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Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

Abstract

The present monograph, describing in detail compressional wave propagation in
horizontal transverse isotropy (HTI) media as a function of azimuthal angle ¥ (angle
between the two vertical planes: isotropy plane and plane of measurement), comprises the
comprehensive study of wave spreading in anisotropic environment. The paper contains
both the account of algorithmic relations of seismic modeling and migration and the
abundant set of correctness verifying computer simulations as well.

The starting point for theoretical considerations is basic relation between stress
and strain according to Hooke’s law and the elastic wave equation, which lay down the
full system of elastic equations. The dispersion equation derived from it in wavenumber
domain, allows to get its eigenvalues — temporal frequency and vertical wavenumber.
Temporal frequency was used to build our one-way wave equation for forward-propa-
gation modeling, while the vertical wavenumber provides the main element of wave
propagator for depth extrapolation, i.e. for seismic migration. As the solution of third
degree equation, we show the exact version and two approximate versions. Those ap-
proximate solutions may be successfully applied in practice as shown by numerous
examples of propagation simulation (errors do not exceed 1.6%). The approximate
version of the depth extrapolator was also validated for zero-offset migration. We ve-
rified these algorithms in the range of ¢ [-0.3; 0.3], § [-0.2; 0.2] parameter variability,
i.e. typical properties for rock anisotropy in oil exploration. The zero-offset migration
algorithm, proposed in this monograph, is the adapted version of MG(F-K) migration
in wavenumber and frequency domain, developed by the authors for compressional
and converted wave seismic migration as well as applied in VTI (Vertical Transverse
Isotropy) and TTI (Tilted Transverse Isotropy) media.

The accuracy and high quality of wave propagation has been verified in plentiful
zero-offset modeling and relevant seismic migration experiments for the two models,




Abstract

for the multilayer anticline and for the fault zone. The wavefield images, obtained by
the one-way equation in wavenumber domain, are deprived of the noise, including
inherent for the wave equations in space domain “diamond shape” noise and multiple

waves interferences.
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Streszczenie

Niniejsza monografia, traktujaca o propagacji fal podtuznych w oérodku o poprzecz-
nie poziomej izotropii HTI (Horizontal Transverse Isotropy) jako funkcji azymutalnego
kata ¥ (pomiedzy pionowymi plaszczyznami: izotropii oraz pomiarowg), stanowi obszerne
studium wlasciwos$ci rozprzestrzeniania sie¢ fal w o$rodku anizotropowym. Praca zawiera
zaréwno opis relacji algorytmicznych proceséw modelowania i migracji, jak i bogaty zestaw
przyktadow dokumentujgcych poprawnoé¢ symulacji komputerowych.

Punktem wyjsciowym w rozwazaniach teoretycznych jest podstawowy zwigzek pomiedzy
naprezeniem a odksztalceniem wedlug prawa Hooke’a oraz réwnanie ruchu falowego, ktére
formutujg pelny system réwnan sprezystych. Wyprowadzone stad rownanie dyspersyjne
w dziedzinie liczb falowych pozwala uzyska¢ wartos¢ wlasng — czestotliwo$¢ czasowg oraz
pionowa liczbe falowa. Czestos¢ czasowa postuzyla do sformutowania oryginalnego réwna-
nia falowego jednostronnego, bedacego podstawowym narzedziem modelowania ,,w prz6d”,
natomiast pionowa liczba falowa stanowi gléwny element propagatora falowego w procesie
ekstrapolacji gleboko$ciowej — migracji. W zakresie modelowania zaprezentowano $cisla
wersje rozwigzania rownania trzeciego stopnia oraz dwie wersje aproksymacyjne, ktdre -
jak wykazaly liczne przyklady symulacji propagacji — z powodzeniem moga by¢ réwniez
stosowane w praktyce (bledy ok. 1,6%). Takze w zakresie migracji zero-offset stwierdzono
przydatnosé¢ aproksymacyjnej wersji ekstrapolatora. Weryfikacje tych algorytmoéw przepro-
wadzono w zakresie zmienno$ci parametréw: € [-0,3; 0,3], § [-0,2; 0,2], a wiec w obszarze
stanowiacym podstawowy przedmiot poszukiwan naftowych. Algorytm migracji zero-offset
zaproponowany w niniejszej monografii jest zaadaptowang wersja MG(F-K) migracji
w dziedzinie liczb falowych i czestotliwosci, opracowang przez autoréw dla izotropowe;j
wersji dla fal podluznych i przemiennych oraz dla anizotropowych o$rodkéw typu VTI
(Vertical Transverse Isotropy) i TTI (Tilted Transverse Isotropy).
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Streszczenie

Szeroki zakres modelowan sekcji czasowych zero-oftset i odpowiadajacych im obrazéw
odwzorowan migracyjnych, wykonanych dla modelu wielowarstwowej antykliny i strefy
uskokowej, potwierdzily wysoka dokladnos¢ i jako$¢ propagacji falowej pozbawionej
efektow zakldcajacych typu diamond shape, bedacych immanentng cechg réwnan falowych
we wspolrzednych przestrzennych oraz fal wielokrotnych w konsekwencji stosowania

jednostronnego réwnania we wspolrzednych liczb falowych.
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Introduction

The problem of taking into consideration the anisotropy of compressional wave
velocity in seismic prospection was ignored for a long time, because of mathematical dif-
ficulties in quantitative description of the physical phenomena and deficiency in effective
measurements and methodical estimation of anisotropy parameters.

Intensified theoretical and experimental investigations have followed spectacular
defeats in matching the reflectors from seismic sequence analysis to drilling data in North
Sea [5]. The detailed analyses have shown that the reason for deeper position of Jurassic
sand - the main object of geophysical researches — was the overestimation of stack velo-
city. The result was created by anisotropy of compressional wave velocities of overlaying
cretaceous shale series with substantial thickness. This caused an increase of the average
quadratic velocity Viyuo. Likewise, Kendall, Grey and Miao [23] noted that the floor of salt
diaper was moved about 400 m by the application of velocity charged with anisotropy
influence (Mohogany field in Gulf of Mexico).

Now, many comparative examples of deep structures imaging for isotropy and ani-
sotropy versions of wavefields exist, which indicates substantial influence of anisotropy
parameters on structures imaging accuracy, even for small parameters of anisotropy. Altho-
ugh this paper is devoted to the application of compressional waves in oil prospection, we
should underline the role of shear wave S splitting phenomena into modes with different
polarizations SV and SH [12]. Analysis of this phenomenon is applied for crack orientation
evaluation and reservoir parameters estimation.

The practical considerations and theoretical substantiations have determined acceptance
of transverse isotropy (TT) models. In the case of thin horizontal layering, the shale - sands
periodic scheme, we have the model of VTI type (Vertical Transverse Isotropy) with vertical
symmetry axis, perpendicular to the isotropy plane, mathematically justified by G. M. Post-
ma [42]. In the case, where the axis of symmetry and the vertical axis form a 0 angle, this is
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Introduction

a monoclinal medium described by the tilted transverse isotropy (T'TI) model. In the special
case, where the angle 6 = 90°, we have horizontal transverse isotropy (HTI). A way for the
calculation of wavefield characteristics as the function of azimuthal angle ¥ (angle between
horizontal axis of acquisition X and the projection of vertical isotropy plane on xy-plane) is
one of the two aims of this research project. Generally, the forward modeling of wavefields
in anisotropic media should be executed by the solution of the full system of the elastic
wave equations, determined by Hooke’s law and equations of motion. Various methods are
used: finite element, finite difference, spectral and pseudo-spectral, etc. [8, 55, 37, 52, 26, 64,
58, 14]. The ray tracing method, despite its limitations, can also be used to analyze wavefield
characteristics [11] and successfully applied to modeling in laterally inhomogeneous media.
Anyway, the numerical solution of the full system of the elastic wave equations in 3D media
is a very time and resource consuming computational operation. As result, we have the
components of field displacement, which respect the motion of compressional and shear
waves. The interpretation of wave phenomena in this case is a complicated task and taking
in consideration insufficient knowledge of anisotropy parameters in 3D media, this way
of modeling is rarely used. For these reasons, the growing tendency to simplify the theory
and to limit oneself to pseudo-acoustic equations has emerged. The basic assumption for
this method is that the velocity of the shear wave Vsy = 0. This assumption results from
Alkhalifah’s [1, 2] numerical experiments, showing that the influence of the shear S wave
on the velocity of the compressional wave P, is insignificant.

In seismic, the azimuthal dependence of measurement characteristics is directly con-
nected with the type of anisotropy media. Transverse isotropy (TI) model with horizontal
symmetry axis demonstrates such properties. That means that the compressional wave
velocity differs in perpendicular and parallel direction to the isotropy plane. Grechka V. and
Tsvankin I. [21] have derived the following relation for velocity Vyuo as the function of
Y angle between the direction of the measurement line and the projection of the isotropy
plane on the horizontal xy-plane:

1

—— =W, cos® W +2W,, sin W cos ¥ + W, sin> ¥
Vo (F)

where W, = z’o[ap’} and p, _or for (i = 1, 2) are the horizontal components of the
Ox; Ox;

slowness vector (the elements of W matrix) and 7, means one-way travel time from the
zero-offset point.
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From the above relation follows, that the dependence of velocity Vyuo(¥) on the
azimuthal angle W has an elliptical character. This creates a practical prerequisite to deter-
minate shale cracks orientation by seismic methods. The elliptical character of dependence
Vamo(¥) velocity occurs also in more complicated orthorhombic media, e.g. in the combi-
nation of HTT and VTI models. Tsvankin I. and Grechka V. [53] determined the following
dependence for orientation crack ®g:

1

) 1
sz_Wn +|:(W22_W11) +4VV122:| :
2m,

O, =tan™’

based on eigenvalue decomposition of symmetrical matrix W. The intensity of cracks is
determined by the ratio of maximum to minimum eigenvalues of this matrix.

Recently one can notice substantial progress in the accuracy gain of traveltimes cal-
culations in TTI media [40] and in the application of full azimuthal schema of common
offset migration [56]. The well-known Taner and Koehler’s [50] formula was adapted to
anisotropy media by taking into consideration dip angles, azimuthal angles, inclination
angle of crack plane.

A numerical experiment done by X. Sun and S. Sun [49] has shown that the application
of the formula with fourth term taken into account, improves extraction effect in common
image gather (CIG) not only in the surface domain of offset, but also when the angle of
incident and azimuthal angle are defined in the subsurface domain of angles - migration
LAD (Local Angle Domain) [25, 43].

Pseudo-acoustic wave equations in space-time domain derived by T. Alkhalifah [1, 2]
are fundamental for compressional wave implementation in VTI media. Zhang et al. [60]
adapting phase-velocity in VTI media to TTI (Tilted Transverse Isotropy) media obtained
a differential equation of fourth order, which is in accordance with Alkhalifal’s relation
for VTI case. They demonstrated an interesting experiment through the comparison of
the vertical component Z from a full wave equation with acoustic solution for a compres-
sional wave. They found that results are kinematically similar but dynamically they differ
considerably.

Alkhalifal’s relations were subjected to many transformations in VT media [62, 15, 16]
and in TTI media [60, 63, 61, 18].

14
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Starting with the phase velocities for P-wave and shear SV-wave Zhan et al. [59]
developed decoupled equations for modeling and reverse time migration (RTM). The ge-
neral feature of those solutions is the application of velocity approximation in Daley and
Hron’s [13] terms in space coordinates.

The authors of this paper [32] presented another concept of zero-offset time section
modeling, based on the determination of time-frequency eigenvalue of the dispersion
equation obtained from a full elastic equation for TTI media. In specific cases in 2D
version we obtained the solution for VTI model and for HTI model when azimuthal
angle ¥ = 90°. The modeling procedure is performed in space domain and in wavenum-
ber-frequency domain. In heterogeneous medium, we use a pseudo-spectral method. This
requires application of Fourier transform (x—k,) and its inverse (k.—x).

We obtain time zero-offset section based on the solution of one-way wave equation,
which defines unequivocally the direction of compressional wave propagation. In general,
the wavefield for arbitrary offset requires the solution of second order equation vs. time.
The authors of this work proposed after all, the one-way equation of propagation wave
in space domain and wavenumber - frequency domain, to simulate the wavefield for
arbitrary offset. The advantage of this proposition is the elimination of multiples. This
approach requires additional reformulating of the calculations procedure. This task will
be the subject of works in the nearest future for the use of HTI(¥) model simulation
for different azimuthal angles W. The same velocity model for layered anticline as in the
TTI model (for ¥ = 90°) [32], will be used for wave effects comparison for different
anisotropy models.

The second aim of this research project was working out seismic depth migration in
azimuthal anisotropy media. Back wavefield propagation, i.e. migration, can be produced
in time-space or dual domain: wave numbers (K) - frequency (F) and time-space. In
time-space domain, migration is made with Kirchhoft’s theory and requires many multi-
pathings [11,48, 47]. In this category, special position in view of its effectiveness, takes up
migration in reverse time [6, 39, 16, 18, 57].

In this process, we use forward modeling and record waves in reverse time taking
into consideration the condition of imaging depth target.

Besides the mentioned Kirchhoff’s method and reverse time migration there exist
also algorithms of “phase shift plus interpolation” type, i.e. migration in wavenumbers
and frequency domain [24, 45]. For those methods, the basic difficulties are the determi-
nation of the relation between the vertical and horizontal wavenumbers and anisotropy
parameters.

15
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Uzcategui [54] adapted an algorithm of finite difference to the extrapolation using
a lateral convolution variant whereas Ristow and Riihl [44] worked out the algorithm based
on finite difference with an approximate formula of velocity for “weak” anisotropy. Han and
Wu [22] on the basis of Christoffel’s equation reached a relation for a vertical wavenumber
suitable in GSP (Generalized Screen Propagator). The propagator has the form of a one-

-way solution of wave equation and requires correction of the wavefield by the implicit
finite difference method, which is very time-consuming. MG(F-K) (Generalized Migration
in Wavenumber-Frequency) belongs to the group of one-way solution algorithms in the
wavenumber—frequency domain, projected initially for compressional waves in pre-stack
[27,28] and zero-offset version [28] and then adapted to converted waves P-S [29].

Results of using MG(F-K) migration in TTI anisotropic media (Tilted Transverse
Isotropy) were presented in the monograph [32] on examples of layered anticline and
vertical fault (VTI) and in the paper [31].

In anisotropy media of HTI(W) type the authors of this project proposed the appli-
cation of MG(F-K) migration in the wavenumber - frequency domain, tested on synthetic
models of VIT and TTI type models, inter alia on strong heterogeneous Marmousi dataset.
In general, the downward extrapolation operator in TI media (Transverse Isotropy) is
obtained from the dispersion equations derived from the full system elastic equations. In
the case of the azimuthal operator, it requires to define the elasticity tensor for HTT in the
function of azimuthal angle V.

The correctness of azimuthal migration programs was tested on synthetic models
of layering anticline and vertical thrust checked-out formerly for VTT and TTI migration

algorithms.
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Chapter 1. Equations of wave motion in HTI('¥) in the function of azimuthal angle ¥

Chapter 1. Equations of wave motion in HTI(\V)
in the function of azimuthal angle ¥

Introduction — dispersion equation — pseudo-acoustic
equations

In this chapter we derive the full system of elastic equations from Hooke’s law and
the equation of motion in case of 3D - HTI(¥) media in the function of azimuthal angle V.
Building on this equation system we define the dispersion equation, allowing to derive
eigenvalue - temporal frequency, on which we create a pseudo-acoustic equation of wave
propagation.

Basic equation

Starting point under consideration is Hooke’s law, which we use in the frame of
symmetrical theory of elasticity. From it results, that each component of stress tensor T is
a linear function of strain Ej

T;'j = CijkIEkl = Cijkl By,

Elk :1/2(U1,k+Uk,l) (1.1)

17
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. ou, . . oL
where Cjju = C is a four rank tensor of elastic modulus and U, , = a—kl is a partial derivative

I - component of displacement U in respect to k-th coordinate. Stress tensor Tj; = Tj is
symmetrical which reduces from 9 to 6, the number of independent equations. Stiftness
tensor C is given by symmetrical 6 x 6 matrix:

C, C, Cs, 0 0 0]
c, G, C, 0 0 0
oG G G 000 (1.2)
0 0 0 C, 0 0
0 0 0 0 C, 0
(0 0 0 0 0 Cf

Stiffness tensor C consists of five independent modulus of elasticity: C;;, Css, Cis, Cas, Cos
and C]g = Cu -2 C66-
The four of them can be determined directly by velocities:

c 12
0
112
e
: 0 (1.3)
Ve = 66}
o)

where Vpjand Vp, are compressional velocities in parallel and perpendicular directions
to the symmetry plane (plane of lamination); Vi is a velocity of shear wave propagating
in the isotropy plane with polarization also in this plane, then Vv is a velocity of a shear
wave S propagating in a plane perpendicular to the isotropy plane and polarized in this
plane, p is density of media.

18
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For isotropic media we have relations:

Ci=Cy=A4+2u

C,=0C; = A
Cy = C66 =H
C, =G —2C,

where A and y are Lamé parameters.

