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Abstract

Atmospheric deposition is the main input of mercury (Hg) to the ocean, even in remote
locations such as the Arctic. Furthermore, evasion of elemental Hg (Hg) is the major sink for
oceanic Hg, resulting in air-sea exchange being an important part of the oceanic Hg cycle. To
examine the air-sea exchange of Hg in the Arctic Ocean we made high resolution measurements
of Hg’ in surface waters and Hg speciation in the atmosphere during the U.S. Arctic
GEOTRACES cruise in 2015 using continuous sampling systems. Additionally, samples were
obtained for measurement of Hg and methylmercury (CH3;Hg) in wet deposition and bulk
aerosols as well as surface snow and sea ice. We used these measurements from water and the
atmosphere to estimate fluxes of Hg® from the ocean to the atmosphere (these being potential
rates for locations under ice). Overall, concentrations of dissolved Hg® (Hg'iss) were near
saturation in ice-free waters (32 30 fM) and resultant fluxes were low, but Hg? was highly
enriched under contiguous ice (101 £ 98 fM, up to 544 fM) suggesting the continual formation of
Hg’ in waters even when ice covered. Predicted evasion fluxes in these regions, assuming no ice
cover, were as high as 492 pmol m™ h™'. Atmospheric Hg’ concentrations averaged 1.2 £ 0.1 ng
m™ with little variation over the course of the cruise, indicating that sea ice acts as a barrier to
air-sea exchange in the regions with elevated Hg’iss. Measurements of Hg in precipitation and
aerosols were lower than have been found in more coastal regions of the Arctic. We used these
concentrations to estimate deposition of Hg and CH3Hg to the regions covered by the cruise.
Overall, wet deposition represented 88% of the CH3Hg flux and 38% of the Hgr flux. Our flux
estimates confirm the importance of air-sea exchange in Hg cycling in the Arctic and suggest
that evasion was greater than deposition, indicating other sources of Hg to Arctic surface waters.
Additionally, our results suggest that fluxes for offshore waters are lower than found by others.
From these estimates, we predict how Hg concentrations may respond to future changes in ice
cover and other potential impacts of climate change on Hg dynamics and food web
bioaccumulation in this important ocean region.
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ABBREVIATIONS

Hg'4iss: dissolved elemental mercury; Hg%amos: atmospheric elemental mercury; CHsHg:
methylmercury; Hgr: total mercury; Hgr: reactive gaseous mercury; Hgp/CH3Hgp: particulate
aerosol mercury/methylmercury; Hgoxia: total oxidized mercury; MIZ: marginal ice zone

HIGHLIGHTS

Dissolved Hg” was supersaturated under ice but near saturation in open waters

Sea ice acted as a barrier to air sea exchange of Hg

Atmospheric Hg” concentrations (averaging 1.2+0.1 ng m™) were relatively constant
Hg in precipitation and aerosols lower over open ocean than in coastal locations

Hg" fluxes were predicted for open and ice-covered waters
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1 Introduction

Mercury (Hg), a global contaminant, is of significant interest in the Arctic due to its
toxicity and presence in an environment far removed from sources of anthropogenic emissions.
Elevated Hg concentrations in Arctic biota are believed to largely be derived from atmospheric
deposition (AMAP, 2011), which has increased in remote locations threefold since pre-industrial
times (Kirk et al., 2012; Lindberg et al., 2007). A long residence time (6-12 months) in the
atmosphere results in the transport of elemental mercury (Hg®) over long distances from various
natural and anthropogenic sources at lower latitudes, including coal combustion and other
industrial processes (Corbitt et al., 2011; Slemr et al., 1985). This long-range transport and the
remote location of the Arctic make the attribution of sources of Hg to the polar region more
difficult.

Ice cover on a large portion of the Arctic Ocean for much of the year impacts air-sea Hg
exchange as well as photochemical processes, in addition to creating challenging conditions for
sampling the Arctic. The Arctic is uniquely differentiated from other marine ecosystems by its
extensive continental shelf (~50% of the Arctic Ocean surface area), and large freshwater inputs
from ice melt and river runoff that result in salinity driven stratification of the surface mixed
layer. These features, along with its remote location and unique atmospheric events, can affect
the fate and distribution of Hg and methylmercury (CH3Hg) and thus its accumulation and
impact on humans who rely on Arctic marine mammals and fish for subsistence (AMAP, 2011).
Concerns raised over the health of these indigenous people and the animals they consume from
CH;sHg exposure has resulted in major research initiatives undertaken to help understand the
transport, transformation, and biological uptake of Hg and CH3zHg in the Arctic marine
ecosystem.

A warming climate has resulted in dramatic changes to the vast sea-ice environment in
the Arctic over the past decades (Macdonald et al., 2005). Temperatures in the Arctic have risen
at a rate nearly twice that of the global average (Bekryaev et al., 2010; Bintanja et al., 2011;
Screen and Simmonds, 2010), resulting in a 5-10% decrease per decade in annual mean sea ice
extent in many regions of the Arctic (Cavalieri and Parkinson, 2012; Parkinson and Cavalieri,
2008). The biogeochemical cycling of Hg is expected to be sensitive to the rapid changes taking
place in the region in recent decades (Macdonald et al., 2005; Stern et al., 2012). An increase in
Hg’ evasion would be expected due to both higher temperatures and lower ice cover, with further
enhancement by increased net photochemical Hg(Il) reduction under greater ultraviolet radiation,
a result of increased Arctic ozone depletion (Bais et al., 2011; O'Driscoll et al., 2006).

Air-sea exchange is a critical part of the global Hg cycle. Changes in the Arctic
ecosystem, resulting in alterations in Hg inputs, have increasingly driven highly variable CH;Hg
concentrations in upper trophic-level marine biota in recent decades. These changes are greater
than would be expected from external anthropogenic emissions alone (Chaulk et al., 2011;
Macdonald et al., 2005; Outridge et al., 2008; Stern et al., 2012; Wang et al., 2010). Wet and dry
deposition are the dominant sources of Hg to the ocean, accounting for 70% or more of the
inputs, while gas evasion is the dominant sink, accounting for about 90% of the outputs (Driscoll
et al., 2013; Fitzgerald et al., 2007; Lamborg et al., 2014; Mason et al., 2012). Springtime
atmospheric mercury depletion events (AMDE) due to Hg? oxidation by bromine (Br) radicals
result in the increased deposition of the water soluble divalent Hg(II) species (Ariya et al., 2004;
Schroeder et al., 1998; Steffen et al., 2008). Other studies have shown that photochemical
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reduction in the surface ocean and snowpack results in the evasion of approximately half of the
deposited Hg (Dastoor et al., 2015; Kirk et al., 2006; Lalonde et al., 2002). These events control
the magnitude and timing of Hg flux into the aquatic ecosystem, where it can then be
transformed to CH3;Hg and accumulated into biota, reemitted as Hg’, or trapped under the ice.

