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Abstract  Knowledge about the distribution of CH4 remains insufficient due to the scarcity of data in the Arctic shelves. We 

conducted shipboard observations over the Chukchi Sea shelf (CSS) in the western Arctic Ocean in September 2012 to obtain the 

distribution and source characteristics of dissolved CH4 in seawater. The oceanographic data indicated that a salinity gradient 

generated a pronounced pycnocline at depths of 20–30 m. The vertical diffusion of biogenic elements was restricted, and these 

elements were trapped in the bottom waters. Furthermore, high CH4 concentrations were measured below the pycnocline, and low 

CH4 concentrations were observed in the surface waters. The maximum concentrations of nutrients simultaneously occurred in the 

dense and cold bottom waters, and significant correlations were observed between CH4 and 2
3SiO  , 3

4PO  , 2NO , and 4NH (p< 

0.01, n= 44). These results suggest that the production of CH4 in the CSS has a similar trend as that of nutrient regeneration and is 

probably associated with the degradation of organic matter. The high primary productivity and high concentration of organic matter 

support the formation of biogenic CH4 in the CSS and the subsequent release of CH4 to the water column. 
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1  Introduction 

Methane (CH4) is the most abundant hydrocarbon in the 
atmosphere and plays an important role in radiation balance 
and atmospheric chemistry (Cicerone and Oremland, 1988). 
The atmospheric CH4 concentration has been increasing 
steadily, with a modern-day level of 1.91 ppmv (parts per 
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million by volume), which is more than twice the 
preindustrial value of 0.71 ppmv (IPCC, 2007). CH4 
accounts for 15%–20% of the radiative forcing, and the 
elevated CH4 concentration has further intensified 
greenhouse effects (Chappellaz et al., 1993). To understand 
the dynamics of atmospheric CH4, various sources of 
natural CH4 need to be constrained. 

Oceans are net sources of atmospheric CH4 (Bange 
et al., 1994; Bates et al., 1996), and 6–12 Tg CH4 are 
emitted from the global ocean per year (Weber et al., 
2019). Methanogenesis, an anaerobic microbial process 
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mediated by archaea, amounts to approximately 0.1% of 
ocean primary productivity, is most prevalent in 
sediments with a high sedimentation rate (Henrichs and 
Reeburgh, 1987; Reeburgh, 2007), and is thought to 
dominate marine CH4 emissions. However, seepages of 
thermogenic CH4 and the breakdown of CH4 hydrates 
may also be significant contributors to these emissions 
(Kvenvolden and Rogers, 2005). Recent estimates 
suggest that 7×105–4×106 Tg CH4 are stored as hydrates 
in the ocean (Buffett and Archer, 2004); this value is at 
least 2 orders of magnitude larger than the atmospheric 
CH4 reservoir (~ 5000 Tg). 

A large amount of organic carbon is buried in Arctic 
Ocean sediments (Gramberg et al., 1983; Shakhova and 
Semiletov, 2007), which makes the Arctic Ocean a 
potential CH4 source. The Arctic Ocean is particularly 
sensitive to global warming, and the effects of warming on 
ecosystems will be the most dramatic in the Arctic 
(Holland and Bitz, 2003). Recently, many studies have 
proposed that the Arctic shelf is an important CH4 source, 
and an additional release of CH4 might result from the 
temperature destabilization of gas hydrates on the shallow 
continental shelves in the Laptev and East Siberian Seas 
(Shakhova and Semiletov, 2007; Shakhova et al., 2010), 
Spitsbergen continental margin (Damm et al., 2005; 
Westbrook et al., 2009). Organic matter stored in the 
sediment might be mobilized onto the shelves, leading to 
further biogenic CH4 release via methanogenesis in the 
White Sea and Storfjorden (Savvichev et al., 2004; Damm 
et al., 2007). However, the sources of CH4 are still not 
well understood in the Arctic shelf due to the complexity 
of the processes involved and the difficult access to these 
remote regions. In the Chukchi Sea, limited research has 
revealed CH4 accumulation in the bottom waters (Li et al., 
2017; Kudo et al., 2018; Bui et al., 2019). In conjunction 
with δ13CCH4 values (Fenwick et al., 2017; Kudo et al., 
2022), the most likely CH4 source in this region is 
biogenic production, resulting from the decomposition of 
organic carbon in the seafloor. To date, it is believed that 
methane from the Arctic continental shelf is dominated by 
thermogenic origin, with a secondary of biogenic source 
(Berchet et al., 2020). 

