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• Sources differ between the particulate
and dissolved Hg fractions.

• Dissolved Hg is more strongly associ-
ated with atmospheric deposition.

• Particulate Hg is consistently associated
with terrestrial sources.

• Riverine Hg concentration are positively
correlated with Organic Carbon age.

• River chemistry is strongly contrasted
between the Mountain and Lowland
area.
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The Arctic environment harbors a complexmosaic ofmercury (Hg) and carbon (C) reservoirs, some of which are
rapidly destabilizing in response to climatewarming. The sources of riverineHg across theMackenzie River basin
(MRB) are uncertain, which leads to a poor understanding of potential future release.Measurements of dissolved
and particulate mercury (DHg, PHg) and carbon (DOC, POC) concentration were performed, along with analyses
of Hg stable isotope ratios (incl. Δ199Hg, δ202Hg), radiocarbon content (Δ14C) and optical properties of DOC of
river water. Isotopic ratios of Hg revealed a closer association to terrestrial Hg reservoirs for the particulate frac-
tion, while the dissolved fraction was more closely associated with atmospheric deposition sources of shorter
turnover time. Therewas a positive correlation between theΔ14C-OC and riverine Hg concentration for both par-
ticulate and dissolved fractions, indicating that waters transporting older-OC (14C-depleted) also contained
higher levels of Hg. In the dissolved fraction, older DOC was also associated with higher molecular weight, aro-
maticity and humic content, which are likely associated with higher Hg-binding potential. Riverine PHg concen-
tration increased with turbidity and SO4 concentration. There were large contrasts in Hg concentration and OC
age and quality among themountain and lowland sectors of theMRB, which likely reflect the spatial distribution
of various terrestrial Hg and OC reservoirs, including weathering of sulfate minerals, erosion and extraction of
coal deposits, thawing permafrost, forest fires, peatlands, and forests. Results revealed major differences in the
sources of particulate and dissolved riverine Hg, but nonetheless a common positive association with older
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riverine OC. These findings reveal that a complexmixture of Hg sources, supplied across theMRB, will contribute
to future trends in Hg export to the Arctic Ocean under rapid environmental changes.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Mercury (Hg) is a neurotoxin that accumulates in the Arctic Ocean
due to long-range atmospheric transport of anthropogenic emissions
from lower latitudes ((AMAP), 2001; Driscoll et al., 2013). This contam-
ination threatens the health of Arctic marine biota, and of local peoples
who consume it (Dietz et al., 2013). In the Canadian Arctic, contamina-
tion levels in wildlife remains high (Braune et al., 2015), and have even
increased in certain species (Castello et al., 2014), despite a global de-
cline in atmospheric Hg concentration. Riverine Hg export currently ac-
counts for ~15–20% of the Hg entering the Arctic Ocean (~41 Mg yr−1)
(Dastoor, Submitted; Soerensen et al., 2016). Sources of riverine Hg in-
clude atmospheric deposition and runoff, as well as export from terres-
trial reservoirs such as surface vegetation, soils and bedrock (Bishop
et al., 2020). Permafrost soils in the Arctic and subarctic region store
century- to millennia-old Hg. Current estimates suggest that the size
of this global reservoir exceeds all others combined (~597 to 809 Gg,
(Lim et al., 2020; Schuster et al., 2018)). Permafrost thaw and increasing
land-water connectivity due to rapid high-latitude warming in the Arc-
tic may mobilize previously stored terrestrial Hg into aquatic environ-
ments (Bishop et al., 2020; Coquery et al., 1995; St Pierre et al., 2018).
This could undermine the efficacy of policy efforts imposing limits on
global anthropogenic Hg emissions under the Minamata Convention
(2017) (Wang et al., 2019), and lead to continued or even increased
Hg input to the Arctic Ocean (Schuster et al., 2011; Stern et al., 2012).
Identifying the terrestrial sources of riverine Hg among Arctic rivers is
thus key to understanding future contamination levels in the Arctic
Ocean, and how these may evolve under rapid environmental changes.

The stable isotope ratios (IR) of Hg carry the imprint of transforma-
tions and transport processes that regulate the biogeochemical cycling
Hg, thus providing information on its possible sources and entry path-
ways into riverine systems. Mercury transported in air (e.g., as gaseous
elemental Hg), deposited by precipitation (e.g., in snow), or which re-
sides in surface waters for extended periods (e.g., in wetlands) is sus-
ceptible to undergo photochemically-induced mass-independent
isotopic fractionation (MIF), resulting in recognizable anomalies in the
IR of odd-mass isotope, conventionally expressed as Δ199Hg or Δ201Hg
(Bergquist and Blum, 2007). Meanwhile, foliar uptake of Hg(0) is ac-
companied by mass-dependent fractionation (MDF) favoring lighter
isotopes, resulting in negative anomalies in their IR relative to gas-
eous Hg(0), usually expressed by δ202Hg values (Zhou et al., 2021).
These anomalies are recognizable in Hg within litterfall and organic
soils, and in runoff fed by shallow groundwater circulating in these
soils (e.g., in forests; (Demers et al., 2013)). Consequently, Hg IR
can be used to discriminate between Hg in streams that is derived
from geogenic sources (e.g., bedrock erosion), precipitation or foliar
uptake.

Riverine Hg also has a strong affinity for organic carbon (OC), partic-
ularly targeting its reduced sulfur sites (i.e. thiol groups) (Haitzer et al.,
2002). As a result, DOC and/or TOC concentrations are useful predictors
of Hg levels in surface waters worldwide (Lavoie et al., 2019), including
in the Arctic region (Coquery et al., 1995; Zolkos et al., 2020). Riverine
DOC and Hg concentrations tend to be positively correlated with dis-
charge, indicating common hydrological controls (Brigham et al.,
2009; Schuster et al., 2011; Sonke et al., 2018). In recent years, optical
properties of dissolved organic matter (DOM), such as UV–Vis absor-
bance or fluorescence, were found to improve the explanatory power
of riverine [DOC] for Hg concentrations (Bravo et al., 2018; Dittman
et al., 2009; Eklof et al., 2012; Grigal, 2003; Lescord et al., 2018).
2

Meanwhile, the radiocarbon (14C) content of OC (Δ14C-OC) can help de-
termine the average age of riverine OC, and help identify key terrestrial
pools of both OC and OC-bound Hg in surface waters. Combining Hg IR
with measurable properties of DOM/C (such as UV–Vis absorbance and
Δ14C) in streams therefore holds the potential to improve our ability to
identify keyHg sources in surfacewaters and determine how thesemay
vary in the future.

