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Summary

Despite the significant advantages of combining PP and PS reflection data in anisotropic pa-
rameter estimation, application of this approach has been hindered by the inherent complexity
of PS-wave moveout. To overcome this problem, Grechka and Tsvankin suggested a model-
independent procedure to reconstruct the traveltimes of pure SS-wave reflections from PP and
PS data. Here we apply their method and the multicomponent stacklng—velomty tomography,
described for transversely isotropic media with a vertical symmetry axis (VTI) in a companion
paper, to a 2-D data set acquired over the Lower Tertiary Siri reservoir in the North Sea.

The reconstructed traveltimes of SS reflections from several horizons are used to estimate the ef-
fective S'S-wave normal-moveout (NMO) velocities, which are combined with the NMO velocities
of PP-waves in interval parameter estimation. Since the subsurface structure above the reservoir
is close to horizontally layered, the data cannot be uniquely inverted for the VTI parameters
without additional information (e.g., the vertical velocities). We obtain a family of equivalent
VTI models which fit the PP and SS traveltimes equally well and produce high-quality images
of the subsurface. The equivalent models satisfy a quasi-linear relationship between Thomsen
anisotropic coefficients € and 0 (e = 0.06 + 1.25¢). Although the range of variations in both e
and ¢ is rather wide, it does not include isotropic media (e = § = 0), which implies that accurate
matching of both PP and PS traveltimes is impossible without accounting for anisotropy.

Introduction

Building anisotropic velocity models is a critically important element in the characterization and
monitoring of many hydrocarbon reservoirs. To accomplish this task even in the simplest case
of vertical transverse isotropy, one typically has to acquire multicomponent (PP and PS) data.
In the companion papers of Grechka and Tsvankin (2001) and Tsvankin and Grechka (2001) we
introduce a complete inversion/processing sequence designed for anisotropic velocity analysis of
multicomponent data. The two key steps of this methodology is reconstruction of the reflection
traveltimes of the pure SS reflections from PP and PS data and stacking-velocity tomography
operating with the NMO velocities (in 3-D, with NMO ellipses) of the PP- and SS-waves. The
tomographic inversion procedure is an extension to multicomponent data of the algorithm of
Grechka et al. (2001a,b) developed for PP-waves. Here we apply this processing flow to estimate
the interval VTI parameters of the section above the Lower Tertiary Siri reservoir.

Prestack picking and reconstruction of §S traveltimes

The Siri survey includes 3-D surface towed streamer data acquired by Schlumberger Geco-Prakla
over an area that covers 8.7 km x 17.6 km and crosses the Norwegian-Danish North Sea border,
as well as three 4-C seabed lines. The scope of this study is limited to processing of a portion of
one of these 4-C lines. A detailed description of acquisition, model-based (isotropic) processing
and interpretation, and the subsurface geology can be found in Signer et al. (2000). The structure
of the overburden is close to horizontally layered; the deepest interpreted horizon (top Balder) is
near the top of the thin (~30 m) Siri reservoir (see Figure 4 below).

Prestack PP and PS (PSV) reflection traveltimes for all interpreted horizons were obtained using
a semi-automatic Schlumberger picker (Hansen and Bakulin, 2001). Figure 3 in the companion
paper by Grechka and Tsvankin (2001) shows typical raw PP and PS traveltime picks, along
with the corresponding computed SS traveltimes. The offsets of the reconstructed SS reflections
are smaller than those for the original PP and PS data but still sufficient for the purposes of the
SS-wave moveout velocity analysis.
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F1G. 1. Results of the velocity analysis for the top of the Balder formation: (a) ¢pg, (b) Vamo,r,
(€) tso, and (d) Vamo,s- The error bars correspond to the 95% confidence intervals.

Velocity analysis of PP- and SS-waves

The traveltimes of PP-waves and reconstructed SS-waves can be used to compute their zero-
offset times (tpg and tso) and the stacking (moveout) velocities (Vamo,r and Vamo,s). As an
example, Figure 1 shows these quantities estimated for the top of the Balder formation. Before
describing the parameter-estimation results, we briefly discuss the properties of the estimated
moveout velocities and traveltimes indicative of the presence of anisotropy. The velocity analysis
for the top Balder horizon (Figure 1) and other interfaces yields the ratio of the NMO velocities
gnmo = Vamo,s/Vamo,p that can be compared with the ratio gy of the vertical velocities of the SS-
waves (Vgo) and PP-waves (Vpo) (g0 = Vso/Vpo = tpo/tso). Note that all velocities represent
effective quantities for a particular reflection event. For the reflection events included in the
processing, gnmo (On average = 0.45) turned out to be consistently and significantly greater than
o (= 0.3). Since such a difference cannot be caused by vertical heterogeneity in isotropic media,
anisotropy is the only plausible explanation of the deviation of gy from go.
Assuming that the interfaces are horizontal and the medium has VTI symmetry, we can explain
the difference between the ratios go and gnme in terms of the anisotropic coefficients € and §. For
the sake of demonstration, let us assume that the medium above each reflector consists of a single
homogeneous VTI layer. Using the known expressions for NMO velocities in VTI media, we find

g — Vnmo,S _ VSO V 1+20 (1)
e = Vnmo,P VPO 1+ 26 ’

where o0 = (Vpg/ Vso)2 (e—9). Substituting our estimates of gy and gnmo into equation (1) leads to
the relationship € = 0.06 + 1.25¢. Clearly, at least one of the anisotropic coefficients (e or §) does
not vanish, and matching of both PP and SS data requires the subsurface model to be effectively
anisotropic. Below, we refine the above estimate by performing a more elaborate inversion.

