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Abstract

Recent Arctic warming and decreasing sea-ice can promote the release of methane (CH,), a greenhouse gas, from the Arctic
Ocean, thereby providing a strong climate feedback. However, the dynamics of dissolved CH, in the Arctic Ocean remain
uncertain, especially in western areas. This report describes the horizontal and vertical distributions of concentration and
stable carbon isotope ratio (5'°C value) of CH, in the western Arctic Ocean. Surface layer samples used for this study were
supersaturated with CH, in comparison to the atmosphere. Especially high CH, concentrations (up to 10.3 nmol kg™ ') were
observed at stations in the continental shelf area. At the bottom layer of the shelf stations, the CH, concentration was higher
(up to 55.9 nmol kg™ 1). Its 8'3C value was lower (down to — 63.8%o) than in the surface layer, which suggests that CH, in
the shelf water is produced mainly by methanogens in sediment. At deeper stations in the Canada Basin (seafloor > 300 m
depth), the maxima of CH, concentration were detected at depths of 10-50 m and 100200 m, although 8'*C values were
lowest at 50 m depth. The shallower CH, maximum coincided with the DO maximum, suggesting CH, production by plank-
ton activity or sinking particles. The deeper CH, maximum corresponded to the nutrient maximum, suggesting horizontal
advection of shelf water from the coastal shelf area. From the results, we were able to confirm that the dynamics of dissolved
CH, in the western Arctic Ocean in summer 2012 varied with area and depth.

Keywords Western Arctic Ocean - Dissolved CH, concentration - Stable carbon isotope ratio - Depth profile - Chukchi
Sea - Canada Basin - Bering Strait - Organic matter degradation from sediment - Methanogen - Plankton activity

1 Introduction

Because of recent global warming, a sea-ice decrease can
be measured in the Arctic Ocean especially during summer
(McGuire et al. 2009, 2010; Arrigo and van Dijken 2011,
Permenteir et al. 2013). During 1979-2012, the respective
rates of decrease of the annual mean Arctic sea-ice extent

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10872-017-0460-y) contains
supplementary material, which is available to authorized users.

P4 Kushi Kudo 4 Japan Meteorological Agency, 1-3-4 Otemachi, Chiyoda-ku,
kudo.k.ab@m.titech.ac.jp Tokyo 100-8122, Japan

Meteorological Research Institute (MRI), 1-1 Nagamine,

Department of Environmental Chemistry and Engineering, Tsukuba 305-0052, Japan

Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku,
Yokohama 226-8502, Japan 6 Faculty of Environmental Earth Science, Hokkaido

Department of Chemical Science and Engineering, Tokyo University, N10 W5, Kita-ku, Sapporo 060-0810, Japan

Institute of Technology, 4259 Nagatsuta, Midori-ku, Japan Agency for Marine-Earth Science and Technology
Yokohama 226-8502, Japan (JAMSTEQC), 2-15 Natsushimamachi, Yokosuka 237-0061,

Earth-life Science Institute, Tokyo Institute of Technology, Japan

2-12-1-IE-1 Oookayama, Meguro-ku, Tokyo 125-8550,
Japan

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10872-017-0460-y&domain=pdf
https://doi.org/10.1007/s10872-017-0460-y

306

K. Kudo et al.

and the summer sea-ice minimum have been 3.5-4.1% per
decade and 9.4-13.6% per decade (IPCC 2013). These sea-
ice decreases affect heat, light, and freshwater cycles in this
area, accelerating primary production and seafloor sediments
(McGuire et al. 2009, 2010; Arrigo and van Dijken 2011;
Hioki et al. 2014; Harada 2016). These phenomena might
accelerate the release of greenhouse gases. In particular, the
release of methane (CH,) has been regarded as predomi-
nant because of its greater storage capacity in Arctic areas
(35-365 Pg CH,) (IPCC 2007, 2013; McGuire et al. 2009,
2010; Dlugokencky et al. 2009, 2011).

Terrestrial and oceanic CH, in Arctic areas are poten-
tially important sources to the atmosphere. Their flux is
estimated at 32-112 Tg C year™' (McGuire et al. 2009,
2010). In the Arctic Ocean, CH, production has been
reported via processes of CH, release from seafloor sedi-
ments in the Beaufort Sea, Eastern Siberian Sea, Laptev
Sea, and off the Svalbard islands (Kvenvolden et al. 1993,
Damm et al. 2005, 2008; Shakhova et al. 2005, 2010, 2014,
Myhre et al. 2016), in addition to aerobic CH, production
by the phytoplankton metabolite dimethylsulfoniopropion-
ate (DMSP: (CH;),S*CH,CH,COO") in the central Arctic
Ocean (Damm et al. 2010). These CH,, production processes
and dynamics of dissolved CH, affect the budget, influenc-
ing not only the Arctic climate but also global climate (e.g.,
IPCC 2013).

