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Abstract

Using the occurrence characteristics of bubble plumes in the South China Sea as a reference, this paper continues
to study the seismic responses produced by bubble plumes in the cold seepage active region. To make the plume
modelling scheme more reasonable, we modified the original modelling scheme and reconstructed a plume
water body model based on the variation of its radius as bubbles rise in seawater. The plume seismic records of
shot gathers were obtained by forward simulation. The seismic records of single shot show obvious characteristics
of a scattering wave field and the periodic characteristics of the model. Seismic records of shot gathers were
processed using prestack depth migration. The boundary of its imaging section has a good convergence effect.
The migration sections can be imaged distinctly with higher accuracy. The aforementioned studies once again
laid a foundation for the further study of the seismic responses produced by plumes. They also gradually probed a
more suitable seismic data processing method for plumes and provided a theoretical guidance for the

identification of plumes.
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1 Introduction

There is a large amount of global gas hydrate resources. The
total amount of organic carbon contained in gas hydrates is es-
timated (Kvenvolden, 1993; Kvenvolden et al., 1993) to be equi-
valent to twice that in the known world coal, oil and natural gas
reserves combined. The amount of gas hydrates in the sea ac-
count for more than 99% of the total amount (Fan et al., 2004).
Therefore, natural gas hydrates have important energy and stra-
tegic significance, and the recognition, exploration and develop-
ment of hydrates are a hotspot in current scientific research. In
recent years, China has made some progress in hydrate explora-
tion and exploitation (Wang et al., 2013; Hao et al., 2013; Lu et al.,
2013; Zhang, 2010) and successfully drilled gas hydrate samples
in the northern South China Sea on May 1, 2007. It is presumed
that there are 27 regions of the China Sea where gas hydrates ex-
ist.

Cold seepage is a marine geological phenomenon that is
caused by gases from seafloor (or deeper) sediments erupting in-
to the ocean by expulsion and leakage (Di et al., 2008; Luan et al.,
2010). One of the sources of hydrocarbon gases from seafloor
cold seepage is methane dissociated from gas hydrates (Di et al.,
2008). Hence, cold seepage may indicate the possible existence of
gas hydrates beneath the seafloor. If the gas content of cold seep-

ages is abundant, the gases may rise into the seawater and form a
bubble plume. Therefore, a plume is a direct manifestation of
seafloor seep activity, which has received an increasing amount
of attention from scientists. One of the reasons for all of this at-
tention is that the leakage type of natural gas hydrate precipita-
tion is closely related to cold seepage activities, while on the oth-
er hand, the bubble plumes generated by seafloor seep activity
are an important factor of the marine environment and the effect
of global climate change, according to the expert opinion on the
National Natural Fund of the first author in 2013.

It is estimated that more than 900 submarine seep activity
areas exist in the global marine environment (Di et al., 2010; Try-
on and Brown, 2004; MacDonalda et al., 2005; Tryon et al., 2002;
Shipboard Scientific Party, 2002; Klaucke et al., 2010; Bayon et al.,
2011). In addition, gas hydrates are commonly abundant in these
areas. It is preliminarily confirmed that there are 7 cold seep
areas offshore of China, and 6 of them are in the South China Sea,
while only 1 of them is in the East China Sea (Luan et al., 2010).
Many bubble plumes are found throughout the world (Sauter et
al., 2006; Luan et al., 2010; Sassen et al., 2001; Gong, 2006; Freire
et al., 2011; Charlou et al., 2003), and these areas are rich in gas
hydrates. Plume bubbles carrying hydrates erupt from the sea-
floor and form a submarine “flame” phenomenon, and a 1 300-
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m-high rising methane plume was discharged from a mud vol-
cano in the Black Sea (Fig. 1) (Greinert et al., 2006).

From the above information, it is concluded that plumes are
often found in cold seepage areas, while the two are related to gas

tom Simulating Reflector (BSR) and a Blanking zone in the sec-
tion. Figure 2b (Li et al., 2013) shows the conventional seismic
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Fig. 2. The seismic migration section and bubble plumes of an area in the South China Sea.
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migration section of seawater containing bubble plumes in the
same area as Fig. 2a. Integrating the analyses of Figs 2a and b,
this proof leads us to believe that the gas chimney and fault
provides a channel to allow methane to spill into the sea, and the
decomposition of gas hydrates is the source of the methane
plumes. Therefore, the occurrence of methane plumes plays an
indicative role in the gas hydrate exploration target area (Hees-
chen et al., 2003).

The above example shows that the seismic method can also
be used to detect bubble plumes in seawater, and the seismicity
is one of the main means of detecting bubble plumes on the re-
gional scale. However, it does not form a complete set of method
system for how to process seismic data to identify plumes, and at
present, internationally, it is also inconclusive how the seismic
response mechanism of plume behaves, according to the expert
opinion on the National Natural Fund of the first author in 2013.

