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We report on methane (CH,4) stable isotope (§'3C and §H) measurements from landfast sea ice collected near
Barrow (Utgiagvik, Alaska) and Cape Evans (Antarctica) over the winter-to-spring transition. These
measurements provide novel insights into pathways of CH4 production and consumption in sea ice. We
found substantial differences between the two sites. Sea ice overlying the shallow shelf of Barrow was
supersaturated in CH4 with a clear microbial origin, most likely from methanogenesis in the sediments. We
estimated that in situ CH4 oxidation consumed a substantial fraction of the CH,4 being supplied to the sea ice,
partly explaining the large range of isotopic values observed (§'C between -68.5 and -48.5 %o and §°H
between -246 and —104 %o). Sea ice at Cape Evans was also supersaturated in CH4 but with surprisingly
high §"3C values (between -46.9 and -13.0 %), whereas §°H values (between -313 and -113 %o) were in the
range of those observed at Barrow. These are the first measurements of CH,4 isotopic composition in Antarctic
sea ice. Our data set suggests a potential combination of a hydrothermal source, in the vicinity of the Mount
Erebus, with aerobic CH4 formation in sea ice, although the metabolic pathway for the latter still needs to be
elucidated. Our observations show that sea ice needs to be considered as an active biogeochemical interface,
contributing to CH4 production and consumption, which disputes the standing paradigm that sea ice is an
inert barrier passively accumulating CH4 at the ocean-atmosphere boundary.
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1. Introduction a renewed increase in atmospheric CH, growth rates after

The contribution of oceans to the atmospheric methane
(CH,4) budget is subject to large uncertainties given the
small coverage of existing dissolved CH, measurements
and the poor understanding of the processes at play. Un-
raveling the mechanisms involved in CH, emission
(removal) from (in) the ocean is important to understand-
ing the major ongoing change in the CH4 global budget:
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a period of stabilization between 1999 and 2006 (Nisbet
et al., 2016). Understanding these mechanisms is espe-
cially relevant for the Arctic Ocean, as massive reservoirs
of CH, have been reported in the seafloor, mainly in the
subsea permafrost and in gas hydrates, which are both
highly sensitive to temperature changes (O’Connor et al.,
2010; Schuur et al., 2015; Dean et al., 2018; Ferré et al,,
2020). In the context of climate change, the contribution
of the Arctic Ocean to CH,4 emissions is expected to
increase, particularly in shallow shelf areas, where sedi-
mentary CH, can directly escape to the atmosphere (Sha-
khova et al., 2010a; Shakhova et al., 2010b; Sapart et al.,
2017).

In polar regions, CH, fluxes between the ocean and the
atmosphere are further influenced by sea ice. In most of
the ocean biogeochemical models, sea ice is still seen as
an inert barrier, preventing gas exchange between seawa-
ter and the atmosphere (e.g., Aumont et al., 2015). How-
ever, observations during the recent decades suggest that
sea ice is an active biogeochemical interface at the ocean—
atmosphere boundary, contributing up to 60% of the pri-
mary production in some parts of the Arctic Ocean (Fer-
nandez-Méndez et al., 2015) and 50% of the CO, uptake
south of 50°S (Delille et al., 2014). The impact of sea ice on
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the exchange of CH, between the ocean and the atmo-
sphere is still largely unknown, as well as the potential for
CH,4 production and consumption within the sea ice itself.
Damm et al. (2015) observed a large CH,4 supersaturation
in sea-ice brine channels and suggested that sea ice might
favor methanogenesis. Brine discharge from sea ice during
cold months would then enrich the underlying seawater
in CHy4, which could be released under a fractional sea-ice
cover, mainly in autumn, when turbulence breaks the ha-
line stratification, allowing CH, efflux to the atmosphere
(Damm et al., 2015). Significant CH, elevations were mea-
sured in the Arctic atmospheric boundary layer, associated
with fractional sea-ice cover, although the underlying pro-
cess was not identified (Kort et al., 2012). In contrast, He et
al. (2013) reported negative air—ice CH, fluxes in summer.
Due to the lack of measurements and heterogeneity of the
system, these fluxes to date are poorly characterized and
quantified, so that the role of sea ice as a net sink or
source of CH, remains unclear.

Studying the stable isotopic composition of CH, pro-
vides useful information on production and consumption
processes, as these induce characteristic isotopic fractiona-
tions. In aquatic environments, CH4 production is thought
to occur primarily under strictly anaerobic conditions in
the sediments, either via thermogenic degradation of
organic matter (associated with high §'C signatures rang-
ing between —50 and —20 %o, and §°H signatures ranging
between —275 and —100 %o) or via microbial production
(associated with comparatively low §'3C signatures
between —110 and —50 %o, and 8°H signatures ranging
between —400 and —150 %o; Whiticar, 1999). However, the
ubiquitous CH,4 excess in oceanic surface waters despite
the presence of oxygen, referred to as the “marine meth-
ane paradox,” challenges this view (Kiene, 1991; Tilbrook
and Karl, 1995; Reeburgh, 2007; Karl et al., 2008; Bizic et
al., 2020). The few measurements of §'*C signatures asso-
ciated with this excess CH, at the ocean surface show
values between —47 and —44 %o (Holmes et al., 2000;
Sasakawa et al., 2008), which is slightly enriched in "*C
compared to the atmospheric value. Damm et al. (2010)
report &'°C signatures ranging between —46 and —38 %o
in the top 150 m of the water column in the central Arctic
Ocean. New aerobic pathways have hence been proposed
to resolve this paradox (Table 1), such as CH,4 production
from methylated compounds in oligotrophic oceanic
waters (Karl et al., 2008; Damm et al., 2010), bacterial
degradation of organic matter phosphonates (Karl et al.,
2008; Repeta et al., 2016), inorganic carbon fixation by
cyanobacteria and marine algae (Lenhart et al., 2016;
Klintzsch et al., 2019; Bizi¢ et al., 2020), and methylated
sulphur precursors by marine algae (Lenhart et al., 2016;
Klintzsch et al., 2019). Recently, incubations of samples
from Lake Stechlin (Germany) showed that phytoplankton
produced CH, under oxic conditions, with diatoms and
cyanobacteria producing CH, more enriched in *C than
atmospheric CH,4 (Hartmann et al., 2020). The influence of
these aerobic pathways on the CH, isotopic budget re-
mains elusive. The isotopic composition of CH,4 trapped
in sea ice was measured in only 3 studies, with §'*C values
ranging between —83 and —-36 %o (Lorenson and
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Kvenvolden, 1995; Damm et al., 2015; Uhlig et al.,
2018). The processes leading to the wide range of 3'*C
signatures observed in sea ice clearly require further inves-
tigation and 8°H signatures remain to be measured.

In this study, we report the CH, stable isotopic compo-
sition (both $"°C and §°H) in landfast sea ice from the
Arctic (Barrow, now Utqiagvik, Alaska) and the Southern
Ocean (Cape Evans, Ross Sea). At both locations, 3 sea-ice
cores were sampled across the winter—spring transition,
which gave us a unique opportunity to investigate the
relevant CH,4 sources and the seasonal variation of the
isotopic composition of CH, in sea ice.

