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■ INTRODUCTION

Since the Industrial Revolution, and before, human actions have
enhanced the production and emissions of mercury (Hg), as well
as climate changing gases (ozone, nitrous oxide, methane, and
carbon dioxide). Burning of fossil fuels, mining, and other human
activities, have increased the cycling of Hg at the Earth’s surface
(by at least 200%), increasing human and wildlife exposure.1

Without abatement of Hg releases, this pattern is expected
to continue into the future.1,2 Under the United Nations
Environment Programme (UNEP), countries negotiated the
Minamata Convention on Mercury, a legally binding agreement
intended “to protect human health and the environment from
anthropogenic emissions and releases of mercury and mercury
compounds” (Article 1 in ref 3). To date, the Convention has
128 signatories. The Convention will enter into force once it is

ratified by 50 nations. With the Minamata Convention, global
society has a regulatory mechanism to decrease environmental
Hg loadings. Together with the reduction of climate changing
anthropogenic gases through the Paris Climate Agreement, these
global environmental policies should work toward protecting
Earth for future generations. In order to achieve such long-term
and far-reaching policy goals, it is essential that Hg be managed
as a persistent contaminant. Recognizing that once released it
actively cycles in the environment for hundreds-to-thousands of
years before being buried in sediment.4

The Convention builds upon scientific knowledge of global
sources and supply, sinks, and reservoirs of Hg, coupled to
linkages with human and wildlife exposures, and related health
impacts.5,6 The atmosphere is the major transport pathway for
distribution of Hg globally. Exchange of Hg among reservoirs
(atmosphere, lithosphere, biosphere, and hydrosphere), and the
amount present in each reservoir, are estimated using computa-
tional models based on limited spatial and temporal measure-
ments of Hg concentrations, particularly in the atmosphere and
ocean. Moreover, accuracy of model projections depends on
the scientific knowledge of processes and mechanisms that
affect transport, transformations, and fate of Hg. Our knowledge
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of global cycling of Hg continues to be refined as a result of
measurements and fundamental research. It is therefore essential
that the Convention, and other policies, consider evolving scientific
understanding as implementation moves forward. Here, we
identify, and discuss, critical and emerging areas of investigation
that are fundamental to the successful implementation of the
Minamata Convention.

■ UNCERTAINTY IN ATMOSPHERIC HG
MEASUREMENTS AND IMPACT ON
UNDERSTANDING OF THE HG BIOGEOCHEMICAL
CYCLE

There are three forms of atmospheric Hg: gaseous elemental
(GEM), gaseous oxidized (GOM), and particulate bound (PBM)
(Figure 1). A single type of instrumentation has been used to
measure these forms for the past ∼15 years. Recently, it has been
demonstrated that measurements made with this technology
underestimate GOM concentrations by as much as a factor
of 2−13. Moreover, sampling efficiency for GOM is impacted
by interferences with ozone and water vapor.7 Quantifying
atmospheric concentrations of GOM is critical, because of its
bioavailability to ecosystems. Underestimates of GOM also result
in biased low values for modeled dry deposition.
Deposition of reactive mercury (RM=GOM+PBM) supplies

complexes of inorganic Hg that can undergo abiotic and
biological transformations on surfaces and in water. Importantly,
inorganic or Hg(II) can be converted to methylmercury, a form
of Hg that causes neurological, cardiovascular, and reproductive
health effects in humans8 and wildlife.9 Photochemical reactions
reduce Hg(II) to GEM, resulting in emission back to the
atmosphere and continuous cycling of Hg between reservoirs.
Thus, (1) it is important to make accurate calibrated measure-
ments of RM; and (2) understand that an atom of Hg remains
available for uptake by organisms until sequestered.
Oxidants in the atmosphere cause the chemistry and con-

centration of GOM to vary across space and time, affecting
atmospheric residence time and potential transfer to aquatic
and terrestrial ecosystems through deposition processes (ref 7
and references therein). Air at a pristine high-elevation site,
for example, can have higher GOM concentrations than at an
urban site due to oxidation and production above the planetary
boundary layer (where humans live). Atmospheric oxidants
and Hg have interwoven biogeochemical cycles, and should
not be considered independently. In order to understand the
effectiveness of policies made regarding Hg, and other air
pollutants, Hg chemistry and concentrations need to be
measured to monitor success. An ongoing, long-term, and
successful example is the National Atmospheric Deposition
Program that has monitored sulfur, nitrogen, and other
compounds in wet deposition, while power plants and industries
in the United States implemented controls on emissions.
Atmospheric deposition is the dominant source of Hg to the

ocean. Methylation reactions within the water column result
in methylmercury production and bioaccumulation in ocean
fish, consumption of which is the primary exposure pathway of
humans to Hg.2 Surface and intermediate waters of the ocean
have experienced the greatest impact of anthropogenic Hg
emissions.10 Future concentrations of methylmercury in marine
ecosystems and their inhabitants will depend on loadings of
RM from the atmosphere, physicochemistry, and the effects
of climate change on Hg methylation rates. Thus, we need to
understand the magnitude of RM deposition to the ocean.

