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Abstract: Natural cold seeps are an important source of methane and other greenhouse gases to the
ocean and atmosphere in the marine environment. Accurate quantification of methane bubble fluxes
from cold seeps is vital for evaluating their influence on the global methane budget and climate
change. We quantified the flux of gas bubbles released from two natural cold seep sites in the South
China Sea: one seep vent in the Haima cold seeps (1400 m depth) and three seep vents at Site F (1200
m depth). We determined bubble diameter, size distribution, and bubble release rate using image
processing techniques and a semiautomatic bubble-counting algorithm. The bubble size
distributions fit well to log-normal distribution, with median bubble diameters between 2.54 mm
and 6.17 mm. The average bubble diameters and release rates (4.8-26.1 bubbles s) in Site F was
lower than that in Haima cold seeps (22.6 bubbles s-1), which may be attributed to a variety of factors
such as the nature of the gas reservoir, hydrostatic pressure, migration pathways in the sediments,
and pore size. The methane fluxes emitted at Haima cold seeps (12.6 L h™') and at Site F (4.9 L h-")
indicate that the Haima and Site F cold seeps in the South China Sea may be a source of methane to
the ocean. However, temporal variations in the bubble release rate and the geochemical
characteristics of the seeps were not constrained in this study due to the short observational time
interval.
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1. Introduction

Natural cold seeps occur worldwide and are an important source of methane to the ocean water
column and atmosphere [1-6]. Cold seeps represent an important pathway by which natural gases,
primarily methane, are released from the lithosphere into the hydrosphere and atmosphere [7].
Methane is a potent greenhouse gas and has attracted attention because of its strong impact on Earth’s
radiative balance [8-10]. The methane budget from natural and anthropogenic contributions is
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estimated to be 554 + 56 Tg CHa yr-! (542-852 Tg yr), albeit with uncertainties exceeding 10% [11,12].
It is estimated that approximately 20 Tg yr-' of methane is discharged into the atmosphere through
marine seeps [9,13], i.e., approximately half of global geological emissions (40-60 Tg CHa yr?) [13-
15]. There are significant uncertainties associated with these values due to the lack of quantitative
studies of seepage flux and the scarcity of direct in situ observations of natural bubble seeps in the
water column. As such, additional studies are needed to obtain more accurate estimates of methane
fluxes from cold seeps and thus improve understanding of the contribution of cold-seep methane
fluxes to global carbon cycles and climate change. However, methane fluxes to the ocean and
atmosphere via seep pathways are particularly difficult to quantify because of limitations associated
with technology and logistics.

Cold seeps are typically associated with a variety of chemosynthetic fauna (such as tubeworms
and mussels), authigenic carbonates, and gas hydrates generated through the physical and chemical
changes in the sediments [16-21]. Rates of methane release from natural cold seeps are highly variable
and poorly constrained. Furthermore, existing global estimates of methane input to the oceans are
crudely extrapolated from limited measurements at known seeps and therefore rely heavily on the
accuracy of data measured in situ [22]. To address these problems, many observational instruments
(turbine seep tent and gas flux measuring devices) and bubble and plume models have been
developed to quantify bubble rates and bubble fluxes. In addition, underwater camera systems can
be used to observe bubble characteristics (bubble size, bubble rise velocity, bubble release frequency)
by capturing high definition videos that can be analyzed [23,24]. Furthermore, bubble and plume
models can quantify total methane fluxes by simulating evolving bubble size, gas composition, and
plume height [25,26]. To accurately quantify methane input to the ocean and atmosphere, the
characteristics of gas bubbles released from natural cold seeps worldwide have been increasingly
investigated [23,27-33]. Until now, due to the limited duration of videos captured (seconds to
minutes), many studies have only estimated bubble size, rise velocity, behavior, and fate of bubbles
and have not been able to determine temporospatial changes in the various parameters [2-5,34-38].
This is largely because power supply to the camera systems has limited longevity [23,27,32,33],
meaning that it has not yet been possible to capture this temporospatial variability or other
parameters such as biological effects. High-definition video systems have not formerly been applied
in studies of bubble size and flux in other typical cold seep areas such as those in the South China Sea
(SCS), Black Sea, and the Mediterranean.

