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Abstract

The amount of methane leaked from deep sea cold seeps is enormous and potentially affects the global warming,
ocean acidification and global carbon cycle. It is of great significance to study the methane bubble movement and
dissolution process in the water column and its output to the atmosphere. Methane bubbles produce strong
acoustic impedance in water bodies, and bubble strings released from deep sea cold seeps are called “gas flares”
which expressed as flame-like strong backscatter in the water column. We characterized the morphology and
movement of methane bubbles released into the water using multibeam water column data at two cold seeps. The
result shows that methane at site I reached 920 m water depth without passing through the top of the gas hydrate
stability zone (GHSZ, 850 m), while methane bubbles at site II passed through the top of the GHSZ (597 m) and
entered the non-GHSZ (above 550 m). By applying two methods on the multibeam data, the bubble rising velocity
in the water column at sites I and II were estimated to be 9.6 cm/s and 24 cm/s, respectively. Bubble velocity is
positively associated with water depth which is inferred to be resulted from decrease of bubble size during
methane ascending in the water. Combined with numerical simulation, we concluded that formation of gas
hydrate shells plays an important role in helping methane bubbles entering the upper water bodies, while other
factors, including water depth, bubble velocity, initial kinetic energy and bubble size, also influence the bubble
residence time in the water and the possibility of methane entering the atmosphere. We estimate that methane
gas flux at these two sites is 0.4×106–87.6×106 mol/a which is extremely small compared to the total amount of
methane in the ocean body, however, methane leakage might exert significant impact on the ocean acidification
considering the widespread distributed cold seeps. In addition, although methane entering the atmosphere is not
observed, further research is still needed to understand its potential impact on increasing methane concentration
in  the  surface  seawater  and  gas-water  interface  methane  exchange  rate,  which  consequently  increase  the
greenhouse effect.
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1  Introduction
Deep sea cold seep is a special seafloor geological expression

of fluids migrating from deep subsurface into the water column
(Judd and Hovland, 2007), resulted from tectonic compression
and/or differential compaction of sediment deposition (Barnes et
al., 2010; Wang et al., 2018). With help of microorganism, Meth-
ane undergoes oxidation with sulfate reduction which is a unique
early diagenesis (Ding et al., 2017; Feng and Chen, 2015;
Himmler et al., 2015; Liu et al., 2017; Sun et al., 2019; Yin et al.,
2008; Zhang et al., 2018), and provides energy for chemosynthet-
ic communities in the cold seeps (Fischer et al., 2012). Methane
may also form gas hydrate in sediments under high pressure and
low temperature conditions (Sun et al., 2014; Wei et al., 2018; Wei
et al., 2019; Wu et al., 2019; Ye et al., 2019). Unconsumed meth-
ane gas enters the water body (Wei et al., 2015). The total amount

of methane released from natural cold seeps is estimated to be
3%–9% of the global methane emissions (Judd et al., 2010). Meth-
ane is gradually dissolved and oxidized to carbon dioxide after
entering the water body (Rehder et al., 2009), which potentially
accelerates ocean acidification. In addition, methane is a strong
greenhouse gas with a greenhouse effect of 21–25 times higher
than carbon dioxide (Lelieveld et al., 1998; St Louis et al., 2000).
Methane leaked from cold seeps has the potential to enter the at-
mosphere (Greinert et al., 2010; Judd, 2004; Leifer et al., 2006; So-
lomon et al., 2009) and accelerate the global warming. Therefore,
it is of great significance to study the movement of methane gas
released form cold seeps to understand its global environmental
impact.