In this study, we present data for CH4 in a water 
column over the Chukchi Sea shelf (CSS). We were able to 
obtain the characteristics of the vertical distribution of CH4 
in relation to the water mass structure. We also compare 
CH4 with nutrient data and discuss possible processes that 
produce CH4 in seawater. 

2  Study area and methodology 

2.1  Study area and its hydrographic setting 

The CSS is one of the largest continental shelves in the 
world and has high biological productivity; Pacific Ocean 
waters transit through the Bering Strait and enter the 

Chukchi Sea (Figure 1). Three main transport pathways 
have been identified in the CSS: the inflow of warmer, 
fresher Alaskan Coastal Current (ACC) waters through the 
eastern channel (Coachman and Aagaard, 1966; Gong and 
Pickart, 2015); the transport of Bering Shelf Water (BSW) 
through the central channel between the Herald and Hanna 
Shoals (Woodgate et al., 2005); and the transport of colder, 
saltier, more nutrient-rich Anadyr Water in the west, which 
tends to follow Hope Valley toward Herald Canyon 
(Weingartner et al., 2005). Shipboard observations were 
conducted on the R/V Xuelong during the 5th Chinese 
National Arctic Research Expedition (CHINARE); seawater 
samples for CH4 and other parameters were collected along 
169°E meridian (named SR section) in September 2012. 
The sampling depths were 5, 20, 30, 40, 50, 70, 100 m and 
5 m above sea floor. 

2.2  Methods 

CH4 samples were transferred to a Biochemical Oxygen 
Demand (BOD) bottle (250 mL), with approximately 
twofold overflow of the bottle volume to avoid bubbles. To 
inhibit biological activity, 120 μL of saturated HgCl2 
solution was added to the water samples. The bottles were 
sealed with greased stoppers that were then fixed with a clip. 
The sample bottles were kept in the dark at 4 ℃ until 
transport back to the laboratory on land for analysis. 
Subsamples were taken following the method of Butler and 
Elkins (1991). The headspace method was adopted to 
pretreat the water samples, and high-purity N2 was 
introduced to create an around 7 mL headspace in 50 mL 
preweighed bottles. After shaking for 1 h at 30.0 , full ℃
equilibrium was achieved. The 5-mL gas samples were 
injected into an Agilent 7890A gas chromatography equipped 
with a flame ionization detector (FID). The CH4 gas 
standards were provided by the National Institute of 
Metrology, China. There is a linear relationship between the 
FID signal and the CH4 concentration; a single-point standard 
was inserted after every 12 samples to enable assessment of 
the drift of the FID. The precision of repeated analyses of 10 
water samples was approximately 5% (Li et al., 2017).        

The in situ CH4 equilibrium concentration was 
calculated from solubility measurements based on the 
method proposed by Wiesenburg and Guinasso (1979). 
Nutrient samples (nitrate, silicate, phosphate, nitrite, and 
ammonium) for seawater were filtered through prewashed 
cellulose acetate membranes (0.45 µm) and measured 
immediately using a continuous flow analyzer Skarlar 
San++ (Holland, Breda). The detection limits were 

0.1 μmol · L−1 for 3NO , 0.1 μmol · L−1 for 2
3SiO  , 

0.03 μmol·L−1 for 3
4PO  , 0.01 μmol·L−1 for 2NO , and 

0.02 μmol·L−1 for 4NH . Seawater salinity and temperature 

data were processed by using the standard SBE CTD 
procedure and obtained from the National Arctic and 
Antarctic Data Center (http://www.chinare.org.cn). 
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Figure 1  Sampling stations along the SR section (blue circles) in the CSS during the 5th CHINARE. The inflow of the Bering Strait is 
separated into three main branches: Anadyr Water (AW), Bering Shelf Water (BSW), and Alaska Coastal Water (ACC). 

