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ABSTRACT

Tilted transversely isotropic formations cause serious imaging distortions in active
tectonic areas (e.g., fold-and-thrust belts) and in subsalt exploration. Here, we intro-
duce a methodology for P-wave prestack depth imaging in tilted transversely isotropic
media that properly accounts for the tilt of the symmetry axis as well as for spatial
velocity variations.

For purposes of migration velocity analysis, the model is divided into blocks with
constant values of the anisotropy parameters € and § and linearly varying symmetry-
direction velocity Vpy controlled by the vertical (k,) and lateral (k,) gradients. Since
determination of tilt from P-wave data is generally unstable, the symmetry axis is
kept orthogonal to the reflectors in all trial velocity models. It is also assumed that
the velocity Vpy is either known at the top of each block or remains continuous in
the vertical direction. The velocity analysis algorithm estimates the velocity gradients
k. and k, and the anisotropy parameters € and § in the layer-stripping mode using a
generalized version of the method introduced by Sarkar and Tsvankin for factorized
transverse isotropy with a vertical symmetry axis.

Synthetic tests for several models typical in exploration (a syncline, uptilted shale
layers near a salt dome and a bending shale layer) confirm that if the symmetry-
axis direction is fixed and Vpy is known, the parameters k., k,, € and § can be
resolved from reflection data. It should be emphasized that estimation of ¢ in tilted
transversely isotropic media requires using nonhyperbolic moveout for long offsets
reaching at least twice the reflector depth. We also demonstrate that application
of processing algorithms designed for a vertical symmetry axis to data from tilted
transversely isotropic media may lead to significant misfocusing of reflectors and
errors in parameter estimation, even when the tilt is moderate (30°). The ability of our
velocity analysis algorithm to separate the anisotropy parameters from the velocity
gradients can be also used in lithology discrimination and geologic interpretation of

seismic data in complex areas.

2005). TTI symmetry can also be created by systems of paral-

INTRODUCTION

Transverse isotropy with a tilted symmetry axis (TTI) is a
model often used to describe dipping shale layers in active
tectonic areas such as the Canadian Foothills and near salt
bodies (e.g., Vestrum, Lawton and Schmid 1999; Tsvankin
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lel dipping fractures embedded in otherwise isotropic rock
(Angerer et al. 2002; Dewangan and Tsvankin 2006a,b).
Serious distortions caused by TTI layers in conventional
(isotropic) seismic imaging are well documented in the litera-
ture (e.g., Isaac and Lawton 1999; Vestrum et al. 1999). To
properly image targets overlaid by TTI formations, migration

algorithms have to be able to handle the tilt of the symmetry
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axis, which often varies laterally (Kumar, Sen and Ferguson
2004). Since the influence of tilt creates ambiguity in parame-
ter estimation, a major problem in seismic processing for TTI
media is accurate velocity analysis and model building.

P-wave kinematic signatures for tilted transverse isotropy
can be described by the symmetry-direction velocity Vpo,
Thomsen (1986) parameters € and § and two angles respon-
sible for the orientation of the symmetry axis. In 2D models
treated here, the symmetry direction is described by the angle
v (tilt) with the vertical. Estimation of this set of parameters
even for a single horizontal or dipping TTI layer generally re-
quires combining P-wave data with mode-converted PS-waves
(Dewangan and Tsvankin 2006a,b). Inversion of P-wave re-
flection traveltimes alone for the TTI parameters is nonunique,
unless NMO ellipses from reflectors with two different dips
are available (Grechka and Tsvankin 2000).

For TTI shale layers, the symmetry axis is usually orthogo-
nal to the layer boundaries, which helps to reduce the number
of independent parameters and makes velocity analysis more
stable. If the dip ¢ of the reflector is equal to the tilt v, the
dip-line P-wave normal-moveout (NMO) velocity in a homo-
geneous TTI layer is described by the isotropic cosine-of-dip
dependence (Tsvankin 1995, 1997):

Vimo (0 Vimo(0
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where p = sin ¢/ Vpy is the ray parameter of the zero-offset ray;

note that p can be determined from time slopes on the zero-
offset or stacked section. In some cases (e.g., for a bending
layer that has a horizontal segment), it may be possible to
directly estimate the zero-dip NMO velocity given by:

Vimo(0) = Vpo v/ 1+ 285. (2)

Then equation (1) can be used to find the vertical velocity Vpy,
which can be substituted into equation (2) to obtain §. Still, the
parameter € even in this simple model remains unconstrained
by the P-wave NMO velocity from the bottom of the layer.
Grechka et al. (2001) demonstrate on physical-modeling data
that for relatively simple models it may be possible to estimate
€ in a TTI layer using the NMO velocities for reflections from
deeper interfaces.

