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Background

* Analytical traveltime equation is very important for
pre-stack Kirchhoff migration and velocity inversion.

It is difficult to obtain the analytical traveltime
equation for anisotropic media, since the exact
explicit relation between group velocity and ray
angle does not exist.

e Alkhalifah (2000) derived the offset-midpoint
traveltime equation, the Cheop’s pyramid equation
for VTl media using the stationary point method.



Objectives

* Derive the analytical expressions for
traveltime pyramid in TTI media.

* Find the shape of traveltime pyramid

in TTI media. Seeh) M) R(xo+h)

T=Ti+T.=7

P(x,z)

Figure 1 Schematic plot of scattering ray
propagating in homogeneous TTI media
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Pre-stack phase-shift migration in offset-
midpoint domain for TTI media

Phase-shift migration operator in offset-midpoint domain
P(x,h=0,z,t=0) = j dewP(x,,h,,z=0, ) j dk. j dk, exp(—icT)

where traveltime shift T is

T =(q, +0d,)Z+H2p, (X—X,) —2p,h,

%

Xg) hO are midpoint and offset, respectively ps ys + pg yg

where,

X,Z are the lateral and vertical position of image point, respectively.

P is seismic data after migration

~

P is seismic data before migration

0,0, are vertical projections of the slowness vector defined at source and
receiver positions, respectively

Py Pr,  are horizontal projections of the slowness vector defined in midpoint-
offset space



The slowness at stationary point

e Acoustic VTl slowness surface equation

|:VTI — 27700 nmo pqu +quv +(1+277) nmo pv
e Stationary point equation for acoustic VTI media
ar 0
ap,

Vv
P,,0, are horizontal and vertical slowness, respectively.
Uy is the vertical velocity

Umo is the NMO velocity o =ov vJ1+26

Vo) Thomsen anisotropic parameter,
E—O

14+ 26

77 anellipticity parameter 77 =



* Taylor expansion method to compute horizontal
~ slowness

pZ = pZ, + pi(2n) + pZ,(2n)* +...

The accuracy of pi can be improved by Shanks transformation
2,17
Yy —2Y,7
* Traveltime calculation at stationary point

202 p2 202 p2
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where

Ys = (X=X +1p) Yg = (x=%, =)



Slowness surface in a TTI medium

The slowness surface in TTl and VTI
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Figure 2 Slowness surfaces for VTl and TTI,
respectively (from Golikov and Stovas, 2012).



The stationary point equation
oT

dqg _ vy
I :> =2
5p dp Z

results in
dg, ycos@-—zsing

=—-a
dp, ZCOS&+ysing

Considering the VTl slowness surface, we obtain

pZvt —a’vf (~1+2p20% 1) (—1+ pivd,, (L+2n)) =0

vV~ nmo

242, 4

a quO _(1_qiu§)ur?mo (1+277_2q50577)3 =0



* Trial Solutions -> expansions for slownesses
pv — va T pv1(277) + pv2 (277)2 T...
d, =0y + 0, (277) +0,,(277)°

* Rotation operator

P=Py+ p,(277) + p2(277)2 T...

where

p. = p,.C0sf+q,SINE =012



e Vertical slowness approximation (Stovas and
Alkhalifah, 2012)

20,77
0, — 2q277

=0, +

where the coefficients Q;,i=0,12, are the first- and second-order
perturbation coefficients. This equation could be used to calculate
vertical slowness for source and receiver. For a given horizontal
slowness , we can evaluate two vertical slownesses corresponding
to down- and up-ward going waves.



Traveltime Pyramid in TTlI media

Traveltime shift:

T =(0s +0y)Z+2p,(X— %) —2p,h,
slowness relation between offset-
midpoint and source-receiver domains

T=(0+0,)Z+ Py, + P, Y,
Vertical slowness approximation
from Stovas and Alkhalifah (2012)
traveltime pyramid in depth-domain:

2 2 2
T(X,%,,h,2)=|q,, + 205,77 +0, + Agr/7
Os1 — 2q5277 qgl - 2q9277

This equation describes the traveltime pyramid in depth domain
for TTI media, which is also called the Cheop’s pyramid.

)ZJF PsYs T Pg Yy



!

Setting h=0 and x=x,, we obtain
T=T(X,X,=X,h=0,2)=2q,,z

1 297 20,77
Qo =75 Uso T il T 050 T =
2 U1 — 2CI5277 qgl a 2qg 7]

|

traveltime pyramid in time-domain:

X=Xq, h=0

1 20277 2q2177
T(X,X,,h,7) = d., + = +0,,+ 2 T+ Py, +p,Y
; 2qzo£ D 04-20,7 0 Oy — 20,7 0

This equation describes the Cheop’s pyramid in time domain
for TTI media.



Numerical example
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Figure 3 Traveltime as a function of half offset h and midpoint % for
isotropic case (top left), VTl case withn =0.2,5 =0.1 (top right), tilted
elliptical isotropic(TEl) medium with n =0, =0.1 and 6 =30° (bottom
left) and TTI case withn =0.2, 5§ =0.1 and 0=30° (bottom right). On-axis
velocity is 2km/s. The two-way zero-offset traveltime is 3s.
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Figure 4 Comparison of slices
extracted from traveltime pyramids
for x,=0 (top left), h=0 (top right)
and x,=h (bottom right) in figure 3.



Conclusions

* The offset-midpoint traveltime equation for
TTI media is derived using the stationary
phase method.

* Perturbation in anisotropic parameter m and
the following Shanks transformation are
involved to derive a relatively simple analytical
form for the offset-midpoint traveltime
pyramid in depth and time domain.



Acknowledgements

e ROSE consortium

e Tarig Alkhalifah (KAUST)



References

Alkhalifah, T. [1998] Acoustic approximations for seismic processing in
transversely isotropic media: Geophysics, 63, 623—631.

Alkhalifah, T. [2000a] An acoustic wave equation for anisotropic media:
Geophysics, 65, 1239-1250.

Alkhalifah, T. [2000b] The offset-midpoint traveltime pyramid in
transversely isotropic media: Geophysics, 65, 1316-1325.

Golikov, P. and A. Stovas [2012a] Traveltime parameters in a tilted elliptical
isotropic media: Geophysical Prospecting, 60, 433-443.

Golikov, P. and A. Stovas [2012b] Traveltime parameters in tilted
transversely isotropic media: Geophysics, 77, A19-A24.

Stovas, A. and T. Alkhalifah [2012] A tilted transversely isotropic slowness
surface approximation: Geophysical Prospecting (early view).

Thomsen, L. [1986] Weak elastic anisotropy: Geophysics, 51, 1954-1966.

Yilmaz, O. [2001] Seismic data analysis, Processing, Inversion and
Interpretation of Seismic Data: vol. |, SEG, Tulsa, USA.