SCS cold seeps have received increasing scientific attention since their discovery and are now
among the best-studied seep sites globally [39]. In the past three decades, over 30 cold seeps have
been discovered on the SCS continental slope, including the only two known active seep sites, Site F
(also named Formosa Ridge by [40]) and the Haima cold seep (Figure 1) [41]. However, until now,
bubble release rates and bubble flux at these two active cold seeps have not been quantified. Here,
we report an investigation of bubble size distribution, release rate, and flux at Site F and Haima cold
seeps in the northern part of the SCS. Bubble size is influenced by vent and plume size, the diameter
of the pore openings, and surfactants coating the bubble [2]. The reservoir fill or hydrostatic pressure
can also affect bubble release rate [17,42,43]. Here we present the first observations of gas bubble
characteristics at these distinct cold seep sites, quantify the associated methane bubble fluxes, and
discuss the dynamics behind factors controlling variations in bubbles flux in the SCS.
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Figure 1. (A) Location of the two seep areas, Site F (1125 m) and Haima (1400 m). (B) Bathymetry map
of the two active vents of the Haima cold seeps and their surroundings (provided by Professor Wei
Li) with stars denoting the locations of the two vents. (C) Bathymetry map of the three active vents at
Site F and their surroundings [44], which are located at the Southern summit of the Formosa ridge.

2. Study Areas

2.1. Site F

Site F covers an area of about 100 m x 140 m at a water depth of 1120 m on the northeastern
continental slope of the SCS (Figure 1). This area has become an important natural laboratory for
researching natural seeps since the first discovery of an active gas plume on top of the ridge
[39,40,44,45]. During the Tan Kah Kee expedition of 16 April to 15 May 2018, three individual natural
gas seep vents (referred to as Site F seep 1, Site F seep 2, and Site F seep 3) were discovered and
observed using the remotely operated vehicle (ROV) ROPOS. These three active seep vents are no
more than 13 m apart on the Southern summit of the Formosa ridge (Figure 1C) and presumably
share the same shallow methane source. Localized chemosynthetic fauna including densely packed
mussels (Bathymodiolus platifrons), white galatheid crabs (Shinkaia crosnieri), brittle stars, and
carbonate blocks are common (Figure 2A-C). Bacterial mats covering the surrounding sediments
were also apparent during the ROV deployment.
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Figure 2. Frame grabs of individual cold seep vents investigated in this study. (A-C) Seep 1, Seep 2,
and Seep 3 at Site F. The frame grabs show clearly that gas bubbles are escaping from pores in the
carbonate pavements. Densely packed mussels (Bathymodiolus platifrons) and galatheid crabs (Shinkaia
crosnieri) are also seen on freshly formed carbonate pavements. (D) Seep 1 of the Haima cold seeps.
The gas bubble stream and gas hydrate slice are both clearly visible in the seawater, and packed
mussels are seen scattered on the surrounding seafloor sediments. (E) Seep 2 of the Haima cold seeps.
The frame grab from the camera shows clearly that dense streams of bubbles are escaping from the
seabed. When these escaped bubbles entered the sample tube, they quickly formed gas hydrates. (F)
Living tubeworms discovered in the Haima cold seeps.

2.2. Haima

Haima cold seep is an active site at a water depth of 1370-1390 m in the southwestern part of
Qiongdongnan Basin (Figure 1B). This area itself is part of the Southern Uplift Belt of Qiongdongnan
Basin, and the Xisha Block lies to the south [46]. Two active seep vents were discovered and sampled
in the study area using the ROV Haima during cruises in 2018 and 2019. Haima seep 1 is ~7 km
northwest of Haima seep 2 [41,47]. A bathymetric map of the study area reveals a relatively flat
topography (Figure 1B). Localized chemosynthetic fauna including mussels (Gigantidas haimaensis n.
sp.), brittle stars, and carbonate blocks are common around the seep vents (Figure 2E). Gas hydrates
in mounds covered by sediment were found nearby on the seafloor. Tubeworms were also found in
the Haima cold seeps, but at quite a large distance from Haima seep 1 (Figure 2F).

