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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 primaryminedHg (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.
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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 (seeMethods, section 2.2, and Figure A.2). ``Other disposal'' refers tomedical waste incineration (forMedical Devices

andDental use categories) and iron and steel recycling (forWiring Devices and Industrial Measuring Devices use category).
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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.





2400

1600

800

0

Air

Water

Landfills

Soil
H

g 
re

le
as

es
 (M

g 
a-1

)
2400

1600

800

0
2400

1600

800

0
3200

2400

1600

800

0
1850 1930 201019701890

Year (AD)
Other
Explosives/Weapons
Pesticides/Fertilizer

Dyes/Vermilion
Dental

Pharmaceuticals/PCPs
Medical Devices
Wiring/Measuring Devices

Batteries
Lamps
Paint

VCM/Other Chemical
ASGM

Silver/Large-scale gold mining

Chlor-alkali

Figure 2.5: Global historical releases of commercial Hg to environmental reservoirs by use category.
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Figure 2.6: Trend in simulated atmospheric Hg from 1850 to 2010. Results for mass (left axis) and impliedmean tropospheric

concentration (right axis) are shown for the updated biogeochemical model including historical commercial Hg releases. The

dashed line shows results from a sensitivity simulation with Streets et al. (2011) anthropogenic atmospheric emissions held

constant from 2000 to 2010 (see text).
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a b

0+ + → + 1.46× 10−32(T/298)−1.86 0

+ → 0+ 1.6× 10−9(T/298)−1.86 (−7801/T )

+ → 0+ 2 3.9× 10−11

+ 2 → 0+ 2 3.4× 10−12 (391/T ) 2

+ −→ 2 3.0× 10−11 c

+ 2 −→ 2 kNO2 ( T ) 2
d

+ −→ kHO2 ( T ) d, e

0+ + → + 2.2× 10−32 (680(1/T − 1/298)) 0

+ → 0+ 2 1.20× 10−11 (−5942/T ) f

+ −→ 3.0× 10−11 c, g

+ 2 −→ 2 kNO2 [M ], 2
d, g

+ −→ kHO2 ( T ) d, e, g

h

0
(aq)+ 3(aq) → (aq) 4.7× 107 0

(aq) 3(aq)

0
(aq)+ (aq) → (aq)+

−
(aq)+

−
(aq) 2× 106 0

(aq) (aq)
i

0
(aq)+ (aq) → (aq) 2.0× 109 0

(aq) (aq)

(aq) + hν → 0
(aq) αjNO2 (aq)

j

Table 3.1: Redox chemical mechanism for atmospheric mercury.
a Rate expressions for gas-phase reactions have units of molecule cm−3s−1 where [ ] denotes concentration in number density units of
molecules cm−3 , [M] is the number density of air, andT is temperature in K. Rate expressions for aqueous-phase reactions have units
ofM s−1 and [ (aq)] denotes concentration inM (mol L−1). Henry's law coefficients (M atm−1) relating gas-phase and aqueous-phase

concentrations are 1.28× 10−1 (2482(1/T − 1/298)) for Hg0 (Sanemasa, 1975), 1.1× 10−2 (2400(1/T − 1/298))
for O3 (Jacob, 1986), 6.6 × 102 (5900(1/T − 1/298)) for HOCl (Huthwelker et al., 1995), and 1.4 × 106 for Hg (HgCl2;

Lindqvist & Rodhe, 1985). The concentration of OH(aq) is estimated as given in the text. Lifetimes of Hg 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).
c 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).

d k( [M],T ) =
(

k0(T )[ ]
1+k0(T )[ ]/ ∞( )

)
0.6p , where p =

(
1 +

(
10

(
k0(T )[ ]/ ∞( )

))2)−1
. Values ofk0(T )

andk∞(T ) are tabulated by Jiao &Dibble (2017) for different temperatures. AtT = {220, 260, 280, 298, 320}K,
k0
NO2

= {27.4, 13.5, 9.52, 7.10, 5.09} × 10−29cm6 molecule−2 s−1;k∞
NO2

= {22.0, 14.2, 12.8, 11.8, 10.9} ×
10−11 cm3molecule−1 s−1;k0

HO2
= {8.40, 4.28, 3.01, 2.27, 1.64} × 10−29cm6 molecule−2 s−1 ;k∞

HO2
=

{14.8, 9.10, 7.55, 6.99, 6.11}× 10−11 cm3molecule−1 s−1 .
e We assume the same rate coefficient determined for HgBr +HO2 holds more generally for Y≡HO2 , OH, Cl, BrO and ClO based on
similar binding energies (Dibble et al., 2012; Goodsite et al., 2004) andab initio calculations fromWang et al. (2014).
f Abstraction alone competes with oxidation to Hg for HgCl as the rate of HgCl thermal dissociation is negligibly slow (Holmes et al.,
2009).
g HgCl + Y rate coefficients are assumed to be the same as HgBr + Y. ClHg-Y and BrHg-Y have similar bond energies (Dibble et al., 2012).
h Oxidation of Hg0(aq) takes place in clouds only, with concentrations of Hg

0
(aq) and aqueous-phase oxidants determined byHenry's

law equilibrium (footnotea). 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 Hg as given by Amos et al.

