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ABSTRACT

Global warming has led to a sharp decrease in Arctic summer sea ice extent and a dramatic ice mass loss of the Greenland Ice Sheet over the past three decades. The
Northeast Greenland continental shelf is a site of intense water mass transformation involving both sea ice processes and glacier dynamics. The Arctic shelf waters are
considered to be a net source of atmospheric methane (CHy); however, the effect of glacier and sea ice melt on oceanic CH4 concentrations still needs to be
investigated. To better understand the effect of meltwater on the CH4 budget of the ocean, our study constrains the CH4 pathways by following changes in water mass
properties and infers potential CH, sources and sinks. Based on measurements of concentration and carbon isotope delta (5'°C) of CH,, the water mass tracer 520
(H20) and physical properties of the water masses, we detected CH, excess in surface waters, which we attribute to brine release during sea ice formation. We show
that this CHy4 excess is sustained throughout the melt season, due to a freshwater lid formed at the ocean surface. The meltwater hardly alters the CH4 excess, but
enhances water stratification, which, in turn, restricts the sea-to-air flux. The CH4 excess is subject to mixing with surrounding shelf waters influenced by basal glacial
meltwater discharge. We suggest that the CH, excess of Northeast Greenland continental shelf waters is redistributed in the marine environment, while CH4 emission

to the atmosphere is limited to regions not covered by sea ice.

1. Introduction

Arctic Amplification of global warming has led to a sharp decrease in
Arctic summer sea ice extent, ice thickness, and volume since 1979
(Stroeve and Notz, 2018). Decreasing by about 44% over the last four
decades (Perovich et al., 2020), summer sea ice is currently shifting from
multi-year ice to thin first-year ice (Kwok, 2018). As summer sea ice
extent continues to diminish, the decreasing capacity of sea ice to pre-
vent exchange of gases may influence the cycling of methane, CH4
(Parmentier et al., 2013), a potent greenhouse gas contributing to global
warming (IPCC, 2021). Recent observations show that the Arctic con-
tinental shelves are super-saturated in CHy4: in particular on the conti-
nental shelves off the coast of Greenland (Crabeck et al., 2014; Kitidis
et al., 2010), Spitsbergen (Damm et al., 2005; Silyakova et al., 2020),
and on the East Siberian shelf (Shakhova et al., 2005; Vinogradova et al.,
2022). However, the amount of CH, released to the atmosphere at the
sea-air interface is not just triggered by the amount of super-saturation
but also by pronounced seasonal water transformations in Arctic regions

(Damm et al., 2018, 2021). In summer, water stratification favours
lateral CHy4 transport in the water column (Damm et al., 2005, 2021;
Gentz et al., 2014; Silyakova et al., 2020), promoting CHy4 oxidation that
ultimately reduces the amount of CHy that escapes from the ocean sur-
face into the atmosphere (Mau et al., 2013, 2017). In contrast, cooling in
autumn favours convection and CHy release into the atmosphere in
ice-free Arctic regions (Damm et al., 2021), whereas in ice-covered re-
gions, CH4 is accumulated and stored in the winter mixed layer (Damm
et al., 2015) and is available for further microbial oxidation. On conti-
nental shelves adjacent to marine-terminating glaciers at the coast,
additional meltwater from glacier melting is added into the ocean,
enhancing the stratification of the water column but also inhibiting the
sea-to-air flux of CH4. Hence, Arctic shelf processes affect the ultimate
fate of CHy.

Our study is focused on the Northeast Greenland (NEG) continental
shelf (Fig. 1), a site of intense water mass transformations. The prop-
erties of Polar Surface Water (PSW) are influenced by sea ice freeze and
melt cycles (Budéus and Schneider, 1995), as well as surface runoff from
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Fig. 1. The Northeast Greenland (NEG) continental shelf with coloured dots
showing the CTD stations, the CH4 and 8'®0 sampling in certain geographic
areas. Black dots show stations on the Norske Trough, brown dots the islands
and outlet of ZI, blue dots the outlet of the 79NG to the trough system south of
the Dijmphna Sund mouth, and red dots the Westwind Trough. The colour bar
shows the bathymetry of the region. The arrows sketch the circulation pattern
relevant for the transport of the water masses. We highlight the locations of the
Nioghalvfjerdsfjorden glacier (79NG) and Zachariae Isstrgm (ZI). White lines
mark the extent of the sea ice cover on September 20, 2017 (Spreen et al., 2008)
with the thick and thin contour lines representing 5v% and 90% sea ice con-
centration, respectively. The inset in the left corner shows the location of the
NEG area.

glaciers, subglacial meltwater runoff (Huhn et al., 2021), frontal melt-
water runoff, and submarine melting of icebergs (Enderlin et al., 2016).
Subglacial discharge plumes are sometimes observed at the ocean sur-
face during the summer season, as reported in a fjord system in central
West Greenland (Mankoff et al., 2016). In our study region, subglacial
discharge plumes have also been observed during late summer (Fig. 2a).
Below PSW, sea ice-influenced Knee Water (KW) is exported from the
Arctic Ocean to the inner shelf. The inflow of relatively warm Atlantic
Intermediate Water (AIW) to the inner shelf drives glacial basal melt
(Schaffer et al., 2017, 2020). The mixture of subglacial runoff draining
down to the grounding line, glacial basal meltwater and AIW forms
glacially modified AIW (mAIW). Hence, the impact of glacier and sea-ice
melt on CH4 pathways on the NEG continental shelf can be traced by
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following the signal of the water mass transformations. These circum-
stances allow us to understand the oceanic CH4 budget in waters influ-
enced by meltwater.

