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ABSTRACT

Natural hydrocarbon seeps in marine environment are important sources of methane and other greenhouse gases into
the ocean and the atmosphere. This greenhouse gas seepage influences the global methane budget and global climate change.
Hydrocarbon seeps on the shallow seabed produce a near-shore gas bubble zone along the western coast of Hainan Island, in
the northern South China Sea. However, few studies on the quantitative value of the methane flux and on temporal variation
and influence factors of hydrocarbon seeps have been conducted until now. This study describes the results of continuous gas
vent measurements for 420 hours on the seabed of the Lingtou promontory shore. The amount of gas released from a single
gas vent was 30.5 m® during the measurement period. The gas flow rate ranged from 22 - 72 L h!, with an average rate of
534 L h''. The time series analyses of the 420-hour record clearly show three principal tidal components with periods of 5.4,
4.6, and 2.4 hours, which are the main factors controlling the gas flow rate. Low flow rates were associated with high tide and
high flow rates associated with low tide. A 1-m increase in seawater height results in a decrease of 20 - 30 L h! or 35 - 56% of
the hourly flow rate. Therefore, the changes in gas volume escape from the pore could be attributed to the hydrostatic pressure
effect induced by water depth. This dominant mechanism controlled pore activation as well as the gas flow rate, suggesting
that in the marine environment, especially the shallow-water shelf area, sea level changes may result in great variations in
methane release into the ocean and atmosphere.
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1. INTRODUCTION

Hydrocarbon seeps in marine environments are widely
distributed across the seabed of nearly all continental mar-
gins (Judd et al. 2002; Judd 2003; Campbell 2006; Judd
and Hovland 2007). Marine hydrocarbon seeps represent
an important pathway by which natural gases, primarily
methane, are released from the lithosphere into the hydro-
sphere and atmosphere. Marine hydrocarbon seeps are not
only important local and regional sources of pollution but
also might be an important factor impacting global climate
change (Dimitrov 2003; Etiope and Milkov 2004; Etiope et
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al.2008). This is because methane is a strong greenhouse gas
with a greenhouse effect that is approximately twenty times
that of equal-quality carbon dioxide. The amount of methane
discharged into the atmosphere through marine seeps is ap-
proximately 20 Tg yr' (Judd 2004; Etiope 2009), contribut-
ing approximately half of the global geological emissions
of 40 - 60 Tg yr' of methane (Etiope and Milkov 2004; Eti-
ope et al. 2008; Etiope 2009). Therefore, an accurate esti-
mate of the amount of methane released from hydrocarbon
seeps into the ocean and atmosphere is of great importance
in understanding the role of hydrocarbon seeps in regional
and global climate change and in the global carbon budget.
However, progress in quantifying the amount of methane re-
leased into the ocean and atmosphere through this pathway
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has been hindered by the uncertainties involving the total
area involved in active seepage and the temporal variability
in seep intensity and activity.

In recent years, much attention has been paid to the
long-term in-situ and on-line observations of the meth-
ane flux and the spatio-temporal variability at various hy-
drocarbon seep locations, e.g., Bush Hill of Mexico, Coal
Oil Point seep field of the Santa Barbara channel, Hydrate
Ridge, the Black Sea and Hikurangi Margin of New Zealand
(Roberts et al. 1999; Tryon and Brown 2001, 2004; Boles
et al. 2001; Torres et al. 2002; Tryon et al. 2002; Leifer and
Boles 2005a, b; MacDonald et al. 2005; Vardaro et al. 2006;
Solomon et al. 2008; Sahling et al. 2009; Krabbenhoeft et
al. 2010; Leifer et al. 2010; Linke et al. 2010; Romer et al.
2012a, b; Etiope et al. 2013). The preliminary results in-
dicate that the flux and material associated with hydrocar-
bon seeps are both spatial and temporal in nature (Tryon et
al. 2002; Tryon and Brown 2004; Leifer and Boles 2005b;
Solomon et al. 2008). The factors influencing the gas flux
rate include tidal force, ocean swell, storm surges, tectonic
processes, haline convection, biological pumping and tran-
sient discharge of subsurface gas reservoirs, bottom current
velocities and near-surface sediment hydrology (Henry et
al. 1992; Davis et al. 1995; Wang and Davis 1996; Orange
et al. 1997; Wallmann et al. 1997; Suess et al. 1998; Tryon
et al. 1999; Boles et al. 2001; Aliani et al. 2004; Leifer and
Boles 2005b; Forrest et al. 2005; Talukder 2012).