Additional information about the anisotropy parameters is
provided by nonhyperbolic moveout. If the symmetry axis is
orthogonal to the bottom of a TTI layer, the P-wave quartic
moveout coefficient on the dip line of the reflector is pro-
portional to the Alkhalifah-Tsvankin (1995) anellipticity pa-
rameter n = (€ — 8)/(1 + 28) (Pech, Tsvankin and Grechka
2003). Therefore, if § has been found by inverting NMO ve-

locity, nonhyperbolic moveout can be used to constrain e.
These parameter-estimation issues have serious implications
for migration velocity analysis (MVA) in TTI media discussed
here.

An efficient MVA method for transversely isotropic me-
dia with a vertical symmetry axis (VTI) was introduced by
Sarkar and Tsvankin (2004), who divided the model into fac-
torized VTI blocks. A medium is called factorized if all ratios
of the stiffness elements c; are constant, which implies that
the anisotropy parameters are constant as well. In general,
the reference velocity (in our case, Vpg) in factorized mod-
els represents an arbitrary function of the spatial coordinates
(éerven}? 1989). Factorized transverse isotropy with a linear
velocity function Vpg(x, z) is the simplest 2D model that ac-

counts for both anisotropy and heterogeneity:
Veo(x,2) = Vpo(0,0) + ke x + k. 25 (3)

k. and k, are the horizontal and vertical velocity gradients.

Since anisotropy parameters are usually obtained with a rel-
atively low spatial resolution, neglecting their variation within
factorized blocks does not significantly impair the quality of
the velocity model. Sarkar and Tsvankin (2003, 2004, 2006)
demonstrate on synthetic and field data that if the velocity Vpg
varies linearly and is known at a single point in each factor-
ized VTI block, the MVA algorithm accurately estimates the
parameters € and § along with the velocity gradients k, and
k.. It should be emphasized that stable recovery of the param-
eter € (or ) in VTI media requires using either long-spread
data (with the maximum offset-to-depth ratio of at least two)
or dipping events.

Here, we extend the MVA algorithm of Sarkar and
Tsvankin (2004) to tilted transverse isotropy. The symmetry
axis is confined to the vertical incidence plane and assumed to
be orthogonal to the reflector beneath a TTT layer. The model
is divided into TTTI blocks with constant values of € and § and
a linearly varying symmetry-direction velocity Vpy (equation
(3)). These blocks, however, are not strictly factorized because
the symmetry axis is kept orthogonal to reflectors, which may
have arbitrary shape. As a result, the symmetry-axis direction
and, therefore, the ratios of the stiffnesses ¢; may vary within
each block. (Note that the stiffness ratios remain constant in
the rotated coordinate system tied to the symmetry axis.)

We begin by introducing the methodology of Kirchhoff
prestack depth migration and migration velocity analysis for
TTI media. Then the method is tested on several typical TTI
models that include dipping anisotropic layers. The velocity-
analysis and imaging results are compared with those ob-
tained by VTI algorithms to illustrate the need to account
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for tilt in anisotropic imaging. We also study the influence
of spreadlength on the errors in the medium parameters and
show that the parameter € cannot be constrained without
evaluating residual moveout for large (reaching at least two)
offset-to-depth ratios.

METHODOLOGY

The migration velocity analysis algorithm of Sarkar and
Tsvankin (2004), designed for piecewise-factorized VTI me-
dia, includes the same two main steps as conventional MVA in
isotropic media (e.g., Liu and Bleistein 1995). Kirchhoff depth
migration with a trial velocity model creates an image of the
subsurface. After picking reflectors on the migrated section,
semblance scanning is used to evaluate the residual moveout
of reflection events in image gathers (often called ‘common
image gathers’ in the offset domain). The second step is a
linearized parameter update (implemented following the al-
gorithm discussed in Sarkar and Tsvankin 2004, Appendix A)
designed to minimize the residual moveout after the next ap-
plication of migration. The two steps are iterated until events
in image gathers are sufficiently flat.

Sarkar and Tsvankin (2004) estimate the vertical velocity
gradient k, by using two reflectors located at different depths
in each factorized block. To constrain the parameter 5 (and,
therefore, €), the residual moveout in image gathers is de-
scribed by the following nonhyperbolic equation:

b

h? +22(0)°

M

Z,\Z,[(h) =Z;(O)+71h2+7’2 (4)
where z) is the migrated depth and 4 is the half-offset. The
coefficients 7y and r,, which quantify the magnitude of resid-
ual moveout, are estimated by a 2D semblance scan. The goal
of the iterative MVA algorithm is to flatten image gathers by
minimizing 7, and r,. The coefficient 7, is sensitive to the pa-
rameter 7, which is primarily responsible for nonhyperbolic
moveout at long offsets.