(1.4)

The ratio of compressional wave velocity to a shear wave velocity is given by a strains

rate — transverse to longitudinal i.e. Poisson ratio o:

sz\//1+2,u=\/2(1—0')>ﬁ

Vs 7 1-20

Describing anisotropy models we use Thomsen’s parameters:

C11 - C33
2C;,

(C13 + C44 )2 _(C33 _C44)2

o=
2C33 (C33 - C44 )
c. -C
y = 66 44
2C44

(1.5)

(1.6)

(1.7)

(1.8)

The relation presented above concerns the range of “weak anisotropy”, which exist in

most bulk elastic media [51]. Determination of the parameter § requires measurements of

phase velocity for angle 6 = 0°,45°, 90° and J may be defined as:

19
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0= 4[VP(”/4)/_VP(0) B 1} - I:VP(”/Z)/VP(O) - 1] (1.9)

Parameter § has essential meaning for imaging VTI media.
Normal-moveout velocity Vyuo obtained from velocity analyses will be:

Vavo =VpoN1+28 (1.10)

where Vp() is the velocity of a compressional wave in the vertical direction, i.e. perpendi-
cular to the plane of lamination in the VTT media.

Fig. 1.1. Right-handed coordinate measurement system x, y, z and x’, ¥, 2’ system tied with inclined,

inter bedding layering simulating tilted media TTI (Titled Transverse Isotropy)

20
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In considerations about algorithms of modeling, we often use relations:

“

Cis :p(1+25yV}3L

Cy :pVIJZL(1+2‘9) (L11)
G, +Cy :2pVPzL(l+g)

where V5, is the velocity in a perpendicular direction to the lamination of thinly - lay-
ered media. Generally the stiffness tensor C (relation 1.2) describes the characteristic of
anisotropy TI model (Transverse Isotropy). When symmetry axis perpendicular to the
isotropy plane (the lamination of thinly - layered media) is directed vertically, we have
model VTT (Vertical Transverse Isotropy). In general terms, the stiffness matrix depends
on the orientation of anisotropy model in space.

The orientation of the TI medium in respect to the observation system x, y, z is defined
by two angles: the dip angle 0 and the angle ¥ between the strike of the isotropy plane and
the measurement line. In order to fix the principles of propagation waves in the observation
system x, y, z one should to perform the rotation of the matrix from x’, y’, z’ system (such
as for VTT model) to x, y, z system. Then using Bond’s relation [4, 7, 64] one can obtain the
relationship of elasticity modulus D in the observation system x, y, z expressed through
the known matrix C - tensor in system x’, y’, 2’ rotated by angle ¥ vs. z-axis and dipping
at 0 angle (vs. horizontal plane):

D*"=R-C-RT (1.12)

where the matrix R is as follows:

[ 72 2 2
[ m, n, 2mn, 2nl, 2lm,
2 2 2
IS m, n; 2m,n, 2n,l, 2l,m,
2 2 2
& m,; n; 2myn, 2n.l, 2lm,

(1.13)
LI, mym; nyny myny+myn, n,ly+nd,  Lmy+1Lm,

Ll msm; nyp, mn+mn,  ml +ndy  Lm+1Lmy

LG, mm,  nn,  mn, +myng nl +nyl llm2+lzm1_
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and where:
[, =cos@sin'Y, m, =cos¥, n =sinfsin¥
I, =—-cos@cosW, m, =sin¥, n, =-—sinBcos¥ (1.14)
l; = —sin 6, my, =0, n, = cos @

and the matrix R” is a transposition of the R matrix. The C matrix is determined by relation

(1.2). The components of D% tensor are shown in appendix A;.

In case of HTI medium, i.e. when the angle 6 = 90°, components of tensor D% ¥

are as follows:

dy, =C, cos* ¥+ sin* W +2C,, sin” ¥ cos® W + C, sin” (29)

dy, =d, =(C, +C,;)sin’ ¥cos’ ¥ +C,, (sin4 ¥ +cos* lI’)—C44 sin” (2¥)

d,=d, =C,cos’ ¥ +C,sin* ¥

d14 :d41 =0 (1.15)
dis=ds; =0

—_

d,=d, :E(C” —C,;)sin(2¥)cos’ ‘I’+%(C13 —C,;)sin(2¥)sin* ¥ —

—C,, sin(2¥)cos(2¥)

dy, =C, sin* W + Cyy cos* W+ 2C,, sin® W cos® W + C,, sin” (2W)
d,,=d,, =C,sin’ ¥ +Ccos’ ¥

d24 = d42 =0
dys=ds; =0
d,,=d, :%(C” —C,;)sin(2¥)sin* ¥ +%(C13 —C;;)sin(2¥)cos® ¥ +
+C,, sin(2¥)cos(2¥)
dy;=C,
dyy=d;=0
dys=ds; =0
1 .
dy,=d,, :E(C12 —C,3)sin(2¥)
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Chapter 1. Equations of wave motion in HTI('¥) in the function of azimuthal angle ¥

d,, =C,cos’¥+C,sin* ¥
dys=d;, =(Cy—C,,)sin ¥ cos ¥

d46 = de4 =0
dy, =C,, sin> ¥ +C, cos’ ¥ (1.15, cont.)
dyg=dgs =0

dy = i(C11 —2C,, +Cyy)sin’ (2¥)+C,, cos’ (2¥)

The relationship between stress tensor T; and strain Ej and the derivatives of displa-
cement Uy in 3D case is given by:

T, dy dy, ds 0 0 dyl||Ex=U,,
T, dy dy dy 0 0 dy Eyy = Uy, v
Ty _ dy dy dy 0 0 dy|lE.= Uz,z (1.16)
T, 0 0 d44 d45 0 2Eyz = Uy,z + Uz,y
T, 0 dy, dys 0 ||2E.=U_+U_,
_le i _dél d62 de} 0 0 déé ] _2E.\'y = Ux,y + Uy,x_

The basic equations describing wave propagation are equations of motion

U,
Ty = P75 (1.17)

where the subscript “ij,j” indicates the partial derivative of the tensor with respect to the
j-th coordinate,  is time.

For the component of displacement we obtain:

o*U
T11,1 +T|z,z +T13,3 = paTzl

o'U. (1.18)
T21,1 +Tzz,z +T23,3 =p 6t22

o’U
T31,1 + 7132,2 + T33,3 =p @t23
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where derivatives of stress T} are as follows:

T,=d U, +dU, +dU._ +d (U, +U,.)

T,,=dU,, +dU, +dU. +dg(U, +U,)

Ty =dyy(U,.+U. . )+dss(U, . +U...)

Ty =dgU, , +dyU, , +dU. . +d (U, +U, )

Ty, =d,U,, +d,U, +d,U. +d (U, +U, ) (1.19)

7;3,3 = d44 (Uy,z: + Uz,yz ) + d45 (Ux,zz + Uz,xz )

T;l,l = d54 (Uy,zx + Uz,yx ) + d55 (Ux,zr + Uz,xx )
7‘;2,2 = d44 (Uy,zy + Uz,yy ) + d45 (Ux,zy + Uz,xy )

];3,3 = dl3Ux,xz + d23U + d33Uz,zz + d36 (Uy,xz + Ux,,vz)

y.yz

Equation systems (1.18) and (1.19) constitute the full equation system of elasticity
describing the waves propagation in HTI(¥) medium.

Using Fourier transform (x—k., y—k,, z—k., t>w,) to (1.18-1.19) equations we
obtain matrix equation normalized for p (density) components of displacement vector
U expressed in wavenumber domain (k, k,, k.) and temporal frequency w.:

all a12 a13 U

X

ay a, ay||U, [=0 (1.20)

¥
a}l a32 a33 U

z

where

a, = dnkx2 + a!“ky2 + dsskz2 +2d,¢k k, — a)ﬂ2

ay, = ay, =dik? +dygk; +dsk +(d,, +dg )k k,
a,=a, = (d55 +d, )kxkz + (d45 +d,, )kykz

ay, = d(,skf + dzzky2 + d44k22 +2d,.k k, — a)a2

Ay, =0y, = (d63 + 0145)kxkZ +(d23 +d44)kykz

ay, = a’sskx2 + d44k)2, + d33k22 +2d,5k .k, — waz

(1.21)
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The solution of the equation (1.20) requires fulfillment of the condition:

detA=det|a,, a, a,|=0 (1.22)

a3 Gy Ay

where det means determinant of the matrix A (see appendix A,).
This determinant is as follows:

det A= H (k,.k,.k..0=90°%)-0° +&'B-0’C=0
(1.23)

or in the equivalent form

Y -yB+yC-H=0 (1.24)

where w; =y,

2 2
B= kx (dll +d55 +d66)+ ky (d22 +d44 +d66)+ (1243)

+ kz2 (d33 + d44 + d55 )+ 2kxky (d16 + d26 + d45 )

kj (dss + d66 ) + k)% (dzz + d44 ) +
+kZ (dyy+d,y )+ 2k k (dy +d,5)
+kjd55d66 + kﬁd22d44 + k?d33d44 + kxzkﬁ (d66d44 + dzzdss + 4d26d45 ) +

(dyk? +dygk? +dek? +2d, k k., )

C oK [d33d66 +dydy —(dy, +d,e )2] Ik [d22d33 +d, —(dy+d,, )2} (1.24b)
+2kk, (dysdgg + doygdss )+ 2k k, (dysdy +dogd ) +
+2kz2kxky [d55d44 + d26d33 - (d63 + d45 )(dzs + d44 ):| -

2 2
[k + dok +do k2 +(dyy +dog ok, | [ (s +dyy ). +(dos +dsg ) K k. |
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kfaf—i—k)(? +kfal+k k, a, +k k. a51 +k4k2a12
2 2 2 2 2
+k k. a21 +k'k; a31 +kk a32 +k'k a13 +k k c123
Hk .k, k.,0=90°¥) = +kkzka’ +kkikayy) +kkikayy +kkikayy+  (1.240)

xz%y 2,31 xVyTz1,2.3 yszl}

+ IRk, @ IRk @2 4 ka4 kRl +

zWx "y zy Ty z%xy xTytz

+ ik ka4 ke att e ¢k al

xytz yoxTz v723

The coefficients a3 are shown in appendix As.

For 2D case, i.e. when k, = 0 and for the acoustic model of propagation, where
Cy = Cs = 0, we obtain the following relations:

H(kx’ky = O,kz,e = 9003\11): kjkzz [dn (d33d66 _d(,zs)_dlzﬁdm +d13d16d66 _d123d66]
B=kl(d, +dg)+kld, (1.25)

C= kjkzz (dndss + d66d33 _d623 _dlzs)"'k;t (dndes _dlze)

Let’s present relation (1.25) in a convenient to analyze form in dependence with
Thomsen’s parameters ¢ and J:

H =K )2V, sin® (2W) - h
B=kV}-b+kXV; b, (1.26)

C=kVy -, +kV;sin*(2¥)-c,

where:
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Chapter 1. Equations of wave motion in HTI('¥) in the function of azimuthal angle ¥

[(1+ 2¢)cos* W +sin* W +%(1 +6)sin2(2‘1’)}[2(1 +26)(6—8)-(26-5)’ |-

h=L1 (14 26)[(26 —8)cos> ¥ + 5sin> WT +

+sin(2¥)[(1+2¢)cos> ¥ + (1+8)sin”> ¥](e —5)(2e =) —
—2[(1+2¢&)cos’ ¥ + (1+8)sin” W] (s = 5)

b =(1+2¢&)cos* ¥ +sin* ‘P+%(1 +5)sin2(2‘P)+%sin2(2‘P)(£ -0)
b, =1+2¢ (1.27)

¢ =sin* ¥-2(¢ —5)+%sin2(2‘}’)[(6 —5)(1+28)—%(28 —5)2}

‘:(14—28)0084 Y +sin’ ‘P+l(1+5)sin2(2‘1’)}(5 -8)—
. 2

) 2
[(28—5)0052 WY +§sin’ ‘PJ

1
2

The analysis of coefficients h, b;, bz, ¢, ¢ for Thomsen’s parameter’s in range of
€(+0.4; -0.3) and J in interval (+0.3; -0.2) shows the dominating meaning (the Table 1) of
by and b, coefficients and low values of the h parameter for € and § in interval (0.3; -0.2) and
that in practice encases the full range of Thomsen’s parameters variability in sedimentary
rocks which are mean objects of oil recovery.

Taking in equations (1.25-1.26) that i = 0 we obtain a biquadratic equation

wj - wuz [kxz (dn + d66 ) + kzzd33:| + kxzkzz |:d11d33 + d66d33 - d623 - d123 ] + k;: |:d11d66 - dlzﬁ] =0 (1.28)

If in equation (1.28) we eliminate the ds, dss, dis components, we can obtain the
following relation:

o} -] (d, & +dy )+ kK2 [ dy dyy — d)y | =0 (1.29)
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Dispersion relations determined by the equation of third order (1.23) and the bi-
quadratic equations (1.28) and (1.29) will be the object of testing so as to determine the
range of their application.

Tab. 1. The comparison of coefficients in relation 1.27 in dependence of
Thomsen’s parameters

0.4;0.3 -0.135 1.40 1.80 0.077 0.027
0.4;0.2 -0.135 1.40 1.80 0.19 0.09
0.3;0.2 -0.07 1.30 1.60 0.09 0.04
0.3;0.1 -0.067 1.30 1.60 0.97 0.097
0.2;0.1 -0.028 1.20 1.40 0.097 0.047
0.5;0.1 -0.015 1.15 1.30 0.047 0.022
0.2;,-0.15 -0.007 1.20 1.40 0.268 0.169
0.2,-0.2 0.0 1.20 1.40 0.390 0.190
-0.2;0.1 0.0 0.8 0.6 -0.302 -0.29
-0.3;0.2 0.023 0.75 0.4 -0.51 -0.26
0.3;-0.2 -0.024 1.09 1.6 0.49 0.24
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Chapter 2. Pseudo-acoustic wave equations

Chapter 2. Pseudo-acoustic wave equations

In this chapter pseudo-acoustic equations will be derived, i.e. generalized wave
equations for transverse isotropy models (TI) in wavenumbers and eigenvalue frequency
domain.

The solution of the biquadratic dispersion relation (1.28) has the form

1 1/2)V2
COHTI = Vp ‘kHTI = E{FHTI(W) +|:F13T1(‘l’) _4GHT1(‘~I‘):| } (2.1)
where
4 . 4 1 s
Fome, = 2 [1+2&)cos™ ¥ +sin” ¥ +1(1+9)sin”2Y¥) + 1)
+4sin’* (2¥)(& - O) k] +(1+28)k]
G e sin4‘P+%sin2(2‘1’)[(8—5)(1+25)— .
Hricy) = Vphi i . ,
~&(1+26F ~4(26-6)’]
(2.1b)

L sin” (2W)[(1+2¢&)cos* ¥ +sin* ¥ +L(1+ &)sin*(2¥)](e - 5) -
- Lsin’ QW) [(26 - S) cos® W + Ssin® W

In TTI (Titled Transverse Isotropy) medium temporal frequency - the eigenvalue of
dispersion relation is given as follows [32]:
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1 12\ 2
Oy =V, Ky = E{Fm (*)+ |:FT2T1 (#) 4G, (i):| }

where
Fryy (£) = (d), +dsg)k; + (2)2k, - k.(d )5 + dsg) + (dyy + di5)k?

GTTI (i) = (dndss + dlzs )kf + (i)ijkz(dﬁdll - d15d31) +
+ [d|1d33 + 2(d15d35 - d13d55) - d123 ]kszz +
+ (i)kak:(dlsdu - d35d13) + (dssdss - d523 )kz4

(2.2)

(2.2a)

(2.2b)

In relation (2.2a-2.2b) the sign (+) refers to positive direction of measurements in

x-axis for “down dip” while sign (-) refers to “up dip” direction, d; means the components

of stiffness tensor D**=**" for dip angle 6 and the azimuthal angle ¥ = 90°.

In a special case for VTT model (6 = 0°) and HTI model (6 = 90°, ¥ = 90°) we have

(for Vs=0):
Fypy = VP2 (qk.f +k22)
Gy = V: nakjkzz

FTTI(H:9O°) = Vp(kxz + qkzz)

47272
GTT1(9:90°) =V, nakxkz

(2.3a)

(2.3b)

(2.3¢)

(2.3d)

where: 7, = 2(¢ - §) and ¢, § are Thomsen’s parameters, while Vp is compressional velocity

in a direction perpendicular to the isotropy plane.
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Chapter 2. Pseudo-acoustic wave equations

In general, the equation (2.2) was obtained in a 2D case of wave propagation as a result
of the matrix equation solution:

U
|:a11 a12:||: X}ZO 2.4)
ay ay||U,

where the elements of symmetrical matrix [a;] are a function of the wavenumbers k,, k.,
Thomsen’s parameters and the angles: dip 8 and azimuthal ¥, while U, and U, are compo-
nents of the displacements vector.

