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Preface

AMAP Assessment 2021: Mercury in the Arctic

This assessment report presents the results of the 2021 AMAP
Assessment of Mercury in the Arctic. The assessment updates
information presented in earlier AMAP assessments delivered
in 1998, 2002, 2011 and 2019.

The Arctic Monitoring and Assessment Programme (AMAP)
is a Working Group of the Arctic Council. The Arctic Council
Ministers have requested AMAP to:

o produce integrated assessment reports on the status and
trends of Arctic ecosystems;

« identify possible causes for the changing conditions in
the Arctic;

 detect emerging problems, their possible causes, and the
potential risk to Arctic ecosystems including indigenous
peoples and other Arctic residents;

o recommend actions required to reduce risks to Arctic
ecosystems.

This report provides the accessible scientific basis and
validation for any statements and recommendations made in
related derivative products, including its summary for policy-
makers that was delivered to the Arctic Council Ministers at
their meeting in May 2021.

The present report includes extensive background data and
references to scientific literature, and details the sources for
graphics reproduced in summary products. Whereas the
related Summary for Policy-makers contains recommendations
that focus on policy-relevant actions, the conclusions and
recommendations presented in this report also cover issues
of a more scientific nature, such as proposals for filling gaps
in knowledge, and recommendations relevant to future
monitoring and research work.

This assessment of mercury in the Arctic was conducted
between 2018 and 2020 by an international group of experts.
The expert group members and lead authors were appointed
following an open nomination process coordinated by AMAP.
A similar process was used to select international experts who
independently reviewed this report. Information contained
in this report is fully referenced and based first and foremost
on the results of research and monitoring undertaken since
2010. It incorporates some new (unpublished) information
from monitoring and research conducted according to well-
established and documented national and international
standards as well as quality assurance/ quality control
protocols. Care was taken to ensure that any critical probability
statements made in this assessment were based exclusively
on peer-reviewed materials. Access to reliable and up-to-date
information is essential for the development of science-based
decision-making regarding ongoing changes in the Arctic and
their global implications.

The lead authors of this assessment have confirmed that both
this report and its derivative products accurately and fully
reflect their scientific assessment. All AMAP assessment reports
are freely available from the AMAP Secretariat and on the
AMARP website (www.amap.no), and their use for educational
purposes is encouraged.

AMAP would like to express its appreciation to all experts who
have contributed their time, efforts and data, in particular the
lead authors who coordinated the production of this report.
Thanks are also due to the reviewers who contributed to
the assessment peer-review process and provided valuable
comments that helped to ensure the quality of the report. A
list of contributors is included in the acknowledgments at the
start of this report and lead authors are identified at the start of
each chapter. The acknowledgments list is not comprehensive.
Specifically, it does not include the many national institutes,
laboratories and organizations, and their staff that have been
involved in contaminants-related monitoring and research.
Apologies, and no lesser thanks are given to any individuals
unintentionally omitted from the list.

The support from the Arctic and non-Arctic countries
implementing research and monitoring in the Arctic is vital
to the success of AMAP. AMAP work is heavily based on the
ongoing activities of these countries, and the countries that
provide the necessary support for the experts involved in the
preparation of AMAP assessments. In particular, AMAP would
like to acknowledge Canada, and the Kingdom of Denmark
for their lead role in this assessment; AMAP would also like
to thank Canada and Norway (Ministry of Foreign Affairs) for
their financial support of this assessment work.

The AMAP Working Group is pleased to present its assessment
tothe Arctic Counciland the international science community.

Rune Dietz (Assessment co-lead, Denmark)
John Chételat (Assessment co-lead, Canada)
Ben DeAngelo (AMAP Chair)

Rolf Redven (AMAP Executive Secretary)

Tromse, December 2021
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1. Introduction

AuUTHORS: JOHN CHETELAT, RUNE DIETZ, SIMON WILSON

The 2021 AMAP Assessment of Mercury in the Arctic presentsa
comprehensive evaluation of the state of the science on mercury
(Hg) in the circumpolar Arctic region. This chapter introduces
the report by outlining the rationale, context and objectives
of the assessment, and it provides readers with a guide to the
structure and content of the report.

1.1 Why is an updated scientific
assessment needed on mercury
in the circumpolar Arctic?

Mercury contamination in the Arctic remains an environmental
and human health issue due to the continued risk of elevated
exposure in wildlife and in humans. Based on a thorough scientific
assessment, a summary of the latest science-based, policy-relevant
recommendations on anthropogenic and environmental drivers of
Hg contamination and its effects is needed for the Arctic Council
as well as to support government decision making.

Ten years have passed since the publication of the 2011 AMAP
Assessment of Mercury in the Arctic (AMAP, 2011) during
which time new advances have been made to address knowledge
gaps in Arctic Hg science. This area of research has been highly
productive; for example, a bibliometric search of journals in
the Science Citation Index Expanded (SCIE) revealed 547 new
articles published from 2011 to 2020 in environmental science
and human health using the search terms Arctic’ and ‘mercury’
(Clarivate Analytics, 2021). These studies have improved our
scientific understanding of the Arctic Hg cycle, including its
transport, biogeochemical processing, bioaccumulation in food
webs, and the effects of Hg on wildlife and humans, which
has relevant implications for policy-makers (see Figure 1.1).
In addition, monitoring programs of Arctic countries have
improved the time series of Hg measurements in air and biota,
including humans, providing new information on recent trends
in the Arctic environment.

Environmental change has continued to accelerate in the Arctic.
Globally, the past decade was the warmest on record (NASA,
2020), and annual air temperatures in the Arctic between 2014
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and 2018 exceeded those of any other year since the beginning
of the 20th century (AMAP, 2019b). Arctic sea-ice minima
for those same years were at record lows since measurements
began in 1979 (AMAP, 2019b). The dramatic melting of glaciers,
permafrost and icecaps, and the appearance of tundra wildfires
are more symptoms of climate change in the Arctic. The 2011
AMAP Mercury Assessment concluded that climate change
impacts on the Hg cycle were poorly understood (AMAP,
2011). Considerable research efforts over the last decade have
now been made to address this knowledge gap, which will be
summarized in the present assessment. The assessment also
provides closer links between wildlife or human exposure to
Hg and the related risks, as well as detailing how Indigenous
Knowledge contributes to scientific work on Hg.

Since the last AMAP Hg assessment (AMAP, 2011), a new global
treaty —the Minamata Convention on Mercury— has been
negotiated, adopted in 2013, and entered into force in August
2017 (UNEP, 2019). This legally-binding instrument of the United
Nations (UN) Environment Programme aims to protect human
and environmental health from Hg pollution. The circumpolar
Arctic is home to Indigenous Peoples, some of whom are among
the highest Hg-exposed populations in the world (Basu et al., 2018).
Biomonitoring of Hg in fish and wildlife has been conducted in the
Arctic as early as the 1970s in coordination with AMAP, and the
spatial and temporal trend datasets consolidated through AMAP
are among the most comprehensive in the world (Evers et al.,
2019); these data sets have shown the effect of the long-range
transport of Hg on a presumed pristine environment. Global
action is necessary to tackle this transboundary issue, and the
latest advances in Arctic Hg science reported in this assessment
aim to support the regulatory efforts and monitoring which have
been an outcome of the Minamata Convention.

12 How has AMAP previously addressed
the mercury pollution issue?

AMAP was established in 1991, under the Arctic Environmental
Protection Strategy adopted by the eight Arctic countries
(Canada, Denmark/Greenland, Finland, Iceland, Norway,
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Figure 1.1 A visualization of
the main fields of research
investigating Hg in the Arctic
based on the number of articles
published in science journals from
2011 to 2020 (Clarivate Analytics,
2021). Note that multi-disciplinary
journal articles may be counted in
more than one field of research.
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Russia, Sweden, United States of America) to monitor
anthropogenic pollution in the Arctic, focusing on the levels,
trends and effects of that pollution in the environment and in
humans (AMAP, 1998). Over the next three decades, AMAP
reported on measurements of Hg from across the circumpolar
Arctic in a series of scientific assessments. The first of these,
released in 1998, summarized existing information on a suite of
contaminants: heavy metals (including Hg), persistent organic
pollutants, and radioactive elements (AMAP, 1998). The
subsequent 2002 assessment focused exclusively on metals and
included greater detail on Hg pollution (AMAP, 2005). As more
scientific information became available on Hg in the Arctic, an
entire report was produced on the issue of Hg pollution (AMAP,
2011). Several assessments were also completed on human
exposure to contaminants (including Hg), and the effects of
these contaminants on Arctic populations (AMAP, 2003, 2009,
2015). In 2018, AMAP produced a scientific report on the
biological effects of contaminants on Arctic fish and wildlife,
which included an assessment of health risks from Hg exposure
in combination with persistent organic pollutants, especially
polychlorinated biphenyls (PCBs; AMAP, 2018a).

This series of AMAP scientific reports provided summaries
of the most up-to-date policy-relevant science on Hg
pollution in the Arctic. The assessments addressed key issues:
the anthropogenic sources of Hg outside the Arctic and its
transport to the Arctic; the accumulation of Hg in Arctic food
webs; and the risk of effects on fish and wildlife and the humans
who consume them. This work required, and continues to

Box 1.1 The Minamata Convention, AMAP and the Arctic

The adoption of the Minamata Convention on Mercury
in 2013 marked a breakthrough in the international
effort to address Hg pollution. The UN treaty is the first
global agreement to control emissions of Hg; it stipulates
the phasing-out of the use of Hg in many products and
requires parties to control, and, where feasible, to reduce Hg
emissions from coal-fired power plants, coal-fired industrial
boilers, non-ferrous metals production, waste incineration
and cement clinker production. All Arctic Council member
states apart from the Russian Federation are parties to the
convention.

Under Article 22 of the convention, parties shall, beginning
no later than 2023, evaluate the effectiveness of the
convention. Work is underway to establish arrangements
for this effectiveness evaluation that includes a provision for
‘comparable monitoring data on the presence and movement
of Hg and Hg compounds in the environment as well as trends
in levels of Hg and Hg compounds observed in biotic media
and vulnerable populations”.

The Arctic monitoring and assessment work of AMAP,
which is underpinned by national monitoring programs,
has been recognized as one of the best examples of a regional
Hg monitoring system that can help assess the effectiveness
of the Minamata Convention. AMAP is therefore well
positioned to continue to support the convention’s further
implementation.
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require, extensive international collaboration among national
research and monitoring programs of the eight Arctic countries,
including partnerships with Indigenous Peoples and with
leading scientists. AMAP’s coordination of Arctic monitoring
and its network of international Hg experts has yielded strong
scientific evidence to support regulatory processes on Hg
pollution, particularly the UN Economic Commission for
Europe’s Convention on Long-Range Transboundary Air
Pollution (CLRTAP; AMAP, 1998) and the UN Environment
Minamata Convention on Mercury (Platjouw et al., 2018).

Since 2002, the UN Environment Programme has been
producing Global Mercury Assessments (GMAs)—in 2002,
2008, 2013, and 2019—to provide science-based information in
support of international efforts to reduce Hg pollution (UNEP,
2002; AMAP/UNEP, 2008, 2013; AMAP/UN Environment,
2019). Since 2005, AMAP has collaborated with the UN
Environment Programme to produce the technical reports that
provide the background for the GMAs. One of the outcomes
of those collaborations has been the development of global
inventories of Hg emissions to identify critical anthropogenic
sources. The 2019 Global Mercury Assessment (AMAP/UN
Environment, 2019) included an updated global inventory
of Hg emissions and releases for 2015; the assessment also
included information on sectors now under regulation by the
Minamata Convention.

1.3 How will the results of this AMAP
assessment contribute to work under
the UN Environment Minamata
Convention on Mercury?

The 2021 AMAP Mercury Assessment is intended to contribute
to future effectiveness evaluation under the Minamata
Convention (see Box 1.1). The latest Arctic Hg science from the
2021 AMAP Mercury Assessment, including levels and trends,
is available for use in a future evaluation of Hg contamination
in the environment. Long-term temporal trend Hg datasets
and broad geographic coverage of monitoring sites, compiled
through AMAP’s coordination of national monitoring programs
of Arctic countries, provide an update on recent changes of Hg
concentrations in environmental matrices and in biota. Arctic
Hg databases have been generated, or updated, including DOME
(ICES, 2020) and EBAS (NILU, 2020), in order to support the
effectiveness evaluation. AMAP’s network of Hg experts —who
can provide context for and interpretation of the results—
was strengthened through this assessment initiative and also
through ongoing publication efforts by the scientists involved.
Regionally-intensive research on Hg in the circumpolar Arctic,
which is summarized in the 2021 AMAP Mercury Assessment,
highlights the complexity of processes that affect the fate of
global anthropogenic Hg emissions transported to the Arctic,
including the role of climate change. Although environmental
influences on Hg cycling likely differ in other regions of the
world, Arctic Hg science provides important lessons on the
interpretation of temporal and spatial trends with limited
local sources of anthropogenic origin, which may be used for
effectiveness evaluation of the Minamata Convention.
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1.4 What are Indigenous Peoples’
contributions to the study of mercury
in the Arctic, and what are their
perspectives on contaminant
research and monitoring?

At the 2019 Arctic Council meeting in Finland, the “important
role of scientific research, together with traditional knowledge and
local knowledge, in Arctic decision-making and the work of the
Arctic Council” was recognized by ministerial representatives of
the eight Arctic countries (Arctic Council, 2019). As a Working
Group of the Arctic Council, AMAP’s strategic framework
expresses this priority to work closely with Indigenous Peoples
and local residents through inclusive partnerships:

“Arctic Indigenous Peoples are disproportionally affected
by pollution and environmental change in the Arctic and
have a unique understanding of how natural systems
interact and change. AMAP’s Guiding Principles include
the respectful and comprehensive inclusion of Indigenous
Peoples and their knowledge in all AMAP activities”
(AMAP, 2019a).

Active collaborations between Indigenous Peoples and scientists
are critical to contaminants monitoring and research in the Arctic.
Information generated from those partnerships support domestic
and international initiatives to manage Hg contamination. The UN
Environment Minamata Convention on Mercury, for example,
includes text acknowledging findings which demonstrated
“particular vulnerabilities of Arctic ecosystems and indigenous
communities because of the biomagnification of mercury and
contamination of traditional foods” (UNEP, 2019).

In the 2021 AMAP Mercury Assessment, for the first time,
an entire chapter of the report is devoted to detailing the
contributions of Indigenous Peoples to the study of Hg in the
Arctic. Over 40 projects are reviewed to highlight the breadth
of collaborations on contaminants research, including examples
of bioaccumulation studies and Indigenous Knowledge which
provided ecological information to interpret Hg data. Indigenous
perspectives on contaminants research and monitoring are also
presented with an eye to fostering further collaborations in the
future and enhancing Hg programs in the Arctic.

1.5 What are the objectives of this
assessment and how is it structured?

The 2021 AMAP Mercury Assessment presents a summary
of recent advances in Arctic Hg science to address three
overarching policy-relevant questions: (1) What are the
human and environmental drivers of Hg levels in the Arctic?
(2) What are the effects of Hg on Arctic biota? and (3) What are
the impacts on human health from Hg exposure in the Arctic?
The report is structured using a question-based approach
where each chapter focuses on a key policy-relevant question
using the latest available scientific information while also
identifying uncertainties and knowledge gaps, and providing
recommendations for future research and monitoring
efforts. The Arctic Hg cycle is complex, with many processes

occurring between the transport of Hg from anthropogenic
emission sources to its bioaccumulation in biota and humans.
Figure 1.2 (over page) provides a road map for the assessment,
identifying where each aspect of the Hg cycle is addressed
in the report.

Chapter 1: Introduction This chapter outlines the rationale,
context and objectives of the assessment and provides a general
overview of the report structure and content.

Chapter 2: Temporal trends of mercury in Arctic media This
chapter presents a meta-analysis of available time series to
evaluate changes in Hg in the Arctic over the last 20 years or
longer. The datasets included measurements of Hg in air and
precipitation, a new long-term time series based on analysis of
tree rings, annual monitoring of Hg in marine, freshwater and
terrestrial biota, and temporal studies of human exposure to Hg.
Geographic patterns in trends are examined for dynamic areas
of change in the circumpolar Arctic. The complex processes
that influenced the temporal trends of Hg are described in
subsequent chapters, particularly in chapters 3, 4, 5, 6 and 7.

Chapter 3: Changes in Arctic mercury levels: emissions
sources, pathways and accumulation This chapter focuses
on the sources and transport of inorganic Hg to the Arctic
and its circulation within the Arctic. An updated inventory
is presented of anthropogenic Hg sources contributing to
contamination of the Arctic, as well as contributions of local
Arctic sources of Hg. An updated Arctic Hg budget estimates
how much Hg is deposited from the atmosphere and stored
or transported within the Arctic in terrestrial, freshwater and
marine environments.

Chapter 4: Changes in Arctic mercury levels: processes
affecting mercury transformations and biotic uptake This
chapter focuses on the environmental fate of methylmercury
(MeHg), the more toxic organic form of Hg that biomagnifies
through food webs. Environmental conditions and processes
are described which result in the formation of MeHg in the
environment, its entry into food webs, and its bioaccumulation
in Arctic fish and wildlife. This chapter also includes a new
Arctic MeHg budget which provides estimates of MeHg
circulation in Arctic environments to identify key sources and
transport pathways.

Chapter 5: How does climate change influence mercury in
the Arctic environment and in biota? This chapter examines
current evidence for the influence of climate change on Hg in the
Arctic environment and in biota. The effects of climate change
on physical and ecological processes are briefly summarized
for Arctic marine, freshwater, and terrestrial ecosystems. Then,
connections between those physical or ecological changes and
the Hg cycle are assessed by examining evidence for effects on
Hg transport, biogeochemical transformations of Hg, and Hg
exposure to biota.

Chapter 6: What are the toxicological effects of mercury in Arctic
biota? This chapter assesses the risk of toxicological effects to biota
from Hg exposure. Tissue Hg concentrations are evaluated for a
variety of available data on Arctic species of mammals, birds, fish,
and invertebrates from terrestrial and/or marine environments.
Population level effects, geographic hotspots and temporal
changes in risk are examined for highly exposed wildlife.
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Figure 1.2 Conceptual diagram of key components of the Arctic Hg cycle. Chapter numbers (denoted by black circles) indicate where information on
each component can be found in the assessment report. Note that Hg speciation is not characterized in the diagram.

Chapter 7: What is the impact of mercury contamination on
human health in the Arctic? This chapter links findings from
previous chapters on Hg in the environment and in biota with
human exposure to Hg. Diet influences and human biomarker
trends of Hg exposure are presented, as well as health effects on
northern populations. Communication strategies are discussed
that address the benefits of consuming traditional wild foods
in balance with health risks from Hg exposure.

Chapter 8: What are the likely changes in mercury concentration
in the Arctic atmosphere and ocean under future emissions
scenarios? This chapter uses modeling approaches to project
implications for the Arctic from different policy actions to
reduce global anthropogenic emissions of Hg (i.e., no action to
maximum feasible reductions). Model forecasting of changes to
Hg concentrations in the atmosphere and Arctic Ocean from
2015 to 2050 show possible future effects of global reductions
in anthropogenic emissions. Influences of environmental
drivers related to climate change are also explored relative to
anthropogenic Hg emissions.

Chapter 9: What are Indigenous Peoples’ contributions to and
perspectives on the study of mercury in the Arctic? This chapter
highlights, for the first time, critical contributions of Indigenous
Peoples to Hg research and monitoring in the Arctic, including
through community-driven projects. Specific examples of
recent initiatives are documented from circumpolar Arctic
countries, and Indigenous contributions to policy development
are also highlighted. A vision is presented for how inclusive and
ethical partnerships between Indigenous Peoples and scientists
should be conducted in the Arctic.

Chapter 10: Conclusions and Recommendations This chapter
summarizes the main conclusions of the preceding chapters
and findings in Hg science from the 2021 AMAP Mercury
Assessment that address a series of policy-relevant questions
concerning Hg transport, exposure and effects in the Arctic.
Priorities for future research and monitoring of Arctic Hg
are recommended.
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2.1 Introduction

The 2011 AMAP Mercury Report (AMAP, 2011) included
a comprehensive review of the time series of mercury (Hg)
in abiotic and biotic media that were available at that time. It
addressed long-term datasets (i.e., those comparing modern
with historical or pre-industrial Hg concentrations) to estimate
the relative importance of natural and anthropogenic Hg inputs
in modern biota and the environment. It also addressed short-
term datasets (i.e., those covering the past one to three decades)
which reflect more recent changes in Hg concentrations and used
this information to project some likely trends in the near future.

Continued monitoring efforts by national programs (Denmark/
Greenland: AMAP Core Program; Canada: Northern
Contaminants Program; NCP; Europe: AMAP, OSPAR) have
generated new time series for Hg in an array of matrices and
locations in the circumpolar Arctic. Air monitoring data are
available from additional stations, and several biota time series
have been extended. In addition to providing information
on trends at individual sites, the available data allow spatial
patterns in trends to be considered.

The increasing length (and associated power) of many of the
time series, especially biota time series, means that, in the
current assessment, a greater emphasis has been given to
trends observed over the most recent 20-year period, from
1999 to the most recent year of data available. In the case of
the longer time series, the changes over the past 20 years can
be compared with those over the entire period of monitoring.
This can provide insight not only into trends that may be
related to changing emissions but also into trends that may
be due to the influence of other changes that the Arctic is
undergoing, including those directly and indirectly associated
with climate warming. Wildlife is exposed to Hg primarily
though the diet, so environmental changes that affect Arctic
food-web structure and composition are particularly relevant
when assessing changes in biota over time. These aspects of
Hg in the Arctic are explored in more detail in Chapters 3, 4
and 5. The temporal trends described in this current chapter
are also evaluated in Chapter 6 in relation to risk thresholds
for wildlife health effects.

As in the previous AMAP mercury report, the current
assessment includes a chapter on the impacts associated with
Hg on human health in the Arctic (see Chapter 7). This work

has been coordinated with a new AMAP report on human
health in the Arctic (AMAP, 2021). Only a very few time series
of Hg in human populations are available and of adequate
length to assess temporal trends, but they do provide some
comparative international data (see Section 2.3.3). Mercury
levels in human populations are more difficult to relate to
global Hg emissions or environmental concentrations than to
levels in other biota as they are influenced by dietary choices,
including interventions such as food advisories and methods
of food preparation. Monitoring of contaminants in Arctic
human populations has focussed on vulnerable groups, in
particular children and women of child-bearing age. Limited
time series for Hg in Arctic human biomedia are therefore
addressed separately from other biotic temporal trends and
are referenced in Chapter 7.

The temporal trends assessment presented in this chapter
focuses on recent trends (time series covering the past few
decades) of Hg in air and biota, with a particular emphasis
on trends since 1999. The temporal trends are evaluated using
consistent, robust statistical approaches with the objective
of producing results that can be compared through a meta-
analysis. One objective of this chapter is to provide basic
information on temporal trends and spatial patterns in
the trends; this will also be considered in more detail in
subsequent chapters.

This chapter is structured around a set of policy-relevant science
questions as follows: 1) What are the currently available time
series and statistical analysis of Hg concentrations in the
Arctic for air (Section 2.2.1), for precipitation/wet deposition
(Section 2.2.2), in biota (Section 2.2.3) and in humans?
(Section 2.2.4); 2) Are concentrations of Hg changing over
time in Arctic air and precipitation (Section 2.3.1), in Arctic
biota, (Section 2.3.2) and in Arctic human populations?
(Section 2.3.3); and 3) Are there spatial patterns of Hg trends
in biota from the Arctic? (Section 2.4).

2.2 What time series and statistical
analysis are available?

Time series for updating information on trends in recent
decades were available for air and precipitation (see Appendix
Table A2.1), biota (see Appendix Table A2.2) and human bio-
media (see Section 2.2.4). In addition, recent development of
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Figure 2.1 Map of sampling locations for recent Hg time series included in the current assessment. The map shows sites of air monitoring and wet
deposition monitoring; human biomonitoring; and biota monitoring sites for different species.

anew environmental archive approach for measuring Hg time
series in tree-rings provided new information on longer-term
Hg trends from three sites in northern Canada. The locations
of the time series considered in the current assessment are
represented in Figure 2.1.

Time series in air and/or precipitation were available for
all Arctic nations apart from Iceland, albeit with limited
geographical coverage for large parts of the Arctic. Time series
datasets in biota were provided by all Arctic countries except for
Russia and the USA; Alaskan seabird time series datasets were
reported in the 2011 AMAP Mercury Report but have not been
updated with Hg data since that time. Human biomonitoring
time series for Hg were available from only four locations: one
in Canada (Nunavik); two in West Greenland; and one, derived
from cohort studies, in the Faroe Islands.

2.2.1 Air

Time series of total gaseous mercury (TGM) in air (see
Appendix Table A2.1) were available from 10 AMAP air
monitoring stations spanning around half of the circumarctic

region, with sites in the following locations: Alaska, USA;
northern Canada; Northeast Greenland; Svalbard; Sweden;
Finland; and northwestern Russia. These include three High
Arctic background air monitoring stations: Alert, Canada;
Villum Research Station (Station Nord), Greenland; and
Zeppelin Mountain, Ny-Alesund, Svalbard). The longest
continuous record of Arctic atmospheric Hg is from Alert,
Nunavut, Canada, which started monitoring in 1995 (ECCC,
2016; AMAP/UN Environment, 2019). Mercury air monitoring
at Amderma, Russia has been conducted from 2001 to 2009
and between late 2015 and early 2017, but available time series
data were not included in the trend analyses due to the data gap
between 2009 and 2015. Similarly, data for Station Nord from
2001 and mid-2002 were excluded because of the large data gap
between these earlier times and the continuous monitoring that
started in 2008. The four sites (Alert, Zeppelin, Station Nord
and Amderma) are considered ‘coastal Arctic sites’ due to their
location and the propensity for the occurrence of atmospheric
mercury depletion events (AMDEs). The continental North
American sites (Little Fox Lake, Yukon, Canada; 2007-present
and Denali National Park, Alaska, USA; 2014-present) are
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considered ‘Subarctic sites. Subarctic European sites include
both the coastal site Andeya, Norway (2010-present; Berg
et al., 2008) and the continental site Pallas, Finland (2008-
present; Angot et al.,, 2016). Total gaseous mercury (TGM)
has also been collected through a weekly manual 24- to 48-
hour integrated sampling program at Pallas since 1996. Further
south in Finland, the continental site Hyytidld (2008-2018) and
the coastal site Virolahti (2008-2018) are also included in the
trend analysis. Two of the coastal High Arctic sites, Alert and
Zeppelin, have long-term gaseous oxidized mercury (GOM;
also commonly abbreviated as RGM) and particulate bound
mercury (PHg; also commonly abbreviated as PBM, HgP or
PM) measurements covering the periods 2002-present and
2007-present, respectively. Air monitoring locations are shown
in Figure 2.1, and daily mean TGM (ng/m®) along with summary
statistics for all available data are provided in Table A2.1.

Most of the available air monitoring data are reported as
hourly-averaged data; these were aggregated to daily mean
concentrations prior to statistical analysis. Data were only
considered acceptable for statistical trend analysis when there
was 75% daily coverage in order to avoid bias caused by diurnal
variations. Samples collected with manual traps have been
integrated over a 24- to 48-hour period. Sampling times for
the GOM and PHg monitoring programs at Alert and Zeppelin
varied (between 2- and 4-hour intervals) and there was a slight
difference between the two data sets in the way GOM and
PHg concentrations were calculated in the reported data.
Therefore, concentrations from Alert were re-calculated from
the raw data to match those from Zeppelin. Gaseous oxidized
mercury and PHg daily mean concentrations were accepted for
trend analyses if they met the 75% daily maximum coverage
requirement (based on the sampling period of each day) to
account for diurnal variability.

With temporal coverage varying from 5 years to 23 years, data
analyses were performed for both entire time series and for
overlapping time series from the decadal period 2008 to 2018.
This dual approach permits the best understanding of trends
at individual sites and allows for a direct comparison of trends
over a consistent period between sites.

To calculate the trends, the seasonal Mann-Kendall test for
trends and the related Theil-Sen slope calculation analysis (see
Gilbert, 1987) was employed using daily mean concentration
data. This method has been used to assess temporal trends
with atmospheric Hg data sets such as those from the Arctic,
Subarctic and temperate sites (Cole and Steften, 2010; Berg etal.,
2013; Gay et al., 2013; Cole et al., 2014; Weiss-Penzias et al,,
2016). The extension of the non-parametric Mann-Kendall
method is recommended for use on data that are not normally
distributed and which may have data gaps; both conditions
are present in the datasets considered. This method compares
the same season across several years, using the Mann-Kendall
test to confirm or reject the presence of a slope and the Theil-
Sen regression to determine its magnitude. This methodology
was applied to the atmospheric Hg data collected at the 10
Arctic and Subarctic sites discussed previously and outlined
in Appendix Table A2.5.

2.2.2 Precipitation/wet deposition

Mercury wet deposition has been measured for more than
30 years within the National Atmospheric Deposition
Program/Mercury Deposition Network (NADP/MDN),
Environment and Climate Change Canada - Atmospheric
Mercury Monitoring (ECCC-AMM, previously CAMNet) and
the European Monitoring and Evaluation Program (EMEP)
over varying time periods; several of the sites monitored are also
part of the AMAP monitoring network. Data from the AMAP
and EMEP networks are archived in the EBAS database at the
AMAP atmospheric data centre at NILU, Norway.

Most precipitation monitoring sites north of 55°N are in Low
Arctic or Subarctic areas, reflecting the practical difficulties
associated with precipitation monitoring at High Arctic sites
due to low temperatures and extreme conditions. Only four are
located within the AMAP circumpolar region and classified
as Subarctic sites, with only one site (Pallas, Finland) having
records long enough for robust trend analysis. Therefore, long-
term time series of Hg in precipitation from sites outside but
close to the Arctic area have been included in this analysis
(see Figure 2.1). The sites located in Scandinavia are part of
the EMEP measurement network, while the sites in the USA
are part of the NADP/MDN.

Samples collected weekly are averaged to monthly volume-
weighted means. The months are grouped together as seasons:
winter (December, January and February), spring (March,
April and May), summer (June, July and August) and autumn
(September, October and November).

The temporal coverage varied from 7 to 29 years, and trend
analysis was performed on both all data available and on
overlapping data from 2009-2018.

2.2.3 Biota

Biota time series of total mercury (THg) were constructed
from data extracted from databases maintained at the AMAP
Marine Thematic Data Centre at ICES' (mainly Icelandic
and Norwegian fish and shellfish monitoring data); and
additional data reported from national monitoring and research
programmes in Canada (NCP),? the Kingdom of Denmark
(Greenland and Faroe Islands), Norway and Sweden. Although
time series were assessed on the basis of THg, it is worth noting
that for birds and mammals considered in this trend assessment
almost all Hg in tissues is present in the form of methylmercury
(MeHg), with the exception of mammalian liver and kidney
(AMAP, 2011).

Where appropriate, marine mammal data were sub-divided
by age and sex, including some seabirds, ringed seals (Pusa
hispida/Phoca hispida), polar bears (Ursus maritimus), or
size, such as cetaceans. The resulting 124 biota time series
were filtered to ensure they met the criteria of having at least
6 years of data and data for the post-2015 period. Time series
yielding a total of 110 biota time series were appropriate for
trend assessments (see Appendix Table A2.2).

I See: www.ices.dk

* See: www.science.gc.ca/NCP



The bulk of the time series concerned marine mammals (54
time series); the majority of these were freshwater fish (19),
followed by seabirds (12) and marine invertebrates (mussels;
12), marine fish (11) and terrestrial mammals (2). Time series
ranged from 6 to 46 years with a mean range of ~16 years. In
addition to the analysis for trends, the biota the time series data
were examined with respect to their adequacy to detect trends
with a given statistical power (see Section 2.2.3.1).

Temporal trends of Hg in biota were analyzed using
mixed models based on individual log.-transformed THg
concentrations (ug/kg). The analyses used a dedicated
statistical application (AMAP, 2020) coded in the R statistical
environment (R Core Team, 2020). The application has
evolved from a method originally developed by Fryer
and Nicholson (1999) and has also been used to analyze
contaminant time series in biota, sediment and water under
the OSPAR and HELCOM programs. The current approach
was similar to that used in previous AMAP assessments,
which employed the PIA statistical application (Bignert et al.,
2004; Rigét et al.,, 2011a). However, it modeled individual
concentrations rather than annual medians and used smooth
terms rather than 3-years running means to evaluate the
degree of non-linearity. A full description of the methods
can be found in AMAP (2020).

Two key components of the analysis were the selection of a
parsimonious model that adequately described the pattern of
change over time, and the construction of a summary metric
that allowed patterns of change to be compared across time
series. To assess the pattern of change, a model with a (log.-)
linear trend was fitted:

log. THg concentration ~ a + [ year (1)

This first model (1) was compared to a second model (2)
with a non-linear trend, in which log. THg concentrations
varied smoothly (and non-linearly) over time:

log. THg concentration ~ s(year) (2)

Smoothers (s) were fitted on up to four degrees of freedom
depending on the length of the time series (as described in
AMAP, 2020). The selected model was that with the lowest
Akaike Information Criterion corrected for small sample
size (Burnham and Anderson, 2002). The significance of the
fitted trend (either linear or non-linear) was assessed by a
likelihood ratio test.

The metric used to summarize the pattern of change in each
time series was the annual percent (%) change in concentration
in the most recent 20-year period (1999-2018) which, for
convenience, is referred to as the ‘recent trend’. The metric
was chosen because it focussed on a period covered by all the
time series (only 29 of the 110 time series started after 1999)
and because it allowed meaningful comparisons between
time series with linear and non-linear trends. When the fitted
trend was linear, the recent trend was calculated as follows:

recent trend (%) = 100 (exp(B) -1) (3)

In (3), B was the estimate of B in equation (1). The
exponentiation in equation (3) back-transforms the annual
absolute change in log concentration, measured by B, to the
annual percentage change in concentration. When the fitted
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trend was non-linear, the recent trend was calculated by taking
the change in concentration between the start and end of the
20 year period and converting it to the equivalent annual
percentage change had the trend been linear, as follows:

recent trend (%) = 100 pr(w) - 1) (4)

(2018-1999)

In (4), §(2018) and §(1999) were the fitted log concentrations
in 2018 and 1999 respectively (see equation 2). Where time
series began after 1999 or ended before 2018, the start and
end years were adjusted accordingly. Additional details of
the statistical methods are provided in Appendix 2.3 (Fryer,
pers. comm., 2019).

As well as assessing the significance of the linear or non-
linear trend over the whole time series (using the likelihood
ratio tests mentioned above), it was also possible to assess
the significance of the recent trend. For linear trends, the
significance levels were identical, since they were both based
on . For non-linear trends, the significance levels differed
depending on the pattern of change. For example, it would
be possible to have a significant non-linear pattern of change
over the whole time series, but a non-significant recent trend
if, for example, concentrations declined in the early part of
the time series (before 1999) and then stabilized.

2.2.3.1 Power analysis for biota

The previous AMAP mercury assessment (AMAP, 2011)
included statistical power analyses that assessed whether the
biota time series available at the time were sufficient to detect
statistically significant trends (p<0.05) with power greater than
or equal to 80%. This procedure was repeated in the current
assessment to re-evaluate the extent to which the AMAP
monitoring program for Hg in biota is now capable of detecting
trends. The power analysis is based on statistical parameters
generated as part of the applied method (see Appendix 2.3 and
Fryer, pers. comm., 2019; Fryer and Nicholson, 1999).

The power to detect a trend in a time series depends on the
magnitude and pattern of the trend, the number of years of data
and the number of samples collected each year, whether the series
is sequential or contains gaps, the magnitude of the variance
components in the data, the test used and the significance level
of the test. The current investigation considered the power to
detect a log-linear change in concentration using a two-sided
F-test at the 5% significance level («=0.05). In particular, the
following metrics were calculated for each time series:

o power to detect a 5% annual increase given the current
configuration of years;

o lowest annual increase detectable with power >80% given
the current configuration of years;

o power to detect a 5% annual increase given 10 sequential
years of monitoring;

o lowest annual increase detectable with power >80% given
10 sequential years of monitoring.

Full details of the power calculations can be found in
AMAP (2020).
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Figure 2.2 Histogram of the power to detect a 5% annual increase with 280% power indicated by dashed line (left panel), and the lowest annual increase
detectable with >80% power (right panel) given the current configuration of years in the available biota time series for Hg.

In the current assessment, 77 of the 110 time series (70%)
have a (statistical) power >80% to detect a 5% annual increase
with their current configuration of years, meeting or exceeding
the specified criteria for detection of trends (see Figure 2.2,
left panel). This represents a major improvement over the
previous assessment (AMAP, 2011), where only 16 (19%) of
the 84 time series available at that time had a power 280%
(recalculated from Rigét et al., 2011a). The improvement in
power was also evident in the lowest annual increase detectable
with 280% power, which had a median value of 3.3% in the
current assessment compared to a value of 11% in the 2011
assessment (recalculated from Rigét et al., 2011a; Figure 2.2).

Overall, the ability of the AMAP monitoring programme to
detect trends in time series of THg concentrations in biota with
the desired level of statistical power has greatly improved since
2011. Much of the improvement in power is likely due to the
additional years of monitoring, which have extended existing
time series from a mean length of 11 years in the previous
assessment (AMAP, 2011) to 16 years in the current assessment.
The addition of new time series with high power (i.e., seabirds,
mammals) has also contributed to this improvement.

Implications of the power of trend
detection for AMAP monitoring

The selection of species and tissue for monitoring temporal
trends in Hg concentrations in biota involves a number of
considerations. These include objectives with respect to
detection of trends for various purposes, as well as practical
considerations including funding limitations, species
availability, and the collection of samples under challenging
Arctic conditions, in addition to the maintenance of monitoring
efforts over a long period (decades).

Table 2.1 presents the power of the available time series for
each animal group/tissue assuming 10 years of sequential
annual monitoring. This makes it possible to evaluate power
while ignoring the effect of different numbers of years and
the influence of gaps in time series when there was no

sampling. In the currently available datasets, time series
based on seabird eggs have the greatest power. Seabirds are
used in trend monitoring studies across the Arctic, including
retrospective trend studies using archived samples. Species
selection is an important consideration as some species
are migratory, while others are resident and overwinter in
the Arctic, and different species occupy different trophic
positions. Monitoring using bird eggs generally assumes
that Hg concentrations represent the uptake in the adult
birds in the local (breeding) area and not areas outside
the breeding season (e.g., wintering areas). However,
contaminant levels are likley affected by contamination in
wintering areas in (partly) capital breeders such as common
eider (Somateria molissima; Sénéchal et al., 2011).

Table 2.1 also indicates that monitoring invertebrates (mussels)
can also provide powerful time series for Hg trend evaluation;
however, the spatial coverage in the current assessment is limited
to Norway and Iceland. As sessile, filter-feeding organisms,
mussels can provide valuable spatio-temporal information
on contaminant distributions and trends. However, despite
relatively high power (see Table 2.1), few significant temporal
trends were detected in the current assessment. Establishing
circumpolar bivalve monitoring could be a relatively practical
approach to filling geographical gaps in Hg spatial trend

Table 2.1 Statistical power (mean %, and SD) and number of time series
by animal group/matrix to detect a 5% annual increase in total mercury
(THg) given 10 sequential years of monitoring at the 5% significance level.
Only group/matrix combinations with 5 or more time series are shown.

Species group Matrix Power (%)  Number
of series
Invertebrates (mussels) Soft body tissue 52 (31) 12
Marine fish Muscle 29 (16) 8
Seabirds Eggs (homogenate) 68 (12) 5
Marine mammals Muscle 48 (23) 15
Marine mammals Liver 19 (13) 30
Marine mammals Hair 28 (8) 6
Freshwater fish Muscle 49 (24) 18




10

monitoring, but this may not be ideal for temporal trends.
Both seabird eggs and mussels are relatively easy to sample in
a standardized manner (e.g., with respect to time of sampling),
though care is needed if sampling from small populations or
endangered species. Powerful time series were also detected
for marine mammals (muscle) and freshwater fish, the latter
notably more powerful than the currently available time series
for marine fish. The trends in these species’ groups are also
most relevant for evaluating risks to humans associated with
dietary intake of traditional foods by some Arctic people, or
in the case of high trophic level marine mammals, considering
wildlife health concerns (see Chapter 6). As general indicators
of ecosystem state, time series would ideally represent a range
of ecosystem components and animal groups and take account
of a number of potential confounding factors. Some of these
are associated with direct and indirect influences of climate
change on processes that affect exposure and uptake by biota,
including changes in ecosystem structures, migration patterns,
etc.; these issues are addressed in more detail in Chapters 4
and 5. These biota time series will also provide insights
regarding the effectiveness of measures taken to reduce and
eliminate anthropogenic Hg emissions through the Minamata
Convention on Mercury.

2.2.4 Human Biomonitoring

AMAP monitoring in Nunavik (Canada), and West Greenland
and the Faroe Islands (Kingdom of Denmark) produced four
time series of THg levels in human blood, updating data
previously reported in AMAP reports (AMAP, 2011, 2015). In
the Nunavik, Disko Bay and Faroe Island time series, individual
data were not available (due to ethical constraints applicable to
the exchange and publication of human data); consequently,
annual geometric mean concentrations were analyzed by log-
linear regression analysis. Individual data were available for
pregnant women from Nuuk, West Greenland and, for these
data, trends were assessed using log-linear regressions of annual
medians for women of 30 years or more and women of less than
30 years. Unlike the other locations, which focussed on blood
concentrations in pregnant women, the Faroe Island data were
collected at intervals within the same cohort of individuals over
time, with 5 cohorts in total (Weihe and Joensen, 2012; AMAP,
2015; Petersen, pers. comm., 2019). Therefore, measurements
in different years are not statistically independent in these time
series. Differences in study design and analytical methods for
humans made the results incomparable between locations. In
the current assessment, the focus is on Cohort 1 as it was in
this cohort that the only significant relationship was observed.
Results of the human temporal trend analyses are presented in
Section 2.3.3, and the factors affecting Hg in Indigenous Peoples
in the Arctic are discussed in detail in Chapter 7.

2.3 Are concentrations of mercury
changing over time?

Assessment of temporal trends will be an important element
in the assessment of the effectiveness of international efforts
aiming to reduce Hg emissions and their effects, such as
the global Minamata Convention on Mercury and Heavy
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Metals Protocol to the UNECE Convention on Long-range
Transboundary Air Pollution (CLRTAP). Understanding the
underlying reasons for the direction and strength of temporal
trends is equally important and requires knowledge of global,
regional and local factors of influence.

The 2011 AMAP Mercury Assessment (AMAP, 2011) evaluated
available time series data for Hg in air from four locations
in Canada, Iceland, Sweden/Finland and Russia. It further
reviewed results from an analysis of around 80 biota time series
using a consistent statistical analytical methodology.

Newly available data have extended many of the time series that
were evaluated in the 2011 AMAP assessment and added new
time series in some areas, though some time series have been
discontinued or lacked new data (see Section 2.2). Based on the
statistical analyses described in Section 2.2 and Appendix 2.3,
the question of whether concentrations of Hg in the Arctic are
changing over time has been re-evaluated.

The increasing length (and associated power) of many of
the time series, especially those in biota, means that, in this
re-evaluation, a greater emphasis has been given to changes
observed over the past 20 years. In the case of longer time
series, the trends over the past 20 years can be compared with
those over the entire period of monitoring to gain insight into
changes that may be related to changing emissions or may be
due to shifts in other factors of influence, such as those directly
and indirectly associated with climate warming. The influence
of emissions and climate change are discussed in Chapters 4
and 5, respectively.

2.3.1 Trends of total and speciated mercury
in air, precipitation, and deposition

Atmospheric transport is an important input pathway of Hg to
the Arctic. Long-range transport of Hg from emission sources
to the Arctic is enabled by its long atmospheric residence time
(AMAP/UN Environment, 2019). Deposition processes (wet
or dry) in the Arctic can be enhanced by unique conditions,
resulting in an input of Hg to the surface, where it may become
available for methylation and subsequent bioaccumulation and
biomagnification in food webs, or it may be re-emitted to the
atmosphere. Therefore, understanding the transport, deposition
and surface emissions of atmospheric Hg to the Arctic (see
Chapter 3) is important also to understanding human and
wildlife exposure to Hg.

The dominant species of Hg in the air is gaseous elemental
mercury (GEM), which has an atmospheric residence time
of 6 to 18 months (Steffen et al., 2014; Angot et al., 2016;
Ren et al., 2020). Gaseous elemental mercury is subject to
oxidation chemistry where it is converted to an ionic species
in the gas phase known as gaseous oxidized mercury (GOM).
Total gaseous mercury (TGM) represents the combination of
GEM and GOM in the air. Frequently, GOM species associate
to particles and/or aerosols and are then present as particulate
mercury (PHg).

Atmospheric Hg has been measured at several sites across
the Arctic for the past 25 years (Schroeder et al., 1998;
Lindberg et al., 2002; Dommergue et al., 2003, 2010; Poissant
and Pilote, 2003; Wingberg et al., 2003; Lu and Schroeder,
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2004; Skov et al., 2004, 2020; Sprovieri et al., 2005; St. Louis
et al,, 2005; Brooks et al., 2006; Fain et al., 2006; Kirk et al.,
2006; Hedgecock et al., 2008; Nguyen et al., 2009; Cole and
Steffen, 2010; Durnford et al., 2010; Nghiem et al., 2012; Berg
etal., 2013; Steffen et al., 2013; Moore et al., 2014; Obrist et al,
2017; Kamp et al,, 2018). Over varying time periods, ten sites
within the AMAP circumpolar region have records of TGM
that are long enough for robust trend analysis (i.e., longer
than 5 continuous years). These sites have been operated and
maintained by various governments and research institutes
over time. TGM data have been primarily collected using an
automated, continuous measurement analyzer, which captures
TGM on a gold bead trap and provides subsequent in situ
analysis. Manual sampling methods have also been used to
capture TGM using various types of gold traps, which are then
shipped to and analyzed in a laboratory. This latter sampling
method typically results in lower frequency of data. In addition
to TGM, some sites monitor GOM and PHg but, due to the
complexity of this type of measurement, only data from
2 sites are currently available. GOM is operationally defined
by its measurement process, which is the gaseous Hg species
collected on a KCl coated annular denuder. Particulate-bound
Hg is measured as Hg adhered to particles <2.5 um. These
two continuous measurements in the Arctic have been made
using the Tekran 1130 and 1135 instruments, respectively.
Particulate-bound Hg may also be collected on a filter surface
and manually analyzed for Hg concentration in the laboratory.
This method results in a lower frequency of data and is not
limited to aerosol sizes below 2.5um.

In the polar coastal boundary layer, GEM has been found to
react in the springtime with halogen radicals in the atmosphere.
The primary reaction species are bromine radicals (either
as BrO or Br) produced through the ‘bromine explosion’
photochemical process (Simpson et al., 2007). In reaction to
the bromine radicals, GEM is photochemically oxidized to
inorganic Hg compounds in the gaseous form which results
in a concurrent depletion of GEM and increase in oxidized
Hg species. This leads to phenomena known as atmospheric
mercury depletion events (AMDEs; Schroeder et al., 1998).
The oxidized forms of GEM are thought to be some version of
an Hg-Br, Hg-Cl or Hg-O species (Steffen et al., 2008, 2012).
When particles are present, the produced GOM preferentially
adheres to them. During AMDEs, when fewer particles are
present in the air, GOM is the predominant species of Hg;
when more particles are present, the predominant species of
Hg is PHg (Steffen et al., 2014). This chemistry has an impact
on the seasonal variation and time trends of atmospheric Hg
at various Arctic locations.

Two pathways for atmospheric Hg transfer to surface
environments exist, each with their own characteristic set
of processes: wet and dry deposition. Wet deposition of Hg is
defined as the air-to-surface flux in precipitation (occurring
as rain, snow, fog or ice) which mainly scavenges GOM and
PHg from the atmosphere, whereas dry deposition is air-
to-surface Hg flux in the absence of precipitation and is
believed to include all three Hg phases (Lindberg et al., 2007).
Establishing the rate of Hg deposition as well as the surface-
to-air emission of Hg is a key element in understanding the
environmental cycling of Hg and its impact on aquatic and
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terrestrial ecosystems and on the overall Hg budget in the
Arctic ecosystem. A number of researchers have estimated
that direct wet deposition accounts for between 50% (Landis
and Keeler, 2002) and 90% (Mason et al., 1997) of the Hg
entering surface waters, whereas others find dry deposition
to account for the majority of Hg deposition (Selin and Jacob,
2008; Wright et al., 2016). Since wet deposition accounts
for a large component of the Hg input to the environment,
monitoring Hg in precipitation is the most direct way of
assessing inputs from the atmosphere to sensitive ecosystems.

2.3.1.1 Seasonality of atmospheric mercury

Total gaseous mercury (TGM) daily mean concentration data
were split into four seasons: winter (December, January and
February), spring (March, April and May), summer (June, July
and August) and autumn (September, October and November).
Mean Hg concentrations for each season were then analyzed
from 1995 to 2018 (see Figure 2.3; descriptive statistics for
annual and seasonal mean daily TGM concentration for all
years are presented in Table A2.5).

Seasonal cycles of atmospheric Hg concentrations have
been observed and reported elsewhere (Steffen et al., 2005;
Cole and Steffen, 2010; Angot et al., 2016). General North
American seasonal patterns have historically been observed
to have low concentrations during the autumn and higher
concentrations during the winter (Cole et al., 2014). In a
recent investigation of Arctic coastal sites, concentrations
were at a maximum in the summer, minima in the autumn
and spring and slightly elevated in the winter in three of the
four sites; conversely, the patterns were the opposite at the
fourth site (Angot et al., 2016). At sites further inland, the
seasonal variation is different from the coast and generally
these sites show less intense seasonality (Steffen et al., 2015;
Obrist et al., 2017). These results demonstrate that there are
likely differences in atmospheric processes and anthropogenic
inputs between the inland and coastal Arctic sites impacting
seasonal concentrations. While this latter statement has been
made before for a few locations (AMAP, 2011; Berg et al.,
2013; Steffen et al., 2015), this assessment is the first time that
all of the atmospheric Hg data from the circumpolar Arctic
have been compared.

At High Arctic coastal sites, during the spring and
summer periods when AMDEs occur, a large variability
in concentrations has been reported (Berg et al., 2013;
Steffen et al., 2014, 2015; Skov et al., 2020). The AMDEs are
the conversion of stable GEM to rapidly depositing GOM and
PHg and result in periods of low GEM air concentrations.
However, periods of elevated GEM or TGM were also
reported during these periods and were attributed to the rapid
reduction of GOM to GEM and emission from the surface
(AMAP, 2011; Steffen et al., 2013). The summer enhancement
of GEM concentrations is still not fully reconciled but is
thought to result from a combination of contributions from
the re-emission of AMDE-deposited Hg, other emissions of
Hg from surfaces (e.g., from tundra, lakes, etc.), snowmelt
and evasion of Hg from the Arctic Ocean that is enhanced
from large Arctic river runoff (Steffen et al., 2005; Fisher et al.,
2012; Angot et al., 2016; Sonke et al., 2018).
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Figure 2.3 Seasonal time series of total gaseous mercury (TGM) concentrations in air (ng/m?) at 10 circumpolar locations.

Appendix Tables A2.5 and A2.6 provide descriptive statistics
for annual and seasonal daily mean concentrations, which were
used to help establish seasonal variability at the sites surveyed.
The range and standard deviation of the mean shown in these
tables may reflect seasonal, episodic, or interannual changes
in concentration. This information is useful for indicating
variability during the respective periods and is not a reflection
of the precision of the mean. Furthermore, due to the very
large sample sizes inherent in these multi-year daily datasets,
the standard error is very low. It is this low standard error that
provides confidence when comparing means between sites.

Annual and seasonal patterns of Hg were examined to assess
both inter-site and intra-site variability. Long-term records
(see Table A2.5) were used for intra-site variability, while inter-
site comparisons were made for a common 10-year period
(2008-2018, see Table A2.6). Broadly speaking, sites were
classified as either High Arctic or Subarctic, with Subarctic
sites further classified as coastal or continental sites to better
understand how different deposition processes affect the
seasonal patterns in the Subarctic.

High Arctic coastal sites (Alert, Amderma, Ny-Alesund and
Station Nord) showed the largest annual range and standard
deviation of daily mean TGM concentrations. The high variability

in TGM concentrations at these sites is also indicated by the
inclusion of the lowest minimum daily mean and the highest
maximum annual daily mean TGM concentrations of all ten sites
(see Table A2.5). Daily mean TGM ranges for Alert, Amderma,
Ny-Alesund and Station Nord were 3.27 ng/m’, 4.21 ng/m’,
2.43 ng/m® and 2.85 ng/m’, respectively. The large range in
concentrations is driven by springtime AMDEs. In addition,
the duration and magnitude of AMDEs change year-to-year
due to meteorological conditions, and this impacts inter-annual
variability of the seasonal concentrations as shown in Figure 2.3.
Although the highest maximum daily concentrations occur in
the spring, seasonal mean concentrations of TGM are highest
in the summertime at Alert, Station Nord and Ny-Alesund
and Amderma. Standard deviations of the mean daily TGM
concentrations for the autumn season for Alert, Amderma,
Ny-Alesund and Station Nord were 0.16 ng/m?, 0.16 ng/m’,
0.15 ng/m*® and 0.23 ng/m’, respectively, which represent the
lowest seasonal variability for these High Arctic sites.

In Subarctic sites (and throughout the Northern Hemisphere)
lower concentrations of TGM are typically observed during
the summer (Jiskra et al., 2018). These annual atmospheric
Hg patterns in the Northern Hemisphere are thought to be the
result of the respiration process incorporating GEM into plant
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tissue during the growing season (Obrist et al., 2017; Jiskra et al.,
2018). Changes in vegetation growth patterns in the Arctic
caused by climate change may influence the uptake of Hg during
short growing seasons. To examine the Northern Hemispherical
background Hg concentration trends, concentrations from the
winter should be examined due to the influence of changing
Arctic net primary production with climate change.

To examine seasonality of a particular site, all available data were
used (see Table A2.5). Mean seasonal concentrations for the
inland sites were observed to be the lowest during the autumn
season for Hyytidla (1.13 ng/m?), Virolahti (1.20 ng/m?), Denali
National Park (1.20 ng/m?), Pallas (active sampling: 1.30 ng/m?
manual sampling: 1.28 ng/m®) and Little Fox Lake (1.26 ng/m?).
At the coastal site Andeya, the summer mean (1.49 ng/m?)
and autumn mean (1.50 ng/m?®) were the same, while winter
mean maximums were observed (1.61 ng/m?). Winter mean
maximums were also observed at Pallas (1.52 ng/m?) and
Virolahti (1.40 ng/m?®). Spring seasonal mean maximums were
observed for Denali (1.44 ng/m?), Little Fox Lake (1.47 ng/m?)
and Hyytiala (1.31 ng/m?).

To examine differences between sites, the period of most
significant overlap should be considered (2008-2018, see
Table A2.6). The coastal site Andeya is located at a similar
latitude to Pallas, which is located inland approximately
350 km from the coast. Annual mean daily mean TGM
concentrations were lower for the inland site, Pallas
(1.40 ng/m’), than the coastal site, Andeya (1.52 ng/m’). A
lower concentration and less variability (smaller interquartile
range and lower standard deviation) at the inland site, Pallas,
was also observed for each season. Similarly, the coastal site
Virolahti is at a similar latitude to Hyytidl4, which is located
230 km inland. Lower annual mean daily concentrations
were observed at the inland site, Hyytiéld (1.23 ng/m’®), in
comparison to the similar coastal site, Virolahti (1.29 ng/m?).
In addition, the interquartile range is lower for the winter,
spring, and summer at Virolahti than at Hyytiéld. Investigating
the seasonality at these latitudinally paired sites shows that
concentrations were primarily lower with less variability at
continental sites relative to coastal sites.

At all the Arctic locations, the autumn and winter periods
show less variability. All High Arctic sites in this review are
coastal sites with observed AMDEs, which affect the spring
concentrations of TGM. Summer periods have also been
shown to have high concentrations and variability. Changes
in the spring and summer concentrations may therefore
indicate changes to either Hg inputs (global or regional)
or localized chemistry that affects concentrations. Thus,
the period with the least variability in the High Arctic was
identified to be the autumn and because of this is considered
the best period to examine the Northern Hemispherical
background concentrations of TGM at these High Arctic
coastal sites. As described above, all the Subarctic sites have
a maximum seasonal mean daily concentration during the
winter and/or spring period. The lower TGM concentrations
observed at continental sites relative to similar coastal
sites demonstrates the effect of plant uptake on seasonal
concentration. The winter period removes any potential
effects that climate change may play on plant growth and
mercury uptake in the Subarctic, therefore the winter period
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may be best for examining the Northern Hemispherical
background concentrations of TGM.

2.3.1.2 Recent temporal trends in total
gaseous mercury

Several papers have described temporal trends of atmospheric
Hg in both the Arctic and temperate regions (Boutron et al.,
1998; Ebinghaus et al., 2002a; Slemr et al., 2003, 2011; Berg et al.,
2004, 2013; Fain et al,, 2009; Li et al., 2009; Cole and Steffen,
2010; Cole et al., 2014; Chen et al., 2015; Lyman et al., 2020;
Ren et al,, 2020). Most locations have shown negative (i.e.,
declining) trends in the annual and seasonal data (Lyman et al.,
2020). In general, declines in atmospheric Hg concentrations in
the Arctic are smaller, ranging from 0.6% to 0.9% per year (Cole
and Steffen, 2010; Cole et al., 2014; Chen et al., 2015), than those
in more temperate regions. Some studies have concluded that
the negative trends could be due to changes in Hg emissions
and meteorological effects likely resulting from climate change
(Cole and Steffen, 2010; AMAP, 2011; Slemr et al., 2011; AMAP/
UN Environment, 2019; Lyman et al., 2020). More recently,
changes in these negative trends have also been noted (Cole
and Steffen, 2010; Cole et al,, 2014; Chen et al.,, 2015; Weiss-
Penzias et al., 2016; Lyman et al., 2020).

The time series of seasonal mean daily averaged TGM
concentrations for each site during each season were calculated
and are shown in Figure 2.4. Data coverage is variable between
the sites, which complicates trend analysis interpretation. Direct
comparison of trend magnitudes between sites of different
temporal coverages should be avoided because of the potential
for changing trends over time. To mitigate those effects, the
period between 2008 and 2018 is used for comparison because
this is the period during which there is more consistent data
coverage (8 sites with 11 atmospheric datasets). Amderma has
been excluded from this analysis because it does not meet the
criteria for the seasonal Mann-Kendall analysis due to a long
6-year data gap between 2009 and 2015.

Seasonal trend analyses were performed using all data
collected from each site (see Figure 2.4) and are presented
as the mean change in TGM in ng/m? as a percentage of that
site and season’s mean concentration. If the 95% confidence
limits of the calculated Mann-Kendall trend (as shown by the
vertical line in Figure 2.4) includes the zero trend line, then
the trend is not considered to be significant. Annual median
concentration trends (see Table A2.7) for all available years
were negative for 8 of the 11 measurements including: Alert
(-0.95% per year), Station Nord (-2.8% per year), Ny-Alesund
(-0.57% per year), Denali National Park (-1.7% per year),
Amderma (-2.3% per year), Pallas continuous sampling
(-0.87% per year), Andeya (-1.9% per year) and Hyytidld
(-1.4% per year). Virolahti and Pallas manual sampling
(1996-2018) show no significant annual trend, while Little
Fox Lake shows a positive (increasing) annual trend of 0.94%
per year. Seasonally, the trends were negative at all sites except
at Little Fox Lake (all seasons, significant), Hyytidld (autumn,
but not significant), Virolahti (summer and autumn) and
Denali National Park (autumn, but not significant). Manual
sampling at Pallas shows little trend and a higher amount of
error associated with the calculated trend, which is likely a
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Seasonal % change in TGM (for all available years)
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Figure 2.5 Seasonal trends (winter, spring summer and autumn, respectively by site) in total gaseous mercury (TGM) based on daily mean concentrations

for the 2008-2018 period. Error bars represent 95% confidence limits.

result of lower frequency of collection (24- to 48-hour samples
per week) or higher uncertainty in the measurement. Using
all available data and sites we can observe that trends were
negative in almost all locations throughout the Arctic.

The trends at the sites were also analyzed as a percent change in
TGM in overlapping data for the years 2008 to 2018 inclusive (see
Figure 2.5), allowing for the direct comparison of the magnitude
of trends between sites. Note that Denali National Park only
has data coverage for five of the ten years, so interpretation of
these data is limited, and Amderma does not have sufficient data
coverage for this period to calculate a meaningful trend for this
2008 to 2018 period. The overall trends of the overlapping 2008
to 2018 period are similar to the trends calculated for all the
years of data. Changes in TGM concentrations as a percentage

of the seasonal mean for the 2008 to 2018 period were calculated
and are shown in Figure 2.5. Autumn concentrations were
changing at a rate of -0.39% per year, -1.8% per year and -2.2%
per year, for the High Arctic sites Alert, Ny-Alesund and Station
Nord, respectively. Changes in Subarctic winter concentrations
were negative: -2.8% per year, -1.1% per year, -0.46% per year
and -0.61% per year for Andeya, Hyytidld, Pallas (continuous
sampling) and Virolahti, respectively. The calculated trends
were within the minimum and maximum for the winter period
for Denali and the Pallas manual samples and thus show no
significant trend. Little Fox Lake has a statistically significant
positive winter seasonal trend, changing at 1.4% per year.

Examining both the full data record and the data for the 2008
to 2018 overlapping period, we can observe trends of Hg are
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negative across the Arctic at most sites. Autumn concentrations
in the High Arctic coastal sites show a decrease for all years of
-0.91%, -0.76%, -2.2% and -2.6% per year in Alert (1995-2018),
Ny-Alesund (2001-2018), Station Nord (2008-2018) and
Amderma (2001-2009), respectively. Alert and Ny-Alesund
have negative autumn seasonal trends of -0.39% per year and
-1.8% per year, respectively, during the 2008 to 2018 period.

The Subarctic sites for the winter 2008 to 2018 period primarily
showed a negative trend, with only Little Fox Lake (1.4% per
year) having a positive trend and the Pallas manual samples
having no significant trend. The other continental sites (Denali
National Park, Hyytiéld, Pallas; continuous sampling) show
negative trends of -1.9%, -1.2% and -0.4% per year, respectively.
Both coastal Subarctic sites (Andeya and Virolahti) also show
negative trends of -2.8% and -0.61% per year, respectively.

For many sites, the 2008 to 2018 period captures the entire data
record (i.e., for Station Nord, Hyytidld, continuous sampling
in Pallas, Denali, Andeya and Virolahti). For sites with longer
records, the trends over or during this time period may yield
different results than those observed over the most recent decade.
For example, the trend in the spring Alert Hg concentration was
-1% per year across the entire record, compared to a decrease of
-3.7% per year in the 2008 to 2018 period, which represents an
increase in the rate of decline during the latter period. Similarly,
the negative trend of Hg for the Ny-Alesund autumn period
increased from -0.76% per year between 2001 and 2018 to -1.8%
per year between 2008 and 2018. These changes demonstrate that
the trends themselves can, and do, change over time.

