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ARTICLE INFO ABSTRACT
Editor: Xinbin Feng Methylmercury is a neurotoxin that is biomagnified in marine food webs. Its distribution and biogeochemical cycle in
Antarctic seas are still poorly understood due to scarce studies. Here, we report the total methylmercury profiles (up to
Keywords: 4000 m) in unfiltered seawater (MeHgr) from the Ross Sea to the Amundsen Sea. We found high MeHgr levels in oxic
Meﬂt;‘ylmercury unfiltered surface seawater (upper 50 m depth) in these regions. It was characterized by an obviously higher maximum
\S/\?;aezaicean concentration level of MeHgr (up to 0.44 pmol/L, at a depth of 3.35 m), which is higher than other open seas (includ-
Methylation ing the Arctic Ocean, the North Pacific Ocean and the equatorial Pacific), and a high MeHg average concentration in
Phytoplankton the summer surface water (SSW, 0.16 + 0.12 pmol/ L). Further analyses suggest that the high phytoplankton mass and

Sea ice sea-ice fraction are important drivers of the high MeHgr level that we observed in the surface water. For the influence
of phytoplankton, the model simulation showed that the uptake of MeHg by phytoplankton would not fully explain the
high levels of MeHgr, and we speculated that high phytoplankton mass may emit more particulate organic matter as
microenvironments that can sustain Hg in-situ methylation by microorganisms. The presence of sea-ice may not only
harbor a microbial source of MeHg to surface water but also trigger increased phytoplankton mass, facilitating eleva-
tion of MeHg in surface seawater. This study provides insight into the mechanisms that impact the content and distri-
bution of MeHgr in the Southern Ocean.
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1. Introduction

Mercury (Hg) is a global pollutant that can be transported over long dis-
tances through atmospheric circulation and deposited in terrestrial and
aquatic ecosystems (Ariya et al., 2015; Driscoll et al., 2013; Yue et al.,
2022). Methylated mercury (MeHg, including monomethylmercury
[CH3Hg] and dimethylmercury [(CHs3),Hg]) has the highest toxicity
among Hg compounds (Andreoli and Sprovieri, 2017; Roman Henry
et al., 2011). As a neurotoxin, CH3Hg can enter organisms through intesti-
nal absorption and travel through the blood to organs and tissue, poisoning
the central nervous system and causing irreversible damage to the cere-
brum and cerebellum (Clarkson and Magos, 2006). In addition, CH;Hg
tends to be biomagnified in the aquatic food web. The CH3Hg level in pred-
atory fish was found to be 10°~107 times higher than the level of CH;Hg de-
tected in the water body (McMeans et al., 2015; Wu et al., 2019), which
demonstrates the potential exposure risks of MeHg toward apex predators
(Beckers and Rinklebe, 2017).

The MeHg concentrations measured from world oceans generally pres-
ent a distinct vertical profile within the water column. The maxima are usu-
ally observed in subsurface waters (with a general depth of approximately
100-500 m) with low dissolved oxygen (DO), where heterotrophic micro-
organisms metabolize and decompose sinking organic matter (OM)
(Bratki¢ et al., 2016; Cossa et al., 2011; Kim et al., 2017; Wang et al.,
2012). This suggests an association between Hg methylation and heterotro-
phic OM remineralization. It has been suggested that anaerobic microbes
such as iron- and sulfate-reducing bacteria play key roles in Hg methylation
in aquatic environments (Driscoll et al., 2013). Further studies revealed
that the hgcA and hgcB genes and their encoding proteins are responsible
for anaerobic microbial Hg methylation (Parks Jerry et al., 2013). How-
ever, known anaerobic Hg methylators are unlikely to thrive and produce
MeHg in oxic marine waters since anoxic conditions are rarely reached
there (Malcolm et al., 2010). Other possible MeHg accumulations within
oxic seawater mainly include (1) Hg methylation through anaerobic mi-
crobes in anoxic microenvironments, such as zooplankton guts, fecal pel-
lets, and organic-rich marine particles; (2) Hg methylation through
abiotic processes; and (3) Hg methylation through aerobic microbes
(Wang et al., 2021).