The equation (2.4) means, that the U, component occurs in neither the first nor second
line of matrix constructed as a product of the stiffness tensor and strain tensor according
to Hooke’s law and the solution comes down to the determination of the quadratic matrix
2x2 determinant. The precondition for determination of the two—dimensional wavefield

ou,

y

oy

= 0 does not eliminate component U,. If the component U, occurs in each line of the

matrix then it produces the necessity of third order determinant computation:

a, a, ay||U, |=0 (2.5)

In this case the eigenvalue of the matrix equation (2.5) i.e. temporal frequency w, is
expressed by a polynomial equation of sixth order. This stems directly from the presence
of temporal frequency raised to second power w,” in a;;, 4., as; elements of the matrix in
relation (2.5). The equation can be written in a form called the Cardano equation:

X +xfi+f,=0 (2.6)

which has the following solution:

31



Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

Jf ffJf G 27)
2 4 27 2 4 27

where
h :C—éBz; f,=+BC-%B’ - H(k,,k,,k.)

and sought temporal frequency w, is given by relation

B (2.8)

W=

where B, C, H are determined by relations (1.24).

Bearing in mind that each component d; of stiffness tensor consists of velocity V,? in
a perpendicular direction to the isotropy plane and taking into consideration the structures
of relations: (1.24), (2.1-2.2), and (2.6-2.7) one can note that relation

2
a)ll
5= i} (ko k., 0.9, 6,6) (2.9)
p

stands for two and three (equation 2.5) dimensions. In equation (2.9) k. is the function of
wave vector’s components, angles: 8 and ¥, Thomsen’s parameters (¢ and 6).
In isotropic medium function (2.9) is a wave vector i.e.:

k' =k>=k!+k +k (2.10)

a

By multiplying two sides of the equation (2.9) by scalar wavefield P(k,, k,, k., w,) and
performing Fourier transform F(w, — t) we obtain:
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Chapter 2. Pseudo-acoustic wave equations

1 0Pk k,.k..1)

o 2.11
V2 or =k, P(k,.k, k1) (2.11)
P

i.e. second order equation in wavenumber domain called pseudo-acoustic, that describes
the motion of compressional waves in transverse isotropy (TI) medium when velocity of
shear waves Vsy = 0.

From relation (2.11) we obtain:

oP(k,.k,.k_.t)

= =iV, k,P(k,.k,.k..t) (2.12)

where i = V -1, i.e. one-side wave equation; sign (+), before temporal frequency w, deter-
mines direction of waves propagation. In x, y, z Cartesian coordinates system with positive
z-axis directed “down’, sign (+), indicates wave propagating to the level of waves recording,
ie.z=0.

The solution of equation (2.11) may be written as follows:
P(x,y,z,t)= Z Z ZP(kx, k,.k.t= O)exp[i(kxx thky+kzt a)at)J (2.13)
o by ke

In heterogeneous anisotropic medium, equation (2.12) takes a pseudospectral form
and then we have:

6P(x(,3i/,z,t) =iV, (x,y,z)Ffl{ kF [P(x,y,z,t)]} (2.14)

where F(x—k., y—k,, z—k.) and F'(k,—x, k,—> y, k.—z) are Fourier transform operators
from (x, y, z) domain to (k;, k,, k.) and vice versa.
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Initial condition for one-way equation (2.14) is the relation (2.13) for t = 0, i.e.
P(x,y, z,t = 0). Such proceeding eliminates necessity of the source function use, i.e. elimi-
nates the inhomogeneous equation.

Numerical solution of equation (2.14) can be obtained by the application of truncated
Taylor series (third - order scheme):

3 1 1
P(x,y,2,1)= Z‘”(Xa’tly’z’o)ﬁf (2.15)
=0 .

J. Gazdag [20] proved stability of the scheme (2.15) in isotropic case.
The second and third derivatives are determined by:

O’P(x,y,z,t ) o
%:_vp (x32) F K F [P(x.y.z)]) 2.16)
O’P(x,y,z,t s .
%:—l\]p (X,y,z)F {kaF [P(x,y’z’[)]} (2.17)

The relations (2.13) and (2.14-2.17) define the process of waves propagation in a de-

termined direction for the anisotropic medium.

The stability

Stability evaluation of modeling will be done with reference to relation (1.29) ta-
king into consideration the convergence of modeling tests from relation (1.23), (1.28)
and (1.29).
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Taking equation (1.29) in the form

o -~ F+G=0 (2.18)

we obtain relation

o, =%\/F+\/F2—4G (2.19)

where

F=d k> +d,k
117%x 337z (220)

G= <d11d33 - d123 )kjkzz

In order to obtain a real solution of the equation (2.18) the following conditions
should be fulfilled:

F>0 (2.21)

and

FF-4G>0 (2.22)

We consider only the case 7, > 0, because as it results from work of Grechka et al. [21],
the case for 7, < 0 is treated as unphysical.
In general, the following conditions should be fulfilled:

qg>0

(2.23a)
1+26>0
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and

{q[q cos* W +sin* ¥ + 2(1 + 25)% sin”® ¥ cos’ ‘I’} -2, sin* ‘P} >0 (2.23b)

It should be noted, that the case for ¥ = 90° accords with the relation presented in the
work [32]. The stability of the numerical solution method employing the time differencing
scheme, is satisfied as for the “isotropy” case [20] i.e.:

wAt<2 (2.24)

where At is time increment. In practice step At = 0.5 ms seems to be a reasonable compro-
mise between the stability and the accuracy of the method.

Signal testing

We performed a few numerical experiments to check correctness of the modeling
process in isotropy and anisotropy media.

We used one-way equation (2.14) and Taylor’s series (2.15) in anisotropic media
HTI(Y) with parameters: € = 0.3; § = 0.1 and velocity Vp = 2000 m/s in a perpendicular
direction to the symmetry plane (plane of isotropy). An excited signal was placed at point
(x=0m;z=0m).

We used 3 versions of signal: Ricker’s 60 Hz signal and two signals presented in
Fig. 2.1, i.e. the zero-phase signal and a signal of the “spike” type. In Fig. 2.2 is shown the
snapshot of Ricker’s signal at the moment ¢ = 0.2 s in isotropy media i.e. for the azimuthal
angle ¥ = 0°.

We can note a noise that follows the spherical wavefront and the phase of the signal.
The snapshot in Fig. 2.3 presents the propagation of the zero—phase signal in isotropy
media (¥ = 0°). In comparison with the propagation of Ricker’s signal we can observe
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greater resolution, but undoubtedly the best image in sense of resolution we obtain using
“spike” signal (Fig. 2.4).

Here, the one-way wavefields propagation was computed with relation (1.29) i.e. bi-
quadratic equation was used. The steps of computation are: At = At = 4m, At = 0,5ms. The
change of the azimuthal angle to 30° (parameters: ¢ = 0.3; § = 0.1) leads to an ellipsoidal
shape of the wavefront (Fig. 2.5).

1,2

1 N\
0,8

zero-phase
signal
0,4 :
s Signal
/ \ in form of spike
7 1T\
0 Ll 1 T T - .
5 a\N3/2 1 o0 1 2'\3/; ssample points

Fig. 2.1. The forms of signal used in testing experiment
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Results of azimuthal modeling

We have done a wide range of modeling in order to check the correctness and use-
fulness of the two temporal frequency w, approximations as a function of parameters
&, 0 (Thomsen’s parameters) and azimuthal angle V.

The approximations defined by relations (1.29) and (1.28) were compared with the
exact solution of the dispersion equation expressed in the form of algebraic of the sixth
degree (1.23) or in a version of third degree Cardano equation.

According to modeling results of different signals (Fig. 2.1-2.5) we did a series of
experiments using “spike” shape signal for good resolution of images. The main object of
modeling was the experiment of signals propagation in anisotropic media for the ¢ and
0 parameters range from the table (Tab. 1), which justifies application of the approximate
solutions, namely biquadratic equations. Some results for media with parameters: ¢ = 0.3;
6 ==0.1 and € = 0.35; § = £0.1 are presented here.

A series of experiments for various versions was done: the approximation according
to the equation (1.29) [Fig. 2.6-Fig. 2.11], for ¢ = 0.3; § = -0.1 and [Fig. 2.24-2.29], for
€=0.35;§ = -0.1 and [Fig. 2.30-2.34], for ¢ = 0.35; § = 0.1; the approximation for equation
(1.28) [Fig. 2.12-2.17], for ¢ = 0.3; § = -0.1 and [Fig. 2.35-2.40], for € = 0.35; § = 0.1 and
[Fig.2.41-Fig.2.46], for ¢ = 0.35; § = -0.1 and for the exact equation (1.23) [Fig.2.18-2.23],
for e = 0.3; § = -0.1 and [Fig. 2.47-Fig. 2.52], for € = 0.35; § = 0.1 and [Fig. 2.53-Fig. 2.58],
for € = 0.35; § = 0.1 of wave propagation in media with velocity Vp = 2000 m/s of com-
pressional wave for azimuthal angle W = 90°. Snapshots of waves propagation from source
point (x = 0, z = 0) were shown at time moments t = 0.2 sand t = 0.4 s.

In general, the investigation of waves propagation has shown correctness and high
accuracy with the exact solution (1.23). Visually the estimation of wave propagation sho-
wed the convergence of the longitudes of propagation ways, accordingly to assumptions,
whereas numerically, the comparison indicates error about 0.2% for time ¢ = 0.4 s for two
models i.e. for ¢ = 0.3 and ¢ = 0.35.

The difference between propagation according to the exact solution (1.23) and
approximations (1.28) and (1.29) is insignificant for € = 0.3; § = 0.1 [Fig. 2.59-2.62] and
increases to 1.6% [Fig. 2.63-2.65] for ¢ = 0.35; § = +0.1. Taking into consideration that
the measurements of ways propagation were made along x-axes, one may conclude that
the parameter ¢ is crucial for such estimations. Achieved results are consistent with data
coefficients from Tab. 1, where parameter ¢ = 0.4 limits the use of approximate solution.
Snapshots of signal propagation in “spike” form are high quality images without random
noise. Images, independently of approximation, are free from noise of “diamond shape”
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type, characteristic of the wave propagation described by pseudo-acoustic equations in
space coordinates [9].

Computations were made using one-way wave equation, therefore in these experi-
ments two algorithmic versions - propagation “up” and “down” were joined together in
final image. Discontinuities of signals visible in some images, are caused by presentation of
every forth-trace in figures. This causes loss of the signal coincidence, in places of flatness
of wavefront. These occurrences have accidental character.

Fig. 2.66 presents a composition of waves propagation images in media with pa-
rameters: ¢ = 0.3; § = 0.1 for angles ¥ = 0°, 15°, 30°, 45°, 60°, 75°, 90° in xz-plane. Here
we can observe a decrease of velocity with an increase of azimuthal angle on x-axis. For
angle ¥ = 90° velocity achieves minimal value, i.e. assuming V;» = 2000 m/s in a perpen-
dicular direction to the symmetry plane. Velocity of propagation in direction along z-axis
is V.= Vp(1 + 2¢)* = 2529 m/s (Fig. 2.67). From that we can easily note that velocity as
a function of azimuthal angle has an ellipsoidal character and can be written as:

V(¥) = V(1 + 2¢ cos?¥)” (2.25)
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Fig. 2.8. Snapshot of spike wave propagation from algorithm (1.29) for parameters: € = 0.3; § = -0.1 azimuthal angle ¥

in moment time t = 0.4 s; steps of computation: Ax = Az =4 m, At = 0.5 ms
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character of velocity (¥) is seen. In left part of figure we have a series of wavefronts which determine the length of propagation paths
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Chapter 3. Seismic migration
in anisotropic media of type HTI(\V)
in the function of azimuthal angle ¥

Introduction

In media of the TI type most frequently Kirchhoff’s migration is used in practice, be-
cause of the relative simplicity of this method. Kirchhoff’s migration requires multipatching
of seismic rays [46, 48, 47, 19, 11] or the application of the finite difference method [3].
Strong contrasts of velocity lead to some problems for both methods, which can create
significant errors of depth imaging.

Podwin P. and Lecompte I. [41] proposed an algorithm for strong heterogeneous
media in the case that the wavefront is approximated by a plane wave well. In monoclinal
media with inclined axis of symmetry TTI, Kumar D., Sen M., Ferguson R. [36] developed
algorithm by Faria and Stoffa [17] taking into account anisotropy parameters as a function
of space coordinates. Reverse time migration takes a special position for effectiveness of
imaging structures [6, 39, 16, 18, 57]. For TI type media algorithms were worked-out for
VTI and TTI models.

In this chapter we present MG (F-K) migration in wavenumber - frequency which
will be adapted to the imaging of 2D anisotropic media of the HTI(\Y) type. This migration
was created for compressional waves in pre-stack version [27,28] and in post-stack version
[28, 34], and as well for conversion waves P-S [29].
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Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

Basic equation for depth extrapolation of wavefields

Starting point for the migration process is the depth extrapolation of the wavefield

U(x, zj, w) from level z; to level z; + Az

U..p=F,(x,0)U'(x,z,+Az,0) (3.1)

j

where U'(x, zj + Az, w) is Fourier transform (k. — x) of the wavefield

ik Az

U'k,,z,+Az,0)=e¢ Ulk,,z,;,®) (3.2)

and where: x is the horizontal coordinate along the measurements profile, j indicates the
succeeding depth interval z;,; — z; = Az, kII'" denotes the vertical wavenumber in homo-
geneous media HTT.

Relation

.2

Fj(x,a)):[l+%-Az~Mj(x,a))]" (3.3)

determinates the correction of the wavefield and is the sum of Neumann’s series and

M;j(x, w) denotes

20

Mj(x, CU) — Z(kHTJ)fl [(kZI;ITJ)Z _ (kZHTJ )2 ]eikxxdkx (34)

where k' is the vertical wavenumber in heterogeneous media i.e. when velocity V, and
Thomsen’s parameters € and § are functions of x space coordinate.

It follows from relation (3.1-3.3) that this migration has two stages. In the first stage,
the extrapolation is made in homogeneous media for constant velocity V» and parameters
€ and ¢ in the range of measurements interval. From a practical point of view, it is conve-
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nient to use average values in measurements interval. In the second stage, the correction
of the wavefield proceeds by the application of the Fj(x, z, w) function. The stability for
down extrapolation process succeeds through the convergence of Neumann’s series

i Az

[1+ ; Mj(x,a))}

which is assured if condition

.2
io'Az <1 (3.5)

M (x, )

is fulfilled.
As an option we can accept the operator

—iw?Az

M ;(x,0)

e ? (3.6)

which unconditionally assures stability of extrapolation.

Pre-stack migration

Equations (3.1-3.4) should be treated as a starting point for depth extrapolation process
before the stack. The wavefield is exited by many sources and registered by many receivers,
deployed along the profile. Imaging of the depth target is finished when the coincidence of
sources and receivers position is fulfilled in time ¢ = 0. It means that the sources and receivers
should be displaced in depth until they reach the time-space coincidence. In the category
of wave equations that means alternate use of extrapolation vs. source and receivers.

Denoting the coordinates of the sources positions by s and receivers by g we obtain

the following relation for extrapolation:
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U,(g,s,z; +Az,0) = F(g,Az, o) F,(s5,Az,0)U"; (g,5,2, + Az, w) (3.7)

where U'(g, s,z + Az, w) is double Fourier transform (k, — g, k; — s) of the wavefield:

4(/(:’:,” +k I Az

U'j(kgakgszj+Azsw):Uj(kgsks,Zj’a))e (38)

in other words the function of the horizontal wavenumber k, and k; which corresponds to
space coordinates of source — s and receiver — g.

Corrections filters F(g, Az, w) and F(s, Az, w) relating to receivers and sources are
expressed by analogical relations as (3.3) and (3.4) with such a difference that x coordi-
nate should be substituted by s and g coordinates. These coordinates define slowness S
and Thomsen’s parameters in the expression of vertical wavenumbers k" and kZ"/

It is convenient to use common reference values of the vertical wavenumber in rela-
tions for M;(s) and M;(g).

The extrapolation procedure under relations (3.7-3.8) requires the application of
double Fourier transform (g — k,, s — k.) to the wavefield in order to shift receivers and
sources to subsequent level z; of depth. Imaging of depth structures is made at the point

of coincidence for sources and receivers when s = g at time ¢ = 0:

(s=g,2,+Az,1=0)=) U (s=g,z,+ Az, w)}dw (3.9)

.fmig)‘,

where: Uj,, - stands for the wavefield at depth z; + Az.
The stability of the extrapolation algorithm requires the convergence of Neumann

series:

.2
L
Az M () <1 (3.10)

2

2

i
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One can obtain unconditional stability by substituting corrections to functions
Fi(g, Az, w) and F(s, Az, w) by exponential functions.
Then, we have:

L2 i 2
,ﬂAZAM(g) 7£AZ-M(X
e 2

)
Us,g,z+Az)=e ? U'(s,g,z+Az,w) (3.11)

and the migration process is described by relation (3.9).

Zero-offset migration

In the case of zero-offset migration, one assumes that x on the profile is a coordinate
of the source as well as the receiver.

The wavefield at registration level z = 0, one can obtain in the process of modeling,
provided that at each point of velocity discontinuity wave is simultaneously excited at the
time ¢ = 0 and propagates into z = 0 level with velocity equal % of real velocity [38]. There-
fore in the equations describing wave propagation, slowness 2S should be used instead of S.
It should be pointed out that the approximation of the zero-offset section is in practice
the stacked time section.

