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This study traces the pathways of dissolved methane at the Eurasian continental slope (ECS) and the Siberian shelf break based on data collected during the NABOS-II expedition in August-September, 2013. We focus on the sea ice-ocean interface during seasonal strong ice melt. Our analysis reveals a patchy pattern of methane supersaturation related to the atmospheric equilibrium. We argue that sea ice transports methane from the shelf and that ice melt is the process that causes the heterogeneous pattern of methane saturation in the Polar Mixed Layer (PML). We calculate the solubility capacity and find that seasonal warming of the PML reduces the CH4 storage capacity and contributes to methane supersaturation and potential sea-air flux in summer. Cooling in autumn enhances the solubility capacity in the PML once again. The shifts in the solubility capacity indicate the buffering capacity for seasonal storage of atmospheric and marine methane in the PML. We discuss specific pathways for marine methane and the storage capacity of the PML on the ECS as a sink/source for atmospheric methane and methane sources from the Siberian shelf. The potential sea-air flux of methane is calculated and intrusions of methane plumes from the PML into the Cold Halocline Layer are described.
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1 INTRODUCTION
The Arctic holds large natural sources of methane (CH4), especially the Siberian shelf, which is considered as potential sources of this greenhouse gas for the atmosphere. The release of CH4 from these shallow shelf seas threaten to enhance the current Arctic amplification of global warming (IPCC, 2019). Indeed, warmer seawater as a positive feedback on the climate is discussed to displace gas hydrate stability zones and increase the thawing of subsea permafrost, which acts as a physical barrier to ascending gas (Reagan and Moridis, 2008; Shakhova et al., 2019). Recent acoustic surveys on shelves and along continental slopes revealed significant CH4 emissions, triggered by an increasing number of submarine gas seepages (Westbrook et al., 2009; Baranov et al., 2020; Chuvilin et al., 2020). These assessments of potential CH4 release mainly focused on the changes in the submarine CH4 storage system (Shakhova et al., 2010, Shakhova et al., 2014; Berchet et al., 2016). Based on these methodological approaches, bottom-up flux CH4 estimations are strongly imbalanced related to top-down flux estimations (AMAP, 2015), revealing that either the release at the submarine-marine interface or the sea-air CH4 fluxes is overestimated.
Actually, calculations based on the level of CH4 super-saturation in surface water related to the atmospheric equilibrium disregard the effects of sea ice and the water transformations coupled to the sea ice cycle on the pathways of CH4 (Damm et al., 2018). According to recent studies, the transport of shelf-sourced CH4 by sea ice is a driving mechanism causing the patchy appearance of CH4 excess in surface waters detected in different Arctic regions (Damm et al., 2015, Damm et al., 2018; Verdugo et al., 2021). Consequently, an assessment of the current sink capacities of certain regions and water masses in the Arctic Ocean is urgently needed to better simulate future climate scenarios.
In the last few decades, Arctic sea ice has sharply declined (Screen and Simmonds, 2010). The longer sea ice-free seasons (Markus et al., 2009; Günther et al., 2015) will have significant consequences for the CH4 cycle, while the elongated period for a potential net sea-air exchange is just one possibility. Intensive sea ice melt causes an increasing contribution of fresh water in surface waters that dilutes the CH4 excess. Eventually, warming will amplify the water stratification, and restrict CH4 fluxes into the atmosphere. Water stratification is known to favor lateral CH4 transport, which in turn enables CH4 oxidation in the water column (Mau et al., 2013; Gentz et al., 2014; Myhre et al., 2016; Mau et al., 2017; Silyakova et al., 2020; Damm et al., 2021).
Moreover, changes of temperature and salinity in surface water, controlling the solubility and eventually the storage capacity for CH4, needs to be considered in assessments of the current CH4 budget. The Eurasian continental slope (ECS) is a key Arctic region to study this complexity of marine CH4 pathways and the potential sink capacity of Arctic surface water. The surface water at the ECS comprises the Polar Mixed Layer (PML) on top and the salinity-stratified Cold Halocline Layer (CHL) underneath. In summer, the PML is formed by sea ice melt and Siberian River runoff (Rudels et al., 1996). In winter, ice formation in leads and polynyas alters the characteristics of the PML (Dmitrenko et al., 2009; Krumpen et al., 2011; Iwamoto et al., 2014). The CHL is formed via interaction between inflowing Atlantic water and sea ice (Rudels et al., 2004). The CHL remains close to the Siberian continental slope, receives inflows from surrounding shelves, and is additionally modified through mixing with the PML (Alkire et al., 2017). Both water masses link the shallow shelf with the ECS and highlight the role of the shelf-basin exchange for the validation of the CH4 sink capacity.
