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1 Introduction 
Mercury is a fascinating fluid metal that exists as liquid at 25 °C (0 °C = 273 K). This silver colored d-block heavy 
metal exhibits noble-gas-like characteristics and solidifies at a temperature of −38.83 °C.(1) Elemental mercury is the 
only metal that is liquid at room temperature and has an “ideal” high-energy surface. The average surface tension 
value of mercury based on different experimental measurements is 466 ± 33 mN m–1.(2) 
Due to the versatility of mercury, it is used as a catalyst, as an electrode material in electrochemistry, in optical 
spectroscopy, as reflective liquid in liquid mirror telescopes, and in medicine, e.g., as amalgam in dental fillings. Yet, 
due to the varying, but significant, acute and chronic toxicity of mercury compounds, its usage has been of recent 
concern. Among single events with a large number of human casualties were the Minamata incident due to the release 
of highly toxic MeHg in the industrial wastewater from the 1930s to the 1960s in Minamata, Japan, and, in 1971 the 
Iraqi disaster, where organo-mercury fungicide treated seed grains were consumed by humans. Medical symptoms of 
mercury poisoning vary from parathesia to ataxia, loss of vision, insanity, paralysis coma, congenital deformities 
affecting fetuses, and death.(3) Because of the urgency to limit mercury related disasters, in 2013 an international 
treaty was signed by 128 countries, to control and “where feasible” reduce atmospheric emissions from point source 
categories (e.g., coal fired power plants and smelters). The treaty also called for additional mercury research.(4) 
The atmosphere is the fastest moving fluid in the Earth’s environment. Many mercury species have appreciable vapor 
pressures at Earth surface temperatures, allowing them to enter the atmosphere and, depending on the mercury species 
involved, undergo long- and short-range transport, atmospheric physical and chemical transformation, as well as 
feedback with Earth’s surface (see Figure 1), which is the main subject of this review paper. 
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1.1 Sources of Mercury on Our Planet 

Mercury is a rare element with an abundance of about 0.08 parts per million (ppm) in the Earth’s crust, seldom in 
reduced metal form, but generally associated with minerals such as cinnabar (HgS), the most common ore, as well as 
living stonite (HgSb4S8) and corderoite (Hg3S2Cl2).(5) Mercury ores are found in young orogenic belts, mostly near 
hot springs and volcanic regions, which can emit mercury species into the atmosphere,(5) accounting for nearly half 
of natural mercury emissions. Anthropogenic emissions result from coal combustion (see case study in the Supporting 

Information), artisanal (small-scale) gold mining, nonferrous metal smelting, cement production, waste disposal and 
incineration, and steel production, among other sources. Current and previous mercury-containing consumer products 
include dental amalgams and other medical products, batteries, fluorescent bulbs, thermostats, thermometers, and car 
switches.(5) 

1.2 Physical and Chemical Properties of Some Mercury Compounds in the 
Atmosphere 

Mercury species exist in ambient air, both in the vapor and in particulate phases associated with aerosols and clouds. 
The major identified atmospheric mercury species is elemental mercury (Hg0). It is speculated that there are about 
6000 tons of mercury in the atmosphere.(6) Figure 1 and Table 1 show selected species observed in the atmosphere 
and at atmospheric interfaces. Natural emissions, including those from volcanic eruptions, soils, lakes, forest fires, 
and open water, but not including reemission of deposited atmospheric mercury, are assumed to contribute less than 
anthropogenic activities. However, significant uncertainties in natural emission inventories remain.(7) Atmospheric 
transformation of mercury can play an important role in the global cycling of mercury species. Indeed, the atmosphere 
provides an efficient platform for chemical and physical transformation, influencing the residence time of mercury 
species around the globe. 

 
A significant interest in understanding mercury transformation arises from its potential impact on mercury 
bioaccumulation. As shown in Table 1, the differing properties of mercury species result in different physicochemical 
properties (e.g., solubility). Therefore, their wet or dry deposition rates vary substantially and change drastically upon 
transformation. For example, gaseous elemental mercury (Hg0) has an atmospheric lifetime of several years (0.8–1.7 
years) facilitating global transport, whereas its atmospheric oxidation to HgBr2 will result in deposition within a few 
weeks, thus potentially becoming available to biota (section 3). 
Over the years, the mercury community has developed different terminologies for elemental and oxidized mercury 
species. Also, mercury species that can be detected employing a certain analytical method are generally summarized 
with a specific term, i.e., operationally defined (see sections 1.3 and 2). For the purpose of consistency in this review, 
we refer to gaseous elemental mercury (GEM) as Hg0. Similarly, so-called reactive gaseous mercury (RGM) and 
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gaseous oxidized mercury (GOM) species will be referred to as Hg2+, and compounds observed in the particulate form, 
also called particle-bound mercury (PBM), will be referred to as Hg(p). 

 

1.3 Challenges for Atmospheric Mercury Speciation 

The exact identity of atmospheric Hg2+ species (see Table 1) and also Hg(p) (see below) is strongly debated,(8) and 
further studies are needed to calibrate methods, quantify interferences, and conduct fundamental research on the 
speciation and kinetics of these fractions. Hg+ is assumed to occur in intermediate products. 
Hg(p) is likely to encompass solid and/or liquid materials, which may be either homogeneous or heterogeneous with 
respect to physical and/or chemical composition or shape.(9) Particle size, which ranges from submicrometers to a 
few micrometers,(10) is generally sampled using aerosol filtration techniques and subject to measurement 
errors.(9) Although the observation of Hg(p) is a strong indication that mercury species do interact with atmospheric 
surfaces (i.e., aerosols, fog, etc., see section 1.6), adequate characterization of the adsorption process and speciation 
of particle-bound mercury on aerosols are only beginning to emerge. 
Several long-term field data indicate that the elemental mercury concentration has decreased slightly in recent 
years.(11) Recently published work from Soerensen et al.(12) and Weigelt et al.(13) also suggest a slow but steady 
decline of concentrations due to lower ocean and air mass loads, respectively. The mean concentrations of elemental 
mercury are higher in the Northern Hemisphere (mostly between ∼1.4 and 1.8 ng m−3) than in the Southern 
Hemisphere (generally from ∼0.8 to 1.4 ng m–3).(11) The total gaseous mercury tropospheric vertical profile (up to 7 
km) in the Northern Hemisphere exhibits little variation, with an estimation of total atmospheric burden of 5000 
Mg,(14) which is currently being reevaluated. Hg2+ and Hg(p) exist at much lower concentrations at sub-pg m–3 levels, 
requiring ultratrace analysis of mercury species. Any such method must also be sufficiently fast to capture the fast 
changing atmospheric conditions and air mass changes that impact mercury transport and deposition rates. 

 

1.4 Rapid Mercury Depletion Events: Polar Region, Marine Boundary Layer, 
and Dead Sea 

Prior to nearly two decades ago, it was assumed that the mixing ratios of mercury in the Northern and Southern 
hemispheres were relatively constant, yet this picture drastically changed with the studies by Schroeder et al. at the 
High Arctic site of Alert (Nunavut, Canada; 82° N 74° W) showing highly variable concentrations and even 
depletion.(19) The reactions of halogens including bromine were suggested to be involved.(20) Similar mercury 
depletion events were also observed later in the Antarctic.(21) Moreover, the relatively recent observation of mercury 
depletion in salt lakes in Israel,(22) which coincided with one of the highest measured concentrations of oxidized 
mercury, was another indication that under certain conditions (i.e., due to halogen chemistry) the residence time of 
elemental mercury might be shorter than globally derived estimates. The oceans are the primary source of halogens in 
the atmosphere, yet industrial areas, burning oil wells and volcanos also emit halogen-containing gases, confirmed by 
global observations including the troposphere of temperate and polar marine regions.(23) 
Long-range atmospheric transport and deposition is a significant source of mercury to the Arctic aquatic and terrestrial 
ecosystems. Redox processes have been identified that control the speciation of atmospheric Hg, and thus impart an 
important influence on Hg deposition, particularly during atmospheric mercury depletion events 
(AMDEs).(24) Bromine radicals were identified as the primary oxidants of atmospheric Hg during AMDEs. Since the 
start of monitoring at Alert (Nunavut, Canada) in 1995, the timing of peak AMDE occurrence has shifted to earlier in 
the spring (from May to April) in recent years. AMDE frequency and Hg0 concentrations are correlated with local 
meteorological conditions.(24) Mercury is also subject to various postdepositional processes in snowpack and a large 
portion of deposited oxidized Hg can be reemitted following photoreduction. How much Hg is deposited and reemitted 
depends on geographical location, meteorological, vegetative, and sea-ice conditions, as well as snow chemistry. 
Halide anions in the snow can stabilize Hg; therefore, it is expected that a smaller fraction of deposited Hg will be 
reemitted from the coastal snowpack. Atmospheric gaseous Hg concentrations in some parts of High Arctic sites, such 
as Alert, have decreased from 2000 to 2009, yet at a reduced rate in comparison to lower latitudes. Despite numerous 
recent advances, a number of knowledge gaps remain, including uncertainties in the identification of oxidized Hg 
species in the air (and how this relates to dry vs wet deposition), physical–chemical processes in air, snow, and water—
especially over sea ice—and the relationship between these processes and climate change, which are described in 
detail elsewhere.(24) 
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1.5 Heterogeneous Chemical Reactions Involving Mercury 

(Photo)chemical reactions affect the residence time of the mercury. Mercury compounds undergo both homogeneous 
and heterogeneous reactions in the gas phase, and also in the aqueous phase and heterogeneous phases in the 
atmosphere and at atmospheric interfaces. Section 3 will discuss the details of such reactions. The complex chemical 
interactions that occur in the atmosphere are also not limited to pure gas or aqueous phase chemistry. Heterogeneous 
reactions of NOx on cirrus clouds in the troposphere were found to play a significant role in mercury cycling.(25) In 
general, as has been highlighted in recent years,(23a, 26) understanding the chemical reactions occurring in the 
presence of atmospheric surfaces is of fundamental necessity yet the heterogeneous chemistry in the current 
atmospheric mercury models is either entirely ignored or poorly described. Aerosols and clouds are the major 
heterogeneous components in the atmosphere. Along with atmospheric surfaces, namely aerosols, clouds, ice, and 
other environmental surfaces such as snow cover, soil, vegetation (see section 5), and air–water interfaces (section 4) 
can also serve as sites of surface-catalyzed mercury reactions. 
The first step for surface-heterogeneous reactions of mercury includes adsorption processes. We herein distinguish 
between the processes of adsorption from deposition and scavenging by particles. Chemical species can namely 
undergo either physisorption or chemisorption. In physisorption, the most common adsorption process for gas and 
aqueous species, weak van der Waals type forces are involved, whereas chemisorption is governed by formation of 
new chemical bonds.(2) Experimental determination of physisorption requires adsorption isotherm curve 
determination as well as the calculation of the free energy of adsorption. There are, however, very little such data for 
adsorption of gas phase elemental mercury or other mercury compounds to the surface of aerosols, ice, or clouds. 
Reports of Hg2+ adsorption to different sorbents of atmospheric relevance in the aqueous phase(27) have been 
previously reviewed by Lin et al.(28) From these studies, it is apparent that due to the heterogeneous nature of particles 
in their physical and chemical properties, such as size distribution, surface charge density, and chemical constituents, 
it is difficult to obtain reliable information on mercury adsorption onto these particles. The inconsistency in these 
adsorption constants is of 4 orders of magnitude.(29) 
Experimental investigations have demonstrated that Hg2+ adsorption/partitioning strongly depends on the composition 
of the aerosol particles. Preferential partitioning of Hg2+ to dry NaNO3, KCl, and NaCl particles has been identified, 
while Hg2+ was observed to favor the gas phase over adsorption to ammonium sulfate and organic 
aerosols.(30) Studies also showed the partitioning of Hg2+ to depend on temperature.(31) Based on desorption 
enthalpies Hg2+ was shown to exhibit weak chemisorption rather than physisorption for the ambient particles 
investigated. However, specific chemical bonding was not confirmed. A separate study showed strong affinity of 
HgCl2, presumably one of the major components of Hg2+, for sea salt (NaCl) aerosols.(32) In situ investigation of 
aerosols from the lower stratosphere has suggested that particulate mercury in this region originates locally in the gas 
phase instead of being transported from elsewhere.(33) This provides some insight into a possible growth of particles 
less than 20 nm initiated by mercury. 
Mercury chemistry can be affected by the presence of ill-defined heterogeneous chemical mixtures of dissolved 
organic matter (DOM) or dissolved organic compounds (DOC) in the aquatic environment.(34) Potential 
heterogeneous reduction of mercury in volcanic and power plant plumes can also significantly affect mercury 
cycling(35) (see the Supporting Information for a discussion on coal-fired power plant emissions). Note that liquid 
mercury, Hg(l), itself has an atomically smooth subphase and exhibits short-range liquid order and atomic mobility, 
similar to water. It exhibits uniform and homogeneous surface structure and therefore serves as a model homotattic 
surface. These physical attributes of mercury, which are intermediates of air/water and air/solid interfaces, render it 
an ideal surface for adsorption studies. 
Numerous direct and indirect observations point to the fact that these surfaces influence mercury chemistry, e.g., Subir 
et al.(36) However, there is a lack of systematic understanding of mercury surface and heterogeneous chemistry. There 
is a need for interfacial chemical parameters that can be implemented in models to take into account the surface 
chemistry. As it stands, this lack of knowledge serves as a major limitation in modeling atmospheric mercury 
chemistry. We present the current knowledge and the uncertainties associated with these chemical parameters. 
Additionally, to provide a future direction to reduce uncertainty in modeling atmospheric cycling of mercury, we 
highlight some recent advances in this area throughout the review in section 3. 
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1.6 Can Mercury-Containing Compounds Nucleate in the Atmosphere? 

Airborne particles or aerosols can directly and indirectly impact the Earth’s climate. They can directly absorb and 
scatter radiation. Their indirect effect on climate is linked to their ability to form or act as cloud condensation nuclei 
(CCN) and ice-forming nuclei (IN), and hence lead to the formation of clouds, thus indirectly influencing the Earth’s 
radiation budget. Clouds play an important role through absorption of terrestrial infrared radiation and via reflection 
(albedo) of solar radiation, with minute variations in cloud albedo significantly modifying the planetary albedo. Cloud 
albedo has been found to depend on the properties of hydrometeors (CCN or IN), such as their chemical composition, 
their size distributions, their phases, and even their shapes in addition to their concentrations. Perturbations in the 
properties of aerosols acting as CCN and IN can thus have a potential impact on the optical properties of clouds. CCN 
and IN in the atmosphere also impact rain formation. Precipitation in turn regulates the washout of aerosols from the 
atmosphere. Therefore, aerosol particles have the potential to affect the water cycle, and even agriculture and human 
health, due to their chemical properties. It is imperative to characterize these nucleating inorganic (including trace 
metals such as mercury) and organic particles, which make up the total aerosol population, and understand 
mechanistically the physicochemical process of cloud droplet activation and ice crystal nucleation, which highly 
impacts the processes of aerosol–cloud interactions. 
Besides the potential uptake on aerosols, some mercury species may undergo nucleation. Nucleation is a process 
involving the phase change from a less dense to a denser phase. In a system which thermodynamically favors a phase 
change (e.g., a liquid below its melting temperature, or a vapor above its saturation level) an activation energy barrier 
exists which can keep the system in its metastable state. A new surface or nucleus must be created within the bulk 
phase on which the new phase can grow. Nucleation is the random aggregation of particles that provides this new 
surface, pushing the system over the kinetic barrier to phase change. In order to form cloud droplets from 
homogeneous water vapor, a supersaturation of several hundred percent is necessary. In the atmosphere, 
supersaturation rarely exceeds 10%, and usually stays below 1%. Cloud droplet formation thus primarily occurs 
heterogeneously. Aerosol particles, called cloud condensation nuclei (CCN), act as catalysts.(37) These particles can 
be characterized by the supersaturation at which they become active (through deliquescence if water-soluble) and form 
droplets. Kohler first described the supersaturation, S, of vapor over a solution droplet, with radius r, as given in eq 1: 

 
with  

 
where P is the vapor pressure of water over the droplet, Po is the water vapor pressure over a flat surface of water, σ 
is the surface tension of the solution droplet, ρ is the water density, R is the gas constant, T is temperature, aw is the 
water activity, calculated through the masses and molecular masses of the solute and water (ms, mw, Ms, Mw), and i is 
the van’t Hoff factor. Equation 1 combines the Raoult effect (described in the aw term) of a decrease in vapor pressure 
over a solution and the Kelvin effect (described by the exponential) of vapor pressure increase over surfaces of great 
curvature. This is generally an acceptable description of water-soluble inorganic salt particles. Water-soluble mercury 
salts may be adequately described by the above-mentioned equations, at first approximation. Many variations on 
eq 1 primarily concerning the water activity term have been made in order to increase its applicability and generality. 
Varga et al. stressed the poor performance of this theory for organic particles and measured osmolalities of organic 
solutions from which a more accurate water activity can be derived.(38) There is little known about soluble mercury 
compounds as CCN or complex mercury compounds as insoluble IN. Section 3 discusses some physical–chemical 
processes that can also affect nucleation. Experimental verification of the theoretically proposed nucleation processes 
must be the next step in answering whether mercury-containing species indeed nucleate and undergo phase transitions. 
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1.7 Mercury Bioaccumulation 

Biology plays an integral part in the geochemical cycling of mercury. Within the past decade advances in genomics 
and microbiology method development have significantly improved the understanding of biogeochemical cycling of 
mercury, a field of research that continues to rapidly develop (section 4). Organo-mercury compounds are often linked 
to bioaccumulation, and MeHg in particular has been shown to be biomagnified up aquatic food webs. The extent of 
methylation is suggested to be dependent on the constant supply of inorganic mercury from the 
atmosphere.(39) Atmospheric deposition is considered to be a major source of mercury even in the most remote 
aquatic systems.(40) However, the characterization of atmospheric physicochemical and aquatic biological processes 
is not yet complete, and consequently the extent of incorporation of various mercury species produced via atmospheric 
transformation into the food chain is yet to be fully understood. Figure 1 illustrates selected physical and chemical 
processes involving mercury species in the atmosphere and its interfaces. 
 

1.8 Mercury Modeling 

1.8.1 Global and Regional Atmospheric Models 

Geoscientific numerical modeling of various complexities has been used to integrate the process level understanding 
of mercury cycling in the environment for a systematic investigation of the transport and chemical transformation of 
Hg in the atmosphere–ocean–terrestrial system. Building on models generated for the simulation of weather, climate, 
and air quality (oxidants and acid deposition), a number of three-dimensional (3-D) models of atmospheric Hg cycling 
have been developed to provide a means to investigate the movement of Hg through air, soil, and water after its release 
(emissions) to the environment by geogenic and human activities as well as by recycling through the natural land/ocean 
surfaces. Current 3-D atmospheric mercury models span from regional to global scales which are applied at time scales 
from hours to decades and include oceanic, terrestrial, and cryospheric exchanges of Hg with the atmosphere in 
varying degrees of detail.(35b, 41, 12, 42) Such 3-D models complement observations by providing “gap-free” spatial 
distribution of the concentrations and deposition of Hg and facilitate various kinds of impact assessment, e.g., the 
attribution of foreign and domestic anthropogenic sources of mercury and the role of future changes in emissions and 
climate on mercury burden in various regions of the Earth.(43) 
The accuracy of model representation for Hg chemistry is important for the determination of where, when, and how 
much Hg deposition occurs over different locations across the globe. Lin et al.(28) provided a comprehensive review 
of the chemical processes employed in 3-D atmospheric Hg models. However, as noted in the previous sections, there 
are still significant knowledge gaps that have created ongoing debates in several fundamental areas of chemical 
processes affecting the atmospheric transport and deposition of Hg and of biogeochemical processes responsible for 
the air–surface exchange of Hg.(29, 35a, 36, 44) Which of the potential redox reactions of Hg known to occur in 
laboratory experiments and/or determined in the quantum mechanical calculations are actually viable in the real 
atmosphere is still an open question. Also, it is debatable whether there are yet unknown reaction mechanisms more 
important than those suggested already.(29, 36, 44b) In the past, multimodel comparisons(45) and sensitivity 
experiments using models(46) addressed some of these uncertainties from scientific angles as well as the technical 
viewpoint of model implementation. Section 6 provides an updated overview of state-of-the-art chemical mechanisms 
employed in the 3-D models of atmospheric Hg cycles as well as their key uncertainties. 