At present, the major directions and corresponding methods
used in studying methane leakage in deep sea cold seeps are as  

Foundation item: The National Key Research and Development Plan under contract Nos 2018YFC0310000 and 2016YFC0304905-03;
the National Natural Science Foundation of China under contract No. 41602149; China Geological Survey Project under contract Nos
DD20190582, DD20191009 and DD20160214.
*Corresponding author, E-mail: weijiangong007@163.com; wutingtingqd@163.com
 

Acta Oceanol. Sin., 2020, Vol. 39, No. 5, P. 133–144

https://doi.org/10.1007/s13131-019-1489-0

http://www.hyxb.org.cn

E-mail: hyxbe@263.net



follows. (1) Based on the numerical simulation and experiments
(Rehder et al., 2009), the motion and dissolution rate of single
methane bubble in water are investigated (Olsen et al., 2017; Re-
hder et al., 2002a; Sauter et al., 2006). However, high intensity
leakage and corresponding movement of massive methane
bubbles are poorly constrained. (2) Using long term in-situ sea-
floor observation to study the periodic activity of the cold seeps
and the controlling factors of methane leakage (Tréhu et al., 2003;
Tryon et al., 1999). (3) Acoustic methods (multibeam echo-
sounder and single beam echosounder) were applied to detect
methane seepage in vast areas and semi-quantify the amount of
leaked methane gas (Greinert, 2008; Li et al., 2016; Muyakshin
and Sauter, 2010; Nikolovska et al., 2008; Römer et al., 2012).
Seismic survey and sub-bottom profiling were also conducted to
study the fluid flow beneath the cold seeps (Bourry et al., 2009;
Riedel, 2007). (4) Comprehensive comparison between in situ
observation and geophysical data acquired from multiple expedi-
tions were conducted to study the temporal and spatial variation
of cold seep methane leakage and the corresponding controlling
factors (Berndt et al., 2014; Boles et al., 2001; Klaucke et al., 2010;
Tréhu et al., 1999).

Gaseous methane released from the seabed experienced
complicated physical, chemical and biological process during its
movement in the water column. Methane gas bubbles from cold
seeps in shallow water areas, such as Svalbard waters (Berndt et
al., 2014), can partially pass through the water body and enter the
atmosphere, contributing to the global warming. In contrast to
shallow water, methane bubbles released from deep sea cold
seeps experience longer time, and are more likely to be com-
pletely dissolved without entering the atmosphere. However, oil
were observed on the surface of methane bubbles in some areas
(such as Gulf of Mexico) (Mcneil, 2009), which help methane en-
tering the atmosphere by greatly reducing the contact of meth-
ane gas with seawater and decrease the dissolution rate. Experi-
mental and numerical simulation studies have shown that gas
hydrate shells may form on the bubble surface within the GHSZ,
which also reduce the methane dissolution rate (Greinert et al.,
2006a; McGinnis et al., 2006). However, after passing through the
GHSZ, methane gas dissolve rapidly due to the decomposition of
the gas hydrate shells, therefore, little methane can enter the up-
per water body and the atmosphere. Knowledge of characterist-
ics of methane bubble movement in water and its controlling
factors are prerequisites for understanding the environmental
impact of methane from deep sea cold seeps. Methane bubble
strings exhibit strong reflections in multibeam water column data
which are known as “gas flares” due to its similar shape to a flame
(Römer et al., 2012). Multibeam echosounding is an efficient
method to detect methane leakage and cold seep distribution in a
large area (Chen et al., 2019; Myhre et al., 2016). It is also an im-
portant way to study the characteristics of gas flares and bubble
movement. However, little work has been conducted in studying
the motion characteristics of methane gas in the water column by
using acoustic water column data.

In this study, based on the multibeam water data and CTD
data, we described the characteristics of gas flares and bubble
movement in the water column at two seep sites at the Nigeria
continental margin and Makran accretion wedge, respectively
(Fig. 1). We also provided two methods for calculating bubble
rising rate from multibeam water column data. Combined with
numerical simulation, we further discussed the major factors that
control the behavior of bubble motion and the potential environ-
ment impact of cold seep methane leakage.