Earlier studies revealed the characteristic stable carbon
isotope ratio (813C, see Sect. 2.2 for definition) of oceanic
CH, produced by various processes. (1) Biogenic sources
such as sedimentary organic matter and CH, clathrate
hydrate are divided into two pathways: (a) CO, reduc-
tion pathway (CO, + 4H, — CH, + 2H,0, mainly occur-
ring in seawater) and (b) acetate fermentation pathway
(CH;COOH — CH, + CO,, mainly occurring in fresh-
water). In seawater, acetate is used as a substance of such
sulfate-reducing bacteria. Therefore, CH, formation occurs
almost entirely via the CO, reduction pathway in seawater
(e.g., Whiticar 1999). The 8'3C values of CH,, produced by
CO, reduction were reported as — 110 to — 60%o (Whiti-
car et al. 1986; Whiticar 1999; Kvenvolden 1993; Kastner
et al. 1998). The reported 8'°C values of CH, produced by
acetate fermentation are — 65 to — 50%0 (Whiticar et al.
1986; Whiticar 1999). (2) Thermogenic processes in hydro-
thermal systems produce CH, with §'3C values of — 50 to
— 20%0 (Whiticar et al. 1986; Whiticar 1999). (3) In aerobic
environments, methanogenic archaea living within anaero-
bic cavities of the zooplankton gut or inside sinking par-
ticles produce CH,. Their respective reported 5'°C values
are — 61 to — 54%o (Sasakawa et al. 2008) and — 37 to
+ 6%o0 (Sasakawa et al. 2008). Oceanic CH, is consumed
mainly by microbial CH, oxidation, and then the $'*C value
becomes higher (e.g., Sansone et al. 2001; Yoshikawa et al.
2014). In the Arctic Ocean, reports of several studies have
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described the concentration and 8'°C of CH,. Macdonald
(1976) observed vertical profile of CH, concentration in
1974 and 1975 in the Beaufort Sea. That study found con-
centrations near equilibrium with the atmosphere (approx.
3.5 nmol L) in surface waters but concentrations consid-
erably higher than saturation near the bottom layer (up to
50 nmol L") during the sea-ice melted season. Shakhova
et al. (2005) measured CH, concentration in the East Sibe-
rian and Laptev Seas in the summers of 2003 and 2004.
They found that CH, concentrations in the surface layer were
2.1-28.2 nmol L™! in 2003 and approx. 5-110 nmol L™! in
plume areas in 2004. In the bottom layer, it was approx.
5-87 nmol L™! in 2003 and approx. 5-154 nmol L™" in 2004.
Kvenvolden et al. (1993) observed that microbubbles in sea
ice in the Beaufort Sea have a high concentration of CH,,
with 8'°C of — 78.4%o. Damm et al. (2005, 2008, 2010,
2015) reported that sources of CH, in Pacific-derived water
(Pdw) (8'3C < — 46%0) and Atlantic-derived water (Adw)
(8"3C = — 43 to — 41%o) in the central Arctic Ocean differ.
They inferred a CH, surplus in Pdw and mixing between
the local marine background (— 38%o0) and the atmospheric
reservoir (— 47%o) in Adw. Savvichev et al. (2007) observed
CH, profiles in the water column and bottom sediments of
the Bering Strait and Chukchi Sea. They found that the CH,
content in the water column of the Chukchi Sea varied from
8 to 31 nmol L', and that the CH, formation rate from
bottom sediments varied from 0.25 to 16 nmol dm™> day~".
Fenwick et al. (2017) observed dissolved CH, with its con-
centration of 0.7-30.5 nmol L™ (8"°C = — 42 to — 33%0)
in the Bering Sea and Chukchi Sea in summer 2015. They
concluded that dissolved CH, was produced mainly from
seafloor sediments via the decomposition of organic car-
bon. Then microbial CH, oxidation occurred. Lapham et al.
(2017) reported that CH, concentrations in Barrow Canyon
were 5-74 nmol L ™! in August 2012. They inferred that CH,
was produced mainly from sedimentary sources.

Nevertheless, data of CH, obtained in the western Arc-
tic Ocean (Bering Sea, Chukchi Sea and Canada Basin) are
almost nonexistent. Few studies have used §'°C of CH,,
which provides information about CH, production and con-
sumption processes, including its concentration (e.g., Kven-
volden et al. 1993). Therefore, identification of the influence
on CH, amounts, its production and consumption processes,
and its cycle (e.g., McGuire et al. 2009) in the Arctic Ocean
remains difficult.