 

1.8.2 Ocean Models 

The development of mercury chemistry schemes in global ocean models (section 7) has been partly motivated by 
interest in global mercury budgets and partly to assess the anthropogenic influence on ocean mercury concentrations 
since marine fish consumption is a major pathway of human exposure to mercury. Some models do not represent the 
ocean mercury chemistry explicitly but use empirical partition fractions for dissolved elemental mercury (Hg0), 
dissolved reactive (Hg2+), and particulate bound mercury (Hg(p)).(39, 47) Note here that the physicochemical identity 
of Hg(p) is different between the ocean and the atmosphere, as described below. Deposition of atmospheric Hg(p) will 
likely enter the pool of Hg2+ at first(48) (see Figure 1). Other models do not include the reduction–oxidation cycle 
between reactive and elemental mercury but have an explicit approach for particulate bound mercury formation and 
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transport.(49) In general, more recent models have explicit representation for ocean mercury chemistry but based on 
empirical bulk transformation rates between Hg0 and Hg2+.(48, 50) A detailed representation of mercury species and 
reactions is currently lacking in global ocean models. 
Ocean Hg models initially consisted of box schemes of the surface layer in specific ocean basins or global averages 
with exchange fluxes to atmospheric and subsurface ocean compartments (e.g., refs 39 and 40). The surface layer is 
defined as the euphotic zone where biotic activity is the greatest due to plankton growth and can be shallower or 
deeper than the mixed layer. Sunderland and Mason(47) used a global ocean model consisting of 14 linked boxes and 
three ocean layers corresponding to surface, intermediate, and deep waters. This model was better able to represent 
the exchange of mercury between different ocean basins. A depth resolved box model was employed by Strode et 
al.(49) to obtain the global mean vertical profiles of the anthropogenic mercury signal in the oceans. The mixed layer 
box model framework was integrated into the GEOS-Chem model, a global chemistry transport model with a slab 
ocean without horizontal transport by Strode et al.(50a) Most recently, Zhang et al.(50b) have developed a 3-D ocean 
mercury model where the three mercury species are transported in the ocean in addition to the parametrization of their 
biochemical transformations, evasion, and sedimentation processes. An example of the total mercury concentrations 
in the surface ocean water simulated by the 3-D ocean mercury model developed by Zhang et al.(50b) is presented in 
Figure 4. The measured values from various field studies are shown in circles.(48) 
Significant improvements of the bulk mercury chemistry have been made by Soerensen et al.(48) in the mixed layer 
and by Zhang et al.,(50b) who have developed a depth dependent formulation of Hg in the ocean. Soerensen et 
al.(48) differentiated reduction and oxidation in terms of biochemical and photochemical processes. Biotic reduction 
was parametrized in terms of net primary productivity (NPP), and photochemical redox was parametrized in terms of 
photosynthetically active radiation (PAR). Dark oxidation associated with photochemical activation during daytime 
which persists into the night was included as well. The bulk reaction rates are averaged over the euphotic layer, and 
satellite data are used to specify ocean surface distributions of NPP and PAR. 
Zhang et al.(50b) reformulated the redox rates from biochemistry to be functions of the organic carbon 
remineralization rate (OCRR). This has allowed the chemistry to be extended into subsurface waters based on 
assumptions about the vertical profile of the particulate organic carbon (POC) below the surface layer(51) and the 
POC export flux as a function of NPP (the particle export ratio (pe-ratio)(52)). 
 

1.9 Objectives of This Review Paper 

Due to the aforementioned mercury properties, usage, and adverse health effects, there has been increasing interest in 
Hg during the past few decades, leading to excellent articles on Hg cycling, Hg in the Arctic marine area, and Hg 
transformation. Hence we herein opt to focus on a few key areas, given in the outline, while providing a comprehensive 
overview of mercury transformation in the atmosphere and atmospheric interfaces. We address specifically the 
following: 
1. What are the analytical capabilities for mercury chemical analysis? 
2. What do we know and do not know about the chemical kinetics of mercury, with emphasis on the role of 
homogeneous versus heterogeneous chemistry? 
3. What is the role of biogeochemistry at terrestrial and aquatic interfaces? What are their feedbacks to the atmosphere? 
4. Can we use models to predict observed mercury concentrations, and what are the state-of-the-art modeling 
techniques for the atmosphere and ocean? 
5. What are the major uncertainties and what directions should future research undertake? 
The Supporting Information provides further information including detailed kinetics tables with references and a case 
study on mercury in coal. 
 
2 Analytical Methodology for Speciation of Reactive Mercury Species 
 

The determination of Hg2+ and Hg(p) species in the atmosphere, and the environment in general, is key to assessing 
overall environmental and subsequent health impacts (e.g., accumulation and toxicity) of mercury 
species.(53) Releases to air and water constitute the most important pathways for the introduction of Hg into the 
environment.(54) 
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2.1 Methodology Employed in International Measurement Networks 

Routine measurement instrumentation is currently being used in international measurement networks such as the 
National Atmospheric Deposition/Mercury Deposition Network (NADP/MDP) for total Hg in precipitation and the 
Atmospheric Mercury Network (AMNet) for Hg0, Hg2+, and Hg(p). Given the regional scale of these networks, 
available data are an important part of model validation. The methods used rely on cold vapor atomic fluorescence 
spectrometry (CVAFS) of elemental mercury.(55) The systems directly introduce sample air for Hg0 measurements 
and AMNet instrumentation relies on a KCl coated denuder (for Hg2+) and a quartz filter (for Hg(p)) setup, followed 
by thermal desorption and pyrolysis prior to CVAFS analysis. Well documented in the scientific literature, this 
typically automated setup provides low detection limits (LOD) in the low ng m–3 range for Hg0 and pg m–3 range for 
Hg2+ and Hg(p), but for oxidized and particulate species the measurement data are often close to the LOD. This 
suggests that Hg2+ and Hg(p) species potentially go undetected at a number of locations, especially away from source 
regions (see Tables 1 and 3 in Kos et al.(46e)). Since the instrument’s use is widespread with significant efforts on 
harmonizing operating procedures, results compare quite well for Hg0 (0.3–20%), but less so for Hg2+ (9–40%) and 
Hg(p) (≤70%); e.g., as reported by Gustin and Jaffe(56) and Steffen et al.(55) Shortcomings are relatively long 
sampling times of several hours for Hg2+ and Hg(p) and large variabilities observed during comparison studies due to 
low Hg2+ and Hg(p) concentrations.(57) Also, definitions for measured Hg2+ and Hg(p) are strictly operational based 
on the abilities of the denuder and the filter setups to trap mercury-containing species. The resulting lack of reference 
standards adversely impacts the knowledge about the true analytical capabilities of the method, which are crucial for 
this ultratrace application.(58) Furthermore, it has been reported that denuder sampled Hg2+ is revolatilized in the 
presence of ozone.(59) As a consequence, there has been considerable effort to provide alternative measurement 
methodologies for Hg2+ and Hg(p) to (i) better characterize their composition and (ii) obtain reliable concentration 
measurements. This information is valuable for studying the kinetics of redox reactions involving Hg in the 
atmosphere and for refining transport models, assessing health impacts, and deposition processes.(43b) 

 

2.2 Sampling of Atmospheric Hg Species 

In previous studies air samples for the determination of mercury were typically collected using inert 
polytetrafluoroethylene (PTFE) lines fitted with size cutoff particulate filters or cyclones at air flow rates of about 200 
L min–1.(58) Manifolds were heated, and while transmission of mercury species through the manifold was quantitative 
for Hg0, the transfer of Hg2+ species resulted in significant losses using HgBr2 as a model compound.(60) Lyman et 
al. investigated surrogate surfaces for the collection of oxidized mercury species via dry deposition.(61) A polysulfone 
cation exchange membrane was employed, and results were superior to those with PTFE filters and KCl impregnated 
quartz fiber filters deployed simultaneously. Significant issues remain as the deposition efficiency for Hg2+ was found 
to be dependent on atmospheric concentration levels, turbulence, and solar radiation. The Ontario Hydro method 
(OHM; as referenced by the ASTM D6784-02 method) and the similar EPA 5 method feature standardized mercury 
sampling (Hg0, Hg2+, and Hg(p)) methods for industrial applications such as stack measurements, where Hg 
concentrations are relatively high, i.e., in the μg m–3 range. A first filter stage removes Hg(p). A series of impingers 
follows, filled with KCl (trapping Hg2+), HNO3–H2O2, and KMnO4–H2SO4 modified with hydroxylamine chloride to 
stabilize trapped Hg species. The second and third impingers contain the Hg0 fraction.(62) Sampling typically takes 1 
h, followed by CVAFS analysis. Samples are stable enough for transport and analysis in a laboratory away from the 
sampling site. In summary, current sampling methods suffer from various kinds of losses that adversely impact the 
overall detection capabilities of even highly sensitive methods of analysis. An exception is the OHM, which may have 
a bias of +30% in Hg2+ due to oxidation of Hg(p) on the filters upstream of the sampling train.(63) 

2.3 Detection of Atmospheric Hg2+ and Hg(p) 

In order to better characterize mercury species, Gustin et al.(58) reported on the deployment of evolving methodology 
in field studies; however, oxidized mercury species were still measured employing standard instrumentation used in 
AMNet, while Hg0 concentrations were also measured using a laser-induced fluorescence (LIF) instrument, initially 
reported by Bauer et al.(64) Indirect detection of (operationally defined) Hg2+ was possible using a combination of 
two Tekran systems for the DOHGS (Detector of Oxidized Mercury System) setup. “Reactive mercury”, operationally 
defined as the sum of Hg2+ and Hg(p), was obtained by subtracting Hg0 concentrations from the total mercury 
data.(58) An earlier summary of measurement techniques for mercury species in ambient air was provided by 
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Pandey et al.(65) See Table 2 for performance parameters of methods not discussed in 
detail. 

 
2.4 Determination of Oxidized Mercury Species in Water and Soil 

In contrast to atmospheric Hg species detection, methodology for determination in water and soil is much more 
diverse, including electrochemical, mass spectrometric, and spectroscopy based techniques. Also, several sampling 
methods depending on the refractivity of the matrix are available and significant progress has been made to reduce 
solvent use and increase selectivity of these methods. In part the deployment of such methodology is feasible because 
chemical changes (e.g., redox processes) happen on a much shorter time scale. 

2.4.1 Fluorescence and Optical Sensors 

Sensor development for the detection of Hg2+ increasingly relies on the large surface area nanoparticles as carriers for 
high selectivity detection systems. Chen et al. reported the development of a colorimetric sensor showing fluorescence 
enhancement at 450 nm for a Fe3O4/SiO2 nanocomposite with an immobilized pyrene derivative in the presence of 
Hg2+ in aqueous samples such as effluents and runoff with a relatively high detection limit of 11.0 μg L–1 (55 
pM).(66) Subsequently, preconcentration or other sensitivity enhancing steps are necessary to measure natural and 
background concentrations. Rhodamine dyes were also proposed as suitable fluorescent sensors for 
Hg2+ species.(67) One of the major advantages of spectroscopic sensors is their potential for automatization, 
miniaturization, and robustness since cost-effective portable spectrometers are now widely available. Similarly, flow 
injection analysis (FIA) provides a portable, miniature platform for aqueous samples and aqueous-based chemistry 
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including derivatization and chemical transformation before detection. The use of FIA for the determination of the 
antibacterial agent sodium ethylmercurithiosalicylate by CVAFS has been reported as allowing fast determination 
(within minutes), while having a low LOD of 0.003 μg L–1 (15 pM).(68) Polymer-supported ionic liquid solid phase 
extraction for mercury species incorporated into a FIA system with a CVAFS detector provided an LOD of 2.4 ng L–

1 (12 pM). Organic mercury was detected indirectly, though, as the difference between total and inorganic 
mercury.(69) 

2.4.2 Electrochemical Determination of Mercury 

The use of anodic stripping voltammetry has been commonly reported for the determination of mercury in various 
matrixes (e.g., for seawater analysis(70)) because of its high selectivity and sensitivity. Recent developments focus 
on the selective determination of oxidized mercury species by way of electrodes modified for selectivity. These new 
electrode designs include clays because of their high surface areas and ion exchange properties.(71) Incorporation into 
a flow system allows for continuous analysis with minimal user intervention.(72) Chen et al. employed a glassy carbon 
electrode modified with organic–inorganic pillared montmorillonite for optimized sensitivity toward Hg2+ to achieve 
a detection limit of 1 μg L–1 (5 nM) with measurements being carried out within 5 min.(73) Bimetallic Au–Pt 
nanoparticles serve as microelectrodes incorporated into organic nanofibers used to modify a standard glassy carbon 
electrode. The porous nature of the material results in high sensitivity for Hg2+, while effectively suppressing 
interferences by other metals commonly found in natural waters. The reported LOD was 0.008 μg L–1 (40 pM).(74) 

2.4.3 Other Instrumental Methods 

Traditional lab-based instrumental analysis methods include atomic absorption spectroscopy (AAS) and inductively 
coupled plasma atomization followed by optical emission (ICP-OES) or mass spectrometric detection (ICP-MS; see, 
e.g., Jia et al.,(75) dos Santos et al.(76)). If required, liquid chromatography (LC) provides an in-line separation step. 
The high sensitivity and selectivity of LC–ICP based methods eliminates the need for derivatization, but restricts 
usage to the laboratory and is very expensive. 
MS is also used in conjunction with gas chromatography (GC–MS), which effectively separates complex mixtures, 
making it ideally suited for the analysis of environmental samples. It also provides some potential for portability, and 
recent developments of GC–MS based detection methods for the Hg2+ and organic methylmercury (CH3Hg+) species 
have been made. GC–MS analysis requires a preconcentration and extraction step that may involve derivatization. 
Methods reported include solid-phase microextraction (e.g., Beceiro-González et al.(77) and Centineo et al.(78)) and 
stir bar sorptive extraction.(79) For the use of dispersive liquid–liquid microextraction (DLLME) followed by 
derivatization with sodium tetraethylborate Na[B(C2H5)4], recoveries observed were up to 83% for CH3Hg+ (LOD 0.2 
μg L–1; 1 nM) and 94% for Hg2+ (LOD 0.3 μg L–1; 2 nM) using ethanol as a disperser solvent.(80) DLLME with 
phenylboronic acid derivatization was also employed for detection of Hg2+ with a much simpler and field deployable 
flame ionization detector (FID). The LOD reported was 4 μg L–1 (20 nM).(81) 
Time-of-flight mass spectrometry (GC–TOFMS) was employed to determine the very toxic MeHg with an LOD of 
1.86 pg (absolute). Cartridges filled with Tenax TA and Carbopack B were used for collection and preconcentration 
and thermally desorbed into the GC–TOFMS system.(82) A comparison of GC based methods, namely GC–MS, GC–
ICP-MS, and pyrolysis atomic fluorescence (GC–pyro-AFS) detection for the determination of mercury in different 
matrixes was provided by Nevado et al.(83) 
Matrix assisted laser desorption time-of-flight mass spectrometry (MALDI-TOF) and nuclear magnetic resonance 
spectroscopy (NMR) were employed for the determination of Hg2+-containing products from aqueous matrix 
reactions.(84) The MALDI soft ionization method provides mass spectra low fragmentation suitable for lab-based 
product studies. Similarly, 13C NMR spectroscopy allows for the indirect detection of organic Hg-containing species, 
but only at high concentrations. Methodologies for the determination of reaction products differ quite significantly 
from routine measurement methods, since there is a focus on the discovery of new species. Mass spectrometry is an 
ideal tool to characterize previously unknown samples under controlled conditions, e.g., for mechanistic and product 
studies. Methods capable of identifying oxidized Hg species such as HgCl2, HgOBr, and HgI contribute to the full 
understanding of atmospheric Hg2+ composition. Among these were the use of GC—MS to study mercury–iodine 
species(85) and first evidence of stable Hg+ species in aerosols employing high-resolution transmission electron 
microscopy with an energy dispersive detector (HRTEM-EDS) for chemical characterization.(86) The formation of 
HgO particles was observed in a similar fashion.(87) Scanning electron microscopy with EDS (SEM-EDS) has been 
employed to study the oxidation of Hg0 in the presence of TiO2 surfaces.(88) Traditional sequential extraction based 
methodology for mercury analysis in soils remains very much in use due to the availability of well-defined procedures 
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and certified reference materials. Cold vapor based mercury analyzers are commonly used for detection and 
quantification (e.g., Frentiu et al.(89)). 

2.4.4 Newly Developed Field Techniques: Mercury Mass Spectrometry 

During the past few years, there have been developments on the usage of mass spectrometry for the chemical 
speciation of so-called reactive gaseous mercury. Measurement of oxidized mercury, Hg2+, in the atmosphere poses a 
significant analytical challenge, as it is present at ultratrace concentrations (picograms per cubic meter air; pg m–3). 
Current technologies are sufficiently sensitive to measure the total Hg present as Hg2+, but cannot determine the 
chemical speciation of Hg2+ compounds. A soft ionization mass spectrometric technique coupled with 
preconcentration onto nanoparticle- or microparticle-based traps has been developed to analyze the measurement of 
mercury compounds in air, at McGill University. Comparable detection limits (4–7 pg m–3) and good reproducibility 
(±30%) to previously developed techniques allowed for the identification of HgX2 (X = halogens) in collected 
samples.(112) 
In summary, it can be stated that the methodology for measurement of Hg0 in the gas phase is well advanced and 
available on a routine basis at high temporal resolution. However, specific needs of the modeling community require 
a better characterization of Hg2+ and Hg(p) species in both the gas and liquid phases. While significant progress has 
been made using mass spectrometric techniques in the lab, improving sensitivity and speciation capabilities, time-
resolved measurements as part of mercury observation networks remain highly desirable. 
 

3 Kinetics and Mechanistic Reactions and Sources of Uncertainties: Laboratory, 
Theoretical–Computational, and Field Studies 
Here we expand on information provided in previous studies including up-to-date information on key homogeneous 
and heterogeneous reactions of atmospheric relevance, rather than discussing every reaction listed in the Supporting 

Information (Tables 1–3; key references are provided). Our recent review by Subir et al.(29, 36) describes significant 
advances in understanding mercury kinetics and where major uncertainties remain. Among the latter are 
heterogeneous and surface reactions. Note that the importance of heterogeneously catalyzed chemical reactions in the 
stratosphere has been established for decades, yet atmospheric chemical processes of mercury promoted by 
environmental interfaces have been overlooked until recently, and their incorporation into atmospheric models needs 
to be addressed. We strive to clarify in a simple manner some of these challenges to facilitate inclusion into models. 

