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Full-azimuth subsurface angle domain wavefield decomposition
and imaging Part I: Directional and reflection image gathers

Zvi Koren' and Igor Ravve!

ABSTRACT

We present a new subsurface angle-domain seismic imaging
systemfor generating and extracting high-resol utioninformation
about subsurface angle-dependent reflectivity. The system en-
ables geophysiciststo use all recorded seismic datain acontinu-
ousfashiondirectly inthe subsurfacelocal angledomain (LAD),
resulting in two complementary, full-azimuth, common-image-
angle gather systems: directional and reflection. The complete
set of information from both types of angle gathersleadsto accu-
rate, high-resolution, reliable velocity model determination and
reservoir characterization. The directional angle decomposition
enables the implementation of specular and diffraction imaging
inreal 3D isotropic/anisotropic geological models, leadingto si-
multaneous emphasis on continuous structural surfaces and dis-
continuous objects such as faults and small-scale fractures.
Structural attributes at each subsurface point, e.g., dip, azimuth
and continuity, can be derived directly from the directional angle

gathers. The reflection-angle gathers display reflectivity as a
function of the opening angle and opening azimuth. These gath-
ers are most meaningful in the vicinity of actual local reflecting
surfaces, wherethereflection anglesare measured with respect to
the derived background specular direction. The reflection-angle
gathersare used for automatic picking of full-azimuth angle-do-
main residual moveouts (RMO) which, together with the derived
background orientations of the subsurface reflection horizons,
provide a complete set of input data to isotropic/anisotropic to-
mography. The full-azimuth, angle-dependent amplitude varia-
tions are used for reliable and accurate amplitude versus angle
and azimuth (AVAZ) analysisand reservoir characterization. The
proposed system is most effective for imaging and analysis be-
low complex structures, such as subsalt and subbasalt, high-ve-
locity carbonate rocks, shallow low-velocity gas pockets, and
others. In addition, it enables accurate azimuthal anisotropicim-
aging and analysis, providing optimal solutions for fracture de-
tection and reservoir characterization.

INTRODUCTION

The theory and implementation of so-called true amplitude, ray-
based angle-domain imaging have been intensively studied using
the Kirchhoff integral and the Born modeling/inversion formula.
Kirchhoff-type migrationsinvert for the plane-wave refl ection coef-
ficient free of geometrical spreading, assuming the reflection occurs
along smooth and continuous interfaces (Bleistein, 1987; Goldin,
1992; Schleicher et a., 1993; Hubral et a., 1996; Tygel et al., 1996;
Schleicher et al., 2007). Born-type migrations/inversions are based
on linearized single scattering of the wavefield within a known
smooth background velocity model. This idea was introduced by
Beylkin (1985) and Miller et al. (1987) for acoustic migration using
the generalized Radon transform (GRT) anditsinverse, and Beylkin
and Burridge (1990) extended the theory for isotropic elastic mod-

els. A numerical analysisfor theimplementation of theinverse GRT
with an efficient discretization scheme was proposed by de Hoop
and Spencer (1996). De Hoop and Bleistein (1997) and de Hoop et
al. (1999) extended the GRT derivation to handleanisotropic models
containing either point scatterersor smoothinterfaces.

Many papers have been published which study and emphasize the
importance of generating common-image-angle gathers directly at
the subsurface points rather than the universally used surface-offset
image gathers, especially in complex geological areas where the
wavefieldincludesmultipathing (e.g., tenKroodeet a., 1994; Nolan
and Symes, 1996; Brandsberg-Dahl et al., 1999; Rousseau et a.,
2000; Xuetal., 2001; Audebert et al., 2002; Korenet al., 2002; Rick-
ett and Sava, 2002; Brandsberg-Dahl et al., 2003; Foss and Ursin,
2004; Sollid and Ursin, 2003; Soubaras, 2003; Bleistein et al.,
2005a, 2005b; Wu and Chen, 2006; Biondi, 2007a, 2007b).
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S2 Koren and Ravve

Although thetheory of angle-domainimagingiswell established,
itsimplementation, especially for large-scale 3D modelsor for high-
resol ution reservoir imaging, remains extremely challenging. A nu-
merical implementation of a GRT type of true amplitude ray-based
angle-domain migration in real 3D complex geological areas, enti-
tled common reflection-angle migration (CRAM), hasbeen present-
ed by Koren et al. (2002). Unlike conventional ray-based imaging
methods, ray tracing is performed from the image points up to the
surface where one-way “ diffracted” raysaretraced in al directions
(including turning rays), forming a system of ray pairs for mapping
(binning) the recorded surface seismic data into reflection-angle
gathers. A similar approach has been proposed in Brandsberg-Dahl
etal. (2003) and Sollid and Ursin (2003).

This paper presents an extension of CRAM, where the imaged
data events are decomposed in the local angle domain (LAD) (or
GRT domain), into two complementary full-azimuth angle gathers:
directional andreflection (Korenetal., 2007, and Korenet al., 2008).
The combination of thetwo anglegathers, together with theability to
handle the full-azimuth information in a continuous manner, com-
prises a much improved method for subsurface angle-domain seis-
micimaging that enablesthe generation and extraction of high-reso-
Iution information about subsurface angle-dependent reflectivity.
The complete set of information from both angle gather typesallows
usto distinguish between continuous structural surfacesand discon-
tinuous objects, such as faults and small-scale fractures, leading to
more accurate, high-resolution, high-certainty velocity model deter-
mination and reservoir characterization.

Part | of this paper is organized as follows: The first section,
“Method,” providesthemain principlesand motivationsfor generat-
ing thetwo complementary angle gathers, emphasizing the new lev-
el of information that can be obtained using itsapplications. The sec-
ond section, “Full-azimuth subsurface angle-domain decomposi-
tion: directional and reflection gathers,” provides the mathematical
details used to generate the proposed angle gathers, and describes
the construction of the new 3D cylindrical gathers. Real dataexam-
ples, land and marine, are presented inthe“ Field examples’ section.
These examples demonstrate the strength of the different types of
weighted energy stacks using directional angle gathers, and present
the rich information that can be obtained from the full-azimuth re-
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Figure 1. Example of aselected ray pair (incident and scattered) at a
given subsurface point M and the four angles associated with the
LAD: dip v, and azimuth v, of theray pair normal, opening angle y,
and opening azimuth -y ,. Four scal ar anglesdescribing thedirections
of the incident and reflected rays could be related to four LAD an-
gles, andviceversa.

flection-angle gathersfor kinematic and dynamic analysis. In thefi-
nal section of the paper, we present our “ Conclusions.” In Part |1 of
thiswork we define the local angle domain (LAD) components and
derive transformations from the incident and scattered slowness
vectors to the LAD angles and vice versa, for general anisotropic
mediaand converted waves.

