energies

Article

High-Resolution Seismic Characterization of Gas Hydrate
Reservoir Using Wave-Equation-Based Inversion

Jie Shao 2, Yibo Wang 1'2*, Yanfei Wang 12 and Hongyong Yan 12

check for
updates

Citation: Shao, J.; Wang, Y.; Wang, Y.;
Yan, H. High-Resolution Seismic
Characterization of Gas Hydrate
Reservoir Using Wave-Equation-
Based Inversion. Energies 2022, 15,
7652. https://doi.org/10.3390/
en15207652

Academic Editor: Hossein Hamidi

Received: 6 September 2022
Accepted: 12 October 2022
Published: 17 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Petroleum Resource Research, Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing 100029, China

Innovation Academy for Earth Science, Chinese Academy of Sciences, Beijing 100029, China
*  Correspondence: wangyibo@mail.iggcas.ac.cn

Abstract: The high-resolution seismic characterization of gas hydrate reservoirs plays an important
role in the detection and exploration of gas hydrate. The conventional AVO (amplitude variation
with offset) method is based on a linearized Zoeppritz equation and utilizes only the reflected wave
for inversion. This reduces the accuracy and resolution of the inversion properties and results in
incorrect reservoir interpretation. We have studied a high-resolution wave-equation-based inversion
method for gas hydrate reservoirs. The inversion depends on the scattering integral wave equation
that describes a nonlinear relationship between the seismic wavefield and the elastic properties of
the subsurface medium. In addition to the reflected wave, it considers more wavefields including
the multiple scattering and transmission during inversion to improve the subsurface illumination,
so as to enhance the accuracy and resolution of the inversion properties. The results of synthetic
data from Pearl River Mouth Basin, South China Sea, demonstrate the validity and advantages of the
wave-equation-based inversion method. It can effectively improve the resolution of inversion results
compared to the conventional AVO method. In addition, it has good performance in the presence of
noise, which makes it a promising method for field data.
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1. Introduction

Gas hydrate is an ice-like solid formed of water and gas. It is composed of a methane
molecule enclosed within a crystalline structure of water molecules [1-4]. There is abundant
methane in gas hydrate. The carbon stored in gas hydrate is about twice the total carbon
content of all fossil fuels (including coal, oil, and natural gas) [5]. The advantages of gas
hydrate make it a potential energy resource in the future. However, from the environmental
aspects, the methane in gas hydrate is a powerful greenhouse gas. It is 20-30 times more
potent at trapping heat in the atmosphere than carbon dioxide [6,7]. Climate and ocean
warming may reduce the stability of gas hydrates, leading to hydrate dissociation and thus
the release of methane into the ocean and overlying sediments. The released methane may
eventually reach the atmosphere and aggravate the greenhouse effect [6]. Thus, gas hydrate
reservoirs have a possible impact on climate change. The detection and exploration of gas
hydrate reservoirs are important from both the energy and environmental perspective.

The occurrence of gas hydrate is controlled by the geological environment. Sufficient
concentrations of methane are necessary to form the gas hydrate reservoir. The methane
may be generated by biological activities in sediments, and it may also migrate from the
organic matter at depth. Therefore, natural gas hydrate is most likely to be formed at
locations wherein active upward fluid migration occurs, such as oceanic and lacustrine
sediments [8]. In addition, gas hydrate in nature is usually found in areas with high
pressure and low temperature, such as the seafloor and permafrost sediments. The pressure
and temperature conditions in these areas can keep gas hydrate stable [9]. According to the
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geological environment and physical properties, the geological gas hydrate deposits can
be categorized into five major types [10]. The regionally disseminated low-concentration
hydrate is primarily found in mostly impermeable clays. In this case, methane hydrate
fills pores and/or displaces sediment grains to form crystals or nodules from a few tens
of meters below the seafloor to the base of the gas hydrate stability zone (GHSZ). The
saturation of methane hydrate is less than ~10%. The fracture-filling hydrate is usually
found in clay-dominated fracture sediments at non-vent sites. This type of hydrate is
distributed at a shallow depth (e.g., 50-300 mbsf) below seafloor with a low-to-moderate
saturation. In addition, the hydrate may be enriched at the base of the GHSZ in muddy
sediments. The saturation of this type of hydrate commonly increases abruptly, with depth
from the background value in the muddy sediments, to more than 10% near the base of
the GHSZ. The fourth type is concentrated hydrate at vent sites. This type of hydrate may
exist from near the seafloor to approximately 50 mbsf, or it may be as deep as ~160 mbsf.
The saturation ranges from 40% to >90%. The final type is concentrated hydrate in sandy
sediments. It may be found above the base of the GHSZ and is composed of gas hydrate in
thin sandy or silty beds bounded by sandy sediments. It may also be found in thick sandy
sediments that cross or near the base of the GHSZ.

