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ABSTRACT: Biological concentrations of methylmercury
(MeHg) are elevated throughout the Arctic Ocean; however, to
date, the major sources and the spatial variability of MeHg are not
well quantified. To identify the major inputs and outputs of MeHg
to the Arctic shelf water column, we measured MeHg
concentrations in the seawater and sediment samples from the
East Siberian Sea collected from August to September 2018. We
found that the MeHg concentrations in seawater and pore water
were higher on the slope than on the shelf, while the MeHg
concentrations in the sediment were higher on the shelf than on
the slope. We created a mass budget for MeHg and found that the
benthic diffusion and resuspension largely exceed other sources,
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such as atmospheric deposition and river water input. The major sinks of MeHg in the water column were dark demethylation and
evasion. When we extrapolated our findings on benthic diffusion to the entire Arctic shelf system, the annual MeHg diffusion from
the shelf sediments was estimated to be 23,065 + 939 mol yr™’, about 2 times higher than previously proposed river discharges. Our
study suggests that the MeHg input from shelf sediments in the Arctic Ocean is significant and has been previously underestimated.

1. INTRODUCTION

Chronic exposure of humans to mercury (Hg) through seafood
consumption causes harmful health effects, such as kidney
damage and renal tubular disorders." Therefore, Hg con-
tamination of the Arctic marine environment is a critical
human health issue, as indigenous people consume marine fish
and mammals as major sources of protein.”’ Moreover, as
climate warming decreases the sea ice coverage, commercial
fisheries are emerging in the Arctic Ocean.” In the Arctic
spring, gaseous elemental Hg [Hg(0)] carried by long-range
transport from the natural and anthropogenic source is
oxidized and subsequently deposited on the sea surface, thus
increasing Hg concentrations in seawater.” The discharge of
river water, snow, and ice meltwater and the Atlantic Ocean
influx are also considered important Hg(II) inputs to the
Arctic Ocean.’ A recent modeling study reported that the net
Hg deposition to the Arctic Ocean is 75 Mg yr~’, which
exceeds the riverine Hg input from the North American,
Russian, and other watersheds (31—62 Mg yr ).

The East Siberian Sea (ESS) is the widest shelf in the Arctic
Ocean, with a surface area of 9.9 X 10° km® and an average
depth of 58 m (Figure S1).® The ESS is an ecologically
important zone with diverse benthic macrofauna communities,
and it acts as a transition zone where eutrophic Pacific water is
mixed with oligotrophic Atlantic water.”'® The Siberian
Coastal Current flows eastward from the Laptev Sea, and
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along the course of the current, it is altered by cold and fresh
Siberian rivers (e.g,, the Lena River, the Indigirka River, and the
Kolyma River).'" The Anadyr Current, which has a water mass
exhibiting relatively high salinity, temperature, and nutrient-
rich conditions, flows from the southeastern region of the
ESS.'""” The eastern ESS typically shows an elevated primary
productivity because of the Pacific inflow, leading to a
productive epibenthic biomass.'” The influx of Atlantic water
through the eastern Fram Strait forms deep water as the
Atlantic water becomes saltier, thus sinking under the less
dense Arctic surface water (ASW)."> The Atlantic deep water
(ADW) then flows toward the ESS at a depth of 300—700 m."*

The wind from Asia can carry anthropogenic Hg to the ESS,
leading to a large deposition of Hg to the sea surface.'™'¢
Recent estimates of Hg deposition in the European and
Russian Arctic seas (i.e., Barents Sea, Kara Sea, Laptev Sea, and
the ESS) showed that the largest dry deposition occurs in the
ESS and that it is ascribed to the long-range transport of Hg
from Asia, particularly in winter season.'® Hg deposited to the
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ESS could be retained in marine organisms, as methylmercury
(MeHg) can be produced in the subsurface water and
sediment. However, the environmental factors controlling the
production and transport of MeHg are not well understood in
this region. The potential sources of MeHg for the ESS could
be river discharge, sea ice, and snow melting, in situ production
in the water column, and diffusive and advective transport from
sediments.’”~'” A recent study on a subarctic fjord showed
that active in situ methylation of Hg(Il) occurs in stratified
surface water, as river discharges of colloidal organic matter
provide an anoxic microbial niche for active Hg(II)
methylation.”® The net methylation in the water column was
also considered a major input of MeHg in the central Arctic
Ocean and the Beaufort Sea based on the vertical profiles of
MeH§, which showed peak concentrations in the subsurface
layer.”** The decomposition of atmospheric dimethylmercury
(DMHyg) followed by deposition could be an alternative source
of MeHg in the ESS,** as shown in the mass budget for the
Arctic Ocean produced by Soerensen et al® MeHg
concentrations are generally higher in ice-covered seawater
than in ice-free seawater because of the limited photo-
demethylation of MeHg and the evasion of DMHg.***