TheMackenzie River is the fourth largest source of freshwater and of
riverine Hg to the Arctic Ocean (Emmerton et al., 2013; Graydon et al.,
2009; Zolkos et al., 2020). During spring freshet, Hg export ranks second
among the six largest Arctic rivers (Zolkos et al., 2020). Land-water con-
nectivity in theMackenzie River Basin (MRB) is changing rapidly due to
climate warming. The northernmost part of the Mackenzie River valley
has recorded the largest temperature increase in Canada over the past
half-century (+3 °C in annual average and +5 °C in winter; (Bush
and Flato, 2018)). This is coupled with a local increase in annual precip-
itation for the same time period (average 15 ± 13%;(Bush and Flato,
2018)) that has contributed to a significant increase in discharge from
several rivers within the watershed (Rood et al., 2017). Together,
these changes are driving rapid permafrost thaw and river bank
slumping, particularly in the northwest sub-basins (e.g. Peel River
basin) (Lacelle et al., 2015). Measurable impacts on river chemistry
have been observed in recent years, including locally-enhanced OC
and Hg transport (Kokelj et al., 2005; St Pierre et al., 2018; Tank et al.,
2016), and a shift towards older DOC export (Schwab et al., 2020). Anal-
ysis of Δ14C-OC across different sub-basins of the MRB revealed a large
spatial diversity of terrestrial sources supplying riverine OC (Campeau
et al., 2020; Carrie et al., 2009; Hilton et al., 2015). These findings lead
to the hypothesis that sources supplying Hg to these rivers may be sim-
ilarly diverse. The goal of this study was to identify sources of Hg, by in-
vestigating links between riverine Hg and OC concentration and
properties, as well as patterns in Hg isotopic ratio across the MRB,
which in turn may help to better anticipate potential future releases.

2. Material and methods

2.1. Watershed properties and terrestrial reservoirs of Hg

The MRB covers an area of 1.7 × 106 km2, making it the largest wa-
tershed in Canada. It is marked by east-west elevation contrasts, and
straddles three major geological regions. The western sector is com-
prised of the Cordillera (24% of watershed area) that gives way to the
central Interior Plains (54% of watershed area) and, further east, to the
lake-dotted landscape of the Canadian Shield (23% of watershed area).
Hereafter, the Platform and Shield sectors are referred to as “Lowlands”
(mean elevation 428m.a.s.l and slope 1.4°), to contrast these areaswith
the much steeper relief of the Cordillera (mean elevation 1187 m.a.s.l
and slope 11.1°).

Areas of exposed bedrock are mostly found in the Cordillera and Ca-
nadian Shield (Fulton, 2014; Pelletier et al., 2016). Large parts of the
MRB are underlain by Phanerozoic sedimentary rocks, including coal
and shale deposits, that represent a geological reservoir of both Hg
and ancient OC. These are most abundant in the Mackenzie River valley
and Cordilleran foreland (e.g. Liard and Peace river basins; (Cameron
and Beaton, 2000)), but mostly absent in the eastern sector (Shield),
which is mostly composed of gneiss and granitoids. Glacial sediments
make up the majority of the surficial deposits across the MRB, and are
much thinner in the Canadian Shield (mean depth 10 m) compared
with the Interior Platform (mean depth 28 m).

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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Most of the MRB is located in the boreal forest ecozone. Coniferous
forests make up the majority of its landcover. These are interspersed
with numerous small lakes and peatlands, especially over the Canadian
Shield (Fig. 1). Soil OC and peat accumulation have been ongoing since
Late Pleistocene deglaciation, with peatland initiation reaching its peak
between 8 and 7 ka BP (Treat and Jones, 2018). Peat-rich soils are most
abundant in the Interior platform (Xu et al., 2018). There are three large
lakes in theMRB, from south to north; Lake Athabasca, Great Slave Lake
and Great Bear Lake (Fig. 1). Permafrost aggradation occurred in the
mid- to late Holocene, between ~6–1 ka BP (Treat and Jones, 2018).
The watershed contains a north-south gradient of permafrost cover
(50% total watershed area), with isolated-sporadic coverage in the
southwestern basin, and continuous permafrost in the north. Most per-
mafrost in the Cordillera and Canadian Shield has a thin overburden and
a low ice content, while the permafrost areas in the Interior Platform are
often under thick overburden and may contain massive ground ice, as
for example in the Mackenzie River delta (Brown et al., 2002).

Human influence on rivers of the MRB occur through flow
regulation, mining, oil and gas extraction, and agriculture. Large
hydropower-generating dams are found on the Peace River
(e.g., the W.A.C. Bennett Dam and the Peace Canyon Dam), with
Fig. 1. A) Map of the MRB with elevation displayed in gray shading. Lakes and rivers are color
sampling locations for the spatial survey (June 2018), with the white delineated areas indicat
colored based on the river category (Lowland tributaries (orange), Mountain tributaries (pur
marked with an asterisk were sampled again during the seasonal survey (2019–20). B, C, D, E
in different river categories sampled in the spatial survey. The boxes represent the media
percentiles and results from the Dunn's test are indicated by letters on the x-axis.
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other, smaller dams in the Athabasca and Great Slave Lake sub-
basins (e.g., Yellowknife river (Gaur et al., 2019)). Oil and gas extrac-
tion can release Hg into waterways or the atmosphere (Nasr et al.,
2011). Major operations within the MRB presently occur in the Oil
Sands region of the Athabasca sub-basin, while natural gas wells
also operate at Norman Wells on the lower Mackenzie River and at
Inuvik in the Mackenzie Delta. Many currently-inactive well also
exist, as in the Cameron Hills area near the Alberta border. Gold min-
ing, formerly widespread across the Northwest Territories (NWT),
has nearly stopped, but many As- and Hg-contaminated sites remain,
as for example in Yellowknife. However, these sites only have a local
pollution footprint at the scale of the MRB. Agriculture is confined to
the southern part of the Interior Platform (Peace and Athabasca sub-
basins), comprising 2% of the MRB (Latifovic et al., 2017).