3  Results and discussion 

3.1  Hydrology and nutrient distributions 

Due to the influence of warm and saline Pacific water and 
cold and fresh ice-melt water, wide temperature and salinity 
ranges were observed in the water column of the SR 
transect, with values ranging from approximately 
−1.6–7.6  and 26.4℃ –34.4, respectively (Figure 2). Cold 
and even freezing temperatures were observed in the 
northern bottom region, and warm water was distributed 
mainly in the southern surface layer. High-salinity (>32) 
water was present only in the bottom of the column, 
whereas low-salinity water (<32) water was widely 
distributed in the narrow surface waters. The distribution 
pattern of temperature was the opposite of that of salinity 
along the transect. Despite the change in temperature, the 
pattern of potential density was similar to that of salinity, 
which indicates that the water masses were mainly 
controlled by salinity. High stratifications could be observed 
in the distribution patterns, with the intensive dispersal of 
dense water masses at the bottom and vice versa. 

Physical characteristics of the water masses were 

identified (Figure 3), and high-temperature and low-salinity 
waters (T≈6 , ℃ S≈27) on the southern surface were 
distinguished from BSW (Walsh et al., 1989). An extremely 
fresh and relatively cold water mass (T≈−1 , ℃ S≈27) in the 
northern surface typically originates from near-surface 
ice-melt water (SIMW) (Weingartner et al., 2005). A 
high-salinity water with freezing temperatures (T≈0℃, S≈33) 
dispersed in the bottom layer is typically regarded as a 
portion of remnant winter-transformed water (WW) from 
the previous winter (Weingartner et al., 1998; Spall, 2007). 
In the study area, a salinity gradient generated a pronounced 
pycnocline at depths of 20–30 m, and vertical diffusive 
transport and the mixing of biogenic elements were 
restricted and trapped in the bottom waters. 

The distribution of nutrients ( 3NO + 2NO ) over the 

CSS is presented in Figure 2, and all nutrients showed a 
similar distribution pattern (not shown), and concentrations 
increased with depth. The concentrations were as high as > 

20 μmol·L−1 ( 3NO ), >30 μmol·L−1 ( 2
3SiO  ), >2 μmol·L−1 

( 3
4PO  ), >4 μmol·L−1 ( 4NH ) and >0.2 μmol·L−1 ( 2NO ) in 

the same water mass, indicating possible efflux from the 
sediment. High values were located in the bottom waters of 
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Figure 2  Distributions of temperature, salinity, potential density and nutrients ( 3NO + 2NO ) in the SR section of the CSS. 

 
Figure 3  Temperature-salinity diagrams and CH4 concentrations 
in the SR section of the CSS. 

 

SR03, SR05, and SR11, where a “biological hotspot” is 
known to exist (Grebmeier et al., 2015). In the northern 

surface waters, nutrient concentrations were very low ( 2
3SiO  : 

~5 μmol·L−1, 3
4PO  : ~0.5 μmol·L−1) and even under the 

detection limit ( 3NO , 4NH and 2NO ). Table 1 shows the 

concentrations of nutrients in different water masses, with the 
highest concentrations of nutrients in the WW and the lowest 
concentration of nutrients in the SIMW, corresponding to the 
dense bottom waters and the north surface waters of the CSS, 
respectively. The high concentrations of nutrients in the WW 
are attributed to the regeneration of organic matter that has 
settled down to the sediment. In contrast, the low 
concentrations of nutrients in the northern surface layer 
(SIMW) can be explained by biological consumption, and the 
strong stratification limits the vertical mixing of bottom 
waters rich in nutrients to the surface. 

3.2  Distributions of CH4 in the CSS 

The vertical distribution of CH4 along section SR is 
presented in Figure 4, showing that the CH4 concentrations 
showed marked variations; CH4 in the surface waters 
(approximately 5 m below the sea surface) ranged from  

4.6 nmol·L−1 to 14.6 nmol·L−1, which were significantly  
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Table 1  Mean (in brackets) and variation ranges of the main parameters in different water masses in the CSS 

Water masses 
Parameter 

BSW SIMW WW 

Temperature/℃ 1.4–7.6 (5.4) −1.4–0.65 (−0.2) −1.6–1.6 (−0.2) 

Salinity 27.4–31.9 (29.7) 26.4–30.5 (29.0) 31.4–34.4 (32.8) 

CH4/(nmol·L−1) 4.6–14.6 (7.3) 4.7–17.5 (10.9) 6.7–38.8 (16.7) 

DO/(mg·L−1) 9.1–12.1 (10.0) 11.5–13.9 (12.6) 7.2–12.4 (9.6) 

