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Summary

In this paper, we apply the one-way dual-domain wave
propagators for the transversely isotropic media with
a vertical symmetry axis (VTI) (Han and Wu, 2003a;
Han and Wu, 2003b) to the imaging problem in such
media. The one-way propagator is used to perform
both 2-D poststack and prestack depth migration with
a synthetic qP-wave field in complex VTI media. The
propagator is derived from an approximate dispersion
relation of a scalar qP-wave equation. It propagates
in a homogeneous VTI background medium in the
wavenumber domain and calculates the effect of velocity
and anisotropy perturbations in the spatial-domain.
This research includes testing the ability of the propa-
gator for imaging a qP-wave field in media with strong
anisotropy and complex structures, and the capability
of the propagator for accurately propagating large angle
waves. The effect of anisotropy on image quality is
examined. The SEG/EAEG Salt model is modified
from isotropic media to VTI media, while keeping its
original velocity distribution and complex structures.
Good quality images from both poststack imaging and
prestack imaging support its validity and accuracy for
imaging complex media with strong perturbations and
strong anisotropy. When imaging the same anisotropic
data, isotropic algorithms produce poor quality images
with background artifacts, improperly focused energy
and mispositioned reflectors, and may introduce false
reflectors.

Introduction

Imaging of anisotropic media is a challenging frontier in
petroleum exploration research. Geophysicists are focus-
ing more effort on developing anisotropic imaging meth-
ods. Many migration algorithms have been developed
for imaging anisotropic media (see Ferguson and Mar-
grave (2002) and its references). The objects to be im-
aged may be embedded in media with complex structures
and strong velocity and anisotropy perturbations. Wave-
equation based methods are the principal choice for imag-
ing these types of complex media. In this paper we de-
velop an imaging algorithm for imaging the VTI media
with arbitrary anisotropy and heterogeneity. This algo-
rithm is based on a one-way propagator (Han and Wu,
2003a; Han and Wu, 2003b) which is designed for dealing
with strong anisotropy and heterogeneity. The isotropic
SEG/EAEG Salt model is modified for VTI media in or-
der to generate anisotropic 2-D zero-offset data and shot-
gathers. We image the zero-offset data and shot-gathers
and compare the results to those imaged with isotropic al-
gorithms. Good quality images from both poststack imag-

ing and prestack imaging support this algorithm’s accu-
racy in imaging complex media with strong perturbations
and strong anisotropy. Isotropic algorithms produce poor
quality images with background artifacts, improperly fo-
cused energy and mispositioned reflectors, and introduce
false reflectors.

Method

Propagation of a scalar plane wave, from depth zj to zj+1

in a 2-D heterogeneous VTI thin-slab, normal to the z-
direction can be written in the wavenumber domain as

φ̃j+1(kx) = p̃j(kx)φ̃j(kx), (1)

where φ̃j+1(kx) is the data at zj+1, φ̃j(kx) is the data at
zj , p̃j(kx) is a propagator, and

p̃j(kx) = exp(+iΓ̃(kx)∆z), (2)

where Γ̃(kx) is the positive vertical wavenumber. In
a heterogeneous VTI medium with perturbations, the
vertical wavenumber can be decomposed into a back-
ground wavenumber and corresponding perturbations,
i.e., Γ̃(kx) = Γ̃0(kx) + Γ̃1(kx), where Γ̃0(kx) is verti-

cal wavenumber for the homogeneous background, Γ̃1(kx)
is vertical wavenumber correction for the perturbations.
The Γ̃1(kx) plays a central role for improving large angle
accuracy in VTI media with perturbations (Han and Wu,
2003a). The propagator p̃j(kx) is then written as

p̃j(kx) = p̃0(kx)p̃1(kx) (3)

where p̃0(kx) = exp(+iΓ̃0(kx)∆z) is the propagator in
the homogeneous background, and

p̃1(kx) = exp(+iΓ̃1(kx)∆z), (4)

is the propagator for wavefield correction by the pertur-
bations.