METHOD

The proposed method follows the concept of imaging and analy-
sisin thelocal angle domain (LAD) in isotropy/anisotropy subsur-
face models. Imaging systemsinvolve the interaction of two wave-
fields at the image points: incident and scattered (reflected/diffract-
ed). Each wavefield can be decomposed into local plane waves (or
rays), indicating thedirection of propagation. Thedirection of thein-
cident and scattered rays can be described conventionally by their re-
spective polar angles. Each polar angleincludestwo components—
dip and azimuth. Note that throughout the paper, the term ray direc-
tion refers to the direction of its slowness (or phase velocity). The
imaging stage involves combining ahuge number of ray pairsrepre-
senting the incident and scattered rays. Each ray pair mapsthe seis-
mic datarecorded on the acquisition surfaceinto the 4D LAD space.
In our notation, these anglesaredip v, and azimuth v, of theray pair
normal, opening angle vy, and opening azimuth vy, asshownin Fig-
ure 1. Four scalar anglesdescribing the directionsof theincident and
scattered rays could be related to four LAD angles, and vice versa.
They are mapped asforward and inverse LAD transforms, and they
depend on the medium properties at the scattering point. The details
of theLAD techniqueareexplainedin Part 11 of thispaper.

Using an asymptotic ray-based migration/inversion “point dif-
fractor” operator, ray paths, slownessvectors, traveltimes, geometri-
cal spreading and phase rotation factors are calcul ated from theim-
age points up to the surface, forming a system for mapping the re-
corded surface seismic datainto the LAD at the image points. The
strength of the proposed imaging system is mainly in its ability to
construct different typesof high-quality angle-domain common-im-
agegathers(ADCIG), representing continuous, full-azimuth, angle-
dependent reflectivity inreal 3D space.

First, we decompose the seismic recorded data into directional
image gathers. Note that for each direction, seismic data events cor-
responding to ray pairswith the same orientation of the apparent re-
flection surface but different opening angles are accounted for in a
weighted summationform. Thedirectional gatherscontaindirectivi-
ty-dependent information about specular and diffraction energy. Di-
rectional data decomposition is associated with what we call “dif-
fractionimaging,” whichisunder activeresearch.

Trueamplitudeimaging of point scatterersisextremely challeng-
ing. The asymptotic expansions for the amplitude behavior of point
scatterers have been studied by de Vrieset al. (1998) and recently by
Wapenaar et a. (2010). Diffraction imaging in the prestack time do-
mainhasheenintensively studied (e.g., Khaidukov et al., 2004; Ban-
sa and Imhof, 2005; Shtivelman and Keydar, 2005; Fomel et al.,
2006; Taner et al., 2006, and others). Kozlov et al. (2004) presented
diffractionimaging in depth using a“sidewave” Kirchhoff-typemi-
gration, where the migration aperture was tapered to filter out the
specular energy. Moser and Howard (2008) presented the imple-
mentation of diffractionimagingindepthfor 2D models, providing a
comprehensive review and insight into the potential of diffraction
wavesto obtain high-resol utionimages of small-scal ediscontinuous
subsurface objects. Recently, Reshef et al. (2009) showed that the
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shape of residual moveouts along diffractors within dip-angle gath-
ers shows some similarities to specular reflectors along reflection-
anglegathers. Thus, thediffraction energy withinthe dip-anglegath-
erscan beused for high-resolution velocity analysis, especialy inar-
eas that contain discontinuous objects or along irregular interfaces.
Notethat in our study, dip-angle gathers are considered to be contin-
uous, 3D, full-azimuth directional gathers.

Theability to decomposethe specular and diffraction energy from
the total scattered field obtained within the full-azimuth directional
angle gathers is the core component of our proposed imaging sys-
tem. It isbased on estimating adirectivity-dependent specul arity at-
tribute which measures the energy within calculated local Fresnel
zones along the 3D directiona gather. The directivity-dependent
Fresnel zones are estimated using precomputed diffraction ray at-
tributes, such astraveltimes, surfacelocationsand slownessvectors.
In practice, aspecularity directional gather is computed for the cor-
responding seismic directional gather that also allowsthe extraction
of structural subsurface attributes (e.g., dip, azimuth, and specular-
ity/continuity) of thelocal reflecting/diffracting surfaces.

Note that this type of structural information normally is derived
from postmigrationimages, created either by ray-based Kirchhoff or
wave equation migrations, using local coherent event analysis or
structure-oriented filters. Inthese migrations, thefinal imageiscon-
structed by stacking (averaging) ahuge number of seismic eventsat
each image point, accounting for the energy arriving at different
opening anglesand for al possible dips. This can result in smearing
of the image along key subsurface objects, especially in complex
geological areas characterized by faults, pinchoutsand material dis-
continuities. Thus, it is clear that the standard coherence methods
used for extracting the above-mentioned structural information suf-
fer frominaccuracy, instability, and considerabl e uncertainty.

The energy (or specularity measurement) computed along the di-
rectional angle gather values alsois used as aweighted stack opera-
tor. Two types of images are constructed: specular weighted stacks
for emphasizing subsurface structure continuity, and diffraction
weighted stacks, which emphasi ze discontinuities of small-scale ob-
jectssuch asfaults, channel sand fracture systems. Notethat full-azi-
muth directional angle decomposition does not necessarily requirea
wide-azimuth acquisition geometry system; rather, alargemigration
aperture is needed to alow information from all directions. More-
over, inmany casesit issufficient to use small offsetsto createdirec-
tional angle gathers. For example, it has been shown that nearly ver-
tical faults and salt flanks can be detected via simulated corner (du-
plex) waves established with directional angle decomposition,
where the integration is performed on narrow opening angles (nar-
row cones) only (Kozlov etal., 2009).