2.2. Water sampling

The river sampling included both spatial (2018) and seasonal
(2019–2020) surveys. The spatial survey took place during the spring
freshet (8th–30th June), a key period for the riverine export of both
Hg and OC to the Arctic Ocean (Raymond et al., 2007; Zolkos et al.,
Dissolved

ed in blue, with the mainstem of the Mackenzie in light green. Circles indicate each river
ing the upstream catchment area for each sampled tributary of the Mackenzie. Circles are
ple) and Mackenzie main stem (green)) and labeled with the river's name. River names
: Boxplots of [Hg], [OC], Δ14C-OC and Δ199Hg (‰) for dissolved and particulate fractions
n, lower, and upper quartiles (25% and 75%) and the whiskers show the 5th and 95th
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2020). This survey included 5 locations along theMackenzie River itself,
and 12 sites on tributaries distributed across all three geological regions
(Fig. 1). The catchment area of the surveyed tributaries comprises 62%
of the total MRB. Sampling followed the normal progression of seasonal
snowmelt, beginning southofGreat Slave Lake in early June, and ending
in the Mackenzie River delta region at the end of themonth. As a result,
the different rivers were sampled under relatively comparable hydro-
logical conditions with respect to the timing of spring freshet. The sea-
sonal survey included four different rivers, the Peel, Liard, Yellowknife
andMackenzie River that were sampled at four different occasions dur-
ing the ice-free season of 2019 (June, August, September and October),
plus a final sample taken on the Liard River underwinter base-flow con-
ditions in March 2020.

Water collection in June 2018 consisted of a single depth-integrated
sample from each location. At most sites, samples were collected in
mid-channel off a boat's prow. When boat access was unsafe, samples
were collected instead in the shallows a few meters off the shore.
Depth-integrated samples were collected using suspended sediment
samplersmodels D95 (mid-channel sampling) or D81 (near-shore sam-
pling) (Davis, 2005). Samplers were fitted with an acid-washed 1 L
polytetrafluoroethylene (PTFE) bottle, which was rinsed with river
water at each site prior to sampling. Water was collected at discrete
depth increments of ~1 m (or less in shallower waters), down to just
above the channel bed, or to a maximum depth of 5 m. Each 1 L incre-
ment sub-sample was poured into a pre-acid-washed, 14-L high-
density polyethylene (HDPE) churn (Bel-Art Products, Wayne, NJ,
USA). Once back to shore, this composite sample was divided into
sub-samples for various water chemistry analyses. Water samples for
Hg analyses (concentration and IR) were collected in acid-cleaned 5 L
polyethylene terephthalate (PET) carboys (Nalgene Biotainer, Thermo-
Fisher Scientific, Waltham, MA USA), while those for Δ14C-OC analyses
were taken in sterile 1 L HDPE bottles. Sampling in 2019–20was carried
out by partners in local communities of the NWT. These samples were
collected from surface water only, either from a boat (Yellowknife,
Peele and Mackenzie River) or from near shore (Liard River), using the
same types of containers as in 2018. Additional details on the field
water sampling procedure are provided supplementary material and
method Section 1.

2.3. Basic water properties

A set of basic physical and chemical properties were measured in
water samples at Taiga Environmental Laboratory, operated in Yellow-
knife by the NWTGovernment's Department of Environment and Natu-
ral Resources. Among the parameters measured were pH, specific
conductance (SC), turbidity, total dissolved solids (TDS), total
suspended solids (TSD), alkalinity, as well as concentrations of DOC
([DOC]) and of six major ionic species (Ca2+, K+, Na+, Mg2+ and
SO4

2−). The [DOC] was measured on a Shimadzu TOC/DOC analyzer,
and major ions on a Thermo Fisher Dionex ICS 5000 ion chromatogra-
phy system. Particulate organic carbon concentration [POC]was derived
from the difference between [TOC] and [DOC] concentration. However,
these data are highly uncertain due to potential sedimentation of parti-
cles at the bottom of the vials during sample processing. About 40% of
the resulting estimates of [POC] were found below the detection limit.
All measurements of basic water properties were performed as per
standard US Environmental Protection Agency (EPA) methods or the
Standard Methods for the Examination of Water and Wastewater
(Rice et al., 2017).

2.4. Mercury analyses

Water for Hg analyses was filtered through quartz microfiber filters
(Pall Tissuequartz 2500 QAT-UP, Pall Corporation, PortWashington, NY,
USA), and DHg and PHg (filtered particulates)were analyzed separately
at the Department of Chemistry of Trent University, Canada. Filtered
4

water aliquots were digested with 0.2 M BrCl for at least 12 h and
DHg concentrations ([DHg]) were determined by Cold-Vapor Atomic
Fluorescence Spectroscopy (CV-AFS) on a Tekran 2600 instrument
(Tekran® Instruments Corporation, CA) following U.S. EPA Method
1631E,with a precision better than 10% (RSD for the slope of the calibra-
tion curve). Concentrations of PHg in water ([PHg];m/v ratio) were cal-
culated from Hg concentrations and the mass of filtered particulate
matter for a set volume of filtered water. Filters were stored frozen at
−20 °C, then freeze-dried, placed in quartz tubes, and the particle-
bound Hgwas released by combustion (Huang et al., 2015). The volatil-
izedHgwas trapped in anoxidizing solution andquantified as described
above for water samples.

The Hg IR were determined on a Nu II Multi-Collector Inductively-
Coupled Mass Spectrometer (MC-ICP-MS; Nu Instruments Ltd., UK) fol-
lowing established methods (Blum and Bergquist, 2007; Chen et al.,
2012). Instrumental biaswas corrected using the addition of an internal
standard (NIST SRM 997 with 205Tl/203Tl ratio of 2.38714) and sample
standard bracketing (SSB) with NIST SRM 3133 Hg standard. The Hg
IR (MDF) are reported as delta values in per-mil (‰) relative to the av-
erage ratios measured in NIST SRM 3133 following:

ΔxxxHg ¼ xxxHg=198Hg
� �

sample=
xxxHg=198Hg
� �

SRM 3133−1
h i

� 1000

where xxx= 199, 200, 201, 202. The MIF of Hg isotopes is expressed as
the difference (Δ) betweenmeasured and theoretically predicted values
of δxxxHg (assuming MDF only), approximated as

ΔxxxHg ¼ δxxxHgsample− δ202Hgsample �αxxx

� �

whereαxxx is the appropriate kinetic or equilibrium fractionation factor
(Blum and Bergquist, 2007). Repeated measurements of the NIST SRM
8610 (UM-Almadén) Hg agreed with the previous studies (Blum and
Bergquist, 2007) and gave long-term average values of −0.54 ± 0.06,
−0.02 ± 0.07, 0.02 ± 0.07, −0.02 ± 0.09 and 0.02 ± 0.09‰ for
δ202Hg, Δ199Hg, Δ200Hg, Δ201Hg and Δ204Hg (2σ, n = 16), respectively.