2  Data and methods

2.1  Field acquisition of the multibeam data
The multibeam data of two seep sites used in this study were

collected during two research expeditions. Site I is located within
the Makran accretion wedge at 1 832 m water depth. The multi-
beam survey was conducted by using EM302 multibeam system
on R/V Haiyangdizhi 10 during a joint research cruise between
China and Pakistan in 2018. Four independent acoustic investig-
ations were conducted at site I with keeping ship static by dy-
namic positioning system. The maximum open angle is 150° and
the acoustic frequency is 26–34 kHz. Site II is located within the
Nigeria continental slope at 1 140 m water depth (Wei et al.,
2015). The data was obtained using Seabat 7150 multibeam sys-
tem on R/V Pourquoi pas? during the joint “GUINECO-MeBo”
cruise between IFREMER and MARUM in 2011 (Sultan et al.,
2014). The maximum opening angle is 150° and the frequency is
12–24 kHz.

2.2  Multibeam water data processing
For site I, the raw data (wcd and all files) was converted to

gwc files using FMMidwater module in the Fledermaus software.
The gwc files were loaded in the Fledermaus and high reflection
gas flares were picked out by adjusting the beam, range and
depth in the fan mode. By switching the mode from fan to
stacked, the selected beams were shown with water depth (ver-
tical axis) and time (horizontal axis). Video files at site II, which
are a series of fan-shaped images with time (video time) and
depth information, were recorded during the multibeam survey.

2.3  Calculation of bubble rising velocity
Based on the multibeam water data, two methods were pro-

posed to calculate the rising velocity of the bubbles. The first
method was applied on the stacked images of site I to depict the
oblique lines with high backscatters which represent the bubble
movement in the water body. The water depth, time period (x
length) and rising height (y length) of the lines were recorded. By
calculating the slopes of the lines, the bubble rising velocities at
different depths of site I were obtained, and the average value
and standard deviation were calculated. The second method was
applied on the time-series fan-shaped images of site II to estim-
ate the velocity of a sudden released large amount of methane
gas. The velocity is estimated by linear regression of manually
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Fig. 1.   Location of two deep sea cold seep sites. Site I is located
at 1 832 m water depth on the Makran accretion wedge offshore
Pakistan. Site II is located at 1 140 m water depth on the Nigeria
continental Margin, Gulf of Guinea.
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tracked vertical position (y) of the gas plume center (strong re-
flection) and time (video time).

2.4  Methane hydrate phase equilibrium
Gas composition analysis shows that hydrate-bound gas con-

sists of >99.9% (Römer et al., 2012) and 98.31%–99.62% (unpub-
lished data) methane at site I and II, respectively. Therefore, it is
reasonable to assume the presence of structure I gas hydrate. The
phase boundaries of methane hydrate in the seawater of 3.5% sa-
linity were calculated using CSMHYD software (Sloan and Koh,
2007) for each site. Water temperature was obtained by CTD de-
ployment. The measured CTD temperature of site II only reached
760 m (5.35°C). Based on the known seabed temperature (4.5°C),
the values between 760 m and 1 140 m were filled by linear inter-
polation.

2.5  Numerical simulation of bubble dissolution
Based on the basic environment parameters at each site, dia-

meter variation and volume attenuation of methane bubbles dis-
charged from the seabed within initial diameters of 10–16 mm
(2 mm interval) were simulated using SiBu-GUI software (Grein-
ert and McGinnis, 2009). Water temperature data were obtained
via CTD deployment. Salinity, oxygen and carbon dioxide con-
centrations were assumed to be 3.5%, 0.3 mmol/L and 0.01 mmol/L,
respectively. Methane concentration obtained using sensors at
site I ranged between 3–5 nmol/L. Therefore, 4 nmol/L were used
as the input parameter to simplify the simulation.

