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Abstract

The methane bubble plume attracts interest because it offers direct evidence of seafloor gas leakage and plays an
indirect role in the exploration and identification of natural gas hydrate. In this study, based on established plume
models and their migration sections, three amplitude-class attributes were extracted from three formations for the
migration sections of five plumes, and the correlation between the gas content and seismic attribute was
obtained. As the gas content increases, the amplitude attribute correspondingly increases, and the linear
correlation is relatively good. Moreover, correlation coefficients between gas content and amplitude attributes are
close to 1.0. By using linear fitting, the relation model between the gas content of the plume and the seismic
attribute was obtained. The relation model was subsequently used to invert the gas content from a real data-
bearing plume. Comparison of the gas content section of the plume with the attribute section and real seismic
section reveals common distribution characteristics, namely, the color of the section in the lower right corner is
dark. If the amplitude value is large in the seismic section of the real plume, the amplitude attribute value is also
large in the corresponding attribute section, and the inverted value of the gas content is also large (because gas
content and amplitude are linearly correlated), which indicates that the plume bubbles of the section in the lower
right corner is intensively distributed. Finally, the obtained gas content section of the plume can reflect the
distribution of the plume bubble content more simply and intuitively, from which the distribution law of seafloor
bubbles can be deduced, and this lays a foundation for the further estimation of the gas content of the plume and

hydrate reserves.
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1 Introduction

A bubble plume is frequently discovered in overlying seawa-
ter areas where hydrates are stored, and this phenomenon can be
detected by sonar or seismic techniques, such as the examples at
the bottom of the west rim of the Barents Sea (Sauter et al., 2006),
the continental margin Hydrate Ridge in Cascadia (Shipboard
Scientific Party, 2002), the Okhotsk Sea (Luan et al., 2010), the
Gulf of Mexico (Sassen et al., 2001), the UT-04 ridge in Naoetsu
Basin at the convergent margin of the Sea of Japan (Matsumoto
and Gong, 2006) and other sea areas (Freire et al., 2011) as well as
the mud volcano in the Mediterranean (Charlou et al., 2003).
Plume bubbles carrying hydrate spill out from the bottom of sea
and exhibit the seafloor phenomenon of a “flame”. In the Black
Sea, the seafloor plume bubbles that spill out from a seafloor
mud volcanic crater reach up to 1 300 m (Greinert et al., 2006).
The bubbles in the plume take on the appearance of a plume (the
origin of the name “plume”) are shown in Fig. 1. Because bubbles
are affected by ocean currents and the seafloor terrain environ-

ment in the process of continuous rising (Heeschen et al., 2003;
Tryon et al., 2002; Tryon and Brown, 2004), certain plumes are
vertical and others have a tilted shape.

The formation of the plume occurs due to seafloor cold seep,
which refers to a type of marine geological phenomenon (Luan et
al., 2010; Di et al., 2008) in which gas from the submarine sedi-
mentary strata (or deeper) is ejected into the sea via a gush or
seepage, and a large amount of gases rush from the cold seep in-
to the seawater to form the bubble plume. Therefore, the plume
is the direct representation of seafloor cold seep activity and of-
fers direct evidence of seafloor gas leakage, which is a topic of
growing concern for scientists (Liu et al., 2015) because the pre-
cipitation of seeping natural gas hydrate is closely related to sea-
floor cold seep activity. Additionally, the methane bubble plume
caused by seafloor cold seep activity is an important indicator of
changes in the marine environment and even the global climate.