Almost all samples forHg analysis collected during the spatial survey
(2018) were filtered on-site immediately after sample collection, with
the exception of two sampleswith excessive particle load (i.e. the Arctic
Red River and Peel River), which were filtered in the lab approx.
12 months after collection. Samples collected during the seasonal sur-
vey (2019–2020), were shipped unfiltered to the laboratory, and filtra-
tion was performed 8–40 days later. Redistribution of Hg across the
dissolved and particulate phase in water samples during storage is pos-
sible (Guevara andHorvat, 2013). However, results from theHg IR anal-
ysis indicate a persistent separation between the DHg and PHg phase,
with no evidence of convergingHg IR in sampleswith delayed filtration.
While this does not constitute direct proof that storage has no effect on
DHg/PHg distribution, it indicates that potential changes had no signif-
icant impact on the Hgmeasurements. Further details on the procedure
for riverine Hg concentration and IR analysis are provided supplemen-
tary material and method Section 2.

2.5. Dissolved organic matter optical properties

Optical characterization of dissolved organic matter (DOM) was
donebyUV–Visible absorbance andfluorescence spectroscopy. Samples
were filteredwith glassmicrofiber filters (GF/F,Whatman) upon arrival
to the laboratory at the Department of Aquatic Science and Assessment
at the Swedish University of Agricultural Sciences. UV–Vis absorbance
spectra between 240 nm to 600 nm and with 2 nm resolution were
measured on a Horriba Aqualog spectrophotometer that measures si-
multaneously absorbance and fluorescence. A quartz cuvette with a
path length of 1 cm was used. The UV absorbance at 254 nm was also
measured using an Avantes AvaSpec-ULS3648 high resolution spec-
trometer. Fluorescence and absorbance data were analyzed in Matlab
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using custom-build functions for scatter removal (Bieroza and
Heathwaite, 2016) and Raman normalization (Lawaetz and Stedmon,
2009). To retrieve the fluorescence and absorbance information, a num-
ber of parameters were calculated. The fluorescence index (FIX)
(McKnight et al., 2001) is used to distinguish sources of fulvic acids,
with values below 1.4 being typical for terrestrial material and values
above 1.9 typical for microbially-derived fulvic acids. The humification
index (HIX) measures the degree of DOM humification by comparing
total fluorescence intensity at longer (435–480 nm) and shorter
(300–345 nm) emission wavelengths (Ohno, 2002). Specific ultraviolet
absorbance (SUVAabs254) was calculated as absorbance 254 nm divided
by the [DOC]. Spectral slope (SSratio) was calculated over wavelength
intervals (275–295 nm, 350–400 nm) that is sensitive to changes in
DOC molecular weight (Helms et al., 2008). The ratio of absorption at
250 to 365 nm (called E2/E3) was used to track changes in the relative
size of DOM molecules (De Haan and De Boer, 1987). Both the SSratio
and E2/E3 are inversely related to the DOMmolecular weight.

2.6. Carbon isotopes

For analysis of the Δ14C-content of DOC and POC, sub-samples of
water were filtered through quartz microfiber filters (Whatman grade
QM-A, GE Healthcare, Chicago, IL, USA) which had been pre-baked at
500 °C and treatedwith HCl to remove volatile organics and carbonates.
Determination of Δ14C was performed at the A. E. Lalonde Accelerator
Mass Spectrometry Laboratory of the University of Ottawa (Crann
et al., 2017; St-Jean et al., 2017). Sample pre-treatment to remove inor-
ganic carbon from carbonates was done with HCl for POC, and with
H3PO4 for DOC, following a wet oxidation technique (Lang et al., 2016;
Zhou et al., 2015). The CO2 evolved fromDOC or POCwas then cryogen-
ically purified on a vacuum extraction line, and the 14C/12C ratio in CO2

was determined on a 3MV tandem acceleratormass spectrometer (High
Voltage Engineering, Amersfoort, the Netherlands). Three blank quartz
filters with known masses of 14C-free acetanilide were analyzed along
with samples, and the released carbon mass (mC) and Δ14C on these
were used to correct the sample Δ14C values using a mass balance
method (Roberts et al., 2019). Total analytical uncertainties (2σ) on in-
dividual Δ14C values ranged between 1.88 and 6.38‰ (median 3.95‰),
which correspond to relative uncertainties of 0.3–6.0%, with the excep-
tion of a single sample (NT18-1; Cameron River), in which the uncer-
tainty was much larger (43.8%) owing to its low OC content. Results
are reported here as Δ14C values in‰, which expresses the relative dif-
ference in 14C activity between the absolute international standard
(base year 1950) and the sample activity corrected for age and normal-
ized to δ13C = 25‰ (Stuiver and Polach, 1977). More detailed methods
can be found in (Campeau et al., 2020).

2.7. Geospatial and statistical analysis

The upstream catchment area of each sampling location was deter-
mined using the hydrology toolbox on ArcGIS 10.7. These areas were
computed from the void-filled Canadian digital elevation model
(CDEM; http://ftp.geogratis.gc.ca), with a spatial resolution of 100 m2,
following aggregation of the original 20 m2 resolution data. Stream
lines were drawn using a 1 km2 threshold on the derived flow accumu-
lation raster. Soil thickness and peatland coverage were determined for
each sub-basins according to (Xu et al., 2018), and (Pelletier et al.,
2016), respectively. Tributaries of theMackenzie Rivers and rivers feed-
ing into Great Slave Lake were separated into two groups. The “Moun-
tain” group included those with their headwaters in the Cordillera (i.e.
Slave, Peace, Liard, Arctic Red and Peel), while the “Lowland” group in-
cluded those with their headwaters in the Canadian Shield (i.e. Cam-
eron, Snare, Yellowknife) or the Interior Platform (i.e. Hay, Trout,
Willowlake).

All subsequent data analyses, as well as figures, were made using R
(R Core Team, 2020) using specific commands and packages including
5

raster, sp, sf, rgdal and the tidyverse (Wickham et al., 2019). The non-
parametric Spearman coefficient was computed to identify statistically
significant correlations (p > 0.05) between water chemistry variables,
while significant differences between river groups were identified
with Kruskal-Wallis one-way ANOVA non-parametric tests, and sto-
chastic dominance with Dunn's test. A major axis linear regression
model II was used to determine the relationship between Δ199Hg and
Δ201Hg (package lmodel2). The confidence intervals (2.5% and 97.5%)
for the slope and intercept estimation are presented in brackets in the
main text. Principal component analysis (PCA) was performed to sum-
marize co-linearity between 16 different water chemistry variables
and 4 watershed properties. Calculations were made by singular value
decomposition of the centered and scaled correlation matrix with
non-transformed variables (function prcomp). One-way ANOVA tests
were performed to compare the variance within (seasonal survey)
and across sites (spatial survey).