Seismic technology plays an important role in the detection and exploration of gas
hydrate reservoirs. Seismic data have been successfully applied in the identification of
gas hydrate reservoirs together with other geophysical methods, including seismic facies
analysis. Yoo et al. have studied multichannel seismic reflection and well-log data from the
Ulleung Basin, East Sea [11]. These data have revealed several seismic features indicative of
gas hydrate occurrence, including the bottom-simulating reflector (BSR), seismic chimneys,
acoustic blanking, enhanced reflection below the BSR, and seafloor gas-escape features. The
BSR is formed by a strong impedance contrast between the overlying sediments containing
gas hydrate and the underlying sediments containing free gas [12,13]. It is usually parallel
to the seafloor and has high amplitude and reversed polarity with respect to the seafloor
reflection. However, the BSR does not necessarily translate into the existence of gas hydrate
because it might be present in the sediments without gas hydrate [14]. Seismic chimneys
are characterized by low-to-high, upward-bending internal reflections. The velocity inside
the chimney is higher than that in the surrounding sediments, which is caused by the
active migration of fluid gas into the GHSZ. The acoustic blanking in the seismic profile
may be attributed to the energy attenuation due to the presence of free gas or the poor
seismic energy penetration due to the strong reflection from a layer of gas hydrate. The
enhanced reflection below the BSR is correlated with the strong impedance contrasts due
to free gas accumulation below the BSR. When the upward-migrating gas escapes into
the water column through the seafloor pockmarks and mud mounds, gas seepage at the
seafloor can be found [15]. Riedel et al. have added an additional element into a regional
assessment strategy of gas hydrate occurrence by including the depositional environment
defined through seismic facies classes [16]. The seismic facies classification is attempted
using regional 2D seismic data and a 3D seismic volume, as well as core and log data from
two gas hydrate drilling expeditions carried out in the Ulleung Basin, East Sea, to conduct a
fully integrated gas hydrate assessment. Wu et al. have analyzed the drilling results in the
Shenhu Area, South China Sea [17]. In the case that free gas exists beneath hydrate deposits,
the frequency of the hydrate deposits will be noticeably attenuated, with the attenuation
degree mainly affected by pore development and free gas content. Thus, frequency can be
used as an important seismic attribute to identify hydrate reservoirs. These parameters
could indicate the occurrence of gas hydrate; however, they fail to quantify it.

Amplitude variation with offset (AVO) is a conventional technique for quantitative
reservoir characterization [18,19]. It can predict the elastic parameters of formation (P-wave
velocity, S-wave velocity, and density) from the seismic data. Then, the rock and fluid
properties of the reservoir (lithology, porosity, permeability, and saturation) can be esti-
mated from the predicted elastic parameters based on rock physics models. Chen et al.
applied AVO inversion to calculate the P- and S-wave velocities and density and then to
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estimate the gas hydrate and free-gas concentrations above and below the BSR interface.
The estimated gas hydrate and free-gas concentrations are at a 90% credibility level. The
results indicate that this method cannot provide enough accuracy for resolving the gas
hydrate and free-gas concentrations independently [20]. Ojha and Sain performed an
amplitude versus angle (AVA) modeling of seismic data from a BSR to calculate the P-
and S-wave velocities and then derived the saturation of gas hydrate with rock physics
modeling. The results can help to understand the origin of BSR [21]. Zhang et al. performed
AVO forward modeling and AVO attribute inversion to the seismic data from the Shenhu
area [22]. Their results confirmed that the AVO attributes depend on the content of gas hy-
drate and free gas. However, most of the current AVO method only considers the reflected
wave for inversion. It is built based on the approximation of the Zoeppritz equation [23,24].
The simplified equation indicates a linear relationship between the reflected wavefield
and the contrast variables of P- and S-wave velocities and density (i.e., AVp/Vp, AVs/ Vs,
and Ap/p). In fact, the seismic wavefield is usually non-linear with respect to the elastic
properties of the subsurface medium. Therefore, the conventional AVO method based on
the linearized Zoeppritz equation reduces the accuracy and resolution of the inversion
properties, resulting in incorrect reservoir interpretation.