2. Study location

We analyzed the CH, stable isotope composition in 3 sea-
ice cores from the Arctic Ocean, collected on April 3, May 8,
and June 5, in the framework of a survey conducted
between January and June 2009 on landfast sea ice near
Barrow (Utqgiagvik, Alaska; Figure 1A). The study site,
together with the physicochemical properties of these ice
cores, has been described in detail by Zhou et al. (2013). Of
particular relevance here is that the water depth between
the sediments (underlain by subsea permafrost; Shakhova
et al,, 2010a) and the ice cover was about 6.5 m. Ice cores
were collected using an electromechanical drilling system
and immediately packed in plastic bags, stored in insulated
boxes equipped with cooling bags to limit potential brine
and gas losses from the ice, and then transported at —25°C
to our laboratory as described in Zhou et al. (2013).

We also analyzed CH,4 concentration and stable isotope
composition in 3 cores from the Antarctic coast, sampled
on September 19 and November 7 and 30, 2012, on land-
fast sea ice at Cape Evans in the Ross Sea, in the frame-
work of the project Year Round survey of Ocean-Sea Ice-Air
Exchanges in Antarctica (YROSIAE; Figure 1B). The water
column depth at the sampling site was approximately 86
m. Noteworthy features of the study site include its loca-
tion near the flanks of an active volcano, Mount Erebus,
and in the vicinity of the Ross Ice Shelf. A thorough
description of the study site, the sampling procedure, and
sea-ice physicochemical properties can be found in Carnat
et al. (2014) and Van der Linden et al. (2020).

3. Methods
3.1. CH, concentration measurement
At both locations, CH, was extracted from bulk ice at
a 5-cm resolution using the melting—refreezing method
developed by Raynaud et al. (1983). The extracted CH, was
then separated from the gas mixture by gas chromatogra-
phy and analyzed with a Flame lonisation Detector, as
described for the work at Barrow in Zhou et al. (2014). The
typical standard deviation of the CH, concentration mea-
surement derived from Barrow sea-ice sample triplicates
was + 1.1 nM. This estimate was not available for the Cape
Evans samples given the limited amount of ice available.
As only half an ice core collected on May 8 in Barrow
was available for both CH4 concentration and isotope
analyses, CH, concentrations for this specific core were
inferred from the §'°C measurements. This method as-
sumes that 100% of the CH, trapped in the ice sample
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Figure 1. Study sites for sea-ice core sampling. (A) Barrow (Utqiagvik), Chukchi Sea (Arctic), and (B) Cape Evans, Ross
Sea (Antarctic). DOI: https://doi.org/10.1525/elementa.2020.00167.f1

is extracted for isotopic measurements, although the
extraction efficiency was estimated to >97% in Sapart et
al. (2011). The determination of the concentration used
a calibration curve where increasing volumes of reference
air with a known mixing ratio were injected into the iso-
tope ratio mass spectrometer (IRMS), which allowed to
derive the number of moles of CH, in an unknown sample
from the peak area. The amount was then converted to
concentration, accounting for the mass of ice used for the
measurement. To estimate the error associated with this
method, we also analyzed samples from cores that had
been characterized previously by GC (stations on April 3
and June 5). The comparison showed a good agreement
and the mean standard deviation of the concentrations
obtained with those two methods was + 1.5 nM.

As most of the CH, is expected to be in the brines, we
also calculated the CH, concentration in brine by dividing
the CH,4 concentration measured in bulk ice by the brine
volume fraction (following Cox and Weeks, 1983).

According to Golden et al. (1998), columnar sea ice
with a brine volume fraction <5% can be considered
impermeable to liquid transport. For gases, an empirical
threshold of 7%—8% has been proposed (Zhou et al.,
2013). In this study, we consider that sea ice with a brine
volume fraction between 5% and 8% is at the permeabil-
ity threshold and that sea ice with a brine volume fraction
above 8% is permeable.

3.2. Stable isotopic composition of CH,

Stable isotope analyses were conducted in 3 steps: first,
extraction of the gas trapped within sea-ice samples with
a dry extraction method (Sapart et al., 2011); second, the
preconcentration and cryofocusing of CHy; and third, its
injection via an open split system to a ThermoFinnigan
Delta”™s XL IRMS to measure alternatively §'°C and &*H
signatures (Brass and Rockmann, 2010; Sapart et al., 2017,
Jacques et al., 2020). Stable isotope measurements were
normalized using a one-point calibration, with a reference
gas characterized by a "*C~CH, value of —47.8 %o versus
Vienna Pee Dee Belemnite (VPDB) and a 6*H-CH, value of

—83.4 %o versus Vienna Standard Mean Ocean Water
(VSMOW). Such an approach may lead to scale compres-
sion effects, but the isotope scale is checked regularly at
the Utrecht University laboratory, using high volume sam-
ples collected from polar firn (Sapart et al., 2013). Stable
isotope values were corrected to account for daily variabil-
ity and nonlinearity effects of the system and reported
relative to international standards in %o versus VPDB for
8'3C values and %o versus VSMOW for §°H values:

l3c/ lzcsa.mple

613 0, —
C(%) 13C/ 2Cypps

—1 | x1,000, (1)

ZH/ leamplc

211/(0, _
§"H(%) = 2H/ 'Hvsmow

—1 ] x1,000. (2)

The reproducibility for §'°C and 8*H measurements,
calculated from the standard deviation on several refer-
ence air injections over the period of measurements
reported here, was 0.4 %o and <5 %o, respectively. The
cores dedicated to stable isotope analyses were cut to
obtain a minimum of 500 g of ice per sample to provide
sufficient CH, for a precise IRMS measurement. This
approach implies a lower sample resolution than for the
concentration analyses, and also differences between &'*C
and 6*H measurements, depending on the amount of ice
available, and that the isotopic sample resolution does not
match the 5-cm resolution of the concentration analyses.
We therefore averaged CH,4 concentrations to obtain one
concentration value per isotopic measurement.

In this article, we have estimated the isotopic fraction-
ation ¢ (degree of isotopic discrimination of the two iso-
topes *C and "2C or *H and 'H as they are converted from
reactants to product) during the potential oxidation pro-
cess, using our data sets and the approximation from
Mariotti et al. (1981):

8CH4 = 8CH4 inic T € lnf, (3)
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where 6CH, is the isotopic value of the remaining CH,
fraction, 8CHy i is the initial CHy4 isotopic value, and “f"
is the remaining CH, fraction.

Because, in the process of CH4 oxidation, the residual
CH, fraction is steadily enriched in heavy isotopes as CH,4
is consumed, the slope of the observed relationship is
negative.

The isotopic fractionation ¢ (expressed in %o) is here
defined as:

€(%o0) = (a0 — 1) x1, 000, (4)
where o, the fractionation factor, is taken as:

13k

:%7 (5)

where “"k" is the rate constant for the "C-reactant (CH,).
In this way, we report (more intuitive) positive isotopic
fractionation ¢ in the residual CH, fraction for an expres-
sion of the fractionation factor similar to the one used in
several other studies (Mariotti et al., 1981; Whiticar, 1999).
We are aware of the potential limitations of the Mariotti
et al. (1981) approximation, especially for hydrogen (Hayes,
2004), but are comfortable with the use of it, given the
range of observed isotopic values for both §'°C and &*H.

