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The global biogeochemical cycle of mercury: Insights from modeling
atmospheric chemistry and all-time emissions from human activity

ABSTRACT

Methylmercury, a neurotoxin formed from inorganic mercury (Hg), bioaccumulates in aquatic food chains
and adversely affects human health on a global scale through fish consumption. A global treaty, the Minamata
Convention, aims to reduce human and wildlife Hg exposure by tackling anthropogenic emissions sources, but
major uncertainties remain in predicting and assessing its impact. First, prior best understanding of anthro-
pogenic atmospheric emissions suggested global emissions increased sharply from 1990 to present, in conflict
with observed declining trends in atmospheric Hg concentrations over the same period. Historical atmospheric
Hg deposition in lake sediment records since 1850 also appeared to conflict with historical emissions estimates
that showed peak emissions occurred in the late 19th century. Second, Hg is transported near-globally through
the atmosphere, but the chemistry driving the atmospheric lifetime of Hg and where it is deposited is not well-
constrained due to measurement limitations. Therefore, we must turn to theoretical chemistry and modeling
tools.

This dissertation aims to improve our understanding of the global Hg biogeochemical cycle and how an-
thropogenic emissions impact past, present, and future environmental Hg by using multiple global Hg model-
ing tools (7-box biogeochemical model; 3-D chemical transport model coupled to 3-D ocean general circulation
model and 2-D land surface) evaluated against a suite of available observations. The objectives of this work are:
(1) quantify emissions and releases of Hg from intentional use in commercial products and its impact on global
environmental Hgloading from year 1850 to 20105 (2) develop a state-of-the-science mechanism for atmospheric
Hg redox chemistry and evaluate its effects on the global Hg budget and deposition patterns. The first disserta-

tion chapter concludes that releases of Hg from commercial products more than double previous estimates of
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total anthropogenic Hg sources to the environment from 1850 to 2010 and that including this source improves
our ability to reproduce historical and recent trends in atmospheric Hg, with peak emissions occurring in 1970
followed by sharp declines. Secondly, the state-of-the-science theoretical understanding of atmospheric Hg
oxidation and reduction chemistry implies reduction takes place, improves modeled representation of low wet

deposition over China, and suggests greatest deposition of Hg" occurs over the tropical oceans.
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Overview

Methylmercury, a neurotoxin formed from inorganic mercury (Hg), bioaccumulates in aquatic food chains
and adversely affects human health on a global scale through fish consumption (Mahaftey et al., 20115 Karagas
etal., 2012). Human activities like mining and fossil fuel combustion liberate Hg sequestered in the lithosphere
into biologically active surface reservoirs (Selin et al., 2008; Streets et al., 20115 Amos et al,, 2013). Once in the
atmosphere, Hg has alifetime of ~ 6 months determined by its chemistry and deposition, allowing near-global
transport (Corbitt et al., 2011). Hg deposited to the oceans can also be transported through global ocean circula-
tion (Sunderland et al., 2009). The slow burial of Hg in coastal and deep ocean sediment means anthropogenic
perturbations leave a lasting legacy, and future trends in Hg concentrations and exposures are affected by the
trajectory of past environmental releases (Amos et al., 2013, 2015). The work presented in this dissertation aims
to improve our understanding of the global Hg biogeochemical cycle and how anthropogenic emissions im-
pact past, present, and future environmental Hg by addressing two major themes: (1) the impact of historical

Hg releases from commercial products on global environmental Hg loading; (2) the effects of atmospheric Hg



redox chemistry on the global Hg budget and deposition patterns.

The intentional use of mercury (Hg) in products and processes (‘commercial Hg’) has contributed a large
and previously unquantified anthropogenic source of Hg to the global environment over the industrial era,
with major implications for Hg accumulation in environmental reservoirs. Here I present a global inventory
of commercial Hg uses and releases to the atmosphere, water, soil, and landfills from 1850 to 2010. Cumula-
tive anthropogenic atmospheric Hg emissions since 1850 were estimated at 215 Gg (only including commercial
Hg releases from chlor-alkali production, waste incineration, and mining). I find that other commercial Hg
uses and non-atmospheric releases from chlor-alkali and mining result in an additional s40 Gg Hg released to
the global environment since 1850 (air: 20%, water: 30%, soil: 30%, landfills: 20%). Some of this release has
been sequestered in landfills and benthic sediments, but 310 Gg actively cycles among geochemical reservoirs
and contributes to elevated present-day environmental Hg concentrations. Commercial Hg use peaked in 1970
and has declined sharply since. I use the inventory of historical environmental releases to force a global biogeo-
chemical model that includes new estimates of the global burial in ocean margin sediments. Accounting for
commercial Hg releases improves model consistency with observed atmospheric concentrations and associated
historical trends.

Second, I implement a new mechanism for atmospheric Hgo/ HgH redox chemistry in the GEOS-Chem
global model and examine the implications for the global atmospheric Hg budget and deposition patterns. Hg
is emitted to the atmosphere mainly as volatile elemental Hgo, but oxidation to water-soluble HgH controls
Hg deposition to ecosystems. I find that atomic bromine (Br) is the main atmospheric Hg? oxidant, and that
second-stage HgBr oxidation is mainly by the NO2 and HOx radicals. The resulting lifetime of tropospheric
HgO against oxidation is 2.7 months, shorter than in previous models. Fast Hg" atmospheric reduction must
occur in order to match the 6-month lifetime of Hg against deposition implied by the observed atmospheric
variability of total gaseous mercury (TGMEHgO+HgH(g)). Reduction is implemented in GEOS-Chem as
photolysis of aqueous-phase Hg"-organic complexes in aerosols and clouds. The resulting simulated TGM
lifetime of 5.2 months matches mean observed TGM and its variability. The model reproduces observed Hg
wet deposition fluxes over North America, Europe, and China, including the maximum over the US Gulf Coast

driven by HgBr oxidation by NO2 and HO2. Low Hg wet deposition observed over rural China is attributed to



fast Hg" reduction in the presence of high organic aerosol concentrations. I find 80% of global Hg" deposition
takes place over the oceans, most of which takes place to the tropical oceans due to the availability of HO2 and

NO:s2 for second-stage HgBr oxidation.



Historical mercury releases from commercial

products: global environmental implications

ABSTRACT

The intentional use of mercury (Hg) in products and processes (‘commercial Hg’) has contributed a large and
previously unquantified anthropogenic source of Hg to the global environment over the industrial era, with
major implications for Hg accumulation in environmental reservoirs. We present a global inventory of com-
mercial Hg uses and releases to the atmosphere, water, soil, and landfills from 1850 to 2010. Previous invento-
ries of anthropogenic Hg releases have focused almost exclusively on atmospheric emissions from ‘by-product’
sectors (e.g., fossil fuel combustion). Cumulative anthropogenic atmospheric Hg emissions since 1850 have
recently been estimated at 215 Gg (only including commercial Hg releases from chlor-alkali production, waste
incineration, and mining). We find that other commercial Hg uses and non-atmospheric releases from chlor-

alkali and mining resultin an additional s40 Gg Hg released to the global environment since 1850 (air: 20%, wa-

A version of this chapter was published with Daniel J. Jacob, Helen M. Amos, David G. Streets, and Elsie M. Sun-
derland, Environmental Science & Technology, vol 48, p. 10242-10250, 2014.



ter: 30%, soil: 30%, landfills: 20%). Some of this release has been sequestered in landfills and benthic sediments,
but 310 Ggactively cycles among geochemical reservoirs and contributes to elevated present-day environmental
Hg concentrations. Commercial Hg use peaked in 1970 and has declined sharply since. We use our inventory
of historical environmental releases to force a global biogeochemical model that includes new estimates of the
global burial in ocean margin sediments. Accounting for commercial Hg releases improves model consistency

with observed atmospheric concentrations and associated historical trends.

2.1 INTRODUCTION

Methylmercury, a neurotoxin formed from inorganic mercury (Hg), bioaccumulates in aquatic food chains
and adversely affects human health on a global scale through fish consumption(Mahaftey et al., 2011; Karagas
et al,, 2012). Hg has been mined since antiquity and extensively used in many commercial products Nriagu
(1979), leading to its eventual release to the environment upon disposal. Hg cycles rapidly between air, water,
and soil reservoirs so that releases to any of these reservoirs can contribute to oceanic Hg levels (Amos et al.,
2013). Background levels of Hg in the environment have increased ~3 fold since pre-industrial times (Fitzgerald
et al,, 1998) and may be s-10 times above natural levels (Amos et al., 2013; Serrano et al., 2013). This has been
conventionally attributed to atmospheric emissions from mining and combustion(Mason et al., 1994; Selin
etal,, 2008). Here we show that releases of commercial Hg to air, water, and soil have contributed a large, pre-
viously unquantified source of Hg to the global environment over the industrial era, with major implications
for historical and present-day conditions.

Hg is transferred from its stable lithospheric reservoir to surface environmental reservoirs by natural geo-
logical processes, fossil fuel combustion, and mining (including for commercial products). It then is exchanged
between the atmosphere, surface ocean, and terrestrial ecosystems on time scales of years to decades (Amosetal.,
2013). The atmospheric lifetime of gaseous elemental Hg is of the order of a year, allowing transport and depo-
sition on a global scale (Slemr et al., 1985). Hg is eventually transferred to long-lived soil and deep-ocean pools
over hundreds of years, and returns to the lithosphere to close the cycle on a timescale of thousands of years
(Andren & Nriagu, 1979). The lasting environmental legacy of Hg released to surface reservoirs mandates a his-

torical perspective for understanding present-day environmental burdens and for evaluating the effectiveness



of regulatory actions such as the Minamata Convention (UNEP, 2013a).

While an estimated 112 Gg of Hg have been emitted directly to the atmosphere since 1850 from by-product
sources (fuel combustion, cement production, metals smelting, large-scale gold mining with non-Hg methods),
720 Gg of Hg were mined during the same period for commercial use (Streets et al., 2011). This ‘commercial Hg’
includes Hg-containing products (e.g. batteries) and manufacturing processes that involve Hg (e.g. vinyl chlo-
ride monomer production). Commercial Hg enters the environment either during use or following product
disposal. Previous studies have estimated present-day environmental releases of Hg from commercial products
and processes only for a subset of uses and fate pathways, with a predominant focus on atmospheric emissions.
(Jasinski, 1995; Engineering, 2001; ACAP, 200s; Cain et al., 2007; Kindbom & Munthe, 2007; Pacyna et al,,
20105 Pirrone et al., 2010; Wilson et al., 2010; Sundseth et al., 201; AMAP/UNEP, 2013; Chakraborty et al.,
2013). Streets et al. (2011) estimate that 103 Gg were emitted to the atmosphere from chlor-alkali production,
mining of silver and gold using Hg amalgamation, and waste incineration from the 720 Gg of Hg mined for
commercial use since 1850, leaving unresolved the fate of the remaining 617 Gg.

Commercial Hg can enter the environment by various pathways. For example, Hgin paint rapidly volatilizes
to the atmosphere (Taylor, 1965). The chemical manufacturing industry historically discharged large amounts
of Hg directly into waterways, reflected by legacy contamination in many estuaries today (D’Itri & D’Itri, 1977;
Rudd et al., 1983; Gill et al., 1999; Kocman et al., 2013). Hg-containing agricultural fungicides and pesticides
were applied to soil in large quantities for much of the 20th century (Rissanen & Miettinen, 1972). Discarded
Hg-containing batteries have generally been incinerated or landfilled (U.S. Environmental Protection Agency,
1992; Li et al., 2010). More recently, many industries have made progress toward recycling Hg in commercial
products or phasing out its use (Brooks & Matos, 2005). Here we quantify the global time-dependent historical
releases of commercial Hg to different environmental reservoirs (air, water, soil, landfills), and include these in a
global biogeochemical model (Amos et al., 2013) to investigate their impact on historical and present-day global
Hg accumulation. Water releases include effluent discharges to both estuaries and inland freshwater systems,
and soil releases are deposited to soil or vegetation. A current conundrum that we try to resolve is the apparent
inconsistency between anthropogenic atmospheric emission inventories, which indicate rising or flat emissions

over the past decades (Wilson et al., 20105 Streets et al., 2011), and environmental archives, which often imply



a peak in atmospheric Hg deposition in the 1970s (Kamman & Engstrom, 20025 Engstrom et al., 2007; Fain
etal.,, 2009; Allan et al., 2013). Atmospheric observations also indicate a 20% to 50% decrease in total gaseous
mercury in the Northern Hemisphere since 1995 (Slemr et al., 201155 Soerensen et al., 2012), which Soerensen
et al. (2012) attributed to declining ocean evasion driven by changes in seawater concentrations. Commercial
use of Hg peaked in the 1970s and has declined dramatically since (Hylander & Meili, 2003; Streets et al., 2011),

and we investigate the role of the related decline in commercial Hg releases in driving environmental trends.

