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A B S T R A C T

The Minamata Convention on Mercury (MC) includes provisions for a global monitoring program (GMP) and
effectiveness evaluation (EE) to provide information on changes in mercury sources in various environmental
media. While conventional measurement and modeling techniques have limitations in explaining the changes in
mercury concentrations, the measurements of natural abundances of mercury stable isotopes have become
powerful tracers for distinguishing between mercury sources and for understanding biogeochemical processes in
the environment. Unfortunately, it is uncertain whether mercury isotope ratios can provide globally comparable
results on specific mercury sources for the GMP and trend analyses for the EE. We have compiled a dataset from
the literature to evaluate large-scale patterns of mercury isotope ratios in various environmental samples and to
summarize sample types that can be used for the GMP. Total gaseous mercury, precipitation, foliage, and litter
can provide comparable source information regarding atmospheric mercury across a large spatial scale.
Interpretation of spatially relevant information using sediment and fish mercury isotope ratios are challenging
because they represent multiple mercury sources and contain mercury that has been subject to biogeochemical
transformation leading to isotope fractionation. In regards to the EE, data that provides evidence of changes due
to source regulation needs to be gathered from local point source regions to assess health impacts. We re-
commend that the measurements of particulate-bound mercury in the atmosphere and sediment mercury isotope
ratios near mercury hotspots and in fish, are needed to identify ecosystems sensitive to atmospheric deposition
and to evaluate the effectiveness of the MC.

1. Introduction

Mercury is registered as one of the top ten chemicals of public
health concern by the World Health Organization (WHO, 2018). Mer-
cury travels long distances in the atmosphere as gaseous elemental
mercury (Hg0) and deposits to aquatic and terrestrial ecosystems as
oxidized (Hg2+) and particulate-bound mercury species (HgP) via dry
and wet deposition (Selin, 2009). Mercury is subject to microbial me-
thylation and the production of highly toxic monomethylmercury
(MMHg) in the water column, surface sediments, and wetlands, which
then can biomagnify through food webs. Humans are primarily exposed
to MMHg via fisheries product consumption (Mergler et al., 2007).

After decades of research, development, and multi-stakeholder ef-
forts, the Minamata Convention on Mercury (MC), a multilateral

agreement to mitigate human health impacts from mercury pollution,
entered into force in August 2017 (UN Environment, 2017a). Anthro-
pogenic activities including fossil fuel combustion, metal smelting,
waste incineration, and cement production are expected to be regulated
through implementation of mercury capture technologies and policies,
which enforce upstream reductions in mercury emissions and releases
(Article 8, 9). Direct mercury mining as well as mercury supply and
trade (Article 3) for artisanal and small-scale gold mining (ASGM; Ar-
ticle 7), consumer products (Article 4), and manufacturing (Article 5)
are subject to phase-outs by the year 2020. As a part of the MC, pro-
visions have also been established for a global monitoring program
(GMP) and a convention effectiveness evaluation (EE; Article 19, 22)
with the goal of understanding the presence and changes in mercury
levels, compounds, and sources (natural, anthropogenic, legacy) as well
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as their movement, transformation, and fate in various environmental
media, including biota (UN Environment, 2017a). While the precise
scope and the distinction between the GMP and EE are still being dis-
cussed within the technical experts group (an international group of
academics, government officials, and policy officers that are experts in
specific areas of the MC and report to the intergovernmental nego-
tiating committee on mercury), these objectives share common oppor-
tunities and challenges. The major opportunities are that they promote
multilateral capacity building through existing and new mercury
monitoring operations and stimulate scientific advancements to better
measure and model mercury in the environment (Gustin et al., 2016).
The major challenges are establishing an internationally comparable
performance indicator that can distinguish between changes in mercury
sources subject to regulation and differentiate other influences on
mercury from the environment such as climate change (i.e., changes in
precipitation patterns; Mao et al., 2017; Perlinger et al., 2018; Sprovieri
et al., 2017; surface temperature; Chen et al., 2015; biomass burning;
Friedli et al., 2009; Kumar et al., 2018) and other human activities (i.e.,
urbanization, land-use change; Domagalski et al., 2016; Drevnick et al.,
2016; Fleck et al., 2016), which may interfere with the identification of
MC-relevant changes in mercury sources. Identifying appropriate en-
vironmental media and the form of mercury used to monitor changes in
sources, movement, transformation, and fate also requires a spatio-
temporal level of understanding regarding atmospheric and biogeo-
chemical cycling of mercury.

The common challenges shared by the GMP and the EE have become
increasingly evident through long-term measurement and modeling
studies. Slemr et al. (2011) observed a 20-38% reduction in atmo-
spheric Hg0 concentrations in the Northern and Southern Hemisphere
between 1995 and 2010 and attributed this to climate change-related
reduction in soil and ocean surface re-emissions. Using a global scale
atmospheric chemistry transport model (GEOS-Chem) coupled to 2-D
land and ocean reservoirs, Soerensen et al. (2012) and Zhang et al.
(2016) provided contrasting explanations for the observed reduction–
either changes in atmospheric mercury oxidation, riverine mercury
input to the oceans, or a widespread phase-out of mercury-containing
products. In regards to ecosystem fate of atmospheric mercury,
Perlinger et al. (2018) used the same model (GEOS-Chem) to simulate
future atmospheric mercury deposition to the Great Lakes region and
estimated that there could be between a 78% reduction and a 5.2%
increase in atmospheric mercury deposition under a strict MC scenario
or a climate change-related increase in precipitation, respectively. By
coupling future atmospheric mercury deposition with a lake mass bal-
ance model, the same study found that fish mercury concentration is
more sensitive to local landscape and land use characteristics (e.g., the
presence and abundance of wetlands) compared to the widespread
upstream regulation of anthropogenic mercury emissions via the MC
(Perlinger et al., 2018). Recent synthesis studies compiling large data-
sets have also shown that environmental factors influencing MMHg
production may be more important in explaining observed sediment
and fish MMHg concentrations across western U.S. freshwater bodies
compared to direct inorganic mercury (IHg; Hg0 + Hg2+ + HgP)
loading via wet deposition (Eagles-Smith et al., 2016a, 2016b; Fleck
et al., 2016). The ability to identify mercury sources subject to reg-
ulation and factors affecting mercury source-fate relationships will
become important as the international effort to regulate mercury pro-
gresses.

The measurements of natural abundances of mercury stable isotopes
in environmental samples can serve as a valuable tool for addressing the
challenges of the GMP and EE. Until recently, mercury isotope studies
were conducted primarily on local to regional scales and in conjunction
with concentration and speciation analyses to characterize different
types of anthropogenic (i.e., coal-fired power plant, smelting, mercury
and gold mining, chemical industries) and natural (i.e., terrestrial
runoff, biomass burning, volcanic emission) mercury sources and to
understand the movement, transformation, and fate of mercury in the

atmosphere and in aquatic and terrestrial environments (e.g., Blum
et al., 2014). Development of new methodological approaches to es-
tablish linkages between environmental sources of mercury and biota
(Kwon et al., 2014; Tsui et al., 2012) and timescale assessments for
biological and ecological mercury transfers (i.e., internal distribution,
tissue turnover, bioaccumulation, trophic transfer; Kwon et al., 2012,
2013, 2016) have provided insight into how biota may respond to
changes in mercury sources. Mercury isotope ratios of biota are also
increasingly being used to gather site-specific information governing
mercury source-fate relationships. For instance, previous studies have
observed south to north declines in Δ199Hg and Δ200Hg in seabird eggs
and mammalian liver tissues, consistent with the latitudinal increase in
sea ice cover across the Arctic Ocean (Day et al., 2012; Masbou et al.,
2018). The authors suggested that in the high Arctic, where sea ice
cover modifies atmospheric deposition and photoreduction of mercury
in the water column, terrestrial mercury sources may be an important
mercury source to marine biota. Such insight can be considered as an
ecosystem or environmental baseline, which provides critical informa-
tion for understanding the present and for predicting ecosystem re-
sponses to future upstream regulations of mercury under the MC.

In 2016, a year prior to the first MC’s Conference of the Parties
(COP1), the potential utility of mercury isotopes for the GMP and EE
was entered into the discussion among mercury monitoring and mod-
eling communities (e.g., Gustin et al., 2016; Kwon and Selin, 2016).
However, uncertainties and limitations still remain in the application of
mercury isotopes for the GMP and EE. The uncertainties arise from the
MC’s objective of generating “comparable results [on mercury sources,
movement, transformation, and fate] on a global basis” for the GMP. To
this date, mercury isotope measurements have not been evaluated on a
large enough spatiotemporal scale to assess whether the differences in
mercury sources and processes could be deciphered on a global scale.
The limitation arises from the lack of distinction in the assigned activity
and scope between the GMP and EE. The expert group currently aims to
identify “how monitoring activities [from the GMP] may contribute to
the development of the effectiveness evaluation framework” including
the assessment of “trends in levels of mercury and mercury com-
pounds”. This means that the EE may simply reflect trend analyses from
the GMP data.

The purpose of this review paper is 1) to evaluate large scale pat-
terns of mercury isotope ratios in various environmental samples and
ecosystems for the GMP, and 2) to illustrate why the measurement of
mercury isotopes on a local scale may be important for addressing the
challenges of the EE. Following the Introduction (Section 1), the review
is organized as follows:

• Section 2 introduces mercury isotope systematics including the re-
porting nomenclature, mixing relationships, and different types of
fractionation pathways.

• Section 3 evaluates large scale patterns of mercury isotope ratios in
various environmental samples and ecosystems (samples from the
atmosphere, terrestrial, and aquatic environments), which are gen-
erated from a compilation of previously reported mercury isotope
ratios from the literature (Table A.1).

• Section 4 summarizes specific environmental sample types that may
be used to establish isotopically comparable results on mercury
sources, processes, and fate on a large spatial scale for the GMP.

• Section 5 proposes a new scope for the EE that is aligned with the
MC’s purpose of mitigating ecosystem and human health impacts
from mercury exposure and illustrates why mercury isotope mea-
surements on a local scale may be important for the EE.

2. Mercury stable isotope systematics

Mercury stable isotopes exist naturally in the environment and have
the following approximate abundances (196Hg=0.155%,
198Hg=10.04%, 199Hg=16.94%, 200Hg=23.14%, 201Hg=13.17%,
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202Hg=29.73%, 204Hg=6.83%; Blum and Bergquist, 2007). They un-
dergo mixing and fractionation during biogeochemical reactions, which
slightly modifies the isotope ratios of mercury in environmental sam-
ples (e.g., Blum et al., 2014). Precise measurements of mercury isotope
ratios were made possible beginning in the 2000s using multi-collector
inductively coupled plasma mass spectrometry (MC-ICP-MS). The de-
velopment of protocols to measure and report mercury isotope ratios
(Blum and Bergquist, 2007) have also enabled consistent data com-
parison among international research groups.

2.1. Mass-dependent fractionation

Mercury isotopes undergo three overall types of stable isotope
fractionation pathways—mass-dependent fractionation, mass-in-
dependent fractionation of odd mass number isotopes and mass-in-
dependent fractionation of even mass number isotopes. Mass-dependent
fractionation (MDF) is reported as δ202Hg in permil (‰) referenced to
the commonly adopted isotope reference material for mercury, NIST
3133;

= − ×δ Hg [( Hg/ Hg) /( Hg/ Hg) 1] 1000202 202 198
sample

202 198
NIST3133 (1)

The pattern of MDF is similar to the traditional light isotope systems
(i.e., carbon and nitrogen) such that the degree of fractionation is
proportional to the mass differences between the isotopes. Thus far,
many kinetic processes have been shown to cause measurable MDF,
particularly in the aqueous phase, including photoreduction of in-
organic mercury (IHg), photodegradation of MMHg (Bergquist and
Blum, 2007; Chandan et al., 2014; Zheng and Hintelmann, 2009,
2010a), dark reduction of Hg2+ (Zheng and Hintelmann, 2010b), mi-
crobial methylation and demethylation (Janssen et al., 2016; Kritee
et al., 2009; Perrot et al., 2015; Rodriguez-Gonzalez et al., 2009),
abiotic methylation (Jiménez-Moreno et al., 2013), and diffusion
(Koster van Groos et al., 2013) and volatilization of Hg0 (Zheng et al.,
2007 ). Equilibrium reactions including dark oxidation of Hg0 (Zheng
et al., 2019), mineral sorption (Jiskra et al., 2012), thiol-ligand ex-
change (Wiederhold et al., 2010), mineral precipitation (Smith et al.,
2015), and evaporation (Estrade et al., 2009; Ghosh et al., 2013) have
also been shown to cause significant MDF. While these processes
commonly lead to a lower δ202Hg in the product and a higher δ202Hg in
the residual pool of reactant, the degree of MDF varies depending on
the reaction type and the extent of reaction.

