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ABSTRACT

Geometrical-spreading correction is an important component of amplitude-
variation-with-offset (AVO) analysis, which provides high-resolution informa-
tion for anisotropic parameter estimation and fracture characterization. Here,
we extend the algorithm of moveout-based anisotropic spreading correction
(MASC) to mode-converted PSV-waves in VTT (transversely isotropic with a
vertical symmetry axis) media and symmetry planes of orthorhombic media.
While the geometrical-spreading equation in terms of reflection traveltime has
the same form for all wave modes in laterally homogeneous media, reflection
moveout of PS-waves is more complicated than that of P-waves (e.g., it can be-
come asymmetric in common-midpoint geometry). Still, for models with a hor-
izontal symmetry plane, long-spread reflection traveltimes of PS-waves can be
well-approximated by the Tsvankin-Thomsen and Alkhalifah-Tsvankin move-
out equations, which are widely used for P-waves. Although the accuracy of
the Alkhalifah-Tsvankin equation is somewhat lower, it includes less moveout
parameters and helps to maintain the uniformity of the MASC algorithm for P-
and PS-waves. The parameters of both moveout equations are obtained by least-
squares traveltime fitting or semblance analysis and are different from those for
P-waves.

Testing on full-wavefield synthetic data generated by the reflectivity method for
layered VTT media confirms that MASC accurately reconstructs the plane-wave
conversion coefficient from conventional-spread PS data. Errors in the estimated
conversion coefficient, which become noticeable at moderate and large offsets,
are mostly caused by offset-dependent transmission loss of PS-waves.
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Introduction

AVO analysis of P-wave data can provide essential infor-
mation for anisotropic parameter estimation and frac-
ture characterization and (e.g., Riiger, 2001; Neves et
al., 2003). However, inversion of the wide-azimuth P-
wave AVO response for the pertinent anisotropy pa-
rameters is generally ambiguous even for the simple HTI
(transversely isotropic with a horizontal symmetry axis)
model formed by a system of vertical, penny-shaped
cracks in isotropic host rock (Riiger and Tsvankin, 1997;
Riiger, 2001). In principle, the nonuniqueness of AVO

analysis can be overcome by combining the P-wave AVO
gradient with the NMO ellipse (Bakulin et al., 2000a.),
but this approach has serious limitations. First, the
NMO ellipse can be reconstructed only for relatively
thick reservoirs; second, the difference in vertical reso-
lution between amplitude and traveltime methods can
lead to distorted estimates for heterogeneous reservoir
formations (Xu and Tsvankin, 2007).

For surveys with multicomponent acquisition, the
AVO response of P-waves can be supplemented with
that of mode-converted PS-waves. The main advantage
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of combining PP and PS amplitude signatures is that
they are determined by rock properties on the same
scale near the top or bottom of the reservoir. Bakulin et
al. (2000a) showed that the azimuthally varying AVO
gradients of PP- and PS-waves reflected from an HTI
medium constrain both the normal and tangential com-
pliances of the fractures. The compliances can then be
related to such physical properties as fracture density
and fluid infill. Although this technique was introduced
for boundaries between isotropic and HTI media, it re-
mains valid for the lower-symmetry orthorhombic model
that describes a vertical fracture system in a V'TI back-
ground matrix (Bakulin et al., 2000b). A more general
methodology for joint inversion of the long-offset, wide-
azimuth AVO responses of PP-waves and split PS-waves
in azimuthally anisotropic media was developed by Jilek
(2002).

Since shear-wave (and, therefore, converted-wave)
amplitudes are highly sensitive to the presence of
anisotropy along the raypath, robust estimation of PS-
wave reflection (conversion) coefficients is impossible
without an accurate geometrical-spreading correction.
As discussed by Tsvankin (1995, 2005) and Xu et al.
(2005), the geometrical spreading of SV-waves in TI
media is controlled primarily by the parameter ¢ =
(VEo/VE,) (€ — 6), which is typically much larger than
the Thomsen parameters € and ¢ responsible for P-wave
amplitudes (Vpo and Vgo are the symmetry-direction P-
and S-wave velocities, respectively).

