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Least-squares reverse time
migration based on the
viscoacoustic VTl pure gP-wave
equation

Shanshan Zhang, Bingluo Gu* and Zhenchun Li

Key Laboratory of Deep Oil and Gas, China University of Petroleum (East China), Qingdao, China

With the deepening of oil and gas exploration and the increasing complexity of
exploration targets, the influence of anisotropy and anelasticity of subsurface
media on seismic imaging cannot be ignored. The least-squares reverse time
migration is developed on the idea of linear inversion, which can effectively
solve the amplitude imbalance, low resolution, and serious imaging noise
problems of RTM. In this paper, based on the viscoacoustic pure gP-wave
equation, the corresponding demigration operator, adjoint operator, and
gradient-sensitive kernel are derived, and the least-square reverse time
migration imaging algorithm of viscoacoustic pure gP-wave in VTl medium
is proposed. During iterative inversion, the inverse of Hessian is approximately
solved to achieve stable attenuation compensation. Finally, we verify the
effectiveness and applicability of the proposed viscoacoustic VTl least-
squares reverse time migration imaging algorithm through the model tests
and field data. The numerical results show that the method can compensate for
the amplitude loss and phase distortion caused by attenuation, and correct the
anisotropy-induced misalignment of the reflection interfaces, which improves
the accuracy and resolution of the imaging profile.

KEYWORDS

VTI media, attenuation and compensation, nearly constant Q model, pure qP-wave,
LSRTM

Introduction

Numerous theories and experiments have demonstrated the prevalence of seismic
anelasticity and anisotropy in subsurface media (Thomsen, 1986; Robertsson et al., 1994).
The inherent anelasticity of subsurface rock layers attenuates seismic wave, causing energy
loss and phase distortion (White, 1975; Dvorkin and Mavko, 2006), which impacts the
quality of seismic images. Meanwhile, the anisotropy of the subsurface medium caused by
mineral particle arrangement in subsurface rocks, fracture direction, or thin layer
development, provokes the wave velocity to vary with the propagation direction when
seismic wave propagates in the subsurface rocks (Xu et al., 2020; He et al., 2021), and this
kinematic property different from that of isotropic medium affects the traveltime
information of seismic wave. Ignoring anisotropy might result in non-negligible
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inaccuracies when researching the seismic wave propagation
characteristics in real Earth media and the imaging position of
structures in migration profiles. Therefore, the effects of
subsurface medium anisotropy and anelasticity in seismic data
processing can no longer be disregarded as requirements for
seismic data resolution and image quality improvement (Wu,
2006; Sun and Zhu, 2018; Fathalian et al., 2021).

Despite the difficulties of acquiring elastic wave seismic data,
the complexity of waveform separation, and the enormous
computational costs, the anisotropic acoustic wave equation
under the acoustic approximation (Alkhalifah, 1998) is still
widely used in seismic exploration (Zhang et al, 2011). In
seismic wave numerical simulation and imaging in complex
VTI media, the existence of qSV-wave can lead to numerical
instability, and in addition, the qSV-wave artifacts need other
processing methods to eliminate (Xu et al., 2020). To avoid the
interference of qSV-wave artifacts, Liu et al. (2009) propose a
directly decoupled pure qP-wave equation to solve the instability
existing in the conventional coupled pseudo-acoustic wave
equation. Du et al. (2007) and Chu et al. (2011) obtain an
approximate pure qP-wave equation in TI media that can be
solved using the finite-difference method (FDM) or pseudo-
spectral method (PSM). Cheng et al. (2013) derive the qP-
wave pseudo-pure mode equation which is applicable to
arbitrary anisotropic media and used the polarization vector
to separate the P- and S-wave to further reduce the
computational costs and suppress the qSV-wave artifacts. Xu
and Zhou (2014) propose the pure qP-wave equation in VTI
media based on the acoustic approximation (Alkhalifah, 1998),
which decouples the qP- and qS-wave using the pseudo-
difference operator. According to the departure between the
direction of the wave vector and SV-wave vibration, Cheng
and Kang, (2016) extract the scalar pure qP-wave field from
the coupled wavefield to improve the imaging accuracy. Li and
Zhu (2018) derive the TTI pure qP-wave equation containing
Poisson’s equation, which can be solved by the FDM.

In addition to research on anisotropy, scholars have made
many studies and efforts in seismic wave propagation and
imaging in anelasticity media. To compensate for the energy
attenuation in seismic data, inverse Q filtering is developed
(Bickel and Natarajan, 1985; Hargreaves and Calvert, 1991; Li
and Wang, 2007). However, the theoretical basis of inverse Q
filtering is wave propagation in a one-dimensional subsurface
medium model, which is not applicable to inhomogeneous
complex geological conditions (Zhang et al.,, 2010). Based on
the continuous development of ray theory, one-way wave
equation, and two-way wave equation methods, more accurate
inverse Q migration algorithms are gradually developed in the
field of prestack depth migration. The ray theory-based
attenuation compensation migration method is difficult to
solve the problem of multipath and caustics area of seismic
wave, and therefore it is difficult to provide high-quality
imaging results under complex geological conditions (Xie