3. Methods

3.1. CTD and Methane Sensor

The ambient environments at the Haima cold seeps and Site F were characterized using a CTD
sensor designed by RBR Ltd., Ottawa, ON, Canada (for measuring conductivity, temperature, and
depth) mounted on the ROV used at each site. The HydroC™ methane sensor (HYDROC GmbH,
Flensburg, Germany) was mounted on the ROV Haima and used to locate the bubble release points
by measuring methane concentrations in bottom waters.
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3.2. Camera Properties and Deployment

The stereoscopic imaging system consisted of two integrated high-speed cameras in individual
pressure housings, image lighting, subsea power and communication managed by a third pressure
housing, and shipboard control. A photographic presentation system was mounted on ROVs ROPOS
and Haima. The high-speed high-resolution Phantom CMOS Miro-M340 cameras (Vision research
Ltd., Wayne, NJ, USA) mounted on ROPOS gave a full resolution of 1920 x 1080 pixels with a frame
rate of 30 frames s-'. The high-definition camera with a SONY FE PZ 28-135 mm f/4 OSS lens (Sony
Ltd., Beijing, China) mounted on Haima gave a full resolution of 1920 x 1080 pixels with a frame rate
of 60 frames s-.

These two high-definition cameras were enclosed in underwater pressure housing rated at 4500
m water depth [23,33], and connected to the storage control center in another pressure housing by a
SubConn cable. The storage control center was mounted in the center of the ROV and connected to
the ROV’s multiplexer. The two cameras were provided with 24 V DC power and a bi-directional
isolated synchronization signal line as a master-slave trigger mode through wiring to_the storage
control center. The trigger signal was processed using software developed by the manufacturer and
controlled over an Ethernet connection to the computer. In this mode, the trigger delay of the camera
was ~1 ms. Videos were stored in a 1 TB flash drive attached to the camera inside the pressure
housing. The data was transferred from the flash drive to a computer via the Ethernet connection.

The high-definition camera mounted on ROV ROPOS was positioned approximately 30 cm from
Site F seep 1 on 19 April 2018, and recorded a video clip for 9 min (Figure 2A). On 20 April 2018, the
same ROV visited Site F seep 2 and seep 3 where the camera was deployed ~40 cm from each and
captured three video clips lasting one hour (Figure 2B,C). Haima seep 1 and seep 2 were visited by
ROV Haima on 29 April 2018, and 6 May 2019, respectively. The camera mounted on ROV Haima was
positioned ~30 cm from the bubble release points (Figure 2D,E) and recorded one 4-min video clip at
Haima seep 2 and four 5-min video clips at seep 1 (Table 1).
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Table 1. Summary of cold seep sites, video samples, measurement results, and seep flow rate estimates for individual imaging bursts.

6 of 16

Sampling Data .. Ave. Annual Annual
Site Seep Depth Frequency Range Activity Seep Release Rate Bubble Bubble Volume Gas Amount per Release Release Annual Mass
(m) A Type Type (Bubbles s?) Diameter at Depth (mm?) Bubble (mol) Flow (T yr?)
(s) (min) (mm) (mol yr?) (m? yr)
Seep 1 1125 10 10 discontinuous Gaseous 48+0.61 3.25+1.04 23.42 +21.02 143 x104+1.28 x 10 2.16 x 10* 3.55 0.35
Site F seep 2 1127 20 20 continuous Gaseous 26.1+0.67 4.27 £0.97 47.25+33.72 2.88 x 10+ 2.05 x 10 2.37 x 105 38.9 3.79
seep 3 1124 15 10 continuous Gaseous 4.0+0.52 2.54+0.38 9.11+3.92 5.55 x 10+ 2.39 x 105 7.00 x 10° 1.15 0.11
Haima seep 1 1395 10 20 continuous Gaseous 22.4+1.69 6.17 +1.78 156.07 + 149.6 1.20 x 10+ 1.15 x 10 8.48 x 10° 110 135

seep 2 1382 10 4 continuous Gaseous - - - _ _ _
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3.3. Bubble Size Measurements

Bubble data obtained from the videos were captured in a two-dimensional plane via a high-
definition camera located less than 50 cm from the cold seep vents (Table 1). Due to parallax, camera
positioning, and timing, there was a significant reduction in the accuracy of the bubble size and
bubble flux measurements. Due to parallax and poor lighting, we were unable to obtain bubble size
measurements at Haima seep 2 (Figure 2E). However, we were able to measure bubble size or
estimate bubble flux at Site F seep 2 and seep 3, and Haima seep 1 except for Site F seep 1, because,
at Site F seep 1, we could not accurately convert pixels to mm because there was no measurement
scale of known length or swing arm in the images for reference (Figure 2A). However, at Site F seep
2 and seep 3, we were able to convert pixels to mm using the swing arms of ROV ROPOS as a
reference because they were in the field of view and in the bubble stream (Figure 2B,C). At Haima
seep 1, we could determine the pixel-to-mm conversion as we had inserted a stainless steel scale in
line with the bubble stream (Figure 2D).