In this study, we investigate the spatial distribution of the
total Hg (THg), MeHg, and conventional hydrographic
parameters in the ESS and Chukchi Sea (CS) and construct
a mass budget of MeHg in the ESS water column using our
field data. The ESS shelf fluxes were estimated using the MeHg
concentrations in sediment pore water and overlying seawater.
We then extrapolated the shelf fluxes to all Arctic shelves to
produce a better-constrained estimate of the benthic diffusion
in the Arctic shelves than that found in a previous study. The
benthic diffusion was then compared to other sources to
determine the significance of the MeHg input from the shelf
sediments to the Arctic Ocean.

2. METHODS

2.1. Seawater and Sediment Sampling. Seawater and
sediment sampling was conducted from August 31 to
September 16, 2018 onboard the R/V Araon at 11 stations
(Figure S1). A total of 55 seawater samples were taken at
ST22—ST33 in the ESS, and 21 seawater samples were taken
at STO1, ST04, and STO7 in the CS (Table S1). The sea ice
coverage during the sampling period is shown in Figure S2.
The seawater samples were collected using 10 L Niskin
samplers equipped on a Rosette system (Ocean Test
Equipment, Inc.). The Niskin samplers were precleaned with
weak hydrochloric acid before sampling. The unfiltered
seawater samples collected for Hg analysis were immediately
transferred to pre-acid-cleaned 1 L Teflon bottles without
headspace and preserved with 0.4% v/v hydrochloric acid.
These samples were stored at 4 °C in the dark until analysis
was conducted at the Gwangju Institute of Science &
Technology laboratory. The leftover unfiltered water was
transferred to polyethylene bottles and used for the analysis of
nutrients, suspended particulate matter (SPM), and the Hg(II)
methylation and MeHg demethylation incubation experiments.
The method for filtering seawater for dissolved organic carbon
analysis is described in Text S1 in the Supporting Information.

Sediment and pore water samples were taken at ST25, ST28,
and ST31 in the expedition of 2018 and at ST13 and ST1S in
that of 2019. The 2019 survey was conducted from September
10—16, 2019 onboard the R/V Araon at 12 stations. The
surface sediment coring was conducted using the MUC 8
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multicorer developed by Oktopus GmbH with an array of eight
80 cm polycarbonate core tubes with a diameter of 10.5 cm.
After taking the cores, the surface sediments were sliced in
thicknesses of 2 cm onboard. The sliced sediments were used
for pore water extraction or stored in a freezer immediately.
The methods for pore water collection are described in Text
S1 in the Supporting Information.

2.2. Seawater Analysis. For the analysis of unfiltered
THg, seawater was digested with 0.1 mL of 0.2 N bromine
chloride solution for at least 12 h.** Following the reduction
and nitrogen purging of Hg(0), the Hg(0) collected in the trap
was released with thermal desorption and detected with a cold
vapor atomic fluorescence spectrometer (CVAFS). The details
of the THg analysis are available in Text S2 in the Supporting
Information. The instrument detection limit (IDL) and the
method detection limit (MDL) were 0.30 pM (n = 4) and 0.39
pM (n = 4), respectively. The method blank determined was
0.23 + 0.067 pM (n = 4). The recovery of the matrix spike
(MS) was 108 + 12% (n = 6) and that of the certified
reference material (CRM) (BCR-579, coastal seawater, EC-
JRC-IRMM) was 95 + 3.6% (n = 13). The ongoing precision
was tested at every 10 samples using a calibration standard, and
it was 101 = 7.3% (n = 18). The total Hg concentrations were
analyzed in duplicate, and the average relative percentage
difference (RPD) was 4.9 + 4.5% (n = 74).