3. Results and discussion

3.1. Riverine Hg concentration and stable isotope ratio

Riverine [Hg] varied across one order of magnitude for the dissolved
fraction ([DHg], 0.3 to 2.9 ng L−1) and close to three orders of magni-
tude for the particulate fraction ([PHg], 0.07 to 47.4 ng L−1) in the spa-
tial survey conducted in the spring of 2018 (Fig. 1B). The particulate
fraction corresponded on average to 40% of the total riverine Hg pool
in the Lowland tributaries, which was significantly lower than for the
Mountain tributaries and Mackenzie River (75% and 77%). The impor-
tance of [PHg] for the riverine Hg pool was also demonstrated in other
studies (Leitch et al., 2007; St Pierre et al., 2018). The median [PHg]
was significantly lower in the tributaries of the Lowland region com-
pared with the Mountain tributaries, where the highest median [DHg]
and [PHg] occurred (Fig. 1B). This is again consistent with published
data from the region (Emmerton et al., 2013; Leitch et al., 2007;
Schuster et al., 2011). The patterns in [DHg] between groups of rivers
were similar to those of [PHg] but were not statistically significant
(Fig. 1B). Therewere also no statistically significant differences between
the median Δ199Hg or δ202Hg values across the different categories of
rivers, for neither PHg or DHg fractions (Δ199DHg p = 0.09, Δ199PHg
p = 0.8 (Fig. 1E), δ202PHg p = 0.5, δ202PHg p = 0.7).

The spatial survey revealed that the DHg and PHg fractions are char-
acterized by distinct isotope ratios. The δ202DHg was significantly more
positive than the δ202PHg values (p = 0.0004, δ202DHg varied from
−1.77‰ to +0.15‰ and δ202PHg from −2.12‰ to −1.55‰, Fig. 2).
This was also the case for the Δ199Hg values, which was also signifi-
cantly more positive in the dissolved than in the particulate fraction
(p < 0.0001, Δ199DHg ranged from +0.09‰ to +1.27‰ and Δ199PHg
from −0.36‰ to +0.26‰, Fig. 2). The distinct IRs of DHg and PHg sug-
gests that these two fractions of the riverine Hg pool are not at equilib-
rium.While there have been reports that Hg isotopes fractionate during
absorption or complexation process, the associated fractionation factors
are too small to account for the differences observed in this study
(Wiederhold et al., 2010). Riverine DHg and PHg appear to stem, at
least partly, from different sources. The majority of MIF values for PHg
were negative, and only a fewwere positive (Fig. 2A). This is in contrast
to DHg, where almost all MIF values were significantly larger than zero
(Fig. 2A). Typically, Hg in precipitation has MIF values >0‰, consistent
with most DHg IR in our river samples. On the other hand, gaseous Hg
that is absorbed into foliage and subsequently enters the watershed
through litterfall often exhibits very negative MDF values (Demers
et al., 2013; Jiskra et al., 2015), consistent with the observed PHg IR in
these samples.

The differences in Hg sources between the dissolved and particulate
fractions are also emphasized by Δ201Hg/Δ199Hg linear regression anal-
ysis. The Δ201Hg/Δ199Hg relationship is often used to decipher the un-
derlying processes controlling MIF in a given system (Chen et al.,

http://ftp.geogratis.gc.ca


Fig. 2. Scatterplots of Δ199Hg against A) δ202Hg and B) Δ201Hg, each in (‰), for all river samples (including spatial and seasonal survey). Symbols are colored by their category (Lowland
(orange), Mountain (purple), Mackenzie (green)). Open and closed symbols represent the DHg and PHg fraction, respectively. The circles and triangles represent the samples collected
during the 2018 spring spatial survey and the 2019–20 seasonal survey, respectively. In A) the end-members for key Hg sources for this region are identified in the black ellipses,
based on published data presented in detail in supplementary file (Fig. S4 and Table S3). In B) the dashed and dotted lines represent the major axis linear model regression two for the
dissolved and particulate fraction, respectively. The full lines in shades of gray indicate different key transformation processes: in black, slope = 1 which is typical of photo reduction
of inorganic Hg, in gray, slope = 1.3 that is representative of photodemethylation of monomethylmercury, in light gray, slope = 1.54, which is representative of evaporation of
elemental Hg.
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2016). Empirical evidence suggests that slopes of 1.36 are produced by
photodemethylation of monomethylmercury (MMHg) (Bergquist and
Blum, 2007), while photoreduction of inorganic Hg typically results in
slopes of 1.0, although values of up to 1.3 have been generated in labo-
ratory experiments (Zheng et al., 2018). Fractionation processes con-
trolled by nuclear volume effects (NVE), such as evaporation of
elemental Hg or chemical reduction in the absence of light, lead to
slopes of 1.54 (Zheng and Hintelmann, 2010).

The Δ201Hg/Δ199Hg in DHg from both the spatial and the seasonal
surveys displayed a slope of 1.39 (C.I. 1.27 to 1.52) with an intercept
of −0.017 (C.I. –0.055 to −0.018). In comparison, the Δ201Hg/Δ199Hg
slope for PHg is only 1.08 (C.I. 0.96 to 1.21)which is not significantly dif-
ferent from 1.0, with an intercept of 0.002 (C.I. -0.007 to 0.012). Gener-
ally, Δ201Hg/Δ199Hg ratios found in this study are larger than those
reported for terrestrial or atmospheric samples, and are therefore likely
caused bymore than a single process or source (Fig. 2). Observed values
might be explained by multicomponent mixing models, whereby al-
ready photoreduced Hg (II) from precipitation is further fractionated
in river water after photoreduction and re-emission to the atmosphere.
This could lead to the observed slope of 1.35 for DHg that lies between
MIF ratios expected for photoreduction (1.0) or evasion (1.54). As
well, the measurements were based on total Hg (THg) measurements.
THg could therefore also include dissolved MMHg, which may have
been subjected to photodemethylation. This should result in a slope of
1.36, if all DHg was in fact MMHg. While MMHg was not determined
in this study, between 0.2 and 9% of Hg in theMackenzie and Yukon riv-
ers have been reported to be present in the form of MMHg (Emmerton
et al., 2013; Schuster et al., 2011).

The range of possible Δ201Hg/Δ199Hg ratios illustrated on Fig. 2B as-
sume a starting point of −0.6‰/−0.6‰, which is commonly observed
in abiotic samples. If this were the initial MIF for DHg, the three lines
representing the individual fractionation processes enclose most of
the observed values in these rivers, suggesting that a combination of
fractionation processes is in fact required to explain the values recorded
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here. Choosing different starting points would result in slightly different
enclosing areas, but still encompass all measured data. Since final MIF
values are likely the result of at least 3 different fractionation processes,
this approach cannot identify individual contributions. As well, other
starting points would require different proportions for each process to
account for the final MIF.