Different methods have been proposed to improve the accuracy and resolution of the
conventional seismic inversion method. Alemie and Sacchi proposed a high-resolution
three-term AVO inversion by introducing a Trivariate Cauchy probability distribution. This
distribution can model the prior distribution of the AVO parameters with sparsity, thus
leading to a high-resolution estimate of subsurface models [25]. Zhang et al. introduced
low-frequency information to improve the resolution [26]. Niu et al. proposed a data-
driven method to improve the linear approximation of the conventional AVO inversion
method. Well-logging data were used to correct the inaccurate linearized AVO operators.
The results of synthetic and field data demonstrated that the accuracy and resolution of
the inverted results were improved using the proposed method [24]. Yi et al. proposed a
new method using stepwise seismic inversion and 3D seismic datasets with two different
resolutions [27]. The proposed method can track a thin gas hydrate-bearing sand layer
compared with the conventional seismic inversion method with a maximum resolution
of ~10 m. The gas hydrate distribution around the UBGH2-6 well in Ulleung Basin was
estimated successfully using their method.

In this study, we have studied a high-resolution seismic characterization of a gas
hydrate reservoir using a wave-equation-based method. Besides the reflected wave, more
wavefields including multiple scattering and transmission are considered in the inversion
process. We first present theories of the wave-equation-based inversion method. Then, a
synthetic model from Pearl River Mouth Basin, South China Sea, is used to demonstrate
the performance of this method in the high-resolution seismic characterization of the gas
hydrate reservoir. Finally, we discuss the obtained results and the advantages of this
method and provide the conclusions.

2. Methods
2.1. The AVO Inversion Method

The conventional AVO (amplitude variation with offset) inversion method is based
on the approximation of the Zoeppritz equation, which describes the change of reflected
amplitude with incident angle. The Zoeppritz equation is derived for the case of two half-
space media separated by a horizontal interface [28]. As we know, the half-space media
can be characterized by three elastic properties, namely P-wave velocity (Vp), S-wave
velocity (Vs), and density (o). When an incident P-wave hits the interface, it is split into
the reflected P- and S- waves and transmitted to the P- and S- waves. According to the
Zoeppritz equation, the reflection and transmission coefficients are functions of the incident
angle and the three elastic properties. Therefore, the elastic properties can be inverted
from the observed reflection coefficient, which is the basis of the AVO inversion method.
Considering the complexity of the Zoeppritz equation, some approximations are usually
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used to simplify the Zoeppritz equation and provide an intuitive understanding of the
relationship between reflection amplitude and elastic properties. One of the commonly
used approximations, the Aki and Richards approximation [28], is shown in Equation (1).
It assumes that the perturbation in the elastic properties is small.

1 o .= lDp 1 —AVp _5 . »=AVs
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where Vp, Vs, p, and 0 represent the average Vp, Vs, p, and incident angle, respectively,
across the interface. AVp, AVs, and Ap represent the change of Vp, Vs, and p, respectively,
across the interface. 7y represents the ratio of Vs to Vp.
Equation (1) can be expressed in the following matrix form.
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where M represents the number of incident angles. As seen from Equation (2), it describes
a linear relationship between the reflection coefficient and elastic properties. It can be

rewritten as
Gx=d 3)

where G is the linear operator defined by Equation (2), x the unknown elastic properties,
and d the input seismic data.

The objective function of the conventional AVO inversion method is built based on
Equation (3) and is shown as follows:

X = argmianfoH% 4)

The elastic properties are easily obtained by solving Equation (4) using the least
squares algorithm.

As seen from Equation (2), the conventional AVO method is built based on the ap-
proximation of the Zoeppritz equation [23,24]. The simplified equation considers only
the reflected wave for inversion. It indicates a linear relationship between the reflected
wavefield and the contrast variables of P- and S-wave velocities and density (i.e., AVp/Vp,
AVs/Vs, and Ap/p, respectively). In fact, the seismic wavefield is usually non-linear with
respect to the elastic properties of the subsurface medium. Therefore, the conventional AVO
method based on the linearized Zoeppritz equation reduces the accuracy and resolution of
the inversion properties, resulting in incorrect reservoir interpretation.

