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Abstract To study the bubble plume’s seismic response characteristics, the model of a plume water body has been built in this
article using the bubble-contained medium acoustic velocity model and the stochastic medium theory based on an analysis of both
the acoustic characteristics of a bubble-contained water body and the actual features of a plume. The finite difference method is used
for forward modelling, and the single-shot seismic record exhibits the characteristics of a scattered wave field generated by a plume.
A meaningful conclusion is obtained by extracting seismic attributes from the pre-stack shot gather record of a plume. The values of
the amplitude-related seismic attributes increase greatly as the bubble content goes up, and changes in bubble radius will not cause
seismic attributes to change, which is primarily observed because the bubble content has a strong impact on the plume’s acoustic
velocity, while the bubble radius has a weak impact on the acoustic velocity. The above conclusion provides a theoretical reference
for identifying hydrate plumes using seismic methods and contributes to further study on hydrate decomposition and migration, as

well as on distribution of the methane bubble in seawater.
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1 Introduction

China suffers from a severe energy shortage. Natural
gas hydrates have become an attractive alternative energy
source to governments and scientific circles around the
globe due to their shallow reservoir depth, widespread
distribution, high availability and high energy density
(Zhang et al., 2013). Survey research in recent years in-
dicates that the South China Sea is a highly important
hydrate resource prospect. In addition to the acquisition
of hydrate samples, a large number of geological evi-
dence (mud diapirs, pockmarks, authigenic carbonates
and seep fauna) related to seep activity have been ob-
served (Huang et al., 2005; Huang et al., 2008). Conse-
quently, large-scale studies have been carried out to pre-
dict or confirm the possible existence of hydrates in the
Xisha trough, the Dongsha slope, the southwest slope in
Taiwan, the Nansha trough and Okinawa troughs in China
(Zhang et al., 2013).

A seafloor cold seep refers to a marine geological phe-
nomena wherein the gas or fluid from the submarine
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sedimentary strata (or deeper) is rejected into the sea by
means of gushing or seepage, which is another new re-
search field of marine geology following modern seafloor
hot spring activity (Di et al., 2008; Luan ef al., 2010). A
large amount of gas gushing from a cold seep into the
seawater can form a bubble plume. As the mark of sea-
floor hydrate occurrence and an important means by
which hydrates decompose and release methane, seafloor
cold seep activity and the accompanied methane seepage
not only contribute to the complex marine biogeochemi-
cal cycle and ecological process but also occupy a sig-
nificant position in the research on the global carbon cy-
cle and associated climate effects. Therefore, research on
the characteristics of methane seepage related to cold
seep activity is particularly important (Chen et al., 2006;
Yeetal,2011).

It is estimated that there are over 900 seafloor cold
seep activity areas active in the global marine environ-
ment (Di et al., 2010). Bush Hill in the northern Gulf of
Mexico is a typical example of the development of cold
seep activity (Tryon and Brown, 2004) simultaneous with
the production of natural gas hydrate (Macdonalda et al.,
2005). The ocean bottom of Hydrate Ridge in Cascadia is
also an area of cold seep, with the extensive development
of natural gas hydrate (Tryon et al., 2002). Multiple cold
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seeps and plumes have been detected by side scan sonar
in the Hikurangi marginal sea adjacent to the North Island
of New Zealand (Klaucke et al., 2010). Cold seep and
methane plume have been found at the edge of the Niger
Delta as well (Bayon et al., 2011). Chen and his research
group (Chen et al., 2004; Chen and Cathles, 2005; Chen
et al., 2007; Feng et al., 2009a, 2009b; Tong and Chen,
2012) have obtained notable results since they began en-
gaging in research concerning seafloor cold seep fluid
deposits (natural gas hydrate and cold seep carbonate) in
1998. Seven major offshore cold seep areas (points) were
initially confirmed, including six areas distributed in the
South China Sea and one in the East China Sea (Luan et
al., 2010). Multiple bubble plumes have since been found
worldwide, such as at the bottom of the west rim of the

Barents Sea (Sauter et al., 2006), the continental margin
of the Hydrate Ridge in Cascadia (Shipboard Scientific
Party, 2002), the Okhotsk Sea (Fig.1) (Luan et al., 2010),
the Gulf of Mexico (Sassen et al., 2001), the UT-04 ridge
in the Naoetsu Basin at the convergent margin of the sea
of Japan (Gong et al., 2006), and other sea areas (Freire
et al., 2011) including mud volcanos in the Mediterranean
(Charloua et al., 2003), which are rich in hydrates. These
plume bubbles carry hydrate erupting from beneath the
ocean bottom, forming the seafloor phenomenon of ‘flame’
reaching heights of up to 1300 m as observed in the Black
Sea (Greinert et al., 2006). Large quantities of plume
bubbles can be observed at the volcanic vent of the Santa
Barbara Channel in California, as shown in Fig.2 (Leifer,
2010).