The annual concentration of Hg at Little Fox Lake is increasing
annually by 1% per year for the 2008 to 2018 period. This
increase is even more pronounced for winter concentrations,
when the site is not subject to vegetative uptake; in winter at
this site, an even larger positive annual trend at 1.4% per year
is observed. This represents the only positive annual and winter
trend in the Arctic and is thought to be due to a combination
of a change in the relative frequency of air masses reaching
the site from Asia and an increase in Hg emissions from this
region (AMAP/UN Environment, 2019).

2.3.1.3 Recent trends in speciated mercury
at Alert and Ny-Alesund

Alert and Ny-Alesund are the only two sites that have available
long-term speciated Hg data including GOM and PHg. These
locations are known to have significant seasonal variability in
the data and, as a result, monthly trends were examined for
these two datasets rather than the seasonal trends used for
the TGM datasets. Daily mean concentrations of GOM and
PHg were also calculated from data collected since 2002 and
2008 at Alert and Ny-Alesund, respectively (see Table A2.9).
In addition, weekly manual total PHg data are available from
Pallas from 2001. Trends for this dataset are not presented here
because of the difference in collection methodology.

Concentrations of GOM and PHg are elevated during AMDEs,
typically occurring in the spring to early summer months
(Steffen et al., 2014). Due to the seasonally high concentrations
of GOM and PHg during the spring and summer periods caused
by AMDEs, a trend of, for example, 5% during this season has
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a larger effect on overall concentration of the Hg species and
their deposition to the surface than a similar trend during the
autumn, where concentrations are significantly lower.

The PHg trends measured at Alert during the 2002 to 2018
period during the months of January, March, April, June,
September and November were not significant (see Figure 2.6).
The months of February, May, July, August, October and
December were observed to have slight negative trends of
PHg ranging from -0.13% to -7.45%. More recently, in the
2008 to 2018 period, a negative trend of a larger magnitude is
observed with significant negative trends in January, February,
March, May, June and July, but no significant trend in April,
August, September, October, November and December. These
results indicate a shift in the trends for January, March and June
from no trend to a negative trend and for August, October and
December from a negative trend to no trend.

Trend, % per year
25 .
Alert Atmospheric Mercury Trend
20+ 2002-2018

Alert Atmospheric Mercury Trend
20 2008-2018
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Figure 2.6 GOM (dark red) and PHg (green) trends for Alert (2002-2018
and 2008-2018) and Ny—Alesund (2008-2018) as a change in concentration
as a percentage of the monthly mean.
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At Alert, GOM concentration trends are more consistent than
PHg for the 2002 to 2018 period, with January, March, April, May,
July, August, September, October, November and December all
measuring positive. The only negative annual trend was found
in February (-1.74% per year). For 2008 to 2018 there were no
significant trends in the months of March, May, September,
October, November and December. Negative trends are reported
in February, July and August while positive trends are reported
for January, April and June. By comparison to trends observed
in other months during both these time periods, a negative trend
in PHg is observed in February and, in the more recent years, a
negative trend was also observed in March and May. In contrast
to concentrations of PHg, GOM concentrations were observed
to increase during April and May for both analysis periods.
This represents a change from increasing PHg concentrations
to increasing GOM concentrations during depletion events and
may be driven by a decrease in the availability of particles during
the AMDE period.

By contrast, the trends for GOM from Ny-Alesund were negative
during for the months of February through September with no
significant trends for January, October, November and December.
Trends in PHg were positive for the months of January, April and
November and negative for September, October and December.
The negative trend in GOM during the springtime may indicate
a change in the conditions needed for AMDEs to occur at this
site, and the positive trend of PHg in April may indicate a higher
availability of particulate during this period. It is clear that the
temporal trends observed at Alert and Ny-Alesund have been
impacted by different processes over time and perhaps by different
anthropogenic emissions of both Hg and particulate matter.

Monthly analysis of TGM concentrations and trends from 1995
t0 2007 in Alert previously showed a change in the timing of the
AMDE:s (Cole and Steffen, 2010). The results of the trend analysis
on GOM and PHg datasets for both Alert and Ny-Alesund
suggest a change in composition of the Hg species with opposing
trends for GOM and PHg; at Alert, concentrations are observed
moving towards positive GOM trends, while at Ny-Alesund,
concentrations are observed moving towards positive PHg
trends. Despite the differences in direction, both sites are showing
changes in the process that may affect the deposition and input
of Hg to the Arctic environment. The changes in the timing
of Arctic haze patterns and sea-ice coverage may be driven by
changes in climate but it may also result in changes to AMDEs.
Although Station Nord does not have measurements of GOM
and PHg, the overall negative trend TGM suggests there may also
be a change in AMDEs during the spring and summer periods.

This chapter features the first comparative trend analysis of all
the atmospheric Hg data available to AMAP for assessment.
Total gaseous mercury (TGM) has been collected since 1995
from 11 different Arctic locations over varying time periods.
Speciated atmospheric Hg data has been collected using
continuous measurement methods from 2002 and 2008 at
two Arctic sites, Alert and Ny-Alesund. Global atmospheric
Hg emission and concentration trends show that Canada
(Cole et al., 2014; ECCC, 2016), the United States and Europe
(Streets et al., 2019) have decreasing levels of Hg, while data
from Asia indicates increasing or plateauing of Hg emissions
(Pacyna et al.,, 2016; Nguyen et al., 2019). Trends during the
autumn at all High Arctic sites and during the winter at all
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European Subarctic sites support the overall decrease in Hg
emissions and concentrations (negative trends) due to a global
reduction in Hg emissions. Increases (positive trend) found at
one location, Little Fox Lake, may be a representation of both
the increase in Hg emissions from Asia over the observed time
period and the changing weather patterns that may bring air
masses from these regions more frequently. While the Denali
National Park site in Alaska may experience the same change in
air masses and Hg levels as Little Fox Lake, for Denali National
Park the data were limited to five years (2014-2018), while Little
Fox Lake has been monitored since 2008, which may explain
the different trend behaviour at the site.

Seasonal TGM data at coastal High Arctic sites have greater
variability than Subarctic sites because of local AMDE
chemistry. The four High Arctic sites included in this study
are all coastal sites, and both their springtime concentrations
and trends are likely influenced by AMDEs. The autumn
season was found to be the most representative of background
concentrations at High Arctic sites because local processes have
less influence on those concentrations. Trends of TGM were
observed to be decreasing at all four sites during the autumn
season, similar to trends at Subarctic sites.

The magnitude of the long-term trends of TGM in Alert and
Ny-Alesund (1995-2018 and 2002-2018, respectively) differed
from the more recent period (2008-2018). Similarly, differing
directions of trends were observed between the 2002-2018 and
2008-2018 period of analysis used for Alert GOM and PHg.
These results indicate that the trends are dynamic and that
applying analyses in different time periods may yield different
results and interpretations.

2.3.1.4 Regional and seasonal dependence
of mercury in wet deposition

Mercury wet deposition flux is a product of the total
precipitation amount and the concentration of Hg in that
precipitation. Previous studies suggest that the magnitude of
Hg wet deposition varies geographically and seasonally due
to climatic conditions, atmospheric chemistry and human
influences (VanArsdale et al., 2005; Selin and Jacob, 2008;
Prestbo and Gay, 2009). Wet deposition in rural areas in North
America and Europe are similar (Weiss-Penzias et al., 2016;
Sprovieri et al., 2017), although in this study the sites in North
America tend to have lower Hg wet deposition. There is an
apparent latitude-dependent gradient in Hg concentration and
wet deposition, with lower deposition rates at the Subarctic sites
compared to further south in Scandinavia, in line with previous
observations (Selin and Jacob, 2008; Sprovieri et al., 2017).
Geographic differences in Hg wet deposition may be explained
in part by the proximity to atmospheric sources, as urban
industrial locations tend to have higher Hg wet deposition
than remote locations, but this association can be weak because
atmospheric processes, not just local emissions, are important
drivers of Hg uptake by precipitation (Sprovieri et al., 2010).
Many studies have noted the influence of emission sources on
spatial trends in Hg wet deposition including on a global scale
(Sprovieri et al., 2010, 2017).

The seasonal cycles of Hg concentrations and precipitation
along with Hg wet deposition are shown in Figure 2.7. Seasonal
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Figure 2.7 Box and whisker plots of seasonal variation in Hg concentration (ng/L), Hg wet deposition (ug/m?) and precipitation (mm).
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cycles in Hg wet deposition flux are observed at all stations in
this study, as has been reported elsewhere (Selin and Jacob,
2008, Prestbo and Gay, 2009; Cole et al., 2014). The amount
of wet deposition is highest in summer and lowest in winter
and the pattern is most pronounced at inland Subarctic sites
compared to coastal sites. The seasonal patterns have been
explained by the following: more precipitation in warm seasons
(Sanei etal., 2010; Sprovieri et al., 2017); the fact that Hg is more
effectively scavenged by rain in summer compared to snow in
winter (Sorensen et al., 1994; Selin and Jacob, 2008; Gratz et al.,
2009); a greater availability of soluble Hg due to convective
transport in summer events (Keeler et al., 2005; Lyman et al.,
2020); and an increase in Hg-containing soil-derived particles
in the atmosphere in summer (Sorensen et al., 1994).

2.3.1.5 Recent temporal trends in mercury
wet deposition fluxes

Several studies have examined temporal trends in Hg wet
deposition fluxes over varying time periods and extent
(Keeler et al., 2005; Wingberg et al., 2007; Prestbo and Gay,
2009; AMAP, 2011; Zhang and Jaeglé, 2013; Weiss-Penzias et al.,
2016). These studies mainly cover North America and Europe,
while Sprovieri et al. (2017) reported wet deposition trends
from a global project. Many of these studies have shown
declining trends in both annual and seasonal Hg concentrations
and deposition, and increasing amounts of precipitation
(Widngberg et al., 2007; Prestbo and Gay, 2009; Olson et al.,
2020). The declines in Hg concentration and deposition have
been attributed to reductions in anthropogenic emissions
and changes in meteorological conditions, such as increasing
precipitation. In both Europe and North America, the trends are
heterogeneous and are driven by larger decreases earlier in the
monitoring record (Wingberg et al., 2007; Weiss-Penzias et al.,
2016; Olson et al., 2020). Weiss-Penzias et al. (2016), Zhang et al.
(2016a) and a review by Obrist et al. (2018) have shown that
wet deposition follows temporal trends in global and regional
anthropogenic Hg emissions.

Trend calculations for Hg wet deposition were carried out
using the same method as that which was used for calculating
air concentration trends in this assessment and for previous
calculations of Hg deposition trends (Cole et al., 2014;
Olson et al., 2020). Because trends may change over time,
comparison of trend magnitudes between sites with different
temporal coverages and/or ranges should be avoided. Data
coverage varied between sites which complicated trend
analysis interpretation but was most comparable between
2009 and 2018; trend analysis in the period 2009 to 2018 was
also performed for the European sites for all the available
data. Percent change for precipitation parameters are
summarized in Table 2.2. Trend calculations for the shorter
period (2009-2018) should be treated with some caution;
while indicative, they should not be considered absolute, given
the relatively short time period and large annual changes. In
addition, there are missing data for some sites at certain time
periods. Moreover, Collaud Coen et al. (2020) clearly show
that the Mann-Kendall test and the associated Theil-Sen slope
test are biased when applied for shorter periods; this is due
to the fact that the analysis may lead to a larger probability of
false trend detection because of the low number of elements
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in the time series, which is particularly the case for data series
with high interannual variations.

A decreasing trend in annual Hg concentration at sites in Lista/
Birkenes (-2.2% per year), R46/Rorvik (-1.6% per year) and
Vavihill/Hallahus (-1.4% year), whereas a slight increasing
annual trend was observed in Bredkilen (1.9% per year) and
no trend was observed in Pallas for all years available (see
Table 2.2). For the time period between 2009 and 2018, sites in
the U.S. observed a decreasing concentration trend (-5.5% and
-2.3% per year, respectively) similar to the sites in Lista/Birkenes
(-3.3% per year), Ra6/Rorvik (-3.2% per year) and Vavihill/
Hallahus (-1.6% per year), whereas the sites in Northern Europe
observed no concentration trend. An increasing trend in the
amount of precipitation was observed in Pallas (3.3% per
year) and Lista/Birkenes (2.9% per year), whereas all sites in
Sweden observed slight declining (<1% per year) or no trend
in precipitation depth for all years available. For the time
period between 2009 and 2018, all sites in Europe observed
increasing trends in precipitation, whereas both declining
and increasing trends were observed at the sites in the USA.
Similar to concentration trends, the annual deposition trend is
declining in Lista/Birkenes (-1.1% per year), Ra6/Rorvik (-1.6%
per year) and Vavihill/Hallahus (-0.4% per year), whereas, for
all years during this period, it is increasing in Pallas (3.3% per
year) and Bredkalen (5.1% per year). For the 2009 to 2018 time
period, the trends are similar with the only change being that in
Vavihill/Hallahus the deposition trend changed direction from
negative to positive. The sites in the USA show both positive
and negative trends in deposition. The trend calculations for
the time period between 2009 and 2018 show some extremes
that may be caused by noise or gaps in the data series that have
larger impacts on the shorter temporal trends, highlighting the
importance of long time series when conducting robust trend
analyses (see Table 2.2).

In terms of the seasonal changes, only Lista/Birkenes had a
consistent trend throughout the year and seasons and for all
parameters (see Figure 2.8). The Hg concentration was changing
atarate of -2.2% per year with even steeper changes in autumn
and winter (see Table 2.2). Precipitation is increasing at a rate
0f 2.9% per year with larger increases in summer and autumn,
while deposition of Hg is declining at a rate of -1.1% per year
with the largest declines observed in winter. The increase in
precipitation causes a dilution of Hg in precipitation (lower
concentrations), and Hg deposition is declining in line with the
reduction in European Hg emissions. The same general trends
are observed at R46/Rorvik and Vavihill/Hallahus, however
they were not as pronounced. In Pallas and Bredkilen, the
concentrations of Hg were increasing through most of the year,
while precipitation is both increasing and decreasing, and the
net effect is an increase in Hg deposition. These trends suggest
sites close to primary local Hg emission sources (Lista/Birkenes,
R&6/Rorvik and Vavihill/Hallahus) respond to reductions in
Hg emissions; conversely, the observed trends in the North,
far away from Hg emission sources (Pallas and Bredkilen),
are likely driven by contribution of secondary emissions and
changes in the global Hg pool.

This comparative trend analysis of Hg wet deposition fluxes from
seven monitoring sites in North America and Europe confirms
previous findings from North America and Europe. Though
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Table 2.2 Annual and seasonal trends in Hg concentrations, deposition and precipitation for all years of available data (see Table A2.1 for range of years)
and for the period 2009 to 2018. Trends statistically significant (p<0.5) are displayed in bold.

All years of available data

Years 2009-2018

Hg concentration, Hg wet deposition,  Precipitation, ~ Hg concentration, Hg wet deposition,  Precipitation,
% change % change % change % change % change % change
per year per year per year per year per year per year
Pallas Annual 0.0 33 3.3 0.0 16 12
Spring 0.8 1.1 2.1 -8.6 8.6 6.8
Summer -0.6 3.6 34 -3.4 28 22
Autumn -0.7 9.6 5.4 4.1 16.2 0.7
Winter 0.0 4.6 0.5 -4.1 280 500
Lista/Birkenes Annual -2.2 -1.1 2.9 -3.3 -35 1.3
Spring -0.9 -1.1 0.8 -6.9 -1.6 7.2
Summer -2.0 -1.0 33 -3.9 -5.8 -1.9
Autumn -2.4 -1.2 6.1 -4.2 -4.6 2.4
Winter -2.7 -2.0 2.6 -3.0 -2.3 1.0
Bredkalen Annual 0.0 3.3 3.3 0.0 8.0 3.5
Spring 0.2 14.1 11.0 -9.1 18 22
Summer 5.1 2.8 -1.0 7.5 2.0 -3.1
Autumn 3.1 0.1 -2.4 8.9 25 6.7
Winter 5.7 7.2 0.9 -3.8 37 61
R&6/Rorvik Annual -1.6 -1.6 -0.4 -3.2 -0.9 4.0
Spring 0.0 -2.0 -1.1 -8.6 -1.6 13
Summer -1.2 -1.0 0.6 -0.1 -4.2 -24
Autumn -1.9 -2.4 -0.8 -3.8 5.8 6.8
Winter -1.9 -24 -1.0 -4.5 20 14
Vavihill/Hallahus ~ Annual -14 -0.4 -0.7 -1.6 3.8 1.9
Spring 0.2 -1.6 -14 -7.5 4.7 8.3
Summer 1.8 -0.6 -1.8 2.6 0.6 -2.1
Autumn -1.3 0.8 0.5 -0.8 3.7 -1.0
Winter -3.8 -1.6 2.2 -5.9 8.2 15
Gates of the Arctic  Annual -5.1 -9.5 -1.8 -5.1 -9.5 -1.8
Spring 5.3 -3.3 -5.3 5.3 -3.3 -5.3
Summer -8.3 4.9 11.3 -8.3 4.9 11
Autumn -10.4 -9.3 -4.4 -10 -9.3 -4.4
Winter 32.7 1.5 -15.5 33 1.5 -16
Kodiak Island Annual -2.3 -2.6 -0.1 -3.0 1.6 8.5
Spring 29 22 0.6 -3.1 2.5 4.1
Summer -2.5 7.9 0.4 2.9 51 7.9
Autumn -3.0 2.0 -2.9 -5.2 -2.4 5.4
Winter -4.8 1.4 5.4 -3.5 1.7 6.1

wet deposition rates across rural and remote areas in North
America and Europe are generally observed to be similar, in
this study the sites in North America tend to have lower Hg
wet deposition. A latitude-dependent gradient is apparent in
the data, with lower wet deposition at sites in the far north
compared to in the south. These geographic differences are
explained by the sites’ distance from atmospheric Hg sources;
sites in the south are closer to industrial areas and emissions
hotspots (e.g., metal production and coal-fired power plants).
Seasonal cycles are observed in Hg concentration, amount
of precipitation and Hg wet deposition, with deposition
being highest in the warm season and the pattern is most
pronounced at Subarctic inland sites compared to coastal sites.
The seasonal pattern is due to more precipitation in summer,

Hg is more effectively scavenged by rain than snow and more
availability of soluble Hg in the atmosphere in summer.

Trend analysis conducted for this assessment confirms
previous findings of a general decreasing trend in annual Hg
concentrations and wet deposition. While precipitation amount
increases for sites located further south in Subarctic sites have
either increasing or no trend in Hg concentrations and wet
deposition. These trends suggest sites close to primary local
Hg emission sources respond to reductions in Hg emissions
while the observed trends in the Arctic further away from Hg
emission sources, are likely driven by contribution of secondary
emissions and changes in the global Hg pool.
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Figure 2.8 Seasonal trends in Hg concentrations (ng per season), Hg wet deposition (ng/m?* per season) and amount of precipitation (mm per season)
for all years of available data from seven Arctic air monitoring stations. Significant trends (p<0.05) are displayed in dark colors.
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Table 2.3 Time series available for Hg(0) trend analysis in tree rings of white spruce trees from the Mackenzie Delta, Old Crow and Scree Hill, Canada.

Location Species Trees (1) Interval Firstyear  Lastyear Source
Mackenzie Delta, Canada White spruce 21 Mean of 5- and 1550 2014 Ghotra et al., 2020
(68.40°N, 133.80°W) (Picea glauca (Moench) Voss.) 25-year segments
Old Crow, Canada White spruce 12 5-year Segments 1698 2017 Eccles et al., 2020
(67.5696°N, 139.8288°W) (Picea glauca (Moench) Voss.)
Scree Hill, Canada White spruce 20 5-year segments 1738 2005  Clackett et al., 2018
(65.07°N, 138.157°W) (Picea glauca (Moench) Voss.)
Adjusted Total Hg (ng/g)
4_
@ Mackenzie Delta
3 USA @ Old Crow
Mackenzie
Delta
44747-; d
@ Scree Hill CANADA
2.
Old Crow
® Whitehorse
Scree Hill
14
17'00 17'50 1860 18'50 19'00 19'50 20'00

Figure 2.9 Results of temporal analysis of Hg(0) concentrations in tree rings of white spruce at three locations in Canada showing a comparison between
tree-ring Hg temporal trends from Mackenzie Delta, Northwest Territories (red), Old Crow, Yukon (orange) and Scree Hill, Yukon (yellow). Site average
records are represented by the ridged line, and the smooth line represents a 15-knot cubic spline with a 95% confidence interval. Site averages are only
calculated for time periods that have at least three trees. The black circles are communities in the Yukon and the red diamonds represent the sample
locations for the temporal Hg series. Sources: Clackett et al., 2018; Eccles et al., 2020; Ghotra et al., 2020.

2.3.1.6 Long-term trends in mercury:
tree-ring studies

There are three tree-ring Hg records for white spruce (Picea
glauca (Moench) Voss.) from northern Canada that are proxies
for long-term atmospheric trends of elemental mercury (Hg(0);
Clackett et al., 2018; Eccles et al., 2020; Ghotra et al., 2020; see
Table 2.3). The record from the Mackenzie Delta site is the
northernmost site and is situated close to the Beaufort Sea
(see Figure 2.9). This record has the highest average Hg(0)
concentration (for the period 1576-2015; mean: 2.98+0.43,
range: 1.23-6.81 ng/g), influenced by its proximity to the Arctic
Ocean. The record from Old Crow is located southwest of
the Mackenzie Delta, and the Hg(0) records are similar in
magnitude (for the period 1736-2005; mean: 2.96+0.45, range:
2.16-4.06 ng/g). The record from Scree Hill is the southernmost
site, located just below the Arctic Circle. This continental site
has the lowest measured Hg(0) concentrations (for the period
1612-2016; mean: 1.22+0.57, range: 1.68-3.66 ng/g).

While the year-to-year Hg uptake can be influenced by local
factors including soil moisture (Arnold et al., 2018), long-term
trends show that concentrations of Hg measured in tree rings
have been steadily increasing over time, with the onset of Hg
uptake coinciding with increased atmospheric Hg emissions
which began during the European industrial revolution

(1770-1820). This trend is more pronounced in sites closer
to the Arctic Ocean. After the implementation of emission
controls measures, which reduced the amount of atmospheric
Hg, the Mackenzie Delta region responded the most rapidly of
all sites surveyed with a pronounced decline in measured Hg
concentrations. However, this decline is followed by a post-2000
rebound with increasing Hg concentrations. Old Crow was
slower to respond but does show a leveling off in the 1990s. At
Scree Hill, there is no decline in Hg after the implementation of
emission control measures, and the Hg concentrations continue
to increase for the duration of the Hg record. This is consistent
with the increasing trend of total gaseous mercury (TGM)
observed at Little Fox Lake in northwestern Canada, which is
approximately 500 km south of Scree Hill (see Section 2.3.1.2).

2.3.2 Recent trends of mercury in biota

Results of the statistical analysis of the 110 biota time series
available for the current assessment are summarized in
Appendix Table A2.11. Of the biota time series analyzed,
77 met the desired criteria of having a statistical power of
>80% to detect a 5% annual increase in THg concentrations
was met by 77 time series. Of these, 38 showed a significant
trend (p<0.05) of which 18 were non-linear and 20 were
linear. In time series from over the past 20 years, 44 had a
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Table 2.4 Summary of all trend results by animal group for time series with statistical power >80%; showing: the number of time series, the number of
non-linear and linear significant trends, the number of decreasing and increasing recent trends (with significant recent trends in parentheses) and the
minimum, median and maximum recent trends (% change per year).

Significant trends Recent trends (% change per year)

Time series

Non-linear Linear Decreasing Increasing Minimum Median Maximum
Invertebrates (mussels) 12 3 1 6(1) 6(2) 2.4 ~0.0 2.2
Marine fish* 8 3 1 1(0) 6(2) -0.3 1.1 4.0
Freshwater fish 18 5 8 7 (6) 11 (6) -3.3 0.80 53
Seabirds 9 1 5 4(1) 5(4) -3.1 1.0 6.1
Marine mammals 28 6 4 13 (6) 15 (3) -8.6 0.20 2.8
Terrestrial mammals 2 0 0 1(0) 1(0) -1.0 0.80 2.6
All species 77 18 20 32(14) 44 (18) -8.6 0.60 6.1

* One marine fish time series trend was ~0%.

positive recent trend of which 18 were significant, and 32 had
a negative recent trend of which 14 were significant (one time
series had a recent trend of ~0%). Table 2.4 summarizes the
results for the 77 time series with adequate power (=80%) by
animal group. All animal groups included time series with
both increasing and decreasing recent trends, with median
recent trends ranging from 0.0% to 1.1% per year. The most
rapid decline (-8.6% per year) was in small beluga whales
(Delphinapterus leucas) in the eastern Beaufort Sea, and the
fastest increase (6.1% per year) was in Faroese guillemot

(Cepphus grylle).

2.3.2.1 Marine bivalves

Blue mussel (Mytilus edulis) time series (n=12) were available from
several locations in Iceland and northern Norway as part of the
routine AMAP monitoring. These data (gathered jointly by AMAP
and OSPAR) are reported annually to the AMAP Marine Thematic
Data Centre at the International Council for the Exploration of
the Sea (ICES) and were extracted from the ICES databases (ICES,
2020). One statistically significant decreasing recent trend of THg
was observed in Skallneset, in northern Norway (-2.4% per year),
and two significantly increasing recent trends were detected at
two stations in Mjéifjorour fjord in eastern Iceland (1.5% and
2.0% per year; see Table A2.11). These results confirmed that
THg continued to increase in blue mussels from eastern Icelandic
stations, where the only significant trend in mussels was observed
inthe 2011 assessment (AMAP, 2011; Rigét et al,, 2011a); it must,
however, be noted that the trend observed in 2011 was from a
different station in Mj6ifjérdur, from which no significant trend
was observed in the current assessment. Two of the recent trends
were part of more complex non-linear trends over the whole time
series (see Table A2.11). At Skallneset, concentrations were stable
and then decreased (from ~2007), and at one Mjéifj6rdur station,
concentrations first decreased before increasing in the latter part
of the time series (from ~2005). A third non-linear trend was
detected at Husvégen, Norway, where concentrations decreased
and then increased, with concentrations at the end of the time
series similar to those at the start.

No recent temporal investigations of THg in blue mussels
from these northern regions are available in the literature for
comparison. Despite increasing trends of Hg in some Icelandic
mussels, the concentrations in Arctic bivalves remain low and
are not likely of toxicological concern to the organisms (see
Chapter 6). As sessile, low trophic level filter feeders, bivalves

(like other invertebrates) accumulate the toxic form of Hg,
methylmercury (MeHg; Braune et al., 2015) and, since they
are monitored throughout Europe, are convenient for spatial
comparisons of environmental pollution. However, even with
relatively long time series (15-22 years) of adequate power, THg
concentrations in mussels produced few significant trends. The
lack of significance, conflicting results, and narrow geographic
distribution of the Arctic time series of Hg in mussels means
that no general Hg trend has been observed for blue mussels.

2.3.2.2 Fish

Marine fish. Eleven time series in three species of marine fish,
shorthorn sculpin (Myoxocephalus scorpius; n=3), Atlantic
cod (Gadus morhua; n=7) and sea-run Arctic char (Salvelinus
alpinus; n=1), provided information on Hg trends across the
Arctic, including locations in Canada, Denmark/Greenland,
the Faroe Islands, Iceland and Norway (see Table A2.11).

There were four significant recent trends in Hg in marine fish,
all of which were increasing (see Table A2.11). They were in the
liver of sculpin from central East and central West Greenland
(2.1% and 6.1% per year), and in the muscle of Atlantic cod from
the northwest Faroe Islands (of ‘undefined’ sizes) and northern
Norway (3.9% and 7.4% per year, respectively). However, the
significant Norwegian cod trend should be interpreted with
caution as the time series spanned less than 10 years with only
seven time points, and the power was <80% (see Table A2.11).
Three time series showed significant non-linear trends over the
full range of years. These were all in the muscle of Atlantic cod,
two from the Faroe Islands and one from northern Norway. In all
three, concentrations decreased until about 2000, increased until
about 2010 and then either plateaued or decreased once more
(although more time points are required to confirm the most
recent decrease). The overall reduction in THg concentrations
between the start and end of the time series was about 70% in
the two Faroese time series (1979-2016/2017) and 50% in the
Norwegian time series (1994-2017). No other time series showed
a significant trend. The range of time series for marine fish in
the 2011 assessment was limited (i.e., from the early 1990s to the
early- or mid-2000s) with only two significant linear trends, both
with decreasing levels in Atlantic cod from the Faroe Islands and
Iceland (AMAP, 2011; Rigét et al., 2011a).

The Hg time series for sea-run char from Cambridge Bay
(Queen Maud Gulf, Canada) did not show a significant trend
in the current assessment and was not included in the 2011
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assessment for comparison. In some previous models, with
fork length or body condition factor included as covariates,
concentrations of Hg in Cambridge Bay char were reported to
be decreasing significantly between 2004 and 2013, although
when assessed from 1977 an increasing trend was observed
(Evans et al., 2015). Previously reported decreasing or non-
significant trends of Hg in anadromous char at Pond Inlet,
Nunavut (2005-2013) and Nain, Newfoundland and Labrador
(1998-2010/2013; Evans et al., 2015) were not included in
the current assessment as they have not been extended
further. Evans et al. (2015) hypothesized that the increasing
trends up to 2013 were due to slower growth dilution in less
productive, higher latitude waters and greater riverine inputs
that increased productivity and methylation rates in particular
geographical areas. These factors were important to the spatial
variation in Hg in sea-run char, though several potentially
influential factors are discussed in Chapters 4 and 5.

The recent 20-year trends in marine fish were significantly
increasing or non-significant. Comparisons between species
are not discussed as they are complicated by differences in
tissue analyzed and ecological niche, as they include benthic
(sculpin), benthopelagic (Atlantic cod, char) and anadromous
(char) fish. Circumpolar or national comparisons of trends
among fish can be confounded by proximity to source
regions (i.e., sources of Hg emissions and/or deposition),
differences in the bioavailability of Hg (particularly MeHg) at
the base of the marine food web, species-specific differences
in bioaccumulation, as well as the type, composition, and
length of the organism’s food web (Kirk et al., 2012). Reports
of climate-related effects and their potential influence on Hg
levels are rarer for Arctic marine than for freshwater fish
(see Chapter 5). Changes in productivity and related rates
of methylation in marine systems as well as alterations to
the structure of food webs have been identified as drivers of
differences in Hg across marine locations (Wang et al., 2018;
see also Chapters 4 and 5).

Broader collections of sea-run char from other circum-
Arctic locations could be informative as the fish are widely
distributed and are routinely fished for subsistence. Sculpin are
also circumpolar (Harley et al., 2015) and could be monitored
elsewhere for comparison with Greenlandic populations.
However, given the relatively low concentrations of Hg and
the low toxicological risk calculated for Arctic marine fish
(see Chapter 6), these may be of relatively low priority for
expanded monitoring. The concentrations of THg were
increasing relatively rapidly in sculpin and Atlantic cod from
West Greenland and Norway, respectively, from around 1999
to present, as discussed above, and should continue to be
monitored with high priority, as should other locations, to
generate longer and more comparable trends.

Freshwater fish. Freshwater populations of landlocked
Arctic char (n=9) were available for comparison throughout
northern Canada (Ellesmere and Cornwallis islands, Nunavut,
Canada), Southwest Greenland, the Faroe Islands, Norway
(Bjorneya) and Sweden (see Table A2.11). There were
significant decreasing recent trends in total Hg levels in char
from the two most northern Canadian lakes (Amituk and
Hazen, both -3.3% per year), and in the lake Abiskojaure in
northern Sweden (-0.90% per year; Figure 2.10). Conversely,
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Figure 2.10 Selected trends (annual medians and 95% confidence bands)
of total mercury concentrations in muscle of Arctic char.



24

there was a significant increasing recent trend of 5.3% per
year in char from Lake Ellasjgen on Bjerneya. The trend in
Amituk Lake was non-linear and suggested that, although
Hg concentrations were significantly lower at the end of the
time series compared to the start (2001), concentrations have
increased since 2011 (see Figure 2.10). An increase in Hg
concentrations since 2013 was also suggested by the non-
linear trend in char from Resolute Lake in Canada, although
there, concentrations at the end of the time series were similar
to those at the start (1993). In both time series, more data
are required to validate the possible increases in the last few
years. There were no significant trends in Greenlandic or
Faroese char.

Time series available for muscle of lake trout (Salvelinus
namaycush; n=4) showed significant, decreasing recent trends
in Hg levels of -1.9% and -2.5% per year in two lakes in the
Yukon (Laberge and Kusawa, respectively). Conversely, there
was a significant increasing recent trend in lake trout in the west
basin of Great Slave Lake (Northwest Territories, Canada), but
no significant trend in lake trout from the east arm of Great
Slave Lake (see Table A2.11).Time series were also available
for concentrations of Hg in muscle and/or liver of burbot (Lota
lota) from the west basin and east arm of Great Slave Lake and
the Mackenzie River (Fort Good Hope, Canada; n=4) and all
showed significantly increasing recent trends. Northern pike
(Esox lucius) were not broadly monitored (n=2): there was
one significant decreasing recent trend in Lake Storvindeln,
Sweden (-2.1% per year) and no significant trend in pike from
the west basin of Great Slave Lake. The full Hg time series for
trout from Lake Laberge and pike from Sweden showed non-
linear trends in which concentrations first increased, peaking in
the mid-2000s or early 1990s, respectively, and then decreased
(see Table A2.11), as indicated by recent trends.

Most of the time series for the freshwater fish added ~10 years
to those analyzed in the previous AMAP mercury assessment
(AMAP, 2011), greatly improving the statistical power of the
trends (see Section 2.2.3) and providing new insights. This
is the first report of decreasing Hg trends in lake trout from
the Yukon (Gamberg, pers. comm., 2019; Gamberg et al.,
2021) as well as the most recent assessment available for
trends in Faroese, Swedish and Norwegian char, updating
some of the existing time series (AMAP, 2011). The increasing
concentrations in Canadian burbot and the decreasing trends
in Lake Hazen char were consistent with those described in
the previous Hg assessment (AMAP, 2011). However, the
previously described increasing trends in char from Lake &
Myrunum (Faroe Islands) and Char Lake (Canada; AMAP,
2011) were no longer significant. These analyses previously
spanned only seven to eight years, which is a short trend
to interpret with confidence, and thus more credence can
be given to the trends from the current assessment. Similar
trends as observed in the current assessment were recently
described in some of the same populations of Cornwallis Island
(Canada) landlocked char, although length-normalization
resulted in some different trends, which were decreasing
in both Amituk and Resolute lakes (Hudelson et al., 2019).
Technical reports have also described decreasing trends of
Hg in Lake Hazen (Canada) and in some of the time series
from lakes on Cornwallis Island (Muir et al., 2021), which
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is consistent with the results described here. The trends
described in the current assessment were also consistent with
increasing temporal trends previously described through
multivariate models (including length as a covariate) for trout
and burbot from Great Slave Lake (up to 2012; Evans et al,,
2013). Total mercury was also increasing in more complex
models in burbot from Fort Good Hope (Canada) in the most
recent publication available (Carrie et al., 2010).

Regional and habit-specific differences are key drivers of
variation in Hg trends in northern lake fish (Chételat et al,,
2015). In Canadian High Arctic lakes with minimal inputs
of terrestrial organic carbon such as those on Cornwallis and
Ellesmere Islands, where the food web energetics are driven by
benthic algal production (Chételat et al., 2010). Methylmercury
bioaccumulation and the resulting concentrations in aquatic
invertebrates (the primary food source of the char) have been
shown to be inversely related to dissolved organic carbon
(DOC) in lakes across a latitudinal gradient, with higher
bioaccumulation observed in lakes with low DOC due to
higher MeHg bioavailability (see Chapter 5; Chételat et al.,
2018). In-lake water chemistry, including particulate organic
carbon (POC) and/or DOC levels, was also shown to be
more influential on levels of Hg in Arctic char than broader
watershed variables in High Arctic lakes (Hudelson et al., 2019;
see Chapter 5). Increases in algal-derived organic matter linked
to higher temperatures due to climate-related warming have
also been hypothesized to drive the increase of Hg in burbot
at Fort Good Hope (Carrie et al., 2010).

Climate variables that significantly relate to concentrations
of Hg in freshwater fish have been identified (see Chapter 5)
for several time series. These include the following: for char,
the duration of ice cover, precipitation levels and the phase of
the North Atlantic Oscillation Index (NAO; Hudelson et al.,
2019); air temperatures, and the Pacific North American Pattern
(PNA) in fish from Great Slave Lake (Evans et al., 2013); and air
temperatures for burbot from Fort Good Hope (Carrie et al.,
2010) as well as for Arctic char from Southwest Greenland
(Rigét et al., 2010). Further inclusion of relevant climate/
weather, biological and ecological factors as covariates in time
series analysis may improve significance of the time series and
help explain variation in Hg over time and between locations
(see Chapter 5), as well as give important insight into drivers
of the observed trends.

The concentration levels and related toxicological risk
of Hg to the fish varied considerably between freshwater
fish populations; however, several have high proportions
of individuals in the moderate to high risk categories (see
Section 6.3.6). Further monitoring is required to determine
the change in risk to fish populations over time.

2.3.2.3 Seabirds

Total Hg concentrations in circumpolar seabird populations
produced 12 time series in five species for comparison across
four distinct geographical regions: little auk (Alle alle; n=2)
in Greenland, black guillemot (Cepphus grylle; n=6) in the
Faroe Islands, northern fulmar (Fulmarus glacialis; n=1)
and thick-billed murre (Uria lomvia; n=2) in Canada, and
black-legged kittiwake (Rissa tridactyla; n=1) in Norway (see
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Table A2.11). Significant increasing recent trends in THg were
greatest in the Faroe Islands in the liver of black guillemot
collected at Sveipur (6.1% per year) and in their eggs collected
at Koltur and Skuvoy (4.6% and 5.9% per year, respectively).
A more modest significant increasing recent trend was found
in the eggs of northern fulmar at Prince Leopold Island in
the Canadian High Arctic (1.0% per year). There was a non-
linear trend in thick-billed murre eggs at Prince Leopold
Island which showed concentrations increasing in the period
between 1975 to 2000 and then remaining stable. Finally, there
was a significant decreasing recent trend in red blood cells
of black-legged kittiwake in Svalbard (-3.1% per year). All
other time series in seabirds showed non-significant trends.

Trends in THg in Arctic seabirds are consistent with
those published in the last AMAP mercury assessment
(AMAP, 2011; Rigét et al., 2011a). Additional years of data
have improved the power of the trend analysis in most
of the time series, though two black guillemot datasets
(for feathers and liver) from the western Faroe Islands
remained well below the desired power threshold of 80%
(see Table A2.11; Section 2.2.3). Though the trend for the
black-legged kittiwakes at Svalbard was decreasing in the
period from 2000 to 2016, a very recent publication has
described a U-shaped function for the same time series
with an additional 3 years of data, with the concentrations
increasing between 2010 and 2019 after decreasing between
2000 and 2010 (Tartu et al., 2022). The plateaued or slightly
decreasing Hg concentrations in northern fulmar and murre
eggs after 1999 in the Canadian data series appear to reflect
similar atmospheric trends (Braune et al., 2016). It could
also be argued that changes in THg concentrations may
reflect changes in diet composition and foraging habits as
prey fish exposure to THg varies with depth in the water
column (and between species; reviewed in Braune et al.,
2016). Changing sea ice and oceanographic conditions may
force seabirds to relocate their foraging grounds or adjust
consumed prey items (Grémillet et al., 2015; Vihtakari
et al., 2018). However, changes in prey composition may
not be reflected by a change in trophic position alone and
could drive various THg or MeHg exposure scenarios in the
marine environment.

The THg monitoring dataset for seabird eggs from Prince
Leopold Island was analyzed in the context of environmental
and climate change indices in a separate study (Foster et al.,
2019). For both fulmars and murres, THg was related to
NAO and temperature and (for murres) snowfall, while the
fulmar model also included sea ice; all variables had time
lags of two to seven years. Morris et al. (2022) also described
similar relationships in thick-billed murres from Coats Island
(Canada), though trend direction varied with length of the
time series. The climate/weather factors of influence on
THg trends in seabirds are relatively consistent with those
identified for mammals (see Chapter 5). Covariation of sea-
ice cover and THg levels were also found for Greenland little
auks and affected the body condition of adult birds and the
growth rates of chicks, providing important indicators of
health. However, the THg concentrations were, and largely
remain, below known toxicological thresholds of concern
(Amélineau et al., 2019; see Chapters 5 and 6).
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2.3.2.4 Mammals

Terrestrial mammals. Only two updated THg time series were
available for terrestrial mammals: from monitoring of THg in
kidneys in the Porcupine and Qamanirjuaq caribou (reindeer;
Rangifer tarandus) herds from northern Canada, neither of
which show any significant temporal trends (see Table A2.11).
These caribou time series had adequate power indicating that a
statistically significant trend would likely be detected if present
(see Table A2.11; Section 2.2.3). Temporal trends in THg were
also not detected in separated male and female and/or adult
and immature caribou time series (not presented here). In
the previous AMAP mercury assessment, the shorter time
series from the Porcupine herd (northwestern Canada/Alaska;
1994-2007) also failed to produce significant trends, though
one decreasing linear and one non-linear trend were detected in
the muscle and liver of reindeer from Sweden (early 1980s/mid-
1990s-2005). No additional data were available for the Swedish
reindeer to extend that time series in the current assessment.

Recent reports on the Porcupine and Qamanirjuaq caribou
(including the data analyzed here) also concluded that
temporal trends in age-normalized THg concentrations were
not significant (Gamberg et al., 2020; Morris et al., 2022).
Dietary differences may be less influential on Hg variation in
different caribou/reindeer herds across Canada and Greenland
than environmental factors, which affect the movement and
deposition of Hg, with deposition to lichens being key to uptake
in terrestrial herbivores (Gamberg et al., 2015). In addition to
age, sex and season (Gamberg et al., 2020), recent studies have
found relationships between concentrations of Hg in Hudson
Bay caribou and some climate-related factors such as sea ice
freeze-up (Morris et al., 2022; see Chapter 5).

Marine mammals. Marine mammals provided temporal
monitoring coverage across a broader geographical range in the
current assessment than that provided in the 2011 assessment
(AMAP, 2011), which affected the spatial interpretation of the
trends (see Section 2.4). Ringed seals provided 22 time series
from adult and juvenile (<5-years-old) seals from multiple
locations in Canada (n=16; muscle and liver) and in West
and East Greenland (n=6; liver). The time series in cetaceans
included Canadian beluga whales (Delphinapterus leucas; n=10;
liver, muscle and epidermis), and Faroese long-finned pilot
whales (Globicephala melas; n=>5; liver and muscle). Beluga were
subdivided into small/young (<380 cm) and large/adult animals
(=380 cm), while pilot whales were subdivided into adult
(>495 cm), juvenile (<495 cm) male, and undefined (mixed)
categories. There were 16 polar bear time series, subdivided
into adult males, adult females and juveniles from Greenland
(n=8; hair and liver), Svalbard (n=2; hair) and Canada (n=6;
liver). Bears were classified as juveniles if less than 5 years old
in Norway and Canada and less than 5 years (female) or 6 years
(male) in Greenland.

In ringed seals from matched locations, the concentrations of
THg in juveniles were consistently lower than those in adult
animals (see Table A2.11), as previously observed for Canadian
ringed seals (Brown et al., 2016; Houde et al., 2020). None of the
time series for Greenlandic seals had significant trends. Seven Hg
time series in Canadian seals had significant recent trends: in the
eastern Beaufort Sea (western Arctic), Lancaster Sound (High
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Figure 2.11 Selected trends (annual medians and 95% confidence bands) in
total mercury concentrations in hair and liver of polar bears from Svalbard,
Ittoqqortoormiit (Greenland), and Western Hudson Bay (Canada).
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Arctic), Labrador Sea (eastern Arctic), and in western Hudson
Bay. The only significant recent trend detected in liver was in
liver of adult ringed seals from the Labrador Sea and showed
increasing concentrations (9% per year), but caution should be
taken due to the low statistical power of the trend (34%). The six
significant recent trends in muscle were more robust and were
all decreasing (between -2.4% and -8.0% per year) Table A2.11.
Two of the significant downwards recent trends were non-linear.
Muscle concentrations in adult seals from western Hudson Bay
decreased in the period from 2003 to 2012 and then stabilized,
whereas those in adult seals from the eastern Beaufort Sea were
initially stable and then decreased from about 2009.

Three recent trends (1999-present) were significant in beluga,
indicating that Hg concentrations were decreasing in the
epidermis of both large and small whales and in the liver of
large whales from the eastern Beaufort Sea (from -2.5% to -8.6%
per year). However, the trend in the full liver time series was
non-linear and showed that concentrations had increased in
the period from 1981 to around 1995 and then decreased, with
concentrations at the end of the time series still significantly
higher than those in 1981 (Table A2.11). The trend in the
epidermis of small whales was also non-linear and suggested local
peaks in concentration (~1998 and 2013) with concentrations
at the end of the time series significantly lower than those in
1999 but not lower than at the start of the time series in 1993.
By contrast with the beluga, the only significant recent trend in
long-finned pilot whales was an increasing trend in the muscle of
juvenile male whales (1.7% per year). The overall trend was non-
linear with a period of slow decline from 1997 to ~2005 followed
by a faster increase in concentration from ~2005 to 2018.

All significant recent trends for polar bear were in hair or
liver and were increasing (see Table A2.11; Figure 2.11).
Mercury concentrations in hair samples from adult male
bears from East Greenland (Ittogqortoormiit) increased at
2.3% per year, while the rate of increase in hair from juvenile
bears from East Greenland was slower (1.7% per year). In
Norwegian female bears, the trend of 0.2% over the period
1995-2016 is lower than that in juvenile bears, 2.9% from
2008-2014. These increasing trends in Svalbard polar bear are
possibly related to re-emissions of Hg from sea ice, glaciers,
and permafrost due to climate change (Lippold et al., 2022).
In western Hudson Bay, THg in liver of adult male polar
bears increased at 5.8% per year. However, the power of most
Canadian polar bear time series was below the desired level of
80% (see Table A2.11). Mercury concentrations in the liver of
juveniles from East Greenland showed a significant non-linear
trend with concentrations in 2018 that were significantly
higher than in 1983. Concentrations were increasing from
1983 until the mid-1990s, decreasing through to about 2010
and then increasing through to 2018, a possible cyclical trend;
however, more data as well as linkages to explanatory variables
are required to evaluate this possibility.

In the previous AMAP mercury assessment, Hg was assessed
primarily in the liver of marine mammals with few other tissues
assessed and few significant temporal trends observed overall,
although those trends that were significant were observed to be
increasing over time (AMAP, 2011). In the current assessment,
results in muscle, epidermis and hair are also reported for several
species. The results in the current assessment indicate that the



Chapter 2 - Temporal trends of mercury in Arctic media

trends of Hg have continued to increase in the hair of polar
bears from Ittogqortoormiit, East Greenland, as observed in the
2011 assessment (AMAP, 2011). A recent report on Hudson Bay
polar bears (liver) found non-significant temporal trends of Hg
in shorter (2007/2008-2015/2016) time series from the western
and southern Hudson Bay subpopulations (Morris et al., 2022).
Dietary changes affect Hg levels in polar bears significantly.

In the current assessment, the non-linear trend of THg in the
liver of eastern Beaufort Sea beluga increases over the period
from 1981 (liver) or 1993 (epidermis) to ~2002, consistent with
the trend described in AMAP, 2011 and Loseto et al., 2015. The
previous assessment also reported an increasing trend in beluga
liver from Pangnirtung, Nunavut (Cumberland Sound beluga
population); however, this time series has not been extended
past 2010 and was not reanalyzed for the current assessment. In
the previous assessment, Beaufort Sea beluga were divided into
old and young categories for analysis of liver THg, and muscle
categories were subdivided by the size of the animals (Loseto et al.,
2015). However, because age and size variables were significantly
correlated in both populations of beluga, size alone was used as
a proxy for age for the sake of consistency in the analysis in the
current assessment. Increasing concentrations of Hg in the liver
of young and old and in the muscle of small and large beluga from
the eastern Beaufort Sea were found in the period from 1981 to
~2002. These trends were less consistent from ~2002 to 2012,
decreasing in older and large whale categories but remaining
plateaued in young and small whales (Loseto et al., 2015). These
previous findings are partially consistent with the decreasing,
recent trends observed in liver and epidermis in eastern Beaufort
Sea beluga in the current assessment.

The previously observed increasing trend in juvenile ringed
seals at Avanersuaq in Northwest Greenland (1984-2008;
AMAP, 2011) was no longer significant in the current
assessment (p=0.06; it had previously been observed at p=0.08
in Rigét et al., 2012). In the same study, time series up to 2010
of THg in ringed seal populations were significantly decreasing
in Qeqertarsuaq in central West Greenland and increasing
at Ittoqqortoormiit in central East Greenland (Rigét et al.,
2012). Published trends of Hg in Canadian ringed seals were
generally consistent with the results described in the current
assessment with no trends found in liver, while Hg in muscle was
decreasing in the Labrador Sea and Hudson Bay (Houde et al.,
2020). Differences in statistical approaches and years modeled,
including truncation due to gaps in the time series, explain the
relatively subtle differences between these observations and
results in the cited publications.

Relationships between concentrations of Hg in high trophic
level Arctic wildlife and atmospheric oscillation indices,
sea-ice conditions, temperatures and precipitation have
been described for several marine mammals in Canada and
Greenland (Rigét et al., 2012; Loseto et al., 2015; Houde et al.,
2020; Morris et al., 2022; see Chapter 5). These studies highlight
the potential for such factors to influence Hg concentrations
over time or independently. However, the role of climate/
weather drivers on trends of Hg requires further investigation,
as these studies are species and location specific, which limits
our ability to make general conclusions. In general, these results
do suggest that climate and dietary changes are highly influential
factors in several wildlife models. Ecological changes in food-
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web composition and corresponding increases in the dietary
proportions of lower trophic level prey drove decreases in Hg
levels in the hair of Beaufort Sea polar bears (McKinney et al.,
2017b). Furthermore, the temporal increase of Hg in polar bears
from Svalbard was slightly faster when the trend was adjusted
for the variation in carbon source (marine vs. terrestrial;
Lippold et al., 2020), suggesting that dietary changes are a highly
influential factor in several wildlife models (see Chapter 5).

Though technically terrestrial animals, Arctic foxes on
Svalbard are opportunistic predators and coastal scavengers
with a highly variable diet; they feed extensively on marine
resources (e.g., seabirds and their eggs, seal pups and carcasses)
in addition to terrestrial resources (e.g., reindeer carcasses,
ptarmigans, geese; Frafjord, 1993; Eide et al., 2005; Ehrich etal.,
2015; Hallanger et al., 2019). Svalbard fox time series were
therefore considered together with marine mammals when
investigating latitudinal and longitudinal trends, and in other
metrics presented in this chapter.

Hallanger et al. (2019) reported concentrations of Hg in
Svalbard foxes in the period from 1997 to 2014 increasing
at ~3.5% annually, approximately the same value reported in
this assessment; however the trend is not significant and had
low power. The relatively poor fit to the data improved when
carbon source (8"°C), availability of reindeer carcasses and
sea-ice extent were included in the model, resulting in a more
rapid increase in Hg (7.2% annually; Hallanger et al., 2019).

Most of the marine mammal species investigated, except beluga,
had at least some time series with significantly increasing trends
of Hg in liver over the last 20 years. Based on the toxicological
assessment undertaken in Chapter 6, this could indicate
ongoing and potentially increasing risk to some individual
animals in these populations.

2.3.3 Recent trends in mercury in humans

The available time series demonstrated that, in the relatively few
Arctic populations that have been monitored consistently over
time, concentrations of THg in blood are generally decreasing
(see Figure 2.12). Total Hg concentrations in blood of pregnant
Inuit women from Nunavik, Canada showed an annual decrease
of 3.9% (for the period 1992-2017; AMAP, 2015; Lemire and
Blanchette, pers. comm., 2020). In Nuuk, West Greenland no
significant trends in blood Hg levels were found for pregnant
women in the <30 years or >30 age groups (for the period
1999-2015; p=0.58 and p=0.18, respectively). However, THg in
blood from pregnant women in the Disko Bay region further
north in West Greenland decreased at 6% annually from 1994
through 2013 (p=0.030; AMAP, 2015). Unlike in the other
locations, blood samples were collected at several time intervals
from human individuals in a Faroese cohort study; the same
individuals were followed from birth, through childhood and into
adulthood. Blood Hg concentrations did decrease significantly
in Faroese Cohort 1 at 7% per year in samples collected from
1986/87 through the 2013 to 2016 period (p=0.05; AMAP, 2015;
Petersen, pers. comm., 2019; Weihe, pers. comm., 2019).

Given the limited geographic coverage of the available human
biomonitoring time trends, the circumArctic conclusions that
can be drawn are limited. The available time series demonstrated
that trends of Hg in humans in Nunavik, West Greenland
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Figure 2.12 Temporal trends of THg concentrations in pregnant Inuit
women from Nunavik, Canada; Faroe Islands (Cohort 1); Disko Bay, West
Greenland; and Nuuk, West Greenland (women <30 years and >30 years).
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and the Faroe Islands were decreasing over time and/or from
childhood to early adulthood (Faroe Islands). Notwithstanding
the limited geographical coverage, Canada and Greenland are
key locations for monitoring human exposure to Hg because the
traditional diets of Indigenous coastal populations include the
consumption of marine mammals, generally resulting in greater
dietary exposure and Hg concentrations in these areas (AMAP,
2015). A number of factors may influence Hg levels in people;
however, the AMAP human health assessments have shown that
the declining trends in contaminant levels in humans living in
the North are strongly associated with lifestyle as well as dietary
choices and advisories (AMAP, 2015). Results for Hg trends
in humans can be discussed with some regionally relevant
wildlife trends, but temporal trends in human blood levels
and those in food items are rarely directly related, even where
the sampled species may be representative of consumed foods
(e.g., where market foods are used for trend analysis; AMAP,
2015). Observations comparing human trends to nearby trends
in wildlife are therefore recognized as oversimplifications of
the Hg exposure pathways to humans. Risk communication
associated with consumption of traditional foods is complex
and is described later in the current assessment (see Chapter 7).
Seal liver is a more significant contributor of MeHg in Inuit in
eastern Hudson Bay, Hudson Strait and Ungava Bay regions of
Nunavik than muscle, but neither were the primary sources to
humans from traditional foods (Lemire et al., 2015). In contrast
to seal tissues, beluga meat and nikku (dried meat) were a
relatively small proportion of the diet but were among the
most significant sources of MeHg, especially in the Hudson
Strait region (Lemire et al., 2015). The available time series of
Hg in ringed seals from the Labrador Sea (the closest to eastern
Nunavik) exhibited relatively rapid increases over time in adult
seal liver while decreasing over the same period in juvenile
muscle (see Section 2.3.2.4), a difference that could be relevant
to consumption but would require further investigation.
No other time series produced trends in wildlife within a
reasonable range to Nunavik and given the recently reported
spatial differences in THg concentrations between seals across
the Ungava Peninsula and Nunatsiavut (Houde et al., 2020),
this comparison between seals from Nain and Inuit from
Nunavik should be treated with caution. Concentrations of
Hg in liver of ringed seals sampled from Qeqertarsuaq (Disko
Island, West Greenland) showed a non-significant decrease
of ~1% annually, while a moderate increase was observed in
sculpin from this location (see Section 2.3.2.2). These trends are
considerably different from the annual decrease found in Disko
Bay women. Exposure through traditional diets, particularly
marine mammals and high trophic level fish do drive heavy
metal levels in Greenlandic humans (Bank-Nielsen et al., 2019).
However, changes in choice of food items play an important
role as do a range of lifestyle factors (see Section 7.3).

In the Faroese Cohort 1, greater age, consumption of whale
meat or fish, and parity (number of viable births) were the
primary factors associated with higher Hg levels in blood
(Grandjean et al., 1992, 2012). As discussed in Section 2.3.2.4,
the concentrations of Hg were increasing in juvenile male
pilot whales and appeared to be increasing in other groups
of pilot whales as well, while the concentrations in Faroese
people continue to decline (see Figure 2.12). The disconnect
between people and whales in this region is most likely due to
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increasingly strict recommendations made by the public health
authorities on the consumption of pilot whale tissues from 1977
to 2008, when it was recommended that pilot whale no longer
be consumed at all (Weihe and Joensen, 2012; AMAP, 2015; see
Figure 7.2). Both adult and subadult pilot whales exhibited high
levels of Hg and were in the top ten of marine mammal groups
assessed for risk of toxicity (see Section 6.3.2). The continuation
of the decreasing trend of THg in Faroese cohorts of people
and decreases in cord blood of cohorts sampled later relative to
those sampled in the mid-1980s are most likely due to dietary
recommendations, particularly after 1998 when women were
advised not to consume pilot whale. Those recommendations
were to abstain from eating the following: (1) kidney or liver
(applied to the entire population); (2) blubber, until after giving
birth; (3) meat, within 3 months of trying to get pregnant
and while pregnant or breastfeeding (Weihe and Joensen,
2012; AMAP, 2015). The decreasing trend may also be partly
attributed to the growth and development of the children, who
are expected to have greater blood Hg levels at a younger age
due to a lesser blood volume (AMAP, 2021).

In this current assessment, Chapter 7 discusses the human
health implications of Hg levels in several locations. The
lack of comparable time series in people is the most obvious
knowledge gap, particularly in Indigenous Peoples from Eastern
Greenland, Nunavut, Nunatsiavut, and the western Canadian
Arctic, where traditional foods including marine mammals
are often a high proportion of the local diets. Data from Russia
were available for more recent mercury health assessments
(AMAP, 2009, 2015) and efforts are being made to establish
national monitoring programs for contaminants (Sorokina,
2019) which would address a substantial knowledge gap in
human biomonitoring and wildlife studies.

2.4 Are there spatial patterns in mercury
trends in biota from the Arctic?

Mercury temporal trends at individual sites and/or in specific
matrices (e.g., in air, or a certain species/tissue) will reflect
a combination of both regional and local environmental
contamination as well as a broad range of factors and processes
that can influence Hg levels in a particular type of sample.
Temporal trend monitoring protocols are often designed to
minimize the influence of some of these processes and factors
(e.g., by sampling biota during specific seasons or of a certain age
class). However, individual temporal trend studies often require
careful interpretation. In the 2011 AMAP Mercury Assessment
(AMAP, 2011) a meta-analysis was conducted, combining
trend results from multiple studies to see if consistent patterns
of trends could be discerned at regional scales. Examining
spatial patterns in Hg trends for a more integrated picture of
trends may provide insight into factors and processes driving
regional trends that are potentially obscured in single time
series. Spatial patterns in Hg trends can be considered using
different approaches. In the current assessment, this included
observations based on a qualitative (visual) interpretation of
the trend patterns in biota supplemented by a quantitative
analysis of the magnitude and direction of the trend versus
latitude and longitude.
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Figure 2.13 presents trend results from selected individual
biota time series for Hg for different species groups. The time
series represented are those for recent trends (i.e., over the
last 20 years) where trends were significant and/or time series
exhibited the desired statistical power (=80%).

Taken together, the geographical pattern of Hg trends (p<0.05
and/or power 280%) presents a complicated picture of
increasing and decreasing trends that differs from the pattern
presented in the 2011 assessment (AMAP, 2011), where a
greater number of increasing trends were observed in the North
American Arctic and West Greenland, and a greater number
of decreasing trends were observed in the European sector.
This may reflect the fact that, in 2011, the European sector
was represented primarily by lower trophic species (i.e., fish
and shellfish), whereas the North American Arctic included a
larger number of time series for higher trophic level species,
such as marine mammals and seabirds. In addition, the 2011
assessment reflected trends analyzed for the entire period
of the available time series, which resulted in comparisons
of temporally inconsistent trends. The inclusion of a greater
number of marine mammal and seabird time series from
European sites resulted in more uniform species and trend
distribution across regions covered in this assessment (i.e.,
North America, Greenland and Europe).

Furthermore, in the current assessment, the focus on recent
trends (i.e., trends over the most recent 20-year period)
provides a more consistent basis for comparison, as many of the
time series considered include relatively complete monitoring
sequences for the period since 1999. In addition, the inclusion
of a greater number of marine mammal and seabird time series
from sites in the European sector results in a more uniform
species representation across the area for which trend data
are available.

Based on the information presented in Figure 2.13, several
observations can be made. For the marine fish and blue mussel
time series, increasing trends are observed in time series from
the Faroe Islands, Iceland, and Greenland, noting that mussel
series are only available from coastal sites in Iceland and northern
Norway (see Figure 2.13, bottom left). Freshwater fish exhibit both
increasing and decreasing trends, in some cases in the same lake
systems (Figure 2.13, top left). In general, increasing trends appear
to be associated with sites at lower latitudes (as well as on Bjorneya)
and decreases associated with lakes at higher latitudes. Only two
terrestrial mammal time series were available (Figure 2.13, top
left), both for caribou from sites in the Yukon, Canada, one with
an increasing trend and the other a decreasing trend (neither
significant). A reindeer time series in northern Sweden reported
slow and statistically insignificant increases over the period 1983
to 2005 (AMAP, 2011) but no new data were available to extend
this time series. For seabirds (Figure 2.13, top right), with some
exceptions, decreasing recent trends are seen in the Canadian
Arcticand Svalbard, and increasing trends in the Faroe Islands and
East Greenland; no new data were available for seabird time series
from Alaska reported in the 2011 assessment. Like seabirds, the
majority of powerful and significant trends in marine mammals
from Canada were decreasing with some exceptions (Figure 2.13,
bottom right); increasing trends were observed in Faroe Islands
pilot whales as well as for marine mammals from East and West
Greenland and polar bears from Svalbard.
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Figure 2.13 Geographical patterns in recent (last 20 years) Hg trends in biota (where trends were significant and/or time series were of a statistical power
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locations where trends are available for multiple time series.

These patterns were further explored through statistical analyses
of the relationship between observed trends, latitude and
longitude. Few trends with latitude were evident when plotting
all the trend data together or when the data were separated by
ecological group (i.e., blue mussels, freshwater fish, marine fish,
marine mammals, terrestrial mammals, and seabirds). Only
seabirds exhibited a significant linear correlation with latitude
(see Figure 2.13, top right) with more rapidly decreasing trends
observed at higher latitudes (r*=0.37, p=0.035). However, the
time series available were primarily from lower latitudes, with
few high latitude trends available, so this relationship should
be interpreted with caution.

Significant relationships between trends of THg with longitude
were non-linear, and unlike latitude, seabird trends had no
significant longitudinal relationship. The most distinct
relationship with longitude was observed in marine mammals
(see Figure 2.14); THg was decreasing most rapidly in marine
mammals at the most western longitudes in the Canadian
Arctic (125°W) but switched from slowly decreasing to
slowly increasing from west to east through Greenland before
plateauing and remaining relatively consistent through the
Northern European locations. As with plotting the relationship

between THg trends and latitude, the data were weighted
more heavily to lower longitudes, which affects the ability to
infer that the observed relationships are consistent across the
circumpolar Arctic.

