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AVO-sensitive semblance analysis for wide-azimuth data

Jia Yan' and llya Tsvankin'

ABSTRACT

Conventional semblance-based moveout analysis models
prestack reflection data with events that have hyperbolic move-
out and no amplitude variation with offset (AVO). Substantial
amplitude variation and even phase change with offset do not sig-
nificantly compromise the semblance operator. However, polari-
ty reversal associated with a change in the sign of the reflection
coefficient may cause conventional semblance to fail. An exist-
ing modification of the semblance operator that takes amplitude
variations into account (so-called AK semblance) is limited to
narrow-azimuth data and cannot handle nonhyperbolic moveout
at large offsets. We employ a 3D nonhyperbolic moveout inver-
sion algorithm to extend the AK semblance method to wide-azi-
muth data recorded on long spreads. To preserve velocity resolu-

tion, the ratio K of the AVO gradient and intercept is kept constant
within each semblance window. In the presence of azimuthal an-
isotropy, however, the parameter K has to be azimuthally depen-
dent. Synthetic tests confirm that distortions in moveout analysis
caused by polarity reversals become more common for long-oft-
set data. Conventional semblance produces substantial errors in
the NMO ellipse and azimuthally varying anellipticity parameter
7 not just for class 2 AVO response but also for some models with
class 1 AVO. In contrast, the AK semblance algorithm gives ac-
curate estimates of the moveout parameters even when the posi-
tion of the polarity reversal varies with azimuth. The AK method
not only helps to flatten wide-azimuth reflection events prior to
stacking and azimuthal AVO analysis but also provides input pa-
rameters for the anisotropic geometrical-spreading correction.

INTRODUCTION

Semblance-based moveout analysis is routinely used in seismic
data processing to estimate stacking (moveout) velocity Vi, as a
function of zero-offset time 7, (e.g., Taner and Koehler, 1969). The
moveout velocity, which typically represents the most stable param-
eter constrained by surface seismic data, is then used to build the ini-
tial velocity model and flatten reflection events for subsequent pro-
cessing (e.g., stacking, AVO analysis).

The conventional semblance operator can be written as

E[EDV(%X)]Z
fLx

S(V.1) = (1)

N2 Dy (t),x)
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where t, are the zero-offset times within a time window centered at
ty, x is the source-to-receiver offset, N is the number of traces in a
common-midpoint (CMP) gather, and Dy represents the data along
hyperbolic moveout curves computed with the velocity V = V.

Despite its general robustness, conventional semblance computa-
tion has two serious limitations. First, the semblance operator 1 is
devised under the assumption that reflection amplitudes are con-
stant; therefore, it includes no allowance for amplitude variation
with offset (AVO). Still, conventional semblance usually estimates
moveout velocity with sufficient accuracy, even for events with rela-
tively strong AVO, as long as there is no polarity reversal within the
recorded offset range. In the presence of polarity reversals, however,
the conventional operator often fails and gives a strongly distorted
NMO-velocity value (Sarkar et al., 2001). Then the reflection event
cannot be properly flattened, which leads to a poor-quality, low-fre-
quency stack.

Second, most existing implementations of semblance analysis do
not account for deviations from hyperbolic moveout, which become
significant for offset-to-depth ratios greater than unity. To make
equation 1 suitable for long-spread reflection events, the hyperbolic
moveout equation can be replaced by more complicated nonhyper-
bolic functions, such as those developed for layered anisotropic me-
dia by Tsvankin and Thomsen (1994) and Alkhalifah and Tsvankin
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(1995). A detailed discussion of nonhyperbolic moveout analysis
can be found in Tsvankin (2005).

Figure 1 displays three common classes of P-wave AVO behavior
for gas sands described in Rutherford and Williams (1989). Classes
1 and 2 correspond to highly or moderately compressed sands be-
neath shales; class 3 sands are overlain by a more compressed over-
burden. For class 1 and class 2 responses, a polarity reversal occurs
at incidence angles less than 30°. Furthermore, the influence of an-
isotropy increases the chance of observing polarity reversals on con-
ventional-spread reflection data. Indeed, most shale formations are
transversely isotropic (TT), and for typical positive values of the
Thomsen (1986) parameter & in shales, the AVO gradient increases
by absolute value (Kim et al., 1993; Tsvankin, 2005). As a result, the
polarity reversal for gas sands overlain by VTI (TI with a vertical
symmetry axis) shales moves toward lower angles from its “isotro-
pic” position (Figure 1).

To make moveout analysis suitable for data with polarity rever-
sals, Sarkar et al. (2002) have developed the so-called AK semblance
method. Their approach is based on introducing into the semblance
operator a smooth amplitude variation with offset governed by two
parameters, A and K. The existing AK algorithm, however, is re-
stricted to 2D data and the hyperbolic portion of the moveout curve
(i.e., to moderate-length spreads).

Other alternatives to conventional semblance designed to correct
for AVO include the eigenvalue method (Biondi and Kostov, 1989;
Key and Smithson, 1990) and differential semblance analysis
(Symes and Kern, 1994). However, these techniques have serious
shortcomings, discussed in detail by Sarkar et al. (2001).
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Figure 1. Three classes of P-wave AVO responses (reflection coeffi-
cients) computed from exact equations (e.g., Riiger, 2001) for gas
sands overlain by shale. The solid lines correspond to the three iso-
tropic models from Table 1 (Rutherford and Williams, 1989). The
dashed lines are computed for models with the same vertical veloci-
ties and densities, but the shale layer is VTI with the Thomsen pa-
rameters ¢ = 6 = (.2. All three models have negative AVO gradi-
ents, which become larger by absolute value when the shale is aniso-
tropic.

Here, we present an extension of the AK semblance method to
wide-azimuth, long-offset data. Our generalized AK algorithm is
particularly important for processing reflection data from anisotrop-
ic media because anisotropy usually moves the polarity reversal to-
ward smaller offsets (see above) and enhances nonhyperbolic mo-
veout of P-waves (Tsvankin, 2005). Also, azimuthally varying po-
larity reversals may substantially distort the results of moveout anal-
ysis for wide-azimuth surveys acquired above fractured formations.
Vasconcelos and Tsvankin (2006) present an efficient technique for
nonhyperbolic moveout inversion of wide-azimuth data from lay-
ered azimuthally anisotropic media, but their semblance operator
does not take amplitude variations into account.