Processes governing bioaccumulation, such as internal distribution
in organisms (Kwon et al., 2013), tissue turnover (Kwon et al., 2016),
and trophic transfer (Kwon et al., 2012), have been shown not to cause
significant MDF. This has facilitated the use of mercury isotopes in fish
muscle tissues for monitoring bioavailable mercury sources in many
aquatic ecosystems (Balogh et al., 2015; Cransveld et al., 2017;
Donovan et al., 2016; Lepak et al., 2018; Li et al., 2016; Kwon et al.,
2014; Sackett et al., 2015; Sherman and Blum, 2013; Tsui et al., 2012,
2014; Yin et al., 2016). In contrast, a significantly higher δ202Hg (by
~2‰) has been observed repeatedly in the tissues of birds (blood;
Kwon et al., 2014; Tsui et al., 2018), bats (excrement; Kwon et al.,
2015), seals (liver; Masbou et al., 2015), whales (muscle and liver;
Masbou et al., 2018; Perrot et al., 2016), and in human hair (Du et al.,
2018; Laffont et al., 2011; Li et al., 2014, 2016; Sherman et al., 2015a)
compared to their respective dietary sources. The exact internal me-
chanism(s) responsible for the higher δ202Hg in these tissues compared
to dietary sources is still under debate. Given that microbial demethy-
lation leads to a higher δ202Hg in the reactant MMHg compared to the
product IHg (Kritee et al., 2009), previous studies have hypothesized
that internal demethylation followed by bioaccumulation of remaining
MMHg with a higher δ202Hg and excretion of a lighter δ202Hg (IHg),
may be responsible for the observed δ202Hg values in these tissues.

2.2. Mass-independent fractionation

Mass-independent fractionation (MIF) is calculated using the dif-
ference between a measured δxxxHg value and a value predicted based
on MDF;

= − ×Δ Hg δ Hg (δ Hg 0.252)199 199 202 (2)

= − ×Δ Hg δ Hg (δ Hg 0.5024)200 200 202 (3)

= − ×Δ Hg δ Hg (δ Hg 0.752)201 201 202 (4)

= − ×Δ Hg δ Hg (δ Hg 1.4930)204 204 202 (5)

The MIF of odd mass number isotopes (199Hg, 201Hg) has been ob-
served in soil, sediment, water, biota, and atmospheric samples (e.g.,
Blum et al., 2014). The nuclear volume effect (NVE) and the magnetic
isotope effect (MIE) are the two mechanisms known to cause MIF of
199Hg and 201Hg. MIF via the NVE is dependent on the nuclear volume
of the isotopes (Schauble, 2007) and occurs during both kinetic (non-
photochemical Hg2+reduction; Zheng and Hintelmann, 2010b) and
equilibrium reactions (liquid-vapor evaporation; Estrade et al., 2009;
Ghosh et al., 2013, mercury-thiol complexation; Wiederhold et al.,
2010), resulting in a Δ199Hg/Δ201Hg slope of ~1.6. The MIE occurs
during kinetic reactions and due to the nuclear spin of 199Hg and 201Hg
(Buchachenko, 2001). The most well-known environmental processes
producing MIE fractionation are aqueous IHg photoreduction and
MMHg photodegradation (Bergquist and Blum, 2007; Zheng and
Hintelmann, 2009). The Δ199Hg value has been used to estimate the
proportion of a particular mercury species that has undergone photo-
chemical reactions, and the slope of Δ199Hg/Δ201Hg in the reactants
and products has been used to distinguish between IHg photoreduction
(Δ199Hg/Δ201Hg = 1.00± 0.02) and MMHg photodegradation
(Δ199Hg/Δ201Hg = 1.36±0.03) in natural samples (Bergquist and
Blum, 2007). Biological samples mainly containing MMHg display
Δ199Hg/Δ201Hg slopes of 1.2-1.3 (Balogh et al., 2015; Blum et al., 2013;
Cransveld et al., 2017; Das et al., 2009; Gehrke et al., 2011a, 2011b;
Kwon et al., 2013, 2014, 2015; Lepak et al., 2018; Li et al., 2016; Perrot
et al., 2010, 2012; Senn et al., 2010; Sherman and Blum, 2013; Tsui
et al., 2012, 2014; Yin et al., 2016). Samples mainly containing IHg
such as rocks, minerals, soil, sediments, plants and atmospheric mer-
cury display Δ199Hg/Δ201Hg slopes of ~1 (reviewed by Sonke, 2011;
Yin et al., 2014).

Significant MIF anomalies of even mass number isotopes (200Hg,
204Hg) have been observed in atmospheric samples including Hg0 and
precipitation (Demers et al., 2013; Gratz et al., 2010; Rolison et al.,
2013), open-ocean marine samples (fish and plankton; Motta et al.,
2019), fish samples from large lakes (Lepak et al., 2015, 2018), and in
the glass walls of mercury vapor compact fluorescent lamps (Mead
et al., 2013). Positive Δ200Hg values were first documented in pre-
cipitation containing oxidized Hg2+ species, and negative Δ200Hg va-
lues have been observed in gaseous Hg0 (Blum and Johnson, 2017;
Chen et al., 2012; Demers et al., 2013; Gratz et al., 2010; Rolison et al.,
2013). A recent study by Blum and Johnson (2017) compiled Δ200Hg
and Δ204Hg of atmospheric samples and reported negative Δ204Hg in
conjunction with positive Δ200Hg in precipitation samples with a
Δ200Hg/Δ204Hg slope of ~-0.5. Since photoreduction of aqueous Hg2+

has not been shown to induce MIF of the even mass number isotopes
(Bergquist and Blum, 2007), the even mass number MIF anomalies are
speculated to be caused by photo-oxidation of gaseous Hg0 (Chen et al.,
2012). In the natural environment, oxidation of Hg0 in the tropopause is
regarded to be the dominant mechanism responsible for the observed
Δ200Hg in atmospheric samples (Cai and Chen, 2016; Chen et al., 2012).
Given that laboratory photo-oxidation experiments have shown rela-
tively small changes in Δ200Hg, further studies are required to verify the
environmental processes leading to the observed Δ200Hg values in
natural samples (Sun et al., 2016a; Sun et al., 2019).
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2.3. Isotopic mixing

Isotopic mixing represents a process in which mercury sources or
environmental pools with distinct mercury isotope ratios (end mem-
bers) mix to varying degrees. Binary and tertiary mixing models have
been employed for atmospheric samples (i.e., air mass contribution,
e.g., Fu et al., 2016) as well as in sediments of streams, rivers, and
coastal regions. Mixing models can estimate the relative contributions
of, for example, mercury from atmospheric background and from an
anthropogenic point source (e.g., mine tailings, historical industrial
activities, chemical manufacturing or ash spills; Balogh et al., 2015;
Bartov et al., 2013; Feng et al., 2010; Foucher and Hintelmann, 2009;
Meng et al., 2019; Yin et al., 2013c; Donovan et al., 2014; Washburn
et al., 2017). Using binary mixing as an example, the relative con-
tribution of two mercury sources can be estimated as follows;

= × + ×f fHg Hg HgXXX
mixture

XXX
source1 source1

XXX
source2 source2 (6)

+ =f f 1source1 source2 (7)

where XXXHg represents either δ202Hg, Δ199Hg, or Δ200Hg, and f re-
presents the fraction of each mercury source or end member.

Recent studies have also employed mixing models to estimate the
relative contribution of multiple environmental pools of mercury as
well as natural processes governing mercury input to ecosystems (e.g.,
Demers et al., 2013; Enrico et al., 2016; Jiskra et al., 2017; Kwon et al.,
2015; Woerndle et al., 2018). For instance, Demers et al. (2013) esti-
mated the relative contribution of precipitation, litterfall, and mineral
soil to a Wisconsin forest floor (U.S.A). A study by Woerndle et al.
(2018) used mercury isotope ratios in stream water to distinguish be-
tween the relative importance of atmospheric mercury input pathways
of wet versus dry deposition. In other studies, the relative contribution
of precipitation-derived (Hg2+ deposited in the form of precipitation)
versus litter-derived (Hg0 taken up by foliage and sequestered into soil)
mercury runoff to adjacent aquatic ecosystems has been estimated
using simple mixing models (Kwon et al., 2015; Jiskra et al., 2017).

3. Large-scale evaluation

3.1. Atmosphere

3.1.1. Total gaseous mercury
Mercury isotopic compositions of atmospheric total gaseous mer-

cury (TGM), which is the sum of Hg0 and Hg2+, are compiled from the
literature and represent samples collected from various locations in the
U.S.A, China, and France (Table A.1). While the measurements are
highly skewed towards these three countries, the TGM samples display
a wide range in δ202Hg (-3.88 to +1.11 ‰) and a relatively small range
in Δ199Hg (-0.41 to +0.19‰; Table A.1). As illustrated in Fig. 1A, TGM
evaded from land and ocean surfaces (referred to as “surface evasion”)
and TGM collected from relatively remote regions without significant
point-source anthropogenic mercury emissions (referred to as “back-
ground”) are characterized by negative Δ199Hg and Δ200Hg values, and
both negative and positive δ202Hg values, respectively. TGM collected
from regions with significant anthropogenic mercury emission sources
(referred to as “urban-industrial”) are characterized by near-zero to
positive Δ199Hg and Δ200Hg values, and highly negative δ202Hg values.

The negative Δ199Hg and Δ200Hg values observed in the background
and surface evaded TGM can be explained by a higher Hg0 and a lower
Hg2+ contribution (Fig. 2A, B). TGM samples collected from back-
ground sites are comprised of mostly Hg0 (> 75%; Pacyna et al., 2003)
compared to TGM emitted by local anthropogenic emissions
(Hg0:Hg2+: HgP =50:40:10; Pacyna et al., 2003), and they represent
mercury that has undergone long-range transport and global mixing
during which the isotopic compositions of TGM have been altered ex-
tensively by photochemical processes. The negative Δ199Hg in the
background TGM (-0.22 to -0.01‰) is a result of Hg2+ photoreduction

(leading to more negative Δ199Hg in the product Hg0) occurring in soil
(Sonke, 2011; Sun et al., 2019) and water surfaces or in cloud droplets
(Bergquist and Blum, 2007; Gratz et al., 2010), and display values si-
milar to those re-emitted from ocean waters and rice paddy surfaces as
Hg0 (-0.41 to -0.03‰; Fig. 2A). The Δ200Hg values used to differentiate
between oxidized Hg2+ and gaseous Hg0 (see Section 2.2) also show
lower Δ200Hg (-0.11 to 0.01‰) in the background and surface evaded
TGM compared to those collected in urban-industrial sites (Δ200Hg =
-0.04 to 0.06‰; Fig. 2B).

The δ202Hg of the background (-0.39 to 0.93‰) and surface evaded
TGM (-3.88 to -0.33‰) are mostly positive and exclusively negative
values, respectively (Fig. 2A). The positive δ202Hg of the background
TGM may be explained by the preferential uptake of lighter isotopes by
vegetation during long-range transport. On a global basis, vegetation
has been estimated to take up ~2500 Mg/year of Hg0 from the atmo-
sphere (Obrist et al., 2018). In a Wisconsin forest, Demers et al. (2013)
observed a large MDF during Hg0 uptake by foliage (-2 to -4‰), leaving
the residual Hg0 with positive δ202Hg values. The negative δ202Hg ob-
served in the surface evaded TGM (crosses from Fig. 2A) is thought to
reflect photoreduction followed by Hg0 volatilization, further leading to
negative δ202Hg in the volatilized Hg0. For instance, Rolison et al.
(2013) collected TGM ~2 m above the sea level at Grand Bay, Mis-
sissippi, U.S.A. By coupling their results with air mass back trajectories,
the authors inferred highly negative δ202Hg values (< -2 ‰) in TGM
transported via marine air masses compared to those transported via
inland air masses (δ202Hg> -2 ‰; black crosses from Fig. 2A). Recent
studies that have characterized the isotopic compositions of TGM
samples that are known to be influenced by mercury evaded from the
marine surface (shaded box from Fig. 2A) have measured similar ranges
as with the background TGM (δ202Hg= -1.63 to 0.91‰; Δ199Hg= -0.30
to -0.02‰). Demers et al. (2015) suggested that this reflects mixtures of
background TGM and TGM that has undergone photoreduction and
subsequent volatilization from the marine surface. The fact that TGM
samples influenced by mercury evaded from the marine surface have
similar isotopic compositions with background TGM suggests that the
identification of re-emitted or legacy mercury sources from the global
atmospheric mercury pool may be difficult.