The unfiltered MeHg, as the sum of monomethylmercury
(MMHg) and DMHg concentrations, in seawater and pore
water was measured using gas chromatography—CVAFS after
distillation in the presence of 1% ammonium pyrrolidinedi-
thiocarbamate.*® The details of the MeHg analysis are available
in Text S2 in the Supporting Information. The IDL and MDL
of MeHg analysis were 8.2 fM (n = 9) and 8.8 fM (n = 9),
respectively. The method blank of MeHg analysis was 43 + 19
fM (n = 37), and the field blank MeHg concentration was 50
fM. The MS recovery was 103 + 9.5% (n = 30) and that for
CRM (IAEA 407, fish homogenate, International Atomic
Energy Agency) was 99 + 59% (n = 106). The ongoing
precision of the standard recovery was 99.6 + 5.4% (n = 106).
Most MeHg concentrations were analyzed in duplicate, and
the mean of the average RPD was 13 + 8.2% (n = 70).

The nitrate, nitrite, and phosphate concentrations were
analyzed in the Korea Polar Research Institute (KOPRI)
laboratory using a gas-segmented flow system (QuAAtro,
SEAL Analytical). The analytical system was calibrated using
the KANSO reference material (lot no. “CF, CG, CI”, KANSO
Technos) before the seawater analysis.

2.3. Sediment Analysis. The frozen surface sediment
samples were freeze-dried for 24 h and ground using an agate
mortar and pestle. The THg concentration in the sediment was
measured using atomic absorption spectroscopy (DMA-80,
Milestone) based on the EPA Method 7473.”” The details are
described in Text S3 in the Supporting Information. The CRM
(BCR-277R, estuarine sediment, EC-JRC-IRMM) recovery
was 99 + 4.8 (n = 4). The samples were analyzed in triplicate,
and the mean relative standard deviation (RSD) was 1.8 +
0.33% (n = 5).

MeHg in the sediment samples was analyzed following refs
28 and 29, and the details are described in Text S3 in the
Supporting Information. In brief, dried sediment samples were
oxidized with KBr and CuSO, solutions, and then MeHg was
extracted into a dichloromethane (DCM) solution. After the
extraction, MeHg in DCM was back-extracted into water and
then analyzed by CVAFS. The CRM (ERM-CCS80, estuarine
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sediment, EC-JRC-IRMM) recovery was 99 + 12% (n = 4),
and MeHg in the extraction blank was not detectable. Each
sediment sample was measured in triplicate, and the mean
RSD of triplicate assays was 9.1 + 6.5% (n = S).

The sediment carbon and nitrogen analysis methods are
summarized in Text S4 in the Supporting Information. The
structures of crystalline materials were analyzed using X-ray
diffraction (XRD) (EmPyrean Cu LFF HR, PANalytical) at 40
kV voltage and 30 mA current. The scanning speed was 3.9° 20
min~', and the data sampling step was 0.01° 26. The major
compounds of sediment samples were analyzed using a X-ray
fluorescence (XRF) spectrometer (PW 2404, Philips) with 60
kV current and 125 mA voltage. The sediment samples, dried
at 105 °C for 3 h, were heated at 950 °C for 40 min to make
glass beads for the XRF analysis.

2.4. Methylation and Demethylation Rate Constants.
Dark incubation experiments were performed in the laboratory
aboard the R/V Araon on September 16, 2018, using unfiltered
seawater collected at ST26 (surface, 30, and 60 m) and ST29
(surface and 42 m). **'Hg and '*’Hg were purchased from the
Trace Sciences International Corporation (Canada).
CH,'”Hg was synthesized as described in the established
methods.””*" Unfiltered seawater of 3 L was injected into acid-
cleaned 5 L Teflon bags using a peristaltic pump. The
headspace air of the Teflon bags was removed using a
peristaltic pump. Then, **'Hg (128—216 pM) and Me'*’Hg
(0.85—1.10 pM) were spiked into the Teflon bags, which were
then incubated at field temperature in the dark. During the
incubation, sample aliquots were collected at 0, 6, 12, 18, and
25 h. The collected samples were stored in the dark after the
addition of 0.4% v/v hydrochloric acid. Single incubation was
performed for each water sample, and the aliquot samplings
were performed in triplicate. Details of the inductively coupled
plasma—mass spectroscopy analysis, calculation method, and
detection limits of the Hg(II) methylation rate constant (k)
and MeHg demethylation rate constant (k;) are available in
Text SS. The linear regression slope used to calculate k, and kq
are shown in Figure S3.

2.5. Mass Flux Modeling of MeHg. The ESS for the mass
budget estimation was defined from the Siberian coast to
139°E and 79°N for the western boundary and from the
Siberian coast to 180°E and 76°N for the eastern boundary.
The MeHg sources include atmospheric deposition, in situ
Hg(II) methylation in shelf water, lateral transport with ocean
currents and river discharges (including permafrost thawing),
vertical diffusion and resuspension from the surface sediment,
meltwater inflow, and coastal erosion.”® The MeHg sinks
include particle settling, photodemethylation, dark demethyla-
tion, evasion, and lateral transport with ocean currents. The
details of the calculation are presented in Text S6, and the
related equations and values are summarized in Tables S2 and
S3. The uncertainty of each flux was estimated by the
propagation of measurement or reported errors.

