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a b s t r a c t

The distribution of dissolved gaseous mercury (DGM) and the oxidation–reduction processes of mercury
(Hg) in the surface and subsurface ocean are currently understudied despite their importance in ocean–
atmosphere interactions. We investigated the Hg(0) evasion and the DGM distribution at water depths of
2–500 m in the Subarctic Front, Western Subarctic Gyre, and Bering Sea of the Northwestern Pacific. The
mean DGM concentration in the surface mixed water (o10 m) and the mean Hg(0) evasion flux were
significantly higher in the Subarctic Front (12575.0 fM and 15 pmol m�2 h�1, respectively), which ty-
pically has lower nutrient levels and higher primary production, than in the Western Subarctic Gyre and
the Bering Sea (74718 fM and 3.271.2 pmol m�2 h�1, respectively). The variation in the chlorophyll-a
concentration and extracellular protease activity predicted 54% and 48% of the DGM variation, respec-
tively, in the euphotic zone (2–50 m). The DGM concentration in aphotic intermediate water
(4157286 fM) was positively correlated to the apparent oxygen utilization (AOU; r2¼0.94 and po0.001
for the Western Subarctic Gyre and the Bering Sea; r2¼0.61 and p¼0.01 for the Subarctic Front), em-
phasizing the importance of microbial oxidation of organic matter. The DGM-to-AOU ratio in aphotic
water was significantly (po0.05, ANCOVA) higher at the Western Subarctic Gyre and Bering Sea sites
(2.570.14) than the ratio at the Subarctic Front sites (0.8970.27) that mainly consisted of newly formed
North Pacific Intermediate Water. The overall results imply that variation of DGM and Hg(0) evasion is
closely linked to primary production in euphotic water and organic remineralization in aphotic inter-
mediate water. The oceanic alterations in these factors may induce significant modification in Hg redox
speciation in the Northwestern Pacific.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Humans are exposed to mercury (Hg) mainly through con-
suming Hg-contaminated fish (Sunderland, 2007; Selin et al.,
2010). Because most of the fish consumed by humans are of
marine origin, understanding Hg speciation and cycling in the
marine environment is a key issue related to human health risks.
The surface and subsurface oceanic zones play essential roles in
the biogeochemical cycling of Hg through a series of biotic and
abiotic processes, as well as in fish production (Fitzgerald et al.,
2007; Mason et al., 2012).

The removal of Hg(0) into the atmosphere through gas transfer
is a key process in Hg ocean–atmosphere interactions (Costa and
Liss, 1999, 2000). The ocean accounts for approximately 30–50% of
the overall Hg flux into the atmosphere, and approximately 30–
45% of Hg in the surface ocean is lost to atmospheric evasion
through the reduced Hg pool (Soerensen et al., 2010; Mason et al.,
2012). The distribution of Hg(0) and the oxidation–reduction
processes of Hg in the surface and subsurface ocean are currently
understudied despite their importance in ocean–atmosphere in-
teractions (Fitzgerald et al., 2007; Mason et al., 2012).

Dissolved gaseous mercury (DGM) is operationally defined as a
volatile Hg species that consists of elemental Hg, Hg(0), and di-
methylmercury (DMHg; Kotnik et al., 2007). At the ocean surface,
DGM is predominantly Hg(0) formed via Hg(II) reduction (Mason
et al., 1995; Andersson et al., 2011). DGM production in surface
seawater is dependent on light intensity and dissolved organic
matter (DOM; Costa and Liss, 2000; Lanzillotta et al., 2002). The
daily trends of DGM in Mediterranean coastal water matched the
intensity of solar radiation, with higher levels of DGM found
during maximum insolation (Lanzillotta et al., 2002). The role of
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DOM in DGM production in surface seawater was shown during
two oceanographic cruises in the Mediterranean basin (Fantozzi
et al., 2007): the DGM concentration (0.05–0.10 pM) in offshore
water was lower than that in coastal water (0.25–0.46 pM), which
corresponds to the occurrence of lower concentrations of Hg(II)
and DOM in offshore water. The limiting factors that affected DGM
production in offshore water were the Hg(II) concentrations and a
particular fraction of the DOM-absorbing light energy (Fantozzi
et al., 2007). In contrast, %DGM/Hg increased in offshore water
than in coastal water (Soerensen et al., 2013; Schartup et al., 2015).
Increasing %DGM/Hg with a higher fraction of degraded terrestrial
DOM, which was observed in Northwest Atlantic seawater, sug-
gested that turnover of terrestrial DOMmay increase the reduction
rates of Hg–DOM complexes (Schartup et al., 2015). To date,
however, the relationship between the quantity and quality of
DOM and the DGM concentration in oceanic surface water is not
clearly understood.