2.2. The Wave-Equation-Based Inversion Method

The wave-equation-based inversion is employed to realize the high-resolution seismic
characterization of the gas hydrate reservoir [29]. Given an initial subsurface model, the
wave-equation-based inversion method first simulates the seismic wavefields using the
given model and updates the model from the differences between the simulated wavefields
and real data. The seismic wavefields are simulated based on the scattering integral
equation for elastic waves [30,31]. As we know, the three elastic properties, namely Vp, Vs,
and p, can be expressed in terms of the elastic moduli as follows:

+337) ©)

Vs =+~ (6)
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where the compressibility « is related to the bulk modulus K as x = %, and the shear
compliance M is related to the shear modulus y as M = % Assuming that the smooth
background medium (xo, My, pg) is known, the contrasts against the background (x«, xm.,

and x,) are formulated as
K — Ko

Xk = %0 (7)
M- M
XM= " (8)
P —pPo
— v 9
Xp 00 )

Therefore, the scattering integral equation for elastic waves in the frequency domain
is expressed by the contrast functions as

p(z, 25, w) = py(z, 25, w) + /G(z,z’,w)x(z')p(z’,zs,w)dz’ (10)
D

where p(z, zs, w) represents the total seismic wavefield propagating in the true medium,
and p,(z, zs, w) the incident wavefield propagating in the background medium. They are
excited by a source at z; and recorded at each depth z in the subsurface medium. The second
term on the right of the equal sign in Equation (10) represents the scattered wavefield field.
G(z,7/,w) is the Green’s function. D defines the objective domain of interest. p,(z, z;, w)
and Gy(z,z/, w) are pre-calculated using the known background medium. As seen from
Equation (10), the relationship between the total seismic wavefield and the elastic properties
of the subsurface medium is nonlinear. This nonlinearity indicates that multiple scattering
and transmission are considered for the inversion of medium properties, not only the
reflected wavefield. Therefore, the inversion method based on Equation (10) can improve
the accuracy and resolution of the inversion properties compared with the conventional
AVO method based on Equation (2). However, it has a higher computational cost.

According to Equation (10), the total wavefield p(z, zs, w) is obtained once the contrast
function x(z’) is known. After the total wavefield p(z, zs, w) is calculated, the seismic data
P4(zr, zs, w) recorded at the receiver z, are given as follows:

Pi(zr, 25, w) = /G(zr,z,w)x(z)p(z,zs,w)dz (11)
D

The wave-equation-based inversion scheme is built based on the above Equations (10)
and (11), and is implemented in an iterative manner by alternately updating the contrast
models with a current best knowledge of the total wavefield and then updating the total
wavefield with a current contrast model. The objective function of the contrast model
update is based on the misfit between actual and synthetic data and is shown as follows:

X = argmin||d(zy, z, @) — p(zr, 25, @)||3 (12)

where d(z;, zs, w) is actual seismic data and p;(z;, zs, w) is synthetic data calculated by
Equation (11). The total wavefield in Equation (11) is the incident wavefield at the first
iteration and fixed at the current best estimate in the subsequent iterations.

The inversion process defined by the objective function in Equation (12) is unstable
because there are always some forms of noise in the actual seismic data. Therefore, a
regularization term is introduced to stabilize the inversion process. There are many different
regularization methods, such as Tikhonov regularization [32,33] and total variation (TV)
regularization [34] et al. We use a Sobolev norm-based regularization [35,36] which is
shown as follows:

W;:Z:(sz‘V)(z+s)p/2,s>0 (13)
z
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Equation (13) becomes TV regularization when p = 1. It becomes Tikhonov regu-
larization when p = 2. Therefore, the Sobolev norm-based regularization is a blend of
the Tikhonov regularization and the TV regularization. In this study, we set p to decrease
gradually from 2 to 1 in a logarithmic decreasing manner during the inversion process.
This can ensure the smoothness of the inverted models in the early iteration of inversion
and preserve the boundary of the models in the later iteration.

