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A B S T R A C T

Dissolved methane (CH4) concentrations were measured in the water column at 25 stations along the four 
sections above Koko and Jingu guyots (the southern part of Emperor Seamount chain). The measured methane 
concentrations were relatively low (1–6.5 nM). The patterns of CH4 vertical distributions over Koko and Jingu 
were different. The greatest dissolved methane concentrations (6.5 nM) were found in the near-bottom layer 
(357 m) above the Koko summit. For Koko guyot, the greatest CH4 content (3.9–6.5 nM) was mainly associated 
with the subsurface (10–300 m) layer above the summit. However, another methane plume (6 nM) was detected 
at 1000 m on the western slope of the guyot. We propose that methane maximum was caused by the influence of 
the Kuroshio Extension or deep eddies. The CH4 distribution over Jingu gyuot was similar to that in open ocean 
waters. The greatest methane concentrations (3.8–6 nM) were found in the subsurface layers above the summit. 
Methane exceeded atmospheric equilibrium concentration in the surface (5–52 % supersaturation) layer for both 
Koko and Jingu. The methane content and supersaturation level in the subsurface layer was at least two times 
higher than previously measured values for the open ocean. We believe that the high methane and supersatu-
ration level was caused by enhanced methanogenesis in the water column above the seamounts. The estimated 
methane flux to the atmosphere varied from 1.4 to 16.3 μmol m− 2 day− 1 for Koko and from 0.5 to 6.5 μmol m− 2 

day− 1 for Jingu, respectively. The average fluxes calculated for Koko (8.37 μmol m− 2 day− 1) and Jingu (2.8 μmol 
m− 2 day− 1) were significantly greater than the average flux for open and coastal oceans. Given the substantial 
methane atmospheric contributions, the global methane budget should be reconsidered.

1. Introduction

Methane is a powerful greenhouse gas (Van Amstel, 2012; Mar et al., 
2022), playing an important role in the global carbon cycle. The steady 
increase of CH4 concentrations in the atmosphere from 1610 to 1904 
ppb has been observed over the past few decades (Lan et al., 2023), 
although the causes and mechanisms of this phenomenon are not 
completely understood (Canadell et al., 2021). For the World Ocean a 
total emission of methane into the atmosphere varies from 6 to 12 Tg 
yr− 1(Weber et al., 2019). The natural sources of CH4 in oceans have 
geological (mud volcanoes, hydrothermal vents and cold seeps, faults, 
oil and gas deposits; Etiope and Schwietzke, 2019), hydrate (gas hydrate 
and permafrost dissociation; Archer et al., 2009), biological (methano-
genesis in sea water; Bogard et al., 2014) and sedimentary (Ferry and 
Lessner, 2008) origins. The ocean may also be considered as the largest 
natural methane reservoir where the complex processes of biosynthesis 
(Reeburgh, 2007), emission (Hamdan and Wickland, 2016) and utili-
zation (Mao et al., 2022) take place. The surface layers of the Pacific, 

Atlantic, Indian and Arctic oceans are considered as weak sources of 
methane to the atmosphere. Only the Southern Ocean, as well as a 
northern part of Atlantic Ocean, are weak sink for methane (Weber et al., 
2019).

The main focus of studies of methane sources and sinks in the 
Northwestern Pacific are mainly directed to the Sea of Japan 
(Vereshchagina et al., 2013), Sea of Okhotsk (Yoshida et al., 2004; 
Sokolova et al., 2021), Bering Sea (Kosmach et al., 2015) and East China 
Sea (Sun et al., 2015; Toki et al., 2023). The marginal seas of the 
Northwestern Pacific have unique geological settings including a long 
chain of active volcanoes, tectonic belts (Kuril-Kamchatka arc, Setouchi 
volcanic belt), faults and fault zones. Moreover, there are numerous oil 
and gas deposits in the Sea of Okhotsk and East China Sea (Wang et al., 
2019). Finally, some of these seas are considered as a promising source 
for the exploration of the methane gas hydrates (Matveeva et al., 2022; 
Jin et al., 2011; Hiruta and Matsumoto, 2022).

Despite the progress in our understanding of the features of CH4 
emission, distribution and biosynthesis in the marginal seas, the non- 
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coastal Pacific Ocean is less studied. Few works have been focused on 
methane distributions in surface and deep waters (Tilbrook and Karl, 
1995; Watanabe et al., 1995; Kelley and Jeffrey, 2002; Pack et al., 2015; 
Chronopoulou et al., 2017). These studies revealed the presence of the 
dissolved methane maximum in upper oxic waters and oversaturation of 
the surface mixed layer. The phenomenon is called “the methane 
paradox” and may be caused by numerous factors (Bižić et al., 2020a). 
For open waters, the “methane paradox” is a result of methyl-
phosphonate microbial utilization (Ye et al., 2020), and in situ CH4 
biosynthesis by cyanobacteria (Bižić et al., 2020b), phytoplankton 
(Weller et al., 2013) and algae (Klintzsch et al., 2019). However, further 
studies of the “methane paradox” phenomenon in open oceanic areas are 
necessary for the better understanding of the origin of natural CH4 
sources and the global methane budget.