To correct AVO signatures for amplitude distor-
tions in the overburden, it is convenient to represent
geometrical spreading through reflection traveltimes.
Following paraxial ray theory (Cerveny, 2001), Xu et
al. (2005) obtained geometrical spreading of pure reflec-
tion modes (PP or SS) in layered, arbitrarily anisotropic
media as a function of traveltime derivatives. Although
this equation is strictly valid only for laterally homo-
geneous models, it remains sufficiently accurate in the
presence of moderate dips and mild lateral velocity vari-
ation.

By combining this geometrical-spreading formula-
tion with a 3D extension of the Alkhalifah-Tsvankin
(1995) nonhyperbolic moveout equation, Xu and
Tsvankin (2006a) developed a practical and robust al-
gorithm for moveout-based anisotropic spreading cor-
rection (“MASC”). The accuracy of MASC for wide-
azimuth, long-spread P-wave data from layered or-
thorhombic media was confirmed by dynamic ray trac-
ing and full-wavefield synthetic modeling (Xu and
Tsvankin, 2006b). The synthetic tests also demonstrate
that if the azimuthal variation of geometrical spreading
is not negligible, MASC cannot be replaced by empirical
gain corrections even in qualitative AVO analysis.

Here, the methodology of MASC is extended to PS-
waves converted at the reflector (so-called “C-waves”)
in laterally homogeneous, anisotropic media. First, we
show that despite the asymmetry of the raypath of

mode conversions, their geometrical spreading is ex-
pressed through reflection traveltime in the same way as
that for P-waves. Second, by employing the Tsvankin-
Thomsen (1994) and Alkhalifah-Tsvankin (1995) move-
out equations, the MASC algorithm is adapted for PSV-
waves acquired in vertical symmetry planes of layered
TI and orthorhombic media. Finally, we conduct a full-
wavefield synthetic study to evaluate the accuracy of
MASC in estimating the conversion coefficient and com-
pare its performance with that of empirical gain correc-
tions used in practice.

1 MOVEOUT-BASED
GEOMETRICAL-SPREADING
EQUATION FOR PS-WAVES

One of the most significant differences between P- and
PS-waves is the asymmetry of the raypath and move-
out of mode conversions. If the medium is laterally het-
erogeneous or anisotropic without a horizontal symme-
try plane, the traveltime of PS-waves does not stay the
same when the source and receiver are interchanged
(Thomsen, 1999; Tsvankin and Grechka, 2000; Dewan-
gan, 2004). Because of this moveout asymmetry, PS-
wave reflection traveltime on common-midpoint (CMP)
gathers may not be an even function of offset and can-
not be described by conventional moveout equations for
P-waves. Therefore, the two key components of MASC
(i.e., the geometrical-spreading and moveout equations)
have to be revisited for converted waves.

The general traveltime-based expression for geo-
metrical spreading of pure modes is derived in Ap-
pendix A of Xu et al. (2005). Although the derivation
assumes reflection moveout to be symmetric (i.e., inde-
pendent of the sign of offset), the final result turns out
to be valid for converted waves. The ray-theory repre-
sentation of geometrical spreading at the earth’s surface
(Cerveny, 2001) includes traveltime derivatives with re-
spect to four variables — the horizontal coordinates of
the source and receiver. If the medium is laterally ho-
mogeneous, the number of independent variables can be
reduced to two (offset x and azimuth «), even for arbi-
trary anisotropic symmetries. For pure reflection modes,
the azimuth varies only from 0° to 180° because their
traveltime remains the same when the source and re-
ceiver are interchanged.

The only modification required to account for the
asymmetric moveout of converted waves is extension of
the range of azimuths to 360°. Then the definition of
azimuth (equation A-3 of Xu et al., 2005) takes the form

tan~ [H=2] af—ai >0,
a= (1
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where 1o and 2, are the horizontal source and re-
ceiver coordinates, respectively. Compared to the orig-



inal definition for pure modes, equation 1 contains an
additional constant (7) for 27 — 23 < 0, which does not
change traveltime derivatives.

Hence, the moveout-based geometrical-spreading
equation given by Xu et al. (2005) is entirely valid for
converted waves:

L(z,a) = (cos ¢° cos (;5’")1/2
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where T' is the traveltime, and ¢° and ¢" are the angles
between the ray and the vertical at the source and re-
ceiver locations, respectively. Equation 2 can be used for
any reflected wave (pure or converted) in laterally ho-
mogeneous, arbitrarily anisotropic media. Application
of this equation to events with asymmetric moveout,
however, requires certain care because the traveltime
derivatives are different for “reciprocal” source-receiver
pairs with azimuths o + 7.