Recycling of Hg in the surface ocean through redox cycling and air-sea exchange extends
the response time of Hg in the surface ocean to changes inistianthropogenic inputs. CH3Hg
concentrations are indirectly impacted due to the effects of deposition and evasion on
concentrations of total Hg (Hgr). Elevated CH3Hg concentrations found in Arctic fish and
marine mammals are likely a result of increased deposition as well as enhanced biomagnification
resulting from climate-driven shifts in ecosystem characteristics and trophic structure (Braune et
al., 2015; Clarkson and Magos, 2006; Mahaffey et al., 2011; Stern et al., 2012). Therefore, in
order to accurately predict the response of oceanic Hgt and CH3Hg concentrations to changing
anthropogenic inputs and a warming climate, we need to develop a comprehensive understanding
of the factors affecting Hg" gas exchange at the ocean surface.

With the exception of the Arctic Ocean, high resolution measurements of Hg'iss in
surface waters have revealed relatively consistent concentrations within a geographic region
(Andersson et al., 2008a; 2008c; Kuss et al., 2011; Mason et al., 2017; Soerensen et al., 2014;
2013). In regions such as the western North Atlantic, Hg inputs were determined to be a potential
driver of differences in Hg'iss concentrations when moving from the continental shelf to offshore
waters (Soerensen et al., 2013). In the Arctic, in addition to waters influenced by river discharge,
ice-cover regions were also found to have higher [Hg%iss] (Andersson et al., 2008c). Evasion of
this Hg® also contributes to elevated concentrations in the atmospheric boundary layer
(Soerensen et al., 2010; Strode et al., 2007). While modeling efforts suggest a drastic increase in
Hg’ evasion since the pre-industrial era, flux calculations often rely on short term measurements
and thus might not reflect yearly averages (e.g., Mason et al., 1998). More data is therefore
required to further constrain such estimates.

Understanding Hg speciation, transformations, and air-sea exchange in Arctic waters is
crucial to determining controlling factors in the ultimate bioaccumulation of CH3Hg in marine
food webs. The objective of this study was therefore to improve our knowledge of Hg air-sea
exchange in the Arctic through measurements in surface waters as well as the atmospheric
boundary layer. Based on limited previous data in the Arctic, we hypothesized that the
concentration of Hgiss would be positively correlated with sea ice coverage and duration due to
the hindrance of evasion. We also predicted that Hg” concentrations and evasional fluxes would
be lower away from riverine discharges where Hg inputs are less, with biological processes
promoting the oxidation of Hg” and facilitating its removal by particle settling in waters along
the continental shelf. Using measurements of CH3Hg and Hgr in precipitation and aerosols, we
estimated the Hg inputs from the atmosphere to the surface ocean, and contrasted these with
calculated gas evasion fluxes. Finally, we compare our results with measurements made in other
regions as well as previous attempts to model Hg cycling within the Arctic.
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2 Materials and Methods

Sampling methods

Simultaneous atmospheric Hg” and Hg'iss measurements (five minute temporal
resolution) were made aboard the United States Coast Guard Cutter (USCGC) Healy on the U.S.
Arctic GEOTRACES cruise in the Western Arctic Ocean from August 9, 2015 to October 12,
2015, from Dutch Harbor, Alaska to the North Pole and back. The cruise proceeded northward
along the western leg of the track (~180° W) and returned southward along the eastern leg (~150
°W) (Fig. 1). All figures of underway data are plotted with the western leg of the cruise on the
left and the eastern return leg of the cruise on the right. The marginal ice zone (MIZ) was found

from 73.5-81 °N on the western leg and 79-77.5 °N on the eastern leg, with contiguous ice in
between (81-90-79 °N).

500

400

300

200

100

Ocean Data View / DIVA

Fig. 1. The U.S. Arctic GEOTRACES cruise track and dissolved Hg® (Hg%iss) concentrations
(fM). The cruise track is represented in white, with the dashed line on the southward leg of the
cruise representing the section where underway data collection was stopped. The numbered
locations are the stations where ice cores were taken. Hg’qiss data interpolation was done using
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the Data-Interpolating Variational Analysis (DIVA) software tool in Ocean Data View
(Schlitzer, 2015).

Atmospheric Hg measurements in the marine boundary layer were made using the suite
of Tekran modules (2537A/1130/1135) for the determination of Hg’, reactive gaseous Hg (Hgg),
fine particulate Hg (Hgpr), and total oxidized Hg (Hgoxid) using methods described in the
literature (Gichuki and Mason, 2014; Landis et al., 2002; Laurier et al., 2003; Lindberg et al.,
2001). The inlet to the denuduer has an elutriator attached which removes aerosols < 2.5 um,
which would deposit onto the denuder walls if not removed (Landis et al., 2002). Thus,
particulate concentrations determined by the Tekran do not represent the bulk aerosol but only
the fine fraction. The sampling inlet was at a height of 9.5 m above sea level. After the initial
instrument external calibration, manual injections to check calibration were repeated weekly to
check calibration. Internal calibrations were repeated every 47 hours to the system so it was
calibrated at different times every other day. The detection limits for these atmospheric
measurements were < 0.1 ng m~ Hg’, 1.1 pg m™ Hgr and Hgpr, and 3.5 pg m-3 Hgoxid.

Hg'iss concentrations were determined using a continuous equilibrium system
(Andersson et al., 2008a; Mason et al., 2017; Soerensen et al., 2014), which was developed to
make high resolution measurements underway using the ship’s seawater intake at 7m depth.
Briefly, the opposite flow principle was used to establish a continuous equilibrium between the
aqueous and gaseous phases by exchanging Hg’ from the water into counter-flowing air,
introduced as bubbles by sparging. The gaseous Hg" in the air equilibrated with the water phase
was dried prior to entering the Tekran. The measured Hg? concentration in the outgoing gas
([Hg'as]) is equivalent to the Hg%iss concentration multiplied by the dimensionless Henry’s Law
constant (ku) at the current temperature and salinity of the water.

[Hg diss] = [Hg gas] / kv (1)

This method can measure both Hg’iss and dimethylmercury ((CH3)2Hg), but measurements of
(CHs)2Hg) made aboard the ship (K. Bowman, personal commun.) indicate that it represented
only a small fraction (<5%) of the total dissolved gaseous Hg in the surface waters. Therefore,
the measurements were assumed to reflect the concentrations of Hg'gss.