The vertical wavenumber perturbation Γ̃1(kx) in Equa-
tion (4) can be approximately represented as (Han and
Wu, 2003a),

Γ̃1(kx) = w0 + w1k
2
x +

w2k
2
x

w3 + w4k2
x

, (5)

where the coefficients are w0 = γ0, w1 = (γ1γ3 − γ2
2)/γ3,

w2 = γ3
2 , w3 = γ2γ3, w4 = γ2

3 .
The parameters γi, (i = 0, 1, 2, 3), are defined as γ0 =
−ω∆κ0, γ1 = 1

2ω
∆κ1, γ2 = 1

8ω3 ∆κ2, γ3 = 1
16ω5 ∆κ3.

The perturbations of the media ∆κi, (i = 1, 3), are writ-
ten as ∆κ0 = κ0 − κ̄0, ∆κ1 = κ1 − κ̄1, ∆κ2 = κ2 − κ̄2,
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∆κ3 = κ3 − κ̄3. The parameters with bar represent ho-
mogeneous background of the media, and the parame-
ters without bar represent the true media. They are de-
fined as κ0 = s, κ̄0 = s0, κ1 = η−ξ

s
, κ̄1 = η0−ξ0

s0

, κ2 =
(η−ξ)(3η+ξ)

s3 , κ̄2 = (η0−ξ0)(3η0+ξ0)

s3

0

, κ3 = (η−ξ)(ξ2+5η2+2ξη)

s5 ,

κ̄3 =
(η0−ξ0)(ξ2

0
+5η2

0
+2ξ0η0)

s5

0

, where s0 and s are the slow-

ness of the background and the true media respectively,
ξ0, η0 and ξ, η are the anisotropy of the VTI background
and the true VTI media, η0 = 2(ε0 − δ0), ξ0 = 1 + 2ε0,
η = 2(ε− δ), ξ = 1 + 2ε are the anisotropy parameters of
the background and the true media (Han and Wu, 2003a)
defined by Thomsen’s parameters (Thomsen, 1986).

p̃0(kx) and p̃1(kx) are the wavenumber domain propaga-
tors. They propagate the surface data downward to image
the media. According to the Equations (1) and (3), the
propagator in wavenumber domain is

φ̃j+1(kx) = p̃1(kx)φ̃0
j+1(kx), (6)

where φ̃0
j+1(kx) = p̃1(kx)φ̃j(kx). For the homogeneous

background the computation in the wavenumber domain
is efficient; however, for the perturbations int the thin-
slab, the interaction with the wavefield in the spatial do-
main is more efficient than in the wavenumber domain.
By Applying an inverse Fourier transform to (5), we ob-
tain an operator in the spatial domain

Γ1(x) = w0 + w1∂
2
x +

w2∂
2
x

w3 + w4∂2
x

. (7)

The dual-domain imaging equation corresponding to the
Equation (6) is

φj+1(x) = p1(x)φ0
j+1(x), (8)

where φ0
j+1(x) is the inverse Fourier transform of φ̃0

j+1(kx)
which is computed in the wavenumber domain.

Examples

The SEG/EAEG Salt model is a well-known model with
strong velocity perturbations and complex structure and
faults. We modify it by adding anisotropic components
to the original isotropic representation.

Modification of SEG/EAEG Salt model

While keeping the original distribution of compressional
velocities, we introduce anisotropic parameters to the
model to construct a VTI model. The models used for
testing poststack imaging and prestack imaging are dif-
ferent in size. For poststack imaging, the grid dimensions
of the model are 300 in depth and 1290 in the horizon-
tal, with spacing dx = dz = 40ft; for prestack imaging,
the dimensions are 150 in depth and 645 in the hori-
zontal, with dx = dz = 80ft. We keep the salt body

isotropic while modifying its surrounding sediment and
faults into VTI media. The anisotropy of the model
is characterized by Thomsen’s parameters which in this
model are linear functions of perturbation of compres-
sional velocity, i.e., δ(x, z) = 0.80(v(x, z) − vmin)/vmax,
ε(x, z) = 0.64(v(x, z) − vmin)/vmax. The maximum val-
ues of ε and δ are 0.31 and 0.39, respectively, while their
minimum values are zero. Figure 1 shows the VTI model
for prestack imaging where Figure 1(a) is compressional
velocity, Figure 1(b) is anisotropy δ and Figure 1(c) the
anisotropy ε. The VTI model for poststack imaging has
the same parameter distribution but different model size.