■ EMERGING ISSUES DUE TO NEW INFORMATION
REGARDING ATMOSPHERIC MEASUREMENTS

There are at least four emerging issues related to atmospheric Hg,
based on refereed literature, that raise science-based concerns for
consideration when implementing the Minamata Convention.
Each issue impacts ecosystem health upon which humanity
depends; we need to recognize that (1) dry Hg deposition is not
well quantified and is greater than wet deposition in most
locations around the world; (2) there are significantly greater
concentrations of RM in the atmosphere than previously
realized; (3) methylation of atmospherically derived Hg is an
important process in the open ocean; and (4) global models are
constrained by a lack of high-quality emission inventory data and
model uncertainty estimates are considerable.
Without accurate measurements, modelers cannot develop

and test robust models, and, by extension, policy makers cannot
develop effective regulations. Critical limitations in models have
garnered significant interest within the scientific community and
among policy makers. Specifically, models are based on emission
inventories that have high uncertainties or simply do not exist.
Not all emission sources are considered, such as nonpoint sources
and unquantified coal-burning processes. Importantly, there is a
poor understanding of emissions from artisanal small-scale gold
mining (ASGM). Current models indicate that Hg emissions
from ASGM activities may be greater than coal-fired power
plants (37% versus 24% of total; ref 6). Additionally, emissions
from biomass burning, natural Hg sources, and legacy impacts
of anthropogenic emissions are not considered adequately in the
global mercury cycle.
Chemistry of emissions from different sources needs to be

considered for these will influence the scale and range of Hg
transport (local, regional, and/or global). Current models (1) are
evaluated based on limited data for atmospheric GOM and
dry deposition; (2) do not consider the presence of different
compounds of Hg in the atmosphere; and (3) apply reaction rate
constants that are either highly uncertain or unknown.
Statistical rigor, standardization, and reproducibility are

needed for all future air Hg measurements. Standard operating
protocols are also required. A harmonization of data collection
and management of a central platform for assessing spatial Hg
gradients and patterns at a global scale have been initiated (e.g.,
Global Mercury Observation System; ref 11). However, prior
to implementation improved methods for determination of
atmospheric Hg species and forms need to be developed. This
will provide a platform for better modeling of dry deposition.
Policy relevant air-monitoring programs at strategic locations are
foundational to support a successful Hg abatement program.
Emerging methods, such as mercury stable isotope measure-
ments, are important tools for tracing local sources and deposition
of Hg, and to probe the nature of biogeochemical transformations
of mercury in the atmosphere and after deposition to land and
water bodies.12

■ CONTINUING UNCERTAINTIES FOR BIOLOGICAL
MEASUREMENTS

Current environmental Hg loadings have significant health
impacts on fish and wildlife populations around the world,
causing abnormal behavior,9 reduced reproductive success,13 and
ultimately increased overall risk to population-level health. The
extents of adverse impacts are poorly documented for fish and
wildlife populations, and there is particular concern for species
foraging in wetland habitats. Such areas are sensitive to Hg input
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because of highmethylation rates and increased biomagnification
associated with extended trophic food webs.
Based on the Minamata Convention (ref 3; Article 16 and 19),

measurements of Hg concentrations need to be conducted on key
taxa (i.e., fish, sea turtles, birds, marine mammals), and humans,
that are representative for tracking changes in environmental
Hg loads. However, it is not feasible to monitor all taxa across
comprehensive spatial and temporal scales, and thus customized
biomonitoring programs need to be designed that capitalize
on strategic measurements using the proper bioindicators,
tissue types, time of year, habitats, and geographic locations.14

Consideration is also needed regarding trophic position and
feeding habitat of bioindicators as both influence Hg body
burdens.
There is high uncertainty in models that use abiotic Hg

compartments (e.g., air, sediment, water) to predict biomagni-
fication and bioaccumulation of methylmercury, especially for
high trophic level biota. Therefore, because of the complex
behavior of Hg once it enters an ecosystem, the effectiveness of
Hg emission reduction policies need to be monitored through
biota. For example, the Canadian Clean Air Regulatory Agenda
(CARA) Mercury Science Program used Hg concentrations
in fish and an obligate avian piscivore (i.e., the common loon,
Gavia immer) to monitor the success of national regulations on
Hg emissions. Biomonitoring of Hg can help identify locations
of greatest concern and track temporal trends of significance,
especially when other environmental factors, such as climate,
are rapidly changing. While effects thresholds are established for
some avian invertivores and piscivores,9,13 there is considerable
uncertainty in concentrations of methylmercury that result
in toxicity across foraging guilds and taxa. Moreover, effects

thresholds are not well established for most organisms in the
coastal and open oceans that support most of the world’s seafood
markets. In particular, tropical ecosystems with diverse fish and
wildlife remain poorly characterized for patterns of methyl-
mercury exposure and thresholds of impact, even though this
biome may be most susceptible to Hg releases from ASGM.

■ NEXT STEPS

Both air and biological measurements are important for measuring
and evaluating the effectiveness of the Minamata Convention.3

The Convention should be evaluated by determining key locations
for comprehensive monitoring of atmospheric Hg, and Hg in
fish, wildlife, and humans.14,15 While the ultimate goal of the
Convention is to protect human health and the environment,
tracking relevant changes will require a well-vetted, science-based
design. Observations in the atmosphere, key terrestrial and aquatic
environments, and in humans will detect progress more effectively
and provide a rapid means to measure compliance.
Key needs include the following:

(1) Development of a measurement infrastructure based on
simple and affordable protocols that will enable traceable
and comparable assessments of Hg and the compounds in
air and deposition;

(2) Development of advanced active sensors for atmospheric
mercurymonitoring to facilitate the extension andmanage-
ment of long-term monitoring programs to support policy
implementation;

3) Biological measurements conducted within a properly
designed biomonitoring program within geographic areas
of greatest concern for ecological and human health.

Figure 1. Simple conceptual model of the biogeochemical cycling of mercury highlighting current emerging issues and areas of uncertainty.
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Co-located atmospheric and biological monitoring will allow
for assessment of habitats that are most sensitive to Hg input.
Once geographic areas of concern are identified, Hg sources can
be targeted for either more rapid phase out or implementation
of Hg controls. Scrutiny of such areas will be important for
informing policy on how to protect human and wildlife health.
As humans, we have a fundamental obligation to promote actions
that maintain a healthy planet with healthy ecosystems for future
generations of humans and wildlife.
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