Therefore, in view of above problems, this subject will contin-
ue to carry out a numerical simulation of plumes.

2 The foundation of model building

2.1 The features of a water body containing bubbles

By consulting references, a water body containing bubbles
has the following characteristics.

First, the experimental findings (Liu and Liu, 2010) are that
when air is dissolved in water, the acoustic velocity of water will
not change, even if the dissolved air reaches the saturation state.
However, when air is not dissolved in water in the form of gas
bubbles, the acoustic velocity of the water will be changed
greatly, even with a small amount of air bubbles.

Second, small bubbles are more stable than large bubbles,
bubbles in deep water are more stable than those in shallow wa-
ter, and large and small bubbles show sequentially layered fea-
tures at the moment the bubble rises (Xu and Liu, 2008).

Third, The experimental study and numerical simulation of
the bubble rising velocity show (Ju et al., 2011) that the rising ve-
locity of bubbles in still water is greater when the initial bubble
radius is larger; when the initial bubble radius is smaller, the ex-
perienced time of reaching terminal velocity is shorter as the
bubble rises in still water. The rate of change in the radius in the
bubble rising process increases as the initial bubble radius and
the rising speed of the bubbles increases.

Fourth, the acoustic velocity in the sea itself is vertically strati-
fied (Liu and Liu, 2010) because three important factors (temper-
ature, salinity and pressure) affecting the acoustic velocity of sea-
water vary with depth and are also vertically stratified. However,
in seawater without bubbles, the change in the acoustic velocity
due to the layer characteristics is lower and within approxim-
ately 30 m/s.

Fifth, the measured results (Hu et al., 2012) show that bubbles
from hydrate decomposition, which rise to the sea, have little im-
pact on the overall density of seawater.

Sixth, the actual detection results (Sauter et al., 2006) show
that the plume bubble radius is mostly at the mm level, accord-
ing to the seismic scattering theory (Wu and Aki, 1993), and
bubbles in seawater will produce a scattering effect on seismic
waves and generate a response in the seismic section.

The above conclusions not only provide evidences for the
primary modelling idea and scheme but also provide a basis for
the amendment of the original modelling scheme and the re-es-
tablishment of the plume model.

2.2 Acoustic velocity of a water body containing bubbles

The dissolved gas in the liquid and bubbles generated in the
cavitation process will change the pressure distribution in the li-
quid (Liu and An, 2004), and thus, the acoustic characteristics of
the liquid will also change. Taking the acoustic pressure of the
bubble wall and the radial vibration velocity for boundary condi-
tions, Yao Wenwei has deduced the following expression of the
acoustic velocity in medium containing bubbles (Yao, 2008), as
shown in Eq. (1):
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In Eq. (1), the parameters K, K,, p, p, and o are constant, while o,
o, ¢ and are variable. Thus, with the given parameters, the acous-
tic velocity of seawater that contains bubbles can be calculated
by this formula as the bubble radius and content are varied.
Table 1 is a detailed description of the parameters in Eq. (1).

3 Improved water body model of the bubble plume

In the cold seepage active region, the plume phenomena res-
ult from bubbles produced by the leakage of methane gas into
seawater. Plumes will change the pressure distribution and the
acoustic properties of seawater. The acoustic velocities of seawa-
ter that contains bubbles are related to the bubble radius and
content. The acoustic wave velocity of a bubble plume can be ob-
tained using the acoustic velocity Eq. (1) in the medium with
bubbles. Due to the random distribution of plume bubbles in
seawater, the gas-liquid two-phase medium also belongs to the
random medium. Therefore, we may construct the plume water
body model based on the random medium theory and the acous-
tic wave velocity calculated from Eq. (1). This concept was dis-
cussed in reference (Li et al., 2013), and this paper will improve
the modelling on this basis.

The bubble radius and content in the original plume model
(the plume in reference (Li et al., 2013), the same below) first in-
crease and then decrease throughout the 1 000-m depth range. In
fact, the bubble to break up rising to 600 m. Through analysis on
the reference conclusions in Section 2.1 of this paper, a relation-
ship between the bubble rise velocity and bubble radius is ob-
tained. According to the relationship, the following conclusions
are drawn: a 0.5-mm radius bubble rising to 260 m may increase
to 5 mm by further derivation, and the bubble will break up after

