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An approach for extracting angle-domain common-image gathers (ADCIGs) from anisotropic Gaussian
beam prestack depth migration (GB-PSDM) is presented in this paper. The propagation angle is calculated in the process of migration using the real-value traveltime information of Gaussian beam. Based
on the above, we further investigate the eﬀects of anisotropy on GB-PSDM, where the corresponding
ADCIGs are extracted to assess the quality of migration images. The test results of the VTI syncline
model and the TTI thrust sheet model show that anisotropic parameters ε, δ, and tilt angle θ, have a
great inﬂuence on the accuracy of the migrated image in anisotropic media, and ignoring any one of them
will cause obvious imaging errors. The anisotropic GB-PSDM with the true anisotropic parameters can
obtain more accurate seismic images of subsurface structures in anisotropic media.

1. Introduction
The earth is anisotropic in nature, and many
sedimentary rocks exhibit seismic anisotropy
(Crampin et al. 1984; Wang 2002; Wang et al. 2015).
Seismic waves are affected by anisotropy, so ignoring
anisotropy in migration may lead to obvious imaging errors (Larner and Cohen 1993; Alkhalifah and
Larner 1994; Etgen et al. 2009). Migration imaging
algorithms in the presence of anisotropy have been
presented in a number of studies. Sena and Toksoz
(1993) extended the isotropic Kirchhoﬀ depth migration scheme to the anisotropic media by using
anisotropic ray tracing. Tong et al. (1998) studied
the true amplitude Kirchhoﬀ migration technique
in anisotropic media. Ferguson and Margrave (1998)
addressed non-stationary phase shift method for

transversely isotropic (TI) media. Ristow (1999)
developed a depth migration scheme for TI media
with a vertical symmetry axis (VTI) based on implicit
finite-difference operators. Baumstein and Anderson
(2003) combined the phase-shift and explicit correction operators to perform waveﬁeld extrapolation in VTI media. Pedersen et al. (2010) derived
phase slowness expressions for P- and SV-waves
that are used in a one-way wave-equation migration
scheme in VTI media. In addition, many studies
about anisotropic reverse time migration (RTM) have
been proposed (Du et al. 2007; Fletcher et al. 2009;
Fowler et al. 2010; Duveneck and Bakker 2011;
Zhang et al. 2011; Liu et al. 2012; Zhan et al. 2012).
Gaussian beam migration is an excellent and
eﬃcient imaging method for processing seismic
data because of its imaging accuracy comparable
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to that of wave-equation migration and ﬂexibility
comparable to that of Kirchhoﬀ migration. It can
naturally collect energy from multipath contributions
to solve for multi-valued travel times with diﬀerent
superposed beams. The Gaussian beam migration
method was ﬁrst presented in Hill (1990) for poststack applications, and later extended to prestack
data (Hill 2001). Since then, several studies of
Gaussian beam migration in isotropic media have
been published (Gray 2005; Gray and Bleistein
2009; Popov et al. 2010; Yue et al. 2010; Han et al.
2013, 2014a). Meanwhile, Gaussian beam migration in anisotropic media was studied. The ﬁrst
extension to the anisotropic media was developed
by Alkhalifah (1995), where Gaussian beam migration is performed for poststack data. Zhu et al.
(2007) proposed a prestack Gaussian beam depth
migration method in anisotropic media. Han et al.
(2014b) presented a converted wave Gaussian beam
migration method for TI media and applied it
with encouraging results to synthetic data. Protasov (2015) presented a true-amplitude Gaussian
beam imaging method of multicomponent seismic
data in anisotropic elastic media.
Angle-domain common-image gathers (ADCIGs)
have become a common tool for analysing prestack
depth migration images. Several researchers have
studied the extraction scheme of ADCIGs by using
Kirchhoﬀ migration methods (Operto et al. 2000;
Rousseau et al. 2000; Xu et al. 2001; BrandsbergDahl et al. 2003; Koren et al. 2008) and wave-equation
migration methods (de Bruin et al. 1990; Rickett
and Sava 2002; Sava and Fomel 2003; Biondi and
Symes 2004; Rosales et al. 2008; Zhang et al.
2010; Sava and Vlad 2011; Xu et al. 2011; Zhang
and McMechan 2011). The problems observed for
oﬀset-domain common-image gathers (ODCIGs),
such as failing to properly characterise complex
propagation paths and producing artifacts because
of the ambiguity of reﬂector positions caused by
multipathing, can be alleviated using ADCIGs.
Unlike ODCIGs, the ADCIGs use the subsurface
angle as the index instead of the oﬀset, which
are less susceptible to multiple paths eﬀects than
ODCIGs (Sava and Fomel 2003). The moveout
of the ADCIGs carries the traveltime errors for
waves propagating in diﬀerent angles through the
velocity model (Yan and Xie 2012). For the correct migration velocity model, the events on the
ADCIGs are ﬂat and correctly positioned at
depth. Migrating with an incorrect velocity model,
however, leads to inconsistent angle-domain reﬂectivity and generates residual curvature in the
ADCIG volume.
In this paper, we describe an approach for
computing ADCIGs in conjunction with anisotropic
Gaussian beam migration and apply it to discussing the eﬀects of anisotropy on imaging. We
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ﬁrst introduce the principle of extracting ADCIGs
from anisotropic Gaussian beam prestack depth
migration (GB-PSDM), where the propagation
angle is calculated in the process of migration using
the real-value travel time information of Gaussian
beam. Then we perform a numerical model analysis
to investigate the eﬀects of anisotropic parameters
ε, δ and tilt angle θ on GB-PSDM, where the corresponding ADCIGs are used to assess the quality
of migration images.
2. GB-PSDM theory in anisotropic media
The image of GB-PSDM is computed by crosscorrelating the downward-continued recorded waveﬁeld and the forward-modelled source waveﬁeld.
The common shot gathers GB-PSDM formula in
two-dimensional media can be written as (Han and
Wang 2015)