Hg IR suggest that the dissolved fraction was affected by photore-
duction of inorganic Hg, hence ultimately connected to atmospheric de-
position with shorter turnover time than Hg stored in terrestrial
reservoirs (Fig. 2). Most likely, the majority of DHg during the spring
flood arises from precipitation and snowmelt runoff (Fig. 2). In compar-
ison, the magnitude of fractionation found in PHg is small, supporting
the idea that this Hg is from terrestrial sources, where photoreactions
are not important (Demers et al., 2013; Jiskra et al., 2015; Obrist et al.,
2017). PHg IR indicate a consistent association with terrestrial sources,
which only infrequently resembles Hg signatures found in precipitation.
The PHg fraction is therefore more closely associated with surface veg-
etation and soil, of potentially longer turnover time than DHg. Data col-
lected in this study suggest that Hg source tracing through IR in theMRB
is complicated by mixing of different sources. Localized geogenic
sources (e.g., shales) do not dominate individual rivers, and overall sig-
natures are reflective of erosion and overland flow. Future studies iden-
tifying riverine Hg sources must consider separate analysis of DPg and
PHg. This study shows that the two fractions can be dominated by
very different sources. Bulk analysis of water samples would obscure
the individual contributions and may lead to misinterpretations.

3.2. Correlations between riverine [Hg] and Δ14C-OC

Arctic rivers act as conduits of both terrestrial Hg andOC to theArctic
Ocean. (Soerensen et al., 2016; Stein andMacdonald, 2004; Zolkos et al.,
2020). Terrestrial Hg and OC reservoirs include forest and tundra vege-
tation, catchment soils and the underlying bedrock (Bishop et al., 2020).
The age of Hg and OC stored in these reservoirs can thus span from days



Fig. 3. Scatterplot of [Hg] (ng L−1), on logarithmic scale, as a function of the Δ14C-OC (‰)
in the A) dissolved and B) particulate fraction. Circles are colored by their category
(Lowland (orange), Mountain (purple), Mackenzie (green)), with circle sizes
proportional to A) the DOC concentrations (mg C L−1) in and B) Turbidity (NTU). Each
circle is labeled by the river's name as indicated on the map in Fig. 1.
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to millennia and geological timescales. Riverine [Hg] are typically posi-
tively correlated with [DOC] (Lavoie et al., 2019). However, the spatial
survey across the MRB (Fig. 1) showed no such correlation between
[DOC] and [DHg] (rho = 0.28, p = 0.3) (Fig. 2, Fig. S5). A study con-
ducted along the mainstem of the Mackenzie river also reported a
poor coupling between [DOC] and [Hg] (Leitch et al., 2007). In the
neighboring Yukon river, however, the typical positive correlation be-
tween [Hg] and [DOC] prevails (Schuster et al., 2011). Yet, a rather
poor coupling between [DOC] and [Hg] is also apparent over seasonal
timescale at the mouth of the six Arctic Great Rivers, including both
the Mackenzie and Yukon River (p = 0.09 (Zolkos et al., 2020)).

The spatial survey revealed instead a significant negative correlation
betweenΔ14C-DOC and [DHg] (rho=−0.55, p=0.02, Fig. 3A), and be-
tweenΔ14C-POC and [PHg] (rho=−0.86, p<0.0001, Fig. 3B) across the
MRB during spring flood. This correlation indicated that rivers
transporting more 14C-depleted (i.e. older) OC also contained higher
[DHg] and [PHg], irrespective of the [OC] (Fig. 3). Riverine [Hg] therefore
correlatesmorewith the source (mean age) of OC than its amount, indi-
cating a more direct association with molecules of aged OC rather than
with the bulk OC pool. To our knowledge, no former study has estab-
lished a link between [Hg] and Δ14C-OC in surface waters before. The
correlations between [Hg] and Δ14C were consistent for both the dis-
solved and particulate fractions, despite major differences in their
sources determined by IR inferences (Fig. 2). There was no statistically
significant relationship between the Δ199Hg or δ202Hg and Δ14C-OC
(p > 0.2) (Fig. 4). However, the differences in DHg and PHg sources in-
ferred from the Hg IR (i.e. DHg was more closely associated with recent
atmospheric deposition, while PHg arises from slower turnover terres-
trial sources), were also reflected in the gap in 14C-content between
DOC and POC (i.e. younger DOC compared with POC).

3.3. Correlations between [DHg] and DOC quality

Correlations between [DHg] and UV fluorescence characteristics of
DOMprovided further insights into the underlying association between
[DHg] and Δ14C-DOC at a molecular level. There were multiple signifi-
cant correlations between [DHg] and optical properties of DOM, includ-
ing; SUVAabs254 (rho = 0.75, p = 0.0009), E2:E3 ratio (rho = −0.74,
p = 0.0007), HIX (rho = 0.61 p = 0.01), SSratio (rho − 0.67, p =
0.003) and FreshIX (rho − 0.52, p = 0.03), which were themselves
closely correlated (rho > 0.9, p < 0.0001) (Fig. 3). Rivers with higher
[DHg] thus transported more aromatic DOM (SUVAabs254), with a
higher degree of humification (HIX) and higher molecular weight
(lower E2/E3 ratio and SSratio) (Fig. 3). At a molecular level, DOM
with higher molecular weight, aromaticity and humic acid content
may contain more reduced sulfur sites, making it a better vessel for
transporting recently deposited Hg to surface waters (Haitzer et al.,
2002; Skyllberg et al., 2006). At the landscape level, both DHg and
14C-depleted DOC with higher aromaticity, humic content and molecu-
lar weight, could also co-vary among the tributaries of the Mackenzie
due to a common sourcing from variable terrestrial reservoirs.

Among the different optical properties of DOM, SUVAabs254 was the
strongest variable correlating with riverine [DHg] (Fig. 3). This adds to
an existing body of research having reported positive relationships
between [Hg] and SUVAabs254 or total absorbance at 254 mm in
surface waters. (Bravo et al., 2018; Dittman et al., 2009; Eklof et al.,
2012; Grigal, 2003; Lescord et al., 2018) However, most of these
studies also report a co-existing positive correlation between [DOC]
and [Hg] in the same waters. In these studies, SUVAabs254 improved
the predictability of riverine [DHg] over an existing relationship with
the bulk DOC (Lavoie et al., 2019). This differs from the MRB, where
[DOC] is not significantly correlated with its optical properties
(p > 0.05), Δ14C, or [DHg] (Fig. 3). Remote sensing methodologies
have the capacity to quantify SUVAabs254 in surface waters (Griffin
et al., 2018), which may provide useful monitoring systems for
riverine [DHg] across the MRB.
7

A significant positive correlation between [DHg] and [DOC] and
SUVAabs254 emerged when considering only the subset of 6 rivers
associated with the Lowland region (Fig. S6). The interplay between
[DHg] and [DOC] and quality in this region seems to agree better with
the relationships established in the literature (Lavoie et al., 2019). The
landscape of the Canadian shield and Interior platform, forming
together the lowland of the MRB, is more comparable to other parts of
Canada and Fennoscandia where much of the former research has
been conducted (Dittman et al., 2009; Eklof et al., 2012; Lescord et al.,
2018). The other sectors of the MRB, where other types of terrestrial
DOC and Hg sources are present (e.g. thawing permafrost, coal deposits
and Hg-bearing sediments) possibly make this catchment deviate from
the formerly established patterns.