Frontiers in Earth Science

02

10.3389/feart.2022.998986

et al, 2009). Based on the one-way wave equation theory,
Mittet et al. (1995) propose an attenuation compensation
strategy, which is later applied to different wavefield extension
operators by scholars (Wang, 2008; Valenciano et al., 2011).
However, the one-way wave equation migration cannot
effectively image steeply inclined reflection interfaces, which
limits its application in complex geological regions. In
contrast, the two-way wave equation reverse time migration
(RTM) imaging method (Baysal et al., 1983; McMechan,
1983) is one of the most accurate imaging techniques which
can handle all wave types, without angular constraints, and can
handle
Q-compensated RTM algorithms have been more widely

velocity drastic variations. In recent years,
studied and applied. In the RTM process, the way to
compensate for the Q absorption attenuation effect is to make
the seismic wave energy increase during the wavefield
propagation (Zhu et al, 2014; Guo et al, 2016). During the
backward propagation of the viscoacoustic seismic wavefield, the
rapid growth of high-frequency components energy can lead to
instability of the numerical results. To solve this problem,
scholars have proposed methods such as adding regularization
terms (Zhang et al., 2010; Tian et al., 2015; Zhao et al., 2018), and
low-pass filtering (Bai et al., 2013; Zhu et al,, 2014). However,
none of these methods can fundamentally solve the instability
problem.

To further improve the accuracy of Q-compensated imaging,
scholars have developed the least-squares reverse time migration
(LSRTM) for anelasticity media based on the inversion idea.
LSRTM treats seismic migration as an inverse problem, which
can suppress imaging noise using multiple iterations, while can
eliminate the negative effects of wavelet band defects to some
extent and improve imaging resolution (Nemeth et al., 1999; Gu
etal, 2018). LSRTM in anelasticity media can be divided into two
categories: one is to keep the wavefield attenuated without
changing the sign of the amplitude attenuation term, and to
achieve attenuation compensation through the inverse of the
Hessian matrix. Dutta and Schuster (2014) propose a
Q-compensated LSRTM by approximating the inverse of
Hessian to avoid the instability problem of wavefield
backward propagation. Guo et al. (2017) develop an adjoint
pseudo-differential scale Q-compensated imaging method to
achieve amplitude compensation and phase correction by
approximating the inverse Hessian matrix. Chen et al. (2017)
propose to approximate the inverse of Hessian using a
viscoacoustic deblurring filter and use it as a precondition to
construct the Q-compensated LSRTM. Chai et al. (2017) use the
Born operator for forward propagation, and use the adjoint
operator to carry out the backward propagation of the
residual wavefield to achieve stable compensation, so as to
realize the Q-compensation LSRTM without changing the
symbol of the attenuation operator. Chen et al. (2020)
establish the LSRTM based on the constant fractional-order

viscoacoustic wave equation. Through the inversion idea, the
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predicted data are matched with the observed data to obtain
accurate underground reflection coefficient information and
avoid the instability caused by the exponential growth of
wavefield energy. This kind of method needs to solve the
inverse of the Hessian matrix approximately, requiring great
computation costs and computer memory, but can avoid the
instability problem caused by compensation naturally. The other
one is to compensate the energy loss by reversing the sign of
amplitude attenuation term in the process of wavefield backward
propagation. Sun et al. (2016) develop a viscoacoustic LSRTM
method based on the low-rank algorithm and use the
Q-compensation strategy proposed by Zhu et al. (2014) to
(2018) derive a
viscoacoustic wave equation based on the exact dispersion

accelerate convergence. Wang and Ba

relation for standard linear solids (SLSs) and construct an
LSRTM algorithm while adding a regularization term to
maintain the stability of the compensation process. Qu et al.
(2021) develop a Q-compensated LSRTM based on the first-
order viscoacoustic pseudo-differential equation and achieve
stable attenuation compensation by adding a regularization
term. Such methods require additional means to address the
instability caused by attenuation compensation.

In order to effectively improve the quality of seismic images
in anisotropic attenuated media and achieve stable attenuation
compensated imaging, an LSRTM method based on the
viscoacoustic VIT pure qP-wave equation is proposed in this
paper. Firstly, based on the viscoacoustic VTI pure qP-wave
equation, the linear representation of the viscoacoustic VTI wave
equation is given according to Born approximation theory, and
the corresponding demigration operator of the LSRTM is given.
Finally, the imaging results demonstrate the validity and
feasibility of the proposed LSRTM imaging method in
viscoacoustic VTI media and show that the method can
effectively improve the

imaging quality in anisotropic

attenuated media.