Plume

___Seafloor

Fig.2 Cold seep bubble plumes in different eruption forms near mud volcano (from Leifer, 2010).
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It has been observed that typical seafloor cold seep ac-
tivity areas in the world have methane seepage in high
concentration which can be hundreds to thousands of
times the seawater background value (2-5nmolL™"). For
example, the cold seep in the Hikurangi margin in the
North Island of New Zealand has a methane concentra-
tion of over 500nmol L' (Faure ef al., 2010). The meth-
ane concentration of seawater near the bottom of the
Black Sea is 50nmolL™" to 5.5umolL™" (Schmale et al.,
2010). The methane concentration in the plume in the
Santa Barbara Channel reaches 1600nmol L™ (Mau et al.,
2006). The methane concentration near the bottom of the
cold seep exposure area of the northern slope in the South
China Sea reaches 3.8 umolL™" to 4.2 umol L', which is
over 300-1000 times the overlying water concentration
and seawater background value (Xu, 2013).

The primary research objective of conventional marine
seismic exploration technology are seafloor sediments
and the geological structure beneath, which usually rele-
gates the information related to seawater as noise when
pre-processing marine multichannel seismic data. When
Holbrook et al. (2003) successfully applied the reflection
seismology method in physical oceanography for the first
time in 2003, interdisciplinary seismic oceanography ex-
panded to include traditional reflection seismology for
application to studing seawater (Liu and Song, 2012).
Consequently, researchers started to use the seismic ex-
ploration technology to study marine water characteristics
(parameters including salinity, temperature, velocity and
density) (Hu et al., 2009). Song et al. (2008), Chen et al.
(2011), Dong et al. (2010) and Pinheiro et al. (2010) car-
ried out further research in this field, achieving some im-
portant research results in the offshore continental margin
of Iberia, Cadiz Bay, the South China Sea and the adja-
cent sea areas of Taiwan. Zheng and Yan (2010) used
seismic oceanography to study the seawater structure of
the northeastern South China Sea and obtain the acoustic
velocity profile of seawater and visual images of seawater
body structure through processing of the reflection signal
of the water body.

At present, the main detection method of a seafloor cold
seep includes multi-beam sounding, single-beam sonar,
side scan sonar, sub-bottom profiling, seafloor visual ob-
servation, geochemical analysis, etc. (Liu and Song,
2012). The plumes are usually identified through photog-
raphy and sonar acoustic technology (Luan and Liu, 2010;
Sauter et al., 2006; Shipboard Scientific Party, 2002;
Sassen et al., 2001), showing high-resolution images and
visible plumes. Since the scale of a plume bubble is much
smaller compared to the acoustic wavelength, according
to the scattering theory (Wu and Aki, 1993) scattering
will occur when the acoustic wave meets the bubble.
Therefore, the plumes can be detected by conducting
scattering imaging of seawater seismic data. A seismic
response generated by the plume can clearly be seen from
non-conventional seismic processing of the seismic sec-
tion of the hydrate in the South China Sea (Li et al.,
2013a), which has the cold seep development. Therefore,
the seismic method can be used to detect the bubble

plume in the water body. Moreover, for regional explora-
tion, the seismic method is one of the major methods to
detect plumes. However, a complete system of methods
has not been formed regarding the processing of seismic
data to identify the plume, and the seismic response
mechanism of the plume is unclear.

Citing the above problems, this project seeks to con-
duct research on numerical simulation of the plume, and
build the model of a plume water body through bubble-
contained medium acoustic velocity models and stochas-
tic medium theory based on acoustic characteristics of a
bubble-contained water body and actual plume character-
istics. A single-shot seismic record from forward model-
ling demonstrates the characteristics of a scattered wave
field generated by a plume. The seismic attributes of plume
pre-stack shot gather records are extracted to obtain the
relationship between the bubble content and the seismic
attributes, and we find that the change in bubble content
will cause obvious changes in the seismic attributes and
the change in bubble radius will not cause changes in the
seismic attributes. The above research results can provide
a theoretical reference basis for the identification of hy-
drate plumes with the seismic method, which will benefit
the ongoing exploration of hydrate decomposition and
migration as well as the distribution of methane bubbles
in the seawater, and thus will provide a theoretical refer-
ence for the research on the marine environmental changes
caused by bubble plumes with the seismic method.