3. RESULTS AND DISCUSSION

3.1. Hydrographic Properties. Six different water masses
were identified in the temperature—salinity diagram for the
ESS and CS (Figure 1): ASW, upper halocline water (UHW),
cold halocline water (CHW), lower halocline water (LHW),
ADW, and Arctic Bottom Water (ABW).*** The ASW, found
at depths of 2—20 m in the ESS and CS, showed the lowest
salinity range of 27-31, as it was affected by sea ice
meltwater.’””> The average temperature of the ASW and
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Figure 1. (a) Temperature—salinity diagram in the ESS and the CS
and (b) water masses identified based on the density.’>** ASW:
Arctic Surface Water, UHW: Upper Halocline Water, CHW: Cold
Halocline Water, LHW: Lower Halocline Water, ADW: Atlantic Deep
Water, and ABW: Arctic Bottom Water.

UHW was lower in the ESS than in the CS (Figure S4). The
LHW showed the influence of the ADW as the temperature
increased from the CHW. The CHW was found at a water
depth of 50 m in the ESS and 100 m in the CS and had a mean
temperature of —1.7 °C. The ADW, found at depths of 300—
700 m, had a temperature range of 0.70—1.1 °C. The ABW,
which originated from Greenland Sea Deep Water, was found
at depths greater than 700 m and had a temperature range of
—0.37—0.083 °C.** The DO peaks found at a depth of
approximately 20 m coincided with the chlorophyll-a maxima,
and below it were large decreases in DO by depth in the
halocline depth. Fluorescence intensity was particularly high in
the UHW (~30 m water depth) in the eastern ESS (ST22—
24), where it is known to be influenced by nutrient-rich Pacific
water advected through the Bering Strait.'*°

3.2. THg Distribution in the Seawater of the ESS and
CS. The mean THg concentration of the ASW in the ESS was
1.0 + 0.30 pM (Figures 2 and SS). The THg concentration
range of the ASW in the ESS was lower than or similar to that
reported for other Arctic shelves (Table 1). For example, the
THg concentration of the Canadian Arctic Archipelago (2—5
m water depth) was 1.9 + 2.0 pM®” and that of the Groswater
Bay (1 m water depth) near the Labrador Sea was 1.0—1.5
pM.** The vertical profiles of THg of the ESS showed a
subsurface minimum in the lower ASW (15—20 m) and then
increased with depth toward the sediments, indicating that
sediment diffusion and/or particle resuspension is a significant
source of THg for shelf water. The THg concentrations were
commonly elevated on the surface (2—4 m) compared with
those in the lower ASW, which could be caused by sea ice and
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Figure 2. Distributions of hydrological properties and Hg concentrations in the ESS along a longitudinal gradient: (a) temperature, (b) salinity, (c)
AOU, (d) fluorescence, (e) nitrate and nitrite, (f) phosphate, (g) THg, and (h) MeHg.

snow melt and/or atmospheric deposition. The Hg concen-
trations are known to be higher in sea ice and snow meltwater
than in seawater. For example, the Hg concentrations in snow
melt runoff in the Barrow region were 50—150 pM,’®*’ and
those in snowpack meltwater in the Ny-Alesund area were 24
+ 8.5 pM.* The sea ice coverage in the ESS was in fact
decreasing during the sampling period (Figure S2), implying
that elevated THg concentrations found in the sea surface are
mainly attributable to the meltwater input as well as
atmospheric deposition in the ice-free zone.