Urban-industrial TGM was collected from Beijing and Guiyang,
China and from Chicago, U.S.A. and displays near-zero Δ199Hg (-0.16 to
0.15‰) and lower δ202Hg (-2.03 to 1.11‰) compared to background
TGM (Fig. 2A). The Δ200Hg values are near-zero to positive (-0.04 to

Fig. 1. MDF (δ202Hg), MIFodd (Δ199Hg), and MIFeven (Δ200Hg) of atmospheric
TGM and precipitation samples and the processes resulting in isotopic mixing
(background and urban-industrial TGM) and fractionation (photochemical
processes shown in orange arrows). “CFPP” refers to precipitation impacted by
coal-fired power plants.
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0.06‰; Fig. 2B), suggesting a higher proportion of Hg2+ in TGM in-
fluenced or emitted from anthropogenic point sources. The δ202Hg and
Δ199Hg of these TGM samples are similar to coal used in Beijing
(δ202Hg; -1.42± 0.37‰, Δ199Hg; 0.05±0.12‰), Guiyang (δ202Hg;
-1.00±0.27‰, Δ199Hg; -0.03±0.04‰), and Chicago (δ202Hg;
-1.52±0.37‰, Δ199Hg; -0.09±0.08‰), respectively (reviewed by
Sun et al., 2014, 2016b). Slightly higher δ202Hg observed in the TGM of
Shannxi, China (Fig. 2A) is also consistent with higher δ202Hg of coal
used in this location, as suggested by the authors (Shaanxi; δ202Hg;
-0.67±0.14‰, Δ199Hg; -0.05± 0.02‰; Xu et al., 2017). Sun et al.
(2013) documented a significant MDF during mercury speciation in the
flue gas stream in coal-fired power plants (CFPP), resulting in more
positive δ202Hg in the emitted Hg0 compared to Hg2+ and HgP. While
mercury emitted from CFPPs contains large proportions of Hg2+ and
HgP (Pacyna et al., 2003), atmospheric mixing of anthropogenic emis-
sion sources with background TGM with a slightly higher δ202Hg may
result in similar values.

It can be seen from Fig. 2A and Fig. 2B that TGM collected from high
altitude mountains have wide ranges in δ202Hg (-1.43 to 1.07‰),
Δ199Hg (-0.27 to 0.19‰), and Δ200Hg (-0.10 to 0.07‰), consistent with
mixing between the background and urban-industrial TGM. Fu et al.
(2016) measured mercury isotopic compositions of TGM at the high
elevation site of Pic du Midi Observatory, France originating from two
air masses (Fig. 2A). The study documented significantly more positive
δ202Hg in TGM originating from the North Atlantic Ocean free tropo-
sphere and characterized by a low CO concentration (indicative of
human activities) compared to anthropogenically influenced European
air masses with high CO concentration, resulting in an overall wider
range of δ202Hg. Overall, a linear regression between δ202Hg and
Δ199Hg and between Δ200Hg and Δ199Hg of TGM collected from urban-
industrial and background sites of various locations of the world in-
dicates that we can discern anthropogenic influences and mercury
speciation within TGM. We suggest that future studies should char-
acterize the isotopic compositions of TGM emitted or influenced by
other anthropogenic emission sources (i.e., cement production, waste
incineration, smelting) and those re-emitted from the land and ocean
surfaces.

3.1.2. Precipitation
Mercury isotopic compositions of precipitation obtained from var-

ious locations of the U.S.A., Canada, and China (Table A.1) are char-
acterized by negative MDF, and both positive Δ199Hg and Δ200Hg,
which are opposite to those of the background TGM (Fig. 1B). When
compared to urban-industrial TGM, the precipitation samples have

similarly negative δ202Hg and positive Δ200Hg but more positive Δ199Hg
(Fig. 1B). Atmospheric redox processes appear to explain the differ-
ences in MDF and MIF between the TGM and precipitation samples.
Mercury in precipitation is mostly comprised of Hg2+ and anthro-
pogenic emission sources have been shown to emit a substantial pro-
portion of Hg2+ that is characterized by negative δ202Hg (Fig. 2A). As
for the background TGM comprised mainly of Hg0, photo-oxidation via
chlorine (but not bromine) has been shown to generate Hg2+ with a
lower δ202Hg and a higher Δ200Hg compared to Hg0 based on laboratory
studies (Sun et al., 2016a). Whether mercury is emitted as Hg2+ or has
undergone photo-oxidation processes, it typically associates with cloud
droplets and undergoes photoreduction, which results in an enrichment
of Δ199Hg and δ202Hg in the remaining Hg2+ in precipitation (Gratz
et al., 2010; Fig. 1B).

The extent of photochemical oxidation can also be evaluated over a
large spatial scale via Δ200Hg and Δ204Hg values of precipitation. A
previous study documented increasing trends in precipitation Δ200Hg
(between 0 to 1.30‰) with increasing latitude (25 to 45°N latitude; Cai
and Chen, 2015). This pattern was found to be consistent with Chen
et al. (2012), who documented significant positive Δ200Hg (0.18 to
0.74‰) in precipitation collected from Peterborough, Canada when the
air masses originated from the high Arctic instead of continental North
America. The authors suggested that atmospheric mercury oxidation in
the tropopause, which occurs at a lower altitude (i.e., 6000m) at higher
latitudes, is responsible for elevated Δ200Hg in precipitation. Given that
Δ200Hg and Δ204Hg anomalies occur simultaneously and at Δ200Hg/
Δ204Hg ratios of ~-0.5 (Blum and Johnson, 2017), we compiled Δ200Hg
and Δ204Hg values for precipitation collected from a wider range of
locations that are now published (Table A.1) and observed a Δ200Hg/
Δ204Hg ratio of ~-0.4 (r2= 0.30, p<0.05). The Δ200Hg/Δ204Hg ratios
from Blum and Johnson (2017) and this study are both obtained from a
linear regression between Δ200Hg and Δ204Hg values of averaged pre-
cipitation samples of each study location. The Δ200Hg/Δ204Hg ratio
regressed over individual data points (not the averages of each study
location) shows a lower value of -0.2 as illustrated in Fig. 3B (r2= 0.20,
p<0.05). The precipitation samples collected from sites designated as
background (blue circles; Fig. 3B) displayed a slightly higher Δ200Hg/
Δ204Hg ratio compared to those collected from semi-rural (yellow-or-
ange circles) and urban sites (pink-red triangles), suggesting a potential
dilution effect by anthropogenic sources.

In regards to source differentiation, precipitation collected at urban
(local point sources exist), semirural (nearby local point sources plus
long-range transport), and background sites (no nearby local point
sources) as well as those collected shipboard north of Oahu and on the

Fig. 2. δ202Hg and Δ199Hg values (A), and Δ200Hg and Δ199Hg values (B) of TGM samples. TGM samples are categorized by surface evasion (cross and shaded box),
background (circle), high altitude mountain (circle), and urban-industrial sites (triangle), and by location (China, France, U.S.A). The dotted line in panel A
represents a linear regression between δ202Hg and Δ199Hg values of background, high altitude mountain, and urban-industrial TGM. The solid line in panel B
represents a linear regression between Δ200Hg and Δ199Hg values of background, high altitude mountain, surface evasion, and urban-industrial TGM.
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Island of Hawaii (referred to as “ocean” samples) do not exhibit distinct
δ202Hg and Δ199Hg values (Fig. 3A). Gratz et al. (2010) compared
mercury isotopic compositions of precipitation collected from rural
(Dexter, MI), semi-rural (Holland, MI), and urban sites (Chicago, IL)
from the Midwest, U.S.A. and observed no significant differences. One
reason for this is that precipitation reflects mixtures of locally emitted
mercury and mercury that has undergone redox reactions in the at-
mosphere during regional transport. Various atmospheric processes
including photoreduction, oxidation, adsorption, and desorption can
lead to MDF, MIFodd and MIFeven in precipitation and obscure the
source signature. In contrast, Sherman et al. (2012) first discovered that
precipitation collected downwind from a CFPP in Florida, U.S.A. during
storm events was characterized by particularly negative δ202Hg (-4.37
to -1.12‰; grey crosses from Fig. 3A). The highly negative δ202Hg is
consistent with Hg2+ and HgP emitted from a CFPP (Sun et al., 2013).
Recent measurements of precipitation impacted by a CFPP in Xiamen,
China had higher δ202Hg (-1.02 to 0.28‰) and slightly lower Δ199Hg
values (-0.26 to 0.38‰) compared to those observed in Florida, U.S.A.
(black crosses in Fig. 3A). The authors suggested that the near-zero
δ202Hg observed in precipitation may be caused by mixtures of mercury
transported from long-distances, atmospheric processes resulting in
isotope fractionation, and mercury emitted via the combustion of coal
with high δ202Hg values (-1.07‰; Huang et al., 2018). Additional

studies will be needed to better understand sources and processes re-
sulting in the differences in the mercury isotopic composition of pre-
cipitation, particularly when it is impacted by the largest mercury
emission sources, which are CFPPs. Meanwhile, measurements of
Δ200Hg and Δ204Hg values in precipitation provide an important op-
portunity to monitor spatial differences in the extent of photochemical
oxidation of mercury in the atmosphere, which is the major process
governing atmospheric mercury deposition.

3.1.3. HgP
The isotopic compositions of HgP represent local to regional an-

thropogenic mercury sources given their short lifetime in the atmo-
sphere (days to weeks; Schroeder and Munthe, 1998). Studies that have
characterized HgP isotopic compositions collected either total HgP
(Huang et al., 2018; Xu et al., 2017; Yu et al., 2016), PM2.5, or PM10

(Das et al., 2016; Huang et al., 2016), and at locations experiencing
severe air-borne particulate matter (PM) pollution including urban
areas in China and India (Table A.1). The isotopic compositions of
PM2.5 shown in Fig. 4A are those collected from Beijing and demon-
strate a moderate seasonal variation in δ202Hg and Δ199Hg (au-
tumn<winter< summer< spring). Huang et al. (2016) suggested
that large-scale biomass burning and coal combustion, which have re-
latively negative Δ199Hg in the source material, explain the low Δ199Hg

Fig. 3. δ202Hg and Δ199Hg values (A), and average Δ204Hg and Δ200Hg values (B) of precipitation samples. Precipitation samples designated as CFPP (crosses) and
ocean (diamonds) are those impacted by coal-fired power plants and those collected shipboard north of Oahu and on the Island of Hawaii, respectively. Precipitation
samples are further categorized by background (circle), semirural (circle) and urban sites (triangle) and by location (China, Canada, U.S.A.). The dotted line in panel
B represents a linear regression between Δ204Hg and Δ200Hg values of individual (not averages by site) precipitation samples (slope= -0.2, r2= 0.20, p<0.05).

Fig. 4. δ202Hg and Δ199Hg values of PM2.5 and PM10 (A) and total PBM (B) collected from China and India.
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observed in the autumn (-0.53 to 0.11‰) and winter (-0.25 to 0.04‰),
respectively. Backward trajectories of air masses confirmed that PM2.5

collected during spring and summer seasons was from regional air mass
transport and the higher degree of photoreduction during warmer
seasons was used to explain the elevated Δ199Hg (-0.05 to 0.57‰). Das
et al. (2016) characterized the isotopic compositions of PM10 from a
nearby municipal landfill, an industrial site, and a traffic junction in
Kolkata, India (Fig. 4A). The higher δ202Hg (-0.78 to -0.39‰) and low
Δ199Hg (-0.11 to 0.12‰) of PM10 collected from a municipal waste
incinerator were explained by volatilization of liquid mercury used in
mercury-added products, which have near-zero δ202Hg and Δ199Hg
(Laffont et al., 2011). The lower δ202Hg and variable Δ199Hg of PM10

from an industrial site (δ202Hg= -3.48 to -1.34‰, Δ199Hg= -0.31 to
0.01‰) and from a traffic junction (δ202Hg= -3.18 to -0.12‰,
Δ199Hg= -0.30 to 0.33‰) were attributed to mixtures of mercury
emitted from waste incineration, vehicle emissions, and coal combus-
tion.

