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Abstract  Natural hydrocarbon seeps in the marine environment are important contributors to greenhouse gases in the atmosphere. 
Such gases include methane, which plays a significant role in global carbon cycling and climate change. To accurately quantify the 
methane flux from hydrocarbon seeps on the seafloor, a specialized in situ and online gas flux measuring (GFM) device was de-
signed to obtain high-resolution time course gas fluxes using the process of equal volume exchange. The device consists of a 1.0-m 
diameter, 0.9-m tall, inverted conical tent and a GFM instrument that contains a solenoid valve, level transducer, and gas collection 
chamber. Rising gas bubbles from seeps were measured by laboratory-calibrated GFM instruments attached to the top of the tent. 
According to the experimental data, the optimal anti-shake time interval was 5 s. The measurement range of the device was 0–15 L 

min−1, and the relative error was ± 1.0%. The device was initially deployed at an active seep site in the Lingtou Promontory seep field 
in South China Sea. The amount of gas released from a single gas vent was 30.5 m3 during the measurement period, and the gas flow 
rate ranged from 22 to 72 L h−1, depending on tidal period, and was strongly negatively correlated with water depth. The measure-
ment results strongly suggest that oceanic tides and swells had a significant forcing effect on gas flux. Low flow rates were associ-
ated with high tides and vice versa. The changes in gas volume escaping from the seafloor seeps could be attributed to the hydrostatic 
pressure induced by water depth. Our findings suggest that in the marine environment, especially in the shallow shelf area, sea level 
variation may play an important role in controlling methane release into the ocean. Such releases probably also affect atmospheric 
methane levels. 
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1 Introduction 
Natural marine hydrocarbon seeps are widely distrib-

uted on the seabed of almost all continental margins 
(Campbell, 2006; Judd et al., 2002, 2003; Judd and Hov-
land, 2007; Boetius and Wenzhöfer, 2013; Suess, 2014). 
Seeps are the main pathways or conduits for the transfer 
of fossil geologic carbon, primarily methane (CH4), from 
the lithosphere to the hydrosphere and atmosphere. 
Methane has a 23-fold higher potential to induce global 
warming than an equal quantity of carbon dioxide over a 
100-year timescale, and it may have an important impact 
on global climate change (Ramaswamy et al., 2001; 
Dimitrov, 2003; Etiope and Milkov, 2004; Etiope et al., 
2008). Approximately 582 ± 87 Tg of CH4 is added to the 
atmosphere annually (Etiope et al., 2008). As a result of 

* Corresponding authors. Tel: 0086-20-85290286; 89105350 
E-mail: pfd@scsio.ac.cn; cdf@gig.ac.cn 

the ocean’s effective CH4 biofilter, which includes both 
anaerobic and aerobic microbial CH4 consumption in 
sediments and seawater, only 4–20 Tg yr−1 of methane is 
discharged into the atmosphere from the ocean (Judd, 
2004; Kvenvolden and Rogers, 2005; Solomon et al., 
2007; Etiope, 2009). This amount is approximately half 
of the global geological methane emissions of 40–60 Tg 

yr−1 (Etiope et al., 2008; Etiope, 2009). However, there 
are significant uncertainties in these values because few 
hydrocarbon seep fields have been studied. Therefore, 
accurate quantification of the methane fluxes from sea-
floor seeps is necessary to evaluate their influence on the 
global methane budget and global climate change. How-
ever, progress in quantifying the total methane flux re-
leased into the ocean and atmosphere via this pathway has 
been hindered because of limited technology and meth-
ods. 