Note that the only source of moveout asymmetry
for converted waves in laterally homogeneous media is
the presence of anisotropic layers that do not have a
horizontal symmetry plane. Next, we verify that our for-
malism accurately describes the geometrical spreading
of PS-waves in the simplest model of this type, which
includes a single homogeneous TI layer with a tilted
symmetry axis (TTI; see Figure 1). The TTI parame-
ters used in our test are taken from the physical model
of Dewangan et al. (2006).

Figure 1 shows the traveltime surface of the fast
PS-wave computed by anisotropic ray tracing. In the
symmetry-axis plane (i.e., in the vertical plane that con-
tains the symmetry axis), the fast S-wave represents an
SV mode because it has in-plane polarization. Since the
horizontal plane in this model is not a plane of symme-
try, the traveltime surface in CMP geometry is asym-
metric with respect to the global minimum. Also, the
minimum traveltime is shifted from the common mid-
point to an offset that exceeds 0.5 km.

Since it is difficult to approximate this traveltime
surface with a Taylor series, we employed a cubic-spline
function. Substituting the traveltime derivatives ob-
tained from this spline function into equation 2, we com-
puted the spreading for the PSV-wave in the symmetry-
axis plane. Comparison with dynamic ray tracing in
Figure 2 confirms the accuracy of equation 2 for con-
verted waves with asymmetric moveout. Except for the
dicrepancies at large © — 43 km and zero offset, which
are caused by numerical difficulties in estimating the
second-order time derivatives, the spreading computed
by our method is close to that obtained by ray tracing.

Although this test proves that MASC can handle
arbitary moveout functions, the rest of the paper is fo-
cused on models with a horizontal symmetry plane, in
which PS-wave moveout is symmetric.
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Figure 1. Traveltime surface of the fast PS-wave computed
for a horizontal TTI layer in CMP geometry. The model pa-
rameters are Vpg = 2.6 km/s, Vgo = 1.38 km/s, ¢ = 0.46,
6 = 0.11, and v = 0. The tilt of the symmetry axis from the
vertical is v = 70°, the layer’s thickness is 1 km. Note the
asymmetry of the surface with respect to the global travel-
time minimum, which does not correspond to zero offset.
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Figure 2. Comparison of the geometrical spreading for the
PS-wave computed from equation 2 (dashed line) and ray
tracing (solid) in the symmetry-axis plane of the model in
Figure 1. The “jitters” in the output of MASC correspond
to local errors in approximating the traveltime surface.

2 MASC ALGORITHM FOR PS-WAVES

Outside of the symmetry planes of azimuthally
anisotropic media, a P-wave incident upon a horizon-
tal reflector excites two split PS-waves which have to be
separated using polarization analysis. To avoid this com-
plication and facilitate AVO analysis, we assume that
the acquisition line is confined to a vertical symmetry
plane of the model. Then a P-wave source generates
only a P-to-SV conversion polarized in the incidence
plane. The goal of this section is to extend the MASC
methodology of Xu and Tsvankin (2006a) to PSV-waves
recorded in vertical symmetry planes of horizontally lay-
ered VTI, HTI, and orthorhombic media.

As is the case for P-waves, the key issue in im-
plementing equation 2 for mode conversions is to find a
smooth, relatively simple traveltime approximation that
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can be used for a wide range of offsets and azimuths.
Long-spread reflection moveout of P-waves in layered
VTI media is well-described by the Tsvankin-Thomsen
(1994) nonhyperbolic equation:

T?(z)=T; + A :c2+A47x4 (3)
0 ? 1+ Ax2’
where Tp is the zero-offset time, A = V.2 controls

hyperbolic moveout (Vamo is the normal-moveout ve-
locity), and A4 is the quartic coefficient responsible for
nonhyperbolic moveout at large offsets. The parameter
A depends on the horizontal velocity and is introduced
to make 7T'(x) convergent at * — oo. With an appro-
priate substitution of the moveout parameters, equa-
tion 3 gives sufficient accuracy for PS-wave traveltimes
in horizontally-layered VTI media (Tsvankin, 2005).