Total HgP collected from an urban area of Shaanxi, Guiyang, and at
a high elevation site of Zhejiang province, China (Fig. 4B; Xu et al.,
2017; Yu et al., 2016) reflect influences from coal combustion (Shaanxi
coal; δ202Hg; -0.67± 0.14‰, Δ199Hg; -0.05± 0.02‰; Guiyang coal;
δ202Hg; -1.00±0.27‰, Δ199Hg; -0.03±0.04‰; reviewed in Sun
et al., 2016b). These studies also collected TGM samples from the same
site (Fig. 2A; Xu et al., 2017; Yu et al., 2016) and found slightly more
positive δ202Hg in TGM compared to the total HgP, consistent with MDF
in the flue gas of CFPPs (Sun et al., 2013). The total HgP collected from
Xiamen, China displayed wide ranges and somewhat overlapping
δ202Hg and Δ199Hg, representing the influence of varying mercury
sources via differences in seasonal air masses (Huang et al., 2018;
Fig. 4B). The isotopic composition of total HgP collected during the
winter season (δ202Hg= -3.05 to -0.80‰, Δ199Hg; -0.42 to -0.16‰)
was attributed to a cold Siberian airmass carrying the emissions from
biomass burning to the north. This is consistent with the negative
Δ199Hg but inconsistent with relatively high δ202Hg observed in PM2.5

influenced by biomass burning (Huang et al., 2016; black crosses from
Fig. 4A). The highly negative δ202Hg observed here is more similar to
the negative δ202Hg values reported for vegetation (-2.53 to -1.05‰;
Demers et al., 2013). The total HgP collected during the spring season
showed highly negative Δ199Hg (-0.77 to -0.27‰), which was explained
by atmospheric oxidation of Hg0, causing the product Hg2+ to display
negative Δ199Hg. Remaining samples collected during summer
(δ202Hg= -1.26 to -0.68‰, Δ199Hg= -0.21 to 0.14‰) and fall seasons
(δ202Hg= -0.88 to -0.34‰, Δ199Hg= -0.35 to 0.20‰) are within the
ranges of those collected from Guiyang and Shaanxi (Xu et al., 2017; Yu
et al., 2016), suggesting the influence of local coal combustion. While
several recent studies have attempted to decipher seasonal differences
in HgP isotopic compositions, the overlapping isotopic compositions of
local mercury emission sources and fractionation due to complex at-
mospheric processes present a number of ambiguities in regards to the
interpretation of the observed HgP isotopic compositions. We suggest
that the coupling of backward trajectories of air masses and detailed
characterization of source materials (i.e., local coal and biomass used
for heating) will be necessary to fully understand the seasonal differ-
ences in mercury sources on local and regional scales. Studies that as-
sess HgP isotope ratios in regions other than China and India will also
need to evaluate the feasibility of HgP isotope ratios for source appor-
tionment.

3.2. Terrestrial

3.2.1. Forest ecosystems
Mercury exchange between forest and atmospheric reservoirs is

tightly coupled through Hg0 uptake via foliage and re-emission from
soil and foliage. As illustrated in Fig. 5, various biogeochemical pro-
cesses have been shown to cause significant MDF and small MIFodd of
atmospheric mercury in forest ecosystems. Foliage samples collected in

a Wisconsin forest as well as foliage and fresh litter samples collected at
various forest sites across the U.S.A. show relatively narrow ranges in
δ202Hg (-2.67 to -1.64‰) and Δ199Hg (-0.47 to 0.3‰; Fig. 6A). Foliage
is thought to accumulate primarily Hg2+ following stomatal uptake of
Hg0 and oxidation within leaves. The process of reactive surface uptake
has also been observed in the Arctic snowpack (Douglas and Blum,
2019). Thus, forest litter also represents predominantly Hg0 taken up
via foliage and oxidized to Hg2+ as well as some HgP deposited on leaf
surfaces via dry deposition and throughfall (Ericksen et al., 2003; Rea
et al., 2002). The ranges of foliage and litter δ202Hg and Δ199Hg are,
however, inconsistent with the ranges of TGM collected from back-
ground sites (Fig. 2A). Demers et al. (2013) first observed a much lower
δ202Hg in foliage (-2 to -4‰) compared to TGM collected from a Wis-
consin forest, and attributed this to a preferential uptake of lighter
mercury isotopes by the foliage tissues. Lower Δ199Hg observed in fo-
liage (-0.2‰ shift) compared to TGM at the Wisconsin forest was at-
tributed to the uptake of mercury that had already undergone photo-
reduction from the atmosphere or photoreduction in foliage (Fig. 5).

A number of recent studies have reported that Δ199Hg of foliage and
litter samples can be used to distinguish between the relative con-
tribution of various atmospheric mercury sources on local to regional
scales (Wang et al., 2016; Yu et al., 2016; Yuan et al., 2019). In general,
the Δ199Hg values observed in foliage and litter samples have been
found to be consistent with either TGM collected from background sites
characterized by negative Δ199Hg or those from urban-industrial sites
with near-zero Δ199Hg (Fig. 2A). For instance, Yu et al. (2016) observed
a significant positive relationship between total mercury concentration
and Δ199Hg in litter samples collected from Mountain Ailao (Yunnan,
China) and Mountain Damei (Zhejiang, China). The authors suggested
that litter samples that were once foliage and have taken up anthro-
pogenic TGM are characterized by high mercury concentrations and
near-zero Δ199Hg, whereas litter samples influenced by background
TGM are characterized by low mercury concentration and slightly ne-
gative Δ199Hg (-0.38 to -0.2‰). Wang et al. (2016) also reported a
significant negative relationship between elevation and Δ199Hg in litter
samples collected from the Tibetan Plateau and suggested that litter
samples collected at higher elevations (3700-4300m) are more likely to
take up background TGM (into foliage) compared to those at lower
elevations (3100-3600m) with higher anthropogenic influences.

In contrast to Δ199Hg, no particular source-relevant pattern has been
reported for δ202Hg in foliage and litter samples owing to the large MDF
during Hg0 uptake by foliage (Demers et al., 2013), which masks more
subtle isotopic signals. Interestingly, our large-scale data compilation
shows lower δ202Hg in litter samples collected from China (-4.18 to
-0.95‰; Yu et al., 2016; Wang et al., 2016) compared to litter and
foliage samples collected in the U.S.A (-2.67 to -1.64‰; Zheng et al.,
2016; Fig. 6A), consistent with the observation made in a recent study
that modeled the distribution of mercury isotope ratios in various sur-
face reservoirs (Sun et al., 2019). We suggest that the influence of an-
thropogenic TGM may explain the low δ202Hg in the Chinese litter
samples. TGM collected from the same site as litter in China displayed
more negative δ202Hg (-1.19 to 0.80‰; Yu et al., 2016; Fig. 2A) com-
pared to the background TGM. Considering the large MDF during Hg0

uptake via foliage, the uptake of anthropogenically emitted TGM with
negative δ202Hg may impart highly negative δ202Hg in the Chinese
litter. It appears that foliage and litter samples may be good alternative
tracers for anthropogenic mercury influences. We emphasize, however,
that these studies are limited to only a few locations in the U.S.A. and
China and further monitoring of TGM together with foliage mercury
isotopic compositions at other locations will be necessary to precisely
evaluate the widespread utility of foliage and litter for source tracing
under the MC.

The δ202Hg and Δ199Hg values of the forest floor (soil O horizons)
collected in Wisconsin (Demers et al., 2013) are higher compared to
foliage (on average by 0.74‰ in δ202Hg and by 0.12‰ in Δ199Hg)
collected at the same sites (Fig. 6A). The higher δ202Hg (-1.88 to
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-1.05‰) and Δ199Hg (-0.25 to -0.15‰) observed in the Wisconsin forest
floor have been explained as a mixture of mercury originating from
foliage (litterfall Hg2+), precipitation (throughfall Hg2+, HgP), and
mineral soil (red symbols from Fig. 6A), as suggested by previous stu-
dies that considered only mercury concentrations (Rea et al., 2000).
Using a tertiary mixing model, Demers et al. (2013) estimated that
Hg2+ input to the forest floor via litterfall accounted for ~84% of the
total mercury input. Large Hg2+ contributions via litterfall (~90%)
have also been estimated using a mixing model in soil collected from
boreal forests in Sweden and Norway (Jiskra et al., 2015, 2017). At a
few locations across U.S.A. forests, Zheng et al. (2016) also observed
higher δ202Hg (-2.41 to -0.98‰) but slightly lower Δ199Hg (-0.48 to

0.07‰) in the forest floor (soil O horizons) compared to litter samples
collected at the same sites (Fig. 6A). While organic soil horizons showed
no further changes in Δ199Hg, δ202Hg showed small but significant in-
creases with soil depth (Zheng et al., 2016). This pattern is consistent
with a recent experimental study of dark abiotic Hg0 oxidation via
thiols and natural soil humic acid in which the product Hg2+ was found
to have a higher δ202Hg and a slightly lower Δ199Hg caused by equili-
brium MDF and the NVE, respectively (Zheng et al., 2019). We however
note that the dark abiotic Hg0 oxidation experiment (Zheng et al., 2019)
was conducted in aqueous solution using dissolved Hg0 and may not
reflect the oxidation of gaseous atmospheric Hg0 by natural soil humic
acid. Another possibility is that abiotic Hg2+ reduction by natural

Fig. 5. MDF (δ202Hg) and MIFodd (Δ199Hg) of forest samples and the processes resulting in isotopic mixing (litter, mineral soil, and precipitation; grey and white
arrows) and fractionation (Hg0 uptake via stomata and oxidation by soil organic matter; OM).

Fig. 6. δ202Hg and Δ199Hg values of forest samples (A), and various soils (B). Forest samples are categorized by foliage, litter, and forest floor and by location (U.S.A.
and China). Red boxes in panel A represent the ranges of δ202Hg and Δ199Hg values of mineral soil and precipitation from Demers et al. (2013). Soil samples shown in
panel B are categorized by urban, mineral, and organic soil reported from the U.S.A., France, and China. The dotted line in panel B represents a binary mixing
between urban soil and soil with high organic matter content (% OM).
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organic matter in soil followed by Hg0 re-emission into the atmosphere
can lead to an enrichment of δ202Hg in soil (Jiskra et al., 2015). Further
studies will be needed to understand the mechanism responsible for the
observed δ202Hg shifts in the forest floor and organic soil horizons.

3.2.2. Various soil types
Apart from the forest floor soil samples discussed above, we further

compiled mercury isotope data that was identified by “soil type” from
the literature (Table A.1). As illustrated in Fig. 6B, soil samples are
categorized by organic (same as forest floor) and mineral soil (located
beneath organic soil layers) both of which are from forests, and surface
soil collected from urban-industrial regions (referred to as “urban soil”)
from Beijing, China, and Northeast, France (Table A.1). Decreasing
trends in δ202Hg and Δ199Hg were observed from urban to mineral to
organic soil. Demers et al. (2013) observed a similar decreasing trend in
δ202Hg from mineral soil to organic soil (same as forest floor) in a
Wisconsin forest, and suggested that this follows a binary mixing be-
tween geogenic sources (i.e., crustal rocks) characterized by low %
organic matter (OM) and an average δ202Hg of ~ -0.6‰ (-1.70 to
1.61‰; Smith et al., 2008), and foliage characterized by high % OM
and an average δ202Hg of ~ -2.5‰ (-2.67 to -1.64‰; Fig. 6A). As for
Δ199Hg, geogenic sources and urban-industrial TGM (Fig. 2A) are
characterized by near-zero to positive Δ199Hg values, which explain the
elevated Δ199Hg in the mineral and urban soil. The negative Δ199Hg
observed in organic soil (high % OM) can be attributed to the uptake of
atmospheric Hg0 with negative Δ199Hg (and its conversion to Hg2+)
(Fig. 2A) in foliage and the subsequent decay of foliage. In fact, we
observed similar ranges in both δ202Hg and Δ199Hg between organic
soil (Fig. 6B) and foliage samples (Fig. 6A) collected from various lo-
cations in the U.S.A. The urban soil δ202Hg and Δ199Hg were within the
ranges of TGM collected from urban-industrial sites (Fig. 2A). This in-
dicates that, while soil collected from forests dominantly reflects the
influence of mercury delivered via foliage (litterfall), direct atmo-
spheric deposition of mercury from anthropogenic emissions appears to
explain the observed values in soil collected from urban sites with
limited vegetative cover.