The mean THg concentration of the ASW in the CS was 1.7
+ 0.51 pM (Figure SS). The THg range of the ASW of the CS
was significantly (p = 0.001, t-test) higher than that of the ESS
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(1.0 + 0.30 pM, ASW) but comparable with the marginal sea
of the Arctic Ocean (1.7—2.5 pM) (Table 1).”* The higher
THg levels in the CS than in the ESS could be caused by the
Pacific inflow through the Bering Sea or higher meltwater and
atmospheric deposition effects. According to previous cruise
(SHIPPO 2014) results, the mean THg concentration in the
surface seawater of the Bering Sea was 1.0 £ 0.15 pM, and
thus, the Pacific inflow is not a plausible reason for the
enhanced THg in the CS. The Hg(0) concentrations were 3
times higher in the seawater under contiguous ice (101 + 98
fM) than in the ice-free seawater (32 + 30 fM) because of the
limited evasion and meltwater effects,*"** which explains why
ASW THg is higher in the CS than in the Bering Sea. The
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Table 1. THg and MeHg Concentrations Found in the Arctic Seawater

Baffin Bay, 20—60 m
Baffin Bay, 211-216 m

Beaufort Sea, 33 m

Beaufort Sea, 125 m

Groswater Bay, 0—1 m

Laptev Sea, 0—3000 m

Laptev Sea, 10 m

Amusen Basin, 0—6000 m

Amusen Basin, surface

Amusen Basin, pycnocline (150 m)
Makarov Basin, 0—3500 m
Makarov Basin, surface

Makarov Basin, pycnocline (200 m)
Canadian Arctic Archipelago, 2—5 m
Hudson Bay, 2—5 m

Chukchi Shelf, <200 m

Western Arctic Ocean (Bering Sea, Bering Strait, Makarov Basin, Eurasian Basin, and Canada

Basin), 0—50 m
Canada Basin, Beaufort Sea, and Western CAA, 0—500 m
Eastern CAA and Baffin Bay, 0—500 m
Labrador Sea, 0—500 m
ESS, ASW, 0—20 m
ESS, UHW, 20—45 m
ESS, CHW, 45—60 m
ESS, LHW, >60 m
CS, ASW, 0-20 m
CS, UHW, 20—50 m
CS, CHW, 50—150 m
CS, LHW, 150—300 m
CS, ADW, 300—700 m
CS, ABW, > 700 m

THg (pM) MeHg (pM) References
24-2.6" 0.055%, 0.020—-0.035° 19
L1-1.5 0.090—0.13",

0.14—0.19°
1.7¢ 0.13%, 0.23¢
1.0° 0.24%, 0.36°
1.0 £ 0.6-1.5 + 1.0 0.12 + 0.058 20
0.53 + 0.06 0.025 + 0.030 22
7.0
1.3 + 023 0.16 + 0.10
2.5 0.029

0.37
1.0 + 025 0.21 + 0.080
1.7 0.034
0.34

19 +2.0 0.12 + 0.046" 37
21+26 0.12 + 0.055”
1.1 + 0.607 0.028 + 0.007" 44
0.41-2.97 0.064 + 0.065"7
19+ 13 0.30 + 0.14 57
2.6 + 2.1 0.19 + 0.08
0.62 + 0.19 0.090 + 0.040
1.0 + 0.30 0.089 + 0.033 this study
1.0 + 0.23 0.11 + 0.028
L1 + 021 0.14 + 0.019
14 + 0.52 0.27 + 0.058
1.7 + 0.51 0.14 + 0.071
1.0 + 0.20 0.33 + 0.11
0.87 + 021 0.20 + 0.10
0.82 + 0.32 0.25 + 0.11
0.74 + 0.073 0.28 + 0.043
0.82 + 0.10 0.24 + 0.021

“Inorganic mercury. *Monomethylmercury. “Dimethylmercury. “Filtered water.

meltwater contribution of THg concentrations could be larger
in the CS than in the ESS, as the sea ice melt area was larger in
the CS than in the ESS during the sampling period (Figure
S2). In support of this, the decrease of salinity in surface
seawater was more severe in the CS (27.3—27.5 at STO01, 04,
and 07) than in the ESS (29.3—30.1 at ST 22—28). While
there was no significant (p > 0.01) correlation between THg
and salinity (and density) in the ESS, strong negative
correlations were found between THg and salinity (r
—0.82, p < 0.01) and between THg and density (r = —0.83, p <
0.01) in the CS (Table S4). The reverse distribution pattern of
THg to salinity (and density) is attributed to the scavenged
type distribution, in which Hg concentrations rapidly decrease
by depth following the particle distribution pattern.*

3.3. MeHg Distribution in the Seawater of the ESS
and CS. The mean MeHg concentration of the ASW in the
ESS was 0.089 + 0.033 pM (Figure 2 and SS5). The ASW
MeHg concentration was slightly lower than that in the
Beaufort Sea (0.13 pM, 33 m),"” the Canadian Arctic
Archipelago (0.12 + 0.046 pM, 2—5 m),”” and the Hudson
Bay (0.12 + 0.055 pM, 2—5 m; Table 1).”” We found
significantly positive correlations of MeHg with salinity (r =
0.81, p < 0.01) and density (r = 0.80, p < 0.01) (Table S4) as
MeHg concentrations typically increased in the LHW with
increasing salinity, indicating that sediment resuspension or
benthic diffusion could be important. This also explains the
significant correlation (r = 0.64, p < 0.01) found between
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MeHg and AOU in the Pearson’s matrix. Several MeHg
profiles on the interior shelf (ST27, ST28, and ST31) showed
subsurface peak concentrations at depths of approximately 20
m, consistent with the fluorescence maxima.

