suggested there is evap-
orative loss of PBM. Thermal desorption profiles using ny-
lon membranes showed that Hg(II) compounds are emitted at
temperatures ranging from 50 to 200 �C (Fig. 2), depending
on charges on the collection surface and the polarizability of
the different Hg compounds (Huang et al., 2013). Lynam and
Keeler (2005) observed less PBM collected on quartz filters
for 12 versus 4 h, and suggested a negative sampling artifact
associated with relative humidity or reaction with gases in
the air such as O3.
Breakthrough of GOM from the upstream denuder can re-

sult in inadvertent retention of GOM on the PBM collection
surface resulting in biased high PBM measurement. In prin-
cipal, the Tekran® 2537/1130/1135 removes GOM on the
KCl-coated annual denuder and then PBM is collected down-
stream. Field data have shown that GOM compounds not col-
lected by the KCl-coated denuder can be captured by the par-
ticulate unit (Gustin et al., 2013). Quartz fiber filters used to
collect PBM may also collect GOM (Rutter et al., 2007; see
the Supplement for detailed example). Lyman et al. (2007)
compared calculated dry deposition fluxes associated with
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coated (KCl) and uncoated quartz fiber filters against data
collected using cation-exchange membranes, both yielded
significantly lower deposition fluxes. GOM breakthrough
may not occur in all cases. For example, if there are tem-
perature drops within the instrument, then GOM will deposit
to the walls (Gustin et al., 2013). Because of these issues, the
authors conclude it is presently more robust to interpret RM
rather than PBM and GOM data separately.

3.3 GOM: biases, interferences, and shedding light on
the spatiotemporal variability of GOM compounds
in air

Based on laboratory and field studies, concentrations of
GOM collected on the nylon and cation exchange mem-
branes are higher than those collected by the Tekran® system
by 60–1000% (Huang et al., 2014; Huang and Gustin, 2015a,
b). Laboratory and field experiments have demonstrated the
collection efficiency of KCl-coated denuders varies with en-
vironmental conditions (O3, RH) and Hg(II) compounds
present in air. Below we discuss recent laboratory experi-
ments and field studies that have shaped our understanding
of the limitations of GOM measurement methods.

3.3.1 Ozone and relative humidity interferences

Laboratory experiments have confirmed O3 interferences for
KCl-coated denuders and relative humidity interferences for
both denuders and nylon membranes (Lyman et al., 2010a;
McClure et al., 2014; Huang and Gustin, 2015b). Lyman et
al. (2010a) found the collection efficiency of HgCl2 loaded
on a KCl denuder was reduced by 3 to 37%when O3 concen-
trations were 6 to 100 ppbv. Lyman et al. (2010a) proposed
reduction was occurring on the denuder wall:

HgCl2+ 2O3 ! Hg0+ 2O2+ClO. (1)

Their results also indicated less GOM was recovered as O3
exposure time increased (10 to 26% removed from loaded
denuders for 2.5min and 29 to 55% for 30min at 30 ppbv).
In experiments similar to those performed for O3, McClure

et al. (2014) found RH had a similar effect on HgBr2 loaded
on KCl-coated denuders. Huang and Gustin (2015a) perme-
ated HgBr2 and water vapor into a Tekran® 2357/1130 sys-
tem in ambient air and found collection efficiencies dropped
during the spikes of RH, and the denuder became passivated
over time.
They found the following at RH of 21 to 62%:

RH= 0.63GOM loss%+ 18.1, r2 = 0.49, p value< 0.01.
(2)

Huang and Gustin (2015a) found a greater impact of relative
humidity than O3.

3.3.2 Variability of RM composition and
concentrations

Here we use comparisons of data collected with a variety of
sampling methods to better understand atmospheric Hg con-
centrations and how measurement discrepancies vary with
environmental setting (e.g., RH and O3) and Hg(II) com-
pounds present in the ambient atmosphere. This includes
data collected as part of a large study in Florida (Peterson
et al., 2012; Gustin et al., 2012), the RAMIX field campaign
(Gustin et al., 2013), recent comparison of KCl-coated de-
nuder data with the UNR active system (Huang et al., 2013,
2015), and laboratory testing (Huang et al., 2013; Huang and
Gustin, 2015a, b). For a historical review of additional liter-
ature see the Supplement in Gustin et al. (2013), Huang et
al. (2014), and this paper.
Peterson et al. (2012) compared passive samplers and