We begin by reviewing the AK semblance algorithm of Sarkar et
al. (2002) and its implementation in moveout analysis. Then we
show that the AK semblance operator can be extended to long-offset
2D data from layered VTI or isotropic media using the nonhyper-
bolic moveout equation of Alkhalifah and Tsvankin (1995). To apply
the method to wide-azimuth reflection events, we make the AVO
gradient azimuthally dependent and incorporate it into the moveout-
inversion algorithm of Vasconcelos and Tsvankin (2006). Synthetic
tests for VTI and azimuthally anisotropic (orthorhombic) models
demonstrate the superior performance of the generalized AK sem-
blance for both class 1 and class 2 AVO responses.

METHODOLOGY

As discussed above, the conventional semblance operator in
equation 1 does not account for amplitude variations within the CMP
gather. A more general semblance formulation for 2D data is intro-
duced by Corcoran and Seriff (1993) and Sarkar et al. (2002):

S¢(Vitg) = 1 = ———5—, 2)
where 1, as before, is the zero-offset time at the center of the sem-
blance window, Dy, = D(t,,x) is the data with the zero-offset time #,
after a hyperbolic moveout correction with the velocity V = V.,
and M = M(t,,x) is the modeled variation of the trace amplitudes.
The velocity V., and the amplitude parameters that govern M (z,,x)
are estimated by matching the model M and data D, which can be
achieved by maximizing the semblance (i.e., by minimizing
[M — D). The generalized semblance from equation 2 reduces to
the conventional semblance operator (equation 1) when the ampli-
tudes associated with model M are independent of offset (Sarkar et
al., 2002).

The offset-dependent function M in the AVO-sensitive semblance
algorithm can be approximately described by Shuey’s (1985) linear-
ized equation for the plane P-wave reflection coefficient:

Table 1. Model parameters for the three classes of AVO
responses in Figure 1.

Vp Vs p
(km/s) (km/s) (g/cm?)
Layer 1 3.00 1.32 24
Class 1 4.40 2.80 2.0
Layer 2 Class 2 3.75 2.40 2.0
Class 3 2.95 1.89 2.0
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M(t,,x) = A(r;) + B(t;) sin® 6,
2

~A(t)) + B(t,)x2 , (3)

+ 15 Vamo
where A(#;) and B(t,) are the AVO intercept and gradient (respective-
ly) for the reflection event with the zero-offset time 7,, and 6, is the
phase angle of incidence, which is expressed through offset x under
the assumption that the medium is homogeneous and isotropic. The
exact incidence angle €, cannot be computed without knowledge of
the velocity model. It should be emphasized, however, that there is
no need for an accurate estimate of 8, because equation 3 is designed
exclusively to introduce a smooth amplitude variation with offset
into the semblance operator. Note that Shuey’s (1985) equation can-
not represent measured reflection amplitudes anyway because it
does not include source directivity and propagation factors such as
the geometrical spreading and transmission coefficients.

As pointed out by Sarkar et al. (2002), equation 3 (called AB sem-
blance) allows too much freedom to fit events with various combina-
tions of incorrect parameters A, B, and V,,,,, Which results in poor ve-
locity resolution. To reduce the trade-offs between A, B, and V.
Sarkar et al. (2002) suggest keeping the ratio B/A = K constant in-
side the semblance window, which implies that the wavelet shape
does not change with offset:

x2
M(1,,%) A(tl)(l Ko 2 Vimo)' (4)
Modeling data using equation 4 with a constant X is referred to by
Sarkar et al. (2002) as AK semblance.

The semblance window follows the traveltime trajectory comput-
ed from an analytic (hyperbolic in the work by Sarkar et al., 2002)
moveout equation and has the width close to the length of the wave-
let. For a window with &V, sampling points, the AK semblance opera-
tor has only N, + 1 parameters (as compared with 2N, for AB sem-
blance), which mitigates the trade-offs and increases velocity reso-
lution.

For a given zero-offset time #, and a trial velocity V,,,, the param-
eters A and K can be found analytically by setting the derivatives of
S with respect to A and K to zero (see Appendix A). The obtained
expressions are then substituted back into equation 2 to compute the
generalized AK semblance. As in conventional semblance algo-
rithms, scanning over V,, is used to maximize the semblance and
estimate the best-fit moveout (stacking) velocity.

Akey issue in implementing the generalized semblance algorithm
is the choice of the moveout equation #(x). Reflection moveout on
conventional-length spreads (i.e., for offset-to-depth ratios not much
larger than unity) typically is close to hyperbolic:

32
Px) =15+ —5—. (5)
nmo
Although equation 5 is widely used in seismic processing, it breaks
down at longer offsets, especially if the medium is anisotropic. A

more accurate, nonhyperbolic moveout equation for P-wave data in
VTImediais suggested by Alkhalifah and Tsvankin (1995):

2 277)64

(6)

Ax) =13 +

where p=(eg — 8)/(1 + 25) is the anellipticity parameter, which
controls P-wave time processing for vertical transverse isotropy.
The x*-term in equation 6 is proportional to # and describes nonhy-
perbolic moveout for large offsets. Below, we use the Alkhalifah-
Tsvankin equation in the AK semblance operator to perform mo-
veout analysis of 2D long-spread P-wave data.

The main goal of the paper, however, is to extend the principle of
AK semblance to wide-azimuth surveys, which are often acquired
for purposes of fracture detection or better illumination of compli-
cated subsurface structures (e.g., in subsalt exploration). Reservoirs
with vertical fracture sets are commonly described by an effective
anisotropic model with orthorhombic symmetry (Schoenberg and
Helbig, 1997; Bakulin et al., 2000; Grechka and Kachanov, 2006).
Azimuthally dependent P-wave reflection traveltimes in a horizontal
orthorhombic layer can be well-approximated by a generalized ver-
sion of equation 6, in which both the NMO velocity and parameter 7
vary with azimuth @ (Xu and Tsvankin, 2006a; Vasconcelos and
Tsvankin, 2006):

2
2

Vnmo( Ct’)

(x,a) = tS +
B 29(a)x*
Vﬁmo(a) [t%Vﬁmo(a) + (1 + 29(a))x*]
(7)

The velocity V,,, is obtained from the equation of the NMO el-
lipse:

cos’(a — @) sin*(a — ¢)
var ooorE o ©

nmo nmo-

-2
Vnmo(a) =

where ¢ is the azimuth of the [x,,x;] symmetry plane, and V {!) and
V@ are the NMO velocities in the symmetry planes [x,,x;] and
[x),x3], respectively. (The superscripts in V(! ‘and V@) refer to the
axis orthogonal to the corresponding plane; for a detailed discussion
of notation, see Tsvankin [1997, 2005]). The azimuthal variation of
the parameter 7 is given approximately by (Pech and Tsvankin,

2004):

(@) = 7P cos’(a — @) + 7'V sin*(a — ¢)

— 7% cos’ (@ — @)sin*(a — @), 9)
where 7'V, @, and 7 are the anellipticity parameters defined (re-
spectively) in the [x,,x3], [x,x3], and [x,x,] symmetry planes.