A steady increase in the DGM concentration in aphotic water
with a decrease in the dissolved oxygen (DO) concentration was
reported in the Mediterranean Sea and the Black Sea (Ferrara et al.,
2003; Lamborg et al., 2008). These studies suggested that bacteria
may produce DGM in suboxic seawater parallel to the photolytic
reduction of Hg(II) that occurs at the ocean surface (Ferrara et al.,
2003; Lamborg et al., 2008). The role of bacteria in DGM produc-
tion under dark conditions was also suggested in a laboratory
study in which no DGM production was present in sterilized
coastal seawater samples (Fantozzi et al., 2009). DGM production
was restored following reinoculation of the same water samples
with a field-representative bacterial community (Fantozzi et al.,
2009). Dissolved DMHg in the range of 5–20 fM was observed in
the intermediate and deep waters of the North Pacific, which may
contribute to the DGM concentration (Hammerschmidt and
Bowman, 2012).

In the last few centuries, the global Hg concentration has
continuously increased due to anthropogenic emissions, the lar-
gest sources of which have been artisanal gold mining and the
combustion of fossil fuels (Pacyna et al., 2006, 2010). In 2005, Asia
contributed approximately 67% of the global anthropogenic Hg
emissions, and China, with more than 2000 coal-fired power
plants, was the largest emitter in Asia (Pacyna et al., 2010). This
situation raises concerns regarding the health of the marine eco-
system in the Northwestern Pacific (NWP). Global climate change
also influences Hg bioaccumulation in marine ecosystems because
climate change affects the transformation rates (e.g., methylation,
demethylation, reduction, and oxidation) of Hg, as well as the
composition of the biological community (Zheng and Kruse, 2006;
Mueter and Litzow, 2008). The Bering Sea, a subarctic sea vul-
nerable to climate change, is one of the most suitable sites for
monitoring the influence of climate change on the biogeochemical
cycling of Hg and its impact on marine ecosystems (Piepenburg,
2005).

In the current study, we investigated the horizontal and vertical
distributions of DGM at water depths of 2–500 m and the Hg
(0) evasion from surface seawater at seven stations in the Sub-
arctic Front, Western Subarctic Gyre, and Bering Sea in the NWP.
To discuss the processes that explain DGM distribution and Hg
(0) evasion in the NWP, spatial variances in DGM were compared
to the phytoplankton biomass, extracellular protease activity, and
apparent oxygen utilization. Because the Western Subarctic Gyre
and the Bering Sea are high-nutrient, low-chlorophyll-a regions, in
contrast to the Subarctic Front, we were able to assess the effects
of distinct biological productivity on the DGM concentration and
Hg(0) evasion flux.
2. Methods

2.1. Sampling and sample treatment

Seawater samples were collected from the upper 500 m of the
NWP on board R/V Araon during the SHIPPO cruise from July 13 to
28, 2012 (Park and Rhee, 2015). Water samples for DGM analysis
were collected in Teflon bottles, which were thoroughly acid-
cleaned (30% v/v hydrochloric acid [HCl], at 70 °C for 24 h) and
then filled with 1% (v/v) HCl while the bottles were stored. The
Teflon bottles were thoroughly rinsed with sample water before
they were filled using acid-cleaned silicon tubing (10% HCl at room
temperature for 24 h).

Surface and subsurface seawater samples were collected at
seven stations. At each station, the sampling depth was selected
based on the temperature, salinity, DO, and photosynthetically
active radiation, which were recorded in situ with a CTD-Rosette.
Surface and deepwater samples were taken at 20- to 100-m water
depth intervals using a Rosette sampler, on which 24 10-l Niskin
bottles were mounted. The seawater samples used for the DGM
analysis were collected from the Niskin bottles immediately after
boarding without air disturbance in 2-l Teflon bottles to prevent
the loss of volatile Hg.