3  Results

3.1  Acoustic characteristics of methane bubbles
The multibeam water column data were obtained when the

orientation and position of the ship was kept constant by dynam-
ic positioning. The fan-shaped water data were used to express
the static characteristics of the gas flares, while the fan-shaped

water data over time (video) can express the dynamic changes of
the gas plumes. The stacked water data show the dynamic
changes of a single plume over time.

3.1.1  Fan-shaped multibeam water data
Multibeam water column data at site I was obtained for four

times with slightly changing positions (27–110 m) (Fig. 2,
Figs 4a–c, e). The seabed was not disturbed during the observa-
tion process. A continuous single plume which exhibits strong re-
flection was observed during the first investigation (Fig. 2a). Mul-
tiple non-continuous plumes with weak signals were observed
during the second and third surveys (Figs 2b, c). Two gas flares
with strong continuous reflection were observed in the fourth ob-
servation (Fig. 2d). All the gas flares observed at site I disap-
peared at around 920 m.

We analyzed the Fan-shaped water data of the two videos at
site II and found two distinct gas plumes (Fig. 3). Although a
~5 min piece of data was missing between the two videos, it is
speculated that these two gas plumes represent the same one
based on the rising velocity. The strong reflection area was signi-
ficantly enlarged (Figs 3a–d) and many point-like strong reflec-
tions appeared underneath during bubble plume ascent (Fig. 3d).
The gas flares finally disappeared at ~550 m water depth.

3.1.2  Stacked multibeam water data
Stacked multibeam water data at site I showed dynamic

change of a single bubble string in the water. We performed as-
cent and descent operations of instruments in the water at site I,
but the seabed was not disturbed during the observation. The
surface layer (0–320 m) showed high reflections which were
mainly resulted from the plankton in the light transmitting layer
(Fig. 4a). The thickness changed during the four investigations.
The middle layer (320–920 m) was weak reflection water body.
The bottom layer (920–1 830 m), which showed high backscatter
(orange and reddish), is the major depth interval that we focused
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Fig. 2.   Fan-shaped multibeam water column data showing gas flares in high reflections from seafloor at site I. a–d. Four independent
multibeam investigations at site I with research vessel static by dynamic positioning. The colors represent the intensity of the acoustic
impendence (red: high, green: medium, blue: low).
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Fig. 3.     Fan-shaped multibeam water column data showing gas flares in high reflections from seafloor at site Ⅱ.  a–d. Dynamic
changes of the gas flares and gas plumes in time series for one investigation with ship dynamic positioned.
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Fig. 4.     Stacked multibeam water column data and manually drawn dashed lines for calculating bubble velocity using the first
method. White lines represent the top of GHSZ at site I, red line at 920 m illustrates the depth where most gas bubbles disappeared.
a–c and e correspond to the Fan-shaped images in Figs 2a–d in time series; d and f are enlarged images of c.
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in this study. The bottom red line illustrates the seafloor which is
at 1 832 m. Instruments ascending and descending, which ex-
pressed as oblique lines of strong reflection, were also observed
(Figs 4a–c). In addition, oblique lines which represent bubble
movement were observed mainly below 850 m and are the major
basis for calculating the bubble rising velocity (Figs 3a–c).

3.2  Gas hydrate phase boundaries and methane bubbles entering
the non-GHSZ
The top of the GHSZ were calculated to be located at 850 m

(site I) and 597 m (site II), respectively (Figs 5a, b). Based on the
stacked images, we found that most of the gas bubbles did not

reach the gas hydrate phase boundary at 850 m at site I (Fig. 6a),
only with a few exceptions (Fig. 4a, last ~10 min). Small oblique
lines were widely developed at 100–200 m below phase bound-
ary. In contrast to site I, gas flares at site II reached the top of the
GHSZ (597 m) and disappeared at 550 m (Fig. 3).