4. Modeling

To investigate the CH, isotope systematics, we built a sim-
ple one-box model (Figure 2). Our model does not
address the full complexity of the sea-ice system but helps
in assessing the potential contribution of four different
processes to the CH, isotopic signature: microbial oxida-
tion, microbial production, exchange with the atmo-
sphere, and supply from underlying seawater. CH, is
removed from the system by microbial oxidation, which
is characterized by a typical rate (MO,) and isotopic frac-
tionation (gyox). CHy4 is supplied to the system (1) by
microbial production with a characteristic isotopic signa-
ture (8"°Cmog) at a certain rate (MOg) and/or (2) from
underlying seawater, via bubbles or diffusive exchange,
with a characteristic isotopic signature (8'3Cg) at a certain
rate (S). Exchange with dissolved CH, in equilibrium with
the atmosphere is parametrized as a mixing between
observed properties (i.e., concentration and §'3C) and
a hypothetical pool in equilibrium with the atmosphere
([CH4leq and 8'C = —47 %), using a first-order exchange
rate coefficient (k). Two governing equations describe the
evolution of the concentration of CH, and ">CH, with
time:

d[CH,]
S = MOx £ 8§+ MOg + k+ ([cm}eq - [CH4]),
(6)
d[PCHy _ [ PCHy] 13
T_—MOx*m*(l—SMox)-l— S
+ MOg+ £+ ([ BeH] - [ PCHy]).
(7)
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Figure 2. Conceptual representation of the one-box
model used in this study. The processes considered are
CH,4 oxidation rate (MO,) and associated isotopic
fractionation (emox), CH4 production rate (MOg), and
associated isotopic signature (8'*Cyog), supply of CHy4
from underlying seawater as bubbles or in dissolved
state (S) and associated isotopic signature (5'Cg), and
exchange with dissolved CH, in equilibrium with the
atmosphere ([CHyleq and 8"°C of —47 %o). DOI: https://
doi.org/10.1525/elementa.2020.00167.f2

An important question is whether the CH,4 concentra-
tion in bulk ice or in brines should be used in the calcula-
tions. For mixing processes with the atmosphere involving
CH, diffusion and/or mechanical mixing, brine concentra-
tion should be used. Indeed, solute and bubbles are well
recognized as located exclusively within the brine network
(Tison et al., 2017). The concentration of a solute in brines,
however, is highly dependent on internal physical pro-
cesses such as brine shrinking (widening) due to a temper-
ature decrease (increase) and the vertical migration of
brines in the ice cover, in response to density instabilities
in permeable ice (Petrich and Eicken, 2017). To tackle
processes such as closed-system microbial oxidation or
production, brine concentrations cannot be used because
brine concentration and dilution at a given level will affect
the CH4 concentration and not the isotopic ratio and
therefore blur the potential signature of the biological
processes. For those runs of the model, the bulk ice con-
centration has been used.

5. Results

5.1. Barrow

Figure 3 summarizes the results obtained for Barrow from
cores recovered on April 3 (blue), May 8 (orange), and June
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Figure 3. Summary of Barrow (Arctic) sea-ice data. Upper panels show sea-ice physical properties, adapted from
Zhou et al. (2014): (A) temperature (°C), (B) salinity, (C) brine salinity, and (D) brine volume fraction (%), in cores
collected on April 3 (blue), May 8 (orange), and June 5 (red). The shaded gray area in (D) encompasses the permeability
threshold for brines (5%) defined in (Golden et al., 1998) and for gases (7%—8%) defined in Zhou et al. (2013). Lower
panels show vertical profiles of (E) CH4 concentrations (nM) in bulk ice (for readability, we did not add error bars that
span =+ 1.1 nM for the April and June cores and + 1.5 nM for the May core), (F) CH4 concentrations (nM) in brines, (G)
8'3C—CHy,4 (%o vs. Vienna Pee Dee Belemnite) with a standard deviation of +0.4 %o, and (H) §°H-CH,4 (%o vs. Vienna
Standard Mean Ocean Water) with a standard deviation of <5 %o, in sea cores collected on April 3 (blue), May 8
(orange), and June 5 (red). Not enough sea ice was available to measure the hydrogen isotopic composition of CH4 on
May 8. The black arrows in (E), (G), and (H) indicate the decreasing trend in CH,4 concentration and increasing trend in
8'3C and &°H values from the ice bottom toward the surface. The dashed lines in (E) represent the calculated
equilibrium solubility. The dotted lines in (E) and (F) represent the concentrations measured at a 5-cm resolution
and averaged to meet the isotopic resolution (solid lines). The light blue cross represents the isotopic composition of
the atmosphere. DOI: https://doi.org/10.1525/elementa.2020.00167.f3

5, 2009 (red). CH4 concentrations in bulk ice ranged underlying seawater where they ranged between 25.9 and
between 3.4 and 9.9 nM, with highest values measured 116.4 nmol Lgy, (Zhou et al., 2014), were still above the
at the bottom of the cores (dotted lines, Figure 3E). maximum equilibrium solubility in bulk sea ice (1.3 nM;
These concentrations, although lower than in the dashed lines in Figure 3E), indicating that the ice was not
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in equilibrium with the atmosphere. This indication is in
agreement with the few other studies reporting CH, con-
centration in landfast and/or pack ice in the Arctic (Lor-
enson and Kvenvolden, 1995; Crabeck et al., 2014; Uhlig et
al., 2018). These authors measured concentrations
between 5 and 1,260 nmolL;! (Lorenson and Kvenvolden,
1995), 1.8 and 12.1 nmol L;;! (Crabeck et al., 2014), and
53.3 and 144.3 nmol kg;_! (Uhlig et al., 2018), which, in all
cases, was supersaturated compared to the equilibrium
solubility in ice. Extreme values in those ranges suggest
strong accumulation of CH, in sea ice (e.g., as incorpo-
rated bubble contribution) and a potential contribution
from seafloor CH, release.

Among the 3 Arctic sea-ice cores, only the top 95 cm of
the April core and the top 45 cm of the May core displayed
a brine volume fraction below or at the defined perme-
ability threshold for both brines and gases (5%—8%),
respectively, which is represented by a shaded gray area
in Figure 3D. CH, concentrations in brines ranged
between 13.2 and 451 nM, with highest values measured
in the April core (dotted lines, Figure 3F), as lower tem-
peratures lead to a lower porosity and higher brine solute
concentration. The §'*C values (Figure 3G) ranged
between —68.5 and —48.5 %o, which is below the §'3C
of atmospheric CH, (—47.3 %o, average monthly value for
the period studied, measured at Barrow, National Oceanic
and Atmospheric Administration [NOAA]/Earth Research
System Laboratories [ESRL] [US] network; White et al.,
2018), represented by the light blue cross. These §'*C
values are in the range of previous estimates in Arctic
sea ice: —83.4 to —52.1 %o along the northern coast of
Alaska (Lorenson and Kvenvolden, 1995), between —75 and
—36 %o in the central Arctic Ocean (Damm et al., 2015), and
—62.0 and —54.4 %o at Barrow (Uhlig et al., 2018). Our §°H
signatures are, to the best of our knowledge, the first of
their kind and range between —246 and —104 %o, which is
below the 3*H of atmospheric CH, (=97 %o, average
monthly value for the period studied, measured at Barrow,
NOAA/ESRL network; White et al., 2016), represented by
the light blue cross (Figure 3H). A noticeable feature is the
decreasing trend in CH,4 bulk concentration associated with
an enrichment in *C and in 2H, from the ice bottom
toward the surface (evidenced by the arrows in Figure
3E, G, and H), which either suggests a consumption process
or a mixing process with the atmosphere. The variations
superimposed on this overall trend are investigated in more
detail in the following sections.