2.2. DGM analysis

The DGM concentration in the seawater was determined on
board immediately after sampling. First, 0.7- to 1.0-l water sam-
ples were transferred to an acid-cleaned glass bubbler (purging
vessel) installed in a clean bench. The seawater sample was purged
with Hg-free nitrogen gas (N2) for 40 min with a flow rate of 300–
400 ml min–1 (Mason et al., 2001). DGM was collected on a gold-
coated bead trap. Elemental Hg was released by heating for 1 min
in a flow of Hg-free N2 and detected and quantified with a cold
vapor atomic fluorescence spectrometer (Brooks Rand). The DGM
collected with this method includes DMHg and Hg(0), as both
species are volatile and can be collected on a gold trap.

A calibration curve was determined for each sample batch
using a certified Hg(II) standard solution (10–200 pg) spiked in
Milli-Q water. Here, Hg(II) was reduced to Hg(0) using a solution of
stannous chloride prepared following EPA Method 1631. All DGM
measurements were performed in duplicate, and the procedural
precision averaged 11710% as a relative percentage difference
(n¼104). The measurement bias was determined at every ten
samples using a Hg(II)-spiked Milli-Q solution, and was averaged
to 10476.9% (n¼12). The accuracy of the analysis was tested with
the certified reference material (Institute for Reference Materials
and Measurements, BCR-579). The Hg concentration in BCR-579
(Hg in coastal seawater) was determined after oxidation with a
solution of bromine chloride followed by neutralization with
NH2OH �HCl (EPA Method 1631, 2000). The average recovery was
10973.3% (n¼8). For matrix spike recovery, certified Hg(II)
standard was spiked to the sample seawater due to lack of Hg
(0) standard solution. Then Hg(0) concentration was measured
after BrCl and NH2OH �HCl treatment and stannous chloride re-
duction. The recovery of matrix spike averaged 103716% (n¼7).

2.3. Nutrients and dissolved oxygen

The major nutrients (nitrateþnitrite, phosphate, silicate, and
ammonium) were analyzed on board using a gas-segmented flow
analysis system (QuAAtro, SEAL Analytical). Aliquots of seawater
were subsampled into conical tubes from the Niskin water sam-
pler, and the collected seawater samples were stored in a re-
frigerator until the analysis was conducted. The analytical system
was calibrated with the KANSO reference material (Lot. No. ‘BF,’
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KANSO Technos) for nitrateþnitrite, phosphate, and silicate and
with in-house standards for ammonium. To prevent contamina-
tion of the seawater samples by laboratory air, the auto-sampler
was capped with a plastic film cover, into which fresh marine air
from the foremast was pumped.

Preparation of the reagents and sampling of DO were per-
formed using Knap et al.'s (1996) guidelines. Briefly, the water
samples for DO were drawn first from the Niskin sampler and
immediately pickled with the reagents. The sample bottles were
stored in a cool, dark location, and the necks were sealed with
water until the analysis was conducted. The DO concentrations
were calculated by measuring the iodine concentration spectro-
photometrically, as described by Labasque et al. (2004). The repeat
measurements of the samples taken from the multiple Niskin
bottles obtained at the same water depth suggested that the
measurement precision was better than 0.3%. We calculated the
apparent oxygen utilization (AOU) by subtracting the observed DO
concentration from the saturated oxygen concentration at a given
salinity and temperature. The saturated oxygen concentration was
calculated using the equation described by Garcia and Gordon
(1992).

2.4. Chlorophyll-a concentration, bacterial counts, and aminopepti-
dase activity

The chlorophyll-a concentration was measured fluorome-
trically using a Trilogy Laboratory Fluorometer (Turner Designs)
according to a previously described method (Parsons et al., 1984).
To measure bacterial abundance, the formalin-treated unfiltered
seawater samples were filtered through 0.02 μm pore Anodisc
filters (Whatman). The filters were immediately stained with
100 μl of diluted SYBR Gold (final dilution 2.5�103-fold) for
15 min in the dark (Noble and Fuhrman, 1998). The bacterial
numbers were determined on board using an epifluorescence
microscope (Olympus BX35).

Extracellular aminopeptidase activity was measured with the
Hoppe method (1993), using a specific fluorogenic substrate
Fig. 1. Sampling locations (Sites 3–9) during the 2012 SHIPPO cruise and the surface cur
North Slope Current; KC: Kamchatka Current; N Strait: Near Strait; K Strait: Kamchatka
(L-leucine-7-amido-4-methyl-coumarin, Leu-MCA) at a final con-
centration of 250 mM in triplicate 5 ml unfiltered samples. In-
creases in fluorescence were measured with a fluorometer (TBS-
380, Turner Biosystems) immediately and after 3 h of incubation at
the in situ temperature. A calibration curve of the Leu-MCA stan-
dard (Sigma) was performed in Milli-Q water at final concentra-
tions of 0, 0.0025, 0.01, 0.05, and 0.2 mM.