An obvious wave impedance interface is formed between the
seawater and the bubbles such that acoustic waves might scatter
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Fig. 1. Bubble plume in cold seepage in the Okhotsk Sea (Luan
etal., 2010).

when they encounter bubbles during propagation in seawater
(Wu and Aki, 1993). The bubble plume in the water body can be
identified using scattering imaging theory. Currently, the plume
is generally identified using photography and sonar acoustic
technology (Chen et al., 2019; Sauter et al., 2006; Shipboard Sci-
entific Party, 2002; Luan et al., 2010; Sassen et al., 2001), and the
resolution of the images obtained by sonar is relatively high with
a clearly visible plume (Fig. 1) because the high detection fre-
quency of sonar yields high resolution (Luan et al., 2010). In con-
trast, the acoustic wave frequency and the resolution of seismic
exploration are relatively low, which causes that seismic imaging
is not as clear as that of sonar (Fig. 2a). However, the seismic
method has the advantages of a large area of seismic exploration
and low cost. Certain problems related to the hydrate can be fur-
ther studied through research on the seismic response caused by
the plume, e.g., the gas content of plume can be inverted accord-
ing to the seismic response and used to estimate the hydrate re-
serves in the seafloor formation for exploration of decomposition
and the migration law of the hydrate (Fu et al., 2019).

Numerical simulation of bubble plumes has been studied by
seismic method. The plume was simulated numerically earlier
(Li et al., 2013). The seismic response and seismic attributes of
plume was further analyzed (Li et al., 2016, 2017). By analyzing
the results of a complex cold seepage bubble scattering model,
Duan et al. (2020) concluded that the seismic response can ac-
curately describe the submarine cold seepage plume. The nu-
merical simulation and synthetic examples shown in the re-
search demonstrate the feasibility of the seismic oceanography
method to investigate the dynamics of processes related to sub-
marine bubble plumes (Chen et al., 2020).

The seismic migration section in an area of the South China
Sea (Fig. 2b) shows gas chimneys, fracture structures, typical BSR
(bottom simulating reflector) and a blank zone. Figure 2a
presents the seismic migration section of seawater containing the
bubble plume in the same area as Fig. 2b, which obviously shows
that the seismic response caused by the plume is distributed in a
vertical strip, with fewer bubbles in the shadow formation than in
the deep formation. At the same time, cold seep and hydrate oc-
cur on the seafloor of this area. Figure 2 shows that the gas chim-
ney and fracture create a migration pathway for the methane to
spill out into the seawater, and the decomposition of natural gas
hydrate is the source of the bubble plume. Therefore, the plume
plays a role in indirect indication of exploration and identifica-
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Fig. 2. Bubble plume (a) and seismic migration section (b) in the
survey area in the South China Sea (You et al., 2015). BSR: bot-
tom simulating reflector, CDP: common depth point, SEQNO: se-
quence number.

tion of natural gas hydrate. This evidence shows that the seismic
method can be used to detect the bubble plume in the water
body. In addition, the seismic method is one of the main means
used to detect the plume for regional exploration. However, a set
of complete methodology is not available for processing of seis-
mic data for plume identification, and no conclusion has been
reached internationally for how to handle the seismic response
mechanism of the plume.

Therefore, further study of the seismic response mechanism
for a bubble plume in the cold seep activity area is needed to de-
termine whether the change in gas content causes the change in
seismic response and whether the gas content is related to the
amplitude attribute. In this paper, based on the established
plume model and its migration section (You et al., 2015), the seis-
mic attributes are extracted from the migration sections of differ-
ent gas content models to obtain a relation model between the
gas content and seismic attribute, which is applied in the seismic
section of a real plume to obtain the gas content section corres-
ponding to the seismic section of the real plume. Therefore, this
section can more intuitively reflect the distribution situation of
the gas content of the plume, from which the distribution law of
seafloor bubbles can be deduced to lay a foundation for further
estimation of the gas content of the plume and hydrate reserves.
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2 Pume model and migration section

Using the analysis of the characteristics of seawater contain-
ing bubbles and according to the shape features of the plume and
the bubble distribution characteristics detected by sonar, the
model of velocity of the plume is established, and the seismic mi-
gration section is obtained via reverse-time migration pro-
cessing. Li et al. (2013) and You et al. (2015) have achieved these
research results, and the studies in this paper are performed
based on this foundation. To better understand the entire paper,
model establishment and acquisition of the migration section are
briefly described in the following section.

