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Abstract| Mercury (Hg) levels in Arctic ecosystems, which rose markedly due to global anthropogenic
Hg emissions since industrialization, are now being altered as the region warms, with as-yet uncertain
ecological consequences. This Review presents a comprehensive assessment of the present-day total Hg
mass balance (fluxes and budgets) in the Arctic from a synthesis of published research and atmospheric
multi-model simulations, and identifies key future research needs. Arctic atmospheric Hg is primarily
emitted outside the region (>98%), and about two-thirds of transported Hg is deposited to terrestrial
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ecosystems, where it predominantly accumulates in soils via vegetation uptake. Rivers and coastal erosion
annually transfer about equal amounts of terrestrial Hg (primarily from above 60° N) to the Arctic Ocean,
in approximate balance with modeled net terrestrial Hg deposition in the region, though air-land Hg
exchange estimates need further refinement. The revised Arctic Ocean Hg mass balance suggests net
atmospheric Hg deposition to the ocean and that Hg burial in inner-shelf sediments is underestimated (up
to >100%) and atmosphere-seawater-sediment Hg exchanges are poorly constrained. Specific terrestrial
Hg mobilization pathways from the cryosphere (permafrost, ice, snow, and glaciers) remain largely
uncertain, and need addressing to anticipate present and future climate impacts on downstream Arctic
ecosystems.

Key points

1. Arctic terrestrial mercury (Hg) emissions from anthropogenic activities (14 Mg y™; <1% of
global share), wildfires (8.8+6.4 Mg y™), and soil/vegetation re-volatilization (24(7-59) Mg y™)
are low compared to deposition (118+20 Mg y™). Primarily driven by springtime photochemistry,
Arctic Ocean Hg deposition (65420 Mg y™) exceeds evasion (32(23-45) Mg y™), which peaks
when snow/ice melt and sea ice retreats.

2. Large pools of Hg (~597,000 Mg, 0-3 m depth) have accumulated in permafrost soils,
predominantly from vegetation uptake of atmospheric gaseous elemental Hg over millennia.
Coastal erosion mobilizes an estimated 39(18-52) Mg y™ of soil-bound Hg into the Arctic Ocean.

3. Pan-Arctic rivers export 41+4 Mg y™ of dissolved and particulate Hg (~50% each) to the Arctic
Ocean predominantly during the spring freshet, likely derived from seasonal snowpacks (< 50%)
and active-layer surface soils (> 50%) of the watershed portion north of 60° N, but specific
mobilization pathways are unclear.

4. Revised Arctic Ocean Hg budget (~1870 Mg) is lower than previous estimates (2847-7920 Mg),
and implies higher sensitivity to changes in climate and emissions. Shelf region particulate Hg
settling (122455 Mg y™) from surface waters is the largest Hg removal mechanism in the ocean,
but its annual observations are currently lacking.

5. Combined observation and modeling estimates suggest a balance of Hg mass fluxes in and out of
Arctic soils, but air-terrestrial Hg exchange fluxes need further improvement. The revised Arctic
Ocean Hg mass balance suggests that Hg burial in shelf sediments (42+31 Mg y™) is
underestimated by up to 52.2+43.5 Mg y™.

6. Permafrost thaw leads to high concentrations of soil-derived Hg in some streams (up to 1270 ng
L™, but its future impact is presently uncertain. Melt releases ~0.4 Mg y™ of deposited Hg stored
in Arctic glaciers (2,415 Mg), which is dwarfed by ~40 Mg y™* of geogenic particulate Hg
exported by glacial rivers into adjacent seas.



Introduction

Mercury (Hg) is a neurotoxic pollutant emitted by both natural and anthropogenic sources, and dispersed
globally via atmospheric transport, ocean currents, and rivers. Observations over the past 40 years show
that Hg concentrations in Arctic marine mammals and seabirds are elevated compared to lower latitudes
12 As a result, Arctic Peoples, who harvest and consume these animals in their traditional diets, are

disproportionately exposed to Hg **.

Local anthropogenic Hg emissions are negligible in the Arctic, and Hg inputs to Arctic ecosystems are
thus largely driven by global Hg emissions™®. The existing reservoirs of Hg in Arctic air, soil, snow, ice
and water are closely interlinked®’(Box 1). Chemical transformations between key Hg species (gaseous
and dissolved elemental Hg (Hg(0)), oxidized divalent Hg (Hg(Il)) and methylmercury (MeHg)), drive
continuous exchanges of these species between reservoirs, influenced by sunlight, organic matter,
biological activity, and other key parameters and processes®?. Climate warming, which is magnified in

11,12

polar regions—“, is anticipated to continue enhancing Hg mobilization due to higher surface

14,15 16-18

temperatures, intensified wildfires™, permafrost thaw**®, glacier and sea ice melt’®, and increased

river discharge.

The Arctic is a remote region with a paucity of historical Hg observations. However, in recent decades

19-24

major research initiatives have expanded the spatio-temporal scope of measurements™", used new

25-29 30,31

techniques such as stable Hg isotopes™™”, elucidated redox chemistry®™“" and undertaken process-based
modeling®3**. This has greatly improved our understanding of Hg fluxes and processes in the Arctic,
underpinning the revision of its mass balance described here. A few global Hg reviews or assessments of
different topics®®>® have included some Arctic Hg data in their syntheses. This review represents the first

comprehensive re-examination of the Arctic Hg cycle and mass balance since 2011".

In this Review, an updated understanding of the total Hg mass balance in the Arctic is developed from
literature synthesis and modeling conducted for the Arctic Monitoring and Assessment Programme
(AMAP) 2021 Hg Assessment. Other parts of the AMAP 2021 Assessment concerned Hg
methylation/demethylation, and Hg concentrations and trends in biota, which are not covered here. Arctic
mercury fluxes (emissions and depositions, oceanic inflow/outflow, particle settling and sediment burial,
river export, coastal erosion, sea ice export) and reservoir mass budgets (atmosphere, permafrost soils,
seasonal snowpacks, glaciers, sea ice, and ocean) are developed for the land area north of 60° N and the
Arctic Ocean (AO) - defined as the central basin and the Barents, Kara, Laptev, East Siberian, Chukchi
and Beaufort Seas (Fig. S1). The significance of these estimated fluxes to Hg cycling in Arctic

ecosystems is examined, and future research areas are prioritized based on current uncertainties. This



Review benchmarks contemporary total Hg pathways and levels in the Arctic, and supports the

effectiveness evaluation objective of the Minamata Convention on Mercury.

Atmospheric mercury

Each year 6,000-9,000 Mg of Hg is emitted to the atmosphere** through anthropogenic activities (2,000—
3,000 Mg) **“*°, biomass burning (400-700 Mg)****, and geogenic degassing and legacy emissions from
land (1,000-1,600 Mg)*” and oceans (2,700-3,400 Mg)*’, mainly as Hg(0) (0.5-1 year lifetime) with some
as Hg(Il) (1-2 weeks lifetime). Atmospheric Hg is transported to the Arctic from global sources, driven by
synoptic-scale pressure systems. Hg transport is enhanced from northern Eurasian sources in winter,
influenced by the Arctic polar dome, and from mid-latitude Asian and North American sources in spring,

facilitated by convective lifting* .

Changes in air circulation patterns due to warmer temperatures and lower sea ice concentrations with a

#4950 are impacting contaminant transport to and within the Arctic® including Hg

warming climate
transport and deposition®*>*2. Following sections describe atmospheric Hg emission sources, transport

and deposition pathways, and concentrations and deposition patterns in the Arctic.
Anthropogenic and wildfire emissions

Less than 1% of estimated global annual anthropogenic Hg emissions to air (~14 Mg, 2015) are emitted
from sources within the Arctic®**%. Main sources of Hg emissions in the Arctic are point sources in
northern Russia, including non-ferrous metal smelters and coal-fired power plants®. Other sources of
anthropogenic Hg emissions in the Arctic include mining, oil and gas activities, and uncontrolled disposal
of waste that might contain Hg-added products. The methodological assumptions made in estimating
anthropogenic Hg emissions and their geospatial distribution, especially from non-point sources in areas

of sparse population, mean that they are subject to large uncertainty.