Viscoacoustic VTI pure qP-wave
least-squares reverse time migration

Demigration equation of viscoacoustic VTI
least-squares reverse time migration

Based on the nearly constant Q model, the two-dimensional
viscoacoustic VTT pure qP-wave equation can be expressed as
(Zhang et al., 2022):

O%u(x,t) o)
> =V2 —A p+l —Z(=A y+0.5 ,t 1
T @S| (-0 +y 5 (A u(xt) (1)
where
n=—v" (x)w,” cos (my) @)
¥ = =7 (x)w,” sin (my)
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and the operator S is written as:

S:%<1+28n§+\/(1+28ni)2—8(s—6)n§n§> (3)
where u(x,t) denotes seismic wavefield, x = (x,z) is spatial
position, t denotes time; A = %1022 + (1+ 2¢)0?/0x* defined
as the pseudo-Laplacian operator in VTI medium, & and
ddenote Thomsen (1986) anisotropic parameters, (ny,n,) =
K/|k| denotes wave propagation direction unit vector; y =
arctan (1/Q)/m is a dimensionless parameter; Q is the quality
factor; V (x) = v(x)cos(my/2), and v(x) denotes the phase
velocity at the reference frequency wy. The right hand of Eq.
1 contains two fractional Laplacian operators to describe the
propagation of the seismic wave in VTT anelasticity media, where
the first term describes the phase dispersion, and the second term
describes the energy attenuation.

In this paper, we assume that the perturbation of the seismic
wavefield is mainly caused by velocity perturbation. Based on the
Born approximation theory, the phase velocity v(x) at reference
frequency wy is the superposition of background velocity vo (x)
and perturbated velocity v (x):

4

v(x) = vy (x) + 6v(x)

According to the superposition principle of seismic
wavefield, the perturbation of velocity field will cause the
disturbance of seismic wavefield. Then the seismic wavefield
u(x,t) based on the velocity model v(x) will be composed of
background wavefield ug(x,t) and perturbated wavefield
Su(x,t), which is expressed as:

u(x,t) = ug(x,t) + du(x,t) (5)

The background wavefield ug(x,t) generated in the
background velocity field vy (x) satisfies the following equation:

1 Q%u(xt) 3

0
_A)HE A0S
Vi or =S| g CAT w6

where Vi (x) = vy (x) cos (ny/2), n, = —v(z)yw(;zy cos(my), ¥, =
7wy sin ().
Here we define the reflectivity model as:
20
m(x) = v(x)
Vo (x)

%

To obtain the perturbated wavefield, based on Taylor
expansion, there are the approximations:

11 1
v v tov v v

(®)
1 1 1 26v

R U

Substituting Eq. 8 into Eq. 6, combined with Eq. 1, applying
the first-order Born approximation, and ignoring the high-order
terms at the right end of the equation, we can obtain the
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demigration equation (Born equation) corresponding to the
viscoacoustic VTI pure qP-wave equation:

1 0*u(x,t)
Vi(x) o

0
= S[qo (-AY* + %a(—A)y*O‘S](M(x, t)+F
®
where F is the virtual source term of the demigration equation,
which is expressed as:

_ m(x) %uq (%, 1)
S V2(x)  or

2y-1 0 +0.5
”2 )%E(—Av }uo<x,t) (10)

+m (x)S{ynO (=A)*!

+

Based on the theory of LSRTM, Eqs 6, 9 can be simplified in

matrix form as follows:

d=Lm (11)

where d is the demigration record in the viscoacoustic VTI
medium, and L is the demigration operator.

Adjoint equation and gradient sensitive-
kernel of viscoacoustic VTI least-squares
reverse time migration

LSRTM 1is an imaging method based on optimization
inversion theory, which minimizes the residual between
predicted and observed seismic data by constructing an
optimization inverse problem and then obtains the imaging
profile of underground structures. Here, we define the
objective function E (m):

1
E(m) = E”dcal - dobs"g (12)

where d., denotes the predicted data, that is namely demigration
data; and d,,; denotes the observed data.

Based on the least squares migration theory, the gradient of
the objective function is expressed as:

_ aE(m) _ adcal (xn L xs)

9(x) om om

od (x,, t; x;) (13)

where 8d (x,,t; xs) = dear (x5t x5) — dops (X1, t; x5) denotes the
residual between the predicted seismic data and the observed
seismic data, x, is the spatial position of the detector point, and
x; is the spatial position of the shot point. And the observed
seismic data d, (x,,t; x5) can be obtained by Eq. 11, where the
demigration operator L is:

1 7
T Vi(x) o

+ a -+
S| 1, (=AY + woa(—A)V 05 (14)

Based on the adjoint state method, the gradient of the
objective function can be further expressed as:
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1 uy(x,t)
V2 (x or?
(x) = o) Aoy £ %)
g @2y-1) 2
+8| yn, (=) +YT%E(—A)W°'5 ug (%, 1)

(15)

where A (x,,t; x;) = LT8d (x,, t; x;) denotes adjoint wavefield, L

denotes adjoint operator. And the adjoint wavefield A (x,,t; x;)
satisfies:

1 az/l(x,,t;xs)

Vix) o

Ax,, t; %) = 0d (x5 15 x5)

=8| 7, (A" + WO%(—A)M‘S A(x,, t; X5)

(16)

Viscoacoustic VTI pure qP-wave least-
squares reverse time migration

Based on the demigration operator L and adjoint operator LT,
the least square solution of underground medium reflectivity can
be expressed as:

m= (L'L) "' L' dys (17)

where LTL represents the Hessian matrix, and each column can
be obtained by one forward simulation and one adjoint migration
calculation. Directly solving the inverse of the Hessian matrix
requires a huge amount of computation and storage space.
Therefore, Eq. 17 is approximated by solving the following
linear optimization inversion problems in practice:

m = arg mrizn ”dcul - dobs"g (18)