In this study, we provide a first assessment of the seasonal storage capacity of the PML on the ECS. Based on data collected along cross-slope sections in late summer 2013 we point to the seasonal buffer capacity of the PML, which might influence the CH4 flux. We discuss the ability of the ECS as a sink for CH4 under the conditions of current sea ice retreat. Further, we describe the formation of CH4 plumes in the sea ice-influenced PML during the period of pronounced seasonal ice melt and their mixing into the CHL. We show that the CH4 plumes in the PML on the ECS are induced by the melt of mainly estuarine ice.
2 MATERIALS AND METHODS
We used CH4, total alkalinity and thermohaline observations collected at ten sections (Figure 1) over the Eurasian continental slope (ECS) of the Arctic Ocean from the St. Anna Trough to the East Siberian Sea during the Nansen and Amundsen Basins Observational System (NABOS, https://uaf-iarc.org/NABOS/) cruise onboard R/V “Akademik Fedorov” from August to September, 2013.
[image: Figure 1]FIGURE 1 | Sea ice concentration [University of Bremen, (Spreen et al., 2008)] on August 15th (light grey/transparent) and September 15th (dark grey/transparent) is shown together with sampling sites in open water (red) and ice-covered (white) regions. Blue arrows indicate the track of the R/V “Akademik Fedorov”.
2.1 Satellite-Based Applications to Invest Sea Ice Conditions During Expedition
In order to determine the pathways and source regions of the ice along the sampling sections, we utilized the Lagrangian ice tracking tool, ICETrack. ICETrack makes use of low-resolution sea ice motion and concentration products and has been widely used in previous studies to identify age and origin of sea ice, as well as conditions along pathways (e.g. Belter et al., 2021; Krumpen et al., 2021). A comparison of the satellite-based motion estimates of ICETrack with buoy data has shown that the deviation between real and virtual tracks is rather small (60 ± 24 km after 320 days, Krumpen et al., 2020). For an in-depth method, data product and setup description, we refer to Krumpen et al., 2019).
2.2 Thermohaline Observations, Sampling and Analysis
Profiles of salinity and temperature in the water column were obtained using a conductivity–temperature–depth (CTD) system. The principal device used, was a Sea-Bird SBE911. At selected CTD station a 24-Niskin bottle rosette was used to collect the water samples for СH4 and total alkalinity (TA) analysis every 10 m along the top 100 m. Under heavy ice condition sampling was carried out from fractures or leads.
Samples for CH4 measurements were collected in 30, 100, 200 ml glass vials, taking care to avoid entrainment of bubbles while filling bottles, alkalized up to pH 12, then sealed with rubber stoppers and aluminum caps. To avoid the risk of contamination samples were collected first followed by TA. CH4 samples were stored in a refrigerator at 4° in the darkness until measuring in the land laboratory within 1 month after the cruise. CH4 concentrations were measured by using a gas chromatograph with a flame ionization detector (Shimadzu, GA-8A) with an instrumental precision 1%. The analytical error for measurement was 3%.
The CH4 saturations with respect to atmospheric equilibrium were calculated by applying the equilibrium concentration of CH4 in sea water with the atmosphere as function of temperature and salinity (Wiesenburg and Guinasso, 1979). We used an atmospheric mole fraction of 1.91 ppm, i.e. the monthly mean from September, 2013 (Data provided by NOAA Global sampling networks, sampling Hydrometeorological Observatory of Tiksi, http://www.esrl.noaa.gov).