The regularization term can be added in an additive and multiplicative manner. Com-
pared with additive regularization, multiplicative regularization can avoid the selection of
a regularization parameter that balances the data misfit and regularization term. There-
fore, we select multiplicative regularization in this study. The final objective function is
defined as:

x = argmin(||d(zy, zs, w) — py(zr, 25, w) ||§)(Z (VXz-Vxz + g)p/z) (14)

z

Once the contrast model is updated, the total wavefield is updated based on Equation (10)
by fixing the updated contrast model. However, the update of the total wavefield is not
realized at one time. Instead, it is updated iteratively by a Krylov subspace method in
Equation (15):

n . .

p"(z,zs,w) = py(z,2s,w) + Z ' D (z,z5,w) (15)
i=1

where «! is the weighting coefficient, and 7 is the number of iterations. P! (z,25,w) is the

difference between two successive wavefields and is defined as follows [29]:

(2,25, w) = /G(z,z/,w)[x"(z’)pi*l(z’,zs,cu) — XN A, 25, w)]dZ (16)
D

The weighing coefficients a’ are solved when the calculated wavefields by Equations (10)
and (16) fit well. One more order of scattering is added in each iteration of the wavefield up-
date. All orders of scattering are considered until the last iteration in the inversion process.

After the total wavefields are updated, they are substituted into Equations (11) and (12)
again to obtain an improved estimate of the contrast models. This process is iterated until
the synthetic data fits well with the real data. Finally, characteristics (Vp, Vs, and p) of the
subsurface media are obtained by substituting the inversion models into Equations (5) and
(6). Figure 1 summarizes the workflow of the wave-equation-based inversion method. As
shown in Figure 1, the models and total wavefield are updated iteratively in an alternating
manner during the inversion process. The subsurface models are first updated given the
initial background models. Then, the wavefield is updated based on the updated models.
The two processes are repeated until the misfit between the real and synthetic seismic
wavefield is small. The total wavefield is regarded as the summation of the background
wavefield and scattering wavefield. One more order of scattering is considered at each
iteration. As more order scattering fields are included, the inversion models become closer
to the real models. Finally, the total wavefields used for inversion include all multiple
scattering and transmission.
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Figure 1. Workflow of the wave-equation-based inversion method.

3. Synthetic Model and Data

A synthetic model from Pearl River Mouth Basin, South China Sea, is used to verify
the wave-equation-based inversion method. In this section, we first present the geological
setting in the studied area and introduce how the synthetic model and data were derived.

3.1. Geological Setting

The Pearl River Mouth Basin is located in the northern part of the South China Sea.
The Baiyun Sag, located in the southern Pearl River Mouth basin, is the largest and deepest
subbasin in the Pearl River Mouth Basin (Figure 2). It has a water depth of 200~2000 m and
an area of more than 20,000 km? [37-39]. The Baiyun Sag has experienced complex tectonic
evolution, including rifting, depression, and fault block rise and fall. The depositional
environment in the Baiyun Sag evolved gradually from continental into shallow marine
and continental slope deep water facies and finally, substantial deep-water sediments were
developed [40]. The formations from the base to top are the Wenchang Formation of Eocene,
the Enping Formation and Zhuhai Formation of Oligocene, the Zhujiang Formation, the
Hanjiang Formation, the Yuehai Formation of Miocene, the Wanshan Formation of Pliocene,
and the Quaternary sediment [41-43]. The Wenchang Formation and the Enping Formation
are the high-quality source rock that provide gas for the shallow gas hydrate deposits. The
former is lacustrine sediment during the rifting period. The latter is lacustrine sediment
during the fault-depression period. The Zhuhai Formation is a transitional deltaic deposit.
It is composed of littoral sandy mudstone. The Zhujiang, Hanjiang, Yuehai, and Wanshan
formations are shelf edge delta to slope-deep water deposits. They are composed of littoral
mudstone, marine mudstone, and neritic sandstone and mudstone. These strata develop
three sets of reservoir-cap assemblage. A large number of faults are developed in the
study area. They migrate the deep gas to the shallow gas hydrate stable zones. Some thin
gas hydrate reservoirs have been found in the shallow layer. They are distributed tens to
hundreds of meters below the seabed.
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Figure 2. Location of the studied area. The red line indicates the location of the 2D seismic line that
was used to build the geological model in Figure 3.

Depth (km)

Dista%ce (km)
[ Seawater Il Quaternary Gas hydrate reservoir " Wanshan Formation
[ Yuehai Formation Hanjiang Formation = Zhujiang Formation
' Zhuhai Formation 20 Enping Formation Il Wenchang Formation Il Basement

Figure 3. The geological model for synthetic data analysis. The black lines indicate the stratigraphic
horizons and the red lines indicate the faults.