Joint PP- and SS-wave stacking-velocity tomography

The most important issue to be addressed prior to the inversion is identification of the anisotropic
parameters constrained by the available data. Since the subsurface structure under CMP locations
7 km < z.p, < 10 km above the top of the Balder formation is subhorizontal, PP and PS
reflection data can be inverted for the NMO velocities and anellipticity parameter n but not for
the vertical velocities Vpg and Vgg and the coefficients € and ¢ (Tsvankin and Grechka, 2001).
Hence, PP and PS reflection traveltimes in horizontally layered VTI media do not constrain
reflector depth, even if the model parameters are selected in such a way that both PP and
PS common-image gathers are flat and located at the same depth. Therefore, in the moveout-
inversion procedure described below, the parameter ¢ is set to a certain predetermined value.
The input data included the PP traveltime picks and reconstructed SS traveltimes in the range
7km < z,,, <10 km from the mid Miocene, intra Oligocene, base Oligocene, h8, and top Balder
horizons. The VTI model in Figure 2 was produced by stacking-velocity tomography (Tsvankin
and Grechka, 2001) for a fixed value of § = 0 under the assumption that all interfaces are planar
and have arbitrary unknown dips. The error bars for the interval parameters, corresponding to
the 95% confidence intervals, were inferred from the errors in the zero-offset traveltimes and NMO
(stacking) velocities, such as those in Figure 1.

With the reflector dips found to be so small (less than 1°), it is possible to assume that all
interfaces are horizontal and apply the conventional Dix formula to obtain the interval NMO




2.6 L] 0.3
Lo g I
& 02
=22 i [ w 3 3

o 0.1 L

a 2,
> = .

18 ‘ ‘ ‘ ‘ o ‘ ‘ :

mid Mioc  intra Olig  base Olig h8 top Balder mid Mioc  intraOlig  base Olig h8 top Balder

1.2r 2.5
— ] -
o —
21 ) E 2
=3 k3 ~ .

0.8 3 £15

8 % Ld
>06f o a1 .

-
0.4~ H H H H 5
mid Mioc  intra Olig base Olig h8 top Balder mid Mioc  intra Olig  base Olig h8 top Balder

F1G. 2. Inverted interval VTI parameters Vpg (a), Vso (b), and € (c), and the reflector depths
(d) for CMP locations between 7 km and 10 km. All dips were found to be less than 1°. The
anisotropic parameter § = 0 is fixed throughout the section.

velocities. Then those velocities can be combined with the ratios of the interval vertical velocities
of P- and S-waves to estimate the interval VTI parameters. After smoothing the effective NMO
velocities, we performed this inversion for all CMP locations between 7 km to 10 km; as before,
the anisotropic parameter § was fixed to ensure a unique result. The coefficients e of several
equivalent anisotropic models obtained at four different CMP locations for a range of § values
are plotted in Figure 3. All the models fit the picked PP and PS traveltimes equally well; the
standard deviation between the measured and computed traveltimes is equal to 0.3% for the top
Balder reflection. Although the estimated values of € in each layer do change somewhat along
the line, no statistically meaningful lateral variation of € is observed (the standard deviation of €
for a given ¢ is about 0.03).

Time sections of PS-waves generated using the laterally homogeneous VTI model from Figure 2
have a much higher quality compared to the conventional isotropic sections (Figure 4). The
influence of the estimated anisotropic parameters on converted-wave imaging and AVO analysis
is discussed by Hansen and Bakulin (2001).

Conclusions

1. This study confirms the feasibility of prestack traveltime picking on multicomponent data.
The high quality of the picks is corroborated by the traveltime inversion results.

2. The methodology of Grechka and Tsvankin (2001) for reconstructing pure SS-wave reflection
traveltimes from PP and PS data was successfully tested on 2-D field data. The implemented
procedure does not require knowledge of the velocity field.

3. The interval parameters of the assumed V'TI model were obtained from joint stacking-velocity
tomography of PP- and SS-waves (Tsvankin and Grechka, 2001). For horizontally layered VTI
media, it results in a family of equivalent anisotropic models which fit reflection traveltimes
equally well and produce high-quality images of the subsurface. Independent information about
the vertical velocities or reflector depths is needed to remove the ambiguity and find a unique
VTI model suitable for depth imaging.
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F1ac. 3. Interval € estimated for CMP locations (a) 7 km, (b) 8 km, (c) 9 km and (d) 10 km.
The values of ¢ used to generate the e-curves are marked on the plots.
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F1G. 4. Model-based common-conversion point stacks for VT (left) and isotropic (right)
subsurface models.