3.3  Bubble rising velocity and water depth
We calculated the rising velocity of methane bubbles at site I

and II by applying two methods. At site I, bubble rising velocities
estimated using the first method show similar values (9.1 cm/s,
10 cm/s, and 9.7 cm/s) during three investigations (Table 1). Two
independent line drawings on the images of the third observa-
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Fig. 5.   Gas hydrate phase boundaries estimated at sites I (a) and II (b). The top of the GHSZ is at 850 and 597 m at site I and site II,
respectively. The right images illustrate the major gas hydrate formation and decomposition during ascending.
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Fig. 6.   Height of bubble velocity changed with time at site II. The height of the gas plume is represented by the centre of the manually
drawn cycle. The corresponding liner regressions of depth and time in a and b are denoted in c. “Time break” in Fig. 5a shows the
point where a piece of video is missing.
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tion (Fig. 4c: 0–1 900 m, Fig. 4d: 800–1 900 m) were performed.
The standard deviations were 0.9 cm/s and 0.8 cm/s which did
not show significant scattering (Table 1). Statistical analysis
showed an average bubble rising velocity of 9.6 cm/s with stand-
ard deviation of 1.2 cm/s (Table 1). The second method was ap-
plied at site II and the corresponding bubble rising velocities are
28 cm/s and 20 cm/s, respectively (Figs 5a–c).

The correlation between bubble depth and rising velocity
were analyzed at site I (Fig. 7). The result shows that bubble
depth and rising velocity are positively correlated. The correla-
tion of the first observation is good with correlation coefficient of
0.82 (Fig. 7a). However, correlations of the other two investiga-
tions are relatively poor which show correlation coefficients of
0.29 and 0.11, respectively (Fig. 7a). Linear regression analysis of

all the bubbles also shows positive correlation between bubble
depth and rising velocity with correlation coefficient of 0.2 (Fig. 7b).

4  Discussion

4.1  Characteristics of bubble movement and its controlling factors
The bubble rising velocities in this study are consistent with

previous studies in the other areas (Table 2). Four investigations
were conducted at site I, however, the shape and intensity of the
gas flares varied significantly (Figs 2a–b). We speculate that these
differences are resulted from temporal and spatial variation of
the gas flares, ship orientation, and ocean current. Although the
distances among four observations are only 27–110 m, the big dif-
ference of gas flare morphology indicates that methane leakage is

Table 1.   Basic information and estimated bubble rising velocity at site I
ID No Water depth/m Time/s Vertical length/cm Velocity/cm·s–1 Mean velocity/cm·s–1 STD velocity/cm·s–1