3.1 What Do Laboratory Studies Provide on Understanding Reaction Kinetics? 

One of the most important issues of concern for most available laboratory kinetic data is reported “observed” or 
“apparent” rate constants, which provide an “overall” expression of the changes of reactants and products, but not for 
each single step. For instance, the ozone initiated reaction of gaseous elemental mercury undergoes the formation and 
the decomposition of the adduct intermediate, as well as its further secondary reactions, and as such the apparent rate 
includes a sum of several reactions. The evaluation of each reaction is feasible, but associated with given uncertainties. 
Since most mercury reactions are multistep, one has to be careful when directly comparing laboratory “apparent” 
kinetic data with computational studies of the same overall reaction, where each reaction step is reported. Most 
atmospheric oxidation reactions are also likely to react with many potential reactants of atmospheric importance, such 
as NOx (NO + NO2) and HOx (HO + HO2). Thus, environmental analysis should include not only merely mercury 
reactions, but also the potential of secondary and competitive reactions of mercury-containing intermediates with other 
atmospheric species. Some mercury reactions (see Supporting Information, Tables 1 and 2) are expected to exhibit 
some temperature dependence, and thus at different atmospheric conditions these rate constants should vary. Similarly, 
pressure dependence is expected for certain mercury reactions; hence for modeling studies, one should be able to 
constrain equations, namely for low- and high-pressure limits. Other factors such as third body effects, impact of 
relative humidity, phase transition, catalytic reactions on aerosols and clouds, etc. are also expected to affect mercury 
transformation in the atmosphere. Improved laboratory fundamental kinetic and mechanistic studies of mercury 
reaction, as well as reactions at various atmospherically relevant conditions, will result in more adequate 
parametrizations in atmospheric modeling. 
Another important issue is that laboratory experiments are performed under certain well-defined, but not necessarily 
environmentally relevant conditions. There are currently, however, several attempts to provide relevance for 
environmental conditions, including field studies. 
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Briefly, the rate of the atmospheric chemical transformation of elemental mercury toward a given oxidant is dependent 
on two factors. The first factor is the reactivity of mercury toward a given oxidant at environmentally relevant 
conditions, such as temperature, pressure, oxygen concentration, and relative humidity. In our previous reviews,(15, 

29, 36, 37) we have described in detail the techniques used to study mercury reactivity, as well as the importance of 
environmental conditions. The second factor is the concentration (or mixing ratio) of the oxidant. If there are additional 
reactants, we expect side reactions and competing reactions, and if there are products with a condensed phase in the 
initial homogeneous oxidation or reduction, we will expect surface and heterogeneous reactions on new products as 
well. 
Existing laboratory studies of mercury kinetic reactions have been typically obtained using steady state reaction 
chambers or fast flow tubes. Both relative and absolute techniques were used in these studies with their respective 
advantages and disadvantages. The main disadvantage of the relative rate is that the calculated reaction rate constant 
is only as good as the original value of the reaction rate constant for the reference molecule used. As a consequence, 
relative rate studies include several reference molecules to overcome this challenge. Another disadvantage is the 
complexity of the reactants and enhanced potential for side reactions. This challenge can be overcome with careful 
experimental setups and additional targeted experiments, more reference compounds instead of one, to minimize and 
characterize the extent of undesired reactions. An advantage of a detailed relative study is that one can readily perform 
the experiments under simulated tropospheric conditions, and also the reaction chambers can be coupled to several 
instruments for simultaneous analysis, which allows for a detailed product analysis as well as kinetic determinations. 
The advantage of the absolute method is that there is no need for incorporation of errors due to reference molecules. 
However, in many absolute studies, one can follow merely one or two reactants, and considering the complexity of 
mercury reactions, and the extent of secondary reactions, calculated values for oxidants might include large 
uncertainties, and might not reflect environmental conditions. Another challenge is that some (but not all) absolute 
studies are performed at lower pressure than tropospheric boundary layer pressure (∼740 Torr) and at concentrations 
several orders of magnitude higher than at tropospheric levels. Hence the data obtained under such conditions must 
be properly corrected for ambient tropospheric conditions, particularly in the case of complex mercury adduct 
reactions, and given the lack of detailed product data and different carrier gases employed, this is not trivial. There 
are several current advances, including complementary absolute and relevant studies within the same system, and 
multiple probing of reactants and products, which will hopefully provide more accurate kinetic data in the near future. 

3.2 Are the Radical and Nonradical Initiated Reactions Free of Side Reactions? 
What Is the Effect of a Third Body on Reaction Kinetics? 

Shown in Figure 2(ii) is an example of the impact of addition of CO(g) on the ozone-initiated oxidation of gaseous 
elemental mercury (Hg0). In this study the aim was to provide insight on the reaction mechanism. Addition of CO(g) 
increases the reaction rate proportionally to [CO(g)], which indicates possible interactions with the Hg–
O3 intermediate.(87) Hence, the effect of co-pollutants on mercury reactions should be considered in future work. It 
is now established that, in the presence of some atmospheric relevant particles such as iron oxide nano- and 
microparticles, competing reactions with organic compounds, NOx, SO2, and water are observed. This is also of 
significance for reactions on nano and macro metal oxides and the adsorption of organic compounds on liquid mercury 
surfaces,(113) providing insights into the importance of chemical environment and nanosize effects, competitive 
adsorption, and humidity effects on (photo)chemical reactions. Differences in nanomaterial toxicity can be profound 
even for small variations of particle size, including the 1–100 nm range, which should be further studied for mercury-
containing compounds. 
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3.3 Examples of Uncertainties in Laboratory and Theoretical Studies 

A significant issue in the gas-phase or liquid initiated reactions with radical or nonradical molecules is that, in the 
course of the experiment, side reactions and phase changes are likely. Thus, reactions involving halogens, O3, BrO, 
and OH will form nanosize aerosols and oligomers(20a, 86, 87, 114) (see Figure 2). Hence a reaction that was initiated 
homogeneously will result in heterogeneous side reactions as pointed out by Raofie and Ariya.(86) Snider et 
al.,(87) studying homogeneous reactions of ozone using several probes for gas and surface phase reactions, developed 
rate expresssions for contributions from both surfaces and gas phase reactions of an O3-initiated reaction of elemental 
mercury (eq 3): 

 
where the net reaction coefficient (knet) is described as a function of the rate constant within the gas phase in the volume 
of reaction chamber (kvol), reactions on surfaces (walls or on particulate/deposits), and the surface-to-volume ratio of 
the experimental chamber (S/V). The effect of environmental surfaces on the kinetics of mercury reactions has been 
designated as a subject requiring further laboratory studies.(36) Rutter et al. investigated the effect of secondary 
organic aerosols (SOAs) on the oxidation of mercury by ozone and OH radicals.(44d) In their experiments of mercury 
oxidation by ozone under homogeneous conditions, they obtained a rate constant very similar to other recent work 
(see Supporting Information, Table 1).(115) The homogeneous rate constant for ozone was able to explain the 
oxidation of Hg0 in a system with biogenic and anthropogenic volatile organic compounds (VOCs) that result in SOA 
formation and a 100-fold increase in the surface area of the system.(44d) This reveals that the heterogeneous effects 
of SOAs are negligible for this reaction or that aerosol surface areas are already available in excess, thus not controlling 
the oxidation rate.(44d) Rutter et al.(44d) also reinterpret the TEM data of Snider et al.,(87) suggesting that the 
observed agglomerates of particles in localized spots on the reaction chamber are due to the formation of HgO(s) in 
free suspension followed by deposition to the surface, rather than wall reactions. Note that the reaction chamber walls 
were deactivated for all studies. Further experiments with other types of surfaces are required to determine whether 
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mercury oxidation by ozone would be accelerated under quasi-environmental conditions. To illustrate the limitations, 
we wish to discuss the importance of heterogeneity using Figure 2, which shows nano- and micrometer size aerosols 
formed in the course of gas-phase-initiated reactions by O3, BrO radicals, and iodine oxide. Figure 2 illustrates the 
aqueous phase photochemical reactions of a suite of Hg2+ compounds in the presence of environmentally relevant 
thiols.(114) Despite the very different types of chemical reactions and reaction mechanisms, we can observe the 
existence of particles in the course of the experiments that started homogeneously. The evidence for the formation of 
aerosols suggests that the observed rate should not be considered as a homogeneous rate in any numerical atmospheric 
or theoretical–computational modeling, as it is also likely affected by the available surfaces. 
There are also uncertainties in theoretical–computational chemistry. Ab initio thermochemistry and kinetics involving 
mercury have been dealt with in detail in recent reviews.(15, 37) Obtaining accurate ab initio results for heats of 
formation, reaction enthalpies, and activation energies are quite challenging, due to mercury having a large nuclear 
charge and a large number of electrons. For instance, the treatment of relativistic effects due to the large nuclear charge 
can introduce errors that do not occur with elements having a few electrons only. During recent decades, there has 
been important advancement in various levels of computational chemistry. One major caveat is that not all theoretical 
or computational calculations can describe mercury reactions accurately, and hence a direct comparison with data 
obtained from different computational models and techniques with distinct levels of complexity is not necessarily 
justified. 
Peterson has pointed out that, from the standpoint of theoretical quantum chemistry, accurate calculations on molecular 
species involving mercury are particularly challenging in comparison to the light, main group elements.(15, 37) One 
can account for these relativistic effects very conveniently and accurately using relativistic pseudopotentials (PPs), 
which are also referred to as effective core potentials (ECPs). Nearly all ab initio calculations involving mercury 
employ the PP approximation to recover both scalar and vector relativistic effects. The former includes the mass–
velocity and Darwin terms of the relativistic Hamiltonian, while the latter is dominated by the spin–orbit interaction. 
By using relativistic PPs, much of the machinery of state-of-the-art quantum chemistry that has been so successful for 
lighter elements can be utilized with only few modifications for mercury-containing species. In regard to prediction 
of accurate molecular structures (better than 0.01 Å in bond lengths) and thermochemistry (accuracies at or below 4 
kJ/mol), the strategy can be generalized as outlined below. Peterson has noted the following:(15, 37) 
(i) The most accurate PP parameters available for mercury and perhaps other heavy atoms in the system of interest 
should be used. Those recently developed by the Stuttgart group(116) have been adjusted to multiconfigurational 
Dirac–Hartree–Fock calculations and appear to be the best choice at the present time for mercury and heavy main 
group elements, e.g., Br, I, Pb, etc. 
(ii) Gaussian basis sets that have been matched to the PP (PPs) being used in the calculation should be chosen carefully. 
For the newer Stuttgart PPs mentioned above, a full series of correlation consistent basis sets, e.g., cc-pVnZ-PP (n = 
D, T, Q, 5), are now available.(15, 117) These have the unique property of systematically converging computed 
quantities to the complete basis set limit as successive members of the series are used. This effectively removes this 
source of error in the calculation and is essential for accurate error estimates and eliminating fortuitous error 
cancellations that can lead to inaccurate predictions. 
(iii) In terms of the choice of electron correlation method, for thermochemistry and equilibrium structures the coupled 
cluster method, CCSD(T), has been shown to provide very accurate results for mercury species. For large-scale 
potential energy surfaces or excited electronic states, multireference configuration interaction (MRCI) approaches 
must generally be used. Recent examples involving Hg include the low-lying electronic states of HgO and HgS,(118) a 
quasi-classical trajectory study of the Hg + Br recombination reaction,(119) and a global potential energy surface for 
HgBr2.(120) While density functional theory (DFT) is a very popular approach in quantum chemistry due to its low 
scaling in terms of computational cost, it has not been shown to yield particularly accurate results for mercury-
containing species. For example, previous large basis set DFT results(121) for the reaction enthalpies of Hg + Br2 and 

Hg + Br differed by nearly a factor of 2 from the analogous (presumably accurate) CCSD(T) values. 
(iv) While the relativistic PP will automatically account for scalar relativistic effects, some additional calculations 
incorporating spin–orbit coupling are generally warranted for mercury-containing systems. There are several avenues 
available for these calculations, but this remains one of the greater challenges for the accurate treatment of heavy-
atom molecules and is not as amenable to the nonexpert user. The reader is referred to Shepler and Peterson(118b) and 
Shepler et al.(120) for some representative applications to mercury-containing systems. 
Field and computational studies have expanded the knowledge of mercury oxidation by halogens. We have reviewed 
in detail different halogen reactions with mercury previously,(15, 29, 36, 37) and this will be touched upon in the 
modeling sections (sections 6 and 7). 
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3.4 Gas–Liquid Partitioning of Mercury and Inaccurate Use of Henry’s 
Constant 

The Henry’s law constant KH describes the partitioning of chemical species from the liquid to gas phase or vice versa. 
It is important to note that these values only hold true for pure two-phase systems. The use of Henry’s constants 
corresponding to a pure gas and liquid phase is not suitable in the case of atmospheric water droplets and aerosol 
particles containing organic and bioorganic chemicals.(122) Many of the aerosols contain high concentrations of 
halide ions. For instance, the Cl– ion concentration can reach up to 5 M in sea salt aerosols.(123) These species can 
influence the solubility of mercury and mercury compounds. 
The effect of salt type and concentration on Hg0 solubility at 25 °C has been reported for salt concentrations up to 1 
M.(124) This study indicated that the solubility of Hg0 was reduced in the presence of salt. This effect is greatest for 
Na2SO4 salt and decreases for NaCl > NaNO3 > NaBr. A recent investigation(125) reported Henry’s constants of 
mercury for an artificial sea salt solution and a solution containing 1.5 M NaCl. Based on the result, it is apparent that 
at 25 °C the KH of mercury in a 1.5 NaCl solution is greater by a factor of approximately 1.2 compared to its KH in 
pure water, indicating that for a liquid phase containing high levels of Cl– ions, the mercury content in the gas phase 
will be higher compared to a Henry’s constant for a pure two-phase system. The presence of magnesium and calcium 
in seawater was attributed as a possible cause,(125) and it was also shown that at a lower temperature less mercury is 
likely to be dissolved in the salt solution. Detailed discussion of these investigations can be found in Subir et al.(36) 

3.5 Heterogeneous Chemistry 

Figure 1 depicts some of the chemical interactions between mercury and various atmospheric surfaces. A 
comprehensive discussion on the potential impact of surfaces and heterogeneous chemistry on the transport and fate 
of atmospheric mercury has been described recently.(36) Here we outline the major points. Surfaces (or, in general, 
interfaces), which are defined as the boundary between two bulk media, are prominent in nature. About two-thirds of 
the Earth’s surface is an air/water interface. A heterogeneous mixture of soil, nano- or microparticulates, and dissolved 
organic matter suspended in the aquatic environment can comprise multiple interfacial regions. 
In the atmosphere, suspended airborne solid and liquid (heterogeneous/multiphase) particles, such as 
aerosols,(126) provide sufficient surfaces for gas phase atoms and molecules to adsorb, deposit, or collide and undergo 
heterogeneous and interfacial processes. Depending on their sources of emission, aerosols can be composed of 
inorganic salts, organic compounds, mineral dust, and microorganisms, providing a complex heterogeneous 
environment. In general, chemical species adsorbed at an interface experience physicochemical properties, such as 
reactivity and spectral shifts, that are different from their corresponding bulk properties. 
Studies show that important oxidants such as ozone and OH radicals show a proclivity for surfaces of water and salt 
solutions(127) resembling seawaters and aerosol conditions over bulk solvation in these solutions.(127) These 
oxidants can react with mercury. Furthermore, molecular dynamic (MD) simulations and experimental evidence 
reveal(128) that halide ions, Cl–, Br–, and I–, which can form stable complexes with oxidized mercury,(16) adsorb to 
air–water interfaces relevant to the conditions of sea salt aerosols.(128) As a result, the influence of interfaces on 
mercury chemistry is profound. 
Aerosols exhibit large surface area to volume ratios allowing most of their constituents to be concentrated on the 
surface. It is estimated that for a spherical particle of 1 mm in diameter about 1% of molecules will be at the surface. 
Under similar assumptions, the percentage of molecules at the surface reaches 100 when the particle diameter is 3 
nm.(23a) Thereby, as the particle size decreases, the influence of surface chemistry becomes even more important. 
The varying size distribution (1 nm to 100 μm) and composition of aerosols make systematic understanding of its 
surface chemistry challenging.(26a) To better understand these complex systems, integration of field, laboratory, and 
theoretical studies has been emphasized. Selective investigation of even planar surfaces, including an air/water 
interface, is experimentally difficult. The significance of this issue, however, lies in the following questions: Do the 
surface and heterogeneous interactions play a role in mercury cycling? Must steps be taken to reduce the uncertainty 
in model predictions? 
The major surfaces interacting with mercury species are aerosols, cloud droplets, and interfaces such as snow, lake 
and ocean surfaces as well as soil, vegetation, and DOM in aquatic environments. These interfaces are sites for redox 
reactions and mercury exchange with the atmosphere. While a large number of field and laboratory studies have been 
reported, only select examples representing different types of surface interactions are presented. A comprehensive line 
of evidence can be found elsewhere.(37) Table 2 in the Supporting Information details the physical and chemical 
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properties of common environmental mercury species, an update from an earlier review.(15) The following 
subsections will highlight recent field, laboratory, and computational studies that were not included in our previous 
reviews. 

3.6 Selected Redox Reactions 

In most atmospheric models, mercury reduction is assumed to take place only in the aqueous phase and particulate 
mercury, Hg(p), is treated as chemically inert and is assumed to have no influence on mercury redox 
reactions.(46a) Aerosols can be composed of 30—50% water by mass. Clouds, fog, and rain also provide sufficient 
effective aqueous phase for mercury reduction reactions to take place in the atmosphere. In addition to atmospheric 
water droplets, environmental waters can also host a number of mercury complexes, which can undergo reduction 
reactions. Mercury solid complex formation along with subsequent sedimentation can serve as an additional removal 
pathway for mercury. Therefore, identification and accurate determination of reduction pathways become important 
in order to accurately depict mercury cycling in the atmosphere. 
The reduction of Hg2+ depends on the specific complexes it forms in the aquatic environment.(129) It is recognized 
that photoreduction pathways of Hg2+ involving various halides and organo-Hg2+ complexes can occur via ligand to 
metal charge transfer upon UV light absorption.(130) Electronic transitions for most mercury complexes are below 
298 nm, which is not available in the lower atmosphere. However, spectral shift can occur when these complexes are 
adsorbed on atmospheric particle surfaces. Another potential reduction process that is missing from atmospheric 
models is the reaction of mercury in environmental waters and in soils in the presence of heterogeneous mixtures of 
DOM. Dissolved organic matter binds strongly to mercury and can accelerate the reduction of oxidized mercury. 
Enhanced reduction of Hg2+(aq) initiated by microorganisms or humic substances in the presence or absence of 
light(131) has been observed. These reduction mechanisms have been found to be strongly influenced by pH and 
concentrations of dissolved oxygen, chloride, and mercury. Photoreduction of mercury is also enhanced in the 
presence of dissolved organic compounds. However, subsequent reoxidization of a portion of oxidized mercury in the 
presence of selected dissolved organic compounds has also been observed.(114, 132) Naturally available iron 
particles, such as goethite, hematite, and maghematite, along with organic compounds can also influence the redox 
chemistry of mercury.(131, 133) 
There is also evidence for solid–gas heterogeneous reduction of HgO(s) by SO2(g) with the formation of Hg2SO4, 
turning into HgS and HgSO4 adsorbates,(36) while heterogeneous reactions of sulfites on fly ash particles are also 
suggested.(134) Unfortunately, limited experimental or theoretical studies exist for such reactions. The potential 
impact of this reaction in power plant and volcanic plumes, where heterogeneous particles and SO2(g) are available, 
can be significant.(35) The heterogeneous oxidation of Hg0 in the presence of SO2(g) in a flame(135) implies that the 
heterogeneous redox reaction of mercury in flue gases is complicated and needs to be thoroughly investigated. These 
potentially relevant reactions involve complex heterogeneous chemistry that is poorly understood and requires 
immediate scientific focus. 