(2012) outside of clouds andHenry's law equilibrium for HgCl2 in cloud (footnotea). The aerosol is assumed aqueous if RH> 35%.
i OCl− has similar kinetics as HOCl but is negligible for typical cloud and aerosol pH given the HOCl/OCl− pKa = 7.53 (Harris, 2002).
j Parameterization for photoreduction of aqueous-phase Hg -organic complexes. Here jNO2 (s

−1) is the local photolysis rate con-

stant for NO2 intended to be representative of the near-UV actinic flux, [OA] (µgm−3 STP) is themass concentration of organic

aerosol under standard conditions of temperature and pressure (p = 1 atm,T = 273 K), andα = 5.2 × 10−2 m−3 STPµg−1 is a
coefficient adjusted in GEOS-Chem tomatch observed TGM concentrations (see text).
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Table 3.2: Reactions not included in the chemical mechanism.a
a 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), andQu
et al. (2010), but not supported by theory.
d Endothermic reaction.
e TheHg compounds are weakly bound and thermally dissociate too fast to allow for 2nd step of oxidation to Hg .
f Peleg et al. (2015) find a strong correlation between observed nighttime gaseous Hg andNO3 radical concentrations in Jerusalem.
There is theoretical evidence against NO3 initiation of Hg

0 oxidation (Dibble et al., 2012), and NO3 may instead serve as the second-
stage oxidant of Hg . This would be important only in warm urban environments where nighttimeNO3 is high.
g Found to be negligibly slow.
h The formation of compounds with structural formulae BrHgO and ClHgO requires a prohibitively high activation energy. Note e
applies to compounds with structural formulae HgBrO, HgOBr, HgClO, andHgOCl.
i The direct formation of HgO(s) 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)n oligomers or HgO(s) via decomposition
toOHgOO(g) (Subir et al., 2011), but thesemust be stabilized through heterogeneous reactions on atmospheric aerosols (Calvert &
Lindberg, 2005) and the associatedmechanism 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 I and IO (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.
l Concentrations of HgSO3 under typical atmospheric SO2 levels are expected to be very low.
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Figure 3.1: Annual (2009-2011) zonal meanmixing ratios of Hg0 andHgII in GEOS-Chem, andHg0 oxidation rates in number

density andmixing ratio units.
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Figure 3.3: Global distribution of total gaseousmercury (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 ngm−3.
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Figure 3.5: Relationship between total gaseousmercury (TGM) and ozone concentrations in the lower stratosphere. TGM is

shown as the decimal logarithm of the concentration in ngm−3 STP. Observations are fromCARIBIC commercial aircraft in

the extratropical northern hemisphere for April 2014-January 2015 (Slemr et al., 2015). Tropospheric data as diagnosed by

[O3]/[CO]< 1.25mol mol−1 are excluded. Model points are data for individual flights sampled along the CARIBIC flight tracks

on the GEOS-Chem 4°× 5 °model grid. Also shown are results from amodel sensitivity simulation with a doubled Hg0 oxidation

rate in the stratosphere. Reduced-major-axis (RMA) regressions for the log(TGM)-ozone relationship are shownwith slopes and

correlation coefficients. Errors on the slopes are estimated by the bootstrapmethod.
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Figure 3.6: Annual Hgwet deposition fluxes over North America, Europe, and China. Model values for 2009-2011 (background

contours) are compared to 2007-2013 observations from theMercury Deposition Network (MDN, National Atmospheric Depo-

sition Program, http://nadp.sws.uiuc.edu/mdn/) over North America (58 sites), the EuropeanMonitoring 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 theMDN 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 9months 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 normalizedmean bias (NMB) for all sites, excluding urban sites in China.
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Table A.1: Sources used to generate distribution factors.









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. †Factors do not add up to 1; the remainder of Hg used in dental

amalgam resides in teeth andwill be eventually released through cremation pathways or stored permanently through burial.

‡Factors do not add up to 1; the remaining fraction is permanently stored in artifacts.

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.



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 fromwaste treatment represent open dumping and burning of waste.

†Fraction through these pathways is not explicitly represented for the developing world but taken into account through direct air

emissions.



−1

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

Rate coefficients are fromHolmes 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. SeeMethods

(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



Figure A.2: Additional release pathways for Dental amalgam. Pathways shown are in addition to those indicated in Figure 2.2 of

themanuscript and are delayed in time from the initial consumption of Hg. Dashed lines mark pathways that result in permanent

sequestration of Hg.



Atmosphere: 5800

Organic Soils:
140,000

Surface Ocean:
3400

Subsurface Ocean:
160,000

Deep Ocean:
130,000

Mineral 

Landfills:
120,000

P
ho

to
re

du
ct

io
n:

 3
90

R
es

pi
ra

tio
n:

 5
90

B
io

m
as

s 
B

ur
ni

ng
: 1

45

C
om

m
er

ci
al

 H
g:

 5
80

A
nt

hr
op

og
en

ic
: 2

40
0

Runoff: 
2600

79
0

99
0

98
00

83
00

95
0

10
0

12
0

5 35
00

N
et

 E
va

si
on

: 3
50

0

H
gII  D

ep
os

iti
on

: 4
20

7

G
eo

ge
ni

c:
 9

0 Coastal 
Waters

2718
00

40

770

78
8

Freshwater 

48
0

36
0

12
0

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

Figure A.3: Global present-daymass flows in the biogeochemical boxmodel. Reservoir inventories are inMg, and rates of ex-

change between reservoirs are inMg a−1. Additions to Amos et al. (2013) for our commercial Hgwork are shown in dashed lines
and the new riverine Hg sink through burial in coastal sediments fromAmos et al. (2014) is indicated in dot-dash lines.






