By taking into account the azimuthal variation of
the moveout parameters Az, A4, and A, Al-Dajani et al.
(1998) extended equation 3 to P-waves in orthorhombic
media:

Ag(a) zt
T° =T34+ A RN S L 4
(‘T7a) o+ Q(Q)ZE +1+A(O[).T27 ( )
As(q) = AP sin?a + AP cos®a, (5)
As(a) = Ail) sin a + Aff) cos’ a

+ Aff) sin® a cos® . (6)

The dependence of Ay on the azimuth « is described
by the NMO ellipse (Grechka and Tsvankin, 1998), and
equation 6 for Ay is derived by Al-Dajani et al. (1998)
for a horizontal orthorhombic layer. Note that HTT can
be treated as a special case of the more general or-
thorhombic model. It is assumed in equations 4-6 that
a = 0 corresponds to the symmetry plane [z1,x3], so
Aél’z) and Ail’z) are the symmetry-plane moveout coef-
ficients, while Aff) contributes to nonhyperbolic move-
out in off-symmetry directions. Because of the difficul-
ties in treating split PS-waves outside of the symmetry
planes, equation 4 has not been applied to mode con-
versions.

Alkhalifah and Tsvankin (1995) proposed a sim-
pler nonhyperbolic moveout equation for P-waves in
VTI media that depends on only two parameters, the
NMO velocity Vimo and anellipticity coefficient n =
(e —9)/(1+26):

z? _ oz
Vitno  Viino [16 Vitmo + (1 4 21) 2]

T (z) = Tg + (7)
Equation 7 is widely used in seismic processing to
correct long-spread data for nonhyperbolic moveout
and estimate the key anisotropy parameter n. The 3D
version of the Alkhalifah-Tsvankin equation provides
a close approximation to wide-azimuth P-wave travel-
times in orthorhombic or HTT media (Vasconcelos and
Tsvankin, 2006):
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Figure 3. Geometrical spreading of PSV-waves reflected
from the bottom of the VTI layer in model 1 (Table 1).
Our method was applied with the Tsvankin-Thomsen equa-
tion 3 (diamonds) and with the Alkhalifah-Tsvankin equa-
tion 7 (dashed line); the solid line is computed by dynamic
ray-tracing code ANRAY (Gajewski and Psencik, 1987).
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Equation 9, which is equivalent to equation 5 discussed
above, describes the NMO ellipse with the semi-axes
Vn(,rln)O and Vn(,zn)o; n(1'2’3) are the anellipticity parameters
in the three mutually orthogonal symmetry planes of
the model. Xu and Tsvankin (2006a, 2006b) used equa-
tions 810 to compute the geometrical spreading of P-
waves in horizontally layered, azimuthally anisotropic
media.

Although equations 7 and 8 were originally de-
signed for P-waves, it is worthwhile to test them for
PS-waves. While we cannot expect the analytic form
of the parameters Vimo and n to be the same for P-
and PS-waves, the geometrical-spreading correction op-
erates with the best-fit moveout parameters obtained
from semblance analysis. Therefore, we need to verify if
the fit provided by equations 7 and 8 to converted-wave
moveout is sufficient for accurate geometrical-spreading
computation using MASC (equation 2).

First, we apply equations 3 and 7 to approximate
the moveout of a PSV reflection from the bottom of a
VTT layer sandwiched between two isotropic halfspaces
(Figure 3 and Table 1). The best-fit moveout parame-



Layer 1  Layer 2  Layer 3
Symmetry type ISO VTI ISO
Thickness (km) 0.5 1.0 (3]
Density (g/cm?) 2.0 2.1 2.2
Vpo (km/s) 1.7 2.2 2.2
Vso (km/s) 0.8 1.1 1.0
€ 0 0.23 0
6 0 0.10 0
vy 0 0.10 0
n 0 0.10 0
o 0 0.64 0

Table 1. Parameters of a medium that inlcudes a VTT layer
sandwiched between two isotropic layers (model 1). The ve-
locities and anisotropy parameters of the VTT layer are taken
from the measurements for Dog Creek shale listed in Thom-
sen (1986).