In the case of zero- offset migration, the depth extrapolation can be written as follows:

-1
U. . =[14120°A2M (x,0) | U'(x,z,+Az,0) (3.12)

where U'(x, zj + Az, w) is defined by relation (3.2).
Imaging of depth structures is obtained as results of Fourier transform (w — ¢) at
t =0 time:

Uy (%2, + A2, =0) =Y U(x,2,+ Az,0) (3.13)

@

which leads to summation of the wavefield for a useful range of frequency.
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Depth extrapolation operators

Vertical wavenumber k%" and k%” for pre-stack migration and kXV for zero-offset
migration are solutions of dispersion relation (1.23) and they can be determined by

relation:
S —w'k*(d +d i d d. —d? %
KT (2 x( nt 56)"'(0 x( 1%66 16) (3.14)
: o'd, —&'k:N, +k!N,

where

Nl = d33 (dn +d66)_d632 _d132

(3.14a)

Nz = dll[d33d66 —d§3]—d126d33 +d13d16d63 _d123d66

(see appendix 4).

Neglecting dss, des, dis components of elasticity tensor D****as small values in com-

parison to di1, dss, dis, we have approximation:

kHT] — 0)4 _wzkfdu 1/2
’ w2d33 _kf(dudaa _d132)

]

I % (3.15)
@'S* =0’ Sk [(1+2¢)cos* ¥ +sin* ¥ + 5(1 +98)sin* (2¥)] '

@’ S*(1+2¢) -k’ sin* ¥ -7,

where S = V5's .= 2(e - 8)
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Modeling and migration of zero-offset time sections

The subject of numerical experiments was an inhomogeneous four layers model of
anticline covered by a 500 m thick horizontal layer (Fig. 3.1). The velocity of compressional
waves, constant in each layer, changes from 3.0 km/s to 5.0 km/s.

The wavefield for this zero-offset time section was computed by a simultaneously
exited reflectors method at t = 0 [38]. The pseudo-spectral version of one-way equation
was used (2.14) in view of lateral inhomogeneity. Wavefields were computed for sequence
of parameters € and § [0.3; 0.1] (Fig. 3.2, Fig. 3.5, Fig. 3.8, Fig. 3.11, Fig. 3.14, Fig. 3.17,
Fig. 3.20, Fig. 3.23, Fig. 3.26 and Fig. 3.29); [0.35; 0.1] (Fig. 3.47, Fig. 3.50 and Fig. 3.53);
[0.5;0.1] (Fig. 3.32); [0.5; 0.3] (Fig. 3.39); [0.35; -0.2] (Fig. 3.42 and Fig. 3.44). Analyzing
time sections for e = 0.3 and § = 0.1, one can easily note the conformity in the central part
(the summits of anticline) and in the right side (flat runtime), whereas in the left side one
can observe the differentiation according to azimuthal angle ¥. An analogical situation one
can observe for sequence parameters € = 0.35; § = 0.1 and for € = 0.35; § = -0.2. In this
case, the build-up of € value results in the reduction of minimal runtimes in the anticlinal
part. The observations of those runtimes find full justification in the characteristics for
€=0.5;8=0.1and & = 0.5; § = 0.3 for dependence of compressional waves velocity V(\¥')
on azimuthal angle . In this case vertical velocity reaches maximal value independently
from the azimuthal angle, therefore in central parts of the anticline and in its right slope,
one can observe similar runtimes in the vertical and near to vertical directions which
shapes time sections in this fragment of image. Horizontal velocities, which depend only
on the azimuthal angle ¥ and parameter ¢, and velocities near to horizontal directions
depending even on parameter §, form characteristic branches of runtimes for zero-offset
times and are decisive for their differentiation.

Depth migrations (relations 3.14) from the time the zero-offset section obtained
from exact relations (1.23) [Fig. 3.3, Fig. 3.6, Fig. 3.9, Fig. 3.12, Fig. 3.15 and Fig. 3.18]
for sequences: € = 0.3; 6 = 0.1 and for € = 0.35; § = 0.1 [Fig. 3.48, Fig. 3.49, Fig. 3.51,
Fig. 3.52 and Fig. 3.54] present, according to expectations, invariable images for different
azimuthal angles V.

Comparing images from the approximate version (3.15) in Fig. 3.25, Fig. 3.28, Fig. 3.31,
Fig.3.34, Fig. 3.36 and Fig. 3.41 with relevant migrations from relations (3.14), one can see
that both versions give similar results. The convergence of migrations Fig. 3.21, Fig. 3.24 and
Fig. 3.22, Fig. 3.25 for ¥ = 30°, obtained from frequencies w, for equations (1.28) and (1.29),
confirms results of signal propagation comparative experiments in Fig. 2.63, Fig. 2.64 and
Fig. 2.65. For error evaluation of imaging, resulting from the use of incorrect parameters,
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we show post-stack migration in Fig. 3.35 for parameters € = 0.4; § = 0.2; ¥ = 45° and for
the time section with parameters € = 0.5; § = 0.1; ¥ = 45° (Fig. 3.32). Then one can see
the shift of the anticline reflectors in the direction of the registration level that reaches
about 100 m (for deepest reflector). This effect is caused by the reduction of parameter &
about 0.1, which generated the depression of reflectors. The confirmation that parameter
¢ is decisive in this case, one can obtain from the practical indifference of images in the
central part of the model, while one compare images for parameters € = 0.5; 8§ = 0.3; ¥ = 45°
(Fig. 3.37) and for parameters € = 0.5; § = 0.1 (Fig. 3.34).

The analysis of zero-offset time sections shows little sensibility of kinematic charac-
teristics described by relations (2.25). For example, images in Fig. 3.52 and Fig. 3.54 are
similar, despite the fact that the zero-offset time sections were computed for ¥ = 60°
(Fig. 3.52) and for ¥ = 90° (Fig. 3.54).

The second test object of zero-offset modeling and migration was the fault in
symmetrical form - vertical horst (Fig. 3.55), with the velocity of compressional waves
changing from 3.0 km/s in the elevated part to 4.5 km/s at the floor of model. A series
of experiments were executed for different sequences of Thomsen’s parameters € and J.
For comparative purpose we executed also computations for VI and TTI models. The
zero-offset migrations, presented in Fig. 3.57 and Fig. 3.59 for isotropic and anisotropic
models, are in practice indistinguishable and exactly image the zone of the horst. This
effect is justified by identical vertical velocity for both models, which places the horizon-
tal elements of thrust in the same positions in the time f domain. One can notice that in
zero-offset time sections (Fig. 3.56 and Fig. 3.58), where slight differences occur only for
diffraction curves adjoining the block edges of the thrust.

The migration series for TTI media for parameters ¢ = 0.3 and § = 0.1 (Fig. 3.61,
Fig. 3.63, Fig. 3.65 and Fig. 3.67) and dip angles 6 = 30°, 45°, 60°, 90° image satisfactorily
geometrical positions of the horst, however in dip angle range 6 = 30°— 60°, one can
notice some artifacts in discontinuities of reflectors. In the TTI model case for 6 = 90°,
exact, high quality horst image is obtained.

A series of zero-offset time sections and depth migrations for HTT models were
performed for Thomsen’s parameters sequence: € = 0.25; § = 0.1 and for azimuthal angles
¥ = 0° (Fig. 3.68, Fig. 3.69), ¥ = 30° (Fig. 3.70, Fig. 3.71), ¥ = 60° (Fig. 3.72, Fig. 3.73),
Y = 90° (Fig. 3.74, Fig. 3.75). The obvious result was independence of the migration on
azimuthal angle ¥ according to the vertical velocity independence versus the angle.

In general, those zero-offset modeling and migration experiments have shown the
correctness of algorithmic and numerical solutions and high precision and quality imaging
of the complex geometry of velocity models.

113



[epow surpUE 410024 Jo A1jowoad ayf, ‘1°¢ 811

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

000€

008

009

00z

002z

0002

0081

0091

oorL

00zl

0001

000€

008

009

00z

002z

0002

0081

0091

ool

oozl

0001

[w] X

[wyz

114



Chapter 3. Seismic migration in anisotropic media of type HTI(¥) in the function of azimuthal angle ¥

oST = /A o[Sue [eyInuuize 170 = Q ‘¢"Q = 3 s1ojowrered Adomjostue (g7 1) SUONB[2I WIOIJ UOTJOIS W) JASPO-019Z YT, “7'¢ "SI

T [ms]
g
g
[sw] L

8

g

g

00C 002

0
fus] 88 ¥8 08 9. ¢/ 89 ¥9 09 96 <2¢¢ 8v v¥ Ovr 9€¢ ¢Z¢ 8¢ ¥¢ 0¢ 9L 2L 80 +O0 00 @._Y__ X

115



(T'¢81) oST = /A 2[Sue [eyInwIZE

1°0 = Q ‘¢’ = 3 sxojowrered Adomjostue (g7 1) UOTIR[2I WOIJ UOT}OIS W] JOSO-019Z 3 10§ (F1°¢) woj uonerdiw oyf, "¢ ¢ "Sr]

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

000 000
008z 0082
009z 009z
00rZ 00rZ
00ze : 00ze
000z H 000z
008l Iy : 008l

= - - vuvll L [« N
00zl TR I ST 00t
000k e R T 0004
008 [T il J 008
009 - it 009
oov 0ov
00z 00z

0
WwiX 8 08 OL 22 86 pe 06 o5 zo v pr 0v of z€ 8z vz 0z o1 tix

116



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(T°€81) oST = /A 2[Sue [eyInwIZE

1°0 = Q ‘¢’ = 3 sxojowrered Adomjostue (g7 1) UOTIR[2I WOIJ UOT}OIS W] JOSO-019Z 3 10§ (G1°¢) woj uonerdiw oyf, ‘F'¢ "Sr]

000€ 0008
008z 008z
009z : 009z
ootz H 00tz
002z 00zz
0002 e i 0002
008k u. i i %, LT || |25 i 008

Eooor A il i oooi

N 0071 R it Wit oon3.
00zl T T o == oozl

T e (P
0001 i 0004
008 | [T 008
009 . 009
oov oot
00z 00z

0
wilx ¥8@ 08 92 <L 89 V9

09 9§ ¢ 8¢ v¥ Ov 9€ <Z¢ 8¢ ¥¢c 0c 9l %Eva X

117



,0€ = A d[8ue [eynuuize 7' = Q ‘¢’ = 3 s1ajowered Adonosrue {(¢z'T) UOTIR[2I WOIJ UOTIIIS W) JASPYO-013Z YT, G°¢ "SI

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

&
&

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

118



(s°¢ 819) c0€ = /A 2[Sue [eyInwIZE
1°0 = Q ‘¢’ = 3 sxojowrered Adomjostue (g7 1) UOTIR[2I WOIJ UOT}OIS W] JOSO-019Z 3 10§ (F1°¢) woj uoneidiw ayf, ‘9'¢ "3y

Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

000€ * 000€
0082 7 0082
0092 0092
1074 M 1074
00z2 i 0022
0002 gty i I=: 0002
0081 SIS = 008}
E000L 3 o Y it : 009N
N oorL s .W..W = .u“. e
00ZL N Tl i 00zl
0001 : wmmﬂmﬁ, _.“““““wvu 0001
008 2 e 008
009 i 009
0ov 0oy
002 002

0
wilx ¥@ 08 9L <¢L 89 ¥9 09 9§ <25 8%y ¥¥ Ov 9¢€¢ 2¢€ 82 Pz 0¢C 9l %Ev__ X

119




(6°¢ "81) ,0€ = /A 2[Sue eyINwIZE

1°0 = Q ‘¢’ = 3 sxojowrered Adonjostue (g7 1) UOTIR[2I WOIJ UOT}OIS W] JOSO-019Z 3 10§ (G1°¢) woy uonerdiw ay7, '/ ¢ "Sr]

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

%
g

V‘l
M
A
"l
e
s

vy
VX
Yy

E 0091

N 00vL

s I 000z
el | T L LT LT | L
d el iRl 008l
o [ b [ LT | L L=
s Sl « A 8=l ]| Ly == N
e IR e rg 1 0091,
2y u = e o
= e d (5 [ L= 55
(] = = = 2T 5 1 00k k=

\
I
y I
\T
V)

00ck

5|
7
)
ﬂv
)
s
)
Y
W
A
v
)
n
T
Vs
X
')
)
)
(.
Nl
i\
o
b\
ey
WV
1
i
1
—
)y o
y
)
=

000k
008

009

00y

00C

0
wilx v'8

o8 9. ¢, 89 Vv9 09 9 <2¢§ 8v ¥¥ Oy 9¢ <€ 8¢ *vc 0c 91l wEva X

120



Chapter 3. Seismic migration in anisotropic media of type HTI(¥) in the function of azimuthal angle ¥

oS¥ = /A o[Sue [eyInwuize 170 = Q ‘¢*Q = 3 sxojowrered Adosjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSPO-019Z YT, '8°¢ "S1]

&
&

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

121



(8°¢ 819) oS¥ = A 2[Sue [eyINWIZE

1°0 = Q ‘¢’ = 3 sxojowrered Adomjostue (g7 1) UOTIR[2I WOIJ UOT}OIS W] JOSPO-019Z 3 10§ (F1°¢) woj uoneidiw ay7, "6'¢ "Sr]

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

000€ 000
0082 0082
0092 b 0092
00 .,.x.. 00t
SNN xllu P<31 SNN
0002 syggiaa 0002
008l : H el 008l

E 0094 ii ,..m.mdw. & .W.ﬂ s 009N

N 00vh I o nu"“h oorl3.
000} e i e 0001
008 ===N e 008
009 =] 009
00 0oov
002 002
_EV__W ¥8 08 9. 2. 89 ¥9 09 95 2SS 8y P¥vyr OF 9€ ZT¢€ 82 P¥Z 0Z 9l ms__x

122



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(8°¢ 819) oS¥ = /A 2[Sue [eyINWIZE

10 = Q ‘¢’ = 3 sxo3owrered Adoxjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (GT°¢) woxj uonerdiw oy, "01°¢ "S1g

0008 0008
0082 0082
0092 0092
00vZ 00vZ
0022 0022
0002 0002
0084 e 008}

£ 000k i i pi228 i 3 b | oooLN

N 0% e R oor3.
00k ﬂ ko T 00Z)
0001 T[T 0001

8@ | I‘Hﬂnww - 8@
009 = T 009
00 0oy
00z 00z
0
WwiXx ve 08 9r Zi go po 00 9o Zo 8v pv 0b oc ze Sz bz oz or Luix

123



209 = /A o[Sue [eyinuuize 10 = Q ¢*0 = 3 s1ojowered Adoxjosiue (g7 1) UOIIR[2I WOIJ UOTIOIS W) JOSPO-019Z YT, "T1°¢ S1

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

g

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

124



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(1T°¢ "813) 6,09 = A 2[Sue [eyInuIZe

10 = Q ‘¢’ = 3 sxojowrered Adonjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (F1°¢) woxj uonerdiw oy, "z1°¢ 51

000 000e
008z 008z
009z 000z
00vZ s 00vZ
00ze P Eiic 00ze
008l s 008l

009 i P 009N

N 007 i 2 oon3.
(0742 (=TT p= 00ct
0004 i 3 0004
008 il g 008
009 il 009
oo oo
oo o0

0
wiXx ve 08 O/ 2. 80 v 00 06 26 &b vy O Of zt 8¢ vz 0z oF wix

125



(11°€ '819) ,09 = /A d[Sue [eyInWIZE

10 = Q ‘¢’ = 3 sxojowrered Adonjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (GT°¢) woxj uonerdiw oy, "¢1°¢ 51

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

000€ 7 000€
008z 008z
0092 009z
ootz ootz
002z 002z
0002 gt 000z
008l Ml e 008l

T 0091 i T LA oooLN

N 001 S RS oo
ooek | i ([T I ooz
0001 wﬂw Hw L= Al 0001
08 T et 008

et
009 H it 009
oov oov
00z 00z
0
WwiXx ve 08 9r Zi go po 00 9o Zo 8b pv 0b of ze Sz bz oz or Lux

126



Chapter 3. Seismic migration in anisotropic media of type HTI(¥) in the function of azimuthal angle ¥

oS/ = /A o[8ue eyinwuize 10 = Q ¢°0 = 3 s1ojowered Adoxjosiue (g7 1) UOIIR[I WOIJ UOT}OIS W) JOSPO-019Z YT, ‘H1°¢ S1]

g

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

127



(¥1°€ 81d) oSL = /A dSue [eyinwize

10 = Q ¢¢°0 = 3 s10jourered Adonjostue {(¢7 ) UOIL[2I WIOIJ UOT}OIS SWIT) J9SPO-019Z 3} 10§ (F1°¢) woly uonerdrwr ayT, ‘s1°¢ 819

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

000€ 000€
0082 008¢
0092 009g
oorz ooz
00zz 00zz
0002 e 0002
0084 TR 008}
000} m g w Feteed 09N
N 00v) = J&wm Fre e il o3,
e ) el s e
0004 TR TR s 0004
THFre i
008 i 008
= T
009 i 009
oov oot
00z 00z
Ees :
wix ¥8 08 92 <. 89 v9 09 95 IS 8v vb O 9€ <<€ 8¢ v O0C 9l WX

128



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(¥1°€ 81d) oSL = /A dSue [eyinwize

10 = Q ‘¢’ = 3 sxojowrered Adoxjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (GT°¢) woxj uonerdiw oy, "91°¢ "S1g