The accuracy of equation 7 in both vertical symmetry planes is the
same as that in the corresponding equivalent VTI medium. Xu and
Tsvankin (2006a) and Vasconcelos and Tsvankin (2006) show that
equations 7-9 provide a close approximation for long-spread P-
wave traveltimes recorded in all azimuthal directions, even for
strongly anisotropic orthorhombic models. Furthermore, if V (12
and 7'>¥ are treated as effective parameters, the same formalism
can be applied to P-wave moveout from layered orthorhombic me-
dia with uniform orientation of the symmetry planes.

Vasconcelos and Tsvankin (2006) use equations 7-9 to develop an
efficient semblance-based moveout-inversion algorithm designed to
estimate the parameters ¢, V{12 and 7023 from wide-azimuth
P-wave data. Their method, however, does not account for ampli-
tude variation with offset and azimuth and, similar to conventional

2D semblance techniques, can break down in the presence of polari-
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ty reversals. Below, we devise a more stable, 3D AK semblance op-
erator by incorporating an azimuthally dependent amplitude func-
tion into the semblance computation.

When the medium above or below the reflector is azimuthally an-
isotropic, the AVO gradient and reflection amplitude as a whole vary
with azimuth. For a boundary between two orthorhombic half-spac-
es with the same orientation of the vertical symmetry planes, the
AVO gradient B(«) can be approximated by (Riiger, 2001)

B(a) = BV sin?(a — ¢) + B? cos’(a — ¢); (10)

B" and B? are the AVO gradients in the [x,,x3] and [x;,x3] planes,
respectively. Then the ratio K(«) of the AVO gradient and intercept
also becomes azimuthally dependent and can be written as

K(a) = KD sin®(a — ¢) + K@ cos?(a — ¢), (11)

where K = BW/A and K@ = B®/A. Substituting K(«) from
equation 11 into equation 4 yields an azimuthally dependent ampli-
tude function that can be used in the AK semblance computation:

M(t;,x,a) = A(r) 1 1 + [KDV sin?(a — ¢)
_x
4 V()

(12)

+ K% cos*(a — ¢)]

In our method, we combine the amplitude function 12 with the
moveout equations 7-9 to devise an AK semblance operator that can
handle polarity reversals in wide-azimuth data collected into CMP
gathers (see Appendix A). Although this formalism does not account
for geometrical spreading and some other factors that influence re-
corded amplitudes, equation 12 allows us to correct for amplitude
variation with offset and azimuth. In particular, our operator miti-
gates distortions in the semblance computation related to the azi-
muthal dependence of the offset that corresponds to the polarity re-
versal.

Similar to the algorithm of Vasconcelos and Tsvankin (2006), we
estimate KV, K@, and the moveout parameters ¢, V 12 and (-2
in three steps. (As in 2D, A(z,) is obtained analytically.) First, we in-
vert for the NMO ellipse described by ¢, V) 'and V@) using con-
ventional-spread, wide-azimuth data with offsets limited by the re-
flector depth. If there is an indication of a polarity reversal at the near
offsets, we also estimate an azimuthally invariant value of K along
with the NMO ellipse. This step gives initial values of the symmetry-
plane azimuths, NMO velocities, and the parameter K.

Second, 2D nonhyperbolic AK semblance analysis is carried out
in narrow azimuthal sectors around the identified symmetry planes
to find approximate values of 7V, ®, K1, and K, as well as up-
dated estimates of V'!)_and V ) . Third, we carry out 3D nonhyper-

nmo nmo*

Table 2. Parameters of a model that includes VTI (top) and isotropic (ISO;
bottom) media. The P-wave reflection for this model has a class 2 AVO
response. The vertical P- and S-wave velocities, respectively, are Vp, and Vg,.

bolic moveout inversion using the 3D AK semblance operator for all
offsets and azimuths in the gather.

The 3D search starts with the initial model obtained during the
previous steps and estimates the best-fit parameters ¢, V {12, 7123,
and K2 (i.e., the parameters that give the highest semblance value)
via Powell minimization. The Powell method (Press et al., 1992) is a
multidimensional search algorithm designed to find the local mini-
mum of the objective function closest to the initial model. In general,
there is no guarantee that this method can find the global minimum,
which in our case corresponds to the model with the largest sem-
blance value. However, because of the high accuracy of our initial
model obtained from the first two inversion steps, the algorithm typ-
ically converges to the global minimum after 10-20 iterations.

It should be emphasized that the method can handle vertically het-
erogeneous media composed of isotropic, VTT, HTI (TI with a hori-
zontal symmetry axis), and orthorhombic layers. The vertical sym-
metry planes in all azimuthally anisotropic layers, however, have to
be aligned. Otherwise, the azimuthally dependent parameter 7( ) is
not co-oriented with the NMO ellipse, and equation 9 has to be mod-
ified (Vasconcelos and Tsvankin, 2006; Xu and Tsvankin, 2006a).

TESTS ON SYNTHETIC DATA

Here, the AK semblance algorithm is applied to 2D and 3D long-
offset P-wave data from VTT and orthorhombic media. In addition to
class 2 AVO responses, for which the polarity reversal is observed at
relatively small offsets, we compare the performance of convention-
al and AK semblance for class 1 AVO. All synthetic data used below
are generated by the anisotropic ray-tracing code ANRAY devel-
oped by Gajewski and PSencik (1987). Although tests on noise-con-
taminated data are left out, our algorithm (as any other semblance-
based method) is not sensitive to random noise.

2D semblance for VTI media

For layer-cake VTI media, each vertical plane is a plane of sym-
metry, and semblance analysis can be performed in 2D for an arbi-
trary azimuthal direction of the acquisition line. We consider a mod-
el that includes an isotropic half-space beneath a VTI layer with rela-
tively small absolute values of the Thomsen parameters ¢ and & (Ta-
ble 2). The anellipticity parameter 7, however, is substantial (0.2),
which leads to pronounced nonhyperbolic moveout at offsets ap-
proaching two reflector depths. The event has a class 2 AVO re-
sponse (see the discussion above), with relatively low amplitudes at
near offsets and a polarity reversal at an offset close to half the reflec-
tor depth (Figure 2).

