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Summary

Accurate estimation of the velocity field is the most
difficult step in imaging of seismic data from anisotropic
media. Here, the velocity-analysis problem is examined
for the most common anisotropic model of sedimentary
formations — transverse isotropy (TI) with arbitrary ori-
entation of the symmetry axis. We show that supple-
menting wide-azimuth reflected PP data with mode-
converted (PS) waves yields more stable estimates of
the anisotropic coefficients and, in many cases, helps to
constrain the depth scale of the model.

An important processing step preceding the inver-
sion is reconstruction of the traveltimes of the pure SS-
waves from those of the PP- and PS-waves based on the
technique recently developed by Grechka and Tsvankin.
This procedure allows us to replace PS-wave moveout,
which is generally asymmetric with respect to zero off-
set, with the symmetric (hyperbolic on short spreads)
moveout of the pure SS reflection. Then, generalizing
the algorithm previously suggested for PP data, we de-
velop a joint tomographic inversion of the NMO ellipses
and zero-offset traveltimes of the PP- and SS-waves.
Application of the method to wide-azimuth PP and PS
reflections from a dipping interface beneath a homoge-
neous TI layer shows that for a range of reflector dips
and tilt angles of the symmetry axis it is possible to
build the anisotropic velocity field in the depth domain.
We also extend the tomographic procedure to layered
TT media with curved interfaces and study its stability
in the presence of noise.

Introduction

Acquisition and processing of multicomponent seis-
mic data demonstrated that seismic anisotropy has a
first-order influence on the signatures of mode-converted
PS reflections. For example, the velocity anisotropy
of SV- and PSV-waves in TI media is mostly con-
trolled by the coefficient o = (Vpo/Vso)?(e — §), which
is typically much larger that the Thomsen parameters
€ and § governing P-wave data (Vpo and Vso are the
symmetry-direction P- and S-wave velocities, respec-
tively). Mis-ties between PP and PS sections routinely
produced by conventional isotropic imaging methods in-
dicate the need for joint anisotropic velocity analysis of
PP and PS reflection events. As shown by Tsvankin
and Grechka (2000, 2001), wide-azimuth reflection trav-
eltimes of PP- and PSV-waves from a single mildly
dipping reflector are sufficient for estimating all rele-

vant parameters (Vpo, Vso, € and §) of VTI media. It
should be emphasized that the vertical velocity and re-
flector depth are difficult to constrain using PP-wave
moveout alone (Grechka et al., 2000).

Here we extend our previous results on the inver-
sion of PP and PS data by introducing the method-
ology of anisotropic multicomponent stacking-velocity
tomography and applying it to TI media with an ar-
bitrary tilt of the symmetry axis. Rather than working
with PS data directly, we combine them with PP data
to compute the traveltimes of the pure SS (SV or SH
for TI media) reflections from the same interface using
the algorithm of Grechka and Tsvankin (2001). The re-
construction of SS traveltimes is entirely data-driven
and does not require knowledge of the velocity model.
In contrast to the more complicated moveout of mode
conversions, reflection traveltimes of pure SS-waves are
symmetric with respect to zero offset and, for moderate
offset-to-depth ratios, can be described by the NMO el-
lipse (Grechka and Tsvankin, 1998). The tomographic
inversion procedure operates with the NMO ellipses, the
zero-offset traveltimes, and the reflection slopes (mea-
sured on zero-offset time sections) of PP-waves and the
reconstructed SS-waves. We examine a wide range of
TI models with a tilted symmetry axis (including hori-
zontal transverse isotropy) and establish the conditions
needed for stable parameter estimation.

Methodology of stacking-velocity
tomography

The goal of the tomographic algorithm introduced
here is to estimate the anisotropic subsurface model
using wide-azimuth measurements of stacking (move-
out) velocities of PP- and SS-waves on moderate-length
CMP spreads (i.e., spreads close to the reflector depth).
Therefore, this approach can be classified as anisotropic
multicomponent stacking-velocity tomography. Although
limiting the input data to stacking velocities excludes
the far-offset information from analysis, it has impor-
tant advantages over conventional tomography. First,
azimuthally-varying moveout velocity, described by the
NMO ellipse, can be computed by tracing only one zero-
offset ray per common midpoint and per reflector, which
makes anisotropic tomography computationally feasible
(Grechka et al., 2000). Second, even for lower-symmetry
systems NMO ellipses can be described by semi-analytic
expressions providing valuable insight into the parame-
ter combinations constrained by a certain set of input
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data. Third, stacking-velocity tomography can be per-
formed locally on the horizontal scale of a single CMP
gather, and the velocity field can be estimated sepa-
rately for relatively small blocks containing several ad-
jacent common midpoints. Then global smoothing can
be applied to build the laterally varying anisotropic ve-
locity field and reflecting interfaces.

