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1 INTRODUCTION

ABSTRACT

Moveout analysis of long-spread P-wave data is widely used to estimate the
key time-processing parameter n in layered VTI media. Inversion for interval
1 values, however, suffers from instability caused by the tradeoff between the
effective moveout parameters and by the subsequent error amplification during
Dix-type layer stripping. Here, we propose an alternative approach to interval
parameter estimation based on the velocity-independent layer-stripping method
of Dewangan & Tsvankin (2006). This method makes it possible to compute
the interval moveout in a layer of interest without knowledge of the medium
parameters in the overburden. Then the interval traveltimes are inverted for
the normal-moveout velocity (Vimo) and 7 using the single-layer nonhyperbolic
moveout equation. Thus, the layer stripping of 7 in the conventional method is
replaced by the much more stable stripping of reflection traveltimes. We also
develop the 3D version of the layer-stripping method and apply it to interval
parameter estimation for orthorhombic media using wide-azimuth P-wave data.
The superior accuracy and stability of our algorithm is illustrated on ray-traced
synthetic data for typical layered VT and orthorhombic models. Even small
correlated noise in reflection traveltimes produces substantial distortions in the
effective 1, and for some models, even in the effective V. As a result, the
inter val n) values estimated by the conventional Dix-type method may be highly
inaccurate. In contrast, the output of our layer-stripping algorithm proves to
be insensitive to mild correlated traveltime errors. The algorithm is also tested
on wide-azimuth P-wave reflection data recorded above a fractured reservoir at
Rulison field in Colorado. The interval moveout parameters estimated by the
velocity-independent layer stripping in the shale layer above the reservoir are
more plausible and stable than those obtained by the Dix-type method.

Key words: Anisotropy, interval parameters, layer stripping, nonhyperbolic
moveout, wide-azimuth data, layer-cake models

The conventional Dix (1955) equation, derived for
horizontally layered isotropic media, helps to obtain

Traveltime analysis of surface reflection data yields ef-
fective moveout parameters for the whole section above
the reflector. However, for purposes of migration ve-
locity analysis, AVO (amplitude-variation-with-offset)
inversion, and seismic fracture characterization, it is
necessary to estimate interval parameters, which is
done using layer-stripping (e.g., Dix, 1955; Grechka &
Tsvankin, 1998; Grechka et al., 1999) or tomographic
(e.g., Stork, 1992; Grechka et al., 2002) methods.

the interval NMO (normal-moveout) velocity using the
NMO velocities for the reflections from the top and bot-
tom of a layer. The Dix equation remains valid for NMO
velocities of all pure (non-converted) modes in layer-
cake VTI (transversely isotropic with a vertical symme-
try axis) media. For 3D wide-azimuth data from lay-
ered azimuthally anisotropic media, the effective NMO
velocity can be obtained by Dix-type averaging of the
interval NMO ellipses (Grechka et al., 1999). Then, as
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long as the model is laterally homogeneous, the interval
NMO velocity or ellipse can be found using Dix-type
layer stripping.

NMO velocity and conventional-spread reflection
moveout, however, are often insufficient to build the
velocity field for anisotropic media, even in the time
domain. This explains the importance of using nonhy-
perbolic (long-spread) reflection moveout in anisotropic
parameter estimation. In VTI media, all P-wave time-
domain signatures depend on just two parameters, the
NMO velocity from a horizontal reflector (Vamo) and the
anellipticity coefficient n (Alkhalifah & Tsvankin, 1995;
Tsvankin, 2005). While Vimo controls the conventional-
spread reflection moveout of horizontal P-wave events,
7 is responsible for the deviation from hyperbolic move-
out at long offsets. Most implementations of nonhyper-
bolic moveout inversion for VTT media (e.g., Alkhalifah,
1997; Toldi et al., 1999; Grechka & Tsvankin, 1998)
are based on the moveout equation of Alkhalifah &
Tsvankin (1995) which represents an adaptation of the
more general Tsvankin-Thomsen (1994) equation for P-
waves.

An alternative algorithm for 7 estimation oper-
ates with the dip dependence of P-wave NMO veloc-
ity (Alkhalifah & Tsvankin, 1995). Although the dip-
moveout inversion is relatively stable, it requires the
presence of dipping reflectors under the formation of
interest.