Polar marine ecosystems are sensitive to mercury exposure, and moni-
toring during the past four decades showed that mercury levels detected
in Arctic marine mammals, such as ringed seals, polar bears and beluga
whales, have been significantly elevated over the past 150 years and fre-
quently exceeded toxicity thresholds (Dietz et al., 2013; Wang et al.,
2018). Similarly, Antarctic biota are also vulnerable to mercury exposure,
and mercury biomagnification has been found in the Southern Ocean,
with significantly higher Hg levels in seabirds than in zooplankton (Seco
et al., 2021). One observational study in the western Antarctic Peninsula
found significantly higher total Hg and MeHg levels in juvenile than adult
krill, implying that krill-dependent predators, which mainly feed on juve-
niles, may accumulate more MeHg than consumers foraging on older krill
(Sontag et al., 2019). It should be mentioned that the MeHg content and
spatial distribution in seawater play an important role in the biotic MeHg
level. For instance, Wang et al. (2018) suggested that the subsurface
MeHg maximum can lie within the habitat of zooplankton and other
lower trophic-level biota, and biological uptake of subsurface MeHg and
subsequent biomagnification would explain the biotic Hg concentration
gradient across the Canadian Arctic.

The measurement and analysis of MeHg levels in water is an important
step to evaluate the corresponding Hg exposure risk to organisms in aquatic
environments. However, due to accessibility, there have been few studies in
the Southern Ocean. Cossa et al. (2011) reported the first Hg speciation
measurements in the water column of the Southern Ocean from South
Australia to coastal Antarctica (44-66°S). Subsequently, Nerentorp
Mastromonaco et al. (2017) presented the Hg speciation concentrations
and distributions in higher latitude Antarctic marginal seas. Overall, the
geographical variations and corresponding influencing mechanisms of Hg
methylation in the Southern Ocean still need further study.
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In this study, we investigate the vertical distribution and the corre-
sponding influencing factors of the total concentration of MeHg (the
sum of monomethylmercury and dimethylmercury) in unfiltered sea-
water (MeHgr, including both dissolved and particle-bound MeHg in
seawater) in the high-latitude Ross and Amundsen Seas, which are
home to large populations of birdlife (e.g., nearly 33 % of the world's
Adelie penguin population and 30 % of the world's Antarctic petrels in-
habit the Ross Sea) (Lynch and LaRue, 2015). Our objectives are to im-
prove the understanding of the concentration, distribution, and
biogeochemistry of MeHg in the Southern Ocean and to provide critical
data support for further assessment of mercury exposure risk in Antarc-
tic marine ecosystems.

2. Materials and methods
2.1. Study area

As part of the 36th Chinese National Antarctic Research Expedition
(CHINARE-36th) aboard the icebreaker R/V Xuelong, seawater samples
were collected at 7 CTD/rosette stations in the Antarctic Ross Sea (with
3 stations) and Amundsen Sea (with 4 stations) from 11 to 30 January
2020, with a latitude range of 67°S-74°S and a longitude range of
119°W-150°W. The corresponding sampling locations are displayed in
Fig. S1.

2.2. Seawater sampling

Different depths of the water column were sampled using a rosette
water sampler (Seabird, SBE32) with 24 Teflon-coated Niskin-X bottles
(12 L, General Oceanics). Similar methods have been widely utilized in sea-
water sampling for mercury species measurements (Bratkic et al., 2016;
Kim et al., 2017; Nerentorp Mastromonaco et al., 2017; Wang et al.,
2012). After collection, the unfiltered seawater samples were stored in
precleaned Teflon bottles with 0.4 % (v/v) double-distilled hydrochloric
acid (HCl) added for Hg analysis. The bottles were then double-bagged
and stored in the dark in a refrigerator at 4 °C.