The same intake used for the Hg'qiss measurements was also used to continuously (every
15 seconds) determine surface temperature, salinity, and fluorescence. Along with wind speed
and Hgeq measurements, these data were averaged into hourly values before calculating Hgaiss
concentrations and gas exchange parameters. Due to concerns of contamination when the ship
was stationary, data collected while the ship was on station were removed from the underway
Hg’4iss measurements plotted in the figures. As was the case on the previous GEOTRACES
cruises, these data were not used in the flux calculations (Mason et al., 2017). Generally, the
Hgliss concentrations while the ship was on station were higher than while underway.

An automated N-CON rain sampler (designated for Hg analysis) was used to collect rain
(falling snow was not collected for Hg analysis) during the cruise. It was arranged and operated
to avoid contamination from the ship and sea spray. Low rainfall warranted ultra high purity
water rinses of the collection funnel in all but one sample, with the rinse and sample combined
and recovered for analysis. Two deployment blanks were also collected.
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Fourteen bulk aerosol deployments were made over periods of three to five days using
high-volume aerosol samplers following methods in Morton et al. (2013). During each
deployment, aerosol samples were collected in triplicate on pre-combusted glass-fiber (GFF) or
quartz fiber (QMA) filters. Unused filters were set aside for blank analysis. Sampling duration
lasted an average of 31.0 h (11.0 to 80.0 h) with an average volume filtered of 172.5 m3 (60.6 to
451.9 m>).

Ice cores were sampled using a trace metal clean corer at five stations, with duplicate
cores collected at two of the five locations. Ice stations were located between 88.4 °N on the
northward leg and 82.5 °N on the southward leg of the cruise. Whole ice cores, collected with a
trace metal clean corer, were returned to the Hg clean facility where colleagues on the ship
subsampled them into sections. Once the cores were divided, the subsections were placed in
Teflon collection containers and defrosted under laminar flow conditions. The samples were then
decanted into Teflon bottles and refrozen. The collection containers were cleaned and re-used for
the next ice core. Cores did not extend to the bottom of the ice because of the concern that the
samples would not be representative of the ice itself due to infiltration of seawater during coring.
Porous ice also potentially resulted in the loss of brine waters within the core during coring.

Triplicate bulk snow samples were collected at the same sites as the ice cores. Snow was
collected using an acid cleaned HDPE shovel, and transported in a LDPE container before being
melted and subsampled on board.

After collection, snow and ice samples were melted and transferred to acid-cleaned glass
bottles (I-CHEM Certified 200 series), and precipitation samples were stored in Teflon FEP
bottles. Aerosol filters were stored in acid cleaned polystyrene petri dishes. All samples were
kept frozen at -20 °C in the dark, and were transported back to the University of Connecticut for
analysis.

Analytical methods

Methylmercury concentrations were determined following the ascorbic acid-assisted
direct ethylation method (Munson et tpial., 2014) using a Tekran 2700 instrument and
autosampler to automate the purging, trapping, and detection via cold vapor atomic fluorescence
spectroscopy (CVAFS). Samples were thawed then acidified to 1% (v/v) H2SO4 and left to
digest overni ght before neutralizing with 8N potassium hydroxide (KOH), buffering with 4M
acetate,stp! addmg 2.5% (w/v) ascorbic acid and finally 1% (w/v) sodium tetraethyl borate
(NaTEB) toistriethylate the CH3Hg. Sample concentrations were correctedistefor matrix spike
recoveries, which averaged 82 % with a typical relative standardistrideviation (RSD) of 10 %.

Average method detection limits (MDL) were less than 10 fM.

Total mercury concentrations were determined by dual gold-amalgamation CVAFS
utilizing a Tekran 2600 instrument in accordance with U.S. EPA Method 1631 (Lamborg et al.,
2012; U.S. Environmental Protection Agency, 2002). Briefly, waters were digested with bromine
monochloride (BrCl) followed by a pre-reduction step with hydroxylamine hydrochloride
(NH,OH-HCI). Inorganic Hg(II) was then reduced to Hg using stannous chloride (SnCl,) prior
to automated analysis on the Tekran. Matrix spike recoveries averaged 98 + 9 %, and the MDL
was 0.25 pM.
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Aerosol filters were digested in acid-cleaned 15-mL centrifuge tubes with 10 mL of 4.57
M trace metal grade HNOs3, placed in a covered 60 °C water bath for 12 hours (Hammerschmidt
and Fitzgerald, 2006; 2005). A subsample of this digest was taken for CH3Hg analysis, and the
remainder was further digested with BrCl overnight at room temperature. Method detection
limits were about 0.1 pg m~ for Hgr and 2 fg m™ for CH3;Hg, based on the average volume of air
filtered and the volume of digest analyzed.

Hg' concentration and flux calculations

Flux calculations were performed following the approach of Soerensen et al. (2010) and
Mason et al. (2017). The flux (F, pmol m2 d!) is defined as follows:

F= kw([Hgodiss]'[Hgoatmos]/ kH’) (2)

where ky (m hr'!) is the water side mass transfer coefficient (gas-transfer velocity), [Hg’iss] (ng
m>) is the concentration of Hg? in water, and [Hg%mos] (ng m~) is the concentration of Hg’ in
air. The mass transfer coefficient (kv) is calculated from the wind speed and Schmidt number for
Hg and CO», which is equal to the ratio between the kinematic viscosity of the water and the
aqueous diffusivity of Hg (Andersson et al., 2008b). Positive fluxes represent evasion out of the
ocean to the atmosphere, while negative fluxes are into the ocean. The degree of saturation (S) is
defined as:

S = [Hgodiss]/[HgOdiss]eq*100 where [Hgodiss]eq = [Hgoatmos]/ ke (3)
where [Hg'qiss]eq represents the concentration of Hg? in equilibrium with the air.

Wet and dry deposition were estimated using the concentration of Hg in precipitation and
aerosols, along with the Hgr concentration, using the parameters summarized in Soerensen et al.
(2016). Wet deposition is calculated by the Hg concentration multiplied by the annual rain/snow
fall, while the dry particulate deposition flux is equal to the product of the measured aerosol and
Hgr concentrations and the dry deposition velocity (Mason et al., 2017). Because Hgr values are
expected to show significant seasonal variation because of substantial Hgr formation during Hg
depletion events in the spring (Lindberg et al., 2001), flux values were calculated on a per month
basis.