Here, we offer new insights on the impact of sea ice and glacial ice
dynamics on CH4 pathways during the melting peak at the summer-
autumn transition when sea ice, land-fast ice, and glacial ice discharge
the largest amounts of freshwater into the shelf waters. Using combined
analysis of water temperature and salinity, the concentration and carbon
isotope delta 6'3C) of CH4, and 5180(H20), we provide a detailed
analysis of the impact of water mass transformations on CH4 pathways
on the shelf. We infer how sea ice formation and melt affect the CH4
budget of PSW and KW. We discuss the impact of surface and basal
meltwater discharge on potential sea-to-air emissions of CH4 and the
oceanic CH4 budget. In addition, we refer to the biogeochemical and
physical processes that affect CH4 in AIW and its subsequent mixing with
basal glacial meltwater. By this, we identify marine transport pathways
of CHy and highlight its sources and main sinks in NEG continental shelf
waters.

2. Regional setting

The NEG continental shelf region extends more than 300 km from the
coastline, representing the broadest shelf along the Greenland margin.
Large areas of the shelf are covered by land-fast ice and drifting sea ice
exported from the central Arctic Ocean further offshore. Land-fast ice
has broken up regularly in the summers since 2000 (Sneed and Hamil-
ton, 2016) and since then it mainly consists of first-year fast ice (Sneed
and Hamilton, 2016). Both types of sea ice feature large areas of the
ocean surface on the continental shelf throughout the year. Subglacial
runoff and basal meltwater occur mainly from the Nioghalvfjerdsfjorden
glacier (79NG), the Zachariae Isstrgm glacier (ZI) and Storstrgmmen
glacier, currently draining 12% (320 000 km?) of the Greenland Ice
Sheet via the Northeast Greenland Ice Stream (Rignot and Mouginot,
2012). The 80 km long and 20 km wide floating 79NG tongue covers an
entire fjord. The glacier tongue widens to a 30 km wide main calving
front eastwards and drains additionally northwards into the Dijmphna
Sund, where it forms an 8 km long calving front (Mayer et al., 2000)
(Fig. 1). In contrast, the ZI glacier had lost all of its floating ice tongues
by spring 2015 (Mouginot et al., 2015). Both glaciers interact with warm
ocean waters causing substantial basal meltwater discharge (Schaffer
et al., 2020; Wilson et al., 2017). Former glacial activities shaped the
prominent cross-shelf trough system at the seafloor of the NEG conti-
nental shelf (Fig. 1, Arndt et al.,, 2015). These bathymetric features
enable the transport of warm (i.e., above 1 °C) AIW into the fjord. AIW
originates mainly from recirculating waters in the Fram Strait, and it is
transported from the shelf break via the Norske Trough towards the
inner shelf (Schaffer et al., 2017) and below 79NG (Schaffer et al.,
2020). The oceanic heat drives basal melting along the underside of the
glacier tongue. Subsequently, glacial meltwater mixes with AIW inside
the subglacial cavity. At the calving front, this glacially modified AIW

Fig. 2. Photo of the 79NG at the Northeast Greenland region showing (a) subglacial meltwater plume, (b) and (c) surface runoff during PS100. Photo credit: Fig. 2a

and c: Dennis Kohler and Fig. 2b: Janin Schaffer.
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(mAIW, which is on average 0.9 °C cooler than the inflowing AIW) flows
out of the cavity (Schaffer et al., 2020). MAIW water mass mixes with
cold and saline brine-enriched KW (Bourke et al., 1987; Budéus and
Schneider, 1995), both having the same density class. On top of KW, cold
PSW is confined. In contrast to KW that is exported from the Arctic
Ocean, PSW forms locally on the NEG continental shelf (Budéus and
Schneider, 1995). In summer, PSW becomes fresher and stratified on
top, and the meltwater discharge contributes to this Meltwater Layer
(MWL), while underneath a residual Winter Mixed Layer (WML) re-
mains sustained. The clockwise circulation transports meltwater around
the NEG continental shelf, while lateral water exchange and vertical
mixing modify the water mass properties (Fig. 1, Bourke et al., 1987;
Budéus and Schneider, 1995).

3. Methods

Sampling was carried out on the NEG continental shelf onboard RV
Polarstern expedition PS109 from 12 September to October 14, 2017
(Fig. 1). Vertical profiles of conductivity, temperature, fluorescence, and
oxygen concentration were measured daily with a shipboard Sea-Bird
Scientific SBE911plus CTD (Conductivity Temperature Depth profiler),
integrated into a SBE32 Carousel Water Sampler with 24 Niskin bottles
of 12 L each (Kanzow and Rohardt, 2017). The CTD data were
post-processed according to standard post-cruise processing and cali-
bration procedures (Rohardt, 2017).