For Eq. 18, the reflectivity profile m of the underground
medium can be iteratively solved by the steepest descent method
or the conjugate gradient method (Fomel, 1996). Since the
conjugate gradient method overcomes the shortcomings of
slow convergence of the steepest descent method, the
conjugate gradient method is used for iterative calculation in
this paper. The specific process is expressed as:

g* = L' [Lm® — dy,]

(k)17 (k1)
poon 19" o™
Tk
(g ) g( )
z(k+1) — _g(k+1) +ﬁ(k)Z(k) (19)
*k+)1T _ (k+1)
(x(k+l) — [Z ] g

[Lz(k+1)]TLz(k+l)

m(k+1) — m(k) + ‘x(k+l)z(k+l)

where k represents the number of iterations, 8 represents the
conjugate gradient correction factor, z represents the descent
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The gas block model. (A) Velocity model, (B) e model, (C) § model, and (D) Q model.

direction of the objective function, and « is the update step
length.

Numerical examples

In this section, we use the gas block model, the Hess model,
and the complex field data to verify the correctness and
applicability of the viscoacoustic VTI LSRTM method
proposed in this paper. The gas block model is mainly used to
verify the correctness and effectiveness of the proposed imaging
method, the Hess model is mainly used to test the effectiveness
and applicability of the proposed imaging method in the complex
model, and the actual data is used to verify the practicability of
the proposed imaging method. In the numerical simulation of
seismic wave, the simulated seismic records are obtained by
solving Eq. 1. The time derivative is solved by the second-
order precision FDM, the fractional-order spatial derivative is
solved by the PSM, and the integer-order spatial derivative is
solved by the tenth-order precision FDM. In addition, we define
the velocity as the reference velocity at reference frequency.

Gas block model
Firstly, a simple model containing a gas block shown in

Figure 1 is adopted to verify the correctness and effectiveness of
the proposed viscoacoustic VTI LSRTM algorithm. The model
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size is 3600 m x 2600 m, with a spatial interval of 10 m in both
directions. To obtain synthetic data, Eq. 6 is solved with a total of
73 shots. The first source position is (0 m, 0 m) with an interval of
50 m. And each shot has 361 channels, with an average
distribution on both sides of the source and a channel spacing
of 10 m. The duration of the seismic record is 4.0 s, and the time
sampling interval is 0.25 ms. And the zero-phase Ricker wavelet
with a dominant frequency of 25Hz is used as the source
function. In the process of LSRTM, the migration velocity
model, anisotropic parameter model, and quality factor Q
model are obtained by smoothing the actual model with 50 m
x 50 m Gaussian filtering. The migration velocity model and
reference reflectivity profile of the gas block model are shown in
Figure 2.

For the gas block model, we display the RTM images based
on different methods in Figure 3, which are isotropic RTM,
viscoacoustic RTM, VTI RTM, and viscoacoustic VII RTM,
the RTM
Figure 3A), it can be seen that due to the absence of

respectively. In isotropic image (shown in
anisotropic correction and attenuation compensation, there
are imaging noises and structural artifacts, and the diffraction
wave cannot converge. The energy of the deep events is weak, and
the quality of the image is poor. In the viscoacoustic RTM image
(shown in Figure 3B), the energy of the deep layers is effectively
restored, and the events are clearer. However, without
considering the influence of anisotropy, the diffraction wave
cannot be accurately imaged, resulting in certain imaging

interference. In the result of the VTI RTM (shown in
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Migration and reference reflectivity models of the gas block model. (A) Migration velocity model, and (B) reference reflectivity model.

A Distance (km) B
0
=1 —
] ]
= 00 =
g 3
aQ a
2
c Distance (km) D
0
= -
£ ]
= 0.0 =
8 5
aQ aQ
2
FIGURE 3
and (D) viscoacoustic VTl RTM image. And the color scales of all the images are the same.
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Distance (km)

Distance (km)

Figure 3C), the anisotropic migration imaging can effectively
suppress the imaging noise and artifacts, and make the
diffraction wave accurately homing. However, due to ignoring
the absorption attenuation of the medium, the energy of the deep
events is weak and the image is not clear enough. In the result of
viscoacoustic VITRTM (shown in Figure 3D), the imaging result
can be regarded as an uncompensated VTI RTM image. The
diffraction wave in the image converges and the imaging position
of the reflection interface is more accurate. The deep energy is not
restored, and the energy of the events is weak and not clear. There
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are low-frequency noise interference and unbalanced energy
distribution in the imaging results of all methods.