The fluxes (F, nMol/m2 day) of CH4 across the air-sea interface were calculated in accordance to Wanninkhof (1992), using the equation
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where Kw is the gas transfer velocity for CH4, Cw is the measured CH4 concentration in surface water, Ca is the equilibrium concentration of CH4 at surface water temperature and salinity calculated using the measured CH4 atmospheric mixing ratio and the Bunsen solubility coefficient taken from Wiesenburg and Guinasso, 1979. We have estimated Kw depending on wind speed (u) as described in Wanninkhof (1992):
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Following Wanninkhof (1992), the appropriate Schmidt number (Sc) for CH4 was calculated using the surface water temperature dependent polynomial relationship.
The relationship between TA and salinity was used to identify the freshwater fractions of sea ice melt or estuarine ice melt waters in the PML (Macdonald et al., 2002; Yamamoto-Kawai et al., 2005; Fransson et al., 2009; Alkire at al., 2019). For TA samples were collected into borosilicate glass flasks (125-ml) pre-treated with saturated mercuric chloride solution (200 µL); the bottles were sealed and stored until following analysis, which was carried out on board by an automated open-cell potentiometric titration (Haraldsson et al., 1997), with precision of ±1 µmol/L.
3 RESULTS
3.1 Weather and Ice Conditions During Sampling: On-Site Observations and Satellite-Based Assessments
Our first five stations near the ice edge covered a route ∼80 miles apart the eastern Laptev Sea shelf break for the August 24–26th period. Section A (Figure 1, along 126°E longitude) was carried out August 27–28th. No ice was present at the southern stations while mid and northern stations were sampled in an area with ice concentration >90 and 70–80%, respectively. Ice thickness ranged between 70 and 100 cm at the mid stations and 40–60 cm at the northern stations. The ice was first-year ice, substantially rotten and melted from below. For August 29–31st, three northern stations at section C were visited before the termination of sampling due to a consolidated heavy ice pack. Southern stations along the ice edge, were occupied on August 31st. On the next day, the stations along the ice edge towards section D were done. At ∼153°E the thickness of the heavy consolidated pack ice reached 2 m. For September 4–6th section E was carried out. On September 8th, we started section F (crossing the Laptev Sea slope at 110°E). On September 10th, section F was interrupted at the middle of the slope by storm conditions. More specifically, the wind speed exceeded 18 m/s and the wave height exceeded 3 m. Work at section G (105°E) started in the marginal ice zone at the northern stations and was finalized at Severnaya Zemlya shelf on September 13th. The same day, we sampled section H at 95°E. Due to the presence of heavy pack ice, section I was started at 84°30′N and, interrupted by a storm, on September 16th. On September 17th we resumed sampling on section J along 90°E. However, a strong storm prevented sampling at the upper slope points. On September 18th and, 19th we sampled the final section across St. Anna Trough.
3.2 Water Mass Properties
A typical vertical structure of surface waters in the Eurasian sector of the Arctic Ocean consists of two layers–the Polar Mixed Layer (PML) and the Cold Halocline Layer (CHL) (Alkire et al., 2017).
The PML extends from the ocean surface to the ∼20–55 m depths, and is characterized by vertical uniform distributions of temperature and salinity. Following Jones (2001), the base of the PML is associated with salinities ≤33 psu, but a wide range of temperatures. In line with that, in summer, 2013 the temperature of the PML varied between −1.78 and 2.51°C in the ice-free areas and between −0.137 and −1.781°C in the areas covered by sea ice.
Below the PML, strong vertical gradients of salinity accompanied by negligible gradients of temperature and a relatively weak T–S slope form the CHL. Strong salinity gradients in the CHL suggest the increased density stratification that suppresses diapycnal mixing between the upper and intermediate ocean layers (e.g., Rudels et al., 1996). In 2013, the CHL was localized between 20 and 80 m depths, slightly deepening in the eastern sector of the Makarov Basin. The CHL salinities varied between 33.0 and 34.0 psu (e.g., Alkire et al., 2017), whereas the temperature range was from −1.80°C to −0.1°C.
3.3 CH4 Distributions
According to regional patterns, in our study, we divided the research area into two sectors: western and eastern ECS.
The western sector (further the western sector of the ECS, WES) comprises the sections located from the St Anna Trough up to the section A at 126°E (Figure 1, Sections A, F, G, H, I, J.). The eastern sector (further the eastern sector of the ECS, EES) comprises sections located to east from the Lomonosov Ridge (Figure 1, Sections B, C, D, E).