Table 1. The parameters in Eq. (1)

leiig:fggc Physical meaning of parameters Values
C, acoustic velocity of gas-liquid mixture/m-s-! -
K bulk modulus of liquid/N-m-3 2.34x109
K, bulk modulus of gas/N-m-3 1.4x105
P density of liquid/kg-m-3 1023
Pb density of gas/kg-m-3 1.29
® frequency/kHz 25
a bubble radius/m -
o surface tension of liquid/N-m-3 0.0738
R the radius of assuming the two phase mixing 1.0

region containing the bubble is spherical/m
1) bubble content (volume fraction) -
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it radius increases to 5 mm in seawater. Therefore, the bubble
rises from 1 350 m below sea level to 350 m (the depth of the ac-
tual plume in Fig. 2b), and it is not possible for the radius to ex-
perience only an increase at first (increases to a certain extent
and begins breaking up or cracking) followed by a decrease (the
modelling idea of original plume).

Through the above analysis, the plume modelling scheme is
modified as follows. The 1 000 m depth range of the original
plume model is divided into three periods, and the bubble radi-
us and content of each period increases first and then decreases.
Taking into account the bubbles breaking into small air bubbles
as they rise, the bubble radius will gradually decrease, so the
depth range in the three periods is 420 m, 340 m and 240 m, re-
spectively, from deep to shallow. The longitudinal change prin-
ciple of the bubble radius and content in each period is the same
in the original model. Namely, after a bubble rises to a certain
height, the bubble begins to break up or split into smaller
bubbles, resulting in a decrease in the bubble radii, while the
content also decreases (the content is the volume content, so it
will also decrease). The bubble radius and content in each layer
of each period still change randomly around the bubble back-
ground radius and background content, and it is the same with
the principle in reference (Li et al., 2013).

According to the above model modifying program, the plume
model was re-established. To obtain better imaging results, the
250-m homogeneous layer (its speed is 1 520 m/s) was added at
the bottom of original model, and it is equivalent to a uniform
thin submarine layer. Finally, a water body model of the finished
plume is shown in Fig. 3.

In Fig. 3, the plume water body model size is 3 500 m in the
horizontal direction and 1 600 m in the longitudinal direction,
and the grid is 1 m in the horizontal and longitudinal directions.
The plume is in the middle of model, which is located in the
range of 1 650 to 1 850 m and at a depth of 350-1 350 m in the
longitudinal direction. The plume region is lateral 200 m and ver-
tical 1 000 m, as is shown in Fig. 3b, and it is the magnified image
of plume in the middle of Fig. 3a.

The background values of the bubble radius and content in
the three periods (from shallow to deep order) are as follows
in Fig. 3.

In the first period, the background radius ranges from

500

1 0060

1 350

1 600

4.6x10"*m to 4.6x103 m to 4.6x10-* m, and the background con-
tent ranges from 1.8x10-6t0 4.6x10-5to 1.8x10-6.

In the second period, the background radius ranges from
4.8x10-*m to 4.8x10-3m to 4.8x10-* m, and the background con-
tent ranges from 1.6x10-6to 4.8x10-5to 1.6x10-6.

In the third period, the background radius ranges from
5.0x10"*m to 5.0x10-3 m to 5.0x10-* m, and the background con-
tent ranges from 1.5x10-6t0 5.0x10-5to 1.5x10-6.

Considering the shallower seawater depth, the pressure de-
creases, the bubble radius increases and the content also in-
creases, accompanied by the bubble breaking into small bubbles.
The bubble numbers change, and thus the starting and ending
values of the background radius and content in the three periods
are different and generally become smaller in order.

4 Improved plume seismic records of shot gather

The plume water body model in Fig. 3 was forward simulated
by a finite difference solving two dimensional acoustic wave
equations. The acquisition parameters are as follows: the survey
line is 3 500 m long and 1 600 m deep; the grid subdivision is
1 mx1 m; and the dominant frequency of seismic wavelet is 145
Hz. Because the seismic response is not obvious when the source
frequency is low, the main frequency of the source is 145 Hz in
this model. The observation system is as follows: seismic waves
are received in all arrays; the array is fixed and the shot point
moves; the excitation is from left to right; the shot interval is 20
m, and there are 166 shots in total; the seismic source is 20 m in
depth; the trace interval is 1 m, and there are a total of 3 500
traces; the array length is 3 600 m; the least offset is zero; the re-
cord length is 3 000 ms; and the sampling rate is 0.328 ms. We
sorted the 83th shot of seismic records (Fig. 4).

The seismic records in Fig. 4 are similar to Fig. 4 in reference
(Li et al., 2013), and we can see that the seismic wave field also
has obvious scattered wave field characteristics in the plume. The
seismic records of single shot have the following features.

First, the energy features are: the scattered wave energy is
strongest where the plume is; the energy weakens gradually to-
wards two sides and rapidly upward and downward; and where
the radii and the number of bubbles are larger, the energy will be
stronger.