Therefore, the present study surveys and analyzes the dis-
tribution of CH, dissolved in the surface water and the water
column of the western Arctic Ocean. We investigated CH,
production and consumption processes by first elucidating
the CH, concentration and §'*C.
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Fig.1 Map of sampling stations. Broken arrows represent the cruise
track of R/V Mirai. Stations which have vertical profiles are under-
lined and colored as in the coastal shelf area and in italics in the
deeper area (color figure online)

2 Instruments and methods
2.1 Sampling

During the MR12-E03 cruise of R/V Mirai JAMSTEC,
Japan), as a part of the GRENE Arctic Climate Change
Research Project (Fig. 1), we collected seawater samples at
26 stations (St.) in the western Arctic Ocean from 15 Sep-
tember to 4 October in 2012. During the sampling period,
sea ice was almost free around the sampling stations. Of
those stations, 15 were located at continental shelf areas
(Bering Sea, Chukchi Sea, part of the Chukchi Plateau,
and off Point Barrow; seafloor < 300 m depth); 11 were in
deeper areas (part of the Chukchi Plateau and edge of Can-
ada Basin; seafloor > 300 m depth). Samples were collected
using a CTD-CAROUSEL system (Sea-Bird Electronics,
Bellevue, WA, USA) equipped with 12-L Niskin bottles at
two or three depths at the continental shelf stations and 5-20
depths at the deeper stations. Samples were subsampled,
respectively, into 30-mL and 125-mL glass vials for analy-
ses of their concentrations and stable carbon isotope ratios
of CH,. Special care was taken to avoid air contamination.
These samples were sterilized by adding saturated mercuric
chloride (HgCl,) solution (final HgCl, concentration was
ca. 0.5%; Karl and Tilblook 1994; Watanabe et al. 1995)
and were sealed with rubber stoppers and aluminum caps.
They were stored in a refrigerator (dark, 277 K) until analy-
sis. Measurements of water temperature, salinity, dissolved
oxygen, nutrients, total inorganic carbon, and total alkalinity
were conducted onboard (Kikuchi 2012, R/V Mirai Cruise

Report MR12-E03, edited by T. Kikuchi and S. Nishino
190 pp., JAMSTEC, Yokosuka, Japan).

2.2 Concentration and isotopic measurement
of dissolved CH,

The concentration and stable carbon isotope ratio of dissolved
CH, were measured, respectively, using gas chromatography
with flame ionization detection (GC-FID) and gas chroma-
tography combustion isotope ratio mass spectrometry (GC-
C-IRMS). For each measurement, the dissolved CH, was
extracted with a purge and trap unit. We extracted the dis-
solved CH, using a glass gas extraction bottle (125 mL) and a
trap cooled with liquid N, (170-mm-long column packed with
Polapak-Q and glass wool) based on a description by Tsunogai
et al. (1998, 2000). Then the dissolved CH, was injected into
the GC by He carrier gas. For isotopic measurements, CH,
was separated from interfering components (CO) using a col-
umn packed with molecular sieves 5A (10 mm ID X 500 mm
length, 30/60 mesh, GL Sciences, Inc., Tokyo, Japan) before
it was concentrated in a cryofocusing trap. The 8'*C value was
calculated as shown below:

sB3C = ((Bc/'?c) J(BC/*2C)yppp-1) X 1000. (1

sample

Therein, VPDB stands for Vienna Pee Dee Belemnite, the
international standard of the '*C/!2C ratio.

We used two working standards. For concentration meas-
urements, we used 2.08 ppm CH, in purified air (Taiyo Nis-
san Co.). For isotope measurements, 1000 ppm CH, in He
(Taiyo Nissan Co.) with 8'3C = — 39.56%¢ was used (Yam-
ada et al. 2005). Precision of the concentration and 8'°C
value of CH, were estimated respectively as < 5% (n = 5,
lo) and < 0.3%0 (n = 6, 1o) based on repeated analyses of
the standards. The differences between measured concentra-
tions and 8'3C of duplicate seawater samples were, respec-
tively, 0.1-0.7 nmol kg~! and 0.1-0.8%o.

2.3 Data analysis

We calculated the oversaturation ratio (SR) of dissolved CH,
using its solubility (Wiesenberg and Guinasso 1979) of
SR(%) = ([[CH4l,,/[CH4],] — 1) X 100, )
where [CH,],, denotes the measured concentration and
[CH,], represents the equilibrium concentration calculated
from the atmospheric concentration of CH, (f; = 1.89 ppmv:
Database of JAMSTEC), seawater temperature (7, in K), and
salinity (S, %o) as
In[CH,], = Inf; + A, + Ay(100/T) + A, In(T/100) + A, (T /100)
+ S[B, + B,(T/100) 4+ By(T/100)?],
3
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where A} = — 417.5023, A, = 599.8626, A; = 380.3636,
A, = — 62.0764, B, = — 0.064236, B, = 0.034980, and
B; = —0.0052732.