The updated longitudinal pattern differs from that in the
previous AMAP assessment, where trends of THg in marine
mammals were found to be increasing in Canada and West
Greenland while generally decreasing in those from Northern
Europe (AMAP, 2011). In contrast, the current trends tended
to be increasing at higher longitudes (i.e., towards Europe, see
Figure 2.13); again, these are largely driven by strong trends
in marine mammals (see Figure 2.14). The addition of two
Norwegian polar bear datasets, both with increasing trends
of THg, were important to these relationships. The increase
in the number of years available for analysis increased the
number of resulting trends that could be interpreted in the
current assessment, including several time series that showed
decreasing trends at western longitudes in Canada that did not
meet the criteria for inclusion in the analysis in 2011 (AMAP,
2011). These additions likely affected longitudinal relationships;
however, many factors likely contribute to these differences.
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Figure 2.14 Trends of Hg over time (annual change, %) in marine mammals
as a function of longitude.

2.5 Conclusions and recommendations

Conclusions (in numbered bullets) are organized under section
headings (section numbers in square brackets) followed by
recommendations in italics where appropriate.

What time series and statistical analysis are available? [2.2]

1. Providing an update to the time series in the previous
AMAP mercury assessment (AMAP, 2011), the time
series presented in this chapter encompass key Arctic
environmental media and human health indicators,
extend the length of the trends and collectively cover a
wider geographic range. Tree ring time series, spanning
back to the pre-industrial era add a new approach to
investigating longer-term trends.

2. Time series of total gaseous elemental mercury (TGM)
in air were available from 10 AMAP air monitoring
stations from the USA, Canada, Greenland, Norway,
Sweden, Finland and Russia; Russian data were not
analyzed for trends due to a large gap in relatively short
time series. Trends across the full time series, ranging
from 1995-2018, and the recent trends from 2008-
2018 were analyzed. Time series of gaseous oxidized
mercury (GOM) and particle-bound mercury (PHg)
were available at two sites, Alert (Canada) and Svalbard,
ranging from 2002-2018 and 2007-2018, respectively.

3. Time series for wet deposition/precipitation were available
at seven sites in the USA, Norway, Sweden and Finland.
Trends across the full time series, ranging from 1989-2018,
and the recent trends from 2009-2018 were analyzed.

4. Tree ring records of elemental mercury (Hg(0)) were
available at three sites from northwestern Canada
providing trends from the 16th century through the
industrial revolution to the present.

5. The broadest geographic monitoring coverage for biota was
for marine mammals (54), followed by freshwater fish and
seabirds, with time series also available for marine fish and
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invertebrates and terrestrial mammals (2), though there
remains substantial regional variation in coverage within
all species groups. Biotic time series were available for blue
mussels (12), marine (11) and freshwater (19) fish, seabirds
(12), terrestrial (2) and marine mammals (54), however the
coverage of the species groups varied considerably between
circumarctic countries. Trends across the full time series
(ranging from 1968-2018) and the recent trends from 1999
to the last year of data available were analyzed.

6. Biomonitoring to establish trends of Hg in Arctic human
populations remains limited, with only four locations
(one in Canada, two on Greenland and one on the Faroe
Islands) providing time series appropriate for temporal
trend analysis. All available time series concern levels
of Hg measured in blood, with most concentrating on
women of child-bearing age.

7. Connecting Hg trends in air, precipitation, biota and
human populations remains challenging due to the many
transformations of Hg in the environment and in monitored
populations and organisms, as well as the mixture of fast
and slow processes which impact these levels.

Assessing temporal trends is a key method of inquiry, which can
reveal insights into relationships among key environmental and
intervention drivers and should remain a priority for AMAP
and its member nations.

Are concentrations of mercury changing over time? [2.3]

8. 'Three tree-ring records from northern Canada, from
the northern Mackenzie Delta (1576-2015), Old
Crow (1736-2005) and Scree Hill (1612-2016), show
increasing Hg concentrations over time and that the
beginning of the accumulation of Hg in the Arctic was
concurrent with the European industrial revolution.

9. In air, decreasing TGM concentrations since the late-
1990s across most of the 10 circumarctic stations for
which time series are available are encouraging from an
intervention perspective.

10. Trend analyses results confirmed previous findings of
general decreasing trends in annual Hg concentrations in
precipitation and wet deposition, with precipitation amount
increasing at more southerly Arctic sites; sites in southern
Scandinavia included for comparison had increasing or no
trends in Hg concentrations and wet deposition.

11. Decreases in THg levels in blood of northern peoples are
also encouraging and are partly associated with dietary
changes, which are directly influenced by food advisory
interventions, such as those in the Faroese populations.

12. Concentrations of Hg were found to be changing
(increasing or decreasing) significantly in 37 of 77
biota time series that had sufficient statistical power
(=80%) to detect a trend, with 31 recent trends (1999-
present) also meeting these criteria. There were 14
decreasing and 17 increasing recent trends in biota,
thus generalizations about the direction of trends
overall or within species groups are difficult to make.
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The mixture of increasing and decreasing temporal trends for
Hg in biota and precipitation, along with shifts in the timing
of important Hg speciation processes, underscore the need for
continued monitoring of Hg in Arctic environments and in a
range of different media.

Are there spatial patterns of mercury trends in biota from
the Arctic? [2.4]

13. Seabirds were the only species group to exhibit significant
latitudinal variation in their Hg trends, with Hg levels
decreasing faster at greater latitudes.

14. The addition of more high trophic level mammalian
time series from Canadian and European sites changed
the longitudinal pattern of trends observed in the 2011
AMAP Mercury Assessment, with more increasing
trends now observed between East Greenland
and Svalbard.

15. No clear spatial patterns were observed for freshwater or
marine fish, or marine invertebrates (mussels).

Extending the existing Alaskan time series and adding time series
in Russia would provide useful geographical coverage for future
trend analyses and would facilitate more complete circumarctic
comparisons.

Further conclusions and findings

Long-term historical trends in deposition

16. Historical time series are valuable for assessing the
influence of anthropogenic emissions on current Hg
levels, but these are completely lacking from Alaska and
Russia, representing a substantial gap in knowledge at
these locations.

17. Concentrations of Hg(0) in tree-rings at all three
sites increased overall between the pre-industrial era
and present day. However, in the last five decades,
concentrations in the northern Mackenzie Delta (close
to the Beaufort Sea coastline) declined rapidly, from
approximately 1970-2000, possibly reflecting the
implementation of emission controls. However, these
appear to have rebounded and are increasing again at
that location post-2000; this pattern was not observed at
other inland sites.

Continued monitoring of long-term trends of Hg(0) in tree rings
may be useful for tracking the effectiveness of regulatory measures
implemented based on recommendations from the Minamata
Convention.

Trends in air and precipitation

18. The magnitude of the long-term trends of TGM in
Alert and Ny-Alesund (for the periods 1995-2018 and
2002-2018, respectively) differed from more recent trends
(2008-2018); monthly trends of GOM and PHg at Alert
reversed direction and changed in magnitude when
analyzed over the 2002 to 2018 period versus the 2008 to
2018 period. Seasonal TGM concentrations at the four
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coastal High Arctic sites had greater variability than at
Subarctic sites, differences that are driven by local AMDE
chemistry. Springtime concentrations and trends are
likely influenced by AMDE:s at those coastal sites as well.
These examples indicate the importance of consistency
when selecting the temporal range of data to compare
time series and trends.

19. Trends of TGM in air during the autumn at all High Arctic
sites and European Subarctic sites were decreasing. The
autumn season is independent of processes that increase
seasonal variability making it the most suitable for
reflecting trends in background concentrations at High
Arctic sites, in particular, at coastal sites that are influenced
by AMDEs. Increasing annual and winter trends of TGM
were observed at one location, Little Fox Lake in the
western Canadian Subarctic. These were hypothesized
to be due to increases in Asian mercury emissions and
changing weather patterns delivering air masses more
frequently from Asia. Continued monitoring at Denali
National Park in Alaska could verify this hypothesis as its
location indicates that it would likely be subjected to the
same changes in air masses and mercury levels; however,
the current time series of 5 years was inconclusive.

20. Analysis of GOM and PHg at Alert and Ny-Alesund
showed opposing GOM and PHg trends, with Alert
moving towards increasing GOM and Ny-Alesund
moving towards increasing PHg and both sites showing
changes in the process that may affect the deposition
and input of Hg to the Arctic environment. Changing
the timing of Arctic haze patterns and sea-ice coverage
may be driven by climate and may also drive change
to AMDEs. Although Station Nord does not have a
measurement of GOM and PHg, the overall decreasing
trend in TGM suggests there may also be a change in
AMDE:s during the spring and summer periods.

21. Time series for precipitation (and wet deposition) from
seven sites in North America and Europe were examined
for temporal trends. Latitudinal and longitudinal
gradients were apparent, with lower wet deposition at
sites further north and with sites in North America
tending to have lower wet deposition of Hg than the sites
in Europe. Deposition was highest in the warm seasons
at Subarctic inland sites over coastal sites, coinciding
with high precipitation levels in the summer, when Hg is
most effectively scavenged from the atmosphere by rain.

22. The geographic variation in trends in Hg in precipitation
in sites within and close to the Arctic seems to be
influenced by proximity to Hg emission source areas and
seasonal cycles in the amount of precipitation and Hg
wet deposition. Precipitation Hg levels and deposition
of Hg closer to primary Hg emission sources seem to
respond to reductions in local Hg emissions, while those
further north are likely driven by secondary emissions
and changes in long-range transported mercury.

Air monitoring is a component in an eventual global Hg
monitoring plan to support the effectiveness evaluation of the
Minamata Convention. Analyses of Hg time series in Arctic air
and precipitation illustrate a number of potential pitfalls in over-
simplistic interpretation of air and precipitation data.
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Analyses of Hg air and precipitation time series need to consider
meteorological factors and processes that affect Hg levels at
geographical (local/regional) and temporal (e.g., seasonal)
scales, as well as the speciation of Hg. These factors can have
an important bearing on the attribution and interpretation of
trends observed in air and precipitation in relation to changes
in emissions.

Biota trends

23. Continued monitoring since 2011 has resulted in a drastic
improvement in the number of available biota time series
and their associated statistical power. This provided
the opportunity for broader circumpolar comparisons
of changes in THg levels, as well as a greater ability to
consider possible influences of changing processes,
including climate change influences on trends.

24. Biota time series can exhibit complex, non-linear trends
that may be related to changing environmental processes
that require better understanding. Together with the
need to improve power for specific time series, this
indicates the need for continued monitoring of temporal
trends in a wide range of species and media.

25. In marine mammals, there is a tendency for temporal
trends in muscle tissue to be more powerful, and they
may deviate in terms of magnitude and direction,
from other matrices like liver, kidney or mattak/
muktuk. The Hg contained in muscle is mainly
MeHg; since a larger amount of muscle/meat is
consumed compared to internal organs, this could be
an important source of Hg and is therefore important
to monitor in relation to human exposure. However
further investigation (that includes human health
experts) is needed as concentrations of THg in muscle
of marine mammals are much lower than those in
liver, and difference in dietary choices impact human
exposure substantially.

The most comprehensive monitoring coverage for trends of Hg
in the Arctic is observed for biota, and these monitoring efforts
should be continued annually where possible. Increased attention
should be given to extending temporal trend monitoring to parts
of the Arctic currently lacking time series, and should include
retrospective analyses of environmental archives to fill gaps while
new monitoring systems are established.

Addressing concerns of Northern Peoples remains a priority, so
monitoring species and tissues that are relevant for assessing both
ecosystem health and human exposure through consumption are
important. Therefore, time series for tissues that are most often
consumed in relatively large amounts and that produce powerful
trends (e.g., muscle tissue) should be considered for addition to
more monitoring programs.

Statistical methods for time series analysis should be further
refined to take into account additional environmental factors
(in particular those associated with climate change) and existing
time series should be re-evaluated as soon as possible to better
understand the influence of climate-related drivers on Hg in
ecosystems and food webs.

33
Specific findings: trends in invertebrates and fish

26. Despite substantial statistical power (=80%) and length
of time series, few significant trends were found in blue
mussels and those that were found at relatively nearby
locations differed, which probably reflects differences in
local processes.

27. Recent trends of Hg levels were decreasing or insignificant
in many of the freshwater fish populations, but were
increasing in lake trout and burbot from the Mackenzie
River watershed (Northwest Territories, Canada) and in
landlocked char on Svalbard at a lake where local processes
are known to influence levels of other contaminants.

28. Differences in watershed characteristics for Subarctic
lakes, lake chemistry, and food web changes as well as
impacts of changing climate and weather variables on
these factors are likely sources of variation in the trends
(see Chapter 5).

Establishing marine bivalve monitoring programs in additional
circumarctic locations could provide cost-effective and useful
information about the spatial patterns of Hg throughout the
North, as well as allowing comparisons with similar programs
at lower latitudes, though other species may provide more
statistically powerful time series for temporal analysis.

Specific findings: trends in seabirds

29. Time series of THg in seabird eggs were particularly
powerful, likely due to the consistency of the analyses
under the seabird monitoring programs and the lack of
confounding factors that affect the exposure of mature
animals to Hg.

30. The majority of THg trends in seabird populations were
increasing or were insignificant; only one seabird trend
was significantly decreasing (Norwegian black-legged
kittiwakes).

31. Alaskan (USA) seabird time series have not been recently
extended, which along with a lack of Russian data, create
a geographical gap in seabird and other biota time series.

Monitoring of seabirds for Hg throughout the North should
continue, particularly for eggs which produce very powerful
trends. Efforts to extend the existing Alaskan time series and
produce monitoring data in seabirds from Russia would fill a
substantial geographic gap in monitoring.

Specific findings: trends in mammals

32. Despite circumpolar distributions, ringed seal time
series were only available from Greenland and Canada,
toothed whales from the Faroe Islands and Canada, and
polar bears from Greenland, Canada and Svalbard.

33. Monitoring coverage for terrestrial mammals was very
limited, with caribou annually monitored at only two
sites in Canada and with no other species represented in
the current assessment (Arctic fox were investigated with
the marine mammals in this assessment). The existing
datasets are powerful, but did not produce significant
trends and thus interpretation was limited.
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The current marine mammal monitoring programs should
continue and be expanded where possible. A broader geographic
range of samples from toothed whales and ringed seals, which
are particularly important subsistence animals, would make for
extremely useful spatiotemporal comparisons relevant to both
ecosystem health and human exposure.

Caribou, reindeer and other ungulates are also important for
subsistence, have broad geographic distributions and also have
different exposure pathways than marine mammals and efforts
should be made to include more locations.

Specific findings: humans

34. Mercury levels in human blood continued to decrease
in Nunavik (Canada), the Disko Bay area (West
Greenland) and in the Faroe Islands. The time series
in women from Nuuk, Greenland, did not produce
significant trends. It is likely that changes in lifestyle
and dietary choices of Northern Peoples help to drive
the decreasing Hg exposure and concentrations in
human blood; dietary advice to protect health is a
contributing factor in at least the Faroese case. It should
be recognized that the decreasing exposure to Hg as a
result of changing diet is often associated with shifts to
a less healthy diet in terms of overall nutrition; thus,
advice on the relative risks and benefits associated with
dietary change and Hg exposure is a topic requiring
specialized expertise (see Chapter 7).

35. Establishing direct relationships between Hg levels in
wildlife and concentrations in people consuming wildlife
for food is not a primary objective of most current trend
monitoring studies, an exception being the Faroese
study of linkages between Hg level in pilot whales and
Faroese people.

Human monitoring based on levels in hair is likely to be a key
component in an eventual global Hg monitoring plan to support
the effectiveness evaluation of the Minamata Convention. AMAP
should consider introducing hair monitoring in its programme
as a basis for extending the geographical coverage of temporal
trend studies in humans as well as evaluating possible ways to
correlate blood and hair monitoring (see Chapter 7).
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Data Gaps

36. The lack of time series from Arctic Russia continues
to be a significant data gap in all matrices, with Russia
represented in this assessment only by a single air
monitoring station (Amderma).

37. Updates to wildlife time series were not available from
Alaska for the current assessment, although there are
nearby marine (Beaufort Sea) and freshwater/terrestrial
monitoring programs (Northwest Territories and the
Yukon). Given the relatively high concentrations of THg
in species from the western Canadian Arctic, data from
Alaska would be valuable for comparative purposes.

38. Available air/deposition time series for Hg from Alaska
were either inadequate for trend assessment (e.g., air,
4 years) or did not produce significant trends (e.g.,
precipitation); these should continue and be re-analyzed
in the next assessment as the addition of ~10 years of
data can substantially improve trend analyses.

39. Time series in low trophic level biota, including
invertebrates, are rare in the Arctic, a problem also
identified in the 2011 AMAP Mercury Assessment. Food
web transfer and biomagnification are key processes
affecting MeHg levels and trends in wildlife and cannot
be assessed without information from low trophic level
organisms. Including these could provide valuable
insights; for example, the geographic trends in high
trophic level fish and marine mammals could be due to
differences lower in the food web, but cannot currently
be assessed.

Countries should review their existing temporal trend monitoring
activities with respect to filling the gaps identified in this
assessment.
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Appendix 2.1 Available mercury time series and trend results

Appendix 2.1 (A2.1) contains Table A2.1, Table A2.2, Table A2.3
and Table A2.4, which together present the available mercury
time series and trend results. Table A2.1 gives time series
available for temporal analysis of mercury concentrations
in air (A) and wet deposition/precipitation (B). Table A2.2

presents time series available for temporal analysis of Hg
concentrations in biota. Table A2.3 lists time trends selected for
temporal analysis of Hg concentrations in human blood (ug/L).
Table A2.4 presents time series of total mercury (geometric
means and range) in whole blood (ug/L) from the Faroe Islands.

Table A2.1 Time series available for temporal analysis of mercury concentrations in air (A) and wet deposition/precipitation® (B).

(A) Country Location Measurement Years (1) First year Last year Reference
Coastal High Arctic

Canada Alert TGM 24 1995 2018 NCP/ECCC

Canada Alert GEM/GOM/PHg 17 2002 2018 NCP/ECCC

Northeast Greenland Station Nord, Villum TGM 11 2008 2018 EBAS

Norway Ny-Alesund (Svalbard) TGM 18 2001 2018 EBAS

Norway Ny-Alesund (Svalbard) GOM/PHg 12 2007 2018 EBAS

Russia Amderma TGM 9 2001 2009 EBAS
Continental Subarctic

Canada Little Fox Lake TGM 12 2007 2018  NCP/ECCC

Finland Hyytiéla TGM 11 2008 2018 EBAS

Finland Pallas (68.0°, 24.23°) TGM 11 2008 2018 EBAS

Finland Pallas (68.0°, 24.23°) Manual TGM 23 1996 2018 EBAS

United States Denali National Park TGM 5 2014 2018 NADP/Pearson et al., 2019
Coastal Subarctic

Norway Andoya TGM 9 2010 2018 EBAS

Finland Virolahti TGM 11 2008 2018 EBAS
(B) Country  Location Station code Latitude  Location Years (n)  Firstyear  Lastyear = Missing years
Finland Pallas FI196 67°N Inland/Subarctic 21 1996 2018 1998, 2010
Norway Lista/Birkenes NO99-02  58°N Coastal 29 1990 2018
Sweden Bredkilen SE05 63°N Inland/Subarctic 14 1998 2018 2004-2008,

2011, 2017

Sweden R&6/Rorvik SE02-14 57°N Coastal 28 1989 2018 1996-1997
Sweden Vavihill/Hallahus SE11-20 56°N Inland 17 1998 2018 2004-2008
United States  Gates of the Arctic National Park AK06 67°N Inland/Subarctic 7 2009 2015 2011
United States Kodiak Island AK98 57°N Coastal/Subarctic 8 2008 2018 2010, 2016-2017

* The data source for Hg in precipitation was EBAS, which also holds time series for three sites in southern Finland: Valkea-Kotinen (from 1995), Virolahti

(from 2009) and Hyytiéld (from 2010).
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Table A2.2 Time series available for temporal analysis of Hg concentrations in biota. ICES = AMAP data reported to ICES. NCP = Northern Contaminants
Program. NPI = Norwegian Polar Institute. DANCEA = Danish Cooperation for Environment in the Arctic. CEBC = Centre for Biological Studies of Chizé.

Country Station (Lat, Long)  Species Tissue® Basis® Category* nd Years® Source

Marine Invertebrates (mussels)

1S Grimsey Mytilus edulis SB D -- 16 (16) 1993-2013 AMAP/ICES
(66.55°, -18.02°)

IS Hvalstod Hvalfjordur Mytilus edulis SB D -- 19(19)  1993-2013 AMAP/ICES
(64.4°, -21.45%)

IS Hvassahraun Mytilus edulis SB D -- 21(21)  1993-2018 AMAP/ICES
(64.05°, -22.29°)

IS Hvitanes Hvalfjordur Mytilus edulis SB D -- 22(22)  1993-2018 AMAP/ICES
(64.36°, -21.5°)

IS Mjoifj6rdur Mytilus edulis SB D -- 13 (13) 1997-2018 AMAP/ICES
(Dalatangi)
(65.27°, -13.58°)

IS Mjoifjordur (head)  Mytilus edulis SB D -- 15(15)  1996-2018 AMAP/ICES
(65.19°, -14.01°)

I Mjoifjordur (Hofsd) — Mytilus edulis SB D -- 15 (15) 1995-2018 AMAP/ICES
(65.2°,-13.82°)

IS Straumur Straumsvik Mytilus edulis SB D -- 21(21)  1993-2018 AMAP/ICES
(64.18°, -22.24°)

IS Ulfs4 Skutulsfjordur  Mytilus edulis SB D -- 17 (17) 1997-2018 AMAP/ICES
(66.06°, -23.17°)

NO Skallneset Mytilus edulis SB D -- 22 (22) 1994-2017 AMAP/ICES
(70.14°, 30.34°)

NO Brashavn Mytilus edulis SB D -- 19 (19) 1997-2017 AMAP/ICES
(69.9°, 29.74°)

NO Husvagen area Mytilus edulis SB D -- 19(19)  1997-2017 AMAP/ICES

(68.25°, 14.66°)

Freshwater Fish

CA GSL-West Basin Esox lucius MU w -- 23(20) 1989*-2018 Evans et al., 2013; Evans, pers.
(60.82°, -115.79°) comm., 2019; Evans and Muir, 2021b;
AMAP, 2011
SE Storvindeln Esox lucius MU w - 46 (46) 1968-2018 AMAP/National
(65.7°,17.13°)
CA Fort Good Hope Lota lota LI w -- 20 (20) 1988-2018  Carrie et al., 2010; Stern, pers. comm.,
(66.26°, -128.63°) 2019; Stern et al., 2021b; AMAP, 2011
CA Fort Good Hope Lota lota MU W -- 19 (19) 1995-2018  Carrie et al., 2010; Stern, pers. comm.,
(66.26°, -128.63°) 2019; Stern et al., 2021b; AMAP, 2011
CA GSL-East Arm Lota lota MU w -- 17 (17) 1993-2018 Evans et al, 2013; Evans, pers.
(62.41°, -110.74°) comm., 2019; Evans and Muir, 2021b;
AMAP, 2011
CA GSL-West Basin Lota lota MU W -- 26 (24)  1992-2018* Evans et al, 2013; Evans, pers.
(60.82°, -115.79°) comm., 2019; Evans and Muir, 2021b;
AMAP, 2011
CA GSL-East Arm Salvelinus MU w -- 21(21) 1993-2018  Evans et al, 2013; Evans, pers.
(62.41°, -110.74°) namaycush comm., 2019; Evans and Muir, 2021b,
AMAP, 2011
CA GSL-West Basin Salvelinus MU W -- 25 (25) 1979-2018  Evans et al, 2013; Evans, pers.
(60.82°, -115.79°) namaycush comm., 2019; Evans and Muir, 2021b;
AMAP, 2011
CA Lake Kusawa Salvelinus MU w -- 20(20)  1993-2018 Gamberg et al., 2021; Gamberg, pers.
(60.41°, -136.26°) namaycush comm., 2019; AMAP, 2011
CA Lake Laberge Salvelinus MU W -- 23(23) 1993-2018  Gamberg et al., 2021; Gamberg, pers.
(61.06°, -135.11°) namaycush comm., 2019; AMAP, 2011
CA Amituk Lake Salvelinus MU w -- 18 (16)  2001-2018* Hudelson et al., 2019; Hudelson et al.,
(75.05°, -93.75°) alpinus pers. comm., 2019; AMAP, 2011
CA Char Lake Salvelinus MU W -- 13 (13) 1993-2018 Hudelson et al., 2019; Hudelson et al.,
(74.71°, -94.9°) alpinus pers. comm., 2019; AMAP, 2011
CA Lake Hazen Salvelinus MU w -- 18 (18) 1990-2018  Hudelson et al., pers. comm., 2019;
(81.8° -71°) alpinus AMAP, 2011
CA North Lake Salvelinus MU W -- 14 (14) 2000-2018 Hudelson et al., 2019; Hudelson et al.,
(74.78°,-95.09°) alpinus pers. comm., 2019; AMAP, 2011
CA Resolute Lake Salvelinus MU w -- 22 (22) 1993-2018 Hudelson et al., 2019; Hudelson et al.,
(74.69°, -94.94°) alpinus pers. comm., 2019; AMAP, 2011
GL Isortoq Salvelinus MU w - 11(11) 1994-2018 AMAP/DANCEA

(60.54°, -47.33°) alpinus
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Country Station (Lat, Long) Species Tissue® Basis® Category nd Years® Source
FO 4 Myrunum Salvelinus MU w -- 10 (10) 2000-2014 AMAP/DANCEA
(62.17°, -7.09°) alpinus
NO Bjornoya Salvelinus MU D -- 12 (12)  1998-2015 AMAP/Akvaplan-niva
(74.45°,19.12°) alpinus
SW Abiskojaure Salvelinus MU w -- 37(37)  1981-2018 AMAP/Swedish National Monitoring
(68.29°, 18.59°) alpinus Programme for Contaminants in Biota
Marine Fish
CA Queen Maud Gulf Salvelinus MU W -- 17 (13)  2004-2018* Evans et al., 2015; Evans, pers.
(69.12°, -105.06°) alpinus comm., 2019; Evans and Muir, 2021a;
AMAP, 2011
GL Avanersuaq Myoxocephalus LI w -- 9(8) 1995-2018* AMAP/DANCEA
(77.28°, -69.14°) scorpius
GL Ittoqqortoormiit Myoxocephalus LI w -- 12 (11)  1995-2018* AMAP/DANCEA
(70.29°, -21.58°) scorpius
GL Qegqertarsuaq Myoxocephalus LI w -- 14 (14)  1994-2018 AMAP/DANCEA
(69.15°, -53.32°) scorpius
FO Mylingsgrunnur Gadus morhua ~ MU w -- 27(27)  1979-2016 AMAP/DANCEA
(62.38°, -7.42°)
FO Mylingsgrunnur Gadus morhua MU W Size 29 (29) 1979-2017 AMAP/DANCEA
(62.38°, -7.42°) (Medium)
IN North-northwest off  Gadus morhua MU W - 24 (24) 1990-2018 AMAP/ICES
Iceland
(66.92°, -22.89°)
1S Northeast off Iceland  Gadus morhua MU W -- 23(23) 1990-2018 AMAP/ICES
(65.24°, -12.13°)
NO Varangerfjorden Gadus morhua MU w -- 21(21)  1994-2017 AMAP/ICES
(69.82°, 29.76°)
NO Tromse harbour Gadus morhua MU W - 7(7) 2009-2017 AMAP/ICES
(69.65°, 18.97°)
NO Bjornergya Gadus morhua ~ MU w -- 21(21)  1992-2017 AMAP/ICES
(east)
(68.19°, 14.71°)
Terrestrial Mammals
CA Old Crow Rangifer K1 D -- 26 (26) 1991-2017 Gamberg et al., 2020, AMAP, 2011
(67.57°, -139.83°) tarandus
CA Western Hudson Bay Rangifer KI D -- 13(13)  2006-2018 Gamberg et al., 2020, AMAP, 2011
(61.11°, -94.06°) tarandus
Seabirds
CA Prince Leopold Island Fulmarus EH D -- 19 (19) 1975-2017 Foster et al., 2019, AMAP, 2011
(74.04°, -90.03°) glacialis
CA Coats Island Uria lomvia EH D - 15 (15) 1993-2017 Morris et al., 2022, AMAP, 2011
(62.47°, -83.1°)
CA Prince Leopold Island Uria lomvia EH D -- 19 (19) 1975-2017  Foster et al., 2019, AMAP, 2011
(74.04°, -90.03°)
GL Ittoqqortoormiit Alle alle BL D -- 10 (10)  2005-2015 AMAP/DANCEA
Ukaleqarteq
(70.72°, -21.55°)
GL Ittoqqortoormiit Alle alle FE D - 10 (10)  2007-2016  Fort et al., 2016; Fort and Grémillet et al.,
Ukaleqarteq pers. comm., 2019; ARCTOX; AMAP/
(70.72°, -21.55°) DANCEA
FO Koltur Cepphus grylle EH w - 11(11)  1999-2016 AMAP/DANCEA
(61.99°, -6.99°)
FO Skuvoy Cepphus grylle EH w -- 10 (10)  1999-2014 AMAP/DANCEA
(61.77°, -6.80°)
FO Sveipur Cepphus grylle LI W Juvenile 9(9) 1995-2015 AMAP/DANCEA
(61.95°, -6.72°)
FO Sveipur Cepphus grylle FE W Juvenile 8(8) 1996-2015 AMAP/DANCEA
(61.95°, -6.72°)
FO Tindhélmur Cepphus grylle FE w Juvenile 6(6) 2005-2015 AMAP/DANCEA
(62.08°, -7.43°)
FO Tindhdélmur Cepphus grylle LI w Juvenile 6(6) 2005-2015 AMAP/DANCEA
(62.08°, -7.43°)
NO Svalbard- Rissa tridactyla ER D -- 15 (15) 2000-2016  Tartu et al., 2022; AMAP/NPI,
Kongsfjorden CEBC-CNRS

(79°,11.67°)
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Table A2.2 continued
Country Station (Lat, Long)  Species Tissue® Basis® Category* nd Years® Source
Marine Mammals
CA Eastern Beaufort Sea  Delphinapterus LI w Small  23(23) 1981-2017 Loseto et al,, 2015; Loseto et al.,
(69.5°, -133.58°) leucas pers. comm., 2019; Stern et al., 2021a;
AMAP, 2011
CA Eastern Beaufort Sea  Delphinapterus LI W Large 23(23) 1981-2017 Loseto et al., 2015; Loseto et al.,
(69.5°, -133.58°) leucas pers. comm., 2019; Stern et al., 2021a;
AMAP, 2011
CA Eastern Beaufort Sea  Delphinapterus ~ MU w Small 23 (23) 1981-2017 Loseto et al., 2015; Loseto et al.,
(69.5°, -133.58°) leucas pers. comm., 2019; Stern et al., 2021a;
AMAP, 2011
CA Eastern Beaufort Sea  Delphinapterus ~ MU w Large  22(21) 1993-2017* Loseto et al., 2015; Loseto et al.,
(69.5°, -133.58°) leucas pers. comm., 2019; Stern et al., 2021a;
AMAP, 2011
CA Eastern Beaufort Sea  Delphinapterus EP w Small 20 (20) 1993-2017 Loseto et al., 2015; Loseto et al.,
(69.5° -133.58°) leucas pers. comm., 2019; Stern et al., 2021a;
AMAP, 2011
CA Eastern Beaufort Sea  Delphinapterus ~ EP w Large  20(20)  1993-2017 Loseto et al,, 2015; Loseto et al.,
(69.5°, -133.58°) leucas pers. comm., 2019; Stern et al., 2021a;
AMAP, 2011
CA Southern Hudson Bay Delphinapterus LI W Small 15 (15) 1994-2016 Loseto et al., 2015; Loseto et al.,
(56.54°, -79.22°) leucas pers. comm., 2019; Stern et al., 2021a;
AMAP, 2011
CA Southern Hudson Bay Delphinapterus LI w Large  17(17)  1994-2016 Loseto et al,, 2015; Loseto et al.,
(56.54°, -79.22°) leucas pers. comm., 2019; Stern et al., 2021a;
AMAP, 2011
CA Southern Hudson Bay Delphinapterus ~ MU W Small 15 (15) 1994-2016 Loseto et al., 2015; Loseto et al.,
(56.54°,-79.22°) leucas pers. comm., 2019; Stern et al., 2021a,
AMAP, 2011
CA Southern Hudson Bay Delphinapterus ~ MU w Large  17(17)  1994-2016 Loseto et al,, 2015; Loseto et al.,
(56.54°, -79.22°) leucas pers. comm., 2019; Stern et al., 2021a;
AMAP, 2011
FO Foroyskar Hvalvagir ~ Globicephala MU W Undefined 20(17) 1997-2017* AMAP/DANCEA
(62.00°, -7.00°) melas
FO Foroyskar Hvalvagir ~ Globicephala MU w Adult 15(12)  1997-2015* AMAP/DANCEA
(62.00°, -7.00°) melas
FO Foroyskar Hvalvagir ~ Globicephala MU W JuvenileM 18(16) 1997-2017* AMAP/DANCEA
(62.00°, -7.00°) melas
FO Foroyskar Hvalvagir ~ Globicephala LI w Adult 12 (12) 2001-2017 AMAP/DANCEA
(62.00°, -7.00°) melas
FO Foroyskar Hvalvagir ~ Globicephala LI w Juvenile M 6 (6) 2001-2015 AMAP/DANCEA
(62.00°, -7.00°) melas
CA Eastern Beaufort Sea  Pusa hispida LI w Adult 14 (12)  2001-2017* Houde et al., 2020; AMAP, 2011
(71.99°, -125.25°)
CA Eastern Beaufort Sea  Pusa hispida LI w Juvenile 13 (11) 2001-2017* Houde et al., 2020; AMAP, 2011
(71.99°, -125.25°)
CA Eastern Beaufort Sea  Pusa hispida MU W Adult 14 (12)  2001-2017* Houde et al., 2020; AMAP, 2011
(71.99°, -125.25°)
CA Eastern Beaufort Sea  Pusa hispida MU W Juvenile 14 (12) 2001-2017* Houde et al., 2020; AMAP, 2011
(71.99°, -125.25°)
CA Resolute Passage Pusa hispida LI w Adult 16 (16) 1993-2017 Houde et al., 2020, AMAP, 2011
(74.70°, -94.83°)
CA Resolute Passage Pusa hispida LI w Juvenile 15 (15) 1993-2017 Houde et al., 2020; AMAP, 2011
(74.70°, -94.83°)
CA Resolute Passage Pusa hispida MU w Adult  15(14) 2004-2017* Houde et al,, 2020, AMAP, 2011
(74.70°, -94.83°)
CA Resolute Passage Pusa hispida MU w Juvenile 15(14) 2004-2017* Houde et al., 2020; AMAP, 2011
(74.70°, -94.83°)
CA Labrador Sea Pusa hispida LI w Adult 9(9) 1997-2017 Houde et al., 2020; AMAP, 2011
(56.54°, -61.70°)
CA Labrador Sea Pusa hispida LI w Juvenile 8(8) 1998-2017 Houde et al., 2020; AMAP, 2011
(56.54°, -61.70°)
CA Labrador Sea Pusa hispida MU w Adult 10 (10) 1997-2017 Houde et al., 2020, AMAP, 2011
(56.54°, -61.70°)
CA Labrador Sea Pusa hispida MU w Juvenile 9(9) 1998-2017 Houde et al., 2020; AMAP, 2011

(56.54°, -61.70°)
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Table A2.2 continued
Country Station (Lat, Long)  Species Tissue® Basis® Category n Years® Source
CA Western Hudson Bay Pusa hispida LI W Adult 15 (15) 1992-2017 Houde et al., 2020; AMAP, 2011
(61.11°, -94.06°)
CA Western Hudson Bay Pusa hispida LI W Juvenile 14 (13) 2003-2017* Houde et al., 2020; AMAP, 2011
(61.11°, -94.06°)
CA Western Hudson Bay  Pusa hispida MU W Adult 14 (13)  2003-2017* Houde et al., 2020; AMAP, 2011
(61.11°, -94.06°)
CA Western Hudson Bay  Pusa hispida MU W Juvenile 14 (13) 2003-2017* Houde et al., 2020; AMAP, 2011
(61.11°, -94.06°)
GL Ittoqqortoormiit Pusa hispida LI w Undefined 6 (6) 1999-2016 AMAP/DANCEA
(70.29°, -21.58°)
GL Avanersuaq Pusa hispida LI w Adult 10 (10) 1994-2018 AMAP/DANCEA
(77.28°, -69.14°)
GL Avanersuaq Pusa hispida LI w Juvenile 12 (12) 1984-2018 AMAP/DANCEA
(77.28°, -69.14°)
GL Ittoqqortoormiit Pusa hispida LI W Adult 14 (14) 1986-2018 AMAP/DANCEA, Pinzone, 2021
(70.29°, -21.58°)
GL Ittoqqortoormiit Pusa hispida LI W Juvenile 14 (14) 1986-2018 AMAP/DANCEA, Pinzone, 2021
(70.29°, -21.58°)
GL Qegqertarsuaq Pusa hispida LI W Juvenile 14 (14) 1994-2018 AMAP/DANCEA
(69.15°, -53.32°)
CA Southern Hudson Bay Ursus maritimus LI D AdultF  10(10)  2006-2017 Morris et al., 2022, Letcher and Dyck,
(56.54°, -79.22°) 2021; Letcher, pers. comm., 2019;
AMAP, 2011
CA Southern Hudson Bay Ursus maritimus LI D AdultM 10(10)  2006-2017 Morris et al., 2022, Letcher and Dyck,
(56.54°, -79.22°) 2021; Letcher, pers. comm., 2019;
AMAP, 2011
CA Southern Hudson Bay Ursus maritimus LI D Juvenile 7(7) 2007-2015 Morris et al., 2022, Letcher and Dyck,
(56.54°, -79.22°) 2021; Letcher, pers. comm., 2019;
AMAP, 2011
CA Western Hudson Bay Ursus maritimus LI D Adult F 6(6) 2007-2017  Morris et al., 2022, Letcher and Dyck,
(61.11°, -94.06°) 2021; Letcher, pers. comm., 2019;
AMAP, 2011
CA Western Hudson Bay Ursus maritimus LI D Adult M 10(10)  2007-2017 Morris et al., 2022, Letcher and Dyck,
(61.11°, -94.06°) 2021; Letcher, pers. comm., 2019;
AMAP, 2011
CA Western Hudson Bay Ursus maritimus LI D Juvenile 8(8) 2007-2015 Morris et al., 2022, Letcher and Dyck,
(61.11°, -94.06°) 2021; Letcher, pers. comm., 2019;
AMAP, 2011
GL Ittoqqortoormiit Ursus maritimus LI w Undefined 14 (14) 1986-2018 AMAP/DANCEA
(70.29°, -21.58°)
GL Ittoqqortoormiit Ursus maritimus LI w AdultF  22(22) 1984-2018 AMAP/DANCEA
(70.29°, -21.58°)
GL Ittoqqortoormiit Ursus maritimus LI w AdultM 24 (24) 1984-2018 AMAP/DANCEA
(70.29°, -21.58°)
GL Ittoqqortoormiit Ursus maritimus LI w Juvenile 28 (28) 1983-2018 AMAP/DANCEA
(70.29°, -21.58°)
GL Ittoqqortoormiit Ursus maritimus HA D Undefined 12(11) 2000-2018* AMAP/DANCEA
(70.29°, -21.58°)
GL Ittogqortoormiit Ursus maritimus HA D AdultF 16 (14) 1999-2018* AMAP/DANCEA
(70.29°, -21.58°)
GL Ittoqqortoormiit Ursus maritimus HA D AdultM 17 (16)  1999-2018* AMAP/DANCEA
(70.29°, -21.58°)
GL Ittoqqortoormiit Ursus maritimus HA D Juvenile 21 (21) 1984-2018 AMAP/DANCEA
(70.29°, -21.58°)
NO Svalbard Ursus maritimus HA D AdultF 25 (25) 1990-2016 AMAP/NP], Lippold et al., 2020, 2022
(77.88°,20.98°)
NO Svalbard Ursus maritimus HA D Juvenile 10 (10)  1998-2014 AMAP/NPI, Lippold et al., 2020, 2022
(77.88°,20.98°)
NO Svalbard Vulpes lagopus LI w -- 11(11)  1998-2014 AMAP/NPI, Hallanger et al., 2019;

(77.88°,20.98°)

Routti et al., 2020

* BL = whole blood, EH = egg homogenate, EP = epidermis, ER = erythrocytes, FE = feathers, HA = hair, LI = liver, MU = muscle, SB = soft body (whole)
>Wet (W) or dry (D) weight concentrations

¢ Categories for marine mammals are defined under Section 2.3.2.4

dThe total years available and the number of years used in the longest trend analyzed (in parentheses) are shown
* Indicates time series that were truncated due to gaps of more than 5 years in length
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Appendix 2.2 (A2.2) contains, first, a summary of results for
statistics and trends in air: Tables A2.5 and A2.6 give daily mean
TGM (ng/m?*) and summary statistics for all available data and
for the period 2008 to 2018 exclusively, respectively; Tables
A2.7 and A2.8 present median trends and 95% confidence
intervals for long-term Arctic monitoring sites for all of the
available data and for the period 2008 to 2018, respectively;
Table A2.9 gives annual and monthly trends (% change) in

GOM and PHg for Alert (2002-2018 and 2008-2018) and
Ny-Alesund (2008-2018). Next, there is a summary of results
for trends in wet deposition/precipitation is presented in Table
A2.10 which shows trends in precipitation/wet deposition for
all years available (A2.10a) and for 2009-2018 (A2.10b). Finally,
in this section, there is a summary of results for trends in biota,
presented in Table A2.11.

Summary of results for summary statistics and trends in air

Table A2.5 Daily mean TGM (ng/m?) and summary statistics for all available data.

Site Date Range Mean daily Standard Min daily Max daily Q1 daily Median daily Q3 daily
TGM deviation mean TGM mean TGM mean TGM mean TGM mean TGM
ng/m’ ng/m’ ng/m’ ng/m? ng/m? ng/m?

Andgya Annual 1.53 0.15 0.64 2.02 1.42 1.52 1.63

Winter 1.61 0.14 1.28 2.02 1.50 1.62 1.71
Spring 1.53 0.16 0.64 1.94 1.43 1.53 1.63
Summer 1.49 0.13 1.03 1.88 1.40 1.48 1.57
Autumn 1.50 0.15 1.14 2.01 1.37 1.50 1.59
Amderma Annual 1.54 0.31 0.17 4.38 1.40 1.57 1.72
(2001-2009) Winter 1.66 0.19 0.38 272 1.59 1.68 1.76
Spring 1.43 0.48 0.17 4.38 1.12 1.51 1.77
Summer 1.61 0.23 0.90 2.39 1.47 1.61 1.75
Autumn 1.47 0.16 1.15 2.09 1.36 1.46 1.58
Pallas Annual 1.40 0.14 0.80 1.92 1.30 1.41 1.50
Winter 1.52 0.10 1.19 1.92 1.45 1.51 1.57
Spring 1.45 0.14 0.80 1.85 1.37 1.46 1.56
Summer 1.34 0.11 0.98 1.64 1.26 1.35 1.42
Autumn 1.30 0.11 0.81 1.65 1.24 1.30 1.37
Pallas Annual 1.38 0.20 0.54 2.81 1.26 1.37 1.48
E:;;esl)dy manual  yyipger 1.49 0.19 1.05 281 1.38 1.47 1.57
Spring 1.42 0.21 0.55 2.18 1.29 1.42 1.54
Summer 1.33 0.18 0.73 2.14 1.25 1.33 1.41
Autumn 1.28 0.16 0.54 2.06 1.19 1.27 1.36
Hyytiala Annual 1.23 0.15 0.76 1.69 1.13 1.23 1.34
Winter 1.30 0.14 0.98 1.69 1.20 1.29 1.39
Spring 1.31 0.14 0.77 1.69 1.21 1.32 1.41
Summer 1.19 0.13 0.80 1.66 1.11 1.19 1.29
Autumn 1.13 0.12 0.76 1.51 1.04 1.13 1.20
Virolahti Annual 1.29 0.15 0.76 2.20 1.19 1.29 1.39
Winter 1.40 0.14 1.03 2.20 1.31 1.38 1.49
Spring 1.32 0.13 0.76 1.81 1.25 1.32 1.40
Summer 1.28 0.13 0.93 1.67 1.19 1.28 1.36
Autumn 1.20 0.14 0.87 1.78 1.11 1.20 1.28
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Table A2.5 continued
Site Date Range Mean daily Standard Min daily Max daily Q1 daily Median daily Q3 daily
TGM deviation mean TGM mean TGM mean TGM mean TGM mean TGM
ng/m? ng/m’ ng/m’ ng/m’ ng/m’ ng/m’
Villum Research All 1.33 0.36 0.12 2.96 1.12 1.36 1.52
Station (Nord)
(2008-2018) Winter 1.33 0.27 0.32 2.48 1.16 1.38 1.51
Spring 1.24 0.56 0.12 4.47 0.87 1.26 1.49
Summer 1.56 0.32 0.50 2.57 1.38 1.55 1.73
Autumn 1.31 0.23 0.49 2.28 1.15 1.35 1.43
Denali National Annual 1.30 0.15 0.86 1.68 1.19 1.32 1.41
Park Winter 1.35 0.11 0.94 1.62 1.31 1.37 1.42
Spring 1.44 0.10 1.06 1.68 1.37 1.44 1.51
Summer 1.26 0.12 0.86 1.63 1.19 1.26 1.35
Autumn 1.20 0.13 0.87 1.61 1.12 1.19 1.30
Ny-Alesund Annual 1.53 0.23 0.00 243 1.44 1.56 1.66
Winter 1.56 0.17 0.50 2.31 1.49 1.58 1.66
Spring 1.45 0.33 0.00 2.41 1.31 1.52 1.66
Summer 1.61 0.19 0.34 243 1.52 1.61 1.71
Autumn 1.51 0.15 0.66 1.99 1.41 1.50 1.61
Little Fox Lake Annual 1.38 0.17 0.66 1.80 1.27 1.40 1.51
Winter 1.40 0.20 0.66 1.80 1.33 1.45 1.51
Spring 1.47 0.17 0.85 1.78 1.42 1.52 1.58
Summer 1.38 0.11 1.00 1.70 1.30 1.38 1.45
Autumn 1.26 0.12 0.71 1.64 1.19 1.27 1.34
Alert Annual 1.44 0.38 0.00 3.27 1.30 1.47 1.65
Winter 1.49 0.18 0.62 2.49 1.35 1.48 1.62
Spring 1.15 0.48 0.00 3.12 0.79 1.21 1.53
Summer 1.74 0.32 0.34 3.27 1.54 1.72 1.92

Autumn 1.42 0.16 1.00 2.80 1.31 1.41 1.53
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Table A2.6. Daily mean TGM (ng/m?*) and summary statistics for the period 2008 to 2018 exclusively.

Site Date Mean Daily Standard Minimum Maximum Q1 daily Median daily Q3 daily
Range TGM ng/m? Deviation daily mean dailymean  mean TGM, meanTGM, mean TGM,
TGM ng/m’> TGM, ng/m’ ng/m? ng/m’ ng/m’
Andgya All 1.52 0.15 0.64 2.02 1.41 1.51 1.62
Winter 1.61 0.14 1.28 2.02 1.50 1.62 1.71
Spring 1.53 0.16 0.64 1.94 1.43 1.53 1.63
Summer 1.49 0.13 1.03 1.88 1.40 1.48 1.57
Autumn 1.50 0.15 1.14 2.01 1.37 1.50 1.59
Pallas (Tekran) All 1.40 0.14 0.80 1.92 1.30 1.41 1.50
Winter 1.52 0.10 1.19 1.92 1.45 1.51 1.57
Spring 1.45 0.14 0.80 1.85 1.37 1.46 1.56
Summer 1.34 0.11 0.98 1.64 1.26 1.35 1.42
Autumn 1.30 0.11 0.81 1.65 1.24 1.30 1.37
Pallas (manual traps)  All 1.37 0.20 0.54 2.81 1.25 1.36 1.47
Winter 1.49 0.19 1.05 2.81 1.38 1.47 1.57
Spring 1.42 0.21 0.55 2.18 1.29 1.42 1.54
Summer 1.33 0.18 0.73 2.14 1.25 1.33 1.41
Autumn 1.28 0.16 0.54 2.06 1.19 1.27 1.36
Hyytidla All 1.23 0.15 0.76 1.69 1.13 1.23 1.34
Winter 1.30 0.14 0.98 1.69 1.20 1.29 1.39
Spring 1.31 0.14 0.77 1.69 1.21 1.32 1.41
Summer 1.19 0.13 0.80 1.66 1.11 1.19 1.29
Autumn 1.13 0.12 0.76 1.51 1.04 1.13 1.20
Virolahti All 1.29 0.15 0.76 2.20 1.19 1.29 1.39
Winter 1.40 0.14 1.03 2.20 1.31 1.38 1.49
Spring 1.32 0.13 0.76 1.81 1.25 1.32 1.40
Summer 1.28 0.13 0.93 1.67 1.19 1.28 1.36
Autumn 1.20 0.14 0.87 1.78 1.11 1.20 1.28
Villum Research All 1.33 0.36 0.12 2.96 1.12 1.36 1.52
Station. (Nord) Winter 1.33 0.27 0.32 2.48 116 1.38 1.51
Spring 1.24 0.56 0.12 4.47 0.87 1.26 1.49
Summer 1.56 0.32 0.50 2.57 1.38 1.55 1.73
Autumn 1.31 0.23 0.49 2.28 1.15 1.35 1.43
Denali National Park Al 1.30 0.15 0.86 1.68 1.19 1.32 1.41
Winter 1.35 0.11 0.94 1.62 1.31 1.37 1.42
Spring 1.44 0.10 1.06 1.68 1.37 1.44 1.51
Summer 1.26 0.12 0.86 1.63 1.19 1.26 1.35
Autumn 1.20 0.13 0.87 1.61 1.12 1.19 1.30
Ny—Alesund All 1.50 0.24 0.00 2.43 1.42 1.54 1.63
Winter 1.56 0.17 0.50 2.31 1.49 1.58 1.66
Spring 1.45 0.33 0.00 241 1.31 1.52 1.66
Summer 1.61 0.19 0.34 2.43 1.52 1.61 1.71
Autumn 1.51 0.15 0.66 1.99 1.41 1.50 1.61
Little Fox Lake All 1.38 0.17 0.66 1.80 1.27 1.40 1.51
Winter 1.40 0.20 0.66 1.80 1.33 1.45 1.51
Spring 1.47 0.17 0.85 1.78 1.42 1.52 1.58
Summer 1.38 0.11 1.00 1.70 1.30 1.38 1.45
Autumn 1.26 0.12 0.71 1.64 1.19 1.27 1.34
Alert All 1.35 0.36 0.00 3.12 1.23 1.37 1.52
Winter 1.49 0.18 0.62 2.49 1.35 1.48 1.62
Spring 1.15 0.48 0.00 3.12 0.79 1.21 1.53
Summer 1.74 0.32 0.34 3.27 1.54 1.72 1.92
Autumn 1.42 0.16 1.00 2.80 1.31 1.41 1.53
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Table A2.7 Median trends and 95% confidence intervals for long-term Arctic monitoring sites for all of the available data. Amderma trends for this
period could not be calculated due to insufficient data coverage.

Site TGM trend, TGM trend, Winter trend, Winter trend,
ng/m’/y % per year ng/m’/y % per year

Alert -0.014 (-0.015,-0.012)  -0.95(-1.057,-0.842) -0.017 (-0.018, -0.016) -1.145 (-1.202, -1.087)
Denali National Park -0.022 (-0.032, -0.012)  -1.665 (-2.403, -0.914)  -0.025 (-0.033,-0.018) -1.849 (-2.386, -1.348)
Andgya -0.029 (-0.031, -0.027) -1.872(-2.011,-1.732) -0.038 (-0.041, -0.035) -2.354 (-2.513, -2.186)
Hyytidla -0.017 (-0.022, -0.013)  -1.393 (-1.76,-1.037)  -0.015 (-0.019, -0.011) -1.147 (-1.453, -0.854)
Little Fox Lake 0.013 (0.011, 0.016) 0.94 (0.761, 1.116) 0.018 (0.015, 0.021) 1.216 (1.011, 1.425)
Ny-Alesund 20.009 (-0.011, -0.007) -0.574 (-0.683, -0.465)  -0.008 (-0.01, -0.007)  -0.535 (-0.616, -0.454)
Pallas -0.012 (-0.015,-0.01)  -0.866 (-1.047, -0.686) -0.007 (-0.009, -0.005) -0.457 (-0.583, -0.331)
Pallas (manual traps) -0.001 (-0.009, 0.006)  -0.076 (-0.643, 0.478)  0.003 (-0.004, 0.011)  0.217 (-0.286, 0.757)
Villum Research Station (Nord) -0.039 (-0.046, -0.032)  -2.818(-3.3,-2.291)  -0.063 (-0.069, -0.056) -4.551 (-5.002, -4.085)
Virolahti -0.001 (-0.005, 0.003)  -0.051 (-0.359, 0.244)  -0.008 (-0.013, -0.004) -0.613 (-0.976, -0.283)
Amderma -0.036 (-0.044, -0.027)  -2.281 (-2.79,-1.756)  -0.028 (-0.034, -0.022) -1.689 (-2.052, -1.319)

Table A2.8 Median trends and 95% confidence intervals for long-term Arctic monitoring sites for the 2008-2018 period exclusively. Amderma trends
for this period could not be calculated due to insufficient data coverage.

Site TGM trend, TGM trend, Winter trend, Winter trend,
ng/m’/y % per year ng/m’/y % per year

Alert -0.016 (-0.021, -0.011)  -1.153 (-1.52,-0.771) -0.011 (-0.014, £-0.009) -0.84 (-0.995, -0.681)
Andoya -0.035 (-0.037, -0.032)  -2.292 (-2.462, -2.121)  -0.045 (-0.047, -0.042)  -2.75 (-2.898, -2.605)
Hyytiéla -0.017 (-0.022,-0.013)  -1.393 (-1.76,-1.039)  -0.015(-0.019, -0.011) -1.147 (-1.453, -0.854)
Little Fox Lake 0.013 (0.011, 0.016) 0.955 (0.77, 1.155) 0.02 (0.017, 0.024) 1.394 (1.202, 1.636)
Ny-Alesund -0.014 (-0.017,-0.011) -0.907 (-1.105, -0.704) -0.017 (-0.019, -0.014)  -1.051 (-1.202, -0.9)
Pallas 0.012 (-0.015,-0.01)  -0.866 (-1.047, -0.685) -0.007 (-0.009, -0.005) -0.457 (-0.583, -0.331)
Pallas (manual traps) -0.001 (-0.009, 0.006)  -0.076 (-0.643,0.476)  0.003 (-0.004, 0.011) 0.217 (-0.286, 0.757)
Villum Research Station (Nord) -0.057 (-0.068, -0.046)  -4.145 (-4.935, -3.384)  -0.068 (-0.075, -0.062) -5.013 (-5.492, -4.563)
Virolahti -0.001 (-0.005, 0.003)  -0.001 (-0.306, 0.294)  -0.008 (-0.013, -0.004) -0.613 (-0.976, -0.283)

Denali National Park -0.022 (-0.032,-0.012)  -1.665 (-2.403, -0.914) -0.025 (-0.033, -0.018) -1.849 (-2.386, -1.348)
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Spring trend, Spring trend, Summer trend,
ng/m’/y % per year ng/m’/y

Summer trend,
% per year

Autumn trend,
ng/m?ly

Autumn trend,
% per year

-0.013 (-0.016, -0.01)  -1.043 (-1.294, -0.791) -0.013 (-0.015, -0.011)
-0.057 (-0.069, -0.043)  -3.934 (-4.81,-2.971)  -0.012 (-0.022, -0.003)
-0.019 (-0.021, -0.016)  -1.245 (-1.409, -1.082)  -0.023 (-0.024, -0.021)
-0.036 (-0.042, -0.031)  -2.741 (-3.194, -2.313)  -0.019 (-0.024, -0.014)
0.013 (0.01, 0.015) 0.823 (0.658,0.987)  0.009 (0.007, 0.011)
-0.009 (-0.011, -0.007) -0.594 (-0.755, -0.433)  -0.007 (-0.008, -0.005)
-0.014 (-0.017, -0.011)  -0.939 (-1.146, -0.737)  -0.012 (-0.015, -0.01)
0.002 (-0.009, 0.011)  0.113 (-0.638, 0.818)  -0.009 (-0.015, -0.002)
-0.047 (-0.056, -0.038)  -3.734 (-4.497, -3.014) -0.016 (-0.022, -0.011)
-0.005 (-0.009, -0.001)  -0.358 (-0.652, -0.07)  0.003 (-0.001, 0.006)
-0.038 (-0.054, -0.021)  -2.511 (-3.56,-1.394)  -0.039 (-0.045, -0.032)

-0.748 (-0.847, -0.647)
-0.969 (-1.707, -0.215)
-1.533 (-1.643, -1.425)
-1.562 (-1.967, -1.167)
0.646 (0.482, 0.8)
-0.42 (-0.514, -0.325)
-0.907 (-1.11, -0.705)
-0.653 (-1.127, -0.181)
-1.062 (-1.391, -0.721)
0.22 (-0.065, 0.494)
-2.412 (-2.81, -2.021)

-0.013 (-0.014, -0.012)
0.007 (-0.003, 0.016)
-0.035 (-0.037, -0.033)
0.001 (-0.003, 0.004)
0.014 (0.011, 0.016)
-0.011 (-0.013, -0.01)
-0.016 (-0.018, -0.013)
0 (-0.007, 0.006)
-0.03 (-0.036, -0.021)
0.008 (0.004, 0.011)
-0.038 (-0.041, -0.034)

-0.911 (-0.958, -0.864)
0.548 (-0.252, 1.328)
-2.323 (-2.445, -2.209)
0.076 (-0.221, 0.378)
1.083 (0.902, 1.26)
-0.761 (-0.863, -0.661)
-1.214 (-1.41, -1.021)
-0.019 (-0.557, 0.471)
-2.207 (-2.638, -1.586)
0.646 (0.364, 0.933)
-2.579 (-2.822, -2.336)

Spring trend, Spring trend, Summer trend,
ng/m’/y % per year ng/m’/y

Summer trend,
% per year

Autumn trend,
ng/m’ly

Autumn trend,
% per year

-0.042 (-0.052, -0.033)  -3.729 (-4.58,-2.904)  -0.004 (-0.01, 0.002)
-0.03 (-0.034, -0.027)  -1.999 (-2.222,-1.768)  -0.024 (-0.027, -0.022)
-0.036 (-0.042, -0.031)  -2.741 (-3.194, -2.313)  -0.019 (-0.024, -0.014)
0.013 (0.01, 0.015) 0.823 (0.658,0.987)  0.006 (0.004, 0.009)
-0.008 (-0.012, -0.003)  -0.535 (-0.83, -0.227)  -0.005 (-0.008, -0.002)
-0.014 (-0.017,-0.011)  -0.939 (-1.146, -0.737)  -0.012 (-0.015, -0.01)
0.002 (-0.009, 0.011)  0.113 (-0.638, 0.818)  -0.009 (-0.015, -0.002)
-0.095 (-0.112, -0.079)  -7.696 (-9.107, -6.438)  -0.034 (-0.047, -0.023)
-0.005 (-0.009, -0.001)  -0.358 (-0.652, -0.07)  0.003 (-0.001, 0.006)
-0.057 (-0.069, -0.043)  -3.934 (-4.81,-2.971)  -0.012 (-0.022, -0.003)

-0.245 (-0.609, 0.113)
-1.663 (-1.82, -1.506)
-1.562 (-1.967, -1.167)
0.462 (0.266, 0.67)
-0.311 (-0.508, -0.108)
-0.907 (-1.11, -0.705)
-0.653 (-1.127, -0.181)
-2.221 (-3.104, -1.506)
0.22 (-0.065, 0.493)
-0.969 (-1.707, -0.215)

-0.005 (-0.008, -0.003)
-0.04 (-0.042, -0.038)
0.001 (-0.003, 0.004)
0.015 (0.012, 0.017)

-0.026 (-0.028, -0.024)

-0.016 (-0.018, -0.013)

0 (-0.007, 0.006)

-0.03 (-0.036, -0.021)
0.008 (0.004, 0.011)
0.007 (-0.003, 0.016)

-0.394 (-0.57, -0.208)
-2.71 (-2.863, -2.559)
0.076 (-0.221, 0.378)
1.148 (0.958, 1.334)
-1.774 (-1.926, -1.623)
-1.214 (-1.41, -1.022)
-0.019 (-0.557, 0.471)
-2.207 (-2.638, -1.586)
0.646 (0.365, 0.933)
0.548 (-0.252, 1.328)
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Table A2.9 Annual and monthly trends (% change) in GOM and PHg for Alert (2002-2018 and 2008-2018) and Ny-Alesund (2008-2018).

