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SUMMARY

Downward continuation migration cannot provide reliable
angle-domain common-image gathers (ADCIGs) for steeply
dipping reflectors, because it cannot handle waves that il-
luminate steep reflectors and its subsurface offset direction
differs greatly from the dipping direction of steep reflectors.
We demonstrate that both reverse-time migration (RTM) and
plane-wave migration in tilted coordinates solve these two
problems, and synthetic data examples show that they provide
robust ADCIGs for steeply dipping reflectors. We develop dip-
dependent residual moveout (RMO), which incorporate the dip
information into RMO and estimates accurate moveout infor-
mation from ADCIGs of steep reflectors.

INTRODUCTION

Velocity estimation plays a key role in seismic imaging. A typ-
ical migration velocity analysis method includes three steps:
(1) obtain angle-domain common-image gathers (CIGs) by mi-
grating the dataset using the background velocity; (2) estimate
curvatures from ADCIGs by RMO analysis; (3) invert curva-
ture information to update the velocity by back projection.

Most velocity estimation methods make assumptions about the
subsurface such as a horizontal stratified earth for normal move-
out (NMO), or horizontal reflectors by Toldi (1985). Even re-
cently, for sophisticated tomography, only reflectors with gen-
tle dip are chosen for velocity estimation and are assumed to
be horizontal when doing RMO analysis (Clapp, 2000).

Reflections from steep interfaces are important for velocity
analysis. Most waves illuminating reflectors with gentle dip
travel in a direction that is less than 30◦ from the vertical.
Therefore, seismic reflection tomography is a limited-angle
tomography, an ill-posed problem (Tam and Perez-Mendez,
1981). Since most waves illuminating near-horizontal reflec-
tors travel almost vertically, the vertical resolution in seismic
reflection tomography is limited (Clapp, 2000). In contrast,
most waves illuminating steep reflectors have a portion of wave-
path that is nearly horizontal. Therefore using ADCIGs of
steep reflectors improves the angle coverage of rays in tomog-
raphy, thus reducing the problem of poor conditioning and im-
proving the stability. The horizontal portion of the ray path of
waves illuminating steep reflectors also provides the sensitivity
to anisotropy.

The conventional one-way wave equation has been routinely
applied in the industry. It is difficult, however, to obtain re-
liable ADCIGs of steep reflectors by conventional one-way
wave-equation migration (Biondi and Shan, 2002; Biondi and
Symes, 2004). First, steep reflectors are mainly illuminated by
near-horizontal and overturned waves, which cannot be mod-

eled accurately by the one-way wave-equation extrapolator in
vertical Cartesian coordinates. Second, we cannot obtain re-
liable ADCIGs from horizontal-offset-domain CIGs, because
given an opening angle, the steeper the reflector, the larger the
horizontal subsurface offset is needed to get a reliable ADCIG.
RTM can image steep reflectors and provide robust ADCIGs
by using the vertical subsurface offset in addition to the hori-
zontal one (Biondi and Shan, 2002).

Plane-wave migration in tilted coordinates can image steeply
dipping reflectors (Shan and Biondi, 2004). In this paper, we
discuss how to produce reliable ADCIGs using plane-wave mi-
gration in tilted coordinates, and how to implement RMO anal-
ysis on the CIGs of steep reflectors.

ADCIGS BY RTM

RTM, based on the two-way wave equation, handles high-angle
and overturned waves. In RTM the source wavefieldS= S(sx,x,z, t)
and the receiver wavefieldR = R(sx,x,z, t) are extrapolated
along the time axis, wheret is the traveltime. Therefore, RTM
can yield general-direction subsurface-offset CIGs. In RTM,
horizontal-offset-domain CIGs (HOCIGs) are generated by cross-
correlating source and receiver wavefields with a horizontal
shift hx as follows:

Ix(x,z,hx) =
∫ ∫

S(sx,x−hx,z, t)R(sx,x+hx,z, t)dtdsx. (1)

