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Imaging steeply dipping reflectors in TI media by wavefield
extrapolation

Guojian Shan and Biondo Biondi

ABSTRACT

We develop an anisotropic plane-wave migration methoddasewavefield extrapola-
tion. In this new scheme, we decompose both source and ezceavefields into plane
waves by delaying shots. For each plane wave, we designed thordinate system)
whose tilting angle depends on the propagation directicth@fplane wave. The wavet
field extrapolation is done by an implicit isotropic operaptus an explicit anisotropic
correction operator. We apply this method on a synthetias#dt The results show tha
our scheme can accurately handle overturned waves and steg@y dipping reflectors
in transversely isotropic media with a vertical axis of syetry (VTI).

—

INTRODUCTION

VTl media is one of the simplest and most practically impatrtgpes of anisotropic media.
Steeply dipping structures, such as faults and salt flam&sgraortant for the interpretation of
seismic data. The waves relating to steeply dipping reftsaisually propagate in a direction
far from vertical. If we do not account for the anisotropy Imetmigration, steeply dipping
reflectors will be imaged with large positional errors orlwénish from the image. To image
steeply dipping reflectors in anisotropic media, we needso#ropic wavefield-extrapolation
operator that can handle waves propagating in a directioindin the vertical direction.

Many methods have been proposed to extrapolate wavefieldiseage reflectors in VTI
or tilted TI media (Ristow and Ruhl, 1997; Rousseau, 199Tgkson and Margrave, 1998;
Uzcategui, 1995; Zhang et al., 2001a,b). Baumstein and isndg2003) extrapolate wave-
fields in VTI media with a reference anisotropic phase-shierator plus an explicit correc-
tion filter. Shan and Biondi (2004b) extrapolate wavefieldlied Tl media with an isotropic
operator followed by an explicit anisotropic correctiomneiil

The waves related to steeply dipping reflectors usually ggafe far from the vertical di-
rection. Kirchhoff methods can propagate these waves cyrdut they are less reliable
for imaging complex structure because of the high-frequeapproximation. Reverse-time
migration (Whitmore, 1983; Baysal et al., 1983; Biondi anth, 2002), which is based
on the two-way wave equation, can propagate these wavesaselgt however anisotropic
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reverse-time migration is still prohibitively expensivAlgorithms such as beam migration
(Brandsberg-Dahl and Etgen, 2003; Hill, 2001; Gray et 4102 Albertin et al., 2001) and
coordinate-transformation-based migration (Higginlatret al., 1985; Etgen, 2002; Sava and
Fomel, 2004; Shan and Biondi, 2004a), extrapolate wavefiald direction close to the prop-
agation direction, and can handle these waves at a wide.angle

In this paper, we apply plane-wave migration in tilted caoades for VTI media. VTI
media in Cartesian coordinates become to tilted Tl medidtedtcoordinates. We extrapo-
late the wavefields with an isotropic operator followed byeaplicit anisotropic correction.
We first discuss VTl media in tilted coordinates, then revane-wave migration in tilted
coordinates, and finally show the migration results for alsgtic dataset.

VTI MEDIA IN TILTED COORDINATES

A VTI medium is a medium that is transversely isotropic ans daertical axis of symmetry.
The phase-velocity (9) of P-waves in VTI media can be expressed in Thomsen notason
follows (Tsvankin, 1996):

. 2 .
V2(6) _ 1—|—ssin2(0);ifl <1+ 235|n2(9)> B 2(8—5)5"'\2(29)’ (1)

V3, 2 f f
whered is the phase angle of the propagating wave, figd1l — (Vsy/ Vpo)?. Vpg andVyg are
the P- and SV-wave velocities in the vertical directionpegively, and andé are anisotropy
parameters defined by Thomsen (1986):
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whereC;; are elastic moduli. In equation (1¥,(0) is the P-wave phase-velocity when the sign
in front of the square root is positive, and the SV-wave phasdecity for a negative sign.

For plane-wave propagation, the phase afgterelated to the wavenumbékgs andk; by
the following relations:
V (6)k _ V(O)k;

sing = . coY , (2)
w w

wherew is the temporal frequency. From Cartesian coordinatestéal ttoordinates, we do a
transformation as follows:

(2)=( % o))

whereg is the rotation angle.

Figure 1 illustrates this change of symmetry axis duringdberdinate transformation.
The layered structure has a symmetry axis in the verticalkction in Cartesian coordinates
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(X,2) in the left panel. When we rotate the coordinates froqe) to (X’,Z), the symmetry
axis in the new coordinateg’(Z’) deviates from the’ direction.