Second, the waveform features are: where there are bubbles,
the seismic waveform is the scattered waves with the bubbles’
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Fig. 4. The seismic records from the 83th shot gather of plume model.

location as the scattering vertex; and the coherence increases
where the bubble density is high.

Third, the period characteristics are: the difference with Fig. 4
in reference (Li et al., 2013) is that shot gather records (Fig. 4)
show periodic characteristics of the model (Fig. 3) and the fea-
tures are more obvious for plumes in the middle position of the
shot gather records. The energy of the three periods gradually
weakened from top to bottom, and this is due to the effect of the
difference in the geometric diffusion and model parameters (ra-
dius or content).

In the shot gather records (Fig. 4), the scattered wave field
characteristics of the plume are in accordance with Yin’s conclu-
sion (Yin, 2005) on that of heterogeneous medium models. This
illustrates that macroscopic manifestations of the random medi-
um of the plume with local distribution are the same as that of a
heterogeneous medium. At the same time, these characteristics
correspond to the manifestations of fluctuations in the plume
area (Fig. 2b). In other words, the scattered wave energy is strong
where a bubble plume occurs, whereas the energy is weak in oth-
er areas. Moreover, the strength of the scattered wave energy in
the plume area is related to the magnitude of the bubble radii
and content. The above analytical conclusions provide a theoret-
ical reference for identifying hydrate bubble plumes by scattered
waves.

5 Improved plume prestack depth migration section

The shot gather seismic records of the original model in refer-
ence (Li et al., 2013) have obtained better migration results by us-
ing prestack time migration processing, but there is still interfer-
ence energy that results in poor boundary convergence. There-

fore, the shot gather seismic records of the improved model in
this paper are processed by prestack depth migration (Liu et al.,
2013; Zhang and Zhang, 2011) and a good imaging effect was ob-
tained. The seismic section of the prestack depth migration is ob-
tained and is shown in Fig. 5.

By comparing the plume model (Fig. 3) with its migration sec-
tion (Fig. 5), we can draw the following conclusions.

First, the scattered waves of the plume can be imaged dis-
tinctly, and the effect of boundary convergence is better.

Second, the plume lies in the model, and its range is from 350
to 1 350 m vertically and from 1 650 to 1 850 m horizontally. The
plume lies on the seismic section, and its range is from 350 to 1
350 m vertically and from 1 650 to 1 850 m horizontally. The ima-
ging accuracy is higher.

Third, on the seismic section, stronger energy in the middle of
plume in every period corresponds to a larger bubble radius and
a higher bubble content in the given model.

Fourth, the period characteristics of the model (Fig. 3) can be
imaged more accurately, and the imaging effect of the first peri-
od is better than that of second and third periods.

Fifth, the plume water body model can be imaged more ac-
curately using prestack depth migration, yet when the velocity
disturbance of the layers of the model is greater, the scattered
waves are difficult to flatten and the energy convergence is not
good.

The above improved plume water body model can be imaged
more accurately by prestack depth migration, and the processing
method of plume seismic data provided a theoretical guidance
for identifying the bubble plume by scattering imaging. The stud-
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Fig. 5. A prestack depth migration section of the plume.

ies laid a foundation for further study of the seismic responses
produced by plumes.

6 Conclusions

Based on the analysis of the characteristics of the water body
containing bubbles at home and abroad, this paper improved the
established gas hydrate plume model, and forward and inverse
modelling research on the plume was carried out, with the fol-
lowing conclusions and understandings reached.

First, the plume water body model established by using im-
proved ideas can better reflect the distribution of bubbles in the
actual plume water body.

Second, the improved plume water body, in addition to hav-
ing wave field characteristics of the original model (where the
plume is, the seismic wave field has obvious scattered wave field

characteristics and the energy is strongest, and in the areas where
the scattered wave energy is stronger, the minimum travel time is
always above the plume, which has no relationship with the
shot’s position), also has a periodic feature; the shot gathers that
have shot in the middle position is especially obvious, and the
energy of three periods gradually weakened from top to bottom.

Third, the prestack depth migration section shows that the
scattered waves of the plume can be imaged distinctly. The ima-
ging on the top of plume is better than that on the bottom, and
the effect of boundary convergence is better. The periodic char-
acteristic is obvious and the imaging accuracy is higher.

Through this study, the plume modelling scheme is more
reasonable, and a more suitable seismic data processing method
for plumes is also gradually explored. The study results laid a
foundation for further study on the seismic responses produced
by plumes and provided a theoretical reference for identifying
bubble plumes by scattered wave imaging. It also provided a new
approach for the identification of gas hydrates and the study of
changes in the marine environment.
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