3.1. Methane concentration and isotope ratio analyses

Discrete seawater samples were collected for the analysis of CHy
concentrations and carbon isotope delta, 5'3C, at different depths
throughout the water column using the CTD water sampling carousel.
Samples were taken in a procedure that prevented air bubbles during
sampling and filled in 120 mL glass vials, using gas-impermeable Tygon
tubing, and were sealed directly with rubber stoppers and crimped with
aluminium caps. Duplicate samples for CH4 concentrations were taken
at each depth and subsequently analysed onboard. A 5 mL headspace
was created by the addition of Ny gas into the vials, and then equili-
brated for 1 h at room temperature. Afterwards, a 1.5 mL gas sample was
taken from the headspace and injected into a gas chromatograph (Agi-
lent GC 7890B) with a Flame Ionization Detector (FID). For gas chro-
matographic separation, a 12 pm molecular sieve 5 A column (30 m
length, 0.32 mm wide) was used. The GC was operated isothermally
(60 °C) and the FID was held at 200 °C (Damm et al., 2018). Four sets of
gas mixtures (4.99, 10.00, 24.97, and 50.09 pmol mol ! CH4in N») were
used for calibration. The relative standard deviation of duplicate ana-
lyses was 5%. The CHy4 saturation was calculated from the CH4 equi-
librium concentration at in situ temperature and practical salinity values
(using the processed CTD ‘bottle-file’ data) following (Wiesenburg and
Guinasso Jr, 1979) and using an atmospheric CH4 mole fraction of 1.91
pmol mol !, corresponding to the monthly mean for June 2017 at
Zeppelin Station, Spitsbergen (NOAA Global sampling networks, http:
//www.esrl.noaa.gov, last access: July 6, 2020). CH4 equilibrium con-
centrations ranged between 3.8 and 4.1 nmol Lfor31<S< 35,
temperatures between local freezing point and 0 °C, and a barometric
pressure of 1013.25 Pa (1 atm).

An additional 120 mL-glass bottle was taken for determining 5'°C
and those samples were collected following the same procedure as for
CH4 concentrations. The samples were kept in a 4 °C cold dark room. At
the home laboratory at the Alfred-Wegener-Institute Helmholtz Centre
for Polar and Marine Research (AWI), a headspace was created by
injecting 25 mL of Ny gas into each vial and letting water and gas phases
equilibrate for 1 h at room temperature. Afterwards, 20 mL of gas were
taken from the headspace and injected into a PreCon device coupled to a
Thermo Finnigan Delta plus XP mass spectrometer. Within the PreCon,
the extracted gas was purged and trapped to pre-concentrate the sample.
13¢/12¢ isotope ratios are reported as 5-values relative to the Vienna Pee
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Dee Belemnite (VPDB) standard.
3.2. Water mass fraction analyses

Discrete seawater samples for the 180,10 isotope delta of the water,
5'80(H,0), were collected in screw cap glass bottles using the GTD water
sampling carousel at the same depths as for the CH4 concentration and
513 samples. The 5180(H20) values were measured in the Isotope
Laboratory of the AWI Research Unit Potsdam. For the online determi-
nation of hydrogen and oxygen isotopic composition, a Finnigan MAT
Delta S mass spectrometer with two equilibration units was used. The
external errors of long-term standard measurements for hydrogen
(®°H/'H) and oxygen (*80/1°0) isotope ratios are better than 0.8%. and
0.10%o, respectively (Meyer et al., 2000). Only 520 values are used here
because the 5°H are highly correlated to 580 and do not provide
additional information.

Water mass fractions are calculated using temperature, salinity, and
580 for fractions of marine water (fmar), meteoric water (fi.), sea ice
melt (fsim), and basal melt (fy45) by solving the following equations (see
Table 1 for the endmember values of the different water masses):

Joim et & fnar + foas =1 €y
SsimOsim + fnetOmer + JoasObas + fnarOmar = Osample 2
SsimSsim + fnerSmer + foasSpas + FmarSmar = Ssampie 3)
JsimTsim & fines Tmer + foas Toas ~+ fnar Tmar = Tsample @

where fim, fmet fmar, and fyqs are the fractions of sea ice meltwater,
meteoric water, marine water (AIW), and basal meltwater in a water
parcel, respectively. The corresponding 5'80(H,0) values, salinities and
temperatures are designated with the symbols &, S and T.

5'80(H,0) is a conservative property that is altered by fractionation
due to phase transitions only. Likewise, S and T can be treated as con-
servative properties in the ocean interior and ice-covered surface waters,
for which heat exchange with the atmosphere, precipitation and evap-
oration can be neglected. Uncertainties in the calculated water mass
fractions f are about 1% and depend on measurement precision and
uncertainties in the values of the chosen endmembers. The net sea ice
formation (formation exceeding melting) will generate a negative sea ice
meltwater fraction (fim < 0) since freezing withdraws water from the
liquid ocean.

A distinct selection of endmember values is required for each region
(Bauch et al., 2010). We assume marine and meteoric waters to originate
in first order from the central Arctic Ocean and endmember values were
chosen according to Arctic halocline waters exported through Fram
Strait in the East Greenland Current and to reflect accumulated meteoric
and sea ice components within the Arctic Basin. Therefore, the marine
source was chosen according to the Atlantic Layer in the southern
Nansen Basin (Tmar = 2 °C, Smar = 34.96, mar = 0.3%0). The mean §
value of river-runoff within the Arctic Ocean of —20%. (Bauch et al.,
1995; Ekwurzel et al., 2001) is taken as meteoric water endmember ¢,

Table 1

Endmember values used in a quaternary mixing between Atlantic Intermediate
Water (marine water), surface melt (meteoric water), basal melt, and sea ice
melt.