Sea—air CH, flux (Fgyy, pmol m~2 day™!) was calculated
according to a description by Wanninkhof (1992):

Fey, = ky X ((CHyly0-10m) — [CHyl,). )

Therein [CHylyg_10m) Stands for the measured CH, con-
centration in the surface 0—10 m seawater. Also k,, denotes
the gas transfer velocity, which depends on the wind speed
(v, m s~ at 10 m overseas height and which is calculated
using the equation below:

ky, = 0.31v24/(Sc/660)~!. 6)

In that equation, Sc represents the Schmidt number of
CH, in seawater, which depends on the atmospheric temper-
ature (7, in °C) and which is calculated as presented below:

Sc =2039.2 — 120.31T + 3.4029T% — 0.04043773. ©6)
The atmospheric temperature and wind speeds in Egs. (5)
and (6) were taken from the integrated meteorological data-
set obtained during the MR12-EO3 cruise [Japan Agency for
Marine-Earth Science and Technology (2016) Data Research
System for Whole Cruise Information in JAMSTEC. http://
www.godac.jamstec.go.jp/darwin/].

Assuming that CH, dissolved in excess (SR > 0) is a
mixture of atmospheric CH, and CH, produced in the
water column, we calculated the 8'°C value of the excess
CH, (5'3C,,) based on the mass balance as shown below
(Sasakawa et al. 2008):

s13C, = (6Cx[CH,] - 6C, x [CH,],)/[CH,].,. (7)

In that equation, 613Ca represents the 8'°C value of the
atmospheric equilibrium (= — 47%¢ VPDB: Quay et al.
1991; Grant and Whiticar 2002)

We also examined the possibility of microbial oxidation
of CH, in the water column using the following equation
(Coleman et al. 1981):

§°C =6"C, +1000 x (1/a — 1) x In([CH,]/[CH,], ).
®)

In that equation, #, stands for the initial state before oxida-
tion of CH,. Also, a denotes the kinetic isotope fractionation
factor, which was obtained from incubation experiments.
Equation (8) is applicable if we assume that the CH, con-
centration is controlled simply by microbial oxidation in a
closed system.
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3 Results
3.1 Dissolved CH, dynamics in surface seawater

The respective distributions of concentration, oversaturation
ratio (SR), sea—air CH, flux (Fy,), and 813C values of dis-
solved CH, in seawater are presented in Fig. 2a—d. Informa-
tion related to wind speed, air temperature, dissolved and
atmospheric equilibrium CH, concentration, sea—air CH,
flux, and values of §'°C and §'°C,, of dissolved CH, in the
surface water and atmospheric CH, is shown in Table S1.

Surface water was found to be supersaturated with CH,
at all stations (SR = 5.1-206.2%, Fig. 2b, Table S1). In gen-
eral, CH, concentrations were higher at the stations at con-
tinental shelf areas (5.5 + 0.4 nmol kg™, average and 10)
than at the stations at deeper areas (4.7 + 0.1 nmol kg™ 1).
Especially high CH, concentrations were observed off Point
Barrow (up to 10.3 nmol kg™!).

The 8'3C values of dissolved CH, were — 55.0 to
— 41.1%0 (average and 1o, — 47.1 + 1.3%o0) (Table S1,
Fig. 2¢). The 8'3C values at continental shelf areas (aver-
age, 8'°C = — 48.9 + 2.2%0) were lower than the values of
atmospheric equilibrium CH, (— 47%o), although the 81°C
values in deeper areas (— 45.3 + 1.3%o0) were often higher
than the values of atmospheric equilibrium CH,. Especially
low 8'3C values (down to — 55.9%0) were observed off Point
Barrow. Calculated §'°C, values were — 67.2 to — 14.8%o.

3.2 Vertical distribution of dissolved CH,
3.2.1 Continental shelf area

Figure 3a—f and Table S2 present vertical distributions
of dissolved CH,, dissolved oxygen (DO), and physi-
cal parameters of seawater in the continental shelf area
(St. 72, 83, 89, and 96). In the Chukchi Sea (St. 72, 83,
and 89), CH, concentrations increased with depth [sur-
face, [CH,] = 4.1-6.1 nmol kg_l, SR = 14.0-65.5%; bot-
tom, [CH,] = 16.9-55.9 nmol kg~!, SR = 398.1-1386.8%
(Fig. 3a, b)], whereas 613C—CH4 values decreased with depth
(surface, — 55.0 to — 49.4%o; bottom, — 63.8 to — 61.3%0)
(Fig. 3c). However, in the Bering Strait in October (St.
96), the vertical gradient of concentration and §'*C value
was small, showing an almost homogeneous vertical dis-
tribution (surface, [CH,] = 5.1 nmol kg_l, SR = 48.0%,
8'°C—CH, = — 48.2%0; bottom, [CH,] = 6.3 nmol kg~!,
SR = 80.2%, 8'*C—CH, = — 47.4%o) (Fig. 3a—c).
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Fig.2 Horizontal distribution of a concentration, b oversaturation ratio (SR), ¢ sea—air CH, flux (Fcy,), and d 8'*C values of dissolved CH, in

surface seawater (0—10 m depth)

3.2.2 Deeper area (from off Point Barrow to the Canada
Basin)

Figure 4a—g and Table S3 present vertical distributions of
CH,, DO, physical parameters, and the N** value at St. 66,
68, and 69. Defined as a linear combination of nitrate and
phosphate (N** = 0.87 x (([NO;~] + [NO,”] + [NH,*]) —
16 [PO,*>7] + 2.9) pmol kg™') was proposed to investigate
the distribution of nitrogen fixation and denitrification (Gru-
ber and Sarmiento 1997; Nishino et al. 2005). Correlations
between CH, and phosphate and those between CH, and
potential density are shown in Fig. 4h, i. Depth-latitude

sections of CH, and DO from off Point Barrow to the Can-
ada Basin are presented in Fig. Sa—d.