E 0091

N 00vL

00ck

000k
008

5%
et (04,74
L L=
T 00ce
(7| | L] | L=
S LLEETT T (L] T 1 0002
d A =3 Lo | L2 i.u
=] =i 008l
I LT LT | | L
L g, 2 R 711 LT =1l
e : i 009N
= ! myu. pES L= | 555 M
I =gl =3 n ﬁ
= Tl [ § M| L= L= b=
=] f | L= ===
= Amyw 1nnmum 1l pE = b
= —== =
1 N = 000L
Ll =t
T e T
=

009

00y

00C

0
wilx v'8

o8 9. ¢, 89 Vv9 09 9 <2¢§ 8v ¥¥ Oy 9¢ <€ 8¢ *vc 0c 91l wEva X

129



206 = /A o[Sue [eyinuuize 10 = Q ¢*0 = 3 s1ejowered Adoxjosiue (g7 1) UOIIL[2I WOIJ UOTIOIS W) JOSPO-019Z YT, "£1°¢ S1

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

g

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

130



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(L1°€ "81) 406 = /A d[8ue [eyInwize

10 = Q ‘¢’ = 3 sxojowrered Adonjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (F1°¢) woxj uonerdiw ayT, "81°¢ "S1g

000€ 000€
0082 008¢
0092 - 009g
00Kz el 00vZ
00zz il
0002 sl I 0002
= ol LS
0081 s ey 3 008l
f | Z
"E009L A A .ﬂ. A=y f 009N
N 0Pk TP TR it i oori3.
00zl SN e = 00t
0001 i et 000}
THFre i
008 i 008
T
009 i 009
oov oot
00z 00z
e :
wix ¥8 08 92 <. 89 v9 09 95 IS 8v vb O 9€ <<€ 8¢ v O0C 9l WX

131



(£1°€ '81d) 406 = /A d[Sue [eyInWIZE

10 = Q ‘¢’ = 3 sxojowrered Adoxjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (GT°¢) woxj uonerdiw oy, "61°¢ 511

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

E 0091

N 00vL

00ck

000k

L= L= 1
L= T | 00cc
L= || LT | L=
SR =T e LT Lo 000C
= =i | | e | L= §
= x 0] | § Ll L=
5 ! [ 1B 008l
e Feel ||| P = L] il N
L3 || 11
3 S L 009},
L] > 2| = [5= —
== e e g =il oo 3
= TR [t L=
= 7 5
= =, 00cL
1= Wl
2
L o=
8| (= 0001
[T il
=

00y

00C

0
[uni] X

'8

o8 9. ¢, 89 Vv9 09 9 <2¢§ 8v ¥¥ Oy 9¢ <€ 8¢ *vc 0c 91l wEva X

132



Chapter 3. Seismic migration in anisotropic media of type HTI(¥) in the function of azimuthal angle ¥

o0€ = /A o8ue [eyInunize <170 = Q ‘¢’ = 3 sxo3owresed Adoxjostue (g7 1) UOTIB[2I WOIJ UOTIOIS W) JOSPO-019Z YT, "07"€ “S1

&
&

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

133



(0Z°¢ “811) 40€ = /A o[Sue [eyInUIZE

10 = Q ‘¢’ = 3 sxojowrered Adoxjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (F1°¢) woxj uonerdiw ayT, "1¢°¢ 511

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

0008 0008
0082 0082
0092 0092
00vZ 00vZ
0022 0022
0002 cygiasat 0002

mr G
0084 atfinss 008}

"E009L i i IR 009N

N 00v) T T s o3,
00z} || T = 00Z)

< umn i n}
000k it 000}
[TToRe=
008 fre 008
a==2l e
009 it 009
00 0oy
00z 00z
s :
wix ¥8 08 92 <L 89 +9 09 9GS 2S5 8% vvr Ovr 9€ <€ 8¢ v 0¢ 9L Wwix

134



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(07°€ “81) ,0¢ = b 2[Sue eyInwiIZE

10 = Q ‘¢’ = 3 sxojowrered Adoxjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (ST°¢) woxj uonerdiw ayT, "7z ¢ 51

000¢ 000¢
0082 0082
0092 0092
V074 0ove
00zZ 0022
0002 aggerian 0002
0081 i 0081
Foool I Ti e 009N
N 00Vl Sl gifite oovi3.
00zl =] nmyy., nuumumw Mmm 00cl
000} TRt T T T T 0001
o Ammyv.n.nnwww u__uu“uwuuwu % 008
ooy 00t
00z 00Z
_Ev__ﬂw ¥8 08 9. ¢/, 89 9 09 9§ S 8v vv¥ OF 9¢ 2Z€ 8¢ ¥vZ 0 9l ms__x

135



.0€ = /b o[Sue [eyinuuize 10 = Q ¢*0 = 3 s1ojowered Adoxjosiue (g7 1) UOIIL[2I WOIJ UOTIOIS W) JOSPO-019Z YT, "¢7°¢ “S1

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

&
&

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

136



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(£7°¢ S1) L0€ = A o[Sue [eyInuwIZE

10 = Q ‘¢’ = 3 sxo3owrered Adonjostue (67 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (F1°¢) woxj uonerdiw ayT, ‘$¢'¢ 51

N.M. 00vZ

e 1

B 4 R 3 L= 00¢e

=(yrrad (= i Hnu u..w..-uvm..W [ 0002
T ] [T LT[ || L] LT Lot

E 000

N 00vL

00ck

000k
008

pe
4 ool ||| ffe LT || L] L ] N
st S e o e 0091
=234 3, 3, 8. == el =i
o ] s LT = == = =
; T < [T iiiie oon3.
== S P L=
Tl 1) T i =<
3 =3 >3 = M ooch
e =2 . =21 = —=3
sl M 000L
Daxe aauatll
== =

009

00y

00C

0
wilx v'8

o8 9. ¢, 89 Vv9 09 9 <2¢§ 8v ¥¥ Oy 9¢ <€ 8¢ *vc 0c 91l wEva X

137



(€7°¢ "811) L0€ = /A o[Sue [eyInUIIZE

10 = Q ‘¢’ = 3 sxojowrered Adonjostue (67 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (GT°¢) woxj uonerdiw ayT, "sz'¢ 51

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

000€ 000€
0082 0082
0092 0092
002 002
0022 0022
0002 A 0002
0081 .W.,g? 008t

F 0091 3 .. , .W o3 009N

N 00v) it i o3,
00z) Mﬂ .‘m.a ay 00ZL
ooov Rmmmﬂmwwm mu..uunuwunu 000k
008 jie 008
009 = 009
0ov oov
00z 00z

0
WwiXx ve 08 9s  Zi go po 00 9o Zo 8b pv 0b ot Ze Sz bz oz or Lux

138



Chapter 3. Seismic migration in anisotropic media of type HTI(¥) in the function of azimuthal angle ¥

209 = /A o[Sue [eyinwuize 10 = Q ¢°0 = 3 s1ojowered Adoxjostue (g7 1) UOIIL[I WOIJ UOI}IS W) JdSPO-019Z YT, '97°¢ “S1]

&
&

g
[sw] L

il
ik

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

139



(97°¢ 811) 409 = /A 3[Sue [eyInUIZE

10 = Q ‘¢’ = 3 sxojowrered Adoxjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W] JOSHO-019Z 3} 10§ (F1°¢) woxj uonerdiw ayT, "£z'¢ 511

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

V)

L
L5 LT | 1 LsPf
i 00ee
=TT L] L
0002
e s | |
[ S, LT s
= o .
t = i 008}
= e = L=
@ >, L=
Ld S L | > -,

E 0091

0
vy
A
X
)"
'y’
X
\)
\}
aly)
Y
\)
A 1w
) ¥
A |
ly
e
T
12

N 00vL

00ck

000k

008

i mnm 4 K L} = == 5=
i gz 00ck
= .| L = =
2oLl e 5
\\\\\ L] [ 0001
[TTFre=s nunuunvm
R==2| P

009

00y
00C

0
wilx v'8

o8 9. ¢, 89 Vv9 09 9 <2¢§ 8v ¥¥ Oy 9¢ <€ 8¢ *vc 0c 91l wEva X

140



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(97°¢ *S1) 09 = /A o[Sue [eyInwIZE

10 = Q ‘¢’ = 3 sxojowrered Adoxjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (GT°¢) woxj uonerdiw ayT, "87'¢ "S1g

000¢ 7 000¢
008z 008z
00% 009
4 M. 002
00ce I°3 ,;.‘u .uuuu“% ooee
000z = 0002
008l lieSt e .uun.uuwuu L Il L 008l
Foool | Ay rel I s = - “hulh %% o0oLN
N 007} i oo
00z) il 00z
000} 0004
008 008
009 009
ooy oov
00z 00z
0
WwiXx ve 08 9r  Zi g9 po 00 9o Zo 8b pv 0b oc ze 8z bz oz or Lux

141



209 = /A o[Sue [eyinuuize 170 = Q ¢*0 = 3 s1ojowered Adoxjosiue (7 1) UOIIL[2I WOIJ UOT}OIS W) JOSPO-019Z YT, "67°€ 51

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

&
&

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

142



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(67°€ "811) 409 = /A o[Sue [eyInUWIZE

10 = Q ‘¢’ = 3 sxo3owrered Adonjostue (67 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (F1°¢) woxj uonerdiw ayT, "0¢"¢ 51

000€ 000€
0082 0082
0092 Ik 0092
002 ‘m 002
00z S 00z
000e A = .wwuuh.uu«_.w 0002
008l : H R o=t mwuw. i 008l

000k . ,..w#ﬂw. A.. .f i 0oL N

N 0¥k T s i i o3
ooc i = ...f mmumumw w ooet
000t I mw.mﬂnwm“E uumuunwuau 000k
008 == = 008
009 =] 009
00 oov
00z 00z

0

WwiXx ve 08 9r  Zi go po 00 9o Zo 8b pv 0b ot ze ez bz oz or Lux

143



(627°€ '81d) ,09 = /A d[Sue [eyInWIZE
10 = Q ‘¢’ = 3 sxojowrered Adonjostue (67 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (GT°¢) woxj uonerdiw ayT, "1¢°¢ 51

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

000€ 000€
0082 0082
0092 0092
00vZ e H 00z
0022 el L 0022
000z T A 000
008l sl 008l

009 i B 009N

N 00v) u 1 o3
00zl n.mmwmm e p= 00zl
0004 i i 0004
008 nunuux”-.ﬁwm 008
oov ooy
00z 00z

0
wilx ¥@ 08 9L <¢L 89 ¥9 09 9§ <25 8%y ¥¥ Ov 9¢€¢ 2¢€ 82 Pz 0¢C 9l %Ev__ X

144



Chapter 3. Seismic migration in anisotropic media of type HTI(¥) in the function of azimuthal angle ¥

oS¥ = /A o1Sue [eyinwuize 1°0 = Q G0 = 3 s1ojowrered Adoxjosiue (g7 1) UOIIR[I WOIJ UOI}IIS W) JOSPO-019Z YT, "7¢"¢ F1]

&
&

g
[sw] L

=y

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

145



(z€°€ 81d) oS¥ = /A d[Sue [eyInWIZE
10 = Q ‘6" = 3 sxojowrered Adonjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (F1°¢) woxj uonerdiw ayT, "¢¢'¢ 91

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

ooz el ooz
0022 e 0022

G
:
7
%
;
3
e
L |
%
y
T
%
=)

A
1,
s
AT
)

W
)\ o
ly
s
%
W
W

AT

T 0091 i B w“ﬂzrﬂwv Pty Tl =il 009N
N 0¥ i mﬂﬁ R e oori3.
o) ﬁ = R I 00gh

s
v
1
A
v

ry
T

000k =24 i 000}
008 008
009 I 009
00y 00
00C 00C

0
wilx ¥@ 08 9L <¢L 89 ¥9 09 9§ <25 8%y ¥¥ Ov 9¢€¢ 2¢€ 82 Pz 0¢C 9l %Ev__ X

146



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(z€°€ 81d) oS¥ = /A d[Sue [eyInWIZE
10 = Q ‘6" = 3 sxojowrered Adonjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (ST°¢) woxj uonerdiw ayT, ‘f¢'¢ 51

E 000

N 00vL

00ck

000k

el
= | LT | | L=
L=t 271 | | L
L= T L =
== | L] L
L= [ L L1 =1
=T | L
i | |21 | L=
= =
| L=t e | S |
L= 2o | L2 ==
‘< | = =2
[T T (L L %%
= L= =3 =
L= L=
il =il
L= =1
= L
¥ ! u
L= L= L=
2 = =
=
—==
=

00y
00C

0
[uni] X

'8

08

9L

cl

89

9

09

9SG

cS

8V vV

ov

9€

[4

8¢

e

(0x4

oL

%Eva X

147




(z€'¢ 81) oS = /A 9[Sue eyInwIZE {1°0 = Q G0 = 3 s1ojowered Ldoxjosiue 10J (¢7'T) UOTIB[2I WIOI] UOTIOIS
aw) JOSPO-019Z Y} I0J (G = A Uk [eyInWIZE ‘7' = Q F°0 = 3 s1o3owered Ldonjostue 103 (F1°¢) wosy uonerdiw ayy, "s¢°¢ 91

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

000€ 000€
0082 0082
0092 0092
00vZ 1t 00vZ
00z B it 00z
0002 il 0002
008l T “% i 008l

Moowr S nw.n. Iw...n ] =] 000l H

N 007t m“mw nuﬂmmmmv .:.- A L= | === oo.v_.w.
00z} = ji n 00z}
0001 5 LT T T i 0001
008 =il L 008
009 = =] 009
00v oov
002 002

0
wilx ¥@ 08 9L <¢L 89 ¥9 09 9§ <25 8%y ¥¥ Ov 9¢€¢ 2¢€ 82 Pz 0¢C 9l %Ev__ X

148



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(z€'¢ 81) oS = /A 9[Sue eyInwIZE {1°0 = Q G0 = 3 s1ojowered Ldoxjosiue 10J (¢7'T) UOTIB[2I WIOI] UOTIOIS

aw) JOSPO-019Z Y} I0J (G = A d[Suk [eyInwWIzZe {7°) = Q F°0 = 3 s1o3owered Ldonjostue 103 (G1°¢) woiy uonerdiw ayy, '9¢°¢ “J1g

000€ 000€
008z 008z
009 009
00rZ [ 00vz
0022 0022
0002 ikl 0002
008} i = 008!
_ B N
£ 0091 ] 0091y
N 00v i 1 s oon3.
00zh = = ; 00z
L| Rl T
0004 e e 0004
008 e i T 008
009 e 009
oov oov
00z 00z
S :
wix ¥¢ 08 92 2. 89 ¥9 09 95 2S 8y vv¥ Ov 9€ g€ 8¢ +z 0z 9L Wix

149



(z€'¢ 81) oS = /A 9[Sue eyInwIZE {1°0 = Q G0 = 3 s1ojowered Ldoxjosiue 10J (¢7'T) UOTIB[2I WIOI] UOTIOIS
aw) JOSPO-0I9Z Y} I0J (G = A Uk [eyINWIZE {¢°() = Q ‘G°0 = 3 s1ajowered Ldonjostue 103 (F1°¢) wosy uonerdiw oy, *L¢"¢ 911

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

000€ 000€

0082 0082

0092 s 0092

00vZ [ 00V

00ce Ll mewlvmw = 00ce

0002 | Haer Ll 0002
.mwwww = il il

=

>
)|
> i
|
s
i
50
T
1
VA
T
i\ 1w
W
e
'
)
W
'
\'re
i\
Y
ly
'y
n
I

0091 i
N 0071
oozl = el 00zl
0001 L i 0001
008 008
009 ; 009
0oy 0o
00z 00z

W
\s
A
K
)
2
W
'y
e
\ T
W
W
)
(s
)
W
TV
)\ n
We
\\ |
\ e
AT
v
)
12

I
VT

ry )\
v
v
K
Vi
n
im) %
Y

s
i
s

V)

v

&
|
'
|
n|

ry
-y il

0
wilx ¥@ 08 9L <¢L 89 ¥9 09 9§ <25 8%y ¥¥ Ov 9¢€¢ 2¢€ 82 Pz 0¢C 9l %Ev__ X

150



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(z€'¢ 81) oS = /A 9[Sue eyInwIZE {1°0 = Q G0 = 3 s1ojowered Ldoxjosiue 10J (¢7'T) UOTIB[2I WIOI] UOTIOIS

aw) JOSPO-019Z Y} 0] (G = A Uk [eyINWIZE {¢°() = Q ‘G°0 = 3 s1ajowered Ldonjostue 103 (G1°¢) wosy uonerdiw ayy, 'g¢’¢ 91y

000€ 000€
0082 0082
0092 0092
00vZ Rt 0ovZ
ooss el oos)
T 009 i P gt e it 009l
— == =i —=3 =3 =
N 0¥k ] o3
00z} » 3 002}
| T E:
0001 = 000L
008 | 008
umm"wv
009 009
00 oov
00z 00z
%s oe s :
wix ¥8 08 92 <L 89 9 09 96 2SS 8¢ +¥ Oy 9€ <€ 82 +e 02 9L Wwix