In the PML the highest CH4 concentrations detected were 5.81 nmol/L, which reflected an average CH4 super-saturation (154%) with respect to the atmospheric equilibrium. The mean CH4 concentrations increased from 4.03 nmol/L (standard error, SE = 0.18) in the WES up to 4.25 nmol/L (mean, SE = 0.12) in the EES. This corresponded to a slightly increase of the CH4 super-saturation from 105 to 107% in the WES and EES, respectively. Unlike the WES, where CH4 saturation was the same for the ice-covered and ice-free areas, in the EES, CH4 concentration at ice-free stations were 4.23 nmol/L (mean, SE = 0.19) that corresponded to a CH4 super-saturation of 110.2%. At the ice-covered stations, the mean CH4 concentration was 4.44 nmol/L (SE = 0.18), which corresponded to a CH4 super-saturation of 109% at ice-covered stations.
In the CHL the CH4 concentrations increased from 3.49 nmol/L in the WES to 5.69 nmol/L in the ESL. Those corresponded to CH4 saturation from 96.7 to 145%. In the WES, the mean CH4 concentrations were 4.13 nmol/L (SE = 0.19) corresponding to a CH4 super-saturation of 104%. In the EES mean CH4 concentration was 4.35 nmol/L (SE = 0.19), which correspond to a CH4 saturation of 108%.
4 DISCUSSION
When entering through the St Anna Trough, pronounced cooling and freshening by sea ice melt created the PML (Rudels et al., 1996). The direction of the PML circulation is supposed to correspond to the current of warm saline AW underneath, mainly following the coastline eastward (Carmack et al., 2016). The thickness of the PML enhanced from ∼20 m at 90°E to ∼50 m at 125°E.
In mid of August ∼85% of the research area was covered by sea ice while, sea ice progressively reduced to less than ∼10% in mid of September. During sampling roughly 15% of the stations on the WES (Figure 1) and, 46% of the stations on the EES were still ice covered. The salinity profiles of the PML clearly reflected the different stages of sea ice melt (Figure 1, Figure 4, Figure 6). As the ongoing melt also affects the CH4 solubility capacity (SC), we discuss the sea ice effects on the CH4 saturation with respect to the atmospheric equilibrium in detail.
4.1 CH4 Solubility Capacity of the Polar Mixed Layer
The cooling of the warm inflowing surface water and coexisting freshening due to sea ice melt or meteoric water enhanced the SC from 3.53 to 4.07 nmol/L in the PML from west to east (Figures 2A, B).
[image: Figure 2]FIGURE 2 | The effect of the CH4 solubility on the level of CH4 saturation, related to the atmospheric equilibrium in the PML. The (A,B) gives the CH4 solubility concentration (blue numbers) calculated in relation to the water temperature and salinity. The arrows show the dominant effect of either cooling or warming and freshening in the WES (A), and EES (B). The (C,D) shows the shift related to the saturation induced by changing solubility (dashed lines): in blue (cooling), in green (freshening), and in red (warming) in the WES (C) and EES (D). The shift in saturation forced by predominantly by warming (left red axes) consisted in real saturation (right black axes) (D). Orange symbols indicate the reference section A. In the WES the enhanced solubility masked the CH4 supersaturation caused by marine sources. In the EES, CH4 supersaturation is clearly induced by marine CH4 sources.
In the ice-covered PML in the WES, the SC increased at ∼13% mainly by cooling of the water down to near the freezing point (−1.718°C; S 32.963 psu), while the freshening effect remained negligible (<0.1%, ΔS = 0.838 psu). That increase in SC resulted in a slightly CH4 under-saturation related to the atmospheric equilibrium (Figure 2).
In the ice-covered PML in the EES, the water temperature was mostly near the freezing point, while the cooling effect on the SC was still sustained, reflected by the under-saturation at some stations. That pointed to a restricted air-sea exchange mainly hampered by the ice coverage.
By comparison, in the ice-free PML in the WES, a seasonal warming up to 1.608°C, resulted in ∼10% less SC, finally reflected in under-saturation down to ∼90% (Figure 2).