In the Arctic, Hg emissions from open biomass burning are primarily related to natural (wildfire) sources,
predominantly boreal forest fires. Hg in biomass is almost exclusively derived from atmospheric
deposition and is released through the combustion of living and ground litter, and soil heating during
wildfires®**. Annual Hg emissions estimates from open biomass burning vary widely, ranging from ~20
Mg>**® to 200 Mg*, with large uncertainties, particularly for boreal forest fires. The uncertainty is
associated with high interannual variability in the burned area of boreal forests and use of non-biome
specific Hg emissions ratios (enhanced concentration ratio of Hg and a co-pollutant) or emissions factors
(Hg mass emitted per area burned) with assumed carbon species emission enhancements* %, Further,

these empirical emission ratios or factors are often measured at sites distant from fire sources, which
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likely lead to overestimation of Hg emissions due to the shorter atmospheric lifetime of carbon monoxide
(CO) and variability in CO emissions based on vegetation-type and fire intensity®. Following the
empirical emission factor-based method (EEM3)%®, an improved mean atmospheric Hg emission from
Arctic fires (>60°N) is estimated as 8.8+6.4 Mgy for the period 2001-2019. This emission estimate uses

54,56

the mean emission factor from two near source boreal forest aircraft studies® ", mean burned area based

on three separate algorithms® ™

, mean total fuel consumption (including soil carbon releases) of
Canadian Arctic biomes (2.31+0.81 kg m?)®, complete (100£5%)>**® release of Hg during fires, and

atmospheric Hg fractions of 96.2% elemental and 3.8% particulate.

The current push for natural resource development in the Arctic (oil and gas exploration, mining) could
lead to greater anthropogenic Hg releases within the region. Additionally, human development in the
Aurctic is projected to increase due to climate change, raising the potential for increasing anthropogenic
Hg sources. Boreal peatlands are estimated to contain ten times greater Hg stocks than in boreal forests
due to a thicker organic layer®, and likely release more Hg during fires. The Hg speciation of peat fire
emissions might differ due to more dominant smoldering (vs. flaming) combustion®®. Global fire
emissions databases indicate a larger increasing trend in wildfires (frequency, intensity, and burning
season length) north of 60° between 2005-2018 than 50-60° N, partly attributed to human activities®®®°.

Air-surface Hg exchange

Hg exchange between the Earth's surface and the atmosphere occurs via several pathways®: Hg(0)
exchange with vegetation, soils, snow, ice and waters; and atmospheric oxidation of Hg(0) and
subsequent wet and dry Hg(ll) deposition in gaseous or particulate phase. Vegetation uptake of
atmospheric Hg(0) is the dominant deposition pathway in vegetated Arctic ecosystems (~70% of total
deposition), when compared to the Hg(11) deposition®"®®. Hg oxidation and deposition processes intensify
during springtime (known as atmospheric mercury depletion events (AMDES)) in coastal and marine
Arctic environments®, facilitated by excessive photochemical release of gaseous bromine to air from
snowpacks on sea ice, wind-blown snow particles and sea-salt aerosols’®"®. However, 40-90% of Hg
deposited during AMDEs is photo-reduced and reemitted®. Hg(0) evasion rates are low in the interior

887 and high from marine waters during spring/summer sea ice retreat™.

tundra in all seasons
For this Review, the contemporary atmospheric Hg cycle (year 2015) was simulated (Fig. 1) using an
ensemble of Hg models®*™ (GLEMOS™®, GEOS-Chem*’", GEM-MACH-Hg**"®® DEHM % see
details of the models in the Supplementary Information Text S1, Table S1). Arctic atmospheric mercury

concentrations are shaped by transport patterns from lower latitudes and deposition processes in the



Arctict. Air Hg(0) concentrations in the Arctic (1.4 ng m™®, modeled and measured®*® domain annual
average) are characterized by a latitudinal gradient with concentrations greater than 1.4 ng m™ occurring
across most of the terrestrial Arctic and concentrations less than 1.4 ng m™ over the Canadian Arctic
Archipelago (CAA), Greenland and the AO (Fig. 1a). In the Arctic, the strongest Hg(0) seasonal cycle is
observed in coastal and marine regions (1.1-1.6 ng m®, monthly mean range)®**. Minimum Hg(0)
concentrations, driven by AMDEs, are observed in spring, and maximum concentrations occur in summer
that are attributed to snow and sea ice melt and oceanic Hg re-emissions®®%. Total oxidized Hg
concentrations at high Arctic coastal sites are an order of magnitude higher in springtime (>150 pg m=, 10
years mean observed at Alert, Canada) than the remainder of the year (<25 pg m?, Alert)®’. Arctic
atmospheric Hg levels are less dynamic in fall and winter, and primarily reflect northern hemispheric
background Hg®. The models accurately simulate the seasonal cycle of atmospheric mercury species®,
but underestimate the amplitude of the seasonal variation due to a lack of real-time mechanistic modeling

of the production of bromine species and sea ice dynamics’®®,

The Arctic is characterized by low wet deposition fluxes (<5 pg m? y*, modeled; <4 pg m? y?,

d76,89

observe ), especially in arid areas of Greenland, the CAA, and Siberia, compared to lower latitudes

90-92

(up to 30 pg m2y™1)*2 (Fig. 1b). While precipitation Hg concentrations in the Arctic are low most of the
year, springtime snowfall Hg concentrations can be anomalously high during AMDEs, especially in
coastal and marine locations (for example, median total Hg snowfall concentrations of 79-388 ng L™ in
March, Utgiagvik, Alaska)®. Models overestimate Hg wet deposition flux by up to 100% compared to
observations®%%. However, measured Hg wet deposition fluxes are likely significantly underestimated in
polar regions due to measurement challenges. Wet deposition collectors have lower collection efficiencies
for snow than the recommended precipitation gauges (by ~30%)%. However, precipitation gauges also

96-98

underestimate snowfall amounts by 20-50% in windy environments™", and are subject to the

uncertainties of measuring trace precipitation prevalent in the Arctic***%.

Model ensemble annual average total Hg deposition flux rates in the Arctic are 6.8+1.2 pg m? y™*(5.2+1.2
ug m? y*, north of 66.5° N) over land and 7.4+1.6 pg m? y™ over the AO with about half of seasonal
contributions occurring in summer over land and in spring over ocean (Table S2; Fig. 1c). Highest
modeled Hg deposition rates (up to 20 pg m? y™) occur in the regions characterized by: presence of local
Hg emissions (Fennoscandia); efficient trans-Pacific transport (northwestern North America); high net
primary productivity (boreal forests); and higher precipitation amounts (ocean around Greenland, and
coastal northwestern Europe and North America) (Fig. 1c). Over land, Hg deposition rates decline from

south to north and west to east in Eurasia and North America, driven by proximity to Hg emission



sources. Compared to the measured®® Hg deposition flux of 9.2 ug m? y* at a tundra (Alaska) site, the
model ensemble-estimated deposition flux is 7.2+2.2 pg m? y* (~22% lower). GEM-MACH-Hg model-
simulated median dry deposition Hg flux in boreal forests (8.3 (3.5-15.1) pg m? y*)* is consistent with
the litterfall-based estimate (8.6 (1.3-19.8 pg m? y™)*, but underestimated in Arctic tundra (4.2 (1.1-
8.8)" png m? y*, model; 6.0 (1.4-17)"* pg m? y*, litterfall-based). Modeled deposition compares well

102103 and sub-

with lake sediment-inferred average Hg deposition rates in the Canadian high Arctic
Arctic!?1%41% of 35 ng m? y* (~ 3.6 pg m? y* (0.5-5 pg m? y*), modeled) and 7.5-10.0 pg m? y*
(~7.65 pg m? y* (5-10 pg m? y™*), modeled), respectively. Model ensemble wintertime (September-May)

deposition is also consistent with observation-based 2*'°'%” deposition at the three high Arctic sites (~2-4
g m?).

Model ensemble estimates Arctic atmospheric total Hg burden of 330 Mg (290-360 Mg, seasonal
variance), and total deposition of 243+41 Mg y™* (~51% deposited to the ocean) north of 60°N. Model
ensemble total deposition estimate of 133+31 Mg y™ north 66°N in 2015 is in line with the literature
range of 110-131 Mg y™ "*"®8, Modeling estimates of Hg(0) evasion flux from soils and vegetation is 24
(7-59) Mg y™* (model ensemble), and from the AO are 23.3 (GEM-MACH-Hg) and 45.0 Mg y™* (GEOS-
Chem). Air-sea Hg exchange fluxes are highly dynamic in spring and summer as a result of AMDES™,
snow/sea ice melt and river discharge®**®°, but open ocean measurements representing all seasons are

lacking to confirm model estimated marine Hg fluxes'®'%*.

Long-term Hg observations at high Arctic sites show seasonally variable and overall neutral (Ny-Alesund,
Svalbard)™! to decreasing (< 1.0% per year, Alert®® and Villum Research Station, Greenland®) air
concentrations of Hg(0), and increasing springtime Hg(ll) concentrations (9-17% per year, Alert®).
Climate warming led changes in AMDEs-related oxidation chemistry®, air-surface Hg exchanges>** and
increasing precipitation®® with consequences to Hg deposition in the Arctic are suggested to be
responsible for the changing atmospheric mercury cycling. Vegetation Hg deposition is projected to
increase with increasing vegetation cover and density®*''2, but Hg evasion from soils is projected to
increase in response to accelerating wildfires and permafrost thaw-led microbial reduction and release of

stored Hg in soils™.