Recently, much attention has been paid to long-term in 
situ and online methods that can be adapted to measure 
methane fluxes from seafloor seeps. Several different 
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devices have been developed to make such measurements 
at various hydrocarbon seep locations. Some examples 
are the seafloor observatory, which successfully measured 
the natural gas flux using the quantitative volume method 
at the Bush Hill seepage area (Robert, 1999, 2001); the 
gas-capture buoy, which is a floating collector that meas-
ures the amount of natural gas bubbles rising to the sea 
surface (Washburn et al., 2001); the turbine seep tent, 
which was developed by Ira Leifer to measure the bubble 
flux at the Bush Hill and Hydrate Ridge seepage areas 
(Leifer et al., 2003, 2005); the underwater stereoscopic 
camera system that quantifies bubble characteristics and 
bubble fluxes at natural seep vents (Leifer et al., 2015; 
Wang et al., 2015, 2016); and acoustic measuring devices 
that estimate the gas bubble flux and observe the 
three-dimensional dynamic distribution of natural gas in 
seepage areas (Greinert et al., 2004; Nikolovska et al., 
2006; Deimling et al., 2010). Moreover, in China, theo-
retical studies on gas bubble flow in seepage areas have 
been carried out using acoustic transmission and numeri-

cal simulation (Li et al., 2010; Long et al., 2012). How-
ever, there remains a lack of long-term in situ and online 
measuring devices in China. 

Recently, many active hydrocarbon seep sites have 
been found offshore in the northern South China Sea, e.g., 
the Yinggehai Basin, Pearl River Mouth Basin, Qiong-
dongnan Basin, Taixinan Basin of the Shenhu area, and 
Xisha Trough (Chen et al., 2006; Huang et al., 2006; Han 
et al., 2008; Huang et al., 2009; Di et al., 2012; Chen et al., 
2013; Li et al., 2013; Feng and Chen, 2015; Hu et al., 
2015; Liang et al., Under Revision). However, few quan-
titative studies on methane flux, activity characteristics, 
and influencing factors of hydrocarbon seeps have been 
previously conducted. Therefore, the main purpose of our 
study was to develop a novel in situ and online gas flux 
measuring (GFM) device that can quantify methane 
fluxes from a hydrocarbon seep. We 1) developed a novel 
in situ and online GFM device and 2) deployed the device 
at a shallow active hydrocarbon seep vent in the Yingge-
hai Basin of the South China Sea (Fig.1).  

 

Fig.1 Bathymetric map showing the location of the hydrocarbon seep area where our in situ and online observation was 
conducted. The yellow dots denote the villages of Lingtou, Yinggehai, Yacheng, Nanshan, and Tianya Promontory (from 
left to right) in Hainan Province. The red dots denote the distribution of the nearshore hydrocarbon seeps (Huang et al., 
2009). 

2 GFM Device Design  
2.1 Theory of GFM Device 

The GFM device was specifically designed for meas-
uring gas fluxes from hydrocarbon seeps in the Yinggehai 
Basin via the process of equal volume exchange (Fig.2). 
It mainly consists of the GFM system, a storage control 
system, and data processing software. The measurement 
process of the GFM device is as follows. Rising bubbles 
enter the gas collection chamber, expelling an equal vol-
ume of seawater in the chamber downward. When the 
water level decreases to the level of the lower probe 
(probe 2) in the chamber, a valve opens automatically and 
the gas in the chamber is instantly released. Then, when 
the seawater level rises to the level of the higher probe 
(probe 1), the valve closes automatically and the GFM 
device resumes collection of gas. The total flux is calcu-
lated on the basis of the frequency of the valve opening 

and the chamber volume, whereas the instantaneous flow 
rate is calculated on the basis of the time required for a 
single round of gas collection (Di et al., 2014a, 2014b). 

2.2 Description 

The GFM device (Fig.2) contained a GFM instrument 
that is used to quantify gas flux through the tent (Di et al., 
2014a, 2014b). The GFM instrument, which was ma-
chined out of stainless steel, contained a solenoid valve, 
level transducer, and gas collection chamber. The level 
transducer was set vertically inside the chamber, and the 
solenoid valve was connected to the outside of the cham-
ber. The inside diameter of the chamber section was 9.91 
cm. For the deployed seep tents, the total gas flux is cal-
culated based on the frequency of valve opening and the 
chamber volume, while the instantaneous gas flux is cal-
culated based on the time required for a single round of 
gas collection. 