The Yinggehai Basin is a Cenozoic era oil-gas basin
in the north shelf of the South China Sea, characterized
by abundant hydrocarbon seeps, pockmarks and mud vol-
canoes at the seabed (Huang et al. 2003, 2004, 2005, and
2009). Over 120 hydrocarbon seeps have been found on the

seafloor at water depths less than 50 m along the eastern
edge of the Yinggehai Basin near the western coast of Hain-
an Island. The gas rises from the seeps to the sea surface to
form a near-shore bubble zone (Fig. 1) (Huang et al. 2009).
The gas, primarily thermogenic methane, originates from
the Miocene hydrocarbon source rock in the central depres-
sion of the Yinggehai basin. The total gas flux emitted from
these hydrocarbon seeps is estimated to be 294 - 956 m? yr!
(Huang et al. 2009). However, the gas flux of hydrocarbon
seeps and its variation characteristics with time offshore
Yinggehai have not been accurately qualified. The hydro-
carbon seep activation mechanisms on the seafloor have
also not been revealed.

To quantify the gas flux from hydrocarbon seeps, an
in-situ and on-line gas flux measuring (GFM) device was
deployed over an active hydrocarbon seep on the near-shore
seafloor of the Lingtou promontory in the April - May pe-
riod of 2012. We present a high-resolution time series of the
natural gas flow rates from the Lingtou promontory seep
field in the northern South China Sea. These data allow us to
examine the hourly seepage variability and compare it with
the water depth record, as well as explore the mechanism
causing changes in the hydrocarbon seep flux at the Lingtou
seep field.

2. GFM DEVICE AND SUBMARINE
OBSERVATION

An in-situ, on-line GFM device was used to quantify the
gas flux at the hydrocarbon seeps using the volume exchange
method (Fig. 2). The GFM device operates as follows: when
rising gas bubbles emitted from hydrocarbon seeps enter the
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Fig. 1. The distribution of the near shore hydrocarbon seeps and location of the in-situ and on-line hydrocarbon seep observation area near Lingtou

promontory.
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Fig. 2. Photograph and schematic diagram of the in-situ and on-line
measuring device. The volume within the gas collection chamber is
1.72 L. A solenoid valve was used to control the gas collection and
emptying. The liquid level sensor indicates the changes in water level
and controls the solenoid valve opening and closing. A conical seep
tent was used to collect gas bubbles emitted from hydrocarbon seep. A
bubble-breaking grid was used to prevent debris or biological organ-
isms from clogging the gas collection chamber. CTD: Conductivity-
Temperature-Depth system.

gas collection chamber, the water in the chamber will be ex-
pelled downward in an equal volume. When the water level
drops to the lower probe level (Probe 2) in the chamber, the
valve will be opened by an automatic control system and
the gas within the chamber will then be emptied instantly
and filled again by seawater. The time and frequency of the
valve opening are recorded automatically. When the sea-
water level rises up to the higher probe level (Probe 1), the
valve will automatically close and the GFM will then start its
next round of gas collection. The gas flux is calculated based
on the number of valve openings and the chamber volume.
The relative error is +£1.0% (Di et al. 2012).

The water depth data were obtained from a CTD (Con-
ductivity-Temperature- Depth) system mounted on the GFM
device. The data-logging interval was set at 1 minute and the
resolution was 0.01 m. The water depth data for the seep area
was calculated based on the instantaneous bottom pressures
measured by the CTD system and adjusted for the local con-
ditions by adding the distances between probe and seabed
and by subtracting the local atmosphere pressure value.

The Lingtou promontory seep field is one of the more
active natural hydrocarbon seepage areas on the near shore
seafloor of the Yinggehai basin. Over 20 individual hydro-
carbon seeps emit gases within an area approximately 580
by 160 m at a water depth ranging from 3 - 20 m, which is
located 300 m offshore near Lingtou promontory in Hainan
Province. Gas bubbles (each up to 1 - 2 cm in diameter) con-

tinuously emit from the hydrocarbon seeps on the seafloor.
Gas bubbles emitting from the seep vent rise to the sea sur-
face rapidly and release natural gases into the atmosphere.
The GFM device was set on the seafloor in the Lingtou
promontory seep field with four anchors, placed over an ac-
tive seep vent (18°41°15.7”N, 108°41°37.0”E) on 22 April
2012, and recovered on 21 May 2012 by divers.

3. RESULTS
3.1 Gas Flow and Water Depth Data

Due to a power source malfunction the GFM device
only recorded hydrocarbon seep gas flow data continuously
for 420 hours from at 15:00 on 22 April 2012 to 4:00 on
10 May 2012. The GFM device calculated the hourly gas
flow rate by accumulating the opening numbers during the
1% hour, with the hourly gas flow rate then converted into
the standard gas flow rate.