I(x) = C dxs
dω dpsx dprx D(Lr , pr , ω)
Lr

× u∗GB (x, xs , ps , ω)u∗GB (x, Lr , pr , ω),
(1)
where xs and xr denote the source and receiver
locations. I(x) is the ﬁnal image at subsurface
point x, ω is circular frequency, and C denotes
corresponding constant. u∗GB (x, xs , ps , ω) and
u∗GB (x, Lr , pr , ω) are the complex conjugates of
the normalised Gaussian beam solutions to the
wave equation, where the former represents that
wave propagates from source xs with initial direction ps , and the latter signiﬁes that wave propagates from the beam center Lr with initial direction
pr . D(Lr , pr , ω) is the local plane wave component
obtained from a local slant stack of the commonshot traces (Gray and Bleistein 2009). The local
slant stack is the principal algorithm in the Gaussian beam migration method, which decomposes a
certain range of seismic records near the beam center into diﬀerent outgoing directional local plane
waves for wave-ﬁeld extrapolation.
The shape of the Gaussian beam in the
anisotropic media is built as it would be done in the
isotropic case, but along anisotropic direction of
propagation (Červený and Pšenčı́k 2010). If functions A and T are used to represent complex amplitude and traveltime, respectively, of the Gaussian
beam, then the Gaussian beam expression can be
written as
uGB (x, x0 , p, ω)=A exp(iωT ).
(2)
The extension of Gaussian beam migration
to anisotropic media requires calculation of the
complex-valued time and amplitude using anisotropic kinematic and dynamic ray tracing, which is
the key of the anisotropic GB-PSDM. The kinematic
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ray tracing system for general inhomogeneous
anisotropic media is given by Červený (1972, 2001):
dxi
= aijkl pl gj gk ,
dτ

(3a)

1 ∂ajkln
dpi
=−
pk pn g j g l ,
dτ
2 ∂xi

(3b)

and

where τ is the traveltime along the ray, pi are
the components of the slowness vector, aijkl are
the density-normalised elastic parameters, and gj
are the components of the eigenvector for the
Christoﬀel matrix Γ.
In two dimensions along a symmetry plane, all
components with subscript 2 are eliminated. The
anisotropic ray tracing system (3) can be written as:
dx1
= a11p1g1g1 +a15p3g1 g1 +2a15p1g1 g3 +a13 p3 g1 g3
dτ
+ a55 p3 g1 g3 +a55 p1 g3 g3 +a35 p3 g3 g3 ,
(4a)
dx3
= a15p1g1g1 +a55p3g1g1 +a55 p1 g1 g3 +2a35 p3 g1 g3
dτ
+ a13 p1 g1 g3 + a35 p1 g3 g3 + a33 p3 g3 g3 , (4b)
1
dp1
=−
dτ
2