Current and projected future Arctic warming trends**®

towards an increase in thinner first year sea ice,
more open sea ice leads, a longer open water season, and increased ice dynamics, might favor conditions
that stimulate AMDE-related Hg deposition by enhancing reactive halogen sources. A 22-year (1996-
2017) trend analysis of Arctic atmospheric bromine monoxide (BrO) satellite measurements™* found

moderate spatiotemporal relationship (r = 0.32, p < 0.05) between springtime BrO concentrations and the



first-year sea ice extent in the AO, both having increased over this period. Higher temperature is
suggested to decrease the Hg oxidation via Br-initiated reactions owing to the thermal dissociation of
HgBr**® but the transformation of HgBr to BrHgO via ozone reaction likely dominates over the
thermal dissociation™’ resulting in weaker temperature dependence of Hg oxidation. Convective mixing
over more prevalent open leads can increase Hg(0) supply in near-surface air to be oxidized and deposited

to surrounding snowpacks 1,

Terrestrial mercury

The terrestrial system plays a dual role in Arctic Hg cycling as a sink of atmospheric Hg and as a source

of Hg to surface waters’. The importance of terrestrial Hg exports to the AO is supported by soil-like Hg

120121 Hg lifetime in Arctic terrestrial reservoirs

stable isotope signatures in marine sediments and biota
ranges between ~10° (soils), 102-10%(glaciers) and 1 (snowpack) year, which might be reduced in future
due to Arctic warming led large perturbations of the terrestrial system®. In the following, we discuss Hg
distribution and storage in terrestrial compartments (vegetation, soils, snowpacks and glaciers) and

transfer of terrestrial Hg to the AO via riverine transport and coastal erosion.

Vegetation Hg

68,122 25,122

Vegetation uptake of atmospheric Hg(0) is a dominant source of Hg in vegetation and soils
(through transfer when plants die) in the Arctic tundra. Pronounced Hg concentration differences exist
both within and among different vegetation functional groups (lichen, mosses, and vascular plants) in the
Arctic (Table S3): lichen (mean: 62+41 ng g'l) and mosses (mean: 61+39 ng g'l) generally show highest
Hg concentrations, and lower Hg levels have been reported in vascular plants (mean: 10+5 ng g'l). Arctic
vascular plants show about three-times lower Hg concentrations than globally averaged vascular foliar
(leaves and needles) concentrations (mean: 34+21 ng g71)123. Acrctic vegetation Hg data are still relatively
sparse and large uncertainties exist in regard to spatiotemporal variability. Cryptogamic vegetation
(which include lichen and mosses) show substantially higher Hg concentrations than vascular plants, and
high variability is reported in Arctic lichen Hg concentrations (19-186 ng g*) (Table S3) due to

124

differing deposition sources and pathways™". Lichens, as important forage substrates, can be potentially

important Hg sources in caribou and other Arctic herbivores'?*

ng g * are reported 125126 i mosses. Lichen and mosses have a large representation in Arctic vegetation

. Hg concentrations ranging from 20-195

communities, which leads to relatively high bulk vegetation Hg concentrations (mean: 49+37 ng g %) in

the Arctic*? (Table S3). One study122 calculated tundra to contain aboveground standing Hg biomass



pools of 29 pg m 2 and a boreal forest study™?’ showed a foliar Hg pool of 21 pug m 2 (Pallas, Finland).

These northern standing biomass Hg pools are surprisingly similar in magnitude to foliar Hg biomass of

lower-latitude forests with much longer growing seasons (15-45 pg m’2)68'122'127.

Soil Hg

Acrctic soils, a globally important Hg reservoir, have accumulated atmospheric Hg over millennia with

anthropogenic Hg mostly confined to the surface layer'®. Soil Hg can be released to surface waters via

68,128,129

river runoff and coastal erosion or re-emitted to the atmosphere Higher Hg concentrations in

active-layer (seasonally thawing and freezing) surface soils (65 ng g*, median) than deeper mineral

(permafrost) horizons (48 ng g*, median) are primarily reported from soil profiles in Alaska™®,

d™* and the Western Siberian Lowlands'® (Fig. 2a-b, Table S4). The Hg enrichment of surface

Svalbar
soils highlights atmospheric Hg deposition as a major source”®!?? Hg stable isotopes reveal that
atmospheric Hg(0) vegetation uptake is the major deposition pathway in the Arctic Coastal Plain of
Alaska, accounting for 70% (56-81%, interquartile range (IQR)) of Hg in organic surface O-horizons,
54% (43-62%, IQR) in A mineral horizons, and 24% (14-34%, IQR) in B horizons®®. Geogenic source
contributes 20% (A horizons) to 40% (B horizons)®® Hg in mineral soils of Alaska. Oxidized Hg

deposition during AMDEs is a minor contribution (<5%) to all soil horizons®®*%.

The Northern Hemisphere permafrost region 0-1 m soil Hg pool has been estimated to be 184 Gg (136—
274 Gg, 25% confidence interval (C1))**°, 240 Gg (110-336 Gg, IQR)**, and 755+301 Gg (95% CI)*%,
Along a Western Siberian Lowland transect, the 0-1 m soil Hg pool increases with latitude from 0.8 mg
m?2 (56° N) to 13.7 mg m™ (67° N), suggesting significant re-emission loses of soil Hg in the sub-
Avrctic'®. The 0-3 m soil Hg pool estimates range from 597 Gg (384-750 Gg, IQR)**° to 1656+962 Gg
(95% C1)'?. Alaska observations represent the largest share (50%) of the soil Hg data collected, but only
cover 7% of the Northern Hemisphere permafrost region (Fig. 2a-b). To overcome the lack of spatially
distributed Hg soil data, studies extrapolate limited observations of mercury to carbon ratios (Hg/C) in

128-130

Arctic soils to the entire Arctic region using high-resolution soil carbon maps'*?. The highest

128

permafrost soil Hg estimate " is likely biased high; the application of elevated deeper mineral permafrost

soil Hg/C ratio (1,600 ng g™) observed in northern Alaska (due to higher geogenic Hg levels) than

elsewhere®®*°

to the entire Arctic’?® led to systematic overestimation of organic surface soils Hg
content'®*®_ Best estimates for the Arctic soil Hg pool are ~49 Gg for 0-0.3 m (surface soils), ~212 Gg
for 0—1 m (active layer soils), and ~597 Gg for 0—3 m, averaging the two Arctic soil Hg pool inventories

based on whole-Arctic literature surveys and western Siberia data'***.
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Snowpack Hg

With winter lasting about two-thirds of the year (September-May), the snowpack is a major substrate for
atmospheric Hg exchange with Arctic ecosystems®. Unique physical and chemical cryospheric processes

133

enrich Hg concentrations in polar snow (1-1,000 ng L™ in Arctic snow; Table S7)*** compared to lower

119138139 surface hoar crystals'®, and

latitude locations (1-~40 ng L™)***¥. Frost flowers on sea ice
diamond dust*** have elevated Hg concentrations (commonly 50-200 ng L™ with values up to 1,200 ng L~
H)!! Sea ice is a major source of reactive halogens to snowpacks and ambient air’®**? that oxidize Hg(0)
in air during AMDESs and can stabilize Hg in snow'®'%13_Hg stabilization in snow can arise from
suppressed Hg(ll) photo-reduction**® and enhanced Hg(0) re-oxidation** by halogens in snowpacks,
including in interstitial air®® and at the stage of snowmelt'®'**. Consequently, higher Hg concentrations
are measured in snow at coastal locations (5-~200 ng L™; Svalbard, Alert, Utqgiagvik, and
Greenland)®®106108107.145.146 than inland sites (0.5-5 ng L™; Toolik Lake, Alaska, Mt. Oxford and Agassiz,

Canada, and Summit Station, Greenland)® "',

A large fraction (40-90%)™ of snowpack Hg is re-emitted by photo-reduction, which depends on factors
like halide and particulate matter content of snow, snowfall frequency, snow temperature, solar radiation,

snowpack ventilation and upward latent heat flux*®*46148-151

. However, due to relatively elevated
snowpack Hg deposition rates in otherwise pristine locations a significant amount of Hg is retained,
especially in coastal and marine regions®?*. A snowpack study from interior Alaska showed that the
tundra snowpack is less prone to Hg(0) emissions than previously estimated’®. During the spring freshet,
Hg accumulated in snow and ice is: re-emitted during snow metamorphism and melt, exported to
freshwaters or the marine system (40-80%, coastal Alaska), or incorporated into ecosystems by sorption
to soil or vegetation surfaces'®. Early snow melt includes an “jonic” pulse of major elements and elevated
Hg concentrations (3-30 ng L)% GEM-MACH-Hg simulation estimated an Arctic terrestrial
seasonal snowpack Hg loading of 39 (35-42) Mg, and mean meltwater ionic pulse Hg concentrations that
are generally lower in North America (< 10 ng L™) than in Eurasia (> 20 ng L ™) due to differences in Hg

deposition rates®.