151



oSF = /A o[Sue [eyinwuize (g0 = Q G°( = 3 s1ojowered Adoxjostue (g7 1) UOIIL[2I WOIJ UOT}OIS W) JOSPO-019Z YT, "6¢°¢ “S1

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

&
&

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

152



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(6€°€ “819) oS¥ = b o[Sue eyynwize

€0 = Q ‘6" = 3 sxojowrered Adonjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W) JOSHO-019Z 3} 10§ (F1°¢) woxj uoneidiw ayT, "0%'¢ 51

it 00T
L m..uuuh.‘w 00ce
TR [ Lo L[ 0002

\
<X
\T
)
'y u
T

)
)
Y
A
AT
2y |
'y
u
y?
oy
)
y ol |
) W\ T
ok
2y
\T
{8
)y
m
" |
)
-

"
%
ly
)
AT
'}

E 000

N 00vL

p |
{
£
]
)
b
;
2
=
1)
¥
¥
]
)
R
n
\7
=
A\ ¥
s
3
i\ |
)
i
%
%
3
:
-
ik
gﬁ
AT
i
)k
©
w]z

00ck

000k

==Y = ! == ‘mwuv
2 e : ooet
1] = 0001
008
= mwmuwm

00y

00C

0
[uni] X

'8

o8 9. ¢, 89 Vv9 09 9 <2¢§ 8v ¥¥ Oy 9¢ <€ 8¢ *vc 0c 91l wEva X

153



Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

(6€°€ “811) oS = /h 2[Sue [eyInUIZE

‘€0 = Q 6" = 3 s10jouwrered Adonostue (g7 ) UOIL[2I UIOIJ UOT}OIS SWIT) JOSPO-01aZ 3} 10§ (GT°¢) woly uonerdrw ayf, ‘TH'¢ 819

E 0091

N 00vL

00ck
000k

.
S 9|
00V
L] L] | =
L =] | L] LS
e 0002
= T =TT =T LA LS
SR e giigpe 1 008}
| U | =3 -nnuuu L= L=
{g e e s s =1l
H e 5 ooolN
. T & mvy nuu\u = Sl w
=] = I || L] % oot
i 1 = =TT
E = i = =

|
v
f
s
K
|
|
W
|

00y
00C

0
[uni] X

'8

o8 9. ¢, 89 Vv9 09 9 <2¢§ 8v ¥¥ Oy 9¢ <€ 8¢ *vc 0c 91l wEva X

154



Chapter 3. Seismic migration in anisotropic media of type HTI(¥) in the function of azimuthal angle ¥

-0€ = /A o[8ue [eyInwize <z 0- = Q ‘G¢'0 = 3 sx3owered Adorjostue {(¢7°T) UOHE[RI WOIJ UOHIIS dW) JOSPO-019Z YT, "7 € "SI

&
&

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

155



(z¥°€ 81d) L0€ = /A d[Sue [eyInwIZE

00— = Q:6¢°0 = 3 s1o3owered Adorjostue {(¢7°T) UOTIE[AI WIOI UOT}OIS JWIT) JOSPO-019Z oY} 10§ (}1°¢) woy uonerdrur oy7, "¢ ¢ "Sry

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

000€ 000€
008z 008z
00% 009
o0vz oorz
00z 00z
0002 0002
008l 008!
"E009L i 7 0oL N
N 001 Y oorl3.
00z) 00z
000} 0004
008 008
009 009
oov oov
00z 00z
0
WwiXx ve 08 9r  Zi g9 po 00 9o Zo 8b pv 0b oc Ze 8z bz oz or Lux

156



Chapter 3. Seismic migration in anisotropic media of type HTI(¥) in the function of azimuthal angle ¥

oS¥ = A o[Sue [eyInuIZe (70— = Q ‘G¢°(0 = 3 s1o3owrered AdomnjosTue (g7 T) UONR[I WIOIJ UOTIOIS W) J9SJO-019Z YT, ‘FF'¢ 311

&
&

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

157



(¥¥°€ 81d) oS¥ = /A d[Sue [eyInWIZE

00— = Q:65¢°0 = 3 s1o3owered Adorjostue (g7 T) UOTIE[AI WIOIJ UOT}OIS JWIT) JOSPO-019Z oY} 10§ (}1°¢) woJ uonerdrur ayf, "5y ¢ "Sry

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

000€ 000€
008z 008z
0092 009z
ootz 00tz
002z 002z
000C Sigqeany 0002
008l el T J 008l

000} i iy ey e 009l N

N 007 « s TR ) T L oon3
o0zl oy ooch

= e

0001 =] it 0004
008 | T e 008
009 i 009
oov ooy
00z 00z
wiXx ve 08 O/ 2. 80 v 00 06 26 &b vy O Of zt 8¢ vz 0z o ix

158



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(%€ S11) oSF = /A o[Sue [eyInWIZE {7°0- = Q ‘G¢°( = 3 sxajowered Ado1jostue 10J (¢7'1) UOIJB[OI WOIJ UOTIOIS

QW) 19SPO-0I9Z Y} 10J ,09 = f [ue [BYINWIZE ‘7°0— = Q ‘G¢"( = 3 s1ojowrered Adonjostue 105 (§1°¢) woiy uonerdrwr ayy, ‘9§ ¢ "SI

0002 | 000E
0082 0082
0002 0002
00Kz 00vZ
00eZ 00eZ
0002 i 0002

o 2
008l w.. = 0081

0091 i e 00915
oovl ! el L 3

N oy 3 ool
00zl : 1 00zl
0001 Tl T 000}

[T
008 LT e 008
009 i 009
0o oor
00e 00g

0
wilx ¥@ 08 9L <¢L 89 ¥9 09 9§ <25 8%y ¥¥ Ov 9¢€¢ 2¢€ 82 Pz 0¢C 9l %Ev__ X

159



-0€ = /A o18ue [eyInuuize 170 = Q G¢*0 = 3 s1ojowrered Adoxjosiue (g7 1) UOIIL[OI WOIJ UOI}IIS W) JOSPO-01Z YT, "/H'¢ “S1]

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

&
&

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

160



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(£¥°€ 81) ,0€ = A 2[Sue [eyInuIze

10 = Q ‘6¢°0 = 3 sxojouwrered Adomjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W] JOSPO-019Z 3] 10§ (F1°¢) woty uoneidiw oy, "8%'¢ 91

000E | 000E
0082 7 0082
0002 ; 0002
oorz jies 00vZ
00zz i 00zz
0002 3 0002
008l E WM e < e 008l
F 0091 i il ..ﬁ i oy it 009N
N 00v) R TP s = oorl3.
= = < | L2
002k 3 | Wil
e s R i i oot
ﬁw .mmmﬂmwwm uuuuummww %_\
i
009 009
0oy 0oy
00e 00g
0
WwiXx ve 08 9s  Zi go po 00 9o Zo 8b pv 0b ot Ze Sz bz oz or Lux

161



(£¥°€ "S19) ,0€ = /A 9[Sue eyInwIZE {1°0 = Q {G¢°0 = 3 s1ojowrered Ldorjosiue 10§ (€7'T) UOTIR[2I WOIJ UOTIOIS

QW) J9SPO-0I9Z Y} 0] .G = f Uk [eYINWIZE (') = Q ‘G¢°0 = 3 s1o3owered Adonjostue 10§ (F1°¢) woiy uonerdiw ay[, "6%°¢ 311

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

000E 000E
0082 0082
0092 0092
00z 00z
0022 0022
0002 i 0002
008} Rl T 2 008}

Eooot i i iyt 00N

Ny | TR T T ! i oor3.

T e [T ==

00zl i NI m 00zl
0004 lis wﬁ;min.ww wuunnmmmuuu % 000k
008 wﬁ I ik oos
009 i 009
00v ooy
00z 00z

0
wilx ¥@ 08 9L <¢L 89 ¥9 09 9§ <25 8%y ¥¥ Ov 9¢€¢ 2¢€ 82 Pz 0¢C 9l %Ev__ X

162



Chapter 3. Seismic migration in anisotropic media of type HTI(¥) in the function of azimuthal angle ¥

009 = A o[Sue [eynuuIze {1°Q = Q ‘5¢'( = 3 s1o1owrered Adonjostue (¢ T) UOTIR[DT WOIJ UOTIIIS W) JASHO-0IZ YT, *0S°¢ "SI

g

g
[sw] L

0
syl X 88 ¥8 08 9. ¢<¢L 89 ¥9 09 96 <29 8v ¥¥ Oy 9€ <€ 8¢ +Z¢ 0¢c 9L <L 80 ++0 00 %5: X

163



Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

(05°€ '819) 409 = /A d[Sue [eyINWIZE

10 = Q ‘6¢°0 = 3 sxojouwrered Adomjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W] JOSPO-019Z 3] 10§ (F1°¢) woty uoneidiw oy, "15°¢ 919

E 0091

‘,
o <3l
il 000
SCTT T B2y s LoT] = | C
| [T g3 bl | LuP T | || L]
- = e |
e TS L
S LT 0081
3q =] L2
L o e i
S e oogN
3 e 9= =ai

N 00vL

XK

%
Y

i
3
Tw

00ck
000k

008

== R e
1mvﬂw nnun K numu =3 E=a
= e L= T T LT T 1 4 001
eSS
=] == 0001
e = 3
T =TT

009

00y
00C

0
wilx v'8

o8 9. ¢, 89 Vv9 09 9 <2¢§ 8v ¥¥ Oy 9¢ <€ 8¢ *vc 0c 91l wEva X

164



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(05°¢ "S19) .09 = /A 9[Sue eYINWIZE {1°0 = Q {G¢°0 = 3 s1ojowered Ldorjosiue 10§ (€7'T) UOTIR[2I WOIJ UOTIOIS

QW) 19SPO-0I9Z Y} 0] ,06 = A U [eYINWIZE (') = Q ‘G¢°( = 3 s1o3owered Adonjostue 10§ (F1°¢) woiy uonerdiw oYy, '¢s¢ 311

0082 0082
0092 0092
00rZ 00rZ
002z h 00zZ
0007 s 0007
008l Felim 0081
ool : e T 0o
Noon ol i i oo
002k =S s i 00zl
ﬁm_\w | Awﬂ.w_n-www&uﬂuuummu ] 000
=1 Lt 008
009 = = 009
00v oov
00z 00z

0
wilx ¥@ 08 9L <¢L 89 ¥9 09 9§ <25 8%y ¥¥ Ov 9¢€¢ 2¢€ 82 Pz 0¢C 9l %Ev__ X

165



206 = /A o18ue [eyInuuize 170 = Q ‘G¢*( = 3 sxojowresed Adorjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W] JOSPO-019Z YT, "¢S°¢ “S1g

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

0002 0002
008L 008L
0091 0091
oovL (00,43
[00/4% (00743
—_ =
Looor 3 i 00013
- = =1L L2 @,
008 I L= L it il 008
L] L2
memuwmmu“nwmmuwmm |LL e
..umwmwwwmmmmﬂmmuwmwu“.
oor ik oo
002 002

(0]
fun X 88 ¥8 08 9. 2L 89 ¥9 09 9§ <2¢ 8¢y ¥¥ Oy 9¢ <Z¢€ 8¢ ¥¢Z 0C 9L <L 80 ¥0 00 m:v__ X

166



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

(£5°¢ "S1) 06 = /A o[Sue [eyInWIZE

10 = Q ‘6¢°0 = 3 sxojouwrered Adomjostue (g7 1) UOTIR[2I WOIJ UOTIOIS W] JOSPO-019Z 3] 10§ (F1°¢) woty uoneidiw oYy, ‘$5°¢ 914

000€ 000¢
008z 008z
0092 009z
ootz ootz
002z i 002z
0002 0002
008l 0081

000k i . - oogN

N 00vh ] = oorl3.
002k ] 00z)
0001 0004
008 008
009 009
oov oov
00z 00z

0
wilx v'8

o8 9. ¢, 89 Vv9 09 9 <2¢§ 8v ¥¥ Oy 9¢ <€ 8¢ *vc 0c 91l wEva X

167



[opour 3510y £3100[2A Jo A1jowoad ayT, "s5 ¢ Sy

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

009¢

0S1€

0oLz

0sze

0s€lL

006

0S¥

0o0zL 0089 009 0009 0098 00zs [ 4 oovy 000 009¢ ooze 008z oove 000z 0091 ooz 008 ooy 0 [w] X

168



Chapter 3. Seismic migration in anisotropic media of type HTI(¥) in the function of azimuthal angle ¥

[opour 51do1josT 10J (£7°T) UOTIB[OI WOIJ UOT}IIS JWIT) J9SJJO-019Z YT, "95°¢ "SI

0092 0092
0012 0012
0022 002z
0002 0002
0081 0081
0091 0094

ﬂcoﬁ\ 00PL—

= E)

oozl ook
0004 0004
008 008
009 009
00t 0ov
00e 00z
HE_W 00t~ 008~ ooNF.mE_x

0008 009/ 00ZZ 0089 009 0009 009S 00CS 008y OOvY 000F 009E 00ZE 008C 002 000Z 009L 00CL 008 0ot

(o]

169



(96°¢ "817) [opowr o1doxjost 9y} 10§ uorjeISIW JOSPO-019Z YT, *£S"€ "SI

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

0098 0098
osie osie
00z 00z
052z 052z

N oogl 008l
05el 0gel
006 006
o5t o5t

: w
il x 0008 009/ 00ZZ 0089 OOPO 0009 009G 00ZG 008F OOPF 00OF OO9E OOZE 00SZ 0OVZ O00Z 009 00ZL 008 00 O  OOb~ 008 OOZL-Rulx

170



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

1°0 = Q ‘¢’0 = 3 s1o3owrered Adonjostue opowr [, A o1dOIJOSTUE J0J UOIIIS dWIT) JOSPYO-0IZ YT, "8S°¢ "SI,

0092 0092
0012 0012
0022 002z
0002 0002
0081 0081
0091 0094

ﬂcoﬁ\ 00PL—

= E)

oozl ook
0004 0004
008 008
009 009
00t 0ov
00e 00z
wik 0008 009, 00c. 0089 00V 0009 0095 00ZS 008P 0Obb OOP 00OF OOZE 00SC OOKC O0Z 00SL OOZL 008 00 O OO» 008 OOZL-tulX

171



10 = Q ‘¢’0 = 3 sxo3owered Adonjostue (g6°¢ “311) Ppowr [, A d1doxjostue o) 10§ UOIRIZTW J9SJO-019Z YT, "65°¢ "SI

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

osie osie
00z - 00z
052z 052z
E 3
N oogl 008l
05el 0gel
006 006
o5t o5t
o f
il x 0008 009/ 00ZZ 0089 OOPO 0009 009G 00ZG 008F OOPF 00OF OO9E OOZE 00SZ 0OVZ O00Z 009 00ZL 008 00 O  OOb~ 008 OOZL-Rulx

172



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

,0€ = g 9[8ue dip 10 = @ ‘¢’ = 3 sxojowrered Adonjostue {opouw 11,1, o1d0IJOSTUR J0J UOIIOIS dWT) JOSPO-019Z YT, "09°¢ “SL.I

002 00C

4
fwlx 0008 009Z 00ZZ 0089 009 0009 009S 00CS 008y OOvP 000F 009E 00ZE 008C 002 000Z 009L 00CL 008 0O O OO.?OO@.OON_HW:_X

173



Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

,0€ = g 2[8ue dip 10 = Q ‘¢’ = 3 sxojowrered Adonjosrtue ¢(09°¢ “31) [opowr [,1,1, otdoxjostue oy 10J UOTIRIFIW J2SO-019Z YT, "19°¢ “F1]

0098 4 0098
osie osie
00z 00z
052z 052z

N oogl 008l
05el 0gel
006 006
o5t o5t

: w
il x 0008 009/ 00ZZ 0089 OOPO 0009 009G 00ZG 008F OOPF 00OF OO9E OOZE 00SZ 0OVZ O00Z 009 00ZL 008 00 O  OOb~ 008 OOZL-Rulx

174



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

0S¥ =g o8ue dip 10 = @ ‘¢’0 = 3 s13owrered Ldoxostue opowr 11,1, 2TdOIIOSTUR J0J UOT}DIS W] J9SJO-019Z AT, “79°¢ 31

002 00C

4
fwlx 0008 009Z 00ZZ 0089 009 0009 009S 00CS 008y OOvP 000F 009E 00ZE 008C 002 000Z 009L 00CL 008 0O O OO.?OO@.OON_HW:_X

175



Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

oSF = g o[8ue dip ¢1°0 = Q ‘¢’ = 3 sxo3owrered Adonjostue ¢(z9'¢ “31) (opowr [,1,1, otdoxjosiue ay3 10§ UOTIRIFIW J2SJO-019Z YT, "¢9°¢ “F1]

. ML R -
0sle osle
0022 0022
0522 0sze
E N
™ oos Smrw
oseL osel
006 006
o5y osy
Ew 0008 009/ 002/ 0089 0OP9 0009 009S 00ZS 008y OOby 00O O09E OOZE 008Z OOPZ 000Z O09L 00ZL 008 0OF O oov.oomwoowr.méx

176



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

209 = g 9[8ue dip 10 = Q ‘¢’ = 3 sxo3owrered Adonjostue {opouw 11,1, o1d0I0OSTUR 0] UOIIOIS dWT) JOSPO-019Z YT, ‘$9°¢ "SI

002 00C

4
fwlx 0008 009Z 00ZZ 0089 009 0009 009S 00CS 008y OOvP 000F 009E 00ZE 008C 002 000Z 009L 00CL 008 0O O OO.?OO@.OON_HW:_X

177



Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

209 = g 9[8ue dip ¢1°0 = Q ‘¢’ = 3 sxoyowrered Adonjostue ($9°¢ “311) (Ppowr 11,1, otdoxjosiue ay3 10J UOTIRIFIW J9SPO-019Z YT, "S9°¢ “F1]

0098 0098
osie osie
00z 00z
052z 052z

N oogl 008l
05el 0gel
006 006
o5t o5t

: w
il x 0008 009/ 00ZZ 0089 OOPO 0009 009G 00ZG 008F OOPF 00OF OO9E OOZE 00SZ 0OVZ O00Z 009 00ZL 008 00 O  OOb~ 008 OOZL-Rulx

178



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

206 = g d[8ue dip 10 = Q ‘¢’ = 3 sxojowrered Adonjostue {opouw 11,1, o1d0I}OSTUR J0J UOIIOIS dW) JOSPO-019Z YT, "99°¢ “SL.]