To make the modeling and migration algorithms of Sarkar
and Tsvankin (2004) suitable for a medium composed of
‘quasi-factorized” TTI blocks or layers, we use ray-tracing
software that can handle an arbitrary tilt of the symmetry
axis (Seismic Unix codes ‘unif2aniso’ and ‘sukdsyn2d’; see
Alkhalifah 1995). The model is assumed to be 2D, with the
vertical incidence plane containing the symmetry axis and,
therefore, the reflector normals. At the parameter-estimation
step, we keep the symmetry axis orthogonal to the reflectors
picked on the trial image and update the parameters € and §
and the velocity gradients k, and k. (e, 8, k., and k, are kept
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constant within each block). As in the VTI case, the velocity
Vpo has to be known at one point in each factorized block;
for example, it can be specified at the top of the model and
assumed to be continuous in the vertical direction. The MVA
is applied in the layer-stripping mode starting at the top of the
model.

The matter of dividing the section into blocks is non-trivial
and can influence both the parameter-estimation results and
image quality. Stable inversion for the velocity gradients re-
quires each block to include two well-separated reflecting in-
terfaces with a sufficient lateral extent. In general, one should
use the minimum number of blocks needed to remove the
residual moveout in image gathers throughout the section.
The case study of Sarkar and Tsvankin (2006) shows that
even for a relatively complicated 2D section image gathers
can be flattened using only 5-6 factorized blocks. In practice,
we first perform parameter estimation for two shallow reflec-
tors (e.g., on the left-hand side of the section) and then analyse
image gathers for the obtained velocity model. The part of the
section with flat image gathers is then designated as the first
block and the parameters of this block are used to continue
MVA for the rest of the section.

Note that for TTI media with a positive vertical gradient
in Vpo, reflections from steeply dipping interfaces often arrive
at the surface as turning rays (Tsvankin 1997, 2005). Hence,
our algorithm is designed to properly account for turning-ray
reflections in the computation of the traveltime field used by
the migration operator.

TESTS ON SYNTHETIC DATA

Here, we generate synthetic seismograms and test our
MVA/imaging algorithm on three common geologic models
that often include tilted transversely isotropic formations: a
syncline, a salt dome flanked by uptilted shale layers and a
bending shale layer. To conform to our model assumptions,
the symmetry axis is kept orthogonal to the bottom of the TTI
layers.

Syncline model

The first model includes a TTI syncline with dips of 30° em-
bedded in an otherwise isotropic section (Fig. 1). The isotropic
layers are vertically heterogeneous but have no lateral velocity
gradient, while the TTI layer is both vertically and laterally
heterogeneous. As required by the MVA algorithm, each layer
contains two reflecting interfaces, with every second reflec-

tor representing the boundary between layers. Synthetic data

© 2008 European Association of Geoscientists & Engineers, Geophysical Prospecting, 57, 13-26



16 L. Bebera and 1. Tsvankin

Distance (km)

0 2 4 6

0 L L L
§,2’ A B
=
Q.
)]
a j’—

4’_/

Figure 1 Model with a TTI syncline sandwiched between two
isotropic layers. The bold lines mark the layer boundaries; the ad-
ditional reflectors used in MVA are shown by the thinner lines. The
parameters of the TTI layer are Vpy = 2.3 km/s, k, = 0.6 s !,
ky=0.15s"1€e=0.1and § = —0.1 (n = 0.25). The symmetry axis
(marked by the arrows) is orthogonal to the layer’s bottom; the dips
are 30°. The top layer has Vpy = 1.5 km/s, k, = 1.0 s~! and k, =
€ = § = 0; for the bottom layer, Vpg = 2.7 km/s, k, = 0.3 s~! and
ky =€ =8 = 0. The velocity Vpg is specified at the top of each layer
at the 1 km coordinate.

generated by anisotropic ray tracing consist of 260 shot gath-
ers with shot and receiver intervals of 25 m.

The section obtained after anisotropic prestack depth-
migration with the true model parameters for all layers is
shown in Fig. 2(a). The influence of the tilt of the symmetry
axis in the TTI layer is taken into account during the com-
putation of the traveltime table by anisotropic ray tracing.
Then the same traveltime table is used for Kirchhoff prestack
depth-migration. As expected, all reflectors are well focused
and accurately positioned and image gathers in Fig. 2(b) are
perfectly flat.