Glacial Hg

Glaciers mobilize Hg (dissolved and particulate) downstream via seasonal thaw and net ice mass wastage.
The Hg in glacier-fed streams comes from anthropogenic and natural sources, including atmospheric
deposition to snow, and erosion from bedrock. High-latitude glacier ice formed in the 19-20™ centuries is
enriched in Hg by factors of 2-15 relative to pre-industrial ice?®*°?™*. Upscaling an ice core-based

28,152-1541

estimate of the median Hg concentration (0.8 ng L™) and using current estimates of glacier ice
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volume™>, the mean size of the Arctic glacial Hg pool is estimated at 2415+22 Mg (~97% in Greenland).

Based on spaceborne, gravity-based assessments of mass wasting rates™**’

and ice-core Hg data, melting
Arctic glacier ice releases 400+7 kg y™ of Hg (~60% from Greenland). While total Hg levels in en- or
supra-glacial ice are typically <1 ng L™, concentrations in sub- or pro-glacial streams fed by subglacial
drainage can be 10-100s times larger, depending on catchment geology, owing to high particulate Hg
loads (Table S5). A new study™® reporting dissolved Hg levels of 44-351 ng L™ in a west Greenland river
presently stands as an outlier, calling for further confirmation. Typical Hg concentrations in bulk

suspended particles carried by glacial streams are 5 to >500 ng g™ 1%1°%¢

, and estimated total Hg yields
from most glacier-fed catchments are 0.03-3.88 g km? y™ in basins with 21-82% glacier coverage, but a

few have yields >10 g km™? y™* (Fig. 2d, Table S5). For Greenland, multiplying riverine particulate Hg

162 163

concentrations'® by estimated sediment exports yields'® a total annual output of ~40 Mg y™ Hg, far in
excess of Hg releases from melting ice. Run off from Greenland mostly discharges into adjacent seas

(>90%), with the remainder into the AO. Most glacierized catchments are in Greenland, the CAA and

dl64 d7'165.

Svalbard™, and thus outside the large mainland watersheds for which Hg fluxes are monitore
Presently, the limited number of glacial rivers sampled (~10% in Table S5) and wide range of Hg levels

and fluxes in these rivers make glacial Hg flux estimates uncertain.

Riverine Hg

Rivers mobilize and carry Hg from soils, snow, ice and released from permafrost and bedrock to
freshwater ecosystems and the oceans. A strong coupling between Hg export and both water discharge
and particle loadings suggests that hydrology and soil erosion are key drivers of Arctic riverine Hg
export”*®*% Over 90% of annual Hg export from large Arctic rivers occurs in spring/early summer,

attesting to the importance of snowpack melt to riverine Hg'*>¢7169

(Fig. 2). Hg:C ratio was observed to
be 2-3 times higher in spring waters from western Siberia rivers compared to summer and fall*®’,
reflecting runoff of wintertime accumulated Hg deposition in snow. During the spring freshet, the ground
is still frozen. Percolation through soil is thus not a major Hg source, but surface soil entrainment by
overland flow and river bank erosion are '®. Terrestrial contributions increase through summer as the
ground thaws, leading to a minor second peak in Hg exports from some rivers during late summer or
fall*®™**". Mercury in snowmelt and surface soils released during spring likely originates mainly from
recent atmospheric deposition, while later releases have larger, as yet unquantified, shares from legacy Hg
deposition and natural sources®® #1307 Groundwater is important for some Arctic rivers (such as

Yukon'™), but its magnitude as a Hg source is unknown.
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Local soil permeability, organic carbon content, glacial history, and vegetation cover all affect Hg storage
and retention, making permafrost thaw contributions to riverine Hg exports difficult to quantify'’™*'".
About 5% of Hg in Arctic soils is stored in regions with ice-rich permafrost susceptible to developing
hillslope thermokarst features, like retrogressive thaw slumps, which can quickly mobilize vast amounts
of particulate Hg into rivers'. Gradual thaw may also enhance particulate Hg export in streams,

especially in the sporadic permafrost zone'®’.

Total Hg concentrations vary by four orders of magnitude across Arctic watercourses (0.17—1,270 ng L™
Supplementary Table S5). The highest reported Hg levels are in streams affected by retrogressive thaw

slumps (max. 1,270 ng L™, in ephemeral snowmelt-fed streams from coastal Alaska (max. 80 ng L’

1)931106 108,144

where halogens likely drive enhanced Hg oxidation in air and retention in snow , and in turbid
glacier-fed rivers (max. 74 ng L™) during peak discharge'®*®. In rivers with large watersheds (>10° km?),
Hg concentrations are between 0.4 and 27 ng L™ (median: 4.80 ng L™*; Supplementary Table S5) with
above 10 ng L™ concentrations reported in northwestern North America (Yukon and Mackenzie
watersheds) and Russia (Severnaya Dvina and Katun rivers). While tributaries to the Yukon and
Mackenzie rivers are relatively pristine, the Katun River (Ob' watershed; max. 300 ng L™) flows over Hg-
enriched bedrock'’®, and the Severnaya Dvina River (5-21 ng L™) is locally impacted by Hg
contamination around Archangelsk'’®. The share of particulate Hg varies between 29 and 60% across
most Arctic rivers, but exceeds 85% in some glacier-fed streams'®*’.

Annual riverine Hg yields (average: 2.81 pug m? median: 1.76 pg m?) in the Arctic exhibit large
variations between watersheds (0.03-98.5 pug m%; Table S5), with 68% estimates between 0.9 and 4.4 pg
m2. Higher river Hg yields are generally observed for rivers in western Eurasia and North America, with
lower yields in Greenland, the CAA and western Hudson Bay (Fig. 2d). This pattern is broadly consistent
with atmospheric Hg deposition across the Arctic (Figs. 1c and 3c). Watersheds on the AO coast are
estimated to have the highest riverine Hg yields, driven by their high AMDE-led snowpack Hg
loadings”®*%% (Fig. 2d).

Comparison between observation-based Hg exports from major Arctic rivers (Yenisei, Lena, Ob’,
Pechora, Severnaya Dvina, Kolyma, Mackenzie and Yukon draining about 70% of pan-Arctic watershed
extending up to 45° N) and modeled (ensemble) Hg deposition reveals that river Hg exports are strongly
positively correlated (r = 0.87) with their watershed Hg deposition components north of 60° N (Fig. S2;
Table S6). Correspondingly, river Hg yields increase with increasing watershed proportions north of 60°
N (Fig. 1d; Table S6). These results suggest greater re-emission'?® and/or sedimentation occurring of
deposited Hg at latitudes south of 60° N. Additionally, river Hg yields are higher from the watersheds

with greater Hg deposition rates (> 60° N), driven by proximity to Hg emission and presence of dominant
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deposition pathways (Figs 1c and 2c; Table S6). The observation-based” %

total Hg export from the eight
largest Arctic rivers (23.6 Mg y™) 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 in these
watersheds north of 60° N (Table S6).

Observation-based estimates of annual Hg export from pan-Arctic rivers have converged on the range
between 37 and 44’ Mgy, with eight major rivers exporting about 50% of the Hg. Much of this Hg is
discharged directly to the AO (41+4 Mg y™), with 2-3 Mg y entering Hudson and Baffin bays. Applying
measured snowpack Hg export rate of ~50% (40-80%)'® to the modeled end of season snowpack Hg
loading (39 Mg y™)® in the Arctic (north of 60° N) suggests that snowpacks supply up to half of the pan-
Acrctic river Hg export, the balance being derived from active layer surface soils. This finding is in line

with observations of roughly equal amounts of dissolved and particulate Hg in river runoff to the ocean’.

Future Arctic riverine Hg exports will be impacted by Arctic warming through accelerated permafrost
thaw, glacier melt, increased rainfall, shorter snow cover seasons, and wildfire-related soil erosion.
Glacial discharge is forecasted to increase across much of the Arctic until the mid-21* century; Greenland
will become the dominant source thereafter, while outflow from smaller glaciers and ice cap will
decline'>™"™"8, These trends will likely be reflected in glacier-fed riverine Hg exports. Permafrost will
also likely contribute more Hg to rivers via enhanced water percolation through a deepening active layer,
and slump development along stream banks™®"*"**®_ With unconstrained fossil fuel burning, terrestrial Hg
model simulations for the Yukon River project a doubling of Hg(ll) export by 2100, and a tripling by
2200%. However, thaw processes vary widely across ice-rich and ice-poor permafrost, making pan-Arctic
projections more difficult and highlighting the need to quantify thaw-induced Hg releases in different
settings. Understanding the sensitivity of small watershed Hg fluxes to change is especially important

given their prevalence along Arctic coastlines.