2.2 METHODS

We present a global, historical analysis tracking Hg from when it is mined, through all intentional uses and
fate pathways, to its final time-dependent releases to different environmental reservoirs. Commercial Hg uses
are grouped by similar environmental release patterns for a total of 14 use categories (Table 2.1). We estimate
global environmental releases of Hg and track recycled and landfilled quantities from each use category on
a decadal scale between 1850 and 2010. We first estimate the quantity of Hg consumed in each use category
constrained by the total amount of Hg mined globally. We then distribute commercial Hg to environmental
reservoirs following a simplified substance flow analysis approach that aims to quantify each transfer of Hg
over its life cycle (Engineering, 2001, e.g.). Finally, we investigate the environmental impacts of these global

time-dependent releases using a seven-box biogeochemical Hg model.

2.2.1 GLOBAL COMMERCIAL HG CONSUMPTION PATTERNS, 1850-2010

We assume that significant Hg release from non-mining commercial Hg uses began in 1850. Anthropogenic
releases prior to 1850 were mainly from mining (Streets et al., 2011). Overall decadal estimates of the magnitude
of Hg used throughout the industrial era are constrained by global primary production of Hg from mining
between 1850 and 1980 (Hylander & Meili, 2003; Streets et al., 2011) combined with changes in the Hg supply
available for consumption due to government stockpiling(2012) (Figure 2.1). We assume that primary mined
Hg thatis not stockpiled is used in products and processes within a decade. Secondary Hg sources (releases from
strategic stockpiles, recovery from mining and smelting, and recycling of Hg-containing products) became sig-

nificant after 1980 (Jasinski, 1995; Maxson, 2004; Brooks & Matos, 2005). Therefore, for 1990-2010, we use total



Category name

Description

Chlor-Alkali Plants

Electrochemical production of
caustic soda and chlorine with Hg cathode

Silver and Large-scale Gold Mining

Extraction from ore by Hg amalgamation

Artisanal and Small-Scale
Gold Mining (ASGM)

Hg amalgamation by individual miners

Vinyl Chloride Monomer (VCM)

Production of chemicals with Hg catalysts,

and Other Chemical felt hat manufacturing, and laboratory uses
Paint Hg fungicide in marine anti-fouling paint,
felt hat manufacturing, and laboratory uses
Lamps All types of Hg-containing lightbulbs
(fluorescent, high intensity discharge, etc.)
Batteries Button cells and cylinders using Hg
as cathode or to prevent corrosion
Wiring Devices and Switches and relays, thermostats,
Industrial Measuring Devices barometers, manometers

Medical Devices Thermometers and sphygmomanometers

(blood pressure meters)

Pharmaceuticals and
Personal Care Products

Vaccines and medicines, soaps, cosmetics

Dental amalgam

Cavity fillings with Hg/silver/tin/copper amalgam

Dyes/Vermilion Pigments containing Hg compounds
Pesticides and Fertilizer Fungicides used in agriculture and pulp and paper
Explosives/Weapons Munitions, blasting caps, fireworks
Other Ritual, cultural, and miscellaneous uses

Table 2.1: Intentional uses of Hg in products and processes.
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Figure 2.1: Historical global supply of Hg for commercial uses. This supply includes primary mined Hg (1850-2008 data from

Streets et al. (2011)), minus the amount stockpiled by the United States between 1945 and 1970, and augmented by secondary
Hg including recycled, recovered as a byproduct, and released from stockpiles after 1980.

Hg consumption from Wilson et al. (2010) that includes both primary mining and secondary sources. Wilson
et al. (2010) do not fully account for Hg consumption in liquid crystal display (LCD) screens (and potentially
other specific uses), so total Hg consumption in recent decades may be underestimated (AMAP/UNEP, 2008).

We then partition the global total Hg supply into individual uses. Methods used to estimate Hg consump-
tion for each category vary depending on data availability. We divide countries into two groups, developed
countries (North America, OECD/EU Europe, Oceania) and developing countries including economies in
transition (rest of world), based on similarities in environmental regulations and control technologies within
each group that lead to differences in Hg use and release patterns. Data from Streets et al. (2011) are used to
constrain total Hg consumed globally for the chlor-alkali industry between 1850 and 1930 and silver and gold
mining between 1850 and 1990, including artisanal and small-scale gold mining (ASGM). Decadal use patterns
available for the United States (USGS/Bureau of Mines, 1929; U.S. Bureau of Mines, 1968) are used to estimate
global consumption of Hg by the remaining uses for 1850-1960. During this period, the US consumed ~ 25%
of total Hg mined globally and its Hg use data is the most complete. This may underestimate the fraction of
Hg used by the chlor-alkali industry, historically more important in Western Europe than in the US (Emerson,
1974). However, using available data from Sweden (Hylander & Meili, 2005) for Hg consumption patterns

instead of the US does not affect significantly our estimate of all-time environmental releases and model results



(see SI).

The ca. 1970 onset of environmental regulations targeting Hg releases in developed countries resulted in
major changes in Hg consumption patterns (D’Itri & D’Itri, 1977). We therefore estimate Hg consumption
separately for developing countries from 1970 to present. For 1970 and 1980, we divide the global total Hg sup-
ply between the developed and developing world by the fraction of global GDP held by each group of countries
United Nations Statistics Division (2012).Consumption patterns for the developed world are assumed to fol-
low those of the US in 1970 and 1980 (American Metal Mart, 1995) .Consumption patterns for the developing
world in 1970 and 1980 are assumed to be similar to those of the US in 1960, when Hg use was unregulated. For
1990-2000, we use regionally resolved Hg consumption data from Wilson et al. (2010). For 2010, we use annual
consumption data from AMAP/UNEP (2013) for the uses available, and extrapolate the 2000-2005 trend from

Wilson et al. (2010) for the remaining uses.

2.2.2 ENVIRONMENTAL RELEASES OF COMMERCIAL HG

Figure 2.2 shows a generic diagram of our simplified substance flow analysis that tracks the fate of commercial
Hg for each decade and use category (Table 2.1) to its eventual release in different environmental reservoirs.
First, the Hg consumed in each use category is divided among direct releases to air, water, and soil, recycling,
and disposal to solid waste or wastewater treatment (“Tier 1’ distribution factors). Certain use categories have
additional disposal pathways with environmental fates that are distinct from general solid waste or wastewater
disposal. Hg entering the three waste disposal pathways is divided further (“Tier 2 distribution factors). Solid
waste is split between disposal in landfills, incineration, and direct release to air and to soil (representing open
burning and dumping of waste). Wastewater is partially captured in sewage sludge and the rest is released to
water. ‘Other Disposal’ is distributed between air, land, and landfills. A third tier of distribution factors is
needed to characterize environmental releases for solid waste incineration (emitted to air, or captured in ash
and then deposited to soil or in landfills) and sewage sludge (incinerated and emitted to air, applied to soil, or
disposed of in landfills). Historical waste incineration emissions are estimated in Streets et al. (2011) using a
population-based method and total waste activity data, but here we generate a different estimate that involves

tracking the Hg content in products that are incinerated (see Figure A.1 and discussion in the Appendix A).
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Figure 2.2: Generic substance flow analysis diagram for commercial Hg. Each arrow is a distribution factor quantified in this
work (Table A.5). This diagram applies to all intentional use categories with the exception of dental amalgam, which has additional
pathways (see Methods, section 2.2, and Figure A.2). "Other disposal' refers to medical waste incineration (for Medical Devices
and Dental use categories) and iron and steel recycling (for Wiring Devices and Industrial Measuring Devices use category).

Dental amalgam Hg may be released to air, water, and soil upon cremation and has unique fate pathways not
represented in Figure 2.2 (see Figure A.2). Hg in teeth is assumed to be permanently sequestered during burial
as there is no evidence of release to cemetery soil (Arenholt-Bindslev, 1998).

Distribution factors for each use category were estimated from a variety of sources (Tables A.1-A.4). Dis-
tribution factors are applied globally for 1850-1960, and separately for the developed and developing world
between 1970 and 2010. We use previous decadal estimates from Streets et al. (2011) for global atmospheric
emissions from chlor-alkali plants, silver and large-scale gold mining, and ASGM, except for 2010 ASGM emis-
sions that are based on AMAP/UNEP (2013) estimates.

Temporal variability in distribution factors is governed by the availability of evidence that releases have
changed from one decade to another due to regulatory controls and other factors. Global distribution fac-
tors are held constant in time through 1950, with variation in 1960 for three use categories (VCM and Other
Chemical, Paint, and Pesticides and Fertilizer). This reflects significant changes in consumption patterns (a
change from chemicals to laboratory uses, marine anti-fouling paint to home interior/exterior latex paint, and
agricultural to pulp and paper fungicides, respectively). Different distribution factors in the developed world

are applied for each decade between 1970 and 2010. Developing world distribution factors are assumed con-
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stant for 1970-2010. The ‘Other’ category in Table 2.1 (9% of 1850-2010 global consumption) encompasses a
diverse set of uses with an unknown distribution, and we assume for this category the average fate of all other
categories.

Releases to different environmental reservoirs are calculated on a global scale by multiplying the Hg con-
sumed in each use category and decade by the corresponding distribution factors. The only exceptions are for
Wiring Devices and Industrial Measuring Devices and Dental use categories, for which we estimate delayed re-
leases based on the long lifetime of Hg in these products after the original consumption of Hg. Most products
are disposed of and enter the environment within the decade when they were produced, and manufacturing
processes generally consume and release Hg within a year (U.S. Environmental Protection Agency, 1992; Jasin-
ski, 1995; U.S. Environmental Protection Agency, 1997; Floyd et al., 2002; Hagreen & Lourie, 2004; ACAP,
200s; Cain et al., 2007; UNEP, 2008). Our inventory has a decadal resolution, thus delays of less than a decade
between production and release can be ignored. Products in the Wiring Devices and Industrial Measuring De-
vices category are often in use for 20-50 years before disposal (U.S. Environmental Protection Agency, 1992;
Jasinski, 19955 Engineering, 2001; Hagreen & Lourie, 2004; ACAP, 2005). For these products we follow the
methods of Jasinski (1995) and Cain et al. (2007) and assume that 10% are discarded after 10 years, 40% after 30
years, and the remaining 50% after so years. Dental amalgams generally remain in living teeth for 10 to 30 years
or more. We estimate excretion and exhalation releases from dental amalgam to air and water during this time
and track the remaining Hg that will be released through cremation pathways or permanently stored through
burial after 30 to 50 years, depending on average life expectancy (United Nations Department of Economicand
Social Affairs Population Division, 2011) and ages of individuals receiving fillings (Cain et al., 2007).

Recycled Hg is estimated separately for (1) internal reuse of Hg in chemicals manufacturing and large-scale
mining (U.S. Environmental Protection Agency, 1992; NRDC., 2006; UNEP, 2013b), (2) external recycling of
products like batteries that returns Hg to the global Hg supply for future use (UNEP, 2013b). External recycling
did not become widespread until 1990 (Jasinski, 1995). We do not tie our estimates of recycled Hg to global Hg
supply, and instead use estimated total Hg consumption from Wilson et al. (2010). that includes secondary
sources for 1990 - present. Following UNEP methods (UNEP, 2013b), we assume that no Hg is released to the

environment during the recycling process.
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2.2.3 IMPLICATIONS FOR THE B1oGEOCHEMICAL HG CYCLE AND ATMOSPHERIC TRENDS

We use the fully-coupled global biogeochemical Hg box model from Amos et al. (2013, 2014) to track the fate
of commercial Hg after it has been released to the environment. The model includes seven reservoirs that rep-
resent the atmosphere, ocean (surface, subsurface, deep), and terrestrial pools (fast, slow, armored). Fluxes
between reservoirs are determined by first-order rate coefficients applied to the inventory of the exporting
reservoir (Table A.s). Riverine rate coefficients have been updated by Amos et al. (2014) to include the per-
manent removal of Hg to benthic sediment at ocean margins. Primary anthropogenic and geogenic emissions
are treated as external forcings.