In the northwestern Pacific the Emperor volcanic seamounts are of 
special interest (Clark et al., 2011) for fisheries, geological (Chen et al., 
2021) and ecological investigations (Dautova et al., 2019). The Emperor 
chain (EC) extends from ~20◦N to 50◦N with a length of more 6000 km. 
The chain consists of numerous guyots (eroded flat-topped seamounts of 
volcanic origin). The summit depth of the seamounts varied from 18 
(Kinmei guyot) to 1550 m (Detroit guyot; Roden et al., 1982). The main 
features of seamount hydrology are connected with circulation (Komaki 
and Kawabe, 2009), eddies (Vastano et al., 1985; Bograd et al., 1997) 
and Taylor column formation (Roden and Taft, 1985). A Taylor column 
is a fluid dynamics phenomenon caused by the Coriolis effect. It is a 
hydrological structure around seamount usually represented by anticy-
clonic eddy, uplifting of the isopycnals and the formation of a relatively 
stationary water column trapped over the top of the seamount (White 
and Mohn, 2004). Taylor columns generate a local upwelling and the 
transfer of nutrients from depth to the surface layers and entrapment of 
the nutrients over the seamount summit (Kiriakoulakis and Wolff, 
2005). Due to the great impact of Taylor columns on seamount ecosys-
tems, primary production, thermohaline parameters, macro- and 
micronutrients distribution and seawater circulation (Rogers, 2018), 
many studies have focused on confirming the existence of this hydro-
logical phenomenon above seamounts (White and Mohn, 2004; Marsac 
et al., 2020; Ma et al., 2021). The influence of seamounts is often 
referred to as “the seamount effect” but also could be associated with 
other types of flow-topography interactions such as seamount-induced 
upwelling, formation of mesoscale eddies and deflection of major 
oceanic currents.

The main biogeochemical features of the “seamount effect” are 
connected with the redistribution of macro- and micronutrients in the 
water column and acceleration of sedimentation processes (Turnewitsch 
et al., 2013). Thus, the “seamount effect” is regarded as an enhanced 
(Yang et al., 2020) or weak (Ota et al., 2022) bioturbation on the 
summit, retention and accumulation of particulate organic carbon 
(POC) on the flanks of seamount (Vilas et al., 2009), POC production 
(Djurhuus et al., 2017), export and localization (Turnewitsch et al., 
2016). These processes lead to the growth and development of microbes 
(Mendonça et al., 2012; Busch et al., 2020) and planktonic communities 
(Dai et al., 2020, 2022; Zhao et al., 2022, 2023) around the summit and 
an increase in the diversity of the ecosystem (Boehlert, 1988). Today, 
seamounts are often considered a “hotspot” of life in the oligotrophic 
ocean, and it could be expected that the seamounts are also a “hotspot” 
for CH4 synthesis and emission. However, little is known about the in-
fluence of seamounts on CH4 distribution, production and sinks.

The EC is an interesting area for the study of spatial methane dis-
tribution in the water column because of its remoteness to the common 
CH4 sources typical for marginal seas such as marine sediments, cold 
methane seeps, oil, gas and gas hydrate deposits. EC is regarded as a 
barrier to the Kuroshio Extension (Roden et al., 1982) and subarctic gyre 
of the North Pacific (Wagawa et al., 2012; Kono and Kawasaki, 1997). 
However, the existence of a Taylor column was clearly identified only 
for Nintoku (Wagawa et al., 2012) guyot, and anticyclonic flows were 
found over several other guyots of the EC (Suiko, Nintoku and Koko) 

(Roden and Taft, 1985; Wagawa et al., 2012). We present on the dis-
tribution of methane above Koko and Jingu guyots (EC) and calculate 
CH4 flux to the atmosphere for this region.

2. Material and methods

2.1. Water sampling and analysis

Water samples for the methane analysis were collected on cruise LV- 
86 aboard RV “Akademik M.A. Lavrentyev” (13–22 of July for Koko and 
25–31 of July 2019 for Jingu guyots). We collected 200 samples of 
seawater for methane analysis at 25 stations. Hydrocasts were per-
formed using a Rosette equipped with 8 5-L Niskin bottles and a CTD- 
system (SBE 19plus V2 SeaCAT, USA). All stations were occupied at 
night. Seawater was sampled using a silicone tube inserted into the 
bottom of pre-sterilized 68 ml glass vials and filling to overflow twice 
the volume. Immediately after filling, the vials were then tightly sealed 
with sterilized butyl rubber septum stopper with a needle for removing 
excess water.