2.3. MeHgr measurements

Due to the low volume of each collected seawater sample (<300 mL)
and the method used in this study, we did not measure the total Hg con-
centration in seawater; instead, this study focuses on the MeHgt concen-
tration in seawater. For the analysis of MeHgr, 2.5 mL sulfuric acid
(H5S04) (1 %) was added to 250 mL unfiltered seawater samples to di-
gest for 12 h. Following digestion, the samples were first neutralized
with 3.75 mL of 50 % potassium hydroxide (KOH) and then buffered
to a pH of 5 using 3 mL of a 2 M acetic acid buffer. This was followed
by a 15 min ethyl-derivatization reaction after the addition of 150 pL so-
dium tetraethyl borate (NaBEt,), and then the solution was purged at
300 mL/min of N, flow for 15 min to trap the formed methyl-ethyl-
mercury (CH3CH,HgCH3) on a Tenax-TA trap (35/60 mesh, Supelco,
Bellefonte, PA, USA). After that, the methyl-ethyl-mercury on the
Tenax-TA trap was thermally desorbed at 200 °C, separated through
an OV-3 column at 70 °C, decomposed to Hg0 at 800 °C, and measured
using a Model III AFS (Brooks Rand Lab., Seattle, WA, USA) (Agather
et al., 2019; Bowman and Hammerschmidt, 2011; Munson et al.,
2014). For each set of 20 seawater samples, procedures of two method
blanks, two matrix spikes (methylmercury chloride, MeHgCl) for the re-
covery test, and triplicates of one sample for relative standard deviation
analysis were conducted. The set spike mass/concentration of MeHgr
for the recovery test of seawater samples was 0.1 ng/L. The correspond-
ing detection limit was 0.002 ng/L, as determined by calculating three
times the standard deviation of five blank replicate samples. Both the re-
coveries (85-104 %, N = 8) and relative standard deviations
(1.2-8.2 %, N = 4) were acceptable for MeHgr measurements (Liu
et al., 2020).
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2.4. Ancillary oceanographic data

Additional oceanographic data, including water temperature, salin-
ity, dissolved oxygen (DO) and chlorophyll fluorescence (Flu), were col-
lected with an SBE 911 plus CTD profiler and an attached Seapoint
chlorophyll fluorometer (Sea-bird, Bellevue, WA, USA). Nutrients, in-
cluding nitrate (the sum of NO3 and NO, ), silicate (Si(OH),), and phos-
phate (PO3 ~), were measured onboard using a continuous flow analyzer
(Skalar San+ +, Breda, Netherlands), and nitrite was measured using a
spectrometric method (Zhuang et al., 2018). The apparent oxygen utili-
zation (AOU), which is the difference between the measured dissolved
oxygen concentration and its equilibrium saturation concentration in
water with the same physical and chemical properties and can serve as
a proxy for heterotrophic activity, was calculated based on the method
introduced by Garcia and Gordon (1992). Data on the sea-ice fraction
and 10-day-averaged shortwave radiation (Radiation) were extracted
and averaged from the assimilated hourly meteorological data from
the Goddard Earth Observing System-Forward Processing (GEOS-FP)
meteorological field product, which has a horizontal resolution of
2° x 2.5°. Daily, densely gridded MODIS images (250 m) of the ice con-
ditions in Antarctica from NASA's Terra satellite were acquired online
(http://lance-modis.eosdis.nasa.gov/imagery/subsets/?
subset5BROMEX).

2.5. Identification of the Antarctic water mass

The characteristics of the MeHgt content within different water
masses in the Ross and Amundsen Seas were investigated in this study.
Various water masses in the Ross and Amundsen Seas were identified
based on potential temperature, potential density, salinity, and depth
data collected from CTD profiles. The main water masses from top to
bottom include summer surface water (SSW, with an average depth of
7.47 * 7.69 m), which is characterized by the lowest density; winter
water (WW, with an average depth of 99.17 + 67.12 m), which is char-
acterized by the minimum subsurface temperature; circumpolar deep
water (CDW, with an average depth of 579.32 + 310.30 m), which is
characterized by subsurface temperature maxima and high salinity; Ant-
arctic bottom water (AABW, with an average depth of 4168.14 +
289.94 m), which is the densest water mass near the bottom of the
sea; and other (with an average depth of 1985.32 + 1426.27 m),
which has oceanographic properties that do not meet the core proper-
ties of any of the aforementioned main water masses. The detailed iden-
tifying methods and corresponding T-S diagrams are mainly based on
Walker et al. (2013) and Whitworth et al. (1998) and presented in the
Supporting Information.