The first test was carried out using the hyperbolic moveout equa-
tion in both the conventional and AK semblance operators (Figure
3). Because of the combined influence of the polarity reversal and
nonhyperbolic moveout, the conventional opera-
tor produces low semblance values for all trial ve-
locities, with the correct velocity close to the sem-
blance minimum. Although the AK algorithm
performs much better and yields higher sem-

blance, the best-fit NMO velocity deviates from

Vo Vo P Vamo the actual value. This error, which is caused by
(km/s) (km/s) (g/em’) € ) (km/s) 7 the inaccuracy of the hyperbolic moveout equa-
tion, can be reduced by muting out long offsets.
VTI 2.96 1.38 2.43 0.065 —0.096 2.66 0.2 However, in such applications as nonhyper-
ISO 3.49 2.29 2.14 0 0 3.49 0

bolic moveout inversion and wide-angle AVO
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analysis, it is necessary to preserve and flatten the far-offset portion
of the gather. The traveltime fit at long offsets can be improved by us-
ing the nonhyperbolic moveout equation 6 in the semblance compu-
tation (Figure 4). Although equation 6 provides a close approxima-
tion to the exact long-spread traveltimes (Alkhalifah and Tsvankin,
1995; Tsvankin, 2005), the best-fit parameters V,,,, and 7 estimated
by the conventional semblance algorithm are severely distorted
(e.g., the inverted = 0.72, whereas the actual value is 0.2). Clear-
ly, this error is caused by the polarity reversal because the semblance
that corresponds to the correct moveout parameters is relatively low.
In contrast, AK semblance gives accurate estimates of both V,,, and
7, as well as a high semblance value (0.94).

3D semblance for class 2 AVO

Here, we apply the 3D AK semblance operator to wide-azimuth P-
wave reflections from the bottom of an orthorhombic layer. The
AVO gradient for this model is azimuthally dependent, so the offset
of the polarity reversal becomes a function of azimuth as well. If
the polarity reversal occurs at relatively small offsets, the corre-
sponding phase incidence angle 6, can be estimated by setting
1 + K(a)sin? 6, = 0. Using equation 11 with ¢ = 0 (i.e., zero azi-
muth corresponds to the [x;,x;]-plane), we find

—1
KYsina + K% cos?a’

sin® 6, = (13)

If the medium above the reflector is homogeneous and the differ-
ence between the group and phase angles can be neglected, equation
13 provides an estimate of the offset x,, of the polarity reversal:

2
z%*Ztanf)pr= 7

V=0 + KDsinfa + K% cos?a)’
(14)

where £ is the reflector depth.

Model 1

The first test was performed for a boundary between orthorhom-
bic (top) and isotropic (bottom) half-spaces (Figure 5). Both media
have the same vertical velocities and densities as
those in the VTI/isotropic model analyzed above
(see Table 2 and Figures 2-4). Also, the anisotro- a) )
py parameters in the symmetry plane [x;,x;] of
the orthorhombic medium are taken from the VTI
model in Table 2. Although the medium above the
reflector is azimuthally anisotropic, the offset of
the polarity reversal is weakly dependent on azi- =
muth (Figure 5).

The initial model for 3D analysis of the long-
spread gather was obtained by first estimating the
NMO ellipse on conventional-spread data and
then processing long-offset data (in 2D, for the
maximum offset-to-depth ratio x,,.«/h = 2) with-
in narrow sectors centered at the vertical symme-
try planes. The NMO ellipse reconstructed by the
conventional semblance operator for offset-to-
depth ratios limited by unity has the correct orien-
tation but highly distorted semiaxes equal to 3.20

. 25 27 29
Vamo (km/s)

and 3.44 km/s (the actual values are 2.66 and 2.87 km/s); the sem-
blance is only 0.45. Therefore, for class 2 AVO with small values of
Xy, muting out long offsets does not help the conventional algorithm

Offset/depth
0.5 1.0 1.5 2.0

il

o
*

Traveltime (s)

0.6

Figure 2. Shot record of a P-wave reflection from an interface be-
tween VTI (top) and isotropic (bottom) media. The model parame-
ters are listed in Table 2. The event has a class 2 AVO response with
the polarity reversal at an offset-to-depth ratio close to 0.5.
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Figure 3. Semblance for the reflection event from Figure 2 computed
using the hyperbolic moveout equation 5; the model parameters are
listed in Table 2. The dashed curve is produced by the conventional
semblance algorithm, and the solid curve is AK semblance. The ver-
tical dotted line marks the actual NMO velocity.

b)
08 03

06 0.2

04 01

26 27 28 29 3 3.1
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Figure 4. Semblance scans over V,,,, and 7 computed for the event from Figure 2 using
the nonhyperbolic moveout equation 6. The scans are generated by the (a) conventional
and (b) AK semblance operators. The black dots mark the actual model parameters, Vi,
= 2.66 km/s and n = 0.2. The best-fit values are V,,,, = 1.98 km/s and = 0.72 for
conventional semblance (the maximum semblance is 0.72) and V,,,, = 2.68 km/s, 5
= 0.18 for AK semblance (the maximum semblance is 0.94).
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estimate the NMO ellipse. Clearly, for this model, conventional pro-
cessing cannot be used for stacking or moveout inversion of wide-
azimuth data.

The final inversion results for two spreadlengths (x./2 = 2 and
Xmax/h = 3) are displayed in Figure 6. Note that with both conven-
tional and AK semblance, the parameters for the [x;,x;] symmetry
plane estimated from the 3D inversion almost coincide with those
obtained for the VTI model in Figure 4. Because of the influence of
the polarity reversal, conventional semblance produces large errors
in the NMO velocities and 7 values for both spreadlengths. As was
the case for the VTI model, AK semblance correctly compensates for
the polarity reversal and gives accurate estimates of the azimuthally
varying parameters V,,,, and 7.

Model 2

In the next test, we use another class 2 AVO model (Table 4), for
which the offset x,,, of the polarity reversal is larger and varies more
strongly with azimuth (Figure 7). The normalized offset x,,/h chang-
es from 0.65 in the [x;,x;] symmetry plane (e = 0°) to 0.85 in the
[x2,x3]-plane (& = 90°).