In the context of identifying factors influencing the uptake of at-
mospheric mercury, Zheng et al. (2016) suggested that mineral soil can
be used to identify spatially variable processes affecting atmospheric
mercury input and fate across forest ecosystems in the U.S.A. The lower
Δ199Hg (-0.56 to -0.35‰; Fig. 6B) and Δ200Hg values (-0.05 to 0‰; not
shown here), consistent with the isotopic compositions of Hg0, were
observed at more northern and wetter sites (Thompson, Washington;
Bartlett, New Hampshire; and Howland, Maine) compared to drier and
lower latitude sites in the U.S.A. (Hart, Michigan; Ashland, Missouri
and Marysville, California; Δ199Hg= -0.26 to -0.10‰, Δ200Hg= 0.02 to
0.06‰). The authors suggested that vegetation in the wetter sites takes

up higher amounts of atmospheric Hg0 due to higher plant productivity
and litterfall, as suggested previously by Obrist et al. (2014). In con-
trast, the reactive surface uptake may be limited in the drier sites due to
decreased stomatal conductance for water conservation. High altitude
sites such as Niwot Ridge, Colorado (3050m), Little Valley, Nevada
(2011m), and Truckee, California (1767m) displayed elevated Δ199Hg
(-0.33 to 0‰; 6B), and the authors attributed this to the deposition of
atmospherically oxidized mercury from the upper tropopause. Similar
to foliage and litter samples, the utility of mineral soil for under-
standing climatic factors influencing the uptake of atmospheric mer-
cury will require broader spatial scale assessments. Moreover, the fact
that the mercury isotope ratios of various soil types are controlled
primarily by the extent of vegetative cover suggests that the evaluation
of anthropogenic mercury influences across a large spatial scale may be
difficult.

3.3. Sediment

Mercury isotopic compositions of sediments are categorized by the
type of aquatic ecosystem (Fig. 7A) and the degree of anthropogenic
influence (Fig. 7B). A few riverine sediment samples collected from the
Almaden, Spain mining district (Δ199Hg= 1.11 to 2.68‰; Jiménez-
Moreno et al., 2016) display anomalously high positive Δ199Hg values,
and a few riverine sediments collected from the Murray Brook Mine,
Canada (δ202Hg= -4.00 to -3.36‰; Foucher and Hintelmann, 2006)
and from East Fork Poplar Creek, Tennessee, U.S.A. display highly ne-
gative δ202Hg values (δ202Hg= -5.07 to -3.53‰; Donovan et al., 2014).
All three of these rivers are impacted by high levels of legacy industrial
mercury pollution. Excluding samples from these locations, the re-
maining sediment isotope values compiled in this study, regardless of
the ecosystem type, are within the ranges of -3.22 to 0.80‰ and -0.84
to 0.79‰ for δ202Hg and Δ199Hg, respectively. The sediments impacted
by point sources of mercury exhibit a similar δ202Hg range and a nar-
rower Δ199Hg range near zero, compared to those influenced by non-
point mercury sources (Fig. 7B). The near-zero Δ199Hg samples are
consistent with metallic and liquid mercury extracted or used during
mining and industrial processes (reviewed in Sun et al., 2016c) as well
as TGM emitted from anthropogenic sources (Fig. 2A).

To further evaluate the isotopic differences among sediments that
have been impacted by various point source activities, we divided se-
diments into those affected by a fly ash spill from a CFPP, metal
smelters, chemical industries that use mercury as catalysts, metallic
mercury spills, and mercury/gold mining. As illustrated in Fig. 8A,
sediments impacted by fly ash and smelting activities have particularly
wide ranges in both δ202Hg and Δ199Hg. The δ202Hg (-1.63 to -0.10‰)
of riverine sediments impacted by a fly ash spill from the Kingston,
Tennessee CFPP, U.S.A. (Bartov et al., 2013) are consistent with fly ash

Fig. 7. δ202Hg and Δ199Hg values of sediments categorized by ecosystem type (A), and the degree of anthropogenic influence (B).
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generated from Chinese CFPPs (δ202Hg= -1.91 to -0.85‰; Sun et al.,
2013). Lake sediments impacted by smelters in Washington, U.S.A.
(-2.29 to -0.38‰; Gray et al., 2013) and Manitoba, Canada (-1.66 to
-0.67‰; Ma et al., 2013) are much lower in δ202Hg compared to riv-
erine sediments impacted by smelters in Belgium and France (-0.31 to
0.71‰; Sonke et al., 2010; Fig. 8A). The riverine sediments con-
taminated by former zinc (Zn) smelters in Belgium and France are
impacted by slag tailings effluents from high-temperature ZnS ore
processing, leading to higher δ202Hg values in slag tailings compared to
the ZnS ores (Sonke et al., 2010). Lake sediments from Manitoba, Ca-
nada (Ma et al., 2013) and Washington, U.S.A. (Gray et al., 2013) are
influenced by atmospherically deposited mercury from Cu-Zn smelters
and Pb-Cu smelters, respectively. While the source of the elevated
Δ199Hg has not been fully elucidated, Gray et al. (2013) suggested that
this is likely related to pre-existing MIF in the original ore, the smelting
processes, and/or chemical modification during sediment deposition.

The remaining sediments impacted by chemical industries, mining
activities (gold and mercury mining), and metallic mercury releases can
be segregated by negative δ202Hg (chemical industries;
-0.77±0.24‰), near-zero δ202Hg (mining; -0.26± 0.59‰), and in-
termediate values between outputs from the chemical industry and
mining activities (metallic mercury release; -0.39± 0.19‰), respec-
tively (Fig. 8B). Sediments impacted by direct metallic mercury releases
as well as metallic mercury used as a catalyst at Oak Ridge, Tennessee,
U.S.A. show δ202Hg and Δ199Hg that are consistent with metallic mer-
cury reported by previous studies (δ202Hg= -0.28±0.29‰; Laffont
et al., 2011, Sun et al., 2016c). A study that estimated an isotopic end
member of the effluent discharged from a chemical plant at Minamata
Bay, Japan reported δ202Hg of -0.69‰ and Δ199Hg of -0.07‰ (Balogh
et al., 2015). Washburn et al. (2017) observed similar δ202Hg (-0.69 to
-0.42 ‰) in the effluent discharged from a historic chemical plant that
used mercury as a catalyst for acetate fiber production in South River,
Virginia, U.S.A. Remaining sediments impacted by a chlor-alkali plant
(Perrot et al., 2010) and a chemical industry that produced acetic acid
(Feng et al., 2010) also show similar δ202Hg values. Given that these
sediments were collected from a wide range of environments (reservoir,
river, lake, coastal), we suggest that industrial processes leading to MDF
of mercury that is used as a catalyst, rather than biogeochemical pro-
cesses in the sediment, are responsible for the negative δ202Hg values.
This is in agreement with the previous study that reported sediment
mercury isotope ratios impacted by various types of industrial sources
(Wiederhold et al., 2015).

The wide δ202Hg range observed in sediments impacted by mining

activities are due to 1) the wide δ202Hg ranges in mercury-containing
ores, 2) roasting processes leading to MDF in waste calcine, and 3)
environmental processes leading to MDF in sediments (Fig. 8B). Smith
et al. (2008) reported a wide δ202Hg range (between -3.88‰ and
1.61‰) in mercury-containing rocks, ore deposits, and active spring
deposits from a mercury mine in the California Coast Ranges.
Hintelmann and Lu (2003) also observed a large δ202Hg variation
(between -1.73‰ and 1.33‰) in mercury ores collected from various
locations across the world. High temperature roasting of mercury ores,
a process used to extract metallic mercury, has been shown to cause
significant MDF, resulting in a higher δ202Hg in calcine deposits com-
pared to volatilized Hg0 (Gehrke et al., 2011a; Smith et al., 2014; Yin
et al., 2013a, 2013b, 2013c). More recent studies have shown that in-
complete roasting of mercury ores at mining sites can cause wide ranges
in δ202Hg (between -5.94‰ and 14.49‰; Smith et al., 2014). In ad-
dition, Wiederhold et al. (2013) observed higher δ202Hg in more soluble
mercury pools in calcine, compared to residual mercury sulfide phases,
using sequential extraction methods. In regards to the environmental
processes leading to MDF in sediments, Foucher et al. (2013) reported a
progressive enrichment in sediment δ202Hg with increasing distance
away from the Murray Brooks Mine located in New Brunswick, Canada.
The authors suggested that environmental processes such as reduction
of suspended Hg2+ from the sediment and subsequent Hg0 volatiliza-
tion from the water column may have been responsible for the higher
δ202Hg in the downstream sediment. In the case of sediments impacted
by ASGM activities, a recent study has observed consistent mercury
isotope ratios between sediments located downstream of ASGM and
mercury used during gold extraction (δ202Hg= -0.71 to -0.27‰, near
zero Δ199Hg; Schudel et al., 2018). Another study observed relatively
negative δ202Hg (between -1.90 and -1.13‰) in sediments impacted by
ASGM activities and suggested that runoff of soil influenced by ASGM
may be a more important source to the sediments rather than mercury
used during gold extraction (Adler Miserendino et al., 2018). In general,
we find that sediments show relatively distinct δ202Hg depending on the
type of point mercury source influence. However the utility of sediment
mercury isotope ratios for source monitoring across a large spatial scale
has not been fully tested and we caution that isotopic values can be
modified by a wide range of biogeochemical processes and anthro-
pogenic activities. In Section 5, we discuss further how sediment mer-
cury isotope ratios can be used to evaluate sources responsible for
mercury contamination at a local scale.

Fig. 8. δ202Hg and Δ199Hg values of sediments impacted by different types of point source activities as shown in the legend (A). Sediments impacted by chemical
industries, metallic mercury spills, and mining activities are shown on an expanded scale in (B).
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3.4. Fish

3.4.1. MMHg photodegradation (Δ199Hg)
Fish collected from various lake, coastal, and open ocean environ-

ments display a wide range in δ202Hg (-2.09 to 2.61‰) and a particu-
larly wide range in Δ199Hg (0.00 to 7.16‰; Fig. 9). The elevated
Δ199Hg in fish has been attributed to the trophic transfer of MMHg that
has undergone significant photodegradation in the environment prior
to bioaccumulation (e.g., Bergquist and Blum, 2007; Kwon et al., 2012,
2013). Both freshwater and marine fish often show correlated increases
in δ202Hg and Δ199Hg (Fig. 9), consistent with experimental studies that
report increasing δ202Hg and Δ199Hg in remaining IHg and MMHg
during IHg photoreduction and MMHg photodegradation (Bergquist
and Blum, 2007). In fact, with the exception of fish from only a few
specific lakes (Lake Jackson, Florida, U.S.A. and a few Canadian Arctic
lakes; Fig. 9A), most lake fish follow the experimental slope produced
by varying degrees of MMHg photodegradation (y=2.43x + 0.75 at
1mg/L DOC; Bergquist and Blum, 2007). This suggests that lake fish are
exposed to MMHg that has undergone a similar photodegradation me-
chanism as occurs in laboratory experiments (mediated by DOC).
Marine coastal and open-ocean fish, on the other hand, display sig-
nificantly lower Δ199Hg/δ202Hg slopes compared to lake fish (Fig. 9B,
C). This is due to either active microbial demethylation of MMHg in the
oceanic water column resulting in a higher δ202Hg in the remaining
MMHg, or differences in DOC levels and/or ligands facilitating MMHg
photodegradation between freshwater and marine systems (Motta et al.,
2019).

Blum et al. (2013) observed a consistent Δ199Hg/δ202Hg slope be-
tween fish collected from the central Pacific Ocean and the experi-
mental slope from MMHg photodegradation with natural DOC
(Bergquist and Blum, 2007). In that study, the measurable δ202Hg de-
viation between a few fish species and the experimental slope was ex-
plained by microbial methylation and microbial demethylation in the
oceanic water column. The differences in the predominant ligands,
consisting of various functional groups in dissolved organic matter
(DOM), may also explain the lower Δ199Hg/δ202Hg slope in the open
ocean fish compared the freshwater fish. Similar to Δ199Hg/δ202Hg, the
open ocean and coastal marine fish displayed lower Δ199Hg/Δ201Hg
slopes (open ocean ~1.21; coastal marine ~1.18) compared to lake fish
(~1.26). Zheng and Hintelmann (2010a) observed a slower IHg

photoreduction in the presence of ligands with sulfur-containing func-
tional groups (thiol, disulfide/disulfane, thioether) compared to those
without reduced sulfur groups (oxygen/nitrogen donor groups such as
carboxylic, phenol, amine groups). Mercury typically displays a
stronger binding affinity towards reduced sulfur-containing functional
groups (Ravichandran, 2004). Binding of mercury to oxygen-functional
groups, which are present at high abundances in freshwater, is thought
to occur under high mercury to DOC ratios (~10 ug Hg/mg of DOM;
Haitzer et al., 2002). It may be possible that, while most mercury in the
open ocean is bound to reduced sulfur-containing functional groups,
some mercury (which occurs at a higher concentration in freshwater)
may be bound to oxygen/nitrogen donor groups, resulting in higher
Δ199Hg/δ202Hg and Δ199Hg/Δ201Hg slopes. Chandan et al. (2014) also
observed significantly different Δ199Hg/Δ201Hg slopes between experi-
ments (MMHg photodegradation ~1.4) and natural freshwater fish. The
authors attributed this to either the differences in the ligands bound to
MMHg during natural versus experimental photodegradation or mix-
tures of MMHg photodegradation and IHg photoreduction from natural
freshwater. We note that these conclusions are speculative and further
experimental and field studies are required to explain the subtle
Δ199Hg/Δ201Hg and Δ199Hg/δ202Hg differences between lake and open-
ocean fish.