The parameters Vimo and 7 are usually estimated
from a 2D semblance scan on long-spread data (the max-
imum offset should reach two reflector depths) from a
horizontal reflector. Despite its relative simplicity, non-
hyperbolic moveout inversion suffers from the instability
caused by the tradeoff between Vymo and 7 on any fi-
nite spread. Grechka & Tsvankin (1998) found that even
small traveltime errors, which could be considered as in-
significant in data processing, may cause large errors in
the estimated 7. For layered VTI media, the error is am-
plified in the layer-stripping process, which may cause
unacceptable distortions in the interval n values.

The Alkhalifah-Tsvankin (1995) equation was ex-
tended to azimuthally anisotropic models by employ-
ing the azimuthally dependent NMO velocity (i.e., the
NMO ellipse) and parameter n (Grechka & Tsvankin,
1999; Xu & Tsvankin, 2006). Here, we consider az-
imuthally anisotropic media with orthorhombic symme-
try typical for fractured reservoirs (Schoenberg & Hel-
big, 1997; Bakulin et al., 2000; Grechka & Kachanov,
2006). Nonhyperbolic moveout of P-waves in an or-
thorhombic layer with a horizontal symmetry plane
is governed by the azimuths of the vertical symmetry
planes, the symmetry-plane NMO velocities (‘/I,(Iln)0 and
Vn(g,)o) responsible for the NMO ellipse, and three anel-
lipticity coefficients "% (Grechka & Tsvankin, 1999).
For layered orthorhombic media, P-wave moveout is de-
scribed by the Alkhalifah-Tsvankin equation with the
effective moveout parameters (Xu & Tsvankin, 2006;
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Figure 1. 2D diagram of the layer-stripping algorithm for
pure-mode reflections (after Dewangan & Tsvankin, 2006).
Points T and R are located at the bottom of the laterally ho-
mogeneous overburden. The leg 2T is shared by the target
reflection () TQRxz(?) and the overburden event z(1) Tz (3);
the leg Rz is shared by the reflections zMWTQRz(® and
@Rz

Vasconcelos & Tsvankin, 2006). Since the symmetry-
plane NMO velocities and parameters 7](1’2'3) depend
on the fracture compliances and orientations (Bakulin
et al., 2000), nonhyperbolic moveout inversion can help
in building physical models for reservoir characteriza-
tion. Also, the parameters V,fé;f) and 77(1’2’3) are suffi-
cient to perform all time-processing steps in orthorhom-
bic models, such as NMO and DMO (dip moveout)
correction, and prestack and poststack time migration
(Grechka & Tsvankin, 1999). Still, estimation of the in-
terval parameters 77(1’2’3) for layered orthorhombic me-
dia still suffers from the instability caused by the trade-
off between the effective parameters V,mo and n and by
the error amplification in the layer stripping.

Here, we propose an alternative approach to in-
terval moveout parameter estimation based on the
velocity-independent layer-stripping method of Dewan-
gan & Tsvankin (2006). This layer-stripping algorithm,
which operates with reflection traveltimes, produces ac-
curate interval long-spread reflection moveout, which
can then be inverted for the interval parameters. We
discuss both the 2D version of the method designed for
layered VTT media and the 3D implementation for wide-
azimuth data from layered orthorhombic media. Using
ray-traced synthetic data for typical layered anisotropic
media, we demonstrate that in contrast to Dix-type in-
version, our method remains robust in the presence of
typical correlated noise in reflection traveltimes. Finally,
we apply the layer-stripping algorithm to wide-azimuth
P-wave data acquired over a fractured reservoir at Ruli-
son field in Colorado.
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Figure 2. 3D diagram of the layer-stripping algorithm.
Points T and R are located at the bottom of the laterally ho-
mogeneous overburden. The sources and receivers (x(l)7 x(2),
x(3) and x(®)) are located at the surface but not necessarily
along a straight line. The reflection point Q is at the bottom
(possibly curved) of the target layer. The leg xWT is shared
by the reflections x( TQRx () and x()Tx(3); the leg Rx(2)
is shared by the reflections x(VTQRx(?) and x(PRx®).

2 VELOCITY-INDEPENDENT LAYER
STRIPPING

The velocity-independent layer-stripping algorithm in-
troduced by Dewangan & Tsvankin (2006) is based on
the PP + PS = SS method of Grechka & Tsvankin
(2002). This algorithm is entirely data-driven and, if
the model assumptions are satisfied, does not require
knowledge of the velocity field anywhere in the medium.