Similarly, vertical-offset-domain CIGs (VOCIGs) are constructed
by cross-correlating source and receiver wavefields with a ver-
tical shifthz, as follows:

Iz(x,z,hz) =
∫ ∫

S(sx,x,z−hz, t)R(sx,x,z+hz, t)dtdsx. (2)

We transform the HOCIGsIx(x,z,hx) to ADCIGs Ix(x,z,γ) as
follows (Sava and Fomel, 2003),

tanγ = −
khx

kz
, (3)

wherekhx
andkz are wavenumbers corresponding tohx andz,

respectively. Similarly, we can transform the VOCIGsIz(x,z,hz)
to ADCIGsIz(x,z,γ) by using the relation,

tanγ = −
khz

kx
, (4)

wherekhz
andkx are wavenumbers corresponding tohz andx,

respectively.

Neither HOCIGs nor VOCIGs are robust for an area with com-
plex geology, where reflectors have a full range of dips. The
subsurface offset along the dip direction of the reflector is called
geologic offset. CIGs would be robust if we used geologic off-
set, but it is too expensive to generate geologic offset CIGs
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directly. Biondi and Symes (2004) demonstrate that the geo-
logic offseth0, horizontal offsethx, and vertical offsethz are
linked by the following relationships:

hx =
h0

cosα
, hz =

h0

sinα
, (5)

whereα is the dip of the reflector. Robust ADCIGs can be
constructed by merging horizontal and vertical ADCIGs as fol-
lows (Biondi and Symes, 2004):

I(x,z,γ) = cos2 αIx(x,z,γ)+sin2
αIz(x,z,γ). (6)

ANGLE GATHERS BY PLANE-WAVE MIGRATION IN
TILTED COORDINATES

Given a plane-wave source corresponding to ray parameterpsx,
we extrapolate wavefields in the tilted coordinates(x′,z′) with
a tilting angleθ . The subsurface-offset-domain CIGs for this
plane-wave source are constructed as follows:

Ipsx
(x′,z′,hx′)=

∫
ωS∗

p(psx,x
′−hx′ ,z

′,ω)Rp(psx,x
′+hx′ ,z

′,ω)dω.

(7)
whereSp and Rp are source and receiver wavefields corre-

sponding to ray parameterpsx, S∗
p is complex conjugate ofSp,

the subsurface offsethx′ is along thex′-axis. The subsurface
offsethx′ is not necessarily along the geologic dip, but for steep
reflectors it is generally closer to the dip direction than is the
conventional horizontal offset. As for the conventional plane-
wave migration, offset-domain CIGs,Ipsx

(x′,z′,hx′), correspond-
ing to the plane-wave sourcepsx are transformed to ADCIGs,
Ipsx

(x′,z′,γ), by applying slant stacking in tilted coordinates,

tanγ = −
khx′

kz′
, (8)

wherekhx′
andkz′ are wavenumbers corresponding tohx′ and

z′, respectively. The ADCIG cube corresponding to the plane-
wave sourcepsx, Ipsx

(x′,z′,γ), is rotated back to vertical Carte-
sian coordinates. ADCIGs of all possible plane-wave sources
are then stacked in vertical Cartesian coordinates.

We can alternatively transform offset-domain CIGs obtained
by plane-wave migration in tilted coordinates,Ipsx

(x′,z′,hx′),
into HOCIGs and VOCIGs, and merge them using equation
6 after transforming them into ADCIGs. Figure 1 illustrates
the relationships linking the geologic offseth0 and a general-
direction offseth̄ for a single event. The migration velocity is
assumed to be lower than the true velocity. For the geologic
offseth0, S0 and R0 are end points of source and receiver rays,
respectively. For a general-direction offseth̄, S̄ andR̄ are end
points of source and receiver rays, respectively. The difference
between the direction of offseth0 and the direction of̄h is the
angleψ. The dip of the event isα and the reflection angle
is γ. There is a crucial constraint on the geometric construc-
tion of all offsets; that is, the traveltime along the source and
receiver rays is the same for all the offset directions, and it is
the recording time of the event. With the assumption that the
velocity in a small area around the reflection point is constant,

this constraint leads to the equality:|S0S̄|= |R0R̄|, from which
we can obtain the relationship linkingh0 andh̄ as follows:

h̄ =
h0

cosψ
. (9)