3.4. Correlations between of [PHg] and Turbidity and [SO4
2−]

The negative correlation between [PHg] and Δ14C-POC also
corresponded with a positive correlation between [PHg] and turbidity
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Fig. 4. Spearman correlation matrix of [DHg], [DOC] and various properties of DOC, incl.
Δ14C-content and optical properties, as well as Δ199DHg values for samples collected
during the spatial survey (n = 17). The top half of the plot shows ellipses scaled to the
Spearman correlation coefficient (rho), while the values of the coefficients are shown in
the bottom half. The orientation and colour of the ellipses indicate negative (red) and
positive (blue) correlations (rho scale on right-hand side). Boxes with non-significant
correlations (p < 0.05) are blanked.
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(rho = 0.88 p < 0.0001) (Fig. 3, Fig. S7A). In the MRB, more turbid wa-
ters contain both higher [PHg] and more Δ14C-depleted POC (Campeau
et al., 2020) (Fig. 3). Turbidity is generally well correlated with total
suspended solid concentration, which earlier studies identified as a
key predictor of [Hg] in the Mackenzie River (Emmerton et al., 2013;
Leitch et al., 2007; Zolkos et al., 2020) and in other Arctic rivers
(Vermilyea et al., 2017). In theMackenzie River, turbidity also correlates
strongly with [POC] (Emmerton et al., 2013; Holmes et al., 2018) sug-
gesting a potential positive correlation between [PHg] and [POC],
which unfortunately cannot be directly assessed with this dataset.
Fig. 5. Bi-plot of the principal component analysis of the water chemistry variables measured
Symbols represent the score plot, identifying different river sample location grouped by
Mackenzie River (green squares). Each symbol is labeled by the river's name. Arrows represe
on the two dimensions of the principal component.
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River turbidity can also be measured using remote sensing methodolo-
gies (Kuhn et al., 2019), which could potentially facilitate large-scale
monitoring of [PHg] across the MRB. Erosion and weathering of catch-
ment soils are an important source of turbidity in rivers,which is consis-
tentwith the importance of terrestrial Hg sources inferred from the PHg
IR (Fig. 2). A contribution from erosion andweathering of coal, shales or
sulfide minerals in the Mackenzie Mountains is also likely (Carrie et al.,
2009; Zolkos et al., 2018), but these are localized sources and unlikely to
dominate the signature of the entire river catchment. The positive cor-
relation between [PHg] and [SO4

2−] among the different sub-
catchments (rho=0.68 p=0.001) supports a link betweenweathering
of sulfide bearing minerals in riverbank sediments and erosion of coal
deposits, at least in some tributaries(Fig. 3, Fig. S7B).

3.5. Spatial distribution of terrestrial Hg and OC sources across the MRB

The PCA discriminated between rivers from different geographical
regions (i.e. Mountain, Lowland, Mackenzie), with the first two axis ac-
counting for 72% of the total variance within the spatial survey dataset
(n = 17) (Fig. 5). Previous studies conducted on riverbank sediments
along the Mackenzie's mainstem also reported significant differences
in [Hg] among the mountain and lowland sectors of the basin (Carrie
et al., 2009; Carrie et al., 2012). The Mackenzie River cluster was cen-
tered around the intercept of the two PCA axes, which is coherent
with a mixture of water chemistry representative of its different tribu-
taries (Fig. 5).

The Mountain rivers contained significantly higher [Hg] and older
OC (most 14C-depleted) than the Lowland rivers (Fig. 1B, D), despite
having relatively similar [OC] (Fig. 1C). In the PCA, the Mountain rivers
projected positively with turbidity, [PHg], [SO4

2−], [Mg2+] and mean
watershed slope (Fig. 5). The Mountains contain pyrite bearing rocks,
as well as exposed or shallow coal deposits, which both contain Hg
and geological OC. The steeper elevation and higher precipitation
regime in the Mountains may promote erosion and weathering. These
likely contribute to the river's higher turbidity, mineral content, and
older-POC along with higher [Hg]. Analyses of riverbank sediments
along theMackenzie river indicated that weathering of sulfideminerals
and erosion of coal deposit were important Hg sources for theMountain
rivers (78% and 10% respectively;(Carrie et al., 2012)), which appears
during the spring spatial survey in the MRB (n = 17) with first and second axes plotted.
Mountain tributaries (purple circles), Lowland tributaries (orange triangles) and the
nt the loading plot, where vectors identify different water chemistry variables projected



A. Campeau, K. Eklöf, A.L. Soerensen et al. Science of the Total Environment 806 (2022) 150808
consistent with the suspended riverine chemistry observed in these
data.

The Peel River transported some of the highest [DHg] and [PHg]
along with some of the most 14C-depleted DOC and POC (Fig. 2). This
was also confirmed during the seasonal survey, which revealed
Fig. 6.Hydrograph (gray area,main y axis) of the A, B) LiardRiver, C, D) Peel River, E, F) Yellowkn
Liard River which extends to April 2020. Superimposed on the hydrograph are the measurem
(orange circles with sizes representing the [OC] in mg L−1) for the dissolved (A, D, E, G) an
vertical bars over each symbol, but those of [PHg] are often too small to appear clearly on t
survey were obtained from Environment Canada, under the following station ID: Liard #10ED0
lowknife River is flow-regulated.
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sustained high [PHg] together with a low Δ14C-POC during the summer
months compared with the spring flood (Fig. 6D). This catchment is
heavily affected by retrogressive thaw slumps (Lacelle et al., 2015), a
geomorphological phenomenon that increases the mobilization of an-
cient OC and Hg stocks (St Pierre et al., 2018). In recent years, such
ife River, G, H)Mackenzie River, between January to December 2019 for all sites except the
ents of riverine [Hg] in ng L−1(pink triangles) Δ199Hg (%) (green diamonds) and Δ14C-OC
d particulate (B, D, F, H) fraction. Standard deviation on the [Hg] are superimposed as
he figure. Daily discharge measurements from the four rivers included in the seasonal
02, Peel # 10MC002, Yellowknife # 07SB003 and Mackenzie #10LC014. Note that the Yel-
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destabilization of permafrost soils has triggered a sustained release of
ancient DOC to the Mackenzie River (Schwab et al., 2020), a load
which may have been accompanied with increased amounts of Hg, ac-
cording to the correlation identified here (Fig. 3A). The link between riv-
erine [Hg] and Δ14C of OC identified provides further indication of the
importance of permafrost thaw in mobilizing previously stored OC
and Hg in waterways (Bishop et al., 2020; Coquery et al., 1995; St
Pierre et al., 2018).