2.1 Layer stripping in 2D

Figure 1 shows 2D ray trajectories of pure-mode (non-
converted) reflections from the top and bottom of the
target zone. The incidence plane is supposed to repre-
sent a symmetry plane for the model as a whole so that
wave propagation is two-dimensional. The target zone
can be heterogeneous and can include interval curved
interfaces. Each layer in the overburden has to be lat-
erally homogeneous with a horizontal symmetry plane,
so that the raypath of any reflection from the top of the
target zone is symmetric with respect to the reflection
point (e.g., points T or R in Figure 1). By equalizing
time slopes on common-receiver gathers, we can iden-
tify the overburden reflection z(")Tz® that shares the
downgoing leg zMT with the target event :c(l)TQR:c(z)
(Dewangan & Tsvankin, 2006). Likewise, we can find the
overburden reflection z®Rz® that has the same up-
going leg Rz® as the target event m(l)TQRmm. Then,
the interval reflection traveltime ¢ in the target zone
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can be computed as

t_int(/l-v7 R) _ teﬁ(x(1)7x(2))
_% [tovr(x(1)7x(3)) +tovr(x(2)7x(4))] ) (1)

Here, the superscripts eff and ovr refer to the reflec-
tion traveltimes from the target reflector and the bot-
tom of the overburden, respectively. The corresponding
source-receiver pair (T,R) has the following horizontal
coordinates:

@ 4 ® z®@ 4 @
B 2)
Equation 1 and 2 yield the interval reflection move-
out function in the target zone without any information
about the velocity model.

T T

2.2 Layer stripping in 3D

The 3D version of the layer-stripping algorithm does not
impose any restriction on the target zone, but each layer
in the overburden still has to be laterally homogeneous
with a horizontal symmetry plane. For wide-azimuth
data (Figure 2), identifying the target and overburden
reflections with the same ray segments requires esti-
mating two orthogonal horizontal slowness components
from time slopes on wide-azimuth data. In Figure 2, the
horizontal slownesses of the target (eff) and overburden
(ovr) reflections at location xV) = [:cgl), xgl)
obtained from

] can be

ot (x, x@)

R T
K

x=x(1)
and

otV (x, x(S))

P, x ) = =
1

x=x(1)

By equalizing time slopes, we find the location x(3), for
which the horizontal slownesses of the two events are
identical,

p?ﬁ(x(l)7x(2)) _ p?vr(x(l)7x(3)) . (5)

Therefore, the reflections xVTQRx® and xMTx®
share the same downgoing leg xVT. Similarly, equaliz-
ing the time slopes at point x® helps to find the over-
burden reflection x»Rx® that shares the upgoing leg
Rx® with the target event xWTQRx®. The interval
reflection traveltime can then be obtained from equa-
tion 1 discussed above. Since T and R represent the
midpoints of the corresponding source-receiver pairs,
their horizontal coordinates can be easily found from
the coordinates of points x"), x| x®, and x¥.

Thus, the velocity-independent layer-stripping al-
gorithm makes it possible to construct the interval
moveout functions both in 2D and 3D, which can then
be used for interval parameter estimation.
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Figure 3. (a) Synthetic long-spread reflections from the top
and bottom of layer 3 (target) in model 1. (b) The #?(x2)
function (solid lines) for both events in plot (a). The dashed
x

v2 o

nmo

lines mark the hyperbolic moveout function, t? = t% +

The model parameters are listed in Table 1.

3 TESTS ON SYNTHETIC DATA

Here, we test our layer-stripping algorithm on 2D and
3D long-spread P-wave data for layered VTI and or-
thorhombic models generated by anisotropic ray trac-
ing (Gajewski & Psencik, 1987). The interval moveout
parameters in the target layer are estimated from both
our method and Dix-type equations. To evaluate the
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Figure 4. Random traveltime error with the maximum mag-
nitude about 10 ms.

Layer 1  Layer 2 Layer 3 (target)
Thickness (km) 0.7 0.3 0.5
to (s) 0.70 0.25 0.39
Vamo (km/s) 2.10 2.52 2.78
n 0 0.10 0.20

Table 1. Interval parameters of a three-layer VTI model
(model 1)

stability of the two techniques, we add several types of
correlated noise to the input traveltimes.