Coastal erosion Hg export

Arctic coastal erosion rates are among the highest in the world because of long reaches of unlithified
glacial drift in elevated bluffs, rapid sea-level changes, and exposed ground ice susceptible to the action
of wind, water, and thermoerosion'®®'#2, The Hg mass entering the ocean can be estimated from Arctic
soil Hg concentrations in permafrost soils including the active layers compiled from the literature (REF
130183184 and references therein; REF'?, excluding a southern, non-permafrost site; Table S4), and eroding
soil mass based on soil volumes from the Arctic Coastal Dynamics Database® (Table S7). Most soil Hg
data are from inland tundra sites; additional sampling of coastal soils is needed to confirm their similarity

to inland soils. Using the mean soil Hg concentration of 66.1+52.3 ng g™* dry weight, the estimated annual
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erosional Hg flux is 39+30 Mg y* (median 32 Mg y™; 18-52 Mg y™, IQR) (Table S7). The Eurasian
Arctic, where erosion rates are highest, contributes 89% of the Hg flux. Calculated coastal erosion flux

uncertainty only reflects the variability in soil Hg concentrations, not erosion mass.

Coastal erosion is increasing in many Arctic areas and is now higher than at any time since observations

began 50-60 years ago because of interacting climatic, oceanographic and geomorphological factors™2*¢.

180,185

A projected future increase in rates of coastline erosion will contribute more Hg to the ocean.

Marine mercury

The Hg cycle in the AO is the key link between anthropogenic emissions and releases, Arctic marine
biota and human exposure. Although efforts to understand the AO Hg cycle were historically hindered by
a lack of data™"*®°, coordinated efforts (such as GEOTRACES) since 2015 have made the AO one of the

most sampled ocean basins with ~2000 total Hg seawater observations™®#!:1% (Fig. 3a).

The AO has unique and complex hydrography, distinguishing its Hg cycle from that of other oceans. The
AO is covered by sea ice, affecting the air-sea Hg exchange. Almost completely surrounded by land and
over half underlain by continental shelf, the AO receives a larger river discharge relative to its area than
any other ocean. The freshwater inputs, traceable in the central AO, result in strong stratification®*!%1%,
Mercury enters the AO via rivers and coastal erosion, atmospheric deposition, and through Atlantic and
Pacific Ocean inflows, and is removed from the Arctic water column by evasion, sedimentation, and

outflow to the Atlantic Ocean.

Overall, Hg concentrations measured in Arctic waters are somewhat higher than in the North Atlantic*®®

and global ocean*®®

(Fig. 3a). The AO is the only ocean where the highest water Hg concentrations reside
in the surface waters (0.24+0.12 ng L™, 0-20 m, n=159)'%. North Atlantic-sourced waters flowing into
the Arctic are lower in Hg (0.15+0.07 ng L™, 200-500m, n=164) as are Arctic deep waters below 500 m
(0.13+0.06 ng L™, n=369). There is no significant difference in Hg concentrations between the Nansen,

A1 and on the

Amundsen, Makarov and Canadian Basins. Higher Hg levels were observed in the CA
North-Eastern Greenland Shelf, but not at the Barents Sea Opening®. Mercury concentrations in the East

Siberian and Chukchi shelf (< 200m) averaged 0.22+0.08 ng L™ (n=74)?'%,

Using all available mean seawater total Hg concentration data®!?%24187191.192.194

budget is revised to 1870 Mg (distributed by depth as: 44 Mg (0-20m), 228 Mg (20-200m), 224 Mg (200-
500m) and 1375 Mg (500m-bottom)). This estimate is lower than reported in previous AO Hg mass

, the water column Hg

budget studies (2847-7920 Mg)®'¥’, primarily as a result of being based on more high latitude water

measurements.
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While there is no long-term temporal dataset for AO seawater Hg concentrations, some studies suggest
that AO Hg concentrations and distribution will likely be affected by climate change. Climate change-

198,199

induced loss of sea ice (5—-10% decrease/decade in annual mean sea ice extent ) might result in a net

increase in evasion flux of Hg from water to air>®, through enhanced net Hg reduction® and higher open

200

water surface area’. In parallel, higher primary productivity?® could enhance the removal of Hg from

surface waters with the particle settling flux.
Air-sea Hg(0) exchange

Measurements of Hg(0) concentrations in the AO are limited™®?**® but show elevated concentrations in
upper ocean waters especially under sea ice (Fig. 3b). Air-sea exchange of Hg(0) is a diffusion process
largely controlled by surface water Hg(0) and water turbulence. High resolution measurements of surface
water Hg(0) indicate supersaturation in summer and fall resulting in a net sea to air flux'**®®. Hg(0)

189

evasion is higher in coastal areas and the CAA (~144 ng m? d™)*® than in the ice-free open ocean (<24

19,109,110 |19,109

ng m?d™) , and higher in summer than in fal

Sea ice acts as a barrier to evasion*®'®

, allowing Hg(0) to build up likely by biologically-mediated and
dark redox processes (~107 s1)310119201203 jinked to organic carbon cycling at the ice-water interface.
Reaching a steady state under sea ice likely takes months assuming no other losses. The elevated
concentrations suggest the potential for a substantial release of Hg(0) during spring/summer sea-ice

melt%

. As a result, there is likely enhanced Hg evasion in spring/summer during ice melt, and models
suggest that this and snowpack melt contribute to the elevated atmospheric Hg concentrations measured at
coastal locations in late spring/early summer®*%8 The timescale for surface water Hg(0) to return to

open water concentrations is several weeks™.

A net Hg(0) evasion (diffusion) flux of 24.9 Mg y™ from sea to air is estimated for the AO based on

measurements of open ocean water flux estimates (77 ng m? d™*)*1%

, and an open water area ranging
from 10% in winter to 65% in summer. Further, release of Hg(0) from under sea ice during melt is added
based on seasonal sea ice changes and under ice Hg(0) concentrations (2.9 Mg y™), reaching a total
evasion of 27.8 Mg y™. This is comparable to estimates of 45.0 and 23.3 Mg y™ from GEOS-Chem and
GEM-MACH-Hg models, respectively, providing a best estimate of 32 Mg y* (range 23-45 Mg y™)

based on measurements and models.
Sea ice Hg exchange

Arctic sea ice is central to the Arctic Hg cycle, as it regulates the air-sea exchange of volatile Hg

species'®, and controls the amount of sunlight that penetrates the water column and thus the photo-
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mediated transformations of Hg™™". Moreover, sea ice traps, accumulates , and transports Hg across
the AO™. When seawater freezes, it traps Hg dissolved in the water or bound to particles in the newly
formed ice. Sea ice matures by rejecting salts and dissolved Hg into brine, a halide and Hg-rich, dense,
cold phase?®?%. This brine has a low freezing temperature, remains liquid, and pools into channels. Thus,
brine expulsion can move Hg from the bulk ice to the underlying seawater, enriching it (1.05+£0.52 ng
L™ relative to the polar mixed layer (~0.3 ng L™)'*. The amount of particulate Hg is highly variable
and depends on the turbidity of waters where the sea ice originally formed. For example, “dirty ice”
formed near the coast in resuspended sediment-rich waters®’, is enriched in particulate Hg*®. Particle-

bound contaminants are less likely to move into the brine and remain in the ice*®

. As sea ice ages, it loses
Hg through brine expulsion or move to the surface and form frost flowers®>?%**° but it can also gain Hg
from atmospheric deposition or adsorption on snow and frost flowers*****, Mercury can re-enter brine
channels from underlying waters and sediment. All these processes affecting sea ice Hg result in the wide
range of concentrations reported, from 0.1-12 ng L* 1923205206209 ‘kyq\yever, when only Central AO sea
ice’®® is considered, the overall concentration and the variability within cores and across sites are
consistent (0.61+0.29 ng L ™). Using this mean Hg concentration and the mean sea ice volume for 2015
(1.54x10* km?®), the AO sea ice Hg reservoir is estimated as 9.2 Mg (range 3.5-14.6 Mg). Annually,
1.4+0.4 Mg y™* of sea ice Hg is exported out of the AO (through Fram Strait), assuming an approximate

sea ice export of 2400+640 km®.
Ocean currents Hg exchange

Mercury enters the AO through ocean currents from the Atlantic Ocean (439 Mg y™, Fram Strait”’; 6+4
Mg y, Barents Sea Opening®), and the Pacific Ocean (6° Mg y*, 1-14% and 3.7-7.6° Mg y, Bering
Strait), and exits via the Fram Strait (54+13 Mg y™)® and Davis Strait (19+8 Mg y™)? into the Atlantic
Ocean. Improved data® have well-constrained the total AO oceanic Hg inflow (5527 Mg y™) and outflow
(73+8 Mg y™), compared to previous estimates (46" and 53 (40-62)° Mg y™, inflow; 68" and 79 (49-
122)° Mg y*, outflow). Observations consistently suggest a net Hg export from the AO to the North
Atlantic Ocean (18-26.2 Mg y™)®?'" due to the relatively high Hg concentrations in the outflow
(0.2620.09 ng L™) compared to the inflow (0.16+0.06 ng L") %.