Poststack depth imaging

First we test our propagator with poststack data. The
zero-offset section generated by exploding-reflector mod-
eling with our anisotropic propagator is shown in Fig-
ure (2). The peak frequency of the Ricker wavelet is 8Hz.
Time sample rate is 8ms and number of samples per trace
is 626. The CMP number is 1290 and CMP space is 40ft.
Figure (3 shows poststack depth imaging results where
Figure (3(a) is the image migrated with an isotropic prop-
agator (i.e., the anisotropic parameters of the propagator
in Equation (3) are ignored). Compared with the model
in Figure 1, the reflections are not well imaged by the
isotropic propagator because of ignoring the anisotropy.
The image has also artifacts and the steep structures are
mispositioned although the energy is well focused. Fig-
ure (3(b) is imaged with a true VTI propagator. In con-
trast to Figure (3(a) this image has fewer artifacts and
the structures and faults are correctly imaged.

Prestack depth imaging

We now test our propagator with prestack data. The shot
gathers are also simulated with the anisotropic scattering
operator. 323 shot-gathers are recorded. Shot space is
160ft and receiver space is 80ft. The peak frequency
of the Ricker wavelet is 6Hz. Time sample rate is 8ms
and number of samples per trace is 626. Figure 2 shows
four shots where the sources are located at 0.0ft, 320ft,
640ft and 960ft. From the shot gathers, we extract 150
traces whose offsets range from −6000ft to 6000ft. Di-
rect arrivals are not recorded in this numerical experi-
ment. Figure 5 shows prestack depth imaging results. In
Figure 5(a) the image is migrated with an isotropic prop-
agator. Compared with the model, the reflections are not
well migrated because of ignoring the anisotropy. The im-
age has artifacts which look much more prominent than
the image shown in Figure 3(a). The steep structures are
seriously mispositioned, and pseudo-structures are pro-
duced. Figure 5(b) is imaged with a true VTI propagator.
Compared with Figure 5(a) this image has fewer artifacts.
The structures and faults are correctly imaged.

Conclusions
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In this paper, we presented a dual-domain depth imaging
algorithm for strongly heterogeneous VTI media. The
imaging algorithm is obtained from a one-way propaga-
tor which is designed for wave propagation in general VTI
media. We successfully applied the algorithm to imaging
a modified 2-D VTI SEG salt model. Although there are
large perturbations and sharp variations of compressional
velocity and anisotropy in the model, the imaged pro-
files are satisfied with both the anisotropic poststack and
prestack depth imaging algorithms. The salt body is cor-
rectly imaged and the main structures are well positioned.
In comparison, when an isotropic operator is applied to
the same anisotropic data, the imaged profiles have poor
quality. The new algorithm developed in this paper has
potential for imaging media with complex structures and
strong VTI perturbations.
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Fig. 1: The modified SEG/EAEG Salt model in terms of com-
pressional velocity, anisotropy δ and anisotropy ε. The het-
erogeneous anisotropy parameters have linear relations with
respect to the perturbation of the compressional velocity:
δ(x, z) = 0.80(v(x, z) − vmin)/vmax, ε(x, z) = 0.64(v(x, z) −
vmin)/vmax. The salt body keeps isotropic.
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Fig. 2: Zero-offset section from the modified anisotropic
SEG/EAEG Salt model. The grid size of the model is 300
in depth and 1290 in horizon. dx = dz = 40ft. CMP space
is 40ft. Peak frequency of the Richer wavelet is 8 Hz. The
sample rate is 8ms. The trace number is 1290 and the sample
number per trace is 626.
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Fig. 3: Images from the poststack depth migration of the sec-
tion in the Fig. (2): (a) imaging with the isotropic propagator,
i.e., ε = δ = 0.0; (b) imaging with the true anisotropic propa-
gator.
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Fig. 4: Four shot-gathers from the modified anisotropic
SEG/EAEG Salt model. The grid size of this model is 150
in depth and 645 in the horizontal. dx = dz = 80ft. The
sources are located at 0.0ft, 320ft, 640ft and 960ft. Peak
frequency of the source is 6 Hz. Number of samples per trace
is 626. Sample rate is 8ms.
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Fig. 5: Images from the common shot prestack depth migra-
tion: (a) imaging with the isotropic propagator, i.e., ε = δ =
0.0; (b) imaging with the true anisotropic propagator.
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