We added a landfill reservoir to this model. Landfills can emit Hg into the atmosphere through vent pipes,
diffusion from cover soil, and from the “working face” where waste is exposed and actively dumped (Li et al.,
2010). They can also release Hg into groundwater and soils through the base of the landfill but this appears
to be negligible (Li et al., 2010). Data available on Hg emissions for managed landfills in China (Li et al., 2010;
Zhu etal., 2013), the United States (Lindberg et al., 2005), and Korea (Kim et al., 2010) indicate very low values.
We estimate a mean lifetime of 20,000 years for Hg in landfills by combining emissions values for each site
with estimated Hg reservoirs inferred from the waste content and disposal magnitudes. Landfills can therefore
effectively be viewed as a permanent sink on centurial time scales. Commercial Hg enters the biogeochemical
cycleas an external forcing to the atmosphere, water, soil, and landfills. Hg releases to soil are distributed among
the three terrestrial reservoirs of the model in the same manner as atmospherically deposited Hg (Amos et al.,
2013). Hg releases to water are distributed to inland freshwater systems (90%) and to estuaries (10%) based
on the locations of present-day point sources (Amos et al., 2014; Kocman et al., prep). We assume that 75%
of the Hg input to inland freshwater systems is sequestered permanently in sediments and 25% evades to the
atmosphere, based on models for a variety of lakes and rivers (Knightes et al., 2009). Based on previous work,
we assume that 50% of the Hg directly released to estuaries is transported to the surface ocean, 10% evades to the
atmosphere, and 40% is sequestered permanently in coastal sediments (Mason et al., 1999; Sunderland et al,,
2010). In this manner, we estimate that 70% of Hg released to water is permanently sequestered, 23% enters the
atmosphere, and 7% enters the surface ocean.

We apply the box model to time-dependent simulations from 2000 BC to 2010 following the methods
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described in Amos et al. (2013) We simulate 1850-2010 with anthropogenic atmospheric emissions from Streets
et al. (2o11) plus the releases from commercial Hg quantified in this study. We evaluate the model with three
global observational constraints, following Amos et al. (2013): (1) the present-day atmospheric inventory (best
estimate of s000 Mg, range 4600-5600 Mg), (2) the present-day mean concentration in the upper (o-1500 m)
ocean (best estimate of 1.0 pM, range o.5-1.5 pM), and (3) the relative anthropogenic enrichment factor (AEF)
in atmospheric deposition between pre-industrial and present-day (best estimate of 3, range 2 to s5). We define

AEF as the ratio of 1985-2000 deposition to 1760-1880 deposition (Sonke, 2014; Amos et al., prep).

2.3  REsuULTs AND DiscussioN

2.3.1  GroBAL CoMMERCIAL HG CONSUMPTION PATTERNS, 1850-2010

Figure 2.3 shows the global commercial use of Hg since 1850 for all categories in Table 2.1, and partitioned
between the developed and developing world after 1970. Prior to 1900, almost all mined Hg was used in silver
and gold mining. Hg uses diversified greatly in the 20th century. Consumption in large-scale mining declined
following the end of the gold rush and as extraction methods that did not require Hg became widespread.
The 1940s peak in Figure 2.3 is driven by chemicals production for munitions during WWII. The 1970s peak
represents the height of Hg use in consumer products like paint and batteries and in chlor-alkali plants. Total
consumption declined after the 1970s when many developed countries implemented regulations on Hg uses
and environmental releases. Since 1990, the developing world has dominated global Hg consumption. ASGM
in developing countries is presently the largest use of Hg globally, and is increasing (Telmer & Veiga, 2009;

AMAP/UNEDP, 2013).

2.3.2  ENVIRONMENTAL RELEASES OF COMMERCIAL HG

Figure 2.4 compares the historical atmospheric emissions inventory of Streets et al. (2011) (including sources
from fuel combustion, cement production, metals smelting, mining, chlor-alkali plants, and some waste in-
cineration) with our best estimate of additional releases to air, water, soil, and landfills from commercial Hg.
Streets et al. (2011) estimate total emissions to air of 215 Gg since 1850. We estimate additional environmental

releases over the same period of 540 Gg. Of these, 230 Gg are permanently sequestered in landfills or in benthic
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Figure 2.3: Global historical Hg consumption in commercial products. Consumption is partitioned for each decade between the
different use categories of Table 2.1, and further partitioned between developed countries and developing countries after 1970.
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Figure 2.4: Historical global releases of Hg to the environment. The Streets et al. (2011) inventory includes atmospheric releases
from combustion, smelting, mining, and chlor-alkali plants. Additional air, soil, water, and landfill releases shown are associated
with commercial Hg products as quantified in this work.

sediments of freshwater and estuarine systems. The remaining 310 Gg (including 110 Gg emitted to air) cycle
between biogeochemical reservoirs and represent a larger anthropogenic perturbation to the global Hg cycle
than the 215 Gg of Streets et al. (2011). Commercial Hg thus represents a major, previously unquantified source
of Hg to the global environment. The temporal pattern of anthropogenic Hg releases is also affected. Whereas
Streets et al. (2011) indicate rising emissions since 1950, our estimate shows a decline in total releases from 1970
t0 2000.

Figure 2.5 presents the historical contributions of individual commercial use categories to global environ-
mental releases to air, water, soil, and landfills. Releases to air, water, and soil all show similar enhancements
from late r9th-century mining. Differences are attributable to changes in the fate of commercial Hg over time.

Emissions to air peak in 1970, mainly due to paint volatilization and incineration of batteries. Although Hg use
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in batteries increased from 1970 to 1980, open-air waste burning at landfills was eliminated in developed coun-
tries like the US during this period following solid waste regulations (U.S. Environmental Protection Agency,
2003; Association, 2008). Use of explosives and weapons was a major emitter to air during 1900-1950 with a
peak in WWIIL. Water releases also exhibit a peak during WWII, due to laboratory uses and chemicals manu-
facturing. The overall maximum occurs in 1960, with a steep subsequent decline following implementation
of chlor-alkali liquid effluent regulations in the early 1970s in North America and Europe (Flewelling, 1971;
Thorleifson, 1998). Implementation of wastewater treatment from the 1980s onward led to even greater de-
clines in water releases (URS Research Company Hazards Assessment Directorate, 1975), but contributes a
small amount to soils due to application of Hg-containing sludges (Cain et al., 2007; UNEP, 2013b). Similarly,
chlor-alkali plants began capturing Hg in sludges in the 1970s, which were subsequently dumped on land or
landfilled on-site (Thorleifson, 1998). The 1970 peak in soil releases is driven by Hg used in chlor-alkali plants

and Hg-containing pesticides and fertilizer that were applied directly to land.

2.3.3 IMPLICATIONS FOR THE BloGEOCHEMICAL HG CYCLE AND ATMOSPHERIC TRENDS.

Figure 2.6 shows simulated atmospheric Hg from 18so-present after adding our historical inventory of com-
mercial Hg emissions and releases to the global biogeochemical Hg model described previously. Figure A.3
gives present-day reservoirs and flows. Our simulated present-day atmospheric reservoir is s8oo Mg, the mean
Hg concentration in the upper ocean is 1.5 pM, and the AEF for atmospheric deposition is 4.4. The original
Amos et al.4 simulation not including commercial Hg yielded a present-day atmosphere of 5300 Mg, but did
not account for burial of Hg in ocean margin sediments (Amos et al., 2014). Accounting for burial without
commercial Hg results in an atmosphere that is too low (2700 Mg). Conversely, including commercial Hg
in the original Amos et al.4 simulation without burial of riverine Hg would yield a present-day atmospheric
reservoir of 10,000 Mg, much higher than observed.

Our simulated present-day atmospheric reservoir of s80o Mg is slightly higher than the observational range
(4600-5600 Mg), but this could be accommodated by uncertainty in Hg reemission from soils (Krabben-
hoft, 2013; Obrist et al., 2014). The atmospheric increase over the past decade (Figure 2.6) is driven by ris-

ing anthropogenic emissions in the Streets et al. (2011) inventory (primarily from coal burning in Asia) and
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Figure 2.5: Global historical releases of commercial Hg to environmental reservoirs by use category.
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rising releases from ASGM(AMAP/UNEP, 2013) (Figures 2.3 and 2.4). However, Wilson et al. (2010) and
AMAP/UNEDP (2013) suggest that global total anthropogenic emissions have in fact remained constant since
2000. AMAP/UNEP estimate that coal combustion emissions specifically have remained constant since at least
2005, as increased energy production efficiency and control technologies have compensated for increases in fuel
burned (AMAP/UNEDP, 2013).) Moreover, the ASGM increase since 2005 may be an artifact of improved re-
porting (AMAP/UNEDP, 2013). We conducted a sensitivity simulation holding constant anthropogenic atmo-
spheric emissions for the 2000-2010 period, and results are shown as the dashed line in Figure 2.6. We obtain
in that simulation an atmospheric reservoir of sto0 Mg, more consistent with observations, and unchanged
upper ocean concentration of 1.5 pM and AEF of 4.4.

Inclusion of commercial Hg releases in the global biogeochemical model improves model consistency with
archival records of atmospheric deposition. Lake sediments and ombrotrophic peat bogs generally indicate
a gradual rise over the industrial era with a peak in the 1970s(Kamman & Engstrom, 2002; Engstrom et al.,
2007; Fain et al., 2009; Allan et al., 2013). Figure 2.6 indicates a 1970s peak in simulated atmospheric Hg and a
muted 19th century mining signal. Without the inclusion of commercial Hg, model deposition increases from
1970 to present and there is a prominent 19th century peak (Amos et al., 2013). Our inventory also helps to
explain the observed 1990-present declines in atmospheric Hg over North America and Europe (Slemr et al.,
20115 Soerensen et al., 2012). The model increase from 2000 to 2010 is driven by increasing global anthropogenic
atmospheric emissions in the Streets et al. (2011) inventory, but holding these constant as another emissions
inventory suggests (Wilson et al., 2010; AMAP/UNEP, 2013) results in a relatively flat global trend (see previous
paragraph and Figure 2.6).

Our work shows that environmental releases of commercial Hg to air, water, and soil over the industrial
period have represented a major and previously unquantified perturbation to Hg in the global environment.
The legacy of this source in oceanic and terrestrial reservoirs has important implications for future ecosystem
responses to changes in emissions. Addressing the impact of commercial Hg on regional-scale environmental
Hg loadings and atmospheric trends requires better information on the geographical distribution of commer-
cial Hg releases. Better understanding of the role of soils for long-term storage of anthropogenic Hg is also

critically needed.
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A new mechanism for atmospheric mercury
redox chemistry: Implications for the global

mercury budget

ABSTRACT

Abstract. Mercury (Hg) is emitted to the atmosphere mainly as volatile elemental Hgo. Oxidation to water-
soluble Hg" controls Hg deposition to ecosystems. Here we implement a new mechanism for atmospheric
Hg"/Hg" redox chemistry in the GEOS-Chem global model and examine the implications for the global
atmospheric Hg budget and deposition patterns. Our simulation includes a new coupling of GEOS-Chem
to an ocean general circulation model (MITgem), enabling a global 3-D representation of atmosphere-ocean
Hgo/ Hg" cycling. We find that atomic bromine (Br) of marine organobromine origin is the main atmospheric

Hg" oxidant, and that second-stage HgBr oxidation is mainly by the NOg and HOj radicals. The resulting

A version of this chapter was submitted with Daniel J. Jacob, Yanxu Zhang, Theodore S. Dibble, Franz Slemr, Helen
M. Amos, Johan A. Schmidt, Elizabeth S. Corbitt, Eloise A. Marais, and Elsie M. Sunderland to Atmospheric Chemistry
and Physics. The discussion paper is currently in review, doi:10.5194/acp-2016-1165.
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lifetime of tropospheric Hg” against oxidation is 2.7 months, shorter than in previous models. Fast Hg at-
mospheric reduction must occur in order to match the ~6-month lifetime of Hg against deposition implied
by the observed atmospheric variability of total gaseous mercury (TGM=Hg"+Hg'(g)). We implement this
reduction in GEOS-Chem as photolysis of aqueous-phase HgH -organic complexes in aerosols and clouds, re-
sulting in a TGM lifetime of 5.2 months against deposition and matching both mean observed TGM and its
variability. Model sensitivity analysis shows that the interhemispheric gradient of TGM, previously used to
infer a longer Hg lifetime against deposition, is misleading because southern hemisphere Hg mainly originates
from oceanic emissions rather than transport from the northern hemisphere. The model reproduces the ob-
served seasonal TGM variation at northern mid-latitudes (maximum in February, minimum in September)
driven by chemistry and oceanic evasion, but does not reproduce the lack of seasonality observed at southern
hemisphere marine sites. Aircraft observations in the lowermost stratosphere show a strong TGM-ozone rela-
tionship indicative of fast Hg" oxidation, but we show that this relationship provides only a weak test of Hg
chemistry because it is also influenced by mixing. The model reproduces observed Hg wet deposition fluxes
over North America, Europe, and China, including the maximum over the US Gulf Coast driven by HgBr
oxidation by NO2 and HO2. Low Hg wet deposition observed over rural China is attributed to fast Hg' re-
duction in the presence of high organic aerosol concentrations. We find that 80% of global HgH deposition
takes place over the oceans, reflecting the marine origin of Br and low concentrations of marine organics for
HgH reduction, and most of that deposition takes place to the tropical oceans due to the availability of HO2

and NOx for second-stage HgBr oxidation.