Freshening by sea ice melt increased the SC from 4.02 to 4.08 nmol/L at northern ice-covered stations (Figures 2A, C), resulted in negligible increase in the SC (∼1%) compared to the effect of simultaneously occurring warming. Under consideration of the variabilities in saturation by changes in the SC, we observed CH4 supersaturation up to 153% caused by additional CH4 discharged from marine sources.
A combined effect of freshening and warming was observed in the EES including the reference section A, which served as a boundary between the WES and EES (Figures 2B, D). The prevailing impact of warming to the decreased SC (11%) was attributed for all shelf break ice-free stations. By comparison, we observed the largest freshening, in the eastern EES, at the section C, increasing the SC to 4.15 nmol/L, which corresponded to a plus by ∼2%.
The variation in the SC revealed the significance of surface warming and coherent freshening due to sea ice melt to the level of CH4 saturation. Remarkably, the cooling of warm inflowing water in the WES results in an enhanced potential sink capacity for either atmospheric or marine CH4 sources. However, this potential sink capacity seasonally shrinks by ice melt and subsequent warming of the melt water, while especially the degree of warming in summer, triggers the PML at the ECS switches to acting as a potential source for atmospheric CH4 (Figure 3A).
[image: Figure 3]FIGURE 3 | Mean PML depths and the potential CH4 storage capacity (A); CH4 flux and saturation related to the atmosphere (B). (A) The blue arrow shows the potential CH4 up-take caused by cooling. Cooling takes place when the water mass enters the polar region and in autumn during the freeze up. The red arrow shows the potential release of CH4 caused by warming, e.g. as consequences of sea ice retreat. Freshening partly counterbalances the release capacity. The discrepancy between both arrows are caused by variations in the SC calculated with different temperatures in WES and ESS (Figure 2). (B) СН4 saturation related to the atmospheric equilibrium is shown by colors. Squares and circles show ice-covered and ice-free stations, respectively. The size of circles is related to potential sea-air СН4 fluxes in open water areas.
4.2 The Potential CH4 Storage Capacity of the Polar Mixed Layer
To assess the variation of potential sources and sink capacities in the upper PML by changing SC we estimated the CH4 storage capacity within the upper 18.8 m. For the entire area covered by the 2013 NABOS ll observations, we used the average PML depth of 18.8 m determined using high-resolution vertical profiles of the potential density (Figure 3A). We just considered the surface layer as a layer mainly favored to be influenced by sea-air gas exchange. Then we multiplied that value to the square of the research area and ΔSC in ng/m3.
The locally restricted cooling of the inflowing warm surface water resulted in a potential CH4 uptake of ∼4.99 Mg (106 g) CH4. We considered this cooling effect exclusively for the region west of 90°E (section J), which corresponded to an area ∼30,065 km2.
In addition, cooling in autumn down to the freezing temperature occurs in the whole research area (335,778 km2). An assessment of the potential uptake capacity results in ∼55.70 Mg of CH4 (Figure 3A).
Under the assumption that the whole area becomes ice free in summer, the seasonal warming will result in 12% less SC tending to balance the relicts of the cooling effect (Figure 3A). Then up to ∼46.58 Mg (106 g) CH4 might be potentially released from the ECS to the atmosphere. However, in summer 2013, ∼66% of the research area was still ice covered, resulting in a two thirds smaller amount.
The seasonal changing storage capacity reveals the buffer capacity of the PML for atmospheric or marine-sourced CH4. While mostly annually balanced, the seasonal stored CH4 might be reduced by ongoing oxidation in surface water. Studies considering CH4 oxidation report low oxidation rates in surface waters of other Arctic regions (Mau et al., 2013, Mau et al., 2017; Damm et al., 2015; Uhlig and Loose 2017) but oxidation rate measurements are needed to verify if oxidation acts as CH4 sink in the PML at the ECS.