The GFM instrument was connected to a 1.0 m diame-
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ter, 0.9 m tall, inverted conical seep tent made of 1 mm 
thick stainless steel; this tent was used to collect gas bub-
bles emitted from a hydrocarbon seep. The bottom sup-
port frame was a 0.2 m diameter ring that was welded to 
the tent’s bottom edge. A deployment bridle was attached 
to four eyebolts on the seep tent as well as two 20 kg div-
ing weights and two sealing capsules attached to the ring 
at equal spacing. The seep tent was directly deployed 

onto the seep vents. A metal screen grid was placed inside 
the tent and below the chamber to block debris and fauna 
from entering the gas collection chamber and blocking 
the solenoid valve. A 0.5 cm grid size was chosen after 
testing to give the best bubble breakup without noticeable 
gas retention. Under the gas bubble breakup grid were 
two rods that were used to fix the methane sensor and 
conductivity-temperature-depth (CTD) sensor.  

 

Fig.2 Schematic diagram and photograph of the in situ and online gas flux measuring device (Di et al., 2014a, 2014b). 
 
The level transducer and solenoid valve were con-

nected to the storage control system, which was placed in 
the sealing capsule with two underwater three-conductor 
(power, ground, and signal) cables with attached rope 
strain reliefs (Fig.3). The level transducer and solenoid 
valve require 12 V DC power, and their output signal is 
recorded by the storage control system. The vertical 
movement of the level transducer probe sends signals to 
the control module. The control module then transports 
the signal to the driver module and the storage module. 
The driver module controls the opening and closing of the 
solenoid valve. The storage module records and stores the 
signal to give a single measurement of gas flux. 

 

Fig.3 Schematic diagram of the storage control system of 
the in situ and online gas flux measuring device. 

2.3 Data Processing Software 

Data processing software was used to set the run pa-
rameters (current time, running start time, and end time) 
of the GFM device. It was also used to extract the re-
corded flux data and save them as a .txt file. The software 
not only reads the gas flux data but also analyzes and 
processes the gas flux data. It also can determine the flow 
rate at any time and display an instantaneous flow rate 
change curve and integrated flux in real time.   

3 Calibration and Error Analysis 
3.1 Volume Calibration 

The volume of the gas collection chamber is a key pa-
rameter for accurately quantifying the methane flux from 
hydrocarbon seeps. Two methods were adopted to cali-
brate the volume of the gas collection chamber. Each 
method was repeated many times and the average of all 
the measured gas collection chamber volumes was used. 
One method measured the volume of water drained by the 
gas in the collection chamber when probe 2 of the level 
transducer dropped down. The measured volume of the 
gas collection chamber was 1727.3 mL. Another method 
measured the volume of water in the inverted gas collec-
tion chamber when probe 2 of the level transducer 
dropped down (Fig.4). With this method, the measured 
volume of the gas collection chamber was 1822.5 mL. 
Owing to the vertical movement of probe 2, the water  
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Fig.4 Position of probe 2 and water level in the normal 
(left) and inverted (right) chambers when the solenoid 
valve is open. 
 

level at this location changes when the gas collection 
chamber is placed and inverted (Fig.4). Therefore, the 
water volume measured by the inverted method is larger 
than the actual volume of the gas collection chamber 
(Fig.4). The calibration volume VC equals the measured 
volume VM subtracted from the volume for the half- 
floating ball height VH:  

C M HV V V  .               (1) 

According to Eq. (1), the calibration volume was 
1722.28 mL by the inverted method. Thus, the average 
calibration volume of the gas collection chamber from the 
two methods was 1724.79 mL, and the relative error was 

± 0.1%. 