3 Results

Trends in dissolved Hg

Trends in Hg’iss concentration in the Arctic Ocean (Fig. 2) will be discussed in terms of
three geographical regions — contiguous ice (81 — 90 — 79 °N), the MIZ (73.5 - 81 °N, 79 - 77.5
°N), and open water (south of the MIZ). The overall average hourly concentration of Hg’iss was
68 + 83 fM, ranging from 3.9 to 454 fM. In open water, the average concentration was 32 + 30
fM, while under contiguous ice the average was significantly higher (p < 0.0001), 101 £ 98 fM,
reaching a maximum instantaneous value of 544 fM under the contiguous ice. Concentrations
were elevated near shore on the return leg of the cruise suggesting increased coastal inputs from
a change in water circulation during the duration of the cruise.
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Fig. 2. Dissolved Hg (Hg%iss) along the U.S. Arctic GEOTRACES cruise track during the
marginal ice (light blue shading; 73.5-81°N, 79-77.5°N) and contiguous ice (light red shading;
81-90-79°N) zones.

Trends in atmospheric Hg

Variability in atmospheric Hg concentrations in the marine boundary layer is much
lower than sea surface Hg’qiss. Average hourly concentrations (Fig. 3) ranged from 0.86 to 1.88
ng m~, with an average of 1.2 + 0.1 ng m™ (Table 1). The highest concentrations were observed
in the Bering Sea and Bering Strait. Following a brief decline in Hg® around 75 °N
concentrations briefly rose in the MIZ before slowly returning to average values over the
continuous ice zone.

Concentrations of Hgr and Hgpr measured by the Tekran speciation units were very low,
averaging 1.7 pg m and 2.2 pg m™, and were therefore within a factor of two of the detection
limits for each species. Particulate bulk aerosol CH3Hg (CH3;Hgpg) and total Hg (Hgpg)
concentrations (Fig. S3) measured on filters were generally low, with many measurements below
the detection limit of the instrument. Average CH;Hgpp concentrations were 1.4 + 1.9 fg m>,
while Hgpp averaged 0.33 + 0.34 pg m™ (Table 1). The similarity between the values of Hgpr and
Hgps indicates that most of the Hg was in the fine fraction of the aerosol phase and not
associated with larger particles, which would predominantly be sea salt in the Arctic. The percent
CHsHg in the aerosol was 0.5 £+ 0.5%, lower than was found in precipitation.

The concentration of Hgoxia measured by the total pyrolyzer averaged 6.9 pg m™. This
value should be equivalent to Hgr + Hgpg, and again, given the low values found on the cruise,
the values are comparable. The low values for both the aerosol and the Hgr are an indication that
dry deposition is not an important atmospheric sink of Hg in this region during the time of the
cruise.
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Fig. 3. Underway atmospheric Hg concentrations ([Hgmos]) during the U.S. Arctic
GEOTRACES cruise.

Hg in precipitation

Rain collected during this cruise had an average CH3Hg concentration of 0.033 £ 0.028
pM and a Hgt concentration of 3.1 + 2.1 pM, with a % CH3Hg of 1.2 £ 0.6 % (Table 1). Most
rain events were small with minimal or trace amounts of precipitation collected. Concentrations
were variable with no observed strong geographic trends for both rain and aerosols (Fig. S3, S4).

Table 1

Summary of average methyl (CH3Hg) and total Hg (Hgr) concentrations, in addition to percent
CHsHg, in atmospheric bulk aerosols and precipitation samples, as well as ice cores, snow and
melt pond water on the surface of sea ice.

[CH;Hg] [Her] %CH3Hg
Bulk Aerosols 1.4+19fgm> 0.33+0.34pgm? 0.53 £0.50 %
Precipitation 33+ 28 M 3.1+£2.1 pM 1.2+£0.64 %
Snow 11+£1fM 3.6+ 1.3 pM 0.41+0.49 %
Melt Pond 97+75tM 11+£9pM 1.3£0.8%
Ice Cores 86+ 120 t™M 28+2.0pM 35+£43%

Ice cores, surface snow and melt ponds

CHsHg and Hgr profiles from ice cores at the five stations sampled are shown in Fig. 4.
Higher concentrations were generally found at the surface, decreasing with depth in the core.
Percent CH3Hg was highly variable, averaging 3.5 + 4.3 % (Table 1), with peak values often
observed at the base of the core. No latitudinal trend was observed in concentration or % CH3Hg.

Falling snow was not collected for Hg analysis during this cruise, but surface snow on ice
sheets was collected at ice stations. Average concentrations in snow (Table 1) were 11 + 1 fM
CH3Hg and 3.6 + 1.3 pM Hgr. In melt pond waters, CH3;Hg averaged 97 + 75 fM CH3Hg and 11
+ 9 pM Hgr.
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Fig. 4. Methyl (CH3Hg) and total Hg (Hgr) concentrations in ice cores taken during the U.S.
Arctic GEOTRACES cruise.

4 Discussion

Trends in Hg' iss

Trends in Hg'iss concentrations indicate that ice cover acts as a barrier to Hg evasion.
Concentrations measured in open water during the early part of the cruise (19 + 7 M) are
comparable to earlier studies in the region (Andersson et al., 2008c; Kim et al., 2016). Higher
concentrations (74 + 18 fM) were measured by Kim et al. (2016) further south in the Bering Sea,
while Andersson et al. (2008c) measured higher concentrations to the north off the coast of
Alaska and Russia, possibly because of the earlier timing of the cruise following ice-out. Early in
the cruise there was some evidence for a diurnal change in Hg%iss concentrations (Fig. S7), but
this trend was not found later in the cruise. Potential correlations between Hg® concentrations
and other variables during the early part of the cruise are discussed in the SI (Fig. S8).

Entering the MIZ the concentration did not immediately begin to rise, indicating a lag
between ice cover and accumulated Hg%ss levels (Fig. 2). Peak concentrations measured under
the ice were not as high as those measured by Andersson et al. (2008¢), although hourly averages
mask some of the brief peaks in concentration observed under the ice. The maximum
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concentration was observed south of the pole along the eastern return leg of the cruise, 17 times
higher than observed on average in the open water, in a location that corresponded with a greater
concentration of multi-year ice (NOAA Climate.gov, 2016) (Fig. 5).

Fram Strait

Beauforf"gea

Sea ice age (years)

B
4 5 6 7 8 9 >9

Fig. 5. The dissolved Hg’ concentrations (fM) along the U.S. Arctic GEOTRACES cruise track
overlaid on ice coverage in the Arctic during September, 2015 (NOAA Climate.gov 2016, based
on data from Tschudi et al., 2016).

Variability in Hg%iss concentrations was high under the ice, possibly due to varying
extent and duration of ice cover. The presence or absence of leads and open water, both prior to
and at the time of sampling, could have contributed to this variability. As shown in Fig. , peaks
in Hg’iss generally occur in regions with near-complete ice cover, indicating the potential for
degassing and thus lower concentrations in open leads.