2.1 Establishment of the plume model

At the micro-level, the plume bubbles and surrounding sea-
water belong to a type of typical gas-liquid two-phase medium,
and therefore, calculation of the plume velocity is performed ac-
cording to the average effective medium theory of Reuss (Mavko
et al., 2003). The section of the real plume shows that the plume
bubbles in the seawater exist in a state of random distribution
during the process of continuous rising. The seawater medium
containing the bubbles belongs to the random medium. Thus,
the distribution state of the plume bubble is realized using the
random medium theory (Korn, 1993). Because the shape of the
real plume is a half ellipse (Luan et al., 2010), the simulation of
the plume shape is described by the elliptic function (Yuan et al.,
2013; Xia et al., 2012).

Reuss average effective theory (Mavko et al., 2003) is intro-
duced below (You et al., 2015).

1 S  1-6,

Kn Ky Ky '

p = Sgpg + (1 — Sg)pw, 1)
Ky

V=14/—,
P

where K, and K|, are the bulk moduli of gas and water, respect-
ively; in petrophysics, S, is saturation such as hydrate formation,
and S, is methane gas content in the effective medium; p, and p,,
are the densities of gas and water, respectively; Ky, p and v are the
effective bulk modulus, density and velocity of gas and water, re-
spectively.

To better simulate the seismic response of the plume, the
model is established with two formations. The background of
Formation 1 is seawater, and the middle is the plume in the
shape of a semi-ellipse. Formation 2 is the seafloor that contains
deposits rich in gas.

To study the difference in the seismic response caused by the
change in the background gas content of the plume, five plume
models with gradually increasing gas content are established,
and the background gas content of the five models is respectively
1%-5%-1%, 5%-10%-5%, 10%-15%-10%, 15%-20%-15% and
20%-25%-20%. The model of the background gas content of
1%-5%-1% is selected as an example (Fig. 3). The detailed pro-
cedure of establishment of the plume model is referred to the lit-
erature (You et al., 2015).

Sg in the Eq. (1) is gas content in the area containing methane
gas in Fig. 3. The test results show that if the background gas con-
tent S; (You et al., 2015) is too small, the difference between the
velocity calculated by Eq. (1) of the effective medium and that of
sea water is very small. Thus the seismic response of plumes is
weak, which will make it more difficult to image. Therefore, the
background gas content S in the simulation is a little large.
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Fig. 3. Model of the velocity of the plume (You et al., 2015).

2.2 Pre-stack reverse-time migration of the plume model

The finite difference method is used to solve the acoustic
wave equation to obtain shot-gather records of the five plume
models. The acquisition parameters are as follows: the length of
survey line is 1 000 m in the horizontal direction and at zero
depth; the grid subdivision is 1 mx1 m; the dominant frequency
of a seismic wavelet is 140 Hz. The observation system is as fol-
lows: seismic waves are received at all arrays; the receiver array is
fixed, with the shot point moving from left to right, and its interval is 10 m,
amounting to 101 shots; the depth of seismic source is 0 m, and
the trace interval is 1 m, amounting to 1 000 traces; and the least
offset is 0; the record length is 1.4 s and the sampling rate is 0.2 ms.
The shot-gather records of the five models are processed using
pre-stack reverse-time migration, and the migration section is
obtained.

Frequency is important in acoustic detection of plumes.
Figure 1 is high frequency acoustic image and its excitation fre-
quency is about tens to hundreds of kilohertz. The data of shot-
gather and trace-gather are extracted from the seismic section in
Fig. 2a, and its spectrum is shown in Fig. 4. Its frequency band-
width is about 0-200 Hz in Fig. 4. According to the frequency fea-
tures in acoustic images and real seismic sections, the dominant
frequency of a seismic wavelet is selected as 140 Hz to obtain the
seismic imaging result with higher resolution in simulation.

Select one section as an example, as shown in Fig. 5. Com-
pared with the plume section detected by sonar (Fig. 1) and the
seismic migration section of the plume (Fig. 2a), the imaging res-
ult obtained via reverse-time migration processing has better
quality, with higher precision, and the boundary convergence ef-
fect is better, thus maintaining the shape features of the plume.
This research result shows that the plume can produce a seismic
response, and different gas contents might cause changes in dif-
ferent corresponding seismic responses. Therefore, the result
shows that the bubble plume can be identified via seismic means,
thus to lay a foundation for the study and analysis of the corres-
ponding relation between the gas content and seismic attribute.