1088 1 827 211.9 1 783.0 8.4 9.1 1.7

2 795 262.1 2 379.0 9.1

3 921 746.8 7 851.0 10.5

4 931 416.4 5 348.0 12.8

5 787 316.9 2 736.0 8.6

6 733 269.7 1 903.0 7.1

7 834 301.7 2 736.0 9.1

8 770 313.1 2 141.0 6.8

9 814 364.0 3 450.0 9.5

1055 1 1 456    1 297.5 13 561.0 10.5 10.0 1.2

2 1 316    516.7 4 996.0 9.7

3 1 002    558.2 6 186.0 11.1

4 955 690.2 5 948.0 8.6

5 921 629.9 6 424.0 10.2

6 1 277    531.8 6 186.0 11.6

7 801 290.4 2 379.0 8.2

734_1 1 1 142    756.8 7 992.0 10.6 9.5 0.8

2 1 147    816.7 8 543.0 10.5

3 934 443.9 4 616.0 10.4

4 979 567.6 5 512.0 9.7

5 974 363.4 3 238.0 8.9

6 967 361.6 2 894.0 8.0

7 1 111    760.6 6 614.0 8.7

8 1 592    2 262.9 24 527.0 10.8

9 1 120    974.1 8 819.0 9.1

10 1 055    533.9 4 685.0 8.8

11 956 573.2 4 961.0 8.7

12 956 610.7 5 718.0 9.4

13 952 391.5 3 514.0 9.0

14 1 100    663.1 6 752.0 10.2

734 1 975 439.0 4 461.0 10.2 9.8 0.9

2 1 135    509.6 5 100.0 10.0

3 925 272.8 3 048.0 11.2

4 965 266.9 2 454.0 9.2

5 1 082    489.4 3 941.0 8.1

6 1 369    604.1 6 096.0 10.1

7 1 050    427.3 4 238.0 9.9

8 953 473.0 4 275.0 9.0

9 953 249.4 2 528.0 10.1

10 938 317.3 2 825.0 8.9

11 1 079    405.1 4 684.0 11.6

12 948 299.7 2 825.0 9.4

Total – – – – – 9.6 1.2
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spatial heterogeneous on meter scale at site I. In addition,
changes of gas flare characteristics might also be related to the
periodic activity of the cold seeps. There are many factors affect-
ing the cyclical variation of deep sea methane seepage at cold
seeps, including gas hydrate formation and decomposition (Wei
et al., 2015), subsurface pressure regime (Bangs et al., 2011), and
formation of authigenic minerals (Loher et al., 2018; Wei et al.,
2020). Formation of gas hydrates and authigenic carbonate may
decrease the permeability and block the pathways of fluid migra-
tion (Sultan et al., 2014). With increasing pressure underneath to
overcome the static lithological pressure, new pathways (fac-
tures) will be generated to facilitate the fluid migration (Torres et
al., 2004). In addition, ocean current will deflect the gas flares
which show discontinues features when multibeam signals cut
through the deflected flares.

The gas plume at site II exhibits strong reflection and non-lin-
ear decrease in rising velocity (28 cm/s to 20 cm/s) during the as-

cent in the water column (Fig. 5c). We attribute it to the initial ve-
locity induced by overpressure subsurface, bubble collapse dur-
ing rising, and hydrate formation. The gas plume at site II is a
sudden release of large amount of methane by drilling through
the free gas reservoir which was originally sealed by low per-
meable hydrate-bearing sediment (Sultan et al., 2014). Methane
gas gushed out from the seafloor with high initial velocity under
subsurface (~14 m) overpressure. The size of the observed
bubbles is obviously larger than those from natural cold seeps
(Sultan et al., 2014). It is inferred that large bubbles may break up
under the effect of fluid flow and form large amount of small
bubbles (Egorov et al., 2010). Previous studies shown that bubble
size is positively correlated with velocity (McGinnis et al., 2006).
We inferred that the increase of high reflection area and de-
crease of rising velocity is due to the formation of small bubbles
from large bubbles during ascent. In addition, studies have
shown that gas hydrate shells may form within 5–10 min in the
deep sea environment (Rehder et al., 2002a). The formation of
gas hydrate shells will increase the bubbles density, also result-
ing in the decrease of the rising speed. In addition, methane gas
is continuously consumed by gas hydrate formation, causing de-
crease of bubble internal pressure. The discrepancy between
bubble internal and external pressure will break the hydrate
shell, forming many small bubbles and gas hydrate grains which
reduce the rising velocity and increase the size of the gas plume
(Egorov et al., 2012).

Each of the method in calculating bubble rising velocity has
their own advantages and limitations. By using the first method,
the descending and ascending speeds of the rope-controlled in-
struments were estimated to be 57 cm/s, 48 cm/s and 48 cm/s
(Figs 4a–c), which are consistent with the speed recorded by the
winch, indicating that the first method is feasible. In contrast to
the second method, the first method is more efficient in depict-
ing the bubble movement. Since the gas plume is a continuous
movement of bubble strings, the oblique lines used in the first
method may not occur in many cases (Fig. 4e). Instead, high re-
flections may fill the whole depth range of gas flares (Fig. 4e). Al-
though the second method is less efficient, one can observe dy-
namic changes of the plumes. In addition, the second method is
particularly useful for studying episodic methane leakage in nat-
ural cold seeps.