Additional variability in underway data could be due to the movement of the ship,
breaking through the ice and mixing the surface water as it finds its way and creates openings in
the ice. However, a study of 2Rn concentrations concluded, based on measurements collected
from the ship on station and from locations removed from the ship’s influence (sampled through
ice), that there was no impact of the ship on the **’Rn concentration and profile within the
surface mixed layer (Rutgers van der Loeff et al., 2014). Also, at stations under ice, the ??’Rn
concentrations were close to secular equilibrium suggesting that gas exchange had not occurred
to any substantial degree over the timescale needed to reach secular equilibrium (several weeks).
While no 2*Rn measurements were made while the ship was underway, the results do overall
suggest that the large variations found in the Hg%iss cannot be attributed solely to the ship’s
movement, ice breaking and associated mixing.
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Additionally, the ??Rn data (Rutgers van der Loeff et al., 2014) also suggest limited gas
exchange in regions with ice cover, which is consistent with the conclusions of Loose et al.
(2011) but contrary to the conclusions of others (e.g. Fanning and Torres, 1991). There is an
ongoing debate on the potential for gas exchange in ice-covered regions with leads and other
breaks in the ice. The Rutgers van der Loeff et al. (2014) data suggest that the rate of gas
exchange in regions with partial ice cover were less than would be predicted based on
estimations assuming gas exchange was happening normally in open waters between ice. This is
contrary to lab experiments that indicated that gas exchange was enhanced over prediction in
partial ice covered waters (Loose et al., 2009). We found no evidence for enhanced gas exchange
(i.e. Hg'ss depletion) at the ice edge stations. The variability under the ice and the inverse
relationship between concentration and ice cover do suggest that there could be loss of Hg 4iss
from the open waters within the ice. However, as there is no definitive answer in the literature,
we have made gas exchange calculations assuming that there is little gas exchange in regions that
are dominantly ice covered.
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Fig. 6. The dissolved Hg” (Hg'iss) concentration along the U.S. Arctic GEOTRACES cruise
track during the marginal ice (light blue shading; 73.5-81°N, 79-77.5°N) and contiguous ice
(light red shading; 81-90-79°N) zones.

Hg’ air-sea exchange

After using the atmospheric Hg concentrations and calculated ki values to calculate an
equilibrium Hg’ss concentration, we determined the percent saturation of Hg® (Equation 3) in
the surface waters of the Arctic (Fig. S6, Table 1). In the absence of contiguous sea ice, Hg'4iss
concentrations were typically near saturation. On the western leg of the cruise in open water
(south of 73.5 °N) the percent saturation was 61 * 25 %, while on the eastern return leg it was
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145 £ 116 %. The overall average percent saturation for open water was 97 + 88 %. Increased
saturation on the eastern leg was a result of elevated Hg';ss concentrations near shore. In the
MIZ, where Hg%;ss concentrations had not had a chance to build (or rather had already evaded),
the percent saturation was 39 + 46 %. Concentrations were strongly supersaturated under
contiguous ice, increasing to an average of 230 + 228 % with a maximum of 1105 %. The
maximum degree of saturation observed by Andersson et al. (2008) in this region was 1800%.
Undersaturation has sometimes been observed in other waters such as the South China Sea,
where decreased production of Hg'iss was attributed to low temperatures in the winter (Tseng et
al., 2013). For many warmer regions of the ocean, such as the North Atlantic and Southeastern
tropical Pacific, supersaturation has been observed, but not to the same extent that we calculated
under the ice (e.g., Mason et al., 2017).

Estimated Hg? evasion in the Arctic was largely minimal in open offshore waters (Fig.7).
Toward the North Pole, there was the potential for higher Hg’ evasion due to the elevated levels
of Hg%iss; however, the sea ice acts as a barrier and prevents this flux from the ocean. A
hypothetical flux was calculated regardless, using below ice water temperatures as well as local
wind speed and atmospheric Hg® concentrations. Open water Hg fluxes averaged 2 + 14 pmol
m~ h'!, with an average of -2 + 2 pmol m™ h™!' on the western leg and 8 + 19 pmol m™ h™! on the
eastern return leg pmol m™ h™! of the cruise. In the MIZ, average fluxes were 3 = 5 pmol m? h*!,
increasing to a potential flux (if the ice was removed) of 14 + 52 pmol m? h'! (Table 1) under
contiguous ice. Maximum predicted evasion values reached 492 pmol m™ h™!, which was very
similar to the maximum evasion rate observed by Andersson et al. (2008) along the Alaskan
coast (490 pmol m? h™!). Fluxes in open water were similar in magnitude to values estimated in
other regions across the globe, from the Pacific and Atlantic Oceans to coastal waters
(Andersson et al., 2007b; Ci et al., 2016; Kuss et al., 2011; Mason et al., 1999; Soerensen et al.,
2014).

As has been observed previously, both variations in Hg%iss and wind speed drive the
evasion of Hg® (Kuss et al., 2011; Soerensen et al., 2014; 2013). However, because of the
substantial differences between concentrations in ice-free and covered waters there were no
general observable trends between the Hg’iss concentrations and fluxes and other ancillary
variables (Fig. S2). In addition to the elevated flux indices during periods of elevated Hg'qiss
levels, peaks in fluxes were also calculated at times of increased wind speed events (Fig. S1),
resulting in the spikes in fluxes observed in Fig.7. Elevated evasion on the eastern leg of the
cruise is a result of higher Hg’iss concentrations as well as increased winds.

Despite increased Hg'iss concentrations and percent saturation values over 100% at high
latitudes, no significant increase in Hg’mos Was observed, confirming that sea ice acts as an
effective barrier for the transport of volatile Hg’. Average Hg%mos concentrations (1.2-1.3 ng m"
3; Table 2) were also generally lower than have been measured in coastal Arctic sites such as
Alert, Canada (e.g., Kirk et al., 2012).
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Fig. 7. Evasion of dissolved Hg? out of the surface ocean along the U.S. Arctic GEOTRACES
cruise track. Values under ice cover (marginal ice: light blue, 73.5-81°N, 79-77.5°N; contiguous
ice: light red 81-90-79°N) are theoretical fluxes.