Once background directivity is derived, full-azimuth reflection-
angle gathers are created by integrating all the dip/azimuth angles
around that direction. Notethat if the certainty about the background
directivity ishigh (measured by the specularity criteria), only asmall
dip-angle range around the background direction (estimated from
theangle-dependent Fresnel zone) isrequired to capturethe specular
energy. The specularity criterion isameasure of the energy concen-
tration along the directional angle gathers. The seismic datareflect-
ed/diffracted from the image points are decomposed/binned into
common opening (reflection/diffraction) angles and opening azi-
muth angles. The full-azimuth reflection-angle gathers are used to
extract residual moveouts (RMO), which measure the accuracy of
the background velocity model used. The full-azimuth RMO, to-
gether with thedirectivity information, comprisesthe required set of

input data for velocity model determination via tomographic solu-
tions. In addition, the true amplitude, full-azimuth, reflection-angle
gathersserveasoptimal datafor amplitudeanalysis (AVAZ), and for
the extraction of high-resolution elastic properties. For these kine-
matic and dynamic types of analysis, long offsets and rich azimuths
areparticularly effective.

FULL-AZIMUTH SUBSURFACE ANGLE-DOMAIN
DECOMPOSITION: DIRECTIONAL AND
REFLECTION GATHERS

Our approach consists of three main stages: Ray tracing, full-azi-
muth angle-domain decomposition, and final imaging (weighted
stacks). Theray tracing stageinvolvesshooting afan of one-way dif-
fraction raysfromimage pointsup to thesurface.

Thetake-off anglesare measured around agiven local normal toa
background reflection surface (if the background directivity is un-
available, the vertical axisisassumed). Ray attributes, such astrav-
eltime, ray coordinates, slowness vectors, amplitude and phase fac-
tors, are stored for each ray. The full-azimuth angle-domain decom-
position stage involves forming a combination of ray pairs indicat-
ing incident and reflected/diffracted rays. Each ray pair maps a spe-
cific seismic data event, recorded on the acquisition surface, into a
4D local angle-domain spacein the subsurface— dip and azimuth of
theray pair normal, opening angle and opening azimuth (see Figure
2). The term “ray pair normal” refers to an apparent normal (also
called migration dip vector) computed from Snell’slaw for any iso-
tropic or anisotropic velocity model, where both incident and scat-
tered slownessdirectionsareknown. Thisisanormal to avirtual sur-
faceformed by theincident and scattered rays. Notethat the specular
direction indicates the special case when the ray pair normal coin-
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Figure 2. Subsurface-to-surface and surface-to-subsurface ray-
based mapping. Each ray pair maps a specific seismic dataevent re-
corded on the acquisition surface, into a 4D local angle-domain
space in the subsurface — dip and azimuth of the ray pair normal,
opening angle and opening azimuth.
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cideswith the normal to a physical reflection surface (see detailsin
Part 11 of thispaper).

The four source-receiver surface coordinates (two for the source,
twofor thereceiver) aredefined according to their displacement vec-
tor and offset vector. Each vector i sdefined by itsmagnitude and azi-
muth, where the displacement magnitude is the horizontal distance
between the source-receiver midpoint and the image location (also
referred to as migration aperture distance). Note that theoretically
each of thefour surface parametersdependson al four LAD angles,
andviceversa. Thereis, however (especially in moderately complex
models) a stronger dependency between the directional angle gath-
ersand the displacement vector, and between the opening anglesand
the offset vector.

The mapping of the surface data U into the subsurface angle do-
main

U(S,R,t)—>|(M 17/117/2171!72)1 (1)

where M is the subsurface image point, and S={S,S}, R=
{RyR/} arethesourceand receiver locations, involvesgenerating 7D
angle-domain data (four angles per subsurface point). This process
requires amassive amount of memory throughout the mapping pro-
cessand ahuge amount of disk spaceto storetheresults.

Although thistype of mapping (decomposition) can be extremely
valuable for enhancing the imaging and analysis of seismic data, it
still isconsidered unfeasible even with thelargest available comput-
ers. We therefore propose splitting the general decomposition pro-
cess into two complementary angle-domain image gathers, direc-
tional and reflection. At each subsurface point, these image gathers
becomefunctionsof only two angles, whereintegration over theoth-
er two anglesis performed. We follow the derivation of GRT imag-
ing, described in theintroduction to this paper.

Directional and reflection seismic gathers

In the directional seismic gathers, the reflectivity/diffractivity |,
at theimage point isafunction of theray pair normal dip v, and azi-
muth Vo,

I,(M,vq,vp) = va(MaVlszﬁ’l,?’z)HzSi” y1dy1dy,,

(2)

whereK, isthekernel of thedirectional integrand,

KV(M 1V11V21’)/1172) = WV(M 1V11V2171172)
L(M 1V11V21'}’1,')’2)1 (3)

W, isthe integration weight for directional angle gather, explained
below, and L isthefiltered and amplitude-weighted input data,

D3(S,R,TD)

AM,SAM,R)’ @

LM, vq,v0,71,72) =

and H istheobliquity factor, depending primarily on the opening an-
gle y; and explained below. The term “diffractivity” isused hereto
indicate the reflectivity at nonspecular directions. In the reflection-
anglegathers, thereflectivity |, at theimage pointisafunction of the
opening angle y, and the opening azimuth vy,

I, (M, y1,72) = ny(M,VlyVZ:Ylﬁ’z)HzSin vidvidys,

(5)

whereK, isthekernel of thereflectionintegrand,

Ky(M,v1,v5,71,72) = W, (M,v4,v5,71,72)
.L(M |V1!V2171172)! (6)

and W, is the integration weight for reflection-angle gather, ex-
plained below. Thusin both directional and reflection-angle gathers,
the integrandsinclude the kernels, the obliquity factor and areaele-
ments on the spherical surface. For directional angle gathers, thein-
tegration limits are from zero to maximum opening angle y, and
for reflection-angle gathers, the integration limits are from zero to
maximum dip angle of the ray pair normal v, where both upper
limitsare, of course, lessthan 7r. Inthe azimuthal dimension, thein-
tegrationincludesfull azimuths, i.e., from zeroto 2 for both y, and
v,. Theobliquity factor H in equation 2 and equation 5 isthe magni-
tude of the slowness sum of the incident and reflected rays, i.e., the
absolute value of the two-way traveltime gradient, which decays
withincreasing opening angle vy,

- VVA(M) + VA(M) + 2Vg(M)VR(M)cos y, _
V¢(M)VR(M)

|VTD|.