002 00C

4
fwlx 0008 009Z 00ZZ 0089 009 0009 009S 00CS 008y OOvP 000F 009E 00ZE 008C 002 000Z 009L 00CL 008 0O O OO.?OO@.OON_HW:_X

179



Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

206 = g 9[8ue dip 10 = Q ‘¢’ = 3 sxo3owrered Adonjostue {(99°¢ “31) (opowr 11,1, otdoxjosiue ay3 10§ UOTIRIFIW J9SJO-019Z YT, "£9°¢ "S1

0098 0098
osie osie
00z 00z
052z 052z

N oogl 008l
05el 0gel
006 006
o5t o5t

: w
il x 0008 009/ 00ZZ 0089 OOPO 0009 009G 00ZG 008F OOPF 00OF OO9E OOZE 00SZ 0OVZ O00Z 009 00ZL 008 00 O  OOb~ 008 OOZL-Rulx

180



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

o0 = /A 2[8ue feyInuuize 7' = Q ‘67°0 = 3 s1ajowered Adonjosrue Ppow [1,1] o1d0I}OSTUR 10J UOTIOIIS W} JISHO-013Z YT, '89°¢ ‘S|

002 00C

4
fwlx 0008 009Z 00ZZ 0089 009 0009 009S 00CS 008y OOvP 000F 009E 00ZE 008C 002 000Z 009L 00CL 008 0O O OO.?OO@.OON_HW:_X

181



-0 = /& o[Sue [eyInuuIze
1°0 = 9 ¢67°0 = 3 s1o3owrered Adonostue {(g9°¢ *Sry) (opow 11,1 d1donjostue ay3 10§ uorjerSIwr J9sJo-019z YT, '69°¢ "SI,

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

0098 0098
osie osie
00z 00z
052z 052z

N oogl 008l
05el 0gel
006 006
o5t o5t

: w
il x 0008 009/ 00ZZ 0089 OOPO 0009 009G 00ZG 008F OOPF 00OF OO9E OOZE 00SZ 0OVZ O00Z 009 00ZL 008 00 O  OOb~ 008 OOZL-Rulx

182



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

.0€ = /A o[8ue [eyinuuize 1°0 = Q G7°0 = 3 s1ojowrered Ldoxjosiue {opowr [ H o1do1joSIuL 10§ UOT}OIS W) JOSPO-019Z YT, "04°¢ 51

002 00C

4
fwlx 0008 009Z 00ZZ 0089 009 0009 009S 00CS 008y OOvP 000F 009E 00ZE 008C 002 000Z 009L 00CL 008 0O O OO.?OO@.OON_HW:_X

183



o0€ = /A [Sue eynurze
10 = Q ‘67°0 = 3 sxo3owrered Adonjostue ¢(0.¢ “817) [Ppowr 1,1 do1doIjosiue oY) 10§ UOTIRIZIW J9SPO-0I19Z YT, 1£°¢ "SI

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

0098 0098
osie osie
00z 00z
052z 052z

N oogl 008l
05el 0gel
006 006
o5t o5t

: w
il x 0008 009/ 00ZZ 0089 OOPO 0009 009G 00ZG 008F OOPF 00OF OO9E OOZE 00SZ 0OVZ O00Z 009 00ZL 008 00 O  OOb~ 008 OOZL-Rulx

184



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

209 = /A o[3ue [eyinwize 1°0 = Q {57°0 = 3 s1ojowrered Ldoxjosiue {ppowr [T H o1do1josiue 10§ UOT}OIS W) JOSPO-019Z YT, "7."¢ S1

002 00C

4
fwlx 0008 009Z 00ZZ 0089 009 0009 009S 00CS 008y OOvP 000F 009E 00ZE 008C 002 000Z 009L 00CL 008 0O O OO.?OO@.OON_HW:_X

185



209 = /A d[Sue [eynuze
10 = Q ‘67°0 = 3 sxo3owrered Adonjostue ¢(z. ¢ “817) [Ppowr 1,1 o1doIjosiue oY) 10§ UOTIRIZIW J9SJO-019Z YT, '€ /°¢ "SI

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

0098 0098
osie osie
00z 00z
052z 052z

N oogl 008l
05el 0gel
006 006
o5t o5t

: w
il x 0008 009/ 00ZZ 0089 OOPO 0009 009G 00ZG 008F OOPF 00OF OO9E OOZE 00SZ 0OVZ O00Z 009 00ZL 008 00 O  OOb~ 008 OOZL-Rulx

186



Chapter 3. Seismic migration in anisotropic media of type HTI('¥) in the function of azimuthal angle ¥

206 = /A d[8ue feyynuize {1°Q = Q ‘57°0Q = 3 s1o3owered Adonjosrue epour [ o1doIjoSIUE J0J UOT)OIS SWIT) JASPO-019Z o], ‘F£°¢ "SI

002 00C

4
fwlx 0008 009Z 00ZZ 0089 009 0009 009S 00CS 008y OOvP 000F 009E 00ZE 008C 002 000Z 009L 00CL 008 0O O OO.?OO@.OON_HW:_X

187



+06 = /A [3ue [eynuze
10 = Q ‘67°0 = 3 sxo3owrered Adonjostue (¢ “81) [Ppowr 1,1 o1doIjosiue oY) 10§ UOTIRIZIW J9SPO-0I9Z YT, 'G/°¢ "SI

Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

0098 0098
osie osie
00z 00z
052z 052z

N oogl 008l
05el 0gel
006 006
o5t o5t

: w
il x 0008 009/ 00ZZ 0089 OOPO 0009 009G 00ZG 008F OOPF 00OF OO9E OOZE 00SZ 0OVZ O00Z 009 00ZL 008 00 O  OOb~ 008 OOZL-Rulx

188



Conclusions

Conclusions

In this study, we presented a new method of pseudo-acoustic wave’s propagation in
anisotropic, azimuthal media. Waves propagation described in wavenumbers domain was
derived from a dispersion relation, as the outcome of the resolving of the full system of
elastic equations by use of multidimensional Fourier’s transform. In this equation system
one assumed that the velocity of shear waves Vsy = 0, that these waves has little influence on
compressional wave velocity, which legitimates the name - pseudo-acoustic waves.

Propagation of pseudo-acoustic waves in one-way and two-sided equation is based
on determination of eigenvalues in a dispersion relation, i.e. time frequency as a function
of wavenumbers, compressional velocity, Thomsen’s anisotropy parameters and dip angle 0
and azimuthal angle V. The eigenvalue of a dispersion relation has the universal characteri-
stic of separability of the compressional velocity. This property is suitable for all transverse
isotropic media types (VTI, TTI(0), HTI(¥)), which directly allows the construction of
waves equations of first and second order. For isotropy media these equations transform
into generally used acoustic equations.

A wide range of experiments for waves propagations generated by point source in
homogeneous HTI(¥) media was performed. We used the exact solution (Cardano for
cubic equation - (1.23)) and two approximations - the solution of biquadratic equations
(1.28 and 1.29). With the use of “spike signal” for the exact solution (1.23) a high accuracy
of propagation (error ~ 0.2%) and very good standard snapshots was obtained for a wide
range of ¥ angle. Those snapshots are deprived of the “diamond shape” type of noise, which
is characteristic for propagation of pseudo-acoustic waves according to the space coordi-
nates formula. The experiments of pseudo-acoustic wave propagation in the xz-plane in
dependency to azimuthal angle ¥, have shown that the velocity of compressional waves are
expressed by relation V(¥) = V(1 + 2¢ cos*¥)” which indicates the ellipsoidal character of
horizontal velocity and confirms indirectly, the dependence of velocity Vao(¥) according
to Grechka V. and Tsvankin I. [21].
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For depth imaging of azimuthal anisotropic media, one used back propagation, i.e.
zero-offset migration in the MG(F-K) version, working in wavenumbers (K) and frequen-
cy (F) domain, which was successfully adapted for transverse isotropy (TT) [32] media, for
TTI and VTT as well. Algorithmic structures for every migration type are similar, whereas
depth extrapolation expressed by an exponential function, which exponent, vertical wave-
number is separately derived from the dispersion relation for each migration type. Essential
MG(F-K) migration property is the ability to take into consideration the variability of
a compressional wave’s velocity as well as Thomsen’s anisotropy parameters, ¢ and 6§, with
the use of Neumann’s series.

The tests of zero-offset migration executed on an inhomogeneous, multilayered antic-
line model, have shown independence of imagined structures on azimuthal angle, i.e. the
expected result. One can notice a relatively low sensitivity of imaging on azimuthal angle
variability conditioned by the effect of horizontal velocity dependence on azimuthal angle.
Strong dependence of vertical shifts of the reflector on € parameter, was confirmed in the
second experiment of zero-offset migration for vertical thrusts. In this case, one can notice
that the zero-offset wavefield is independent of the azimuthal angle because it is shaped by
vertical compressional waves, propagating with their maximum velocities.

In general, the method of waves propagation in azimuthal anisotropic medium pre-
sented here, has shown high precision in the process of modeling and migration.
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Fig. 2.54. Snapshot of spike wave propagation from algorithm (1.23) for
parameters: € = 0.35; § = -0.1 azimuthal angle ¥ = 30° in moment

time t = 0.4 s; steps of computation: Ax = Az =4 m, At = 0.5 ms

Fig. 2.55. Snapshot of spike wave propagation from algorithm (1.23) for
parameters: € = 0.35; § = -0.1 azimuthal angle ¥ = 45° in moment
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time t = 0.4 s; steps of computation: Ax = Az =4 m, At = 0.5 ms

Fig. 2.56. Snapshot of spike wave propagation from algorithm (1.23) for
parameters: € = 0.35; § = 0.1 azimuthal angle ¥ = 60°; in moment

time t = 0.4 s; steps of computation: Ax = Az =4 m, At = 0.5 ms

Fig. 2.57. Snapshot of spike wave propagation from algorithm (1.23) for
parameters: € = 0.35; § = -0.1 azimuthal angle ¥ = 90°; in moment
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time ¢ = 0.4 s; steps of computation: Ax = Az =4 m, At = 0.5 ms

Fig. 2.58. Snapshot of spike wave propagation from algorithm (1.23) for
parameters: € = 0.35; § = 0.1 azimuthal angle ¥ = 120°; in moment
time t = 0.4 s; steps of computation: Ax = Az =4 m, At = 0.5 ms

Fig. 2.59. Comparison of (1.29) and (1.28) for ¥ = 90°; anisotropy
parameters: € = 0.3; § = 0.1; in moment time ¢ = 0.4 s. Version
(1.29) in red color full covered by image of version (1.28). Steps of
computations: Ax = Az =4 m, At = 0.5 ms......
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Fig. 2.60. Comparison of the versions (1.29) and (1.28) for ¥ = 60°;
anisotropy parameters: ¢ = 0.3; § = 0.1; in moment time t = 0.4 s.
The version (1.29) in red color differ slightly from image (1.28).
Steps of computations: Ax = Az =4 m, At = 0.5 ms
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Fig.2.61. Comparison of the versions (1.28) and (1.23) for ¥ = 60°;
anisotropy parameters: € = 0.3; § = 0.1; in moment time t = 0.4 s.
The version (1.28) differ slightly (red color) from image (1.23).
Steps of computations: Ax = Az =4 m, At = 0.5 ms
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Fig.2.62. Comparison of the propagation snapshots in time t = 0.4 s for
version (1.23) for angle ¥ = 0°,45° and 90°; anisotropy parameters:
€=0.3;0=-0.1
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Fig. 2.63. Comparison of the propagation snapshots from (1.23) - in black,
from (1.28) - in red and from (1.29) - in green; anisotropy
parameters: € = 0.35; § = -0.1 in moment time ¢ = 0.4 s; azimuthal
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angle ¥ = 30°. Steps computations: Ax = Az =4 m, At = 0.5 ms

Fig. 2.64. Comparison of the propagation snapshots from (1.23) - in black,
from (1.28) - in red and from (1.29) - in green for anisotropy
parameters: € = 0.35; § = 0.1 in moment time ¢ = 0.4 s; azimuthal
angle ¥ = 30°. Steps computations: Ax = Az =4 m, At = 0.5 ms
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Fig.2.65. Comparison of the propagation snapshots from (1.23) - in black,
from (1.28) - in red and from (1.29) - in green for anisotropy
parameters: € = 0.35; § = -0.1 in moment time ¢ = 0.4 s; azimuthal
angle ¥ = 60°. Steps computations: Ax = Az =4 m; At=0.5ms
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Fig.2.66. Comparison of the propagation snapshots from (1.23) in moment
time ¢ = 0.4 s; anisotropy parameters: € = 0.3; § = 0.1; for azimuthal
angle: ¥ = 0° — in red, ¥ = 15° - in green, ¥ = 30° - in blue, ¥ = 45°

- in crimson, ¥ = 60° - in violet, ¥ = 75° — in orange, ¥ = 90° - in black

Fig. 2.67. Velocity as a function of the azimuthal angle ¥ in the first quarter
of the clockwise polar coordinate system. The ellipsoid character
of velocity (V) is seen. In left part of figure we have a series of
wavefronts which determine the length of propagation paths for
timet=0.2s,£=0.3;8=0.1....
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Fig. 3.1. The geometry of velocity anticline model......
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Fig. 3.2. The zero-offset time section from relations (1.23); anisotropy
parameters € = 0.3; § = 0.1; azimuthal angle ¥ = 15°
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Appendix A,

Tensor components as the function of the tensor C components (for VTI model) and
dip angle 0 (for +60) and azimuthal angle ¥ are as follows:
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Appendix A,

ay 4dp A

a,, a a a, a
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3k3{2d1 (dydyy +dyed )+ 2d o (dyd g+ dyedss)+ } .