Seasonal freshening enhanced the SC just by ∼3.2%, resulting in a potential uptake of ∼13.17 Mg CH4. That contribution is small in comparison to the cooling/warming effect on the SC. However, summer sea ice retreat increases the seasonal ice melt at the ECS (Krumpen et al., 2019). That reinforces the freshening effect. In addition, enhanced discharge of Siberian River water (McClelland et al., 2006; Overeem and Syvitski, 2016), which contributes approximately 40% of total freshwater into the Arctic Ocean (Serreze et al., 2006; Haine et al., 2015), will also contribute to increase the CH4 uptake capacity in the coming decades.
4.3 CH4 Excess in the Polar Mixed Layer
In summer, the surface water in the central Laptev Sea is reported to be slightly CH4 supersaturated with spatial restricted hotspots of enhanced CH4 excess (Thornton et al., 2016). In accordance, we detected CH4 super-saturation up to ∼142% in still ice covered and up to ∼154% in ice-free PML. Further, we also revealed a pronounced spatial heterogeneity in the CH4 excess (Figure 4A). Both aspects clearly point to a locally induced CH4 excess. Hence, we suggest sea ice as the source for CH4 excess, and the ongoing melt of single ice floes as the process, which causes the heterogeneity in the excess (Damm et al., 2015, Damm et al., 2018; Verdugo et al., 2021). Certain features of local CH4 release from sea ice into the PML during melt are shown at the section A and discussed in more detail below.
[image: Figure 4]FIGURE 4 | (A) Profiles of temperature, salinity, CH4 solubility capacity (SC) and saturation along section A (126oE, from south to north). During sampling, stations 7–14 and 15–26 were ice-free [red arrows (A), empty circles (B)] and ice covered [blue arrows (A), filled circles (B)], respectively. Red and blue squares contour the CH4 plumes at the southern and northern stations, respectively. Extensions of the red and blue squares are given on the left of the lower panel. The white line gives the boundary between PML and CHL. (B) Backward trajectories of sampled sea ice obtained from IceTrack. The color of the end notes provide the corresponding water depths at the formation site. The color of the start nodes provides the June-August ice concentration, averaged along the individual track lines.
At the southern ice-free stations a CH4 plume was directly located near the surface of the PML. Remarkably, the plume showed gradients in CH4 concentration and also in salinity. Both, CH4 concentration and salinity decreased from south to north (Sts 7–14). That pattern pointed to the formation of the CH4 plume during the early stage of melt, i.e. when brine charged with CH4 had been released from sea ice. By comparison, at the northern stations (Sts 12–14) the plume had been subsequently diluted on top during ongoing melt when brine release ceased and remain freshwater discharged. While at the southern stations the ice had being drifted away just before dilution by freshwater started, leaving the plume on top of the PML undiluted (Figure 4A).
At the northern ice-covered stations (Sts 25, 26), a CH4 plume was disposed at the depth range 10–30 m (Figure 4A). Notably, the plume position pointed to CH4 transport dissolved in brine downward during early stages of sea ice melt (Verdugo et al., 2021). Also the lower sea ice concentration at the northern compared to the southern stations (Figure 4B), pointed to different stages of ice melt.
This counterintuitive pattern is corroborated by the salinity gradients. Further, tracing the drift pattern, it is obvious that ice at the southern and northern part of the section was formed on the inner Laptev Sea shelf impacted by the Anabar and the Lena River waters, respectively (Figure 4B). The ice formed in the Anabar Estuary was less saline because the native winter salinity is < 10 psu (Dmitrenko et al., 2005) than formed in the Lena Estuary, where native winter salinity is 22–28 psu (Dmitrenko et al., 2005). The low salinity of the ice formed in the Anabar estuary caused the relatively slower ice melt at the stations in the middle of the section.
The CH4 plumes were directly related to initial CH4 concentration in the ice. CH4 uptake into sea ice occurs during ice formation from supersaturated seawater (Crabeck et al., 2014; Zhou et al., 2014; Damm et al., 2018). The shallow Laptev Sea shelf is a significant sources of CH4 (Shakhova et al., 2015; Baranov et al., 2020) and CH4 super-saturation in shelf water in summer is reported (Bussmann et al., 2017; Sapart et al., 2017; Savvichev et al., 2018).