Tekran® data from three sites in Florida. The region has high
Hg wet deposition but low GOM concentrations (on average
2–8 pgm�3 as measured by the Tekran® system). In general,
the Aerohead or dry deposition sampling system (described
above), showed higher deposition for GOM than that calcu-
lated using KCl-coated denuder concentrations and a dry de-
position model. Based on passive sampler uptake and calcu-
lated deposition velocities, Peterson et al. (2012) suggested
the difference could be explained by the presence of differ-
ent GOM compounds in the air (see the Supplement for ad-
ditional detail). Examining the data across all seasons, using
three Hg measurement methods, criteria pollutants, and me-
teorology, Gustin et al. (2012) concluded there were differ-
ent GOM compounds in air that were derived from different
primary sources, sources producing different oxidants, and
variation across season.
Data from the RAMIX experiment also indicated the KCl-

denuder measurements were biased low through spikes of
GOM (HgBr2) into a manifold. Ambient air RM concentra-
tions measured by the DOGHS were higher than those mea-
sured by the Tekran® system and this instrument recovered
66% of the HgBr2 spike during RAMIX (Gustin et al., 2013).
The experiment also indicated RH caused the denuders to be-
come passivated over time (Gustin et al., 2013). Spike recov-
eries of HgBr2 by KCl-coated denuders were 2 to 5 times
lower than that measured by the DOGHS, with mean values
for spikes ranging from 17 to 23% recovery. Replicate nylon
membranes collected 30 to 50% more RM than the Tekran®
system in ambient air. For a concise summary of the results
of the RAMIX DOHGS versus Tekran® data and an explana-
tion for a component of the atmospheric chemistry occurring
see the Supplement.
Figure 1 and Table 2 show correlations between specific

GOM compounds concentrations measured by the nylon and
cation exchange membranes versus the KCl-coated denuder
in the Tekran® system (see Huang et al. (2013) for detail
on the experimental setup). These data demonstrate differ-
ent compounds have different collection efficiencies by the
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Figure 1. Correlation between GOM concentrations measured by KCl-coated denuder and the nylon and cation exchange membranes in
activated charcoal-scrubbed air. Modified from Huang et al. (2013).

Table 2. Regression equations comparing nylon membrane and cation exchange membrane measured GOM concentrations to those measured
by the denuder using the UNR laboratory manifold system and charcoal-scrubbed air.

HgCl2 HgBr2 HgO Hg(NO3)2 HgSO4

Nylon membrane (y)
KCl denuder (x)

y = 1.6x + 0.002
r2 = 0.97, n = 12

y = 1.7x + 0.01
r2 = 0.99, n = 10

y = 1.8x +
0.02
r2 = 0.99, n = 8

y = 1.4x + 0.04
r2 = 0.90, n = 12

y = 1.9x � 0.1
r2 = 0.6, n = 12

Cation-exchange
membrane (y)
KCl denuder (x)

y = 2.4x + 0.1
r2 = 0.58, n = 9

y = 1.6x + 0.2
r2 = 0.86, n = 5

y = 3.7x + 0.1
r2 = 0.99, n = 6

y = 12.6x � 0.02
r2 = 0.50, n = 6

y = 2.3x + 0.01
r2 = 095, n = 18

denuder. Figure 1 shows the nylon membrane has equal effi-
ciency for all Hg(II) compounds tested, and the cation ex-
change membrane quantitatively collects the Hg(II) com-
pounds permeated. The collection efficiency of the cation
exchange membrane relative to the KCl-coated denuder
in a Tekran® 1130 is HgBr2 (1.6) >HgSO4 (2.3)=HgCl2
(2.4) >HgO (3.7) >Hg(NO3)2 (12.6).
Huang et al. (2013) compared field data collected using

the Tekran® system and the UNR active system. Cation-
exchange membranes measured concentrations were 1.1 to
3.7 times greater than the nylon membranes and 2 to 6
times greater than Tekran® RM values. Substantial spatial
and temporal variability in the difference between the cation-
exchange membrane and Tekran® RM values were observed.
Thermal desorption profiles from the nylon membranes indi-
cate this is explained by variability in the Hg(II) compounds
present in air (Huang et al., 2013, 2015).
Data collected using the UNR Active System can be com-

pared to KCl-coated denuder measurements in different ar-
eas and used for understanding the GOM concentrations and
chemistry for different areas.