3.1 2D inversion for VTI media

Nonhyperbolic moveout of P-waves in a single V'TT layer
can be accurately described by the following equation
(Alkhalifah & Tsvankin, 1995; Tsvankin, 2005):

z? o x*

V2o  ViZnolt3Vidno + (1 +21)22]

where x is the offset, to is the two-way zero-offset re-
flection traveltime, Vimo is the normal-moveout velocity
and 7 is the anellipticity coefficient. For layer-cake VTI
media, all moveout parameters become effective quan-
tities (Alkhalifah & Tsvankin, 1995; Tsvankin, 2005):

=12+

(6)

Vitno (N{EE(N)Vidno (N) + [1 + 2n(N)]a2}
The effective NMO velocity is obtained from the Dix
equation,

1

Vino(N) =
(N) (V)

(Vi) 57, (8)

1

N

7



where t(()i) and Vn(f,zo are the inte val values. The effective
parameter 7 is approximately given by

1 1
1) = 5{ Vi (V)io (V)

Dvs:;zo)‘*(l +8n'™) tf;’} — 1} : (9)

a: Command not found.

The best-fit effective parameters Vimo and 7 for the
top and bottom of a layer of interest are obtained by ap-
plying semblance-based nonhyperbolic moveout inver-
sion to long-spread P-wave data. Then the interval Vimo
in layer i can be obtained from the Dix equation 8,

2 _ Vitmo(8) to(8) = Vitmo(i — 1) to(i — 1)

Vi : : . (10
( ) to(l) — to(l — 1) ( )
and the interval n can be found from equation 9:
@__ 1
=
8(Vidido)*
g’ —gli =D o el gy

t(()i) — t(()iq)

g(N) = ‘/;ﬁxlo(N)[l + 877(N)]

Although equations 6 and 7 provide a good approx-
imation for nonhyperbolic moveout in VTI media, the
estimated 7 is sensitive to small errors in Vimo even if
the maximum offset-to-depth ratio (zmax/h) is between
two and three. The tradeoff between the effective Vimo
and 7 (along with the slight bias of the nonhyperbolic
moveout equation) causes the instability in the n estima-
tion, which is amplified in the Dix-type layer stripping
(Grechka & Tsvankin, 1998).

3.1.1 Model 1

The first numerical test was performed for the three-
layer VTI model with the parameters listed in Table
1. We applied the velocity-independent layer stripping
(VILS) and the Dix-type method to the synthetic long-
spread (Tmax/h = 2 for the bottom of the model) data
from the top and bottom of the target (third) layer (Fig-
ure 3). Note that, in Figure 3, the t?(z?) curves for both
events deviate obviously from the hyperbolic moveout
approximation at large offsets. The absolute error of the
interval 1 estimated by the VILS is 0.02, while it reaches
0.06 when the Dix-type method is used. The error of the
VILS is mostly caused by the small bias of the single-
layer moveout equation 6.

3.1.2  Error analysis

To study the influence of realistic noise on the interval
parameter estimation, we added random, linear and si-
nusoidal time error to the reflection moveout from the
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bottom of the target layer. The traveltimes from the top
of the target were left unchanged.

First, we used random errors with the magnitude
of up to 10 ms (Figure 4). The errors in the interval n
estimated by VILS do not exceed 0.02, while the Dix-
type method produces errors in the range of 0.05-0.08.
Since both methods are based on semblance analysis,
they remain stable in the presence of random noise.

The second type of noise used in our tests is linear,
which can simulate long-period static errors. For a rela-
tively large error that changes from 6 ms at zero offset to
-6 ms at the maximum offset, VILS estimates the inter-
val Viamo and 1 with errors of 4% and 0.07, respectively.
The distortions in Vimo and 7 after the Dix-type layer
stripping are much larger (15% and 0.34, respectively),
which makes the inversion results practically useless.

Next, we added the sinusoidal time errors,
which can represent short-period static errors: ¢t =
Asin(nmz/Tmax). The errors in the interval Vimo and
71 estimated by both methods for different values of A
and n are listed in Table 2. The error in the interval n
produced by VILS reaches only 0.08 even for A = 8 ms,
while the Dix-type method breaks down for A > 3 ms.

