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ABSTRACT: Mercury concentrations and yields in the Yukon
River are the highest of the world’s six largest panarctic drainages.
Permafrost thaw has been implicated as the main driver of these
high values. Alternative sources include mercury released from
glacial melt and erosion, atmospheric mercury pollution, or surface
mining. To determine the summer source and speciation of
mercury across the Yukon River basin within Canada, we sampled
water from 12 tributaries and the mainstem during July 2021. The
total (unfiltered) mercury concentration in the glacier-fed White
River was 57 ng/L, >10 times higher than all other sampled
tributaries. The White River’s high total mercury concentrations
were driven by suspended sediment and persisted ∼300 km
downstream of glacierized headwaters. Total mercury concentrations were lowest (typically <2 ng/L) in tributaries downstream of
still-water landscape features (e.g., lakes and settling ponds), suggesting these features are effective sinks for sediment-bound
mercury. Low total mercury concentrations (∼2 ng/L) were also observed in five tributaries across diverse thawing permafrost
landscapes. These results suggest that glacial erosion and meltwater transport, not permafrost, drive enhanced exports of mercury
with suspended sediment. Mercury exports may decline as glacial watersheds pass peak water. Other factors, including mercury
released from permafrost thaw, are minor components at present.
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■ INTRODUCTION
Mercury (Hg) is a global contaminant that can convert to the
neurotoxin methylmercury (MeHg) in aquatic settings and
biomagnify through food webs, posing a risk to communities
that rely on country foods.1,2 There is particular concern about
mercury contamination in the arctic and subarctic, where snow
and glacier melt,3−8 glacier erosion,7,9 and permafrost
thaw4,10−14 have been implicated as important sources of
mercury to rivers.
The Yukon River has the highest annual mercury yield of all

large Arctic rivers.13,15 Uniquely, more than half of its annual Hg
export occurs during the summer (July−October) instead of the
spring melt (May−June).13,15 In the summer, Yukon River
mercury yields are ∼2.4 g/km2, while the other five large Arctic
rivers yield <1.2 g/km2.13,15 Thaw of organic-rich permafrost
with high mercury stocks has been implicated as the main source
of Yukon River mercury,10,13 and in other Arctic fluvial
systems.11 Modeling results indicate that Yukon River fish
may exceed consumption guidelines by 2050 as permafrost thaw
increases mercury and organic matter exports.14 Other sources
for the high Yukon Rivermercury have been proposed, including

placer gold mines that may be contaminated with mercury,16 the
release of mercury from glaciers that archive legacy mercury
pollution,5,8,13,16,17 atmospheric mercury pollution derived from
coal combustion in East Asia,2,5,13 glacial erosion and suspended
sediment transport in currently glaciated tributaries,8,9,13,18 or
mixed anthropogenic contributions.19

Here we show that glacial erosion�not permafrost thaw�is
the single most important source of mercury to the Yukon River
during the summer. These results challenge the current
understanding of how the Yukon River’s mercury export may
respond to climate change.14 The results imply a low potential
for mercury methylation and biotic uptake and limited delivery
of mercury by the Yukon River to Arctic Ocean food webs and
country foods.20,21
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■ STUDY REGION
The Yukon River basin (YRB; ∼833 000 km2) drains regions of
isolated through continuous permafrost, glaciated headwaters,22

lake-source headwaters, and has an extensive footprint of active
and historic surface mining (Figure 1).23−25 The YRB has the
largest area of glacier cover of all of the large panarctic rivers. We
sampled 12 gauged and physiographically distinct sub-basins of
the YRB within Canada with variable contributions from lakes,
mining, glacier melt, and pristine and disturbed permafrost
(Table S.1).

■ METHODS
Field collection and laboratory analyses for total and dissolved
mercury, methylmercury, organic carbon, inorganic carbon,
total suspended sediment, total dissolved solids, anions (SO4
and Cl), turbidity, conductivity, pH, and alkalinity followed U.S.
Environmental Protection Agency methodologies (see the
Supporting Information).28−32 River water grab samples were
collected from a wadable distance from shore, >10 cm below the
surface at 12 sites across the YRB from July 19−23, 2021
(Figures 1 and 2) followingMethod 1669.28 Sampling sites were
within 1 km of Water Survey of Canada gauge stations (Table
S.1). Unfiltered phases are termed total, which includes
particulate, colloidal, and ionic species; filtered phases are
termed dissolved, which includes any colloid or ion with a
diameter of <0.45 μm. Total samples were preserved during
collection; dissolved samples were filtered and preserved within
48 h. Mercury was analyzed by oxidation, purge and trap, and
cold vapor atomic fluorescence spectrometry (CVAFS) on a
Tekran 2600 Mercury Analyzer using Method 1631E.29

Methylmercury was analyzed by distillation, aqueous ethylation,
purge and trap, isotope dilution, and CVAFS on a Tekran 2700
Methylmercury Analyzer coupled to an ICP-MS using Method
1630.30 Field blanks were collected at three sites, and duplicates
at two sites (Table S.2). All field blanks were at or near detection
limits. Duplicates had low relative percent differences (<16%)
with the exception of the total and dissolved organic carbon
(48% and 40%, respectively) duplicate on White River.
Concentrations (nanograms per liter) were multiplied by the
mean daily discharge (cubic meters per second) to obtain the
flux (mass per day) and divided by the drainage area to calculate
the yield (grams per square kilometer per day).