5.2. Cape Evans

CH,4 concentrations in sea-ice cores collected at Cape Evans
between mid-September and late November 2012 ranged
between 1.5 and 7.4 nM (dotted lines, Figure 4E), which is
again above the maximum equilibrium solubility in bulk
sea ice (1.2 nM; dashed lines in Figure 4E). Sea-ice brine
volume fraction was below or at the permeability threshold
for both brines and gases (shaded gray area, Figure 4D)
down to 140 cm on September 19 and November 7, while
it was above the threshold on the full profile from Novem-
ber 30. CH,4 concentrations in brines ranged between 13.1
and 225 nM, with maximum values measured in the top
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part of the September core (dotted lines, Figure 4F). The
8'3C signatures ranged between -46.9 and —13.0 %o,
which, in all cases, is more enriched than the atmo-
spheric isotopic signature (—47.1 %o, average monthly
value for the period studied, measured at the South Pole,
NOAA/ESRL network; White et al., 2018), represented by
a light blue cross in Figure 4G. A significant enrichment
of CH, in *C was measured between September 19 and
November 7, with the most enriched signatures mea-
sured at 33.5 and 111.5 cm depths, respectively (Figure
4G). On November 30, §'C values were more homoge-
neous and closer to the atmospheric value. The most
depleted 8*H value was —313 %o and the most enriched
was —113 %o (Figure 4H), both lower than the atmo-
spheric 3”H value (—80 %o, average monthly value for
the September to November months between 2005 and
2008, measured at the South Pole, NOAA/ESRL network;
White et al., 2016). In contrast to '*C, CH4 measured in
the 3 cores was more depleted in “H than the atmo-
spheric value. An overall enrichment of *H in CH4 was
observed from mid-September to early November. The
8°H signatures became more depleted again at the end
of November, but only reached the maximum values
measured in September at some depths. These are the
first CH,4 concentration and stable isotope measurements
in Antarctic sea ice.

6. Discussion

6.1. Barrow versus Cape Evans: Significant
differences in the carbon isotopic composition of
CH, entrapped in sea ice

The most striking feature of our isotopic data set is the
significant difference in the carbon isotopic composition
of CH,4 between the two sites, with §'3C values lower than
the atmospheric value at Barrow (—68.5 to —48.5 %o) and
higher at Cape Evans (-46.9 to —13.0 %o). This difference
clearly points toward different sources and sinks. In com-
parison, 5H values cover a similar range at Barrow (—246
to —104 %o) and Cape Evans (—313 to —113 %o), all lower
than the atmospheric value, indicating that the produc-
tion/consumption pathways affect carbon and hydrogen
isotope values differently.

To compare our sea-ice isotopic data with typical oceanic
source signatures, we have reported them on a dual isotope
plot and have added the domains defined in Whiticar
(1999), together with the global average atmospheric value
(Figure 5). Most data points fall outside the shaded areas,
indicating that the typical microbial and thermogenic
sources alone cannot explain the signatures measured in
sea ice. In Barrow, most data points fall between the CO,
reduction and the thermogenic degradation domains,
aligning toward the atmospheric value. In Cape Evans, most
data points are characterized by §'°C values that are
unlikely to occur from methanogenesis and that are higher
than typical thermogenic signatures, with the exception of
one data point getting closer to the atmospheric value. In
the following sections, we will describe each site individu-
ally and investigate the dominant processes controlling the
temporal evolution and spatial distribution of CH, concen-
tration and isotopic composition in sea ice.
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Figure 4. Summary of Cape Evans (Antarctic) sea-ice data. Upper panels show Cape Evans sea-ice physical
properties, adapted from Carnat et al. (2014): (A) temperature (°C), (B) salinity, (C) brine salinity, and (D) brine
volume fraction (%), in cores collected on September 19 (blue), November 7 (orange), and November 30 (red). The
shaded gray area in (D) encompasses the permeability threshold for brines (5%) defined in (Golden et al., 1998) and
for gases (7%—8%) defined in Zhou et al. (2013). Lower panels show vertical profiles of (E) CH, concentrations (nM) in
bulk ice (for readability, we did not add error bars that span + 1.1 nM), (F) CH,4 concentrations (nM) in brines, (G)
8'3C—CH,4 (%o vs. Vienna Pee Dee Belemnite) with a standard deviation of +0.4 %o, and (H) §*°H-CH,4 (%o vs. Vienna
Standard Mean Ocean Water) with a standard deviation of <5 %o, in sea cores from Cape Evans, collected on
September 19 (blue), November 7 (orange), and November 30 (red). The dashed lines in (E) represent the
calculated equilibrium solubility. The dotted lines in (E) and (F) represent the concentrations measured at a 5-cm
resolution and averaged to meet the isotopic resolution (solid lines). The light blue cross represents the isotopic
composition of the atmosphere. DOI: https://doi.org/10.1525/elementa.2020.00167.f4

6.2. Barrow

At Barrow, the lowest 6'°C and §*H values (3"3C = —68.5 %o
and 8°H = —239 %o) were observed at the bottom of the
April core (blue curve, Figure 3G and H). These values are
typical of the CO, reduction pathway reported for anaerobic
methanogenesis in sediments (Whiticar, 1999). Given the
shallow depth of the water column and high dissolved CH,

concentrations in seawater (Zhou et al., 2014), we can
reasonably assume that methanogenesis in sediments is
the main source of CH, in seaice. This CH,4 can be released
by diffusion and possibly ebullition (bubbling) processes,
even though no ebullition event was directly observed
during the sampling period (Zhou et al., 2014) and found
to accumulate in growing sea ice. Methanogenesis has
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Figure 5. Dual isotope plot with the CH, isotopic values measured in Arctic and Antarctic sea ice. The plot
includes Arctic (circles) and Antarctic (triangles) sea-ice data collected from cores over the winter-to-spring transition;
the typical signatures of the main aquatic CH,4 sources, divided in three domains (gray zones) and defined in Whiticar
(1999); and the global average atmospheric composition (light blue cross). The typical isotopic composition of
hydrothermal/geothermal CH, is indicated by the blue dotted zone (Whiticar, 1999). DOI: https://doi.org/

10.1525/elementa.2020.00167.f5

also been found to occur in anoxic microniches in aerobic
surface waters (of the subtropical Pacific, Karl and Til-
brook, 1994, and an oligotrophic lake, Grossart et al.,
2011), but this type of methanogenesis would likely lead
to similar stable isotope values as methanogenesis in
sediments.