Endmember 5'80(H,0) /%o, rel. to Salinity S~ Temperature
VSMOW (9]

Seaice meltwater  0.60 4 -82.71

Meteoric water —20.00 0 0

Marine water 0.12 34.96 2.0

Basal meltwater —37.00" 0 —100.37

Uncertainties for 5'80(H,0), salinity, and temperature are 0.10, 0.02, and 0.02,
respectively.
# Based on Greenland Ice Core Project (GRIP) records and Eemian ice.
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with Spet = 0 and Tiper = 0 °C. For basal meltwater, we used Spas,= (—37
=+ 5) %o (based on the GRIP ice core), with Sy, = 0 and Tpas = (—100 + 6)
°C, at a depth of 500 m. The latter value incorporates the latent heat of
ice melting, and assumes a far-field ice temperature of (—38 + 12) °C
(again corresponding to the GRIP ice core). For the sea ice endmember,
we used Ssim = —1.7%o, based on average surface water 5§ = —3.8%o and
an isotopic fractionation of +2.1%o. during sea ice formation (Bauch
etal., 1995), Ssim = 4 and Tgim = (—83 =+ 3) °C. Just as for glacial ice, the
latter value incorporates the latent heat of ice melting, but in this case
uses an ice temperature of (—5+5) °C.

4. Results

We combined the physical data (potential density anomaly oy, tem-
perature T, salinity S, 5180(H20)) with the biogeochemical data (CHy4
concentration, saturation, 5*3C) to follow CH, pathways directly related
to the water masses locally formed or transported towards the NEG
continental shelf in the early autumn 2017. The properties of the water
masses and the CHy signal therein are modified on the continental shelf.
To trace those changes, we separated the trough system (with its anti-
cyclonic shelf circulation) into four regions (Fig. 1). From south to
north, the first region covers the northern part of the Norske Trough, the
second the “islands and outlet of ZI” between 78° N and 79° N, the third
the outlet of the 79NG to the trough system south of the Dijmphna Sund
mouth, and the fourth the Westwind Trough. We found distinctive CH4
signals (CH,4 concentration and 5'C) in each water mass (Fig. 3 and
Fig. 4). In the following, we characterise each water mass in detail.

4.1. Polar Surface Water (PSW)

The cold and fresh PSW is locally formed on the shelf. This sea ice-
influenced water mass covered the upper 75 m of the water column
on the continental shelf. Based on the definition by (Bourke et al., 1987),
the lower boundary of PSW is given by 6, < 26.25 kg m~>, with 6 < 0 °C
and S < 32. Furthermore, in summer the MWL is formed on top of WML,
separating PSW into two layers (Fig. 5).

Conservative Temperature O [°C]

Ocean Data View

Absolute Salinity Sa [g/kg]

Fig. 3. T-S diagram for all sampling stations on the NEG continental shelf
during the PS109 expedition. Colours represent different geographic areas (see
Fig. 1). We highlight the presence of the Meltwater Layer (MWL), the Winter
Mixed Layer (WML), the Knee Water (KW), the modified Atlantic Intermediate
Water (mAIW), and Atlantic Intermediate Water (AIW). The dashed line in-
dicates the salinity dependence of the freezing temperature and the grey lines
indicate the potential density (cp). Figure was made in ODV (Schlitzer, 2020).
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4.1.1. Meltwater layer (MWL)

The MWL is defined by 6 < 24.0 kg m ™3 with @ > —1.57 °Cand § <
30.0 (Figs. 3 and 5). This freshwater layer contributed to a stratified and
stable upper water column at stations in front of the 79NG and the
(inner) Dijmphna Sund shown by the Brunt-Vaisala (buoyancy) fre-
quency (Fig. 5c¢ (Gill, 1982)). In Dijmphna Sund and at the stations near
the Nioghalvfjerdsfjorden glacier (79NG), the MWL was fresher than
further offshore (Fig. 5b). The CHy4 concentrations ranged from 3.8 nmol
L 'to5.4nmol L} (average: 4.7 nmol L’l), corresponding to under and
super-saturation between 94%, and 134% (average: 116%), respec-
tively, relative to the atmospheric equilibrium concentration (Fig. 5d
and 5e). The §'°C values varied between —49.7% and —42.9%o.
Compared with the atmospheric regional background signature of
—47.8%o (Zeppelin Station, Spitsbergen), adjusted for the equilibrium
isotope fractionation between gaseous and dissolved CH4 of 0.3%o (Fuex,
1980), i.e., —47.5%o, values deviate from the atmospheric background
signature (Fig. 4). The 5180(H20) values varied between —4.1%o and
—3.5%o, and in combination with salinity points towards the contribu-
tion of local meteoric water in this region (Figs. 5g and 6).

4.1.2. Winter mixed layer (WML)

WML is confined below the MWL. This water mass is defined by 24
kg m 3 < 65 < 26.25 kg m ™3 with @ > —1.6 °C, and S > 30 (Fig. 2). The
minimum temperatures were found deeper than 50 m in the water col-
umn. Below 50 m it remained at temperatures of about —1.5 °C down to
80-90 m depth (Fig. 5a). The salinity increased with water depth
(Fig. 5b). The thickness of WML decreased from the Norske Trough to-
wards the Westwind Trough. CH,4 concentrations ranged between 4.2
nmol L~! and 5.6 nmol L™} (average: 5.0 nmol L™!) corresponding to
saturations between 105% and 138% (average: 123%), i.e., WML is CH4
super-saturated, relative to the atmospheric equilibrium concentration
(Fig. 5e). The 513C values ranged between —48.0%o and —39.8%o, similar
to the 6'°C values found in the MWL (Fig. 5f). The 5180(H20) values
varied between —3.5%o and —2.2%o, and in combination with salinity
reflect the influence of brine release during sea ice formation (Figs. 5g
and 6).