3.7 Interactions of Mercury with Fly Ash and Its Components 

Since more than 420 million tons of fly ash are produced annually from coal fired power plants (see case study 
in Supporting Information), fly ash represents a readily available environmental surface for mercury 
reactions.(136) Coal fly ash has been observed in aerosols in remote regions(137) and in lakes and oceans.(138) Due 
to its inexpensiveness, fly ash has also been investigated as an oxidizing agent and sorbent for removing Hg0(g) from 
coal stacks.(136) 
Earlier reviews discussed the interactions of mercury with fly ash.(37, 136, 139) However, the focus was mainly on 
oxidation and sorption processes. There are many variables affecting the oxidation of mercury over fly ash surfaces, 
including temperature, fly ash composition, surface area, and the presence of other trace gas compounds. The capture 
of gaseous mercury by fly ash was found to decrease with the temperature.(139) Dunham et al. exposed 16 samples 
of fly ash to Hg0(g) at 121 and 177 °C, and they reported that the oxidation of Hg0 increased with the higher magnetite 
content in fly ash. The oxidation trend was however not well-defined and was probably influenced by the concentration 
of other fly ash components.(140) Hower et al. concluded that fly ash with higher carbon content is more likely to 
absorb mercury, and that ash derived from low-rank coal exhibits increased mercury capture over ash from high-rank 
coal.(139) The gases produced from combustion alter the extent of the adsorption and oxidation of mercury by fly ash. 
HCl and NO2 are known to promote mercury oxidation by fly ash.(141) Norton et al. observed that the presence of 
NO inhibits oxidation when NO2 is also in the flue gas mixture.(141a) SO2 has had conflicting effects on 
Hg0 oxidation, with several studies reporting that SO2 enhanced oxidation and others found that SO2 inhibited 
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oxidation.(141a, 142) More research is needed to identify the reasons behind the contradictory SO2 observations and 
the diverse interactions of fly ash with Hg0. Several studies have indicated that the rate of mercury oxidation by 
halogens increases in the presence of fly ash. Fly ash has been found to accelerate the kinetics of mercury oxidation 
by Br2,(143) BrCl,(144) and ICl.(145) This could have important implications on the extent of mercury oxidation in 
flue gas conditions. 
Recent work has also studied the reduction and adsorption of Hg2+ by fly ash and its components. Sen and De found 
that Hg2+ was adsorbed to fly ash in aqueous solutions, with the adsorption maximized at pH values of 3.5–
4.5.(146) Adsorption of Hg2+ to activated carbon, representative of the unburned carbon in fly ash, has also been 
observed.(147) However, only the loss of Hg2+ was monitored in these experiments, and thus the reported amount of 
adsorption is a combination of adsorption and reduction. An earlier study by Huang and Blankenship monitored both 
the adsorption and reduction of Hg2+ in activated carbon solutions. The extent of the reduction and adsorption was pH 
dependent, with the reduction being dominant at pH values below 3 and above 10, and adsorption being dominant 
elsewhere.(148) Previous literature studies on Hg2+ adsorption must be scrutinized, as the reduction could be 
responsible for a portion of the Hg2+ loss. 
Metal oxides, which are present in fly ash, have been identified as sorbents and reduction catalysts of Hg2+(aq). 
Wiatrowski et al. studied the kinetics of Hg2+(aq) reduction by magnetite under a number of conditions.(149) The 
reduction rate increased with the increasing magnetite surface area and pH, and decreased with increasing chloride 
concentrations. The inhibition of Hg2+ adsorption to metal oxides in the presence of chloride is due to the formation 
of nonsorbing complexes.(150) Surface reduction of Hg2+ by Fe2+ on magnetite is much more energetically favorable 
than aqueous homogeneous reduction, as surface hydroxyl groups on the magnetite shift the electron density to 
increase the reducing power of Fe2+.(149) Amirbahman et al. investigated the reduction of Hg2+ by Fe2+ catalyzed by 
three metal oxide surfaces.(151) The reaction could be accurately modeled by a second order rate equation with respect 
to surface-bound Fe2+ and aqueous phase Hg(OH)2 concentrations. Goethite (α-FeOOH) and hematite (α-Fe2O3) 
accelerated the reduction over the homogeneous case, whereas γ-alumina (γ-Al2O3) decelerated the reduction. Fly ash, 
which contains these metal oxides,(152) may also catalyze the aqueous reduction of Hg2+. 
The photoreduction of Hg2+ on the surfaces of three fly ash samples was observed by Tong et al.(153) The rates under 
solar radiation were 12.2 ± 1.4, 18.8 ± 0.6, and 12.3 ± 1.6% h–1 for the high carbon fly ash, low carbon/low sulfate fly 
ash, and high sulfate fly ash. However, other variables were not kept constant between the fly ash samples including 
Fe content, Al content, and pH. Therefore, it is difficult to draw conclusions regarding the effect of fly ash carbon and 
sulfate content on the extent of photoreduction. A larger fly ash sample size is required to determine the components 
of fly ash that affect the photoreduction rate. The water extracts of the fly ash samples led to Hg2+ reduction rates that 
were near or higher than those of the fly ash. This suggests that the soluble components of fly ash could be responsible 
for the observed photoreduction. More studies must be conducted to confirm the photoreduction of Hg2+ on fly ash 
surfaces, which could be an important process in coal combustion plumes. Ariya et al. concluded that the use of fly 
ash in removing mercury might not be cost-efficient, besides being a factor contributing to atmospheric aerosol 
pollutants, with a price of 14,000–38,000 USD lb–1 Hg.(37, 154) Further optimization is required to improve the 
efficiency of mercury capture by fly ash. Yet, they suggested the importance of fly ash in environmental reactions of 
Hg, in addition to the pollution remediation potential. However, the life-cycle analysis of the fly ash should be 
performed, to ensure that it does not cause a larger environment impact to atmospheric processes due to possible large 
emissions of particulate matter in air. The photoreduction of Hg2+ by fly ash aerosols was suggested to be a missing 
reduction mechanism in mercury models.(46a, 153) Due to its iron oxide and carbon contents, fly ash may also be 
responsible for the adsorption and reduction of Hg2+(aq) in aquatic environments, and thus further studies are 
recommended.(146-149, 151) 

3.8 Interactions of Mercury with Sulfide and DOM: Impact of Particles 

Recent studies have emphasized the importance of mercury, sulfide, and DOM interactions in the cycling of mercury 
in aquatic systems. Hg forms complexes with DOM(155) and can react with S2– to produce HgS nanoparticles.(114, 

156) The formation of HgS(s) had been previously underestimated in models because of incorrect dissolution rates 
and the assumption that mercury would form stable Hg–thiol complexes with DOM and soil before exposure to 
sulfide.(156d, 157) However, the latest experiments and theoretical computations have illustrated that HgS(s) 
formation could have significant effects on the photochemical reactions and bioavailability of mercury. 
The formation of HgS(s) particles was found to be inhibited in the presence of DOM, with the effect becoming less 
noticeable at high Hg2+(aq) concentrations (>5 × 10–4 M).(156c) Recent time-resolved experiments have improved the 
understanding of HgS(s) stability. Deonarine and Hsu-Kim concluded that increasing DOM would inhibit HgS(s) 
growth rates; however, the presence of DOM does not prevent HgS(s) formation.(156a) Slowey extended these 
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previous studies by monitoring the formation and dissolution of HgS(s) in the presence of DOM and S2– over much 
longer time scales.(156d) Slowey found that Hg–DOM complexes are more stable at lower Hg2+:DOM ratios, and 
thus Hg2+ is less reactive with S2– at these concentrations. The results pointed to three groups of Hg2+(aq) in terms of 
their reactivity with S2–: 60% of the Hg2+(aq) was reactive to S2–, 20% was kinetically hindered in the reaction, and 
20% did not react with S2–. This observation agrees with the range of stabilities for Hg–DOM 
complexes.(155a) Dynamic light scattering and extended X-ray absorption fine structure measurements suggested that 
the HgS(s) particles (20–200 nm) were aggregates of 1–2 nm sized subunits, which were more structurally disordered 
than metacinnabar (β-HgS).(156d) Gerbig et al. conducted environmentally relevant experiments, with Hg:DOM 
ratios being <4 nm of Hg (mg of DOM)−1, to investigate HgS(s) formation when only the strong DOM binding sites 
are available.(156b) Their results suggest that at these low Hg:DOM ratios a metacinnabar-like phase forms. The 
HgS(s) particles agree with metacinnabar in their Hg–S interatomic distance (2.53 Å), yet they have a lower 
coordination number (2.3 vs 4 in metacinnabar). The lower coordination number is indicative of increased disorder in 
the HgS(s) crystal structure or the formation of nanometer scale particles, where some of the Hg atoms will be 
undercoordinated.(156b) A common assumption in these studies was that the monitored loss of Hg2+(aq) indicated the 
formation of HgS(s); however, as we will discuss later some of the loss could be attributed to the photoreduction of 
Hg2+. 
The effect of HgS particle formation on the availability of Hg2+ for methylation has been debated in the literature. 
Mercury bioavailability has often been calculated by chemical equilibrium models based on bacterial uptake of a 
neutral dissolved mercury sulfide complex.(158) Previously, the role of HgS nanoparticles in mercury biomethylation 
was largely unknown. A recent study by Zhang et al. found that the methylation potential of HgS nanoparticles, while 
lower than for HgS(aq), was much higher than that of HgS microparticles.(158b) This increase in reactivity could not 
be solely attributed to the higher surface area of the nanoparticles; instead, the authors assert that the disordered 
structure of nanoparticles can lead to the release of chemically labile mercury species, which can react to form MeHg. 
Significantly less of the aged HgS nanoparticles (∼1 week) were methylated compared to day-old HgS nanoparticles. 
This explains the observations of aged mercury in the sediments having a reduced methylation potential, and can also 
have implications on the studies of HgS(s) that do not account for aging.(158b) Future laboratory and field 
experiments must take HgS(s) into account as a possible source of methylated mercury. The operational designation 
of dissolved mercury as the species that passes through a 0.2 or 0.4 μm filter(159) is insufficient, as HgS nanoparticles 
exist at much smaller sizes. 
Photochemical reactions involving Hg–SR and HgS complexes can occur under environmental conditions. Si and 
Ariya investigated the photoreduction of Hg2+(aq) in the presence of various alkanethiols (C3–C5) under UV light. The 
rate constants were fairly slow, ranging from (2.0 ± 0.2) × 10–7 s–1 for 1-propanethiol to (8.3 ± 0.5) × 10–8 s–1 for 1-
pentanethiol.(160) When thioglycolic acid (H–SCH2COO–H) is used instead as a model compound for DOM, the 
photoreduction rate increases by 2 orders of magnitude to (2.3 ± 0.4) × 10–5 s–1.(114) The difference in rates is due to 
thioglycolic acid containing one weak binding site (−COOH) and a strong bonding site for mercury (−SH), versus 
alkanethiols that only have strong bonding sites. Zheng and Hintelmann observed similar behavior, with cysteine 
(which has one −SH group) reacting 1 order of magnitude slower with Hg2+ than serine (which has no −SH 
groups).(161) Si and Ariya also observed that HgS(s) nanoparticles, comparable in structure to metacinnabar, were 
formed when Hg2+ and thioglycolic acid were irradiated with UV light.(114) Anaf et al. used cyclic voltammetry to 
determine that cinnabar (α-HgS) can be reduced to metallic mercury (Hg0) in the presence of chloride and visible 
light.(162) The photochemical behavior of these complexes indicates that production of Hg0 could be possible in 
aquatic environments with Hg2+ and sulfide species. The redox reactions on various types of fly ash also suggest that 
the effect of mercury chemical transformation on nano- and microsurfaces can play a role (Feinberg et al.(134)). We 
recommended further studies in this field. 
 
4 Hg Exchange between the Atmosphere and Aquatic Interfaces 
Hg2+ reduction is responsible for Hg evasion from terrestrial(163) and aquatic ecosystems,(164) as Hg0 is 
volatile.(165) Mercury reduction from inorganic divalent (Hg2+) to its elemental form (Hg0) and the subsequent 
evasion of newly produced elemental volatile mercury is an important route of Hg loss from ecosystems. This process 
competes with adsorption and sedimentation that also contributes to Hg removal from the water column of aquatic 
lentic and lotic ecosystems. The importance of Hg evasion to the atmosphere depends on environmental variables 
affecting both the kinetics of chemical redox reactions and the physical transport of the newly produced Hg0 across 
interface boundaries. 
Redox processes are not only important at the air/water interface because they control Hg evasion, but other interfaces 
such as those created by temperature or chemical gradients or water/sediment interfaces are also important to consider. 
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Indeed, redox reactions may compete for Hg2+ substrate with other reactions such as methylation or complexation 
with natural organic matter.(166) Although the products of these reactions do not affect the total Hg budget from the 
ecosystem (i.e., do not lead to net Hg loss), they do affect mercury availability and mobility within the ecosystem 
considered. 

4.1 Water/Air Interface: Freshwater and Marine Waters 

In freshwater and marine ecosystems, Hg loss via reduction and subsequent evasion may account for up to 75% of the 
deposited Hg.(167) Hg0 fluxes from aquatic surfaces exposed to the atmosphere may range from 0.2 to 90 ng m–2 h–

1 for freshwater systems and up to 98 ng m–2 h–1 in marine systems.(168) A detailed review of mercury flux 
measurements for various marine, limnological, and terrestrial ecosystems can be found in Sommar et al.(168) Critical 
evaluations of limitations of the various experimental methodologies associated with these measurements were 
conducted by Sommar et al.(168) and Loux.(169) 

4.1.1 Dark Abiotic Processes 

While photochemical reactions are the predominant pathway of Hg reduction in terrestrial and aquatic ecosystems 
where light is present (see details below), Hg redox cycling also occurs in the dark. Dark Hg reduction can occur in 
solution via reaction with iron minerals(149, 163b, 170) and reactive groups on humic substances in both 
oxic(171) and anoxic conditions(166, 172) and in soils in the presence of ferrous iron.(173) 
Elemental mercury can be found in liquid or dissolved forms in aquatic systems. Whereas dissolved Hg0 is measured 
in all aquatic ecosystems, liquid Hg droplets are only found in close proximity to a direct source point such as 
hydrothermal vents, gold extraction sites, and near industrial facilities. Hg0 oxidation in solution is one of the least 
understood processes of the Hg geochemical cycle. Very few studies investigated the redox stability and fate of Hg0 in 
solution and in the dark.(174) In the absence of a biological catalyst (i.e., an intracellular enzyme or a cell membrane 
component; see below), only liquid mercury droplets are rapidly oxidized in the presence of oxygen and chloride ions; 
under the same conditions, oxidation of dissolved elemental mercury was very slow and dissolved Hg0 remained stable 
in solution for up to 7 h.(174d) 

4.1.2 Light Driven Hg Transformation 

4.1.2.1 Photoreduction 

Photochemical reactions are the predominant pathway of Hg reduction in terrestrial and aquatic ecosystems where 
light is present.(133b, 163a, 164b-164d, 175) Light provides the energy required for the electron transfer required to 
change the Hg redox state. In natural waters, Hg is bound to inorganic (e.g., CO3

–, HCO3
–, Cl–, OH–, sulfides, and 

phosphates) or organic ligands (oxalate, citrate, amino acids, dicarboxylic acids) as well as with aquatic humic 
substances (e.g., fulvic and humic acids). Photochemical reactions may involve direct photolysis of the coordination 
compounds via a ligand to metal charge transfer type of reaction where the ligand, upon absorbing light energy, 
releases electrons that reduce Hg2+ to Hg0. Photochemical reactions may also involve a set of secondary reactions 
where reactive intermediates (e.g., radical species) are formed upon absorbing light energy. These reactive 
intermediates may in turn react with Hg2+ and lead to Hg0 formation; while these intermediates can be expected to be 
short-lived, light is not required for the reduction step, only to generate the reactive molecules. In this case, 
Hg2+ reduction is photoinduced or photoinitiated. In natural waters, it is unlikely that direct photolysis of inorganic 
mercury complexes (e.g., HgOH2, HgS2) play a significant role in Hg photoreduction. Rather, it likely occurs via 
primary or secondary reactions triggered by absorption of light energy by aquatic humic substances or dissolved 
organic matter.(131, 175e) Natural organic matter is not the only photochemical partner possibly affecting the Hg 
photoredox cycle, as photoredox active metals may also contribute to alter the Hg redox state. Most studies focused 
on the role of dissolved Fe(II)/Fe(III) species or as minerals.(133a, 133b) Experiments suggest a tight coupling 
between Fe and Hg redox cycles, each metal undergoing rapid transition between their oxidized and reduced states in 
the presence of organic matter with metal chelating properties (e.g., oxalate).(175e) A review of the photochemical 
redox reactions of mercury can be found in Zhang.(175e) 
Recent advances in our ability to measure the natural abundance of mercury isotopes in environmental samples were 
successfully applied to the study of Hg photoreduction in aquatic systems.(176) Indeed, Bergquist and 
Blum(176) reported that photochemical reduction of aqueous Hg species by natural sunlight leads to both mass-
dependent fractionation (MDF) and mass-independent fractionation (MIF) of mercury isotopes. These large variations 

javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);


© This manuscript version is made available under the CC-BY-NC-ND 4.0 license 

https://creativecommons.org/licenses/by-nc-nd/4.0/ 

 

 

in MDF and MIF were also observed in fish and offer new insights into the sources and bioaccumulation of Hg in 
foodwebs.(177) 

4.1.2.2 Photooxidation 

Light energy (particularly UV-B) drives dissolved Hg0 oxidation in surface waters(164c, 178) via light driven 
production of photooxidants that subsequently interact with dissolved Hg0. Mechanistic experiments performed to 
investigate Hg0 oxidation to Hg2+ point to a multistep secondary process involving chloride ions and redox-poised 
organic molecules (e.g., quinones) stabilizing an oxidized Hg intermediate (potentially Hg(I)).(178a) Reactive oxygen 
species have been identified as possibly acting as oxidants.(133a, 179) In natural systems, rates of dissolved 
Hg0 photooxidation decrease with decreasing salinity (or [Cl–]); it can therefore be expected that photooxidation is 
more prevalent in brackish and marine systems than in freshwaters.(178) 

4.1.2.3 Photodemethylation 

Photodemethylation is one of the most important sinks of MeHg in freshwaters.(180) Similarly to what has been 
shown for Hg2+ reduction and Hg0 oxidation, DOM plays a key role in facilitating MeHg photodemethylation, with 
demethylation rates being affected by light energy quality and intensity, light penetration in the water column, and the 
quality and quantity of dissolved organic matter.(180a, 181) Fleck et al. indicated that aromatic and quinoid structures 
within the DOM were the likely contributors to MeHg degradation.(181a) Contrasting reports on the role of DOM in 
facilitating methylmercury photodegradation likely stem from the shading effect that DOM exert in surface waters, 
similar to what was observed for the role of DOM in facilitating Hg2+ reduction.(182) 

4.1.3 Biological Processes 

4.1.3.1 Phototrophic Hg Redox Processes 

For several decades now, field and laboratory experiments have shown that phototrophs such as algae, cyanobacteria, 
diatoms, and, in one study, a flagellated protist Euglena gracilis can directly interact with Hg and affect its 
speciation.(183) Most of the work performed with phototrophs, which does not focus on Hg bioaccumulation, pertains 
to Hg2+ reduction leading to the formation of Hg0. Hg2+ reduction to Hg0 in biological systems is often thought of as 
a detoxification mechanism as it leads to the formation of a less toxic (for microbes), readily evaded species: Hg0. 
The potential for phototrophic organisms to directly contribute to Hg cycling through enzymatic production of 
Hg0 was first proposed when green algae exposed to high concentrations of Hg2+(183a) (e.g., millimolar range) 
produced Hg0 as a suspected detoxification mechanism linked to their photosynthetic activity.(184) This work was 
followed by the isolation of metabolites referred to as reductive compounds that seemed to alleviate the toxicity of 
Hg.(185) The involvement of photosynthesis in Hg0 production is also supported by laboratory observations where 
actively growing phototrophic cells produced more Hg0 than heat-killed cells(183a) and light-exposed diatoms 
produced Hg0 at a decreasing rate once light was removed.(186) 
In surface waters, through the excretion of photoreactive organic compounds, algae can indirectly affect Hg redox 
cycling(183b, 185, 187) (that is, by producing fresh, photoreactive organic matter, see above). Often, phytoplankton 
blooms in ocean surface waters are associated with increased Hg0 evasion;(188) however, in these cases, it is unclear 
whether phototrophs are directly involved in Hg0 by coupling Hg2+ reduction to their photosynthetic machinery or 
indirectly responsible for Hg0 production via the release of photoreactive compounds. In-depth, field studies suggest 
that maximum activity in redox cycling seems correlated to algal and bacterial metalimnetic blooms.(164d, 165a, 

175c, 189) These blooms occur during summer, during fall, and under ice cover, in freshwater and marine 
environments at both depths and light levels that challenge the role of abiotic photochemical reactions and seem 
correlated to the carbon acquisition strategy of the dominant phototrophic population,(164d, 190) supporting a link 
between photosynthesis and Hg redox cycling. Except in the case of a Synechocystis strain, which used a glutaredoxin-
mediated pathway,(191) the mechanistic details of direct phototrophic reduction of Hg2+ remain unknown, and older 
studies need to be carefully interpreted in light of what is now known on the importance of photoreduction. 
Studies have not addressed the possibility of phototrophic Hg0 oxidation, and we can only speculate based on what is 
known of the redox chemistry of photosynthesis. Redox potentials of microbial photosystems have been estimated as 
ranging from +0.3 to +1.2 V, depending on the species and pigments considered.(192) Based solely on 
thermodynamics, it may therefore be possible for electrons to flow from Hg0 to photosystem components; this was 
neither tested nor characterized from a kinetics perspective. Whether or not phototrophic Hg0 oxidation occurs must 
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be carefully considered in the context of the evolutionary and biological relevance of a process leading to the presence 
of toxic metal cations (i.e., Hg2+) at sites (e.g., reaction centers) that are key for the organism’s survival. A complete 
review of phototrophic Hg transformations can be found in Poulain and Grégoire.(193) 