3.2 3D inversion for orthorhombic media

The azimuthally-dependent P-wave reflection moveout
in a single orthorhombic layer can be well-approximated
with azimuthally varying parameters Vimo and 7 in
equation 6 (Xu & Tsvankin, 2006; Vasconcelos &
Tsvankin, 2006):

172

t* L —
(0 =to+ vz 1)

_ 2n(a) z*
Vidno (@) [18 Vidno (@) + (1 + 2n(a))2?]’
where « is the source-to-receiver azimuth. The

azimuthally-dependent Vimo is obtained from the equa-
tion of the NMO ellipse:

(12)

sin®(a — ) cos?(a— @)
[Vaimo]” [Vime]”

nmo nmo

Vn:nQO(OC) - (13)
where ¢ is the azimuth of the [z1,z3] symmetry plane,
and Vn(é,)o and Vn(g,)o are the NMO velocities in the verti-
cal symmetry planes [z2,x3] and [z1,x3], respectively.
The parameter 7 is approximately given by Pech &
Tsvankin (2004):

W sin® (o — @) + 7' cos* (o — )

—® sin®(a — g) cos*(a — ), (14)

n(a) =mn

where 77(1)7 n(2)7 and n(s) are the anellipticity coefficients
defined in the [z2,z3], [z1,x3], and [z1,2z2] symmetry
planes, respectively.

For layered orthorhombic media, all moveout pa-
rameters become effective quantities. The effective
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Error parameters

A=3ms,n=3 A=3ms, n=2

A=8ms, n=3

Inversion error Vhmo (%) n Vihmo (%) n Vhmo (%) n
VILS 0.6 0.01 0.0 0.00 2.1 0.08
Dix 11 0.19 8.2 0.13 21 0.41

Table 2. Percentage errors of the interval Viymo and absolute errors of the interval n estimated by the velocity-independent
layer stripping (VILS) and the Dix-type method (Dix) in the presence of a sinusoidal time error for model 1.

Azimuth=30°

Offset (km)
1 2

i

Azimuth=120°

Offset (km)
0 1 2 3

Time (s)

Figure 5. Synthetic long-spread reflections from the top and bottom of layer 3 (target) in model 2 (Table 3). The seismograms
are computed in the two orthogonal vertical symmetry planes of the target orthorhombic layer.

Vn%)o, V2, and ¢ can be obtained from the general-
ized Dix equation for averaging of the interval NMO
ellipses (Grechka et al., 1999). If the vertical symmetry
planes in different layers are misaligned, the principal
directions for the effective n are described by a separate
azimuth, ¢; (Xu & Tsvankin, 2006):

(1)

n(a) =0 sin®(a = 1) + 7 cos*(a - ¢1)

—n® cos* (o — 1) sin® (o — 1) . (15)
The effective 1 value for each azimuth can be computed
from equation 9, since kinematic signatures in each ver-
tical plane of layered orthorhombic media can be ap-
proximately described by the corresponding VTI equa-
tion (Tsvankin, 1997, ,2005). Then the effective 77(1)7
7™, n® and ¢ are found by fitting the effective 1 val-
ues to equation 15.
We use the semblance-based 3D nonhyperbolic
moveout inversion algorithm of Vasconcelos & Tsvankin
(2006) to estimate the best-fit effective moveout param-

eters Vé},ﬁ), 17<1’2’3), @ and ¢; for the top and bottom

of the target layer. Then the interval NMO ellipse is
obtained from the generalized Dix equation (Grechka
et al., 1999), and the interval n value for each azimuth
is computed from the VTI equation 11. Finally, the in-
terval parameters 77(1’2’3) are obtained by fitting the az-
imuthally varying n values to equation 14.

To apply VILS to 3D wide-azimuth data, we have to
estimate both horizontal slowness components. In prin-
ciple, the two orthogonal horizontal components of the
slowness vector (equations 3 and 4) can be computed
directly from reflection traveltimes on common-shot or
common-receiver gathers. A more numerically stable op-
tion, however, is to use equation 12 with the b est-fit pa-
rameters to estimate the horizontal slownesses at each
surface location. Despite the tradeoffs between the ef-
fective moveout parameters, equation 12 provides suf-
ficient accuracy for long-spread P-wave moveout and,
therefore, for the horizontal slowness components.



Error parameters A =3ms,n=3, m=20

A=3ms,n=3,m=2
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A=10ms,n =3, m=0

Inversion error Vamo (%) n Vamo (%) n Vamo (%) n
VILS 1.2 0.04 1.0 0.02 2.4 0.09
Dix 4.4 0.09 2.3 0.08 10 0.22

Table 3. Percentage maximum errors of the interval Vn(rln’?,) and the absolute maximum errors of the interval 7](1’2’3) in the
presence of a sinusoidal time error in model 2. The errors in the estimated azimuth ¢ do not exceed 0.5° for both methods.