(7)

TheexpressionsV¢(M ) and V(M) arethe phase velocitiesof thein-
cident and scattered rays, respectively, at theimage point. In particu-
lar, for an isotropic case, the velocities of thetwo raysare equal, and
theobliquity factor reducesto

Y1
Cos —-. 8
V(M) 2 ®
When the opening angle between thetwo rays approaches straight
angle y7™— ar, the obliquity factor vanishes. Indeed, it follows
fromequation 7,

limH = [Vg*(M) = Vg '(M)]. 9)
Y1
Furthermore, straight opening angle means propagation of thein-
cident and reflected rays along the same line, and in this case their
phasevelocitiesareequal for ageneral anisotropy, Vs(M) = Vg(M).
Inour notation, both raysareassumed arriving from the surfaceto
the subsurfaceimage point. Locations

R= R(M ;VlaV2171!72)
(10)

S= S(M ,V1.V2,’}’1:72)'

arethe source and receiver coordinates on the acquisition surface(s).
These coordinates are established by the traced one-way diffrac-
tion rays that connect the given image points with the given source
and receiver locations. The dependency of the source and receiver
locations on the background velocity model and the set of LAD
angles for each image point makes the implementation of this
output-driven  approach  extremely  difficult.  Parameters
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1 sin BIM)
Sy = — | L
AMS =27 N Vg 9)
AR
A(M,R)zi- sin 3 (M) (11)

4 VR(M)[J(M.R)|

arethe amplitudes of Green'sfunctions (e.g., Bleisteinet a., 2001),
whereJistheray Jacobian,

dx dx d_x

BTN

Parameter o is an integration characteristic along the ray, with
units [o] = m?-s~t (m for meter and s for second), so that [J]
=m-s,and[A] = m. Angles 3, and B, aredip and azimuth of the
take-off direction at theimage point.

Thefiltered version of thedatais (Bleistein et al., 2001; Bleistein
and Gray, 2002; Koren et al. 2002),

(12)

+ oo

D4[S,R,75(SM,R)] = ﬁls f iwU(S,R,w)exp(i ®3)dw,

(13)

wherew isthetemporal frequency. Parameter @5 isthephase,
®5=wrp(SM,R) — gK(S,M R)sgn(w),  (14)

and U(S,R,w) istheinput seismictracein thefrequency domain,

©

U(SRw) = JU(S,R,t)eXp( — iwt)dt. (15)
0

Assuming arbitrary units [U] for the recorded wavefield in the
time domain, thewavefield unitsin thefrequency domainare[ U] -s.
Factor B in equation 13 is the amplitude of the point-source power,
representing the constant ratio between the incident field in the fre-
guency domain and the corresponding Green’sfunction; itsunitsare
[B]=[U]-m-s. Thus, the units of the filtered data are [D5] =
m~1.s~2. The units of amplitude-weighted data in equation 4 be-
come[ L] = m-s~2, and the same are the units of thekernelsK, and
K,. Finally the units of the estimated “ reflectivity” in equation 2 and
equation 5 are[ 1] = m~1. The estimated “reflectivity” can beinter-
pretedas| = RS(s — s,), whereRistheactual (unitless) reflectivity,
and 5(s— S,) is 1D Dirac delta-function of normal signed distance
s — s, fromthereflector located at s, (Bleistein and Gray, 2002).

Parameter K(S,M,R) isthe KMAH index, and 75 = 75(S,M,R)
isthediffraction stack time. The KM AH index countsthe number of
caustics along the traced rays. Recall that caustics refer to points
along theray wherethe determinant of the Jacobian matrix vanishes.
Two cases of caustic are distinguished: Jacobian matrix of rank two
(instead of three at regular points), wheretheareaof theray tube sec-
tion collapsesto aline (incrementing KMAH by one), and rank one,
wheretheareacollapsesto apoint (incrementing KMAH by two).

Equation 15 is the forward real-to-complex Fourier transform of
the input trace U from the time domain to the frequency domain.
Multiplying thetransformed signal by iw, weget thetransformed de-

rivative. Thus, in the absence of caustics, the inverse transform on
theright side of equation 13 convertsthederivative of theinput from
thefrequency domainto thetime domain. Caustics modify the phase
for the inverse complex-to-real transform according to equation 14.
Theabsolute KMAH index isnot essential, but itsremainder on divi-
sionby four is. Remainderszero and two yield thederivative of data,
with the original and opposite sign, respectively. Remainders one
and three yield the Hilbert transform of the derivative, also with the
original and oppositesign, dueto therel ationship between the Fouri-
ertransform F and the Hilbert transform HT,

FI[HT(P)] = —i sgn(w)-F[P] or

HT(P) = F~ Y[ — i sgn(w) -F(P)], (16)

where P isan arbitrary function; in our case P = dU/ dt. Recall that
after the Hilbert transform, the function remainsin the same (time)
domain.

Functions W,(M,v1,v2,71,72) and W,(M,v1,v5,71,7,) areinte-
gration weights, inversely proportional to the hit counts (illumina-
tion). Weight W,(M,v4,v,,v1,7,) is estimated for any fixed direc-
tional dual angle v4,v, and for adefined proximity of therunning re-
flection dual angle y 1,7y, asshown in Figure 3a. Similarly, the inte-
grationweight W, (M, v4,v,,71,7,) isestimated for any fixed reflec-
tion dual angle vy,,y, and for a defined proximity of the running
directiona dual angle v4,v, asshownin Figure 3b. The proximity is
acircleof apresel ected radiuson the unit sphere (solid angle), where
the center of thecircle correspondsto therunning value.