TTI velocity analysis and migration

We applied our MVA algorithm to 10 image gathers located at
horizontal coordinates ranging from 1.5 km to 5 km (Fig. 3).
Since it is essential to use nonhyperbolic moveout in estimating
the parameter € in TTI media, the maximum offset-to-depth
ratio for the bottom of the TTI layer is close to two. The
medium parameters are obtained in the layer-stripping mode
starting at the surface.

The initial velocity model used in the first iteration of MVA
is homogeneous and isotropic. For the first (top) layer, the

velocity Vpy is assumed to be known at a single surface loca-
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Figure 2 (a) True image of the model from Fig. 1 obtained by
anisotropic prestack depth migration with the correct medium pa-
rameters. (b) The corresponding image gathers in the offset domain
at 0.4 km intervals (displayed with the corresponding midpoints along
the x-axis) for each reflector.

tion (Vpo(x = 1 km, 2 = 0) = 1500 m/s). This assumption,
however, is needed only if this layer is treated as anisotropic.
We also assign the correct value to the symmetry-direction
velocity Vpy at the top of the second and third layers. The
symmetry axis in the second layer is kept orthogonal to the
layer’s bottom.

The inverted parameters are close to the true values in all
three layers and the migrated image (Fig. 3a) is practically
indistinguishable from the benchmark section in Fig. 2(a).
According to the analysis in the introduction, the NMO ve-
locities from the horizontal and dipping reflectors in the TTI
layer constrain the parameters Vpo and § (see equations (1)
and (2)). Although this result is obtained for a homogeneous
TTI medium, it is likely to remain valid for our heterogeneous
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Figure 3 (a) Final image of the model from from Fig. 1 obtained after MVA and prestack depth migration for TTI media. The estimated
parameters of the first (subsurface) layer are k, = 0.99 s~! and k, = € = § = 0. For the second layer, k, = 0.59 s™1, k, = 0.09 57!, ¢ = 0.09
and 8 = — 0.11. For the third layer, k, = 0.29 s~! and k, = € = § = 0. The error for each parameter varies from +0.01 to 0.02, if the depth
picking error is assumed to be £5 m. The other plots show image gathers obtained (b) with the initial model parameters before MVA; (c) after

applying MVA to the two reflectors in the first (subsurface) layer; (d) after MVA for all three layers.

model because we estimate the velocity gradients by using
image gathers at different depths and lateral positions. Here,
however, we do not attempt to invert for the velocity Vpy at
the top of the layer (it is specified a priori). To resolve e, it
is necessary to use nonhyperbolic moveout on long spreads,
which is controlled by the anellipticity parameter n ~ € — 3.
Evidently, the relatively large offset-to-depth ratios (up to two)
used in MVA are sufficient to provide a tight constraint on
€. The influence of spreadlength on the stability of parameter
estimation is analysed in more detail below.

We also computed the error bars for each parameter by set-
ting the standard deviation in the picked migrated depths on
selected image gathers to +5 m. The picking errors are then
substituted in the inversion operator to find the correspond-
ing standard deviations of the model parameters (Sarkar and
Tsvankin 2004). This procedure yields relatively small errors
of up to +0.02 in the estimated anisotropy parameters.

The improvements achieved by the MVA algorithm in re-
ducing the residual moveout in image gathers are illustrated
in Figs 3(b) and 3(d). After applying MVA to the first two re-
flectors, image gathers of events in the first layer are flattened
but there is substantial residual moveout in the two deeper

layers (Fig. 3c). Upon completion of the parameter estimation

for all three layers (that takes a total of 14 iterations), image
gathers are flat throughout the model (Fig. 3d).

Sensitivity to spreadlength

To quantify the dependence of errors in the medium parame-
ters on the maximum offset-to-depth ratio, we repeated MVA
for the TTI syncline model with a range of spreadlengths. As
before, the standard deviations were computed for a +£5 m
picking error in migrated depths. The increase in the offset-
to-depth ratio (we used the depth of the midpoint of the
dipping reflectors) makes estimation of all parameters more
stable (Fig. 4). The parameters k., k, and § are constrained
by NMO velocity, which can be measured on conventional-
length spreads close to the reflector depth. For that reason, the
error curves for k,, k. and § show a similar trend and flatten
out for offset-to-depth ratios between unity and 1.5.