3.2 Range of Gas Flow Rates and Relative  
Error Analysis  

The range of gas flow rate and relative error were cali-
brated in a large tank (Fig.5). The large pool (2 m  2 m  2 

m) located at the submarine simulative laboratory of GIG, 
CAS (Guangzhou Institute of Geochemistry, China 
Academy of Science) was used. An air compressor and a 
gas mass flow meter spanning 0–200 SCCM (Standard 
Cubic Centimeters per Minute) (mode: D07-11C, Seven 
Star Electronics) were connected via an air pipe. The air 
pipe ran from the controller to the bottom of the tank 
where it was connected to a 1.5 cm diameter hose placed 
under the GFM device. The seep tent was placed on top 
of the bubble source and connected to the data storage 
and control system. The gas flow rate was measured by 
an integrating instrument (model: D08-8C/ZM, Seven 
Star Electronics). This experiment was carried out in an 
indoor pool at room temperature (25℃). The gas source 
was compressed air at a pressure of 0.5 MPa. The height 
of the gas collection chamber was 30 cm. The water depth 
was approximately 160 cm in the experiments. 

 

Fig.5 Schematic diagram showing the principles of the experimental facility. 
 
According to the theory of the GFM device, the mini-

mum measurable value of the gas flow rate of the GFM 
device should be close to 0 L min−1, whereas the maxi-
mum value should be related to the time required for a 
single round of gas collection. As the shortest time was 
the time interval required for the opening and closing of 
the solenoid valve, which was no more than 3 s, the 
maximum measurable value of the gas flow rate should 
equal 34.5 L min−1. However, we found that the gas flow 
rate of the GFM device never reached this value in the 
test experiment. 

During the measurement experiment, two problems 
arose. The first was that upwelling gas bubbles could 
cause the probes of the level transducer to shake slightly, 
resulting in the opening and closing of the solenoid valve 
while the chamber collected gas; consequently, the GFM 

device did not work properly. To resolve this problem, we 
set an anti-shake time interval in the data storage and 
control system (akin to a camera with manual image sta-
bilization). The optimal anti-shake time interval was 5 s. 
The second problem was that when a gas bubble erupted, 
the probes of the level transducer suddenly dropped down. 
This is because the gas bubble eruption may have caused 
the bubbles to coalesce, resulting in the solenoid valve 
opening continuously. Therefore, we considered the 
maximum gas flow rate of the GFM device as 15 L min−1. 

To quantify the relative error, the total gas flux and in-
stantaneous flow rates were measured and recorded by 
the flow integrating instrument and the data storage and 
control system, respectively, for several hours at each 
flow rate setting. The measured instantaneous flow rates 
were averaged and the relative error was accurately cal-
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culated by comparing the results obtained from the gas 
mass flow meter with those from the GFM device. The 
total flux (V1) was calculated using Boyle’s law, P1V1/T1 
= P2V2/T2, where P1 and P2 are the atmospheric pressure 
and hydrostatic pressure, respectively, at the chamber 
depth; T1 and T2 are the same at room temperature; and V2 

is the gas volume measured by the chamber. We also in-
vestigated the effects of tent tilt angle and location of the 
bubble stream within the tent on the measurement results. 
We found that the wire bubble breakup grid had no sig-
nificant effect on the upwelling flow. The effect of tilting 

the GFM device at small angles was also negligible. 
Results from the calibration experiments are shown in 

Table 1. When the instantaneous gas flow rates of the gas 
mass flow meter were 50.3 mL min−1, 100.6 mL min−1, 
150.9 mL min−1, and 196.17 mL min−1, the relative errors 
of the GFM device were approximately −3.4%, −0.28%, 
0.55%, and −1.1%, respectively; the lower the instanta-
neous flow, the greater the relative error. This might be a 
result of the gas flow meter having a larger error at a 
lower flux. Therefore, we assumed that the relative error 
to be ± 1.0%. 