Layer 1 Layer 2 Layer 3 (target) Thickness (km) 0.35 0.15
Symmetry type ISO VTI Orthorhombic Inversion error  Vamo (%) n Vamo (%) n
Thickness (km) 0.5 0.5 0.5 VILS 2.2 0.05 8.3 0.15
to (s) 0.50 0.41 0.39 Dix 7.5 0.13 20 0.38
(1)
Vamo (km/s) 2 249 3.18 Table 5. Errors of the interval V,f},;g) and n(1:2:3) for differ-
Vn(12n)0 (km/s) 9 2.49 2.64 ent thicknesses of.the t_arget l;?yer il.’l model 2 (Table 3) in the
presence of the sinusoidal noise with A = 3ms, n = 3 and
nM 0 0.05 0.2 m = 0.
72 0 0.05 0.06
) control the period of the error function in the radial
n 0 0 0.13 and azimuthal directions, respectively. When m = 0
@ (°) 30 (i.e., no azimuthal variation in the error), both methods

Table 4. Interval parameters of a three-layer model that
includes an orthorhombic layer (model 2).

3.2.1 Model 2

The second model includes a target orthorhombic layer
beneath the overburden composed of isotropic and VTT
layers (Table 3). We applied both layer-stripping meth-
ods to the synthetic long-spread (Zmax/h = 2 for the
bottom of the model), wide-azimuth data from the top
and bottom of the target layer (Figure 5). Note that the
traveltimes from the bottom of the target layer in Fig-
ure 5 vary with azimuth. Without traveltime noise, both
methods give similar accuracy in the interval moveout
parameters.

3.2.2  Error analysis

As before, we added linear and sinusoidal time error to
the reflection moveout from the bottom of the target
layer in model 2. For the linear error that changes from
6 ms at zero offset to -6 ms at the maximum offset for
each azimuth, the interval VJ&;E) and n(1,2,3) estimated
by VILS are distorted by no more than 3% and 0.06,
respectively. In contrast, the Dix-type method produces
the maximum errors of 9% and 0.16 in the interval V,f&lf )
and 77(1’2'3)7 respectively. The errors in the azimuth ¢ for
both methods are negligible.

We also contaminated the traveltimes
with several sinusoidal functions of the form
Asin(nmz/Tmax) sinma. The coefficients n and m

get more accurate results when n is an even number
(Table 4), which agrees with the conclusions of Xu &
Tsvankin (2006). If the noise varies with azimuth, the
errors in the inversion results are higher for the even
values of m. VILS produces the errors not exceeding
0.09 in the interval n even for A = 10ms, while
Dix-type method gives unacceptably large errors of up
to 0.22.

Next, we studied the influence of the thickness of
the target layer on the inversion results. Any layer-
stripping method becomes less accurate as the layer gets
thinner. We added the sinusoidal error with A = 3ms,
n = 3 and m = 0 to the traveltimes from the bottom
of the target layer in model 2 and reduced the layer
thickness from 0.5 km to 0.15 km (Table 5). Under this
noise, VILS gives accurate values of both Vimo and n
even when the thickness is 0.2 km, while the error in
the interval Vimo estimated by the Dix-type method
exceeds 8%. When the thickness decreases to 0.15km,
even the errors from VILS become unacceptably large.

3.2.8 Model 3

The third model includes the target orthorhombic layer
beneath the overburden composed of isotropic and or-
thorhombic layers (Table 6). Note that the vertical sym-
metry planes in the orthorhombic layers are misaligned,
so the parameter 7 is described by equation 15. As was
the case for model 2, the accuracy of both methods for
noise-free data is similar.

The sinusoidal error ¢ = Asin(nmz/Tmax) applied
to the traveltimes from the bottom of the target layer
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Layer 1  Layer 2 Layer 3 (target)

Symmetry type ISO ORTH ORTH
Thickness (km) 0.3 0.7 0.5
to (s) 0.30 0.58 0.39
Vi (km/s) 2 2.56 3.68
V2, (km/s) 2 3.06 2.73
7 0 0.05 0.24

n2 0 0.07 0.12

n® 0 0.02 -0.10
©(°) 30 70

Table 6. Interval parameters of a three-layer model that in-
cludes two orthorhombic layers with misaligned vertical sym-
metry planes (model 3).