In tilted coordinatesx(,z), we have the following relation between wavenumkerk,
and phase anghk:
/ /
_VOke g VO @

w w

The symmetry axis is not vertical in tilted coordinates, ls® angle between the direction of
wave propagation and the symmetry axis is not the phase éhdlato’ — ¢, wherey is the
tilting angle of the tilted coordinates.. Therefore, VTldieein Cartesian coordinates become
tilted TI media. The P-wave phase velocity in tilted cooedes can be expressed as

sing’

V2(0',¢) o fof 2¢ SIrF(0’ — @) ? 2(e — 8) sirP(2(0’ — ¢))
V—gozl+esm2(9 —)—zEs |\t — - .
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Thus for a VTI medium in tilted coordinates we need a waveapdlation operator that can
\ * X’
Xl

, symmetry axis
zZ 5 Z4

’ sy mmeﬂy aX‘S

Figure 1: VTl media in tilted coordinates. Left panel is adagtructure in Cartesian coordi-
nates. Right panel is the layer structure in tilted coortdiaéguojianl-vtitilt‘ [NR]

downward extrapolate the wavefield in tilted Tl media. Framoations (4) and (5), we can
solvek, as a function ofp,¢,§, andw/Vpg. The wavefield can be extrapolated in two steps.
First, the wavefield is extrapolated by an isotropic operasdollows:

P(z+ A7) = P(2)dk°2, (6)

wherekis® = V(@/Vpo)?2 — (k)2 is the isotropic vertical spatial wavenumber. This isoizop
operator can be implemented by the split-step method ¢e&bfél., 1990), the general screen
propagator (Huang and Wu, 1996), or Fourier finite diffeeefiéFD) (Ristow and Ruhl, 1994).
Next, the wavefield is corrected by an explicit correctioemgpor. This correction operator
is designed in the Fourier domain, and is implemented in plaees domain. The correction
operator in the Fourier domain is a phase-shift operator:

P(z+AZ) = P(z+ Az)g KAz @)

In the space domain, this correction operator is a convmiufiiter. The coefficients of the
convolution filter depend omp,¢,8, andw/Vpg, and they can be estimated by the weighted
least-squares method (Shan and Biondi, 2004b).
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ANISOTROPIC PLANE-WAVE MIGRATION IN TILTED COORDINATES

In plane-wave migration (Rietveld, 1995; Duquet et al., Z00u et al., 2002; Zhang et al.,

2003) source wavefields are decomposed into plane waveghaméceiver wavefields are

re-arranged corresponding to their respective plane-wauece. Shan and Biondi (2004a)
apply plane-wave migration in tilted coordinates for antngpic medium. For each plane

wave, proper tilted coordinates are designed, whosediliimgle is selected according to the
direction in which the plane wave propagates. Source areivercwavefields are downward

continued in these tilted coordinates. Images and dip+ugrd angle-domain common-image
gathers (CIGs) are generated by cross-correlation.

Anisotropic plane-wave migration is the same as isotrofacg-wave migration, except
that an anisotropic correction operator is applied afteriiotropic wavefield extrapolation
at each depth step. Since the correction operator is epliei build a table of convolution
coefficients before we run the wavefield extrapolation. & thedium at a point in space is
isotropic ¢ = § = 0), only the isotropic extrapolation will occur. Otherwigkbe anisotropic
correction operator will be applied to the wavefield. Foisatriopic correction, we search for
the filter coefficients corresponding to the tilting angleanisotropy parametetsandé$ and
the value ofw/Vpg in the table and convolve the wavefield at that spatial pmsivith these
coefficients. As in the isotropic case, images and dip-dépeinangle-domain CIGs can be
created by cross-correlating the source and receiver veddefi

NUMERICAL EXAMPLE

We test our method on a synthetic dataset and compare tHesresisotropic and anisotropic

migration. Figure 2 shows the model of the synthetic data seeta test our method. Figure
2(a) is the density model, Figure 2(b) is the vertical P-walecity model, and Figure 2(c) is

the map of the anisotropy parameterThe anisotropy parametéris O for this dataset. The

salt flank is very steep, and its top part over hangs. In therseds, the vertical P-velocity

increases gradually with the depth. One sediment layewg®t 2000 m and 3000 m) is
strongly anisotropic. Our aim is to image the flank of the dalhe and the sediment reflector
below the anisotropic layer and near the salt dome accyrafédure 3 shows a near-offset
section of the synthetic data. Notice the strong energyateitefrom the salt flank in the near
offset data.