6.2.1. Temporal variability of CH, isotopic composi-
tion in sea ice

A boxplot analysis performed on the §'C and ”H values
measured in each core (Figure 6) reveals a significantly
different CH, isotopic composition in the warmer core
(June 5, P <.05). Considering that the April and May cores
were below and at the permeability threshold, respectively
(blue and orange curves in Figure 3D), the opening of the
brine system in the June core, induced by warmer tem-
peratures, seems to be responsible for the overall increase
in both 8'3C and &%H values. With our one-box model, we
therefore tested a potential diffusional mixing between
atmospheric CH4 and CH, in sea ice at or above the per-
meability threshold (May and June). As diffusional mixing

is driven by a concentration gradient, we chose to work
with CH4 concentrations in brines (Figure 3F). In
Figure 7, we show our isotopic signatures plotted against
the logarithm of their brine concentration and draw dif-
fusional mixing lines between the sea-ice samples with
the lowest & values (May: §'">C = —66.4 %o and CHy (prines)
= 79.6 nM and June: 8:C = —56.6 %o, 5*H = —210 %o
and CHy (prinesy = 38.2 nM) and the atmosphere (§'"°C =
—47.3 %o, 5°H = approximately —97 %o and a brine CH,4
concentration of 3.3 nM in May and 4.8 nM in June,
corresponding to the equilibrium solubility calculated in
brines at the ice surface at those dates). Diffusional mixing
lines for both CH, stable isotopes (dotted lines, Figure 7)
do not satisfactorily explain the data distribution, attest-
ing that diffusional mixing with a hypothetical surface
brine layer in equilibrium with the atmosphere is not the
dominant process explaining the global *C and H enrich-
ment of CH, observed between April/May and June. A
surface brine layer in equilibrium with the atmosphere
is also not observed in our data set but is potentially not
resolvable at the vertical resolution of our samples. The
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Figure 6. Boxplots of the (A) 5'3C and (B) 5°H values of CH, in Arctic sea ice. The horizontal line represents the
median, the box encompasses the 25th and 75th percentiles, and the whiskers correspond to 1.5 x interquartile
range. The level of significance is indicated as not significant by NS (P> .05) or significant by * (P <.05 and >.01). The
isotopic composition of the atmosphere is indicated by the light blue dashed line. Not enough sea ice was available to
measure the hydrogen isotopic composition of CH4 on May 8. DOI: https://doi.org/10.1525/elementa.2020.00167.f6
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Figure 7. Investigation of the impact of mixing processes in Arctic sea ice. (A) 3'°C—CH, signatures (%o vs. Vienna
Pee Dee Belemnite) and (B) §*H—CH, signatures (%o vs. Vienna Standard Mean Ocean Water) as a function of In(CH,4
(brines); M), measured in Barrow sea-ice cores collected on April 3 (blue), May 8 (orange), and June 5 (red). We tested
the influence of mixing between CH, in brines and atmospheric CH,4 only for the permeable cores (May and June).
Dotted lines represent mixing lines between the sea-ice sample with the lowest & value in each core and
a hypothetical surface brine layer in equilibrium with the atmosphere, characterized by §*C = —47.3 %o, 8°H =
-97 %o, and a CH, concentration in brines corresponding to the equilibrium solubility calculated at the ice surface for
those dates. We also tested the influence of brine convection in the permeable cores by drawing mixing lines between
the sea-ice sample with the lowest & value and the upper sea-ice sample (dashed lines). DOI: https://doi.org/10.1525/
elementa.2020.00167.f7
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Figure 8. Investigation of the potential for microbial oxidation in Arctic sea ice. (A) §'>*C-CH, signatures (%o vs.
VPDB) and (B) §°H-CH, signatures (%o vs. Vienna Standard Mean Ocean Water) as a function of In(f), where fis the
remaining fraction of CH, e, measured in Barrow sea-ice cores collected on April 3 (blue), May 8 (orange), and June 5
(red) with the regression line (solid red line). The impact of microbial oxidation is investigated by applying the
minimum (solid black line) and maximum (solid gray line) values reported in the literature for the carbon and
hydrogen isotopic fractionation (ec = 13 and 30 %o and ey = 97 and 350 %o) to the data point with the highest
concentration (CH4 = 9.1 nM, §"°C = —68.5 %o, and 8°H = —239 %o). Note that in these graphic representations, the
slope of the linear regressions equals —¢, following the € definition given in Section 3. DOI: https://doi.org/10.1525/
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model calculations confirm that, if present, it would be of
limited impact in a pure convective process. However,
Figure 7 shows that if, instead of the calculated equilib-
rium value, we used the observed surface brine CH, con-
centration and isotopic composition, we can fit the
permeable ice data sets of May and June well (dashed
lines). This result suggests that convective mixing in brine
channels as the permeability is restored at the end of the
spring (Zhou et al., 2013) could well explain the observed
relationship between 8"°C/8”H and In(CHy (prines)) in per-
meable ice. In that case, potential diffusion processes from
deep ice to superficial brine would be fully obliterated by
this convective mixing. However, even if convective mix-
ing has been active in the permeable sea ice, a mechanism
different from equilibration with the atmosphere is still
needed to explain the enriched isotopic values associated
with a decrease of CH,4 concentrations in the upper part of
the Barrow profiles (black lines in Figure 3).

6.2.2. Evidence for in situ CH,4 oxidation
In the 3 cores, the overall inverse relationship between ice
CH,4 concentration and both §'3C and &*H from the ice
bottom toward the surface, with decreasing CH, concen-
tration associated with an enrichment in both °C and *H
(black solid lines in Figure 3E, G, and H), is coherent with
a consumption (microbial oxidation) process.

The isotopic fractionations for carbon (gc) and hydro-
gen (ey) isotopes associated with aerobic microbial CH,4
oxidation in aquatic systems typically range between 13

and 30 %o and between 97 and 350 %o, respectively (e.g.,
Coleman et al., 1981; Kinnaman et al., 2007). If CH,4 con-
sumption proceeds with a constant isotope effect and if
the reactant CH, pool is neither replenished nor subject to
loss other than consumption, then the isotopic evolution
of the residual CH, is described by Rayleigh fractionation
kinetics and the Mariotti et al. (1981) approximation can
be used to determine the value of the isotopic fraction-
ation ¢ (see Section 3). In Figure 8A, the best fit to all data
(red solid line) gives an ¢ of (mean + standard deviation)
16.3 £+ 3.3 %o (with ec = 16.5 &+ 5.0 %o, ec = 143 +
4.9 %o, and ec = 20.4 + 3.8 %o, for the April, May, and
June cores, respectively), which is in the range of g (13—
30 %o) reported in the literature. In Figure 8B, the best fit
to the data gives an gy = 111 + 47 %o (with ey = 12 +
37 %o and gy = 297 + 58 %o, for the April and June
cores, respectively), which is also in the range of ¢} values
reported in the literature (97-350 %o). In Figure 8A, we
used our simple model approach to investigate how CH,4
concentration and carbon isotopic composition would
coevolve under the influence of microbial oxidation alone
in a closed system, starting from the sample with the
highest bulk concentration and the lowest §'°C value
(approximately —68.5 %o) and by applying estimates of
¢c. The two curves encompass most of the data distribu-
tion, supporting that oxidation can explain the observed
8"3C values. In a similar figure drawn for 5°H (Figure 8B),
only part of the data distribution is included between the
two oxidation curves, whose positioning is highly
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dependent on the end member. The same oxidation
curves applied to an end member with a higher concen-
tration and a lower 2H value would encompass more data
points. Note that for §"°C (Figure 8A), the data points fall
closer to the high isotopic fractionation curve (ec = 30),
whereas for 5°H (Figure 8B), they are closer to the low
isotopic fractionation curve (ey = 97). The Rayleigh
approach, revisited with our one-box model, therefore
suggests an important role of CH, microbial oxidation,
consuming a significant fraction of the CH, being accu-
mulated in growing sea ice. The range of observed values
adequately fills the bounds imposed by the ¢ values re-
ported in the literature. The addition of other processes
(Table S1), such as continuous production of microbial
CH, (Figures S1, S2, S4, and S5) or a continuous CHy
supply from the underlying seawater (Figures S3 and
S6), could explain some outliers toward higher fraction-
ation for a given residual bulk concentration.