Formation ‘ Lithology |

o=
@
@

Wasatch

Paleccene

Mesaverde Top (~4000 ft)

Ohio Creek
op of the Reservoir (UMV Shale, ~5000 ft)

wiliams Fork

3600-5155"

Bottom of the Reservoir (Cameo Coal, ~7000 ft)

Mesaverde Group

Tles

Upper Cretaceous

Mancos Shale

Dakota I |

Figure 6. Stratigraphic column of Rulison field (after Xu
& Tsvankin, 2007). The gas-producing reservoir is bounded
by the UMV shale (the target layer in this study) and the
Cameo coal.

produces much more significant distortions in the out-
put of the Dix-type method compared to VILS. For in-
stance, when A = 6 ms and n = 3, the maximum errors
in the interval Vimo and 77(1'2’3) estimated by VILS are
4% and 0.09, respectively, while the Dix-type method
produces the errors of 13% and 0.25, respectively.

4 FIELD-DATA EXAMPLE

We applied our 3D VILS algorithm to wide-azimuth P-
wave data acquired at Rulison field, a basin-centered
gas accumulation located in South Piceance Basin,
Colorado. The reservoir (Williams Fork formation) is
capped by the UMV shale, which served as the target
layer in our study (Figure 6).

Xu & Tsvankin (2007) applied a comprehensive
processing sequence designed for layered azimuthally

Inline

1.5

Figure 7. Seismic section across the middle of the survey
area (after Xu & Tsvankin, 2007).
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Figure 8. P-wave fold for the 55x55 ft bin size (after Xu
& Tsvankin, 2007). The rectangle in the center marks the
study area of our paper.

anisotropic media to the data and analyzed the az-
imuthal AVO response and the effective and interval
NMO ellipses. We used the same data set as Xu &
Tsvankin (2007), which was preprocessed for purposes
of azimuthal moveout and AVO analysis. Since the sub-
surface structure is close to layer-cake (Figure 7), the
moveout equations discussed above should give an ac-
curate description of reflection traveltimes. To increase
azimuth and offset coverage, we combined CMP gath-
ers into 5x5 superbins, as suggested by Xu & Tsvankin
(2007). We carried out the moveout inversion in the
center of the RCP survey area (Figure 8), where the
azimuthal coverage is sufficient for eliminating the ac-
quisition footprint (Xu & Tsvankin, 2007).

Because the average offset-to-depth ratio at the
bottom of the reservoir is close to unity, nonhyperbolic
moveout inversion cannot be applied to the reservoir
formation. Therefore, the target layer is chosen to be
the UMYV shale (cap rock), which overlies the reservoir.
In the center of the study area, the offset-to-depth ra-
tio at the bottom of the shale is between 1.9 and 2.2.



Superbin 1 2

D @ 5B ) @ e

VILS 0.38 0.47 -0.18 0.24 031 -0.15

Dix 074 124 -0.35 031 0.62 -0.19

Table 7. Interval parameters n(1:2:3) estimated for two su-
perbin gathers in the center of the study area.

To estimate the interval moveout parameters, we used
the VILS and Dix-type algorithms for the layered or-
thorhombic model discussed above.

Our tests show that the NMO ellipticity is small for
both the top and bottom of the target layer over most of
the area. Therefore, the principal directions of the effec-
tive and interval NMO ellipses are poorly constrained by
the data. However, as long as the offset-to-depth ratio
is close to two, the interval 77(1’2'3) can be estimated in a
reliable fashion. The interval parameters 77(1’2’3) for two
superbin gathers near the center of the area are listed
in Table 7. The interval n values obtained by the Dix-
type method are implausibly large for shale formations
(Wang, 2002; Tsvankin, 2005).

To test the inversion stability of both methods, we
also added a linear time error (from 4 ms at zero offset
to -4 ms at the maximum offset for each azimuth) to the
reflection moveout from the bottom of the shale layer
in the second superbin. The interval n3%%) estimated
by VILS change only by -0.06, -0.07, 0.01, respectively,
and the changes produced by the Dix-type method are
much larger: -0.12, -0.21, 0.13, respectively. Hence, VILS
is much more stable than the Dix-type method in the
presence of correlated time errors, as was established
above for the synthetic data.