∂a11
∂a15
p1 p1 g 1 g 1 + 2
p1 p3 g 1 g 1
∂x1
∂x1
∂a15
∂a13
+2
p1 p1 g 1 g 3 + 2
p1 p3 g 1 g 3
∂x1
∂x1
∂a55
∂a55
+2
p1 p3 g 1 g 3 +
p1 p1 g 3 g 3
∂x1
∂x1
∂a35
∂a55
+2
p1 p3 g 3 g 3 +
p3 p3 g 1 g 1
∂x1
∂x1

∂a35
∂a33
+2
p3 p3 g 1 g 3 +
p3 p3 g 3 g 3 ,
∂x1
∂x1

and
1
dp3
=−
dτ
2

(4c)



∂a11
∂a15
p1 p1 g 1 g 1 + 2
p1 p3 g 1 g 1
∂x3
∂x3
∂a15
∂a13
+2
p1 p1 g 1 g 3 + 2
p1 p3 g 1 g 3
∂x3
∂x3
∂a55
∂a55
+2
p1 p3 g 1 g 3 +
p1 p1 g 3 g 3
∂x3
∂x3
∂a35
∂a55
+2
p1 p3 g 3 g 3 +
p3 p3 g 1 g 1
∂x3
∂x3

∂a35
∂a33
+2
p3 p3 g 1 g 3 +
p3 p3 g 3 g 3 .
∂x3
∂x3

10

in TI media is usually described with Thomsen
parameters, which facilitate the research of the
anisotropic media. According to the relationship
between the Thomsen parameters and the elastic
constants (Thomsen 1986), the density-normalised
elastic constants of the VTI media can be expressed
using the Thomsen parameters as:
2
a11 = (1+2ε)VP20 ,
a33 =VP20 ,
a55 = VS0
,

a13 = 2δa33 (a33 − a55 ) + (a33 − a55 )2 − a55

(5)

where VP 0 and VS0 are the phase velocities of Pand SV-waves along the symmetry axis of VTI
media, respectively; ε and δ are the anisotropic
parameters that characterise the magnitude of the
anisotropy. γ is not considered because it determines the anisotropy of the SH-wave, which is not
discussed in this paper. The elastic constants of TI
media with a tilted symmetry axis (TTI) can be
obtained from the ones of the VTI media via the
Bond transformation (Winterstein 1990).
3. ADCIGs from anisotropic Gaussian
beam migration
The propagation angle (between the waveﬁeld
propagation direction and positive direction of Z
axis) can be obtained in the process of anisotropic
Gaussian beam migration using the real-value traveltime information of Gaussian beam, and then the
incidence angle (between the source waveﬁeld propagation direction and the reﬂector normal) can be
computed, which can be used to extract ADCIGs.
In two-dimensional ray centered coordinate system, as shown in ﬁgure 1, the real-value traveltime
of Gaussian beam at the point R in the anisotropic
media can be written as:


1
p(Q) 2
τ = τ (Q) + Re
n .
(6)
2
q(Q)
This is the same equation used for the isotropic
case. However, τ (Q) is the travel-time at the point
Q obtained from anisotropic kinematic ray tracing,

R

n
Central ray
(4d)

The ray tracing system (4) requires the medium to
be speciﬁed in terms of elastic parameters. However, the anisotropy for the most commonly used

Q

t

Figure 1. Ray centered coordinate system. n is distance
normal from the point R to the point Q on the central ray.
t represents the phase velocity direction at the point Q.
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and n is the distance normal to the phase velocity
direction. Furthermore, p(Q) and q(Q) are computed using the anisotropic dynamic ray tracing
equations given by Hanyga (1986) and Alkhalifah
(1995).
The expression (6) in Cartesian coordinate system can be rewritten as:


p(Q)
1
τ = τ (Q) + Re
(x − xQ )2 + (z − zQ )2 .
2
q(Q)
(7)
Taking the derivative of both sides of the
equation (7) with respect to x and z, respectively,
we can obtain


p(Q)
px = px (Q) + (x − xQ )Re
(8)
q(Q)

0.0
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tan ϕ =

cos ϕ
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v

(10)

px (Q) + (x − xQ )Re

p(Q)
q(Q)

pz (Q) + (z − zQ )Re

p(Q)
q(Q)

.