The mean MeHg concentration in the ASW of the CS was
0.14 + 0.071 pM (Figure SS). The MeHg concentration in the
ASW of the CS was significantly (p = 0.032, t-test) higher than
that of the ESS (0.089 + 0.033 pM) and western Arctic Ocean
(0.064 + 0.065 pM, 0—51 m; Table 1).** However, it is similar
to that found on the surface of the Canadian Arctic
Archipelago and Hudson Bay (approximately 0.12 pM at a
2—5 m water depth). The MeHg subsurface maximum in the
CS was found in the UHW at depths of 35—45 m (0.30—0.43
pM) in relation to the fluorescence maxima found at the same
depth. The depths of the fluorescence maxima were
consistently shallower than the nutrient peak depths (100—
150 m) in the CS, with quite low nutrient concentrations
within the fluorescence maxima (Figure S6). The deep
chlorophyll maxima are typical features of the Arctic Ocean
in summer after the bloom period.”> The tight link between
the fluorescence maxima and the MeHg peak depths could be
explained by two reasons: (1) as MeHg was measured in
unfiltered seawater, the accumulation of phytoplankton at the
deep chlorophyll maxima could lead to high concentrations of
phytoplankton-associated MeHg or (2) high-quality organic
matter led to the increased in situ methylation at the
fluorescence maxima depth. The latter is more suitable to
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explain enhanced MeH% at the fluorescence maxima based on
the previous studies.”””> Nonetheless, high-resolution k,,
measurements in the water column of CS are needed to
clarify this explanation.

3.4. THg and MeHg in the ESS Sediment. The sediment
THg concentrations on the shelf (<100 m) were 55 + 1 ng g™
at ST31, 61 + 1 ng g ' at ST28, and 73 + 1 ng g~ at ST2S
(Figure 3 and Table SS). The THg concentrations, increasing
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Figure 3. Variations of (a) sediment THg, MeHg, and MeHg-to-total
Hg ratio; (b) pore water MeHg, particle-water partition coefficient
(Ky) of MeHg and benthic flux of MeHg; and (c) sediment TOC,
TN, and TOC-to-TN ratio of the ESS.

toward the slope (100—500 m), were 97 + 2 ng g~' at ST13
and 82 + 2 ng g_1 at ST1S. The shelf THg concentrations
were comparable with those in the marginal sea of the Arctic
Ocean (e.g, Beaufort Sea 41 + 29 ng g™'; CS31 + 10 ngg™'),
and the slope THg concentrations were similar to those found
in the Arctic Ocean Basin (82 + 26 ng g™!).** A positive
correlation between THg and total organic carbon (TOC) was
found except at ST1S. In fact, the distinctively autochthonous
characteristics of TOC, represented by a lower TOC/TN ratio
than other sites, were found at the slope site of ST1S (Figure
3¢).

The sediment MeHg concentrations at the shelf sites were
100 + 4 pg g~' at ST31, 168 + S pg g~ ' at ST28, and 91 + 8
pg ¢! at ST25 (Figure 3 and Table SS). The MeHg
concentrations at the slope sites were 3.5 + 0.4 pg g~ at ST13
and 2.3 + 0.4 pg g~ at ST1S, which were lower than those in
the shelf. The MeHg production rates of the shelf and slope
sediments are regulated by the availability of soluble Hg(II) or
the activity of Hg(Il) methylating microbes, related to
sediment organic matter and redox conditions.”” Based on
the solubility of MeHg, we expect the solubility of Hg(II) to be
higher at the slope than the shelf sites (Figure 3b), then the
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microbial activities might be more favorable for Hg(II)
methylation on the shelf than the slope. In fact, the quality
of organic matter was more autochthonous on the slope than
the shelf based on the TOC/TN ratio, and thus, it cannot
provide suitable explanation for the higher MeHg on the shelf.
The color of the top 2 cm sediment of ST1S was light brown,
representing ferric iron (e.g, FeOOH), while that of ST28 and
ST31 was olive-gray, indicating the presence of ferrous iron
(e.g, FeS) produced under anaerobic condition (Figure §7).%
Because Hg(II) methylating microbes are strictly anaerobic
based on the Hg(II)-methylating gene, hgcAB, survey',49 active
methylation is not expected on the slope despite the presence
of reactive organic matter.