The NMO ellipse reconstructed by the conventional method for
offsets limited by the reflector depth has the correct orientation and
the semiaxes 2.43 and 2.11 km/s (actual values are 2.53 and
2.16 km/s); the semblance is 0.6. The better performance of the con-
ventional method for model 2 is explained by the relatively large (for
class 2 AVO) offset x,,(«) of the polarity reversal and low reflection
amplitudes for x> x,,.

Application of the AK algorithm, however, be-

Azimuth = 0° Azimuth = 90°
Offset/depth Offset/depth comes necessary for lon.g-offse.t data because
05 10 15 20 25 3.0 05 1.0 15 20 25 3.0 conventional semblance yields highly erroneous
‘ ‘ 7 values (Figure 8b and d). As discussed above,
0_37H )‘ ‘ H 0.37H )‘ ‘ H we obtain the initial model for 3D analysis by first
- S I o S I estimating the NMO ellipse on conventional-
° T i ° ki i spread data with KV = K® = K and then pro-
E i bl § el cessing long-offset data near the vertical symme-
° it ° il try planes to give K = —5.85 and K@ =
© 0.6 e © 0.6 iz 601
[ -
The results of 3D nonhyperbolic AK sem-
blance analysis for two long spreads are shown in

Figure 5. Shot records of a P-wave reflection from an orthorhombic/isotropic interface
with a type 2 AVO response (Table 3). The seismograms are computed for the symmetry

planes [x;,x;] (azimuth @ = 0°) and [x,,x3] (@ = 90°).

Table 3. Parameters of a model that includes orthorhombic
(top) and isotropic (bottom) media. The P-wave reflection
from this interface has an azimuthally varying class 2 AVO
response. The notation for orthorhombic media is discussed
in Tsvankin (1997, 2005).

Layer 1 Layer 2
Symmetry type ORTH ISO
Density (g/cm?) 2.43 2.14
Vpo (km/s) 2.96 3.49
Vo (km/s) 1.38 2.29
g 0.065 0
S —0.029 0
O 0.18 0
£@ 0.065 0
oW —0.096 0
v@ 0.05 0
&0 —0.08 0
v 2.87 3.49
Ve, 2.66 3.49
M 0.10 0
n® 0.20 0
7 0.10 0

Figure 8. The polarity reversal now occurs at off-
sets smaller than one-half of the spreadlength, so
conventional semblance produces a significant
error not only in # but also in the NMO ellipse.
The 7 values estimated by the conventional algo-
rithm for x,,,,./h = 2 even become negative for a wide range of azi-
muths (Figure 8b).

The AK semblance method, which properly accounts for the azi-
muthally dependent polarity reversal, gives far superior results.
There is practically no error in the NMO ellipse, whereas the mild
distortion in 7 for x,,,,/h = 2 is caused by the small bias in the non-
hyperbolic moveout equation (Tsvankin, 2005) and insufficient
spreadlength. When the maximum offset-to-depth ratio is increased
from two to three (Figure 8d), the errors in the function 7(«) become
almost negligible.

3D semblance for class 1 AVO

Compared to the class 2 AVO response analyzed, class 1 AVO is
typically characterized by a higher normal-incidence reflection co-
efficient, and the polarity reversal is observed at larger offsets (Fig-
ure 1). As long as the polarity reversal occurs outside the recorded
offset range or near the end of the spread, the data can be processed
by the conventional semblance algorithm. However, for events with
offset-to-depth ratios reaching two, the offset x,, may be close to the
middle of the spread. In addition, anisotropy tends to move the polar-
ity reversal toward smaller offsets (Figure 1).

Figure 9 displays a long-spread P-wave reflection from an inter-
face between orthorhombic and isotropic media (Table 5). The event
has a typical class 1 AVO response, with the polarity reversal record-
ed at offset-to-depth ratios of about 1.2. Although the conventional
algorithm performs better than it did for class 2 AVO, the errors in
both the NMO ellipse and parameter 7 are substantial (Figure 10). A
more accurate reconstruction of the NMO ellipse using conventional
semblance can be achieved by reducing the maximum offset-to-
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depth ratio to x,,./2<<1.2 (i.e., by truncating the spread before the
polarity reversal). Despite the presence of the polarity reversal, the
error in the NMO ellipse obtained by the AK semblance is almost
negligible for both spreadlengths (Figure 10a and c¢).

As was the case for class 2 AVO (see Figure 8), the AK semblance
operator gives a higher accuracy in 7 for the longer spread (x../h
= 3), especially in the [x,x;]-plane where 7(«) reaches its maxi-
mum (Figure 10b and d). Somewhat suprisingly, the 7 estimate pro-
duced by the conventional semblance deteriorates with increasing
spreadlength. This reduction in accuracy is most likely explained by
the increased distortion caused by the polarity reversal on longer
spreads, as the semblance becomes more influenced by traces at
large (postreversal) offsets x > x,,.

DISCUSSION

Our results demonstrate that a smooth amplitude function based
on Shuey’s equation for the AVO gradient is sufficient for removing
the influence of polarity reversals on semblance analysis. Still, it
should be emphasized that AK semblance should not be regarded as
a substitute for 2D or 3D (azimuthal) AVO analysis. Whereas the
small-offset AVO equation used in our algorithm is sufficient to cor-
rect for the phase change of the wavelet in the presence of polarity re-
versals, it does not properly account for higher-order AVO terms.

Also, the obtained value of K is distorted by propagation phenom-
ena, such as the geometrical spreading and transmission coefficients

NMO ellipse Parameter n

b) 90

a)

180

270 270

Figure 6. Moveout-inversion results for a wide-azimuth, long-offset
P-wave reflection from an orthorhombic/isotropic interface (Table
3). The event has a class 2 AVO response with the polarity reversal at
offset-to-depth ratios close to 0.5 (Figure 5). (a) and (c) are the NMO
ellipses; (b) and (d) are the azimuthally dependent 7 values. The
maximum offset-to-depth ratio is two for the top row (a and b) and
three for the bottom row (¢ and d). The solid lines are the actual
NMO ellipses and 7-curves, the dashed lines are estimated by the
conventional semblance algorithm, and the dotted lines by AK sem-
blance. Since the AK semblance algorithm reconstructs the moveout
parameters with high accuracy, the dotted and solid lines almost co-
incide. The azimuth with respect to the symmetry plane [x;,x3] is

shown on the perimeter.

along the raypath. Therefore, the role of the AK semblance method is
limited to estimating an accurate set of parameters that control the
nonhyperbolic moveout equation. The robust moveout inversion en-
sures the flatness of wide-azimuth, long-spread events prior to stack-
ing and amplitude picking. The moveout parameters also serve as the
input to the anisotropic geometrical-spreading correction (Xu and
Tsvankin, 2006a, 2006b) that should be applied prior to AVO analy-
sis.