2.5. Statistical analysis

Correlation and regression analyses were performed with SPSS
12.0 and SigmaPlot 12.0 software. A one-way analysis of variance
(ANOVA) with a Tukey's test was used to assess significant dif-
ferences in the DGM concentrations among the groups. The
strength of the relationships between the DGM concentration and
the geochemical parameters was analyzed with the Spearman
correlation. A p value of less than 0.05 was considered statistically
significant.
3. Results and discussion

3.1. Surface water circulation

The general circulation pattern of the sampling sites in the
NWP is largely influenced by the Western Subarctic Gyre and the
Bering Sea Gyre (Fig. 1; Harrison et al., 1999; Qiu, 2001; Yasuda,
2003). The East Kamchatka Current is a western boundary current
of the Western Subarctic Gyre, which is formed by the mixing of
outflow currents from the Bering Sea Gyre and the Alaskan Stream
(Harrison et al., 1999, 2004). Part of the East Kamchatka Current
enters the Sea of Okhotsk, where the current is modified along the
Okhotsk Sea Gyre, which is a source of the North Pacific Inter-
mediate Water (NPIW; Yasuda, 2003). The Okhotsk Sea water
outflows back to the Pacific and combines with the East Kam-
chatka Current to form the Oyashio Current (Talley, 1991; Yasuda,
2003). Part of the Oyashio Current recirculates northeastward
rents in the Northwestern Pacific Ocean. BSC: Bering Slope Current; ANSC: Aleutian
Strait; and AB: Aleutian Basin.
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along the Western Subarctic Gyre, whereas the other part flows
southward and reaches the Kuroshio Extension (Yasuda, 2003).

The Alaskan Stream enters the Bering Sea (Site 9) from the
eastern Pacific through many passes in the Aleutian Arc, including
the Unimak Pass in the east and the Kamchatka Strait in the west
(Fig. 1; Prants et al., 2013). Most of the flow into the Bering Sea
occurs through the Near Strait, and this inflow is balanced by
outflow through the Kamchatka Strait; thus, the circulation pat-
tern of the Bering Sea is explained as a continuation of the Wes-
tern Subarctic Gyre (Prants et al., 2013; Ladd, 2014).

3.2. Seawater properties

The surface salinity at Sites 3 and 4 was distinctively higher and
the DO distinctively lower than at the other sites, reflecting the
mixing effect of saline and old Kuroshio water (Fig. S1, Supporting
information). The zone between the Kuroshio Extension and the
Subarctic Front is referred to as the Kuroshio–Oyashio interfrontal
zone, where intense meso-scale eddies are distributed due to the
Fig. 2. Vertical distributions of temperature, salinity, dissolved oxygen (DO), nitrateþn
Front (Sites 3 and 4), Western Subarctic Gyre (Sites 5–8), and Bering Sea (Site 9).
confluence of the subarctic and subtropical currents (Yasuda et al.,
1996; Yasuda, 2003). The presence of the Subarctic Front is shown
in the temperature–salinity (T–S) diagram in Fig. S1. In the 0–
200 m layer (sθ 24.2–26.6), the water at Sites 3 and 4 had a higher
saline concentration (salinity 33.3–33.6) than the water at Sites 5–
9 (salinity 32.7–33.2). Sites 3 and 4 in the Subarctic Front have
been reported to be the primary formation site of the new NPIW,
defined as the salinity minimum in the subtropical North Pacific as
an influence of Okhotsk Sea mode water (Talley, 1993; Shimizu
et al., 2004). Once the NPIW is formed in the mixed-water region,
just east of Hokkaido, subsequent modification along the NPIW's
flow path increases the salinity and reduces the DO concentration
(Talley, 1993; Reid, 1997; Shimizu et al., 2004).

3.3. DGM in surface water

The surface mixed water (o10 m) DGM concentration in the
NWP ranged from 53 to 132 fM, with an average concentration of
89728 fM (Figs. 2 and 3). This range is similar to the DGM range
itrite, and dissolved gaseous Hg (DGM) in the sampling locations of the Subarctic



Fig. 3. Average concentrations (mean7SD when n43) of dissolved gaseous
mercury (DGM), nitrateþnitrite, and chlorophyll-a (Chl-a) found in the surface
mixed layer (o10 m) of the Subarctic Front (SAF, Sites 3 and 4), Western Subarctic
Gyre (WSG, Sites 5–8), and Bering Sea (BS, Site 9).