For each image data set, the pixel-to-mm conversion was adjusted accordingly, and Image]®
software (Image] 1.51j8, National Institute of Health, Wayne, NJ, USA) was used to estimate bubble
dimensions by measuring their major and minor axes [24]. The smallest measurable bubble size was
~1 mm. For Site F seep 2, 966 bubbles were measured from 1128 images analyzed. For Site F seep 3,
344 bubbles were measured from 2378 images analyzed. For Haima seep 1, a total of 626 bubbles
were measured from 1680 images analyzed.

To obtain the volume of a single bubble, the bubble radius was calculated using the major and
minor axes of a spheroidal bubble as described in [48]:

;o= 3/(a;b) (1)

where a is the semi-major axis, b is the semi-minor axis, and r is the radius of the spheroidal bubble.
We calculated r using Equation (1) and estimated the volume, V, of the bubble from V = (4/3)nr2.
Generally, we assumed that gas bubbles contained 100% methane for the purposes of the methane
flux calculations, although it is likely that small amounts of ethane or carbon dioxide were also
present. Based on this assumption, we calculated the amount, n, of methane within a volume, V, and
corrected for the compressibility factor of methane at any given depth and pressure as follows:

PV =nRTZ @)

where P is the absolute pressure in MPa, V is the molar volume of the bubble in cm?, R is the universal
gas constant equal to 8.314 cm® MPa mol-! K-, T is the temperature of the water (K), and Z is the
compressibility factor of methane, which was calculated using the van der Waals equation of state
based on the given pressure and temperature. Based on Equation (2), Z = 0.792 (for a temperature of
3.5°C) at Site F and 0.783 (for a temperature of 3.1 °C) at the Haima cold seeps [49].

Bubble rise velocity can be affected by bubble size, bubble oscillation, sea currents, bubble
release rate, upwelling effects, bubble interface mobility, and surface cleanliness [2,33,50].
Additionally, when the bubbles are rising, bubble size decreases due to pressure changes, bubble
oscillation, and gas exchange rates [51]. Therefore, it was necessary to choose a suitable and consistent
height (50 cm) above the bubble release points for measuring bubble size in order to minimize
discrepancies in the measurements.

3.4. Semi-Automatic Bubble Counting Algorithm

A semi-automatic bubble counting algorithm (SABCA) was adopted to determine bubble count
and release rates from the video data [23]. This method is suitable for discrete vents with small bubble
streams, as is commonly the case. We investigated bubble flow by recording videos for only a few
minutes, which could then be cut into several video clips of 10 s (Table 1). Prior to running SABCA,
the video data were converted to still frame images and six selected variables were assigned through
the following steps: (1) all video clips were converted to still frame images using the video-to-pic
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program available in MATLAB software (2015a, The MathWorks, Inc., Natick, MA, USA), allowing
us to analyze multiple images and determine average bubble release values per clip (Table 1); (2) a
suitable position for bubble counting in a cropped window was determined using ImageJ® 1.51j8
software (white box, Figure 3A); (3) the counting region within the cropped window was adjusted
based on the data set and bubble speed (white horizontal lines in Figure 3B,D); (4) the bubble rising
speed in pixels s and bubble height in pixels within the counting region were determined using
Image]® 1.51j8 software; (5) high, medium, and low threshold values were manually determined
using MATLAB. Once variables had been determined, their consistency was checked through cross-
checking throughout the data set.