A 12 ml headspace of ultra-pure helium (6.0 grade, Russian Feder-
ation) was introduced to a water sample from a dual-valve Tedlar Bag 
(Sigma-Aldrich, USA) through a needle by displacement of an equivalent 
amount of water. Then, the vials were shaken on a LS-110 shaker (LOIP, 
Russian Federation) for 4 h. Gas chromatography (GC) analyses were 
completed onboard the same day of sample collection. For GC analysis a 
“CrystalLux-4000M” (Meta-chrom, Russian Federation) gas chromato-
graph equipped with Hayesep R (80/100 mesh, 3 m) and Na-X 
(0.16–0.25 mm, 3 m) GC columns, flame ionization detector (FID) and 
two thermal conductivity detectors (TCD) was used. The aliquot of gas 
phase (6 ml) was injected into a GC sample loop (1 ml). Ultra-pure he-
lium was used as a carrier gas. The analytical precision was 5%. The 
analytical error of methane analysis was 0.1 nM. The certified calibra-
tion gas mixtures (PGS-Service LLC, Russian Federation) with volu-
metric methane concentrations in helium of 10, 50 and 100 ppmv were 
used to calibrate the device.

Dissolved methane concentrations were measured using the head-
space equilibration method described previously (Vereshchagina et al., 
2013). The concentrations of dissolved methane were calculated ac-
cording to the formula: Cwater = Cgas (K + Vgas/Vwater), where Cwater is 
the methane concentration in a seawater sample, K is the partition or 
distribution coefficient for CH4 in seawater, Cgas is the methane con-
centration in a gas phase determined via GC analysis, Vgas is the gas 
sample volume and Vwater is the water sample volume. The K coefficient 
is determined according to formula K = βRT/22.356, where β is the 
Bunzen solubility coefficient for methane, T is a temperature, R is the gas 
constant and 22.356 is the molar volume of methane (Johnson et al., 
1990). The results were corrected for the amount of CH4 still dissolved in 
solution with Bunsen solubility coefficients (Wiesenburg and Guinasso, 
1979) calculated from room temperature at the time of analysis and 
sample salinity.

2.2. Seawater-air methane flux calculation

The air-sea methane flux was calculated according to the flux 
equation F=K(Cm-Ce), where Km is a gas transfer coefficient (Cm h− 1), 
Cm is a measured methane concentration in seawater and Ce is an 
equilibrated seawater-air methane concentration. Gas transfer coeffi-
cient K is determined according to the formula (Wanninkhof, 2014) K =
0.251<U2>(Sc/660)− 0.5, where U (m s− 1) is the average neutral sta-
bility of wind at 10 m height squared, and Sc is a Schmidt number. The 
Schmidt number for methane in a seawater is calculated as Sc =
2101.2–131.54t+4.4931t2-0.08676t3+0.00070663t4, where t (C) is the 
water temperature (Wanninkhof, 2014). Wind speed was determined 
using the shipboard anemometer. The air CH4 concentration was 
measured for each station. The resulting CH4 flux was expressed in μmol 
m− 2 d− 1.
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3. Results and discussion

3.1. Koko guyot: CH4 distribution in the water column and seawater- 
atmosphere CH4 exchange

Koko (35◦15′N 171◦35′E) is located in the southern end of the EC. 
The seamount is a large shallow guyot with a flat top, reaching 230 m 
(Davies et al., 1972). The elliptical summit area (1935 km2 at 365 m) is 
aligned in a northwest to southeast direction. Koko guyot has a thick 
carbonate cap. Koko and other guyots of the EC are of volcanic origin 
and are produced by the Hawaiian hotspot (Clague and Dalrymple, 
1973). The southern part of EC lies in the North Pacific Transition Zone 
and is affected by Kuroshio Extension (KE).

Two sections across the summit of Koko guyot consisted of 16 CTD- 
stations (Fig. 1). The CH4 concentration for section I varied from 1.4 to 
6.5 nM, with an average of 4.3 nM. Its maximum content was associated 
with the bottom layers at 340 m at station 8. For the other stations 4, 6, 
7, 9, 11 (266–361 m depth) a concentration of dissolved CH4 (4.7 nM) 
was detected throughout the water column. Methane distributions from 
stations 4, 6, 7, 8, 9, 11 revealed no CH4 maximum (Fig. 2A), repre-
senting a well-mixed water column above the summit. Deeper stations 
on the slopes of the guyot demonstrated similar trends of methane dis-
tribution. (Fig. 2B). The CH4 concentration was almost constant 
(4.5–5.5 nM) throughout the water column at station 3, but at station 2 
concentrations decreased slightly from 4.1 to 3.3 nM below 550 m. 
Another type of CH4 distribution was observed in the deepest part of 
section I (Fig. 2C). For stations 1 and 13, methane was greatest (3.9–5 
nM) in the upper 10–300 m. At these stations the minimal CH4 

concentrations (1.6–4 nM) were found from the bottom to about 500 m, 
a CH4 distribution typical for open water (Reeburgh, 2007).