3.1 INTRODUCTION

Atmospheric mercury (Hg) cycles between two stable redox forms, elemental (Hg0 ) and divalent (Hg™ ). Most
Hg emissions are as gaseous elemental Hg® , which is relatively inert and sparingly soluble in water. Hg is
oxidized in the atmosphere to HgH by loss of its two 6s2 electrons. HgH salts are water-soluble, partition into
the aerosol, are efficiently removed from the atmosphere by wet and dry deposition, but can also be reduced
back to Hg” . Understanding atmospheric Hg redox chemistry is critical for determining where Hg will be

deposited globally. Here we propose an updated Hg? /Hg!" redox mechanism, incorporating recent kinetic
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data and other observational constraints, for use in atmospheric models. We implement the mechanism in the
GEOS-Chem global model (Bey et al., 2001; Holmes et al., 2010) and examine the implications for the global
atmospheric Hg budget and deposition patterns.

Older models assumed gas-phase OH and ozone to be the dominant Hg0 oxidants (Bergan & Rodhe, 2005
Dastoor & Larocque, 2004; Selin et al., 2007; Bullock et al., 2008; Travnikov & Ilyin, 2009; De Simone et al.,
2014; Gencarelli et al., 2014). It is now well established that the corresponding HGOH and HgO products are
too thermally unstable to enable oxidation to HgH under atmospheric conditions (Shepler & Peterson, 2003;
Goodsite et al., 2004; Calvert & Lindberg, 2005; Hynes et al., 2009; Jones et al., 2016). The importance of Br
atoms for Hg” oxidation was first recognized to explain atmospheric mercury depletion events occurring in the
Arcticboundary layer in spring (Schroeder et al., 1998), where sea salt photochemistry provides a large Br source
(Fan & Jacob, 1992; Steffen et al., 2008; Simpson et al., 2015). Oxidation of HgO to HgH by Br is a two-stage
exothermic mechanism where the second stage conversion of Hg' to Hg'" can be carried out by a number of
radical oxidants (Goodsite et al., 2004; Dibble et al., 2012). Holmes et al. (2006) first suggested Br atoms could
be the main Hgo oxidant on a global scale, with Br originating principally from photochemical decomposition
of bromoform emitted by phytoplankton (Yang et al., 2005). More recent observations of background tropo-
spheric BrO point to ubiquitous Br radical chemistry in the troposphere (Theys et al., 20115 Wang et al., 2015).
Recent aircraft observations of Hg"" and BrO over the Southeast US are consistent with Br atoms acting as the
main HgO oxidant (Gratz et al., 2015; Shah et al., 2016).

Atmospheric Hg" can be deposited or alternatively reduced back to Hg” . Competition between these two
processes determines the global patterns of Hg deposition as well as the regional fate of Hg" emitted directly
by combustion. Atmospheric reduction mechanisms for Hg" are poorly understood but photoreduction in
aquatic systems has been widely observed (Costa & Liss, 1999; Amyot et al., 2000; Mason et al., 2001). Fast
in-plume reduction of Hg" emitted by coal-fired power plants was reported by Edgerton et al. (2006) and
Lohman et al. (2006) but more recent field observations do not suggest widespread importance (Deeds et al.,
2013; Landis et al., 2014). The speciation of atmospheric HgII is unknown (Jaffe et al., 2014; Gustin et al., 2015;
Jonesetal., 2016). Itis generally assumed from chemical equilibrium considerations that the main Hg" species

are HgCl2 in the gas phase and Hg-chloride complexes in the aqueous phase (Hedgecock & Pirrone, 20015 Selin
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etal., 2007; Holmes et al., 2009), but this has not been actually observed. Hg-chloride complexes are relatively
resistant to photoreduction (Allard & Arsenie, 1991; Pehkonen & Lin, 1998). Hg™ also strongly binds to organic
ligands, including in particular reduced sulfur complexes and carboxyl groups (Pehkonen & Lin, 1998; Haitzer
et al.,, 2002; Ravichandran, 2004; Zheng & Hintelmann, 2009). Photoreduction of HgH bound to dissolved
organic carbon (DOC) and other organic matter has been widely reported in aquatic environments (Amyot
etal., 1994; Xiao et al., 1995; O’Driscoll et al., 2006; Whalin & Mason, 2006) and could also possibly take place
in organic aerosols. Bash et al. (2014) found that including in-cloud aqueous photoreduction via organic acids
based on the mechanism proposed by Si & Ariya (2008) improved the simulation of Hg wet deposition in a
regional air quality model. Observed photochemically-driven shifts in the abundance of naturally occurring
Hg isotopes in the atmosphere and precipitation support the occurrence of aqueous-phase photoreduction
involving ng -organic complexes in the atmosphere (Gratz et al., 20105 Sonke, 2011, 2015).

The GEOS-Chem model has been widely used for global simulations of atmospheric Hg and biogeochem-
ical cycling with a focus on interpreting observations (Strode et al., 2008; Weiss-Penzias et al., 2015; Zhang et al.,
2016). The Hg chemical mechanism in the current standard version of GEOS-Chem (www.geos-chem.org) is
based on Holmes et al. (2010). Our updated mechanism includes more recent kinetic data and is applied with
an improved GEOS-Chem simulation of halogen chemistry (Schmidt et al., 2016). As part of this work, we also
introduce a new coupling of GEOS-Chem to a 3-D ocean model (Y. Zhang et al., 2015) to better interpret ob-
served seasonal variations of atmospheric Hg in the context of both atmospheric chemistry and oceanic drivers

of air-sea exchange (Soerensen et al., 2013).

3.2 CHEMICAL MECHANISM

Table 3.1 lists the new chemical mechanism implemented in GEOS-Chem. Table 3.2 lists reactions proposed in
the literature but subsequently estimated to be too slow to be of atmospheric relevance. Oxidation of Hg? to

Hg" in the gas phase involves a two-stage process (3.1, 3.2) with competing reactions (3.3, 3.4):
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Hg” + X + M — Hg'X + M (3.1)

Hg'X + M — Hg’ + X + M (3.2)
Hg'X +Y — Hg® + XY (3.3)
Hg'X + Y+ M — Hg"XY + M (3.4)

where X is the first-stage Hg® oxidant, Y is the second-stage Hg' oxidant, and M is a molecule of air (Goodsite
etal.,2004; Donohoueetal., 2006; Dibble et al., 2012). The HgI intermediate has an overall lifetime of less than
a second so local steady state can be assumed. Goodsite et al. (2004) found that HgBr is sufficiently stable for
Br atoms to be an effective first-stage HgO oxidant, and proposed Y=OH and Br as effective radicals to carry
out the second stage of oxidation to Hg" . The Cl atom can also oxidize HgO to produce HgCl (Balabanov
& Peterson, 2003; Donohoue et al., 2005). Dibble et al. (2012) found that a broad range of radical oxidants
could oxidize HgBr and HgCl including Y=NO2 and HO2, the most abundant atmospheric radicals. Other
proposed first-stage gas-phase Hg oxidants appear to be unimportant, including OH, 03,1, I2, Br2, Clz, BrO,
ClO, HCl, HO2, and NO3 (Table 3.2. HgO is sparingly soluble in water but it has been suggested that fast
aqueous-phase oxidation could take place in cloud droplets (Munthe & McElroy, 1992; Lin & Pehkonen, 1997,
1998; Whalin et al., 2007). We include these processes in our mechanism with O3(aq), HOCl(aq), and OH(aq)
as oxidants.

Strong complexes between Hg" and organic acids may allow electrons to be transferred to Hg" during
photolysis (Pehkonen & Lin, 1998). Gardfeldt & Jonsson (2003) found that direct photolysis of Hg-oxalate
resulted in Hg"" reduction and Si & Ariya (2008) reported the same for Hg-dicarboxylates. O’Driscoll et al.
(2004) reported a linear increase in the efficiency of Hg" photoreduction in freshwater with increasing DOC
concentrations. We assume here that Hg" photreduction is dependent on the local concentration of organic
aerosol (OA) and on the NO2 photolysis frequency (jno,) taken as proxy for for the UV actinic flux, and
further assume the aerosol to be aqueous only at relative humidity greater than 35%. The scaling factor o for

the reaction (Table 3.1) is adjusted in GEOS-Chem such that simulated total gaseous mercury (TGM=Hg"
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Reaction Rate expression® Reference”
Gas phase
Hg®+ Br +M — HgBr + M 1.46 x 10732(T/298) ~1-86HgO1Br)M] @)
HgBr +M — Hg"+ Br 1.6 x 1079(T/298) 186 exp(—7801/T)[HgBrM]  (2)
HgBr+Br — Hg®+ Bry 3.9 x 10~ 1 [HgBr][Br] ()
HgBr+NO2 — Hg®+ BrNO» 3.4 x 10712 exp(391/T)[HgBr][NO2] (4)
HgBr+Br - HgBro 3.0 x 10~ 11 [HgBr][Y] G)°
HgBr-+NOy % HgBrNO kno, ([M], T') [HgBr]NO2] (4)¢
HgBr+Y -~ HgBrY k0, ([M], T) [HgBr][Y] @e
Hg%+ Cl+M — HgCl+ M 2.2 x 10732 exp(680(1/T — 1/298))Hg’CM]  (5)
HgCl+Cl — HgO+ Clo 1.20 x 10~ exp(—5942/T")[HgCl[Cl] (6)f
HgCl+Br > HgBrCl 3.0 x 10~ 11 [HgCI[Br] G 9
HgCl+NOy > HgCINO, kno, [M], T [HgBr]NO2] (4) %9
HgCl+Y 2% HgCly K0, (M], T) [HgBr]Y] (g e 9
Aqueous phasel
Hg?aq)-i— 03(aq) —>Hg1(1aq) + products 4.7 x 107[Hg?aq)][03(aq)] (7
Hgp, y+HOCl(4q) — Hg(l, ) TOH, +Cl 2 X 10°(Hg?, | HOCl(4)] (8),(9) "
Hg?aq)-l— OH(gq) — HgI(Iaq) + products 2.0 x 109[Hg?aq)][OH<aq)] (10), (1)
Hgl(laq) +hv — Hg(()aq) AjNO, [OA][HgI(Iaq)] this work 7

Table 3.1: Redox chemical mechanism for atmospheric mercury.

“ Rate expressions for gas-phase reactions have units of molecule cm™ s~ where [ ] denotes concentration in number density units of
molecules cm_3, [M]is the number density of air, and 1" is temperature in K. Rate expressions for aqueous-phase reactions have units
ofMs ! and [ (aq)] denotes concentration in M (mol Lfl). Henry's law coefficients (M atmfl) relating gas-phase and aqueous-phase
concentrations are 1.28 x 10~ exp(2482(1/T — 1/298)) for Hg" (Sanemasa, 1975), 1.1 x 102 exp(2400(1/T — 1/298))
for O3 (Jacob, 1986),6.6 x 102 exp(5900(1/T — 1/298)) for HOCI (Huthwelker et al., 1995),and 1.4 x 10° for Hg" (HgCla;
Lindqvist & Rodhe, 1985). The concentration of OH(aq) is estimated as given in the text. Lifetimes of HgI species are sufficiently short
that steady-state can be assumed for atmospheric purposes.

b (1) Donohoue et al. (2006); (2) Dibble et al. (2012); (3) Balabanov et al. (2005); (4) Jiao & Dibble (2017); (5) Donohoue et al. (2005); (6)
Wilcox (2009); (7) Munthe (1992); (8) Lin & Pehkonen (1998); (9) Wang & Pehkonen (2004); (10) Lin & Pehkonen (1997); (11) Buxton

et al. (1988).