■ RESULTS
Water Quality across the Yukon River Basin. July 2021

sampling occurred following a late-June to mid-July heat wave
over western North America.33 However, discharge was typical
in most sites, except in the Yukon River at Whitehorse, where it
reached a historical maximum (Figure S.1). Discharge in the
glacierized White and Duke rivers and the lake-sourced Takhini
River was near the upper quartile of historical values. Elsewhere,
in the Klondike, Pelly, Stewart, McQuesten rivers, discharge was
near the lower quartile of historical values.33 Discharge at the
Yukon River at Dawson City, the furthest downstream site, was
near the historical late-July median.
The Yukon River and its tributaries were characterized by a

wide range of water quality conditions (Table S.3). Total
suspended sediment (TSS) concentrations ranged from 1.2 mg/
L in the mining-impacted McQuesten River to 4206 mg/L
(duplicate of 4012−4400 mg/L) in the glacial-fed White River

Figure 1. (A)Map of 2021 Yukon River basin sampling locations (red stars), 2015−2017 placer mining operations (yellow circles), the distribution of
glaciers in southwest Yukon (dark blue polygon), and regional permafrost distribution (yellow polygons).26 (B) Inset of the Klondike region, showing
sampling site locations relative to extensive placer mining activity. (C) Yukon River basin within Yukon and Alaska, location of inset A (rectangle).
Modified from ref 27.
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(Figure 3). We note that grab sampling for TSS, compared to
more complex field sampling techniques, likely results in
underestimates of suspended sediment concentration.34 Total
organic carbon (TOC) concentrations were low and ranged
from 1.5 mg/L in the Yukon River at Whitehorse to 7.1 mg/L
(duplicate of 5.4−8.8 mg/L) in theWhite River. Organic carbon
was predominantly particulate at the glacier-fed White (97%)
and Duke (89%) rivers. Dissolved organic carbon comprised
45−70% of TOC at all other tributaries.
Total mercury (THg) concentrations (Figures 2 and 3) were

highest in the glacier-fed White River (duplicate of 52.3−60.7
ng/L) andmoderate in the Duke River (7.7 ng/L) and∼300 km
downstream of the White River at Yukon River at Dawson
(duplicate of 12.7−12.9 ng/L). Total mercury concentrations
were lower in rivers in pristine sporadic to discontinuous
permafrost: North Klondike (1.2 ng/L), Klondike above mining
(1.2 ng/L), Yukon at Carmacks (3.8 ng/L), Pelly (4.3 ng/L),
and Stewart (5.0 ng/L) rivers. Total mercury concentrations
were lowest in rivers flowing from large lakes in deep basins
(Yukon River at Whitehorse and Takhini River; 0.5 and 1.3 ng/
L, respectively) and downstream of active placer mining
(McQuesten and Klondike rivers below mining; 0.4 and 0.8
ng/L, respectively).
Dissolved mercury (DHg) concentrations were broadly

similar among tributaries (Figure 3), despite different catchment
characteristics, ranging from 0.09 ng/L at Duke River to 0.80
ng/L at Klondike River above mining. The DHg/THg ratio was
<10% at White, Duke, Yukon at Dawson, and Stewart rivers and
53−69% at North Klondike, Klondike above mining, and
McQuesten and Klondike rivers below mining.
Total methylmercury [TMeHg (Figure 3)] concentrations

were highest at the White River (duplicate of 0.090−0.094 ng/
L), followed by the Yukon River at Dawson City (0.040−0.044

ng/L), the Yukon River at Carmacks (0.038 ng/L), and the
Klondike River above mining (0.034 ng/L). TMeHg/THg
ratios were <1% (e.g., 0.16% at theWhite River) at all tributaries
except the Yukon River at Carmacks (1.0%), the Yukon River at
Whitehorse (2.2%), and the Klondike River above (2.9%) and
below mining (3.5%).
Dissolved methylmercury (DMeHg) concentrations (Table