The spatial gradient of the MeHg concentration in pore
water was opposite to that of sediment MeHg, and the
concentration was significantly higher at the slope sites than at
the shelf sites (Figure 3). This trend led to the higher particle—
water partition coefficients (k;) of MeHg on the shelf sites
than on the slope sites. As neither TOC nor C/N ratios
provided plausible causes for the largely decreased k4 of MeHg
at ST13 to ST1S5, the solubility trend could be related to the
distinct mineral composition or sediment redox condition
between the shelf and slope. In the mineral and elemental
composition tests using the XRD and XRF, respectively,
comparable compositions were found between the shelf and
slope, except the slightly increased manganese oxide and
teldspar contents, and decreased kaolinite content on the slope
sites, eliminating the former possibility (Figure S8; Tables S6
and S7). The formation of acid-volatile sulfide (AVS), mainly
mackinawite, greigite, and elemental sulfur, in the interior shelf
sites could describe the largely decreased solubility of MeHg at
the shelf sites. The pore water solubilities of Hg and MeHg
were largely controlled by AVS in the low TOC sediments
(<2%) and by TOC in the high TOC sediments of the
temperate shelf.”” The sediment core images support our
suggestion as gray colors representing that AVS are typical in
the shelf cores, while light brown colors representing FeOOH
are shown in the slope cores (Figure S7).

3.5. Sources and Sinks of MeHg in the ESS. In the
MeHg mass budgets, the lateral inputs of MeHg through ocean
currents were estimated as 0.94 nmol m™> yr~' for the Arctic
Ocean, 0.25 + 0.062 nmol m™ yr~! for the CS, and 0.082 +
0.098 nmol m~2 yr~' for the Laptev Sea (Figure 4 and Table
S2). The MeHg inputs through river discharge were less than
the Arctic influx, as they were 0.23 nmol m™> yr~' for the
Kolyma River and 0.093 nmol m ™2 yr™! for the Indigirka River.
The MeHg influxes through meltwater were comparable to the
river flux: 0.28 + 0.12 nmol m™ yr™' for melt pond, 0.27 +
0.15 nmol m™2 yr™* for sea ice, and 0.076 + 0.036 nmol m™>
yr! for snow. The coastal erosion of MeHg was estimated to
be 0.28 nmol m™> yr™! based on the erosion flux of THg and
the fraction of eroded THg found as MeHg.

The wet and dry deposition of MeHg was estimated as 0.26
+ 0.31 nmol m™* yr ' (Figure 4 and Table S2). Our value is
less than the wet deposition (0.55 nmol m™ yr™") estimated in
the Canadian Arctic Archipelago™ and overall Arctic Ocean
(3.6 nmol m™2 yr™!).° The wet deposition of MeHg, estimated
using the MeHg concentration of rainwater collected from the
Arctic Ocean® and the wet precipitation depth measured in
Wrangel Island in 2018 (139 mm yr™'), was 0.070 nmol m™>
yr! that is reasonably lower than the total deposition flux.

The gross dark Hg(II) methylation flux was estimated as
0.18 + 0.089 nmol m™ yr! based on the dark k, values
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Figure 4. MeHg source (green) and sink (orange) budget in the ESS.

The fluxes, equations, and used parameters are summarized in Tables
S2 and S3 in the Supporting Information.

summarized in Table S8. The dark k,, levels measured in the
ST26 and ST29 of the ESS seawater ranged from 1.0 X 107 to
5.0 X 1073 day ™, with a mean value of 2.5 X 107 + 1.5 X 107°
day . These rate constants are lower than those found in other
marine studies performed in the Arctic zone.'”*" The dark kg
levels, ranging from 5.6 X 107 to 1.1 X 107> day™' with a
mean of 7.7 X 107> + 2.0 X 107> day™’, are also lower than
those found in the Canadian Archipelago.lg’50 In our study, the
dark k,, levels were higher in the halocline (UHW and CHW)
water than those in the ASW and were higher at the site close
to the slope.