Figure 3 shows the continuously measured water depth
and hydrocarbon seep gas flow time series using the CTD
system and GFM device, respectively, for 420 hours. The
water depths at the observation seep vent ranged from
2.4 - 4.6 m. The observed average tidal difference for the
entire study period was 1.4 m. The observed maximum and
minimum tidal differences were 2.1 and 0.7 m, respectively.
The gas flux increased with the water depth (Fig. 3). The gas
flow rate ranged from 22.36 - 72.24 L h*! (Fig. 3), which are
much higher than the 0.28 - 0.43 L h' measured by collecting
gas bubbles from the water surface using a funnel (Huang
et al. 2009). The amount of gas released from the hydrocar-
bon seep for the 420-hour period was 30.5 m?, resulting in
a calculated gas flux of 6.36 x 10> m* yr'. The gas bubble
composition from the seeps is dominated by thermogen-
ic methane (> 70.79%) with 8"C from 33.91 - 38.24%o
PDB (Huang et al. 2009). The gas bubbles (d =1 - 2 cm)
contained about 95% methane upon reaching the sea sur-
face (McGinnis et al. 2006). Therefore, applying this gas
flux to the eastern edge area of the Yinggehai Basin, which
is known to contain approximately 120 hydrocarbon seeps,
a total of 4.84 x 10* to 6.84 x 10* m?® yr' (or 2.163 x 10°
to 3.057 x 10° mol yr') of methane is speculated emitted
if each hydrocarbon seep emitted a similar gas flux. This
amount of methane emitted is much higher than the pre-
liminary estimated range from 294 - 956 m® yr' (Huang et
al. 2009). Furthermore, this speculated methane flux is also
much greater than the estimated fluxes from other gas hy-
drate and upwelling study areas offshore SW Taiwan in the
South China Sea (Chuang et al. 2006, 2010).

3.2 Gas Flow Rate and Water Depth

Figure 3 shows the variation in gas flow measured con-
tinuously for ~420 hours by the GFM device at the seep.
The data exhibited a repeated daily gas flow pattern. The
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range of variation in the gas flow decreased gradually with
time until 3 May, after which it increased gradually.

To quantify the periodic variation in the natural gas
flow rate and its control factor, we computed power spec-
trum of the gas flow rate time series (Fig. 4). The ensemble
of all the ~420 hours of recorded gas flow time series was
tapered with a Hanning window and then transformed via
a fast Fourier transform (FFT) algorithm. For frequencies
f less than ~1.0 cycles per day (cpd), the spectral ampli-
tude of g decreased strongly with f (Fig. 4). At high f, the
amplitude was approximately consistent with white noise,
except for 2 bands where strong peaks were evident, one at
~4.5 cpd and the other at 10 cpd. These peaks, correspond-
ing to the dominant mixed tidal components, were the only
significant sinusoidal components present, based on the
95% confidence limits. The FFT of the data also verified
that no sinusoids were present at other resolved frequen-
cies. The corresponding spectral resolution was f'= 0.3 cpd.
Within the time series resolution, the center frequencies of
these peaks correspond to the three dominant mixed tidal
constituents: O, with a period 5.4 hours, O, with a period
4.6 hours, and S, with a period 2.4 hours. All three peaks
were well resolved, exceeding the surrounding spectral lev-
els by over an order of magnitude.

To quantify the changing water depth effect on gas flow
rates, three 1-day intervals (28 April, 3 May, and 9 May)
were chosen from 18 days that exhibited particularly large
differences between high and low tide. The average tidal
ranges for the three days, 28 April, 3 May, and 9 May, were
approximately 1.3, 0.8, and 1.8 m, respectively. Although
the tidal differences in the three days were quite unequal,
the related gas flow rate R? coefficient and water depth were
high (R? = 0.976, 0.9725, and 0.9595 for 28 April, 3 May,
and 9 May, respectively).

Figure 5 shows the gas flow rates exhibit a significant-
ly negative correlation with the water depth in the three days
chosen. Gas flow and water depth data were picked once every
10 minutes. In our calculation the gas flow is the mean flow

rate during the time when the GFM device measures natural
gas flow. The water depth is the mean water depth during the
time required for the GFM device to collect gas. In the three
days high tide correlated with low flow and low tide cor-
related with high flow (Fig. 5). The correlation (R?=0.914)
between the gas flow and water depth suggests that the natu-
ral gas flow rate is controlled primarily by the water depth
(Fig. 5). Each additional meter of sea height represents a hy-
drostatic pressure increase of 10* Pa and a natural gas flow
rate decrease of 20 - 30 L h''.