The Slave and Peace rivers, which do not flow over permafrost areas,
also transported some of the highest [Hg] and most 14C-depleted OC,
part of which may have been mobilized by upstream oil extraction ac-
tivities. Oil extraction operation carried out in the Peace-Athabasca
and Slave River basin may have contributed to the high levels of Hg in
these tributaries (Hebert, 2019; Kelly et al., 2010). In recent years, the
southern part of the MRB has been heavily affected by forest fires,
which can also foster the dissemination of Hg to surrounding environ-
ments, (Kumar et al., 2018) as well as the export of older DOC
(Turetsky et al., 2015).

Rivers draining the Lowland region transported significantly less
Hg (Fig. 1B) with younger (more 14C-enriched) DOC and POC com-
pared with the rivers draining the Mountain region (Fig. 1D)
(Campeau et al., 2020). PCA discriminated between two clusters of
rivers in the Lowland region (orange symbols). The first included
the rivers exclusively draining the Canadian Shield (i.e. Yellowknife,
Cameron, Snare) while the second included those found in the Inte-
rior Platform (i.e. Hay, Willowlake, Trout) (Fig. 4). Rivers of the latter
group contained some of the highest [DOC] and abs254 that reflected
well the high soil organic carbon content of this region (Tarnocai
et al., 2009) with its dense peatland coverage (Tarnocai and
Kettles, 2011) that may represent important sources of Hg-bound
to DOC (Fig. 5) (Grigal, 2003; Carrie et al., 2012). In comparison,
the other tributaries of the Lowland region (i.e. Yellowknife, Snare,
Cameron River), contained the lowest [DHg] and [DOC], with the
most 14C-enriched DOC, corresponding with the lowest molecular
weight (E2/E3, SSratio) and highest freshness (FreshIX) (Figs. 1, 5).
These low [Hg] and [OC] are consistent with the region's thin surficial
deposits, low soil organic carbon content and abundant small lake
and forest coverage.

3.6. Seasonality in Hg and OC sources and potential future release riverine
Hg

The coefficient of variation for [PHg], [DOC], Δ14C-DOC, Δ14C-POC,
Δ199PHg and δ202DHg was larger across rivers (spatial survey) than
within a given site (seasonal survey), with the exception of [DHg]
where the variability was similar within both the spatial and seasonal
survey (Table S4). The opposite occurred for Δ199DHg and δ202PHg
that were both more variable over seasonal scale than spatial scales
(Table S4; Fig. 6). However, the variability for δ202PHg was generally
low in both the spatial and seasonal surveys (Table S4). The seasonal
variability in Δ199DHg was highest in the Liard River, followed with
the Mackenzie, Peel and Yellowknife River. These results suggests that
DHg sources may be more variable over time than across rivers of the
MRB.

As opposed to the spatial survey, the δ202 andΔ199 values for theDHg
were not significantly more positive than for PHg within individual riv-
ers (p > 0.05 for each site, n = 4) (Fig. 2). In fact, the median Δ199DHg
was significantly less positive (closer to zero) in samples collected dur-
ing the seasonal survey (2019) comparedwith the spring spatial survey
(2018) (p = 0.009) (Fig. 2). This suggested that the share of DHg asso-
ciated with atmospheric deposition varies considerably with changing
hydrological conditions. The proportion of DHg associated with terres-
trial sources may be comparatively higher in the summer and autumn
than during spring flood (Figs. 2, 6). The majority of the annual Hg ex-
port from the Mackenzie River to the Arctic Ocean takes place during
the spring flood (55% (Zolkos et al., 2020)), highlighting the importance
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of considering the distinct sources of DHg and PHg for the annual Hg ex-
port in the MRB.

There were no consistent relationships between river discharge and
[Hg], [DOC] or IR of Hg or Δ14C (Fig. 6). However, differences in [Hg],
[OC] and Δ14C between groups of rivers identified in the spatial survey
were still present in the seasonal sampling (Dunn's test; Lowland (a),
Mountain (b), Mackenzie (ab), p = 0.008)). The correlation between
riverine [Hg] and the Δ14C of OC was less consistent for the seasonal
than for the spatial survey, but the assessment of potential correlations
within individual rivers was likely limited by the low number of sam-
ples collected over time (n= 4 per sites). The importance of the spatial
variability over the seasonal variability in [Hg], [OC] andΔ14C could sug-
gest that changes in runoff patterns across theMRBwill act as an impor-
tant driver of future trends in river chemistry. While precipitation is on
average highest along the Cordilleran mountain ridge, increase in pre-
cipitation over the past half-century have been most dramatic in the
northeastern banks of the Mackenzie River (+39% in the Great Bear
basin) (Bush and Flato, 2018). This could potentially contribute to in-
crease the proportion of Hg originating from the Lowland region in
the Mackenzie River in the future. Yet, as permafrost disturbance con-
tinues to intensify across the MRB, mobilization of previously stored
Hg and ancient OC may continue to increase and contribute to further
export to the Arctic Ocean.

4. Conclusion

This study combines various techniques to derive information on the
sources of riverine Hg across theMRB. These techniques included isoto-
pic analysis of riverine Hg and OC, together with optical properties of
DOM. These data reveal that the dissolved and particulate phases of
riverine Hg can be dominated by different sources. While riverine PHg
is steadily associated with terrestrial sources, the DHg fraction is sup-
plied, at least partly, from atmospheric sources. Future studies identify-
ing riverineHg sourcesmust consider separate analysis of dissolved and
particulate phases. Bulk analysis ofwater sampleswould obscure the in-
dividual contributions of different Hg sources andmay lead tomisinter-
pretations. Despite these distinct sources, both DHg and PHg were
positively associated with the transport of older riverine OC. These cor-
relations translated into a positive correlation between DHg and DOM
with higher molecular weight, aromaticity and humic content, which
might reflect theHg-binding potential of DOM. This study demonstrates
that the sources of riverine Hg diverge considerably across the land-
scape of the MRB, in ways that are also consistent with spatial patterns
in riverine OC age and quality. Accounting for the diversity of riverine
Hg sources will complexify attempts to constrain future release in this
rapidly changing river catchment.
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