Dissolved methane concentrations in section II ranged from 1 to 6.5 
nM with a mean of 4.4 nM. For the shallow part of section a CH4 
maximum (6.4–6.5 nM) was observed at 357 m at station 18 and in a 
subsurface layer (200 m) at station 19. Another methane plume (6 nM) 
was also revealed at 1000 m in the deepest part of section II (station 15). 
The presence of the CH4 plume at 500 m was unusual and may be 
considered a result of hydrodynamic conditions of water masses on the 
flanks of the guyots (Roden et al., 1982). Section I and II also clearly 
show the patchiness of CH4 distribution (Fig. 3). Indeed, the methane 
maximum was associated mainly with the subsurface layers over the 
summit and eastern slope of the guyot. For the western slope of the guyot Fig. 1. Map of sampling locations, Koko guyot, Emperor Chain: Profile I (sta-

tions 1, 2, 3, 4, 6, 7, 8, 9, 11, 13); Profile II (stations 14, 15, 17, 7, 18, 19, 20).

Fig. 2. Distribution of dissolved methane at the shallow A), mid-depth B) and 
deep-water C) stations.
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the CH4 maximum was “pushed” down likely by the action of the Kur-
oshio Extension (Roden et al., 1982). The difference in the pycnocline 
and other hydrological parameters were detected previously for the 
eastern and western slopes of Koko and other guyots of the Emperor 
Chain (Vastano et al., 1985; Roden and Taft, 1985).

The deepest stations 14 and 20 demonstrated the greatest variability 
in CH4 content (Fig. 2C). The greatest methane concentrations (3.3–6.4 
nM) were detected from 10 to 100 m. With increasing depth, the CH4 
content decreased monotonically to 1 nM at the deepest (2564 m) part of 
the section. Generally, the main features of methane distribution 
determined from section I and II were similar (Fig. 3a and b). The water 
column in the shallow parts of sections (10–357 m) contained greatest 
(3.5–6.5 nM) methane concentrations. However, the CH4 content 
remained relatively high (3–5 nM) through 800 m. Such high values of 
CH4 concentration below the surface mixed layer are not typical for 
open waters. Indeed, the measured background СH4 content in the 
upper 300 m usually ranges from 2.2 to 3 nM (Watanabe et al., 1995).

An atmospheric equilibrium CH4 concentration for both sections 
varied from 2.14 to 2.27 nM, averaging 2.19 nM (Table 1). Our data 
show that the surface water was supersaturated with respect to atmo-
spheric CH4 at all stations and acted as a source of methane for the at-
mosphere. The degree of oversaturation for surface water ranged from 8 
to 52% (mean 32%) and is consistent with the average values (31%) 
previously defined in the open ocean surface waters for the north-
western Pacific (Watanabe et al., 1995). The greatest surface water su-
persaturation (30–52%) was found at shallow stations. Methane 
saturation followed the same trends as CH4 concentrations in the upper 
part of the water column. The CH4 oversaturation in the subsurface 
layers (10–300 m) was up to 2–3 times higher than the equilibrium 

methane concentration, which has been observed previously in various 
regions of the Pacific (Watanabe et al., 1995; Holmes et al., 2000; Kelley 
and Jeffrey, 2002) and Atlantic Oceans (Kolomijeca et al., 2022), as well 
as on the continental slope of the northeastern Pacific (Lapham et al., 
2017). Surprisingly, the CH4 oversaturation was also detected for the 
deeper part of section I and II to 1350 m. Undersaturated water were 
found only in the deepest (from 1350 to 2570 m) parts of the sections. 
The presence of water oversaturated with methane below 300 m was 
unusual and requires a more detailed discussion about the origin and 
possible sources of methane above the Emperor Chain.

It is unlikely that sediments are the primary source of CH4 for the EC. 
Recent studies of sedimentary material from Koko guyot revealed 
elevated CaCO3 and low total organic carbon content (Chen et al., 
2021). These sediments were dominated by clay-silt and mainly affected 
by aeolian dust and could not generate a significant amount of methane. 
This was confirmed by the absence of a pronounced CH4 maximum in 
the near-bottom water layers. As a result, the methane concentration for 
the shallow-water stations remained almost constant throughout the 
water column (Fig. 2A).