‘We implemented the multicomponent tomographic
procedure for TI media composed of homogeneous lay-
ers separated by plane or smooth curved interfaces. The
algorithm includes the following main steps:

e Picking PP and PS traveltimes from pre-stack 3-D
data volumes and identifying the events reflected from
the same interface.

e Computation of the traveltimes of the pure SS re-
flections from PP and PS data using the method of
Grechka and Tsvankin (2001).

e Azimuthal velocity analysis to reconstruct the NMO
ellipses of the PP- and SS-waves.

e Inversion of the NMO ellipses, zero-offset traveltimes,
and reflection slopes for the interval anisotropic parame-
ters by extending to multicomponent data the approach
of Grechka et al. (2000).

Joint inversion of P- and S-wave traveltime
data in a single TI layer

Consider the model of a single homogeneous TI
layer with a plane lower boundary (horizontal or dip-
ping) and arbitrary orientation of the symmetry axis.
The problem addressed here is whether or not wide-
azimuth reflection traveltimes of PP- and SS-waves
(i.e., SV reflections reconstructed from PP and PSV
data) can be inverted for the symmetry-direction veloc-
ities Vpo and Vso and the parameters € and 4. It is con-
venient to study the feasibility of parameter estimation
by applying the weak-anisotropy approximation to the
NMO ellipses and zero-offset traveltimes. The deriva-
tion has to be performed for P-waves only, because any
kinematic signature of SV-waves for weak transverse
isotropy can be obtained from the corresponding P-
wave signature by making the following substitutions:
Vro — Vso, & = o and € — 0 (Tsvankin, 2001). The
inversion for a VTI layer is discussed in Tsvankin and
Grechka (2001) who show that the parameter estimation
becomes sufficiently stable if the dip exceeds 15°. Be-
low, we discuss the inversion results for TI models with
a horizontal (HTI) and tilted (TTI) symmetry axis.

HTI layer

Contreras et al. (1999) studied the inversion of
wide-azimuth P-wave data for HTI media and showed
that the symmetry-direction velocity Vpo, the coeffi-
cients € and 0, and the azimuth $ of the (horizontal)
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Figure 1. Results of the inversion (dots) of PP and SS trav-
eltime data for parameters of HTI layer above the interface
with dip ¢ = 25° using the exact equations for the NMO el-
lipses. The data were contaminated by Gaussian noise with
the standard deviation equal to 2% for the NMO velocities
and 1% for the zero-offset traveltimes and reflection slopes.
Each dot corresponds to the inverted parameters for a cer-
tain realization of the noise. The correct layer parameters are
marked by the crosses. Vpg and Vgg are the velocities in the
symmetry-axis direction in km/s; the azimuth of the symme-
try axis with respect to the reflector dip plane is g = 40°.

symmetry axis can be found using the P-wave NMO
ellipses from a horizontal and a dipping reflector. How-
ever, the need to use two dips for each depth interval
makes this algorithm difficult to implement in practice.
Our approach is designed to estimate the HTI param-
eters using the NMO ellipses of PP- and SS(SV SV)-
waves from a single reflector that can be either hori-
zontal or dipping. (Note that by the “SV-wave” in HTI
and TTI media we mean the mode polarized in the plane
formed by the slowness vector and the symmetry axis.)