¢ This is an effective rate constant for intermediate pressures most relevant for atmospheric oxidation and uses a higher level of theory
than Goodsite et al. (2004).

-1
(ML T) = (%) 0.67,wherep = (1 + (log,, (K°(T) [M]/kOO(T)))2) . Values of k° (T')
and k°°(T') are tabulated by Jiao & Dibble (2017) for different temperatures. At T = {220, 260, 280, 298, 320} K,
ko, = {27.4,13.5,9.52,7.10,5.09} x 10~*%cm® molecule 2 s~ 1, k%o, = {22.0,14.2,12.8,11.8,10.9} x
107 em®molecule ™' s kYo, = {8.40,4.28,3.01,2.27,1.64} x 10~ *cm® molecule ? s~ kYo, =
{14.8,9.10,7.55,6.99,6.11} x 10~ cm®molecule ™' s~
€ We assume the same rate coefficient determined for HgBr + HO2 holds more generally for Y = HO2, OH, Cl, BrO and CIO based on
similar binding energies (Dibble et al., 2012; Goodsite et al., 2004) and ab initio calculations from Wang et al. (2014).
I Abstraction alone competes with oxidation to HgII for HgCl as the rate of HgCl thermal dissociation is negligibly slow (Holmes et al.,
20009).
9 HgCl +Y rate coefficients are assumed to be the same as HgBr + Y. CIHg-Y and BrHg-Y have similar bond energies (Dibble et al., 2012).
h Oxidation of Hg?aq) takes place in clouds only, with concentrations of Hg(()aq) and aqueous-phase oxidants determined by Henry's
law equilibrium (footnote a). Aerosol liquid water contents under non-cloud conditions are too low for these reactions to be significant.
Photoreduction of Hg?aq) takes place in both aqueous aerosols and clouds, with gas-aerosol partitioning of HgII as given by Amos et al.
(2012) outside of clouds and Henry's law equilibrium for HgCl2 in cloud (footnote a). The aerosol is assumed aqueous if RH > 35%.

1} OCI™ hassimilar kinetics as HOCI but is negligible for typical cloud and aerosol pH given the HOCI/OCI™ pK, = 7.53 (Harris, 2002).
J Parameterization for photoreduction of aqueous-phase HgH-organic complexes. Here N O, (571) is the local photolysis rate con-

3

stant for NO2 intended to be representative of the near-UV actinic flux, [OA] (g m—3 STP) is the mass concentration of organic
aerosol under standard conditions of temperature and pressure (p = 1 atm, 7" = 273K),anda = 5.2 X 1072m~3sTP ug_l isa

coefficient adjusted in GEOS-Chem to match observed TGM concentrations (see text).
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Reaction Reference® Note
Hg®+ Bro ELN HgBra Balabanov et al. (2005), Auzmendi-Murua et al. (2014) ¢
Hg0 + Clo M, HgCl2 Auzmendi-Murua et al. (2014) €
Hg0+ Iz M, Hgla Auzmendi-Murua et al. (2014) ¢
Hg0+ Bro — HgBr+Br Auzmendi-Murua et al. (2014) d
Hg%+ Cl — HgCl+Cl Auzmendi-Murua et al. (2014) d
Hg0+ I — HgI+I Auzmendi-Murua et al. (2014) d
Hg®+ OH — HgO+H Hynes et al. (2009) d
Hg®+ OH A, HgOH Hynes et al. (2009), Goodsite et al. (2004,) €
HgOH + O2 — HgO+HO2 Shepler & Peterson (2003), Hynes et al. (2009) d
Hg0+ HO> M, HgOOH Dibble et al. (2012) €
Hg"+ NO3 % HgONO Dibble et al. (2012) e f
HgO+1 ELN Hgl Goodsite et al. (2004), Greig et al. (1970), Subir et al. (20m) ¢ 9
Hg"+ Bro% HgBrO Dibble et al. (2012, 2013), Balabanov et al. (2005), e h
Balabanov & Peterson (2003)

HgO+ clo, HgClO Dibble et al. (2012, 2013), Balabanov & Peterson (2003) ek
Hg®+ HCl— Hg"+ products Hall & Bloom (1993), Subir et al. (2011) 9
Hg®+ 03 — Hg"+ products see note i
HgBr+ 1 LN BrHgI see note J
HgBr+ 10 LN BrHgOI see note J
Hg?aq) + HOBr(gq) — HgI(Iaq) FOH .\ +Br . ) Wang & Pehkonen (2004), Hynes et al. (2000) k
Hg?aq) + OBr(;q) +HT — HgI(Iaq) +OH<;q) +Br~  Wang & Pehkonen (2004), Hynes et al. (2009) k
Hg?aq) + Bra(aq) — HgI(Iaq) +2Br— Wang & Pehkonen (2004), Hynes et al. (2009) k
Hgl(laq) M} Hgl(aq) H:/0; Hg° Gardfeldt & Jonsson (2003) d

HgSO03(aq) — Hg‘(’aq) +products Van Loon et al. (2001)

Table 3.2: Reactions not included in the chemical mechanism.®

@ These reactions have been inferred from kinetic studies and/or included in past models but are now thought to be too slow to be of
atmospheric relevance.

b Reference supporting non-inclusion in the chemical mechanism.

(3) Reaction reported in laboratory studies by Ariya et al. (2002), Yan et al. (2005, 2009),Liu et al. (2007),Raofie et al. (2008), and Qu

et al. (2010), but not supported by theory.

d Endothermic reaction.

¢ The HgI compounds are weakly bound and thermally dissociate too fast to allow for 2nd step of oxidation to HgH.

f Peleg et al. (2015) find a strong correlation between observed nighttime gaseous HgII and NOg radical concentrations in Jerusalem.
There is theoretical evidence against NO3 initiation of Hg0 oxidation (Dibble et al., 2012), and NO3 may instead serve as the second-
stage oxidant of HgI. This would be important only in warm urban environments where nighttime NO3 is high.

9 Found to be negligibly slow.

h The formation of compounds with structural formulae BrHgO and CIHgO requires a prohibitively high activation energy. Note e
applies to compounds with structural formulae HgBrO, HgOBr, HgCIO, and HgOCI.

* The direct formation of HgOs) from this reaction is energetically unfavorable (Calvert & Lindberg, 2005; Tossell, 2006). It has been
postulated that intermediate products like HgO3 could lead to the formation of stable (HgO),, oligomers or HgO(s) via decomposition
to OHgOO(g) (Subir et al., 2011), but these must be stabilized through heterogeneous reactions on atmospheric aerosols (Calvert &
Lindberg, 2005) and the associated mechanism is unlikely to be significant in the atmosphere (Hynes et al., 2009). A gas-phase reaction
has been reported in chamber studies (Hall, 1995; Pal & Ariya, 2004; Sumner et al., 2005; Snider et al., 2008; Rutter & Schauer, 2007a),
but this is likely to have been influenced by the walls of the chamber (as seen in Pal & Ariya (2004)) and presence of secondary organic
aerosols (in Rutter & Schauer, 2007b).

J Atmospheric concentrations of | and 10 (Volkamer et al., 2015; Dix et al., 2013; Prados-Roman et al., 2015) are too low for these
reactions to be significant.

k Rates are too slow to be of relevance.

! Concentrations of HgSO3 under typical atmospheric SO levels are expected to be very low.
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+Hg" (g)) concentrations match the global mean observed at land stations.

3.3 GEOS-CHEM MODEL

3.3.1 GENERAL DESCRIPTION

We start from the standard version v9-o2 of the GEOS-Chem Hg model (www.geos-chem.org; Amos et al.,
20125 Song et al., 2015) and implement a new 2010 inventory for speciated anthropogenic emissions (Zhang
et al., 2016) including contributions from commercial products (Horowitz et al., 2014). We then add origi-
nal updates described below for atmospheric chemistry and atmosphere-ocean coupling. The standard v9-o2
model includes cycling of HgO and HgH between the atmosphere, land, and the surface mixed-layer of the
ocean (Selin et al., 2008; Soerensen et al., 2010). The atmospheric model transports Hg® and Hg™ as separate
tracers. Gas-particle partitioning of Hg™ is determined by local thermodynamic equilibrium that is a function
of aerosol mass concentration and temperature (Amos et al., 2012).

Holmes et al. (2010) presented the last detailed global atmospheric budget analysis of Hg in GEOS-Chem
and we use it as a point of comparison for this study. Their model version included Hg® oxidation by Br
atoms with Br concentrations specified in the troposphere and stratosphere from the p-TOMCAT and NASA
Global Modeling Initiative models, respectively (Yang et al., 200s; Strahan et al,, 2007). The standard v9-o2
model now uses Br concentration fields from the GEOS-Chem tropospheric bromine simulation by Parrella
etal. (2012), and features other model updates relative to Holmes et al. (2010) including gas-particle Hg"" equi-
librium partitioning, a corrected washout algorithm (Amos et al., 2012), and improvements to the 2-D surface
ocean model (Soerensen et al., 2010). We conduct a 3-year simulation for 2009-2011 driven by GEOS-5 assim-
ilated meteorological data from the NASA Global Modeling and Assimilation Office (GMAO) with native
horizontal resolution of 1/2°x 2/3°and 72 vertical levels extending up to the mesosphere. The GEOS-Chem
simulation is conducted at 4°x s°horizontal resolution by regridding the GEOS-5 meteorological data. We use
anthropogenic Hg emissions for the year 2010 from Zhang et al. (2016). The spatial distribution of soil Hg is
determined following the method of Selin et al. (2008), with updated soil respiration emissions (910 Mg Hg
a~1) for consistency with the mechanistic terrestrial model developed by Smith-Downey et al. (2010). Emis-

sions from snow and re-emission of deposited Hg follow Selin et al. (2008). The model is initialized with a
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15-year simulation to equilibrate the stratosphere. We present model results as averages for the three simulation

years (2009-2011).

3.3.2  ATMOSPHERIC CHEMISTRY

Hg" /Hg" redox chemistry in the standard GEOS-Chem v9-o2 model includes Hg” oxidation by Br atoms and
Hg" in-cloud photoreduction as described by Holmes et al. (2010), with Br concentration fields from Parrella
etal. (2012). Shah etal. (2016) updated that chemistry following Dibble et al. (2012) to include 2nd-stage oxida-
tion of HgBr by HO2, NO2, and BrO, as well as new kinetics for HgBr dissociation. Here we further expand
and update the chemistry using the mechanism described in Table 3.1. Br and Cl radical concentrations are
taken from a new GEOS-Chem simulation of tropospheric oxidant-aerosol chemistry by Schmidt et al. (2016).
Unlike Parrella et al. (2012), this simulation does not include a bromine radical source from sea-salt debromi-
nation as recent evidence suggests that BrO concentrations in the marine boundary layer (MBL) are generally
sub-ppt (Gémez Martin et al., 2013; Wang et al., 2015). Simulated concentrations of Br in the free troposphere
are on the other hand a factor of two higher than Parrella et al. (2012), reflecting more extensive heterogeneous
chemistry. Schmidt et al. (2016) show that their simulation provides a better simulation of aircraft and satel-
lite observations of tropospheric BrO. Stratospheric concentrations of Br and Cl species are from the GEOS
Chemistry Climate Model (Liang et al., 2010) and Global Modeling Initiative (Considine et al., 2008; Murray
et al., 2012), respectively.

Here we use the global 3-D monthly archive of oxidant and radical concentrations from Schmidt et al.
(2016). We apply diurnal scaling following Holmes et al. (2010) to the monthly mean concentrations of Br,
BrO, Cl, CIO, and HOC], a cosine function of the solar zenith angle for OH and HO2, and NO-NO2-O3
photochemical equilibrium for NO2. Fast HgO oxidation in the polar spring boundary layer is simulated by
specifying high BrO concentrations there when conditions for temperature, sea ice cover, sunlight, and atmo-
spheric stability are met (Holmes et al., 2010). Monthly mean organic aerosol (OA) concentrations are archived
from a separate vg9-02 GEOS-Chem simulation including primary emissions from combustion and secondary
production from biogenic and anthropogenic hydrocarbons (Pye et al., 2010). Aqueous-phase concentrations

of Hg" , 03, and HOCl are determined from the gas-phase partial pressures and Henry’s law coefficients (Table
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3.1). We estimate aqueous in-cloud OH concentrations following Jacob et al. (2005) as [OH(aq)] = 8 [OH(g)]

with =1 % 107 M cm?® molecule .