In general, the CH, concentration maximum was observed
at 10-50 m depth ([CH,], up to 17.7 nmol kg~'; SR, up to
415.1%). At St. 68 and 69, there was another maximum was
found at 100-200 m depth ([CH,], up to 21.8 nmol kg~ ';
SR, up to 477.2%). However, the 8'3C values showed a mini-
mum at around 50 m depth and increased gradually below
that depth (10-50 m depth, — 65.1 to — 43.5%0; 100-200 m
depth, — 58.3 to — 25.7%o) at St. 66 and 69, although a
secondary minimum was observed at St. 68. Dissolved CH,
concentrations were almost all less than 5 nmol kg~! and

@ Springer
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Fig.3 Vertical distributions of

CH, concentration [nmol kg-1]

(b) Over-saturation ratio of dissolved CH,4 (%)
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SR < 0 at several depths below 700 m depth. 8'3C values
were close to — 40 to — 30%o below 700 m depth.

4 Discussion

4.1 Dissolved CH, dynamics in surface seawater

The value of Fy, calculated from the observed CH, con-
centration suggests that the western Arctic Ocean behaves

as a potential CH, source to the atmosphere during the
sea-ice free period. In addition, §'*C,, values of dissolved
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CH, in surface seawater indicate that biological processes
produce excess CH,.

In the continental shelf area, DO concentrations (mean,
339.5 + 5.1 umol kg™!) were lower than in the deeper
area (mean, 360.0 + 5.1 pmol kg‘l) (JAMSTEC data-
base). Furthermore, higher nutrient concentrations (up to
30.7, 2.04, 4.50, 14.1, and 0.240 pmol kg_l for silicate,
phosphate, ammonia, nitrate, and nitrite, respectively)
produced by decomposition of organic matter deposited
at the sediments (Nishino et al. 2005) were also found in
this area, which suggests that excess CH, in the surface
water is produced mainly by methanogens in seafloor
sediments.
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Fig.4 Vertical distributions of
a concentration, b SR, and ¢
813C values of dissolved CH,,
d DO concentration, e seawater
temperature, f seawater salinity,
and g N** value, and correla-
tion diagrams of h dissolved
CH, concentration—dissolved
phosphate (PO,*) concen-
tration and i dissolved CH,
concentration—potential density
(op) in the Canada Basin. Data
of DO concentration, seawater
temperature, seawater salinity,
PO43_ concentration, and poten-
tial density (6,) were obtained
from the JAMSTEC database

(a)

Depth[m]

—_—

Depth[m]

(9

Depth[m]

—_—
—
A

Potential density (o) [kg L]

=y
[=]
o

NN
oo
o o

750
1250
1750
2250
2750
3250

)

0

100

200
250
750
1250
1750
2250
2750
3250

20

22

24

26

28

30

70 60 -850 -40 -30 -20

Dissolved CH, concentration [nmol kg-"] (b) Over-saturation ratio of dissolved CH,4 (%)
0 10 20 30 -100 0 100 200 300 400 500

-4 St. 66
-O-St. 68
8-St. 69

(d) Dissolved O, (DO) concentration [umol kg-']
10 0 100 200 300 400 500

Seawater salinity [PSU]
3 4 (f) 3 25 27 29 31 3B 3B

4 3
4 A
\ |
)\ )\
N** [umol kg-1] (h) 16 5—o
-14 12 10 8 6 -4 -2 5 14 y = 0.0942x - 0.0007
= ' R2=0.7212
‘g 12 | y=oo0180x+07631 7
2 —10 R2=0.0611 B
S o -7
6 X08 & o
<+ O % o
S Eos o
o 8 ,/
- = de
< 0.4 |-y=0.0468x+0.3754
§ 0.2 R =0.4996
2
0.0
0 5 10 15 20
Dissolved CH, concentration [nmol kg-1]
AA
oo 2
(o]
A o
R o
A 290
o o °
(o]
oo o
0 5 10 15 20 25

Dissolved CH,4 concentration [nmol kg-']

@ Springer



312

K. Kudo et al.

Fig.5 Spatial distributions of a
concentration, b SR, ¢ 8'3C of
dissolved CH,, and d DO con-
centration in the deeper area.
Data of DO concentration were
obtained from the JAMSTEC
database
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In the deeper area near the Canada Basin, higher DO
concentration and lower pCO, were observed. Higher
chlorophyll-a (Chl. a) concentration (> 0.5 mg L™!) was
found near St. 68 and 69 (JAMSTEC database; Cruise
report of MR12-E03 cruise). These tendencies indi-
cate that photosynthesis by phytoplankton occurs well
in this area, and that CH, might be produced mainly by
phytoplankton and zoo plankton activities in this area.
Therefore, dynamics of dissolved CH, differ between the
coastal shelf area and deeper area. We discuss details
related to this issue in Sect. 4.2.