The inversion for a horizontal HTI layer confirms
the results of Tsvankin (1997) who pointed out that
the combination of wide-azimuth PP- and SS-wave
moveout data in should be sufficient for estimating the
symmetry-direction velocities Vpo and Vso and the pa-
rameters € and §. To examine the inversion for dipping
interfaces, we adapted for SS-waves (see the substitu-
tion rule above) the weak-anisotropy approximations for
PP-wave NMO ellipses given by Contreras et al. (1999).
Both the analytic results and the inversion based on the
exact equations prove that the parameter estimation re-
mains stable for the whole range of dips from 0° to 90°.
Numerical inversion of noise-contaminated data in Fig-
ure 1 yields small standard deviations in all parameters,
including the azimuth 3 of the symmetry axis not shown
on the plot (the standard deviation in g is 0.8°).

TTI layer

The parameter-estimation problem for TTI media
includes only one additional unknown compared to the
HTT case — the tilt v. This, however, makes the inversion
substantially more ill-posed than that for HTI media
because the NMO ellipses are nonlinear functions of v,
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Figure 2. Stability of depth-domain parameter estimation
in TI media for the full range of reflector dips and tilt angles
of the symmetry axis.

even for weak anisotropy. Grechka and Tsvankin (2000)
found a nonlinear dependence on the tilt in the weak-
anisotropy approximations for the PP-wave NMO el-
lipse in HTT media, and adaptation of their equations for
shear modes leads to the same result for both SV- and
S H-waves. Therefore, the misfit function for the NMO
ellipses may have local minima. The multimodal nature
of the misfit (objective) function usually requires per-
forming several inversions starting from different points
in the model space.

The schematic summary of our numerical results is
given in Figure 2. When the tilt is small, the properties
of TTI media are similar to those for vertical trans-
verse isotropy, and the inversion cannot be carried out
for small reflector dips. With increasing tilt, the TTI
model approaches HTI, and the parameter estimation
generally becomes more stable. However, to achieve the
stability comparable to that for HTI media, it is neces-
sary to fix the tilt of the symmetry axis at the correct
value (in HTI media, the tilt is known to be equal to
90°).

As expected, there is a relatively broad intermedi-
ate range of tilts and dips where the parameter estima-
tion is theoretically possible but relatively unstable. The
stability of the inversion in this area may be substan-
tially increased by adding SH-wave NMO ellipses and
zero-offset traveltimes to the input data. The SH trav-
eltimes can be obtained using PSH conversions gener-
ated for source-receiver azimuths outside of the vertical
symmetry plane(s) of the model.

Parameter estimation for layered TI media
The multicomponent tomographic procedure was
implemented for homogeneous TI layers with arbitrary
orientation of the symmetry axis separated by smooth
curved interfaces. Suppose the input data include the

wide-azimuth traveltimes of PP- and PSV-waves re-
flected from all three interfaces of the model in Figure 3.
After reconstructing the traveltimes of the pure SS re-
flections using the method of Grechka and Tsvankin
(2001), we collect the PP and SS data into CMP gath-
ers for azimuthal velocity analysis. Estimating the PP-
and SS-wave NMO ellipses and reflection slopes at four
CMP locations (Figure 3), we obtain the data vector

d(Qa Y, n) = {TQ(Y) n): pQ(Ya n): WQ(Ya n)}’ (1)

where @ = PP or SS is the mode type, Y = [¥1,Y?]
is the CMP coordinate, n = 1,2, 3 is the reflector num-
ber, 7q is the zero-offset traveltime, p, is the reflection
slope on zero-offset time sections, and W are the 2x2
matrices (Grechka and Tsvankin, 1998) describing the
NMO ellipses. Our goal is to find the model vector m
which contains the interval anisotropic parameters and
the coefficients of the polynomials used to approximate
the model interfaces.

In general, the parameter-estimation algorithm is
organized in the same way as that introduced for PP-
waves by Grechka et al. (2000). For a given set of trial
interval anisotropic parameters, the zero-offset travel-
times 7 and the reflection slopes pg are used to com-
pute the one-way zero-offset rays for all reflection events.
Then the interfaces for the trial model are reconstructed
by fitting 2-D polynomials to the termination points of
the zero-offset rays. Finally, the interval parameters are
obtained by minimizing the following objective function:

Fm)= Y WG (Y,n,m) - W5(Y,n)||. (2)

Q.Y ,n

The norms in the function (2) contain the differences
between the computed and measured NMO ellipses W
for all modes and all reflectors at each CMP location.