4.1.3.2 Chemotrophic Hg Redox Processes 

Bacteria can be involved in Hg reduction via activity of the mercuric reductase (MR) enzyme. MR is a cytosolic 
protein coded by the merA gene observed in Gram-negative bacteria, Gram-positive bacteria, and Archaea.(194) Hg 
species in the environment are taken up by the cell via a series of scavenging and transport proteins (e.g., MerP and 
MerT, respectively) followed by diffusion into the cytoplasm where NAD(P)H and FADH dependent Hg reduction 
by the MR (MerA) occurs.(195) 
Non-mer-mediated enzymatic pathways also exist, but mechanistic details of the pathways involved remain unknown. 
Interestingly, microbes investigated and exhibiting non-mer-mediated Hg reduction appear to be associated with metal 
transformation such as the acidophile Acidithiobacillus ferrooxidans(196) or the dissimilatory metal reducing 
bacterium Shewanella oneidensis MR-1.(197) Finally, one study involving the Fe redox cycle has shown that mixed 
Fe(II)/Fe(III) magnetite produced by bacteria can indirectly contribute to Hg2+ reduction as well.(149) 
The potential for chemotrophic Hg0 oxidation was first proposed when researchers observed that chemotrophic 
bacteria incubated in the presence of Hg0 as the sole source of Hg suffered growth inhibition despite the nontoxic 
nature of Hg0.(198) Although these studies provided no mechanistic details, formation of Hg2+ was suspected as the 
source of growth inhibition.(198) More recently, a potential pathway involving the catalase enzyme has been explored 
as a means for biological oxidation of Hg0.(199) Very recently, alternate pathways for Hg oxidation have been 
explored under anaerobic conditions(98, 200) where Hg0 oxidation was predicted to occur extracellularly, via low 
molecular weight thiols bearing stable −SH groups located on the cell membrane.(200) 

4.2 Hg Cycling in the Cryosphere 

The study of mercury redox cycling in the cryosphere received little attention until the late 1990s when AMDEs were 
reported(19a) (also observed in Antarctica(201)) that seemed to be tightly coupled to sea ice dynamics.(202) These 
unexpectedly low concentrations of Hg0 in the atmosphere were associated with significant increases in oxidized Hg 
species concentrations in snow and ice, often reaching very high levels (micromolar range) never observed so far from 
direct contamination sources.(203) This discovery triggered a series of investigations aimed at gaining insights into 
Hg cycling, mostly in polar ecosystems. 
Atmospheric Hg newly deposited onto snow and ice surfaces can be rapidly recycled back to the atmosphere via 
Hg2+ photoreduction and subsequent evasion of Hg0.(8, 204) Depending on snow physical properties, weather 
conditions, and snow metamorphic state, newly produced Hg0 can travel within the snowpack and undergo a series of 
redox reactions(205) controlling its residence time within the snow accumulation. While production of Hg0 is most 
often correlated with direct incident sunlight, it was also reported that long-lived photoreductants might persist within 
the snowpack leading to the nighttime production of Hg0.(206) Seasonal snow accumulations are transient, dynamic 
systems and the proportion of mercury that remains in the snowpack after deposition and reemission is often hard to 
estimate; to that aim, stable isotopes can help in evaluating the fate of newly deposited mercury in snow.(207) 
What is learned from polar ecosystems may apply to more temperate regions when snow is deposited in “open” areas 
such as the surface of a frozen lake. It does not necessarily apply to the vast majority of forested watersheds, however. 
Very few studies addressed the role of tree canopy on dynamics in snow,(208) and only one addressed its redox 
reactivity in snow.(208c) Most aspects of mercury cycling in the cryosphere have been thoroughly reviewed, and we 
refer the reader to recent articles by Durnford and Dastoor,(209) Steffen et al.(210) and Douglas et al.(211) 
 
5 Hg Exchange between the Atmosphere and Terrestrial Environments 
Elemental Hg is distributed globally because of its relative inertness, and it can interact with terrestrial biomes in a 
number of ways. It can be deposited, associated with dry and wet deposition, mainly after oxidation, and be reemitted 
afterward, mostly after reduction to Hg0.(212) The geology of the soil, as well as its plant or litter cover, may alter the 
atmosphere/soil fluxes. As a result, some terrestrial environments can act as short-term or long-term sinks for Hg, 
whereas others with important geogenic Hg pools will act as sources.(213) Since most of the land masses are 
characterized by low levels of Hg, terrestrial environments on a global scale act as sinks, with total deposition of about 
3200 Mg year–1 and reemission of 1700–2800 Mg year–1.(212-214) A better understanding of the drivers determining 
the net flux for a given system is needed to improve regional models. For instance, recent applications of rule-based 
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models have shown that diverse U.S. background biomes, including semiarid deserts, grasslands, and deciduous 
forests, acted as small net sources when considering soil alone.(215) However, when plant cover was included in the 
model, these biomes became sinks. In the following, some of these key drivers derived from laboratory and field 
studies of air/soil and air/plant exchanges are discussed. 

5.1 Hg Emissions 

Most emissions from terrestrial systems are thought to be elemental Hg. Some of these emissions are Hg atoms 
previously deposited from the atmosphere and represent a recycling mechanism. Other atoms come directly from the 
geologic substrate. Emissions from the naturally enriched substrate, such as carbonaceous shale or plate tectonic 
boundaries, represent from 500 to 1500 Mg year–1 of the global atmosphere.(213) Total primary emissions from land-
based natural sources (excluding volcanic and geothermal systems) range from 800 to 1600 Mg year–1 and legacy 
emissions account for an additional 700–1200 Mg year–1.(212, 213) Further, anthropogenic soil disturbances caused 
by mining, landfills, and industrial activities may also promote soil-to-air Hg transfer. The constant removal of Hg 
from geological settings by human activity has caused a tripling of the atmospheric Hg pool, and is increasing the 
global legacy Hg pools, leading to increased fluxes between environmental compartments. 

5.2 Hg Deposition 

Hg can reach the soil surface by wet or dry deposition, and as Hg0, Hg2+, or Hg(p). Wet deposition fluxes in North 
America generally range between 3 and 25 μg m2 year–1.(213) The fate of wet deposition on soil will depend on the 
following: (1) soil permeability and slope which will dictate the fraction of deposited Hg that will be transferred by 
runoffs; (2) solar radiation, temperature, and relative humidity during and after deposition, factors that will dictate the 
rate of conversion of Hg2+ to volatile Hg0 and the rate of volatilization; (3) the presence of vegetation or litter (see 
below); (4) the form of precipitation, for instance snow vs rain. Indeed, precipitation in the form of snow will 
accumulate in the snowpack, be more exposed to Hg2+ photoreduction, and can be partly transferred back to the 
atmosphere through wind pumping before affecting the local ecosystems.(8, 208c) 
Dry deposition of Hg0 has been shown to be a function of soil type, of vegetation cover, and of the 
Hg0 concentrations.(216) At Hg0 levels above 2–5 ng m–3 emission rates decrease and deposition rates increase. As a 
result, when an air mass enriched in Hg passes over soil, a net downward Hg0 flux will be registered. When the 
enriched air mass is replaced by a low Hg air mass, part of the deposited Hg will be reemitted. However, part of the 
deposited Hg0 will remain associated with the soil matrix.(217) Hg0 sorption will be a function of soil chemistry and 
will be particularly affected by the presence of organic matter, iron oxides, sulfur complexes, and clay minerals.(213) 
Hg2+ deposition velocities are estimated to be around 1 order of magnitude higher than those for Hg0. Hg(p) deposition 
data are scarce and represent a gap of knowledge, and are a function of particulate size.(216) In general, dry deposition 
is difficult to accurately measure and remains an important uncertainty. 

5.3 Barren Soils 

Hg enriched barren soils are usually characterized by a diel cycle of Hg emissions, with peaks around 
midday,(218) and are particularly affected by soil moisture, solar radiation, relative humidity, and 
temperature.(219) In low Hg soils, these trends are less apparent. Wetting events of soils appear to promote emissions 
of Hg0. However, consecutive wetting events result in lesser emissions. It is likely that barren soils are accumulating 
easily exchangeable Hg from the atmosphere between wetting events.(220) Therefore, the longer the dry periods 
between wet precipitation, the higher the soil-to-air transfer will likely be during wetting. Overall, the strong influence 
of basic environmental conditions implies a strong seasonal gradient. However, the modeling of these fluxes is not 
straightforward, since many synergistic and antagonist effects between environmental variables are affecting temporal 
predictions.(221) 
Laboratory studies have attempted to differentiate the effect of different wavebands on Hg emissions from barren 
soils. According to Xin et al.,(217, 222) non-UV-B solar radiation, along with water, promotes direct Hg0 desorption 
from soils, whereas UV-B radiation promotes photoreduction of Hg2+ to volatile Hg0, followed by emission to air. 
Although most studies only consider Hg0 as the source of emitted Hg from soil, one study done under laboratory 
conditions reported direct Hg2+ emissions.(223) The origin of this Hg2+ and the mechanism by which it was formed 
remains unclear and warrants further investigation. 
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5.4 Vegetated Environments 

Terrestrial plants are important ecosystem components modulating Hg fluxes with the atmosphere. They can do so by 
altering local and regional atmospheric conditions. For instance, they can decrease solar exposure to the understory 
and therefore affect photochemical and photobiological Hg redox transformation,(224) particularly in winter. They 
can also modify relative humidity through evapotranspiration and moderate temperature changes thus leading to 
altered patterns of dry and wet Hg deposition. Further, they can directly interact with Hg species through, for instance, 
stomatal exchange and foliar adsorption. Finally, they can serve as transient Hg reservoirs.(225) 
In terrestrial plants, Hg0 can accumulate in leaves and can be oxidized and then sequestered until leaf fall, therefore 
representing an overall air-to-land flux of Hg, and an oxidation step.(226) Accumulation by leaves is positively related 
to air concentrations.(227) In addition, other factors such as leaf age, position within the canopy, temperature, and 
CO2 levels are also important.(213, 227, 228) Older leaves at the bottom of the canopy tend to be more 
contaminated.(229) Hg2+ and Hg(p) can also adsorb to leaf surfaces, where Hg can be photoreduced and reemitted to 
the atmosphere.(163c, 230) Alternately, Hg adsorbed to leaves can leach through precipitation and deposited with 
throughfall.(226a) 
The exact mechanism for atmospheric interaction with foliar tissues is still in debate. In a recent study where natural 
stable isotope fractionation of Hg was measured in different environmental matrixes including leaves, Demers et 
al.(231) reported evidence supporting previous findings that suggest mercury in foliage is bound predominantly within 
stomatal cavities(226b) in association with sulfur-containing enzymes, rather than on leaf surfaces where structural 
components (e.g., cuticle) are dominated by carboxylic ligands.(231) Laacouri et al.(229) recently showed that up to 
96% of Hg in leaves was not related to the cuticle, and that Hg was accumulated as a function of photosynthetic rates, 
giving further support to the importance of stomatal uptake. However, the possibility remains that nonstomatal 
pathways may contribute to some fraction of total mercury deposition to foliage.(228) In general, Hg uptake rates vary 
with plant types according to the following sequence: deciduous trees > evergreens > grasslands.(213) 
Some studies have investigated the impact of litter cover on Hg emissions. In general, litter-covered soils display 
lower Hg fluxes than their barren counterparts.(228, 232) Also, environmental variables are not well and consistently 
correlated with litter Hg fluxes,(213) compared to the clear relationships typically found with barren soils. 
One key environmental factor affecting the fate of Hg in vegetated areas is biomass burning, which releases Hg to the 
atmosphere at global fluxes similar to geogenic sources(212) (500–600 Mg year–1). This source of Hg is expected to 
increase with climate change over the next decades. 
In conclusion, barren soils receive inputs of Hg0 and Hg2+ via wet and dry deposition, creating a pool of easily 
reducible and exchangeable Hg with the atmosphere. In vegetated areas, plants act as short- to long-term Hg sinks and 
as a barrier hampering direct soil/air exchange.(213) Litter fall and soil microbial activities will modulate the turnover 
rate of Hg at this interface. Finally, natural disturbances such as wildfires or anthropogenic activities such as mining 
may transform a terrestrial system from being a sink to being a significant regional source of Hg to the atmosphere. 
 
6 Global and Regional Atmospheric Mercury Modeling 
Before starting the review of atmospheric mercury modeling, we present an example of present-day (year 2010) 
surface air concentrations of total gaseous mercury (TGM) and total wet deposition of mercury simulated by 
Global/Regional Atmospheric Heavy metals Model (GRAHM) in Figure 3.(233) The measured concentrations of 
TGM and wet deposition fluxes from various observation sites across the globe are shown in circles.(234) Higher 
concentrations of TGM are seen in the vicinity of major anthropogenic sources of mercury. Long range transport of 
mercury emitted from the anthropogenic sources, mostly located in the Northern Hemisphere, produce an increasing 
south to north gradient in concentrations of mercury on a global scale. Wet deposition fluxes are dominant in the 
regions receiving higher amounts of precipitation. 
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6.1 Chemical Processes Incorporated in Atmospheric Hg Models 

The oxidation state and gas–aerosol partitioning of Hg control its deposition from the atmosphere. Gaseous elemental 
mercury (Hg0) is a dominant reservoir of Hg in the global atmosphere (>90%).(235, 236) Owing to its low solubility 
in water (KH ∼ 0.1 M atm–1 (237)) and its weak adsorption to the ice surface,(238) wet deposition via rain and snow 
is unimportant for the loss of Hg0 from the atmosphere, unlike the oxidized form of mercury (see below). The major 
fate of Hg0 in the atmosphere is a photochemical oxidation that can occur in gas phase, on aerosol surfaces, and in 
cloudwater to form oxidized Hg, a fraction of which is perhaps reduced back to Hg0 at the same time.(29, 36) The 
annual global mean lifetime of Hg0 against the net photochemical oxidation is estimated to be ∼1 year.(41d, 46a, 

46d) However, the photochemical lifetime of Hg0 can be as short as several hours(19b, 239) during AMDEs in the 
springtime polar boundary layer. The uptake (dry deposition) of Hg0 to terrestrial vegetation can be significant, but 
the reemissions of Hg0 to the atmosphere via biogeochemical transformation of previously deposited Hg (including 
the “legacy” contamination) in the soil and watersheds more than compensate the dry-deposited amount of Hg0.(240) 
Oxidized Hg exists both in the gas phase and in the condensed (aerosol/cloud) phase in the atmosphere; however, its 
exact molecular identities have yet to be elucidated in the real atmosphere. Although the initial products (HgO, HgCl2, 
HgBr2, etc.) of the oxidation of gaseous and aqueous-phase Hg0 certainly depend on the reactants involved, the 3-D 
models of atmospheric Hg cycles and the operational measurements of Hg in the ambient air often assume that 
HgCl2 becomes a dominant component of oxidized Hg in the gas phase as a result of ion-exchange reactions with 
chloride (Cl–) in the liquid-water clouds and aerosols.(28, 41d, 57, 241) Gaseous oxidized mercury is generally quite 
soluble in water and retains a property of strong adsorption to various solid substrates.(27f, 30, 36) It thus undergoes 
efficient (both dry and wet) deposition, which is a major removal mechanism of Hg from the atmosphere.(28) Mercury 
species bound to aerosol particles, Hg(p), is believed to be largely in the divalent oxidation state. The atmospheric 
residence time of Hg(p) against the dry deposition varies significantly with the particle size, from hours to longer than 
a week.(126, 216, 242) If Hg(p) is bound to fine-mode aerosol particles (which are smaller than 2.5 μm, or so-called 
PM2.5), it has a sufficiently long residence time against dry deposition so that the rate of its removal from the 
atmosphere is controlled primarily by episodic occurrence of wet deposition events.(28) 
Table 3 gives a summary of the Hg chemical processes incorporated in regional (or continental-scale) and 
global/hemispheric chemical transport models of Hg in the atmosphere that have been developed and used actively in 
the past decade. Owing to the concurrent progress of process-level understanding and the emergence of new tools to 
support the modeling aspects, most of these models have continually updated the mechanisms of Hg chemistry since 
their initial development. Our intention here is to provide an overview of the latest status of the implemented Hg 
chemical mechanisms by which each model has obtained its best results against observations, based on the information 
available in the literature. 
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On the regional modeling front, our list includes the following: (1) the Trace Element Analysis Model (TEAM(41a, 

45a, 46a, 243)), (2) the Comprehensive Air Quality Model with Extensions (CAMx(41g)), (3) two flavors of the 
Community Multiscale Air Quality (CMAQ)-Hg models,(41g, 42b, 244) (4) the CMAQ-Hg model paired with the 
Model of Aerosol Dynamics, Reaction, Ionization, and Dissolution (CMAQ-MADRID-Hg(35b, 245)), (5) the Hybrid 
Single Particle Lagrangian Integrated Trajectory (HYSPLIT)-Hg model,(246) (6) the Sulfur Transport and dEposition 
Model (STEM)-Hg model,(41f, 247) (7) the nested-grid version of the biogeochemical Hg model (GEOS-Chem-
Hg(248)), and (8) a modified version of the Weather Research and Forecasting model coupled with Chemistry 
(WRF/Chem-Hg(249)). 
On the global/hemispheric modeling front, the list includes the following: (1) the Chemical Transport Model for 
Mercury (CTM-Hg(41a, 46a, 46c, 243)), (2) the hemispheric version of the CMAQ-Hg model,(250) (3) the Danish 
Eulerian Hemispheric Model (DEHM(19b, 41b)), (4) the global version(s) of GEOS-Chem-Hg,(41d, 44c, 46d, 