In contrast, the error in the parameter € continues to de-
crease until the maximum offset reaches twice the reflector
depth. Indeed, € in our model is constrained by the quartic
moveout coefficient (i.e., by nonhyperbolic moveout), which
is poorly resolved if the maximum offset-to-depth ratio is
smaller than two (Tsvankin 2005). Thus, for stable estimation
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Figure 4 Influence of the maximum offset-to-depth ratio on the absolute errors in the parameters k., k, € and 8. The errors are estimated from

the MVA results for the left part of the syncline model in Fig. 1.

of all relevant parameters of TTI media it is highly desirable to

employ offsets twice as large (or more) as the reflector depth.

Influence of noise

To assess the stability of our MVA and migration algorithms,
we added random uncorrelated Gaussian noise to the synthetic
data set for the model from Fig. 1. The signal-to-noise ratio
(S/N), measured as the ratio of the peak signal amplitude
to the root-mean-square (rms) amplitude of the background
noise, is close to two; the frequency bands of the signal and
noise are identical (Fig. 5a). The semblance maxima for most
events in the presence of noise become less focused (Fig. 5b),
which enhances the tradeoff between the moveout parameters
r1 and r, in equation (4) (Tsvankin 2005). However, since
any pair of values (71, r,) within the innermost semblance
contour provides nearly the same variance of migrated depths,
this tradeoff does not hamper the convergence of the MVA
algorithm.

On the whole, despite the low S/N ratio, random noise does
not significantly distort the MVA results (only the error in €
is non-negligible). Although the imaged reflectors are not as
well focused as those on the noise-free section, they are clearly
visible and correctly positioned (Fig. 5¢).

Errors of VTI-based processing

Since most anisotropic imaging algorithms used in industry
are designed for vertical transverse isotropy, it is important
to evaluate the influence of the tilted symmetry axis on the
quality of the migrated image. The section in Fig. 6 is ob-
tained by setting the tilt in the syncline to zero, which makes
the second layer VTI. Although the velocity model includes
the correct values of € and §, the imaged dipping reflectors
in the TTI layer are strongly misfocused and slightly shifted
vertically. The image gathers for these dipping interfaces ex-
hibit significant residual moveout (Fig. 6b), which indicates
that the velocity field is inaccurate.

To reproduce a complete VTT processing sequence applied
to this model, we repeated migration velocity analysis but
without allowance for a tilted symmetry axis (i.e., the MVA
code treated the second layer as VTI). After several itera-
tions of parameter updating, the image gathers are largely
flattened and the image quality is only marginally inferior to
that achieved for the true model (Fig. 7). The parameters k.,
€ and § of the second layer, however, are distorted. These
errors are introduced by the MVA algorithm, which has to
flatten image gathers in the TTI layer with the incorrect tilt

of the symmetry axis. It is interesting to note that despite the
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Figure 5 Influence of Gaussian noise on MVA and migration for the model from Fig. 1. (a) One of the noise-contaminated shot gathers (the

lateral coordinate is close to 2 km). (b) The semblance scan for the bottom of the TTI layer (the lateral coordinate is 1.9 km) computed as a
function of the moveout coefficients 71 and r, (equation (4)). The maximum semblance is marked by the star. (c) The image obtained for the
noise-contaminated data set. The estimated parameters of the first layer are k, = 1.06 s71, k, = 0.01 57!, ¢ = —0.01 and § = 0. For the second
layer, k; = 0.56 s~ 1, kxy = 0.11 571, € = 0.14 and § = —0.08. For the third layer, k; = 0.35 s7!, k, = 0.01 s7!, ¢ = 0.02 and § = —0.02. The
errors for each parameter vary from £0.03 to £0.05 under the assumption that the picking error for the noisy data is 20 m.

distortions in € and §, the best-fit VIT model has an accurate
value of the anellipticity parameter 7.

The ability of the VTI-based algorithm to compensate for
the influence of tilt decreases for larger relative thickness of
the TTI syncline (Fig. 8). Because of the more significant con-
tribution of the interval traveltime in the TTI layer, the dip-
ping reflectors in Fig. 8 are misfocused and shifted in depth.
Such artefacts generated by VTI imaging can serve as an in-
dication that the medium immediately above the distorted
reflectors may have a tilted symmetry axis. The quality of the

image produced by VTI processing also decreases for strongly

anisotropic TTI models with larger magnitudes of the param-
eters €, 8 and 7.

Salt-dome model

The next test is performed for a simplified salt model, which
can be considered typical for subsalt exploration plays. The
section includes an isotropic salt dome with steep flanks over-
laid by a TI shale formation. The symmetry axis in the shale is
vertical directly above the dome and tilted (orthogonal to the
bedding) in the dipping layers on both sides of the salt body
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Figure 6 (a) Image of the model from Fig. 1 obtained without taking
the symmetry-axis tilt in the second layer into account (i.e., the second
layer is assumed to be VTI); the rest of the model parameters are
correct. (b) The corresponding image gathers.