The NMO ellipticity is pronounced only near the
east boundary of the study area (Xu & Tsvankin, 2007).
Due to the small offset-to-depth ratio (between 1 and
1.3) for the bottom of the target layer near the edges of
the area, the effective parameters 77(1’2'3) may contain
large errors. The estimated interval Vn(él?, ) and  for two
adjacent superbin gathers near the east boundary are
listed in Table 8. As before, we added a linear time error
(from 2 ms at zero offset to -2 ms at the maximum offset
for each azimuth) to the traveltimes from the bottom
of the shale in the second superbin, which causes the
deviation of 3% in the effective Vn(é;g). As a result, the
interval V(2 and o estimated by VILS change by 7%,
8% and 1°, respectively. In contrast, the changes from
the Dix-type method are 13%, 16% and 4°, respectively.
Due to the thin layer and relatively low semblance values
(about 0.4) in 3D moveout analysis, the noise causes
some significant deviations even in VILS. However, it is
still beneficial to apply VILS for interval NMO velocity
estimation from conventional-spread data.
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5 DISCUSSION AND CONCLUSIONS

We applied the velocity-independent layer-stripping
method (VILS) of Dewangan & Tsvankin (2006) to non-
hyperbolic moveout inversion for layered VTI and or-
thorhombic media. While Dix-type differentiation algo-
rithms operate with effective moveout parameters, VILS
is based on stripping of reflection traveltimes. If the
overburden is laterally homogeneous and has a horizon-
tal symmetry plane, VILS produces the exact interval
traveltime without any information about the velocity
field. Then the interval traveltime function is inverted
for the relevant parameters of the target layer using
moveout equations for a homogeneous medium.

Because effective traveltimes are much better con-
strained by reflection data than effective moveout pa-
rameters, VILS gives more stable interval parameter
estimates than Dix-type techniques. In particular, our
synthetic tests on noise-contaminated data confirm that
VILS can substantially increase the accuracy of non-
hyperbolic moveout inversion for the interval time-
processing parameter 77 in VTI media. The addition of
small linear or sinusoidal time errors causes pronounced
distortions in the effective n values, which get further
enhanced by Dix-type layer stripping. In contrast, the
interval moveout function produced by VILS is weakly
sensitive to moderate levels of noise in the input travel-
times, which ensures a higher stability of the interval n
estimates.

We also discussed the extension of VILS to 3D
wide-azimuth P-wave data from azimuthally anisotropic
models that include orthorhombic and TI layers. To
identify the target and overburden reflections that share
the same ray segments, we compute the horizontal slow-
ness components from the best-fit effective moveout
parameters, which helps to avoid direct differentiation
of traveltimes and to reduce the computational cost.
Then the interval moveout produced by VILS is in-
verted for the azimuths of the vertical symmetry planes,
symmetry-direction NMO velocities, and the anelliptic-
ity parameters n(l'Q’S). Wide azimuthal coverage helps
to increase the stability of n estimation using 3D Dix-
type layer stripping. Still, our tests clearly demon-
strate the superior per formance of VILS for typical
orthorhombic models, inlcuding those with the depth-
varying azimuths of the symmetry planes.

The 3D version of the method was successfully
tested on wide-azimuth P-wave reflections from an
anisotropic shale layer at Rulison field in Colorado. For
long-spread superbin gathers in the center of the study
area, VILS yields more plausible and stable values of the
interval parameters 77(1’2’3) than the Dix-type method.
Near the east boundary of the study area, where the
offset-to-depth ratio is smaller and the n-parameters are
poorly constrained, application of VILS helps to obtain
a more stable estimate of the interval NMO ellipse.

While our results clearly demonstrate the advan-
tages of our method over Dix-type techniques, the su-
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Superbin 1

Viado (km/s)  Vi2), (km/s)

Vimo (km/s) V2, (km/s) o (°)

VILS 4.22 3.99

4.33 3.84 122

Dix 4.26 3.82

4.41 3.91 139

Table 8. Interval NMO ellipses estimated for two superbin gathers near the east boundary of the study area.

perior accuracy of VILS is achieved at the expense of
relatively high computational cost. In addition to esti-
mating and matching reflection time slopes at the sur-
face, it is necessary to carry out nonhyperbolic moveout
inversion not only for recorded reflection events, but also
for the interval moveout function.

Similar to the original version of the PP4+PS=SS
method, our layer-stripping algorithm operates with re-
flection traveltimes. Grechka & Dewangan (2003) de-
veloped an efficient implementation of the PP4+PS=SS
method by replacing traveltime analysis with a convolu-
tion of recorded PP and PS traces. Their algorithm can
be adapted to compute interval P-wave reflection data
using the reflections from the top and bottom of the tar-
get layer. Although the convolution of recorded traces
cannot produce the correct amplitudes, the constructed
data have the kinematics of P-wave primary reflections
and, therefore, are suitable for interval moveout analy-
sis.
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