3 Seismic attribute extraction and seismic data

After formulating the migration sections of the shot-gather re-
cords for the plume, it is necessary to further analyze the correla-
tion between the gas content and seismic response. This analysis
involved extracting the seismic attributes from the seismic migra-
tion sections of different gas content to establish the relation
model between the gas content and seismic attribute and invert
the gas content of the plume with application of the seismic data.

3.1 Amplitude attribute extraction

The analysis technology for the seismic attribute is widely ap-
plied in stratum and lithological interpretation, reservoir evalu-
ation and reservoir characteristics, and in detection of reservoir
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Fig. 4. The spectrum of seismic section in Fig. 2a. a. The spec-
trum of trace-gather; b. the spectrum of shot-gather.
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Fig. 5. Migration section of the plume model with a background
gas content of 10%-15%-10% (You et al., 2015).

fluid dynamics, which plays an increasingly more important role
in the exploration and development of oil and gas (Brown, 1996).
Approximately 200 types of seismic attributes are applied in seis-
mic exploration (Taner et al., 1979; Chen and Sidney, 1997). Re-
search (You et al., 2015) shows that the gas content of the plume
is relatively sensitive to the amplitude-class attributes. Therefore,
three typical amplitude attributes are selected, namely, RMS
amplitude, average absolute amplitude, and absolute amplitude
integration.

The formulas of three extracted attribute parameters are giv-
en as follows:

RMS amplitude:
1 n=ny
attl = , | ——— A%(n- At), )
Ny — Ny n:Zn] ( )
Average absolute amplitude:
n=ny
> JA(n- A
=" 3
a p— (€)

Absolute amplitude integration:

n=ny

a3 =y |A(n- Ap)]. 4)

n=m

In each of the above formulas, attn indicates the nth extrac-
ted attribute; 1, 12 respectively indicate the sampling points cor-
responding to the top and bottom of the time window; At indic-
ates the sampling interval; A(n - At) indicates the instantaneous
amplitude; 72 — n; indicate all sampling points in the time win-
dow; and |A(n - At)| indicates the absolute value of the instantan-
eous amplitude.

3.2 Reading of seismic data

To extract the attribute, seismic data need to be read from the
five migration sections of the plume established in this paper.
The reverse-time migration section in Fig. 5 is a 420x1 000 2D
data set. The range of data belonging to the plume is the color
spot area in the figure, and the remaining green area represents
seawater.

Since the plume model is distributed in formations, the data
for three formations in the migration sections are selected as rep-
resentatives from which to extract the seismic attribute, and the
depths of three formations are described as follows: Formation 1
islocated 121-130 m from the sea level, Formation 2 is located
201-210 m from the sea level, and Formation 3 is located 291-300 m
from the sea level. The transverse range of the three formations
consists of 451-550 traces. More specifically, a 10x100 small-rect-
angular 2D data body is extracted for each formation. The back-
ground gas content corresponding to the three formations of the
five models is shown in Table 1.

Table 1. Gas content of three formations of five models

Model Formation 1 Formation 2 Formation 3
ml 0.018 0.05 0.030
m2 0.060 0.10 0.076
m3 0.110 0.15 0.120
m4 0.160 0.20 0.176
mb5 0.210 0.25 0.226

4 Forward model of the correlation between the gas content of
the plume and the seismic attribute
Three amplitude attributes are extracted for the seismic data
in three formations of the migration section of five models, and
the relationship between the gas content and the seismic attrib-
ute is established. The relation model between both factors is ob-
tained by the fitting method.