4.2. Knee Water (KW)

Exported from the Arctic Ocean, KW is localised underneath WML
(Budéus and Schneider, 1995). This water mass can be separated from
PSW by an intermediate temperature increase (as small as 0.1 °C, i.e.,
temperatures remaining close to the freezing point) while salinities in-
crease continuously with depth (Figs. 3 and 5a and b). We computed the
lower boundary of KW based on a vertical temperature difference larger
than 0.2 °C relative to 10 m water depth (at depth below 50 m). The
depth of KW gets shallower toward the Westwind Trough (Fig. 5). CHy
concentrations ranged between 3.2 nmol L 'and 5.4 nmol L. ? (average:
4.5 nmol L™1), corresponding to saturation levels between 88% and
135% (average: 114%). The 513C values ranged between —46.2%o and
—37.6%0. Hence, relative to WML, KW contains slightly lower CH4
concentration, while the 513C values are higher (Fig. 5d and 5f). The
5'80(H,0) values varied between —2.41%o and —0.55%, and in com-
bination with salinity indicate the influence of brine release during sea
ice formation (Figs. 5g and 6).

4.3. Glacially modified Atlantic Intermediate Water (mAIW)

Glacially modified Atlantic Intermediate Water (mAIW) formed at
the coast by mixing of AIW with basal meltwater and subglacial runoff
from the 79NG and ZI is advected onto the shelf at depth below PSW.
Following Schaffer et al. (2020), mAIW is defined by a density range of
26.25 kg m™> < 6y < 27.75 kg m ™3, i.e., covering partly the density
range of KW (Figs. 2 and 5). In comparison to KW, mAIW is warmer at
the same salinities (Fig. 3). We pose that a mixture of KW (advected from
Norske Trough) and mAIW (advected onto the shelf from the 79NG and
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than 0.2 °C relative to 10 m water depth (at depth below 50 m). Fig. 4a—i were made in Matlab R2020b. For panels a—c data were linear interpolated, horizontally
(along the section) and vertically (between depth levels), on a regular grid. For panels, d-i a natural neighbour interpolation was used.

ZI) is transported with the anti-cyclonic shelf circulation into Westwind
Trough (Figs. 1 and 3). CH4 concentrations in mAIW varied from 2.0
nmol L™} to 4.5 nmol L1, The highest concentrations were found in the
Westwind Trough at the interface between KW and mAIW, reflecting

mixing between both water masses. The §!°C values ranged between
—43.7%o and —34.9%o (Fig. 4). Relative to values in KW, mAIW showed
lower CHy4 concentration, while the §'°C values were similar, indicative
of CH4 dilution via mixing. The 5'80(H,0) values varied between
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Fig. 6. 5'°0(H,0) values versus salinity in all water masses. The solid line
represents mixing between marine water and basal meltwater (see also
Table 1). An array of three dashed lines indicates the effect of mixing subsurface
waters with the meteoric water endmember. The dashed line with an arrow
illustrates what effect the addition of sea ice melt would have. Atlantic Inter-
mediate Water (AIW) values scatter close to the high salinity endmember
indicating that AIW contains little basal meltwater and meteoric waters. During
the circulation on the continental shelf, mixing between AIW and glacial basal
meltwater occurs as well as sea ice formation, i.e., modified Atlantic Interme-
diate Water (mAIW) scatter around the solid mixing line, but at lower salinities
and §'80 values. KW (Knee Water) and winter mixed layer (WML) deviate the
most due to the influence of sea ice formation and melt. Meltwater layer (MWL)
values are affected by a combination of meteoric water addition and summer
sea ice melt.

—1.34%0 and —0.64%o, reflecting a small contribution of meltwater
(Figs. 5i and 6).

4.4. Atlantic intermediate water (AIW)

AIW was found at depths below 200 m. Based on Budéus and
Schneider (1995), AIW is defined by oy > 27.7 kg m 3, with 6 > 0 °C and
S > 34.4 (Fig. 3). CH4 concentrations ranged from 1.8 nmol L' to 4.0
nmol L1 (Fig. 4). One exception was observed at station 42 (outside
Djimphna Sund, 80° N, 15.1° W), at 203 m depth with 4.7 nmol L,
which reflects methane resuspension at the water-sediments interface.
The 5'3C values ranged between —47.5%o and —30.5%o (Fig. 4). The CHy
concentrations and the §'3C values were similar to those found in mAIW
in stations in front of the 79NG. However, relative to PSW, CH4 con-
centration in AIW was lower and the §'3C values were higher (Fig. 4).
The 6180(H20) values varied between —0.4%o and 0.16%o, reflecting
small contribution of basal meltwater and significantly less compared to
mAIW (Figs. 5i and 6).

5. Discussion

In our study, we trace the CH4 pathways within the water masses on
the NEG continental shelf. The expedition took place from 12 September
to October 14, 2017, i.e., after the melt peak at the summer-autumn
transition when sea ice, land-fast ice and glacier melt, had discharged
the largest amounts of meltwater into the upper part of PSW. Further-
more, induced by the prominent trough system, mixing between certain
waters masses occur along the anti-cyclonic circulation on the NEG
continental shelf. The modification of the water mass properties on the
shelf eventually also affected the CH4 pathways related to water mass
origins and history. From the ocean surface to bottom depths, we found
distinctive water masses on the shelf: i) PSW formed on the NEG con-
tinental shelf, ii) KW exported from the Arctic Ocean, iii) mAIW formed
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by a mixture between transported AIW and local meltwater from basal
glacial melt and subglacial runoff, and iv) AIW originated mainly from
the recirculating Atlantic waters in Fram Strait. Considering that PSW
and mAIW are formed locally on the shelf, while KW and AIW are
transported onto the shelf, we can distinguish processes modifying the
CHy4 signal that occurred in the inner shelf from those occurred off shelf.
Hence, by using the CH4 concentration, saturation and 53¢, as well as
5180(H20), we can follow the CH4 pathways on the NEG continental
shelf.