Accumulation of Hg'4iss under sea ice has obvious ramifications for Hg cycling given the
future predicted changes in the timing and extent of annual ice coverage. Using the average
surface concentration under the ice of 101 fM and a calculated average equilibrium concentration
of 32 fM for the same region, along with an average Ky of 0.177 m hr'! based on measured wind
speeds, we calculated the time to equilibrium after the theoretical sudden removal of sea ice from
the contiguous ice zone. Flux rates were calculated hourly as surface concentrations dropped
until equilibrium was reached. After 15.5 days the concentration was within 5% of the
equilibrium value, and after 23 days it was within 1%. This timing makes sense based on
previously observed peaks in atmospheric Hg’ concentrations due to evasion from the surface
ocean, which occur later than peaks due to revolatilization of Hg from snowmelt (Dastoor and
Durnford, 2014). The calculation serves as a rough estimate, as other processes (e.g., deposition
and photochemical cycling) will resume upon the removal of ice. The formation of sea ice acts as
a physical barrier to gas exchange, allowing Hg’iss concentrations to build in surface waters.
Although a small portion of the UV radiation makes it through the ice (Perovich, 2006), net
biological Hg(II) reduction is likely the primary pathway for Hg(II) reduction in the Arctic
compared to other oceans where photochemical reduction dominates (Kirk et al., 2012; Poulain
et al., 2007; Soerensen et al., 2010). Similar time scales to those predicted for evasion are
expected for accumulation of Hg%iss under contiguous ice. This prediction is backed up by our
observation of low Hg’iss concentrations in MIZs where water masses have likely not been
trapped under mobile ice sheets for very long.
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Table 1

Summary of average Hg’ concentrations in water ([Hg%:ss]) and air ([Hg tmos]) and average Hg®
air-sea flux values in open water, the marginal ice zone (MIZ), and under contiguous ice. *Flux
values under ice are theoretical based on ice-free conditions.

Open Water MIZ Contiguous Ice
[Hg aiss] (fM) 32+30 16+ 17 101 + 98
[Hg atmos] (ng m™) 1.2+0.1 1.2+0.1 1.3+0.1
% Saturation 97 + 88 39+ 46 230 £ 228
Hg Flux (pmol m?2 h') 2+14 345 14 + 52%

Precipitation and aerosols

Precipitation CH3Hg and Hgt concentrations were similar to those found in surface snow.
Hgr concentrations were lower than typically reported in lower regions of the Arctic. For
example, annual mean concentrations of 25-46 pM were reported in the Canadian sub-Arctic
(Sanei et al., 2010). Lower concentrations have been measured in open ocean regions of the
central Pacific, averaging 11 £ 6 pM (Mason et al., 2017). CH3Hg measurements in precipitation
are more limited. While %CH3Hg values were comparable to those found in other remote ocean
locations, CH3Hg concentrations in the North Atlantic averaged 0.41 £ 0.23 pM (Mason et al.,
2017). Other studies in the Canadian Arctic Archipelago also found higher CH3Hg
concentrations averaging 0.13 to 0.50 pM (Hammerschmidt et al., 2006; Lehnherr et al., 2012).

In agreement with previous research (Cobbett et al., 2007; Kirk et al., 2006; Steffen et al.,
2014), Hgp concentrations measured on aerosol filters (0.33 + 0.34 pg m™) were low during the
time of the cruise (following the spring AMDE). Cobbet et al. (2007) observed a peak in Hgp
concentrations in Alert, Canada during the transition between the polar night and polar day
(February — March) as high as 693.9 pg m~, but concentrations dropped after this period.
Minimum concentrations under 1 pg m™ were reported in multiple studies for other periods of
the year, including the time covered by this cruise (Cobbett et al., 2007; Steffen et al., 2014).
Average concentrations were generally higher than measured during this study, possibly
indicating a decreasing geographic trend away from land moving towards the Pole.

The highest aerosol concentrations corresponded with the deployment that covered the
region where there was a spike in Hg%iss and drop in the concentration of Hg%mos at 75 °N,
possibly indicating the scavenging of Hg’umos (due to oxidation to Hgr) and deposition into the
ocean. Holmes et al. (2009) suggested that any Hgr produced in the marine boundary layer
would be taken up by sea salt particles and rapidly removed from the atmosphere. However, our
results do not clearly support such a mechanism, as there is no indication that the aerosol Hg is
concentrated onto larger particulates.

Comparing Hg data to measurements of aluminum (Al; C. Buck, personal comm.), a
crustal element that has little anthropogenic inputs to aerosols, we conclude that the particulate
Hg is not of crustal origin. The Hg/Al (g/g) ratios (Fig. S5) are well above the crustal ratio of ~7
x 108 (Mason et al., 2017). The lowest ratios were found near the pole with the highest values
closer to shore, indicating a larger influence of anthropogenic Hg near the continent.
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Ice cores, surface snow and melt ponds

Hg concentrations in ice cores were generally low with higher concentrations at the
surface, possibly due to scavenging of Hgp and Hgr and the resulting atmospheric deposition,
likely following spring AMDEs (Fisher et al., 2013; Steffen et al., 2014). Concentrations deeper
in the core were lower, matching values found in surface waters under the ice (0.1 £ 0.1 pM
CHs3Hg, 1.4 £ 0.4 pM Hgr; Bowman, personal comm.). Because samples were unfiltered, higher
values of %CH3Hg found could indicate either patches of biogenic particles (algae), or possibly
regions of methylation in the ice (Gionfriddo et al., 2016). Average Hgr and CH3Hg
concentrations (2.8 and 0.09 pM, respectively; Table 1) were very similar to other studies in the
Arctic and Antarctic (Beattie et al., 2014; Chaulk et al., 2011; Cossa et al., 2011).

Chaulk et al. (2011) found low and consistent concentrations in first year ice in the
Southern Beaufort Sea of the Arctic, measuring concentrations ~2.5 pM in most of the ice core,
with higher values up to 15 pM at the ice-snow interface. In multi-year ice, concentrations above
20 pM were found at the surface. The Hgr concentrations decreased sharply with depth, but
unique to the multi-year ice were cyclic features with several peaks rising to ~8 pM. Similar to
our study, concentrations deeper in the core were comparable to the underlying water, but
concentrations in the surface ice as not as elevated as previously reported. Again, in the Beaufort
Sea and McClure Strait, Beattie et al. (2014) measured Hgt and CH3Hg concentrations in multi-
year ice. Trends with depth were similar, but concentrations rose moving from the Beaufort Sea
into the McClure Strait, with Hgt concentrations as high as 60.8 pM were found in surface ice at
the McClure Strait site. CH3Hg averaged 0.20 pM in the Beaufort Sea ice, but rose to 1.35 pM in
the McClure Strait. Percent CH3Hg ranged from 2.3-40.9%, peaking in the mid to bottom
sections of the ice, possibly suggesting in situ methylation. In the Southern Ocean, Cossa et al.
(2011) also measured higher Hgt concentrations at the surface of ice cores with average
concentrations at depth around 3 pM. CH3Hg concentrations were relatively consistent
throughout the core, with concentrations up to almost 0.4 pM. Clearly, while there is the
possibility of higher concentrations in coastal ice regions based on the collections in both the
Arctic and Antarctic discussed above, our data do not suggest that these high concentrations
persist in ice collected further offshore. These differences suggest that collections in the coastal
Arctic should not be extrapolated to the central basin as these data are not likely representative of
the Arctic open waters.