Image difference

Figure 3. Schematic diagram depicting the image-processing method using the semi-automatic
bubble counting algorithm. (A) Original image from which a cropped bubble counting area is
determined and converted to grayscale. The cropped bubble counting area is subtracted from the
consecutive image (B,C: frames 1 and 2) to delete a constant background and identify bubbles (bright
spots in D). Three thresholds (high, medium, and low) were used to identify bubbles to account for
bubble size, motion blurring, and oil content. (E) Bubbles are counted and subsampled in the counting
region. Bubble count for each pixel line is summed across every frame in a clip, and total line counts
are averaged to generate three values of bubble release for each threshold (high, medium, low) for
one clip. This sequence was repeated for each clip to create a time series of bubble release for the entire
deployment time.
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To accurately count bubbles, the cropped window was predetermined at each of the cold seep
vents according to camera position and bubble rising velocity. If the camera was stationary, the
cropped window remained unchanged, and this method was viable under various conditions. We
used two white horizontal lines in the cropped window to minimize the error in bubble counting, as
the count could be influenced by the overlap between bubbles, bubbles exiting the frame, and the
presence of shadows (Figure 3B). The speed at which the bubbles moved through the frame was
calculated using an approximate bubble pixel height and a constant average rising velocity within
each dataset. A properly sampling interval between frames analyzed by the semi-automated
algorithm can make a completely new set of continuous bubbles analyze between consecutive
images, avoiding double counting or oversampling bubble counts between consecutive frames
(Figure 3B,C). Our video data set sampled at 30 or 60 frames s-!, which was sufficient to determine
the number of faster-moving bubbles without undersampling.

Finally, the corresponding pixel values for the converted consecutive grayscale images were
subtracted to remove the unchanging parts of the image background (e.g., sediments, mussels, and
water column). The resulting image showed that the bright spots between frames are bubbles (Figure
3D). Three threshold values (high, medium, and low) were defined manually to identify each bubble
based on differences in bubble brightness caused by bubble motion, blurring, shadows, and
background noise (Figure 3E). When all the steps had been completed, the automated bubble
counting algorithm could be run and bubble counts generated [24], as follows:

B= [Zil (Z; ,C”.)J X}%NX]) 3)

where B is the average number of bubbles per second in a given video clip at threshold ¢, N is the
number of horizontal pixel lines in the counting region, I is the number of frames, :Cri is the bubble
count on line r of image i for threshold ¢, and F is the number of frames per second.

4. Results

4.1. Ambient Conditions

Dissolved methane concentrations at Haima seep 2 were measured by the HydroC™ methane
sensor and reached a value of 6800 patm (91 nmol L), which is much higher than that of normal
bottom water (0.5-2.0 nmol L") or of SCS surface waters (2.4-5.9 nmol L) [52-54]). Conversely, this
value is much lower than that measured in the Lingtou Promontory seep area of the SCS (2500 pmol
L-1) [55] or in the Coil Oil Point seep field (1040 nmol L-1)[56].

4.2. Gas Bubble Characteristics

The direct observations showed that most of the gas bubbles released from the cold seep vents
in the northern SCS are very clear (Figure 2), and so we classified these vents as gas-dominated vents,
as opposed to oil-type and mixed-type vents (mixtures of oil and gas), in line with the differences in
seep composition outlined in [24]. The ROV surveys found that each cold seep vent had different
bubble release frequencies. At Site F seep 1, bubbles are released intermittently throughout the 10-
minute video (Figure 2A). However, at other seep vents (such as Site F seeps 2 and 3, Haima seeps 1
and 2), bubbles appear to be escaping from the seep conduits continuously (Figure 2B-E). The area
of bubble release was locally restricted in all cases [24]. It is also possible that the landing of the ROV
itself triggered the decomposition of gas hydrates and generated a stronger bubble flow that
continued for several hours after the ROV had departed from the deployment site (Figure 2E). The
shapes of the bubbles depend on their sizes: small bubbles are usually spherical, whereas large
bubbles are typically ellipsoidal or irregular in shape (Figure 2).

4.3. Bubble Measurements and Rates

Individual bubble size distributions and average bubble diameters are shown in Figures 4 and
5, respectively. The average bubble diameters at the four seeps are 3.25, 4.27, 2.54, and 6.17 mm



Minerals 2020, 10, 216

(Figures 4 and 5), which are approximately equivalent to the reported bubble size at five vents in the
Gulf of Mexico (3.0-5.0 mm) [24,33]. It is well known that bubble release rates vary between different
vents. However, due to noise, it is difficult to accurately determine bubble release rates. Therefore,
three different threshold values (loose, medium, and strict) were adopted to address noise issues
using the method of [24] (Figure 3). We found that the bubble release rates at the four seeps
determined using the medium threshold value were closer to the manually determined bubble
release rates than release rates determined using the strict value (Figure 6). In Table 1, we, therefore,

report bubble release rates calculated using medium threshold values.
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Figure 6. Average bubble release rates (with standard deviations) for each vent considering the
different thresholds (strict, medium, and loose) and the manual cross-check count. (A) Site F seep 1;
(B) Site F seep 2; (C) Site F seep 3; (D) Haima seep 1.