4.1 Syncline model

5

(11)

In this section, a VTI syncline model is used to
examine the eﬀect of anisotropic parameters ε
and δ on Gaussian beam prestack depth migration. The model contains four layers with diﬀerent
anisotropic parameters in each layer, as shown in

6

0.0

0.5

1.0

1.0

2.0

pz =

2400

0.5

1.5

sin ϕ
,
v

where ϕ is the propagation angle and v is the
phase velocity. Taking into account equations (8
and 9), we can calculate the propagation angle at
grid point R as follows:

Depth (km)

Depth (km)

0.0

2

px =

4. Numerical model analysis

Figure 2. Syncline model with diﬀerent anisotropy parameters in each layer.

1

(9)

where px and pz represent the horizontal and vertical
components of the slowness vector, respectively, and
they can also be expressed as:

2750

2.5

0


p(Q)
,
pz = pz (Q) + (z − zQ )Re
q(Q)


After the propagation angles ϕs and ϕr are
computed with the Gaussian beams coming from
the source and receiver, respectively, the aperture
angle can be obtained. The incidence angle is
half of the aperture angle for the PP-wave. And
then the ADCIGs can be extracted by the incidence angle computed in the process of Gaussian
beam migration.
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Figure 3. Migration results of syncline model using (a) isotropic GB-PSDM and (b) anisotropic GB-PSDM. Anisotropic
migration provides a correct image, and the migration result exactly matches the true interfaces.
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Figure 4. ADCIGs for a surface location at 3000 m from (a) isotropic GB-PSDM and (b) anisotropic GB-PSDM.
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Figure 5. Migration results using the anisotropic GB-PSDM with the anisotropic parameter (a) ε = 0 and (b) δ = 0.
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Figure 6. ADCIGs for a surface location at 3000 m from the anisotropic GB-PSDM with the anisotropic parameter (a) ε = 0
and (b) δ = 0.
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ﬁgure 2. Synthetic data generated by anisotropic
ray tracing forward modelling method consist of
121 shot gathers with shot interval of 40 m. The
source wavelet is the Ricker wavelet with a dominant frequency of 30 Hz. There are 321 receivers
per shot, and the receiver spacing is 10 m. The
traveltime is 1.8 s with 2 ms of sampling.
Figure 3(a and b) displays the resulting images
using isotropic and anisotropic GB-PSDM, respectively. With the velocity VP = VP 0 , the isotropic
GB-PSDM result (ﬁgure 3a) shows that the image
is not accurate and the noise is serious near the
reﬂection interfaces. The image obtained using
anisotropic GB-PSDM with the true model parameters (ﬁgure 3b) is found to be an excellent match
with the exact model interfaces, and the defocusing artifacts are eliminated. The diﬀerences
between the isotropic and anisotropic GB-PSDM
are evident by looking at the ADCIGs. Figure 4
compares ADCIGs located at 3000 m obtained
from the isotropic and anisotropic GB-PSDM. The
ADCIGs extracted from the anisotropic GB-PSDM
(ﬁgure 4b) are ﬂat, while we notice signiﬁcant
residuals in the isotropic ADCIGs.
To further examine the eﬀects of anisotropic
parameters ε and δ on the migration imaging,
the anisotropic GB-PSDM is performed with the
anisotropic parameter ε = 0 and δ = 0, respectively. The migration results are shown in ﬁgure 5,
and the corresponding ADCIGs are shown in
ﬁgure 6. Although, the defocusing artifacts are not
obvious in ﬁgure 5(a), the image is not accurate,
especially for the curved interface of the synclinal structure and the edge position of model as
shown by the arrow in ﬁgure 5(a). The events in the
ADCIGs obtained from the anisotropic GB-PSDM
with the anisotropic parameter ε = 0 (ﬁgure 6a)
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Figure 7. Subsurface TTI media model including a TTI
thrust sheet and a ﬂat reﬂector. The thrust sheet is composed of three blocks in the model with a spatially varying
symmetry axis.
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Figure 8. Migration results of thrust sheet model using
(a) isotropic, (b) VTI and (c) TTI GB-PSDM.
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Figure 9. ADCIGs for a surface location at 1900 m from (a) isotropic, (b) VTI and (c) TTI GB-PSDM.