Fig. 4. Relationship between dissolved gaseous mercury and chlorophyll-a (A) and
leucine aminopeptidase activity (AMPase) (B) in the euphotic zone (o50 m) of the
Subarctic Front (SAF, Sites 3 and 4), Western Subarctic Gyre (WSG, Sites 5–8), and
Bering Sea (BS, Site 9). The lines indicate simple linear regression between dis-
solved gaseous mercury and chlorophyll-a (y¼82xþ46) and AMPase (y¼1.4xþ55).
Aminopeptidase activity was measured from upper euphotic water only.
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determined in the tropical Pacific Ocean (47–105 fM; Soerensen
et al., 2014), the North Atlantic Ocean (10–135 fM; Kuss et al.,
2011; 1507120 fM; Bowman et al., 2015), and the Baltic Sea (50–
160 fM; Kuss and Schneider, 2007).

The DGM concentration in the surface mixed water was sig-
nificantly (po0.05) lower in the Western Subarctic Gyre and the
Bering Sea (74718 fM) than in the Subarctic Front (12575.0 fM;
Fig. 3). In contrast, significantly (po0.05) higher nitrateþnitrite
concentrations were observed at the surface of the Western Sub-
arctic Gyre and the Bering Sea, which was reported as a high-
nutrient, low-chlorophyll region, compared with the Subarctic
Front (Harrison et al., 2004; Tyrrell et al., 2005; Aguilar-Islas et al.,
2007). The low nutrient level of the Subarctic Front was attributed
to the mixing with oligotrophic subtropical water (Tsurushima
et al., 2002). The increasing pattern of chlorophyll-a concentration
from north to south along the subarctic NWP was previously ob-
served (Midorikawa et al., 2002).

Stepwise multiple regressions were performed using the
Spearman correlation results to determine the independent vari-
ables for predicting the DGM concentration (Table 1). The multiple
regression results showed that the most important predictor of
DGM in the euphotic zone was the chlorophyll-a concentration.
The faster Hg(II) reduction rate and/or the slower Hg(0) oxidation
rate in the Subarctic Front compared to the Western Subarctic
Gyre and the Bering Sea could be ascribed to the phytoplankton
biomass.

About 54% of the DGM variation in the euphotic zone was
predicted by the chlorophyll-a concentration, as shown in Fig. 4A.
This result suggests that biotic Hg(II) reduction could be a sig-
nificant source of DGM in the euphotic water of the NWP. A link
Table 1
The Spearman correlation coefficients for dissolved gaseous mercury (DGM) with tem
utilization (AOU), nitrateþnitrite (NO2þNO3), silicate (SiO2), bacteria and viruses densit
aphotic waters of the sampling sites (Site 3–9). The stepwise multiple regression results
analysis is shown in parentheses. The chlorophyll-a concentration was measured from

Temp Dens Salinity DO AOU

Euphotic (2–50 m) 0.34 �0.32 0.62* �0.18 �0.31
(26)a (26) (26) (26) (26)

Stepwise multiple regression: [DGM]¼0.065[Chl-a]–0.001[NO

Aphotic (50–500 m) 0.47** 0.76** 0.78** �0.84** 0.85**

(36) (36) (36) (36) (36)

Stepwise multiple regression: [DGM]¼0.026[NO2þNO3]–0.47

* Statistical significance of po0.05.
** Statistical significance of po0.01.
between primary production and the DGM concentration has been
indicated previously: the global map of primary productivity clo-
sely matched the model approximation of global oceanic Hg
perature (Temp), density (Dens), salinity, dissolved oxygen (DO), apparent oxygen
y, chlorophyll-a (chl-a), and aminopeptidase (AMPase) activity in the euphotic and
are shown for the same sites. The number of data used in the Spearman correlation
euphotic water only and aminopeptidase activity from upper euphotic water only.

NO2þNO3 SiO2 Bacteria Viruses Chl-a AMPase

�0.58** �0.56** �0.067 �0.38 0.78** 0.57
(26) (26) (26) (26) (26) (16)

2þNO3]þ0.074, Radj
2 ¼0.75, p¼0.019

0.86** 0.78** �0.57** �0.46** – –

(36) (36) (31) (31) – –

, Radj
2 ¼0.79, po0.001



Table 2
Summarized results from the DGM evasion flux calculation. Positive sign indicates sea-to-air flux.