The angleψ in equation 9 for horizontal offset̄h= hx is α, and
for vertical offseth̄ = hz is 90◦−α. Equation 9 shows that the
geologic offseth0 is the optimal offset for generating ADCIGs;
the more the offset direction differs from the dip direction, the
larger the subsurface offset needed, for given opening angle.
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Figure 1: Geometry of geologic offset and a general-direction
offset.

In the tilted coordinate system(x′,z′), the angle between the
subsurface offset in thex′-direction and geologic offset isθ −
α. Therefore, the subsurface offsethx′ and the geologic offset
h0 are linked by the relationship,

hx′ =
h0

cos(θ −α)
. (10)

From equations 10 and 5, the subsurface offset in thex′-direction,
hx′ , the vertical offsethz, and the horizontal offsethx are linked
by the relationships,

hx =
hx′ cos(θ −α)

cosα
, hz =

hx′ cos(θ −α)
sinα

. (11)

With equations 11, the offset-domain CIGs in tilted coordi-
nates,Ix′(x′,z′,hx′), can be transformed to HOCIGs and VO-
CIGs. HOCIGs as well HOCIGs of all possible plane-wave
sources are stacked after being rotated back to vertical Carte-
sian coordinates. After being transformed to ADCIGs, hori-
zontal and vertical CIGs are merged by using equation 6, as
with RTM.

DIP-DEPENDENT RMO ANALYSIS

Biondi and Symes (2004) demonstrate that in an ADCIG cube,
image points move on a line normal to the apparent dip of re-
flectors, passing through the point where the source and re-
ceiver rays intersect. Figures 2 and 3 illustrates ADCIGs of
horizontal, vertical, and dipping reflectors. In Figures 2 and
3, x andz are the horizontal and vertical axes, respectively;γ

denotes the reflection or opening angle,α the dip angle, and
n the axis normal to the reflector. Figure 2 illustrates ADCIGs
migrated with the true velocity. Figure 3 illustrates ADCIGs
migrated with a too low velocity. For a point on a reflector,
image points of different angles lie at different locations, and
they move along then-axis. Therefore, for a reflection point
on a dipping reflector, if we still view the CIG cube in the ver-
tical direction as usual (view the CIG cube at each constant

3069SEG Las Vegas 2008 Annual Meeting

Main Menu

3069 Downloaded 11 Jun 2011 to 128.12.131.6. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/



x section), what we see are the image points belonging to the
neighbor of the reflection point for most opening angle in its
CIG.

Conventional RMO ignores the dip of reflectors. For a point on
a steep reflector, it mistakenly flattens the image points belong-
ing to its neighbors, and cannot obtain the correct curvature of
the CIGs. We develop RMO that incorporates the dip informa-
tion and shifts image points along the direction normal to the
apparent dips of reflectors.
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Figure 2: ADCIGs with the true velocity: (a) horizontal reflec-
tor; (b) dipping reflector; (c) vertical reflector.
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Figure 3: ADCIGs with too low migration velocity: (a) hori-
zontal reflector; (b) dipping reflector; (c) vertical reflector.

Dip-dependent RMO estimates the curvature of ADCIGs accu-
rately in the Fourier domain, because the dip information can
be easily incorporated into RMO and image points are shift
along the normal direction of the reflector. Figure 4 illustrates
the geometric relation linking the normal direction shift,∆n,
horizontal shift,∆x, and vertical shift,∆z, for an ADCIG at a
reflection point with a dip ofα. From the geometric relation,
the shift along the normal direction is equivalent to a horizontal
shift ∆x, followed by a vertical shift∆z, where∆x = ∆nsinα,
and∆z= ∆ncosα . A shift in the space domain is equivalent
to a phase shift in the Fourier domain. LetI(x,z,γ) be an AD-
CIG cube in the space domain, andI(kx,kz,γ) be the CIG in
the Fourier domain. Then in the space domain, the shift∆n
along the direction normal to the reflector is equivalent to a
phase-shift ofkx followed by a phase-shift ofkz in the Fourier
domain,

IRMO(kx,kz,γ) = I(kx,kz,γ) ·eikx∆x ·eikz∆z. (12)

After applying the phase-shift, I transform the cubeIRMO(kx,kz,γ)
back to the space domain.