3SiO /(μmol·L−1) 2.1–15.9 (9.1) 2.7–14.9 (6.3) 5.0–50.8 (25.4) 

3NO /(μmol·L−1) 0.1–3.4 (1.1) 0.2–1.5 (0.6) 0.7–20.3 (10.4) 

4NH /(μmol·L−1) 0.1–2.1 (0.9) 0.2–0.5 (0.3) 0.3–8.3 (3.6) 

2NO /(μmol·L−1) 0.02–0.13 (0.06) 0.01–0.05 (0.03) 0.05–0.40 (0.17) 

3
4PO  /(μmol·L−1) 0.6–0.9 (0.7) 0.5–0.8 (0.7) 1.0–2.3 (1.8) 

 
higher values than the expected atmospheric equilibrium 

concentrations of 3.2–4.1 nmol·L−1, with saturations from 

114% to 398%. This result means that surface waters in the 
CSS were supersaturated with CH4 and could be a potential 
source of atmospheric CH4. In the water column, CH4 

concentrations ranged from 4.8 nmol·L−1 to 38.8 nmol·L−1, 

and the maximum concentrations of CH4 were distributed 
in the bottom waters of stations SR03, SR10, and SR11, 
representing CH4 supersaturation of up to 962% in the 
dense and cold bottom waters of the CSS. The ambient 
dissolved oxygen (DO) of the water column ranged from 

7.3 mg·L−1 to 13.9 mg·L−1, with high concentrations 

located in the surface waters of stations SR03, SR11, 
SR12 and the lowest values at the bottom waters of the 
same stations. There were consistently high concentrations 
of CH4 and low DO levels in the bottom waters of stations 
SR03, SR10 and SR11 (Figure 4, Table 1). Nutrient-rich 
Pacific water and sea-ice melting increase the light- 

stimulated primary production of ice algae and 
phytoplankton, maintaining high concentrations of DO in the 
surface and shallow depths, as well as low grazing pressure 
and a high flux of organic carbon settling to the seafloor 
(Grebmeier et al., 2006); furthermore, respiratory action 
consumes O2 and reduces the concentration of DO in the 
bottom waters. In general, the distribution pattern of CH4 is 
similar to that of salinity and potential density, with an 
increasing trend from the surface to bottom water (WW). 
Water masses are a factor controlling the gradient shape in 
the Chukchi Sea, suggesting that high concentrations of CH4 

are trapped below the pycnocline (Fenwick et al., 2017; Kudo 
et al., 2022); thus, the CH4 concentration in surface waters is 
limited during the autumn stratification period (Kudo et al., 
2022). The distribution of CH4 showed a clear increasing 
downward gradient, indicating that high concentrations of 
CH4 in near-bottom waters at these stations might correlate 
with the production and emission of CH4 from the 
organic-rich sediment interface. 

 
Figure 4  Distributions of methane (CH4), methane saturations and dissolved oxygen (DO) in the SR section of the CSS. 
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3.3  Sources of CH4 in the CSS 

A correlation analysis was performed to identify the 
potential relationship between excess CH4 (ΔCH4) and 

nutrients ( 3
4PO  , 4NH , 2NO , 2

3SiO  , and 3NO ) for all the 

samples in the water column in the SR section, and scatter 
diagrams are shown in Figure 5. High-confidence 

coefficients were found between ΔCH4 and 3
4PO   (r2=0.46, 

p<0.01), 4NH (r2=0.46, p<0.01), 2NO  (r2=0.41, p<0.01), 

3NO (r2=0.16, p<0.01) and 2
3SiO   (r2=0.34, p<0.01), and 

the high and low concentrations of CH4 in different water 
masses corresponded well to the distribution of these 
nutrients. Less significant correlations were found between 
CH4 and 3NO , which may be consumed through the 

significant denitrification process in the CSS (Devol et al., 
1997). We propose that CH4 maxima in the bottom waters 
are produced through the microbial degradation of organic 
materials in the sediments, followed by the release of 
microbial generated CH4 into the overlying waters. The 
Chukchi Sea is one of the most productive areas in the 
Arctic Ocean (Grebmeier et al., 2006), and high particulate 
organic carbon (POC) fluxes are exported down to the 
underlying sediments (Moran et al., 2005; Lepore et al., 
2007). The organic carbon concentrations (0.65%–2.03%) 
in the sediments are higher than the average value of 0.75% 
for the world shelf (Berner, 1982), and the organic matter 
supports high concentrations of biogenic elements and high 
rates of methanogenesis processes in the upper sediment 
layers (Savvichev et al., 2007). In the northern Chukchi Sea, 
microbial methanogenesis in the sediments could also be  

found, which is attributed to primary production enhancing 
the organic-rich material flux to the seafloor (Lapham et al., 
2017). In this study, due to high oxygen contents 