4.2 Vertical distribution of dissolved CH,
4.2.1 Continental shelf area

4.2.1.1 Chukchi Sea Concentrations of CH, were higher in
bottom water (16.9-55.9 nmol kg™') than in surface water
(4.1-6.1 nmol kg™ 1), although concentrations of DO were
lower in bottom water (104.9-359.8 umol kg™") than in sur-
face water (333.9-364.3 pmol kg™!) in the Chukchi Sea (St.
72, 83, and 89). Similar profiles have been observed in other
Arctic Ocean areas, indicating that sediments are a major
CH, source to shelf waters (Macdonald 1976; Damm et al.
2005; Shakhova et al. 2005, 2010, 2014; Savvichev et al.
2007). Savvichev et al. (2007) reported that CH, concentra-
tions in bottom layer were two times higher than in the sur-
face layer in the Chukchi Sea. They also estimated the rates
of methanogenesis from seafloor sediments in the Chukchi
Sea to be as high as 67 pmol m~2 i.e., dramatically higher
than the rates of methane oxidation (approx. 3 pmol m™2).
The 8'3C values in bottom water (— 63.8 to — 61.3%0)
were lower than in surface water (— 55.0 to — 49.4%o). This
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Fig.6 Relation between inverse of dissolved CH, concentration (1/
[CH,)) and 613C—CH4 values at stations 72, 83, and 89. Data from
two depths (5 m and bottom) are drawn as closed symbols and cal-
culated values for the surface water equilibrated with the atmosphere
(A) are drawn as open symbols. Straight lines show mixing lines
between the bottom layer CH, and atmospheric equilibrium

result indicates that CH, is supplied from resuspension of
seafloor sediments, in which particle organic matter (POM)
is decomposed by methanogenic activity via CO, reduction
pathways. In bottom water, the transmission decreased, indi-
cating an accumulation of organic matter and its decomposi-
tion at the bottom (Nishino et al. 2016). These §'3C values
in bottom water were within the range of reported values
of the CO, reduction pathway (8'3C = — 110 to — 60%o:
Whiticar et al. 1986, Whiticar 1999; Sugimoto and Wada
1993; Kastner et al. 1998). Furthermore, the Chukchi Sea
holds Point Barrow (near St. 72) and the hollow called Hope
Valley (near St. 83 and 89), where sediments are readily
accumulated and where positive apparent oxygen utiliza-
tion (AOU) and positive correlation between CH, and CO,
(Database of JAMSTEC) are reported (Verzhbitsky et al.
2008; Yamada et al. 2015; Nishino et al. 2016).

A thermocline and pycnocline were found at 10-20 m
depths at these stations. Myhre et al. (2016) reported that
CH, release from seafloor sediments west of Svalbard sub-
stantially increased its concentrations in the ocean, but this
release has limited influence on atmospheric CH, levels
because of the pycnocline, except for the case in which
physical processes (e.g., storms) remove this dynamic bar-
rier (Myhre et al. 2016). When excess CH, in the seawater
is transported, it is affected simultaneously by oxidation,
dilution and mixing with atmosphere, in addition to loss into
the atmosphere (Damm et al. 2005). In the Chukchi Sea, a
markedly higher CH, production rate than CH, oxidation
rate has been reported (Savvichev et al. 2007). Therefore,
we examine the effects of mixing with atmospheric CH, at
these stations using the relation between inverse of CH, con-
centration (1/[CH,]) and s (Fig. 6). At these stations, data
from 5 m depth almost fall on the mixing line between the
bottom layer and atmosphere. Therefore CH, was produced
by methanogenic activity in seafloor sediments and was par-
tially transported strongly to the surface, affected mainly
by mixing between atmospheric CH,. Fenwick et al. (2017)
observed dissolved CH, in the Bering Sea and Chukchi Sea
in July—October 2015. They concluded that this CH, was
produced from methanogens in seafloor sediments from the
decomposition of organic carbon. Then microbial CH, oxi-
dation occurred, as inferred from information related to the
concentration (0.7-30.5 nmol L™") and 8"3C (from — 42 to
— 33%0) of CH,. The vertical gradients of CH, concentra-
tions and the CH, concentrations in bottom water (approx.
10-31 nmol L) reported by Fenwick et al. (2017) were
respectively weaker and lower than our data. Furthermore,
they observed higher 8'°C values than those found in the
present study. These differences might derive from CH,
release from seafloor sediments and the strength of stratifi-
cation by sea-ice melt water. Lapham et al. (2017) reported
using data from August 2012 when most of the water column
CH, profiles in Barrow Canyon exhibited an increase with
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depth (5-74 nmol L"), suggesting that mainly sedimentary
sources produced CH,. The 8'3C profiles obtained in the
same area during this study agree with such sedimentary
CH, production.