(Fig. 9). TTI migration with the correct medium parameters
produces a sharp, accurate image (Fig. 10a) and image gathers
are flat even at the steep flanks of the salt (Fig. 10b).

Processing using TTI and VTI models

When tilt is properly taken into account by the MVA algo-
rithm, both the dipping reflectors and the salt dome are well
focused and properly positioned (Fig. 11). As before, the pa-
rameters are estimated in the layer-stripping mode using the
correct values of the velocity Vpg at the top of each layer.
For purposes of MVA, the shale formation was divided into
two blocks along the vertical axis of the salt dome. Errors
in the anisotropy parameters and velocity gradients are rela-
tively small, although € is not as well constrained as §. The
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Figure 7 (a) Image of the model from Fig. 1 obtained after applying
MVA under the assumption that the second layer is VTI. The esti-
mated parameters of the second layer used in the migration are k, =
0.53s 1, ky=0.125!, e = 0.15 and 8 = — 0.06 (n = 0.24). (b) The
corresponding image gathers.

larger error in € is expected because, as discussed above, this
parameter does not influence NMO velocity and is obtained
from nonhyperbolic moveout on long spreads.

Figure 12 shows the processing results for a velocity model
that does not include tilt and treats the shale as VTI (the
parameters €, 8, k, and k, are correct). The substantial residual
moveout in the image gathers for the dipping reflectors and
pronounced image distortions indicate that the influence of
tilt for this model is more significant than that for the TTI
syncline model in Fig. 1.

Similar to the previous example, the VTI imaging result can
be improved by deriving the best-fit VTI model from migra-
tion velocity analysis (Fig. 13). Although the reflectors inside
and below the shale formation are better focused than those
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Figure 8 Same as Fig. 7(a) (i.e., the image obtained for the best-fit VTI
model), but the thickness of the TTI layer from Fig. 1 is increased by
200 m. The estimated parameters are k, = 0.52 s, b, = 0.12 571,
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Figure 9 Simplified salt model that includes a salt dome overlaid by
a TI shale formation. The symmetry axis in the shale (marked by the
arrows) is vertical on top of the salt and orthogonal to the bedding in
the uptilted layers, which are dipping at 30°. The parameters of the
shale are Vpg = 2.6 km/s, b, = 0.6 s7!, by = 0.2 571, ¢ = 0.3 and
8 = 0.15. The subsurface horizontal layer is isotropic, with Vpy =
1.5 km/s, k, = 1.0 s~' and k, = € = § = 0; for the salt dome and the
blocks beneath the shale on both sides of the dome, Vpy = 4.5 km/s,
k;=ky=01s"1ande=6=0.

in Fig. 12, the flanks of the salt body look blurry and are
somewhat shifted laterally (Fig. 13a). Also, the image gathers
exhibit significant residual moveout, especially near the salt
(Fig. 13b). Evidently, the VTI model, which is obtained by
flattening image gathers for the bottom of the shale layer dip-
ping at 30°, is inadequate for the much steeper flanks of the
salt dome.
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(a) Distance (km)

Midpoint
200

Figure 10 (a) True image of the model from Fig. 9 obtained by
anisotropic prestack dept-migration with the correct parameters. (b)
The corresponding image gathers.

Note that the improved image of the dipping reflectors in
Fig. 13(a) is achieved by distorting the parameter § and, to
a lesser extent, the velocity gradients in the shale. Clearly,
ignoring the tilt of the symmetry axis in dipping TI layers in
the overburden may cause serious problems in imaging salt
bodies (mostly in terms of focusing) and, therefore, subsalt
reservoirs.

Thrust-sheet model

Complex tectonic processes in fold-and-thrust belts, such as
the Canadian Rocky Mountain Foothills, sometimes produce
bending shale layers with variable dip. Here, we process syn-
thetic data generated for a TTI thrust sheet (Fig. 14) fash-
ioned after the physical model of Leslie and Lawton (1996).
This physical-modelling data set was used by Grechka et al.
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Figure 11 (a) Final image of the salt model obtained after MVA and
prestack depth migration for TTI media. The estimated parameters of
the first subsurface layer are k, = 0.97 s and ky = € =8 = 0. For
the shale layer to the left of the salt, k, = 0.58 s71, k, = 0.19 s~ 1,
€ = 0.34 and § = 0.14. To the right of the salt, k, = 0.59 571, k, =
0.18 s7!, ¢ = 0.32 and § = 0.15. For the salt, k, = 0.09 s, k, =
0.1s~!and € =8 = 0. The errors for each parameter vary from £0.01
to £0.03, if the depth picking error is assumed to be £5 m. (b) The
corresponding image gathers.