Sampling site Location DGM seawater
(pmol m�3)

Hg(0) air
(pmol m�3)

Surface tempera-
ture (°C)

Wind speed
(m s�1)

Hg(0) transfer velo-
city (m h�1)a

Henry's
constantb

Flux (pmol m�2 h�1)

3 Subarctic Front 122 7.7 13 11 0.23 0.24 21
4 132 8.6 16 6.7 0.092 0.23 8.8

5 Western Sub-
arctic Gyre

71 8.7 9.2 9.9 0.16 0.20 4.5
6 101 8.0 9.2 6.0 0.065 0.20 4.0
7 78 8.3 10 7.5 0.10 0.20 3.7
8 70 8.0 10 5.8 0.062 0.20 1.9

9 Bering Sea 56 8.3 8.8 8.9 0.13 0.20 1.8

a Calculated with equation k¼(0.22u2þ0.333u)� (ScHg/600)�0.5 according to Nightingale et al. (2000), where u is wind speed and ScHg is the Schmidt number of Hg(0).
b Calculated with equation H¼e�2404.3/Tþ6.92 according to Andersson et al. (2008), where T is the seawater temperature (K).
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evasion, showing higher evasion in the productive region (North
Atlantic, 300 pmol m–2 day–2) and lower evasion in the oligo-
trophic region (North Pacific, 30 pmol m–2 day–2; Mason et al.,
1994). Mason et al. (1995) reported that eukaryotic phytoplankton
are capable of reducing Hg(II), based on the observation of a strong
correlation between Hg(0) and chlorophyll-a. The significant
contribution of cellular density to %DGM/Hg, measured in a cul-
ture of Thalassiosira weissflogii, was observed under light and dark
conditions (Morelli et al., 2009).

The DGM production mechanism associated with phyto-
plankton biomass might be that biogenic substances are released
from phytoplankton, and these substances enhance Hg(II) reduc-
tion rates, as cell exudates of marine diatom have increased DGM
production under light and dark conditions (Lanzillotta et al.,
2004). In the same report, a higher photo-production rate
(2.270.02 pg min–1 l–1) compared to the control medium
(0.5670.16 pg min–1 l–1) was determined from the artificial sea-
water amended with filtered cell exudates of the marine diatom
Chaetoceros (Lanzillotta et al., 2004).

The importance of cell exudates or DOM for increased DGM
production is supported by the fact that higher DGM concentra-
tions were found at the surface of Sites 3 and 4 where relatively
higher leucine aminopeptidase activities, which has been shown
to represent bacterial metabolic processes involved in protein
degradation (Martinez and Azam, 1993; Caruso and Zaccone,
2000), were found (Fig. 4B). The leucine aminopeptidase activity in
euphotic water was 39712 amol cell–1 h–1 at Sites 3 and 4 and
2275.6 amol cell–1 h–1 at Sites 5–9 (Fig. 4B). About 48% of the
DGM variation in the euphotic zone was predicted by leucine
aminopeptidase activity (p¼0.003), suggesting that the increased
DGM concentration at Sites 3 and 4 may be associated with en-
hanced DOM availability (Schartup et al., 2015). A similar im-
plication was suggested in a study of Long Island coastal water: the
Hg(II) reduction rates in light/dark incubation as well as the bac-
terial counts were observed to be higher during the late spring
when the chlorophyll-a concentration and microbial activity were
higher than during the summer and fall (Rolfhus and Fitzgerald,
2004).

The higher DGM concentration in the Subarctic Front could be
partly ascribed to the low nitrateþnitrite concentrations based on
the stepwise multiple regression results showing a negative cor-
relation between nitrateþnitrite and DGM for euphotic water
(Table 1). Nitrite is known to function as an oxidant precursor by
releasing hydroxyl radicals upon photolysis (Mason et al., 2001). In
the presence of 100 and 1000 μM of nitrite in seawater, the DGM
concentration decreased from 0.7 to 0.2 pM after 30 min of in-
cubation of seawater under a broadband light (Mason et al., 2001).
However, the same result has not been confirmed at natural levels
(o10 μM) of nitrite.