Figure 4 shows the LSRTM images based on different
methods for the gas block model, which are isotropic LSRTM,
viscoacoustic LSRTM, VTI LSRTM, and viscoacoustic VTI
LSRTM, respectively. It can be seen that the low-frequency
noise and artifacts in the profile are effectively suppressed, the
energy distribution is balanced, and the resolution of the image is
improved. Compared with the imaging results in Figure 3, it can
be found that the viscoacoustic VIT LSRTM approximates the
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LSRTM images obtained by different methods of the gas block model. (A) LSRTM image, (B) viscoacoustic LSRTM image, (C) VTI LSRTM image,
and (D) viscoacoustic VTI LSRTM image. And the color scales of all the images are the same.
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FIGURE 5

Comparison of waveforms extracted from Figure 4, which are
in the range of x=1.8 km, z = [1.5, 2.1] km. The curves denote
waveforms of LSRTM (black), viscoacoustic LSRTM (green),
viscoacoustic VTI LSRTM (blue), and viscoacoustic VTI LSRTM
(red), respectively.

Hessian inverse by iteration, which can effectively compensate
for the absorption attenuation. Meanwhile, the resolution and
amplitude fidelity of the migration results obtained by the
proposed imaging method are higher than those obtained by
other methods, which shows that the viscoacoustic VTI LSRTM
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FIGURE 6

Convergence curves of different LSRTM for the gas block
model. The curves denote normalized data residuals of LSRTM
(black), viscoacoustic LSRTM (green), viscoacoustic VTI LSRTM
(blue), and viscoacoustic VTI LSRTM (red), respectively.

can accurately image the underground reflection interface,
balance the amplitude of the profile, improve the profile
resolution and quality.

Figure 5 displays the waveforms extracted from Figure 4 in
the same range of x = 1.8 km, z = [1.5, 2.1] km. It can be seen that
the VTI-Q-LSRTM can not only compensate for the energy loss,
but also correct the phase distortion.
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The 45th common-shot gather of the Hess model. (A)
Acoustic record, and (B) Viscoacoustic VTI record.

Figure 6 displays the normalized convergence curve
comparison of the gas block model based on different LSRTM
methods. Among them, the black curve is normalized data
residuals of the LSRTM, the green curve is normalized data
residuals of the viscoacoustic LSRTM, the blue curve is
normalized data residuals of the VTI LSRTM, and the red
curve is normalized data residuals of the viscoacoustic VTI
LSRTM. It can be discovered that the viscoacoustic VTI
LSRTM has the fastest convergence speed and the best
convergence effect. All these results demonstrate that the
viscoacoustic VTI LSRTM proposed in this paper can
effectively correct the influence of anelasticity and anisotropy
on the migration results, improve the imaging quality, and
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provide an image with higher resolution, more balanced
energy, and fewer artifacts.

Hess model

In this section, the Hess model shown in Figure 7 is employed
to verify the effectiveness and applicability of the proposed
algorithm in complex models. The model size is 9000 m x
3750 m, and with a spatial interval of 10 m in both directions.
A total of 90 shots are deployed, with the starting point at (0 m,
0m) and a shot interval of 100 m. Each shot has 451 receivers,
with an average distribution on both sides of the source and a
channel spacing of 10 m. The length of the seismic record is 4.0 s,
and the time sampling interval is 0.5 ms. The zero-phase Ricker
wavelet with a dominant frequency of 30 Hz is used as the source
function.

Figure 8 is the comparison of acoustic and viscoacoustic VTI
seismic records of the Hess model. It can be seen that the
viscoacoustic VTI seismic record can more accurately reflect
the distortion of seismic waveform caused by the anisotropy of
the medium, as well as the energy attenuation and phase
dispersion caused by the viscosity of the medium. And it
indicates that only by thoroughly considering the medium
properties can the propagation characteristics of the seismic
wave be accurately described, hence providing an accurate
data basis for the seismic data imaging processing.

Based on the viscoacoustic VTT synthetic data, we perform
the migration imaging with four different methods, which are
isotropic LSRTM, viscoacoustic LSRTM, VTI LSRTM, and
viscoacoustic VTT LSRTM, respectively. Figures 9, 10 show
the migration images of the Hess model at the 1st and 30th
iterations, respectively. In the RTM image (shown in Figure 9),
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FIGURE 9
RTM images obtained by different methods of the Hess model. (A) Isotropic RTM image, (B) viscoacoustic RTM image, (C) VTI RTM image, and
(D) viscoacoustic VTI RTM image. And the color scales of all the images are the same.
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FIGURE 10

LSRTM images obtained by different methods of the Hess model. (A) LSRTM image, (B) viscoacoustic LSRTM image, (C) VTI LSRTM image, and
(D) viscoacoustic VTI LSRTM image. And the color scales of all the images are the same.
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there are low-frequency noise and artifacts in the shallow layer,
the energy of the deep events is weak, and the imaging
performance is imperfect. After the LSRTM imaging (shown
in Figure 10), the shallow imaging noise and artifacts are
suppressed, the overall energy distribution of the profile is
more balanced, and the imaging quality is improved
significantly. By comparing the LSRTM results with different
methods, it can be seen that after anisotropic correction and
attenuation compensation, the energy in the middle and deep
layers is obviously compensated, and high-quality imaging can be
obtained below the attenuation region. The description of the
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middle-deep structure is clearer and more continuous, the
diffraction wave converges, the reflection interfaces can be
accurately positioned, and the description of faults and pinch-
out structures is more refined. Overall, viscoacoustic VTI LSRTM
can effectively improve the resolution and quality of the imaging
profile. The advantages of viscoacoustic VIT LSRTM are more
detailed in Figure 11 (zoomed views of Figure 9) and Figure 12
(zoomed views of Figure 10).