2.6. Evaluation of the importance of MeHg uptake by phytoplankton

In this study, we used the Massachusetts Institute of Technology general
circulation model (MITgcm) to preliminarily evaluate the contribution of
phytoplankton uptake to the total MeHg mass in Antarctic surface seawater
(Marshall et al., 1997). This model has included river discharge, air-sea ex-
change, sinking of particle MeHg, redox reactions, methylation, demethyl-
ation, and trophic transfer of MeHg in marine plankton food webs (Zhang
et al., 2020). This model is coupled with an ocean plankton ecology and
biogeochemistry model to simulate production and growth of different
plankton species, suspended particulate matter and labile dissolved organic
matters concentrations in the marine water column (Zhang et al., 2020). An
established dataset of recalcitrant dissolved organic carbon (DOC) is ar-
chived into the model (Schartup et al., 2018). The ocean circulation data
are provided by the nonlinear inverse modeling framework ECCO v4
(Forget et al., 2015). The resolution of the model is 1° X 1° horizontally
with 50 vertical levels.

In the MIT-gem model, phytoplankton accumulates MeHg primar-
ily through passive uptake from seawater (diffusion) across the cell
membrane:
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MMHg,,,, = VCF(d, [DOC]) x MMHg,,

where MMHg,,,, and MMHg,., are the MMHg concentrations in phyto-
plankton and seawater, respectively. The volume concentration factor
(VCF) is a function of the cell diameter (d, pm) and total (labile and recalci-
trant) dissolved organic carbon (DOC, uM) concentrations in the model
(Schartup et al., 2018):

1
VCF = 2.8 x 10° x i « @ ~ 0.008DOC

More details of this method can be found in Wu et al. (2020) and
Schartup et al. (2018).

3. Results and discussion
3.1. Concentrations of MeHgr in the Ross and Amundsen Seas

The concentrations of MeHgr in the Ross and Amundsen Seas ranged
from 0.015 to 0.45 pmol/L, with an average of 0.13 + 0.11 pmol/L
(n = 64). This is similar to those measured during the summertime
of 2010/2011 in this region (0.14 =+ 0.19 pmol/L) (Nerentorp
Mastromonaco et al., 2017). However, the MeHgr level in this study is
lower than the results reported by Cossa et al. (2011) (0.02-0.86 pmol/L,
with an average of 0.29 * 0.21 pmol/L) obtained in the middle latitudes
of the Southern Ocean (approximately 44-66°S). They especially observed
high levels from the Antarctic Zone to the Southern Zone (approximately
60°S to 65°S), where the MeHgr level below the subsurface layer (approxi-
mately 300 m depth) was generally larger than 0.5 pmol/L and was mainly
attributed to in situ methylation of Hg facilitated by heterotrophic activity
(Cossa et al., 2011). This might imply large differences in the capacity for
Hg methylation in the Southern Ocean. The MeHgr level measured in
this study is similar to that measured in the Arctic Ocean, e.g., the Arctic
Beaufort Sea (average: 0.20 = 0.15 pmol/L; range: <0.04 to 0.59 pmol/
L) and Canadian Arctic (average: 0.23 * 0.12 pmol/L; range: 0.02 to
0.56 pmol/L) (Wang et al., 2012; Wang et al., 2018).

3.2. Vertical distribution of MeHgy

The depth profiles of MeHgy at the seven stations display a nearly
“C” shape, with high concentration levels of MeHg occurring in the
top 500 m and near the bottom (Fig. 1). Several previous studies
found similar features (Bratkic et al., 2016; Nerentorp Mastromonaco
et al., 2017). It has been widely reported that the large fluctuation of
MeHgry in the upper ocean layer (0-500 m) is driven by atmospheric
Hg(II) deposition, which provides Hg substrates for methylation and
the remineralization of organic matter secreted by upper marine organ-
isms (Durnford and Dastoor, 2011; Wang et al., 2012). For the bottom
ocean, the increased MeHgr above the ocean floor (Figs. 1 and 2, with
<15 m of distance from the deepest samples of stations A3-9 and
A3-10 to the bottom) may be related to benthic diffusion and the resus-
pension of MeHg from marine sediments (Hammerschmidt et al., 2004;
Hollweg et al., 2010; Kim et al., 2020). From the upper layer to the bot-
tom (approximately 500 m-4000 m depth), the measured MeHgr
concentrations were relatively constant, which was similar to the verti-
cal distribution characteristics in Cossa et al. (2011) and Nerentorp
Mastromonaco et al. (2017), except for two fluctuating data points at
approximately 1000 m and 3000 m depth, respectively. It is worth not-
ing that Bratkic et al. (2016) measured the increasing concentrations of
surface MeHgy near the land (Gough Island) and suggested the local
stimulating influence on MeHgr formation from land (e.g., Fe input
from the island, which induces phytoplankton growth and subsequently
OM remineralization). However, in this study, the MeHgr concentra-
tions measured in the vicinity of the Antarctic continent are generally
low, suggesting that the influencing scope of MeHg inputs from Antarc-
tic shelf sediments would be limited, which may be to some extent
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Fig. 1. Vertical profiles of total methylmercury (MeHgr), dissolved oxygen (DO) and chlorophyll fluorescence (Flu) sampled at 7 stations in the (a) whole water column and
(b) the upper 500 m depth in the Ross Sea and Amundsen Sea. The red box marks the high concentration values of MeHgy (0.44 and 0.39 pmol/L) measured in the upper 50 m
surface seawater. The corresponding vertical profiles of these parameters at each station are also displayed in the supporting information (Fig. S4).