NUMERICAL EXAMPLES

We apply both RTM and plane-wave migration in tilted co-
ordinates on the BP velocity benchmark dataset (Billette and
Brandsberg-Dahl, 2005). The maximum offset for the dataset
is 15 km, which is much larger than that in most field sur-
veys case. We mainly focus on the area fromx = 20 km to

∆z

∆ x

α
n∆

γn

Figure 4: Geometric relation linking the shift in normal direc-
tion, ∆n, the horizontal shift,∆x and the vertical shift,∆z.

x = 35 km, where both steep salt flanks and nearly-horizontal
sediments are present. Figure 5 shows the image of that area
obtained by plane-wave migration in tilted coordinates.

Figure 5: Image obtained by plane-wave migration in tilted
coordinates. Both a steep salt flank and nearly horizontal sed-
iments are present in this area.

Figures 6 and 7 show ADCIGs transfered from HOCIGs and
VOCIGs, respectively, both obtained by RTM with the 3 per-
cent slower velocity. The horizontal locations for CIGs in Fig-
ure 6 (a) and (b) are atx = 23 km andx = 33.2 km, respec-
tively. The vertical location for CIGs in Figure 7 is atz= 3.5
km. ADCIGs transfered from HOCIGs in Figure 6 (a) bend
upward, exhibiting moveouts at the sediments, while those at
steep salt flank in Figure 6 (b) look smeared. The curvature
present in CIGs from HOCIGs is too large at the salt flank,
given the 3 percent velocity error. In contrast, in Figure 7, the
curvature present in ADCIGs transfered from VOCIGs relates
to the velocity error at the salt flank (atx = 33 km) , but CIGs
transfered from VOCIGs are smeared at sediments atx = 30.5
km.

Figure 8 shows the comparison of ADCIGs obtained by RTM
and plane-wave migration in tilted coordinates with velocity
that is 3 percent too slow. Figures 8 (a) and (b) show AD-
CIGs in the vertical views by RTM and plane-wave migration,
respectively. The horizontal location for them is atx = 32.6
km, where there are nearly horizontal sediments at the shallow
part and steep salt flanks atz= 4.4 km. Events bending down-
ward are multiples. In both panels (a) and (b), the curvature
present in the CIGs of the sediments is reasonable, since the
viewing direction is almost normal to their apparent geologic
dip direction. The CIG of the reflection point on the salt flank
(at z = 4.4 km), however, looks smeared because the view-
ing direction almost parallels its dip direction, and most of the
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Figure 6: ADCIGs from HOCIGs with the velocity underesti-
mated by 3 percent. (a) The gathers of nearly horizontal sedi-
ments atx = 23 km show reasonable curvature. (b) The gather
of the steep salt flank atx = 33.2 km is a little smeared. The
moveout is not reasonable, given the 3 percent velocity error.

Figure 7: ADCIGs from VOCIGs with the velocity underesti-
mated by 3 percent. The gather of the salt flank atx = 33 km
shows reasonable moveout. The gathers of the sediments at
x = 30.5 km look smeared.

wide-angle energy in the CIG belongs to reflection points in
the neighborhood of that point. As a result,its curvature is un-
reasonably large, given the 3 percent velocity error.