251) (5) the Global EMEP Multimedia Modeling System (GLEMOS(41c)), (6) the Canadian Global/Regional 
Atmospheric Heavy Metals Model (GRAHM(41e, 41h, 46e)), (7) the NCAR Community Atmospheric Model with 
Chemistry with the mercury mechanism (CAM-Chem/Hg(252)), and (8) the global Hg model based on the 
atmospheric general circulation model ECHAM5 (ECHMERIT(42c, 253)). 
Some of these models retain a capability of multiscale modeling at the regional and global scales; CTM-Hg can be 
either a stand-alone global model or a global-domain portion of the multiscale model TEAM,(41a, 243) while GEOS-
Chem-Hg has a nested-grid option to perform regional simulations by using boundary conditions from the global 
model.(248) In a model intercomparison study, CAMx and CMAQ-Hg were also applied with a nested-grid 
configuration, while both grids were regional at the continental and subcontinental scales of the United 
States.(41g) Simulated dry and wet deposition of Hg in the regional models is known to be sensitive to the choice of 
lateral boundary conditions for the oxidized Hg concentrations.(45) By adopting model frameworks that represent the 
dispersion of plumes at the spatial scales smaller than those normally employed for the “Eulerian” models of 
atmospheric chemistry and transport, CMAQ-MADRID-Hg(35b) and HYSPLIT-Hg(246, 254) have gained a physical 
basis for simulating the initial evolution of the redox chemical state of Hg in the plumes of power-plant emissions that 
contain a myriad of potential reactants and particulate matter catalyzing heterogeneous surface reactions immediately 
after their release into the atmosphere. 
A vast majority of these 3-D models assume the oxidation of Hg0 by O3 and OH radicals in the gas phase and, 
additionally, in the aqueous phase (cloudwater), whereas one model (GEOS-Chem-Hg Br option) totally neglects 
these reactions involving O3 and OH for simulating the Hg chemistry at global and regional (North America) 
scales.(46d, 248) The applicability of experimental kinetic data for the gaseous Hg0 oxidation by O3(255) and 
OH(115a, 256) for the models of atmospheric Hg cycles has been questioned.(44a) We will later discuss some of the 
contradictory findings on this topic from the studies of atmospheric Hg modeling and observations. The Hg0 oxidation 
by gaseous H2O2 is also included in many models (CAMx, CMAQ-Hg, CMAQ-MADRID-Hg, CTM-Hg/TEAM, 
HYSPLIT-Hg, STEM-Hg), while the rate coefficient employed from the Tokos et al.(257) experiment should be 
regarded as an upper limit. The oxidation of Hg0 via gaseous Cl2(20a) and aqueous-phase HOCl/OCl–,(258) assumed 
to occur prevalently in the marine boundary layer (MBL), is taken into account in the models except DEHM, 
ECHMERIT, GEOS-Chem-Hg, and WRF/Chem-Hg. CMAQ-Hg also accounts for the gas-phase oxidation of Hg0 by 
Cl atoms in the MBL, using experimental kinetic data from Donohoue et al.(259) The gas-phase oxidation of Hg0 by 
bromine radical species (Br and, in some cases, BrO) has been incorporated in the context of AMDEs during the polar 
spring (GEOS-Chem-Hg and GRAHM) and also in the context of Hg cycles in the global troposphere (CTM-Hg, 
GEOS-Chem-Hg, and CAM-Chem/Hg). In DEHM, the rapid gas-phase oxidation of Hg0 during the AMDEs is 
parametrized by an empirical first-order loss of Hg0 uniformly occurring in the Arctic boundary layer over sea ice at 
temperatures below −4 °C. We will later discuss key uncertainties in the simulation of Hg0 oxidation by bromine 
radical species. 
Turning our attention to the aqueous-phase reduction of Hg2+, the decomposition of HgSO3 to Hg0, known to occur 
efficiently in water (0.0106 ± 0.0009 s–1 at 25 °C(260)), is included in the Hg chemical mechanisms of the 3-D models 
except GEOS-Chem-Hg and WRF-Chem/Hg; however, its significance is limited in the actual atmospheric 
environment due to a small window of optimal conditions defined by the concentrations of gaseous SO2, cloudwater 
pH, and Cl– concentrations.(46a, 46e, 241) The photolytic decomposition of Hg(OH)2 to Hg0 in water is also adopted 
in some 3-D models (CAM-Chem/Hg, CMAQ-Hg, GRAHM, HYSPLIT-Hg, and STEM-Hg) on the basis of 
experimental kinetic data,(261) although it is unlikely to make a difference in the atmospheric Hg budget.(46e, 

241) Since the once well-accepted mechanism of aqueous-phase reduction of Hg2+ by HO2 radicals(262) was 
questioned by Gårdfeldt and Jonsson,(7) it has been gradually phasing out from the Hg chemical mechanisms in the 
3-D models. A problem arises, however, in that the models are likely to oxidize Hg0 much too rapidly without the 
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aqueous HO2-induced reduction of Hg2+.(42c, 46a) On the basis of experimental study by Si and Ariya,(84) the latest 
version of CMAQ-Hg has incorporated an aqueous-phase photolytic mechanism of Hg2+ reduction involving 
dicarboxylic acids.(279b) A similar problem exists in the reduction of Hg2+ in power-plant plumes; a currently 
unknown mechanism of the seemingly fast Hg2+ reduction in the power-plant plume is incorporated in some models 
by either employing a hypothetical second-order reaction between Hg0 and gaseous SO2 (CMAQ-MADRID-Hg(35b)) 
or decreasing the fraction of oxidized Hg in the speciation of Hg emitted from the power plants (GRAHM,(46e) the 
nested-grid version of GEOS-Chem-Hg;(248) and CMAQ-Hg for Europe(42b)). These adjustments improve model 
results, at least partially, for the concentrations of oxidized Hg in the atmospheric boundary layer and the wet 
deposition of Hg over North America and Europe.(35a, 35b, 42b, 46e, 248) Uncertainties related to the modeling of 
Hg2+ reduction processes are discussed in section 6.4. 
The regional and hemispheric atmospheric Hg models reviewed here simulate the concentrations of the Hg reactants 
online by their built-in gas-phase and aqueous-phase (cloudwater) chemical modules (CAMx, CMAQ-Hg, CMAQ-
MADRID-Hg, DEHM, STEM-Hg, and WRF/Chem-Hg) except HYSPLIT-Hg and TEAM. The HYSPLIT-Hg model 
utilizes observational data from air-quality-monitoring networks at the ground level, while the TEAM utilizes the 
climatological concentrations of the Hg reactants extracted from the simulation archives of other chemical transport 
models and, for gaseous HCl and Cl2, fixed concentrations are assigned based on the literature survey. A majority of 
the global models obtain the concentrations of the Hg reactants from monthly mean fields as simulated by other 
chemical transport models (CTM-Hg, GEOS-Chem-Hg Br option, GLEMOS, and GRAHM) or its own family model 
(GEOS-Chem-Hg O3/OH option), whereas recently published CAM-Chem/Hg and ECHMERIT calculate the 
concentrations of most of the Hg reactants online by their own built-in chemical modules. The state-of-the-art chemical 
transport models of tropospheric chemistry are able to simulate the global and regional distributions of gaseous O3 and 
OH and their temporal variability generally within a factor of 2 uncertainties.(263) A fair number of aqueous-phase 
chemical mechanisms have been developed to simulate tropospheric oxidants, aerosols, and acid deposition at the 
regional and global scales and also utilized for the simulation of Hg chemistry in the cloudwater (CMAQ-Hg, CMAQ-
MADRID-Hg, STEM-Hg, CAM-Chem/Hg, and ECHMERIT). However, the accuracy of the simulated concentrations 
of the aqueous-phase reactants (especially the short-lived radicals such as OH and HO2) is not well constrained by 
measurements. Currently, all the models simulating the oxidation of Hg0 via chlorine chemistry have some 
arbitrariness in constraining the concentrations of the gaseous and aqueous-phase (cloudwater) chlorine species of 
potential importance in the MBL. Even the CMAQ-Hg model, in which a sophisticated gas-phase scheme of chlorine 
chemistry is employed,(264) an empirically chosen source term is assigned for gaseous Cl2 from the sea surface as an 
ultimate driver of gaseous and aqueous chlorine chemistry in the model.(41g, null) In fact, predicting the 
concentrations of reactive chlorine species accurately in the MBL is a challenge, because some unknown 
heterogeneous and condensed-phase reactions may well be operating as a critical source of HOCl and Cl2.(265) All 
the models simulating the oxidation of Hg0 via bromine chemistry currently specify the concentrations of gaseous 
bromine radicals by using external input data (CTM-Hg, GEOS-Chem-Hg Br option, GRAHM, and CAM-Chem/Hg). 
In an exploratory study, CTM-Hg specified the global tropospheric concentrations of Br and BrO by a very simple 
photostationary state assumption with crude constraints from satellite-estimated column densities of tropospheric 
BrO.(46c) For the simulation of AMDEs, GRAHM also uses the monthly mean concentrations of Br and BrO 
estimated on the basis of satellite-derived column densities of BrO in the polar boundary layer.(41e) For the simulation 
of Hg0 oxidation initiated by Br atoms, GEOS-Chem-Hg (Br option) has been using a mixed approach where the 
monthly mean concentrations of Br atoms are taken from two independent models of bromine chemistry and transport 
in the free troposphere(266) and the stratosphere,(267) while semiempirically assigning the Br atom concentrations in 
the MBL and in the springtime polar boundary layer,(46d) as discussed later. One of the family models of GEOS-
Chem carries out a full tropospheric simulation of bromine chemistry albeit without the source of bromine associated 
with sea ice.(268) The concentration fields of bromine species obtained from this flavor of GEOS-Chem were used to 
constrain the gaseous and aqueous-phase oxidation of Hg0 via bromine chemistry in CAM-Chem/Hg.(252) 
Some of the models are equipped with modules for the online simulation of the microphysics and chemistry of 
aerosols, allowing detailed treatments for the gas-aerosol partitioning of Hg2+ and the adsorption of aqueous-phase 
Hg2+ on soot in the cloudwater, varying in time and space (CAMx, CMAQ-Hg, CMAQ-MADRID-Hg, and STEM-
Hg). In the models simulating the soot-surface adsorption of aqueous-phase Hg2+ in the cloudwater (CTM-Hg/TEAM, 
DEHM, GLEMOS, HYSPLIT-Hg, and CAM-Chem/Hg in addition to the aforementioned four models), the adsorbed 
Hg2+ is assumed to be unreactive. Inclusion of this process tends to suppress the aqueous-phase reduction of Hg2+ to 
Hg0 and its subsequent volatilization from the cloudwater, thereby enhancing the wet deposition of Hg. This process 
also operates as an important source of Hg(p), where cloud droplets are not precipitated but evaporated to leave the 
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soot-adsorbed Hg2+ in the air.(28, 244) We will later discuss other possibilities for the secondary production of Hg(p) 

in the atmosphere. 

6.2 Uncertainties Associated with the Gas-Phase Oxidation of Hg by OH and 
O3 

The viability of gas-phase Hg0 oxidation by OH radicals and O3 is an important subject, as these reactions are used as 
major pathways for the atmospheric Hg oxidation in most of the 3-D models (Table 3) even though experimental data 
for their kinetics are quite controversial.(29, 44b) Mainly on the basis of theoretical arguments by Calvert and 
Lindberg,(44a) the kinetics of Hg0 oxidation involving gaseous OH radicals(115a, 256) and O3(44d, 255b) is often 
debated whether it is subject to large experimental artifacts and thus should not occur as rapidly in the actual 
atmospheric environment. Concerning the Hg0 oxidation by gaseous O3, Seigneur et al.(46a) find that the global mean 
photochemical lifetime of Hg0 is simulated to be much too short (∼11 days) by using the Pal and Ariya(255b) kinetic 
data. Instead, these authors recommend the use of the 25 times slower kinetics indicated experimentally by 
Hall(269) for the modeling purpose, unless there are unknown processes of fast Hg2+ reduction operating in the 
ambient air. Hedgecock et al.(123) also recommend the use of the Hall(269) kinetics for the gas-phase reaction Hg0 + 
O3, based on a comparison between their photochemical box model calculations and Hg2+ measurements in the MBL, 
which excluded any reduction reactions. 
On the other hand, in the polluted atmosphere, there seem to exist ample possibilities where the Hg0 oxidation by 
O3 and OH occurs nearly as rapidly as in the experimental systems. For instance, Calvert and Lindberg(44a) speculate 
that, in the laboratory kinetic experiments, the high concentrations of secondary reactants such as NO2 and organic 
oxy/peroxy radicals unexpectedly assist the swift formation of Hg2+ from an initial product of the reaction Hg + OH 
(+ M), viz. HgOH, which is predicted to be thermally very unstable.(270) It thus appears worthwhile investigating the 
viability of this speculated mechanism in the regional context of atmospheric Hg cycles in polluted environments. 
There is also some discrepancy in the thermodynamics of HgOH decomposition estimated by quantum mechanical 
calculations between Goodsite et al.(270) and Cremer et al.,(271) which deserves attention. Also, in the presence of 
abundant aerosols such as in urban air, the aerosol surface may well accelerate the rates of the reactions Hg + O3/OH 
just as indicated to occur on the deposits on reactor walls of the experimental systems.(36, 44d, 272) Snider et 
al.(87) and Rutter et al.(44d) provided insight on the mechanisms for both the gaseous and surface reactions in 
oxidizing Hg0 via O3; these studies explain the similarities of the existing laboratory studies and the effect of surface 
reactions in experimental studies. 
Recently, Brooks et al.(273) reported the vertical profiles of the Hg2+ and Hg(p) concentrations between the altitudes 
of 0 and 6 km over Tennessee, in the southern United States, as obtained by a series of research flights nearly covering 
an annual cycle. They found elevated concentrations of Hg2+ (>50 pg(Hg) m–3) at altitudes between 2 and 4 km 
occurring only during the summer (May to September), which they attributed to a possible involvement of OH radicals 
in Hg oxidation. During an earlier aircraft survey in the vicinity of south Florida in June 2000, Sillman et al.(274) also 
observed sporadic occurrences of the elevated levels of Hg2+ (up to 260 pg m–3) around the altitude of 3 km in air 
masses with seemingly a cloud-free history.(274) 

6.3 Uncertainties Associated with the Gas-Phase Hg Oxidation by Bromine 
Radicals 

The role of bromine radical chemistry for Hg oxidation is well-established during the AMDEs,(20b) whereas its 
contributions in the MBL and the global free troposphere are somewhat speculative due to a combined uncertainty in 
the kinetics of Hg oxidation initiated via Br atoms and their atmospheric concentrations themselves.(46c, 46d, 

265) Most of the existing laboratory experiments on halogen kinetics only provide apparent or overall rate constants 
rather than the rate coefficient of each step of the expected multistep reactions for Hg oxidation (see section 3). 
Concerning the Hg0 oxidation by Br atoms, CTM-Hg(46c) and GEOS-Chem-Hg(46d) assume a multistep mechanism 
where the initial product of the Br attack, viz. HgBr, can undergo either a thermal decomposition back to Hg0 and Br 
or form thermally stable Hg2+ products via the attack of second reactants such as Br and OH radical initiated 
oxidation,(270, 275) to simulate the impacts of bromine chemistry on the Hg oxidation in the global troposphere. 
Seigneur and Lohman(46c) recommend accounting for the pressure dependence of the rate coefficient for the reaction 
Hg + Br (+ M), viz. the initial step of producing the HgBr intermediate, as indicated experimentally by Donohoue et 
al.,(275b) for a reasonable simulation of the net rate of the Hg0 oxidation in the upper troposphere. In an earlier version 
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of GRAHM, Dastoor et al.(41e) adopted a single-step mechanism where the initial attack of Br atoms on Hg0 was 
assumed to be the rate-limiting step of the net oxidation to Hg2+, using the rate coefficient from the Ariya et 
al.(20a) experiment for the simulation of AMDEs. The current version of GRAHM employs a three-step mechanism 
of Br-initiated oxidation of Hg in polar regions using reaction rates from Goodsite et al.(270, 276) and Dibble et 
al.(277) 
Most 3-D mercury models have either implemented or are in the process of implementing a three-step mechanism of 
Br atom oxidation of Hg in the troposphere (global and regional) as an option. GEOS-Chem-Hg (Br option) contends 
the exclusive contribution of gas-phase Br radical chemistry (without major contributions from other potential 
oxidants) to the Hg oxidation in the global troposphere, namely, from the polar boundary layer undergoing the AMDEs 
to the MBL and the free troposphere. As compared with available observations, their simulation results appear to be 
as reasonable as those simulated by using the other option of the Hg chemistry (GEOS-Chem-Hg O3/OH option) in 
terms of the global distributions of the concentrations of speciated Hg and the wet deposition of Hg, with a trade-off 
between strength and weakness in the two approaches.(46d) The Br option of the Hg mechanism is superior to the 
O3/OH option in simulating the tropospheric Hg cycles in the Arctic and the Antarctic from spring to summer. On the 
other hand, the O3/OH option simulates a summer maximum in the wet deposition of Hg in the southeastern United 
States better than the Br option. Holmes et al.(46d) also note that the Br-initiated Hg0 oxidation appears to be 
insufficient to explain the rate of Hg oxidation in the stratosphere, in agreement with an earlier study by Seigneur and 
Lohman.(46c) Concerning the concentrations of Br atoms in the free troposphere, Holmes et al.(46d) use the 
concentrations of Br atoms simulated in one of the model runs by the p-TOMCAT tropospheric chemical transport 
model with only the photodecomposition of bromocarbons included as a source of inorganic bromine and, moreover, 
without the heterogeneous reaction BrONO2 + H2O on the background (e.g., sulfate) aerosols.(266) Hence their free 
tropospheric Br atom concentrations should be considered as lower limits, as they do not account for the ventilation 
of the MBL air containing inorganic bromine of sea-salt origin and partially neglects the heterogeneous activation of 
bromine chemistry on the aerosols.(46d) Although Br atom concentrations are calculated by one of the best models 
available to date for the simulation of tropospheric bromine chemistry,(266) the simulated Br atom concentrations 
have been inadequately evaluated against field and satellite measurements,(265) which poses further difficulty in 
drawing conclusions on Br-initiated oxidation of mercury from the model simulations by Holmes et al.(46d, 265) In 
the MBL and the springtime polar boundary layer, GEOS-Chem-Hg (Br option) employs an ad hoc approach in which 
the BrO mixing ratios are simply specified at the values suggested from previous field measurements, followed by the 
derivation of the Br atom concentrations via photostationary state assumptions.(44c, 46d, 248) 
Finally, on the basis of earlier quantum mechanistic calculations,(270, 275a) the 3-D models with the multistep 
mechanism of Br-initiated Hg0 oxidation (CTM-Hg, GEOS-Chem-Hg Br option, and CAM-Chem/Hg) have so far 
assumed that the stabilization of the HgBr intermediate is accomplished mainly by Br atoms and OH radicals. 
However, recent quantum mechanistic calculations predict sufficiently fast kinetics for the gas-phase reactions of 
HgBr with HO2, NO2, BrO, and IO, which are generally more abundant than Br and OH in the global troposphere.(277, 

278) The level of theoretical methods used differed in various quantum mechanistic studies, warranting a further 
pursuit of the kinetics of these multistep reactions (section 3). Overall, there is ample evidence to support the viability 
of the Br-initiated oxidation of Hg0 in most parts of the global troposphere, but more experimental, observational, and 
modeling work is required to characterize the concentrations of Br and BrO and the actual reaction mechanisms and 
kinetics involved in the Hg oxidation. 