Alert GOM Alert PHg Alert GOM Alert PHg Ny-Alesund GOM  Ny-Alesund PHg

2002-2018 2002-2018 2008-2018 2008-2018 2008-2018 2008-2018
Annual trend 0.626 -0.27 0.278 -0.931 -0.177 0.374
(pg/m’/y) (0.353,0.913) (-0.723,0.174) (-0.209, 0.797) (-1.532, -0.413) (-0.323,-0.07) (-0.113,0.834)
Annual trend 3.896 -1.197 1.54 -3.54 -5.478 3.854
(% per year) (2.196, 5.682) (-3.211,0.77) (-1.158, 4.415) (-5.822, -1.569) (-10.004, -2.151) (-1.161, 8.592)
January trend 0.146 -0.278 0.134 -0.987 -0.061 1.424
(pg/m’/y) (0.105, 0.188) (-0.666, 0.023) (0.061, 0.205) (-1.316, -0.682) (-0.161, 0.044) (0.73, 1.988)
January trend 6.119 -2.255 4.959 -7.757 -3.636 10.269
(% per year) (4.409, 7.85) (-5.395, 0.189) (2.269, 7.598) (-10.346, -5.359) (-9.614, 2.607) (5.265, 14.337)
February trend -0.087 -1.203 -0.156 -1.868 -0.087 -0.021
(pg/m’/y) (-0.171, -0.003) (-1.942, -0.576) (-0.288, -0.02) (-2.552, -1.156) (-0.152,-0.012) (-0.712, 0.572)
February trend -1.74 -5.853 -3.159 -9.114 -4.596 -0.15
(% per year) (-3.407, -0.057) (-9.45, -2.8) (-5.816, -0.405) (-12.448, -5.641) (-8.042, -0.626) (-5.126,4.113)
March trend 0.308 -0.864 -0.137 -4.986 -0.293 0.323
(pg/m?ly) (0.171, 0.449) (-2.374, 0.67) (-0.467, 0.174) (-6.961, -3.258) (-0.485, -0.171) (-0.242, 1.083)
March trend 3.321 -0.901 -1.185 -4.785 -9.525 1.841
(% per year) (1.846, 4.838) (-2.476, 0.699) (-4.029, 1.5) (-6.679, -3.126) (-15.797, -5.555) (-1.381, 6.177)
April trend 2.209 0.015 2.119 -2.085 -0.664 1.326
(pg/m’/y) (1.611, 2.852) (-1.739, 1.887) (0.958, 3.401) (-4.872,0.09) (-0.996, -0.327) (0.232,2.157)
April trend 6.899 0.015 5.384 -1.883 -6.568 5912
(% per year) (5.031, 8.907) (-1.753, 1.902) (2.436, 8.643) (-4.4,0.082) (-9.847, -3.233) (1.035,9.62)
May trend 4.198 -0.241 1.154 -0.704 -0.264 0.138
(pg/m’/y) (2.377, 6.063) (-0.452, -0.057) (-1.974, 4.427) (-1.087, -0.351) (-0.389, -0.168) (-0.029, 0.415)
May trend 3.685 -4.228 0.919 -3.764 -7.55 3.401
(% per year) (2.086, 5.323) (-7.915,-0.991) (-1.573, 3.528) (-5.81,-1.877) (-11.104, -4.808) (-0.704, 10.201)
June trend 0.349 0.041 0.662 -0.247 -0.13 -0.079
(pg/m’ly) (-0.019, 0.77) (0,0.133) (0.11, 1.374) (-0.382,-0.111) (-0.196, -0.028) (-0.191, 0.095)
June trend 1.908 1.519 3.574 -3.021 -5.159 -1.974
(% per year) (-0.104, 4.215) (0, 4.904) (0.593,7.42) (-4.674, -1.361) (-7.795, -1.126) (-4.793, 2.395)
July trend 0.188 -0.129 -0.238 -0.151 -0.239 -0.148
(pg/m?ly) (0.073,0.32) (-0.184, -0.077) (-0.483, -0.01) (-0.232, -0.068) (-0.552, -0.172) (-0.209, 0)
July trend 3.575 -7.448 -3.661 -3.723 -6.829 -4.237
(% per year) (1.378, 6.081) (-10.574, -4.428) (-7.423,-0.147) (-5.701, -1.677) (-15.781, -4.905) (-5.976, 0)
August trend 0.057 -0.068 -0.163 -0.024 -0.225 0
(pg/m’/y) (0.018, 0.095) (-0.118, -0.021) (-0.25, -0.081) (-0.095, 0.038) (-0.278, -0.172) (-0.13, 0.155)
August trend 2.891 -3.797 -6.694 -0.679 -6.479 0
(% per year) (0.905, 4.853) (-6.634, -1.186) (-10.263, -3.313) (-2.64, 1.063) (-7.995, -4.944) (-3.701, 4.443)
September trend 0.028 -0.022 0.008 -0.035 -0.141 -0.221
(pg/m’/y) (0.01, 0.046) (-0.1, 0.059) (-0.025, 0.039) (-0.136, 0.066) (-0.223,-0.059) (-0.25, -0.083)
September trend 3.034 -0.586 0.804 -0.739 -8.365 -6.304
(% per year) (1.039, 4.919) (-2.647,1.551) (-2.451, 3.852) (-2.834, 1.367) (-13.225, -3.529) (-7.143, -2.375)
October trend 0.051 -0.173 -0.021 -0.053 0.017 -0.225
(pg/m’ly) (0.035, 0.068) (-0.344, -0.034) (-0.064, 0.015) (-0.206, 0.06) (-0.137,0.088) (-0.365, -0.033)
October trend 5.608 -3.276 -1.816 -1.077 1.32 -4.327
(% per year) (3.854,7.417) (-6.513, -0.644) (-5.522,1.318) (-4.211,1.215) (-10.933, 7.013) (-7.019, -0.637)
November trend 0.04 -0.107 0.009 -0.049 0 2.697
(pg/m’/y) (0.025, 0.057) (-0.345, 0.104) (-0.021, 0.038) (-0.34, 0.198) (-0.172,0.114) (1.052, 3.864)
November trend 3.65 -0.971 0.733 -0.435 0 16.737
(% per year) (2.215, 5.116) (-3.132,0.942) (-1.651,2.961) (-3.045, 1.771) (-4.908, 3.243) (6.529, 23.98)
December trend 0.022 -0.205 -0.032 0.017 -0.038 -0.726
(pg/m’/y) (0, 0.048) (-0.417, -0.028) (-0.067, 0.007) (-0.2,0.221) (-0.14, 0.03) (-1.239, -0.206)
December trend 1.326 -1.98 -1.789 0.142 -1.446 -8.161
(% per year) (0,2.847) (-4.02, -0.27) (-3.793,0.384) (-1.656, 1.832) (-5.365,1.138) (-13.934, -2.317)
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Summary of results for trends in wet deposition/precipitation

Table A2.10a Trends in precipitation/wet deposition for all years available (shaded cells indicate significant trends).

Site Name Start year End year Period Trends in volume weighted mean

p value tau Slope Intercept %/y
FI0036R Pallas 1996 2018 Annual 0.49 -0.110 0.00 6.00 0.00
FI0036R Pallas 1996 2018 Spring 0.58 0.095 0.07 8.07 0.81
FI0036R Pallas 1996 2018 Summer 0.72 -0.063 -0.05 7.36 -0.64
FI0036R Pallas 1996 2018 Autumn 0.34 -0.170 -0.03 4.11 -0.66
FI0036R Pallas 1996 2018 Winter 1.00 0.000 0.00 4.25 0.00
NO99-01R Lista/Birkenes 1990 2019 Annual 0.00 -0.621 -0.27 11.87 -2.25
NO99-01R Lista/Birkenes 1990 2019 Spring 0.25 -0.153 -0.12 12.26 -0.95
NO99-01R Lista/Birkenes 1990 2019 Summer 0.00 -0.428 -0.27 13.58 -1.99
NO99-01R Lista/Birkenes 1990 2019 Autumn 0.00 -0.545 -0.24 9.91 -2.38
NO99-01R Lista/Birkenes 1990 2019 Winter 0.00 -0.612 -0.28 10.45 -2.66
SE0005R Bredkilen 1998 2018 Annual 0.23 0.242 0.10 5.35 1.87
SE0005R Bredkilen 1998 2018 Spring 1.00 0.011 0.02 12.37 0.16
SE0005R Bredkilen 1998 2018 Summer 0.06 0.385 0.27 523 5.10
SE0005R Bredkilen 1998 2018 Autumn 0.58 0.121 0.11 3.47 3.14
SE0005R Bredkilen 1998 2018 Winter 0.02 0.487 0.21 3.73 5.73
SE02-14R R&6/Rorvik 1989 2018 Annual 0.01 -0.344 -0.20 12.70 -1.57
SE02-14R R&6/Rorvik 1989 2018 Spring 1.00 -0.003 0.00 19.55 -0.01
SE02-14R R&6/Rorvik 1989 2018 Summer 0.07 -0.267 -0.15 13.15 -1.17
SE02-14R R&6/Rorvik 1989 2018 Autumn 0.00 -0.476 -0.20 10.68 -1.90
SE02-14R R&6/Rorvik 1989 2018 Winter 0.00 -0.420 -0.22 11.67 -1.87
SE11-20R Vavihill 1998 2018 Annual 0.25 -0.217 -0.14 10.07 -1.42
SE11-20R Vavihill 1998 2018 Spring 0.89 0.033 0.03 18.34 0.18
SE11-20R Vavihill 1998 2018 Summer 0.28 0.219 0.14 8.12 1.75
SE11-20R Vavihill 1998 2018 Autumn 0.56 -0.117 -0.11 8.39 -1.26
SE11-20R Vavihill 1998 2018 Winter 0.00 -0.550 -0.45 12.04 -3.77
ak06 Gates of the Arctic 2009 2015 Annual 0.55 -0.238 -0.30 5.92 -5.07
ak06 Gates of the Arctic 2009 2015 Spring 1.00 0.048 0.32 6.10 5.29
ak06 Gates of the Arctic 2009 2015 Summer 0.23 -0.429 -0.76 9.11 -8.30
ak06 Gates of the Arctic 2009 2015 Autumn 0.71 -0.200 -0.31 2.99 -10.44
ak06 Gates of the Arctic 2009 2015 Winter 0.31 0.667 0.57 1.75 32.71
ak9s Kodiak Island 2008 2018 Annual 0.17 -0.429 -0.04 1.67 -2.30
ak98 Kodiak Island 2008 2018 Spring 0.47 -0.222 -0.07 241 -2.90
akos Kodiak Island 2008 2018 Summer 0.71 -0.143 -0.04 1.77 -2.52
ako8 Kodiak Island 2008 2018 Autumn 0.54 -0.214 -0.04 1.24 -2.97

ak9s Kodiak Island 2008 2018 Winter 0.04 -0.643 -0.07 1.53 -4.81
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Trends in deposition

Trends in precipitation amount

p value tau Slope Intercept %/y p value tau Slope Intercept %/y
0.16 0.229 47.11 1443.78 3.26 0.06 0.299 8.0 245.5 33
0.44 0.132 0.98 90.91 1.08 0.30 0.165 0.3 11.7 2.1
0.13 0.253 10.17 284.25 3.58 0.05 0.303 1.5 43.9 3.4
0.02 0.412 6.14 64.17 9.57 0.04 0.312 1.0 18.5 5.4
0.35 0.236 1.32 28.92 4.56 0.88 0.029 0.0 7.6 0.5
0.01 -0.320 -150.20 13477.90 -1.11 0.00 0.494 28.9 997.7 2.9
0.11 -0.212 -12.55 1135.29 -1.11 0.23 0.156 0.6 76.5 0.8
0.25 -0.163 -11.94 1175.17 -1.02 0.00 0.366 2.3 68.5 3.3
0.26 -0.153 -15.84 1279.13 -1.24 0.00 0.423 5.1 83.5 6.1
0.01 -0.391 -22.98 1168.38 -1.97 0.05 0.253 2.4 91.1 2.6
0.03 0.451 126.50 2487.75 5.08 1.00 0.011 1.1 508.6 0.2
0.04 0.429 13.90 98.95 14.05 0.04 0.429 1.5 134 11.0
0.10 0.341 12.83 460.92 2.78 0.51 -0.143 -1.0 93.8 -1.0
0.87 0.044 0.10 179.02 0.06 0.27 -0.231 -1.3 52.9 -24
0.04 0.436 4.73 65.93 7.18 0.62 0.110 0.2 21.5 0.9
0.00 -0.460 -128.97 8115.62 -1.59 0.43 -0.108 -2.3 656.6 -0.4
0.00 -0.410 -13.68 671.88 -2.04 0.16 -0.190 -0.5 40.8 -1.1
0.13 -0.220 -8.42 874.67 -0.96 0.30 0.140 0.4 65.2 0.6
0.01 -0.373 -17.53 715.95 -2.45 0.37 -0.122 -0.5 67.6 -0.8
0.01 -0.353 -10.98 451.69 -2.43 0.31 -0.138 -0.4 414 -1.0
0.56 -0.117 -24.00 6532.00 -0.37 0.86 -0.042 -4.6 696.7 -0.7
0.26 -0.217 -9.63 611.38 -1.57 0.42 -0.158 -0.6 44.7 -14
0.77 -0.067 -4.92 767.75 -0.64 0.24 -0.225 -1.6 91.2 -1.8
0.69 0.083 3.10 383.92 0.81 0.93 0.025 0.2 49.8 0.5
0.62 -0.100 -6.53 401.98 -1.62 0.75 0.067 0.9 39.6 2.2
0.55 -0.238 -225.00 2375.56 -9.47 0.76 -0.143 -6.3 346.4 -1.8
1.00 -0.048 -2.71 81.57 -3.32 0.76 -0.143 -0.8 15.6 -5.3
0.76 0.143 14.43 293.51 4.92 0.37 0.333 4.2 37.1 11.3
0.71 -0.200 -5.98 64.52 -9.26 1.00 -0.067 -1.5 33.0 -4.4
1.00 0.000 0.67 45.65 1.48 0.81 -0.200 -3.8 24.7 -15.5
0.71 -0.143 -93.26 3548.71 -2.63 1.00 0.000 -1.9 2077.7 -0.1
0.75 -0.111 -6.85 305.39 -2.24 1.00 0.000 -0.9 151.9 -0.6
0.90 0.071 12.32 156.68 7.86 1.00 0.000 0.6 155.4 0.4
0.90 0.071 5.09 248.85 2.05 0.71 -0.143 -7.6 267.4 -2.9
0.90 0.071 4.08 287.63 1.42 0.27 0.357 9.8 179.9 5.4
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Table A2.10b Trends in precipitation/wet deposition for 2009-2018 (shaded cells indicate significant trends).

Site Name Start year End year Period Trends in volume weighted mean

p value tau Slope Intercept %[y
FI0036R Pallas 2009 2018 Annual 1.00 0.00 0.00 5.00 0.00
FI0036R Pallas 2009 2018 Spring 0.18 -0.39 -2.64 30.85 -8.56
FI0036R Pallas 2009 2018 Summer 0.75 -0.11 -0.25 7.80 -3.24
FI0036R Pallas 2009 2018 Autumn 0.27 0.36 0.14 3.11 4.61
FI0036R Pallas 2009 2018 Winter 0.65 -0.19 -0.30 6.71 -4.51
NO99-01R Lista/Birkenes 2009 2019 Annual 0.14 -0.35 -0.20 6.00 -3.33
NO99-01R Lista/Birkenes 2009 2019 Spring 0.21 -0.31 -0.99 14.37 -6.90
NO99-01R Lista/Birkenes 2009 2019 Summer 0.28 -0.27 -0.37 9.40 -3.89
NO99-01R Lista/Birkenes 2009 2019 Autumn 0.28 -0.27 -0.22 5.24 -4.17
NO99-01R Lista/Birkenes 2009 2019 Winter 0.35 -0.24 -0.14 4.71 -3.02
SE0005R Bredkilen 2009 2018 Annual 0.59 0.18 0.00 6.00 0.00
SE0005R Bredkilen 2009 2018 Spring 0.17 -0.43 -2.01 21.93 -9.15
SE0005R Bredkilen 2009 2018 Summer 0.27 0.36 0.41 5.51 7.49
SE0005R Bredkilen 2009 2018 Autumn 0.54 0.21 0.30 3.42 8.88
SE0005R Bredkilen 2009 2018 Winter 1.00 -0.05 -0.26 6.91 -3.82
SE02-14R R&6/Rorvik 2009 2018 Annual 0.28 -0.29 -0.33 10.50 -3.17
SE02-14R R&6/Rorvik 2009 2018 Spring 0.01 -0.69 -3.42 39.54 -8.65
SE02-14R R&6/Rorvik 2009 2018 Summer 1.00 -0.02 -0.01 9.75 -0.06
SE02-14R R&6/Rorvik 2009 2018 Autumn 0.47 -0.20 -0.29 7.66 -3.79
SE02-14R Rao/Rorvik 2009 2018 Winter 0.37 -0.24 -0.42 9.22 -4.51
SE11-20R Vavihill 2009 2018 Annual 0.65 -0.13 -0.14 9.14 -1.56
SE11-20R Vavihill 2009 2018 Spring 0.15 -0.38 -2.11 28.19 -7.48
SE11-20R Vavihill 2009 2018 Summer 0.18 0.39 0.20 7.86 2.59
SE11-20R Vavihill 2009 2018 Autumn 1.00 -0.02 -0.06 7.50 -0.77
SE11-20R Vavihill 2009 2018 Winter 0.05 -0.51 -0.54 9.18 -5.89
ak06 Gates of the Arctic 2009 2015 Annual 0.55 -0.24 -0.30 5.92 -5.07
ak06 Gates of the Arctic 2009 2015 Spring 1.00 0.05 0.32 6.10 5.29
ak06 Gates of the Arctic 2009 2015 Summer 0.23 -0.43 -0.76 9.11 -8.30
ak06 Gates of the Arctic 2009 2015 Autumn 0.71 -0.20 -0.31 2.99 -10.44
ak06 Gates of the Arctic 2009 2015 Winter 0.31 0.67 0.57 1.75 32.71
ak98 Kodiak Island 2009 2018 Annual 0.13 -0.52 -0.05 1.68 -2.95
ako8 Kodiak Island 2009 2018 Spring 0.71 -0.14 -0.07 2.38 -3.07
ak9s Kodiak Island 2009 2018 Summer 1.00 0.05 0.04 1.25 2.88
ak9s Kodiak Island 2009 2018 Autumn 0.07 -0.62 -0.08 1.48 -5.24

ak98 Kodiak Island 2009 2018 Winter 0.13 -0.52 -0.05 1.39 -3.46
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Trends in deposition

Trends in precipitation amount

p value tau Slope Intercept %ly p value tau Slope Intercept %ly
0.076 0.500 28.600 236.0 12.12 0.076 0.500 206.000 1262.0 16.32
0.466 0.222 0.830 12.2 6.82 0.348 0.278 6.611 77.3 8.55
0.076 0.500 7.417 33.6 22.08 0.076 0.500 53.970 194.8 27.70
0.675 0.139 0.333 47.0 0.71 0.108 0.500 16.083 99.5 16.17
0.029 0.611 1.667 -0.3 500.00 0.016 0.810 9.333 33 280.00
0.436 0.200 22.000 1680.0 1.31 0.161 -0.345 -405.000 11454.0 -3.54
0.161 0.345 3.778 52.8 7.16 0.640 -0.127 -11.458 709.0 -1.62
0.640 -0.127 -2.762 149.1 -1.85 0.001 -0.782 -72.619 1245.1 -5.83
0.755 0.091 4.500 187.2 2.40 0.350 -0.236 -48.519 1058.3 -4.58
0.876 0.055 1.444 149.8 0.96 0.876 -0.055 -17.810 788.0 -2.26
0.063 0.571 15.725 443.0 3.55 0.009 0.786 206.275 2588.0 7.97
0.174 0.429 3.583 16.1 2222 0.019 0.714 27.452 148.9 18.43
0.386 -0.286 -2.875 93.2 -3.08 0.536 0.214 10.400 524.6 1.98
0.386 0.286 2.211 33.1 6.68 0.035 0.643 22.667 91.8 24.68
0.004 0.857 3.767 6.2 61.25 0.007 0.905 15.667 42.7 36.72
0.371 0.244 21.000 520.0 4.04 0.592 -0.156 -53.833 5911.3 -0.91
0.283 0.289 2.000 16.0 12.50 0.592 -0.156 -7.429 469.8 -1.58
0.474 -0.200 -2.000 84.8 -2.36 0.074 -0.467 -38.667 917.3 -4.22
0.371 0.244 3.000 44.0 6.82 0.474 0.200 17.600 302.8 5.81
0.020 0.600 3.111 21.7 14.36 0.032 0.556 27.778 136.5 20.35
0.530 0.178 11.000 583.5 1.89 0.152 0.378 195.667 5100.5 3.84
0.210 0.333 2.222 26.7 8.33 0.592 0.156 17.133 366.6 4.67
1.000 -0.022 -1.762 84.6 -2.08 0.917 0.056 4.229 675.8 0.63
1.000 -0.022 -0.556 58.2 -0.96 0.721 0.111 13.750 372.1 3.69
0.210 0.333 4.133 27.4 15.09 0.074 0.467 19.958 2435 8.20
0.764 -0.143 -6.330 346.4 -1.83 0.548 -0.238 -224.995 2375.6 -9.47
0.764 -0.143 -0.830 15.6 -5.31 1.000 -0.048 -2.712 81.6 -3.32
0.368 0.333 4.183 37.1 11.28 0.764 0.143 14.431 293.5 4.92
1.000 -0.067 -1.456 33.0 -4.41 0.707 -0.200 -5.977 64.5 -9.26
0.806 -0.200 -3.822 24.7 -15.50 1.000 0.000 0.674 45.6 1.48
0.548 0.238 131.317 1538.1 8.54 0.764 0.143 46.783 2893.7 1.62
0.386 0.286 5.192 128.2 4.05 0.711 0.143 6.466 253.7 2.55
0.368 0.333 8.475 107.2 7.91 0.230 0.429 29.967 59.2 50.65
1.000 0.048 10.040 185.1 5.42 0.764 -0.143 -7.971 335.5 -2.38
0.368 0.333 11.650 192.1 6.06 0.548 0.238 4.722 280.7 1.68
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Summary of results for trends in biota

AMAP Assessment 2021: Mercury in the Arctic

Table A2.11 Results from temporal trend analysis of total mercury (THg) concentrations (ug/kg wet or dry weight) in circumpolar Arctic biota using
linear mixed models. Trends are presented as percent (%) change per year; ‘recent trends’ were analyzed from 1999 through the final year of each time
series for comparative purposes. See footnotes below the table for more detailed descriptions of columns (a-0) and color coding for shaded cells.

Country  Location Species Tissue/ Grouping No. of years  Year range Recent
Matrix (n) (and start year) trend
a b c

Iceland Grimsey Mytilus edulis SB -- 16 (16) 1993-2013 22
(66.55233°, -18.02333°) (1993)

Iceland Hvalstod Hvalfjérdur Mytilus edulis SB -- 19 (19) 1993-2013 1.1
(64.39583°, -21.445°) (1993)

Iceland Hvassahraun Mytilus edulis SB - 21 (21) 1993-2018 0.6
(64.05°, -22.2944°) (1993)

Iceland Hvitanes Hvalfjordur Mytilus edulis SB - 22 (22) 1993-2018 0.1
(64.36417°, -21.495°) (1993)

Iceland Mjéifjordur (Dalatangi) Mytilus edulis SB -- 13 (13) 1997-2018 1.5
(65.2705°, -13.582°) (1997)

Iceland Mjéifjordur (head) Mytilus edulis SB -- 15 (15) 1996-2018 2
(65.18583°, -14.0133°) (1996)

Iceland Mjoifjordur (Hofsa) Mytilus edulis SB -- 15 (15) 1995-2018 -0.8
(65.202°, -13.81667°) (1995)

Iceland Straumur Straumsvik Mytilus edulis SB -- 21 (21) 1993-2018 -0.3
(64.1806°, -22.2389°) (1993)

Iceland Ulfsa Skutulsfjordur Mytilus edulis SB -- 17 (17) 1997-2018 -0.5
(66.06°, -23.1661°) (1997)

Norway 10A2 Skallneset Mytilus edulis SB - 22 (22) 1994-2017 -2.4
(70.13728°, 30.34175°) (1994)

Norway 11X Brashavn Mytilus edulis SB -- 19 (19) 1997-2017 -0.5
(69.8993°, 29.741°) (1997)

Norway  98A2 Husvagen area Mytilus edulis SB -- 19 (19) 1997-2017 -0.1
(68.24917, 14.6627°) (1997)

Faroe Mylingsgrunnur Gadus morhua MU Undefined 27 (27) 1979-2016 4.0

Islands  (62.38333°, -7.41667°) (1979)

Faroe Mylingsgrunnur Gadus morhua MU Medium 29 (29) 1979-2017 0.9

Islands (62.38333°, -7.41667°) (1979)

Iceland North-Northwest off Iceland ~ Gadus morhua MU - 24 (24) 1990-2018 0
(66.9235°, -22.89483°) (1990)

Iceland Northeast off Iceland Gadus morhua MU - 23 (23) 1990-2018 1.2
(65.24167°, -12.1255°) (1990)

Norway  10B Varangerfjorden Gadus morhua MU -- 21(21) 1994-2017 2
(69.81623°,29.7602°) (1994)

Norway 43B2 Tromso harbour Gadus morhua MU -- 7(7) 2009-2017 7.7
(69.653°, 18.974°) (2009)

Norway 98B1 Bjorneroya (east) Gadus morhua MU -- 21 (21) 1992-2017 -0.3
(68.18577°, 14.70814°) (1992)

Denmark Avanersuaq AMAP Myoxocephalus scorpius LI -- 8(9) 1995-2018 0.4
(77.28°,-69.14°) (1987)

Denmark Ittogqortoormiit AMAP Myoxocephalus scorpius LI -- 11 (12) 1995-2018 2.1
(70.29°, -21.58°) (1985)

Denmark Qeqertarsuaqg AMAP Myoxocephalus scorpius LI -- 14 (14) 1994-2018 6.3
(69.15°, -53.32°) (1994)

Canada Queen Maud Gulf Salvelinus alpinus MU - 13 (17) 2004-2018 -1.5
(69.12°, -105.06°) (1977)

Canada Great Slave Lake, West Basin  Esox lucius MU -- 20 (23) 1989-2018 -0.2
(60.82°, -115.79°) (1976)

Sweden Storvindeln Esox lucius MU -- 46 (46) 1968-2018 -2.1
(65.7°,17.13°) (1968)

Canada Fort Good Hope Lota lota LI -- 20 (20) 1988-2018 3.1
(66.26°, -128.63°) (1988)

Canada Fort Good Hope Lota lota MU - 19 (19) 1995-2018 2
(66.26°, -128.63°) (1995)

Canada Great Slave Lake, East Arm  Lota lota MU - 17 (17) 1993-2018 1.4
(62.41°, -110.74°) (1993)
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Overall  meanLY cLY p_rtrend p_overall p_ltrend p_nonlinear p_linear dtrend_1 dtrend_3 dpower_1 dpower_3
trend
d e f g h i j k 1 m
22 103.4 1299 00558 00558  0.0558 - 0.0558 3.1 9.9
11 498 63.0 03381 03381  0.3381 - 0.3381 3 9.8
0.6 478 60.9 04646 04646  0.4646 - 0.4646 22 9.4
0.1 339 46.7 09022 09022 09022 - 0.9022 2.6 113
0.2 106.0 1257 00265 00004 07134 00015  0.1043 15 44
2 63.6 74.4 0.0066  0.0066  0.0066 - 0.0066 1.8 6
0.8 43.0 56.1 04229 04229 04229 - 0.4229 2.7 9.1
03 39.4 53.0 07544 07544 07544 - 0.7544 2.8 11.9
0.5 75.4 1079 07372 07372 0.7372 - 0.7372 43 129
18 6.5 7.2 0 0 0 0.0015  0.0007 0.6 23
0.5 9.1 9.8 00797 00797  0.0797 - 0.0797 0.7 23
02 209 28.0 09045 00009 0863 00145 00178 2 6.2
3.1 38.8 58.2 0.0295 0 0.0007  0.0001 0 1.4 11.9
33 275 393 0.4922 0 0.0001  0.0003  0.0001 13 11.7
0 314 426 09813 09813 09813 - 0.9813 31 16.2
12 323 45.8 02344 02344 02344 - 0.2344 23 11.7
3 248 353 0.1031 0 0.0242 0 0.6751 25 9.4
- 59.2 76.7 00136 00136  0.0136 - 0.0136 8.7 6.1
03 60.9 84.0 07717 07717 07717 - 0.7717 35 15.4
0.4 62.2 86.6 0.782 0.782 0.782 - 0.782 49 1
21 83.1 99.0 0.014 0.014 0.014 - 0.014 24 6.6
- 60.3 89.1 0.0016 00016  0.0016 - 0.0016 5 155
15 497 64.5 04047 04047  0.4047 - 0.4047 5.8 103 68 29
02 240.6 2666 05982 05982  0.5982 - 0.5982 1.1 58
03 215.1 2470 00001 00001 01299 00003  0.1597 0.6 7.7
3.1 105.6 118.4 0 0 0 - 0 1.4 5.9
2 408.8 4566 00013 00013  0.0013 - 0.0013 15 52

2.8 125.7 137.3 0.0056 0 0.0003 0.0005 0.0053 1.1 39
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Table A2.11 continued

Country  Location Species Tissue/ Basis Grouping No. of years  Year range Recent
Matrix (n) (and start year) trend
a b c

Canada Great Slave Lake, West Basin  Lota lota MU - 24 (26) 1992-2018 1.2
(60.82°, -115.79°) (1975)

Canada  Amituk Lake Salvelinus alpinus MU -- 16 (18) 2001-2018 -3.3
(75.05°, -93.75°) (1989)

Canada Char Lake Salvelinus alpinus MU - 13 (13) 1993-2018 1.1
(74.71°, -94.9°) (1993)

Canada Lake Hazen Salvelinus alpinus MU - 18 (18) 1990-2018 -3.3
(81.8°,-71°) (1990)

Canada North Lake Salvelinus alpinus MU - 14 (14) 2000-2018 1.3
(74.78°, -95.09°) (2000)

Canada Resolute Lake Salvelinus alpinus MU -- 22 (22) 1993-2018 0.9
(74.69°, -94.94°) (1993)

Denmark Isortoq Salvelinus alpinus MU -- 11(11) 1994-2018 1.3
(60.54°, -47.33°) (1994)

Faroe 4 Myrunum Salvelinus alpinus MU Undefined 10 (10) 2000-2014 0.6

Islands (62.16914°, -7.08579°) (2000)

Norway Bjoerneya Salvelinus alpinus MU -- 12 (12) 1998-2015 53
(74.452°,19.115°) (1998)

Sweden Abiskojaure Salvelinus alpinus MU - 37 (37) 1981-2018 -0.9
(68.287892°, 18.5857468°) (1981)

Canada Great Slave Lake, East Arm  Salvelinus namaycush MU -- 21 (21) 1993-2018 0.5
(62.41°, -110.74°) (1993)

Canada Great Slave Lake, West Basin ~ Salvelinus namaycush MU -- 25 (25) 1979-2018 1.5
(60.82°, -115.79°) (1979)

Canada Lake Kusawa Salvelinus namaycush MU -- 20 (20) 1993-2018 -2.5
(60.41°, -136.26°) (1993)

Canada Lake Laberge Salvelinus namaycush MU -- 23 (23) 1993-2018 -1.9
(61.06° -135.11°) (1993)

Denmark Ittoqqortoormiit Ukaleqarteq Alle alle BL -- 10 (10) 2005-2015 1.6
(70.72°, -21.55°) (2005)

Denmark Ittoqqortoormiit Ukaleqarteq Alle alle FE -- 10 (10) 2007-2016 3
(70.72°, -21.55°) (2007)

Faroe Koltur Cepphus grylle EH Undefined 11 (11) 1999-2016 4.6

Islands (61.99447°, -6.99343°) (1999)

Faroe Skavoy Cepphus grylle EH Undefined 10 (10) 1999-2014 5.9

Islands  (61.76833°, -6.80167°) (1999)

Faroe Sveipur Cepphus grylle FE Juvenile 8(8) 1996-2015 -0.1

Islands  (61.95° -6.71667°) (1996)

Faroe Tindholmur Cepphus grylle FE Juvenile 6 (6) 2005-2015 0.9

Islands (62.079°, -7.43217°) (2005)

Faroe Sveipur Cepphus grylle LI Juvenile 9(9) 1995-2015 6.1

Islands (61.95°, -6.71667°) (1995)

Faroe Tindhélmur Cepphus grylle LI Juvenile 6 (6) 2005-2015 3.9

Islands (62.079°, -7.43217°) (2005)

Canada Prince Leopold Island Fulmarus glacialis EH - 19 (19) 1975-2017 1
(74.04°, -90.03°) (1975)

Norway  Svalbard-Kongsfjorden area  Rissa tridactyla ER -- 15 (15) 2000-2016 -3.1
(79°, 11.6667°) (2000)

Canada Coats Island Uria lomvia EH - 15 (15) 1993-2017 -04
(62.47°, -83.1°) (1993)

Canada Prince Leopold Island Uria lomvia EH -- 19 (19) 1975-2017 -0.6
(74.04°, -90.03°) (1975)

Canada Eastern Beaufort Sea Delphinapterus leucas EP Large 20 (20) 1993-2017 -2.5
(69.5° -133.58°) (1993)

Canada Eastern Beaufort Sea Delphinapterus leucas EP Small 20 (20) 1993-2017 -8.6
(69.5° -133.58°) (1993)

Canada  Eastern Beaufort Sea Delphinapterus leucas LI Small 23(23) 1981-2017 0.9
(69.5° -133.58°) (1981)
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Overzcilll meanLY cLY p_rtrend p_overall p_ltrend p_nonlinear p_linear dtrend_1 dtrend_3 dpower_1 dpower_3

tren:
d e f g h i j k 1 m
1.2 167.0 190.8 0.0407 0.0407 0.0407 - 0.0407 1.6 7.6
-3.3 1142.0 1606.7 0.0351 0.0041 0.0351 0.0414 0.0434 4 10.2
1.1 397.6 622.4 0.5754 0.5754 0.5754 - 0.5754 6.3 18.2
-3.3 112.5 158.2 0.026 0.026 0.026 -- 0.026 44 18.2
1.3 257.6 305.7 0.2612 0.2612 0.2612 -- 0.2612 34 7.4
-0.8 169.9 196.4 0.1437 0.0004 0.2766 0.0008 0.1838 1.1 4.2
1.3 961.9 1221.5 0.1792 0.1792 0.1792 - 0.1792 2.8 8.4
0.6 251.2 306.7 0.6715 0.6715 0.6715 -- 0.6715 4.4 6.8

- 8271 10987 00038 00038 00038 - 0.0038 48 10.8
-0.9 24.1 26.9 0.0054 0.0054 0.0054 -- 0.0054 0.9 7.5
0.5 156.9 186.2 0.5154 0.5154 0.5154 - 0.5154 2.3 9.3
1.5 216.1 236.6 0.0001 0.0001 0.0001 -- 0.0001 0.9 5.6
-2.5 255.4 304.4 0.0077 0.0077 0.0077 -- 0.0077 2.6 9.1
-0.5 302.1 373.4 0.0276 0.0086 0.4409 0.014 0.3508 1.9 7.7
1.6 944.2 1035.9 0.1027 0.1027 0.1027 - 0.1027 29 3.1
3 1409.2 1651.6 0.0822 0.0822 0.0822 -- 0.0822 52 52
4.6 735.8 890.8 0.0004 0.0004 0.0004 - 0.0004 29 6.3

831.8 1041.9 0.0008 0.0008 0.0008 -- 0.0008 4.1 7.2
3191.6 3878.5 0.9036 0.9036 0.9036 -- 0.9036 3.5 6.1

-0.1
0.9 3504.9 4321.8 0.623 0.623 0.623 -- 0.623 6.2 4.8

1400.9 1685.1 0.0001 0.0001 0.0001 - 0.0001 2.8 6.1

3.9 1589.3 2052.7 0.0943 0.0943 0.0943 - 0.0943 7.7 6
1 1330.1 1448.0 0.0009 0.0009 0.0009 - 0.0009 0.7 5.1
-3.1 817.2 946.5 0.0031 0.0031 0.0031 -- 0.0031 2.7 6.3
-0.4 669.9 748.9 0.5169 0.5169 0.5169 -- 0.5169 1.8 53
1.5 1092.1 1252.7 0.384 0 0 0.0019 0.0001 0.8 53
-2.5 435.1 502.1 0.0007 0.0007 0.0007 0.0007 1.9 7.6
-2 167.9 223.3 0 0 0.0599 0 0.0149 2 7.9

0.9 11122.6 14768.9 0.3389 0.3389 0.3389 - 0.3389 3.3 19.6
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Table A2.11 continued

AMAP Assessment 2021: Mercury in the Arctic

Country  Location Species Tissue/ Basis Grouping No. of years ~ Year range Recent
Matrix (n) (and start year) trend
a b c

Canada  Eastern Beaufort Sea Delphinapterus leucas LI w Large 23 (23) 1981-2017 -2.7
(69.5°, -133.58°) (1981)

Canada  Southern Hudson Bay Delphinapterus leucas LI w Small 15 (15) 1994-2016 -2
(56.54°, -79.22°) (1994)

Canada  Southern Hudson Bay Delphinapterus leucas LI w Large 17 (17) 1994-2016 -2.6
(56.54°, -79.22°) (1994)

Canada  Eastern Beaufort Sea Delphinapterus leucas MU w Small 23(23) 1981-2017 -0.1
(69.5°, -133.58°) (1981)

Canada Eastern Beaufort Sea Delphinapterus leucas MU w Large 21 (22) 1993-2017 -0.6
(69.5°, -133.58°) (1981)

Canada Southern Hudson Bay Delphinapterus leucas MU w Small 15 (15) 1994-2016 -0.5
(56.54°, -79.22°) (1994)

Canada Southern Hudson Bay Delphinapterus leucas MU w Large 17 (17) 1994-2016 -1.7
(56.54°, -79.22°) (1994)

Faroe Foroyskar Hvalvégir Globicephala melas LI w Adult 12 (12) 2001-2017 -1.5

Islands (62°, -7°) (2001)

Faroe Foroyskar Hvalvagir Globicephala melas LI w Juvenile 6 (6) 2001-2015 -2

Islands (62°, -7°) male (2001)

Faroe Foroyskar Hvalvagir Globicephala melas MU w Undefined 17 (20) 1997-2017 2.3

Islands (62°, -7°) (1979)

Faroe Foroyskar Hvalvagir Globicephala melas MU w Adult 12 (15) 1997-2015 1.2

Islands (62°, -7°) (1979)

Faroe Foroyskar Hvalvagir Globicephala melas MU W Juvenile 16 (18) 1997-2017 1.7

Islands (62°, -7°) male (1986)

Canada Eastern Beaufort Sea Pusa hispida LI w Adult 12 (14) 2001-2017 -2.6
(71.99°, -125.25°) (1987)

Canada Eastern Beaufort Sea Pusa hispida LI w Juvenile 11 (13) 2001-2017
(71.99°, -125.25°) (1987)

Canada  Resolute Passage Pusa hispida LI w Adult 16 (16) 1993-2017 0.1
(74.7°, -94.83°) (1993)

Canada Resolute Passage Pusa hispida LI w Juvenile 15 (15) 1993-2017 0
(74.7°, -94.83°) (1993)

Canada Labrador Sea Pusa hispida LI w Adult 9(9) 1997-2017
(56.54°, -61.7°) (1997)

Canada Labrador Sea Pusa hispida LI w juvenile 8(8) 1998-2017 2.3
(56.54°, -61.7°) (1998)

Canada  Western Hudson Bay Pusa hispida LI w Adult 15 (15) 1992-2017 -0.6
(61.11°,-94.06°) (1992)

Canada  Western Hudson Bay Pusa hispida LI w Juvenile 13 (14) 2003-2017 1.8
(61.11°,-94.06°) (1992)

Denmark  Avanersuaq Pusa hispida LI W Juvenile 12 (12) 1984-2018 2.8
(77.28° -69.14°) (1984)

Denmark  Avanersuaq Pusa hispida LI w Adult 10 (10) 1994-2018 -0.9
(77.28° -69.14°) (1994)

Denmark Ittogqortoormiit Pusa hispida LI w Adult 14 (14) 1986-2018 0.6
(70.29°, -21.58°) (1986)

Denmark Ittogqortoormiit Pusa hispida LI w Juvenile 14 (14) 1986-2018 22
(70.29°, -21.58°) (1986)

Denmark Ittogqortoormiit Pusa hispida LI w Undefined 6(6) 1999-2016
(70.29°, -21.58°) (1999)

Denmark Qegertarsuaq Pusa hispida LI w Juvenile 14 (14) 1994-2018 -1
(69.15°, -53.32°) (1994)

Canada  Eastern Beaufort Sea Pusa hispida MU w Adult 12 (14) 2001-2017 24
(71.99°, -125.25°) (1987)

Canada Eastern Beaufort Sea Pusa hispida MU W Juvenile 12 (14) 2001-2017
(71.99°, -125.25°) (1987)

Canada Resolute Passage Pusa hispida MU w Adult 14 (15) 2004-2017 -1.2
(74.7°, -94.83°) (1993)
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Overzcilll meanLY clLY p_rtrend p_overall p_ltrend p_nonlinear p_linear dtrend_1 dtrend_3 dpower_1 dpower_3
tren

d e f g h i j k 1 m n 0

2.8 171234 215139 0.0071 0 0.0005 0 0.8369 1.5 8.5 —

2 5690.3  8147.6 02749 02749 02749 - 0.2749 5.8 18.2 67 13

26 8357.6 124384 01206  0.206  0.1206 - 0.1206 5.2 17.4 77 14

0.1 775.1 9045 08207  0.8207  0.8207 - 0.8207 1.7 9.6

0.6 12101 13959 03283 03283  0.3283 - 0.3283 1.9 7.6

05 672.6 801.6 05571 05571  0.5571 - 0.5571 2.8 8.5

17 820.9 10105  0.051 0.051 0.051 - 0.051 2.7 8.9

15 792674 1130023 0.504 0.504 0.504 - 0.504 7.3 14.6 50 17

2 471529 1105401  0.6886  0.6886  0.6886 - 0.6886 204 26.1 12 9

23 11781 15697  0.0962  0.0962  0.0962 - 0.0962 3.7 115 96 25

12 23582 29648 02568 02568  0.2568 - 0.2568 2.9 6.4

12 23281 26127 00029 00004 00167 00038  0.0435 1.4 42

26 228619  35409.1 03541 03541  0.3541 - 0.3541 9.6 185 32 13
- 62258 148176  0.1347 01347  0.1347 - 0.1347 16.1 292 15 8

0.1 87245 123797 09589 09589  0.9589 - 0.9589 54 16.1 74 15

0 29657 66887 09937 09937 09937 - 0.9937 7.3 2138 49 11
- 138202 265975 0012 0.012 0.012 - 0.012 93 232 34 10

23 15729 24960 04207 04207  0.4207 - 0.4207 9.8 18.4 32 13

0.6 10829.7 172945 07837 07837  0.7837 - 0.7837 6.9 218 54 11

18 45321 83315  0.674 0.674 0.674 - 0.674 14 258 18 9

28 26860 42382 00614 00614  0.0614 - 0.0614 45 208 88 11

0.9 5636.1 85579 05032 05032 05032 - 0.5032 5.7 153 69 16

0.6 84567  10837.0  0.499 0.499 0.499 - 0.499 2.7 102 —

22 47700 70580 01305 0305  0.1305 - 0.1305 44 17.1 89 14
- 11867.8 378862  0.0991  0.0991  0.0991 - 0.0991 20 28 12 9

1 858.8 11800 04386 04386 04386 - 0.4386 3.9 12 94 23

2.4 295.4 3622 0.044 0 0044 00002  0.0934 34 6.3 98 61

- 169.1 2224 0.001 0.001 0.001 . 0.001 5.8 10.9 69 27
12 521.4 597.5 01979 01979  0.1979 - 0.1979 28 5 —
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Table A2.11 continued

Country  Location Species Tissue/ Basis Grouping No. of years ~ Year range Recent
Matrix (n) (and start year) trend
a b c

Canada Resolute Passage Pusa hispida MU w Juvenile 14 (15) 2004-2017 -5.4
(74.7°, -94.83°) (1993)

Canada Labrador Sea Pusa hispida MU w Adult 10 (10) 1997-2017 1
(56.54°, -61.7°) (1997)

Canada Labrador Sea Pusa hispida MU W Juvenile 9(9) 1998-2017 -3.5
(56.54°, -61.7°) (1998)

Canada Western Hudson Bay Pusa hispida MU w Adult 13 (14) 2003-2017 -5.2
(61.11°, -94.06°) (1992)

Canada Western Hudson Bay Pusa hispida MU W Juvenile 13 (14) 2003-2017 -6.8
(61.11°, -94.06°) (1992)

Denmark Ittoqqortoormiit Ursus maritimus HA D Adult 14 (16) 1999-2018 -1.3
(70.29°, -21.58°) female (1984)

Denmark  Ittogqortoormiit Ursus maritimus HA D Juvenile 21 (21) 1984-2018 1.7
(70.29°, -21.58°) (1984)

Denmark  Ittogqortoormiit Ursus maritimus HA D Adult male 16 (17) 1999-2018 2.3
(70.29°, -21.58°) (1984)

Denmark Ittoqqortoormiit Ursus maritimus HA D Undefined 11 (12) 2000-2018 1
(70.29°, -21.58°) (1987)

Norway Svalbard Ursus maritimus HA D Adult 20 (20) 1995-2016 0.2
(77.875°, 20.975°) female (1995)

Norway Svalbard Ursus maritimus HA D Juvenile 10 (10) 1998-2014 2.9
(77.875°,20.975°) (1998)

Canada Southern Hudson Bay Ursus maritimus LI D Adult 10 (10) 2006-2017 -1.5
(56.54°, -79.22°) female (2006)

Canada Southern Hudson Bay Ursus maritimus LI D Adult male 10 (10) 2006-2017 0.7
(56.54°, -79.22°) (2006)

Canada Southern Hudson Bay Ursus maritimus LI D Juvenile 7(7) 2007-2015 -0.8
(56.54°, -79.22°) (2007)

Canada Western Hudson Bay Ursus maritimus LI D Adult 6 (6) 2007-2017 -6.0
(61.11°, -94.06°) female (2007)

Canada Western Hudson Bay Ursus maritimus LI D Juvenile 8(8) 2007-2015 -0.2
(61.11, -94.06) (2007)

Canada Western Hudson Bay Ursus maritimus LI D Adult male 10 (10) 2007-2017 6.0
(61.11°, -94.06°) (2007)

Denmark Ittogqortoormiit Ursus maritimus LI w Juvenile 28 (28) 1983-2018 2.8
(70.29°, -21.58°) (1983)

Denmark Ittogqortoormiit Ursus maritimus LI w Adult 22 (22) 1984-2018 0.1
(70.29°, -21.58°) female (1984)

Denmark Ittogqortoormiit Ursus maritimus LI w Adult male 24 (24) 1984-2018 1.8
(70.29°, -21.58°) (1984)

Denmark Ittogqortoormiit Ursus maritimus LI w Undefined 14 (14) 1986-2018 3.3
(70.29°, -21.58°) (1986)

Norway  Svalbard Vulpes lagopus LI w -- 11 (11) 1998-2014 3.6
(77.875°, 20.975°) (1998)

Canada  Old Crow Rangifer tarandus KI D -- 26 (26) 1991-2017 -1
(67.57°,-139.83°) (1991)

Canada  Western Hudson Bay Rangifer tarandus KI D -- 13 (13) 2006-2018 2.6
(61.11°, -94.06°) (2006)

a) Number of years in fitted time series (entire series); b) Years in fitted time series (earliest year in dataset); c) Sign and magnitude of recent trend (max
20 years; 1999—; back-transformed); d) Sign and magnitude of longest fitted trend (back-transformed); e) Mean concentrations of the last year (fitted
value in the last monitoring year back-transformed from the log-scale); f) Corresponding upper one-sided 95% confidence limit; g) p-value for recent
trend; h) p-value for overall trend

i) p-value for longest fitted trend; j) p-value for non-linear trend across the full time series (if present it indicates trend is significant but has non-linear
characteristics); k) p-value for linear trend; 1) % annual increase detected with 80% power (by a two-sided test of size 5%) given the current configuration
of years (only when n>5); m) % annual increase detected with 80% power given 10 sequential years of monitoring; n) Power to detect a 5% annual
increase given the current configuration of years (only when n>5); o) Power to detect a 5% annual increase given 10 sequential years of monitoring
For trends, green are decreasing and red are increasing, the darker the shade, the greater the trend.

For power, the darker the green the greater the power value.
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Overzcilll meanLY cLY p_rtrend p_overall p_ltrend p_nonlinear p_linear dtrend_1 dtrend_3 dpower_1 dpower_3
tren:
d e f g h i j k 1 m n 0
- 2447 3339 00317 00317  0.0317 - 0.0317 65 115 59 2
1 210.3 317.3 0.6145 0.6145 0.6145 - 0.6145 59 14.9 67 17
-3.5 92.7 105.7 0.0006 0.0006 0.0006 -- 0.0006 2.9 5.8
267.6 322.8 0.0003 0 0.0003 0.0015 0.007 3.1 54
173.6 218.7 0.0024 0.0024 0.0024 -- 0.0024 5.5 9.8
-1.3 5501.7 7261.3 0.2935 0.2935 0.2935 -- 0.2935 4 10.5
1.7 6536.7 7721.7 0.0268 0.0268 0.0268 - 0.0268 1.5 8.7
2.3 8581.1 10396.5 0.0355 0.0355 0.0355 -- 0.0355 3.2 9.2
1 6666.3 9117.9 0.5023 0.5023 0.5023 - 0.5023 4.7 10.5
0.2 1887.0 2216.9 0.8425 0.8425 0.8425 - 0.8425 2.3 8.3
29 2344.7 3683.1 0.259 0.259 0.259 -- 0.259 8.2 16.6 42 15
19911.0 27057.6 0.5912 0.5912 0.5912 - 0.5912 8.8 11.1 37 26
21400.3 25743.5 0.6899 0.6899 0.6899 -- 0.6899 5 6.3
12832.3 17731.1 0.8258 0.8258 0.8258 - 0.8258 10.5 7.3 29 50
21281.7 29638.9 0.1869 0.1869 0.1869 - 0.1869 12.7 10.2 22 29
18928.1 29365.1 0.9744 0.9744 0.9744 -- 0.9744 17.7 12.8 14 21
41080.2 52202.1 0.0294 0.0294 0.0294 - 0.0294 8 8.5 43 39
18815.1 32483.5 0.111 0.0004 0.0002 0.0027 0.0415 2 15.2
22565.2 37180.7 0.9622 0.9622 0.9622 -- 0.9622 4.3 26.1
1.8 25769.8 39815.8 0.2305 0.2305 0.2305 -- 0.2305 4.3 27.9
33 25020.8 43459.5 0.087 0.087 0.087 - 0.087 5.4 26.3
3.6 153.8 234.6 0.1452 0.1452 0.1452 - 0.1452 7.6 16.6 47 15
-1 1324.1 1589.0 0.1314 0.1314 0.1314 -- 0.1314 1.9 9.4
2.6 5389.4 6552.4 0.1083 0.1083 0.1083 -- 0.1083 4.8 7.6
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Appendix 2.3 Statistical methods: details

Biota

Pre-processing of data in wildlife,
fish and invertebrates

Data were supplied by individual principal investigators
as individual concentrations of total mercury (THg). Data
were blank corrected where necessary and were dry weight
normalized when moisture data were available. The publications
referenced in Table A2.2 provide the details of processing and
analysis for all of the biota time series analyzed.

Pre-processing of data in humans

The publications referenced in Table A2.3 provide the details of
processing and analysis for all of the human datasets analyzed.

Statistical methodology for trend
assessment of contaminants in biota

Time series of contaminant concentrations in biota were
assessed as changes in the log-transformed concentrations over
time using linear mixed models. The type of temporal change
considered was dependent on the number of years of data
and differed from other forms of the models used for OSPAR
and ICES assessments as datasets of less than 5 years were not
considered. For the current statistical assessment, if the time
series contained 5 to 6 years a log-linear trend was fit and for
>7 years, more complex (smoothed) patterns of change were
modeled over time (see Fryer and Nicholson, 1999). When a
linear model was fit (i.e., when there were 5 to 6 years of data, or
if there were >7 years of data and no evidence of nonlinearity),
the statistical significance of the temporal trend was obtained
from a likelihood ratio test comparing the fits of the linear
model f(year)=p+pyear and the mean model f(year)=y. When
a smooth model was fit, a plot of the model should be used to
understand the patterns of change.

Modeling changes in log concentration
over time

The natural log concentrations in biota were modeled by a
linear mixed model with the form:

Response: log concentration of mercury
Fixed: f(year)
Random: Year + sample + analytical

The fixed effects model describes how log concentrations
change with year, where the form of f(year) varies with the
number of years in the time series. The random effects model
components are year (random variation in log concentration
between years, treated as a categorical variable), sample (random
variation in log concentration between samples within years;
when there is only one sample each year, this term is omitted
and implicitly subsumed into the between-year variation)

and analytical (random variation inherent in the chemical
measurement process; this is assumed known and derived from
the ‘uncertainties’ reported with the data). If uj, i=1...n, were the
uncertainties associated with concentrations c; (expressed as the
standard deviations of the concentration measurements), then
the standard deviations of the log concentration measurements
log ci were taken to be ui/ci. Measurements with u;i>c; (i.e., an
analytical coefficient of variation of more than 100%) were
omitted from the time series.

The model is fitted by maximum likelihood assuming each of
the random effects were independent and concentrations were
log-normally distributed. The form of f{year) depends on the
number of years of data:

5-6 years: linear model f(year) = p1 + Pyear

These models assume log concentrations vary linearly with
time; the fitted models were used to assess temporal change.

27 years: smooth model f(year) = s(year)

These models assume that log concentrations vary smoothly
with time; the fitted models were used to assess temporal
change, but the form of the smoother varied with the length
of the time series.

7-9 years: linear models and smoothers on 2 degrees of

freedom (df) were fit.
10-14 years: linear models and smoothers on 2 and 3 df were fit.
15+ years: linear models and smoothers on 2, 3 and 4 df were fit.

For these longer trends (=7 years), the model chosen to make
inferences about status and temporal trends was based on
the lowest Akaike’s Information Criterion corrected for small
sample size (AICc).

Refinements to the analysis were required to prevent over-fitting
if there were many less-than values (values below detection or
quantitation limits) or if they were unevenly distributed across
the dataset. None of the time series analyzed in the current
assessment had extensive less-than values. If uncertainties
were not supplied with the concentration measurements,
uncertainties were estimated using fixed and relative standard
deviations derived from the uncertainties in the ICES database.

For more information see https://ocean.ices.dk/OHAT/
trDocuments/2019/help_methods_less_thans.html and https://
ocean.ices.dk/OHAT/trDocuments/2019/help_methods_
missing_uncertainties.html.

Assessing environmental status

AMAP assessments do not currently apply environmental
assessment criteria as part of their (temporal) trend assessment
process. Wildlife effects for some species were, however,
evaluated in relation to risk thresholds. For further information,
see the recent AMAP assessment of Biological Effects of
Contaminants on Arctic Wildlife and Fish (AMAP, 2018a)
and Chapter 6 of this report.
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Metadata column headers for Analysis
Country: country that reported the data.

StationName: station name. If blank station is used. (Station_
LongName in ICES station dictionary.)

Latitude: nominal latitude of station.
Longitude: nominal longitude of station.
Species: species latin name.

Matrix: tissue the mercury concentration is measured in (e.g.,
muscle, soft body, hair, egg.)

Basis: basis of measurement (i.e., wet or dry).

Group: grouping of data. Mostly used for mercury data (from
a single station, species or matrix) that are split up into several
time series corresponding to different ages (sizes) and/or sex
combinations; for example, into juveniles, adult males and adult
females. The class ‘not grouped’ is used in two ways:

* for data that are not split up and are modelled as a single
time series;

* for the data that remain after specific age (size) and/or sex
combinations have been removed; they might remain because
they weren’t the target population (e.g., fish outside a target
length range) or because a key variable (e.g., age) wasn’t
recorded.

Nyall: number of years with mercury concentration data.

Nyfit: number of years included in the statistical analysis. Some
early years might be excluded because they are separated from
the bulk of the data by large gaps in time.

firstYearAll: first year with mercury concentration data.

firstYearFit: first year included in the statistical analysis. See
nyfit for explanation.

Last year: last year of data. Time series are only included if there
is at least one year of data in the period 2013 through 2018.

p_nonlinear: the significance of the nonlinear component of
the trend. This assesses whether log concentrations changed
nonlinearly over the monitoring period. It is based on a
likelihood ratio test comparing the smooth model with a linear
model and is only given if a smooth model is selected by AICc.

p_linear: the significance of the linear component of the trend.
This test only has a simple interpretation when the trend is
linear (rather than smooth) in which case it assesses whether
concentrations changed (log-linearly) over the monitoring
period. It is based on a likelihood ratio test comparing the
linear model with the null model (in which only an intercept
if fitted). For smooth models, the terms pltrend and prtrend
are more relevant.

p_overall: the overall signficance of the trend. This assesses
whether mean concentrations changed over the monitoring
period. It is based on a likelihood ratio test comparing the
fitted model (smooth or linear) with the null model. This will
be identical to p_linear if the fitted model is linear.
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Itrend: an estimate of the change in mean concentration
between the start and end of the monitoring period. Specifically,

ltrend=100 yAN—-yA 1tN-t1

where yA1 and y~AN are the fitted mean log concentrations
in firstYearFit and lastyear and t1 and tN are firstYearFit and
lastyear respectively. Loosely, ltrend can be interpreted as the
percentage annual change in concentration between firstYearFit
and lastyear assuming the trend in concentration is log-linear.
More formally, ltrend corresponds to a percentage annual
change of

Annual Change (%) = 100(exp(rtrend/100)-1))

rtrend: an estimate of the change in mean concentration in
the last 20 years. Specifically,

rtrend=100yAN-yA*tN-t*

where yA* is the fitted mean log concentration in 1999 (or
firstYearFit whichver is later) and t* is 1999 (or firstYearFit).
Loosely, rtrend can be interpreted as the percentage annual
change in concentration in the last 20 years assuming the
trend in concentration is log-linear. More formally, rtrend
corresponds to a percentage annual change of

100(exp(rtrend/100)-1))
meanly: the fitted mean concentration in last year.

cILY: the upper one-sided 95% confidence limit on the fitted
mean concentration in lastyear.

dtrend_1: the percentage annual increase in concentration that
would be detected by the monitoring programme with >80%
power using a test at the 5% significance level.

dtrend_3: the percentage annual increase in concentration that
would be detected with 90% power based on a test at the 5%
significance given 10 years of annual monitoring and variability
typical of the time series.

dpower_1: the power of the monitoring programme to detect
an annual 5% increase in concentration using a test at the 5%
significance level.

dpower_3: the power to detect an annual 5% increase in
concentration using a test at the 5% significance level given
10 years of annual monitoring and variability typical of the
time series.
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3.1 Where does mercury in the Arctic
environment come from, and how
does it get there?

This chapter addresses the policy question: where does
mercury in the Arctic environment come from, and how
does it get there? Evidence of a notable increase in present-
day mercury (Hg) concentrations in Arctic environments
compared to pre-industrial levels has led to substantial
scientific investigation in the past few decades concluding the
majority of Hg in the region originates from sources outside
the Arctic (AMAP, 2011). Mercury is released into the air
from both anthropogenic and natural sources in inorganic
form, which then circulates and accumulates in global
environments through a series of complex physicochemical
processes involving advection, diffusion, chemical and phase
transformations as well as flux exchanges between air, land
and water. Mercury enters the Arctic environment via the
atmosphere, ocean currents and river runoff. The Arctic
being a large and remote region, there is still a paucity of Hg
observations in Arctic environments. However, since the last
AMAP mercury assessment (AMAP, 2011), major ongoing
measurements efforts (e.g., the GEOTRACES program;
DiMento et al., 2019; Petrova et al., 2020) and new analytical
techniques such as mercury stable isotopic signatures
(Blum et al., 2014; Obrist et al., 2018) are elucidating Hg
pathways with greater clarity. Strides have also been made in
the understanding of Hg chemistry and the development of
models, reducing uncertainties in estimates of Hg deposition
and source attribution in the Arctic (Angot et al., 2016;
Dibble et al., 2020). The aim of this chapter is to assess the
impact of global sources of Hg emission on contemporary
Hg levels in Arctic ecosystems based on scientific progress
made in the past decade. The chapter provides a quantitative
synthesis of recent advances in the understanding of the
global sources of Hg emissions, transport pathways, the
spatial distributions of Hg fluxes as well as of Hg budgets in
abiotic atmospheric, terrestrial and marine environments in
the Arctic.

The main species of Hg emitted to the atmosphere, gaseous
elemental mercury (Hg(0)), has a long lifetime in air
(0.5-1 year; Horowitz et al., 2017); its long life means that Hg
is transported and deposited on a global scale. In terrestrial
ecosystems, direct uptake of ambient Hg(0) by vegetation
is a major pathway for Hg removal from the atmosphere.
Hg(0) reacts with strong oxidants in air, such as halogens,
to form oxidized mercury species (Hg(II)). Hg(II) species
are readily deposited to global ecosystems by direct uptake
and precipitation scavenging on a shorter timescale (up to
two weeks). In coastal and marine Arctic environments,
Hg oxidation and deposition processes intensify during
springtime, facilitated by increased photochemical
production of bromine (Br) species from snowpacks over
sea ice (Moore et al., 2014; Toyota et al., 2014a; Wang et al.,
2019a). Due to its volatile nature, a fraction of historically
deposited Hg re-enters the atmosphere from earth’s surfaces,
significantly amplifying environmental Hg circulation.
Burial in long-term storage archives such as lake sediments,
ocean sediments, subsurface soils, and glacial ice ultimately
immobilizes Hg from its circulation in global environments.

This chapter begins by describing the global sources of
emissions that contribute to Hg contamination in the
Arctic (Section 3.2). Sections 3.3, 3.4 and 3.5 respond to the
question: how does Hg enter Arctic environments? These
sections present an up-to-date understanding of Hg transport
pathways, inter-compartmental fluxes, and levels in abiotic
Arctic environments. This chapter also discusses potential
contributions of melting permafrost, ice sheets, ice caps and
glaciers to Hg levels in downstream Arctic environments
(Sections 3.4.2 and 3.4.3). Source apportionment of
atmospheric Hg deposition in the Arctic with respect to
global and local emissions is presented in Sections 3.6 and 3.7.
Section 3.8 provides a comprehensive picture of how much
Hg is circulating in Arctic environments. Key results and
recommendations are summarized in Section 3.9. Processes
leading to or affecting Hg uptake by biota are described
in Chapter 4.
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3.2 What are the sources of mercury
emissions to air contributing to
mercury in Arctic environments, and
how much mercury is being emitted?

3.2.1 Global estimates of natural and
anthropogenic mercury emissions to air

The Global Mercury Assessment 2018 (AMAP/UN
Environment, 2019) presents an updated global Hg budget
that estimates present day, total global emissions of Hg to air at
approximately 8000 t/y (4600 t/y and 3400 t/y from terrestrial
and marine sources, respectively). These emissions originate
from the following sources: ~500 t/y from natural (geogenic)
sources; ~1600 t/y from re-emissions from soil, vegetation and
open biomass burning; ~3400 t/y from evasion from surface
ocean waters; and ~2500 t/y from anthropogenic sources. The
atmosphere is estimated to hold ~4400 t of Hg, representing
a percentage increase due to human activities of ~450% since
around the mid-15th century (see Figure 3.1).

Current annual emissions to air from anthropogenic sources
(contributing ~30% of total Hg emissions) and natural sources
(contributing <10%) are substantially lower than re-emissions/
evasion from soils/vegetation and surface ocean waters, which
together contribute ~60% of total Hg emissions; however, it
should be recognized that the re-emissions—essentially a result
of natural processes—are themselves largely a consequence of
the build-up of Hg in the environment following historical
anthropogenic emissions and releases. In the context of the
budget, emissions from Hg released or disposed of to land (e.g.,
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landfill, mine tailings and waste rock, etc.) are also treated as re-
emission sources. Action to reduce present day anthropogenic
Hg emissions and releases (through, for example, the global
Minamata Convention on Mercury) is therefore the key to
reducing further accumulation of Hg in environmental media
and future re-emissions of Hg.

The global budget also includes an estimate of ~600 t of Hg
released to aquatic environments in 2015 from anthropogenic
sources; this amount does not include releases associated with
artisanal and small-scale gold mining (ASGM) activities, which
are estimated to contribute ~1200 t of Hg in combined releases
to land and water in 2015 (AMAP/UN Environment, 2019).
These releases are additional to the significant contribution
that ASGM makes to emissions of Hg to air. The following
sections provide estimates of anthropogenic, geogenic and
secondary emissions of Hg relevant to Arctic Hg contamination.
The emissions described here were used to develop present-day
budgets and geospatial distributions of Hg levels in the Arctic
air and deposition (see Sections 3.3 and 3.8), and to assess the
source apportionment of Hg deposition (see Sections 3.6 and
3.7) in the Arctic using multiple models.