4 Case study demonstrating how we can use past
measurements to move forward

In light of the new information about interferences affect-
ing GOM measurements, we may begin to go back and re-
examine features of past data that previously could not be
explained. Here we explore Weiss-Penzias et al. (2003) as a
case study. They measured GEM, GOM, and PBM at Cheeka
Peak Observatory (Fig. 3), Washington, USA, in the ma-
rine boundary layer and found “air of continental origin con-
taining anthropogenic pollutants contained on average 5.3%
lower GEM levels as compared with the marine boundary”.
GOM and PBM concentrations in continental air were very
low, 0–20 and 1–4 pgm�3, respectively. At the time, the
results were “difficult to reconcile”. Now we see that the
change in GEM concentrations during local anthropogenic
pollution events relative to the mean of monthly marine air
(�60 to �270 pgm�3) in Weiss-Penzias et al. (2003) are
similar to the disparity in concentrations measured during
RAMIX between the DOHGS and Tekran® RM measure-
ment.
Retrospectively, we suggest the observed differences be-

tween the two air masses reported can be explained by dif-
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Figure 2. Thermal desorption profiles generated by permeating different Hg compounds. Modified fromHuang et al. (2013). Percent indicates
the amount released relative to the total. Profiles were developed in activated charcoal-scrubbed air. Compounds being permeated may not
be the exact compound in the permeation tube, and this needs to be verified.

Figure 3. Figure 7 fromWeiss-Penzias et al. (2003). Reprinted with
permission from Weiss-Penzias et al. (2003), copyright: 1 Septem-
ber 2003 American Chemical Society.

ferences in the mix of oxidants and the resultant Hg(II) com-
pounds formed. GOM and PBM were likely low due to lack
of collection efficiency, interferences with O3, and loss in the
sampling line (see the Supplement for details of sampling set
up). Significantly lower GEM concentrations in the continen-
tal air are indicative of greater oxidation, which is supported
by decreases in GEM concentrations coincident with O3 in-
creases. Eastern Washington is covered by forests, which
generate volatile organic compounds that could contribute to
O3 and GOM formation. The marine air masses likely con-
tained HgBr2 or HgCl2, and the continental air Hg-O, Hg-S,
and Hg-N compounds associated with industry, agriculture,
and mobile sources. The capture efficiency of HgBr2 and
HgCl2 is greater than for O, S, and N compounds (Fig. 1;
Table 2). The case study exemplifies how we can use the loss
of GEM as a means of understanding the amount of GOM
present or produced in air.

5 Advancing understanding using Hg measurements
and models

Here we discuss several key scientific advancements that
have come from comparing models with speciated measure-
ments, as well as the major questions left open by these stud-
ies. The number of atmospheric models capable of simulat-
ing speciated Hg has multiplied over the last decade (Ta-
ble 3). Detailed discussion on model/measurement compar-
isons of RM can be found in Kos et al. (2013). Limitations
and uncertainties of the models themselves have been written
about at length in original research articles on model inter-
comparisons (Bullock et al., 2008; Pongprueksa et al., 2008;
Lin et al., 2006). Fully acknowledging current limitations,
there have still been huge strides made in our scientific un-
derstanding of the processes controlling GEM, GOM, and
PBM cycling in the atmosphere including: marine bound-
ary layer cycling, plume chemistry, source–receptor relation-
ships, gas–particle partitioning, and vertical distribution.
Our understanding of speciated Hg cycling in the marine

boundary layer (MBL) is one example of Hg science advanc-
ing as a result of using measurements and models in combi-
nation. GOM in the MBL has a diurnal pattern characterized
by a midday peak and is depleted through deposition at night
(Laurier and Mason, 2007; Laurier et al., 2003; Sprovieri et
al., 2003). The use of observations and models together de-
termined that the MBL has bromine photochemistry and was
not affected by the hydroxyl (OH) radical. This drives the
midday photochemical peak in GOM concentrations in the
MBL and that scavenging by sea salt was driving rapid depo-
sition at night (Holmes et al., 2009; Selin et al., 2007; Obrist
et al., 2010; Hedgecock and Pirrone, 2001, 2004; Hedgecock
et al., 2003; Jaffe et al., 2005; Laurier and Masson, 2007;
Laurier et al., 2003; Sprovieri et al., 2003).
Model–observation comparisons consistently suggest

models overestimate GOM surface concentrations, some-
times by as much as an order of magnitude (Amos et al.,
2012; W. Zhang et al., 2012; Kos et al., 2013; Holloway et
al., 2012; Bieser et al., 2014). The measurement–model mis-
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Table 3. Atmospheric models with speciated mercury.