6.4 Uncertainties Associated with the Hg2+ Reduction Processes 

Modelers have been facing substantial challenges in dealing with the poorly characterized reduction of oxidized Hg 
deemed to occur in the power-plant plumes(35a, 35b) as well as in the background atmosphere at the regional and 
global scales.(46a, 279) The majority of the Hg2+ reduction mechanisms suggested from laboratory experiments have 
been questioned to operate at sufficiently high reaction rates in the ambient atmospheric conditions.(44b) However, 
there are a number of recent (photo)reduction studies involving organic molecules and surfaces at close to 
environmental conditions (see Supporting Information, Tables 2 and 3; and section 3), as well as in the natural 
environment under microcosm simulations (controlled conditions), which indicate that the fast reactions will be indeed 
potentially feasible. 
Presently, the Hg2+ reduction is a de facto parameter for most models to adjust the net oxidation rate of atmospheric 
Hg within a reasonable range varying with the choice of oxidation mechanisms and their kinetics. For instance, while 
comparing the two scenarios of the Hg chemistry in GEOS-Chem-Hg, Holmes et al.(46d) increased their empirical 
photoreduction rates of Hg2+ in the cloudwater by a factor of 4 when switching the scenarios of Hg oxidation from the 
one with the Br-initiated oxidation only to the other one with the OH/O3-initiated oxidation only, in order to simulate 
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the realistic concentrations of Hg0 across the globe. Seigneur et al.(46a) found that their global model (CTM-Hg) 
could not reproduce the observed Hg0 concentrations very well without employing the aqueous-phase Hg2+ reduction 
mechanism involving HO2 (albeit its viability in the atmospheric environment was suspected(7)), unless the gas-phase 
Hg0 oxidation by OH radicals was neglected in the model. By neglecting the aqueous-phase reduction pathway by 
HO2 in the regional model CMAQ-Hg, the wet deposition of Hg was simulated to increase by 23.9% on average at 
the Mercury Deposition Network (MDN) sites in the United States and Canada, deteriorating already high-biased 
model results.(280) 
Being facilitated by the capability of simulating aqueous-phase organic chemistry in the cloudwater,(281) the CMAQ-
Hg model recently introduced a mechanism of aqueous-phase reduction of Hg2+ by dicarboxylic acids under 
sunlight.(41g, 279b) Its implementation in the model should be regarded as proof of the concept, as it employs an 
upper-limit rate constant by neglecting the impacts of Cl– and dissolved O2 on the Hg2+ reduction, which are 
experimentally known to decrease Hg2+ reduction rates.(84) Their simulated results indicated a good prospect for 
improved model performance as compared to the aqueous HO2-mediated Hg2+ reduction mechanism, for the 
prediction of wet deposition rates of Hg at the MDN sites in North America.(279b) 

6.5 Uncertainties Associated with the Gas–Aerosol Portioning of Hg2+ 

We have a limited understanding of mechanisms that control the exchange of oxidized Hg between the gas phase and 
the aerosol particles. However, it is certainly important to consider mercury partitioning processes involved in surface 
adsorption on the solid particles and/or in ligand chemistry in the aqueous solutions of deliquesced aerosols, as have 
been tested in some models including mechanistic box and one-dimensional (1-D) models.(35b, 239b, 242, 251, 282) 
The routine measurements of Hg(p) at monitoring stations are performed by sampling only the fine-mode aerosol 
fraction.(57) Thus, it makes sense for the models to simulate the microphysics of Hg(p) as the fine-mode 
aerosols,(251) unless the model has the capability of simulating size-resolved aerosol processes. However, according 
to the size-resolved measurements of Hg(p) in the field, a notable fraction of Hg(p) is sometimes present in the coarse-
mode aerosols (which are larger than 2.5 μm) despite their shorter residence time in the air than the fine-model 
aerosols.(10, 283) Vijayaraghavan et al.(35b) simulated the gas–aerosol partitioning of Hg2+ using an aerosol model 
resolving the size-dependent microphysics of fine-mode and coarse-mode aerosols. Using a thermodynamic 
parametrization of reversible partitioning between Hg(p) and Hg2+ as a function of temperature and dry aerosol total 
mass,(30, 31, 35b) the model predicted that 10–80% (23% average) of Hg2+ is adsorbed to the aerosols at the ground 
level across the regional domain of North America during August and September. By using essentially the same 
thermodynamic parametrization in their bulk representation of fine-mode aerosols, GEOS-Chem-Hg quite 
successfully simulated seasonal variations in the Hg2+–Hg(p) partitioning as observed at ground stations in North 
America.(251) 
Hg(p) can be formed via Hg2+ uptake in sea-salt aerosols in the MBL, where the relative humidity is typically high 
enough (>75%) to deliquesce the sea salt.(126) The high concentrations of chloride in the deliquesced sea-salt aerosols 
mediate the aqueous-phase ligand chemistry to accumulate Hg2+ mainly as a fully coordinated complex, HgCl4

2–, 
following the uptake of Hg2+.(282) Since the size distributions of mass (volume) of the sea-salt aerosols maximize in 
the coarse mode, a majority of Hg(p) created by this mechanism is subject to a rapid dry deposition to the sea 
surface.(242) In GEOS-Chem-Hg, uptake of Hg2+ in sea-salt aerosols is parametrized as a first-order irreversible loss 
of Hg2+ from the MBL.(46d) Currently, none of the 3-D models employs the aqueous-phase ligand chemistry, which 
may represent an actual process for the chemical transformations of Hg2+ particularly in the deliquesced sea salt, as a 
mechanism of producing Hg(p) in their simulations. This weakness in the model is being justified by a weakness in 
the observations, which usually sample only PM2.5 for Hg(p) measurements.(41g, 251) 
Recently, Toyota et al.(239b) examined the feasibility of Hg(p) formation via the aqueous-phase ligand mechanism 
in the fine-mode aerosols of “Arctic haze” enriched in bromide. Using a 1-D model of detailed multiphase chemistry 
to simulate AMDEs, Hg(p) was shown to build up as HgBr4

2–, pending the accuracy of their estimated temperature 
dependence of Henry’s law for gaseous Hg2+ species as well as the stability constants for the Hg2+ complexes with 
bromide. It was also suggested that the temperature dependence of these thermodynamic constants could explain the 
observed temperature dependence of the Hg2+–Hg(p) partitioning in the Arctic boundary layer.(24, 284) 
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7 Global Ocean Mercury Modeling 

7.1 Ocean Mercury Chemistry 

The parametrized mercury chemistry and microphysics formulated by Soerensen et al.(48) for the slab ocean in the 
Geos-Chem model(41d) and the formulation of Zhang et al.(50b) for a 3-D ocean model is described in 
sections 7.1.1, 7.1.2, and 7.1.3. This represents current state of the art in the field of ocean mercury chemistry 
modeling. 
The bulk reduction and oxidation rates are adjusted to best fit the observed large-scale distribution of Hg0 and Hg2+ in 
the oceans. There are numerous observations of vertical profiles of elemental and reactive mercury species, including 
methyl and dimethyl forms, around the world (for a list of the available data see Zhang et al.(50b)). Field studies exist 
which determine bulk reaction rates as well (e.g., Whalin et al.,(285) Monperrus et al.,(286) Qureshi et 
al.,(287) Lehnherr et al.(288)). However, these studies are pertinent mostly to surface waters with the exception of the 
methylation and demethylation rates obtained by Lehnherr et al.(288) for immediate subsurface waters. Another 
limitation of field-derived rates is that most studies are near the coasts. There is a dearth of studies that measure 
reaction rates for intermediate and deep waters in the open ocean. 
Soerensen et al.(48) chose bulk rates based on the work of Whalin et al.,(285) who measured simultaneous 
photooxidation, photoreduction, and biotic reduction rate coefficients in the Chesapeake Bay seawater. The work of 
Qureshi et al.(287) in the north Atlantic Ocean far from the coasts was used to adjust these rates. It is estimated that 
only 40% of the dissolved Hg2+ is available for reduction based on freshwater systems research(289) and the fact that 
saline waters have more abundant stable chloride complexes that inhibit reduction.(285, 290) 
In the Zhang et al.(50b) approach, biotic reduction is linked to OCRR. In surface waters, OCRR represents the action 
of bacteria and algae (e.g., Whalin et al.(164c)). In subsurface waters OCRR is the result of heterotrophic and 
chemotrophic microorganisms.(286, 291) Zhang et al.(50b) use the Soerensen et al.(48) formulation for 
photochemical redox and dark oxidation. 

7.1.1 Slab Ocean Photochemical and Biochemical Reduction and Oxidation 

Scheme 

Soerensen et al.(48) used a least-squares fitting procedure to obtain a linear relationship of the oxidation and reduction 
rates with surface shortwave radiation, or PAR, and NPP for Chesapeake Bay during the period of the Whalin et 
al.(285) observations. The resulting rates were further adjusted to be consistent with the ratio of photooxidation to 
photoreduction measured by Qureshi et al.(287) Biotic activity was not considered to contribute to oxidation of 
elemental mercury. 
The euphotic zone average biotic reduction rate for Hg2+ is 4.5 × 10–6·NPP s–1, where NPP is in units of g(C) m–2 day–

1 and was obtained from http://www.science.oregonstate.edu/ocean.productivity/. The bulk photochemical oxidation 
rate for Hg0 is 6.6 × 10–6 R s–1 and the bulk photochemical reduction rate for Hg2+ is 1.7 × 10–6 R s–1, where R (W m–

2) is the euphotic zone average of PAR. Part of the incident shortwave radiation is scattered at the surface, so ocean 
surface albedo has to be taken into account. PAR is a field typically calculated by the radiative transfer scheme in 
atmospheric models and takes into account the model cloud distribution. It is a satellite product as well. The 
attenuation of PAR in the ocean surface layer is represented by Soerensen et al.(48) as a function of the pigment 
(chlorophyll a, Chla) and dissolved organic carbon (DOC) distributions. Satellite data (e.g., SeaWiFS or MODIS) is 
used to determine the global distribution of Chla (http://oceancolor.gsfc.nasa.gov). NPP is a product obtained from 
MODIS pigment and temperature data, SeaWiFS PAR, and the Vertically Generalized Production Model 
(VGPM).(292) The observational data are used to produce monthly mean climatologies. An issue with the satellite 
data is the limited coverage of the observations in the polar regions during solstice seasons. Some empirical or 
assimilation model is required to fill these gaps;(293) current models use ad hoc minimum values. In the case of ocean 
models, sea ice filters out PAR, so photochemistry is assumed to be inactive. However, this is an approximation since 
there is algal growth that occurs at the base of sea ice (e.g., Lizotte(294)) which implies biochemical activity. 
A dark oxidation rate of 1.0 × 10–7 (s–1) is also applied in the euphotic zone.(295) However, Lalonde et al.(296) found 
that this rate was negligible depending on the measurement location, suggesting that chemical intermediates are short-
lived after exposure to shortwave radiation. Particulates appear to play a role, but the mechanism remains unclear. 

javascript:void(0);
javascript:void(0);
javascript:void(0);
https://pubs.acs.org/doi/full/10.1021/cr500667e#sec7_1_1
https://pubs.acs.org/doi/full/10.1021/cr500667e#sec7_1_2
https://pubs.acs.org/doi/full/10.1021/cr500667e#sec7_1_3
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
http://www.science.oregonstate.edu/ocean.productivity/
javascript:void(0);
http://oceancolor.gsfc.nasa.gov/
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);


© This manuscript version is made available under the CC-BY-NC-ND 4.0 license 

https://creativecommons.org/licenses/by-nc-nd/4.0/ 

 

 

7.1.2 Depth Dependent Biochemical Redox Scheme 

Zhang et al.(50b) introduced a biochemical mercury redox scheme based on OCRR, which is applicable from surface 
waters to deep waters. It was motivated by observational studies such as that of Sunderland et al.(297) which indicated 
that methylation of mercury in subsurface waters was correlated with OCRR. The origin of the subsurface reduction 
was attributed to the mechanism proposed by Mason and Fitzgerald.(298) 
Mason and Fitzgerald(298) envisaged the subsurface reduction of Hg2+ as resulting from the methylation and 
demethylation cycle. In their scheme, Hg2+ is biotically converted to dimethylmercury (DMHg); subsequently DMHg 
decomposes into MeHg which further decomposes into Hg0. By specifying a rate constant of 1 × 10–9 s–1 for each of 
these reaction stages and taking into account particulate scavenging, they obtained good agreement with observations 
in the equatorial Pacific Ocean. 
Lehnherr et al.(288) measured the bulk methylation and demethylation rates at various locations in Canadian Arctic 
waters.(288) At the oxycline they found that direct production of MeHg from Hg2+ is much faster than DMHg ((8.2 ± 
6.0) × 10–8 s–1 versus an upper bound of 4.6 × 10–10 s–1). Decomposition of MeHg into Hg0 was found to be weak with 
an upper bound for the rate being 4.2 × 10–9 s–1. Demethylation of MeHg back to Hg2+ was found to be rapid with a 
rate of (4.9 ± 0.8) × 10–7 day–1. 
The net reduction of Hg2+ to Hg0 is given by 

 
The upper bound for kmeth_red is 1.46 × 10–9 s–1, which is similar to the Mason and Fitzgerald rate of 1 × 10–9 s–1. It 
should be noted that these rates reflect local biotic activity and are not globally applicable. 
The study of Poulain et al.(224a) provided evidence for biotic oxidation. This motivated a biotic oxidation rate to be 
included in the Zhang et al.(50b) formulation. The empirical rates adopted by Zhang et al.(50b) for both surface and 
subsurface waters, chosen to best represent the observed profiles of Hg0 and the surface Hg0 evasion flux, are as 
follows: 

 
where OCRR (mol m–3 s–1) is a depth dependent function associated with NPP as defined in section 7.1.3, and kbio-

red = 86 m3 mol–1 and kbio-ox = 140 m3 mol–1. Since OCRR is a function of NPP, there is consistency between the 
Soerensen et al.(48) and Zhang et al.(50b) formulations in surface waters. However, there are differences in the 
distribution and OCRR is a better representation of bacterial activity. 
This bulk reduction rate is much greater than the rates inferred by Mason and Fitzgerald(298) and Lehnherr et 
al.(288) For the location of the Lehnherr et al.(288) study, the value of OCRR is about 1.3 × 10–8 mol m–3 s–1. Using 
the Zhang et al.(50b) expression, we get a reduction rate of 1.1 × 10–6 s–1. This is 3 orders of magnitude larger 
compared to the field-derived rates, and even though it is not likely that the OCRR value is off by a factor of 10, this 
rate is still at least 2 orders of magnitude larger than the field rates. 
It should be noted that the bulk rate is assumed to include all biotic processes; methylation and demethylation is not 
the sole redox process associated with bacterial respiration. For example, Hernandez and Newman(299) outline how 
bacterial species relevant for mercury biochemistry excrete small molecules that undergo multiple redox cycles and 
affect metal speciation.(299) In surface waters the Zhang et al.(50b) and Soerensen(48) biotic reduction rates are 
similar. It is not clear whether the bulk rates derived for surface waters, where there is greater biological diversity and 
activity, are applicable to subsurface waters. 
 

7.1.3 Surface Hg0 Flux, Particulate Sorption of Hg2+, and Sedimentation 

Mercury is released into the ocean–atmosphere system from geological sources such as volcanos and geothermal vents 
both on land and on the seabed (e.g., Bagnato et al.,(300) Varekamp and Buseck,(301) Rubin,(302) Lamborg et 
al.(303)). Essentially all of the mercury from volcanos is emitted in its elemental form. Seabed hydrothermal vents 
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appear to release significant amounts of MeHg.(303) None of the existing global mercury models take into account 
seabed mercury emissions even though these are significant compared to land emissions.(302) Seabed sediment 
mercury processes are also not taken into account, and the seabed is considered to be a sink for mercury via particulate 
settling. In reality there is likely to be some reemission from the seabed.(304) 
The budget of mercury in the oceans depends on surface fluxes, riverine inputs, and sedimentation of particulate 
sorbed mercury to the seabed. Surface fluxes include wet and dry deposition of Hg2+ and Hg(p). There is some dry 
deposition of Hg0, but by far it is dominated by evasion from the oceans to the atmosphere. Particulate settling plays 
an important component of the distribution of mercury species in the ocean. The rate of mercury transport into 
subsurface waters is greatly accelerated by this process.(49, 50b) The Hg0 evasion is parametrized based on the scheme 
of Nightingale et al.(305) and depends on the concentration gradient across the air–sea interface, the Henry’s constant 
for elemental mercury, and the piston velocity.(48) The Wilke and Chang(306) formulation is used for diffusivity of 
Hg0 in water. 
Sorption of Hg2+ into organic particulates is based on an equilibrium formulation.(48) The sorption coefficient 
between Hg2+ and Hg(p) is taken to be proportional to the local POC concentration:(49) 

 
where kD is the partition coefficient. The partition coefficient is defined as the ratio of sorbed Hg per mass of 
suspended particulate matter with dissolved Hg2+. Observational studies put kD in the range of (1–10) × 10–10 m3 ng–

1.(49) The factor foc is the fraction of organic carbon in suspended particulate matter and is taken to be 0.1.(49) POC 
accounts for 10% of the total suspended particulate mass, but this fraction is variable and can be lower in riverine 
particulate discharges (e.g., Ni et al.(307)). Zhang et al. set kD to be 2.1 × 10–10 m3 ng–1 (50b) based on model fitting 
to observations. This value is less than that used by Soerensen et al. but is within the range of observations. 

The sedimentation velocity for Hg(p) is based on the export flux of POC from the surface layer as formulated by 
Zhang et al.(50b) Previous work used the formulation of Sunderland and Mason.(47) POC and its sedimentation 

flux, FPOC, are assumed to be depth independent between the surface and the base of the euphotic zone. Below this 
depth the two fields are tapered in accordance to the following empirical fit expressions:(51)

 
where b = 0.9 and z0 = 75 m. FPOC(z0) = NPP·pe-ratio and POC(z0) is taken from satellite ocean surface observations. 
For this formulation the sedimentation velocity is independent of depth. 
The loss of POC below the ocean surface layer production zone is due to bacterial remineralization. Zhang et al. 
specify OCRR with the following expression: 
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OCRR does not vary with depth in the surface layer but varies horizontally depending on the variation of NPP, Zeu, 
and pe-ratio. The horizontal variation is the same in subsurface waters. The discontinuity at the base of the surface 
layer, Zeu, is not large so that the redox rates do not drop significantly in the immediate subsurface waters. But OCRR 
declines with depth fast enough to be negligible in deep waters. 

7.2 Discussion 

A number of gaps remain in our current understanding of ocean mercury biochemistry for its implementation in 
models. An explanation of biotic mercury oxidation is currently lacking even though it has been observed.(224a) It is 
likely linked to bacterial respiration as described by Hernandez and Newman.(299) It is also apparent that methylation 
and demethylation rates derived in limited field studies are not large enough to explain the biotic reduction in surface 
waters. In addition, the methylation and demethylation processes remain unclear. There is evidence of DMHg in the 
subsurface oceans in amounts exceeding methylmercury (e.g., Mason et al.(291)). This indicates that DMHg is 
produced directly by bacteria and MeHg is a byproduct. However, the Lehnherr et al.(288) results indicate that in the 
Canadian Arctic waters DMHg production is negligible. This raises questions about the mercury chemistry in this 
region since Kirk et al.(308) found high levels of DMHg in the Hudson’s Bay and the Canadian Arctic Archipelago 
waters. It has been found that MeHg and DMHg production by bacteria depends on the time of year.(286) What 
accounts for such a seasonal dependence needs to be elucidated. 
MeHg can be produced abiotically in seawater via methyl donor compounds such as methyltin, methyl iodide, and 
methylcobalamin (CH3B12).(309) Jiménez-Moreno et al.(310) find that the Hg methylation channel by CH3B12 is not 
negligible and needs to be considered in the global budgets. 
A possibility is that DMHg is produced as a detoxification process by bacteria since DMHg is much more volatile and 
not water-soluble like MeHg.(311) MeHg can be converted to DMHg via CH3B12. It was thought(312) that the rate 
for this was much smaller than for MeHg production, but this turns out not to be always the case.(313) 
As noted above, the subsurface biotic redox intensity is unclear. Zhang et al.(50b) specify the redox rates as linear 
functions of OCRR with the same coefficients at all depths. However, the biological characteristics of the mixed layer 
and anoxic subsurface waters show significant differences. In the Zhang et al.(50b) formulation of OCRR there is no 
large discontinuity at the base of the surface waters and large redox rates apply to the subsurface waters as well, which 
may not be accurate. This is especially true if the methylation and demethylation cycle is the dominant process 
associated with mercury reduction by bacteria in subsurface waters. An advanced understanding of biochemistry, in 
different ocean basins and at various depths, is urgently needed to parametrize the mercury biochemical mechanism 
in ocean mercury models. 
 
8 Global and Regional Terrestrial Mercury Modeling 
So far, there has been little progress toward the development of large-scale process based biogeochemical terrestrial 
mercury models. Bash(240) developed a dynamic bidirectional air–surface exchange model for mercury, which was 
integrated with the CMAQ-Hg regional mercury model. Storage of mercury in different media is dynamically modeled 
in this model with air–surface exchange of Hg0 parametrized as a function of the dynamic compensation point for 
mercury in air. Ambient concentrations of Hg greater than the compensation point lead to atmospheric deposition, 
while concentrations less than the compensation point lead to emission from the surfaces. The compensation point is 
modeled as a function of sources and sinks of Hg0 in vegetation and soil using partitioning coefficients, which are 
empirically determined using measurements. The photoreduction of soil Hg2+ is assumed to follow pseudo-first-order 
kinetics at a constant rate of 8 × 10–11 s–1 following Scholz and Lovrić,(192c) and surface water photoredox mercury 
is modeled following Strode et al.(50a) 
A global biogeochemical terrestrial mercury model (GTMM) was developed by Smith-Downey et al.(214a) to 
characterize the impacts of anthropogenic mercury and climate processes on soil mercury storage and emissions. 
GTMM parametrizes mercury partitioning and dynamics based on a carbon biogeochemical model (CASA 
Model(328)); therefore, the lifetime of mercury in soils is controlled by the lifetime of organic carbon pools in this 
model. GTMM is integrated with the atmospheric mercury model, GEOS-Chem-Hg,(41d) which provides deposition 
fluxes of mercury to GTMM. Mercury is deposited to the land surface as either wet deposition of Hg2+ or dry 
deposition of Hg2+ and Hg0. Dry deposition of Hg0 and Hg2+ are considered partially absorbed into the interior of 
leaves and partially remaining on leaf and soil surfaces. Hg2+ on leaf and soil surfaces is subject to photoreduction and 
subsequent revolatilization, which is parametrized as a function of light intensity based on data reported by Rolfhus 
and Fitzgerald.(188b) Hg0 attached to the leaf and soil surfaces is assumed to be entirely revolatilized. Mercury in 
litterfall (mercury incorporated into leaf tissue), wet deposition of Hg2+, and Hg2+ washed off of leaf and soil surfaces 
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enter soils and can bind to reduced sulfur groups in organic material. Transfer, decomposition, and air fluxes of carbon 
and mercury among four major classes of soil carbon pools including fast turnover, intermediate turnover, slow 
turnover, and armored pools are modeled. It is assumed that Hg2+ delivered to soils by wet deposition and wash-off 
from vegetation and soil surfaces binds to organic material with a limit set by the local carbon pool size. The model 
estimates that there are 1.2 × 10–4 M reduced sulfur groups available for Hg2+ binding per gram of carbon in soils and 
assumes that mercury binds to each soil organic matter pool with equal affinity.(329) Upon carbon decomposition, a 
portion of the mercury associated with carbon is parametrized to be reduced to Hg0 and reemitted to air and the 
remaining mercury is retained in the carbon pool. Hg/C soil measurements along transects in the United 
States(330) are used to constrain the fraction of mercury reduced and reemitted to air as Hg0 in the model. 
 