Given that photodegradation is important as a net MMHg sink in
aquatic ecosystems, Δ199Hg of fish has been useful for estimating the
degree (%) of MMHg photodegradation prior to ecosystem exposure
(e.g., Balogh et al., 2015; Blum et al., 2013; Gehrke et al., 2011b; Lepak
et al., 2018; Kwon et al., 2013, 2014, 2015; Senn et al., 2010; Sherman
and Blum, 2013). Despite our large dataset, the estimated % MMHg
photodegradation are only meaningful on an ecosystem level or across
ecosystems when fish species with similar life history characteristics are
compared. The study by Blum et al. (2013) is an example for the former
case. This study estimated a vertical difference in % MMHg photo-
degradation using Δ199Hg of fish that feed at varying depths within the
central Pacific Ocean. In regards to comparing fish species with similar
life history characteristics, Sherman and Blum (2013) estimated %
MMHg photodegradation across 11 lakes in Florida, U.S.A. using
Δ199Hg of a single fish species (largemouth bass) with similar size
(> 178 mm in length). The authors observed 4 to 40% MMHg photo-
degradation across the lakes, which correlated significantly with the
water turbidity as measured using secchi depth. We suggest that the

Fig. 9. δ202Hg and Δ199Hg values of lake (A), open ocean (B), and coastal marine fish (C). The dotted lines represent the overall regression. The solid line represents
the regression excluding a few outlier sites (see Section 3.4.1.). All regressions are statistically significant (p< 0.05).
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characterization of fish life histories needs to be completed before
performing ecosystem-wide comparisons of the net MMHg sink caused
by photodegradation using fish Δ199Hg. Further experimental studies
on photoreduction and photodegradation of various mercury species
and those bound to environmentally relevant ligands are also necessary
to interpret the mechanisms driving the Δ199Hg/Δ201Hg differences
observed between freshwater and marine fish.

3.4.2. Site of MMHg production (δ202Hg)
MMHg is thought to be produced biotically in bottom waters and/or

surface sediment of lakes, wetlands, rivers, and coastal systems (Benoit
et al., 2003; Gilmour and Henry, 1991; Ullrich et al., 2001) and in the
open ocean water column (Blum et al., 2013; Eckley and Hintelmann,
2006; Sunderland et al., 2009). Previous studies have established
δ202Hg linkages between sediment (IHg) and fish (MMHg) in order to
evaluate the location of MMHg production in several freshwater sys-
tems (Kwon et al., 2014, 2015; Tsui et al., 2012, 2014). Assuming that
fish with the highest Δ199Hg contain mercury that is mainly in the form
of MMHg (~100% MMHg) and by applying the experimental slope of
Δ199Hg/δ202Hg for photodegradation (Bergquist and Blum, 2007) we
have estimated δ202Hg for MMHg prior to photodegradation (Fig. 10A).
For studies that report sediment δ202Hg, we find that the estimated
MMHg δ202Hg values are similar to the average δ202Hg of their re-
spective sediment (average δ202Hgestimated MMHg-δ202Hgsediment=
0.02‰, range= -1.2 to 1.35‰), confirming that sediment is an im-
portant site for MMHg production in many freshwater ecosystems.
Some exceptions are observed in Canadian Arctic lakes (D, G, Resolute)
and in Russian lakes (Lake Baikal and Bratsk Reservoir), which exhibit
larger than ~0.9‰ differences in δ202Hg between the sediment and the
estimated MMHg (Fig. 10A). It is possible that fish from certain lakes
may be exposed to MMHg derived externally and delivered via terres-
trial runoff, and that this MMHg is characterized by highly negative
δ202Hg that is similar to foliage and soil (Fig. 6). This is also consistent
with previous studies from Douglas Lake in Michigan (Kwon et al.,
2015) as well as others that have illustrated the importance of runoff
from wetlands and permafrost as a source of MMHg to some Arctic lakes
(Loseto et al., 2004; Pérez-Rodríguez et al., 2019).

In the open ocean (Fig. 10B) the estimated MMHg δ202Hg values
(-0.44 to 0.39‰) prior to photodegradation are generally higher com-
pared to freshwater (-2.03 to -0.09‰) and are similar to the range for
background precipitation (-0.80 to 0.13‰; Fig. 3A). This is consistent
with Blum et al. (2013) and Motta et al. (2019), who suggested that
mercury deposited via wet deposition is likely methylated in the water
column, which is then photochemically degraded at varying water

depths (upper 200m) prior to uptake. While oceanic sediment may be
an important site for mercury methylation, transport of MMHg from
marine sediment to the near-surface is likely limited due to the water
depth and limited linkages between benthic-pelagic food webs.

3.4.3. Sources that become bioavailable (Δ200Hg, Δ204Hg)
In the context of the MC, the ability to precisely identify bioavail-

able mercury sources subject to methylation and bioaccumulation are
important in addition to the biogeochemical processes affecting mer-
cury that were discussed in the sections above. An increasing number of
studies have reported that fish Δ200Hg values can be helpful for iden-
tifying sites of MMHg production and sources subject to methylation
prior to ecosystem exposure (e.g., Lepak et al., 2018). Our compilation
of fish Δ200Hg and Δ204Hg (Fig. 11) also illustrates that these values can
aid in interpretation of the observed δ202Hg differences between MMHg
and sediment (Fig. 10). There is a relatively wide Δ200Hg variation
across lakes, with largemouth bass from 11 lakes in Florida, U.S.A.
showing particularly elevated Δ200Hg (Fig. 11A). In that study,
Sherman and Blum (2013) also observed elevated sediment Δ200Hg
(average 0.11, range 0.04 to 0.18) and small δ202Hg differences be-
tween the estimated MMHg (from largemouth bass) and sediment. The
authors suggested that atmospherically deposited mercury via wet de-
position was sorbed to particles and deposited to the sediment prior to
being methylated and bioaccumulated into food webs. In another study,
Lepak et al. (2018) observed larger than ~1‰ differences in δ202Hg
between pelagic fish (walleye and trout) and bulk sediments in the
Great Lakes. Elevated Δ200Hg values were also observed in pelagic fish
(but not in sediments) consistent with those measured in precipitation,
suggesting that mercury derived via wet deposition is methylated in the
water column rather than in the sediment prior to bioaccumulation. We
note that this is in contrast with the observed small δ202Hg differences
between the estimated MMHg (using pelagic fish) and sediment
(Fig. 10A) from the Great Lakes region. This suggests that the inter-
pretation of δ202Hg alone may provide misleading information re-
garding mercury sources subject to methylation and bioaccumulation.

Among only a few studies that have reported both Δ200Hg and
Δ204Hg of fish, we observed a negative linear relationship between
Δ200Hg and Δ204Hg and a Δ200Hg/Δ204Hg slope of -0.33 (r2= 0.40,
p<0.05; Fig. 11B), similar to precipitation (-0.2; Fig. 3B). While this is
speculative, the spatial differences in fish Δ200Hg and Δ204Hg may
suggest that the relative input and/or bioavailability of precipitation
may differ by site. For instance, positive Δ200Hg and negative Δ204Hg
were more pronounced at locations with a larger average annual pre-
cipitation such as Florida (~1500mm) and the Central Pacific Ocean

Fig. 10. The estimated δ202Hg for MMHg using fish (blue diamonds) and average δ202Hg of sediment (black circle) from lakes (A), and open ocean (B).
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(~2600mm) compared to Lake Baikal, Russia (300-400mm). In Florida
(Sherman and Blum, 2013) and the Central Pacific Ocean (Blum et al.,
2013), it was also found that mercury recently deposited via pre-
cipitation is a more important mercury source subject to methylation
and bioaccumulation compared to mercury that pre-existed in sedi-
ments. The differences in fish species as well as their life history
characteristics such as trophic position, feeding behavior, and feeding
depth may also explain the observed variation of Δ200Hg and Δ204Hg
both within and between sites. We suggest that further studies that
characterize Δ200Hg and Δ204Hg in various environmental compart-
ments of sediments and precipitation as well as in fish species of similar
feeding behavior along environmental gradients are needed to evaluate
the prospects and limitations of using Δ200Hg and Δ204Hg for the MC.

4. Implications for the global monitoring program

In this section we summarize the areas of uncertainty and potential
applicability of mercury isotope measurements for the GMP. The ability
to observe changes in mercury sources across a large spatial scale using
mercury isotope values is expected to aid in a global comparison and to
be useful as one component of the GMP. The process information is also
important for establishing environmental baselines necessary for un-
derstanding the present and better predicting future ecosystem re-
sponses to a widespread upstream regulation of mercury under the MC.
For each ecosystem and environmental sample type discussed above,
Table 1 addresses a series of specific questions focused on determining
the applicability for the GMP and EE. Specifically we address: 1) at
what level can mercury sources be distinguished, 2) what types of
biogeochemical processes are particularly relevant for establishing
environmental baselines, and 3) at what spatial scale can we observe
differences and/or changes in mercury sources and processes?

The measurements of mercury isotope ratios in TGM appear to be
the most direct and effective way of utilizing mercury isotopes as part of
the GMP. The linear regression between δ202Hg and Δ199Hg of TGM
collected from urban-industrial and background sites (Fig. 2A) indicates
that TGM isotopic compositions provide a clear distinction between
anthropogenic and background sources of atmospheric mercury across
a large spatial scale. Establishing spatiotemporal trends in TGM isotopic
compositions via existing monitoring networks are expected to provide
information regarding spatially and temporally variable changes in
anthropogenic mercury contributions to the atmosphere under the MC
implementation. An increasing number of research groups are also

developing automated systems for sampling of atmospheric Hg0 for
mercury isotope measurements (e.g., Jiskra et al., 2019). Given the
uncertainty in interpreting the observed trends in atmospheric Hg0

concentrations (Slemr et al., 2011; Soerensen et al., 2012; Zhang et al.,
2016), we suggest that the records of TGM isotopic compositions could
become a valuable tool for diagnosing mercury sources responsible for
changes under the MC.

Except for precipitation samples impacted by CFPP, our compilation
study did not show a clear isotopic distinction between precipitation
collected from urban and background sites (Fig. 3A). The Δ200Hg and
Δ204Hg values of precipitation; however, exhibited spatial patterns,
possibly caused by varying extents of atmospheric oxidation of Hg0

(Fig. 3B). The MC emphasizes the need to generate globally comparable
results not only on the sources but also on the processes affecting
mercury speciation. In this regard, the records of Δ200Hg and Δ204Hg in
precipitation can generate spatially comparable process information
governing atmospheric mercury fate via wet deposition. Moreover,
Δ200Hg and Δ204Hg can be used to differentiate between natural and
other policy-driven changes in atmospheric mercury levels, transfor-
mations, and the extent of deposition. Recent observations suggest that
tropospheric bromine, a strong mercury oxidant, has been decreasing at
a rate of 0.1-0.15 ppt/year since its peak in 1998 due to the Montreal
Protocol on Substances that Deplete the Ozone Layer (Montzka et al.,
2011). Reduction in the tropospheric bromine compositions driven by
other environmental policies may reduce the oxidation capacity of at-
mospheric Hg0 and decrease the magnitude of mercury deposition.
With the consideration of subtle Δ200Hg and Δ204Hg anomalies, we
suggest that the understanding of spatially variable atmospheric pro-
cesses would aid the interpretation of the observed mercury wet de-
position concentration trends (e.g., Butler et al., 2008; Weiss-Penzias
et al., 2016) under the MC.