If methanotrophs were active in the ice interior, we
would expect to see a general temporal trend in the
CH,4 concentrations (Figure 3E), with the vertical profiles
shifting toward lower CH, bulk ice concentrations over
the winter to spring transition, and a temporal shift of
the isotopic profiles between April and June toward values
more enriched in heavy isotopes, which is not obvious in
our data set. However, the potential effect of oxidation is
already noticeable on the vertical scale in the core recov-
ered on April 3, which suggests that a partial oxidation
signal, at least, was acquired before the first sampling
event and therefore also before mixing from brine convec-
tion would affect the profile. A closer look to the April 3
CHy4 bulk ice concentration and §'*C-8°H signatures
shows that most of the gradient is observed within the
lower third/quarter of the ice cover (Figure 3E, G, and H;
Figure 6, blue curves). This observation suggests that
although still effective in the upper impermeable layers
as time goes by, methanotrophy is particularly active in
the bottom ice. Its imprint, however, only becomes appar-
ent when the ice becomes impermeable (ca. 100-cm depth
in the April 3 core; Figure 3D), as convective mixing in
the permeable, growing skeletal layer should homogenize
both CH,4 concentrations and isotopic signatures in the
brines. In the permeable skeletal layer, temperatures and
salinities are close to seawater. These environmental con-
ditions are likely to be more favorable for methanotrophy
(Dedysh and Knief, 2018) in comparison to the extreme
conditions encountered in the brines of the ice sections
above. Despite the ice permeability in the core recovered
on May 8 (orange curve, Figure 3D), the same overall
trend is observed (orange curves, Figure 3E and G), likely
indicating similar processes at stake. With the progressive
warming associated with the winter-to-spring transition,
the brine system opens and sea ice becomes permeable
(Figure 3A-D), as evidenced by the decrease in ice CHy
concentration (Figure 3E) between April and May, likely
explained by the escape of CHy, first in the upper 30 cm
(from April to May) and then between 30 and 70 cm (from
May to June). The opening of the brine system will likely
blur the signal imposed by microbial oxidation because of
brine convection (see Section 6.2.1). However, the

Jacques et al: Sources and sinks of methane in sea ice: Insights from stable isotopes

restoration of permeability in warmer ice in May could
also have locally enhanced the methanotrophic activity
(increasing 8'3C, decreasing ice CHy). Similarly, in the
upper layers (0-50 cm), the large improvement of envi-
ronmental conditions (i.e., warmer temperatures and
increased connectivity of the brine channels with new
substrate availability) might have been responsible for
locally triggering in situ methanotrophy and explain the
shift in 8"°C and 3*H values from May to June (Figure 3G
and H).

Uhlig et al. (2018) estimated the potential of methano-
trophy to be low in sea ice sampled at the same location
(Utgiagvik, Alaska) and season (April 2016). They mea-
sured much higher CH,4 concentrations (53.3—144.3 nmol
Kg™') and a narrower range of 8'C signatures (approxi-
mately —62.0 to —54.4 %o) than the one we measured here
(approximately —68.5 to —48.5 %o), which indeed indi-
cates a lower influence of bacterial oxidation, and was
confirmed by the analyses of the microbial community
structure (Uhlig et al., 2018). This difference highlights the
spatial and temporal variability of methanotrophy in Arc-
tic sea ice and calls for further studies to identify the
conditions favorable to the development of methano-
trophs in these extreme environments. This work has dem-
onstrated the occurrence of methanotrophy in sea ice
characterized by low CH,4 concentrations. This process
might plausibly be masked in a high CH4 environment,
like the one described in Uhlig et al. (2018).

6.3. Cape Evans

At Cape Evans, we expected that CH, released from the
sediments right below the sampling site would be mostly
oxidized before reaching the surface, given the deeper
water column (86 m) compared to Barrow (McGinnis et
al., 2006; Graves et al., 2015) and that there would be
a nearly complete ventilation of the sea ice underlying
water with the atmosphere. The CH,4 supersaturation mea-
sured in the 3 ice cores associated with §'C signatures
much higher than in Barrow, and even higher than the
atmospheric value (Figure 4G), suggests different biogeo-
chemical processes than the one prevailing in Barrow,
pointing to advection of CH,4 from a hydrothermal source
in shallower waters or to in situ CH4 production by aerobic
microbial pathways, as discussed below.

6.3.1. Temporal variability of CH4 isotopic composi-
tion in sea ice

The boxplot analysis reveals an overall increase in both
8"C and &°H values (Figure 9) between September 19
and November 7, where the increase is only significant
in the case of hydrogen (P < .001). This increase is fol-
lowed by a decrease in the warmer core (November 30),
bringing the isotope values closer to the isotopic compo-
sition of the atmosphere in the case of carbon, but further
away in the case of hydrogen, where the decrease is only
significant in the case of carbon (P < .01). These results
illustrate once more the high variability of CH,4 isotopic
composition in sea ice. On September 19 and November 7,
sea ice was impermeable for gases down to 140 cm (blue
and orange curves, Figure 4D), discarding a potential
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Figure 9. Boxplots of the (A) §'>C and (B) 5*H values of CH, in Antarctic sea ice. The horizontal line represents
the median, the box encompasses the 25th and 75th percentiles, and the whiskers correspond to 1.5 x interquartile
range. The level of significance is indicated as not significant by NS (P> .05) or significant by * (P <.05), ** (P <.01), or
** (P <.001). The isotopic composition of the atmosphere is indicated by the light blue dashed line. DOI: https://

doi.org/10.1525/elementa.2020.00167.f9

atmospheric influence to explain the observed enriched
8'3C signatures (—42.9 to —13.0 %o; blue and orange
curves, Figure 4G), which is reinforced by the fact that
the atmospheric composition is never that enriched in "*C.
The warmest station (November 30) shows a contrasting
behavior, with a depth profile fully permeable and brine
concentrations homogeneous at 20-25 nM, suggesting
potential for homogenization throughout the ice column
(red curve, Figure 4D and F). The §'3C profile (red curve,
Figure 4G) is more homogeneous and the surface signa-
ture tends toward the atmospheric value (also observed
for 3°H in Figure 4H), indicating potential mixing with
the atmosphere, even though sea ice is still supersaturated
in CH,. Brine convection supplying dissolved CH, from
the ventilated underlying mixed layer could also contrib-
ute to these homogeneous profiles close to the atmo-
spheric isotopic composition (red curve, Figure 4D and F).