While a slightly increasing trend in water inflow from Bering Strait has been observed, the Fram Strait

water exchange shows strong seasonal variability but small long-term changes”®, which suggests no

future trend for ocean Hg exchange due to low water input from Bering Strait*.

Water-sediment Hg exchange
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Rivers and coastal erosion, ocean primary production and wind-blown dust deposition provide
organic/inorganic particles to the AO that accumulates in marine sediments (490 and 134 Ggly in shelf

and deep basins, respectively®*#**

). The high affinity of Hg to particles and the drawdown of particles
from the surface ocean provide an important mechanism for Hg settling and burial in the marine

sediments on millennial time scales?',

The highest particulate Hg concentrations in the AO are observed over the shelf (0.031+0.01 ng L™)
followed by Eastern (0.019+0.008 ng L ™) and Western (0.014+0.010 ng L™) basins, which are about 3
times higher than in the North Atlantic?>***#*, When normalizing to particle weight, the Hg concentration

of the particles increases from the shelf (211+69 ng g™) to the central Arctic Ocean (1,484+467 ng g™)'*

215

compared to up to 90 ng g* (36+27 ng g*)** near the Mackenzie River and 240-1,080 ng g™ in the
offshore North Atlantic Ocean®®. The AO sediments Hg concentrations are also higher in the deep basin

(60.4+44.5 ng g%, n=70) compared to the shelf (28.9+22.0 ng g™, n=70)"".

Using suspended particulate Hg concentrations and Th-234 radionuclide tracer measurements, Hg settling
fluxes from surface waters to below 100 m of 34.7+15.6 ng m2 d™* (shelf) and 9.2+43.3 ng m? d™* (deep
basin) are estimated'®. The central AO Hg settling flux has a high uncertainty because of very low
particle export fluxes. Total Hg settling fluxes from the surface ocean waters (100 meters depth) of
122455 (shelf) Mg y™* and 7.2+17 Mg y™* (deep basin) are estimated for the AO area considered in this

Review.

Marine sediments exchange Hg with overlying seawater by sedimentation/resuspension and bi-directional
diffusion of Hg species®. A recent Th-230 radionuclide tracer approach refined the deep basin Hg burial
flux**® to 3.9+0.7 Mg vy, compared to previous estimates (8 Mg y™ and 3.5+3 Mg y™*)***". Higher Hg
burial rates are estimated in shelf sediments (30 Mg y™ and 20+14 Mg y™)®***. However, the shelf Hg
burial flux is likely underestimated due to a lack of measurements in the inner shelf, where burial is
expected to be higher ?". New observations on the Siberian shelf suggest Hg burial rates of up to 75 Mgy’
! and that earlier estimates are biased low because of underestimated sediment density®’. Using all
available data'*“*'®#" gives a revised shelf Hg burial flux of 42+31 Mg y™ (n=114). Net benthic Hg
diffusion flux from the AO sediments to the overlying water column is estimated at 5 Mg y™ for both
shelf and deep basins based on limited data®, calling for further measurements especially in the deep

basin.

Mercury mass balance
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In the last decade, observations and modeling have advanced the understanding of AO Hg mass
balance®"?*34781%! This review provides a revised AO and first terrestrial system Hg mass balance

assessment in the Arctic (Fig. 4; Table S9).

The Hg mass balance developed in this Review suggests that presently annual atmospheric Hg deposition
of 118+20 Mg y™ to the Arctic terrestrial system is balanced by legacy Hg emissions from soils and
vegetation (including wildfires) and riverine and erosional exports totaling 113+32 Mg y™ (Table S9).
Northward-flowing rivers import part of the ~62 Mg y™* Hg deposited over watershed areas south of 60°N
to the Arctic, which is not accounted in the above terrestrial Hg inputs. Riverine Hg inflow to the Arctic is
presently unquantifiable, as riverine fluxes and export rates are mostly measured at river mouths only.

Large pools of Hg (212 (184-240) Gg, 0-1m, > three orders of magnitude larger than any other reservoirs)

128-130

have accumulated in active layer and permafrost soils , derived from thousands of years of

atmospheric deposition. It is likely that Arctic warming led to increased releases of terrestrial Hg in recent

14,218 16,17 13,219

decades by intensifying permafrost thaw , glacier melt*®", coastal erosion®®’, wildfires , and river

discharge'®®. However, observational data are currently insufficient to quantify these changes. Uptake of

Hg(0) by vegetation/soils/snowpack is now thought to be the dominant Hg deposition pathway in the

68,74,93

Acrctic terrestrial ecosystems , which is currently underestimated in models®. Legacy Hg emissions

from undisturbed tundra soils seem negligible®®, and are likely overestimated in models (6.5-59 Mg y™;
Table S9). Finally, wildfire Hg emissions and its speciation from boreal forests are highly temporally

variable and uncertain, and reported to be rising®®*.

Previously, Hg inputs to the AO from atmospheric deposition (45-108 Mg y™)®34788

runoff (46-80 Mg y™)®3***"8 coastal erosion (15-32 Mg y™)***, and ocean current inflow (46-55 Mgy’
1)6,20,197

, pan-Arctic river

6,34,80 6,20,197

were estimated to be offset by evasion (33-99 Mg y™) , ocean outflow (68-79 Mg y™)

and sediment burial (28 Mg y™)**** fluxes. In contrast, the revised AO Hg inputs (204.5+27.3 Mg y™)
exceed outputs (152.3+33.9 Mg y™) by 52.2+43.5 Mg y™ (Table S9), and indicate that Hg removal from

the AO ocean waters is currently underestimated. Shelf Hg burial flux is likely underestimated due to a

217

lack of measurements in the inner shelf, where burial is expected to be higher®" (arrow q, Fig. 4).

Mercury settling in shelf regions could be subsequently transferred into the deep basin via hydrodynamic

220,221

exchanges (arrow r, Fig. 4). Recent observations on the Siberian shelf suggest that Hg burial rates of

217

up to 75 Mg y™ are possible?’’, and that earlier estimates are biased low because of underestimated

191 also indicates

sediment density. Large observed shelf Hg settling of 122455 Mg y™ from surface waters
that the revised shelf burial flux (42+31 Mg y™) using all available data (n=114)"*?'%?" might be
underestimated by up to 80£63.1 Mgy, which is in the range of excess AO Hg input (52.2+43.5 Mg y™)

found here. Riverine and erosional Hg exports to the AO are highly seasonal, primarily occurring during
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spring freshet and summer months”®. The fate of terrestrial Hg input in the AO is currently uncertain,
and likely varies between watersheds due to differences in the reactivity of particulate organic carbon-

bound mercury®194222223,

Summary and future perspectives

A quantitative understanding of the Arctic total Hg levels, movement pathways and mass balance is
developed by integrating observations and modeling, in support of future effectiveness evaluation of the
Minamata Convention. About 330 Mg Hg presently circulates in the Arctic atmosphere north of 60° N,
primarily transported from distant global emissions sources (6000-9000 Mg y™)*, with small
contributions from regional anthropogenic emissions (14 Mg y™) and re-emission of legacy Hg by
wildfires (8.8+6.4 Mg y™) and by vegetation/soil evasion (24 (6.5-59) Mg y™). Annually, 118420 Mg y™
and 64.5+19.8 Mg y™ of atmospheric Hg is deposited to Arctic terrestrial and marine environments,
respectively.. Mercury deposited on land is stored in permafrost soils (597,000 Mg, 0-3 m), glaciers
(2,415 Mg) and seasonal snowpacks (~39 (35-42) Mg). Rivers and coastal erosion respectively transfer
41+4 and 39 (18-52) Mg y™ of terrestrial Hg to the AO reservoir (1,870 Mg). Oceanic inflows supply
55+7 Mg y™ of Hg to the AO, while the outflow exports 73+8 Mg y™ to the Atlantic Ocean. About 32
(23-45) Mg y™ of Hg is lost from the AO by evasion to air, while sedimentation buries 42+31 Mg y™
(likely significantly underestimated) and 3.9+0.7 Mg y™ of oceanic Hg in continental shelves and the deep

basin, respectively.