4.1 Correlation between the gas content and the seismic attribute

of three formations

According to the above method of extraction for seismic data
from the migration section of the plume, the data from three
formations are extracted from each section and substituted into
Eqgs (2)-(4) of the amplitude attribute to calculate the amplitude
attribute values. With the background gas content (Table 1) of the
three formations of five models used as the horizontal coordin-
ate and the corresponding amplitude attribute values of five
models applied as the longitudinal coordinate, the relationship
between the gas content and the amplitude attribute of the three
formations is obtained, and their scatter diagrams and trend lines
are illustrated in Figs 6-8.

Figures 6-8 above show that in each formation, as the gas
content increases, the values of three amplitude attributes cor-
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respondingly increase and present a significantly increasing
trend with relatively good linear correlation. This result occurs
because the gas content of the plume is correlated with the
volume content, and if the gas content increases, the bubble radi-
us also increases. Thus the scattering caused by the seismic wave
is more obvious, and the energy of the scattered wave increases
as well. The other reason for this result is that large bubbles split-
ting into small bubbles partly causes the increase in the gas con-
tent of the plume, and the random characteristics of the gas-li-
quid random medium are more obvious. Therefore, the scatter-
ing caused by the seismic wave is stronger, and the energy of the
scattered wave also increases.

In Figs 6-8, by applying the fitting technique, the linear cor-
relation between the gas content of the plume and the amplitude
attributes of the three formations becomes more obvious. Correl-
ation coefficients between gas content and amplitude attributes
of three formations are close to 1.0, as shown in Table 2. It proves
that the linear relationship between gas content and seismic at-
tributes is very good.

The relation models between the gas content and the three
amplitude attributes are further obtained from the fitting func-
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tion, as shown in Table 3.

In Table 3, y,,, indicates the nth formation and the mth amp-
litude attribute, and x,,,, indicates the nth formation and the gas
content corresponding to the mth amplitude attribute. The table
shows that the fitting relation between the gas content of the
plume and the three amplitude attributes of the three formations
is a linear relation that can be described using a simple linear
function. The independent variable coefficients of the RMS amp-
litude and the average absolute amplitude are similar, the inter-
cepts of Formation 1 and Formation 3 are similar, and the inde-
pendent variable coefficients of the absolute amplitude integra-
tion of the three formations are related. Therefore, it is necessary
to unify the results of the three formations and obtain a general
relation model.

4.2 Model of the overall relation between the gas content and the
seismic attribute
From above, the independent variable coefficient is similar in
the fitting relation between the gas content of the plume and the
three amplitude attributes of three formations. To obtain the
general model of the relation between the gas content and the
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Table 2. Correlation coefficients between gas content and amplitude attributes of three formations

125

Amplitude attributes Formation 1 Formation 2 Formation 3
RMS amplitude 0.9893 0.997 4 0.980 7
Average absolute amplitude 0.9773 0.9947 0.9858
Absolute amplitude integration 0.9773 0.994 7 0.9858

Table 3. Relation models between the gas content and amplitude attributes of three formations

Amplitude attribute Formation 1

Formation 2 Formation 3

RMS amplitude
Average absolute amplitude

Absolute amplitude integration ¥15=25.2x,5+0.67

¥11=0.062 8x,,+2.5x10~
¥1,=0.025 2x,,+6.7x10~

¥51=0.043 5x,,+1.2x10-3
¥2,=0.019 1x,,+1.6x10-3
V03=19.1x,,+1.6

¥31=0.044 4x,,+5.9x10~
¥3,=0.022 8x,,+8.0x10~*
V33=22.8x3,+0.8

amplitude attribute, the gas content and the corresponding three
amplitude attributes of the three formations in Table 3 are com-
bined to obtain the overall relationship between the gas content
and the three amplitude attributes (Fig. 9).