To further reflect the advantages of the LSRTM proposed in
this paper, we compare the wavenumber spectrum (shown in
Figure 13) of the imaging results. The first row is the
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FIGURE 11
Zoomed views of RTM images shown in Figure 9. (A) Isotropic RTM image, (B) viscoacoustic RTM image, (C) VTI RTM image, and (D)
viscoacoustic VTI RTM image. And the color scales of all the images are the same.
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FIGURE 12

viscoacoustic VTI LSRTM image. And the color scales of all the images are the same.
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Zoomed views of LSRTM images shown in Figure 10. (A) LSRTM image, (B) viscoacoustic LSRTM image, (C) VTI LSRTM image, and (D)
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Wavenumber spectrum comparison of images shown in Figures 8, 9 for the Hess model. (A) RTM, (B) LSRTM, (C) viscoacoustic RTM, (D)
viscoacoustic LSRTM, (E) VTI RTM, (F) VTI LSRTM, (G) viscoacoustic VTI RTM, and (H) viscoacoustic VTI LSRTM. And the color scales of all the images

are the same.

Time (s)

D Distance (km)
1.5 3.0

Time (s)

FIGURE 14

The 45th Born modeling common-shot gather of the Hess model. (A) RTM, (B) LSRTM, (C) viscoacoustic RTM, (D) viscoacoustic LSRTM, (E) VTI
RTM, (F) VTI LSRTM, (G) viscoacoustic VTI RTM, and (H) viscoacoustic VTI LSRTM. And the color scales of all the images are the same.
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wavenumber spectrum of the RTM images (from Figure 9), and
the second row is the wavenumber spectrum of the LSRTM
images (from Figure 10). Compared with the wavenumber
spectrum of the same row, it can be found that the
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wavenumber spectrum of anisotropic and attenuation
compensation imaging contains more abundant wavenumber
components, and the high-wavenumber components in the

imaging profile are widened. By comparing the wavenumber
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FIGURE 15

Convergence curves of different LSRTM for Hess model. The
curves denote normalized data residuals of LSRTM (black),
viscoacoustic LSRTM (green), viscoacoustic VTI LSRTM (blue), and
viscoacoustic VTI LSRTM (red), respectively.

spectra of the same column, it can be found that compared with
the RTM results, the wavenumber components contained in the
LSRTM results are more comprehensive, and the low-
wavenumber components are supplemented, which indicates
that the resolution and quality of the viscoacoustic VTI
LSRTM image after multiple iterations are improved.

Figure 14 displays the comparison of the 45th Born modeling
common-shot gather calculated by the RTM (shown in the first
row) of the Hess model and the LSRTM (shown in the second
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row). Among them, from left to right are the Born modeling
records calculated by the isotropic, viscoacoustic, VTI, and
viscoacoustic VTI wave equation, respectively. Compared with
the Born modeling records under different iterations (shown in
the same column), it can be seen that the Born modeling records
obtained by LSRTM contain more reflection events, the
waveform information is richer, the reflectivity profile is
corrected, and the Born modeling records are gradually
consistent with the real records. By comparing the Born
modeling records of the same row, it can be found that the
events energy of the Born modeling record obtained by
viscoacoustic VTT imaging is restored, the wavefield contains
more anisotropic information, and the events are richer and
clearer.

Figure 15 displays the convergence curves of the LSRTM for
the Hess model under different imaging methods. Among them,
the black, green, blue, and red curves represent the convergence
curves of the isotropic, viscoacoustic, VTT, and viscoacoustic VTT
LSRTM, respectively. From the comparison of different curves, it
can be found that in the previous iterations, the objective
function of the four migration methods decline rapidly,
among which the decline rate of isotropic LSRTM is the
slowest, and the decline rate of viscoacoustic VIT LSRTM is
the fastest. After more iterations, the decline rate of the objective
function gradually becomes slower, and the imaging method
without attenuation compensation gradually stabilizes to about
0.3, while the imaging method with attenuation compensation
decreases to less than 0.2. The convergence rate of viscoacoustic
VTI LSRTM is the fastest, and its relative error converges to the
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Migration models of the field data. (A) Velocity model, (B) e model, (C) § model, and (D) Q model.
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minimum, indicating that the consistency between the imaging
profile and the reference reflectivity profile is the highest, and the
imaging quality is the best.