3.3.3 ATMOSPHERE-OCEAN COUPLING

GEOS-Chem v9-02 uses a 2-D surface-slab ocean model with no lateral transport and with fixed subsurface
ocean concentration boundary conditions (Soerensen et al., 2010). Oceanic circulation and mixing between
the surface mixed layer and deeper ocean strongly impacts Hg” concentrations in the surface ocean through
the supply of reducible HgH , driving changes in oceanic evasion (Soerensen et al., 2013, 2014). Here we present
a new two-way coupling of the GEOS-Chem atmospheric Hg simulation to the MITgem 3-D oceanic general
circulation model with embedded plankton ecology (Y. Zhang et al., 2015). First, the GEOS-Chem Hg model
with the 2-D slab ocean is initialized over 15 years of repeated present-day emissions and meteorological data
(this time is required to equilibrate the stratosphere). Starting from these initial conditions, we conduct the
GEOS-Chem simulation for the desired period (here three years, 2009-2011) and archive monthly surface air
Hg" concentrations and total Hg" deposition fluxes. We then initialize the Y. Zhang et al. (2015) ocean model
for 20 years with these archived surface boundary conditions to equilibrate the upper several hundred meters
of the ocean. The monthly mean surface ocean Hg® concentrations from the final year of the simulation are
then input to GEOS-Chem, replacing the 2-D slab ocean model concentrations. The 15-year GEOS-Chem
simulation is repeated with this new input. This process is iterated until convergence of results is achieved. We

find that two iterations are sufficient.

3.4 GLOBAL BUDGET OF ATMOSPHERIC MERCURY

3.4.1 BUDGET AND LIFETIMES

Figure refc2fi (top panel) shows the simulated vertical and latitudinal distributions of annual zonal mean Hg"
and HgH mixing ratios. HgO decreases rapidly in the stratosphere, while HgH increases with altitude and dom-
inates total Hg in the stratosphere. This vertical structure is driven by chemistry (Selin et al., 2007; Holmes
et al., 2010) and is well established from observations (Murphy et al., 2006; Talbot et al., 2007; Lyman & Jafte,

2012). The stratosphere in the model accounts for 12% of total Hg atmospheric mass and is in a very different
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Figure 3.1: Annual (2009-2011) zonal mean mixing ratios of Hg0 and Hg" in GEOS-Chem, and Hg0 oxidation rates in number
density and mixing ratio units.

redox regime from the troposphere. Here we focus on tropospheric budgets, which are most relevant to Hg
deposition. The stratosphere is discussed further in Section 3.4.4.

Figure 3.2 shows the global tropospheric Hg budget from our GEOS-Chem simulation, including rates
of major Hg" /Hg" reactions. The global tropospheric Hg reservoir is 3900 Mg, including 3500 Mg as Hg"
and 400 Mg as Hg" , smaller than the 4500 Mg reservoir in Holmes et al. (2010). In both cases, the reservoir
was adjusted through the Hg"" photoreduction rate coefficient to match the observed annual mean TGM at
long-term monitoring sites, mainly located in northern mid-latitudes (Figure 3.3). Holmes etal. (2010) used ob-
servations for 2000-2008 averaging 1.8741.00 ng m ™2 (n = 39 sites), whereas we use observations for 2007-2013

averaging 1.46F0.25 ng m > (n = 37). Observed atmospheric concentrations in North America and Europe
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have declined on average by 1-2% a~! since 1990, which has been attributed to: (1) phase-out of Hg from com-
mercial products, (2) declines in Hg emissions from coal combustion as a co-benefit of SO2 and NOx emission
controls, (3) updated artisanal and small-scale gold mining emissions (Zhang et al., 2016). This explains some
of the difference between observed concentrations in the two time periods. Observations used in Holmes et al.
(2010) also included very high concentrations at four East Asian sites (3-7 ng m™ 3; Nguyen et al., 2007; Sakata
& Asakura, 2007; Feng et al., 2008; Wan et al., 2009), whereas the more recent observations over East Asia used
here (n = 6) are all less than 3 ng m™3 (Sheu et al., 20105 Fu et al., 2012b,a; H. Zhang et al., 2015). Only one
site (Mt. Changbai, China) has data available during both time periods and observed TGM concentrations de-
creased there by a factor of two (Fu et al., 20122). Thus, our atmospheric loadings may be more representative
of more recent (ca. 2010) conditions.

We find that the lifetime of Hg0 against oxidation to Hg'" in the troposphere is 2.7 months, with Br atom-
initiated pathways contributing 97% of total oxidation. This chemical lifetime is smaller than most prior model
estimates, e.g., 6 months in Holmes et al. (2010), which used lower Br concentrations. The addition of NO2
and HOx2 as second-stage oxidants is also important in increasing the rate of Hg0 conversion to HgH , more
than compensating for faster thermal decomposition of HgBr relative to (Holmes et al., 2010). Our results are
consistent with Shah et al. (2016), who estimated an HgO chemical lifetime of 1.2 to 2.8 months to reproduce air-
craft measurements of Hg'" over the Southeast US in summer during the NOMADSS campaign (Gratz et al.,
2015). The dominance of NO2 and HO2 as Hg' oxidants reflects their high atmospheric abundance and is
consistent with results from a box modeling study over the Pacific (Wang et al., 2014). We find Cl atoms con-
tribute less than 1% of Hg" oxidation globally because the supply of Cl atoms (mean tropospheric mixing ratio
of 2x10~4 ppt) is limited by fast conversion to the stable reservoir HCl. Aqueous-phase pathways in clouds
contribute 2%. Our work suggests that the dominant Hg" species produced in the gas phase are BtHgONO
and BrHgOOH, though the actual speciation of HgH in the atmosphere would likely be modified through
cycling in aerosols and clouds (Hedgecock & Pirrone, 2001; Lin et al., 2006).

The vertical distribution of HgO — Hg" oxidation rates is shown in the bottom panel of Figure 3.1in units
of number density (relevant to the mass budget) and mixing ratio (relevant to transport). Only 1% of Hg" ox-

idation occurs in the stratosphere, consistent with previous work (Holmes et al., 2010). Most Hg oxidation by
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Figure 3.2: Global budget of tropospheric mercury in GEOS-Chem. Hg' includes gaseous and particulate forms in local equilib-

rium (Amos et al., 2012). The bottom panel identifies the major chemical reactions from Table 3.1 cycling Hg0 and Hg". Reactions
with global rates lower than 100 Mg a— ! are not shown.
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mass occurs in the extratropical free troposphere, consistent with the Br distribution (Schmidt et al., 2016), and
is faster in the northern hemisphere because of higher NO2 concentrations. Hg0 oxidation in Holmes et al.
(2010) was fastest in the Southern Ocean MBL due to high Br concentrations from sea-salt aerosol debromina-
tion. This is now thought to be unlikely because the sea salt acrosol in that region remains alkaline (Murphy
et al,, 1998; Alexander et al., 2005; Schmidt et al,, 2016). In general, the addition of 2nd-stage oxidants HO2
and NO&x shifts Hg oxidation to lower latitudes relative to Holmes et al. (2010). This has implications for Hg
deposition, which we discuss in Section 3.5. HgO oxidation in terms of mixing ratio features a secondary max-
imum in the tropical upper troposphere where the Br/BrO ratio is high (Parrella et al., 20125 Fernandez et al.,
2014).

We find that the shorter chemical lifetime of Hg in our simulation relative to Holmes et al. (2010) must be
balanced by faster atmospheric reduction to reproduce observed TGM concentrations. This is implemented by
adjusting the photoreduction coefficient « in Table 3.1. The resulting mean lifetime of Hg" against reduction
in the troposphere is 13 days. Shah et al. (2016) similarly found that faster Hg" oxidation in their NOMADSS
simulation required faster Hg" reduction, with a tropospheric Hg" lifetime against reduction of 19 days. The
lifetime of tropospheric Hg" against deposition is relatively long, 26 days (see Figure 3.2), because most Hg"
production occurs in the free troposphere (Figure 3.1). We find here that the Hg" lifetime against reduction
is shorter than against deposition, emphasizing the importance of reduction in controlling the atmospheric
Hg budget. By contrast, Holmes et al. (2010) found an adjusted Hg" tropospheric lifetime of so days against
reduction and 36 days against deposition, which led them to conclude that no reduction was needed if Hg"
oxidation kinetics were decreased within their uncertainty. This is no longer possible with the much faster
Hg0 oxidation in our mechanism. We conclude that Hg" reduction must take place in the atmosphere. With
Hg" reduction, the overall lifetime of tropospheric TGM against deposition in our simulation is 5.2 months,
similar to the estimate of 6.1 months in Holmes et al. (2010). We discuss the consistency of this estimate with

observations in the next section.

35



Total gaseous Hg in surface air

Figure 3.3: Global distribution of total gaseous mercury (TGM) concentrations in surface air. Model values (background) are
annual means for 2009-2011. Observations (symbols) are for 2007-2013. Data for land sites (diamonds) are annual means for
2007-2013 as previously compiled by Song et al. (2015) and Zhang et al. (2016). Data at three Nordic stations were converted

from 20°C to ngm 3 STP (p = 1 atm, T = 273 K), see Slemr et al. (2015). Observations from 2007-2013 ship cruises (circles) are

from (Soerensen et al., 2013, 2014). Note the change in the linear color scale at 1.50 ng m=3,

3.4.2 GLOBAL DISTRIBUTION

Figure 3.3 compares our simulation to observed 2007-2013 TGM surface concentrations. TGM includes HgO
and the gaseous component of Hg"" . Observations include annual means at 37 land sites plus ship cruises. The
mean at land stations is 1.47+0.27 ng m™ 3 in the observations and 1.44%0.25 ng m~3 in the model, with the
good agreement in the mean reflecting the adjustment of the Hg" photoreduction rate coefficient as explained
above. The spatial correlation coefficient between model and observations is 7 = 0.57.

Beyond this simulation of the mean, we successfully reproduce the observed standard deviation of TGM
concentrations, which places an independent constraint on the atmospheric lifetime of Hg against deposition
(Junge, 1974; Hamrud, 1983). This constraint had previously been expressed in terms of the interhemispheric
gradient of TGM from ship cruises, leading to TGM lifetime estimates ranging from 4.4 months to 2 years
(Slemr et al., 1981; Fitzgerald et al., 1983; Lindqvist & Rodhe, 198s; Lamborg et al., 2002). However, we find

the interhemispheric gradient is not a sensitive diagnostic of lifetime because atmospheric Hg in the south-
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ern hemisphere is controlled more by intrahemispheric atmosphere-ocean exchange than by transport from
the northern hemisphere. For example, changing the simulation of atmosphere-ocean exchange from the slab
ocean to the MITgem (Section 3.3.3) increases the TGM lifetime while also increasing the interhemispheric gra-
dient due to changed ocean emissions. We conducted a sensitivity simulation doubling the tropospheric TGM
lifetime in the model (to 10.4 months) by decreasing the rate of Hg” oxidation. This produced less than 20% of
a decline in the interhemispheric gradient, but the relative standard deviation of TGM concentrations across
land stations decreased by 40%. Thus the overall variability of TGM concentrations provides a more sensi-
tive constraint on the TGM atmospheric lifetime, while the interhemispheric gradient can be misleading. The
model’s ability to reproduce the observed standard deviation across land sites supports our simulated TGM

atmospheric lifetime of 5.2 months.