To examine the sensitivity of the estimated inter-
val parameters to random errors, we contaminated the
data vector (1) for four CMP locations in Figure 3 with
Gaussian noise (the standard deviations were 2% for the
NMO velocities and 1% for the zero-offset traveltimes
and reflection slopes). Repeating the inversion 100 times
for different realizations of the noise produced the stan-
dard deviations in the interval parameters shown in Fig-
ure 4. Although the error bars become larger for deeper
horizons, the overall stability of the algorithm is satis-
factory. A general increase in errors with depth, caused
by the relatively small contribution of the deeper layers
to the reflection traveltimes from their lower boundaries,
is typical for all Dix-type algorithms.

Conclusions
We introduced a tomographic algorithm designed
to invert reflection traveltimes acquired in wide-azimuth
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Figure 3. Zero-offset rays of PP- and SS(SV SV )-waves in
a model composed of TTI, VTT and HTT layers.
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Figure 4. Results of stacking-velocity tomography for the
model in Figure 3. The dots mark the exact parameter val-
ues, the bars correspond to the + standard deviation in each
parameter.

multicomponent surveys for the interval parameters
of transversely isotropic media. The method oper-
ates with reflection moveout of PP-waves and con-
verted PS-waves, so it can be applied in ocean-bottom
surveys. The traveltimes of pure SS-wave reflections
are reconstructed from PP and PS data using the
model-independent kinematic algorithm of Grechka and
Tsvankin (2001). Azimuthal semblance analysis of PP
and SS traveltimes on CMP gathers produces the NMO
ellipses (i.e., azimuthally varying stacking velocities)

and zero-offset traveltimes which serve as the input
to the tomographic inversion. This “stacking-velocity
tomography” makes anisotropic parameter estimation
computationally feasible because it eliminates the need
for multioffset and multiazimuth ray tracing.

Here, the multicomponent tomography was imple-
mented for a stack of homogeneous TI layers separated
by smooth interfaces. Our results show that for a range
of reflector dips and tilt angles of the symmetry axis the
combination of PP and SS (SVSV) data can be used
to build anisotropic models for depth processing. The
most notable exception is horizontally layered VTI me-
dia, where even long-spread (nonhyperbolic) moveout
of PP- and PSV-waves does not constrain the vertical
velocities. It should be emphasized that the parameter-
estimation results can be compromised by assuming the
wrong anisotropic symmetry (e.g., HTT instead of TTI).
In principle, such errors can be avoided by using the
most general TTI model in the inversion, but the need
to estimate the tilt reduces the stability of the algo-
rithm.

References

Contreras, P., Grechka, V., and Tsvankin, I., 1999,
Moveout inversion of P-wave data for horizontal
transverse isotropy: Geophysics, 64, 1219-1229.

Grechka, V., Pech, A., Tsvankin, I., 2000, Inversion of
P-wave data in laterally heterogeneous VTI media.
Parts I and II: 70th Ann. Internat. Mtg., Soc. Expl.
Geophys., Expanded Abstracts, 2225-2232.

Grechka, V., and Tsvankin, I., 1998, 3-D description of
normal moveout in anisotropic inhomogeneous media:
Geophysics, 63, 1079-1092.

Grechka, V., and Tsvankin, I., 2000, Inversion of az-
imuthally dependent NMO velocity in transversely
isotropic media with a tilted axis of symmetry: Geo-
physics, 65, 232-246.

Grechka, V., and Tsvankin, I., 2001, PP + PS = SS:
71st Ann. Internat. Mtg., Soc. Expl. Geophys., Ex-
panded Abstracts (this volume).

Tsvankin, I., 1997, Reflection moveout and parameter
estimation for horizontal transverse isotropy: Geo-
physics, 62, 614-629.

Tsvankin, 1., 2001, Seismic signatures and analysis of
reflection data in anisotropic media: Elsevier.

Tsvankin, I., and Grechka, V., 2000, Dip moveout of
converted waves and parameter estimation in trans-
versely isotropic media: Geophys. Prosp., 48, 257—
292.

Tsvankin, I., and Grechka, V., 2001, Parameter estima-
tion for VTI media using PP and PS reflection data:
71st Ann. Internat. Mtg., Soc. Expl. Geophys., Ex-
panded Abstracts (this volume).