5.1. Methane excess in water masses influenced by sea ice formation and
melt

Three water masses are clearly CH, super-saturated (i.e., show a CHy
excess) relative to the atmospheric equilibrium concentration (Fig. 5):
MWL and WML (which form locally on the shelf), and KW (which is
exported from the Arctic Ocean). WML and KW are influenced by brine
release during sea ice formation in their respective formation regions
(Figs. 5g and 7a; Budéus and Schneider, 1995; Huhn et al., 2021). In
addition, MWL, WML and KW are localised within the water masses on
the shelf without direct contact with the seafloor. Hence, we consider
CH4 sourcing from the sediment unlikely for the CH4 excess observed in
MWL, WML and KW. Moreover, unlike previous reports of CHyg
super-saturation in runoff of land-terminating glaciers (Christiansen and
Jorgensen, 2018; Lamarche-Gagnon et al., 2019), no evidence for sub-
glacial CHy is found (see Sect. 5.2.2). We suggest instead that this CHy4
excess is sea ice-sourced. CH4 excess in sea ice influenced water occurs
by CH4 discharge during brine release in winter (Damm et al., 2015).
The negative fraction of sea ice meltwater (f5,) in WML and KW in-
dicates brine release into these water masses and the preservation of this
signal during the summer melt season (Fig. 7a). This evidence also re-
flects the preservation of a CHy4 excess pool (MEP) relative to the at-
mosphere within WML, i.e., the MEP is sustained also in summer (Figs. 4
and 9). In addition to water-side preconditions for the preservation of an
MEP in summer, the enduring disconnection of both water masses from
the atmosphere facilitates a long-lasting storage of a MEP in WML and
KW. Deviations in the 5'3C values of the MEP compared to the atmo-
spheric background 5'3C values, reflect the disconnection between the
atmosphere and shelf water and point to an inhibited gas exchange at
the sea-air interface (Fig. 4). In comparison, the deviations in 53¢
values between the MEP in WML and KW are related to the different
formation of both water masses. The KW 5'3C value is higher than the
WML value (Fig. 4), presumably due to ongoing microbial CH4 oxidation
during the journey of KW from the Arctic Ocean towards the NEG con-
tinental shelf. The effect of CH4 oxidation on the residual CH4 pool is
discussed in Sect. 5.2.1. The MEP remains preserved in WML and KW.
However, modifications on the MEP were observed which we link to
mixing with the other surrounding water masses present on the shelf.
For tracing the CH4 pathways and the ultimate fate of CH4, we next
discuss the MEP within these surrounding water masses and the mixing
processes modifying this MEP on the shelf.

5.1.1. Methane excess pool sustained in the MWL by freshwater discharge

The influence of ice melt, surface runoff from the glacier, submarine
melting icebergs, glacier front melting, and subglacial runoff from the
79NG and ZI, resulted in freshening of the upper part of PSW (Figs. 2 and
3). The lower 6'80 value of MWL water relative to WML clearly reveals
the influence of meteoric water and a slight excess of sea ice melt
(Figs. 6, 7a and 7b). Remarkably, MWL remains super-saturated in CHy,
relative to the atmospheric equilibrium concentration. The sustained
CH,4 excess in MWL water can be attributed to mechanisms involving
both sea ice cycles and glacier melting. In summer, freshwater depleted
in CH4 from melting sea ice is added into the ocean, diluting the
remaining CHy4 excess in the upper part of the WML, i.e., CH4 excess
diminishes in the seasonally formed MWL. This scenario can be observed
in stations with CH,4 concentrations <4.2 nmol L™ on the Norske
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Fig. 7. CH,4 concentrations over sea ice meltwater fraction (fyn), meteoric water fraction (fy.:), and basal meltwater fraction (fqs) based on a quaternary mixing
between Atlantic Intermediate Water, basal meltwater, sea ice meltwater and meteoric water (see Table 1). (a) Decreasing sea ice meltwater fraction in WML and KW
indicates enhanced brine released during sea ice formation and corroborates sea ice as a source for the CH4 concentration enhancement. (b) In MWL, the increasing
meteoric water fraction coupled to reduced CH4 concentration show mixing with glacial meltwater discharge. (c) basal meltwater additions to mAIW keep CHy4
concentrations at constant values, in comparison to AIW. MWL: Meltwater Layer, WML: Winter Mixed Layer, KW: Knee Water, mAIW: modified Atlantic Intermediate

Water, and AIW: Atlantic Intermediate Water.

Trough (Fig. 5d). There, a higher contribution of freshwater from
melting sea ice in comparison to freshwater of glacial origin is expected
to occur, due to the northward circulation pattern moving meltwater of
glacial origin toward the north (Fig. 3). Although we lack §'%0 obser-
vations in stations on the Norske Trough, the concentrations of CHy
below the saturation (equilibrium) concentration suggest dilution by sea
ice melt as a process favoring CH4 redistribution in the marine envi-
ronment. By contrast, the MWL CHy4 concentration is marginally lower
than the WML (by about 0.1 nmol L~1) in stations on the inner shelf (ZD),
79NG, and Dijmphna Sund (Fig. 5). Presumably, due to melting of pre-
Holocene ice, with equivalent CH4 concentrations as low as 1.8 nmol Lt
(Baumgartner et al., 2014). However, this meltwater may equilibrate
with the atmosphere on their way to the ocean (as surface run-off,
Fig. 2b and 2c). This is reflected by the apparent meltwater CH4 con-
centration of about (4.0 + 0.5) nmol L~ ! that can be calculated by
extrapolating to § = 0. The decreasing §'°C values with increasing fiet
(to —48%o for frmet = 17%) further supports our hypothesis that the
meltwater equilibrates with the atmosphere (data not shown). Finally,
the lid effect of freshwater discharge of various origins set up a stable
water column stratification and reduced the vertical mixing (Fig. 4c).
Both favoured the storage of the remaining CH4 excess (Damm et al.,
2015; Verdugo et al., 2021). MWL O is undersaturated by 3-6% (data
not shown) and corroborates our assumption that gas exchange is slow
enough for the CH4 super-saturation to persist as well (Fig. 5e). Hence,
the meltwater slightly diluted the MEP and inhibited the efflux from the
NEG continental shelf waters to the atmosphere, due to increased
stratification.