3.2.2 Anthropogenic emissions

3.2.2.1 Global anthropogenic emissions in 2015

As part of the work to produce the Global Mercury Assessment
2018 (UN Environment, 2019), a joint AMAP/UN Environment
expert group was established to prepare a global inventory of
Hg emissions to air from anthropogenic sources in 2015. This
work built on earlier AMAP global anthropogenic emissions

Atmosphere:
4400 (450%) .
Net Hg(0) evasion
!) 600 1000 Deposition Deposition 3400
to land/ to oceans (2900-4000)
freshwater (250%)
Biomass
burning
i
Geogenic Soiland 3600 3800
| 3 vegetation

Anthropogenic

Organic soils: 150 000 (15%)

Mineral soils: 800 000

Anthropogenic Hg masses (t) and fluxes (t/y)
Natural Hg masses (t) and fluxes (t/y)
- Re-emission/Re-mobilization (natural and legacy Hg, t/y)

(%)  Percentage increase in mass due to human activities

Surface ocean: 2600 (230%)

Intermediate waters:
120 000 (25%)

|eAowal 3d1Ieyd

Net vertical transport

Deep waters:
190000 (12%) 1

Geogenic

Figure 3.1. Global Hg budget showing best estimate values and (in parentheses) associated ranges; percentage values represent the estimated increase in
mass or flux due to human activities since the pre-anthropogenic period (i.e., since ~1450 AD; AMAP/UN Environment, 2019). The budget balances
within the stated ranges only, reflecting the considerable uncertainty associated with several of the budget terms represented.
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Figure 3.2. Contributions from various regions to the estimated global
inventory of anthropogenic Hg emissions to air in 2015 (AMAP/UN
Environment, 2019).

inventory work reported in AMAP mercury assessments as
well as assessments of other heavy metals (AMAP, 1998, 2005,
2011) and applied a revised methodological approach that was
introduced in preparing the global inventory of Hg emissions
for 2010 (AMAP/UNEP, 2013).

Results of this 2015 anthropogenic emissions inventory are
presented in detail in the Technical Background Report to the
Global Mercury Assessment 2018 (AMAP/UN Environment,

2019). The inventory estimates national emissions for
~220 countries in 11 subcontinental regions for each of the
17 main emission sectors. Figure 3.2 and Tables 3.1 and 3.2
summarize, by region and source sector, the resulting 2015
emission estimates, which total ~2220 t of Hg (2000-2820 t).

The 2015 inventory estimates (AMAP/UN Environment,
2019) identify sources in Asia as responsible for about 50%
of global Hg emissions in 2015, with East and Southeast Asia
contributing ~40% and South Asia contributing ~10% (see
Figure 3.2). This reflects the growth in industrial development
in these regions in recent decades and, in particular, the use of
coal as a primary source of energy. Stationary combustion of
fossil fuels and biomass burning is responsible for some 24%
of estimated global Hg emissions (21% from coal burning).
Industrial activities involving high temperature processes, such
as metal smelting and cement production, are responsible for
a further 28% of global Hg emissions.

The other main sources of Hg emissions are associated with
the intentional use of Hg. These include use in mercury-added
products, such as lamps, batteries, and instruments (e.g., medical
instruments, such as thermometers, sphygmomanometers
and measuring devices, such as barometers) as well as in
dental amalgam, all of which generate wastes that are sources
of emissions, especially where these wastes are subject to
uncontrolled burning. The intentional use of Hg also includes
its use in industrial processes, such as the manufacture of vinyl
chloride and the production of chlor-alkali using the mercury-
cell process. However, by far the largest source of Hg emissions
from intentional Hg use is that associated with ASGM,
which globally is estimated to contribute ~38% of the total
anthropogenic emissions inventory. ASGM contributes ~70%
of emissions in South America and up to 80% of emissions in
Sub-Saharan Africa as well as contributing a significant part
of the emissions in East and Southeast Asia. As a result, South
America and Sub-Saharan Africa are responsible for ~18%
and ~16% of global emissions of Hg, respectively. However,
if ASGM emissions are excluded, the pattern of regional
contributions changes and regions such as South Asia and CIS
(Commonwealth of Independent States) and other European

Table 3.1. Contributions from various regions to the estimated global inventory of anthropogenic Hg emissions to air in 2015 for four main groups of
emissions sectors (AMAP/UN Environment, 2019). Sectors comprising the respective groups are indicated in Table 3.2.

Sector group (emissions, t) Regional total ~ % of global
Fuel combustion Industry Intentional-use Artisanal and (range), ¢ total
sectors (including product small-scale gold
waste) mining

Australia, New Zealand and Oceania 3.57 4.07 1.15 0.0 8.79 (6.93-13.7) 0.4
Central America and the Caribbean 5.69 19.1 6.71 14.3 45.8 (37.2-61.4) 2.1
CIS and other European countries 26.4 64.7 20.7 12.7 124 (105-170) 5.6
East and Southeast Asia 229 307 109 214 859 (685-1430) 38.6
EU28 46.5 22.0 8.64 0.0 77.2 (67.2-107) 3.5
Middle Eastern States 11.4 29.0 12.1 0.225 52.8 (40.7-93.8) 2.4
North Africa 1.36 12.6 6.89 0.0 20.9 (13.5-45.8) 0.9
North America 27.0 7.63 5.77 0.0 40.4 (33.8-59.6) 1.8
South America 8.25 47.3 13.5 340 409 (308-522) 18.4
South Asia 125 59.1 37.2 4.50 225 (190-296) 10.1
Sub-Saharan Africa 48.9 41.9 17.1 252 360 (276-445) 16.2
Global inventory 533 614 239 838 2220 (2000-2820) 100.0
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Table 3.2. Contributions from various source sectors to the estimated global inventory of anthropogenic Hg emissions to air in 2015 (AMAP/UN

Environment, 2019).

Sector

Sector group

Mercury emission (range), t

Sector % of total

Artisanal and small-scale gold mining (ASGM)

Biomass burning (domestic, industrial and power plant) *

Cement production (raw materials and fuel, excluding coal)
Cremation emissions

Chlor-alkali production (mercury-cell process)

Non-ferrous metal production (primary Al, Cu, Pb and Zn)
Large-scale gold production

Mercury production

Oil refining

Pig iron and steel production (primary)

Stationary combustion of coal (domestic/residential, transportation)
Stationary combustion of gas (domestic/residential, transportation)
Stationary combustion of oil (domestic/residential, transportation)
Stationary combustion of coal (industrial)

Stationary combustion of gas (industrial)

Stationary combustion of oil (industrial)

Stationary combustion of coal (power plants)

Stationary combustion of gas (power plants)

Stationary combustion of oil (power plants)

Secondary steel production *

Vinyl-chloride monomer (mercury catalyst) *

Waste (other waste)

Waste incineration (controlled burning)

Total

ASGM 838 (675-1000) 37.7
Fuel combustion 51.9 (44.3-62.1) 2.33
Industry 233 (117-782) 10.5
Intentional-use 3.77 (3.51-4.02) 0.17
Intentional-use 15.1 (12.2-18.3) 0.68
Industry 228 (154-338) 10.3
Industry 84.5(72.3-97.4) 3.8
Industry 13.8 (7.9-19.7) 0.62
Industry 14.4 (11.5-17.2) 0.65
Industry 29.8 (19.1-76.0) 1.34
Fuel combustion 55.8 (36.7-69.4) 2.51
Fuel combustion 0.165 (0.13-0.22) 0.01
Fuel combustion 2.70 (2.33-3.21) 0.12
Fuel combustion 126 (106-146) 5.67
Fuel combustion 0.123 (0.10-0.15) 0.01
Fuel combustion 1.40 (1.18-1.69) 0.06
Fuel combustion 292 (255-346) 13.1
Fuel combustion 0.349 (0.285-0.435) 0.02
Fuel combustion 2.45 (2.17-2.84) 0.11
Industry 10.1 (7.65-18.1) 0.46
Intentional-use 58.2 (28.0-88.8) 2.6
Intentional-use 147 (120-223) 6.6
Intentional-use 15.0 (8.9-32.3) 0.67

2220 (2000-2820) 100

countries appear higher in the ranking. Overall, the patterns
of both regional and sectoral contributions to global emissions
in 2015 were similar to those in 2010.

The inventory methodology also recognizes that there may
be additional emissions from sectors that it is not possible to
quantify using the current methodology and available data;
these could contribute between an additional few tens to
several hundreds of tonnes (t) of Hg emissions per year. These
include anthropogenic emissions associated with incineration
of industrial and sewage sludge and some hazardous wastes,
oil and gas extraction (upstream of refineries) and agricultural
burning. Some of these sources may be significant in a local
and/or Arctic context.

Estimates of emissions from agricultural burning, totaling
~90 tin 2012, are included in global Hg emissions inventories
prepared by the Emissions Database for Global Atmospheric
Research (EDGAR; see Section 3.2.2.3). The EDGARv4.tox2
(Muntean et al., 2018) dataset includes estimates of Hg
emissions from field burning of agricultural residues for
individual countries. Between 1970 and 2012, the EDGAR
agricultural emissions estimates show a consistent increasing
trend, almost doubling since 1970. In 2012, their share in the
total global Hg emissions estimated by EDGAR was about 5%,
with the greatest contributions to agricultural emissions from
Brazil (17%), India (15%) and Indonesia (11%).

Comparing the 2015 global inventory results (AMAP/UN
Environment, 2019) with other national and regional emissions
estimates is not straight-forward. No comparable global
inventories exist for 2015. However, Muntean et al. (2018) have
compared global emissions estimates of Hg from the Emission
Database for Global Atmospheric Research (EDGAR) in 2010
(totaling ~1770 t) with the 2010 GMA inventory estimates
reported in AMAP/UNEP, 2013 (which after being updated
in 2018 totaled ~1810 t).

Comparisons of the 2015 GMA inventory estimates with
preliminary national estimates prepared as Minamata
Convention Initial Assessments (MIAs; UNDP, 2020) for a
number of mainly developing countries, which lack routine
emissions reporting mechanisms, revealed inconsistencies
(AMAP/UN Environment, 2019). In some cases, these could
be explained by the fact that MIA estimates applied activity
data for recent years rather than a specific target year. Together
with emissions factors, activity data—data on production of
industrial materials and Hg-added products, and consumption
of raw materials including fossil fuels—form the basis for
most national/regional emissions estimates. Both emissions
factors and activity data have associated uncertainties that
were considered in the inventory work. Measurement-based
emissions data are still only available for a relatively few,
generally large, point sources of emissions; these data have
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other associated uncertainties that must be considered when
they are used to calculate annual emissions totals.

Comparisons between the 2015 GMA inventory estimates and
other national estimates from countries that maintain emissions
inventory systems and with regional estimates for 2015 reported
under the United Nations Economic Commission for Europe
(UNECE) Convention on Long-Range Transboundary Air
Pollution (CLRTAP) indicated a generally reasonable level
of consistency with respect to estimates for national total
emissions, considering the associated uncertainties (AMAP/
UN Environment, 2019). However, estimates for particular
emissions sectors were more variable, reflecting to a large degree
differences in the way emissions are classified or categorized
under different Hg emissions reporting systems, many of which
have been adapted from systems developed for reporting
emissions of other pollutants. These major considerations
would need to be addressed in any regulatory emissions
reporting context.

3.2.2.2 Geospatial distribution

An important additional component of the work on the 2015
inventory was its geospatial distribution used to generate datasets
that could then be used by modelers investigating, for example,
long-range atmospheric transport of Hg (see Sections 3.3 and 3.6).
This work comprised of allocating national Hg emissions totals
to specific point sources or their area-wide distribution (within
0.25° grid cells), based on expected emissions distributions for
the sectors concerned. The methods applied and the results
of this work are detailed in Steenhuisen and Wilson (2019);
Figure 3.3 presents the geospatially distributed inventory for total
mercury emissions (THg) viewed from an Arctic perspective; for
further information on how emissions specifically impact Arctic
environments see Section 3.2.2.5.
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Figure 3.3. Global Hg emissions showing proximity
of emissions in major source regions to the Arctic.

3.2.2.3 Trends in anthropogenic emissions

Mercury emissions to air have changed over time. Historically,
gold and silver mining have been major sources of mercury
emissions and releases. Following the industrial revolution
and the subsequent rise of fossil fuel economies (i.e., from the
1850s onwards), Hg emissions increased (AMAP, 2011; AMAP/
UN Environment, 2019). Emissions during the first part of the
21st century are estimated globally at around 2000 to 2500 t/y
with emissions increasing in some geographical regions and
decreasing in others.

Comparisons between global anthropogenic emission
inventories produced at different times since the 1990s (AMAP,
1998, 2005, 2011; Pacyna and Pacyna, 2002; Pacyna et al., 2006,
2010) is complicated by the fact that, over time, additional
sectors have been added to the inventories, as well as by changes
in the methods applied for calculating emissions.

In the GMA 2018 work (AMAP/UN Environment, 2019) it was
only considered appropriate to compare the 2015 inventory
results with results from the 2010 inventory (AMAP/UNEP,
2013), which was prepared using a similar methodology, and
then only after the latter had been updated to introduce new
sectors which were considered in 2015 (e.g., biomass burning
in power generation, industry and domestic sources), newly
available 2010 activity data, and some changes in methods for
calculating emissions from ASGM and the disposal of Hg-added
product wastes). The results (Figure 3.4) indicate that estimated
global anthropogenic emissions of Hg to the atmosphere for
2015 were approximately 20% higher than in 2010. Within
this trend, modest decreases in emissions in North America
and the European Union associated with continuing action
to reduce emissions and shifts in fuels used for energy (i.e.,
away from coal) are more than offset by increased emissions in
other regions, in Asia in particular. The overall trend appears
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Figure 3.4. Trends in global emissions of Hg to the atmosphere as produced by three emission inventory approaches. Note: these three approaches are
not directly comparable as they use different methodologies and do not necessarily include the same set of source sectors. AMAP/GMA estimates are
reported in AMAP/UN Environment, 2019; AMAP 1900-2005 estimates are from AMAP, 2010; EDGAR estimates are from Muntean et al., 2014, 2018.

to reflect a continuation of an upturn in global Hg emissions
following decreasing emissions during the last decades of the
20th century as described in the previous AMAP mercury
assessment (AMAP, 2011).

This contrasts somewhat with results of global Hg emissions
estimates from EDGAR (Muntean et al., 2014, 2018) which
show an increasing rather than a decreasing trend in global
emissions in the last decades of the 20th century. Muntean
et al. (2018) report global anthropogenic Hg emission trends
over the period 1970 to 2012 based on an analysis of data
from EDGAR (see Figure 3.4). The EDGAR dataset applies
a consistent methodology across all years, showing global
emissions (excluding ASGM) increasing by 45% between 1970
and 2012).

Analysis of the magnitude of changes in estimated Hg
emissions between 2010 and 2015 by region and sector in
the GMA work (AMAP/UN Environment, 2019) reveals
that emissions in North America and the European Union
(EU28) decreased across most sectors, resulting in modest
decreases (~11 t) in total estimated emissions in each of these
two regions (see Table 3.5). In all other regions, total regional
Hg emissions increased between 2010 and 2015. In some
regions, notably South America, increased ASGM activity
contributed significantly to the increase in emissions both
in percentage and absolute terms; in other regions, such as
East and Southeast Asia, increased emissions are associated
with industrial development and therefore are reflected in
the figures for industry and energy sectors, in particular in
non-ferrous metal production (NFMP). On a relative basis,
the greatest increase was associated with Hg production in
Central America and the Caribbean where Hg emissions
grew by a factor of almost 20 due to new Hg production from
mines in Mexico; industrial coal combustion also increased
considerably in the same region (440%); however, in absolute
terms this corresponds to only a few tonnes (t) of emitted Hg.
In absolute terms, the sectors showing the largest increases in

estimated emissions of Hg were ASGM (159 t), NFMP (79 t),
cement production (47 t), Hg-product waste disposal (32 t)
and coal combustion in power plants (24 t), contributing to a
total increase for all sectors of 413 t. Sectors with decreasing
estimated emissions included (mercury-cell process) chlor-
alkali production, which is being phased-out globally, and oil
combustion in industry; however, the associated reductions
were relatively small in absolute terms (6 t and 2 t, respectively).
In general, apart from ASGM-related emissions, Hg emissions
are strongly related to a growth in industrial activity that in
most regions reflects a growth in the consumption of fuels
and raw materials to produce energy, cement, and ferrous and
non-ferrous metals, among other activities. Increased industrial
activity in many regions more than offsets emissions reductions
achieved through, for example, more widespread application
of air pollution control devices.

In addition to the challenges in comparing national/sector
estimates over time, there are similar challenges with respect to
comparing geospatially-distributed Hg emissions for different
years/periods; here, there is the added complexity of documenting
changes in the locations of emissions, particularly in the case of
major point sources. Information concerning new power plants
and industrial facilities, the closure of plants and changes in fuels
and technology applied at energy production and industrial
facilities (e.g., to control emissions) is generally lacking or is not
available in the public domain. This is a particular problem in
areas with rapidly developing economies and in countries lacking
consistent long-term tracking of Hg emissions.

The increasing trends in anthropogenic emissions in recent years
are not generally reflected in Hg air concentrations observed
at Arctic background air monitoring sites, most of which
show decreasing trends (see Section 2.3.1). This inconsistency
between emissions estimates and air concentration trends may
be related to the proximity of monitoring sites to regions where
Hg emissions have declined significantly in recent decades
(North America and Europe), to the effects of changes in
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Table 3.5. Change in estimated anthropogenic emissions of Hg between 2010 and 2015 measured in kg and in percentage change across different regions
for four main emissions sector groups (see Table 3.2 for specification of the sectors concerned; AMAP/UN Environment, 2019).

Absolute change by sector group (t) Fuel Industry Waste ASGM All sectors
Australia, New Zealand and Oceania -0.36 0.06 0.31 0 0.02
Central America and the Caribbean -0.07 4.13 0.86 2.22 7.17
CIS and other European countries -2.20 8.42 4.59 0.68 11.5
East and Southeast Asia 16.3 114 62.3 -30.2 163
EU28 -1.82 -2.59 -6.6 0 -110
Middle Eastern States -0.51 3.63 3.36 0.26 6.69
North Africa 0.29 0.34 2.22 0 2.85
North America -7.12 0.86 -4.97 0 -11.2
South America 1.41 0.95 0.076 163 165
South Asia 25.6 103 9.99 3.38 49.2
Sub-Saharan Africa -2.1 1.62 10.6 19.9 29.9
Global change 29.4 142 82.8 159 413

Percentage change by sector group Fuel Industry Waste ASGM All sectors
Australia, New Zealand and Oceania -9.0 -9.0 -9.0 -9.0 -9.0
Central America and the Caribbean -1.1 27.6 15.2 18.4 18.6
CIS and other European countries -7.7 15.0 284 5.6 10.2
East and Southeast Asia 7.6 59.5 132.5 -12.4 234
EU28 -3.8 -10.5 -43.3 -- -12.5
Middle Eastern States -4.3 14.3 38.5 -- 14.5
North Africa 27.1 2.8 47.5 - 15.8
North America -20.9 12.7 -46.2 -- -21.8
South America 20.6 2.0 0.6 91.6 67.6
South Asia 259 21.0 36.8 300 28.0
Sub-Saharan Africa -4.1 4.0 161.0 8.6 9.1
Global percentage change 5.8 30.1 52.9 234 22.8

speciation of emitted Hg (see Section 3.2.2.4) or to the influence
of remobilization, natural sources, deposition rates and the
impacts of meteorology (as discussed in Sections 3.2.1, 3.2.3,
3.3.1.3 and 3.3.2); however, this is a subject requiring further
investigation as it is highly relevant for the use of air monitoring
results as an indicator of changes in emissions, for example
under the Minamata Convention.

3.2.2.4 Mercury emissions speciation

An acknowledged deficiency in the GMA inventory work and
its associated geospatial distribution concerns the approach
currently employed to define the Hg species that are emitted
to the atmosphere. The GMA work applied an outdated and
simplistic generic speciation scheme to classify total mercury
(THg) emissions between gaseous elemental mercury (GEM,
Hg(0)), gaseous oxidized mercury (GOM) and particulate
mercury (HgP) according to the source sector concerned.
Mercury species emitted depend on a number of factors,
including the air pollution control devices (APCDs) that are
applied at emission point sources. Application of APCDs has
changed considerably over recent decades, with developments
taking place in different countries at different times. The applied

GMA inventory methodology attempts to reflect this in terms
of quantifying emission totals, but this has not been reflected in
GMA inventory geospatial distribution work to date—although
the most recent inventory tools allow for this to be done, it has
been outside the scope of the work.

A large number of recent publications have documented
speciation aspects of emissions, generally at large point sources
such as power plants, smelters and other industrial facilities, in
particular in Asia (e.g., Wu et al,, 2012; Zhang et al., 2015). This
represents a considerable body of new information available
to improve speciation schemes.

Muntean et al. (2018) performed a comprehensive literature
review on Hg speciation for different sectors and developed
three retrospective emissions scenarios (S1, S2 and S3) based
on different hypotheses related to the proportion of Hg species
in the THg emissions. The reference scenario S1 uses the
split factors provided in AMAP/UNEP (2008). This scheme
has been applied to all global anthropogenic Hg emissions
inventories reported in AMAP and UN Environment GMA
work (inventories for the years 1990-2015) as well as in
EDGARv4.tox2. The other two scenarios apply split factors
derived primarily from field measurements: S2, from the
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Figure 3.5. Proportions of elemental mercury (Hg(0)) and reactive mercury
(HgP and Hg(I)) in the speciation scheme applied to the AMAP/GMA
inventories for different sectors compared with information presented in
recent literature. Modified from Muntean et al., 2018 and references therein.
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United States Environmental Protection Agency’s (EPA’s)
Information Collection Request (ICR; Bullock and Johnson,
2011); and S3 from recent scientific literature (Friedli et al.,
2001,2003a, 2003b; Park et al., 2008; Wu et al., 2012; Chen et al.,
2013; UNEP, 2014; Giang et al., 2015; Zhang et al., 2015).
Figure 3.5 presents the variation between the proportion of
Hg(0) and reactive mercury (HgP and gaseous Hg(II)) in the
scenarios corresponding to the speciation scheme applied
to the AMAP/GMA inventories (S1) and the scheme based
on recent scientific literature (S3) for different sectors. The
share of the THg emissions that comprise of Hg(II) species
(gaseous and particulate) emissions was 25.3% for the reference
scenario (S1) and 22.9% and 21.4% for the other two emissions
scenarios (S2 and S3, respectively). However, regional Hg
speciation footprints may differ considerably depending on
the characteristics of Hg-emitting sources located in different
regions (see details in Muntean et al., 2018). Much of the recent
literature on emissions speciation at industrial facilities concerns
plants in East Asia (China, Japan and the Republic of Korea),
with speciation often dependent on the air pollution control
technologies employed at the different plants. An evaluation of
the three scenarios using the GEOS-Chem global 3-D Hg model
showed a variation in deposition estimates of approximately
+10%. A comparison with measurements within a nested grid
in sensitivity simulations for the United States indicated that
speciated emissions estimated based on field measurements
can improve wet deposition estimates near sources.

Changes in speciation from GEM/Hg(0) to HgP or Hg(II)
would imply that Hg may be captured or deposited closer to its
source regions and therefore have less potential for transport
to the Arctic.

Appropriate speciation of (geospatially distributed) Hg
emissions datasets is important to modeling atmospheric
transport from source to receptor regions including the Arctic
(see Sections 3.3.3 and 3.7). Newly available information on
the speciation of emissions at major point sources presents
the possibility for better addressing this aspect in future work;
however, a significant gap in knowledge still concerns the fate of
Hg emitted from ASGM activities. Mercury used to amalgamate
or concentrate gold is evaporated to recover the gold and
is therefore by definition emitted as GEM/Hg(0). ASGM
emissions occur close to the ground and thus the emitted Hg
may be subject to chemical transformations through interaction
with surfaces that alter speciation more rapidly than might be
the case for GEM emitted, for example, from power plant stacks.

3.2.2.5 Anthropogenic emissions and releases
in an Arctic context

This report includes an updated Hg budget for the Arctic Ocean
(see Section 3.8), and the Arctic region is also evaluated in
atmospheric transport source-receptor modeling work (see
Section 3.7).

Sources within the Arctic region contribute only a small part
of global anthropogenic Hg emissions, ~14 t (<1%) of the
total estimated inventory of 2220 t in 2015. The respective
contributions from different countries in Arctic areas (areas
north of 60°N) are shown in Table 3.6.
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Table 3.6. Mercury emissions in the Arctic region (north of 60°N) sources;
values calculated from the spatially distributed inventory of anthropogenic
emissions to air in 2015 (see Section 3.2.2.2).

Country Estimated anthropogenic Hg
emissions in the Arctic

(north of 60°N in 2015; kg)

Canada 355

Kingdom of Denmark (Faroe Islands) 1.34

Kingdom of Denmark (Greenland) 2.66

Finland 1011

Iceland 30.5

Norway (mainland) 261

Norway (Svalbard, Jan Mayen) 6.1

Russia 12 400

Sweden 307

United Kingdom (Shetland Islands) 0.62

United States (Alaska) 132

Total 14 470

The majority of the anthropogenic Hg emissions in the Arctic
region occur in Russia and are associated with relatively few
point sources, including the non-ferrous metal smelters at
Norilsk and on the Kola Peninsula (see Figure 3.6). The Arctic
also hosts coal-fired power plants along with other industrial
facilities (including cement and ferrous metals production,
mining and oil refining operations) in or in close proximity to
the Arctic. In North America, small point source emissions are
associated with diesel generators and waste dumps in a number
of communities; similar emission occurs in other parts of the
Arctic, but locations of these sources are not defined in the
available datasets.

Although the anthropogenic Hg emissions within the Arctic
region are small, it should be recognized that the Arctic Council
countries contribute significantly to global Hg emissions,
and together with Arctic Council observer countries, were
responsible for ~44% of estimated global anthropogenic Hg
emissions in 2015 (see Table 3.7).
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Figure 3.6. Locations of point source Hg emissions in or close to the Arctic.
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Table 3.7. Contributions of Arctic Council members, observers and the rest of the EU to global Hg emissions in 2015, in tonnes (t), and percentage

changes in estimated emissions between 2010 and 2015.

Country Total estimated Hg emissions % Global total Percentage change in
in 2015, in t (AMAP/UN estimated Hg emissions
Environment, 2019)* between 2010 and 2015

Canada 4.02 -- -14.3
Denmark 0.43 -- -35.9
Faroe Islands 0.00 -- 4.7
Greenland 0.00 -- -43.5
Finland 1.21 - -13.7
Iceland 0.03 -- -11.9
Norway 0.55 -- 15.2
Russia 60.95 -- 13.1
Sweden 0.86 -- -13.6
United States 36.33 -- -22.5
Arctic Council Members 116.1 5.2 -3.3
China 563.78 -- 12.6
China, Hong Kong 1.46 -- 12.5
France 3.79 -- -25.7
Germany 16.28 - -1.4
India 205.86 -- 28.1
Italy 4.09 -- -26.4
Japan 15.01 - 16.1
Republic of Korea 6.95 -- 0.8
Netherlands 1.55 -- 8.9
Poland 11.38 -- -84
Singapore 1.62 -- 3.0
Spain 3.99 - -29.0
Switzerland 0.58 -- 20.0
United Kingdom 4.27 -- -18.4
Arctic Council Observers 840.6 37.8 14.2
Other EU countries 17.6 0.8 -20.8
Arctic Council members, observers and rest of EU 974.4 43.8 10.9

*Differences between GMA estimates (AMAP/UN Environment, 2019) and national estimates reported under CLRTAP, along with possible reasons for
these differences, are discussed in Section 3.3.3 of the AMAP/UN Environment 2019 report.

3.2.3 Primary geogenic and secondary
emissions as a result of natural
processes in the Arctic

Anthropogenic and legacy Hg emissions in global regions are
important sources of Hg input into the Arctic, transported
there via the atmosphere or ocean currents. In addition, due
to the sparse population and limited human activities in the
Arctic, natural emissions within the Arctic, including geogenic
(primary), legacy (previously deposited) emissions, and
wildfire emissions, also play an important role in the region.
A large fraction of Hg from atmospheric long-range transport
is deposited to ecosystems in the Arctic and thus is subject
to natural processes that can lead to storage and rerelease of
both geogenic and anthropogenic legacy pollution within the
region. Observation-based estimates of geogenic and legacy Hg
emissions in the Arctic are currently not available. Atmospheric
Hg models parameterize primary and secondary emissions from
terrestrial surfaces as a function of environmental conditions
and soil Hg content (Selin et al., 2008; Durnford et al., 2012).
Geogenic Hg emission is distributed according to the locations

of Hg deposits, and the revolatilization of legacy Hg from soils
and vegetation is distributed based on patterns of historic Hg
deposition fluxes. Modeling estimates of combined geogenic
and legacy Hg emissions from soils and vegetation are in the
range of 6.5 to 59.1 Mg/y (median of 24 Mg/y) north of 60°N
in the Arctic (based on the four Hg models used in this report;
see Box 3.1). Another important source of Hg in the Arctic is
the release of Hg from biomass burning as a result of wildfires,
which is described in the next section (Section 3.2.3.1).
Increased melting of permafrost, glaciers and ice sheets in the
Arctic over the last 30 to 40 years is suggested to be releasing Hg
into the Arctic environment (Milner et al., 2017; Schuster et al.,
2018). Estimates of Hg emission into the air from these sources
are currently lacking (Schaefer et al., 2020). However, releases
of Hg from recent melting of permafrost, glaciers and ice sheets
to downstream environments in the Arctic have been reported
(Sendergaard et al., 2015; Vermilyea et al., 2017; St. Pierre et al.,
2018,2019; Zdanowicz et al., 2018). The current understanding
of the releases of Hg from the melting of long-term cryospheric
reservoirs to downstream Arctic environments is discussed in
Sections 3.4.2 and 3.4.3.
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3.2.3.1 Biomass burning

The term ‘biomass burning’ can refer to a range of different
processes both anthropogenic and natural. Anthropogenic
biomass burning typically means the intentional combustion of
plant material in agriculture as a means of waste incineration.
More broadly, it can also include energy production from
biomass combustion. In this chapter, by the term ‘biomass
burning’ we are referring solely to natural emissions, which are
usually distinguished from anthropogenic emissions by using
the term ‘wildfires. Wildfires include forest fires, which make up
the majority of global Hg emissions from this sector. However,
they include a range of other sources such as grassland fires and
smoldering natural fires (e.g., peat, bog, or subsurface coal-bed
fires). Especially in the Arctic region, in recent years, smoldering
fires have been observed ever more frequently (Mack et al.,
2011). Due to satellite observations, today it is possible to detect
even small fires with remote sensing techniques capable of
detecting temperature anomalies (Giglio et al., 2006). Mercury
released from wildfires is not a primary emission source as
it is typically introduced into biota and soils by atmospheric
deposition. The two sources for Hg released by fires are from
the Hg stored in biomass and soils. There are three primary
pathways of Hg uptake by plants: stomatal uptake of GEM from
the atmosphere, foliar adsorption of oxidized mercury, and
roots uptake of ionic Hg from soils (Obrist et al., 2017; Jiskra
et al,, 2018). As the boreal forests consist of evergreen trees,
there is no significant release of Hg through litterfall. Arctic
soils have been found to be a long-term storage for a large
amount of Hg (Schuster et al., 2018), and Hg releases from soils
can be significant under large-scale fire events.

The average global mercury emissions by wildfires has been
estimated in the range of 400 to 675 Mg/y (Friedli et al., 2009;
De Simone et al., 2017; Kumar et al., 2018). Kumar et al. (2018)
estimated that around 95% of Hg wildfire emissions in the
Arctic are from boreal forests and 5% are from other vegetation
types. The wildfires in the Arctic typically show a pronounced
seasonal cycle with more than 90% of Hg emissions occurring
during July and August in some years, although the fire season,
and resultant Hg emissions, can start as early as June (van der
Werf et al., 2017). Emissions estimates from all boreal forest
fires are even more variable, ranging from ~20 Mg/y (Friedli
et al., 2003a; McLagan et al., 2021) up to 200 Mg/y (Kumar
etal, 2018).

Uncertainties of these estimates are high and are predominantly
associated with variability in the annual burned area
(particularly for boreal forests), non-biome specific emissions
ratios or factors, and the limited near-source atmospheric
Hg measurements in wildfire plumes (Friedli et al., 2009; De
Simone et al., 2017; McLagan et al., 2021). Moreover, these
emissions estimates typically incorporate mean measured
atmospheric Hg to carbon monoxide (CO) emissions ratios
from the literature, many of which have been taken at
receptor sites distant from fire sources (Friedli et al., 2009;
De Simone et al., 2017; Kumar et al., 2018). Mercury to CO
emissions ratios measured at large distances tend to be high,
which McLagan et al. (2021) relate to the lower lifetime of CO
compared with Hg (particularly over continental landmasses
in the summer) and the variability in CO emissions from
fires based on biome and fire intensity. Another factor in the

uncertainty of these estimates is that speciated wildfire Hg
emission inventories are not available. The proportion of Hg
released as GEM in wildfires varies between 50% and 95%
based on aircraft measurements (Friedli et al., 2003a), satellite
measurements (Finley et al., 2009) and laboratory experiments
(Obrist et al., 2008; Kohlenberg et al., 2018).

Following the empirical emission factor based method from
McLagan etal. (2021), an improved estimate of atmospheric Hg
emitted from Arctic fires (fires which occur north of 60°N) is
8.8+6.4 Mg/y for the period 2001 to 2019 based on two boreal
forest aircraft studies (Friedli et al., 2003a; McLagan et al.,
2021). This estimation uses the mean burned area based on
three separate algorithms (Giglio et al., 2013, 2016; Lizundia-
Loiola etal., 2020), the mean fuel load of Canadian Arctic biomes
(Taiga Plains, Taiga Shield East and West, Taiga Cordillera,
Hudson Plains, and Southern Arctic; 2.31+0.81 kg/m?) from
Amiro et al. (2001), and a generally accepted total release of
Hg from biomass during burning (100+5%). Atmospheric Hg
is assumed to consist of 96.2% Hg(0) and 3.8% HgP according
to the measured ratio in Friedli et al. (2003b).

Peatlands are an important sink for organic matter and Hg
in the circumboreal regions, and the burning of peat-rich
soils likely leads to a significantly greater release of Hg than is
currently estimated (Turetsky et al., 2006; Fraser et al., 2018).
A better estimation of the proportion of GEM to HgP and the
propensity of different biomes (such as boreal peatlands) to
release Hg during wildfires are needed to reduce uncertainties
in modeling estimates (De Simone et al., 2017; Fraser et al.,
2018; Kumar et al.,, 2018). The observed warming of the
atmosphere has been especially pronounced in the Arctic. It
is critical that wildfire emissions estimates are improved and
constrained, particularly for the boreal forests and the Arctic,
within which fire frequency, intensity and length of burning
season are expected to increase in the future under warming
conditions (Mack et al., 2011; Veira et al., 2016; Walker et al.,
2019). Forest fires outside the Arctic are also expected to
increase, which will lead to additional long-range transport
of Hg to the Arctic from this source.

3.3 How much mercury does
atmospheric circulation transport
to Arctic environments?

3.3.1 How does atmospheric mercury enter
Arctic environments?

3.3.1.1 Atmospheric circulation

In-situ measurements and modeling provide evidence for year-
round transport of pollution from southern latitudes to the
Arctic troposphere; this pollution is dominated by northern
Eurasian sources in winter and by mid-latitude Asian and North
American sources in spring (Sharma et al., 2013; Law et al.,
2014; Monks et al., 2015; Willis et al., 2019). Fuelberg et al.
(2010) noted that, during spring, mid-latitude cyclones were
more frequent (and followed a northerly course) over eastern
Asia and the North Pacific and were less common over the
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North Atlantic. Evidence for springtime long-range transport
events of atmospheric Hg from Asian sources to western North
America and the Arctic is well documented (Jaffe et al., 2005;
Weiss-Penzias et al., 2007; Obrist et al., 2008; Durnford et al.,
2010; Moran et al., 2014). Durnford et al. (2010) analyzed
Hg transport pathways to the Arctic and confirmed that
Eurasian transport dominated in winter, while Asian and North
American transport dominated in spring. The study estimated
that the majority of long-range transport events in the Arctic
originated in Asia (~55%) followed by events from Eurasian
(~29%) and North American (~16%) sources.

The thermal stratification of the lower atmosphere at high
latitudes, especially during the winter months, causes an
isolation of the High Arctic lower troposphere from lower
latitudes creating a transport barrier referred to as the polar
dome (coincident with the Arctic front; Klonecki, 2003). The
polar dome exhibits a strong influence on the transport of
air masses from mid-latitudes, enhancing transport during
winter and inhibiting it during summer. The spatial extent of
the polar dome strongly varies seasonally, from about 40°N
polewards in the winter, when it envelopes snow-covered
North America and, especially, Eurasia, to roughly north of
the 70°N in the summer (Klonecki, 2003; Jiao and Flanner,
2016). Synoptic-scale weather systems frequently disturb this
transport barrier and foster exchange between mid-latitude
and Arctic air masses.

Atmospheric transport into the Arctic lower troposphere requires
a diabatic cooling of air masses to facilitate penetration into the
polar dome either from above, or sideways (Stohl, 2006). Using
a modeling study, Stohl (2006) identified three major pollution
transport mechanisms to the Arctic lower troposphere from
major anthropogenic emission regions, recently confirmed by the
POLARCAT-IPY and NETCARE measurement campaigns (Law
etal,, 2014; Bozem et al., 2019). These three transport mechanisms
are: (1) wintertime low-level transport over snow-covered regions
at timescales of 10 to 15 days, primarily from northern Eurasia;
(2) fast low-level transport (taking four days or less) from
mid-latitude regions located within the polar front (mainly in
Europe) followed by uplift at the Arctic front and slow descent;
and (3) convective lifting in southern mid-latitudes followed by
upper tropospheric transport in warm conveyor belts associated
with frontal systems and slow descent due to radiative cooling
at timescales of roughly two weeks. Only the third pathway is
frequently a means of pollution transport from North America
and Asia. In contrast to the low-level transport, oxidation and
wet scavenging can remove significant amount of Hg outside
the Arctic in high-level transport. The lower troposphere in the
Arctic is highly stably stratified during the winter months, with
surface inversions persisting for several days; these conditions
result in reduced dry deposition of pollutants during the transport
process. Furthermore, the lower troposphere is extremely dry in
winter, which prevents scavenging by precipitation. The lifetime
of air masses near the surface in the High Arctic is about one
week in winter and two weeks in summer; this rapidly decreases
with altitude to about three days in the upper troposphere (Stohl,
2006). In addition to the pathways above, studies have reported
transport of smoke plumes from boreal wildfires into the Arctic
(Paris et al., 2009); Hg emitted during strong boreal wildfire events
can be lofted by pyroconvection and entrained into the polar
environment (Peterson et al., 2018a).
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Lower tropospheric transport in and around the Arctic is marked
by a pronounced continental flow in wintertime and a zonal
transport to the marine environment in summer. In winter,
synoptic-scale atmospheric transport into the Arctic is primarily
driven by three major semi-permanent pressure systems: a low-
pressure system located in the sub-polar North Pacific Ocean, just
south of the Bering Sea area (the Aleutian Low); a low-pressure
system southeast of Greenland, near Iceland (the Icelandic Low);
and a high-pressure system situated over eastern Siberia (the
Siberian High; Bottenheim et al., 2004). Less intense high-pressure
systems are located over western North America and the mid
North Atlantic Ocean (the Subtropical High). Atmospheric
circulation around the Icelandic Low in combination with
the Siberian High transports pollution from source regions
in northern Europe and Siberia into the Arctic. Also, North
American pollutants flow along the southern portion of the
Icelandic Low to northern Europe. The Aleutian Low induces the
eastward transport of air from East Asia to North America along
its southern portion over mid- to subtropical latitudes, and then
along western Canada and Alaska into the western Arctic. The
same circulation also transports chemical species from western
North America into the Arctic. The weakening of the low-pressure
centers and the replacement of continental highs by low-pressure
systems in summertime caused by the changing land-sea contrast
in surface heating leads to seasonal changes in transport patterns.

Mid-latitude atmospheric blocking events, which can last
up to 15 days, are quasi-stationary features characterized by
high-pressure centers around 60°N and a low-pressure center
to the south of the feature; these blocking events are known
to significantly increase the transport of air pollution to the
Arctic (Davini et al., 2012). More frequent in winter and spring,
blocking events are predominantly observed in the northeastern
Atlantic Ocean and to a lesser extent in northeastern Pacific
Ocean. Two major low-frequency atmospheric circulation
patterns influence atmospheric transport to the Arctic on
monthly to decadal timescales: the North Atlantic Oscillation
(NAO) and the Pacific-North America pattern (PNA; Feldstein,
2002; Eckhardt et al., 2003). During the positive phase of the
NAO, associated with strengthening of Icelandic Low, transport
mainly from Europe but also from North America and Asia
into the Arctic is enhanced, resulting in higher pollution
levels, particularly in winter and spring (Eckhardt et al., 2003).
Conversely, during the negative phase of the NAO (or the
positive phase of the PNA), the weaker Icelandic Low leads to
reduced air transport from Europe and Siberia and increased
transport from North America to the Arctic.

The above atmospheric pathways can directly transport Hg-
rich air masses from global anthropogenic Hg source regions
to the Arctic. Since the atmospheric lifetime of Hg(0), the most
dominant Hg species in air, is over several months, global-
scale transport and mixing of Hg(0) results in a well-mixed
tropospheric background of Hg. Atmospheric transport of
background Hg accounts for the majority of Hg found in the
Arctic environment. In addition, Hg transport to the Arctic
is amplified via a global distillation phenomenon: emitted
Hg is successively deposited to surfaces from where it is re-
emitted back into the air and continues to move through the
environment in the direction of the prevailing winds favoring
accumulation in the colder regions, such as the Arctic.
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In recent decades, nearly twice the rate of rise in surface and
lower tropospheric temperatures in the Arctic compared to
rises in temperature at lower latitudes (Arctic amplification)
is causing changes in the mid-latitude circulation patterns
(Dobricic et al., 2016; Pithan et al., 2018). Warmer sea-surface
temperatures and lower sea-ice concentrations in the Arctic
are linked to atmospheric circulation anomalies in winter
(Lee et al., 2015; Francis et al., 2017). These atmospheric
circulation changes are shown to impact pollution transport
in the Arctic (Pozzoli et al., 2017; see Chapter 5).

3.3.1.2 Atmospheric chemistry and phase
transformations

The oxidation of GEM to Hg(II) strongly influences the residence
time of Hg in the atmosphere. This influence arises from the
high deposition velocities of oxidized Hg, relative to GEM,
for both gaseous oxidized mercury (GOM) and particulate-
bound mercury (PBM). Faster oxidation of GEM leads to a
shorter residence time for Hg in the atmosphere. Conversely,
the reduction of Hg(II) to GEM extends the lifetime of Hg in
air. Both oxidation and reduction can occur homogeneously
and heterogeneously, but the uncertainties in these processes
are still significant. Laboratory experiments and investigations
using theoretical chemistry have suggested rate constants for
many homogeneous processes. Theoretical work carried out in
the last several years has reported rate constants for many gas-
phase reactions in the Br- and OH-initiated oxidation of GEM,
but rate constants derived from theory have larger uncertainties
than that can be obtained from laboratory experiments under
favorable conditions (Subir et al., 2012).

Gas-phase oxidation of Hg occurs in two steps (Goodsite et al.,
2004; Dibble et al., 2012, 2020)

X+Hg+M S XHge +M (X = OH, CL,Br) (1,-1)

XHge ++Y +M — XHgY + M )

Where M is any gas-phase molecule and «Y = NO,, HOO, ROOs.,
and halogen oxides (but not NO). Decomposition of XHge
(reaction -1) competes with reaction (2) to a modest extent for
X=Br, but severely limits the effectiveness of oxidation by OH.
Table 3.8 lists recommended rate constants for use in modeling
GEM oxidation initiated by Br, Cl, and OH. Recently, Saiz-
Lopez et al. (2019) suggested that photolysis of BrHge would be

NO, <Y =HOO, XO
Hg + BrNO, BrHg-

BrHgY BrHg-?

NO,

BrHgONO
BrHgONO,

NO hv | NO,

CH,=CH
BrHgO- z 2

V Xﬁiz:o

BrHgOH BrHgOCH,0-

BrHgOCH,CH,»

Scheme 3.1. The chemistry of BrHgOs. Source: Lam et al.,
2019a, 2019b.

non-negligibly fast in the atmosphere. Almost all our chemical
and kinetic knowledge relies on computational chemistry, and
experimental data are needed to reduce uncertainties. Table 3.8
includes estimates of uncertainties in rate constants.

Computations further indicate that most BrHgY compounds
and BrHgOH will readily undergo photoreduction to BrHge++Y
or even GEM (Saiz-Lopez et al., 2018; Francés-Monerris et al.,
2020). By contrast, BrHgONO photolysis generates mostly
BrHgO++NO (Lam et al., 2019a; Francés-Monerris et al.,
2020). Lam et al. (2019a, 2019b) mapped out the chemistry of
BrHgOes, finding that it largely abstracted hydrogen atoms to
make BrHgOH, as shown in Scheme 3.1.

While the mechanism of Br-initiated oxidation of GEM is more
advanced than for initiation by other radicals, there exists huge
uncertainty in the concentration field of Br. Recent advances in
instrumentation may change this situation (Wang et al., 2019a).

Most models of the oxidation of Hg use OH and ozone as the
primary oxidants. The reaction of OH with Hg(0) proceeds via:

OH + Hg (+ M) << HOHge. (+ M) (1c, -1¢)

The reversibility of this reaction was highlighted by Calvert and
Lindberg (2005) and conclusively demonstrated by Dibble et al.
(2020). It has also been suggested that HOHge would react with
O, to make Hg(II):

HOHge + O,  HgO + HOO 3)

Table 3.8. Recommended rate constants (k) and uncertainties (f) for GEM oxidation initiated by X = Br, Cl, and OH derived from Horowitz et al., 2017
and Dibble et al., 2020. An estimate of 1 SD can be obtained by considering the range of rate constant from k/f to kxf.

Reaction Rate Constant™® f
Br+Hg+M—>BrHge + M kia(T)=1.4x10" (T/298)** 1.5
BrHg. + M—Br + Hg+ M k1(T)=1.6x10"* (T/298)* e7800/T 2
Cl+Hg+M—ClHge + M kin(T)=2.2x10-32 e(6800/T-1/298) 1.5
OH +Hg+M—-HOHge + M k1(T)=3.34x10"% /T 1.2
HOHge + M—OH + Hg+M ka1(T)=1.22x10" 720 1.15¢
XHge + NO, + M — syn-XHgONO ko(T)=7.1x10 (T/300)*> 3
k-(T)=1.2x10" (T/300)**
XHge +«Y—=XHgY ko(T)=2.3x10" (T/300)"* 3

«Y=(HOO, ROO, CIO, BrO, 10)

k.(T)=6.9x10"" (T/300)>*

(a) Values of ki and ko possess units of cm®/molecule/s; values of k., and k.. are in cm®/molecule/s; (b) ko(T) and k..(T) are used to get k([M],T);

(c) estimated values at 298 K; (d) uncertainty estimate at 1 atm at 298 K.
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However, reaction (3) is endothermic due to the instability
of gaseous HgO (Shepler and Peterson, 2003; Peterson et al.,
2007; Cremer et al., 2008). This makes reaction (3) irrelevant
in the atmosphere. Dibble et al. (2020) concluded that OH only
contributes significantly to initiating GEM oxidation in very
polluted areas of the continental boundary layer; however, it
should be pointed out that the reaction of HOHge with O;
has yet to be considered. This is especially intriguing since
models broadly suggest that, in the continental boundary
layer, initiation of oxidation by OH and/or by O; better match
observations than does oxidation by Br (Travnikov et al.,
2017). A more recent study by Gabay et al. (2020) indicated
the important role of smog oxidants in the polluted continental
boundary layer whereas Br was highlighted as a predominant
oxidant in the marine boundary layer.

The reaction of Hg(0) with ozone has been studied several times
(Pal and Ariya, 2004; Spicer et al., 2005; Rutter et al., 2012). The
rate constant is very low, and the propensity of Hg(0) to be
oxidized at surfaces is very high (Hynes et al., 2009) making it
difficult to interpret the experiments. The reaction had initially
been proposed to proceed via:

Hg+0;—~HgO+0, (4)

However, gaseous HgO is highly unstable and would
immediately fall apart to regenerate GEM, which is inconsistent
with the observed loss of GEM in experiments.

Sommar et al. (1997) reported the reaction Hg+NO; to possess
a rate constant of 4x10"* cm’/molecule/second but with
enormous uncertainty. One computational study suggested that
the Hg-NO; bond energy in « HgNO; was only 5 kcal/molecule,
which would render «HgNO; so unstable that it would fall apart
before it could react with another radical to make GOM in the
experiment, let alone in the atmosphere (Dibble et al., 2012).

GEM oxidation has been proposed to be initiated by Cl,, Br,,
HOOH, BrO, and ClO (Subir et al., 2012). Rate constants for
these reactions have been measured in environmental chambers.
These reactions are proposed to occur by the insertion of
the Hg atom into the middle of the oxidant to produce, for
example, HgBr, or Hg(OH),. GEM is rather unreactive so it
seems unlikely that these reactions would proceed without
very high activation energies. In fact, high-level calculations
(Balabanov and Peterson, 2003) find rate constants below
10 cm’/molecule/second for Hg + Br, and Hg + BrO.

Lin and Pehkonen (1999) provided solid thermodynamic reasons
why the uptake of GOM onto aqueous aerosols will typically
convert Hg(IT) compounds to HgCL,. At high CI, such as in
sea salt aerosols, this may result in partitioning a significant
fraction of GOM to the aqueous phase as HgClLy> (Hedgecock
and Pirrone, 2001). At lower [Cl'], this will result in emission of
HgCl, to the gas phase. The partitioning of GOM to solid surfaces
has been the subject of limited experimentation (Rutter and
Schauer, 2007a, 2007b; Malcolm et al., 2009); these experiments
have been used to guide some models (Holmes et al., 2010;
Amos etal., 2012; Toyota et al., 2014b). Gas-particle partitioning
in the fine mode (<2.5 um) was treated with a gas-aqueous
phase equilibrium assumption in a regional chemical transport
model, the Community Multiscale Air Quality modeling system
(CMAQ; Bullock and Brehme, 2002; Foley et al., 2010).
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Numerous investigators reported on the oxidation and
reduction of aqueous mercury compounds in the dark and
under illumination (Fitzgerald et al., 2007). Major oxidants
include OH, O; and HOCI. Reduction of Hg(II) by HOO
and O, has been proposed but appears to be sufficiently
endothermic that it can be ignored (Gardfeldt and Jonsson,
2003). Photoreduction of Hg species in the aqueous phase
may be occurring by interaction of Hg compounds with
organic matter and/or metals. Recently, Saiz-Lopez et al.
(2018) reported photoreduction rate constants from rainwater
samples for use in modeling dissolved organic matter effects
on Hg(II) photoreduction. Curiously, they noted that in
almost half their experiments, Hg(II) concentrations initially
increased or stayed constant before decreasing. Above studies
suggest that our understanding of Hg photoreduction is far
from complete.

Regional and global chemical transport models (CTMs) are
applied to simulate spatiotemporal distributions of atmospheric
Hg concentrations with the ultimate goal of accurately
quantifying atmospheric Hg deposition, which is essential to
developing Hg emission reduction policies and assessing the
efficacy of the Minamata Convention. To accurately simulate
Hg deposition, it is of foremost importance for models to
reproduce the observed atmospheric concentrations of GEM,
GOM and PBM. Currently, annual mean GEM concentrations
can be simulated reasonably well with models, but modeled
oxidized mercury (GOM and PBM) concentrations show large
overprediction compared with observations (Seigneur et al.,
2004; Ryaboshapko et al., 2007; Selin et al., 2007; Baker and Bash,
2012; Bieser et al., 2014; Ye et al., 2018). This overprediction
stems from at least three sources: (1) under biased GOM
concentrations in measurements (Gustin et al., 2015); (2)
overestimated gas-phase GEM oxidation kinetics in models
(Zhang et al., 2012a; Bieser et al., 2014); and (3) neglect of
gas-phase reduction (e.g., Kos et al., 2013; Saiz-Lopez et al.,
2018). Despite great uncertainties in simulated GOM and
PBM, modeled Hg wet deposition has shown good agreement
with measurements (e.g., 21% fractional bias; Holloway et al.,
2012). Since GOM and PBM dominate Hg wet deposition, this
reasonable agreement suggests underestimation of Hg(II) in
observations (Kos et al., 2013; Bieser et al., 2014).

As reviewed above, major progress has been made in
understanding complex GEM oxidation mechanisms using
computational approaches in recent years. Incorporating
the new findings in a few models has led to significant
improvement in the simulation of Hg wet deposition. By
including the second stage oxidation of HgBr by HO,, NO,
and BrO as well as new kinetics for HgBr dissociation in the
global CTM GEOS-Chem, Horowitz et al. (2017) reduced
the overestimation of Hg wet deposition to 0-30% globally
compared to previous studies. Ye et al. (2018) implemented
detailed Hg and Br chemical mechanisms, including new
kinetic data from Dibble et al. (2012), in CMAQ-Hg and
captured observed spatiotemporal variations in GOM
concentrations and Hg wet deposition with a few percentages
of fractional bias and normalized mean bias over the
northeastern United States.

The springtime photochemical release of gaseous Br to air
from snow on sea ice and coastal land surfaces in the polar
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region and the rapid oxidation of ambient Hg(0) to Hg(II)
via Br chemistry and subsequent deposition of Hg(II) to
the surfaces lead to atmospheric mercury depletion events
(AMDEs; Steffen et al., 2008). During these events, the
gaseous Br concentrations increase to excessive levels not
observed in other seasons of the polar atmosphere or in
other domains of the global atmosphere (Abbatt et al., 2012;
Simpson et al., 2015). Oxidized Hg can either remain in the
gas phase (GOM), adsorb to the surface of aerosol particles
or be absorbed to aerosol bulk volumes (PBM; Lyman et al.,
2020). Both forms of Hg (GOM and PBM) can either dry
deposit directly to surfaces or be taken up by episodic
precipitation and wet deposit in snowfall (Skov et al., 2006;
Steffen et al., 2014). Atmospheric Hg chemistry is a key
factor when it comes to accurately simulating Hg deposition
during Arctic AMDEs. The deposition of Hg to surface snow
is anomalously elevated during AMDEs, resulting in Hg
concentrations in snow of up to 1500 ng/L (Wang et al,,
2017a). About 75% of the deposited Hg(II) is reduced to
Hg(0) and evaded back to the atmosphere (Durnford et al.,
2012). Hg(II) is primarily reduced to Hg(0) within snow due
to photolytic induced reactions (in the presence of reductants
such as H,O,, HO;*, oxalic acid, humic acids and sulphite
based compounds). However, dark and biological reduction
mechanisms in snow have been reported (Douglas et al.,
2012). Oxidants such as H,O,, bromine radicals, Br,, ozone
and OH can also oxidize Hg(0) in snow.

In conclusion, understanding of the mechanisms of gas-
phase mercury redox chemistry has been worked out to a
large degree, but major gaps remain. These mechanisms are
mostly known from computational studies, so the associated
rate constants are highly uncertain. There is a clear need
for laboratory experiments to determine reaction kinetics.
This may be particularly difficult for OH-initiated oxidation,
as the gaseous HOHge radical has never been detected in
the laboratory. Moreover, the lack of measurement data
on atmospheric concentrations of atomic Br creates large
uncertainties in model predictions of the extent of Br-initiated
oxidation. Because the oxidation of GEM is so slow compared
to the transport of Hg (except during AMDEs), it is difficult
for regional and global measurements of GEM/GOM/PBM
to diagnose specific problems in chemical mechanisms. This
problem is exacerbated by the uncertainties in measurements
of PBM and GOM. AMDEs provide the most fruitful cases
to test ambient and snow Hg chemistry because the rapid
concentration changes during these events are largely
controlled by chemical processes rather than transport;
therefore, model-measurement intercomparison studies
specifically targeted to simulating AMDEs are recommended.
Another factor is that springtime Br concentrations in the
Arctic are much higher than in the rest of the atmosphere,
making it feasible to carry out point measurements of
the concentrations of Br and other radicals that drive the
chemistry (Wang et al., 2019a). Last but not least, the ability
to determine the molecular composition of GOM in the field
would enable more specific diagnoses of the limitations of our
current mechanisms and rate constants.

3.3.1.3 Mercury exchange between air
and Arctic surfaces

High-latitude locations, particularly in the northern Arctic,
experience two markedly different seasons, each with their
own unique Hg deposition mechanisms. As in lower latitudes,
Hg species can be deposited directly to vegetation surfaces
(Demers etal., 2013; Jiskra et al., 2017; Obrist et al., 2017; Douglas
and Blum, 2019), organic matter (Bartels-Rausch etal.,2011) and
water during the summer and to snow/ice surfaces in winter by
precipitation and dry deposition (Skov et al., 2006). In earths high
latitudes, where winter lasts for up to nine months, wintertime
deposition of Hg to snow and ice surfaces can be significant. In
the springtime, GOM produced during AMDEs is persistently
scavenged from the air by snow and ice crystals as well as dry
deposited to snowpacks leading to anomalously elevated Hg
deposition to snow and ice surfaces along the coast and over Arctic
Ocean (Brooks et al., 2006; Douglas et al., 2008; Douglas et al.,
2012; Douglas and Blum, 2019). Once deposited to the snowpack,
an average of 75% of Hg in the High Arctic snowpack is re-
emitted to the atmosphere by photoreduction prior to snowmelt
(Ferrari et al., 2005; St. Louis et al., 2005; Johnson et al., 2008;
Durnford et al., 2012). However, in coastal and oceanic regions,
a high percentage of snowpack Hg is believed to be retained
and available as a component in snowmelt (Douglas et al., 2012;
Durnford et al., 2012; Dastoor and Durnford, 2014; Douglas and
Blum, 2019). The rates of dry and wet deposition control the
overall lifetime of Hg in the atmosphere.

a. Uptake by precipitation

Clouds provide a medium for aqueous or heterogeneous
reactions via gas-particle partitioning, adsorption,
photoredox and methylation (Seigneur et al., 1998; Gardfeldt
etal., 2003; Siciliano et al., 2005; Bergquist and Blum, 2007;
Hammerschmidt et al., 2007; Andersson et al., 2008; Gu et al.,
2011; Subir et al., 2012; Amirbahman et al., 2013; Ariya etal.,
2015; Wang et al.,, 2015; Li et al., 2018), and precipitation
clouds as well as precipitation in general removes reactive
mercury (GOM and PBM) from the atmosphere; when
reactive Hg is removed from the atmosphere by precipitation
it is referred to as wet deposition. Wet deposition has been
suggested to contribute between 50% and 90% of THg
deposition to surface waters, especially in precipitation-
abundant regions (Sorensen et al., 1990; Lamborg et al., 1995;
Mason and Sullivan, 1997; Scherbatskoy et al., 1998; Landis
and Keeler, 2002). In the Arctic, a smaller Hg wet deposition
flux has been observed and estimated than in lower latitudes
due to a lower amount of rain and shorter seasons favoring
GEM oxidation (Sanei et al., 2010; Obrist et al., 2017).

A measurement-based Hg wet deposition flux is determined from
Hg concentrations in precipitation and rates of precipitation.
GOM and PBM comprise the majority of Hg wet deposition due to
their high solubility (Schroeder and Munthe, 1998; Guentzel et al.,
2001; Sakata and Asakura, 2007). In addition to anthropogenic
emissions, reactive Hg is produced from the photochemical
oxidation of GEM, and hence emissions and meteorological
factors affect Hg wet deposition and Hg concentrations in
precipitation. Over the past decades, anthropogenic emissions
of Hg have been decreasing over North America and Europe
while increasing in East Asia (UNEP, 2013). However, studies have
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not shown a strong consistent relationship between changes in
anthropogenic Hg emissions and wet Hg deposition (Risch and
Fowler, 2008; Prestbo and Gay, 2009; Weiss-Penzias et al., 2016),
indicating complex mechanisms driving large variabilities in Hg
wet deposition over different regions and time periods.

Wet deposition fluxes of Hg in three-dimensional chemical
transport models are estimated using the precipitation rate and
in some models the cloud water (ice) concentration (Byun and
Ching, 1999) while in others in- and below-cloud scavenging
ratios were used (Berge and Jakobsen, 1998; Jacob et al., 2000;).
The transfer of gas-phase compounds to the surface of an ice
particle is not well represented or not represented at all. For
example, it was not accounted for in CMAQ, and in GEOS-
Chem the ratio of sticking coeflicients of trace gases on the
ice surface was assumed (Jacob et al., 2000). All approaches
ultimately depend, in large part, on simulated precipitation
rates and vertical distributions of atmospheric reactive Hg
concentrations, and yet the latter is limited by significant
uncertainty in our current understanding of the atmospheric
chemistry of Hg as reviewed in Section 3.3.1.3b.

Arctic warming can potentially influence Hg wet deposition, at
least to some extent, by increasing reactive Hg through increasing
GEM emissions from permafrost thaw (Rowland et al., 2010)
and altering kinetics of Hg oxidation reactions (Goodsite et al.,
2004; Dibble et al., 2012). Therefore, accurate estimates of Hg
wet deposition in the Arctic are becoming increasingly critical
to Arctic Hg budgets and developing Hg pollution mitigation
strategies to protect human and ecosystem health.

b. Surface uptake

Any gaseous or particulate pollutants in the atmosphere can
be transported to Earth’s surfaces where they are adsorbed and
removed from the atmosphere. This process is referred to as
dry deposition and is quantified as flux (ug/m?/y) representing
pollutant mass removed from the atmosphere by per unit
surface area in unit time. On the other hand, the Earth’s
surfaces can also be a source of certain chemical species when
it releases them into the atmosphere, a process that is referred
to as emission. For such chemical species, dry deposition and
emission happen simultaneously and constantly, resulting in bi-
directional air-surface flux exchange. One process can dominate
over the other, resulting in net dry deposition or emission flux,
depending on the chemical species’ physical and chemical
properties as well as meteorological and biological conditions.
In the case of speciated atmospheric Hg, the dry deposition
process dominates for GOM (Skov et al., 2006) followed by
PBM (Brooks et al., 2006) over nearly any natural surface
(Wright and Zhang, 2015); additionally, bi-directional flux
exchange has been frequently observed for GEM (Zhang et al.,
2009, Wright and Zhang, 2015, Kamp et al., 2018).

Most existing measurement methods for quantifying dry
deposition and air-surface exchange fluxes of speciated
atmospheric Hg can be grouped into three major categories,
including micrometeorological approaches, dynamic gas flux
chambers and surrogate surface approaches (Wright et al.,
2016; Zhu et al., 2016). Flux measurements using any of these
approaches are subject to large uncertainties. For example,
micrometeorological methods combine measured concentrations
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at different heights, but measuring small differences of Hg at very
low concentrations is very challenging due to the technological
limitations of the available instruments (Jaffe et al., 2014).
Alternatively, fluxes can be measured by eddy covariance (EC)
but this method needs a fast detector (i.e., >5 Hz) not currently
available for atmospheric Hg species. As a compromise, relaxed
eddy accumulation (REA) can be used (Businger and Oncley,
1990; Brooks et al., 2006; Skov et al., 2006; Kamp et al., 2018).
In the REA technique, in contrast to the EC technique, slower-
responding sensors can be used. The separation of updrafts (Cyp)
and downdrafts (Caown) is obtained by the sonic anemometer
and fast shifting valves, which separates the airstream according
to the direction of fluctuations in the vertical wind velocity. The
introduction of a dead band ensures that C, and Caown are very
different, minimizing the uncertainty of the entity (Cup - Caown)
which is proportional with flux. The measured flux is a function
of the average flux over the footprint area.