Table 1 Relative error results of the GFM device from the calibration experiments 

Flow rate  Time interval Averaged flux* Total flux Total flux* Relative error 

50.3 mL min−1 1566 s 48.66 mL min−1 9.2 L 8.9 L −3.3% 
100.6 mL min−1 761 s 100.13 mL min−1 12.7 L 12.7 L −0.3% 
150.9 mL min−1 501 s 152.096 mL min−1 92.2 L 92.7 L 0.6% 

196.17 mL min−1 388 s 195.39 mL min−1 12.8 L 12.7 L −1.1% 
Note: *denotes the total flux and average flux measured by the GFM device. 

 

4 Field Deployment 
4.1 Site Description  

The Yinggehai Basin, located to the southwest of 
Hainan Island (at 16˚50´– 20˚00´N and 107˚– 111˚50´E), 
is one of the most gas-rich Cenozoic rift basins on the 
north shelf of the South China Sea. Here, there are five 
major seepage zones: Lingtou Promontory, Yinggehai 
Rivulet Mouth, Yazhou Bay, Nanshan Promontory, and 
Tianya Promontory. In this region, bubbles rise to the sea 
surface to form a near-shore bubble zone (Fig.1) (Huang 
et al., 2009). In the Lingtou Promontory seep field, more 
than 20 hydrocarbon seeps are found at a water depth 
from 3 to 5 m (Di et al., 2014a). Gas bubbles are clearly 
observed on the seafloor and sea surface, with a single 
gas bubble being up to 1–2 cm in diameter (Di et al., 
2014a). The gas, primarily thermogenic methane, origi-
nates from the Miocene source rock in the central depres-
sion of the Yinggehai Basin (Huang et al., 2009). 

4.2 Deployment and Recovery 

On April 22, 2012, the fully assembled GFM device 
was deployed from a fishing vessel and placed over a 
hydrocarbon seep at Lingtou Promontory, approximately 
300 m offshore, near Lingtou, Hainan province (Fig.1) 
(Di et al., 2014a, 2014b). It was recovered by divers on 
May 22, 2012. The GFM device was oriented in a fully 
upright position, and it showed minimal biofouling by 
organisms. Before removal of the GFM device, the sole-
noid valve had corroded and so it could not seal the col-
lection chamber and the gas was not retained. During 
retrieval, the gas that was sealed in the collection cham-
ber was boiling upward. On a subsequent dive during the 
same cruise, three replacement GFM devices were suc-
cessfully deployed at different hydrocarbon seeps. It 
should be noted that because of unavoidable weather 
problems, although the GFM devices were deployed on 
the seafloor for 30 days, the measurement period was 

only 18 d. 

5 Results and Discussion 
5.1 GFM Design Assessment 

The GFM device was assessed immediately after sea-
floor retrieval. Visually, the gas collection chamber and 
level transducer appeared to be in good condition, with no 
corrosion. However, the solenoid valve had corroded 
owing to extended deployment on the seafloor. Upon 
retrieval of the GFM device, it was found that the sole-
noid valve was not sufficiently well connected to seal the 
upwelling gas because of the magnetic soil. However, we 
assumed that the GFM device worked effectively before 
solenoid valve corrosion and that the results obtained for 
gas flow rate and total gas flux were accurate. We would 
like to note that a subsequent, improved GFM device 
contains an internal solenoid valve to minimize corrosion. 
We conclude that the GFM device is a promising tool for 
quantifying the long-term, in situ, and online methane 
flux from hydrocarbon seeps. 