Layer 1  Layer 2  Layer 3
Symmetry type VTI ORTH ISO
Thickness (km) 0.5 1.0 oo
Density (g/cm?) 2.1 2.1 2.2
Vpo (km/s) 2.2 2.2 2.2
Vso (km/s) 1.1 1.1 1.0
e 0.23 0.317 0
s 0.10 -0.054 0
~M) 0.10 0.513 0
e 0.23 0.121 0
52 0.10 0.046 0
~3 0.10 0.138 0
5®3) 0 0.1 0
n) 0.1 0.42 0
n(2 0.1 0.07 0
n3 0 0.05 0
o 0.64 1.48 0
o 0.64 0.31 0

Table 2. Parameters of a medium composed of VTI, or-
thorhombic, and isotropic layers (model 2). Orthorhombic
symmetry can be described by the two vertical velocities
(Vpo for P-waves and Vgg for one of the split S-waves) and
seven anisotropy parameters (e(l), €@ 6 52 §B) 1)
and 7(2)); the parameter values are based on the measure-
ments of Wang (2002). The anellipticity parameters n(1),
7](2), 7](2) control P-wave nonhyperbolic moveout, while (1)
and o(2) are largely responsible for the moveout of SV-waves
in the vertical symmetry planes. For a detailed explanation
of the notation, see Tsvankin (2005).

ters are then substituted into the geometrical-spreading
equation 2. In agreement with the results of Tsvankin
(2005), equation 3 provides an excellent approxima-
tion for PSV-wave moveout and yields a geometrical-
spreading factor that is almost identical to that com-
puted by dynamic ray tracing (Figure 3). Although the
performance of the Alkhalifah-Tsvankin equation 7 is
somewhat inferior, it has the advantage of being con-

Spreading correction for PS-waves 121

6 x o H H **
==azimuth 0 : : /

o
4]

Ul

A
4]

I

3..”

w
4|

Geometrical spreading (km)

0 0.5 15 2

1
Offset/Depth

Figure 4. Geometrical spreading of PSV-waves reflected
from the bottom of the orthorhombic layer in model 2 (Ta-
ble 2). The azimuths a = 0° and o = 90° correspond to
the symmetry planes [z1,z3] and [z2, 3], respectively. Our
method was applied with the 3D Tsvankin-Thomsen equa-
tion 4 (stars) and with the 3D Alkhalifah-Tsvankin equa-
tion 8 (dashed lines); the solid lines are computed by dynamic
ray tracing.

sistent with the P-wave formalism while still provid-
ing adequate accuracy. It should be mentioned that the
best-fit parameter n for PSV-waves is different from its
analytic definition [ = (e — §)/(1 + 26) in a single VTI
layer] for P-waves.

Next, the moveout approximations and the
methodology of MASC are tested for the two vertical
symmetry planes of orthorhombic media (Figure 4 and
Table 2). Note that P-waves are coupled to two differ-
ent split S-waves in the symmetry planes [z1,z3] and
[x2, 3] (Tsvankin, 2005). Indeed, if the fast shear wave
S is polarized in the xi-direction at vertical incidence,
it represents the SV mode that will produce P-to-SV
conversion in the [mh:cs]-plane. Then the slow shear
wave Sa will be responsible for the converted PSV-wave
in the [z2, z3]-plane.

Since the symmetry planes of orthorhombic models
are kinematically equivalent to VTI media, the travel-
time fit provided by the moveout approximations in the
incidence plane is the same as in VTT media. Geomet-
rical spreading in azimuthally anisotropic media (equa-
tion 2), however, also depends on azimuthal traveltime
variations away from the incidence plane (Tsvankin,
2005; Xu et al., 2005). Therefore, the accuracy of our
method depends on the performance of the 3D versions
of the moveout equations in the vicinity of the symme-
try planes. As was the case for VTI media, the error
of our method with the 3D Tsvankin-Thomsen equa-
tion 4 is almost negligible, while the 3D Alkhalifah-
Tsvankin equation 8 produces some deviations from the
ray-tracing result, especially at far offsets (Figure 4).
Still, given relatively a large uncertainty in amplitude
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measurements, the accuracy of equation 8 should be ac-
ceptable for purposes of AVO analysis.