4.4. Methane Bubble Flux

Methane bubble flux and molar flux were estimated from each measurement and are reported
in Table 1. Bubble size, bubble rise velocity, and bubble release rates were calculated using Equation
(3) and were key parameters in the quantification of the total methane gas flux from each vent [8,24].
Based on the gas constant of methane at depth, the amount of gas per bubble (mole), and
extrapolating annual amounts of CHuis calculated more reliable. In terms of total carbon release,
describing methane flow in mole values may lead to an underestimation since higher hydrocarbons
are not considered, e.g., Mega Plumes 1 and 2 in [24]. However, because it was assumed that pure
methane was released from the Site F and Haima cold seeps [57-59], the volume and gas amount
(moles) were calculated separately for each bubble size measurement and then averaged for more
accurate results. The estimated methane bubble flow rates for seeps 1-3 at Site F were 0.4, 4.4, and 0.1
L h1, respectively, and seep 1 of the Haima cold seeps yielded a rate of 12.6 L h-1. Using estimates for
the density of methane gas based on temperature and pressure, the methane mass flux was also
calculated (97.5 and 122.9 kg m= for Site F and Haima cold seeps, respectively).

5. Discussion

5.1. Temporospatial Variations in Bubble Characteristics and Gas Flux Comparisons

We had only a short time over which to measure bubble sizes due to the limited working hours
of the ROVs. The bubble sizes showed no significant variations over time, and their ranges fell within
anormal distribution (Figure 5). We compared bubble sizes and rates between all four seep vents and
found that the values for both bubble size and methane bubble flux at seep 1 of the Haima cold seeps
were much higher than those from all three seeps at Site F (Table 1). In addition, the bubble size and
methane bubble flux at Site F seep 2 was much higher than that at Site F seep 1 and seep 3 (Table 1).
We suggest that differences in bubble size and bubble flux from the different seep vents may be
related to seep conduit and orifice size [3].

Although different methods for quantifying bubble flux were used, our estimated annual
methane flux is comparable to that of other studies that measured methane flux from individual vents
in the Gulf of Mexico, Coal Oil Point seep field, Santa Barbara Channel, Hydrate Ridge, Black Sea,
Lingtou Promontory, and Yinggehai Basin [23,24,55,56]. The average bubble flux reported for the
Confetti vent (Mega plume GC600; 62-121 m? yr-') [24,33] is comparable to our measured values of
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110 m3 yr' (8.48 x 10° mol yr') at the Haima cold seeps and 43.6 m? yr-' (2.66 x 105 mol yr') at Site F
(Table 1). It is, however, less than the average bubble fluxes reported for the Sleeping Dragon vent
(MC118 mega plume; 105-188 m? yr'), Santa Barbara Channel ((1825 + 274) x 106 mol yr-!), Black Sea
(0.9 x 106 mol yr), and Lingtou Promontory seep area ((2.163-3.057) x 106 mol yr') [5,7,24,33,55,60].
In addition, due to the unknown methane diffusive flux into the water column, we cannot simply
extrapolate the entire bubble flux of the SCS from bubble release rates of individual vents, especially
based on data sets collected over short time intervals. Therefore, to more accurately estimate the total
methane bubble flux in the SCS, we need to measure multiple seep vents in different seep areas over
long time intervals and quantify the number of seep vents in the seep area using hydroacoustic
surveys.

Due to the limited working time of the ROVs [3,24], we could not make long-term in situ
observations of gas bubbles released from the cold seep vents and obtained only 20 min of video at
each of the four seep vents. Although we observed gas bubbles from seep vents using ROV camera
systems [3,23,27,32,33], the accuracy of our results is supported by their similarity to results of [24,33].
Furthermore, the SABCA approach was adopted to calculate the bubble flux for video acquisition
[24]. This is a method adapted to a variety of settings [32] and is seen as a more versatile technique
for in situ camera deployment. However, it did not allow us to acquire a time series of bubble release
rates and details of activity characteristics, emphasizing the need to conduct long-term in situ
observations of active cold seeps.