Figures 8 (c) and (d) show the ADCIG cubes in a normal-
direction view. Panel (a) is obtained by RTM, and panel (b)
by plane-wave migration in tilted coordinates. The location of
the event is atx = 32.6 km,z= 4.4 km, where the salt flank is
present and the apparent geologic dip at the reflection point is
about 70◦. The vertical axis in panels (c) and (d) is the direc-
tion normal to the apparent geologic dip of the reflector. Fig-
ures 8 (c) and (d) are comparable. Given the 3 percent velocity
error, both CIGs show reasonable curvature.

Figure 9 shows the semblance map for dip-dependent RMO for
an image point (atx = 33.5 km,z= 2.6 km ) on the salt flank,
where the apparent dip is about 70◦. The migration velocity
is 3 percent slower than the true one. The estimated velocity
scaling ratio from RMO analysis matches the one we use to
scale the migration velocity.

CONCLUSIONS

Conventional horizontal CIGs are not reliable for steep reflec-
tors because of the offset stretch. RTM provides robust AD-

Figure 8: ADCIGs with the velocity underestimated by 3 per-
cent: (a) Vertical view of ADCIGs obtained by RTM atx =
32.6 km. (b) Vertical view of ADCIGs obtained by plane-wave
migration in tilted coordinates atx = 32.6 km. (c) Normal-
direction view of ADCIGs obtained by RTM atx = 32.6 km,
z = 4.4 km. (d) Normal-direction view of ADCIGs obtained
by plane-wave migration in tilted coordinates atx = 32.6 km,
z= 4.4 km.

Figure 9: Semblance for an image point on a steep reflector
with an apparent dip of 70◦.

CIGs for both steep and near-horizontal reflectors by merging
horizontal and vertical CIGs. Plane-wave migration in tilted
coordinates can also provide reliable CIGs for both steep and
near-horizontal reflectors because the propagation direction is
close to the extrapolation direction, and the subsurface offset
direction is close to the dip direction in tilted coordinates. AD-
CIGs of an image point should be viewed in the direction nor-
mal to reflector’s dip direction. The ADCIGs from these two
methods are comparable. Dip-dependent RMO estimates the
curvature of ADCIGs of steep reflectors accurately.

ACKNOWLEDGMENTS

We thank BP for making the dataset available. We thank spon-
sors of Stanford Exploration Project for the financial support.

3071SEG Las Vegas 2008 Annual Meeting

Main Menu

3071 Downloaded 11 Jun 2011 to 128.12.131.6. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/



EDITED REFERENCES  
Note: This reference list is a copy-edited version of the reference list submitted by the author. Reference lists for the 2008 
SEG Technical Program Expanded Abstracts have been copy edited so that references provided with the online metadata for 
each paper will achieve a high degree of linking to cited sources that appear on the Web.  
  
REFERENCES  
Billette, F., and S. Brandsberg-Dahl, 2005, The 2004 BP velocity benchmark: 67th Annual International Conference and 

Exhibition, EAGE, Extended Abstracts, B035. 
Biondi, B., and G. Shan, 2002, Prestack imaging of overturned reflections by reverse time migration: 72nd Annual International 

Meeting, SEG, Expanded Abstracts, 1284–1287. 
Biondi, B., and W. Symes, 2004, Angle-domain common-image gathers for migration velocity analysis by wavefield 

continuation imaging: Geophysics, 69, 1283–1298. 
Clapp, R., 2000, Geologically constrained migration velocity analysis: Ph.D. thesis, Stanford University. 
Sava, P. C., and S. Fomel, 2003, Angle-domain common-image gathers by wavefield continuation methods: Geophysics, 68. 
Shan, G., and B. Biondi, 2004, Imaging overturned waves by plane-wave migration in tilted coordinates: 74th Annual 

International Meeting, SEG, Expanded Abstracts, 969–972. 
Tam, K., and V. Perez-Mendez, 1981, Tomographical imaging with limited-angle input: Journal of the Optical Society of 

America, 71, 582–592. 
Toldi, J., 1985, Velocity analysis without picking: Ph.D. thesis, Stanford University. 
 

3072SEG Las Vegas 2008 Annual Meeting

Main Menu

3072 Downloaded 11 Jun 2011 to 128.12.131.6. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/