In situ biogenic CH4 production is a more reasonable source of 
methane above the seamount. The proposed biogenic pathways of 
methane synthesis (Reeburgh, 2007; Bižić et al., 2020a) are controlled 
by oceanographic factors (salinity, temperature, pH, water movement, 
etc.). Several biogenic mechanisms of CH4 formation occur in oligotro-
phic ocean waters. One is based on methanogenesis in anoxic micro-
environments, such as suspended particles (Holmes et al., 2000; Sansone 
et al., 2001), faecal pellets (Cynar and Yayanos, 1991; Bianchi et al., 
1992; Ditchfield et al., 2012) and guts of zooplankton (Schmale et al., 
2018). Another proposed mechanism is the biodegradation of various 

Fig. 3. Distribution of dissolved methane, salinity and temperature in the water column for Koko guyot: a) CH4 in section I, b) CH4 in section II, c) S in section I, d) S 
in section II, e) T in section I, f) T in section II.
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methylated organic substrates: utilization of methylphosphonates (MPn) 
(Karl et al., 2008) by MPn-utilizing bacteria and cyanobacteria (Vibrio 
and Trichodesmium; Ye et al., 2020), and cleavage of dimethylsulfonio-
propionate (Damm et al., 2010) and subsequent demethylation of 
dimethylsulfide (Florez-Leiva et al., 2013) by methylotrophic microor-
ganisms. Recent studies have shown that сyanobacteria (Bižić et al., 
2020b) and marine algae (Klintzsch et al., 2019, 2023) produced CH4 
directly in the absence of methylphosphonates or other methylated 
substrates. All of these biogenic routes could occur above Koko. Further 
investigations are required to establish the contribution of each biogenic 
pathway to methane formation.

The upper mixed layer had temperatures up to 24◦С with a sharp 
thermocline at a depth of 40–50 m. Below the thermocline the tem-
perature decreased monotonically to a 1.69◦С at the deepest (2570 m) 
station (Fig. 3e and f.). The salinity of the subsurface layer was relatively 
high and varied from 34.57 to 34.98 in the upper 100 m. A salinity 
maximum was detected at 10–50 m. Below upper 100 m salinity 
decreased until reaching a minimum of 34 at 500–650 m. The main core 
of the salinity minimum represented the influence of the North Pacific 
Intermediate Water (NPIW; You, 2003), which is transported from the 
Okhotsk Sea by cabelling along the subarctic-tropical frontal zone. 
Below 650 m the salinity increased gradually to 34.48–34.64 in the 
near-bottom layer at a deepest part of section I and II. The Koko guyot 
limited the flow of seawater to the east below the upper 500 m, which is 
apparent from the salinity sections for the NPIW and lower layers 
(Fig. 3c and d.). The weak uplift of isohalines and isotherms previously 
observed (Roden and Taft, 1985; Roden et al., 1982) for the western and 
eastern slopes of various guyots of the EC were also identified.

The surface layer was supersaturated (32%) throughout the study 
area (Table 1). These data agree well with the supersaturation level 
(31%) in the surface seawater at the section along 165◦E from 34 to 
40◦N (Watanabe et al., 1995). However, another unexpected observa-
tion at Koko guyot was the detection of oversaturated seawater below 

300 m, especially on the western slope of the seamount. The high 
methane content and supersaturation may have been caused by the 
several processes. First, the hydrological conditions could affect the CH4 
maxima distribution. As mentioned, the western slope of the guyot was 
affected by Kuroshio Extension (Roden et al., 1982). The KE is a 
continuation of the Kuroshio current after its separation from the Jap-
anese coast at 36◦N, 141◦E. It is an eastward-flowing inertial jet crossing 
the Shatsky Rise and reaches the southern part of the EC (Vastano et al., 
1985). The intrusion of undiluted Kuroshio water with a salinity greater 
than 34.6 (Roden and Taft, 1985) was detected at the western stations 
11, 15, 17 from 10 to 150 m and could transfer the methane maximum 
from the upper part of the water column to 1000 m. A second factor that 
could influence the transfer of the CH4 maximum were eddies that had 
been previously observed at 1000 m near the guyots of the EC (Wagawa 
et al., 2012). The increased methane saturation below 300 m may also 
be result from an export of dissolved (DOC) organic carbon by the NPIW 
to the intermediate waters over the EC (Hansell et al., 2002). Since the 
suspended particles and DOC are one of the major CH4 sources for the 
oligotrophic Pacific Ocean (Holmes et al., 2000; Sansone et al., 2001), 
further investigations are necessary to understand the seamount influ-
ence on their distributions.

If the “seamount effect” could enhance in situ methane production 
and raise the CH4 saturation level above the summit and on the slopes of 
the guyot, then the increased sea-air CH4 emission should be detected at 
the surface. To confirm this hypothesis, we measured the sea-air CH4 
flux. The estimated sea-air CH4 flux was high and ranged between 1.4 
and 16.3 μmol m− 2 day− 1, with an average of 8.37 μmol m− 2 day− 1 

(Table 1). The average flux was 8.2 and 8.6 μmol m− 2 day− 1 for section I 
and II, respectively. The greatest sea-air methane flux (>10 μmol m− 2 

day− 1) was associated with the shallow water stations (4, 7, 8, 9, 17, 18) 
above the summit of the guyot and the deep station (11) on the southern 
slope. These values were significantly greater than previously estimated 
fluxes for open (0.2–0.3 μmol m− 2 day− 1) and coastal oceans (1–2 μmol 

Table 1 
Data of methane emission to the atmosphere and CH4 content in surface layer, Koko seamount.