4.2.1.2 Bering Strait In the Bering strait in October (St.
96), the concentration and 813C values of CH, in seawater
become almost homogeneous from the surface water to bot-
tom water, showing values close to those expected under
equilibrium with the atmosphere. Furthermore, DO con-
centration and potential density also become homogeneous
from the surface water to bottom water (Fig. 3d, e; Database
of JAMSTEC). These tendencies suggest that CH, is well
mixed between bottom water and surface water because of
surface water cooling in mid-October, in addition to a small
influence by sea-ice melt water. Only a single profile was
obtained in this region. Nevertheless, these facts might sug-
gest weaker CH, emissions in the Bering Strait than in the
Chukchi Sea.

4.2.2 Deeper area

Two CH, concentration maxima were observed at 10-50 m
depth and 100-200 m depth, whereas the DO concentra-
tion maximum was observed only at around 10—50 m depth.
Nutrient concentration maxima were observed only at around
100-200 m depth. In the following sections, we discuss CH,
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Fig.7 Relation between inverse of dissolved CH, concentration (1/
[CH,]) and 8'3C~CH, values in 10-50 m depth at stations 66, 68, and
69. Data from 10-50 m depth are drawn as closed symbols and cal-
culated values for the surface water equilibrated with the atmosphere
(A) are drawn as open symbols. Three zones show mixing between
each of three end-members: Zs, sinking particle from zooplankton
body (613CZS = from — 37 to + 6%o; Sasakawa et al. 2008); Zg, zoo-
plankton guts (613C2g = from — 61 to — 54%o; Sasakawa et al. 2008);
M, methanogen (CO, reduction pathway) [8'*Cy; = from — 110 to
— 60%o; Whiticar et al. 1986; Whiticar 1999; Sugimoto and Wada
1993)] and the surface water
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production processes in the shallower (10-50 m) and deeper
(100-200 m) CH, maxima.

4.2.2.1 Shallower CH, maximum At 10-50 m depth, the
CH, concentration increased and 8'3C decreased concomi-
tantly with depth. Positive correlation was found between
CH, and phosphate concentrations (Fig. 4h). Apparent corre-
lation between dissolved CH, and phosphate concentrations
has been also observed in Pdw in the central Arctic Ocean
(v = 0.1161x — 0.1473, R* = 0.8823) (Damm et al. 2010).
Damm et al. (2010) also found negative correlation between
dissolved CH, and DMSP, a metabolite of phytoplankton in
the Pdw. They proposed that CH, was produced by bacteria
from DMSP in nitrate-depleted and phosphate-rich aerobic
water. During our observations in the western Arctic Ocean,
nitrate deficits and phosphate concentration were greater
(N* values and phosphate concentrations were, respectively,
— 11.9 to — 4.5 umol kg~! and 0.5-1.6 pmol kg~!) than in
the Pdw reported by Damm et al. (2010) (N* = — 1.5 to
+ 1 pmol kg! and [PO,*"] = 0.4-0.9 pumol kg™, respec-
tively). Therefore, it is likely that at least a part of the excess
CH, was produced from DMSP, although we have no data
for DMSP. However, accumulation of particle organic car-
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Fig.8 Oxidation line between CH, concentration maximum in
10-50 m depth and 0—10 m depth

Table 1 Distribution of dissolved CH, concentrations, §'°C val-
ues, and «a values at St. 66, 68, 69 (at 100 m depth), and 72 (at 21 m
depth)

Station ~ Depth (m)  [CH,] 8'3C (%0 VPDB)  «a
(nmol kg_l)

66 100 3.3 —25.7 1.018

68 100 21.8 —583 _a

69 100 15.5 -53.1 1.006

72 21 55.9 -61.3 -2

*Values in these points cannot be calculated because of increasing
CH, concentrations
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bon (POC) and Chl. a was observed near St. 68 immediately
above the pycnocline (0-60 m depth; Yamada et al. 2015).
This fact suggests that CH, is also produced by methano-
genic activity in zooplankton guts or sinking particles from
zooplankton. Figure 7 shows mixing between atmospheric
equilibrium and three end-members: (1) sinking particles
from zooplankton (Zs) and (2) zooplankton guts (Zg).
Methane from these end-members was produced originally
by (3) methanogens via the CO, reduction pathway (C,,).
The CH, is partly consumed by microbial CH, oxidation
with '*C enrichment of remaining CH, within these anaero-
bic microenvironments (Oremland 1979; Karl and Tilblook
1994; Holmes et al. 2000; Sasakawa et al. 2008). Figure 7
suggests that CH, is produced by methanogenic activity
within zooplankton guts or sinking particles in addition to
DMSP at 10-50 m depth in summer in the Canada Basin.
However, the largest 813C values (—-43%o) are still lower than
those of sinking particles, which indicates that CH, was
produced mainly from zooplankton guts and methanogens,
and that it was not well oxidized within sinking particles.
Furthermore, if one assumes a decrease in CH, concentra-
tions from CH, maxima (10-50 m depth) to 0—10 m depth
results from CH, oxidation, then the « values are calculated
as a = 1.021, 1.006, and 1.006 at St. 66, 68, and 69, respec-
tively (Fig. 8). Those calculated values agree with values of
biological aerobic—anaerobic CH, oxidation reported from
earlier studies (1.005-1.035; Coleman et al. 1981; Alperin
et al. 1988; Martens et al. 1999; Tsunogai et al. 2000; San-
sone et al. 2001). This fact indicates that CH, produced by
zooplankton/phytoplankton activity might be transported
vertically from 10-50 m depth to 0—10 m depth: then it is
oxidized by biological oxidation.