3 APPLICATION TO AVO ANALYSIS OF
SYNTHETIC DATA

In addition to potential problems with moveout approxi-
mations, the accuracy of amplitude corrections for mode
conversions may be influenced by several other factors.
Here, we do not consider PS-wave amplitudes in the
anomalous areas near shear-wave cusps (triplications)
and singularities, where AVO analysis is not practical.
Still, the high sensitivity of S-waves to the presence of
anisotropy may lead to rapid amplitude variations along
PS wavefronts that are not adequately described by ray
theory and, therefore, by MASC (Tsvankin, 2005). Also,
even for models with a horizontal symmetry plane, the
asymmetry of the PS raypath (i.e., the difference be-
tween the P- and S-legs) can result in a significant an-
gular variation of transmission loss and related errors in
AVO analysis. Hence, it is essential to test the perfor-
mance of MASC for PS-waves on 3D full-wavefield syn-
thetic data, as was done by Xu and Tsvankin (2006b)
for P-waves.

The main question to be answered in this section
is how accurately MASC can reconstruct plane-wave
conversion coefficients in layered anisotropic media. An
important practical issue is whether or not MASC can
be replaced by empirical gain corrections in qualitative
AVO analysis. Finally, we evaluate the magnitude of
transmission loss (which is not included in MASC) and
the related distortions of the PS-wave AVO response.

Due to the difficulties in modeling exact PS-wave
amplitudes for layered orthorhombic media, we carried
out amplitude processing only for the VTI medium from
Table 1 (model 1). Synthetic seismograms were com-
puted with the reflectivity code (ANISYNPA), which
generates exact 3D wavefields for horizontally layered
anisotropic media (e.g., Fryer and Frazer, 1984). A shot
gather of the vertical displacement from a vertical force
for model 1 is shown in Figure 5. The processing se-
quence is similar to that for P-waves described by Xu
and Tsvankin (2006b). First, we apply the nonhyper-
bolic moveout equation 3 to the PS reflection from
the bottom of the VTI layer to estimate the parame-
ters Az, A4, and A, which serve as the input to the
geometrical-spreading correction. Second, the raw am-
plitudes are picked along the traveltime curve defined by
equation 3 with the best-fit parameters. Third, MASC
(equation 2) is applied to correct the picked ampli-
tudes for anisotropic geometrical spreading. Fourth, the
source and receiver directivity factors are removed using
the local horizontal slowness.

To calibrate the P-wave AVO response, we matched
the corrected amplitude at normal incidence with the
exact reflection coefficient (Xu and Tsvankin, 2006b).
This approach is not suitable for PS-waves because the

Offset (km)
0 1 2

Figure 5. Synthetic shot gather for model 1 (Table 1) com-
puted by the anisotropic reflectivity method. The top layer is
specified as a halfspace to eliminate the influence of the free
surface. The arrow marks the target PS-wave converted at
the bottom of the VTI layer. The ellipse highlights the area
of interference between the target event and the SS reflection
from the top of the VTI layer.
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Figure 6. Conversion coefficient at the bottom of the VTI
layer in model 1. The estimates obtained with MASC (dashed
line) and the ¢-gain correction (dotted) are compared with
the exact conversion coefficient (solid). The incidence angle of
the downgoing P-wave corresponding to the maximum hori-
zontal slowness (0.3 s/km) is 30°; for the upgoing SV-wave,
the corresponding angle is 15°.

conversion coefficient at normal incidence goes to zero.
Since the source factor should be the same for both P-
and PS-waves, we normalized the PS conversion coef-
ficient using the scaling factor estimated for the corre-
sponding P-wave reflection.

The high accuracy of MASC with the Tsvankin-
Thomsen moveout equation for the model in Figure 5
was confirmed by the test in the previous section (see
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Figure 7. Transmission loss for the target PS-wave from
Figure 5. The loss is computed by subtracting from unity the
product of the plane-wave transmission coefficients along the
raypath.

Figure 3). Still, the VTI layer has a significant value
of the parameter o, which is primarily responsible for
SV-wave velocity anisotropy and angle-dependent geo-
metrical spreading. Strong amplitude variations along
the wavefront of the PS-wave may cause errors in the
ray-theory equations employed in our method. Never-
theless, the conversion coefficient estimated by MASC
is close to the exact values for a relatively wide range of
horizontal slownesses (Figure 6).