3.2. Synthetic Model and Data

The geological structure of the Pearl River Mouth Basin has been investigated in
detail [37-43] in previous studies. Several geological models have been published. We used
a geological model (in Figure 3) [44] built based on the study of a 2D seismic line indicated
by the red line in Figure 1. The horizontal and vertical intervals of the model are both 5 m.
The seawater depth at this location is about 400~1000 m. As mentioned above, there are
nine different strata below the sea floor defined by their sedimentary environment. A large
number of faults are developed in the study area, indicated by the red lines in Figure 3. The
gas hydrate reservoir was formed in the Wanshan Formation and lies at a depth of 800 m
according to a bottom-simulating reflector in the seismic profile. The thickness of the gas
hydrate reservoir is about 15 m.
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Distance (km)

Based on the well log information and fine velocity modeling in the study area [45,46],
the P-wave velocity (Vp), S-wave velocity (Vs), and density (p) are assigned to the geological
model to simulate seismic wavefields, as shown in Figure 4. Then, seismic wavefields are
modeled using the reflectivity method [47,48]. A total of 850 angle gathers are simulated.
Figure 5 shows examples of obtained seismic angle gathers at 1.25 km, 2.25 km, 3.25 km,
and 4.25 km.

b) 0
3500( ) 1900
- 3000
41600
42500 g
- g 41300

4 0 1 2 3 4
Distance (km)

Distance (km)

Figure 4. The true models for the synthetic data: (a) P-wave velocity, (b) S-wave velocity, and
(c) density. The black lines indicate the stratigraphic horizons and the red lines indicate the faults.
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Figure 5. The noise-free seismic angle gathers at (a) 1.25 km, (b) 2.25 km, (c) 3.25 km, and (d) 4.25 km
of the model.

4. Results
4.1. Inversion of the Synthetic Gas Hydrate Reservoir Model

To compare with the wave-equation-based inversion method, the conventional AVO
inversion method is first applied to all the input gathers to invert the P-wave velocity,
S-wave velocity, and density models. Then, the wave-equation-based inversion method
is performed. The background models used in the conventional AVO inversion and the
wave-equation-based inversion method are obtained by applying Gaussian smoothing
to the real models in Figure 4. The stratigraphic horizons in the background models are
almost unrecognizable, as shown in Figure 6.
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Figure 6. The background models used in the inversion method: (a) P-wave velocity, (b) S-wave
velocity, and (c) density. The black lines indicate the stratigraphic horizons and the red lines indicate
the faults.

Figure 7 shows the inverted P-wave velocity, S-wave velocity, and density models
using the conventional AVO method. The stratigraphic horizons and faults indicated by
the black and red lines in Figure 2 are added to the inverted models to compare with the
true models in Figure 2. The black lines indicate the horizons and the red lines indicate the
faults. As shown in Figure 7, the obtained models using the conventional AVO method are
smooth and have a low resolution. The gas hydrate reservoir cannot be well identified from
the inversion results. The inverted stratigraphic horizons indicated by the black arrows
do not agree well with the real ones. Figure 8 compares the true models (red lines) with
the inverted models (blue lines) at 2.25 km. As shown by the black arrows, it is difficult to
identify the boundary of the gas hydrate reservoir, especially for the S-wave velocity and
density models. The synthetic seismic angle gather after the final inversion at 2.25 km is
shown in Figure 9a. It has a large error with the real seismic gather in Figure 5b, as shown
in Figure 9b. This is because the conventional AVO inversion method only considers the
reflected wavefield and a linear relationship between the reflected wavefield and the elastic
properties of the subsurface medium, thus leading to lower accuracy and resolution.

b) 0
3500( ) 1900
- 3000
_ 1 1600
£
42500 <
a
[
[a]
d 5000 - 1300

I 1000

Figure 7. The inverted models from the noise-free data using the conventional AVO method:

Distance (km) Distance (km)

(a) P-wave velocity, (b) S-wave velocity, and (c) density. The black lines indicate the stratigraphic
horizons and the red lines indicate the faults. The inverted stratigraphic horizons indicated by the
black arrows do not agree well with the real ones.
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Figure 8. Comparison between the true model at 2.25 km and the inverted model from the noise-free
data using the conventional AVO method: (a) P-wave velocity, (b) S-wave velocity, and (c) density.
The black arrow indicates the location of the gas hydrate reservoir.
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Figure 9. (a) Synthetic seismic angle gather at 2.25 km after the conventional AVO method, (b) differ-
ence between the real seismic gather in Figure 5b and synthetic seismic gather in (a).