Previous measurements in surface snow have focused on periods following AMDEs
given the dramatic changes that can occur due to deposition of oxidized Hg, resulting in
concentrations that are much higher than those measured here. Studies indicate that a significant
portion of the Hg deposited in quickly reduced and emitted back to the atmosphere (Kirk et al.,
2012; 2006; Steffen et al., 2015). St Louis et al. (2007), for example, measured decreasing
concentrations in the snowpack in Alert into June, with Hgr concentrations dropping below 5 pM
later in the season. CH3Hg concentrations also fell below 1 pM, especially in the base of the
snowpack. Percent CH3Hg was low at the surface (0.4 = 0.5 %), but increased in the depth hoar
snow (3.6 = 7.0 %). On the Hudson Bay, Kirk et al. (2006) measured concentrations of Hgr in
surface snow as high as 3.30 nM in the spring of 2003, but concentrations dropped to ~25 pM
within days. Lu et al. (2001) measured Hgr in sea ice snow in the Beaufort Sea, finding
concentrations as low as ~13 pM between November and December, with concentrations rising
throughout the spring. Chaulk et al. (2011) measured Hgt concentrations less than 5 pM in snow
from the coastal Beaufort Sea, with higher peaks due to atmospheric deposition. Our Hgt
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concentrations (3.6 + 1.3 pM) indicate Hg levels in surface snow in the Central Basin in the late
summer and fall are even lower than many coastal locations. These concentrations are valuable
in understanding the importance of surface snow and ice as a source of Hg to the biosphere. The
low concentrations observed are a result of the release of the Hg that had accumulared over the
previous AMDEs. Melting snowpack releases water soluble oxidized Hg(II) to the surface ocean,
while Hg? can be volatilized back to the atmosphere following the reduction of Hg(II) (Chaulk et
al., 2011; Lu et al., 2001).

Mass balance

Due to temporal variability during the times of the year not covered by the cruise,
especially given the potentially high exchange during polar sunrise where AMDEs and Hg
deposition are heightened, the estimates of wet and dry deposition were calculated on a monthly
basis to represent values during the time of the cruise. The overall low precipitation (340 mm yr-
I: Serreze et al., 2006) at high latitudes results in relatively low wet deposition of Hg to the
Arctic. Monthly wet deposition, calculated from the measured concentrations, Arctic Ocean
surface area, and yearly precipitation, is estimated to be 7.6 mol of CH3Hg and 1.0 kmol of Hgr.
Based on the measurements in aerosols and an estimated dry deposition velocity of 0.5 cm s™!
(Holmes et al., 2009), given that there appeared to be mainly fine particulate aerosols, 1.0 mol of
CH3Hg and 0.24 kmol of Hgr were deposited per month via dry aerosol deposition. Similarly,
Hgr was deposited at a rate of 1.5 kmol mth™!. The total atmospheric deposition to the surface
Arctic Ocean was thus estimated as 8.6 mol mth™! CH3Hg and 2.7 kmol mth™! Hgr. Wet
deposition represented 88% of the CH3;Hg flux and 38% of the Hgr flux, with dry deposition
making up the remainder. In other parts of the world, greater precipitation typically results in a
greater importance of wet deposition to the Hgr flux (e.g., Gichuki and Mason, 2014). These
calculations also did not include reactive gaseous CH3Hg (CH3Hgr) which was not measured,
but previous studies have shown the it might constitute up to 25% of Hgr (Baya et al., 2015).
Even at a much lower percentage, CH3Hgr could dominate dry deposition and thus decrease the
importance of wet deposition. Atmospheric inputs of CH3Hg and Hgr were estimated to be much
higher by Soerensen et al. (2016), with values of 3.3 kmol mth™' CH3Hg and 12.5 kmol mth!
Hgr. Their estimate of CH3Hg atmospheric deposition was much greater in part due to the
inclusion of CH3Hg produced by the degradation of dimethylmercury ((CH3)2Hg) in the
atmosphere. However, recent work in the Arctic suggests that evasional fluxes of (CH3).Hg from
the surface ocean have been overestimated in the Soerensen et al. model (S. Jonsson, personal
comm.).

For gas exchange, applying the overall average calculated Hg” evasion rate to the entire
Arctic (8.2 pmol m™ h'') is unreasonable because evasion does not occur under ice where
predicted fluxes are greatest. Applying the average Hg” flux in open waters (2.1 pmol m? h'') to
the average area of open water (40.3 % open water; 11.1 x 10° km? total area with 6.65 x 10% km?
ice coverage; NSIDC, 2016; Soerensen et al., 2016), we calculate an evasion of 6.8 kmol mth™.
This flux is about five times lower than the average monthly flux reported by Soerensen et al.
(2016) (35 kmol mth!). Although deposition and evasion were similar in magnitude in our study,
our estimate does not account for evasion of Hg deposited on snow and ice cover. Soerensen et
al. (2016) estimated that atmospheric deposition and snow and ice melt inputs were similar in
magnitude. Accounting for this melt term, we would expect to find greater evasion than
atmospheric input indicating the need for coastal and riverine inputs, as well as water transport
from the Atlantic and Pacific, to make up the difference.
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5 Conclusions

Dissolved and atmospheric Hg® concentrations, measured continuously at high temporal
resolution in Arctic Ocean, have further contributed to our understanding of the air-sea exchange
of Hg in the Arctic. Our data suggest that sea ice plays a large role in the accumulation of Hg 4iss
in the surface Arctic Ocean. While concentrations averaged 32 + 30 fM in open water, they rose
as high as 544 fM under contiguous ice. This increase confirms the previous observations of the
accumulation of Hg’iss in the Arctic during periods of ice coverage. This trend was attributed to
sea ice acting as a barrier for Hg® air-sea exchange, and the continued net formation of Hg’, even
under the ice in the absence of elevated radiation levels. Because variations in atmospheric Hg’
concentrations (averaging 1.2 + 0.1 ng m™) were relatively small, wind speed and Hg qiss
concentrations were the major drivers of the predicted Hg’ evasional flux.

Measurements of CH3Hg and Hgr in precipitation and aerosols in the central Arctic also
substantially add to our previous knowledge, as much of the previous research has focused on
measurements made from or near land. Our results suggest that deposition and aerosol
concentrations in the open waters of the Arctic are much lower than in coastal regions and the
Canadian Arctic Archipelago. Levels of Hg in fine and bulk aerosols were similar, suggesting
that the uptake of Hgr into aerosols was not an important mechanism for Hgr removal during the
time of the cruise.