The river estuaries are characterized by high sedimentation rates (Bauch et al., 2001; Stein et al., 2001; Han, 2014), which exert the dominant control on benthic escape of CH4 at the sediment-water interface in the shallow Laptev Sea (Puglini et al., 2020). Further, CH4 uptake during sea ice formation is favored on shallow shelves as cooling during freeze creates convection down to the bottom. This convective mixing enhances the turbulence, initiates resuspension of sediments, and eventually CH4 release from bottom (Wegner et al., 2017; Damm et al., 2021). Convection also enables rapid transport of CH4 to the sea surface and hence the uptake into sea ice during freeze events (Damm et al., 2007; Damm et al., 2021).
The satellite-based backtracking approach of the ice has shown that ice positioned at the northern plume stations was formed in the Anabar-Lena polynya with a water-depth between 30–50 m before it was advected north by prevailing offshore winds (Krumpen et al., 2016, Krumpen et al., 2019) (Figure 4B).
In addition, the TA/S ratio at those plume stations (0.72, Figure 5) was close to the TA of the Lena River water (0.78 mmol/L from Cooper et al., 2008) clearly pointing to freshening by Lena River ice meltwater fraction. The contribution of ice formed in the estuaries of the large Siberian Rivers to the ice cover in Nansen Basin was reported early (Eicken et al., 2005). Hence, we suggest the existence of ice predominantly formed in the external Lena River estuary on the Laptev Sea shelf and therefore argue for CH4 uptake from sediments into Lena estuary ice during its formation in autumn. Also at the southern ice-free stations the PML contained Lena River ice meltwater fraction shown by TA/S signal (0.68, Figure 5).
[image: Figure 5]FIGURE 5 | Total alkalinity–salinity plot for PML along the section A and EES sections. Black and empty circles show Lena River ice meltwater fraction at the ice-covered and ice free stations, respectively. Black crosses show Anabar River ice meltwater fraction at the ice-covered stations. Blue circles show the sea ice meltwater fraction. R is the correlation coefficient. Free terms in linear approximation equation TA (S) = kS + TAend correspond to alkalinity of meltwater from estuarine ice or sea ice, respectively, pointing to signatures of freshwater sources.
In comparison to both plume regions, we detected less CH4 supersaturation (up to 109%) at ice-covered stations in the middle of the section (Sts 15–19, Figure 4A). Backward drift trajectories pointed to the southwestern Laptev Sea shelf with depths ranged from 5 to 30 m, influenced by the Anabar River runoff, as the region for ice formation. The TA/S ratio (Figure 5) corroborated the Anabar River waters (Zhulidov and Emetz, 1991) as source water, and the western area of the Laptev Sea as the region for ice formation. The low salinity of the Anabar estuarine-ice caused less CH4 amount, captured during freezing and the relatively slower ice melt at the stations in the middle of the section.
4.4 The Subsequent Fate of the PML—CH4 Excess
4.4.1 Potential CH4 flux to the Atmosphere
As long as a supersaturation of CH4 in the PML exists, CH4 might also escape to the atmosphere. Sea-air flux is mainly favored at the end of the ice-free season when cooling and storm events diminish the water stratification. Since the atmosphere potentially acts as final sink for the marine CH4 that is seasonally stored in sea ice we have calculated the sea-air CH4 flux.
The PML on the ECS was weakly supersaturated with CH4, and hence a potential slight net source for the atmosphere during the summer (Figure 3B). In total, the CH4 concentration exceeded the atmospheric equilibrium at 0.22 nmol/L. The average sea-air CH4 flux, calculated for open water, was 2.0 nmol/m2day. A slightly higher flux was calculated for the outer shelf of the EES and on the external Laptev Sea shelf at the southern stations along sections A and G (Figure 3B). Summarized, the low sea-air flux indicates the ECS as a potential source for atmospheric CH4 mainly by strong wind loadings, i.e. during storm events.
4.4.2 Dilution of CH4 Excess in the Polar Mixed Layer and Downward Mixing Into the Cold Halocline Layer
Rapid ice retreat and accompanying strong sea ice melt provided the largest contribution of fresh water to the upper part of the PML in 2013 (Itkin and Krumpen, 2017). Hence, the level of CH4 excess in the PML was mainly triggered by the dilution with freshwater during later stages of melt. This dilution effect and the potential mixing into deeper water masses are the main processes contributing to keep the estuarine and shelf-sourced CH4 in the ocean. Apart from oxidation, dilution up to marine CH4 background values in sea water finally encourage that the ocean acts as sink for marine CH4 excess in Polar regions (Damm et al., 2021).