Station Coordinates T (C◦) S (‰) Wind speed U (m/s) CH4
m (nM) CH4

eq (nM) Oversaturation (%) CH4 air (ppm) Flux density F (μmol m− 2 day− 1)

1 35◦43.914 N 
170◦56.33 E

20.25 33.8 5 2.5 2.27 10 1.86 1.4

2 35◦37.089 N 
171◦05.982 E

21.48 34.47 6 2.6 2.24 15 1.89 3.2

3 35◦35.722 N 
171◦11.127 E

22.26 34.6 5 2.5 2.17 15 1.86 2.1

4 35◦32.809 N 
171◦17.004E

22.65 34.42 7 3 2.2 36 1.9 10.2

6 35◦25.030 N 
171◦32.132 E

22.58 34.77 7 2.9 2.22 30 1.92 8.6

7 35◦21.190 N 
171◦36.217 E

24.5 34.98 8 2.9 2.14 35 1.92 13.2

8 34◦14.110 N 
171◦41.972 E

24.02 34.89 7 3.1 2.16 43 1.92 12.4

9 35◦08.083 N 
171◦45.98 E

23.49 34.5 8 3 2.17 37 1.91 14.2

11 34◦55.983 N 
171◦45.945 E

22.78 34.51 7 3.3 2.19 50 1.9 14

13 34◦46.982N 
172◦06.915 E

23.28 34.47 5 2.6 2.15 20 1.88 2.9

14 35◦01.972 N 
171◦14.848 E

24.4 34.94 6 3.1 2.19 41 1.96 8.9

15 35◦05.922 N 
171◦19.089 E

24.41 34.95 4 3.2 2.16 47 1.94 4.5

17 35◦14.09 N 
171◦28.035 E

24.12 35 8 3.1 2.15 43 1.92 16.3

18 35◦23.936 N 
171◦41.087 E

23 34.69 7 3.3 2.16 52 1.88 14.7

19 35◦28.884 N 
171◦44.976 E

21.7 34.3 6 2.8 2.24 24 1.9 5

20 35◦34.128 N 
171◦51.796 E

22.28 34.38 7 2.4 2.2 8 1.89 2.4

Mean 22.95 34.6 6.43 2.9 2.18 32 1.9 8.37
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m− 2 day− 1) (Rhee et al., 2009) or recent studies based on the machine 
learning model for the Pacific Ocean Basin (0.33–0.94 μmol m− 2 day− 1, 
reported as 0.65 to 1.84 Tg yr− 1; Weber et al., 2019). The increased flux 
could also be affected by meteorological conditions during the mea-
surements. High wind speeds (>5 m/s) were measured at stations 4, 7, 8, 
9, 11, 17, and 18 that had the greatest sea-air CH4 fluxes. Nevertheless, 
the fluxes at stations 1, 3, 13, 15 with a low wind speed (≤5 m/s) were 
high (from 1.4 to 4.5 μmol m− 2 day− 1) as well. Another factor that could 
influence the air-sea methane exchange at Koko guyot was a typhoon 
passing just before our measurements. Typhoons and storms accelerate 
the temporal and local CH4 emission by mixing of the upper layers and 
increasing air-sea exchanges (Vereshchagina et al., 2013; Vetrov et al., 
2018). For Koko, high wind speeds occurred at the most stations.

3.2. Jingu guyot: CH4 distribution in the water column and seawater- 
atmosphere CH4 exchange

Jingu Seamount (38◦47′N 171◦11′E) is located about 675 km north of 
the Hawaiian–Emperor bend in the Main Gap of the Emperor Seamount 
chain near Ojin. It is a relatively small (summit area about 450 km2) and 
deep guyot with the summit at a water depth of 850 m. Two short sec-
tions III and IV of nine CTD-stations were positioned over the summit of 
Jingu guyot (Fig. 4). CH4 concentrations varied from 1.4 to 6 nM, 
averaging 3.5 nM. The greatest methane concentration (6 nM) was 
found at 10 m at station 24 and the lowest in the deepest part of section 
III below 2000 m. The general pattern of methane distribution was 
similar for sections III and IV (Fig. 5a and b). The greatest CH4 con-
centration (3.8–6 nM) was associated with the upper water column 

(10–300 m). Below 400 m the methane decreased to 1.4–1.8 nM for the 
deep-water stations (29, 21) and to 1.8–2.7 nM for stations 23, 27, 28, 
and 29 located above the summit. Generally, the patterns of methane 
distribution for Jingu were more typical of the open ocean (Watanabe 
et al., 1995).

