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Wavefield-based methods become
necessary for complex geologies
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Potential applications

Accurate AVA analysis
Robust residual parameter estimation

Optimum seismic survey planning
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Subsurface-offset-domain illumination
Angle-domain illumination
Phase-encoded angle-domain illumination

Examples



Linearized wave equation

Prestack Born modeling:

d(r,s,w) = ZZthhrsw)mh(X h)

X

Lp(x,h,r,s,w) = G(x+h,r,w)

d is the modeled data —

Mp is the reflectivity

Ly, is the sensitivity kernel of the
reflectivity w.r.t. the data y



Subsurface-offset-domain image and illumination

Migrated prestack image:

mp(x,h) = Z Z Z Ly (x,h,r,s,w)dops(r, s, w)

Subsurface-offset-domain illumination:

Hh(X, h) — Z Z Z |Lh(X7 hv L, va)|2



Geometric relations in 2-D
o Pm, \ 25 COS 7y sIn &
Bm = Pm. ) | —2scosycosa
( Dh. ) ( 25 S1n 7y COS « )
Pr = = : .
Dh. 28 SIn 7y sin &

"V is the scattering angle

Pm = Pr + Ps

< is the dip angle

A locally constant S is the local slowness
slowness medium



A locally constant
slowness medium

Geometric relations

25 COS 7y sIn &
—25 COS 7Y COS

25 SIn 7y COS Q& )

25 s1n 7y SIn &

L

Pm., K,

Sava and Fomel, 2003
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Lp(x,z,hs,r,s,w)

Workflow



Workflow

2D FT
Lh($7 < ha’:? I, va) - Lh(il?, kzv khx7r7 va)

Wi



Workflow

2D FT
Lh($7 < ha’:? I, va) - Lh(xv kzv kha;?I.) va)

ki

l tan vy =

L’y(ma kzafya I Saw)

K>
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Workflow

2D FT
Lh($, < ha’:? I, va) - Lh(xv kzv khxvrv va)

Kh.

l tan vy =

L"Y(:I;7 Z?W? r? S,W) m 7(337 kZ?W? r? S7w)

K>
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Workflow

Lp(x,z,hs,r,s,w) =2, Lp(x,k,, kp ,r,s,w)

Kh.

l tan vy =

L/}/(:’E7 Z?W? r? S,UJ) m 7(337 kZ?W? r? S7w)

!
Nz, 2,7) ZZZH} (z,2,7,1,8,w)|°"

K>
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Depth (km)

Subsurface-offset-domain sensitivity kernel

Distance (km) hx (km) hx (km) hx (km)
-| 0 I 2 -0.16 0 0.6 -0.16 0 0.16 -0.16 0 0.16

h, =0 Real part



Depth (km)
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Scattering-angle-domain sensitivity kernel

Distance (km)

v = 18.75° Real part
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Depth (km)

N

Scattering-angle-domain illumination

Distance (km) v(°) v(*)
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Limitation of scattering-angle illumination

tan v = =

* The illumination assumes point scatters, it has no dip
discrimination
e Scattering-angle-domain illumination implicitly averages

over dips
* |t cannot accurately predict illumination strength for
planar reflectors
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Reflectivity images

Distance (km) Distance (km) Distance (km)
-2 -1 0 I 2

Horizontal reflector —30°dipping reflector Point scatterer

20



Scattering-angle-domain images and illumination
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Towards dip-dependent decomposition
B 25 COS 7y sIn &
-\ —2scosycosa

[ 2ssmycosa
-\ 2ssinvysinao

A locally constant
slowness medium

)
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B 25 COS 7y SIn «
 \ —2sc087cos

[ 2ssmycosa
-\ 2ssinvysinao

K.

A locally constant tan o = pmm — My
slowness medium pm km

< s

)

Towards dip-dependent decomposition
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Lp(x,z,hs,r,s,w)

Workflow
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Workflow

3D FT
Lh($7 < ha’:? I, va) - Lh(ka?a kzv khx7r7 va)
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Workflow

3D FT
Lh($7 < ha’:? I, va) - Lh(kaﬁa kza kha;?I.? va)

tan @ = zz l ltany = kkh;

Lo~(kzy k2,0 y,1,8,w)
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Workflow

3D FT
Lh($7 < ha’:? I, va) - Lh(ka?a kza khx7r7 va)

tan o = zz lltanﬂy =

Eh.
K>

2D IFT
La,’y(azv <, O, 7Y, Iy S, Cd) D La,’y(kxa ]{72, &, 7y, Iy S, Cd)
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Workflow

Lh($727h$7rvs7w) ﬂ) Lh<k$7kzvkh , I'y S w)

tan o = zj llta,ny _

Eh.
K>

Lo ~(x,2,0,7,1,8 w)«mi Lo~(kgyky,o,y,r,8,w)

!
H, ~(x,z,0,7) = Zzzwavxza,%rsw)\
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Reflectivity images
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Dip and scattering-angle decomposed illumination (& = 0°)

Distance (km)
-2 -1 0 | pi

v = 18.75°
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Dip and scattering-angle decomposed illumination (o« = —30°)

Distance (km)
-2 -1 0 | pi

v = 18.75°
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Huge cost...