The mean sediment diffusion was 7.4 + 3.6 nmol m™ yr™’,
and the flux was higher on the slope (ST13 and ST15) than on
the shelf (ST28 and ST31), as predicted from the MeHg
concentrations in pore water. Our mean benthic diffusion was
1 order of magnitude higher than that of Lake Melville
connected to the Labrador Sea (0.33 nmol m™> yr_l)20 and the
Arctic Ocean (0.33 nmol m™2 yr™')® but was comparable with
the temperate continental shelf (3.3 nmol m™ yr™!).”" The
resuspension of MeHg was estimated to be 5.9 + 2.9 nmol m™
yr ! using the ratio (1.3; Table S2) between diffusion and
resuspension.””>> Overall, the benthic diffusion and resuspen-
sion largely exceed other sources, such as atmospheric
deposition, lateral transport, and gross Hg(II) methylation in
the water column. Nonetheless, note that our result could be
specific to the shelf zone, as in situ water column methylation
has been suggested to be a major MeHg input for the deeper
zones of the Arctic Ocean.”"*”

The sinks of MeHg include particle settling, photo-
demethylation, dark demethylation, evasion, and lateral
transport (Figure 4 and Table S3). The MeHg removal
through particle settling was estimated as 0.33 + 0.38 nmol
m 2 yr~!. This value is comparable to that of the Arctic Ocean
(0.58 nmol m™2 yr™!), but less than that of the Arctic lake (2.3
nmol m~? yr~'), where higher SPM concentrations lead to
higher settling flux than the Arctic Ocean. The evasion of
MeHg was estimated to be 1.8 + 2.1 nmol m™> yr™', and the
loss of MeHg through photodemethylation and dark
demethylation was calculated to be 1.1 + 0.075 and 8.4 =+
1.6 nmol m™? yr™', respectively. The outputs of MeHg through
lateral transports were 1.5 + 0.90 nmol m™2 yr™! for the Arctic
Ocean, 0.88 + 0.52 nmol m™> yr_1 for the CS, and 0.43 + 0.25
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nmol m™ yr™! for the Laptev Sea. The unknown sink(1.7 +
5.5 nmol m™ yr™') was approximated by the imbalance of the
MeHg mass budget. Overall, the largest sink of MeHg in the
ESS was through water column demethylation, consistent with
the literature results.”*’

The mass budgets of this study have certain caveats related
to the restricted experimental methods and limited sampling
seasons and sites. A relatively small number of samples were
collected on the offshore sites of the eastern ESS to generate a
MeHg mass budget for the entire ESS, which may lead to
limited spatial representativeness. The diffusion of MeHg
estimated using the pore water and overlying water
concentrations may underestimate the actual sediment flux.>®
For example, a study in the temperate coastal sites found that
the diffusion flux of MeHg, determined using flux chambers,
was 2—4 times higher than the flux estimated by the core
method.*® The resuspension can be another major uncertainty
in our budget, as the ratio between diffusion and resuspension
would be site-specific. Regarding the temporal restriction, the
erosion and diffusion flux can be variable by the seasonal
dynamics of pore water MeHg, which could be higher in
September than in other months as the peak primary
production of ESS was reported in September.”* Despite
these limitations, we suggest that the sediment transport is a
major source of MeHg in the ESS water column based on its
overwhelming flux.

4. ENVIRONMENTAL IMPLICATIONS

The Arctic Ocean has unique characteristics, as its continental
shelf accounts for nearly half (approximately $53%) of its total
surface area.”>® The Arctic Ocean shelves can be divided into
the easy shelf zone and the steep slope zone. Following this
categorization, we estimated the overall sediment diffusion flux
of MeHg (Table S9), assuming that the MeHg sediment fluxes
in the shelf zone were similar to what we estimated for ST28
and ST31 and those in the slope zone were similar to what we
estimated for ST13 and ST15. The benthic flux of MeHg from
the overall shelf sediments was estimated as 23,065 =+ 939 mol
yr~'. This value largely exceeds the river discharge (12,500 mol
yr!), coastal erosion (7480 mol yr™!), Pacific and Atlantic
inputs (7000 mol yr™'), and meltwater flux (2490 mol yr™") in
the Arctic Ocean.” However, it was lower than the net Hg(II)
methylation in the water column (49,800 mol yr™') and the
atmospheric deposition (39,900 mol yr~').® Thus, we found
that the input from the shelf sediments was the second most
important “external” source of MeHg to the Arctic Ocean.
Nonetheless, more data collection is necessary to confirm our
conclusion, as the inputs and outputs of MeHg are changeable
by season and climate.
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