Far-offset amplitudes needed in our algorithm often are too low to
make a meaningful contribution to the semblance operator. There-
fore, it may be necessary to gain the whole data set as a prerequisite
to stable AK semblance computation. This preprocessing step can be
accomplished with any empirical gain function. As mentioned
above, a more accurate geometrical-spreading correction can be ap-
plied after the moveout inversion.

In some of our tests for models with large velocity contrasts and
class 1 AVO response, the critical angle was small enough for long-
spread gathers to include postcritical offsets. As discussed by Lan-
drg and Tsvankin (2007), the critical angle for orthorhombic media
varies with azimuth and can be used in anisotropic parameter estima-
tion. According to Sarkar et al. (2002), the phase change with offset
at the critical angle does not lead to significant errors in stacking ve-
locity when the hyperbolic moveout equation is used in the AK sem-
blance computation. However, our numerical tests show that the
wavelet distortions at postcritical angles sharply reduce the accuracy
of 7 estimation. Indeed, the assumption of constant K within the
semblance window implies that the wavelet shape does not change
with offset. Therefore, it is essential to mute out postcritical offsets
in nonhyperbolic AK semblance analysis.

Although the numerical examples here were generated for two-
layer models, the AK semblance algorithm can be applied in the-

Table 4. Orthorhombic/orthorhombic model for which the
P-wave reflection has an azimuthally varying class 2 AVO
response. The two media have the same orientation of the
vertical symmetry planes. Compared to the model from
Table 3, the polarity reversal occurs at larger offsets.

Layer 1 Layer 2

Symmetry type ORTH ORTH
Density (g/cm?) 2.4 2.5

Vo (km/s) 2.35 2.50

Vo (km/s) 1.41 1.83

g 0.20 0.16

) 0.08 0.09

y 0.18 0.05

£@ 0.13 0.09

0@ —0.08 —0.07

y® 0.05 0.03

8¥ —0.08 —0.09

v 2.53 2.72

Ve 2.16 2.32

7" 0.10 0.09

7n? 0.25 0.19

7® 0.07 0.14
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Figure 7. Shot records of a P-wave reflection from Azimuth = 0° Azimuth = 90°
an orthorhombic/orthorhombic interface with a Offset/depth Offset/depth
class 2 AVO response (Table 4). The seismograms 05 1.0 15 20 25 3.0 05 1.0 15 20 25 30
are computed for the symmetry planes [x,x;] ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
(a = 0°) and [x,,x3] (@ = 90°). The offset of the 0 67‘ ‘H ‘ 0.6 H J ‘
polarity reversal for this model varies noticeably ~—_ = |=+iiil] il
with azimuth. L T w T
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Figure 8. Moveout-inversion results for a wide-azimuth, long-offset NMO ellipse Parameter 1
P-wave reflection from an orthorhombic/orthorhombic interface 90

(Table 4). The event has a class 2 AVO response with the polarity re-
versal at offsets between x/h = 0.65 and x/h = 0.85 (Figure 7). The
maximum offset-to-depth ratio is two for the top row, and three for
the bottom row. The solid lines are the actual NMO ellipses and
n-curves, the dashed lines are estimated by the conventional sem-
blance algorithm, and the dotted lines by AK semblance (the dotted
and solid curves on plots [a] and [¢] almost coincide).

Figure 9. Shot records of a P-wave reflection Azimuth = 0° Azimuth = 90°
from an orthorhombic/isotropic interface with a Offset/depth Offset/depth
class 1 AVO response (Table 5). The seismo- 05 10 15 20 25 3.0 05 10 15 20 25 3.0
grams are computed for the symmetry planes 0.5 L 5 L
Dorl(a = 0°)and [, ](@ = 909), I J I
[T, [
© IS © i,
g ' }':‘ E 7l ) S
) it )
> iy >
o i o
- ) - +
1.0+ | 1.0 i
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Table 5. Orthorhombic/isotropic model for which the P-wave
reflection has an azimuthally varying class 1 AVO response.

Layer 1 Layer 2
Symmetry type ORTH I1SO
Density (g/cm?) 24 2.6
Vo (km/s) 3.30 3.84
Vo (km/s) 1.45 2.46
g 0.20 0
oW 0.10 0
y® 0.20 0
£@ 0.13 0
5@ —0.10 0
@ 0.05 0
50 0.02 0
v 3.61 3.84
Ve 2.95 3.84
7 0.08 0
n? 0.29 0
7® 0.07 0

NMO ellipse
a) 90 b)

Parameter 1

270 270

Figure 10. Moveout-inversion results for a wide-azimuth, long-off-
set P-wave reflection from an orthorhombic/isotropic interface (Ta-
ble 5). The event has a class 1 AVO response with the polarity rever-
sal at offsets between x/h = 1 and x/h = 1.5 (Figure 9). The maxi-
mum offset-to-depth ratio is two for the top row, and three for the
bottom row. The solid lines are the actual NMO ellipses and
n-curves, the dashed lines are estimated by the conventional sem-
blance algorithm, and the dotted lines by AK semblance. As in Fig-
ure 8, the dotted and solid curves on plots (a,c) almost coincide.

same way to multilayered VTI and orthorhombic media. In the pres-
ence of vertical heterogeneity, the estimated moveout parameters
represent effective quantities for the medium above the reflector
(Vasconcelos and Tsvankin, 2006). Furthermore, the method can be
used for more complicated, laterally heterogeneous subsurface
models as long as the reflection moveout is adequately described by
the nonhyperbolic moveout equation 7 with fitted coefficients. It
should be mentioned, however, that AK semblance cannot help to re-
solve the trade-offs between the NMO velocities and 7 parameters
discussed in detail by Tsvankin (2005) and Vasconcelos and Ts-
vankin (2006).

CONCLUSIONS

Polarity reversals, which may be quite common for long-offset re-
flection events, can produce significant distortions in velocity esti-
mation using conventional semblance analysis. We have presented
an efficient AVO-sensitive methodology designed to account for the
influence of polarity reversals on moveout inversion for long-offset
2D and 3D (wide-azimuth) P-wave reflection data. The 2D algo-
rithm is based on the Alkhalifah-Tsvankin nonhyperbolic moveout
equation that accurately describes P-wave traveltimes in vertical
symmetry planes of layered anisotropic media. Following the AK
semblance method of Sarkar, Baumel, and Larner, amplitude varia-
tion with offset is approximated by a two-parameter function that re-
duces to Shuey’s AVO equation when the overburden is isotropic
and homogeneous. To minimize the trade-offs between the model
parameters, the ratio of the AVO gradient and intercept (K = B/A) is
kept constant for each reflection event.