Atmospheric equilibrium concentration over the summit of Jingu 
varied from 2.38 to 2.47 nM (mean 2.42 nM; Table 2). The surface layer 
was supersaturated with respect to atmospheric CH4 for all stations. The 
average degree of oversaturation (20%) was lower than the values 
previously found (32 %) for the surface seawater above Koko seamount. 
There were no differences of CH4 saturation for the surface layers be-
tween the shallow and deep-water stations, unlike at Koko guyot. 
Nevertheless, CH4 oversaturations were observed in the deeper parts of 
sections III and IV through 750 m.

The subsurface layer temperature of the water column above Jingu 
ranged from 16.26 to 20.14◦С with a sharp thermocline at 50 m. Below 
the upper 100 m the temperature decreased monotonically to 1.8◦С near 
the bottom (Fig. 5e and f). The salinity maximum (34.63) was also found 
between 10 and 50 m. The core of salinity minimum (33.94) was asso-
ciated with the layer of North Pacific Intermediate water (500 m), as it 
was for Koko guyot. Under the NPIW, the salinity increased to 34.6 at 
the bottom, as the Jingu guyot did not block the transport of the NPIW 
like the Koko guyot (Fig. 5c and d).

The estimated sea-air CH4 flux for Jingu guyot ranged from 0.5 to 
6.5 μmol m− 2 day− 1, with an average of 2.6 μmol m− 2 day− 1 (Table 2). 
The average flux for Jingu was three times lower than that for Koko 
(8.37 μmol m− 2 day− 1). The fluxes for Jingu (0.5–6.5 μmol m− 2 day− 1) 
were comparable with the fluxes for Koko (1.4–4.5 μmol m− 2 day− 1) 
only at stations 1, 2, and 3 that had low wind speeds (≤5 m/s). A 
decreased flux for Jingu was caused by the lower average wind speed 
(4.55 m/s) and lower temperature of the surface layer (18.84◦С), 
because the solubility of methane in seawater increases at low temper-
atures. Nevertheless, the average flux for Jingu was from 1.3 to 2.6 times 
higher than the average flux for the coastal ocean (Rhee et al., 2009). 
However, these flux values are not unique to the Pacific Ocean; the mean 
June air-sea methane exchange for the Eastern Tropical North Pacific is 
2.3 ± 0.9 μmol m− 2 day− 1 (Sansone et al., 2001). The flux varied from 
1.4 to 1.7 μmol m− 2 day− 1 for station ALOHA near the Hawaiian Islands 
(Holmes et al., 2000) and from 0.9 to 3.5 μmol m− 2 day− 1 northwest of 
station ALOHA (Tilbrook and Karl, 1995). The CH4 flux was also esti-
mated for other parts of Pacific: the air-sea exchange of CH4 for a 
transect in the southern hemisphere ranged from − 0.74 ± 0.73 to 4.13 
± 1.01 μmol m− 2 day− 1 (Kelley and Jeffrey, 2002). For the marginal seas 
(East China Sea) the flux was higher (6.5–7.4 μmol m− 2 day− 1) than for 
the open ocean (Ye et al., 2016). As methane fluxes vary spatially, 
temporarily and locally, we suggest that the average methane fluxes for 
Koko and Jingu guyots (8.37 and 2.6 μmol m− 2 day− 1) are consistent 
with the published exchange data for the Pacific Ocean.

4. Conclusions

Seamounts were not previously considered as important regions for 
methane production. We presented results on CH4 distributions and 
estimated the ocean-atmosphere CH4 flux for two gyuots (Koko and 
Jingu) in the southern portion of the Emperor Chain. Our results 
revealed that the methane concentrations (3.9–6.5 nM) in the upper part 
of the water column above the summits was at least two times higher 
than the CH4 content (2.2–3 nM) previously found in the open Pacific 
Ocean. The methane maxima for Koko (3.9–6.5 nM) and Jingu (3.8–6 
nM) were found in the subsurface or near bottom layers over the 
seamount summit. The methane distribution for Koko and Jingu was 
different, with the methane maximum (6 nM) on the western slope of 
Koko found at 1000 m. This was caused by the action of the Kuroshio 
Extension or a deep eddy. The methane maxima (3.8–6 nM) were 
detected only in the upper part of the water column over the Jingu 
summit.

Fig. 4. Map of sampling locations, Jingu guyot, Emperor Chain: Section III
(stations 21, 22, 23, 24, 25, 26); Section IV (stations 27, 28, 23, 29).
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Fig. 5. Distribution of dissolved methane, salinity and temperature in the water column for Jingu guyot: a) CH4 in section III, b) CH4 in section IV, c) S in section III
d) S in section IV e) T in section III f) T in section IV.

Table 2 
Data of methane emission to the atmosphere and CH4 content in surface layer, Jingu seamount.