In forest ecosystems, foliage and litter samples can be used to dis-
tinguish between anthropogenic and background atmospheric mercury
sources over both short-term (growing season; Yuan et al., 2019) and
longer-term periods (Wang et al., 2016; Yu et al., 2016). The rapid
turnover (Yuan et al., 2019) and absence of significant MIFeven during
foliage uptake of atmospheric Hg0 suggests that Δ199Hg in conjunction
with Δ200Hg may effectively trace relative changes in anthropogenic
mercury influences, particularly in regions where atmospheric mercury
monitoring networks do not exist. Many recent discoveries have been
made regarding the importance of forest ecosystems as a global sink for
atmospheric Hg0. Increasing land use change via deforestation could

Fig. 11. Δ200Hg values (A), and Δ204Hg and Δ200Hg values of fish (B) reported from various locations. The dotted line represents a regression between Δ204Hg and
Δ200Hg of fish. The regression is statistically significant (p< 0.05).
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lead to a lower Hg0 contribution via litterfall and higher Hg2+ and HgP
contributions via wet and dry deposition to forest ecosystems. We
suggest that such human activities can be monitored more accurately
via the monitoring of mercury isotope ratios in forest samples such as
forest floor and mineral soil rather than via only concentration ana-
lyses.

The major difference between the samples discussed thus far and the
analysis of sediment and fish is that while mercury isotope ratios of
TGM, precipitation, foliage, and litter dominantly reflect the atmo-
spheric mercury species (Hg0 and Hg2+), sediment and fish represent
mixtures of multiple mercury species (IHg, MMHg) and input pathways
(atmospheric deposition, anthropogenic releases, terrestrial runoff) that
have been integrated over time and have undergone numerous bio-
geochemical fractionation processes. It is likely that the sediment
samples collected for the GMP that are broadly characterized as “non-
point source influenced" actually reflect mixtures of multiple mercury
sources and input pathways. The observed wide ranges in mercury
isotope ratios of non-point source influenced sediments (Fig. 7) suggest
that the interpretation of globally comparable source, process, and fate
information using sediment mercury isotope ratios will be difficult. In
regards to fish, generating comparable information on mercury source
and processes such as the extent of MMHg photodegradation (Fig. 9)
and input of atmospheric mercury via Δ200Hg and Δ204Hg (Fig. 11) will
require standardization of measurements on consistent fish species with
similar life history characteristics. Moreover, given that the methodo-
logical approaches used to interpret the sites of MMHg production
(δ202Hg difference between sediment and estimated MMHg; Fig 10) can
lead to misleading conclusions, site-specific information including
Δ200Hg and Δ204Hg needs to be actively employed to identify the sites
of MMHg production and the sources of mercury subject to methyla-
tion.

5. Implications for the effectiveness evaluation

This review shows that mercury isotope ratios provide a promising
measurement tool for determining sources of mercury subject to reg-
ulation and for generating large scale patterns of changes in mercury
sources, processes, and fate. Nevertheless, a number of limitations still
exist in the widespread utilization of mercury isotopes for the MC. The
major limitation arises from the MC’s current scope of the EE, which is
to utilize globally comparable results on mercury sources, processes,
and fate to establish trends. The current scope leads to a number of
questions regarding the EE: “Shouldn’t the EE’s scope be in parallel with
the goal of the MC of mitigating ecosystem and human health impacts
from mercury exposure?” and “what type of scientific information
should be gathered to predict the MC’s effectiveness and to generate
resource-effective targets for the EE?”

We suggest that evidence of the effects of source regulation needs to
be gathered from a range of health-relevant locations and media
spanning remote regions (where insights into the global health may be
gained) and local point source regions (where most human health risks
are raised) to maximize the effectiveness of the MC. While the former
may be achieved by generating temporal trends from the GMP data, the
assessment of the latter is not included in the MC. Such objectives pose
risks of excluding a number of countries that do not have the capability
to establish GMP and that are undergoing rapid economic and in-
dustrial development, leading to mercury pollution. Moreover, given
that many local point source regions represent mercury hotspots and
public health concerns, the effectiveness of the proposed regulation and
mercury abatement activities should be evaluated swiftly to identify
additional remedial, management, and/or technological issues. The EE
of the Stockholm Convention on Persistent Organic Pollutants (POPs;
Article 16) is a good example, and emphasizes the need to eliminate or
reduce the releases from intentional and unintentional production and
uses or releases from stockpiles and wastes. It also points to the im-
portance of evaluating whether environmental pollutant levels areTa
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decreasing over time on a local scale (UN Environment, 2017b).
By establishing an additional scope that is aligned specifically with

the MC’s goal, we suggest that the utilization of mercury isotopes can be
further expanded to address the challenges of the MC. For instance, at
locations proximal to local mercury point sources, many ecosystem and
public health concerns are initiated from the deposition of anthro-
pogenically emitted mercury and releases from activities that use or
produce mercury. Previous studies have shown that mercury emissions
from local point source activities can accumulate substantially in soil
and aquatic media and result in elevated mercury concentrations in fish
and rice, leading to public health concerns (e.g., Li et al., 2009; Kwon
et al., 2018). Some anthropogenic activities such as biomass burning for
residential heating and agricultural practices are not governed under
the MC, but still represent important mercury emission sources in a
number of developing countries (Huang et al., 2018). In this regard, the
measurements of HgP isotope ratios may provide a means of assessing
the effectiveness of local to regional scale regulations on anthropogenic
mercury emissions and for re-evaluating domestically important an-
thropogenic activities responsible for ecosystem and human health
impacts (Table 1). The studies by Huang et al. (2016, 2018) demon-
strate that we may be able to distinguish between seasonally relevant
local atmospheric mercury sources (i.e., coal combustion, biomass
burning) at urban-industrial locations (Fig. 4). It is important, however,
to emphasize that the measurements of HgP isotopic compositions alone
may be insufficient for source appointment. We urge that the full utility
of HgP isotopic compositions for local point mercury source identifi-
cation needs to be explored further at locations other than China and
India and by coupling of backward trajectories of air masses and
characterizing source materials (i.e., local coal and biomass used for
heating).

In regards to the sources that release mercury into aquatic ecosys-
tems, the measurements of sediment mercury isotope ratios can aid the
identification of sources, and pathways leading to mercury hotspots.
This is also in line with the MC’s Article 12 on mercury contaminated
sites, which emphasizes the need to discover new approaches for con-
taminated site identification and characterization. As illustrated in
Fig. 8, we observed relatively distinct mercury isotope ratios in the
sediments impacted by various mercury point source activities, in-
dicating that the identification of mercury point sources and activities
may be possible via the measurement of mercury isotope ratios at local
contaminated sites. Moreover, while many countries have already
phased out anthropogenic activities causing severe mercury pollution
(i.e., chlor-alkali production, mercury-added products, ASGM), a
number of countries still have ongoing illegal ASGM activities. A recent
study by Adler Miserendino et al. (2018) measured mercury isotope
ratios of sediments and soils near ASGM sites in Brazil and found that
increased soil erosion associated with land-cover and land-use change
contributed to elevated mercury concentrations downstream of ASGM
activities. Such information is critical for seeking strategies to mitigate
land-use changes in addition to direct ASGM activities.

Consumption of fish is directly linked to public health risks via
mercury exposure even in remote regions without significant point
sources of mercury. We propose preliminary assessments to identify
aquatic ecosystems and fish species that are sensitive to atmospheric
mercury deposition relative to other mercury sources such as point
source releases and terrestrial runoff. This will provide a more targeted
and resource-effective EE (Table 1). Specifically, the Δ200Hg and
Δ204Hg of fish as well as the degree of δ202Hg offset between sediment
and estimated MMHg may be used as a quick screening procedure to
predict potential responses of fish under the widespread upstream
regulation of anthropogenic mercury emissions via the MC. We found
that the small δ202Hg difference between sediment and MMHg
(Fig. 10A) as well as negative Δ200Hg and positive Δ204Hg in fish
(Fig. 11A) are consistent with sediment as the dominant MMHg pro-
duction site. In contrast, the large δ202Hg difference between sediment
and MMHg (Fig. 10B), as well as positive and negative fish Δ200Hg and

Δ204Hg, respectively (Fig. 11B) (as in the case of the open ocean and the
Great Lakes) may indicate that atmospherically deposited mercury is
converted to MMHg in the water column prior to ecosystem exposure.
The study by Sherman and Blum, 2013 also provides an interesting case
study in which mercury deposited from the atmosphere to sediment and
that has then undergone methylation, was found to be the dominant
mercury source to largemouth bass in Florida lakes (see Section 3.4.3).
Perhaps the observation of more rapid changes in fish mercury con-
centration and isotope values may be achieved in waterbodies such as
the Great Lakes, given the rapid turnover of mercury in the water
column compared to sediments. As such, we suggest that the evaluation
of ecosystems and fish species to find those most sensitive to atmo-
spheric mercury deposition will allow more targeted EE as well as fu-
ture predictions of the MC.

6. Conclusions

This literature review suggests that the measurements of mercury
isotope ratios in various environmental samples and ecosystems can
help address the challenges of the GMP and the EE of the MC. In regards
to the GMP, we found that the measurements of atmospheric samples
such as TGM and precipitation provide the most direct way of gen-
erating comparable information on sources, processes, and fate of at-
mospheric mercury. Samples of foliage and litter are dominantly in-
fluenced by atmospheric Hg0 and displayed distinct mercury isotope
ratios consistent with either background or anthropogenic sources. In
contrast to these samples, the utilization of sediment and fish for the
GMP appear difficult given that they represent mixtures of multiple
mercury sources and are influenced by complex processes leading to
mercury isotope fractionation.

A vast number of studies concerning the measurements of mercury
isotope ratios have been conducted primarily at local scales to under-
stand the sources, processes, and fate of mercury in specific environ-
mental reservoirs. By proposing an additional objective for the EE that
is aligned specifically with the goal of the MC, we suggest that the
utility of mercury isotopes can be further expanded to local mercury
hotspots and media that are directly relevant for human health.
Specifically, the measurements of atmospheric HgP and sediment mer-
cury isotope ratios at locations of point source mercury emissions and
releases, respectively, can be used to evaluate the effectiveness of local
scale regulations and for re-evaluating domestically important mercury
emissions sources, which are not governed under the MC (i.e., biomass
burning). Humans are primarily exposed to mercury via fish con-
sumption and we suggest that using mercury isotopes to screen eco-
systems and fish species that are sensitive to atmospheric deposition
can allow both accurate prediction and a resource-effective target for
EE. Young-of-the-year fish that have limited spatial movement and feed
primarily on plankton from the water column may also be an effective
bio-sentinel(s) for evaluating the effectiveness of the MC.

A number of challenges still remain in regards to the widespread
utility of mercury isotope measurements for the MC. A major pitfall of
using mercury isotope ratios for source apportionment is the over-
lapping of source signatures and complex biogeochemical processes
leading to isotopic fractionation in environmental reservoirs. While a
number of studies have utilized statistical methods (e.g., Janssen et al.,
2019), isotopic mixing models, (e.g., Bartov et al., 2013) and separation
of mercury species (e.g., Brocza et al., 2019) to better decipher the
differences in source signatures, the interpretation of low-level specia-
tion and biogeochemical processes are limited. Additional effort is
needed to understand mercury isotope fractionation pathways during
diverse biogeochemical processes. In addition, whole ecosystem studies
in which various environmental samples (i.e., sediments, precipitation,
fish) are measured simultaneously within an ecosystem are necessary
for identifying additional processes leading to mercury isotope frac-
tionation and pathways of mercury input. This information will ulti-
mately serve as an important baseline prior to the MC implementation.
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In the context of using mercury isotopes for deciphering signals due
to policy changes versus natural variations, one of the major obstacles is
the need for identification of legacy mercury sources (mercury that has
been recycled through the environment from previous anthropogenic
emissions). With widespread upstream regulation of anthropogenic
mercury emissions, we expect the proportion of legacy mercury sources
to increase in various environmental reservoirs relative to “new” an-
thropogenic sources (Kwon and Selin, 2016). Other environmental
forcing such as climate change may also increase the magnitude of le-
gacy mercury re-emission into the atmosphere. With such information,
we can establish more precise environmental baselines and explain
observed subtle differences in mercury isotope ratios between en-
vironmental samples and ecosystems.
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Appendix

Table A.1
List of sample types, sampling location, sample number and the associated references used for the data compilation.