Research advances in following key areas is needed to improve the understanding of the processes
controlling the present and future Arctic Hg cycling. To better quantify anthropogenic Hg emissions in
the Arctic, improved information on Hg regional sources such as activity data on quantities of fuels and
raw materials used at major point sources, and their associated Hg content, as well as that of their
products is necessary. Information on the locations, quantities and practices involved in waste disposal in
the Arctic, and waste characteristics would allow better estimates, not only of Hg emissions but also of
the releases of a range of environmental contaminants. Mercury measurements in biome-specific wildfires
including peat fires, and improved methods for wildfire Hg emission inventories including global
warming impacts are required. Mechanistic modeling schemes for vegetation Hg uptake from the
atmosphere incorporating plant physiology, redox chemistry and environmental variables are needed. The
role of sea ice/snow dynamics and photo-chemistry in marine Hg redox processes needs to be better
understood. More air-surface Hg flux observations from inland, coastal and marine sites would help to
develop mechanistic knowledge of atmosphere-surface and sediment-ocean Hg exchange processes, and

their climate warming effects.
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Mercury releases from thawing Arctic permafrost into rivers and from eroding coastlines into the ocean
depend on factors such as soil organic carbon, geomorphology, hydrology, and ground ice, which vary
widely across the Arctic. Thus, spatially-resolved permafrost soil Hg inventories are needed to understand
and quantify Hg releases to downstream and coastal ecosystems across different regions and thaw
regimes. Improved estimates of glacial Hg reservoir and its outflow across a range of catchment sizes and
geological settings, particularly where local ecosystem impacts could be large (such as productive fjords),
and projections of glacial meltwater discharges into lakes and the ocean are required to forecast impacts

to aquatic ecosystems.

Further application of Hg stable isotopes might better constrain the processes influencing cycling of
Hg through the air-soil-river pathway into the AO and marine food webs under present and future
conditions. Applying extensive knowledge of the radiocarbon ages and soil profile sources of dissolved
and particulate organic carbon in Arctic rivers might help elucidate the natural:anthropogenic source
attribution of dissolved and particulate Hg fluxes into the AO. Seasonal observations of suspended
sediment and dissolved Hg fluxes onto the shelf and in the central AO are needed to understand and
quantify the fate of pulsed terrestrial Hg inputs. Finally, integrated atmosphere-land-ocean
biogeochemical Hg models are needed to simulate the link between terrestrial Hg deposition and its

export, and the impacts of concurrent changes in global climate and Hg emissions on Arctic Hg cycling.

Figure 1. | Atmospheric Hg distribution in the Arctic. a] Model ensemble (DEHM, GEM-MACH-Hg,
GLEMOS, GOES-Chem) simulated (this Review) annual average surface air gaseous elemental mercury
(Hg(0)) concentrations in 2015. b| Annual mercury (Hg) wet deposition flux in 2015. ¢| Annual Hg total
deposition in the Arctic in 2015. Circles show observations in the same color scale. The blue lines
delineate major pan-Arctic river watersheds. Air concentrations and wet deposition observations are from
ECCC-AMM®, AMNet*, EMEP®® and REF**, and total deposition observation is from REF %°.

Figure 2. | Distribution of total Hg in Arctic soils, wintertime deposition and rivers. a| Mean mercury
(Hg) concentrations of active layer soils within 0-1 m depth. b| Mean Hg concentration of permafrost
layer soils within 0-1 m depth. Symbols in Figs. a-b represent the soil type with squares for organic soils,
circles for mineral soils and triangles for combined organic/mineral soils c| Wintertime (September-May)
model ensemble simulated Hg deposition to snowpack. Observations are shown in circles d| Annual river
total mercury (THg) yields (annual riverine THg mass flux to the Arctic Ocean divided by watershed
area) for pan-Arctic watersheds. Larger watersheds (> 10,000 km?) are delineated where possible, while
smaller watersheds are represented by symbols. Solid colored watersheds and squares represent measured

THg yields (n=32) reported in REF"!6:18:107162165169.173.225:228 " atched watersheds and circles are THg
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yields (n=100) modelled in REF’. Numbered watersheds are: 1) Amguema, 2) Palyavaam, 3) Bolshoy
Anyuy, 4) Indigirka, 5) Yana, 6) Omoloy, 7) Olenek, 8) Anabar, 9) Khatanga, 10) Katun, 11) Taz, 12)
Pur, 13) Nadym, 14) Pechora, 15) Mezen, 16) Onega, 17) Ponoy, 18) Varzuga, 19) Nyzhny Vig (Sor), 20)
Kem, 21) Tana, 22) George, 23) A la Baleine, 24) Povungnitug, 25) Arnaud, 26) Aux Feuilles, 27)
Koksoak, 28) Grande Riviére de la Baleine, 29) La Grande Riviére, 30) Eastmain, 31) Rupert, 32)
Nottaway, 33) Moose, 34) Albany, 35) Attawapiskat, 36) Winisk, 37) Severn, 38) Hayes, 39) Churchill,
40) Seal, 41) Thlewiaza, 42) Ferguson, 43) Thelon, 44) Back, 45) Ellice, 46) Coppermine, 47) Hornaday,
48) Anderson, 49) Peel, 50) Noatak, 51) Kobuk. For rivers with multiple yield estimates, only the
estimate for the most recent time period is shown. e| Repeat images during spring melt in Utqgiagvik
(formerly Barrow), Alaska during a typical spring melt. In a matter of a few weeks the tundra surface

goes from completely snow covered to a wet vegetation and soil surface exposed to continuous sunlight.

Figure 3. | Spatial distribution of Hg in the Arctic Ocean. a| Synoptic pan-Arctic transect of total Hg
concentrations during the 2015 GEOTRACES cruises (ng L )?*****_ The insert map shows the transect
(red band) and available Hg observations (blue dots). b| Surface water Hg(0) concentrations (ng L™) in
the Arctic Ocean during a summer (left'®) and fall (right'®) cruise. Grey areas indicate ice-covered water.
The area indicated with a punctuated line represents the outflow region from the Mackenzie River Basin.
Ocean currents transport Hg via waters entering the AO from the Atlantic Ocean (235+31.7x10° km® y™,
Fram Strait; 72.9+38.0x10° km® y!, Barents Sea Opening), and the Pacific Ocean (22.2+22.2x10° km® y™*,
Bering Strait), and exiting the AO through the Davis Strait (66.6+22.2x10° km® y™) and Fram Strait
(273+114x10°km? y) into the Atlantic Ocean*®#%,

Figure 4 | Arctic Hg inter-compartmental annual fluxes and reservoir budgets. Best estimates (black

numbers) and uncertainties in terrestrial and oceanic Hg annual fluxes (identified by arrows with letters)

are: anthropogenic (a, 14 Mg y™), natural and legacy soils/vegetation volatilization (b, 24?13’; '51 Mg y™),

wildfires (c, 8.86.4 Mg y™), and ocean (d, 32.;° Mg y™) emissions; terrestrial (¢, 118+20 Mg y™), and

+13

17 Mg y™), river (h, 414 Mg y™), ocean (i,

ocean (f, 64.5+19.8 Mg) deposition; coastal erosion (g, 39
55+7 Mg y™), and benthic shelf (j, 5 Mg y™) imports; sea ice (k, 1.4+ 0.4 Mg y™), ocean (I, 738 Mg y™),
shelf burial (m, 42+31 Mg y™) and deep ocean burial (n, 3.9+0.7 Mg y™) exports; and in-ocean shelf (o,

122455 Mg y™) and deep ocean (p, 7.2+17 Mg y™*) downward fluxes from surface waters. Best estimates

(black numbers) and uncertainties for Hg budgets in reservoirs are: atmosphere (330_+4300 Mag), glaciers

(2,415+22 Mg), snowpacks (39_+43 Mg), soils (surface, 0-0.3 m: 49+13 Gg; active layer, 0-1 m: 212428
Gg; permafrost, 0-3 m: 597 Gg), and Arctic Ocean (44+22 Mg, 0-20 m; 228+112 Mg, 20-200 m;
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2244106 Mg, 200-500 m; 1,375+616 Mg, 500 m and deeper). Red arrows indicate unknown Hg fluxes of
burial in estuaries and inner shelf (q), transport from shelf to deep Arctic Ocean basin (r), and benthic
deep basin (s) fluxes (identified in this Review). Arctic Ocean sediments Hg concentrations are 28.9+22.0
ng g™ in shelf and 60.4+44.5 ng g in deep basin. Arctic land is defined as region north of 60° N and the
Arctic Ocean is defined as the central basin, and Barents, Kara, Laptev East Siberian, Chukchi and
Beaufort Seas, (94.5 x 10° km?, total ocean surface area; 53% shelf). The values of Hg fluxes and budgets

are based on multi-model ensemble simulations and peer-reviewed literature (this Review).