Station Coordinates Water 
temperature (C◦)

Salinity 
(‰)

Wind speed 
U (m/s)

Measured CH4
m 

(nM)
Equilibrated CH4

eq 

(nM)
Oversaturation 
(%)

CH4 air 
(ppm)

Flux density F (μmol 
m− 2 day− 1)

21 38◦ 46.944 N 
171◦

05.378E

17.16 34.44 6 3.10 2.47 25 1.91 5.1

22 38◦ 45.813 N 
171◦ 05.872 
E

18.35 34.53 5 3.30 2.46 33 1.95 4.9

23 38◦ 43.014 N 
171◦ 07.088 
E

18.99 34.56 7 2.90 2.34 23 1.88 6.5

24 38◦ 38.967 N 
171◦ 07.033 
E

18.97 34.49 4 2.80 2.44 14 1.96 1.3

25 38◦ 35.902 N 
171◦ 07.901 
E

19.61 34.57 3 3.20 2.41 32 1.96 1.7

26 38◦ 32.891 N 
171◦ 08.951 
E

20.14 34.37 5 3.00 2.39 25 1.96 3.7

27 38◦ 47.983 N 
171◦12.981 
E

18.75 34.56 3 2.70 2.38 13 1.96 0.7

28 38◦ 45.976 N 
171◦09.062 
E

19.32 34.63 4 2.70 2.43 10 1.97 1

29 38◦ 36.945 N 
171◦02.925 
E

18.31 34.63 4 2.60 2.46 5 1.95 0.5

Mean 18.84 34.53 4.55 2.92 2.42 20 1.94 2.6
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The surface water layer was supersaturated with respect to atmo-
spheric CH4 for both seamounts and acted as a source of methane to the 
atmosphere. The seawater supersaturated with CH4 was also detected in 
the subsurface (10–300 m) and below the upper 300 m in parts of water 
column. The previously described “seamount effect” could influence the 
distribution of anoxic niches (suspended particles and zooplankton) and 
methane producing bacteria, cyanobacteria and algae over the summit 
and in the vicinity of the guyots which may have led to increased 
methane production. Our suggestion was supported by the high methane 
fluxes over the Koko and Jingu guyots. The estimated average methane 
flux for Koko (8.37 μmol m− 2 day− 1) and Jingu (2.8 μmol m− 2 day− 1) 
was several times higher than the flux for open and coastal ocean waters 
and was caused by high wind speeds. If the “seamount effect” could 
enhance methanogenesis over the summits of guyots, then the impact 
the seamounts on the global CH4 emission is higher than previously 
considered, suggesting that further studies of methanogenesis over 
seamounts necessary to better understand the reasons for the increased 
methane production.
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Bižić, M., Klintzsch, T., Ionescu, D., Hindiyeh, M.Y., Günthel, M., Muro-Pastor, A.M., 
Eckert, W., Urich, T., Keppler, F., Grossart, H.-P., 2020b. Aquatic and terrestrial 
cyanobacteria produce methane. Sci. Adv. 6 (3), eaax5343. https://doi.org/ 
10.1126/sciadv.aax5343.

Boehlert, G.W., 1988. Current-topography interactions at mid-ocean seamounts and the 
impact on pelagic ecosystems. Geojournal 16 (1), 45–52. https://doi.org/10.1007/ 
BF0262637.

Bogard, M.J., del Giorgio, P.A., Boutet, L., Chaves, M.C.G., Prairie, Y.T., Merante, A., 
Derry, A.M., 2014. Oxic water column methanogenesis as a major component of 
aquatic CH4 fluxes. Nat. Commun. 5, 5350. https://doi.org/10.1038/ncomms6350.

Bograd, S.J., Rabinovich, A.B., Le Blond, P.H., Shore, J.A., 1997. Observations of 
seamount-attached eddies in the North Pacific. J. Geophys. Res.: Oceans 102 (C6), 
12441–12456. https://doi.org/10.1029/97/JC00585.

Busch, K., Hanz, U., Mienis, F., Mueller, B., Franke, A., Roberts, E.M., Rapp, H.T., 
Hentschel, U., 2020. On giant shoulders: how a seamount affects the microbial 

community composition of seawater and sponges. Biogeosciences 17, 3471–3486. 
https://doi.org/10.5194/bg-17-3471-2020.

Canadell, J.G., Monteiro, P.M.S., Costa, M.H., Cotrim da Cunha, L., Cox, P.M., Eliseev, A. 
V., Henson, S., Ishii, M., Jaccard, S., Koven, C., Lohila, A., Patra, P.K., Piao, S., 
Rogelj, J., Syampungani, S., Zaehle, S., Zickfeld, K., 2021. Global carbon and other 
biogeochemical cycles and feedbacks. In: Masson-Delmotte, V., Zhai, P., Pirani, A., 
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