Dynamic gas flux chambers can be deployed over soil, water,
low canopy;, or tree branches; however, the measured fluxes may
not be representative of an entire area due to heterogeneity in
land-use cover. In addition, different designs inside the dynamic
gas flux chambers can cause the measured fluxes to differ by
up to one order of magnitude (Eckley et al., 2010). Surrogate
surfaces may not perform the same way as natural surfaces in
collecting Hg, and uncertainties in the measured GOM and
PBM dry deposition are larger than a factor of two depending
on the selected surrogate surfaces and instrument setup (as
detailed in Wright et al., 2016). A new surrogate surface sampler
was recently developed utilizing a three-dimensional deposition
surface, which is expected to mimic the physical structure
of many natural surfaces more closely than the traditional
flat surrogate surface designs (Hall et al., 2017). Collocated
measurements using different techniques should be performed
to constrain the measurements’ uncertainties (Zhu et al., 2015;
Osterwalder et al., 2018). Standardized protocols should be
developed for commonly used measurement techniques.

Measurements of Hg in litterfall and throughfall can also provide
some knowledge of Hg deposition over forest canopies. Mercury
in litterfall is considered to be mostly from atmospheric dry
deposition of GEM and can be used as a rough and conservative
estimation of atmospheric Hg dry deposition (the portion that is
retained in leaves). Mercury in throughfall also includes a portion
of previously dry-deposited Hg (the portion that is washed
off from the canopy). Concurrent measurements of litterfall,
throughfall and open space wet deposition can be used to estimate
dry deposition on seasonal or longer timescales, whereby dry
deposition is approximated as litterfall plus throughfall minus
open space wet deposition (Wright et al., 2016). Yet woody tissue
deposition (including tree blowdown) can also be important and
can add considerably to dry depositon (Obrist et al., 2018).

Modeling methods for estimating Hg dry deposition either
use the inferential approach, which calculates flux as a product
of surface air concentration and the modeled dry deposition
velocity of speciated mercury, or use the bidirectional air-
surface exchange model, which simulates emission from and
deposition to land surfaces simultaneously (see a detailed
review in Wright et al., 2016). Briefly, early modeling studies
mostly only considered dry deposition of GOM and PBM
using the inferential approach, while later studies have also
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Box 3.1 Models for simulating Hg levels in Arctic environments

Four global atmospheric Hg models have been applied to
study Hg cycling in polar regions: GLEMOS (Travnikov and
Ilyin, 2009), GEOS-Chem (Holmes et al., 2010; Fisher et al.,
2012), GEM-MACH-Hg (Dastoor et al., 2008; Durnford et al.,
2012; Kos etal., 2013; Dastoor and Durnford, 2014; Fraser et al.,
2018) and DEHM (Christensen et al., 2004; Skov et al., 2020).
These atmospheric models simulate gaseous elemental
mercury (Hg(0); GEM) and gaseous and particle bound
oxidized mercury (Hg(II), GOM and PBM) concentrations and
deposition resulting from redox chemistry based on oxidant
concentrations and reaction rates, and physics and transport
based on meteorological variables. The largest differences among
models in the polar regions are related to the representation of
the Hg(0)-Br oxidation mechanism and its reaction rates (see
Section 3.3.1), concentrations of Br species, photoreduction
and re-emission parameterization of Hg from snowpack and
Hg evasion fluxes from the Arctic Ocean (Angot et al., 2016).
Durnford et al. (2012) developed and implemented a dynamic
multi-layer snowpack-meltwater parameterization in GEM-
MACH-Hg. Fisher et al. (2012) and Durnford et al. (2012)
introduced the evasion of Hg from the Arctic Ocean during
summer to explain the observed summertime maximum in
Hg(0) concentrations (Steffen et al., 2005; Berg et al., 2013).
Toyota etal. (2014b) developed a detailed one-dimensional air-
snowpack model for interactions of Br, ozone and Hg in the
springtime Arctic that provided a physicochemical mechanism
for AMDEs and concurrently occurring ozone depletion events
(ODEs). The authors also developed a temperature dependent
GOM-PBM partitioning mechanism explaining its observed
seasonal transition (Steffen et al., 2014).

Several ocean models have been developed for ocean Hg cycles
including MITgcm (Zhang et al., 2014, 2019; Wu et al., 2020),
NEMO (Semeniuk and Dastoor, 2017), HAMOCC (Archer
and Blum, 2018) and FATE-Hg (Kawai et al., 2020). These
models simulate the photochemical/abiotic and biological
transformations between Hg(0) and inorganic Hg(II) and
methylmercury (MeHg, both monomethylmercury; MMHg
and dimethylmercury; DMHg); the models also simulate the
partitioning of Hg(II) and MMHg onto particulate organic
carbon (POC) to form particle-bound HgP and MMHgP,
and the sinking of HgP and MMHgP to deeper waters. This
POC pool includes both detritus and living plankton. These
models also simulate the exchange of Hg(0) and DMHg

included GEM in the dry deposition budget using either the
inferential approach (dry deposition only; De Simone et al.,
2014; Dastoor et al., 2015; Song et al., 2015) or the bidirectional
air-surface exchange approach (Bash et al., 2014; Wang et al,,
2014). Note that flux uncertainties from using these modeling
approaches are expected to be on a similar order of magnitude to
those of field flux measurements because models were initially
developed and validated using limited flux measurements.

While wet deposition processes are episodic, dry deposition
process happens all the time, even during precipitation, and
over any surface. On regional to global scales, dry and wet

with the atmosphere and are forced by atmospheric Hg(II)
deposition and Hg(0) concentrations in the marine boundary
layer using an atmospheric Hg model

The uptake of seawater MeHg by plankton and its transfer
to higher trophic levels is included in some studies
(e.g., Schartup et al., 2018; Zhang et al., 2020b). The uptake
of MeHg by phytoplankton is modeled as an instantaneous
equilibrium process with the ratio of MeHg concentration in
phytoplankton over the seawater concentration as a function
of the cell diameter and dissolved organic carbon (DOC)
concentrations. Trophic transfer of MeHg from phytoplankton
to zooplankton is calculated after phytoplankton uptake based
on the biomass of phytoplankton grazed by zooplankton, the
biomass concentration of phytoplankton and the assimilation
efficiency of zooplankton. Unassimilated MeHg grazed by
zooplankton returns to the seawater in the form of MMHgP.
Losses from plankton reflect MMHg elimination through fecal
excretion and mortality. Isotope fractions are also included
in Archer and Blum (2018) by slightly perturbing the rates
of chemical transformations between the isotopes. Reaction
rates for the transformation between species in the ocean are
based on experimentally measured values but are sometimes
adjusted to match available observations or scaled based on
environmental parameters (e.g., organic carbon reaction rate,
solar radiation intensity, and temperature).

Calculation of a balanced Arctic Ocean Hg budget has been
performed using a multi-compartment box model (Soerensen
etal., 2016a). Mercury species (Hg(0), Hg(II) and MeHg) in the
polar mixed layer, subsurface ocean, deep ocean, shelf sediments
and Central Basin sediments were modeled using boundary
inputs dictated by coastal erosion, river inputs, atmospheric
deposition, snow and ice melt and advective transport, with
removal controlled by evasion, diffusion, particle settling and
advective transport. These calculations show that high THg in
Arctic seawater relative to other basins reflects large freshwater
inputs and sea-ice cover which inhibits losses through evasion.
Sources of uncertainty include the magnitude of the benthic
sediment resuspension for coastal regions, the magnitude of
terrestrial influence on river discharges to the Arctic, and how
these and internal rates vary over time. To compensate for its lack
of spatial resolution, it is worth noting that this type of model
can be applied over longer timescales (e.g., between 1850 and
2010) than spatially resolved models (Soerensen et al., 2016a).

deposition are equally important for the majority of atmospheric
pollutants, including Hg (Wright et al., 2016; Zhang et al., 2016a).
Dry deposition velocity varies by up to two orders of magnitude
between GOM, PBM and GEM or between different surface types
(Zhang et al., 2009). The lifetime in air due to dry deposition
removal is best estimated to be hours to days for GOM, days to
weeks for PBM and months to years for GEM, depending on
surface type among other conditions. For example, GEM can be
effectively removed by canopies with large leaf area if soil emission
is limited (resulting in its lifetime of a few months), while its dry
removal can be very limited over bare soil and water surfaces
(resulting in its lifetime of years; Cohen et al., 2016).
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Despite significant advances in model representations of
Hg cycling in the Arctic atmosphere and the Arctic Ocean,
important gaps remain. Two major uncertainties for
atmospheric models are reduction processes and oxidant
concentrations. Atmospheric reduction of Hg(II) has been
represented as a heterogeneous process in models, but recent
work has shown that photoreduction of oxidized mercury
species could be significant in the gas phase (Saiz-Lopez et al.,
2018, 2019; see Section 3.3.1.2). This process is inadequately
represented in existing Arctic studies and challenges elements
of the current model of atmospheric redox.

Reduction in the atmosphere acts in opposition to oxidation,
which also carries significant uncertainty in the models. While
recent advances in computational chemistry studies have
narrowed down some of the major gaps in the kinetics and
mechanisms of gas-phase Hg oxidation, leading to increased
confidence in the primary role of Br-initiated oxidation in the
global troposphere (see Section 3.3.1.3b), concentrations of
Br are uncertain. Along with their role in oxidizing Hg(0), Br
radicals also participate in other photochemistry (e.g., the catalytic
destruction of Os). The modeling of Br chemistry is challenging in
general and is especially complicated in polar environments. The
photochemical production of gaseous inorganic bromine occurs
when salt-containing substrates (i.e., from saline surface snowpack
on sea ice, wind-blown snow particles and sea-salt aerosol) mix
with acid compounds ubiquitous in the atmosphere, are exposed
to gaseous oxidants or are illuminated by sunlight (Abbatt et al.,
2012; Pratt et al., 2013; Wren et al., 2013; Custard et al., 2017).
Knowledge gaps exist in the quantification of all of the processes
controlling Br chemistry, and model studies have simulated
springtime Br chemistry in the polar boundary layer with various
levels of complexity.

For simulating the Br-initiated Hg oxidation in atmospheric
models, concentrations from other models of tropospheric
chemistry and transport are used for Br radical and other reactive
chemical compounds such as NO,, HO,, BrO and OH (reacting
with HgBr to form Hg(II) products; e.g., Horowitz et al., 2017).
However, given the currently limited capabilities of models to
compute Br chemistry in the polar boundary layer over sea ice,
atmospheric Hg models employ indirect approaches to derive
Br radical concentrations (e.g., assuming BrO concentrations
are in the boundary layer over sunlit sea ice; Holmes et al., 2010;
Fisher et al., 2012; Angot et al,, 2016) or using the monthly satellite
climatology of BrO over sea ice (Dastoor et al., 2008). Toyota et al.
(2014b) proposed that multiphase Br chemistry could also play a
role in partitioning between gaseous Hg(II) and PBM. This model
simulated the formation of PBM occurring as Hg(II)-bromide
complexes after ozone depletion, when the concentrations of
particulate bromine (Br’) are relatively high. The model also
predicted the formation of PBM to occur more favorably at lower
temperatures, in accordance with observed seasonal trends of
the Hg(II)-PBM partitioning at Alert in the Canadian Arctic
(Cobbett et al., 2007; Steffen et al., 2014). This partitioning is a
factor in determining the atmospheric lifetime of Hg against dry
and wet depositions (Amos et al., 2012; Steffen et al., 2014) and
highlights the deep connection between the dually uncertain Hg
and Br cycles.

AMAP Assessment 2021: Mercury in the Arctic

Terrestrial inputs of Hg to the Arctic Ocean via rivers have
been shown to contribute to the seasonality and magnitude
of atmospheric and ocean concentrations (Fisher et al,,
2012; Soerensen et al., 2016a; Sonke et al., 2018). The Arctic
terrestrial loading of Hg is connected to the atmosphere
through deposition and evasion and to the Arctic Ocean via
river outflow. Changes in atmospheric Hg deposition to, and
retention in, Arctic soils, permafrost and watersheds through
time make this a dynamic contributor to the fate of Arctic Hg.
Currently, models of terrestrial Hg loading, transformation and
export are not used in conjunction with models of the coupled
atmosphere-ocean system to build a consistent estimate of
these connected fluxes. A future coupling of terrestrial models
with existing atmosphere and ocean simulations would fill an
important gap in simulating the Arctic Hg cycle.

3.3.2 How much mercury is present in Arctic
surface air?

For this AMAP assessment, Hg concentrations in Arctic surface
air were investigated by an ensemble of chemical transport
models using the 2015 inventory of Hg anthropogenic emissions
developed for the latest Global Mercury Assessment (AMAP/UN
Environment, 2019). Four global-scale Hg chemical transport
models were applied in the study: GLEMOS (Travnikov and Ilyin,
2009), GEOS-Chem (Holmes et al., 2010; Fisher et al., 2012),
GEM-MACH-Hg (Dastoor et al., 2008; Durnford et al., 2012;
Kos et al., 2013; Dastoor and Durnford, 2014; Fraser et al., 2018);
and DEHM (Christensen et al., 2004; Skov et al., 2020). The
median distribution of Hg(0) concentrations in Arctic surface
air in 2015 as simulated by the model ensemble is shown in
Figure 3.7 (left panel). The annual mean Hg(0) concentration
at Arctic monitoring stations, based on observations, is
1.38+0.11 ng/m’ and 1.42+0.04 ng/m’ with the model ensemble.
With a relative bias (RBIAS)" of 2.8%, the model ensemble slightly
overestimates Hg(0) concentrations. When a 10% uncertainty
for observations is considered, the model results are within the
range of expected values. The GEM-MACH-Hg estimated annual
average burden of THg in the Arctic atmosphere north of 60°N
is 330 Mg, (seasonal variation, 290-360 Mg).

Dastoor and Durnford (2014) conducted a comprehensive
evaluation of GEM-MACH-Hg simulated concentrations
of Hg(0) and Hg(II) in the air with measurements at Alert
(Canada), Ny-Alesund (Norway), Amderma (Russia),
and Utqiagvik (Barrow; USA) from 2005 to 2009 while
Angot et al,, (2016) evaluated GEM-MACH-Hg, GEOS-
Chem and GLEMOS using atmospheric monitoring data of
Hg concentrations for 2011 to 2015 at four Arctic sites: Alert,
Station Nord (Greenland), Ny-Alesund and Andoya. The
model median concentrations of Hg(0) were found within
the range of observed medians at all locations. DiMento
et al. (2019) reported Hg(0) concentrations over the western
Arctic Ocean during the 2015 U.S. Arctic GEOTRACES cruise
(August-October; from Dutch Harbor, Alaska to the North
Pole and back). Observed Hg(0) concentrations, averaging
1.2+0.1 ng/m?, are in the range of values simulated by the
model ensemble in the autumn of 2015 (Figure 3.8d) when
the 10% uncertainty for observations is taken into account.

'RBIAS = M- O
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Figure 3.7. Model ensemble median Hg(0) concentration in Arctic surface air (in ng/m?) in 2015 (left) and seasonal amplitude of Hg(0) concentration
(i.e., the difference between the highest and lowest monthly values) in 2015 (right). Circles show observations in the same color scale.
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Figure 3.8. Model ensemble median Hg(0) concentration in surface air (in ng/m?) in 2015 in (a) winter (December-February), (b) spring (March-May),
(c) summer (June-August) and (d) autumn (September-November). Circles show observations in the same color scale.
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Figure 3.9. Simulated (model ensemble median) changes in Hg(0) concentration in surface air (in ng/m?®) between 2010 and 2015 due to (a) changes in
meteorology only, (b) changes in global anthropogenic emissions only and (c) cumulative changes.

Kalinchuk et al. (2021) performed continuous measurements of
Hg(0) concentrations in the marine boundary layer of eastern
Arctic seas during a cruise from September to October 2018 and
reported median Hg(0) concentration of 1.45+0.11 ng/m’ from
the Chukchi Sea to the eastern Arctic Ocean. In comparison,
the model ensemble autumn median Hg(0) concentrations are
1.3 to 1.35 ng/m’ along the transact. However, a more thorough
evaluation of model outputs is hampered by the limited number
of ground-based monitoring sites and by the absence of year-
round measurements over the Arctic Ocean. Measurements
carried out onboard the RV Polarstern under the umbrella
of the Multidisciplinary drifting Observatory for the Study of
Arctic Climate (MOSAIC) expedition from October 2019 to
September 2020 will partly fill this gap.?

According to Figure 3.7 (left panel), the distribution of Hg(0)
concentrations is characterized by a clear latitudinal gradient
suggesting the transport of anthropogenic Hg from lower
latitudes to the Arctic. Concentrations above 1.4 ng/m?’ are
found in most of the terrestrial Arctic, while they are minimal
(below 1.4 ng/m?) in Nunavut (Canada), Greenland and above
the Arctic Ocean. This can partly be attributed to the seasonal
amplitude of Hg(0) concentrations (Figure 3.7, right panel).
The model ensemble reproduces the characteristic seasonality
in the western Arctic, with minimal Hg(0) concentrations
in spring driven by AMDEs (Figure 3.8b) and maximal
Hg(0) concentrations in summer attributed to oceanic
re-emission of Hg (Figure 3.8¢c). The more pronounced
seasonal cycle (in comparison to other Arctic sites) observed
at Alert is also well captured by the model ensemble. The
temporal correlation between the model ensemble results
and observations at Arctic sites is 0.75.°However, it should
be noted that the model ensemble underestimates the
seasonal amplitude at Alert due to the underestimation of
the amplitude of both the spring minimum and summer
maximum Hg(0) concentrations (Figure 3.8). As noted by
Angot et al. (2016), the models correctly reproduce enhanced

total oxidized mercury concentrations (i.e., oxidized gaseous
and particulate mercury) at Alert and Ny-Alesund during
the AMDEs season but underestimate the values compared
to measurements. Angot et al. (2016) evaluated modeled
interannual variability in Hg(0) concentrations using GEOS-
Chem and GEM-MACH-Hg simulations from 2011 to 2014.
Interannual variability in the frequency of AMDEs was fairly
well reproduced by GEM-MACH-Hg but real-time modeling
of the distribution of Br concentrations and sea-ice dynamics
is needed to improve the models (Moore et al., 2014).

Changes in Arctic surface air Hg(0) concentrations between
2010 and 2015 were investigated using three models (DEHM,
GEOS-Chem and GEM-MACH-Hg). The simulations were
conducted in the following order: 2010 anthropogenic
emissions (AMAP/UNEP, 2013) with 2010 meteorology;
2010 anthropogenic emissions with 2015 meteorology; and
2015 anthropogenic emissions (AMAP/UN Environment,
2019) with 2015 meteorology. These simulations show
cumulative change from 2010 to 2015 as a result of
changes in meteorology and anthropogenic emissions
(i.e., expected changes from 2010-2015 are due to changes
in meteorology only, and additional change is due to changes
in anthropogenic emissions). Changes in meteorology only
(Figure 3.9a) enhance the transport (and the impact) of both
global anthropogenic and legacy Hg emissions in different
regions of the Arctic but significantly decrease Hg(0)
concentrations in the Canadian Arctic Archipelago (CAA).
As discussed in Section 3.3.1.1, pollution transport to the
Arctic from southern latitudes is influenced by three major
semi-permanent pressure systems (i.e., the Aleutian Low, the
Icelandic Low, and the Siberian High) and two major low-
frequency variability modes (i.e., the PNA and the NAO).
The negative phase of the NAO (NOAA, 2020) might have
increased the transport of Hg from North America to the
western Arctic in 2010 explaining the simulated decrease in
Hg(0) concentration between 2010 and 2015 in the CAA.

? For more information, visit the expedition website https://mosaic-expedition.org

* Temporal correlation coefficient of monthly mean values averaged over the measurement sites.
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Changes in anthropogenic emissions only (Figure 3.9b)
lead to an overall increase in Hg(0) concentration in the
Arctic between 2010 and 2015, driven by the 20% increase
in global anthropogenic emissions to the atmosphere from
2010 to 2015 (see Section 3.2.2.3). The simulations suggest
a 0.04-0.10 ng/m’ increase in Hg(0) concentrations from
2010 to 2015 due to cumulative (meteorology plus emission)
changes in most of the Arctic and a 0.02-0.08 ng/m’ decrease
in the CAA. These cumulative changes are relatively small
(1% to 7%), in good agreement with observations in the
High Arctic (see Chapter 2). The main message from this
modeling experiment is that the general pattern of change
suggested by the models is in-line with observations and is
helpful in explaining observed trends (e.g., the increasing
trend at Little Fox Lake, Canada, and the decreasing trend at
Station Nord, Greenland). Using measurements and DEHM
simulation, Skov et al. (2020) found that the contribution of
contemporary anthropogenic emissions to Villum Research
Station (or Station Nord) in the High Arctic accounted for
only 14% to 17% of the total GEM concentrations.

3.3.3 How much mercury is exchanged
between the atmosphere and Arctic
surfaces?

3.3.3.1 Mercury uptake by precipitation

The median distribution of Hg wet deposition fluxes in 2015
as simulated by the model ensemble is shown in Figure 3.10.
According to the simulations, the Arctic is characterized by
relatively low wet deposition fluxes (0-5 pg/m?/y), especially
in arid areas of Greenland, northern Canada, and Siberia. To
put these fluxes in perspective, global measurement data have
shown annual wet deposition fluxes varying from a couple
of pg/m? to ~30 pg/m? (Qin et al., 2016; Mao et al., 2017;

Sprovieri et al.,, 2017; Zhou et al., 2018). In good agreement with
the simulated fluxes, smaller Hg wet deposition fluxes have been
observed in the Arctic due to less rain amounts, shorter seasons
favoring GEM oxidation and less anthropogenic influence.
Obrist et al. (2017) estimated that 71% of THg deposition
in the Arctic resulted from dry deposition of GEM and the
remaining from the deposition of reactive Hg, indicative of a
small contribution from wet deposition.

Sanei et al. (2010) reported wet deposition fluxes of 0.5 to
2.0 pg/m?/y at two Canadian Subarctic sites. A multi-year
(2008-2015) wet deposition record from an Arctic tundra
site reported by Pearson et al. (2019) at Gates of the Arctic
National Park in Alaska showed a mean annual wet deposition
flux of 2.1+0.7 pg/m?*/y, with an interannual range of 1.2 to
3.0 pg/m?*/year. Annual Hg wet deposition at this site was
the lowest annual flux measured across any of the National
Atmospheric Deposition Program (NADP) network stations
in the U.S. and Canada, accounting only for about 20% of
mean Hg wet deposition measured across 99 lower-latitude
stations (a mean of 9.7+3.9 g/km?/y). A comparison to four
other Alaskan Subarctic and boreal sites showed consistently
low Hg wet deposition across all northern stations (annual
fluxes of 2.3 ug/m?/y at Nome; 3.0 pg/m?/y at Glacier Bay;
4.8 pg/m*/y in Kodiak and 4.5 pg/m?*/y at Dutch Harbor).
These low Hg wet deposition fluxes were attributed to a
combination of low annual precipitation (363 mm/y on
average at Gates of the Arctic) and low Hg concentrations
in precipitation (a median of 3.6 ng/L) and are consistent
with low snow Hg concentrations (0.5-1.7 ng/L; Douglas
and Sturm, 2004; Agnan et al., 2018). The model ensemble
satisfactorily reproduces these low fluxes, with simulated
median fluxes ranging from 2 to 4 ug/m?/y over Alaska
(Figure 3.10). However, available measurement data cover
limited regions of the Arctic and cannot provide complete
evaluation of the regional spatial pattern.
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Figure 3.10. Model ensemble median Hg wet deposition flux (left) and seasonal variation of monthly Hg wet deposition (right) in 2015; model simulated
values are shown by background contour, and observed values are presented in circles.
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Figure 3.11. 2015 model ensemble median Hg wet deposition in (a) winter (December-February), (b) spring (March-May), (c) summer (June-August)
and (d) autumn (September-November). Circles show observations in the same color scale.

An evaluation of the performance of the model ensemble at
reproducing the observed seasonal cycle at selected Arctic sites
is given by Figure 3.11. Overall, the model ensemble accurately
reproduces the seasonal pattern—with higher wet deposition of
Hg in summertime—but overestimates annual fluxes by a factor
of two on average at the eight sites above 60°N (2.4£0.9 vs.
4.8+1.7 ug/m?/y). The models also overestimated precipitation
amount by a factor of two to five at these sites, which can
explain the discrepancy between modeled and measured wet
deposition fluxes. A comprehensive evaluation of three of the
participating models (GEM-MACH-Hg, GEOS-Chem and
GLEMOS) against measurements in the Arctic taken between
2011 and 2014 was recently performed by Angot et al. (2016)
The authors suggested that the known difficulty with collection

efficiency of precipitation in polar regions due to frequent
strong winds and blowing snow condition leads to significant
underestimation of measured precipitation amounts, which
implies underestimation of measured wet deposition Hg fluxes
(Liljedahl et al., 2017).

Changes in annual Hg wet deposition between 2010 and 2015
in the Arctic were investigated using the set of simulations
described in Section 3.3.2 (Figure 3.12). With an estimated ~20%
increase in global anthropogenic emissions from 2010 to 2015
(see Section 3.2.2.3), the annual average Hg deposition flux in the
Subarctic is estimated to be slightly higher in 2015 than in 2010
by 0.27 ug/m*/y (0.12 pg/m?/y due to emission and 0.15 ug/m*/y
due to meteorology); on the other hand, the changes simulated
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Figure 3.12. Simulated (model ensemble median) changes in Hg annual wet deposition between 2010 and 2015 due to (a) changes in meteorology only,
(b) changes in global anthropogenic emissions only and (c) cumulative changes.

in the High Arctic are negligible. These results suggest an overall
increasing trend in present-day wet deposition partially driven
by increasing precipitation amounts, which is in good agreement
with the literature (Sprovieri et al., 2017).

3.3.3.2 Interfacial exchange of mercury between
air and terrestrial surfaces

Lower-latitude studies show that atmospheric Hg deposition
to terrestrial environments is dominated by plant uptake of
gaseous atmospheric Hg(0) via stomatal and cuticular uptake
pathways (between 50% and 90% of THg deposition), which is
transferred to soils when plants die off or shed leaves (litterfall)
or when Hg on plant surfaces is washed off by rain (throughfall).
Plant-driven deposition dominates over wet deposition in all
land regions of the world (Fu et al., 2016; Wang et al., 2016;
Wright et al.,, 2016; Zhang, et al., 2016¢). Stable Hg isotopes
analyses confirm that plant-derived gaseous Hg(0) deposition is
the dominant source in most upland soils accounting for 54% to
94% of Hg (Demers et al., 2013; Jiskra et al., 2015; Enrico et al.,
2016; Zheng et al., 2016; Obrist et al., 2017; Wang et al., 2017b).

Plant-driven Hg deposition is likely to be the dominant source
of Hg in the tundra as well. A recent mass balance deposition
study in the tundra at Toolik Field Station, Alaska, measured dry
deposition of gaseous elemental Hg(0) by a micrometeorology
flux-gradient approach (Obrist et al., 2017) (Figure 3.13).
The study reported that gaseous Hg(0) dry deposition,
6.5+0.7 ug/m?/y, accounted for 71% of total atmospheric
Hg deposition, dominating annual total net Hg deposition.
In addition, atmospheric Hg(II) accounted for average dry
deposition of 2.5 ug/m?*/y (with a range of 0.8-2.8 ug/m?/y).
Much of the Hg(0) deposition occurred via plant Hg uptake
and the subsequent transfer of Hg to tundra soils (Olson et al.,
2018; Jiskra et al., 2019). Due to annual plant turnover, much
of this biomass is conveyed to soils via plant senescence and
litterfall each year. In addition to summertime Hg(0) deposition
via plants, Hg(0) deposition is also observed during winter
under the snowpack which may be attributable to sorption to
soils, litter or lichen under the snowpack (Obrist et al., 2017;
Agnan etal., 2018; Jiskra atal., 2019), although the importance

of this process for deposition loads is unknown. In barren
tundra areas of the Arctic that lack significant vegetation cover
(e.g., the CAA, northern Greenland, Svalbard etc.), wet and dry
deposition processes directly to snow and soil surfaces probably
dominate because the plant-uptake pathway is unavailable.

Skov et al. (2006) found in a study at a High Arctic site (Barrow,
Alaska) that the deposition velocity of GOM is very fast over
snow with surface resistance close to zero. From the deposition
measurements of GOM and re-emission estimates based on
meteorology and measured GEM concentrations, 1.7 pg/m? of
GOM deposition was measured for a period of 14 days. The flux
of PBM was assumed to be insignificant and GEM re-emission
of 1.0 ug/m? was measured, leading to a net accumulation of
0.7 pg/m? for the 14 days. In a recent air-snow Hg flux study at
Villum Research Station (Station Nord, North Greenland) from
the 23rd of April to the 12th of May during spring 2016, the
average emission of GEM from snow was 8.9 ng/m?/min (up to
179.2 ng/m?*/min during short events) and a GEM deposition
flux of 8.1 ng/m?*/ min was also measured (Skov et al., 2020).

Figure 3.13. Mass balance deposition study in the tundra of northern
Alaska (Toolik Field Station). Instrumentation to measure gaseous Hg(0)
deposition includes a tower system to measure ecosystem-level atmosphere-
surface Hg(0) exchanges. Figure from Obrist et al., 2017.
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3.3.3.3 Interfacial exchange of mercury between
air and marine surfaces

Inputs of Hg by precipitation (see Section 3.3.3.1) and dry
deposition to the surface waters of the Arctic from the
atmosphere and evasion fluxes to the air have been estimated
from measurements made at coastal locations, studies in the
CAA, and from limited measurements from vessels in the Arctic
(Angot et al., 2016; Soerensen et al., 2016a; DiMento et al., 2019;
Kalinchuk et al., 2021; Table 3.9). Estimates of wet and dry
deposition of inorganic Hg from U.S. GEOTRACES cruise data
(DiMento et al., 2019), which are from the fall, are lower than
those likely found during polar sunrise where AMDEs and Hg
deposition are heightened in spring and in summer when the
precipitation rate peaks (Fisher et al., 2013; Angot et al,, 2016).
Based on the measurements in aerosols and an estimated dry
deposition velocity of 0.5 cm/s (Holmes et al., 2009), given that
there appeared to be mainly fine particulate aerosols over the open
Arctic, 0.05 Mg of Hg were deposited per month via dry aerosol
deposition in autumn 2015 (DiMento et al., 2019). Similarly,
GOM was deposited at a rate of 0.3/Mg/month, based on the
measured ionic Hg concentrations over open water, which were
all near the method detection limit for the Tekran instrument.
Overall, the total measured dry deposition flux (0.35 Mg/month)
by DiMento et al. (2019) is much lower than other measurements
in the Arctic region (see Table 3.9), which are mostly measured
at coastal land locations or in the CAA (Steffen et al., 2015;
Angot et al., 2016; Sorensen et al., 2016). Concentrations of
GOM and HgP measured from coastal sites can be above 500
pg/m’ during MDEs and during the polar spring but are mostly
<20 pg/m*® during autumn and winter (e.g., Steffen et al,, 2015)
but still higher than over the open ocean.

The DiMento et al. (2019) atmospheric input estimates of Hg
to the Arctic Ocean are also lower than modeled estimates of
Soerensen et al. (2016a), whose estimate covers the entire year,
of 2.5 Mg/month of Hg on average (30 Mg/y; see Table 3.9).
The recent estimates (Soerensen et al., 2016a; Sonke et al.,
2018) are lower than other estimates for atmospheric input
(Outridge et al., 2008; Dastoor and Dunford, 2014), which
all appear high compared with the actual measurements over
the offshore waters of the Arctic (DiMento et al., 2019; see
Table 3.9).

In terms of evasion to the atmosphere, while various studies have
measured water column Hg(0) concentrations and estimated
evasion fluxes within the CAA (see Table 3.9), there are only
two studies that have made high resolution measurements
of Hg(0) within the central Arctic Ocean (Andersson et al.,
2008; DiMento et al., 2019; Kalinchuk et al., 2021; Figure 3.14).
These studies found different concentrations in Arctic open
waters with higher concentrations found in the summer (July-
September; Andersson et al., 2008) compared to the late summer
to autumn (August-October) measurements (DiMento et al.,
2019). However, both studies showed the build-up of Hg(0) in
the surface waters under the ice, suggesting the potential for a
substantial release of Hg(0) from the underlying water during
ice melt in spring/summer, in agreement with atmospheric
observations and modeling (Durnford et al., 2012; Fisher et al.,
2013). Significantly, this suggests that the seasonal gas exchange
dynamics of Hg(0) could change substantially with the rapidly
decreasing ice cover of the warming Arctic Ocean.
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Table 3.9 Dissolved elemental Hg (Hg(0)ais) (fM) in the Arctic Ocean
mixed layer, and estimated deposition and evasion fluxes (Mg/month).
Data from the literature as noted.

Study/location Hg(0)ass Evasion Deposition

(M)  flux Mg/ flux (Mg/

month)  month)
GEOTRACES 2015 open water 32+30° 14 0.55
GEOTRACES 2015 continuous ice 101+98 <0.2
Kirk et al., 2008, CAA 130+50° -- --
Andersson et al., 2008 220+110¢ 19 --
Fisher et al., 2013, model average 210¢ 7.5 3.8
Dastoor and Durnford, 2014, -- 2.8 9.0
model®
Soerensen et al., 2016a, model 180 8.3 6.3
average
Zhang et al., 2020b, model average 37 8.2 --

‘autumn; *summer/autumn; ‘summer; ‘maximum summer value;
estimate for Arctic Ocean north of 66.50°N.

Overall, the model estimates for Arctic Ocean Hg(0) evasion
from 2015 in Table 3.9 are contrasted with the results of earlier
studies in the CAA (Kirk et al., 2008; Soerensen et al., 2016a) and
the Andersson et al. (2008) work. These studies reported higher
Hg concentrations in surface waters of the Arctic Ocean overall
than those measured by DiMento et al. (2019) during the 2015
Arctic GEOTRACES cruise and result in much higher evasion
estimates than would be predicted based on the cruise data (see
Table 3.9) and require there to have been substantial inputs of
Hg from the terrestrial environment (e.g., rivers, ice melt, glacial
inputs, etc.; Fisher et al., 2013). Kalinchuk et al. (2021) measured
a low evasion flux of Hg (a mean of 0.70+0.26 ng/m?*/h) in the
eastern Arctic Ocean in autumn 2018 similar to the mean
evasion flux of 0.4+2.8 ng/m?/h measured in the open waters
of the Bering Sea and the Arctic Ocean in autumn 2015 by
DiMento etal. (2019). Zhang et al. (2015) modeled Arctic Ocean
Hg concentrations (Figure 3.14c) considering both atmospheric
deposition and riverine inputs; they also suggested a higher
evasion flux, as reported in Soerensen et al. (2016a). The lower
values for Hg(0) evasion measured on the 2015 cruise during
autumn is consistent with modeled estimates of Dastoor and
Dunford (2014) and riverine Hg input estimates to the Arctic
Ocean from terrestrial sources (Outridge et al., 2008; Sonke et al.,
2018). However, the cruise data cannot explain the modeled
higher inputs and evasion in spring/summer (Fisher et al., 2013;
Soerensen et al., 2016a). Observations representing annual
variations are currently lacking.

Higher Hg(0) concentrations under ice (as opposed to open
water) during the 2015 GEOTRACES cruise and the 2008 cruise
(Andersson et al., 2008; DiMento et al., 2019; Figure 3.15)
and with Antarctic studies (Nerentorp Mastromonaco, 2016;
Nerentorp Mastromonaco et al., 2016, 2017a, 2017b) were
measured. The timescale for surface water Hg(0) concentrations
to return to open water values after ice removal, assuming the
only sink to be gas evasion and no additional formation, is in
the order of several weeks (DiMento et al., 2019). The radon
data collected by Rutgers van der Loeff et al. (2014) in the Arctic
concur with this estimate for the rate of change in concentration
for an unreactive gaseous tracer. However, net formation of
Hg(0) would impact this rate of change in the Arctic mixed
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Figure 3.14 Dissolved elemental Hg (Hg(0)aiss) in Arctic Ocean surface waters in (a) early summer to autumn 2015 from DiMento et al., 2019 (b) summer
2008 from Andersson et al., 2008, and (c) modeled annual mean total Hg concentrations (pM) compared to observations from 2002-2011 (ship cruises,
colored dots) from Zhang et al., 2015; (d) the blue area (~9.45 million km?) defines the AMAP Arctic Ocean boundary used in this report.
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line) along the 2015 U.S. Arctic
GEOTRACES cruise track within
the marginal ice zones (light blue
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and contiguous ice zones (light red
shading; 81-90-79°N). Data from
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layer as it could influence the overall concentration and degree
of saturation. Both photochemical oxidation and reduction
will occur, and the redox reactions are enhanced by UV
radiation (Whalin and Mason, 2006; O’Driscoll et al., 2007;
Jeremiason etal., 2015; Ci et al.,, 2016), which does not penetrate
through the ice to any significant degree (Perovich, 2006).
The rates of these reactions (10*-10/s depending on light
levels and light penetration) indicate that the mixed layer open
waters should come to steady state in terms of photochemical
transformations within days (Whalin et al., 2007).

With the decrease in ice cover, there should be a relative rapid
decline in Hg(0) concentration. Under the opposite scenario,
the build-up of Hg(0) under ice after its formation is likely a
slower, biologically-mediated process. Biotic reduction rates
have been related to primary productivity and range from
10%/d (~107/s), with dark (non-photochemical) oxidation rates
of the same order (Whalin et al., 2007; Soerensen et al., 2010;
Hu etal., 2013; Kim et al., 2016; Wang et al., 2016). Overall, the
characteristic time it would take to reach a steady state would
be several months, if no other losses occurred.

For gas exchange of Hg in the AMAP defined Arctic Ocean area
(see Figure 3.14d), applying an average Hg(0) flux for ice-free
waters (28 ng/m?/d) based on cruise data (Andersson et al.,
2008; DiMento et al., 2019) to the average area of open water
(ranging from 10% in winter to 65% in summer), we estimate
an evasion from open waters of 24.9 Mg/y. Additionally, the
loss of Hg(0) from its build-up under ice upon ice melt can
be estimated based on the changes in ice amount and the
measured concentration of Hg(0) under ice. This is estimated
at an additional 2.9 Mg/y, resulting in a total evasional flux of
27.8 Mg/y, with an uncertainty range of 20 to 36 Mg/y. The
loss of any Hg residing in surface snow and ice by reduction
and evasion during ice melt is not included in this estimate.
Modeling estimates of Hg evasion from the AMAP defined
Arctic Ocean are 45 Mg and 23.3 Mg in 2015 for GEOS-
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Chem and GEM-MACH-Hg, respectively, using simulations
performed for this report. Averaging measurement-based and
two modeling estimates (27.8, 45 and 23.3 Mg/y), the best
estimate for AMAP Arctic Ocean Hg evasion is 32 Mg/y (with
a range of 23-45 Mg/y). This flux estimate is ~3 times lower
than the annual flux reported by Soerensen et al. (2016a), which
was based on earlier modeling estimate.

3.3.3.4 Total deposition of mercury
to Arctic surfaces

This section presents the spatially distributed annual
accumulation of Hg (i.e., wet plus dry deposition) in the Arctic
terrestrial and marine environments in 2015 simulated by the
ensemble of four models (DEHM, GEM-MACH-Hg, GEOS-
Chem and GLEMOS) as a consequence of Hg transport into the
Arctic from worldwide contemporary and legacy anthropogenic
and geogenic Hg emission sources (see Sections 3.2.1 and 3.2.2).
The significance of annual Hg deposition to the pan-Arctic
watershed and river Hg runoff and the impacts of recent
changes in emissions and meteorological conditions on Hg
deposition are also discussed.

Model ensemble annual average deposition flux north of 60°N
is 7.1+1.2 pg/m?/y, seasonally distributed approximately as
0.9, 2.6, 2.3 and 1.3 ug/m*/y in winter, spring, summer and
fall, respectively (see Table 3.10). Compared to fluxes on land,
average ocean deposition fluxes are larger in winter and spring,
and lower in summer. These seasonal variations are driven by
the dominance of summertime vegetation Hg uptake over land
and larger wintertime precipitation and springtime AMDE-
related deposition over ocean compared to over land. While
annual deposition modeling uncertainty in the Arctic is low
(£17%, 1o inter-model variation), large modeling uncertainties
in Hg deposition estimates are found over marine surfaces
in springtime and over terrestrial surfaces in summertime

Table 3.10 Model ensemble average Hg deposition flux (ug/m?/y) to terrestrial and aquatic areas of the Arctic (north of 60°N and 66.5°N). The range

indicates a +10 variation interval among the models.

Region Annual Winter Spring Summer Fall

Arctic (N of 60°N) 7.1+1.2 3.5+2.1 10.5+5.0 9.1+2.7 5.1+1.6
Land (N of 60°N) 6.8+1.2 2.3%x1.9 6.7+4.2 12.8+5.5 5.4+1.9
Ocean (N of 60°N) 7.4+1.6 4.8+3.1 14.4+7.6 5.3%2.1 49+1.7
Arctic (N of 66.5°N) 6.3x1.5 3.0£2.7 11.4+6.3 6.6+2.1 4.1+1.4
Land (N of 66.5°N) 5901 1.7+£2.0 5.5+4.3 9.4+4.8 4.0+1.8
Ocean (N of 66.5°N) 6.9£1.9 3.7£3.9 14.9+8.9 49+3.1 4.1+1.6

Table 3.11 Total Hg deposition to terrestrial and aquatic areas (t/y and t/season) in the Arctic (north of 60°N and 66.5°N). The range indicates a 1o

variation interval among the models.

Region Annual Winter Spring Summer Fall

Arctic (N of 60°N) 243+41 30+18 90+43 78+23 44+14
Land (N of 60°N) 118+20 10+8 29+18 55+24 2348
Ocean (N of 60°N) 125+27 20+13 61+32 2349 2147
Arctic (N of 66.5°N) 133£31 16x15 60+33 35+11 228
Land (N of 66.5°N) 41%9 3+4 11+8 19+10 8+3

Ocean (N of 66.5°N) 92425 12+13 49+29 16£10 145
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Figure 3.16 Model ensemble median annual Hg deposition in the Arctic (left) and inter-model variability of Hg deposition (10) (right) in 2015.

(see Table 3.10). Total annual deposition in the Arctic within
60°N is estimated at 243+41 Mg/y (118+20 Mg/y over land and
125427 Mg/y over ocean) with seasonal contributions of 30 Mg
in winter, 90 Mg in spring, 78 Mg in summer and 44 Mg in
autumn (see Table 3.11). Annual Hg deposition north of 66.5°N
is 133+31 Mg/y (41+9 Mg/y, land; 92+25 Mg/y, ocean) and the
annual Hg deposition to the Arctic Ocean area considered in
this study is 64.5+19.8 Mg/y. By upscaling yearly deposition
measurement at an Arctic tundra site (Obrist et al., 2017),
Sonke et al. (2018) suggested a total deposition of 210 Mg/y
to the Arctic permafrost region. In comparison, the model
ensemble deposition estimate of Hg to terrestrial surfaces
north of 60°N is 118+20 Mg/y, and the estimate to pan-Arctic
watershed is 180 Mg/y. Durnford et al. (2012) estimated Hg
loading in seasonal snowpacks to be 39 Mg/y using a snowpack/
meltwater Hg model.

There are notable spatial variations in Hg deposition fluxes
in the Arctic, ranging from ~1 pg/m*/y (Ellesmere Island,
Canada, and Greenland Plateau) to 20 pg/m*'y (Davis Strait
and northern Europe; see Figure 3.16). Over land, there is a
declining gradient in the Hg deposition rate south to north
in the Arctic and west to east in Eurasia and North America.
Regionally averaged Hg deposition fluxes in the Arctic ranged
from 7.6 to 10.7 ug/m?/y in Subarctic regions (10.7, 9.5, 8.6, 7.6,
10.4 and 8.6 pg/m?/y in 1L, 2L, 3L, 4L, 5L and 6L, respectively)
and 3.6 to 8.9 pg/m*/y in High Arctic regions (8.1,7.7,8.9, 6.3,
3.6and 5.9 ug/m*/y in 1H, 2H, 3H, 4H, 5H and 6H, respectively;
see definition of regions in Figure 3.27a). Higher Hg deposition
fluxes are estimated in the regions which are more impacted
by local (mainly in Eurasia) and long-range transport (western
North America) of emissions as well as by the regions that
receive higher precipitation (the ocean around southern
Greenland, Greenland Sea, Norwegian Sea, and western coastal
Europe and North America) and in regions where there is high
vegetation uptake of Hg (western North America and Europe).

The lowest deposition fluxes are found in arid regions of the
High Arctic (North America) and in Eastern Siberia.

Direct measurements of annual THg deposition are scarce
in the Arctic. A mass balance deposition study at a tundra
site in the Arctic (Toolik Field Station, Alaska) measured an
annual THg deposition of 9.2 ug/m?/y (average for 2014
2016; Obrist et al., 2017). Model ensemble median annual
Hg deposition in the Toolik region is 7.2+2.2 pg/m?*/y, with
summertime (June-September) deposition accounting
for 77% of the annual deposition in 2015. Although local
biogeochemical features and climate change have been
shown to impact the lake sediment fluxes, on a broader scale,
the sediment Hg record represents reasonable estimates of
catchment-scale deposition fluxes and trends. An earlier mass
balance study in northern Alaska based on sediment records
estimated an Hg deposition flux between 4.2 and 8.9 ug/m?/y
(Fitzgerald et al., 2005). Sediment-inferred average deposition
fluxes of 3.5 ug/m*/y in the Canadian High Arctic (11 cores
from 65-82°N; Kirk et al., 2011; Lehnherr et al., 2018),
7.5 pg/m?/y in the Canadian Subarctic (Muir et al., 2009) and
10.0 ug/m*/y in the Northwest Territories, Canada (4 cores
from 60-62°N; Kirk et al., 2011; Korosi et al., 2015) have been
reported. These lake sediment deposition fluxes are in excellent
agreement with model ensemble average deposition fluxes in
the Canadian High Arctic, where the average is ~3.6 ug/m?/y
(with a range from 0.5-5 pg/m?/y), and the Subarctic, where
the average is ~7.65 pg/m*/y (with a range from 5-10 pg/m*/y).

Using continuous flux measurements, Obrist et al. (2017)
reported that atmospheric Hg(0) contributes to 71% of the
annual deposition in the Arctic tundra, mainly by vegetation
uptake. Hg(0) deposition during the snow-cover period from
October to mid-May (except in March and April when net
emission of Hg(0) to the atmosphere was observed after
AMDEs) accounted for 37% of total annual Hg(0) deposition.
Douglas and Blum (2019) suggested that the majority of Hg
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present in Arctic meltwater is derived from Hg(0) uptake in
snowpack during the entire snow-cover period, particularly in
coastal snow. It is worth noting that terrestrial Hg(0) deposition
to vegetation and snow in the Arctic is currently underestimated
in models, which need improving in this regard.

a. Mercury deposition to major pan-Arctic watersheds

The eight largest Arctic rivers in Eurasia (the Yenisey, Lena,
Ob, Pechora, Kolyma and Severnaya Dvina rivers) and North
America (the Yukon and Mackenzie rivers) drain about 70%
of the pan-Arctic watershed extending up to 45°N. In Eurasia,
the Ob River encompasses the largest fraction of drainage area
south of 60°N followed by the Yenisey and Lena rivers; whereas
the Severnaya Dvina, Pechora, and Kolyma rivers mostly drain
the Arctic landmass north of 60°N. In North America, the
Mackenzie Basin extends south of 60°N, while the drainage
of the Yukon River is largely within 60°N. The model results
exhibit declining Hg deposition fluxes from west to east in
Eurasian watersheds, with the highest average Hg deposition
flux simulated for the Severnaya Dvina River (11.7 pg/m*/y,
annually; 6.3 ug/m?/y, September-May) and the lowest for
Kolyma (6.5 pg/m*/y, annual; 3.0 ug/m*y, September—May;
see Figure 3.16). Ensemble model deposition flux estimates are
comparable for the Mackenzie and Yukon watersheds north of
60°N (7.8 and 7.5 pg/m*/y annually and 3.5 and 3.4 ug/m*/y
from September-May in Yukon and Mackenzie, respectively;
see Figure 3.16). Mercury deposition fluxes south of 60°N
are largest in the Ob and Mackenzie catchments, 12.3 and
10.3 ug/m?/y (annually), respectively.

Model ensemble median Hg depositions to the major Arctic river
basins (entire basins and their portions north of 60°N) annually
and during the snow-cover period (assumed from September—
May here) along with observed annual river Hg exports to the
Arctic Ocean are reported in Table 3.12. Approximately half of
the annual Arctic watershed Hg deposition occurs in summer
(predominantly via vegetation and soil uptake), and roughly the
other half occurs from autumn to spring (mainly to snowpack
via precipitation and dry deposition). With an exception of the
Ob River, the general gradient of simulated THg deposition to
the pan-Arctic watershed is in line with the measurement-based
river Hg exports. The Ob watershed receives the highest Hg
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deposition of all Arctic river watersheds, but the majority of Hg
deposition to the Ob watershed occurs south of 60°N (83%),
owing to higher deposition fluxes and a greater percentage of
watershed area being south of 60°N. It is likely that much of
the deposited Hg south of 60°N is bound to organic soils and
sediments during the river transport. Zolkos et al. (2020) and
Sonke etal. (2018) reported the lowest Hg yields (river Hg flux
normalized to the watershed area) for the rivers that have the
higher watershed proportions south of 60°N (i.e., 1-2 ug/m?/y
for the Ob, Yenisey and Mackenzie rivers and ~3 ug/m?/y for
the Lena River), despite high Hg deposition fluxes in these
watersheds south of 60°N. In contrast, higher Hg yields were
measured for the smaller watersheds that mainly drain Arctic
landmasses north of 60°N (~3-5 ug/m?/y for the Kolyma,
Yukon and Severnaya Dvina rivers). Model simulated average
Hg deposition fluxes in the Yukon, Kolyma, and Severnaya
Dvina watersheds from autumn to spring (3.0-6.3 ug/m?) are
in excellent agreement with their measured river Hg yields. A
previous modeling study estimated annual average transfer
of THg from the snowpack to meltwater in the range of ~1 to
3 pg/m?/y (with higher concentrations in coastal regions) in
pan-Arctic watersheds (Dastoor and Durnford, 2014).

The annual spring freshet following snowmelt and river ice break-
up provides up to 60% of the total annual water flow volume to
the Arctic Ocean, peaking in late May to early June (Lammers
et al, 2001). Measurement studies have reported the largest
fluxes of dissolved and particulate Hg (approximately halfin each
form) during the spring flood followed by a smaller Hg pulse
during the autumn flood (Leitch et al., 2007; Sonke et al. 2018;
Zolkos et al., 2020). Zolkos et al. (2020) estimated that over 90%
of river Hg export to the Arctic Ocean occurred during spring
and summer. Measured Hg export from the eight major Arctic
rivers (21.1-22.4 Mg/y; Sonke et al., 2018; Zolkos et al., 2020)
is about half of their watershed annual Hg deposition north of
60°N (47.6 Mg) and comparable to the summer and snow cover
period watershed Hg depositions of 25.2 Mg and 22.4 Mg north
of 60°N, respectively (see Table 3.12). Considering that majority
of annual river discharge occurs during spring freshet when the
ground is still frozen, it is likely that Hg runoff from melting
snowpacks and mobilization from surface soils comprise the
majority of river Hg export to the Arctic Ocean. A two to three

Table 3.12 Model ensemble median annual and cryospheric (September-May) Hg depositions to the major Arctic river watersheds (entire watersheds
and watershed portions north of 60°N) and measurement-based river Hg exports to the Arctic Ocean from Sonke et al., 2018 and Zolkos et al., 2020;

blue shaded rows indicate watershed drainages mostly located north of 60°N.

River basin Modeled deposition (+10)

Modeled deposition (+10) Measurement-based annual

Annual (Mg) September to May (Mg) river export* (Mg)
Entire basin Basin >60°N Entire basin Basin >60°N
Yenisey 23.09+3.24 7.53+1.03 12.1£2.65 3.78+1.49 5.8 and 3.6
Lena 18.85+2.29 9.15+1.88 8.59+2.49 3.93+1.57 4.8 and 6.6
Ob 34.32+5.38 6.58+1.42 19.27+£1.95 3.26+0.55 2.5and 2.4
Mackenzie 15.74+5.00 7.34+2.30 7.79+2.18 3.38+0.91 2.2and 2.6
Yukon 6.49+1.97 6.30+1.91 2.84+0.82 2.74+0.78 2.0 and 3.3
Pechora 2.88+0.57 2.88+0.57 1.43£0.69 1.43+0.69 1.7
Severnaya Dvina 4.13+0.67 3.60+0.57 2.23+0.19 1.94+0.19 1.2
Kolyma 4.23+0.58 4.23+0.58 1.95%1.11 1.95£1.11 0.93 and 1.1
Total 109.7 47.6 56.2 22.4 21.1
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Figure 3.17 Simulated (model ensemble median) changes in annual THg deposition between 2010 and 2015 due to changes in (a) meteorology, (b)

emissions and (c) cumulative changes.

times higher Hg:C ratio was observed in spring waters from
Western Siberian rivers compared to other seasons, indicating
Hg runoff from melting seasonal snowpacks (Lim et al., 2020).
Douglas et al. (2017) measured 40% to 80% Hg runoft from
melting snowpacks. Applying the snowpack Hg export rate
measured by Douglas et al. (2017) to the pan-Arctic snowpack
Hg loading north of 60°N (39 Mg/y) suggests that seasonally
accumulated snowpack Hg and active layer surface soils each
supply roughly half of the pan-Arctic river Hg export. This is in
line with observations of roughly equal amounts of dissolved
and particle-bound Hg in river runoff to the ocean (Sonke et al.,
2018). Summertime permafrost thawing-led percolation of
precipitation through soil profiles likely contributes to the minor
river Hg flux in the autumn flood (Lim et al. 2019).

Soil Hg concentrations (largely driven by atmospheric
deposition) decline by ~14% from the surface organic soils to
the deeper mineral soil layer, and geogenic Hg contribution
ranges from 0% in organic soil horizons to around 40% in
mineral soil horizons in the Arctic tundra (see Section 3.4.1.2;
Obrist et al., 2017; Olson et al., 2018). The dominance of
snowpack and surface soil Hg in the spring river runoff suggests
that present-day Hg deposition currently contributes more Hg
to river Hg exports than geogenic Hg in soils. Declining Hg
levels in river runoff and burbot (Lota lota) tissues in recent
decades in major Russian rivers are thought to reflect more
recent local declines in Hg emissions (Castello et al., 2014;
Pelletier et al., 2017). However, intensifying hydrological cycle,
permafrost thaw, and increasing river discharges due to Arctic
warming are likely modifying the sources of river Hg runoff.
Atmospheric Hg models integrated with terrestrial Hg models
incorporating hydrology and Hg biochemistry are required
to mechanistically link Hg deposition to river Hg fluxes and
estimate the sources of present-day and future river Hg exports
to the Arctic Ocean.

b. Recent changes in mercury deposition

Global anthropogenic Hg emissions have risen between 2010
and 2015 by about 20%, primarily due to the rise in emissions
from increased industrial activity in South East Asia and ASGM
(see Section 3.3). Cumulative change in Arctic Hg deposition in
the period from 2010 to 2015 in response to changing emissions
and meteorological conditions was investigated using three

models (i.e., DEHM, GEOS-Chem and GEM-MACH-Hg) as
explained in Section 3.3.2 (see Figure 3.17).

The model ensemble estimates annual average Hg deposition
flux in the Subarctic to be higher in 2015 than in 2010, by
~0.5 pg/m?/y (with wet and dry deposition contributing
equally). Changes in meteorology and emissions accounted
for increases of 0.3 and 0.2 ug/m?/y, respectively. In the
High Arctic, an increase in emissions in 2015 enhances
deposition (+0.11 pg/m?*/y) but no impact of meteorology
variations is simulated. Models likely underestimate the
impacts of meteorology on Hg deposition owing to the lack
of mechanistic or interactive representation of Br sources and
sea-ice dynamics, both of which are especially important in
the High Arctic. Model results suggest an overall increasing
Hg deposition trend in the Subarctic, driven by increasing
precipitation (most notably in the northeast Pacific Ocean, the
Davis Strait and the North Atlantic), changing air circulation
patterns, and anthropogenic emissions. The model ensemble
results suggest that changes in meteorology can exacerbate the
impact of global anthropogenic emissions on Hg deposition
in the Arctic regions susceptible to increasing transport and
precipitation. It should be noted that there are uncertainties
in estimated changes in global anthropogenic emissions (see
Section 3.2).

The models applied here to temporal changes in deposition
considered the changes in air circulation, temperature and
precipitation. However, the models did not account for the
impacts of changes occurring in the terrestrial biosphere (such
as the extent of vegetation cover and the length of growing
season, frequency of wildfires, the volume of legacy Hg
emissions, and the re-emission of Hg from thawing permafrost)
and marine environment (such as sea-ice extent and thickness
or whether it was multi-year sea ice or first-year sea ice) on
the Hg redox and exchange processes across the air-surface
interface (Zhang et al., 2016b; Wang et al., 2020a). Climate change
is expected to have a larger impact on the Hg surface exchange
processes (see Chapter 5). The biogeochemical changes in the
terrestrial ecosystem are likely altering the legacy Hg fluxes.
The development of fully interactive atmosphere-land-ocean
biogeochemical models is needed to simulate the impacts of
concurrent changes in biogeochemistry in the Arctic and global
Hg emissions on Hg levels and explain Hg trends in the Arctic.
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3.4 How much mercury do terrestrial
systems transport to downstream
environments in the Arctic?

3.41 How much mercury is present in Arctic
terrestrial environments?

The isotopic fingerprint of tundra soil Hg (see Box 3.2),
characterized by terrestrial ecosystem Hg(0) uptake, has been
identified in the Arctic Ocean, providing evidence of the
importance of tundra soils and river runoff as an important Hg
pathway. For Hg stable isotopes measured in coastal seawater,
a river source was suggested to be responsible for between
50% and 80% of terrestrial Hg (Strok et al., 2015). In a paleo-
reconstruction of Hg sources to deep Arctic Ocean sediments,
Gleason et al. (2017) concluded that tundra soil Hg represented
the major source of Hg to ocean sediments. Mercury stable
isotope signatures have been reported for a number of different
marine biota in the Arctic Ocean, namely murre eggs (Point
etal, 2011; Day etal., 2012), ringed seals (Masbou et al., 2015,
2018), polar bears and beluga whales (Masbou et al., 2018) and
pilot whales (Li et al., 2014). Masbou et al. (2018) reviewed
Hg stable isotope values in marine biota and concluded that
terrestrial Hg represents the dominant source based on A**Hg
values, which are not affected by post-deposition processes.
Masbou et al. (2018) further suggested that terrestrial Hg is
exported from the Arctic Ocean to the North Atlantic where
it represents a significant source of Hg in the food web.

3.4.1.1 Vegetation

Olson et al. (2019) summarized vegetation Hg concentration
across multiple studies with a total of 150 Arctic vegetation
samples and showed substantial variability among different
functional groups. Mercury concentrations averaged 64+6 ug/kg
in lichen (46 samples; 23-186 pg/kg); 59+6 pg/kg in mosses
(n=40; 19-195 pg/kg), and 9+1 and 11+2 pg/kg in vascular plants
(grasses and herbaceous plants). Pronounced concentration
differences between vascular plants and lichen and mosses
have been reported before across temperate sites as well as
in the Arctic, including by Wojtun et al. (2013) in Greenland
(lichen: 30-100 pg/k; mosses: 20-100 pg/kg; vascular plants:
10-30 pg/kg). Mercury concentrations from Arctic vascular
plants are generally below concentrations from temperate
plants; for example, Wang et al. (2016) summarized vegetation
Hg concentrations across 168 lower-latitude sites globally and
estimated mean vegetation Hg concentrations of 54+22 pg/kg.
On the other hand, bulk vegetation Hg concentrations in the
Arctic can be high due to a high representation of non-vascular
vegetation (i.e., mosses and lichen; Olson et al., 2018) which
has implications for plant-derived Hg deposition as discussed
in Section 3.3.3. Overall, these studies suggest that tundra
ecosystems contain above-ground Hg biomass pools of up to
28.8 pg/m? (Obrist et al., 2017; Olson et al., 2019) which is similar
in magnitude as foliar Hg biomass residing in forests (15 to
45 pg/m?). For a boreal forest site (Pallas, Finland), a foliar Hg
pool size of 20.7 pg/m? was estimated (Wohlgemuth et al., 2020).

St. Pierreetal. (2018) provide a detailed analysis of Hg concentrations
in Arctic lichen, which are critically important forage substrates
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for caribou, showing median total Hg concentrations on Bathurst
and Devon islands in northern Canada of 66.8 pg/kg (with a
range from 36-361 pg/kg). Lichen Hg concentrations were two
orders of magnitude higher than in underlying soils suggesting
atmospheric deposition as a dominant source of Hg, with sources
likely including Hg(0) uptake, dust, and wet Hg deposition. Total
Hg and MeHg enrichment in lichen were greater at coastal sites
than at inland sites; this suggests proximity to polynyas leads to
enhanced Hg deposition, possibly via AMDEs, halogens, ocean
evasion and/or boundary layer mixing. Summarizing Hg levels
in lichen from other Arctic studies, St. Pierre et al. (2018) show
substantial variability in lichen Hg concentrations (10-270 ug/kg).
Lichen concentrations were 48+5 to 107+123 pg/kg (Gamberg,
2009) and 43 to 255 ug/kg (Chiarenzelli et al., 2001) in the
Northwest Territories, Canada; 10 to 270 pg/kg in northern
Quebec, Canada (Créte et al., 1992); 43 to 56 pg/kg (Landers et
al., 1995) and 32 to 47 pg/kg (Lokken et al., 2009) in Alaska; and
13 to 98 ug/kg in the White Sea, Russia (Shevchenko et al,, 2013).
Earlier studies also reported moss Hg data, including 55 pg/kg in
feather moss (Ptilium crista-castrensis) across northern Alaska
(Landers et al,, 1995) and 113 pg/kg in fringe mosses and lichen
from Svalbard (Drbal et al., 1992). A general south-north declining
gradient in Hg concentrations in moss was observed in Sweden
ina 2015 report by the Swedish Environmental Research Institute
(IVL, 2015); the concentration of Hg was lower in samples from
the inland and mountain area in northern Sweden compared to
the coastal area in northern Sweden as well as to other parts of
the country.