The possibility of gases entering the atmosphere is controlled
by many factors, and the major factors include water depth,
rising velocity, bubble size, hydrate formation (Sauter et al.,
2006), and upwelling (Rehder et al., 2002b). Compared with site I,
methane bubbles at site II passed through the top of the GHSZ
and entered the upper non-GHSZ. The water depth and bubble
rising velocity at site II are both smaller than those at site I, res-
ulting in a longer time of dissolution in the water. The strong
gushing at site II may release many hydrate pieces to the water,
and we inferred that strong reflections in the non-GHSZ might be
partly caused by gas hydrate decomposition. Larger bubble size
at site II may also result in a longer staying time in the water. Up-
welling of the fluid flow generated by subsurface overpressure
may accelerate the bubble movement at site II. Therefore, mutu-
al effects of these factors may result in the entrance of gas flare in
the upper non-GHSZ at site II.

Table 2.   Comparisons of bubble velocities reported in other areas and in this study
ID Area Bubble rising velocity/cm·s-1 Method
1 Black Sea 12.0–22.0 (Greinert et al., 2006a) Multibeam

2 Makran accretion wedge 10.0–30.0 (Römer et al., 2012) Parasound

3 Monterey Bay 29.2±1.8 (Rehder et al., 2002a) ROV Ventana

This study Makran accretion wedge 9.5–10.0 Multibeam

This study Nigeria continental slope 20.4–27.9 Multibeam
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Fig. 7.   Positive correlations between bubble rising velocity and
water depth at site I. a. Linear regression of rising velocity and
water depth of individual investigation at site I (brown: Fig. 2a,
green: Fig. 2b, red: Figs 2c, d) and b. linear regression of all the in-
vestigations.
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4.2  Numerical simulation of bubble dissolution and environment-
al impact of methane leakage
Base on the environmental parameters at sites I and II, the

dissolution process of methane bubbles with 10–16 mm diamet-

er (2 mm interval) in the water were simulated (Figs 8 and 9). The
results show that bubbles of 10–16 mm diameter vanished at
1 044 m, 844 m, 805 m and 760 m, respectively (Fig. 8a). Gas flares
at site I disappeared at about 920 m (Fig. 4a). Therefore, it is in-
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Fig. 8.   Dissolution process of methane bubbles based on the numerical simulation at site I. Red cycle at the key point which were
discussed in Section 4.2.
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ferred that the initial diameter of bubbles released from the sea-
floor was between 10 and 12 mm. The simulation results at site II
show that bubbles with diameters of 10–16 mm (2 mm interval)
disappear at 557 m, 522 m, 483 m and 436 m, respectively (Fig. 9a).
The multibeam water data shows that methane bubbles at site II

disappeared at about 550 m. Therefore, it is inferred that the dia-
meter of most methane bubbles at site II was around 10 mm
when they were released at the seabed. However, bubble diamet-
er observed using camera at site II is far larger than estimated 10 mm
and theoretically these bubbles can reach the sea surface. We in-
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Fig. 9.   Dissolution process of methane bubbles based on the numerical simulation at site II.
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ferred that the bubble size discrepancy between the theoretical
speculation and actual observation is mainly due to the broken of
big bubbles into small bubbles during ascent.