9 Future Directions 
There have been major advances in the knowledge of mercury cycling and transformation in the atmosphere, at 
atmospheric interfaces, and in aquatic systems over the past decade. Fields of research include kinetics, 
thermodynamics, measurement methods, analytical techniques, modeling methods, tools, capacity, and analysis, as 
well as significant advances in understanding regional mercury processes, e.g., in the polar regions, in the marine 
boundary layer, and from different sectors such as coal and artisanal mining. There are still several key areas of 
research that require a transdisciplinary approach, crossing the borders of field, laboratory, and modeling disciplines, 
namely the following: 
• We know presently full well that, to grasp the mercury transformation on this planet, the knowledge of pure gas or 
condensed-phase physics and chemistry will not suffice. The feedback of gas phase on surfaces or 
liquid/solid/heterogeneous phase on environmental surfaces ought to be characterized. The impact of heterogeneity 
on surfaces in local, regional, and global scales ought to be understood. 
• There is a lack of knowledge of detailed mercury chemical speciation in the field studies. Currently, existing 
techniques are are not able to provide detailed chemical compositions and structures of mercury compounds at 
environmental interfaces and, as a matter of fact, not even in the atmosphere, water, and snow. Operational definitions 
are used to discern among different functional groups; however, as they are not based on a fundamental understanding 
of the physical and chemical structures of molecules, it is very difficult to use them adequately for a proper 
understanding of the surface chemistry and physics of mercury. Further development of targeted techniques for 
detailed mercury analysis is essential. 
Recent laboratory, computational, and field work have all advanced the knowledge of the kinetics and thermodynamics 
of mercury reactions. The formation of HgS nanoparticles in aquatic systems will affect the potential of mercury to 
be methylated and thus its toxicity. Improvements have been made to the mechanism of mercury oxidation by halogens 
in the atmosphere, which is now thought to include other abundant atmospheric radicals (NO2, HO2, and I). Quantum 
computational studies are needed to improve the understanding of mercury reaction mechanisms and increase the 
confidence in experimental results. A major uncertainty in mercury kinetics is the effect of surfaces on reactions. 
Although initial experiments have begun to assess these heterogeneous reactions, a wider array of environmental 
surfaces and reactions must be investigated. 
• Currently, the knowledge of chemical reactions involving mercury compounds in aerosols and clouds is limited, and 
sometimes contradictory, liquid phase chemistry kinetic data. However, there is an urgency for research on 
heterogeneous mercury reactions at fundamental theoretical, kinetic, and dynamic studies, as well as proper 
incorporation in atmospheric modeling. Fundamental surface sciences during the past several decades have achieved 
breakthrough understanding of interfaces at the molecular and cluster levels. It is wise for mercury scientists to take 
advantage of this existing body of knowledge including techniques such as various types of electron microscopy (e.g., 
transmission to electron force) to further understand the physical properties of the surfaces, and the nature of the bonds 
between substrate and surface, as well as substrate–substrate configuration changes upon interactions with surfaces. 
This case is particularly valid for surfaces such as snow, as well as aerosols and cloud droplets. It is of outmost interest 
to understand the mechanism(s) on or within these surface reactions. 
• The importance of so-called “microlayer” within the interface in relation to the entire surface should be studied. 
There is an amazing range of biological surfaces available for mercury transformation. Reactions are shown to occur 
on the surfaces or be altered within the biological bodies. The detailed chemical transformation of such reactions 
implicating biological transformation of mercury and its impact on physical and chemical characteristics of mercury 
compounds in the environment is a fascinating field of studies that should be attempted from nano to macro scales. 
• Despite the novel positive acquisitions of knowledge from experimental and theoretical studies of gas-phase 
elemental mercury chemistry, there are still large gaps before a complete understanding of the fate of mercury in the 
atmosphere is obtained. It is essential to provide kinetic data and information about formed products. There are some 
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limited studies on the kinetics of gas-phase elemental mercury oxidation on surfaces (e.g., Lee et al.,(331) Flora et 
al.,(332) Vidic et al.(333)). However, experimental studies on the uptake or kinetics of heterogeneous reactions of 
mercury on various environmentally relevant surfaces such as ice, snow, aerosols, and biomaterials are needed. 
• Barren soils receive inputs of Hg0 and Hg2+ via wet and dry deposition, creating a pool of easily reducible and 
exchangeable Hg with the atmosphere. The role of plants acting as short- to long-term Hg sinks and as a barrier 
hampering direct soil/air exchange should further be evaluated. Litterfall and soil microbial activities will modulate 
the turnover rate of Hg at this interface. The role of natural disturbances such as wildfires or anthropogenic activities 
such as mining should be further studied as they may transform a terrestrial system from being a sink to being a 
significant regional source of Hg to the atmosphere. 
• As far as the theoretical calculations are concerned, one of the major challenges is the accurate inclusion of spin–
orbit coupling effects, particularly for large molecules and clusters. Advances are currently being made in the area of 
two-component DFT theory, and this may very well be a promising avenue for incorporating these effects. Of course 
the methods outlined above are also mostly limited to gas phase calculations. Accurate theoretical treatment of 
condensed phase systems continues to be a great challenge. Both cluster models and ab initio molecular dynamics 
methods will certainly play a large role in future studies of the heterogeneous reactivity of mercury. 
• Anthropogenic activities in the domains of new materials and nanotechnology have produced novel surfaces as 
products or byproducts of such activities. In addition to their role in environmental mercury redox chemistry, fly ash 
aerosols could be considered possible sorbents and oxidants for mercury removal technology. Oxidized transition 
metals (Fe, Mn, V, Cu, Ti), noble metals (Au, Pd, Ag, Cu), and metal oxides, glass type structures, are known to be 
involved in mercury transformations or its removal. There is not much knowledge available on the interactions of 
human-made novel surfaces with mercury compounds. As anthropogenic activities currently represent the major 
mercury emission in the atmosphere, the importance of these surfaces to Hg transformation should be better 
understood. 
• With an international mercury treaty, we are committed to reducing anthropogenic mercury emissions. Of course, 
the best way is the reduction at the emission sources, and thus reduction within the atmospheric production pathways. 
Yet, in our globalized world, we also need to work toward efficient, sustainable, and environmentally friendly, as well 
as economically sound, means to reduce mercury emission globally. It should involve not only one way, but should 
involve a suite of diverse methods at different scales, to address the complex challenges of atmospheric mercury 
reduction on our planet. 
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Press: Boca Raton, FL, 1994. (b) Xiao, Z.; Strömberg, D.; Lindqvist, O. Influence of humic substances on photolysis of divalent mercury in 
aqueous-solution. Water, Air, Soil Pollut. 1995, 80, 789−798.  
(262) Pehkonen, S. O.; Lin, C.-J. Aqueous Photochemistry of Mercury with Organic Acids. J. Air Waste Manage. Assoc. 1998, 48, 144−150.  
(263) (a) Stevenson, D.; Dentener, F.; Schultz, M.; Ellingsen, K.; Van Noije, T.; Wild, O.; Zeng, G.; Amann, M.; Atherton, C.; Bell, N. 
Multimodel Ensemble Simulations of Present-Day and near-Future Tropospheric Ozone. J. Geophys. Res.: Atmos. (1984−2012) 2006, 111, 
D08301. (b) Jonson, J.; Stohl, A.; Fiore, A.; Hess, P.; Szopa, S.; Wild, O.; Zeng, G.; Dentener, F.; Lupu, A.; Schultz, M. A Multi-Model Analysis 
of Vertical Ozone Profiles. Atmos. Chem. Phys. 2010, 10, 5759−5783. (c) Stone, D.; Whalley, L. K.; Heard, D. E. Tropospheric OH and HO2 
Radicals: Field Measurements and Model Comparisons. Chem. Soc. Rev. 2012, 41, 6348−6404.  
(264) Yarwood, G.; Rao, S.; Yocke, M.; Whitten, G. Updates to the Carbon Bond Mechanism: CB05; Report to the U.S. Environmental 
Protection Agency; ENVIRON International Corp., Novato, CA, 2005. http://www.camx.com/publ/pdfs/CB05_Final_Report_120805.pdf  
(265) Saiz-Lopez, A.; von Glasow, R. Reactive Halogen Chemistry in the Troposphere. Chem. Soc. Rev. 2012, 41, 6448−6472.  
(266) Yang, X.; Cox, R. A.; Warwick, N. J.; Pyle, J. A.; Carver, G. D.; O’Connor, F. M.; Savage, N. H. Tropospheric Bromine Chemistry and Its 
Impacts on Ozone: A Model Study. J. Geophys. Res.: Atmos. (1984− 2012) 2005, 110, D23311. 
(267) Strahan, S.; Duncan, B.; Hoor, P. Observationally Derived Transport Diagnostics for the Lowermost Stratosphere and Their Application to 
the GMI Chemistry and Transport Model. Atmos. Chem. Phys. 2007, 7, 2435−2445.  
(268) Parrella, J.; Jacob, D. J.; Liang, Q.; Zhang, Y.; Mickley, L. J.; Miller, B.; Evans, M.; Yang, X.; Pyle, J.; Theys, N. Tropospheric Bromine 
Chemistry: Implications for Present and Pre-Industrial Ozone and Mercury. Atmos. Chem. Phys. 2012, 12, 6723−6740. 
(269) Hall, B. In Mercury as a Global Pollutant; Springer: New York, 1995.  
(270) Hall, B. The gas-phase oxidation of elemental mercury by ozone. Water, Air, Soil Pollut. 1995, 80, 301−315. 
(271) Cremer, D.; Kraka, E.; Filatov, M. Bonding in Mercury Molecules Described by the Normalized Elimination of the Small Component and 
Coupled Cluster Theory. ChemPhysChem 2008, 9, 2510−2521.  
(272) Snider, G.; Raofie, F.; Ariya, P. A. Effects of Relative Humidity and Co (G) on the O3-Initiated Oxidation Reaction of Hg 0 (G): Kinetic & 
Product Studies. Phys. Chem. Chem. Phys. 2008, 10, 5616− 5623.  

http://www.camx.com/publ/pdfs/CB05_Final_Report_120805.pdf


© This manuscript version is made available under the CC-BY-NC-ND 4.0 license 

https://creativecommons.org/licenses/by-nc-nd/4.0/ 

 

 

(273) Brooks, S.; Ren, X.; Cohen, M.; Luke, W. T.; Kelley, P.; Artz, R.; Hynes, A.; Landing, W.; Martos, B. Airborne Vertical Profiling of 
Mercury Speciation near Tullahoma, TN, USA. Atmosphere 2014, 5, 557−574.  
(274) Sillman, S.; Marsik, F. J.; Al-Wali, K. I.; Keeler, G. J.; Landis, M. S. Reactive Mercury in the Troposphere: Model Formation and Results 
for Florida, the Northeastern United States, and the Atlantic Ocean. J. Geophys. Res.: Atmos. (1984−2012) 2007, 112, D23305.  
(275) (a) Balabanov, N. B.; Shepler, B. C.; Peterson, K. A. Accurate Global Potential Energy Surface and Reaction Dynamics for the Ground 
State of HgBr2. J. Phys. Chem. A 2005, 109, 8765−8773. (b) Donohoue, D. L.; Bauer, D.; Cossairt, B.; Hynes, A. J. Temperature and Pressure 
Dependent Rate Coefficients for the Reaction of Hg with Br and the Reaction of Br with Br: A Pulsed Laser Photolysis-Pulsed Laser Induced 
Fluorescence Study. J. Phys. Chem. A 2006, 110, 6623−6632.  
(276) Goodsite, M. E.; Plane, J.; Skov, H. Correction to a Theoretical Study of the Oxidation of Hg0 to HgBr2 in the Troposphere. Environ. Sci. 
Technol. 2012, 46, 5262−5262.  
(277) Dibble, T.; Zelie, M.; Mao, H. Thermodynamics of Reactions of ClHg and BrHg Radicals with Atmospherically Abundant Free Radicals. 
Atmos. Chem. Phys. 2012, 12, 10271−10279. 
(278) Wang, F.; Saiz-Lopez, A.; Mahajan, A.; Gomez Martín, J.; ́ Armstrong, D.; Lemes, M.; Hay, T.; Prados-Roman, C. Enhanced Production of 
Oxidised Mercury over the Tropical Pacific Ocean: A Key Missing Oxidation Pathway. Atmos. Chem. Phys. 2014, 14, 1323−1335.  
(279) (a) Pongprueksa, P.; Lin, C.-J.; Lindberg, S. E.; Jang, C.; Braverman, T. Scientific Uncertainties in Atmospheric Mercury Models III: 
Boundary and Initial Conditions, Model Grid Resolution, and Hg (II) Reduction Mechanism. Atmos. Environ. 2008, 42, 1828−1845. (b) Bash, J. 
O.; Carlton, A. G.; Hutzell, W. T.; Bullock, O. R., Jr. Regional Air Quality Model Application of the Aqueous-Phase Photo Reduction of 
Atmospheric Oxidized Mercury by Dicarboxylic Acids. Atmosphere 2013, 5, 1−15.  
(280) Bullock, O., Jr. Aqueous Reduction of Hg2+ to Hg0 by HO2 in the CMAQ-Hg Model. RMZ Mater. Geoenviron. 2004, 51, 1527− 1530.  
(281) Carlton, A. G.; Turpin, B. J.; Altieri, K. E.; Seitzinger, S. P.; Mathur, R.; Roselle, S. J.; Weber, R. J. CMAQ Model Performance Enhanced 
When in-Cloud Secondary Organic Aerosol Is Included: Comparisons of Organic Carbon Predictions with Measurements. Environ. Sci. Technol. 
2008, 42, 8798−8802. 
(282) Hedgecock, I. M.; Pirrone, N. Mercury and Photochemistry in the Marine Boundary Layer Modelling Studies Suggest the in Situ 
Production of Reactive Gas Phase Mercury. Atmos. Environ. 2001, 35, 3055−3062.  
(283) Kim, P.-R.; Han, Y.-J.; Holsen, T. M.; Yi, S.-M. Atmospheric Particulate Mercury: Concentrations and Size Distributions. Atmos. Environ. 
2012, 61, 94−102. 
(284) Cobbett, F. D.; Steffen, A.; Lawson, G.; Van Heyst, B. J. Gem Fluxes and Atmospheric Mercury Concentrations (Gem, Rgm and Hgp) in 
the Canadian Arctic at Alert, Nunavut, Canada (February−June 2005). Atmos. Environ. 2007, 41, 6527−6543.  
(285) Whalin, L.; Kim, E.-H.; Mason, R. Factors Influencing the Oxidation, Reduction, Methylation and Demethylation of Mercury Species in 
Coastal Waters. Mar. Chem. 2007, 107, 278−294.  
(286) Monperrus, M.; Tessier, E.; Amouroux, D.; Leynaert, A.; Huonnic, P.; Donard, O. Mercury Methylation, Demethylation and Reduction 
Rates in Coastal and Marine Surface Waters of the Mediterranean Sea. Mar. Chem. 2007, 107, 49−63.  
(287) Qureshi, A.; O’Driscoll, N. J.; MacLeod, M.; Neuhold, Y.-M.; Hungerbü hler, K. Photoreactions of Mercury in Surface Ocean Water: 
Gross Reaction Kinetics and Possible Pathways. Environ. Sci. Technol. 2009, 44, 644−649.  
(288) Lehnherr, I.; St. Louis, V. L.; Hintelmann, H.; Kirk, J. L. Methylation of Inorganic Mercury in Polar Marine Waters. Nat. Geosci. 2011, 4, 
298−302.  
(289) O’Driscoll, N.; Siciliano, S.; Lean, D.; Amyot, M. Gross Photoreduction Kinetics of Mercury in Temperate Freshwater Lakes and Rivers: 
Application to a General Model of Dgm Dynamics. Environ. Sci. Technol. 2006, 40, 837−843. 
(290) Stumm, W.; Morgan, J. J. Aquatic Chemistry: Chemical Equilibria and Rates in Natural Waters; John Wiley & Sons: Hoboken, NJ, 2012.  
(291) Mason, R. P.; Morel, F. M. M.; Hemond, H. F. The Role of Microorganisms in Elemental Mercury Formation in Natural Waters. Water, 
Air, Soil Pollut. 1995, 80, 775−787.  
(292) Behrenfeld, M. J.; Falkowski, P. G. Photosynthetic Rates Derived from Satellite-Based Chlorophyll Concentration. Limnol. Oceanogr. 
1997, 42, 1−20.  
(293) Gregg, W. W.; Friedrichs, M. A.; Robinson, A. R.; Rose, K. A.; Schlitzer, R.; Thompson, K. R.; Doney, S. C. Skill Assessment in Ocean 
Biological Data Assimilation. J. Mar. Syst. 2009, 76, 16−33. 
(294) Lizotte, M. P. The Contributions of Sea Ice Algae to Antarctic Marine Primary Production. Am. Zool. 2001, 41, 57−73.  
(295) Lalonde, J. D.; Amyot, M.; Kraepiel, A. M.; Morel, F. M. Photooxidation of Hg(0) in Artificial and Natural Waters. Environ. Sci. Technol. 
2001, 35, 1367−1372.  
(296) Lalonde, J. D.; Amyot, M.; Orvoine, J.; Morel, F. M.; Auclair, J.- C.; Ariya, P. A. Photoinduced Oxidation of Hg0 (Aq) in the Waters from 
the St. Lawrence Estuary. Environ. Sci. Technol. 2004, 38, 508−514.  
(297) Sunderland, E. M.; Krabbenhoft, D. P.; Moreau, J. W.; Strode, S. A.; Landing, W. M. Mercury Sources, Distribution, and Bioavailability in 
the North Pacific Ocean: Insights from Data and Models. Global Biogeochem. Cycles 2009, 23, GB2010.  
(298) Mason, R. P.; Fitzgerald, W. The Distribution and Biogeochemical Cycling of Mercury in the Equatorial Pacific Ocean. Deep Sea Res., 
Part I 1993, 40, 1897−1924.  
(299) Hernandez, M.; Newman, D. Extracellular Electron Transfer. Cell. Mol. Life Sci. 2001, 58, 1562−1571.  
(300) Bagnato, E.; Aiuppa, A.; Parello, F.; Allard, P.; Shinohara, H.; Liuzzo, M.; Giudice, G. New Clues on the Contribution of Earth’s 
Volcanism to the Global Mercury Cycle. Bull. Volcanol. 2011, 73, 497− 510.  
(301) Varekamp, J. C.; Buseck, P. R. Global Mercury Flux from Volcanic and Geothermal Sources. Appl. Geochem. 1986, 1, 65−73.  
(302) Rubin, K. Degassing of Metals and Metalloids from Erupting Seamount and Mid-Ocean Ridge Volcanoes: Observations and Predictions. 
Geochim. Cosmochim. Acta 1997, 61, 3525−3542.  
(303) Lamborg, C. H.; Von Damm, K. L.; Fitzgerald, W. F.; Hammerschmidt, C. R.; Zierenberg, R. Mercury and Monomethylmercury in Fluids 
from Sea Cliff Submarine Hydrothermal Field, Gorda Ridge. Geophys. Res. Lett. 2006, 33, L17606.  
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