The potential use of lichen and mosses as monitors for
atmospheric Hg exposure and/or deposition in the Arctic
has shown limited success. Nickel et al. (2015) correlated
concentrations of heavy metals in atmospheric deposition
with Hg accumulation in moss and soils across large south-
to-north gradients in Norway, including Arctic locations, and
showed that correlations were weak for Hg. Harmens et al.
(2010, 2015) previously showed a lack of correlations between
modeled atmospheric Hg deposition and moss concentrations
across a large network of sites in Europe and reported that moss
collected in Norway showed no distinct north-to-south patterns
in spite of expected gradients in atmospheric Hg pollution.

3.4.1.2 Soils

a. Mercury concentrations and Hg:C ratios in active layer
and permafrost soils

Substantial progress has been made to understand Hg levels
in Arctic soils and in the Arctic and boreal permafrost zone.
We summarized data from five publications with available
Arctic soil data with a total sample size of 1294 data points
(Leitch, 2006; Outridge and Sanei, 2010; Olson et al., 2018;
Schuster et al., 2018; Lim et al., 2020) to provide the following
summary statistics of Arctic soil Hg concentrations.

Schuster et al. (2018) measured Hg concentrations across 13
northern permafrost cores (taken from a depth of 0-300 cm)
along a ~500 km transect in northern Alaska. They reported
THg concentrations in permafrost ranging from 17 to
207 ug/kg (with a mean of 64 ug/kg) and across all soil samples
(including active layer samples) they reported median Hg
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Box 3.2 Mercury stable isotopes: identification of mercury sources in Arctic terrestrial ecosystems

Mercury has seven stable isotopes that can undergo both
mass-dependent fractionation (MDEF, reported as §22Hg)
and mass-independent fractionation of odd mass number
(odd-MIF, reported as A”Hg and A**'Hg) and even mass
number (even-MIF, reported as A>’Hg and A**Hg) isotopes
(Blum et al., 2014; Obrist et al., 2018). Sources of atmospheric
Hg in Arctic tundra ecosystems and subsequent processes are
associated with characteristic MDF and MIF (see Figure 3.18).

Uptake of atmospheric Hg(0) by vegetation is associated
with mass-dependent fractionation (MDF; 6**?Hg) and
discriminates heavy isotopes, resulting in an enrichment of
lighter Hg in vegetation (negative §??Hg values, see arrow 1
in Figure 3.18) and consequently a depletion of light isotopes
in atmospheric Hg(0) (positive §°’Hg values; Obrist et al.,
2017; Olson et al., 2019; Jiskra et al., 2019). The absence
of mass-independent fractionation (the MIF; A'”?Hg and
A*Hg) has been observed during the foliar uptake of Hg(0)
in temperate regions (Yuan et al., 2019) and is not expected
to occur in the Arctic either. Using a chamber experiment,
Sherman et al. (2010) showed that following Hg(II) deposition
during AMDE:s there was a strong re-emission of Hg(0) driven
by photo-induced reduction processes. The photoreduction
of Hg(II) in snow was associated with a strong fractionation
of odd-mass Hg stable isotopes (see arrow 2 in Figure 3.18)
and A'Hg values of -5.5%o were observed, some of the most
negative A'”’Hg values reported globally (Sherman et al.,
2010). The two characteristic Hg stable isotope fractionation
processes, uptake of Hg(0) by vegetation and snow and
photoreduction of AMDE-derived Hg(II) in snow, make Hg
stable isotopes a potent tracer for sources of atmospheric Hg
and processes in the Arctic.

Obrist et al. (2017) measured the Hg stable isotope signature
of atmospheric Hg deposition (Hg(0), Hg(II)) in snow and
different ecosystem sinks (bulk vegetation, organic and
mineral soils) at Toolik Field Station, on the Arctic Coastal
Plain in northern Alaska, 200 km from the Arctic Ocean.
Using a multi-isotope mixing model, they concluded that
the uptake of Hg(0) by vegetation was the dominant source
of atmospheric Hg deposition, representing 90% of the THg
in vegetation (interquartile range; IQR: 86% to 94%), 71% in
organic soils (IQR: 56% to 81%) and between 25% and 54% in
mineral soils. The absence of large negative A*’Hg values in
ecosystem sinks suggests a large part of Hg deposited during
AMDEs is emitted back to the atmosphere. For Utqgiagvik on
the coast of the Arctic Ocean, a re-emission between 76%
to 91% was estimated based on Hg stable isotopes (Douglas
and Blum, 2019). Other studies focused on identifying the
fraction of AMDE-derived Hg that remains in the snowpack
and reported that roughly 75% of the AMDE Hg is re-emitted
(Douglas et al., 2012, 2017; Durnford et al., 2012). At inland

concentrations of 43+30 pg/kg and Hg-to-carbon ratios (Hg:C)
of 1600+£900 pg Hg/kg C. Olson previously summarized Hg
concentrations of Arctic soils (478 data points) of 40 pg/kg in
both organic and mineral soils with and Hg:C ratios (295 sample
points) of 174 ug/kg C in upper organic soils (0-30 cm, organic)
and 621 pg/kg C in deeper mineral soils (30-100 cm). Lim

AHg, %o
" *
Y ¥ N A“ ‘
i - AT
| ol 4 ﬁ:gn-o
)i’
<
-14 (1) A
\
\
24 \\ A
AY
A A o2

-3 4 AY
2 Atmospheric Ecosystem '

sources sinks iA
-4 .

@ Hg(0) @ Vegetation

A Snow Hg(ll) Snowmelt
. A

W Soils
T T T T T T T T
-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5

522Hg, %o

Figure 3.18 Synthesis of Hg stable isotope fingerprints in terrestrial
Arctic Hg cycling. Mass independent (A'*’Hg) versus mass dependent
(6*2Hg) of atmospheric sources (Hg(0) and Hg(II) in snow (Sherman
et al,, 2010; Obrist et al., 2017; Jiskra et al., 2019) and ecosystem sinks
(vegetation, snowmelt and soils; Biswas et al., 2008; Obrist et al., 2017;
Olson et al., 2019; Douglas and Blum, 2019). Two processes drive Hg
stable isotope fractionation in the terrestrial Arctic: (1) the uptake of
atmospheric Hg(0) by vegetation and snow (Demers et al., 2013; Jiskra
etal,, 2019; Douglas and Blum, 2019) and (2) photochemical reduction
of Hg(II) in snow (Sherman et al., 2010).

sites, such as the Toolik Field Station, a re-emission of >95%
has been estimated (Obrist et al., 2017). As a consequence,
AMDE-derived Hg(II) deposition appears to have only a
minor contribution to total Hg in Arctic ecosystems.

Douglas and Blum (2019) observed that Hg(0) dry deposition
to the snowpack represented a significant contribution of the
total deposition of Hg to snow close to the Arctic coast. They
suggested high concentrations of reactive halogens promoted
the oxidation of atmospheric Hg(0) within the snowpack
and contributed significantly to Hg(0) dry deposition to the
ecosystem. A similar process has been observed in frost flowers
(ice crystals forming over sea ice containing high halogen
concentrations) which were characterized by positive A'*’Hg
(max=0.9%o) resulting from re-emission of Hg(0) after AMDEs
(Sherman et al., 2012). On the Arctic Coastal Plain, 200 km
from the coast and where halogen concentrations in snow are
substantially lower, no significant deposition of Hg(0) to the
snowpack was observed, and net Hg(0) deposition fluxes during
winter were consistent with the uptake of Hg(0) by surface
vegetation including lichen (Jiskra et al., 2019). Olson et al.
(2019) measured Hg stable isotope signatures in different plant
species and suggested that the uptake of atmospheric Hg(0) was
the major source of Hg in all plant species. Different A’*’Hg
values in plant species, however, suggested a different extent
of photoreductive Hg loss inducing A'*”’Hg anomalies, with
lichen showing significant Hg loss through photoreduction
whereas no indication for photoreductive loss was observed
for vascular plants.

et al. (2020) reported Hg concentrations and Hg:C ratio
for six peat cores along a latitudinal transect (56°N-67°N)
in the Western Siberian lowlands, an area for which few Hg
observations exist, despite the fact that Eurasian permafrost
contains 54% of the C inventory in northern soils. Mercury
concentrations in peat cores ranged from 7 to 284 ug/kg with a
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Table 3.13 Concentrations of Hg in active layer soils and permafrost layers reported from the Arctic. All concentrations are reported in ug/kg. Parentheses

are Hg:C concentration ratios in pg Hg/kg C.

Soil type Mean Median IQR Min Max Data points
Soil samples, all 68 (1740) 55(813)  37-95 (196-1855) 3 303 1294
Active layer, all 81 (582) 65 (270) 45-103 (86-487) 4 303 380
Active layer, surface 87 (191) 70 (148) 45-121 (61-318) 7 303 277
(top 30 cm + peat + organic soils)

Active layer, below-surface 66 (1510) 60 (927) 45-87 (548-2058) 4 149 103
(>30 cm and mineral soils)

Permafrost, all 63 (2042) 48 (1225)  36-91 (261-2087) 3 284 912

median (+IQR) of 67+57 pg/kg. The Hg:C ratio ranged from 50
t0 2000 pg Hg/kg C with a median of 133 pug Hg/kg C. Mercury
soil pool (0-100 cm) increased with latitude from 0.8 mg Hg/m?
at 56°N to 13.7 mg Hg/m* at 67°N.

Several studies have evaluated depth distributions in active layer
soils. Olson et al., 2018 reported the highest Hg concentrations
in organic surface layers at Toolik Field Station (151+7 pg/kg),
followed by A-horizons (108+10 pg/kg), B-horizons (with a
mean of 87+ 5ug/kg), and lowest in the frozen horizon at
the bottom of the pits (i.e., in the transient permafrost layer;
56+2 ug/kg). Although soil Hg concentrations declined
with depth as observed previously in temperate soil studies
(e.g., Obrist et al., 2011), Olson et al. (2018) suggested that
this trend was not as pronounced in Arctic soils compared to
temperate studies possibly due to enhanced soil mixing via
cryoturbation processes. The data summary on Arctic soil
Hg concentrations in Table 3.13 shows a 14% decline in Hg
concentrations between the surface organic soils and the deeper
mineral soil layer. Similar depth distributions were observed
across other Alaskan sites such as in Halbach et al. (2017), who
also reported higher ranges, medians and means in organic
surface soils compared to minerals soils in Svalbard.

Other recent Arctic soil Hg studies include the following:
Hao et al. (2013), who reported a baseline of 270 pg/kg and
a range of 210 to 380 pg/kg in surface soils at Ny Alesund;
Loseto et al. (2004a), who reported a range of 10 to 250 ug/kg
in the humus layer of wetland soils; St. Pierre et al. (2015),
who reported a range of <1 to 86 pg/kg in surface soils from
the High Canadian Arctic; Rigét et al. (2000), who reported
geometric means of <10 to 30 ug/kg in mineral and 20 to
117 ug/kg in organic soils from Greenland; the previous AMAP
assessment (2011) which reported a range of 40 to 150 pg/kg
in soils from the Russian Arctic; St. Pierre et al. (2015), who
reported a range of 0.98 to 86.4 pg/kg in soils from Bathurst
and Devon islands in the CAA; and Douglas and Blum (2019),
who reported Hg concentrations of 320 ug/kg in surface organic
soils, 63 to 80 ug/kg in active layer soils, and 66 to 83 ug/kg
in permafrost soils from northern Alaska. Peat deposits from
drained thaw lake basins near Utqiagvik, Alaska, have yielded
elevated THg concentrations in surface layers (<100 years
old; Biswas et al., 2008), and peat core cross sections showed
elevated Hg concentrations in surface vegetation and the upper
soil horizon compared to lower (older and more decomposed)
permafrost peats (Douglas and Blum, 2019).

It is now widely understood that sources of Hg in active layer
soils are largely driven by atmospheric Hg deposition. Source
attribution based on elemental ratios and Hg stable isotopes
showed that for Toolik Field Station in Alaska about 70% (IQR:
56% to 81%) of Hg in surface O-horizons were derived from
atmospheric Hg(0); 54% (IQR:43% to 62%) in A-(mineral)
horizons and 24% (IQR: 14% to 34%) in B-horizons (Obrist et al.,
2017), with the rest originating from oxidized Hg deposition
and geogenic background (i.e., Earth crustal) sources. Based
on limited samples, geogenic bedrock concentrations along the
Dalton Highway in Alaska, where most Arctic samples were
taken (Olson et al., 2018; Schuster et al., 2018), were estimated
at 32 ug/kg (Obrist et al,, 2017; Olson et al,, 2018). Geogenic
fractions in mineral soils of Alaska were estimated between
20% in A-horizons to 40% in B-horizons (Obrist et al., 2017;
Olson etal., 2018), with the rest originating from external sources
such as atmospheric deposition. Halbach et al. (2017) similarly
reported that surface soil Hg in Svalbard was not associated with
typical geogenic elements (e.g., Al, As, Cr, Cu, Fe, Ni) indicating
soil Hg to be largely derived from atmospheric deposition
accumulating in organic-rich surface soils.

b. Mass estimates of soil Mercury in Arctic active layer
and permafrost soil

Schuster et al. (2018) estimated Hg pools contained in Northern
Hemisphere permafrost regions, and, extrapolating, measured
Hg:C ratios along the Alaska transect using soil carbon maps
from the Northern Circumpolar Soil Carbon Database (NCSCD;
Hugelius et al., 2013, 2014). They estimate that permafrost soils
(0-3 m) contain 16561962 Gg Hg of which 793+461 Gg Hg is
frozen in permafrost layers and 8631501 Gg Hg are stored in the
active layer. With regards to spatial distribution, they predicted
that soils with high C content and high sedimentation show the
highest Hg mass, for example in soils across the North Slope
of Alaska and the Mackenzie River Basin in Canada. Using
a similar scaling approach, Olson et al. (2018) summarized
Hg:C ratios derived from 15 published studies on Arctic soils
reporting a median Hg:C ratio of 274 ug/kg (with a range of
25-833 pg/kg) for organic soils and 621 pg/kg (with a range
of 450-911 pg/kg) for mineral soils. Using the same soil C
inventory as Hugelius et al. (2014), they estimated a lower
median Arctic tundra active layer soil Hg pool in the upper
0-30 cm of 26 Gg with a range of 21 to 42 Gg. For a depth
of 30-100 cm, they estimated a Hg mass of 158 Gg (with a
range of 115-232 Gg) for a total active layer soil Hg pool size
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in the Arctic in the upper 100 cm estimated at 184 Gg (with a
range of 136-274 Gg). Lim et al. (2020) reviewed pan-Arctic
Hg/C ratios including new data from Western Siberia and
estimated Hg:C ratios of 190 pg/kg (IQR: 90-240 ug/kg) for
organic soils and 770 pg/kg (IQR: 320-800 ug/kg) in mineral
soils. Using the pan-Arctic C budget of Hugelius et al. (2014),
they estimated a Hg pool of 72 Gg (IQR: 39-91 Gg) for a depth
of 0 to 30 cm, 240 Gg (IQR:110-336 Gg) for 0 to 100 cm,
and 597 Gg (IQR: 384-750 Gg) for 0 to 300 cm. In summary,
both Olson et al. (2018) and Lim et al. (2020) suggest about
three to four times lower soil Hg pools compared to Schuster
et al. (2018). For example, they estimate 184 Gg (Olson et al.,
2018) and 240 Gg (Lim et al., 2020) of Hg to reside in the top
1 m of soils (largely in the active layer), compared to Schuster
et al’s estimate of 863 Gg in the active layer. Similarly, Lim et al.
estimated 597 Gg of Hg in the top 3 m of permafrost compared
to 1656 Gg estimated by Schuster et al. (2018). These lower
estimates are in part due to new data from Western Siberia in
Lim et al. (2020), who reported lower Hg:C ratios and possibly
lower geogenic Hg concentrations in Siberian soils compared to
northern Alaskan soils. Another likely reason is that Hg:C ratios
in Schuster et al. (2018) are based exclusively on permafrost
data, leading to a bias towards higher Hg:C ratios. Our data
summary in Table 3.13 shows that Hg:C ratios in surface soils
and active layer soils to be much lower compared to permafrost
soils, which is driven by higher C contents of upper soils due
to high rates of C input by vegetation from the surface. It
has been proposed that Arctic active layer and permafrost
soils contain massive amounts of Hg and form the largest Hg
pool size of Hg globally storing nearly twice as much Hg as
in all other soils, the ocean and the atmosphere combined
(Schuster et al., 2018). A caveat to this statement, however, is
that the Arctic pool sizes by Schuster et al. were estimated to a
depth of 300 cm while global soil pool estimates are generally
limited to surface soils only (i.e., the upper 30 cm) as illustrated
by the following estimates: ~240 Gg (Smith-Downey et al.,
2010); ~300 Gg (Hararuk et al., 2013); 250 to 1000 Gg with
a best estimate of 500 Gg (Amos et al., 2015); 1078 Gg (IQR:
842-1254 Gg; Lim et al.,, 2020). When comparing the same
soil depths, Lim et al. (2020) estimate Arctic soil pools of the
upper 30 cm to account for about 7% of the global soil pool.

3.4.1.3 Snowpack and snowmelt

Studies from coastal Utqiagvik (formerly Barrow, Alaska)
indicate Arctic inland and coastal deposition pathways may
differ substantially and this is likely due to the presence of
halogen-rich snow and ice at coastal locations (Poulain et al.,

May 30%: Melt begins;
percolation columns form

June 3 Snowpack isothermal;
runoff begins

2007a; Krnavek et al., 2012). It has recently been reported that
the presence of halogens in snow decreases the photoreductive
loss of Hg (Mann et al., 2015, 2018). At coastal sites, snowmelt is
a critical source of Hg to soils and watersheds (Dommergue et al.,
2003; Douglas et al., 2017). One of the most unique aspects of
the Arctic terrestrial system is the spring freshet: during spring
melt, which can occur in as little as 10 days (see Figure 3.19),
up to 70% of the yearly surface water discharge runs from
the land to the sea (McNamara et al., 1998). Riverine DOC
concentrations peak during melt, and roughly 60% of the
annual DOC export from major Arctic rivers occurs during
breakup (Guo et al., 2012). Ultimately, Hg in the snowpack
meets one of three fates during spring snowmelt: (1) it is re-
emitted during snow metamorphism and melt, (2) it ends up
in the freshwater or marine system from runoff, or (3) it is
taken up by tundra and taiga ecosystems. The early pulse of
meltwater from this snow includes an ionic pulse of major
elements and Hg; however, the majority of the Hg deposited
during the winter season is re-emitted prior to the movement
of meltwater across the landscape (Dommergue et al., 2003;
Douglas et al., 2017).

Numerous studies have focused on the fate of snowpack
Hg upon melt. There are some discrepancies in the overall
assessment of the snowpack as a source of Hg via meltwater.
For example, St. Louis et al. (2005, 2007) and Dommergue
et al. (2010) report that spring meltwater was not a major
source of THg or MeHg to Arctic seawater at coastal locations.
However, other studies have identified elevated THg and MeHg
in snow meltwater (Berg et al., 2003; Dommergue et al., 2003;
Loseto et al., 2004b).

On the basis of the overall snowpack depth measurements
in a small coastal watershed (Alaska), Douglas et al. (2017)
calculated the net end of winter snowpack Hg prior to the
melt as ~1.8 to 2 ug/m? in 2008 and 2009. They further
reported a strong ionic pulse of major ions and Hg in the
watershed during spring snowmelt, reporting measurements
of dissolved Hg meltwater runoff of 8 and 14 ng/L for 2008
and 2009, respectively, up to seven times greater than runoff
reported from non-coastal Arctic locations (Douglas et al.,
2017). Douglas and Blum (2019) subsequently measured even
higher snow Hg concentrations (69-416 ng/L), which was
more than 30 times greater than the highest concentration
reported from inland snow (e.g., Agnan et al., 2018). Based
on stable Hg isotope signatures, they attribute atmospheric
gaseous elemental mercury to comprise the majority of Hg in
snow while AMDE-related Hg(II) comprised less (9% to 24% of
total snow Hg). The suggested mechanism that dominates Hg

- |

June 7*: Melt at maximum;
discharge rises

June 12*: Discharge wanes;
most snow melted

Figure 3.19 Repeat images during spring melt in Utgiagvik (formerly Barrow), Alaska, during a typical spring melt. In a matter of a few weeks, the tundra
surface transforms from being completely snow-covered to a wet vegetation and soil surface exposed to continuous sunlight.
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Figure 3.20 Modeled 5-year average (2005-2009) concentration (ng/L) of THg in snowpack along with sample-size weighted measured (mainly springtime)
mean concentrations from multiple years, compiled from literature in Durnford and Dastoor, 2011 (left); and average meltwater Hg yield (ug/m?*/y) in
an Arctic watersheds simulation using GEM-MACH-Hg (right). The areas in North America and Russia that drain into the Arctic Ocean are outlined
in magenta and red, respectively (Durnford et al., 2012; Dastoor and Durnford, 2014). Sources: (a) adapted from Durnford et al., 2012 (Figure 2b); (b)

adapted from Dastoor and Durnford, 2014 (Figure 3).

deposition at the coastal site is Hg(0) deposition and oxidation
of Hg(0) within the snowpack mediated by halogens which are
enriched in coastal snowpack.

In a modeling study, Durnford et al. (2012) simulated average
springtime concentrations of THg exceeding 10 ng/L in
snowpacks over land and sea ice in coastal regions of the
Canadian Arctic Archipelago, between Canada and Greenland,
and in Hudson Bay (see Figure 3.20). Simulated and observed
average inland snowpack concentrations of THg are generally
well below 10 ng/L. Dastoor and Durnford (2014) simulated
transfer of snowpack deposited Hg to meltwater in the range of
~1to 3 pug/m*/y (with highest concentrations in coastal regions)
with total atmospheric contributions to meltwater of 8.0, 31.2
and 39 Mg/y in North America, Russia and circumpolar Arctic
watersheds, respectively.

3.42 How much mercury does permafrost
contribute to downstream environments
in the Arctic?

Estimates of THg stores in permafrost within Arctic soils range
between 7931461 Gg Hg (Schuster et al., 2018) and 332 Gg Hg
(Lim et al., 2020). These estimates are equivalent to 48% or
60% of the total Arctic soil Hg pool (1656962 Gg or 557 Gg;
371-699 Gg) according to Schuster et al. (2018) and Lim et al.
(2020), respectively (see Section 3.4.1.2b). As permafrost thaw
is already widespread across the Arctic, these stores are thus a
potentially important source of Hg to downstream environments.
Although THg stores in permafrost across the Arctic are now
somewhat constrained—a key development since the previous
AMAP Hg assessment in 2011—the contribution of permafrost
thaw to THg mobilization to downstream ecosystems is more
difficult to quantify. Ultimately, this contribution depends on
local conditions affecting Hg storage and permafrost properties
(e.g., ice and C content, glacial history, vegetation cover;
Vonk et al., 2015a; Tank et al., 2020).

In regions underlain by ice-rich permafrost, other landscape
and climatic characteristics (e.g., topography and precipitation

regimes) determine landscape susceptibility to different modes
of thermokarst formation (Olefeldt et al., 2016). St. Pierre et al.
(2018) estimate that ~5% of the THg in Arctic soils (based on
Schuster et al., 2018; 88 Gg) of the circumarctic may occur in
regions susceptible to the development of hillslope thermokarst
features, such as retrogressive thaw slumps. These large features
(up to 40 ha) can quickly mobilize vast amounts of previously
stored, mostly particulate-bound Hg directly into streams,
rivers or lakes and through to downstream ecosystems. On the
Peel Plateau in the western Canadian Arctic, concentrations
of THg in streams were up to two orders of magnitude higher
downstream of slumps than upstream, reaching concentrations
of up to 1270 ng/L (mean: 448+87 ng/L), some of the highest Hg
concentrations ever recorded. While concentrations were only
measured up to 2 km downstream of the slumps in St. Pierre et
al. (2018), Emmerton et al. (2013) reported THg concentrations
in the mainstem Peel River (18 ng/L) higher than elsewhere
in the Canadian Arctic (Northern Contaminants Program,
2012), suggesting that these elevated concentrations could
be at least partially attributed to permafrost thaw across the
watershed. Permafrost thaw has also been invoked to explain
longer term increases in THg exports in the Yukon River
(Schuster et al., 2011). Conversely, Hg mobilized by thaw
slumps along lake shorelines is rapidly deposited to the bottom
of the lakes. Deison et al. (2012) reported no difference in THg
deposition rates between slump-affected (26.61+6.92 ug/m?/y)
and reference lakes (25.35+3.01 ug/m?*y) of the Mackenzie
uplands, an observation driven by lower THg concentrations,
but higher sedimentation rates in the slump-affected lakes.
The impact of slumps on lake shorelines may, however, differ
depending on the lake and region.

With sampling sites spanning a 1700 km transect in the Western
Siberian Arctic, Lim et al. (2019) quantified particulate Hg
yields from sites across a permafrost gradient: from where
permafrost was absent (0.189+0.048 g/km?/6-months),
through to the isolated (0.205+0.056 g/km?/6-months),
sporadic (0.379+0.096 g/km?/6-months), discontinuous
(0.350+0.225 g/km?/6-months), and continuous
(0.170+0.042 g/km?*/6-months) permafrost zones. Maximal
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particulate Hg yields from areas underlain by sporadic and
discontinuous permafrost zones suggest that these zones may
be hotspots of Hg fluxes to the Arctic Ocean.

Much of the cited work, though, is biased to regions underlain
by ice-rich permafrost, which favours the dramatic landscape
destabilization and rapid (years to decades) pulses of materials
to downstream ecosystems (termed ‘pulse disturbances’;
Vonk et al., 2015a). So called ‘press disturbances’” from thawing
permafrost (i.e., active layer deepening) occur more widely across
northern landscapes, but are much more subtle, and, therefore,
the consequences are more difficult to detect without longer
term monitoring (across multiple decades). Given the spatial
and temporal variability in thaw processes, it is difficult (if not
impossible) at present to quantify how much permafrost thaw
contributes to THg exports from Arctic watersheds. Permafrost
thaw is highly irregular across the landscape and may result in
vastly different trends in Hg mobilization and accumulation
rates, even within a single geographic region (Burke etal., 2018).
However, the well-documented relationships (e.g., Schuster et al.,
2018; Sonke et al., 2018) between permafrost organic carbon
(OC) and Hg exports can be exploited to constrain the permafrost
Hg contribution to downstream ecosystems.

3.4.3 How much mercury do ice sheets,
ice caps and glaciers contribute
to downstream environments in
the Arctic?

Continuous spaceborne gravimetric observations since 2002
confirm that all glaciated areas of the Arctic and Subarctic are
presently shrinking due to climate warming, and the overall
ice-mass loss rate is accelerating at a rate of 50+20 Gt/y per
decade (Forsberg et al., 2017; Ciraci et al., 2020). Melting
glaciers can export both inorganic and organic Hg to freshwater
networks and the Arctic Ocean. The Hg is transported in
meltwater streams produced by both seasonal thaw and long-
term mass wastage (i.e., sustained negative mass balance), and
the latter contribution is forecasted to increase in most glaciated
areas of the Arctic and Subarctic as high latitudes continue
to warm in the 21st century (Milner et al., 2017). The Hg
exported from glaciated basins comes from both anthropogenic
and geogenic sources. Some of it is atmospheric Hg which
was deposited to snow (primarily as Hg(0) and Hg(II) but
also as MeHg) in the accumulation zone of glaciers and was
subsequently buried in firn and glacier ice, to be later released
by melt. This includes Hg that was emitted from anthropogenic
sources in the past two centuries. Accumulation of atmospheric
deposition over millennia has also led to the build-up of a large
pool of Hg in Arctic soils (see Section 3.4.1.2), some of which
may enter glacier-fed rivers. An additional geogenic Hg fraction
is derived from bedrock by glacial erosion. The Hg derived from
soils and bedrock is bound or absorbed to suspended clay and
silt mineral particles in turbid, glacier-fed streams.

While the release of Hg from melting glaciers may be of
concern, the rate at which it occurs now, or might proceed in
the future, is highly uncertain. This is in part because the size
of the anthropogenic pool of Hg stored in glaciers is poorly
quantified. Data from high-latitude (>50°N) glacier ice cores
in Greenland, North America and central Asia show that some

firn and ice strata that formed between the mid 19th and late
20th centuries are enriched in THg by factors of ~2 up to 15
relative to older, pre-industrial ice, the largest enrichments
being reported in mountain ice caps of central Asia and the
Yukon (Zheng, 2015; Zdanowicz et al., 2016; Eyrikh et al.,
2017, and references therein). However, to quantify the mass
and release rate of legacy anthropogenic Hg in glaciers requires
site-specific knowledge of their internal age structure, which is
largely missing outside of Greenland, and of their mass turnover
rates, which are likely to change in a warming climate.

Meltwater issued from recent (20th-21st century) firn and
ice strata might contain higher THg levels than older ice, but
the largest increases in surface ablation on glaciers and ice
caps occur at their margins, where older ice strata usually
outcrop, which are likely to contain less Hg. Hence, as Arctic
and Subarctic glacier recession accelerates, the relatively Hg-
enriched water issued from melt-out of recent (industrial-age)
layers will be increasingly diluted by larger volumes of old ice
meltwater with lower Hg content, such that the concentration
of Hg in mixed glacial meltwater might not change greatly,
although the total mass released will. A compilation of
worldwide hypsometric data shows that outside Greenland
~75% of northern high-latitude (>50°N) glaciers and ice caps
have net accumulation zones that cover less than half of their
total area, and frequently less than a third of it (Mernild et al.,
2013). Many of these glaciers may therefore only store a limited
mass of legacy anthropogenic Hg deposited in past centuries.
In addition, some mountain glaciers with fast turnover rates
(e.g., in Alaska) and stagnant or nearly-stagnant Arctic ice
caps (with little or no net accumulation) have had sustained
negative mass balances for many decades, or even longer (e.g.,
Sneed et al., 2008; Malcomb and Wiles, 2013; Serreze et al.,
2017) and might therefore have already released most or all of
the legacy anthropogenic Hg that was stored in firn and ice.

The largest potential glacial reservoir of anthropogenic Hg
in the Northern Hemisphere, the Greenland Ice Sheet, is
experiencing accelerating wastage, but only ~35% of mass
losses in the past half-century occurred through surface melt,
the remainder being due to dynamic discharge of tidewater
glaciers, which drain both old and young ice from marginal
sectors of the ice sheet (Mouginot et al., 2019). Furthermore,
an unquantified, and possibly large, fraction of meltwater
produced at the surface of Greenland is not immediately
discharged but accumulates instead within the firn, either by
refreezing or in liquid form within ‘firn aquifers, the extent,
volume and water quality of which are largely unknown (e.g.,
Christianson et al., 2015). Similar aquifers may exist on other
Arcticice caps (e.g., Svalbard). The mixing of meltwater issued
from different parts of glaciers (or groundwater) within their
drainage system further complicates matters, making accurate
forecasts of Hg releases presently difficult.

Estimates of the total mass of atmospherically-derived Hg
(from anthropogenic and natural sources) presently stored in
Arctic glaciers can be made using THg measurements from
snow and ice cores and current glacier ice volume assessments.
Decadal mean THg concentrations in Greenland snow;, firn and
ice cores spanning the period between approximately 1748 and
2010 have increased over time from 1.0 pg/g in 1748-1850, to
1.6 pg/g in 1851-1970, and 2.2 and 3.4 pg/g in the 1970s and
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Table 3.14 Estimates of Hg storage in large Arctic glacial reservoirs
(>10° km®) and of annual Hg releases to Arctic marine waters from glacier
ice melt.

Ice volume* Hgstorage Iceloss rate* Hg release
(10° km?) (tonnes; t) (10° t/y) rate (kg/y)
mean+SD mean+SD meantSD  mean+SD
Greenland 2866+716 2348+22 26525 241.5+6.3
Canada 37£10 29.8+0.5 73+9 66.5+1.7
Alaska 19+5 15.6£0.3 7348 68.2+1.7
Russia 15+4 12.3£0.1 20+6 13.4£0.5
Svalbard 7£2 5.6£0.1 12+3 6.2+0.3
Iceland 4+1 3.3+0.1 16+4 3.610.1
Rounded totals: 2415+22 400+7

*Ice volume estimates from the Geological Survey of Denmark and
Greenland, and from Farinotti et al., 2019, assuming uncertainties
of +25%.

** Ice loss rates from Forsberg et al., 2017 (Greenland) and Ciraci et al.,
2020 (other areas). Mercury release estimates do not include Hg from
terrestrial subglacial sources. The Greenland figures include the ice sheet
and peripheral ice caps.

1990s, respectively (Boutron et al., 1998; Brooks et al., 2011;
Zheng, 2015). The THg concentrations in pre-20th century
firn and ice strata are mostly <1.5 pg/g of ice, comparable to
levels in pre-industrial, Holocene ice layers (~0.7-1.4 pg/g;
unpublished data, GISP2 core) and also in Holocene layers
from Canadian Arctic ice caps (<1 pg/g; Zdanowicz et al., 2016).
Since glacial ice layers of different ages contain different Hg
levels that mix upon melt, the Hg concentration in meltwater
is likely to vary in space and time. Furthermore, because the
probability distribution of THg in snow and ice is positively
skewed, mean concentrations overestimate the central tendency
in these data. For example, decadal mean THg concentrations
in cores from Greenland and some Canadian Arctic ice caps are
up to 50% to 60% greater than median concentrations (Zheng,
2015; Zdanowicz et al., 2016). Based on available data from
these cores (n=1027), a realistic estimate of the median THg
concentration that can be expected in mixed-source Arctic
glacial meltwater is 0.8 ng/L, with an interquartile range of 0.5
to 1.2 ng/L. The size of the Arctic glacial Hg reservoir can be
assessed by scaling up these figures using current estimates of
glacier ice volumes from Farinotti et al. (2019). This was done
though a Monte Carlo simulation (#=1000 iterations) in which
alog-normal distribution was assumed for THg concentrations
in ice and a normal distribution for uncertainties on glacier
volumes. Based on this probabilistic approach, the mean size
of the Arctic glacial Hg reservoir is estimated to be 2415422 t,
~97% of which is in Greenland (see Table 3.14).

The annual rate at which Hg is being released from thawing
glacier ice into Arctic marine waters can also be estimated
using spaceborne gravimetric measurements of glacier mass
shrinkage, which include losses from melt as well as tidewater
calving (Forsberg et al., 2017; Ciraci et al., 2020). Such an
estimate does not, however, include Hg from subglacial
geogenic (organic or inorganic) sources. Assuming, as before,
a median THg concentration in glacial meltwater of 0.8 ng/L
and using glacier mass loss rates in the past ~15 to 17 years
from Forsberg et al. (2017; Greenland) and Ciraci et al. (2020;
other areas) yields a figure of 400+7 kg for the average mass

AMAP Assessment 2021: Mercury in the Arctic

of Hg released annually from melting Arctic glacier ice, with
Greenland contributing ~60%; see Table 3.14).

Presently, data on Hg in glacier-fed streams of the Arctic and
Subarctic are available from northern Greenland (Rigét et al.,
2011b; Sendergaard et al., 2015), Svalbard (Dommergue et al.,
2010), the CAA (Baffin and Ellesmere islands; St. Louis et al.,
2005; Zdanowicz et al., 2013; St. Pierre et al., 2019), the Yukon
(Halm and Dornblaser, 2007; Zdanowicz et al., 2018) and
Southeast Alaska (Nagorski et al., 2014; Vermilyea et al., 2017;
see Table 3.15). Most of these data come from measurements
made in late spring or summer months (May-August). Together,
they show that THg concentrations in glacier meltwater
filtered to 45 mm (filtered total mercury; FTHg) are very low,
typically <1 ng/L (cf. Section 3.4.3). The FTHg concentrations
in glacier-fed rivers are also within the range of values found
in the pre-industrial sections of Arctic glacier ice cores
(Zdanowicz et al., 2016), so there is presently no compelling
evidence of anthropogenic Hg enrichment in meltwater issued
from Subarctic or Arctic glaciers. If such Hg is being released, it
is too diluted to be distinguished from that naturally present in
glacier ice. Mercury concentrations in unfiltered waters (UTHg)
of turbid subglacial or proglacial streams are commonly much
higher than those of FTHg, up to 73.73 ng/L, indicating that the
bulk of Hg in these streams is particle-bound (PHg). Estimates
of the PHg fraction in glacier-fed streams range from between
34% and 98%, and are typically >50%.

The reported data above make it clear that most riverine
Hg export from glaciers is in particulate form and is likely
from deposited Hg in soils and from bedrock erosion. The
Hg content in stream sediments of upslope basins that are
unimpacted by pollution point sources (e.g., mines) reflects
that of Hg deposition and bedrock lithologies (e.g., Nasr et al.,
2011; Nasr and Arp, 2017), and the same should be expected
in suspended sediments of glacier-fed streams. Reported
dry-weight concentrations of sediment-bound Hg (SHg) in
these streams range between 5 and 259 ng/g, and are typically
in the tens of ng/g (see Table 3.15). This is consistent with
published data on SHg in streambed sediments of glacier-fed
tributaries of the Yukon River (~6-80 ng/g; Friske et al., 1994;
Halm and Dornblaser, 2007) or seafloor sediments of inner
fjords in Svalbard that are fed by glacial rivers (~1-90 ng/g;
Beldowski et al., 2015; Liu et al., 2015). Episodic, yet locally
significant exports of riverine Hg can also occur during extreme
flow outbursts accompanying Icelandic subglacial eruptions
(joktlhlaups). In the 1996 jokiilhlaup from Vatnajokull,
a riverine THg concentration of 68 ng/L was recorded
(Kristmannsddttir et al., 1999).

Published estimates of riverine Hg exports to Subarctic or
Arctic marine waters mostly concern the large rivers of Siberia
and North America (cf. Section 3.4.4). The Lena, Yukon, and
Mackenzie rivers are partially fed by meltwater from limited
glacier-covered mountain areas (<6% of the total catchment
area), but the magnitude of Hg contributions from glacial
meltwater in these rivers is unknown. Melting glaciers could also
account for a substantial part of the Hg-enriched upper waters of
the Labrador Current issued from the eastern Canadian Arctic
(Cossa et al., 2018), but just how large this contribution may be
is not known at present. Estimates of Hg fluxes based on direct
or indirect measurements in glacier-fed streams of the Arctic
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Table 3.15 Published data on Hg content in glacier-fed streams in the Arctic and Subarctic.
River basin/glacier Basin area  Glacier Sampling period Hg in glacial streams Data
km? cover % sources
Month(s) Year(s) UTHg PHg FHg SHg
(ng/L) (ng/L) (ng/L) (ng/g)
Greenland
Zackenberg River 514 21 July-Aug  2009-13 4.5-7.5 4.1-7.2 0.25-0.53 $25-42 1
Svalbard
A. Lovénbreen Glacier (supra)* -- -- May-June 2007 0.6-7.2 -- -- -- 2
A. Lovénbreen Glacier (sub)* -- -- May-June 2007 1.9-5.9 -- -- -- 2
Bayelva River 32 55 June 2007 7.3 -- - -- 2
Kongsvegen Glacier (supra)* - -- May 2007 <0.2 -- - -- 2
Alaska
Lemon Creek 32 55 May-Sept 2010 0.4-8.2 1-13 -- 37-259 3
Stonefly Creek 13 31 July 2007 1.44 0.97 0.47 33 4
Gull Creek 6 2 July 2007 0.59 0.20 0.39 130 4
Nunatak Creek 38 2 July 2007 0.27 0.19 0.08 -- 4
Reid Creek 17 5 July 2007 4.62 3.73 0.89 90 4
Taiya Creek 466 33 July 2007 0.88 0.53 0.35 15 4
Skagway Creek 376 17 July 2007 - -- 0.37 -- 4
Yukon
Kusawa River 4200 5 June 2013 -- -- -- 6-28 5
Atlin River 6812 -- June, Aug 2004 0.43-2.13  0.06-0.08  0.37-2.05 -- 6
Takhini River 7050 2 June, Aug 2004 1.55-3.31  1.02-2.77  0.53-0.54 -- 6
White River 6230 30 June, Sept 2004 22.7-28.24 22.0-26.3 0.70-1.94 80 6
Canadian Low Arctic
Penny Ice Cap (sub)* -- -- June-July ~ 2008-10  0.74-5.93 -- -- -- 7
Penny Ice Cap (supra)* - -- June-July 2008-10  0.28-3.91 -- - -- 7
Weasel River -- - June 2008 1.52-2.04 -- -- -- 7
Owl River - -- July 2008 1.13-1.53 -- - -- 7
Canadian High Arctic
J. Evans Glacier (sub)* -- - June-July  2001-02  1.52-4.06 1.22-3.68  0.17-0.57 - 8
J. Evans Glacier (supra)* -- -- June-July ~ 2001-02  0.17-0.93  0.03-0.53  0.14-0.60 -- 8
Blister Creek - -- July-Aug  2015-16 0.41-73.73 -- 0.24-0.64 14 9
Snowgoose River 222 39 July-Aug  2015-16 0.57-26.00 -- 0.20-0.62 26 9
Abbé River 390 52 July-Aug 2015-16  4.36-5.72 -- 0.27-0.38 -- 9
Gilman River 992 71 July-Aug  2015-16  2.53-5.58 -- 0.26-0.44 -- 9
Henrietta Nesmith River 1274 82 July-Aug  2015-16  2.93-21.31 -- 0.27-0.53 -- 9
Turnabout River 678 38 July-Aug  2015-16  3.19-5.11 - 0.28-0.68 5 9
Very River 1035 26 July-Aug 2015-16 11.82-23.90 -- 0.40-0.59 100 9
Ruggles River** 7516 41 July-Aug  2015-16  0.17-1.20 0.31 0.26-0.32 -- 9

UTHg: Total Hg in unfiltered water, UTHg=FHg+PHg; FHg: Total Hg in filtered water (0.45 pm), operationally equivalent to dissolved Hg (DHg);
PHg: Total particulate-bound Hg retained after filtration (0.45 pm); SHg: Hg mass concentration (dry weight) in suspended or riverbed sediments.
*sub=subglacial or proglacial stream flow; supra=supraglacial stream flow. **Underlined figure is an average value. Data sources: 1=Rigét et al., 2011b
and Sendergaard et al., 2012; 2=Dommergue et al., 2010; 3=Vermilyea et al., 2017; 4=Nagorski et al., 2014; 5=Friske et al., 1994 and Zdanowicz et al.,

2018; 6=Chesnokova et al., 2020 and Halm and Dornblaser, 2007; 7=Zdanowicz et al., 2013; 8=St. Louis et al., 2005; 9=St. Pierre et al., 2019.
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Table 3.16 Published estimates of riverine Hg fluxes in glaciated basins of the Arctic and Subarctic.

River basin/glacier Basin area  Glacier Averaging Estimated PHg (kg/y) FHg THg Data
km? cover % period annual Hg mass (kgly) (g/km?/y) sources
fluxes and yield
UTHg (kg/y)
Greenland
Zackenberg River 514 21 2009-13 0.90-2.646 0.67-2.6 0.036-0.140 1.4-5.4 1
Svalbard
Kongsfjorden* 3074 77 2007 1.5-2.6 -- -- 0.5-0.8
Alaska
Lemon Creek** 32 55 2009 - - -- 19.9 3
Yukon
Kusawa River*** 4200 5 2001-11 0.20-0.28 -- -- 0.05-0.07 4
Canadian High Arctic
Blister Creek 2015-16 0.01-0.03 - -- 0.61-1.96
Snowgoose River 222 39 2015-16 0.14-0.44 -- - 0.61-2.63 9
Abbé River 390 52 2015-16 0.24-1.03 -- - 0.72-3.30 9
Gilman River 992 71 2015-16 0.72-3.27 -- -- 0.98-3.88 9
Henrietta Nesmith River 1274 82 2015-16 1.25-4.95 -- - 0.57-2.04 9
Turnabout River 678 38 2015-16 0.39-1.38 -- -- 1.32-2.91 9
Very River 1035 26 2015-16 1.37-3.01 -- -- 0.61-1.96 9
Ruggles River 7516 41 2015-16 0.26-0.65 -- 0.12-0.32 0.03-0.09 9
Overall range of values: 0.01-4.95 0.67-2.6 0.036-0.32 0.05-19.9
Excluding Lemon Creek: 0.05-3.88

*Total THg runoff input to fjord from tundra snowpack and glaciers. **THg from glacier meltwater contribution only, not including subglacial flow.
***THg fluxes and basin yield estimated from fluorescent dissolved organic matter. The basin yield (italicized) is a possible outlier compared to all other

reported values. Data sources are as listed in Table 3.15.

and Subarctic range between 0.01 and 4.95 kg/y for THg (see
Table 3.16). When the fluxes are normalized by catchment area,
they translate to annual yields ranging from 0.03 to 3.88 g/km*/y
for THg in basins with 21% to 82% glacier coverage. A published
figure of 19.9 g THg km?/y from the Lemon Creek Basin,
Alaska (32 km? 55% glacier cover), which was estimated from
fluorescing organic matter measurements, presently stands out
as an outlier (Vermilyea et al., 2017).

The majority of glaciated Arctic river basins have too limited
ice coverage to strongly control their mean annual sediment
yield (Overeem and Syvitski, 2008), although years of high
summer melt rates may disproportionally impact sediment
export in mountain catchments (Wada et al., 2011). The data
in Tables 3.15 and 3.16 suggest that the same holds true of
THg yields from glaciated basins, which likely depend on
additional factors such as climate, relief, stream length and
drainage pattern. In the relatively near term (i.e., in the
coming years to decades), the continued recession of mountain
glaciers and small ice caps is expected to enhance sediment
discharge into streams and lakes, followed by a longer-term
decrease of the sediment flux as glaciers continue to shrink
and thin becoming less dynamic (Milner et al., 2017). This
has, in fact, been observed in the Alps (Delaney et al., 2018).
In Greenland, sustained, larger sediment fluxes to surrounding
marine waters are expected, particularly from fast-flowing
tidewater glaciers, and a current estimate of the total suspended
sediment output in meltwater is 1.294 Gt/y (Overeem et al.,

2017). Using a median SHg concentration of ~31 ng/g (after
Sendergaard et al., 2015), this translates to a sediment-bound
export of ~40 t THg/y, which is an order of magnitude greater
than an estimate of 4.6 t THg/y previously made by Rigét et al.
(2011) from simple upscaling of data from the Zackenberg
River. Because the concentration of suspended sediments in
glacial rivers is highly variable in both space (between glacier
catchments) and time (through the melt season), and as the Hg
content in these sediments can also vary from ~1 to 80 ng/g
according to catchment geology, it is presently very difficult to
properly quantify the total sediment-bound Hg flux from Arctic
glaciers to the Arctic Ocean. However, the simple estimate from
Greenland above clearly shows that this flux is far larger than
that of Hg released from melting ice alone (see Table 3.14).

3.4.4 How much mercury do rivers
transport to the Arctic Ocean?

Rivers are an important transport pathway between the
atmospheric Hg deposited in terrestrial watersheds, natural Hg
eroding from catchment geology and thawing from permafrost,
and the Arctic Ocean. There have been no recent studies on
groundwater transport of Hg into the Arctic Ocean, and so
this potential source will not be considered further in detail.
Early work on coastal groundwater flows directly into the
Arctic Ocean suggested that the total volume is <10% of the
river flows (Stein and Macdonald, 2004). Groundwater is an
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important and increasing component of total river discharge
in at least some Arctic rivers (e.g., the Yukon River; Walvoord
and Striegl, 2007). It is also noteworthy that in other parts of
the world, subsurface groundwater discharge may contribute as
much Hg to coastal marine environments as direct atmospheric
deposition (Outridge et al., 2018).

Earlier sections of this chapter (Sections 3.3.3 and 3.4.1, 3.4.2
and 3.4.3) summarized the current state of knowledge of
present-day rates of atmospheric Hg wet and dry deposition
onto Arctic catchment areas, uptake of Hg by Arctic vegetation,
soil and snow meltwater Hg concentrations, and the role of
permafrost and glaciers in mobilizing Hg into Arctic streams
and rivers. Permafrost is a unique feature of the Arctic and
underlies much of the Arctic Ocean river catchment areas.
Permafrost accumulated a large mass of Hg through the
10 millenia of the Holocene and previous inter-glacial stages;
approximately 184-755x10° tonnes resides in the upper 1 m
of tundra soils including permafrost, with the highest Hg
concentrations in surface soils (Olson et al., 2018; Schuster et al.,
2018). Consideration of the Hg sources feeding into Arctic
rivers must therefore encompass soil and snowmelt, as well
as permafrost.

Arctic catchment soils act as a buffer between atmospherically-
sourced Hg and the Hg in river and lake waters. The soil buffer
acts to temporally and quantitatively ‘dislocate’ deposited Hg
from riverine Hg by slowing the transfer of atmospheric Hg
into freshwater environments. This dislocation accounts for
the finding that much of the Hg in tundra soil active layers
was deposited prior to the industrial period (Olson et al.,
2018), the implication being that it has been stored in soils
for millennia. Many environmental factors that vary between
Arctic river catchments, including precipitation, river discharge
rates, topography, land use, proportion of permafrost area,
active layer thickness, vegetation cover and hydrogeological
features, also influence river Hg flux (Domagalski et al., 2016;
Sonke et al., 2018; Lim et al., 2019; Mu et al., 2019). Catchment
differences and soil retention of Hg partly explain the lack of
a clear relationship between the rates of current atmospheric
Hg deposition and river Hg fluxes in the Arctic and elsewhere
(Brigham et al., 2009; Domagalski et al., 2016).

There is a distinct seasonality in the dominant sources of Hg
(and water) flowing through rivers to the ocean. There remains
much uncertainty about the hydrological and geomorphological
processes responsible for mobilizing soil, permafrost and
snowpack Hg and transporting it downslope to freshwater
environments. However, since snowmelt occurs at the end of
winter when the ground is still frozen, percolation through the
soil column is not likely a major Hg source in spring freshet.
Thus, the melting of snowpacks and glaciers, as well as the
overland transport of surface soil particles and vegetation
detritus, are probably the main springtime sources of river
water Hg to the Arctic Ocean (Douglas et al., 2017). The spring
freshet also exhibits the highest Hg concentrations and fluxes
over the entire annual hydrological cycle (Schuster et al., 2011;
Emmerton et al., 2013; Sonke et al., 2018; Lim et al., 2019;
Zolkos et al., 2020). Dastoor and Durnford (2014) estimated
(using the GEM-MACH-Hg model) the annual transfer of THg
from snowpack to meltwater of 8.0, 31.2 and 39.2 t/y in North
American, Russian, and all pan-Arctic watersheds, respectively.

The areal yields of total dissolved Hg in Arctic coastal meltwater
are reported to be the highest in the world, markedly greater
than in meltwater from temperate watersheds and up to seven
times greater yields (with a range of 8-14 ng Hg/ha) than
non-coastal Arctic locations (Douglas et al., 2017). Summer
precipitation and active layer percolation and permafrost thaw
lead to a second peak in riverine water and Hg export in autumn
(Lim et al., 2019; Zolkos et al., 2020). Seasonal freshwater
discharge from snowmelt and permafrost thaw also releases
large amounts of sediment as well as dissolved organic carbon
(DOCQ), particulate organic carbon (POC) and total organic
carbon (TOC) to Arctic rivers (Stein and Macdonald, 2004).

Permafrost, soil and landscape properties strongly influence
the spatial distribution of riverine Hg fluxes. Lim et al.
(2019) found that maximum particulate Hg concentrations
and fluxes in Western Siberian rivers occurred in areas of
sporadic/discontinuous permafrost, and were mainly sourced
from thawing discontinuous permafrost. Rivers draining
southern permafrost-free and northern continuous permafrost
regions exhibited lower Hg concentrations and fluxes than
the intermediate regions of discontinuous permafrost. Small
catchments with large areas of organic matter-rich permafrost
were especially important sources of suspended Hg load. At
the thawing permafrost boundary, where the active layer
was deepest, deep and intermediate peat horizons were
dominant contributors to the riverine Hg loading rather than
soil mineral layers, surface peat and plant litter (Lim et al.,
2019). St. Pierre et al. (2018) estimated that ~5% of the Hg
in Arctic permafrost soils may occur in regions susceptible
to the development of hillslope thermokarst features, such
as retrogressive thaw slumps, that can quickly mobilize
vast amounts of stored, particulate-bound Hg directly into
downstream environments. Most riverine export of Hg in
glacier-fed streams is in particulate form, with total Hg fluxes
ranging between 0.14 and 16.4 kg/y in the Arctic and Subarctic
(see Section 3.4.3).

The proportion of natural and anthropogenic Hg present
in Arctic river water is another area of uncertainty. Arctic
lake sediments record a three to five times increase in
atmospheric deposition loads since the Industrial Revolution
(Fitzgerald et al., 2005; Muir et al., 2009), similar to those in
temperate zones (Schuster et al., 2002; Drevnick et al., 2016).
This Hg is likely accumulated in surface soil layers. Obrist et al.
(2017) reported geogenic Hg contributions in the range of 0%
in organic soil horizons to around 40% in mineral soil horizons
in Arctic tundra. However, most of the Hg accumulated in
deeper layers, including all of the large mass in permafrost,
was accumulated during pre-industrial times and is therefore
of natural origin (Olson et al., 2018). Since the Hg in the
springtime freshet reflects recent atmospheric deposition, while
summer permafrost thaw liberates ancient Hg, it is likely that
both pre- and post-industrial (natural and anthropogenic)
Hg sources contribute to annual riverine export of Hg to the
Arctic Ocean. However, based on the observations of higher
Hg concentration and water discharge rate during spring flood
(over 60% of the annual discharge) and evidence of recent Hg
in lake sediments, a more significant contribution of post-
industrial Hg in river export is likely. Lim et al. (2019) suggested
that a two to three times higher Hg:C ratio in spring waters of
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2.Yukon (195)

3. Kolyma (132)

4. Indigirka (61)
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10. Severnaya Dvina (110)

Catchment area for Arctic
Ocean and adjacent seas

Catchment area for Hudson Bay,
Baffin Bay and adjacent seas

Figure 3.21 Map of Arctic river catchments as employed by AMAP (2011), showing annual freshwater discharges into the Arctic Ocean (km*/y). Note
that the rivers draining into Hudson Bay, Hudson Strait and Baffin Bay are not included in this definition but are encompassed by some of the river Hg

mass balance studies discussed here. Source: Outridge et al., 2008.

Western Siberian rivers compared to other seasons reflects the
runoff of Hg accumulated in seasonal snowpacks. However,
the proportion of recent versus legacy Hg deposition annually
mobilized in river waters likely varies between watersheds.
Better understanding of processes that mobilize the Hg from
different sources in tundra soils to aquatic environments will
be critical to assessing how future levels of Hg in Arctic aquatic
systems may change in response to actions taken under the
Minamata Convention (i.e., emission reductions), and to
climate change.

The river catchments that drain into the Arctic Ocean (as
defined by AMAP, 2011; see Figure 3.21) yield an annual
freshwater runoft of about 3300 km?, with the Russian rivers,
the Yenisey (620 km?), Lena (523 km?) and Ob (404 km?®) rivers,
and the Mackenzie River (330 km®) in Canada contributing
the highest flows and the Mackenzie the largest sediment load
(Stein and Macdonald, 2004). The earliest oceanic Hg mass
balance (Outridge et al., 2008; see also AMAP, 2011) estimated
a total riverine Hg outflow to the ocean of about 13 t/y THg
based on sparse riverwater Hg concentration data from the
Mackenzie River (Leitch, 2006; Leitch et al., 2007) and three
Siberian rivers (Coquery et al., 1995). Since then, expanded
sampling campaigns and the use of different upscaling or
modeling approaches have yielded total pan-Arctic river THg
estimates of between 16 and 108 t/y (Durnford et al., 2012;

Fisher et al., 2012; Kirk et al., 2012; Amos et al., 2014; Dastoor
and Durnford, 2014; Zhang et al., 2015; Soerensen et al., 2016a;
Sonke et al., 2018; Mu et al., 2019; Zolkos et al., 2020).

The latter three studies are notable additions to the Arctic river
Hg estimates because they are based on measurements of river
water Hg concentrations in seven of the largest rivers, including,
for the first time, seasonal data from the Russian sector of the
Arctic. Based on data for the period 2012 to 2015 from the
Arctic Great Rivers Observatory (GRO; Holmes et al., 2018),
Mu et al. (2019) calculated the export of THg from the six
largest rivers (the Yenisey, Lena, Ob, Mackenzie, Yukon and
Kolyma rivers) to be 20.1 t/y (IQR: 14.8-28.8 t/y). Similarly,
Zolkos et al. (2020), also using the GRO database but for 2012
to 2017, calculated a Hg export of 19.7 t/y for these rivers.
Approximately 53% of Hg exports occurred during spring, 43%
in summer and 5% in winter (Mu et al., 2019), a pattern also
observed in small Siberian rivers (Lim et al., 2019).

Sonke et al. (2018) made multi-year observations at a relatively
high temporal resolution of dissolved and particulate Hg and
DOC in the Severnaya Dvina, Yenisey and Great Whale rivers,
confirming a strong Hg export during the spring freshet in
May to June, but also during the autumn wet season. They
supplemented these measurements with THg:DOC data and
riverine DOC fluxes from earlier studies to estimate the pan-
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Arctic Hg flux. Two contrasting methodologies were used,
which produced similar pan-Arctic results: total Hg:DOC
relationships for rivers upscaled to the whole Arctic using
riverine DOC flux data; and total Hg yield:runoff relationships
for multiple Arctic watersheds upscaled to include all Arctic
rivers. Annual total Hg outflows calculated by these methods
were 43 t/y, and 44+4 (SD=1) t/y, respectively, consisting of
equal parts dissolved (22 t/y) and HgP (22 t/y). These estimates
include the relatively small rivers draining into Hudson Bay
and Baffin Bay; with those excluded, the Arctic Ocean riverine
flux was 41+4 t/y. The THg estimates by both methods are
similar to the most recent modeling-based values of 46 to 50 t/y
(Dastoor and Durnford, 2014; Zhang et al., 2015) and to a
pan-Arctic flux of 37+2 t/y calculated from GRO data for the
period 2012 to 2017 (Zolkos et al., 2020). For the oceanic mass
balance presented later in this chapter (see Section 3.8), the
best estimate for the riverine Hg flux to the Arctic Ocean (as
defined in Section 3.8) is taken to be 41+4 t/y from Sonke et al.
(2018). This is of similar magnitude, within uncertainty, to the
coastal erosion Hg flux of 39 t/y derived in Section 3.4.5. An
increase over recent decades in the discharge of major Arctic
rivers is well established (e.g., Serreze et al., 2006; Box et al.,
2019), and rivers may become more important Arctic Ocean
Hg sources in future (see Chapter 5).

The importance of terrestrial Hg sources in the Arctic Ocean Hg
cycle is supported by stable Hg isotope data on Arctic marine
sediments and biota. Paleo-sediment Hg isotope patterns
clearly indicate terrestrial soil Hg sources were dominant
prior to the industrial period (Gleason et al., 2017). A recent
re-evaluation of published marine biota Hg isotope data also
suggests that soil-derived Hg dominates the MeHg present in
many top predators in the Arctic Ocean today (Masbou et al.,
2018). The isotope data cannot at present distinguish between
riverine and erosion Hg sources, since both represent a
terrestrial soil isotope signal. Nonetheless, the importance
of riverine and coastal erosion sources of Hg to the pelagic
areas of the Arctic Ocean contrasts with other world oceans in
which direct atmospheric Hg deposition generally dominates
(Soerensen et al., 2016a; Outridge et al., 2018). The finding
of Hg- and organic carbon-enrichment in Labrador Current
waters exiting from the Canadian Arctic Archipelago also
suggests a significant terrestrial contribution to the overall
Arctic Ocean Hg budget (Cossa et al., 2019).

3.4.5 How much mercury does coastal
erosion contribute to the Arctic Ocean?

Coastal erosion rates along some parts of the Arctic Ocean
coastline are among the highest in the world owing to the
occurrence of long reaches of unlithified glacial till sediments
occurring in elevated bluffs, comparatively rapid changes in
relative sea level, and the widespread presence of exposed
ground ice that is susceptible to the eroding action of wind
and water (Overduin et al., 2014; Gibbs et al., 2015). The
overall long-term erosion rates in different sectors of the Arctic
coastline, expressed in spatial terms, are typically between
0.5 and 1.5 m/y, with high local and regional variability
(Lantuit et al., 2012; Overduin et al., 2014; Couture et al.,
2018). Susceptible sections of the Laptev, East Siberian and
Beaufort sea coasts commonly exhibit losses of between 3

and 10 m/y with localized sites exceeding 20 m/y (Jones et al.,
2009; Lantuit et al., 2012; Giinther et al., 2013). Furthermore,
there is substantial evidence that average erosion rates are
significantly increasing across many Arctic regions and are
now higher than at any time since observations began 50 to
60 years ago (Overduin et al., 2014; Irrgang et al., 2018). For
example, erosion rates in rapidly eroding sections of the Laptev
and Beaufort seas have doubled over the past 50 years (Jones
etal,, 2009; Giinther et al., 2013). Possible contributing factors
for this increase are discussed in Chapter 5.

Previous estimates of the Hg mass input to the Arctic Ocean
from coastal erosion vary within a factor of three, between
15 and 47 t/y, and were based on either scaled-up local
measurements or inferences from atmospheric-ocean models
(Outridge et al., 2008; Fisher et al., 2012; Zhang et al., 2015;
Soerensen et al., 2016a). All of these studies suggested that
erosion contributed a significant fraction of the total inputs to
the oceanic Hg mass balance. However, the paucity of data on
permafrost and tundra soil Hg concentrations, and uncertainties
around the erosion mass flux were acknowledged weaknesses.
Based on soil/permafrost cores from eroding coastal blufts
along the Beaufort Sea coast (Leitch, 2006), Outridge et al.
(2008; see also AMAP, 2011) used a median soil Hg value of
110 ng/g dw to develop an oceanic erosion Hg mass estimate,
whereas Soerensen et al. (2016a) used a value of 81 ng/g dw.

Recently, Olson et al. (2018), Schuster et al. (2018) and
Lim et al. (2020) provided new permafrost and tundra soil Hg
concentration data for different areas of the Arctic. Olson et al.
(2018) synthesized most of the available Arctic tundra soil Hg
data (see Olson et al., 2018 for references), to which we have
added data from Leitch (2006; n=262) and Lim et al. (2020;
n=207, excluding data from a non-permafrost site in Central
Russia). Schuster et al’s (2018) data were omitted from this
calculation because their data excluded active layer soils, which
would be eroded into the ocean along with permafrost. The
exclusion of active layer soil could have significantly biased the
results lower, because the active layer often contains higher Hg
concentrations than the underlying permafrost (e.g., Leitch,
2006; Outridge and Sanei, 2010; Olson et al., 2018). The
combined data summary (n=985) indicates a mean (+SD) Hg
concentration of 66.1+52.3 ng/g dw (median of 54.8 ng/g dw).
The 25% and 75% confidence intervals (CIs) were 30.0 and
88.8 ng/g, respectively. These concentrations are used below to
derive a new coastal erosion Hg flux estimate with uncertainties.