Scattering-angle decomposed illumination:

(z, 2,7) ZZZ\L (z,2,7,r,8,w)|°

Dip and scattering-angle decomposed illumination:

Ho~(x,2,0,77) = ZZZUL ~(x, 2, 0,7, 1,8,W)|°

Cost o« N,N.N..
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Phase-encoded sensitivity kernel

Original sensitivity kernel:

Lp(x,h,r,s,w) = G(x+ h,r,w)

Encoding of receivers: —

Li¥(x,h,s,w) = ZG(XJrh,r,w)Er

Encoding of sources and receivers: S

Li R (x,h,w) = Y G(x+hrw)E,

r
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Phase-encoded sensitivity kernel

Original sensitivity kernel:

Ly(s,r,w)—>Lgy ~(s,r,w)

Encoding of receivers:

Lﬁ(sv w) ——>L§,,},(S, w)

Encoding of sources and receivers:

Ly (w)—Lg 5 (w)
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Cost saving

Original illumination:
Hop =2 2 0 Man(rs,w)f

Encoding of receivers:

Heiy =) ) [La,(s,w)’

Encoding of sources and receivers:

Hyl =) L (W)

W

Cost o« N, Ng N,

Cost o« N, Ng

Cost x N,
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Depth (km)

N

Scattering-angle-domain illumination

Distance (km)
-| 0 I pi

v = 18.75° Exact
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Depth (km)

N

Scattering-angle-domain illumination
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Depth (km)

Scattering-angle-domain illumination

Distance (km)
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v = 18.75° | realization
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Depth (km)

N

Scattering-angle-domain illumination

Distance (km)
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Depth (km)
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Scattering-angle-domain illumination
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Depth (km)
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Scattering-angle-domain illumination

Distance (km)
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v = 18.75° Exact
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Depth (km)

101 shots and 101 receivers
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42



Depth (km)
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Depth (km)

101 shots and 101 receivers
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Depth (kft)
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Depth (kft)

Depth (kft)

Scattering-angle decomposed image
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Depth (kft)

Depth (kft)

Scattering-angle decomposed image
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Scattering-angle decomposed illumination
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Depth (kft)

Depth (kft)

Scattering-angle decomposed image
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Scattering-angle decomposed illumination
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Dip and aperture-angle decomposed image (o = 0°)
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Dip and aperture-angle decomposed illumination (o = 0°)

Distance (kft)
34 36 38 40 42 44 46 48 50 52 54 56 58 60

62

53



Dip and scattering-angle decomposed image (o = 0°)
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Dip and scattering-angle decomposed illumination (o = 0°)
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Conclusions

e Wave-equation angle-domain illumination can be computed
using a simple Fourier-domain mapping
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Conclusions

e Wave-equation angle-domain illumination can be computed
using a simple Fourier-domain mapping

e Scattering-angle-domain illumination is accurate for point
scatterers
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Conclusions

e Wave-equation angle-domain illumination can be computed
using a simple Fourier-domain mapping

e Scattering-angle-domain illumination is accurate for point
scatterers

e Dip-dependent scattering-angle-domain illumination is
accurate for planar reflectors

58



Conclusions

Wave-equation angle-domain illumination can be computed
using a simple Fourier-domain mapping

Scattering-angle-domain illumination is accurate for point
scatterers

Dip-dependent scattering-angle-domain illumination is
accurate for planar reflectors

Phase-encoding significantly reduces the computational
cost

59



Acknowledgements

e SMAAT JV for the Sigsbee2A synthetic data set

60



61



62



63



Geometric relations

po= (0 ) = (

k . Ph., B
tan o = ‘me: kmx Ph—(phz)—(
Ph, Kh,

tan vy = =

pmz K,

k
k My

fan oy — Ph, h2 tan o = k

25 COS 7y sIn &
—25 COS 7y COS («x

25 SIn 7y COS &
25 s1n 7y SIn &

)
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Subsurface-offset domain image and illumination

XT’7XS7 ZZLh X, h y Ky Xgy W )mh(X h)

Ln(x,h,x,, x4, w G(x—h,x,,w)G(x+ h,x,,w)
mh X, h ZZZLh X, h y Ky Xgy W )dobs(mesaw)

ZZZ|Lh x, h, x,,x,,w)|

Xs X
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From Data to Model space

Show Sigsbee2A image to demonstrate the influence
of the migration operator

Stress the importance of analyzing the resolution of
the imaging operator

Conventional wave-equation-based resolution
analysis is carried out in the CMP domain (show
diagonal of Hessian). But we would like to produce
angle gathers for various reasons, so analyzing angle-
domain resolution becomes necessary

66



Depth (kft)
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Scattering-angle decomposed illumination

Distance (kft)
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Depth (kft)

Dip and scattering-angle decomposed image (& = 0°)
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Distance (kft)

Dip and reflection-angle decomposed illumination (o = 0°)
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Depth (kft)

Sigshee2A example

Distance (kft)

Stacked image

Aperture angle
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Dip averaged

Dip=0
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