The schemefor computing theintegration weightsis presented in
Figure 4. When the integration through the reflection sphere is per-
formed, the running dual angle 1,7y, (black dashed line) isthe cen-
ter of thecircular proximity of radius 3., and 1,7, (red solid lines)
arethedudl reflection angles of multipleray pairsinsidethisregion.
Similarly, on the directional sphere, the running angle v,,v, is the
center of the proximity of radius 8, and 74,7, are multiple dual di-
rectionanglesinside,

- ~ lid
. Y1 V1 Lo~ . 2Y2 " V2 -2&1_Asozl
sn?— + siny,siny,; P2 <sin?—2 =
2 2 4ar
LV — v e L Va— v . ASld
sn—2—2 4 sn?,sinv,sin?—2 2 _gnePr _ A ,
2 2 A7
(17)

wheretheright sides are ratios of the proximity areas (solid angles)
totheareaof theentiresphere4r.

The rays are shot from the image point and distributed evenly in
al directions, so that the given area of the proximity isequivalent to
the fixed number of rays whose starting angles are within the prox-
imity radius. Because of the limited migration aperture, acquisition
geometry, and complexity of the background velocity model for
each valueof arunning dual angle, some of theraysin the proximity
reach the earth’ s surface within the given recording aperture, where-
asothersdo not.

Theweight istheratio of the total number of raysin proximity to
thenumber of arrivals (assuming thereisat least onearrival). Thera-
tio of the total number of raysto the number of arrivalsisrelated to
theratio of thetotal wavefield amplitude (from the LAD proximity)
to theamplitude of therays (from the same proximity) that reach the
recording aperture. The greater the number of arrivals, the smaller
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theweight. Notethat theillumination weightsare4D arraysper each
image point, or 5D arrays for each gather with a fixed inline-
crossline location. The illumination weights need to be computed
prior to the migration stage, and stored in memory for implementa-
tion throughout theintegration.

Asnoted above, equation 2 and equation 5 present an output-driv-
en approach, where theinput seismic dataused for the migration be-
comefunctionsof the LAD anglesat theimage points (equation 10).
Theprobleminthistypeof approachisthat every ray pair usedinthe
migration requires random accessto adifferent seismic trace within
themassive amount of input data, making the /O processvery costly
and difficult toimplement. In addition, thisapproach requiresahuge
amount of memory for storing the input data and the computational
arrays. In our implementation, we overcome this obstacle by divid-
ing the subsurface into small subvolumes, each independently mi-
grated using a parallel computation process. This process, together
with aspecia discretization of the 4D LAD space, dramatically re-
ducesthesize of the computational arraysand output data.

a) Directional subsystem Reflection subsystem

fixed directional angle running reflection angle y,%

V1, V2
proximity

Weight for directional gather W,(M,v4,v, 71, 70)

b) Directional subsystem Reflection subsystem

running directional angle vq,v, fixed reflection angle

- 71:72
proximity f

Weight for reflection gather Wy (M, vy, vy, 71, 15)

Figure 3. Scheme for integration weights inversely proportional to
hit counts; B isthe cone angle of the proximity on the spherical sur-
face. (a) Weight for directional angle gather, W, (M,vy,v5,71,72).
Dual directional angle v4,v, is fixed, whereas dua reflection angle
v1,Y21srunning. Hit countsare cal culated for rayswhose starting di-
rections in the subsurface are in B-proximity of the running reflec-
tion angle. (b) Weight for reflection-angle gather, W,(M,v,
v,,71,Y2). Dud reflection angle vy, . isfixed, whereas dual direc-
tional angle v4,v, is running. Hit counts are calculated for rays
whose starting directionsin the subsurface arein B-proximity of the
running directional angle.

Local slant stacks and beam steering

Gaussian beam migrations (e.g., Hill, 2001; Gray and Bleistein,
2009; Gray et al., 2009) have been implemented successfully inim-
proving Kirchhoff-based migrations in complex geological aress,
especialy where the wavefield includes multipathing. Fast beam-
steering migrations (e.g., Sherwood et a., 2009) have become very
popular also, especialy for velocity model building where only the
energetic beamsare stored and used. These beam migrationsrequire
preprocessing of the recorded seismic datatraces prior to the migra-
tion.

The construction of beamsis based on alocal tapered slant stack
approach, which normally is performed for acoarse grid, depending
onthedominant frequency of theinput data. Thelocal slant stack ap-
proach normally enhances signal-to-noise ratio, and therefore im-
proves continuity of the structural image. Note that every beam
eventisassociated with traveltime, shot-receiver areasand directivi-
ty. In our implementation, the creation and migration of beams also
are enabled. However, the beams are performed on the fly through-
out the decomposition/imaging stage, where for each ray pair, a set
of proximity sourcesaround the“sourceray” and the corresponding
receiversat thevicinity of the“receiver ray” arecollectedtoformthe
slant stack process.

The Gaussian beam is presented schematically in Figure 5, where
for simplicity only asinglesourceisshown. In practice, however, we
deal with abunch of sourcesin thevicinity of each “sourceray” The
proximity for each ray is computed individually with the estimated
local Fresnel zone. The Fresnel zones are assumed to beelliptic pro-
jectionsof circular regionsaround the central sourceray and the cen-
tral receiver ray on the earth’s surface, with major semiaxes
RM(M,S) and R (M ,R), respectively,

R™(M,S) = \/—U,(f'\g’s), RM(M,R) = \/—",(x'R),

(18)

whereparameter o’ approximatesthe geometrical spreading,

Figure 4. The solid angle defines the circular proximity on the sur-
face of areflection sphere. Central direction of proximity is shown
by black dashed line. Rayswith starting anglesinside the proximity
areshown by red solid lines.
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—_—

a'(M,S) = \[J(M,9)|V¥(9),

o' (M,R) = V[JM ,R)|V¥(R), (19

with the units[ '] = m?/s. For each ray (“source” and “receiver”),
the ratio between the minor and major semiaxes depends on the dip
angle v$" of the phase velocity at the earth surface point, RP™/ R
= cos v, and the eccentricity of the elliptic zoneis é¢ = sin v
In case of atilted topographic surface, we replace the dip angle v$
with the angle between the phase velocity and the normal to the to-
pography. Thusthe areaof the proximity Ar = wRIR™ is estimat-
ed from the ray Jacobian J of each individual ray and the dominant
frequency f;, of therecorded data. The slant (slope) used for thelocal
stack is taken from the slowness vectors of the “source ray” pSand
the “receiver ray” pR, respectively. The local tapered slant stack
event can be constructed by