(2001) for anisotropic parameter estimation. The algorithm
of Grechka er al. (2001), however, operates only with NMO
velocities measured on conventional spreads and relies on sev-
eral simplifying assumptions about the model.

The benchmark image computed for the true model is
shown in Fig. 15(a). Apart from relatively low amplitudes
of steeply dipping events due to insufficient aperture, the re-
flectors are well focused and positioned and there is almost no
residual moveout in Fig. 15(b). To apply the MVA algorithm,
we divided the thrust sheet into four blocks that have dis-
tinctly different dips and carried out the parameter estimation

(a) Distance (km)

2 4
00 1 1 6

Midpoint
200

Figure 12 (a) Image of the model from Fig. 9 obtained without taking
the symmetry-axis tilt into account; the rest of the model parameters
are correct. (b) The corresponding image gathers.

separately for each block. As was the case for the previous two
models, the TTT algorithm yields not only accurate parameter
values but also a high-quality image (Fig. 16). Note that if
the medium parameters (except for the tilt) are assumed to be
the same in the blocks with different dips, there is no need to
specify the symmetry-direction velocity Vpg in the TTI sheet.

When MVA does not take tilt into account, all boundaries
in the thrust sheet are poorly focused, with noticeable artefacts
at the points where the interfaces change dip (Fig. 17a). It is
interesting that the errors in the medium parameters produced
by the VTI velocity analysis are relatively minor. Apparently,
image gathers for the thrust sheet (Fig. 17b) could not be
flattened by distorting the anisotropy parameters or velocity
gradients, if the symmetry axis is vertical. As was the case for
the salt-dome model, the VTI algorithm cannot handle reflec-
tors (here, the boundaries of each block) with substantially
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Figure 13 (a) Image of the model from Fig. 9 obtained after applying
MVA under the assumption that the shale formation is VTI. The
estimated parameters for the shale layer to the left of the salt are
k,=0.62s"1, k, =0.17 s71, e = 0.32 and § = 0.12. To the right
of the salt, k, = 0.62 s, ky = 0.18 s7!, ¢ = 0.30 and § = 0.11.
(b) The corresponding image gathers.

different dips. Also, the VIT model becomes inadequate for
the most shallow segment of the thrust sheet, which has a
large tilt of 65°.

DISCUSSION AND CONCLUSIONS

The combination of tilted transverse isotropy (TTI) and struc-
tural complexity in many important exploration plays makes
it imperative to apply advanced migration velocity analy-
sis (MVA) methods and prestack depth imaging. Here, we
presented an MVA methodology for P-waves in heteroge-
neous TTI media based on dividing the model into “quasi-
factorized” blocks. The anisotropy parameters € and § in each
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Figure 14 TTI thrust sheet with variable dip for different blocks (0°,
30°, 55° and 65°) and the symmetry axis (marked by the arrows)
orthogonal to the sheet’s bottom. Except for the symmetry-axis direc-
tion, the parameters of all TTI blocks are the same: Vpg = 2.3 km/s,
ky=06s"1 ke =01s"1 e=0.1and s = —0.1. The rest of the
model is composed of isotropic layers. The subsurface (weathering)
layer is thin (60 m) and has Vpy = 1.5 km/s, k, = 1.0 s~!, and k, =
€ = § = 0; the velocity Vpp across the bottom of the layer is continu-
ous. For the medium around the TTI sheet, k, = 1.0 s~! and ky = €
= § = 0. The horizontal layer at the bottom of the model has Vpy =
3.5km/s,k, =03s land ky = =5 =0.

block are constant, while the symmetry-direction velocity Vpg
represents a linear function of the spatial coordinates and is
described by the vertical (k,) and lateral (k,) gradients. To
reduce the uncertainty in parameter estimation, the symme-
try axis in each block or layer is taken to be orthogonal to
the reflector at the bottom of the block. Since reflectors may
have arbitrary shape, the symmetry-axis orientation generally
varies in space, which means that blocks are not fully factor-
ized. (In factorized TI media, the symmetry-axis direction is
fixed).