5.2. Factors Influencing Methane Bubble Flux

Cold seeps usually connect oil and gas reservoirs through plumbing systems or conduit
networks such as subsurface fractures and faults. Methane bubble seep is driven by a pressure
difference between the reservoir pressure and the hydrostatic pressure along multiple migration
pathways, with higher methane bubble fluxes typically associated with higher permeability
pathways [21]. In order to model these complex methane bubble seep systems, an effective seep
electrical model was adopted [7,22]. In this model, the electrical circuit components represent
methane fluid dynamic processes driven by an oil or gas reservoir [22]. The resistors R represent the
viscosity of the interconnecting fluids and microbial filters that impede methane fluid emissions, and
the capacitors C represent the strength and volume of the migration pathways and shallow reservoirs
[61]. Due to the interconnectedness, variations in seep flux at different seep vents are related to
pressure differences and flow resistances in the seep channels. Where permeability is very low, the
methane flux is also very low, for example at Site F seep 1 and seep 2. Moreover, variations in seep
flux at Site F seep 2 correlated more strongly with changes in methane flux at Site F seep 1 and seep
3 as they are very closely connected. It is possible that the migration pathway connecting the shallow
reservoir was blocked, leading to a reduction in methane bubble flux at Site F seep 1 and seep 2. The
increased shallow reservoir pressure caused by this blockage would drive flow through other
connected migration pathways, with a greater increase where there are high flow rates, such as in
Site F seep 2. Therefore, variations in methane bubble flux and permeability of the migration
pathways at different seep vents drive the interplay between the seep vents [7,62].

Bubble seep rates are also affected by gas hydrate mounds, gas pressurization in reservoirs, tidal
pressure fluctuations, and differential loading of sedimentary layers [7,55,56,62—65]. Our study sites
had high sedimentation rates (10.2 cm ka™') [66] and are located in the gas hydrate stability zone,
where gas hydrates form within the sediment due to continuous methane migration. The pores in
bubble vents generally pass through the sediment or through carbonate fractures, as we have
captured in videos. It is therefore suggested that high sedimentation rates or the presence of massive
carbonate rocks will influence the local compressibility of the seafloor and might alter the
characteristics of bubble activity.

In recent years, much attention has been paid to the contribution of marine methane seeps to
atmospheric methane budgets [67]. Methane bubbles released from cold seeps may reach the surface
and enter the atmosphere directly or dissolve in the mixed layer and become released to the
atmosphere through seawater—air exchange [10]. According to the CTD data and the observed height
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of the bubble plumes [25,68], areas of methane enrichment may be located at the depth of bubble
plume dissipation or higher than the plume height [49,69]. Although methane continuously outgasses
from rising bubbles within the hydrate stability zone, the maxima in methane concentrations may
not extend into the mixed layer (<50 m) in the SCS [70,71]. Therefore, the methane outgassed from
rising bubbles may not directly influence the accumulation of atmospheric methane and may be a
negligible source of methane to the atmosphere. In addition, seep methane deposited below the
mixed layer depth may be transported away from seep vents due to complex local currents and
eventually become oxidized to carbon dioxide through methanotrophic microbial processes that can
promote the phytoplankton and chlorophyll growth [72]. Furthermore, the deposition of methane at
the depth of bubble plume dissipation may sustain methanotrophy within the water column [69].

6. Conclusions

We present the first measurements of bubble size, bubble flow rate, and bubble flux at one seep
vent in Haima and three seep vents at Site F in the SCS. This was achieved by collecting high-
definition video clips over a short period of time (20 min) and using a reproducible and adaptable
image-processing method and a semi-automatic bubble counting algorithm. The bubbles released
from the two seep areas are all gaseous. The bubble size distributions were stable at Site F and Haima
cold seeps, and the measurements from each seep fit well to a log-normal distribution, with average
bubble diameters between 2.54 mm and 6.17 mm. The average bubble diameters and bubble release
rates from Site F (3.35 + 0.79 mm at a rate of 11.6 bubbles s™) are lower than those in the Haima cold
seeps (6.17 + 1.78 mm at a rate of 22.6 bubbles s), which may be attributed to a variety of factors,
such as the nature of the gas reservoir, hydrostatic pressure, migration pathways in the sediments,
and pore size. The reported methane bubble fluxes in the two seep areas suggest that cold seeps in
the SCS are an important source of methane to the ocean. However, it was not possible to constrain
temporal variations in bubble release rate and activity characteristic of the bubbles, due to limited
observation time at the four seeps. Long-term observations of cold seeps over a much wider area are
required to further constrain the characteristics of seep activity and the details of seep processes.
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