T+ 2d16(d66d44 +dydss + 4dzsd45)
4 k k i {Zdl 1[d45d44 +dydy; - (ds?, + d45)(d23 + d44) + ]}+
+2dss dudss + d25d45 + 2d16[d23d66 +dydss - (d63 + d45)2
AyEIEye {Zdﬁs[dz:sdu +dydy; — (dm + d45)(d23 + d44) + ]}+
B dss(d45dzz + d26d44 + dls[dzzd33d424 (dzs + d44)2
55 d66d44 + d22d55 + 4d26d45)
+K2KCK?
+4d,, d45d44 +dydy; - (dm + d45)(d23 + d44)]

+ kjkxk} {2 55[d45d44 + d26d33 (d63 + d45 )(d23 + d44)]+ 2d16d44d33}

o+ kx (dll+d55+d66)+ky(d22+d44+d66)+ B
+ kzz(d33 +dy,+ d55)+ kaky(dlfy +dy+ d45)

kK d+d, )+ k*(d,, +d,,)+
(kfd“+ka,d66+k_.2d55+2kxkydm{ x( 55 66) ‘( 22 44) :l

k2 (dyy+d)+ 2k k (dy +d,s) ’
+hidd o+ kidyd,, +kidyd,, +

— @ 4 Ik (d oy + doydss + Adyd )+

K2l + dydyy — Ay + d s ) KR + a2, (dyy + d P |+
+ 20k (dysd g + dydlss)+ 260k (dysd oy + dydyy) +

2k ke [dgdy + dodys —(dgy +dys Ndys +d,)]

zWxy

(5]
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6112(01216133 — a23a”)* k(’dlzéd55 + k(’a’zzéd44 + kéa’524d33 + (A2.3)
+kk[d,o(d), +dyo)dss +2d,d, )+ Kok Ady [(dy, + d g Mgy + 2d ysd o ]+
Lk {d%d,ﬁdﬁ td dydss +d,dyy +2(dy, +d o )d s |+ } .
(d, +d d,, +dgg)dss +2d,d, ]
{ soldygdss +d oy +2(d, + d g )d s |+ }
td,dodyy +(dy +d dy, +dog)d,, +2d,5d, )
I [d ol yd gy + doy(dy odys + doyd s )| +
I [d o (dy oy + dyyds) + ds,d, (s |+
A dysd sy + dldyd s+ diydy, — (doy + dy Nd s + dy )+
kK d gl oy + diyd g — (doys + d o Nd s + dsg )|+ dsudoed ) —
—kik k. d\(dg +d,Ndss+dy5) - kik k. dy(doy +ds ) +

xytz

kK ks 2 4 (dyy + dog Mgy — (doy + dy Ndss +d )]+ (dy + dog ) d, |-

zx Ty
—kikk.d(dg +d,) +
PR {dlﬁ[Zd (dys + dog Wy~ (doy + d o + )]+ } N
I dy(dy, + do s+ 2d,d, )4 (dyy + do Ndyodys + dsydss)
di[(dyy +d o), +2d,d | +
IOk A+ (dyy +dgo Ndogdss + dsd gy — (dys + d oy Nd s+ dsg )]+
+dy 2d2 4 (dy +dog )y — (dy +dy Ndss +dys )]
IRk [ (d gy + d ey + )+ (dyy + dog Vs + s ¥ |-
—kkk,ds(dgs +dysNdss +d,y) - ok Tk do(d oy +ds ) +

zMyTx

k3k3{dlb[(d12 + d()h )d44 + 2('145d26]+ d26[(d12 + d66)d55 + 2d45dlb] +} +
g + (dll + dﬁ())[dZ()dSS + d16d44 + 2(dll + dﬁé)d45]

k k k { 16[d26d33 + d54d44 - (d23 + d44)(d45 + d36)] + d26(d16d33 + d54d55)+ } _
e d54[d26d55 + d16d44 + 2(d12 + d66 )d45] - [(dll + dﬁ())(d63 + d45 )(dSS + d13)]

- wz [dlékf + dzﬁkar + ds4kz2 + (dlz + d66 )kxkv]z
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a13(a21a32

—ay,ay, )= ki k2 {(dgs + d Ndyo(dys + d o) —dog(dss + )]+ (A2.4)
+ ki (d s+ dydog(dyy +d ) — doy(d s+ dyg )]} +
I (d g+ d | dsy(ds +doys) - d oy (dg, +d, )]+
+ ki dys + dy dsy(dys +dyy)—d o (d s+ dy )]+
(dos+d,,dyg(dys +dyy)—dyy(dys + dyg )]+ } .
(dys+dy Ndyo(doy + dys)—doy(dos +d,y)—2d,(d s + dsy )]
+ 12Kk k (dgs + d ), (dyy + dys) = dg(ds, + dyg) - 2d,(dgs + )]+

xz Ny

+k k k (dSS +dl3)(d12 +d6())(d63 +d45)+

Skk,
+ Ik k ((dyy +d Nd oy + dy Ndss +d )+ (ds + ds Ndy, +dgo Ndos +dos))+
(dos +d 3 )dyg(dys + dys)—dyy(dss + d,3) = 2d,6(d s + d36)]+}
+(dys +dy Ndyo(dys +dyy)—dog(dys + dy )= 2d,(dgs +d, )]
o {(dss +d dsy(dys +d,)—d,(ds + d%)]+}
+(dy+dy Ndo(dy +dyg)—d,(dys +d,,)]

@ ds +d s e, +(dys +dog i . ]Z

+ kjkka{

+ kfkf,kf{

From the relations (A2.1-4) we acquire the expression for the determinant of matrix A:

det A= k)(:dss(dl 16— d126)+ k§d44(d22d66 - d226)+ kfd33(d44d55 - d524)+ (A2.5)

+kik, 2dysld o+ dy\(dog +dog )| - d,[(d, + d i )dss +2d,d ]+
+lok 2ldo(dysd,y +dygd )+ dydond | - dogl(dy, + d g, +2d,5d, ]+
d, (dyed,, + dyydss +4dyed )+ 4d, (d,od oo + dyedss)+

+ ik +dssd s — d26d16d55 —d,Jd,ds+d d,, +2(d, +d.)d, |-+
—(d,, +d (d,, +doo)dss +2d,d, ]

[d, dyod,, + doo(doed,, +d,pdss +4d,d )+ 4d, (d,sd,, + dyd,,)]—

dy[dydss +d,d,y, +2(d, +dyg)d,s |- +

—d,dyd,, —d, +d  Nd,, +d . )d,, +2d,d,,]

dydydyy +dJdsd g +dydss — (dys +dy ) |- dodosds, + 2d16d33]+}
(dgs +d Ndsy(dgy +dys)—d,,(ds, +d,s)]

{d44d36d66 + dSS[d22d33 + dj4 (d23 + d44 )2 ]_

+hkk; -

+kk

+ k4k2 54[2’d26d33 + d54d44 (d23 + d44)(d45 + d36)]+ +

(d45 + d36 [d54(d23 + d44) d44(d + d36)]

+ k k 11[d33d66 + d44d55 (d63 + d45)2]+ d55d66 16(d16d33 + 2d54dSS)+} +

d55 +d13 [dlﬁ dgs +d45) dse(dss +d13)]
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2d11[d45d44 + dzsdsz - (d63 + d45)(d23 + d44)]+ 2d55(d45d66 + d26d45)+
+ 2d16[d33d66 + d44d55 - (dss + d45)2]_

+kvkzk» d16[2d35+(d12+d66)d33—(d23+d44)(d55+d13)]— -

d54[(d12 + dae)dss + 2d45d16]7 (d12 + des)(dmd33 + d54d55)+
+ (dss + d13)[d16(d23 + d44)_d66(d54 + d}é)_2d26(d55 + dl})]

sts[dzzsdu + dzsdss - (dss + d45)(d23 + d44)]+

+ dss(d45d22 + d26d44)+ dm[dzzdss + dj4 - (d23 + d44)2]_

- d54 [(dlz + dae )d44 + 2d45d26] -

Ik A= (d )y + d o dogdys + dsud gy —(doy +dyy Ndys +dy )] - +
yz 12 66 142633 54%44 23 44 \% 45 36

_dz(;[Zdjs_(dlz+d66)d33_(d23+d44)(d55+d13)]+

+ (dss + d13)[d26(d23 + d44)_dzz(d45 + dss)]"‘

+ (d45 + dsa)[dzo(dss + d45)_dzz(d55 + d13)_ 2d26(d45 + d36)]

+kkk d(d+d,s ) +
I [ (dgs + s Ny + )+ (dy + g Ny + sV ]+
+ kzk,rk [d54(d63 + d )(dSS + d13)+ (dSS + dl})(dlz + déé)(d63 + d45)]+

+ kzkfk |: 54(d63 + d45)2 (dIZ + dé())(dZS + d44)(d55 + dl3)+:| +

(d45 + d36)(d12 + d66)(d63 + d45)
sts[d4sd44 +dydss— (de + d45)(d23 + d44)]+
+ 2d16d44d33 - d54[2d35 + (d12 + d66)d63 - (d23 + d44)(d55 + d13)]_
- (dlz + dsa)dzzdszt + (d54 + dls)[d54(dz3 + d44)* d44(d45 + d;a)]+
+ (d45 + d3s)[d54(d63 + d45)_d44(d55 + dls)]
d55(d66d44 +dydss + 4d25d45)+
+ 4d16[d45d44 + dzedzz - (dsz + d45)(d23 + d44)]_
_dlﬁ[d26d33 + d54d44 - (dza + d44)(d45 + d}é)]_dz(y(dlédS} + d54d55)_
+ kfkyz'kzz _d54[d25d55 +dydy, + 2(dlz + d66)d45]+ +
+ [(dlz + dﬁﬁ)(d63 + d45)(d55 + dl})]+
(dss + dls)[dzs(d(;} + d45)_ dzz(dss + d13)_ Zdzs(d45 + d35)]+
(d45 + d36)[ 16(d33 + d44)_ d“(d“ + dss)_ 2d26(d55 + d13)]

+ k' k,

+ k:kykz d](y(d63 + d45)(d55 + d13)+ kj»kxk: d26(d63 + d45)2 +
Zdn(d45dzz + d25d44)+ 2d66(d45d66 + d26d55)+
3,3 7T 2d16(d66d44 +dzzd55 +4d26d45)_
+kk,
- dlé[(dlz + ds())d44 + 2d45d26]_ d26[(d12 + d66)d55 + 2d45d15]_
- (dlz + dos)[dzedss + d16d44 + 2(d12 + d“)d“]

213



Forward and back-propagation of compressional waves in horizontal transverse isotropy (HTI) media

+ (d45 + d}é)[d54(d63 + d45)_ d44(d55 + d13)]

doo[dzzdm + di‘ - (dzz + d44)2]+d55d22d44 -
+ k;?kzz _dzo[dzedu + d54d44 _(d23 + d44)(d45 + d3ﬁ)]_d54d26d44 +r-

+ (d45 + ds(»)[dzs(dz3 + d44)* dzz(d45 + ds(»)]
et st do ) (dy tdut o)+ ]

+ k22 (dsz +d,+ dss)Jr 2kxky(d]6 +dy+ d45)

(k2d,, + K2d g+ K2dys + 2k e d )%
x [kxz (dss + dss)* k}zv (dzz + a144)7L kzz (d33 + d44)+ 2kxky(d26 + d45)]+
+ k:dssdec + kﬁdzzdzm + k:d”dM + kfki(d“dﬂ +dypdss + 4d26d45)+
+ k:kzz [dzsdse + d45d55 - (dez + d45)2]+ kﬁkzz [d22d33 + d424 - (d23 + d44)2]+
O 2N (d s + dogls)+ 2K, (sl + ) +
+ 2k:2kxky [d55d44 + d26d33 - (d63 + d45)(d23 + d44)]7

k3k3 {(dSS + dl})[d54(d23 + d44)_ d44(d45 + d}é)] +}
Wiz

- [kfdl(» +kJ2»d26 +k_~2d54 +kxkv(d12 + dﬁ(»)]z -

- [kxkz (dss + d13)+ kyk: (d45 + d}e)]z
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Coeflicients a7 are bound to wavenumbers products.
The subscripts mean the coordinates of wavenumbers whereas superscripts power
numbers. For ex ample, the coefficient a;’; is bound to k2kjk:.
In relation for H(k,, k,, k., 0, ¥) we have the following coeflicients in form of the

combinations of the elasticity tensors components:

af =dy\d, dy—d2,)
a$ =d,\dydes —d2,)
a$ =dy(ddys —d?,)
a’) =2d[d,d o+ d, (dys + doo )|~ d,[(d)y + dyg )dss +2d,id, |
a3y =2[do(d,sdyy + dogd,y) + dy dond,yy |~ dogl(d,, + dig M, +2d i)
aly =d, (dyd,, +dyydss +4d,d 5)+4d, (d ysd g + doedss) + dssd g — doed (dss —
—d, [dydss +dyod g+ 2(d,y + doo )y |~ (dy, +d (d,, +dog )dss +2d,d, |
a3t =d, dyyd,y, +do(doed,y + dpdss +4dyd )+ 4, [dydyy + doed, |-
—d,|dydss +d odyy +2(d,, + d o)~ dy(dod s +(dyy +do (dyy + dog )y +2d 45y )
a;,[z = dl 1d33d44 + d55ld33d66 + d45d55 - (d63 + d45)2J_ d54[d54d55 + 2d16d33]+
+(ds+d, doy(dy +d5)—d oy (ds, +d,s)]
a;‘,"zz = d44d66d36 + dss[dzzdas + df4 - (dza + d44)2J_ d54[2d26d33 + d54d44 - (d23 + d44)(d45 + d;a)]"'
+(dys+ dyg doy(doys + dyy)—d oy (d s+ dsg )]

a2 =d\|dydyg+d sl —(dgy+d, [+ did g — d,o(d ooy + 2 d )+
+ (dss + dl3)[dl6(d63 + d45) - dss(dss + dls)]

@2 = dy|dpdy +d2, —(dyy +d,F |+ dosdod,y — dogldsdsy + dyudyy — (s +d,, Nd s + dsy )] -
—dydygdy, + (dgy +dyg doo(doy +d )~ doy(dys +dsy )]
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13322l 2‘111[‘145“!44 +dyedyy — (das + d45)(d23 + d44)]+ sts(d45des + d26d54)
+2d16[d33d66+d44d45 (d63+d44 ] 16[2d d12+d66)d33 (d23+d44)(d55+d13)]_
- d54[(d12 + dao)dss + 2d45d16] (du + dé())(dlﬁdSS + d54d55)+
(dss + d13)[dm(d23 + d44)_ dss(d54 + dss)_ Zdzs(dss + dl})]
5511 2dso[d45d44 +dydys - (dos + d45)(d23 + ‘1144)]ﬁL dss(d45dzz + a’zadu)+
+ dls[dzzdss + df4 - (d23 + d44)2]_ d54 (dlz + dae)d44 + 2d45d26]_
- (dlz + dse)[dzod33 + d54d44 - (d23 + d44)(d45 + dze)]_
- d26[2d:5 - (d12 + des)dss - (d23 + d44)(d55 + dsé)]+
+ (dss +d13)[d25(d23 + d44)_d22(d45 +d35)]+
+ (d45 + d}é)[dza(dos + d45)_ dzz(dss + dl})_ 2d26(d45 + d}(y)]
a13'22’31 = d16(d63 + d45)2
;123] (d63 + d45)(d55 + dn)dzs (d12 +d66)(d63 +d45)2
a; 122l = d54(d63 + d45)(d55 +d13) (d12 + dss)(dss +d45)(d55 +d13)
ayyl =dsy(dg +d ) +(dyy +dgo Ndys + dyu Ndss +dys)+(dos + ds Ndy, +dgo Ndgs + )
a34‘,11',21 = 2d55[d45d44 + d26d33 - (d(3 + d45)(d23 + d44)]+ 2d16d44d33 -
54[2d d1z + dss)dss (d23 + d44)(d55 + d13)]_ (dlz + dss)d33d54 +
+ (dss + d|3)[d54(d23 + d44)_d44(d45 + d}é)]+
+ (d45 + d36)[d54(d63 + d45)_d44(d45 + d13)]
alel = dle(des + d45)(d55 +d16)
a;’:’; =dyo(dey + das)z
ay 1, z =2d, 1(d45d22 + d26d44)+ 2d66(d45d66 + dzsdss)"' de(dssd44 +dydss+ 4d26d45)
- 16[(d12 + dﬁé)d44 + 2d45d26]_ 26[(d12 + d66)d55 + 2d45d16]_
- (dlz +d66)[d26d55 +didy+ 2(d12 + das)d45]
az 37 (dss + d13)[d54(d23 +d44)_d44(d45 +d35)]+ (d45 +d36)[d54(d63 +d45)_d44 dss +d13)]
alz,zz,zz = 55[d66d44 +dydss + 4d26d45]+ 4d16[d45d44 +dydyy - (dss + d45)(d23 + d44)]_
- dlﬁ[d26d33 + d54d44 - (dzs + d44)(d45 + d3s)]_ d26[d16d33 + d54d55]_
- d54[d26d55 +ddy, + 2(d12 + d66)d45]+ (d]2 + d66)(d63 + d45)(d55 + d13)+
+ (dss + d]})[d26(d63 + d45)_ dzz(dss + dls)_ 2d26(d45 + d}ﬁ)]+
+ (d45 + d}s)[d16(d33 + d44)_ d66(d45 + dss)_ Zdzs(dss + dl3)]
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After introduction of the Thomsen’s parameters € and & we derive following relations
for respective components [p — normalized] of C tensor:

= VPqu = VPZL(IJFZE)
Cy,=V5, (A4.1)

1 1
c,=(1 +25)A C, =V (1 +25)A

where Vj, is compressional velocity in direction perpendicular to the lamination.
Taking Cu = Cs = 0 and applying approximation (1 + 26)” = 1 + & we get following
relation for (1.15):

dy, = VPZL{(I +2&)cos* W +sin* W + %(l + §)sin2(2‘11):| (A4.2)
dyy = V2 [(1+28)cos” W + (1+8)sin ¥ (A4.3)
d,=C, =V (1+2¢) (A4.4)
d,dy;—dl,=Van,sin* ¥ (A4.5)

where 17, = 2(e - 6)

dg, :%V:L sin*(2¥ ) - 5] (A4.6)
dg, = %V;L sin(2¥)2¢ — 5] (A4.7)
dydy, —d2 = %V,:‘l sin2(2‘1r’>{(g —8)(1+2¢) - % [26 - 5]2} (A4.8)
d, :%V,,isin (2% )(2¢ - 5)cos® ¥ + 5sin> ¥ (A4.9)
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dd, = % V3 sin® (2\11){(1 +2¢&)cos* W +sin® W + % (1+ 6)sin? (2\1!)}[5 - 6] (A4.10)

d\(dydye —d2)= %V;; sinz(z\y)[(l +2€)cos* ¥ +sin® P + % (1+5) sinZ(Z‘P)]}

; (A4.11)
x {2(1 +26)e - 8]-[26 - 5] }
didy, = %V;’L sin> (¥ X1+ 2&)[(2£ — 5)cos” W + sin® ‘I‘]Z (A4.12)
2
did,, = %V;L sinz(zly)[(l +2&)cos’ W +(1+ ) sin’ ‘P} (e-0) (A4.13)
dddg = % ve, sin® @W)[(1+2£)cos® W + (1+ 5)sin® ¥ - 5) 22 - 5) (A4.14)
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