Figure 4 shows the results of the isotropic migration fos tthataset. Figure 4(a) is the
result of the isotropic plane-wave migration in Cartesiaordinates, and Figure 4(b) is the
result of the isotropic plane-wave migration in tilted adioates. In Figure 4(a), the salt flank
is totally lost. This is because waves related to the salkftaa overturned, and the one-way
wave-equation downward continuation method can not eatad them correctly. In Figure
4(b), although a weak steeply dipping reflector can be s¢esnot at the correct position,
because the anisotropy in the sediment layer was neglected.

Figure 5 shows the results of the anisotropic migration @ tlataset. Figure 5(a) is the
anisotropic plane-wave migration in Cartesian coordsiaa@d Figure 5(b) is the anisotropic
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Figure 2. Model of the synthetic dataset. (a) Density modb), Velocity model; (c)

Anisotropy parameter. |guojian1-model[ER]
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Figure 3: A near-offset section of the synthetic d#tgalojianl-nearoffse#(ER]

plane-wave migration in tilted coordinates. In Figure Sthe top part of the salt flank is
lost due to overturned waves, but the bottom part of the satkfis correctly imaged, but
is not focused by the isotropic migration (Figures 4(a) ar(B)¥. In Figure 5(b), the image
is greatly improved compared to the previous three imagegh Bie top and bottom parts
of the salt flank are well imaged. In Figure 5(b), the reflettelow the anisotropic layer is
stronger and more continuous near the salt flank comparduitart the isotropic migration
result. To check if the reflectors are imaged at the corregitipas, we overlay the images with
the density model in Figure 6. Figure 6(a) is the isotropignaiion result overlaid with the
density model. Figure 6(b) is the anisotropic migratiorulesverlaid with the density model.
The salt flank matches the density model very well in the imn@gained by the anisotropic
migration, while it deviates from the model in the isotropite. The flat part of the reflector
below the anisotropic layer is not affected much by the daropy. Both the isotropic and
anisotropic migration image it at the correction position.

Figure 7 shows the horizontal angle-domain CIGs at the bot& locationx = 4000m.
Figure 7(a) is obtained by the isotropic migration, and Fegi(b) is obtained by the anisotropic
migration. Figure 8 shows the vertical angle-domain ClGbatvertical locatiorz = 1500m.
Figure 8(a) is obtained by the isotropic migration, and Fédk(b) is obtained by the anisotropic
migration. Although we use the true, vertical P-wave veioi the isotropic migration, we
find a small curvature in the horizontal angle gathers at dfiector below the anisotropic
layer (atz= 3300 m in Figure 7), and a big curvature in the vertical angléhers at the salt
flank (x between 1000 m and 1500 m in Figure 8). In the anisotropic atimm, the angle
gathers are flat at these locations. The big curvature ofrtgke@athers at the steeply dipping
reflectors can be used as a tool to estimate the error in teetawpy parameters used in the
migrations.
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Figure 4: Isotropic plane-wave migration results: (a) int€sian coordinates; (b) in tilted

coordinates. guojian1-isg[CR]



70 Shan and Biondi

x [m]

0 2000 4000
o
o
o
o
N
ol
8 3
(W]
o
o
o

x [m]

0 2000 4000

O -

o
@]
o
N
-
3 8
W]
@]
o
o

(b)

Figure 5: Anisotropic plane-wave migration results:

coordinates,guojian1-anj [CR]
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Figure 6: Migration results overlaid with density model:) (gotropic migration; (b)
anisotropic migration.guojian1-isoanidh[CR]
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Figure 7: Horizontal angle-domain CIGs at= 4000m: (a) isotropic migration; (b)
anisotropic migration.guojian1-ang400{JCR]
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Figure 8: Vertical angle-domain CIGs at= 1500m: (@) isotropic migration; (b) anisotropic
migration. guojianl—anglEOﬂCR]
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CONCLUSION

We image steeply dipping reflectors in VTI media by anisatrqpane-wave migration in
tilted coordinates. We decompose source and receiver wiiginto plane waves and ex-
trapolate the wavefields with an implicit isotropic operdtidlowed by an explicit anisotropic
correction in tilted coordinates. We apply our method toratisgtic dataset. The results show
that our method can handle overturned waves and accuratalye steeply dipping reflectors
in VTI media. We generate angle-domain CIGs by cross-caticed.
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