Although the amplitude dependence employed in our method
does not include geometrical spreading and higher-order AVO
terms, it proved sufficiently accurate for moveout analysis. Synthet-
ic tests on long-offset P-wave data from VTI media show that con-
ventional semblance breaks down for class 2 AVO responses with
the polarity reversal at relatively small (less than unity) offset-to-
depth ratios. Even when combined with the Alkhalifah-Tsvankin
equation, the conventional semblance operator produces errors in
the NMO velocity and completely distorts the key time-processing
parameter 7. These errors are practically eliminated by the AK sem-
blance operator, which achieves the same high accuracy in the esti-
mates of V,,, and # as that for AVO-free events.

Despite the addition of the amplitude parameters (A, which is de-
fined at each time sample, and K), the 2D AK semblance algorithm is
computationally efficient because the best-fit values of A and K are
obtained analytically by differentiating the semblance function. As a
result, the scanning is carried out over the same two moveout param-
eters (V,mo and 7) as in the conventional method. The only difference
between the AK and conventional algorithms in terms of computa-
tional cost is in the more complicated form of the AVO-sensitive
semblance operator.

For 3D wide-azimuth data, AK semblance needs to account for
the azimuthally dependent offset of the polarity reversal. The ampli-
tude function in our 3D AK semblance operator is based on the azi-
muthal variation of the AVO gradient for orthorhombic media,
which is controlled by the symmetry-plane values of K (K" and
K®). This function was incorporated into a nonhyperbolic moveout
inversion algorithm for wide-azimuth data that operates with a gen-
eralized form of the Alkhalifah-Tsvankin equation. The 3D AK sem-
blance is designed to invert for K and K® along with the moveout
parameters of orthorhombic media, which include the azimuth of



uio Yan and Tsvankin

one of the symmetry planes, two symmetry-plane NMO velocities
(V) "and V2 ), and three 5 coefficients (7-2¥). To start the sem-
blance search with an accurate initial model, the multidimensional
scan on the full 3D gather is preceded by estimation of the NMO el-
lipse and by 2D inversion of long-offset data near the symmetry-
plane directions.

The improvement achieved by the 3D AK semblance is especially
significant for orthorhombic models with class 2 AVO response. Be-
cause the polarity reversal occurs at small offsets, the conventional
method completely breaks down and may even produce 7 values
that have the wrong sign. Despite the approximate nature of its am-
plitude function, the AK semblance algorithm properly accounts for
the azimuthally varying polarity reversal in the estimation of both
the NMO ellipse and the parameters 7'>%. For class 1 AVO, the po-
larity reversal occurs at larger offsets (typically, at offset-to-depth
ratios larger than unity), which makes the conventional method
more accurate. Still, inversion for the 7-parameters requires offsets
reaching at least two reflector depths, so the polarity reversal distorts
the output of the conventional semblance operator. In contrast to AK
semblance, for class 1 AVO the conventional algorithm produces
larger errors in 7">¥ with increasing spreadlength as the influence
of the polarity reversal becomes more substantial.

On the whole, nonhyperbolic moveout inversion for both class 1
and class 2 AVO response should be performed with the AVO-sensi-
tive semblance operator. Although it may be possible to reconstruct
the NMO ellipse by applying conventional semblance to a trun-
cated gather (mostly for class 1 AVO), accurate estimation of the
n-parameters requires application of AK semblance. Note that in
combination with the NMO velocities V{!) and V) | the parameters
723 control time processing and geometrical spreading of P-wave
data in orthorhombic media.
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APPENDIX A

THE 2D AND 3D AK SEMBLANCE OPERATORS
AK semblance in 2D

Conventional semblance operators are based on summation of
trace amplitudes along moveout curves (which usually are hyperbol-
ic) within a certain time window. The idea of amplitude-sensitive
semblance is to replace this summation with data modeling using
a moveout equation in combination with an amplitude function
M(t,,x), where t, is the zero-offset time and x is the source-receiver
offset. The amplitude function for AK semblance is specified as
(Sarkaretal., 2002)

M(t;,x) = A(t))(1 + Ksin’6,), (A-1)

where A(t,) is the AVO intercept, K is the ratio of AVO gradient and
intercept (K is kept constant inside the semblance window), and 6, is
the incidence angle at the reflector, approximately given by

x2

X2+ t%V2

nmo

sin? 6, = ; (A-2)
Vamo 18 the NMO velocity and ¢, is the zero-offset time at the center of
the semblance window.
Following Sarkar et al. (2002), we define the 2D AK semblance
operator as
SS[A()(1 + Ksin?6,) — Dy(t;,x) ]

fx

Sc(ty) =1 —
oo 3D (1),x)

(A-3)

where Dy = Dy (t,,x) is the moveout-corrected data at the zero-off-
set time #,; the summation is carried out over all offsets x and all time
samples within the semblance window centered at f,. The subscript
V denotes the trial NMO velocity V,,,, used by Sarkar et al. (2002) to
perform the conventional hyperbolic moveout correction. In our al-
gorithm, the data are modeled using a nonhyperbolic moveout equa-
tion parameterized by V,,,,, and the anellipticity coefficient 7 (see the
main text).

The value of the AVO intercept that corresponds to the maximum
of the generalized semblance function can be found by setting to
zero the derivative of equation A-3 with respect to A(7,):

S[Dy(1,x)(1 + Ksin?6,)]
A(r) = -

A-4
3(1 + Ksin®6,)? (A-4)
X

Substituting A(z,) from equation A-4 into equation A-3 yields
E[EDV(tl,x)(l + K sin® e,c)]2

fLx

Salto) = (A-5)

S(1 + Ksin?0,)*23Dy(t),x)
X [1 X

Similarly, next we differentiate S (equation A-5) with respect to
K and set the derivative to zero:
uK* — BK + y =0, (A-6)

where

w= > sin®6, >, (E Dy (t,,x) sin’ ﬂx)z
~ S sin?e, > [2 Dy(11.0) S, (Dy () sin’ e»],

ll X X

(A-7)
B = sin?0, >, (E Dv(rl,x))2
NS (E Dy (t,%) sin® 0X)2, (A-8)

o\ x

and
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Y= NE [2 Dv(tl,x)E (Dy(t;,x) sin® 0x):|

tl X X

~ Ssinte, S (2 Dv(tl,x))z. (A-9)

The solution of the quadratic equation A-6 that maximizes the
semblance for both positive and negative values of u is (Sarkaretal.,
2002)

I
B — B> —4uy
2u

K= (A-10)
Substituting K from equation A-10 into equation A-5, we obtain the
2D generalized semblance operator that depends only on the param-
eters of the moveout function.