related to the distance from the land (the nearest station (A3-10) is ap-
proximately 90 km away from the Antarctic continent).

In the subsurface ocean, heterotrophic activity associated with in situ
microbial methylation is considered an important factor impacting the
MeHg level (Lehnherr et al., 2011; Regnell and Watras, 2019; Wang et al.,
2012). For the Southern Ocean, at latitudes of approximately 44-66°S,
Cossa et al. (2011) reported a similar spatial distribution pattern between
MeHgt and AOU levels along the seawater column with a statistically sig-
nificant correlation between them (R? = 0.722, p < 0.001). This indicates
the important role of bacterial Hg methylation within the low oxygen sec-
tions of the water column (Cossa et al., 2011). In this study, a comparison
between the vertical distributions of MeHgr and AOU shows that some
high values of MeHgt can match the high AOU levels at some depths
of 100-1000 m (see the black box areas in Fig. 2). This finding reflects
the in-situ methylation mechanisms driven by the active heterotrophic
activity in these places. However, the overall relationship between
MeHgr and AOU for all the samples is not clear (Table 1), similar to
the Arctic Ocean (Agather et al., 2019), which may indicate that in
situ methylation mechanisms driven by active heterotrophic activity
should not be the controlling factors of MeHgy throughout the whole
water column in this study. A likely cause is the lack of an oxygen min-
imum zone that can offer anaerobic environments for methylating bac-
teria, as evidenced by the generally high DO content among the
vertical profiles (180.89-428.74 umol/L, Fig. 1).

3.3. Water mass distribution of MeHgr

Fig. 3 shows the measured MeHgy concentrations in different water
masses. We found high MeHg concentrations in the SSW, contradicting
many previous studies (Cossa et al., 2011; Nerentorp Mastromonaco
et al., 2017). The average MeHgr in SSW is 0.16 + 0.12 pmol/L with a
median of 0.11 pmol/L, n = 9, which is slightly higher than those in WW
(average: 0.12 + 0.094 pmol/L, median: 0.078 pmol/L, n = 22) and
CDW (average: 0.135 + 0.14 pmol/L, median: 0.075 pmol/L, n = 16). In-
terestingly, these water samples also had lower DO (WW: 310.59 =+
33.27 pmol/L, n = 22; CDW: 191.07 * 8.82 pmol/L, n = 16) than SSW
(381.75 * 27.57 pmol/L). Moreover, in this study, the average MeHgt con-
centration in SSW is approximately three times greater than that in AASW
(Antarctic Surface Water) of the same sea area (0.052 + 0.022 pmol/L) re-
ported in Nerentorp Mastromonaco et al. (2017) and approximately 4-6
times greater than that in AASW of the Antarctic Weddell Sea (Winter:
0.039 = 0.011 pmol/L; Spring: 0.028 + 0.009 pmol/L) (Nerentorp
Mastromonaco et al., 2017). These characteristics suggest that some

mechanisms can facilitate the large increase in MeHgr concentrations in
SSW, which will be further discussed later.