Model name Domain Type Explicit or lumped Hg(II) References

GRAHM Global 3-D, Eulerian Explicit (HgCl2, HgO) Dastoor and Larocque (2004); Rya-
boshapko et al. (2007a, b); Dastoor et
al. (2008); Durnford et al. (2010); Kos et
al. (2013); Dastoor et al. (2014)

GEOS-Chem Global⇤ 3-D, Eulerian Bulk Hg(II) Selin et al. (2008); Selin and Jacob
(2008); Holmes et al. (2010); Corbitt et
al. (2011); Amos et al. (2012); Y. Zhang
et al. (2012); Chen et al. (2014); Kikuchi
et al. (2013)

CMAQ-Hg Continental USA 3-D, Eulerian Explicit (HgCl2, HgO) Bullock and Brehme (2002); Vijayaragha-
van et al. (2008); Holloway et al. (2012);
Bash et al. (2014)

GLEMOS Variable, global to regional 3-D, Eulerian Lumped Travnikov and Ryaboshapko (2002,
EMEP report); Travnikov (2010)

ECHMERIT Global 3-D, Eulerian HgO(g), HgCl2(g), lumped Hg(II)(aq) De Simone et al. (2014); Jung et al. (2009)
WRF-Chem Regional 3-D, Eulerian Lumped Gencarellia et al. (2014)
MSCE-Hg-Hem Northern Hemisphere 3-D, Eulerian HgO(g), HgCl2(g), lumped Hg(II)(aq) Travnikov and Ryaboshapko (2002);

Travnikov (2005); Travnikov and
Ilyin (2009)

ADOM North America, Europe 3-D, Eulerian HgO(g), HgCl2(g), lumped Hg(II)(aq) Petersen et al. (2001)
DEHM Northern Hemisphere 3-D, Eulerian HgO(g), HgCl2(g), lumped Hg(II)(aq) Christensen et al. (2004); Skov et

al. (2004, EST)
WoRM3 Global 2-D, multi-media Lumped Qureshi et al. (2011)
PHANTAS Arctic box model Detailed, explicit Hg(II) compounds Toyota et al. (2014)
HYSPLIT Global 3-D, Lagrangian HgO(g), HgCl2(g), lumped Hg(II)(aq) Cohen et al. (2004)
TEAM North America 3-D, Eulerian HgO(g), HgCl2(g), lumped Hg(II)(aq) Bullock et al. (2008, 2009)
CTM-Hg Global 3-D, Eulerian HgO(g), HgCl2(g), lumped Hg(II)(aq) Shia et al. (1999); Seigneur et al. (2001,

2003, 2004, 2006); Lohman et al. (2008)
REMSAD North America 3-D, Eulerian Explicit (HgCl2, HgO) Bullock et al. (2008, 2009)
EMAP Europe 3-D, Eulerian Lumped Syrakov et al. (1995)

⇤ The standard GEOS-Chem has a global domain with the option to have a nested high-resolution simulation over North America (Zhang et al., 2012).

match is now understood as being partly explained by a low
sampling bias (see Sect. 3), but this alone cannot reconcile
the discrepancy. Reduction of GOM to GEM in coal-fired
power plant plumes (Edgerton et al., 2006; Lohman et al.,
2006) has been invoked as a possible explanation (Amos et
al., 2012; W. Zhang et al., 2012; Kos et al., 2013; Holloway
et al., 2012; Vijayaraghavan et al., 2008). The mechanism
for in-plume reduction (IPR) remains speculative, hindering
inference about how in-plume reduction may vary with coal
type, control technology, or atmospheric composition. Re-
sults from recent field and laboratory data have been mixed,
providing evidence for and against IPR (Tong et al., 2014;
Landis et al., 2015) (Deeds et al., 2013). The speciation of
anthropogenic emission inventories is also being revisited
in order to reconcile model–measurement RM mismatches
(Wang et al., 2014; Bieser et al., 2014). Improving our under-
standing of IPR and emission speciation has important im-
plications for the efficacy of domestic regulation such as the
US EPA Mercury Air Toxics Standard and for potentially at-
tributing trends in Hg wet deposition over the USA (Y. Zhang
et al., 2012).
Derived source–receptor relationships will also be sen-