Because this paper is a continued work from the first
author’s series of papers on this topic as mentioned in the
Bibliography (Li et al., 2013b; Li et al., 2016), the model
of a bubble plume (Fig.3) and its shot gather seismic re-
cord (Fig.4) in this paper are the same as Fig.3 and Fig.4
in Li et al. (2016).

2 Model of Bubble Plume Water Body

In the cold seep activity area, the plume phenomenon is
caused by bubbles generated by the seepage of methane
gas in the seawater, which will change the distribution of
pressure in the seawater in addition to changing the
acoustic characteristics of the seawater. The acoustic ve-
locity of bubble-contained seawater is related to the bub-
ble radius and the bubble content, and the acoustic veloc-
ity of a bubble plume can be obtained by the bubble-con-
tained medium acoustic velocity model (Li ef al., 2013b).
According to the changes in the bubble radius during its
ascent through the seawater (Sauter ef al., 2006; Leifer,
2010), the plume is divided into three cycles within the
depth range of 1000 m, from shallow to deep: Cycle 1,
Cycle 2, and Cycle 3. The longitudinal variation of bub-
ble radius and content in each cycle increases first and
then decreases. That is, the bubbles begin to gush or split
into small bubbles after rising to a certain height, causing
a decrease in the radius, and the content decreases (i.e.,
the content is the volume content, and it will correspond-
ingly decrease). Because the plume bubbles are distrib-
uted in seawater stochastically, and the gas-liquid two-
phase medium also belongs to the stochastic medium, the
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stochastic disturbance is explained by stochastic medium
theory, which makes bubble radius and content at each
layer in each cycle change with stochastic variation of
background bubble radius and background content (Li
et al., 2013b). To avoid repetition, the details of the model
setup, such as the grid size, time step, and distribution of
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the random medium, are referred to Li ef al. (2016).

The model of a plume water body is built according to
the above theory, as shown in Fig.3 (Li et al., 2016). To
achieve the imaging result, the homogeneous layer of 250
m is added at the bottom of the model (velocity of 1520m
s 1), equivalent to a seafloor homogeneous layer.
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Fig.3 Velocity model of plume water body constructed by bubble-contained medium acoustic velocity model and stochastic

medium theory (from Li et al., 2016).

To study the impact of bubble content on seismic re-
sponse characteristics, six models of the plume water
body are built. The variation range of bubble radius in
these six models is the same but with different content,
which is equivalent to the variation of the number of bub-
bles. That is, when the bubble content increases (constant
radius), the number of bubbles increases, and when the
bubble content decreases (constant radius), the number of
bubbles decreases. To facilitate the differentiation, the six
models are named, respectively, as mod82 1, mod82 2,

mod82 3, mod82 4, mod82 5 and mod82 6.

The variation range of the bubble background radius of
six models is as follows, respectively.

In the Cycle 1, the bubble background radius ranges
from 4.6x10 " m to 4.6x10° m to 4.6x10 " m.

In the Cycle 2, the bubble background radius ranges
from 4.8x10 *m to 4.8x10 " m to 4.8x10 *m.

In the Cycle 3, the bubble background radius ranges
from 5.0x10*m to 5.0x10 " m to 5.0x10™*m.
The bubble content of six models is shown in Table 1.

Table 1 Bubble background content of six models

Bubble background content

Bubble background content
in cycle 2

Bubble background content
in cycle 3

Model .
in cycle 1
Mod82 1 0.8x107°-3.6x107°-0.8x107°
Mod82 2 1.3x10°-4.1x10°-1.3x10™°
Mod82 3 1.8x10°-4.6x10°-1.8x10™°
Mod82 4 2.3x10°-5.1x10°-2.3x10"
Mod82 5 2.8x10°-5.6x10°-2.8x10"
Mod82 6 3.3x10°-6.1x10°-3.3x10"

0.6x10°°-3.8x10°-0.6x10°°
1.1x10°-4.3x10°~1.1x10°
1.6x10°—4.8x10°-1.6x10"°
2.1x10°-53x107°-2.1x10"°
2.6x10°-5.8x107°-2.6x10"°
3.1x10°-6.3x10°-6.1x10"°