Sample type (Fig. #) Sampling location Number of samples Reference

Atmosphere
TGM (Fig. 2A, 2B) Surface evasion: Grand Bay, Mississippi, U.S.A. 13 Rolison et al., 2013

Surface evasion: Guizhou, China 2 Yin et al., 2013a
Background: Alaska, U.S.A. 2 Sherman et al., 2010
Background: Wisconsin, U.S.A. 3 Demers et al., 2013
Background & urban-industrial: Midwest, U.S.A. 7 Gratz et al., 2010
High altitude mountain & urban-industrial:
Mountrain Ailao, Yunnan,
Mountain Damei, Zhejiang,
Beijing, and Guizhou, China

102 Yu et al., 2016

High altitude mountain: Pic du Midi Observatory, France 27 Fu et al., 2016
Urban-industrial: Shaanxi, China 21 Xu et al., 2017

Precipitation (Fig. 3A) CFPP: Xiamen, China 18 Huang et al., 2018
CFPP: Florida, U.S.A. 41 Sherman et al., 2012
Urban & background: Midwest, U.S.A. 40 Sherman et al., 2015b
Urban & semirural & background: Midwest, U.S.A. 20 Gratz et al., 2010
Urban: Guiyang, China 15 Wang et al., 2016
Semirural: Peterborough, Ontario, Canada 19 Chen et al., 2012
Semirural: San Francisco Bay, California, U.S.A. 3 Donovan et al., 2013
Background: Wisconsin, U.S.A. 5 Demers et al., 2013
Background: Tibetan Plateau, China 4 Yuan et al., 2015
Ocean: Shipboard and Hawaii, U.S.A. 8 Motta et al., 2019

Precipitation (Fig. 3B) CFPP: Florida, U.S.A. 41 Sherman et al., 2012
Semirural: San Francisco Bay, California, U.S.A. 3 Donovan et al., 2013
Background: Wisconsin, U.S.A. 5 Demers et al., 2013
Background: Michigan, U.S.A. 6 Sherman et al., 2015b
Background: Vermont, U.S.A. 6 Sherman et al., 2015b
Ocean: Shipboard and Hawaii, U.S.A. 8 Motta et al., 2019
Semirural: Florida, U.S.A. 15 Sherman et al., 2012
Urban: Ohio, U.S.A. 16 Sherman et al., 2015b
Urban: Michigan, U.S.A. 12 Sherman et al., 2015b

PM2.5 (Fig. 4A) Beijing, China 23 Huang et al., 2016
PM10 (Fig. 4A) Kolkata, Inida 52 Das et al., 2016
Total PBM (Fig. 4B) Xiamen, China 38 Huang et al., 2018

Shaanxi, China 67 Xu et al., 2017
Guiyang, China
Zhejiang, China

46 Yu et al., 2016

Terrestrial
Foliage (Fig. 6A) Wisconsin, U.S.A. 18 Demers et al., 2013

Various locations in the U.S.A. 9 Zheng et al., 2016
Litter (Fig. 6A) Chinese litter 99 Yu et al., 2016

Wang et al., 2016
Various locations in the U.S.A. 7 Zheng et al., 2016

Forest floor (Fig. 6A) Sierra Nevada, CA, U.S.A. 2 Tsui et al., 2012
Pellston, MI, U.S.A. 1 Kwon et al., 2015
Various locations in the U.S.A. 22 Zheng et al., 2016

Urban soil (Fig. 6B) Northeast, France 14 Estrade et al., 2011
Beijing, China 5 Huang et al., 2016

Mineral soil (Fig. 6B) Wisconsin, U.S.A. 9 Demers et al., 2013
Tibetan Plateau, China 18 Wang et al., 2016
Various locations in the U.S.A. 38 Zheng et al., 2016

(continued on next page)
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Table A.1 (continued)

Sample type (Fig. #) Sampling location Number of samples Reference

Organic soil (Fig. 6B) Michigan, U.S.A. 1 Kwon et al., 2015
California, U.S.A. 1 Tsui et al., 2012
Northern Sweden 15 Jiskra et al., 2017
Various locations in the U.S.A. 8 Biswas et al., 2008

Sediment
River
Point source impacted (Fig. 7A, 7B) Oakridge, Tennesee, U.S.A. 11 Bartov et al., 2013

Donovan et al., 2014
Mill Creek, New Jersey, U.S.A. 3 Kwon et al., 2014
South River, Virginia, U.S.A. 8 Washburn et al., 2017
Puyango-Tumbes River, Educador 8 Schudel et al., 2018
Idrijica River, Italy-Slovenia 3 Foucher and Hintelmann, 2009
Gossan Creek, New Brunswick, Canada 18 Foucher and Hintelmann, 2006, Foucher et al., 2013
Dashuixi River, Guizhou, China 20 Yin et al., 2013b, 2013c
California Coast Range, U.S.A. 12 Donovan et al., 2016
Almaden, Spain 6 Jiménez-Moreno et al., 2016
New Idria, California 35 Smith et al., 2014
Aveyron, France
Kempen, Belgium

22 Sonke et al., 2010

Non-point source influenced (Fig. 7A, 7B) Aveyron, France
Kempen, Belgium

13 Sonke et al., 2010

Oakridge, Tennesee, U.S.A. 35 Bartov et al., 2013
Donovan et al., 2014

South River, Virginia, U.S.A. 5 Washburn et al., 2017
Dashuixi River, Guizhou, China 2 Yin et al., 2013c
Pearl River Delta, China 20 Liu et al., 2011
Central Amazonian Basin 12 Araujo et al., 2018

Lake
Point source impacted (Fig. 7A, 7B) Baihua Reservoir, Guizhou, China 15 Feng et al., 2010

Bratsk Reservoir, Siberia, Russia 9 Perrot et al., 2010
Peruvian Andes, Educador 8 Cooke et al., 2013
Almaden, Spain 8 Jiménez-Moreno et al., 2016
Lake Ballinger, Washington, U.S.A. 10 Gray et al., 2013
Manitoba, Canada 32 Ma et al., 2013

Non-point source influenced (Fig. 7A, 7B) Peruvian Andes, Educador 7 Cooke et al., 2013
Lake Wittington, Mississippi, U.S.A. 16 Gray et al., 2015
Various locations in the U.S.A. 31 Das et al., 2015
Various locations, Florida, U.S.A. 20 Sherman and Blum, 2013
Lake Ballinger, Washington, U.S.A. 5 Gray et al., 2013
Great Lakes region, U.S.A. 57 Lepak et al., 2015
Various locations, Ontario, Canada 19 Chen et al., 2016
Canadian Arctic lakes 19 Gantner et al., 2009
Lake Baikal, Siberia, Russia 1 Perrot et al., 2010
Hongfeng Reservoir, Guizhou, China 19 Feng et al., 2010
Central Amazonian Basin 4 Araujo et al., 2018
Esteras River, Alamden Spain 4 Jiménez-Moreno et al., 2016
Puyango-Tumbes River, Educador 8 Schudel et al., 2018
Manitoba, Canada 35 Ma et al., 2013

Pre-anthropogenic
(Fig. 7A, 7B)

Lake Ballinger, Washington, U.S.A. 4 Gray et al., 2013
Peruvian Andes, Educador 20 Cooke et al., 2013

Coastal/esutary
Point source impacted (Fig. 7A, 7B) Minamata Bay, Japan 18 Balogh et al., 2015

Foucher and Hintelmann, 2006
San Francisco Bay, U.S.A. 2 Donovan et al., 2014
Soča/Isonzo River estuary, Italy-Slovenia 6 Foucher and Hintelmann, 2009
Paraiba do Sul River estuary, Brazil 11 Araujo et al., 2017

Non-point source influenced (Fig. 7A, 7B) Northeast coast, U.S.A. 7 Kwon et al., 2014
Gulf of Mexico, U.S.A. 4 Senn et al., 2010
San Francisco Bay, U.S.A. 51 Gehrke et al., 2011b

Donovan et al., 2014
Foucher and Hintelmann, 2006

Cabretta Island, Florida, U.S.A. 41 Das et al., 2013
Celestum Lagoon, Yucatan Penninsula, Mexico 5 Das et al., 2015
Pearl River Delta, China 37 Yin et al., 2015

Pre-anthropogenic (Fig. 7A, 7B) San Francisco Bay, U.S.A. 8 Donovan et al., 2014
Marine
Point source impacted (Fig. 7A, 7B) Norweign Sea 14 Rua-Ibarz et al., 2016

Yasushiro Sea, Japan 12 Balogh et al., 2015
Gulf of Trieste, Itlay-Slovenia 6 Foucher and Hintelmann, 2009

Non-point source influenced (Fig. 7A, 7B) Campos Basin, Brazil 29 Araujo et al., 2017
Gulf of Trieste, Itlay-Slovenia 7 Foucher and Hintelmann, 2009
Central Portugese Margin 15 Mil-Homens et al., 2013
Gulf of Mexico, U.S.A. 2 Senn et al., 2010
South China Sea 6 Yin et al., 2015

(continued on next page)
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Table A.1 (continued)

Sample type (Fig. #) Sampling location Number of samples Reference

Pre-anthropogenic (Fig. 7A, 7B) Mediterranean Sea 11 Gehrke et al., 2009
Central Portugese Margin 6 Mil-Homens et al., 2013

Point source impacted sediment
Fly ash (Fig. 8A) Oakridge, Tennesee, U.S.A. 9 Bartov et al., 2013
Smelter (Fig. 8A) Lake Ballinger, Mississippi, U.S.A. 10 Gray et al., 2013

Manitoba, Canada 32 Ma et al., 2013
Aveyron, France
Kempen, Belgium

22 Sonke et al., 2010

Chemical industries (Fig. 8A, 8B) Minamata Bay, Japan 25 Balogh et al., 2015
Guizhou, China 15 Feng et al., 2010
South River, Virginia, U.S.A. 8 Washburn et al., 2017
Bratsk Water Reservoir, Russia 9 Perrot et al., 2010

Metallic mercury (Fig. 8A, 8B) Norweign Sea 14 Rua-Ibarz et al., 2016
Oakridge, Tennesee, U.S.A. 2 Donovan et al., 2014
Mill Creek, New Jersey, U.S.A. 3 Kwon et al., 2014

Mining (Fig. 8A, 8B) New Idria, California 35 Smith et al., 2014
Dashuixi River, Guizhou, China 8 Yin et al., 2013b
Dashuixi River, Guizhou, China 12 Yin et al., 2013c
Gossan Creek, New Brunswick, Canada 18 Foucher et al., 2013
Idrijica River, Italy-Slovenia 15 Foucher and Hintelmann, 2009
Puyango-Tumbes River, Ecuador Schudel et al., 2018
Almaden, Spain 14 Jiménez-Moreno et al., 2016
Peruvian Andes, Educador 8 Cooke et al., 2013
San Francisco Bay, U.S.A. 2 Donovan et al., 2013
California Coast Range, U.S.A. 12 Donovan et al., 2016

Fish
Lake (Fig. 9A, 10A, 11A) Lake Michigan, U.S.A. 28 Bergquist and Blum, 2007

Kwon et al., 2012
Lepak et al., 2015

Lake Ontario, U.S.A. 29 Lepak et al., 2015, 2018
Lake Superior, U.S.A. 28 Lepak et al., 2015, 2018
Lake Erie, U.S.A. 30 Lepak et al., 2018
Lake Huron, U.S.A. 26 Lepak et al., 2018
Lake Jackson, Florida, U.S.A. 40 Das et al., 2009
Various lakes in Florida, U.S.A. 31 Sherman and Blum, 2013
Canadian Arctic lakes 65 Gantner et al., 2009
Lake Baikal, Siberia, Russia 34 Perrot et al., 2010, 2012
Bratsk Reservoir, Siberia, Russia 24 Perrot et al., 2010
Nam Co Lake, China 5 Liu et al., 2018
Douglas Lake, Michigan, U.S.A. 3 Kwon et al., 2015
New Hampshire lakes, U.S.A. 2 Bergquist and Blum, 2007

Open ocean (Fig. 9B, 10B, 11B) Gulf of Mexico, U.S.A. 14 Senn et al., 2010
Eastern Pacific 34 Madigan et al., 2018
Central Pacific 28 Blum et al., 2013
Western Pacific 18 Madigan et al., 2018

Balogh et al., 2015
European Sea 7 Cransveld et al., 2017
South China Sea 18 Yin et al., 2016

Coastal (Fig. 9C) Gulf of Mexico, U.S.A. (coastal) 10 Senn et al., 2010
Gulf of Mexico, U.S.A. (transitional) 8 Senn et al., 2010
Northeast coast, U.S.A. 9 Kwon et al., 2014
Minamata Bay, Japan 12 Balogh et al., 2015
Bohai Sea, China 10 Liu et al., 2018
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