3.4. Evasion of Hg(0)

The Hg(0) evasion flux (F) was estimated using Eq. (1), as most
DGM is Hg(0) in surface seawater (Mason and Fitzgerald, 1991;
Mason et al., 2001; Kotnik et al., 2007; Andersson et al., 2011).

= ( – ) ( )F k C C H/ . 1w a

Here, Cw is the Hg(0) concentration in surface seawater (o3 m), Ca
is the atmospheric Hg(0) concentration (Rhee et al., Atmospheric
Mercury Speciation Over the Northwestern Pacific, In Preparation),
and H is the dimensionless Henry's constant at the given seawater
temperature (Andersson et al., 2008). The gas-transfer velocity of
Hg(0), k, is calculated with Eq. (2) according to Nightingale et al.
(2000):

= ( + ) × ( ) ( )–k u u0.22 0.333 Sc /600 , 2
2

Hg
0.5

where u is the wind speed at each site, ScHg is the Schmidt number
of Hg(0) at the given seawater temperature (Kuss et al., 2009), and
600 is the Schmidt number of CO2 at 20 °C. The estimation results
are summarized in Table 2.

The estimated evasion flux ranged from 1.8 to
21 pmol m�2 h�1, with an average flux of 6.576.7 pmol m�2 h�1

(Table 2). This range is similar to the evasion flux of the North
Pacific found in the literature: 7.071.0 pmol m�2 h�1 (14–20°N;
wind speed, 9.872.5 m s�1; Hg(0), 1.3 70.05 ng m�3; DGM,
5174.1 fM; Soerensen et al., 2014). The corresponding t1/2 of DGM
was estimated to be 8.7–47 h, suggesting that in situ Hg(II) re-
duction is required to support the steady-state DGM concentration
in the surface mixed layer.

Significantly (po0.05) higher evasion flux was determined for
the Subarctic Front (21 and 8.8 pmol m�2 h�1) than for the Wes-
tern Subarctic Gyre and the Bering Sea (1.8–4.5 pmol m�2 h�1),
along with an increasing trend from north to south (Fig. 5). The
higher evasion at the Subarctic Front was influenced by the higher
DGM concentration, and in turn, the higher DGM concentration
was associated with large phytoplankton biomass and proteolytic
enzyme activity, as shown in Fig. 4. In fact, the Hg(0) evasions at
the Subarctic Front are in agreement with those found from the
productive oceanic zone (e.g., North Atlantic,
300 pmol m�2 day�2). These results suggest that biological pro-
ductivity is closely associated with the evasion of Hg(0) (Mason
et al., 1994, 1995).

3.5. DGM in intermediate water

The DGM concentration increased as the depth increased in the



Fig. 5. Evasion flux of Hg(0), wind speed, and dissolved gaseous mercury (DGM)
concentration in surface water in the sampling locations of the Subarctic Front (SAF,
Sites 3 and 4), Western Subarctic Gyre (WSG, Sites 5–8), and Bering Sea (BS, Site 9).

Fig. 6. Relationship between dissolved gaseous mercury and (A) apparent oxygen
utilization and (B) nitrateþnitrite concentration found in 50 to 500 m of the
Subarctic Front (SAF, Sites 3 and 4), Western Subarctic Gyre (WSG, Sites 5–8), and
Bering Sea (BS, Site 9). The lines indicate a simple linear regression model: (A)
y¼0.89xþ110 for Sites 3 and 4 and y¼2.5xþ103 for Sites 5–9 excluding 500 m
water depth; (B) y¼10x�60 for Sites 3 and 4 and y¼37x�763 for Sites 5–9 ex-
cluding 500 m water depth.
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oxycline of 100–200 m or 100–300 m and then remained constant
or decreased until 500 m, with the exception at Site 4 (Fig. 2). Site
4 in the Subarctic Front showed more or less constant distribution
by depth. The nitrateþnitrite concentration showed a similar
vertical pattern to the DGM concentration except for the steady
increase by depth observed at Site 4. DGM in suboxic water may
include a significant amount of DMHg (Kotnik et al., 2007). The
DMHg-to-DGM ratio was estimated to beo0.26 in the surface oxic
layer (0–100 m; DO, 250–350 mmol kg�1), whereas the ratio in-
creased to 0.27–0.35 in the intermediate layer (100–300 m; DO,
20–300 mmol kg–1) in the Northeastern Pacific (Hammerschmidt
and Bowman, 2012).