3.4.3 SEASONALITY

Figure 3.4 compares simulated and observed seasonal cycles of TGM concentrations at land stations in the
northern mid-latitudes (30°to 60°N) and southern hemisphere (see Figure 3.3 for site locations). Also shown
are results from a sensitivity simulation with the 2-D surface-slab ocean model (Soerensen et al., 2010). The
observed seasonal cycle is successfully reproduced in the northern hemisphere. The February maximum and
September minimum are driven in the model in part by Hgo oxidation (fastest in summer, slowest in winter)
and in part by ocean evasion. Oceanic Hg" evasion peaks under conditions that include high wind speeds that
enhance turbulent exchange and deepen the surface mixed layer, which replenishes the supply of reducible HgH
from the suburface ocean. Evasion is also sensitive to the timing of seasonal productivity blooms in the spring
and summer, which lead to enhanced scavenging of Hg™ from the mixed layer with settling particles (Mason
etal,, 2001 Gardfeldtetal., 2003; Rolfus & Fitzgerald, 2004; Andersson etal., 2007; Soerensen et al., 20105 Tseng
etal., 2013). Similar to Song et al. (2015), we find that the 2-D slab ocean overestimates the observed seasonality
at northern mid-latitude sites (Figure 3.4). Atlantic and Pacific Ocean seawater Hg0 measurements indicate
this overestimate is a function of simplified ocean physics (Soerensen et al., 2014) and the boundary condition
for subsurface ocean concentrations in the slab ocean model. We correct it here by the coupling to the MITgem

3-D ocean simulation. In the southern hemisphere, Amsterdam Island in the Indian Ocean and Cape Point on
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Figure 3.4: Mean seasonal variation and spatial standard deviation of total gaseous mercury (TGM) concentrations for northern
mid-latitude sites (see Figure refc2f3) and southern hemisphere sites (Amsterdam Island and Cape Point). Observations are com-

pared to results from our standard simulation (based on GEOS-Chem coupled to the MITgcm 3-D ocean model) to a sensitivity
study with the 2-D surface-slab ocean model in GEOS-Chem.

the South African coast have similar monthly average concentrations and show no significant seasonal variation
(Slemr et al., 2015). By contrast, the model at those sites has strong seasonality, which has been documented
previously for the standard model version v9-o2 (Song et al., 2015). We find a modest improvement in moving
from the slab ocean simulation to the MITgem but the seasonal bias is still large. Capturing the seasonality
of atmospheric Hg in the Arctic using GEOS-Chem required parameterization of unique sea-ice, oceanic and
riverine dynamics (Fisher et al., 2012, 2013; Y. Zhang et al., 2015) and a similar analysis for the Southern Ocean

region has not yet been performed.

3.4.4 VERTICAL DISTRIBUTION AND THE STRATOSPHERE

Hg" concentrations in the model drop rapidly above the tropopause (Figure 3.1), consistent with observations
(Talbot et al., 2007; Slemr et al., 2009). Modeled Hg0 oxidation in the lower stratosphere is almost exclusively
from Br atoms. There is no significant Hg" reduction there because OA concentrations and relative humidity
are very low. Extensive TGM observations in the lowermost stratosphere at northern extratropical latitudes
are available from the CARIBIC program that collects measurements aboard commercial aircraft (Slemr et al.,
2009, 2014, 2016). The early stratospheric data were biased low and we focus on corrected data available for

April 2014-January 2015 (Slemr et al., 2016). TGM in the stratosphere is expected to be mainly Hgo because

38



HgH is incorporated into aerosol (Murphy et al., 2006; Lyman & Jaffe, 2012).

Figure 3.5 compares the stratospheric TGM concentrations measured in CARIBIC to model values sam-
pled along the flight tracks. The CARIBIC data also include ozone (O3) and CO concentrations (Brenninkmei-
jer et al., 2007). Here we use O3 concentration as a chemical coordinate for depth into the stratosphere and
exclude tropospheric data as diagnosed by [O3]/[CO] <r1.25 mol mol™! (Hudman et al., 2007). We correlate
the logarithm of TGM concentrations, as a measure of first-order loss, to the O3 concentrations. The observa-
tions reach higher ozone than the model, indicating that they sample air with greater stratospheric influence.
The model underestimates the log(TGM)-ozone slope by a factor of 2. To test whether this underestimate is
due to slow Hg0 oxidation, we performed a sensitivity simulation doubling the stratospheric Hgo oxidation
rate (green line in Figure 3.5). The model slope increases by only 32%. This suggests that the log(TGM)-ozone
relationship in the lowermost stratosphere is set in part by mixing rather than solely by chemistry (Xiao et al.,
2007). The model underestimate of the log(TGM)-ozone slope could reflect excessive dynamical mixing in the
lower stratosphere, a well-known problem in stratospheric transport models (Schoeberl et al., 2003; Tan et al.,
2004), or errors in the timescales of air transit across the tropopause which vary on the order of months to years

(Orbe et al., 2014; Ploeger & Birner, 2016).

3.5 IMPLICATIONS FOR GLOBAL HG DEPOSITION

Figure 3.6 compares simulated and observed annual Hg wet deposition at sites in North America, Europe, and
China for 2007-2013. The model captures the spatial variability across sites in North America relatively well
(r=o0.57). Some of this variability is driven by precipitation amount, which leads to higher modeled deposition
along the Northwest coast and over the North Atlantic. The maximum along the coast of the Gulf of Mexico
is due to deep convection scavenging upper tropospheric air enriched in HgH (Guentzel et al., 20015 Selin et al.,
2008; Holmes et al., 2016). Previous GEOS-Chem simulations with Br-initiated oxidation of Hg0 failed to
capture this Gulf maximum because HgH production favored higher latitudes (Holmes et al., 2010; Amos etal.,
2012). The inclusion of NO2 and HO2 as second-stage oxidants in our simulation shifts Hg" production to
lower latitudes and we find that this enables simulation of the Gulf of Mexico maximum. This solves what was

previously considered a major objection to the Br mechanism for Hg® oxidation (Holmes et al., 2010).
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Hg-ozone relationship in the stratosphere
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Figure 3.5: Relationship between total gaseous mercury (TGM) and ozone concentrations in the lower stratosphere. TGM is

shown as the decimal

logarithm of the concentration in ng m~3 STP. Observations are from CARIBIC commercial aircraft in

the extratropical northern hemisphere for April 2014-January 2015 (Slemr et al., 2015). Tropospheric data as diagnosed by
[03)/[CO] < 1.25 mol mol ~! are excluded. Model points are data for individual flights sampled along the CARIBIC flight tracks
on the GEOS-Chem 4° X 5 °model grid. Also shown are results from a model sensitivity simulation with a doubled Hgo oxidation
rate in the stratosphere. Reduced-major-axis (RMA) regressions for the log(TGM)-ozone relationship are shown with slopes and
correlation coefficients. Errors on the slopes are estimated by the bootstrap method.
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NMB = -28%

Figure 3.6: Annual Hg wet deposition fluxes over North America, Europe, and China. Model values for 2009-2011 (background
contours) are compared to 2007-2013 observations from the Mercury Deposition Network (MDN, National Atmospheric Depo-
sition Program, http://nadp.sws.uiuc.edu/mdn/) over North America (58 sites), the European Monitoring and Evaluation Program
(EMEP) over Europe (20 sites), and data from (Fu et al., 2015, 2016) over China (9 sites). In the China panel, circles represent
rural sites and diamonds represent urban sites as identified in Fu et al. (2015, 2016). For the MDN and EMEP networks, which
collect weekly or monthly integrated samples, we only include sites with at least 75% of annual data for at least one year be-
tween 2007 and 2013; for China we only include sites with at least 9 months of data over the 2007-2013 period. MDN data are
formally quality-controlled, while for EMEP data we rely on a subset of sites that have been quality-controlled (Oleg Travnikov,
personal communication). Legends give the normalized mean bias (NMB) for all sites, excluding urban sites in China.

Over Europe, deposition is fairly uniform and low in the model and observations. This reflects decreased
anthropogenic Hg" emissions in the region from emissions controls on coal-fired power plants (Klimontetal,,
2013; Muntean et al., 2014; Zhang et al., 2016). There is no area of frequent deep convection, unlike the Gulf
of Mexico for the US.

Observations of Hg wet deposition over China have recently become available (Fu et al., 2015, 2016). Values
aturban sites are high, likely reflecting local HgH emissions, and are correlated with high concentrations of par-
ticulate Hg'" (Fu et al., 2016). Values at rural sites are much lower and comparable to wet deposition observed
in North America and Europe despite higher TGM concentrations in China (see Figure 3.3). We simulate these
low values successfully in our model, whereas a simulation with the standard GEOS-Chem v9-o2 overestimates
them by a factor of 4. This reflects in part our dependence of Hg" reduction on OA concentrations, which are
particularly high in China (Heald et al., 20m).

Figure 3.7 shows the global distribution of wet and dry Hg™ deposition in the model. This deposition is

the main Hg source to the open ocean (Sunderland & Mason, 2007; Soerensen et al., 2010). We find that 80% of
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global Hg" deposition is to the oceans, compared to 71% in Holmes et al. (2010), and that 60% of this deposition
is wet. Because Br is of marine origin, its dominance as an Hg0 oxidant favors deposition to the ocean. The
dependence of Hg" reduction in our mechanism on the formation of Hg-organic complexes further shifts Hg™
deposition away from continents where OA concentrations are highest (Heald et al., 2011). The dominance of
HO2 and NO2 as second-stage oxidants for HgBr brings Hg" deposition to lower latitudes relative to the
simulation by Holmes et al. (2010), where most deposition occurred over high-latitude oceans. We now find
49% of global total Hg"" deposition is to oceans within the tropics (30°S - 30°N). A large Hg" deposition flux
to the tropical oceans is suggested by recent cruise observations of high oceanic Hg® concentrations across

the intertropical convergence zone (ITCZ), which GEOS-Chem previously underestimated (Soerensen et al.,

2014).

3.6 CONCLUSIONS

The atmospheric redox chemistry of mercury (Hg® /Hg" ) determines the global patterns of Hg deposition
to surface ecosystems, where Hg is converted to the toxic and bioaccumulative methylmercury species. Here
we developed and evaluated an updated mechanism for atmospheric Hg redox chemistry in the GEOS-Chem
global model to gain new insights into the global Hg budget and the patterns of Hg deposition. As part of
this work we also developed a new coupling between GEOS-Chem and a 3-D ocean general circulation model
(MITgem), resulting in a fully resolved simulation of Hg transport and chemistry in the atmosphere-ocean
system.

The updated atmospheric Hg? /Hg!" redox mechanism includes gas-phase Br as the main Hg” oxidant in
the troposphere and stratosphere, and second-stage oxidation of HgBr by a number of radical oxidants includ-
ing NO2 and HOx. Br concentrations in GEOS-Chem are from the recent simulation of Schmidt et al. (2016),
and are higher than previous models and more consistent with recent aircraft and satellite observations of BrO.
Atmospheric reduction of Hg™ is hypothesized to take place by photolysis of aqueous-phase Hg™ -organic
complexes. This is parameterized in GEOS-Chem as a function of the local concentration of organic aerosol
(OA).

The global mass of atmospheric Hg simulated by GEOS-Chem is 4400 Mg, including 3900 Mg in the tro-
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Figure 3.7: Annual 2009-2011 Hg" deposition fluxes in GEOS-Chem.
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posphere. The tropospheric lifetime of Hg" against oxidation is 2.7 months. Observations of the atmospheric
variability of total gaseous mercury (TGMEHgO + Hg"(g)) suggest an atmospheric lifetime against deposition
of about 6 months. Thus, Hg"" must be reduced in the atmosphere, which is consistent with recent observa-
tions of atmospheric Hg isotope fractionation. Matching the observed mean surface TGM concentrations in
GEOS-Chem implies a tropospheric Hg" lifetime of 13 days against reduction and 26 days against deposition.
This results in an overall tropospheric lifetime for TGM of 5.2 months against deposition and enables a suc-
cessful simulation of the observed relative standard deviation of TGM concentrations across terrestrial sites.
The interhemispheric difference in TGM concentrations had previously been interpreted to suggest a longer
TGM lifetime against deposition, but we show this is misleading because TGM in the southern hemisphere is
mostly controlled by oceanic emissions rather than transport from the northern hemisphere.

The observed seasonality of TGM concentrations in northern mid-latitudes (maximum in February, min-
imum in September) is reproduced by the model, where it is attributed to photochemical oxidation of Hg? and
oceanic evasion both with similar seasonal phases. Coupling GEOS-Chem to the MITgem 3-D ocean model
improves simulation of the seasonal amplitude by lowering oceanic evasion over the North Atlantic due to
elimination of the static subsurface ocean boundary condition in the GEOS-Chem slab ocean. Observations
at southern hemisphere sites show little seasonality whereas the model features a spring maximum. More work
is needed to understand this discrepancy.

Observations show a rapid depletion of TGM above the tropopause and we examined whether this could
provide a test for Hg® chemistry. For that purpose we used extensive lowermost-stratospheric observations
from the CARIBIC program aboard commercial aircraft, and characterized TGM first-order loss as the slope
of the log(TGM)-ozone relationship. We find that the model underestimates the observed log(TGM)-ozone
slope by a factor of two, but that this slope is only moderately sensitive to the rate of Hg" oxidation and appears
to be driven in part by mixing of air parcels with different stratospheric ages. This mixing is likely too fast in
GEOS-Chem, which may explain the weaker TGM-ozone slope.