(7.24–12.38 mg ·L−1) in the WW, the conditions were 

unfavorable for the production of CH4; therefore, 
methanogenesis was evidently restricted to shelf sediments 
(Ivanov et al., 2002). Matveeva et al. (2015) presents the 
carbon stable isotopic composition of CH4 samples (varying 
from −96.7‰ to −92.8.7‰), unambiguously demonstrating 
the microbial origin of CH4. In the bottom layers of the CSS, 
the maximum CH4 concentration was accompanied by 
lower δ13CCH4 values, indicating that CH4 was produced 
mainly by organic matter degradation via methanogens 
(Kudo et al., 2022). In addition, data obtained from the 
same water samples produced a positive relationship 
between ΔCH4 and biogenic gas N2O concentrations 
(unpublished data), with r2=0.49 and p<0.01 (Table 2), and 
showed a coincident distribution pattern in the CSS, 
indicating that biological processes were responsible for the 
production of both gases. The high biological activity in the 
Chukchi Sea is called a biological hotspot (Nishino et al., 
2016), and the significant amount of fresh organic matter in 
the sediment supports high rates of microbial processes. It is 
reasonable to deduce that the maximal CH4 concentration in 
the bottom waters is related to sediment release in the CSS 
(Kudo et al., 2018, 2022). 

3.4  Comparison with other areas in the Arctic 
Ocean 

CH4 can be produced through the bacterial degradation of 
organic materials in sediments and subsequent release into 

 

Figure 5  Correlation analysis between ΔCH4 and 3NO + 2NO , 2
3SiO  , 4NH  and 3

4PO   in the water column of the SR section in the 

CSS. 
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Table 2  Correlation analysis between ΔCH4 and 3NO + 2NO , 

3NO , 2NO , 2
3SiO  , 4NH  and 3

4PO   with Pearson 

and Spearman models 

 ΔCH4 (nmol·L−1) 
Pearson 

ΔCH4 (nmol·L−1)
Spearman 

N2O/(nmol·L−1) 0.70** 0.81** 

3NO + 2NO /(μmol·L−1) 0.41** 0.50** 

3NO /(μmol·L−1) 0.40** 0.50** 

2NO /(μmol·L−1) 0.64** 0.57** 

3SiO /(μmol·L−1) 0.59** 0.59** 

4NH /(μmol·L−1) 0.68** 0.63** 

3
4PO  /(μmol·L−1) 0.68** 0.73** 

Note: ** p<0.01, indicating all correlations are significant at the 0.01 level. 

 

the overlying near-bottom waters through sediment water 
exchange, seepages of thermogenic methane from the 
decomposition of hydrates, the leakage of gas, and 
serpentinization reactions that may occur in specific areas 
(Reeburgh, 2007). As this area does not apparently contain 
subsea permafrost or gas hydrates (Ruppel, 2015), and 
δ13CCH4 values are indicative of biogenic production 
(Whiticar and Faber, 1986), the most likely CH4 source in 
this region is seafloor methanogenesis resulting from the 
decomposition of organic carbon (Fenwick et al., 2017). In 
the CSS areas, the concentrations in the bottom layer were 
higher (up to 55.9 nmol·L−1), whereas δ13C values were lower 
(down to −63.8‰) than in the surface layer, indicating that 
CH4 was produced mainly by organic matter degradation in 
seafloor sediment via methanogens (Kudo et al., 2022). As a 
result, the release of CH4 from the sediments into the water 
column results in a dome-like structure of relatively high CH4 
concentrations in the dense bottom water of the CSS. We 
summarized CH4 concentrations and sources in different 