sitive to uncertainties in IPR and emission speciation. On
the whole, Hg models simulate wet deposition fluxes better

than surface GOM concentrations, contributing to the rela-
tively high degree of consensus among source–receptor stud-
ies. A comparison of source–receptor studies found models
agreed within 10% in terms of the attribution of total wet
Hg deposition to a given continental region (e.g., Europe,
Asia) (AMAP/UNEP, 2013; Travnikov et al., 2010). Several
source–receptor studies have concluded domestic US emis-
sions contribute ⇠ 20% to total Hg deposition over the con-
tiguous USA (Selin and Jacob, 2008; Corbitt et al., 2011).
W. Zhang et al. (2012) found that including IPR in a model
decreased the domestic contribution to wet deposition over
the USA from 22 to 10%.
An additional area of measurement–model study has been

gas–particle partitioning of GOM and PBM. Understanding
gas–particle partitioning is important because gases and par-
ticles are removed from the atmosphere by different phys-
ical processes. There is observational and laboratory evi-
dence that gas–particle partitioning between GOM and PBM
is driven by air temperature and aerosol concentrations (Rut-
ter and Schauer, 2007a, b; Steffen et al., 2014; Rutter et al.,
2008; Amos et al., 2012; Chen et al., 2014). Implementing
temperature-dependent gas–particle partitioning in a global
model increased simulated annual Hg deposition at higher
latitudes (Amos et al., 2012). Aircraft observations suggest
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gas–particle partitioning also plays a major role in influenc-
ing the vertical profile of Hg, especially in the upper tropo-
sphere/lower stratosphere (Swartzendruber et al., 2009; Ly-
man and Jaffe, 2012; Murphy et al., 2006). Current gas–
particle partitioning relationships are derived from surface
data. PBM measurements from the summit of Mt. Bache-
lor suggest these relationships do not capture PBM dynam-
ics aloft (Timonen et al., 2013). Effects of aerosol composi-
tion (Rutter and Schauer, 2007b), relative humidity, or even
repartitioning of RMwithin the Tekran® (see Sect. 3.3) could
potentially contribute to this deficiency.
Oxidation also plays a central role in Hg cycling at the up-

per troposphere/lower stratosphere boundary. Comparisons
against vertical aircraft profiles of TGM consistently suggest
there is too little oxidation in models in the lower strato-
sphere (W. Zhang et al., 2012; Holmes et al., 2010). Obser-
vations show that total Hg is depleted in the lower strato-
sphere (Holmes et al., 2010; Lyman and Jaffe, 2012; Slemr
et al., 2014), which is thought to be the result of rapid ox-
idation of Hg(0) to Hg(II), partitioning of Hg(II) to sul-
fate aerosol, and subsequent sedimentation of PBM (Lyman
and Jaffe, 2012). Aircraft measurements over Washington
and Tennessee, USA, found summertime GOM peaks be-
tween 2 and 4 km (Swartzendruber et al., 2009; Brooks et al.,
2014). Modeled GOM vertical profiles over the USA have
a less pronounced peak and generally place it higher (4–
6 km) (Bullock et al., 2008). Correctly modeling the vertical
distribution of Hg, particularly GOM and PBM, is essential
for simulating deposition and hence Hg loading to surface
ecosystems.
Chemistry remains one of the greatest uncertainties in Hg

models. Improving measurements to determine the chemistry
can help determine the mechanism(s) at play. There is still
a general lack of rate coefficients and corresponding step-
by-step reaction mechanisms available. The estimated tro-
pospheric lifetime of RM against deposition and reduction
is 40 days (Holmes et al., 2010), but the reduction pathway
is highly uncertain (Subir et al., 2011; Pongprueska et al.,
2008), and the burden of RM in the free troposphere is un-
certain by at least a factor of 2 (Selin et al., 2008; De Simone
et al., 2014). Improving our knowledge of the reduction and
oxidation rates in the atmosphere will allow models to bet-
ter capture the vertical distribution of Hg and in turn better
simulate Hg deposition. The recent AMAP/UNEP (2013) as-
sessment identified this as the highest priority for Hg models
due to the importance in the Hg exposure pathway.
A persistent issue is the ambiguity in comparing mod-