S.3) were only ∼2 times the detection limit, between 0.017 and
0.019 ng/L, at the Klondike River above and below mining,
Pelly, and Stewart rivers and at or below the method detection
limit (0.010 ng/L) at the Yukon River at Dawson City, the
Yukon River at Whitehorse, and the White, Duke, Takhini,
Stewart, McQuesten, and North Klondike rivers.
Suspended sediment and organic carbon have both been

implicated as important drivers of mercury cycling in rivers.13,15

THg concentrations correlated most strongly with TSS
(Pearson r > 0.90); this correlation was biased by the White
River high TSS and THg outlier, but the correlation was still
strong (r = 0.84) if the White River outlier was excluded. The
THg concentration also correlated strongly with TOC (r =
0.87), but the correlation was weaker if the White River was
excluded (r = 0.41). DHg correlated most strongly with DOC (r
= 0.66). Concentrations of total and dissolved MeHg correlated
most strongly with TSS (r = 0.93 and −0.98, respectively).
Discharge was a poor predictor for THg, DHg, and TMeHg
concentrations (r < 0.14) yet was strongly negatively correlated
with DMeHg (r = −0.97).
Mercury Species Daily Fluxes and Yields. Daily THg

yields (milligrams per square kilometer per day) were highest in
the White River (duplicate of 444−516 mg km−2 day−1), in the
Duke River (31.7 mg km−2 day−1), and at the furthest
downstream site, the Yukon River at Dawson (duplicate of
19.9−20.1mg km−2 day−1) (Figure 3). Other tributaries had low

Figure 2. Schematic diagram of Yukon River water flow paths (line width representing July discharge; ovals represent lakes along the river flow path),
with mercury concentrations (red bars, bold text) next to sampling locations (red stars). The proportion of glacier cover22,24 in a basin at the sampling
location is indicated by percentage values beneath G (glacierized watersheds). Discontinuous permafrost is indicated by “P”,26 and mining23 influence
is indicated by yellow text for the ore deposit.
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THg yields of <5 mg km−2 day−1. The White River contributed
>50% of the THg flux to the Yukon River at Dawson (duplicate
of 2.8−3.2 kg/day of 5.3−5.3 kg/day); the THg flux of other
sites was <0.3 kg/day. Likewise, the White River had the highest
DHg and TMeHg yields (1.4−1.4 mg km−2 day−1 and 782−799
μg km−2 day−1, respectively); the remaining rivers had DHg and
TMeHg yields of 0.2−0.7 mg km−2 day−1 and <100 μg km−2

day−1, respectively. The highest fluxes of dissolved and
methylated mercury were exported by catchments with large
drainage basins (Yukon River at Carmacks, Pelly, Stewart, and
White).

■ DISCUSSION
Sediment Erosion and Transport from Glacierized

Catchments.Our results implicate theWhite River as the most
important summer source of mercury to the Yukon River within
Canada. The White River transports high concentrations of
suspended sediment, supplied predominantly through glacial
erosion and downstream remobilization of glaciofluvial sedi-
ment. The White River TSS concentration on the day of
sampling (∼4200 mg/L) was on the low end of historical
summer values [∼750−12000 mg/L (Figure S.2)].35 This
sediment is largely inorganic (TOC/TSS < 1%), and the
proportion of MeHg was low (TMeHg/THg, 0.16%). Mercury
methylation and biomagnification are strongly affected by
complexation, redox conditions, pH, salinity, temperature,36

dissolved organic carbon concentrations, and trophic struc-
ture.37 Mercury in inorganic sediment has a lower potential to
methylate36 and subsequently enter food webs except by benthic
organisms that ingest sediment.
The White River exported 2.9 kg of THg/day in late July,

accounting for more than half of the THg export from the Yukon
River at Dawson (5.3 kg/day) (Figure 3). This is despite the
White River catchment accounting for <3% of the Yukon River
basin (at Dawson) watershed. Moreover, our sampling did not
incorporate the ungauged Donjek River, which is similar to the
White River with respect to basin area, water yield, and glacial
cover.38 Future work in this region will benefit from a detailed
characterization of mercury export and hydrology in other large
glacierized tributaries.
Suspended sediment and particulate THg export from the

heavily glacierized tributary rivers persisted 300 km downstream
to the Yukon River at Dawson (12 ng/L). Below the Yukon
River at Dawson, some portion of this particulate THg export is
likely deposited in the ∼28 000 km2 Yukon Flats in central
Alaska (Figure 1),39 where the sediment budget is likely
balanced on centennial/millennial time scales,40 and in the
Yukon River delta and the shallow Bering Strait.13,41

Methylation, and delivery of this pool of particulate mercury
to the Arctic Ocean by Pacific currents and the transpolar drift, is
likely limited.16