0.5x107°-4.0x10°-0.5x10°
1.0x10°-4.5%107~1.0x10"°
1.5%x10°=5.0x107°~1.5%x10"°
2.0x10°-5.5%x107°-2.0x10"°
2.5%10°-6.0x10°-2.5x10"°
3.0x10°-6.5x10°-3.0x10 "

To study the impact of changes in bubble radius on
seismic response characteristics, the following four mod-
els of plume water bodies are built. The variation range of
bubble content of these four models is the same but with
different radius, which is equivalent to the variation in the
number of bubbles. That is, when the bubble radius in-
creases (constant content), the number of bubbles de-
creases, and when the bubble radius decreases (constant
content), the number of bubbles increases. To facilitate
the differentiation, the four models are named respec-
tively as mod82 7, mod82 8, mod82 9 and mod82_10.

@ Springer

The variation range of the bubble background content
of four models is as follows, respectively.

In the Cycle 1, the bubble background content ranges
from 3.3x10°t0 6.1x107° to 3.3x10°°.

In the Cycle 2, the bubble background content ranges
from 3.1x10° t0 6.3x107 to 3.1x10™".

In the Cycle 3, the bubble background content ranges
from 3.0x10 ° to 6.5x10 " to 3.0x10°°.

The bubble radius of four models is shown in Table 2.

The specifications in the 10 models above are the same
in Fig.3. With different background values of bubble
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content and radius, the model diagrams are not listed as
follows. Consider that, as the depth of seawater decreases,
the pressure decreases, the bubble radius increases, and
the content increases. At the same time, as the bubbles

divide into smaller bubbles and the number of bubbles
changes, the starting and ending values of background
radius and background content of each model in the three
cycles are different.

Table 2 Bubble background radius of four models

Bubble background radius

Bubble background radius

Bubble background radius

Model in cycle 1 (m) in cycle 2 (m) in cycle 3 (m)
Mod82 7 0.6x107*-0.6x107-0.6x107* 0.8x107*-0.8x107°-0.8x107* 1.0x10™*~1.0x107—1.0x107*
Mod82 8 2.6x107-2.6x107°-2.6x10"* 2.8x107-2.8x107°-2.8x10™* 3.0x107*-3.0x107°-3.0x107*
Mod82 9 4.6x10*-4.6x10°-4.6x10"* 4.8x107*-4.8x10°-4.8x10™* 5.0x107*-5.0x10°-5.0x107*
Mod82 10 6.6x10*-6.6x10°-6.6x10"* 6.8x10*-6.8x10°—6.8x10"* 7.0x10*—-7.0x10°-7.0x10~*

3 Shot Gather Seismic Record
of the Plume

The method of solving the 2D acoustic wave equation
with finite difference (Li ef al., 2014; Zhang et al., 2014)
is used to carry out forward modelling of the above ten
models of plume water bodies to obtain their respective
shot gather seismic records, from which the shot gather
seismic records of the shot points are in the middle posi-
tion of one model, as shown in Fig.4 (Li et al., 2016).
Similarly, in order to avoid repetition, the acquisition pa-
rameters of shot gather are referred to Li et al. (2016).

In the shot gather record in Fig.4, the seismic wave
field of the position of the plume has obvious characteris-
tics of a scattered wave field. In the single-shot seismic

SHOT 83

47 347 647 947 1247

record, the scattered wave energy in relation to the centre
of the plume is strongest, and the energy gradually de-
creases on both sides, decreasing faster both upwards and
downwards. The energy is stronger at the position with
larger and denser concentrations of bubbles. The seismic
waveform at the position of the bubbles is reflected as a
scattered wave series with the position of bubbles as the
peak, and coherence increases at the position of relatively
high bubble distribution density. The minimum value of
relatively strong scattered wave energy during travelling is
always located immediately above the plume, which is not
related to the position of the shot point. The shot gather
record (Fig.4) displays the cycle characteristics of the
models (Fig.3). In particular, the plume is more obvious at
the middle position of the shot gather record, and the en-
ergy in three cycles gradually decreases from up to down.

1847 2147 2447 2747 3047 3347

SEQNO 0.00

1547

1.00---

Time (s)

Fig.4 The 83th shot gather seismic record of plume model corresponding to Fig.3 (From Li et al., 2016).

4 Extracted Seismic Attributes

The research on seismic attributes began in the late
1970s, developed rapidly in the late 1980s, and became
mature after the 1990s (Cao, 2004; Xu et al., 2010). The
characteristics of seismic attributes are special values

related to characteristics of geometry, kinematics, dy-
namics and statistics extracted from the seismic data, and
different attributes have different effects based upon dif-
ferent geological environment and different detection
goals. According to the classification of seismic attributes
based on the kinematics and dynamics of seismic waves
as well as reservoir characteristics (Zhuang, 1999; Qi and
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Zhang, 2012), this paper extracted the following six seis-
mic attributes (Zou and Zhang, 2002).