4. DISCUSSION

The bubble formation criterion on the seabed, where
the fracture pressure, P, must be greater than the combina-
tion of hydrostatic pressure, Py, and the La Place pressure,
P, from the surface tension force, i.e., Pr > Py + Pg. The
time to form a bubble depends on the flow in the pore and
the fracture, the emitted bubble’s volume and hydrostatic
pressure P,. The bubble radius, r, is directly proportional
to the pore and fracture throat size, and inversely propor-
tional the surface tension, Py (Boles et al. 2001; Leifer et
al. 2005b). The larger the fracture or pore size, the less en-
ergy is required to overcome the capillary pressure and the
surface tension, making the bubbles easier to produce, and
of course, the release of a large bubble causes a greater de-
crease in Pr. Conversely, the smaller the pore throat size
in the sediment, the more energy required to overcome the
capillary pressure and the surface tension, resulting in in-
creased difficulty in producing gas bubbles.

The gas flow time series and the correlation analysis
indicate that the natural gas flow migrating from the leaking
gas reservoir along the fault and fracture pathway is influ-
enced by the hydrostatic pressure P,. The decrease in gas
flow corresponds to the increase in the water depth. Spec-
tral analysis of the gas flow time series clearly indicates
a mixed tidal cycle frequency. In general, the hydrostatic
pressure is induced by both oceanic tides and swell. Leifer
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Fig. 3. Time-series of gas flow rate (dotted line) and water depth (real line) at the Lingtou promontory seep field.
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Fig. 5. Comparison between the gas flux from the hydrocarbon seep
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et al. (2005b) proposed that the bubble emission rate or the
seep gas flux is related to the bubble size, the gas flow in the
fault or fracture, and the hydrostatic pressure P. Therefore,
any process that changes the flow, the bubble size, or Py
will change the bubble emission rate or the seep gas flux.
Boles et al. (2001) and Leifer et al. (2005b) proposed three
possible mechanisms that can explain how the hydrostatic
pressure, Py, variation changes the seep gas flux. The first is
that hydrostatic pressure induces pore throat or fracture acti-
vation and deactivation (pore activation). The second is that
the marine sediment surrounding the fracture and fault ad-
sorbs or desorbs gas, depending upon hydrostatic pressure,
a process termed “gas charging”. The third is that the frac-
ture dimension and the flow resistance are affected by the
hydrostatic pressure, a process termed “fracture forcing”.
The Lingtou promontory seep field contains numerous
vents that span many sizes and connectivity paths. Natural
gas migrates as a continuous phase from the leaking gas res-

ervoirs along the fault or fracture pathway to the seafloor
(Brown 2000). The seep natural gas erupts as bubble plumes
to the seafloor, with each plume exhibiting different seep
gas composition, bubble size, and bubble formation time
characteristics. Our results reveal that the gas flow in the
fracture increases rapidly with the decrease in hydrostatic
pressure, Py. Thus, the bubble formation time decreases and
the number of bubbles formed increase, while the fracture
pressure decreases until equilibrium is restored (Fig. 4).
However, due to the fracture resistance, P» may not drop as
fast as Py, and thus the current inactive seep vents become
active, so the gas flux gradually increases. Conversely, an
increase in Py has the opposite effect (Leifer et al. 2005b).
Therefore, pore activation is the dominant factor controlling
the variation in gas flux.

Natural gas flow in the Lingtou promontory seep field
exhibited a negative correlation with the water depth (Fig. 5).
Similar results were also observed at other typical hydrocar-
bon seeps (Orange et al. 1997; Boles et al. 2001; Torres et al.
2002; Forrest et al. 2005). The results report 35 - 56% change
in the gas flow with the water depth in the Lingtou promon-
tory seep field when the water depth changes 1 m. These
observed changes in gas flow indicate that the gas flow is ap-
parently sensitive to hydrostatic pressure changes, so a small-
scale change in water depth can significantly change the gas
flow. Consequently, if the large-scale sea level changes, the
large inventory of natural gas in the continental shelf seabed,
primarily methane, may leak from the marine sediment into
the ocean and atmosphere, thereby significantly affecting the
global carbon cycle and global climate change.

5. CONCLUSION

For the first time, this study quantified the gas flux,
variation and influence factors of a hydrocarbon seep in
the Lingtou promontory seep field in the northern South
China Sea over a period of 420 hours. The quantity of gas
released from the hydrocarbon seep was 30.5 m? for the ob-
servation period. The measured gas flow rate ranged from
22 - 77 L h'', and the average velocity was 53.4 L h''. The
results indicate that the variation in water depth caused the
gas flow to vary by 44 - 59% around the mean flow. The
gas flow rate time series power spectrum clearly indicates
three mixed tidal components. The correlation analysis of
the water depth and gas flow indicates that the gas flow is
controlled by the hydrostatic pressure induced by the wa-
ter depth. Based on the seep frequency response, pore ac-
tivation is the dominant control factor that changes the gas
flow. Therefore, in the marine environment, especially the
shallow-water shelf area, the sea level change could cause
large variations in methane release at the seabed into the
hydrosphere and atmosphere.
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