The differences between MeHgr levels in WW and CDW were not signif-
icant (p > 0.05), with similar upper and lower quartile ranges. The MeHgr
level in AABW (average: 0.25 = 0.17 pmol/L, n = 3) is lower than that in
the same water mass measured in the 44-66°S area of the Southern Ocean
(0.52 = 0.11 pmol/L) (Cossa et al., 2011), which reflects the latitudinal dif-
ference in MeHgy content in AABW. In addition, this concentration level is
higher than that of other water masses and may be attributed to sediment
resuspension/releases and/or the (re)mineralization and methylation of
particulate mercury associated with the nepheloid layer here (Agather
et al., 2019; Bratkic et al., 2016).

3.4. High MeHgr in the surface ocean

The MeHgt concentration levels in surface water reported in previous
studies were usually low, with high values mainly observed in the low oxy-
gen zones of the subsurface layer (300-500 m) (Bowman et al., 2015;
Canario et al., 2017; Hammerschmidt and Bowman, 2012). In contrast,
high levels of MeHgy were also found in the surface layer (0 to 50 m,
Fig. 1b) in this study, with the maximum being up to 0.44 pmol/L (at a
depth of 3.35 m). This is apparently higher than the MeHgr level in the sur-
face water of the Arctic Ocean (<0.05 pmol/L) and the North Pacific Ocean
(<0.034 pmol/L; 0 to 20 m) and the equatorial Pacific (<0.117 pmol/L; O to
100 m) (Heimbiirger et al., 2015; Kim et al., 2017). The several high con-
centration values of MeHgr observed in the surface layer were also the
main cause of the elevated average concentration of MeHgy in the SSW
compared with the other water masses (see Section 3.3). A similar phenom-
enon was also found in the Antarctic Amundsen Sea in a previous study,
with obviously higher MeHgr levels observed in the surface seawater
(Stations 14 and 31, with the corresponding measured MeHgr exceeding
0.75 pmol/L) than in the lower water body (Mastromonaco et al., 2017).
We investigated the plausible causes as follows.

3.4.1. Impact of phytoplankton mass and sea-ice

We found a significant positive correlation between MeHgr and
chlorophyll fluorescence (Flu) (R? = 0.77, p < 0.01) in the surface layer
(0 to 50 m depth) (see Fig. 4). Due to the intrusion of nutrient-rich CDW
and high Fe concentrations in glacial meltwater and in deep waters above
Antarctic sediments, the Ross and Amundsen Seas are highly productive
areas of the Southern Ocean (Arrigo et al., 2008; Smith and Comiso,
2008). The correlation between MeHgt and Flu indicates phytoplankton
mass as a factor that affects the distribution and accumulation of MeHgr
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Table 1
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Pearson's correlation coefficients between total methylmercury (MeHg) and various environmental factors (NO3 , PO3 ~, Si(OH),, chlorophyll fluorescence (Flu), dissolved
oxygen (DO), apparent oxygen utilization (AOU), water temperature (Temp), salinity (Sal)) in different water masses (circumpolar deep water (CDW); summer surface water
(SSW); winter water (WW); other water masses (Other)) in the Ross Sea and Amundsen Sea. No. in the table indicates the number of samples in each water mass.

Water mass NO5 PO3~ Si(OH)4 Flu DO AOU Temp Sal No.
SSw MeHgr -0.20 0.064 0.63* 0.82%* 0.51 —-0.44 -0.24 0.43 9
ww —0.099 —0.095 0.44* 0.6%* 0.33 -0.34 0.18 -0.27 22
CDW —-0.42 —0.54* -0.33 -0.33 —-0.14 0.19 0.010 0.037 16
Other 0.32 0.26 0.10 —-0.24 —-0.31 0.30 0.32 0.33 13

* means the correlation is significant with p value < 0.05, and ** means the correlation is significant with p value < 0.01. Bold in the table means the corresponding corre-

lation coefficient > 0.5 and p value < 0.05.

in surface seawater. Indeed, surface water MeHgr concentrations vary by
more than an order of magnitude in the Ross and Amundsen Seas (from
0.015 to 0.44 pmol/L). Since there is no evidence that phytoplankton can
directly methylate Hg in seawater (Regnell and Watras, 2019), possible
mechanisms for the association between phytoplankton biomass and
MeHgr include (1) the uptake of MeHg by phytoplankton (Wang et al.,
2018), which would impact the spatial distribution of seawater total
MeHgr and result in its localized enrichment, and (2) in situ methylation,
driven by the organic matter excreted from phytoplankton, which offers or-
ganic carbon that can be the anoxic microenvironment for Hg methylation
by microorganisms (Gallorini and Loizeau, 2021; Heimbiirger et al., 2015).