6.3.2. Contribution from a hydrothermal source

Ross Island is located in an area characterized by an ele-
vated geothermal heat flux and volcanic activity, as evi-
denced by the presence of Mount Erebus (Risk and
Hochstein, 1974; Martos et al., 2017), whose crater is
located approximately 20 km from the study site. Given
this geological setting, we investigated the potential influ-
ence of a hydrothermal origin of the CH, entrapped in sea
ice at our study site. Even though we expect that hydro-
thermal CH4 would be removed by microbial oxidation in
the 86-m deep water column so that it cannot accumulate
in significant concentration at the ocean surface, the input
could be lateral and explain the surprising agreement
between our isotopic measurements and the typical §'*C
and 8”H values reported for hydrothermal CH4 (Welhan,

1988; Whiticar and Suess, 1990; Labidi et al., 2020), re-
presented by a blue dotted area in Figure 5. The isotopic
composition of hydrothermal CH4 was found to vary
between hydrothermal fields (Welhan, 1988; Konn et al.,
2015) but also temporally at a given site (Proskurowski et
al,, 2008) and to be further influenced by microbial oxi-
dation in the effluent plume, increasing the §'*C—CH,4
signature to values as high as 11.3 %o (Tsunogai et al.,
2000), which agrees well with the highest §'*C—CH, value
measured in our sea-ice cores (orange curve, Figure 4G).
Unfortunately, we could not find any study documenting
the release of hydrothermal fluids in the vicinity of our
study site to confirm this hypothesis and recommend fur-
ther water column sampling in this area to detect their
potential presence and characterize their CH, concentra-
tion and isotopic composition as well as their temporal
and spatial occurrence. Although hydrothermal sources
may explain the overall *C-enriched signatures at our
study site, the two highest 6"°C values measured in imper-
meable sea ice on November 7 (and not detected in the
previous sampling event on September 19) remain hard to
explain at such a small spatial resolution. We therefore
investigated, in the following section, additional processes
potentially responsible for a temporal evolution within
the sea ice cover.

6.3.3. Alternative source: In situ CH4 production

Most of the variations in isotopic composition at Cape
Evans are observed in impermeable sea ice (blue and
orange curves, Figure 4D, G, and H). The only processes
able to produce and consume CH, in a closed system are
microbial CH,4 oxidation and production, respectively. An
interesting observation is that the CH, concentrations
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Figure 10. Model runs testing different steady-state conditions between microbial oxidation and production
processes. Test conditions: &c = 30 and 8"*Cyog = —66 %o (dotted line), &c = 30 and 8"*Cyog = —44 %o (solid line),
and ec = 16 and §"Cyog = —25 %o (dashed line). (A) Modeled &'*C signatures as a function of the logarithm of
concentrations, with Cape Evans data points corresponding to September 19 (blue), November 7 (orange), and
November 30 (red), (B) modeled CH, concentration as a function of time, and (C) modeled §'°C signatures as
a function of time. DOI: https://doi.org/10.1525/elementa.2020.00167.f10

remain relatively constant with time, whereas the isotopic
signatures vary over a wide range (Figure 4E, G, and H).
The stability of the CH,4 concentration suggests a potential
steady state between microbial CH4 oxidation and in situ
production. Assigning similar rates for CH4 oxidation and
production in our one-box model, we tested the impact of
a high isotopic fractionation (¢c = 30) during microbial
oxidation of CH,4 produced by CO, reduction in anaerobic
environments (§°C = —66 %eo; dotted line, Figure 10).
This &c value is in the higher range of ¢ reported in the
literature (Whiticar, 1999; Kinnaman et al., 2007). This
combination of parameters cannot explain the observed
high CH4 8"°C (up to —13.0 %o) that we measured.
Assuming the lower range in the literature for gc would
have implied even lower §'3C than observed. We there-
fore tested different combinations of parameters: A
source producing more enriched CHy (8"*C = —40 %o)
coupled to a high isotopic fractionation for microbial
oxidation (ec = 30; solid line, Figure 10), and a source
producing very enriched CH,4 (§"*C = —25 %o) coupled to
a lower isotopic fractionation for microbial oxidation (gc
= 16; dashed line, Figure 7). With these combinations of
parameters, the 8'°C value at steady state reached —
10 %o, which is a good approximation of our most en-
riched 3'3C signature. The occurrence of CH4 production
despite the aerobic conditions encountered in sea ice
(van der Linden et al., 2020), and from a '*C-enriched
pool as suggested by the model, points toward a different
pathway than the classical anaerobic ones reported in
Whiticar (1999; Figure 5). Although most of the phyto-
plankton and microbial species involved in aerobic

CH,4 production identified to date (Table 1) are not sym-
pagic, Pseudomonas, a microbial genus that contains sea-
water members capable of the C—P lyase pathway, and
Phaeocystis spp. have been reported in sea ice.

CH,4 production from methylated sulfides (dimethylsul-
foniopropionate [DMSP], dimethyl sulfide [DMS], and
dimethyl sulfoxide [DMSO]) has recently been suggested
(Damm et al., 2010). However, we did not find any clear
correlation between our CH, concentrations and methyl-
ated sulfide (DMSP, DMS, and DMSO) concentrations, nor
with particulate organic carbon (POC) or chlorophyll a. We
could nevertheless identify a possible indirect link with
DMSP concentrations. In the same temporal survey (YRO-
SIAE), Carnat et al. (2014) investigated the formation of an
unusual local maximum in DMSP concentrations (reach-
ing 372 nM) within the ice interior, in the lower part of
several cores sampled successively between September 19
and November 1, 2012 (Figure 11). This local maximum
was associated with a change in the ice texture, from
columnar to platelet ice, which forms from supercooled
water rising under the ice shelf and accumulating under
the sea-ice cover (Carnat et al., 2014). The authors linked
this local maximum to the presence of dinoflagellates that
were likely trapped during the platelet ice formation (Car-
nat et al., 2014). This DMSP peak shrunk to 35.5 nM in the
core sampled on November 7, 2012 (Carnat et al., 2014).
Our 8"C measurement in that core at the corresponding
depth (100 and 120 cm) reached —19.3 %o (orange curve,
Figure 4G). In the case where the increase in DMSP con-
centrations, induced by the dinoflagellate bloom, could
have fueled CH, production by bacteria or algae, this
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Figure 11. Dimethylsulfoniopropionate concentrations measured in Cape Evans sea ice (Year Round survey of
Ocean-Sea Ice-Air Exchanges in Antarctica) adapted from Carnat et al. (2014). Depth profiles are color coded
by sampling date (day-month—year). The gray shaded areas correspond to the depths where the most enriched §'3C
signatures were measured in this study. DOI: https://doi.org/10.1525/elementa.2020.00167.f11

unexpectedly enriched value could arise from the methyl
group of DMSP. To our knowledge, only one study has
been reported on the §'C signatures of DMS (~18.6 to
—23.4 %o), a DMSP derivative, obtained from marine sedi-
ments (Zhuang et al., 2017). Our value of —19.3 %o fits
well in this range and might therefore be the result of CH,
production from DMSP or DMS. Unfortunately, no report
of the carbon isotopic fractionation associated with CH,4
production from DMS(P) is available to validate this
hypothesis. This pathway cannot be invoked to explain the
occurrence of another §'°C maximum in the same core
between 24 and 43 cm (orange curve, Figure 4G), given
the low DMSP concentrations at that depth throughout
the season (Figure 11).