1
Upean(So:Roit) = WJJU(SO +AS R, + ARt
f
9SIR

+ A7) fpa(ASAR)ISIR,  (20)

where N; is a normalization factor, AS = {AxsAysAzs, AR =

{AXg,AYgr,Azg} arethe shiftsbetween central and “current” locations
of sources/receivers of the stacked traces within the local areas
bounded by the Fresnel zones, along the acquisition surface z=

z(x,y). Function U(S, + AS,R, + AR,t + A7) istherecorded seis-
mic data, t = t(M,S,,R,) is the two-way traveltime of the central
rays, fupe(AS,AR) isaGaussian taper, and A7 isthetraveltime cor-
rection dueto the above-mentioned shifts,

A7 =Arg+ Arg=pAxs+ piAys + PPAZs + pPRAxg
+ plAyg + pRAzg. (21)

Thus, the construction of the local beams to be migrated for each
point and each ray pair theoretically is more accurate than the stan-
dard beam migrations, where the beam construction is performed
uniformly prior to the migration. A beam steering approach can then
be applied by measuring the coherency (e.g., semblance) of the can-
didate wavelets before the performance of the slant stack, where
only energetic eventsare migrated.

Specularity directional gathers

One of themain goal sof thiswork isto provideamethod for sepa-
rating the specular energy from the total scattered field along the
seismic directional gathers. It isassumed that in the actual specular
direction, v}, v}, the coherency measure (semblance) along reflec-
tion events, from all available opening angles y, and opening azi-
muths vy, is larger than that along nonspecular directions. To esti-
mate the semblance for each direction, two auxiliary directional an-
gle gathers are computed: energy and hit count. The energy direc-
tional angle gather is computed by integrating the direction kernel
squared through all reflection angles,

EV(M ,Vl,Vz) = JK?;(M ,V11V2'71,72)H4

Xsin y,dy dy,, (22)

where the kernel K, and the obliquity factor H are defined in equa-
tion 3 and equation 7, respectively. Note that all of the three direc-
tiona angle gathers — seismic | (M ,v4,v,), energy E,(M,vy,v,),
and hit count N,(M,v,,v,), — are computed in the same imaging
process. The specularity (semblance) gather then is computed from
thesegathersasfollows,

1 12(M,vq,v5)
N(M 1V11V2) Ev(M an_,Vz) '

fspec('vl !VlvVZ) = (23)

In the following section, we show field examples of computed
specularity directional gathers and their application: extracting
high-resolution structural dip and azimuth information, and generat-
ing different types of images using specular/diffraction weighted
stacks.

Full-azimuth angle-domain common-image gathers

Figure 6 displays a schematic example of the full-azimuth angle-
domain common-image gathers. Figure 6a shows a depth migrated
section from 3D land data. The vertical line shows alateral (inline-
crossline) location of aspecific gather, with animage point in depth
marked on this line. A reflection-angle gather at this location, in a
given azimuth, isshown in Figure 6b. Figure 6¢ showstwo spherical
displays related to the specific image point. The sphere on the right
represents the specular and diffused energy as afunction of the dip/
azimuth direction. The location of the spot on the sphere indicates
that the image point islocated in the vicinity of an actual reflecting
surface. The orientation of the local reflecting surface is defined by
thedip/azimuthindicated by the maximum energy value.

For areal reflector, the size of the spot on the directional image
normally isarelatively small areain the proximity of the specular di-
rection. The specular component is attenuated relative to the scat-
tered component. Thus, the size of the spot rel ates to the measure of
the energy concentration, where in the vicinity of area reflector,

Input traces

Ve surf
Acquisition surface Vi

Fresnel zone

Ray tube

Reflection surface

Figure5. Gaussian beam migration schemewith asinglesource. The
blue circle (viewed as an ellipse) is the normal cross section of the
beam at the arrival point of the central ray. Thered ellipseisthe pro-
jection of the blue circle on the acquisition surface, and it represents
the Fresnel zone. Themajor semiaxisof thered ellipseisequal tothe
radius of the blue circle. The minor semiaxis depends on the dip an-
gleof thecentral ray at thearrival point, v
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most of theenergy will be concentrated in the specul ar direction, and
inthevicinity of diffractors, low energy will be distributed in al di-
rections.

The sphere on the |eft represents the reflectivity versus the open-
ing angle and opening azimuth. For areal reflector, high amplitudes
are displayed along arelatively large opening angle range that de-
pendsontheillumination quality caused by thecomplexity of theve-
locity model and the data acquisition. The north pole on the direc-
tional sphere represents the dip direction coinciding with the back-
ground referencedip, whereasthe north pole on the reflection sphere
represents zero offset or zero opening angle. Figure 6d isacylindri-
Reflection CIG

Wide-azimuth land data Directional CIG

Location (km) Azimuth (°) Azimuth (°)
a) 0 25 5 75 10 125 15 ©)
0 150 180 210 150 180
120 120 210
T 240 90 240
Eo %
= 270 60
= 3 270
§ 60
4
30 800 30 300
5 o 330 0 330
Opening angle (°) Reflection energy Specular energy
b) ,0 1020 30 40 50 60 70 80 d) 72 va
Al 2]
1
IS
< 2
<
35 3
[0]
04
z z
5

Reflection-angle image gather Cylindrical display: Image gather reflectivity

Figure 6. Schematic example of full-azimuth angle-domain common-image gathers: di-
rectional and reflection. (a) Depth migrated sectionfrom 3D land data, with alateral loca-
tion of aspecific gather shown by the vertical lineand animage point in depth marked on
thisline. (b) Reflection-anglegather at thislateral location, in agiven azimuth. (c) Reflec-
tion and directional spherical displaysrelated to aspecificimagepoint. The north poleon
the directional sphere representsthe dip direction coinciding with the background refer-
encedip, and thenorth pole on thereflection sphererepresents zero offset or zero opening
angle. (d) Cylindrical display relatedto al vertical pointsof thegather.
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Figure 7. Velocity model accuracy. (a) Truevelocity model of the SEG/EAGE salt model.
(b) Specularity asafunction of dip/azimuth angles at areflecting surface below salt. (c)
Same velocity model with a 10% velocity error applied in region below salt. (d) Corre-
sponding directional specularity.

cal display related to all vertical points of the gather. These points
haveafixed lateral location and different depths. Thecylindrica dis-
play includesastack of disks, where each disk isrelated to aspecific
point in depth. The disk image is obtained from the spherical image
by projecting or expanding the spherical surfaceonaplane.