AK semblance in 3D

Here, the AK semblance operator is extended to long-offset 3D
data collected into CMP gathers with a wide range of source-receiver
azimuths. The 3D AK semblance is computed from equation A-3,
where the summation is performed not only over all offsets x but also
over all azimuths «. Setting the derivative of Ss(7,) with respect to
A(t;) to zero, we obtain the generalized 3D semblance in a form sim-
ilar to equation A-5:

s [EEDV(t],x, a)(1 + K(a)sin’ ex)]z

l| X a

Sc(ty) = - .
G331+ K(@)sin 0,)P SIS D2 (1,x, )

t,xa
(A-11)

The incidence angle 6, is found from equation A-2 with azimuth-
ally varying NMO velocity:

x2

—_—— . A-12
2+ té Vimo(a) ( )

sin? @, =
As discussed in the main text, the function K(«) is based on the azi-
muthal dependence of the AVO gradient in orthorhombic media:

K(a) = KW sin?(a — ¢) + K@ cos’(a — ¢),
(A-13)

where ¢ is the azimuth of the [x,,x;] symmetry plane. Therefore, in
the 3D case, the normalized gradient K is defined by two indepen-
dent parameters (K" and K@), which are difficult to obtain analyti-
cally. Instead, K" and K® are estimated from the semblance scan us-
ing equation A-11. Assuming that the model is orthorhombic, we use
the generalized Alkhalifah-Tsvankin nonhyperbolic moveout equa-
tion parameterized by the azimuth ¢, the symmetry-plane NMO ve-
locities V) and V@ and the anellipticity coefficients 7", 7@,

nmo nmo?

and 7. Therefore, semblance scanning is performed over a total of
eight independent parameters, as discussed in more detail in the
main text.

REFERENCES

Alkhalifah, T., and I. Tsvankin, 1995, Velocity analysis for transversely iso-
tropic media: Geophysics, 60, 1550-1566.

Bakulin, A., V. Grechka, and I. Tsvankin, 2000, Estimation of fracture pa-
rameters from reflection seismic data — Part II: Fractured models with
orthorhombic symmetry: Geophysics, 65, 1803—1817.

Biondi, B. L., and C. Kostov, 1989, High-resolution velocity spectra using
eigenstructure methods: Geophysics, 54, 832-842.

Corcoran, C. T., and A. J. Seriff, 1993, Methods for processing seismic data:
U. S. Patent 5 197 039; European Patent 335-450.

Gajewski, D., and I. PSencik, 1987, Computation of high frequency seismic
wavefields in 3-D laterally inhomogeneous anisotropic media: Geophysi-
cal Journal of the Royal Astronomical Society, 91, 383—412.

Grechka, V., and M. Kachanov, 2006, Seismic characterization of multiple
fracture sets: Does orthotropy suffice?: Geophysics, 71, no. 3, D93-D105.

Key, S. C., and S. B. Smithson, 1990, New approach to seismic-reflection
event detection and velocity determination: Geophysics, 55, 1057-1069.

Kim, K. Y., K. H. Wrolstad, and F. Aminzadeh, 1993, Effects of transverse
isotropy on P-wave AVO for gas sands: Geophysics, 58, 883—888.

Landrg, M., and I. Tsvankin, 2007, Seismic critical-angle reflectometry: A
method to characterize azimuthal anisotropy?: Geophysics, 72, no. 3,
D41-D50.

Pech, A., and I. Tsvankin, 2004, Quartic moveout coefficient for a dipping az-
imuthally anisotropic layer: Geophysics, 69, 699-707.

Press, W.H., S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, 1992, Nu-
merical Recipes in C: The art of scientific computing: Cambridge Univer-
sity Press.

Riiger, A., 2001, Reflection coefficients and azimuthal AVO analysis in an-
isotropic media: SEG.

Rutherford, S., and R. Williams, 1989, Amplitude-versus-offset variations in
gas sands: Geophysics, 54, 680-688.

Sarkar, D., R. T. Baumel, and K. Larner, 2002, Velocity analysis in the pres-
ence of amplitude variation: Geophysics, 67, 1664—-1672.

Sarkar, D., J. P. Castagna, and W. Lamb, 2001, AVO and velocity analysis:
Geophysics, 66, 1284-1293.

Schoenberg, M., and K. Helbig, 1997, Orthorhombic media: Modeling
elastic wave behavior in a vertically fractured earth: Geophysics, 62,
1954-1974.

Shuey, R. T., 1985, A simplification of the Zoeppritz equations: Geophysics,
50,609-614.

Symes, W. W., and M. Kern, 1994, Inversion of reflection seismograms by
the differential semblance analysis: Algorithm structure and synthetic ex-
amples: Geophysical Prospecting, 42, 565-614.

Taner, M. T., and F. Koehler, 1969, Velocity spectra-digital computer deriva-
tion and applications of velocity functions: Geophysics, 34, 859-881.

Thomsen, L., 1986, Weak elastic anisotropy: Geophysics, 51, 1954—1966.

Tsvankin, 1., 1997, Anisotropic parameters and P-wave velocity for ortho-
rhombic media: Geophysics, 62, 1292—1309.

, 2005, Seismic signatures and analysis of reflection data in anisotropic
media: 2nd ed., Elsevier Science.

Tsvankin, 1., and L. Thomsen, 1994, Nonhyperbolic reflection moveout in
anisotropic media: Geophysics, 59, 1290-1304.

Vasconcelos, I., and I. Tsvankin, 2006, Non-hyperbolic moveout inversion of
wide-azimuth P-wave data for orthorhombic media: Geophysical Pros-
pecting, 54, 535-552.

Xu, X., and I. Tsvankin, 2006a, Anisotropic geometrical-spreading correc-
tion for wide-azimuth P-wave reflections: Geophysics, 71, no. 5, D161—
D170.

, 2006b, Azimuthal AVO analysis with anisotropic spreading correc-

tion: A synthetic study: The Leading Edge, 24, 1336—1342.