Field data test

To further verify the practicability of the viscoacoustic VTI
LSRTM method in the field data, this section is based on the field
data collected in Bohai Bay. Figure 16 shows the field data
migration parameters, where the model size is 15km x 5km.
The migration velocity field and anisotropic parameters of the
data are obtained by the multi-parameter tomography modeling
method. The quality factor Q is calculated by the empirical

Frontiers in Earth Science

Migration images of field data. (A) Viscoacoustic VTI RTM, and (B) viscoacoustic VTI LSRTM. And the color scales of all the images are the same.
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equation Q =3.516v*? from the velocity field, and the
minimum value is 20, indicating that there is a strong
attenuation medium in the working zone. A total of 399 shots
of data are collected, with a total of 1300 channels per shot. The
time interval of each channel is 2 ms, the total length of recording
is 4.0 s, the interval between channels is 12.5 m, and the interval
between shots is 37 m. The right excitation method is adopted. In
the wavefield propagation of viscoacoustic VIT LSRTM, the
number of horizontal and vertical grid points is 1801 x 1001,
the spatial interval is 12.5 m in horizontal and 5.0 m in vertical,
the time interval is 1.0 ms, and the dominant frequency is 20 Hz
Rick wavelet is used as the source function.

We display the migration results of the field data in Figure 17,
where Figure 17A displays the viscoacoustic VIT RTM and

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.998986

10.3389/feart.2022.998986

Zhang et al.

< A.s_vmauo

FIGURE 18

Zoomed views of dashed box in Figure 17. (A) Viscoacoustic VTI RTM, and (B) viscoacoustic VTI LSRTM. And the color scales of all the images are

the same.
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Zoomed views of solid box in Figure 17. (A) Viscoacoustic VTI RTM, and (B) viscoacoustic VTI LSRTM. And the color scales of all the images are

the same.
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Comparison of wavenumber spectra of field data imaging results. (A) Viscoacoustic VTI RTM, and (B) viscoacoustic VTI LSRTM. And the color
scales of all the images are the same.
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Comparison between field data and Born modeling wavefield. (A) Field data, (B) the 316th Born modeling common-shot gather of viscoacoustic
VTI RTM, and (C) the 316th Born modeling common-shot gather of viscoacoustic VTI LSRTM.
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Figure 17B displays the viscoacoustic VTI LSRTM, respectively.
Compared with the migration results, it can be discovered that
the low-frequency noise in the shallow layer and the structural
illusion in the profile are well suppressed in the viscoacoustic VTI
LSRTM image. The fault structure is more detailed, the imaging
is more clear and accurate, the breakpoints are clearly depicted,
and the continuity of the section is enhanced. The imaging
quality of the thin layers in the shallow region is improved,
and the resolution of the events is enhanced. The energy in the
middle and deep layers is well recovered after compensation, the
events are more continuous and clearer, and its structural form is
viscoacoustic VTI LSRTM
proposed can improve formation imaging quality.

Figure 18 shows the zoomed views for the black dashed box
area in Figure 17. The area is located in the shallow and middle

well characterized. Therefore,
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layers of the field data, and there are rich fault structures. It can be
seen that the region can be imaged through RTM, but the energy
of the events in the profile is weak, and the overall amplitude is
not balanced. In the fault region, the imaging of some faults is not
clear and accurate, the continuity of the section is not strong, and
the breakpoint is not clear. In the LSRTM image, the energy of
the events is restored and enhanced, the energy distribution of
the profile is more balanced, and the resolution is improved. In
the fault region, the imaging of the faults is clearer and more
accurate, the continuity of the section is enhanced, the
characterization of the breakpoint is clearer, and the overall
imaging quality is improved.

Figure 19 shows the zoomed views for the black solid box
area in Figure 17. The region in the box is in a deep position of the
field data, and it is difficult to obtain ideal imaging results in
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Convergence curve of the field data.

conventional processing methods. In the results of RTM, the
events of the region are obviously disordered, the energy is weak,
and there are serious artifacts. After several iterations of
viscoacoustic VIT LSRTM, anisotropy and attenuation are
corrected at the same time, the deep energy is compensated
and restored, the diffraction wave is better convergent and
homing, the artifacts are suppressed, the energy of the events
is better focused, and the imaging is more continuous and clear.
The imaging resolution and quality of the profile are improved.

To fully reflect the advantages of viscoacoustic VTI LSRTM
imaging, we display the wavenumber spectrum of the whole
migration images in Figure 20, where Figures 20A,B are the
wavenumber spectrum of the VTI LSRTM
viscoacoustic VTI LSRTM result, respectively. From the

result and

comparison of the two images, it can be seen that after
iterations, the low wavenumber and high wavenumber
components in the imaging results have been supplemented,
the wavenumber range has been widened to a certain extent, and
the wavenumber components in the profile are more
comprehensive and richer, which shows that the resolution of
the viscoacoustic VIT LSRTM image is improved.