Ice core and surface snow measurements also helped quantify the amount of Hg that
could be entering the ocean through ice melt in the central Arctic. Initially, melting sea ice in a
warming climate will likely lead to increased Hg” evasion, resulting in decreased Hg levels in the
surface Arctic Ocean. Subsaturated concentrations in other parts of the Arctic however suggest
an eventual decrease in evasion in the absence of sea ice. These additional insights and high
resolution measurements will help to further refine global and regional Hg models, improving
their ability to predict future changes in Hg transport and transformations within diverse marine
ecosystems. Future studies focusing on air-sea exchange dynamics in marginal ice zones will
also aid in understanding the extent of Hg" evasion in open leads and polynyas in the Arctic.
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Appendix A. Supporting Information
Discrete vs. Underway Samples

Hg'iss concentrations were also measured in discrete samples (collected in Go-Flo
bottles) using traditional methods (Lamborg et al., 2012) at each station on the cruise. These data
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were compared to average Hgliss concentrations measured using the underway system while the
ship was on the corresponding station. While the slope was close to 1 and values were
significantly correlated (R’ = 0.42, p < 0.05), the agreement was not as strong as found in
previous studies which showed good agreement between the two methods (Andersson et al.,
2008a; 2008c¢; Soerensen et al., 2013). Poor agreement here is likely due to the high variability in
concentrations observed under the ice, and possibly from evasion in open leads in the ice caused
naturally or by the movement of the ship while on station. As noted in the methods section, we
did not include the “underway” data while on station in our analysis because of concerns about
its reliability. Discrete samples also represent a single measurement taken while on station, so
they are unable to capture the variability observed in the continuous measurements. These
samples also were not consistently collected at the same depth as underway samples, potentially
adding to the discrepancies between the two measurement methods as they may not have
sampled the same water masses where the mixed layer depth was shallow (<10m).

Ancillary Data

Surface waters encountered on the cruise were characterized by higher salinity Pacific
water moving over the continental shelf from the Bering Sea through the Bering Strait to the
Chukchi Sea, followed by waters of lower salinity and temperature of the Polar Mixed Layer,
starting at the continental shelf break and continuing to the North Pole. The sea surface
temperature (SST), wind speed, salinity and fluorescence along the cruise track are shown in Fig.
S1. A salinity minimum was observed at the MIZ where ice melt further decreased the salinity.
Fluorescence was highest in the coastal waters off the coast of Alaska. Average wind speed rose
slightly over the course of the cruise, with intermittent peaks over 20 m s™! observed in the
central Arctic (north of 80 °N).
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Fig. S1. Ancillary data—sea surface temperature (SST), salinity, wind speed, and fluorescence—
on the U.S. Arctic GEOTRACES cruise track.

Comparing Hg%iss concentrations to sea surface salinity, temperature and fluorescence, as
well as Hg%umos (Fig. S2) reveals that Hg? 4iss concentrations are highest at median salinities and
Hg % mos levels as well as the lowest temperatures and fluorescence values. These parameters
correspond to the polar mixed layer. The lowest salinities represent the MIZ, while the high
salinities represent the Pacific water at lower latitudes. Hg® 4iss appears to be normally distributed
versus Hg%mos. If evasion could occur in ice-covered regions, we would expect to see higher
Hg % mos concentrations as Hgliss values increased.
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652  Fig. S2. Relationships between dissolved Hg® (Hg'iss) and sea surface salinity (A), fluorescence
653  (B), temperature (C), and Hg® in air (D) along the U.S. Arctic GEOTRACES cruise track.
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655  Aerosols and Precipitation
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Fig. S3. Aerosol particulate methyl (CH3Hgp) total Hg (Hgp) concentrations. The sample
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Fig. S4. Methyl (CH3Hg) and total Hg (Hgt) concentrations in rain. The sample latitudes
represent the average latitude of each deployment.
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665  Fig. S5. Mass ratios of CH3Hg and HgT to aluminum (Al) in aerosols.
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668  Fig. S6. Percent saturation of dissolved Hg® (Hg’iss) in the surface ocean along the U.S. Arctic
669  GEOTRACES cruise track.

670

671  Early Cruise Data

672 The Hg’ 4iss concentration during the early stages of the cruise, from day 2 to 10 of the
673  cruise (and especially when further from anthropogenic and terrestrial influences), showed
674  evidence of diurnal variations (Fig. S7). Concentrations were positively and significantly

675  correlated with photosynthetically active radiation (PAR) (R’ = 0.22, p < 0.05), indicating
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production of Hg? and reoxidation of Hg® or loss by evasion during the course of a day.
Production has been observed to be due both abiotic (photochemical) and biotic light-induced
processes (Amyot et al., 1997). Because the on-station data were not considered, there were too
many gaps in the data to continue this correlation further into the ice-free period. This
phenomenon has been observed previously in other ocean water bodies (e.g., Amyot et al., 1997;
1994; Andersson et al., 2007a; Ci et al., 2016; 2011; Fantozzi et al., 2007; Sommar et al., 2007).
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Fig. S7. Dissolved Hg’ concentrations ([Hg'iss]) and photosynthetically active radiation (PAR)
during the first ten days of the U.S. Arctic GEOTRACES cruise.

Looking more closely at the data obtained during the early stages of the cruise (when the
ship was in open water and the MIZ on the western leg) reveals finer scale variations in Hg%iss
concentrations and fluxes that provide further insight into its cycling (Fig. S8). Sea surface
temperature and salinity were relatively constant until the MIZ was reached, where the
temperature and salinity dropped to a minimum. Where ice cover began to increase at 75 °N, a
brief increase in Hg%iss was observed along with a small decline in Hg%tmos. This trend resembles
an AMDE (Cobbett et al., 2007), and coincides with increase aerosol particulate Hg measured
over the same period (Fig. S3). Following this decline, atmospheric Hg" concentrations rose in
the MIZ, possibly indicating the evasion of Hg® from the sea surface as the remaining ice melted.
At 80 °N, after Hg'qiss concentrations had returned to a background level, the effect of increased
winds is evident in the large predicted (negative) flux of Hg’ from the atmosphere into the ocean.
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Fig. S8. Hg" and ancillary data profiles from the western leg open water and marginal ice zone
(MIZ) of the U.S. Arctic GEOTRACES cruise. Sea surface temperature (SST) (A), salinity (B),
wind speed (C) and ice cover (D). Salinity profiles (E) from the early stage of the cruise as well
as the beginning and end of the MIZ. Dissolved Hg° ([Hg’iss]) (F) and atmospheric Hg"
([Hg%mos]) (G) concentrations, along with the percent saturation of Hg® in surface seawater (H)
and the predicted Hg" flux out of the ocean (I).
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