apparently curve up at large incidence angles.
By contrast, imaging errors using anisotropic GBPSDM with the anisotropic parameter δ = 0 are
more obvious, and the noise is signiﬁcant near the
reﬂection interfaces, as indicated by the arrow in
ﬁgure 5(b). Moreover, the ADCIGs in ﬁgure 6(b)
are not ﬂat. The test results demonstrate that
anisotropy has a great inﬂuence on GB-PSDM in
VTI media, and ignoring anisotropy in migration
may lead to obvious imaging errors. Therefore,
in addition to accurate migration velocity model,
the true anisotropic parameters ε and δ are essential for migration imaging in VTI media.
4.2 Thrust sheet model
Next, a TTI thrust sheet model is used to investigate
the inﬂuence of the tilt angle of the symmetry axes
θ on GB-PSDM. The model contains a TTI thrust
sheet and a ﬂat reﬂector as shown in ﬁgure 7. The
ﬁrst and third layers are VTI media with diﬀerent
anisotropic parameters. The thrust sheet is composed of three blocks in the model, and each block
has a unique axis of symmetry. Synthetic dataset
is generated using the anisotropic ray tracing forward modeling method, and the source wavelet is
the Ricker wavelet with a dominant frequency of
30 Hz. A total of 77 shots are acquired on the surface with 401 receivers per shot. The shot spacing is 50 m, and the receiver spacing is 10 m. The
travel-time is 2 s, with 2 ms of sampling.
Figure 8(a) displays the resulting image using
the isotropic GB-PSDM with the velocity VP =
VP 0 , where the ﬂat reﬂector beneath the thrust
sheet exhibits a substantial pull-up and the energy
cannot be focused. The dipping interface of the

thrust sheet is not imaged at the true position,
and the defocusing artifacts are noticeable near the
reﬂection interfaces. Figure 8(b) shows the image
using the anisotropic GB-PSDM when ε, δ and
VP 0 are correct, but the tilt angle θ in the thrust
sheet is not considered. Although, the image of the
reﬂectors is improved and the defocusing artifacts
are eliminated, there are still mispositioning problems. The ﬂat reﬂector beneath the thrust sheet
still exhibits a spurious pull-up and the lower ﬂank
of the thrust sheet is incorrectly imaged, as indicated by the arrow in ﬁgure 8(b). In contrast, the
image from anisotropic GB-PSDM with the true
model parameters (ﬁgure 8c) shows that the ﬂat
reﬂector is well focused and positioned. The image
of the thrust sheet matches very well with the correct position in the model, and the defocusing artifacts around it are also eliminated. To assess the
quality of migration images, we examine ADCIGs
for a location at 1900 m (ﬁgure 9). In the isotropic
ADCIGs (ﬁgure 9a), the events are mispositioned
and they are not ﬂat. The VTI ADCIGs (ﬁgure 9b)
have some nearly ﬂat events. However, they are shif
ted upward compared with the TTI ADCIGs
(figure 9c). The events in the TTI ADCIGs (figure 9c)
are ﬂat and produce the correct image. The test
results show that the tilt angle θ has a signiﬁcant
inﬂuence on the accuracy of migrated image and
the correct tilt angle is also essential for migration
imaging in TTI media.
5. Conclusions
We have presented an approach for extracting
ADCIGs from anisotropic GB-PSDM based on
anisotropic kinematic and dynamic ray tracing
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systems, where the propagation angle is calculated
in the process of anisotropic Gaussian beam migration using the real-value traveltime information of
Gaussian beam. In addition, we have discussed
the eﬀects of each of anisotropic parameters on
GB-PSDM by using the ADCIGs. The test results
of the VTI syncline model show that anisotropic
parameters ε and δ have a great inﬂuence on
GB-PSDM in VTI media, and ignoring any one
of them in migration will lead to obvious imaging errors. Moreover, tests of the TTI thrust sheet
model show that the tilt angle θ also has a signiﬁcant inﬂuence on the accuracy of the migrated
image in TTI media. Although, the image quality using the VTI GB-PSDM is improved compared with the isotropic GB-PSDM, there are still
mispositioning problems because of the ignoring
of the tilt angle. Therefore, in addition to accurate migration velocity model, the true anisotropic
parameters ε and δ are essential for migration
imaging in VTI media, and the correct tilt angle
θ is also essential for migration imaging in TTI
media. The anisotropic GB-PSDM taking the inﬂuence of anisotropy on seismic waves into account
can obtain accurate seismic images of subsurface
structures in anisotropic media.
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