eled Hg(II) compounds to GOM and PBM, which are oper-
ationally defined. Models either have a lumped Hg(II) tracer
or explicitly resolve individual Hg(II) compounds (Table 3).
Since different Hg(II) compounds have different collection
efficiencies by the KCl coated denuder (Fig. 1), this further
confounds how to best construct a GOM-like model quantity
to compare against observations. An active dialogue between
experimentalists and modelers is encouraged as the commu-

nity moves forward, so modelers may implement Hg tracers
that emulate the Hg compounds measured.
Recent papers have used a three-fold correction factor to

adjust the GOM concentrations measured by the Tekran®
system to calculate dry deposition using models in the west-
ern USA and Florida (cf. Huang and Gustin, 2015a; Huang
et al., 2015). Use of this correction factor is based on the
discrepancy between denuder measurements in the field and
cation exchange membranes dry deposition measurements
and concentrations collected using the UNR active system.
Weiss-Penzias et al. (2015) found the GEOS-Chem model
overestimated RM/GEM by a factor of 2.8 compared to
Tekran® RM/GEM, which is roughly in line with this cor-
rection factor. These field observations were collected in dry
and humid conditions and at O3 concentrations typically ob-
served in the atmosphere. Additional consideration could be
based on the RH and O3 concentrations and the potential
GOM compounds in the air.

6 Outstanding issues

Mercury is present in the atmosphere at pgm�3 to ngm�3,
and the capability to measure it is a substantial analytical
accomplishment. Ongoing measurements of atmospheric Hg
will be key in evaluating the environmental benefit of regu-
lation on behalf of the Minimata Convention.
Here we reviewed the current state of the science for mea-

suring and modeling atmospheric Hg concentrations. Recent
laboratory and field investigations have shown numerous ar-
tifacts and environmental interferences can affect measure-
ment methods. Some environments such as those with low
humidity and O3 may be less susceptible to sampling in-
terferences than others. In light of new information about
the limitations of sampling methods, we may revisit and
better explain certain features of previous data sets and
measurement–model comparison.
Fundamental research is needed on measurement meth-

ods and the atmospheric chemistry of Hg. We need to ob-
tain agreement between several methods for understanding
the chemical forms and compounds in the air. Only through
comparison of multiple calibrated measurements can results
be determined to be accurate.
Identifying the chemical compounds of RM in the atmo-

sphere is a top priority. Understanding the final oxidation
products are key for resolving questions regarding Hg chem-
istry. Knowing the dominant compounds would help with the
design of measurement methods and determination of de-
position velocities. Thermal desorption shows promise and
mass spectrometry may be a way to verify compounds.
Development of a standard, field-deployable calibration

system is needed. This system should provide spikes into
ambient air and allow for studying sampling efficiencies and
artifacts associated with ambient air. Lack of calibration is
currently a major shortcoming.
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A pyrolyzer should be used at the inlet of the 2537 if the
goal is to measure TAM. The way the Tekran® 1130/1135
system is configured to capture GOM first and then PBM is
the best method to measure these two compounds. However,
given the difficulty of separating GOM from PBM, we rec-
ommend interpreting the sum of RM instead of PBM alone
until separation is improved.
A measurement system that collects GOM on a denuder

material demonstrated to work for all compounds of GOM,
and a separate measurement on a filter using a cation-
exchange membrane could be used for measurement of GOM
and RM. Then PBM could be determined by difference. Due
to negative artifacts during long sampling times measure-
ments should be done for < 24 h.
A new passive sampler design is needed that quantita-

tively determines concentrations and is calibrated. Use of a
computational fluid dynamics model to help design the sam-
pler could be one successful way forward. Passive samplers
and surrogate surfaces have longer time resolution (1 day to
weeks), but are relatively inexpensive and easy to operate and
could provide an alternative measure of GOM concentrations
and dry deposition fluxes in large-scale sampling networks
once the above issues are resolved.

The Supplement related to this article is available online
at doi:10.5194/acp-15-5697-2015-supplement.
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