4.2.2.2 Deeper CH, maximum At 100-200 m depth, the
concentration and §'°C values of dissolved CH, in seawater
became lower and higher as dissolved CH, gas left the bot-
tom of the continental shelf area off Point Barrow (St. 72),
except at around St. 68 (Fig. 5a—c, Table 1). This dissolved
CH, might be transported laterally along the extended shelf
water and Alaskan Continental Current (Hioki et al. 2014;
Gong and Pickart 2015; Zhang et al. 2015). Hioki et al.
(2014) measured dissolved Fe, humic-like fluorescent, dis-
solved organic matter, and nutrient concentrations in waters
above the continental shelf area (Chukchi Sea) and deeper
area (Canada Basin) during the same cruise as this study.
They inferred lateral transportation of these constituents
from shelf sediments to basin regions (Hioki et al. 2014).
Results of several earlier studies suggest that particles in
the shelf region are transferred to the slope—basin region by
water currents from the Bering Strait to the Canada Basin
(Aagaard et al. 2006; Hopcroft et al. 2008; Yamada et al.
2015). Here, we suggest that dissolved CH, was also trans-

ported horizontally from the continental shelf to the Canada
Basin (in 100-200 m depth).

Furthermore, a values (a = 1.006 and 1.018, respectively,
at St. 72-69 and St. 68—66 (Table 1)), indicate that CH,
was affected not only by dilution but also by CH, consump-
tion from biological oxidation. If biogenic CH, production
occurred, then the isotopic enrichment around the CH, con-
centration maximum zone indicated that the CH, was pro-
duced elsewhere and that it subsequently underwent partial
bacterial oxidation and isotopic fractionation (Coleman et al.
1981; Sansone et al. 2001). Sansone et al. (2001) suggested
that the isotopically heavy CH, was not from local produc-
tion by methanogens, but was instead attributable to biologi-
cal oxidation with CH, advection from CH, maxima occur-
ring along the eastern margin of the Pacific. Furthermore,
Yoshikawa et al. (2014) showed that the '*C-enriched CH,
(> — 30%o) originated not only from in situ CH, production
and oxidation but also from the CH, transported from the
eastern upwelling region off Peru. However, when data from
St. 68 and 69 obtained at the 100-200-m-depth area were
compared, the CH, concentration was found to be higher at
St. 68 than at St. 69. A lower 8'°C value was found at St. 68
than at St. 69 (Table 1), which indicates that in situ CH, pro-
duction might occur by methanogen in particles. Therefore,
after CH, was produced mainly by methanogens in conti-
nental shelf sediments, it was transported horizontally to the
Canada Basin (100-200 m depth) with effects not only by
biological oxidation but also by methanogens in particles.

5 Conclusions

We analyzed concentrations and 8'3C values of dissolved
CH, in the western Arctic Ocean during the R/V Mirai
cruise of 3 September—17 October, 2012 (MR12-E03
cruise), when the sea-ice extent was minimal. Surface water
was found to be supersaturated with CH, in all cases, sug-
gesting that the western Arctic Ocean behaved as a poten-
tial CH, source to the atmosphere during summer. In the
Chukchi Sea, higher CH, concentrations in the bottom layer
were produced mainly by methanogens in continental shelf
sediments, as indicated by their accompanying 8'3C values
(< = 60%o0); CH, in the surface layer was mixed between the
bottom layer and atmosphere. In the Canada Basin, maxima
of CH, concentration were detected at 10-50 and 100-200 m
depths. Profiles of §'°C and DO concentration indicate that
shallower CH, maxima were produced by guts in zooplank-
ton, sinking particles, and phytoplankton metabolite (e.g.,
DMSP), whereas deeper CH, maxima were produced by
methanogen in continental shelf sediments, with transpor-
tation horizontally to the Canada Basin with effects from
both CH, production by particle and biological CH, oxida-
tion. Results obtained from this study clarified the horizontal
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and vertical profiles of dissolved CH, in the western Arctic
Ocean. These results are expected to contribute to our under-
standing of the feedback effects to Arctic climate change.
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