The Yukon River is the most extensively glacierized of the
large panarctic rivers. Glaciers in Alaska experienced the largest
mass loss of glaciers worldwide at the beginning of the 21st
century,42 and glacierized rivers draining to the Gulf of Alaska
have high particulate mercury yields.43,44 High mercury
concentrations in other glacierized Arctic basins have been
attributed to snow, ice, and geogenic sources.5,7−9,45 Together,
our results suggest that subglacial and proglacial sediment
erosion-driven export of mercury from large glacierized
tributaries has been an underappreciated component of riverine
mercury export. However, mercury exports may decline before
the end of the 21st century due to extensive deglaciation42 and,

later, depletion of easily eroded sediment stores out of
deglaciated catchments.46

Legacy Contaminants in Snow and Ice. Snow and ice
melt in the Takhini River headwaters, where snowpack mercury
concentrations reach 5.9 ng/L,5 are a key component of
atmospheric mercury delivered to that tributary system.
Mercury concentrations also reach 5 pg/g in nearby Mount
Logan firn.17 Mass balance considerations suggest that
contributions from legacy atmospheric mercury in ice and
snow (5−6 ng/L) do not drive the much higher mercury
concentrations we observed in the nearby White River (57 ng/
L). Rather, theWhite River’s high concentration of TSS [∼4200
mg/L in July 2021, ∼5800 mg/L as the 1975−1992 July mean
(Figure S.2)] with sediment mercury concentrations approx-
imating that of the bulk continental crust (∼56 ng/g)47 likely
accounts for the majority of mercury exports in this heavily
glaciated catchment.
Influence of Reservoirs on Mercury Exports. Mercury

concentrations and yields were especially low in tributaries with
reservoirs, lakes, wetlands, or settling ponds along their flow
path, irrespective of the water yield. Such still-water environ-
ments act as sediment traps, reducing downstream particulate
mercury export. Land-use management practices in the YRB48,49

include the use of settling ponds downstream of placer mines,
many of which disturb organic carbon-rich permafrost
exposures.50 Remarkably, despite being potential methylation
hot spots,51,52 methylmercury concentrations were extremely
low (<0.03 ng/L) downstream of the lakes, wetlands, and
mining districts examined during this study. Nonetheless,
sediment exports are periodically elevated downstream of
Yukon placer mines.53 Dry antecedent conditions may have
limited particulate mercury mobilization; follow-up work using
continuous turbidity monitoring equipment may be an effective
monitoring strategy.54

Land Disturbance and Thermokarst Influences on
Mercury Exports. Organic-rich permafrost in the YRB
contains stocks of legacy mercury;10,55 thermokarst and land
disturbance can mobilize this mercury downstream.11 The
positive DHg−DOC correlation reflects an organic source for
this minor (∼3%) component of summer mercury exported
from the Yukon River at Dawson. It has been suggested that total
mercury exports from the Yukon River basin may increase by
≤200% by 2200 as permafrost degradation mobilizes organic
matter-bound mercury in the basin.14 However, organic-rich
streams and rivers in permafrost regions of the Yukon River
basin have modern 14C-DOC values; this suggests that present-
day permafrost thaw is mobilizing little old carbon (and
mercury).56 Additionally, mercury concentrations are very
low�despite the presence of pervasive thermokarst�in the
Old Crow River basin, which is underlain by continuous
permafrost and drains into the Porcupine and Yukon rivers
(Figure 1C).57

Understanding the present drivers of mercury export in the
Yukon River is crucial to modeling the Yukon River basin’s
response to climate change. Decreasing contributions from
glacierized tributaries may be balanced in the future by
increasing contributions from thermokarst. The frequency of
thaw slumps and active layer detachment slides is increasing
across the panarctic, particularly in previously glaciated
regions.58−60 However, the downstream effect on water quality
is modulated by factors such as watershed scale,61 ground-ice
content, slope, talik connectivity, and surficial materials.62−64

Careful consideration of these physiographic factors, and
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detailed sampling to assess seasonal patterns in mercury cycling
across the basin, will be crucial to predicting the future

hydrochemical response of the Yukon and other panarctic rivers
to cryosphere degradation.

Figure 3. July 2021 concentrations and estimated daily yields of total mercury (THg), dissolved mercury (DHg), total methylmercury (TMeHg), and
total suspended sediment (TSS) at 12 sites across the Yukon River basin (note the axis breaks in the THg, TMeHg daily yield plots, and TSS
concentration and daily yield plots). Dashed lines indicate total mercury guidelines [26 ng/L, Canadian Council of Ministers of the Environment
(CCME), and 12 ng/L, U.S. Environmental Protection Agency (EPA)]. Colors represent dominant landscape types: glacierized (dark blue), large lake
(light blue), placer mining impacted (yellow), pristine permafrost (brown), and mixed (gray).
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