The simulation result shows changes of bubble diameter and
gas amount with depth during bubble ascending. The formation
and decomposition of gas hydrate shells exert important impact
on the changes of bubble diameter, gas volume and the corres-
ponding decay rates (Greinert and McGinnis, 2009). Within the
GHSZ, bubble diameter of site I decreases approximately linearly
with depth, and the shrinking rate is 2.0–2.5 μm/s (10–16 mm)
(Fig. 8b). Gas volume in the bubble decreases exponentially with
depth. The dissolution rate decreases with depth within the GH-
SZ. After passing through the GHSZ, the bubble shrinking rate in-
creases to 22 μm/s which is 10 times of that in the non-GHSZ
(Fig. 8c), and the dissolution rate increases abruptly (7.2 μmol/s
for bubble of 16 mm diameter) (Fig. 8d), leading to a fast con-
sumption of methane gas to zero. Based on the simulation pro-
files at site I, it is inferred that bubbles within initial diameter of
10–16 mm reduced to 50% at 1 372 m, 1 250 m, 1 088 m and 877 m
(Fig. 8a). Only bubbles larger than 12 mm in diameter can enter
the non-GHSZ. The amount of 16 mm diameter methane
bubbles dissolved within the non-GHSZ was only 880 μmol, ac-
counting for 5.4% of the initial gas amount (16 300 μmol) (Fig. 8b).
In contrast, the amount of methane dissolved within the non-
GHSZ for the same bubble at site II is significantly increased due
to the shallower water depth. The 10 mm diameter methane
bubble can enter the non-GHSZ, and the amount of methane gas
released by the 16 mm bubble in non-GHSZ (3 130 μmol) ac-
counts for 29.5% of the initial amount of methane (10 600 μmol)
(Fig. 9b).

Previous studies suggested that methane flux of a single gas
flare is 0.13–21.9×106 mol/a (Römer et al., 2012). In our study, 3–4
plumes were observed at sites I and II. Total methane entering
the water body is estimated to be around 0.4–87.6×106 mol/a at
these two sites. It is insignificant compared with total amount of
methane in the ocean (St Louis et al., 2000), however, consider-
ing the widely distributed cold seeps, methane leaked from the
cold seeps may exert significant impact on seawater acidification.
Many researchers concerned that potential methane leakage
during gas hydrate exploration and exploitation may affect meth-
ane output to the atmosphere (Ye et al., 2018). Result at site II
evidenced that methane gas will be hindered by thick seawater
not to enter the atmosphere even if leakage occurs. Therefore,
gas hydrate exploration and exploitation will not produce a signi-
ficant greenhouse effect. In addition, although acoustic observa-
tion and numerical simulation show that the gaseous methane at
two sites did not enter the atmosphere, however, further re-
search is still needed to know whether cold seepage will increase
methane concentration in surface water and the methane ex-
change rate at the gas-water interface, which consequently in-
crease the amount of methane entering the atmosphere and ex-
acerbate greenhouse effect.

5  Conclusions
By using multibeam water column data and CTD data com-

bined with numerical simulation at two seep sites, we studied the
morphology, moving characteristics, dissolution process of
methane bubbles in the water, and discussed the potential that
gaseous methane enters the atmosphere. The major conclusions
were drawn as follows.

(1) Multibeam water column data shows that methane
bubbles at site I went up to 920 m water depth and did not pass
the top of the GHSZ (850 m). In contrast, methane bubbles at site

II passed through the top of GHSZ (597 m) and entered the non-
GHSZ (550 m).

(2) Two methods were applied to calculate the bubble rising
velocities at sites I and II, which were 9.6 cm/s and 24 cm/s, re-
spectively. The bubble velocity is positively associated with water
depth which is inferred to be caused by the decrease of bubble
size during the ascent.

(3) Gas hydrate shell on the bubble surface plays an import-
ant role in protecting methane bubbles to enter the upper non-
GHSZ. Water depth, bubble velocity, initial kinetic energy,
bubble size and other factors also affect the residence time of
methane bubbles in the water column and whether it can enter
the atmosphere.

(4) The amount of methane leaked from both sites is estim-
ated to be 0.4×106–87.6×106 mol/a. Although it is small, consider-
ing the widely distributed cold seeps in the deep oceans, meth-
ane seepage might exert important impact on the ocean acidific-
ation. Although methane gas entering the atmosphere is not ob-
served, further research is stilled needed to answer whether deep
sea methane seepage will increase the surface seawater concen-
tration and gas-water interface methane exchanging rate, result-
ing in the corresponding acceleration of global warming
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