Published estimates of soil erosion mass loss into the Arctic
Ocean as a whole remain rare since Rachold et al’s (2004)
calculation of 430 Mt/y. However, based on the Arctic Coastal
Dynamics Database (ACD), Lantuit et al. (2012) estimated
mean volumetric erosion losses for different sectors of the
Arctic Ocean coastline, which were used here to calculate a
soil erosion mass for the ocean (see Table 3.17). There are
two key assumptions in the calculation of eroded mass from
eroded volume. The first is the use of a common bulk density
of 1.2 g/cm’ for the eroding material, which was derived from
a significant inverse relationship between bulk density and
soil organic carbon content in Canadian Arctic and Subarctic
soils (Hossain et al., 2015). The second assumption is that the
average soil organic carbon content in eroding coastal bluffs
in the Yukon (4.5% TOC; Couture et al., 2018) is applicable to
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Table 3.17 Calculation of coastal erosion total Hg flux into the Arctic Ocean.
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Sector name® Length  Percenttotal Mean cliff Mean erosion Mean vol. Total vol.  Vol. corrected  Soil mass  Hg flux (t/y)*

(km)® length (%) height rate (m/y)  ground ice eroded for ice eroded

(ma.s.l) (vol. %) (km?/y) (km®/y) (Mtly)*

Russian 2736 2.7 14.5 0.27 13.9 0.011 0.009 11.1 0.7
Chuckchi Sea
American 4662 4.6 5.0 0.49 24.0 0.011 0.009 10.4 0.7
Chuckchi Sea
American 3376 33 1.5 1.15 26.9 0.006 0.004 5.2 0.3
Beaufort Sea
Canadian 5672 5.6 6.7 1.12 29.4 0.043 0.030 36.3 2.4
Beaufort Sea
Greenland Sea/ 4656 4.6 No data 0.01 14.2 -- -- -- --
Canadian Arctic
Archipelago
Svalbard 8782 8.7 14.0 0 0.0 0.000 -- -- --
Barents Sea 17965 17.7 10.5 0.42 16.2 0.079 0.067 79.8 53
Kara Sea 25959 25.6 14.0 0.68 23.7 0.248 0.189 227 15.0
Laptev Sea 16927 16.7 11.9 0.73 17.1 0.147 0.122 146 9.7
East Siberian Sea 8942 8.8 8.8 0.87 19.6 0.068 0.055 66.0 4.4
Total or Mean 101447 100.0 9.7 0.57 18.5 0.614 0.485 582 38.5

a) Arctic Ocean boundaries and areas conform to AMAP definitions.

b) Data on coastal geomorphology and erosion rates from the Arctic Coastal Dynamics Database (Lantuit et al., 2012). Erosion data are weighted with
the length of the coastline in each sector to accurately represent the input of each sector in the whole ocean calculation.

¢) Eroded volume corrected for ground ice volume, and converted to mass assuming a mean bulk density of 1.2 g/cm® derived from a significant inverse
relationship between bulk density and soil organic carbon (SOC) in Arctic soils (Hossain et al., 2015) and the mean SOC of eroding Yukon coastal soils

of 4.5% (Couture et al., 2018).

d) Hg flux calculated from soil mass eroded assuming a mean Hg concentration of 66.1 ng/g dw in Arctic tundra and coastal soils (n=985; see text).

the whole Arctic coastline. Couture et al. (2018) represents the
most comprehensive survey published to date of OC in eroding
Arctic coastal soils, although it is restricted to the Beaufort Sea
coast of the Yukon.

By combining the resulting total coastal erosion rate (582 Mt/y)
with the mean and 25% to 75% CI soil Hg concentration
values described above, erosion is estimated to contribute
38.5 t/y THg to the ocean, with a 25% to 75% CI of 17.5 to
51.5 t/y (see Table 3.17). This value falls within the range of
previous estimates (see above). Using the median soil Hg
value of 54.8 ng/g gives an erosion flux of 32 t/y. The Eurasian
Arctic coastline, where erosion rates are highest, contribute
the overwhelming majority (89%) of the total Hg influx; the
Greenland Sea, the sea around Svalbard, and Canadian Arctic
Archipelago sectors contribute negligible amounts because
their average erosion rates are very low (<0.01 m/y). This Hg
flux calculation assumes that tundra soil Hg concentrations in
the Eurasian sector of the Arctic, from which there are relatively
few data (see Schuster et al., 2018 and Lim et al., 2020), are
similar to the Alaskan and Canadian sectors.

The majority of the Hg contained in eroding coastal soils is
likely to be natural in origin, deposited from the atmosphere
during millennia of peat growth and soil formation after the
end of the last global glaciation and before the industrial era.
Olson et al. (2018) estimated that ~90% of the Hg in tundra
soil profiles is natural, but pointed out that this estimate is
affected by uncertainties such as the degree of thermokarst
mixing of surface and mineral soils in active layers, and the

timing and size of the anthropogenic atmospheric influx
during the 20th century.

The speciation and fate of the eroded Hg once in the ocean
has not been studied. Like Hg in other soils worldwide
(O’Connor et al.,, 2019), Hg in the eroding material may be
predominantly in particulate form bound to organic matter
and minerals, with a minor fraction dissolved and bound to
dissolved organic matter (DOM) in soil porewater. Initially,
eroded material was thought to predominantly settle out
in coastal sediments (Hill et al., 1991), suggesting that this
may also be the fate of much of the associated Hg. However,
Couture et al. (2018) calculated that only a minor fraction
(~13%) of the eroded soil organic carbon was actually
present in near-shore sediments, indicating that most of
the C was either rapidly metabolized in the near-shore
environment or was exported off the continental shelf by
waves or sea ice. Because of the often-strong association
of Hg and organic matter in tundra soils and permafrost
(e.g., Schuster et al., 2018; Lim et al., 2020), Couture et al’s
findings suggest the possibility that the Hg from coastal
erosion may also be remobilized during organic matter
mineralization and transported from coastal sediments to
elsewhere in the oceanic environment. The finding, based on
stable Hg isotopes, that top marine predators in the Arctic
Ocean contain a predominance of Hg from terrestrial sources
(Masbou et al., 2018) supports this suggestion, although Hg
isotope analysis cannot distinguish between riverine and
coastal erosion sources of terrestrial Hg in the ocean.
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3.5 How much mercury enters the
Arctic Ocean, and how does ocean
circulation transport mercury to the
Arctic Ocean?

3.5.1 How much marine mercury enters
the Arctic Ocean?

The four main gateways for seawater Hg exchange between
the Arctic Ocean and the Pacific and North Atlantic oceans
are the Bering Strait, the Canadian Arctic Archipelago and
the Davis Strait, the Fram Strait, and the Barents Sea Opening
(BSO; see Figure 3.22), with the BSO and Davis Strait exhibiting
the largest flow volumes. Seawater exchanges with the Pacific
and Atlantic oceans were estimated by Tsubouchi et al.
(2018) to be: a northward inflow through the Bering Strait of
22.1+22.1x10° km?*/y; a northward net inflow through the BSO
of 72.5+37.8x10° km’/y; a southward net water outflow through
the Fram Strait of 34.7+37.8x10° km?/y; and a southward net
outflow of 66.2+22.1x10° km?/y through the Davis Strait. There

is a net volume outflow from the Arctic Ocean of 6.3x10° km’/y,
with the inflow-outflow difference made up by river inflows and
direct precipitation onto the ocean surface (Haine et al., 2015).

Water from the North Pacific Ocean flows unidirectionally
into the Arctic Ocean through the Bering Strait which has
a broad, shallow (~50 m depth) sill that effectively restricts
water inflow (Carmack et al., 2016). From the Atlantic Ocean,
surface, mid-depth and deep ocean waters enter the Arctic
Ocean via the Fram Strait and the Barents Sea; Arctic waters,
representing a mixture of Pacific Ocean and internally-modified
Atlantic Ocean waters, exit into the North Atlantic via the
Fram and Davis straits (Haine et al., 2015). The Fram Strait
is the only deep-water connection between the Arctic Ocean
and the North Atlantic Ocean via the Nordic Seas. Relatively
warm and saline North Atlantic water enters the Arctic Ocean
here as the West Spitsbergen Current, while cold and less saline
Arctic water masses exit the Arctic Ocean as the East Greenland
Current. Because the salinity of Pacific water is less than that of
the Atlantic water, Pacific waters overlie the Atlantic Layer over
much of the western half of the Arctic Ocean (Carmack et al.,
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Figure 3.22 The Arctic Ocean and its seawater exchanges with the rest of the world’s oceans. The major ocean currents (long arrows), the four Arctic
Ocean gateways in the Fram Strait, the Barents Sea Opening, the Davis Strait, and the Bering Strait, and the gyral circulation patterns (purple arrows)
are shown. Relatively warm, salty Atlantic waters (red arrows) enter the Arctic Ocean through the Fram Strait and the Barents Sea Opening, and are
distributed within the Arctic Ocean in subsurface, topographically constrained boundary currents along the continental margin and undersea ridge
system. Cooler and fresher Pacific-origin waters (blue arrows) enter the Arctic Ocean through the Bering Strait and, together with internally modified
Atlantic-origin waters, exit through the Canadian Arctic Archipelago, the Davis Strait, and the Fram Strait along eastern Greenland. The salt-stratified

ocean domains are shown in light blue. Source: Carmack et al., 2016.
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2016). The northward penetration and vertical mixing of
Atlantic water with Pacific water is enhanced during periods
of positive Arctic Oscillation Index, which results in generally
stronger southerly winds over the Barents and Greenland seas.
There is a net west-to-east movement of water, gases, and other
constituents via the Transpolar Drift from the Pacific to the
Atlantic side, which is driven by the pressure gradient created
in part by salinity and temperature differences between the two
oceans (Carmack et al., 2016).

Two earlier studies estimated ocean current THg inputs to the
Arctic Ocean based on current volumes and published THg
concentrations in Pacific and Atlantic seawater, and reported
similar results: 48 t/y THg (Outridge et al., 2008; see also AMAP,
2011) and 53 t/y (with a range of 40-62 t/y; Soerensen et al,
2016a). Most of this Hg comes from the North Atlantic (47 t/y;
Soerensen et al., 2016a), particularly from deep and mid-depth
waters, and is driven by the much greater Atlantic inflow volume
and the similar range of THg concentrations for Atlantic and
Pacific waters. Support for the low Hg estimate in the Bering Strait
of 6 t/y comes from seawater Hg measurements in the Bering Sea
and Strait, conducted duringa GEOTRACES 2015 cruise, which
calculated a Hg inflow range of 1 to 14 t/y (Agather et al., 2019).
Recent estimates based on the 2015 GEOTRACES TransArc II
and the 2016 GEOTRACES GRIFF cruises suggest an influx
of 49 t/y of THg into the Arctic Ocean via the Fram Strait and
Barents Sea Opening (Petrova et al., 2020).

The Hg flux calculations referred to above are based on average
current volumes measured in the 1990s or 2000s. Evidence
from a series of permanent in situ moorings indicates that
the seawater volume flowing through the Bering Strait has
increased significantly over the last two decades at an average
rate of 1.8% per year (@sterhus et al., 2019). There is considerable
interannual variability to the northward Bering flow, but the
difference between the minimum in 2001 and maximum in 2014
represented an overall 70% increase (Woodgate, 2018). The most
likely explanation for this trend is lower water pressure in the East
Siberian Sea caused by increasing westerly winds over the past
two decades; the winds drive surface water from the shelf into
the deeper ocean basin thereby creating a pressure differential
between the Bering Sea and Arctic Ocean (Peralta-Ferriz and
Woodgate, 2017). Inflow volumes from the North Atlantic side
have remained relatively stable between the mid-1990s and
mid-2010s, although there is a slight, non-significant, increasing
trend (Osterhus etal., 2019). Because the Pacific Ocean supplies
only about 10% of the total seawater inflow to the Arctic Ocean
(Woodgate, 2018; @sterhus et al., 2019), the impact on Hg
delivery to the Arctic Ocean as a whole from increasing Pacific
inflows is likely to be minor. However, the Hg delivered could
affect Hg budgets in the East Siberian, Chukchi and Beaufort
seas, where the effects of Pacific waters are noticeable on regional
water chemistry, nutrient and heat budgets (Woodgate et al.,
2010; Torres-Valdéz et al., 2013; Haine et al., 2015).

The Hg losses from the Arctic Ocean are due to outflowing
ocean currents, evasion, and sedimentation on the continental
shelves and deep ocean basins. Evasion processes and flux
estimates were reviewed in Section 3.3.3d. To provide
perspective for the ocean losses discussion, it should be
reiterated that Hg evasion from ocean surface waters accounts
for 12 to 99 t/y (Outridge et al., 2008; Soerensen et al., 2016a;
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see Section 3.3.3d). Losses in sedimentation is covered in
the following Section (Section 3.5.2). Previous estimates
of the overall Hg loss rate in ocean outflows (excluding Hg
entrained in sea ice and snow) are reasonably similar to each
other: 68 t/y (Outridge et al., 2008); 83 t/y (with a range of
49-123 t/y; Soerensen et al., 2016a), and 73 t/y (Petrova et al.,
2020). For the purposes of the ocean mass balance budget
(Section 3.8), the latter best estimate by Petrova et al. will
be used. Compared to the surface waters of all other oceans,
Arctic Ocean surface waters are enriched in Hg (Wang et al.,
2012a; Heimbiirger et al., 2015; Agather et al., 2019) so that
outflowing Arctic water entering the North Atlantic Ocean
has a higher average THg concentration than Atlantic waters
flowing into the Arctic (Cossa et al., 2018, 2019; Petrova et al.,
2020). Riverine Hg inputs together with sea ice restricting
dissolved gaseous mercury (DGM) evasion have been cited
as the explanation for higher seawater Hg concentrations
in Arctic surface water (Wang et al., 2012; Soerensen
et al., 2016a), although coastal erosion likely also plays an
important role (see Section 3.4.5).

3.5.2 How much mercury exchanges
between water and sediments in
the Arctic Ocean?

Marine sediments exchange Hg with overlying seawater in
two ways: sedimentation/resuspension of particulate Hg, and
bidirectional diffusion of dissolved and gaseous species. Only
few studies have estimated some of these parameters on an
Arctic-wide scale (Outridge et al., 2008; Soerensen et al., 2016a;
Tesan Onrubia et al., 2020). While their accuracy is limited
by sparse sediment Hg concentration and speciation data, the
sedimentation rates prevailing on the continental shelves and
deep basin are relatively well constrained (Rachold et al., 2004).
Rivers (especially the Yukon and Mackenzie rivers) and coastal
erosion provide most of the organic and inorganic material
accumulating in Arctic marine sediments, with the remainder
from within-ocean primary production and wind-blown dust
(Holmes et al., 2002; Rachold et al., 2004; Gamboa et al., 2017).
Based on a balanced solids budget for the ocean developed
largely from Rachold et al. (2004), sedimentation rates of solids
on shelves and the deep basin amount to 490 Mt/y and 134 Mt/y,
respectively (Soerensen et al., 2016a).

Estimation of an average THg concentration in ocean
sediments is difficult because of the continuing paucity of
measurements, especially in the deep basin. Outridge et al.
(2008; used in AMAP, 2011) relied on an early estimate of
an average THg concentration of 210 ng/g in shelf sediments
(Macdonald and Thomas, 1991) to develop their shelf
sedimentation Hg flux. Candrio et al. (2013) and Fox et al.
(2014) calculated the average shelf THg concentration to
be in the 20 to 55 ng/g range based on additional sampling.
Gobeil et al. (1999) reported much higher THg in basin
surface sediments (up to 116 ng/g) but attributed that to the
diagenetic redistribution of Hg within the sediment profile.
Soerensen et al. (2016a) chose 45 ng/g as the best estimate
THg value for both shelf and basin sediments in their Arctic
Ocean mass budget study. Suspended sediment analyses from
continental shelf waters show THg concentrations to be in
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the 30 to 70 ng/g range (Graydon et al., 2009a; Pucko et al.,
2014). Similarly, the most recent available study suggests THg
concentrations of 36 to 145 ng/g in the deep basin and 38
to 98 ng/g in the shelf sediments of the Barents Sea (Tesan
Onrubia et al., 2020).

Soerensen et al. (2016a) combined the best estimates of THg
with the solids budget and arrived at a sedimentation load of
30 and 8 t/y of THg to the shelf and deep basin, respectively.
Resuspension was not estimated due to an absence of data on
solids resuspension. As no estimates on the partitioning of
Hg(II) between the dissolved and solid phases are available
from Arctic sediments, dissolved phases of Hg were calculated
with data from North Atlantic estuarine and shelf regions
(log Ka:Hg=4.0, Sunderland et al., 2006; Hollweg et al., 2010;
Schartup et al., 2015a). The dissolved concentrations were
used to calculate upper and lower bounds for the diffusion of
Hg species at the sediment-water interface. Diffusion to the
overlaying water column was estimated at 5 t/y of THg from
both shelf and deep basin sediments (from a figure of 10 t/y
for the entire ocean; Soerensen et al., 2016a).

Based on Hg and Th-234 radionuclide tracer measurements,
Tesan-Onrubia et al. (2020) estimated high settling fluxes of
THg from the surface ocean waters (100 meters depth) of
122455 Mg/y in the shelf (7.2+17 Mg/y, deep basin); these
fluxes are adjusted for the Arctic Ocean area considered in
this report. Tesan-Onrubia et al. (2020) estimated net burial
of Hg in deep and outer shelf ocean sediments of 16 t/y and
in total Arctic Ocean sediments of 28 t/y (24 and 4 t/y of THg
to the shelf and deep basin, respectively) are in agreement
with Soerensen et al. (2016a). A recent Th-230 radionuclide
tracer-based study constrained the deep basin Hg burial flux to
3.9+0.7 Mg/y (Hayes et al., 2021). Surface waters THg settling
flux measured by Tesan-Onrubia et al. (2020) suggests shelf
sediments Hg burial flux to be higher than current estimates.
Shelf Hg burial flux is likely underestimated due to a lack
of measurements in the inner shelf. New measurements on
the Siberian shelf suggest Hg burial rates of up to 75 Mg/y
(Aksentov et al., 2021) and that earlier estimates are biased
low because of underestimated sediment density. Using all
available data (Tesan-Onrubia et al., 2020; Aksentov et al., 2021;
Hayes et al., 2021), revised shelf Hg burial flux of 42+31 Mg/y
(n=114) is estimated for this report.

3.5.3 How much mercury is present
in Arctic sea ice?

The sea-ice environment takes up and transports Hg and
other contaminants between the air-sea-ocean interface and
the Siberian Shelf, and significant amounts of Hg is reported
to reside within snow and sea ice in the Arctic (Chaulk et al.,
2011; Beattie et al., 2014; Schartup et al., 2020) and the Antarctic
(Cossa et al., 2011; Nerentorp Mastromonaco et al., 2016).

Deposited Hg on sea ice can be transported further down the
snow column and reach the ice (Chaulk et al., 2011; Durnford
and Dastoor, 2011). The vertical profile of one-year-old ice shows
great variations in structure, having first a layer of snow on top,
followed by an infiltrated layer of snow and ice. Shortly after
the skim ice is the transition zone where the crystal orientation
changes from being relatively ordered to being more disordered.

The ice below (the columnar zone) has a fairly uniform structure.
Arctic first-year sea ice consists mostly of columnar ice. The
bottom of the ice consists of a mushy region (the skeleton
layer) where the brine entrapment originates in the root area.
Brine and gas can become trapped in between platelets or cells,
and the ice becomes denser with growth; the brine reduces
in volume due to the expulsion and drainage processes. The
remaining brine inclusions become brine pockets that connect
and form brine channels, similar to drainage tubes. As sea ice
ages, it gets denser and less salty due to brine loss (Loset et al.,
2006). Brine is enriched in Hg and brine expulsion is possibly
an effective transport mechanism of Hg from the bulk ice to the
underlying seawater and to the ice surface, forming frost flowers
(Cossa et al., 2011; Schartup et al., 2020).

How Hg adsorbs and diffuses into sea ice depends largely
on the charge of the Hg atom; i.e., depending on whether
it is Hg(0), Hg(I) or Hg(II). A stronger charge and smaller
atom makes diffusion easier into the bulk ice due to a lower
diffusion barrier (Asaduzzaman et al., 2012). It is believed that
Hg can enter sea ice either from above, from net-deposited
atmospheric Hg onto surface snow, or from below via ‘the
underlying seawater or shelf-sediments’ and travel through
brine channels. Snow and frost flowers are great scavengers
of atmospheric contaminants due to their large surface area
(Douglas et al., 2005; Sherman et al., 2012). Gaseous elemental
mercury can adsorb to snowflakes and frost crystals. Wet and
dry net-deposited Hg onto those surfaces could transport Hg
further down into the ice.

When sea ice is formed, Hg and other contaminants can
become incorporated within the ice during processes like
freeze rejection and particle entrapment (Chaulk et al., 2011;
Wang et al., 2017a). Freeze rejection is a process where halogen
ions (like Br and chlorine; Cl) and contaminants dissolved in
the water are rejected from the ice structure during sea-ice
formation, due to their size and/or charge. The rejected ions or
contaminants are either pushed back into the underlying water
or collected in shallow brine channels. Due to this process, the
vertical profile of contaminant concentrations in the ice often
follows the salinity profile.

Sea ice formed around coastal areas can entrain sediment from
rivers and form so-called dirty ice (Klunder et al., 2012), which
can reach the central Arctic Ocean via the Transpolar Drift
(Charette et al., 2020). Another process of how Hg and other
contaminants can enter sea ice is through particle entrapment.
Small aquatic particles play a role in the process when ice
crystals are formed around a nucleus. Contaminants, such as
Hg, that have a high affinity to particles during this process
become incorporated within the ice during sea-ice formation.
These particles can originate from sediments in shallow shelf
waters due to scavenging from turbulent waters. Particle-bound
contaminants are less prone to move into brine and reside
within the ice structure. As ice ages, dissolved contaminants
leak out of the ice during ice melt, which makes particle-bound
contaminants more pronounced in multi-year ice (Beattie et al.,
2014). The Transpolar Drift is an important vector for shelf
sourced sea ice, water and contaminants across the Arctic
Ocean (Charette et al., 2020).

Reported THg concentrations vary between 0.5 and 20 pM in
first-year Arctic sea ice and between 0.5 and 60 pM in multi-
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Figure 3.23 Profiles of THg in air, snow, seawater and first-year sea ice (left)
and multi-year sea ice (right) along with salinity (S). This figure is adapted
from Wang et al., 2017a.

year ice (Figure 3.23; Wang et al., 2017a). Recent studies in
the central Arctic Ocean find no difference between first-
year sea ice, 3.0+2.6 pM, and multi-year ice, 2.6+2.2 pM (see
Table 3.18; DiMento et al., 2019; Schartup et al., 2020). Mercury
concentrations in the sea ice cores are similar or slightly higher
compared to those in the sea water directly underlying the sea
ice (5.22£2.61 pM) and in the polar mixed layer (~1.5 pM).
An accumulation of Hg in the ice might be due to Hg being
highly particle-reactive and attaching to particles within the ice
(Chaulk et al., 2011; Beattie et al., 2014). Using Schartup et al’s
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(2020) average sea-ice Hg concentration (3.0 pM) and the yearly
mean sea-ice volume for 2015 (1.54 x 10* km?), the Arctic Ocean
sea-ice Hg reservoir is estimated to be 9.2 Mg (ranging from 3.5
to 14.6 Mg), depending on that year’s sea-ice volume. Assuming
that approximately 2400+640 km?® of sea ice are exported yearly
out of the Arctic Ocean, 1.4+0.4 Mg of sea-ice Hg are exported
yearly through the Fram Strait (these figures are used as best
estimates in Section 3.8).

3.5.4 How much mercury is present
in the Arctic Ocean?

There were few published data showing the vertical distributions
of Hg in the open waters of the Arctic Ocean before the pan-
Arctic GEOTRACES cruises (Heimbiirger et al., 2015), with
more data measured in coastal waters and within the Canadian
Arctic Archipelago (St. Louis et al., 2007; Kirk et al., 2008;
Lehnherr et al., 2011; Wang et al., 2012a) with the earlier data
summarized in Sorensen et al. (2016). Some recent studies have
included the Labrador Sea (Cossa et al., 2018; Wang et al., 2018).
The 2015 to 2016 German, Canadian and US GEOTRACES
cruises have largely expanded the Arctic Ocean Hg database
(Wang et al., 2018; Agather et al., 2019; Charette et al. 2020;
Petrova et al., 2020; Tesdn Onrubia et al., 2020). The overall
dataset suggests that river discharge and other surface and
sediment inputs are important sources of Hg to the coastal zone
of the Arctic, and that much of this Hg is strongly removed
in the shelf regions. Atmospheric inputs to the central basin
are low given the low precipitation, except for periods when
substantial AMDEs are occurring (Soerensen et al., 2016a).

Table 3.18 Total Hg concentrations in brine, under-ice water, melt ponds, frost flowers and snow (average+standard deviation). This table is adapted

from Schartup et al., 2020 (Supporting Information Table S2).

Sample type Station* Number of samples Salinity Total Hg (pM)
Brine 46 1 -- 17.3
Under-ice water All 7 -- 5.22+2.61
46 2 30.9 7.27,5.12
54 1 14.0 2.38
81 1 - 9.96
69 1 -- 3.23
96 1 -- 3.86
117 1 -- 4.73
Melt pond water All 5 -- 9.90+5.42
46 1 -- 7.54
81 3 0.8 13.73, 5.66, 3.12
69 1 0.110 11.74
96 1 13.0 17.60
Melt pond ice All 2 -- 3.83
81 1 -- 2.17
96 1 -- 5.48
Frost flowers 104 1 -- 3.24
Snow All 3 - 2.63%0.38
81 1 -- 1.01
69 1 0.05 2.92
96 1 0 2.77

* Schauer, 2016
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Figure 3.24 Transect of total Hg across the Arctic Ocean compiled from Heimbiirger et al., 2015; Agather et al., 2019; Charette et al., 2020; Petrova et al.,
2020 (left), and compilation of all recent Arctic Hg data (right): yellow squares represent Wang et al., 2012a; red diamonds represent Heimbiirger et al.,
2015; pink triangles represent Wang et al., 2018; yellow transect represents Agather et al., 2019; light green transect represents Charette et al., 2020; violet
area represents Kim et al., 2020b; and the light blue area represents Petrova et al., 2020.

The recent observations make the Arctic Ocean one of the
best covered ocean basins (n=1911; see Figure 3.24). All
studies suggest higher Hg concentrations in surface waters
(0-20 m, Hg=1.21+0.60 pM, n=159), which is contrary to all
other ocean basins (Bowman et al., 2020a). The surface Hg
enrichment suggests inputs from melting sea ice, atmospheric
deposition, erosion and rivers (Heimbiirger et al., 2015;
Charette et al., 2020). The halocline waters contain slightly
lower Hg concentrations (20-200 m, Hg=0.94+0.46 pM,
n=465). The North Atlantic-sourced waters contain lower
Hg concentrations (200-500 m, Hg=0.76+0.36 pM, n=164)
reflecting also their origin. The Arctic deep waters below
500 m are also low (Hg=0.67+0.30 pM, n=369). Higher coastal
values were observed in the CAA (1.82+1.06 pM; Wang
et al., 2018; Lehnherr et al., 2011) and on the North-Eastern
Greenland Shelf (1.58+0.53 pM; Petrova et al., 2020), but not
on the Barents Sea Opening (0.43+0.14 pM; Petrova et al.,
2020). Concentrations in the Bering Sea and Chukchi shelf
(<200 m) averaged 1.06+0.6 pM (n=78, Agather et al., 2019).
Kim et al., 2020D also found lower values of 1.0+0.3 pM over
the East Siberian Shelf. The Hg concentrations in the central
Arctic Ocean are somewhat higher than those measured on
recent cruises in the far North Atlantic Ocean (Cossa et al.,
2018) and the global ocean (Bowman et al., 2020a) but lower
than those measured in the CAA (Wang et al., 2018) and the
North-Eastern Greenland Shelf (Petrova et al., 2020). The
distinct characteristics of the Arctic and Atlantic water masses
are present at Fram Strait in the outflowing East Greenland
Current and inflowing West Spitzbergen Current, respectively
(Petrova et al., 2020).

An estimate of the amount of Hg in the Arctic water column can
be made based on all the available Hg observations (Wang et al.,
2012a, 2018; Heimbiirger et al., 2015; Agather et al., 2019;
Charette et al., 2020; Kim et al., 2020b; Petrova et al., 2020;
Tesan Onrubia et al., 2020). The overall Arctic dataset suggests
that there is ~1871 Mg of Hg in the Arctic Ocean, distributed
with depth, as follows: 44 (0-20 m), 228 (20-200 m), 224
(200-500 m) and 1375 (500-bottom) Mg. This estimate is
comparable with the value of 1900 Mg found by Petrova et al.
(2020), which was based only on the German GEOTRACES
central Arctic data. The new value using all available Arctic

Hg data is however lower value than 2870 Mg of Hg found by
Soerensen et al. (2016a) and substantially lower than the early
estimate of 7920 Mg by Outridge et al. (2008).

The measured values from these Arctic cruises are lower than the
modeled values for surface water THg, such as those of Fisher
et al. (2012), who predicted a autumn sea-water concentration
near 2 pM. The observations suggest that such estimates are
too high, and this likely reflects the fact that such modeling was
relying on the data from coastal waters and the CAA, which are
higher than found in the open waters of the Arctic Ocean, as
noted above. Overall, the deep waters of the Arctic Ocean have
a long residence time, between 50 and 100 years based on the
Soerensen et al. (2016a) model and the more recent data, and
therefore suggest that the deep Arctic Ocean concentration will
be changing slowly in response to anthropogenic emissions and
climate change. There is no difference in Hg concentrations
between the Nansen, Amundsen, Makarov and Canadian basins.

3.6 What are the relative contributions of
primary geogenic and anthropogenic,
and re-emission sources of mercury
to Arctic environments?

Since the AMAP 2011 report, Dastoor et al. (2015; Hg emissions
for 2005), GMA Update 2015 (Hg emissions for 2010) and
GMA 2018 (Hg emissions for 2015) have reported model-
based anthropogenic deposition contributions to annual
THg deposition in the Arctic from East Asia, Europe and
North America of 9.3% to 12%, 2.3% to 2.5% and 0.7% to
2.2%, respectively. The GMA 2018 study was performed using
four models: ECHMERIT, GEM-MACH-Hg, GEOS-Chem,
and GLEMOS, to analyze global Hg source apportionments.
ECHMERIT currently lacks some of the Arctic specific Hg
oxidation processes, especially important to springtime
deposition. Therefore, the GMA 2018 model simulations
conducted by the three models (GEM-MACH-Hg, GEOS-
Chem and GLEMOS) using AMAP anthropogenic emissions of
2224 t/y in 2015 (see Section 3.2) were re-analyzed to develop
detailed model ensemble source apportionment estimates of
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Figure 3.25 (a) Relative contributions of global anthropogenic, legacy (re-emission of historic anthropogenic and geogenic deposition) and geogenic
emissions to annual total Hg deposition, (b) relative contributions of annual anthropogenic Hg deposition originating from different anthropogenic emission
sectors, (c) relative annual anthropogenic deposition contributions originating from each source region, and (d) definitions of global anthropogenic
source regions in the Arctic in 2015.

Figure 3.26 Relative contributions of annual Hg deposition originating from global anthropogenic and biomass burning. Emission sources in 2015
simulated by the (a) model ensemble and (b) GEOS-Chem.
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Hg deposition in various regions of the Arctic for this report,
discussed in this section (see Figures 3.25. 3.26 and 3.27).

Model ensemble median annual Hg deposition (i.e., originating
from contemporary global anthropogenic and geogenic
emissions, and re-emission of legacy deposition) estimates
within 60°N and 66.5°N in the Arctic in 2015 are 243+41 and
133+31 Mgly, respectively. In the Arctic, contemporary global
anthropogenic Hg emissions are responsible for 32% of annual
Hg deposition, and seasonally for 35% in spring, 30% in winter,
28% in autumn and 26% in summer (see Figure 3.25a). Re-
emissions of legacy deposition (of anthropogenic and geogenic
origin) from soils and oceans and primary geogenic emissions
contribute to 64% and 4% of the annual Hg deposition in the
Arctic, respectively (see Figure 3.25a). It should be noted that
accumulated anthropogenic deposition in global ecosystems
since the inception of industrial activities contribute to a larger
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Figure 3.27 Definitions of Subarctic (1-6L) and High Arctic (1-
6H) regions for which contributions of average anthropogenic Hg
deposition fluxes from worldwide source regions were estimated.
Anthropogenic Hg deposition flux contributions (ug/m*/y) from
different global anthropogenic source regions (see legend for
colors representing each source region) to total Hg depositions
in Subarctic and High Arctic regions in 2015, annually, in winter
(December-February), in spring (March-May), in summer (June-
August), and in autumn (September-November).

portion of legacy re-emissions, which is expected to grow in
future in the absence of (or delayed) anthropogenic emission
reduction efforts (Kwon and Selin, 2016). Seasonal contributions
to annual anthropogenic Hg deposition in the Arctic (i.e.,
the portion of Hg deposition of anthropogenic origin) are
estimated to be largest in spring (50%) followed by summer
(25%), autumn (13%) and winter (12%). The proportions of
annual anthropogenic Hg deposition from emissions in various
global source regions to the Arctic are in the following order:
East Asia (32%), CIS countries (12%), Africa (12%), Europe
(8%), Southeast Asia (8%), South Asia (7%), South America
(7%), Central America (6%), Arctic (3%), North America (3%),
Middle East (2%), and Australia and New Zealand (0.1%; see
Figure 3.25d). However, some seasonal differences marked by
distinct atmospheric circulations and deposition processes also
exist. For example: the anthropogenic contributions from East
Asiaare 1.2,1.5,2.0 and 1.8 times higher than that of combined
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CIS and European contributions in winter, spring, summer
and fall, respectively; and anthropogenic contribution from
Africa dominates CIS countries contribution while South Asian
contribution dominates European contribution in summer and
fall, and the converse is the case in winter and spring.

The models were also applied to estimate the relative
contributions of anthropogenic emissions of Hg from different
sectors to the total annual anthropogenic Hg deposition in
the Arctic (see Figure 3.25b). Total anthropogenic emissions
of Hg were aggregated into four general groups: (i) power
generation, 347 t/y (15.6%); (ii) industrial sources, 874 t/y
(39.3%); (iii) intentional use and product waste, 166 t/y
(7.5%); and (iv) ASGM, 838 t/y (37.6%; see Section 3.2).
Chemical speciation of Hg emissions differs considerably
between different sectors. Emissions from power generation
consist of approximately equal contributions of elemental
and oxidized forms of Hg. The proportion of oxidized Hg is
much smaller in emissions from industrial sources (20%).
One fourth of the total Hg emissions from intentional use and
product waste are emitted in the oxidized Hg forms, whereas
all Hg emitted from ASGM is in elemental gaseous form. It
should be noted that available estimates of Hg speciation
from emission sources are associated with significant
uncertainties (see Section 3.2). Due to the large proportion
of oxidized Hg emissions from the power generation sector,
a significant portion of Hg from this sector is deposited
locally in the regions of major stationary combustion sources
located in East and South Asia, Europe, North America, and
South Africa. The power generation sector accounts for 17%
of the total anthropogenic deposition of Hg in the Arctic.
Mercury emissions from the industrial sector are more widely
distributed over the world and contain a substantial fraction
of GEM (80%), resulting in approximately half (48%) of the
anthropogenic deposition of Hg in the Arctic. The majority
of ASGM emission sources are located in the low latitudes
of both hemispheres; however, Hg emission from this sector,
being in the elemental form, is transported globally and
makes up 28% of the total anthropogenic deposition of Hg
in the Arctic. The contribution from intentional use and
product waste comes to 7%, which is consistent with the
proportion of its share in total Hg emissions.

Measurements and modeling confirms that Hg deposition
to vegetation, and thus summertime deposition, dominates
other terrestrial deposition pathways and is a major source of
Hg to boreal forests and tundra soils (Giesler et al., 2017; see
Section 3.4.1), making the Arctic susceptible to the impact
of northern wildfires (Friedli et al., 2001 Obrist et al., 2017;
Fraser et al., 2018). Legacy Hg deposition accumulated in
vegetation and active soils is released back to the atmosphere
during wildfires. Present-day global and Arctic (north of
60°N) wildfire emissions are estimated at 400-675 Mg/y and
~20-200 Mg, respectively (Friedli et al., 2003a and 2009; De
Simone et al, 2017; Kumar et al., 2018; McLagan et al., 2021; see
Section 3.2.3.1). Dominant source regions of wildfire emissions
are Africa (43.8% of global emissions), Eurasia (31%) and
South America (16.6%), and global wildfire Hg emissions are
estimated to increase by 14% in 2050 due to climate change
(Kumar and Wu, 2019; see Section 5.4). Models estimate that
global wildfire emissions are responsible for 12-17 Mg/y of Hg
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deposition in the Arctic, representing 6% to 10% of annual Hg
deposition in the Arctic (Kumar and Wu, 2019; GEOS-Chem
and GEM-MACH-Hg, and spatial distribution in Figure 3.26b).
Using GEOS-Chem, Kumar and Wu (2019) estimated wildfire
contributions to the annual Hg deposition from Eurasia, Africa,
and North America of 5.3%, 2.5% and 1% in the Arctic spread
across all seasons, but more than 50% of wildfire-induced
Hg deposition originated from Eurasia and North America
boreal forest fires in summer and fall. Fraser et al’s (2018)
modeling study reported the western Canadian Arctic (the
Northwest Territories and Yukon) to be consistently more
impacted by wildfires and found the Great Slave Lake region,
in the Northwest Territories, to be a wildfire Hg deposition
‘hotspot’ Recent measurements from lake sediment collected
north of Great Slave Lake reported that charcoal deposition
from wildfires since the late 1800s co-occurred with excess
deposition of Hg to the lakes (Pelletier et al., 2020). Figure 3.26b
shows highly variable spatial distribution of the impact of
wildfire emissions in 2015 simulated by GEOS-Chem with
wildfire contributions of over 20% in the Subarctic regions of
western Canada and Eastern Siberia.

The proportion of Hg released as gaseous elemental Hg in wildfires
varies between 50% and 95% based on aircraft measurements
(Friedli et al., 2003b), satellite measurements (Finley et al., 2009)
and laboratory experiments (Obrist et al., 2008; Kohlenberg
etal., 2018), but models currently assume wildfire Hg emissions
mostly in GEM form due to a lack of speciated wildfire emission
inventories. Peatlands are an important sink for organic matter
and Hg in the circumboreal regions, and the burning of peat-
rich soils likely leads to a significantly greater release of Hg
than currently estimated (Turetsky et al., 2006; Fraser et al.,
2018). A better estimation of the proportion of gaseous Hg to
particulate Hg and the propensity of different biomes (such as
boreal peatlands) to release Hg during wildfires are needed to
reduce uncertainties in modeling estimates (De Simone et al.,
2015; Fraser et al., 2018; Kumar et al., 2018).

Spatial distribution of the relative contribution of anthropogenic
Hg deposition to the total annual Hg deposition simulated by
the model ensemble in the Arctic is presented in Figure 3.26a.
The central and eastern Arctic Ocean are estimated to receive
a relatively higher proportion of annual Hg deposition from
anthropogenic sources (30% to over 50%) than in the western
Arctic Ocean including the Canadian Arctic Archipelago
(<30%). Anthropogenic deposition contributions of Hg
are lower to terrestrial surfaces (below 30%) than they are
to the ocean with an exception of watersheds of the Yenisey
and Kolyma rivers in Eurasia. The lowest anthropogenic
contributions are estimated for the Mackenzie, Yukon and Lena
river basins, but these watersheds accumulate a relatively higher
percentage of Hg deposition from wildfires (see Figure 3.26b).
Measurements and model ensemble both suggest Hg runoft
from Yenisey and Lena rivers to the Arctic Ocean to be the
largest (see Sections 3.3.3.4 and 3.4.4).

In order to further analyze the spatiotemporal variations
of global anthropogenic Hg emission contributions within
the Arctic, seasonally distributed median anthropogenic Hg
deposition contributions were estimated in six Subarctic regions
(defined as 1-6L) and six High Arctic regions (defined as
1-6H) using the model ensemble simulations (see Figure 3.27).
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Subarctic regions mostly encompass terrestrial regions and
High Arctic regions cover oceanic surfaces, with the exception
of the regions defined as 5L and 5H (eastern Canada to western
Greenland). Generally, differences in relative anthropogenic
deposition contributions from emissions in various worldwide
geographic regions to different Arctic regions (1-6L and
1-6H) are found to be small, reflecting a long lifetime of Hg
in the atmosphere giving rise to a well-mixed distribution.
The largest total anthropogenic contributions are simulated in
1L (3.33 pug/m?/y) and 5L (3.13 pg/m?*/y), primarily reflecting
their proximity to mid-latitude anthropogenic sources and
higher precipitation rates in these regions. Although total
anthropogenic deposition contributions are comparable in
1L and 5L, the European contribution is two times the North
American contribution in 1L, and the converse is the case in
5L. In the High Arctic, eastern regions (1-3H) receive larger
total anthropogenic deposition contributions (2.6-2.9 pg/m?/y)
than the western regions (1.05-1.9 ug/m?/y in 4-6H). The
western High Arctic regions are characterized by both lower
precipitation and the import of emissions to the Arctic.

Seasonally, there are notable spatial variations in total
anthropogenic Hg deposition contributions, mainly arising from
inter-seasonal shifts in atmospheric circulation, precipitation
and vegetation regimes. In autumn and winter, there is no clear
distinction in contributions between Subarctic and High Arctic
regions; the highest anthropogenic depositions in the Subarctic
occur in 5L and 6L. Springtime anthropogenic contributions are
exacerbated by AMDEs over sea ice, meaning that deposition is
highest in High Arctic regions, especially in 1-3H. In summer,
the northward retreat of the polar front limits the pollution
transport to the High Arctic (see Section 3.3.3.1); additionally,
efficient vegetation Hg uptake in temperate and Subarctic regions
enhances anthropogenic Hg deposition in the Subarctic regions
and lessens in the High Arctic regions (see Section 3.3.3.2).
Overall, relative contributions of anthropogenic Hg to the total
Hg deposition are found to be slightly higher in the High Arctic
regions compared to the Subarctic regions, and anthropogenic
contributions are estimated to be highest in winter and spring
(31% to 38%) and lowest in summer (25% to 28%).

3.7 What is the relative contribution
of local anthropogenic sources of
mercury to Arctic environments?

Three global models (GEOS-Chem, GEM-MACH-Hg and
GLEMOS) were applied to estimate the relative contribution
of Arctic region emissions (emissions located north of 66°N)
from human activities to total anthropogenic Hg deposition
in the Arctic. Sources within the Arctic region contribute <1%
(~14 Mg/y) of the total estimated anthropogenic emissions
of 2220 Mg/y in 2015, the majority of which are located in
Russia (see Section 3.2.2.5). As reported in the section above
(Section 3.6), the model ensemble estimates an average
contribution of 3% from Arctic region anthropogenic emissions
to the annual total anthropogenic Hg deposition in the Arctic
(see Figure 3.25d), which is comparable to the contribution
from North American anthropogenic sources. This section
explores the spatial distribution of the impact of Arctic region

Figure 3.28 Relative contribution of local anthropogenic Hg emission
sources (located north of 66°N) to annual anthropogenic Hg deposition
in 2015.

anthropogenic emissions on anthropogenically deposited Hg
within the Arctic. Model ensemble results suggest that the
relative contribution of Arctic region anthropogenic emissions
to annual anthropogenic Hg deposition varies between 2% and
7% over the Arctic Ocean (see Figure 3.28). On land, local
anthropogenic sources account for up to 35% of anthropogenic
Hg deposition in Eurasia annually. Anthropogenic emissions
include a fraction of Hg emission as oxidized Hg, which
contributes to high deposition to local landscapes owing to its
short lifetime. Model results show that local anthropogenic
sources influence the Hg deposition in Eurasian river
watersheds (e.g., the Yenisey and Kolyma watersheds), thus
also contributing to river Hg runoff to the Arctic Ocean. It
should be noted that there are additional anthropogenic Hg
sources between 60 and 66°N that are not considered here.

Figure 3.29 presents the seasonal differences in anthropogenic
emission contributions to Hg deposition in the Arctic from
Arctic regions (north of 66°N). Notable seasonal differences
in Hg deposition contributions from local anthropogenic
origin are simulated by the model ensemble, driven by distinct
seasonal atmospheric transport and deposition pathways
(see Section 3.3.3). In winter and fall, efficient low-level Hg
transport of north Eurasian emissions over frozen surfaces
combined with ineflicient removal processes lead to relative
local anthropogenic contributions of 3% to 15% and over 15%
to the eastern Arctic Ocean and High Arctic terrestrial regions,
respectively. Conversely, in summer and spring, both weak
transport into the Arctic polar dome and efficient wet and
dry removal of Hg result in more deposition in the vicinity
of sources on land and generally <3% contribution of local
anthropogenic sources to the ocean.
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Figure 3.29 Relative contributions of local anthropogenic sources (emissions north of 66°N) to anthropogenic Hg depositions in winter (a), spring (b),

summer (c) and autumn (d) of 2015.

3.8 How much mercury is circulating
in Arctic environments?

Mercury accumulation in different parts of the Arctic (land, air
and waters) is interlinked, and reflects the sources, transport
pathways and lifetime of Hg in environmental media inside and
outside the Arctic. Development of inter-compartmental fluxes
and mass budgets of Hg in the Arctic is important to assessing
the status of Arctic Hg and establishing a benchmark for
evaluating future changes of Hg in support of the effectiveness
evaluation objective of the Minamata Convention. In addition,
this exercise allows identification of uncertainties and gaps
in the current understanding of Arctic Hg cycling. In the last
decade (i.e., since the last AMAP report in 2011), several studies
have published the Arctic Ocean Hg mass budget based on
observations and modeling, reflecting the progress that has
been made (Fisher et al., 2012; Dastoor and Durnford, 2014;
Soerensen et al., 2016a; Sonke et al., 2018; Tesan-Onrubia et al.,
2020; Petrova et al., 2020). This report provides a revised Arctic
Ocean and, for the first time, a terrestrial system Hg mass
balance assessment in the Arctic (Figure 3.30; Table 3.19).

Fisher et al. (2012) estimated a net deposition flux of
atmospheric Hg to land of 10 Mg/y, oceanic deposition of
45 Mgly (25 Mgly, ice-free ocean; 20 Mg/y, meltwater on

sea ice) and oceanic evasion of 90 Mg/y north of 70°N, and
inferred terrestrial input of Hg to the Arctic Ocean of 95 Mg/y
(80 Mgy, rivers; 15 Mgly, coastal erosion). Durnford et al.
(2012) and Dastoor and Durnford (2014) estimated a net Hg
deposition of 42 Mg/y to terrestrial surfaces and 75 Mg/y to
marine surfaces (deposition of 58 Mg/y to the open ocean
and 50 Mg/y via meltwater; evasion of 33 Mg/y) north of
66.5°N, and 50 Mg/y of riverine Hg input to the Arctic Ocean.
Soerensen et al. (2016a) estimated atmosphere-ocean Hg fluxes
by combining modeled direct deposition to ice-free ocean
from Fisher et al. (2012), an average meltwater contribution
from Fisher et al. (2012) and Dastoor and Durnford (2014),
and evasion from Zhang et al. (2015). Combining modeling
and observed estimates, Soerensen et al. (2016a) presented a
complete mass budget of THg in the Arctic Ocean (76 Mg/y,
deposition; 99 Mgy, evasion; 50 Mg/y, river input; 32 Mg/y,
coastal erosion; 53 Mg/y, ocean inflow; 79 Mg/y, ocean outflow;
and 28 Mg/y, sediment burial). Sonke et al. (2018), Petrova et al.
(2020), Tesan-Onrubia et al. (2020) and Zolkos et al. (2020)
have further refined the Soerensen et al. (2016a) Arctic Ocean
Hg mass balance by constraining pan-Arctic riverine input
(44+4 Mgly), oceanic sediment burial (28+13 Mg/y), and
inflow (55+7 Mg/y) and outflow (73+8 Mg/y) fluxes of Hg
based on recent observations.
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Table 3.19 Total Hg fluxes and levels in Arctic abiotic environments; fluxes and levels for land are for the area north of 60°N, and for the ocean are for

the AMAP defined oceanic region (see Figure 3.30).

Compartment

Best estimate

Reference to the corresponding
section in this chapter

Mercury exchange flux (Mg/y)

Anthropogenic emission 14 3.2.2.5
Geogenic/legacy soils/vegetation emission 24 (6.5-59.1) 323
Biomass burning emission 8.8+6.4 (SD) 3.2.3.1
Atmospheric deposition to land 118+20 (SD) 3334
Atmospheric deposition to the Arctic Ocean 64.5£19.8 (SD) 3.3.34
Arctic Ocean evasion to atmosphere 32 (23-45) 3333
Riverine input to the Arctic Ocean 41+4 344
Coastal erosion input to the Arctic Ocean 39 (18-52; 25% to 75% quartiles) 345
Ocean current inflow to the Arctic Ocean 55+7 (SD) 3.5.1
Ocean current outflow from the Arctic Ocean 73+8 (SD) 3.5.1
Burial flux in shelf sediments 42431 (SD) 352
Burial flux in deep sediments 3.9+0.7 (SD) 352
Benthic flux from shelf sediments 5 3.5.2
Sea-ice outflux from Arctic Ocean 1.4+0.4 (SD) 3.5.3
Mercury mass (Mg)
Atmosphere 330 (290-360, seasonal variation) 332
Surface soils (0-0.3 m) 49 000 (26 000-72 000) 34.1.2
Active layer soils (0-1 m) 212 000 (184 000-240 000) 34.1.2
Permafrost soils (0-3 m) 597 000 (upper limit: 1 656 000) 3.4.1.2
Terrestrial snowpack 39 (35-42) 34.1.3
Glaciers 2 415+22 (SD) 34.3
Sea ice 9.2 (3.5-14.6) 3.53
Arctic Ocean surface layer (0-20 m depth) 44422 (SD) 354
Arctic Ocean subsurface layer (20-200 m depth) 228+112 (SD) 354
Arctic Ocean intermediate layer (200-500 m depth) 224+106 (SD) 354
Arctic Ocean deep layer (500-base) 1375616 (SD) 3.54
Total Hg
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Figure 3.30 Annual Hg fluxes and mass budgets in the Arctic. A more restricted definition of the Arctic Ocean consisting of the almost landlocked ocean including
the oceanic deep Arctic Ocean Basin; the broad continental shelves of the Barents, Kara, Laptev, East Siberian, Chukchi and Beaufort seas; the White Sea; and the
narrow continental shelf off both the Canadian Arctic Archipelago and northern Greenland is used in the Hg mass balance estimates presented in this chapter.
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Based on a synthesis of literature published since the last
AMAP report (AMAP, 2011) and new multi-model ensemble
simulations, a comprehensive understanding of the present-
day total Hg exchange fluxes and mass budgets in the Arctic is
developed in this report as described in previous sections (see
corresponding section numbers in Table 3.19). Definitions of
what constitutes ‘the Arctic Ocean’ vary in the literature. The
studies reviewed above, in most cases, defined the Arctic Ocean
as the area north of 66.5 or 70°N, whereas the region of the
Arctic Ocean considered in this assessment is the same as that
which was used for the AMAP 2011 assessment so that they
can be directly compared. This area was based on Jakobsson
(2002, 2004) and represents a restricted definition of the Arctic
Ocean that excludes the Greenland, Iceland and Norwegian
seas, Baffin Bay and the Davis Strait, and the interior waters of
the Canadian Arctic Archipelago (see Figure 3.30). Given the
importance of Hg fluxes and budgets in terrestrial environments
to the circumpolar riverine Hg export to the Arctic Ocean, the
terrestrial region north of 60°N, encompassing the majority
of pan-Arctic watersheds, is represented here. Best estimates
of total Hg fluxes and masses in Arctic abiotic environments
have been developed using a combination of the following
four approaches: (1) measurement-based literature estimates;
(2) new estimates derived based on recent measurements; (3)
average of measurement-based and model ensemble estimates;
and (4) model ensemble estimates. Mercury emissions and
model results represent the year 2015, and the majority of
the measurements used were obtained within few years of
2015 in the Hg fluxes and budget estimates presented here.
Model-based estimates were constrained using the multi-model
ensemble simulations (DEHM, GEM-MACH-Hg, GEOS-
Chem and GLEMOS).

In the atmosphere, ~330 Mg of Hg burden is estimated north
of 60°N. The best estimates of total Hg in Arctic terrestrial
environments are: ~597 000 Mg (0-3 m depth) in permafrost
soils; ~39 Mg in seasonal snowpack; and ~2415 Mg in glaciers.
Air-terrestrial Hg exchange fluxes north of 60°N are: ~14 Mg/y
of anthropogenic emissions; ~24 Mg/y of soils/vegetation
evasion; ~9 Mg/y of wildfire emissions; and ~118 Mg/y of
deposition. Mercury export fluxes from terrestrial systems to
the Arctic Ocean are ~41 Mg/y from rivers and ~39 Mg/y from
coastal erosion. The terrestrial Hg mass balance developed
in this report suggests that present-day annual atmospheric
Hg deposition of ~118 Mg/y to the Arctic terrestrial system
is in balance with Hg re-emissions from soils and vegetation
(including wildfires) and riverine and erosional exports totaling
~113 Mg/y. It should be noted that several major Arctic rivers
(i.e., the Yenisey, Lena, Ob and Mackenzie rivers) also import
a portion of Hg deposited to their watershed portions south
of 60°N (~62 Mg/y) into the Arctic (north of 60°N) since their
drainage basins extend up to 45°N. Riverine Hg import to the
Arctic was not determined here, which is currently a knowledge
gap. Significant uncertainties remain in the determination of
air-terrestrial Hg exchange fluxes. Observations suggest that
Hg(0) uptake by vegetation and soils is a dominant pathway for
terrestrial Hg deposition (Obrist et al., 2017; Agnan et al., 2018;
Douglas and Blum, 2019), which is currently underestimated in
models. Mercury emissions (and its speciation) from biomass
burning from tundra and boreal wildfires are highly uncertain
(Fraser etal., 2018; Kumar et al., 2018). Biomass Hg constitutes
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a significant Hg reservoir in the Arctic, and is responsible for
transferring Hg to soils, and partially rereleasing Hg to the
air by evasion and wildfires (Strok et al., 2015; Giesler et al.,
2017; Obrist et al., 2017). Above-ground biomass Hg levels of
up to 28.8 ug/m? for a tundra site (Toolik Field Station, Alaska,
USA) and 20.7 pg/m? (foliar Hg) for a boreal forest site (Pallas,
Finland) have been estimated (Obrist et al., 2017; Olson et al.,
2019; Wohlgemuth et al., 2020). The above-ground vegetation
Hg budget could not be determined here, since representative
data for the entire Arctic is still lacking.

The best estimates of total Hg amounts in the Arctic Ocean
are ~9 Mg in sea ice and ~1870 Mg in the Arctic Ocean
waters. Arctic Ocean Hg fluxes are constrained as follows:
~64 Mgly, deposition; ~32 Mg/y, evasion; ~41 Mg/y, river input;
~39 Mgy, coastal erosion; ~55 Mg/y, ocean inflow; ~73 Mg/y,
ocean outflow; ~46 Mg/y, sediment burial; and ~1 Mg/y, sea-
ice export. In comparison to the previous Arctic Ocean mass
budget studies reviewed above, the revised modeled (ensemble
median) oceanic deposition and evasion fluxes north of 66.5°N
are 92 Mg/y and 63 Mgly, respectively. The revised Arctic
Ocean THg inputs (~204 Mg/y) exceed outputs (~152 Mg/y)
by ~52 Mg/y and indicate that Hg removal from the Arctic
Ocean waters is currently underestimated. The Arctic Ocean
Hg exchange fluxes of riverine input, and oceanic inflow
and outflow are relatively well-constrained (see Table 3.19).
Recent observations on the Siberian Shelf suggest that Hg
burial rates of up to 75 Mg/y are possible, and that earlier
estimates are biased low because of underestimated sediment
density (Aksentov et al., 2021). Observation-based shelf Hg
settling of 122+55 Mg/y from surface waters estimated by
Tesdn Onrubia et al. (2020) also indicates that the estimated
shelf burial flux of ~42 Mg/y might be underestimated by
up to 80+63 Mg/y. Mercury exports from rivers and coastal
erosion to the Arctic Ocean are highly seasonal, primarily
occurring during spring freshet and summer months. The fate
of terrestrial Hg input in the Arctic Ocean is currently uncertain
and likely varies between watersheds due to differences in the
reactivity of particulate organic carbon-bound Hg (Bianchi,
2011; Rontani et al., 2014; Zhang et al., 2015). Furthermore,
external Hg inputs due to global anthropogenic activity and
possibly increasing terrestrial Hg export due to Arctic warming
in recent decades suggest a slow ongoing increase in deep ocean
Hg concentrations.

Atmosphere-ocean Hg exchange fluxes have been largely
determined by modeling studies. Models suggest that Hg
deposition flux to the Arctic Ocean is highest in springtime
due to AMDE:s. Field studies have reported high Hg deposition
rates in coastal marine snow during spring (Steffen et al., 2013),
but observed estimates of the role of marine snowpack Hg to
the central ocean are still lacking. In order to constrain the
oceanic Hg evasion fluxes, the models have thus far primarily
relied on the observed concentrations of Hg(0) in surface air
at the High Arctic land-based sites, which are elevated in late
spring to early summer (Cole and Steffen, 2010; Durnford etal.,
2012; Fisher at al., 2012; Zhang et al., 2015). Enhanced air Hg(0)
concentrations in late spring and early summer are believed
to result from increased Hg evasion from melting snowpacks
(Dastoor and Durnford, 2014), influx of riverine Hg in the
ocean (Durnford et al., 2012; Fisher et al., 2012; Kirk et al.,
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2012), and surface ocean waters following the break-up of sea
ice (Andersson et al., 2008; DiMento et al., 2019). Based on
ocean modeling, Zhang et al. (2015) suggested that the majority
(80%) of riverine Hg in the Arctic Ocean is subject to evasion
in the estuarine and shelf regions. Mechanistic knowledge of
the springtime release of reactive bromine species (leading to
Hg oxidation and deposition), sea-ice/snowpack dynamics
and air-sea Hg exchange processes based on observations in
all seasons is needed for improving model implementation of
these processes (Moore et al., 2014; Toyota et al., 2014a, 2014b;
Wang et al., 2019a).

While a direct quantitative link between terrestrial Hg
deposition and river Hg export is not yet possible, observation-
based Hg runoffs from the eight major pan-Arctic rivers are
strongly positively correlated (r=0.87) with modeled (ensemble)
Hg deposition fluxes to their watershed components north of
60°N. These results suggest that majority of Hg deposited to
the pan-Arctic watershed at latitudes south of 60°N is subject
to re-emission and/or sedimentation. The observation-
based total Hg runoff from the eight largest Arctic rivers
(23.6 Mg/y; Sonke et al., 2018; Zolkos et al., 2020) is about
half of the modeled annual Hg deposition (47.6 Mg/y) and
comparable to summertime (25.2 Mg/y) or snow-cover period
(22.4 Mg/y) Hg deposition to their watershed components
north of 60°N (see Table 3.12). Douglas et al. (2017) measured
40% to 80% Hg runoff from melting snowpacks. Applying
Douglas et al’s (2017) measured snowpack Hg export rate to
the pan-Arctic snow-cover period modeled Hg deposition
suggests that seasonal snowpacks and active layer surface soils
each supply roughly half of the pan-Arctic river Hg export.
This is in line with observations of roughly equal amounts of
dissolved and particle-bound Hg in river runoff to the Arctic
Ocean (Sonke et al., 2018) and a 2 to 3 times higher Hg:C
ratio observed in spring waters from Western Siberian rivers
compared to summer and autumn (Lim et al., 2019).

Permafrost thaw is an important source of THg to downstream
ecosystems. However, its impact varies significantly over time
and space, and current observations are insufficient to estimate
its overall impact on Hg cycling in the Arctic (see Section 3.4.2).
Melting glaciers can export Hg to freshwater networks and the
Arctic Ocean (see Section 3.4.3). However, the rate at which the
release of Hg from melting glaciers occurs now, or might occur
in the future, is highly uncertain. The estimated size of the Arctic
glacial Hg reservoir is ~2415 Mg, approximately 97% of which
is in Greenland. Approximately ~400 kg Hg is estimated to be
released annually from melting Arctic glacier ice (Greenland
contributing ~60%). However, the total sediment-bound Hg
output from Greenland meltwater is estimated to be ~40 Mg/y,
which is far in excess of Hg releases from melting ice and is likely
derived from bedrock and soil erosion in glacial-fed streams.

There has been significant progress in constraining Arctic
Hg fluxes and budgets in the past decade, yet important
uncertainties remain. This assessment further constrains
previously reported fluxes and budgets, and reports fluxes
and budgets in additional compartments to close the Hg mass
balance in the Arctic. The following processes and model
development efforts are recommended to further improve
the understanding of Hg cycling in the Arctic (see details
in respective sections). The sources, mobilization pathways

and fate of river Hg export to the Arctic Ocean should be
investigated using observations, and integrated terrestrial
biogeochemical and hydrological models. Measurement and
modeling studies should investigate the importance of the
Transpolar Drift, known to carry Eurasian river-sourced Hg
across the Arctic Ocean (Charette et al., 2020). We must also
reach a full mechanistic understanding of the role of the rapidly
changing Arctic cryosphere (i.e., in snowpacks, permafrost,
glaciers and sea ice) in mercury cycling. While recent studies
have improved estimates of Hg burial fluxes in deep and
outer shelf sediments (Tesan-Onrubia et al. 2020; Hayes et al.,
2021), improved estimates of Hg burial fluxes in inner shelf
sediments are needed. Finally, year-round observations of Hg
concentrations and exchange fluxes in terrestrial and marine
environments, and the development of dynamically coupled
atmosphere-terrestrial-ocean Hg models are needed to assess
the concurrent impacts of emission reduction efforts and
climate change on Hg cycling in the Arctic.

3.9 Conclusions and recommendations

Conclusions (in numbered bullets) are organized under section
headings (section numbers in square brackets) followed by
recommendations in italics where appropriate.

What are the sources of mercury emissions to air
contributing to mercury in Arctic environments, and how
much mercury is being emitted? [3.2]

1. Mercury models indicate anthropogenic and legacy
Hg emissions in global regions are important sources
of Hg to the Arctic, which is transported there via the
atmosphere and ocean currents.

2. Estimated global anthropogenic emissions of Hg to the
atmosphere for 2015 were 2220 t (range: 2000-2820 t),
approximately 20% higher than a revised estimate for
emissions to air in 2010. Most anthropogenic emissions
of Hg occurred outside the Arctic, with only an estimated
14 t (0.63%) emitted north of 60°N.

3. The increasing trend in global anthropogenic emissions
in recent years was not generally reflected in observed Hg
air concentrations at Arctic background air monitoring
stations, most of which showed decreasing trends.

4. Wildfires around the globe are an important re-emission
pathway of legacy Hg to the atmosphere, including fires
in the boreal forest in the Arctic (north of 60°N).

In addition to developing emissions/release estimates at the
national (or sub-national) level for key emissions sectors,
additional data are needed to support and improve the process of
assigning these emissions/releases to point sources or distributed
sources. Geospatially distributed emissions and release inventories
are needed to support (global) modeling that provides information
on source-receptor relationships and Hg transport to and fate
within the Arctic.

Further work is needed to better define the speciation of
geospatially distributed Hg emissions, where there is currently a
gap in our knowledge that requires urgent attention.
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Further understanding of the