The inverted models using the wave-equation-based inversion method are shown
in Figure 10. The gas hydrate reservoir is clearly reconstructed with high accuracy and
resolution. More details are shown in the inverted models than in the conventional AVO
inversion results in Figure 7. The inverted stratigraphic horizons agree well with the real
ones. Figure 11 compares the true models (red lines) with the inverted models (blue lines)
at 2.25 km. The inversion results are almost the same as the true models (red lines). The
synthetic seismic angle gather for the final inverted models in Figure 12a exhibits a good
agreement with the real seismic gather in Figure 5b. The error between the two gathers
is small, as shown in Figure 12b. As described in the theory of the wave-equation-based
method, the total wavefields including all multiple scattering and transmission are used for
inversion. This contributes to improving the subsurface illumination by considering more
wavefields. Therefore, the accuracy and resolution of the inversion results are improved.
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Figure 10. The inverted models from the noise-free data using the wave-equation-based inversion
method: (a) P-wave velocity, (b) S-wave velocity, and (c) density. The black lines indicate the
stratigraphic horizons and the red lines indicate the faults.
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Figure 11. Comparison between the true model at 2.25 km and the inverted model from the noise-free
data using the wave-equation-based inversion method: (a) P-wave velocity, (b) S-wave velocity, and
(c) density. The black arrow indicates the location of the gas hydrate reservoir.
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Figure 12. (a) Synthetic seismic angle gathers at 2.25 km after the wave-equation-based inversion
method, (b) difference between the real seismic gather in Figure 3b and synthetic seismic gather in (a).
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4.2. Reliability Analysis for the Noisy Data

Due to the sensitivity to noise of inversion methods, the reliability analysis for the
noisy data is studied to test the influence of noise on the inversion. The noisy seismic
gathers are generated by adding Gaussian random noise. The signal-to-noise ratio of noisy
gathers in Figure 13 is of 10 dB. Then, the wave-equation-based inversion method is applied
to the noisy data. Figure 14 shows the final inverted 2D models. As seen from the results,
the models are still well inverted in the presence of noise. The gas hydrate reservoir is easy
to identify from the inverted models. The inverted stratigraphic horizons still agree well
with the real ones. Figure 15 shows the true (red lines) and inverted (blue lines) models for
the seismic angle gather at 2.25 km. The boundary of the gas hydrate reservoir is clearly
characterized. The synthetic seismic angle gathers after the final inversion in Figure 16a are
similar to the real seismic angle gather in Figure 5b. The noise in the input angle gather is
not fitted, as shown in Figure 16b.
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Figure 13. The noisy seismic angle gathers at (a) 1.25 km, (b) 2.25 km, (c) 3.25 km, and (d) 4.25 km of
the model.
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Figure 14. The inverted models from the noisy data using the wave-equation-based inversion method:
(a) P-wave velocity, (b) S-wave velocity, and (c) density. The black lines indicate the stratigraphic
horizons and the red lines indicate the faults.
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Figure 15. Comparison between the true model at 2.25 km and the inverted model from the noisy
data using the wave-equation-based inversion method: (a) P-wave velocity, (b) S-wave velocity, and
(c) density. The black arrow indicates the location of the gas hydrate reservoir.
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Figure 16. (a) Synthetic seismic angle gathers at 2.25 km after the wave-equation-based inver-
sion method, (b) difference between the real seismic gather in Figure 10b and synthetic seismic
gather in (a).

5. Conclusions

The high-resolution seismic characterization of gas hydrate reservoirs is important for
the accurate evaluation of gas hydrate resources, especially for thin gas hydrate reservoirs.
We have studied a wave-equation-based inversion method for gas hydrate reservoirs in this
work. It is based on the scattering integral wave equation, and a Sobolev norm-based regu-
larization is considered during the inversion. Compared to the conventional AVO method,
the wave-equation-based inversion method can characterize the gas hydrate reservoir with
high resolution by taking into account all the multiple scattering and transmission. The
advantages of this method are validated by a synthetic model from Pearl River Mouth
Basin, South China Sea. Thin gas hydrate reservoirs are distributed in the studied area.
They are buried shallowly and distributed tens to hundreds of meters below the seabed.
The results demonstrate that the wave-equation-based inversion method can provide a
higher resolution and accuracy than the conventional AVO inversion method. It shows
good performance in the presence of noise. This makes it a promising method for the
accurate evaluation of gas hydrate resources, especially for thin gas hydrate reservoirs.
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