5.2 Gas Flux and Control Factor 

Fig.6a shows the variation in gas flux and water depth 
measured continuously for about 18 d by the GFM device 
at the seep field (Di et al., 2014a, 2014b). The gas flux 
ranged from 0.36 to 1.25 L min−1 (22.36 to 72.24 L h−1), 
which is much higher than the range of 0.28–0.43 L h−1 
measured by Huang et al. (2009). The water depths at the 
hydrocarbon seep field ranged from 2.4 to 4.6 m (Fig.6). 
The gas flux trend was significantly negatively correlated 
with water depth, which was induced by ocean tides and 
swells. The correlation (R2

 = 0.914) between gas flux and 
water depth also reveals that gas flux is controlled by 
water depth (Di et al., 2014b). Each additional meter of 
sea height represents a hydrostatic pressure increase of 
104

 Pa and a natural gas flow rate decrease of 20–30 L h−1 

(Di et al., 2014b). High tide was correlated with low flow 
rate, and vice versa (Fig.6). Similar results have been 
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observed at Hydrate Ridge, Bahía Concepción, and Baja 
California Sur as well as at 20 m water depth at Shane 
Seep in the Coal Oil Point seep field near Santa Barbara, 
California (Boles et al., 2001; Forrest et al., 2005; Torres 
et al., 2002). Therefore, our results clearly indicate that 
the seep gas flux in the fracture channel rapidly increases 
with the decreasing hydrostatic pressure induced by tides 
and swells. Furthermore, the period of bubble formation 
decreases and the number of bubbles formed increases, 

whereas the fracture pressure decreases until equilibrium 
is restored (Leifer et al., 2005; Di et al., 2014b). However, 
due to fracture resistance, fracture pressure may not de-
crease as fast as hydrostatic pressure; therefore, the gas 
flux may gradually increase. Conversely, an increase in 
hydrostatic pressure has the opposite effect (Leifer et al., 
2005; Di et al., 2014b). Therefore, pore activation may be 
the dominant factor controlling the variations in gas flux 
(Boles et al., 2001; Leifer et al., 2005). 

 

Fig.6 Time series of instantaneous gas flux (black line) and water depth (red line) at the Lingtou Promontory seep field  
(Di et al., 2014a). 
 
The amount of gas measured by the GFM device was 

30.5 m3, resulting in a total gas flux of 6.36 × 102 m3yr−1 
from the seep vent (Di et al., 2014a). According to the 
bubble diameter (d = 1–2 cm) and methane content (95%) 
upon reaching the sea surface (McGinnis et al., 2006), it 
is speculated that a total of 4.84 × 104 to 6.84 × 104

 m3
 yr−1 

(or 2.163 × 106 to 3.057 × 106
 mol yr−1) of methane is emit-

ted from approximately 120 hydrocarbon seeps in this 
region (assuming that each hydrocarbon seep emits a 
similar gas flux) (Di et al., 2014a). This range is much 
higher than the preliminary calculated range (294–956 m3

 

yr−1) and the estimated values from other gas hydrate and 
upwelling study areas offshore SW Taiwan in the South 
China Sea (Chuang et al., 2006, 2010; Huang et al., 
2009). 

6 Conclusion 
In this paper, we presented a detailed description of a 

new and inexpensive device to measure gas fluxes from 
hydrocarbon seeps. The device is an in situ and online gas 
measuring system that can be deployed at water depths of 
up to 3000 m. The device was used to quantify gas flux 
from hydrocarbon seep sites via the process of equal 
volume exchange. Limitations of the device might in-
clude gas hydrate formation in the chambers placed at 
methane seeps in the gas hydrate stability zone. Because 
power can be readily supplied, long-term in situ and 
online observations are possible. The inexpensive nature 
of the design facilitates the deployment of multiple units 
in the same area. After revamping, we will deploy more 
than three GFM devices at the Lingtou Promontory seep 
field for more than one year, and we will modify the 

structure of the GFM device such that it can be deployed 
at the active cold seep in the Northern South China Sea. 

The device was successfully deployed on April 22, 
2012 and recorded fluxes in the Lingtou Promontory seep 
field of the South China Sea for 18 d. The results revealed 
that the gas flux was controlled by the hydrostatic pres-
sure induced by tides and swells. Based on the seep fre-
quency response and the correlation between the gas flux 
and water depth, pore activation is considered to be the 
dominant controlling factor. 
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