Hg wet deposition fluxes in the model are consistent with observations in North America, Europe, and
China, lending confidence to the simulated global atmospheric Hg budget. Inclusion of NO2 and HOx2 as

second-stage HgBr oxidants in the model shifts Hg" production to lower latitudes compared to previous ver-
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sions of GEOS-Chem and enables the model to capture the observed maximum in wet deposition along the
Gulf Coast of the US. In rural areas of China, wet deposition is observed to be low in spite of very high TGM
concentrations. This is reproduced by the model where it is due to fast Hg" reduction, driven in part by very
high OA concentrations.

We find that 80% of global Hg" deposition takes place over the oceans, reflecting in part the marine origin
of Br as well as the relatively low marine OA concentrations and hence slow Hg" reduction. More Hg is de-
posited to the tropical oceans (49% of total Hg"" deposition) compared to previous versions of GEOS-Chem
where debromination of sea salt aerosol drove fast Hg" oxidation and deposition to the Southern Ocean. This
change largely reflects the dominance of photochemically driven Hg0 oxidation in the free troposphere due to
higher free tropospheric Br concentrations and the addition of the atmospherically abundant NO2 and HO2
radicals as second-stage oxidants for HgBr. Observations of the latitudinal gradient of Hg" wet deposition over
the ocean would provide a sensitive test of Hg chemistry and improve understanding of Hg inputs to different

ocean regions.
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Supplementary Information for: Historical
mercury releases from commercial products:

global environmental implications

A1 WASTE INCINERATION ESTIMATES

Our historical estimates are a result of the Hg used in products that would then be disposed, the distribution
of waste disposal (between landfilling, open dumping on land, incineration and open burning), and emissions
factors for Hg-containing waste burned based on available emissions controls, which vary in time and by level
of economic development. Historical estimates from Streets et al. (2011) for 1850-1970 are scaled by population
to the 1980 estimate, and from 1980 onward are calculated from activity data for total waste burned, assuming

a constant Hg content of waste, and using emissions factors based on the level of control technologies.
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A2 SENSITIVITY STUDIES EXAMINING UNCERTAINTY IN GLOBAL ESTIMATES OF HG CONSUMP-

TION IN CHLOR-ALKALI

Global Hg consumption in chlor-alkali may be even greater in the 1970s, as our estimates are based on US con-
sumption patterns where most chlor-alkali plants used non-Hg technologies and chlor-alkali was 25% of total
consumption (American Metal Mart, 1995). In Western Europe, most chlor-alkali plants used Hg cells and thus
chlor-alkali likely was a larger fraction of total Hg use there (Emerson, 1974). There is only reliable quantitative
information available for Sweden during this period, where chlor-alkali was 58% of total consumption in 1970
(Hylander & Meili, 2005). We performed sensitivity studies scaling the proportion Hg consumed in chlor-alkali
in Sweden in 1970 alone or from 1960-1980 instead of the US fraction to estimate developed world consump-
tion. We used two different methods to accommodate the increase in estimated developed world chlor-alkali
Hg use: 1) keeping the total developed world consumption of Hg the same by decreasing consumption in
other uses there; 2) decreasing total developing world consumption so developed world consumption in other
uses remains the same. Though the fraction of total Hg used in chlor-alkali globally doubles (in 1970 alone
or from 1960-1980), this leads to only minor changes in total releases during those decades (<5% decrease).
There is a redistribution of Hg releases from the atmosphere to water, land, and landfills when consumption
in chlor-alkali is increased, but this affects modeled atmospheric Hg mass only slightly (<10% reduction in the
magnitude of the 1970s peak, a slight widening of the peak and shift in timing of o to 8 years earlier, and a <2%

reduction in the present-day magnitude).
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Developed | Devloping
World, World, World,
1850-1960 | 1970-2010 | 1970-20I0
Chlor-Alkali -4 L5, 26,27 LS
Large-scale Gold and Silver Mining I 5 Ls
Artisanal and Small-Scale Gold Mining (ASGM) Ls LS LS, 35
Vinyl Chloride Monomer (VCM) and Other Chemical | 2,6,7 | 2,5-7,9,16 5,36, 37
Paint 8-10 26,28-31 | 5,26,28-31
Lamps I 16, 11 5
Batteries 5 7, 8,32, 33 5
Wiring Devices and Industrial Measuring Devices 11 11 S
Medical Devices 5, 11 11 5
Pharmaceuticals and Personal Care Products 5 5 5
Dental amalgam 5, 11 11, 5
Dyes/Vermilion 9,12-16 NA NA
Pesticides and Fertilizer 2,5,7 S, 75 2 5,75 2
Explosives/Weapons 16 - 23 NA NA
Solid waste 11, 24,25 | 11, 24, 25, 34 5,38
Wastewater 5 5, II 5

Table A.1: Sources used to generate distribution factors.
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Solid Other
Air | Water | Soil | Recycled | Waste | Wastewater | Disposal
Chlor-Alkali Plants 0.2 | 0.62 | 0.08 0.1 0.075
Silver and Large-scale
Gold Mining 0.40* | 0.3 0.3 o
Artisanal and Small-Scale
Gold Mining (ASGM) 0.4 0.3 0.3
Vinyl Chloride Monomer
(VCM) and Other Chemical 0.11 0.2 0.01 0.48 0.2
Paint 0.5 0.31 0.04 0.15
Lamps o.1 0.9
Batteries 1
Wiring Devices and
Industrial Measuring Devices | 0.02 0.09 0.87 0.0I
Medical Devices 0.1 0.47 0.18 0.27
Pharmaceuticals and
Personal Care Products 0.05 0.05 0.9
Dental amalgam 0.02 0.02 0.23 0.I5
Dyes/VermilionZ 0.06 0.313 0.313
Pesticides and Fertilizer 0.85 0.075 0.075
Explosives/Weapons 0.5 0.245 0.245 0.0I

Table A.2: Selected distribution factors: Global Tier 1 distribution factors, 1850 - 1950

*Emissions factor to air varies decadally to be consistent with Streets et al. (2011); the decrease in air emissions with time is
compensated by a corresponding increase in recycling of Hg. tFactors do not add up to 1; the remainder of Hg used in dental
amalgam resides in teeth and will be eventually released through cremation pathways or stored permanently through burial.
FFactors do not add up to 1; the remaining fraction is permanently stored in artifacts.

Developing &
Developed Developing | Developed Developing
World, World, World, World, World, World, World,
1960 1970-2010 1960 1970-2010 2000 1960 1970-2010

Air 0.52 0.52 0.05 0.12 0.04 0.12 0.03
Water 0.28 0.26 0.62 0.02 0.0I 0.2

Soil 0.08 0.42 0.16 0.06

Recycled 0.18 0.33 0.4 0.42 0.48
Solid Waste 0.08 o.I 0.075 0.1 0.003 0.47
Wastewater 0.06 0.02 0.2 0.03
Other Disposal 0.4

Table A.3: Selected distribution factors: Time-varying Tier 1 distribution factors for selected uses and decades.
*Factors do not add up to 1; the remainder of Hg used in paint is stored in painted surfaces and paint cans.
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Developing | Developed | Developed
World, World, World, World,
1850-1960 | 1970-2010 1970 2010
Solid Waste incineration 0.36 0.27 0.18
Treatment landfill 0.32 0.57 0.37 0.79
Tier2 direct air* 0.16 0.26 0.18
direct soil* 0.16 0.18 0.18
Fraction Released Solid waste 0.9 T 0.9 0.05
to Air from Incineration | medical/ hazardous
Tier 3 waste 0.64 T 0.64 0.02
iron & steel recycling NA NA 0.94 0.94
cremation 0.75 0.75 0.75 0.75
Wastewater Treatment water 0.9 0.9 0.9 0.07
Tier2 sludge o.I 0.1 0.1 0.93
Sewage sludge general solid waste I 1
distribution landfill 0.5 0.13
Tier 3 air 0.1
soil 0.5 0.77

Table A.4: Selected distribution factors: Tier 2 and Tier 3 distribution factors for solid waste, other disposal, and wastewater
treatment.

*Direct releases to air and soil from waste treatment represent open dumping and burning of waste.

tFraction through these pathways is not explicitly represented for the developing world but taken into account through direct air
emissions.
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‘ Rate Coefficient (a~1)

Atmosphere

Hg(II) deposition to ocean 0.72
Hg(o) deposition to ocean 0.34
Hg(II) deposition to land 0.3
Hg(o) deposition to land 0.3
Surface ocean

Hg(o) evasion 1.6
Particle settling to subsurface ocean LI

Water transfer to subsurface ocean 1.8
Subsurface ocean

Particle settling to deep ocean 0.0036
Water transfer to surface ocean 0.053
Water transfer to deep ocean 0.0026
Deep ocean

Burial to deep sediments 9.50E-04
Water transfer to subsurface ocean 7.90E-04
Fast terrestrial

Evasion due to respiration of organic carbon 0.048
Photochemical re-emission of deposited Hg 0.088
Biomass burning 0.03
Transfer to slow pool 0.034
Transfer to armored pool 9.40F-04

River runoff: total reaching estuary,
including burial in benthic sediments of coastal marine systems | 0.54

River runoff: transfer to surface ocean alone 0.16
Slow soil

Evasion due to respiration of organic carbon 0.0072
Biomass burning 2.20E-04
Transfer to fast pool 0.0059
Transfer to armored pool 1.40E-05

River runoft: total reaching estuary,
including burial in benthic sediments of coastal marine systems | 0.003

River runoff: transfer to surface ocean alone 0.0012
Armored soil

Evasion due to respiration of organic carbon 1.30E-04
Biomass burning 2.10E-05
Transfer to fast pool 7.70E-05

River runoff: total reaching estuary,
including burial in benthic sediments of coastal marine systems | 1.10E-04

River runoff: transfer to surface ocean alone 3.80E-04
Landfills
Emission to atmosphere 4.70E-05

Table A.5: Rate coefficients used in global biogeochemical box model in this work

Rate coefficients are from Holmes et al. (2010) for the atmosphere and biomass burning, Soerensen et al. (2010) and Sunderland
& Mason (2007) for the ocean, Smith-Downey et al. (2010) for the soil pools, Amos et al. (2014) for river runoff. See Methods
(Section 2.2) for source of landfills rate coefficient.
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Figure A.1: Comparison of waste incineration emissions estimates. In the present-day, Wiedinmyer et al. (2014) estimate illegal
trash burning emissions only, which would likely be in addition to waste incineration estimates from Streets et al. (2011) and
AMAP/UNEP (2013) Our estimate attempts to include all forms of waste incineration including open burning, though this was
not an explicit focus of the present study. See discussion in section A.1
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Figure A.2: Additional release pathways for Dental amalgam. Pathways shown are in addition to those indicated in Figure 2.2 of
the manuscript and are delayed in time from the initial consumption of Hg. Dashed lines mark pathways that result in permanent
sequestration of Hg.



[ Atmosphere: 5800 ]

WRE ! 1 1. : N
I I I g | I I8
1 1 1 L lo |2 1 c 9
1 1 1 |2 |E ! (9] @
S [w|E b= c
I I I SREIEE I gl |2
=} (%]
1 )51 1 3 =P 1 53 9
. - 0, ™ O|® % @ [a] L
o 1 1 1 2 g— I 1 = +
o Sl 1 1 _8 o |.S 1 :E’ %
J|en ! ! o |X M Rynoff: ! ¥
| T N T . 2600 T TC N 770
S '% L' Freshwater) | Landfils: } [ Organic Soils: |="—"—" > Coastal | Surface Ocean:
o928 N 1_,,' \__120,000 __/ 140,000 \ \[Vgter_sT/ 40 3400
BE[E A A A I ABE
3|E|§! 1 ! 1 1 ) 1 ! g g
818 1 . . | '
| . ! ! i Subsurface Ocean:
ol o o o = 160,000
. § 8 3 2 I IS
. (I 1 1 | 'y o o
I : 1 : : | : 1 & ’ =]
! 1 : 1 1 | ! :
: o I I I Ly Deep Ocean:
! Lo ! ! P 130,000
1 1 1
1 1 1 . 1
l o ! ! | g
1 i ! ! Y 'y Ty

[ Mineral

————— Commercial Hg additions
------- - Additional riverine sink from Amos et al. (2014)

Figure A.3: Global present-day mass flows in the biogeochemical box model. Reservoir inventories are in Mg, and rates of ex-
change between reservoirs are in Mg a™ 1. Additions to Amos et al. (2013) for our commercial Hg work are shown in dashed lines
and the new riverine Hg sink through burial in coastal sediments from Amos et al. (2014) is indicated in dot-dash lines.
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