Considering that seawater samples collected in this study were not fil-
tered, some microalgae may exist in the water samples. Marine phytoplank-
ton can accumulate MeHg through passive diffusion from seawater across
the cell membrane, resulting in concentrations of MeHg in phytoplankton
being 10°-10° times higher than those in seawater (Lee and Fisher, 2016;
Schartup et al., 2018). In addition to passive uptake of MeHg, a few stud-
ies have shown that active uptake of MeHg by phytoplankton, which
would be associated with energy consumption and metabolic control
processes of algae cells, could also occur in some freshwater and marine
phytoplankton species (Lee and Fisher, 2016; Pickhardt and Fisher,
2007; Zhong and Wang, 2009).

We further evaluated whether phytoplankton uptake can potentially af-
fect the MeHgr concentration in the surface seawater using MIT-gem model
simulation methods (details can be found in Section 2.6). The results
showed that the calculated mass fraction of MeHg (monthly averaged)

accumulated in phytoplankton among the total MeHg mass in surface sea-
water (the sum of MeHg mass in phytoplankton and seawater) in the
upper 50 m layer in our study area (120-150°W, 67-74°S) was 16.32 %.
This fraction of MeHg bioenriched in phytoplankton may be higher if the
influence of the potential active uptake of MeHg by phytoplankton is fur-
ther considered. For example, Pickhardt and Fisher (2007) found that the
VCF of MeHg could be 1.5- 5 times greater in living cells than in heat-
killed cells of freshwater phytoplankton. However, even if we consid-
ered the impact of active uptake (with the bioenriched fraction being
up to approximately 24 %-80 %), phytoplankton uptake of MeHg
would not fully explain the high level of MeHg that we observed in
the surface water of the Ross Sea and Amundsen Sea.

There is growing evidence that methylation can indeed occur in oxic
water. Lehnherr et al. (2011) conducted several incubations with ma-
rine water samples from across the Canadian Artic Archipelago. They re-
ported that Hg methylation can occur in the oxic water column around
the Chla maximum. Villar et al. (2020) showed metagenomic and
metatranscriptomic evidence that methylation genes associated with
nitrite-oxidizing bacteria (Nitrospina) for microbial methylmercury
production are widespread in oxic seawater. The presence of anoxic mi-
croenvironments along the water column, such as particulate organic
carbon (POC), can sustain Hg methylation by microorganisms, which
is supported by an increasing number of reports in marine environments
(Cossa et al., 2011; Gallorini and Loizeau, 2021; Heimbiirger et al.,
2015; Lehnherr et al., 2011). Therefore, in situ methylation facilitated
by phytoplankton is definitely a possible cause for the elevated MeHgr
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Fig. 3. Box plots of total methylmercury (MeHgr) concentrations in various water masses (Antarctic Bottom Water (AABW, n = 3); Circumpolar Deep Water (CDW, n = 16);
Summer Surface Water (SSW, n = 9); Winter Water (WW, n = 22); Other water masses (Other, n = 13)) in the Ross Sea and Amundsen Sea.
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Fig. 4. Relationship between total methylmercury (MeHgr) and chlorophyll fluorescence (Flu) in the upper 50 m depth of the Ross Sea and Amundsen Sea.