Recommended wor kflow

Our implementation enables the simultaneous generation of the
two full-azimuth angle gathers: directional and reflection. In prac-
tice, however, werecommend avery specific workflow.

First, generate directional angle gathers with
relatively small opening angles (integrating only
data points with moderate ray pair opening an-
gles, for example, below ~60°). The directional
anglegathersrequiretheavailability of datafrom
rich directions (large migration aperture), but not
necessarily wide-opening angles or wide-open-
ing azimuths. Specularity directional angle gath-
ers then can be constructed, and specular direc-
tions (dip and azimuth) of actual local reflecting
surfaces can beextracted.

Second, generate reflection-angle gathers in
the specular direction, using a small dip range
(migration aperture), with wide opening angles
and all opening azimuths to maximize the avail-
able information on the angle-dependent reflec-
tivity. Full-azimuth subsurface angle-domain re-
sidual moveouts (RMO) then can be automatical -
ly picked for high-resolution anisotropic tomog-
raphic velocity updating. In addition, amplitude
versusangle and azimuth analysis (AVAZ) can be
performed to enhance reservoir imaging and
characterization, in particular, fracture detection.

VELOCITY MODEL ACCURACY
USING DIRECTIONAL GATHERS

Figure 7ashowsthe actual true velocity model
of the SEG/EAGE salt model. Using directional
angle decomposition, the specularity as a func-
tion of thedip/azimuth anglesat agivenreflecting
surface below the salt isshown in Figure 7b. The
specularity is displayed as a small spot concen-
trated inthevicinity of theactual directivity of the
givenreflector.

Figure 7c showsthe samevel ocity model when
al10% velocity error wasapplied intheregion be-
low the sat. The corresponding directional
specularity is shown in Figure 7d. It is clear that
the energy is smeared (defocused) along the di-
rectional unit sphere, indicating the error in the
velocity model and hence the directivity of the
givenreflector.

Thisexample suggests aprocedure for quickly
evaluating the integrity of the velocity model.
Note that this directivity focusing-analysis ap-
proach is considered a complementary approach
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tothe universally used velocity model error analysis, based on mea-
suring residual moveouts along reflection-angle gathers.

FIELD EXAMPLES

Inthissection, weprovidefield examplesof directional-based and
refl ection-based decomposition for enhancing vel ocity model deter-
mination, and for extracting high-resolution structural attributes.

Example A

Example A shows directional-based imaging using 3D land data
from Egypt, where the subsurface model is characterized by domi-
nant overthrust. Figure8 showsan exampleof acylindrical specular-
ity directiona angle gather, where the specular energy (directivity-
dependent Fresnel volume) is emphasized. The high amplitudes of
the specular energy along the vertical axis indicate the directivity
changes of the subsurfacerefl ectorswith depth.

Figures 9a and 10a show the imaging results of the inline and
crossline sections, respectively, using traditional Kirchhoff-based
migrations. Figures 9b and 10b show the markedly improved results
obtained when using the specul ar energy shownin Figure8 asthedi-
rectional weighted stack operator,

lpec(M) = 20 1,(M,v3,0) - T8 (M w1,v),  (24)

2R

where fge(M,vy1,v,) is the specularity gather that measures the
high-energy reflectivity from continuous surfaces, defined by equa-
tion 23, and p is an amplifying power index. Each data point in the
specularity gather isameasure of the energy concentration comput-
ed along the directiona angle gather, with a given 3D window —
dip, azimuth and depth (Koren et a., 2010). Figure 11a shows the
specular weighted energy stack at a given line, and views 11b-d
show the same image with an overlay of the extracted structural at-
tributes — dip, azimuth and continuity. Figure 12 shows these at-
tributesfor theentirevolumeat agiven depth.

Specularity
Azimuth (°) 0.0

60 240 0.1

) 30 270 0.2
Azimuth 90 0 330 300 03

0.4
Azimuth 270° 0.5
0.6
0.7
0.8
0.9
1.0

Dip (°)
Depth (km)

Figure8. 3D cylindrical specularity directional anglegather.

Example B

Figure 13 showstwo depth migrated sectionsfrom 3D land datain
northwest Germany (owned by RWE-DeaAG and Wintershall AG)
following the creation of directional anglegathers. Figure 13ashows
the direct stack of the directional angle gathers, and Figure 13b the
specular energy weighted stack of the same gathers. The high energy
values associated with the specular directions sharpen the image of

a) b)

Depth (km)
N

01 2 3 456 7 8012 3 456 7 8
Location along inline (km) Location along inline (km)

Figure 9. Comparison between two images of the same inline. (a)
Kirchhoff migration. (b) Specular weighted energy stack along di-
rectional anglegathers.

a) b)

Depth (km)
N

012 3 456 7 801 2 3 456 7 8
Location along crossline (km) Location along crossline (km)

Figure 10. Comparison between two images of the same crossline.
(a) Kirchhoff migration. (b) Specular weighted energy stack along
directional anglegathers.
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Figure 11. Depth section along a given line. (a) Specular weighted
energy stack. (b) Specular weighted energy stack with dip overlay.
(c) Specular weighted energy stack with azimuth overlay. (d) Specu-
lar weighted energy stack with continuity overlay.

Downloaded 11 Jan 2011 to 192.117.235.33. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/



S10 Koren and Ravve

thestructure, and theimprovement in the continuity of the structural
information throughout thevolumeisseen clearly in Figure 13b.

Figure 14 shows an example of a specularity directional angle
gather in the vicinity of the salt. Two areas of specular energy are
clearly visible, indicating subsurface pointswhich arein thevicinity
of conflicting dips, such as unconformities and pinchouts. This
showsthat the common assumption that every image pointischarac-
terized by singledirectivity issomewhat naive, and that we al so must
consider all theenergeticdirections.