RMS Amplitude, which is used to calculate the RMS of
seismic record samples within the starting and ending
time in the chosen time window, is calculated with the
formula

n=n,

1 2
attl = A (n-At) . 1
\/nz_n1 Z (n-Ar) (1)

The Average Absolute Amplitude is calculated with the
formula

n=ny
D |4 A0
a2 =" )
ny —m

Average Energy Variation, which is the average energy
of all sampling points in the chosen time window (ampli-
tude square), is calculated using the formula

n=n,
> A (n-At)
ant3="2—— (3)
n, —m

Kurtosis in Amplitude is the sum of the fourth power of
the amplitude of all sampling points in the chosen time
window, and is the measure of the relative swing of the
amplitude. The calculation formula is:

attd= "> A*(n-Ar). 4)

n=n

Absolute Amplitude Integral is the sum of the ampli-
tude absolute of amplitude of all sampling points in the
chosen time window. This sum’s calculation formula is

n=n,

att5="Y |A(n-Ar)|. (5)

n=n

We also obtain the amplitude in the frequency domain
X(n) through a Fast Fourier Transform, and extract the
total energy attribute (i.e., the square sum of the ampli-
tude), which is related to factors such as the reflection
coefficient of the stratum. In the oil and gas-bearing range,
the total energy of the waveform usually has a strong re-
sponse. The calculation formula in the chosen time win-
dow is:

att6 =S = in(n) . (6)

n=1

In Formulas (1), (2), (3), (4) and (5), At is the sampling
interval; ny, n, are the sampling points, respectively, cor-
responding to the top and bottom of the time window;
n,—n; is the number of sampling points in time window;
A(n-At) is the instantaneous amplitude; |4(n-Af)| is the
absolute instantaneous amplitude; X(#) is the amplitude of
the n sampling points in the frequency domain; attm is the

a) Springer

m extracted attribute.

5 Research on Relationship Between
Model Parameters and Seismic
Attributes

The seismic attributes are extracted from the shot
gather seismic record of each plume model to study the
impact of changes in bubble content and bubble radius on
seismic attributes.

5.1 Extraction Method of Seismic Data

We select the seismic data from Channel 1701 to Chan-
nel 1800 (100 channels in total) in the 83rd shot gather
seismic record of ten plume models, and extract the data
longitudinally from the positions in three cycles in the
model, respectively. There are 350 sampling points in
total from Sampling Point 501 to Sampling Point 850 in
Cycle 1; there are 450 sampling points in total from Sam-
pling Point 901 to Sampling Point 1350 in Cycle 2; there
are 600 sampling points in total from Sampling Point
1501 to Sampling Point 2100 in Cycle 3. Thus, the single
shot seismic data for the calculation of seismic attributes
is a rectangular 2D data volume, 350 lines by 100 col-
umns in Cycle 1, 450 lines by 100 columns in Cycle 2,
and 600 lines by 100 columns in Cycle 3. The seismic
attributes are, respectively, extracted according to the
bubble content (corresponding to the former six models)
and bubble radius (corresponding to the latter four mod-
els).

5.2 Relationship Between Seismic Attributes and
Bubble Content

Through the above data extraction method, the seismic
data of the former six models are extracted. According to
the calculation formulas (Formulas (1) to (6)) of six at-
tributes, the seismic attributes of each model (corre-
sponding to different bubble content) are calculated, and
the bubble content and the extracted seismic attributes are
displayed as a 2D linear graph, as shown in Fig.5. To bet-
ter display the variation trend of seismic attributes against
the variation of bubble content, a trend line (dotted line in
Fig.5) is added based on the original linear graph. Thus,
the diagram of correlation between the bubble content
and the seismic attributes is obtained.

Because the diagrams of relationships between Average
Energy Variation, RMS Amplitude, Average Absolute
Amplitude and bubble content are similar, only the dia-
gram of relationship between Average Absolute Ampli-
tude and bubble content is listed.

The following points can be obtained from Fig.5.

First, the change in bubble content will cause a change
in seismic attributes. That is, the change in plume bubble
content will cause a change in the seismic response on the
seismic section, which can be explained by the previous
research results (Li et al., 2010). The change in bubble
content will cause a change in acoustic velocity, thus
causing a change in seismic response.
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Fig.5 Relationship between bubble content and seismic attributes in shot gather record of the plume.