that we observed in the oxic surface layer, as high phytoplankton mass
can produce more organic materials, which can be the main candidate
for this ecological niche of methylating microorganisms (Gallorini and
Loizeau, 2021; Heimbiirger et al., 2015). Moreover, it is worth noting
that we found a significant positive correlation between the average
MeHg concentrations of the surface layer (upper 50 m) and the corre-
sponding hourly sea-ice fractions (Fig. 5a). For example, station RA2-
03, which had the highest sea-ice fraction nearby, as illustrated by the
intraday satellite imagery (a large area of floating sea ice nearby,
Fig. 5b), also had the highest level of MeHgr in the surface layer. This
finding indicated that sea-ice may also facilitate the elevation of
MeHgr in the surface layer of polar oceans. Gionfriddo et al. (2016) ob-
served elevated MeHgr in Antarctic sea-ice enriched in phytoplankton
and attributed it to net microbial Hg methylation within sea ice driven
by microaerophilic bacteria, such as Nitrospina, associated with trapped
and decaying organic matter linked to the presence of bacterioplankton
and phytoplankton communities. Therefore, our observed high MeHgr
level in Antarctic surface seawater could also indeed come from Hg
methylation in sea-ice. This process may be further facilitated by halo-
gen photooxidation of atmospheric Hg(0) at the sea-ice interface,
which can offer more Hg(II) substrates for methylation (Dastoor et al.,
2022; Durnford and Dastoor, 2011). In addition, sea-ice can trigger in-
creased plankton mass, facilitating the production of the microenviron-
ment (i.e., POC) that is conducive to Hg in-situ methylation in oxic
water columns (Arrigo, 2014; Arrigo et al., 1997; Deppeler and
Davidson, 2017). These characteristics were also reflected in our data:
the surface (upper 50 m) average Flu was significantly positively corre-
lated with sea-ice fractions (R*> = 0.75, p < 0.01, Fig. S5), and the
highest MeHgr level was found at station RA2-03, which also had the
highest sea-ice fraction and flu levels (Fig. 5a). In summary, we specu-
lated that in-situ methylation of Hg facilitated by elevated phytoplank-
ton mass and the presence of sea-ice might play an important role in
the observed high level of MeHg in Antarctic oxic surface seawater.
Baya et al. (2015) observed a low concentration level of DMHg in sur-
face seawater (3.4 = 1.96 pg/L-6.8 + 6.0 pg/L) and a high mass fraction

of DMHg among total MeHg (with a mass ratio of DMHg/MMHg larger
than 1) in the subsurface chlorophyll maximum in the Canadian Arctic
Archipelago. In addition, this study found that the primary production
rate and sea-ice cover displayed significant correlations with the DMHg
concentration in the Arctic marine boundary layer, indicating their im-
portant influences on the MeHg cycle in the polar area. As we have
not separately measured MMHg and DMHg, we proposed that more cor-
responding measurements are needed to better understand the MeHg
species characteristics and their cycling processes in Antarctic marine
areas, especially in sea-ice regions with high phytoplankton masses.

3.4.2. Impact of solar radiation

The MeHg content in surface seawater is also affected by demethylation
processes, especially photodemethylation, which is driven by solar radia-
tion. Zhang et al. (2020) suggested that the weaker photodemethylation
in the Southern Ocean (driven by lower solar radiation and higher chloro-
phyll content) leads to a higher MeHg concentration in the surface seawater
than in the middle- and low-latitude seas, although the latter two areas
have higher methylation rates. However, we found no significant negative
relationship between the average MeHgr concentrations of the upper 50 m
of every sampling station (the euphotic zone depth is ~40 m in polar sum-
mertime, Wang et al., 2012) and their corresponding 10-day-averaged solar
radiation. We also found that the higher MeHgr contents generally
corresponded with higher chlorophyll levels, where their corresponding
solar radiations were higher (Fig. 5¢). We thus speculate that the higher
chlorophyll content can attenuate solar radiation in water and weaken
photodemethylation (e.g., the RA2-03 and RA3-03 stations, Fig. 5¢).

4. Conclusions

Previous studies have shown that spatial variation in MeHg concentra-
tions within the subsurface zone has an important influence on the distribu-
tion of biotic Hg levels in the Arctic Ocean (Wang et al., 2018). In this study,
we report elevated MeHgr in Antarctic surface seawater and postulate that
the enrichment may be driven by the increased phytoplankton mass and the
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(b) marks the location of station RA2-03, which displays a large area of floating sea ice nearby. The area with blue color in this figure represents the sea ice cover area.

presence of sea-ice, which can facilitate MeHg in-situ methylation and algae
uptake and then result in the localized enrichment of MeHgr in surface sea-
water. As the surface layer of the Southern Ocean is the major feeding
ground for higher organisms (e.g., penguins, seals, seabirds, etc.) in sum-
mertime, the produced MeHg incorporated into phytoplankton is likely to
impact Hg biomagnification and exposure in susceptible Antarctic ecosys-
tems. Further studies are needed to evaluate the ecological effects. In addi-
tion, we need to acknowledge that the interpretation in this study is to some
extent limited by the lack of contextual total Hg data, and more studies are
still needed to further investigate the source of MeHg in oxic seawater.
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