Our algorithm represents an extension to TTI media of the
MVA methodology developed by Sarkar and Tsvankin (2004)
for vertical transverse isotropy. MVA is combined with Kirch-
hoff prestack depth migration based on anisotropic ray tracing
for heterogeneous TI media with arbitrary tilt. Parameter es-
timation is performed in the layer-stripping mode starting at
the surface, with the symmetry-direction velocity Vpq either
specified at a single point in each block or assumed to be
continuous in the vertical direction. To estimate the vertical
gradient k,, we use image gathers for at least two reflectors at
different depths within each block.

If the velocity Vpg is known, the parameter § in TTI media
with the symmetry axis orthogonal to the reflector can be
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Figure 15 (a) True image of the model from Fig. 14 obtained by
anisotropic prestack depth migration with the correct parameters. (b)
The corresponding image gathers.

constrained using the NMO velocities for either horizontal or
dipping events. Estimation of the parameters  and ¢ in TTI
media generally requires using nonhyperbolic moveout. In our
MVA algorithm, the residual moveout in long-spread image
gathers is evaluated using the two-parameter nonhyperbolic
equation described by Sarkar and Tsvankin (2004). We find
that sufficiently stable estimation of the parameter € can be
achieved if the offset-to-depth ratio reaches at least two.

The MVA and migration algorithms were tested on several
typical TTI models including a syncline, a salt dome with dip-
ping TTI layers on both sides and a bending TTT layer (thrust
sheet). For all three models we were able to accurately recon-
struct the velocity gradients k. and k, throughout the medium
and the anisotropy parameters € and § in the TTI blocks.
The migrated sections computed with the estimated velocity
model are practically indistinguishable from the true images,
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Figure 16 (a) Final image of the thrust model obtained after MVA
and prestack depth migration for TTI media. The parameters were
estimated for each block of the thrust sheet (i.e., for each dip)
separately. For the horizontal TTI block (dip=0°), k, = 0.62 s~ 1,
ky=0.115"" € =0.11 and § = —0.09; for the 30° dip, k, = 0.59
s ke =012 51 € =0.09 and § = —0.11; for the 55° dip, k, =
0.58 s, ky = 0.09 571 € = 0.11 and § = —0.08; for the 65° dip,
bk, =0.62s1, ke =0.12 5", ¢ = 0.09 and § = —0.1. For the hor-
izontal layer beneath the TTI sheet, k, = 0.29 s, k, =€ = 0 and
8 =0.01. The errors for each parameter vary from £0.01 to £0.03, if
the depth picking error is assumed to be =5 m. (b) The corresponding
image gathers.

with good focusing and positioning of reflectors beneath the
TTI formations. The number of iterations of velocity analysis
needed to flatten image gathers for our synthetic models does
not exceed 20 but it may be larger for a more complicated
subsurface structure.

To assess the influence of tilt on image quality, we migrated
the data with the VTI model (i.e., with zero tilt) that has the
correct values of Vpy, k,, k,, € and 8. Although the tilt in
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Figure 17 (a) Image of the model from Fig. 14 obtained after ap-
plying MVA under the assumption that the thrust sheet is VII. The
parameters of the horizontal block (dip=0°) are k, = 0.59 s, k, =
0.09 571, € = 0.09 and 8§ = —0.11; for the 30° dip, k, = 0.62 s~ 1,
ky = 0.11 s7!, € = 0.11 and 8 = —0.09; for the 55° dip, k, =
0.61 s, ky =015 ¢ =0.13 and § = —0.12; and for the 65°
dip, b, = 0.63 571, by =0.13 57!, € = 0.11 and § = —0.08. (b) The
corresponding image gathers.

our first two models (the syncline and salt dome) is moderate
(30°), setting it to zero results in significant degradation of
image quality. The inaccuracy of the VTI velocity field also
manifests itself through substantial residual moveout in image
gathers.

In order to emulate a complete VTI processing sequence
applied to TTI media, we performed MVA without allowance
for a tilted symmetry axis to obtain the ‘best-fit’ VIT model.
The MVA algorithm can achieve partial flattening of image
gathers with the incorrect (zero) tilt but at the expense of dis-

torting the medium parameters, especially € and § (although
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the value of n remains accurate). Such artificial adjustments
in € and § improve image quality, although migrated sections
typically are inferior to those generated with the TTI model.
Also, the ability of the VTI-based algorithm to compensate
for the influence of tilt decreases for more complicated mod-
els and TTI layers with relatively large thickness or strong
anisotropy.

On the whole, the MVA methodology introduced here pro-
vides a practical tool for building TTI velocity models with
some a priori information. Combined with prestack depth
migration, this MVA algorithm can be efficiently used to im-
age targets beneath TTI formations in structurally complex
environments.
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