In contrast, application of the conventional t-
gain correction results in unacceptable errors even for
small offsets. (The accuracy of the t*-gain correction,
not shown here, is lower.) Clearly, the influence of
anisotropy significantly distorts geometrical spreading
of PS-waves in typical TI models. Hence, AVO analysis
for converted waves cannot be implemented without a
robust anisotropic spreading correction.

The conversion coefficient reconstructed by MASC
deviates from the exact values with increasing offset.
This deviation is caused by the combined influence of
the transmission loss and interference of the target PS
event with the SS reflection from the top of the VTI
layer (see the ellipse in Figure 5). Amplitude distor-
tions caused by the interference with the SS-wave be-
come especially severe for horizontal slownesses exceed-
ing 0.3 s/km, which forced us to restrict the slowness
range used in Figure 6.

The transmission coefficients for the upgoing and
downgoing segments of reflected PP rays compensate
for each other in such a way that their product (which
determines transmission loss) is almost invariant with
offset. For mode conversions, however, the upgoing and
downgoing ray segments correspond to different modes,
and this raypath asymmetry leads to an increase of the
transmission loss for our model with offset (Figure 7).
Since the geometrical-spreading correction does not ac-
count for transmission coefficients, this offset-dependent
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transmission loss distorts the reconstructed conversion
coefficient in Figure 6.

4 DISCUSSION AND CONCLUSIONS

Geometrical spreading of shear and mode-converted
waves typically is more strongly distorted by anisotropy
than that of P-waves. Here, we showed that
the moveout-based anisotropic spreading correction
(MASC), previously developed for P-wave data, can be
applied to PS-waves as well. For horizontally layered
models, the geometrical-spreading factor of P- and PS-
waves can be obtained from the same equation that in-
volves traveltime derivatives with respect to offset and
azimuth. This equation remains valid even for models
without a horizontal symmetry plane, such as tilted
transverse isotropy, in which reflection moveout of PS-
waves becomes asymmetric (i.e., traveltime does not
stay the same when the source and receiver are inter-
changed).

Because of the difficulty in dealing with split PS-
waves in azimuthally anisotropic media, our implemen-
tation of MASC for mode conversions is restricted to
VTI media and symmetry planes of orthorhombic and
HTI media. To compute the traveltime derivatives re-
quired by MASC, we employed the Tsvankin-Thomsen
nonhyperbolic moveout equation, which is used almost
exclusively for P-waves. Still, numerical testing proves
that this equation gives a close approximation for PSV-
wave moveout both in layered VTI media and in the
vicinity of the vertical symmetry planes of orthorhombic
media. The three best-fit parameters of the Tsvankin-
Thomsen equation serve as the input to the geometrical-
spreading computation. Comparison with dynamic ray
tracing shows that the accuracy of MASC for PS-waves
is almost as high as for P-waves.

Furthermore, for purposes of geometrical-spreading
correction PS-wave traveltimes can be adequately de-
scribed by the simpler Alkhalifah-Tsvankin moveout
equation. Whereas the analytic form of this equation
is valid only for P-waves, it can be applied to mode
conversions with fitted parameters Vimo and n. The
Alkhalifah-Tsvankin equation has the important advan-
tage of making the MASC algorithm for PS-waves fully
consistent with that for P-waves at the expense of some-
what lower quality of the traveltime fit.

Application of MASC to full-wavefield synthetic
data from layered VTI media yields accurate estimates
of the conversion coefficients for conventional-length
spreads. The main complication in the reconstruction
of conversion coefficients from surface data is related
to offset-dependent transmission loss of PS-waves. The
product of the transmission coefficients along the asym-
metric raypath of mode conversions varies with inci-
dence angle and, therefore, with offset. This variation,
which is almost negligible for P-waves, is not accounted
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for in the geometrical-spreading correction and can pro-
duce significant distortions of the AVO response at mod-
erate and large offsets.

Our results demonstrate that even qualitative AVO
analysis of PS-waves in the presence of anisotropy in
the overburden requires application of the moveout-
based anisotropic spreading correction. A promising di-
rection for future studies is to extend MASC to split
PS-waves outside of the symmetry planes of azimuthally
anisotropic media. Such an extension is essential for de-
veloping robust azimuthal AVO algorithms operating
with wide-azimuth mode-converted data.
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