CH,4 produced from bacterial degradation of methyl
phosphonate (MPn) esters, which are part of the semi-
labile dissolved organic matter (DOM) pool, is character-
ized by a §"C of =39 %o (Repeta et al., 2016). DOM was
not measured in these ice cores but can be approximated
by the POC concentrations (Figure 12) reported in Van
der Linden et al. (2020). The vertical profiles of POC reach
2,890 uM at the ice bottom but show little variation in the
ice interior, with concentrations lower than 35 uM, except
for 2 local peaks, on September 19 at 103.5-cm depth (165

puM) and on October 18 at 47-cm depth (343 pM). The
8'3Cpoc signatures are confined between —32.2 and
—25.2 %o in the ice interior, which is the typical range
of values reported in the ocean, but increase considerably
(between —20.7 and —8.2 %o) at the bottom of the ice over
the course of the season. The 2 local peaks in organic
carbon might have fueled bacterial degradation of MPn
esters, leading to the production of CH, with a §'°C of
-39 %o (Repeta et al., 2016). This value agrees with the
value of —40 %o, which we tested for in situ CH4 produc-
tion in our one-box model. Thus, a source with this isoto-
pic signature could explain the high 8'C values we
measured, if coupled with microbial oxidation character-
ized by a high isotopic fractionation (ec = 30).

CH, was also identified as a by-product of photosynthesis
(Table 1) in a few marine algae and cyanobacteria. Unfortu-
nately, typical 8'"°C signatures associated with this pathway
have not yet been reported, preventing us from investigating
this scenario in more detail. However, the abundance of
cyanobacteria has been found to decrease with decreasing
temperature in the Southern Ocean (Wilmotte et al., 2002)
and to be very low in sea ice (Koh et al., 2012).

These recent findings indicate that CH4 biogeochemis-
try in Antarctic sea ice is more complex than previously
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Figure 12. Concentration (left) and 5'3C signatures (right) of particulate organic matter in Antarctic sea ice.
Depth profiles are color coded by sampling date (day-month—year). Sea-ice cores were collected at Cape Evans
between September 19 and November 30, 2012, in the framework of the Year Round survey of Ocean-Sea Ice-Air
Exchanges in Antarctica project. DOI: https://doi.org/10.1525/elementa.2020.00167.f12

thought and that a multitude of biological production
pathways exist, of which classical methanogenesis (per-
formed in anoxic sediments or microniches by members
of the domain Archaea) accounts for a substantial, but
nevertheless not exclusive contribution. A characterization
of the isotopic fractionation associated with these differ-
ent pathways would allow us to investigate how they
could affect the isotopic signatures found in our ice cores,
which deviate from the ones of the traditional aquatic CH,
sources. Tsunogai et al. (2020) recently proposed a new
index (A) for hydrogen isotopic discrimination versus
carbon isotopic discrimination during CH, oxidation,
defined as:

A(H/C) = ASZH/A613C, (8)

where A is the difference between the product and reac-
tant isotopic signature, to refine source tracing in a fresh-
water lake environment. Unfortunately, the application of
this new index in our sea ice environment did not result in
coherent relationships.

6.4. 5°H calling for further investigations

Given the large mass difference in the two hydrogen iso-
topes ('H and H), the fractionation effects are larger than
for carbon (Whiticar, 1999). The §°H-CH, signatures are
seldomly reported, given the complexity associated with
their measurements. The 8H signatures are also expected
to be more variable because they are affected by the §*H
of environmental water and by dissolved hydrogen con-
centrations (Burke, 1993; De Graaf et al., 1996). The
8?Hena and 8Ceyy signatures in the sea ice at Barrow
followed similar trends (Figure 3H), indicating that the
same process, likely microbial oxidation, altered the orig-
inal sediment-derived CH, signature entrapped in the ice.

However, at Cape Evans, the picture is more complicated
(Figure 4H), with all stable hydrogen isotope signatures
being more depleted in heavy isotopes than atmospheric
CH,, in contrast to the §'3C values. If sympagic organisms
can produce CH, from organic matter trapped or synthe-
sized within sea ice, the hydrogen likely originates from
seawater but can be fractionated by numerous biosyn-
thetic pathways (Hayes, 2001). Identification of these
pathways is beyond the scope of this study. Our measure-
ments are the first reports of the CH, stable hydrogen
isotope in sea ice; further investigations are required to
understand its dynamics.

7. Conclusion

The dynamics of stable isotopes in CHy (8'°C and §°H) in
landfast sea ice over the winter-to-spring transition dif-
fered strongly between our 2 study sites, Barrow (Utqgiag-
vik, Alaska) and Cape Evans (Antarctica).

At Barrow, the low values of 3"°C and &°H, together
with the progressive decrease in bulk CH, concentration
and enrichment in *C and ?H from the bottom to the
surface of the sea ice, point toward in situ microbial oxi-
dation of microbial CH, produced in the shallow under-
lying sediments with overall larger fractionation in the
older sea-ice surface layers. Brine convection events during
the spring—summer transition could also be involved in
mixing the profiles vertically at the permeable stations.
The oxidation likely occurs within the bottom skeletal
layer, although it could still evolve at a slower pace in the
colder ice above, as the sea-ice cover thickens. “Revived” in
situ oxidation in the top of the warming spring sea-ice
cover, where environmental conditions are less extreme
than in the cold winter brines, would also increase the
contribution to the oxidation signature. This potential
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mitigation effect of sympagic methanotrophy in reducing
the CH4 flux from the ocean to the atmosphere in shallow
shelf areas may be strongly hampered by the ongoing
decline of the Arctic sea-ice extent, which would further
contribute to the climate-change phenomenon of Arctic
amplification (accelerated warming at northern latitudes),
given the contrasted greenhouse gas warming potential of
CO, versus CHy4.

At Cape Evans, we measured a surprisingly wide range
of 8"3C values (from —46.9 to —13.0 %o) and &°H values
(from —313 to —113 %o), which are typical of hydrothermal
CH,4. The hypothesis of a hydrothermal source is rein-
forced by the vicinity of the volcano Mount Erebus. We
therefore strongly recommend further investigations of
potential hydrothermal fluid release at this location.
Although hydrothermal activity can be held responsible
for the overall isotopic signatures, it hardly explains the
temporal contrast observed in the impermeable layers of
the sea-ice cover at Cape Evans. We suggest that the most
likely candidate for these changes is in situ aerobic CH,4
production. The metabolic pathway(s) involved remain(s)
to be identified but likely candidates are DMS(P) degrada-
tion and microbial degradation of MPn esters coupled to
microbial oxidation. Our study highlights the large tem-
poral and spatial variability in CH4 concentrations and
isotopic composition, which implies variability in the pro-
cesses influencing CH, cycling. Further studies are needed
to complement these first measurements of both CH,
stable isotopes in sea ice. A better characterization of the
isotopic fractionation associated with aerobic CH4 produc-
tion pathways would help to assess the role of these pro-
cesses in the sea-ice environment. We also recommend the
characterization of the CH, isotopic composition in the
overlying atmosphere and the underlying water at sea-ice
sampling sites to refine our understanding of the pro-
cesses at stake in sea ice, which clearly plays a role in the
CH,4 biogeochemical cycle.
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