Example C
Figure 15 showsan exampl e of imaging in acomplex basinin off-
shoreAustralia. Using directional angle decomposition and specular

a) b)
Specular energy Dip

Location along crossline (km)
o = N W H» 00O N O =2 N W A~ OO N

01 2 3 4 5 6 7 01 2 3 4 5 6 7 8
¢) d)

Location along inline (km)

Azimuth Continuity

Figure 12. Depth dlice throughout 3D image. (a) Specular weighted
energy stack. (b) Specular weighted energy stack with dip overlay.
(c) Specular weighted energy stack with azimuth overlay. (d) Specu-
lar weighted energy stack with continuity overlay.

a) b)
0

1

Depth (km)

025 5 75 10 125 15 175 0 25 5 75 10 125 15 175
Location along inline (km) Location along inline (km)

Figure 13. Depth migrated section from a3D land-marinetransition
area, northwest Germany. (a) Directional angle decomposition fol-
lowed by normal (no weighting) stack. (b) Image in the same area
with specular energy weighted stack applied.

energy weighting, wewere ableto detect and image astructure (Fig-
ure 15b) that previously was completely hidden dueto noisy datain
nonspecular directions (Figure 15a).

Example D

Figure 16 shows two depth slices from afractured carbonate res-
ervoir in the North Sea. Figure 16a demonstrates the resol ution that
can be obtained using directional angle decomposition followed by
normal stack. Figure 16b shows ahigh-resolutionimage of the same
reservoir, emphasizing the fracture system and the channels, that
were obtained by using a diffraction energy weighted stack (as op-
posed to the specular energy weighted stack shown in the previous
examples),

Lt (M) = 2 1,(M,v1,05) - F54(M,vy,v5),  (25)
vy,vp
where

fdiff(M !V]JVZ) =1- fspec(M 1V11V2) (26)
isan operator that decaysthe specular energy.
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1.4 0.9
1.6 1.0

Figure 14. Specularity directional angle gather along pinchout: Two
different specular directionsat the same depth level.
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Figure 15. Imaginga“hidden” structurein offshoreAustralia. (a) Di-
rectional angle decomposition followed by normal stack. (b) Image
inthe sameareawith specular energy weighted stack applied.
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Figure 16. Two depth slices from a fractured carbonate reservoir in
the North Sea. (a) Image obtained using directional angle decompo-
sition followed by normal stack. (b) Image with high-resolution fea-
turesobtai ned using diffraction energy weighted stack.
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Figure 17. 3D cylindrical reflection-angle gather. (a) Selected azi-

muthal sector. (b) Full 3D volume with transparency mode, empha-
sizing the highreflectivity values.
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Figure 18. Twenty azimuthal sectors of reflection-angle gathers interactively extracted
from the 3D cylindrical gather. Residual moveout curvesvary with azimuths, indicating

azimuthal anisotropy effect.
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Figure 19. Full-azimuth reflection-angle event. (a) Five extracted
opening angle sectors (20°, 30°, 40°, 50°, and 60°), each displaying
full-azimuth reflections. The azimuthally varying reflector, marked
by arectangle, indicates an azimuthal anisotropy effect. (b) The re-
flector ismagnified and overlain by automatic RM O picks. (c) RMO
picksareusedtoflatten the event.

Full-azimuth refl ection-angle gatherswere created using equation
5.Anexampleof a3D reflection-anglegather inthisareaisshownin
Figure 17. It isdisplayed as a cylinder (Figure 17a) and with trans-
parency (Figure 17b), so that the full dimensionality of the ampli-
tude versus opening angle and opening azimuth can be studied.
These full-azimuth image gathers can provide diagnostic quality
control regarding theaccuracy of thevel ocity models, and enablethe
automatic detection of residual moveout (RMO) errors. The gathers
a so can besampledinfull-angleor full-azimuth sectorsto better un-
derstand theinfluence of azimuth onthevel ocity model, and to better
understand the behavior of seismicamplitudeasa

0 function of opening angle and azimuth. Figure 18
30 shows 20 azimuthal sectors of reflection-angle
60 gathersthat were extracted on thefly from the cy-
90 lindrical gather shown in Figure 17. Figure 19a

120 shows five extracted opening angle sectors (20°,

150 30°, 40°, 50°, and 60°), each of which displays
180 full-azimuth reflections.
210 The azimuthally varying reflector indicates an
240 azimuthal anisotropic effect, and is marked by a
Zg rectangle. In Figure 19b, the reflector is magni-
550 fied and overlain by automatic RM O picks, which
260 are used to flatten the event (Figure 19c). Al-
though azimuthally varying reflectors can result
fromlateral heterogeneity, inthisexamplethetar-
get areaisknown to be afractured carbonate res-

Azimuth (°)
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ervoir with many external supported indications, e.g., vertical seis-
mic profiling (V SP) information and S-waves.

CONCLUSIONS

Thispaper presentsanovel imaging system for generating contin-
uous, full-azimuth, angle-domain image gathers. The set of four an-
gles within the local angle domain is introduced. Forward and in-
versetransformsbetween the LAD and thedirectionsof incident and
reflected rays are described. Although the method is presented as a
ray-based imaging approach, the theory isvalid for wave egquation
imaging aswell. Two complementary angle gathers, directional and
reflection, deliver high-resolution information about the subsurface
model. In particular, the new directional image gathersallow the au-
tomatic extraction of geometrical attributes, such as dip, azimuth
and specularity/continuity, and enable the generation of different
typesof imagesby weighting either specular or diffraction energy.

It has been shown that several specular directionsmight coexist at
the sameimage point, associated with conflicting dips (unconformi-
ties and pinchouts). Continuous structure surfaces and discontinu-
oussubscalesmall objects, such aschannel sand fractures, can bede-
tected, even below complex geological structures. Full-azimuth re-
flection-angle gathers provideinformation about full-azimuth resid-
ual moveouts, and therefore measure the accuracy of thebackground
velocity model from all angles and azimuths. In particular, the full-
azimuth RM O can be used asindicatorsof theexistence of azimuthal
anisotropy effects due to fractures. In addition, the true amplitude,
full-azimuth reflection-angle gathers serve as optimal data for am-
plitude analysis (AVAZ), and for the extraction of high-resolution
elastic properties.

The full-azimuth angle-domain decomposition performed inde-
pendently for every image point enables control and customization
of thelocality, direction, and scope of the areabeing studied, and the
corresponding seismic data. The system, therefore, might beused lo-
cally asatarget-oriented system for direct, high-resolution reservoir
imaging, as well as globally for full-volume imaging of massive
amountsof data.
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