Box 1 | The role of speciation in Arctic mercury cycling

@ @ \
) " Hgl(0) Hg(0) = Hglllg, 1’:
Hg(0) Hg(ll) Hg(0) Hg(l)
H
® ‘ o He(0) Helll e el
o v. VS -
of L °s ¥ ¥
* i v

Hg(Il) = Hg(0)@®

Mercury (Hg) in the Arctic occurs in different chemical forms that are subject to (photo-)chemical and
biologically-mediated transformations®”#**?!, Mercury is transported to and from the Arctic through air
(1)%2, rivers (16)" and ocean currents (15)°. The atmospheric Hg pool (2) consist of gaseous elemental
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Hg (Hg(0); >95%) and oxidized divalent Hg (Hg(11))®, and it exchanges with vegetation, soil, snow, ice
and seawater (3-6)° primarily through dry deposition of Hg(0) and Hg(ll), wet deposition of Hg(ll), and
evasion of Hg(0)*¥"%* Transfers of Hg between terrestrial, aquatic and ice/snow reservoirs are
controlled by light, organic matter complexation, and microbial activity®. Mercury stored in terrestrial

1617106 nermafrost thaw™,

reservoirs, primarily as particulate Hg(ll), is mobilized by snow/ice melt
bedrock weathering, soil erosion and surface runoff (7, 8, 10, 12); and can be transported into wetlands,
lakes and riverbeds or onto marine shelves (14)'%>*"1%818 QOnce it reaches the Arctic Ocean, Hg is
distributed by currents (13)°%, settling (11, 14), biological uptake and release (11, 18), and
remineralization (12)****#®, A fraction of Hg(0) and Hg(ll) can be converted to methylmercury (MeHg)
(18)1%**#%_Unlike in other reservoirs, MeHg can in ocean waters be the dominant form of Hg, most

prominently observed in the deeper parts of the ocean™®

. MeHg is a neurotoxic that bioaccumulates and
biomagnifies in food webs often reaching high levels in top predators particularly in aquatic environments
where food webs are longer than in terrestrial systems (18)*. Phytoplankton uptake is the main pathway of
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MeHg into aquatic food webs“. A distinctive feature of the Arctic Ocean is the presence of a large water

MeHg peak overlapping with maximum phytoplankton activity'#"%

, resulting in favorable conditions for
uptake by food webs. MeHg concentration in phytoplankton is 10* or more times higher than in water
although uptake is species and conditions dependent®®”*®. Hg concentration continues to increase at each
subsequent trophic level in the food web culminating in long-lived predatory fish and marine mammals
(including amphibious animals such as polar bears) exceeding Hg concentrations 10’ times that of

seawater™.
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Figures

Arctic mercury cycling
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Figure 1. | Atmospheric Hg distribution in the Arctic. a] Model ensemble (DEHM, GEM-MACH-Hg,

GLEMOS, GOES-Chem) simulated (this Review) annual average surface air gaseous elemental mercury

(Hg(0)) concentrations in 2015. b| Annual mercury (Hg) wet deposition flux in 2015. c| Annual Hg total
deposition in the Arctic in 2015. Circles show observations in the same color scale. The blue lines
delineate major pan-Arctic river watersheds. Air concentrations and wet deposition observations are from
ECCC-AMM®, AMNet*, EMEP®® and REF?*, and total deposition observation is from REF %,



150

120

=
o
o

Hg soil concentration, pg/kg
Hg soil concentration, pg/kg

20
17
14
—
b e
12% o
3 o~
10 € £
s g
8 -g kel
0] o
© >
6 D o
T T
4
2
0

May 30 - Melt begins; June 3 - Snowpack isothermal;  June 7 — Melt at max; June 12 - Discharge wanes;
percolation columns form runoff begins discharge rises most snow melted

Figure 2. | Distribution of total Hg in Arctic soils, wintertime deposition and rivers. a| Mean mercury
(Hg) concentrations of active layer soils within 0-1 m depth. b| Mean Hg concentration of permafrost



layer soils within 0-1 m depth. Symbols in Figs. a-b represent the soil type with squares for organic soils,
circles for mineral soils and triangles for combined organic/mineral soils c| Wintertime (September-May)
model ensemble simulated Hg deposition to snowpack. Observations are shown in circles d| Annual river
total mercury (THg) yields (annual riverine THg mass flux to the Arctic Ocean divided by watershed
area) for pan-Arctic watersheds. Larger watersheds (> 10,000 km?) are delineated where possible, while
smaller watersheds are represented by symbols. Solid colored watersheds and squares represent measured
THg yields (n=32) reported in REF’!6-18107162165169.173225-228 " yatched watersheds and circles are THg
yields (n=100) modelled in REF’. Numbered watersheds are: 1) Amguema, 2) Palyavaam, 3) Bolshoy
Anyuy, 4) Indigirka, 5) Yana, 6) Omoloy, 7) Olenek, 8) Anabar, 9) Khatanga, 10) Katun, 11) Taz, 12)
Pur, 13) Nadym, 14) Pechora, 15) Mezen, 16) Onega, 17) Ponoy, 18) Varzuga, 19) Nyzhny Vig (Sor), 20)
Kem, 21) Tana, 22) George, 23) A la Baleine, 24) Povungnitug, 25) Arnaud, 26) Aux Feuilles, 27)
Koksoak, 28) Grande Riviere de la Baleine, 29) La Grande Riviere, 30) Eastmain, 31) Rupert, 32)
Nottaway, 33) Moose, 34) Albany, 35) Attawapiskat, 36) Winisk, 37) Severn, 38) Hayes, 39) Churchill,
40) Seal, 41) Thlewiaza, 42) Ferguson, 43) Thelon, 44) Back, 45) Ellice, 46) Coppermine, 47) Hornaday,
48) Anderson, 49) Peel, 50) Noatak, 51) Kobuk. For rivers with multiple yield estimates, only the
estimate for the most recent time period is shown. e| Repeat images during spring melt in Utqiagvik
(formerly Barrow), Alaska during a typical spring melt. In a matter of a few weeks the tundra surface

goes from completely snow covered to a wet vegetation and soil surface exposed to continuous sunlight.
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Figure 3. | Spatial distribution of Hg in the Arctic Ocean. a| Synoptic pan-Arctic transect of total Hg
concentrations during the 2015 GEOTRACES cruises (ng L %)% The insert map shows the transect
(red band) and available Hg observations (blue dots). b| Surface water Hg(0) concentrations (ng L™) in
the Arctic Ocean during a summer (left'®) and fall (right'®) cruise. Grey areas indicate ice-covered water.
The area indicated with a punctuated line represents the outflow region from the Mackenzie River Basin.
Ocean currents transport Hg via waters entering the AO from the Atlantic Ocean (235+31.7x10° km?® y?,
Fram Strait; 72.9+38.0x10° km® y!, Barents Sea Opening), and the Pacific Ocean (22.2+22.2x10° km® y?,
Bering Strait), and exiting the AO through the Davis Strait (66.6+22.2x10° km® y?) and Fram Strait
(273+114x10°km® y) into the Atlantic Ocean®%?%.
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Figure 4 | Arctic Hg inter-compartmental annual fluxes and reservoir budgets. Best estimates (black
numbers) and uncertainties in terrestrial and oceanic Hg annual fluxes (identified by arrows with letters)

are: anthropogenic (a, 14 Mg y™), natural and legacy soils/vegetation volatilization (b, 24_?;; Mgy™),

wildfires (c, 8.8+6.4 Mg y™), and ocean (d, 32),° Mg y™) emissions; terrestrial (e, 118+20 Mg y™), and
ocean (f, 64.5£19.8 Mg) deposition; coastal erosion (g, 39,; Mg y™), river (h, 41+4 Mg y™), ocean (i,
55+7 Mg y™), and benthic shelf (j, 5 Mg y™*) imports; sea ice (k, 1.4+ 0.4 Mg y™), ocean (I, 738 Mg y™),

shelf burial (m, 42+31 Mg y™) and deep ocean burial (n, 3.9+0.7 Mg y™) exports; and in-ocean shelf (o,

122455 Mg y™) and deep ocean (p, 7.2+17 Mg y™*) downward fluxes from surface waters. Best estimates

(black numbers) and uncertainties for Hg budgets in reservoirs are: atmosphere (330:‘3(;) Mg), glaciers

(2,415+22 Mg), snowpacks (39fr43 Mg), soils (surface, 0-0.3 m: 49+23 Gg; active layer, 0-1 m: 212428

Gg; permafrost, 0-3 m: 597 Gg), and Arctic Ocean (44+22 Mg, 0-20 m; 228+112 Mg, 20-200 m;
2244106 Mg, 200-500 m; 1,375+616 Mg, 500 m and deeper). Red arrows indicate unknown Hg fluxes of
burial in estuaries and inner shelf (q), transport from shelf to deep Arctic Ocean basin (r), and benthic
deep basin (s) fluxes. Arctic Ocean sediments Hg concentrations are 28.9+22.0 ng g in shelf and
60.4+44.5 ng g* in deep basin. Arctic land is defined as region north of 60° N and the Arctic Ocean is
defined as the central basin, and Barents, Kara, Laptev East Siberian, Chukchi and Beaufort Seas (94.5 x
10° km?, total ocean surface area; 53% shelf). The Hg fluxes and budgets were estimated in this Review
based on multi-model ensemble simulations and peer-reviewed literature.
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