The model of the overall relation between the gas content of
the plume and three seismic attributes is a linear correlation in
Fig. 9. As the gas content increases, the three amplitude attrib-
utes present a significantly increasing trend. Using the linear fit-
ting method, the comprehensive fitting relation model between
the gas content of the plume and the three seismic attributes are
obtained as follows:

Relation model between the RMS amplitude and gas content:

y1 = 0.048x; +7.99 x 107*, 3)
Relation model between the average absolute amplitude and
gas content:

¥2 = 0.023x; + 9.68 x 1074, (6)
Relation model between the absolute amplitude integration
and gas content:

y3 = 22.51x3 + 0.968. @)
In the above expression, y, indicates the nth amplitude attrib-
ute, and x, indicates the gas content corresponding to the nth
amplitude attribute.
In Fig. 9, correlation coefficients between gas content and
amplitude attributes are close to 1.0, as drawn in Table 4. It also

14

shows that the linear relationship between gas content and seis-
mic attributes is very good.

The above result laid a good foundation for inversion of the
gas content of the real plume data in the next step.

5 Inversion of the gas content from a real seismic data-bear-
ing plume

The models of the comprehensive fitting relation between the
gas content of the plume and the three amplitude attributes (Eqs
(5)-(7)) are obtained from research on numerical simulation of
the plume, as described previously, and in this section, the rela-
tional models are applied to a real seismic data-bearing plume.
In the relational models, y, indicates the nth amplitude attribute.
Therefore, the seismic amplitude section of the real plume is first
converted to an amplitude attribute section, and the attribute
section is converted to the gas content section through the fitting
relation model.

5.1 Conversion of the seismic section of a real plume to an attri-

bute section

The seismic migration section of the plume is shown in
Fig. 10 for a certain survey area in the South China Sea. Because
the amount of data is large, only the data at the position of the
dark color are selected in the section, which indicates that the
plume bubble is dense with large content. The range of data se-
lected is 1 000 traces (CDP 2101-3100) in the transverse direction.
Six hundred sampling points are collected in time (the sampling
interval is 2 ms), from 600 ms to 1 800 ms, and the data collected
form a 600x1 000 2D array. A 50x5 small time window 2D array is
selected from Column 1 to Column 5 and from Row 1 to Row 50
in the 600x1 000 2D array and substituted into Eqs (2)-(4) of the
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Fig. 9. Overall fitting relation between gas content and amplitude attribute.

Table 4. Correlation coefficients between gas content and amplitude attribute

Amplitude attributes RMS amplitude

Average absolute amplitude

Absolute amplitude integration

Correlation coefficients 0.9495

0.9777 0.9777
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Fig. 10. Plume section of a certain survey area in the South
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amplitude attribute to obtain three amplitude attributes. The
small time window is shifted longitudinally, and one sampling
point is shifted each time to obtain three amplitude attributes in
every shift. When the small time window is shifted to Row 600
longitudinally, and the small time window is shifted from
Column 2 to Column 6 transversely, the longitudinal shift is re-
peated. One sampling point is shifted each time to obtain three
amplitude attributes in every shift to eventually obtain three
551x996 2D amplitude attribute sections (Fig. 11).

By extracting the amplitude attribute in the range of 600-
1 800 ms in the longitudinal direction and 1 801-2 800 traces in
the transverse direction in the section of real plume (Fig. 10),
three sections of the amplitude attribute (Fig. 11) are obtained.
The light and dark colors in the figure show that the attribute sec-
tion of the plume is the same as the distribution situation of the
corresponding position in the seismic section: the color of the
section in the lower right corner is dark, which shows that the
amplitude value is large, the scattering energy is strong, and the
distribution of plume bubble is dense. Therefore, further work
can be performed. Using the relation model between the gas con-
tent and the seismic attribute, the three sections of the amp-
litude attribute in Fig. 11 are converted to three sections of gas
content.

5.2 Inversion of the attribute sections of a real plume to gas con-
tent sections

Using the attribute sections obtained from above section, the
amplitude attribute values in three 2D attribute sections are sub-
stituted into Eqgs (5)—(7) of the overall relation model between the
gas content of the plume and the amplitude attribute to invert the
gas content and obtain three corresponding gas content sections
of the plume (Fig. 12).