5.1.2. Methane excess pool in KW diluted by mixing with mAIW

Tracing the fate of the MEP formed in KW, we followed this water
mass from the calving front of the 79NG where the floating glacier
tongue is about 100 m thick toward Westwind Trough. MAIW exits the
glacier cavity and mixes with KW both covering the same density classes
(Figs. 3 and 6). We suggest that the mixing of both water masses con-
tinues in the Westwind Trough. There, a higher fraction of brine-
enriched KW has been reported (Budéus and Schneider, 1995). Mixing
between KW and mAIW induces enhanced CH4 concentration at the
transition zone between both water masses, with KW as source of the
CH,4 excess (Fig. 5e). Moreover, the negative sea ice meltwater fractions
reflect the mixture between the sea ice-influenced KW and mAIW that is
far less influenced by sea ice formation (Figs. 5g and 7a). Additionally,
the heterogeneous §'>C values corroborate effective mixing as a process
resulting in distributing CH4 from KW into mAIW (Fig. 4).

5.2. Dissolved methane in water masses uninfluenced by sea ice formation
and melt

5.2.1. Methane oxidation detected in AIW on the NEG continental shelf

On the shelf, AIW is localised below mAIW and KW (Fig. 3). In AIW,
we found CH, under-saturation, while ATW 5'3C value was higher than
for PSW (Fig. 4). AIW is transported from Fram Strait via Norske Trough
towards the inner shelf for about 24 days (Hattermann et al., 2016) at
depth remaining unaffected by sea ice formation. Still, as this water
mass is in direct contact with the seafloor on the shelf, we are tracing the
CH4 pathway backward to detect potential impacts of sediment-released
CHa4. Both aspects, the CH4 under-saturation and the enrichment in 13¢
reflect CHy oxidation during long-term water mass journey (Damm
et al., 2005; Valentine et al., 2001). To apply and investigate this
assumption on the NEG shelf, we calculated potential CH4 oxidation
occurring during the long-term AIW journey (from Fram Strait toward
the shelf break) using the CH, concentrations and the §'°C values in the
supra-bottom and bottom layer with oy between 27.8 and 27.89 kg m >
and oy > 27.89 kg m~3, respectively.

We calculated a Rayleigh fractionation curve (RC) following Eq. (5):

In(1 +8) = In(1 + &) + (é—l)lnf )

a is the isotopic fractionation factor, f is the fraction of residual CH4
in AIW, and &y corresponds to the 5'3C of CHy at 78.153° N, 0.008° E,
which we used as source signal from the Fram Strait (Fig. 8). We used
these values as most likely to represent the potential pool that is going to
be oxidised within this water mass. Assuming CH4 oxidation, the RC
shows that AIW entered the shelf with threshold CH4 values down to 2.2
nmol L. Threshold values are reached when CH; oxidation ceased due
to substrate limitation, preventing further microbial oxidation of CH4
(Scranton and Brewer, 1978; Valentine et al., 2001). In addition, the
residual CH,4 pool is enriched in 13C, compared to the CH4 pool before
CH4 consumption occurred (Fig. 8). Moreover, the enrichment in 13Cin
the bottom layer, relative to the 5'3C values in the supra-bottom layer,
reflects the different CH,4 oxidation efficiency between both layers. The
supra-bottom layer values scatter around RC1 calculated with & = 1.003,
while the bottom layer values partly scatter around RC1, and partly
around a second RC (RC2) with a higher @ = 1.015 (Fig. 8). Both a values
are within the range of values determined for Arctic shelf waters (Damm
et al., 2005, 2007). Favoured CH4 consumption in the bottom layer is
probably induced by high bottom-intensified velocities resuspending
microbes at the sediment-water interface (Murrell, 2010) and conse-
quently transported with the bottom layer.
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supra-bottom and bottom layer of the Atlantic Inter-
mediate Water (AIW) combined with two calculated
Rayleigh oxidation curves (RC). Grey diamond rep-
resents the initial CH4 (source) from station 5 in Fram
Strait (78.153° N, 0.008° E) that was used as the
starting point for the calculated RC. The values from
the supra-bottom layer and bottom layer scatter
around RC1 and RC2 calculated with an a« = 1.003
and 1.015, respectively (see Sect. 5.2.1). Oxidation
occurred during AIW journey from Fram Strait to the
shelf break. At the inner shelf, AIW contains an oxi-
dised threshold CH4 pool with values down to 2.2
nmol L. The oxidised threshold CH4 pool remains
sustained in mAIW, as the basal meltwater contains
similar CH4 concentrations than those found in AIW.
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is localised in the winter mixed layer (WML) and
Knee Water (KW). The MEP remains sustained as the
formation of a meltwater layer (MWL) inhibits the
sea-to-air flux via increased stratification. Surface
runoff from the glacier (yellow arrow), submarine
melting from icebergs (green arrow), subglacial
runoff (carried with a meltwater plume along the
glacier base to shallower depths), frontal melting
(orange arrows), and the melting sea ice (blue arrow)
contribute to the formation of a freshwater lid that
restricts the exchange of CH, between the ocean
surface and the atmosphere (black arrow overlaid
with a cross). Deeper water column: An oxidised (Ox.)
threshold CHy4 pool is present at the continental shelf
break, i.e., threshold concentration preventing
further microbial oxidation of CH,4. Once on the shelf,
the oxidised threshold CHy4 pool is transported by the
Atlantic Intermediate Water (AIW). In the glacier
cavity, AIW is mixed with the basal meltwater dis-
charged from the glacier (and the subglacial runoff)
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and forms the modified ATW (mAIW). The oxidised threshold CH, pool remains sustained in mAIW, as the basal meltwater contains similar CH4 concentrations than
those found in AIW. The basal meltwater discharged into mAIW does not have a significant effect on its CH,4 concentration but enables the incorporation of CH4 from
additions of KW. Mixing and dilution are shown by circled arrows. FW = freshwater.