areas of the Arctic Ocean (Table 3) and distinguished the 
origin of CH4 from sedimentary release. Compared to the 
open ocean, in the East Siberia Sea, because of a lack of 
sunlight and highly turbid waters, primary production is 
suppressed by factors of 100 to 1000, whereas the CH4 levels 
are elevated 10-fold, which could be attributed to the thawing 
of the subsea permafrost and the consequentially increased 
permeability for CH4 (Shakhova et al., 2010). In 
SW-Spitsbergen, CH4 concentrations 2 orders of magnitude 
higher than the equilibrium concentrations with the 
atmosphere are discharged from thermogenic processes or 
hydrate on top of sandy and gravelly banks, with distinctly 
heavy δ13CCH4 values (Damm et al., 2005). The highest 
concentration of CH4 in the White Sea and Storfjorden was 
approximately 50 nmol·L−1 in the bottom waters because of 
high accumulation rates of organic carbon (Damm et al., 
2007; Savvichev et al., 2004); thus, both areas are ideal 
environments for the formation of biogenic methane near the 
sediment surface (Daniel and Jochen, 2005). For dome-like 
structure formation and turbulent mixing models, a dilution 
factor of 104 is assumed (Lupton et al., 1985). Therefore, a 
potential initial CH4 concentration of approximately       
0.4 mmol·L−1 in the sediments is sufficient to create a plume 
with the CH4 concentrations detected in the CSS bottom 
waters (approximately 40 nmol·L−1) and the maximum CH4 
concentration of 2 mmol·L−1 in the seafloor over the CSS 
(Matveeva et al., 2015). Indeed, the Chukchi Sea bottom 
sediments have been shown to support methanogenesis rates 
of up to 67 μmol·m−2·d−1 (Savvichev et al., 2007). This 
intensive CH4 production in shallow sediment could supply 
CH4 to the bottom waters, resulting in high CH4 
concentrations (Fenwick et al., 2017). Thus, we suggest that 
the decomposition of organic carbon from primary 
production underlies the biogenic formation of CH4 in the 
CSS.  

 

Table 3  CH4 concentrations and sources in different areas of the Arctic Ocean 

Area Date Concentrations/(nmol·L−1) Sources References 

Barents Sea Aug. 1991 3.6–56.7 Not defined Lammers et al., 1995 

Beaufort Sea shelf Apr.–May, 1992 10.7–111.8 Not defined Kvenvolden et al., 1993 

White Sea 1999–2001 3.56–53.57 Biogenic Savvichev et al., 2004 

Storfjorden Mar. 2003 3.5–48.3 Biogenic Damm et al., 2007 

Spitsbergen Summer of 2001 - Thermogenic Knies et al., 2004 

SW-Spitsbergen 
Jul. 2000 
Sep. 2001 

2–240 Thermogenic Damm et al., 2005 

East Siberia Sea Sep., 2003–2008 22.6–246.2 Thermogenic Shakhova et al., 2010 

West Spitsbergen continental margin Aug. 2010 10–524 
Mixture of biogenic  

and thermogenic 
Gentz et al., 2014 

Laptev Sea Jul. 2014 3–1511 Thermogenic Steinbach et al., 2021 

Aug. 2004 8–31 Biogenic 
Savvichev et al., 2007;  
Matveeva et al., 2015 

Sep. 2012 4.1–55.9 Biogenic Kudo et al., 2018 Chukchi Sea 

Sep. 2012 4.59–38.78 Biogenic This study 
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4  Conclusion 

Shipboard observations were conducted over the CSS in the 
western Arctic Ocean in September 2012 by the R/V 
Xuelong during the 5th CHINARE. Low concentrations of 

CH4 (~ 10 nmol·L−1) were observed in the surface BSW and 

SIMW, while high CH4 concentrations were measured in the 
cold and dense WW, the layer in which the maximum 

concentrations of nutrients ( 3NO , 4NH , 2
3SiO  , 3

4PO   

and 2NO ) occurred simultaneously. High correlations were 

found between CH4 and 3
4PO   (r2=0.46), 4NH (r2=0.46), 

2NO (r2=0.41), 3NO (r2=0.16) and 2
3SiO  (r2=0.34). 

These significant correlations imply similar mechanisms of 
production for both CH4 and nutrients. The production of 
CH4 is proposed to be relevant to the decomposition of 
organic matter in sediments. Compared with the 
thermogenic CH4 from hydrate or fossil seepages in other 
Arctic shelf regions, the CSS is productive and 
demonstrates extremely high accumulation rates of organic 
carbon, which favors the formation of biogenic CH4 in the 
sediment. 
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