The DGM distribution in aphotic intermediate water increased
with increases in the AOU and the nitrateþnitrite concentration
(Fig. 6). The 94% of the DGM variation, excluding the 500-m data,
was explained by the AOU at Sites 5–9. Similarly, the 93% DGM
variation was explained by the nitrateþnitrite variation at Sites 5–
9 without the 500-m data. The remineralization of sinking organic
matter by microorganisms may play a critical role in the produc-
tion of DGM (Ferrara et al., 2003; Horvat et al., 2003).

The lower intermediate water found at a water depth of 500 m
(sθ 27.0–27.2) at Sites 5 to 9 showed a lower DGM-to-AOU ratio
than the ratio of the upper water (Fig. 6). The low organic carbon
remineralization rate, expected from lower intermediate water,
may explain the low DGM-to-AOU ratio. The lower intermediate
waters of the Western Subarctic Gyre and the Bering Sea include a
component that originated in the Pacific Deep Water (Laurier et al.,
2004; Firdaus et al., 2008). Watanabe et al. (1991) estimated the
formation years of the isopycnal horizons (sθ 26.6–27.4) of the
Western Subarctic Gyre using tritium concentrations found in the
Western Subarctic Gyre and the end-member waters (i.e., the
Okhotsk Sea and the Bering Sea). The results showed that the
Western Subarctic Gyre water was from 0 to 15 years old for sθ
26.6–27.0 (200–450 m) and from 15 to 22 years old for sθ 27.0–
27.2 (approximately 500 m) water depth (Watanabe et al., 1991).

The DGM-to-AOU ratio was lower in the intermediate depth of
the Subarctic Front than in the Western Subarctic Gyre and the
Bering Sea (Sites 5–9). The new NPIW, characterized by low sali-
nity (as low as 33.8) and high DO, is found at a water depth of 50–
500 m of the Subarctic Front (Talley, 1993; Reid, 1997; Bostock
et al., 2010). The new NPIW is known to be formed in the Kur-
oshio–Oyashio interfrontal zone via the mixing of different waters,
i.e., Okhotsk Sea water, Japan/East Sea water, and the existing
NPIW (You, 2003; Bostock et al., 2010). The formation of the new
NPIW in the subsurface justifies no separation of the DGM-to-AOU
ratio at the 500-m water depth that was shown for the northern
sites (the Western Subarctic and the Bering Sea). The organic
carbon remineralization rate averaged 5.371.3 for the North
Pacific subarctic water and 3.871.7 μmol kg–1 yr–1 for the NPIW
(Sunderland et al., 2009). A lower organic carbon remineralization
rate could be part of the reason for the lower DGM-to-AOU ratio in
the Subarctic Front.
4. Conclusions

The DGM concentrations in surface and subsurface waters were
measured in two contrasting areas of the Subarctic Front and the
Subarctic Gyre in the NWP. The biological productivity in the
Subarctic Gyre is typically lower than the Subarctic Front, as
known as a high-nutrient, low-chlorophyll region. In surface
mixed water, the average DGM concentration measured in the
Subarctic Front was 12575.0 fM, ranging from 120 to 132 fM. The
DGM concentrations observed in the Subarctic Front were
1.6 times the concentrations measured in the Subarctic Gyre
(77718 fM), ranging from 53 to 101 fM, suggesting a possible
linkage between DGM concentration and biological productivity.
The higher DGM concentrations in the Subarctic Front resulted in
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the higher Hg(0) evasion (15 pmol m–2 h–1) in the Subarctic Front
than in the Subarctic Gyre (3.271.2 pmol m–2 h–1). On the con-
trary, in aphotic water, enhanced DGM concentrations were
measured at the Subarctic Gyre than the Subarctic Front, indicat-
ing that DGM formation is relatively low in the newly formed
NPIW. Overall results emphasize the dynamic nature of the DGM
production in the NWP largely influenced by biological
productivity.

The duration and extent of seasonal sea ice and seawater
temperature are critical controls for primary production and mi-
crobial activity in the NWP (Grebmeier et al., 2006). Numerous
studies have recently reported that in the NWP sea ice is gradually
retreating northward and the water column is warming (Moore
et al., 2006; Mueter and Litzow, 2008). The hydrographic changes
related to the extent of seasonal sea ice in the Bering Sea and the
consequent shift of the Subarctic Front in the NWP are likely to
affect the Hg(0) evasion via control of primary production and
associated microbial activity. Impact of Subarctic Front shift in the
NWP on the redox process of Hg should therefore be further
investigated.
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