In Fig. 12, the range of the three gas content sections remains
nearly the same for values below 0.4, namely, 40%. The value of
the gas content inverted by the RMS amplitude attribute is large,
amounting to 40%. The gas content inverted by the average abso-
lute amplitude and absolute amplitude integration is similar for
values less than 0.35, namely, 35%. Thus, the three amplitude at-
tributes could be integrated in actual application to invert the gas
content.

The inverted gas content in Fig. 12 seems to be relatively high.
This may be related to the setting of gas content in the numerical
simulation. In order to produce obvious seismic response of
plumes, the background gas content S, is a little large in Fig. 3.
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Fig. 11. Three sections of the amplitude attribute. a. RMS amp-
litude; b. average absolute amplitude; c. absolute amplitude in-
tegration.

The relation model between gas content and amplitude attribute
is obtained by numerical simulation, and the gas content of a real
plume in Fig. 10 is inversed by the relation model. Therefore, the
higher gas content inverted may be caused by the higher gas con-
tent in the simulation. Moreover, it is believed that the estimated
gas content is a relative value. That means small gas content can
also be estimated when magnitudes of seismic response of
plumes are relatively small.

Compared with the seismic section of the real plume (Fig. 10),
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Fig. 12. Gas content sections inverted by the amplitude attrib-
utes. a. Gas content section inverted by the RMS amplitude at-
tribute; b. gas content section inverted by the average absolute
amplitude attribute; c. gas content section inverted by the abso-
lute amplitude integration attribute. CDP: common depth point.

the attribute section (Fig. 11) and the gas content section (Fig. 12),
the three types of sections have common distribution character-
istics, namely, the color of the section in the lower right corner is
dark, the corresponding attribute value is large if the amplitude
value is large, and the inverted gas content value is correspond-
ingly large (because the gas content and the amplitude attribute

present a linear correlation), which shows that the distribution of
the plume bubble is dense. Therefore, the seismic section of the
real plume is inverted into the gas content section of the plume,
which can intuitively reflect the distribution situation of the
bubble content.

6 Conclusions

To study the seismic response characteristics caused by the
plume and further invert the gas content of the plume, the plume
model is established based on the equivalent medium theory and
random medium theory. To analyze the difference in the corres-
ponding seismic response caused by the change in the gas con-
tent of the plume, five plume models of gradually increasing gas
content are established. A relatively high quality seismic migra-
tion section of the plume is obtained by processing the seismic
data using pre-stack reverse-time migration.

Three amplitude-class attributes (RMS amplitude, average
absolute amplitude and absolute amplitude integration) are ex-
tracted for three formations of the five seismic migration sec-
tions of the plume to obtain the relationship between the gas
content and the seismic attribute. As the gas content increases,
the amplitude attribute value significantly increases, and the lin-
ear correlation is relatively good, and correlation coefficients
between gas content and amplitude attributes are close to 1.0.
The relation model between both factors is obtained using linear
fitting. To obtain a unified relation model between the gas con-
tent and the seismic attribute, three amplitude attributes of the
three formations of the plume are combined to obtain the overall
relation model of the gas content and seismic attribute.

To invert the gas content of the real plume, the seismic sec-
tion of the real plume is first converted to the attribute section.
Then, the overall relation model between the gas content and
seismic attribute obtained is used to back-calculate the gas con-
tent to obtain the gas content section. The gas content section of
the plume is compared with the attribute section and real seis-
mic section to show that they share common distribution charac-
teristics. Specifically, the color of section in the lower right corner
is dark. If the amplitude value of the seismic section of the real
plume is large, the amplitude attribute value of the correspond-
ing attribute section is large, and the inverted value of the gas
content is correspondingly large (because the gas content and
the amplitude attribute present a linear correlation), which indic-
ates that the plume bubbles of the section in the lower right
corner are intensively distributed.

The gas content section of the plume that is finally obtained is
able to more simply and intuitively reflect the distribution situ-
ation of plume bubble content, from which the distribution law
of the seafloor bubbles can be deduced. The relation model
between the gas content and the seismic attribute in this paper is
a preliminary result, and its practicability must be further dis-
cussed and verified. Nevertheless, this work represents import-
ant progress in seismic research on the plume.
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