We detected CH4 plumes crossing the boundary between PML and CHL at the ice-free eastern Laptev Sea shelf break (Figure 6A). That feature revealed the intrusion of water from the PML, including the CH4 plume, into the CHL. The increased temperature within those intrusions, related the CHL at surrounding stations, corroborated the PML as the source of the CH4 plumes (Figure 6A). Vertical mixing induced by eddies at the ice edge (Zhao et al., 2014; Pnyushkov et al., 2018) favored the intrusion of water from the PML into the upper CHL and thus the transport of shelf-sourced CH4 into deeper water masses.
[image: Figure 6]FIGURE 6 | (A) Profiles of temperature, salinity, CH4 solubility capacity (SC) and saturation along sections E and D (from west to east). Light blue lines show the CHL depths. (B) Backward trajectories of sampled sea ice obtained from IceTrack. The color of the start nodes provides the June-August ice concentration, averaged along the individual track lines. The color of the end notes provide the corresponding water depths at the formation site.
We discussed the plume formation as a result of CH4 release from sea ice coupled to gravity brine drainage during the first melt stage (see above). Ongoing sea ice melt diluted the plume on top by freshwater discharge. Though, under the warm surface layer, the CH4 plumes are sustained by the strong density gradient on the top while the vertical mixing between PML and CHL enabled a downward deepening of the CH4 plumes (Figure 6A). The ice edge provides favorable conditions for eddy generation as specifically, convection by water cooling in leads generates a vertical dipole structure with a cyclonic eddy in the upper layer and an anticyclonic eddy in the CHL (Manley and Hunkins, 1985; Gupta et al., 2020; Meneghello et al., 2021). Further studies are needed to verify the role of eddies especially their enhanced lateral and vertical mixing capacity between certain water masses at the EES (Zhao et al., 2014; Pnyushkov et al., 2018) to contribute to the deepening of CH4 plumes into subsurface waters.
Remarkably, we did not observe CH4 plumes further east at the ice-covered shelf-break (Section D, Figure 6A). At these locations, sea ice melt had just began and CH4 release from sea ice, was still masked by the enhanced SC of the cold PML water. Further, ice drift trajectories indicated the area of sea ice formation in the shallow Laptev Sea shelf north from the New Siberian Islands (Figure 6B). In this area CH4 supersaturation in seawater as a result of CH4 release from the sediments under conditions of active turbulence are expected to be low (Puglini et al., 2020). Hence, the just slightly CH4 super-saturation (up to 108%) corroborate the capturing of low amounts of CH4 in sea ice on the shelf north from the New Siberian Islands.
CONCLUSION
We found a heterogeneous excess of CH4 next to the surface in the PML and suggest that sea ice impacts on the amount and pathways of CH4 on the ECS. On the one side, the cycle of sea ice formation and melt alters the solubility capacity of CH4 in the surface waters, which ultimately affects its ability to act as a source or sink of atmospheric CH4. On the other side, sea ice transports shelf-derived CH4 to the open ocean, which likely acts as a CH4 sink. It is noteworthy, that the largest CH4 excess in the PML on the ECS is generated by melt of ice originated in outer river estuaries on the shallow Laptev Sea shelf.
The increased solubility capacity during cooling has shown that the PML on the ECS acts as a potential seasonal sink for atmospheric or marine CH4. summer ice melt causes surface freshening and subsequent warming. The warming offsets the cooling effect and triggers the switching of the PML to act as a potential source of atmospheric CH4 in summer. The joint effect of both processes creates the seasonal buffer capacity of the PML. summer sea ice retreat will increase the freshening effect, the buffer capacity and reinforce the sink function of the PML for CH4.
Finally, Arctic amplification favors perennial sea ice retreat, and hence, we expect that larger amounts of freshwater will dilute the CH4 excess in surface water which eventually restricts CH4 flux into the atmosphere.
These linkages should be considered when assessing CH4 sources and sinks in the changing Arctic.
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