Second, the relationship between bubble content and
seismic attributes can be obtained. That is, with an in-
crease in bubble content, the attribute value of seismic
amplitude increases, and they are positively correlated. In
addition, the variation laws of attributes in three cycles
are consistent, which is because the bubble radius in-
creases with an increase in bubble content (the bubble
content is the volume content). When the scattering sur-
face of the seismic wave scattering increases, the energy
of scattered wave will increase, which is consistent with
the characteristics in the shot gather seismic record in
Fig.4. That is, the energy is stronger when the bubbles are
larger and more numerous, and the seismic waveform at
the position of the bubbles is reflected as a scattered wave
series with the position of bubbles as the peak, and co-
herence increases at the position of relatively high bubble
distribution density.

Third, for certain content, the variation laws in the
three cycles are that the attribute value in Cycle 1, Cycle
2 and Cycle 3 increases, in turn, because the variation
range of bubble content set in the model increases in turn,
which causes an increase in amplitude energy in turn. In
addition, the data in three cycles for the extraction of
seismic data increases in turn, and the attribute value re-
lated to the amplitude is sure to increase in turn.

5.3 Relationship Between Seismic Attributes and
Bubble Radius

Through the data extraction method, the seismic data of
the latter four models are extracted. According to the cal-
culation formulas of the six attributes, the seismic attrib-

utes of each model (corresponding to different bubble
radius) are calculated, and the bubble radius and the ex-
tracted seismic attributes are displayed as a 2D linear
graph, as shown in Fig.6.

Because seismic attributes of shot gather seismic re-
cords are seldom affected by the bubble radius, and the
diagrams of the relationship between the six attributes
and bubble radius are similar, only the Average Absolute
Amplitude, Absolute Amplitude Integral, and Total En-
ergy are listed here.

The following points can be obtained from Fig.6.

First, when the bubble radius changes, the seismic at-
tributes do not change significantly. That is, when the
bubble radius of the plume changes, the change in seismic
response caused on the seismic section is small, which
can be explained by previous research (Li ef al., 2010).
That is, the impact of change in bubble radius on the
acoustic velocity is relatively small, thus causing little
change in seismic response.

Second, for certain content, the variation laws in three
cycles are the same as that of bubble content. The attrib-
ute values in Cycle 1, Cycle 2 and Cycle 3 increase in
turn, which is observed primarily because the data in the
three cycles for the extraction of seismic data increases in
turn, and the attribute value related to the amplitude is
sure to increase in turn.

6 Conclusions

This paper built the model of a plume water body
through bubble-contained medium acoustic velocity mod-
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Fig.6 Relationship between bubble radius and seismic attributes in shot gather record of the plume.

els and stochastic medium theory. The finite difference
method is used for forward modelling of the model, and
the single-shot seismic record shows the characteristics of
a scattered wave field generated by plume. To study the
impact of bubble content and bubble radius on the seismic
response characteristics, ten models of a plume water
body are built to carry out forward modelling and obtain
the shot gather seismic record. The relationship between
the bubble radius and bubble content of model parameters
and the seismic attributes is studied through the seismic
attributes extracted from pre-stack shot gather seismic
record of ten plume models.

Through the above research, the following conclusions
are reached as follows.

First, the analysis of characteristics of the scattered
wave field of the plume provides a theoretical reference
for the identification of bubble plumes with scattered
waves.

Second, the change in bubble content of the plume will
cause obvious changes in the seismic response, and a
positive correlation exists between pre-stack shot gath-
erseismic attributes and bubble content of the model pa-
rameters. When the bubble content increases, the seismic
attribute value increases.

Third, the change in bubble radius of the plume will
not cause the change in seismic response, and an obvious
independence exists between pre-stack shot gather seis-
mic attributes and bubble radius.

The above research on seismic attributes of the plume
is preliminary, and the research on this topic will continue
regarding the seismic attributes of stacked sections of the

a) Springer

plume. Because the plume is closely related to the distri-
bution of methane bubbles in seawater and the existence
of cold seeps and natural gas hydrate, this research can
provide a theoretical basis for the identification of natural
gas hydrate, which will benefit the further exploration of
hydrate decomposition and migration as well as the dis-
tribution of methane bubbles in the seawater. This study
will provide a theoretical reference for research on marine
environmental changes caused by bubble plume utilizing
the seismic method. Therefore, the methane plume in the
seawater is the subject worth further study.
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