When AIW reached the inner shelf, CH4 consumption has reduced the
CH4 concentration to about 57% relative to the values in the Fram Strait.
Hence, we conclude CHy4 oxidation is an efficient process for the con-
sumption of CH4 within AIW outer shelf, and that AIW as a source of CHy
for the shelf waters can be dismissed.

In summary, both PSW and AIW can be well distinguished in terms of
their CH4 signal and the process influencing the CH4 pathways in both
water masses (Fig. 9). In the following, we used the oxidised threshold
CH4 pool in AIW on the shelf (as initial reference) to trace if the dis-
charged glacial meltwater acts as a source for CH4 on the shelf.

5.2.2. Methane in glacially modified AIW (mAIW)

Propagating from the inner shelf, AIW enters the 79NG cavity with
oxidised CHy4 threshold values (Figs. 8 and 9). In the cavity, the glacial
basal melt is induced by the heat derived from AIW (Schaffer et al.,
2017; Wilson and Straneo, 2015), leading to the formation of mAIW.
Hence, AIW with the oxidised CHy4 threshold is mixed with the dis-
charged glacial meltwater. Thereafter, the newly formed mAIW is
transported out of the cavity via an overturning circulation induced by

the glacial cavity bathymetry. The discharged glacial meltwater on
mAIW is clearly shown by the light §'%0 signature of mAIW relative to
AIW (Fig. 6). We attribute the change from AIW to mAIW to an addition
of 4.5% of basal meltwater. Moreover, estimating the CH4 concentra-
tions in basal meltwater using a CH4 mole fraction of between 0.5 (LGM)
and 0.75 pmol mol~! (Eemian) and an air concentration in ice of 0.09
cm?® g*1 (Baumgartner et al., 2014) results in concentrations between
1.8 and 2.8 nmol L™!. The similar CH4 concentrations in both basal
meltwater and AIW (Figs. 4 and 7c) are indicative that the added basal
meltwater does not change the mAIW CH4 concentration. Even though
we observed only a small basal meltwater contribution in mAIW, we
therefore conclude that the discharged glacial meltwater from these
marine-terminating glaciers does not act as a source of CH4 for mAIW, i.
e., we are also able to rule out a glacial meltwater source on the
enhanced CH, concentrations in surface waters. The similar §'3C of CH,4
in both water masses (mAIW and AIW) further corroborates that the
glacial meltwater discharge as a source of CH4 for mAIW can be dis-
missed (Figs. 4 and 7c).

Furthermore, tracing the mixing of AIW and the discharged glacial
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meltwater, we followed the further CH4 pathways within mAIW. As
shown in section 5.1.2, CH4 in mAIW is mixed with KW, as observed in
the enhanced CH,4 concentrations at the interface of both water masses
in the Westwind Trough (Fig. 5d). Hence, sea ice-sourced CH4 contained
within KW is incorporated into mAIW, i.e., the basal meltwater dis-
charged into the shelf waters dilutes the CH,4 excess in KW. In summary,
we infer that (i) the CH4 excess in shelf waters is sea ice-sourced, and (ii)
this CH4 excess is redistributed in the marine environment. A mixture of
different meltwater types contributes to the formation of a freshwater lid
that restricts the sea-to-air flux via increased water column stratifica-
tion, while basal meltwater marginally dilutes the MEP at the interface
between KW and mAIW (Fig. 9).

6. Conclusions

At the NEG continental shelf, CH,4 excess is detected in water masses
interacting with sea ice. The CH,4 excess in WML and KW is thought to be
induced by brine release during sea ice formation. The freshwater
discharge from glacier and sea ice melting forms a freshwater lid, which
restricts the sea-to-air flux and contributes to the sustainment of a CHy
excess in the MWL and WML underneath via increased stratification
(Fig. 9). This implies that the CH4 excess remains stored on the NEG
continental shelf waters, i.e., in the marine environment. In water
masses not affected by sea ice (mAIW and AIW) oxidised CH4 threshold
values are detected. Those CH4 concentrations are induced by CHy4
oxidation shown by the '3C-enriched values within the AIW before
reaching the inner shelf. Hence, both water masses act as a microbio-
logical CH4 sink. The basal meltwater discharged into mAIW does not
have a significant effect on its CH4 concentration but enables the
incorporation of CH4 from additions of KW. Modelling studies that
include interactions between sea ice processes, ocean, and glaciers are
needed to determine the long-term effects on the methane sources and
sinks balance in Arctic shelf waters.
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