Figure 21 is the comparison between field data and the 316th
Born modeling common-shot gather after multiple iterations,
where Figure 21A is the field data, Figure 21B is the Born
modeling common-shot gather of VTI RTM, and Figure 21C
is the Born modeling common-shot gather of viscoacoustic VTI
LSRTM. Compared to the field data, the common-shot gather
calculated by VTI RTM contains fewer reflection wave events,
whose waveform is similar to the field data. However, the energy
of these events is weaker while the resolution is lower, which is
not matched well with the field data. In the contrast, there are
significant improvements in the events in the viscoacoustic VTI
LSRTM Born modeling common-shot gather. The record
contains more abundant waveform information and the

energy of the events is compensated and restored, whose
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is somewhat enhanced. And the wavefield is
matched well with the field data, which demonstrates the
correctness and effectiveness of the proposed imaging method.

resolution

Figure 22 shows the objective function convergence curve of
viscoacoustic VITLSRTM for the field data. It can be seen that in
the previous iterations, the relative error of the objective
function rapidly decreased to around 0.3. With the increase
of iterations, the decline rate of the relative error gradually
slowed down, and finally stabilized below 0.2. This shows that
the LSRTM with anisotropy and attenuation compensation can
continuously optimize the objective function by iteration,
provide a more consistent reflectivity profile with the actual,
and can achieve better imaging results in practical data
applications.

Discussion

The dependence analysis of least-squares
reverse time migration on migration
parameters

In the process of LSRTM, the selection of imaging
parameters, imaging conditions, and seismic wavelets will
have different degrees of influence on imaging accuracy. In
this section, the effects of the migration velocity field,
anisotropic parameters, quality factor Q, and wavelet selection
on imaging accuracy are compared, and other factors are
the same.

Figure 23 shows the imaging results of the Hess model under
different migration parameters. By comparing Figures 23A,B, it
can be seen that when the migration velocity is 10% lower than
the real velocity, the depth value of each interface becomes
smaller, and the deep imaging is seriously distorted, which
cannot accurately reflect the form of underground structure.
When the migration velocity is 10% higher than the real velocity,
the depth of each interface becomes larger, and the general
structural shape changes little. The depth change after the
migration velocity increases is larger than that after the
migration velocity decreases, but the structural shape changes
little. Compared with the case of small velocity, the change in the
general structure of the imaging results is smaller and the change
in the depth position is more obvious when the migration
velocity is larger.

In the error comparison of anisotropic parameters (shown in
Figures 23C-F), it can be seen that the change of anisotropic
parameters has a certain influence on the migration results.
When the anisotropic parameters are inaccurate, imaging
noise interference and imaging position error will occur in the
imaging profile. In theory, the anisotropic parameter ¢ is related
to the transverse propagation velocity of the seismic wave, and
the parameter § determines the correction velocity of the P-wave
relative to the symmetric axis. In the case of ignoring the
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Error analysis of the LSRTM parameters for the Hess model. (A) 10% decrease in velocity, (B) 10% increase in velocity, (C) 10% decrease in ¢, (D)
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phase rotation of wavelet. And the color scales of all the images are the same.

perturbation of anisotropic parameters, the influence on the
imaging profile is not obvious compared with the influence of
velocity error.

In the parameter error comparison of the quality factor
(shown in Figures 23G,H), it can be seen that the change in
the quality factor has a certain influence on the migration results.
When the perturbation of the quality factor is ignored, the
influence of the quality factor error within a certain range on
the imaging profile is weaker than that of the velocity error.
When the quality factor error exceeds a certain range, it will cause
insufficient energy compensation and incomplete phase
distortion correction in the profile. Therefore, it is necessary
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to make a relatively accurate estimation of the quality factor
model to show that the attenuation compensation can
significantly improve the quality of imaging results.

According to Zhang et al. (2016), the source-independent
LSRTM is insensitive to the source wavelet and can still produce
an amplitude-preserving image even using an incorrect wavelet
without the source estimation. Due to the wavelet after 30° phase
rotation, the wavelet with a little time shift and amplitude errors
is similar to the original true wavelet, the LSRTM can obtain a
satisfactory image (Figure 231). When the wavelet after 90° phase
rotation is used, the LSRTM image becomes blurring
(Figure 23]), but still is an amplitude-preserving image.
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Compared to the velocity error, it can be seen that the proposed
LSRTM algorithm is insensitive to the phase of the source
wavelet.

Overall, the imaging profile is most sensitive to the accuracy
of the migration velocity field, and the sensitivity to anisotropic
parameters, quality factor, and the phase of the source wavelet are
relatively low. Therefore, the imaging quality of LSRTM is
affected by migration velocity, medium anisotropy, and
and the
development of attenuation anisotropy RTM imaging methods

quality factor. Accurate migration parameters

can achieve high-quality imaging results.

Conclusion

Based on the viscoacoustic VTT pure qP-wave equation, we
deduce the demigration operator, adjoint operator, and gradient
sensitivity-kernel, and construct the LSRTM algorithm in the
viscoacoustic VIT medium. In the implementation process of
this algorithm, the adjoint wavefield keeps attenuation which
can avoid the instability caused by the exponential growth of
high-frequency components energy. Numerical examples of
synthetic and field data demonstrate that the proposed
method can perform high-quality imaging in the attenuation
region, enrich the wavenumber components, broaden the
bandwidth in the imaging profile, and improve the imaging
resolution and accuracy of the underground medium. Through
the analysis and comparison of parameter errors, it can be seen
that compared with the anisotropic parameters and quality
factor Q, the LSRTM method is most sensitive to the
migration velocity. Therefore, improving the accuracy of
migration parameters can effectively improve the quality of
the imaging profile.
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